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ABSTRACT 

Nuclear reaction cross sections exhibit resonance behaviour. As incident energy 
increases, the resonance density increases to the point that individual resonances cannot be 
resolved, but they still contribute to self-shielding. In this energy region resonances are 
represented by statistical average parameters and methods are described in standard text-books 
to account for self-shielding by applying some approximations. In Monte Carlo transport 
methods self-shielding is treated by probability tables or multi-band parameters. The 
procedures for generating probability tables (or multi-band parameters) for Monte Carlo 
calculations was questioned. The IAEA organised an exercise to validate codes and methods 
for generating parameters to describe self-shielding in the unresolved resonance range in Monte 
Carlo transport calculations. 

1 INTRODUCTION 

Nuclear reaction cross sections have energy-dependent behavior, where the cross section 
can change by several orders of magnitude over narrow energy intervals – these are called 
resonances. The relative resonance density increases with energy to the point, where they 
cannot be resolved experimentally, but the fluctuations in the cross sections still contribute to 
the so-called self-shielding effect. Self-shielding occurs because resonances deplete neutrons 
near the resonance energies, thus effectively reducing reaction rates. Standard text-books on 
reactor physics address the self-shielding effect in the unresolved resonance range using various 
approximations by defining average resonance parameters, which are then used to derive self-
shielded cross sections. An alternative method usually applied in Monte Carlo transport codes 
is to define probability tables or multi-band parameters to tackle self-shielding. 

An exercise was performed at the International Atomic Energy Agency (IAEA) to 
validate methods of processing nuclear data to make application libraries in the so-called ACE 
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format for use in various Monte Carlo transport codes [1]. Probability tables give the 
probabilities that in a certain energy interval the cross section lies within a certain range of cross 
section values. About 20 bins are commonly used in the libraries in ACE format available from 
the Los Alamos National Laboratory (LANL). They are usually prepared by generating 
resonance ladders by statistically sampling resonances from the unresolved resonance 
parameters and averaging the cross sections from the ladders. Alternatively, multi-band 
parameters are derived by the conservation of moments. Two bands are usually sufficient. The 
method of generating multi-band parameters is described in detail in an IAEA publication 
available on the web [2]. Previous exercise has demonstrated that multi-band parameters and 
probability tables can be used interchangeably [3]. 

In an effort to provide to the IAEA Member States an independent route to generating 
application libraries, a project was initiated that produced the ACEMAKER code [4], which is 
a module for assembling partly processed data using the PREPRO package [5]. The GROUPIE 
module of package version PREPRO2019 has been reorganized to simplify the processing. 

The main objectives of this paper are: (i) to test the impact of Unresolved Resonance 
Region (URR) self-shielding, (ii) compare the results based on a variety of URR self-shielding 
models, (iii) define the problems we see with URR self-shielding models to encourage future 
work to solve this problem. 

2 TEST EXAMPLE 

The test problem is a simple sphere of 1 m radius made of 139La with a mono-energetic 
isotropic neutron source of 20 MeV. The source at this energy produces a conveniently high 
neutron flux at energies that are important for self-shielding. The 139La data are taken from the 
ENDF/B-VIII.0 library [6]. This element was chosen because it is mono-isotopic and its 
unresolved resonance parameters seem to have inconsistencies that will be emphasized in this 
paper. Furthermore, 139La is one of the less important materials and many evaluated data 
libraries basically adopt more or less the same data with minimal changes. 

The observable in this exercise is the leakage spectrum from the surface of the sphere. 
For convenience the TART 616-group structure was chosen to display the results because it is 
one of the standard group structures in PREPRO. The groups are equidistant in lethargy, hence 
the group flux is equal to the lethargy spectrum. 

3 CROSS SECTIONS AT INFINITE DILUTION 

The main cross sections of 139La are shown in Figure 1. The fine-group total cross section 
plot in the unresolved resonance range (20 keV – 100 keV) in Figure 2 shows the discontinuity 
in the cross sections at the resolved/unresolved resonance boundary at 20 keV. 
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Figure 1: The main cross sections of 139La from the ENDF/B-VIII.0 library. 

Figure 2: The fine-group total cross section of 139La in the unresolved resonance range. 
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4 CALCULATED NEUTRON LEAKAGE SPECTRA 

Leakage spectra were calculated with the MCNP continuous-energy Monte Carlo 
transport code using ACE data files prepared in different ways. Cross section processing and 
final ACE file assembly were done with NJOY2012. Probability tables were calculated with 
the PURR module of NJOY, while all multi-band parameters were calculated with the local 
URRDO153 code based on the self-shielded cross sections generated by the UNRESR or PURR 
modules of NJOY. Alternatively, the multi-band parameters generated by the GROUPIE 
module of PREPRO were used. The “fully-shielded” cases correspond to the Bondarenko 
dilution cross section of zero barns. 

 

4.1 The impact of self-shielding 

Figure 3 shows the importance of self-shielding in the test problem. Without URR self-
shielding (red) there is a strong discontinuity in the calculated spectrum at the top of the 
resolved resonance region (RRR) (i.e. 20 keV), which can be attributed to the discontinuity in 
the cross sections, shown in Figure 2. There is no discontinuity at the upper end of the URR 
(100 keV), since the cross sections are continuous. 

Fully-shielded cross sections (blue) produce a spectrum very close to the one with cross 
sections at nominal self-shielding with probability tables (black), which is to be expected due 
to the large bulk of the material. 

The spectrum at the upper end of URR (100 keV) with shielded cross sections shows very 
large discontinuity, which implies a very strong self-shielding effect at this energy. Considering 
our knowledge of the resonance structure of similar nuclei at these energies, such strong self-
shielding seems to be clearly unphysical. 

At lower energies (down to 20 keV) there is interference between slowing-down and self-
shielding. The calculated spectra with shielded and unshielded cross sections are virtually the 
same due to cancellation of errors. 

4.2 Comparison of spectra using different methods for self-shielding treatment 

The calculated leakage spectra with probability tables or multi-band parameters produced 
in different ways are shown in Figure 4. 

 The spectrum calculated with probability tables from the PURR module (red) is 
practically equal to the spectrum calculated with two-band parameters derived from the 
probability tables (blue). This equivalence has already been discussed in previous work, 
documented in INDC(NDS)-0701 [3] 

 The spectrum calculated with two-band parameters derived from the self-shielded cross 
sections calculated by the UNRESR module of NJOY (green) shows a similar trend, but with a 
considerably smaller discontinuity at 100 keV. 

 The spectrum calculated with multi-band parameters from PREPRO (black) does not 
have a non-physical discontinuity at the upper end of the URR (100 keV). The bump at the 
lower end (20 keV) is due to the discontinuity in the cross sections at infinite dilution. 
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Figure 3: Leakage spectra in URR calculated with and without self-shielding 

 

 
Figure 4: Leakage spectra in URR calculated with different methods of generating probability 
tables or multi-band parameters. 
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4.3 Comparison self-shielded cross sections 

The self-shielded cross sections as a function of the Bondarenko dilution cross section 
differ significantly. The cross sections for incident neutrons of 20 keV are shown in Figure 5, 
and at 100 keV in Figure 6. At 0.1 barn dilution cross section the values of self-shielded cross 
sections are as follows: 

• At 20 keV the method of PREPRO gives cross section value that is 19 % smaller and the 
PURR method gives value that is 40 % smaller than at infinite dilution. 

• At 100 keV the PREPRO value is only 4 % smaller and the PURR value is still 20 % smaller 
than at infinite dilution 

The differences in the cross sections explain the differences in the calculated leakage spectra. 
It should be pointed out that such strong self-shielding as given by PURR is physically 
unreasonable. 

Figure 5: Self-shielded cross sections as a function of the Bondarenko dilution cross section for 
incident neutrons of 20 keV, produced by different methods. 
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Figure 6: Self-shielded cross sections as a function of the Bondarenko dilution cross section for 
incident neutrons of 100 keV, produced by different methods. 

 

5 CONCLUSIONS 

The analysis of the model problem and the self-shielding treatment on 139La from the 
ENDF/B-VIII.0 library leads to the following conclusions 

• Cross sections of 139La at the RRR/URR boundary have a large discontinuity. 

• The effect of self-shielding in deep penetration problems for 139La is important. 

• Different methods of using the URR parameters lead to significantly different results. 

• The method of generating multi-band parameters in PREPRO is based on extrapolation 
from the RRR and gives results that look physically reasonable. Other methods tested in 
this work produce leakage spectra with unphysical behavior. 

The model problem can be used for testing other evaluations in general purpose libraries. 
Hopefully, the problems identified in this work related to the content of evaluated data files, as 
well as the methods for the treatment of self-shielding will stimulate additional work to remove 
inconsistencies and unphysical behavior, inspiring greater confidence in the calculated results 
in general. 
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1”Jožef Stefan” Institute, Jamova cesta 39,1000 Ljubljana, Slovenia
2Faculty of Mathematics and Physics, Univeristy of Ljubljana, Jadranska cesta 19, 1000

Ljubljana, Slovenia
3Nuclear Engineering Program, Virginia Tech, 7054 Haycock Road, 22043, Falls Church, VA,

USA
val@vt.edu, haghighat@vt.edu, luka.snoj@ijs.si

ABSTRACT

Accurate and efficient calculations of nuclear fuel isotopic inventory and burnup are vital
for fuel management, its storage safety and safeguards. The Virginia Tech Transport Theory
Group (VT3G) has been working on advanced computation tools for real-time simulations of
nuclear systems. One of which is a novel burnup methodology bRAPID, which utilized the
RAPID code system. As a part of collaboration between ”Jožef Stefan” Institute and Virginia
Tech we plan to couple RAPID with its bRAPID algorithm with the JSI TRIGA reactor for
on-line calculations of fuel isotope inventory and burnup. Here we show an initial analysis
of changes in Fission Matrix (FM) coefficients due to xenon and samarium build-up and fuel
burnup at different irradiation times. Our results demonstrate that 135Xe and 149Sm can be
treated separately in the bRAPID methodology of the TRIGA reactor. In addition we show
that changes in FM coefficients are sufficient for their interpolation performed during real-
time simulation. This method of calculating TRIGA burnup using the bRAPID algorithm will
be extended in the future and finally validated using the irradiated fuel gamma spectrometry
measurements.

1 INTRODUCTION

Determination of accurate 3D pin-wise fuel burnup in nuclear reactors is vital from the
standpoint of fuel management, spent fuel storage safety and safeguards. In addition, the need
for accurate and efficient burnup calculations has become more urgent for the simulation of
advanced reactors and monitoring of spent fuel pools. To accomplish this, the Virginia Tech
Transport Theory Group (VT3G) has been working on advanced computational tools for ac-
curate modeling and simulation of nuclear systems in real-time [1]. One such capability is a
novel methodology for performing 3D fuel burnup calculations, bRAPID [2], which utilizes the
RAPID Code System [3, 4, 5]. RAPID is based on the Multi-stage Response-function Transport
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(MRT) methodology, that decouples a problem into independent stages that are then coupled in
real-time via transfer functions/coefficients.

Recently, we initiated activities to benchmark the bRAPID methodology using the well
characterized Jozef Stefan Institute’s TRIGA Mark-II research reactor [6]. Thus far, we have
created a database including full operational history that allows for burnup validation possibili-
ties in the form of measured excess reactivity [7]. Additionally, for further confirmation, we are
planning to perform burnup measurements using the fuel gamma spectrometry.

In this paper, extension of the bRAPID algorithm for its application to the TRIGA re-
search reactor is presented. In particular, the paper focuses on bRAPID’s database pre-calculation
procedure and its automation. The behavior of the Fission Matrix (FM) coefficients for different
combinations of reactor power and irradiation times are analyzed.

2 THE RAPID CODE SYSTEM

The RAPID Code System [3, 4, 5] is based on the MRT methodology and it’s capable of
calculating 3-D steady-state (criticality) and time-dependent fission neutron source for prompt
and delayed neutrons; criticality and prompt-criticality eigenvalues, keff and kp; effective de-
layed neutron fraction, βeff ; sub-critical multiplication factor, M; kinetic parameters such as
the effective neutron generation lifetime, Λeff , and Rossi-α; and detector responses. RAPID’s
MRT approach relies on the detailed pre-calculation of response functions and coefficients that
are then coupled in real-time via linear system of equations. The generation and utilization
of such response functions has been applied for patent [8]. RAPID has been computationally
and experimentally benchmarked against the OECD/NEA nuclear reactor core benchmark [4],
spent nuclear fuel casks [9, 10] and pools [3, 2, 11], subcritical facilities [12], the Flattop criti-
cality benchmark, and the JSI TRIGA benchmark included in the International Criticality Safety
Benchmark Evaluation Project (ICSBEP) Handbook [6, 9].

2.1 The Multi-Stage Response-Function Transport (MRT) Methodology

Based on the MRT methodology, RAPID decouples the analysis of a nuclear system into
a series of independent stages, selected based on the physical features of the problem. For
each of the stages, response functions and/or coefficients are calculated with best-estimate tech-
niques (e.g., continuous-energy Monte Carlo) as a function of system-dependent parameters
(e.g., burnup, cooling time, position of control rods, moderator temperature, etc.) within given
physics-based ranges of validity. Once these coefficients are pre-calculated, the parameter de-
pendent response functions/coefficients are compiled into a formatted RAPID database (RDB).
The RDB is utilized in real-time via interpolation and combination of its entries within the
RAPID code, for calculation of the desired distributions, parameters, and responses by solving
linear systems of equations.

RAPID’s MRT approach is schematized in a flowchart in Fig 1. In particular, the or-
ange stages identify the pre-calculation of response functions and coefficients; the blue stage
identifies the generation of the RDB; while the green stages are the real-time calculations.

2.2 The Fission Matrix (FM) Method

The Fission Matrix (FM) approach to solve a neutron transport problem [14] consists of
rewriting the Linear Boltzmann Equation into its matrix form. Its criticality form can be written

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7–10, 2020
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Figure 1: RAPID’s MRT structure flowchart.

in operator form as

HΨ(r, E, Ω̂) =
1

keff
FΨ(r, E, Ω̂), (1)

where Ψ(r, E, Ω̂) is the angular neutron flux in phase-space (r, E, Ω̂), H represents the trans-
port operator1 and F the fission operator2. The fission spectrum, χ, is extracted from the fission
operator as F = χF̃ . By multiplying Eq. 1 with inverse transport operator times the fission
operator H−1F̃ , we obtain

F̃Ψ(r, E, Ω̂) =
1

keff
(F̃H−1χ(E))F̃Ψ(r, E, Ω̂) (2)

where the left-hand side represents the fission neutron source. The right-hand side can be ex-
pressed with an operator A = F̃H−1χ and by integrating Eq. 2 over the angle, energy and
discretizing space into Ncells of fissionable regions, we obtain

S =
1

keff
A · S −→ Si =

1

keff

Ncells∑
j=1

ai,jSj, i ∈ [1, Ncells], (3)

1H = Ω̂ · ∇ −
∫
4π

dΩ′ ∫∞
0

dE′σs(r, E
′ → E, Ω̂′ → Ω̂)

2F =
∫
4π

dΩ′ ∫∞
0

dE′ χ(E)
4π νσf (r, E′)

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7–10, 2020
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where S is the discretized total neutron fission source, and A is the discretized form of operator
A and is referred to as the Fission Matrix (FM). Each element ai,j of its discretized form repre-
sents the number of fission neutrons generated in fission region i due to a neutron born in fission
region j. FM coefficients are easily calculated using any neutron transport code. For our case
Serpent-2 neutron transport and depletion code [15] was used. The process of their generation
is described in detail in [14].

2.3 bRAPID Extension for Burnup Calculations

The novel bRAPID algorithm is based on the same fundamental methodology as RAPID
[2], where a series of pre-calculations are performed to build a library of data (containing FM
coefficients, material compositions and source strengths), which covers a range of scenarios
(specific powers and exposure times) for the wanted system. A simulation is then performed by
interpolating these data, to fit a specific model of the system, and solving a linear system of FM
equations in real-time.

The bRAPID MRT methodology is partitioned into several stages as follows:

• PRE-CALCULATION:
Stage 1: Burnup calculation to determined fuel isotopic composition.
Stage 2: Calculation of FM coefficients using fixed-source Monte-Carlo calculations.

• REAL-TIME FUEL BURNUP:
Stage 3: Evaluation of the fission neutron source distribution via solution of the FM
equations at a specific burnup step.
Stage 4: Determination of the cell-wise burnup and fuel isotopic composition.
Stage 5: Repeat Stage 3 and Stage 4 for each burnup step.

The general bRAPID algorithm is explained in greater detail in [2]. Only a brief description is
given here. After obtaining the complete RAPID database real-time calculations are performed.
Using RAPID fission source distribution is determined and used to determine the specific power
distribution throughout the system. These specific powers along with the given exposure time
are used to determine isotopics and also the FM coefficients for the next time step. The bRAPID
algorithm for the JSI TRIGA research reactor is presented in a flowchart in Fig. 2. The grey
coloured part of the chart represents the FM coefficient pre-calculations for different reactor
powers and irradiation times. The blue part represents the real-time solving of the linear set of
FM equations is performed from ai,j obtained from the interpolation based on the calculated
neutron source.

3 bRAPID FOR THE JSI TRIGA RESEARCH REACTOR

The JSI TRIGA Mark II research reactor is an open pool type reactor with maximum
steady-state power of 250 kW. A photograph can be seen in Fig. 3. The reactor has a circular
lattice with 91 fuel element locations arranged in 6 concentric rings (from A to F) as presented
in the right part of Fig. 3. Fuel elements are made of a U-Zr-H mixture (12 wt. % of 19.75
% enriched uranium) with a central Zr rod. Core is equipped with four control rods. Three of
them are quipped with a fueled follower, while the ”transient” (P) one is equipped with an air
follower. Several irradiation channels are inserted during standard steady-state operation, such
as a central channel in the center, triangular channel (area of three fuel elements), and several
channels in the outermost ring F. All the above mentioned features make the core of the JSI
TRIGA reactor asymmetrical.

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7–10, 2020
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Figure 2: Schematic flowchart of the bRAPID algorithm, adapted from [2]. Pre-calculation is
depicted in black, created isotope inventory and FM coefficient database in red and real-time
calculation using RAPID in blue.

Due to the asymmetry of the reactor core we have decided to calculate the isotope in-
ventory database for different reactor powers and irradiation times ni(Prea, tirr) in 2D, using
the Serpent-2 depletion code [15]. With this we are able to incorporate the asymmetry of the
core loading pattern and the inserted irradiation channels. The next step is to calculate the FM
coefficients database. For each set of (Prea, tirr) we calculate the ai,j for all the fuel elements,
divided into 15 axial zones. For a standard core loading pattern, shown in Fig. 3, the total
number of source and destination locations is Ncells = 915. Fission source distribution is used
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202.6

Figure 3: Photograph of the JSI TRIGA Mark-II research reactor (left) and its typical core
configuration during steady-state operation (right).

to determine the specific power distribution and along with the given exposure times it is used
to determine isotopics and also the FM coefficients for the next step. With such procedure axial
burnup distribution is determined. Similar process could be applied for the radial distribution,
where the initial burnup would be calculated on a fuel unit cell, however further analysis of the
behaviour of FM coefficients in the TRIGA burned fuel have to be performed. Initial analysis
is presented in this paper. Effect of most important short-lived isotopes 135Xe and 149Sm is
presented in Sec. 4.1 and changes of FM coefficients due to burnup are presented in Sec. 4.2.

4 RESULTS

4.1 135Xe and 149Sm effect

The JSI TRIGA research reactor has highly diverse operation both in operation time and
reactor power. It is important to calculate in detail the xenon and samarium concentrations in
order to correctly describe the reactivity effects on the core. Our goal was to test whether the
reactivity effect of xenon and samarium could be calculated in real-time using the RAPID code.
We calculated the FM coefficients ai,j(Prea, tirr) for four cases: Only fresh fuel, fresh fuel plus
n135Xe(Prea, tirr), fresh fuel plus n149Sm(Prea, tirr), and fresh fuel plus n135Xe + n149Sm. We
analyzed the effect of correlation between the two isotopes on FM coefficient generation. The
changes of FM coefficients summed over all destination regions

∑
i ai,j is presented in Fig.

4. Reactivity effect on different irradiation times is presented in Fig. 5. It can be observed
that the predicted reactivity effect if calculating ai,j individually for each isotope is the same if
calculating ai,j with both isotopes together and thus proving our assumption of

∆ai,j(Prea, tirr)135Xe + ∆ai,j(Prea, tirr)149Sm = ∆ai,j(Prea, tirr)135Xe+149Sm (4)

From this a conclusion can be made that the effect of isotopes 135Xe and 149Sm can be treated
separately in the bRAPID methodology of the TRIGA reactor.

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7–10, 2020
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Figure 5: Reactivity effect of isotopes 135Xe and 149Sm calculated with the RAPID code system
utilizing the bRAPID algorithm. Two cases where ∆ai,j are calculated individually and together
for both isotopes are shown.

4.2 FM coefficients changes due to fuel burnup

The fuel burnup of the Stainless Steel 12 wt. % fuel elements is relatively low [7]. So far
the bRAPID algorithm was applied to higher commercial reactor burnups [2] where the changes
of individual ai,j are more profound. We analysed the created database ai,j(Prea, tirr) to observe
whether the changes are large enough for the interpolation process. We chose one fuel element
in the centre of the core (location B-01 in Fig. 3) and analysed the changes of ai,j for three
different source regions (bottom, middle and top of the fuel element). We observed that the
changes are statistically visible only for tirr > 100 days on Prea = 250 kW. The results are
presented in Fig. 6. We can conclude that for larger irradiation times the statistical uncertainty
of ai,j is sufficient, however for shorter times, tirr < 100 days FM coefficient generation using
more neutrons will have to be performed or a different approach would have to be taken. This
has to be further investigated.
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5 CONCLUSION

This paper presents the initial idea of application of the bRAPID algorithm on the JSI
TRIGA Mark II research reactor. It demonstrates how the RAPID code system can be utilized
for a burnup calculations of research reactors with diverse operations. This was demonstrated
with the analysis of reactivity effects of 135Xe and 149Sm where we proved that both isotopes
can be treated separately in the bRAPID methodology of the TRIGA reactor, resulting in ability
to model both concentrations and reactivity effects in real-time. In addition, changes of FM
coefficients due to burnup were analysed, where we showed that for larger TRIGA fuel burnup
the interpolation based on source is possible. However for smaller burnup, further investigation
has to be performed.
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ABSTRACT 

Recently two new nuclear data evaluations have been released: ENDF/B-VIII.0 and 
JEFF-3.3. Since the neutron cross section data profoundly influence predictions of the nuclear 
systems behaviour, many researchers have been investigating new data striving for more 
accurate predictions. The purpose of this study is to examine the effects of the cross sections 
libraries on the nuclear design calculations of the NPP Krško core. ENDF/B-VII.0, ENDF/B-
VII.1, ENDF/B-VIII.0 and JEFF-3.3 libraries are considered. In the first part of the paper the 
effect on the depletion of the typical NPP Krško fuel assembly in infinite geometry is 
investigated. In the second part, analysis of all 30 completed NPP Krško operating cycles is 
performed. Performed analysis has indicated differences of a few hundred pcm in multiplication 
factor for a fresh fuel due to differences in 235U cross sections. For a burned fuel assemblies 
differences are even larger mainly due to different rate of Pu production. Observed differences 
in libraries resulted in differences of several tens of ppm in critical Boron concentration on the 
core level.  Differences in control rods worth and Boron coefficients were inside 1 %. 
Isothermal coefficient in the ENDF/B-VIII.0 and JEFF-3.3 cases was noticeably higher 
compared to the ENDF/B-VII.0 and ENDF/B-VII.1 cases. 

1 INTRODUCTION 

ENDF/B-VIII.0 [1] and JEFF-3.3 [2] nuclear data evaluations have been released 
recently. Since their release, many researchers have been investigating how the existing 
calculation results in a given system are influenced by the new evaluations. The purpose of this 
study is to examine the effects of the newly cross sections libraries on the nuclear design 
calculations of the NPP Krško core. 

In the nuclear design process two different types of calculations are performed: 

1. calculation of the neutron transport in the media, where neutron transport (or 
diffusion) equation is solved to obtain spatial neutron flux distribution and system reactivity, 

2. fuel depletion, where Bateman equations are solved to obtain the time evolution of 
nuclide concentrations. 
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Libraries have profound impact on both aspects. In this paper CORD-2 [3] system is used 
for the library comparison. ENDF/B-VII.0 [4], ENDF/B-VII.1 [5], ENDF/B-VIII.0 and JEFF-
3.3 libraries are considered. In the first part of the paper the effect on the depletion of the typical 
NPP Krško fuel assembly in infinite geometry is investigated. In the second part, analysis of all 
30 completed NPP Krško operating cycles is performed. Comparison of the results gives some 
indications of the libraries performance, while comparison to the measurements performed on 
the plant gives some clues how to improve CORD-2 nuclear design capabilities. 

2 BRIEF CORD-2 DESCRIPTION 

The CORD-2 system [3] has been developed by the Reactor physics department of the 
Jožef Stefan Institute and is intended for core design calculations of PWRs. The system consists 
of two basic reactor physics codes: WIMS-D [6], and GNOMER [7]. WIMS-D is a well-known 
and widely used lattice code. Version WIMS-D5 is available from the NEA data bank in Paris. 
A 69-group neutron cross section library is currently used. GNOMER solves the neutron 
diffusion equation in three-dimensional Cartesian geometry by using Green’s function nodal 
method [8]. It also includes advanced features for cross section homogenization and a simple 
thermal-hydraulic module so that thermal feedback can be taken into account. The CORD-2 
system enables determination of the core reactivity and power distribution. The package has 
been periodically updated and validated for the nuclear design calculations of PWR cores and 
has been used for the verification of the NPP Krško reload cores since 1990. The latest 
validation [9] [10] has been performed with a library based on the ENDF/B-VII.0 neutron data 
files. The library based on the ENDF/B-VII.1 data files has been included in the comparison to 
obtain better insight in the time evolution of ENDF/B libraries. 

3 BRIEF NPP KRŠKO CORE DESCRIPTION 

The NPP Krško is a 2-loop Westinghouse PWR that began electricity production in 1981. 
The start-up core had a rated thermal capacity of 1876 MWt, and a 626 MWe gross electric 
power. Currently, the thermal rating is 1994 MWt with 727 MWe gross electric power. The 
core consists of 121 fuel assemblies with some VANTAGE+ features. Each assembly has 235 
fuel rods arranged in a 16×16 array. The remaining 21 positions contain guide tubes and are 
intended for control rods and in-core instrumentation. If the fuel assembly is located in non-
rodded position, burnable absorber rods or neutron sources can be present in empty locations. 
The core features 33 Reactivity Control Cluster Assemblies (RCCA) arranged in 6 banks. 

4 RESULTS AND DISCUSSION 

Since the CORD-2 has been validated with the ENDF/B-VII.0 library, this library was 
taken as a reference library. It should be mentioned that the library has been fine tuned to match 
the measurements as closely as possible. Other libraries are using the same set of tuning 
parameters to get meaningful comparison. Therefore, presented results should not be taken in 
absolute sense as a measure of the particular library quality, but rather as a useful comparison 
that gives an insight in what should be expected, if different libraries are used in the 
computations. 

4.1 Fuel assembly 

A typical fuel assembly with 4.95 % enrichment in infinite array was selected as a test 
case. A reference case scenario consists of the following reactor operational parameters:  
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1. fuel temperature 900 K, 

2. moderator temperature 580.46 K with density 0.70871 g/cm3, 

3. soluble Boron concentration of 1000 ppm. 

Parameters are close to the Hot Full Power (HFP) average operational parameters applied 
in the last NPP Krško cycles. 

Differences of results in multiplication factor kinf from the reference ENDF/B-VII.0 
library as a function of burnup are presented in Figure 1. For the fresh fuel ENDF/B-VII.1 
multiplication factor is almost the same, ENDF/B-VIII.0 gives ~200 pcm lower value, while 
JEFF-3.3 is almost 400 pcm higher. With higher burnup kinf from ENDF/B-VII.1 and ENDF/B-
VIII.0 libraries are higher, while JEFF-3.3 results are lower. Differences between libraries are 
significant and could results in differences of several tens of ppm in critical boron concentration 
on the core level. At the Beginning Of Cycle (BOC), where fresh fuel is mixed with burned 
fuel, differences compensate to some degree. However, at the End Of Cycle (EOC) interchange 
of libraries would require additional tuning.  

 

 

Figure 1: Differences in multiplication factor (kinf
X - kinf ENDF/B-VII.0) 

To separate effect of neutron transport cross sections and different isotopic composition 
during fuel burnout, a separate calculation was performed taking into account only isotopic 
composition obtained in the reference ENDF/B-VII.0 case (Figure 2). Differences are much 
smaller compared to Figure 1. We can conclude that differences in the fresh fuel are caused by 
different 235U neutron cross sections, while for the burned fuel obtained nuclide composition is 
a primary reason for observed differences. The most obvious reason in burned fuel isotopics 
changes is a different rate of Pu production. To verify it, a plot, where differences in 239Pu 
masses from the reference ENDF/B-VII.0 case, has been prepared (Figure 3). Obtained curves 
nicely resemble the results in Figure 1. 
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Figure 2: Differences in multiplication factor (kinf
X - kinf ENDF/B-VII.0), neutron cross sections 

only 

 

 

Figure 3: Differences in 239Pu masses (mX - mENDF/B-VII.0) 
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ENDF/B-VIII.0 library gives slightly higher differences compared to ENDF/B-VII.0. ENDF/B-
VII.1 results are even higher. However satisfactory grouping of BOC and EOC results can be 
observed. JEFF-3.3 results at BOC are similar to the ENDF/B-VII.0, while EOC values are 
significantly lower. 

 

Figure 4: Differences in the critical Boron concentration, ENDF/B-VII.0 

 

 

Figure 5: Differences in the critical Boron concentration, ENDF/B-VII.1 
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Figure 6: Differences in the critical Boron concentration, ENDF/B-VIII.0 

 

 

Figure 7: Differences in the critical Boron concentration, JEFF-3.3 
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4.3 HZP reactivity consideration 

The most important reactivity parameters at HZP, BOC conditions are presented in Table 
1. Control rods worth in ENDF/B-VII.1 and ENDF/B-VIII.0 cases are up to 1 % lower 
compared to ENDF/B-VII.0, while in JEFF-3.3 case, rods are up to 0.4 % higher. Differences 
in Boron coefficient are lower than 1 %.  Differences in isothermal coefficients in Cycle 29 are 
inside 0.13 pcm/K. In Cycle 30 differences are somewhat higher. Coefficient in the JEFF-3.3 
case is higher for 1.34 pcm/K compared to the ENDF/B-VII.0 case. 

 

Table 1: Reactivity parameters at HZP, BOC 

 Cycle 29 Cycle 30 

 
ENDF/B-

VII.0 
ENDF/B-

VII.1 
ENDF/B-

VIII.0 
JEFF-3.3 

ENDF/B-
VII.0 

ENDF/B-
VII.1 

ENDF/B-
VIII.0 

JEFF-3.3 

Control 
rods worth 

[pcm] 
6273 6216 6232 6297 6461 6397 6414 6486 

Boron 
coefficient 
[pcm/ppm] 

-5.39 -5.38 -5.36 -5.34 -5.38 -5.38 -5.35 -5.33 

Isothermal 
coefficient 

[pcm/K] 
-4.98 -4.86 -4.98 -4.85 -5.92 -5.98 -5.21 -4.58 

 

5 CONCLUSION 

Impact of the ENDF/B-VII.0, ENDF/B-VII.1, ENDF/B-VIII.0 and JEFF-3.3 neutron 
cross sections libraries on the nuclear core design calculations of the NPP Krško core has been 
assessed. Preliminary calculations performed with single fuel assembly in infinite array has 
indicated differences of a few hundred pcm in the fresh fuel, which are caused by different 235U 
neutron cross sections. For the burned fuel different rate of Pu production is a primary reason 
for even higher differences in multiplication factor between libraries. Comparison with 
measured core critical Boron concentrations has shown progressively higher Boron 
concentrations for the ENDF/B-VII.0, ENDF/B-VIII.0 and ENDF/B-VII.1 cases with no 
significant bias between BOC and EOC results. JEFF-3.3 results at BOC are similar to the 
ENDF/B-VII.0, while EOC values are significantly lower. Differences in control rods worth 
and Boron coefficients are inside 1 %. Cycle 30 isothermal coefficient in the ENDF/B-VIII.0 
and JEFF-3.3 case is noticeably higher compared to the ENDF/B-VII.0 and ENDF/B-VII.1 
case. 
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ABSTRACT 

The properties of nuclear fuel depend on the actual isotopic composition which develops 

during a reactor operation. In practice, the prediction accuracy of burnup calculations serves as 

the basis for the future precise estimation of a core lifetime and other safety-based core 

characteristics. The present study quantifies nuclear data induced uncertainties of nuclide 

concentrations and multiplication factors in VVER-440 fuel depletion analysis. The well-

known SCALE system and the TRITON sequence are used with the NEWT deterministic solver 

in the SAMPLER module that implements stochastic techniques to assess the uncertainty in 

computed results. The propagation of uncertainties in neutron cross section and fission yields 

is studied through the depletion calculation of 2D heterogeneous VVER-440 fuel assembly with 

an average enrichment of 4.87 wt % of 235U and six gadolinium rods with 3.35 % of Gd2O3. In 

the paper, fixed nominal depletion conditions are based on the real operational data of the 

Slovak NPP Bohunice unit 4 during cycle 30. In total 250 cases with uncertain parameters are 

computed and the results are evaluated by an auxiliary tool.  

1 INTRODUCTION 

The prediction accuracy of burnup calculations is a critical factor in the reactor analysis 

sequence. The core properties depend on the actual composition of the fuel; thus, the 

characteristics of the reactor core undergo changes during burnup. Moreover, the isotopic 

composition of the spent fuel discharged from the core is a key factor in both the operations 

and the material control activities of the deep geological repository. An accurate estimate of the 

time-dependent radionuclide inventory in this material is necessary to evaluate many spent fuel 

issues, including neutron and gamma-ray source terms for shielding analysis, decay-heat source 

terms for temperature distribution and radiological and chemical toxicity for environmental 

impact consideration. The computational estimate of the isotopic composition and other derived 

parameters of irradiated fuel is affected by numerous methodology aspects and sources of 

uncertainty. One of the major contributors to the final uncertainty is the uncertainty in nuclear 

data. The nuclear data used in a SCALE [1] calculation are processed from evaluated nuclear 
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data files (ENDF/B) produced by the National Nuclear Data Center [2] through the AMPX code 

system. The ENDF/B data are based on a large set of nuclear data measurements, that have 

been evaluated by experts. Nuclear data are treated following the laws of probability and 

statistics. As such, they are represented by a central (recommended) value and are mostly 

burdened with uncertainty (in the form of covariance matrices) arising from measurements, 

modelling fits applied or consistency adjustments. However, ENDF/B uncertainty data 

(including correlations) is not available for many nuclides or for some type of data [3]. The 

supplemental data have been developed within SCALE system for fission yield data, 

multigroup cross section data and decay data [3]. SCALE 6.2.3 used in this analysis includes 

two uncertainty quantification methods. The first one utilises a perturbation theory in 

TSUNAMI module that can produce first-order uncertainty estimates to the given responses, 

for which sensitivity coefficients can be calculated appropriately. The main constraint of 

TSUNAMI is an impossibility to propagate uncertainties induced by nuclear data in transport 

problems with depletion. The second option is based on the stochastic procedure assuming that 

every calculation input may have a probability distribution, which is then propagated through 

a complex computational sequence. It provides the variation in the output data due to variations 

in any combinations of input data [3]. The present study investigates nuclear data induced 

uncertainties of nuclide concentrations and multiplication factors in VVER-440 fuel depletion 

analysis. The TRITON lattice physics sequence [4] with the NEWT deterministic solver is used 

in repeated depletion calculations to propagate the uncertainties in neutron cross section and 

fission yields in 2D heterogeneous VVER-440 fuel assembly. The fixed nominal depletion 

conditions are based on the real operational data of the Slovak NPP Bohunice unit 4 during 

cycle 30. In total 250 cases with uncertain parameters are computed and the results are evaluated 

by an auxiliary in-house tool. 

2 METHODS AND TECHNIQUES 

The following section gives brief information about the geometry and used material 

model, burnup history, depletion method and parameters applied; and stochastic uncertainty 

quantification. 

2.1 VVER-440 geometry and model description 

All the current VVER-440 fuel assemblies (FA) used in Slovakia are hexagonal and the 

fuel rods are placed in the assembly in a triangular grid pattern. The assembly is enclosed in a 

hexagonal wrapper with the width across the flat equal to 145 mm (the 2nd generation FA). The 

FA and emergency reactor control assemblies (ERC) are positioned in a hexagonal grid with a 

spacing of 147 mm. The fuel rods are in the bundle in a triangular grid pattern with a pitch of 

12.3 mm. The fuel rod claddings are made of the E110 zirconium alloy (Zr + 1% Nb), while 

the wrapper tubes of FA and ERC are made of the E125 zirconium alloy (Zr + 2.5% Nb). The 

modelled outside diameter of fuel rod cladding is 9.1 mm and the inside diameter is 7.75 mm. 

The cladding houses a fuel column assembled of uranium dioxide pellet. Generally, several 

types of profiled fuel assemblies are used to maintain power peaking factors under the design 

limits. A Gd2O3 absorber is integrated with a mass content of 3.35 % into number of FAs to aid 

fuel profiling. The profiling diagrams with various initial enrichments of fuel bundles currently 

used in Slovakia are shown in Fig. 1. The investigated fuel assembly with an average 

enrichment of 4.87 wt % 235U is located on the right side of the figure. 
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a) ERC fuel part - 3.84 wt % 235U  b) FA - 4.25 wt% 235U  c) FA & ERC fuel part - 4.87 wt % 235U 
Figure 1: Profiling diagram for fuel assemblies currently used in Slovakia  

 

2.2 TRITON sequence – depletion calculation 

An accurate treatment of neutron transport and depletion in VVER-440 fuel assemblies 

characterized by heterogeneous and complex design requires the use of advanced computational 

tools. The sequence TRITON, included in SCALE 6.2.3 code system developed by ORNL, was 

used to perform depletion simulations for 2D FA. The TRITON depletion module couples the 

2D transport code NEWT with the point depletion and decay code ORIGEN-S.  

For the sake of brevity, just the most important options used in our best modelling 

approach (BMA), which are based on SCALE/TRITON primer [5] and our experience for 

burnup calculations related to VVER-440 fuel [6] are discussed here. The developed model is 

the 2D assembly model with reflective boundary conditions on all sides, which represent 

infinite radial arrays of infinite length fuel assemblies. An unstructured coarse-mesh finite-

difference acceleration approach is used with “partial-current” acceleration scheme. All 

calculations were performed with the standard SCALE 252 multigroup neutron library based 

on ENDF/B-VII.1 evaluated data [8]. Fuel pins with burnable absorbers were depleted by 

constant flux option instead of constant power approach. The fixed average specific power of 

each model is derived from the average reactor power of NPP Bohunice unit 4 during cycle 30 

and equals to 33.05421 kWth/kgHM. The average concentration of boron acid (H3BO3) is 

obtained using the same approach and reaches cb = 2.56 g/kg. The fuel is modelled with 

temperature of 933 K and the temperature of structural materials and water coolant is 555 K. 

The fuel pellet density is 10.55 g/cc and the density of zirconium alloys equals 6.55 g/cc. Very 

fine depletion steps (< 0.5 MWd/kgHM) are used before gadolinium peak reactivity to track the 

fast poison concertation changes. After peak reactivity, longer steps are used but are kept 

smaller than 1 MWd/kgHM.  

2.3 SAMPLER stochastic uncertainty quantification 

Within the SCALE 6.2.3, SAMPLER super-sequence based on stochastic sampling is 

available to quantify the uncertainty in results from TRITON sequence, due to uncertainty in 
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cross sections, fission yield, decay data and other user input parameters. In this study, just cross 

section and fission yield induced uncertainty to isotopic concentrations and effective 

multiplication properties are quantified. The SAMPLER module utilizes the previously 

generated perturbation factors for the 1D cross sections on the multigroup library, assuming 

that the probability density functions are multivariate normal distributions with covariances 

given in the SCALE nuclear data covariance library. As stated in [1], only the 1D data and the 

Bondarenko factors (if requested) are varied because no covariance data are available for the 

2D scattering distributions; however, the 2D data are renormalized to be consistent with the 

perturbed 1D scattering cross sections. In the current SCALE version, decay data perturbations 

are not applicable in TRITON sequence. Anyhow, as declared in [1], decay data contributes 

very little additional uncertainty compared to yield data and cross section data. Uncertainty 

libraries for fission product yields are implemented from ENDF/B-VII.1 data for the major 

actinides 235U, 238U, 239Pu, and 241Pu at energies relevant for LWR systems. The independent 

correlations developed by ORNL using a Bayesian method are applied to ensure that 

uncertainties in the cumulative fission yields are consistent with the independent yields in each 

chain [7]. Correlations in yields from other fissionable nuclides are not available in SCALE at 

this time. In this analysis, the pointwise data perturbations for CENTRM module and 

perturbations of Bondarenko factors were not applied. Due to the stochastic approach applied, 

250 independent calculations were performed in parallel mode. The evaluation of the final 

uncertainty at specific burnup level in an individual requested output parameter 𝑝 was 

calculated by an auxiliary tool according to Eq. 1, 

∆𝑝 = √
1

𝑛−1
∑ (𝑝𝑠

𝑀𝐶 − 𝑝𝑀𝐶̅̅ ̅̅ ̅)
2𝑆

𝑠=1  , (1) 

where ∆𝑝 is one standard deviation (1-sigma) of the investigated parameter due to uncertainties 

in the input parameters. The sign 𝑝𝑠
𝑀𝐶  stands for the result of the sth independent simulation 

(from the S simulations in total) based on the Monte Carlo sampled input parameters which 

have been randomly varied within the specified distribution. 

3 RESULTS 

The results presented in this section demonstrate the cross section and fission yield 

uncertainty propagated through the depletion simulation on the 2D VVER-440 fuel assembly. 

The concentrations of chosen nuclides are presented as a function of achieved average FA’s 

burnup. Moreover, the FA’s effective multiplication factor, 𝑘𝑒𝑓𝑓, is presented at each burnup 

step with the associated integral uncertainties.  

  
a) keff b) convergence plot 

Figure 2: Mean value and integral uncertainty of 𝑘𝑒𝑓𝑓 with the convergence plot 
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As illustrated in Fig. 2 a), the 3-sigma range of FA’s multiplication factor, 𝑘𝑒𝑓𝑓, shows a 

steady and low uncertainty, with maximum value of only 0.85 %. Our previous work [8] has 

shown, that the 3-sigma range of VVER-440/213 keff due to cross section covariance data at the 

end of campaign determined by the perturbation theory implemented in TSUNAMI module is 

1.92 %. However, in the previous study, all covariance data were taken into account and 

uncertainties were not propagated in depletion calculation. It should be noted that the 

convergence of the final uncertainty and the mean value was visualized and checked at each 

burnup level as demonstrated in Fig. 2 b). Based on the checked convergence plots, 125 

independent calculations appear to be sufficient to obtain acceptable results.  

Figures 3 to 7 illustrate the nuclide uncertainties. The concentrations with calculation 

uncertainties of fissile actinides 239Pu and 241Pu are shown in Fig. 3. These isotopes have steady 

and very low induced 3-sigma uncertainty of 0.1 % and 1 % respectively. 

  

a) 239Pu b) 241Pu 

Figure 3: 239Pu and 241Pu mass concentrations with uncertainties 

As illustrated in Fig. 4 a), the 238Pu concentrations are difficult to predict, what is 

supported by large calculation uncertainty increasing with the irradiation time. As shown in [9] 

the 238Pu is the second most important contributor to the decay heat generated by PWR fuel at 

cooling times between 5 and 100 years. According to our calculation, at burnup level of 

40 MWd/kgHM, the 3-sigma uncertainty reaches almost 12 %.  

  

a) 238Pu b) 241Am 

Figure 4: 238Pu and 241Am mass concentrations with uncertainties 

In terms of criticality safety, 241Am is the moderately absorbing actinide, however it is a 

major contributor to the decay heating of PWR and BWR fuels at cooling times of about 100 
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years. Our results shown in Fig. 4 b) indicate that concentrations of 241Am may be calculated 

precisely with the 3-sigma uncertainty lower than 0.6 %. As demonstrated in our previous work 

[6], where the measured compositions of Novovoronezh NPP irradiated fuel assembly were 

compared to data calculated by the TRITON sequence, the 241Am concentrations were 

underestimated much more than is suggested by current results (approx. -4 to -10 %). This 

discrepancy could be due to the unaccounted contribution of decay uncertainty data to our 

current results or it could be caused by other uncovered errors. 

The dominant contributor to the decay heat of 3 wt % 235U PWR fuel (burnup 

20 MWd/kgHM) within the first 5 years of cooling time is the 90Y. As can be found in [9], 

depending of the initial fuel enrichment and reached burnup, the 90Y may be altered by the 
134Cs. As shown in Fig. 5, concentrations for both nuclides are burdened with quite a low 

uncertainty of 2.1 % and 1.3 % resp.  

  

a) 90Y   b) 134Cs 

Figure 5: 134Cs and 90Y mass concentrations with uncertainties 

149Sm is an important neutron absorber arising from the decay of 149Pm. Its saturated 

concentration depends on the actual reactor power. According to the results – see Fig. 6 a), the 

3- sigma uncertainty in the nuclide concentrations is almost the same over the course of 

irradiation and reaches approx. 2.1 %. 87Br is known as the delay neutrons precursor which 

belongs to the longest half-life group in the classical 6 delayed neutron groups model. As shown 

in Fig. 6 b), the uncertainty in nuclide concentrations tends to slightly decrease with higher 

burnup. The maximal calculated value of 3-sigma uncertainty is 2.8 %. 

  

a) 149Sm b) 87Br 

Figure 6: 149Sm and 87Br mass concentrations with uncertainties 

 



205.7 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

According to the calculation results [10] the neutron emission of the spent LWR fuel is 

dominantly from spontaneous fission of 244Cm at cooling times longer than two years. As it is 

shown in Fig. 7 a), 244Cm concetration 3-sigma uncertainty increases with burnup and and the 

end of our investigastion reaches approx. 4.5 %.  

  

a) 244Cm b) 148Nd 

Figure 7: 244Cm and 148Nd mass concentrations with uncertainties 

148Nd belongs to the principal burnup monitors with almost linear buildup during 

irradiation. It is almost an ideal monitor due to its chemical and neutron-physical properties. It 

is a stable fission product, it has almost the same yield for 235U and Pu and the yield is 

independent of neutron energy, it is formed exclusively by fission (low neutron capture cross 

section) and it is not present in non-irradiated fuels [11]. As demonstrated in Fig. 7 b) nuclide 

concentrations of 148Nd are burdened with the very low uncertainty of 1,9 % at the end of 

investigated interval. 

4 CONCLUSION 

Consideration of nuclear data uncertainty in calculations is a general trend that requires 

attention of nuclear researchers and nuclear regulators. Uncertainty quantification has a wide 

range of applications in numerous scenarios including nuclear safety analysis and design. This 

paper demonstrated sampling capabilities of the SAMPLER sequence, where nuclear data 

induced uncertainties of nuclide concentrations and multiplication factors in VVER-440 fuel 

depletion analysis were investigated and visualized. The TRITON lattice physics sequence with 

the NEWT deterministic solver was used in repeated depletion calculations to propagate the 

uncertainties in neutron cross section and fission yields in 2D heterogeneous VVER-440 fuel 

assembly. The presented work is the follow-up of previous activities devoted to the burnup 

modelling issues associated with VVER-440 fuel, where the sensitivity studies of relevant input 

and depletion parameters were performed (e.g. [6], [8]). Despite the perturbations for CENTRM 

module and perturbations of Bondarenko factors were not applied and decay data uncertainties 

were not taken into account. Results presented in the paper suggest the relatively significant 

uncertainties in nuclide concentrations in regard to spent fuel characteristics (e.g. 90Y, 238Pu and 
244Cm) criticality safety and transient calculations (integral keff uncertainties, 87Br and 149Sm). 

These uncertainties need to be properly considered in safety related analyses and judgements. 

The future work will include all perturbation factors available, where by the comparison of 

current and future results a deeper insight to the needs of data improvements might be brought. 

These data might also help to justify the possible modifications of the administrative safety 

margins currently used in design and safety analyses.  
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ABSTRACT

Knowing the reactor power is of utmost importance for a safe operation of a nuclear power
plant. In a typical pressurized water reactor during normal operation, reactor power is monitored
by power-range detectors positioned outside the reactor core. With the aim to predict their
response, a detailed core and ex-core model using Monte Carlo Neutron Transport Code MCNP
were developed. Due to the ex-core position of neutron detectors, hybrid code ADVANTG is
used to generate weight windows to speed up neutron transport outside the reactor core. To be
able to use ADVANTG, fixed neutron source had to be reconstructed from the criticality core
calculation. This paper focuses on the evaluation of the effect of different nuclear data libraries
on the ex-core detector response. The deviation between ENDF/B-VII.0 and ENDF/B-VIII.0
nuclear data library on the ex-core detector response was evaluated to be ∼9 %, by replacing the
deficient evaluation of 56Fe isotope included in the ENDF/B-VIII.0 nuclear data library, with the
improved evaluation from the IAEA INDEN project, deviations decreased to ∼5 %. Our results
demonstrate the importance of correct description of prompt neutron spectra at high energy
region and its impact on the ex-core detector response. It was concluded that the method using
weighting of prompt neutron fission spectra for important isotopes with calculated reaction rates
is the best approximation.

1 INTRODUCTION

To enable safe and continuous operation of a nuclear power plant (NPP) it is important
to accurately and continuously monitor reactor power, which is in a typical pressurized water
reactor (PWR) performed with power-range detectors positioned outside the reactor core. Since
the detectors are located outside the reactor core, far away from the neutron source, detector
response is difficult to calculate with analog stohastic methods. Neutron flux decreases by
several orders of magnitude before reaching the detector. Using direct Monte Carlo technique
it is impossible to reach suitable statistics within a reasonable computer time. To speed up
neutron transport from the core to the ex-core neutron detectors, the hybrid code ADVANTG
[1] was used. It was used to generate weight windows and can be used only for fixed source
problems and can not be implemented for the eigenvalue calculation. Therefore conversion
from criticality to fixed source calculation needs to be performed [2]. In previous research
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[3] different fixed source geometries were studied and a need for describing pin-wise neutron
source was identified. In this paper we focus on the effect of different nuclear data libraries
used in the neutron transport calculation, as well as for fixed neutron source term calculation.

2 KRŠKO NUCLEAR POWER PLANT

The analysis was performed for the Krško NPP, which is a 2 loop Westinghouse PWR
plant. Currently, the thermal rating is 1994 MWt with 727 MWe gross electric production.
The core is composed out of 121 fuel assemblies as presented in Figure 1. Fuel assembly
has 16×16 lattice filled with 235 fuel rods, 20 guides for control rods and 1 guide for in-
core instrumentation. Integral Fuel Burnable Absorbers (IFBA) rods are added to some fuel
assemblies to enable long term reactivity control and power distributions with reasonably low
power peakings.

Figure 1: Core configuration for typical cycle with marked fuel regions in different color and
control rod cluster positions (marked with letters).

The ex-core detector system in Krško NPP monitors neutron flux from shutdown condi-
tions to 200 % of full power. This represents ex-core neutron flux variations from 10−1-1011

n/(cm2 s). To cover such a large flux range three types of neutron detectors are utilized BF3

counter (source range), compensated ionization chamber (intermediate range) and uncompen-
sated ionization chamber (power range). The ex-core detectors are placed in wells, which are
located in the cavity wall. Power range detectors, which are used during during normal oper-
ation are positioned in four equally spaced channels around the core, with 2 vertical detectors
per channel.

3 CALCULATION PROCEDURE

The calculation procedure designed to obtain ex-core detector response in a typical PWR
NPP is schematically presented in Fig. 2.

Firstly, the deterministic code package CORD-2 [4] is used to obtain input parameters
(temperatures, denisties and isotopic compositions) for MCNP core model [5]. In the next step
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Figure 2: Calculation procedure scheme to obtain ex-core detector response.

a newly developed subroutine McCord [5] is implemented to generate Monte Carlo neutron
transport code MCNP [6] full core input from the CORD-2 output data. Using this MCNP core
input, power and neutron flux distribution inside the reactor core can be analysed. The MCNP
core criticality calculation is used to determine the neutron fixed source for the MCNP ex-core
model.

3.1 Computational model

Calculations were performed using Monte Carlo neutron transport code MCNP6 [6] with
ENDF/B-VII.0 [7] and ENDF/B-VIII.0 [8] nuclear data library. Calculations were performed
for 28th cycle hot zero power configuration for Krško NPP.

3.1.1 MCNP Core Model

The MCNP PWR core model is very complex and detailed (e.g. it includes more than
30,000 cells and approximately 1,000 materials, see Fig. 3) and is currently composed out of
approximately 100,000 input lines. Power distribution inside the reactor core was calculated
in criticality mode of the MCNP core model and was verified by comparison to the CORD-2
results in previous research [5]. The deviations were considered acceptable for the hot zero
power (HZP) configuration. The reactor core model was used to obtain fixed neutron source
needed for the ex-core model calculation [2].

3.1.2 MCNP Ex-core Model

The detailed MCNP core model was incorporated in the ex-core MCNP model shown
in the right hand-side figure in Figure 3. Explicitly modelled ex-core neutron detectors were
added in the model. To speed up the neutron transport from the reactor core to the ex-core
neutron detectors, fixed neutron source was generated from the criticality calculation and weight
windows were generated with the ADVANTG code version 3.0.3 [1]. The weight windows
technique is used to optimize all power range channels (with 2 detectors per channel - top and
bottom). Weight windows were generated using bplus data library based on the ENDF/B-VII.0
nuclear data library and FW-CADIS methodology [1] in pin-wise bins covering the reactor core
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(a) xy view of MCNP core model with ex-core detector locations. (b) xz view of the MCNP ex-core
model.

Figure 3: Schematic view of MCNP core and ex-core model with ex-core detector locations.
Power range detectors are marked with red arrows.

and the ex-core neutron detectors. For other solver options default values were used. To ensure
the final results are valid and converged, statistical tests were verified.

3.2 Fixed Source Generation

The hybrid code ADVANTG used to generate weight windows to speed up neutron trans-
port outside the reactor core can not be used for eigenvalue problems. To be able to use AD-
VANTG code the core criticality calculation had to be translated to fixed source model [2]. Dif-
ferent geometries for fixed source description were compared in previous research [3], where
the need for describing pin-wise neutron source was identified. Fixed neutron source used for
ex-core calculations presented in this paper was described with cylinders on fuel pin scale in
24 equally spaced axial layers. This paper focuses on different methods for describing prompt
fission neutron spectra.

First method involved calculating prompt fission neutron spectrum by sampling fission
neutron generation rate within the core, fission neutron energies and positions. In this method,
fission neutrons were divided into energy bins, which were used to describe bin-wise neutron
spectra (ENDF/B-VII.0: Source A, ENDF/B-VIII.0: Source B). In second method , Watt fission
spectrum was fitted to energy distribution from the first method (ENDF/B-VII.0: Source C,
ENDF/B-VIII.0: Source D). The third method for describing prompt fission spectrum included
combining prompt fission spectra of 235U [9], 239Pu [9], 238U [8] and 241Pu [8], weighted by
the calculated fission reaction rates multiplied by fission neutron yields (ν), taking into account
thermal (below 100 keV) and fast (above 100 keV) fission in 10 axial layers for individual
fuel assembly (Source E). Prompt fission neutron spectra were taken from ENDF/B-VIII.0 [8]
and IRDFF-II [9] nuclear data library, which are in general the same, except IRDFF has more
refined energy structure. The fourth method used calculated fission reaction rates from the
second method to weight Watt fission spectra for individual isotope, where constants used for
Watt spectrum were taken from the Reference [10] (Source F).
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4 RESULTS

4.1 Effect of nuclear data libraries on core calculation

The first step in the calculation process was the criticality core calculation. To observe the
deviations in the criticality core calculation between different nuclear data libraries the deviation
in multiplication factor and the reactor power distribution per fuel assembly were compared.
Calculations were performed using ENDF/B-VII.0 [7] and ENDF/B-VIII.0 [8] nuclear data
libraries. Both calculations used ENDF/B-VII.0 thermal scattering data.For CORD-2 calcula-
tions 69 energy group WIMS library based o ENDF/B-VII.0 nuclear data library was used. Cal-
culated multiplication factors were: keff (ENDF/B-VII.0) = 0.99594 and keff (ENDF/B-VIII.0)
= 0.99649, with statistical uncertainty<5 pcm, resulting in the deviation in multiplication factor
between both calculations of ∼55 pcm. In next step calculated reactor power per fuel assembly,
averaged to the one core quadrant were compared. Statistical uncertainty of individual calcula-
tion was below 0.1 % and considered negligible. Relative comparison between the calculations
is presented in Figure 4. It can be observed that the deviations are below 1 % and considered
acceptable.

Figure 4: Relative deviation between ENDF/B-VII.0 and ENDF/B-VIII.0 in %.

4.2 Effect of nuclear data libraries on ex-core calculation

With the release of a new version of ENDF nuclear data library (ENDF/B-VIII.0) we
wanted to check the effect on the ex-core calculations in a typical PWR. In the first part of
the research the effect on the neutron transport was evaluated using the same neutron source
and in the next chapter the effect on the neutron source is studied. In Table 1 are presented
deviation among different nuclear data libraries used for neutron transport. Fixed source used

Table 1: Calculated absolute neutron flux at ex-core power range detector location, normalized
to the full reactor power of 2 GW, for different nuclear data libraries used for neutron transport.

Description φ [n/cm2s] rel.unc. [%] φi/φref -1 [%]
ENDF/B-VII.0 2.611×1010 0.37 /
ENDF/B-VIII.0 2.368×1010 0.43 -9.3
ENDF/B-VIII.0 (corrected 56Fe) 2.489×1010 0.38 -4.7

in all calculations was the same, fitted watt from ENDF/B-VIII.0 core calculations (Source C).
For the comparison materials were changed from ENDF/B-VII.0 to ENDF/B-VIII.0 evaluation.
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The high deviation of ∼9 % in the calculated neutron flux was observed. The deviation lowered
to ∼4.7 % when evaluation for 56Fe isotope was replaced with the improved one from the IAEA
INDEN project [11].

4.3 Prompt fission neutron spectra

First method used for prompt fission neutron spectrum generation for fixed source de-
scription is based on tracing neutrons generated from fission and dividing them into 394 energy
bins up to 30 MeV. In Figure 5 the comparison of point-wise (Source A and B) and fitted Watt
function to point-wise prompt fission neutron spectrum (Source C and D) using different nu-
clear data libraries. Our aim is to predict ex-core detector response and the majority of neutrons
escaping reactor core are fast (with energies above 100 keV). Therefore good description of
prompt fission spectrum above 100 keV is of high importance. Fuel assembly K11 (see Figure
1) was chosen for comparison, because it is closest to the ex-core neutron detectors and there-
fore contributes the most to their response. From Figure 5 it can be observed that fitted Watt
distribution cannot describe the spectrum precisely for high energies in all cases. Raising the
importance of high energies when performing the Watt fit could result in subjective solution and
was therefore not performed.

(a) ENDF/B-VII.0. (b) ENDF/B-VIII.0.

Figure 5: Prompt fission neutron spectra relative to the 1.32 MeV Maxwell spectra from first
method described with point-wise values (black) and with fitted Watt spectrum (red) for burned
fuel assembly K11 (middle axial layer) at the core periphery.

In the next step prompt fission neutron spectra obtained using different methods were
compared for two typical fuel assemblies: G09 representing fresh fuel and K11 representing
burned fuel at core periphery. Both fuel assemblies were analysed for the middle axial layer.
Obtained prompt fission spectra are presented in Figure 6, where the deviations between differ-
ent methods can be observed. It can be concluded that deviations between different methods are
not negligible, however the conclusions about a superior method cannot be made at this stage.

To find the best method for the prompt fission neutron spectrum description, total neutron
flux at ex-core power range detector position was studied. As a reference an analog eigenvalue
calculation of ex-core detector response was performed. It ran for ∼510 hours on computer
cluster with 2 processors (Intel Xeon Gold 6148 Processor), each processor with 20 physical
cores / 40 hyper-threading, to achieve statistical uncertainty <1 %, while fixed source calcula-
tion using weight windows ran for ∼50 min and achieved statistical uncertainty<0.5 %. Results
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(a) Fuel assembly G09 middle axial layer. (b) Fuel assembly K11 middle axial layer.

Figure 6: Prompt fission neutron spectra from different methods relative to 1.32 MeV Maxwell
spectra.

are gathered in Table 2, where a difference between analog calculations using different versions
of ENDF/B nuclear data library of more than 5 % is observed. It can be concluded that third
method, using weighting of prompt fission neutron spectra of selected isotopes, is the closest ap-
proximation to the analog calculation, with deviations smaller than statistical uncertainty. It can
be concluded that using first method is not optimal, either as point source description (Source
A) or by fitting Watt function (Source C). However using Watt fission spectra as input prompt
fission spectra for weighting (fourth method - Source F) is closer to reference calculation and
could be considered acceptable.

Table 2: Calculated neutron flux at ex-core power range detector location for different prompt
fission neutron source (PFNS) descriptions.

Description φ [n/cm2s] rel.unc. [%] φi/φref -1 [%]
Analog ENDF/B-VIII.0 (ref) 2.435×1010 0.96 /
Analog ENDF/B-VII.0 2.571×1010 0.87 5.59
Point PFNS ENDF/B-VIII.0 (Source A) 2.518×1010 0.38 2.94
Watt PFNS ENDF/B-VIII.0 (Source C) 2.489×1010 0.38 2.21
Watt PFNS ENDF/B-VII.0 (Source D) 2.507×1010 0.40 3.40
Point mixed PFNS IRDFF-II (Source E) 2.415×1010 0.38 -0.82
Point mixed PFNS VERA (Source F) 2.399×1010 0.38 -1.48

5 CONCLUSION

This paper presents the impact of different nuclear data libraries on the ex-core calcula-
tions. Evaluated was ex-core power range detector response in a typical PWR with two versions
of ENDF nuclear data library. The deficiency in the 56Fe isotope evaluation included in the
ENDF/B-VIII.0 nuclear data library was detected and after replacing it with the improved one
from the IAEA INDEN project, the deviations between both libraries decreased to ∼5 %. Fur-
thermore, we demonstrated the importance of correct description of prompt neutron spectra for
fixed source calculations, with the emphasis on the fast energy region when performing ex-core
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calculation. Different methods for calculating prompt fission neutron spectra were tested and
compared to the reference analog calculation of the neutron flux at the ex-core detector location.
It was concluded that method based on weighting prompt neutron fission spectra of important
isotopes based on calculated reaction rates is the best approximation, with the deviations from
the reference within the statistical uncertainty. In future research obtained fixed neutron source
will be used to further study ex-core detector response and its deviations with control rod move-
ment, which is important when measuring control rod worth. Furthermore, it will also be used
when studying neutron dose rate within the containment.
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[2] K. Ambrožič, et al., “Characterization of Neutron Fields in the TRIGA Irradiation Fa-
cilities Inside and Outside the Biological Shield”, In: Proceedings of 26th International
Conference Nuclear Energy for New Europe, Bled, Slovenia, 2017.
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ABSTRACT 

The field of thermal nuclear data is very interdisciplinary. In this article the methodology for 
thermal neutron scattering cross sections determination will be presented. The aim is to study 
the effect of the uncertainty in thermal neutron scattering data on the physical reactor 
parameters. Firstly, the thermal neutron scattering theory is presented, presentation of 
contemporary methods for thermal nuclear data generation follows and thirdly our work plan 
is introduced. The work plan involves the use of four different programs: using DFT capable 
computer codes for interatomic force constants calculation, lattice dynamics calculations 
performing code for density of states computation, the code for the scattering law and all related 
quantities calculation and the Monte Carlo transport code from where the physical reactor 
parameters are obtained. 

1 INTRODUCTION 

Knowledge of thermal nuclear data is applicable in many scientific fields and is heavily 
interdisciplinary. Using neutrons for research enables us to investigate the world around us, as 
well as to develop new materials and processes to meet the needs of the society. In the near 
future local electricity needs will greatly increase due to the increasing adoption of electric cars, 
air-conditioning units, heat pumps, as well as growing and urbanizing global population. In 
order to generate carbon-free electricity, radical innovations in renewable energy are required. 
Due to fluctuations in electricity generation from solar and wind sources, an additional reliable 
sources of electricity that can track and compensate for these fluctuations quickly enough is 
needed. Small modular reactors in addition to reliable electricity production capabilities can 
provide also fast response to fluctuations in electricity production due to prompt negative 
temperature reactivity coefficient. The main contributions to the prompt negative temperature 
reactivity coefficient are the Doppler effect and thermal spectrum hardening. Accurate 
prediction of these effects is highly dependent on precise calculations or simulations of the 
reactor physical parameters, where knowledge of nuclear data and their uncertainties at thermal 
energies are needed. 

Currently used thermal scattering nuclear data are based on old evaluations or evaluations 
which have been improved only slightly over the past few decades. These old data sets do not 
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include any uncertainty information. For the purpose of following the production of electricity 
from renewable sources, new sets of nuclear data will be needed, which in addition to the data 
themselves will include estimated uncertainties. In the low neutron energy range, typically 
below 5 eV, neutron scattering is affected by the atomic bonding of the scattering molecule in 
the moderator. Compared to a free nucleus, this changes the reaction cross section and, thus, 
the energy and angular distribution of the secondary neutrons. The thermal neutron scattering 
cross sections need to be generated by employing state-of-the-art atomistic simulations which 
will be presented in the article. Methodology for thermal neutron scattering cross sections 
determination involves use of three different programs, such as density functional theory 
capable computer codes (VASP or Quantum Espresso), programs for lattice dynamics 
calculations (PHONON or Phonopy) and program for the calculation of scattering law from 
density of states (LEAPR). In the present work the planned strategy for generating thermal 
scattering data will be outlined. 

2 PROMPT NEGATIVE TEMPERATURE REACTIVITY COEFFICIENT 

The negative temperature reactivity coefficient is the basic safety requirement of any reactor. 
For fast response to fluctuations in electricity production it is necessary that this coefficient is 
also prompt. The temperature reactivity coefficient of fuel αg [1] is defined as: 

�� =
∆�

���
, (1) 

where Δρ is the change in the reactivity of the reactor and ΔTg is the change in the average fuel 
temperature in the entire reactor core.  

In the TRIGA reactor, the temperature reactivity coefficient of fuel is the strongest and most 
important feedback effect of the reactor state on reactivity. The reason for an effective and 
prompt temperature feedback mechanism is in the special fuel composition, which is a 
homogeneous mixture of 20 % enriched uranium and zirconium hydride (ZrH ratio 1.6) [2]. 
Since hydrogen in the zirconium hydride serves as moderator, most moderation takes place in 
the fuel element itself and only a small part in the water surrounding the fuel elements. 
Consequently, any change in power and therefore also the change in fuel temperature 
immediately reflects on the moderator in the fuel element. Therefore, both the fuel and the 
moderator immediately affect back the reactivity of the core. Since the change in fuel 
temperature affects reactivity in different ways, the negative temperature reactivity coefficient 
of fuel is the sum of several contributions. The Doppler Effect in the fuel and the shift of the 
thermal part of the neutron spectrum to higher energies contribute the most to the prompt 
negative temperature reactivity coefficient of the fuel in the TRIGA reactor. 

The basis of the Doppler's phenomenon is broadening of resonances for the capture of the 
neutron in the uranium 238U, which increases the absorption of neutrons and thus reduces 
reactivity. Another important contribution is the shift of the thermal part of the neutron 
spectrum to higher energies or spectrum hardening. Since the peak of the neutron spectrum 
moves to higher energies, where the ratio of microscopic cross section for fission and capture 
(proportional to the multiplication factor) on the uranium 235U is smaller, the reactivity also 
decreases (Figure 1). Accurate prediction of these effects is highly dependent on precise 
calculations or simulations of the reactor physical parameters, where knowledge of nuclear data 
and their uncertainties at thermal energies are needed. 
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Figure 1: Ratio capture to fission (red) and lethargy spectrum (blue). 

3 THERMAL NEUTRON SCATTERING 

In the low neutron energy range, typically below 5 eV, neutron scattering is affected by the 
atomic bonding of the scattering molecule in the moderator. Compared to a free nucleus, this 
changes the reaction cross section and, thus, the energy and angular distribution of the 
secondary neutrons.  

Neutron scattering at thermal neutron energies [3] is classified as elastic and inelastic scattering. 
While the former is important, the latter has direct link to the reactor applications because 
neutrons need to slow down to increase the fission probability of the fissile isotopes. Both 
elastic and inelastic scattering can be coherent or incoherent. In coherent scattering, the 
interference phenomena between the waves reflected by close nuclei affect the scattering target. 

 

Figure 2: Neutron scattering classification.  

The importance of components differs depending on the state of the scatterer (liquid, solid) and 
on the material properties. Incoherent elastic scattering is relevant for materials with a high 
hydrogen content, such as zirconium hydride, yttrium hydride, polyethylene, or water, because 
hydrogen has a large incoherent bound atom cross section. Coherent elastic scattering is 
important for crystalline materials, the most prominent examples being graphite, beryllium and 
uranium dioxide, because the angular distribution of scattered neutrons is affected. Inelastic 
scattering is important for all materials.  
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3.1 Inelastic scattering 

In many materials, only inelastic scattering [4] is considered in the calculation of thermal 
neutron cross sections, which are then used in nuclear data processing codes. The inelastic 
double differential cross section can be calculated by the well-known formula: 

���

�����
=

1

4����
�

��

�
��

�
�������(�, �) + ������(�, �)�, (2) 

where E is neutron flux energy, Ω direction and E’ secondary energy, Ω’ direction, σcoh and σinc 
are the coherent and incoherent scattering cross section, kB is the Boltzmann constant, T is the 
temperature of the material and S(α,β) is thermal scattering function. The S(�,�) function is the 
thermal scattering function, which is given by:  

�(�, �) = ��(�, �) + ��(�, �). (3) 

In equation (3) �s(�,�) represents the self-scattering function that accounts for non-interference 
or incoherent effects, and ��(�,�) presents the distinct-scattering function that accounts for 
interference or coherent effects. The scattering law is a function of the dimensionless 
momentum transfer α:  

� =
�� + � − 2√����

����
 (4) 

and energy transfer β: 

� =
�� − �

���
=

ħ�

���
. (5) 

In equations (4) and (5) � represents the cosine of the scattering angle in the laboratory system 
and � is the ratio between the mass of the scattering target � and the neutron mass �. The 
energy transfer �'−� is sometimes denoted as the product between the reduced Planck’s 
constant ℏ and the excitation frequency �.  

The scattering law is a fundamental quantity of the scattering system. The dynamics of 
scattering law can be approximately calculated in one of two main ways: via the Van Hove 
space-time-self correlation function or better, its Fourier transform in time - the intermediate 
scattering function, but, because these cannot be calculated exactly for systems of practical 
interest, the phonon expansion [5] is used instead. The main point of the expansion is, that the 
thermal scattering law is written as a sum of partial thermal scattering laws, where each partial 
Sp in the series, where p is 0, 1, 2, etc. accounts for scattering interaction in which the neutron 
interacts with p phonons. The p = 0 term is the one in which no energy exchange takes place, 
so S0 corresponds to elastic scattering, S1 to inelastic scattering in which one phonon is 
exchanged etc. 
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4 CONTEMPORARY METHODS FOR THERMAL NUCLEAR DATA 
GENERATION 

With the advent of advanced computer simulations, it became possible to simulate an ensemble 
of atoms or molecules and obtain the inter-atomic force constants from first principles [6].   

The double differential thermal neutron scattering cross section, can be viewed as consisting of 
two parts: the neutron-nucleus interaction, represented by the bound atom cross section and a 
factor, which accounts for the dynamics of the scattering system, represented by the dynamic 
structure factor.  

More often than not, calculation of the scattering law for crystalline materials is done using the 
phonon expansion in the incoherent approximation, in which the distinct-scattering term of the 
scattering law is set to zero. The reason why the incoherent approximation (mostly) holds so 
well is because of multi-phonon scattering where for almost any energy and/or momentum 
transfer there exists a large number of combinations of multiple phonons that satisfy the energy 
and crystal momentum conservation relations. This approximation holds well enough for many 
materials of interest but for materials such as graphite and beryllium, this assumption can 
introduce inaccuracies into the calculated cross section. Fortunately, the missing coherent 
inelastic contribution can be introduced into the expression separately by various methods. 

For crystalline solids, the most important type of excitations, responsible for the energy 
exchange between the neutron and the material are phonons and if other contributions are 
neglected, the calculation of differential and total cross section can be reduced to the calculation 
of the phonon density of states, from which all other quantities can be calculated. 

5 WORK PLAN 

The objective is to study the effect of the uncertainty in thermal neutron scattering data on the 
physical reactor parameters [7]. Material of interest is UZrHx which is the nuclear fuel in 
common types of research reactors such as TRIGA. First, the thermal neutron scattering cross 
sections need to be generated by employing state-of-the-art atomistic simulations. Second the 
uncertainties in thermal nuclear data need to be studied, where the sources of uncertainty need 
to be determined. They need to be quantized and associated covariance data need to be 
generated. The third part is neutron scattering data validation on experiments or measurements 
obtained on TRIGA Mark II research reactor at the Jožef Stefan Institute. The last part of the 
objectives is to study of the uncertainty effect in thermal neutron scattering data on the physical 
parameters of TRIGA reactor such as pulse experiments [8][9], etc. 

Our work plan involves the use of four different programs: 

 Using DFT capable computer codes, such as VASP or Quantum Espresso, the system 
is modelled and relaxed to its ground state. Atomic positions are then perturbed, and the 
interatomic force constants are calculated.  

 Once the force constants are obtained, they are transferred to another program, such as 
PHONON or Phonopy, which performs lattice dynamics calculations in which the 
solutions to the dynamical matrix problem are sought. The solutions constitute the 
dispersion relation of the system, from which the density of states can be computed 
using a geometrical procedure.  
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 Once the density of states is known, the scattering law and all related quantities can be 
calculated with the LEAPR program. 

 The scattering law is the basis for the Monte Carlo transport code from where the 
physical reactor parameters are obtained. 

 

Figure 3: Thermal neutron scattering cross sections determination work plan.  

CONCLUSION 

The effect of the uncertainty in thermal neutron scattering data on the physical reactor 
parameters will be studied. The highest impact of work is expected on application of improved 
nuclear data on modelling of uranium hydride fuelled reactors which has several advantages 
over existing uranium dioxide fuelled reactors (such as 50 % higher power density, 40 % lower 
electricity production costs, increased safety due to larger and faster (prompt) negative feedback 
effects (prompt negative temperature reactivity coefficient)). As Hydrogen bound in a crystal 
lattice is an essential feature of hydride fuelled power reactors, accurate modelling of reactor 
behaviour is directly limited by the quality of thermal neutron scattering nuclear data. The 
results will also open a whole new area in the field of nuclear data science as we will be able to 
evaluate nuclear data uncertainties that were previously not considered and will allow to 
ascertain their impact. This will lead to better knowledge of safety margins, better knowledge 
of reliability of nuclear data, as well as more reliable calculations of physical parameters of 
nuclear reactors.  
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ABSTRACT

The RAPID (Real-time Analysis Particle-transport and In-situ Detection) Code System,
based on the Multi-stage Response-function Transport (MRT) methodology, utilizes the Fission
Matrix (FM) and Detector Response Function (DRF) approaches for calculation of the fission
neutron source and detector responses / doses respectively. The MRT methodology decouples
the analysis of a nuclear system in several physics-based stages, for which response functions
or coefficients are pre-calculated as a function of problem-relevant parameters (e.g., control rod
positions for TRIGA reactors). These response functions are then coupled in real-time via linear
systems of equations for any input configuration.

As part of an ongoing collaboration between Virginia Tech and the Jožef Stefan Institute
(JSI), the code is undergoing experimental validation and benchmarking using the JSI TRIGA
Mark-II reactor. RAPID has already been validated at critical condition for different core con-
figurations. In this work, RAPID is being validated for dosimetry calculations using in-core
foils of Aluminum (99.9 wt.%) – Gold (0.1 wt.%) dosimeters. This paper compares RAPID
results to both measurements and a standard 3-D Serpent Monte Carlo prediction.

The aim of this work is to demonstrate the ability of RAPID for accurately calculating
both detailed core fission density distribution and detector responses/doses in real-time (sec-
onds), making the code a useful tool, e.g. for dosimetry calculations, pressure vessel fluence
calculations, and design of experiments in a fraction of the time required using state-of-the-art
codes.
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1 INTRODUCTION

In order to perform design and optimization analysis of nuclear systems such as power
reactor cores and research reactors, fast and reliable neutron transport cores are required. The
most desirable outcome would be to obtain state-of-the-art Monte Carlo-level accurate solutions
in real-time. To do so, various hybrid techniques have been developed. In particular, the Multi-
stage Response-function Transport (MRT) methodology [1], decouples the neutron transport
problem into several physics-based independent stages for which response functions and/or
coefficients are pre-calculated in advanced for a wide range of parameters (e.g., control rods
position for the JSI TRIGA [2, 3]) using the method of choice, and then used in real-time to
simulate a nuclear system for different combinations of system parameters.

The RAPID (Real-time Analysis for Particle transport and In-situ Detection) Code Sys-
tem, based on the MRT, utilizes the Fission Matrix (FM) and the Detector Response Function
(DRF) methods to solve the neutron transport problem in seconds [4]. In 2019, the RAPID
Code System was benchmarked using the Jožef Stefan Institute (JSI) TRIGA Mark-II research
reactor [2]. RAPID, and its newly developed methodology for fast and accurate treatment of
control rods movement [3], have been shown to accurately calculate the system eigenvalue and
the 3-D neutron fission source distribution for the JSI TRIGA, properly capturing the effect of
the neutron flux redistribution due to the control rod insertions.

For this work, RAPID’s DRF algorithm, originally developed as a standalone feature [5],
has been fully incorporated into the code and has been used to generate the database for the
dosimeters utilized during the experiments performed at the JSI TRIGA in 2012 [6]. This anal-
ysis contributes to the broader scope of implementing RAPID into the JSI TRIGA monitoring
and analysis system, in order to perform online real-time calculations of the neutron flux shape
and expected detector responses to support and enhance the experimental campaigns.

2 THE RAPID CODE SYSTEM

RAPID is an MRT Code System that allows for real-time analysis of nuclear systems
while achieving Monte Carlo-level accuracy. In its current stage, RAPID is capable of cal-
culating critical and subcritical fission neutron source 3-D distributions (for both prompt and
delayed neutrons); system eigenvalue (keff ) and effective delayed neutron fraction (βeff ), sub-
critical multiplication factor (M ); reaction rates and doses within arbitrary detectors; kinetic
parameters such as Λeff and αRossi, and time-dependent fission neutron source distribution.
RAPID solves the transport problem by interpolating and combining response function and/or
coefficients from a pre-calculated MRT database (see Section 2.1). In this work, first the critical
fission source distribution is calculated by RAPID using the FM method (see Section 2.2), then
it is coupled to DRF’s to calculate for doses received by the Al-Au dosimeters (see Section 2.3).

2.1 RAPID’s MRT Methodology

In order to calculate the FM coefficients and the DRF functions required for this work, a
series of fixed-source Monte Carlo calculations were performed, in which a neutron source is
placed in a fissionable cell j, and both FM and DRF coefficients are tallied. In particular, the
FM coefficients ai,j are the number of fission neutrons generated in fission cell i by the source
placed in j; while the DRF coefficients tally the Au(n,γ) reaction rates in the gold dosimeters
due to the same source. After these response coefficients have been pre-computed, RAPID
utilizes them to solve for keff , 3-D fission source distribution, and doses in real-time.
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2.2 The Fission Matrix (FM) Method

The Fission Matrix (FM) method [7] consists in recasting the Linear Boltzmann Equa-
tion for neutrons into a matrix form. For the eigenvalue problem, the FM equation takes the
following form:

Si =
1

keff

Ncells∑
j=1

ai,jSj, where Si =
∫
Vi
dV

∫ ∞

0
dE

∫
4π
χ(E)νσf (~r, E)φ(~r, E) (1)

where Si is the fission neutron source in each fission cell i; keff is the criticality eigenvalue
of the system; and ai,j is the generic FM coefficient, indicating the number of fission neutrons
generated in cell i from a fission neutron born in cell j.

Once the FM coefficients, ai,j’s, have been pre-computed, RAPID uses them to solve for
the 3-D fission source values, Si, and criticality eigenvalue keff .

2.3 The Detector Response Function (DRF) Method

The Detector Response Function (DRF) method [5] implemented in RAPID calculates de-
tector responses in nuclear system by pre-computing responses to unit source, called the DRF’s,
and then coupling them with the neutron source calculated by RAPID via the FM method. The
DRF equations takes the following form:

Rd =
Ncells∑
i=1

αd,iSi (2)

where Rd is the response from detector/dosimeter d, and αd,j is the detector response for detec-
tor/dosimeter d due to a source neutron born in cell i. For this work, αd,i are calculated as the
integral of the 197Au(n,γ) reactions within the detector due to a unit neutron source.

3 DOSIMETRY EXPERIMENTS AT THE JSI TRIGA MARK-II REACTOR

The JSI TRIGA Mark-II reactor is a pool-type TRIGA reactor loaded with ZrH fuel pins,
with 20 wt.% enrichment. On July 23 and 24, 2012, Aluminum probe with 5 mm long Al
(99.9%) - Au (0.1%), 1 mm in diameter, were irradiated in the reactor. Each probe contained 69
dosimeters, at an axial distance of 1 cm from each other. This work focuses on the dosimetry
experiments performed on July 23. The core configuration for these experiments is shown in
Figure 1. For more information on the experimental setup, see [6].

Figure 1: JSI TRIGA Mark-II core configuration during the experiments on July 23, 2012.
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4 METHODOLOGY

In order to perform this computational and experimental benchmark, a Serpent model,
based on the validated JSI TRIGA Mark-II Serpent model [8], has been used for performing
both the reference calculations and the Monte Carlo fixed-source calculations required for the
generation of the FM and DRF database.

The values of keff from both the codes are compared to the experimental value, i.e.,
keff = 1 for the critical reactor. In addition, the 3-D fission neutron source distribution is
compared for RAPID and Serpent.

Computed reaction rates are compared to the data collected on July 23, 2012 at the reactor
for dosimeters in locations MP16 and MP21 (see Figure 1). To compare the experimental and
computation responses, we use a least-squared minimization approach expressed by:

∂

∂M

Nvalues∑
i=1

(ri −Mei)
2

 = 0 (3)

where ri is the ith dose value calculated by RAPID, ei is the measured value for the same
dosimeter, andNvalues is the number of dosimeters in the comparison, andM is the re-normalization
factor that is applied to the experimental 197Au(n,γ)198Au* reaction rates.

5 RESULTS

The following results section compares the calculated keff and 3-D fission source distri-
bution using RAPID and and the Serpent [9] Monte Carlo code for the experimental setup of
July 23, 2012, and the computed (RAPID and Serpent) and 197Au(n,γ)198Au* reaction rates.

The comparison of keff values calculated by RAPID are compared to the experimental
value (keff = 1 for the critical reactor) and to the results from two state-of-the art Monte Carlo
code, Serpent [9] in Table 1.

Table 1: Comparison of keff for July 23, 2020 experiments at JSI TRIGA using different codes.

Experiment RAPID Serpent

keff 1.000001 1.04636 ± 1 pcm 1.04933 ± 4 pcm

keff rel. diff.
4636 pcm / -283 pcm

to RAPID

Table 1 demonstrates how RAPID and Serpent are in close agreement with a consistent
bias of around 300 pcm that has been shown to exist in all previous benchmarks of the model
used for the generation of FM coefficients and for the Serpent reference [2, 3] and is related to
the way the neutron source is distributed for the fixed source Monte Carlo calculations required
to generate the FM coefficients. A difference of around 4700 pcm exist between the codes and
the observed value. This difference is currently under investigation as continuous improvements
are made to the JSI computational models (both Serpent and RAPID) and, according to recent
studies, it can be attributed to fuel burnup and Xenon buildup [10].

Figure 2 shows the comparison of the critical fission neutron source, i.e., the eigenfunc-
tion of the system, between RAPID and Serpent. Table 2 summarizes the relative differences
between the two codes.

1The reactor was critical during the experiments
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Figure 2: Comparison of 3-D critical fission neutron source in JSI TRIGA during July 23, 2012
experiments.

Table 2: 3-D fission neutron source relative differences between RAPID and Serpent.
Max rel. diff. Average rel. diff. Source-weighted. rel. diff.

2.68% 0.71% 0.69%

Figure 2 and Table 2 demonstrate that RAPID is able to solve for detailed 3-D fission
density with high accuracy.

During the experiments, the dosimeters were placed in measuring positions 16 and 21
(see Figure 1). Figures 3 and 4 show the calculated and 197Au(n,γ)198Au* reaction rates and
relative differences for MP16; while Figures 5 and 6 refer to MP21.

Figure 3: Experimental, RAPID-, and Serpent-calculated doses in MP16 on July 23,2012.
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Figure 4: Doses relative differences with respect to experimental data in MP16 on July 23,2012.

Figure 5: Experimental, RAPID-, and Serpent-calculated doses in MP21 on July 23,2012.

Figure 6: Doses relative differences with respect to experimental data in MP21 on July 23,2012.
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Figures 3-6 demonstrate that RAPID is capable of reproducing the shape of the doses
depositions within 10% for almost all the axial values, with an average absolute relative differ-
ence of around 6%. Note that the calculation of uncertainties for the doses is not yet available in
RAPID, however the oscillations of the axial distribution of the computed dose rates suggests
that the relative differences between the two curves might be significantly reduced by improving
the DRF coefficients statistics, given the really small size of the dosimeters (1 mm diameter, 5
mm long). Similarly, the Serpent calculation shows large uncertainties for the doses and clear
signs of poor convergence, i.e., very strong oscillations, and will be investigated further.

Finally, timing information is reported for Serpent and RAPID calculations in Table 3.

Table 3: Timing information for Serpent and RAPID simulations of the July 23, 2012 experi-
mental setup.

FM coefficient Serpent RAPID Speedupfixed-source calculation criticality calculation FM+DRF calculation

3 hrs 35 min 8 hrs 18 min 53 s 9 s
3,326

(4 cores) (16 cores) (1 core)

Table 3 shows how, once the MRT database has been pre-calculated, RAPID is capable
of performing real-time calculations with a speedup larger than 3,000 with respect to a Serpent
Monte Carlo criticality calculation. Note also that, as made evident in Figures 3 and 5, the
Serpent dose values are largely unconverged, and a much longer computation time would be
required to obtain accurate results. Note that the generation of FM coefficients refers to a single
source cell j, as all the fixed-source calculations are independent from each other and can be
performed in parallel.

6 CONCLUSIONS

This paper demonstrates ability of the newly-implemented doses calculation capability
of RAPID to accurately predict the dosimeters distribution using the experiments performed
at JSI TRIGA in July 2012. In conjunction with the power of the FM-CRd methodology for
treatment of control rods [3], this work shows the potential of RAPID to be used as part of
the JSI TRIGA online monitoring system and to support the numerous experimental campaigns
performed there. In fact, pre-generating a detailed database of response coefficients to account
for the various detectors and core configurations utilized at the reactor would allow the opera-
tors and scientists to perform online predictive calculations while retaining Monte Carlo-level
accuracy and providing detailed 3-D whole-core information.
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ABSTRACT 

In the first step the Serpent-PARCS coupling codes, applying Monte Carlo based group 

constants in a 2-D reactor core nodal diffusion calculation is demonstrated. The results were 

compared to detailed full scope Monte Carlo results, where the average difference of power 

distribution was 1.7 % for specific core loading pattern.  

Based on a lesson learned from the Serpent homogenization procedure a 3D model of 

nuclear reactor core and quasi 3D model of reactor pressure vessel was developed in computer 

program Apros. The goal is to perform transient reactor kinetic calculations with reactor coolant 

response. First the 2D homogenization of cross-sections was calculated in Monte Carlo code 

Serpent. The calculation is done for different types of fuel in terms of enrichment, burnable 

poisons and burnup steps. The corrections (reactivity coefficients) are calculated for changes in 

boron, fuel temperature and moderator temperature (density) change. Core reflector is modelled 

using albedo coefficients. The steady state simulation at full power was run in Apros. Two 

analyses are performed: symmetrical control rod bank insertion and asymmetrical insertion of 

one control rod. 
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1 INTRODUCTION 

To accurately predict the behaviour of light water reactors the determination of power 

distributions, control rods worth, shutdown margins, and isotopic depletion rates must be 

known throughout the reactor cycle. The ability to perform such core-follow calculations 

depends critically on models employed to predict the free neutron density in space, direction 

and energy. If thermal-hydraulic properties of the reactor and fundamental nuclear data are 

assumed to be known, the reactor physicist is faced with the straightforward task of solving the 

three-dimensional neutron transport equation. Unfortunately the complexity inherent in explicit 

modeling of every fuel pin, control rod, burnable poison rod, and water channel limits the direct 

methods of solving the three-dimensional transport equation. Although tools such as three-

dimensional continuous energy Monte Carlo are available, the magnitude of the computational 

problem posed by explicit modeling is such that even the most sophisticated digital computers 

are incapable of determining reactor parameters, with the possible exception of multiplication 

factor for steady state model. Additional, the deterministic neutron transport methods are 

similarly overwhelmed by the complexity of the computational problem of explicit geometrical 

core modeling. 

Many reactor analysis methods circumvent the computational burden of explicit 

geometrical modeling by coupling geometrically-simple, energy-intensive calculations with 

few-group, geometrically-complicated calculations using homogenization and group 

condensation. In previous research the Serpent-GNOMER code sequence application for design 

calculations of PWR's [1], [2], [3] was conducted. The Serpent-GNOMER system has been 

validated for nuclear design calculations of Krško NPP . This approach was developed from the 

existent CORD-2 [5] simulator, where the existing WIMSD-5B code [4] for lattice cell 

calculations was replaced with Monte Carlo code Serpent 2 [6]. The homogenization procedure 

was developed using the same methodology used in the CORD-2 system, namely the effective 

diffusion homogenization method (EDH), to obtain the cell homogenized cross sections using 

Monte Carlo method and to use them in fuel assembly calculations and finally the full core 

calculations were performed using GNOMER code. The positive outcome of this study was the 

satisfactory performance of the EDH method using Monte Carlo method at hot zero-power 

conditions. One aspect that was not satisfactory was the long computational time. Usually one 

fuel cycle analysis using WIMSD-GNOMER takes 3 hours using personal computer with 1 

CPU while Serpent-GNOMER calculation takes 14 days using one computer cluster node with 

20 CPU’s.  

In this paper we present the development of an improved methodology that could be used 

for 3-D full core calculations of recent (generation II) and future (generation III and IV) power 

reactors. In the first part, the results of development of a two-step procedure are presented. The 

results are focused on using Serpent 2 and PARCS to generate group constants using fuel 

assembly model and to obtain a full core solution for zero power conditions, where no reactivity 

feedbacks and burnup calculations are considered. Therefore the motivation and the goal was 

to obtain the fuel assembly model that is capable to model any kind of fuel configuration using 

existent and future fuel designs.  

In the second part the Serpent-Apros simulation is presented using knowledge that we have 

gained in the first part. Serpent 2 is utilized for the generation of burnup-dependent cross section 

data for the 3D nodal core simulator code APROS [10] and perform the static and dynamic 

simulation using fresh core configuration on Krško NPP. 
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2 SERPENT-PARCS COUPLING 

Serpent use a Monte Carlo method which can be characterized as a brute-force calculation 

technique, which is particularly well-suited for complicated problems. The simplicity and the 

potential to produce very accurate results are indeed amongst the most attractive features of the 

Monte Carlo method. Therefore the model construction is straightforward since the geometry 

is modelled explicitly.  

The main purpose was to study the group constant generation for deterministic reactor simulator 

codes, which require a certain level of specialization and most of the widely-used general 

purpose transport codes are not capable of performing this task without extensive modifications. 

The main difficulty in the generation of homogenized group constants using Monte Carlo code 

is the calculation of the neutron diffusion coefficient. This constant is based on an 

approximation and it is essentially the only parameter without any continuous-energy 

counterpart in Monte Carlo calculation. Homogenization and infinite lattice calculations are 

closely related to neutron leakage models, which are artificial corrections needed to account for 

the radial and axial streaming of neutrons across the geometry boundaries. We have tested 

several methods for the treatment of neutron leakage. The Serpent-PARCS coupled model gives 

the best results. The difference of the assembly power distribution between the Serpent Monte 

Carlo results and coupled code Serpent-PARCS are shown on Figure 1. The results were tested 

on BEAVRS benchmark [7]. 

 

Figure 1: Case 1 comparison between MC Serpent and Serpent-PARCS: R(max)=5.06% in 

R(avg)=1.86%.  

3 APROS CALCULATION 

3.1 Model description 

The nuclear power plant Krško (NEK) was modelled. NEK is a 2 loop Westinghouse 

PWR. The complete reactor coolant system including: reactor coolant pump, steam generators, 

pressurizer, reactor pressure vessel and reactor core was developed in Apros. The details are 

not described in this paper [8]. 

For this study a 3D Apros model was developed, with fresh cycle with 121 fuel assemblies 

consisting of a 16×16 rod arrangement was analysed. Each assembly is composed of 235 fuel 

rods and 21 positions filled with water. The fuel rods are constructed of Zircaloy-4 cylindrical 

[%] 
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tubes containing slightly enriched UO2 fuel pellets. This loading pattern contains three regions, 

each with different enrichment: 2.1, 2.6 and 3.1 wt.% of U-235. In addition, the burnable poison 

rods (BPR) in the form of Pyrex glass containing 12.5 % B203 were used for partial control of 

excess reactivity. There were a total of 512 burnable poison rods inserted in the core in 3 

configurations: 8, 12 and 16 absorber rods per assembly. Each fuel assembly having 235 fuel 

rods has been subdivided in 10 axial volumes, thus also the blanket of each one can be taken 

into consideration. There are 33 rod cluster control assemblies, or control rods. The absorber 

material in the control rods is an alloy of 80% silver (weight percentage), 15% indium and 5% 

cadmium. The control rod cladding is made out of type-304 stainless steel. The control rods are 

arranged into A, B, C, D, as for the shutdown rods, those are arranged into Banks SA and SB. 

Heat transfer modules are connected to six-equation thermal hydraulic models with their 

own heat conduction solutions. Calculation of fuel rod temperatures is performed in the thermal 

hydraulic part of Apros. The fuel rod is described as a solid heat structure consisting of three 

materials: fuel, fuel-cladding gap and cladding. One-dimensional heat conduction solution in 

fuel rod is calculated using ten radial nodes. Specific material properties are given for the fuel 

pellet, gap and cladding without the need of re-compiling the code. 

The three-dimensional nodal neutronics model of Apros is based on the two-group 

neutron diffusion theory in homogenized nodes. Solution of the neutron diffusion equations 

relies on an advanced nodal method. Albedos in radial direction are calculated using 2-D full 

core model, where different albedos are defined in the outer region of the core model. The 

following parameters is calculated in Serpent and is input to Apros: fast diffusion coefficient, 

fast absorption cross section, fast fission production cross section, fast fission cross section, 

slowing down cross section into thermal group, thermal diffusion coefficient, thermal 

absorption cross section, thermal fission production cross section, thermal fission cross section, 

average energy per fission, fast inverse velocity of prompt neutrons, thermal inverse velocity 

of prompt neutrons,  fraction of delayed neutron group 1-6, slowing-down length, diffusion 

length, and migration area. 

3.2 Steady state calculation 

The steady state calculations were performed to check the stability of 3D Apros model. 

The relative thermal power is presented at Figure 2. The relative power distribution shows 

reasonable agreement with reference CORD-2 results (Figure 3). The relative power of fuel 

elements on the blue line on right part Figure 3 is plotted. Computer program CORD-2 is taken 

as reference result, since it is used for verification of core design in NEK. The power at the 

edge of the core is too high in Apros calculation for about 40 %. This error is due to inadequate 

reflector modelling. The power in the middle of the core is 9 % lower in Apros then in CORD-

2, and elsewhere the difference is less then 5 %. However the Apros is a simulator, where the 

basic assumption has been that only dynamic calculation is used, which is presented in chapter 

3.3. 
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Figure 2: Radial (middle height of core) and axial (middle cross section) relative thermal 

power at full power. 

 

  

Figure 3: Relative power of fuel elements in Apros and CORD (reference value) at the 

hot full power. The fuel elements at the middle radial cross-section of the core are shown.  

3.3 Symmetrical rod insertion 

The 10 % step load decrease (BOC) is analysed and compared with point kinetic results 

obtained with LOFTRAN, Relap5 and Apros 3D and point kinetic model [5]. The position of 

control rods (Figure 4) is compared with RELAP, Apros and point kinetic model results. The 

control rod position in 3D Apros simulation agrees well with Relap5. The relative nuclear 

power in Apros 3D shows no undershot at the beginning compared to Relap5. The final power 

in 3D Apros is 91.76 % and is only slightly higher compared to power in Relap, which is 91.46 

%. The results are better than in Apros point kinetic model. The LOFTRAN results show even 

larger undershot, however the model differ significantly: the moderator and fuel reactivity 

coefficient are not taken into account.  

 

[/] 
[/] 
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Figure 4: Fission power vs. time in simulation with control rod bank insertion. 

3.4 Asymmetrical rod insertion 

The asymmetrical situation with one control rod fully inserted was also calculated for 

demonstration purposes. From Figure 5, we can see the effect of one control rod insertion to 

entire core. The relative power of fuel assembly where the control rod is inserted is significantly 

reduced. The relative power in surrounding fuel assemblies is also reduced.  

 

Figure 5: Radial (middle height of core) relative thermal power in simulation with one 

control rod insertion. 

4 CONCLUSION 

The Monte Carlo method is widely used for solving various neutron transport problems 

encountered in nuclear reactor physics. Monte Carlo codes are also used for providing reference 

results for the validation of deterministic transport codes. The common factor in all applications 

is the need to model the geometry and the interaction physics to within maximum accuracy and 

detail. 

[/] 
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The potential to produce accurate results without major approximations is clearly the most 

significant advantage of the Monte Carlo method. Neutron interaction data collected in the 

evaluated nuclear data files can be used in a continuous-energy format, without the micro-group 

condensation necessary for all deterministic transport methods. Resonance self-shielding and 

other collective phenomena are consistently modelled without additional effort. The 

development of computer capacities and the growing interest in parallel calculation suggest that 

the importance of Monte Carlo calculation will only increase in the future, especially since the 

method is particularly well-suited for parallelization.  

New applications will probably arise along with code development, but it may take 

decades before Monte Carlo codes start to compete with deterministic transport methods in 

coupled full-core analyses. The presently-used reactor simulator codes are typically based on 

few-group nodal diffusion methods. Traditionally this task was handled by second-generation 

lattice codes, based on advanced deterministic transport methods. However we have shown in 

this report that it is becoming increasingly challenging, since more advanced fuel like MOX 

fuels and next-generation reactor concepts may require the use of more elaborate transport 

methods, and Monte Carlo calculation seems like a viable choice. 

Since the homogenization problem is basically reduced to the calculation of the neutron 

diffusion coefficient, which is the only parameter without any analogy in the continuous-energy 

Monte Carlo calculation and a very fundamental problem in the methodology is that the group 

constant data is produced in a two-dimensional infinite-lattice calculation, which is inconsistent 

with physical reality suggested that many studies had to be performed to validate the results 

with deterministic codes. Based on the results presented in this report it was decided that the 

use of stochastic method is being used for group section generation for future nodal simulator.  

We have used the Monte Carlo code Serpent 2 to calculate burnup-dependent cross 

section data for the Apros nodal reactor core simulator of Krško NPP. The steady state results 

are overall in good agreement with the reference data, except for core edge of the core. In the 

future the reflector model will have to be adjusted to have more realistic neutron flux at the 

edge of the core. We have successfully demonstrated dynamic simulation using control rod 

insertion into core, where the 3D Apros results are in good agreement with the RELAP5 results.  

In the symmetrical rod insertion we have demonstrated that the overall response of reactor 

coolant system is very similar to the well validated RELAP5 code results. The calculation speed 

is about 3-times slower than physical time, which means that analyses can be done in timely 

manner and with some adjustment, also used for real time simulator. With the 3D Apros model 

the reactor kinetics can be simulated in almost real time on single PC.  

The asymmetrical case with on control element insertion was used for demonstration of 

capabilities of developed 3D Apros model. Due to lack of reliable measurements or reference 

calculations no comparison was shown. 

The 3D reactor kinetic model is coupled with thermal-hydraulic model of reactor coolant 

system, which include reactor coolant pump, steam generator and pressurizer. Such model can 

be used to simulate system transients and design basis accidents. The anticipated transients 

without scram are of special interest, since the reactor trip does not occur and the reactivity 

feedbacks can be analysed. 
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ABSTRACT

Numerical nuclear fuel burnup determination is not trivial due to the coupling of the neu-
tron transport equation and time-dependant depletion equations. Furthermore the fuel has to
be divided into multiple depletion zones in order to correctly describe the changes in neutron
spectrum. Number of depletion zones increase in highly heterogeneous reactors, one of which
is the JSI TRIGA reactor, for which multiple studies on fuel axial burnup dependencies have
been performed. However the importance of angular burnup distribution has not yet been ad-
dressed. Here we show that the differences in angular burnup are noticeable and that the angular
distribution can be evaluated using the analysis of fuel’s surrounding water thickness. Results
of Monte-Carlo depletion calculations agree with observed dose-rate measurements performed
for an irradiated fuel element. The differences between highest and lowest fuel activity was
≈ 10 % for calculations and measurements. Angular water thickness distribution was com-
pared to burnup calculations. Clear agreement can be observed. Our results demonstrate that
by using a fast ray-tracing algorithm for determining water thickness we can accurately eval-
uate angular burnup, which can be used in deterministic diffusion calculations or hybrid MRT
methods, such as the RAPID code system.

1 INTRODUCTION

Determination of nuclear fuel burnup in fission reactors is one of the harder problems in
the field of reactor physics. This is due to the coupling of time-independent neutron transport
equation and time-dependant depletion equations, and having different time scales of isotope
half-lifes (from t1/2 ≈ min to t1/2 ≈ 104 years) [1]. Furthermore fuel burnup is heavily
space dependant, governed by neutron flux distribution, resulting in higher difficulties in highly
heterogeneous reactors, one of which is also a TRIGA research reactor [2, 3, 4, 5]. It has
been showed that for a TRIGA reactor [6, 7] the fuel element should be divided axially when
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analysing reactivity changes and nuclide inventories. Similar question has not been answered
for radial or angular division. In this paper we focus on the latter.

The JSI TRIGA Mark II research reactor has been in operation for more than 50 years.
In this time more than 300 different fuel elements were used, some of which were sent back to
the US in 1998. Nowadays only stainless steel fuel elements with wt.12 % of 19.9 % enriched
U in U-Zr-H mixture are present in the reactor. Burnup of these fuel elements is relatively
low (≈ 20 MWd/kg(HM)) [6, 8, 9], but sufficient to observe axial and angular effects. This was
demonstrated with an experiment, where one fuel element from the core periphery (inserted
in the outermost ring F) was inserted in the lead-shielded transport cask and dose-rates were
measured around the cask. Clear angular anisotropy was observed as the measurements of dose
rates around the fuel element varied up to 10 % [10]. This fuel element was not relocated
before the measurements. This observation gave us motivation to further analyse and model the
angular burnup effects using modern neutron transport and depletion code Serpent-2 [12].

The burnup calculation capabillity in Serpent-2 was established early on [13], and is en-
tirely based on built-in calculation routines. The number of depletion zones is not restricted,
making calculation of angular burnup distribution for all fuel elements in the TRIGA core pos-
sible. However, a larger number of depletion zone in detailed burnup calculation, result in
longer computational times and higher statistical errors. It was decided to test a more simplistic
approach where analysis of fuel surrounding (water thickness) would be used to determine the
angular distribution.

The first part of the paper present the Monte-Carlo calculations of the angular burnup
distribution with the focus on understanding the physics behind the observed angular anisotropy.
The second part presents the ray-tracing algorithm for water thickness determination, results of
which are compared to Monte-Carlo results in the last part of the paper. Important conclusions
are presented at the end.

2 BURNUP CALCULATIONS USING THE MONTE-CARLO METHOD

In fission nuclear reactors the problem of determining fuel burnup is in theory a prob-
lem of fuel nuclide invetory determination, which is governed by a coupled set of differential
equations describing the fission, neutron capture and radioactive decay reactions in the material.
The time-dependant isotopic concentration ni(t) of an isotope can be described with a Bateman
equation [1]

dni(t)

dt
=

∑
j

γji σ
j
fnjΦ +

∑
k

(λ(k→i) + σ(k→i)
γ Φ)ni − (σifΦ + σiγΦ + λi)ni, (1)

where γji = fission yield of isotope i, σjf = macroscopic fission cross section, Φ = integral
neutron flux, λi = decay constants, σ(k→i) = transmutation cross section for production of
nuclide i from nuclide k and σiγ = neutron capture cross section. In order to take into account
the reaction rate dependence on the neutron spectrum, the cross sections should be calculated
as average cross sections weighted by the energy distribution of the neutron flux. The weighted
average cross sections using in the Bateman equations are calculated using the Monte Carlo
method which can be time-consuming. Furthermore, in order to obtain an accurate solution,
discretization in space is needed. Nuclear material for which nuclide inventory is calculated is
therefore divided into multiple depletion zones.
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2.1 Angular Burnup Determination

Angular burnup effects were studied by dividing the fuel element by angle into 20 equal
(18 ◦) depletion zones to evaluate the effect of fuel surrounding on angular burnup distribution.
Validated JSI TRIGA Serpent-2 geometry model [11] was used as initial input. One fuel ele-
ment in the core periphery in ring E (depicted in Fig. 1) was chosen for this analysis. Angular
distribution for fuel type SS 12 % was studied at two different burnups. The results are pre-
sented in Fig. 2. It can be observed that the burnup is higher on the side of the fuel element
facing towards empty outermost ring filled with water. The differences in highest and lowest
burnup zones are up to 4 % for realistic fuel element burnup of 20 MWd/kg(HM) and become
more evident (up to 7 %) at higher burnups of 50 MWd/kg(HM). Similar observation can be made
for fuel elements in rings B, C and D. For realistic burnup of 20 MWd/kg(HM) the angular burnup
anisotropy was up to 4 %.

The calculated differences (≈ 4 %) are lower than the one observed in the experiment
(≈ 10 %), however the differences become more evident, when observing isotopes contributing
to the measured dose-rate. In the analysis we were analysing burnup in the units of % of 235U
burned. If for the same case angular distribution of 137Cs is analysed, the differences between
different angular zones are up to 12 %, which is completely comparable to the experimental
results. With this we can conclude that we can correctly model and determine angular burnup
using the Monte-Carlo code Serpent-2.

Figure 1: Computational model of the hypothetical core configuration used in the Serpent-2
code to study the angular distribution of isotopes in burned TRIGA fuel. Four depletion zones
where the 640-group neutron spectrum was calculated are depicted.

2.2 Physics of angular burnup differences

It has been showed that fuel surrounding effects the burnup in different zones of the fuel
element. As the TRIGA core has an annular configuration that is not periodic, the amount of wa-
ter surrounding each fuel element depends on the fuel element location. Moreover, the amount
of water around fuel element also varies significantly with the angle as it can be observed in
Fig. 1. Our hypothesis was that the increased moderation in surrounding water changes the
neutron spectrum and therefore isotope depletion and production. To test our hypothesis, neu-
tron spectrum was studied in four different regions, as presented in Fig. 1. Regions 1, 2 and 4
were facing other fuel elements, while region 3 was facing the empty ring F, filled with water.
Comparison between calculated 640-group neutron spectra is presented in Fig. 3. It was ob-
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Figure 2: Angular distribution of fuel burnup in units of n235U(burned)/n235U(fresh) for the fuel
element inserted in the core periphery, as depicted in Fig. 1. The colour scale represents the
difference in burnup in each depletion zone compared with the average fuel burnup.

served that the thermal peak in region 3 was higher compared with the other regions, proving
our hypothesis of increased neutron moderation. Higher thermal peak of the neutron spectrum
results in increased fission rate and fuel burnup. This explanation can be applied to most fuel
elements in the TRIGA reactor. Different effects occur in parts of fuel elements facing towards
control rod absorbers and irradiation channels filled with air.
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Figure 3: Neutron lethargy spectrum with 640 energy group structure, defined as Ψg =
Φg/log(Eupper/Elower), for four depletion zones, depicted in Fig. 1, in fresh fuel element type SS 12
%.

3 RAY-TRACING ALGORITHM FOR WATER THICKNESS DETERMINATION

We have showed that the amount of water around fuel element varies significantly with
angle and that it directly effects the fuel burnup. For the determination of water thickness around
individual fuel element we have used a simple ray-tracing algorithm, described in this section.

For a defined point in Cartesian coordinate system P a set of rays is defined, varying
in direction D so that the whole 360◦ angle is covered. In a TRIGA research reactor fuel
elements, control rods and graphite reflector can all be defined with a circle at position C and
radius R > 0. Considering a parameterized ray X(t) = P + tD and a implicitly defined circle
|X − C|2 = R2, a substitution of the ray equation into the circle equation can be made, by
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defining ∆ = P−C, to obtain quadratic equation in t:

|D|2t2 + 2(D ·∆)t+ |∆|2 −R2 = 0, (2)

where the formal roots of the equation are

t =
−D ·∆±

√
δ

|D|2
, (3)

and the determinant is defined as δ = (D ·∆) − |D|2(|∆|2 − R2). If δ < 0, the line does not
intersect the circle. If δ = 0, the line is tangent to the circle (one point of intersection). If δ > 0,
the line intersects the circle in two points, and the one closer is chosen in our case.

The algorithm calculates the distance between the source point of the ray and the closest
intersection with the circle. This is done for all defined rays and circles (fuel elements). Number
of rays defines the angular resolution. A python script was created that reads the TRIGA reactor
core configuration and defines the needed fuel elements, control rods and graphite reflector. Two
examples of the described ray-tracing algorithm for a TRIGA reactor are presented in Fig. 4.
One example presents the ray-tracing for fuel element in ring D, and the other in outermost ring
E. In the last step of the algorithm the distance is averaged over multiple rays to obtain the water
thickness at desired angles. Due to the simplicity of the algorithm the complete procedure of
determination of angular water thickness is done in seconds.

Figure 4: Screenshot of the ray-tracing algorithm for determination of water thickness around
fuel elements in a TRIGA reactor

4 EVALUATION OF ANGULAR BURNUP WITH WATER THICKNESS

In order to validate our assumption of using water thickness to describe the angular burnup
distribution, we used the ray-tracing algorithm to determine angular dependant water thickness.
We chose four fuel elements, each representing individual ring of the JSI TRIGA reactor (B
(inner), C, D, E (periphery), as presented on the left side of Fig. 5. For better understanding
the angle was defined from −180◦ to +180◦ from the closest point from the core center. The
definition is presented on the right side of Fig. 5.
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The amount of water variation was compared to fuel burnup in units of % of 235U burned.
The comparison is presented in Fig. 6. Good agreement can be observed for all analysed
fuel elements. Highest discrepancies are as expected in regions with nearby control rods and
graphite reflector (depicted in grey). In the region of the fuel element in ring C facing towards
the control rod, lower burnup is observed, while the water thickness is similar to the other side
of the element. For such regions different approach has to be taken. From this, we can conclude
that there is a direct connection between the amount of water and fuel burnup, which can be
well described with simple and fast ray-tracing algorithms; the longer burnup simulations with
angular division would not be needed in some cases.

Figure 5: Definition of angular distribution for angular burnup comparison with surrounding
water thickness presented in Fig. 6

The presented simplistic approach of determination of angular fuel burnup can be useful
in different parts of reactor physic. As an example we can use deterministic code TRIGLAV
[14], developed at Reactor Physics department at JSI. It uses unit-cell WIMS [15] calculations
to obtain homogenized transport cross sections, used later in the 2-D diffusion approximation.
The defined unit-cell is equal for all fuel elements, despite knowing the amount of water and its
angular dependence varies. Knowing the effect of water thickness and having a fast algorithm
to determine its angular profile would be beneficial as the accuracy on the unit-cell level would
be increased.

Another possible application is in the usage of the fission matrix methodology [16] for
Multi-stage Response-function particle Transport (MRT) methods [17] where the problem of
interest is partitioned into several stages where each can be represented by a response function
or set of coefficients. These coefficients can be therefore changed accordingly to the presented
evaluation of angular burnup to obtain a faster more accurate solution, since no need for addi-
tional depletion zone division is needed at the start.

5 CONCLUSION

Angular distribution of burnup in TRIGA reactor fuel element was evaluated. Monte-
Carlo depletion calculations using the Serpent-2 code were performed using detailed opera-
tional history. We can conclude that with proper modelling and with state-of-the-art transport
codes, observed angular burnup anisotropy can be obtained and explained. By analysing the
neutron spectrum in different parts of the fuel element we showed a connection between the
fuel surrounding and water thickness to fuel burnup. Thermal peak of the spectrum was higher
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Figure 6: Burnup in units of depleted 235U and amount of water as a function of fuel element
angle. Calculations for four fuel elements one in each ring (B,C,D,E) are depicted. Diffusion
constant for water DH2O ≈ 1 cm is depicted. Graphite reflector and control rod are depicted
with shaded area.

in part of the fuel facing towards larger amount of water. The developed ray-tracing algorithm
for determining the water thickness in a TRIGA reactor was used to evaluate the calculated
angular burnup distribution. Clear agreement was observed, except for regions facing towards
control rod absorbers and graphite reflectors. We can conclude that for that regions this method-
ology is insufficient and different approach should be taken. However the approach is valuable
for improving the deterministic calculations or obtaining a faster and more accurate solution
when using the MRT methods.

Considering the JSI TRIGA operational history, axial position and loading pattern of the
fuel elements is well defined; however, their angular position and rotations were not recorded,
and therefore, they cannot be determined. This can be treated as an uncertainty. It can be
concluded that, in the future, even their angular position should be reported when fresh fuel
elements are inserted.
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ABSTRACT

This paper deals with the analysis of reactor modulation experiments for code validation
in the framework of the Horizon 2020 European project CORTEX. The analysis is based on
a statistical based approach on spectral powers and their phase shift angles calculations. The
treatment of individual oscillations as independent aids in elimination of possible biases and
correlations of consecutive oscillations. Results from one of the experimental campaign per-
formed at the AKR-2 and CROCUS reactors are also presented.

1 INTRODUCTION

The European project CORTEX project [1] aims to develop core monitoring techniques
for identifying reactor noise sources and their location inside the reactor core, coming from
oscillating fuel rods, boiling and numerous other oscillatory perturbations, which effect the
neutron field. More specifically the tasks of the Work package 2 (WP2) validation of computa-
tional codes for predicting the modulations by experiments. The experiments were performed at
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two reactors, equipped with neutron field modulators and numerous distributed detectors. The
quantities of interest (QOI) for code validation are spectral power (PS) and phase shift angle
between detector pairs. For normalization purposes, PS ratios to a reference detector set and
phase shifts in relation to a reference detector are calculated.
In order to extract high quality QOI from the experimental data, a set of analysis scripts were
developed. These are based on statistical resampling of detector and oscillator position data-
sets using Bootstrapping with replacement with individual oscillations as representative sub-
samples. This methodology is able to identify possible biases and eliminates any possible tem-
poral correlations between individual oscillations [2, 3].
Experiments at the Techniche Universität Dresden (TUD) Ausbildungskernreaktor 2 (AKR-
2) reactor and the experimental campaign at the École Polytechnique Fédérale de Lausanne
(EPFL) CROCUS reactor are briefly presented. A detailed description of the analysis tech-
niques is presented, followed by a presentation of final results for a selected experiment in
CROCUS reactor. The paper is concluded by a discussion and future outlooks.

2 EXPERIMENTS AT TUD AKR-2 AND EPFL CROCUS REACTORS

Experimental campaigns were performed at zero power research reactors which are ca-
pable of inducing neutron field modulation by various oscillators. A detailed description of the
experimental campaigns is provided in [4, 5, 6]. In both cases, measurements were performed
by numerous detectors in and around the reactor core. Three separate data acquisition (DAQ)
systems were used namely ISTec , EPFL and TUD.

• The TUD AKR-2 reactor core consists of uranium loaded polyethylene discs, which are
joined together during operation. The reactivity is controlled via neutron absorber control
rods. The reactor is also equipped with two different types of neutron oscillators in the
form of moving absorbers: a variable strength absorber with rotating movement (Figure
5a) and a vibrating absorber (linear actuation) (Figure 5b). The detector and oscillating
absorber positions during are schematically displayed in Figure 2.

(a) Absorber of
variable strengths.

(b) Vibrating absorber.

Figure 1: Oscillator assemblies mounted on the TUD AKR-2 reactor casing.
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Figure 2: TUD AKR-2 schematic during the experimental campaign. Detector numbers in
violet denote an additional measurement chain from the same detector.

• The EPFL CROCUS reactor (Figure 3a) is a pool-type zero power nuclear reactor, where
the reactivity is controlled by adjusting the pool water level or by two boron carbide
control rods. The reactor has two interlocking fuel zones: inner and outer fuel zone, each
comprising of a different fuel type and different pitch. The fuel oscillation experiment
called COLIBRI (Figure 3b) is located at the edge of the reactor. It has the capability to
oscillate up to 18 fuel elements with a frequency of up to 2Hz and amplitude of up to
±2.5mm.
The detector positions during the first experimental campaign are schematically displayed
in Figure 4.

3 NOVEL ANALYSIS TECHNIQUES

When dealing with spectral analysis of noise or induced oscillations, the intermediate
quantities of interest are power spectral density (PSD) and the PSD derived phase angle of two
signals, showing their spectral density relation and phase shift between them. The PSD between
signals i and j is defined as the average of periodograms (PER) between same respective signals,
which is defined by Equation 1:

PERi,j(υ) = Xi(υ)
∗ ·Xj(υ) = FFT (xi(t))

∗ · FFT (xj(t)) (1)

where Xi(υ) and Xj(υ) are frequency domain Fourier transforms of temporal signals xi and xj
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(a) Reactor with COLIBRI experiment in
front.

(b) CAD drawing of the COLIBRI ex-
periment

Figure 3: Pictures of EPFL CROCUS reactor and the COLIBRI experiment.

C
O

LI
B

R
I

det 1

det 5

det 4

det 3

det 6

det 2

det 7

det 8

det 10

det 9

det 11

NORTH

Figure 4: CROCUS schematic and detector positions during the first CORTEX experimental
campaign. Inner fuel zone in green, outer fuel zone in orange and a single control rod in black.

from detectors i and j respectively. The PSD derivation is described by Equation 2:

PSDi,j(υ) =

∑N
k=1 PERk,i,j(υ)

N
(2)

The established way of calculating a PSD is by selecting signal sections of equal size without
or with overlap (and appropriately weighted) for PER calculations.
Calculation of the phase angle φi,j between signals i and j is described in Equation 3.

φi,j(υ) = arg(PSDi,j(υ)) (3)

Another useful quantity describing the relation i.e. the power transfer between signal i and
signal j is known as coherence COHi,j , defined by Equation 4.

COHi,j(υ) =
abs(PSDi,j(υ))

2

real(PSDi,i(υ)) · real(PSDj,j(υ))
(4)
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In practice, this acts as an indicator of the data quality: one aims for the COH > 0.8.
Most commonly the Welch windowing method is used [7] for PSD calculations, which induces
spectral effects similar to band-pass filters [8]. Due to using shorter original signals, the fre-
quency resolution of the resulting Fourier transform drops as well. The correlations between
consecutive oscillations and biases present in sections of the signal also affect the analysis.
The analysis results will be used for code validation using simulating stationary oscillations. It
is therefore of utmost importance to eliminate any additional changes to the spectral response,
and to treat measurement data as a collection of individual oscillations, without making any as-
sumptions. The methodology discussed in [2, 3] proposes resampling of the original data from
a pool of representative sub-samples, reconstructing a new data series with ≈ MM different
possibilities (where M is a number of subsections). Fourier transform of the resampled data is
used to obtain the modified PER. Using a large number of resampled data, the mean value and
the standard deviation converge and can be easily calculated. This resampling methodology is
used in this work to obtain PSD, phase angle φ and COH with detector signals during indi-
vidual oscillations as representative subsamples. The aim of this analysis is to identify the PSD
spectral peaks at the base or higher harmonic frequencies of the induced perturbation frequency
i.e. calculating the spectral power PSi,j,l which is the area under the PSDi,j peak l. In case
of arbitrary normalization and detector signal standardization PS to a reference detector’s (R)
base frequency PSi,j,k

PSi,R,0
and a harmonic of the same order PSi,j,k

PSi,R,k
are calculated. Same goes for

the phase angles φi,j,l, except instead of the ratios ratio, differences in phase shifts are calcu-
lated. The two above mentioned quantities: PS ratios and phase shift differences are the main
QOI for the computer code validation.

3.1 Resampling

We want to eliminate temporal correlations between representative subsamples and treat
individual oscillations as independent. Therefore detector responses to individual oscillations
are our representative sub-samples. Well defined oscillation boundaries have to be defined for
signal sectioning. In case of the TUD AKR-2 oscillators, a single pulse per cycle is given for the
variable strength absorber, while the position of the vibrating absorber is logged continuously.
For distinguishing between individual oscillations, local maxima are selected for the variable
strength absorber, while zero-crossings are selected for the vibrating/linear absorber (Figure
5). For the CROCUS reactor Colibri oscillator, zero-crossings were selected for distinguishing
between individual oscillations (Figure 6). Based on these reference points, the original signal
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(b) Vibrating absorber signal and reference points
at 0.714Hz.

Figure 5: Absorber signal, both at 0.2Hz and the reference points for distinguishing between
individual oscillations.

was split by individual oscillations and resampled as shown in Figure 7.
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Figure 6: CROCUS Colibri position signal at amplitude of 1.5mm and oscillation frequency of
0.97Hz.
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Figure 7: An example of original and resampled detector signal.

4 RESULTS

The QOI are frequency dependent PSD and phase angle φ mean values and their uncer-
tainties, displayed in Figure 8, with clearly distinguishable base and higher harmonic frequency
peaks. The PSD distributions of base and 1st harmonic frequency averaged data over 10 sam-
ples along with fitted Gaussian distributions for comparison purposes are displayed in Figure 9.
For validation purposes we use relative values of QOI with respect to a chose detector. The PS

and φ uncertainties can be easily calculated from obtained distributions. The ratios represent
the detected spectral power with respect to the reference combination. Because of the provided
uncertainties, weighted mean and weighted relative standard deviation can be calculated, as
displayed in Figure 10.
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Figure 8: Intermediate results of PSD and phase angle φ between detectors 3 and 5 in CROCUS
reactor at oscillator frequency of 0.97Hz and amplitude of 1.6mm.
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Figure 9: PSD distributions of base and 1st harmonic peaks between detectors 3 and 5 in
CROCUS reactor at oscillator frequency of 0.97Hz and amplitude of 1.6mm.

5 CONCLUSIONS AND OUTLOOKS

A spectral analysis has been performed, based on a non-standard derivation of power
spectral densities, phase angles and coherences using bootstrapping with replacement. This
aims to identify and eliminate biases, temporal correlations and windowing effects by treating
each oscillation individually. Checks have been implemented to confirm the validity of the
analysis approach by tallying the distributions of QOI. Spectral power ratios and phase angle
estimates with uncertainties are provided to the code developers for validation in the framework
of the H2020 CORTEX project.
A full core mapping of CROCUS reactor is planned for the near future where in excess of 150
detectors will be used and a similar kind of analysis will be performed.
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ABSTRACT 

Following on the activities of the STU research team regarding the development of cross-
section libraries for fast and thermal reactors, the V2020T version of the SBJ XS library has 
been developed. The used processing scheme is capable of handling continuous energy and 
multigroup cross-section libraries for Monte Carlo calculations, as well as multigroup cross-
section libraries for deterministic calculations, using the same processing options and evaluated 
data. It also implements the latest CAB S(α,β) scattering law model for hydrogen in light water. 
This paper presents the development of the latest SBJ V2020T XS library, involving the 
updated set of background cross-sections and 3 processing options for effective cross-sections, 
and the results of criticality calculations of the VVER-440 power reactor.  

1 INTRODUCTION 

Over the past years, a significant effort has been spent on the development of techniques 
capable of effectively computing sensitivity coefficients and cross-section induced 
uncertainties (S/U) by Monte-Carlo codes. MCNP6 [1] and SCALE6 [2] have currently 
implemented approaches to calculate adjoint weighted tallies, which allow to carry out S/U 
analyses related to criticality safety calculations using continuous energy (CE) libraries. 
Although, CE libraries do not require flux moments, implicit sensitivity coefficients or cell 
treatment, S/U calculation can still be memory extensive [3]. Alternatively, the multigroup 
(MG) option is still an effective method for S/U calculation. The main advantage of MG 
calculation is not only the reduction of the calculation time but the additional possibility of 
carrying out adjoint calculations in very special cases, when the forward transport calculation 
may not be sufficient [4]. The effectivity of using the MG Monte Carlo approach is determined 
by the appropriate and target tailored cross-section (XS) library utilizing the same data as the 
deterministic one [5]. Optimized cross-section library applicable to both Monte Carlo and 
deterministic calculations is therefore the basic requirement for the current neutron analyses 
and makes possible of implementing various state-of-the-art methods to the multigroup XS 
processing scheme, such as tools for S/U analyses.  
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Following the research carried out at the STU and lessons learn over the past years, the 
SBJ_V2020T XS library has been developed. This XS library is the latest milestone in the 
development of the SBJ library family and is the direct successor of the SBJ_V2019T XS 
library presented at [6]. Despite the satisfactory results achieved for integral parameters (k-eff) 
of VVER-440, the SBJ_V2019T XS library showed large discrepancy for differential 
parameters (power peaking factors). This discrepancy could have been caused by resonance 
self-shielding treatment by also by incorrectly implemented or incomplete set of background 
cross-sections used for processing. In the development of the SBJ_V2020T, measures have 
been taken to investigate the background XSs and the latest results are presented in this paper.  

2 THE XS PROCESSING SCHEME 

2.1 SBJ library 

The latest SBJ XS processing scheme evolved from our previously used schemes, 
however several new features have been implemented. It is based on the NJOY21 [7] and the 
TRANSX SBJ [8] codes implemented in the SBJ automated procedure developed by the STU 
team. The scheme is shown in Figure 1. The elements of the scheme are numbered from 1 to 
16 and in the description, they are referred as superscript numbers in round brackets. 

 

Figure 1: The SBJ XS processing scheme 

The SBJ utility makes possible of creating CE and MG XS libraries for MCNP and MG 
XS libraries for deterministic codes using the same processing options. The scheme starts with 
processing the ENDF/B-VII.1 [9] evaluated data(1) and the thermal scattering law data(2) by the 
SBJ automated tool(3) that checks the consistency of data and manages the run of a sequence of 
input files using NJOY21(4). If CE XS libraries are requested, subsequent NJOY21(5) runs are 
performed to create the ACE(6) type XS libraries, which can be directly used in the MCNP(7) 
Monte Carlo code. Since MCNP is capable of handling detailed and complex geometries, the 
created CE libraries can be used to estimate the neutron weight function of the target system 
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for MG XS processing. In case of MG XS processing, the desired energy structure(8), the 
previously estimated neutron weight function(9) and the background XS(10) are used in 
NJOY21(11) to create a set of homogenous MG XSs(12) in the CCCC MATXS format. At this 
point the scheme branches, depending whether the MG XS libraries are intended for MCNP or 
deterministic codes. For deterministic calculations TRANSX SBJ(13) is used to prepare the 
ISOTXS formatted library of effective XSs(14) which can be directly used in deterministic codes, 
such as PARTISN(15) [10]. The PARTISN code can be also used to adjust or improve the 
neutron weight function used for MG XS processing. For MCNP MG cross-sections also 
TRANSX SBJ(16), the modified version of the TRANSX [11] code, is used to produce DTF XS 
library, which is subsequently translated to MG ACE XS library in TRANSX SBJ. 

2.2 Selection of background cross-sections 

The key to using the multigroup method effectively is balancing the trade-offs between 
the choice of the neutron weight function and the number of energy groups. Since the real 
weighting flux is usually unknown, only an estimate can be made, if the shape of the flux is 
known over a broad energy branch, or very fine energy group structure can be used to minimize 
the errors caused by guessing the flux shape [7]. NJOY21 offers two methods to estimate the 
effect of resonance self-shielding in GROUPR, the flux calculator and the Bondarenko method. 
Since the SBJ_V2020T XS library is created based on the Bondarenko method, the flux 
calculator method is not discussed here.  

In case of the Bondarenko method, which is the narrow resonance approximation and is 
applicable for large systems, the l-th Legendre component of the angular flux of i-th isotope in 
the system is a function of a smooth energy function, representing the estimate of the real 
neutron weight function, the total XS and the background XS. Since the background XSs 
represent the self-shielding effect of all other isotopes of the system of interest, the background 
XSs should be defined for each isotope and may differ regarding their resonance behaviour. 
NJOY21 treats the background cross-sections as constants, while a grid of 15 background cross-
sections could be defined for each isotope of interest.  

The development of the family of SBJ XS libraries at STU started in 2015, while the first 
versions were developed for fast reactors, therefore it was justified to adopt the background XS 
directly from the Korean KAFAX library. Later, when the first versions of XS libraries for 
thermal reactors were tested, the set of implemented background cross-sections proved 
insufficient. This effect could be observed in case of the SBJ_V2019T, when the comparison 
of differential parameters between CE and MG MCNP calculations showed up to ± 70 % 
discrepancy [6]. In the next development of SBJ_V2020T, the emphasis was placed on 
evaluating and adjusting the used set of KAFAX background cross-sections. This process 
consisted of two steps. First the inconsistent background cross-sections were checked and 
corrected to represent an increasing energy grid. Next several new background XS were added 
to the grid, so that each isotope uses a set of 15 background XSs. An example of the comparison 
of the old and the new set of background XSs is shown Figure 2. In the figure, the old values 
are shown in blue and the new values in orange colour. 
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Figure 2: Comparison of background XS sets of U-235 and B-10 

2.3 XS processing options for MCNP MG libraries 

In addition to the selection of background XSs, there are several processing options that 
may influence the precision of the final MCNP MG ACE library. The first set of parameters is 
related to the processing of homogenous XSs in NJOY21. From this group of parameters, the 
neutron weighting function and the energy group structure are considered as the most important 
ones. In terms of the energy structure, the 238g SCALE library structure was used, which is 
optimized for thermal reactors. As for the selection of the neutron weight function, 2 options 
were investigated, the standard iwt2 – “constant weight function” (recommended for fine 
energy structures) and the iwt6 – “thermal + 1/e + fission + fusion function”. Unlike the 
previous version of the SBJ library, where VVER-440 neutron weight function was used, here 
no system dependent weight function was used for the homogenous XS, in order to separate the 
effect of flux weighting from the effect of background XSs. To distinguish between the two 
processing options the iwt2 and iwt6 suffixes were added to the XS library IDs. 

The second set of parameters is related to the processing of effective cross-sections in 
TRANSX SBJ and it represents the options for infinite dilution, energy group collapsing and 
homogenized material constants. Table 1 represent the combination of processing options used 
in TRANSX SBJ. In cases, where infinite dilution was applied for structure materials only, the 
fuel, cladding and coolant materials were processed through cell treatment considering 
cylindrical shape of lump in triangular lattice. In case of group collapsing, the region averaged 
flux spectra calculated for each fuel pin type was used to collapse the MG XS library to 44 
groups. This energy structure is also adopted from SCALE6 and is compatible with the 238 
energy group structure. In case of homogenized material constants all cross-sections are 
represented as macroscopic one, otherwise they were defined as microscopic ones. 

Table 1: TRANSX SBJ processing options 

ID Infinite dilution Group collapsing 
Homogenized 

material constants 
238g Structure materials No No 
238gH All materials No No 
238gHM Structure materials No Yes 
238gHHM All materials No Yes 
44g Structure materials Yes No 
44gHM Structure materials Yes Yes 
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In addition to the options listed above, the remaining TRANSX SBJ input parameters 
were the same for each calculation case and XS library. Third order Legendre polynomial 
expansion scattering matrices was selected. Consistent-P approximation was used for transport 
correction and 95 thermal groups were defined in the 238 group calculation. In the 44 group 
calculation, the Bell-Hansen-Sandmeier approximation was used for transport correction and 
23 thermal groups were defined. In TRANSX SBJ, the scattering matrixes were processed with 
the factor 2ℓ+1 to 32 equi-probable bins. More detailed information on the selection of 
TRANSX SBJ parameters, MCNP MG parameters and the data flow can be found in [8]. 

3 BENCHMARK MODEL 

For testing the SBJ_V2020T XS library the 2D VVER-440 benchmark, devoted to fuel 
assembly and pip-by-pin power distribution was selected. The benchmark definition is based 
on zero power state with uniform 543.15 K temperature. The geometry was simplified to two-
dimensional definition with 30-degree symmetry. The core is composed of three types of fuel 
assemblies with 1.6 %, 2.4 % and average 4.25 % enrichment of U-235 and two fully inserted 
Emergency Reactor Control Assembly (ERC) of the 6th working group. The fuel assembly with 
the average 4.25 % enrichment consists of fuel pins with four different enrichments, where one 
type of pin consists of UO2 and gadolinium burnable absorber. All fuel assemblies are 
considered as a fresh ones [6]. The geometry definition is presented in Figure 3. 

 

Figure 3: Top view of the VVER-440 benchmark model [8] 
 

3.1 Calculation types and investigated parameters 

To investigate the SBJ_V2020T XS library 2 types of calculation were carried out. The 
first calculations were performed on 1D fuel pin models in PARTISN and compared with CE 
MCNP with the goal to select the most appropriate processing option for the homogenous 238g 
XS in NJOY21 and to calculate the neutron flux spectra for group collapsing. The second type 
of calculation was performed on the heterogeneous VVER-440 model (shown in Figure 3) 
where both integral and differential parameters were investigated. As integral parameter, the  
k-eff of the system was investigated and compared between MG and CE and between various 
processing options. As differential parameters the FA power distributions were calculated and 
graphically compared as relative difference from the CE MCNP calculation. 
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4 RESULTS 

4.1 Pin calculations 

The results of the pin calculations are shown in Figure 4a, where the results are presented 
as relative deviation of k-eff in pcm from the CE MCNP calculation. “iwt2” and “iwt6” 
represent the NJOY21 flux weighting option and the “s” suffix stands for the case with the 
extended background XS set consisting of 15 background cross-section per isotope. For each 
fuel pin type separate calculation was performed. 1.6 %, 2.4 %, 3.6 %, 4.0 % and 4.4 % 
represent regular fuel pins and 4.3 % the fuel pin with burnable absorber. The figure is clearly 
showing, that the “iwt2” weighting option provides better results for regular fuel pins and the 
“iwt6” for pins with burnable absorber. In case of regular fuel pins and absorber fuel pins, the 
average reactivity deviations between the weighting options were approximately 300 pcm and 
1000 pcm respectively. In case of both weighting options, the largest discrepancy was achieved 
for the 4.3 % pin and the results of the remaining fuel pins varied only in units of tens of pcm. 
It can be also seen that the use of larger background XS set had only minor influence on the  
k-eff, the average deviation was less than 10 pcm per case. 

  

a; pin calculations b; core calculations 

Figure 4: Pin and core calculation results - relative deviation from MCNP CE calculation 

4.2 Core calculations 

The CE and MG MCNP5 core calculations were performed using the same parameters, 
i.e. using 10 mil. histories in 1000 active and 30 skipped generations. The results of integral 
parameters of the full core calculations are shown in Figure 4b, where the absolute reactivity 
deviation from CE MCNP is presented. Each case represents the given XS library ID from 
Table 1. The relative difference between MCNP MG and MCNP CE calculations vary from 21 
pcm to 3020 pcm in absolute values. The best k-eff  was obtained for the 238g case (21.16 ± 
3.61 pcm), followed by 238gHM (73.15 ± 8.25 pcm), 44gHM (-105.08 ± 8.25 pcm) and 44g (-
519.73 ± 2.83 pcm). The remaining two cases, 238gH and 238gHHM achieved k-eff deviation 
at the level of 3000 pcm. The results are showing that in case of the 238 group energy group 
structure, it is necessary to perform proper cell treatment and the homogenization of material 
constants has only minor effect on the results. In case of the 44 group structure it is necessary 
to perform proper cell treatment and to use homogenized material constants. The results of fuel 
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assembly power peaking factors are shown in Figure 5 and Figure 6 and are presented as relative 
difference from the CE MCNP result. Unlike the integral parameters, the best results for FA 
power peaking factors were achieved for the 238gH case (-28 % to 14 %), followed by 44g (-
39 % to 18 %), 238gHHM (-50 % to 19 %), 238g (-57 % to 22 %), 44gHM (-73 % to 2 5%) 
and 238gHM (-87 % to 26 %). Taking into account both integral and differential parameters, 
the 238g case and the 44g case show the best performance. The remaining cases are not 
considered acceptable. Although the 238g case showed the best results, the deviations of 
differential parameters are still high, therefore further research is needed to improve the results. 

   

Figure 5: Results of FA power peaking factors – 238g left; 238H centre; 238gHM right 

   

Figure 6: Results of FA power peaking factors – 238HHM left; 44g centre; 44HM right 

5 CONCLUSION 

This paper demonstrates the latest result of the STU team in the area of cross-section 
processing for MG MCNP calculations. It was found out, that taking into account the given set 
of background XS and the used options for the processing of effective XSs, the cases with 
proper cell treatment provided the best results and the effect of group collapsing and 
homogenization of material constants is not significant. It was also found out, that in the 
preparation of homogenized cross sections, attention should be paid for the selection of the 
smooth weight function. The 238g energy structure makes possible of using constant weight 
function for the majority of nuclides, however some special isotopes (such as the isotopes of 
gadolinium) require spectrum weighting. Another interesting result is that the increase of the 
number of background XSs in NJOY21 did not significantly influence the results. However, 
compared to the previous generation of the SBJ library presented in 2019, the update of the set 
of background cross-sections brought significant improvement, both in calculations of integral 
and differential parameters. It is also assumed, that the distribution of the new background XSs 
in the grid would influence the results. To improve the calculation precision, the set of 
background cross-sections will be further optimized and also the flux calculator option will be 
investigated in NJOY21. Multigroup XS, as they are used in deterministic codes, can be defined 
in many different ways. This is especially true for the absorption XS. Moreover, there exists 
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more representations of the angular scattering distributions in original CRSRD routines, thus 
more parameter studies need to be performed to reach acceptable results.  Although, the 
discrepancies in the benchmark calculation, the good experience with TRANSX and XS 
processing for deterministic codes give us opportunity to further improve our library.  
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ABSTRACT 

The report presents a genetic algorithm (GA), based on the new population variance control 

(PVC) method, designed to solve the core loading pattern problem. GA was implemented using 

Python3 coupled with PARCS 3.2 core simulator. The operation of the algorithm was presented 

on a demonstrative example based on the MIT BEAVRS PWR reactor model and aimed at 

finding the optimal arrangement of the assemblies in the core, characterized by the longest fuel 

cycle. The results showed that the algorithm works properly and is able to find the optimal 

solution effectively. The new PVC method has proved to be more effective than some standard 

methods and can be successfully used in such problems. 

1 INTRODUCTION 

Power reactors have to be periodically reloaded with new fuel to introduce positive 

reactivity to compensate depletion of fissile material and build-up of fission products. The 

shuffling process is performed during core reloading in order to optimize core performance [1], 

[2], [3]. The design of a core configuration or core loading pattern for a new cycle is a 

challenging task. For typical Pressurized Water Reactor (PWR) there is up to 250 fuel 

assemblies, with various fuel types, different enrichments, burnable absorbers and different 

physical state parameters. A core loading pattern selection with cycle optimization is a complex 

multidimensional problem, and it may potentially have several local extrema and large number 

of total solutions. 
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One of the popular methods of solving such complicated, multidimensional problems are 

Genetic Algorithms (GAs). GAs are exploratory methods based on Darwin's theory of 

evolution, emulation of its mechanisms and inheritance. Genetic algorithms are based on the 

population of individuals, which, to their biological equivalent, evolve through certain 

mechanisms aiming at the optimal solution. These methods have been successfully used to solve 

different optimization problems of nuclear systems [3-17]. 

One of the key elements of GA is selection, which determines how individuals pass to the 

next generation, so they transfer their coded features (partially optimized) to the next step of 

the algorithm's operation. One of the most frequently used selection methods is the roulette, 

which is based on a random selection of individuals with a probability proportional to the value 

of the function determining the quality of a given individual, and it is called fitness function 

(FF). However, this method is not always sufficient, especially when the differences between 

individuals are small. Other methods of selection are then used, such as rank (in which the 

probability of selection is proportional to the position of an individual in the table sorted with 

respect to the fitness function) or a tournament (in which several individuals are compared and 

the better one is selected). 

This report presents a new selection method under development based on population 

variance control (PVC). This method uses the traditional roulette method; however, the FFs of 

individuals are modified to maintain a certain minimum variance in the distribution of their 

values. 

2 METHODOLOGY 

2.1 Studied core 

The studied core is based on the MIT BEAVRS PWR benchmark for a 4-loop PWR 3411 

MWth Westinghouse reactor [18], [19]. The BEAVRS first core was used as a reference case 

in this study (Figure 1). The fuel assembly types used are limited to these used in the BEAVRS 

first cycle – see Table 1. In Figure 1, numbers and colors blue, orange and brown, refers to fuel 

assemblies with various enrichments and hue of a given color symbolizes the number of 

burnable absorber rods in an assembly. 

 

 

Figure 1: Chromosome representing 1/4 of the 

optimized core. 

Table 1: Fuel assembly types. 

assembly 

type 
enrichment BA rods 

1 1.6 % 0 

2 2.4 % 0 

3 2.4 % 12 

4 2.4 % 16 

5 3.1 % 0 

6 3.1 % 6 

7 3.1 % 15 

8 3.1 % 16 

9 3.1 % 20 
 

In this work, a chromosome is presented as a two-dimensional array reflecting the current 

arrangement of the core (i.e. Figure 1). In the algorithm, ¼ mirror symmetry of the core pattern 
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was applied. Thanks to this, the space of solutions was significantly reduced, and as a 

consequence, the time needed for the algorithm to reach its optimum was also shortened. 

Although the BEAVRS first core was symmetrical, it is discussed in the literature that 

symmetry is not necessary [15] and can provide new solutions.  However, the lack of symmetry 

leads to a much more complex full-core problem, and it is beyond the scope of this paper.  

2.2 Algorithm 

The program consists of a genetic algorithm coupled with the PARCS 3.2 core simulator,  

which is used to calculate the fitness function of the individuals in the population. The algorithm 

starts by generating a random population of 100 individuals, then evaluates them using the core 

simulator. The form of the objective function is based on the obtained cycle length (Eq. (1)): 

𝐹𝐹 = (
𝑑

𝛼
)

𝛽

 (1) 

Where d is related to the cycle length, α and β determine sensitivity and diversity of FF. 

After determining the FFs values (based on Eq. (1)), the algorithm selects a new generation 

(roulette method, ranking method or roulette method with PVC). The next step is crossover, i.e. 

the exchange of randomly selected assemblies between specimens. The final step is the 

mutation, i.e. a random change of the selected assemblies in the chromosome, with the selected 

probability. From the above operations, a new generation is formed, which is again subject to 

evaluation (with neutronics code), selection, crossing, and mutation. Thus a new generation is 

created and all above mentioned operations are repeated until the optimal solution is found. 

An additional step of the algorithm is the determination of the variance of specimens 

(understood as diversity), defined as the sum of differences between successive specimens in 

the generation (Eq. (2)). 

𝑆 =
1

n
∑  ∑  ∑(1 − 𝛿

𝑠𝑖,𝑗
𝑘 𝑠𝑖,𝑗

𝑙

𝑖,𝑗

𝑛

𝑙=𝑘+1

𝑛

𝑘=1

) (2) 

Where δ is the Kronecker delta, 𝑠𝑖,𝑗 - gene (assembly) i, j in the cores k and l compared 

with each other, and n is the number of comparisons made. This value was needed to monitor 

the course of the optimization, and it determined to what extent the population in a given step 

was dominated by one individual, and how much other specimens differed from each other. 

2.3 Population Variance Control  (PVC) 

Along with the simulation, the algorithm eliminates weaker specimens and promotes 

those with higher values of the fitness function. Changes in FF become smaller with time and 

the differences between specimens blur. Therefore, the roulette method may work too 

selectively at the beginning of the simulation and too weakly in further steps. To prevent this, 

a new population variance control (PVC) method is proposed in this study, and it is based on 

ongoing adjusting the power of the FF (β parameter in Eq. (1)). Then, depending on the current 

FFs’ spread in step t, the beta parameter in step t+1 is increased or decreased to provide a certain 

predetermined relative standard deviation 𝜎𝑚𝑖𝑛 (minimal RSD). So if 𝜎𝑡 < 𝜎𝑚𝑖𝑛, change in the 

exponent is determined by the following principle: 
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𝛽𝑡+1 =  𝛽𝑡 ∙ (1 +
𝜎𝑚𝑖𝑛 − 𝜎𝑡

𝜎𝑚𝑖𝑛
) (3) 

Where 𝛽𝑡, 𝛽𝑡+1 are the power of FF in step t, and t + 1, respectively  and RSD is 

calculated as follows: 

 

𝜎 = 𝜎𝑅𝑆𝐷 =  √
∑ (𝐹𝐹𝑖 − 𝐹𝐹̅̅ ̅̅ )2𝑁

𝑖=1

(𝑁 − 1) ∙ 𝐹𝐹̅̅ ̅̅ 2
 (4) 

 

3 RESULTS 

3.1 Test simulations for PVC 

The aim of this series of tests was to find the optimal minimum RSD value in the PVC method. 

On the one hand, 𝜎𝑚𝑖𝑛 could not be too small to affect the operation of the algorithm at all. On 

the other hand, the large value of this parameter significantly influences the changes in β -

parameter (see Eq. (3)), which leads to a significant dispersion in FF and rapid dominance of 

better individuals. Additionally, too high values of the objective function could, at some point, 

exceed the float64 limit and terminate the program prematurely. Therefore, it was important to 

find the optimal minimum RSD value, which would allow for a gradual increase in the β-

parameter, weaken the operation of the roulette at the beginning of the simulation and help to 

distinguish individuals in further steps. For this purpose, simulations for 𝜎𝑚𝑖𝑛 varying from 0 

to 2.0 were performed (Figure 2). 

 

 

Figure 2: Influence of minimal RSD on GA performance.  

 

Additionally, the PVC method was compared with the standard ranking method (Figure 

2, line "rank"). The form of this method was taken from [15]. In this method, the probability of 

passing of a given individual to the next generation is proportional to its position in a table 

sorted by FFs' values of the population. One can see that the variance control method with 

𝜎𝑚𝑖𝑛 = 1.0 − 2.0 gives a better result than the rank method (FF tends to converge faster and to 
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a higher value). However, PVC with 𝜎𝑚𝑖𝑛 = 0.50 gives a similar result to the ranking method. 

One may note that this type of linear distribution gives 𝜎 ≈ 0.58. Therefore, it can suggest that 

variance is the key parameter in the GA operation, regardless of the form of the distribution of 

the FFs. 

 

3.2 Main simulation 

After the minimal RSD was determined, 1000 GA steps were performed with 100 

individuals per population (so the total number of simulations was equal to 105). Figure 3 shows 

the evolution of FF and variance as a function of the generation number. The FF grows quickly 

to about 100 generations, and simultaneously the variance stabilizes. After ~400 generations 

there is practically no growth in FF. 

 

 

Figure 3: Fitness function and variance for 1000 steps, 100 chromosomes per generation, mutation 1% 

per gene and  σmin=1.0 

 

 

In order to see how the algorithm works, sample patterns have been drawn in Figure 4. 

The optimal solution for the problem was determined by additional simulations, and it is the 

case with all assemblies being FA5.  

 

In Figure 4, we can observe that after 434 generations, the GA comes to a solution in 

which FA5 dominates, but inside the core, there are still some (28) FA6, which differ from FA5 

by only six additional BA rods (see Table 1). Results show that the cycle is shorter in 

comparison to the optimal one (only FA5) by only ~0.1% (548.74 vs 549.36 days). What is 

interesting, after 1000 steps, the resulting core has 30 FA6 arranged in a configuration that gives 

549.02 days, and it is only 0.06% less than the optimum. Test analyses showed that swapping, 

only single fuel assembly, FA6 by FA5 in the centre of the core (the region were FA6 occurs), 

changes the length of the cycle by just about 0.02%. It is very likely that we reached the 

resolution of the problem, limited by the possible differentiation of the assemblies themselves. 
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Figure 4: Selected solutions for different chromosomes. 

4 SUMMARY AND CONCLUSION 

As part of the research, a tool for optimizing the core loading pattern of the PWR reactor 

core based on the BEAVRS model was implemented. The tool was tested in a simple 

demonstration case intended only to extend the fuel cycle. The algorithm, after 434 steps, 

successfully solved the given problem, obtaining 99.9% of the expected solution cycle length. 

Therefore, it can be concluded that the tool works correctly and can be used to solve more 

complicated problems, such as the extension of the cycle with given constraints, e.g. maximum 

power peaking factor, specific keff range and/or mass of fissile material. 

The PVC method used gives promising results. Simulations have shown that it is 

definitely more efficient than the standard roulette method and shows the ability to convergence 

faster and obtain a better result than the popular ranking method. This method can be applied 

to any type of issue dealt with by the GA as it is self-adjusting. The only requirement is to carry 

out preliminary analyzes and select the minimal RSD, as the optimal value of this parameter 

may differ depending on the problem to be solved, the form of FF, the size of the population 

and the level of mutation.  
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ABSTRACT 

Spent fuel pits are designed to store spent nuclear fuel elements temporarily after removal from 

the reactor core. They must have a carefully designed basket that indicates the position of the 

fuel elements in the pit to prevent criticality. This article presents the criticality analysis of 

different basket designs for a proposed TRIGA spent fuel pit based on the Monte Carlo method 

using MCNP6.2 code because there is a direct link between libraries and the accuracy of 

methods employed to examine operations with fissionable materials. Two different basket 

designs having circular and hexagonal arrangements to store the different number of fuel 

elements in the pit were considered for criticality calculations. In addition, the effect of water 

density, the water level in the pit, and the replacement of light water with heavy water on the 

criticality was investigated to finalize the basket designs. The 3-D model of the baskets was 

generated for simulations. The results showed that the designs result in criticality in the pit 

under normal operating conditions which in compliance with the regulations. Even for the 

postulated events such as changing of water density and decrease in the water level in the pit, 

the effective neutron multiplication factors, keff remained below 1.0. Only, the replacement of 

light water with heavy water can cause criticality in the pit. It is verified that the design criteria 

are fulfilled and subcriticality is maintained for proposed TRIGA spent fuel pit in terms of 

criticality.  

Keywords: Criticality, Monte Carlo, Safety, Spent Fuel Pit, TRIGA, MCNP 
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1 INTRODUCTION 

The spent fuel elements when needed, are removed from the reactor core and transferred 

into the pit for interim storage, so the safety of the spent fuel pit and spent fuels stored within 

it must be ensured by criticality. However, it is unknown whether the proposed spent fuel pit 

can meet criticality safety requirements. This study aimed to show criticality safety limits for 

the proposed TRIGA research reactor spent fuel pit regarding the safety and security initiated 

safety events. 

The pit contains instruments to monitor water level, temperature, and radiation level to 

provide safety information to reactor personnel. It is also known that wherever a significant 

amount of fissile material is present, there should be safety measures to protect against 

unplanned criticality [1]. In reality, the criticality safety justification requires specified burnup 

to take into account the material composition of the spent fuel. In this study, however, the fresh 

(unirradiated) fuel has been used to examine the adequacy of the proposed pit conservatively 

by following international standards and guidance [2]. 

The proposed spent fuel pit consists of two nested cylinders, which have different 

diameters, and is located in the reactor building. The diameter and depth of the outer cylinder 

are 40 cm and 4 m below the reactor ground level, respectively, as illustrated in Figure 1. The 

inner 5 mm thick stainless steel cylinder has a diameter of 25 cm and a height of 3.85 m.  

 

Figure 1: Vertical and radial view of the proposed spent fuel pit 

The outer cylinder is constructed to protect the inner cylinder, which is the main body of 

storage, against natural hazards like an earthquake. Both cylinders are filled with light water. 

The water level of the inner cylinder is 3.60 m above the inner cylinder bottom surface. It is 

designed that the fuel rods are placed at aluminum alloy grid plate which is standing on 15 cm 

above the inner cylinder base. The grid plate changes shape according to the lattice type used.  
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Three different types of TRIGA fresh fuel elements were selected to examine each 

criticality safety issue. These TRIGA fresh fuel characteristics are given in Table 1 and 

specified as follows, 

 8 wt. % uranium aluminum-clad element with low enriched uranium 

 8.5 wt. %  uranium stainless steel clad element with low enriched uranium 

 8.5 wt. % uranium stainless steel clad element with high enriched uranium. These fuel 

elements are called FLIP (Fuel Life Improvement Program) elements in the literature [3]. 

Table 1: TRIGA fresh fuel characteristics [1]. 

Parameter GA Cat. # 101 GA Cat. # 103 GA Cat. # 109 

General  Description 
8 wt.% aluminum 

clad 

8.5 wt.% stainless steel 

clad 

8.5 wt.% stainless steel 

clad, HEU 

Active Fuel Length (cm) 35.56 38.1 38.1 

Fuel Pellet OD (cm) 3.5814 3.6576 3.6576 

U (wt.% in fuel) 8.0 8.5 8.5 

U (g) 180 195 196 

U–235 (wt.% in U) 20 20 70 

U–235 (g) 36 39 137 

H/Zr 1.0 1.7 1.6 

Erbium (wt.%) 0 0 1.3 

Zirconium Center 

Rod Length (cm) 
n/a 38.1 38.1 

Overall Element 

Length (cm) 
72.0598 73.406 73.406 

Cladding OD (cm) 3.7592 3.7592 3.7592 

Cladding 

Thickness (cm) 
0.0762 0.0508 0.0508 

Graphite Reflector 

Length 

Top/Bottom (cm) 

10.16/10.16 6.604/9.398 6.604/9.398 

Graphite Reflector 

OD (cm) 
3.556 3.556 3.556 

Using these pieces of information to prove whether keff meets requirements, two important 

cases were conducted: to increase the number of fuel elements under normal and accidental 

conditions; to revise configurations and compositions under normal and accidental. 

2 CALCULATION METHODOLOGY 

The criticality safety analysis was started with a description of the fresh fuel 

characteristics to be stored. Then, two different lattice cells, hexagonal and circular (Figure 1), 

was utilized to perform the calculations. In order to verify the functionality of the spent fuel pit, 

each fuel type in Table 1 was investigated separately. The proposed design was modeled by 

using the MCNP6.2 Monte Carlo code to perform criticality safety simulations. 

The accuracy of the calculation methods and used data libraries are vital for criticality 

calculations. The Monte Carlo methods have various abilities different from deterministic 

transport methods. The Monte Carlo method obtains answers by simulating individual particles 

in the physical system that inferred from the average behavior of simulated particles whereas 

deterministic methods solve the transport equation for the behavior of the average particles [5]. 

Nuclear criticality, the ability to maintain a chain reaction by fission neutrons, is 

represented by keff, the eigenvalue of the neutron transport equation. keff indicates that the ratio 
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between the number of neutrons between successive generations, with the fission process 

regarded as the birth event [6]. For critical systems, keff = 1, therefore, the chain reaction will 

just sustain itself. For subcritical systems, keff < 1 meaning the chain reaction will not sustain 

itself. For supercritical systems, keff > 1 and the number of fissions in the chain reaction will 

increase with time. This phenomenon is conducted in MCNP6.2 Monte Carlo code with the 

following equation. 

                               
igenerationinneutronsfission

igenerationinneutronsfission
keff

1
  (1) 

MCNP uses three different keff designators. The final keff results are recommended 

because it is the statistical combination of all three [7]. In this study, ENDF/B-VII.1 continuous-

energy neutron data libraries and ENDF/B-VII.0 Thermal S(α,β) cross-section libraries that 

were released data from National Nuclear Data Center NNDC [8]. The error on the final 

estimated keff was set to be less than 10-3. 

In order to test the proposed TRIGA spent fuel pit for criticality safety, several cases were 

evaluated under both normal and incident conditions. The incident conditions may occur as a 

result of safety or security initiating events. The normal conditions include reference basket 

configurations with both circular and hexagonal lattice and the effect of the number of spent 

fuel elements on criticality for each fuel type was investigated. The incident conditions, on the 

other hand, cover the effect of water density variations, the water level in the pit, and the 

replacement of light water (H2O) with heavy water (D2O) on criticality.   

3 RESULTS AND DISCUSSIONS 

In this section, it was saught to answer the question of whether the rising number of fuel 

elements under normal condition is a limitation parameter for criticality or just a leading marker 

of criticality as well as whether events under the incident conditions—degradation of water 

level, change in water density, and replacement of the light water with heavy water—could be 

a cause for criticality.  

3.1 Normal Condition 

Starting from 12 fuel elements, the number of fuel elements in the pit has been gradually 

increased to identify the number of fuel elements permissible in the pit from the neutronics 

point of view. It is shown in Figure 2 that when the number of GA Cat. #109 type fuel in the 

pit exceed 20, whether the basket has hexagonal or circular configuration, keff is higher than 

1.0 and the pit becomes supercritical. Therefore, the maximum permissible fuel rod number 

was determined as a 20 for  GA Cat. #109 fuel type. 

However, when GA Cat. #101 and GA Cat. #103 fuel types were considered, they did not 

result in criticality even though the number of rods in the pit reached to 23 (23 fuel rods is 

typically one-third of the total number of fuel rods in TRIGA research reactor) for either 

hexagonal or circular configurations as seen Fig. 2. In order to predict the number of fuel 

elements necessary to reach criticality in the pit for GA Cat. #101 and GA Cat. #103 fuel types 

with circular or hexagonal basket designs, the subcritical multiplication method was used. In 

this method, the keff value from Monte Carlo simulation corresponding to the particular number 

of fuel rods in the pit was substructed from one to obtain subcritical multiplication as seen 

below then the graph of subcritical multiplication versus the number of fuel elements in the pit 
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were drawn. Finally, this curve is fitted to find where it crosses the x-axis which will be the 

prediction of the number of fuel elements required for the criticality.  

 
Figure 2: The dependence of effective multiplication factor on the number of fuel rods in the 

pit. 

                                                       ffke
M

1
1

                                            (2) 

The subcritical multiplication method was applied in all subcritical cases as illustrated in 

Figure 3. The results show that at least 39, 31, 34, and 29 number of fuel rods are required to 

make the pit critical for GA Cat. #101-hexagonal, GA Cat. #101-circular, GA Cat. #103-

hexagonal, and GA Cat. #103-circular, respectively.  

 
Figure 3: The relation between the number of fuel rods and criticality margin. 
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3.2 Incident Condition 

The events that have been considered are degradation of water level, changes in water 

density, and replacing light water with heavy water.   

3.2.1 Degradation of Water Level 

Since any crack or manufacturing defect in the cylinders may lead to degradation of the 

water level in the pit, this is considered as initiating event. In this regard, the water level in the 

pit cylinders was reduced gradually and simulations were performed to obtain keff. As seen 

from Figure 4, the decrease in water level affects the effective multiplication factor, keff. The 

keff remains constant, but less than 1.0, until water level reduces to the axial fuel region height 

in the z-direction. It is due to the fact that top and bottom graphite reflectors of the fuel rods 

prevent leakage of neutrons axially therefore the water level is not important till this point. 

Therefore, there is no big effect of the backscattering from the non-fuel region of the inner 

cylinder on keff, but after this level, the decrease in water level decreases the keff. Since the 

absence of water molecules reduces high energy neutron thermalization and increases radial 

neutron leakage, the number of thermal neutrons in the pit decrease. As a result, the fission rate 

decreases since the fission cross-section of 235U decreases with an increase in neutron energy.  

          
            Figure 4: The dependency of effective multiplication factor on the water level. 

3.2.2 Change in Water Density 

The water provides not only cooling to fuel rods by removing residual heat from the pit 

but also shielding against the probability of irradiation of employees due to high energetic 

photons. An overheating of fuel rods due to malfunctioning of the cooling system may cause a 

decrease in water density. This hypothetical condition was selected as an initiating event. The 

assessments have been carried out altering the water density incrementally as shown in Figure 

5. 
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     Figure 5: The dependency of effective multiplication factor to water density. 

It is clear that the decrease in water density affects keff negatively. Moreover, the results 

show a direct link between the fission event and water density. If water density decreases, the 

number of water molecules also decreases. Hence, neutrons have less chance of collision with 

water molecules to thermalize. Under these circumstances, the system still stays subcritical.  

3.2.3 Replacement of Light Water with Heavy Water 

The heavy water is an alternative material to shield and cool down the spent fuel pit. The 

replacement of light water in the pit with heavy water was chosen as a security initiated safety 

event. The criticality calculations were performed to examine its effect on keff. The results were 

displayed in Table 2.   

Table 2: Comparison of effective multiplication factor for both light and heavy water. 

Fuel type 
keff (light water)+standard 

deviation(σ) 

keff( heavy water)+standard 

deviation(σ) 

GA Cat. #101-hexcon 0.73831+0.00011 0.72318+0.00015 

   GA Cat. #101-circon 0.77424+0.00013 0.72966+0.00012 

   GA Cat. #103-hexcon 0.81012+0.00017 0.83208+0.00011 

   GA Cat. #103-circon 0.81635+0.00012 0.82411+0.00017 

   GA Cat. #109-hexcon 0.98888+0.00015 1.02210+0.00015 

   GA Cat. #109-circon 0.97605+0.00013 1.00598+0.00014 

The results show that, using heavy water for GA Cat. #101 type fresh fuels with any 

basket configuration considered in this study have a negative effect on keff while it has positive 

effects on other types of fresh fuels. The content of the fresh fuels plays an important role on 

keff value if the coolant is heavy water. Although the absorption cross-section of D2O is much 

smaller than H2O, since the deuterium in D2O is twice as heavy as the hydrogen in H2O, D2O 

is not as effective in moderating neutrons as H2O. Neutrons, on the average, lose less energy 

per collision in D2O than they do in H2O, and they require more collisions and travel greater 

distances before reaching thermal energies than in H2O [9]. However, the fuel region of GA 
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Cat. #103 and GA Cat. #109 types of fresh fuels contain enough 1H atoms 

(Hydrogen/Zirconium=1.7 and 1.6, respectively), which help neutrons to thermalize.  

On the other hand, heavy water is denser than light water and seems as if it thermalized 

more neutrons, produced more fission events, and resulted in greater keff, but it is not sufficient 

on its own for GA Cat. #101 type of fresh fuel whose Hydrogen/Zirconium ratio is equal to 1.0. 

The system includes fewer thermalized neutrons compared to light water coolant that is the 

reason why keff decreased for GA Cat. #103 type of fresh fuel. 

4 CONCLUSION 

The results of this study for postulated initiating events that include a set of key 

parameters provided the information about the safety of the proposed TRIGA spent fuel pit. It 

is evaluated that the pit in normal condition is supercritical after loading more than 20 GA Cat. 

#109 type fresh fuels both for hexagonal and circular configurations. It was estimated by using 

fitted curves that at least 40, 31, 34, and 29 number of fuel rods require to make pit critical for 

GA Cat. #101-hexagonal, GA Cat. #101-circular, GA Cat. #103-hexagonal, and GA Cat. #103-

circular, respectively.  

Under incident conditions, when the water level increases from completely uncovered 

fuel to normal conditions, the effective multiplication factor keff starts to increase up to water 

level until the active fuel height. Then it remains constant. Regarding the change in water 

density, the effective multiplication factor keff drops below 1.0 because of decreased collision 

density and the probability of neutrons with water molecules. Using heavy water instead of light 

water increases the effective multiplication factor keff for GA Cat. #103 and GA Cat. #109 

types fresh fuels whereas reduces keff for GA Cat. #101 fresh fuel because of 

Hydrogen/Zirconium ratio of fuel cannot compensate for the moderation insufficiency of heavy 

water compared to light water. 

In summary, this study shows that over 20 GA Cat. #109 fresh fuel elements under the 

normal condition and replacement of light water wit heavy water for all types of fuel rods except 

GA Cat. #101 under the incident condition appear to cause an excess in criticality —keff=1. 
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ABBREVIATIONS 

GA Cat. #101, Hexagonal: 8.0 wt. % uranium in fuel and 20 wt. % 235U in uranium, with 

aluminum clad, placed in hexagonal basket. 

GA Cat. #101, Circular: 8.0 wt. % uranium in fuel and 20 wt. % 235U in uranium, with 

aluminum clad, placed in cylinder basket. 

GA Cat. #103, Hexagonal: 8.5 wt. % uranium in fuel and 20 wt. % 235U in uranium, with 

stainless steel clad, placed in hexagonal basket. 

GA Cat. #103, Circular: 8.5 wt. % uranium in fuel and 20 wt. % 235U in uranium, with 

stainless steel clad, placed in cylinder basket. 

GA Cat. #109, Hexagonal: High enriched uranium, 8.5 wt. % uranium in fuel and 70 wt. % 
235U in uranium, with stainless steel clad, placed in hexagonal basket. 

GA Cat. #109, Circular: High enriched uranium, 8.5 wt. % uranium in fuel and 70 wt. % 235U 

in uranium, with stainless steel clad, placed in cylinder basket. 
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ABSTRACT

The Serpent Monte Carlo code and the Serpent-Ants two step calculation chain are used
to model the hot zero power physics tests described in the BEAVRS benchmark. The predicted
critical boron concentrations, control rod group worths and isothermal temperature coefficients
are compared between Serpent and Serpent-Ants as well as against the experimental measure-
ments. Furthermore, radial power distributions in the unrodded core are compared between
Serpent and Serpent-Ants. In addition to providing results using a “best estimate” calculation
chain, the effects of several simplifications or omissions in the group constant generation pro-
cess on the results are estimated.

The “best estimate” predictions by Serpent-Ants are reasonably close to the experimen-
tal values with RMS differences from measurements of 29.7 ppm, 62.2 pcm and 0.37 pcm/°F
for boron, control rod worths and temperature coefficients respectively. The match in the ra-
dial power distribution between Serpent and Serpent-Ants was very good with the RMS and
maximum for pin power errors being 1.31 % and 5.01 % respectively.

While the tested sub-optimal variations in the two-step calculation chain led to a clear
worsening of the radial power distribution, the effects in the global parameters were more mixed
with some sub-optimal approaches actually providing better results for critical boron and control
rod worths than the “best estimate” approach.

1 INTRODUCTION

VTT Technical Research Centre of Finland Ltd (VTT) is currently building a new set of
computational tools for reactor analysis. This Kraken framework [1] will in some years replace
the current set of reactor analysis codes, with transient analyses being conducted using the
Serpent-Ants two step neutronics calculation chain.

Serpent [2] is a Monte Carlo particle transport code developed at VTT since 2004 and
Ants [3, 4] is a multi-group nodal neutronics code developed at VTT since 2017. By developing
both parts of the calculation chain in-house, VTT aims to leverage the advanced capabilities of
Serpent in the group constant generation to obtain better results for the reduced order solver as
well.
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The validation effort of the Serpent-Ants calculation chain starts with the BEAVRS bench-
mark [5] and this article describes the first step of that process: the initial core hot zero power
(HZP) state. In addition to presenting results from the validation calculations obtained using
a “best estimate” calculation chain we investigate the effects of making some apparently sub-
optimal choices in the calculation chain such as omitting the leakage correction, using a legacy
group constant parametrization or not using radial subnodalization in the nodal calculations.

2 BEAVRS BENCHMARK

The BEAVRS benchmark [5] contains a detailed description and measured data for the
operation of a full sized PWR for the initial two cycles. As it is well-known and since the full
specification is available at [6] only the points most relevant to this article are described here.
The revision 2.0.2 from 10/30/17 was used in this work.

The BEAVRS initial core consists of 17x17-type fuel assemblies with three different fuel
enrichments and various borosilicate burnable absorber configurations. The control rods have
two absorbing parts, a lower Ag-In-Cd (AIC) part and an upper boron carbide (B4C) part. The
core is slightly asymmetric due to 58 non-symmetrically positioned instrumented fuel assem-
blies with air-filled instrumentation tubes in the central guide tube with the central guide tube
in the rest of the assemblies being filled with water.

The evaluated data from the first cycle zero power physics tests includes measurements of
critical boron concentrations (CBCs), control rod group reactivity worths (CRWs) and isother-
mal temperature coefficients (ITCs) at various control rod insertion configurations.

3 CALCULATION SETUP

3.1 Serpent Models
A detailed 3D model was created for Serpent based on the benchmark description. The

58 instrumentation tubes can be either included in the core or excluded in order to provide a
completely symmetric core. In addition to the detailed 3D model, 2D infinite lattice models
were created for the different fuel assembly types and for each of their unique quarters. As the
2D models were constructed for group constant generation, the presence of spacer grids, control
rods and central instrumentation tube could be changed using the branch card definitions of
Serpent.

3.2 Group Constant Generation
The group constants were homogenized for the fuel assemblies using either full assembly

or quarter assembly infinite lattice models with reflective boundary conditions. The following
momentary branch variations were included in the fuel assembly group constants:

• 9 different (Tfuel, Tcool, ρcool, CB) variations. The variations combined data from the
following points:

– Tfuel: Nominal 566.4833 K, high 600 K, low 550 K.

– Tcool: Nominal 566.4833 K, high 600 K, low 550 K.

– ρcool: Nominal 0.73986 g/cm3, high 0.76972 g/cm3, low 0.66117 g/cm3.

– CB: Nominal 500 ppm, high 1000 ppm, low 0 ppm.
• 3 spacer grid variations: no grid/Zircaloy/stainless steel.
• 2 instrument tube variations: not present/present.
• 1 or 3 control rod variations: no rod or no rod/AIC/B4C based on presence of burnable

absorbers in the assembly type.
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The reflector regions were homogenized in a 3D full core Serpent simulation. The radial
reflector was homogenized with node size corresponding either to the fuel assembly size (1x1)
or to the quarter of that (2x2). The axial reflector was homogenized as cuboidal volumes on
top of and below of the 7x7 centermost assemblies in the core. The reflector group constants
included only 7 different (Tcool, ρcool, CB) variations.

The fuel assembly group constant generation used a fundamental mode leakage correction
with CMM [7] based diffusion coefficient tallied using the group-wise tally scheme [8] and an
intermediate multi-group structured based on the CASMO-4E 70 group structure.

The reflector group constant generation used transport correction for Hydrogen-1 in the
water to evaluate transport corrected diffusion coefficients.

3.2.1 Reflector discontinuity factors

In the “best estimate” calculation chain we evaluate the discontinuity factor of the reflector
side of the core-reflector boundary according to the process described in [9]:

1. The reflector side DF is first evaluated simply as the ratio of the heterogeneous surface
flux from the Serpent 3D solution and the homogeneous surface flux from a single node
Ants calculation using group constants and boundary condition currents from the Serpent
3D solution: fAnts

refl.

2. The fuel side DF is similarly evaluated as the ratio of the heterogeneous surface flux
from the Serpent 3D solution and the homogeneous surface flux from a single node Ants
calculation using group constants and boundary condition currents from the Serpent 3D
solution: fAnts

fuel

3. This DF is then corrected by the ratio of the assembly discontinuity factor fADF
fuel evaluated

for the fuel assembly in the infinite lattice 2D Serpent calculation and fAnts
fuel :

f refl. = fAnts
refl. ×

fADF
fuel

fAnts
fuel

(1)

According to [9] the corrected DFs can be used to approximate the DFs even when the
fuel assembly on the core side is switched to a different one meaning that the DFs need not be
recalculated after changes in the loading pattern.

3.3 Group Constant Parametrization

The group constants were parametrized using a general polynomial model with a polyno-
mial fit for the effects of Tfuel, Tcool, ρcool and CB. The polynomial fit chosen for this work was
rather simple and based on an older group constant model used in legacy codes at VTT (e.g.
HEXBU-3D [10]):

Σ = Σnom + c1∆
√
Tfuel + c2(∆

√
Tfuel)

2 + c3∆ρcool + c4(∆ρcool)
2 + c5∆Tcool

+ c6∆(ρcoolCB) + c7(∆(ρcoolCB))2 + c8(ρcoolCB)× (∆ρcool) (2)

Control rod, spacer grid and instrumentation tube were treated as select variables with separate
nominal values and polynomial coefficients tabulated for each possible combination.
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Table 1: Best estimate results for critical boron concentrations (ppm). Serpent one sigma un-
certainty is approximately 0.5 ppm.

Estimates Differences

Ref. Serpent Ants S-R A-R A-S

ARO 975 967 965 -8 -10 -3
D in 902 905 900 +3 -2 -5
C, D in 810 809 796 -1 -14 -13
A, B, C, D in 686 673 653 -13 -33 -20
A, B, C, D, SE, SD, SC in 508 486 453 -22 -55 -33

Mean of |X-Y| 9.4 22.8 14.6
RMS of X-Y 12.1 29.7 18.2

3.4 Ants Model

The Ants model of the BEAVRS core included the active core, a single assembly width of
radial reflector and the whole axial scope of the benchmark model. The axial discretization of
the model was based on material variations in the benchmark so that no axial rehomogenization
was needed (including fully inserted control rods). This led to 4 axial nodes in the bottom
reflector, 40 axial nodes in the active core and 7 axial nodes in the top reflector. The radial
nodalization in the “best estimate” model was based on assembly level nodalization with 2x2
radial subnodalization in each assembly, i.e. 34x34 radial subnodes in total.

4 RESULTS FOR ZERO POWER PHYSICS TESTS

4.1 Best Estimate

The HZP control rod insertion sequence was modelled with Serpent and Ants including
± 10 °F variations in the isothermal temperature in order to calculate the isothermal temperature
coefficients. The best estimate results for critical boron concentrations are shown in Table 1, for
control rod worths in Table 2 and for isothermal reactivity coefficients in Table 3.

Table 2: Best estimate results for control rod worths (pcm). Serpent one sigma uncertainty is
approximately 5 pcm.

Estimates Differences

Ref. Serpent Ants S-R A-R A-S

D in from ARO 788 785 822 -3 +34 +37
C in from prev. 1203 1247 1303 +44 +100 +56
B in from prev. 1171 1206 1272 +35 +101 +66
A in from prev. 548 527 527 -21 -21 +0
SE in from prev. 461 488 484 +27 +23 -4
SD in from prev. 772 767 808 -5 +36 +41
SC in from prev. 1099 1105 1158 +6 +59 +53

Mean of |X-Y| 20.1 53.4 36.8
RMS of X-Y 25.1 62.2 43.7
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Table 3: Best estimate results for isothermal temperature coefficients (pcm/°F). Serpent one
sigma uncertainty is approximately 0.5 pcm/°F.

Estimates Differences

Ref. Serpent Ants S-R A-R A-S

ARO -1.75 -3.10 -1.65 -1.35 +0.10 +1.45
D in -2.75 -3.54 -2.78 -0.79 -0.03 +0.76
C, D in -8.01 -9.40 -7.38 -1.39 +0.63 +2.02

Mean of |X-Y| 1.18 0.25 1.41
RMS of X-Y 1.21 0.37 1.50

The CBCs are rather well predicted by Serpent with an RMS difference from the mea-
sured values of 12.1 ppm. At the mostly unrodded configurations, the CBCs predicted by Ants
correspond rather well to those evaluated by Serpent. However, the discrepancy between Ser-
pent and Ants, as well as that between Ants and the measured values increases as more groups
are inserted into the core. The RMS differences are 18.2 ppm between Ants and Serpent and
29.7 ppm between Ants and measurement.

The behavior is somewhat different in the control rod worths: Both Serpent and Ants
predict the control rod worths reasonably close to the measured values with RMS differences
from the measurement being 25.1 pcm for Serpent and less than double that (43.7 pcm) for Ants.
The differences between Ants and measurement or Ants and Serpent do not show a trend of
increasing with the insertion of more groups to the core as was the case with CBCs. This points
towards the challenges with the CBCs being in the reactivity worth of boron in the rodded core
rather than the reactivity worth of the control rods themselves. It should be noted, though that
some part of the effect likely comes from the Serpent model as Serpent standalone predictions
for the CBC also show a similar behavior for the most rodded configurations.

In the ITCs, both Serpent and Ants perform reasonably well with Ants actually being
closer to the measured values than Serpent. However, the statistical uncertainty in the Serpent
ITCs is relatively high (around 0.5 pcm/°F) due to the small variations ± 10 °F in the tempera-
ture used to calculate the ITCs.

Table 4: Effect of variations in two step calculation chain on Ants results.
CBCs (ppm) CRWs (pcm) ITCs (pcm/°F)

RMS(A-R) RMS(A-S) RMS(A-R) RMS(A-S) RMS(A-R) RMS(A-S)

Best estimate 29.7 18.2 62.2 43.7 0.37 1.50

No RDF corr. 31.7 20.2 64.0 45.8 0.40 0.91
No leakage corr. 6.6 11.5 76.5 73.0 0.38 1.27
No CMM 39.4 28.7 78.1 61.1 0.65 1.83
Old GC model 28.5 17.1 73.6 57.8 1.33 0.47
2x2 with 1x1 GC 25.9 14.3 52.7 33.6 0.54 0.85
1x1 with 1x1 GC 16.1 4.4 26.3 12.0 0.57 0.86
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4.2 Effects of Variations

Table 4 shows the effect of several variations to the RMS differences between Ants and
Serpent and Ants and measurement for CBCs, CRWs and ITCs. The following list describes
the variations in more detail:

• “No RDF corr.”: The discontinuity factors on the reflector side of the core–reflector
boundary were evaluated directly as fAnts

refl. instead of correcting them according to Eq. 1.
• “No leakage corr.”: Infinite lattice values for group constants were directly used for fuel

assemblies with no leakage correction applied (best estimate used deterministic funda-
mental mode leakage correction).

• “No CMM”: Non-leakage corrected out-scatter diffusion coefficients were used for fuel
assemblies (best estimate used leakage corrected CMM). Reflector used TRC diffusion
coefficients (as in best estimate).

• “Old GC model”: The group constants were parametrized according to a legacy model of
HEXBU-3D/MOD5 program (whereas the best estimate used a more general polynomial
model). The MOD5 parametrization (described in [10]) lacks polynomial fits for some
group constants, such as discontinuity factors, uses a reduced slowing down cross section
instead of a full scattering matrix, and lacks support for pin power reconstruction.

• “2x2 with 1x1 GC”: Radial 2x2 subnodalization in Ants calculations (as in best estimate)
but using group constants generated from full assembly infinite lattice models (best esti-
mate used GCs from quarter assembly).

• “1x1 with 1x1 GC”: No radial subnodalization in Ants calculation (best estimate used
2x2 subnodalization per assembly).
It is easy to see from Table 4 that while the variations are chosen as impairments to the

two step calculation chain, this is not reflected in the global results in a clear manner. The “best
estimate” approach does not give the best match against Serpent or experiment and some major
simplifications can give good results for the CBCs (omission of leakage correction) or for both
CBCs and CRWs (using 1x1 radial nodes per fuel assembly). There is evidently still some
error sources present in the “best estimate” approach and choosing a worse approach can lead
to beneficial error cancellation.

5 RESULTS FOR POWER DISTRIBUTION

The power distribution was calculated by Serpent and Serpent-Ants for the symmetric
core with no instrumentation tubes in the ARO configuration. This was mainly done to reduce
the computational effort for tallying pin powers using Serpent as for a symmetric core, the eight-
fold symmetry could be used to reduce the Monte Carlo runtime requirement by the factor eight.
The boron concentration in the calculation was fixed (971 ppm) being between the measured
CBC (975 ppm) and that estimated by Serpent (967 ppm).

Table 5 shows the RMS and maximum errors in the axially integrated power fields be-
tween Serpent and Ants. Results are given separately for assembly, quarter assembly and pin
level as well as for the pin powers cleaned of the assembly power difference. The “best estimate”
calculation chain does yield the most accurate prediction of the detailed power distribution (pin
and 1/4 assembly level). We can also see that the no leakage corr. approach that yielded good
results for CBCs does poorly on the power distribution. The 1x1 with 1x1 GC does rather well
generally, but cannot resolve the asymmetric assemblies well as seen in the pin-level maximum
errors.
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Figure 1: Left: Pin powers predicted by Serpent (arbitrary units). Right: Pin power errors
((Ants - Serpent)/Serpent) including (top left half) and cleaned of (bottom right half) assembly
power errors.

Figure 1 shows the spatial distribution of the errors in the pin powers including and
cleaned of assembly power errors. There is a small radial (in–out) tilt in the power distribution
when compared to Serpent. Furthermore, the two or three rows of pins closest to the reflector
exhibit systematic underprediction in their power, but while the relative error is at its highest at
the core boundary, the pin powers are at their lowest.

While neither simulation model was specifically optimized for runtime, the Serpent pin-
power calculation took over one thousand cpu-hours on a single computational cluster node,
while the Ants pin-power calculation took some cpu-minutes on a laptop computer.

Table 5: Best estimates and effects of variations in two step calculation chain on axially inte-
grated Ants power distributions compared to Serpent reference (RMS error in %). pin (clean)
has the assembly power difference cleaned out of pin power differences.

Assembly 1/4 assembly Pin Pin (clean)

RMS MAX RMS MAX RMS MAX RMS MAX

Best estimate 0.83 1.85 0.88 2.44 1.31 5.01 0.99 4.51

No RDF corr. 1.23 2.58 1.36 3.30 1.70 6.24 1.04 5.53
No leakage corr. 4.81 9.77 4.85 10.00 4.93 12.53 1.29 6.51
No CMM 2.38 5.59 2.39 5.61 2.57 8.05 0.93 4.91
Old GC model 2.28 6.92 2.47 7.44 n/a n/a n/a n/a
2x2 with 1x1 GC 0.69 2.70 2.94 15.83 1.95 16.40 1.79 16.35
1x1 with 1x1 GC 1.00 3.67 n/a n/a 2.34 18.40 2.13 18.29
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216.8

6 CONCLUSIONS

A baseline was established for the performance Serpent-Ants calculation chain in the
context of two energy group solutions for the BEAVRS benchmark. This serves as the initial
step in the validation of the calculation chain against experimental data. The project moves
forward first with the modelling of the initial HFP conditions and then with the modelling of
the operating cycles included in the benchmark.

Any of the variations introduced to the best estimate calculation chain decreased the ac-
curacy in the radial power distribution (Ants vs. Serpent). However, for the global results,
especially the critical boron concentrations and control rod worths the best estimate model was
not a clear “best estimate” indicating some error cancellation potentially happening in case of
the variation cases.

One relevant extension to this study will be to increase the number of energy groups for
the Ants calculation. As Ants is designed from the start as a robust multi-group code, this will
only require the re-calculation of the group constants in another energy group structure.
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ABSTRACT

Several new nuclear power plants have been facing rising construction costs and de-
lays due to overly complicated and proprietary designs. A possible solution is offered by the
OPEN100 open-source PWR reactor design. The main idea is to have a smaller reactor with
longer fuel cycle where reactivity balance is established by the correct core design and the use
of burnable absorbers. As the reactor is still in the design phase, lots of calculations are needed
to analyse and optimize core design. Here we show all main components of the created Serpent-
2 model and the source convergence study. Furthermore we show a preliminary analysis on the
control drum worth based on different designs. We have found that 120◦ angular B4C absorber
together with beryllium reflector results in control drum worth of 4000 pcm, which is compa-
rable to worth of control rods in standard PWR’s. This paper shows that control drums are a
viable option for the OPEN100 reactor from the standpoint of required shut-down margin.

1 INTRODUCTION

It is a fact that nuclear energy can play an important role in decarbonising our electricity
production, industry, travel, etc. One of the issues the nuclear energy has been facing recently
are the rising construction costs and delays associated with overly complicated and proprietary
designs, which resulted in limited use of nuclear power [1]. A possible solution is offered by
the OPEN100 development framework [1]. Their goal is to accelerate deployment of nuclear
energy by open-sourcing the engineering behind the nuclear reactor core and the complete nu-
clear power plant. ”Jožef Stefan” Institute (JSI), being a part of the OPEN100 framework, will
help in the ongoing design work with the hope of someday having ready-to-build open-source
blueprints.

The main idea behind this design is to have a power-wise smaller reactor with longer
self-sufficient fuel cycle, where no external burnup reactivity control, such as boron in cooling
water, is needed and the reactivity balance during the fuel cycle is established by the correct core
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design and burnable absorbers. In order to optimise the design, a whole suite of calculations
is required to support the OPEN 100 project. Our team focused on nuclear design aspects of
the Open-100. At this stage we focused on the core design and neutron transport calculations.
Later however this will be followed by gamma transport calculations, dose maps, activation
calculations, etc. A scoping study has to be performed in order to obtain data regarding main
core physical parameters (e.g. keff , βeff , power peaking factors, ...) [2, 3]. We decided to per-
form this using modern Monte Carlo neutron transport codes for which a detailed computational
model has to be created and tested for neutron source convergence is Monte Carlo eigenvalue
calculations [4]. The modelling with an initial core design study is presented in this paper.

In the first part OPEN100 reactor design and its modelling in the Serpent-2 Monte Carlo
code [5, 6] is presented. Serepent-2 code was selected as it is very powerful and advanced
Monte Carlo particle transport code. In addition in accordance with the philosophy of the
Open-100 project it is relatively easy to obtain and it is not subject to export control. Neutron
source convergence is tested for different Monte Carlo eigenvalue calculation parameters. The
last part focuses on the analysis of the control drum worth for different type of designs, varying
in material and geometry.

2 OPEN100 REACTOR DESCRIPTION

The OPEN100 reactor design is based on a standard Pressurized Water Reactor (PWR),
the workhorse of the industry with 300 units in operation around the world. Their innovation is
an implementation and deployment platform — there are no changes to the nuclear technology
itself. While there are many exciting technological developments to reactor core design slated to
emerge in the coming decades, they made a deliberate choice to avoid new reactor technologies
to streamline licensing, utilize the standard supply chain and eliminate technology risk. The
resulting design is a combination of elements from Argonne’s 1959 cost study as well as the
NRC’s FSAR documents for early PWRs [7, 8].

Three main assumptions have driven the design: operated by digital controls that are
common throughout the energy industry, sized to 100 MW electric power to match standard
power plant equipment and licensed through a modernized, performanced based, regulatory
process.

The 100 MW size fits 90 % of energy markets around the world. Smaller generating
capacity means more flexible siting, the ability to use a standard supply chain, and access to a
greater variety of capital sources. All of which improve economics.

The economic model for the OPEN100 project is based on cost studies performed by the
U.S. Department of Energy’s Energy Economic Data Base Program: Phase VIII Update Report,
December 1986 for a standard 1144 MW PWR [9].

Their comparison made modifications to incorporate changes in design, supply chain,
construction sequence, and other assumptions. There is included room in the budget for site
specific engineering, such as utility integration and waste heat removal. The comparison is
shown in table 1.

The power plant’s size is about 1 ha and does not rely heavily on the surrounding envi-
ronment. The site may be located in an urban or a rural environment. The site in Fig. 1 is
meant as a vision to show what is possible but would likely be twice as large and located on less
expensive real estate.

The initial design of the reactor containment building is presented in Fig. 2. It is made
of reinforced concrete. Due to a smaller capacity of the reactor one steam generator is planned,
together with two reactor coolant pumps and a pressurizer with its relief tank in the primary
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Table 1: Comparison of reference PWR [9] and OPEN100 reactor
Reference PWR OPEN100

Electric power 1,144 MW 114 MW
Plant construction duration 5 years 1.5 years

Plant lifetime 40 years 40 years
Overnight construction cost $5,691 / kW $51 / MWh $2,780 / kW $25 / MWh
Interest during construction $1,245 / kW $11 / MWh $121 / kW $1.1 / MWh

Operating costs $30 / MWh $10 / MWh
Total capital costs $6,936 / kW $2,901 / kW

Levelized cost od electricity $92 / MWh $36 / MWh

Figure 1: Example of OPEN 100 reactor power plant’s placement in an urban surroundings.

loop. More details about the active reactor vessel, which is in steel cradle, will be written
below. With every fuel cycle, the reactor vessel will be completely removed and will act as a
spent fuel storage, which reduces the costs and the possibility of getting exposed to radioactive
fuel. Spent reactor vessels would be stored in the containment building itself.

3 SERPENT-2 MODEL OF THE OPEN100 REACTOR

Publicly open CAD files, available on [1], were used to created a computational model
in the Serpent-2 Monte Carlo neutron transport and depletion code. Modelling was based on
Serpent-2 model of the Beavers benchmark [10]. All main parts of the reactor core are presented
in this section. The created model is extremely important as it enables us to study the length
of the fuel cycle, control drum reactivity worth, and other reactor physical parameters such as
mean neutron lifetime, βeff and neutron flux spectrum.

3.1 Fuel Assembly

The reactor’s core consists of 24 fuel assemblies, each assembly having 264 fuel rods, 24
guide tubes (which could be unused if using the standard fuel assembly construction or replaced
with fuel rods in custom fuel design process) and one instrumentation tube in the middle of the
assembly.

A steel nozzle is located at the bottom and on top of each assembly. The top one contains
four Inconel springs. Eight spacer grids are assorted along with the assembly. Top and the
bottom ones are made of steel, while the others are made out of zircaloy, which is also the
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Figure 2: Reactor containment building. All main parts (reactor vessel, steam generator, ...) of
the nuclear power plant are depicted. On the right side of the containment wall, dedicated space
for spent reactor vessel with irradiated fuel is presented.

material of guide and instrumentation tubes. Complete fuel assembly in the original CAD and
created Serpent-2 model is shown in Fig. 3.

Each fuel rod has a top and bottom zircaloy plug and is made from zircaloy cladding.
Beside the fuel pellets each rod is filled with pressurized helium. Between the fuel and top plug
is an Inconel spring holding pellets in place. CAD model and created Serpent-2 model of the
fuel rod are presented in Fig. 4.

3.2 Reactor Vessel

The reactor core with fuel assemblies and control drums is enclosed with a core baffle.
Core baffle together with its support plates is inserted into core barrel. The last layer of the core
support is a thermal shield. The core support is included in a thicker reactor pressurized vessel.
Three nozzles are present in the vessel for the coolant liquid (H2O), two inlets and one outlet.
All parts of the reactor vessel and core support are made out of stainless steel. Both CAD and
Serpent-2 models of configuration of the vessel with core support are shown in Fig. 5.

On top of the core support is the mechanism for the control drum rotation. This was
simplified when creating the Serpent-2 model and only outer steel structure with the inside
coolant was assumed.

3.3 Control Drums

Around 24 fuel assemblies 16 control drums are located. Their position is shown in Fig.
6. Each control drum contains a cylinder enclosed with stainless steel cladding. The cylinder
is made of neutron absorber (B4C) and reflector (beryllium or stainless steel). Analysis of
different designs of the control drum cylinder is presented in Sec. 4.2.

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7–10, 2020
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Figure 3: CAD model and the created Serpent-2 model of the Open100 fuel assembly. On the
top, CAD model of the whole fuel assembly and top and bottom nozzle is shown. Bottom part
presents the created Serpent-2 model with a vertical cross-section through the middle on the left
and horizontal through the Inconel spacers on the right. On the right colour legend of materials
used in Serpent-2 model is presented. All dimensions are in centimeters.

4 RESULTS OF INITIAL MONTE-CARLO CALCULATIONS

Main goal of the initial calculation was to test the created model for neutron source con-
vergence in the Monte Carlo eigenvalue calculations, since this is the basis of the burnup anal-
ysis that will be done in the future.

Furthermore, the shape of the absorber was redesigned in order maximise the control drum
worth and consequently increase the shut-down margin needed for safe and reliable reactor
operation. Both analyses are presented in this section.

Figure 4: CAD model and the created Serpent-2 model of the Open100 fuel rod. On the top
part CAD model is shown and on the bottom the Serpent-2 model. The modelled spring on the
top will be later changed to homogenized mixture with mass perseverance. Colours legend is
the same as in Fig. 3. All the dimensions are in centimeters.
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Figure 5: CAD model and the created Serpent-2 model of the Open100 reactor vessel. On the
left CAD model is shown and on the right the created Serpent-2 model with depicted layers of
core support and outer vessel. Colours legend is the same as in Fig. 3. All the dimensions are
in centimeters.

4.1 Source Convergence Test and k-eff Calculation

We tested the source convergence by assuming hypothetical core design with homoge-
neous enrichment loading pattern and with control drum position that have the absorber turned
away from the core. Core design is the same as in Fig. 6. Different enrichments of uranium in
the uranium dioxide fuel were analysed, ranging from 3 % to 7 %.

The parameters in Serpent-2 eigenvalue calculations were defined as 500 active and 20
inactive cycles. We performed calculations with 104, 105 and 106 neutrons per cycle and anal-
ysed keff and Shannon entropy. keff converged value is the same for all three cases, however
Shannon entropy does not yet fully converge and is at a different absolute value for the case with
104 neutrons per cycle. This indicates that the source is not yet fully converged. The results
for case with 5 % fuel enrichment are presented on the left side of Fig. 7. From this we can
conclude that the population of 105 neutrons per cycle and 500 active cycle is enough for the
source to converge. These parameters were used for all the further analyses.

For the analysis of k-eff as a function of enrichment we changed fuel enrichment from 3
% to 7 % for 0.5 % step. The results are presented on the right side of Fig. 7.

4.2 Control Drums Designs

The initial design of control drums as two half cylinders might be suboptimal, as half of
control drums are located in the corner between two fuel assemblies. This might cause neutron
absorbtion even if the control drum is fully rotated with absorber outwards. For this purpose we
decided to optimize the design and the use of different materials. In addition we rearranged the
loading pattern of the fuel assemblies for getting maximal control drums’ worth

We were searching for a maximum control drums worth - ∆k. The shape of absorber
was defined with two parameters: thickness of the absorber ra and the angle of circle section α.
Example of drum’s cross-section with marked parameters is presented on the right side of Fig.
6.
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Figure 6: Position of control drums in the core. On the left CAD model is presented where
drums are visible as cuboids with yellow border-lines. The middle part presents a horizontal
cross-section of the Serpent-2 model through one of the support plates of the baffle, where
drums are shown as a cylinder with half absorber and half reflector. On the right we present
a cross section of control drum with different adjustment of neutron absorber and reflector
dimensions. The absorber is defined which is defined by its angular size - α and thickness - ra.
Colours legend is the same as in Fig. 3.

The analysis consisted of three cases. In the first one we assumed homogeneously loaded
core with 5 % enriched fuel and stainless steel as the neutron reflector. In the second we also
used 5 % enriched core, but beryllium oxide was chosen neutron reflector. In the last one we
used beryllium oxide, but rearranged the core with different enriched fuel – 3 % in the middle
four assemblies, 5 % in the outer 12 assemblies and 4 % in the remaining eight assemblies.
We decided to do this so the neutron flux would be tilted more to the periphery, which would
increase the worth of the control rods. We tested the total drum worth, which is defined as a
difference between two limit positions (absorber facing towards and away from the core). In
each case four different absorber thickness were assumed, ranging from 0.7 cm to 10.7 cm.
The latter represents the total radius of the control drum. Absorbers angular size was changed
from 0◦ to 360◦. Total worth of all control rods for different designs is presented in Fig. 8. In
addition we tested use of silver-indium-cadmium absorber material in comparison to B4C. We
found that control rod worth of the former is ≈ 150 pcm lower compared to B4C.

Asymmetry of the angular size of absorber is observed, as the maximum value for control
drum worth is between 100◦ and 150◦ instead of the expected 180◦. This is due to the fact
that even if the absorber is turned away from the core, its edges are closer to the fuel and it can
lower the difference between drum’s positions. The effect is even more pronounced if beryllium
is used instead of steel for the reflector. Furthermore we can observe that absorber thickness
has relatively small effect on the drum’s worth. From this we can conclude that by using the
beryllium reflector and redesigning the reactor core control rod worth can be increased to 4000
pcm, which is comparable to traditional control rods used in PWR’s.
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different number of neutrons per cycle is presented on the left. Open100 reactor core’s keff as
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of keff is 17 pcm.
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Figure 8: Total worth of all control drums ∆k as a function of angular size of the absorber for
three different design of drums each depicted with different line style. For each group four cases
of absorber thickness are shown, depicted in different colors. Definition of both parameters is
presented in Fig. 6. It was assumed all control drums had the same design.

5 CONCLUSION

Open100 is a publicly available development framework for a small, standard, pressur-
ized water reactor [1]. The initial open source reactor design was used to create a Serpent-2
Monte Carlo computational model of the reactor core. All main parts of the reactor vessel (fuel
assembly, fuel rods, reactor pressure vessel, control drums, ...) were modelled in detail. The
computational model was tested for source convergence. We can conclude that 500 active cycles
with 105 neutrons per cycle are sufficient in Serpent-2 eigenvalue calculations to ensure conver-
gence of k-eff. These parameters should be used in future burnup calculations. Optimization of
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control drum design was conducted. It was found that the maximum value of ≈ 4000 pcm can
be obtained by using B4C as neutron absorber and beryllium as neutron reflector together with
redesigning loading pattern so that higher enriched fuel assemblies are placed in core periphery.
A conclusion can be made that by proper design the control drum worth would be sufficient for
the required shut-down margin. However it should be noted that further analysis is needed to
finalize the design, as the drum worth will change with burnup due to flux redistribution, setting
up a computational model is a first step in many calculations to follow.
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https://www.open-100.com/
https://adams.nrc.gov/wba/
https://adams.nrc.gov/wba/


On the Optimisation of Large Sample 
In-Core Irradiation Channel in the JSI TRIGA Reactor
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ABSTRACT

In aim to choose optimal design for a new triangular channel in TRIGA Mark II in Ljubl-
jana, a detailed computational designs for different possible geometrical configurations using
Monte Carlo neutron transport code MCNP were made and their impact on physical quantities
was studied. It was found out that the impact on multiplication factor is from -730 pcm to -1020
pcm, depending on configuration studied. The hot rod power peaking factors was calculated
to be from 1.393 to 1.403. The relative deviation in total neutron flux in central channel, com-
pared to the bare configuration, was evaluated to be from -1.45 % to -1.72 %. The deviation
in total neutron flux in triangular channel between different triangular channel configurations
was established to be up to 6 %. The total power density peaking factor, axial power peaking
factor and radial power density peaking factor were calculated to be approximately 2.70, 1.27
and 2.09 respectively, and did not deviate significantly between different configurations. When
studying 640 group energy spectrum in different triangular channel configurations it was found
out that the highest thermal peak has configuration 4 (lifted channel), followed by configura-
tion 2 (graphite insert), which is expected due to the presence of reflector. The study of rotary
groove showed high impacts of triangular channel on neutron flux in 3 energy groups, however
the deviations between different channel designs were not significant. Silicon dose equivalent
and 1 MeV flux equivalent, important for radiation hardness testing of electronics, deviated be-
tween different configurations up to 3.5 %. To sum up, calculations confirmed no significant
deviation between different channel designs and final design can be chosen based on technical
limitations.

1 INTRODUCTION

One important feature of the Jožef Stefan Institute TRIGA Mark II reactor is the so called
triangular channel in the reactor core. The channel occupies three irradiation positions and
has similar neutron flux (2.0×1012n·cm−2s−1) as the central channel (3.6×1012n·cm−2s−1), but
has more than three times (37 cm2) larger surface area. Thus making it suitable for irradiation
of large samples in the core. It is mostly used for radiation hardness studies of detectors and
electronic equipment [1]. Due to high demand for irradiation in triangular channel, a decision
was made to introduce another triangular channel into the core. Hence it was decided to make
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two of them, one new one and another one to replace the old one. The aim of this research was
to study various designs and positions of the new triangular channel for Jožef Stefan TRIGA
reactor, with respect to its effect on reactivity, its effect on power peaking factor and neutron
spectra in triangular channel, to enable optimal experimental conditions and to keep operational
limits and conditions within the specifications.

2 JSI TRIGA REACTOR

The TRIGA Mark II reactor at Jožef Stefan Institute (JSI) is a 250 kW light-water, pool
type research reactor, cooled by natural convection. The reactor core has a diameter of 44.2 cm
and the active fuel height of 38.1 cm. There are 91 positions inside the reactor core available for
positioning of fuel elements, control rods, irradiation channels, etc. and are shown in Figure 1.
For irradiations of relatively large samples triangular channel is used, which can be positioned
inside the reactor core in two different positions (marked with red line in Figure 1) instead of
three fuel assemblies.

(a) Schematic view of JSI TRIGA reactor core. (b) Photo of JSI TRIGA reactor core.

Figure 1: JSI TRIGA reactor core with marked possible triangular channel positions in red.

2.1 Computational model

Calculations using MCNP 6.1.1 [2] and ENDF/B-VII.1 [3] nuclear data library were per-
formed. A full 3D JSI TRIGA reactor model used in calculations, is based on the criticality
benchmark model [4] and is thoroughly described in the International Handbook of Evaluated
Criticality Safety Benchmark Experiments [5]. JSI TRIGA computational model has been ex-
panded, verified and validated by many experiments. For the research presented in this paper,
computational model was upgraded with a detailed design of a new triangular channel (see
Figure 2.
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(a) 3D model
of triangular
channel.

(b) Photo of triangular channel cross
section.

(c) Technical drawing of triangular channel cross
section.

Figure 2: New triangular channel design.

Four different configurations were studied (see Figure 3):

• triangular channel reaching to the bottom grid plate without any insert (1. configuration),

• triangular channel reaching to the bottom grid plate with graphite insert (2. configuration),

• triangular channel reaching to the bottom grid plate with aluminium insert (3. configura-
tion),

• lifted triangular channel to approximately middle of the active core height without any
inserts (4. configuration).

(a) Config-
uration 1.

(b) Config-
uration 2.

(c) Configu-
ration 3.

(d) Configu-
ration 4.

Figure 3: Schematic view of different designs of the new triangular channel.
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All configurations were also compared to the calculation without modelled triangular channel
(bare configuration), where three fuel elements at the outer reactor ring were moved in a position
of triangular channel. A detailed study of different triangular channel configurations presented
in this paper included evaluation of the effect on multiplication factor, total neutron flux in
central and triangular channel, neutron spectrum in triangular channel, neutron flux in rotary
groove, power peaking factors, silicon dose equivalent and 1 MeV flux equivalent. For some
analysis neutron flux in 3 energy groups was studied: thermal (up to 0.625 eV), epithermal
(between 0.625 eV and 100 keV) and fast (between 100 keV and 20 MeV).

3 RESULTS

Different designs of the new triangular channel were analysed by comparing their effect
on multiplication factor (keff )1 compared to the bare (with three fuel elements instead of tri-
angular channel) configuration. Results are presented in Table 1. It can be observed that the
highest effect on the multiplication factor have configuration 1, where triangular channel is
positioned to the bottom of the reactor core, without any insert. The lowest impact on multipli-
cation factor has triangular channel configuration 2, where graphite insert is at the bottom part
of reactor core. However, all deviations are similar and above 700 pcm.

Table 1: Calculated multiplication factors for different triangular channel configurations and
their deviation from reference bare calculation.

Configuration keff ∆keff [pcm]
Bare 1.07028 ± 0.00002
Configuration 1 1.06007 ± 0.00002 -1021
Configuration 2 1.06300 ± 0.00002 -728
Configuration 3 1.06021 ± 0.00002 -1007
Configuration 4 1.06168 ± 0.00002 -860

In further research the total neutron flux at 2 cm region at fuel mid-plane in central channel
(marked as CC in Figure 1) and inside triangular channel were studied. Results are presented
in Table 2. The relative statistical uncertainty of all calculated absolute neutron fluxes was

Table 2: Calculated absolute total neutron flux in 2 cm region at fuel mid-plane in central
channel (CC) and triangular channel (TC) with relative deviation from bare configuration (CC)
and configuration 1 (TC).

Configuration φ (CC)
[

n
cm2s

]
conf.
bare

(CC) -1 [%] φ (TC)
[

n
cm2s

]
conf.
Conf.1

(TC) -1 [%]

Bare 3.683×1012

Configuration 1 3.621×1012 -1.68 1.896×1012

Configuration 2 3.629×1012 -1.46 2.008×1012 5.90
Configuration 3 3.622×1012 -1.65 1.902×1012 0.29
Configuration 4 3.620×1012 -1.72 2.013×1012 6.12

∼0.02 % and considered negligible. The calculated values were normalized to absolute values
at full steady state reactor power of 250 kW using normalization factor [6]. It can be observed

1The calculations did not take into account fuel burn-up, which is the reason for calculated high keff .
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that as expected, different triangular channel designs have similar effect on total neutron flux
in central channel. However, different designs have up to ∼6 % difference in total neutron flux
within triangular channel. The highest neutron flux was calculated for configuration 2 (triangu-
lar channel with graphite insert) and configuration 4 (lifted triangular channel). This is due to
the presence of neutron reflector in the bottom part of the reactor core in both configurations.

The neutron spectrum in 640 energy group structure was calculated within 10 cm region
around the middle of the active fuel part inside triangular channel. Calculated spectra are pre-
sented in Figure 4, where the highest thermal peak can be observed for configuration 4 with
lifted triangular channel, which is expected due to the presence of the reflector at the bottom
part of the reactor core.

Figure 4: Neutron lethargy spectrum in 640 energy groups in triangular channel for different
configurations.

The effect of triangular channel on neutron flux in rotary groove (see Fig. 1) was studied
for three energy groups presented in Figure 5. It can be concluded that triangular channel has
significant effect on rotary groove channels, especially those closer to the triangular channel,
however there is no significant difference between different configurations. It should be noted
that 3 fuel rods positioned at the periphery of the core when triangular channel is inserted (see
Figure 1) are in case of bare configuration moved inside the core in positions of missing trian-
gular channel. This leads to higher out of core leakage in case of configuration with inserted
triangular channel and consequently neutron flux in rotary groove with inserted triangular chan-
nel is higher.

Furthermore, different power peaking factors were studied [7] as they are the link between
the nuclear and thermal-hydraulics analysis and define maximum power released locally in the
core. Two power peaking factors are usually introduced in TRIGA reactors: hot rod power
peaking factor (Fhr) and total power density peaking factor (Ftot) [7].

Hot rod power peaking factor (Fhr) is defined as the ratio between maximum power re-
leased by one fuel rod (Prod)max , and the average rod power (Prod)avg in the core [7]:

Fhr =
(Prod)max

(Prod)avg
. (1)

The calculated values for hot rod power peaking factor and its position are gathered in
Table 3, where can be observed that the position of (Prod)max is the same among different
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301.6

(a) Thermal neutron flux. (b) Epithermal neutron flux.

(c) Fast neutron flux. (d) Total neutron flux.

Figure 5: Calculated neutron flux in rotary groove channels for different triangular channel
configurations.

triangular channel configurations and is only slightly shifted from the bare configuration. The
presence of the triangular channel increases hot rod power peaking factor for up to 2 %, which
is considered acceptable.

Total power density peaking factor (Ftot) is defined as the ratio between the maximum
power density (pmax) and the average power density (pavg) in the core:

Ftot =
pmax

pavg
. (2)

The calculated values for total power density peaking factor for different triangular chan-
nel are presented in Table 4 and similar among different configurations. It can be observed that
there are no large deviations among different configurations for individual energy group. It can
be concluded that triangular channel design has a negligible effect on power density peaking
factor.

The total power density peaking factor (Ftot) can be split into two sub-factors: axial power
density peaking factor (Fz) and radial power density peaking factor (Fr).

Radial power density peaking factor (Fr) is defined as the ratio between maximum power
density integrated in a particular point (x,y) over entire height h [7]:

Fr =
(pr(x, y))max

(pr(x, y))avg
. (3)
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Table 3: Calculated hot rod peaking factor and its fuel rod position for different triangular
channel configurations.

Configuration Fhr Position configuration
bare

(CC) -1 [%]

Bare 1.375 B4
Configuration 1 1.403 B5 2.04
Configuration 2 1.393 B5 1.31
Configuration 3 1.403 B5 2.04
Configuration 4 1.394 B5 1.38

The axial power density peaking factor (Fz) is defined as a ratio between maximum power
density integrated in a particular height (z) over entire (x,y) plane:

Fz =
(pz(z))max

(pz(z))avg
. (4)

The calculated radial and axial power density peaking factors are presented in Table 4 and
deviations among different configurations can be considered negligible.

Table 4: Calculated power density peaking factors for different triangular channel configura-
tions.

Configuration Ftot Fr Fz

Bare 2.643 2.047 1.280
Configuration 1 2.712 2.106 1.274
Configuration 2 2.691 2.087 1.273
Configuration 3 2.705 2.102 1.274
Configuration 4 2.703 2.092 1.272

As the triangular channel is commonly used for radiation harness studies of semicon-
ducting (commonly Si based) components we investigate also the impact of different channel
configurations on the performance of radiation hardness testing of electronic devices was anal-
ysed. The flux to dose conversion factors used for silicon equivalent dose and 1 MeV flux
equivalent calculation were taken from ASTM E-722 standard (Standard Practice for Charac-
terizing Neutron Fluence Spectra in Terms of an Equivalent Monoenergetic Neutron Fluence
for Radiation-Hardness Testing of Electronics) [8]. Results are presented in Table 5 and show
no significant deviation (up to 3.5 %) among different channel configurations. Statistical uncer-
tainty of the Monte Carlo method was < 0.1 % and considered negligible.

Table 5: Calculated silicon dose equivalent and 1 MeV flux equivalent by ASTM E-722 standard
for different channel configurations.

Configuration DSi(CC) DSi(TC) φ1MeV (CC) φ1MeV (TC)
[Gy/h] [Gy/h] [n·cm−2s−1] [n·cm−2s−1]

Bare 8.23×103 / 6.43×1012 /
Configuration 1 8.27×103 4.01×103 6.46×1012 3.13×1012

Configuration 2 8.23×103 4.15×103 6.43×1012 3.24×1012

Configuration 3 8.27×103 4.03×103 6.46×1012 3.15×1012

Configuration 4 8.24×103 4.04×103 6.43×1012 3.16×1012
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4 SUMMARY AND CONCLUSION

This paper presents the detailed calculation analysis of different possibilities for new tri-
angular channel configuration in the JSI TRIGA reactor. Compared were multiplication factor,
total neutron flux in central channel, total neutron flux in triangular channel, neutron spectrum
in triangular channel, as well as impact on rotary groove and power peaking factors. Research
was concluded by comparing radiation hardness silicon equivalent dose and 1 MeV flux equiva-
lent in triangular channel, which are important parameters when performing radiation hardness
testing of electronics. All analysis concluded that there is no significant difference between
different configurations and final design can be chosen based on technical limitations.
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ABSTRACT

Activated cooling water in nuclear facilities can represent a significant radiation source
around primary cooling systems causing radiation damage to electrical components, increasing
doses to personnel and, in the case of fusion facilities an additional heating to superconducting
coils. As there are only a few sources of gamma rays with energies in the range of 6 MeV and
7 MeV, water activation experiments present an important opportunity to study the effects of
high energy gamma radiation. However, there are very few water activation experiments being
performed for studies related to high energy gamma radiation and validation of water activation
calculation methodologies. A practical water activation experiment is performed routinely at the
Jožef Stefan Institute TRIGA research reactor for educational purposes. During the most recent
exercise, a well defined experimental setup was created with the aim to recreate the experimental
results with computational methods. A three step calculation process using the MCNP particle
transport code and an analytical approach to take into account radioisotope decay, was used
for water activation calculations, water transport to the reactor platform and calculations of
detector response. Both from a qualitative and a quantitative standpoint the calculated results
are in good agreement with the experimental results. The calculated detector response showed
all the significant features of the experimental gamma ray spectra with some small deviations
attributable to the background at full reactor power and lack of relevant details in the modelling
of the detector. The results show that the current experimental configuration can be used for
validation of water activation calculation methodology in future improved experiments.
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1 INTRODUCTION

Water is the cooling fluid in many fission nuclear power plants, research reactors and
it is also considered as a cooling fluid in fusion reactors. During the cooling of the reactor
core in case of fission reactors, and blankets in case of fusion reactors the water is exposed
to neutrons and gets activated. The activation products are activated oxygen and hydrogen
nuclei, activated dissolved gases, corrosion products and water impurities. After irradiation
the activated cooling water flows through the primary cooling circuit, commonly outside the
primary biological shielding surrounding the reactor vessel, where the activated products decay
and emit radiation. The emitted radiation may cause radiation damage to electrical components,
increased doses to personnel working close to the cooling circuit and in the case of fusion
facilities additional nuclear heating to various cryogenic components such as superconducting
coils cooled by liquid helium [1, 2].

The Jožef Stefan Institute (JSI) TRIGA Mark II research reactor is used as an educational
facility for university students and future operators of Slovenian Krško Nuclear Power Plant
[3, 4]. One of the exercises students perform at the reactor during the course is a water activation
experiment. A water loop is installed, through which water is transported from the reactor core
(where it is activated) to the reactor platform where several different detectors (High Purity
Germanium detector - HPGe - and Lanthanium Bromide detector) are used to measure the
gamma ray spectra emitted from activated water and dose rate meter to measure dose rates.
The aim of the exercise is for students to get familiar with the principles of water activation
in nuclear reactors and learn how to detect high energy gamma rays. During the most recent
exercise, a well defined experimental setup was created with the aim to recreate experimental
results with computational methods.

The paper is organized as follows. The principles of water activation are presented in the
first part of the paper. In the second part of the paper, the JSI TRIGA reactor, the experimental
setup and calculations of water activation are presented. In the last part of the paper the ex-
perimental measurements (detector response) and comparison of experimental and calculated
results are presented.

2 WATER ACTIVATION

Radioactive oxygen and nitrogen isotopes are produced in cooling water from activation
of stable oxygen isotopes via the 16O(n,p)16N, 17O(n,p)17N and 18O(n,γ)19O [5]. Activated iso-
topes in cooling water decay by emitting various decay products with different average energies:

16N 7.13 s−−−→ 16O + β− + γ (6.13 MeV and 7.11 MeV)

17N 4.14 s−−−→ 16O + β− + γ + n (0.86 MeV)

19O 26.9 s−−−→ 19F + β− + γ (0.20 MeV and 1.36 MeV and 1.44 MeV)

The 16O(n,p)16N and 17O(n,p)17N reactions are threshold reactions with threshold energies at
10 MeV and 8 MeV respectively. The 18O(n,γ)19O reaction however takes place even at low
incident neutron energies as presented in Fig. 1.

Activation of dissolved gasses, corrosion products and additions in cooling water are
facility-specific. The major contributors to the total water activity during operation are the
activated oxygen nuclides, especially activated isotope 16N due to a high natural abundance of
16O for (n,p) reaction and high energy gamma radiation [1]. Due to this, the experiment per-
formed during the exercise and the subsequent analysis presented in this paper are focused on
activation of this isotope only.
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Figure 1: Cross section energy dependence for activation of oxygen nuclides taken from the ENDF/B-
VIII.0 data library [5].

3 WATER ACTIVATION EXPERIMENT AT THE JSI TRIGA RESEARCH REAC-
TOR

The Jožef Stefan Institute TRIGA Mark II research reactor is a light water pool type
research reactor with maximum steady state power of 250 kW. The core is submerged into a
6.25 m high and 2 m wide aluminium pool filled with water. The reactor core consists of six
concentric rings loaded with stainless steel clad cylindrical fuel rods and aluminium in-core
irradiation channels. The reactor power is controlled by four individually operated control rods.
The core is surrounded by a circular graphite reflector [6]. A schematic drawing of the reactor
core and reactor pool is presented in Fig. 2a.

A special system was designed for the water activation exercise at the JSI TRIGA reactor.
The system is comprised of a water loop which conveys activated water from the reactor core
to the reactor platform, and several detectors which are used to measure incuded activites and
dose rates [4]. The water loop consists of an aluminium tube located in one of the measurement
positions in the reactor core, a small water pump and a plastic tube at the reactor platform. In
Fig. 2b a picture of the water pump and plastic tubing at the reactor platform is presented.

3.1 Calculation of Water Activation in Reactor Core

The specific activity a (activity per unit volume) of an isotope in water is described with
the following equation:

a(t) = R(1− e−λt) (1)

where λ is the decay constant, t is tre irradaiton time and R is the average reaction rate density
in the region of interest (reactor core) [1], given in the following equation:

R =

∫ ∞
0

n0σ(E)Φ(E)dE, (2)

where n0 is the number density of the target atoms, σ(E) is the reaction cross section and Φ(E)
is the energy dependent absolute neutron flux. The water activation loop is an open loop. Due
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302.4

(a) Schematic drawing of the JSI TRIGA research
reactor. Red region marks the reactor core. The
experimental setup presented in Fig. 2b is located
at reactor platform.

(b) Picture of water pump and tubing used for wa-
ter activation exercise. The blue arrows show the
direction of water flow in the tubes. In the picture
part of the measurement position used to measure
gamma ray spectra is also visible.

Figure 2: Schematic drawing of JSI TRIGA reactor pool and experimental setup for water activation on
reactor platform.

to this the specific activity at the reactor platform can be calculated taking into account only the
saturation and decay terms:

aP (t) = R(1− e−λt)e−λtt , (3)

where tt is the time water flows from the top of the reactor core to the reactor platform.
The reaction rate in the reactor core can be obtained by several different methods. The

analysis presented in this paper was performed with the Monte Carlo N-Particle transport code
(MCNP) in an already existent MCNP model of the JSI TRIGA reactor [6, 7]. The cross section
used for calculation of the 16O(n,p)16N reaction rate was taken from the ENDF/B-VIII.0 library
(the cross section for this reaction is the same in the majority of commonly used nuclear data
libraries [5, 8]). For a detailed calculation the water in the aluminium tube in the reactor core
was divided into 1 cm sections in which reaction rates were calculated. With the use of equations
(1), (3) and the methodology described in [1] the specific activity at the top of the reactor core
and on the reactor platform was calculated. The irradiation and transport times were determined
from the volume of water in the system and water flow rate, which was measured during the
exercise - 1.85 l/s. The specific 16N activity at the top of the reactor core was calculated to
be around 231 kBq/cm3 and at the reactor platform around 60 kBq/cm3 (distance from reactor
core ∼7.5 m). The calculated specific activity was used for comparison of experimental and
calculated results.
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4 GAMMA RAY MEASUREMENTS AND CALCULATION

In the most recent water activation exercise we used an Ortec High Purity Germanium
detector (HPGe), an Saint-Gobain LaBr detector and a Berthold 1236 dose rate meter. The
HPGe and LaBr detectors were surrounded by lead shielding to reduce the background radiation
from the reactor. Only a 5 cm gap was left in the shielding for the tube with activated water.
A photo of the setup with marked components is presented in Fig. 3. Before the experiment
the HPGe detector energy bins were calibrated with known sources (137Cs and 60Co) while the
efficiency of the HPGe detector was not calibrated.

Figure 3: Experimental layout for measurement of gamma ray spectra of activated water. The activated
water passed through a 5 cm gap in the shield. Blue arrows represent the direction of water flow.

4.1 Computational Model and Source

The experimental layout presented in Fig. 3 was modelled in MCNP and is presented
in Fig. 4. A detailed model of the HPGe detector was inserted into the model for calculation
of gamma ray spectra with the use of photon and electron transport. The experimental results
measured with the LaBr detector were more strongly affected by background noise, and the
LaBr detector itself has a significantly lower energy resolution compared to HPGe detector.
Due to this the LaBr detector was not included into the present analysis.

The source of gamma rays used for calculations was described with all ten gamma ray
energies emitted from the decay of the 16N isotope [5] and not just the most dominant gamma
ray energies. The position for gamma ray birth was a 7 cm long part of the water tube - 5 cm
gap in the lead shielding and 1 cm additional length at each side of the gap. Calculations were
also run with activated water present in the shielded tube; no difference was observed compared
to the short source. Due to this the source with the short length of tube was used for further
calculations.

4.2 Comparison of Experimental and Calculated Results

To compare measured and calculated gamma ray spectra both results were rescaled to
same units, namely detected counts per energy bin per second. For the measurements, the
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Figure 4: MCNP model of the experimental layout.

measured counts in each bin were divided by the measurement live time. For the calculated
results, the obtained spectra were multiplied by a scaling factor corresponding to the number
of emitted gamma rays per second. This number was determined from the calculated water
activity at the reactor platform and the measured water flow rate. The comparison of measured
and calculated results is presented in Fig. 5.

Background measurements at full reactor power were not made. Only the background at
zero reactor power before the beginning of the exercise was taken into account (subtracted from
subsequent measurements). Due to this there is an observable difference in the calculated and
measured gamma ray spectra at low energies - below 5 MeV.

An additional difference can also be observed in the height of gamma ray peaks. This
can be attributed to the modelling of the HPGe detector, not taking into account all the relevant
details.

Figure 5: Comparison of measured and calculated gamma ray spectra for decay of activated water. In
the measurement results background was taken into account.

Three gamma peaks for decay of isotope 16N are visible in both gamma ray spectra -
2.74 MeV, 6.13 MeV and 7.11 MeV with their single and double escape peaks. A comparison
of measured and calculated main gamma ray peak (6.13 MeV) is presented in Fig. 6. The
smaller gamma peak to the left of the main gamma peak is the double escape peak associated to
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the 7.11 MeV gamma peak. An additional feature of the measurements with the HPGe detector
is also visible in Fig. 6, namely that the shape of the measured gamma ray peaks is not entirely
Gaussian as expected but has an extended tail towards higher energies. We presume that this
effect is due to pulse pileup. Possible solutions to limit the total count rate in order to reduce
pulse pileup effects are a greater distance between the HPGe detector and the gamma ray source
or a lower water flow rate.
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Figure 6: Comparison of measured and calculated gamma ray spectra for energies around the main
gamma ray peak from isotope 16N decay - 6.13MeV. The smaller peak left of the main peak is due to
double escape of the gamma ray with energy 7.11MeV.

The dose rate around the water loop on the reactor platform was calculated and compared
to experimental measurements. The dose rate was calculated using the flux-to-dose conversion
factors from the ICRP-21 standard [9]. The calculated dose rate was 750 µSv/h ± 75 µSv/h
while the measured dose rate with a Berthold 1236 detector at a similar position was 800 µSv/h
± 50 µSv/h.

5 CONCLUSION

There are very few water activation experiments being performed at research reactors.
At the JSI TRIGA reactor a water activation experiment is routinely performed for education
purposes. During the most recent exercise, a well defined experimental setup was created with
the aim to recreate experimental results with computational methods.

A three step calculation process using the MCNP particle transport code and an analytical
approach to take into account radioisotope decay was used. The water activation and detector
response was calculated using the MCNP transport code while the scaling factor for calculated
MCNP results was calculated with the analytical approach. The obtained calculated results
show good agreement with experimental results showing all detector response significant fea-
tures. Some discrepancies due to the background at full reactor power and lack of relevant
details for modelling of detector were observed.

Future water activation experiments with additional measurements with the HPGe detec-
tor (background radiation at full reactor power) and a more detailed computational model of
the detector, show a good potential for validation of the computational methodology of acti-
vation, transport and radiation caused by the activated water. In addition reference calibration
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sources will be used to determine the efficiency of the HPGe detector. As there are no calibra-
tion sources for high gamma energies (∼ 6 MeV) the detection efficiency will be extrapolated
form low energies, allowing for validation of the methodology for calibration of detector for
high energy gamma rays.

In addition a permanent water activation facility is under design at the JSI TRIGA research
reactor [10] enabling research activities related to nuclear detectors, testing of materials and
electronic components (radiation damage, shielding, etc.).
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303.1 

Updated Spectral Parameters and Neutron Fluxes in Specific 
Irradiation Channel in the Carousel of TRIGA MARK IPR-R1 

Research Reactor Used to Apply  
Neutron Activation Analysis, k0-Method 

Radojko Jaćimović 

Jožef Stefan Institute 

Jamova cesta 39, SI-1000, Ljubljana, Slovenia 

radojko.jacimovic@ijs.si 

Maria Ângela de B. C. Menezes 

Nuclear Technology Development Centre/Brazilian Commission for Nuclear Energy 

Avenida Presidente Antônio Carlos, 6627, Campus UFMG,  

CEP 31270-901, Belo Horizonte, Brazil 

menezes@cdtn.br 

ABSTRACT 

The TRIGA MARK I IPR-R1 research reactor has been operating since November 6, 

1960. It is located at Nuclear Technology Development Centre, CDTN (Centro de 

Desenvolvimento da Tecnologia Nuclear), Brazilian Commission for Nuclear Energy, CNEN 

(Comissão Nacional de Energia Nuclear), Belo Horizonte, Brazil. IPR-R1 reactor has been used 

for several activities including neutron activation analysis (NAA). The core configuration has 

been modified six times since the first criticality and elsewhere there are seven publications 

about the neutron fluxes determinations from 1975 and 2010, using experimental and semi 

theoretical methodologies. Over time, several studies were carried out, determining the neutron 

fluxes in different irradiation channels and devices, applying different procedures and materials. 

Until 2001, the carousel facility of the TRIGA reactor was used to rotate and the values assumed 

for the carousel were the average values for thermal and epithermal neutron fluxes. This reactor 

operates at 100 kW, however after new configuration for 250 kW, the carousel no longer rotates 

during irradiations. The objective is to preserve the rotation mechanism. In 2003, the values 

were determined experimentally in five specific channels aiming at the application of NAA by 

the k0-method in the IPR-R1 reactor. The determinations were repeated applying the same 

procedure in 2016, 2018 and 2019. Values for thermal and epithermal neutron fluxes as well as 

f and α spectral parameters were determined. This paper presents the determination of the values 

in irradiation channel number 7 (IC-7) in the carousel. 

1 INTRODUCTION 

One important contribution of the analytical chemistry techniques to science is to inform 

about the composition of matter. In this regard, neutron activation analysis plays an important 

role as a technique determining several chemical elements in almost all kind of matrices [1,2]. 

This technique can be applied in relative way, using standards of the analyte. In this case, all 

possible interferences do not affect the final results, once the standards and samples are 

irradiated in the same experimental conditions. When this technique is performed by k0-

standardized method - a single comparator method - standards of the interested element are not 

necessary, however, it is of utmost importance to carefully determine the spectral parameters α 
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(epithermal neutron flux shape factor), f (thermal-to-epithermal neutron flux ratio) as well as 

the neutron fluxes [2,3,4]. The “Cd-ratio for multi-monitor”-method [3,4] is the most accurate 

procedure for their determination. This method involves several measurements of each monitor, 

irradiated bare and Cd-covered. There are several recommended monitors to be used for f and 

α determination as Au, Co, Fe, In, Lu, Mn, Mo, Th, U, Zn and Zr [5]. 

The value of  determined in an irradiation channel is essential for the conversion of 

resonance integral (Io) to Io(α). It is also necessary for calculation of the ratio of resonance 

integral to thermal cross-section (Qo) that is valid only in ideal situation, to Q0(α) for application 

in real reactor neutron activation analysis without standards, for instance, using the k0-

standardization method [3,6].  

The TRIGA MARK I IPR-R1 nuclear reactor, is located at Nuclear Technology 

Development Centre/Brazilian Commission for Nuclear Energy, CDTN/CNEN, Belo 

Horizonte, Brazil. IPR-R1 reactor has been used for training of reactor operators, production of 

radioisotopes (radiopharmaceuticals, radiotracers, production of radioactive sources) neutronic 

and thermohydraulic studies and neutron activation analysis. Its core configuration has been 

modified six times since the first criticality and elsewhere there are seven publications about 

the neutron fluxes determinations from 1975 and 2010, using experimental and semi theoretical 

methodologies. Several materials/monitors were used during experimental procedures, and the 

neutron fluxes were determined in different irradiation channels and devices. Monte Carlo 

Simulation, MCNP, was applied in semi theoretical procedure. From configuration nº 5, 1996, 

thermal and epithermal neutron fluxes were determined and the average values for carousel 

were published in four papers. These values were calculated experimentally and semi-

empirically using MCNP, Monte Carlo N-Particle Transport Code [7]. Therefore, over time, 

several studies were carried out, determining the neutron fluxes in different irradiation channels 

and devices, applying different procedures and materials [7-13]. 

The average of the spectral parameters f and α and thermal and epithermal neutron fluxes 

was determined for the first time in 1995 in the carousel of the TRIGA MARK I IPR-R1 nuclear 

reactor when it was used to rotate. At this time, the k0-method was established at Laboratory 

for Neutron Activation Analysis [9]. Until 2001, the average values for the carousel were used 

to calculate the elemental concentrations. When the new configuration for 250 kW was made 

in 2002 [9,14], it was necessary to quit rotating the carousel during irradiations in order to 

preserve the damaged mechanism of the carousel. It was necessary to re-determine the neutron 

fluxes f and alpha in irradiation channels since it was no longer possible to use the average 

values in order to guarantee accuracy in the application of k0-neutron activation analysis. In 

2003, five specific irradiation channels in the carousel of this research reactor were chosen and 

the thermal and epithermal neutron fluxes as well as the spectral parameters were calculated 

[11]. The procedure applied was the “Cd-ratio for multi-monitor” method [3,4], using Au and 

Zr certified foils, irradiated bare and under Cd-covered, using in house manufactured cadmium 

covers.  

In 2016 the determinations of f and α and neutron fluxes were carried out two times, in 

April and May, with more suitable Cd-boxes, with 1:2 ratio between diameter and height and 1 

mm thickness as recommended [3,4] and Au, Fe, Zn and Zr foil as monitors. In 2018 and 2019, 

the procedure was applied again in order to verify if the values experimentally determined were 

still consistent. This paper presents these determinations related to irradiation channel IC-7 

considered the representative of all channels in the carousel according to Menezes and 

Jaćimović, 2006 [11]. 
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2 METHODOLOGY 

Based on “Cd-ratio for multi-monitor” method, a set of monitors Au, Fe, Zn and Zr was 

irradiated bare and Cd-covered, and the induced activities were measured on a high-purity 

germanium (HPGe) detector. Values of f were determined simultaneously with  in the same 

irradiation position in the carousel of the TRIGA reactor.  

2.1 Preparation of Bare and Cd-Covered Sets 

The monitors were in form of discs, 6 mm diameter, and were cleaned using alcohol and 

deionized water, dried and weighted using an analytical balance. The two sets of monitors (one 

for bare irradiation and other for Cd-covered irradiation) were wrapped in plastic foil. The same 

order was followed, from bottom to top: Au, Fe, Zn and Zr. Table 1 shows the characteristics 

of the monitors and the Cd-box. 

Table 1: Characteristics of the monitors (foil) 

Monitor Supplier Height (mm) Purity  

(%) 

(n,γ) reaction 

Au IRMM-530R 

(Al-0.1%Au) alloy  

0.1 0.1003±0.0012 

(k=2) 

197Au(n,)198Au 

Fe IRMM-524A 0.1 ≥ 99.996 58Fe(n,)59Fe 

Zn Goodfellow 0.050 99.99+ 68Zn(n,)69mZn 
64Zn(n,)65Zn 

Zr Goodfellow 0.125 99.8 94Zr(n,)95Zr 
96Zr(n,)97Zr 

Cd-box Goodfellow Height 20; 

Diameter 10; 

Thickness 1 

99.99+ - 

 

For bare monitors, the set was inserted into a polyethylene vial, and fixed in the centre of 

this vial, filling the space with paper. For Cd-covered monitors, the set was inserted into the 

Cd-box and, then, inserted into a polyethylene vial and also filling the space with paper. Both 

bare and Cd-covered vials were inserted into a polystyrene rabbit. 

2.2 Irradiation of Bare and Cd-Covered Sets 

The rabbits with bare monitors were irradiated for 90 minutes in previously selected 

irradiation positions in the carousel. The rabbits were inserted during steady-state operation, at 

a power level of 100 kW, and taken manually out without shutting down the reactor. During 

this operation, the irradiation time of each rabbit was controlled and written in the logbook. 

Each rabbit was taken out from its position in the same order as it was inserted. 

Related to Cd-covered set, the same procedure was followed, keeping the reactor 

operating, the rabbits were inserted with the Cd-box in the same channels where the bare 

monitors were irradiated. The irradiation was for 3 hours. 

2.3 Gamma Spectrometry of Monitors 

Immediately after irradiation of bare monitors, the set of monitors was taken out from the 

rabbit, and separately, each monitor was inserted into a polyethylene vial for gamma 

spectrometry. The induced activities of 198Au, 59Fe, 69mZn, 65Zn, 97mNb and 95Zr were measured 

on the same absolutely calibrated HPGe detector manufactured by CANBERRA, 25% relative 

efficiency, connected to Genie 2000 (CANBERRA) software. For short half-life radionuclides, 

at a monitor-detector distance of 10 cm; for long half-lives, 2 cm. For Au, 198Au was measured 

at both monitor-detector distances. Information about monitors related to gamma spectrometry 
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is displayed in Table 2. The following day, the same procedure was applied for Cd-covered set 

of monitors. For peak area evaluation, the HyperLab program [15] was used. For elemental 

concentration and parameters f and  calculations, a software package called KayWin (Kayzero 

for Windows®) [16] was used. Table 3 shows gamma energies and relevant nuclear data used 

for spectral parameters calculations. 

Table 2: Bare and Cd-covered monitors measurements at an HPGe detector. 

Monitor Nuclide Reaction Decay 

1 

Measurement 1 
(Distance 

monitor-detector) 

Decay 

2 

Measurement 2 
(Distance 

monitor-detector) 

Au 198Au 197Au(n,γ)198Au < 1 d 10 cm < 3 d 2 cm 

Fe 59Fe 58Fe(n,γ)59Fe > 5 d 2 cm N.A. 2 cm 

Zn 69mZn 68Zn(n,γ)69mZn 
< 1 d 10 cm 

N.A. 
2 cm 65Zn 64Zn(n,γ)65Zn > 5d 

Zr 97mNb 96Zr(n,γ)97Zr 
< 1 d 10 cm < 3 d 2 cm 95Zr 94Zr(n,γ)95Zr 

Note: for Eγ, see Table 3. 97mNb (Eγ = 743.4 keV). N.A. - Not Analysed 

Table 3: Relevant nuclear data used for determination of parameters f and  in the irradiation 

channels of the TRIGA Mark I reactor [17]. 

El. Nuclide 
T1/2 

(unc, %) 

E,  

keV 
FCd Ge 

Ēr, eV, 

(unc., %) 

Q0 

(unc., %) 

k0 

(unc., %) 

Au 
198Au 

2.695 d 

(0.008) 
411.8 0.991 1 

5.65 

(7.1) 

15.71 

(1.8) 
 1 

Fe 
59Fe 

44.5 d 

(0.013) 
1099.3 1 1 

637 

(24.0) 

0.975 

(1.0) 

7.77 10-5 

(0.5) 

Zn 
69mZn 

13.76 h 

(0.15) 
438.6 1 1 

590 

(10.0) 

3.19 

(1.4) 

3.98 10-4 

(0.6) 

65Zn 
244.3 d 

(0.04) 1115.5 1 1 
2560 

(10.0) 

1.908 

(4.9) 

5.72 10-3 

(0.4) 

Zr 
95Zr 

64.02 d 

(0.094) 

724.2 

+756.7 
1 0.983 

6260 

(4.0) 

5.306 

(3.3) 

2.000 10-4 

(1.2) 

T1/2, Half-life; Ey, Gamma Energy; FCd, correction factor for Cd-transmission of epithermal neutrons; 

Ēr, effective resonance energy; Q0, resonance integral (I0) to 2200 m s-1 cross-section (σ0) ratio; k0,  

k0-factor; Ge, correction factor for epithermal neutron self-shielding
  

2.4 Determination of α 

The software Kayzero for Windows® was used for calculations of alpha by Cd-ratio for 

multi-monitor method that was obtained as the slope (-α) of the straight line when plotting: 
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i indicates the isotope 1, 2, 3, …N. 

As in Cd-covered multi-monitor method, α can be solved from the Eq. 1 with Ti: 
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2.5 Determination of f 

In the Cd-ratio method, the chosen monitor set was irradiated Cd-covered and bare. In 

this way, the Cd-ratio (RCd) is determined, which is defined as the ratio of specific activities 

after irradiation of the bare and Cd-covered monitors. f is calculated by using the software 

Kayzero for Windows®: 
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where the index r is the monitor with precisely known nuclear constants, especially Q0 and Ēr. 

Parameter f , defined in this way, is the ratio of thermal and epithermal fluxes according to the 

Høgdahl convention (criterion ECd  0.55 eV).  

2.6 Experimental determination of thermal and epithermal neutron fluxes 

The values for thermal neutrons flux were calculated using an Excel sheet based on f and 

α values determined using Cd-ratio for multi-monitor method: 

 

∅𝑡ℎ =
(

𝐴𝑠𝑝
𝑀⁄ )

(𝑁𝐴 𝜃 𝛾 (𝐺𝑡ℎ𝜎0 + 𝐺𝑒𝐼0(𝛼)/𝑓) 𝜖𝑝)
       (4) 

 

where Asp is specific count rate, M is molar mass, NA is Avogadro number, θ is isotopic 

abundance, γ is absolute gamma-intensity, Gth is correction factor for thermal neutron self-

shielding and εp is full-energy peak detection efficiency. 

Epithermal neutron fluxes were calculated from f, that is the ratio of thermal and 

epithermal neutrons fluxes (𝑓 =
∅𝑡ℎ

∅𝑒
). 

3 RESULTS AND DISCUSSION 

The Cd-ratio for multi-monitor-method was applied in 2003 for determining the spectral 

parameters f and α and thermal and epithermal neutron fluxes during the improvement and re-

establishment of the k0-standardized method [11]. Later, in 2016, 2018 and 2019, the 

determination of these parameters was repeated using more monitors and more suitable Cd-

boxes.  

Table 4 shows the values determined for spectral parameters and neutron fluxes from 

2003 to 2019 for IC-7 in carousel. The parentheses indicate the relative difference in percent, it 

means, the difference between the value determined in such year and the value determined in 

2003. Related to 2003, the variability of f was between 2.2% to -6.9%. It was the parameter that 

presented lower variability than other parameters, as expected by definition of f. 
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Table 4. Spectral parameters and neutron fluxes determined for IC-7, in the carousel of 

TRIGA MARK 1 IPR-R1. 
Spectral 

Parameters 
Year of Determination 

2003 2016 

(April) 

2016 

(May) 

2018 2019 

f 22.32±0.86 22.82±0.86 

(2.2%) 

20.77±0.86 

(-6.9%) 

21.11±0.85 

(-5.4%) 

21.84±0.85 

(-2.2%) 

α -0.0022±0.0030 0.0071±0.0025 

(-423%) 

0.0036±0.0040 

(-264%) 

0.0039±0.0040 

(-277%) 

-0.0005±0.0010 

(-77%) 

∅𝑡ℎ  

(cm-2 s-1) 

6.35E11 7.72E11 

(21.6%) 

7.06E11 

(11.2%) 

7.90E11 

(24.4%) 

7.79E11 

(22.7%) 

∅𝑒  

(cm-2 s-1) 

2.85E10 3.38E10 

(18.6%) 

3.40E10 

(19.3%) 

3.74E10 

(31.2%) 

3.57E10 

(25.3%) 

Set of 

monitors 
198Au-95Zr

 
198Au-59Fe-

69mZn-65Zn-95Zr

 
198Au-59Fe-

69mZn-65Zn-95Zr

 
198Au-59Fe-

69mZn-65Zn-95Zr

 
198Au-59Fe-69mZn-

65Zn-95Zr

 

(In parenthesis: difference from Spectral Parameter or Neutron Flux in that year to Spectral Parameter 

or Neutron Flux in 2003) 

 

In order to evaluate the contribution of these differences in the elemental concentrations 

in a sample, the certified reference material BCR-320R, Channel Sediment (European 

Commission's Joint Research Centre, Institute for Reference Materials and Measurements, 

Belgium), was analysed in triplicate by the k0-standardized method of neutron activation 

analysis and compared to certificate values. 

The irradiations were carried out in the IC-7 for 8 hours. After a suitable decay time, 

sufficient for the decay of interfering of radionuclides with shorter half-lives, the samples were 

measured using an HPGe detector with 25% relative efficiency. The spectra were acquired by 

software Genie 2K, CANBERRA, three times in order to measure the radionuclides with 

medium and long half-lives. The spectra were analysed by HyperLab software [15] and the 

elemental mass fractions calculated by a package called Kayzero for Windows® [16]. The 

calculations were performed using the values of f, α and neutron fluxes obtained in 2003, 2016, 

2018 and 2019. Concerning 2016, the values were those calculated in the measurement of April, 

with a higher thermal neutron flux level, closer to values calculated in 2018 and 2019, but with 

higher value f to emphasis bigger differences in the results of the k0-method. 

In sequence, to check the analytical response of the method used as well as its suitability, 

the En-score [18] was calculated. This evaluator considers the difference between the lab result 

and certified value and their associated expanded uncertainties with a coverage factor k = 2 

(95% confidence interval). The evaluation criterion is stated as: the performance of the method 

is considered satisfactory when is En ≤ 1, and unsatisfactory when and |En| > 1. When is En ≤ 

1, it means that the method produced results with 95% of possibility to be inside a range of 

values that correspond to the true values.  

Table 5 shows the certified values for BCR-320R and the experimental results calculated 

for 2003, 2016, 2018 and 2019, as well as En-score. This evaluator pointed out that the k0-

method applied produced results in good agreement to certificated values. It means that the 

performance of the method was satisfactory.  
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Table 5. Certified values and experimental results for BCR-320R, Channel Sediment, and  

En-score. The experimental results were calculated using the values for spectral parameters and 

neutron fluxes determined in a specific year for IC-7, in the carousel of TRIGA IPR-R1 

El. 

Certified 

Values 

Experimental Results, n=3, dry mass 

2003 

2016  

(April) 2018 2019 

(mg kg-1) 

k=2 

(mg kg-1) 

k=1  

En-

score 

(mg kg-1) 

k=1 

En-

score 

(mg kg-1) 

k=1 

En-

score 

(mg kg-1) 

k=1 

En-

score 

As 21.7±2.0 21.9±0.8 0.08 21.8±0.8 0.04 22.1±0.8 0.16 22.0±0.8 0.11 

Co 9.7±0.6 9.6±0.3 -0.13 9.5±0.3 -0.19 9.7±0.3 0.04 9.6±0.3 -0.06 

Cr 59±4 60.3±2.2 0.23 60.0±2.1 0.17 61.4±2.2 0.40 60.8±2.2 0.30 

Fe 25700±1300 25092±881 -0.28 24957±876 -0.34 25540±897 -0.07 25278±888 -0.19 

Sc 5.2±0.4 5.2±0.2 0.00 5.2±0.2 -0.07 5.3±0.2 0.18 5.2±0.2 0.07 

Th 5.3±0.4 5.2±0.2 -0.12 5.2±0.2 -0.17 5.3±0.2 -0.05 5.2±0.2 -0.10 

U 1.56±0.20 1.5±0.1 -0.07 1.5±0.1 -0.10 1.5±0.1 -0.17 1.5±0.1 -0.13 

Zn 319±20 317±11 -0.06 315±11 -0.12 323±12 0.13 319±11 0.02 

4 CONCLUSIONS 

The experimental results for BCR-320R using the values for IC-7 calculated in 2003, 

2016, 2018 and 2019 and evaluated by En-score, point out that the differences of f, α and neutron 

fluxes of each year to values calculated in 2003 do not contribute significantly on the results 

and, probably were inside the uncertainty of the method. In other words, we can conclude that 

the k0-method installed in CDTN according to the recommendations of k0-standardization is 

very reliable and useful for various purposes. Nevertheless, various studies should be done to 

evaluate which parameter may contribute more to the results.  

 It is also observed that in a period of 16 years, the spectral parameter f presented small 

differences, pointing out the stability of the reactor. 
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ABSTRACT 

After the calendar year is over, operating performance indicators for Jožef Stefan Institute 

TRIGA Mark II research reactor are analysed. For the second year in a row, there was 

significant increase in operating hours of the TRIGA reactor and total received dose by the 

operating staff. The main reason for that are research campaigns for foreign users which number 

is growing year by year. Such campaigns are not important just to serve as an excellent reference 

but since customers are from abroad, campaigns are important to keep our budget positive. This 

is reflected in improved service received not just by foreign researches but also by domestic 

users.  

1 INTRODUCTION 

In the paper, firstly operating performance indicators are analysed for the year 2019. 

Indicators are important for safe future operation, since from the analysis it can be quickly seen 

which fields need to improve. Operating performance indicators can also be compared to other 

research reactors not just the ones in the region but worldwide. Beside performance indicators, 

in this paper some highlights from last year of operation are presented, like interesting research 

campaigns or major upgrades and modification of JSI TRIGA research reactor. 

2 OPERATING PERFORMANCE INDICATORS 

In year 2019, the reactor was in operation for 723 hours which more than in the year 2018. 

Produced energy decreased from 116.0 MWh to 112.6 MWh. It can be observed that the reactor 

was operated more, but at lower power levels.  On Figure 1, one can see annual released energy 

from our fuel for the last 10 years. In addition, also yearly operating hours are presented. It 

shows that reactor operation is increasing through the last 5 years, but is it significantly lower 

than 10 years or even 40 years ago. 40 years ago, the reactor was extensively used for isotope 

production. 10 years ago, the reactor was used mainly for neutron activation analysis and both 

of these two branches require long full power operations. Today, the nature of our work is 
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different. Our niche is that we can host single groups of scientists, researches or engineers that 

have the whole machine for themselves. Therefore, they can instruct operators at what power 

level the reactor should be operated so they have perfect conditions for their experimental setup. 

Another important advantage of our team is also that we can offer complex experimental setups 

in relatively short time, e.g. only three months to modify the beam port, which is a lot shorter 

than similar operations would take on other facilities in the region (Europe).  

 

Figure 1: Graph showing energy released per year and operating hours per year for the last 10 

years of operation.  

In the last year, the reactor was operated also in pulse mode. Altogether 90 pulses were 

generated which is more than in year 2018, when 27 pulses were done. On the other hand, the 

number of core changes was decreased in 2019 from 10 down to 6. 

In the last years, the core is usually changed for the purpose of delicate neutron flux 

measurements, where experimental results are supported by computer simulations using Monte 

Carlo N-Particle transport code. Symmetric core is easier to model and provide more accurate 

results. During measurements of neutron flux, it is impossible to obtain data like neutron spectra 

which is a routine for MCNP calculations. For regular operation, a core containing triangular 

channel is used which allows users to irradiate larger samples at relatively high neutron flux 

(~5 × 1012 cm-2s-1). 

In year 2019 reactor was shut-down automatically five times. Automatic shutdowns are 

initiated by the protective system. Once, it happened during Pulse nuclear channel calibration. 

The operation is performed after every major core change or at least once a year. The reactor 

power is set to 250 kW on Linear nuclear channel which is determined by the thermal 

calibration. Then, other detectors are set to the same value by setting the proper height of the 

detector manually. The pulse channel detector was accidentally lowered too deep and the power 

reading exceeded 120 % of full power. Other automatic shutdowns happened due to the mistake 
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during reactor start-up. Once, it was trainee error and three times, it was operator error. Every 

time, the power level was below 1 kW. 

Annual doses received by personnel were once again higher than a year before. Collective 

dose received by the reactor operators is 1.31 mSv. Although the collective dose increased, 

maximum dose received by the operator decreased – the dose was equally distributed among 

all four operators. None of the researches received higher dose than operators. On one hand, 

doses are increasing every year due to the extensive research campaigns. On the other hand, 

received doses are still low and therefore no further corrective actions will be taken. For 

example, yearly dose constraint for TRIGA operator is set to 2 mSv per year which is 10 % of 

the limit set by national legislation [1]. The summary of received doses is presented in Table 1. 

Received doses can be compared to the ones from the last five years. 

Table 1: Yearly received doses by the personnel in period 2015 to 2019. 

Safety Performance Indicator 2015 2016 2017 2018 2019 

Operating staff: collective radiation dose [mSv] 0.594 0.678 0.53 1.08 1.31 

Average dose [mSv] 0.149 0.170 0.133 0.270 0.328 

Maximum individual dose [mSv] 0.242 0.208 0.16 0.41 0.36 

Reactor-related staff: Collective radiation dose [mSv] 0.876 1.053 1.15 2.31 2.87 

Average dose [mSv] 0.038 0.035 0.044 0.072 0.093 

Maximum individual dose [mSv] 0.242 0.208 0.20 0.41 0.36 

Over-exposures No No No No No 

In year 2019, gaseous effluents released to the environment were slightly higher than the 

year before which can be explained by slightly higher energy release produced by the reactor. 

The activity of aerosols released through the ventilation system was to less than 2 kBq. Detected 

elements were 24Na and 82Br. Instead of the limit for the effluents, there is a limit for annual 

dose for the reference person that should not exceed 1 µSv. As presented in Table 2, yearly 

limit was not exceeded. Furthermore, effluents for year 2019 can be compared to the effluents 

from the last five years.  

Table 2: Radioactive releases for years 2015 – 2019. 
Safety Performance Indicator 2015 2016 2017 2018 2019 

Activity of noble gases released 

to the atmosphere 
900 GBq 1000 GBq 1200 GBq 1260 GBq 1300 GBq 

Activity of iodine released to 

the atmosphere 
0 Bq 0 Bq 0 Bq 0 Bq 0 Bq 

Activity of aerosols and 

particulates 
0 Bq 0 Bq 0 Bq 

< 5 kBq 
24Na 

< 1 kBq 24Na 

< 1 kBq 82Br 

Low-level liquid radioactive 

waste released 
20 m3 20.5 m3 15 m3 20 m3 18 m3 

Concentration 
4.9 kBq 

(24Na, 60Co, 65Zn) 

14.3 kBq 

(24Na, 60Co) 
< MDA < MDA < MDA 

Intermediate-level liquid 

radioactive waste released 
0 m3 0 m3 0 m3 0 m3 0 m3 

High-level liquid radioactive 

waste released 
0 m3 0 m3 0 m3 0 m3 0 m3 

Public dose < 0.47 µSv < 0.55 µSv 
< 0.63 

µSv 
< 0.65 µSv < 0.65 µSv 

3 RESEARCH WORK 

In the framework of the bilateral research collaboration project with CEA Cadarache, 

titled “Determination of the Am-241 thermal neutron capture cross section by activation 

measurements at the JSI TRIGA reactor”, preparation and testing of irradiation samples is 
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ongoing. The first samples were prepared by deposition and evaporation of 241Am chloride in 

acid solution onto polyethylene substrate, to enable measurements of neutron irradiated samples 

by alpha and gamma spectrometry. The first sample irradiations are scheduled in September 

2020. 

In the framework of the bilateral research collaboration project with CEA Cadarache, 

titled “Absolute radiation measurements at very high neutron flux levels in reactor pulse mode” 

a testing campaign was carried out in September 2019 in which the response of miniature fission 

chambers developed and manufactured at CEA Cadarache and a Centronic FC165 fission 

chamber were measured in reactor pulse operation using two electronic data acquisition systems 

[2]. The main objective of the project is to establish the feasibility of reactor pulse operation to 

extend the neutron flux range further than currently achievable in steady-state operation for 

detector testing activities. On the basis of the testing results an exhaustive experimental 

campaign is in preparation, involving fission and ionization chambers, activation dosimetry and 

the use of a Cherenkov light intensity measurement system, currently being developed at the 

JSI. 

Testing of specially developed neutron converters based on 10B4C and 6LiF used in 

conjunction with silicon carbide radiation detectors was carried out in the Dry Chamber of the 

JSI TRIGA reactor in collaboration with colleagues from the Ruđer Bošković Institute in 

Zagreb, Croatia. The testing results allowed for optimization of the neutron converter properties 

to maximize the SiC detector response [3]. 

4 OPERATIONAL HIGHLIGHTS 

In the last year, reactor operators participated in several radioactive source replacements. 

The works took place in the JSI Hot cell facility. In December 2019, two 85Kr sources were 

replaced (Figure 2) that are used by Papirnica Vevče to measure the paper grammage.  

  

Figure 2: Photos taken during 85Kr replacement.  

In Summer 2020, two radioactive sources were replaced by new ones which are used by 

JSI Laboratory for dosimetry standards. The first one was 0.1 Ci 60Co and the second one was 

10 Ci 137Cs. Both sources are used to create characteristic gamma dose field where various 

detectors are then calibrated. The transport of radioactive sources (used and new ones) was 

carried out by ARAO.  
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In September 2019, event called European researcher’s night was organized and reactor 

TRIGA was participating for the first time. The idea is to present the laboratories to the general 

public. Since the event took place in the late evening, we decided to let the visitors observe 

Cherenkov glow (Figure 3). The reactor was in operation at power level of about 30 kW, so the 

dose rate at the platform were only slightly increased and none of the visitors received a dose 

higher than 1 µSv.  

 

Figure 3: A photos taken during European researcher’s night.  

In October 2019, it was the first time we organized a short practical course for the students 

from Uppsala University – Sweden. Students spent three intensive days at TRIGA reactor 

(Figure 4) where they participated in 5 different exercises through which they learned on the 

basics of reactor physics. At the end of the course, every student was allowed to operate the 

reactor under the supervision of the licensed operator. There is plan, to organize such course 

every year. 

 

Figure 4: Uppsala University students during practical course.  

In November 2019, a group of student from Milan University took one-day course on 

prompt critical state of nuclear reactor (Figure 5). For that purposes, over 20 pulses were 

generated and students were analysing parameters taken during each pulse. These parameters 

are maximum power level, maximum temperature, released energy, change in reactivity and 

pulse half width. Measured results were later compared to the Fuchs – Hansen adiabatic model.  
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Figure 5: Milan University students during practical course.  

In January 2020, a small group of students from Lancaster University came to our facility. 

They are developing autonomous vehicle, that will be able to characterise dose field in areas, 

that are dangerous to be entered by humans. Robot operating system (ROS) can carry various 

detectors like: gamma dose rate meter, neutron probe and gamma spectrometer (Figure 6: left). 

Since the robot is still in the design stage, our facility was used as a terrain to be scanned and 

to test the performance of the ROS. For that purposes, a beam tube no. 2 was unplugged and 

the reactor was operated at low power. In relatively short time (1 hour), the ROS was able to 

provide a dose rate map of the reactor hall at the level of about 50 cm above the floor (Figure 

6: right) [4].  

  

Figure 6: Left: Robot operating system. Right: measured dose rate field inside the reactor hall.  

In March 2020, a Covid-19 situation forced our institute to work from home and therefore 

to stop all non-urgent activities in the laboratories. Due to the lack of protective equipment, 

especially facemasks, the following research was initiated. A team of researchers from the 

Reactor Physics department in collaboration with the Solid State Physics department and the 

Department of Surface Engineering and Optoelectronics have irradiated single-use respirators 

in order to study the effects of radiation on material properties and filtering efficiency. The 

irradiation with gamma rays took place in the Triangular Irradiation Channel, occupying three 

fuel element positions in the reactor core, enabling irradiations of samples with a lateral 
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dimension of approximately 50 mm. The gamma dose delivered to the respirators was 

controlled by monitoring the dose rate as a function of time during the irradiations, using an 

absolutely calibrated PTW Farmer ionization chamber. The results of the study demonstrated 

that gamma irradiation and electron irradiation can both be used to sterilize single use 

respirators, but the respirators have to be electrically re-charged to restore filtering efficiency. 

  

Figure 7: Left: Facemasks are inserted into the irradiation channel, where they were exposed 

to 50 kGy of irradiation. Right: Facemasks are being unpacked after irradiation.  

5 MODIFICATIONS DONE AT THE REACTOR IN LAST YEAR 

In the last years, there were several important modifications done [5]. The same trend was 

followed this year. In February 2020, three remaining windows of the reactor hall were replaced 

by new ones. The whole process took two weeks during which reactor was not in operation. 

The new windows are made out of laminated glass which would not shatter in case something 

falls on the window. In addition, the new windows fit better to the frames which result in better 

airtightness of the whole reactor building.  

  

Figure 8: Photos taken during windows replacement.  
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6 FUTURE WORK 

In near future, we plan to replace existing triangular channel. The new one will have 

larger inner volume allowing us to irradiate larger samples. Furthermore, several channels will 

be provided allowing us to operate with two triangular channels simultaneously in the core. In 

last years, there has been a lot of demand for irradiating larger samples in core and hopefully 

we will meet all of them with two larger channels.  

7 CONCLUSIONS 

Operational performance indicators are useful tool to monitor the utilization and safety 

of JSI TRIGA research reactor. One can quickly see that utilization has increased in year 2019 

and the trend from previous 5 years was continued. In the last operational year, there were a lot 

of activities that were carried out for the first time and according to the experience, these were 

just the beginnings of several nice and interesting collaborations.  
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ABSTRACT 

A vital phase in the development of nuclear instrumentation detectors and associated 

electronic data acquisition systems is experimental testing and qualification in a well-

characterized and representative radiation field in a reference irradiation facility. The neutron 

flux levels in modern material testing reactors (MTRs) are in the range of 1014 – 1015 n cm-1 s-1. 

However, the number of dedicated test facilities in Europe is currently decreasing, with 

numerous research reactors recently and soon-to-be shut down. The 250 kW JSI TRIGA reactor 

is a very well characterized reactor in terms of the knowledge of the neutron and gamma fields, 

a product of the work performed at the JSI over the last decade, mostly in collaboration with 

the Instrumentation, Sensors and Dosimetry Laboratory at CEA, Cadarache. Therefore it fulfils 

very well the first criterion for a reference facility. However, in steady state operation it is able 

to generate a maximum neutron flux level of around 2×1013 n cm-1 s-1, i.e. several orders of 

magnitude lower than the MTR-relevant range. In steady-state mode the requirement of 

representativeness is therefore not fulfilled well. On the other hand, the JSI TRIGA reactor can 

operate in pulse mode, due to its prompt negative temperature coefficient of reactivity. 

Depending on the inserted reactivity, the peak power can reach up to 1 GW, the pulse duration 

is of the order of a few seconds (low and long pulses), to 5-10 milliseconds (high and short 

pulses). The neutron flux level is proportional to the reactor power level, therefore the highest 

attainable flux is nearly 1017 n cm-1 s-1, albeit for a short amount of time. In 2019, a bilateral 

collaboration project between the CEA and JSI was initiated, to investigate the possibility of 

neutron flux measurements performed at very high neutron flux levels in reactor pulse 

mailto:vladimir.radulovic@ijs.si
mailto:manuel.cargnelutti@i-tech.si
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operation, made possible by a modern, validated, wide dynamic range neutron acquisition 

system. The project aims at demonstrating the feasibility of nuclear instrumentation and 

associated electronic data acquisition system tests at the JSI TRIGA reactor at neutron flux 

levels relevant to MTRs. This paper presents the first measurements in reactor pulse operation, 

performed during an experimental testing campaign in collaboration with researchers from the 

CEA, as well as with colleagues from the Instrumentation Technologies (I-Tech) company, 

using a Keithley electrometer based acquisition system and an I-Tech-developed current meter. 

A more exhaustive experimental campaign is scheduled to be carried out at the JSI TRIGA 

reactor jointly by CEA and JSI researchers in the autumn of 2020. 

1. INTRODUCTION 

In the development of nuclear instrumentation detectors and associated electronic readout 

systems, testing activities are performed in reference neutron and gamma fields to characterize 

and qualify the system performance (detector sensitivity, detector time response, signal 

treatment, data throughput, etc.). For the qualification of detector systems under development 

for use in nuclear facilities (nuclear power plants, research reactors, etc.), representative and 

well-characterized experimental conditions are required. The operating neutron flux range in 

modern high-flux material testing reactors (MTRs) is of the order of 1014-1015 n cm-2 s-1, which 

allows testing of nuclear fuel in representative experimental conditions corresponding to the 

neutron flux range in the cores of nuclear power plant reactors. Currently in Europe we are 

experiencing a decline in the number of available research nuclear facilities, in particular 

research reactors. According to the International Atomic Energy Agency (IAEA) Research 

Reactor Database (RRDB) [1], in the last decade 16 research reactors in Eastern and Western 

Europe have entered extended shutdown or have been shut down permanently, and 10 reactors 

are under construction or planned. In the last five years, the Jožef Stefan Institute (JSI) TRIGA 

reactor in Ljubljana, Slovenia, has seen increased interest as a reference facility to support 

detector development and testing activities [2-4]. 

The 250 kW JSI TRIGA reactor is mainly used for research purposes, in particular for the 

verification and validation of computer codes and underlying nuclear data, as a reference 

irradiation facility for experimental activities in different research fields, e.g. neutron activation 

analysis, studies of radiation induced effects in matter (radiation damage to materials and 

electronic components, aging), neutron dosimetry methods, validation of dosimetry data, and 

education and training. Thanks to efforts at the JSI over the past two decades [5-7] 

computational models of the reactor have been established using several Monte Carlo particle 

transport codes, most importantly MCNP and SERPENT, and have been continuously tested 

and refined on the basis of experimental data. A significant contribution to these efforts is due 

to numerous collaboration projects between the JSI and the French Atomic and Alternative 

Energies Commission (CEA). In steady state operation, the reactor experimental conditions are 

very well characterized in terms of the knowledge of the neutron and gamma fields. However, 

in steady state operation the reactor is able to generate a maximum neutron flux level of around 

2×1013 n cm-2 s-1, i.e. at least two orders of magnitude lower than the range relevant to high flux 

MTRs.  

On the other hand, the JSI TRIGA reactor has the capability for pulse operation, where 

one of the control rods of the reactor – the transient rod – is ejected to a pre-set height, thus 

introducing a sufficient amount of reactivity to make the reactor prompt supercritical. The 

reactor power increases very quickly to a peak value, after that the reactor power drops, due to 

the negative reactivity which is a consequence of the elevated fuel temperature. In pulse 
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operation during which significantly higher instantaneous power levels can be reached - up to 

1 GW, albeit for a short duration - a few milliseconds - depending on the inserted reactivity. In 

2019, a bilateral collaboration project between the CEA and JSI was initiated, to investigate the 

possibility of neutron flux measurements performed at very high neutron flux levels during 

reactor pulse operation. Such measurements are made possible by modern, validated, wide 

dynamic range acquisition systems. The main expected outcome of this project, in which the 

use of several experimental techniques is proposed in reactor pulse operation mode, are 

indications on the feasibility of the use of pulse operation to extend the neutron flux range, for 

irradiation testing activities at the JSI TRIGA reactor. 

2. REACTOR PULSE OPERATION 

Reactor pulse operation is made possible by a strong, negative and prompt temperature 

coefficient of reactivity, which is a property of the TRIGA reactor design, in particular the 

nuclear fuel. The physical phenomena determining the temperature coefficient of reactivity are 

the neutron spectral shift and the Doppler-broadening of neutron resonances. In pulse operation 

at the JSI TRIGA reactor, the reactor is made critical using the Transient control rod only. A 

reactor pulse is initiated by the ejection of the transient control rod to a pre-set height, thus 

introducing a positive reactivity, making the reactor prompt-supercritical. The reactor power 

rises quickly with an exponential behaviour; the released energy causes the fuel temperature to 

increase. As this occurs, the equilibrium thermal energy to which neutrons are thermalized 

increases (spectrum shift). Due to the 1/v behaviour of the 235U fission cross section in the 

thermal range, at increased fuel temperatures the effective fission cross section and thus the 

effective multiplication factor decrease. Additionally, due to Doppler broadening of neutron 

resonances, in particular in 238U, at increased fuel temperatures a larger fraction of neutrons is 

absorbed during the thermalization process, further decreasing the effective multiplication 

factor. In pulse operation, we therefore observe an exponential increase of the reactor power at 

first, followed by a rapid decrease. A reactor SCRAM (rapid shutdown with the insertion of all 

control rods) is triggered approximately 6 seconds after the reactor pulse is initiated, in order 

to safely terminate the pulse. Figure 1 shows a sequence of three photographs taken from the 

reactor platform during the initial phase of a reactor pulse. 

 
Figure 1: Sequence of three photographs taken from the reactor platform during a pulse. 

The time dependence of the reactor power during a reactor pulse is well described by the 

Fuchs-Hansen model [8]. After the reactor reconstruction in 1991 in which the capability of 

pulse operation was established, a first sequence of reactor pulses was performed in order to 

obtain relevant pulse operation data, showing the validity of the main model predictions [9]. 
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Subsequent experimental data triggered a more detailed study of reactor pulse operation. The 

available experimental data was compiled into a pulse operation database, made available 

online at http://trigapulse.ijs.si/. The data were systematically analysed, resulting in the 

introduction of improvements to the model as well as a detailed estimation of the uncertainties 

[10-12]. The improved model is able to predict the pulse peak power and released energy within 

30 %, however it is worth noting that the determined model uncertainties resulting from the 

analysis are high, around 50 %. 

3. PLANNING OF THE EXPERIMENTAL CAMPAIGN 

In the framework of the bilateral collaboration project, a 2-week experimental campaign 

is in preparation at the JSI TRIGA reactor in pulse operation. On-line measurements will be 

performed using miniature fission and ionization chambers (FCs and ICs), developed and 

manufactured at the CEA Instrumentation, Sensors and Dosimetry laboratory in Cadarache, 

France. The experiments are aimed at precise measurements of the neutron flux behaviour in 

the core of the reactor and at the determination of the total neutron fluence delivered to samples 

irradiated in the most important irradiation channels of the reactor. 

Dedicated miniature FCs and ICs are currently being manufactured for the experiments. 

The fissile (235U) deposit mass present on the interior FC electrode will be very low (below 1 

μg), in order to allow measurements in (fission chamber) pulse mode up to higher neutron flux 

levels than encountered in steady-state reactor operation. ICs will be used to measure the time 

behaviour of the gamma field. FCs and ICs will be positioned in the Measurement Positions in 

the reactor core using dedicated aluminium guide tubes. Two electronic acquisition systems 

will be employed to perform the measurements, i.e. the MONACO system [13,14], developed 

and refined over the past decade at the CEA, and a commercially available current meter, 

manufactured by Instrumentation Technologies [15]. 

The reactor pulses will be monitored by neutron dosimetry. Samples of certified reference 

materials, obtained from the European Commission (EC) Joint Research Centre (JRC) in Geel, 

Belgium, will be irradiated during reactor pulses within the JSI TRIGA irradiation channels. 

The materials used and the nuclear reactions to be measured (in brackets) are: Al-0.1%Au 

(197Au(n,γ), 27Al(n,α)), Al-1%Co (59Co(n,γ)), Ni (58Ni(n,p)), to cover the thermal / resonance 

and fast neutron energy ranges. Activation measurements will be carried out using two High 

Purity Germanium (HPGe) detectors operated at the JSI Reactor Physics Department. As an 

alternative experimental technique enabling the determination of the pulse shape, Cherenkov 

light intensity measurements are proposed using a setup consisting of a photodiode or Silicon 

Photomultiplier (SiPM) and a Red Pitaya board, currently under development at the JSI. 

4. PRE-CAMPAIGN TESTING 

In August and September 2019, test measurements in reactor pulse mode were carried out 

using miniature FCs already present at the JSI TRIGA reactor and a Centronic FC165 fission 

chamber. Two data acquisition systems were tested: a Keithley 6517B picoammeter operated 

by a LabView user interface, and an I-Tech Libera current meter. A sequence of 10 reactor 

pulses was performed with different inserted reactivity values. Table 1 reports the unique pulse 

ID numbers, the inserted reactivity, the final transient control rod position after ejection, the 

peak power, energy released and the pulse full width at half-maximum (FWHM), as measured 

using the pulse instrumentation channel. Figure 2 displays the reactor core configuration and 

http://trigapulse.ijs.si/
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the experimental positions used in the testing, and a schematic side view of a CEA Ø 3 mm 

fission chamber located in the reactor core. 

 

Table 1: Pulse parameters for the pulse sequence, performed on 21.8.2019, as measured by 

the pulse instrumentation channel. 

Pulse 

ID 

Inserted 

reactivity [$] 

Transient 

rod position 

[steps] 

Peak power 

[MW] 

Energy released 

[MWs] 

FWHM 

[ms] 

360 1.10 444 1.0 0.1 503* 

361 1.15 437 1.3 0.1 6471* 

362 1.20 430 1.9 0.2 3818 

363 1.25 423 3.3 0.3 2378 

364 1.30 416 6.0 0.5 267 

365 1.35 409 10.3 0.9 166 

366 1.40 402 16.7 1.4 119 

367 1.40 402 20.0 1.6 106 

368 1.40 402 19.9 1.6 107 

369 2.00 299 240.2 7.5 27 

* Data obtained from the pulse recorder is considered reliable for high peak power pulses. 

 

 

 
 

Figure 2: Left: core configuration and experimental positions used in the testing experiments. 

Right: schematic side view of a CEA Ø 3 mm fission chamber located in the reactor core. 
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4.1 Measurements with FC165 / Keithley 6517B 

The FC165 was inserted into a dry irradiation channel installed in the F5 position in the 

reactor core. The acquisition system was operated with a sampling rate of around 28 s-1. Figure 

3 displays the recorded time dependence for four reactor pulses with increasing inserted 

reactivity up to 1.3 $. The Keithley 6517B based acquisition system is able to record the FC 

signal during the reactor pulses reliably for inserted reactivity values of up to 1.1 $ - the 

recorded time dependence of the signal is smooth up to the automatic reactor SCRAM (top left 

graph). However, for higher inserted reactivities there is observable saturation during the pulse 

peak and only the initial and final signal behaviour is recorded reliably. 

 

 
Figure 3: Recorded time dependence for four reactor pulses with increasing inserted reactivity 

from 1.1 to 1.3 $ using a FC165 and a Keithley 6517B. 

4.2 Measurements with miniature FCs and an I-tech Libera current meter 

Two miniature FCs, No. 2260 (3 Bq 235U) and No. 2288 (40 Bq 235U) were inserted into 

aluminium guide tubes and positioned in measurement positions MP25 and MP20, respectively. 

The vertical position of the chambers was set by inserting them fully into the guide tubes, the 

bottom of which is at a distance of 800 mm, measured from the top surface of the top reactor 

grid plate. The chambers were then raised by approximately 400 mm from the bottom, for the 

active part to be in proximity of the core mid-plane. Figure 4 displays the recorded signal from 

the fast ADC stream of the Libera current meter for the same four reactor pulses displayed in 

Figure 3. It is clearly observable that the Libera current meter is able to reliably record the signal 

during the reactor pulses. However, at the time of testing, the fast ADC stream was not 
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absolutely calibrated, therefore the signal is represented in arbitrary units. An absolutely 

calibrated Libera current meter will be provided for the scheduled experimental campaign. 

Figure 5 displays the recorded signals for two pulses with a higher inserted reactivity, 1.4 $ and 

2.0 $. Even for the highest pulse, the current meter was able to reliably record the FC signal. 

The acquisition data-rate was 100 kS/s.   

 
 

Figure 4: Recorded time dependence for four reactor pulses with increasing inserted reactivity 

from 1.1 to 1.3 $ using two miniature FCs and an I-Tech Libera current meter. The pulse 

sequence corresponds to the sequence in in Figure 3. 

 

 
Figure 5: Recorded time dependence for two reactor pulses with higher inserted reactivity (1.4 

$, 2.0 $) using two miniature FCs and an I-Tech Libera current meter. 
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5. CONCLUSIONS 

This paper gives and overview of the planned activities during the bilateral collaboration 

project between the JSI and CEA on reactor pulse operation and presents the first measurements 

in reactor pulse operation mode, performed using fission chambers and two data acquisition 

systems. The first results clearly show that an acquisition system based on an I-Tech Libera 

current meter is suitable for such measurements, as it is able to reliably measure the FC signal 

even for high peak power pulses, with inserted reactivity values of up to 2 $. The results of the 

first measurements provide experimental indications, relevant for the planning of the 

experimental campaign, scheduled in the autumn of 2020.  
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ABSTRACT

Measurements of fast flux in four positions of a radial piercing channel of TRIGA Mark II
nuclear reactor of Pavia was performed by means of a bare irradiation method and a Monte Carlo
simulation both relying on Ni monitors. Reaction rates per target nucleus of Ni, obtained from
measurement and simulation, were compared in order to verify the accuracy of the simulations.

A satisfactory agreement was observed since the results were compatible within the stated
uncertainties with exception of values related to the position closest to the reactor core, where a
discrepancy at ten percent level was highlighted. Consequently, the Monte Carlo code used for
the simulation was considered to be validated and thus, intended to be used in the forthcoming
structural modifications of the channel D which include neutron shielding and thermal neutron
filter.

1 INTRODUCTION

The TRIGA Mark II nuclear reactor operated by the Laboratory of Applied Nuclear En-
ergy (LENA) of the University of Pavia is a 250 kW light water moderated facility aimed for
isotope production, training and general purpose research [1].
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One of the research fields conducted at this reactor is focused on the investigation of
nuclear reactions induced by fast neutrons. The accessibility to a fast neutron beam allows a
broad variety of applications, ranging from the determination of fast neutron cross section data,
study of burnup and transmutation in fuel elements and effects of radiation damage in various
materials; all these applications might be, in turn, beneficial for what concerns research and
development of the upcoming IV generation of fast nuclear reactors [2].

In order to make available a fast neutron beam at the TRIGA reactor, the realization of a
new neutron irradiation facility is planned by modifying the so-called channel D, a pre-existing
radial piercing channel without reflector material. The channel D will be adapted by introduc-
ing filters to remove the neutron thermal flux component and reduce the gamma background,
and a beam catcher to assure operator’s safety. Characteristics and dimensions of filtering and
shielding materials will be modulated according to the neutron flux spectra simulated by means
of Monte Carlo Neutron Particle (MCNP6v2) software [3]. The quality of the simulated data is
assured by validating the software code using experimental data collected in selected positions
along the channel.

In this study, preliminary measurements of the conventional fast neutron flux in four posi-
tions of the actual (unmodified) configuration of channel D are reported. The technique adopted
to investigate the flux consisted of the bare activations and gamma spectrometry of suitable
monitor elements.

2 THEORY

The measurement model, described in [4], relies on monitors that undergo threshold nu-
clear reactions, e.g. (n,2n), (n,p), (n,α), when irradiated with fast neutrons. Measuring the
gamma emissions by the activated nuclide, a value of the intensity of fast flux is obtained. The
resulting fast flux, Φf , is conventional since it is based on a conventional value of the monitor
fission-neutron averaged cross section assuming that the shape of neutron distribution in the fast
energy range follows the Watt distribution.

The Φf value measured by a flux monitor is obtained using the Eq. (10) of [5], here
reported:

Φf =
np λ tr M

tl (1 − e−λti) e−λtd (1 − e−λtr) m θ Γ ε σ̄ NA

(1)

where, np is the net area of full-energy peak, λ is the decay constant, tr is the real counting
time, M is the monitor molar mass, tl is the live counting time, ti is the irradiation time, td is the
decay time,m is the monitor mass, θ is the isotopic abundance of the target (isotope) monitor, Γ
is the γ-yield of monitor emission, ε is the full-energy peak counting efficiency, σ̄ is the fission
neutron spectrum averaged cross section and NA is the Avogadro constant.

In addition, from Eq. (1) it is possible to calculate the reaction rate per target nucleus of
the Ni monitor, R, by multiplying Φf times σ̄:

R = Φf σ̄ =
np λ tr M

tl (1 − e−λti) e−λtd (1 − e−λtr) m θ Γ ε NA

(2)

It is worth to note that the R value heavily relies on the adopted monitor but is no longer
conventional because it is independent from assumptions concerning the fast neutron flux shape.
Moreover, since theR value is one of the outputs of the MCNP software, it will be used to assess
the quality of simulated data.
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3 EXPERIMENT

Ni was selected as flux monitor in order to exploit the large cross section of 58Ni(n,p)58Co
threshold reaction and the conveniently long half-life, 70 d, of its activation product. In addition,
solutions of similar volumes were prepared to easily adjust the Ni concentration with respect
to the expected neutron flux and optimize the γ-emission rate resulting in an ease of the γ-
acquisition process.

A 3.5483(2) g mass sample of a Ni foil was dissolved in HNO3 to obtain a final solu-
tion of 29.2931(2) g with Ni mass fraction of 0.121 13(1) g g−1; here and hereafter, values in
parenthesis indicate the standard uncertainty and refer to the last digit. Two aliquots of about
0.3 mL and 0.7 mL of the Ni solution were pipetted and weighted in two 3 mL polyethylene (PE)
irradiation vials; the resulting masses of such aliquots were 0.300 45(3) g and 0.736 11(3) g, re-
spectively. The Ni solution was concentrated by evaporation in order to reach a solution mass of
18.7834(2) g with Ni mass fraction of 0.182 22(1) g g−1. Two aliquots of about 2 mL each were
pipetted in two 3 mL PE irradiation vials; the resulting masses of aliquots were 3.6157(3) g and
3.5813(3) g, respectively. Deionized water was added to the PE vials to obtain homogeneous
volumes among the samples with 1.6 cm height of liquid. The increasing concentration in Ni
mass fractions among the monitor samples was clearly visible from the increasingly darker
shade of their corresponding solutions. Moreover, the two most concentrated samples showed
signs of crystallization due to Ni(NO3)2 · 6H2O, however the change in physical state does not
affect the neutron activation process.

The four monitor vials were heat-sealed to avoid loss of content, thus, solutions with
increasing Ni concentration were placed at 45 cm, 75 cm, 125 cm and 195 cm from the vertical
axis of reactor core and fixed in their position with an Al rod. Table 1 reports the relevant
information concerning the Ni samples.

Table 1: Values of volume, density and mass of Ni measured for each of the four Ni monitor
sample solutions; the irradiation position, indicated as nominal horizontal distance from the
reactor core, is also reported.

Volume / cm3 Density / g cm−3 Ni mass / g Distance from core / cm

2.0(1) 0.98(4) 0.0364(1) 45
2.1(1) 0.98(4) 0.0892(1) 75
2.2(1) 1.66(4) 0.6589(1) 125
2.0(1) 1.77(4) 0.6526(1) 195

The irradiation lasted 90 minutes. Power was maintained at 10 kW due to removed shield-
ing that prevented the achievement of the operational 250 kW power.

4 RESULTS

4.1 Measurement

After a cooling period of six days, gamma spectra of the irradiated monitor Ni samples
were acquired using an ORTEC Hyper Pure Ge (HPGe) detection system whose channels were
previously calibrated in energy and efficiency. Samples were located in contact with the end-
cap of the detector. The net area of the 810.8 keV full-energy peak of the 58Co was obtained by
processing the recorded spectra with the HyperLab software.
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The Φf and R results, obtained through Eq.s (1) and (2), respectively, at the experimental
10 kW power, were scaled by a factor 25 to 250 kW reactor power. The 250 kW scaled results
ranged from 1.33(4) × 1011 cm−2 s−1 and 1.48(3) × 10−14 s−1, respectively, at 45 cm distance
from the reactor core, to 1.32(4) × 109 cm−2 s−1 and 1.46(3) × 10−16 s−1, respectively, at 195
cm. The major contribution to the 3 % and 2 % relative standard uncertainties of Φf and R
values were the uncertainty of σ̄ and the uncertainty of ε (mainly due to sample positioning
variability), respectively.

4.2 MCNP Simulation

Since the latest available MCNP modelization of the TRIGA Mark II reactor of Pavia was
outdated due to rearrangements of fuel rods, an updated kcode (the card specifying the criticality
source by modeling the nuclear fission within the core and finding the effective multiplication
factor, keff) was created to take into account these position variations of the rods and the fuel
burn up (but not the poisoning due to the burn up). The model was validated in the Central
Channel of the reactor. Since the objective of this work was channel D we aimed to validate the
new model also in the channel of interest.

Targets with the same properties of Ni monitor samples (volume, elemental composition
and density as reported in Table 1) were simulated at the four nominal positions along the
channel D. The number of fission neutrons were simulated being a satisfactory compromise
between statistical uncertainty and computation time. The quantity returned by the simulation
was the production rate for the reaction 58Ni(n,p)58Co for the Ni monitors.

The simulatedR results at 250 kW reactor power, obtained dividing the production rate by
the total amount of Ni atoms in the target, ranged from 1.66(3) × 10−14 s−1 at 45 cm distance
from the reactor core, to 1.7(2) × 10−16 s−1 at 195 cm. The uncertainty associated with the
simulated results was exclusively statistical and increased according to the distance from the
reactor core, from 2 % to 11 % due to the decreasing amount of simulated neutrons that reached
the farthest positions.

4.3 Discussion

Results of experimental measurement and MCNP simulation are reported in Figure 1 and
Table 2.

Table 2: Values of measured conventional fast flux, Φf , and measured and simulated reaction
rate per target nucleus of Ni, R, recalled at the four investigated positions. the column “R
discrepancy” indicates the relative discrepancies of the simulated R values with respect to the
measured ones.

Distance from Measurement Simulation
R discrepancy

core / cm Φf / cm−2 s−1 R / s−1 R / s−1

45 1.33(4) × 1011 1.48(3) × 10−14 1.66(3) × 10−14 11.9 %
75 2.74(9) × 1010 3.04(6) × 10−15 3.1(1) × 10−15 0.8 %
125 5.2(2) × 109 5.8(1) × 10−16 6.1(4) × 10−16 4.5 %
195 1.32(4) × 109 1.46(3) × 10−16 1.7(2) × 10−16 18.7 %

The two orders of magnitude decrease in flux and reaction rate along the 150 cm horizon-
tal distance was in agreement with the expectations considered in phase of sample preparation
and based on previous knowledge of the facility. Moreover, the conventional fast flux at 45 cm
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Figure 1: Values of fast flux, Φf , and Ni reaction rate per target nucleus,R, scaled at 250 kW and
measured in four positions of channel D with respect to the center of the reactor core. White
and black circles represent the resulting values obtained with the experimental measurement
and the MCNP simulation, respectively. Expanded uncertainties (k = 2) are plotted. The four
subplots at the bottom display magnifications of resulting values for each measured position.

distance is comparable with a previous measurement performed in another irradiation channel
(LS-27 in [5]) placed in the close vicinity of that position.

The agreement between the simulated and experimental results was satisfactory with dis-
crepancies ranging from a minimum of 0.8 % at 75 cm to a maximum of 18.7 % at 195 cm that
are justified by the reported uncertainties except for the datum at 45 cm position.

It is worth to note, however, that all the simulatedR values are higher than the experimen-
tal R values, thus we cannot exclude the presence of offsets due to an overlooked or unknown
cause. The offset might derive from possible aspects producing flux perturbations that were ne-
glected. In particular, the presence of the Al rod used to support the samples was not accounted
for during the simulation as well as the thermalizing effect of water in the solutions, with sub-
sequent decrease of the apparent fast flux, was overlooked in the experimental measurement
model. A further computation is planned to be performed in order to evaluate whether the Al
rod might produce sensible flux perturbations by contributing to the offset, and particularly to
the discrepancy highlighted for the monitor placed at 45 cm.

In addition, further studies are required to fully understand whether the presence of water
is affecting the fast flux and to what extent. Although an experiment was performed to evaluate
the self-shielding effect for a target in solution with respect to the metallic foil, the obtained
results, albeit satisfactory, were unreliable due to inadequate representation of the study per-
formed in this work. A negligible relative difference in flux, evaluated through the specific
count rate, within 3 % uncertainty level was observed, however, a Au target was used instead of
Ni and the activation went through a thermal reaction (197Au(n,γ)198Au) instead of a threshold
one. Moreover, a light-water moderated thermal reactor was adopted in this test while channel
D is a fast neutron facility without moderator material.
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5 CONCLUSIONS

In this work the neutron fast flux was measured by Ni monitors in four positions along the
channel D of TRIGA Mark II reactor as well as the production rate per target nucleus for the
58Ni(n,p)58Co reaction; these results were compared with the outcome of a MCNP simulation
in order to validate the adopted code.

While for the closest monitor to the reactor core a deeper investigation is required, good
agreement was highlighted otherwise yielding a positive outcome concerning the validation of
MCNP simulation. The model adopted in this comparison will be useful for further simulation
concerning the TRIGA Mark II reactor behavior and in particular, for modeling the future struc-
tural modifications on channel D such as redesign of neutron shielding and introduction of the
filter for thermal neutrons.
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ABSTRACT 

The TEPLATOR is an original way of district and industrial heating using nuclear power 
using spent nuclear fuel from nuclear power plants. The spent nuclear fuel is the one that did 
not reach its regulatory and design limits. This fuel can be taken either from spent fuel pool or 
interim storage. The fuel for TEPLATOR is already manufactured and thus no additional cost 
for fuel arises.  

This one of a kind design will be tested in a demonstration unit “TEPLATOR DEMO”. 
This DEMO unit has 50 MW of thermal power with 55 spent fuel assemblies of VVER-440 in 
the core. The fluid output temperature from the core is 98 °C, thus the whole unit can work on 
atmospheric pressure. It is constructed as three loop system with three main pumps and three 
heat exchangers. This paper describes the basic design of the primary circuit. The main idea 
concerning the design is explained first. Then the evolution of the design from the first steps to 
current 3D model is included. Next discussion is focused on individual components of the 
TEPLATOR (i.e., heat exchangers, pumps etc.) Briefly the construction and operation of 
compensation means are presented. Finally, the whole concept of the TEPLATOR DEMO and 
its design is summarized. 

1 INTRODUCTION 

In the overall final energy demand in Europe the heating and cooling accounts for almost 
40 %. Heating as one of the human basic needs has a very deep connections with energy sector 
and energy companies. From the EU perspective almost half of the energy consumption is 
heating. The heating sector can be divided into three parts; residential, industry and tertiary. It 
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is no surprise that the highest share (45 %) is made by the residential part (mainly households). 
It is followed by the industry with the share of 37 % and the rest are services (18 %). [1] 

The current form of heating consists mainly of coal, gas and oil sources with some minor 
addition of biomass and waste incineration plant. It also produces large amount of waste heat 
and has low efficiency. With ever-decreasing pollution limits, it may be a problem in the future 
to continue operating existing facilities without major investments. These investments may 
cause an end to some facilities. Therefore, TEPLATOR offers the possibility of using an 
innovative concept for central and industrial heating with the help of spent nuclear fuel from 
light water reactors. There are thousands of such partially used nuclear fuels in the Czech 
Republic. 

2 TEPLATOR - GENERAL IDEA 

TEPLATOR is an industrial concept of central supply of heat/cold using spent nuclear 
fuel. It uses only known, verified, and tested components. This concept allows the use of spent 
nuclear fuel from conventional nuclear power plants (pressurized water or boiling reactor types) 
without further modifications to this fuel. Spent fuel from a nuclear power plant, one that has 
already served its purpose in the operation of the power plant, is usually transported from the 
reactor first to the spent fuel storage pool and after some time is transferred to storage 
containers, where it remains in interim storage. There, provided it is not reprocessed, it usually 
ends its life cycle for the operator. TEPLATOR represents another economic use for this fuel. 
Such fuel will be used in the core of the TEPLATOR and will generate heat, which could be 
used for industrial or central heating or cooling. After the construction of the TEPLATOR, the 
fuel costs would be negligible, which would significantly affect the price for the heat supplied 
and especially its stability. The major parameters can be found in the Table 1 below. 

Table 1: Main parameters of TEPLATOR 
Reactor type Channels in Reactor Vessel 
Coolant/moderator Heavy Water (D2O) / Heavy Water (D2O) 
Thermal/electrical capacity, 
MW(t)/MW(e) 50 /Does not produce electricity 

Primary circulation Forced circulation 
System pressure (MPa) Ambient 
Core inlet/exit temperatures (oC) 45/98 
Fuel type/assembly array VVER-440 / hexagonal with 126 fuel pins 
Number of fuel assemblies 55 
Fuel enrichment (%) Spent fuel (< 1.2 wt% U-235 equivalent) 
Fuel burnup (GWd/ton) 2.3 
Fuel cycle (months) 10 months with online option  
Main reactivity control mechanism Moderator height, Control blades 
Design life (years) 60 
Fuel cycle requirements / 
Approach 

LEU - reuse of LWR spent FAs, possibility to run on 
fresh SEU (≤1.2% U235) 

Distinguishing features District heating zero CO2 source with zero fuel cost, 
low pressure 

 

 



401.3 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

The general 3D model of the TEPLATOR is shown in the Figure 1 below. 

 
Figure 1: TEPLATOR DEMO 

3 DESIGN 

The design itself includes 3 circuits. The primary circuit includes a so-called calandria, a 
core with the above-mentioned fuel, three heat exchangers and three pumps; it is therefore a so-
called three-loop design. The core is made from Zr channels in which the fuel is based. The 
space between the channels is filled by the moderator, heavy water. The coolant flows in the 
channel around the fuel and further it flows through a system of pipes at the outlet of which 
there is a collector. In this collector the coolant from all channels is collected. Three pipes are 
led out of this collector, each of which is led into one heat exchanger. The coolant passes 
through the primary side of the heat exchanger and returns to the fuel channels through the 
pump and the lower distribution chamber. In the secondary circuit (the so-called intermediate 
circuit) the secondary heat transfer fluid (HTF) flows (according to the operating parameters 
either water or molten salt is considered). The HTF transfers heat from the primary circuit to 
the heating circuit itself via the secondary exchanger. The intermediate circuit includes two 
storage tanks serving as an energy storage system for heating demand peaks. These storage 
tanks are connected to this circuit and are able to simultaneously dissipate and store heat from 
the residual power of the fuel. The tertiary or heating circuit is then a set of secondary exchanger 
and pipes, which distributes the heat to the end customer. 
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The schematic description of the flow of individual medium can be found below. All three 
circuits are shown there and also the energy storage circuit with two storage tanks. 

 
Figure 2: Basic diagram 

3.1 Evolution of the design 

Several variants of basically each component in the design were carefully evaluated. 
Individual approach to different components is described below. Overall the DEMO 
TEPLATOR is a 50 MW(th) unit with 55 fuel assemblies of VVER-440. The neutronics 
calculation can be found in [4,5]. The dimensions of the calandria are 4.75 m in diameter and a 
total height of 6.5 m. 
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Figure 3: VVER-440 fuel assembly [2] 

3.1.1 Fuel channels 

The first thing that was going through the process of optimization was the fuel channel. 
We started first with tubular fuel channels. Soon it was realized that the channels would need 
to be much larger than hexagonal channels to be able to work neutronics-wise. This led to the 
conclusion to use hexagonal channels. 

 
Figure 4: Tubular channels 

 
 

Figure 5: Hexagonal channels 

3.1.2 Reflector, calandria and channel outlet 

All of the TEPLATOR DEMO internals are placed in a calandria which at the bottom has 
a collector so it looks like it is double layered. This has its reason, because through this so-
called collector the coolant flows back to the channels. The coolant flows through the heat 
exchanger, pump and to this collector where it is then distributed to individual channels. The 
calandria is filled with heavy water, the total volume of heavy water in calandria is around 30 
m3. The calandria is surrounded by a graphite reflector from all sides. Heavy water flows inside 
the fuel channels and the total volume of D2O in the primary circuit is approx. 26 m3. The 
economic calculations of TEPLATOR can be found in [8]. Since the TEPLATOR DEMO 
works on atmospheric pressure, the calandria vessel does not need to be very thick. The channel 
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outlets are in four rows above each other, this was also a subject of evolution since all of internal 
parts needed to fit there without blocking one another. All of the channel outlets are aggregated 
in the upper collector. This collector is an anulus around the TEPLATOR DEMO calandria. At 
the beginning the anulus was larger and it was divided into three separate parts, one for each 
heat exchangers. As the designing process continued, we realize that one collector for all the 
heat exchangers is better, mainly because of the safety point of view when some of the heat 
exchangers are out of service. 

 
Figure 6: TEPLATOR DEMO – cut 

3.1.3 Heat exchangers and pumps 

In the case of the heat exchangers, the obvious question was whether to use vertical or 
horizontal heat exchangers. Since one of our main targets was to have the dimensions as small 
as possible, the horizontal heat exchanger was chosen. The design is a three-loop, so there are 
three heat exchangers. The heat transfer surface of one heat exchanger is 520 m2. Each heat 
exchanger is able to cool 100% of the core power, in case of failure of the others. The pump 
system consists of three standardized pumps, each has a nominal power of 130 kW and the 
volume flow rate is 450 m3/h, more than sufficient for cooling the core at full power. 
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Figure 7: The look on the TEPLATOR DEMO without the reflector and outer shell 

3.1.4 Control and safety systems 

The control system of the TEPLATOR DEMO is achieved by controlling the moderator 
(i.e., heavy water) level in the calandria. The pump system ensures the filling or draining of 
heavy water. There are two independent pipe systems, one for the calandria and one for the 
channels. As a second reactivity control system of TEPLATOR DEMO three blades from 
absorber material (B4C) are used. These blades are in a louver arrangement so they would not 
take as much space in the upper part of the TEPLATOR DEMO.  They are placed below the 
upper lid and graphite reflector in a third symmetry. In case of SCRAM they will fall into the 
moderator and stops the chain reaction, as seen in figure below. 

 
Figure 8: Three safety B4C plates 

4 CONCLUSION 

The TEPLATOR is an innovative way of district heating or cooling using spent nuclear 
fuel assemblies. Before the full scale TEPLATOR can be build, the demonstration unit needs 
to be tested. The demonstration unit has a 50 MW(th) and this paper deals with its preliminary 
basic design. The first steps in the constructional design were taken and first 3D model of 
TEPLATOR DEMO was obtained. In this step all of the main components, circuits and the 
overall construction were designed. The control and safety systems of the TEPLATOR DEMO 



401.8 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

were also taken into account. For operation reactivity control of the TEPLATOR DEMO we 
use the control of D20 level. Heavy water is filled into the calandria from the storage tank or it 
is drained from the calandria, ensuring the desired level of power is obtained. As a second safety 
system, the absorber plates from B4C are used. They are utilized in a louver arrangement in 
order to safe space in the upper part of the calandria. This preliminary basic design is a start to 
a more comprehensive process which is taking place. The TEPLATOR team is already working 
on a more detailed design of the TEPLATOR, which will take into account all the valves, 
auxiliary pumps, the secondary and tertiary (heating) circuit and the plant layout itself as well. 
The TEPLATOR DEMO is a demonstration unit, which should only demonstrate the possibility 
of operation of such a facility. In the future full scale unit can be used for district and process 
heating. After discussion with experts from heating industry, it was determined that larger 
power with increased temperatures could potentially be better. That is why the final 
TEPLATOR unit will have a power ranging from 100 to 200 MW(th) and can use temperatures 
up to around 200 °C.  
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ABSTRACT 

The study shows the base optimization of the TEPLATOR core. One of the most 

difficult challenges for this concept is dealing with irradiated fuel assemblies. Because spent 

nuclear fuel has insufficient reactivity, the main aim of this study is to investigate various 

effects on TEPLATOR operation from the perspective of the core design. The analysis was 

executed by Serpent and TRITON code and shows the influence of individual components 

of the TEPLATOR CORE. The crucial role plays the choice of a suitable moderator; 

it determines the construction fundamentals of the core. Based on this choice an ideal fuel 

pitch, a dimension of a reflector, and parameters of cooling were arranged. The construction 

with or without fuel channels was dealt with. After consideration of all these effects, the first 

core of this kind was designed. 

The first DEMO is designed with 50 MW of thermal power and 55 spent fuel 

assemblies of VVER-440 type in the core, heavy water as both moderator and coolant. More 

is described in the article. 

 

KEYWORDS: TEPLATOR, VVER-440, spent fuel 

 

1 INTRODUCTION 

This study shows the basic principles of the TEPLATOR core optimization process. 

This research is aimed to main parts of the nuclear core, such as fuel, moderator and reflector. 

We are aware that it is a very complex and challenging problem to design the core. For this 

article, we have chosen a few main parts. But the background of this research contains much 

more details and many studies. We would like to show the highlight of basic principles and 

challenges in core designed for the use of nuclear spent fuel. Based on basic studies and 

principles, we are presenting the 3-D model of the TEPLATOR developed in Monte-Carlo 

program Serpent. [1]   

The TEPLATOR is fuelled with already irradiated nuclear fuel. This is an absolutely 

essential condition of the core optimization. This fact has an effect on the whole device 

construction, not only for the core, but also for other technical parts in basic design like 

primary circuit or reactivity control [2], [3].  
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Usage of spent nuclear fuel as a “standard” fuel in the core design is challenging and it 

requires a novel approach in many aspects. In contrast to standard nuclear cores, the 

TEPLATOR without fresh fuel has much less reactivity compared to the core fuelled in the 

BOC. Therefore, the design demands an emphasis on materials with low neutron absorption 

and ideal optimization as much as possible.  And due to the main purpose (district heating or 

cooling), the parameters in the core are very different. 

 

2 BASIC NUCLEAR CHARACTERISTIC OF TEPLATOR 

2.1 Fuel 

For this simulation, we assumed a standard type of hexagonal nuclear fuel VVER-440 

type with a suitable and reasonable burnup level. [5] The calculation was made by TRITON 

code and we used fuel with enrichment 3.60 % U-235, see Figure 1. As an appropriate 

burnup, we choose an average 34 750 MWd/MTU from [6]. It represents an average fuel 

burnup of the spent fuel pool inventory. Due to residual reactivity in the fuel, it could be 

useful for decades of heat production for dozens of TEPLATORS. It also required to consider 

the 30 years of cooling times and appropriately address axial burnup profile, see Figure 2. [7]  

In this research, we tested all types of commonly used fuel assemblies with different fuel 

enrichments (2,40 %, 3,60 %, 3,82 %, etc.) with various cooling time.   

 

 

Figure 1: TRITON depletion calculation model of VVER-440 fuel assembly.  
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Figure 2: Axial burnup profile for VVER-440 spent nuclear fuel. [7] 

2.2 Moderator 

Unfortunately, the reactivity of the spent fuel is not sufficient for standard light water 

moderator; it would not be possible to operate any TEPLATOR in this conditions event with 

relatively low operation temperature and pressure (98°C and atm. pressure). So we had 

to choose a better moderator with much lower neutron absorption. For several reasons, our 

choice fell for heavy water. From neutronics point of view, it is an ideal moderator for fuel 

with a very low level of reactivity. The next reason is that we are able to control reactivity (if 

we use fuel channels) by changing water level (unlike with graphite or beryllium moderators). 

However, this choice also has its challenges. In this article, we are presenting two 

of them. The first one has an effect on the design of the entire device; it is an optimal pitch. 

The heavy water as a moderator has a low probability of absorption of neutrons but slows 

down neutrons less effectively than hydrogen or light water. The fuel assembly pitch must 

then be several times higher than in standard light water core and it causes much larger core 

with expensive heavy water. It was very difficult to find an optimal ratio between the optimal 

power of TEPLATOR and the core size. As an example see Figure 3, the K-inf dependency 

on fuel assembly pitch for heavy and light water in the same conditions: 98°C and 

atmospheric pressure.  We can observe that the optimal pitch is much higher than in the case 

of light water. Hence, the final core will be larger than a typical LWR.  
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Figure 3: The results for a different assembly pitch. 

 

The next very important challenge is heavy water by itself. We investigate many 

of D2O parameters and influence on operation. In this part, we present one of the most 

important; it is the purity of heavy water, basic condition for the TEPLATOR operation. 

Figure 4 shows results for heavy water purity in the final 3-D TEPLATOR model in 

operation conditions for the beginning of cycle. It is necessary to keep purity higher 

than 99.5 %. We recommend keeping 99.8 % purity of heavy water.  Purity defined as  
   

        
 [%]. 

 

 

Figure 4: The results of different heavy water purity. 
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2.3 Reflector 

The last example of basic design of the TEPLATOR will be focus on the reflector. Each 

core is surrounded by a neutron reflector or baffle. The reason is that it reduces neutron 

leakage and increases K-eff. From an economics point of view and especially due to 

moderator it is not economical to use the heavy water in the reflector. In this study, we tried 

several variants of possible materials and thicknesses of a reflector. As the best option, we 

have chosen graphite with 45 cm of thickness. The graphite reflector has very good neutronics 

properties; also it is well known and relatively inexpensive material.  In Figure 5 one can 

observe the influence of heavy water and graphite reflector with different thicknesses for the 

TEPLATOR. For reference calculation with graphite, we found the critical state by changing 

the moderator level and set it as constant for the next materials. Multiplication factor was 

estimated with sigma = 0.00022.  

 

 

Figure 5: The results for different types of reflector and thicknesses.  

3 3-D TEPLATOR MODEL  

Based on detailed neutronics and thermal hydraulics analyses we have chosen a core 

with 55 fuel assemblies (VVER-440 type) in a hexagonal lattice with heavy water moderator 

and graphite reflector. The TEPLATOR is able to operate with spent nuclear fuel. For 

TEPLATOR DEMO the fuel cycle will be around 300 day long with thermal power 50 MWt. 

But it is possible to increase power up to 150 MWt. Also operation with fresh SEU is 

possible. 

The DEMO unit includes fuel channels in the core with heavy water. It improves 

economics of heavy water and manipulation with spent fuel and enables to control the chain 

reaction by changing the moderator level.  The coolant fluid output temperature from the core 

is 98°C and the whole primary circuit works at atmospheric pressure. The view of the 3-D 

core can be seen in Figure 6.  
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Figure 6: TEPLATOR DEMO core with 55 fuel assemblies in hexagonal lattice, the 

critical state (moderator level: 163.3 cm from the bottom fuel)  

 

4 CONCLUSION 

This article presents the preliminary basic design of the TEPLATOR DEMO. We 

introduced a basic nuclear optimization for Fuel, Moderator and Reflector. Nevertheless, it 

was only a part of a complex study; which was done and still is in progress by several 

research organizations.  

After a careful optimization of physical parameters, we presented the first 3D model of 

demonstration unit TEPLATOR using 55 spent FAs from VVER-440, heavy water as a 

moderator, and coolant with a reflector made of reactor graphite.  

Initially we are focusing on nuclear safety, reliability and economics for district heating 

applications. Now, we are testing all possible safety systems and calibrating two independent 

reactivity control systems. Nowadays, thanks to the new computational codes and modern 

methods we are able to simulate and verify different designs and choose the most suitable one 

which was not the case several years ago. 

The TEPLATOR is an innovative concept how to use spent nuclear fuel for district 

heating or cooling. Due to the optimized core design, it is possible to operate the TEPLATOR 

as long as it is necessary for standard district heating or cooling seasons and harvest more 

energy from already manufactured and irradiated nuclear fuel assemblies. 
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ABSTRACT 

Competitiveness of district and process heat production based on fossil fuels is 

challenging. Costs of fuel, technology improvement for reaching the emission limits and carbon 

credits purchasing increase price of produced heat. The TEPLATOR concept is an innovative 

way to eliminate all these costs by using the spent nuclear fuel for future zero emission district 

heating. 

This article is focused on economics of the TEPLATOR concept. The objective was to 

investigate economic feasibility of the project. Initially, the summary of worldwide heat 

production and consumption and overview of district heating systems is provided for a study of 

TEPLATOR applications. Then complex construction costs study has been carried out and 

evaluated. All the financial aspects have been compared with conventional district heating 

plants. Finally, the feasibility is summarized and total investment costs and produced heat price 

are presented. 

1 INTRODUCTION 

The TEPLATOR is an innovative concept for future district heat production. TEPLATOR 

facility will use already spent fuel from commercial nuclear power plants. Consequently, this 

concept will produce heat without any emissions and with minimal fuel costs. The first 

TEPLATOR DEMO design with output power 50 MW of thermal energy will use 55 PWR 

(VVER) spent fuel assemblies. This fuel loading will be operated for two years [1]. The amount 

of produced heat for one heating season (9 months) will be sufficient for residential heating of 

a large city with 100 000 citizens (estimated using Czech Republic district heating systems 

data).  

The aim of this study is the evaluation of competitiveness of TEPLATOR against 

conventional heat production plants. Current district heating based on fossil fuels is facing 

a number of challenges. Due to worldwide emission reduction efforts costs of fossil fuel-based 

heat production are significantly higher every year because of the investments into technology 

improvements of the outdated facilities and mainly the tax for carbon allowances. This causes 
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increasing prices of delivered heat and decreasing number of district heat consumers, even 

though district heating is the most effective way for heat production. Consequently, a number 

of old heat plants will be decommissioned in the near future for their economical 

unsustainability. District heating systems based on carbon free technologies (e.g., nuclear 

power) should be the way of future district heating. 

The presented overview of district heating in Europe shows a great potential for future 

TEPLATOR applications in many European countries. Detailed analysis of heat demands of 

Czechia and Slovakia provides a number of possible locations within these countries for the 

first TEPLATOR facility. The comparison of investigated final consumer heat prices in the EU 

with calculated TEPLATOR heat price demonstrates economic feasibility of the project.    

2 DISTRICT HEATING TODAY 

This study is focused on district heating systems only in Europe. Future studies will 

analyse district heating potential in the rest of the world and another study will also deal with 

the possibilities of TEPLATOR utilisation in district cooling systems applicable also in African 

and Middle Eastern countries.  

Total heat energy consumption in the European union provided by Eurostat data is 

2133 PJ (for 2018) [2]. Popularity of district heating varies across Europe. Figure 1 shows 

a share of district heating in total heating and cooling energy demand in European countries.  

Figure 1: Share of district heating in total heating and cooling energy demand [3] 

Higher utilization of district heating can be generally found in the north-eastern part of 

Europe. Primary fuels used for district heating plants in Europe (2017) are natural gas (37%), 

coal (25%), biomass (20%) and waste (10%) [4]. Preferred TEPLATOR application is in 

countries with widely used district heating systems, where the old fossil fuel-based technologies 

need to be replaced and the heat distribution can be provided by existing systems. 
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2.1 District heating pricing 

For competitiveness evaluation of the TEPLATOR project the price of marketed heat 

energy has been investigated. Because the latest statistical data about district heating pricing in 

Europe come from 2013 [5], the Eurostat Harmonised index of consumer prices (HICP) [6] has 

been used for 2019 price estimation showed in Figure 2. These values represent the final 

consumer prices (EUR/GJ) including all the fees for the production and distribution of heat 

energy without VAT. 

 

Figure 2: Consumer heat energy prices (EUR/GJ) [5][6] 

There exist two extremes in the presented prices. The highest price 28.4 EUR per GJ is 

in Norway, where only 1% of the population is connected to district heating. On the other hand, 

the lowest price can be found in Iceland, where the highest percentage of citizens is served by 

district heating and the primary source of heat is geothermal energy (97%) [4]. Except for these 

two countries, all the heat energy prices are between 10 EUR and 26 EUR per GJ. 

2.2 District heating financial aspects 

Each district heating price presented in Paragraph 2.1 can be split into two parts. The first 

part represents energy distribution fees. Distribution fees have not been investigated in this 

study because a commonly used approach cannot be identified for heat distribution operation, 

unlike electricity distribution. These costs also do not depend on the primary source of heat 

energy and are not determining for heating plant economy. However, the second part, the costs 

for energy production, is a major issue for heat plant economy. This part consists of fuel costs, 

operation and maintenance costs, emissions taxes, fees and taxes. For analysis of these costs, 

the data from Czech Energy Regulatory Office (ERU) have been used.  

The price of primary fuel is variable and depends on providers’ contracts considering 

a number of factors. The average fuel expenses for all the coal heat plants in the Czech Republic 

are 19% of consumer prices without VAT [7]. For the average heat price in the Czech Republic 
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19.9 EUR/GJ, the price of primary fuel is 3.78 EUR/GJ for coal-based heat plants. Nevertheless, 

it should be emphasized that in the Czech Republic, 65% of all heat is produced through 

combined heat and power generation (2019) [8]. It represents the most effective way of district 

heat production and total fuel costs are divided between the price of produced electricity and 

the price of heat energy. In the case of using coal just for heat generation, the share of primary 

fuel in final consumer price will be significantly higher. According to ERU data, these expenses 

are 52% of customer price on average for the other kinds of fuel [7], but this value encompasses 

also the very small gas heat generations, where the fuel costs represents the main operation cost.  

The sticking point of conventional heating plants economy are emissions and the emission 

limits. Limits for exhausting of emission are becoming harder to meet every year. The primary 

approach to regulate the emissions are the emission allowances (carbon credits). Every ton of 

exhausted carbon dioxide (or equivalent amount of other greenhouse gases) by every facility 

operator must be covered with these credits. Some of the credits are allocated for free, but the 

number of them is decreasing every year, thus the heat plants must buy more credits on trading 

markets. Figure 3 shows the number of free allowances and the real exhausted emissions (both 

for Europe region) and also the average price of one allowance for one ton of CO2. This price 

has been rapidly increasing in last years and in July 2020 the price of carbon allowance nearly 

reached 30 EUR per ton of CO2 [9]. For illustration, this price is also visualised in the chart. 

 

Figure 3: CO2 allowances EU data [9][10][11]  

The final number of produced emissions per GJ of heat energy is difficult to determine, 

because it is variable for fuel, technology, size and multiple other factors. The Czech Energy 

Regulatory Office regularly announces the maximal allowed costs directly proportional to 

allowance price. For the 2019 allowance price average, these costs are 2.22 EUR per GJ for 

coal and 0.79 EUR per GJ for other fuels [12]. This is the highest price, which may be accounted 

for final consumer price and this price is therefore in accordance with the least effective and 

most outdated heat plants emissions. In this case, for the average heat price in the Czech 

Republic 19.9 EUR/GJ, the share of emission allowances is up to 11.2% of the final consumer 

price without VAT. 
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Table 1: Analysed financial aspects of conventional heat plants 

 Fuel costs Emission allowances Other costs % Share 

Coal 3.78 EUR/GJ 2.22 EUR/GJ 13.90 EUR/GJ 30% 70% 

Other fuels 10.35 EUR/GJ 0.79 EUR/GJ 8.76 EUR/GJ 56% 44% 

Table 1 shows investigated financial aspects of fossil fuel-based heat plants. For the 

conventional coal plants the share of fuel costs including emission allowances is 30% of the 

final consumer price. This value will be used for the TEPLATOR preliminary competitiveness 

evaluation in Part 3. The remaining 70% of the heat energy price is comprised of distribution 

costs, operation costs, repairs and maintenance, investments, salaries, fees and owners profit. 

Detailed analysis of these costs for fossil fuel-based plants will be provided in the further 

separate study for the TEPLATOR operation. 

3 TEPLATOR ECONOMICS 

3.1 TEPLATOR project study 

The preliminary economics study for the TEPLATOR construction and operation has 

been carried out. For this paper just the final highlights are presented. The methodology and 

detailed results will be provided in further study. The calculated investments costs for the first 

TEPLATOR DEMO 50 MWt facility is 30 M EUR (using prices of 2019). Then the final price 

of produced heat is 4 EUR/GJ. As to the sensitivity analyses, the heavy water price plays the 

most important part, whereas the fuel costs, with usage of spent nuclear fuel, is negligible [1]. 

3.2 TEPLATOR competitiveness 

Existing district heating systems in the Czech Republic and Slovakia have been analysed 

for appropriate TEPLATOR locations. Heat energy demands of Czech and Slovak cities have 

been determined, based on heat plants owners’ and operators’ data. TEPLATOR DEMO 

50 MWt operating on full-power (with proposed energy storage system) for the entire 9-month 

heating season will produce 1183 TJ of heat energy. This heat demand has been identified in 

8 locations with the number of citizens between 75 000 and 100 000. Heat consumption of these 

locations is roughly between 1200 TJ and 1600 TJ. This is the optimal range for the 

TEPLATOR, that will be used as base load source of heat in cooperation with small sources for 

peaks covering. Another 8 possible locations in the Czech or Slovak Republic represent cities 

(or agglomerations) with more than 100 000 citizens, where more than one TEPLATOR DEMO 

units could be placed. The majority of currently produced heat for all these locations comes 

from fossil fuels mainly from coal (in the Czech Republic on average, 57% of the total 87.5 PJ 

of consumed heat comes from coal and 25% from gas in 2019) [8]. 

Overview of district heating share in total heat demand shows the preliminary potential 

of TEPLATOR application in many European countries. However, a number of further factors 

have to be considered. Current primary fuel mix for district heating of Sweden, Iceland and 

Switzerland (and partially Denmark and Austria) is based mainly on biofuels, waste or 

geothermal energy, thus there isn’t actual effort for replacing the current heating sources. Italy, 

France and Germany have lower share of district heating in total demand but the total amount 

of consumed heat and share of fossil fuels is significant. Number of countries evinces high 

percentage of district heating use but total demand of heat energy is quite low and also the share 

of fossil fuels in these countries is lower. The most promising countries for TEPLATOR 

applications should have the higher total heat demand that is based mainly on fossil fuels – 

Poland, Finland, Czech Republic, Slovakia, Romania, Bulgaria, Hungary [4]. The last 
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important factor are reserves of PWR spent fuel assemblies for the TEPLATOR facility. 

Countries without PWR nuclear power plants in operation (Poland, Romania, Italy and also 

Denmark and Austria) are not considered for primary TEPLATOR application because of 

issues with fuel supply and transportation.  

As final consumer price of district heating in EU countries is above 10 EUR/GJ, heat 

produced by TEPLATOR for 4 EUR/GJ (i.e. no more than 40% of current consumer price) is 

fully competitive for all European countries (except Iceland). Comparison of calculated price 

for TEPLATOR with obtained data for conventional heat plans shows evident financial 

advantage of TEPLATOR. The final calculated price of heat energy 4 EUR/GJ is lower than 

standard costs of fuel and emissions allowances 6 EUR/GJ for coal-based heat plant and 

likewise for other fuels plants with significantly higher fuel costs. Due to rapidly increasing 

price of emissions allowance and decreasing share of free allowances allocated to heat plants 

the price of fossil fuels-based heat generation will be higher every year. Aside from the 

economic advantages of TEPLATOR, it will provide savings of mega-tons of produced carbon 

dioxide and other emissions from fossil fuels combustion.  

4 CONCLUSIONS 

TEPLATOR is a perspective way of future district heating. This technology will be 

a 100% emission free source of heat energy with negligible costs for fuel. The preliminary 

competitiveness of the project has been evaluated considering current district heating systems’ 

popularity, the mix of primary fuels used for heat generation and prices of produced heat in 

Europe. 

In many European countries, district heating is the preferred way of heat production for 

residential and industry use. Great potential for TEPLATOR application has been identified in 

countries with high heat energy demand based on fossil fuels – Czech Republic, Slovakia, 

Germany, France, Finland, Bulgaria, and Hungary. All these countries currently operate PWR 

nuclear power plants, thus providing reserves of already spent fuel for TEPLATOR. In the 

Czech Republic and Slovakia 16 locations for one or more TEPLATOR units have been 

determined.  

Consumer prices of heat in the European union in 2019 range between 10 EUR and 

26 EUR per GJ. The share of primary fuel in total heat costs is 30% for coal-based generation 

and for other fuels, it is significantly higher. This value includes fees for carbon emissions 

allowances, which are becoming more expensive every year. Comparison with the price of heat 

produced by TEPLATOR for 4 EUR/GJ clearly shows economic feasibility of the concept. 

Current primary fuel mix for district heating in the European union is 37% of natural gas, 

25% of coal, 20% of biomass and 10% of waste. Application of the TEPLATOR facility as 

replacement of the old conventional fossil fuels-based heat plants will save significant amount 

of polluting emissions in accordance to EU climate policy.   

This study confirms preliminary economic feasibility of the project in district heating 

systems. Further studies of TEPLATOR economics will be focused on detailed analysis of all 

particular operation costs of conventional power plants and comparison with TEPLATOR 

facility. Another perspective application is utilisation of TEPLATOR for district cooling 

systems, which will also be investigated and presented in a further study.  
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ABSTRACT 

Generally, energy storage is a very current topic as renewable sources of energy produce 

cheaper but unpredictable energy. Energy storages became more common not even for electric 

but also for heat production. Because of stronger and smarter control systems and consumption 

predictions energy storage is becoming a solution for district heating. TEPLATOR is a critical 

assembly using already irradiated nuclear fuel from commercial light water power reactors 

which is not burnt up to its regulatory and design limits. This innovative concept for district 

heating could benefit from having a robust heat energy storage for compensation of: 1) 

TEPLATOR power fluctuations, 2) compensation and smoothing of the demand curve and 3) 

can serve as an emergency and safety heat sink. Thermal heat storage is a promising solution, 

when operating in a suitable temperature range, it could absorb adequate amount of heat in 

reasonable material volume and with good operation dynamics providing quick response for 

charging and discharging demands. In this paper we would like to point out and discuss benefits 

and possibilities of thermal energy storage operating with TEPLATOR. 

1 INTRODUCTION 

As electricity production in Europe is moving towards renewable sources of energy, deploying 

wind and solar (photovoltaic and concentration) powerplants, current district heating still 

consists mainly of coal, gas and oil sources with some minor addition of biomass and waste 

incineration plants. Increasing pollution limits and departure from coal and oil burning may 

lead to search for innovative technologies. TEPLATOR is an industrial concept of central 

supply of heat/cold using spent nuclear fuel from light water reactors. Combining this new 

concept of heat production for district heating with Thermal Energy Storage (TES) could bring 

more flexibility and more safety to TEPLATOR operation and also could have significant 

economic value. It has been proven that the application of TES systems in industrial and 

building sectors is expected to provide an annual energy saving up to 7.8% in the European 
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Union [1]. As for the environmental impact, the utilization of these systems can reduce CO2 

emissions by 5.5% [1]. More in general the use of TES in Europe allows to save annually about 

1.4 million GWh [2].  

2 DESING 

2.1 General TEPLATOR design 

TEPLATOR is a channel type reactor using 55 VVER-440 spent (used) fuel assemblies, 

moderated and cooled by heavy water. Thermal power output is from 50 to 200 MW thermal. 

Coolant circulation is forced during standard operation; during emergency core cooling and 

residual heat removal natural convection to heat storage is anticipated. The reactor operates on 

atmospheric pressure or slightly above. Inlet / outlet temperatures for water are 45 °C and 98 

°C respectively, for Santowax temperatures will be above 100 °C [3]. 

 

TEPLATOR (Figure 1) basic design layout includes 3 circuits. The primary circuit 

includes a so-called calandria, a core, three heat exchangers and three pumps; it is therefore a 

so-called three-loop design. The core is made from Zr channels in which the fuel is based. The 

space between the channels is filled by the moderator, heavy water. The coolant flows in the 

channel around the fuel and then it flows through a system of pipes at the outlet of which there 

is a collector. Three pipes are led out of this collector, each of which is led into one heat 

exchanger. The coolant passes through the primary side of the heat exchanger and returns to 

the fuel channels through the pump and the lower distribution chamber [4]. 

 

Three primary heat exchangers with heat transfer surface 520 m2 each. Each heat 

exchanger is able to cool 100% of the power, in case of failure of the others [4].  

 

Figure 1: TEPLATOR 3 circuit design [4] 

 

Heat Transfer Fluid (HTF) is used in the secondary circuit (intermediate circuit).  Water 

(for lower temperature range) or molten salt (for higher temperature range and TEPLATOR 

design using Santowax coolant) is considered according to the operating parameters. The HTF 

transfers heat from the primary circuit to the heating circuit itself via the secondary exchanger. 

The intermediate circuit includes two storage tanks (or one in case of Thermocline design) 

serving as a thermal energy storage for covering demand peaks. Storage tanks are able to 
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simultaneously dissipate and store heat from the residual power of the fuel, therefore they can 

be used as residual heat removal system for safety purposes. 

 

The tertiary or heating circuit is then a set of secondary exchanger and pipes, which 

distribute the heat to the end customer either as steam or hot water, depending on installed 

distribution network. 

2.2 Thermal Energy Storage Design 

Thermal Energy Storage (TES) connected to TEPLATOR secondary circuit is an 

innovative tool for compensation of TEPLATOR power fluctuations on production site and 

compensation and smoothing of the demand curve on consumption site in short term (minutes 

/ hours). In longer term (hours / days) it should cover mainly disbalance between heat 

consumption during daytime, allowing TEPLATOR operation at full power. Seasonal heat 

storing is not suggested due to inapplicable TES size and significant heat loss. For seasonal 

power output balancing a combination with process heat or cold production is recommended. 

Optimal TES: 1/ operates in a suitable temperature range (given by required temperatures 

in district heating grid) 2/ could absorb adequate amount of heat in reasonable material volume, 

3/ has a good operation dynamic providing quick and safe response for charging and 

discharging demands (operation dynamic strongly depends on length of charging / discharging 

periods characterized by optimized demand curve).  

TES can also serve as an emergency and safety heat sink, for residual heat removal system 

(RHRS), after a reactor shut down (scheduled e.g., for service and inspection or emergency 

one). TES capacity for RHRS is considered to absorb 4 % of TEPLATOR power output for 12 

hours and subsequently following with 1 % TEPLATOR power output for next 60 hours. 

Natural convection in primary circuit and secondary circuit is anticipated. Cooling of TES is 

anticipated only by heat loss to environment (assuming active TES cooling and heat distribution 

and heat dissipation in distribution grid not operating).  

Two options for TES were considered: latent heat storage (LHTES) or sensible heat 

storage (SHTES). 

2.3 Latent heat storage 

By using latent storage instead of sensible storage, the specific volume demand can be 

reduced of a factor 5 [2]. The main advantage of LHTES with respect of SHTES is the higher 

energy density, which allows storing the same amount of energy by using smaller volumes of 

material. Also, only one storage tank is needed, instead of two tank solution for SHTES. Lower 

space and material requirements, are compensated with higher heat storing material price and 

need for more complex construction of the storage tank (e.g., fins for better heat transfer). From 

an economic point of view, a techno-economic assessment performed in [5] shows that LHTES 

systems costs over 45 €/kWh, which is 4 times the cost of a water tank TES (about 10 €/kWh) 

[2]. Furthermore, some experiments [6] show that heat losses in LHTES are significantly lower 

in comparison to an equivalent SHTES. LHTES are generally suitable for systems with low 

temperature difference between outgoing and returning streams. With higher temperature 

gradient more phase changing materials need to be involved, this leads to a significant rise of 

construction and operation costs. Salt hydrates [7] are probably the most suitable option for 

TEPLATOR’s heat storage. 
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2.4 Sensible heat storage 

In comparison with LHTES, SHTES are more flexible, easy to build and operate. 

Temperature of stored material (hot tank) could be easily changed in short or long term, without 

need of replacing the storage material. On the other hand, SHTES are characterized with lower 

heat storing density and larger storage tanks.  

There are two storage tanks concepts: A/ 2-Tank storage, having hot and cold storage 

tank. Where hot tank is being charged by heated heat transfer fluid and cold tank, where 

depleted HTF is stored. And B/ one tank Thermocline system, where hot and cold HTF is 

separated with floating barrier or tank is filled with material restricting vertical movement of 

the fluid. Thermocline has lower building cost and is less space demanding then 2-Tanks, while 

2-Tanks have lower operation demands and costs [8]. 

For sensible heat storage at temperatures above 100 °C, molten salts are most suitable. 

Advantages of molten salts are the high thermal stability, relatively low material costs, high 

heat capacity, high density, non-flammability and low vapor pressure. Due to the low vapor 

pressure pressurized vessels are not required [8]. 

For temperatures below 100 °C, molten salts with low melting point [9] can be used but 

due to media costs, the risk of corrosion and the difficulty in hygroscopic salt handling, water 

itself seems to be better solution as storage material. 

3 CONCLUSIONS 

Thermal energy storage can serve for TEPLATOR’s residual heat removal. Thermal 

energy storage could provide enough capacity to allow TEPLATOR’s full power operation 

while covering the changes in heat consumption. Construction and Design of TES is strongly 

dependent on primary circuit temperatures as well as on operation temperatures at district 

heating grid. Sensible heat storage with molten salt as heat transfer / storing fluid is optimal for 

TEPLATOR operating above 100 °C (with SANTOWAX primary circuit coolant) and latent 

heat storage with solution of salt hydrates in water is optimal for TEPLATOR operating at 

temperatures below 100 °C. 
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ABSTRACT 

An ex-core neutron flux measurement is a crucial system for all common power reactors. 

It is necessary to monitor neutron flux and control the chain reaction therefore the ex-core 

neutron flux measurement is one of the main safety and control systems. The main advantage 

of this arrangement of detectors is a fast response on neutron flux change, which determines 

the reactor power change. Regarding to the new reactor concepts, it is important to deal with 

improved detection systems suitable for these reactors. Many of the modern reactor concepts 

are based on the graphite moderator or reflector, which is also case of a TEPLATOR. The 

TEPLATOR is a solution of district heating system based on heavy water as a moderator and 

graphite as a reflector. TEPLATOR is designed to use irradiated fuel from the commercial PWR 

or BWR reactors, which has low to intermediate burnup. This article is focused on verification 

of possible use of the special neutron measuring system placed in the graphite reflector. The 

Monte Carlo code Serpent was used for calculations performed in this article. 

1 INTRODUCTION 

A neutron flux measurement is an important part of the I&C (Instrumentation and 

Control) system in every nuclear power plant because of its link to control of the chain reaction. 

Nowadays, the modern nuclear power plants are proposed for power generation and it is 

challenging to focus on choosing the suitable neutron flux monitoring system. The neutron flux 

measurement can be usually divided in two groups: in-core and ex-core measurement. The main 

advantage of the ex-core detectors arrangement compared to self-powered in-core detectors is 

a fast response on neutron flux change, which reflects a change of the reactor power. 

 This paper focuses on feasibility assessments of the ex-core detectors in a graphite 

reflector, which surrounds the TEPLATOR core. The TEPLATOR is an innovative concept for 

the district and process heat production developed in the Czech Republic [1]. The main idea of 

this concept is using already irradiated nuclear fuel from PWRs (Pressurised Water Reactor), 

which is stored in interim storage or in spent fuel pools. The concept provides lower 

environmental footprint and efficient utilization of the nuclear fuel. The TEPLATOR is 

designed for thermal power range 50 - 200 MW and continuous heat supply by implementing 

an energy storage system. There are several variants for TEPLATOR and one of them is 

TEPLATOR DEMO, see in the Figure 1. This design uses atmospheric pressure, 55 irradiated 

fuel elements, heavy water as the moderator in a calandria and as a coolant in a fuel channels 
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and graphite as the reflector. The assumption is to operate for 2x 270 days, which corresponds 

to two standard heating seasons. There is also a solution for countries that do not operate PWR 

and do not own irradiated fuel and this solution can be using special fuel made of LEU (Low 

Enriched uranium) or natural uranium designed for the TEPLATOR construction [2]. Like any 

other reactor the TEPLATOR needs the I&C systems for controlling. In this paper, an initial 

survey of the ex-core detectors position in the graphite reflector is presented.  

2 NEUTRON FLUX DETECTION IN TEPLATOR 

A functional sample of the neutron instrumentation is under development by 

dataPartner s.r.o. in cooperation with Research Centre Řez s.r.o. and University of West 

Bohemia, which will be suitable for a nuclear reactor with graphite moderators or reflectors. 

This project is a part of the research and development of the technical solution for the emerging 

nuclear reactors [3]. The main idea of this paper is to implement the ex-core neutron flux 

measuring apparatus into the TEPLATOR reflector. 

2.1 The model of TEPLATOR in Serpent 

The simplified model of the TEPLATOR was created in the Serpent 2.1.30 [4]. The 

TEPLATOR DEMO will use the already irradiated fuel from PWRs, which is not burnt up to 

its regulatory and design limits. For this simulation, a standard type of hexagonal nuclear fuel 

VVER-440 type with an average burnup 34750 MWd/MTU is assumed, which represents 

average fuel burnup of the spent fuel pool inventory. The fuel is modelled with the optimal 

pitch considering the heavy water as moderator and as coolant. The fuel assemblies are placed 

in hexagonal channels (Figure 2.), which are composed of two zircaloy hexagonal tubes with 

space between tubes filled with a low-pressure CO2 as a thermal shielding. The fuel channels 

are placed in a calandria filled with heavy water, which is surrounded by the 45 cm thick 

graphite reflector. Whole model can be seen in Figure 3a and Figure 3b. [5][6] 

Figure 1: Schematic of the TEPLATOR – side view 



405.3 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

A critical level Hcr of the moderator, which is in the calandria, can be seen in the Figure 

3a. The change of the moderator level is used for reaching criticality of the reactor and for 

regulating the nuclear chain reaction. The moderator level is 161.3 cm at the beginning of fuel 

cycle and it is measured from the bottom of active part of the fuel assemblies in the Serpent 

model.  

2.2 The calculations in Serpent 

All calculations were carried out in the code Serpent 2.1.30 with 25 000 neutrons, 10 000 

histories and 50 inactive cycles and the ENDF/B-VIII.0 [8] nuclear data library was used. A 

Figure 3: The model of TEPLATOR core – a) side view, b) view from above 

a) b) 

Figure 2: The composition of the fuel channel 

 Zircaloy 
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Coolant 

Fuel pin 

Moderator 

Hcr 



405.4 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

standard deviation of the calculations is around 3 % in thermal and epithermal groups. For the 

fast neutrons the standard deviation is around 13% and, because the field of interest is mainly 

in thermal neutron group, the uncertainty was considered as sufficient. 

2.3 Neutron flux profile in TEPLATOR 

The ex-core detection of neutron flux is important because of its quick response on the 

change of reactor power. In-core detection is not subject of this paper, although such 

instrumentation can be deployed with same importance. The ex-core detectors are usually 

placed in biological shielding at PWRs [7]. First approach was to determine whether is possible 

to place the detectors behind the reflector. However, the concept of TEPLATOR is designed 

with the 45 cm thick graphite reflector so there were doubts about a sufficient detector response. 

It was decided to calculate a radial neutron flux profile according to this assumption. 

A set of calculations were made with 5 cm step to show the radial neutron flux profile in 

the reflector (Figure 4). The first step is placed 5 cm in front of the reflector in the moderator 

and the last step is 5 cm behind reflector where the biological shielding should be located. For 

this purpose, the detector was placed in the middle of the fuel assembly height, which is under 

the moderator level where the highest neutron flux was assumed (Figure 5). A 7-group energy 

structure was used, the pre-defined CASMO available in code Serpent. The Figure 4 proves 

that the position of detectors behind the reflector would be inappropriate. The detectors will 

reach much better response to thermal neutrons (the curve with the highest neutron flux in the 

Figure 4) if placed in a very first centimetres of the reflector. 

A layout of the ex-core detectors based on these results was designed. In the neutron 

instrumentation apparatus developed by dataPartner, the fission chambers will be used with the 

following dimensions: 15 cm length, 0.7 cm diameter, which served as a basis for the purposes 

of this article. The fission chambers can supress a gamma induced signal by using a Campbell 

Figure 4: Radial neutron flux, 7-group energy structure, detector in the 

middle of the fuel assembly height under the moderator level 
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operational mode and have high sensitivity to thermal neutrons. A 60° symmetry of the core 

was used as shown in the Figure 6a. Due to the regulation by moderator level and the fuel 

assembly length, the 4 axial ex-core detectors were chosen in the following positions: D1 at 

230 cm, D2 at 154 cm, D3 at 93 cm and D4 at 28 cm from bottom of active part of the fuel 

assembly shown in the Figure 6b. It should be also possible to find out a shape of axial neutron 

flux profile with this layout. 

It is clearly recognizable from calculated results that the fast neutrons contribute much 

more to the total neutron flux in the detector D1, placed above the moderator level, than in 

detectors under the moderator level (see the Figure 7 in comparison with Figure 4). It can be 

also clearly seen that the peak in thermal neutron flux is within the reflector around 200 cm of 

the model dimension, which corresponds to 15 cm thickness of the reflector. On the other hand, 

the properties of heavy water are demonstrated in responses of the D2, D3 and D4 detectors to 

the thermal flux that are under moderator level. The neutrons are slowed down much faster and 

the thermal neutron peak is located near the border of the reflector and moderator, which caused 

that the neutron flux is flattened and slightly shifted towards the reactor core in these three 

detectors (Figure 4). In reality it is a composition of two reflective materials with different 

properties, so it is not easy to predict results without previous calculations. Neutron flux in the 

detectors D2 and D4 is very similar to detector D3. These results confirm that the position of 

detectors is propriate in very first few centimetres (around 5 cm). According to this, also the 

axial profile of neutron flux was calculated as shown in the Figure 8. 

The Figure 8 demonstrates distribution of the axial thermal neutron flux profile at the ex-

core detector position during the TEPLATOR operation. As the fuel is burning up, the level of 

moderator (to maintain criticality) is rising. Another 4 moderator levels were set for determining 

the axial profile during operation with equal distance between first critical height Hcr = 161.3 

cm and the upper part of the reactor calandria (191 cm, 221 cm, 252 cm and filled calandria 

350 cm). The calculations were carried out with the fuel at the beginning of cycle – “fresh fuel”. 

The subject of the further research will be verification of axial neutron flux change during 

burnup. 

Figure 5: Distribution of the thermal neutron flux and fission rate 

Hcr of moderator 

Fuel assembly 

Axial thermal neutron 
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Figure 6: Detector D1 – Radial neutron flux – 7-group energy 

structure 

Figure 7: a) 60° symmetry of the detectors b) Axial position of the ex-core detectors  
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3 CONCLUSION 

This article aims at possibility of the ex-core measurement implementation in the 

TEPLATOR, which is a new concept of the reactor using already irradiated fuel for district 

heating. We tried to find a suitable placement of detectors in the reactor. The first idea was to 

place detectors behind the graphite reflector and thus implement the ex-core detectors in 

TEPLATOR. The calculations were carried out with the detectors placed in the middle of the 

fuel assembly height under the moderator level in the reflector, where the highest axial thermal 

neutron flux is expected. The idea of placing detectors behind the reflector has been refuted by 

calculations of the radial neutron flux distribution, since it showed the peak of thermal neutron 

flux within 5 cm of reflector thickness. The highest thermal flux is at the beginning of the 

reflector, which is consistent with the requirement on ex-core measurement to be as close as 

possible to the reactor core, in order to prevent reactor core from appearing as a point neutron 

source. First 5 centimetres of the reflector appear as the most appropriate position of detectors 

in radial direction obtained from the results. The layout of the detectors composed of four axial 

detectors using 60° symmetry and complete radial and axial profile of neutron flux was created 

and calculated. The axial profile shows the change of neutron flux distribution during operation 

time.  

Further research will aim at detailed analysis during the fuel burn up and on the behaviour 

of the neutron measurement during operation time, i.e., dependence of a calibration on the fuel 

burn up, harder neutron spectra or potential redistribution of reactor power in radial direction. 

Also, an effect of the radial and axial position of the detectors in the reflector and optimization 

of the detectors’ response will be investigated. The next step is to find out a possibility to map 

a distribution of the neutron flux in the whole reactor core both in radial as well as in axial 

directions, as is it possible when using the standard in-core detectors.  

Figure 8: Effect of the moderator level on axial neutron flux profile distribution – 1. group thermal 

neutrons 
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ABSTRACT 

The TEPLATOR is an innovative solution for district heating using nuclear energy. It is a 

special thermal reactor with specific arrangement of the reactor core with 55 fuel assemblies 

which is moderated and cooled by heavy water and operated at atmospheric pressure with low 

output temperatures compared to the commercial nuclear power plants. The TEPLATOR DEMO 

is designed for using irradiated fuel from LWR reactors. In case that the irradiated fuel is not 

available in terms of high burnup or other reasons, there is a possibility to use SEU or natural 

uranium as a fuel. This solution is suitable because of the favourable price of natural uranium. 

This article focuses on development of the alternative suitable fuel for the TEPLATOR, which 

is based on irradiated fuel reactor core arrangement. It is mainly concerned with neutronic 

development of the fuel assemblies with appropriate parameters for this application. This article 

contains various fuel modifications with different time of operation. All calculations were 

performed by the Monte Carlo code Serpent. 

1 INTRODUCTION 

The TEPLATOR is designed as a new type of reactor for operation with the irradiated 

VVER-440 fuel assembly with optimal burnup. The reactor will be used as a district heating 

station. This solution could be interesting for countries, which operate VVER-440 reactors, and 

which have a large amount of irradiated fuel assemblies stored in long-time storage. If some 

country or operator wants to operate the TEPLATOR and they do not own the irradiated fuel, 

is it possible to use a special fuel made of SEU or natural uranium. 

This article focuses on natural uranium fuel type development which is based on the novel 

TEPLATOR geometry. Set of calculations was performed using Serpent neutronics code to find 

an optimal geometry and materials of the fuel assemblies. The input parameters were taken 

from the existing TEPLATOR design:  dimensions of a reactor vessel, materials of the core, 

reflector and finally pitch of the fuel channels. 

1.1 The main input parameters for fuel design 

The TEPLATOR is designed as a channel reactor, which operates with 50 MW thermal 

power output and it will be used mainly for district heating. The power can be raised up to 

200 MW with some modification. This alternative design of TEPLATOR core presented in the 
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article contains 55 hexagonal fuel channels with an optimal pitch [1], which go through a reactor 

core. Every fuel channel is constructed as two concentric hexagonal tubes with the inner 

diameter 7.35 cm. Between the tubes there is a thermal shielding – low pressure CO2. The 

reactor core is surrounded by a 0.5 m thick graphite reflector. This reflector is also placed under 

and over the reactor core. The heavy water is used as a moderator and as a coolant at the same 

time. The criticality of the reactor is reached by changing of the moderator level inside a 

calandria. Coolant outlet temperature is now set just below 100 °C and temperature gradient is 

around 50 °C. The fuel channels work with a slightly higher atmospheric pressure. These main 

parameters of TEPLATOR were crucial for development of the new fuel design. The reactor 

core with the new fuel channels can be seen in the Figure 1.  

2 FUEL DESIGN 

It is not a new idea to use natural uranium as the fuel for a nuclear reactor. There were a 

few projects during development of a current reactor types with natural uranium as the fuel. 

The largest advantage of the fuel made of natural uranium is absence of enrichment and lower 

price. Natural uranium is relatively common element and fabrication of the fuel is relatively 

easy and cheap in comparison with the enriched uranium fuel. The MAGNOX [2] and the 

CANDU [3] reactors are the most known concepts operating with the fuel made of natural 

uranium and run with some modifications to present time. In the Czech Republic, there is also 

some experience with operation of heavy water reactors with fuel made of natural uranium. One 

unit of reactor KS-150 was operated in the former Czechoslovakia between 1972 and 1977. 

However, this concept did not survive to the present days because of construction features and 

accidents. 

2.1 The material and geometry of natural uranium 

To design a new core, it was first necessary to choose a type of fuel and suitable geometry. 

Due to the defined arrangements and the size of the reactor core [1], there were only few 

possibilities of the fuel geometry design. Only two fuel materials were considered for these 

Figure 1. The schematic model of TEPLATOR reactor core – floor plan 
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purposes – uranium dioxide (as in CANDU reactors) and metal uranium (as in MAGNOX and 

KS-150 reactors). 

The first approach was to use the VVER-440 [4] fuel assemblies with a natural 

enrichment, because the TEPLATOR DEMO is designed for this type of geometry. 

Unfortunately, such fuel geometry cannot be used, because the reactor did not reach criticality 

despite the full calandria of moderator. The next idea was to modify a CANDU fuel bundles 

and use its geometry. The fuel bundles were modelled as the 3.2 m long assembly with various 

diameter of the fuel pins. Three core modifications with 7, 19 and 37 fuel pins per one assembly 

with UO2 and metal uranium form were calculated. The diameter of these fuel pins was 

optimised to be 2 cm by a series of calculations. All three variants appeared more promising 

than the VVER-440 geometry. The highest keff was obtained by using a metal uranium in all 

cases. The 19-pin fuel assembly was the best modification in terms of used amount of uranium 

and keff. This type is potentially applicable, nevertheless a few complications were found in 

deep analysis. The main complication is the void coefficient during Loss of Coolant Accident 

(LOCA). It is highly improbable that LOCA will occur in all 55 fuel channels at the same time, 

however a single channel LOCA could be very serious situation as it is in CANDU [3]. The 

next disadvantage of this 19-pins CANDU geometry is swelling of metal uranium with an 

increasing burnup [5]. There is not so much space for material swelling in each pin, so the 

possibility of fission products leakage from the pins is not negligible. The last problem is a 

relatively high heat flux per square meter of the fuel pins in terms of thermohydraulic.  

All these aspects led to creation of completely new fuel type geometry. It was concluded 

from all previous calculations that the largest fuel reactivity is when the fission material is 

placed as close as possible to the border of the cooling channel compared to placing a same 

amount of uranium to the channel centre. The question about the fuel pins swelling led to 

designing a different type of geometry. The heat flux per square meter was also considered. 

These investigation results led to the design of a tubular fuel. The tubular fuel geometry has not 

been used yet in any LWR power reactor type but is widely used in a research and experimental 

reactors [6]. This type of geometry has a lot of advantages. The fuel tube diameter can be 

adapted to the cooling channels, there is more space for potential fuel swelling and heat flux is 

sufficiently low for designed output power. In the Figure 2, there are different existing fuel 

assemblies geometry which confirm that fabrication of the tube type of fuel is possible and 

technologically feasible. 

Figure 2. The different types of FA geometries for experimental reactors [8] 
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3 CALCULATIONS AND MODELING OF FUEL 

All calculations of designed fuel parameters and whole reactor core were performed by 

using Serpent 2.1.30 code [7]. The whole 3D model of TEPLATOR respects all dimensions 

mentioned above. Each calculation was calculated with 1 000 active generations, 50 inactive 

generations and with 30 000 neutrons per one generation. All calculations were performed in 

ENDF/B-VII.1 nuclear data library. The number of neutrons, active and inactive cycles is 

sufficient in this first fuel design in terms of neutron source convergence and the uncertainty, 

which is between 8 to 15 pcm for all calculations. 

Following considerations mentioned above, the two different types of tubular fuel were 

recalculated - cylindrical and hexagonal tubes. Cylindrical tubes (CYL) were inspired by the 

MR fuel type [8], hexagonal tubes (HEX) by VVR-5M [8]. One, two and three concentric tube 

fuel arrangements for both types of fuel assemblies were evaluated– see the Figure 3. The 

modification with two or three tubes is necessary to increase a thermal power. The thickness of 

cladding was set to 1 mm, which is made of Zircaloy-4 [4]. The cladding material and its 

thickness should be subject of further investigation and optimization. The gap between the 

individual fuel tubes was set to 5 mm due to sufficient flow of cooling heavy water. For 

instance, the gap between the tubes in research reactor fuel assemblies IRT-4M is only 1.35 mm 

with two times higher heat flux per square meter [6]. The height of fuel assembly was set to 

3.2 m, which is the optimal height between the upper and bottom graphite reflector. The outer 

diameter of fuel assembly was set to 7.1 cm in both cases. The designed cylindrical and 

hexagonal fuel assemblies are shown in the fuel channel in the Figure 3. 

The fuel assemblies were gradually placed to cooling channels, the calandria was filled 

with heavy water and keff was calculated (see Figure 4). Various thicknesses of the fuel layer 

with 1 mm step for both fuel materials in each geometry modification (CYL and HEX) were 

evaluated. The thickness was set from 1 to 15 mm for metal uranium and from 1 to 10 mm for 

uranium oxide. The layer of UO2 was conservatively set lower than the layer of uranium metal 

due to its lower thermal conductivity. Metal uranium has approximately six times higher 

thermal conductivity compared to uranium dioxide [9], so the thicker layers cause no problems. 

The calculations of keff determine the suitable thickness of uranium layer inside the tubes for 

all modifications with one, two and three-tubes. The highest keff are listed for all mentioned 

cases in the Table 1. 

Cylindrical tubes with displacer – one, two and three tube modification 

 

Hexagonal tubes with displacer – one, two and three tube modification 

 
Figure 3. All calculated geometry fuel types for TEPLATOR 
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4 CALCULATION RESULTS 

It can be seen from Table 1 that the modification with hexagonal tubes reaches higher keff 

in all calculated cases. This is probably caused by a better geometry in fuel channel – there is a 

same amount of cooling heavy water in hexagonal tube in all directions of the fuel channel 

compared to over-moderated corner areas of the fuel channel with cylindrical fuel assembly. 

The metal uranium is clearly preferable to uranium oxide for one and two-tube assembly. The 

difference between used material is lower for three-tube assembly, nevertheless uranium metal 

is still better. For better imagination, it can be seen in the Figure 5 the dependence of keff on the 

fuel layer thickness. 

Table 1: The highest achieved value of keff for all cylindrical and hexagonal tube 

modifications and the corresponding fuel thickness d for different fuel material 

Modification Fuel type d [cm] keff Modification Fuel type d [cm] keff 

1 CYL tube 
U metal 1.0 1.06619 ± 0.00015 

1 HEX tube 
U metal 1.0 1.06690 ± 0.00015 

UO2 1.0 1.03038 ± 0.00015 UO2 1.0 1.03578 ± 0.00015 

2 CYL tube 
U metal 0.6 1.04854 ± 0.00015 

2 HEX tube 
U metal 0.6 1.04888 ± 0.00015 

UO2 1.0 1.03482 ± 0.00015 UO2 1.0 1.03547 ± 0.00015 

3 CYL tube 
U metal 0.5 1.03568 ± 0.00015 

3 HEX tube 
U metal 0.5 1.03467 ± 0.00015 

UO2 1.0 1.02940 ± 0.00015 UO2 1.0 1.02959 ± 0.00015 

Figure 5. The hexagonal tube fuel assembly - dependence of keff on the fuel layer 

thickness d for metal uranium and uranium oxide 

 

Figure 4. Description of the single tube fuel assembly – floor plan 
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A high attention was paid during calculations to the positive void reactivity coefficient 

and its overall suppression. One way to significantly reduce the positive void reactivity 

coefficient of the coolant is placing a special coolant displacer in the centre of fuel assembly. 

This displacer was designed as special tube with a welded bottom. There is small drilled hole 

in the centre on the bottom of the displacer and the top of the displacer is open, see Figure 6 

and Figure 4. The hole on the bottom of the displacer ensures at least a small flow of coolant 

trough displacer. It is necessary to ensure coolant flow due to neutron thermalization and 

gamma heating in area of displacer. The displacer significantly extends the time until the fuel 

channel is dried in case of single cooling channel LOCA, which greatly slows down a positive 

reactivity insertion. An emptying time depends on diameter of the drilled hole in the fuel plug 

and it should be further investigated after the exact thermohydraulic analysis. 

The shape of the displacer corresponds with the fuel assembly geometry, see Figure 3. 

This special displacer reduces void coefficient in all calculated cases and it has only a negligible 

effect on reactivity change. The displacer is composed of a 1 mm thick aluminium tube. The 

diameter of drilled hole on the bottom and thickness of the wall will be investigated in further 

research. The comparison of keff with or without displacer can be seen in Table 2. 

Table 2: The comparison of keff in single cylindrical tube fuel assembly using displacer 

and without displacer, d - thickness of metal uranium layer 

d [cm] Without displacer With displacer Δkeff [pcm] 

0.9 1.06871 ± 0.00015 1.06470 ± 0.00015 -401 

1.0 1.06897 ± 0.00015 1.06619 ± 0.00015 -278 

1.1 1.06850 ± 0.00015 1.06571 ± 0.00015 -279 

1.2 1.06794 ± 0.00015 1.06541 ± 0.00015 -253 

 In Table 3, there is a comparison of reactivity insertion during LOCA accident with or 

without displacer in fuel assemblies for one-tube type of arrangements with the highest keff. For 

these purposes, LOCA was assumed in seven central channels in the same time. 

Table 3: The comparison of keff in standard operation and during LOCA accident in 

seven central cooling channels after channel drying – cases with and without a displacer 

Modification d [cm] Without LOCA 
LOCA - without 

displacer 

LOCA - with 

displacer 
Δkeff [pcm] 

1 CYL tube 1.0 1.06619 ± 0.00015 1.07473 ± 0.00015 1.06890 ± 0.00015 +583 

1 HEX tube 1.0 1.06690 ± 0.00015 1.07757 ± 0.00015 1.07168 ± 0.00015 +589 

It can be clearly recognized from the Table 3 that using a displacer is a very effective 

solution how to partially inhibit positive reactivity insertion during Loss of Coolant Accidents. 

An increase of reactivity is obvious in all geometry types during LOCA accident. However, the 

reactivity insertion is suppressed and rapidly slowed down by using the displacer, for instance 

Al displacer 

Drilled hole in bottom 

Fuel tube 

Figure 6. Schematic cut of the displacer 
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the time to full dry-out of the displacer is around 35 min with a hole 2 mm in diameter. The last 

column of the table shows a change of reactivity during LOCA between cases with the displacer 

and without the displacer. From this point of view, the cylindrical tube geometry seems better 

during this accident. Carried out analysis is very strict in terms of seven channels fault in centre 

of the core at the same time. This scenario is very unlikely and it belongs to the extended 

conditions of nuclear safety.  

The final goal was verification of operation time of TEPLATOR at full output power with 

the new designed fuel from natural uranium. The highest keff is for the hexagonal geometry with 

the 1 cm thick fuel layer, which can be seen in Table 1. The cases with 0.9 cm thick layer and 

1.1 cm thick layer reach almost the same keff so these three variants were considered to the 

following burnup calculations. Cumulative burnup with 12 steps and with 5 depletion zones 

were used for all burnup calculations. The comparison of the layers is in the Figure 7. It can be 

observed that the operation time is much higher for 1.1 cm thickness than for 1 cm thickness 

with the highest calculated keff. This phenomenon can be explained by the fact that there is more 

uranium in the reactor core for the case with the 1.1 cm layer compared to the 1 cm layer. The 

amount of uranium and operation time can be found for these three examined cases in Table 4. 

Table 4: One hexagonal tube - three different fuel layer thickness d, keff on beginning of 

cycle, weight of uranium metal m and time of operation EFPD 

d [cm] BOC keff [-] m U metal [kg] EFPD [days] 

0.9 1.06677 ± 0.00008 13066.2 1252 

1.0 1.06682 ± 0.00008 14403.7 1468 

1.1 1.06673 ± 0.00008 15718.4 1682 

5 CONCLUSIONS 

This article is focused on development of a fuel made of natural uranium for the new 

reactor concept - the TEPLATOR. The two fuel materials, uranium oxide and metal uranium, 

were tested in a few new geometry types of fuel. All the calculations were performed by the 

neutronics code Serpent. As the best geometry type was chosen tubular geometry and two types 

of tubes were examined – cylindrical and hexagonal. One, two and three-tube structure for each 

type of geometry (cylindrical and hexagonal) were tested and the best thickness of the fuel layer 

Figure 7. Influence of the fuel layer thickness on operation time, EFPD – Effective 

Full Power Day, BOC – Beginning of Cycle 
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were found for both mentioned fuel materials. The burnup calculations were carried out for the 

chosen thicknesses of the fuel layer and prove that the designed fuel can be operated for at least 

5 heating seasons (10 months each). Optimization of the fuel quantity, operation time and the 

other aspect are now under investigation. 

Finally, an unique structural element of the fuel, a special displacer, was proposed, 

designed and evaluated after a deep analysis of designed types of the fuel. This special displacer 

suppresses influence of the moderator positive void coefficient. This tool retains a significant 

amount of coolant for a certain time during leakage so it can be used as a mitigation of the Loss 

of Coolant Accident effect. The detailed construction and features of the displaced will be 

created in further research. 

All results obtained in this article are part of the first investigation and further research of 

the fuel cladding thickness, material, fabrication of metal uranium layers, thermohydraulic 

analysis etc will be done. Burnup calculations and other results confirmed that there are several 

possibilities of fuel geometry, which can be used with natural uranium as the alternative fuel 

for the TEPLATOR. 
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ABSTRACT 

The NEA Expert Group on Innovative Fuels (IF) has started a follow up of the 

benchmark on fuel performance codes. The first part of the exercise has been concluded 

recently. Phase II will focus on fast reactor cores loaded with either oxide or metal fuel. 

Participants will perform numerical simulations on two accidental conditions: loss of flow and 

over power unprotected transients (ULOF, UTOP). In the frame of Phase II ENEA will 

perform calculations by using the TRANSURANUS fuel performance code. This paper 

presents some preliminary activities and calculations as an introductory step to the 

benchmark.  

1 INTRODUCTION 

Next generation fast breeder reactors (FBR) aim at improving nuclear energy 

sustainability by overcoming, among others, the limitation in uranium resources [1]. Under 

irradiation conditions typical of FBRs fuel pins face significant degradation of thermophysical 

properties and microstructural changes that limit the residence time in reactor. Innovative 

cladding materials have been proposed with the objective of extending the lifetime of fuel pin 

[2,3]. 

In the frame of the Working Party on Scientific Issues of the Fuel Cycle, the Expert 

Group on Innovative Fuels (WPFC/IF) has proposed and organized a continuation of the 

benchmark on fuel performance codes [4]. The first part of the benchmark has been focused 

on a series of experiments on oxide and metal fuels bearing minor actinides (<5 wt.%). Phase 

II will deal with simulations on loss of flow and over power unprotected transients (ULOF, 

UTOP) occurring at different burn-ups. For the purpose, an oxide and a metal core design will 

be assumed as reference for participants’ calculations. Together with TRANSURANUS [5], 

other codes will be employed for the oxide fuel case (e.g., GERMINAL, TRAFIC, BISON); 

MACSIS, ALFUS and BISON codes will be used for the analysis of the metal fuel pin. 

Cores’ designs and transients’ specifications have been developed by the SFR-UAM 

that is a sub-group of the Uncertainty Analysis in Modelling Expert Group of the Working 

Party on Scientific Issues of Reactor Systems (WPRS/UAM) [6]. Therefore, a strong 

collaboration is ongoing between IF and SFR-UAM. Phase II should provide information on 

the models that are most influential on uncertainties affecting calculations during transients. 

The WPFC/IF has promoted a project having the objective to identify a set of 

recommended correlations for the evaluation of the thermophysical properties of oxide and 

metal fuel. This project has strong links with Phase II because thermophysical properties play 

a relevant role in determining fuel codes’ outcomes. 

mailto:rolando.calabrese@enea.it
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The demanding conditions and the use of innovative materials make the analysis of fast 

reactors a challenging task for fuel codes. The TRANSURANUS team has devoted significant 

efforts to improve and refine models used for the analysis of fast reactor fuel pins [7,8]. 

However, the need for further validation and testing is acknowledged. For this reason, ENEA, 

as a TRANSURANUS user, has joined this exercise. The paper will present deterministic and 

statistical calculations intended as an introductory step to the analyses that will be proposed 

within the benchmark.  

2 SODIUM FAST REACTOR 

The TRANSURANUS code will be used for the analysis of the oxide core. The reactor, 

loaded with MOX fuel, has a thermal power of 3600 MWth [9]. The number of fuel 

subassemblies located in the inner and the outer zone is 225 and 228, respectively. In 

addition, the core is composed of 270 radial reflector subassemblies and 27 control 

subassemblies. The primary control system consists of 6 control subassemblies in the inner 

zone and 12 control subassemblies at the interface between the inner and the outer zone. With 

regard to the secondary system, 9 control subassemblies are located in the 7th row. 

 

Figure 1: layout of the oxide core. 

Some specifications of the fuel subassembly and the fuel pin are listed in Tab. 1 [9,10]. 

The cladding material is an Oxide Strengthened Steel (ODS), in particular, the 9Cr-ODS has 

been employed for the design [2,11]. 

Pins are arranged in a triangular lattice. Each fuel subassembly contains 271 pins. Inlet 

and outlet coolant temperature are 395 °C and 445 °C. Operating conditions are different in 

the inner and the outer zone. With regard to the inner zone, the peak linear power of fuel pins 

is 41.1 kW/m and peak fast neutron flux is 3.67·e+15 n/(cm2·s). These values are maintained 

constant throughout the irradiation cycle thanks to a reduced reactivity swing. In the outer 

zone BOC values 30.3 kW/m and 2.28·e+15 n/(cm2·s) decrease to 27.7 kW/m and 2.47·e+15 

n/(cm2·s) at EOC. Values of fast neutron flux are intended as a first approximation and a 

review of fast fluence is ongoing. 

The duration of each irradiation cycle is 410 effective full power day (EFPD). The 

whole irradiation history is composed of 5 cycles. 
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Table 1: Geometric specifications (cold and operating conditions) 

Fuel subassembly Operating Fuel pin Cold 

Length of subassembly (cm) 311.16 Fuel inner diameter (mm) 2.500 

Length of upper gas plenum (cm) 10.05 Fuel outer diameter (mm) 9.430 

Length of lower gas plenum (cm) 89.91 Clad inner diameter (mm) 9.730 

Height of active core (cm) 100.56 Clad outer diameter (mm) 10.730 

Subassembly outer flat-to-flat (cm)  20.7468 Upper plenum volume (mm3)  7206.3 

Number of fuel pins 271 Lower plenum volume (mm3) 66176.8 

3 DESCRIPTION OF CALCULATIONS 

The calculations presented in this paper consist of a deterministic analysis of the 

irradiation history and a statistical analysis of an unprotected transient occurring at the end of 

the 4th cycle. The irradiation history has a duration of 5 cycles corresponding to 2050 EFPD. 

The transient is an unprotected loss of flow (ULOF). The statistical analysis has been 

performed using the RESTART option of TRANSURANUS. Boundary conditions have been 

defined assuming that the pin is located in a corner position of the fuel subassembly. The fuel 

subassembly is located in the inner zone of the core. 

The 9Cr-ODS is not included in the list of cladding materials of TRANSURANUS. For 

the purpose, a set of cladding properties has been introduced in the code and employed in 

calculations [2]. 

The TRANSURANUS modelling of the pin is based on recommended options. Most 

relevant models are: OXIRED and PUREDI for oxygen and plutonium redistribution under 

irradiation [12,8]; relocation according to an empirical model for FBR [13]; the densification 

is based on the model by Dienst et al. [15] and the data on pore migration by Olander [16]. 

The residual porosity at end of densification is 1%. The model that accounts for the formation 

and closure of a central hole was applied in calculations. With regard to the mechanical 

analysis, a visco-elastic treatment of creep in the fuel and an explicit treatment of creep in the 

cladding have been employed. Fission gas release modelling is based on a constant grain 

boundary saturation limit [17,18]. The fuel pin axial geometry has been described by means 

of 20 slices. 

The ULOF transient curves are shown in Fig. 2 [19]. At given pressure conditions (2.2 

bar), sodium boiling occurs at about 32 s. However, the calculations discussed here end at 20 

s. With this constraint all runs of the statistical analysis have been successfully completed. In 

the concluding part of the transient the temperatures predicted by the code exceeded the 

domain of validity of cladding correlations [2]. 

The Monte Carlo technique has been applied: values of random inputs are sampled at 

each code run from the probability density functions associated to each uncertain input. 

Lower (5% percentile) and upper (95% percentile) uncertainty bands have been determined in 

compliance with the indications of order statistics [20]. To achieve a level of confidence of 

95% 200 code runs plus a reference run have been performed. Random inputs are listed in 

Tab. 2. Table 3 presents the output variables included in the analysis.  
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Figure 2: Mass flow rate and power during the ULOF transient. 

Table 2: Random input variables and their specifications (multiplying coefficients) 

Random input variable 
Reference/ 

mean value 

Standard 

deviation 

Probability 

density 

function 

Lower/ 

upper bound 

Linear heat rate 1.00 3% Normal 0.94/1.06 

Mass flow rate 1.00 3% Normal 0.94/1.06 

Fuel thermal conductivity 1.00 5% Normal 0.90/1.10 

Fuel thermal expansion 1.00 5% Normal 0.90/1.10 

Clad thermal expansion 1.00 5% Normal 0.90/1.10 

Coolant heat capacity  1.00 5% Normal 0.90/1.10 

 

Table 3: Output variables considered in calculations 

Variable Description 

TFC Temperature of fuel centreline as a function of time (at z=peak power node) 

TFO Temperature of fuel outer surface as a function of time (at z=peak power node) 

TCI Temperature of clad inner surface as a function of time (at z=peak power node) 

TCO Temperature of clad outer surface as a function of time (at z=peak power node) 

TNa1 Temperature of Na coolant as a function of time (at z=peak power node) 

TNa2 Temperature of Na coolant as a function of time (at the top of fuel stack) 

ECT Clad total axial elongation as a function of time 

EFT Fuel column total axial elongation as a function of time 

RFI Fuel inner radius as a function of time (at z=peak power node) 

RFO Fuel outer radius as a function of time (at z=peak power node) 

ETZ 
Clad permanent hoop strain at the end of transient at the metal/oxide interface as a 

function of height  

SCH Clad hoop stress at outer part of the clad as a function of time (at z=peak power node) 

4 RESULTS OF IRRADIATION HISTORY 

Some results at EOL (5 cycles) are reported in Tab. 4. Temperatures at peak power node 

(PPN) and gap width in the central region of the pin are presented in Fig. 3. Starting from the 
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beginning of the second cycle, the gap is closed in this section of the pin. Thereafter, the fuel 

central temperature increases linearly as presented in Fig. 3a. With regard to this behaviour, 

the degradation of fuel thermal conductivity with burn-up plays a significant role. However, 

the margin to melting remains high. 

Table 4: Fuel pin quantities at EOL 

Integral quantities  Quantities at PPN  

Average burn--up (MWd/tU) 114426.00 Fuel central temperature (°C) 2554.67 

Peak burn-up (MWd/tU) 141931.00 Clad inner temperature (°C) 550.56 

Fission gas release (%) 76.38 Permanent tangential strain (%) 2.55 

Upper plenum pressure (MPa) 5.46 Effective creep strain (%) 2.98 

 

    

Figure 3: Fuel pin temperatures at PPN (a); gap width in the middle region of the fuel stack 

(slices 6-15) (b). 

 

The fuel inner radius decreases during the irradiation accommodating the dimensional 

changes due to swelling; see Fig 4a. The onset of this behaviour is correlated with the closure 

of gap. At EOL the rate of decrease is more pronounced having some effect on the fuel 

temperature: see Fig. 3a. Plutonium redistribution is a process relevant to the performance of 

fuel pin. Plutonium accumulation in the central region of the pellet has an impact on the 

melting temperature and therefore on the margin to melting. In this region, as shown in Fig. 

4b, the concentration of plutonium is increased by about 60% (Fig. 4b). The redistribution of 

oxygen at different times is presented in Fig. 5a. The O/M ratio shows a markedly increase 

under irradiation. At EOL the radial profile of the O/M ratio is flat and the fuel is 

stoichiometric. The permanent tangential strain at O/M interface is presented in Fig. 5b. These 

results confirm that this quantity varies with the axial position depending on the axial profile 

of power when the gap is closed. The uppermost curve shown in Fig. 5b corresponds to the 

PPN. 

 

0 10000 20000 30000 40000 50000
0

500

1000

1500

2000

2500

T
e

m
p

e
ra

tu
re

 (
K

)

Time (h)

 Fuel centreline

 Fuel outer

 Cladiing inner

 Caldding outer

 Coolant

0 3000 6000 9000 12000 15000
0

20

40

60

80

100

120

G
a

p
 w

id
th

 (
m

ic
ro

n
s
)

Time (h)



407.6 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

     

Figure 4: Fuel inner radius in the central region of the pin (a); plutonium concentration at PPN 

(b). 

    

Figure 5: O/M ratio at PPN (a); permanent tangential strain at O/M interface in slices 6-

15 (b). 

5 RESULTS OF THE ULOF TRANSIENT 

Fig. 6 presents the central temperatures of fuel and the temperatures of sodium in the 

second half of the fuel stack that is from the PPN (slice 11) up to the top of the fuel stack 

(slice 20). Fuel temperatures tend to decrease just above the PPN while they tend to increase 

near the top of the fuel stack. The decrease of linear heat rate occurring during the transient is 

more important for the slices close to the PPN while sodium temperature is more relevant for 

the top slices. However, the maximum temperature of fuel remains below 2500 °C. The rate 

of increase of sodium temperature is highest for the uppermost slice as seen in Fig. 6b. 

Highest temperatures of coolant are accompanied with cladding temperatures close to the 

temperature bounds of material correlations. 

Table 5 lists the results of the statistical analysis: maximum values during transient and 

corresponding lower and upper uncertainty bands. Most of the quantities show uncertainty 

bands consistent with the probability density functions of random inputs applied in 

calculations (e.g., TFC, TCI, TCO, TNa1). Deviations are noted in the upper uncertainty band 

of TFO, in the fuel and cladding axial elongation that both show high uncertainties. Values of 

ETZ and SCH confirmed to be affected by high uncertainties while noticeable small 

uncertainties are seen for the geometric quantities RFI and RFO. As concluding remark, 
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thermal quantities are evaluated with better accuracy, while quantities that depend on a more 

ample set of parameters show higher uncertainty bands such as ECT, and EFT.  

     

Figure 6: Fuel central temperature moving from slices 11 (uppermost curve) to slice 20 

(lowest curve) (a); sodium temperatures from slice 11 (lowest curve) up to slice 20 

(uppermost curve) (b). 

 

Table 5: Maximum values during transient and corresponding uncertainty bands 

Output* LUB Reference UUB LUB (%) UUB (%) 

TFC (°C) 2297.852 2375.835 2508.385 3.28 5.58 

TFO (°C) 665.184 685.922 738.631 3.02 7.68 

TCI (°C) 602.246 626.203 650.814 3.83 3.93 

TCO (°C) 582.021 604.160 629.016 3.66 4.11 

TNa1 (°C) 570.430 591.797 616.229 3.61 4.13 

TNa2 (°C) 733.646 774.626 821.233 5.29 6.02 

ECT (mm) 0.156 0.592 1.373 73.65 131.93 

EFT (mm) 0.000 0.372 1.023 100.00 175.00 

RFI (mm) 0.861 0.863 0.864 0.23 0.12 

RFO (mm) 4.953 4.958 4.967 0.10 0.18 

ETZ (%) 0.000 0.134 0.323 100.00 140.86 

SCH (MPa) 164.098 179.141 404.811 8.40 125.97 

*Output variables are presented in Tab. 3.  

6 CONCLUSIONS 

In the frame of the ongoing Phase II of the benchmark on fuel performance codes 

organised by the WPFC/IF, the paper presents a deterministic and a statistical analysis on a 

large oxide SFR core designed by the WPRS/UAM. The deterministic analysis has considered 

an irradiation history composed of 5 cycles. A statistical analysis has been performed on a 

ULOF transient occurring at the end of the 4th irradiation cycle. For the purpose, correlations 

of 9Cr-ODS have been introduced in the TRANSURANUS code. The paper has highlighted 

that the use of recommended correlations for MOX fuel that are under preparation by the 

WPFC/IF, could improve the accuracy of codes’ results (e.g., the effect of plutonium 
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concentration on melting temperature). In agreement with the outcomes of other international 

benchmarks, mechanical quantities showed to have largest uncertainties.  
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ABSTRACT 

    The innovative concept for district and process heat production is presented using already 
irradiated nuclear fuel from commercial light water power reactors where this fuel is not burnt up to 
its regulatory and design limits.  

       The TEPLATOR is a critical assembly derived by the state of the art computational tools using 
better moderation, more optimal fuel lattice pitch, lower fuel temperature, lower coolant pressure for 
producing commercial heat with a cost of less than 4 EUR/GJ. Investment cost for building the 
TEPLATOR district heating station is below 30M EUR (for both using prices of 2019). Based on 
different district heating needs, different TEPLATOR variants are proposed; using either used BWR, 
PWR or VVER irradiated fuel assemblies (FAs). TEPLATOR can also be operated with fresh fuel if 
the stockpile of irradiated FAs is exhausted. 

 TEPLATOR DEMO variant (a.k.a. DEMO) is a 50 MWt district heating plant using 55 FAs from 
VVER- 440, producing 98 °C hot water. DEMO is coupled to a thermal storage system allowing 
shaving off morning and evening district heating peaks. DEMO coolant is used at atmospheric 
pressure, the system has three loops, three main circulation pumps, three heat exchangers and heat 
generation is regulated by standard control mechanisms. TEPLATOR variants using BWR and PWR 
square lattice fuel were also considered using different core configurations though. The engineering 
constraints show potential for a higher output ( < 250 MWt) and/or higher temperatures ( < 200 °C) as 
customers require. 
 The TEPLATOR solutions is especially suitable for countries that have thousands FAs stored either 
in interim storage casks or spent fuel pools. These FAs are now financial liability which, once used for 
heat production, can turn into a sizeable financial asset. 
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1 INTRODUCTION 

The TEPLATOR is an innovative concept for future district and process heat production. The 

TEPLATOR facility will use already irradiated FAs from conventional light waters reactor (which are 

not burnt up to its regulatory and design limits, are structurally sound and comply with regulatory 

requirements). In order to harvest additional energy from already used FAs, the TEPLATOR is a critical 

assembly derived by the state-of-the-art computational tools using better moderation, more optimal fuel 

lattice pitch, lower fuel temperature and lower coolant pressure. Different TEPLATOR variants are 

proposed; using different light water reactors (LWR) irradiated fuel assemblies with output power range 

between 50 and 200 MW(t) and temperatures above 150 °C. The initial TEPLATOR “DEMO” shown 

here operates at 50 MW(t) and 98 °C with irradiated VVER440 fuel. 

The TEPLATOR is designed for clean district heating energy production for cities with 100 000 or more 

inhabitants. It may replace the out-dated conventional heating plants based on fossil fuels. The 

TEPLATOR will produce heat without any emissions and with negligible fuel costs. TEPLATOR 

solutions are especially suitable for countries that have thousands LWR FAs stored either in interim 

storage casks or spent fuel pools. These FAs are now financial liability which, once used for heat 

production, can turn into a sizeable financial asset. The calculated investments cost for the first DEMO 

50 MWt facility is 30 M EUR. Then the final price of produced heat is 4 EUR/GJ (using prices of 2019).  

2 TEPLATOR - GENERAL IDEA 

The design philosophy is to use only proven, known, verified, and tested high Technology Readiness 

Level (TRL) components. The design resembles the 50 year old WR1 reactor design [5] using different 

(i.e., spent LWR) fuel though.  This ensures low investments costs and low risks. The design itself 

includes 3 circuits. The primary circuit includes a so-called calandria, a core with the spent LWR fuel 

FAs, three heat exchangers and three pumps. The core is made from vertical Zr channels in which the 

spent fuel is inserted. The space between the channels is filled by the moderator, heavy water. The 

coolant flows in all channels, through a system of pipes to the collector. Three pipes are led out of this 

collector, each of which is led into a separate heat exchanger. The coolant passes through the primary 

side of the heat exchanger and returns to the fuel channels through the pump and the lower distribution 

chamber. A secondary or intermediate circuit transfers the heat from the primary circuit to the district 

heating circuit. The secondary circuit heat transfer fluid (HTF) could either be water or another fluid 

(based on the operating parameters). The intermediate circuit includes two storage tanks connected to 

the circuit serving as an energy storage system for shaving off demand peaks. These storage tanks are 

also able to simultaneously dissipate and store heat from the residual power of the fuel, i.e. the 

intermediate tanks are designed to be able to absorb decay heat of the core in Design Basis Accidents 
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(DBA). The tertiary or district heating circuit, which distribute the heat to the end customer, is therefore 

separated from the core by two sets of heat exchangers. Even though the atmospheric pressure DEMO 

is designed to operate at 98 °C, the TEPLATOR variants using higher pressure (up to 2 MPa) and/or a 

different coolant (e.g., 70% Monsanto OS84 + 30% Radiolytic Tars [6]) can be derived for various 

district heating applications for temperatures above 150 °C. 

 

Table 1: Project parameters of TEPLATOR DEMO [4] 

 

  

 

MAJOR TECHNICAL PARAMETERS 
Parameter Value 
Technology developer, country of 
origin 

UWB Pilsen & CIIRC CTU 
Prague Consortium, 
Czechia 

Reactor type Channels in Reactor 
Vessel 

Coolant/moderator Heavy Water (D2O)/ 
Heavy Water (D2O) 

Thermal/electrical capacity, 
MW(t)/MW(e) 

50 / does not produce 
electricity 

Primary circulation Forced circulation 
NSSS Operating Pressure 
(primary/secondary), MPa 

Ambient/Ambient 

Core Inlet/Outlet Coolant  
Temperature (oC) 

45 / 98 
 

Fuel type/assembly array VVER-440 / hexagonal with 
126 fuel pins 
 

Number of fuel assemblies  55 
Fuel enrichment (%) Spent fuel (< 1.2 wt% U-

235 equivalent) 
Core Discharge Burnup 
(GWd/ton) 

2.3 

Refuelling Cycle (months) 10 months with online 
option 

Reactivity control mechanism Moderator height, Control 
blades 

Approach to safety systems Inherent and passive 
safety with built/in decay 
heat sink  

Design life (years) 60 
Plant footprint (m2) ≤ 2 000 
RPV height/diameter (m) 6.5 / 3.7 
RPV weight (metric ton) Transportable by all 

standard means 
Seismic Design (SSE) 0.3g 
Fuel cycle requirements / 
Approach 

LEU - reuse of LWR spent 
FAs, possibility to run on 
fresh SEU (≤1.2% U235) 

Distinguishing features District heating zero CO2 
source with zero fuel 
cost, low pressure. 

Design status Conceptual design 
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The general 3D model of TEPLATOR DEMO primary circuit is shown in Figure 1: 

 
Figure 1: TEPLATOR DEMO primary circuit [2] 

3 DESIGN CONCEPTS 

The schematic description of a basic thermal design can be found below. All three circuits are shown 

there and also the energy storage circuit with a heat accumulator. Obviously, the TEPLATOR operating 

parameters (e.g., temperature, cycle length) are driven by the district heating client demands. 

 
Figure 2: Basic thermal diagram [3] 
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The TEPLATOR core consists of equally spaced channels filled with spent nuclear fuel from LWR 

reactors [1]. More customization options are possible, the initial DEMO (98 °C and atmospheric 

pressure) reuses of VVER-440 spent nuclear fuel. In that case, totally 55 fuel assemblies are placed in 

large-pitched hexagonal array. Typical VVER-440 spent nuclear fuel had 3.6 wt% U-235 initial 

enrichment, 35 GWd/ton average burnup and 30 years of cooling. Alternative use of slightly enriched 

fresh fuel (< 1.2 wt% U-235) is possible. Each fuel assembly is placed in a coolant tube filled with heavy 

water or alternatives for temperatures up to 98 °C. Atmospheric pressure of heavy water moderator 

eliminates the need for a thick and expensive pressure vessel. The TEPLATOR is a heat generator with 

typical operation up to 10 months each year (typical heating season) with an option to be refuelled 

online. 

Two independent reactivity control systems are deployed. Reactivity control under normal operation is 

achieved by changes in moderator level in the reactor pool. Safety-shutdown system is based on three 

borated steel blades that can be dropped in the core. Due to the low temperatures, relatively short cycle 

and use of spent fuel the excess reactivity is quite small. 

The DEMO internals consist of the fuel channels, channel outlets, absorber blades, absorber blades drive 

mechanism, I&C systems, reflector and bottom collector. Through the bottom collector the coolant 

(heavy water) is distributed back to individual channels. The calandria is a stainless-steel vessel, since 

the TEPLATOR works on low pressure, it does not need to be very thick. The space between fuel 

channels and calandria is filled with heavy water which serves as a moderator, the total volume of heavy 

water in calandria is around 30 m3. The core is surrounded by a graphite reflector. 

The primary coolant (D2O for DEMO) enters the core with the temperature of 45 °C. It flows through 

the fuel channel and then it leaves the individual channels at 98 °C at the channel outlet. This outlet is 

attached to the collector where the primary coolant is collected. From the collector the coolant is 

distributed to the three heat exchangers where it heats the secondary heat transfer fluid (HTF). The 

primary coolant flows through the pump, then through the pipe on the inside of the calandria to the 

bottom collector where it is distributed again to the individual channels. Roughly 20 m3 of D2O is 

required in the primary circuit and all effort is made to minimise the amount of valuable D2O. 

The DEMO is a three-loop design, thus it has three primary heat exchangers (HE) to transfer the heat 

from the primary to the secondary circuit. The heat exchanger is a horizontal type with U-shaped tubes 

and water-water heat exchange. Each of the HE has a heat transfer surface about 520 m2 and is capable, 

under forced circulation, of cooling the DEMO core on its own: decay heat under emergency conditions 

can be safely removed by HE to the energy storage tanks using natural circulation. 

As the DEMO operates at rather low temperature (i.e., <100 °C), suitable only for some district heating 

applications, counter flow heat exchanges with minimal temperature losses are required. If the district 

heating application requires a higher temperature, either an additional reheating is required (e.g., natural 

gas) or a higher pressure/different coolant TEPLATOR variant must be deployed.  
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As the DEMO operates under ambient pressure, the function of a PWR pressurizer is replaced by a 

volume compensator attached to the primary circuit. The compensator is linked to the heavy water 

management systems. 

The secondary circuit is an intermediate loop that separates the primary circuit and the tertiary circuit 

while transferring heat from the primary to the third circuit. The secondary circuit consists of the 

secondary side of primary heat exchangers (HE I) and the primary side of secondary heat exchangers 

(HE II). As part of this circuit the energy storage system, consisting of two  tanks, can be connected 

having identical heat transfer fluid (HTF) as the secondary HTF. This energy storage system is based 

on thermal energy storage (TES) heat mechanism which serves several purposes: 1) DEMO power 

fluctuations, 2) compensation and smoothing of the demand curve and 3) emergency and safety heat 

sink. 

 

4 SAFETY FEATURES 

 The TEPLATOR operating  conditions (e.g., fuel/coolant temperature, pressure, linear heat rate) 

are much lower than those for which the used FAs were certified and used in LWRs. The safety features 

establish defence-in-depth against radiological hazards. Hence, the TEPLATOR leverages the inherent 

safety characteristics of the basic LWR reactor design and supplements them with passive and active 

safety features that emphasizes improvements in safety [2].  

 The TEPLATOR secondary circuit provides large volumes of fluid that are available to provide 

cooling to the core in the event of accidents, including by passive means.  

 The TEPLATOR places all reactivity devices in low-temperature, low-pressure moderator, 

eliminating pressure-driven ejection of reactivity devices from the design. The separation of moderator 

from coolant also provides two separate heat removal means in the event of accidents and ensures that 

moderator temperature feedback to the core physics is negligible in normal operation. 

 The TEPLATOR has two separate shutdown systems. These are two fully-capable fast-acting 

means of shutdown for use at the third level of defence in depth, fully independent of each other. 

4.1 Decay Heat Removal System and Emergency Core Cooling System 

Decay heat removal system is integrated as the energy storage system interconnected to the secondary 

circuit. During TEPLATOR shut down, heat generated in the core is transported by natural circulation 

inside the cooling loops. This heat is removed in the primary heat exchanger using thermal energy 

storage (TES) [3]. The TES system consists of two tanks, a ‘cold' and a 'hot’ one. In order to remove 

decay heat from the TEPLATOR, heat transfer fluid (HTF) from the cold tank flows via natural 

convection through the secondary side of the primary heat exchanger (HE I) to the hot tank. HTF for 

DEMO is light water, for higher temperature TEPLATOR designs a higher parameter HTF must be 
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considered. The volume of both tanks is designed to be sufficient enough for removing decay heat for 

long enough that the auxiliary cooler dissipates the heat. 

4.2 Containment System 

The TEPLATOR containment system includes a reinforced concrete containment structure (the reactor 

building) with a reinforced concrete dome and an internal steel liner, access airlocks, equipment hatch, 

building air coolers for pressure reduction, and a containment isolation system. 

5 PLANT LAYOUT ARRANGEMENT 

As the TEPLATOR DEMO facility is more than just a reactor itself, the plan layout is illustrated below. 
 
 

The TEPLATOR facility consists of one main structure which further contains nuclear and non-nuclear 

sectors/buildings. Nuclear sectors are the main TEPLATOR hall, the fuel handling building, and the 

auxiliary nuclear building. Non-nuclear sectors are the heat exchanger hall and the auxiliary building. 

Other buildings and structures within the facility layout are a heat accumulator, water storage tanks, 

auxiliary cooling towers with a pumping station, transformers of power supply and backup diesel 

generators. Heating / Chilling Supply system is located in the heating exchanger hall next to the main 

TEPLATOR hall. 

6 DESIGN AND LICENSING STATUS 

The TEPLATOR DEMO project completed its preconceptual design and the works on preliminary/basic 

design will start in the Q4 of 2020. The commercial demonstration unit with thermal power of 50 MW 

is in the preliminary phase. The preliminary phase includes the feasibility study, the site location 

selection and obtaining the license for construction. Once the feasibility study is done and the site 

location is approved, the environmental impact assessment report will be carried out and will be 
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submitted to the regulatory authorities. 

7 FUEL CYCLE APPROACH  

The unique feature of TEPLATOR is the reuse of spent nuclear fuel from commercial LWRs which is 

normally considered a waste. This can be achieved due to significantly lower operation parameters (far 

from regulatory limits) when compared to the conditions in large LWRs. Based on heating or cooling 

demand, the core can be operated up to 10 months each year with subsequent refuelling of fuel 

assemblies. Online refuelling is optional as well as usage of fresh SEU assemblies. When removed from 

the core, reused fuel will be stored and cooled in the fuel handling building and thereafter transported 

back to the original spent fuel storage. 

8 CONCLUSION 

The TEPLATOR is an innovative way of district heating which uses already spent LWR nuclear fuel. 

Before the full scale TEPLATOR can be built, the demonstration unit needs to be designed, certified 

and built. Hence, the demonstration TEPLATOR unit presented here (“DEMO”) has rather modest 

parameters and operates at 50 MWt with 98 °C output. After a careful optimization of physical 

parameters, minimizing the volume of heavy water, the first steps in the constructional design were 

taken and the first 3D model of DEMO was obtained. Cost-wise the TEPLATOR concept seems well 

competitive with natural gas and can help improving ecological use of spent nuclear fuel.   
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ABSTRACT 

This paper updates and presents the current status of nuclear power and SMR 
development in the world.  Unfortunately, within the last 9 years, electricity generation by 
nuclear power has decreased from ~14% before the Fukushima NPP severe accident in March 
2011 to ~10%.  Therefore, it is important to follow up and understand the latest trends in nuclear 
power and SMR development.  (For descriptions of all acronyms, see in [1]). 

1 CURRENT STATUS OF THE WORLD NUCLEAR-POWER INDUSTRY 

Current statistics on nuclear-power reactors in the world connected to electrical grids are 
listed in Table 1 and shown in Fig. 1.  Statistics from previous years are shown in [1-3].  Table 
2 lists gross thermal efficiencies of NPPs equipped with LWRs and PHWRs including SMRs. 

The largest group of nuclear-power reactors by type is PWRs (298 from 440 reactors or 
68% of the total number), and quite a significant number of PWRs are planned to be built (about 
43+22?) (Table 1).  The 2nd largest group of reactors is BWRs / ABWRs (65 reactors or 15% 
of the total number).  The 3rd group is PHWRs (48 reactors or 11% of the total number).  
Considering the number of forthcoming reactors, the number of BWRs/ABWRs and PHWRs 
will decrease globally within next 20 ‒ 25 years.  Furthermore, within next 10 ‒ 15 (20) years 
or so, all LGRs (RBMKs-1000 and EGPs) and AGRs (CO2-cooled) will be shut down forever. 

In our opinion, the Chernobyl NPP accident (April of 1986), that happened with the 
RBMK-1000 – LGR, has forced Ukraine to shut down this type of NPP and Russia to cancel 
any further R&D and construction of new LGRs.  In the same way, the small number of BWRs 
/ABWRs planned to be built is possibly due to the Fukushima-Daiichi NPP severe accident, 
which happened with older design BWRs in March of 2011.  However, it should be mentioned 
that all nuclear vendors, including BWR ones, have updated their designs with additional 
features/systems to enhance safety, based on the lessons learned from all the nuclear accidents. 

The impact of the 3 major nuclear accidents on the world nuclear-power industry is shown 
in Fig. 1.  The most significant impact was from the Chernobyl NPP accident, followed by the 
one from the Fukushima-Daiichi NPP accident.  Within the last 5 years, i.e., 2015-2019, the 
world nuclear industry just started to recover from these accidents.  As such, we have only 
reached the same level of installed capacities (~40,000 MWel), which are connected to grid, as 
we had in 1975-1979.  However, the number of reactors connected to grid (~41 reactors) is 
slightly less than that from 1975-1979.  Unfortunately, we are still way below the industry 
“glory” days when ~80 and ~120 reactors were respectively built and connected to grid from 
1980-1984 and 1985-1989. 

Analysis of the current statistical data on nuclear-power reactors /NPPs by countries 
shows that, currently, 32 countries in the world have operating nuclear-power reactors (within 
these countries: 19 plan to build new reactors, and 13 do not plan to build new reactors) and 4 
countries are without nuclear-power reactors (Bangladesh, Belarus’, Egypt, and Turkey) but 
are working towards introducing nuclear energy on their soil [1]. 

Analysis of the statistical data on nuclear reactors [6] shows that the real nuclear 
“renaissance” is in China (34 reactors built and put into operation within the past 9 years); in 
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Russia (addition of 6 reactors); in South Korea (addition of 4 reactors); and in India (addition 
of 3 reactors) [1].  Meanwhile, the most significant drop in the number of reactors is in Japan 
(21 reactors were shut down and only ~9 reactors, out of 33, are currently in operation); in 
Germany (11 reactors); in USA (9 reactors); in UK (4 reactors); in Canada (3 reactors); and in 
Sweden (3 reactors).  In addition, Canada, Germany, and Sweden have no plans to build new 
reactors.  It should be noted that in spite of the outstanding achievements in the nuclear-power 
industry, especially, in China, and, partially, in India, electricity share by nuclear power in these 
countries is very small, i.e., in China – only 4.8%, and in India – 2.7% [1]. 
 
Table 1. Number of nuclear-power reactors connected to electrical grid, forthcoming 

units, and their installed capacities as per August 2020 (based on data from [4-6]) and 

prior to Japan earthquake and tsunami disaster (based on data from [7]). 
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 Reactor type 

(% of total reactors / installed 

capacity, MWel) 

No. of units Capacity, GWel Forthcoming 

units 

As of 

Aug. 

2020 

Prior 

Mar. 

2011 

As of 

Aug. 

2020 

Prior 

Mar. 

2011 

No. of 

units 

GWel 

1 PWRs (68/950) 298 ↑ 268 284 ↑ 248 44+22? 51+21? 1 
2 BWRs or ABWRs (15/1025) 65 ↓ 92 67 ↓ 84 1+3? 1.3+3.9? 
3 PHWRs (11/500) 48 ↓ 50 24 ↓ 25 6+2? 3.8+1.4? 
4 AGRs (3/550) 14 ↓ 18 8 ↓ 9 1?* 0.2?* 
5 LGRs (3/715) 13 ↓ 15 9 ↓ 10 0 0 
6 LMFBRs (SFRs) (0.5/690) 2 ↑ 1 1.4 ↑ 0.6 1+1? 0.6+0.5? 

In total 440 ↓ 444 392↑ 377 52+29? 57+27? 

Arrows mean decrease or increase in a number of reactors and installed capacities. 

  
(a) (b) 

Figure 1. Number of nuclear-power reactors in the world put into commercial operation 

vs. years as per July, 2020 (a) and their installed capacities (b) [4-6]. 

 
Table 2. Typical ranges of thermal efficiencies (gross) of modern nuclear power plants 

equipped with light- and heavy-water reactors including SMRs [1-3]. 

# Nuclear Power Plant Th. Eff.  

Up to 

1 PWR NPP (Gen-III+) (reactor coolant: P=15.5 MPa (Tsat=344.8°C), Tout=327°C; steam: 
Pin=7.8 MPa, Tin=Tsat=293.3°C; and Preheat≈2 MPa (Tsat=212.4°C), Treheat≈265°C 

36-38% 

2 BWR NPP (Gen-III, current fleet) (reactor coolant: P=7.2 MPa, Tout=Tsat=287.7°C; steam: 
P=7.2 MPa, Tin=Tsat=287.7°C and Preheat≈1.7 MPa (Tsat=204.3°C), Treheat≈258°C 

34% 
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# Nuclear Power Plant Th. Eff.  

Up to 

3 PHWR NPP (Gen-III) (reactor coolant: Pin=11 MPa / Pout=9.9 MPa (Tsat=310°C) & T=260‒
310°C; steam: Pin=4.7 MPa, Tin=Tsat=260.1°C; and Preheat≈1.2 MPa (Tsat=187.96°C), 
Treheat≈240°C) 

32% 

5 PWR SMR NPP (KLT-40S, Russia) (Gen-III) (reactor coolant: P=12.7 MPa (Tsat=329°C), 
T=280‒316°C; steam: Pin=3.72 MPa, Tin=290°C (Tsat=246.1°C) 

~26% 

 
The last several years were very important for the world nuclear-power industry.  Russia 

put into operation a number of Gen-III+ VVERs (PWRs) and the SFR – BN-800 reactor in 2016 
and continue to lead SFR technologies around the world [1-3].  Also, Russia is the first country 
in the world that developed, designed, and put into operation two SMRs. This success is not an 
accidental one because Russia has adapted their proven marine reactor – KLT-40S for operation 
as an SMR for electricity generation and heat supply (desalination of water is possible) [1]. 

China has put into operation many reactors/NPPs including the largest in the world Gen-
III+ PWR – EPR (Framatome design) with an amazing installed capacity of 1660 MWel.  In 
addition, several Gen-III+ AP-1000 reactors (Westinghouse design), were put into operation in 
China for the first time in the world [4].  In general, Gen-III+ water-cooled reactors/NPPs have 
installed capacities from 1100 to 1660 MWel, enhanced safety, and can reach slightly higher 
thermal efficiencies, up to 36 – 37% (38%), compared to those of Gen-III water-cooled 
reactors/NPPs (see Table 2).  In addition, South Korea put into operation several of their 
Generation-III+ APR-1400 (Doosan design) on their soil, one in UAE, and plan to soon put six 
more of these reactors into operation: 3 inside country and 3 in UAE [1, 4]. 

It should be emphasized once more that, in general, the current problems affecting the 
world nuclear-power industry are: significant delays in putting into operation new, mainly, 
Generation-III+ reactors, indecision of governments in terms of support for nuclear-based 
electricity generation, and radioactive-waste management and safe storage. 

2 SMALL MODULAR REACTORS (SMRS) 

SMRs today are a very “hot” topic.  Therefore, it was decided to list all known SMR 
concepts/designs by countries which develop them (see Tables 3-18) [8-11].  SMR 
concepts/designs by type are listed in [1].  According to the IAEA ARIS (Advanced Reactors 
Information System) data [11], there are about 72 reactor designs/concepts, that can be 
classified as: 1) Water-cooled reactors (land based) ‒ 24; 2) Water-cooled reactors (marine 
based) ‒ 6; 3) High-temperature gas-cooled reactors ‒ 12; 4) Fast-neutron-spectrum reactors ‒ 
17; 5) Molten-salt reactors ‒ 11; and 6) Other reactors ‒ 2.  However, an additional number of 
SMRs (in total 27) was added into Tables 3-18 from other sources [1, 3, 8-10]. 

Analysis of the data in Tables 3-18 shows that many SMRs usually require a higher level 
of fuel enrichment up to <20% (the maximum level for LEU limited by the IAEA) to operate 
with a smaller amount of fuel, longer terms between refueling and, usually, lower NPP thermal 
efficiencies compared to those of large nuclear-power reactor NPPs of the same type (see Table 
2 for the thermal efficiencies of RITM-200M and KLT-40S). 

To the best of our belief, the SMR concepts will never directly replace or displace the 
role of large nuclear-power reactors, and very few of the listed SMRs / S&MRs in Tables 3-18 
will reach the final design stage despite significant "enthusiasm".  This statement is partly based 
on the latest experience by ROSATOM with the KLT-40S floating NPP [1].  However, SMRs 
will undoubtedly have their unique "niche” applications of being implemented in remote areas, 
small electrical grids, military facilities, and as floating NPPs. 
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3 CONCLUSIONS 

In July 2020, 440 nuclear-power reactors operated in the world.  This number includes 
298 PWRS, 65 BWRs, 48 PHWRs, 14 AGRs, 13 LGRs, and 2 LMFBRs.  Considering the 
number of forthcoming reactors, the number of BWRs /ABWRs and PHWRs will possibly 
decrease within the next 20 ‒ 25 years.  Furthermore, within next 10 ‒ 15 years, all AGRs (CO2-
cooled) and LGRs will be shut down forever. 

Currently, 32 countries have operating nuclear-power reactors, and 4 countries plan to 
build nuclear-power reactors.  In addition, 30 countries are considering, planning or starting 
nuclear-power programs, and about 20 countries have expressed their interest in nuclear power.  
However, 13 countries with NPPs don’t plan to build any new nuclear-power reactors.  

SMRs are today’s very “hot” topic in nuclear engineering worldwide.  According to the 
IAEA, there are more than 55 SMR designs/concepts proposed around the world.  Russia is the 
first country in the world that put into operation two SMRs – KLT-40S barge-based reactors as 
a floating NPP for the Northern regions.  These first PWR-SMRs require LEU with enrichments 
of 18.6% and <20%, respectively, which are significantly higher than those in any modern light- 
or heavy-water reactors.  Also, thermal efficiencies of these NPPs are lower than those of 
modern NPPs equipped with LWRs.  In addition, it should be noted that the development of 
these two KLT-40S SMRs took a significantly longer time (13 years) than what was expected. 

To the best of our belief, the SMR concepts will never directly replace or displace the 
role of large nuclear-power reactors, and very few of the developed SMRs/S&MRs in the world 
will reach the final design stage despite significant "enthusiasm".  This includes worldwide 
efforts to develop various types of SMRs by well-known world nuclear vendors as well as by 
multiple start-up companies, research organizations, venture capitalists, entrepreneurs, 
universities, etc. 

NOMENCLATURE 

P pressure, MPa cr critical out outlet 
T temperature, ºC in inlet sat saturated or saturation 
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Table 3. SMRs and S&MRs from USA (In total - 27). 

Design Output MWel/th 

=Th.Eff., % 

Type Designers Status Fuel Enrichment/ 

Cycle, years 
Fuel Type 

Land-based Water-cooled Reactors (In total - 5) 

NuScale 50/160=31 PWR NuScale Power Preliminary <4.95% / 2 UO2 
SMR-160 160/525=31 PWR Holtec Int. Preliminary 4.95% / 1.5-2 UO2 
mPower 195/575=34 PWR BWX Technology Developmental <5% / 2 UO2 
W-SMR >225/800=>28 PWR Westinghouse Conceptual <5% / 2 UO2 
BWRX-300 300/-=N/A BWR GEH Final N/A / N/A N/A 

High-Temperature Gas-cooled Reactors (HTGRs) (In total - 5) (Generation-IV concept) 

Xe-100 75/200=38 HTGR X-energy LLC Conceptual 15.5% / Online refueling UCO TRISO 
SC-HTGR 272/625=44 HTGR Framatome Inc. Conceptual <20% / ½ core replaced / 1.5 years UCO TRISO particle fuel 
Prismatic HTR 150/350=42.8 HTGR General Atomics Developmental 15.5% / 1.5 TRISO-coated UCO 
MMR 5/15=33.3 HTGR USNC Preliminary N/A / Never FCM 
HOLOS 3-13/22=13.6-59.0 HTGR HolosGen Preliminary 15% / 3.5-8 TRISO 

Fast-Neutron-Spectrum Reactors (In total - 9) (Generation-IV concept) 

SUPERSTAR 120/300=40 LMFR ANL Conceptual <12% / 15 Particle fuel U-Pu-Zr 
EM2 265/500=53 GMFR General Atomics Conceptual 14.5% LEU / 30 UC 
WLFR >450(Net)/950=>47 LFR Westinghouse Conceptual ≤19.75% / ≥2 Oxide 
AFR-100 100/250=40 SFR ANL Conceptual 13.5% / N/A U-Zr 
ARC-100 100/260=38.5 SFR ARC Final N/A / 20 LEU 
Gen4 Module 25/70=35.7 LMFR Gen4 Energy Inc. Conceptual 19.75% / 10 UN 
PRISM 311/500=62 SFR GE-Hitachi Preliminary N/A / 1.33 U-Pu_Zr metal 
ENHS 50/125=40 LMFR UC Berkeley Conceptual 13% (U-Zr) / N/A Pu-U/ U-Zr 
TWR-P 600/1475=41 SFR TerraPower Conceptual N/A / 1.5-2 U-Zr10% MF 

Molten Salt Reactors (In total - 6) (Generation-IV concept) 

MCSFR 50/100=50 MSR Elysium Industries Conceptual 10%-20% / online refuel. Molten salt fuel 

Mk1 PB-FHR 100/236=42 MSR University of CA, Berkeley Pre-Conceptual 19.9% / 2.1 months for fuel core 
residence time 

TRISO particles 

LFTR 250/600=42 MSR Flibe Energy Conceptual N/A / cont. refueling LiF-BeF2-UF4 
KP-FHR 140/311=45 MSR Kairos Power Pre-Licensing 19.75% / Online TRISO particles 
MCFR N/A/N/A=N/A MSR TerraPower Pre-Licensing N/A / Online N/A 
SmAHTR 50/125=40 MSR ORNL Conceptual 19.75% / N/A TRISO particles 

Heat Pipes (HPs) Reactors (In total - 2) 

Aurora 1.5/N/A=N/A HPs Oklo Preliminary <20% / N/A HALEU-U-Zr 
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Design Output MWel/th 

=Th.Eff., % 

Type Designers Status Fuel Enrichment/ 

Cycle, years 
Fuel Type 

eVinci 0.2-15/0.6-40=33-38 HPs Westinghouse Developmental 19.5% / 10 UO2 or UN 
Table 4. SMRs and S&MRs from Russia (In total - 15). 

Design Output MWel/th =Th.Eff., % Type Designers Status Fuel Enrich. / 

Cycle, years 

Fuel Type 

Land-based Water-cooled Reactors (In total - 5) 

ELENA 0.068/3.3=2 PWR Kurchatov Institute Conceptual 15.2% / 25 UO2 (MOX) 
UNITHERM 6.6/30=22 PWR NIKIET Conceptual 19.75% / 16.7 UO2 
RUTA-70 -/70=N/A PWR NIKIET Conceptual 3% / 3 Cermet 
KARAT-45 45-50/180=25-28 BWR NIKIET Conceptual 4.5% / 7 UO2 
KARAT-100 100/360=28 BWR NIKIET Conceptual 4% / 7.5 UO2 
VK-300 250/750=33 BWR NIKIET Final 4% / 6 UO2 

Marine-based Water-cooled Reactors (In total - 5) 

SHELF 6.6/28.4=23 Immersed NPP NIKIET Preliminary 19.7% / 6 UO2 
ABV-6E 6-9/38=16-24 Floating PWR OKBM Afrikantov Final <20% / 10-12 UO2 
KLT-40S 35/150=23 Floating PWR OKBM Afrikantov Operating 18.6% / 2.5-3 UO2 
RITM-200M 50/175=29 Floating PWR OKBM Afrikantov Manufactured <20% / 10 UO2 
VBER-300 325/917=35 Floating NPP OKBM Afrikantov Licensing 4.95% / 6 UO2 

High-Temperature Gas-cooled Reactors (HTGRs) (In total - 3) (Generation-IV concept) 

MHR-100 25-87/215=12-41 HTGR OKBM Afrikantov Conceptual LEU<20% / N/A Coated particle fuel 
MHR-T 4×205.5/4×600=34 HTGR OKBM Afrikantov Conceptual 20% / 2.5 Coated particle fuel 
GT-MHR 288/600=48 HTGR OKBM Afrikantov Preliminary LEU or WPu / 2.1 Coated particle fuel 

Fast-Neutron-Spectrum Reactors (In total - 2) (Generation-IV concept) 

SVBR-100 100/280=36 LMFR JSC AKME Eng. Final <19.3% / 0.58-0.67 UO2 
BREST-OD-300 300/700=43 LMFR NIKIET Final 13.5% / 2.46-4.1 U-Pu-N 

Table 5. SMRs and S&MRs from China (In total - 13). 

Design Output MWel/th 

=Th.Eff., % 

Type Designers Status Fuel Enrich./ Cycle, 
years 

Fuel Type 

Land-based Water-cooled Reactors (In total - 7) 

ACP100 125/385=33 PWR CNNC Basic <4.95% / 2 UO2 
DHR400 -/400=N/A LWR CNNC Basic <5.0% / 0.8 UO2 
CAP200 >200/600=>30.3 PWR CGNPC Conceptual 4.2% / 2 UO2 
CNP-300 300-340/1000=30-34 PWR CNNC Conceptual <5% / N/A UO2 
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Design Output MWel/th 

=Th.Eff., % 

Type Designers Status Fuel Enrich./ Cycle, 
years 

Fuel Type 

SNP350 350/1035=33.8 PWR SNERDI Preliminary N/A / N/A N/A 
NHR-200II -/200=N/A PWR INET Final <5% / N/A UO2 
HAPPY200 -/200=N/A PWR SPIC Final N/A / N/A N/A 

Marine-based Water-cooled Reactor (In total - 1) 

ACPR50S 50/200=25 PWR CGNPC Preliminary <5% / 2.5 UO2 
High-Temperature Gas-cooled Reactor (HTGR) (In total - 2) (Generation-IV concept) 

HTR-10 2.5/10=25 HTGR Tsinghua University/INET Operational 17%/On-line Spherical El. with TRISO particles fuel 
HTR-PM 210/2×250=42 HTGR INET, Tsinghua Univ. Construction 8.5% / On-line refuel. Spherical El. with coated particle fuel 

Fast-Neutron-Spectrum Reactor (In total - 1) (Generation-IV concept) 

CFR-600 600/1500=40 LMFR CNNC Construction N/A / N/A UO2/MOX 
Molten Salt Reactor (In total - 2) (Generation-IV concept) 

smTMSR-400 168/400=42 MSR SINAP, CAS Pre-Conceptual 19.75%/10 years LiF-BeF2-UF4-ThF4 fuel salt 
TMSR-LF 168/373=45 MSR SINAP Conceptual 19.75% / Online LiF-BeF2-UF4-ThF4, LiF-BeF2-PuF3-ThF4 

Table 6. SMRs and S&MRs from Japan (In total - 12). 

Design Output MWel/th 

=Th.Eff., % 

Type Designers Status Fuel Enrichment/ 

Cycle, years 
Fuel Type 

Land-based Water-cooled Reactors (In total - 4) 

DMS 300/840=36 BWR Hitachi-GE Basic <5% / 2 UO2 
IMR 350/1000=35 PWR MHI Conceptual 4.8% / 2.2 UO2 
CCR 423/1268=33.4 BWR Toshiba Corp. Conceptual N/A / 2 N/A 
MRX 33.3/100=33.3 PWR JAERI Final 4.3% / 3.5 UO2 

High-Temperature Gas-cooled Reactor (HTGR) (In total - 2) (Generation-IV concept) 

GTHTR300 100-300/<600=17-50 HTGR JAEA Basic 14% / 4 UO2 
HTTR -/30=N/A HTGR JAEA Operational 3-10 (6 avg.)%/ 660 

EFPD 

UO2 TRISO ceramic 
coated particle 

Fast-Neutron-Spectrum Reactors (In total - 4) (Generation-IV concept) 

4S 10/30=33 SFR Toshiba Corp. Developmental <20% / N/A Metal fuel (U-Zr) 
LSPR 53/150=35.3 LMFR Tokyo Tech. Developmental 10-12.5% / 12 U-Pu-N/U-Pu-Zr 
PBWFR-150 150/450=33.3 LMFR Tokyo Tech. Developmental N/A / 10 U-Pu Nitride 
Rapid-L 0.2/5=4 LMFR CRIEPI Operating 40% / 10 UN 

Molten Salt Reactor (In total - 1) (Generation-IV concept) 

FUJI 200/450=44 MSR Int. Th Molten-Salt Forum Pre-conceptual 2.0% Pu or LEU / N/A Molten salt with Th & U 
Heat Pipe Reactor (In total - 1) 
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Design Output MWel/th 

=Th.Eff., % 

Type Designers Status Fuel Enrichment/ 

Cycle, years 
Fuel Type 

MoveluX N/A/10=N/A Heat Pipes Toshiba Preliminary 4.99% / N/A LEU 
Table 7. SMRs and S&MRs from Canada (In total - 6). 

Design Output MWel/th 

=Th.Eff., % 
Type Designers Status Fuel Enrichment/ 

Cycle, years 
Fuel Type 

Land-based Water-cooled Reactor (In total - 2) (Generation-IV concept) 
CANDU SMR 300/960=31.25 PHWR Candu Energy Inc. Conceptual -/On-line UO2 
SSR 300/667=45 SCWR AECL Conceptual Enriched / N/A U or Th 

High-Temperature Gas-cooled Reactor (HTGRs) (In total - 1) (Generation-IV concept) 
Starcore SMR 20/36=55.6 HTGR Starcore Preliminary N/A / 5 TRISO 

Molten Salt Reactors (In total - 2) (Generation-IV concept) 
IMSR 190/400=48 MSR Terrestrial Energy Basic <5% / 7 years MSF 
MCSFR 50/100=50 MSR Elysium Industries Conceptual 10%-20% / online refueling MSF 

Other Reactor (In total - 1) 
Leadir-PS100 36/100=36 LMR Northern Nuclear Industries Conceptual N/A/N/A TRISO 

Table 8. SMRs and S&MRs from France (In total - 5). 

Design Output MWel/th 

=Th.Eff., % 

Type Designers Status Fuel Enrichment/ 

Cycle, years 
Fuel 

Type 

Land-based Water-cooled Reactor (In total - 1) 

Nuward 300-400/-=N/A PWR CEA, EDF, Naval Group, TechnicAtome Preliminary N/A / N/A N/A 
Marine-based Water-cooled Reactor (In total - 1) 

Flexblue 160/600=26.7 PWR DCNS Preliminary <5% / 3 UO2 
High-Temperature Gas-cooled Reactors (HTGRs) (In total - 2) (Generation-IV concept) 

Allegro -/50-100=N/A HTGR CEA Conceptual N/A / N/A MOX 
ANTARES -/≥600=N/A HTGR Framatome Conceptual N/A / N/A N/A 

Fast-Neutron-Spectrum Reactor (In total - 1) (Generation-IV concept) 

ASTRID 600/1500=40 SFR CEA Preliminary N/A / N/A MOX 
Table 9. SMRs and S&MRs from Africa S. (In total - 4). 

Design Output MWel/th=Th.Eff., 

% 

Type Designers Status Fuel Enrich./ 

Cycle, years 

Fuel Type 

High-Temperature Gas-cooled Reactors (HTGRs) (In total - 4) (Generation-IV concept) 
HTMR-100 35/100=35 HTGR Steenkampskraal Th Ltd. Conceptual 10%-93% / Online refuel. LEU, Th/LEU, Th/HEU, Th/Pu 
A-HTR-100 50/100=50 HTGR Eskom Holdings SOC Ltd. Conceptual LEU or WPu / N/A Coated particle fuel 
PBMR-400 165/400=41.3 HTGR PBMR SOC Ltd. Preliminary 9.6% LEU or WPu / N/A Coated particle fuel 
PBMR-100 100/250=40 HTGR PBMR SOC Ltd. Preliminary N/A / Online TRISO-coated UP2 
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Table 10. SMRs and S&MRs from Korea S. (In total - 5). 

Design Output MWel/th 

=Th.Eff., % 

Type Designers Status Fuel Enrich. 

/ Cycle, years 

Fuel Type 

Land-based Water-cooled Reactor (In total - 1) 
SMART 100/330=30 PWR KAERI Certified <5% / 3 UO2 

Fast-Neutron-Spectrum Reactors (In total - 4) (Generation-IV concept) 
KALIMER-600 600/1523.4=39.4 SFR KAERI Preliminary N/A / 1 U-TRU-Zr 
PGSFR 150/400=37.5 SFR KAERI Preliminary N/A / ~1 U-TRU-Zr 
PEACER 300/850=35 LMFR Seoul National University Conceptual N/A / 1 U-TRU-Zr 
MicroURANUS 20/60=33.3 LMFR UNIST Pre-Conceptual 8,10,12%/N/A UO2 

Table 11. SMRs and S&MRs from UK (In total - 4). 

Design Output MWel/th 

=Th.Eff., % 

Type Designers Status Fuel Enrichment/ 

Cycle, years 

Fuel 

Type 

Land-based Water-cooled Reactor (In total - 1) 

UK-SMR 443/1276=26 PWR Rolls-Royce Final <5% / 1.5-2 UO2 
High-Temperature Gas-cooled Reactor (HTGR) (In total - 1) (Generation-IV concept) 

U-Battery 4/10=40 HTGR URENCO Preliminary 17-20% / 5 TRISO 
Molten Salt Reactors (In total - 2) (Generation-IV concept) 

Stable Salt Reactor-Wasteburner 300/750=40 MSR Moltex Energy Conceptual Reactor grade Pu / 12.5 MSF 
Stable Salt Reactor - Th. Spectrum 300 (baseload)/750=40 MSR Moltex Energy Pre-Conceptual 5% / 2 MSF 

Table 12. SMRs and S&MRs from Denmark (In total - 3). 

Design Output MWel/th 

=Th.Eff., % 

Type Designers Status Fuel Enrich. / 

Cycle, years 

Fuel Type 

Molten Salt Reactors (In total - 2) (Generation-IV concept) 

CA Waste Burner 20/50=40 MSR Copenhagen Atomics Conceptual N/A / N/A LiF-ThF4 
CA Waste Burner  -/100=N/A MSR Copenhagen Atomics Conceptual N/A/Continuous LiF-ThF4 
CMSR 100-115/250 

=40-46 
MSR Seaborg Technologies Conceptual Pre-processed SNF (U 1.1% 

fissile, Pu 69% fissile) / 60 
Na-actinide fluoride (93% Th, 

3.5% U, 3.5% Pu) 
Table 13. SMRs and S&MRs from Czech Republic (In total -2). 

Design Output MWel/th 

=Th.Eff., % 

Type Designers Status Fuel Enrich. / 

Cycle, years 

Fuel Type 

Land-based Water-cooled Reactors (In total - 1) 

TEPLATOR -/50=N/A HWR UWB Pilsen & CIIRC CTU Conceptual <1.2%/0.83 Spent VVER-400 fuel 
Molten Salt Reactors (In total - 2) (Generation-IV concept) 

Energy Well 8/20=40 MSR Centrum vyzkumu Rez Pre-Conceptual <20%/7 TRISO 
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Table 14. SMRs and S&MRs from India (In total - 2). 

Design Output MWel/th 

=Th.Eff., % 
Type Designers Status Fuel Enrichment/ 

Cycle, years 
Fuel Type 

Land-based Water-cooled Reactors (In total - 2) 
AHWR-300-LEU 304/920=33 PHWR BARC Conceptual <5% (MOX) / Continuous Th-U or Th-Pu, MOX 
PHWR-220 235/755=31.2 PHWR NPCI Ltd. 16 Operational Units <5% / Continuous UO2 

Table 15. SMRs and S&MRs from Italy (In total - 2). 

Design Output MWel/th=Th.Eff., % Type Designers Status Fuel Enrichment/Cycle, years Fuel Type 
Fast-Neutron-Spectrum Reactors (In total - 2) (Generation-IV concept) 

ALFRED 125/300=41.7 LFR Ansaldo Preliminary N/A/ 5 MOX 
ELFR 630/1500=42 LFR Ansaldo Conceptual N/A/ 2.5 MOX 

Table 16. SMRs and S&MRs from Luxembourg (In total - 2). 

Design Output MWel/th 

=Th.Eff., % 
Type Designers Status Fuel Enrichment/ 

Cycle, years 
Fuel 

Type 
Fast-Neutron-Spectrum Reactors (In total - 2) (Generation-IV concept) 

LFR-TL-X 5/15=33 
10/30=33 20/60=33 

LFR Hydromine Nuclear 
Energy 

Conceptual 19.8% / ≥8.33 LEU 

LFR-AS-200 200/480=42 LFR Preliminary 14.6%-20.4%-23.2% in Pu / 6.7 years for 5 batches MOX 
Table 17. SMRs and S&MRs from Argentina (In total - 1). 

Design Output MWel/th=Th.Eff., % Type Designers Status Fuel Enrichment/Cycle, years Fuel Type 
Land-based Water-cooled Reactor (In total - 1) 

CAREM 30/100=30 PWR CNEA Construction 3.1%/1.2 UO2 
Table 18. SMRs and S&MRs from Brazil (In total - 1). 

Design Output MWel/th=Th.Eff., % Type Designers Status Fuel Enrichment/Cycle, years Fuel Type 
Land-based Water-cooled Reactor (In total - 1) 

FBNR 70/134=52.2 PWR Federal University of Rio Grande do Sul Conceptual N/A/N/A TRISO 
Table 19. SMRs and S&MRs from Indonesia (In total - 1). 

Design Output MWel/th=Th.Eff., % Type Designers Status Fuel Enrichment/Cycle, years Fuel Type 

High-Temperature Gas-cooled Reactor (HTGR) (In total - 1) (Generation-IV concept) 

RDE/Micro-PeLUIt 3/10=30 HTGR BATAN Preliminary 17%/On-line Coated particle fuel 
Table 20. SMRs and S&MRs from Sweden (In total - 1). 

Design Output MWel/th=Th.Eff., % Type Designers Status Fuel Enrichment/Cycle, years Fuel Type 
Fast-Neutron-Spectrum Reactor (In total - 1) (Generation-IV concept) 

SEALER 3/8=38 Lead Cooled LeadCold Conceptual 19.75% / 27 full power years UO2 
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ABSTRACT 

Small modular reactors (SMRs) are considered to be safer reactor design due to inherent 

safety concepts and passive safety features. Therefore, in this paper, two novel safety 

concepts were developed for one of SMR named as System-integrated Modular Advanced 

Reactor (SMART) designed by South Korea. These safety features include residual heat 

removal systems concepts. At first, steady-state conditions of SMART with a power output of 

100 MWe were obtained by computational techniques. Secondly, two residual heat removal 

systems were design and integrated with this reactor and calculate various parameters and 

analyze the performance of the reactor. Neutron kinetics and thermal hydraulic calculations 

were used to calculate various parameters of the reactor operation. Modelling of passive 

decay heat removal system was performed for both concepts. Two simulation models were 

developed that can be used to authenticate the safety assessment of this particular SMRs. The 

developed optimized simulation model can be very helpful for governing bodies to assess the 

safety performance of any SMR. 

Key words: Reactor safety, residual heat removal, modelling and simulation, optimization 

1 INTRODUCTION 

System integrated modular advanced reactor (SMART) is developed by Korean Atomic 

Energy Research Institute (KAERI) initially in 1997. This is an integrated pressurized water 

reactor with thermal power output of 330MW.The reactor was designed to be composed of 

proven technology (PWR) with added advanced design features. Safety of the reactor was 

improved by adopting inherent safety concept and reliable passive features. The reactor was 

designed for various applications such as electricity generation, seawater desalination and 

district heating. It was estimated that one unit of this reactor can supply water and power to 

about 0.1million population in one day.  

In March 2015, KAERI and Kingdom of Saudi Arabia(KSA) signed an agreement for 

adopting and building at least two units of SMART reactor and would take three years for the 

execution of the project. Later in September 2015, additional agreements were made for 

establishing knowledge infrastructure, designing and building up of safety features [1-5]. 

SMART is an integral design containing all components including reactor core, coolant 

pumps, steam generators and pressurized enclosed in one pressure vessel. Schematic diagram 

of the reactor is presented in figure.1.  
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Fig.1 Configurational design of SMART [6] 

 

International Atomic Energy Agency(IAEA) is putting heavy consideration on the 

development of passive safety features in small modular reactors [6].A study on the 

postulated accident scenario reveals that inclusion of various passive safety systems reduces 

the chances of accident conditions without causing severe damages [7]. Similar studies show 

detrimental effect of passive safety system in small nuclear reactors [8-13]. The working 

mechanism of passive safety system is that in case of emergency situations, this system 

prevents overheating and over pressurization when the normal steam extraction or feed water 

supply is not possible. There is also connected safety valve to depressurize the reactor in case 

of accident. The entire RPV is encapsulated in a concrete and steel lined containment. The 

specialty of the passive system is that it effectively rejects heat to a water tank outside RPV 

for over 20 days without any power source or any operator action required [14]. 

 

From designing to deployment SMART took over 18 years to get licensed and it is the 

first ever integral reactor in the world that succeeds in getting the license for commercial 

operation. The total cost comes out to be 275 million USD plus 1500 R&D man-years [15-

18]. 

The main focus of the research was to enhanced safety performance of the SMART 

reactor. Number of safety studies have already been performed of this reactor. Therefore, in 

the current research, two safety features of this reactor were proposed for the purpose to 

improve the safety performance of the reactor. The added features include placement of (1) 

residual heat removal system(RHRS) outside RPV with heat exchanger placed inside RPV as 

well as outside and dipped in water tank to exchanges decay heat of the core. Second safety 

feature is to develop the RPV as double walled (concrete structure) and submerged in a water 

tank with heat exchanger in and out of the RPV dipped in water tank. For this purpose, 

neutron kinetics and thermal hydraulic studies were performed to calculate the parameters 
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used to get the steady state of the reactor. After finalizing the steady state, added safety 

features were coupled to obtained the normal operational state of the reactor. The current 

research is very important for the future aspects of the KSA so as to ensure the safety and to 

get the operational state of the reactor prior to reactor online.  

2 RESEARCH METHODOLOGY: 

The aim of the research is to develop simulation models for two safety concepts of 

SMART reactor. These concepts can be used to assess not only steady state performance of 

the reactor itself but also figure out the safety of the reactor. The simulation model can be 

useful for nuclear professionals to analyse the performance of the reactor prior to its 

installation.  

 

Following safety concepts were considered,  

 

1. Residual heat removal system (heat exchanger dipped in water tank outside RPV) 

2. Residual heat removal system (heat exchanger inside and outside RPV dipped in water 

tank) 

1. Residual heat removal system (heat exchanger dipped in water tank outside RPV) 

In this concept, heat exchanger was dipped in a water tank outside RPV. The arrangement 

was such that at the advent of some accident happened, large amount of decay heat needs to 

be evacuated and redundant system is required. In this case, residual heat ejected from the 

core flows to the water tank outside RPV. This residual heat exchanges with water, thus 

lowering the containment pressure. A valve is connected in the steam line which directly 

linked with heat exchanger outside in the water tank. These are time dependent valves which 

depend on time but fixed the values with specific pressure and temperature conditions. When 

the operating conditions exceed the normal values, this valve opens and steams moves to 

water tank. In the same way, there is an another valve which is connected to feed water line. . 

If there is accident caused by feed water loss, water from tank enters into the feed water line 

and supply the water shortage to the RPV. In the same way, steam condensed in the heat 

exchanger and the valve becomes open and the water moves into feed water line. The 

phenomenon is presented in schematic diagram (Figure.2). 
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Fig.2 RHRS with heat exchanger outside RPV 

2. Residual heat removal system (heat exchanger inside and outside RPV dipped in 

water tank) 

In this concept, eight heat exchangers are connected at the top of all heat exchangers installed 

inside the RPV with the purpose to operate only when over pressurization and temperature 

exceeds the normal value of 15MPa. There is a connected valve at the top of heat exchangers 

which only opens when pressure gets higher. During normal scenario, heat exchangers are not 

a part of working mechanism of reactor and coolant flows in the normal way. This system is 

then connected to same previous residual heat removal system. The schematic diagram of this 

concept is given in figure.3. At first, neutron kinetics and thermal hydraulic calculations were 

solved for calculating parameters of the reactor operation. The results obtained from these 

models were used to simulate the reactor and obtained steady state. Some neutron kinetic 

calculations based on the diffusion equations for finite difference equations were used to 

simulate the nuclear reactor core components. The analysis of two neutron energy groups for 

the purpose to simulate characteristics of fast and thermal neutrons under normal and 

abnormal operational conditions were studied as well. 

In this research, modelling of RHRS with heat exchanger in and out of the reactor pressure 

vessel were calculated for both concepts. The associated equations involve were solved and 

used to simulate these components. During the third phase, reactor along with passive safety 

system was simulated. The simulation was performed by using best estimate thermal 

hydraulic system code RELAP5/MOD3.4. For this purpose, nodalization diagram of each 

reactor concept was developed as per requirement for the simulation of whole reactor system. 

Finally, two simulation model was developed which can be used to authenticate the safety 

assessment of SMART. 
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Fig.3 RHRS with heat exchanger inside and outside RPV 

 

 

RELAP5/MOD3.4 Nodalization diagram: 

 

The two safety concepts were simulated by using well know thermal hydraulics system code 

known as RELAP5/MOD3.4 as illustrated in figure.4 in which specific number denotes 

coding cards of the programs. The feed-water enters the reactor pressure vessel by 204 P 

component which is represented by the once through steam generator (OTSG) and then 

moves downward to enter 102 A. The coolant then moves towards the lower bottom of the 

RPV denoted by 106 B where it enters reactor core and once it heated up, the density of the 

water decreases which allows it to flow in upward channel. While reaching at the top, the 

coolant has two paths, one is to go upward and enter 140 P and the second is to turn down 

through the reactor coolant pumps. 
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Figure.4 RELAP5/MOD3.4 Nodalization diagram of SMR with HX in and out of the 

RPV 
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During the accident, the ejected steam flows towards the outside water tank which acts as 

residual heat removal system through 202 B component. There is a heat exchanged inside the 

water pool denoted by 302 P which exchanges the decay heat with water until the temperature 

effects in the RPV becomes stable. In the second concept, heat exchanger is placed inside and 

outside of the RPV, the same method was used for simulation. Only few parameters were 

simulated which includes core and feed water mass flow rates, temperature of the reactor core 

and outlet steam as presented in figure.5 & 6. These results denote steady state results of both 

concepts because it is very important for the reactor to get steady state while adding safety 

features. It has been observed that results from both concepts gives the same identical values. 

Therefore, only few parameters were simulated representing the two concepts. In figure.5, it 

can be observed that both feed-water and core mass flow rate shows 420 kg/s and 40 kg/s 

respectively up to the simulation time of 10 k seconds. This very long simulation time dictates 

the accuracy of the simulation model.   

0 2000 4000 6000 8000 10000

0

100

200

300

400

500

 Core mass flow rate

 Feed water massflow rate

M
a

s
s
 f
lo

w
ra

te
(K

g
/S

e
c
)

Time (Sec)

 

Fig.5 Mass flow rate trends 

In figure.5, all the temperature scenarios of both concepts are illustrated. The result shows 

that the temperature of the steam remains in the steady state of 556 K, while the difference 

between inlet and outlet of core temperature is approximately 30 K. The simulation runs for a 

longer time of 10K which gives the indication that both concepts are viable enough for the 

safety of the reactor. 
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Fig.6 Trends of temperature 

 

CONCLUSION 

This paper presents two novel concept for the Korean based SMART dual purpose plant. 

Decay heat removal system was design and integrated with reactor. Various design 

parameters were calculated including neutron kinetics and thermal hydraulics. The obtained 

results show safety assessment of the reactor system in case of removal of decay heat from the 

core of the reactor. The results present safer concept for small modular reactor. 
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ABSTRACT 

“TEPLATOR” stands for an innovative concept for district and process heating using 

already irradiated nuclear fuel from commercial nuclear powerplants (NPPs). There are several 

variants for TEPLATOR, one of which being a TEPLATOR DEMO. The TEPLATOR DEMO 

is operating at atmospheric pressure, has a three-loop design with three primary heat 

exchangers, three circulation pumps and has 55 fuel elements in the core. The primary coolant 

after leaving the fuel part enters the primary heat exchanger (HE I), where the heat is transferred 

to the intermediary (secondary) circuit heat transfer fluid (HTF). This secondary HTF transfers 

heat from HE I via secondary circuit into the secondary heat exchanger (HE II), where heat 

enters the actual heating (tertiary) circuit (i.e., supplying heat to end consumers).   

The HE I (i.e., the one between the primary and the secondary circuit) has two roles. 

During heat production, heat from primary circuit is transferred via HE I into the secondary 

circuit. From here it goes into the heating (tertiary) circuit and to the end consumer. During 

other operating conditions, when either the heating circuit is not in operation or the TEPLATOR 

is shut down, the HE I is used for removing the residual heat from the primary circuit. For this 

purpose, there is an energy storage circuit interconnected to the secondary circuit with two 

storage tanks, ‘hot’ one and ‘cold’ one. These two tanks are connected to each other via 

secondary side of the HE I and primary side of HE II. In need of residual heat removal, heat 

from primary circuit is transferred via HE I into the HTF flowing from the ‘cold’ to the ‘hot’ 

storage tank. Thus, no heat/energy is wasted. 

 

KEYWORDS: TEPLATOR, TEPLATOR DEMO, heat, energy storage, residual heat 
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1 INTRODUCTION 

The TEPLATOR is an innovative concept and as such it is trying to provide an innovative 

solution for all parts of district heat production process. One of the parts of district heat 

production process is a heat removal and in our concept it is closely related to energy storage 

or thermal storage specifically. Energy storage has been among most discussed topics for past 

several years. When using a term thermal energy storage (TES) (in a larger scale), mostly 

concentrated solar plant (CSP) and its technology is the first thing to be pictured these days. 

However, TES can be implemented in other technologies as well. Nuclear industry has started 

to investigate options for coupling energy storage with nuclear power plants [1] in terms of 

operation, heat and electricity production [2], optimization and grid operation optimization [3].  

Our concept is also coupling nuclear technology with energy storage technology and the 

basic idea behind is to prevent energy wasting. We are aware this is a very challenging and 

ambitious task and we are working on implementing the system in order to meet the highest 

and best safety, reliability, economy and ecology standards.  

2 BASIC WORKING PRINCIPLE OF TEPLATOR 

The whole system with all three circuits (i.e., the primary one being the TEPLATOR, the 

secondary one with energy storage and the tertiary one being actual district heating circuit) is 

schematically shown in FIG. 1. 

 

FIG. 1 TEPLATOR system with three circuits 

2.1 Primary circuit 

The primary circuit (FIG. 2) has a three-loop design (3 primary heat exchangers, 3 main 

circulation pumps, 3 loops cooling loops) operating at atmospheric pressure. The core is 

composed of 55 fuel channels with standard hexagonal VVER-440 nuclear fuel already 

irradiated in conventional NPP [4]. Alternatively, natural uranium can be used as fuel, with 

details provided in [5]. The space between the channels is filled with moderator - heavy water. 

This as a whole is surrounded by the reflector - graphite. The primary coolant, also heavy water, 
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is forced thought fuel channels by main circulation pumps. The primary coolant flows through 

fuel channels and through piping system that is lead into the primary collector. From the 

collector the coolant enters primary heat exchangers (HE I) where the heat is transferred into 

the secondary coolant. The primary coolant then flows through main circulation pumps to the 

pressure vessel and back to the fuel channels [6]. 

 

FIG. 2 TEPLATOR DEMO design 

2.2 Secondary circuit 

The secondary, or intermediary, circuit consists of primary (HE I) and secondary (HE II) 

heat exchangers. There is a possibility of interconnecting thermal energy storage. This 

secondary circuit is included for several reasons. One being a safety reason, in case of leakage 

on the primary side of HE I the contaminated primary coolant would not affect the heat transfer 

fluid (HTF) supplying heat to the end customer. The other reason being optimization of 

TEPLATOR operation since interconnected TES would serve as a buffer for heating demand 

peaks. And the last reason being safety as TES can not only store heat deliberately produced 

for heating industry, it can also store residual heat from generated in the TEPLATOR during 

shut down. In this operation condition TES would serve as an emergency and safety heat sink.  

2.3 Tertiary circuit 

The tertiary circuit is the last circuit that serves the purpose of supplying the heat to end 

customers. It consists of HE II and the piping system to and from the customers. As mentioned 

earlier in section 2.2, in case of leakage on the primary side, the HTF reaching the end customer 

would not be affected.  
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3 ENERGY STORAGE SYSTEMS (FOR HEAT DISSIPATION) 

The secondary (intermediary) circuit consists of primary (HE I) and secondary (HE II) 

heat exchangers. On the piping connecting these HEs there is a possibility of connecting TES. 

Thermal energy storage consisting of two tanks are connected to each other via the secondary 

side of the HE I and the primary side of HE II.  

3.1 Energy storage and its interconnection with TEPLATOR 

Energy storage in general is designed to accumulate energy when production exceeds 

demands or to operate the system when it is connected optimally. Thermal energy storage 

accumulates energy by heating or cooling a storage medium. This energy can be used later 

when needed. 

The mechanism for storing the heat can be divided into sensible or latent heat storage 

principle. For every application a different storage medium and/or mechanism needs to be 

considered carefully. In fact the storage medium strongly depends on the storing mechanism. 

In FIG. 3 the mechanism of TES is shown. Different solid resp. liquid materials can be used for 

sensible heat storage such as rocks, concrete resp. molten salt or thermal oils. For latent heat 

storage phase change materials (PCM) are used. 

 

 

FIG. 3 Sensible and latent heat mechanism [2] 

 

Energy stored in a sensible heat can be described in Eq. (1): 

 

 𝑄 = 𝑚 𝐶𝑝 ∆𝑇 (1) 

 

In our design we are considering TES with sensible heat storage mechanism. The TES 

system can generally consist of two or one tank. Each of these designs has its pros and cons, 

however for our purposes we are considering a two tank design. One tank is the so called ‘cold’ 

tank and the other one is the so called ‘hot’ tank. If energy storage system needs to be activated, 

heat from primary circuit is transferred via HE I into the HTF flowing from the ‘cold’ to the 

‘hot’ storage tank. The HTF used in the energy storage strongly depends on operating 

conditions. However there is a wide range of HTF that can be suitable for such application.  

The promising HTF for the TEPLATOR would be a molten salt mixture. The reasons for 

choosing this HTF and ideas behind and described in [7].  

 



412.5 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

3.2 Application of energy storage for heat dissipation 

During the TEPLATOR shut down or during abnormal operation condition, when the 

heat needs to be dissipated, this TES system would serve as an emergency or safety heat sink. 

During this operation condition the tertiary circuit would not be in operation so the heat 

produced in the TEPLATOR needs to be dissipated in a different way. After the TEPLATOR 

shut down, generated decay heat (for TEPLATOR DEMO parameters see FIG. 4) is transported 

via primary coolant through the loops to the HE I and then the coolant flows back to the core. 

 

 

FIG. 4 Residual heat removal curve for TEPLATOR DEMO 

 

The TES system is then activated and HTF from the ‘cold’ tank flows through the HE I 

(light blue in FIG. 5) where the heat is transferred from the primary circuit to this TES HTF 

and from HE I this heated HTF is transferred to the ‘hot’ tank (light red in FIG. 5) as shown in 

FIG. 5. This process can also be referred to as charging of TES. 
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FIG. 5 Residual heat removal from TEPLATOR (charging of TES) 

 

Heat stored in these tanks can then be used for heating the HTF in the tertiary circuit once 

it is put back in operation as shown in FIG. 6. This process can also be referred to as discharging 

of TES. Alternatively, an auxiliary cooler (e.g., a small cooling tower of roughly 500 kWth) 

can be deployed. The preferred option is that all these systems can work with natural circulation 

and no forced circulation, hence no external power, is required. 

 

 

FIG. 6 Supplying heat to tertiary circuit from TES (discharging TES) 
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3.3 Challenges for the energy storage interconnection 

In order to successfully use TES for such purposes and for regular heat storage in general, 

HTF in secondary circuit and in TES needs to be identical. The parameters of the HTF are 

carefully chosen with respect to the operating conditions of the whole system. The volume of 

both tanks is designed sufficient enough to remove decay heat for many hours in case of 

emergency. The HTF fluid will also affect materials used for piping and constructions of TES 

tanks. 

Auxiliary systems for TES system may be introduced in case of using molten salt or other 

HTF such as heating of piping and tanks to prevent freezing of the HTF. In case of using molten 

salts, great attention will be paid to all mechanical components such as heat exchangers, pumps, 

valves etc.  

4 CONCLUSION 

This article described principles of integrating energy storage to the secondary circuit of 

the TEPLATOR. Having energy storage integrated in the system has several economical, 

ecological, and safety benefits. The energy storage is planned to be TES mechanism with 

molten salt as HTF or water strongly depending on operating conditions of the whole circuit.  

We are still in a designing and developing stage of the process and so several 

modifications may be introduced in the later design. Our main focus when designing the 

TEPLATOR is to meet highest safety, reliability, economy and ecology standards.  Moreover, 

there must be a business case behind the technical solution that would justify deploying the 

TEPLATOR as an inexpensive, reliable, zero CO2 emitting district heating source. 

Further R&D in terms of energy storage will be focusing on optimal operating conditions 

for all three circuits. So the final application will also depend on the desired parameters of the 

tertiary circuit.  

 Above given description is focusing specifically on the energy storage system of 

aforementioned concept. However as a unit, this system will contain all necessary auxiliary 

systems.  
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ABSTRACT 

A new generation of fast breeder reactors (FBRs) is under development with the 

objective of making nuclear energy more sustainable. Most promising reactor designs are 

fuelled, at least in their early phase of deployment, with UO2-PuO2 oxide fuel. Heat capacity 

is important for the evaluation of thermal conductivity and performance under transient 

conditions. If, on the one hand, the heat capacity of UO2 has been deeply studied, on the other 

hand, measurements on PuO2 are scarce or even lacking at high temperatures. Numerical 

methodologies such as MD calculations have been proposed to overcome the difficulties 

encountered in experimental measurements. In parallel, scientists have employed theoretical 

models as valuable tools for the interpretation of enthalpy measurements. Previous studies 

have pointed out that several issues of PuO2 heat capacity require more investigation such as 

the deviation of MD calculations from measurements in the low temperature domain, the 

existence of the Bredig transition, the formation of defects at high temperature and correlated 

increase of heat capacity. This paper presents results on the heat capacity of PuO2 obtained 

using a two-fold approach: theoretical modelling and MD calculations based on a PuO2 

interatomic potential published recently. 

1 INTRODUCTION 

Next generation FBRs aim at improving nuclear energy sustainability by overcoming, 

among others, the limitation in uranium resources. New reactors’ designs will require the use 

of MOX fuel with a concentration of plutonium dioxide up to 30 mol% [1]. Kato and 

Matsumoto confirmed that the thermophysical properties of MOX fuel are relevant for the 

assessment of safety under the demanding conditions typical of FBRs (e.g., high fuel 

temperature and high burn-up) [2]. If, on the one hand, the heat capacity of UO2 has been 

deeply studied, on the other hand, toxicity, high radiation level, and behaviour at high 

temperature are all factors that make the measurement of PuO2 thermophysical properties 

complex [3]. Numerical methods such as MD calculations have been proposed to overcome 

these constraints. This paper moves from the studies by Serizawa and Arai [4] and Kurosaki 

et al. [5]. The authors proposed a coupling between theoretical modelling and MD 

simulations. The paper presents an analysis of PuO2 heat capacity using an interatomic 

potential based on the model published by Uchida et al. [6]. Calculations have been 

performed by means of the LAMMPS code [7]. Lattice parameter, enthalpy and heat capacity 

have been calculated in the NPT ensemble. The melting temperature of PuO2 has been 

evaluated as well. The phonon contribution to heat capacity has been calculated in the NVT 

ensemble.  

.
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2 INTERATOMIC POTENTIAL 

The Born-Mayer-Huggins pair potential (BMH) is widely used for the study of MOX 

and actinide oxides [3,8]. The BMH potential partially ionic is presented in Eq. 1. The first 

term accounts for the long-range Coulomb potential. The second and the third term represent 

the Pauli’s repulsion principle and the van der Waals interactions, respectively.  Both these 

terms act at short-range. The dominant term is the Coulomb potential. The effective electronic 

charges zi and zj are defined according to the value of ionicity assumed in the model. The term 

rij is the distance between ion i and ion j. 
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A Morse potential accounts for the covalent bond acting between anion and cation; see 

Eq. 2. In this equation, rij* stands for the covalent bond length. Dij and ij determine the depth 

and shape of the potential. 
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Coefficients used in calculations are based on the model published by Uchida et al. [6]. 

They have been tailored to comply with two conditions: a value of lattice constant at room 

temperature (300 K) of 5.3946 Å; a linear thermal expansion in agreement with the curve 

recommended in [6]. A value of 0.565 was assumed for ionicity with effective charges +2.26 

and -1.13 for plutonium and oxygen, respectively. 

Table 1: Coefficients of the interatomic potential  

Pair (BMH) Aij (eV) ij (Å) Cij (eV*Å 6) 

O-O 483029.685 0.178 96.0 

Pu-Pu 0.0 0.200 0.0 

Pu-O 5700.0 0.252 0.0 

Pair (Morse) Dij (eV) ij (Å-1) rij
* (Å) 

Pu-O 0.165 2. 2.37 

3 DETAILS OF CALCULATIONS 

The PuO2 supercell is composed of 6144 atoms arranged in a fcc lattice. The elementary 

cell, formed by 12 atoms, has been replicated 8x8x8 along the x, y, z orthogonal axes. 

Following its initialization, the system has been equilibrated for a period of 30 ps. 

Equilibration of temperature and pressure was attained by means of the Nose-Hoover 

thermostat/barostat [7]. A period of 30 ps was employed for measurement. The time step used 

in calculations was 1 fs. Simulations in both NPT and NVT ensemble have been performed.  

4 VERIFICATION AND VALIDATION OF THE MODEL 

The model used in MD simulations has been verified and validated using two quantities: 

lattice constant and bulk modulus at room temperature. X-ray diffraction measurements have 
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suggested a lattice parameter of 5.3946 Å at 300 K [9]. This indication was confirmed by the 

results of Serizawa and Arai [4]. Minamoto et al. [10] and Sobolev [11] report a value of 

5.396 Å. The former value was assumed as a result of experimental measurements. With this 

assumption a theoretical curve of lattice thermal expansion was constructed. This curve 

complies with the correlation of LTE recommended in [6]. The correlation developed by 

Uchida et al. [6] has been determined according to the experimental measurements up to 1923 

K. From this temperature up to 2800 K it is based on MD calculations. Comparison of 

calculations with the curve taken as reference is presented in Fig. 1. This graph suggests that 

the dimensional change of the elementary cell with increasing temperature is rather well 

predicted. 

 

Figure 1: Comparison of predictions with the reference curve. 

 

As aforementioned, the bulk modulus has been calculated for V&V. This quantity is 

defined as -1/β being β the compressibility of material which is reported in Eq. 3. 
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 The literature reports following values: 200 GPa [6], 218 GPa [12], 178 GPa [13], 225 

GPa [14]. For this purpose, in MD calculations 4 values of external pressure ranging from 0.1 

MPa to 1.5 GPa have been considered. A linear fitting of the calculated data provided the 

compressibility and then the bulk modulus of PuO2. Calculations have been replicated at 500 

K, 1000 K, 1500 K, 2000 K, 2500 K, and 2800 K. Results are presented in Fig. 2. With regard 

to the bulk modulus at room temperature a value of 201 GPa has been calculated. This result 

slightly underestimates the indication reported in [14]. The decrease of the bulk modulus with 

temperature is consistent with the data published in [10]. This reference reports values that 

cover the domain 300-1500 K. 
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Figure 2: Bulk Modulus as a function of temperature. 

 

As shown in Fig. 1, the lattice parameter shows a discontinuity above 2800 K which 

was confirmed in the results of the total energy (not shown). Calculations confirmed the 

existence of a discontinuity moving from 2800 K to 2830 K. This estimation is close to the 

value of melting temperature measured by Kato et al. (2843 K) [15]. Therefore, results above 

2800 K have been discarded to avoid bias due to phase transition. 

5 THEORETICAL MODELLING OF HEAT CAPACITY  

The heat capacity of UO2 and PuO2 has been modelled by several authors [16-22]. As 

aforementioned, the experimental data on UO2 is much more abundant than in the case of 

PuO2. Theoretical modelling assumes that many processes can play a role in determining the 

heat capacity. Most important are the phonon contribution, dilation contribution, and the 

formation of defects at high temperatures which is usually accompanied with a significant 

increase of heat capacity. This later effect could be interpreted as the onset either of electronic 

disorder or ionic disorder (Frenkel pair). 

From the hypothesis that the increase of heat capacity at high temperature is due to 

electronic disorder descends that, in the case of PuO2, the third contribution is zero being this 

material a perfect insulator [17]. Similarly in [16,19] the heat capacity is modelled by two 

terms. The MATPRO model uses an additional term to account for the formation of Frenkel 

pairs [21]. According to Konings et al. above 2000 K the increase foreseen by the correlation 

is significant and partly relying on the measurements above 2370 K by Ogard [22]. More 

recently, other authors showed that the heat capacity of PuO2 is higher than UO2 over the 

whole temperature domain with a consequent significant increase at high temperature [2]. 

References 18,20] present polynomial correlations less correlated to a theoretical model. 

A simplified expression of the heat capacity accounts for phonon, dilation, and defects 

formation contributions as in Eq. 4 [5]. It has been assumed that the third term is due to the 

occurrence of electronic disorder. 

eldphp CCCC           (4) 

Serizawa and Arai proposed a simple polynomial correlation for the evaluation of the 

phonon expression [4]. This correlation depends on the Debye temperature; see Eq. 5. With 
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regard to the dilation contribution, the authors used the correlation presented in Eq. 6 where 

α(T) and γ are the coefficient of volume thermal expansion and the Grȕneisen constant, 

8.74355.045.415.0 23  xxxCph           
T

x D
   (5) 

 

TTCTC phd  )()(          (6) 

Bonnerot has employed the following correlation to evaluate the electronic contribution 

of UO2. In this correlation Ea is the energy needed to create an electron-hole pair and kB is the 

Boltzmann constant [17]. 
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MD calculations in the NPT and NVT ensemble provide estimations of Cp, Cph, and Cd. 

It is then possible to focus on the third term of Eq. 4 comparing numerical evaluations and 

correlation 7. Determinations of the Debye temperature and Grȕneisen constant have been 

published by Hirooka and Kato [14]. Their evaluation of the Debye temperature (404 K) is 

consistent with the data in the literature (429 K in [4]). Their determination of the Grȕneisen 

constant (2.3) is higher than in [4] (1.60) and lower than reported in [23] (2.30). 

6 HEAT CAPACITY RESULTS 

The heat capacity at constant volume has been calculated using MD calculations in the 

NVT ensemble. Results obtained by differentiating the internal energy predictions have been 

compared with the evaluations based on Eq. 5 (Debye temperature 429 K; Grȕneisen constant 

1.60) [4]. Above 500 K predictions are in roughly good agreement with the indications by 

Serizawa and Arai [4]. Results show a slight increase beyond 2500 K. 
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Figure 3: Phonon term. 
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Results of the NPT simulations and the data presented in Fig. 3 have been used to 

evaluate the dilation term according to Eq. 6. Together with this data, Fig. 4 presents an 

evaluation of the dilation term according to the correlation in [5]. Indications are consistent 

and foresee a markedly increase beyond 2500 K. 

0 500 1000 1500 2000 2500 3000
0

10

20

30

40

D
ila

ti
o

n
 t
e

rm
 (

J
/m

o
l 
K

)

Temperature (K)

 Serizawa and Arai

 Kurosaki et al.

 

Figure 4: Dilation term. 

 

The enthalpy evaluations obtained in the NPT ensemble have been used to determine 

the heat capacity as in Eq. 8. 
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The contributions due to the phonon and dilation terms have been subtracted from the 

heat capacity results. For the reasons discussed in section 5, resulting data have been 

considered in the temperature domain up to 2800 K. A non-linear fitting based on Eq. 7 has 

been performed and presented in Fig. 5. This curve suggests that the increase noted above 

2000 K could be represented by a term consistent with the occurrence of electronic disorder. 

The activation energy (about 3.9 eV) is close to the indication in [17]. 
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Figure 5: Increase of heat capacity at high temperatures and electronic disorder. 
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Overall results of heat capacity have been compared to the model by Fink that accounts 

for an extensive set of experimental data [15]. MD calculations underestimate predictions 

above 500 K. Deviations are rather constant in the interval 1000-2500 K with absolute values 

that are close to the proposed excitation levels of 5f electrons (Schottky term) [2].  
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Figure 6: Deviations of calculations from the model proposed by Fink [16]. 

 

Based on these results, the simplified model presented in Eq. 4 requires an additional 

term (Schottky term) which could improve the accuracy of predictions in the interval 1000-

2000 K. Above 2000 K the MD model predicts a moderate increase of heat capacity 

consistent with the onset of electronic disorder. A significant increase of heat capacity due to 

oxygen Frenkel pair formation has been reported in [2,24]. 

7 CONCLUSIONS 

The paper presents MD simulations on the heat capacity of PuO2. Lattice constant and 

bulk modulus have been rather well predicted. The phonon and dilation term turned out to be 

consistent with the indications of the literature. However, an underestimation at low 

temperature and the need for a Schottky term have been confirmed. The phonon and dilation 

terms showed some increase beyond 2500 K in the temperature domain where a pre-melting 

transition could occur (85% of the melting temperature). At high temperature a moderate 

increase of heat capacity consistent with the onset of electronic disorder has been noted.  

 

REFERENCES 
 

[1] A.K. Sengupta, K.B. Khan, J. Panakkal, H.S. Kamath, S. Banerjee, Evaluation of high plutonia 

(44% PuO2) MOX as a fuel for fast breeder test reactor, Journal of Nuclear Materials 385, 173-

177 (2009). 

[2] M. Kato, T. Matsumoto, Thermal and Mechanical Properties of UO2 and PuO2, 

NEA/NSC/R(2015)2 172-177 (2015). 

[3] H. Balboa, L. Van Brutzel, A. Chartier, Y. Le Bouar, Assessment of empirical potential for MOX 

nuclear fuels and thermomechanical properties, Journal of Nuclear Materials 495, 67-77 (2017). 

[4] H. Serizawa, Y. Arai, An examination of the estimation method for the specific heat of TRU 

dioxides: evaluation with PuO2, Journal of Alloys and Compounds 312, 257–264 (2000). 



413.8 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

[5] K. Kurosaki, K. Yamada, M. Uno, S. Yamanaka, K. Yamamoto, T. Namekawa, Molecular 

dynamics study of mixed oxide fuel, Journal of Nuclear Materials 294, 160-167 (2001). 

[6] T. Uchida, T. Sunaoshi, K. Konashi, M. Kato, Thermal expansion of PuO2, Journal of Nuclear 

Materials 452, 281-284 (2014). 

[7] S. Plimpton, Fast Parallel Algorithms for Short-Range Molecular Dynamics, Journal of 

Computational Physics 117, 1-19 (1995). 

[8] R. Calabrese, Molecular Dynamics Approaches to the Determination of MOX Thermophysical 

Properties, ADPFISS-LP1-091, http://hdl.handle.net/10840/9204, ENEA, Rome (2017). 

[9] O.L. Kruger, H. Savage, Heat Capacity and Thermodynamic Properties of Plutonium Dioxide, 

Journal of Chemical Physics 49, 4540-4544 (1968). 

[10] S. Minamoto, M. Kato, K. Konashi, Y. Kawazoe, Calculations of thermodynamic properties of 

PuO2 by the first-principles and lattice vibration, Journal of Nuclear Materials 385, 18–20 (2009). 

[11] V. Sobolev, Modelling thermal properties of actinide dioxide fuels, Journal of Nuclear Materials 

344, 198–205 (2005). 

[12] T. Uchida, M. Kato, T. Sunaoshi, Effect of oxygen-to-metal ratio on densification behavior in the 

sintering process of PuO2 pellets, Physica Status Solidi C 10 (2), 193-196 (2013).  

[13] S. Li, R. Ahuja, B. Johansson, High pressure theoretical studies of actinide oxides, High Pressure 

Research 22, 471-474 (2002). 

[14] S. Hirooka, M. Kato, Sound speeds in and mechanical properties of (U,Pu)O2−x, Journal of 

Nuclear Science and Technology 55:3, 356-362 (2017). 

[15] M. Kato, K. Morimoto, H. Sugata, K. Konashi, M. Kashimura, T. Abe, Solidus and liquidus 

temperatures in the UO2–PuO2 system, Journal of Nuclear Materials 373, 237–245 (2008). 

[16] J.K. Fink, Enthalpy and Heat Capacity of the Actinide Oxides, International Journal of 

Thermophysics 3(2), 165-200 (1982). 

[17] J.-M. Bonnerot, Proprietes Thermiques des Oxydes Mixtes d’Uranium et de Plutonium, CEA-R-

5450 (1988). 

[18] J.H. Harding, D.G. Martin, P.E. Potter, Thermophysical and thermochemical properties of fast 

reactor materials, EUR 12402 EN, Commission of the European Communities, Luxemburg 

(1989). 

[19] S.G. Popov, J.J. Carbajo, V.K. Ivanov, G.L. Yoder, Thermophysical Properties of MOX and UO2 

Fuels Including the Effects of Irradiation, ORNL/TM-2000/351, Oak Ridge National Laboratory, 

Oak Ridge, Tennessee (2000). 

[20] C. Duriez, J.-P. Alessandri, T. Gervais, Y. Philipponneau, Thermal conductivity of 

hypostoichiometric low Pu content (U,Pu)O2-X mixed oxide, Journal of Nuclear Materials 277, 

143-158 (2000). 

[21] MATPRO – A Library of Materials Properties for Light-Water-Reactor Accident Analysis, 

NUREG/CR-6150, Vol. 4, Rev. 2, INEL-96/0422, Siefken L.J., Coryell E.W., Harvego E.A., 

Hohorst J.K., Idaho National Engineering and Environmental Laboratories, Idaho Falls (2001). 

[22] R.J.M. Konings, O. Beneš, A. Kovăcs, D. Manara, D. Sedmidubsky, L. Gorokhov, V.S. Iorish, 

V. Yungman, E. Shenyavskaya, E. Osima, The Thermodynamic Properties of the f-Elements and 

their Compounds. Part 2. The Lanthanide and Actinide Oxides, Journal of Physical and Chemical 

Reference Data 43, 013101 (2014). 

[23] R.B. Jr Roof, An experimental determination of the characteristic temperature for PuO2, Journal 

of Nuclear Materials 2(1), 39–42 (1960). 

[24] R.J.M. Konings, O. Beneŝ, The heat capacity of NpO2 at high temperatures: The effect of 

Oxygen Frenkel pair formation, Journal of Physics and Chemistry of Solids 74(5), 653-655 

(2013). 

http://hdl.handle.net/10840/9204


 

 

501.1 

Use of ADVANTG to Analyse Skyshine Dose Rates Around DEMO 

Domen Kotnik 

Reactor Physics Department, Jožef Stefan Institute 

Jamova cesta 39 

1000, Ljubljana, Slovenia 

domen.kotnik@ijs.si 

Bor Kos, Igor Lengar 

Reactor Physics Department, Jožef Stefan Institute 

Jamova cesta 39 

1000, Ljubljana, Slovenia 

bor.kos@ijs.si, igor.lengar@ijs.si 

ABSTRACT 

A two-step hybrid transport approach utilizing ADVANTG for variance reduction and 

MCNP for particle transport was used to assess skyshine dose rates around the future DEMO 

reactor. Specifically, the impact of the relative air humidity, air temperature and surrounding 

landscape types on the skyshine effect were analysed. The results show that the highest 

discrepancies were observed in the case of air temperature variation. In this particular case, at 

relative air humidity of 100 % and normal air pressure of 1013.25 hPa, the dose rate at DEMO 

site boundary was approximately 3.5 times higher for an air temperature of 60°C than at -40°C. 

Nevertheless, the annual dose rates at DEMO site boundary are below the limit of 0.2 mSv/year 

for all configurations. 

1 INTRODUCTION 

The DEMOnstrational power plant, in short DEMO, is currently being developed within 

the EUROfusion Power Plant Physics and Technology Department [1]. It is assumed to be 

constructed around 2050 and will represent the next milestone for the realization of commercial 

fusion power plants, whereby the main goal will be a demonstration of electricity production. 

To ensure that the regulatory radiation dose limit, due to neutrons and gammas, is not exceed 

at DEMO site boundary at any moment, adequate shielding is required. The model used in the 

calculations considered the DEMO Breeding Blanket (BB) maintenance scenario. In this work, 

we systematically analysed the influence of different parameters, e.g. relative air humidity, air 

temperature and surrounding landscape types (air, ground, forest and mountains), on the 

skyshine effect, i.e. scattering from the surrounding air back to the ground, as it may influence 

the required thickness of the tokamak building walls depending on the choice of geographical 

location. Due to extreme complicity of both shielding problem, relating to particles deep 

penetration through reinforced concrete structures, and large radiation skyshine effect, resulting 

in an enormous overall model, all calculations were performed using a two-step hybrid transport 

method utilizing MCNP [2] for particle transport and ADVANTG [3] for variance reduction. 

2 COMPUTATIONAL METHODS AND MODELS 

Simulations for assessment of radiation dose rates at the DEMO site boundary, which 

also consider the skyshine effect, were performed using MCNP6 v2.0 [2] while the variance 
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reduction parameters were prepared with ADVANTG [3]. The ADVANTG deterministic 

calculation used a 27n19g nuclear cross-section library, an effective variable geometric mesh 

with 14.8·106 voxels, a 𝑃3 scattering-angle expansion and an 𝑆4 angular approximation, which 

enabled a wide range of analyses in a reasonable time, which were not possible using a pure 

stochastic approach. Additionally, a decay gamma source of the activated material (12 days 

after shutdown with a total intensity of 3.787×1018 γ/s [4]) has been utilized based on MCR2S 

[5] calculations. Models used in analyses, i.e. different DEMO configurations, were prepared 

with the help of SuperMC [6, 7] program and its ability to convert an MCNP input file to CAD 

model and vice versa. The generated CAD SuperMC model provided a more detailed and 

computationally efficient model for 3D visualization. 

2.1 Computational model of DEMO – breeding blanket maintenance scenario 

The cross-section, with relevant dimensions, of the simplified DEMO reactor model 

inside the tokamak complex is shown in Figure 1 for the breeding blanket (BB) maintenance 

scenario.  For the basic reactor structure, e.g. tokamak and bioshield, the generic model was 

used based on the EU DEMO 2017 baseline [8]. Additionally, 1 m thick reinforced concrete 

building structures were added to the model, e.g. domed roof, second wall and third wall. 

Furthermore, due to the BB maintenance scenario some components were removed, e.g. 

bioshield plug above one single upper port, upper port closure plate, all upper port plugs, 
whereby the central outboard BB segment was elevated to the upper maintenance hall. 

 
Figure 1: Description of the simplified model of DEMO during BB maintenance scenario. 

The blue sphere represents the first Measurement Position (MP) at the distance of 100 m from 

the centre of DEMO. Due to clarity, all other MPs are not visible (MP: 200 m, 300 m, 400 m, 

500 m). 
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The DEMO building was placed at such depth below the ground that the centre of the 

tokamak was slightly above the ground level, ~ 4.3 m, whereby an entire lower port was below 

the ground and therefore effectively completely shielded. The farthest location represents the 

site boundary where the radiation limit has to be below 0.2 mSv/year. The model used in the 

calculations includes 500 m of air above the surface and air horizontally up to 600 m from the 

centre of the tokamak. To reduce the modelling effort and accelerate the simulations a single 

sector model (22.5°) and reflective boundary conditions were used (excluding top and bottom 

surfaces). Furthermore, to obtain consistency throughout the analysis of the surrounding 

landscape type, all five MPs were in this analysis elevated 30 m from the ground due to 

additional modelling of the forest. 

3 ANALYSES AND RESULTS 

For this work 3 different analyses were performed, e.g.  

- relative air humidity variation 

- air temperature variation 

- surrounding landscape type variation 

to assess their influence on the skyshine effect and the overall dose rate values. Large 

discrepancies could lead to tokamak building walls thickness modification based on the choice 

of geographical location.  

Typical simulation run times: ADVANTG 80 min, MCNP 5.5 days on a modern 

computer cluster with two Intel Xeon E5-2697 v3 processors with 2 × 14 2.6 GHz cores 

resulting in 56 processor threads. Gamma dose rate values were calculated as an ambient dose 

equivalent H*(10) by using ICRP-21 [9] flux-to-dose-rate conversion factors, respectively. All 

graphs include 1 sigma statistical uncertainty. 

3.1 Relative air humidity variation 

The one of the important parameters of the surrounding air is relative humidity (RH), 

known as ratio of the partial pressure of water vapour to the equilibrium vapour pressure of 

water at a given temperature. Normally, it is expressed as a percentage where a higher 

percentage means that the air-water mixture is more humid, whereby at 100 % RH, the air is 

saturated and is at its dew point. On the other hand, RH of 0 % corresponds to dry air. The 

addition of water vapour to air reduces the density of the air as the molar mass of water is less 

than the molar mass of dry air. 

Five cases were considered, which differed only in RH (RH: 0 %, 25 %, 50 %, 75 % and 

100 %), while the air temperature and air pressure were unchanged and kept at constant values 

of 30°C and 1013.25 hPa, respectively. Under these specific conditions, the density of the dry 

air is 1.164 kg/m3, whereby the density at RH of 100 %, which include 27.27 g of water vapour 

in 1 kg of an air mixture, is 1.146 kg/m3.  

Results are shown in Figure 2, both in absolute values (left) and relative to the value of 

RH100 % (right). It turned out that the RH does not play a significant role, whereby results for 

all cases and all MP remained inside 1 statistical uncertainty. Therefore, no dependence of the 

RH on the skyshine effect can be currently applied. To do that, more detailed calculations are 

proposed whereby the statistical uncertainty has to be greatly decreased, even though current 

maximum uncertainty at the furthest away MP, 500 m, is already below 4 %. 
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Figure 2: Annual dose rate values (left) and relative values as ratio compared to the RH100 % 

(right) for 5 different relative humidity values: 0 %, 25 %, 50 %. 75 % and 100 %, at constant 

air temperature of 30°C and air pressure of 1013.25 hPa, for 5 MPs. 

3.2 Air temperature variation 

The second analysis focused on a variation of air temperature. The main parameter, which 

highly depends on air temperature is the air density. By increasing the temperature, the air 

density is decreased. Furthermore, at a higher temperature and the same level of humidity, a 

larger amount of water vapour is present in the air. 

Six cases were considered, which differed only in temperature of the air (-40°C, -20°C, 

0°C, 20°C, 40°C and 60°C), whereby the air RH and air pressure were unchanged and kept at 

constant values of 100 % and 1013.25 hPa, respectively. Under these specific conditions, the 

density of the air at -40°C, which includes 0.35 g of water vapour in 1 kg of air mixture, is 

1.514 kg/m3, whereby the density of the air at the temperature of 60°C, which includes 177.03 g 

of water vapour in 1 kg of air mixture, is 0.981 kg/m3.  

Results are shown in Figure 3, both in absolute values (left) and relative to the value of 

T20°C (right). The variation of the air temperature, which corresponds to variation in air density, 

has a visible impact on the skyshine effect. With an increase of the temperature the overall dose 

rates are increasing, whereby the effect on the skyshine is getting higher with an increase in the 

distance from the DEMO reactor. At DEMO site boundary, MP 500 m, the annual dose rate 

value for case T60°C is ~ 3.5 times higher compared to the value of the case T-40°C. However, the 

dose rates are still more than 5 times lower than the limit (0.2 mSv/year). 
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Figure 3: Annual dose rate values (left) and relative values as a ratio compared to the T20°C 

(right) for 6 different air temperature values: -40°C, -20°C, 0°C, 20°C, 40°C and 60°C, at a 

constant relative humidity of 100 % and air pressure of 1013.25 hPa, for 5 MPs. 

3.3 Surrounding landscape type variation 

Four types of the surrounding landscape were compared in the third analysis: “ground”, 

“air”, “forest” and “mountains”, each imitating a different geographical location or influence 

of different materials/objects. The “ground” scenario represents a base model on which further 

modifications were applied based on different landscape types. It was also used as a reference 

scenario as it was already used in all previous analyses.  

• Ground: Base model 

• Air: With the absence of all ground  

• Forest: Additional layer of the forest above the ground (height: 25 m, starting 

150 m from the centre of DEMO – halfway between first and second MP) 

• Mountains: Large ascent after MP 400 m (imitation of a valley, where a reactor is 

surrounded by mountains, with the absence of the last MP 500 m) 

To obtain consistency throughout the whole analysis all five MPs were elevated 30 m 

from the ground for all scenarios to prevent overlapping of the forest region and last four MPs 

in the particular scenario “forest”. Furthermore, all calculations were performed at the same 

weather condition: RH: 50 %, temperature: 30°C and normal pressure: 1013.25 hPa. 

Results are shown in Figure 3, both in absolute values (left) and in a relative unit as a 

ratio compared to the “ground” scenario (right). Different landscape types do not play a 

significant role, whereby the results, in general, remained inside 1 sigma statistical uncertainty. 

Some discrepancies (~ 15 %), reflected as a lower value, are visible only at the last MP, 500 m, 

for the scenario “air” and “forest”. Although the discrepancies were expected to be much larger, 

results indicate that the ground still plays an important role to the skyshine effect, whereby the 

contribution of the backscattered particles (from the ground back to the air) to the overall dose 

rate is not negligible only at larger distances. Furthermore, although the elevated MPs were 

located slightly below the top of the 3rd wall, the position is not preferable to estimate the 

skyshine effect as they are placed at the same vertical position as the elevated activated BB.  
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Figure 4: Annual dose rate values (left) and relative values as a ratio compared to the 

“ground” scenario (right) for 4 different types of the surrounding landscape: “ground”, “air”, 

“forest” and “mountains”, at the same weather condition: RH: 50 %, temperature: 30°C and 

normal pressure: 1013.25 hPa. 

4 CONCLUSION 

Assessment of the skyshine effect is an extremely challenging problem for the entire 

DEMO complex as it involves both deep penetration/shielding and large radiation skyshine 

problems due to in-vessel components surrounded by a reinforced concrete containment 

building and far away on-site measurement positions, respectively. The essential part of 

obtaining results in a reasonable time (a few days), instead of a few months or even more, was 

using a hybrid method, which involved the ADVANTG code for variance reduction. 

For this work, 3 analyses were performed to assess the influence of different parameters 

on the skyshine effect: the impact of relative air humidity, air temperature and surrounding 

landscape types (air, ground, forest and mountains). Such analyses are important as they may 

influence the required thickness of tokamak building walls depending on the choice of 

geographical location. The results show that the highest impact on the skyshine effect, which is 

further related to the total dose rate, was observed for air temperature variation. In this particular 

case, at relative air humidity of 100 % and normal air pressure of 1013.25 hPa, the dose rate at 

DEMO site boundary (500 m from the centre of DEMO) was approximately 3.5 times higher 

at the air temperature 60°C than at air temperature -40°C. The influence of the relative air 

humidity and different types of the surrounding landscape have a minor impact, or even no 

impact, on the skyshine effect, whereby results, in general, remained inside 1 sigma statistical 

uncertainty and therefore no trend could be applied. To do that the statistical uncertainty has to 

be reduced greatly (current maximum uncertainty was ~ 5 %). 

Nevertheless, the dose limit of 0.2 mSv/year at DEMO site boundary was not exceeded 

in any configuration. Therefore, geographical restrictions or wall thickness modification should 

not be considered. 
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ABSTRACT 

The aim of this work was to estimate the reduction in neutron dose rates within the TCV 

building after adding a ceiling and installing a shielded door at the TCV hall entrance.  

The analysis was subdivided in to three tasks. This included a comparison of several 

different shielding materials at different thicknesses in the first task and the effect of existing 

gaps in the concrete walls in the second task. The material shielding task showed Shieldwerx 

SWX201 borated polyethylene was the best performing material closely followed by a laminate 

polyethylene/borated polyethylene material. The gap analysis showed that total dose from the 

gaps in the concrete walls was insignificant. 

In the third and final task an upgraded MCNP model (reference model) was used for dose 

field calculations and dose rate calculations at specific locations around the TCV machine.  

Based on the reference model a basic shielding model was constructed with a ceiling and 

door plug made from polyethylene/Shieldwerx laminate material. The basic shielding design 

reduces the neutron dose at key locations up to a factor of 77 but does not provide sufficient 

shielding for key locations in the control room area. In future work, additional shielding will be 

added to the existing TCV hall walls to achieve a desired dose reduction factor of the order of 

100 in the control room. 

1 INTRODUCTION 

The “Tokamak à configuration variable” or “Variable configuration tokamak” (TCV) 

[1],[2] is a magnetic fusion research device located at the Swiss Plasma Center, EPFL. Its 

unusual rectangular vacuum vessel, 1.5 m high and 0.5 m wide is equipped with tightly fitted 

poloidal field coils that allow for a wide variety of plasma shapes to be investigated for 

properties such as energy confinement and magnetohydrodynamic stability. 

Plasma electron heating up to ~3 MW is provided by gyrotrons operating in the range 80 

GHz -120 GHz, while heating of the ions up to Ti~3 keV is presently achieved with a 25 keV - 

30 keV, 1.4 MW neutral beam heating (NBH). A second NBH system operating at 50 keV - 60 

keV is planned to enter operation early in 2021. When operating in deuterium (D), the NBH 

with a single 25 keV beam produces 2.45 MeV D-D neutrons at rates of several 1012 /s, 

depending on plasma conditions. Radiation exposure in the nearby control room currently meets 

strict safety limits (4 µSv/day), but can be exceeded within half a day of normal operation. 
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When operated together with the 2nd beam, also in Deuterium mode, neutron rates are predicted 

to increase by an order of magnitude, exceeding safety limits (unless hydrogen is used, which 

would be disadvantageous for ion heating experiments). 

The insufficiency of the legacy neutron shielding for optimal deuterium operation of both 

NBH units motivated a design study for an upgraded shielding of TCV. Neutron transport 

simulations were performed to identify the main particle streaming pathways and scope out 

additional shielding to reduce the neutron and gamma doses to acceptable levels. The state-of-

the-art hybrid (deterministic/stochastic) particle transport methodology was adopted. This 

combines the ADVANTG [3] code to determine efficient variance reduction parameters based 

on a rough deterministic transport simulation followed by a high-fidelity continuous energy 

stochastic particle transport simulation using MCNP [4].  

The shielding analysis was performed in several steps. Initially, the most effective 

material for shielding was determined and the effect of gaps between shielding blocks 

quantified. Then, the existing TCV hall MCNP model was upgraded by inserting TCV’s major 

components including the toroidal and poloidal coils, vacuum vessel, support pillars and the 

wooden floors. Following simulations with the present shielding configuration, a basic 

shielding design was proposed and analysed using the hybrid transport methodology.  

The first part of the paper includes a brief description of the computer codes used in the 

analysis. The second part describes the model used for testing the effectiveness of different 

shielding materials and the results obtained with this model. In the third part the effect of gaps 

on the total dose is presented. Finally, the reference MCNP model of the complete TCV 

building is described. Additionally, a basic shielding design is proposed and tested. The main 

results are summed up and discussed in the conclusion of the paper. 

2 COMPUTER CODES 

The main program used for neutron transport simulations was the Monte Carlo N-Particle 

(MCNP) program code version 5 1.6 [4] developed by the Los Alamos National Laboratory. 

This code has been validated on numerous benchmark experiments and is widely used in the 

particle transport community around the world. MCNP was compiled with the plasma neutron 

source subroutine provided by EPFL [5]. All neutron doses calculated with MCNP in this paper 

are H*10 ambient equivalent [6]. 

The Automated Variance Reduction Generator (ADVANTG) [3] hybrid code developed 

by Oak Ridge National Laboratory generates space and energy dependent weight-window 

bounds using 3D discrete ordinate solution, from the Denovo [7] solver. ADVANTG was used 

to determine variance reduction parameters for the reference and shielding model calculations. 

Most of the ADVANTG input parameters were left at their default values except for the 

geometrical mesh which was defined in such a way as to accurately describe all of the major 

components of the TCV model, including all of the walls and discontinuities. A global weighing 

option was used to determine effective variance reduction parameters for all voxels in the mesh 

tally. 

Several programs were used for the modelling and visualization of the geometrical model 

including Rhinoceros 3D [8], GRASP [9] and VisIt [10].  

3 MATERIAL TESTING 

In order to perform several computational efficient calculations with a shielding model 

that is representative TCV, a simple spherical model was adopted. This was used to test for 

shielding properties of various candidate materials before they are included in the full model 

that is computationally far more demanding. 
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The material testing model is a spherical model which consists of three regions. The inner 

regions are air that contains a void (vacuum) area in the shape of the TCV plasma with a 

diameter of 230 cm. The air region is encapsulated by a shielding material region with a 70 cm 

thickness (outer diameter 370 cm). The third and final region surrounds the shielding material 

and is made from air. This is a simple spherical model, but the main dimensions such as the 

source shape and shielding thickness is representative of the actual TCV machine. The main 

dimensions and regions are shown in Figure 1. The left picture of Figure 1 represents the 3D 

model with one quarter of the sphere removed. The right picture is a 2D cross section of the 

model at the sphere centre. Colours represent different materials as is indicated in the figure. 

 

Figure 1: Material testing MCNP geometry model. 3D model on the left, 2D cross section 

at sphere center on the right. Different colors represent different materials (Left picture: green 

air, blue shielding material; Right picture: blue air, red shielding material. No color is vacuum1). 

For the material testing scenarios and the calculations with the reference and basic 

shielding model, a neutron particle source was used that closely resembles the shape and the 

energy distribution of the DD neutrons originating from a TCV plasma. The MCNP plasma 

source subroutine produced neutrons with an energy distribution centred at 2.45 MeV. 

Several materials were tested for their shielding properties: Ordinary concrete, TCV 

baryted concrete, M1 concrete, Shieldwerx 201 borated PE and a laminate material consisting 

of 10 cm of polyethylene and 10 cm Shieldwerx 201. The neutron dose was calculated as the 

ambient equivalent dose rate H*10 [6] at different shield depths. Figure 2 gives the neutron 

dose for different materials at 10 cm and 20 cm. The total shield thickness in this case was 20 

cm. The 1σ statistical uncertainty of simulations is negligible (below 1%). The connecting lines 

are there to guide the eye. While the Shieldwerx material performs best, the laminate material 

performs almost as well and was chosen for the basic shielding design concept presented in 

Section 5. 

 

                                                 
1 Material colours are different because of the different software used for visualization. 

500 cm 500 cm 

Source (TCV plasma shape) 

Air 

Varied shielding material 

230 cm 65 cm 70 cm 
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Figure 2: H*10 neutron ambient dose equivalent per source particle in dependence of 

shield thickness for a polyethylene laminate material and other relevant materials. 

4 GAP ANALYSIS 

The current TCV hall side walls are built from 50 cm thick stacked concrete blocks. The 

concrete blocks have slight imperfections causing on average 1 mm gaps between the vertical 

block separations. A gap analysis model was constructed using a lattice of blocks which are 1 

m x 1 m and 50 cm thick. The array of blocks consists of 21 by 21 concrete blocks. The model 

includes an air region in front and behind the concrete blocks. This region is 11 m thick in front, 

representative of the TCV machine position in the hall, Figure 3. The left picture represents the 

ZX cross section at Y=0 cm, and the right is a XY cross section at Z=25 cm zoomed on one 

block. The right picture also clearly shows the air gap between the concrete blocks. Three 

different air gaps were modelled, 0 mm, 1 mm and 5 mm. The particle source is a 2.45 MeV 

neutron point source positioned at several locations, also shown in the left figure of Figure 3. 

 

Figure 3: Gap analysis MCNP geometry model. ZX cross section at y=0 on the left, a 

close up of one concrete block with gaps (XY cross section at z=25 cm) on the right.  

The results of the analysis are neutron fluxes and doses in the volume behind the concrete 

slab with a gap relative to gap-less. This quantity gives us the ratio of the total transmitted dose 

through the gap. The results show that the 1 mm gap scenario increases the doses by up to 5 % 

1.00E-13

1.00E-12

1.00E-11

0 10 20

N
e
u
tr

o
n
 d

o
s
e
 r

a
te

 p
e
r 

s
o
u
rc

e
 

p
a
rt

ic
le

 [
m

S
v
/h

/s
o
u
rc

e
 p

.]

Shield thickness [cm]

Ordinary concrete

TCV barye concrete

M1 concrete

Shieldwerx 201 boarated PE

10 cm Polyetylene + 10 cm SWX 201

Air 

TCV baryte concrete 

0 mm 

1 mm 

5 mm  

50 cm 

100 cm 

XY cross section 
ZX cross section  

(  approximate source position) 

2100 cm 

1100 cm 

50 cm 



503.5 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

which can be neglected. In the unrealistic case with the 5 mm gap the dose increases by almost 

30 % in the worst case scenario where the source faces the intersection of gaps directly. This 

value is still negligible compared to the dose reduction factors which the new shielding 

configuration aims towards i.e. a factor of 50-100. 

5 BASIC SHIELDING MODEL 

The idea behind the reference model was to construct a more realistic model, including 

the major components of the machine, absent in the original MCNP model [11]. The 

components were chosen based on their probable effect on the dose values i.e. massive and 

high-density components. The following elements were included in the model: TCV vessel (1 

cm stainless steel), Main magnetic coils (copper), Steel support bars, Concrete support pillars, 

TCV hall floor (concrete and wooden) and Wooden floor between ground level and control 

room. Most of the dimensions of the additional components were provided from a large TCV 

CAD model. This was simplified using Rhinoceros 3D [8] and converted to MCNP format 

geometry using GRASP [9]. The reference model is presented on the left of Figure 4. 

The basic shielding model is based on the reference model. A laminate of two materials 

was chosen for the shielding of the ceiling of the TCV hall and for the door plug. The laminate 

is modelled as a 20 cm thick layer of pure polyethylene with a 5 cm coating of Shieldwerx 

SWX201. Additionally, the TCV hall side walls were lowered to 8 m. The model is presented 

in on the right of Figure 4. Note that the colour of some material has changed compared to the 

reference model namely the dark red colour now represents the polyethylene while the lime 

green indicates the borated polyethylene. 

 

 

Figure 4: Reference MCNP model (left), basic shielding MCNP model (right). Side view 

cut at y=0 cm of the complete TCV building.  

Neutron doses were calculated using these two models on a global mesh tally and at 

specific locations around the tokamak hall. The results are normalized to a 1 s plasma pulse 

with a neutron emission of 4×1013. The dose maps calculated with the reference model (Figure 

5) and basic shielding model (Figure 6) are given in mSv/s at y=0 cross section plane through 

the tokamak centre. 
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Figure 5: H*10 neutron dose rate color and contour map in mSv/s at slice y=0 cm 

calculated using the reference MCNP model. Axis dimensions are in centimeters. 

 

Figure 6: H*10 neutron dose rate color and contour map in mSv/s at slice y=0 cm 

calculated using the basic shielding MCNP model. Axis dimensions are in centimeters. 
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From the global mesh tally results one can clearly see the reduction of the dose above the 

laminate shielding ceiling. A similar effect is seen when looking at the doses behind the door 

plug. To quantify the dose reduction, doses were also calculated at specific locations around 

the tokamak hall with both models. These, Figure 7, are as follows (coordinates are given in 

meters with respect to the plasma centre): 

A. Control room, North half (operating team area), (-9.5; 6; 3.7)  

B. Control room, South half, (-9.5; -9; 3.7) 

C. Second floor, West side, 2 m from wall, at 1m above floor level, (-9,5; 0; 7.6) 

D. TCV hall at position, (2; 8; -0.4)  

 

 

Figure 7: Specific tally locations in the refence model at three different locations. 

The absolute neutron dose values for both models and the ratio of the two are given in 

Table 1. The reduction factor at locations A) and B) (control room) is not sufficient. Additional 

shielding is required on the TCV outside walls.  

Table 1: Absolute and relative H*10 neutron dose rates at specific tally locations. The 

Rel. unc. is the 1σ relative statistical uncertainty. 

 Reference model Basic shielding model Reference/Basic model 

Loc. Dose [mSv/s] Rel. unc. Dose [mSv/s] Rel. unc. Ratio Rel. unc. 

A 2.94E-02 0.005 6.24E-03 0.003 4.72 0.007 

B 3.13E-02 0.004 3.18E-03 0.002 9.85 0.008 

C 1.39E-01 0.002 1.80E-03 0.002 77.46 0.006 

D 1.88E+00 0.003 1.89E+00 0.001 1.00 0.004 

6 CONCLUSION 

The analysis presented in the paper covered in three subtasks. Firstly, several candidates 

for shielding materials were tested. This showed that pure polyethylene performs as well as a 

borated combination were able to sufficiently reduce the H*10 neutron ambient equivalent 

dose. The borated plastics only reduce the thermal peak that does not significantly contribute 

to the overall H*10 ambient equivalent dose and could be removed.  

Secondly, the effect of gaps between concrete blocks on the total neutron dose was 

determined. The analysis showed that with a 1 mm gap the increase of the neutron dose behind 

A 

B 

C 

D 

Z = 370 cm Z = 760 cm Z = 0 cm 
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the concrete block is in the worst-case scenario 5 % compared with the gap-less scenario. An 

unrealistic 5 mm gap scenario increase the dose by 30 %. These results show that the gaps do 

not contribute significantly to the total when sufficiently behind the concrete block wall.  

Finally, an upgraded MCNP model of the TCV building – the reference model – was used 

for baseline calculations of the neutron dose rates in and around the TCV building. The baseline 

results were used for comparison and assessment of the efficiency of the proposed basic 

shielding model which included a ceiling and door plug constructed from the laminate material 

identified as the best shielding option in the first subtask. 

 The reduction of the doses using the basic shielding model above the roof and behind the 

door are clearly seen from the dose maps. A dose tally at locations around the TCV hall show 

that reduction factor at location a) and b) (control room) is insufficient reaching only a value of 

4.7 and 9.9 respectively. A reduction factor of 77 at location c) tells us that the shielding 

provided by the roof for location c) is very effective, however locations which are close to the 

walls aren’t sufficiently shielded by this configuration. Additional shielding is thus needed on 

the TCV hall side walls. Such a shielding scenario will be the topic of future analyses. 
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ABSTRACT

The divertor targets in tokamaks are constantly bombarded with high-energy neutral and
charged particles and such violent events can pose a serious threat to the long-time resistance
of the divertor materials. The wall erosion, caused by the bombardment, releases impurities,
that migrate towards the bulk plasma and due to the effects, the plasma state is deteriorated. In
order to limit wall erosion, it is important to estimate the plasma characteristics in the Scrape-
off Layer (SOL) i.e the region outside the last closed magnetic surface (separatrix). However,
the transient heat loads such as ELMs (Edge-Localized modes) occur in tokamak edge during
H-mode confinement lead to a significant loss of stored plasma energy. Once the ELM-driven
plasma pulse has crossed the magnetic separatrix, it travels mainly parallel to the magnetic field
lines and ends up hitting the divertor plate.

The effects caused by the wall erosion represent the boundary conditions in regions of
plasma-surface interaction and the limiting expressions for the parallel heat flux and viscos-
ity. The formulation of kinetic factors (KF) and their time dependence is an interesting and
important task for plasma edge studies.

The aim of this work was to derive time-dependent KF at the plasma wall transition (PWT)
for ELM-free, Type-I ELM and post-ELM states based on a kinetic test simulation.

This contribution describes the first results of attempts to address this issue for ITER
simulations under high-performance conditions using the 1D3V electrostatic parallel Particle-
in-Cell (PIC) code BIT1. The burning plasma conditions correspond to the ITER Q = 10, 15
MA baseline at q95 = 3, for which the poloidal length of the 1D SOL is ∼ 20 m from the inner to
the outer target, assuming typical upstream separatrix parameters of ne ∼ 3-5 · 1019 m-3, Te ∼
100-150 eV and Ti ∼ 200-300 eV. Inclined magnetic fields at targets of (∼ 5◦) are included, as
are the particle collisions, with a total of 3.4 · 105 poloidal grid cells, giving shortening factors
of 20. At a later stage, these will be used as BCs for the calculations of the ELM target heat
loads using the SOLPS-ITER code.

A typical simulation requires up to 60 days running massively parallel 1152-2304 cores
of the EU Marconi super-computer. The duration of the ELM pulse is taken to be between
100-400 µs.
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1 INTRODUCTION

Detailed understanding of the tokamak scrape-off layer (SOL) and the plasma-surface in-
teraction is critically important for the lifetime of the fusion devices. Because of the complex
structure of the SOL, quantitative descriptions are possible only via numerical modelling, ex-
cept in the very simplest cases. Usual tools for the SOL study are the fluid codes (for example
SOLPS-ITER [1, 2, 3]), where a number of kinetic effects are implemented ”manually”. These
effects represent the boundary conditions in regions of plasma-surface interaction and the lim-
iting expressions for the parallel heat flux and viscosity. During the transient process such as
Edge Localized Modes (ELMs) these kinetic models are no longer appropriate [4]. In this work
the set of the boundary condititons and limiting factors are called kinetic factors (KF). The aim
of the present work is to study the behavior of the KF during the parallel transport in the SOL.
The simulated plasma parameters are typical of the ITER SOL without neutrals and impurities.

The KF investigated here appear as [5, 2, 3]:

1. boundary conditions for the ion parallel speed and particle energy fluxes at the plasma
sheath entrance

M =
V i
‖

Cs
; γe,i =

Qe,i
sh

Γe,i · T e,i
; ϕ =

e∆φ

T e
; (1)

2. particle heat flux and ion viscosity expressions used in fluid codes

q‖ =

(
1

qSH
+

1

αqFS

)−1
π‖ =

(
1

πBr‖
+

1

bnT

)−1
; (2)

where M, Cs =
√

Te+δiTi
mi

, γe,i, Γe,i and ϕ are the Mach number, the ion-sound speed, the
electron and ion sheath heat transmission factor, the electron and ion fluxes to the divertor,
and the normalized potential drop, respectively. me,i and Te,i are electron and ion masses and
electron and ion temperature. Here δi (∼ 1)is the polytrophic constant. qSH = −χ‖∂sT and
qFS = ΓT are the Spitzer-Harm and the free-streaming heat fluxes, and πBr‖ = −4

3
η‖∂sV‖ is the

Braginskii ion parallel viscosity term. The KF represent the Mach number M , the sheath heat
transmission coefficients γ, the normalized potential drop ϕ and the heat and viscosity limiters,
α and b.

The paper consists of two parts corresponding to the stationary (ELM-free) and Type-I
ELMy SOLs with post-ELM.

2 ELM-FREE SOL

In this section we discuss the KF of the ITER plasma during ELM-free, which corre-
sponds to the classical one [5, 2, 6]. The classical boundary conditions at the plasma-wall
interface are formulated using the sheath theory [7]:

M = 1; ϕ = ln

[√
mi

2πme

1√
1 + Ti/Te

]
γshe = γwe +

∆φ

Te
; γshi = γwi − ∆φ

Ti
; (3)
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where γshe,i and γwe,i are sheath heat transmission factors of the electron and ion at the sheath and
wall. So at the point where M = 1, the Cs = V i

‖ and ϕ ∼ 3. Under steady-state conditions,
distribution of the particle and energy fluxes on the wall for electrons are half Maxwellian. As a
results with integration sheath transmission coefficients at the wall are: γwe ∼ 2 and γwi ∼ 6−7,
and the sheath transmission coefficients at the sheath are γshe ∼ 5 and γshi ∼ 3 − 4. For the
plasma edge applications they are assumed to be αe,i ∼ 0.1. For the viscosity limiter it is
b ∼ 0.5. From the sheath transmission coefficients it can be concluded that the sheath acts
as an electron energy filter. The sheath therefore constitutes a powerful cooling effect on the
electrons, i.e it is not just power removing, as it is for the ions, but it is specifically cooling, i.e.,
temperature reducing[7]. It is important to distinguish between the electron power flux received
by the surface which is the surface heating power due to the sheath and the power flux lost by
the plasma electron population which we may call the electron cooling power due to the sheath.

The kinetic simulations, from which were obtained the KF corresponding to ITER SOL,
are performed via 1D3V electrostatic Particle-in-Cell (PIC) code BIT1. It incorporates e,H,H2,
He, C,O2,W, their isotopes and few hundreds of corresponding AMS processes. The number
of implemented particle types is limited by available AMS data: searching for and validating
of the corresponding differential cross-sections and of the plasma-surface interaction (PSI) data
is one of the most time consuming part in development of realistic plasma edge models. The
collision operators simulate atomic and molecular processes, conserving energy and momen-
tum. The PSI represents a linear model with prescribed (energy and angular dependent) particle
release coefficients and prescribed velocity distributions of particles released from the wall [8].

Figure 1: BIT1 simulation geometry

The Simulation geometry corresponds to a 1D flux tube in the SOL along the poloidal
direction [1] (see Fig. 1). The plasma and heat source model the cross-field transport across
the separatrix. The center and the length of the source region correspond to the OMP (outer
midplane) and to the distance from x-point to x-point along the separatrix. Plasma particles
(electrons and D+ ions) entering the system propagate towards the divertor plates, where they
are absorbed (except low energetic electrons which might be reflected by the sheath potential)
at the divertor plates. The absorbed ions might sputter W impurity or recycle D atoms, which
propagate upstream in the SOL and interact with plasma [9].

The sputtering (physical and chemical) and recycling coefficients are energy and angle
dependent. The neutrals are treated in 2D geometry: if they reach the radial boundaries, corre-
sponding to the private region and the outer wall, they are removed from the simulation. The
impurity ions (W+) might be removed from the simulations with a probability corresponding
to the (specified) cross field diffusion. In order to keep these outfluxes ampipolar, one electron
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is removed together with the W+ ion.
Input file of the original BIT1 code is extremely complex. It includes: the descrip-

tion of geometry of the SOL, the description of the external circuit, the description of parti-
cle sources, the description of the simulated species, description of the atomic and molecular
physics, physics surface interaction processes for each particle species and included code spe-
cific parameters, e.g. number of cells, and so on. This general input is very flexible and allows
testing of different plasma edge models.

The BIT1 simulations, in this case, were performed for burning plasma conditions cor-
responding to ITER’s, for which the poloidal length of the 1D SOL is ∼ 20 m from inner to
outer target. Typical upstream separatrix parameters of ne ∼ 3− 5 · 1019 m−3, Te ∼ 100− 150
eV and Ti ∼ 200 − 300 eV are assumed, guided by SOLPS-ITER code runs [10]. Inclined
magnetic fields at the targets of (∼ 5◦) are included, as are the particle collisions, with a total of
3.4 · 105 poloidal grid cells giving shortening factors of 20.

For this simulations the secondary electron emission at the tungsten targets is neglected
and also the neutrals and impurities are not included. A fully independent run was done, which
means that we started with empty system and reached the stationary state. A standard BIT1
simulation runs for more than 120 days in a parallel computing mode on 1152-2304 computer
cores.

The results, electron and ion densities, electron and ion temperatures, plasma potential and
electron and ion parallel velocity in stationary state depending of the poloidal length, obtained
from the BIT1 code simulations are shown to the [11, 12]. The peaking values of the electron,
195 eV , and ion temperature, 245 eV , as well as the electron and ion density, that are equal to
5.5 · 1019 m−3, are obtained at the outer mid-plane (OMP), close to 12 m on poloidal direction
from the inner divertor. The plasma is quasineutral in all the SOL except the narrow Debye
sheath in front of the divertor plates. Also the plasma potential is peaking at the OMP reaching
700 V there. The ion and electron parallel velocity, as well as, the densities are equal to each
other.

1E-5 1E-4 1E-3 0,01 0,1 1 10

0,1

1
CPMP

n 1019

(m-3)

X(m)

 Electron density
 Ion density

DS

Figure 2: Debye sheath (DS), magnetic presheath
(MP) and collisions presheath (CP) of ITER case

Using the conditions to define the
plasma sheath entrance point from, the
length of the region between the bulk
plasma and the wall, is from 4.2 · 10−4 m
to 1 · 10−2 m. DS point is 4.2 · 10−4 m,
MP 2.3 · 10−3 m and CP 1 · 10−2 m, so the
length of the plasma sheath is 2.3 · 10−3 m
or 4.5ρi, where ρi is ion gyroradius. From
the Fig. 2 can see that the plasma at MP
and CP is quasineutral, while at the DS, the
electric field is so strong that plasma be-
comes non-neutral. Fixing the sheath edge
point, and using Eq. 1 were calculate the
BCs, Mach number is 1, γe=4.83 at wall,
γi=4.2 at the sheath, ϕ=2.73 at inner and
ϕ=2.77 at outer divertor (see Table. 1).

As we can see, the boundary condi-
tions are agree well with the classical ones.

Obtained results indicate that the classical boundary conditions can be successfully applied to
the stationary SOL. The flux and viscosity limiters are strongly nonuniform see Fig. 3. This
non-uniformity is caused by the difference between the ions and electrons temperature and

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7–10, 2020
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Parameters Theoretically Simulation
Te 180 eV
Ti 170 eV
V i
‖ 2 · 105 m/s
M 1 1.5
∆φ inner div. 568 V 493 V
∆φ outer div. 568 V 499.86 V
ϕ inner div. 3 2.73
ϕ outer div. 3 2.77
γe wall 2 2.1
γe sheath 5 4.83
γi wall 6 7.1
γi sheath 2.7 4.2

Table 1: BCs theoretical and experimental values

fluxes profiles, that were presented in [11, 12] (see Eq. 2).
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Figure 3: Poloidal profiles of flux limiters and viscosity
for ITER SOL

For the next ELMy phase, we
switched already exist simulations
into Type I ELM.

3 TYPE I ELM AND POST-
ELM

In our previous work we have
studied the behaviour of the BCs
during free-ELM phase [11, 12, 13,
14]. Each simulation starts from the
ELM-free SOL. The Type I ELM
is modelled by increasing of the
strength and temperature of the par-
ticle source, which are kept constant
during the ELM.

Type I ELMy is the periodic
large power loads on plasma facing
components. It can cause fast losses
of energy (∼ several hundred mi-

croseconds) from the confined plasma that amount typically to few percent of the plasma energy.
A large part of this energy is deposited on the divertor target over an area similar or somewhat
larger than that of steady-state power flow. The power loads associated with Type I ELMs are,
generally, of concern for the lifetime of the divertor targets. This divertor lifetime limitation in
ITER is associated with the target surface temperature exceeding the sublimation (for a carbon
divertor target) or melting (for a tungsten divertor target) temperature that leads to a large target
erosion at every ELM. For that reasons in this paper are determinate the BCs during Type I
ELMs.

In the Fig. 4 we plot time dependent BCs during this phase. Is shown that almost the
BCs change strongly in the ELMy SOL. Here we consider that the Mach number is increasing
during the time and the max value is 2, the sheath transmission coefficients for electrons and
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ions rapidly increase and reach the peak values, for electrons 3, for ions 9, then slightly decrease
and vary the values during the time. At outer divertor sheath transmission coefficients have the
same dependencies as in inner.
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Figure 4: Time dependent BCs for ELMs (a)-
Mach number, (b)-normalized potential drop
for inner and outer divertor, (c) - Sheath trans-
mission coefficients for electron and ion on the
wall at inner and outer divertor

The normalized potential drops for in-
ner and outer divertor at the same time where
the sheath transmission coefficients for elec-
trons and ions rapidly increase, rapidly de-
creases and then slightly increase. After
400µs from the graphs in the values for
Mach number, normalized potential drops
and sheath transmission coefficients for elec-
trons and ions start to decrease. This phase is
called post-ELM. This phase is defined when
from Type I ELM the simulations are switch
back to ELM-free.

The sheath transmission coefficients
decreases, but are still in the range of clas-
sical value. The reasons of such behaviour is
the extremely high pre-ELM divertor temper-
atures, due to the absence of plasma recycling
and cooling impurity interactions.

Kinetic effects in the SOL play an im-
portant role for the future fusion devices: they
strongly affect plasma and power loads to the
plasma facing components (PFC). As a re-
sults kinetic effects in the SOL influence the
lifetime of the PFC. Therefore, kinetic study
of the SOL has become one of the most chal-
lenging topics in fusion plasma research. For
systematic kinetic study of SOL, in this work,
was used the worldwide unique PIC/MC code
BIT1. The BIT1 code contains the range of
SOL kinetic parameters. That are needed for
performing the set of 1D SOL simulations.
The model of SOL in the fluid codes requires
artificial ad-hoc parameters. These kinetic pa-
rameters were obtained in this work experi-
mentally and during time in ELM-free. From
the simulation results, the BCs at the point
of plasma sheath, and Te=180 eV, Ti=170 eV,
V i
‖=2·105 m/s, are: Mach number is 1, γe=2.1

at wall, γi=7.1 at wall, ϕ=2.73 at inner and
ϕ=2.77 at outer divertor. The sheath param-
eters do not deviate drastically from the classical values. In time dependant simulations the
sheath transmission coefficients do not change and are constant, and the normalized potential
drop for inner and outer divertors reduce proportionally. The values obtained by this method,
are close to the classical ones and are used for determination of the BCs for Type I ELM. At this
phase the Mach number is increasing during time and max value is 2, the sheath transmission

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7–10, 2020
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coefficients for electrons and ions rapidly increase and reach the peak values, for electrons 3, for
ions 9, then slightly decrease and vary the values during the time. At outer divertor sheath trans-
mission coefficients have the same dependencies as in inner. The normalized potential drops
for inner and outer divertor at the same time where the sheath transmission coefficients for elec-
trons and ions rapidly increase, rapidly decreases and then slightly increase. After 400µs from
the graphs in the values for Mach number, normalized potential drops and sheath transmission
coefficients for electrons and ions start to decrease. This phase is called post-ELM.

The flux limiters and viscosity during all ELMs phases at the fixed point of the plasma
sheath are presented at Fig. 5. From the figure can see that during ELM-free (200 µs) the elec-
trons and ions kinetic flux limiters and the viscosity are constant and are equal to the classical
one, 0.006, 0.1 and 0.5 respectively. The next 400 µs, during Type I ELM the values increases.
The kinetic flux limiters reach the maximum values at 350 µs (or 150 µs only Type I ELM)and
are equal to 0.2 for the ions and 0.015 for the electrons. The viscosity reach the maximum value
at 600 µs (or 400 µs) and is equal to 0.65. At the next phase post-ELM, as well as the BCs the
flux limiters and viscosity decreases till the classical values.

0 100 200 300 400 500 600 700 800
10-3

10-2

10-1

100

101

t ( s)

 e

 i

 i

Figure 5: Flux limiters and viscosity during all ELMs phases

In future work the KFs will be used in fluid code SOLPS-ITER.

CONCLUSION

This work present fully description of the KFs during ELMs phases. At ELM-free the
values for the boundary conditions, kinetic flux limiters and viscosity are constant and equal to
the classical one, which means that the calculation method is correct. Switching to Type I ELM
the values increases at different time. The sheath transmission coefficients reach the maximum
values at 50 µs, the Much number, normalized potential drops and viscosity at 400 µs and the
flux limiters at 150 µs. Switching back to post-ELM the values decreased to the classical one.
Because this is a plasma without neutrals (non real ITER plasma) for a future wok first in the
simulations will be added the neutrals and than using the same method will be calculated the
KFs and then they will be used in the fluid code SOLPS-ITER.
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ABSTRACT

The divertor in fusion reactor is exposed to a constant flow of high-energy particles with
a heat flux density of about 10MW/m2. In the development phase of materials and concepts
for active cooling of divertor targets, numerical simulations and experiments in an environment
similar to the conditions in a fusion reactor must be performed first, usually on scale-down
models. In the frame of this work, preliminary numerical simulations of a water-cooled divertor
target model were performed, under the conditions corresponding to an experimental facility at
the Jülich Research Center (FZJ) in Germany, where the experimental test will be performed
later. In this work the design of the target mono–block, the geometry layout, generation of com-
putational mesh and the setup of numerical model are presented. The results of the performed
computational simulations showed that the maximum temperature of the target mono–block
may exceed 1260 °C. The effect of twisted tape and the effect of the thermal radiation cooling
of the surrounding surfaces significantly reduces the mono–block temperatures. The simulation
results are presented and adequately discussed.

1 INTRODUCTION

Plasma–facing wall and structural parts of the divertor will be exposed to severe condi-
tions (very high temperatures and heat fluxes, thermal shocks, erosion, etc.), which will affect
the structural integrity of the materials and may cause serious damage during operation. Next to
a high melting temperature, the structural materials must have appropriate mechanical and ther-
mophysical properties, which need to be preserved even after high neutron irradiation dose and
nuclear transmutations, they should allow optimal heat transfer, must not retain tritium and must
ensure a low impact on the environment after decommissioning. Plasma–facing material in the
demonstration fusion power plant, DEMO, must be capable to withstand intense power loads
between 10 and 15 MW/m2 during steady–state operation. Apart from tungsten, W–based

508.1



508.2

composites, which have a high melting temperature (similar as pure W) and are reinforced by
small oxide or carbide particles, are also candidate materials for plasma facing components.

Recently, a new composite, where tungsten is reinforced with small ditungsten carbide
particles, has been developed at Jožef Stefan Institute (JSI), within the EUROfusion WPMAT
project [1]. One of the important tasks of this project is to develop a high heat flux (HHF) mate-
rial with specific characteristics for the divertor target plate. The new JSI composite material is
composed of 96 % W and 4 % of W2C. The material samples have already been characterized
in terms of its thermal and mechanical properties [1]. The material samples were sent to Karl-
sruhe Institute of Technology (KIT) for further machining and mock-up preparation (see Figure
1).

The mock-up presented in Figure 1 is planned to be exposed to the HHF tests at the
JUDITH–2 test facility in the FZJ. In this work, preliminary computational simulations of the
water–cooled mock–up have been performed to evaluate the anticipated temperature distribution
across the mono–block tiles mounted on the cooling pipe. The tiles made ofW–W2C composite
(Figure 1, left), developed at JSI [2, 3] are considered.

(a)

(b)

Figure 1: (a) Machined mono–block tiles with cooper ring. (b) Experimental mock–up, pre-
pared at KIT, composed of W–based mono–blocks and cooling pipe made of CuCrZr [4].
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2 DESIGN OF THE MOCK-UP

Original drawings provided by KIT [4] have been used to create the CAD model as pre-
sented in Figure 2. In the original model, the twisted tape does not touch the cooling pipe. A
small gap of 0.5 mm exists between the pipe and the tape (see Figure 2), which was removed in
our recent computational model, as this seems more realistic manufacturing solution [5].

Figure 2: Drawing of the mock–up.

Only the mono–blocks made of JSI material W–W2C are considered in the simulation
model.

For W–W2C [3] and CuCrZr [6] temperature dependant specific heat and thermal con-
ductivity were used. Material properties are listed in Table 1. The main parts of the mock-up,
(shown in Figure 2) and their materials are the following:

• Mono–block: tungsten with ditungsten carbide (W–W2C),
• Ring: copper (Cu),
• Pipe: (CuCrZr),
• Twisted tape: stainless steel (SS 1.4301).

Table 1: Material properties

W–W2C Cu CuCrZr SS 1.4301
ρ [ kg

m3 ] 18667,8 8933 8700 7854

cp [ J
kgK

] 139 (Tref )
385

375 (Tref )
500

181 (T=1500 °C) 500 (T=1500 °C)

λ [ W
mK

]
126 (Tref )

401 350 15
103 (T=1500 °C)

Tref [°C] 25 25 25 25

3 COMPUTATIONAL MODEL

A steady–state heat transfer problem is being solved. A coupled fluid–solid model con-
siders three heat transfer mechanisms: conduction in solids, convection in fluid and thermal
radiation to the surroundings, which is modelled as a boundary condition.

For numerical solution the finite volume code ANSYS CFX 19.3 [7] is used. In solid
domains a three–dimensional heat conduction equation is solved and in fluid domain, the trans-
port equations for conservation of mass, momentum and energy are solved. The water coolant
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508.4

is modelled as an incompressible fluid flow. Temperature dependent dynamic viscosity of the
water is considered, as it significantly affects the accuracy of the pressure drop and the wall-to-
fluid heat transfer prediction. The Reynolds Averaged Navier–Stokes (RANS) approach is used
to model the turbulent fluid. Turbulent shear stress in momentum equations is modelled by the
k − ω Shear Stress Transport (SST) model [8].

3.1 Meshing

Solid and fluid domains are meshed separately. Mono–block, copper ring, pipe and
twisted tape are meshed with hexahedral mesh elements. The hybrid mesh in the fluid do-
main also primary consists of hexahedral elements, the region near the solid wall is additionally
refined with several layers of prism elements to resolve the high velocity and temperature gra-
dients in the boundary region. Conformal mesh transition between the solid and fluid domains
ensures good convergence and sufficient accuracy of numerical solution.

Figure 3: Front view of the mesh with a close–up of mesh refinement near the solid walls.

3.2 Boundary conditions and model setup

The selected boundary conditions correspond to the anticipated HHF experimental condi-
tions, to be performed in JUDITH-2 facility at FZJ [9]. Therefore, at the pipe inlet, the uniform
velocity of 16 m/s with a water temperature of 70 °C is set. The relative pressure at the pipe
outlet was set to 0 MPa taking into account the prescribed reference pressure of 2 MPa for the
entire fluid domain. The top surface of the mono–block is exposed to the constant heat flux of
10 MW/m2. All side faces are modelled either as adiabatic boudaries (conservative case) or
the thermal radiation flux with the ambient temperature of 20 °C is prescribed.

4 RESULTS

The presented results are validated in terms of numerical accuracy (effect of mesh reso-
lution) and in terms of modelling assumptions (sensitivity to different boundary conditions and
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geometrical considerations). Sensitivity to geometry model considers the effect of gap (with or
without) between the twisted tape and the pipe. Model assumptions consider the simulations
performed with or without radiation cooling, simulations with different inlet velocities and an
empty pipe scenario without the twisted tape. Different simulations are discussed in section 4.1.

The representative temperature profiles across the front and longitudinal cross–section are
shown in Figure 4. The simulation results for the model without the gap on the course mesh
(denoted as CMN in Table 2) are shown.

(a) Front view. (b) Side section view.

Figure 4: Maximum temperature on mono–block in different scenarios.

Temperatures are highly dependent on the mass flow rate in the pipe. Figure 5 presents
the maximum mono–block (a) and pipe (b) temperatures, both decreasing with increased mass
flow rate for the simulations without the gap. The mesh analysis is presented in the same figure,
showing that medium and fine mesh are both converging towards the same result.

(a) Tmax on mono–block. (b) Tmax on pipe.

Figure 5: Maximum temperatures in relation to mass flow.
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Velocity streamlines presented in Figure 6, show the water flow circulating around the
twisted tape. The twisted tape acts as a turbulence promoter, the maximum velocities near the
wall are therefore much higher than in an empty pipe without the twisted tape.

Figure 6: Velocity streamlines in cooling pipe.

4.1 Mesh and sensitivity analysis

All different simulation scenarios are presented in Table 2, where the maximum and aver-
age temperature values for the mono–block, pipe and fluid are listed. For each simulation, also
the pressure drop and the dimensionless distance of the first near-wall cell (Y +) are shown. The
effect of mesh was examined for three different mesh densities on the geometry model without
the gap. As shown in Table 2, maximum temperatures decrease by 7 °C on the mono–block
and 9 °C on the pipe, from the coarse (CMN) to the finest mesh (FMN). Average Y + dropped
from 110 on the coarse mesh to 1.24 on the fine mesh. Pressure drop increased by almost 15
kPa going from coarse to medium, but from medium to the fine it dropped for 10 kPa.

Sensitivity analyses have been performed to evaluate the effects of gap between the pipe
and the twisted tape and the effect of thermal radiation cooling to the outer surfaces. Beside
the simulations with and without gap, two additional cases are presented in Table 2. Both cases
are performed on the coarser mesh. In the “CMNR” case, adiabatic boundary conditions are
replaced by the thermal radiation cooling to the environment at 20 °C.

Gap between the pipe and the twisted tape results in a difference in maximum temperature
of more than 20 °C on mono–blocks and almost 30 °C on the pipe inner surface. Twisted tape in
the full contact with the pipe helps to cool down the mono–blocks and pipe, due to the fin effect.
Pressure drop increases by almost 20 % in the case without the gap. Maximum temperature on
mono–blocks is 26 °C higher, while pressure drop is 7-times lower in the simulation with empty
pipe (CMNT) than in the simulation with the twisted tape without the gap (CMN). Comparison
of maximum temperatures on the mono–blocks for different simulation cases is shown in Figure
7.
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508.7

Figure 7: Maximum temperature on mono–blocks in different scenarios.

Table 2: Comparison of results between different simulation cases (inlet velocity is 16 m/s).

CMW CMNT CMN MMN FMN CMNR

Tmb [°C]
Max 1261.15 1263.60 1237.93 1230.18 1223.92 1224.59
Avg 1225.85 1229.85 1204.59 1196.33 1190.00 1188.34

Tp [°C]
Max 264.95 270.81 236.30 226.89 218.52 234.58
Avg 71.15 80.31 80.73 79.85 79.13 80.55

Tout [°C]
Max 71.94 74.11 71.81 71.64 71.82 71.79
Avg 70.64 70.68 70.94 70.94 70.95 70.92

Y + [/]
Min 63.57 38.29 8.69 0.74 0.13 8.89
Avg 98.03 57.51 110.32 11.92 1.24 110.26

∆p [Pa] Dif. 124805 21283 152405 167262 157503 152316
Abbreviations: CMW – Coarse mesh with gap, CMNT – Coarse mesh without twisted tape, CMN – Coarse mesh without gap, MMN – Medium
mesh without gap, FMN – Fine mesh without gap, CMNR – Coarse mesh without gap and with radiation cooling, mb – mono–block, p – pipe,
out – outlet

CONCLUSIONS

Preliminary simulations of the actively cooled mono–block with the W-based JSI mate-
rial for the armour have been performed. The results show that the pipe configuration with the
twisted tape and without the gap produced a 7 times higher pressure drop than an empty pipe
configuration, while the effect of reducing the mono–block temperature is rather low. The pre-
dicted maximum temperature on the top surface of the mono–block is around 1260 °C and the
maximum temperature of the pipe wall inner surface reach the values of about 270 °C. Further,
it was shown that the thermal radiation cooling to the environment needs to be modelled to
avoid over-conservative prediction of mono–block temperatures. Namely, the consideration of
thermal radiation at the solid boundaries reduces the maximum temperatures by almost 15 °C
for the case without the gap. The realistic temperature values can be expected somewhere in
between the two limiting cases (with and without the gap). From a manufacturing point of view,
the twisted tape with a tight fit in the pipe (without the gap) seems more realistic.

For more realistic estimation of temperature distribution in the materials, the exact experi-
mental conditions need to be known. From preliminary simulations, we can already see that the
temperature differences across the armour part are rather high (from 1260 °C at the top surface
to 280 °C at the interface with Cu ring). Therefore it is necessary to perform also the analyses
of thermal stresses.
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G. Pintsuk, M. Wirtz, B. Končar, S. Markelj. ”Final report on deliverable manufacturing
and characterization of WC particle reinforced W composites”, (Report IDM, Reference
no. EFDA D 2NHWB8). [S. l.]: EUROfusion, 2019.
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ABSTRACT 

When neutron transport calculations are performed in circular symmetric geometries, the 

numerical models most frequently cover only one sector of the whole geometry and reflecting 

boundary conditions are used on both edges, on which the sector is truncated in order to mimic 

the full geometry. This approach is applicable if also the radiation source is circular symmetric. 

In the case, when the same set-up is used with point sources, the sector models in unaltered way 

do not give correct results anymore since the symmetry among the sectors brakes down and the 

flux in each one has to be treated individually. 

A frequent way to solve the problem when using point sources is to expand the numerical 

model in order to fill up the full 360°. In the present paper another approach is followed in 

which the model is left unaltered and the correctness of results is assured by a modification of 

the transport code. In this way correct results can be obtained without spending time on 

additional expansion of the model, but by using only one sector of the geometry and additionally 

labelling the particles each time they hit the reflecting planes on the edges of the sector. The 

detailed concept and the needed modifications to the transport code are described on the 

example of a change to the Monte Carlo transport code MCNP and on the application to a fusion 

reactor, the tokamak. 

 

1 INTRODUCTION 

Nuclear facilities are in some cases circular symmetric or nearly symmetric including also 

the radiation source. One apparent example of such a system is the tokamak device used in 

magnetic confinement fusion. Tokamaks are usually composed of several nearly equal sectors, 

arranged to form a torus; the neutron source, originating from the plasma, is highly circular 

symmetric. In such cases the numerical models most frequently cover only one sector of the 

whole geometry with reflecting boundary conditions on both edges, in order to mimic the full 

geometry. As an example, picture of the interior of a large fusion reactor (the JET torus) is 

presented in Figure 1 a) and the numerical sector model in Figure 1 b); the model covers 90°, 

i.e. 1/4 of the whole torus [1]. 
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The usage of such sector models is limited to the symmetry of the device and the radiation 

source. If either of those brake down neutron transport calculations cannot be performed in the 

standard way. In the case of calculations for tokamaks this happens when a point neutrons 

source is deployed, frequently used during detector calibration. 

In order to obtain correct results with point sources, the available sector models, used for 

neutron transport calculations, have to be adjusted. There exist different ways to adapt the 

models for this purpose. One way is to duplicate and rotate the existing sector of the model in 

order to fill the full 360° of the geometry, another way is to model the missing part of the model 

anew. In the present paper yet another option is addressed, namely the modification of the 

transport code in order to mimic the full 360° geometry by using only the unaltered sector 

model. The emphasis in the paper is on application to the tokamak systems and the Monte Carlo 

code MCNP [1]. 

    
a)                    b) 

Figure 1: a) Interior of a large fusion reactor – the JET tours, b) numerical sector model, 

covering 90° (geometry visualisation presentation with SuperMC [2]). 

 

2 LIMITS FOR USING SECTOR MODELS 

In case a sector model is used to mimic the circular symmetric geometry, the reflecting 

boundary surfaces on the edges of the sector (marked with blue in Figure 2 a) effectively expand 

the model and the source into the full 360°. They act as if the one sector was mirrored all the 

way around the 360° geometry (see also Figure 6, Section 3.3).  

Some of the main structures of one sector of a tokamak are visible in Figure 2, including 

the plasma source (the red 90° arch in the middle). All particles are transported in this primary 

sector and the results of a sector model are equal to those of a full torus geometry composed of 

identical four sectors, mirrored across the reflecting surfaces, and a 360° plasma. The fluxes in 

all sectors are equal to the flux in the primary sector, from which the data can be extracted.  

Due to symmetry, for each neutron, born in the primary sector, an additional neutron is 

virtually born on symmetrical positions in each of the other sectors of the torus (Figure 2 b). 
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a)                    b) 

Figure 2: The concept of using sector models: a) presentation of some of the structures 

in sector of a tokamak including reflecting boundaries (marked with blue), b) graphical 

presentation of the virtual multiplication of source neutrons for two particles (marked 

with red dots); six additional particles are born in other sectors (marked with colored 

dots). 

Problems arise, however, if a sector model is, without modification, used for calculation 

with point sources, since for each particle calculations give results as if three additional particles 

were born (Figure 3) in other sectors of the torus.  

             
a)                      b) 

Figure 3: Presentation of the virtual multiplication of a point radiation source, resulting in 

additional three particles in other sectors of the torus, if a sector model is used without 

modification with point sources. 

 

3 USAGE OF SECTOR MODELS WITH POINT SOURCES BY TRANPOSRT 

CODE MODIFICATION 

Sector models can be used without modification with Monte Carlo codes by modifying 

the transport code. The particles are additionally labelled while transported inside the one sector 

model, but effectively they are tracked as if they were transported in the whole 360° geometry. 

In this way the track is kept, in which of the sectors the particle was originally born, and in 

which sector it has contributed to the calculated flux and the problem of unwanted particles, 

born in sectors other than the one with the point source, is solved. The only way to label the 

particles during the transport in the described way is in changing the Monte Carlo code. 

3.1 Modification of the Code 

It is found, that the needed modification is relatively modest. It is described in the 

continuation on the case of a tokamak, but it can be in the same form used also for other circular 

symmetric geometries.  
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Figure 4: Sketch of a sector model 

with reflecting edge surfaces, labeled 

as 1 and 2. 

 
 

Figure 5: History of a neutron (rainbow 

colored), transported in the primary sector and 

history of the same neutron (light blue and pink) 

as it should scatter around the torus if the model 

would cover the full 360° (see text for further 

description). 

 

The full 360° model is simulated by tracking the individual neutrons and other particles. 

If a particle is reflected from the edge surface (marked as 1 and 2 in Figure 4), it means that it 

would in the physical world cross to the neighboring sector of the model.  

The difference of the transport of a particle in the one sector model with respect to its 

behavior in the physical world, is described in Figure 5. It presents the history of a neutron, 

born in the primary sector (upper sector). By the Monte Carlo code it is transported only in the 

primary sector, this neutron bounces of the reflecting planes two times (its track is rainbow 

colored).  

In the physical world the history of the same neutron would be different, it would first 

cross to the 1st neighboring sector (its path in light blue, mirror symmetric to the path in the 

primary sector) and after hitting the boundary again, it would cross to the 2st neighboring sector 

(its path in pink). Each time a neutron hits a reflecting plane it should in the physical world 

change the sector of the torus. For this reason, when neutrons hit a reflecting plane a label is 

changed and additional information is associated to them. It is then possible to track them 

around the torus if the model would cover the full 360°. 

In the addition to the original code, the sectors are numbered from 0 – the primary sector 

(the only one modeled) – and then clockwise up to N-1, where N is the number of sectors (i.e. 

4 for a 90° degree model of the torus). If the particle circles around the torus and reaches the 

primary sector, its flag is again set to zero.  

 

In practice this has been done in the following way: 

- A particle is associated the label in accordance with the sector it is born in 1 

- If  it hits surface 1 (Fig. 4) and the current label is an odd number, the label is reduced 

by 1 

- If  it hits surface 1 and the label is an even number, the label is increased by 1 

- If  it hits surface 2 and the label is an odd number, the label is increased by 1 

- If  it hits surface 2 and the label is an even number, the label is reduced by 1 

- If the label reaches N it is changed to 0 

                                                 
1 0 for the primary sector and then clockwise up to N-1 
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- If the label reaches -1 it is changed to N - 1 

In this simple way the particles can be transported only in one sector but the track of their 

actual location in full 360° is kept. 

3.2 Application to MCNP 

In order to use MCNP [3] for the described calculations, the necessary prerequisite is the 

access to the source code since one subroutine has to be modified and one additional inserted 

and the code re-compiled. The problem how to label the particles in MCNP, since no extra 

parameter, associated to particles, is available in the code, was solved by changing the time 

variable of the particle and to associate the needed additional information to it in this way. Due 

to this fundamental change of the particles history, the results have to be treated in a special 

way in order to extract the extra information (Section 3.2.2). 

During transport a time variable is associated to each particle, measuring the time after 

its creation (the time after creation of the primary particle for induced particles, i.e. for gammas 

from neutron capture the time after the neutron birth). Virtually no particle history, including 

secondary particles from prompt reactions, is longer than 1 ms. 

The particles are labeled by increasing the global time variable, TME, by 1s each time 

the particle should cross a reflecting plane in the clockwise direction, and by decreasing it by 

the same value each time the particle should cross a reflecting plane in the anti-clockwise 

direction.  

The needed data, that have to be provided to MCNP, are the number of sectors (how many 

times the sector is replicated to fill the 360°, i.e. 4 for a 90° model) and the plane numbers of 

both reflecting planes; they are transmitted to MCNP via the RDUM variable. 

It should be noted, that the normal time tally can in this case be used with restrictions, 

since the TME constant is devoted also for particle tracking, with some effort, however, all the 

time information of a particle can also be extracted. It should further be noted, that in the 

described way only the prompt reactions can be handled; if delayed particles are also 

transported – a new feature in MCNP6 – the 1 second changes, impinged on the particles, do 

interfere with the real transport parameters.  

The change to the MCNP code is relatively modest. In MCNP one particle history covers 

the birth of a particle and subsequently the secondary particles, what is all handled by the 

hstory.F90 subroutine. In the case the particle hits a reflecting plane, the reflec.F90 subroutine 

is called and this one has to be modified in order to call the custom written subroutine, which 

labels the tracked particle by changing its global TME variable. 

3.2.1 Verification of the modifications 

The MCNP code was modified in the above described way and tested, whether it fulfils 

the set goals. Especially the correct transport of the secondary particles (e.g. photons produced 

from neutrons) was determined.  

The modification has been tested on the following issues: 

- primary neutrons: (variable TME 1 sec  by crossing a reflecting plane) 

o following neutrons by the PTRAC file (example in Figure 5) 

The values of the TME variable in the PTRAC file were examined with 

respect to the combination of reflections 

o testing on tallies – comparing results 
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The fluxes were compared between a simple sector model and this model 

expanded to 360°. 

- “banked” particles  

o the secondary particles carry the correct value of TME 

On hand of banked neutrons, i.e. in a (n, 2n) reaction, the results of the TME 

variable were studied through the PTRAC file 

o also in case of variance reduction 

The same test was performed in case of cell based weight windows.  

- induced gammas 

o gammas correctly change the value of TME 

In a neutron photon run the results of the TME variable of the induced 

gammas were studied through the PTRAC file 

- source gammas treated correctly 

Photons were used as source particles rather than neutrons and the results 

of the TME variable were studied through the PTRAC file 

The results confirmed the correctness of results for all these cases. 

3.2.2 Retrieving the sector information by additional tallying 

Since the particles are labeled with their TME constant, they can easily be associated with 

a sector, when they are tallied. An additional card with a time tally should be present; the time 

tally splits the original tally into multiples of 108 shakes (1 second = 108 shakes). 

Example: 

The detector region, which is to be tallied, is in cell 366; the symmetry of the model is 4 

fold. The F4 tally would then look like: 

F4:N   366 

T4     9E7 19E7 29E7 39E7 

 

i.e. the time card T4 is added, and the tally splits fourfold. The flux in the primary sector 

is found in the first time bin, and the other time bins represent the sectors 2-4 in the clockwise 

direction. 

3.3 Odd Number of Sectors 

The modification works straight forward for an even number of sectors since the concept 

of using reflecting planes effectively makes a mirror image of the geometry across the planes 

(Figure 6 a). It is not possible to directly model an odd numbered symmetry by using reflecting 

planes (Figure 6 b). The mirror symmetry brakes down on one of the planes. The same holds 

true for ordinary runs with odd-numbered symmetry sector models; i.e. it is not possible to 

model an odd number of sectors in a way that the mirror symmetry would hold on all of the 

boundaries between sectors. 
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a)          b) 

Figure 6: Replication of a model with an even number symmetry a) and odd number 

symmetry b). 

In case of an odd number of sectors, the value for the number of sectors, communicated 

to the code, is doubled, i.e. if 9 fold torus symmetry exists, 18 used as the number of sectors N 

and the correct two tallies (described in Section 3.2.2) are summed together. 

 

4 CONCLUSIONS  

The approach of using sector models, which were originally designed for usage in a 

circular symmetric geometry and symmetric radiation source, in the case of a point radiation 

source, was described. A transport code modification was used to assure correct results in case 

of point sources rather than the usual way of expanding the model.  

The solution was found in labelling of the particles each time they hit the reflecting sector 

boundaries during the calculation. In this way the track is kept in which sector of the geometry 

a particle would travel in the physical world, i.e. if a full 360° model was used.  

The necessary modifications of the code are described on the example of a change to the 

MCNP Monte Carlo transport code and on the application to a fusion reactor, the tokamak. The 

modification has been found to behave correctly for all kind of particles, including secondary 

particles, e.g. prompt gammas induced by neutrons. 
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ABSTRACT 

The main steps in the development of the calorimeter design for the Neutral Beam Injector 

(NBI) of Divertor Tokamak Test (DTT, a new tokamak whose construction is starting in 

Frascati, Italy) are presented. The beam power absorbed by the calorimeter panels is removed 

by the pressurized water flowing through the cooling pipes drilled into the panel structure. The 

heat transfer to the coolant is enhanced by twisted tape inserts. The design and dimensions of 

the panels and cooling pipes are based on the thermal-hydraulic optimisation using detailed 

Computational Fluid Dynamics (CFD) analyses. 

The analysis considers local thermal-hydraulic parameters, such as maximum 

temperature of the panels and of the coolant, coolant pressure drop and geometric constraints 

like panel inclination angle and available space. The beam power of the DTT NBI takes into 

account the beam imprints and power distributions in the beam core and in the beam halo, which 

are modelled by superposition of Gaussian functions. In CFD simulations the coupled solid-

fluid heat transfer problem is solved. Main design choices and optimisation are determined by 

minimising the maximum temperature of the panel structure and of the near-wall temperature 

of the coolant. 

1 INTRODUCTION 

The aim of this work is to develop a conceptual design of the calorimeter for Divertor 

Tokamak Test facility (DTT) Neutral Beam Injection (NBI) system. The positioning of the NBI 

system outside the DTT tokamak [1] is shown in Figure 1. The three beamline components 

(neutralizer, Residual Ion Dump (RID) and calorimeter) are located inside the vacuum chamber, 

as shown in Figure 1. The design is based on the »panel concept«, which has been also used for 

RID in MITICA [2]. This design features two beam intercepting panels made of CuCrZr, having 

deep drilled cooling pipes with twisted tape insertions. The main purpose of the calorimeter is 

to measure and analyse the power distribution of the neutral beam. It has to be able to absorb 

all the energy that is generated from the impact of the neutralized particles. In a closed position, 

the calorimeter has to intercept and remove the total beam power of 3.75 MW. 

mailto:bostjan.koncar@ijs.si
mailto:domenovtar@gmail.com
mailto:oriol.costa@ijs.si
mailto:martin.draksler@ijs.si
mailto:piero.agostinetti@igi.cnr.it
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Figure 1: NBI system for DTT. Zoom-in shows the calorimeter in open and closed positions 

[3] 

The panels should intercept the whole beam with a suitable angle (around 10°-30°). The 

angle of the calorimeter panels in a closed position should minimize the heating power density, 

while respecting the maximum available length for placing the calorimeter, 1.5 m in total. A 

system for moving the panels is envisaged, able to switch from an open to the closed position 

and vice-versa. The maintenance of the calorimeter assumes moving the calorimeter along 

dedicated rails. The rails will be hosting all three Beam Line Components (BLCs) and will be 

able to remove each of them through the beam source flange, once the beam source has also 

been removed [3]. The calorimeter should be able to withstand the foreseen heat loads in DTT 

NBI with a suitable margin. In this regard, CFD analyses have been performed to optimize the 

design in terms of minimizing the panel temperature while respecting the boundary conditions 

on the cooling flow, pressure drop and overall dimensions. 

 

2 DESIGN OF THE CALORIMETER 

The proposed calorimeter design consists of two CuCrZr panels with multiple U-shaped 

cooling pipes. The inlet and outlet manifolds are positioned on the same side of the calorimeter 

panel (see Figure 2, left). The inlet manifold tends to evenly distribute the water flow between 

the multiple inlet legs, while the outlet manifold collects the coolant water from the outlet legs. 

Each cooling pipe is equipped with twisted tape, inserted in the inlet and outlet legs for the 

purpose of heat transfer enhancement. The model of the cooling pipe with the twisted tape 

inserts is shown in Figure 2, right. 

The available mass flow rate for the whole calorimeter is 25 kg/s and the operating 

pressure of the water coolant pump is expected to be 20 bar. The maximum pressure drop in 

the entire cooling loop should not exceed 6 bar, or 3 bar in the panel itself. From the geometrical 

point of view, the length of the calorimeter panel L with the manifolds should be less than 1.5 

m. The beam cross-section, hitting the calorimeter, is 0.8 m x 0.8 m.  
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Figure 2: Panel design with inlet and outlet manifolds (left). Panel element with two twisted 

tape inserts in the cooling pipe represents the CFD domain (right) 

2.1 Beam power distribution 

A cumulative heat load on the calorimeter due to the neutral beam is expected to be 3.75 

MW on both panels. The beam power distribution over the entire surface of a single panel for 

the reference case (𝐿=1 𝑚; 𝐻=0.8 𝑚) is shown in Figure 3. Power distribution is based on the 

superposition of beam core and beam halo over beam footprints approximated by 3D Gaussian 

functions. The inclination angle of the panel scatters the heat load over the panel surface. For 

the reference case (described in section 3) the inclination angle of 23.5o is used, which 

corresponds to 1 m length of the panel. Calculation of the beam power distribution is described 

in detail in [4]. 

The integral power load on a single panel corresponds to 1.875 MW. As shown, the 

highest heat loads occur in the middle of the panel. Therefore the CFD simulation domain is 

taken at the location, where the highest heat loads are calculated (see Figure 2, right). CFD 

domain includes one U-pipe with water cooling. 

 
Figure 3: Beam power distribution over the panel surface for the reference design (𝐿=1 𝑚; 

𝐻=0.8 𝑚)  
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3 CFD MODEL – REFERENCE DESIGN 

The reference panel design is cooled by 18 U-pipes (18 inlet and 18 outlet pipes). Due to 

excessively high computational time, the CFD model includes only a section of the panel with 

a single cooling U-pipe with twisted tape inserts. This is fully representative for the pressure 

drop calculation in the calorimeter. In addition, the CFD simulation domain is taken at the 

location, where the highest, but realistic, heat loads are expected (see Figures 2 and 3). 

Dimensions of the reference panel element with a detail of a twisted tape are shown in Figure 

4. Other design parameters for the reference case are summarized in Table 1 (section 4.2). 

 
Figure 4: Dimensions of the reference U-pipe panel element with twisted tape inserts 

The CFD model with boundary conditions and a cross-section of the computational mesh 

are presented in Figure 5. The heat flux boundary is applied on the top surface of the solid 

domain. Front, back and bottom surfaces of the solid are modelled as adiabatic boundary 

conditions. Considering that the same cooling elements are placed on each side, the side 

surfaces are set as symmetry planes, which imposes a zero temperature gradient.  At fluid-solid 

interfaces the conservative flux of variables is considered. The mass flow rate and inlet 

temperature are set at the fluid inlet, whereas the pressure boundary is imposed at the fluid 

outlet. 

 
Figure 5: CFD domain with boundary conditions (left) and mesh cross-section (right) 

A cross-section of the mesh in the solid and fluid domain is shown in Figure 5, right. A 

hybrid meshing is applied for the fluid domain. The fluid domain primarily consists of tetra 

elements in the core of the fluid, the fluid mesh is refined with prism layers near the solid wall 

to properly resolve the high velocity and temperature gradients. Similar meshing strategy is 

used in the solid domain, but using a much coarser mesh than in the fluid. The number of prism 

layers near the solid walls is 15 and the total number of mesh elements in the solid and fluid 

 

 Fluid Inlet  

Fluid Outlet  

Adiabatic - solid  

Adiabatic - solid  

Symmetry - solid  

Symmetry - solid  

Heat flux - solid  
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domain is around 129 millions. Mesh strategy and details of mesh parameters are presented in 

[4]. 

The CFD model solves a coupled fluid-solid heat transfer with the ANSYS CFX code 

[5]. In the solid domain the steady-state heat conduction equation is solved. In the fluid the 

Reynolds Averaged Navier-Stokes (RANS) model is used to solve momentum and energy 

equations. RANS model uses the Stress Transport (SST) model [6] to solve the turbulence in 

the fluid flow. Temperature dependent thermo-physical properties of the water are used to 

model the fluid flow [7].  

4 RESULTS 

4.1 Reference design 

The results for the reference design are presented in Figure 6. The maximum temperature 

on the heated surfaces is 403 oC (Figure 6, left). The non-symmetric temperature pattern on the 

heated surface can be observed, with higher temperatures above the outlet leg of the U-pipe, 

due to the heating of the coolant towards the outlet. The temperature distribution over the 

structure cross-section is presented in Figure 6, middle. The maximum temperature of the pipe 

wall at the fluid-structure contact is 228 oC (Figure 6, right). As shown in Figure 7, the twisted 

tape enhances the turbulent motion of the flow and consequently also the heat removal from the 

structures. On the other hand, turbulent mixing also increases the pressure drop compared to an 

empty pipe (175 kPa vs. 28 kPa, as shown in Figure 8), but this is still well below the acceptable 

value. 

 

 
Figure 6: Temperature distribution on the heated surface (left), in the structure cross-section 

(middle), on the pipe wall (right) 
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Figure 7: Reference case: velocity magnitude in the flow cross-section  (left) and flow 

streamlines in the U-bend region colored by the velocity magnitude (right) 

 

4.2 Design optimisation 

To further improve the heat transfer characteristics of calorimeter design, several other 

design options were analysed, differing in diameter and number of pipes (N), panel wall 

thickness, twisted tape coefficient (k) and panel inclination angle. 

 
Figure 8: Comparison of CFD results for different design variants: maximum temperatures of 

the solid and fluid and pressure drop 
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Comparison of different designs with the reference case is shown in Figure 8. Maximum 

temperatures of the solid and liquid and the pressure drop are compared. Only a few design 

variants are presented here, more options are described in [4]. The green column represents the 

reference design and the blue one represents the case with the same dimensions as the reference 

design, but without the twisted tape. The most favourable design choice with the lowest 

maximum temperatures is denoted as “optimal” design and is represented by the orange column. 

Albeit this design shows the highest pressure drop of almost 3.3 bar, this value is still acceptable 

considering that the total allowable pressure drop in the cooling circuit should remain below 6 

bar. Comparing to the reference design, it has a lower panel inclination angle in the fully closed 

position (consequently a larger panel length and heat-intercepting surface), reduced number of 

cooling pipes, reduced panel thickness, increased twisted tape coefficient and chamfered edge 

at the U-bend side. The comparison of design parameters between the reference and the 

optimised design is presented in Table 1. The CFD results between the two are compared in 

Table 2. 

Table 1 Comparison of design parameters for the reference and the optimised design 

Design parameters Reference design Optimised 

design 

Length of the panel 1 𝑚 1.17 𝑚 
Number of pipes 36 32 
Pipe diameter 0.014 𝑚 0.014 𝑚 
Mass flow rate through one pipe 0.6944 𝑘𝑔/𝑠 0.781 𝑘𝑔/𝑠 
Distance between the pipes 0.008 𝑚 0.01 𝑚 
Distance between the pipe and heated wall 0.004 𝑚 0.003 𝑚 
Beam angle of attack 23.578° 20° 
Height of the panel 0.044 𝑚 0.044 𝑚 
Thickness of the panel 0.022 𝑚 0.020 𝑚 
Swirl tape coefficient 0.8 1.0 
Edge chamfering NO YES 

 

Table 2 Comparison of CFD results between the reference and the optimised design 

CFD results Reference design Optimised 

design 

Temperature at outlet 95 °𝐶 91.95 °𝐶 
Pressure drop  𝟏𝟕𝟒 𝟗𝟓𝟎 𝑷𝒂 𝟑𝟐𝟗 𝟎𝟎𝟎 𝐏𝐚 
Max fluid temperature 𝟐𝟐𝟖 °𝑪 𝟏𝟗𝟓. 𝟖𝟓 °𝑪 
Max heated wall temperature  𝟒𝟎𝟑 °𝑪 𝟑𝟑𝟒. 𝟎𝟓 °𝑪 
Average pipe wall temperature 93 °𝐶 87.45 °𝐶 
Average fluid temperature 63 °𝐶 61.45 °𝐶 
Average heated wall temperature 208 °𝐶 172.45 °𝐶 
Average heat flux on the heated wall 4.59 𝑀𝑊/𝑚2 3.90 𝑀𝑊/𝑚2 

5 CONCLUSIONS 

A conceptual design of the calorimeter for the DTT NBI has been developed. The 

proposed design is based primarily on the expected beam power distribution, thermal-hydraulic 

factors (maximum temperature of the panel and coolant, pressure drop) and geometrical 

constraints (beam cross-section, panel inclination angle, available space for the calorimeter, 

etc.). Design optimisation is made on the basis of CFD simulation results.  
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The representative CFD simulations were performed for the middle section of the panel, 

where the beam power density is the highest. Preliminary CFD simulations were performed for 

the reference design evaluating the temperature distributions and maximum local temperatures 

in the solid structure and the coolant.  

It was found out that the main design drivers are limiting temperatures of the panel 

structure and of the coolant, rather than the overall pressure drop. To minimise the maximum 

temperatures of the CuCrZr panel and of the coolant, further CFD simulations were carried out, 

differing in diameter and number of pipes, panel wall thickness, twisted tape coefficient and 

panel inclination angle. The results for the most successful (optimised) panel design are the 

following: maximum solid temperature is 334oC, maximum coolant temperature is 196oC 

(below the boiling temperature at the considered local pressure) and the pressure drop is 329 

kPa. All values are below the threshold. The pressure loss over the entire cooling loop 

(considering the calorimeter panel, manifolds and 20 m of piping at the inlet and outlet) amounts 

approximately 4 bar, which is below the maximum allowed value of 6 bar. 

In July 2020, it has been decided to modify the requirement on the NBI power from 7.5 

MW to 10 MW and the one on the beam energy from 400 to 500 keV. This means that the heat 

load to be considered for the calorimeter are now about 33% higher than the ones considered 

in this paper. Anyway, the study reported here is still valid and useful for the project, as it 

proposes a design solution that could be adapted with minor modifications also for the updated 

design. 
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ABSTRACT 

The year 2000 marks the 20s anniversary since Slovenia joined the EU (European Union) 
Fusion Program and 15 years since the establishment of the Slovenian Fusion Association. Soon 
after becoming member of EU fusion programme, in June 2000 the first Slovenian fusion 
project was approved within the Euratom entitled "Benchmark experiments to validate 
European Fusion data". Several activities in the area of fusion neutronics performed in these 20 
years in the scope of the different EU fusion organisations, EFDA, Fusion for Energy and 
EUROfusion, are listed. Among others, our contribution to the benchmark experiments 
performed and/or ongoing with the EU partners at the FNG facility at ENEA Frascati is 
presented. 

1 INTRODUCTION 

My first involvement in the EU fusion activities dates back in the 1990s during my 
engagement at OECD/Nuclear Energy Agency (NEA) and CEA Saclay. At NEA, regular 
meetings, called European Fusion File (EFF) meetings, were organised since 1980’ies. The first 
coordinating meeting of the European Fusion Technology Program was actually organised at 
KFK, Germany on June 23, 1983 (EFFDOC-001 [1]). The complete documentation and 
presentations at these meetings are stored at the OECD/NEA as EFFDOC files, the latest 
document having the serial number EFFDOC-1415. 

In the scope of this programme I performed neutronics transport calculation and 
developed the computer package for the nuclear data sensitivity and uncertainty analysis. In 
1995 the first version of the SUSD3D code was developed as part of the EFDA project, having 
the following objectives [2, 3, 4]: 

 Completion of the ZZ-VITAMIN-J/COVA covariance matrix library with the recently 
available EFF-2 covariance data in order to include isotopes relevant for breeding blanket, 
and verification of the mathematical properties of these data. 

 Modification of the SUSD sensitivity/uncertainty code in the way to handle the ENDF/B-
VI format data for the secondary angular/energy distribution uncertainties (SAD/SED) and 
to make it compatible with the latest version of NJOY. 

 Extension of the SUSD code to three-dimensional (3D) sensitivity/uncertainty (S/E) 
analysis. To be noted that S/U analyses were until then mostly restricted to 1D and 2D 
problems. 

In the late 1990s I started the cooperation with ENEA Frascati and KIT Karlsruhe in the 
EU experimental fusion program, using S/U analysis as support of the design and post-analysis 
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of benchmark experiments performed at the 14 MeV Frascati Neutron Generator (FNG) and 
ENEA Frascati.   

At the beginning of 2000 several “new” European countries from central and eastern 
Europe, including Slovenia, received invitation from the European Commission (EC) to join 
EU fusion programme. Learning about the initiative by chance from the colleagues I contacted 
the Slovenia Ministry of science, technology and education (MZT) which received the 
invitation in Slovenia and informed them about the interest of JSI to respond positively to the 
invitation since this would allow us direct applications and facilitate the participation in EU 
fusion programme, such as those mentioned above. Slovenian participation was until then 
conducted through the fusion associations of other member states. 

On March 20-21, 2000 I attended the EFDA Kick-off Meeting on Fusion Technology in 
Garching, where the new associated countries were officially accepted among the EU fusion 
programme. Fusion related activities and areas of expertise and interest of different countries 
were presented (Figure 1). 

The membership allowed us to apply for fusion projects and already in June 2000 the first 
contract was approved between EU Atomic Energy Community and IJS entitled »Benchmark 
Experiments to validate EFF (European Fusion File) Data (2000-2002)« on SUSD3D 
deterministic sensitivity/uncertainty calculations (Experiment 1&2 on advanced materials SiC-
SiC) (see Figure 2). 

  

Figure 1: Presentation of Fusion activities in Slovenia at the EFDA meeting in 2000. 
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Figure 2: First Slovenian fusion project approved within EU programme in 2000. 

 

1.1 Completed and ongoing fusion projects within F4E & EUROfusion 

In April 2005 the Slovenian Fusion Association (SFA) was created regrouping research 
groups from JSI and University of Ljubljana. The first head of SFA was Milan Čerček, now 
Boštjan Končar. This gave a further stimulation and the participation of different organisations 
is now well established. 

To mention just some of the activities, and restricting ourselves to neutronics calculation 
under my responsibility, the following tasks were conducted in the past 20 years: 

 Preparation and post-analysis for the design of fusion mock-up neutronics benchmarks 
performed at ENEA Frascati Fusion Neutron Generator (FNG, (14 MeV DT source) in order 
to assess the uncertainty in measured quantities due to uncertainty in the relevant nuclear 
data: validation of basic nuclear data files (JEFF evaluation in particular), neutronics codes 
and design of fusion reactor components (ENEA, KIT, TUD, JSI cooperation). ND 
sensitivity and uncertainty calculations were performed using the SUSD3D code [5]. In 
total 10 benchmarks were performed or are under preparation: 

o FNG - Shield Stainless Steel Shield (1989) 

o FNG - ITER Blanket Bulk Shield (1995) [6] 

o FNG - ITER Neutron Streaming (1997-98) [7] 

o FNG - ITER Dose Rate Experiment (2000-2001) 

o FNG Silicon Carbide (2001) [8,9] 
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o FNG Tungsten (2002-2003) [10] 

o FNG HCPB Tritium Breeder Module (2005-2006) [11,14] 

o FNG HCLL Tritium Breeder Module (2008-2009) [12-14] 

o FNG Copper (2013-2015) [15] 

o FNG WCLL (ongoing) [16] 

 Development of computational tools for nuclear data sensitivity and uncertainty analysis: 
improvements and extensions of the SUSD3D computer code and nuclear covariance data, 
validation of the Monte Carlo S/U code MCSEN [17], and the method for the evaluation of 
sensitivity to secondary angular distributions [18]. 

   

Figure 3: FNG Tungsten and FNG Copper experimental set-ups 
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Figure 4: Computational models for the FNG HCLL and WCLL benchmarks. 
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Figure 5: An example of cross section sensitivities profiles for FNG Tungsten and Copper 

experiments 

 

 Experimental measurements in TRIGA reactor for the validation of novel method for the 
measurement of tritium production using Mn foils [19]: two series of measurements were 
performed in the JSI TRIGA research reactor in 2014 and 2017, to validate the 
55Mn(n,)56Mn cross-sections and experimentally investigate the relationship between the 
55Mn(n,)56Mn reaction and the tritium production rate through the 6Li(n,t)4He reaction; 

 Evaluation, processing and mathematical verification of cross sections and covariance 
matrices [20]; 

 Preparation of the international shielding benchmark database SINBAD [21]; 

 JET streaming experiment [22]. 

 

 

Figure 6: TRIGA validation experiment of Mn cross sections 
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2 CONCLUSIONS 

Joining the EU Fusion Program 20 years ago considerably stimulated and facilitated 
Slovenian collaboration with European partners and other partners which participate in the 
international ITER and DEMO projects. Some activities in the scope of fusion neutronics are 
listed above, in particular the involvement in EU experimental activities. JSI is presently 
participating in the FNG WCLL benchmark, the 10th in the series of successful experimental 
mock-ups studied in cooperation with ENEA and KIT partners. 
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ABSTRACT 

This paper deals with an experimental and numerical analysis of the deposition of a 

simulant of ITER dust inside a reduced scale Vacuum Vessel Pressure Suppression System 

(VVPSS) of ITER. This research, funded by the ITER Organization, aims to analyse the dust 

deposition inside the VVPSS, the dust removal by means of robotised apparatuses and their 

decontamination efficiency. The experimental rig, built at the Department of Civil and 

Industrial Engineering (DICI) of the University of Pisa (Italy), is described and the results of 

the preliminary tests are illustrated. Furthermore, a numerical model of the experimental rig has 

been implemented in the code ECART to determine the relevance of different parameters on 

the deposition, resuspension and removal of dust. The numerical simulations allowed to define 

more precisely the test matrix and to analyse the experimental results. 

1 INTRODUCTION 

The mechanisms of dust generation in fusion devices are very important issues not yet 

completely understood. Dust can have various effects on tokamak operation and under certain 

conditions could even lead to core plasma contamination. Moreover, dust particles can be a 

health and safety hazard. In fact, they could be radioactive and/or chemically reactive: they 

could spontaneously react with oxygen or water steam in the case of a loss of vacuum or coolant 

accident and they play a significant role in the overall tritium inventory of the tokamak [1] [2]. 

For these reasons,  the following strict limits to ITER’s inventory of tritium and dust have 

been defined: 

 

• 1 kg for the mobilizable Tritium (limit fixed by release criteria during vacuum 

operation), 

• 1 ton of mobilizable dust (size <150 m), (limit fixed by the radioactive source term), 
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• 18 kg of dust on hot surfaces: 6 kg of C, 6 kg of W, 6 kg of Be (limit fixed by the H2 

production risk). This corresponds to the maximum allowable H2 quantity equal to 2.5 

kg, for the vessel. 

 

The size of dust produced by the nuclear fusion and by off-normal events varies in a very 

wide range from tens of nanometers to hundreds of micrometers. The dust particles have a 

variety of shapes: flake-like, irregular and, sometimes, spherical shapes which suggests 

different mechanisms of dust production. For ITER, the dust is foreseen to be mainly compound 

of tungsten and beryllium produced by the erosion of the divertor and of the first wall, 

respectively. 

In the case of accidental events in the vacuum vessel, like Loss of Coolant Accident, the 

beryllium dust is transported mainly to the pressure suppression system and to the draining 

system. The dust deposition inside these components and the necessary activities of 

decontamination are important issues from the safety point of view. 

At the Department of Civil and Industrial Engineering of the University of Pisa, an 

experimental and numerical research program regarding the qualification of the  VVPSS of 

ITER is carried out, funded by the ITER Organization [3] [4]. In the frame of this research 

program, an experimental and numerical activity on the deposition of dust and the 

decontamination methods is carried out. Preliminary laboratory scale experiments have been 

carried out in order to determine the best simulant of beryllium dust to use in the 

deposition/decontamination tests performed in an experimental rig. In fact, beryllium dust is a 

danger for human health. Al2O3 dust, with suitable granulometry, has been demonstrated to be 

a good simulant of beryllium oxide. An experimental campaign is carried out to analyse the 

deposition behaviour of Al2O3 dust injected in the water with a flow of air and steam. The 

research program has several objectives: 

- determine the dust deposited on the container walls,  

- determine the dust entrained by the water during its discharge,  

- determine the amount of dust entrained by the air flow; this quantity is necessary to 

calculate the scrubbing efficiency, 

- determine the efficiency of the cleaning system that operates after the water discharge for 

the decontamination of the component. 

This paper describes the experimental facility and the preliminary tests performed. 

Moreover, a numerical model of the experimental rig has been implemented and simulations 

have been performed using the computer code ECART, validated as a best estimate source term 

code for safety analysis of nuclear fission and fusion reactors [5]. The objective of the 

simulations is to estimate the sensitivity of different parameters (water head, air, steam and dust 

flow rates, dust granulometry) on the dust behavior. 

2 EXPERIMENTAL ACTIVITY 

At the “B. Guerrini” Laboratory of the DICI-University of Pisa an experimental rig for 

the study of the behavior of the ITER dust has been designed and built. It consists of the 

following main parts (Figure 1): 

- a condensation prismatic container system; a superheated steam supply system;- two air 

tanks, pressurized up to 10 bar; a degassed water supply system;- a dust micro-dosing system;- 

an air exit duct (containing a demister and HEPA filters); a data acquisition and control system 

and a visualization and video recording system.  

This experimental rig uses the electric steam generator, the steam mass flow rate control 

lines and the data acquisition and control system of an experimental facility which is a reduced 

scale (1/22) of the VVPSS of ITER. The prismatic container (w=1460 mm, L = 2300 mm and 
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h = 990 mm), insulated by rock wool, is filled with 2.354 m3 of water. Two holed spargers are 

located inside the container. 

The first sparger, with a single exit hole (16 mm of diameter), injects air, steam and dust 

into the water. The second sparger, 40. 9 mm of internal diameter, has 92 holes located on two 

rows 25º apart in the circumferential direction. The hole diameter is 4 mm and the longitudinal 

pitch is 30 mm. This sparger, located on the bottom of the container, sends scrubbing air in the 

water.  

 

 

 

         d) 

 

Figure 1: Experimental set up. a) dust dosing system and compressed air vessels b) container 

in which the dust is injected with the demister and HEPA filters in the upper circuit; c) VVPSS 

small scale (1/22) facility; d) internal spargers 

Two vessels, 500 l of volume each, send compressed air to the two spargers. One vessel 

sends air to a Venturi pipe in which it is mixed with steam and with dust, while the other vessel 

sends air directly to the second sparger. Figure 1 illustrates the main components of the 

experimental rig. 

2.1 ITER dust simulant 

Beryllium is a highly toxic and carcinogenic element. A simulant of beryllium should 

have similar physical and chemical properties. The dust reference parameters or representative 

physical mechanisms of the similitude are the mechanical cohesion of dry dust aggregates and 

the dust adhesion to the steel substrate in water or to the hot stainless steel surface. The first 

criterion considers the potential aggregation of solid dust sediment inside pipelines while the 

second mechanism considers the dust deposition or suspension in water. A good compromise 

material which satisfies well enough both criteria is aluminum oxide (Al2O3). In fact, small 

amounts of Al2O3 are nontoxic for humans and it is fairly chemically inert, hence this material 

is safe to manage and easy to acquire. Figure 2 illustrates the Scanning Electron Microscope 

(SEM) analyses of Al2O3. The SEM images show a very varied grain size distribution. The 

particles size ranges from 1 m up to 100 m.   

b) 

a) 

c) 
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A coarse analysis of the dust with few sieves gave the granulometry diagram illustrated in 

Figure 3. This granulometry can be described by means of a lognormal distribution with mean 

2.8 m  and standard deviation =1.3 (Figure 4). 

 

Figure 2: SEM analyses of Al2O3 
 

Figure 3: Granulometry of the Al2O3  Figure 4: Dust Lognormal distribution 

(mean 2.8 m, standard deviation =1.3) 
 

Using more sieves and eliminating the particles greater than 100 m, a granulometry 

described by a lognormal distribution with mean 0.1 m and standard deviation =2 has been 

obtained. 

2.2 Preliminary tests  

Preliminary tests have been performed injecting a flow of air and dust in the water 

container in order to determine the fraction of dust deposited on the container walls, in the water 

and the fraction that is discharged to the environment. Moreover, several methods to remove 

the dust and clean up the container after each experiment have been tested. Compressed air 

(25.5 g/s at 2 bar) flows from the vessel into the Venturi duct entraining the dust, while the 

dosing system keeps the dust flow constant at about 1 g/s. To ensure that the dust deposited in 

the tube of the sparger was resuspended and sent in the water, a flow of pure air was injected 

after each cycle of air and dust. Figure 5 shows the dust dosing system, the Venturi duct and 

the air compressed vessel. 
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                    Dust dosing system  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: System for the dust-air-steam injection 

 

A test has been done injecting 250 g of dust in 6 steps. The first step injected 100 g of 

dust and the following steps delivered 30 g each. After each step, an air flow of 25.5 g/s was 

sent in the sparger. Figure 6 shows several frames taken during the injection of air and Al2O3 

in the water. After the test, the dust was allowed to settle down for more than 24 hours. The 

water was discharged through a filtering system using 1 inch polypropylene rope filters having 

5 m of filtering capacity. Upstream and downstream the filter, two plexiglass tubes allowed 

to observe the water-dust flow. At the end of water discharge, the filter cartridge, removed from 

the filter holder, was dried and weighted. The difference of weight between dirt and clean filters 

showed that a very small quantity of dust (not measurable) was collected by the filter. 

Therefore, dust having a size smaller than 5 m was entrained by the water flow. The last 

objective of the test was the removal of the dust from the container and its cleaning with a jet 

of water at very high velocity. The aim of these activities is also to test robotized apparatuses 

designed and built in the frame of the same research program.  

 

 

 

 

 

 

 

Figure 6: Injection of air and Al2O3 dust 

Table 1 shows the quantity of dust collected by means of these apparatuses from the floor 

and walls of the container. These results demonstrate that about 16% of the dust has been 

entrained by the water or released in the environment or retained in the sparger piping. In the 

subsequent tests, the use of a filter cartridge able to stop particles smaller than 1 m showed 

that a greater part of this dust (about 15%) is entrained by the water during the discharge. 

Therefore the dust released in the atmosphere is very small (1%). 

 

Venturi injector 

Inlet of primary compressed air  

 

Inlet of steam  
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Table 1: Balance of the injected dust 

Dust settled on the wall and on the floor of the container (easily 

mobilizing dust) 

205 g 82% 

Dust removed by the floor and walls of the container by means 

of a bubbler connected to a vacuum pump 

5 g 2% 

Residual dust released in the water, in the environment or 

retained in the sparger piping 

40 g 16% 

3 NUMERICAL SIMULATIONS 

3.1 The ECART code 

Numerical simulations have been performed to estimate the sensitivity of different 

parameters (water head, air, steam and dust flow rates, dust granulometry) on the dust removal 

efficiency. The simulations have been performed using the ECART code [5] which calculates 

the transport of aerosol substances throughout the pipes or the plant components.  

A simplified model of the experimental set up, shown in Figure 7, has been implemented. 

Aerosol transport mechanisms (growth, agglomeration, deposition, scrubbing and 

resuspension) are accounted for in detail by the model. The dust granulometry has been 

considered by means of a discretized particle size distribution (in 20 ranges). The interaction 

between the fluid and the walls, as well as the thermal conduction within the wall materials, is 

also calculated.  

Junctions connect the volumes one to the other or with the environment at prescribed pressure 

and fluid conditions.  

 

 

 

 

 

 

 

 

 

 

 

Figure 7 – Discretization of the experimental set up 

3.2 Simulations of the injection of air and Al2O3 dust in the water container 

 The first simulation considers the injection of air and Al2O3 dust in the water as illustrated 

in the previous paragraph. Two different dust grain sizes have been considered. The first 

simulation considered a granulometry described by a lognormal distribution with mean 2.8 m 

and standard deviation =1.3, Figure 4. Figure 8 shows that only the 21.82% of the injected 

dust mass (54.5 g) is deposited in the water. The greater part remains in the volumes 2 and 3 

(sparger piping) due to the turbulence of inertial and centrifugal settling mechanisms of the 
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greatest particles. In the water, particles in the range 2.43-4.94 m are deposited (Figure 9). No 

dust reaches the environment.  

Considering a fine grain size particles (lognormal distribution with mean=0.1 m and 

standard deviation =2) the results are completely different. The 92.42% (231 g) of the dust is 

deposited in the water (Figure 10). A negligible quantity of dust is released in the environment 

and about 6.73% (16.82 g) is retained in the sparger piping.  

 

 

 

  

Figure 10: Dust mass retained in the  different 

volumes (fine grain size) 

Figure 11: Quantity of the different particle 

size retained in the water container 

 
 

3.3 Injection of air, steam and Al2O3 dust of small granulometry  

A numerical simulation of the injection, in water at 100°C, of 33 g/s of air at 1.6 bar of 

pressure, 22 g/s of superheated steam (160°C and 1.6 bar) and 1.6 g/s of Al2O3 dust of fine grain 

size (mean=0.1 m; standard deviation =2) has been performed for a transient time of 1000 s. 

These conditions are relevant for the ITER conditions.  

Figure 8: Dust mass retained in the  different 

volumes (coarse grain size) 

Figure 9: Quantity of the different particle 

size retained in the water container 
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In this case 86.7% (1.39 kg) of the dust is retained by the container while the dust 

accumulated in the sparger piping is the 13.24% (0.21 kg) (Figure 12). Also in these conditions 

a negligible quantity of dust is released to the environment. Figure 13 shows some peaks in the 

diagram of the distribution of particle size in the water (range 0.1-0.3 m). These peaks depend 

on the dust mobilization from the sparger piping to the water. 

Figure 12: Dust mass retained in the  different 

volumes 

Figure 13: Quantity of the different particle 

size retained in the water  

4 CONCLUSIONS 

This paper describes an experimental set up to study the deposition of dust injected in 

water by a jet of air and steam. The objective of the research program is to analyse the deposition 

of a simulant of beryllium on the different components to determine the efficiency of 

decontamination and cleaning of remotely operated apparatuses. Al2O3 dust has been 

demonstrated to be a good simulant of the beryllium. Preliminary tests of deposition of Al2O3  

in water have been performed.  Moreover, a numerical model has been implemented using the 

ECART code. The results depend strongly on the dust granulometry. In all the cases, negligible 

quantity of dust is released to the environment. 
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ABSTRACT 

In this study, a thermal loading of DEMO breeding blanket (BB) during maintenance 

conditions is investigated. A transient conjugate heat transfer model has been developed to 

assess the temperature distribution of breeding blankets and redistribution of thermal loads due 

to in-vessel natural convection of filled gas and radiation heat transfer. The ANSYS Fluent code 

was used to run the transient simulations. This analysis is supported with a lumped model 

analysis, which shows good agreement with CFD simulations. The aim of this study is to 

determine the temperature distributions on the BB walls and to investigate the feasibility of the 

BB cooling by natural convection of filled gas during the remote handling. The removal of the 

In-Vessel Components (IVC) by remote handling (RH) is foreseen one month after the plasma 

shutdown.  

1 INTRODUCTION 

Prior to the removal of In-Vessel Components (IVC) during the remote maintenance [1], 

the vacuum vessel (VV) is filled either with dry nitrogen or humidity-controlled air at 

approximately 1 bar of absolute pressure. Then the cooling loop of IVC is deactivated and 

drained. Due to the decay heat generated by radioactive isotopes in the material, the unplugged 

IVC segment is heated internally. The established natural circulation of gas inside the VV 

transfers the decay heat towards the cold IVCs and VV wall, which remain actively cooled at 

room temperature. The time delay between the plasma shutdown and deactivation of the IVC 

cooling loop followed by the removal of the IVC is expected to be rather long - 1 month. The 

remote maintenance concept requires that the interface between RH tool and IVC does not 

exceed the temperature of 150°C (423 K), which can be evaluated by a comprehensive transient 

CFD analysis.  A dedicated CFD simulation considers cooling of the removed BB segment by 

a natural convection of filled gas inside the VV and by the radiation heat transfer between the 

removed BB segment and actively cooled IVCs and VV walls. The analysis considers two 

possible BB design concepts, namely the Helium Cooled Pebble Bed (HCPB) [2] and the 

Water-Cooled Lithium-Lead (WCLL) concept [3]. In the current study, the two designs differ 

in homogenized material properties and decay heat data (i.e. applied internal heat generation). 

The main objective of this study is [4] to investigate the time depended temperature 

distribution in the maintained breeding blanket segments during the remote handling operation 

and to assess the feasibility of the proposed cooling solution. For this purpose a conjugate heat 

transfer model was applied. Transient simulations were run with the ANSYS Fluent code 

mailto:martin.draksler@ijs.si
mailto:christian.bachmann@euro-fusion.org
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2019R1 [5]. In addition, a simplified lumped model, based on the energy conservation law was 

developed for benchmarking and longer transients.  

The structure of the paper is as follows: in Section 2, the CFD simulation setup and lumped 

model are briefly presented, the preliminary results of analyses are discussed in Section 3 and 

the main conclusions are drawn in Section 4. 

2 SIMULATION 

2.1 Computational model 

The DEMO baseline 2017 CAD geometry of the tokamak with 16 equatorial sectors is  

used in this study [1]. The CFD input model, shown in Figure 1, includes 1.5 sectors of the 

DEMO tokamak, i.e. 33.75° toroidal angle. The results are provided for one toroidal sector 

under maintenance. The two modelled quarters of adjacent sectors remain actively cooled. The 

geometry of in-vessel components is simplified for the purpose of this study. Actively cooled 

IVCs are modelled as solid domains with a constant temperature, whereas the decay heat in the 

removed BB segments is represented as a volume heat source in the solid. To consider the ex-

vessel maintenance system docked to the RH port during BB RH, the upper port of the central 

sector is assumed closed at the level of the bioshield roof. A cask, with a height of 15 m, is 

modeled as an additional volume attached to the upper port. In accordance with the maintenance 

scenario [1], it is assumed that the divertor cassettes in the maintained sector have already been 

removed. 

Natural convection of filled air is modeled with Unsteady Reynolds Averaged Navier-

Stokes (URANS) approach using the k-ω SST turbulence model [6]. Heat transfer model 

considers also the radiation heat exchange that is modeled with the Surface-to-Surface (S2S) 

radiation heat transfer model [7].  

 

Figure 1: Overview of the tokamak geometry with in-vessel components. 

Settings in the Fluent input model are as follows [4]: 

 Gas inside the VV: dry air at 95 kPa is considered for the analyses. Initial 

temperature of filled gas is 20°C. 



518.3 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

 The decay heat data applied to maintained BB segments are taken at 1 month after 

the plasma shutdown. Time dependent data are considered.  

 Initial temperature of the maintained BB segments is 20°C. 

 BB segments and DIV cassettes of other (lateral) sectors are actively cooled to 20°C 

 Emissivity of steel or tungsten surfaces of VV, divertor and blanket is equal to 0.3.  

 Vacuum vessel and the cask are actively cooled to 20°C.  

Model geometry with applied boundary conditions is presented in Figure 2.  

  

Figure 2: Overview of the geometry with applied boundary conditions.  

The decay heat generated in one entire BB segment for both considered design concepts 

is shown in Figure 3.  The calculation is done for the Outboard Middle segment of the 

maintained sector. 

 
Figure 3: The decay heat generated in one entire BB segment 30 days after plasma 

shutdown. 

The mesh refinement study involved four tested cases. The meshes were created with the 

ANSYS Meshing software [8], using the automatic meshing method with adaptive sizing. The 

mesh manipulation is obtained by specifying the global element size, and additional refinements 

in gaps between individual BB segments and VV wall. Overview of the mesh parameters is 

presented in Table 1. 

The mesh refinement study (using steady-state simulations) demonstrated a negligible 

difference in the predicted BB temperatures when comparing the results on all 4 meshes. The 

obtained averaged temperatures of the BB segments in the maintained sector are presented in 
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the last column of Table 1. Consequently, the coarsest mesh (mesh 1) from the study was used 

for transient analysis, to reduce computational time. It should be noted that a comprehensive 

mesh refinement study for remote maintenance scenario was conducted in our previous 

analyses [1]. 

Table 1: Overview of mesh parameters and mesh study results  

 
Global el. 
Size [m] 

Refined 
Fluid* 

Refined 
Solids** 

No. of 
elements 

Tavg [K] BB 
central 
sector 

Mesh 1 0,1 No No 3.8M 339 

Mesh 2 0,1 No Yes 6M 339 

Mesh 3 0,25 Yes No 17.8M 338 

Mesh 4 0,25 Yes Yes 22M 333 
* Proximity and curvature capture options were used to achieve 2 elements in gaps between BB segments and 

VV, additional prism layers on the first walls of BB are created. 

**global element size is decreased to from 0.1m to 0.05m for BB/DIV and from 0.05m 0.025 for supports.  

2.2 Lumped Model 

A 3D transient conjugate heat transfer simulation of natural convection in DEMO vacuum 

vessel with radiation heat transfer is computationally very demanding, requiring a considerable 

amount of computational time and CPU resources. For example, 1024 CPU hours were needed 

to simulate 1 hour of physical time even using the coarsest mesh with 4M cells. In order to be 

able to make predictions for longer periods of time (i.e. few days or even weeks), a faster model 

is needed. For this purpose, a simplified theoretical model, based on the energy conservation 

law, was developed (see Figure 4). The change of temperature with respect to time 𝜕𝑇/𝜕𝑡 

equals the net change of system’s energy per unit time due to decay heat, convection, 

conduction and radiation: 

 
𝐶𝐵𝐵 ⋅

𝑑𝑇(𝑡)

𝑑𝑡
= 𝑄𝑑𝑒𝑐𝑎𝑦 ℎ𝑒𝑎𝑡(𝑡) − 𝑄𝑙𝑜𝑠𝑠𝑒𝑠(𝑇), 

(1) 

where 𝑄𝑑𝑒𝑐𝑎𝑦 ℎ𝑒𝑎𝑡(𝑡) is the decay heat per unit time, and 𝑄𝑙𝑜𝑠𝑠𝑒𝑠(𝑇) = 𝑄𝑐𝑜𝑛𝑣(𝑇) + 𝑄𝑐𝑜𝑛𝑑(𝑇) +

𝑄𝑟𝑎𝑑(𝑇). The 𝐶𝐵𝐵 denotes the total heat capacity of the BB segment under consideration. 

Variable 𝑇 denotes the BB temperature, which is considered as the averaged BB temperature.  

The energy exchange due to convection, conduction and radiation is defined by Eqs. (2) 

to (4), respectively: 

 𝑄𝑐𝑜𝑛𝑣(𝑇) = 𝐻𝑇𝐶 ⋅ (𝑇 − 𝑇𝑏𝑢𝑙𝑘) ⋅ 𝑆𝐵𝐵, (2) 

 
𝑄𝑐𝑜𝑛𝑑

𝑠𝑢𝑝𝑝𝑜𝑟𝑡𝑠(𝑇) = 𝜆(𝑇 − 𝑇𝑉𝑉) ⋅
𝑆

2𝑐𝑚
, 

(3) 

 

 𝑄𝑟𝑎𝑑(𝑇) = 𝑉𝐹 ⋅  𝜎 ⋅  𝜀𝑒𝑓𝑓 ⋅ (𝑇4 − 𝑇𝑎𝑚𝑏
4 ) ⋅ 𝑆𝐵𝐵, (4) 

where 𝐻𝑇𝐶 denotes the heat transfer coefficient, 𝜆 is the thermal conductivity of stainless steel, 

𝑇𝑏𝑢𝑙𝑘 is the fluid bulk temperature that is used for 𝐻𝑇𝐶 evaluation and  𝑇𝑉𝑉 is the VV 

temperature. Radiation heat flux depends on the view factor (𝑉𝐹), effective emissivity of 

radiative surfaces 𝜀𝑒𝑓𝑓 and ambient temperature 𝑇𝑎𝑚𝑏. Analysis is performed for a single BB 

segment (Center Middle Out). The total volume of BB segment is equal to 21.4 m3, while the 

area 𝑆𝐵𝐵 of individual surfaces (1 on each side) where the convective and radiation heat transfer 

takes place is equal to 21.2 m2. In total 4 supports are considered per individual BB segment, 
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with the total cross-section area 𝑆 equal to 0.04 m2. Eq. (1) is solved numerically using 

Wolfram Mathematica 9.0 [9]. 

Though the model considers transient behavior of the solid structures and the exponential 

decrease of the decay heat with time, one should be aware of major limitations of the lumped 

model, which are: 

 Only a single BB segment is considered. 

 Homogeneous temperature across BB is assumed at any given time instant. 

 Inputs from CFD simulations are required for the wall heat transfer coefficient  

(𝐻𝑇𝐶), fluid bulk temperature 𝑇𝑏𝑢𝑙𝑘 and view factors for radiation heat transfer 

(𝑉𝐹). 

 

Figure 4: Graphical depiction of the lumped model.  

3 RESULTS 

Figure 5 shows the temperature distribution on the BB external walls at four different instants 

of time. It may be observed that the BB segments cool mostly uniformly during the entire simulated 

timeframe. However, some cold spots can be observed at locations where stainless steel supports 

are attached to the BB. Here, the surface temperature is substantially lower due to the strong heat 

conduction towards the cold VV wall.  

 

Figure 5: Temperature distributions on the BB external walls at different instants of time. 

Snapshots are taken at the simulation time (from left to right): 0.5 hours, 7 hours, 17 hours 

and 41 hours. 

Temperature distributions in air across the central cut-plane at different instants of time are 

presented in Figure 6. At any time, the highest gas temperature occurs in the gap between both BB 

central inboard segments. Here, the air very quickly heats up to effectively the same temperature 

as the hot BB segments. At the inner wall of the cask (its left side), relatively hotter air raises. 
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After it cools down along the walls of the actively cooled cask, it circulates back down along 

the outer (right side) wall of the cask and along the outer VV wall. Here, the air comes again 

into contact with the relatively hotter BB segments and is thus reheated. 

 

Figure 6: Air temperature distribution across the central cut-plane within the first hour 

of the transient. Snapshots are taken at the simulation time (from left to right): 0 s, 0.5 hour 

and 1 hour. 

The predicted average temperature of the single BB segment for six days of transient is 

shown in Figure 7. Calculation is run for the center middle outboard segment, using the CFD 

simulation and the lumped model. It may be observed that the prediction by the lumped model 

is well aligned with the CFD results. Both models indicate that the BB averaged temperature 

drops below 150°C in approximately two days after the cooling is disabled. Consistency 

between both simulation methods is observed for both BB design variants.  

 

Figure 7: Predicted average BB temperature by the CFD (solid lines) and lumped model 

(symbols). 
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4 CONCLUSIONS 

The three-dimensional transient conjugate heat transfer model and the lumped model 

have been developed to investigate the thermal loads during the remote maintenance scenario 

for the EU DEMO breeding blanket (BB) concept. A full CFD transient analysis represents the 

most accurate approach to evaluate the transient temperature response of the in-vessel structures 

as it incorporates the convective cooling by the natural convection of filled gas and thermal 

radiation. The most difficult, in this regard, is the time-depended assessment of the wall heat 

transfer coefficient at BB walls and the bulk fluid temperature, as well as the calculation of 

view factors for radiation heat transfer analysis. It has been demonstrated that the lumped model 

is a very useful for fast simulation of long transients and can provide very accurate results, 

similar to the detailed CFD simulations. However, its accuracy strongly depends on the inputs 

from much shorter CFD simulation transients. When properly refined and validated, the lumped 

model transient analysis represents a sufficiently accurate and fast assessment tool. 

This study shows that natural convection by filled air can provide a sufficient cooling 

mechanism for the decay heat removal from BB segments. The simulation shows that the BB 

temperature drops within few days reaching a thermal equilibrium between the decay heat 

generated inside the BB and the heat transport to the actively cooled VV via convection and 

radiation. It is found that the temperature of the BB segment is more or less uniform and 

stabilizes around 130°C in case of the WCLL and ~100°C in case of the HCPB concept. 

ACKNOWLEDGMENTS 

This work has been carried out within the framework of the EUROfusion Consortium and 

has received funding from the Euratom research and training programme 2014 - 2018 and 2019-

2020 under Grant Agreement No 633053. The views and opinions expressed herein do not 

necessarily reflect those of the European Commission. 

The authors gratefully acknowledge financial support provided by Slovenian Research 

Agency, grants P2-0405 and J2-9209.  

REFERENCES 

[1] M. Draksler et al., Final Report on Deliverable CFD assessment of the natural 

convection in the cryostat, PMI-6.1-T010-D001, December, 2019. 

[2] F. Hernández et al., A new HCPB breeding blanket for the EU DEMO: Evolution, 

rationale and preliminary performances, Fusion Engineering and Design, Volume 124, 

2017, pp. 882-886, https://doi.org/10.1016/j.fusengdes.2017.02.008.  

[3] E. Martelli et al., Study of EU DEMO WCLL breeding blanket and primary heat 

transfer system integration, Fusion Engineering and Design, Volume 136, Part B, 2018, 

pp. 828-833, https://doi.org/10.1016/j.fusengdes.2018.04.016.  

[4] C. Bachmann, Task specifications – CFD assessment of air flow in VV during in-

vessel-maintenance and ex-VV LOCA, PMI-6.1-T016, January, 2020. 

[5] ANSYS Fluent documentation, release 2019 R1, User guide, 2019.  

[6] F.R., Menter, Two-equation eddy-viscosity turbulence models for engineering 

applications. AIAA Journal, 32, 1994. 

https://doi.org/10.1016/j.fusengdes.2017.02.008


518.8 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

[7] ANSYS Fluent documentation, release 2019 R1, Theory guide, 2019.  

[8] ANSYS Meshing documentation, release 2019 R1, User guide, 2019. 

[9] Wolfram Research, Inc., Mathematica, Version 9.0.1.0, Champaign, IL (2013). 



 
 

601.1 

 
 

A New Paradigm on Plastic Waste  
(Plastics - the Problem or the Solution) 

Andrej Trkov 
Jožef Stefan Institute 

Jamova 39 
1000, Ljubljana, Slovenia 

andrej.trkov@ijs.si 

Luka Snoj, Stane Merše 
Jožef Stefan Institute 

Jamova 39 
1000, Ljubljana, Slovenia 

luka.snoj@ijs.si, stane.merse@ijs.si 

Johannes T. van Elteren, Blaž Likozar 
National Institute of Chemistry 

Hajdrihova 19 
1000, Ljubljana, Slovenia 

elteren@ki.si, blaz.likozar@ki.si 
 

ABSTRACT 

Abandoning plastics as engineering materials is not practical, but waste plastic is an 
environmental problem. A new paradigm is proposed whereby the plastic waste is viewed from 
a different perspective: not as an ecological problem, but as a way of long-term carbon storage 
to return some of the carbon emitted into the atmosphere from fossil sources back into the 
ground. The key points are (i) extraction of CO2 from the atmosphere, production of hydrogen 
by electrolysis of water, hydrogenation of CO2 into hydrocarbons and polymerisation. This 
process would produce plastics for essential use. When they become unrecyclable waste, they 
would be super-compacted and disposed of in suitable packaging by burial in degraded areas. 

1 INTRODUCTION 

Plastic waste is considered a big problem for the environment, so significant reduction of 
plastic use by replacement with more sustainable materials, circular economy and change of 
our behaviour is the key priority. On the other hand, plastics are such versatile industrial 
materials that are hard to replace for some specific purposes, but eventually all plastic products 
become waste. Several approaches for dealing with such waste are commonly applied: 

 Recycling is the preferred option, but not all plastics can be recycled.  
 Disposal by incineration increases CO2 emissions that enhance the global greenhouse 

effect, and may involve emission of other harmful by-products.  
 Chemical re-forming is another possibility, whereby chemical processes are applied to 

produce products like synthetic fuels, etc. 
 Bio-degradation has also been considered, but care is needed not to release micro-

plastics into the environment. 
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Another point of view is to consider unavoidable plastic products as medium-term carbon 
storage. See for example reference [1] 

 
After a period of time plastic products become waste. A new paradigm is to consider plastic 
waste that cannot be recycled as long-term carbon storage, taking advantage of the properties 
that plastics are insoluble and hardly degradable. By ultra-compacting and suitable packaging, 
plastic waste could be disposed of by burial in environmentally degraded locations without any 
additional danger to the environment. The key point is to reduce the use of plastics to the 
essential, and to refrain from producing plastics from fossil resources, e.g. by synthesizing the 
raw ingredients from CO2 hydrogenation and polymerization, for which (green) energy is 
needed. 

 
Extensive deployment of renewable energy sources is subject to fluctuations in 

production, which result in surplus electricity at peak hours. This surplus would not go to waste 
if it was used for: 

 Hydrogen production by electrolysis, which is also a way of energy storage, 
 CO2 extraction from the air,  

 
Thus, electricity grid could be balanced by hydrogen production plants. The need for 

load following in conventional plants would be reduced, allowing most plants to operate in 
steady base load, which is usually the most economical way of their utilisation. 

 
The overall benefit stemming from the plastics produced by hydrogenation of the CO2 

and polymerisation is that we do not have to give up plastics as industrial materials where no 
other alternatives are available, and look upon plastic waste as long-term carbon storage. 
Ultimately this could partly reverse the trend of rising CO2 concentration in the atmosphere that 
is one of the important contributors to global warming. 

 
The scheme requires actions at the government level to restrict the production of plastics 

from fossil materials and to stimulate waste plastic disposal as long-term carbon storage. The 
scheme of CO2 coupons could be extended to such processes, to compensate the higher cost of 
plastics produced in such a way. 

 
The other pre-requisite is cheap electricity. The surplus electricity from renewables at 

peak hours is certainly to be exploited, but base-load power plants are a complementary 
necessity. From the environmental point of view, nuclear power plants seem to be the obvious 
choice because they offer a stable low-cost power production without CO2 emissions. 

2 THE SCIENCE 

Key technologies that underpin the idea of binding CO2 from the air into plastics are not 
new. Several studies exist in connection with the production of synthetic fuels [2], which could 
be adapted to the production of raw materials for making plastics.  

 
Technologies for separating hydrogen from water are also known, the obvious one being 

electrolysis, which only requires water and electricity for production. The by-product is pure 
oxygen, just like from the photosynthesis in plants. It is common belief that the era of hydrogen 
is imminent [3] and the idea is also supported by the European Commission [4]. 
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Polyethylene (IUPAC name: polythene) is the most common plastic in use today [5]. As 
of 2017, over 100 million tonnes of polyethylene resins are being produced annually, 
accounting for 34% of the total plastics market, according to Wikipedia. The chemical structural 
formula is: 

 

 
 
The raw product in the synthesis of polyethylene is ethylene (C2H4) that can be produced 

in several ways from carbon dioxide and hydrogen via several hydrogenation mechanisms: i) 
direct carbon dioxide hydrogenation, ii) methanol reaction-based carbon dioxide hydrogenation 
and iii) carbon dioxide hydrogenation via the reverse water-gas shift synthesis (RWGS) and 
Fischer- Tropsch synthesis (FTS) reactions. 

  
i) 2CO2 + 6H2 → C2H4 + 4H2O  

 
ii) CO2 + 3H2 → CH3OH + H2O and 2CH3OH → C2H4 + 2H2O 

 
iii) CO2 + H2 → CO + H2O (RWGS) and 2CO + 4H2 → C2H4 + 2H2O (FTS) 

 
On industrial scale ethylene is not normally synthesized from CO2 and hydrogen directly 

(reaction i) but industrial production via the other reactions is common, using a variety of 
catalysts, temperatures and pressures [6][7]. 
 

There are claims that the cost of extracting CO2 from the air can be brought down to about 
$100 per tonne [2]. While fossil fuel plants are still in operation, CO2 could be extracted from 
the exhaust gasses of fossil-fuel plants, from cement factories, or from any other renewable 
sources of CO2 (like biomass plants or biofuel production plants), but on the long run extraction 
directly from the air would be desirable. 

 
Typical energy requirements for electrolysis of water are 4.2-6.6 kWhel per cubic meter 

of hydrogen gas. With density of 0.0813 kg/m3, this means that approximately 65 MWhel are 
needed per tonne of hydrogen gas. Half a tonne of hydrogen and three tonnes of CO2 are 
required per tonne of PE. The cost of hydrogen generation therefore strongly depends on the 
cost of electricity. The low-cost electricity surplus from renewable sources could be exploited. 
 

Extraction of CO2 from fossil fuel plants should not be an excuse for their continued 
operation. To extract three tonnes of CO2 one has to burn 0.7 tonnes of highest quality coal with 
calorific value of 32.5 MJ/kg. Thus, to produce half a tonne of hydrogen to combine with CO2, 
about 33 MWh of electricity are needed. The required amount of coal produces only about 6 
MWh of heat, and correspondingly less electricity. Producing hydrogen from fossil fuel energy 
to hydrogenate CO2 results in a negative energy balance. 
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3 THE OPPORTUNITY (PROBLEM AND SOLUTION) 

Production of plastics from CO2 extracted from the air would return some of the carbon 
from fossil fuels or other sources back into the ground, allowing the industry and ordinary 
consumers to use plastics where there are no other more sustainable alternatives, and at the 
same time at least partly reverse the trend of rising CO2 concentration in the atmosphere. 

 
Technological developments are bringing down the cost of CO2 extraction. The other 

component is hydrogen production by electrolysis, which is also an efficient energy storage 
technology for surplus-fluctuating available cheap electricity from renewable energy sources. 

 
A study by the International Energy Agency (IEA) claims that with 30 % renewable 

electricity sources about 13 % of energy goes to waste due to surplus production at peak times. 
If the fraction of electricity from renewable sources increases to 70 %, the fraction of production 
potential that goes to waste is over 30 %. Some activists advocate even 100 % renewable 
electricity. Considering that the average availability of wind farms is about 30 % and of 
photovoltaic farms (PV) is about 10 %, this would require excess installed capacity by a factor 
of up to 10 to account for energy storage (e.g. production of hydrogen) for times when 
renewables are not available. Besides, energy is needed to build PV panes and windmills, not 
to mention land requirements for such massive deployment of renewables. In addition, backup 
plants running on stored hydrogen need to be built to provide electricity when this is not 
available from renewable sources. Furthermore, extensive deployment of renewable energy 
sources gives rise to fluctuations in production, which cause potential grid instabilities, puts a 
burden on the transmission system and produces surplus electricity at peak hours. This surplus 
should be used for energy storage (e.g hydrogen production), but part of the energy (and 
hydrogen) could be used for CO2 extraction from the air, and consequently for the production 
of plastic by CO2 hydrogenation. Thus, electricity production fluctuations could be balanced by 
hydrogen production plants. The need for load following by replacement electricity plants 
would be reduced, allowing most plants to operate in steady base load, which is usually the 
most economical way of their utilisation. 

 
Stakeholders in the scheme are: 

 Utilities that would have a better possibility to increase the share electricity generation 
from renewable energy sources and balance electricity production, reduce grid 
instabilities and allow power plants to operate mostly in base-load mode, thus 
reducing the cost of their operation. 

 Companies that would specialize in CO2 extraction from the air, hydrogen production 
and synthesis of raw materials for the production of plastics. Such companies should 
be allowed to take credit in the form of CO2 coupons (or otherwise) that would partly 
balance the higher cost of plastics produced in this way. 

 Companies that would specialize in collecting waste plastic, super-compacting and 
packaging and sealing it into plastic canisters that would be deposited in some 
degraded land such as abandoned open (coal)mines, sandpits, etc. 

 
Production of plastics from fossil raw materials is currently not included in the scheme 

of CO2 coupons. Such a scheme should be implemented, which would balance the cost 
compared to the cost of plastics produced from the CO2 extracted from the air. 

 
The origin of plastics could be verified by stable isotope analysis, since the ratio of the 

isotopes of carbon is different in the atmosphere, compared to carbon in fossil resources. Such 
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verification is important if benefits to the producers of plastics are to be linked to the origin of 
the raw materials. 

 
The competing technology is the production of synthetic fuels from CO2 and hydrogen or 

by chemically reforming plastics for transport and other uses. However, this would be CO2 
neutral at best, while the proposed technological scheme would actually remove CO2 from the 
atmosphere. 

4 THE PLAN 

At present, the proposal includes only the basic idea. For its realisation it will be necessary 
to set up: 

 A demonstration plant for CO2 extraction from the air. 
 Electrolysis plant. 
 A plant for the synthesis of raw hydrocarbons for use in the plastics industry. 
 A plant for collecting waste plastic, super-compacting and packaging it, and securing a 

site for disposal. 

5 EXPECTED OUTCOMES 

The proposed technology has two important characteristics: 
 It allows the usage of plastics for essential needs in industry and domestic use without 

adverse effects on the environment. 
 It actually contributes to the reduction of CO2 in the atmosphere. 

 
Both of these goals are not met simultaneously by any other technology currently in 

operation. 
 
To achieve these goals, it is also necessary to have a long-term vision of securing stable 

and inexpensive electricity-generation capacity. Therefore, strong commitment at the 
government level is essential. A scenario with 100 % renewables is utopia due to the scale of 
their deployment in terms of costs and land requirements. Nuclear as a source of carbon-free 
energy is the obvious alternative. 

 
At international level measures need to be implemented to prevent “improving” statistics 

of a country by abandoning energy-intensive industry and importing half products from 
countries, which produce them with energy and raw materials from fossil-fuel sources. 
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ABSTRACT 

Iodine prophylaxis is one of the urgent protective actions recommended by several 

international organizations and adopted by several countries worldwide in case of nuclear 

accidents. Prophylactic use of potassium iodide ensures that the thyroid gland is fully loaded 

with non-radioactive iodine and therefore blocks the uptake of radioactive iodine thus reducing 

internal radiation exposure of the thyroid gland, which does not discriminate between 

radioiodine and non-radioactive iodine. This is possible if the potassium iodide is taken before 

or shortly after an exposure to radioactive iodine and if taken in the proper dose. 

Since the intake of potassium iodide needs to be timely, the distribution of potassium 

iodide tablets needs to be planned ahead. Even though countries in Europe and worldwide have 

adopted the World Health Organization recommendations of potassium iodide doses for 

different risk groups homogeneously in their emergency response plans - also because of the 

implementation of the new EU Basic Safety and Standards Directive - BSS, 2013/59/Euratom 

- the implementation of iodine prophylaxis in terms of distribution are still quite specific to 

each country.  

Methods of distribution in European countries vary and in practice two methods are used, 

pre-distribution and stockpiling. In each country both methods face certain country-specific 

difficulties in implementing them. For example, in Slovenia, the pre-distribution of potassium 

iodide tablets in the urgent protection zone has not been very successful in the past few years. 

The paper therefore discusses the logistics of distribution of potassium iodide tablets in 

Slovenia and other European countries and searches for best practices by analyzing and 

interpreting primary (legislature) and secondary sources (scientific and journalistic works, data 

from different databases and results of questionnaires), with the objective to develop 

recommendations for improved distribution methods in Slovenia. 

 

Key words: iodine prophylaxis, intake of potassium iodide, protective measures, nuclear 

and radiological accidents, distribution, pre-distribution. 
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1 INTRODUCTION 

Iodine prophylaxis is the ingestion of stable iodine before the occurrence of a nuclear or 

a radiological accident or immediately following the occurrence of an accident in order to 

protect the thyroid gland from radiation due to the accumulation of radioactive iodine [1]. 

Ingestion of stable iodine is used to block the uptake of radioiodine into the body, particularly 

the thyroid gland. If the stable iodine is taken before or at the beginning of an exposure to 

radioactive iodine it will ensure that the thyroid is fully loaded with non-radioactive iodine and 

will block the uptake of radioactive iodine thus reducing internal radiation exposure of the 

thyroid [2]. 

Iodine thyroid blocking is an urgent protective action, that needs to be implemented to 

avoid severe deterministic effects and to reduce the risk for stochastic effects, within hours to 

be effective. To be most effective it should be taken based on plant conditions, before or shortly 

after the release (precautionary). Secondly, when iodine thyroid blocking is implemented as an 

early protective action, with the goal to reduce the risk of stochastic effects it needs to be 

implemented based on monitoring and assessment results within days and weeks to still be 

effective [3]. 

The Slovenian Nuclear Safety Administration started a campaign to solve the iodine 

prophylaxis issue in 2009. After adopting a new National Emergency Response Plan for 

Nuclear and Radiological Accidents in 2010, the potassium iodide tablets were pre-distributed 

in 10 km radius around the Krško Nuclear Power Plant (NPP) in 2013 and regional stockpiles 

were established in the country. 

2 METHODS 

Using the method of description, the paper discusses distribution methods for potassium 

iodide tablets. Through the analysis and interpretation of primary (legislature) and secondary 

sources (scientific and journalistic works, data from different databases and results of 

questionnaires) the implementation of stable iodine prophylaxis in Europe is presented. 

To answer the question of how other European countries distribute the potassium iodide 

tablets, we made a detailed literature review and secondary analysis of data already gathered. 

The obtained data represented a starting point for the discussion about potential improvements 

of distribution methods for potassium iodide tablets in Slovenia. 

3 RESEARCH 

3.1 Iodine thyroid blocking - ITB as a protective measure 

Radioactive iodine can be released during a severe nuclear emergency and can 

accumulate in the human thyroid gland. The radioactive isotopes of iodine, along with other 

radionuclides, give rise to external exposure from radioactive material present in a radioactive 

cloud, deposited on the ground, on skin or clothing. Radioactive iodine can enter the human 

body by inhalation or by ingestion and iodine thyroid blocking (hereinafter ITB) prevents the 

intake of radioactive iodine from both pathways. If the radioactive iodine enters the human 

body through inhaling or ingestion, approximately 10-30% of it will accumulate in the thyroid 

gland within 24 hours of contamination. Most of the remaining radioactive iodine will be 

eliminated from the body by the kidneys in urine. Ingestion presents the main pathway for 

internal exposure to radioactive iodine that affects the larger population. It can damage the 

human thyroid, leading to a greatly increased chance of developing radiation-induced thyroid 
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cancer. The selective, rapid concentration and storage of radioactive iodine in the thyroid gland 

results in internal radiation exposure of the thyroid, which could lead to an increased risk of 

thyroid cancer or in benign nodules and, at high doses, hypothyroidism. The most sensitive 

groups are neonates, infants and small children. But the risks from radiation exposure and the 

risks from stable iodine prophylaxis are examined in more detail for the various population 

groups like pregnant women, neonates, children (1 month to 18 years), lactating mothers and 

adults (separately - under 40 years and over 40 years) [4], [5], [6]. 

In case of internal exposure, the radioactive materials emit radiation in the body. The 

influence of incorporated radioactive materials depends on: 

- The physical half-life of iodine-131 which is approximately eight days. As the result of 

exposure, thyroid cancer or other diseases may develop. 

- The biological half-life of the radionuclide which determines the time needed to eliminate 

one half the amount of incorporated radioactive material from the organism. [6]. 

The dose can be prevented or reduced by taking stable, non-radioactive iodine before 

exposure. The stable iodine will saturate the thyroid and prevent the uptake of radioactive 

iodine. This protective action is known as iodine thyroid blocking, iodine prophylaxis or stable 

iodine administration [4]. 

 

The World Health Organization provides recommendations on the forms of stable iodine 

to be used and on the correct dosages for different population groups (see Table 1). ITB is not 

suitable for long-term protection or as universal radiation protection. In practice we distinguish 

between urgent and early protection actions in case of a nuclear1 or radiological emergency. 

ITB belongs in the first group of actions. This type of actions to be taken promptly, normally 

within hours in order to be effective. The stable iodine needs to be taken before or shortly after 

intake, for example within 2 hours [7]2 of inhalation or ingestion of the radioactive iodine. But 

note, the ITB needs to be implemented in parallel with other protective actions such as 

evacuation, restrictions of food, milk and drinking water. Sheltering or evacuation after the start 

of a release may not provide sufficient protection to prevent deterministic effects. Therefore, 

these protective actions are usually combined with ITB. The implementation of ITB should not 

delay the evacuation within emergency planning zones. People should have this kind of tablets 

stored in homes, schools, workplaces, hospitals and other special facilities. If potassium iodide 

tablets are not pre-distributed to the people, that could be a problem, because they may not be 

distributed on time during an emergency, especially in the Precautionary Action Zone (PAZ). 

Within the Urgent Protective action planning Zone (UPZ) the public needs to be instructed to 

immediately take the ITB agent and to shelter until instructed to evacuate [4]. 

  

                                                 
1 Arising from damage to a reactor core or spent fuel pool. 
2 Stable iodine should be ingested before the introduction of radioactive isotopes or within a few hours after 

their introduction. When taken concurrently with radiation exposure, the protective effect is approximately 97%. 

Stable iodide, given 12 or 24 hours before exposure, results in a 90% or 70% protective effect. However, stable 

iodine, ingested 1 hour or 3 hours after exposure, results in an 85% or 50% protective effect. Stable iodine ingested 

more than 6 hours after exposure is thought to have a negligible protective effect. For the most appropriate 

prevention, potassium iodide should be taken daily until the risk of significant exposure to radioactive iodine 

entering the body either by inhalation or ingestion ceases. 
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Table 1: Recommended single dosage of stable iodine according to the age group [8] 

Age group Mass of KI (mg) 
Example of fraction of tablets 

(130 mg KI tablets) 

Adults & adolescents (over 

12 years old) 
130 1 

Children (3 – 12 years) 65 ½ 

Infants (1 month – 3 years) 32 ¼ 

Neonate (birth to 1 month 

old) 
16 1/8 

 

3.2 Logistics of stable iodine prophylaxis in Europe 

Methods of distribution vary from one country to another. There are two methods used in 

practice, pre-distribution and stockpiling, but both can also lead to inconveniencies (some 

advantages and weaknesses see in Table 2) [9]. 

Table 2: Pre-distribution vs. Stockpiling [6], [9] 
Methods of ITB 

distribution 
+ - 

Pre-distribution - reduce the time of intake 

- tablets can be immediately 

taken 

- tablets are lost 

- new residents are not reached 

by periodical distribution 

- non-permanent residents 

(tourists) may be in the area 

during the accident 

- storing the tablets in good 

conditions 

Stockpiling - for camps or tourist sites 

located close to an NPP 

- for schools and pharmacies 

- storing the tablets in good 

conditions 

- distribution during the accident 

 

3.3 Pre-distribution 

Stable iodine is often pre-distributed among people around NPPs. The pre-distribution 

area varies among countries and in most cases, stable iodine is delivered to the whole 

population. Because of the importance of the time needed for potassium iodide tablets 

distribution, the pre-distribution is necessary in the vicinity of NPP (in the PAZ and UPZ). 

Potassium iodide tablets can be taken immediately only if they have been timely pre-distributed 

in homes, schools, workplaces, hospitals and other facilities. If potassium iodide tablets are not 

pre-distributed, they may not be distributed on time during an accident, especially in the PAZ. 

But on the other hand, the main problem of pre-distribution is that tablets are lost or that new 

residents are not reached by periodical distribution. One of the possible solutions is organization 

of periodical distribution campaigns if needed, for instance every five years. Pre-distributing 

potassium iodide tablets around the NPP is a good solution to reduce the time of intake, but 

complementary measures should nevertheless also be envisaged for some areas, like for 

instance tourist areas [4], [9], [10]. 

A study on Medical effectiveness of iodine prophylaxis in a nuclear reactor emergency 

situation and overview of European practices, the RISKAUDIT report [9] showed that where3 

                                                 

3 Belgium, Czech Republic, Finland, France, Germany, Lithuania, Luxembourg, Netherlands, Romania, 

Slovakia, Sweden, Switzerland and United Kingdom. 
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stable iodine is pre-distributed around NPPs, the areas around NPPs for pre-distribution vary 

from 5 km to 504 km radius, most frequently 20 km around NPPs. In most countries, stable 

iodine is delivered to the population. The only exception is the Netherlands where people over 

45 years do not receive potassium iodide tablets [9]. The pre-distribution is the responsibility 

of NPP operators or of local authorities. 

3.4 Stockpiling 

Stockpiling practices are quite specific to each country [9]. Some countries have decided 

to cover the whole territory and others have limited to the area around NPP (up to 30 km). The 

time needed for distribution also varies among countries. Stockpiling could present a good 

practice for tourist areas (in camping areas or tourist sites located close to an NPP), schools, 

hospitals and pharmacies. But stockpiles raise the problem of storing the potassium iodide 

tablets under good preservation conditions and of distributing them during the accident in a 

relatively short time [9]. 

RISKAUDIT report [9] shows that several countries5 have encountered difficulties 

concerning time needed for the distribution. For example, because of problems connected with 

iodine distribution, Finland adopted a solution to decentralize national stockpiles and to entrust 

distribution to the local level. In France, distribution time from national and regional stockpiles 

is too long and difficulties are present also in stockpile management, which does not guarantee 

conditions for good preservation of the potassium iodide tablets. Stockpiling in schools and 

pharmacies seems to be a good way and most of countries implement this way of distribution. 

But the biggest problem of storing the potassium iodide tablets under good preservation 

conditions is the timely distribution during the accident, since the potassium iodide tablets need 

to be taken within hours in order to be affective. 

3.5 Implementation of stable iodine prophylaxis in Europe 

Ingestion of potassium iodide has been adopted as a protective action by several countries 

worldwide and also in the EU. The IAEA, WHO and ICRP have adopted positions on 

intervention action level and target population in order to reinforce the preventive actions by 

targeting the most sensitive groups. These recommendations are based primarily on the results 

from thyroid cancer studies in exposed children [9]. 

Although the final objective is the same for all, the EU countries have not introduced 

identical practices to implement this preventive and protective action, regarding the dosage, 

intervention level, targeted population, dose assessment tools and geographic coverage, 

preventive distribution mode, articulation with other response actions, population information, 

etc. 

The reason for lack of harmonization is that the national emergency preparedness and 

response has been developed across Europe without giving great priority to cross-border issues. 

Countries need to improve at least the cooperation with neighbouring countries to be properly 

prepared for a nuclear accident with cross-border consequences. 

To provide a better cross-border coordination of protective actions during the early phase 

of a nuclear accident the HERCA – WENRA Approach was established by HERCA (Heads of 

European Radiological protection Competent Authorities) and WENRA (Western European 

Nuclear Regulators Association) on 21 October 2014 [11]. General objective of the HERCA -

                                                 

4 For the Ignalina NPP in Lithuania. 
5 For example, Finland, the Netherlands, Sweden, Slovenia, etc. 



602.6 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

 

WENRA Approach is a coordination of response in the early phase of an accident between the 

impacted country with the aim of a coherent response across borders. The aim is to harmonize 

possible implementation of protective actions. 

In 2019 HERCA WGE (Work Group on Emergencies) prepared a questionnaire on 

practical implementation of EU BSS [12] for their member States. The questionnaire was 

answered by 17 European countries,6 where the answers revealed that the majority of EU 

countries (59%) have generic criteria of projected thyroid dose that exceeds 50 mSv in the first 

7 days. 11% of countries have generic criteria between 10 and 100 mSv in 2 days projected 

thyroid dose, 11% of countries between 10 and 50 mSv projected thyroid dose, 6% 100 mSv 

averted thyroid dose, 6% 20 to 100 mSv equivalent thyroid dose, and 6% 50 and 100 mSv 

projected thyroid dose.  

When comparing the information from the 2019 questionnaire [12] and the information 

of the 2010 EC study [9] it is evident, that some significant changes can be observed. In year 

2010 there were a few countries in Europe that had no iodine prophylaxis arrangements to face 

a nuclear emergency, but in 2019 the generic criteria for iodine prophylaxis were already much 

more homogeneous [12]. The reason for this is next to the adoption of EU BSS most likely also 

the establishment of General Safety Requirement Part 7, issued in 2015, establishing 

requirements for ensuring an adequate level of preparedness and response for a nuclear or 

radiological emergency, including the generic criteria for use in emergency preparedness and 

response. And these requirements are now gradually introduced into the national legislation by 

majority of countries worldwide, not only Europe. 

3.6 Logistics and implementation of stable iodine prophylaxis in Slovenia 

The legal basis for the distribution of potassium iodide tablets is set in the Rules on the 

Use of Potassium Iodide Tablets in the Event of Nuclear and Radiological Accidents [13], 

National emergency response plan for nuclear and radiological accidents [1] and in The plan 

for distributing potassium iodide tablets [14]. 

As mentioned, the distribution of potassium iodide tablets was launched in year 2013, by 

the Administration of the Republic of Slovenia for Civil Protection and Disaster Relief in 

cooperation with the Ministry of Health, the Slovenian Nuclear Safety Administration, the 

municipalities of Krško and Brežice and the Krško NPP. 

The potassium iodide tablets were pre-distributed to residents, schools, kindergartens, 

health centres, nursing homes, other institutions, companies and organizations and also to a part 

of the first responders [13]: medical service, fire-fighting units of wider importance in Slovenia, 

with the authorisation to respond in accidents involving dangerous materials (GEŠP – sl. 

Gasilske enote širšega pomena), to the police, radiological, chemical and biological (RKB – sl. 

Radiološka, kemijska in biološka zaščita) protection units, Slovenian Army mobile radiology 

laboratory, Ecological Laboratory with Mobile Unit (ELME – sl. Ekološki labolatorij z mobilno 

enoto), Jozef Stefan Institute, Mobile unit from Institute of Occupational Safety, Mobile 

Meteorology and Hydrology Unit and to Amateur radio operators. In situations where 

contamination due to a nuclear or radiological accident is expected, first responders should 

carry potassium iodide tablets on site of the intervention. For all other Slovenian citizens, 

potassium iodide tablets are kept in hospitals and other health care organizations and are 

distributed according to the need for the implementation of iodine prophylaxis [1]. 

                                                 
6 Data was received from Austria, Belgium, Croatia, Cyprus, Czech Republic, Finland, Greece, Hungary, 

Ireland, Luxembourg, Romania, Slovakia, Slovenia, Spain, Sweden, Switzerland and The Netherlands. 
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The residents and temporary residents, up to the age of 40 in the area of 10 km radius 

around the Krško NPP can pick-up the potassium iodide tablets at specific pharmacies in 

Posavje upon submission of their health insurance card. Before that they need to visit their 

doctor to obtain prescription for the tablets on a white e-prescription or paper form. Access to 

potassium iodide tablets for new-born and new residents (up to the age of 40) who do not have 

any regulated documents is again provided by their selected doctor by prescribing potassium 

iodide tablets on a white e-prescription or paper form, followed by a visit to a local pharmacy. 

The Civil Protection headquarters of the municipalities of Brežice and Krško will provide 

potassium iodide tablets for other persons who are not mentioned above and do not have access 

to potassium iodide tablets (random visitors, travelers and others). 

The Municipalities are responsible for distribution of potassium iodide tablets to all other 

Slovenian citizens in a case of implementation of protective measure of iodine prophylaxis in 

the event of a nuclear or radiological accident. The distribution of potassium iodide tablets for 

the population of all municipalities in the Republic of Slovenia is carried out by the 

municipalities that draw up plans for the receipt and distribution of potassium iodide tablets in 

the event of a nuclear or radiological accident and who designate authorized persons to take 

potassium iodide tablets at a competent hospital. All residents up to the age of 40 are entitled 

to receive the potassium iodide tablets. All recipients of potassium iodide tablets must ensure 

that they are stored properly according to the manufacturer's instructions. 

The heads or authorized persons of institutes, companies and other organizations are 

responsible for distributing potassium iodide tablets when a protective action is ordered to 

consume potassium iodide tablets in the event of a nuclear or radiological accident to the 

caregivers, employees and others in their organizations [15]. 

The citizens of the Republic of Slovenia may at any time, at their own request, withdraw 

their potassium iodide tablets at pharmacies when submitting a health insurance card after a 

prescription obtained from their doctor. For members of the Protection, Rescue and Assistance 

Force, potassium iodide tablets are kept at the Civilian Protection Municipal Headquarters and 

distributed at the time of initiation of the protective action for the intake of potassium iodide 

tablets. The pre-distribution in the 10 km zone is financed by the Krško NPP and for the rest of 

the population by the Agency of the Republic of Slovenia for Commodity Reserves [16]. 

The Administration of the Republic of Slovenia for Civil Protection and Disaster Relief 

maintains a public website www.kalijevjodid.si, where residents can obtain all relevant 

information on potassium iodide tablets, a protective action of intake of potassium iodide 

tablets, replacement of potassium iodide tablets and the continuation of pre-distribution of 

potassium iodide tablets. 

The pre-distribution campaign in the 10 km zone around the Krško NPP started after the 

revision of the National Emergency Response Plan in June 2013. By the end of December 2013 

(in the first six months), 3,668 residents have picked-up the potassium iodide tablets in 

pharmacies, totaling in 20.12% [17] of all the population in this zone. Beneficiary residents 

were able to pick-up the tablets at the pharmacies by presenting a coupon and a health insurance 

card. The pre-distribution campaign was repeated in 2014 for new residents. In 2016 the method 

of pre-distribution was renewed, and tablets could be picked-up by residents in pharmacies 

again by presenting a health insurance card, but after obtaining a white prescription from their 

doctor. In 2017 tablets, which were pre-distributed in 2013 had expired, and were therefore 

replaced with new ones. In the same year the method of pre-distribution was planned to be 

simplified by picking-up the tablets only by presenting the health insurance card, but this has 
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not yet7 been realized, due to technical difficulties, dealt with by the Ministry of Health. In the 

last four years – in 2017, 2018, 2019 and 2020 (up to 26 August 2020) - only 26 beneficiary 

residents have picked-up the tablets in local pharmacies [18]. Compared to the number of 

acquisitions in the first year of pre-distribution (3,668), 26 is a very low number, which 

indicates the poor efficiency of the current method of distribution or its unsuccessful 

implementation. 

4 DISCUSSION 

4.1 European harmonization approach 

During the research we have identified various practices implemented in different 

European countries regarding recommended time for intake of potassium iodide tablets. In 

general, in all countries, the intake of potassium iodide tablets is advised before the release or 

as soon as possible after the release begins. In some countries, the intake is recommended even 

several hours (up to 12-hours) before the beginning of the release, which is hard to predict. 

Differences can be observed also in the foreseen effectiveness of the potassium iodide. Most 

countries consider that potassium iodide is effective during 24-hours after the intake, but some 

countries are considering a minor time from 2 to 10-hours.8 In case of a nuclear accident with 

transborder consequences, these differences may cause difficulties when neighbouring 

countries would decide to order the intake of potassium iodide at different times.  

European Commission made a proposal to enhance coherence of protective measures in 

case of an accident in neighbouring countries. Countries are highly encouraged to establish 

conventions with their neighbouring countries to define communications channels for alerting 

and exchanging information in case of emergency [19]. The HERCA-WENRA Approach also 

improves the response and cross-border coordination during the early phase of a nuclear 

accident [11]. But adopting similar emergency reference levels in European countries through 

the transposition of EU BSS [19] does not guarantee the coherence of countermeasures 

implemented in case of emergency. If non-coherent actions are taken regarding iodine 

prophylaxis across countries’ borders [20], there is a high risk for public authorities to lose 

public confidence in the first hours of the emergency. The HERCA-WENRA Approach implies 

that decision-making on iodine prophylaxis should be taken on the basis of the projected dose 

assessment made by the country where the accident takes place. Although the majority (59%) 

of European countries have the same generic reference level for ITB, the European 

harmonization on iodine prophylaxis arrangements will take time to be achieved. 

4.2 Potential improvements of iodine prophylaxis implementation in Slovenia 

Reviewing practices of ITB implementation in Europe and advantages and weaknesses 

of different logistic approaches towards the implementation of potassium iodide distribution 

we found that in order for the of ITB to be effective protective action, the tablets should be 

successfully pre-distributed in the UPZ and PAZ zones. Since the pre-distribution in Slovenia 

is not successful enough (20% of residents in the PAZ in 2013 and only 26 residents in last four 

years between 2016-20209), current pre-distribution methods need to be reconsidered and 

changed. It seems the current process of acquiring potassium iodide tablets is too complex and 

                                                 
7 Not up to 26 August 2020 according to information available by the Administration for Civil Protection 

and Disaster, branch Brežice [18]. 
8 The latter applies for Slovenia also, see note 2. 
9 In years 2017 and 2018 only 20, and in 2019 up to 26 August 2020 only 6 residents picked-up the tablets 

in local pharmacies [18]. 
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requires too much effort from the residents, who seem to rarely visit the doctor in order to obtain 

the white e-prescription or paper form and afterwards go to the pharmacies to pick-up the 

tablets. One of the methods of distribution used in European countries that is less complex and 

quite widely use is pre-distribution by mail10. This is, as previously mentioned, the 

responsibility of NPP operators or of local authorities. Our suggestion on how to improve the 

distribution methods in Slovenia is to consider pre-distributing the tablets by sending them by 

mail to the residents to their home at birth or when people under 40 years old move into the 10 

km zone around the Krško NPP. When sending the tablets by mail, the integrity of the tablets 

should be ensured (kept at a temperature up to 25°C and in the original package in order to 

protect the tablets from light and moisture) and the inaccessibility to children assured. 

Distribution should be a continuous process, supported by the constantly updated database of 

beneficiary residents, considering the constraints of resources available. Considering the 

dynamics of the population, the ideal scenario would be that the beneficiary database is updated 

as often as possible to e.g. on a monthly level and the pre-distribution repeated once per year. 

If this is not possible, due to the resources (not) available, the distribution should be repeated 

at least every 3 years. 

Because pre-distribution in Slovenia is the responsibility of local authorities (as in other 

European countries [9]), we would suggest the tablets in the UPZ and PAZ are sent by mail to 

beneficiary residents by local pharmacies, who currently already store the tablets, in 

collaboration with local municipalities and civil protection authorities. 

Regarding stockpiling carried out in Slovenia, the method is so far successful. The only 

possible limitation of stockpiling is the resources needed for the distribution to be carried out 

within the 6-hour time frame in which the intake is considered to be effective. This limitation 

should be assessed by a comprehensive analysis of the human resources, available for the 

stockpile distribution, considering all relevant practical limitations of executing this task. 

 If the proposed method of distribution is considered the Rules on the use of potassium 

iodide tablets in the event of a nuclear or radiological accident [13] and its subordinate 

regulations should be amended accordingly. For example, Instructions for prescribing and 

distributing potassium iodide for the purpose of iodine prophylaxis as one of the protective 

measures in the event of a nuclear or radiological accident [21]. 

  

                                                 
10 Distribution of potassium iodide tablets by mail is practiced in Finland, France, Luxembourg, Sweden, 

Switzerland and United Kingdom [9]. 
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ABSTRACT

This paper provides a contribution to the validation of photon transport and coupled
neutron-photon transport routines in Serpent 2. The validation is performed by calculating two
benchmarks ALARM-CF-FE-SHIELD-001 and ALARM-CF-PB-SHIELD-001. In the bench-
marks neutrons and photons originating from a Cf-252 source are transported through different
sized iron and lead spheres and the neutron and photon flux is tallied over a surface at a distance
of 3R from the centre of the sphere, where R is the sphere radius. Three lead spheres with
radius 10, 20 and 30 cm and six iron spheres with radius 10, 15, 20, 25, 30 and 35 cm were
calculated with Serpent 2 and MCNP6.2. The Serpent results were compared to MCNP6.2
and measurement results. In all cases the Serpent calculated neutron and photon spectra fol-
lowed the measured spectra fairly well. For the iron spheres, differences between Serpent and
MCNP6.2 calculated neutron spectra were mostly below 2 % at neutron energies below 4 MeV.
Differences between photon spectra through the iron spheres was mostly below 3 %. For the
lead spheres, differences in the calculated neutron spectra were mostly below 1.5 % in the en-
ergy range 0.04-4.0 MeV. Differences between photon spectra through the 10 cm lead sphere
was mostly below 5 % and for the larger spheres below 10 % except at higher photon energies
above 6.5 MeV.

1 INTRODUCTION

Serpent 2 is a multi-purpose three-dimensional continuous-energy Monte Carlo parti-
cle transport code, developed at VTT [1]. Serpent’s capabilities include among others reactor
physics applications, multi-physics simulations and neutron and photon transport simulations.
Serpent is actively developed and the validation of Serpent’s various capabilities is a continuous
effort. The purpose of this work is to contribute to the validation of Serpent’s photon transport
and coupled neutron-photon transport routines.

Photon transport mode was first introduced in Serpent version 2.1.24 in 2015 [2]. The
present version 2.1.31 includes four main photon interactions and three secondary photon pro-
duction mechanisms [3]. The main interactions are photoelectric effect, Rayleigh scattering,
Compton scattering and electron-positron pair production. The secondary mechanisms are
electron-positron annihilation, atomic relaxation and bremsstrahlung emitted by electrons and
positrons. Photonuclear reactions have been implemented in a development version 2.1.32 [4].
A weight-window based variance reduction scheme has been implemented in the current distri-
bution of Serpent [5].
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In this work, the afore mentioned methods are validated with the ICSBEP benchmarks
ALARM-CF-FE-SHIELD-001 [6] and ALARM-CF-PB-SHIELD-001 [7], hereafter referred to
as the ALARM benchmarks. The benchmarks involve neutron and photon spectra calculations
of a Cf-252 source through different sized iron and lead spheres. Serpent calculations are com-
pared to MCNP6.2 calculations and measurement results.

2 DESCRIPTION OF THE MEASUREMENT SETUP

The ALARM benchmarks describe the measurements of neutron and photon spectra from
a Cf-252 source through different sized iron and lead spheres. One measurement of the spectra
was also performed without the spheres. The Cf-252 source was placed inside a stainless steel
shell which in turn was positioned inside a copper capsule. The copper capsule containing
the source was placed inside a cavity in the middle of the iron or lead sphere. The sphere on
an aluminum support was placed on a steel frame. The detector was located at a distance of
3R from the source, where R is the the radius of the sphere. A removable cone was installed
between the detector and the sphere for background measurements.

Two kinds of spectrometers were used in the measurements. Single-crystal scintillation
spectrometers with a stilbene crystal were used for the measurement of the gamma spectrum and
the measurement of neutron spectrum between 0.2–17 MeV. For the neutron spectrum between
0.01–0.7 MeV, a neutron spectrometer SEN2-02 was used. The results within the overlapping
energy regions for neutrons with the two spectrometers agreed within 3 %.

3 BENCHMARK DESCRIPTION AND CALCULATION MODELS

According to the benchmark specifications, the source can be modelled as a point source
and the steel capsule and copper shell as well as the cavity within the iron/lead sphere can
be modeled as one dimensional spheres. As instructed in the specifications, the stainless steel
of the source and the iron sphere material was simplified to be iron with small concentrations
of Mn (0.4 wt-%) and C (0.1 wt-%). Lead was modelled as Pb with 0.1 wt-% Bi. Copper
consisted only of Cu. Material densities were 8.9, 7.84 and 11.3 g/cm3 for copper, iron and
lead, respectively. Influence of air was neglected and was modeled as void. The radius of the
different materials are given in Table 1. The radius of the Cf-252 source in the Serpent model
was 1E-9 cm.

Table 1: Dimensions (radius) of the modelled source and lead/iron spheres [cm].

Steel capsule inner 0.21 Steel capsule outer 0.53
Copper shell inner 0.61 Copper shell outer 0.84
Iron sphere 10, 15, 20, 25, 30, 35 Lead sphere 10, 20, 30

The Cf-252 source for the Serpent calculations was obtained by making a decay calcula-
tion for Cf-252 for 10 days. Serpent can use the result of this kind of calculation as the source
by combining the resulting material compositions into emission spectra read from ENDF for-
mat radioactive decay data files. A surface flux detector was used in the Serpent calculations
to calculate the total integral flux of photons and neutrons over a surface at 3R distance from
the source. A total of 1E9 particles were sampled in the calculations. The Serpent calcula-
tions were performed with a development version of 2.1.32. Some differences to the currently
distributed version 2.1.31 include the possibility to combine neutrons and photons in the same
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source definition, possibility for Gaussian energy broadening of the tallied spectra and new
photon libraries.

The photon source for the MCNP6.2 model was calculated with Serpent. First, a de-
cay calculation was performed for the bare Cf-252 sample. Then, the obtained photon source
was used in a photon transport calculation where the photon surface current directed out of a
1E-9 cm radius sphere was calculated with Serpent’s surface current detector. The calculated
detector scores were then used to determine the weight of the energy bins for photons in the
source definition of the MCNP6.2 calculation. For the neutron source, Watt spectrum for fission
neutrons was used following the example of the sample calculations with MCNP5 presented in
the benhcmark specifications. The MCNP6.2 calculations applied a point source. The neutron
and photon fluxes over a spherical surface at 3R distance from the source were tallied using
MCNP’s surface flux tally sampling 1E9-1E10 particles depending on the calculated case.

Gaussian energy broadening was applied to the Serpent and MCNP6.2 calculated photon
and neutron spectra according to the bechmark instructions. The benchmark specifications
provided parameters for the calculation of the FWHM (full width at half maximum) of the
broadened peaks. Two different sets of parameters were provided for the neutron spectrum
depending on neutron energy and one set for the photon spectrum.

The same neutron cross section libraries based on ENDF/B-VII.1 data at room tempera-
ture were used both in the Serpent and MCNP6.2 calculations. Additionally, the Serpent calcu-
latations were run using the JENDL-4.0 cross section data in order to get an idea on the effect
of neutron cross sections on the results. For photo atomic data, the PAELib0.1/en71 photon
library [8], which is based on data extracted from ENDF/B-VII.1, was used in Serpent. The
eprdata12 library was used in the MCNP6.2 calculations. All calculations were run on a Linux
cluster with Intel Xeon 2.2 GHz nodes using openMP parallelization.

4 RESULTS

The calculation and measurement results are presented in Figures 1–10. In the figures,
the labels “Serpent” and “JENDL” stand for Serpent 2 calculations with ENDF/B-VII.1 and
JENDL-4.0 libraries, respectively and “MCNP” stands for calculations with MCNP6.2. “Mea-
sured” stands for the measurement results provided in the benchmark specifications. All figures
give the neutron and photon spectra as neutrons / photons over a spherical surcafe of radius
”r=3R” per source neutron and energy interval in MeV.

Figure 1 presents the neutron and photon spectra from the bare Cf-252 source over a
sphere with radius 60 cm the source being at the centre of the sphere. In Figure 1a, no measure-
ment results were provided below 0.09 MeV. The correspondence between Serpent calculations
and measurements for the neutron spectrum from the bare source is very good. The differ-
ences being mostly within the measurement uncertainty. Correspondence between Serpent and
MCNP6.2 calculations is also good. Differences between Serpent and MCNP6.2 in the energy
range 0.09–4.25 MeV are mostly below 2 % and always below 2.5 %. When the flux strongly
decreases above 4 MeV, the differences between Serpent and MCNP6.2 also tend to grow. For
photon spectra from the bare source, the calculated spectrum follows the trends in the measured
spectrum. The measurements yielding slightly higher results in the lower energies and lower
results in the higher photon energies. Correspondence between Serpent and MCNP6.2 is very
good, the differences being mostly below 0.2 % and nearly always below 1 %.

Figures 2–7 present the neutron and photon spectra through the different sized iron spheres.
Figure 2 for the iron sphere with radius 10 cm presents only calculation results for the photon
spectrum since no photon measurements were made for this case.
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(a) Neutron spectrum. (b) Photon spectrum.

Figure 1: Neutron and photon spectra from the bare Cf-252 source.

(a) Neutron spectrum. (b) Photon spectrum.

Figure 2: Neutron and photon spectra through an iron sphere with radius 10 cm.

(a) Neutron spectrum. (b) Photon spectrum.

Figure 3: Neutron and photon spectra through an iron sphere with radius 15 cm.

The Serpent calculated neutron flux follows quite nicely the shape of the measured flux
for all calculations. The correspondence between Serpent and MCNP6.2 is good for all cases.
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(a) Neutron spectrum. (b) Photon spectrum.

Figure 4: Neutron and photon spectra through an iron sphere with radius 20 cm.

(a) Neutron spectrum. (b) Photon spectrum.

Figure 5: Neutron and photon spectra through an iron sphere with radius 25 cm.

(a) Neutron spectrum. (b) Photon spectrum.

Figure 6: Neutron and photon spectra through an iron sphere with radius 30 cm.

The differences between energies 0.015–4 MeV remain mostly below 2 % for all cases and
nearly always below 1 % for the larger spheres with radius 20 cm or more. Above 4 MeV the
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(a) Neutron spectrum. (b) Photon spectrum.

Figure 7: Neutron and photon spectra through an iron sphere with radius 35 cm.

decrease in the flux causes the differences to grow clearly larger. There is a strange peak in
the differences between Serpent and MCNP6.2 calculations in the energy bin 0.5-0.55 MeV.
At this bin, the differences are around 5 or 6 % when at neutron energies above and below the
energy bin the differences are below 0.5 % for all iron spheres. 0.5 MeV is the energy where
the parameters for the calculation of FWHM of the broadened spectrum are changed for the
neutron spectra. The effect is not clearly present in the differences between Serpent results and
measurements and does not happen with the lead spheres. The cause of the effect with the iron
spheres requires further investigations.

The Serpent calculated photon flux follows quite well the shape of the measured flux in
all cases. The difference between Serpent and MCNP6.2 calculated results is mostly below
3 % and nearly always below 5 %. The neutron cross section library has a clear impact on the
calculated results.

Figures 8–10 present the neutron and photon spectra through the different sized lead
spheres. The correspondence between Serpent calculations and measurements of the photon
flux is somewhat poorer than with the iron spheres. However, the calculated spectra follow
approximately the shape of the measured spectra for both the neutron and photon flux.

(a) Neutron spectrum. (b) Photon spectrum.

Figure 8: Neutron and photon spectra through a lead sphere with radius 10 cm.
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(a) Neutron spectrum. (b) Photon spectrum.

Figure 9: Neutron and photon spectra through a lead sphere with radius 20 cm.

(a) Neutron spectrum. (b) Photon spectrum.

Figure 10: Neutron and photon spectra through a lead sphere with radius 30 cm.

The correspondence between Serpent and MCNP6.2 results for the neutron spectrum is
good. The difference between energy range 0.04-4.0 MeV is mostly below 1.5 %. Above 4 MeV
the neutron flux greatly decreases making the differences increase significantly.

In the case of the photon spectrum, the correspondence between Serpent and MCNP6.2
results is clearly best for the 10 cm radius lead sphere. The difference remains mostly below 5 %
except at the edges of the spectrum. The differences between 0.4-3.5 MeV are mostly below
2.5 %. For the larger spheres, the differences between photon energies 0.35-2.8 are mostly
below 5 % and apart from a couple of exceptions the differences below 6.5 MeV are less than
10 %.

In the MCNP6.2 calculations electron transport was not on. This approach was chosen
since electron transport is not modelled in Serpent. The effect of electrons was briefly studied
by performing MCNP6.2 calculations also with electron transport switched on. For the neutron
spectra the effect was mostly negligible. For the photon spectra through the lead spheres, the
difference between MCNP6.2 calculations with and without electron transport on was mainly
below 2 %. For the iron spheres, the effect was mostly below 1 %.
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5 DISCUSSION AND FUTURE WORK

The correspondence between Serpent and MCNP6.2 neutron spectra was quite good as
well as the correspondence between the photon spectra through the iron spheres. The corre-
spondence between the two codes for the lead spheres was poorer and the differences increased
when applying the larger lead spheres with radius 20 and 30 cm. The shape of the calculated
neutron and photon flux followed the measured flux fairly well. In the near future, more bench-
mark calculations will be performed. In the future calculations, validation effort for Serpent’s
variance reduction techniques is also planned.
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ABSTRACT 

This paper deals with a general methodology to evaluate the Source Term (ST) and the 

Radiological Consequences (RC) of a Severe Accident (SA) at a Fukushima-like Spent Fuel 

Pool (SFP) by coupling ASTEC 2.1 and RASCAL 4.3 codes. Essentially, the ST provided by 

ASTEC is used as input to RASCAL to perform a RC analysis. This methodology was 

developed as a preparatory study for the Management and Uncertainties in Severe Accident 

(MUSA) H2020 European Project, coordinated by CIEMAT. Within MUSA project, the 

laboratory for the Safety of Nuclear Installation of ENEA is involved in the Innovative 

Management of SFP Accidents Work Package (WP6), coordinates by IRSN. Within WP6, 

ENEA is committed to perform an analysis on a Fukushima-like SFP with the aim to apply 

innovative measures on the SFP Severe Accident Management to mitigate the RC of the 

accident itself. In order to perform the RC studies, the Fukushima-like SFP has been assumed 

located in one of the Italian cross-border NPP sites. The weather data connected with the 

radionuclides transport in atmosphere phase are both standard and real hourly meteorological 

data. The results of the RC for 96 hours of ST release from the SFP in a range of 160 km from 

the emission point are reported in terms of Total Effective Dose Equivalent (TEDE), I-131 

thyroid dose and Cs-137 total ground deposition. The mitigating effect on ST and on RC of the 

cooling spray system (CSS) actuated with several pH values (i.e., 4,7,10) was also investigated. 

1 INTRODUCTION 

In the last ten years, following the Fukushima Daiichi Nuclear Power Plant (NPP) 

accident, there was an increase of the research activities devoted to explore and update the codes 

capability to calculate the ST [1,2] and the RC [3,4] of Beyond Design Basis Accidents (BDBA) 

at SFP.  

mailto:stefano.ederli@enea.it
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In this perspective, ENEA has developed its own methodology to evaluate the ST and the 

RC due to a SA at a SFP that can be applied to any nuclear facility. In the second section the 

methodology used in this study is presented. In the third section the codes used in this work are 

discussed with the specific parameters and modules used to perform the analyses. In the four 

section, the results of the application of the ENEA methodology to a Fukushima-like SFP 

hypothetically located on one of the Italian cross-border sites are presented. In the last section, 

some considerations on the results and on the planned future work are reported. 

2 METHODS AND CALCULATION TOOLS 

The methodology presented in this study is capable to perform a RC analysis on any 

nuclear facilities; it consists of two steps: ST evaluation with the ASTEC code (ASTEC V2, 

IRSN all rights reserved, [2020]) and RC assessment with the RASCAL code. First, ASTEC is 

used to calculate and export a ST resulting from a Loss-of-Cooling SA scenario at a Fukushima-

like SFP. Second, the ST file is imported in the RASCAL code and the RC consequences are 

evaluated by means of the Atmospheric Transport module of RASCAL, according to the user-

imposed meteorological conditions. The Fukushima-like SFP model, chosen to perform the 

ASTEC analysis, is an upgraded version of that adopted in the NUGENIA-PLUS AIR-SFP 

European Project [5] and it will be further developed by ENEA to be used within the MUSA 

project activities [6]. Two meteorological conditions were investigated: the RASCAL 

predefined “standard” one, and real 96 hours meteorological data. The 96 hours data were 

extracted from the history+ Meteoblue online hourly meteo data paid service from a specific 

geographical point where one of the Italian cross-border NPP is located [7]. Figure 1 presents 

the flow chart of the proposed methodology.  

 

Figure 1: Flow chart of the methodology to evaluate the RC from ASTEC-RASCAL coupling 

The next two subsections describe the calculation tools (ASTEC and RASCAL codes) used to 

evaluate the ST emitted and the RC on the population of the proposed Fukushima-like SFP SA 

scenario. In detail, the modules and the values of the main parameters assumed in the two codes 

will be briefly described. 

2.1 ASTEC 2.1 code 

The ASTEC 2.1 code [8] (Accident Source Term Evaluation Code), jointly developed 

until 2015 by the French “Institut de Radioprotection et de Sûreté Nucléaire” (IRSN) and the 
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German “Gesellschaft für Anlagen und Reaktorsicherheit mbH” (GRS), and developed now 

only by IRSN, aims at simulating an entire Severe Accident (SA) sequence in nuclear water-

cooled reactors from the initiating event through the release of radioactive elements out of the 

containment. The main uses of ASTEC 2.1 are ST evaluations, accident management studies, 

and level-2 probabilistic safety assessment (PSA). It features a modular structure where each 

module is devoted to simulate a specific set of physical phenomena or a specific zone. The 

modelization of the SFP has involved the following modules: CESAR, CPA, ICARE, ISODOP 

and SOPHAEROS.  

 CESAR is dedicated to the thermal hydraulic simulation of the primary and secondary 

systems; it is a system code, characterized by a two-phase flow model based on a default five 

equations approach [9]. ICARE is used to simulate the in-vessel core degradation phenomena. 

It implements mechanical models, processes several chemical reactions and incorporates FPs 

release. It uses basic geometrical objects able to reproduce most of the internals of the core and 

the related exchange with the coolant fluid. The core fluid channels complete the meshing and 

allow thermal-hydraulic calculation [10]. CPA provides a tool based on mechanistic models 

with the purpose of simulating all the relevant thermal-hydraulic processes and plant states 

taking place in the containment compartments [11]. SOPHAEROS deals with the chemistry 

and the transport phenomena of the FPs both in the reactor circuits and in the containment [12]. 

ISODOP is in charge of calculating FPs decay heat and the isotopes transmutation along the 

SA sequence [13]. 

2.1.1 ASTEC model of the Spent Fuel Pool 

 Figure 2 describes the ASTEC model of the SFP: it is an extension of the model developed 

by ENEA in the frame of NUGENIA-PLUS AIR-SFP project [14] which was limited to the 

simulation of thermal hydraulic and core degradation in a Fukushima-like SFP, accommodating 

1525 fuel assemblies (FAs) of different cooling time and burnup. In the developed ASTEC 

model, the 1535 FAs with their racks are divided into 2 groups: the “Hot FAs” which include 

548 FAs (21 GWd/MTU) for recently unloaded fuel (i.e., 3.7 months of cooling); and the “Cold 

FAs” which include 783 FAs (42 GWd/MTU) for the longer stored fuel (i.e., 3.15 years of 

cooling) plus 204 FAs of fresh fuel (for a total of 987 FAs). 

 The FAs and racks of the 2 groups are described by ICARE macro-components. The 72 

fuel roads of each FA are modelled with a representative cylindrical fuel rod enclosed by the 

Zr cladding. The Zr water rod, the Zr canister, the steel rack, and the concrete wall of the SFP, 

are also modelled as ICARE cylindrical structures. Specific ICARE components are dedicated 

to the simulation of the steel spacer grids. The floor of the pool was modelled with the ICARE 

structure dedicated to the lower head of the reactor. 

 The evolution of decay power during the simulated accident transient was computed by 

ISODOP module and the initial total mass of FPs, assumed in the simulation, is based on the 

ORIGEN-ARP code [15] calculation of the FPs inventory of recently unloaded and longer 

stored fuel. The FPs mass was distributed in the Hot and Cold FAs by means of numerical 

factors, estimated as a function of decay heat computed by ORIGEN-ARP code [15], for 

recently unloaded and longer stored fuel and adjusted to take into account the presence of the 

204 fresh FAs in the Cold FAs group. In such a way, it has been possible to distinguish the 

thermal behaviour of the two groups of FAs during the simulated accident transient. 

 The SFP was radially divided into two concentric main fluid channels: “Pool inner 

channel” and “Pool outer channel” (Fig. 2). The pool inner channel contains 4 additional fluid 

sub-channels, housing the 2 groups of FAs with their racks. The two concentric sub-channels 

indicated as “Hot fuel channel” and “Hot bypass channel” (Fig. 2), deal with the Hot FAs. The 
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first one simulates the fluid in the rods bundle and the second the fluid in the gap between the 

canister and the rack. The same approach is used for the “Cold fuel channel” and “Cold bypass 

channel”, dealing with the Cold FAs. The weight of the described channels is based on the 

number of related assemblies: 548 for the hot channels and 987 for the cold channels. 

The 6 SFP fluid channels are connected at the top end with a small CESAR volume, which 

is used to connect the top part of the pool, with a CPA zone modelling the SFP building. The 

SFP building zone is connected to an environment zone, imposing atmospheric temperature and 

pressure. The CPA SFP building model includes lateral, ceiling and bottom walls of the 

containment, to take into account a series of physical phenomena such as steam condensation 

and aerosol deposition. 

The Zircaloy oxidation by means of steam and air, the creep and burst of the claddings, 

the dissolution of UO2 and ZrO2 by liquid Zirconium as well as the material melting and 

relocation were modelled. The melting temperature of both UO2 and ZrO2 were set between 

2550 K (solid) and 2600 K (liquid). Oxidation of U-Zr-O in the relocated materials mixture 

(MAGMA) is also activated. 

The studied accident is a Loss of Cooling without mitigation measures. The simulation 

starts with a water level which is just at the top of racks, to reduce the computation time. 

 

Figure 2: Axial view of the Fukushima-like SFP model – ASTEC code 

A CSS was subsequently added to investigate the mitigation effect of the water on ST 

emission. The CSS was designed to pump the condensed water located at the bottom of the SFP 

building in recirculation mode. The pH of the sprayed water was imposed by the user. In the 

calculations the CSS was activated by a water level set point, at about 46 hours after the start 

of the transient, and kept working until the end of the calculation. 

2.2 RASCAL 4.3 code 

The Radiological Assessment System Consequences AnaLysis (RASCAL) [4] was 

developed by U.S. Nuclear Regulatory Commission to provide a tool for the rapid assessment 

of an incident or accident at any nuclear facility and aid decision making such whether the 
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public should evacuate or shelter in place. RASCAL evaluates time-dependent atmospheric 

releases (i.e., ST) and dose projection (i.e., RC) from any nuclear facilities that handle nuclear 

material. The 4.3 version contains new features and revision of several old features (i.e., 

extension of the domain up to 160 km, increase of the transport time to 96 hours, capability to 

import and/or merge ST) in response to the lessons learned by the U.S. NRC staff after the 

events at the Fukushima Daiichi NPP. The main new and revised features are consistent with 

the possibility to evaluate the RC on Italian territory of a hypothetical SA at one of the nearest 

SFPs. The modules used for the calculations are described below. 

The “Source Term to Dose” (STDose) primary tool was used to evaluate the RC due to 

the SA scenario. The tool requires the specifications of some parameters in order to evaluate 

the projected doses to the population; these parameters are given as input to the following 

subtools: Event Type, Event Location, Source Term, Release path, Meteorology [16]. 

The “Event Type” sub-module allows to define the source of the radioactive emission; in 

the case of a SFP Fukushima-like SA, the choice has been SFP. 

The “Event Location” sub-module has the function to locate in space the SFP and to 

define all the necessary SFP data in order to evaluate the Activity Inventory. Despite the SFP 

data are not necessary for a calculation which involves an externally imported ST, it was 

necessary to use this module to locate in space the user-defined wheater data. The procedure 

adopted to estimate the Event Location involves the use of the s.c. surrogate NPP (plant already 

available in RASCAL 4.3 database of U.S. plants and which differs from the real plant only in 

terms of actual power and actual core average burnup) [3,17]. In practice, this means to find 

among the U.S. fleet a BWR-4 Mark-1 plant which could be used to mock-up the Fukushima-

Daiichi NPP unit 4 which contains the SFP under SA conditions. The plant chosen for the 

analysis is Cooper NPP, a U.S. BWR-4 Mark-1 NPP currently in operation.  

The “Source Term” module allows to characterize the time-dependent ST for a SFP 

accident on the basis of the type of storage (i.e., pool or dry). It includes three sub-modules: 

uncovered fuel, damage assembly underwater and cask release. The analysis was performed 

without setting the submodule parameters because the ST was imported from ASTEC. The ST 

resolution was set up on a radionuclide emission value every 15 minutes. 

The “Release Path” module defines the release conditions: release height, release timings 

(i.e. fuel uncovered, start/end of release), pathway conditions (i.e. with or without filtering), 

number of fuel damaged, percentage of fuel rods damage, etc. No Release Path conditions were 

set because they were previously defined in ASTEC to obtain the ST. 

The “Meteorology module” allows to estimate the distribution of the radionuclide into 

atmosphere during the SA event. The RASCAL 4.3 2-D Gaussian puff model (i.e., TADPUFF) 

was used to evaluate the radionuclides distribution at up to 160 km from the release point for 

which temporal and spatial variations in meteorological condition are not negligible; the model 

domain consists of a Cartesian square grid with 41x41 receptor nodes uniformly distributed 

through the domain itself [18]. The radionuclide atmospheric transport time on the environment 

was set to 96 hours.  

2.2.1 RASCAL model of the meteorological data 

The starting date of the ST emission was chosen on the basis of a preliminary conservative 

analysis of the radiological impact on Italian territory of a hypothetical SA at one of the cross-

border NPPs using the French Eulerian atmospheric dispersion code ldX, owned by IRSN [19]. 

The analysis with ldX assumed a “puff” (i.e., 24 hours of constant emission) release of I-131 

(i.e., 1.0E+17 Bq) for a transport time of 4 days using an operational meteorological dataset 
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provided by Météo France and available in a range of ten years (i.e., 2002-11) on the so-called 

ARPEGE domain. 

In this study, two different meteorological dataset were imposed. Table 1 reports the first 

set of RASCAL constant standard meteorological data. 

Table 1: Standard meteorological dataset 

Values of the standard weather parameters 
Time 

[dd/mm/yyyy] 

Class 

Stability 

Wind speed  

[m/s] 

Precipitation 

[mm/h] 

Temperature 

[°C] 

25-29/12/2002 D 2.9 No 21 

Table 2 reports a fraction of the second dataset of hourly meteo data extracted from the 

on-line history+ Meteoblue paid data service [7]. 

Table 2: Actual hourly meteorological dataset 

Values of the hourly weather parameters 

Time 

[yyyy-mm-dd Thh:mm:ss] 

Class 

Stability 

Wind speed  

[m/s] 

Wind 

direction Precipitation 

[mm/h] 

Temperature 

[°C] 
Average 

[45 min] 

Gust 

[15 min] 
[degree] 

2002-12-25 T21:00:00 D 3.34 4.60 65.14 0 -0.83 

2002-12-25 T22:00:00 D 3.31 4.50 63.43 0.1 -0.89 

2002-12-25 T23:00:00 D 3.11 4.90 61.61 0.1 -0.94 

… … … … … … … 

2002-12-29 T19:00:00 E 1.73 4.30 170.13 0 6.40 

2002-12-29 T20:00:00 F 1.71 5.10 184.97 0 2.27 

2002-12-29 T21:00:00 E 1.86 4.70 186.84 0 1.79 

The stability class was evaluated using wind speed, solar radiation and cloud cover hourly 

data according to Pasquill-Gifford classification [20]. The wind speed for each hourly meteo 

data was set by means of two values: average wind for the first 45 minutes and gust wind for 

the second 15 minutes. Figures 3-4 report the wind rose and the wind velocity distribution 

within 96 hours from the emission date (i.e., 25-12-2002). 

  
Figure 3: Wind rose, Meteoblue data Figure 4: Average and gust wind, Meteoblue data 

According to the Meteoblue service definition for which the wind rose displays the 

direction from which the wind blows, the prevailing winds directions come from NE, S and 

SSW and account for up to 70% of the total wind directions; the highest wind speed values 

come from NE and SW with an average values of 0.5  5.0 m/s. The difference between gust 

and average wind in the overall time frame is between a factor 1 and 10 (Fig. 4). 
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RASCAL 4.3 takes into account the horizontal and vertical radionuclide spread with  

distance from the emission point by means of dispersion parameters (i.e., σy, σz) which are 

function of the following variables: friction velocity, mixing layer height, plume height, Monin-

Obukhov length and Coriolis factor. The functional relationship with the dispersion parameters 

of the previously mentioned variables varies according to the stability class [21].  

Dry deposition is evaluated as the product of a deposition velocity and radionuclide 

concentration; the deposition velocity is in turn evaluated on the basis of meteo conditions (i.e., 

stability class), surface roughness (i.e., friction velocity) and wind speed. Typical values of 

deposition velocity are between 0.0021 and 0.016 m/s for reactive gases, between 0.0031 and 

0.0090 m/s for particles and between 0.0014 and 0.0072 for vapour (i.e., I2) [22].  

Wet deposition is assessed using different models for particles and gases. In particular, 

for particles the wet deposition rate is calculated as the product of a washout coefficient and the 

overall particles deposition as precipitation falls through the full extent of the plume. The 

washout coefficient is a function of precipitation type, intensity and, to a limited extent, 

temperature; typical washout coefficient values are between 0.25 (light rain) and 0.3 (moderate 

snow). Wet deposition rate for gases is instead evaluated as a product of a solubility coefficient 

and the rain/snow precipitation rate, assuming that the concentration of gases in the air and in 

the precipitation are in equilibrium; typical wet deposition velocity are between 2.8·10-5 (light 

rain) and 4.2·10-4 (moderate snow) [18].  

RASCAL 4.3 assumes null dry and wet deposition for nonreactive (CH3I) and noble gases 

(Krypton). It also assumes that the atmospheric iodine is made up of: 25% particles, 30% vapour 

(i.e., I2) and 45% organic form (i.e., CH3I). This speciation contributes to the deposition of 

iodine and to the inhalation doses if ICRP 60/72 dose coefficient are selected, while it does not 

enter into inhalations doses if ICRP 26/30 dose factors are applied [21]. 

3 RESULTS AND DISCUSSION 

 The first set of results is the ST generated by ASTEC code. Figure 5 shows the time-

dependent ST produced from a series of radionuclides (RNs) released from the SFP since the 

start of release into atmosphere (i.e., 7200 min) for 96 hours of emission time. 

 

Figure 5: ST emitted from SFP during a Loss-of-Coolant accident scenario – ASTEC code 

The RNs list (i.e., Cs-134, Cs-136, Cs-137, I-131, Kr-85, Pu-238, Ru-106, Sr-90, Y-90) is the 

list of radionuclides with the greatest radiological impact potentially emitted from a SFP as 
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assessed by IRSN and ENEA within the MUSA Project activities. Figure 5 reports the 

contribution to the ST of all radionuclide included in the RNs list with the exclusion of Pu-238 

for which ASTEC provides the first release in atmosphere only after 10 days from the start of 

the SA event at the SFP, time for which it is reasonable to assume that all the necessary 

emergency response countermeasures have been implemented. Figure 5 also shows that the 

most important radionuclides release occurs between 73 and 83 hours after the start of 

atmospheric emission and that all the radiologically important RNs reach a saturation value ten 

hours before the end of the RASCAL 4.3 calculation. However, Y-90 presents a residual 

activity of 4.4E+16 Bq until the end of the imposed ASTEC simulation; this activity could be 

potentially released before the adoption of emergency countermeasures. Nevertheless, ENEA 

contribution on the RNs list assessment found that Y-90 is a contributor for groundshine 

exposition mode only with, in addition, a negligible weight (<1%) compared to the other 

radiological relevant radionuclides.  

 The second set of results is the evaluation of the mitigation effect of the CSS actuated 

with several pH values on the ST generated by each of radionuclides belonging to the RNs list. 

Figures 6 reports the reduction effect due to the activation of the CSS for several pH values on 

I-131, being in the ASTEC modelling the other radionuclides included in RN list are not 

affected by the pH of the water [12]. Figure 6 accounts for a decrease of the I-131 activity 

released as water pH increases; this phenomenon essentially depends on the pH-related 

behaviour of two chemical reactions involved in the water phase chemistry: the increase of I2 

hydrolysis and of the HOI disproportionation as the pH value increase [23, 24].  

 

Figure 6: I-131 ST for several mitigation conditions (Spray: OFF/ON, pH: 4,7,10) 

The third set of results is the RC due to the atmospheric transport of the evaluated ST with 

real, site-related hourly meteorological dataset. Figures 7-9 report both TEDE, thyroid dose and 

Cs-137 total ground deposition distribution maps for the most conservative SA scenario (i.e., 

Sprays not activated). An intercomparison of the distribution maps achieved with the RASCAL 

4.3 standard Meteorology data is also reported. 

The maps reveal that the SE-SSE is the direction of the most impacted zone according to the 

direction from which the wind blow (i.e., 300-350 rad) in the time-frame (i.e., 73–87 hours) of 

the maximum radiological emission (Fig. 3). In general, a significant impact of different 

metereological conditions and ST emission time on both the atmospheric distribution of the 

dose and the total ground deposition was noticed. For this particular scenario, the actual meteo 

data chosen reduce the radionuclides spread into the atmosphere from more than 160 km to 

about 100 km with respect to the application of the standard meteorological dataset.  
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Figure 7: TEDE maps for actual (left) and standard (right) meteo data 

  

Figure 8: I-131 Thyroid dose maps for actual (left) and standard (right) meteo data 

Figures 7-8 report a legend with a dose range split according to early phase criteria of the 

Protection Action Guide (PAG) implemented by U.S. Emergency Protection Agency (EPA) 

[25]. For the specific SA scenario and meteo data implemented in this study, RASCAL 4.3 

foresees the adoption of some early phase protective actions (i.e., sheltering-in-place or 

evacuation of the public) in the SE-SSE directions up to a distance of 100 km from the emission 

point. Figure 9 reports the distribution maps of the Cs-137 total ground deposition both for 

standard (right) and 96 hours actual (left) meteo data. 

  

Figure 9: Cs-137 Ground deposition maps for standard (right) and actual (left) meteo data 
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4 CONCLUSION 

In this paper, a general methodology to evaluate the ST and the RC due to a hypothetical 

SA scenario at a Fukushima-like SFP was proposed. This methodology allows to make a more 

precise evaluation of the RC with respect to the use of a stand-alone radiological impact 

assessment code because it combines a code specifically designed to estimate the ST during a 

SA (i.e., ASTEC) with a validated and widely used fast-running code for radiological 

consequences analysis (i.e., RASCAL). The preliminary application of this methodology on an 

Italian cross-border site, where it is hypothesised that a Fukushima-like SFP is allocated, has 

highlighted the relevant impact of ST emission time and meteo dataset on the spatial dose 

distribution. If countermeasures actions are activated and/or effective to stop the SFP release 

three days before the emission start, the adoption of a classical mitigation strategy (i.e., spray 

system) has revealed that a basic environment seems to be the best choice to reduce the RC 

resulting from the major contributors to the dose (i.e., I-131), being I-131 the only radionuclide, 

among the major contributors, to be affected by pH water value in the ASTEC modelization. In 

the future this methodology will be applied to an European SFP really placed in one of the 

Italian cross-border NPP site, together with actual roughness and morphology data of the site 

itself and with time-dependent weather data on more than one point of the geographical domain. 
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ABSTRACT 

In this paper shielding analysis is performed to establish neutron and gamma dose rates 

around the transfer cask HI-TRAC VW loaded with Fuel Assemblies (FA) from Nuclear Power 

Plant Krsko (NEK) Spent Fuel Dry Storage (SFDS) Campaign one. The HI-TRAC VW is a 

multi-layered cylindrical vessel designed to accept a Multi Purpose Canister (MPC) during 

loading, unloading and transfer to dry storage building. The MPC can contain up to 37 spent 

fuel assemblies. The analysis is divided into two steps. The first step is the source term 

generation using ORIGEN-S SCALE sequence. The source is calculated based on the operating 

history of spent fuel assemblies currently located in the NEK spent fuel pool. The obtained 

intensities and spectra of the spent fuel assemblies are used in the second step to calculate the 

dose rates around the transfer cask. A comprehensive shielding analysis included the calculation 

of dose rates resulting from fuel neutrons, fuel gammas, neutron induced gammas (n-g 

reaction), and hardware gammas under normal conditions and during accident scenario. To 

obtain the dose rates with the acceptable uncertainties, FW-CADIS based variance reduction is 

adopted, as implemented in ADVANTG code. The dose rates around HI-TRAC VW cask are 

calculated using MCNP6 code for all 16 casks loading belonging to Campaign one in order to 

illustrate the impact of fuel assembly selection schemes proposed by company responsible for 

project realization (Holtec International). 

1 INTRODUCTION 

Nuclear Power Plant Krsko (NEK) has started with the preparations for the project of 

constructing the Spent Fuel Dry Storage (SFDS). The project is a part of the overall NEK Safety 

Upgrade Program. The SFDS is intended to increase Spent Fuel Assemblies (SFAs) storage 

capabilities while increasing safety due to its passive characteristics. The project design and 

construction have been awarded to Holtec International (HI) and Faculty of Electrical 

Engineering and Computing (FER) has performed the independent expert review and 

evaluation of the project documentation related to doses and criticality. The project is currently 

in the process of obtaining a construction license and nuclear licensing is expected in few 

months. 

SFDS project includes 70 HI-STORM FW storage casks arranged in 7x10 array, which 

will be located in the Dry Storage Building (DSB) at the NEK’s site. HI-TRAC VW transfer 

mailto:paulina.duckic@fer.hr
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cask will be used for relocating the SFAs from Spent Fuel Pool (SFP) to the DSB. The 

relocation of the SFAs is foreseen in four campaigns (Campaign one 16 SFAs, Campaign two 

16 SFAs, Campaign three 12 SFAs and Campaign four 18 SFAs). The SFAs are placed in the 

sealed Multi-Purpose Canister (MPC) made of steel. The MPC is designed to fit both HI-TRAC 

VW and HI-STORM FW cask and can contain up to 37 SFAs. The HI-STORM FW storage 

overpack provides shielding and structural protection of the MPC during storage. The overpack 

is a heavy-walled steel and concrete cylindrical vessel. It has air inlets at the bottom and air 

outlets at the top to allow natural circulation through the cavity to cool the stored MPC. The 

HI-TRAC VW transfer cask provides shielding and structural protection of the MPC during 

loading, unloading, and transfer of the loaded MPC. It is a multi-layer cylindrical vessel made 

of carbon steel inner and outer shell with a layer of lead in between, also of a neutron shield 

water jacket attached to the exterior, water jacket carbon steel shell and a retractable bottom lid 

used during transfer operations [1]. 

Not many studies on shielding of transfer casks have been published and existing 

references are mainly concerned with metal dual purpose casks (storage and transfer). Shultis 

[2] performed radiation analysis of a dual purpose TN-68 spent fuel cask providing a step by 

step shielding analysis methodology using MCNP. Ko et al. [3] analyzed shielding of dual 

purpose casks developed by Korea Radioactive Waste Management Corporation. They used 

SAS2H/ORIGEN-S module of SCALE5.1 for radiation source term calculations and MCNP 

for shielding calculations. Chen et al. [4] calculated surface dose rates of a spent fuel dry storage 

cask using MAVRIC. The dose rates included the contributions from fuel neutron, fuel gamma 

and hardware gamma (due to fuel assembly structural material neutron activation) sources from 

SFAs homogenized in four axial layers. Gao et al. [5] analyzed the dose rates for two 

geometrical models of the TN-32 dual purpose cask. One model was simplified by 

homogenizing the SFAs and the other model detailed the SFAs on the pin-by-pin level. Lai et 

al. [6] compared two commonly used codes for advanced shielding calculations: 

MCNP/ADVANTG and MAVRIC. In our previous research we have analyzed the dose rates 

around a benchmark model of the HI-STORM storage cask [7]. 

In this paper shielding analysis is performed to establish neutron and gamma dose rates 

around the transfer cask HI-TRAC VW loaded with SFAs from NEK SFDS Campaign one. 

The analysis is divided into two steps. The first step is the source term generation using 

ORIGEN-S SCALE sequence. The source is calculated based on the operating history of spent 

fuel assemblies currently located in NEK SFP. The obtained intensities and spectra of the spent 

fuel assemblies are used in the second step to calculate the dose rates around the transfer cask. 

A comprehensive shielding analysis included the calculation of dose rates resulting from fuel 

neutrons, fuel gammas, neutron induced gammas (n-g reaction), and hardware gammas under 

normal conditions and during accident scenario. To obtain the dose rates with the acceptable 

uncertainties, FW-CADIS based variance reduction is adopted, as implemented in ADVANTG 

code. The dose rates around HI-TRAC VW cask are calculated using MCNP6 code for all 16 

casks loading belonging to Campaign one in order to illustrate the impact of fuel assembly 

selection schemes proposed by HI. 

2 METHODOLOGY 

2.1  Computation tools 

As already mentioned, the analysis is divided into two parts. Firstly, the source term is 

generated using the ORIGEN-S code from SCALE6.2.3 package and then the obtained source 

is used in shielding calculations. The shielding calculations are conducted using MCNP6 code 

and ADVANTG3.0 code is used for obtaining variance reduction parameters.  
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ORIGEN-S is a SCALE module [8] intendent for calculations of time-dependent 

concentrations and source terms of a large number of isotopes. The calculations can be 

performed for different nuclear applications such as fuel irradiation in nuclear reactors, 

activation of the fuel element hardware, storage, transportation and manipulation with spent 

fuel elements removed from the reactor. The primary goal is to use the multi-grouped cross 

sections from any standardized ENDF/B library in the calculations. For this purpose, previous 

calculations are required within the SCALE system or the AMPX system, developed at Oak 

Ridge National Laboratory. These codes calculate cross-sections by simulating conditions 

within any reactor fuel assembly and converting data into a library that can be used within 

ORIGEN-S. The resulting libraries are time dependent and they contain fuel composition 

variations during irradiation.  

 

MCNP (Monte Carlo N-Particle) [9] is a general purpose 3D transport code used for 

neutron, photon, electron or coupled neutron/photon/electron calculations which cover 

different nuclear related fields, such as radiation shielding, radiation protection, dosimetry, 

criticality safety, fission and fusion reactor design, decontamination, decommissioning, etc. 

The code is based on the Monte Carlo method which is defined as a stochastic simulation. 

Continuous, as well as multigroup, cross sections are available and for thermal neutrons, S(α, 

β) and free gas treatments are available. MCNP is versatile due to its features (a powerful 

general source, criticality source, and surface source; both geometry and output tally plotters; 

a rich collection of variance reduction techniques; a flexible tally structure; and an extensive 

collection of cross-section data).  

ADVANTG (Automated Variance Reduction Generator) [10] code is intendent for 

generating variance reduction parameters in terms of weight windows and biased source 

distribution. ADVANTG modifies the MCNP input by adding biased source distributions and 

provides wwinp file containing space and energy dependent weight windows. The space is 

defined over the 3D discrete mesh and multigroup energy division is used. The variance 

reduction parameters are efficiently generated using 3D discrete ordinates solutions of the 

adjoint transport equation. The purpose of using variance reduction techniques is to obtain 

uniformly converged arbitrary tallies. 

2.2 Geometry and materials 

The HI-TRAC VW transfer cask geometry modeled in MCNP is shown in Figure 1. The 

model consists of fully loaded MPC, HI-TRAC VW body and bottom and top lid. MPC is an 

enclosed steel vessel containing 37 SFAs within a Metamic basket supported with aluminum 

shims. The remaining space in the MPC is filled with helium. The SFA is divided into several 

axial layers which are homogenized in order to simplify the calculations. Filled MPC is inserted 

into the HI-TRAC VW casks. The body of the cask is in a multilayer configuration consisting 

of a carbon steel inner and outer shell and a layer of lead in between, also of a water jacket and 

water jacket shell. Bottom lid is a plate made of carbon steel and upper lid is a carbon steel ring. 

The cask is surrounded by the air. 

The tally locations are also shown in Figure 1. Six tallies are placed at the surface of the 

cask: one below the cask, two above the cask, and three along the side of the cask. At 1 m from 

the cask’s surface there are five tally locations: one below the cask, one above the cask, and 

three along the side of the cask. The same tally locations are set at 2 m from the cask’s surface. 

The tallies at the side of the cask are in the shape of an annulus, while the tallies above and 

below the cask are of a disk shape.  
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Additionally, a mesh tally is used to obtain the insight in the dose rate distribution over 

the entire modelled geometry. The calculation mesh has 100x100x130 intervals in x, y, and z 

direction, respectively, with a box side of about 7 cm in each direction. 

 

 

 

a) b) 

Figure 1: HI-TRAC geometry modeled in MCNP a) axial, b) radial section 

2.3 Source 

Shielding analysis of the transfer cask includes the calculation of dose rates around the 

cask arising from both neutron and gamma source. Neutron source includes neutrons generated 

from spontaneous fission and neutrons generated from (α, n) reaction. Gamma source consists 

of fuel gamma rays due to fission products and actinides decay, activation gammas resulting 

from fuel assembly hardware activation, and capture gamma rays resulting from (n, γ) reaction.  

The neutron and fuel gamma source terms are calculated using ORIGEN-S in terms of 

neutron and gamma source intensity as well as neutron and gamma energy spectra. The 

calculations are performed for each SFA considering the real operating history of the SFAs 

currently stored in NEK SFP (corresponding burnup, enrichment and cooling time of each 

SFA). ARP libraries required for ORIGEN-S calculation were prepared using TRITON module 

for NEK fuel assembly (W16x16). 

As already mentioned, the casks will be loaded in four campaigns. The first campaign 

includes loading of 16 storage casks. Therefore, we investigate the impact of different sources 

(intensities and spectra) in the first loading campaign on the dose rates around the transfer cask. 

The neutron and fuel gamma source intensities for the first 16 casks in loading plan are given 

in Figure 2 (cask number is given on X-axis). The highest and the lowest neutron source 

intensity of 7.4517e+9 neutrons/s and 2.8805e+9 neutrons/s correspond to cask 8 and cask 14, 

respectively. Cask 14 is also characterized with the lowest gamma source intensity 

(7.5570E+16 gammas/s), however the highest gamma source intensity is observed for cask 16 

(1.1963E+17 gammas/s). 



605.5 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

The source is modeled in MCNP on an assembly-by-assembly basis. The source intensity 

of each SFA in the MPC is taken into account by introducing the corresponding relative weights 

(the ratio of the specific SFA intensity and the total intensity of all SFAs). The sampling in X 

and Y direction for each SFA is uniformly defined, while the sampling in Z direction is burnup 

dependent. The sampling is proportional to the burnup distribution for gammas, whereas for 

neutrons it is proportional to the burnup raised to the power of 4.2 [11]. Both neutron and 

gamma SFAs energy spectra are averaged over three spatial regions. The SFAs with the lowest 

source intensities are placed into the innermost region, the ones with the highest source 

intensities in the middle region and the ones with the medium source intensities in the outermost 

region (HI 3-regions loading). The reason for this lies in the endeavor to optimize both shielding 

and heat transfer capabilities of the casks. The SFA with the highest source intensity produces 

the highest amount of decay heat as well. From the shielding point of view, these SFAs would 

preferably be placed in the innermost region due to self-shielding effect. On the other hand, 

from thermal point of view it is more difficult to enable appropriate cooling of these SFAs if 

placed in the innermost region. The balance between the two criteria is to place them in the 

middle region. The examples of regionalized neutron and gamma spectra for cask 8 are shown 

in Figure 3.  

  

a) 
b) 

Figure 2: Source intensities: a) neutron, b) fuel and hardware gamma 

  
a) b) 

Figure 3: Regionalized spectrum for cask 8: a) neutron, b) gamma 

The activation or hardware gamma source result mainly from the Co-60 decay. The 

isotope Co-60 is formed when isotope Co-59, an impurity naturally present in structural 
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materials, captures a neutron. It decays with a half-life of 5.3 years and emits two lines of high 

energy gammas (1.173 and 1.332 MeV). In this analysis considered are the structural materials 

specific for NEK SFA hardware: stainless steel SS304L, Inconel 718, and Zircaloy. The 

chemical compositions are taken from [12]. The content of Co-59 in stainless steel SS304L, 

Inconel 718, and Zircaloy is 800 ppm, 1000 ppm and 10 ppm, respectively. One can find in the 

references the content of Co-59 in Inconel up to 1%, but this content had to be reduced for 

nuclear applications to decrease activation source. We have conservatively used 0.1%, while in 

practice it is usually even lower (400 to 800 ppm). SFA is axially divided into four regions: 

bottom nozzle (up to the bottom end plug), active fuel (spacer grids and cladding), plenum 

spring (with cladding, top spacer grid and top end plug), and top nozzle (with holdout spring). 

The neutron flux required for activation is taken from the depletion calculations and multiplied 

by the corresponding scaling factors [13]. 

The activation gamma sources are calculated using ORIGEN-S. The calculations are 

performed for each part of each SFA belonging to Campaign 1. That makes in total 2368 

calculations (16 casks x 37 SFAs x 4 axial parts). The total hardware gamma source intensities 

for each of the 16 casks to be loaded in Campaign one are shown in Figure 2 b). Compared to 

the fuel gamma source intensities, it is noticeablethat these intensities are about two orders of 

magnitude lower. However, the emitted high energy gamma rays can penetrate deep into the 

shielding media and must be included in shielding analysis. 

3 RESULTS AND DISCUSSION 

ANSI/ANS-6.1.1-1977 Neutron and Gamma Flux-to-Dose Rate Conversion Factors are 

used to convert tally results to dose rate in rem/h/particle. All output and mesh tally results are 

postprocessed by multiplication with corresponding source intensity and with 1e+4 to obtain 

dose rates in μSv/h. 

3.1 Normal conditions 

X and Z distributions of neutron and gamma (fuel, n-g and hardware) dose rates along 

with the corresponding error bars are shown in Figure 4 a) at about mid-height (z=230 cm), and 

b) along the cask’s surface (x=124.5). It can be observed that although the highest dose rate 

within the cask arises from fuel gammas, they are well attenuated and at the cask’s surface 

predominant dose rate arises from neutrons. Hardware gammas along Z axis have different 

shape than neutrons, fuel gammas and n-g gammas. The dose rates from neutrons, fuel gammas, 

and n-g gammas are the highest in the center of the active fuel part and are decreasing with the 

distance from the center which is in accordance with the axial burnup profile. However, at the 

lower and upper part of the cask, the dose starts to raise again due to less shielding material at 

the bottom plate and the top of the cask is opened. The dose rate distribution of hardware 

gammas has depression for the active fuel part due to more shielding material and peaks are 

observed at the bottom and top of the cask due the hardware gamma source resulting from top 

and bottom nozzle.  

Figure 5 represent mesh tally results for neutron, fuel gamma, n-g gamma and hardware 

gamma dose rates around HI-TRAC transfer cask. In both cases, the dose rate is significantly 

higher in the lower part of the cask. For example, neutron and gamma dose rate at the cask 

surface about mid-height are 244.91 µSv/h and 142.29 µSv/h, while under the cask neutron and 

gamma dose rate are 2837.3 µSv/h and 1720.0 µSv/h. Thus, neutron and gamma dose rate are 

more than one magnitude higher under the cask than about mid-height of the cask’s surface. 

This finding indicates that special caution will be required during transfer operations in order 

to protect the personnel. 
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The convergence of the dose rates and associated relative uncertainty during calculation 

is shown in Figure 6 for representative tally at about mid-height of the cask. From these graphs, 

it can be seen that more generated particles (nps) are needed for gamma calculations than for 

neutrons. In case of fuel gammas, the relative uncertainty of 0.11% is achieved with about 

20e+9 starting particles, while the relative uncertainty of 0.07% for neutrons with 0.9e+9 

starting particles. This means that neutrons reach the detector position easier than gammas 

which, as shown before, are attenuated within the cask to a greater extent. The change of dose 

rates is generally smooth and the relative errors decrease with the increasing number of 

generated particles. 

  
a) b) 

Figure 4: Neutron and gamma (fuel, n-g and hardware) dose rates (µSv/h) for cask 8: a) 

along x axis at z=230 cm (mid-height), b)  along z axis at x=124.5 cm (surface) 
 

  
a) b) 

Figure 5: Dose rate (µSv/h) XZ distribution: a) neutron, b) gamma 
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a) b) 

Figure 6: Convergence of a) dose rate (b) and relative uncertainty during calculation for 

tally 24 

In the following figure presented are dose rates resulting from neutrons, fuel gammas, n-

g gammas and hardware gammas for all 16 casks at different tally locations; for tallies at the 

cask’s surface in Figure 7, and for tallies at 2 m from the cask’s surface in Figure 8. From these 

figures we can see that at the top of the cask (tally 44) hardware gamma dose rates are 

predominant, followed by neutron, fuel gamma and n-g gamma dose rate. At the mid height 

side location (tally 24), the situation is more complicated. This is due to multiple layers of 

materials present on the side of the cask which affects considered source particles in a different 

manner. In addition, there are differences in the source intensities and spectra among the casks 

even though the fuel loading plan for Campaign one was optimized by the vendor. The result 

is that most of the casks have neutron dose rate predominant, while for one cask the 

predominant dose rate arises from fuel gammas (cask 4). 

  
a) b) 

Figure 7: Neutron, fuel gamma, n-g, and hardware gamma dose rate for all 16 casks for 

locations at the cask’s surface: a) tally 24, b) tally 44 
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a) b) 

Figure 8: Neutron, fuel gamma, n-g, and hardware gamma dose rate for all 16 casks for 

locations 2 m away from the cask’s surface: a) tally 224, b) tally 244, c) tally 254 

3.2 Accident scenario 

As a part of the shielding analysis of the HI-TRAC transfer cask, an accident case is 

considered. From the shielding point of view, it is of interest to investigate the situation when 

HI-TRAC loses water from the water jacket. The water in the water jacket serves as a neutron 

shield and its loss might cause a significant increase in the neutron dose rate at specified tally 

locations. In Figure 9 the results of neutron and gamma dose rates (fuel gamma, n-g gamma 

and hardware gamma) are provided for accident scenario. For comparison, on the same graph 

plotted are the corresponding dose rates under normal conditions. As expected, loss of water 

from the water jacket has no impact on the dose rates tallied above and below the cask, but has 

a significant impact for the side tallies since the water jacket layer is present at the side of the 

cask only. It is well known that atoms with low atomic number such as hydrogen are good 

neutron moderators, therefore, loss of water from the water jacket has the greatest impact on 

the neutron and n-g gamma dose rates. While neutron dose rates are higher for the accident 

case, n-g gamma dose rates are higher under normal conditions. Specifically, at the mid-height 

of the cask’s surface neutron dose rate for normal conditions is 244.9 µSv/h and for accident 

scenario it is 7605.2 µSv/h. On the other hand, n-g gamma dose rate under normal conditions 

and for accident case are 199.7 µSv/h and 9.95 µSv/h, respectively. A smaller influence on the 

dose rates is observed for fuel gammas and hardware gammas. Fuel gamma dose rate under 

normal conditions is 142.3 µSv/h and for accident scenario it is 246.4 µSv/h. Hardware gamma 

dose rate under normal conditions and for accident case are 73.3 µSv/h and 123.9 µSv/h, 

respectively. 
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a) b) 

Figure 9: Comparison of neutron, fuel gamma, n-g, and hardware gamma dose rate 

under normal conditions and accident scenario for a) mid-height tallies, b) top tallies 

4 CONCLUSIONS 

This paper encompasses shielding analysis of the transfer cask HI-TRAC VW which will 

be used for relocating the SFAs from SFP to SFDS. Considered are source terms for real 

operating history of the 16 SFAs that will be loaded in Campaign one defined by the NEK 

SFDS project design. 

The dose rates arising from neutrons, fuel gammas, n-g gammas and hardware gammas 

are tallied around the cask surface, 1m away from the surface and 2 m away from the surface. 

The results showed that the gammas are well attenuated within the MPC, while neutrons 

predominate at the cask’s surface, depending on the axial position. Significantly higher (about 

an order of magnitude) neutron and gamma dose rates are noticed underneath the cask compared 

to the ones at the side locations, which will require special caution during transfer operations 

in order to satisfy ALARA (As Low As Reasonably Achievable) criteria. The behavior of the 

dose rates and associated relative uncertainties during calculation have shown that the dose rate 

changes are generally smooth and that the relative uncertainties decrease with the number of 

generated particles. Also, it is concluded that many more particles are required for gamma 

calculations to obtain results with satisfying statistics because they are well attenuated within 

the MPC and hardly reach the tally positions. When considering all 16 casks, the predominant 

dose rate at the top tallies arises from hardware gammas followed by neutron, fuel gamma and 

n-g gamma dose rate. At the mid height side location, the situation is more complicated. This 

is because both the source intensities and energy spectra distributions differ among the casks. 

Also, there are multiple layers of materials present on the side of the cask which affects 

considered source particles in a different manner. 

In this paper, an accident case of loss of water from the water jacket is considered too. 

The results have shown a significant impact on the neutron and consequently on n-g gamma 

dose rates at the cask side locations. Specifically, for the mid-height position, neutron dose rate 

at the cask’s surface for accident scenario is about 30 times higher than under normal 

conditions, while n-g gamma dose rate is about 20 times less. The loss of water from the water 

jacket has smaller influence on the fuel gamma and hardware gamma dose rates at the side 

locations. Both fuel gamma and hardware gamma dose rates for accident scenario are about 1.7 

times higher than under normal conditions. The impact on the dose rates at the bottom and top 

tallies is negligible because the water jacket layer is present at the side of the cask only. The 

loss of water from the water jacket has small influence on the fuel gamma and hardware gamma 

dose rates at the side tallies. Both fuel gamma and hardware gamma dose rates for accident 

scenario are about 1.7 times higher than under normal conditions. The obtained results are in 

accordance with vendor’s results, however somewhat lower due to less conservative 

assumptions. 
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ABSTRACT  

After the New Safe Confinement "Arka" was installed into the design position (ChNPP, 

November 2016), the storage conditions for unorganized radioactive waste localized inside the 

“Shelter” object (about 190 tons of nuclear dangerous fissile materials) changed. In particular, 

the volume of water entering the “Shelter” object from atmospheric precipitation has sharply 

decreased, and the air temperature has started to rise slightly due to the forced heating of the 

inner premises. This led to the fact that in room 305/2 in the zone of fissile materials’ (to which 

there is no direct access) localization, neutron activity began to increase.  

In view of the foregoing, the declared safety barriers were assessed and it was shown that 

they are either absent or require experimental and computational verification. Consequently, for 

the current ensuring of nuclear safety of the "Shelter" object, which implies guarantees that the 

impact of ionizing radiation on people and the environment will not be exceeded, such barriers 

cannot be adopted.  

Criteria and results of preliminary effectiveness assessments of the state systems of 

“Shelter” object are presented. It was shown that for purpose of operational control of the fissile 

materials’ (in the room 305/2) subcriticality level the use of state systems is unacceptable (since 

there are no access routes directly to the epicenter of these clusters and the response time is too 

high).   

 

1  ABOUT NUCLEAR SAFETY BARRIERS OF THE NSC-SO  

Inside the Shelter object there are about 190 tons of NDFM. The construction of New Safe 

Confinement (NSC) "Arka" has radically changed the storage conditions for NDFM, in 

particular, such as temperature and moisture concentration inside the SO, which directly affect 

the nuclear safety level of these clusters. Accordingly, the problem of not only ensuring NS, but 

also its revaluation becomes especially urgent and mandatory. Based on the results of previous 

studies,  
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an analysis and classification of NDFM clusters was carried out in terms of their nuclear safety 

[1]. The most dangerous and those that urgently require an increase in the level of ensuring their 

safety are fuel-containing materials (FCM) in room 305/2. In [1], the feasibility of carrying out 

new computational and experimental studies necessary for the effective control of these NDFM 

in the conditions of the NSC-SO complex is also substantiated.   

After the NSC installation in the regulatory position (November 2016), the volume of 

water entering the SO interior from atmospheric precipitation sharply decreased and the air 

temperature began to rise slightly due to heating of the premises. This has led to the fact that a 

group of measuring channels (MC) of the neutron flux density (NFD) of the standard nuclear 

safety monitoring system (NSMS) register a clearly pronounced increase in neutron activity (in 

some MCs more than 90%) in the zone of localization of NDFM clusters in the room 305/2 [2].  

In the current NSC-SO Technological Regulations [3] it is noted that SO safety is ensured 

by a system of barriers to the spread of radioactive products and ionizing radiation, as well as 

by purposeful activities of personnel during operation. According to this document, the system 

of physical barriers includes: building structures of the 4th block (first of all, walls and ceilings 

of the premises, inside which the FCM are located); building structures of the NSC; mechanical 

properties of FCM, keeping them in the form of separate local clusters. Also, as barriers 

excluding the possibility/likelihood of self-sustaining chain reaction (SCR) occurrence, the 

following are indicated: neutron-physical characteristics and geometric parameters of FCM 

clusters (for example, non-compact arrangement of NDFM clusters, excluding the possibility 

of critical masses formation under normal conditions; lack of water in FCM clusters; presence 

of neutron absorbers in the area of NDFM clusters localization; the impossibility of keeping 

water in the volume of NDFM clusters.   

In the course of a comprehensive analysis of the available data and the results of 

experimental and computational studies, it was found that the statements regarding the barriers 

does not reflect reality [4, 5]. First, the calculations of the strength of the SO and NSC structures 

in the event of a possible explosion due to the occurrence of an uncontrolled SCR were not 

performed, and in this case it is incorrect to speak about the existence of these barriers. 

Regarding the properties of the FCM clusters themselves, which supposedly exclude the 

possibility of the formation of critical masses, this statement was made on the basis of 

calculations performed with incorrect initial data [6]. For example, in all calculations, the 

concentration of nuclear fuel in the FCM did not exceed 18%, which corresponded to the results 

of the samples taken at the periphery of the NDFM clusters (it is obvious that the concentration 

is higher at the epicenter). Moreover, in [3] in table 1 relative to room 305/2 it is indicated that 

the average concentration of nuclear fuel in it is about 26%. Taking into account these facts, as 

well as the results of temperature measurements (they show two centers of increased 

concentration of nuclear fuel, in which there should be much more than 26%), the absence of 

calculations to assess the nuclear safety of NDFM clusters with uranium concentration above 

18% cannot be explained.  

The results of the analysis of the formation processes of NDFM hidden clusters show the 

inconsistency of the declared barriers "lack of water in clusters of FCM" and "impossibility of 

keeping water in the volume of NDFM clusters ". According to the “blast furnace” scenario of 

the NDFM cluster formation in the southeastern quadrant of room 305/2, the densest oxide and 

metal layers in its lower part were stratified and their material composition stabilized. This led 

to the formation of a waterproof metal layer, which ensures the retention of water in the NDFM 

environment. In addition, the cooling masses of the lower part of the cavity turned into a solid 

solution with a porous structure accessible to water through an endless cluster of micropores.  

Such a structure, consisting of micro and macropores, ensures uniform filling and retention of 

water in the breeding environment of the NDFM cluster [4].  
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Thus, as a conclusion, it is noted that the statement about the presence of NSC-SO safety 

barriers is unfounded and it requires reevaluation or verification. Therefore, in order to ensure 

the nuclear safety of the SO, which implies guarantees that the impact of ionizing radiation on 

people and the environment will not be exceeded, such barriers cannot be adopted.  

2  EVALUATION OF THE SUBCRITICALITY OPERATIONAL CONTROL 

EFFECTIVENESS OF NDFM CLUSTERS  

According to [3, 6, 7, 8], the NS of the SO is provided by the routine maintenance of the 

FCM in a subcritical state by introducing NAM solutions. At the SO, the possibility of supplying 

an NAM solution (0.1% solution of gadolinium nitrate) is carried out by:  

1. The gadolinium solution supply system (GSSS), which is designed to reduce Keff 

in the FCM clusters in the "collapse" of the reactor shaft of the 4th unit of the ChNPP;   

2. The modernized dust suppression system (MDSS), with which (in the event of 

an inoperative GSSS or when the critical levels are exceeded), Keff is reduced by spraying NAM 

on the surface of clusters located in CH-4;  

3. The installation "South-design system of operational input of 40 liters of 

gadolinium aqueous solution" (SD SOIG-40), which is designed to reduce Keff in FCM clusters 

in room 305/2. About 40 liters of gadolinium solution is supplied from the unit through a 

pressure pipeline laid in the casing of the reserve well Yu-12-105 at elevation +12.0. The 

location of the nozzle makes it possible to enter the NAM into the south-eastern sector of the 

room 305/2.  

With a sufficient periodicity of systems operation in the period from 2004 to 2009 [6], 

according to experimental data, the gadolinium content in soluble and colloidal forms was 0.2 

- 1.6 g/m3, and in the form of a solid phase it reached ~ 10 g/m3 at an initial concentration in the 

flushing solution ~ 1000 g/m3. At the same time, according to the results of measurements in 

2005, it was concluded [9] that "...gadolinium accumulates in room 305/2 as a result of 

sedimentation...". However, in recent years, the frequency of operation of the MDSS has 

significantly decreased and already according to the results of new experimental studies [6] it 

has been established that the concentration of gadolinium in water leaks from research wells 

Z9-F and Yu-9-B (the NDFM clusters localization zone) usually did not exceed 1 mg/L (see 

fig. 1). This concentration of gadolinium practically does not affect the level of subcriticality of 

the breeding medium (see Fig. 2). A short-term increase in concentration (up to values from 2 

mg/L to 5 mg/L) is associated with conducting dust suppression sessions, but even this 

concentration of neutron-absorbing substances is not enough, because the gadolinium 

concentration in the localization zone of the NDFM cluster is already 3 orders of magnitude 

lower than the boundary required for effective control of this clusters subcriticality level.   



607.4  

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020  

  

Figure 1: Concentrations of neutron-absorbing substances in the NDFM clusters  

localization zone after MDSS system operation [10]  

  

Figure 2: Concentration of neutron-absorbing substances, which is necessary for 

effective subcriticality control in the NDFM clusters localization zone 

In addition, the question remains: "to what extent is it right to use data from the periphery 

and to what extent the studied samples reflect the situation at the epicenter of NDFM clusters"? 

It is also unknown how much water is purified from boron and gadolinium salts, passing through 

the rubble of structures, layers of concrete and, in fact, FCM. According to some experimental 

studies, LFCM act as an effective cluster of filters for neutron-absorbing substances, which 

excludes their entry into the epicenter of the NDFM cluster. Thus, at the moment, at the OS 

there is practically no effective operational control of the NDFM clusters subcriticality level in 

room 305/2.  

Experimental studies of the water flows routes in the zone of NDFM clusters localization 

[4, 5], as well as establishing the fact of the cascade of basins presence on their way, are 

important. The data of the NSMS NFD MC which were registered before the installation of the 

NSC, made it possible to estimate the rate of water inflow of atmospheric precipitation into the 

NDFM clusters localization zone. It has been experimentally established that in the case of a 

sufficiently long absence of atmospheric precipitation, NFD decreases are recorded and at the 
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same time there was no reaction of the NSMS NFD MC to precipitation (which fell immediately 

after such a "dry period" in a volume less than a certain threshold). However, the subsequent 

less intense precipitation caused a change in the recorded NFD with a certain delay in the 

reaction of the NSMS MC relative to the time of precipitation. NFD MC at elevation +9.0 more 

or less promptly reacted only to water inflows due to precipitation, the intensity and duration of 

which exceeded a certain threshold. For example, with precipitation exceeding 40 mm per day, 

NSMS NFD MC at elevation +9.0 reacted within 5 - 10 hours. The reaction lag time for different 

NSMS NFD MC is different, but always depended on the amount and frequency of precipitation 

in the preceding time interval. Thus, the delay in the reaction of the NFD MC was determined 

by the intensity of precipitation and the mode of water inflow on the reactor base plate. This is 

due to the fact that on the routes of water flows there is a cascade of natural basins formed 

during the accident. If, due to a long dry period, these basins are not filled and/or the intensity 

of precipitation is insufficient, then there is a delay or elimination of direct water flows from 

atmospheric precipitation. Thus, the inflow of water into the zone of localization of clusters of 

NDFM was observed if the intermediate basins (or some of them) overflowed.   

During the operation of the GSSS and MDSS systems, the influence on the subcriticality 

level of the NDFM clusters at the lower elevations of the SO is very inertial, because the supply 

of the NAM solution is provided in the space of the reactor shaft from above (see Fig. 3). As 

mentioned earlier, there is a cascade of basins on the way of such water flows, which, firstly, 

determines the inertia of the inflow of solutions into the localization zone of NDFM at the lower 

elevations of the SO (gradual filling of this cascade of pools is required), and secondly, the 

volume of the solution must exceed the minimum threshold, which should be determined 

experimentally.  

Regarding the effectiveness of the SD SOIG-40 for the purpose of ensuring the nuclear 

safety (subcriticality level) of the NDFM clusters in the room 305/2, there are valid questions 

about its effectiveness. Firstly, this system supplies the NAM solution only to the near periphery 

of the NDFM clusters in the room 305/2, as there are no direct access routes to these clusters. 

In addition, the last (known to the authors of the article) tests of this system were carried out in 

2005. Taking into account the change in the storage conditions for nuclear fuel, a reassessment 

of the effectiveness of this system is required.  

The minimum volume of a neutron-absorbing solution (NAS) required to fill the entire 

cascade of pools along the path of water flows, as well as the supply rate of NAS, should be 

estimated by calculation and experimental methods individually for each specific route and 

delivery method. According to existing estimates, the state of readiness of the technological 

suppression system should be approximately determined by three hours if the rate of reactivity 

introduction during the development of a subcritical anomaly does not exceed 10-4 β/s and 

should not exceed 20 minutes at a reactivity introduction rate of 10-3 β/s [11]. According to 

preliminary estimates, to restore the water regime of the NDFM cluster, ensuring its 

subcriticality, it will be necessary to supply about 3-4 tons of water directly to the localization 

zone of this cluster through the western wells (at elevation +9.00) using the SD SOIG-40 

system. When supplying water from standard systems (GSSS and MDSS), the SO will need at 

least 50 tons of water and the response time will be at least ten hours [4, 5].  
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Figure 3: Diagram of water flows from state control systems and localization of radioactive 

water clusters inside the SO (the figure shows the designations of the OS internal rooms) [12] 

CONCLUSION  

The assessment of declared safety barriers of “Shelter” object is carried out and it is shown 

that they are either absent or require experimental-computational verification. Consequently, 

for the current maintenance of nuclear safety of “Shelter” object (which implies guarantees that 

the impact of ionizing radiation on people and the environment will not be exceeded) such 

barriers cannot be adopted. Also, the efficiency of operational control of the subcriticality level 

of fissile materials’ clusters in room 305/2 was assessed and it was shown that for these purposes 

the use of standard state systems is unacceptable (since there are no access routes directly to the 

epicenter of these clusters and the response time is too high), and to assess their effectiveness 

must be tested according to the presented criteria.   

The minimum volume of the neutron-absorbing materials’ solution, required to fill the 

entire cascade of pools (on the path of water flows from the state control systems), as well as 

its flow rate should be estimated experimentally and by calculation (which should be individual 

for each specific route and delivery method). According to existing estimates, the state of 

readiness of the technological suppression system should be approximately determined by three 

hours, if the reactivity introduction rate during the development of a subcritical anomaly does 

not exceed 10-4 β/s and should not exceed 20 minutes at a reactivity introduction rate of 10-3 

β/s. According to preliminary estimates, to restore the water regime (for ensuring of its 

subcriticality) of the potentially dangerous cluster of fissile materials it will be necessary to 

supply about 3-4 tons of water directly to these materials’ localization zone through the western 

wells (at elevation +9.00) using the “SD SOIG-40” system. In case of water supplying from the 

other state systems at least 50 tons of water will be required and the response time will be at 

least ten hours.  
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ABSTRACT 

Research on the integration of robotic platforms with radiation detection capabilities has 

intensified in the past decade, partly due to the catastrophic events at the Fukushima Daiichi 

nuclear power plant, but also due to fundamental advances in autonomy and user-friendliness 

of operating robotic systems. The outputs of this global effort have the potential to provide 

solutions in a wide range of critical tasks, spanning from remote routine inspections, to enabling 

collection of information from inaccessible environments, and increasing the range of survey 

options in emergency situations. Eventual adoption of this technology will be rewarding for the 

nuclear industry, particularly with respect to the safety of radiation workers, the consistency 

and completeness of the information that operators can obtain, and the clarity with which 

operators can respond to enquiries from regulatory bodies. The research presented in this article 

is driven by this vision and contributes to the concept of remote radiation inspection. Within 

the framework of the TORONE project (Total Characterisation and Remote Observation of 

Nuclear Environments), an unmanned ground vehicle with Robot Operating System (ROS) 

enabled radiation detection instrumentation has been developed. By exploiting gamma radiation 

measurements, it has been possible to carry out in-situ pulse height spectroscopy, radiation 

imaging of targeted areas using a single detector-collimator arrangement and high-resolution 

2D maps of radiation fields. The vehicle is equipped with state-of-the art LiDAR sensors, 

imaging cameras, and can be operated remotely via wireless link. This article provides an 

overview of the various subsystems and their integration, as well as the capabilities of the 

overall system, and it presents results from the first mobile characterisation deployment of a 

TRIGA reactor, at the Jožef Stefan Institute. 

1 INTRODUCTION 

The broader goal of the presented study is to demonstrate the usefulness of robotics, 

integrated with radiation detection capability, as part of a global effort to standardise the use of 

remote inspection, thus minimizing the risk of radiation exposure to workers, whilst retaining 

mailto:i.tsitsimpelis@lancaster.ac.uk
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key oversight from the safety of a control room [1]. The present article describes such 

capability, by means of a robotic platform that has the capacity of carrying out gamma 

spectroscopy and gamma imaging on demand, as well as pinpointing gamma radiation in the 

form of a 2-dimensional map; whilst LiDAR sensors allow the reconstruction of the physical 

space under investigation in three dimensions. It is hence a robotic platform that has potential 

for use in routine inspection scenarios, e.g. by conveying high spatial resolution radiation 

information, as compared to manual, single point measurements by radiation workers; whilst it 

can also be utilised in more specialised situations, e.g. in areas where human access is restricted, 

and the radiation conditions are uncertain or unknown. This is typically the case for legacy 

waste facilities requiring decommissioning and subject to billions (£) in public expenditure [2], 

[3]. The employment of robots can help reduce these timescales. In routine inspection scenarios, 

they can be used to promptly inform of any abnormalities in radiation levels. Their 

incorporation involves an initial investment, including training of personnel, that is however 

very small when considering the value of the prevention measures that are taken to reduce 

radiation risk to humans, the consistency of radiation information, and tracking down abnormal 

conditions early.  

The apparatus presented in this study is an example of the uses such a robot may have in 

day-to-day operations of nuclear facilities. Even though the present robotic demonstrator only 

characterises gamma radiation information, its framework allows it to couple different types of 

detectors, hence appealing to different scenarios. In this example scenario, the robotic platform 

was deployed at Jožef Stefan Institute (JSI) TRIGA reactor. Whilst the reactor was operating, 

measurements were carried out to a) map gamma radiation around the reactor hall, 

corresponding to a routine inspection scenario, and b) carry out imaging of the thermal 

irradiation port, corresponding to a scenario where users are interested in the radiation 

distribution of a particular area. Hence the TRIGA reactor was an ideal environment where 

different scenarios were possible to explore.   

2 METHODOLOGY 

2.1 Robot platform 

The robot platform selected (shown in Figure 1) is a commercial off-the-shelf Clearpath 

Jackal UGV (430 mm wide, 580 mm long and 250 mm in height), based on key criteria such as 

ground clearance for obstacle management, payload mass and space to accommodate the 

necessary scientific payload, whilst minimising overall size to enable access to more physically 

restricted locations. The Jackal is a popular and well-established platform in the robotics 

research community, being adopted as a platform for nuclear applications [4], [5]. A 330 Wh 

in-built lithium ion battery provides power (5V, 12V or 24V rails) and communications is 

handled by the robot computer (via USB or ethernet), with the entire system utilising the Robot 

Operating System (ROS) including scientific instruments. The robot can operate for 

approximately 2.5 hours with the addition of the scientific payload and constant manoeuvring. 
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Figure 1: A picture of the robotic platform and instrumentation. 

2.2 On-board instrumentation 

A diagram of the instrumentation incorporated with the robot platform is shown in Figure 

2. For operator vision, an RGB camera is placed at the front of the robot. To provide sensors 

for SLAM (Simultaneous Localisation And Mapping) and indication of obstacles for the 

operator, two SICK TiM 571 2D LiDARs are mounted at opposite corners to provide 

overlapping 360◦ coverage around the robot, whilst maximising the payload space in the central 

region of the platform. The central payload space accommodates an interchangeable 

instrumentation payload. To provide SLAM capabilities, the ROS package Cartographer [6] 

was used in 2D mode, utilising the two LiDARs, on-board Inertial Measurement Unit (IMU) 

and odometry provided by the robot platform. Remote communications between the operator 

and robot through ROS were accomplished with a consumer-grade WiFi router. The robot and 

sensor data can be visualized in real-time through the ROS package rviz (robot visualization). 

The radiation detection analysis hardware utilised for this research is a quad-channel 

Mixed Field Analyser (MFA, Hybrid Instruments Ltd., UK) [7].  It provides 12-bit sampling 

resolution at a rate of 500 MSa/s, and has neutron-γ discrimination and spectroscopic 

capabilities, as well as Transistor-Transistor-Logic (TTL) outputs for counting purposes [8], 

[9].  For this application, part of this commercial hardware has been ported into a bespoke 

enclosure to contain the instrumentation’s electronics, with passive cooling and 12 V DC power 

supply. The enclosure is mounted on the robot platform, in the middle section, as can be seen 

in Figure 2.  Gamma spectroscopy is carried out via pulse gradient analysis and imaging via the 

TTL outputs.   
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Figure 2: Top and side views of the robot platform and instrumentation. 

For 2D mapping and imaging of gamma radiation, a compact Cerium Bromide (CeBr3) 

scintillator detector was coupled to the MFA (Figure 3a). The detector is mounted towards the 

rear left side of the robot, above the MFA. CeBr3 offers an effective compromise having a 

relatively high light output, relatively high energy resolution (between 22-3% Full Width Half 

Maximum for energies ranging between 30 to 2600 keV), low intrinsic background and no need 

for cryogenic or mechanical cooling [10], [11].  When used with the MFA, it is possible to 

obtain spectroscopic information of γ rays with energies up to approximately 2.5 MeV.   

The imaging setup comprises a lead, slot collimator, which surrounds the CeBr3 detector 

(Figure 3b).  Dedicated servo motors have been configured to enable its field of view to be 

adjusted in terms of pan, tilt, and rotation around its own axis.  Such systems have been tested 

previously (in stand-off mode) with success in radioactive environments (see e.g. [12]).  The 

lead collimator has is 10-mm thick lead shielding around the detector, and partly covers the 

detection crystal via a 5-mm wide slit aperture. Figure 3b depicts an isometric 3D drawing of 

the imager developed and tested in this research.  Four Dynamixel (MX-28 AT) actuators 

provide rotation of the collimator in the three principal axes. The bottom and two middle motors 

provide rotation on the pan and tilt axes, respectively, whilst the motor coupled to the collimator 

allows rotation around its axis of symmetry.   

 

 

Figure 3: a) The CeBr3 detector used for this research with a UK £1 coin to indicate 

scale, b) A diagram, in perspective, of the gimbal design developed in this research including 

the slot collimator at the top of the gimbal highlighted in red. 
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2.3 Reconstruction of radiation fields 

For 2-dimensional gamma radiation mapping, the reconstruction is carried out via 

Gaussian Process Regression (GPR) [13]. Gaussian processes are able to describe arbitrary 

functions through use of sensibly constructed covariance functions, allowing for unknown 

complex radiation fields to be well estimated using this method. GPR is capable of 

interpolation, and also extrapolation to distances similar to the characteristic scale length of the 

system, in multiple dimensions. GPR can accept sparse and highly clustered data, including 

repeat measurements at the same location. It is also possible to include uncertainty estimates 

with observed data, such as Poisson variance, which is critical in this application.  

The task of radiation imaging is a two-step process as the raw data retrieved from the 

collimated sensor have to be conditioned to produce the data that constitute a coherent 

distribution image.  In this context, the former is a vector that contains the sum of radiation 

count events for a sequential set of measurement positions (D).  The imager has been designed 

such that it can be adjusted, incrementally, in the following planes: horizontal (pan angle, p), 

vertical (tilt angle, t), and rotational (roll angle, r).  During a scanning routine, data are obtained 

typically for a combination of pan and roll angles (p, r) at a single fixed tilt angle.  The data 

acquisition duration is known a priori by multiplying p, r, and measurement time.  It can vary 

depending on the conditions by which the instrumentation is used; primarily in terms of power 

capacity (battery powered when used on robots) and desired angular resolution, as well as 

distance from the target area. The data vector is used, in turn, in a ubiquitous iterative 

reconstruction algorithm (Algebraic Reconstruction Technique), which produces the radiation 

distribution of the target area. 

3 RESULTS 

The reactor core is roughly in the centre of the reactor hall. A staircase allows access to a 

platform at the top of the reactor, with the control room located outside the reactor hall. At the 

base of the reactor, roughly inline with the reactor core, are a number of irradiation beam ports 

which can be opened for various experiments. These ports are identified A-F in Figure 4. 

Further details of the facility can be found in [14]. 

 

 

Figure 4: Top view of the JSI TRIGA Mark II reactor, with irradiation ports marked by 

letters A-F. 
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3.1 2D radiation mapping of radiation fields 

Irradiation ports D and E, and the thermal column plug are surrounded by temporary walls 

as shielding, with previous and ongoing experiments being operated at these locations. Thermal 

irradiation port B was opened for the survey without shielding, producing a mixed radiation 

field of gamma rays and thermal neutrons in the main reactor hall. The robot was teleoperated 

from the top of the reactor platform, whilst the survey was performed on the floor of the reactor 

hall. The reactor was operated at 1kW during the experiment, and human access to the reactor 

hall floor was restricted. Total time to complete the survey was less than 1.5 hours. Spatially 

resolved radiation data was collected along with a map produced by the SLAM implementation 

on the robot. The reconstructed radiation map is at a 0.05 m resolution. 

As shown in Figure 5a the robot completed a loop of the reactor hall whilst sweeping 

back and forth, concentrating on close proximity to objects and walls where more activity was 

anticipated in this scenario. The radiation count rate increased in front of the open beam port B 

(x = −7.5, y = +2.5), as well as in the shielded area inscribing ports D and E (x = −8.0, y = 

−5.0). The highest individual measurement was 51 counts/second, with an average background 

activity of ≈ 1.5 counts/second. Low observed count rates mean that Gaussian approximations 

for uncertainty are for the most part unsubstantiated, and a Poisson treatment is more correct in 

this case. 

The reconstructed map in Figure 5b shows an increase in radiation intensity close to the 

beam ports A-C and a region extending in positive y direction from port B towards the wall of 

the reactor hall where another increase in count rate is observed. Due to the long aspect ratio of 

the beam port the exiting gamma radiation is largely collimated and with the radiation detector 

on the robot below the height of the beam port, only a partial increase in the radiation field is 

observed. This collimated radiation beam is correctly identified in the reconstruction as 

originating from irradiation port B. At the wall opposite port B partial backscattering of gamma 

radiation back into the reactor hall increases the measured local count rate at the lower height 

of the detector. This results in the higher radiation field recorded in this area. 

The hot spot that is present slightly next to beam port A, in Figure 5b, highlights the 

possible influence of a neutron source housed in the reactor hall behind paraffin shielding 

blocks, as well as the extracted plugs from port B which were temporarily stored on the floor 

in this area. At x = −8.0, y = −5.0 of Figure 5b, two regions of elevated radiation intensity are 

visible within the walled off region close to the reactor, an area where human access is strictly 

prohibited when the reactor is in operation as beam ports D and E are open but shielded by 

equipment. 
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Figure 5: a) Spatially resolved radiation data on a occupancy grid generated through 

SLAM, blue indicates low (background) to red indicating high, b) Reconstructed map of 

radiation intensity, blue indicates low (background) to red indicating high. 

 

3.2 Imaging of thermal irradiation port 

Figure 6a shows the robot targeting the thermal irradiation port, which emits thermal 

neutrons and collimated gamma radiation when the reactor is operating.  Although not shown 

in this photograph, paraffin blocks were used in front of the collimated port to act as a scattering 

medium.  Pulse height spectroscopy and imaging were carried out simultaneously, for 1.95 

hours. Figure 6b shows a spectrum obtained from these measurements based on 100,000 total 

counts, with the peak around an integral value of 1750 corresponding to the 511 keV gamma 

ray peak due to electron-positron annihilation. Figure 6c depicts the scattered radiation 

distribution emitted from the thermal irradiation beamport. The raw data were collected, as 

previously, on the basis of a 5° interval, 180°  90° scan of the roll and pan angle, respectively.   

 

Figure 6: a) An aerial view of the reactor hall showing the robot targeting the thermal 

irradiation port, b) A γ-ray spectrum taken at the thermal irradiation beamport of the JSI reactor, 

c) A reconstructed γ-ray image of the thermal beamport, with the reactor operating at 1 kW. 

4 CONCLUSIONS 

A robotic system equipped with bespoke gamma radiation detection instrumentation 

presented in this work can characterise and reproduce maps of gamma radiation fields, and 
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image the radiation distribution of particular locations on-demand. It is a representative 

example of robotic capability to access locations otherwise restricted to humans. As a research 

tool, the instrumentation can be modified to accommodate measurements using different 

detectors and imaging apparatuses.  The incorporation of such technology in nuclear facilities 

could be a significant aid to routine inspections and potentially enable inspection of poorly 

understood legacies where the risk of exposure would otherwise prevent access. 
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ABSTRACT 

Development of neutron detectors based on wide bandgap semiconductor technology is 

increasing as the world is experiencing a shortage of helium-3. This paper reports recent 

development of an optimised converter layer for efficient detection of thermal neutrons using a 

4H-SiC Schottky barrier diode detector system developed earlier under the scope of E-SiCure 

project (Engineering Silicon Carbide for Border and Port Security), co-funded by the NATO 

Science for Peace and Security Programme - SPS. The optimal thickness of converter layer was 

determined using two simulating codes: Monte Carlo N–Particle Transport Code (MCNP) and 

Stopping and Range of Ions in Matter (SRIM). For the converter material we have chosen 6LiF 

and 10B4C, deposited on glass and aluminium substrate. Detector testing using neutron 

irradiations was carried out at the Jožef Stefan Institute’s TRIGA Mark II reactor. The response 

of bare 4H-SiC SBD detectors for charge particle detection was calibrated using different alpha 

sources. Data collected by simulations were compared with those obtained from the irradiations 

in the TRIGA Mark II reactor. 

1 INTRODUCTION 

Neutron detection is an integral part of the global effort to prevent the propagation as well 

as the illicit trafficking of nuclear material (U-233, U-235 and Pu-239) at international border 
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crossings. With the shortage of He-3 as a detection medium in gas filled proportional counters, 

semiconductor detectors are attracting research interest worldwide. 

Our previously published results cover neutron detection testing activities performed at 

the Jožef Stefan Institute (JSI) TRIGA reactor in the framework of the E-SiCure project [1,2] 

with SiC active detector sizes of 1 mm × 1 mm ×  25µm / 69 µm and 170 µm and using 6LiF 

and 10B4C converter films with unknown thickness. We have demonstrated that simple 

detection devices based on SiC Schottky barrier diodes (SBDs), equipped with neutron to 

charged particle converter films, based on 10B and 6Li isotopes, have a clearly measurable 

neutron response, which varies linearly with the incident neutron flux. In this paper, we present 

an enhancement of the detector system design which led to maximising the neutron detection 

sensitivity of 4H-SiC SBD detector. We optimized the thickness of a thin neutron converter 

film to obtain the sufficiently high reaction probability combined with the high reaction product 

escape probability. The optimized converter layer is paired with the 4H-SiC SBD in a robust 

detector assembly which can be evacuated to maximize the detection efficiency of charged 

reaction products. The end result is optimized, neutron detection efficiency of 4H-SiC SBD 

detector. Section 2 presents the thermal neutron detection principles with an emphasis on 

thermal neutron converters. Section 3 covers simulations of the optimal thickness of thermal 

neutron converters. Both alpha and neutron response of the detector is covered in Section 4. 

Detector efficiency for thermal neutrons is discussed in this section as well. Discussion of the 

results and correlation of experimental and simulation data is given in Section 5. 

2 NEUTRON DETECTORS 

4H-SiC-based detector neutron detectors were manufactured at the National Institutes for 

Quantum and Radiological Science and Technology in Japan (QST), specifically for 

experimental testing of alpha particle and neutron response.  

SBDs were produced on n-type nitrogen doped 4H-SiC by thermal evaporation of nickel. 

An approximately 25 µm thick epitaxial layer was grown on SiC substrate by chemical vapour 

deposition (CVD) at Central Research Institute of Electric Power Industry, Japan (CRIEPI) [3]. 

The doping concentration of the epitaxial layer was about 5x1014 cm-3. An Ohmic contact was 

formed by evaporation of nickel onto the substrate and subsequent annealing at 950°C in Ar 

atmosphere. After annealing, a 100 nm thick Schottky contact on the top of epitaxial layer was 

formed by nickel evaporation through metal mask with patterned square aperture of 2 mm x 2 

mm. 

 

The SBDs were mounted and wire bonded onto chip carriers with two strip copper 

contacts. A coaxial cable (connected to the copper contacts on the chip carrier) was used to 

apply reverse bias voltage to the SBD and to send the signal to the data acquisition system. In 

order to isolate the detector components under high voltage, the chip carriers bearing the SiC 

SBDs were mounted into 3D printed plastic holders, as shown in Figure 1. 

 



609.3 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

 
Figure 1: SBDs with active volume of 2 mm x 2 mm x 25 μm mounted into plastic holders 

 

 

2.1 Thermal neutron converters 

 

For the neutron detection we used SBD with active detector size of 2 mm × 2 mm × 25 

µm with 6LiF thermal neutron converters (1.4 µm, 3.2 µm, 4.5 µm, 7.7 µm, 9.8 µm and 25.2 

um) and 10B4C thermal neutron converters (1.02 µm and 2.05 µm). Some of the converters used 

in this work are shown in Figure 2. 

 Evaporation material, 6LiF, was obtained as a powder enriched in 6Li and then evaporated 

under vacuum onto two different substrates (soda-lime glass – 10 mm diameter, 1.4 mm 

thickness, aluminium (AlMgSi0.5) - 10 mm diameter, 0.5 mm thickness) in six different 

thicknesses (1.4 µm, 3.2 µm, 4.5 µm, 7.7 µm, 9.8 µm and 25.2 um). 6LiF was evaporated from 

Al203 crucible by tantalum heater. The pressure was kept in the range 5 x 10-5 – 2 x 10-4 mbar. 

The evaporation progress was monitored by means of the change in the oscillation frequency 

of a quartz crystal as the 6LiF is evaporated. The layer thickness was measured by Rutherford 

backscattering spectrometry – for the films of 7.7 µm and thinner. For the thicker films, the 

thickness was calculated from the film mass, known surface area and material density. A 

Leybold Univex 300 thermal evaporation system was used for thin film deposition. 

Commercially available 10B4C films were produced by Helmholtz-Zentrum Geesthacht  

(HZG), Germany in their facility [4]. The sputtering system has a base pressure in the range of 

10-8 mbar and is designed for high precision deposition of single layers and multilayer X-ray 

mirrors. The enrichment of the primary 10B4C powder on 10B for the sintering process of 10B4C 

targets is about 92% as reported by the supplier. The 10B4C film were deposited on Al substrate, 
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dimensions 20 mm x 20 mm x 0.35 mm. The thin film thicknesses were 1.02 µm and 2.05 µm 

as reported by HZG. 

 

   

 
Figure 2: Thermal neutron converters  

 

 

3 MONTE CARLO SIMULATIONS 

Simulations of the effect of the thermal neutron converter thickness on the detector 

response were performed using Monte Carlo based MCNP6.2 (Monte Carlo N–Particle 

Transport Code) and SRIM (Stopping and Range of Ions in Matter) [5,6] codes. 

The range and ionization properties of charged particles created by ionization were 

calculated with SRIM. The calculated range of α and 3H particles in 6LiF was 5.82 and 32.50 

µm, while the calculated range of α and 7Li particles in 10B4C was 3.14 and 1.58 µm 

respectively. 

Assuming a homogeneous neutron field, the thermal neutron detection efficiency of the 

SiC SBD, expressed in terms of detector count rate per unit neutron flux (counts s-1 per n cm-2 

s-1) depends on the thickness of the converter layer as well as on the active surface area of the 

individual SBD. The targeted thickness of the thermal neutron converter is the one enabling the 

highest detection efficiency. Assuming that the detection efficiency of a semiconductor detector 

for incident charged particles is close to 100%, the resulting detection efficiency in this case 

will be consistent with the relative neutron sensitivity [7]. 

 

Simulations were performed with the MCNP6.2 code, in which the energy deposition of 

alpha and triton particles in the active SiC volume was calculated using the F6 tally (average 

energy deposition over a cell). The signal to noise ratio and system resolution are strongly 

related to the energy deposition of reaction products in the SiC. Simulations were run with 

different neutron converter thicknesses. A detector was modelled as a cuboid with overall 

dimensions of 1 x 1 mm with thermal neutron converters (both 6LiF and 10B4C) on top of 25 

µm thick SiC active part. A point, monodirectional neutron source, directed towards the capping 

layer was used in the simulations. The outside medium was ambient air. 
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The simulation results show that the maximum energy deposition of lighter tritons is 

achieved with a considerably thicker neutron converter film, which was expected. We did not 

simulate energy deposition of 7Li particles in 10B4C due to limitations in the MCNP6.2 code for 

the particular heavy particles. 

 

The results of SRIM and MCNP6.2 simulations show that the highest energy deposition 

rates are achieved with 10B4C thermal neutron converter films with a thickness of 2.6 – 3.14 µm 

and 6LiF film with a thickness of 33 µm.  

 

4 ALPHA AND NEUTRON RESPONSE OF THE DETECTOR 

Detector response with and without converter layer was studied using neutrons and alpha 

particles, respectively. We have performed multiple irradiations of the detector prototype with 

various alpha sources as well as the irradiations within the dry cell of the nuclear reactor for 

neutrons. 

 

4.1 Response of bare 4H-SiC SBD detectors to alpha particles 

 

For alpha particle testing and calibration the following sources were used: mixed 

electroplated alpha source of Pu-239, Am-241 and Cm-244, Th-228 reference alpha source 

(A=3.7 kBq), Gd-148 alpha particle standard (A=3.7 kBq), Pu-238 large area source (active 

area radius=25 mm, A=3.9 kBq) and Am-241 large area source (active area radius=25 mm, 

A=3.4 kBq). Due to its decay chain, Th-228 has seven energy maxima which are visible in the 

spectra. The reference date for all radionuclide activities is June 24th, 2020. Figure 3 shows the 

spectra of the mixed alpha source and the Th-228 source measured with a 2 x 2 mm detector. 

All measurements with alpha sources were performed in a vacuum chamber, p=1x10-3 bar. The 

detector shows an excellent linear energy response for the energies below 6.7 MeV (R-Square 

value of 0.9997). 

 

 
Figure 3: Response of the detector with active surface area of 4 mm2 to mixed alpha particle 

source (Pu-239, Am-241, Cm-244) – left and response of the same detector to Th-228 alpha 

reference source - right 
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The tested detector with an active volume of 2 mm × 2 mm × 25 µm has excellent 

response to the alpha decays of all alpha sources used in this work, except for the Po-212 alpha 

decay at 8785 keV (in the Th-228 radioactive chain). The covered energy range was from 3183 

keV of Gd-148 to 6678 keV of Po-216 (in the Th-228 radioactive chain) therefore we have 

linear response of our SBDs for the energies up to 6.7 MeV. The reason for the low efficiency 

of the detector to 8785 keV is the stopping power of 25 μm SiC epitaxial layer. As simulated 

with SRIM, in SiC the range of 8.8 MeV alpha particles is 37.7 μm, and the range of 6.7 MeV 

alphas particles is 24.6 μm, therefore the active thickness of our detectors insufficient to 

completely stop the higher energy alpha particles. 

 

4.2 Neutron response of the detectors 

 

Testing the response of the SiC prototype detector to thermal neutrons was carried out in 

the Dry Chamber irradiation facility of the JSI TRIGA reactor. The detectors and preamplifiers 

were installed in the Dry Chamber, signal and power cables were routed to the reactor platform, 

where the remaining components were located. 

The neutron flux, φtot  in the Dry Chamber of JSI TRIGA reactor at 250 kW is 1.6x107 n 

cm-2 s-1. Neutron flux within the neutron energy interval of 0 – 5 eV, φ0-5eV is 8.8x106 n cm-2 s-1, 

relevant for the 6Li(n,α)3H and 10B(n, α)7Li reactions. 

 

Measurements were taken with SiC detectors, active volume of 2 × 2 mm × 25 µm in 

combination with the following thermal neutron converters: 6LiF (1.4 µm, 3.2 µm, 4.5 µm, 7.7 

µm, 9.8 µm and 25.2 um) and 10B4C (1.02 µm and 2.05 µm). Both detectors and converters 

were placed in a vacuum chamber and the irradiations were performed under low vacuum, 

p=1x10-3 bar. 

Figure 4 shows the response of the 4 mm2 detector with both 6LiF and 10B4C thermal 

neutron converters to the neutron field (charged particle spectra) at reactor power of 250 kW. 

 
Figure 4: Response of the 4H-SiC SBD detector (2 × 2 mm × 25 µm) equipped with 6LiF 

(left) and 10B4C (right) thermal neutron converter layers with different thicknesses to the 

neutron field of the JSI TRIGA reactor at 250 kW 

 

The energy calibration for the recorded spectra was obtained from the measurements of 
241Am peaks only. As the calibration of detectors showed an excellent linear relationship 

(Figure 3), the calibration with 241Am only was deemed sufficient. We expected two maxima, 

one for alpha particles at 2050 keV and the other for tritons at 2730 keV, which are clearly 
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visible in our spectra. The energy positions are not perfect, and the spectra are slightly shifted 

to lower energies. From the simulation data we obtain the range for alphas of 5.82 μm and for 

tritons of 32.5 μm in 6LiF. For the 6LiF thermal neutron converters of 7.7 μm and thicker we 

can observe that there is no observable full energy alpha peak as the particles are fully absorbed 

by the film. With increasing thickness, the shape of spectra is changing as well, mainly because 

of the absorption of alpha particles of lower energy and subsequently lower range than tritons. 

 

For the detector with 10B4C neutron converter, calibration obtained from 241Am 

measurement was applied as well. Due to high ratio for the 10B(n, α)7Li reaction in the excited 

state (94%), two maxima are expected as well - one for alpha particles at 1470 keV and the 

other for 7Li at 840 keV. From the simulation data, the particle ranges are 3.14 μm for alpha 

particles and 1.58 μm for 7Li. For both film thicknesses we can observe a spectral shoulder due 

to 7Li particles and a maximum due to alpha particles. In the spectra of thicker films there is 

obvious absorption of the 7Li particles as the thickness of 1.58 μm is reached. There is no 

difference in the height of the alpha peak in two recorded spectra. 

 

The detection efficiency of the device can be simply evaluated starting from the total 

counts above 500 keV [8,9]. The neutron detection efficiency limitation is a consequence of 

reaction product self-absorption. Calculated detector efficiencies for different thermal neutron 

converter thicknesses are shown in Table 2. 

 

Table 2: SiC detector (size 2 mm x 2 mm x 25 μm) efficiency for thermal neutrons with 

different thermal neutron converter thicknesses 

Converter Thickness 

[μm] 

Sensitivity 

[counts s−1 per n 

cm−2s−1] 

Efficiency 

[%] 

10B4C 1.0 2.0 x 10-3 5.07 
10B4C 2.1 1.8 x 10-3 4.53 
6LiF 1.4 5.9 x 10-4 1.47 
6LiF 3.2 8.6 x 10-4 2.14 
6LiF 4.5 1.3 x 10-3 3.25 
6LiF 7.7 1.3 x 10-3 3.14 
6LiF 9.8 1.5 x 10-3 3.83 
6LiF 25.1 1.7 x 10-3 4.35 

 

5 CONCLUSIONS  

 

We enhanced thermal neutron detection efficiency by optimizing the thickness LiF and 

BC converter layers and designing a detector system in which the physical gap between the 

converter layer and the front contact of the 4H-SiC SBD detector is evacuated. Our second 

detector prototype with active surface area of 4 mm2 with thermal neutron converter films 

prepared by thermal evaporation (6LiF) and magnetron sputtering (10B4C)[4] showed excellent 

response to thermal neutrons. With optimization we have reached the simulated and reported 

detector efficiency[7–9,13] for the SiC semiconductor neutron detector -  of 5% for the thermal 

neutrons. 

 

The most effective 6LiF thin neutron converter film is the thickest one – 25.1 μm, while 

for the 10B4C it is not the case. The 1 μm thick 10B4C has a higher efficiency than the 2 μm one. 
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We have shown a linear response of the detector to alpha particles of different energies. Our 

neutron irradiations in the Dry Chamber irradiation facility of the JSI TRIGA Reactor are in 

close correlation with the simulation data. 

The detector shows a linear energy response for the energies below 6.7 MeV. We have 

found no influence of different substrates for the thin thermal neutron converter film nor the 

influence of vacuum conditions to the detector efficiency. We did not observe substantial 

increase of electronic noise with increasing active surface area of the detector. 

In the context of border and port security, in order to achieve sensitivity of gas filled 

detectors, BF3 or 3He, it is necessary to employ a larger active surface of the SBD. The 

maximum size of the SBD is limited by degradation of electronic properties, and consequently 

their charge particle detection efficiency. To overcome this problem, a large number of 

detectors could be configured into arrays in a semiconductor pixel radiation detector system. 
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ABSTRACT 

One of the main topics in nuclear industry is managing risks associated with nuclear fuel 

cycle, i.e. mining and milling of uranium or thorium ores, production of fuel, operation of 

nuclear power plants, reprocessing, decommissioning and managing radioactive waste and 

spent nuclear fuel. The risks associated with radioactivity is in the core of nuclear safety which 

is based on strict safety standards. Understanding the risk is a challenge even nowadays.  

It might be in particular challenging to assess a risk coming from natural radionuclides, 

i.e. radionuclides which are not man-made. The risk associated with them was put in the focus 

of basic safety standards, i.e. European Union and IAEA safety standards, in the last decade.  

The article systematically addresses five exposure situations, i.e. radon exposure, gamma 

radiation from building materials, exposure in industries processing naturally-occurring 

radioactive materials, exposures related to areas contaminated due to past activities and 

exposures due to consumer products. The exposure situations are either planned or existing 

exposure situations according to the Council Directive 2013/59/EURATOM. The management 

of exposures caused by natural radionuclides requires detailed justification which might be 

particularly challenging when the situation is existing exposure situation. It should be also noted 

that nowadays only very limited experiences related to the challenging situations mentioned 

exist. 

1 INTRODUCTION 

Very often the main obstacle of the use of nuclear energy is the public perception based 

on the assumption that any human activity related to any kind of radioactivity is associated with 

unacceptable risks. This perception is somehow understood, considering the history of nuclear 

science and technology. Namely, this history is inevitably linked to nuclear weapon although 

the medical use of this technology, i.e. a use of this technology in major improvement of human 

lives, started decades ago before a use of nuclear weapon. While the man made radiation 

sources area usually accompanied with serious concerns by the general public the risk 

associated with natural sources of radiation seems not to attract public attention. It must be 

noted that natural sources of ionizing radiation are very often perceived as unharmful although 

nature as such might pose a severe risk to a human being. Therefore, neglecting the fact that 

natural sources of radiation might cause risk to humans which should be regulated seems to be 

unjustified. 

A need to set safety standards when using ionizing radiation occurred very soon after 

discovery of X-rays in 1895 and radioactivity in 1896. The need for international standards 

culminated in the establishment of the International Commission on Radiological Protection 
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(ICRP) in 1928 to “advance, for the public benefit, the science of radiological protection, with 

its work in the early years focusing mainly on occupational exposure in medicine” [1]. Later 

other areas related to radiation protection were developed including protection of the general 

public. Till today the ICRP recommendations are widely used in national and international 

legislation and guides, e.g. by EU Member States, IAEA and WHO. The recommendations are 

based on scientific evidences including UNSCEAR publications. As science develops on data 

such as given in the European Atlas of Natural Radiation [2], so do recommendations and as 

consequence regulations. 

One of the major changes in a control of ionizing radiation in the European Union (EU) 

in 2013 was introduction of detailed requirements to control a risk associated actually with 

natural radiation sources [3]. In this respect it is beneficial to analyse how natural radionuclides 

enter in a modern word, i.e. in an everyday life of a lay citizen and what kind of basic safety 

standards related to associated risk exist.  

The overview is focused on present activities in Europe which are initiated by regulatory 

authorities to assure that exposure due to natural radiation sources is based on basic principles 

which are defined in [3], i.e. justification of exposure, optimisation of radiation protection and 

in so-called planned exposure situations also dose limitation. Exposures due to natural radiation 

sources can be managed as: 

 planned exposure situation, using dose constraints and dose limits; 

 existing exposure situation, using reference levels as a tool for optimisation of 

radiation protection. 

In general, natural radiation is not associated with emergency exposure situation, 

although in some cases natural radiation sources might cause so high exposures that any delay 

in managing exposures might be considered as unjustified. Details are given in [3].  

When managing exposures related to natural radiation sources uncontrollability of a 

source might prevent efficient control. A full control of doses can be taken either by controlling 

a source or a pathway. A typical man made source where a full control can be taken is operation 

and decommissioning of a nuclear power plant (NPP). An NPP as a source of exposures, can 

be built or not in a state and when constructed a full control over exposures caused by an NPP 

can be exercised. As an example how difficult is to control exposures related to natural radiation 

sources is a control of the exposure related to radon gas. Namely, a concentration of uranium 

series radionuclides in a soil is not controllable so that the only option is to control a pathway, 

e.g. not to build a house at all, implement specific construction model for a building or control 

occupancy factor in such building.  

Understanding regulatory approaches to control exposures related to man-made and to 

natural radiation sources is also important for all involved in nuclear arena. Namely, the 

economy of nuclear power plants is driven among others by comprehensive safety rules in order 

to assure nuclear safety. In this respect, it is very important that designers, operators, regulators, 

radioactive waste agencies and other stakeholders understand safety standard framework 

related to ionizing radiation. In the EU three basic directives stream nuclear safety and radiation 

protection, i.e.:  

1. Council Directive 2009/71/EURATOM on nuclear safety and its amendment from 

2014 [4], 

2. Council Directive 2011/70/EURATOM on safe management of spent fuel and 

radioactive waste [5], 
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3. Council Directive 2013/59/EURATOM on basic safety standards for protection 

against the dangers arising from exposure to ionising radiation (EU BSS Directive) 

[3]. 

They form harmonized set of requirements, some of them are technical. In particular, the 

Council Directive 2013/59/EURATOM is very technical, e.g. with more than 1100 technical 

parameters. It is based on the ICRP 103. Details are given elsewhere, e.g. in [6]. Among many 

novelties it opens a door for controlling risks associated with natural radiation sources. In the 

literature different definitions of natural radiation sources and radioactive materials exist, some 

authors also introduce specific terms such as naturally occurring radioactive materials (NORM) 

as well as technologically enhanced naturally occurring radioactive materials (TENORM). The 

article addresses exposures due to radionuclides which were not man-made, i.e. in a reactor or 

an accelerator.  

2 REGULATING EXPOSURES DUE TO NATURAL SOURCES IN THE EU 

The exposure due to natural radiation sources is described elsewhere [7]. The UNSCEAR 

reported that typical range of annual effective dose is 1 - 13 mSv/y. For the sake of 

completeness, Table 1 which is based on data from Table 12 in [7] shows the distribution of 

annual effective doses related to natural sources calculated for the public exposures. In order to 

set a perspective on dose limits and reference levels from [3] these data are also given. The data 

need some reflection. Namely, as new basic scientific evidences are coming the recalculation 

of some of the contributions given in the Table 1 might be needed. Recalculations might be also 

needed to improve parameters in the models applicable when calculating public exposure, e.g. 

age distribution and occupancy factor.  

Table 1: Public exposure to natural radiation calculated by the UNSCEAR [7] and dose limits 

and reference levels from [3] 

Source Annual effective 

dose [mSv] 

Range [mSv] 

(parameter determining the range) 

Cosmic and cosmogenic 

radiation 

0.39 0.3 -1.0 

(from sea level to high ground 

elevation) 

External terrestrial radiation, 

i.e. indoors and outdoors 

0.48 0.3 -1.0 

(radionuclide composition of soil and 

building material) 

Inhalation exposure due to 

uranium and thorium series, 

radon and thoron 

1.26 0.2 -10 

(indoor accumulation of radon gas) 

Ingestion exposure due to 40K 

and uranium and thorium 

series 

0.29 0.2 -1.0 

(radionuclide composition of foods and 

drinking water) 

Total 2.4  1.0 -13 

Dose limits: 1 mSv per year 

Reference levels: 1 to 20 mSv per year  

(Note: a reference level below 1 mSv per year may be set, where appropriate, in an existing 

exposure situation for specific source-related exposures or pathways of exposure.) 

 

From the Table 1 it is evident that some contributions might be very dominant, e.g. 

exposure due to accumulation of indoor radon gas. The Table also shows that the controllability 
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of some exposures might be an issue. Namely, when controlling a risk to an exposure only two 

possibilities exit, either a control of a source or a control of a pathway. Therefore, controlling 

some of sources as well as their pathways might be an issue, e.g. radionuclide composition of 

soil. In addition, some ranges given in the Table 1 are relatively large leading to the conclusions 

that there are going to be huge variations when managing exposures to natural radiation. What 

might be an issue in one country or region, might not be elsewhere. 

From the Table 1 it is already visible that exposure to radon gas is usually the dominant 

contributor to the dose and that building materials might be a subject of concern. As already 

mentioned some of the exposures are difficult to control or are actually uncontrollable. 

The same type of table as given above can be also dedicated to occupational exposures. 

The data from UNSCEAR [7] shows that the occupational doses due to natural sources might 

be much higher than doses related to the operation of an NPP and even whole nuclear fuel cycle 

as such. Therefore, exposures in so-called industrial sectors involving naturally-occurring 

radioactive material are the concern of regulatory authorities. For the sake of completeness it 

must be mentioned that the operation of aircraft and spacecraft in relation to the exposure of 

crews is also tackled in the EU BSS Directive [6]. This type of exposure is not related only to 

radionuclides such as cosmogenic 3H, 7Be, 14C and 22Na, but complex radiation field exists 

where muons, electrons, neutrons, pions and photons just to mentioned some of the particles, 

play their roles. Exposure due to cosmogenic radionuclides is just a minor component to the 

overall exposure of the crews mentioned. Therefore, this type of exposure is not addressed 

further in the article although the doses to the crew can be substantial. Details on regulatory 

control of such exposures are given elsewhere, e.g. in [3]. 

2.1 Radon Exposure 

For the sake of completeness it must be pointed out that when addressing so-called radon 

or radon gas exposure the radionuclide 222Rn and its progeny are of concern. The EU BSS 

Directive strengthened the control over radon exposure. While only recommendations were 

published in the past, the EU BSS Directive introduced strict measures. Namely, about ten years 

ago epidemiological findings from residential studies demonstrated a statistically significant 

increase of lung cancer risk from prolonged exposure to indoor radon at levels of the order of 

100 Bq m–3. It is estimated that worldwide radon exposure is linked to about 222 000 out of the 

1.8 million lung cancer cases reported per year and in Europe alone it has been estimated that 

18 000 lung cancer cases per year are induced by radon [7]. The European Indoor Radon Map 

has been established already in 2006.  

Radon exposure should be analysed and controlled when necessary. The EU BSS 

Directive requires so-called Action plan prepared by EU Member States to address risks 

associated with radon. The Action plan should address radon at workplaces as well as radon in 

dwellings and other buildings. The Action plan should be country specific as while some 

countries might not have elevated levels of radon, e.g. the Netherlands, the others are confronted 

with unacceptable high levels due to geology, construction of buildings and way of life, e.g. 

Sweden.  

Whenever possible radon exposure should be addressed already during design and 

construction of a building as it might be expensive to implement measures once a building is 

constructed. The European Commissions published a specific document addressing how to 

manage radon in workplaces [8]. It must be noted that also nuclear facilities might have 

enhanced level of radon at workplaces and the operator should address associated risk, i.e. in 

the EU in line with the EU BSS Directive.  
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The reference level of 300 Bq/m-3 should apply, i.e. the reference level for the annual 

average activity concentration in air shall not be higher than 300 Bq m-3 [3]. A control related 

to radon exposure tackles development of standardisation of measurement, development of new 

techniques, new dosimetry approaches, mitigation techniques as well as re-evaluation of 

building construction techniques. The implementation of a control can severely influence also 

real estate market. 

2.2 Gamma Radiation from Building Materials 

Building materials with elevated concentration of radionuclides from uranium and 

thorium series and 40K emit gamma radiation which might cause doses which cannot be 

disregarded from the radiation point of view. It must be stressed that doses of concern taking 

into account the EU BSS Directive are doses of occupants of a building. Managing a use of such 

material has been implemented in some countries for decades, e.g. in Finland.  

The EU BSS Directive introduced a few step process to assure that such material is not 

going to be put on a market without a proper control. The reference level applying to gamma 

radiation emitted by building materials, in addition to outdoor external exposure, shall be 1 mSv 

per year. 

The control includes screening of targeted materials in order to identify if elevated 

concentrations exist. The screening is based on an indicative list of materials as given in the EU 

BSS Directive including natural materials, e.g. alum-shale, granitoides (such as granites, syenite 

and orthogneiss), and tuff as well as materials incorporating residues from industries processing 

naturally-occurring radioactive material, e.g. fly ash and phosphogypsum. 

The screening is based on determination of activity concentration of 226Ra, 232Th and 40K. 

The screening method given in the EU BSS Directive based on so-called activity concentration 

index should simplify screening so that it will eliminate material which does not require further 

attention. Such material can be put on the market. If material requires attention the dose 

assessment should follow and in case that the dose is above the reference level restriction or 

even prohibition apply. It must be stressed that realistic assumptions on a use of building 

materials are required by the EU BSS Directive, e.g. taking into account parameters such as 

density, thickness of the material as well as factors relating to the type of building and the 

intended use of the material (bulk or superficial). It must be noted that the screening and 

subsequent dose assessment are still somehow novelty in many EU Member States and the 

regulatory framework managing a global trade of building materials is still under development. 

2.3 Industries Processing Naturally-Occurring Radioactive Materials  

While facilities related to nuclear fuel cycle has been regulated for decades from 

radiations safety point of view a control of industries processing naturally-occurring radioactive 

materials is actually a novelty.  The industries as well as associated research and relevant 

secondary processes might require implementation of safety rules either because materials 

already entering in the process have already elevated levels of radionuclides or during a process 

such increase occurs, e.g. as a slag or in a by-product just to mention two options. Therefore, 

industries processing naturally-occurring radioactive material extracted from the earth's crust 

might increase exposure of workers and, if material is released into the environment, members 

of the public. Such exposure might not be disregarded from radiation protection point of view. 

Radionuclide 40K and radionuclides from uranium and thorium series are of concern. 

A list of industry given in the EU BSS Directive is very long and includes industrial 

sectors, extraction of rare earths from monazite, production of thorium compounds and 
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manufacture of thorium-containing products, processing of niobium/tantalum ore and oil and 

gas production just to mention few of them. The whole list is given in Annex VI in [3].  

The EU BSS Directive requires that these industries are managed as planned exposure 

situations, i.e. using notification of activity and authorisations as well as inspections as tools 

when regulating these industrial activities. Dose limits and dose constraints apply. It might be 

appropriate to stress that IAEA GSR Part 3, which gives international basic safety standards [9] 

address such situations within a framework of existing exposure situation. 

Controlling exposure of workers and the general public requires detailed safety 

assessment taking into account general safety rules which are usually already implemented at 

such facilities. Usually radiation fields at an industrial facility which might extend on a large 

area show huge variability. Therefore, it must be noted that as a rule these industries require 

comprehensive case-by-case analysis as processing of naturally-occurring radioactive materials 

is very site specific activity. As a rule, strong cooperation of qualified experts with industrial 

facility is needed in order to identify where high concentrations of radionuclides occur and how 

to optimise occupational exposures, use clearance levels of materials to be released and manage 

radioactive waste as appropriate.  

2.4 Areas Contaminated due to Past Activities 

In the last decade regulatory authorities in Europe focused also on contaminations of areas 

by residual radioactive materials which are related to past activities that were never subject to 

regulatory control or were not regulated in accordance with the requirements laid down by the 

EU BSS Directive. The contamination might be caused either by research activities, e.g. 

facilities associated with Marie Sklodowska Curie research in Paris and production of radium 

for medical and industrial purposes like production of watches with radium luminous paint also 

called radioluminous paint in Switzerland. As a rule, historical data are needed to find locations 

of such areas and usually year-long program shall be conducted [10, 11, 12]. Two examples 

can be given. The Radium Action Plan addressing about 1000 potentially contaminated 

properties in Switzerland, i.e. houses and gardens, has been extended till 2022 while the very 

first plan was prepared in 2015 [9]. In France the partial characterisation of sites associated with 

radioluminous paint was conducted in 2000 and the project to clear sites is still going on [11]. 

These situations are managed as existing exposure situations. It must be stressed that 

radionuclides involved in such situations might have the highest level or radiotoxicity, e.g.226Ra 

belongs to the radiotoxicity group 1 [13]. 

For the sake of completeness it must be stressed that commodities originated from areas 

mentioned above should also be treated within a framework of existing exposure situation 

excluding food, animal feeding stuffs and drinking water according to the EU BSS Directive. It 

must be noted that IAEA GSR Part 3 does not contain such exclusion. 

2.5 Consumer Products 

Consumer products such as thoriated lenses and timepieces with radioluminous paint, 

pose a specific challenge. Namely, by definition once such products are put on the market they 

are “without special surveillance or regulatory control after sale” as given in [3]. Therefore, 

their design, production, import and export should be controlled when necessary. While in the 

first decades of the last centuries numerous consumers products were produced which were 

from the present point of view of the science, actually contaminated with naturally occurring 

radionuclides, this is not the case anymore. The present situation related to a use of consumer 

products in the EU is described in [14, 15], where exiting, novel and historic items are 
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described. Today, deliberate addition of such products to some consumer products, i.e. toys and 

personal ornaments is prohibited in the EU as well as import and export of such products. A 

complex regulatory regime is also given in IAEA GSR Part 3 addressing among other 

requirements also strict responsibilities of providers of consumer products. In the globalized 

world as pointed in [16] such approach seems to be urgently needed as it might be easy to buy 

a product which causes a concern from radiation point of view. Such items have been reported 

in Switzerland [17], namely ornaments, and in Australia, where radioactive pendants as so-

called scalar energy products were identified [18]. 

3 CONCLUSIONS 

Exposures related to natural radionuclides in modern world became the focus of the basic 

safety standards [3, 9] in the last decade. One of the major boost to strengthen a control over 

exposures due to natural radionuclides was given by S. Darby and co-workers [19] corelating 

radon exposure and lung cancers at relatively low concentration of radon.  

The analysis showed that neglecting cosmic and cosmogenic radiation, five exposure 

situations exist, i.e. radon exposure, gamma radiation from building materials, exposure in 

industries processing naturally-occurring radioactive materials, exposures due to areas 

contaminated related to past activities and exposures due to consumer products. Additional, but 

somehow less known situations might also exist as already pointed in [20].  

The management of exposures caused by natural radionuclides requires detailed 

justification which might be particularly challenging when situation is existing exposure 

situation. The situations where presence of naturally occurring radionuclides can cause 

exposures which cannot be disregarded from radiation point of view are basically very different 

from each other. It should be also noted that nowadays only very limited experiences related to 

the challenging situations mentioned exist.  
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ABSTRACT

Complex industrial applications still handle turbulence modelling using Reynolds Aver-
aged Navier Stokes (RANS) models. Based on local-averaged quantities, this approach reduces
the required computational effort with respect to more accurate modelling strategies for turbu-
lence, such as Large-Eddy Simulation (LES). Despite its limitations, RANS is still the most
popular approach in use for CFD analysis in the nuclear field. However, in recent years the
safety requirements for nuclear installations have become even more restrictive, and accurate
fluid-dynamics simulation for safety-related purposes must take into account the impact that
turbulence can have on the diffusion of momentum and energy and any local phenomena that
may contribute to instabilities. As RANS modelling cannot provide the required level of accu-
racy and rigour in the treatment of turbulence, reactor modelling using LES approaches is an
ongoing field of research. This work further explores this field by proposing a full LES analysis
of the reactor core of the TRIGA Mark II reactor at University of Pavia, also providing some
best practices for LES simulations. Preliminary results of the proposed model are presented and
compared with RANS ones previously obtained.

1 INTRODUCTION

Complex industrial applications still handle turbulence modelling using Reynolds Aver-
aged Navier-Stokes models. This approach reduces the required computational effort by elim-
inating all turbulent fluctuation through the time-averaging process. Therefore, fluid equations
are in terms of local-averaged flow field quantities. With RANS, all turbulence is modelled;
the main issue is that there is no universal RANS model for turbulent behaviour, nor there is a
fundamental physical law underlying all RANS models. A certain model may be adequate for a
specific application but unsuitable for another. Despite these limitations, RANS is still the most
popular approach in use CFD analysis in nuclear reactors [1].
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Large-Eddy Simulation approaches lie between Direct Numerical Simulation (DNS) and
RANS ones. Whereas DNS directly reproduces all the scales of turbulence without any mod-
elling assumption, the LES approach resolves only the larger scales of turbulence, while still
modelling the smaller ones. This method uses a low pass filtering based on grid size on the
equations, eliminating the smaller length and time scales. Compared to DNS, this approach re-
duces the required computational effort. As DNS modelling is feasible only for small test cases
and simple geometries, for Computational Fluid Dynamics (CFD) analysis LES modelling rep-
resents the reference approach.

Accurate simulations in CFD must take into account the impact that turbulence can have
on the diffusion of momentum and energy. For wall-bounded flows such as the cooling channels
of nuclear reactors, additional turbulence terms may cause a significant increase in heat transfer
and wall stresses. Turbulent phenomena may also be responsible for instabilities. An accurate
safety analysis of nuclear systems requires a very precise and rigorous treatment of turbulence.
Even though RANS models still represent the state-of-the-art in this field, the feasibility to
more accurate approaches, in light of the fast improvements in terms of computational speed,
represents an ongoing field of research. This is especially true for more complex reactor designs
where turbulence may play a significant role.

Reactor modelling using LES is still a field of research (as in [2], for example), and it
is useful to test it on smaller-scale nuclear systems such as research reactors, in order to iden-
tify the modelling best practices and bottlenecks. The use of research reactors as benchmark
for LES modelling allows to evaluate their performance and required computational resources
with respect to a full system, for example a whole reactor core compared to a single fuel as-
sembly. The TRIGA (Training Research and Isotope production General Atomics) studied in
this work is a pool-type research reactor with maximum power 250 kW with an asymmetric
core configuration (Figure 1). The fluid-dynamics of the TRIGA reactor at University of Pavia
was previously studied by the authors adopting a RANS approach for turbulence [3], and these
studies represent the basis for this work. In particular, the CFD model of the reactor core [4]
was taken as starting point from which the present LES model is built.

This paper is organised as follows. Section 2 introduces the model equations and briefly
describes the two different approaches for the modelling of turbulence (RANS and LES), focus-
ing on their main differences. Section 3 describes the case setup and the adopted strategies for
the discretization, mesh generation and initialisation of the LES simulation. Section 4 reports
the preliminary results of the model, focusing on its differences with respect to the RANS one.
Section 5 summarises the findings of the paper.

2 THERMAL-HYDRAULICS AND TURBULENCE MODELLING

The water flow in the TRIGA reactor is assumed to be incompressible, Newtonian and
with constant physical properties (taken at 20 ◦C). Buoyancy is modelled using the Boussinesq
approximation, meaning that density variations are taken into account only when they appear
as a source term in the momentum equation:

∇ · u = 0,

∂u

∂t
+∇ · (uu)−∇ · (ν∇u) = −∇p− gβ(T − TR),

∂T

∂t
+∇ · (uT ) = α∆T,

(1)
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Figure 1: Core configuration. Different colours correspond to different type of elements: white
- irradiation channel (2), light grey - steel-clad fuel elements (27), gold - instrumented steel-
clad fuel elements (3), red - control rods (3), blue - aluminium-clad fuel elements (50), grey -
graphite elements (5), yellow - neutron source (1). In black the XY mid-plane.

where u represents the velocity vector, ν is the kinematic viscosity of the fluid, p is the nor-
malised pressure with respect to density, g is the gravity acceleration and α is the effective
thermal diffusivity of the fluid.

2.1 Turbulence Modelling

The RANS approach is based on the assumption that the velocity field u can be written
as a sum of its average behaviour U and a oscillating component u′ which describe the chaotic
behaviour of the flow. By substituting this decomposition to Equation 1 the Reynolds-Averaged
Navier-Stokes equations are obtained, and the substitution gives rise to six additional terms
in the form Rij = ρu′iu

′
j . These terms are associated with the momentum exchange due to

convective transport by the turbulent eddies. They represent six additional unknowns, and hence
requires six additional equations. Standard RANS approaches computes the value of these terms
starting from an aptly-defined turbulent viscosity νt and transported variables [5]. For example,
considering the κ− ε RANS model:

Rij = νt

(
∂Ui
∂xj

+
∂Uj
∂xi

)
− 2

3
ρκδij

νt = Cµρ
κ2

ε

(2)

(3)

where Cµ is an empirical constant, κ is the turbulent kinetic energy and ε is the turbulent dis-
sipation rates. These two quantities are determined by solving additional transport equations,
which, for sake of brevity, are not reported here. The main limitation of the RANS approach is
that, by performing an averaging operation, it neglects the different behaviour of different-scale
turbulent eddies.

LES approaches introduce a distinction between the different turbulence scales. Whereas
the large anisotropic eddies, which contains most of the turbulent energy, are directly computed,
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702.4

the small isotropic and less energetic ones are modelled, as is easier to accurately capture the
behaviour of the latter with models. Instead of averaging, an operation of space-filtering is
performed to obtain Navier-Stokes equations that governs the dynamics of the large eddies
only. The filtered velocity can be written as:

ũ = G~ u (4)

where G is the convolution kernel, which changes according to the filter type used, and ~
denotes the convolution operation. The filter kernel uses cut-off length and time scales ∆ and
τ ; scales smaller than these are eliminated from ũ and collected in the sub-filtered portion u′.
By applying the filtering procedure to the Navier-Stokes equations six additional terms in the
form τij = ˜uiuj − ũiũj arise, which represent the sub-grid scales of velocity [6]. Using an
appropriate sub-grid model, such as the Smagorinsky one, this term can be modelled as:

τij = −2(Cs∆
2)|S̄|S̄ij +

1

3
δijτkk

|S̄| =
√

2S̄ijS̄ij

S̄ij =
1

2

(
∂ũi
∂xj

+
∂ũj
∂xi

)
(5)

(6)

(7)

where Cs is an empirical constant. Van-Driest damping is used in order to have zero turbulent
viscosity at solid boundaries.

3 CASE SETUP AND DISCRETISATION

All calculations are performed using the Finite Volume open-source code OpenFOAM.
Mesh generation has been carried out using the commercial software ANSYS Workbench, using
as basis geometry a high-fidelity CAD (Computer-Aided Design) model of the reactor core. To
reduce the computational times involved in a LES computation, the PIMPLE (merged PISO-
SIMPLE) algorithm for pressure-velocity with the Boussinesq approximation for temperature is
used. The main advantage of this method over the standard PISO is that it allows for larger time
steps, overcoming the limitation of the Courant number, and permits to achieve better stability
by iterating in SIMPLE mode over a single time step until convergence is achieved. For the
present case, the convergence criteria were (a) a decrease of the numerical residuals by five
orders of magnitude and (b) continuity errors in the mass flux below 10−8.

The mesh is made mainly of orthogonal hexahedra (except for the narrower regions be-
tween fuel elements) to remove the need of non-orthogonal correctors and gradient reconstruc-
tion sweeps and also improving stability. As previously done in [4], the two supporting grids and
the upper and lower spacers, which from a geometrical standpoint are the most complex and
asymmetric elements in the core, were modelled using a porous medium approach. Second-
order schemes were chosen for the discretization to limit numerical diffusion. The mesh has
791’566 elements (with average non-orthogonality less than 5% and max skewness equal 0.88).

For the LES simulation, small grid sizes are required mainly for two reasons: (1) for
better accuracy, it is desirable that the sub-grid scale modelling is reduced, by keeping ∆ as
low as reasonable considering the computational times; (2) the finer the grid, the higher is the
accuracy in capturing the large-scale flow structures. Clearly, the finer the grid the higher the
computational times, hence in the present work it has been chosen to focus more on meshing
in the wall-normal direction whilst using a coarser discretization in the expected flow direction.
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Figure 2: Adopted mesh for the reactor core (full and detailed view).

Cells in the latter are kept equidistant, while in the former they vary stretching up to one-third
of the channel half-width. Figure 2 shows the generated mesh.

Finally, to improve convergence and run-time, the LES simulation was not started from
stagnant conditions. Rather, at first the mean flow was computed using a steady-state RANS
on a coarse grid. Convergence of this preliminary simulation is not relevant, but it should be
quick enough to do trial-and-error on it in order to identify the best settings for the test case.
Once a satisfactory RANS solution is obtained, the mean velocity and temperature fields are
mapped on the finer grid, and synthetic, randomly-generated turbulence is then superimposed
on the mean flow. This represents the initial condition for the LES simulation. This way, case
optimisation is made on the quick RANS, and only minor tweaks will be needed for the LES
case. The Smagorinsky SGS model was adopted for sub-grid modelling. The adopted boundary
conditions are summarised in Table 1.

Table 1: Boundary conditions for the core model. The power produced by the fuel elements is
taken as input data according to Monte Carlo calculations [4].

Inlet Outlet Fuel Adiabatic surfaces
Pressure ∂p

∂n
= 0 1.5 bar ∂p

∂n
= 0 ∂p

∂n
= 0

Velocity calculated ∂u
∂n

= 0 u = 0 u = 0

Temperature T = TR
∂T
∂n

= 0 q′′ = Asin(Bz + C) +D ∂T
∂n

= 0

Turbulence Freestream ∂
∂n

= 0 ∂
∂n

= 0 ∂
∂n

= 0

4 RESULTS AND DISCUSSION

The results obtained with the LES simulation are compared with those previously ob-
tained in [4]. Figure 3 shows the instantaneous temperature field in the core XY mid-plane for
the LES and the RANS case. The first difference is that the LES model is able to predict the
upward diffusion of heat even in the upper porous region. The hot water exiting the core from
the top is responsible for the heating of the reactor pool, thus creating the conditions for natural
convection. The stand-alone RANS model fails at predicting this upward diffusion. However,

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7–10, 2020
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the LES model seems to predict lower temperature values in the peripheral region outside the
external fuel ring, only slightly above the ambient one. Interestingly enough, both models do
not predict any downward diffusion of heat.

Figure 3: Temperature field in the XY mid-plane of the core (left - LES ; right - RANS).

Figure 4 shows the velocity profile for the LES and RANS simulations using the LIC
(Line Integral Convolution) and vector glyphs representation. Only the LES model is able
to identify the recirculation region in the upper porous region, which are caused by natural
circulation. Indeed, the RANS model detects almost neither recirculating nor cross-flow, but
instead water flows in a single direction from bottom to top. This is not compatible with the
natural circulation regime expected in the TRIGA core, for which downward flow from the
pool and cross-flow from the peripheral to the central regions are significant. Water flowing
downward in the peripheral zone also explains why the LES model predicts lower temperatures
in this region. Interestingly enough, even without simulating the reactor pool the LES model is
able to partly reconstruct its effect on the core flow regime.

Figure 5, which shows the velocity profile in the active zone outlet section for the LES and
RANS cases, confirms the cross-flow of colder water from the peripheral to the central regions,
as well as some recirculation zones outside the fuel rings. These small vortexes, not observed
with the RANS simulation, are likely due to the downward flow of water coming from the top.
In terms of computational times, it is worth noting the influence of the initialisation through
RANS simulation: without it, acceptable convergence for the LES case was obtained after 351
CPU-hours; with it, this time was reduced to 242 CPU-hours plus 35 CPU-hours for the RANS.

5 CONCLUSIONS

This paper proposes a LES model of the reactor core of the TRIGA Mark II reactor at Uni-
versity of Pavia, aiming to contribute to the literature on LES modelling for nuclear reactors by
providing a test case of an entire reactor core. In particular, some strategies for LES modelling
were presented, such as the initialisation of the test case through a coarse RANS simulation,
the use of the PIMPLE algorithm and second-order schemes, and the use of porous media for
the most complex geometries in the model. The preliminary results presented in this work aim
at highlighting the difference between LES and RANS simulation of the same case and on the
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Figure 4: Velocity field in the XY mid-plane with the LIC (Line Integral Convolution) and
vector representation (left - LES ; right - RANS).
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same numerical grid. In particular, the LES model is able to predict upward diffusion of heat
and recirculation vortexes in the core, not seen by the RANS model. These results prove the
need for accurate turbulence modelling even for a relative simple case of a small-scale reactor.

Figure 5: Velocity field in the active zone outlet section (top - LES ; bottom - RANS).
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ABSTRACT

At Politecnico di Milano, the experimental facility DYNASTY has been built to study
natural circulation of fluids with internal heat generation, and the reliability of passive safety
strategies in the Generation IV molten salt reactor. In a preliminary step prior to the simulation
of the entire facility with computational fluid dynamics and large-eddy simulation, in this work
LES is applied to pipes with flow conditions similar to those found in DYNASTY. The rather
low Reynolds number, typical of the laminar to turbulent transition region, and the focus of most
of the available literature on channel flows, explain the need for further understanding of LES
requirements and predictive capabilities in such conditions. An incompressible adiabatic flow
at Re = 5300 is predicted in a cyclic pipe section with numerical solution meshes of increasing
quality and refinement, and using the WALE sub-grid scale model. Comparison with direct
numerical simulation results demonstrates good accuracy in predicting the turbulent flow field,
and frictional pressure drops, essential for the stability features of natural circulation loops, are
also successfully determined. As expected, accuracy of the results depends strongly on the grid
refinement. More importantly, refinement levels appropriate to achieving a desired accuracy, but
maintaining the model’s computational tractability on the large spatial scales and long temporal
transients of natural circulation loop studies, are identified.

1 INTRODUCTION

Natural circulation loops (NCLs) are experimental facilities aimed at increasing the knowl-
edge on the dynamic behaviour of buoyancy-driven single phase fluid systems [1]. DYNASTY
is a natural circulation loop based at Politecnico di Milano, which includes the possibility of
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heating the working fluid in a uniform and distributed manner, emulating the conditions occur-
ring in the molten salt nuclear reactor. This Generation IV reactor design relies on the internal
heat generation to achieve natural circulation of the liquid fuel in accident conditions and there-
fore enhance the safety of the system [2]. Due to the complex nature of the buoyancy-driven
physics behind natural circulation, achieving good understanding and a predictive capability of
the phenomena involved is imperative for the engineering design. Computational fluid dynam-
ics (CFD) allows a detailed representation of thermal-hydraulic systems such as NCLs [2]. In
recent years, high-resolution models of turbulent flows such as large eddy simulation (LES)
have been progressively developed and employed for their potentially greater capabilities and
reliability in predicting flow dynamic features with respect to RANS models [3]. In this work,
LES is tested on a simple and easy to reproduce scenario that is, however, expected to be rep-
resentative of the flow regimes encountered in the DYNASTY facility in order to be able to
understand LES requirements for modelling such systems and efficiently simulating unstable
transients in the full-scale facility. The work is focused on a Re = 5300 flow inside a circular
pipe of diameter equal to D = 0.038m. In available CFD research, much more importance
has been given to the testing of LES capabilities in reproducing channel flows [4, 5, 6]. In
contrast, much less effort has been dedicated to the analysis of of cylindrical geometries such
as pipe flows, mainly because of the knowledge that the numerical mesh requirements for LES
predictions in such systems could be derived from channel flow results [7, 8]. The objective
of this work is to obtain the computational grid requirements and meshing criteria for the low-
Reynolds number flow that will be employed in the study of natural circulation loops such as
DYNASTY. Other than the scarcity of literature on the subject, this effort is motivated by the
necessity to optimize the accuracy and computational requirements, and gain some confidence
on the expected performance of the model, given the large spatial scales and long temporal tran-
sients usually characterizing natural circulation loop studies. The WALE sub-grid scale model
[9] is employed, which has been shown in recent years to have good adaptability in situations
it has been applied to, especially in comparison to the standard Smagorinsky model [10]. The
work is composed of 16 simulations carried out on increasingly refined meshes, grouped by
their tangential and longitudinal refinement and with constant radial refinement, imposed by
the requirement to properly resolve the wall region. For each of the two directions, 4 refinement
levels have been adopted, with a linear increase in the number of subdivisions for the selected
dimension (i.e. 100, 200, 300, 400 streamwise steps). The bulk velocity of the flow is kept con-
stant for each of the selected setups in order to maintain a fully developed turbulent flow, while
the increasing refinement level allows the resolution of a greater number of turbulence scales,
hence improving the prediction capabilities of the simulation and at the same time reducing the
amount of the sub-grid scale contribution required by the WALE model.

2 COMPUTATIONAL FLUID DYNAMIC MODEL

In this work, an adiabatic flow is simulated and incompressible filtered continuity and
momentum equations are solved with the pimpleFoam solver of the open-source OpenFOAM
CFD code. Similarly to pisoFoam, this type of solver is based on the Pressure Implicit Splitting
of Operators (PISO) algorithm [11], which solves the incompressible time-dependent formula-
tion of the Navier-Stokes equation with a predictor-corrector approach applied at each time-step.
In pimpleFoam, the PISO algorithm is further iterated, allowing for larger time steps and/or a
correct resolution of the advection non-linearity inside the time-step. Differently from a direct
numerical simulation, in LES only the large scale turbulent motions are resolved by the filtered
Navier-Stokes equations, while the effect of the smallest scale fluctuations on the resolved flow
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is modelled with the addition of a sub-grid scale (SGS) model.

2.1 Sub-grid scale model

In this work, the SGS eddy-viscosity Wall Adapting Linear Eddy-viscosity (WALE) model
[9] is employed. Although relatively simple and with low computational requirements (the clo-
sure equations are algebraic and use data from the resolved flow), this model has shown promis-
ing results for several applications [12, 13]. Similarly to the more famous Smagorinsky model
[14], it calculates a sub-grid scale turbulent kinematic viscosity, which is added to the molecu-
lar kinematic viscosity, from the filter width ∆ (dependent on the volume of the computational
cells in this work), the resolved strain rate tensor Ŝij and its deviatoric part Ŝdij:

νt = (Cw∆)2
(SdijS

d
ij)

1.5

(S̃ijS̃ij)2.5 + (SdijS
d
ij)

1.25
(1)

The WALE model has been found to have improved capabilities in representing the alternating
turbulent and laminar regimes typical of natural circulation flows, with the contribution given
by the SGS model when the flow is laminar correctly dampened to zero, differently from the
standard Smagorinsky model, which has instead been found to over-dampen the turbulent os-
cillations [15].

2.2 Computational grid

The geometry and mesh have been built using the CAD software Gmsh [16], which allows
great control of geometry and mesh parameters, and a good user interface to visualize the work
in progress. The pipe discretisation is based on a hybrid block-structured and unstructured
mesh, with a central octagonal prism split into 4 hexahedrons, enclosed by 8 hybrid circular
sections that contain the most refined part of the mesh near the wall. The mesh is built from
a 2D cross-sectional surface that is extruded and discretised with a constant longitudinal step.
Radial refinement is obtained by applying a 0.85 geometric progression in the radial dimension
of the cell, i.e., moving from the pipe centre to the wall, such that each element length is
equal to 0.85 of the length of the preceding element. This approach allows good control of
the wall refinement, creating a very fine grid where it is needed close to the wall boundary and
optimizing the resources needed for the simulations. In this analysis, the radial refinement in the
outer layer has been kept constant, to obtain the required refinement of the boundary and a wall
distance (1 − r/R)+ in the first cell near the wall lower than 1. This is a common requirement
for wall-resolved LES, and due to the abundance of literature confirming the validity of such
an approach [17, 18], the sensitivity analysis conducted in this work will only focus on the
refinement in the remaining 2 directions (θ, z). In any case, in the internal region, the radial
discretisation is controlled and changes following the tangential refinement (See Fig 1). In a
pipe, the tangential refinement depends also on the radial coordinate. This means that, with a
constant number of elements in the angular direction, shorter arcs are created in the centre of
the grid and longer ones closer to the wall, even though their angular distance is the same. To
avoid this and change the tangential refinement along the radius, at the expense of a decrease
in the speed of the simulation [19], a layer of prismatic elements has been included between
the internal and external hexahedral regions, obtaining the hybrid mesh shown in Figure 1. The
calculation meshes used for this work are shown in Table 1, where the first numerical values
identify the streamwise refinement and the second the tangential value.
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Table 1: Number of cells for each combination of streamwise and tangential refinement.
∆z

R · ∆θ M1-x M2-x M3-x M4-x
Mx-1 1.55 · 105 3.1 · 105 4.64 · 105 6.19 · 105

Mx-2 2.27 · 105 4.54 · 105 6.82 · 105 9.09 · 105

Mx-3 3.2 · 105 6.39 · 105 9.59 · 105 1.278 · 106

Mx-4 4.21 · 105 8.42 · 105 1.262 · 106 1.683 · 106

Figure 1: Cross-sectional view of the finest calculation mesh (M4-4 from Table 1).

2.3 Initial and boundary conditions

A 0.5 m long section of the pipe is simulated, with cyclic conditions applied on the inlet
and outlet sections. To sustain the flow, a positive pressure gradient is applied by the code,
adjusting the mass flow-rate in order to overcome the friction losses and maintain theRe = 5300
flow. At the wall a no − slip (ur = uθ = uz = 0) condition is imposed for the velocity field,
and zero gradient conditions ∂p

∂r
= ∂νt

∂r
= 0 are used for the pressure and the turbulent viscosity

νt. To obtain turbulent conditions at the beginning of the simulation, sinusoidal perturbations
are introduced in the initial velocity field that with time develop into a fully turbulent flow. [20].

3 RESULTS

Geometric parameters, refinement values and flow quantities are made non-dimensional,
in order for them to be general and independent of the specific case studied. The normalisation
parameters are the kinematic viscosity ν = 2.94837 · 10−6m2s−1, in this case taken as the refer-
ence value for water-propylene glycol mixtures that will be used in DYNASTY to reproduce the

behaviour of molten salts, and the friction (or shear) velocity, defined as uτ =
√
ν
(
∂u
∂n

)
wall

. A
preliminary value for this quantity is obtained from DNS data at the same bulk Reynolds num-
ber of 5300 [21], for which a friction Reynolds number Reτ = uτ ·D

ν
of 181.0541 was obtained.

Therefore, the value of the friction velocity is uτ = 0.028095 m s−1.
To obtain consistent values between the different meshes, these values are always used as the
velocity scale for the normalisation of the mesh refinement. The flow parameters, instead, to be
compared against DNS data are normalised using the friction velocity derived from the resolved
flow. The normalised quantities are defined as a+ = a · uτ

ν
. Using these normalisation criteria,

the streamwise and tangential refinement reported in Table 2 is obtained. It is important to note
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Table 2: Refinement in the streamwise and tangential directions for each mesh.
∆z+

M1-x M2-x M3-x M4-x
47.65 23.82 15.88 11.91

(R · ∆θ)+

Mx-1 Mx-2 Mx-3 Mx-4
3.77 2.83 2.26 1.89

that while the streamwise refinement is constant, the tangential value is provided at the external
wall, where the tangential spacing is a maximum for the same angular distance.

3.1 Qualitative analysis of the flow regimes

A first comparison between the coarsest and the finest meshes is shown in Figure 2. The
increase in resolution allows for the simulation of increasingly small turbulent eddies, the con-
tribution of which is instead accounted for by the SGS model for mesh M1-1, where the velocity
field is still turbulent but with only a limited number of very large eddies present in the flow.
On a related note, previous simulations with a standard Smagorinsky SGS model [14] showed
an excessive energy dissipation for very coarse meshes [15]. This effect usually resulted in
the dampening of the turbulent structures with the instantaneous velocity field eventually con-
verging to laminar. This is not the case for the WALE SGS model, even at the lowest level
of resolution adopted in this work (mesh M1-1). Therefore, the LES methodology coupled to
the WALE SGS model seems to be able to sustain and allow the development of low-Reynolds
number turbulent flows even on reasonably coarse meshes.

0.0e+00 6.2e-010.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

Ux (m/s)

Figure 2: Longitudinal view of the instantaneous velocity distribution for meshes M1-1 (Upper
picture) and M4-4 (Lower picture).

3.2 Pressure drop analysis

Especially for the simulation of natural circulation loops, one of the most important pa-
rameters a CFD simulation should be able to predict are the pressure losses occurring inside
the computational domain, since they are one of the main drivers of the fluid motion [22]. The
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pressure losses are calculated from the friction shear stress at the wall:

∆p

ρ
= ∆p̃ = 2 · u2τ ·

L
1
2
D

(2)

The sensitivity analysis on the pressure losses demonstrated a peculiar behaviour, with the in-
crease in accuracy with respect to DNS mostly related to an increase of refinement in the longi-
tudinal direction, as shown in Table 3.

As per the numbers presented, it is clear that the tangential refinements used in this work

Table 3: Prediction errors of pressure losses with respect to DNS data [21].
∆z+

(R · ∆θ)+ M1-x M2-x M3-x M4-x
Mx-1 −37.95% −21.84% −15.39% −11.92%
Mx-2 −36.19% −20.08% −13.63% −10.16%
Mx-3 −35.25% −19.13% −12.68% −9.22%
Mx-4 −34.68% −18.57% −12.12% −8.65%

do not significantly modify the accuracy of the simulations, with an increase in performance
relegated to about 2%–3% with respect to the predicted pressure losses. In view of this, the
first mesh seems already relatively well resolved in the tangential direction. On the other hand,
the longitudinal refinement employed in the the M1-x and M2-x meshes leads to large errors,
whereas accuracy greatly improves for the finer meshes, when the non-dimensional refinement
falls below ∆z+ <≈ 20–15. This observation underlines the importance that must be given to
all the 3 directions of motion when dealing with LES, and this is linked to the necessity of re-
solving 3-dimensional turbulent structures. From this quantitative analysis it becomes apparent
that LES is able to predict the pressure losses occurring in low-Reynolds number scenarios with
an acceptable degree of accuracy (e% ≈ 10–15%) for values of the non-dimensional tangential
refinement below (r · ∆θ)+ <≈ 3 and longitudinal (or streamwise) below ∆z+ <≈ 20–15.
This criterion must always be coupled to the well-established requirement that the normalised
radial step in the first cell of the boundary layer is less than 1 (∆r+wall < 1).

3.3 Average flow quantities

Figure 3 shows a comparison of the 16 simulations grouped by the longitudinal refine-
ment adopted and the flow quantity of interest. It is clear that an increase in refinement in
either direction moves the results of LES closer to the real (DNS) behaviour of the fluid flow.
The trends in the mean streamwise velocity (first row), the turbulence-related component of the
shear stress (second row) and the velocity turbulent fluctuations in the 3 directions (summed up
to the turbulent kinetic energy - third row) all show a similar behaviour, with the biggest im-
provement in the predictions obtained via streamwise refinement (different for each column of
Figure 3). An increase in tangential refinement, instead, leads only to a small increase in accu-
racy. This behaviour confirms previous observations from the pressure losses, and at the same
time confirms that a certain convergence of the results, and the resolution of a sufficient amount
of turbulence structures, is reached for the most refined meshes, where a portion significantly
higher than 90% of the total turbulence energy is resolved. This can be noted in the similarity
of the curves for the M3-x (∆z+ = 15.88) and M4-x (∆z+ = 11.91) meshes, which, although
different, present only a small improvement when the streamwise refinement is increased. As a
consequence, it can be assumed that a further increase in resolution (∆z+ < 10, (r ·∆θ)+ < 3),
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Figure 3: Results comparison for the mean streamwise velocity, the turbulent shear stresses and
the turbulence kinetic energy.

in the context of the simulation of natural circulation loops, would increase the computational
burden of the simulations up to a level not justifiable by the improved accuracy of the results.

4 CONCLUSIONS

LES has been successfully adopted to flow on a simple pipe geometry representing the
typical flow conditions present in a natural circulation loop built at Politecnico di Milano. The
study focused on incompressible adiabatic flow conditions, and showed the reliability of the
methodology without excessive damping of the buoyancy-driven turbulence structures and a
satisfactory accuracy when a sufficient refinement of the computational grid was employed.
Most importantly for the application to natural circulation loops, refinement criteria for the nu-
merical mesh have been obtained for the pipe geometry, whilst most of other literature works
are based on channel geometries. These criteria are based on a-priori evaluation of the ex-
pected errors in the prediction of the flow field and the pressure losses, the latter of fundamental
importance for the correct representation of natural circulation loops. More specifically, the
analysis showed the importance of refinement in all the 3 directions of motion, and judging
from the reported results, in order to achieve a certain a-priori confidence in the pressure loss
estimates (e% ≈ 10–15%) and the predicted turbulent flow parameters, it is advisable to keep
the streamwise non-dimensional refinement below ∆z+ <≈ 20–15 and the tangential step be-
low (r ·∆θ)+ <≈ 3. Further increases in resolution in either direction only slightly improve the
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accuracy of the simulation (with respect to the predictions of DNS), while significantly increas-
ing the computational cost of the simulations. This aspect is of major importance for natural
circulation loops, which are usually characterized by large spatial scales and long temporal tran-
sients (t ≈ 102–104), often requiring an optimum between accuracy and computational load to
maintain the simulation with CFD LES methods manageable.
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[18] Claus Wagner, Thomas Hüttl, and Pierre Sagaut. ”Large-eddy simulation for acoustics”,
Cambridge, 2007.

[19] Nikolay V. Koldunov, Vadym Aizinger, Natalja Rakowsky, Patrick Scholz, Dmitry
Sidorenko, Sergey Danilov, and Thomas Jung. ”Scalability and some optimization of
the Finite-volumE Sea ice–Ocean Model, Version 2.0 (FESOM2)”, Geoscientific Model
Development, 12, 2009, pp. 3991–4012.

[20] Eugène De Villiers. ”The Potential of Large Eddy Simulation for the Modeling of Wall
Bounded Flows”, PhD Thesis, Imperial College London, 2006.

[21] George K. El Khoury, Philipp Schlatter, Azad Noorani, Paul F. Fischer, Geert Brethouwer,
and Arne V. Johansson. ”Direct numerical simulation of turbulent pipe flow at moderately
high Reynolds numbers”, Flow, Turbulence and Combustion, 91, 2013, pp. 475–495.

[22] Mario Misale. ”Overview on Single-Phase Natural Circulation Loops”, Proc. Int. Confer-
ence on Advances in Mechanical and Automation Engineering, Roma, Italy, 2014.

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7–10, 2020
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ABSTRACT 

In this paper, we present the profiles, together with statistical uncertainties of turbulent 

heat flux, obtained in the recently performed Direct Numerical Simulation (DNS) of flow of 

two liquid metals over a confined backward facing step. This work is a continuation of work 

that was performed within the European project SESAME. The presented profiles are obtained 

in the whole domain, while the uncertainty is analysed in 49 pre chosen points throughout the 

domain. The analysis is performed over at most 10 million time step or equivalently of around 

5000 dimensionless time units. The turbulent heat flux is important for development of new 

turbulence models with less accurate methods for simulating flow properties, such as RANS 

methods, based on averaged Navier-Stokes equations. 

The DNS was performed with the Nek5000 code. The most notable feature of this code 

is the use of spectral elements to solve for velocity, temperature and any other passive scalar. 

It is an open source code developed by the Argonne National Laboratory. 

Two Prandtl fluids were simulated (Pr = 0.005 and Pr = 0.1), although due to brevity, 

we only show uncertainty results for the lower Prandtl number. We found significant 

differences in results for turbulent heat flux between the two fluids. The positions of minimal 

and maximal values differ significantly. 

The estimated relative uncertainty remains high even after 10 million time steps. 

Nevertheless, within the uncertainty bounds, we can observe symmetries and anti-symmetries, 

which are appropriate for the nature of the flow in a confined backward facing step. 

1 INTRODUCTION 

In the past years, we have performed a Direct Numerical Simulation (DNS) of a flow of 

liquid metal with low Prandtl number in a geometry of a confined Backward Facing Step (BFS). 

Some of the results were summed up in a recent article by Oder et al. [1]. In the paper, we 

present the three-dimensional structure of the flow, which is a consequence of the confined 

domain. Since the outflow of the geometry presented in Figure 1 is a square, the flow exhibits 

strong three-dimensional features. As can be observed in the literature, for example by 

Chen et al. [2], the BFS is usually experimented with, or simulated in configurations, where the 

outflow is much wider than higher. This ensures the flow through the centre of the domain is 

bidimensional and does not exhibit three-dimensional features and secondary flows. In the 

article [1] we explored the change in the structure of the flow, when the geometry is confined 

so that the outflow is equally wide and high. 
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In a recent article by Oder et al. [3], other methods of simulating heat transfer with liquid 

metals were compared with the DNS results. The mentioned article also provided details of the 

experimental efforts that are in progress at this moment. The experiment is being performed at 

the Karlsruhe Institute of Technology (KIT) in Germany. The test fluid is a eutectic of Ga-In-

Sn, which is a nontoxic liquid metal at room temperature. A similar eutectic can be commonly 

found in medical thermometers. 

 

Figure 1: Sketch of the BFS geometry used in the DNS. Inflow is on the left, while the 

outflow is on the right. Blue and red colours mark solid wall and heater, respectively. 

Figure 1 shows the sketch of the BFS geometry used in the DNS, as well as in articles [1] 

and [3]. A common descriptive number, associated with BFS geometries is the expansion ratio. 

This ratio is the ratio between the outflow area and inflow area. In our case, this ratio is equal 

to 2.25. This ratio is the same as is the ratio of the geometry planned in the sodium experiment 

at KIT. The Reynolds number, calculated with the bulk velocity at the inflow and the hydraulic 

diameter at the inflow was equal to approximately 7100. The friction Reynolds number in the 

channel upstream of the step was calculated to be around 207. 

Neglecting buoyancy allowed us to simulate two fluids with different Prandtl numbers. 

The first Prandtl number was equal to 0.005, which is roughly the Prandtl number of liquid 

sodium at about 550 K. The second Prandtl number was chosen theoretically and was equal 

to 0.1. 

Turbulent heat flux is an important variable for prediction of thermal fields in simulations 

with modelling approaches such as simulations with Reynolds averaged Navier-Stokes 

equations. In those equations, thermal heat flux appears as a vector, similar to Reynolds stress 

tensor. It is an unknown term that needs to be approximated. It is the average value of product 

of thermal fluctuations and velocity fluctuations. 

The DNS was performed with the code Nek5000, which is a code developed by Argonne 

National Laboratory in the USA. The code implements the spectral element method. This is 

variation of spectral method in which the domain is divided into elements and within each 

element, the solution is sought by a spectral method. The collocation spectral method, which is 

used within each element, finds the solution in specially chosen points. In our simulation, we 

used 7 collocation points in each direction within each element. The total number of unique 

points in the domain was therefore around 30 million. After the simulation reached a steady 

state, it was performed for around 5000 dimensionless time units and approximately 12 million 

time steps. 
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2 COMPUTATIONAL MODEL 

The Navier-Stokes equations are solved together with energy equation for two passive 

scalars: 

𝛁 ⋅ 𝐮 = 0 , (1) 

𝜕𝐮

𝜕𝑡
+ 𝐮 ⋅ 𝛁𝐮 = −𝛁𝑝 +

1

Re𝑏
∇2𝐮 , (2) 

𝜕𝜃

𝜕𝑡
+ 𝛁 ⋅ (𝐮𝜃) =

1

Pr Re𝑏
∇2𝜃 , (3) 

𝜕𝜃

𝜕𝑡
=

1

𝐺 Pr Re𝑏
∇2𝜃 + 1 , (4) 

where 𝐮 is the dimensionless velocity vector, 𝑝 dimensionless pressure, Re𝑏 the inverse 

viscosity equal to 3200. 𝜃 is the dimensionless temperature throughout the domain. Pr is the 

Prandtl number and 𝐺 is the ratio of thermal diffusivities between fluid and solid. This ratio is 

equal to 10, which is approximately the ratio of thermal diffusivities between liquid sodium and 

steel. Eq. (4) is used in the heater (red wall in Figure 1), while the same equation without the 

source part (+1) is used in the wall (blue wall in Figure 1). 

The boundary conditions for velocity field are no-slip walls for all sides except for inflow 

and outflow. At the inflow, a recycling boundary condition is used, where a plane of velocity 

values downstream of the inflow is taken, normalised and imposed as the inflow boundary 

condition. This effectively prescribes the mass flow rate and ensures we have a fully developed 

turbulent flow at the inflow. At the outflow, the pressure is set to zero. 

Due to the solid step wall and a heater, the thermal domain is larger. The coupling 

between the fluid and solid domain is performed with the conjugate heat transfer model. The 

equation coupling them is: 

𝐻 �̂� ⋅ 𝛁𝜃|𝑓 = �̂� ⋅ 𝛁𝜃|𝑤 , (5) 

where 𝐻 is the ratio of thermal conductivities of fluid and solid.  �̂� is the wall-normal unit 

vector. The ratio of thermal conductivities is in our DNS equal to 3 and approximates the ratio 

of thermal conductivities of liquid sodium and steel. The outer walls of thermal domains are 

thermally isolated, except for the inflow, where the dimensionless temperature is set to 0. 

2.1 Computation of statistical uncertainties 

As noted by Oliver et al. [4], there are two kinds of errors associated with averaged results 

of a DNS. The first error is connected with finite spatial and temporal resolution. The scale of 

this error is usually quantified by performing a mesh convergence study or showing the scale 

of Kolmogorov turbulent scale in the problem. The latter approach was chosen and is provided 

by Oder et al. [1] for this particular case. 

The second error associated with DNS results stems from the finite averaging interval. 

To estimate this uncertainty, we stored the complete history of velocity, pressure and passive 

scalars at certain points in the domain. In our estimation of the statistical uncertainty, we used 

the tools provided by Oliver et al. [4]. Successive time samples of calculated variables are 



704.4 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

obviously correlated through the Navier-Stokes equations. However, due to turbulence, time 

separated samples are not correlated. As described by Oliver et al., the usual way to calculate 

the statistical quantities is by omitting samples calculated by the DNS. However, with the tools 

provided, the statistical quantities can be estimated much more rigorously. 

The procedure of estimating the statistical quantities is briefly described here. The details 

are available in the article [4]. We can identify a decorrelation time 𝑇0 Δ𝑡 (where Δ𝑡 is the time 

step between samples), after which the samples are no longer correlated. This time is estimated 

from the autocorrelation function. However, due to finite number of samples, the true 

autocorrelation function is also unknown and has to be estimated. This is performed with the 

help of an autoregressive model, which also filters out any present noises. 

Once the decorrelation number of samples 𝑇0 is estimated, this effectively reduces the 

number of independent observations or rather, increases the weight of each of the sample. The 

unbiased variance 𝜎2 can be calculated as 

𝜎2 =
1

𝑁 − 𝑇0
∑(𝑥𝑖 − 〈𝑥〉)2

𝑁

𝑖=1

 , (6) 

where 𝑥𝑖 is the 𝑖-th sample, 𝑁 is the number of all samples and 

〈𝑥〉 =
1

𝑁
∑ 𝑥𝑖

𝑁

𝑖=1

 , (7) 

the estimated average value, calculated in the usual way. Because of the larger weight of each 

sample in the estimation of variance, the variance is dropping slower than it would if the 

samples would be uncorrelated. 

 

Figure 2: Positions of 49 points in the domain. Only 𝑥 and 𝑦 positions are shown. Groups of 

three points which have the same 𝑥 and 𝑦 position and are clustered together, differ in 𝑧 

position, which is mirrored through the plane 𝑧 = 0. 

The arsel program [4], which ships with the library, is used for each statistical quantity 

of interest. Specifically in this article, we explore the average values and uncertainties for 

thermal heat fluxes. In the Results section, the sampling error is given as 2 standard deviations. 
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The probability that the real average and its estimation differ for less than 2 standard deviations 

is approximately 95%. 

Figure 2 shows the approximate position of all of 49 monitor points. The points marked 

with three consecutive numbers mark 𝑥 and 𝑦 positions of all three points. These points differ 

in the position along the 𝑧 axis. The middle point is located at 𝑧 = 0, while the other two points 

are located either at ±1.6, ±1.2 or ±0.9. The first point in a triplet of points is located at the 

negative 𝑧 axis while the last point in a triplet is located at positive 𝑧 axis. 

3 RESULTS 

Here we present results for turbulent heat fluxes for both passive scalars, that is 

temperature distributions for both Prandtl numbers. The turbulent heat flux is defined as 

〈𝐮′𝜃′〉 = 〈𝐮𝜃〉 − 〈𝐮〉〈𝜃〉 , (8) 

where 𝐮′ marks the fluctuating part of variable 𝐮. The results are also divided by Δ𝜃, which is 

the temperature increase from inflow to outflow of a perfectly mixed fluid. 

 

 
 

Figure 3: 𝑥 component of turbulent heat flux for both passive scalars, Pr = 0.005 at the top 

and Pr = 0.1 at the bottom through the middle of the domain (𝑧 = 0). 

Figure 3 shows the 𝑥 component of turbulent heat flux through the middle of the BFS 

domain (𝑧 = 0) for fluids with both Prandtl numbers. Although the velocity field is the same 

for both fluids, the turbulent heat flux shows significant difference between the two fluids. The 

difference is not just in the different order of the values, but also the locations of maximum and 

minimum values of turbulent heat flux. 

The results for the fields were obtained by averaging the left hand terms in Eq. (8) for 12 

million time steps or approximately 4800 dimensionless time units. The same averaging time 

span was used for the velocity, pressure and first passive scalar in the first 31 monitor points. 

In the monitor points 32 to 49, these variables were averaged over 10 million time steps. The 

data for Pr=0.1 passive scalar was averaged over 7 million time steps. This includes the fields, 

as well as all the monitor points. 

x 
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Figure 4: Profiles of turbulent heat flux components near the heater at 𝑦 = −1.99, 

together with values obtained from history in monitor points and the accompanying 

uncertainty. Top row 𝑥 and 𝑦 components, lower row 𝑧 component of turbulent heat flux. 

In Figure 4 we show the combined result of profile of turbulent heat flux at or very close 

to the heater through the plane (𝑦 = −1.99). The 𝑥 positions of profile lines correspond to the 

positions of the monitor points. This was achieved through interpolation. A solution within each 

element, which is in physical space at the chosen collocation points, is transformed into modes 

in spectral space. The spectral functions associated with the spectral transformations are then 

evaluated in points along the lines that correspond to positions of monitor points. These are 

then used in the spectral expansion to obtain values of functions along the lines of monitor 

points. To summarize, the interpolation of solution to the position of monitor points is 

performed spectrally. This is similar to the interpolation, which is performed during simulation 

to obtain time history in monitor points. 

The monitor points shown in Figure 4 are the monitor points 1, 2, 3 at 𝑥 = 0.1, points 13, 

14, 15 at 𝑥 = 2.2, points 26, 27, 28 at 𝑥 = 8.1, and points 20, 21, 22 at 𝑥 = 15.5. All of these 

points are located very close to the heater and therefore have low values of turbulent heat flux. 

Nevertheless, from the results we can conclude that the turbulent heat flux close to the heater 

is, with 95% confidence, different from zero. However, the profiles are too noisy and the 

statistical uncertainties are too large to make any conclusive observations. Nevertheless, the 

ratios between 𝑥 and 𝑦 components of turbulent flux, differ significantly from the ratio -2.2, 

mentioned by Hanjalić and Launder [5] for a generic turbulent heat flux near a wall. The 𝑧 

component of turbulent heat flux is clearly asymmetric and 𝑥 and 𝑦 components seem 

symmetric to within the uncertainty bounds achieved. 
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Figure 5: Convergence of statistical uncertainty for all three components of turbulent 

heat flux in points 8, 11, and 47. 

Since the uncertainties shown in Figure 4 are high, in Figure 5 we present results for 

convergence of relative statistical uncertainties with simulation time in three monitor points for 

the turbulent heat flux for the first passive scalar with Pr = 0.005. Monitor point 8 is located 

in the middle of the domain (𝑧 = 0) in the lower corner of the step. Monitor point 11 is located 

at the tip of the step immediately upstream of the step in the middle of the domain and monitor 

point 47 is located in the middle of the domain, downstream of the step. The figure shows the 

relative uncertainties in these points are quite high even after 10 million steps of simulation. 

For example, the 2𝜎 relative uncertainty for 𝑥 component of turbulent heat flux at monitor point 

8 is around 100%. Most of the lines show a √𝑁 drop with number of time steps 𝑁. The exception 

is the relative uncertainty of 𝑧 component of turbulent heat flux at monitor point 8. However, 

there, the value of turbulent heat flux changes significantly. Nevertheless, the relative 

uncertainties for the 𝑧 component are at these monitor points orders of magnitude smaller than 

for other components. 

4 SUMMARY 

In current paper, we present results of DNS of turbulent heat flux in a BFS geometry, 

together with statistical uncertainties due to finite time integration. The Reynolds number based 
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on bulk velocity at the inflow and hydraulic radius at inflow was equal to approximately 7100. 

The friction Reynolds number was around 207. The simulation itself was performed with a 

spectral element method, implemented in the open source code Nek5000. The velocity fields 

and the structure of the flow was presented in a previous paper by Oder et al. [1]. Thermal fields 

for two low-Prandtl fluids were simulated and we found significant differences in turbulent heat 

flux between the two fluids. The Prandtl numbers used were 0.005, which corresponds to the 

Prandtl number of liquid sodium and 0.1, which was chosen purely theoretically. 

Together with the turbulent heat flux, we also presented the convergence of statistical 

uncertainties in few of the monitor points. A complete history of about 10 million time steps 

was used to produce the uncertainty results. The convergence of relative statistical uncertainties 

of thermal heat flux shows the expected square root with number of time steps drop. 

Nevertheless, for 𝑥 and 𝑦 components the uncertainty band stays relatively large even after 12 

million time steps. 

We also presented combined results of field data together with uncertainty obtained in 

the monitor points. For this, the field data was interpolated to produce profile results on the 

lines running through the monitor points. In these profiles, symmetry can be observed to within 

the uncertainty bounds in case of 𝑥 and 𝑦 profiles along the heater, while anti-symmetry can be 

observed in the 𝑧 profile. 

Due to already long simulation time and large time step count, our future work will not 

be focused into prolonging the simulation, but rather into better analysis of existing data. There 

are many more monitor points and planes which we intend to analyse. Nevertheless, our intent 

is also focused into adding temperature dependent material properties. 
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ABSTRACT 

Reproduction of the single-phase turbulent flow and heat transfer inside a pressurized 

water reactor (PWR) fuel assembly is a challenging task due to the complex geometry and the 

huge computational domain. In order to tackle this problem, the capability of a reduced-

resolution CFD approach is examined together with the application of polyhedral 

computational cells, which are known for their ability to fit well around a complex geometry 

and at the same time require fewer cells for the same accuracy. The accuracy of the 

considered numerical method had been first assessed against measurements in a 5×5 rod 

bundle with mixing grid. Then, the method has been expanded to a larger computational 

domain consisting of an array of 15×15 fuel rods and a single mixing grid. The obtained 

predictions revealed an interesting pattern of swirl flow as well as diagonal cross flow 

downstream the mixing grid, which is driven by the applied design of split-type mixing vanes. 

In the present paper, the computational model is extended to a domain representative of a 

complete PWR fuel assembly with ten mixing grids, inlet and outlet sections. Pressure drop 

and flow field in the given fuel assembly are analysed together with the predicted temperature 

field and potential hot spots. In spite of a relatively coarse spatial resolution of the applied 

approach, the reduced-resolution CFD provided promising results at least for the qualitative 

prediction of the pressure, flow field and location of hot spots. 

1 INTRODUCTION 

Simulations of flow and heat transfer inside a PWR fuel assembly have always been 

challenging. The cooling flow is highly turbulent with a typical Reynolds number of about 

5×10
5
, which is beneficial for heat transfer since its chaotic nature promotes the mixing of the 

coolant. In addition to that, a PWR fuel assembly often contains passive mixing devices, i.e. 

mixing vanes, which are attached on the downstream edge of a spacer grid and form a so-

called mixing grid. In a complete PWR fuel assembly several mixing grids are applied, which 

deflect the primary flow and generate various patterns of secondary flow. The induced 

secondary flow increases fluid mixing, which enhances heat transfer, delays subcooled 

boiling and consequently delays departure from nucleate boiling (DNB). DNB greatly 

decreases local heat transfer, which may cause fuel damage; hence it must be avoided at all 
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locations in the fuel assembly. Thus, fuel assemblies are a subject of continuous research, 

with the aim to improve heat transfer and contribute to nuclear safety. 

Simulations of a single-phase coolant flow in a complete PWR fuel assembly are 

computationally very demanding due to its huge domain. For that reason, most of the 

simulations up till now were performed in a reduced domain consisting of typically 5×5 fuel 

rods [1] or of a full cross-section but only a short axial domain, e.g. 22 mm [2]. One of the 

first simulations of an entire PWR fuel assembly has been performed quite recently [3] using 

huge computational resources of the present computer clusters. Such simulations are 

especially demanding when one wants to avoid applying porous media, which greatly 

simplifies the model. For example, such simplifications have been applied for mixing grids in 

the CFD simulations of [4, 5], which simulated flow in a complete reactor core. In the present 

study, we have completely avoided porous media; however, it was necessary to severely 

reduce the number of computational cells. Hence, a reduced resolution CFD approach [6] is 

adopted together with polyhedral cells, which have very good ability to fit around the vanes of 

the mixing grid. Moreover, according to [2] polyhedral meshes require about four times fewer 

amount of cells compared to the tetrahedral meshes to reach solutions of the same accuracy 

for flow in a PWR fuel assembly.  

One of the main objectives of the present study is to demonstrate the capability to model 

a single-phase flow in a complete PWR fuel assembly using a steady-state reduced resolution 

CFD approach with polyhedral cells. The numerical approach was first assessed against the 

velocity measurements from the MATiS-H experiment [6]. It has been shown that the 

accuracy of the applied reduced resolution RANS approach is in the range of 10-20% 

compared to experimental data, whereas well resolved RANS simulations from benchmark 

participants as well as [6] are in the range of 8-18% compared to the experimental data. The 

MATiS-H rod bundle is representative of a PWR rod bundle with a 5×5 rod array and one 

single split-type mixing grid. Hence, in the present study, we have applied a similar design of 

the mixing grid and extended it to a realistic rod bundle size, which contains a 15×15 rods and 

10 spacer grids. Reduced-resolution RANS predictions of velocity and pressure field are 

shown and discussed together with the behaviour of the temperature field.   

2 NUMERICAL MODEL 

Simulations have been performed with the Star-CCM+ code, version 11.06. The 

detailed design of PWR fuel assemblies and especially grid spacers are often protected by 

proprietary rights. Hence, it was not possible to apply a fuel assembly design, which is used in 

a real PWR core. Instead, we have applied one of the fuel assembly designs that have been 

used in the rod bundle of the MATiS-H experiment [7]. Specifically, the MATiS-H rod 

bundle consists of a 5×5 rod bundle and a spacer grid with split-type mixing vanes, which are 

one of the most frequently used designs for a mixing grid in industrial type PWR grid spacers. 

Since the geometry of the MATiS-H rod bundle was scaled up for a better measurement 

resolution, we have scaled the dimensions down with a factor of 2.6 to have a representative 

PWR fuel assembly with parameters listed in Table 1.  

The representative PWR fuel assembly consists of 15×15 fuel rods and 10 mixing grids as 

shown on the left side of Figure 1. The total length of the complete PWR fuel assembly is 

5244.24 mm, the length of the fuel rods is 4.8 meters and the heated length of the rods is 4.2 

meters. The inlet section of the fuel assembly simulation domain consists of a simple box with 

a streamwise length of 0.2 m. At the outlet of the fuel assembly the flow accelerates into a 

round pipe as shown in Figure 1 on the left bottom side. The length of the outlet section 

downstream of the rods is 0.2443 m. Except for the inlet and the outlet sections, there are no 

walls at the side boundaries of a typical PWR fuel assembly. 
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Table 1: Parameters of a representative PWR fuel assembly 

Parameter Value 

Rod diameter (D) 9.5 mm 

Rod-to-rod pitch (P) 12.39 mm 

P/D ratio 1.30 

Hydraulic diameter (Dh) 11.1 mm 

Side width of the FA 186.263 mm 

Total length of the FA 5.2443 m 

Total length of the fuel rods 4.8 m 

Heated length of the FA 4.2 m 

Interval between successive mixing grids 0.5 m 

 

 

 

 

Figure 1: Geometry of a representative 15×15 PWR fuel rod bundle with 10 mixing 

grids, inlet and outlet sections (left). Polyhedral cells in two cross-sections of the mesh (right). 

A relatively coarse polyhedral mesh with one layer of prism cells at the wall has been 

generated as shown on the right side of Figure 1. The applied prism layer ensures better 

control over the y
+
 values at the walls, which has to be kept large enough for the applied high-

Re modelling approach. Only one layer of prism cells is used to assure a high-Re mesh with 

gradual transition from polyhedral to prism cells. Most of the y+ values are in the range from 

300 to 900. To further reduce the number of computational cells, an extruded polyhedral mesh 

with one layer of prisms is applied downstream and upstream of the mixing grids as shown in 

the bottom right picture of Figure 1. A geometric progression with constant stretching ratio of 

1.02 is applied between two successive streamwise cells in the extruded regions, which results 

in a ratio of 5 between the last/first cells in the streamwise direction. In this way, the 

computational domain of the single spacer domain is obtained. The computational domain of 

the complete PWR fuel assembly is obtained by combining 8 such regions and adding the 

inlet and outlet parts. The total size of the applied mesh for the complete PWR fuel assembly 

even with this reduced resolution mesh is 153 million cells. The mesh is conformal almost 

everywhere.  

Flow conditions in the fuel assembly (i.e. flow rate, heat fluxes at walls, coolant 

properties, etc.) have been assumed to be similar to the typical conditions in a PWR fuel 

assembly, as provided for the AREVA EPR reactor. At the side boundaries of the PWR rod 

bundle, a symmetry boundary condition is applied. For the detailed information about the 



705.4 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

exact boundary conditions and temperature dependent fluid properties the reader is referred to 

[5]. 

3 RESULTS 

Results are presented in three sections. In the first section, predicted pressure drop is 

compared with pressure drop correlations from the literature. In the second part, the flow field 

is shown downstream the spacer grid. In the last section, the temperature field along the entire 

fuel assemble is analysed.   

3.1 Pressure drop 

Simulations in a single spacer domain are performed using constant fluid properties, 

which allow us direct comparison with pressure drop correlations from the literature. Pressure 

drop correlations in single-phase flow for various rod bundles with mixing grids have been 

assessed by [8]. In their study a spacer grid with no mixing vanes was applied and it was 

found that one of the most accurate pressure drop predictions is obtained with the model of 

Rehme & Trippe (1980) [9]. That model is based on a relatively simple model of Rehme 

(1973) [10], which has been developed from pressure drop measurements in spacer grids with 

relatively short streamwise lengths and no mixing vanes. For these reasons, this correlation is 

not representative for the present mixing grid, which has a larger streamwise length and 

especially because it contains mixing vanes, which additionally increase pressure drop in the 

fuel assembly. In fact, there are only two pressure drop correlations that take into account 

pressure losses caused by mixing vanes, i.e. the model of Chun & Oh (1998) [11] and the 

model of In et al. (2002) [12]. Thus, these two models are applied for the present mixing grid 

and compared with the CFD results in Figure 2. Pressure correlations in Figure 2 consist of 

two parts:  

 the frictional pressure drop along the bare rod bundle section (downstream and 

upstream from the mixing grid) calculated by the correlation of Todreas & Kazimi 

(2012) [13]: 

𝑝 = 𝑓
𝐿

𝐷𝐻

𝜌𝑈𝐵
2

2
         𝑓 = 0.184 ∙ 𝑅𝑒−0.2 

 the pressure drop inside the mixing grid, i.e. the correlation of Chun & Oh (1998) or 

correlation of In et al. (2002) 
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Figure 2: Pressure drop prediction in the single spacer domain. 

Clearly, the predicted pressure drop in the bare rod bundle section is in a very good agreement 

with the pressure drop correlations. Somewhat larger discrepancies are observed in the 

predicted pressure drop of the mixing grid. Possible reasons for that are discussed below. 

Generally, a pressure loss coefficient of the mixing grid 𝐶𝐵 is introduced as  

𝐶𝐵 =
∆𝑝

𝜌𝑈𝐵
2/2

 

where ∆𝑝 is pressure drop in a mixing grid and 𝑈𝐵 is the bulk fluid velocity. In both applied 

correlations the total pressure loss coefficient of a mixing grid consists of four constituents: 

(a) friction loss on the grid, (b) friction loss on the rods, (c) form loss due to the spacer grid 

and (d) form loss due to the mixing vanes. For the sake of conciseness, we will skip the 

description of each term for both applied correlations and for more details the reader is 

referred to [11] and [12].  Table 2 summarizes the input parameters of the mixing grid for 

both correlations.  

Table 2: Comparison of geometric parameters for three different spacers. 

 

Spacer 1* 

(5×5 rod 

bundle) 

Spacer 2* 

(5×5 rod 

bundle) 

Present mixing grid (15×15 

rod bundle) 

Rod’s diameter D (m) 0.0095 0.0095 0.0095 

Rod bundle pitch P/D 1.353 1.326 1.3 

Relative plugging of spacer 

elements  
0.23 0.23 0.14 (strap) + 0.13 (buttons) 

Relative plugging of mixing 

vanes mv 
0.13 0.16 

0.31 

 

Spacer height H (m) 0.0381 0.0400 0.0385 
*Spacer 1 and Spacer 2 are taken from In et. al (2002). 

 

The pressure loss coefficient of the present mixing grid is calculated by both correlations and 

shown in Figure 3(a). The discrepancy that is observed between both predictions results 

directly in the discrepancy observed in the corresponding predicted pressure drops in Figure 

2. Figure 3(a) reveals that the largest uncertainty in the predicted 𝐶𝐵 can be attributed to the 

form loss of the mixing vanes followed by the form loss of the spacer grid. On the other hand, 
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both models predicted the same friction losses on the rods whereas the friction losses on the 

grid differ only slightly. The model of Chun & Oh is a mechanistic model that applies drag 

coefficients for spacer elements such as grid strap, spring, dimple and welding nugget. For the 

present mixing grid, we assumed drag coefficient of the strap and the spacers (buttons) to be 

0.9 and 1.2, respectively. In et al. (2002) [12] argued that the model of Chun & Oh (1998) 

[11] is known to underpredict the pressure loss coefficient of the spacer grid and overpredict 

the pressure drop by the mixing vanes. Hence, they developed a new form drag coefficient for 

the spacer grid as well as for the mixing vanes. These two correlations are based on 

measurements in two spacers, whose parameters are listed in Table 2, i.e. spacer 1 and 

spacer 2. It should be noted that the parameters of these two spacers are quite similar to 

parameters of the present mixing grid apart from the fact that they apply 5×5 rods instead of 

15×15. Both spacers applied split-type mixing vanes, but they differ in design, i.e. split-vane 

with or without vane cutout. Nevertheless, the measurements are in agreement with the 

derived correlation within +/- 15%.  

  
(a) (b) 

Figure 3: Comparison of the calculated pressure drop coefficient for the present mixing grid 

using the model of Chun & Oh and In et al. (a). Calculated pressure loss coefficient using the 

model of In et al. (2002) for spacer 1 and spacer 2 as well as for the present mixing grid (b). 

 

Finally, the model of In et al. (2002) predicts lower total pressure loss coefficient 𝐶𝐵 

than the model of Chun & Oh (1998). Consequently, it results in a lower pressure drop 

through the mixing grid and better agreement with our CFD results. The origin for that is 

significantly lower prediction of the form loss in the mixing vanes, which is the main 

improvement of this model. Furthermore, Figure 3(b) shows a comparison of pressure loss 

coefficients 𝐶𝐵 between spacer 1, spacer 2 and the present mixing grid calculated by the 

model of In et al. (2002). The main difference between the present mixing grid and the 

spacers 1&2 is again form loss of the mixing vanes. The main reason for that is attributed to 

relative plugging of the mixing vanes (see Table 2), which is almost twice as large in the 

present mixing grid as it is in spacers 1&2. It is also observed that the contribution of the 

friction losses (from rods and grid) is smaller for the present mixing grid than the spacers of 

1&2, which is due to larger Reynolds number in the present flow conditions. 

The discrepancy between the CFD prediction of the pressure drop in a single spacer 

domain and the pressure drop correlation of In et al. (2002) is 13%, which is reasonable. 
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However, discrepancies between the two available pressure drop correlations indicate that 

better models are needed for form losses in spacer grids and, in particular, for mixing vanes.  

3.2 Velocity 

A cross-section of the velocity field in the complete PWR fuel assembly is shown in 

Figure 4. 

 

Figure 4: Simulated computational domain of the complete PWR fuel assembly. The 

cross section shows velocity field at the outlet section of the PWR fuel assembly. 

 

 

The velocity field is analysed at various cross-sections of the computational domain, which 

are shown in Figure 5. Axial development of the flow is observed in Figure 6, which presents 

a cross section that cuts the flow field in a narrow gap between the rods and the mixing grid. 

Hence, white holes in Figure 6 correspond to spacers, which hold in place the rods. Clearly, 

the largest velocity is observed in the mixing grid, where the flow is passing through the 

smallest flow area cross-sections. Split-type mixing vanes, which are attached to the 

downstream side of the mixing grid, generate strong secondary flow, which is being damped 

downstream the flow. In Figure 6 large-scale flow structures, generated by mixing vanes, are 

clearly observed as far as at least 10 Dh downstream from the mixing grid.  

A closer look at different downstream locations reveals interesting flow patterns, which are 

shown in Figure 7 to Figure 9. Namely, at 0.5 Dh and 1 Dh downstream the mixing grid a 

strong swirl is present in every sub-channel as shown in Figure 7. However, these swirls are 

rapidly decaying and further downstream at location 4 Dh, no swirls are observed anymore. 

Moreover, a completely different flow pattern develops; a diagonal cross flow with 45° 

inclination. The diagonal cross flow is much more persistent than the swirl flow, since it is 

observed as far as 10 Dh or even further downstream from the mixing grid. Nevertheless, the 

cross flow at 10 Dh is pretty weak at some locations close to the upper left and bottom right 

corner of the cross-section. It is very interesting that further downstream, at 20 Dh, regions are 

observed, where the diagonal cross flow is turned counter clockwise by 90° to form a 

diagonal flow at 135°. This is observed in the upper left quarter in Figure 9. However, the 
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secondary flow is very week here and does not consist of well-arranged patterns anymore. 

Nevertheless, further downstream at 40 Dh diagonal cross flow completely disappears and a 

weak secondary flow is observed in vertical or horizontal planes, which are preferred due to a 

lower flow resistance than the cross flow in a diagonal direction. 

 

 

Figure 5: Locations of the mixing grid and the analysed cross-section planes in the fuel 

assembly. 

 

 

 

Figure 6: Side view of the rod bundle presenting xCut plane cross-section of the 

velocity field. 
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Figure 7: Cross section of the velocity field at z=0.5 Dh behind the mixing grid. 

 

Figure 8: Cross section of the velocity field at z=4.0 Dh behind the mixing grid. 

 

Figure 9: Cross section of the velocity field at z=20.0 Dh behind the mixing grid. 
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It is well known that the split-type mixing grid generates secondary flow, which 

consists of swirls and diagonal cross flow between sub-channels. Figure 10 shows a closer 

look at 4 sub-channels in the split-type mixing grid. Since the mixing vanes have different 

orientations in adjacent sub-channels, swirl flow is generated with opposite rotation and 

diagonal cross flow with alternating directions [14]. 

  
(a) (b) 

Figure 10: (a) Secondary flow behind the applied mixing grid. (b) Split-type mixing 

grid generates a pair of swirl flow with opposite rotation (red and green arrows) and diagonal 

cross flow with alternating directions (blue and orange arrows) [14]. 

These results are in a good agreement with the observations from the AGATE facility 

[15]. The AGATE facility has been used by CEA to characterize more than 30 different 

mixing grid designs and to demonstrate the consequences of inaccurate fabrication of the 

mixing vanes. It should be noted that the test section of the AGATE facility consists of a 5×5 

rod bundle and a mixing grid. Besides that, there are other important differences between our 

and their design of a split-type mixing grid. The most obvious is the design of spring and 

dimples, which were simplified with spacers (or buttons) in the mixing grid of the MATiS-H 

mixing grid. Moreover, the exact shape and inclination angle of the mixing vanes are also 

different in both cases. However, they observed similar axial development of the cross flow: 

the split-type mixing vane arrangement typically causes a diagonal cross flow with 45 

inclination, which is further downstream turned counter clockwise by 90 to form a diagonal 

flow at 135. It provides confidence in our approach to see that the reduced resolution steady-

state RANS simulation is able to capture this behaviour of the secondary flow downstream the 

split-type mixing grid, which has been previously observed with computationally very 

demanding LES approach [15]. 

3.3 Temperature 

In general, coolant flow is hotter in the near-wall regions along the surfaces of the fuel 

rods, where a cosine profile of the heat flux is imposed. Due to that, the temperature increases 

in the streamwise direction as shown in Figure 11. Temperature profiles are shown for four 

different streamwise lines and for some of them local spikes in temperature profiles are 

observed at the inlet positions of the mixing grids. However, these particular locations are 

followed by short regions where the water is well mixed and the temperature is homogeneous 

at least within the same subchannel. Such behaviour is expected since the mixing grid disturbs 
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hot fluid in the thermal boundary layer of the fuel rods and enhances its mixing with the fluid 

in the bulk region.  

 

Figure 11: Temperature profiles along 4 different lines in the streamwise direction. The 

positions of the sampling lines A, B, C and D are indicated in Figure 12. 

It is also observed that the mixing between adjacent sub-channels is not optimal since a 

non-uniform distribution of the temperature is observed among sub-channels at the same axial 

location. This is clearly observed at different axial cross-sections shown in Figure 12. The 

overall variation of temperature at streamwise cross sections is about 6°C, which is not large. 

However, it is clearly observed that in one diagonal direction a higher temperature is 

promoted than in the other diagonal direction. As a result, the most extreme temperature (i.e. 

the maximum and minimum) is observed in regions close to the corners of the fuel assembly’s 

cross section.  

 
 

(a) At the outlet of the mixing grid. (b) At z=20 Dh behind the mixing grid 

Figure 12: Temperature field at different axial locations behind the mixing grid. 

 

A closer look to the temperature contours shows that the temperature field does not 

exhibit reflection symmetry across the fuel assembly’s diagonal plane rather than a rotational 

symmetry for 180 around the middle rod in the fuel assembly. This is clearly observed if one 

compares the contour shapes in the corner regions of cross-section temperature field, e.g. in 

Figure 12. Since the arrangement of mixing vanes exhibits the same rotation symmetry, it is 
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reasonable to conclude that this symmetry is forced by the cross flow, which is generated by 

the mixing grid. It is also observed that the structures in thermal field have typically longer 

characteristic lengths than the one in the flow field. For that reason, the pattern, which is 

formed in the temperature field at the exit of the mixing grid, e.g. see Figure 12(a), is 

preserved much further downstream than the flow pattern. In fact, it has been observed that 

the same shape of the temperature cross-sectional profile does not die out along the axial 

length of 0.5 m between two successive mixing grids, so it enters the mixing grid again in the 

next cycle. Therefore, the mixing grid strongly affects the temperature field in the fuel 

assembly. It should be also be noted that in the present simulations no momentum and heat 

exchange is assumed between adjacent fuel assemblies. 

4 CONCLUSIONS 

The flow and temperature field in a complete PWR representative fuel assembly with 

15×15 fuel rods, ten mixing grids as well as inlet and outlet sections have been analysed using 

a reduced resolution steady-state RANS approach. Following observations have been 

obtained: 

 The main contribution to the total pressure drop in the fuel assembly is form loss, which 

contributes about 60-65% of the total pressure drop. Form losses are generated by the 

mixing grids, at the inlet region where flow enters the sub-channels of the rod bundle and 

at the outlet, where flow exits the rod bundle and accelerates through the outlet section. 

The rest are friction losses, which follow a linear pressure decrease in the bare rod bundle 

sections.   

 The applied split-type mixing grid generates secondary flow, which consists of swirl flow 

and diagonal cross flow. The swirl flow consists of a pair of swirls with an opposite 

rotation in adjacent sub-channels. These swirls are very strong at the exit of the mixing 

grid, however, they are rapidly damped out in a very short streamwise length, i.e. in about 

1.0 Dh. Contrarily, the diagonal cross flow is much more persistent than the swirl flow and 

it is preserved to at least as far as 10 Dh downstream the mixing grid. 

 Well-arranged diagonal cross flow with 45° inclination is observed at 4 Dh behind the 

mixing grid and it is preserved to at least as far as 10 Dh. Then, at about 20 Dh the 

diagonal cross flow is turned counter clockwise by 90° and forms a diagonal flow at 135°. 

Here the flow is quite week and not well-arranged anymore. It completely dies out before 

it enters the next mixing grid. 

 The temperature field is strongly affected by the mixing grid design. However, the split-

type arrangement of the mixing vanes generates cross flow, which effectively promotes 

fluid mixing in one diagonal direction and much less effectively in the other diagonal 

direction perpendicular to it. Thus, strong symmetric properties are imprinted from the 

mixing grid to the temperature field at the exit of each mixing grid.  

This study shows feasibility of a reduced resolution CFD simulation of a turbulent flow 

and heat transfer in a complete PWR fuel assembly. Pressure and velocity fields are 

reproduced reasonably well whereas temperature predictions are expected to be less accurate 

since the thermal boundary layer is not well resolved in the reduced resolution CFD approach. 

Moreover, the simulations provided insight not only into the local flow behaviour in a single 

(or multiple) sub-channel but also on a larger scale, which included interaction of flow in 

hundreds of sub-channels.  
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ABSTRACT

This study explores the accuracy of numerical simulations of vortex flow meters using an
open-source software. Mesh of a vortex flowmeter with a specially designed bluff body was cre-
ated with Salome-Meca and numerical simulations were performed with the open source code
OpenFOAM. Simulations were carried out for different Reynolds numbers ranging from 5000
to 50000. Results were then compared to the experimental data at the same Reynolds numbers.
The main goal of the study is to accurately predict the vortex shedding frequency and to demon-
strate its linear dependency on the mass flow rate. Flow simulations were performed using
different simulation techniques such as Direct Numerical Simulation (DNS), Large Eddy Sim-
ulation (LES) and Unsteady Reynolds Averaged Navier Stokes (URANS). However, at higher
Reynolds numbers both DNS and LES simulations are computationally too demanding so only
URANS was used at Re above 35000.

1 INTRODUCTION

Vortex flow meters are widely used in various industries, including nuclear, due to their
excellent characteristics, such as high accuracy, linear output signal, wide measurement range,
absence of moving parts and low cost of investment and maintenance [1]. The essential part of
the vortex flow meter is an obstacle (bluff body) that is mounted transversely in the measuring
pipe. Behind a bluff body, vortices are generated periodically, with a shedding frequency that
is directly proportional to the volume flow rate. However, a clear linear dependence usually
appears only at higher pipe Reynolds numbers above 20000.

In this study, the flow behind the bluff body is simulated numerically over a range of
Re numbers, between 5000 and 50000. The simulations are compared and validated against
the dedicated experiments performed in an air pipe with a specially designed prismatic bluff

706.1



706.2

body. Detailed numerical simulations should provide a deeper insight into the vortex shedding
phenomena and help us to understand the disruption of linearity at lower Reynolds numbers.

Meshes are created with open-source software Salome-Meca [2]. Simulations are carried
out using the open-source code OpenFOAM [3]. In order to model turbulent vortex shedding
flow over a wide range of volume flow rates, different simulation techniques need to be used.
At lower Re numbers, Direct Numerical Simulation (DNS) [4] and Large Eddy Simulation
(LES) [5] methods can be used. DNS is able to solve the the Navier-Stokes equations directly,
but requires a very fine numerical mesh. LES can be solved on a slightly coarser mesh, but
needs additional turbulence model to resolve turbulence dissipation on the sub-grid scale. Both
methods are computationally too demanding at higher Re numbers above 30000, where the
Unsteady Reynolds Averaged Navier Stokes (URANS) [6] simulations with k-ω SST turbulence
model is used.

The simulated vortex shedding frequencies are validated against the available experimen-
tal data [7], where the frequency signals behind the bluff body were obtained using a hot-film
probe. Several different analysis methods have been tested and compared, to obtain unique
frequency characteristics from the simulations. Pressure, velocity, lift force and vorticity oscil-
lations at three different points behind the bluff body have been recorded, fast Fourier transform
analysis has been used to determine the frequency [8].

Likewise, a comprehensive verification of simulations has been performed to ensure suf-
ficient accuracy and convergence of numerical results. Different numerical methods require
different numerical schemes that have been tested, showing that DNS needs most accurate
higher-order schemes.

2 VORTEX FLOW METER PRINCIPLE AND TEST SECTION

Vortex flow meters consist of a measuring pipe with a bluff body mounted transversely
across it. When turbulent flow passes the bluff body, Karman vortex street is being formed
[9]. Bluff bodies with sharp edges on either side ensure a consistent location, where the flow
boundary layer is being separated and vortices are being generated periodically [10]. Periodic
formation of vortices on those sharp edges, alternating between left and right side of the bluff
body, is called vortex shedding. By measuring the frequency of vortex shedding the volumetric
flow rate can be calculated. This frequency can be measured using many different methods.

One of the techniques for shedding frequency detection is a hot wire anemometer. A
heated wire is placed in the stream behind the bluff body. Cooling of the wire depends on the
direction and speed of the flow. This temperature fluctuations of the wire change its resistance
and by monitoring that we can measure the vortex frequency. This method was used in the
experiments performed by Končar et al. [7] by placing a sensor at three points behind the bluff
body as shown in Figure 1. Numerical simulations were performed for the same experimental
setup and bluff body dimensions and the results were compared with experimental data.

Using the measured frequency the fluid velocity can be calculated as

u =
f ·D
St

, (1)

where u is the fluid velocity, f is the vortex shedding frequency, D is the pipe diameter and St is
the Strouhal number, which is a dimensionless number describing oscillating flow mechanisms.
Vortex flow meters Strouhal number should be constant for a wide range of Reynolds numbers
from around 2 · 104 to 2 · 106. This means that a vortex flow meter can be used to measure
flows of different fluids over a large span of flow velocities. Range of vortex flow meter and the
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Figure 1: Pipe and bluff body dimensions.

quality of vortices depends on the shape of the bluff body. Good bluff body decreases errors as
the created vortices are stronger and hence easier to measure, it can also increase the range of
Reynolds numbers where the vortex flow meter operates with acceptable accuracy.

3 COMPUTATIONAL MODEL AND MESH

Numerical simulations were performed on a vortex flow meter test section with air flow.
The air flow is assumed as an incompressible horizontal flow without gravity effects. The
mathematical model of the flow is described by Navier-Stokes equations that solve the fluid
motion [11]. The incompressible Navier-Stokes equations consist of continuity equation

∇ · u = 0, (2)

that describes the mass conservation over the fluid domain and of the momentum conservation
equation

ρ
Du

Dt
= −∇p+ µ∇2u, (3)

where ρ is the fluid density, u is fluid velocity, t is time, p is the fluid pressure and µ is the fluid
dynamic viscosity.

Simulations were performed on a three dimensional pipe domain with a bluff body. At
the inlet cyclic boundary conditions were used. Constant pressure was defined at the outlet and
no-slip condition was used on the walls of the pipe and on the bluff body.

Most accurate numerical simulations can be obtained using the conformal structural mesh
with hexahedral elements. Improved mesh quality typically requires increased number of smaller
elements, with adjacent elements having similar sizes, aspect ratio of elements should be close
to 1, mesh should have low non-orthogonality and low skewness. A poor mesh quality can lead
to inaccurate results and slower simulation convergence. In this study three different simulation
methods were used, DNS,LES and URANS. The size and number of mesh elements may vary
depending on the method used.

DNS method requires the finest mesh to resolve even the smallest scales of turbulence
dissipation. The smallest length scale is defined as Kolmogorov length scale η

η =

(
ν3

ε

)1/4

, (4)
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where ν is the kinematic viscosity and ε is the turbulence dissipation rate. In practice sim-
ulations remain accurate for lengths slightly larger than Kolmogorov length scale [12]. Kol-
mogorov length scale gives us approximate size of the mesh cells in the stream-wise direction
however cells have to be even smaller in the span-wise direction around the bluff body. The
mesh needs to be further refined in the boundary layer near the walls as here velocity gradients
are the highest.

LES method requires a mesh that is only slightly coarser than DNS. It resolves all scales
except the smallest dissipating eddies which are being modelled. This means somewhat larger
mesh cells in the free stream and near the bluff body. In this study wall resolved LES was used
which requires the same mesh density as DNS for the boundary layer near the walls.

Unlike the previous two methods, URANS models all turbulence length scales. It uses
special wall functions to model the boundary layer near the walls. Therefore it can have a much
coarser mesh.

The comparison between dimensions of the mesh elements at different methods is given
by dimensionless element sizes ∆x+ in stream-wise direction, ∆z+ in span-wise direction and
∆y+ in cross-wise deirection for boundary region near the walls. The values ∆x+,∆y+,∆z+

were first set as recommended by Tiselj et al. [12]. Then the meshes have been coarsened as
much as possible while still achieving the same simulation results. Mesh density (in terms of
dimensionless element size) and number of mesh elements n for different methods are listed in
Table 1 and Table 2. At lower Re numbers the same meshes were used for LES and URANS
methods. The parameter ∆y+min describes the length of the first near-wall cell and ∆y+max de-
scribes the cells in the free stream. In the regions near the inlet and outlet, mesh cells can be
elongated in the stream-wise direction in order to reduce the total number of cells in the mesh.
In this study cells close to the inlet and outlet have ∆x+ = 43 for DNS and ∆x+ = 150 for
LES and URANS meshes. A two dimensional mesh slice can be seen in Figure 2.

Table 1: ∆x+,∆y+,∆z+ values.

∆x+∆x+∆x+ ∆y+min∆y+min∆y+min ∆y+max∆y+max∆y+max ∆z+∆z+∆z+

DNS 8 0.5 5 4
LES 15 0.6 12 12

URANS 28 18 18 28

Table 2: Number of mesh elements n.

n5000n5000n5000 n8400n8400n8400 n13400n13400n13400 n24000n24000n24000 n365000n365000n365000 n49000n49000n49000

DNS 1.4 · 106 2.7 · 106 7.7 · 106 / / /
LES 2.0 · 105 4.1 · 105 2.0 · 106 2.4 · 106 / /

URANS 2.0 · 105 4.1 · 105 2.0 · 106 2.4 · 106 2.1 · 106 5.0 · 106

4 NUMERICAL METHODS

Numerical simulations were performed with the open source code Open-source Field Op-
eration And Manipulation (OpenFOAM). DNS simulations require a third order gradient nu-
merical schemes, while in the case of LES and URANS second order numerical schemes have
been used. IcoFoam solver was used for DNS simulations as it is a transient solver without
a turbulence model. PimpleFoam solver is a transient solver that includes turbulence models,
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Figure 2: 2D slice of a mesh for DNS at Re = 13400 at the top. Close-up of the mesh around
the bluff body below.

hence it was used for LES and URANS simulations. To increase the accuracy, Courant number
was set below 1 for all simulations. At the inlet cyclic boundary conditions were used to ensure
a fully developed velocity profile. Velocity perturbations were introduced at the inlet, however
they didn’t have any significant effect on the results.

4.1 DNS

DNS method numerically solves the Navier-Stokes equations for every mesh cell. It ac-
counts for all length scales and as such does not need an additional turbulence model. In this
study we were able to use DNS method to simulate flows at Re numbers 5000, 8400, 13400.

4.2 LES

Like DNS, Large Eddy simulation resolves all larger length and time scales but uses a
turbulence model for the smallest dissipating scales. In this study a Wall-Adapting Local Eddy-
viscosity (WALE) model was used. This model describes subgrid-scale turbulence effects with
a sub-grid eddy viscosity. Because the smallest length scales are modelled, LES meshes can be
somewhat coarser than DNS meshes. This means that simulations run somewhat faster but they
are also slightly less accurate than DNS simulations. Good wall resolved LES simulations can
provide almost as accurate results as DNS, but they are not much faster. In this study we have
used wall resolved LES method to simulate flows at Re numbers 5000, 8400, 13400, 24000.

4.3 URANS

URANS uses complex modeling for all turbulent scales and solves time-averaged mass
and momentum equations. For turbulence modeling the k-ω SST model has been used [13].
This model introduces turbulent kinetic energy k, turbulent dissipation rate ε and specific tur-
bulent dissipation rate ω. It resolves additional transport equations for these three variables to
model all, also non-isotropic turbulence effects. As all turbulent scales are being modelled, a
much coarser mesh can be used. This means much less computational power is required to run
the URANS simulations. However the simulations are also less accurate therefore URANS is
used mainly in engineering applications where very high accuracy is not required.
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5 RESULTS

Several different methods for determination of shedding frequency were tested. Pressure
and velocity oscillations at the three locations behind the bluff body (same as in the experiment,
see Figure 1) were recorded. The data collected at points 1 and 3 have lower amount of noise
and thus a stronger shedding frequency signal. Different variables have been used to extract the
shedding frequency at points 1 and 3. Frequencies obtained from the pressure oscillations were
stronger and more accurate than those obtained from velocity oscillations when compared to the
experimental data. Vorticity was also recorded, however the obtained frequency signals were
even weaker and less accurate. In the third detection method the pressure obtained at the sides
of the bluff body was used to calculate the lift force. Frequencies obtained from this method
were just as accurate as those obtained from pressure data at points 1 and 3. Pressure oscilla-
tions at point 1 was then selected for further analyses since the data were recorded at the same
location as in the experiment. A fast Fourier Transform (FFT) analysis was used to extract the
frequencies from the simulated transient data. This is an algorithm that converts the simulated
time signal (in this case pressure oscillations) to a representation in the frequency spectrum. Re-
sults contain all frequencies hidden in the data. For the considered case, the frequency with the
highest peak (amplitude) in the frequency spectrum represents the vortex shedding frequency.
Figure 3 shows pressure oscillations over time (a) and the extracted frequency spectrum (b) at
the point 1 behind the bluff body.

(a)
(b)

Figure 3: (a) Pressure oscillations from DNS at Re = 5000. (b) FFT on pressure data from
DNS at Re = 5000.

Residuals from numerical calculations were checked to examine the convergence of sim-
ulations and conservation of mass and momentum. Mass and momentum error remain below
0.0085% for all simulated cases. Simulated dominant frequencies at different Reynolds num-
bers were then compared with the measured frequencies [7]. Figure 4 shows a comparison of
frequencies and Strouhal numbers at different Reynolds numbers.

A good agreement between the simulated and the measured frequencies can be observed.
In this case all three methods DNS, LES and URANS provide similar results.

In the range of measured Re numbers (8400 to 49000), the deviation in St numbers be-
tween the experimental and simulation results is practically within the experimental uncertainty
(±5%) [7]. Strouhal number is around St = 0.24 over the entire range of measured data.
Strouhal number is expected to be almost constant at Re higher than Re ≈ 10000, but the pre-
sented simulation results and the experimental data show that this characteristics may exist even
at lower Re numbers. However DNS results at Re = 5000 produces a notably higher frequency
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(a) (b)

Figure 4: (a) Graph of frequencies at different Reynolds numbers. (b) Graph of Strouhal num-
bers at different Reynolds numbers.

(12.15) then the LES method (9.20) and consequently a higher Strouhal number. This is un-
expected since all DNS simulations use the same setup and mesh quality. DNS simulation at
Re = 5000 was run several times using different modifications like finer mesh, smaller Courant
number and others. All simulations provided similar results.

Different turbulence methods in principle provide similar results however the simulated
flows have different levels of detail. Figure 5 shows the difference between the flow pressure
fields at Re = 13400 simulated by different methods.

Figure 5: The same time instants of the pressure field at Re=13400, simulated by DNS, LES
and URANS.

Most details in the flow are resolved by the DNS method, where also the randomness
of turbulence can be observed. Flow simulated by the LES method shows somewhat less de-
tail compared to DNS. In the image of the flow simulated with the URANS method, only the
smeared regions of the low pressure where the vortices appear can be seen, but without any
details.

The flow evolution at two different Re numbers (8400 and 24000) as simulated by the
LES method is shown in Figure 6. It can be seen that the turbulence structures are smaller and
more pronuonced at the higher Re number.
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Figure 6: Pressure fields at Re=8400 and Re=24000 simulated by the LES method.

In Figure 7, the simulated vorticity region behind the bluff body can be observed. This
image shows very clearly that the vortices are formed periodically from the left and right side
of the bluff body. It can be seen that vortices have different spinning directions depending on
the side of the bluff body where they are generated. Blue and red colour define clockwise and
counter-clockwise rotation of vortices, respectively.

Figure 7: Vorticity around the bluff body in vortex flow meter simulated by DNS atRe = 13400.

6 CONCLUSION

Numerical simulations seem to be a very good alternative to the experiments in determin-
ing the vortex shedding frequency for vortex flow meters. All simulation methods produced
very good results. It seems that URANS is a sufficiently accurate and fast method for deter-
mining the vortex shedding frequency. However the URANS predicts less turbulence details in
the flow compared to the LES and DNS methods. LES provides accurate shedding frequency
results and a detailed flow simulations, so it is much better method for lower Reynolds numbers.
DNS simulations are computationally very demanding and are only viable at lower Reynolds
numbers below 15000. As LES provides comparable flow simulation accuracy to DNS, it should
be a preferred choice for most of the cases. More data is needed in the range of lower Reynolds
numbers where all three methods can be run to make a more comprehensive comparison be-
tween the three methods. A detailed research is needed for DNS around Re = 5000 in order to
investigate its deviation from LES results.
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ABSTRACT 

Subcooled flow boiling was investigated in a temperature-controlled horizontal annular 

test section. The installed experiment is a part of the laboratory THELMA (Thermal Hydraulics 

experimental Laboratory for Multiphase Applications) built at Reactor Engineering Division of 

Jožef Stefan Institute. The unique characteristics of the temperature-controlled heating of the 

inner tube in principle enable wide range of measurements, from subcooled boiling to the 

critical heat flux and above into the unstable film-boiling regime. Internal thermocouples allow 

measurements of local surface temperatures and heat fluxes, while the transparent outer tube 

allows the visualization of flow boiling phenomena. 

In this paper, the influence of bubble parameters on boiling heat transfer is studied. 

Subcooled flow boiling of R245fa in a narrow horizontal annular duct was recorded with a 

high-speed camera at constant inlet temperature and varied mass flow rates of refrigerant. Image 

processing was used to analyse different flow boiling patterns aiming to determine the bubble 

size and void fraction distributions. Local temperature measurements by thermocouples 

positioned along the inner tube wall and the heating fluid are used to obtain the heat transfer 

characteristics. The experimental setup, methods of experimental analysis and the results are 

presented and discussed. 

1 INTRODUCTION 

Boiling flow is used as an efficient heat transfer mechanism in many systems, from air 

conditioners [1], power electronics cooling [2] [3] and large power systems such as thermal 

power plants and nuclear reactors [4]. Despite its wide use, the prediction of heat transfer under 

specific conditions is difficult as it depends on many parameters. Additionally, there is no single 

general and accurate model, instead many correlations exist for different fluids, geometries, 

flow orientations, surface types, pressures etc. Similarly, accurate numerical simulations of 

general two-phase flows are computationally too expensive and to reduce this cost, they still 

require some modelling by constitutional relations. Such simulations require validation by 

experimental data. Besides heat transfer and pressure drop prediction, bubble size, bubble 

departure frequency, vapour (i.e. void fraction) distribution are also important quantities to 

consider in such comparisons. With the advancement of high-speed imaging techniques and 
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analysis methods, the interest for detailed analysis of these quantities has increased. Although 

several authors have measured and described bubble size distributions in narrow channels, only 

a few papers describe the phenomena in annular geometries. 

Zeiton et. al. [5] investigated bubble behaviour in subcooled boiling of water in vertical 

annulus with inner tube diameter of 12.7 mm and 6.3 mm gap size. They used high-speed 

imaging and image processing to determine the mean bubble diameter after departure. Lee. et 

al [6] measured radial profiles of local void fractions in vertical annulus in subcooled boiling 

of water with 19 mm inner tube and 9.3 mm gap size. They used two-conductivity probes for 

local void fraction measurements. To the authors knowledge, the paper by Ugandhar et. al [7] 

seems to be the only one describing the distribution of bubble sizes in a horizontal annulus. 

They have studied the parametric effect of pressure on bubble size distribution in horizontal 

annulus (6.5 mm gap) with boiling water as a working fluid. High-speed camera was used and 

automated image processing was applied in Matlab. All mentioned experiments used electric 

resistance heating of the boiling surface. 

In this paper, bubble distributions in horizontal annulus with 12.5 mm internal tube and 

2 mm gap are measured. Refrigerant R245fa (pentafluoropropane) is used as boiling fluid and 

high-speed camera with manual image processing is used to determine the relative void fraction 

distribution per bubble size. 

2 EXPERIMENTAL SETUP 

The core of the experimental setup is a horizontal annular test section, thoroughly described in 

our previous work [8] [9] [10]. Boiling occurs on the outer surface of the inner copper tube with 

a diameter of 12 mm and the total length of 585 mm. The annular gap between the copper tube 

and the outer glass tube is 2 mm wide. Outer surface of the copper tube is polished with sand 

paper 400 to provide a uniform distribution of nucleation sites. Boiling is observed with a high-

speed camera through borosilicate glass tube.  

 

Figure 1: Schematic of the test section. 
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A unique feature of the test section is its design, in principle representing a concentric tube heat 

exchanger (see Figure 1) that enables a temperature-controlled boundary condition. Hot water 

flowing inside of a copper tube transfers the heat to the refrigerant R245fa flow in the annulus, 

which starts boiling on the copper tube outer surface at low temperatures (30°C at 1.8 bar). 

Specially designed finned structure inside of the copper tube provides strong heat transfer 

enhancement and allows local temperature measurement along the tube axis. Thermocouples 

for wall temperature measurements are installed on the fins just below the boiling surface 

(positioned in series every 21 mm) while the thermocouples in contact with the heating water 

inside the channel measure the local temperature of the water. Although both co-current and 

counter-current regimes are possible in the test section, for these measurements the co-current 

regime was selected to achieve maximum temperature difference between the water and the 

refrigerant in the inlet region. 

Two thermocouples at the water and refrigerant inlets are used to measure the fluids inlet 

temperature, while the two two-junction thermopiles are used to determine the temperature 

difference between the inlet and the outlet. From this, a total calorimetric power on the test 

section can be calculated. All thermocouples on the test section are referenced to the Kaye-170e 

artificial triple point of water and LabVIEW software was used for data acquisition. Two Micro 

Motion Emerson Coriolis flow meters are used for direct measurements of water and refrigerant 

mass flow rates. From these values, the mass flux (i.e. mass flow area density) can be 

determined based on the cross-section area of the annulus. 

For the visualization of the flow, a Phantom 12-bit grayscale high-speed camera is used 

with a 100mm Macro 52.6 lens, enabling the observation area of approx. 4 x 1.7 cm on the test 

section. A standard LED light panel supplied diffuse illumination from the background. 

3 DATA REDUCTION 

Local heat flux in the test section can be determined from temperatures acquired by water 

thermocouples inside of the test section. With the known mass flow rate 𝛷𝑚, the heat flux 

between two thermocouples can be calculated as 

𝑃 =
𝛷𝑚  𝑐𝑝 𝛥𝑇

𝐴
,              (1) 

where 𝑐𝑝 is the water specific heat, 𝛥𝑇 is the temperature difference and 𝐴 is the boiling surface 

area between those thermocouples. Since the geometry is annular, all the heat from internal 

water tube is transferred to the refrigerant. While axial heat conduction is in principle possible, 

its heat flux is in the order of mW/m2 and can be neglected. Due to the small observation 

window, only the first two thermocouples are in the visible frame of the camera, but more 

thermocouples at the beginning of the test section were used for fitting of the linear temperature 

curve to further reduce the uncertainty. 

 

3.1 Relative void fraction distribution 

Before bubble identification and categorization to determine relative void fraction distribution, 

several image pre-processing steps need to be performed. To distinguish between the artefacts 

on the background and the real bubbles, the image of blank background was first subtracted, 

using the test with the section filled solely with liquid without presence of boiling. Such 

operation was performed for each camera position. As for some older measurements 

background images were not available, average image of more than 2500 boiling frames was 
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calculated and the result was mostly similar to the background. The acquired images were 12-

bit grayscale with each pixel counts up to 2048, while the image software and monitors can 

only process 8-bit brightness (0-255). Each image was therefore scaled to 8-bit according to its 

brightness histogram to acquire the highest possible contrast. For each image with subtracted 

background, the mean brightness and standard deviation σ were calculated and the range was 

determined as mean brightness ± σ. Pixels brighter or darker than those boundary values were 

labelled correspondingly as completely black or white. While this method proved successful in 

most cases, subtraction resulted in a non-uniform (both black and white) bubble boundary for 

larger bubbles. In such cases after the subtraction, an absolute value of difference against the 

background was calculated which caused all changed pixels to appear white, regardless of 

whether the brightness increased or decreased at bubble passage. 

Despite the extensive image pre-processing, the images proved too distorted and noised 

for automated bubble recognition as the software could not distinguish between real bubbles, 

overlapping bubbles, reflections and shadows caused by uneven lightning. Additionally, 

bubbles were not circular enough for simple pattern detection. Bubble identification therefore 

had to be performed manually. For this task, we developed a simple graphical user interface for 

marking bubbles, enabling the use of circles and ellipses for fitting.  

As a parameter of void fraction distribution a radius in pixels was used, as this is also the 

resolution of the method. To show both elliptical and circular bubbles on the same graph, radius 

of the circle with the same area was used in further statistics. As the bubble is observed only 

from one perspective and the third dimension of the bubble is unknown, all the bubbles were 

assumed rotationally symmetrical. Only in the case of low mass flow rate, for a few larger 

bubbles, this may result in the bubble diameter larger than the annular gap size. In such case, 

the bubble was assumed to be prism-like with the thickness of the gap. Due to the limited depth 

of focus on the camera, only the largest and medium sized bubbles were visible, while the 

smallest bubbles were difficult to detect. As there are possibly many nucleation sites on the 

surface and thus many small bubbles, the fraction of total void on the observed image depending 

on the size of the bubbles (i.e. relative void fraction) was presented, instead of the relative 

number of bubbles per bubble radius. In this way, the emphasis is given to the bubbles with 

meaningful impact on the void fraction and the effect of neglecting the smaller bubbles during 

the counting is insignificant. 

 

3.2 Uncertainty of measurements 

The uncertainty of heat flux measurements consists of temperature measurement 

uncertainty, thermocouple position uncertainty and water mass flow rate uncertainty. The most 

significant contribution to heat flux uncertainty has shown to be the temperature uncertainty 

and was determined with a Monte Carlo method. Random noise within known uncertainty of  

± 0.5°C was added to the measured thermocouple temperatures and variation of calculated heat 

flux was observed. The obtained heat flux uncertainty is approximately ± 8.5 kW/m2 and ranges 

from 20% to 27%, depending primarily on the refrigerant mass flow rate. This value can be 

further reduced by using more thermocouples and mutual calibration before each test. While 

the absolute accuracy of thermocouples is in the range of 0.5°C, the resolution is higher and 

smaller variations in the region of approx. 0.1°C are consistently observable with appropriate 

noise filtration and time averaging. 

To estimate the uncertainty of vapour distribution, one has to consider both optical 

uncertainty and the uncertainty of bubble fitting method from the images. The accuracy of the 
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length scale is around 5%, based on the known dimensions of the inner copper tube, while the 

error of fitting the bubbles is yet unknown as it is a subject of human error.  

4 RESULTS AND DISCUSSION 

In a horizontally placed test section operating in co-current mode, a saturation 

temperature was set to 30 °C, corresponding to the inlet pressure of 1.8 bar. Heating water with 

temperature of 60 °C was supplied at a mass flow rate of 12 kg/h and refrigerant at 50 – 250 

kg/h, corresponding to mass flux of 160 - 790 kg/m2s. The refrigerant inlet temperature was set 

to 27 °C at the inlet, corresponding to the sub-cooling of ∆𝑇𝑠𝑢𝑏 = 3 °C. 

After the system reached the steady state in each configuration, stream-wise water 

temperature profiles were measured. In each case, the data were collected every 10 seconds in 

a time span of 20 min and were then averaged. During this period, the stability of inlet 

conditions was checked. The maximum variation of the heating water mass flow rate was less 

than 2% of the average value, while refrigerant mass flow rate fluctuated by less than 0.5 %. 

The temperatures stayed within 0,1°C during the 20 min of the averaging period. At the end of 

the averaging interval, several high-speed recordings in the length of one second were 

performed with the frame rate of 5 kHz. This procedure was repeated for different refrigerant 

mass flow rates with the heating water flow and refrigerant inlet temperatures remaining 

constant.  

The boiling flow patterns are shown in Figure 2. At the lowest mass flux (160 kg/m2s), a 

dry patch is formed periodically, followed by re-flooding of the surface at the top. At higher 

mass fluxes this phenomenon disappeared. Due to the prevalence of drag forces over the 

buoyancy, the top-bottom symmetry of the flow also increased at higher mass fluxes. 

 

 
Figure 2: Left: Recordings of flow boiling of R245fa at different mass fluxes. Images of the 

flows at higher fluxes are visually similar. Right: Image operations and bubble detection on 

the example of flow image for 315 kg/m2s. From top to bottom: original image, subtracted 

and scaled, counted bubbles.  
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4.1 Relative void fraction distribution 

Images of boiling flow with mass flux above 160 kg/m2s (after the dry-patch formation) were 

analysed as described in section 3.1. For each case, a sample of 400 – 600 bubbles was analysed. 

The results are shown in Figure 3. 

Despite the uneven nature of distributions, which implies that insufficient number of 

bubbles was analysed and that the sample was not large enough, the difference in distributions 

is clearly visible. At the lowest mass flow rate, the distribution shows several gaps in the region 

of larger bubbles. A significant amount of total vapour is present in the form of very large 

bubbles, while no bubbles of slightly smaller size are detected in between. This gaps can be 

explained by the early formation of large bubbles already before the observed  region in the test 

section (e.g. in the inlet head) and by direct merging of smaller bubbles to the large ones, 

without formation of intermediate sizes. Larger vapour patches periodically emerging at the 

inlet region were visible all the time. With increased mass flow rate (470 kg/m2s), this gap in 

the distributions reduces and disappears at 630 kg/m2s. In general, the distributions are shifting 

towards the smaller bubble sizes and are getting narrower. 

 

 
 

Figure 3: Relative void fraction distribution as a function of equivalent bubble radius. 

For each distribution ~ 500 bubbles were analysed. The scale is approx. 1 mm = 32 px (± 5%) 

 

4.2 The effect of mass flow rate on the heat transfer 

Heat flux dependence on the refrigerant mass flux is shown in Figure 4. As expected, higher 

mass fluxes always lead to higher surface heat flux densities. The increase of heat flux with the 

mass flux is large at the beginning, while it is more gradual at higher values. This is correlated 

with bubble dynamics. At the lowest mass flux, the occurrence of periodical vapour patches 

(plugs) reduces the overall heat flux to the account of solid-vapour heat transfer, which is 

significantly lower than in the case of steady flow boiling regime. In the dry patch region, no 

evaporation is present and therefore no latent heat is removed. Therefore only single-phase heat 
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transfer is possible with large bubbles. High initial increase of heat flux follows, when large 

vapour patches can no longer be formed and surface remains wetted for longer time periods. 

Further increase of mass flux contributes to lower increase of heat flux, as boiling and bubble 

dynamics remain relatively unchanged, as is also visible on distributions in Fig. 3. 

 

 
 

Figure 4: Heat flux density as a function of refrigerant mass flux. 

 

5 CONCLUSION 

Subcooled boiling of refrigerant R245fa was observed in horizontal annulus with a high speed 

camera. Heat transfer and void fraction distribution were measured at different refrigerant mass 

flow rates. The results show, that the effect of mass flow rate on the heat transfer is most notable 

at the transition from the periodic plug flow to the stable flow boiling, as the heat transfer in 

occasional vapour-solid interaction during periodic dry-outs is significantly lower. At the same 

time, the void fraction distribution is clearly shifting towards the smaller bubbles. The 

distribution with the missing bubble sizes was observed due to presence of larger bubbles and 

vapour patches already before the visible/observed region of the test section. 

In future work, more boiling flow images will be analysed to improve the statistics, 

presumably resulting in smoother distributions. Additionally, background lightning will be 

improved by using the cylindrical light source, aiming to improve the contrast and remove 

undesired shadows. This should enable automated bubble recognition and classification. 
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ABSTRACT 

A water-heated annular test section for studies of convective boiling was recently 

installed in the Thermal-Hydraulics Experimental Laboratory for Multiphase Applications 

(THELMA). The test section consists of a heat exchanger between the primary and secondary 

fluid, which is designed to investigate flow behaviour in the primary fluid under various heat 

transfer regimes in reactor-like conditions. As the total exchanged heat flux between primary 

and secondary fluid is calculated from the temperature difference between inlet and outlet 

thermocouples, accurate determination of heat losses on the test section is required. Our 

previous experimental studies in single-phase flow have shown that surface heat losses are not 

negligible and cannot be estimated solely from the measurements of inlet and outlet 

temperatures.  

For prediction of heat losses, a detailed three-dimensional computational model of the 

test section including its inlet/outlet heads was prepared in ANSYS Fluent. Two limiting cases 

with low and high temperature differences between the water and the working liquid 

(refrigerant R245fa) have been simulated. The measured axial temperature profile of the heating 

water and the measured temperatures at the outlet head were used to validate the simulation 

results. After that, the simulated velocity and temperature fields were used to determine and 

quantify different heat loss contributions in the test section.  
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1 INTRODUCTION 

Accurate prediction of heat transfer in single and two-phase flow is of great importance 

for many engineering applications. In many areas, more and more compact dimensions are 

required either for physical constraints, efficiency or just consumer needs. In nuclear reactors, 

understanding the boiling phenomena is crucial for safe, reliable and efficient operation. For 

observation of boiling phenomena and measurements of boiling heat flux, an annular test 

section was constructed in the THELMA laboratory [1]. 

In the present experimental setup, the average boiling heat flux is determined from the 

heating power transferred from the water to the refrigerant. The heat flux is calculated from the 

measured mass flow rate and temperature differences. Despite the annular geometry, which in 

principle enables low heat losses, significant losses may occur at the inlet and outlet heads of 

the test section that cannot be measured.  However, they need to be considered for proper 

determination of the total transferred heating power. They primarily depend on the temperature 

difference between the outer surface and the ambient air. As presented in our previous work 

[2], our first attempt to model the losses was based on empirical approach by using a linear 

combination of inlet water and refrigerant temperatures, but the results did not match the 

experimental data. Therefore, a detailed numerical model of the complete test section was 

developed to analyse the energy flows and temperature distributions on the important test 

section interfaces.  

Numerical modelling of the test section was performed previously by A. K. Basavaraj et. 

al. [3], first using a simplified model, where only a few fins with periodic boundary conditions 

were included. The aim of the study is to determine the difference between the thermocouple 

(TC) reading and the actual surface temperatures. In the second step, the model was upgraded 

by enlarging the computational domain [4]. As none of those two models allows the prediction 

of heat losses, a new extended model that includes the whole test section with the inlet and 

outlet heads as well as connecting pipes, has been developed. This should enable the evaluation 

of surface temperatures and the heat losses on the heads, which are practically impossible to 

estimate from the available measured data. 

2 EXPERIMENTAL SETUP AND PROCEDURE 

The core of the experimental setup (see Figure 1) is a horizontal annular test section, thoroughly 

described in our previous work [1]. Boiling occurs on the surface of the inner copper tube with 

a diameter of 12 mm and the total length of 585 mm. The annular gap between the copper tube 

and the outer glass tube is 2 mm wide.  

 The unique feature of the test section is a concentric tube heat exchanger used as a 

heater that enables a temperature-controlled boundary condition. Water flowing inside of a 

copper tube transfers the heat to the refrigerant R245fa flowing on the outer surface. Depending 

on the enthalpy flow of the heating water, the refrigerant flow through the annulus can be in the 

single-phase or two-phase (nucleate boiling up to film boiling) flow regime. Specially designed 

finned structure inside of the copper tube provides strong heat transfer enhancement from 

secondary (water) to primary fluid (refrigerant) and allows local temperature measurement 

along the axis. Thermocouples for wall temperature measurements are installed on fins just 

below the pipe surface (repeating every 21 mm along the pipe), while the thermocouples in 

contact with the water inside the channel measure the local temperature of the water. Water and 

refrigerant can flow either in co-current or in counter-current direction. In this study, only the 

co-current operation is considered.  
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Figure 1: The annular test section for flow boiling observation 

 

Since the heat losses depend on ambient conditions, the air temperature has also been 

measured using an electronic room thermometer and two additional TC’s, one 1 cm below and 

one 1 cm above the test section. The upper TC is consistently showing higher temperatures, 

indicating that there is probably some convection and therefore losses present. The uncertainty 

of each thermocouple inside of the test section is 0.2°C, while resolutions up to 0.05°C are 

achievable. Inlet and outlet temperatures have the uncertainty of 0.5 °C, and air temperature 

uncertainty is approx. ± 1°C. 

Two sets of the steady-state experiments were performed. To reduce the number of free 

parameters, first the so called “isothermal” experiments were performed, where the water and 

refrigerant temperatures were as close to one another as possible. In this way, the heat transfer 

between the water and the refrigerant is practically negligible and the losses towards the 

environment represent the main contribution. After successful validation of numerical 

simulations against the isothermal experiments, several “non-isothermal” experiments have 

been performed, having a large difference between the inlet temperatures of refrigerant and 

water. In this case, the heat transfer between both fluids was much higher than the heat losses 

to the environment. During the experimental run, it was first ensured that the system reached 

steady-state. After that, the temperatures were sampled every second, during a 20 minutes time 

frame, and were then averaged. Repeatability of the measurements was confirmed by repeating 

the same measurements on another day. In this paper, only two experiments from the set are 

presented, one with low and the other with high temperature difference between the inlet 

temperatures of water and refrigerant. Experimental conditions are described in Table 1. The 

Reynolds numbers of the refrigerant flow (based on hydraulic diameter and bulk velocity) are 

1150 ± 50 and 3500 ± 100 for cases A and B, respectively. 
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Table 1: Experimental conditions during both observed cases. Uncertainty of temperatures is 

± 0.2 °C and ± 1% for mass flow rates.  

 Isothermal case “Case A” Non-isothermal “Case B”  

Inlet water temperature Tin
W 39.26 °C 41.7 °C 

Inlet refrigerant temp. Tin
R 39.16 °C 18.8 °C 

Water mass flow rate 6.2 kg/h 12.9 kg/h 

Refrigerant mass flow rate 31 kg/h 119 kg/h 

3 NUMERICAL MODEL 

When constructing the geometry in ANSYS18.1 workbench, great attention was paid to 

the details. All small components, including Teflon seals, bolts and nuts were modelled, making 

as few as possible geometry simplifications and corrections. The geometry of the annular part 

of the test section remained approximately the same as in our previous work [3, 4], while the 

inlet and outlet heads needed to be modelled from scratch. 

 
  

 
Figure 2: The whole model (top) and the details of one inlet head (bottom) 

 

The inlet and outlet heads are identical. While there are only one water inlet and outlet, 

three refrigerant inlets and outlets are distributed around the axis, 120° apart. Even 

redistribution of the refrigerant mass flow rate is assumed, meaning that 1/3 of the refrigerant 
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mass flow rate was prescribed to each refrigerant inlet. At the outlet, the same pressure value 

was prescribed on each of the three outlets, again resulting in an even distribution.  

Since the preliminary simulations consistently over-predicted the experimental heat 

transfer, it was assumed that an additional unknown thermal resistance could be present on the 

contact surfaces of the test section, possibly in the form of oxide layers formed on the surfaces 

of the metal parts. In the follow-up model this effect was considered by applying an artificial 

thin layer of less-conductive material on the copper-refrigerant interface. In ANSYS Fluent, the 

so-called “shell conduction” model was used to implement the effect of thermal resistance. The 

model was implanted on the solid-fluid interface and did not require any mesh modification or 

solving additional diffusion equation.  

3.1 Mesh generation and parameters 

Similar meshing strategy has been adopted as in [4] using the ANSYS18.1 meshing tool 

. Special care was taken to construct conformal mesh with matching cell boundaries on all solid-

fluid interfaces. The fluid mesh is primarily tetrahedral with refined prism layers in the near-

wall region. Sufficiently dense mesh needs to be applied in the near-wall region to resolve the 

high velocity and temperature gradients near the solid-fluid interface. Dimensionless values of 

the first near-wall cell y+ needs to be below one to ensure sufficient accuracy. Parameters of 

mesh generation are shown in Table 2. The whole mesh consists of 38 million cells. 

Table 2: Parameters of mesh generation 

Maximum tetra size [mm] 0.52 

Cell size at walls [mm] Liquid water 0.02 

Refrigerant  0.016 

Number of prism layers Liquid water 10 

Refrigerant 10 

Growth rate Liquid water 1.25 

Refrigerant 1.30 

 

 
Figure 3: Mesh of the annular part of the test section with visible prism layers in water and 

refrigerant fluid domains. 
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3.2 Boundary conditions and simulation parameters 

 

Boundary conditions are listed in Table 2. The convective heat transfer on all outer 

surfaces (glass tube, heads), was modelled assuming heat transfer coefficient of 5 W/m2K, 

according to the correlations for natural convection around the horizontal cylinder developed 

by different authors (Goldstein et.al [5]) using the free-stream temperature of the air taken from 

the measured data. Surfaces between inlet head parts were modelled as adiabatic as the gap is 

small and presumably, no significant convection can be expected on those parts. Radiative heat 

losses were not considered. Although they are not completely negligible, they are in the range 

of measurement uncertainty.  

 

Table 2: Boundary conditions used in simulation. Prescribed temperatures and mass flow 

rates for each case are listed in Table 1. 

 Momentum Temperature 

Inlet 

Liquid water 
Prescribed mass 

flow rate  
Prescribed constant Tin

W 

Refrigerant 
Prescribed mass 

flow rate 
Prescribed constant Tin

R 

Outlet 
Liquid water 

Pressure Outlet 
Back flow temperature Tout

W 

Refrigerant Back flow temperature Tout
R  

Walls 

Enclosed faces No slip condition Adiabatic wall 

Flanges 

No slip condition 
Heat Transfer Coefficient = 5 

𝑊

𝑚2𝐾
 

Free stream temperature = 25.20°C  

Refrigerant 

collector 

Water collector 

Seals 

Nuts 

 

Physical properties as heat conductivity and specific heat of fluids and solid parts (brass, 

stainless steel, glass and Teflon) are described in [2]. The added virtual layer for modelling the 

additional thermal resistance is 0.05 mm thick with a thermal conductivity of 0.05 W/mK and 

was chosen as the best fit between the simulations and experimental data in several different 

non-isothermal cases. 

Simulations were performed in ANSYS FLUENT v18.1 and a steady-state solver with 

SIMPLE algorithm was used. Second-order upwind discretization were used for momentum 

and temperature equations and first-order upwind for turbulent quantities. Turbulence was 

modelled with K-epsilon realizable model with enhanced wall treatment. Under-relaxation 

factors were used to improve the stability. Simulations typically run for approx. 5000 iterations 

and the convergence of simulations was determined by monitoring the residuals and 

temperatures at the monitoring points (TC locations). Mesh convergence study was performed 
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on a smaller model showing that the mesh used in this study is good enough to provide the 

results with sufficient accuracy. 

4 RESULTS AND DISCUSSION 

As discussed before, Case A with minimal temperature difference between the inlet and outlet 

temperatures was simulated first. The first parameter to compare was the outlet temperature and 

calorimetric losses, i.e. the difference between the heat flux that water loses and refrigerant 

gains, as determined by equation 

𝑃𝑙𝑜𝑠𝑠 = 𝛷𝑤  𝑐𝑝𝑤  𝛥𝑇𝑤 + 𝛷𝑟  𝑐𝑝𝑟  𝛥𝑇𝑟,                                     (1) 

where 𝛷𝑤 and 𝛷𝑤 are water and refrigerant mass flow rates, 𝑐𝑝 is specific heat and 𝛥𝑇 

temperature difference between inlet and outlet for each separate fluid. The results are presented 

in Table 3. Water outlet temperature is in good agreement while the refrigerant outlet 

temperature is higher and slightly outside the experimental uncertainty. As the losses depend 

on these temperatures, the simulation predicted lower losses than the experiment. 

 

Table 3: Comparison of outlet temperatures and corresponding losses for Case A 

 Experiment Simulation Difference 

Outlet water temperature 38.9 ± 0.5 °C 38.9 °C 0.0 °C 

Outlet refrigerant temperature 38.2 ± 0.5 °C 38.8 °C 0.6 °C 

Calorimetric losses 𝑃𝑙𝑜𝑠𝑠 14.0 ± 1.4 W 6.8 W -7.2 W 

 

Besides the losses, we also compared the axial temperature profiles in the test section 

with experimental values. As shown in figure 4, the results agree well within the experimental 

uncertainty of 0.5 °C and are less than 0.1°C different from experimental values. 

 

 

Figure 4: Axial temperature profile for Case A – isothermal case. 
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For Case B with a higher temperature difference at the inlet, the results are shown in Table 

3 and in Figure 5. Water outlet temperature differs only 0.1°C from the simulation value and 

the refrigerant temperature is 0.2°C higher in simulations. Predicted temperature profiles show 

higher temperatures (between 0.2 °C and 0.5°C) than the experiment. Average slopes of the 

profile, corresponding to heat transfer coefficient from water to refrigerant, agree within 5%. 

In this case, also calculated calorimetric losses agree within experimental uncertainty.  

 

Table 4: Comparison of outlet temperatures and corresponding losses for Case B 

 Experiment Simulation Difference 

Outlet water temperature 29.6 ± 0.5 °C 29.5 °C -0.1 °C 

Outlet refrigerant temperature 22.7 ± 0.5 °C 22.9 °C 0.2 °C 

Calorimetric losses 𝑃𝑙𝑜𝑠𝑠 5.5 ± 2.5 W 4.7 W -0.8 W 

 

 

 

Figure 5: Axial temperature profile for Case B – non-isothermal case. 

 

While in general the agreement between simulations and experiments is good, refrigerant 

temperature in simulation is higher than in the experiment, in both cases. As the agreement of 

axial profiles is good and the losses on inlet and outlet heads should be approximately correct, 

this could be related to an error with the measurement of refrigerant outlet temperature. Since 

we are measuring it on the refrigerant pipe surface and the pipe is not fully insulated 

downstream, some temperature gradient could be present and affect the measured value. On the 

other hand, all thermal contacts between different sections of inlet/outlet heads were assumed 

to be perfect (without any thermal contact resistance), which could also affect the results. Which 

of those contributions is more important is yet to be investigated. 
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5 CONCLUSION 

In this paper, a full-scale numerical model of single-phase heat transfer in our test section 

was presented. Two limiting cases with small and large temperature difference between the 

heating water and refrigerant were simulated and compared with the experiment. Comparison 

of the axial temperature profiles shows good agreement in the case of small temperature 

difference within experimental uncertainties and in the other case for up to 0.5 °C. Predicted 

heat flux in the non-isothermal case agrees with experimental value within 5%. For the future 

work, more cases with different inlet temperatures and flow rates will be analysed. As 

comparison of refrigerant outlet temperatures shows systematically larger values in the 

simulations with respect to the experiment, this will also be further investigated. 
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ABSTRACT

At Reactor Engineering Division of Jožef Stefan Institute a new experiment is being built
in the THELMA laboratory to study temperature fluctuations at the wall cooled by adjacent
turbulent flow. As the experiments are limited especially in resolution and also in the available
insight into the flow and thermal field, Computational Fluid Dynamics (CFD) studies are widely
used as a design support to fluid dynamics experiments.

A new experimental section is being built that consists of a 3 × 3 cm2 cross-section and
roughly 4m long horizontal square channel, with a 59 cm long part of the top wall heated with
a thin foil. The flow and heat transfer in the new experiment have been reproduced with a wall-
resolved Large Eddy Simulation (LES) using a wall-adapting local eddy-viscosity (WALE)
model in OpenFOAM computer code. First simulations assumed incompressible, fully devel-
oped turbulent flow of Newtonian fluids with Reynolds number of 10000 and two different
Prandtl numbers corresponding to water (Pr ≈ 5) and liquid lead (Pr ≈ 0.01). Heat transfer
has been included using temperature as a passive scalar, so there is no feedback loop on mass
and momentum conservation equation. The second part of the simulations took into account the
influence of the temperature on the water viscosity and density. The study suggest that a reduced
power of 100W will be needed to satisfy the passive scalar approximation for the temperature
field.

The most relevant result of our simulations were temperature fluctuations on the foil. With
observation and analysis of coherent thermal structures in simulations we have predicted the re-
quired resolution and frequency needed by thermographic high-speed camera at given Reynolds
and Prandtl numbers. In the Conclusions we present the comparison of our simulations with the
preliminary measurements.
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1 INTRODUCTION

At Reactor Engineering Division of Jožef Stefan Institute a new experiment is being built
in the THELMA laboratory to study temperature fluctuations at the wall cooled by adjacent
turbulent flow. In experiment we created a boundary condition of constant heat flux with stain-
less steel foil heated with electric current. Temperature fields are observed on the outside of
the heated foil with high-speed thermal camera, which can detect infrared rays of low intensity.
Main goal is to study temperature fluctuations at the surface of heated foil, where special pat-
terns are formed, which are the consequence of coherent structures in turbulent flow. Through
temperature fluctuations we are able to analyse properties of turbulent flow. Similar patterns
have been observed in the geometry of channel flow by Mosyak [1] and Tiselj [2]. It is im-
portant, that the dimensions in the flow direction is long enough that the turbulent flow is fully
developed. Geometry of the square channel in simulations with dimensions is shown in Figure
1. Inlet boundary condition is at z = −39 cm. In experiment the thickness of heated foil is
0.025mm, however in simulations the ideal boundary condition of constant heat flux is used,
which assumes foil of zero thickness.

Figure 1: Geometry of physical model.

This paper discusses analysis of the numerical simulations that were able to extract basic
properties of the turbulent flow in a geometry of square channel. We were particularly interested
in analysis of temperature fluctuations, which occur in turbulent flow and can be experimentally
observed with high-speed thermal camera. Detailed description of the experiment is found in
[3].

2 MATHEMATICAL MODEL AND NUMERICAL METHODS

In current work, we have applied LES approach with WALE model to study the flow.
Basic equations of the fluid mechanics and of the LES turbulence model are described in [4].
After preliminary simulations, we have performed our study with four different models, taking
into account various feedback effects of temperature on momentum equations. Differences
between used models can be seen in Table 1.

Water density, viscosity, specific heat and heat conductivity were obtained at 30°C for
model 1, while for the models 2-4 temperature dependent viscosity and density were obtained
from [5]. Liquid lead properties were prescribed at 440°C.
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Table 1: Differences between used models in simulations.
Model 1 2 3 4
Viscosity Constant Variable Constant Variable
Density Constant Constant Boussinesq approx. Boussinesq approx.

Numerical mesh has been constructed with OpenFOAM utilities blockMesh and
mirrorMesh. Three different meshes were constructed. Coarse mesh had 794200 cells,
medium mesh had 5948800 cells and fine mesh had 240944000 cells. Most results have been
obtained on the medium mesh, whereas fine mesh will be used in future calculations.

To obtain fully developed turbulent flow in our numerical simulations we used the re-
cycling inlet boundary condition, which maps the field from 15Db downstream location back
to the inlet boundary condition. To obtain fully developed turbulent flow we have first per-
formed simulations on coarse mesh and then mapped the fields to medium and fine mesh with
OpenFOAM utility mapFields.

We have prescribed bulk velocity at the inlet boundary as 0.26694m/s, which in this
geometry corresponds to the Reynolds number of 10000. At the heated wall, constant heat flux
boundary condition has been applied.

3 RESULTS

When the statistically stationary state has been achieved, we started accumulating statis-
tics to obtain the mean value and its fluctuation as:

φj(x, y, z) =
1

t1 − t0

∫ t1

t0

φj(x, y, z, t)dt. (1)

φ′
iφ

′
j =

1

t1 − t0

∫ t1

t=t0

(φi(x, y, z, t) − φi(x, y, z)) × (φj(x, y, z, t) − φj(x, y, z))dt. (2)

where φj is j-th component of the field φ.
Left graph in Figure 2 shows streamwise velocity component. Velocity field in this di-

rection is driven by pressure gradient and is bounded by the walls, where the velocity is zero.
Right graph in Figure 2 shows secondary flow, which is perpendicular to the streamwise di-
rection. Specifically, secondary flow of the Prandtl second kind is observed [6]. This flow
occurs in the turbulent flow, if the shear stress is not uniform along the walls. Secondary flow
near the wall is directed from the low shear stress regions to high shear stress regions. Small
irregularities seen in figure is statistical error as a consequence of too short time-averaging.

Wall shear stress is not uniform in square channel geometry and the calculation of a fric-
tion Reynolds number Reτ = 295 is obtained with an average along all four walls. Comparison
of the result with DNS databases [7] at different friction Reynolds number is shown in Figure
3. Distance from the wall has been normalized with channel half-width h = 1.5 cm. Left graph
in Figure 3 shows comparison of mean streamwise velocity at the centerline cross-section from
the wall. Small difference in the inertial region is well known inaccuracy of LES model with
WALE sub-grid model studied by [8]. Right graph shows comparison of the streamwise fluc-
tuations, which are bit overestimated in our work, but is also known inaccuracy of LES model
[9].
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Figure 2: Velocity field in the streamwise direction (left) and secondary flow (right).

Figure 3: Comparison of mean velocity in streamwise direction (left) and mean fluctuations in
streamwise direction with DNS database [7].

3.1 Temperature fields

Particular interest in our work is given to the temperature fields at the heated foil. Figure
4 shows temperature field at the heated wall for different streamwise cross-sections for passive
scalar approximation at P = 300W . Left graph shows the mean temperature field and right
graph shows temperature fluctuations. The development length of temperature field is small,
which means that at about half-length of the heated foil the temperature field is fully developed
— temperature profile does not change downstream the flow. There is still quite significant
statistical error present as the both the mean change of temperature and temperature fluctuations
still oscillate significantly along the z-direction.

Figure 5 shows temeprature fields for simualtions at higher P = 1000W for two dif-
ferent Prandtl numbers. Results show that even though the foil is sufficiently achieveing fully
developed temperature field at Prandtl number of about 5, this is not the case at lower Prandtl
number of 0.0164. We also observe smaller fluctuations at lower Prandtl number and the curve
is significantly smoother.
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710.5

Figure 4: Mean change of temperature (left) and temperature fluctuations (right) at different
cross-sections at heated foil for P = 300W , Pr ≈ 5.

Figure 5: Mean change of temperature (left) and temperature fluctuations (right) at the center-
line cross-section at heated foil for different Prandtl numbers; P = 1000W .

Figure 6: Mean change of temperature at the centerline cross-section at heated wall for P =
100W (left) and P = 300W (right), Pr ≈ 5.

We have performed our simulations with four different models described in Table 1 for
power 100W and 300W and for Prandtl number corresponding to water. Differences between
these models at the centerline cross-section of the heated wall can be seen in Figure 6. At lower
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power the differences are almost negligible (less than 0.5K difference), however, at higher
power the most accurate model, that takes into account temperature dependent viscosity and
density, clearly differs from other models (more than 2K difference). This result is showing that
at power larger than P = 100W thermal feedback effects need to be taken into consideration.

3.2 Coherent thermal structures

Kolmogorov described turbulent flow in infinite space as a set of vortices, where the
kinetic energy traverse from larger to smaller and smaller vortices and in the end dissipate to
the internal energy. In the presence of the wall this picture becomes complicated. In near wall
region, we observe so-called coherent structures - vortices of different shapes and sizes. The
diameter of such vortices is a function of friction Reynolds number. Coherent structures in
near wall region create so-called high-speed and low-speed streaks. In our case, these streaks
are observed indirectly through the temperature field at the heated foil. Namely, high-speed
and low-speed streaks have different cooling capabilities resulting in low and high temperature
regions, respectively.

We have used time-averaged autocorrelation function to determine the width of coherent
structures:

R(x, y) =
1

t0Lz∫ t0

0

(∫ Lz

0

( 1

Lxσ2

∫ Lx

0

(f(c, y, z, t)−f(c, y, z))(f(c+x, y, z, t)−f(c+x, y, z))dc
)
dz
)
dt

(3)

where σ is standard deviation of the signal, t0 is duration of the time-averaging, whereas Lx
and Lz are foil sizes in x and z dimensions, respectively.

Instantaneous temperature field at the heated foil is observed for every time-step and mean
temperature has been calculated, which is needed for calculation of the temperature fluctuations.
Fields have been periodically repeated.

Figure 7: Autocorrelation of temperature field on heated foil perpendicular to the streamwise
direction (left) and in streamwise direction (right).

From the minimum of the left graph in Figure 7 we can deduce, that the average footprint
width of the coherent structures is 2.5mm, which correspond to about 50 wall units and is in
good agreement with known dimensions of coherent structures from the literature [10]. This
result shows that the spatial resolution of the camera in our experiment has to be much finer
than that to be able to capture this streaks.

On the right side in Figure 7, we observe autocorrelation function in the streamwise di-
rection. In this direction, we do not observe coherent structures as the hot and cold streaks in
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this direction do not occur in pairs. However, we do observe small negative correlation, which
is probably consequence of the statistical error.

4 CONCLUSION

In the present paper, Large Eddy Simulations using WALE sub-grid model have been
performed for the study of temperature fluctuations near uniformly heated foil cooled by adja-
cent turbulent flow. Average velocity and temperature fields in the geometry of square channel
have been calculated. We have also found the presence of secondary flow in current geometry,
magnitude of which is only 2% of the streamwise velocity. Sufficient power of the foil where
temperature fluctuations are not negligible has also been determined.

Temperature dependent viscosity and density have to be applied to the study for powers
over 100W . Simulations with lower Prandtl number have shown that development length of
the temperature field and the magnitude of the temperature fluctuations is highly dependent on
the Prandtl number. Specifically, lower Prandtl number causes longer development length and
smaller temperature fluctuations.

4.1 Comparison with preliminary experimental results

Comparison with preliminary measurements is made at the two windows illustrated in
Figure 8.

Figure 8: Position of the inflow and outflow windows in comparison to heated foil (top) and
comparison of the instantaneous change of temperature at the outflow window in experiment
(bottom left) and simulations (bottom right).

Table 2 shows the comparison of spatially averaged mean change of temperature and
temperature fluctuations at the inflow and outflow window. Mean temperatures are in quite
good agreement with the measured value, while the fluctuations in simulations are a bit larger
than in the experiment. This is a consequence of non-finite thickness of the heated foil in
experiments, which slightly damp the temperature fluctuations on the foil.

Table 2: Mean change of the temperature and temperature fluctuations at inflow and outflow
window. Experimental data is preliminary.

100W ∆T sim(K) T ′
exp(K) ∆T exp(K) T ′

exp(K)

Inflow window 3.94 0.7 4.0 0.49
Outflow window 4.56 0.76 4.5 0.47
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4.2 Future work

Future work on simulations is application of other mathematical tools for analysis of
coherent turbulent structures. One of such tools is proper orthogonal decomposition method,
which is able to distinguish coherent structures over energy and size.

We are also planning to extend simulations to reduce the statistical uncertainty. Smaller
values of temperature fluctuations show, that even though the heated foil in experiment is very
thin, the dissipation of temperature fluctuations is not negligible. We could improve our physical
model by adding heat transfer simulation on heated foil.

After experiment will be carried out, the simulations need to be made on the finer mesh.
However as these simulations will be computationally more expensive, we hope to perform
them at larger supercomputer, which will allow usage of a few thousand processors.
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ABSTRACT 

This paper presents investigation of temperature fluctuation in conjugate heat transfer.  

The temperature fluctuations at fluid-wall interface depend on thermal activity ratio, which 

is the ratio of thermal capacity and thermal conductivity of fluid to the solid. 

However, there are several computational databases on excessively simplified geometries, 

which have not been verified with the experiments. Also, only handful experimental 

studies on temperature fluctuation in thin solid wall exist in literature. 

In the view of this, a new experimental facility has been designed and installed in 

THELMA laboratory at Reactor Engineering Division of Jožef Stefan Institute. The aim of the 

present study is to investigate temperature fluctuations on a heated foil cooled with turbulent 

flow in a square duct channel. A stainless steel foil with thickness of 25 microns was used. 

Experiments were carried out at Reynolds number of about 10200, Prandtl number of about 5 

and thermal activity ratio equal to 0.21. The footprint of turbulent fluctuations from liquid on 

solid surface is presented for the first time using Infrared images of thermal streak on the foil. 

Statistics of the temperature fields have been calculated and are presented in the present paper. 

Keywords: Turbulent flow, Temperature fluctuations, Conjugate heat transfer, Thermal 

activity ratio 

1 INTRODUCTION 

Conjugate heat transfer in single and two-phase fluid flow are widely encountered in day 

to day life and have large industrial importance too. In conjugate heat transfer, temperature 

fluctuation of fluid adjacent to solid wall plays an important role in system design and safety. 

Temperature fluctuations at the fluid wall interface mainly depend on the thermal capacity and 

thermal conductivity of both fluid and solid. Thus, a thermal activity ratio is defined as the ratio 
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of product of thermal conductivity and thermal capacity of the fluid to the product of thermal 

conductivity and thermal capacity of the solid [1], namely 

 𝐾 = √
𝜌𝑓𝐶𝑝𝑓𝜆𝑓

𝜌𝑤𝐶𝑝𝑤𝜆𝑤
⁄                                                                                              (1) 

where 𝜌𝑓 , 𝐶𝑝𝑓 , 𝜆𝑓 and 𝜌𝑤, 𝐶𝑝𝑤, 𝜆𝑤  are density, specific heat and thermal conductivity of 

the fluid and wall, respectively. 

The significance of thermal activity ratio is that it determines whether the wall boundary 

condition is fluctuating or non-fluctuating. For example, in the limit when K=0 and for a finite 

thickness of the wall, the temperature fluctuations in the fluid do not penetrate the wall. This is 

called a non-fluctuating boundary condition. Contrarily, in the limit of K= ∞, temperature 

fluctuations in the fluid penetrate the wall smoothly. This is called a fluctuating boundary 

condition and it is independent of wall thickness [2]. Both the boundary conditions are ideal. 

However, actual conditions lie between the two ideal cases. Direct numerical simulation (DNS) 

for investigation of wall temperature fluctuation were performed by [1-5]. However, only a 

handful experiments [6-7] were performed to investigate wall temperature fluctuations in 

heated foil.  

In this paper, experiments were performed for investigation of thermal fluctuation on 

heated foil in case of turbulent duct flow. The footprint and statistics of turbulent temperature 

fluctuations from liquid on solid surface has been presented. 

2 EXPERIMENTAL FACILITY 

2.1 Test section 

The experimental loop and the associated equipment used in present study are located in 

the THELMA laboratory of the Reactor Engineering Division of Jožef Stefan Institute, 

Ljubljana, Slovenia. The loop was designed and installed for investigation of thermal 

fluctuations in single phase turbulent flow. Figure 1 shows cross section of the test section used 

in the present study. 

 

Figure 1:  Cross section view of test section. 
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The test section is made of acrylic glass. A square duct having a dimension of 30 mm×30 

mm was used. The total length of the test section is 4000 mm, which is long enough to achieve 

a fully developed flow and temperature field. According to the literature [7-8], the entrance 

length for a fully developed turbulent flow should be 90-100 times the hydraulic diameter and 

for thermal developed flow it should be 10 times the hydraulic diameter [9]. 

 

2.2 Test loop 

The experimental facility is shown in Figure 2. It consists of a test section along with 

other equipment like thermal bath, DC power supply, electrical load controller (ELC), water 

filter and valves. The thermal bath is a system of heater and cooler, which keeps the constant 

temperature in the water tank with an accuracy of ± 0.01 0C) The DC power supply is used as 

a power source for ohm heating of the thin stainless-steel foil.  Electrical load controller having 

a range of 160 V and 60 Amp was used for power control. Pump can discharge the water flow 

at the rate of 45 m3/hr or 34 m in terms of head. 

 

 

Figure 2:  Flow schematics of experimental facility: 1-test section, 2-inlet window, 3- 

outlet window, 4- black painted stainless-steel foil, 5- IR camera, 6- DC power supply, 7-ELC, 

8-volumetric flask with stop watch, 9- thermal bath, 10-heat exchanger, 11-water tank, 12- 

pump, 13- water filter, 14-power connector, TC- thermocouple and V- valve. 

Figure 3 shows the heated part of the test section. The cover having a length of 700 mm 

was screwed to the main test section from the top.  The cover consists of inlet and outlet 

measuring window and thin foil. The width and length of both windows are 20 mm and 100 

mm, respectively.  The thin foil was glued to the bottom part of frame with a thin silicon layer 

of glue. The outer surface of the stainless-steel foil was painted with black colour for measuring 

the temperature of the foil with the IR camera. 

 

                                     Figure 3:  Heated foil section. 
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2.3 Instrumentation  

T-type thermocouple, mercury thermometer, Infrared (IR) camera (FLIR-X6901scSLS), 

volumetric flask, and voltmeter were used in the facility. The range and uncertainty of the 

instruments is shown in Table 1.  

 

Table 1: Instrumentation of the experimental facility. 

Instrument Range Accuracy Remarks   

T-Type 

thermocouple 

-200 to 200 0C ± 1 0C Used to measure water temperature at the 

inlet and outlet of the test section. 

Mercury 

thermometer 

0 to 100 0C ± 0.1 0C Used to calibrate the thermocouple. 

Thermocouple found to be well accurate (± 

0.2 0C) over the wide range of measurement. 

IR camera -20 to 150 0C ± 2 0C Used for measuring surface temperature of 

the foil. 

Volumetric 

flask 

4.1 l ± 3 % Used for flow rate measurement. 

Multi-meter 20-220 V ± 0.5 % Used for measuring voltage across the foil. 

ELC 0-40 A ± 0.2 % Used for setting the electric current through 

the foil. 

 

2.4 Experimental condition and test procedure  

Experimental conditions are shown in Table 2. Water in the tank was maintained at a 

constant temperature using the thermal bath and the heat exchanger. The water flows into the 

test section by pump via water filter and valve V1.  It is discharged from the test section through 

valve V3 (refer Figure 2). The flow rate is gradually increased by controlling valves V5 and 

V6. The V5 valve is smaller than V6 and was provided for fine-tuning of the flow rate.  The 

valves V2 and V4 are used for venting out the trapped air bubbles in the system. The 

temperature at the inlet and outlet was measured by TC1 and TC2. The water flow rate was 

measured by volumetric flask after it passes from valve V3. 

After achieving the desired flow condition, the DC electric heating was switched on. The 

electric current heats the foil and temperature fluctuations on the surface of the foil are 

measured with IR camera. It may be noted that prior to electric heating, the emissivity of the 

black paint was calculated by adjusting the surface temperature of the foil to the same 

temperature detected by thermocouple. The emissivity of the black paint was found to be 0.78.  
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Table 2: Experimental matrix. 

Quantity Value Units 

Flow rate (Q) 0.24 l/s 

Reynolds number (Re) 10200±100 /  

Thermal activity ratio (K) 0.21 / 

Inlet water temperature (Tin) 30 0C 

Voltage (V) 8.35 V 

Electric current (I) 12 A 

Heated length (Lh)   530 mm 

Heated width  28 mm 

Foil thickness (dw) 0.025 mm 

Paint thickness 0.02 ±0.01  mm 

Heat flux (q) 5.65 kW/m2 

 

3 RESULTS AND DISCUSSION  

Figure 4 shows IR images before and during electric heating of the stainless steel foil. 

Before heating, the temperature is uniform over the surface of the foil which means no 

significant heat transfer between water and foil. But once heating starts, an interesting pattern 

of high and low temperature regions appears with an elongated shape in the stream wise 

direction. These are so-called thermal streaks, which are visible on the surface of the thin metal 

foil. The high and low-speed streaks move in the direction of flow are represented by red and 

yellow color. The local heat transfer coefficients are different over the streaks, which creates 

low and high-temperature zones over the foil. 

 

flow 

 

 

flow 

 

 

(a) Before heating (b) During heating 

 

Figure 4: IR images before and during electric heating of the foil. 
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Figure 5 shows the instantaneous temperature field at the inlet and outlet measuring 

window. The temperature varies from 23 0C to 35 0C. The uniform blue color shows the low 

temperature outside the heated foil whereas yellow and red colours represent thermal streaks 

on the heated surface of the foil. Electric heating is only applied to foil whereas other regions 

are electrically insulated. The green and light-blue colors show slightly increased temperature 

due to the reflection from the aluminium power connector which is in contact with heated water.  

 

(a) 

 

(b) 

Figure 5: Instantaneous temperature field on the foil (a) Inlet window (b) Outlet window. 

As explained in section 2.1 the development length for the thermal boundary layer is 10 

times the hydraulic diameter. In our case, the hydraulic diameter is 30 mm, so the length 

required for the development of the thermal boundary layer is 300 mm. However, the heated 
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length in the present experiment was extended to 540 mm in order to see the effect of the 

developing and developed thermal boundary layer on the characteristics and statistics of 

temperature fluctuation on the surface of heated foil. The inlet measuring window gives insight 

into the developing thermal boundary region whereas the outlet window covers the developed 

thermal boundary layer region. 

The characteristics are found to be qualitatively similar in both windows. The same 

coherent structures (vortices of different sizes and shapes) are observed in both windows. On 

the contrary, statistical results are found to be different in the inlet and outlet window.  Infrared 

images of both the windows are further processed to get RMS temperature TRMS and the time-

averaged temperature increase above the inlet water temperature ΔTFW. Time averaging has 

been performed over the surface of the foil for a 4-minute time interval and 3600 total images 

(15 images/s). The measurements were repeated two times and the uncertainty in the 

measurement was found to be within ± 0.1 0C. The measured values are given in Table 3 for 

both measuring windows separately. Clearly, the mean temperature is higher in the outlet than 

in the inlet measuring window, which was expected due to the developing thermal boundary 

layer. Furthermore, the TRMS are almost the same in both windows, which indicates that the 

temperature fluctuations originate from velocity fluctuations. Namely, as the flow is fully 

developed at both measuring windows, similar fluctuations are expected at both windows. 

In addition to above, these results are compared with the Large eddy simulation (LES) 

[10] as shown in Table 3. The measured mean temperature (TFW) for both windows is almost 

equal to the simulation but RMS temperature fluctuations (TRMS) are slightly lower compared 

to the simulation predictions. The reason might be the thickness of the foil (0.02 ±0.01 mm) 

which damps the turbulent fluctuations on the outer surface of foil. 

Table 3: Time and surface-averaged temperature and temperature fluctuations in the inlet 

and outlet windows. 

Temperature  Inlet window 

experiment 

 Inlet window 

LES simulation [10] 

Outlet 

window 

experiment 

Outlet window 

LES simulation [10]  

TFW 4.0 3.94 4.5 4.56 

TRMS 0.47 0.70 0.49 0.76 

4       CONCLUSION  

A new experiment has been set up at THELMA laboratory to investigate thermal 

fluctuations on a heated foil cooled by turbulent duct flow. A square duct with very thin foil 

made of stainless steel has been used. Measurements were carried out at Reynolds number of 

about 10200, Prandtl number of about 5 and thermal activity ratio equal to 0.21. Results show 

turbulent temperature fluctuations for inlet and outlet windows are qualitatively similar but not 

quantitatively. The mean temperature is higher in the outlet compared to the inlet measuring 

window whereas RMS temperature are almost the same in both windows. The experimental 

results are also compared with the numerical simulation. The measured mean temperature for 

both the windows is in a good agreement to the simulation but RMS temperature fluctuations 

are slightly lower compared to the simulation.  
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For future work, we will perform experiments with more accurate flow meters such as 

Coriolis flow meter, improved image processing, and more accurate camera calibration. Other 

techniques of image processing such as auto-correlation function analyses and proper 

orthogonal decomposition will be incorporated for recognition of the turbulent streaks on the 

heated foil. In order to further improve the measurements of the temperature fluctuations on the 

heated foil, we will replace black paint with some other surface treatment that gives thinner and 

even more uniform non-reflective surface for a longwave IR light. 
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ABSTRACT 

PFC (Plasma Facing component) is an important component of the divertor, a region in 

the tokamak whose main function is to serve as a plasma exhaust and is subjected to very high 

heat loads. Hence it is important to cool divertor for effective operation and to prevent any 

damage to the PFCs. This is accomplished with pressurised water operating in the subcooled 

region extracting heat out of divertor. The importance of subcooled water is that it increases the 

heat capacity and overall efficiency of the system. However, the Critical Heat Flux (CHF) must 

be accurately predicted while designing PFCs for safe operation. 

The major focus of this work is to evaluate sub-cooled CHF models against the latest 

experimental CHF data reported for swirl tube geometry under single sided heating conditions. 

A new model is proposed which can better predict CHF compared to existing models for single 

sided heating conditions. 

Keywords: CHF, Single Sided heating condition, PFC, ITER Divertor. 

Nomenclature 

D Diameter, m 

T Temperature, K 

G Mass flux, Kg/m2s 

P Pressure MPa 

V Velocity, m/s 

C Specific heat, J/kgK 

Q Heat flux, W/m2 

Greek Symbols 

µ Dynamic viscosity, Pa.s 
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ρ Mass density, kg/m3 

σ Surface tension, N/m 

λ Latent Heat 

 

Subscripts 

cr Critical value  

l Liquid 

g Gas 

ex Experimental 

pr Predicted 

  

Non-dimensional Numbers 

Re Reynolds number, [ρUD/µ] 

We Weber number, [G2D/ρσ] 

Ec Eckert number, [U2/CpΔT] 

Bo Boiling nuber,[Q/Gλ] 

Ja Jacob number,[CpΔT/λ(ρl/ρg)] 

X Quality, [-CpΔT/λ] 

 

1 INTRODUCTION 

The ITER (International Thermonuclear Experimental Reactor) divertor is designed to 

withstand heat fluxes of 10 MW/m2 and 20 MW/m2 under steady state and transient conditions 

respectively [1]. However, the PFCs must be designed well above the CHF limit for proper 

operation of the divertor. Figure 1 shows the CHF phenomena for internal subcooled flow under 

single sided heating condition.  

 

 

Figure 1: CHF phenomena under single sided heating condition 
 

In order to enhance the CHF limit, Swirl tube geometry (ST) is widely used for single 

sided heating conditions. A variety of correlations have been proposed to predict CHF for 

divertor operating conditions. Many of these correlations have been derived from the uniform 

heating condition. Hence it is important to check their applicability for the single sided heating 

condition. This paper evaluates these correlations against the CHF data available for the single 

sided heating condition and develops a new model which can accurately estimate the CHF. 
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2   REVIEW OF MODELS AND EXPERIMENTS FOR SINGLE SIDED HEATING 

CONDITION  

Numerous empirical or semi-empirical models [2-4] have been proposed based on the 

CHF experiments performed for subcooled flow condition. The few most relevant models are 

listed in Table 1. 

 

Table 1: Description of available models on CHF used for single sided heating conditions 

 

A limited number of experiments [5-9] has been performed for the swirl tube geometry 

under single sided heating conditions. A typical swirl tape configuration is shown in Figure 2. 

 

 

Figure 2:  Swirl tape Geometries relevant to ITER divertor 

 

 

3       EVALUATION OF SUBCOOLED CHF MODEL 

In this section, we evaluate the CHF models of Tongs 75 [2], LUT data [3], and Boscary 

et al. [4] against the data obtained from various CHF experiments for single sided heating 

condition as discussed in section 2. For evaluation, we have compared the experimental critical 

boiling number with the predicted critical boiling number with existing models. Error analysis 

has been performed to estimate the mean error (ME), mean absolute error (MAE) and root mean 

square error (RMSE). The ME, MAE and RMSE is calculated by using the equation as follows 

Model Equation derived for CHF Remark 

Tong-75 [2] 𝑩𝒐𝒄𝒓 = 𝟎. 𝟐𝟑𝒇(𝟏 + 𝟎. 𝟎𝟎𝟐𝟏𝟔(
𝑷

𝑷𝒄𝒓
)
𝟏.𝟖

𝑹𝒆𝟎.𝟓𝑱𝒂) 
Uniform heating 

condition 

Look up Table 

(LUT)  data 

[3] 

𝑩𝒐𝒄𝒓 = 𝒇𝒖𝒏𝒄𝒕𝒊𝒐𝒏𝒐𝒇(𝑷,𝑮, 𝒙, 𝚫𝐓) 
Uniform heating 

condition 

Boscary et al. 

[4] 

𝑩𝒐𝒄𝒓

=
𝟒𝟎

𝟐𝟓
𝒆𝒙

𝟐
[𝑬𝒄−𝟎.𝟏𝟒 (

𝝆𝒍
𝝆𝒈
)

−𝟎.𝟐𝟓

𝑹𝒆−𝟎.𝟐𝟓(−𝒙−𝟎.𝟏𝟎)]
𝟏

𝟒𝟎
 

Single sided 

heating condition 
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𝑀𝐸 =
∑ 𝐸𝑖
𝑛
𝑖=1

𝑛
%                                                                                                     (1) 

 

𝑀𝐴𝐸 =
∑ |𝐸𝑖|
𝑛
𝑖=1

𝑛
%                                                                                                     (2) 

And 

𝑅𝑀𝑆𝐸 =
√∑ 𝐸𝑖

2𝑛
𝑖=1

𝑛
%                                                                                           (3) 

      

Where n= no of CHF data points and  

 

 𝐸 =
𝑩𝒐𝒄𝒓,𝒑𝒓,−𝑩𝒐𝒄𝒓,𝒆𝒙

𝑩𝒐𝒄𝒓,𝒆𝒙
× 100                                                                                                                          (4)                             

 

The error analysis shows how the predicted CHF values of the models considered differ 

from measured experimental values. Figure 3 shows all three correlations [2-4] underpredicts 

the measured CHF from experiments for single sided heating conditions. However, Boscary et 

al. [4] correlation has a lower mean error as compared to look up table (LUT) data [3] and 

Tongs75 [2] correlation as it was specifically developed for single sided heating conditions. 

 

 

Fig. 3. Critical boiling number predicted by correlations [2-4] against CHF data 
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4        DEVELOPMENT OF MODEL 

 

          Using Bucking Pi theorem, the model can be represented as - 

 

𝑩𝒐𝒄𝒓 = 𝑓 (𝑬𝒄𝑎 (
𝝆𝒍

𝝆𝒈
)
𝒃

𝑹𝒆𝒄(−𝒙𝒅)𝑾𝒆𝒆)                                                                   (5) 

 

The form of Equation 5 is similar to Boscary et al. [4] except that the dimensionless 

weber number which has been included in the present model. The Weber number reflects 

the importance of surface tension in CHF phenomena and hence it is an important parameter 

to be incorporated in equation 5. Figure 4 shows the dependency of the critical Boiling 

number on the Weber number. As shown, the critical Boiling number decreases as Weber 

number increases.  

 

 

Fig. 4. Critical boiling number Vs Weber number 

 

To get the final form of the equation, the critical boiling number is plotted against all 

dimensionless numbers and is shown in figure 5. 
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Fig. 5. Critical boiling number Vs dimensionless number 

 

The final form of equation can be represented as follows - 

 

𝑩𝒐𝒄𝒓 = 0.0153 [𝑬𝒄−𝟎.𝟎𝟔 (
𝝆𝒍

𝝆𝒈
)
−𝟎.𝟏

𝑹𝒆−𝟎.𝟏(−𝒙−𝟎.𝟎𝟒)𝑾𝒆−𝟎.𝟎𝟕]                                 (6) 

 

     The present correlation (Eq 6) shows good agreement with experimental data as 

compared to other existing models [2-4] as shown in figure 6. 

Fig. 6.  Present model Vs existing CHF data for swirl tube geometry under single 

sided heating condition 
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5        CONCLUSIONS 

An assessment has been done for predicting CHF using appropriate models against 

experimental CHF data of Swirl tube divertor geometry under single side heating conditions. 

These models are found to underpredict the CHF with a mean error of more than 13%. Hence 

a new model is proposed for swirl tape geometry for single sided heating conditions. The 

present model considers the Weber number, which reflects the effect of surface tension in CHF. 

The mean error computed for the present model is 1.35% which is better than the existing 

models. 

In future work, various other CHF correlations for subcooled boiling and experimental 

data relevant to the smooth tube, screw tube and hypervaptron geometry will be incorporated. 

The coefficient of present CHF correlation will be modified for a smooth tube, screw tube and 

hypervaptron geometry. Also, the performance of modified correlation for smooth tube 

geometry will be tested against CHF experiments [10].  
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ABSTRACT 

Severe accidents of light water reactors with a loss of coolant can result in overheating of 

the fuel rods and the loss of core integrity. In case of insufficient cooling, the reactor pressure 

vessel may fail and the discharged melt from the vessel will relocate into the reactor cavity and 

form a structure of heat-generating particles of different shapes and sizes (debris) by 

fragmentation in the residual water. In the scenario of depleted residual water, the melt will 

interact with the concrete underneath generating non-condensable gases (NCG) at the bottom 

of the particle bed (MCCI), which will flow through the debris bed.  

Experimental investigations have shown that NCG can slow down the quenching process. 

The impact of additional gas on the quenching process is numerically modelled in thermal-

hydraulic system codes like ATHLET however, there is still a need for experimental validation 

of respective models or verification of corresponding simulation results. Therefore, especially 

for the model validation of COCOMO-3D, which is implemented in ATHLET, a specific 

extension to the existing experimental database is required. 

The paper gives a brief outline on the state-of-the-art of previous experimental research 

related to debris bed quenching with involved NCG and describes in detail the new test facility 

FLOAT, which has been established at IKE, University of Stuttgart, for specific experiments 

on the coolability of particle beds with additional NCG injection from the bottom. First 

experimental results of the quenching behaviour of a monodispersed particle bed at top-

flooding cooling condition are presented and the induced effects by an additional NCG flow 

(air) from the bottom of the particle bed are discussed. 

1 INTRODUCTION 

Severe accidents of light water reactors with a loss of coolant can result in overheating of 

the fuel rods and the loss of core integrity. The core melt can be relocated to the lower head of 

the reactor pressure vessel (RPV) leading to strong thermal stresses of the RPV material. In 

case of insufficient cooling, the RPV may fail and the discharged melt from the vessel will fall 

into the reactor cavity where a heat-generating particulate debris bed can be formed by 

fragmentation in present residual water (ex-vessel scenario). In the scenario of depleted residual 

water, the melt will interact with the concrete underneath, known as molten-core-concrete-
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interaction (MCCI), generating NCG at the bottom of the debris bed, which will flow through 

the debris bed, altering the quenching process. The impact of additional gas on the quenching 

process is in principle considered in thermal-hydraulic system codes, like ATHLET. However, 

for the validation of severe accident codes, a specific extension to the existing experimental 

database is still needed. 

For the case of quenching hot and dry particle beds, the coolant water is injected either 

from the top (top-flooding) or from the bottom (bottom-flooding). Depending on the flooding 

configuration, a two-phase co- or counter-current flow will develop inside the particle bed. The 

coolability is generally limited by the locally insufficient availability of cooling water rather 

than by the heat transfer from particles to the coolant due to the large surface areas of porous 

media. Generated vapour as well as additional injected NCG increase the pressure gradient 

acting against the penetrating water from nearby water pools. Hence, depending on the gas 

flow, the penetrating water can be blocked which lowers the coolability of the debris bed.  

In the past, several quenching tests were carried out investigating the coolability of debris 

beds with and without additional gas injection. Tung et al. [1] conducted quenching tests on a 

particle bed, 85 mm in diameter and 180 mm in height, using Ø1.6 mm stainless-steel particles 

with and without gas injection from the bottom. It could be shown that a gas injection at the 

bottom of the particle bed can cause a premature halt of the quench front progression which in 

consequence reduces the coolability of the particle bed.  

Furthermore, experimental investigations on the quenching behaviour of a larger scale 

particle bed with additional gas injection from the bottom are carried out at the POMECO test 

facility of the Royal Institute of Technology, Sweden. For these investigations, a 350 mm 

square-shaped and up to 500 mm high particle bed was used. The injected gas amount was 

estimated for the concrete ablation velocity (about 5 cm/h) at later stages of the MCCI transient 

(Nayak et al. [2]). The additional gas injection led to a significant increase in quenching times. 

For low porosity beds (26 % porosity, mean particle size 0.7 mm), the flooding limitation might 

be reached, making the penetration of coolant impossible. For higher bed porosity compositions 

(38 % porosity, mean particle size 1 mm), the gas injection led to increased quenching times 

even though the counter-current flow limitation (CCFL) was not reached [2]. 

In previous studies at the IKE’s test facility DEBRIS quenching experiments were carried 

out by Schäfer et al. [3] and Rashid et al. [4] for top- and bottom-flooding configurations with 

various initial particle bed temperatures and various particle bed configurations (mono- and 

polydispersed beds) focusing mainly on the phenomenology of quenching. In further studies, 

various downcomer configurations (closed, open, perforated) and the influence of higher 

system pressure were investigated by Leininger et al. [5]. The open downcomer as well as 

higher system pressures led to increased bed coolability, the perforated downcomer did not 

increase the coolability as expected due to a blockage of the downcomer perforation by steam. 

For ongoing investigations at IKE, the new test facility FLOAT has been built up to perform 

quenching experiments with additional gas injection. The main purpose of the experiments is 

the extension of the experimental database for validation of severe accident codes. The FLOAT 

facility as well as the experimental procedure are explained, and the first experimental results 

are presented within this paper. 
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2 FLOAT TEST FACILITY 

In addition to IKE’s DEBRIS test facility, the new test facility FLOAT was established with an 

extended bed diameter of 200 mm and a bed height of 300 mm (Figure 1). The experimental 

setup enables the precise measurement of generated steam mass flow by a mass flow meter. 

The external water supply for the top-flooding configuration prevents the evaporation of 

cooling fluid through the heat exchanger as well as the entrainment of water droplets, which 

lead to a more accurate determination of the steam mass flow compared to the DEBRIS test 

facility. For preventing condensation of the measured steam mass flow, steam-carrying 

components are supplementary heated to prevent early condensation. A tubular coil heat 

exchanger is implemented in the test facility to protect the mass flow meter from superheated 

steam and keep the steam flow superheated.  

 
Figure 1: FLOAT test facility 

The temperatures in the particle bed are measured by 45 shielded thermocouples (type N, 

class 1, 1 mm in diameter, max. error ± 2 °C for measurements up to 500 °C) installed laterally 

at three radial positions (wall, half radius and centre) of the quartz glass test section (Figure 2). 

The particle bed at ambient pressure can be flooded from top or bottom. For the top-flooding 

configuration, the pre-heated cooling water is discharged from a feedwater tank with an initial 

water level height of 1475 mm from the top of the particle bed. During the execution of the top-

flooding experiment, a constant water level is maintained by an overflow above the test section. 

A flow meter (error ± 0.047 l/min) measures the injected water flow rate for top and bottom-

flooding configuration. The cooling water is distributed uniformly over the bed’s cross-section 

by a spray head located above the particle bed. 

For bottom-flooding configurations, the cooling water can be discharged gravity-driven 

from the feedwater tank at a sustained water level of 1935 mm from the bottom of the particle 

bed or by a fixed cooling water flow rate. For ensuring homogeneous inflow conditions into the 

particle bed, a layer of non-heated ceramic particles is located at the bottom of the test section 

crucible.  
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Figure 2: Flooding configurations and positions of thermocouples in the FLOAT test facility 

For all flooding configurations, an additional NCG flow can be injected uniformly over 

the bed’s cross-section within the ceramic particle layer using four perforated pipes. To 

minimize thermal losses the injected gas flow is preheated to 100 °C by an electrically heated 

tube furnace. For the first experimental investigations, air is used as NCG. The particle bed 

consists of 6 mm pre-oxidised stainless-steel spheres leading to a bed porosity of 37 - 42 %. 

The particle bed is volumetrically heated by a water-cooled induction coil, which is connected 

to a RF-generator operating at a maximum frequency of 300 kHz with a nominal electrical 

output power of 40 kW. To minimize thermal losses the test section is laterally well insulated.  

3 EXPERIMENTAL RESULTS 

A total of 9 top-flooding experiments with a maximum initial particle bed temperature up 

to 500 °C have been carried out. For each temperature level (300 °C, 500°C) two different 

experimental conditions have been investigated with at least two equivalent experiments: 

• No airflow through the particle bed with vair = 0 l/min.  

• Additional airflow through the particle bed with vair = 140 l/min at 100 °C 

(Accumulated gas rate of H2, CO2, CO, and CH4 released at the initial phase of 

the melt-concrete interaction test COMET-L3 [6] converted to the dimensions of 

the FLOAT test section). 

Table 1 presents the experimental results for all conducted quenching experiments. In all 

performed experiments, the initial particle bed temperature profiles are very similar to each 

other and show the same characteristics (Figure 3). Along with the bed height, the particle bed 

is on average overheated by a maximum of 27 % at the centre of the bed (in relation to the 

average bed temperature Tb) and is underheated at the bottom and top by a maximum of 37 % 

due to occurring heat losses to the ambient and the non-uniform characteristic of the inductive 

heating. Along the radius of the particle bed, the centre is overheated on average by a maximum 
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of 15 % where the near-wall region is underheated by a maximum of 10 % on average due to 

heat losses to the ambient. 

Table 1: Top-flooding quenching experiments for debris bed consisting of 6 mm stainless 

steel spheres, porosity 37 – 42 % 

Test  

No. 

Max. initial 

particle bed 

temperature [°C] 

Average initial 

particle bed 

temperature [°C] 

NCG flow rate 

through debris 

bed [l/min] 

Average water 

injection rate  

[l/min] 

Quenching 

time [s] 

F.9 300 227 0 7.7 63 

F.11 300 217 0 8.3 62 

F.12 300 222 140 7.4 80 

F.13 300 221 140 6.9 92 

F.5 500 363 0 7.4 121 

F.7 500 365 0 7.4 127 

F.14 500 364 0 6.9 111 

F.6 500 360 140 7.0 171 

F.8 500 364 140 7.0 139 

 
Figure 3: Normalized average temperature distribution (T – Tb) / Tb along the particle bed 

height H and particle bed radius R for experiments with T0 = 300 °C resp. T0 = 500 °C 

After pre-heating the particle bed to the maximum temperature level, the inductive 

heating is shut off. For quenching experiments with additional airflow, the volume flow control 

unit is activated to homogeneously inject an airflow of 140 l/min of 100 °C pre-heated air into 

the bottom of the test section. Immediately after injecting the airflow, the water injection is 

initiated to start the quenching process. The end of the bed’s quenching is met as soon as all 

thermocouples are cooled down below the water’s saturation temperature of 100 °C.  

The test F.14 has been carried out without additional airflow and shows a quenching time 

of 111 s whereas the test F.6 has been carried out with an additional airflow of 140 l/min which 

leads to an extended quenching time of 171 s. Both experiments are carried out at a maximum 

initial particle bed temperature of 500°C. For both experiments, the temporal temperature 

progression inside the particle bed is presented in Figure 4. 

Figure 5 presents the quenching time tq of all conducted experiments at both temperature 

levels (300 °C, 500 °C) with and without an additional airflow rate (vair = 0 l/min, vair = 140 

l/min). As can be seen, the additional airflow leads in all cases to an extended quenching time 

of 17 – 30 s for 300 °C and 12 – 60 s for 500 °C.   
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Figure 4: Typical temporal temperature progression inside the debris bed for vair = 0 l/min 

(test F.14) and vair = 140 l/min (test F.6) at maximum initial particle bed temperature of  

500 °C 

 
Figure 5: Quenching time tq for experiments versus the average initial particle bed 

temperature Tb for gas rates vair = 0 l/min and vair = 140 l/min 

The water quench front propagation for top-flooding configurations can usually be 

divided into two stages. Stage 1 is defined as the period in which the cooling water is locally 

penetrating downwards in strains until the bottom of the particle bed is quenched. The second 

stage is defined as the period in which the accumulating water pool quenches the remaining 

regions of the superheated particle bed by an elevation of water level inside the test section. For 

the conducted experiments without gas injection, the water is initially penetrating downwards 

in strains at the near-wall region due to higher porosity and lower particle bed temperatures. As 

can be seen in Figure 6 for each elevation level, not all thermocouples are quenched at the same 

time, which indicates the establishment of preferential paths. The penetrating water is impeded 

by local evaporation of the quench front as well as by the upward steam flow from evaporation 

at lower regions of the particle bed. After the bottom of the particle bed is quenched, a water 

pool fed by preferential paths establishes, leading to a rise of water level. In stage 2 of quenching 

the water pool above the bed additionally quenches upper regions of the particle bed by building 

up and expanding water strains, as can be seen from Figure 7 at timestep t = 48 s where the 

water level is still at an elevation level of 60 mm and the thermocouple at an elevation level of 

140 mm at a radius of r = 50 mm is cooled down and quenched subsequently. 
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Figure 6: Quench front propagation of water, top-flooding for vair = 0 l/min (test F.14) 

and vair = 140 l/min (test F.6) at T0 = 500 °C 

The injected airflow does not prevent the build-up of downwards penetrating water strains 

at stage 1 of quenching, since the build-up is locally limited. However, the additional airflow 

further impedes the downwards penetration of the water pool on top of the particle bed and the 

further expansion of established water strains as the slower elevating water level indicates in 

Figure 8 for timestep t = 48s. At stage 2 of quenching the elevating water level is the dominant 

quenching mechanism. This can be seen from the strap-shaped quenching behaviour in stage 2 

of quenching for the experiment with additional airflow in Figure 6. The impeding effect of the 

injected airflow outweighs the effect of foaming up the established water pool which would 

increase the elevation speed of the pool and therefore reduce the duration of stage 2. 

 
Figure 7: Time series of temperature distribution inside the particle bed, top-flooding without 

additional air injection, vair = 0 l/min (test F.14) at T0 = 500 °C 

 

 
Figure 8: Time series of temperature distribution inside the particle bed, top-flooding with 

additional air injection, vair = 140 l/min (test F.6) at T0 = 500 °C 
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4 CONCLUSIONS 

A total of 9 top-flooding quenching tests have been carried out at the newly established 

FLOAT test facility. For one sequence of the tests, a uniformly distributed airflow with  

140 l/min was injected at the bottom of the test section to simulate the NCG of a MCCI scenario. 

The monodispersed particle bed with 6 mm stainless steel spheres (bed porosity 37 – 42 %) was 

heated up to a maximum temperature of 500 °C. For all conducted tests, the initial particle bed 

temperature distributions are very similar and show an overheated region in the centre of the 

bed and an undercooled region at the near-wall region as well as on the top and bottom of the 

particle bed due to non-uniform characteristics of the inductive heating and occurring 

temperature losses to the ambient. The additional airflow leads to an increased quenching time 

for all performed experiments. However, the time of the first quenching stage (time period until 

the penetrating water quenches the bottom of the particle bed) remains mostly unchanged by 

the airflow since the build-up of water strains is locally limited. The extended quenching time 

is caused by the impeding effect of the airflow on the penetrating water pool above the particle 

bed. This effect outweighs the effect of foaming up the established water pool which would 

increase the elevation speed in the second stage of quenching. A larger number of experimental 

data will be obtained from further FLOAT experiments in a wider spectrum of initial particle 

bed temperatures, gas injection rates and flooding configurations, to provide a coherent and 

reliable extension of the existing database for the validation of severe accident codes. 
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ABSTRACT 

This paper reports on a fluid-to-fluid scaling theory for fluids at supercritical pressures 

developed during the last decades at the University of Pisa. Moving from physical 

considerations and concepts borrowed from boiling channels analysis, basic dimensionless 

groups describing the relevant involved phenomena were identified. CFD analyses supported 

the capabilities in addressing flow stability and heat transfer problems of the adopted 

methodology that now achieved enough maturity to be tested against experimental data. 

1 INTRODUCTION 

The Supercritical Water-Cooled Reactor (SCWR) [1] is one of the promising plant 

concepts in the upcoming Nuclear GEN IV. It represents the natural evolution of both the PWRs 

and BWRs: while maintaining some of their intrinsic characteristics, it will grant better 

efficiency, reduced capital costs and improved safety.  

Supercritical fluids do not undergo a liquid-gas two-phase transition; they do switch from 

liquid-like to gas-like conditions in a single-phase manner with no actual generation of 

interfaces between lighter and heavier fluid. Though Critical Heat Flux issues cannot be faced, 

the heat transfer capabilities may be impaired as a consequence of the relevant changes to which 

the fluid properties undergo, especially in the vicinity of the pseudo-critical temperature. This 

phenomenon is termed Heat Transfer Deterioration and a correct prediction of its occurrence, 

its qualitative and quantitative effects is at the basis of a safe design of the SCWRs being 

developed worldwide. In order to set up correlations capable to predict such complex 

behaviours, it is of capital importance to understand which are the relevant factors contributing 

to the occurrence and development of the observed phenomena. This translates into identifying 

the dimensionless numbers that can compactly identify the boundary conditions and the key 

features of a problem through a similarity theory. 

This paper summarises the most relevant aspects of the similarity theory developed at the 

University of Pisa during the last decade [2]-[6], with main emphasis on the contribution 

specifically provided in the last years by the first Author; the theory, to be refined in future 

works, has been successfully tested against computational results. The state-of-the-art and the 

future perspectives are here discussed also reporting the observed capabilities in addressing 

both flow stability analyses and heat transfer phenomena. 
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2 PHYSICAL BASIS  

The proposed theory is based on the selection of the pseudo-critical temperature as the 

reference condition for each fluid and operating pressure above the critical threshold [2].Other 

assumptions regarding the reference conditions, e.g., based on critical parameters, were the first 

to be addressed in past works, this approach has the undoubtable advantage to distinguish in a 

rather clear manner the liquid-like and the gas-like conditions. In similarity with the parameters 

adopted for the boiling channel analysis, this assumption leads to the formulation of the 

following definitions for the dimensionless density and enthalpy: 

𝜌∗ =
𝜌

𝜌𝑝𝑐
;           ℎ∗ =  (ℎ − ℎ𝑝𝑐)

𝛽𝑝𝑐

𝐶𝑝,𝑝𝑐
                                                                                               (1) 

In Eq. (1), 𝜌  is density, h is enthalpy, 𝛽 is the volumetric expansion coefficient while 

𝐶𝑝is the specific heat. Starred values refer to dimensionless quantities, the subscript “pc”, 

instead, points out that the addressed property is meant to be calculated at the pseudo-critical 

temperature for the considered operating pressure. As a corollary of the adopted definitions, the 

dimensionless density is always unitary at the pseudo-critical temperature, while the 

dimensionless enthalpy is instead zero. In addition, negative values of ℎ∗ refer to the liquid-like 

region, while positive ones identify the gas-like region. The most important outcome of this 

definitions lays in interdependence that occurs between the two parameters (Figure 1): 𝜌∗ is 

almost a function of ℎ∗only, no matter the selected fluid or the operating pressure. 

Unfortunately, such similar trends cannot be obtained for the thermophysical properties.  

 

Figure 1 𝜌∗ vs. ℎ∗ trends for four different fluids [4] 

 

The third relevant parameter to be considered in the present analysis is the dimensionless 

power-to-flow ratio, or NTPC. For circular ducts, being D the diameter, L the heated length, G 

the mass flux and 𝑞′′ the imposed uniform heat flux, it is:  

𝑁𝑇𝑃𝐶 =
𝑞′′

𝐺

𝛽𝑝𝑐

𝐶𝑝,𝑝𝑐

4𝐿

𝐷
=  ℎ𝑜𝑢𝑡

∗ −  ℎ𝑖𝑛
∗                                                                                                      (2) 

Eq. (2) highlights that NTPC also equals the bulk ℎ∗ change between the inlet and the outlet 

duct sections. As a consequence, once the same ℎ𝑖𝑛
∗  and NTPC are provided for different fluids 

and flow conditions, similar changes in terms of dimensionless density are assured in bulk. This 

is indeed a relevant aspect to be born in mind, since buoyancy and acceleration effects are 

among the leading phenomena contributing to the occurrence of heat transfer regimes and Heat 

Transfer Deterioration in particular. In similarity with boiling channels, it is also introduced the 

parameter 𝑁𝑆𝑃𝐶 = −ℎ𝑖𝑛
∗  indicating the dimensionless inlet channel subcooling.  



714.3 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

Since buoyancy phenomena play a significant role in such mixed convection conditions, 

the Froude number (Fr) and the Richardson number (Ri) were also identified as relevant 

parameters. In the proposed equations w is the section averaged velocity while g is the 

gravitational acceleration; it is:  

𝐹𝑟𝐷 =  
𝑤2

𝑔𝐷
=  

𝑤𝑖𝑛
2

𝑔𝐷

𝜌𝑖𝑛
2

𝜌2
=  𝐹𝑟𝐷,𝑖𝑛 

𝜌𝑖𝑛
2

𝜌2
=  𝐹𝑟𝐷,𝑖𝑛 

𝜌𝑖𝑛
∗2

𝜌∗2
                                                                         (3) 

𝑅𝑖𝐷 =  
𝐺𝑟𝐷,𝜌 

𝑅𝑒𝐷
2 =  

(𝜌 − 𝜌𝑤𝑎𝑙𝑙)𝑔𝐷

𝜌𝑤2
=  

(𝜌 − 𝜌𝑤𝑎𝑙𝑙)

𝜌

1

𝐹𝑟𝐷
=  

(𝜌∗ − 𝜌𝑤𝑎𝑙𝑙
∗ )

𝜌∗

1

𝐹𝑟𝐷
                               (4) 

The above introduced parameters are now sufficient in order to explain what it is meant 

as “similarity” according to the proposed theory: 

 for Stability Analyses, similarity is achieved when, imposing the same boundary 

conditions to different fluids, i.e., the same NTPC, NSPC, and FrD, similar dynamic 

behaviours are obtained: stable flow, density-wave instabilities or static instabilities; 

concentrated and distributed pressure drops shall be normalized coherently, too; the 

reader is referred to [2] and [3] for further detail. 

 for Heat Transfer Analyses, similarity is instead achieved when the same ℎ𝑤𝑎𝑙𝑙
∗  vs  ℎ𝑏𝑢𝑙𝑘

∗  

trend is obtained for different fluids and operating conditions [5], [6].  

In this regard, it is worth observing that, owing to the strong interdependence between 𝜌∗ 

and ℎ∗, once the same inlet Froude number is imposed for different fluids and flow conditions, 

the Froude number is univocally preserved at each axial position as a function of ℎ𝑏𝑢𝑙𝑘
∗  (see Eq. 

3). In addition, when the similarity conditions for heat transfer are met, also 𝑅𝑖𝐷 becomes 

univocally tied to the local value of ℎ𝑏𝑢𝑙𝑘
∗  (see Eq. 4). 

As a consequence, the selected requirements for claiming heat transfer similarity create a 

coherent link between relevant thermodynamic properties distributions and dimensionless 

groups. As it will be shown in the following, the observed matching does not only involve 

values at the wall or in the bulk but, according to the performed computational analyses, it also 

positively affects the radial distributions of velocity and ℎ∗, thus providing further support for 

the proposed similarity theory. 

3 STABILITY ANALYSIS 

The proposed theory was tested considering the channel model reported in Figure 2: 

analyses were performed adopting different computational tools: in-house codes, CFD and STH 

codes. In particular, stability maps (Figure 2) were firstly generated adopting an in-house code 

making use of dimensionless equations discretised in time and space by a semi-implicit scheme 

and linearised by perturbation. The dimensionless equations were obtained starting from one-

dimensional balance equations made dimensionless by adopting the parameters reported in 

Section 2; for a complete description of the procedure the reader is referred to [2] and [3]. By 

studying the eigenvalues of the considered linear problem the code can predict if stable or 

unstable conditions are going to be met. In the reported map, the Zr isolines represent the level 

of the amplification factor for perturbations; a positive value indicates an amplification of the 

perturbation thus leading to instability, a negative value refers instead to damped perturbations, 

thus implying stable conditions. The generated stability map, being obtained with 

dimensionless equations and depending on dimensionless parameters, is valid for different 

fluids at any given supercritical pressure for a selected value of the Froude number and 

distributed pressure drop coefficients. A first step towards universality was then made.  
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Transient analyses in dimensional form, made considering a progressive increase in the 

heating power (i.e., increasing NTPC) at constant pressure drops were performed by different 

tools (system and CFD codes). The obtained results (see for instance e.g. Figure 3) reported a 

very good coherence with the previously obtained stability maps. In fact, the stability map, the 

transient analyses for water and for CO2 predicted the occurrence of instability at about NTPC 

=3, when considering an NSPC = 1.5. Similar results were obtained for different fluids ([2],[3]), 

pipe orientations [7] and were validated also adopting different computational tools [8].  

 

 

Figure 2 Considered heated channel model and stability map predicted by the linear in-

house code for the horizontal channel, Fr = 105 [3] 

 

Figure 3 Prediction of instabilities for the vertical channel  

with NSPC = 1.5 and Fr = 105 obtained by the in-house code [3]. 

The reason behind this success are to be traced back to the observed interdependence 

between 𝜌∗ and ℎ∗. In stability analyses, the ruling phenomena are mainly connected to density 

variations and distributions; by imposing the same NSPC and NTPC to a heated channel, the 

distribution of the dimensionless enthalpy along the heated length is fixed, thus univocally 

defining also the density distribution.  

These results were obtained neglecting the heating structures contributions in similarity 

with the boiling channel stability analyses. Nevertheless, supercritical fluids do not undergo 

density variations during an isothermal transformation like boiling fluids do; temperature and 

density variations are strongly interdependent and the heat capacity of the heating structures 

cannot be disregarded at all. It was observed [9]: duly accounting for the presence of heating 

structures tends to stabilize the flow, damping the temperature and thus density oscillations. 

This is particularly true for normal heat transfer conditions; however, in case of deteriorated 

heat transfer, the thermal coupling between the fluid and the heating structures may become 

weaker, providing room for the insurgence of flow instability. 
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Unfortunately, up to date no heat transfer correlation is able to correctly predict heat 

transfer deterioration thus limiting the capabilities of the STH codes approach. The problem 

may be overcome by coupling STH and CFD codes, which recently proved to be able to predict 

heat transfer deterioration phenomena [10] and wall roughness effects [11] in a sufficiently 

large range of operating conditions. The proposed similarity theory for stability analyses 

requires to be further adapted since, as shown in the next section, obtaining similarity for heat 

transfer conditions calls for stricter requirements on boundary conditions. 

4 HEAT TRANSFER 

Heat transfer conditions require a more precise definition of the operating and boundary 

conditions, aiming at obtaining similarities at a local scale and not just at a global level as for 

the flow stability analyses. In fact, looking for the same ℎ𝑤𝑎𝑙𝑙
∗ vs. ℎ𝑏𝑢𝑙𝑘

∗  trends for different 

fluids, it requires a strict correspondence of the local heat transfer and flow conditions. A key 

feature of the similarity procedure, firstly observed in [12] and [13], lays again in the NTPC 

parameter, leading to the following novel form of the Newton’s law of convection: 

𝑁𝑇𝑃𝐶 =
𝑞′′

𝐺

𝛽𝑝𝑐

𝐶𝑝,𝑝𝑐

4𝐿

𝐷
= 𝑁𝑇𝑃𝐶,𝑙𝑜𝑐

4𝐿

𝐷
 𝑎𝑛𝑑  𝑁𝑇𝑃𝐶,𝑙𝑜𝑐 =

𝑞′′

𝐺

𝛽𝑝𝑐

𝐶𝑝,𝑝𝑐
= 𝑆�̅�(ℎ𝑤𝑎𝑙𝑙

∗ −  ℎ𝑏𝑢𝑙𝑘
∗ )               (5) 

where 𝑆�̅� =  
Nu

𝑅𝑒𝑃𝑟̅̅̅̅
 , 𝑃𝑟̅̅ ̅ =  

𝜇𝐶𝑝̅̅̅̅

𝑘
 and 𝐶𝑝

̅̅ ̅ = (ℎ𝑤𝑎𝑙𝑙 − ℎ𝑏𝑢𝑙𝑘) (𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑏𝑢𝑙𝑘)⁄  

As a consequence, in order to obtain the same dimensionless enthalpy difference between the 

bulk and the wall at each axial position for two different fluids, it must be: 

(ℎ𝑤𝑎𝑙𝑙
∗ −  ℎ𝑏𝑢𝑙𝑘

∗ ) =  
𝑞′′

𝑆�̅�𝐺

𝛽𝑝𝑐

𝐶𝑝,𝑝𝑐
|

𝑓𝑙𝑢𝑖𝑑 1

=    
𝑞′′

𝑆�̅�𝐺

𝛽𝑝𝑐

𝐶𝑝,𝑝𝑐
|

𝑓𝑙𝑢𝑖𝑑 2

                                                           (6) 

This requests a coherent selection of the imposed heat flux and of the mass flux depending on 

the local Stanton Number (𝑆�̅�) value. In order to obtain the same NTPC across the channel length, 

the diameter and the heated length must be scaled accordingly. Again, no sufficiently reliable 

Nusselt correlation for heat transfer to supercritical fluids is nowadays generally applicable; 

thus, the optimal operating conditions for obtaining similarity cannot be easily identified. 

Imposing equal values of the Froude number and of NSPC proved to be a valuable means 

for the establishing the similarity theory for stability analyses and are here again kept as 

reference guidelines, thus fixing the inlet temperature and mass flux conditions. The Reynolds 

number can also be kept equal at least at the inlet section as well; however, being dependent on 

the dynamic viscosity value, unlike the Froude number its value cannot be univocally linked to 

the dimensionless enthalpy thus providing different values and distributions along the heated 

length. Nevertheless, by imposing the same Reynolds and Froude number at the inlet section, 

the pipe diameter for the reference and scaling fluids is fixed as well (see [5] and [6] for further 

details). Eventually, in the lack of a proper heat transfer correlation, the scaling heat flux value 

can be obtained via a trial and error approach.  

Another relevant requirement is related to establishing the considered operating pressure. 

As anticipated, only the dimensionless density is strongly interconnected with the 

dimensionless enthalpy value; other thermodynamic and thermophysical properties such as the 

specific heat and the thermal conductivity show instead trends depending on the operating 

pressure. As a consequence, not all the operating pressures are able to reproduce a given heat 

transfer behaviour and the pressure level must be instead carefully defined in a fluid-to-fluid 

similarity perspective. A possible strategy for the pressure selection procedure [6] could be 
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based on the Prandtl number trends as a function of the dimensionless enthalpy. As Figure 4 

reports, the operating pressure can sometimes be selected in order to obtain a sufficiently 

constant ratio for the Prandtl number between the various selected fluids. Though the absolute 

values could be very different, looking for a distribution that exhibits similar normalized trends 

(here adopting the corresponding value at the pseudo-critical temperature) may provide a 

sufficient similarity for the heat transfer characteristics of the selected fluids.  

 

Figure 4 Values of the Prandtl number for different fluids at selected pressures: absolute 

and normalized values [6] 

The analyses were performed adopting the STAR-CCM+ CFD code; a modified version 

of the Lien k-ε model [13] also accounting for the temperature variance equation and using the 

Algebraic Heat Flux Model for the sake of calculating turbulent heat fluxes and buoyancy 

effects [11] was adopted as the turbulence model. Figure 5 shows the results obtained for two 

scaling attempts: the conditions for the reference case and the ones for the scaling attempt 

selected with the described procedure are reported in Table 1 

Table 1 – Selected Operating conditions for the reference cases and the scaling attempt 

Case  Fluid P [MPa] Tin [°C] G [kg/m2s] q’’ [kW/ m2] D [mm] 

Watts Data [15]  Water 25.0 200 318 250 25.4 

Watts Data - Scaling CO2 7.86 -50.54 471.43 - 31.0 

Kline Data [16] CO2 8.35 24 300 20 4.6 

Kline Data - Scaling R23 5.56 20.6 293.8 - 4.2 

As it can be observed, through a trial and error procedure it is possible to find the heat 

flux value for the scaling fluid that best reproduces the considered reference behaviour. The 

two considered cases refer to very different operating conditions: heat transfer deterioration and 

recovery in the liquid-like region (Watts) and heat transfer deterioration and restoration in the 

trans-pseudo-critical region (Kline). The obtained results (together plenty of others not shown 

here for the sake of brevity) suggest that the considered similarity theory has excellent 

capabilities in different flow conditions and heat transfer regimes, providing “similar” trends 

also for considerably different fluids such as water and CO2. Other applications of the proposed 

theory to heat transfer problems are reported in [5] and [6]. 

In addition, once the same ℎ𝑤𝑎𝑙𝑙
∗ vs. ℎ𝑏𝑢𝑙𝑘

∗  axial distribution is obtained, similar trends can 

be observed for the radial dimensionless enthalpy and normalized velocity distributions (see 

Figure 6), thus suggesting that the achieved similarity is substantial and involves all the relevant 
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thermodynamic properties and dimensionless groups. The axial velocity distributions also 

suggest that not only the obtained ℎ𝑤𝑎𝑙𝑙
∗ vs. ℎ𝑏𝑢𝑙𝑘

∗  trends are similar, but they are also a 

consequence of similar scaled phenomena; in both cases, in fact, the deterioration occurs 

because of the re-laminarization of the flow in the vicinity of the wall and the heat transfer 

recovery occurs once the M-shaped profile is reached. 

 

Figure 5 Dimensionless enthalpy trends at different values of the heat flux: Watts Reference 

case (left) and Kline Reference Case (right) [6] 

 

Figure 6 Comparison of the radial profiles for water and CO2 for the reference case of Watts [6] 

5 CONCLUSIONS 

In the present paper the key features of a similarity theory developed at the University of 

Pisa were reported, also sketching the achieved modelling capabilities. The obtained results, 

supported by theoretical bases, suggest that the proposed methodology is sufficiently general 

and is capable of addressing different phenomena involved in heat transfer to supercritical fluids 

and stability analyses. In particular, it is worth highlighting the success observed in the heat 

transfer similarity and the almost perfect overlap obtained for the radial trends of ℎ∗and the 

normalized axial velocity. The theory was validated against numerical results but, though some 

refinements are certainly needed for some selection procedures such as the one for the operating 

pressure or the optimal heat flux, it seems sufficiently robust to be considered for validation 

against experiments. 

If the experimental stage will keep supporting the proposed rationale, the following lesson 

can be drawn: the identified dimensionless groups NTPC, NSPC, 𝑆�̅�, Fr, Ri, ℎ∗ and 𝜌∗ are among 

the relevant ones needed to identify flow and heat transfer conditions and should be considered 

for similarity theories for supercritical fluids. This would also mean a significant step forward 

in the development of correlations for heat transfer to supercritical fluids, improving our 

predicting capabilities and thus paving the way for the design of the SCWR. 
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ABSTRACT

An isothermal stratified counter-current flow of air and water in a rectangular channel is
simulated. Computational domain and boundary conditions are based on the flow conditions in
the test section of the WENKA experiment. The validation case considers supercritical stratified
flow with a Froude number of 2.36 and Reynolds numbers of 12000 for water and 27000 for
air. The two-fluid modelling approach with interface compression is used to resolve the inter-
face between both phases. A consistent momentum interpolation numerical scheme is applied,
featuring the partial elimination algorithm to handle the strong interphase drag coupling at a re-
solved interface. The Unsteady Reynolds Averaged Navier-Stokes (URANS) approach is used
to describe turbulent two-phase flow. To model the turbulence near the gas-liquid interface, the
turbulence damping approach based on the damping scale model (from the literature) is adapted
to the k-ω Shear Stress Transport (SST) turbulence model in the present work. Simulation re-
sults are validated with the measured profiles of volume fraction, velocity and turbulent kinetic
energy at two streamwise positions in the test section of the WENKA experiment. Results of
the mesh sensitivity study are presented. Furthermore, results of a parametric study reveal that
an asymmetric damping approach, with damping applied only in the gas phase, can improve the
prediction of turbulent kinetic energy profiles.
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1 INTRODUCTION

Stratified flows of water and steam can appear in the primary system of a pressurized wa-
ter reactor during a hypothetical loss-of-coolant accident. Among others, important safety con-
cerns during cold water injection of the emergency core cooling system include the pressurized
thermal shock and the possible formation of a condensation-induced water hammer [1, 2, 3].
Both mechanisms can cause significant thermal and mechanical stresses on the components of
the primary system. Thorough knowledge of turbulent heat and mass transfer processes near
the interface is required for safety analyses of both phenomena.

Measurements of industrially relevant turbulent two-phase flows tend to be difficult; there-
fore, numerical simulations represent an important additional analytical tool. The long-term
objective of the present research and development is to advance the capabilities of current state-
of-the-art modelling tools towards the simulations of two-phase flow phenomena under realistic
reactor conditions. In the present paper, the focus is on turbulence modelling near the gas liquid
interface in stratified flows.

In such complex and unsteady two-phase flows (with bubbles, large waves, slugs, droplets,
thin films, etc.) typically a high number of phase interfaces and a diverse range of physical
scales with different interface morphologies is observed. Hence, it can be very impractical
and time consuming to use one of the precise interface tracking methods for direct resolving
of all these interfaces [4]. For industrial scale applications, simulations with the two-fluid ap-
proach for modelling of the two-phase flow and the Unsteady Reynolds Averaged Navier-Stokes
(URANS) method for turbulence modelling seem to offer a reasonable trade-off between the
accuracy and the computational effort. These models, which were originally developed for
simulations of dispersed two-phase flows, have to be extended with interface tracking methods
using a hybrid modelling approach to handle large resolvable interfaces in the domain.

The morphology adaptive multi-field two-fluid model used in the present work represents
one such hybrid approach, which was developed by Meller et al. [5] using the open source
C++ library OpenFOAM. The solver features a consistent momentum interpolation [6] with the
partial elimination algorithm [7] to handle the strong interphase drag coupling at a resolved
interface. The interactions between particular set of models and their effects on the solution are
often very difficult to evaluate. Thus, a separate validation of individual models on simple cases,
which focus on one modelling aspect only, is the best approach. The main goal of this study is
to demonstrate the capability of the considered model to simulate stratified flows with the focus
on URANS turbulence modelling near the gas-liquid interface. For this purpose, the solver
is extended with a turbulence damping model, as described in the next section. The hybrid
modelling approach is validated using the experimental data of stratified flow in the WENKA
experiment. The results are presented in the last section.

2 SIMULATION MODEL

2.1 Model equations

The two-fluid model [8] conservation equations are used to describe the isothermal two-
phase flow of incompressible air and water without phase change

∂αi
∂t

+ u i · ∇αi = 0 , (1)

∂ (αiρiu i)

∂t
+∇ · (αiρiu iu i) = ∇ · Ti − αi∇p+ αiρig + F σ

ij + FD
ij , (2)
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where αi, ρi, u i are the volume fraction, density and velocity fields of phase i, respectively. The
effective stress tensor Ti combines viscous and turbulent stresses. The latter are approximated
via the k-ω SST turbulence model [9]. Both phases share a single pressure field p and the
buoyancy force is considered with αiρig . The surface tension F σ

ij between the phases i and j is
considered with the continuum surface force model [10], where the surface tension coefficient
is 0.072 N/m. The drag force of Strubelj and Tiselj [4] enables strong momentum coupling at
the interface

FD
ij =

αiαjρij
τr

(u j − u i) , (3)

with the relaxation time τr = 10−8∆t and mixture density ρij = αiρi + αjρj .
It has been shown that the turbulence in the gas flow is damped near the gas-liquid in-

terface in stratified flows, analogous to the boundary region near a solid wall [11]. In RANS
simulations of stratified flows, special treatment of turbulence fields near the interface is re-
quired [12, 13]. In the present work, a turbulence damping term Sωi is used in the specific
dissipation rate ωi transport equation of the k-ω SST turbulence model [9]

∂ (αiρiωi)

∂t
+∇ · (αiρiU iωi) = ∇ ·

(
αi

(
µi + σωµ

T
i

)
∇ωi

)
+
αiρiγ

µTi
P̃i
k

− βαiρiω2
i + 2 (1− F1)

αiρiσω2
ωi

(∇ki) · (∇ωi) + Sωi . (4)

Here, ki is the turbulent kinetic energy, P̃i
k

is the production term, µi and µTi are the dynamic
and eddy viscosities. Terms β, σω, σω2, γ, F1 are the coefficients of the SST model [9]. The
damping formulation is based on the turbulence damping scale δi approach of Frederix et al. [14]

Sωi = Aαiβρi

(
νi
βδ2i

)2

, (5)

where νi = µi/ρi is the phase kinematic viscosity. The purpose of the damping source is
to counteract the destruction term −βαiρiω2

i in Eq. (4), by keeping a large value of ωi at the
interface and thus damping the turbulent kinetic energy [12]. The interface indicator field A is
used to apply damping only in the vicinity of the interface and is defined as

A = min (aij∆, 1) , aij = |αj∇αi − αi∇αj| , (6)

where aij is the interfacial area density, and ∆ is the typical local cell size.

2.2 Computational setup

The computational domain shown in Fig. 1 represents the test section of the WENKA
experiment [15, 16]. Two-dimensional simulations are performed on a hexahedral mesh with
cell sizes as shown in Tab. 1. The simulated flow conditions (shown in Tab. 2) are based on
measurement runs 3 and 23 of the WENKA experiment [16]. Water enters the channel at the
liquid inlet, flows through the test section, and leaves the domain over a ramp at the bottom-
right. The air enters at the gas inlet and flows counter-currently to the water flow in the channel.
After initial perturbation, a nearly stable supercritical stratified flow (Fr = 2.36) with a relatively
smooth gas-liquid interface develops and only small ripple waves are present. These conditions
were commonly used in the literature to validate stratified flow models [13, 17].
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Fully developed flow was assumed at the gas and liquid inlets, and velocity and turbulence
fields were obtained by a field mapping approach, since only bulk velocity values are available
from the experimental data. No-slip boundary conditions are imposed at channel walls. The
pressure is fixed at both outlet boundaries, while zero-gradient conditions are used for all other
fields. The PIMPLE algorithm for pressure-velocity coupling is used to solve the equations.
Discretizations of momentum and turbulent transport equations are second order accurate in
space and first order in time. The interface compression algorithm [18] is used for the solution
of volume fraction transport equation (1) to limit the numerical diffusion and prevent the simu-
lated interface from smearing out. After the decay of the initial transient, the simulated flow is
averaged over a 10 s time period to obtain mean fields. Adaptive time step size is used with the
target Courant number 0.5.

MP1

MP2

LIQUID INLET

GAS INLETOUTLET

OUTLET

ul
in

pa

pa

pa

ug
in

x

y

z

Figure 1: Two-dimensional computational domain and boundary conditions which are based
on the test section in the WENKA experiment [16]. All dimensions are given in mm.

Table 1: Prescribed cell sizes for the channel section
∆x [mm] ∆ywater [mm] ∆yair [mm] Ncells [−]

Mesh 1 5.00 1.00 2.60 8002
Mesh 2 2.50 0.50 1.30 32557
Mesh 3 1.25 0.25 0.65 130528

Table 2: Flow conditions
ρi [kg/m3] µi [Pa · s] uini [m/s] Rei [−]

Air 1.20 1.82 · 10−5 4.44 2.73 · 104

Water 998 1.00 · 10−3 0.70 1.16 · 104

3 RESULTS AND DISCUSSION

Simulation results are compared with the measured profiles of volume fraction, velocity
and turbulent kinetic energy in the WENKA experiment [16]. Profiles are plotted at the two
stream-wise positions in the channel indicated as MP1 and MP2 in Fig. 1. Two sets of results
are presented: the study on the turbulence damping approach shown in Fig. 2 and the mesh
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sensitivity study shown in Fig. 3. The results for turbulence damping include: no damping,
symmetric damping (in both phases), and asymmetric damping (only in the gas phase).

In two-fluid simulations of stratified flow, the mixture velocity of pure gas and liquid
regions, represented by αg = 1 and αl = 1 respectively, is equal to the velocity of the present
phase. The two regions are separated by a band of cells with 0 < αi < 1, that represent
the probable location of an interface. The used drag force model (see Eq. 3) strongly couples
the phase momentum equations and practically equalizes the phase velocities in the interface
region, fulfilling the no-slip condition there. Therefore, it is adequate to show only the profile
of the stream-wise velocity Ux for one phase over the whole domain. The simulated mixture
turbulence kinetic energy km = αgkg+αlkl is used for comparison with the measured turbulence
kinetic energy in water and air. The water surface level measured in the experiment is shown
by a straight dash-dot line in Figs. 2 and 3.

The first set of results (using Mesh 1) shown in Fig. 2 illustrates the need for turbulence
damping near the interface. Without adequate damping, the production of turbulence near the
interface is incorrectly predicted by the model and large discrepancies between simulated and
measured profiles can be observed. The liquid level is greatly overpredicted without damping,
as well as the turbulent kinetic energy near the interface. In this case, velocity profiles near the
interface exhibit a characteristic linear profile. Results without damping indicate qualitatively
different flow conditions, compared to the flow observed in the experiment. Similar findings
were presented by other authors, who simulated the stratified flow in WENKA channel [13, 17].

The strength of the damping source Sωi in Eq. (5) is controlled by the damping scale
δi, of which the physical interpretation is an open subject in the literature [14]. As a general
recommendation, the value of 10−4 m was proposed by Frederix et al. [14] based on their
simulations of co-current stratified flow. In the present work, a slight improvement of the results
was observed using the smaller value δi = 7 · 10−5 m. The latter value was determined from the
parameters used by Porombka and Höhne [13], who simulated the WENKA experiment with
the Algebraic Interfacial Area Density model using the damping formulation by Egorov [12],
with damping coefficient B = 100 and grid spacing ∆n = 1.65 mm. The presently used
damping scale is then obtained using the definition δ2 = ∆n2/(6B) from Frederix et al. [14].

With symmetric damping in both, air and water, the prediction of all profiles improves
significantly. However, in the symmetric case, the turbulent kinetic energy at the interface
tends towards very small values, which is not observed in the experiment. To amend this,
Höhne et al. [17] suggested using an asymmetric approach, where only the gas phase is damp-
ened. As shown in Fig. 2, this improves the prediction of the turbulence near the surface at the
cost of reduced accuracy of velocity and turbulence kinetic energy profiles in the gas phase.

To further evaluate the present modelling approach, a mesh sensitivity study was per-
formed using the three meshes as listed in Tab. 1 and the asymmetric approach with damping
only in the gas phase. Results presented in Fig. 3 show reasonable agreement between the pro-
files obtained with different meshes. It can be observed that the interface is better resolved (see
the volume fraction profiles) on denser meshes, which also has an effect on velocity and turbu-
lent kinetic energy profiles near the interface. Another possible source of discrepancy between
the meshes is the interface indicator function in Eq. (6), of which the formulation still includes
the cell size as a parameter. Future improvements of this indicator function could further reduce
the mesh dependency of the results near the interface.

In the present work, the strong drag force does not permit any velocity slip at the interface.
The accuracy of simulated velocity profiles near the interface could be improved by using a
different free surface drag model [13]. However, this was not addressed in the present study,
which focusses on the effects of turbulence damping.
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Figure 2: Simulation results using different turbulence damping approaches at the interface: no
damping, symmetric and asymmetric (no damping in water). Vertical profiles of air volume
fraction, streamwise velocity component and turbulent kinetic energy of the mixture are shown
at the two measurement locations MP1 and MP2 (see Fig. 1) in the experiment of Stäbler [15].
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Figure 3: Simulation results using different mesh densities and asymmetric turbulence damping
approach (no damping in water). As in Fig. 2, the shown vertical profiles are compared with the
measured ones at locations MP1 and MP2 (see Fig. 1) in the experiment of Stäbler [15].
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4 CONCLUSIONS

The present work demonstrates the capability of the morphology adaptive multi-field two-
fluid model to adequately model the turbulent conditions near a smooth interface in isothermal
counter-current stratified flow in a rectangular channel. Results obtained with the implemented
turbulence damping length scale model show a good agreement with the data from the WENKA
experiment [16]. The present study also shows that the asymmetric approach, with damping
applied only in the gas phase, improves the prediction of turbulent kinetic energy on the liquid
side, but with a loss of accuracy in the gas phase near the interface.
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[16] Stäbler, T. D., 2007. “Experimentelle untersuchung und physikalische beschreibung der
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ABSTRACT 

The paper investigates the influence of the used thermal-hydraulic approximations in the 

coupled calculations of Gas-cooled Fast Reactor design (hereby GFR 2400). The NESTLE code 

is used as coupled simulation tool and solves multigroup neutron diffusion equation by finite 

difference method that is internally coupled with thermal-hydraulic sub-channel code. The in-

house developed code referred as TEMPIN is used to prepare the thermal-hydraulic data for 

GFR 2400 design. The TEMPIN code solves steady state heat balance equation with flowing 

coolant in triangular lattice cell together with temperature dependent thermal-hydraulic 

properties of the fuel, cladding and coolant. Based on calculated fuel bundle temperature 

distributions by the TEMPIN code, the thermal-hydraulic approximations suitable for the 

NESTLE code are processed. The results of the analyses are compared with the previous study 

utilizing the FLUENT code (from ANSYS code package system) for processing of thermal-

hydraulic approximations. Changes in neutronic and thermal-hydraulic distributions are 

described and visualized in the paper. 

1 INTRODUCTION 

Transient coupled simulation codes are widely used to provide sufficient information 

about the neutronic and thermal-hydraulic behaviour of new reactor designs during the 

licensing processes. The deterministic coupled codes such as NESTLE [1] or PARCS [2] are 

used for this purpose and are accepted by the regulatory bodies within European Union [3]. For 

the accurate calculation performance of these codes, the appropriate neutronic and thermal-

hydraulic approximations have to be prepared. The processing of the neutronic macroscopic 

cross-section library can be carried out by the TRITON sequence which is included within the 

SCALE code package system [4]. By the TRITON sequence, it is possible to prepare problem 

specific, homogenized, energy group collapsed neutronic library for different operational states 

of the nuclear system. The problem may be encountered when the library is processed for the 

fast reactor systems by the utilization of standard procedures proposed by TRITON primer [5]. 

Significant deviations of reaction rates between the TRITON 2D and full-core 3D model can 
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occur in the case of GFR 2400. The methodology and procedures of the macroscopic cross-

section library processing for GFR 2400, made by the team at Slovak University of Technology 

(STU), was shown in previous works [6] and [7]. In the case of the GFR 2400, the issue arises 

also from the processing of thermal-hydraulic approximations. The main reason is a lack of 

thermal-hydraulic benchmarks that are sufficiently representative for the GFR 2400 design. 

Therefore, thermal-hydraulic approximations of GFR 2400 prepared in this study are defined 

based on a literature survey in combination with the utilization of in-house developed code 

referred as TEMPIN. TEMPIN code solves steady state heat balance equation within the fuel 

pin (fuel, helium gap and cladding) including the thermal expansion of the fuel and the cladding 

together with the heat transfer to the flowing helium around the pins within the fuel bundle. 

Simulations can be performed on 2D domain that represents one fuel bundle and the results of 

radial temperature distribution serves as the steppingstone in the process of the thermal-

hydraulic approximations preparation suitable for the NESTLE code. 

In next section, the brief overview of the GFR 2400 design is presented. Subsequently, 

the methodology of thermal-hydraulic approximation processing is elaborated for the FLUENT 

CFD code [8] and for the TEMPIN code. Afterwards, the results of TEMPIN calculation are 

compared with the results obtained by the FLUENT code together with the application of the 

prepared approximations in the NESTLE coupled code. 

2 GFR 2400 OVERVIEW 

The design of the GFR 2400 consists from two separate fuel regions (Fig. 1-a). The fuel 

material is (U-Pu)C with additional americium content. Inner core region consists of 264 fuel 

assemblies with volumetric enrichment of PuC 14.12 % and outer core region accommodates 

252 fuel assemblies with enrichment of PuC 17.65 %. Together 217 fuel pins are located in one 

fuel assembly (Fig. 1-b) with the lattice pitch 1.157 cm. The dimensions and material 

composition of the fuel pin are shown in Fig. 2. In this study, 18 control safety devices (CSD) 

are used for the reactivity control and 13 diverse safety devices (DSD) are placed in the upper 

parking position. Neutron trap (NT) passive safety system consist of 36 assemblies located 

above the core during normal operation. The passive actuation mechanism of the NT is Curie 

point latch with ALNICO material. The Curie point temperature of ALNICO is 800 °C at witch 

this material looses its magnetic properties. Thermal power of the GFR 2400 design is 2 400 

MW and helium coolant is pressurized in primary circuit to 7 MPa. The coolant mass flow rate 

is 1 213 kg.s-1 in whole core and the inlet temperature of the coolant is 400 °C. More details 

about the GFR 2400 design can be found in former analyses [6] and [9]. 

  
a) View of GFR 2400 core b) Design of FA 

Figure 1: Cross sectional view of the GFR 2400 core and the fuel assembly [10] 
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Figure 2: Cross sectional view of the fuel pin [10] 

3 METHODOLOGY 

3.1 FLUENT calculation procedures 

Simplified model of the fuel pin was used for the calculation with the FLUENT code. To 

speed up whole calculation process, the one-sixth symmetry (of the hexagon) was considered 

and the used geometry is shown in Fig. 3. Temperature dependant thermal-hydraulic material 

properties were modeled in this simulation with compressible solver. The standard k-ε turbulent 

model was used together with standard wall functions. Besides, simple scheme was used in 

pressure-velocity coupling with default setup of spatial discretization in the FLUENT code. 

Symmetrical boundary condition was used in radial direction of the fuel pin. Inlet velocity 

condition was used at the bottom of the fuel pin and the coolant flow was set to 98.2 m.s-1. The 

pressure outlet boundary condition was set to maintain 7 MPa pressure within the fuel pin. Base 

on the given thermal-hydraulic conditions and geometry, the Reynolds number was estimated 

by the FLUENT code on the level 434 (estimated flow is laminar). The constant heat generation 

term was used in the fuel region. To improve the simulation convergence rate, W14Re inner 

fuel pin cladding was homogenized together with SiC/SiCf cladding. This simplification did 

not influence the calculation process significantly due to the fact that the thickness of that inner 

cladding liner is 50 µm and W14Re material is characterized by relatively high thermal 

conductivity [11]. More about the thermal-hydraulic properties of particular material mixes can 

be found in [7] and [9]. 

 

 

Figure 3: Geometry model used during FLUENT calculation including the mesh 

 

3.2 TEMPIN calculation procedures 

The approach adopted in the TEMPIN code is based on the analytical solution of the 

steady state heat balance equation, where the heat source is normalized by a rod linear power. 

The general fuel region heat balanced equation is expressed by Eq. (1). 

∇(𝜆𝑓(𝑇)∇𝑇) + 𝑞𝑣 = 0, (1) 

Coolant 

Cladding 
He gap 

Fuel 
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where 𝜆𝑓 represents the thermal conductivity of the fuel and 𝑞𝑣 stands for the volumetric 

heat generation. Based on the radial neutron flux distribution (Eq. (2)) the heat generation term 

is reshaped by the constant 𝜒. 

φ(𝑟) = φ𝑃

𝐼0(
𝛴𝑎
𝐷
𝑟)

𝐼0(
𝛴𝑎
𝐷
𝑟𝑓)

= φ𝑃

𝐼0(
1

𝐿2
𝑟)

𝐼0(
1

𝐿2
𝑟𝑓)

= φ𝑃
𝐼0(𝜒𝑟)

𝐼0(𝜒𝑟𝑓)
, (2) 

where φ is the neutron flux density, 𝛴𝑎 stands for the absorption macroscopic cross-section, 𝐷 

represents the diffusion coefficient, 𝐿 is the diffusion length and 𝑟𝑓 stands for the fuel radius. 

The TRITON sequence is used for the determination of 𝛴𝑎 and 𝐷 constants. After integration 

of thermal conductivities by Simpson’s rule, the temperature across the pin at location 𝑟 can be 

numerically determined from the Eq. (3). This equation is applicable for the solid fuel pellet 

without a central hole. 

ϑ(𝑇) − ϑ𝐹𝑃 =
2𝑞𝐻[𝐼0(𝜒𝑟𝑓)−𝐼0(𝜒𝑟)]

𝜒𝑟𝑓𝐼1(𝜒𝑟𝑓)
, (3) 

where ϑ(𝑇) represents integral thermal conductivity of the fuel at the temperature 𝑇, ϑ𝐹𝑃 is the 

integral thermal conductivity at the fuel surface temperature and 𝑞𝐻 stands for the linear heat 

generation. The cladding temperature distribution is expressed by the Fourier’s law in Eq. (4).  

𝑞𝐻 = −2𝜋𝑟𝜆𝑐
𝑑𝑇

𝑑𝑟⁄ , (4) 

where 𝜆𝑐 is the thermal conductivity of the cladding. Based on the concept of integral 

conductivities, the cladding temperature can be expressed by the Eq. (5).  

ϑ(𝑇) − ϑ𝐶𝑃 =
2𝑞𝐻

2𝜋𝑟
𝑙𝑛 (

𝑟𝑐𝑜𝑢𝑡

𝑟
), (5) 

where ϑ𝐶𝑃 is the integral thermal conductivity for the temperature achieved at the outer cladding 

radius and 𝑟𝑐𝑜𝑢𝑡 is outer cladding radius. Dimensional changes of the gap due to the temperature 

evolution are also taken into account and the temperature increment within the gap is expressed 

only by thermal conduction term (Eq. (6)). Effect of radiation heat transfer was not considered 

and based on [12], this simplification should lead for underestimating of the maximal fuel 

temperature approximately 2 °C. 

∆𝑇𝐺𝑎𝑝 = 2𝜋𝑟𝑓𝛼, (6) 

where empirical term α represents thermal conductivity properties of the gap at the given 

pressure including Knudsen’s permeability correction. More about the TEMPIN code 

numerical solution can be found in [13]. The heat transfer from the cladding surface to the 

coolant is determined by the Newton`s law (Eq. (7)).  

𝑇𝐶𝑃 =
𝑞𝐻

ℎ𝐶𝑂2𝜋𝑟𝑐𝑜𝑢𝑡
+ 𝑇𝐶𝑂, (7) 

where 𝑇𝐶𝑃 represents outer cladding temperature, 𝑇𝐶𝑂 coolant reference temperature and 

constant ℎ𝐶𝑂 stands for the heat transfer coefficient expressed by the Eq. (8). 

ℎ𝐶𝑂 =
𝜆𝐶𝑂

𝑑ℎ
𝑁𝑢, (8) 
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where 𝜆𝐶𝑂 is thermal conductivity of the coolant, 𝑑ℎ represents hydraulic diameter of the fuel 

assembly and 𝑁𝑢 stands for the Nusselt number. Based on the study [14], standard Dittus and 

Boelter expression can be applied for the modelling of the heat transfer properties of helium. 

Calculations presented in this study were carried out only for fresh fuel pins of GFR 2400. The 

used material properties for the thermal-hydraulic simulations can be found in the former 

analysis [6], [7] and [9]. 

3.3 NESTLE calculation procedures 

The prepared thermal-hydraulic approximations (made by the FLUENT and TEMPIN 

codes) were implemented in the thermal-hydraulic model of GFR 2400 within the NESTLE 

code. The differences between these two approaches were observed for one steady state coupled 

simulation and for one transient coupled simulation. Rapid withdrawal of one control rod 

assembly from the ring located near the core center during nominal power operation was 

considered as the transient scenario. The withdrawal time was set to 0.2 s and the coolant outlet 

temperature evolution was observed to determine the actuation of the particular neutron trap 

(NT) assembly in the system. The actuation temperature of the NT assembly is 800 °C and the 

actuation mechanism is in the form of Curie point latch. The insertion time of one NT was set 

to 2 s. More about the transient simulation and about the processing of macroscopic cross-

section library for the NESTLE code can be found in [6] and [7]. 

4 RESULTS AND DISCUSSION 

The results of temperature profile at different radial positions related to the linear heat 

generation is shown in Fig. 4-a for both calculation methods (the TEMPIN and FLUENT results 

are represented by the solid and dashed line respectively). The main temperature discrepancy 

was observed for the highest values of linear heat generation (which was not relevant for the 

simulation in the NESTLE code, since these values will never be achieved during coupled 

simulation and the melting of the fuel and cladding occurs at the corresponding temperatures). 

The results of fuel maximal temperature and fuel average temperature were consistent for both 

calculation methods when the linear heat generation of the system was lower than 440 W.cm-1. 

However, the fuel surface temperature deviation was approximately 100 °C for the heat 

generation 350 W.cm-1 (60 °C for the heat generation 200 W.cm-1). This behavior was expected 

due to different modeling procedure of the helium gap. In the FLUENT simulation, the He gap 

is defined as a static parameter, where the thermal expansion of cladding and fuel is not 

considered (also Knudsen’s permeability correction was not taken into account). Besides, the 

TEMPIN code took into account also thermal expansion of cladding and fuel. The other 

approximation results presented in Fig. 4-b and Fig. 5 are formatted in imperial units and the 

reason for this formatting option is to keep the same unit system as the NESTLE requires for 

the input. The effective heat transfer coefficient shown in Fig. 4-b was consistent for both 

calculation methods for the temperatures below 3 100 °F (1 704 °C). This also applies for the 

approximation of the average fuel temperature related with linear heat generation shown in Fig. 

5-a. As expected, the main deviation was observed for the surface temperature approximation 

due to the different modeling approaches of He gap. 
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a) Fuel temperature distributions b) Effective heat transfer coefficient 

Figure 4: Comparison of fuel temperature distribution and effective heat transfer coefficient 

for both calculation methods 

  
a) Average fuel temperature b) Surface fuel temperature 

Figure 5: Comparison of average and surface fuel temperature approximations related with 

linear heat generation 

 

Based on the prepared thermal-hydraulic approximations, the steady and transient state 

was simulated by the NESTLE code. The results of the axial temperature distributions for hot 

channel are presented in Fig. 6 for the steady state calculation. No major differences were 

observed for this simulation. In the case of the NESTLE simulation with the TEMPIN thermal-

hydraulic model (designated as TEMPIN in the figure), the fuel temperatures were slightly 

lower than temperatures achieved by the FLUENT calculation path (designated as FLUENT). 

The results of the transient simulation are similarly compared in Fig. 7 and the maximal fuel 

temperature was achieved within 3.0 s time of the simulation. The discrepancy of the fuel 

temperatures increased a little bit between the simulation methods. However, this change did 

not affect the transient state simulation and the actuation time of all NT assemblies was similar 

for both calculation methods. The NT assembly actuation order and power distributions are 

shown in Fig. 8. Details about this transient scenario can be found also in [6]. 

  
a) Nodal average fuel temperature b) Nodal average coolant temperature 

Figure 6: NESTLE results of the hot channel during the steady state simulation 
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a) Nodal average fuel temperature b) Nodal average coolant temperature 

Figure 7: NESTLE results of the hot channel during the transient state simulation 

 

  
a) NT actuated assemblies b) Power distribution 

Figure 8: NT assemblies actuation order and the power distribution during transient scenario 

 

Next application of the TEMPIN code was to determine maximal fuel temperature within 

the fuel pin. The maximal power peaking factor during whole transient process was estimated 

on the level 1.781 with corresponding coolant temperature 659 °C in the similar node. Both 

these values were updated in the TEMPIN calculation to obtain radial temperature distribution 

of the pin for this region (see Fig. 9). This value of the power peaking factor was achieved only 

in small time interval during the transient simulation. Therefore, the radial temperature 

distribution in Fig. 9 can be considered as conservative due to the fact, that distribution was 

obtained by the steady state simulation in the TEMPIN code. The maximal achieved 

temperature was 1 842 °C what is less than the melting temperature of the fuel or construction 

materials within the core. 

 

 
Figure 9: Radial temperature distribution of the fuel pin 
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5 CONCLUSION 

The processing of the thermal-hydraulic approximations is the key element for the 

performance of the coupled nodal simulator such as NESTLE. Two methods how to obtain 

suitable approximations for the NESTLE code were presented in the paper. The necessary 

thermal-hydraulic parameters were processed by the in-house developed code referred as 

TEMPIN. The results of the TEMPIN code were compared with the FLUENT CFD code and 

both results were consistent when the linear heat generation of the system was lower than 

440 W.cm-1. The main discrepancy was observed in the case of the fuel surface temperature 

distribution and this result was expected due to the different treatment of the thermal-hydraulic 

properties of the helium gap in the pin. However, this deviation did not influence the NESTLE 

code simulation significantly and the results of the transient and steady state simulations were 

almost identical. The next result obtained from the TEMPIN code was the radial temperature 

distribution within the fuel pin for maximal obtained power generation during the transient 

simulation. The maximal achieved temperature of the fuel was conservatively determined to 

1842 °C what is below the melting point temperature of the fuel and construction materials 

within the core. The main advantage of TEMPIN is fast computational time (one calculation 

lasted less than 15 seconds for one power level) and therefore this code can be very suitable for 

the design calculations of new nuclear power systems. 
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ABSTRACT 

In turbulence modelling, constant value of turbulent Schmidt number is usually used. 

However, when compared to experiments, constant value does not always provide the best 

results. A new model for prescribing different values of turbulent Schmidt number to different 

flow regions is proposed and validated against three experiments on containment mixing 

performed in SPARC and PANDA experimental facilities. 

1 INTRODUCTION 

During a severe accident in a light water nuclear reactor, hydrogen combustion could 

threaten the integrity of the nuclear power plant containment, which could lead to release of 

radioactive material into the environment. The study of hydrogen distribution in the 

containment is thus important to predict the occurrence of regions with high local hydrogen 

concentrations and flammable mixture in order to effectively install hydrogen mitigation 

systems in containments. Various experiments are being performed to simulate atmosphere 

mixing occurring in containment during severe accidents and results are used to validate 

Computational Fluid Dynamics (CFD) codes in order to simulate phenomena in actual power 

plants [1].  

Turbulent Schmidt number (𝑆𝑐𝑡) and turbulent Prandtl number (𝑃𝑟𝑡) are two non-

dimensional numbers used in turbulence modelling to describe the turbulent transport of mass 

and heat, respectively. These two numbers are also connected to turbulent fluctuations and 

turbulent transport of momentum. In CFD calculations of the injection of fluid from a nozzle 

of circular cross-section into a reservoir containing stagnant fluid of similar density, constant 

values of 𝑆𝑐𝑡 and 𝑃𝑟𝑡 are usually used. Typically, their values are specified with comparison of 

calculation and experimental results, and are in the range of 0.7 to 1 [2]. However, a constant 

value does not always provide the best results when compared to experiments. Values of these 

turbulent numbers may change throughout the flow field [3] and within the boundary layer [4]. 

Several authors proposed different models for 𝑃𝑟𝑡 and 𝑆𝑐𝑡 values. Yimer et al. [5] proposed a 

parabolic curve fit for 𝑆𝑐𝑡. This function is based on several turbulent round free jet 

experiments, which showed that the 𝑆𝑐𝑡 increases monotonously from a value of 0.62 on the jet 

axis to 0.82 on the jet edge. However, a constant average value of 0.7 was recommended for 

use in CFD applications involving axisymmetric free-jet flows. Sturgess and McManus [6] 

suggested a formulation for 𝑆𝑐𝑡 based on the 𝑘 − 𝜀 turbulence model. One of the model 

constants, 𝐶𝜇, is modelled using the ratio of turbulence kinetic energy production to its 

dissipation rate, instead of keeping its value constant. Keistler et al. [7] proposed a new set of 

transport equations for enthalpy and convection-diffusion equation for mean mass fraction 

including variance and dissipation rate in order to determine 𝑆𝑐𝑡 and 𝑃𝑟𝑡. However, this set of 
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equations involve 26 additional constants. Goldberg [8] proposed a method for calculating 𝑆𝑐𝑡 
and 𝑃𝑟𝑡 values based on algebraic Reynolds stress model and Reynolds stress anisotropy. This 

method gives in the bulk flow, a constant 𝑆𝑐𝑡value of 0.7, while in the near wall region a lower 

𝑆𝑐𝑡 mean value of 0.34 is obtained. 

An experiment on containment mixing performed in SPARC experimental facility is used 

to validate the model proposed in the present work. The interaction of vertical axisymmetric air 

or steam jet on a horizontal layer of helium-steam or helium-air mixture is simulated with open-

source CFD code OpenFOAM.  

2 LIMITED VERTICAL JET 

Vertical jet, injected in the opposite direction of the gravity, considered in the present 

work is limited in vertical flow (streamwise) direction, at first with a light gas layer and later 

with the ceiling of the vessel (Figure 1). Consequently, the jet at some point changes direction, 

flows downstream around the main jet and generates a recirculation flow. As shown in Figure 

1, different flow regions can be defined using the mean flow properties: 

A. main rising jet,  

B. shear flow region,  

C. returning jet,  

D. quiescent environment. 

 

Figure 1: Absolute value of vertical velocity in a vertical jet. 

Let us define a Cartesian coordinate system with origin located in the axis of the injection. 

Figure 2 left shows vertical velocity radial (x-direction) profile. The velocity is the highest at 

the jet centre (in the coordinate system origin), meaning its gradient in radial direction is zero. 

Further from the jet origin, vertical velocity decreases towards the jet edge (gradient is 

negative), becomes zero on the boundary between main jet and the down flowing returning jet 

(in the centre of the shear flow region), gets slightly negative in the returning down flowing jet 

(gradient is zero again in the axis of returning jet), and then the velocity increases (gradient is 

positive) back to zero in the quiescent environment. Figure 2 right shows vertical velocity 

vertical profile in the jet’s axis. The velocity decreases (velocity gradient is negative) until the 

jet reaches layer consisting of light gas or ceiling, where it changes direction.  



717.3 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

 

Figure 2: Vertical velocity radial profile (left) and vertical velocity vertical profile (right). 

In Figure 3 are shown vertical velocity gradients in radial x-direction (𝜕𝑢𝑧/𝜕𝑥) (Figure 3 

left) and vertical (𝜕u𝑧/𝜕𝑧) direction (Figure 3 right. 𝜕𝑢𝑧/𝜕𝑥 is multiplied with x-coordinate 

sign to maintain the same sign when crossing the origin. Since the jet is axisymmetric, the 

gradient in y-direction 𝜕𝑢𝑧/𝜕𝑦 is equal to 𝜕𝑢𝑧/𝜕𝑥. Regarding the sign of 𝜕𝑢𝑧/𝜕𝑥, an area 

which comprises main jet, shear flow region, and part of returning jet to its axis, can be defined. 

With the sign of 𝜕u𝑧/𝜕𝑧 similar area can be defined with details on top of the jet. Vertical 

artefacts on both sides of the jet, are visual errors generated by the visualization software, while 

computing the gradients. 

𝜕𝑢𝑧
𝜕𝑥
                                                                

𝜕𝑢𝑧
𝜕𝑧

 

 

Figure 3: Vertical velocity radial gradient (left) and vertical velocity vertical gradient 

(right). 

3 PHYSICAL MODEL 

The containment mixing experiments were simulated with the OpenFOAM CFD code. 

The atmosphere in the vessel was considered as a compressible mixture of ideal gases. The 

erosion and mixing process was modelled as a two-component single-phase flow, where single 

continuity, momentum and total energy equation were solved. Convection-diffusion equation 

was solved only for a single specie, while the other species mass fraction was calculated using 
∑ 𝑌𝑖𝑖=1,2 = 1. 
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Turbulent Schmidt (𝑆𝑐𝑡) and turbulent Prandtl (𝑃𝑟𝑡) numbers are two non-dimensional 

numbers defined as the ratio of momentum eddy diffusivity (𝜈𝑡) to mass eddy diffusivity (𝐷𝑡), 
and as the ratio of momentum eddy diffusivity to thermal eddy diffusivity (𝛼𝑡), respectively. In 

other words, they describe the ratio of the rates of turbulent transport of momentum (momentum 

diffusion) to the turbulent transport of mass (turbulent mass diffusion) or heat (turbulent heat 

diffusion) [9]: 

𝑆𝑐𝑡 =
𝜈𝑡
𝐷𝑡
, 𝑃𝑟𝑡  =

𝜈𝑡
𝛼𝑡

(1) 

𝑆𝑐𝑡 takes place in the convection-diffusion equation: 

𝜕𝜌𝑌𝐻𝑒
𝜕𝑡

+
𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝑌𝐻𝑒) =

𝜕

𝜕𝑥𝑗
((𝜌𝐷 +

𝜇𝑡
𝑆𝑐𝑡 

)
𝜕𝑌𝐻𝑒
𝜕𝑥𝑗

) (2) 

where 𝜌, 𝑌𝐻𝑒, 𝑡, 𝑢𝑗 , 𝐷, 𝜇𝑡 and 𝑆𝑐𝑡 are density, helium mass fraction, time, velocity, diffusion 

coefficient and eddy viscosity, respectively.  

On the other hand, 𝑃𝑟𝑡 takes place in the total energy equation: 

𝜕𝜌ℎ

𝜕𝑡
+
𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗ℎ) +

𝜕𝜌𝐾

𝜕𝑡
+
𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝐾) −

𝜕𝑝

𝜕𝑡
= 

𝜕

𝜕𝑥𝑗
((
𝜇

𝑃𝑟
+
𝜇𝑡
𝑃𝑟𝑡
)
𝜕ℎ

𝜕𝑥𝑗
) −∑(

𝜕

𝜕𝑥𝑗
(ℎ𝑖 ⋅ (𝜌𝐷 +

𝜇𝑡
𝑆𝑐𝑡 

))
𝜕𝑌𝑖
𝜕𝑥𝑗  

)

𝑖

+ 𝜌𝑔𝑘𝑢𝑘 

(3) 

where ℎ, 𝐾, 𝑝, 𝑃𝑟 and ℎ𝑖 are enthalpy, kinetic energy, pressure, Prandtl number and gas species 

enthalpy, respectively. 

3.1 Variable Turbulent Schmidt and Turbulent Prandtl Number Model 

The vertical velocity and its gradients are used to determine the shear flow in the vertical 

limited jet (i.e. the jet boundary) and to specify the regions with different 𝑆𝑐𝑡 value. The 

proposed model to prescribe different 𝑆𝑐𝑡 value to different flow regime region is: 

Sct = Sct,min +
1

2
(Sct,max − Sct,min) 

{
 
 

 
 

1 −  tanh

[
 
 
 
 

c𝑘,1

(

 
 𝑟𝑣
max(|𝑢|)

(
𝜕𝑢𝑧
𝜕𝑥

+
𝜕𝑢𝑧
𝜕𝑦

+
𝜕𝑢𝑧
𝜕𝑧⏟          

velocity gradients

)

)

 
 
−

|𝑢|

max(|𝑢|)⏟      
normalized velocity

− 𝑐𝑘,2 

]
 
 
 
 

}
 
 

 
 

 
(4) 

where 𝑆𝑐𝑡,𝑚𝑖𝑛, 𝑆𝑐𝑡,𝑚𝑎𝑥, 𝑐𝑘,1, 𝑐𝑘,2 and 𝑟𝑣 are minimal and maximal 𝑆𝑐𝑡 values specified by the 

user, two model constants and inlet radius, respectively. 

Term with velocity gradients prevails in the main and in the returning jet, while term with 

normalized velocity prevails in the axis of the main jet. The constants 𝑐𝑘,1 defines the behaviour 

of the function regarding the mean flow properties. The constant 𝑐𝑘,2 lowers the function 

argument, where vertical velocity and its gradients are small, but their values are still noticeable. 

It sets the relative velocity value cut-off and selects the regions to which the function is applied. 

The values of the constants were set in such manner, that the selected area contains main jet, 

shear flow region, and part of the returning jet. Their values are listed in Table 1. 
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Table 1: Turbulent Schmidt number model constants. 

Constant 𝑆𝑐𝑡,𝑚𝑖𝑛 𝑆𝑐𝑡,𝑚𝑎𝑥 𝑐𝑘,1 𝑐𝑘,2 

Value 0.4 0.9 50 0.05 

To maintain 𝑆𝑐𝑡 number value in the order of unity and to limit the upper and lower value 

of 𝑆𝑐𝑡, regardless the extreme velocity gradient values during simulations, hyperbolic tangent 

function is used. The function written in such form, acts as an “if” function. Namely, where 

function arguments are positive, it prescribes lower 𝑆𝑐𝑡 value and vice versa. Furthermore, in 

the interval of small arguments around zero the result of such function is continuously 

differentiable, which avoids numerical instabilities. 

As is common in turbulence modelling, 𝑃𝑟𝑡 value is adjusted according to 𝑆𝑐𝑡. 

4 EXPERIMENT USED FOR VALIDATION 

The model was validated on a single experiment performed in SPARC experimental 

facility. The main purpose of this experiment was to observe the interaction of a vertical steam 

or air jet with a previously established horizontal layer of helium-steam or helium-air mixture 

in the upper part in the vessels. 

The SPARC test facility (Figure 4 left) consists of a single cylindrical vessel with a 

volume of 80 m3 [10]. During the experiment, the helium-air layer at the top of the vessel was 

eroded with an axisymmetric vertical air jet with mass flow of 100.8 kg/h. The jet with a 

diameter of 0.1 m was injected at the axis of the vessel at an elevation of 5.15 m and had the 

same temperature as the previously established atmosphere. The constant temperature and 

pressure in the vessel were maintained using an open nozzle at the bottom of the vessel [10]. 

 

Figure 4: Schematics of SPARC experimental facility (left) with sampling positions [10]. 
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5 RESULTS 

Figure 5 shows 𝑆𝑐𝑡 values given by Eq. (4). The model prescribes higher 𝑆𝑐𝑡 in the jet 

region, where turbulence kinetic energy (𝑘) and turbulence kinetic energy dissipation rate (𝜀) 
are high (Figure 6), and lower in the environment, where velocity and its gradients are low and 

flow is almost laminar. 

 

Figure 5: Turbulent Schmidt number given by the Eq. (4). 

 

 

Figure 6: Turbulence kinetic energy (left) and turbulence kinetic energy dissipation rate 

(right) in a limited vertical jet. 

5.1 SPARC 

On Figure 7 are compared time-dependent helium volume fractions at several locations 

in the SPARC facility. The helium concentrations obtained in calculations with constant 𝑆𝑐𝑡 
and variable 𝑆𝑐𝑡 value in lower measuring positions H2_4, H2_6 (Figure 7 bottom) and H2_8 

(Figure 7 middle right), match the experimental results. It must be noted, that despite the 

discrepancies in H2_4 and H2_6 seem big, the difference is only 1 vol. %. At the measuring 

positions directly above the injection H2_10 (Figure 7 middle left), H2_12 and H2_14 (Figure 

7 top) the experimental concentrations and concentration obtained with constant 𝑆𝑐𝑡 value at 

first coincide. Later, the simulated erosion rate, i.e., the rate of concentration decrease, is 

reduced and final concentration values are reached later than observed in the experiment. On 

the other hand, the results given by the 𝑆𝑐𝑡 model are significantly improved, when compared 
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to experimental results. Where lower 𝑆𝑐𝑡 is prescribed, turbulent transport of mass (turbulent 

mass diffusion) is increased and the mixing process is intensified. Mixing is especially 

increased in regions with low fluid velocity, far from the jet. 

This results could be interpreted as that the underestimation of turbulent diffusion of 

momentum (𝜇𝑡) given by the turbulence model and numerical instabilities, are compensated by 

a smaller value of 𝑆𝑐𝑡. Namely, smaller 𝑆𝑐𝑡 increases the turbulent mass diffusion and enhances 

mixing. Similar behaviour were observed in RANS computations also by other authors 

(Tominaga et al., [11]). 

 

Figure 7: SPARC: helium volume fractions at different measuring locations (see Figure 4).  

6 CONCLUSIONS 

According to experiments, the changes in turbulent Schmidt number usually occurs 

within the shear flow layer, which is in our case located at the boundary of the jet. Mean flow 

properties are used to define different flow regions and to prescribe different values of turbulent 

Schmidt number. With higher turbulent Schmidt number value in the jet region and lower in 

the quiescent environment the underestimation of turbulent diffusion of momentum in the 

regions with low velocity and almost laminar flow is compensated and the discrepancies 

between simulation and experimental results are minimized. The proposed function greatly 

affects the results only when the discrepancies are mostly generated by the numerical 

instabilities. In other cases, the differences are minimal. 
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ABSTRACT 

Compact and small-scale heat exchangers can handle high heat dissipation rates due to 

their large surface area to volume ratios. Applications involving high heat dissipation rates 

include, but are not limited to, compact microelectronic processing units, high power laser 

arrays, fuel cells, as well as fission batteries. Low maintenance cost, small size and dimensions, 

as well as high convective heat transfer coefficients, make micro-scale heat sinks an efficient 

and reliable cooling solution for applications with high heat dissipation rates. Despite these 

advantages, the large pressure drop that occurs within micro-scale heat sinks has restricted their 

utilization. Slip at the walls of microchannels has been reported to reduce friction factor up to 

30%, depending on the hydraulic diameter of the microchannel. Numerical investigations are 

conducted to comprehensively investigate the effect of slip at walls on friction factor and 

Nusselt number of liquid flows in micro-scale heat sinks. At the same mass flow rate and inlet 

Reynolds number, obtained results suggest that slip length on the order of 2 µm enhances the 

overall thermalhydraulic performance of micro heat sinks by almost 6% in comparison with 

no-slip boundary condition. 4% increase is observed in channel average Nusselt number while 

pumping power reduces by 8% in comparison with no-slip boundary condition.  
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1 INTRODUCTION 

Miniaturised and micro-scale heat sinks can handle high heat dissipation rates within a 

small space due to their large surface area to volume ratios. Although micro-scale heat sinks 

offer high convective heat transfer coefficients with low maintenance cost, their application has 

been restricted due to large pumping power required to circulate coolant along these compact 

heat exchangers. Induced slip at the walls of micro heat sinks has been observed to reduce 

friction factor up to 30% [1]–[3]. Large number of researches in the literature has been carried 

out on gas flow and heat transfer in micro-scale devices with slip boundary condition. However, 

a few studies have been done to investigate the effect of slip boundary condition on heat transfer 

rate of liquid flows in micro-scale heat sinks. Sohankar et al. [4] investigated flow and heat 

transfer of water in a U-shaped microchannel with induced slip at the walls. Reported results 

showed a 35% decrease in pressure loss and up to 43% enhancement in heat transfer rate at a 

slip length of 10 µm compared to a no-slip boundary condition. Jing et al. [5] conducted 

numerical simulations to investigate the effect of induced slip on water flow and heat transfer 

within microchannel heat sinks with an elliptical cross section. Reported results showed that 

the effect of slip boundary condition became more significant at smaller hydraulic diameters. 

An apparent slip length of 1 µm in an elliptical micro-scale heat sink with a hydraulic diameter 

of 30 µm was observed to decrease the pressure loss by almost 20%. Obtained heat transfer 

rates were slightly higher for a slip boundary condition compared to no-slip, in agreement with 

previous reported results in the literature [6]. Hajmohammadi et al. [7] investigated water flow 

and heat transfer in a silicon based micro heat sink with a slip boundary condition at the walls. 

Results revealed that the minimum thermal resistance is lower when there is a velocity slippage 

on the microchannel wall. The obtained optimum aspect ratio for the investigated micro-scale 

heat sink was observed to increase with increased slip length.    

Fluids such as water, ethanol and dielectric liquids have been widely used in single phase 

forced convection cooling applications due to their relatively high specific heat capacities. 

Moreover, these liquids are compatible with most materials used to fabricate compact and micro 

scale heat exchangers. However, these liquids have relatively low thermal conductivity in the 

range of 0.07-0.7 W/mK and low boiling points in the range of 34-100 oC. High mass flow rates 

within micro-scale heat sinks are required to prevent the water temperature to reach its boiling 

point in applications with heat dissipation rates of 100 W/cm2 or higher. This may cause a non-

desirable pressure loss on the order of 30 MPa in micro-scale heat sinks [8], [9].  

Moreover, it is not feasible to use water, methanol and deictic liquids in applications with 

high operating temperature range due to their low boiling points. Liquid metals offer very high 

thermal conductivity in the range of 16-30 W/mK, while their dynamic viscosities are only 

slightly higher than water. They can be also used in real world applications with an operating 

temperature range from 25 oC to as high as 900 oC due to their very high boiling points. Luo 

and Liu [10] conducted experiments to investigate heat transfer of GaInSn within compact and 

miniaturized heat sinks with a hydraulic diameter range of 0.91 to 2.87 mm and length of 40 

mm for microelectronics cooling applications. Obtained Nusselt numbers were observed to 

increase with increased Peclet number in the laminar flow regime.  

A new correlation was proposed to estimate Nusselt number as a function of Peclet 

number.  Muhammad et al. [11] performed numerical simulations to study laminar flow and 

heat transfer  for liquid metals GaIn, GaSn, EGaIn, EGaInSn within a miniaturized heat sink 

with width of 1 mm, height of 4 mm and length of 40 mm. Reported results showed that EGaIn 

resulted in the lowest pressure loss while EGaInSn required the highest pumping power.  
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Moreover, GaIn liquid metals showed the best heat transfer performance due its higher 

convective heat transfer coefficient. 3D numerical simulations are conducted in this work to 

investigate the effect of slip on friction factor and Nusselt number of liquid flows in micro-

scale heat sinks. Conducted numerical analyses include hydraulic diameter range of 250-400 

µm and Reynolds number of 300 to 1900. Moreover, thermal performance of a micro-scale heat 

sink utilizing NaK as the coolant is assessed for applications involving high operating 

temperature range of 400 K. Obtained Nusselt numbers were presented and discussed as a 

function of inlet Peclet number.  

2 NUMERICAL APPROACH  

The Fluent CFD solver was used to numerically solve the continuity, the momentum and 

the energy equations with mass flow inlet and pressure outlet boundary conditions. The 

governing equations are discretized using a finite volume method on a collocated grid scheme. 

Discretized equations are solved using a quasi-steady coupled solver scheme while a second-

order upwind interpolation scheme is applied to convection terms. At the interface between 

solid base material and microchannel walls the continuity of heat flux and temperature are 

imposed using the following boundary conductions, Eq (1). 

𝑇 𝑓 = 𝑇𝑠;                 𝑘𝑓∇𝑇𝑓 = 𝑘𝑠∇T𝑠 (1) 

Figure 1 shows the schematic of conjugate heat transfer and boundary conditions within the 

modelled micro-scale heat sink.  

 
Figure 1: Schematic of applied boundary conditions as well as conjugate heat transfer at 

interfaces in a microscale heat sink 

 

The following procedure is used to calculate the local and average Nusselt numbers. At 

any location z, along the microchannel/microtube the average fluid bulk temperature, average 

wall temperature and average wall heat flux are calculated through Equations (2)-(4). 
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𝑇𝑏(𝑧) =  
∫ 𝜌𝑢𝐶𝑝𝑇𝑓𝑑𝑉

∫ 𝜌𝑢𝐶𝑝𝑑𝑉
 (2) 

  

𝑇𝑤(𝑧) =  
{∮ 𝑇𝑤(𝑥, 𝑦, 𝑧)𝑑𝑠}𝑤𝑎𝑙𝑙𝑠

{∮ 𝑑𝑠}𝑤𝑎𝑙𝑙𝑠

 
(3) 

 

 

𝑞𝑤(𝑧) =  
{∮ 𝑞𝑤(𝑥, 𝑦, 𝑧)𝑑𝑠}𝑤𝑎𝑙𝑙𝑠

{∮ 𝑑𝑠}𝑤𝑎𝑙𝑙𝑠

 (4) 

The average local Nusselt number at any location z, along the microchannel is then calculated 

through Equation (5).  

𝑁𝑢(𝑧) =  
𝑞𝑤(𝑧) 𝐷ℎ

𝑘𝑏(𝑧) [𝑇𝑤(𝑧) − 𝑇𝑏(𝑧)]
 (5) 

where, Dh is the microchannel hydraulic diameter and kb(z) is the fluid thermal conductivity 

that is evaluated at the local fluid bulk temperature. The average Nusselt number for whole heat 

sink is calculated by taking the integral of local Nusselt number over the heat sink length of L, 

using Eq. (6). 

𝑁𝑢𝑎𝑣𝑒 =
∫ 𝑁𝑢(𝑧)𝑑𝑧

𝐿

0

𝐿
 (6) 

 

Figure 2: Numerical results for local Nusselt number along a microtube with uniform 

applied heat flux 
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Figure 2 illustrates the calculated local average Nusselt number along a microtube using 

Eqs. (1)-(5). Water is flowing within a microtube of diameter 500 µm and length of 30 mm at 

applied uniform heat flux of 10 W/cm2. The local Nusselt number is high in the region near the 

microtube inlet as the liquid flow is still hydrodynamically and thermally developing. The 

calculated local Nusselt number decreases and approaches to its fully developed theoretical 

value of 4.36 as water moves toward the microtube outlet. The obtained results confirm the 

accuracy and reliability of the implemented numerical approach to calculate the local and 

average Nusselt numbers.   

2.1 Effect of induced slip on the thermal efficiency of microchannel heat sinks 

The geometry of the microchannel heat sink used by Lee et al. [12] in their experiments  

is modelled in this section to evaluate the effect of induced slip on the thermal efficiency of 

micro-scale heat sinks. Figure 3 illustrates the schematic of the copper microchannel heat sink. 

Water is used as the working fluid with an applied heat flux of 40 W/cm2. The microchannels 

have a height of 884 µm, width of 194 µm and length of 25.4 mm. 3D conjugate numerical 

simulations have been performed with and without slip boundary conditions at Reynolds 

number range of 500-1000. Figure 4 compares the obtained average Nusselt numbers with 

experimental data at no slip boundary condition. Excellent agreement between numerical 

results and experimental data further confirms the accuracy and reliability of the applied 

numerical methodology to study flow and conjugate heat transfer within micro-scale heat sinks. 

Previous experimental studies on liquid fluid flow within micro-scale heat sinks utilizing 

hydrophobic/superhydrophobic surfaces showed pressure drop reduction due to liquid slippage 

on the walls[2], [13]–[15]. The Maxwell slip model have been widely used in the literature to 

model fluid slippage at the wall of hydrophobic surfaces [4], [7], [16]. The slip boundary 

condition in Maxwell model is imposed on the microchannel walls using apparent slip length 

(β) constant and the velocity gradient normal to the walls as shown in equation 7 [6], [16].  

  𝑢𝑠𝑙𝑖𝑝 =  𝛽 
𝜕𝑢

𝜕𝑛
 (7) 

 
Figure3: Schematic of microchannel heat sink used in present numerical simulations  
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As can be seen from the obtained results in Figure 5 (a)-(b), induced slip at the 

microchannel walls tend to reduce the pressure drop while enhancing the heat transfer rate. 

Water slips at the microchannel walls, enhancing the convective heat transfer rate, which leads 

to higher Nusselt numbers. For example, at Reynolds number of 1000, the average Nusselt 

number increases from 9.04 at slip length of β = 0 (no-slip) to 9.39 at β = 2 µm. On the other 

hand, pressure drop along the microchannel decreases from 19.77 to 18.3 kPa, respectively. 

Overall, a small, induced slip on the order of 2 µm can enhance the hydrodynamic and thermal 

performance of the investigated microchannel heat sink by almost 8% and 4 %, respectively. 

        

Figure 4: Average Nu from the CFD vs experimental data with no-slip boundary conditio 
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Figure5: Effect of induced slip on (a) heat transfer and (b) pressure drop within a microchannel heat sink. 

 

 

Figure 6 illustrates the local microchannel wall temperatures, TW (z) that are calculated using Eq. (3) for different 

slip lengths at Reynolds number of 800. As it can be seen from the figure, the microchannel wall temperature 

decreases with increased slip length. At constant applied heat flux, higher Reynolds numbers achieved in 

microchannels with higher slip lengths as can be seen in figure 5 (a). At constant hydraulic diameter and constant 

applied heat flux, higher Nusselt numbers result in higher convective heat transfer coefficients. Higher heat 

transfer rate at constant applied heat flux leads to lower wall temperature as observed in figure 6.  

 
Figure 6: Local wall temperature along the microchannel for different slip lengths at Reynolds number of 800. 
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2.2 Liquid metal flow and heat transfer within miniaturized heat sinks 

A miniaturized copper based microchannel heat sink with height of 5 mm, width of 1 mm, 

and length of 40 mm was considered to evaluate the accuracy of the implemented numerical 

approach explained in details in section 2 to study the flow and heat transfer of liquid metals 

within small scale heat sinks. Figure 7 illustrates the finest mesh configuration used in this work 

based on the V&V 2020 Standard. Total number of 3.8358 million mesh in generated in which 

2.43 million mesh elements are in the fluid domain. 15 prismatic layers with growth multiplier 

of 1.15 are added to the channel walls to accurately capture the velocity and temperature 

gradients at the interface. Figure 8 shows the maximum wall y+ values along the microchannel 

at Reynolds number of 2300. As it can be seen from the figure 8, the maximum wall y+ is below 

0.3 for the entire computational domain. Low obtained wall y+ values suggest that the applied 

mesh grid configuration is even sufficient to estimate velocity and temperature gradient for 

numerical simulations of turbulent flows. The investigated Reynolds number range in this 

research is less than 2000 which indicates laminar flow regime. Figure 8 confirms that the 

chosen thickness of 1.5 µm for the first mesh grid cell adjacent to the wall, keeps the y+ below 

1. Also, it indicates that the chosen mesh grid scenario is fine enough to capture the temperature 

and velocity gradient at the interface. 

 

 
Figure 7: Mesh grid configuration for (a) channel cross section and (b) in a section along the 

channel 

 

(a)

(b)

Prismatic layers
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Figure 8: Maximum wall y+ for GaInSn flow a miniaturized heat sink at Reynolds number 

of 2300 

Figure 9 compares the obtained numerical results for the average Nusselt number with 

experimental data as well as correlations for channel flows [17], [18] and pipe flows [19], [20]. 

Good agreement is achieved between numerical results and experimental data as shown Figure 

9. 

 
Figure 9: Comparison between numerical results and experimental data for the average Nu 

number of GaInSn flow in a miniaturized heat sink. 
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the laminar flow regime and was within the range of correlations presented in the literature for 

channel and pipe flows. Figure 8 also verifies the reliability and accuracy of the implemented 

numerical approach to study forced convection of liquid metals in small scale heat sinks. 

Another set of numerical simulations were performed to investigate flow and heat transfer of 

0.200

0.225

0.250

0.275

0.300

0 5 10 15 20 25 30 35 40

GaInSn flow within minichannel, Pr = 0.0487
W = 2 mm, H = 5 mm, L = 40 cm, Re

in
 = 2300

z (mm)

M
a

x
im

u
m

 o
f 

w
a

ll 
y

+



718.10 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶ 10, 2020 

NaK in stainless steel microchannel heat sinks with aspect ratios (α = Hc/Wc) of 1 and 2. All 

the thermophysical properties of the working fluid, NaK, vary with temperature.  The first 

microchannel heat sink had an aspect ratio of 1, width of 400 µm and hydraulic diameter of 400 

µm while the second microchannel heat sink had an aspect ratio of 2, width of 200 µm, height 

of 400 µm and hydraulic diameter of 267 µm. The NaK inlet temperature was set 27 oC. Figure 

10 shows that average Nusselt number for both microchannel heat sinks increase slowly with 

increased inlet Reynolds number in the laminar flow regime. The Peclet number in Figure 10 

is less than 100 and therefore the effect of heat conduction is still noticeable in comparison with 

the convective heat transfer mechanism. As a result, the Nusselt number becomes a weak 

function of Reynolds number under laminar flow. Obtained friction factors are also plotted 

against inlet Reynolds number in Figure 10 (b). The theoretical friction factors for isotropic 

fully developed laminar flows in channels with aspect ratios of 1 and 2 are also shown in Figure 

10 (b). 

 

 
Figure 10: NaK flow/heat transfer within stainless steel microchannel heat sinks. (a) average 

Nu number (b) friction factor 
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For low Reynolds numbers, the hydrodynamic entrance region is small while heat transfer 

at microchannel walls tends to decrease liquid viscosity adjacent to the walls. This reduces total 

pressure loss along the microchannel heat sink. As a result, the friction factors at Reynold 

numbers smaller than 500 are lower than the theoretical values. On the other hand, for higher 

Reynolds numbers, the effect of hydrodynamic entrance region becomes dominant and higher 

friction factors are obtained in comparison with theoretical values.     

 

CONCLUSION 

Numerical simulations have been performed to study water and liquid metals flows and 

heat transfer within microchannel heat sinks. The accuracy and reliability of the applied 

numerical approach has been verified by comparing the obtained numerical results with 

experimental data and analytical solutions. Besides the no-slip boundary condition, the effect 

of induced slip at the microchannel walls on heat transfer and pressure drop within the heat sink 

was also investigated. Results showed that induced apparent slip length of 2 µm can decrease 

pressure drop by almost 8% while enhancing the convective heat transfer coefficient by 4%. 

Further numerical analyses were performed to study NaK liquid metal flow and heat transfer 

within small scale heat exchangers. The Nusselt numbers for forced convection of NaK for the 

investigated microchannel heat sinks were observed to increase slowly with increased Peclet 

number. This phenomenon indicated the importance of the heat conduction mechanism in 

laminar flow of liquid metals within miniaturized heat sinks due to their large thermal 

conductivity coefficients.   

ACKNOWLEDGMENTS 

This paper describes objective technical results and analysis. Any subjective views or 

opinions that might be expressed in the paper do not necessarily represent the views of the U.S. 

Department of Energy or the United States Government.  Sandia National Laboratories is a 

multimission laboratory managed and operated by National Technology & Engineering 

Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International Inc., for the 

U.S. Department of Energy’s National Nuclear Security Administration under contract DE-

NA0003525. 

REFERENCES 

[1] R. Enright, M. Hodes, T. Salamon, and Y. Muzychka, “Isoflux nusselt number and slip 

length formulae for superhydrophobic microchannels,” J. Heat Transfer, 2014, doi: 

10.1115/1.4024837. 

[2] S. S. Hsieh, S. Y. Li, and Y. C. Hsieh, “Velocity measurements in DI water flow 

microchannels with hydrophilic and hydrophobic surfaces,” Appl. Therm. Eng., 2017, 

doi: 10.1016/j.applthermaleng.2017.08.101. 

[3] M. Pourghasemi, “Effect of irreversibility and energy harvesting on entropy generation 

within a microscale heat sink,” Int. J. Thermodyn., vol. 22, no. 2, 2019, doi: 

10.5541/ijot.544479. 

[4] A. Sohankar, M. Riahi, and E. Shirani, “Numerical investigation of heat transfer and 

pressure drop in a rotating U-shaped hydrophobic microchannel with slip flow and 

temperature jump boundary conditions,” Appl. Therm. Eng., 2017, doi: 



718.12 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶ 10, 2020 

10.1016/j.applthermaleng.2017.02.036. 

[5] D. Jing, S. Song, Y. Pan, and X. Wang, “Size dependences of hydraulic resistance and 

heat transfer of fluid flow in elliptical microchannel heat sinks with boundary slip,” Int. 

J. Heat Mass Transf., 2018, doi: 10.1016/j.ijheatmasstransfer.2017.11.149. 

[6] R. Enright et al., “Friction factors and nusselt numbers in microchannels with 

superhydrophobic walls,” 2006, doi: 10.1115/icnmm2006-96134. 

[7] M. R. Hajmohammadi, P. Alipour, and H. Parsa, “Microfluidic effects on the heat 

transfer enhancement and optimal design of microchannels heat sinks,” Int. J. Heat Mass 

Transf., 2018, doi: 10.1016/j.ijheatmasstransfer.2018.06.037. 

[8] S. S. Hsieh, C. Y. Lin, C. F. Huang, and H. H. Tsai, “Liquid flow in a micro-channel,” 

J. Micromechanics Microengineering, 2004, doi: 10.1088/0960-1317/14/4/002. 

[9] D. Pfund, D. Rector, A. Shekarriz, A. Popescu, and J. Welty, “Pressure drop 

measurements in a microchannel,” AIChE J., 2000, doi: 10.1002/aic.690460803. 

[10] M. Luo and J. Liu, “Experimental investigation of liquid metal alloy based mini-channel 

heat exchanger for high power electronic devices,” Front. Energy, 2013, doi: 

10.1007/s11708-013-0277-3. 

[11] A. Muhammad, D. Selvakumar, A. Iranzo, Q. Sultan, and J. Wu, “Comparison of 

pressure drop and heat transfer performance for liquid metal cooled mini-channel with 

different coolants and heat sink materials,” J. Therm. Anal. Calorim., 2020, doi: 

10.1007/s10973-020-09318-2. 

[12] P. S. Lee, S. V. Garimella, and D. Liu, “Investigation of heat transfer in rectangular 

microchannels,” Int. J. Heat Mass Transf., 2005, doi: 

10.1016/j.ijheatmasstransfer.2004.11.019. 

[13] J. Ou, B. Perot, and J. P. Rothstein, “Laminar drag reduction in microchannels using 

ultrahydrophobic surfaces,” Phys. Fluids, 2004, doi: 10.1063/1.1812011. 

[14] P. F. Hao, C. Wong, Z. H. Yao, and K. Q. Zhu, “Laminar drag reduction in hydrophobic 

microchannels,” Chem. Eng. Technol., 2009, doi: 10.1002/ceat.200900001. 

[15] N. Guan, Z. Liu, G. Jiang, C. Zhang, and N. Ding, “Experimental and theoretical 

investigations on the flow resistance reduction and slip flow in super-hydrophobic micro 

tubes,” Exp. Therm. Fluid Sci., 2015, doi: 10.1016/j.expthermflusci.2015.08.003. 

[16] M. Pourghasemi, N. Fathi, and K. Anderson, “Thermal-Fluid Analysis and Optimization 

of Micro-Scale Heat Sinks With Slip Boundary Condition Using Entropy Generation 

Minimization Method,” in ASME 2020 Fluids Engineering Division Summer Meeting 

FEDSM2020, 2020, p. V001T01A017-1-V001T01A017-8, doi: /10.1115/FEDSM2020-

20478. 

[17] M. Takahashi, M. Aritomi, A. Inoue, and M. Matsuzaki, “MHD pressure drop and heat 

transfer of lithium single-phase flow in a rectangular channel under transverse magnetic 

field,” Fusion Eng. Des., 1998, doi: 10.1016/S0920-3796(98)00380-9. 



718.13 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶ 10, 2020 

[18] T. . Hartnett, J.P; Irvine, 57-NESC-30. Philadelphia, 1957. 

[19] L. Skupinski, E; Tortel, J; Vautrey, “Determination of convection coefficients of sodium-

potassium alloys,” Int. J. Heat Mass Transf., vol. 8, 1965. 

[20] A. Y. Petukhov, B.S;Yushin, “Heat Exchange During Liquid Metal Flow in the Laminar 

and Transition Regions,” Sov. Phys. Dokl., vol. 6, p. 159, 1961. 

 



 

 

801.1 

 
 

Thermo-Mechanical Analysis of a Dry Storage System 

Julio Benavides1, Oriol Costa Garrido2, Gonzalo Jimenez1, Leon Cizelj2 
1Universidad Politécnica de Madrid, Calle de José Gutiérrez Abascal, 2, 28006 Madrid, Spain 

2Jožef Stefan Institute, Jamova 39, SI-1000 Ljubljana, Slovenia 

j.benavides@upm.es, oriol.costa@ijs.si, gonzalo.jimenez@upm.es, leon.cizelj@ijs.si 

ABSTRACT 

In this paper, the temperature distribution of the nuclear spent fuel dry cask TN-24P 

obtained in a computational fluid dynamics (CFD) simulation is imported into the finite element 

(FE) code ABAQUS to perform the thermo-mechanical analysis of the cask. The TN-24P cask 

is chosen due to the experimental data available in the open literature. The goal of the paper is 

to describe the methodology employed to perform the analysis with the aim to obtain the 

thermal expansion and mechanical stresses of the casks components. The preliminary results 

show rather low mechanical stresses and displacements. Thus, this paper demonstrates that a 

better understanding of the dry cask systems can be obtained from thermo-mechanical analyses 

through the successful use of CFD results in structural codes. 

1 INTRODUCTION 

As the spent fuel pools in nuclear power plants are near their full capacity and the 

construction of centralized sites, such as Yucca Mountain (USA) or Villar de Cañas (Spain), 

remains unclear, the nuclear industry is moving towards in-house storage of spent fuel using 

dry casks. Together with the extension of the lifespan of nuclear reactors, this has increased the 

need to understand the behaviour of nuclear spent fuel during its storage phase in a dry cask 

system to ensure that safety limits are not compromised.  

One of the key safety limits is the peak cladding temperature (PCT) during the storage 

phase, which should not surpass 400°C as per the NRC ISG-11 rev.3 - Interim Staff Guidance 

[1]. To calculate this temperature, simulations are required either with computational fluid 

dynamics (CFD) codes, such as Ansys CFX [2] and STAR CCM+ [3], or with thermal-

hydraulics codes such as COBRA SFS [4]. In previous studies using CFD simulations, the gaps 

between the canister and the basket components of the cask were proven to have a high impact 

on PCT [5][6]. These gaps and their uncertain size mainly originate from manufacturing 

tolerances. Due to this uncertainty, the gap size has been modelled in previous studies through 

different thermal resistances, showing PCT temperature changes up to 28⁰C [5]. At the same 

time, the non-uniform temperature distribution of the cask components are also expected to 

affect the gaps. Thus, to better understand the thermo-mechanical behaviour of the casks, a 

methodology for the use of CFD results in structural codes is required. 

In order to study the thermal expansion and mechanical stresses of the casks components, 

a methodology is developed in this paper to import the temperature distribution of the TN-24P 

cask obtained in STAR-CCM+ [3] into the finite element (FE) code ABAQUS [7] and, 

ultimately, perform the thermo-mechanical analysis of the cask. The TN-24P cask is chosen 

due to the experimental data available in the open literature. The cask and its main components 

are introduced in Section 2 and in Section 3, the CFD model and simulations performed in Ref. 

[5] are briefly explained. In Section 4, the set-up of the thermo-mechanical analysis of the cask 

is described, including the methodology employed and a verification of the STAR-CCM+ 
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temperature mapping onto the ABAQUS mesh. In Section 5, the preliminary results of the 

analysis are given and, finally, the conclusions are drawn in Section 6. 

2 DRY CASK SYSTEMS FOR NUCLEAR FUEL STORAGE 

Dry cask systems are fairly similar to one another, with a rather cylindrical shape and 

around 5 meters tall. They differ in the materials used, the inner gas pressure, the number of 

fuel assemblies they can hold and whether they can be used for storage, transportation or both. 

They can be separated into two families. The bolted top, which usually can be used for both, 

transportation and storage, and the welded top with a (concrete) overpack for storage and 

neutron absorbing material for transportation. 

In this paper the bolted top TN-24P cask shown in Figure 1 is employed due to the 

extensive experiments conducted with it [1]. These experiments consisted on measuring the 

thermal performance of the dry cask for different gases (nitrogen, helium and on a vacuum) and 

in both horizontal and vertical positions. The cask was loaded with 24 15x15 pressurized water 

reactor (PWR) fuel assemblies with a heat output of 20.6 kW. The temperature distributions 

were obtained through several thermocouples introduced through the top lid, measuring the 

temperature of different fuel assemblies axially. 

The experiments and the results available make the TN-24P one of the most studied casks 

in the open literature. Additional studies with this cask include simulating a 1-to-1 replica of a 

fuel assembly [9], development of a scaling methodology [10], testing the impact of different 

gases at different pressures [11] and developing a fully coupled methodology for thermal studies 

using CFD simulations [5]. 

 

Figure 1. Top view of the TN-24P cask with the steel canister marked in red [7] 
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3 COMPUTATIONAL FLUID DYNAMICS MODEL AND SIMULATIONS 

In this section, the CFD model and simulation from which the temperature distribution is 

extracted is briefly introduced. The complete work can be read in [5]. The CFD model, in fact, 

consists of two separate (exterior and interior) models. In the first model, the exterior of the 

cask is modelled from the inner surface of the steel canister (red circle in Figure 1) to the 

surrounding air and the concrete below the cask. The simulation of the exterior model obtains 

realistic values for the heat transfer coefficient between the cask and the air, instead of relying 

in values extracted from correlations found in the literature. The second model consists of a ¼ 

section of the inner components of the cask, including the fuel assemblies, basket, steel canister 

with top and bottom lids and the neutron shield. 

 

 

Figure 2. Interior model of the TN-24P cask with superimposed temperatures obtained 

in the CFD simulation [5] 

The ¼ interior model is further simplified to lower the computational cost of the 

simulations. The simplifications include the lack of structural components different than main 

ones just described, the neutron shield is modelled as a single body with equivalent thermal 

conductivity of the different components and, finally, the fuel assemblies are simplified to just 

the claddings, meaning that the fuel pellet, springs, headers and spacers are not modelled. The 

steady-state simulations of the cask were performed in STAR-CCM+ code. 

Several sensitivity studies were conducted including a Grid Convergence Index [12] to 

estimate the discretization error. The mesh where the final studies were conducted consisted of 

about 6.7M hexahedral cells. Other studies included testing several turbulent models and a 

laminar model to see the impact on the temperature distribution (very little impact was found) 

and different gap sizes between the basket and the steel canister. 

The gap size was modelled through a thermal resistance. Five gap sizes were studied: 

perfect contact (no resistance), 2e-4m, 1e-3m, 2e-3m and no contact (adiabatic contact). The 

lowest and highest temperatures were obtained with perfect and adiabatic contacts, respectively, 

giving a spectrum of possible temperatures. Overall, the simulations can predict accurately not 
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only PCT but also the steady-state temperature distribution of the cask components, showing 

the high impact that the gap size can have on the thermal performance of the cask. 

4 THERMO-MECHANICAL MODEL IN ABAQUS 

The first step to create the ABAQUS model is to import the geometry from STAR-CCM+. 

A neutral STEP format file was used after testing several other formats. After that, the model 

configuration consists mainly of choosing the material properties, setting the boundary 

conditions, meshing the different components and selecting the numerical scheme. 

Due to the proprietary nature of the dry cask design, the exact materials of the cask 

components are unknown. Therefore, similar materials and properties were chosen for the steel 

components. The stainless steel properties were taken from [13] and the borated aluminum of 

the basket and zircalloy of the fuel assemblies from [14]. The neutron shield is a composite 

material (see Figure 1). Thus, average mechanical properties were approximately calculated 

from the different composite materials from [15]. The material properties used in this work for 

the different cask components are given in Table 1. 

Table 1. Material properties of the cask components 

 Youngs Modulus 

(Pa) 

Poisson 

ratio (-) 

Thermal expansion 

coefficient (1/K) 

Steel 2.00E+11 0.30 1.70E-05 

Borated Aluminum 6.89E+10 0.33 2.17E-05 

Zircalloy 9.93E+10 0.35 5.89E-06 

Neutron Absorber Resin 1.23E+11 0.22 9.40E-06 

Cupper 1.28E+11 0.355 1.76E-05 

Neutron Shield Composite 1.36E+11 0.241 1.11E-05 

 

The boundary conditions on the two symmetry planes of the ¼ model suppress the 

displacements in the planes’ normal directions. Similarly, the vertical displacement is prevented 

on the cask’s lower surface of the bottom lid. Finally, as discussed in the previous chapter, the 

temperature distribution of the interior model obtained in the CFD simulation was imported 

through a mapped field interpolation onto the ABAQUS FE mesh. The mapped temperatures 

were used as a predefined field boundary. The FE meshes for the different components are 

listed in Table 2 and consisted of linear hexahedral elements (type C3D8R in ABAQUS). 

Table 2. Number of elements in the FE mesh 

Component Number of elements 

Steel canister (including both lids) 245,719 

Basket 208,080 

Neutron Shield 88,725 

 

In order to facilitate the mesh generation in the CFD model, some of the cask components 

were split into different bodies to simplify their geometry. In the structural ABAQUS model, 

these bodies had to be joined back again. Two methods for joining the bodies were tested. In 

the first one, the bodies were joined through ties, meaning that the nodes on the two contacting 

surfaces were fused numerically. The second method consisted of a Boolean operation to merge 

the geometry of the bodies into a single one (within the model part in ABAQUS). The steel 

canister, both lids and the neutron shield were joined using these two methods. The basket and 

fuel assemblies were left independent since in this model they do not interact. 
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Figure 3. Von Mises stresses (Pa) in the steel canister. (Left) bodies joined through ties 

and (right) bodies merged into a single part 

The results of both methods showed that, overall, there was very little difference. As 

shown in Figure 3, which anticipates the numerical results, very similar values and distribution 

of displacements and stresses were obtained. The only difference was that the first method 

(joined surfaces through ties) showed numerical instabilities on the contact surfaces. Therefore, 

the second method was chosen for further analysis. 

4.1 Code coupling strategies 

STAR CCM+ [3] and ABAQUS [7] have several ways to couple simulations. From direct 

coupling for co-simulation, where the simulation runs sequentially from one code to the other 

every few iterations, to a file based system, where the coupling is done one way through the 

use of a neutral file. Due to the nature of the simulations performed in this paper, the later 

method is employed and only the steady-state temperatures obtained in the CFD simulation 

need to be imported into ABAQUS. It is also important to note that, for the direct coupling 

method to work, licenses for the two codes are needed in the same network. 

 

Figure 4. Algorithm for coupled given in STAR CCM+ user’s manual [3] (left), and this 

paper’s version (right) 
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Figure 4 shows the algorithm for coupling a CAE file (in this case ABAQUS) to STAR-

CCM+, as provided in the STAR-CCM+ user manual [3]. In this algorithm the model has to be 

created in ABAQUS, imported into STAR-CCM+ where the simulation is run, and then the 

CFD results are mapped onto the ABAQUS mesh. STAR CCM+ generates a file in ABAQUS 

friendly format to be incorporated into the ABAQUS model before running the simulation. 

Although this process works, it presents several problems. The main one is that if the FE 

mesh in ABAQUS is modified, the process must be restarted from the point of importing the 

model into STAR-CCM+. This is extremely cumbersome since mesh generation is unlikely to 

be a first-time success and therefore this method would imply going from STAR-CCM+ to 

ABAQUS, and back, several times. It is possible that this method may prove more useful in 

other situations but, for the work presented in this paper, this method was abandoned. 

To solve this problem and speed-up the method, another way using CSV files extracted 

from STAR-CCM+ was employed. For each body in the simulation, a CSV file was generated 

with the three-dimensional (3D) temperature distribution, i.e. nodal coordinates and 

temperatures. Each of these files were then imported into ABAQUS through analytical mapped 

field interpolation. During the input file writing process in ABAQUS, this mapped field is 

volumetrically interpolated (or extrapolated) onto the FE mesh. Therefore, even if the mesh in 

ABAQUS is modified, no extra steps are needed and the overall process is seamless. 

4.2 Importing CFD temperatures onto FE model and verification 

To be able to reproduce the temperature distribution obtained in the CFD simulation, the 

FE mesh in ABAQUS had to be similar, or it would not reproduce the local distribution. 

Localized temperature distribution is important since the CFD temperatures show large 

gradients in some regions. For example, in the inner surface of the steel canister shown in Figure 

5 present four narrow bands of high temperature, representing the contact surfaces between the 

steel canister and the basket. 

 

Figure 5. Steel canister ABAQUS meshes (left - coarse and middle - fine) and STAR 

CCM+ mesh (right) 

Figure 5 shows the temperature distribution on the two meshes tested for the steel canister. 

As it can be seen, the coarser mesh (Figure 5-left) cannot reproduce the narrow bands, whereas 

these are properly captured on the denser mesh (Figure 5-middle), thus the subsequent 

temperature gradients are more accurate. This process of mesh generation and mesh refinement 

was performed for all the cask’s components, until the temperature distributions in ABAQUS 

and STAR-CCM+ were as similar as possible. 

5 RESULTS 

This section briefly presents the preliminary results obtained for the outer components of 

the cask. In Figure 6, the displacements magnitude (left) and the radial displacements (right) 
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for the steel canister and neutron shield can be found. Most of the displacement occurs in the 

upward (z) direction, whereas the radial displacements are an order of magnitude smaller. 

 

Figure 6. Magnitude (left) and radial component (right) of the steel canister 

displacements 

The thermal stresses arising due to the non-homogeneous thermal expansion of the 

components are shown in Figure 7. Most of the stresses are concentrated in two regions: the 

inner surface of the steel canister, due to the high temperature gradients in the contact between 

cask and basket (see Figure 5), and in the neutron shield, due to this component having 

considerably lower thermal expansion coefficient and being cooler than the steel canister. The 

stress maxima presented in Figure 7 are, nevertheless, rather low and of about 51 MPa. 

  

Figure 7. Stresses (Pa) in the steel canister and neutron shield 

6 CONCLUSIONS 

In this paper, an overlook at the methodology for the use of CFD temperature results 

obtained with STAR CCM+ code in the structural FE code ABAQUS is presented, together 

with a sensitivity analysis of the FE mesh. One of the key lessons learnt is that proper FE mesh 
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refinement may be required to ensure that the localized temperature distributions obtained in 

the CFD simulation are properly reproduced. The results show rather small thermal expansion 

and stresses ensuring that the elasticity limit is not surpassed. 

Future works with the methodology described in this paper will be dedicated to the in-

depth analysis of the mechanical behavior of the dry cask and its components, including the 

gaps between the steel canister and basket, and the fuel assemblies. 
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ABSTRACT 

The present work presents an update of Quench 12 experiment calculations using ASTEC 

V2.2b computer code. The main purpose of the QUENCH program is to investigate fuel 

behaviour in severe conditions. A special attention has to be paid on a hydrogen generation in 

result of water or steam injection into overheated and uncovered degraded core of a VVER 

bundle. The main object of the QUENCH program is to examine the behavior of overheated 

fuel under different flooding conditions and to create database for model development and 

improvement of Severe Fuel Damage computer code packages. 

The QUENCH-12 experiment has been performed to investigate the behavior of VVER 

fuel assemblies with a hexagonal lattice and fuel rods with claddings made by Zr1%Nb (E 110), 

which is used in VVER reactors. The ZrO2 pellets as in the LWR-type tests represent the fuel.  

The test was conducted at Forschungszentrum Karlsruhe on 27 December, 2006 in the 

frame of EC-supported ISTC (International Science and Technology Center) program.  

The recently issued (Accident Source Term Evaluation Code) ASTEC2.2b computer code 

has been use for performing of an update of Quench 12 test calculations. The study was focused 

on investigation of quenching of overheated VVER fuel behavior, bundle oxidation processes 

and hydrogen generation. The calculation results have been compared and discussed with a 

QUENCH test data.  

The simulation have been performed in the frame of EC (European commission), 

ASCOM (ASTEC COMmunity) project.  

Key words: Severe Accident, In-vessel Accident Progression, Reactor Core, Hydrogen 

production, VVER Fuel Analysis, QUENCH, test. 

 

1 DESCRIPTION OF QUENCH FACILITY  

The bundle test section includes 31 heated fuel rods, 2.5 m long, and an unheated rod in 

the center of the bundle. The bundle correspond to Soviet VVER-type, like geometry and clad 

material. In radial direction the bundle is composed from an unheated rod at center position, a 

ring with 6 heated rods, a middle ring with 13 unheated rods and an outer ring with 12 heated 

rods. Heated rods in the bundle are connected to electric power supply system. In the bundle 

there is a set of 6 corner rods at vacant rod positions (see Figure 1).  

The fuel rod simulators are held in position by grid spacers at seven levels, all made of 

Zr1%Nb with 20 mm length. 

mailto:antoanet@inrne.bas.bg
mailto:pavlinpg@inrne.bas.bg
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Heated and unheated test rods, including the central one, are filled with Ar5%Kr and He, 

respectively, at a pressure of approx. 0.22 MPa. 

The bundle is enclosed in a Zr2.5%Nb shroud, with a 37 mm thick ZrO2 fiber insulation 

extending from the bottom to the upper end of the heated zone and a double-walled cooling 

jacket of stainless steel over the entire length. The annulus between shroud and cooling jacket 

is filled (after several cycles of evacuation) with stagnant argon of 0.22 MPa. The 6.7 mm 

annulus of the cooling jacket is cooled by an argon flow. Both the absence of a ZrO2 insulation 

above the heated region and the water cooling of the bundle head are to avoid overheating in 

that bundle region. The main contribution of the radial heat losses is due to radiation. The 

scheme of the QUENCH facility is presented on Figure 1. 

 

 

Figure 1: Quench facility scheme and fuel position at bundle section  

2 TEST SCENARIO 

During Quench 12 test, three phases are observed: Pre-oxidation, transient phase and 

quenching. Before the test the initial bundle temperature is stabilized to 873 K. 

The QUENCH - 12 test phases are summarized below [1]: 

Phase I: Pre-oxidation started with an application of electrical bundle power of ca. 3.5 

kW, ramped step-wise to 9.9 kW over approx. 2300 s to achieve the bundle pre-oxidation 

temperature of 1473 K to 6000 s with 3.3 g/s flow of steam and Ar; 

Phase II: During the transient phase the bundle power was ramped at a rate of 5.1 W/s 

to reach increasing of maximum bundle temperature of 2073 K; 

Phase III: Quenching of the bundle by a water flow of 48 g/s*. 

 

3 DESCRIPTION OF ASTEC QUENCH FACILITY INPUT MODEL 

During the preparation for QUENCH - 12 test, the input deck was adapted to new initial 

and boundary conditions. The used materials are VVER type.  The geometry of VVER bundle 
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and grid spacer was changed inn correspondence with baseline input deck. The model was 

updated to last ASTEC v2.2b computer code [4], [6], in the frame of ASCOM project. For 

modeling of Quench facility two modules: ICARE and CESAR are activated in a coupled mode.  

The both modules CESAR and ICARE modules [5], are coupled in the core and interchange 

the information’s such as: the geometry data, the wall temperatures, the wall to fluid heat fluxes. 

Module simulates the thermal-hydraulics in the primary circuit, secondary circuit and in the 

RPV (Reactor pressure vessel) up to the failure of reactor vessel bottom head. The CESAR 

modelling is based on a mono-dimensional two-fluid five-equation approach.  

The ICARE module describes the in-vessel core degradation phenomena, both early and late 

degradation phases. In ICARE, the core is discretized in cylindrical rings and axial meshes, 

only one representative component of the fuel and control rods being considered in each ring, 

weighted by the true number of rods. ICARE module allows simulation at early phase of core 

degradation with fuel rod heat-up, ballooning and burst, exothermic clad oxidation, control rods 

behaviour, fuel rod embrittlement or melting, molten mixture candling and relocation, etc.; and 

then the late phase of core degradation with corium accumulation within the core channels and 

formation of blockages corium slump into the lower head and corium behaviour in the lower 

head until vessel failure. 

The Quench input model includes all major components and systems of test facility. In 

radial direction, the bundle test section is modeled including shroud up to the inner cooling 

channel. In axial direction the bundle section is divided into 10 axial levels from -0.47 m and 

end at 1.5 m elevation, as given in Figure 2. Radially the bundle is modeled with 3 CHANELS. 

In channel 1, a central rod (CLAD 1) representing the unheated simulator rod and six heated 

simulator rods (CLAD 2). In channel 2, 12 unheated simulator rods are represented and divided 

into two sections since their radial distances to center is different. In channel 3, six corner rods 

and 12 heated simulator rods (CLAD 3). The six Zircaloy corner rods are modeled, too. The 

bundle section is surrounded by shroud, ZrO2 fiber insulation and inner cooling jacket. The 

three of corner rods are modeled as a tube structures, the other three are modeled as a solid 

structure. The ZrO2 fiber insulation is modeled from the bottom of lower plenum to the end of 

heated zone at 1.024 m elevation. The pipes that connect with the test section are not modeled.  

The heat transfer mechanisms, considered in the model are: conduction, convection at the 

external surface of the elements facing the channels (i.e. fuel rods, corner rods, grids and 

shroud), radiation, the corner rods, the shroud and the cooling jacket.  

Cladding or shroud failure occurs if the cladding temperature is greater than 2300 K. Upon this 

condition, the inner molten material is released into the core channels and relocates according 

to the 2-D MAGMA model. Oxidation of molten material outside the cladding is also taken 

into account.  

As for the chemical interactions, Zr cladding oxidation by steam is calculated with the 

“BEST-FIT correlation”. The, BEST-FIT correlation is selected for VVERs core, by default. 
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Figure 2: ASTECv2.2b Quench12 facility nodalization scheme 

4 RESULTS AND DISCUSSIONS 

The comparison of main calculated results with measured data during the test is presented 

on Figure 3 and 4 [2], [3].  

The comparison of maximum bundle temperature is presented on Figure 3. Generally, the 

comparison shows very good agreement of calculated maximal bundle temperature and 

measured test data. The calculated behavior of maximum bundle temperature at 950 mm closely 

follow the trend of the measured bundle temperature during experiment, except the quenching 

phase at the end of the experiment. The peak of maximum bundle temperature is observed at 

approximately 7290 s. The comparison between experimental data and calculated maximum 

bundle temperatures vary during different phases within a range of 100 K.  

The test started with stabilization of bundle temperature at 873 K. After initial temperature 

stabilization the bundle was heated-up to 2600 s. The comparison of calculated results with 

measured data in the heat-up phase show good agreement in range of approximately 100 K 

deviation. The next phase, pre-oxidation phase continues to 6000 s. During pre-oxidation the 

comparison of calculated maximal bundle temperature is almost the same with measured data.  

During the next phase “quench phase” the predicted bundle temperature reached the 

maximal point of 1780 K, which is lower compared to the temperature from experiment of 2020 

K. The observed discrepancy could be explained with axial and radial bundle heat transfer 

distribution.  

After quench phase (after stopping the quench water flow), it was observed large 

discrepancy between the predicted temperature and experimental data. The observed 

discrepancy could be explained with Zr oxidation chemical reaction and subsequent hydrogen 

generation in the bundle.  
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Figure 3 Comparison of maximal bundle temperature at 950 mm 

 

The comparison of the total hydrogen generation is given on Figure 4. As it is seen from 

the figure the total maximal reached hydrogen production from the experiment is 45 g, which 

is lower than the experiment, it could be explained with used oxidation correlations. The start 

of hydrogen generation is observed after 800 s. The comparison of calculated hydrogen with 

measured data shows that the ASTEC computer code predicted the same start of hydrogen 

production. Generally, the comparison show good agreement during the whole test, except the 

pre-oxidation phase and quench phase. The cladding oxidation in the experiment is observed at 

approximately 700 s, when the maximal bundle temperature was approximately 1100 K.  
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Figure 4 Comparison of hydrogen generation 

5 CONCLUSIONS  

In this investigation it has been performed update and simulation of QUENCH-12 input 

model with recently distributed vertion of ASTEC 2.2b computer code. As a whole, received 

results followed the trends of observed parameters during the entire sequence of the experiment 

from the initial heat-up to the quench phase, except maximal value of the bundle temperature 

at 950 mm and the hydrogen generation during quenching phase at the end of transient.  

The observed deviation in the maximum calculated bundle temperature at 950 mm and 

experimental data during quenching phase is about 240 K, where the calculated value is lower 

compared to the measured data.  

The behavior of the calculated hydrogen shows very good agreement with the measured 

data during the whole transition period, except in the quenching phase, as mentioned above. 

This could explain the lower bundle temperature in the calculation compare to the measured 

data during this phase.  

The work of laboratory will coninue with the improvement of the model and better 

prediction of main parameters during the quenching phase.  
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ABSTRACT 

In this study the advanced thermal-hydraulic system code TRACE has been used to 

simulate the integral experimental test BETHSY 9.1b. The TRACE results are compared with 

the RELAP5 computer code predictions, in addition, the accuracy of both simulations has been 

evaluated. BETHSY is an integral test facility, which was designed to simulate most pressurized 

water reactors (PWR) accidents of interest, to study accident management procedures and to 

validate the computer codes. The BETHSY 9.1b experiment represents the Small Break Loss-

of-Coolant Accident (SBLOCA) with loss of high pressure injection system. After the 

Fukushima-Daiichi nuclear accident, this type of accident is considered as a part of Design 

Extension Conditions (DEC). As no DEC safety features for high pressure injection are 

available in BETHSY 9.1b test, a delayed operator action for secondary system 

depressurization has been analysed in this study. For accuracy quantification the Fast Fourier 

Transform Based Method by signal mirroring (FFTBM-SM) and original FFTBM has been 

used. The comparison of the simulated results with the experimental data is presented. Finally, 

the results of code accuracy quantitative assessment are shown. 

1 INTRODUCTION 

The TRAC/RELAP Advanced Computational Engine (TRACE) is today the state-of-the-

art and one of the world’s leading best estimate system codes in the field of thermal-

hydraulics [1]. It is intended for safety analyses of loss-of-coolant accidents and operational 

transients, as well as other accident scenarios in pressurized light-water reactors (PWR) and 

boiling light-water reactors (BWR). For TRACE code assessment, the 9.1b test performed on 

Boucle d'Études Thermo-Hydraulique Système (BETHSY) has been selected, representing 

beyond design basis accident with non-degraded core. After the Fukushima-Daiichi accident, 

International Atomic Energy Agency (IAEA) [2] and Western European Nuclear Regulators 

Association (WENRA) [3] listed this type of loss of coolant accident as a design extension 

conditions (DEC). No DEC safety features for high pressure injection were available in 

BETHSY 9.1b test. Rather, delayed operator action for secondary system depressurization has 

been studied. This test is important, since after the Fukushima Dai-ichi accident, besides the 

design basis accidents (DBAs), the use of computer codes is required also for safety evaluation 

of light water reactors (LWRs) during the design extension conditions (DECs). This considers 

complex three-dimensional single-phase and two-phase flow conditions that dictate the plant 

behaviour. 
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2 METHODS USED 

First the BETHSY experimental facility and the BETHSY 9.1b test are described. Then 

the applied computer codes and the input models are described. Finally, the Fast Fourier 

Transform Based Method by signal mirroring (FFTBM-SM) method is described. 

2.1 BETSY experimental facility description 

BETHSY is an integral test facility, located in Grenoble, which was designed to simulate 

most PWR accidents of interest, to study accident management procedures and to validate the 

computer codes. It is a scaled down model of three loop Framatome nuclear power plant with 

the thermal power 2775 MW. The facility consisted of pressure vessel, reactor coolant pumps 

and piping, heat tracing system, the system for break simulation, instrumentation and the control 

systems. 

2.2 BETHSY 9.1b test description 

The Bethsy 9.1.b test is a scaled 5.08 cm cold leg break in loop 1 without high pressure 

safety injection (HPSI) and with delayed operator action for secondary system depressurization. 

Due to the core heatup, the operator depressurized the secondary side by atmospheric relief 

steam dump valves. In the scenario, this operator action was delayed. The test was analyzed in 

the frame of International Standard Problem 27 (ISP 27) performed to validate the thermal-

hydraulic computer codes. ISP 27 was prepared and coordinated by the Committee on the 

Safety of Nuclear Installations (CSNI) of the Nuclear Energy Agency within the Organisation 

for Economic Co-operation and Development (OECD/NEA). 

The main sequence of events is shown in Table 1. The test scenario is the following: the 

break is opened in the cold leg no. 1 (initiation of the transient). When the maximum heater rod 

cladding temperature reaches 723 K, the ultimate procedure started by opening three steam line 

dumps to the atmosphere. When pressurizer pressure drops below 4.2 MPa accumulators started 

to inject and they stopped to inject below 1.46 MPa. The low pressure safety injection (LPSI) 

system is activated at the primary pressure below 0.91 MPa. When stable residual heat removal 

system operating conditions prevailed, the transient is terminated. 

Table 1 Main sequence of events for BETHSY 9.1b test 

Events Time (s) 

Break opening 0 

Scram signal (13.1 MPa) 41 

Safety injection (SI) signal (11.9 MPa) 50 

Core power decay start (17 s after scram) 58 

Auxiliary feedwater on (30 s after SI signal) 82 

Pump coastdown start (300 s after SI signal) 356 

End of pump coastdown 971 

Start of the first core level depletion 1830 

Start of second core uncovery 2180 

Ultimate procedure initiation 2562 

Accumulator injection starts (4.2 MPa) 2962 

Primary mass inventory is minimum 2970 

Maximum core clad heatup 3053 

Accumulator isolation (1.5 MPa) 3831 

Low pressure injection system start (0.91 MPa) 5177 

End of test (RHRS stable operating conditions are reached) 8200-8330 
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2.3 Computer codes and input model description 

The simulations were performed with the latest code versions TRACE V5.0 Patch 5 and 

RELAP5/MOD3.3 Patch 5. The RELAP5 computer code is a light water reactor transient 

analysis code developed for the U.S. Nuclear Regulatory Commission (U.S. NRC) for use in 

rulemaking, licensing audit calculations, evaluation of operator guidelines, and as a basis for a 

nuclear plant analyzer. Specific applications of this capability include simulations of transients 

in LWR systems, such as loss of coolant, anticipated transients without scram (ATWS), and 

operational transients such as loss of feedwater, loss of offsite power, station blackout, and 

turbine trip. For further details the reader is referred to [2].  

The TRAC/RELAP Advanced Computational Engine (TRACE) is the latest in a series of 

advanced, best-estimate reactor systems codes developed by the U.S. NRC for analyzing 

transient and steady-state neutronic-thermal-hydraulic behavior in light water reactors. TRACE 

has been designed to perform best-estimate analyses of loss-of-coolant accidents (LOCAs), 

operational transients, and other accident scenarios in pressurized light-water reactors (PWRs) 

and boiling light-water reactors (BWRs) [1]. 

The first RELAP5/MOD2 standard input model has been developed at Jožef Stefan 

Institute during its participation in the OECD/NEA international standard problem ISP 27 and 

has been later continuously updated to further RELAP5 versions, up to RELAP5/MOD3.3 

Patch 04 [2]. There was no need to make modifications of the input model for the latest 

RELAP5/MOD3.3 Patch 05 [2] computer code. For further details of the RELAP5 input model 

for BETHSY 9.1b test can be found in [2]. The TRACE input model has been developed by 

conversion of the standard RELAP5 input model of BETHSY into TRACE, requiring manual 

corrections. The TRACE input model is shown in Figure 1, where SG, RPV and ACC indicate 

the steam generator, the reactor protection vessel and the accumulator, respectively. 

 

Figure 1: TRACE input model of BETHSY facility 
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2.4 FFTBM-SM description 

The original fast Fourier transform based method (FFTBM) was developed to quantify 

the accuracy of thermal-hydraulic code calculations [6] versus the corresponding experimental 

data. Later, a FFTBM method improved by signal mirroring (FFTBM-SM) has been developed, 

in which the signals are symmetrized [7]. 

For the calculation of the differences between the two signals, symmetrized experimental 

signal 𝐹𝑒𝑥𝑝 and the difference signal ∆𝐹(𝑡)are needed. The difference signal in the time domain 

is defined as ∆𝐹(𝑡) = 𝐹𝑒𝑥𝑝 − 𝐹𝑐𝑎𝑙where 𝐹𝑐𝑎𝑙 is the symmetrized calculated signal. The 

similarity of the signals is based on the amplitudes of the discrete experimental and difference 

signals obtained by fast Fourier transform FFT (frequency domain) at frequencies fn, where 

n=0,1,...,2m and m is the exponent defining the number of points N=2m+1 (where m=8, 9, 10, 

11; this gives minimum 512 and maximum 4096 points). The average amplitude 𝐴𝐴𝑚 is defined 

as: 

𝐴𝐴𝑚 = ∑ |∆̃𝐹(𝑓𝑛)|
2𝑚
𝑛=0 ∑ |�̃�𝑒𝑥𝑝(𝑓𝑛)|

2𝑚
𝑛=0⁄  (1) 

where |∆̃𝐹(𝑓𝑛)| is the difference signal amplitude at the frequency 𝑓𝑛 and |�̃�𝑒𝑥𝑝(𝑓𝑛)| is the 

reference signal amplitude at the frequency 𝑓𝑛. The 𝐴𝐴𝑚 factor is a figure of merit for similarity 

of the signals. The larger the sensitivity is the larger is the difference between the signals, 

normally resulting in a larger 𝐴𝐴𝑚 value. 

The overall picture of the accuracy (using FFTBM-SM) for a given code calculation is 

obtained by defining average performance indices that represent the total average amplitude 

𝐴𝐴𝑚−𝑡𝑜𝑡 (total accuracy): 

𝐴𝐴𝑚−𝑡𝑜𝑡 = ∑ (𝐴𝐴𝑚)𝑖(𝑤𝑓)𝑖
𝑁𝑣𝑎𝑟
𝑖=1   with  ∑ (𝑤𝑓)𝑖 = 1

𝑁𝑣𝑎𝑟
𝑖=1  (2) 

where 𝑁𝑣𝑎𝑟 is the number of the variables analysed, and (𝐴𝐴𝑚)𝑖, and (𝑤𝑓)𝑖 are the average 

amplitude and the weighting factors for the i-th analysed variable, respectively, as described 

in [7]. 

The figures of merit are such that they accumulate the discrepancies over time. The first 

figure of merit 𝐴𝐴𝑚 defines the accuracy of single variable. The second figure of merit is 

𝐴𝐴𝑚−𝑡𝑜𝑡, which defines the accuracy of the deterministic code calculation considering several 

output variables – flows, pressures, temperatures, levels etc. Typically 20 to 25 variables are 

used. In this study 21 variables were used. 

3 RESULTS 

The results of steady state calculation are shown in Table 2. The core power in an input 

value. In general, the agreement is good for both, RELAP5 and TRACE code. The initialization 

of the cold leg temperature is used, therefore the secondary pressure is not exactly matched. 

The difference comes from the code models for heat transfer from primary to secondary side. 

Comparison of the selected calculated variables with the experimental data and their time 

dependent accuracy measure is shown in Figures 2 and 3. The time dependent accuracy measure 

shows the time evolution of the agreement between the code predictions and the experimental 

data. For all variables shown in Figure 2 (pressurizer pressure, secondary pressure, integrated 

break mass flow and accumulator pressure), the TRACE predictions seem slightly better and 

this is confirmed by the accuracy measure AAm. 
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Table 2 Comparison of initial conditions for BETHSY 9.1b test 

Parameter Measured RELAP5 TRACE 

core thermal power  2864 ± 30 kW 2864 kW 2864 kW 

cold leg temperature (per loop) 

559.9 ± 0.5 K 559.9 K 

(core inlet) 

559.9 K 

(core inlet) 

downcomer mass flow rate 150.0 ± 5.0 kg/s 155.2 kg/s 151.1 kg/s 

reactor coolant pump speed (per loop) 2940 ± 30 rpm 2970 rpm 2970 rpm 

pressurizer pressure  15.51 ± 0.09 MPa 15.51 MPa 15.51 MPa 

pressurizer level  4.08 ± 0.1 m 4.08 m 4.08 m 

reactor coolant system mass 1960 kg 1948 kg 1948 kg 

secondary side pressure (per SG) 6.91 ± 0.04 MPa 6.77 MPa 6.78 MPa 

steam generator level (per SG)  13.45 ± 0.05 m 13.41 m 13.46 m 

feedwater temperature 491.1 ± 2.0 K 491.0 K 491.0 K 

secondary coolant mass (per SG)  820 ± 30 kg 820 kg 803 kg 

 

 
Figure 2: Visual observation of variables and their accuracy (part 1) 
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For variables shown in Figure 3 (integrated emergency core cooling system (ECCS), 

component mass flow, core collapsed liquid level and cladding temperature in the middle of the 

core) the TRACE predictions are slightly better or worser than RELAP predictions and this is 

confirmed by the accuracy measure AAm. The core inlet temperature is better predicted at the 

end of the transient and this is again quantitatively confirmed. The accuracy measure also 

successfully indicates that the TRACE calculation of the core inlet temperature is better 

predicted in the first 6000 s.  

 
Figure 3: Visual observation of variables and their accuracy (part 2) 
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Figure 4: Total accuracy (AAm-tot) trends (left) and the loop-seal pressure drop (right) 

 

Table 3: Accuracy results of BETHSY 9.1b calculations for interval 0-8200 s 
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AA AAm AA AAm

1 Downcomer to upper head diff. pressure 1.01 1.30 1.05 1.32

2 Loop seal 1 downflow diff. pressure 0.86 1.15 0.87 1.18

3 Loop seal 1 upflow diff. pressure 2.03 2.21 2.57 2.80

4 SG1 U-tube inlet to outlet diff. pressure 0.83 1.20 0.86 0.90

5 SG-1 inlet plenum diff. pressure 1.36 1.28 1.91 1.93

6 SG-1 U tube upflow diff. pressure 1.23 1.13 0.86 0.85

7 Pressurizer diff. pressure 0.14 0.29 0.16 0.30

8 Integrated break mass flow 0.16 0.21 0.10 0.20

9 Integrated ECCS component mass flow 0.31 0.32 0.32 0.34

10 Secondary pressure 0.11 0.28 0.06 0.14

11 Pressurizer pressure 0.09 0.24 0.07 0.16

12 Accumulator pressure 0.11 0.21 0.07 0.13

13 Break flow 0.98 1.07 1.13 1.21

14 Core inlet temperature 0.08 0.15 0.18 0.22

15 Core outlet temperature 0.36 0.47 0.36 0.45

16 Upper head top temperature 0.22 0.31 0.21 0.30

17 SG1 downcomer bottom temperature 0.08 0.11 0.10 0.15

18 Cladding temperature (middle) 0.48 0.67 0.40 0.51

19 Cladding temperature (top) 0.66 0.90 0.51 0.68

20 Core power 0.13 0.26 0.29 0.57

21 Core collapsed liquid level 0.70 1.02 0.59 0.82

TOTAL 0.36 0.48 0.36 0.46
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RELAP TRACE
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ABSTRACT 

After Fukushima-Daiichi in the Europe the design extension conditions (DEC) were 

introduced as preferred method for giving due consideration to the complex sequences and 

severe accidents without including them in the design basis conditions. The purpose of this 

study was to assess the latest RELAP5/MOD3.3 Patch 05 computer code for the simulation of 

the such DEC. The LP-FW-01 test performed in 1983 on the Loss of Fluid Test Facility (LOFT) 

has been used for simulation. The LP-FW-01 test represents a fault sequence in which a total 

loss of feedwater to the steam generator is followed by recovery by primary system feed-and-

bleed. The RELAP5/MOD3 steady state input deck available from literature has been adapted 

to RELAP5/MOD3.3 Patch 05, while transient input deck to simulate LP-FW-01 test has been 

newly developed. The simulation results for steady-state, short term response (0-300 s) and 

long term response (0-7000 s) are presented in the paper. The results suggest that in the short 

term simulation of LP-FW-1 test the simulated results matches the major events very well. In 

the long term the simulation results suggest that the entrainment to the surge line is important 

for the correct results. 

1 INTRODUCTION 

After Fukushima-Daiichi both Western European Nuclear Regulators Association 

(WENRA) guidance document for issue F and International Atomic Energy Agency (IAEA) 

document on design requirements provides the total loss of feed water (LOFW) as an example 

of design extension condition (DEC), which should be taken into account for selection of DEC. 

The LP-FW-01 test performed in 1983 on the Loss of Fluid Test Facility (LOFT) has been used 

for simulation to assess the RELAP5/MOD3.3 Patch 05 computer code capability to simulate 

such DEC. For example, the analyses performed in the past by RELAP5/MOD2 demonstrated 

that improved modelling of entrainment in the hot-leg/surge line connection is needed [1]. A 

modified version of RELAP5/MOD2 containing an improvement to the horizontal stratification 

entrainment model was found to give an improved prediction of the long term pressure 

history [1]. Recently, the results on the applicability and accuracy of the SPACE computer code 

against LOFT LP-FW-1 experiment have been published [2]. The SPACE base calculation 

showed that the primary pressure and temperature during a long-term transient were over-

estimated, similarly as in the study by RELAP5/MOD2 [1]. In this SPACE simulation, the off-

take model available in the SPACE computer code using Ransom-Trapp choke flow model has 

been used. The sensitivity analysis has been also performed by SPACE computer code for the 

major parameters including the discharge coefficients in the primary side power operated relief 

valve (PORV) and heat losses in the system. The data assimilation showed a better scale 

prediction with the off-take model used, increase of two-phase discharge coefficient and higher 

heat loss in the primary system. The purpose of the present study was to assess the latest 

RELAP5/MOD3.3 Patch 05 computer code using the findings described in [2]. In the latest 
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RELAP5 the off-take model option is available for the Henry-Fauske (HF) choke flow model. 

It should be noted that RELAP5/MOD2 code has only Ransom-Trapp (RT) choke flow model 

without the off-take option model and that in 1998 the Henry-Fauske choke flow model has 

been added as a user option into the RELAP5/MOD3.2.2Beta code version [3]. 

2 METHODS 

First, the LOFT facility is described and LP-FW-01 test are described, followed by the 

RELAP5 input model and the sensitivity calculation cases performed description. 

2.1 LOFT facility description 

The LOFT facility was a 50 MWth two-loop pressurized water reactor (PWR). It was 

designed to study the thermo-hydraulic response of the system to a variety of simulated loss of 

coolant accident (LOCAs) scenarios. The LOFT facility conducted 38 experiments, before it 

was shutdown in 1985. In October 2006, its decontamination, decommissioning and demolition 

was completed. The LP-FW-1 test measured data have been obtained through Organisation for 

Economic Co-operation and Development (OECD)/Nuclear Energy Agency (NEA) data bank. 

A detailed description of the LOFT system is given in reference [4]. The facility was 

volumetrically scaled by a ratio of 1/60 in comparison to a full-scale commercial PWR with a 

power of 3000 MWth. Inherent in the scaling are some compromises in the geometric similarity 

(for example, the 1.7 m long LOFT reactor core was around half the length of that of a 

commercial PWR). The main systems of the LOFT facility comprise of reactor system, primary 

coolant system, blowdown suppression system, secondary coolant system and the emergency 

core coolant (ECC) system. The primary coolant system of the LOFT facility was comprised 

of an intact loop, which consisted of active hydraulic components (pressurizer, primary and 

secondary side of steam generator, coolant pumps and ECC system) and provided the main 

coolant flow to the reactor, and a broken loop, which simulated a fractured loop in the system. 

2.2 LP-FW-1 test description 

The LP-FW-01 test represents a fault sequence in which a total loss of feedwater to the 

steam generator is followed by recovery by primary system feed-and-bleed. The coolant is 

simultaneously injected by the high pressure injection system (HPIS) and vented via the 

primary side power operated relief valve (PORV). The objectives of LP-FW-1 test were also to 

provide data for code assessment. This can support DEC analyses for existing nuclear power 

plants on the need of DEC safety features for total LOWF. Namely, the control of DECs is 

expected to be achieved primarily by features implemented in the design (safety features for 

DECs) and not only by accident management measures that are using equipment designed for 

other purposes.  

The main sequence of events is shown in Table 1. The initiating event is main feedwater 

trip resulting in the primary pressure increase. This activated pressurizer spray, but the reactor 

tripped automatically on high pressurizer pressure due to pressure increase, the main steam 

control valve (MSCV) starts to shut automatically and the PORV was latched open by operator. 

At 8.72 MPa, the primary coolant pumps were tripped by operator and HPIS injection was 

initiated. The pump coastdown was terminated at 235 s. Due to open PORV the pressurizer 

liquid level reached top of indicating range, the discharged flow changed from liquid to two-

phase flow. At 2370 s, the HPIS flow exceeds PORV discharge flow. The experiment was 

terminated when the primary pressure reached 4.69 MPa at 6820 s into the transient. 
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Table 1: Main sequence of events for LOFT experiment LP-FW-1 

Event Time (s) 

Main feed tripped 0.0 

Pressurizer spray initiated 33.2 ± 0.3 

Reactor tripped on high pressure 48.8 ± 0.01 

Main steam control valve (MSCV) starts to shut 48.8 ± 0.2 

Power operated relief valve (PORV) latched open (by operator) 50.8 ± 0.2 

Steam generator liquid level reached bottom of indicating range 85 ± 15 

MSCV fully shut 61.0 ± 0.2 

Primary coolant pump coastdown 219 ± 0.1 

High pressure injection system (HPIS) initiated 221.6 ± 0.2 

Primary coolant pump coastdown completed 235.5 ± 2.0 

First void formation in primary 245 ± 10 

Pressurizer liquid level reached top of indicating range 333.2 ± 0.4 

PORV transition from a steady flow to two phase flow 339.0 ± 2.0 

HPIS flow exceeds PORV discharge flow 2370 ± 100 

Experiment terminated 6820 ± 110 

2.3 RELAP5 input model description 

The RELAP5/MOD3 steady state ASCII input deck available from the literature [5] has 

been adapted to the latest RELAP5/MOD3.3 Patch 05 in the frame of studying the L9-1/L3-3 

experiment with multiple failures on LOFT facility [6]. I should be noted that also input deck 

in [5] was adapted from original input deck for RELAP5/MOD1 code received from Idaho 

National Engineering Laboratory (INEL) RELAP5/MOD3 code developer at January 1991. 

The transient input deck to simulate LP-FW-01 has been newly developed. The heat transfer 

area of steam generator tubing was returned from 110% used in the study [5] back to original 

value (used in the original INEL input deck) for RT choke flow model, while for HF choke 

flow model it was set to 101% to better match initial conditions. The RELAP5 nodalization for 

LOFT facility in shown in Figure 1, where HLIV is hot leg isolation valve, CLIV is cold leg 

isolation valve, QOBV is quick-opening blowdown valve and RABS reflood assist bypass 

system. 

2.4 Simulated scenarios in sensitivity study 

In Table 2 are shown scenarios, for which simulations have been performed. Two are 

base case simulation and four are sensitivity calculations. 

 

Table 2: Simulated scenarios for LOFT experiment LP-FW-1 
Simulated scenario case Label 
RELAP5/MOD3.3 simulation using Ransom-Trapp (RT) choke flow model RT 
RELAP5/MOD3.3 simulation using Henry-Fauske (HF) choke flow model HF 
RELAP5/MOD3.3 simulation using RT choke flow model and increased heat 
losses in reactor vessel (RV) 

RT-h 

RELAP5/MOD3.3 simulation using HF choke flow model and increased 
heat losses in RV 

HF-h 

RELAP5/MOD3.3 simulation using HF choke flow model and off-take 
model option 

HF-off 

RELAP5/MOD3.3 simulation using HF choke flow model, off-take model 
option and increased heat losses in RV 

FH-off-h 
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Figure 1: RELAP5 nodalization of the LOFT facility for LP-FW1 test 

3 RESULTS 

First, the steady-state calculation was performed to set the LP-FW-1 test conditions. The 

major calculated conditions at end of steady-state (initial conditions) are shown in Table 3, 

where are compared to measured data. All values are inside the uncertainty band except the 

secondary pressure was slightly overestimated in case of using RT choke model (we decided to 

keep original heat transfer area for SG tubing). 

Table 3: Initial conditions used in the RELAP5/MOD3.3 Patch 05 transient calculations for 

LOFT experiment LP-FW-1 

Core temperature (K) Measured Calculated - RT Calculated - HF 

Primary coolant system 

Hot leg pressure (MPa) 14.80 ± 0.06 14.83 14.83 

Hot leg temperature (K) 581.3 ± 1.3 580.3 580.4 

Cold leg temperature (K) 554.3 ± 1.0 554.0 553.3 

Mass flow rate (kg/s) 346.13 ± 2.59 346.13 346.16 

Power Level (MW) 49.2 ± 0.5 49.2 49.2 

Steam Generator, secondary side 

Pressure (MPa) 5.30 ± 0.06 5.37 5.31 

Feed flow rate (kg/s) 26.36 ± 0.79 25.91 26.27 

Water temperature (K) 537.7 ± 2.6 535.6 535.2 

Liquid level (m) 2.78 ± 0.04 2.78 2.78 

The primary coolant system (PCS) pressure for all calculated cases is shown in Figure 2. 

It is one of the most important parameter, because HPIS sequence of events, including injection 

depends on it. It can be seen that both RELAP5 base calculations using Ransom-Trap (see 'RT' 
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calculation) and Henry-Fauske (see 'HF' calculation) choke flow model overestimated the 

primary coolant pressure and that in this respect they are similar like the study by 

RELAP5/MOD2 [1] or recent SPACE base calculation [2]. As already indicated, one of the 

reasons is that entrainment in the hot-leg/surge line is not properly modelled. To take into 

account this effect, the off-take model option was used (see 'HF-off' calculation), which is 

available only when HF choke flow model is used. The PCS pressure drops, but it is still 

overestimated. Following study [2] the sensitivity to reactor vessel heat losses was also studied. 

It can be seen that calculations with increased heat loses for 100% in the reactor vessel (cases 

'RT-h' and 'HF-h') resulted in pressure decrease, which is still above the experimental data in 

the first half of the calculation (later dropped below the experimental value). Finally, calculation 

with increased heat losses and off-take model option selected (see 'HF-off-h' calculation) 

resulted in PCS pressure close to experimental values. These results confirmed findings 

obtained for SPACE computer code [2]. 

Figure 3 shows short term response (0-300 s), in which all RELAP5 performed 

calculations agree well with the experimental data. The faster initial increase in secondary side 

system pressure in the calculations could be attributed to the different steam flow. However, 

this value is not known because measurement qualification status was failed. 

 

Figure 2: Effect of parameter variation on primary coolant system pressure for LP-FW1 test 

 

Figure 3: Main parameters for LP-FW1 test – comparison of 'HF', 'RT' and 'HF-off-h' with 

experimental data for short term response 
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Figure 4 shows the main parameters for 'HF', 'RT' and 'HF-off' calculations compared to 

experimental data. It can be seen that calculation using off-take model and increasing heat 

losses in the reactor vessel provides the best agreement. The reason for better pressure 

prediction (and by this hot leg temperature) is that more steam is discharged through the 

pressurizer PORV resulting in lower pressurizer PORV mass flow (see pressurizer PORV mass 

flow which is till 2500 s lower and by this closer to the measured value). After reactor trip there 

was a gradual decrease in the measured secondary side pressure as the result of MSCV leakage, 

as reported in [2]. As RCS steam flow is very small, is cools much in steam generator (more 

than measured value), but this presents small fraction of cooling compared to pressurizer 

PORV. 

 

Figure 4: Main parameters for LP-FW1 test – comparison of 'HF', 'RT' and 'HF-off' with 

experimental data for long term response 

Figure 5 shows cases 'HF-h', 'RT-h' and 'HF-off-h' compared to experimental data. It can 

be seen that in addition to the off-take model heat losses in the reactor vessel have impact on 

the pressure reduction. The case of off-take model used (case 'HF-off-h') the agreement is good 
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for the whole duration of transient, because the pressurizer PORV discharged flow is predicted 

quite correctly only, when off-take model is used (integrated PORV flow is shown at the bottom 

right). For cases with increased heat losses only (cases 'HF-h' and 'RT-h'), the PCS pressure is 

ovepredicted until 3200 s and 4500 s, respectively, being slightly underpredicted at the end of 

transient. 

 

Figure 5: Main parameters for LP-FW1 test – comparison of 'HF-h', 'RT-h' and 'HF-off-h' 

with experimental data for long term response 
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4 CONCLUSIONS 

The RELAP5/MOD3.3 Patch 05 simulation results for steady-state, short term response 

(0-300 s) and long term response (0-7000 s) are presented in the paper. The results suggest that 

in the short term simulation of LP-FW-1 test the simulated results matches the major events 

very well and all calculations are very similar. In the long term simulation the results suggest 

that the entrainment to the surge line is important for the correct results. When using the Henry-

Fauske choke flow model with the off-take model option for entrainment and increasing heat 

losses of reactor vessel, the code-predicted results were generally in good agreement with the 

measured data. Only when using the off-take model option the discharged flow through the 

primary power operated valves could be adequately simulated. Therefore, it is concluded that 

the RELAP5/MOD3.3 Patch 05 computer code has sufficient capability in predicting the 

thermal hydraulic phenomena during total loss of feedwater, which is the design extension 

condition. 
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ABSTRACT

In this study, a novel method for 3D reconstruction of (free-surface) grain boundaries
(GB) in a polycrystalline metal is proposed based on analyzing a set of 2D image maps corre-
sponding to different layers of the aggregate. The images are produced by Electron BackScatter
Diffraction (EBSD) technique revealing local crystallographic orientations in the investigated
planar section of the material. For easier visualization these orientations are translated into
unique colors expressed in RGB color scheme and attributed to each voxel. By cyclic removal
of parallel layers of the sample followed by the imaging procedure several such images can be
prepared. They serve as an input for the suggested method designed for automatic identifica-
tion of GB locations and of their in-plane GB slopes (i.e. projections of GB normals onto the
image plane) from the change in local crystallographic orientation (color contrast). For each
voxel in the top-most plane identified as a part of GB, several vertical cross-section planes are
formed through it and the average out-of-plane GB tilt is calculated from the position of the
same-colored voxels within parallel planes. Once the in-plane and out-of-plane GB slopes are
known, a 3D GB normal is finally constructed and assigned to the corresponding free-surface
GB voxel. The accuracy of the method was verified against synthetic 2D image maps produced
from a 3D Voronoi aggregate model in which GB normals are exactly known. A very good
agreement for the in-plane GB slopes was found, but slightly worse reconstruction results are
obtained for the out-of-plane GB components. In general, the accuracy of the method improves
with increasing the distance between the considered 2D image planes.

1 INTRODUCTION

Ageing effects and material degradation processes can shorten the service life of indus-
trial components. The ability to model and reliably predict how intergranular cracks are initiated
and propagated within various polycrystal structures under external loading is thus obviously
of vital interest to industry since such knowledge could lead to design of safer and more en-
durable materials. To evaluate local mechanical stresses in a sample of realistic material, the
details of its 3D microstructure are usually a prerequisite. In particular, the knowledge of grain
boundary (GB) locations and GB normal directions (orientations) is required in order to esti-
mate intergranular normal stresses, which seem to be the key factor for accurate prediction of
intergranular cracking [1] as one of the most important damage mechanisms compromising the
structural integrity of materials in corrosive environments.
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2 THE METHOD

In the following study, a novel approach to the 3D reconstruction of free-surface grain
boundaries in a polycrystalline sample is briefly described (including the technical details). A
code in a form of Mathematica script [2] was developed focusing on the calculation of in-plane
and out-of-plane GB slopes from which GB normals are eventually constructed. The program is
based on the Electron BackScatter Diffraction (EBSD) images of two parallel surfaces inside an
examined specimen. 2D images are produced by cyclic removal of parallel layers of the sample
(where the spacing between the layers is usually much smaller than a typical size of grains),
followed by EBSD imaging of the planar sections, see Fig. 1(a). Stacked atop each other, the
required EBSD image maps (kindly provided by CEA, France) form a section of a 3D aggregate
model of a sample.

2.1 Grain Boundary Detection

Colored voxels forming a regular grid of 2D image represent local crystallographic ori-
entations (using the correspondence between the Euler angles and the RGB color scheme). GB
locations and in-plane GB slopes are identified by analyzing local image contrasts, see Fig. 1(b).

(a) (b)

Figure 1: (a) A section of EBSD map of size 30×30 voxels representing the free-surface plane
(top plane). Crystallographic orientations of individual voxels are interpreted and displayed as
different colors specified in RGB scheme. (b) Identification of GBs in the top plane by detecting
locations where the voxel color changes. Black lines denote calculated in-plane GB slopes, red
points the identified triple points and white points a 3 × 3 neighborhood of each triple point in
which GB detection is omitted.

The first step of the proposed method thus consists of identifying all GB voxels in the top
horizontal EBSD plane grid. A voxel is labeled as GB voxel if there is exactly one additional
color recognized (within some prescribed tolerance) in its immediate neighborhood composed
of four closest voxels (up, down, left, right neighbors). In this way, each identified GB voxel is
characterized by the corresponding color pair. On the other hand two or more additional colors
in the neighborhood of a voxel are indicative of a triple point voxel.
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2.2 In-plane GB slopes

In the second step, each GB voxel is assigned an in-plane GB slope by accounting for
its neighborhood of same-like GB voxels1 (having the same color pair). The centers of these
neighboring same-like voxels compose a 2D discrete object which is then used for calculating
the (in-plane) axis with the smallest moment of inertia. Such an axis is taken to be the principal
direction of the (complex) object surrounding the corresponding GB voxel and is therefore used
here to represent also the in-plane GB slope (in the following denoted by k0 = y0/x0) along
the (x0, y0) direction defined in the global coordinate system attached to the horizontal plane.
The above step is demonstrated in Fig. 2 for three different choices of neighborhood size hereby
characterized by parameter Nn = 1, 2, 3 denoting the number of voxel layers surrounding the
investigated GB voxel.

(a) (b) (c)

Figure 2: Enlarged section of the top plane illustrating the calculation of the in-plane GB slope
(red line) on a location of selected GB voxel (thick white square in the middle) using GB voxels
of same color pair (thick black squares) within a connected region inside the prescribed nearest-
neighbor voxel region of size (2Nn + 1) × (2Nn + 1) (thin white square) for (a) Nn = 1, (b)
Nn = 2 and (c) Nn = 3. The slope is calculated from the moment of inertia of a 2D discrete
object composed of centers of black squares: the slope corresponds to the eigenaxis with the
smallest eigenvalue.

In Fig. 3 the in-plane GB slopes are shown for all GB voxels using again three different
sizes of their considered neighborhoods (Nn = 1, 2, 3). Depending on the grain size, the per-
formance of the method varies locally for a given Nn. Generally, smoother slopes are produced
for larger Nn, while better recognition of smaller grains is found for smaller Nn. Here, Nn = 2
or 3 seems to be the optimum choice2.

1As a part of this neighborhood not only GB voxels but also triple points along with their immediate neighbors
(white dots on Fig. 1) are considered as long as the desired color-pair can be assigned to them, see e.g. the two top
and bottom black squares on Fig. 2. But in those points which are not GB voxels GB slope will not be computed.

2The method still has some room for improvement since in some cases the axis belonging to the smallest
moment of inertia does not correspond to GB orientation, e.g. when black squares form a ring. This problem
is more prominent for larger prescribed neighborhoods Nn (represented by thin white squares on Fig. 2) and/or
smaller grains. Some of that issue can be recognized in Fig. 3 where GB slope of the grain in the bottom-left corner
of (c) was determined incorrectly. On the other hand, smaller Nn means GB will be less smooth as can be seen in
the bottom-right corner of Fig. 3(a).
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(a) (b) (c)

Figure 3: Detection of GBs on the top plane. Black lines denote the calculated in-plane GB
slopes of GB voxels using (a) Nn = 1, (b) Nn = 2 or (c) Nn = 3 surrounding voxel layers. Red
points denote triple points and white points a 3× 3 neighborhood of each triple point where GB
detection is prevented.

2.3 Out-of-plane GB slopes

In the third step of the method, four vertical cross-section planes (represented by red lines
labeled A, B, C, D on Figs. 4 (a), (b)) are formed through each GB voxel in the top plane
and voxels of the same color-pair type are identified on the bottom plane intersections with
vertical plane3. From them the out-of-plane GB slopes ki = yi/xi (i = 1, 2, 3, 4) defined in the
coordinate systems of corresponding vertical planes can be calculated, see Fig. 4. The accuracy
of ki improves with the distance between the two planes. On the flip side the number of GB
voxels for which ki can be determined is also decreasing.

2.4 Reconstruction of GB normals

In the last step, GB normals n of all GB voxels are finally obtained from their in-plane
and one of the out-of-plane GB slopes k0 and ki, respectively. For their definitions, see Fig. 5.

Omitting the normalization, GB normals can be expressed in several equivalent ways

n ∼ (−k0, 1,
k0 − 1√

2k1
) ∼ (−k0, 1,

k0
k2

) ∼ (−k0, 1,
k0 + 1√

2k3
) ∼ (−k0, 1,

1

k4
). (1)

In principle, k0 and a single ki are enough to determine a GB normal n unambiguously.
Since all four expressions in Eq. (1) refer to the same n also

k4,1 =

√
2k1

k0 − 1
, k4,2 =

k2
k0

, k4,3 =

√
2k3

k0 + 1
, k4,4 = k4, (2)

(corresponding to the inverse of the 3rd component of n) should represent the same quantity
but due to finite size of voxels and other numerical inaccuracies they might differ in practice.

3Only those pairs of top and bottom plane intersections which contain same-colored GB voxels are taken into
account. If no such pair exists in all four intersections (indicating a corresponding GB plane ended in some
intermediate layer) further computation of GB normal at the location of considered top plane voxel is omitted. By
increasing the distance between the bottom and the top layer we are thus obtaining less and less GB voxels for
which we can successfully reconstruct their GB normals. Such selective procedure might have an effect on the
statistics (i.e. on the distribution of orientations of normals) since we are most frequently rejecting GB normals
predominantly in the downward direction.
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(a) (b)

(c) (d)

(e) (f)

Figure 4: (a) Top plane and (b) bottom plane with black lines denoting the calculated in-plane
GB slopes of the top plane (for Nn = 2) and red lines intersecting at a location of a selected GB
voxel denoting four vertical planes labeled A, B, C, D producing four vertical cross sections of
a top and bottom EBSD planes (c)-(f) showing local crystallographic orientations. Red point
denotes the selected GB voxel on the top plane. Same type (color pair) GB voxel is detected
in the bottom plane cross sections with planes A (c) and B (d), which allows us to define the
out-of-plane GB slopes k1 = y1/x1 and k2 = y2/x2, respectively. Note that similar procedure
could not be applied also to cross sections with other two planes (e)-(f) to obtain k3 and k4 since
in the direction of red lines C and D the crystallographic orientation does not change on top
plane (GB voxel does not border to a voxel of different color there) indicating the absence of
GB in that direction (additional problem is that there is not even a GB voxel of a required color-
pair type anywhere on cross section of bottom plane with plane D). This only illustrates the
reasons why out-of-plane GB slopes are determined most reliably for vertical planes which are
most perpendicular to in-plane GB orientation k0 ∼ (1, k0, 0). Though in practice we consider
all existing ki and compute an average out-of-plane slope from them (or do not compute GB
normal at all when a voxel has no ki).

Therefore to reduce the error in the estimation of ki whenever more than one ki is available, an
average out-of-plane GB slope 〈k4〉 is calculated as

〈k4〉 =

∑
j sin (arctan (k4,j))∑
j cos (arctan (k4,j))

, (3)

using the rule for computing the mean of angles. Finally, a GB normal is calculated as

n ∼ (−k0, 1,
1

〈k4〉
), (4)

followed by a proper normalization.
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(a) (b)

(c) (d)

Figure 5: 3D representations of four different vertical cross sections (red planes A, B, C
and D) intersecting the reconstructed GB plane (shown in gray). These plots illustrate the
derivation of expressions for GB normal n as a function of the in-plane slope k0 and one of
the out-of-plane slopes ki (i = 1, 2, 3, 4), see Eq. (1). Vector n is perpendicular both to vector
k0 = x0(1, k0, 0) directed along the intersection of GB plane with the horizontal top plane and
vectors k1 = x1(

1√
2
, 1√

2
, k1), k2 = x2(1, 0, k2), k3 = x3(

1√
2
,− 1√

2
, k3) and k4 = x4(0,−1, k4)

directed along intersections of corresponding vertical planes with GB plane. Vectors k0, . . . ,k4

are expressed in a global coordinate system (x0, y0, z0).

3 VALIDATION OF THE METHOD

The method has been tested using 2D images from Voronoi aggregate model with exactly
known GB normals. First their in-plane components have been compared to those obtained by
our code and quite good agreement was found with orientations of both differing on average by
less the 10◦, see Fig. 6.

Reconstruction of out-of-plane GB normal components is not so successful which is then
reflected also in less accurately determined overall GB normals, see Fig. 7. It has also been
noted, that the accuracy of the above method improves with increasing the distance between the
two parallel image planes.
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1102.7

(a) (b)

Figure 6: (a) Comparison between the actual (True) and calculated (Approximate) in-plane
GB normal components. Their directions for each GB voxel are displayed as different colors
specified in RGB scheme. Since in-plane normals are bounded to horizontal plane (z = 0) the
corresponding RGB colors always have zero B component. (b) Distribution of azimuthal angles
arctan (|ntrue · napprox|) referring to differences in orientations of true and calculated in-plane
GB normal components. The inset shows the difference between both images on the left hand-
side (a).

(a) (b)

(c)

Figure 7: Distribution of angles representing the differences in orientations between true and
calculated GB normals when the top and bottom plane are separated by 1 (a), 2 (b) or 3 voxels
(c). The insets show the angles between both at the location of individual GB voxels. Due to less
accurate reconstruction of the out-of-plane GB normal components (larger average polar angle
between them) the reconstruction of overall normals also worsens. With increasing the distance
between the two image planes the results are improving (although the average misorientation
angle does not go towards zero but perhaps only because the angles are defined as non-negative).
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4 CONCLUSIONS

An original method for determining intergranular normal directions based on EBSD im-
ages has been described and validity of the proposed approach demonstrated on a set of image
maps generated in Voronoi aggregate model. Even though only GBs on a free surface of a metal
were considered in this study, the methodology presented here can be used at any location along
the thickness of the sample.

Nonetheless the method still has some room for further improvement related to more
precise reconstruction of in-plane GB components (e.g. by automatic determination of optimal
size of neighborhood Nn depending on the investigated sample or even on the size and shape
of individual grains – the goal is to have smooth yet accurate GB), but even more importantly
the out-of-plane GB components (e.g. by focusing predominantly on slopes ki within planes
perpendicular to each k0). Optimal distance between horizontal EBSD planes has not been
determined but its dependence on the size of grains was recognized.
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ABSTRACT 

This paper presents the development of a strategy using ABAQUS code and python 

scripting for the efficient use of high-resolution computational fluid dynamics (CFD) results 

data in thermo-mechanical analyses of structural components. The potential use of the strategy 

resides in inter-disciplinary applications with long transient simulations, such as fatigue 

assessments, or big structural models where high computational resources are required. The 

strategy allows the use of arbitrary meshes in structural analyses with the aim to perform mesh 

sensitivity analyses and diminish the computational resources while keeping the required 

accuracy of the results. The expected benefits of the strategy are demonstrated in the paper 

using time-dependent temperature fields from a CFD simulation of turbulently mixing fluids in 

a T-junction performed within the ATLAS+ project. The complex stress-state of the T-junction 

is also discussed using separately pressure and mean temperature loads in the analyses. 

1 INTRODUCTION 

The work package (WP) 3 of the European Commission ATLAS+ project has the 

objective to develop advanced defect assessment tools for long term safe operation of nuclear 

power plants [1]. In turn, the WP 3.1 aims at improved methods for evaluating fatigue crack 

growth caused by flow mixing. Within WP 3.1, a high-resolution computational fluid dynamics 

(CFD) simulation of turbulently mixing fluids at different temperatures in a T-junction has been 

carried out to provide credible thermal loads for the subsequent thermo-mechanical and crack 

growth analyses [2]. 

Detailed CFD simulations are possible in recent years due to the increase of 

computational power and the development of dedicated computer codes. Nowadays, the CFD 

simulations resolve the complex fluid flow while capturing simultaneously the temperatures in 

the structures surrounding the fluid, i.e., the so-called conjugate heat transfer (CHT) simulations 

[3]. One drawback of such simulations is the very stringent mesh requirements in the fluid and 

structure and large computational times. The temperatures in the structure, once calculated, are 

typically used in the subsequent thermo-mechanical analyses to anticipate the deformations and 

stresses and, ultimately, perform fatigue analyses [4-6]. In order to facilitate the transfer of 

structural temperatures between CFD and finite element (FE) codes, the thermo-mechanical 

analyses typically employ the same meshes used in the detailed CFD-CHT simulation. 

However, this strategy may unnecessarily increase the computational costs of the mechanical 

analyses substantially. From the structural mechanics point of view, denser meshes may be 

required at locations of interest and/or structural discontinuities while coarser meshes may 

suffice elsewhere in the structure. 
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This paper presents the development of a strategy using ABAQUS code [7] and python 

scripting for the efficient use of detailed temperature data from a CFD-CHT simulation in the 

thermo-mechanical analyses of a T-junction with arbitrary FE meshes. The T-junction model 

and CFD-CHT simulation are described in Section 2 and the strategy is presented in Section 3. 

The use of the strategy is demonstrated in Section 4 through the results of a mesh sensitivity 

analysis and the complex stress-state of the T-junction. Finally, the conclusions are given in 

Section 5. 

2 ATLAS+ CASE OF FLUIDS MIXING IN A T-JUNCTION 

Within the WP 3.1 of the ATLAS+ project, the T-junction geometry of the WATLON 

experimental facility [4] shown in Fig. 1 was selected as the case study. 

 
Figure 1. Sketch of the ATLAS+ T-junction case and boundary conditions 

2.1 Brief description of the CFD simulation 

In order to provide credible thermal loads on the T-junction pipes for the structural 

analyses, a high-resolution CFD using Large Eddy simulation (LES) scheme with conjugate 

heat transfer (CHT) has been carried out with STAR-CCM+ code [8]. The specific fluid mixing 

case considered in ATLAS+ includes the fluid velocities and temperatures for the main and 

branch fluids entering the T-junction shown in Fig. 1. A 250 K temperature difference between 

the cold and hot fluids was selected to achieve fatigue conditions in the surrounding pipes. The 

CFD simulation was initiated from the results of an Unsteady Reynolds Average Navier-Stokes 

(URANS) simulation presented in [2]. Water properties varying with temperature (e.g. non-

negligible buoyancy effects) and constant properties for the steel pipe wall were considered. 

Approximately 120 seconds of the turbulent mixing transient were simulated with a time 

increment of 7.5x10-4 s. 

2.2 Structural model, loads and boundary conditions 

The structural model developed in the ABAQUS code [7] consists of the T-junction (main 

and branch) steel pipes shown in Fig. 1, with the physical and material constant properties at 

150°C, as the approximate average of the fluid inlet temperatures. These include the density 

7850 kg/m3, conductivity 15.8 W/mK, specific heat 511 J/kgK, elastic modulus 188 GPa, 

Poisson’s ratio 0.3 and thermal expansion coefficient 1.63x10-5 K-1. 
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The available data from the CFD simulation for the structural analyses include the 

temperature fields of the T-junction’s inner surface for the last 105 seconds, approximately, at 

time increments of 3.75x10-3 s, i.e. every 5th increment of the CFD simulation. From the 28,060 

ASCII data files provided, the first 5000 time increments are used in this paper as thermal 

boundary conditions for the heat transfer transient analyses. The transient analysis is initiated 

after a steady-state step using the inner surface mean temperatures shown in Fig. 2 as boundary 

conditions. The mean temperatures, also provided from the CFD simulations, were calculated 

from the last 60 seconds of the surface temperature data. The strategy to import this data into 

ABAQUS is explained in Section 3. 

 
Figure 2. Mean temperatures [K] of the T-junction’s inner surface from the CFD simulation 

Figure 3 shows the temperature history at the P1 point located on the main pipe’s inner 

surface at 45 mm upstream of the T-junction. This point is used to present the paper’s results. 

 
Figure 3. Temperature history at P1 point (see Fig. 2) for 5000 time increments (18.75 s) 

The structural temperatures obtained in the heat transfer analysis are used as inputs in the 

mechanical analysis to obtain the structural displacements and stresses. As shown in Fig. 1, the 
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mechanical boundary conditions on the T-junction pipes include a zero displacement in vertical 

direction (𝑈𝑦=0) and two edges parallel to z direction with zero displacements in x direction 

(𝑈𝑥=0), both applied on the upper cross section of the branch pipe, and a zero displacement in 

the flow direction (𝑈𝑧=0) on the upstream cross section of the main pipe. Additionally, a 

pressure load of 𝑃 = 10 MPa (100 bar) is applied on the inner surface of the T-junction pipes 

and about 47 MPa pressure load (𝑃𝑐) on the downstream cross section of the main pipe, 

representing the axial force (𝐹𝑖) due to the system pressure 𝑃 on a closed piping system: 

𝑃𝑐 =
𝐹𝑖

𝐴𝑐
=

𝑃 ∙  𝐴𝑖

𝐴𝑜 − 𝐴𝑖
=

𝑃 ∙ 𝑑𝑚
2

𝐷𝑚
2 − 𝑑𝑚

2
. (1) 

In Eq. (1), 𝐴𝑖, 𝑑𝑚 and 𝐴𝑜, 𝐷𝑚 are, respectively, the inner and outer cross sectional areas and 

diameters of the main pipe and 𝐴𝑐 is the solid cross sectional area (ring) also of the main pipe 

where the final load 𝑃𝑐 is applied (see Fig. 1). 

 
Figure 4. Finite element meshes 1, 2 and 3 of the T-junction 

The T-junction is discretized with three FE meshes with quadratic elements shown in 

Fig. 4, employed in both, the heat transfer and mechanical, models. These are used in a mesh 

sensitivity analysis to demonstrate the strategy presented below. The number of elements and 

their size near the P1 point for the 3 meshes are given in Table 1. 

Table 1. Description of the finite element meshes considered in the sensitivity analyses 

 Mesh 1 Mesh 2 Mesh 3 

Total number of elements 37920 32750 9693 

Total number of nodes 175849 152611 49261 

Number of elements of main pipe’s inner surface 7168 6180 3031 

Approximate element size around P1 [mm] 4 x 4 1 x 1 2 x 2 

3 STRATEGY FOR THE USE OF CFD DATA IN STRUCTURAL ANALYSES 

The aim to develop the strategy presented in Fig. 5 is to be able to use arbitrary FE meshes 

with a unique set of CFD mesh data. To that end, the mean and time-dependent surface 
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temperature fields of the T-junction’s inner surface available from CFD are imported using the 

analytical mapped field interpolation tool in ABAQUS CAE. The interpolation of the CFD 

temperatures onto the FE mesh is performed at the surface level and requires one step in 

ABAQUS for each time increment of the CFD data. After interpolation, the surface 

temperatures are imposed as boundary conditions in the heat transfer analysis. Because several 

time increments are available, this operation is performed with an ABAQUS CAE python script 

that also creates the input files with the appropriate step definitions needed to run the heat 

transfer and mechanical analyses in ABAQUS. This script allows parallelization to avoid the 

long times required for input file creation if more than 1000 steps (CFD time increments) are 

available. The reason for these long times (if not, in fact, failure to create the input files) is 

because, in ABAQUS, a transient analysis should be defined within a single transient step using 

nodal temperature histories (nodal amplitudes) as boundary conditions. Since the interpolated 

FE nodal temperatures are stored within the input files’ step data, another python script is used 

to extract these temperatures and write new input files with the required nodal boundary and 

temperature (amplitude) definitions within a single-step transient analysis. Finally, the heat 

transfer and mechanical simulations can be run with the newly generated input files. 

 
Figure 5. Sketch of the strategy for the use of CFD data in structural analysis 

4 RESULTS OF THE THERMO-MECHANICAL SIMULATIONS 

In this section, the use of the strategy is demonstrated in a mesh sensitivity analysis with 

the aim to obtain accurate stresses while minimizing the needed computational resources in 

terms of simulation time and disk space. Before that, the basic analyses of the T-junction with 

pressure load and steady-state temperatures obtained with the mean temperatures are presented 

to analyse the complex stress-state of the T-junction. 

4.1 Pressure load only 

The mechanical analysis assumes only the mechanical boundary conditions and pressure 

loads described in Section 2.2 and Fig. 1, and the mesh 3 in Fig. 4 is employed. 
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Figure 6. Displacements [m] in y-direction with pressure load only 

Figures 6 and 7 present, respectively, the displacements in y-direction and the axial 

stresses in z-direction at the T-junction’s inner surface. One can observe that, due to pressure 

loads, the maximum displacement is about 50 µm and the axial stress-state near the T-junction 

is that expected around the holes. The axial stress at P1 is 79.68 MPa. 

 
Figure 7. Axial stresses [Pa] in z-direction with pressure load only 

4.2 Mean temperature load only (steady-state analysis) 

The steady-state thermal analysis with the mean temperatures of the T-junction’s inner 

surface as boundary conditions (see Fig. 2) is followed by the mechanical analysis with the 

mechanical boundary conditions described in Section 2.2 and Fig. 1 without pressure loads. 

Note that mesh 3 in Fig. 4 is also employed here. 

 
Figure 8. Displacements [m] in y-direction with mean temperature load only 
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Figures 8 and 9 show also here the displacements in y-direction and the axial stresses in 

z-direction at the T-junction’s inner surface. Due to mean temperature load only, the maximum 

displacement is now about 2 cm and the axial stress at P1 is 98.31 MPa. 

 

 
Figure 9. Axial stresses [Pa] in z-direction with mean temperature load only 

4.3 Mesh sensitivity analysis with results of transient analyses 

The thermo-mechanical analyses presented in this section employ as boundary conditions 

the inner surface mean temperatures in the steady-state heat transfer step followed by the first 

5000 time increments of the T-junction’s inner surface temperatures in the transient step. The 

pipe wall temperatures are then employed in the mechanical analyses together with the 

boundary conditions and pressure loads described in Section 2.2 and Fig. 1. A sensitivity 

analysis is performed with the results obtained using the three meshes presented in Fig. 4. 

 
Figure 10. Axial stress (𝜎𝑧) history at P1 for 5000 increments (18.75 s) 
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Figure 10 shows the axial stress history at P1 obtained with the three meshes. One can 

only notice the rather small differences among the three stress histories. For meshes 1 and 3, 

i.e. the finer and courser meshes considered, Figure 11 presents the size of the ABAQUS odb 

(results) file and cpu-times for increasing number of time increments considered in the heat 

transfer (HT) and mechanical (MC) simulations. The expected linear dependency with number 

of time increments proves an important reduction of the computational resources needed when 

mesh 3 (blue colour) is used instead of mesh 1 (red colour) in the simulations. 

 
Figure 11. Abaqus odb (results) file size and cpu time required for the heat transfer (HT) and 

mechanical (MC) transient simulations for increasing number of time increments 

Table 2 presents the comparison for the three meshes of the stress history statistics at P1 

and the computational resources needed for the simulations with 5000 time-increments. Note 

that the temperature statistics also shown in Table 2 are mesh independent since the temperature 

fields from CFD are imposed as boundary conditions. These results show that changes in mean 

stress (<𝜎𝑧>) are less than 0.5% and therefore not significant. A decrease of about 2.0 MPa 

(7%) and 0.6 MPa (2%) in standard deviation std(𝜎𝑧) for mesh 3 is observed, respectively, with 

respect to the values with mesh 1 and 2. However, the denser meshes around P1 for mesh 2 (see 

Table 1) may indicate that the results for this mesh are the most accurate. The improvement of 

the computational resources is clear. If mesh 3 is used in the HT analysis instead of the other 

meshes, a decrease of about 70% in odb size and more than 50% in cpu time is obtained. The 

use of mesh 3 in the MC analysis reduces about 70% of both, odb size and cpu time. 

Table 2. Statistics at P1 and resources for 5000 increment transient using the 3 meshes 

Mesh 

<T> 

[K] 

std(T) 

[K] 

<𝜎𝑧> 

[MPa] 

std(𝜎𝑧) 

[MPa] 

HT analysis MC analysis 

odb size [GB] cpu time [h] odb size [GB] cpu time [h] 

1 

431.4 8.3 

179.3 30.0 62.0 21.9 100.9 33.7 

2 179.1 28.6 53.6 19.8 87.3 31.7 

3 179.8 28.0 16.2 9.1 26.7 8.6 

The linear extrapolation of the required computational resources for the complete 

simulation with 28,060 time-increments from CFD is shown in Table 3. The improvement 

allowed by the developed strategy in terms of disk space and cpu time clearly outweighs the 

expected 2% loss of accuracy in std(𝜎𝑧). 

Table 3. Linearly extrapolated resources for full simulation with 28060 increments 

Mesh 

HT analysis MC analysis 

odb size [GB] cpu time [h] odb size [GB] cpu time [h] 

1 347.5 123.0 565.7 189.5 

2 300.5 112.4 489.5 183.9 

3 90.8 55.3 149.5 49.1 
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5 CONCLUSIONS 

A strategy for the efficient use of CFD data in structural analyses of components has been 

presented in this paper. The mesh sensitivity analyses with arbitrary FE meshes has shown clear 

benefits of the strategy, which include important reductions in computational time and disk 

space requirements while keeping the accuracy of the results. For the ATLAS+ T-junction case, 

a 2% decrease of axial stress fluctuation (0.6 MPa) has allowed about 50% and 70% reduction 

in cpu time in HT and MC analyses, respectively, and, for both, about 70% reduction of disk 

space. Therefore, these results clearly demonstrate the potential use of the strategy for inter-

disciplinary applications with long transients and/or big structural models. Finally, the complex 

stress-state of the T-junction has been shown also by separate analyses. 
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ABSTRACT 

The scope of current research in the field of fuel performance is primary aimed to an 

improvement of the operating reliability, safety and cost effectiveness of the reactors in 

operation. The current requirement of nuclear industry is to have fuel suitable for load follow 

operation. Fission gas release, Pellet-Cladding Mechanical Interaction and stress corrosion 

cracking are the main phenomena that limit the variability of reactor operation from a safety 

perspective. To reasonable predict the fuel performance limits it is necessary to benchmark the 

computational tools against high quality experimental data. This work is devoted to the 

calculation of fuel performance using the code FEMAXI-6 based on the longest irradiation 

experiment in the Halden reactor. The fuel burn-up was approaching 90 MWd/kgUO2 in three 

selected rods which were equipped by the pressure sensors and were subjected to extensive 

post-irradiation examination. During the experiment, the rods were exposed to several periods 

of power cycling. The rods were manufactured with different fuel grain size and fuel-to-clad 

gap size. Information about rods diameters before and after irradiation are available and hence 

the dimensional changes can be evaluated.  

1 INTRODUCTION 

The scope of current research in the field of fuel performance is primary aimed to an 

improvement of the operating reliability, safety and cost effectiveness of the reactors in 

operation. This can be understood that the nuclear industry needs fuel, which is suitable for load 

follow operation, can be irradiated in a reactor for longer time and is able to withstand Design 

Basis and Design Extension Conditions. All these requirements are in general achievable by 

two options: by demonstrating the robustness of the current fuel or by enhancing the design by 

implementing an advanced fuel or cladding materials. An assessment of the potential beneficial 

impact or negative consequences of all fuel concepts must address fuel operation characteristics 

and how the implementation of a new concept will affect the overall reactor performance and 

safety. To reasonably predict the fuel performance limits, it is necessary to benchmark the 

computational tools against high quality experimental data. Therefore, the longest irradiation 
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experiment in Halden [1] reactor was selected for testing and validating an applicability of the 

FEMAXI-6 code [2] in fuel performance design studies. Although this version of the code has 

implemented only the conventional combination of oxide fuel, zircaloy cladding and water 

coolant, there is a possibility to modify the material properties to better represent the advanced 

nuclear fuel as well as cladding materials. 

2 METHODOLOGY 

2.1 Halden experiment description 

The experiment is based on three PWR design rods which were irradiated in IFA-519.9 

[1] rig to a final discharge burn-up up to 90 MWd/kgUO2. The rods were based on UO2 fuel 

with initial enrichment of 13% and Zircaloy-4 cladding. The main difference in the design of 

the rods were the grain size and the pellet-cladding gap width. The rods were pre-irradiated 

during several loadings in IFA-429 (rod DC was irradiated in the upper cluster and rods DH 

and DK were irradiated in the lower cluster of this assembly), where the Average linear heat 

rate (ALHR) was below 200 W/cm. Specification of the rods DC, DH and DK of IFA-519.9, 

which were analysed in this paper, are summarized in Table 1. The burn-up for rod DC reached 

28.7 MWd/kgUO2, for rod DH 25.9 MWd/kgUO2 and for rod DK 28.9 MWd/kgUO2. At this 

low power, fission gas was accumulated mainly within the fuel matrix without measurable 

release which was confirmed during re-instrumentation. The rods were re-instrumented with 

bellows type pressure transducers to monitor fission gas release (FGR) based on the rod internal 

pressure during subsequent irradiation. Unfortunately, the bellows transducer of rod DC failed, 

hence In-pile data are available only for rods DH and DK.  

Table 1: Fuel pellet specification 
Pellet DC DH DK 

Diameter (mm) 9.3 9.3 9.14 

Density (g/cm3) 10.4 

Enrichment of 235U (%) 13 

Grain size (μm) 17 6 17 

Diametral gap size (μm) 200 200 360 

Fuel length (mm) 244 244 245 

Filling gas pressure (MPa) 2.59 

Base burn-up (MWd/kgUO2) 28.7 25.9 28.9 

Total free volume (cm3) 9.2 9.2 9.8 

The rods were loaded into IFA-519.9 rig, shown in Fig 1. left side, and were irradiated 

up to ALHR of around 400 W/cm, which induced measurable fission gas release in each rod. 

During the prolonged irradiation in this assembly, the rods were irradiated under different 

regimes, both load-following and steady-state. At the beginning, the rods were conditioned for 

about two months, afterwards several load follow tests were performed. Two periods of rapid 

power changes were carried out, where the power was cycled between 250 and 400 W/cm with 

a period of 12 or 24 hours respectively. Some other slower power excursions were induced by 

power changes resulting from load follow tests in a neighbouring assembly. In these cases, the 

maximum power was considerably lower, and the period was always 24 hours. The power 

history during whole irradiation is shown in Fig. 1. on the right side. Pre-irradiation history is 

also described by the several thousand points, but this period was simplified to optimize 

computational time and data processing.  
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Figure 1: Test rig for power ramping [3] (left), power history of the rods DC, DH and DK 

(right) 

 

2.2 FEMAXI-6 calculation 

The FEMAXI-6 code [2] offers a complete coupled solution of thermal analysis and 

mechanical analysis, enabling an accurate prediction of pellet-clad gap size and Pellet-Cladding 

Mechanical Interaction (PCMI) in high burnup fuel rods. The models representing pellet-clad 

bonding and fission gas bubble swelling are also implemented. The FEMAXI-6 includes a 

function which reads the output files of the burnup analysis codes, RODBURN [4] and 

PLUTON [5], and uses them for calculation. In addition, several new material properties and 

parameters can be introduced through build-in procedures. Main constraint of the FEMAXI-6 

code is the limited number of history points which can be defined within an input file [6]. 

Therefore, a minor modification of the source code was carried out to allow full definition of 

provided history from the Halden IFA-519.9 experiment. For all three rods the power history 

includes around 5,000 points, each of which requires enough experience to correctly condense 

all these data and keep adequate representation of all ramp test and load follow operation.  
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Figure 2: Power history for burn-up calculation  

The radial and axial power profile changes with fast neutron fluxes over the course of 

irradiation were precalculated by the code RODBURN. Simplified power history for burn-up 

calculation is shown in Fig. 2 and calculated radial burn-up distribution can be seen in Fig. 3. 

Axial power profiles were assumed to be flat for whole calculation. Relevant profile change in 

axial direction was observed only during pre-irradiation within IFA-429 experiment. Coolant 

temperature in Halden reactor is around 510 K, which is lower than in a commercial reactor. In 

combination with low and relatively stable power operation during pre-irradiation, the athermal 

Fission Gas Release (FGR) was defined to 0.5 %. Degradation of fuel thermal conductivity was 

approximated by Halden model. The present analysis assumes the Halden model also for pellet 

thermal expansion and densification. A pellet swelling was approximated by the MATPRO-09 

model [7].  

 
Figure 3: Radial Burn-up distribution 

3 RESULTS 

Fission gas release and consequent internal rod pressure is one of the parameters which 

need to be taken into account within operational regimes of current PWRs. In Fig. 4 and Fig. 5 

is shown evolution of the internal pressure from the In-pile measurement and FEMAXI-6 

calculation. In both cases the FEMAXI-6 results overestimated the internal pressure. Main gap 

is obtained at the beginning of the IFA-519.9 irradiation. For the DH rod, the difference in FGR 
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is not so significant and from the 37 MWd/kgUO2 have both evolutions similar trend. Main part 

where the inconsistency is higher at the end of the irradiation. This different shape can be result 

of a possible damage of pressure transducer which could have occurred around 75 

MWd/kgUO2. 

 
Figure 4: Comparison of measured and calculated internal pressure of rod DH 

In case of rod DK, the inconsistency is higher than in case of DH. Problematic is also the 

shape of calculated evolution. Reaction of the fuel to the first irradiation period is two times 

higher in case of calculation. This gap is already significant and moreover, the subsequent 

evolution has also different shape, which comes almost flat around 70 MWd/kgUO2 (measured 

data) and again start increasing after 75 MWd/kgUO2. 

 
Figure 5: Comparison of measured and calculated internal pressure of rod DK 

The source of rod internal pressure discrepancy can be in the used fuel thermal 

conductivity model (Halden). The first check of calculated results identified some difference in 

fuel centreline temperature, which has direct influence to the FGR. Currently, only data are 

available in graphical form for rod internal pressure and centreline temperature. However, it is 

not possible to reliable derive information from report figures for fuel centre temperature. 

Different temperature distribution across the pellet can be demonstrated by radial distribution 

of the grain size, which is shown in Fig. 6. For central region, the calculation overestimated the 
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grain size almost to double compared to the measurement. Similar results were obtained for 

FGR calculated by FEMAXI-6 and derived from measured pressure. On the other hands, FGR 

determined during Post-Irradiation Examination (PIE) overestimated both values. Low values 

for FGR from pressure measurement can be caused by already indicated loss of helium in rod 

instrumentation, which can be connected also to the different rod internal pressure. However, 

PIE measurement is still far from both values. 

 
Figure 6: Radial distribution of the averaged grain size of rod DC 

 

Table 2: Average fission gas release  

 IFA-519.9 Data FEMAXI-6 Data 

Rod Grain size 

(μm) 

PIE measured 

(%) 

Prediction 

(%) 

From measured 

pressure (%) 
Calculated (%) 

DK 17 53.3 41.5 31.7 42.9 

DH 6 57.3 48.4 23.3 38.8 

DC 17 40.4 33.0 - 31.0 

 

4 CONCLUSION 

Analysis on the internal pressure increase by FGR process was carried out by the 

FEMAXI-6 code. In order to process a huge amount of experimental data, minor modifications 

of the FEMAXI-6 source code were required. Based on the calculations and obtained results, 

the FEMAXI-6 code proves to give a reasonable prediction in high burnup region. The present 

analysis confirms that FGR, which is strongly associated with pellet temperature, is much 

dependent on the thermal conductivity and swelling of UO2 pellet. This requires a good 

evaluation of these properties for successful prediction of fuel behaviour in high burnup region. 

Opened questions motivated us to the more extensive evaluation of the experimental results and 

more complex sensitivity analysis of the suitable thermo-mechanical models.  
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ABSTRACT 

Ferritic/martensitic (f/m) steels are candidate structural materials for fission/fusion 
nuclear applications due to their radiation and void-swelling resistance. In the radiation 
environments with a high production rate of helium, such as fusion or spallation applications, 
these materials suffer from a non-negligible swelling due to inhibited recombination between 
vacancy and interstitial-type defects. In this work, bubble nucleation and swelling in helium 
implanted Fe9Cr steel has been investigated by means of positron annihilation lifetime 
spectroscopy (PALS) and transmission electron microscopy (TEM). Helium-implantation-
induced damage profile was probed across a wide range of displacement damage rate (1.5 – 40 
dpa) and helium concentrations (370 appm He – 50 at.% He), using the variable-energy slow 
positron beam system (SPBS). The SPBS-based PALS enabled to study helium-vacancy 
agglomerations sized below the resolution of TEM, i.e. the early stage of the formation of 
helium bubbles (<3 dpa; < 5 000appm He). At higher dpa, in the ion-track region (~5 dpa; ~15 
000 appm He), the bubbles start to be clearly resolvable by TEM, and it is possible to compare 
the results of the two techniques. In the damage and helium peak region, where the SPBS 
technique suffers from a poor sensitivity due to coarsened helium bubbles (>2 nm), cross-
sectional TEM analysis showed a saturation of bubble swelling at helium concentration ~1 at.%. 
The present experiments show an excellent correlation between SPBS and TEM, providing 
evidence of the applicability of the presented approach. This study indicates promising 
directions for future comprehensive microstructural characterization experiments on materials 
exposed to radiation environments with high helium production rates. 
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1 INTRODUCTION 

Volumetric void or bubble swelling is one of the major degradation mechanisms of materials 
exposed to harsh radiation conditions. It is a key factor limiting the safe operational lifetime of 
nuclear power and other nuclear installations. Among structural materials, (reduced-activation) 
ferritic/martensitic (RAFM) steels are known for their high resistance to swelling. Due to their 
additional low thermal expansion and high thermal conductivity, these materials are considered 
to be the prime candidates for applications in nuclear fusion reactors. In the first reactor-scale 
experimental fusion device ITER, RAFM steel Eurofer97 was chosen as the main structural 
material for most test blanket modules (TBMs). Currently, advanced next-generation higher 
performance steels are being developed and tested in harsh radiation environments such as 
spallation neutron targets [1]. The key aims of the research are to improve the radiation damage 
resistance further, operational lifetime and reliability of the fusion reactors, as well as to 
increase thermodynamic efficiency and to reduce construction costs [2]. 

Despite the superior swelling resistance of ferritic and ferritic/martensitic steels, compared 
to their austenitic counterparts, high displacement damage in combination with some 
production/accumulation of helium can enhance radiation degradation processes, including 
void swelling. Wang et al. [3] reported swelling of several percent in 9%Cr RAFM steel pre-
implanted with 10-100 appm of He and irradiated to 400 dpa with Fe++ at 460 °C. In the same 
work, however, 20 – 300 times less swelling was observed in 12%Cr RAFM steel exposed to 
the same irradiation conditions. It is generally accepted that the swelling and swelling rate 
significantly depend on the presence of sinks in the crystal lattice, which retard this process. 
These sinks can be of various nature from grain/lath boundaries, oxide nanofeatures to actual 
radiation-induced voids, which can become even dominant sinks in the system [4]. According 
to Zinkle et al., the good void swelling resistance exhibited by conventional ferritic/martensitic 
steels following fission neutron irradiation is expected to be severely impaired for deuterium-
tritium (DT) fusion irradiation conditions [1]. A simple extrapolation of the swelling data from 
fission reactor irradiation to the fusion radiation environment is not acceptable in the 
development of the future generation nuclear structural materials. 

The assessment of the actual void (bubble) swelling in f/m steels exposed to radiation 
environments with high production rates of helium is facing two significant difficulties. First is 
the swelling contribution of the vacancy clusters of a size below the resolution of the 
transmission electron microscopy (TEM). These defects are generally considered to be 
precursors of large defect agglomerations such as bubbles or voids but cannot be resolved in 
conventional TEM micrographs. A high density of such defects occurs already at low doses 
(few dpa) and requires considering them in the total swelling calculations. The other 
complication of the experimental swelling assessment is the spatial heterogeneity in void 
distribution. There is about 20 % uncertainty in the swelling data originating from the TEM 
analysis [3]. This value can be considerably larger for materials with strongly anisotropic 
microstructure such as oxide dispersed strengthened steels. 

A reasonable and acceptable solution to both issues mentioned above can be obtained by 
positron annihilation lifetime spectroscopy (PALS) as a complementary experimental approach 
to the transmission electron microscopy. Experimental techniques based on positron 
annihilation have been used in our laboratory for about 20 years [5]. This paper reports 
preliminary results of a comprehensive study aimed at the helium embrittlement of 
ferritic/martensitic steels exposed to harsh radiation conditions, simulated by implantation of 
high fluences of helium ions.  The experimental characterization was performed using slow 
positron beam spectrometer (SPBS) with variable positron energy [6], combined with 
conventional TEM.  
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2 EXPERIMENTAL 

In the present experiments, ferritic/martensitic Fe-8.9Cr-1.1W-0.47Mn-0.2V-0.14Ta-
0.11C steel Eurofer97, was investigated. Sample of 10x10x0.5 mm was prepared by electrical 
discharge cutting and mechanical polishing. To eliminate any residual stresses induced by 
mechanical polishing, the final surface treatment was electrochemical polishing in a perchloric 
acid solution. The sample was subsequently irradiated with 500 keV He+ ions with a fluence 
1022 ions/m2 using the 500 kV open-air implanter at ATRI MTF STU [7]. Irradiation 
temperature was kept below 70°C. The number of displacements per atom (dpa), calculated 
according to the NRT model [8] was ranging between 1.6 and 39.4 for the near-surface region 
(50nm) and peak region (1050nm) respectively. The helium concentration (cHe) determined in 
the same way was 370appm and 50 at.% respectively. The relative dpa profile, including helium 
ion distribution and He-to-dpa ratio as obtained from SRIM code, is shown in Fig.1. This figure 
further shows two illustrative examples of positron stopping profiles, explained below, with the 
energy 8 and 16keV. One can see also an estimated region where the size-sensitivity of the two 
techniques overlaps, providing and experimental opportunity of a mutual correlation. 

 
Figure 1: Theoretical simulation of the implantation profile (dpa, cHe and cHe/dpa) and 

illustrative positron stopping profile for energies 8 and 16 keV, respectively. 

 

The implantation profile of positron with a given energy E in solids can be described by 
a so-called Makhovian distribution (Eq. (1)), with the mean implantation depth (𝑧̅), calculated 
according to Eq. (2). 

𝑃(𝑧, 𝐸) =
𝑚𝑧𝑚−1

𝑧0
𝑚 𝑒

−(
𝑧

𝑧0
)

𝑚

,     (1) 

 

Here, z0 is related to the mean implantation depth by 𝑧0 =
2�̅�

√𝜋
  and the shape parameter m 

= 2 [9, 10]. 
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The mean implantation depth of the positron into the sample, 𝑧̅, depends on the positron 
energy E and the density of the target material ρ as follows: 

 

𝑧[̅𝑐𝑚] =
𝐴𝐸⌈𝑘𝑒𝑉⌉𝑛

𝜌[𝑔.𝑐𝑚−3]
.      (2) 

 

A = 40 [𝑔. 𝑐𝑚−2. 𝑘𝑒𝑉−𝑛] and n = 2 are empirically determined coefficients, applicable 
for most materials.  

The cross-sectional TEM samples of the irradiated steels were prepared using the focused 
ion beam (FIB) lift-out techniques using a FEI Helios Nanolab system, with a Ga acceleration 
voltage between 1 kV to 30 kV. In the next step, a cleaning process to remove the FIB damaged 
layer was performed by low energy (Ga) ion milling. Microstructural characterization was 
performed using FEI Tecnai F20 TEM, operated at an accelerating voltage of 200 kV with 
a field emission gun. 

3 RESULTS 

Figure 2 shows the cross-sectional TEM micrographs of the He-implanted Fe9Cr steel. 
As can be seen in the figure, new radiation-induced defects start to be resolvable at >500 nm 
depth, or 4.5dpa (5000 appm He), respectively. Since the ferritic/martensitic steels do not swell 
at such low displacement damage even at high temperature (>350ºC) [11], the main driving 
force for the volumetric growth shall be associated with the interstitial helium. 

 
Figure 2: Cross-sectional TEM micrographs of the He-implanted Fe9Cr steel 

 

In total, 13 regions of at least 50x50nm were analysed in approximately 50nm of depth, 
from 350 nm to 1050 nm. Using the local dpa value, we can obtain the swelling rate 
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corresponding to given irradiation conditions (dpa, cHe). However, only a weak dependence of 
the swelling rate on dpa was observed in the results, and so it was evaluated only in the form of 
average value, 0.08±0.03 %/dpa. As argued above, the main parameter affecting the low-
temperature bubble swelling in helium-implanted ferritic steels is the concentration of helium 
cHe, rather than the dpa. It is, therefore, reasonable to evaluate the swelling rate with respect to 
the cHe. Figure 3 shows the behaviour of swelling rate associated with the helium concentration. 
As can be seen in the figure, the characteristic can be well described (Adj.R2 > 0.99) by a power 
fit of cHe (Eq.3). 

 
∆𝑉

𝑉0
= 0.03 × 𝑐𝐻𝑒

−0.07      (3) 

 

 The TEM analysis shows decrease of swelling rate towards high concentrations of 
implanted helium, i.e. saturation of volumetric swelling. This can be interpreted by increasing 
dominance of helium bubbles in acting as sinks for radiation-induced vacancies and helium 
atoms. The microstructure of the material and defects such as grain boundaries, matrix-
precipitates interfaces and others are the dominant defect sinks only in the early stage of 
swelling. Since the early-stage of the swelling cannot be reliably analysed by TEM technique, 
positron lifetime data were evaluated in order to obtain the number density of helium-vacancy 
agglomeration (bubbles).  

 

 
Figure 3: Volumetric bubble swelling as a function of helium concentration, as obtained 

from the TEM analysis 

 

In order to obtain the volume of new radiation-induced cavities, the corresponding size 
and concentration values were determined. Since the TEM cannot provide the qualitative 
information on bubble size below the resolution limit, we extrapolated the TEM data towards 
zero radiation damage. In other words, we assumed a linear approximation of the cavity 
diameter on the dpa. Since the number density of the cavities is directly proportional to the 
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positron trapping rate  [s-1], we could obtain the quantitative information directly from the 
lifetime data using the approaches described in [12]. The constant of proportionality between 
the defect density and the positron trapping rate is called trapping coefficient, and for helium 
bubbles, it has been experimentally obtained and reported in our previous study [13].  

Figure 4 shows a comparison of the experimental TEM and SPBS results of the 
volumetric bubbles swelling. The experimental data plotted as a function of helium 
concentration shows an excellent correlation of the results obtained by two completely different 
experimental approaches. It is important to note, that there is quite a significant broadening of 
the positron stopping profile at higher positron energies (>10 keV) which increase the volume 
of the probed region and increase the uncertainty of determination of irradiation conditions. 
The SPBS x-axis error bars were calculated as FWHM of the Gaussian-like Makhovian 
distribution (Eq.1).  

 

 

 
Figure 4: Wide range behaviour of the swelling of the studied material 

 

4 SUMMARY AND CONCLUSIONS  

The presented study reported first (preliminary) results of the volumetric bubble swelling 
in Fe-9Cr steel, determined by two different experimental methods. The results suggest that the 
early-stage damage in metallic systems can be effectively characterized by PALS and the 
experiments on ion-implanted samples can be adequately evaluated by SPBS. In fact, the 
conventional approach using TEM provides valuable information only for irradiation 
conditions at which, the cavities (bubbles) play already an essential role in the sinking of new 
radiation-induced defects.  Finally, we conclude that the testing of radiation resistance of new 
materials, concerning the TEM analyses of the volumetric (void or bubble) swelling, can be 
effectively complemented by techniques such as PALS, which are sensitive to early-stage sub-
nm scale radiation-induced defects. 
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ABSTRACT 

Nuclear safety-related piping systems play an important role in the safe operation of 

nuclear power plants. For safety Class 1 piping systems, the fabrication demands are most 

stringent and include special requirements for welding and examination of welds. This paper 

presents automated welding in prefabrication of safety-related, heavy wall austenitic stainless 

steel piping, utilizing combination of Gas Tungsten Arc (GTAW) and Gas Metal Arc (GMAW) 

welding processes. Further on, welds were subjected to destructive and non-destructive 

examination (NDE). NDE has been performed by advanced ultrasonic testing (UT) techniques 

by encoded scanning, utilizing combined Phased Array (PAUT) and Time of Flight Diffraction 

(TOFD) techniques. In such case, ultrasonic testing is applied in lieu of radiography in 

accordance with ASME Code. Ultrasonic testing serves for the purpose of volumetric 

examination to detect fabrication flaws and Pre-Service Inspection (PSI). Compared to manual, 

automated combined process welding exhibits major increase in productivity, weld quality 

reproducibility, and improvement of weld root geometry characteristics. 

1 INTRODUCTION 

Pipe spools are fabricated from a number of raw pipes and pipe fittings (e.g. elbows, 

flanges, tees, etc.) in fabrication shops. Raw pipes are cut to the required sizes and moved with 

pipe fittings to a fitting table, where some of the components are fitted together (i.e. temporarily 

connected). The resulting sub-assembly (part of the final pipe spool) continues with welding 

mailto:matej.pleterski@numip.si
mailto:matej.pleterski@numip.si
mailto:jernej.jerman@qtechna.si
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operations (i.e. permanent connected) before it comes back to the fitting table and gets fitted 

with other spool components. Spool fitting and welding can be grouped into two types: (1) roll 

fitting and welding and; (2) position fitting (pipe can be turned by a rolling machine) and 

welding. Position fitting and welding usually takes more time to finish than roll fitting and 

welding. To minimize number of position fitting and welding is one of the goals of pipe spool 

fabrication sequencing [1]. 

The weld joint is a mechanically heterogeneous body composed of base metal, weld metal 

and heat affected zone (HAZ). These different regions of the weld joint leads to heterogeneous 

mechanical and metallurgical properties of the material along with considerable development 

of harmful tensile residual stresses. These difficulties resulting from heterogeneity of weld get 

further compounded in case of heat-sensitive materials like austenitic stainless steel (ASS), 

especially of thick sections, due to its lower thermal conductivity and higher coefficient of 

thermal expansion in comparison to those observed in structural steel. The considerably low 

thermal conductivity makes the HAZ of arc weld of ASS more prone to sensitization while its 

significantly high coefficient of thermal expansion develops considerable stresses in the weld. 

The extent of deformations and residual stresses in welded components depends on several 

factors such as geometrical size, welding parameters, welding sequence and applied structural 

boundary conditions [2]. Hence the proper selection of welding process and procedure by 

considering efficient energy distribution in the welding arc leading to comparatively low heat 

build-up in the weld pool is imperative to reduce the amount of damage produced in different 

zones of weld joint due to heterogeneity in their properties. Such a control in arc characteristics 

can be primarily achieved by using gas metal arc welding (GMAW) and possibly more 

appropriately by employing pulsed current gas metal arc welding (P-GMAW) processes [3].  

Mechanised GMAW has now been successfully used for pipeline applications for over 

thirty years, and has achieved an impressive record on improving productivity over that time. 

Over the same period, there has been significant investment in “one-shot” and power beam 

processes in the attempt to achieve increase in productivity compared to GMAW, but despite 

extensive development efforts, these processes have so far failed to achieve widespread benefits 

for pipeline construction applications [4].  

Fabrication of Nuclear Safety-Related piping is accompanied also by Non-Destructive 

Examination (NDE). Circumferential piping welds shall be usually volumetric tested depending 

on the safety class, thickness, joint type and joint efficiency. For this purpose of testing 

fabrication quality of welds, the ASME B&PV Code requires radiographic examination (RT) 

[5]. While performing radiography large area of personnel shall be evacuated due to presence 

of hazardous radiation. A big advantage of ultrasonic testing (UT) compared to RT is that UT 

can be performed simultaneously with welding and other assembly activities in terms of 

following tight time schedule, work safety, immediately availability of results and increasing 

quality requirements. The results obtained by ultrasonic testing compared to radiography are 

very similar and even superior for some type of flaws. Experiences in piping and vessels 

installations in conventional industry are showing that sensitivity and probability of detection 

is not decreased by using ultrasonic testing, especially when utilizing advanced techniques, 

such as Phased Aray Ultrasonic Testing (PAUT) or Time of Flight Diffraction (TOFD) or 

combination of both [6,7]. 

In 2016, ASME has published BPVC Code Case N-831, where replacement of originally 

required radiography by construction Code with ultrasonic testing following the Code Case 

requirements is permitted. Mentioned Code Case is applicable for ferritic piping only. In our 

experiment the piping base metal and weld was of ASS type [8].  
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Ultrasonic testing is based on introducing sound energy into material. Sound waves are 

generated by conversion of electrical pulse to mechanical waves, which are propagating through 

the material volume and when there is a flaw, the part of the sound energy is reflected/refracted 

(based on difference of sound velocity at interface of two material) and is propagating back 

from the flaw. If the direction of reflected sound wave has a direction towards the location of 

the transducer, the sound energy is converted again into electrical signal, as an indication of 

eventual flaw. From the position of signal amplitude on the calibrated time base the location 

(depth) of the flaw can be determined and based on amplitude height and shape the size and 

other properties of detected flaw can be determined.  

Main challenge while testing stainless steel welds is the attenuation of sound energy 

traveling through coarse grain structure. That is the reason that current editions of the Codes 

and Standards are taking UT examination very conservative and with care, as the probability of 

detection could be low and non-predictable. 

2 EXPERIMENTAL 

2.1 Pipe Welding 

Numip Ltd. has developed RSWM 65/4, an automated welding work cell, specifically for 

industrial alloyed steel pipe spool prefabrication, small vessel or other similar 1G position girth 

welding (Fig. 1). The work cell comprises both Gas Tungsten arc Welding (GTAW) and 

GMAW welding processes with robotic torches and wire feeders and so combining highest 

quality, productivity and assuring repeatable weld quality. Additional key advantages are in 

easy set-up and operation, user friendly interface, advanced power sources, integrated gas 

shielding system and large working area. RSWM 65/4 offers up to five times increase in pipe 

welding productivity compared to manual GTAW and improvement of weld root geometry 

characteristics. 

  

Figure 1: Automated spool welding machine RSWM 65/4 

Four samples of heavy wall ASS pipe were welded utilizing combination of GTAW (root 

pass/es) and P-GMAW (fill and cap passes) welding processes as presented in Table1. Samples 

were prepared out of ASTM A312, material grade TP304/304L pipes with 4’’ and 6’’ nominal 

diameter and various wall schedules. There were two types of filler material used: SFA 5.9 

ER308L and ER308LSi with diameters of 1,0 mm for mechanized GTAW and 1,2 mm for 

mechanized GMAW. Root passes were welded manually or mechanized with the machine. Fill 
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and cap passes were all machine welded. Weld joint preparation was single V groove with bevel 

angle of 37,5°, root face of 1-1,5 mm and root gap of 3 mm for manual root welding and zero 

gap for automated root pass welding.  Besides mentioned variables, welding was performed 

utilizing various heat inputs, i.e. from 0,96 kJ/mm for manual root pass and up to 2,7 kJ/mm 

for fill passes, thus impacting number of weld passes.     

Table 1: Welded sample details 

Sample Pipe 
Wall 

thickness 
[mm] 

Weld 
part 

Filler 
wire 

Welding 
gas 

No. of  
passes 

Heat input 
kJ/mm 

Remark 

1 
4'' sch 
160 

13,49 

 root ER308L  Ar 2 0,96 - 1,59 manual/ root gap 

fill+cap 
ER308L

Si 
Ar + 2% 

CO2 
5 1,03 - 1,24 machine 

2 
4'' sch 

XX 
17,12 

 root 
ER308L

Si 
Ar 2 2,0 - 2,3 

machine/ no root 
gap 

fill+cap 
ER308L

Si 
Ar + 2% 

O2 
6 1,05 - 1,48 machine 

3 
4'' sch 

XX 
17,12 

 root ER308L  Ar 2 0,96 - 1,59 manual/ root gap 

fill+cap ER308L  
Ar + 2% 

O2 
6 1,03 - 1,84 machine 

4 
6'' sch 
160 

18,26 

 root ER308L  Ar 1 2,55 
machine/ no root 

gap 

fill+cap ER308L  
Ar + 2% 

O2 
4 1,36 - 2,7 machine 

For the needs of advanced ultrasonic testing an additional sample was prepared. It 

included intentionally made unacceptable welding defects, i.e. incomplete root penetration, lack 

of fusion, excessive weld reinforcement and pipe centreline offset as-well as an artificially 

introduced surface cut, simulating surface crack.  

2.2 Mechanical Testing 

Prior mechanical testing all samples were tested with RT. Further on, welded pipe 

samples were prepared for mechanical testing in accordance with ASME Pressure and Vessel 

Code, section IX for procedure qualification records (PQR). This includes following testing [9]: 

- Tensile test per ASME IX, QW- 150 (specimen form according to Figure No.: QW-

462.1 -b). 

- Guided bend test per ASME IX, QW- 160 (specimen form according to Figure No.: 

QW-462.2). 

- Impact toughness test per ASME IX, QW-170 (Notch Type ISO-V, test temperature 0 

°C, HAZ and weld metal). 

- Macrographic examination at 2,4 x magnification 

2.3 Advanced Ultrasonic Testing 

PAUT technique is a kind of pulse echo-configuration with many advantages over 

described conventional UT technique. Ultrasonic beam may be steered, swiped or focused at 

various depth to achieve better coverage and easier detection of different oriented eventual 

flaws. Further the visualisation as S-scan and C-scan in combination with encoded one line 

scanning gives the better opportunity to record results (Fig. 2-a). 
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Figure 2: Conventional UT (a-top) vs. PAUT (a-bottom) and PAUT testing assembly (b). 

The welded pipe sample with induced fabrication flaws has been tested with PAUT 

technique and with radiography (for comparison). For PAUT one line scanning with one pair 

of linear array 5 MHz, 16 elements probe has been utilized (Fig. 2-b). Focal laws have been set 

from 40° to 70° refracted angle in material. Radiography has been performed using x-ray tube 

and classic conventional film. Results obtained by both methods have been evaluated and 

compared. 

3 RESULTS AND DISCUSSION 

3.1 Mechanical Properties 

Destructive tests have revealed no significant differences in mechanical properties of 

tested samples. All results were also acceptable per demands of ASME codes. Achieved 

average tensile strength (Fig. 3-a) values are between 590 and 633,5 N/mm2. Failure location 

on samples 1 and 2 was base metal, while on samples 2 and 3 failure occurred in weld metal. 

The highest value was measured on sample 2 and can be related to higher Si alloyed filler metal. 

The lowest measured values were indicated on sample 4 where high heat input welding was 

utilised. ISO-V notch type impact toughness at 0 °C (Fig. 3-b) average values amount between 

193 and 268,3 J. Significantly higher values were measured in HAZ of sample 1 (268,3 J) which 

can be related to higher base material toughness characteristics and low heat input during 

welding.   Weld metal toughness measurements show no significant differences between tested 

samples and amount from 100,7 to 116,3 J. 

 

Figure 4: Diagrams of tensile test (a) and ISO-V impact toughness test (b) for samples 1-4. 
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Macro-etch results are presented on Figure 4-a. All samples exhibit sound weld metal and 

good root weld penetration. The differences in weld pass number can be clearly distinguished. 

The difference in root pass appearance on the inside of welded joint is presented on Figure 4-b 

for manual root weld and Figure 4-c for machine made root pass. Machine welded root pass 

exhibits superior bead appearance in terms of puddle ripples uniformity and variations of root 

pass width and reinforcement. 

 

Figure 4: Macro-etch results (a). Root pass appearance on the inside of welded joint for 

manual root weld (b) and for machine made root pass (c) 

3.2 Ultrasonic Testing  

PAUT has revealed three fabrication flaws: (F1) lack of fusion/penetration, (F2) lack of 

fusion and (F3) outer surface crack. From C-scan the length has been determined and from S-

scan the depth of each individual flaw has been determined. From radiographic films only 

length has been determined since it is is not possible to assess the depth of flaw. For the control 

and confirmation of the results obtained by PAUT and RT, macrographic examination on F1 

and F2 locations was performed as-well. Results are shown in Table 2 and Figures 5 and 6.  

 

Table 2: Flaw examination results and comparison 
Flaw 
No. 

Flaw length 
PAUT [mm] 

Flaw length 
RT [mm] 

Flaw depth 
PAUT [mm] 

Flaw depth 
Macro [mm] 

F1 68 70 7,1 6,6 – 8,2 mm 

F2 30 Not detected 5,8 6,0 – 8,2 mm 

F3 46 45 2  N/A  

 

 

Figure 5: Flaw F1 pictures obtained by PAUT (a), macro examination (b) and RT (c). 

 



1107.7 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

Based on comparison of results obtained by PAUT and RT for flaw F1, the results of 

detection are very similar. Flaw F2 has been detected by PAUT only and not by RT. Flaw F3 

was induced artificially and detected by both methods. Flaw F1 and F2 were further confirmed 

by macro examination as-well. The results for flaw circumferential location and length in 

circumferential direction are comparable for the PAUT and for RT examination while RT 

examination is not capable of presenting results in through wall direction. This is also one of 

the advantages of performing UT in lieu of RT.  

 

 

Figure 6: Flaw F2 pictures obtained by PAUT (a) and macro examination (b). 

 

4 CONCLUSIONS 

Destructive tests revealed no significant differences in mechanical properties of tested 

samples. All results of tensile, toughness, macrographic and bending tests were also in 

accordance with demands of ASME III & IX codes. The lowest tensile strength was measured 

on sample 4, which was welded with the highest heat input. Nevertheless, all measured values 

are within range of 590 – 633,5 N/mm2. All weld metal impact toughness values are 

comparable and amount above 100 J. All sample macrographs exhibit sound weld metal and 

good root weld penetration while machine welded root pass exhibits superior bead appearance 

in terms of puddle ripples uniformity and variations of root pass width and reinforcement. 

Regarding PAUT it must be emphasised that used probes were not optimal for 

examination of weld in present case due to decreased propagation ability (attenuation) in 

stainless steel coarse grain structure. At least lower frequency probe or even better 2D matrix 

array probe in transmitter – receiver mode should be used to decrease the attenuation of sound 

energy. This fact will be considered for further developing the PAUT technique for welds in 

stainless steel piping. 

The PAUT results show that the technique could be suitable for examination of welds on 

stainless steel piping. In current case it was presented that PAUT exhibits higher probability of 

defect detection compared to RT. For further development the testing assembly including 

probes shall be optimized to achieve better penetrability of sound energy and consequently 

more reliable results. Further research should include also more samples with wider range of 

weld thicknesses. In such way the PAUT technique could be qualified also for stainless steel 

welds in accordance with guidelines of ASME Code Case N-831, which is so far intended for 

carbon steel welds only. 
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ABSTRACT 

In this paper, the conversion of the renewable waste chemical, Glycerol will be 

described which utilizes ionizing energy from JSI’s TRIGA fission reactor. The end compound, 

solketal is a desired product due to its potential to be used as a renewable fuel additive or a 

green solvent. This research could help realise an integrated system for co-production of 

valuable chemicals feedstocks from organic waste using excess energy from fission reactor 

systems, beyond the existing production of heat and power.  

Previous comparisons between mostly neutron-irradiated (n+γ) and gamma (γ) 

irradiated glycols showed little difference between the detected radiolysis components and little 

difference in their respective yields. The limiting factors for the synthesis of solketal were 

theorised to be the availability of the radiolysis-generated reagent, acetone and the availability 

of acidic compounds to act as a catalyst. New samples have been irradiated which explore the 

factors of radiation modes and dose rates, with both binary and ternary mixtures. The 

radiochemical products have been identified, confirmed and quantified using Gas 

Chromatography-Mass Spectrometry (GC-MS) techniques together with calibrated analytical 

standards.   

Glycerol-acetone-water mixtures gamma-irradiated with a 50 kGy dose showed 

significant increases in solketal yield compared to the neat glycerol, with radiochemical yields 

of 1.21 µmol J-1 giving a 1.22 % molar yield from glycerol. It is thought that the hydronium ion 

(H3O
+) which is briefly generated from water radiolysis and not the accompanying 

concentrations of acetic acid allows a higher yield of solketal to be formed during irradiations. 

With many publications focussed on using traditional catalytic methods, this is the only 
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recorded work which has utilized irradiation or ionizing radiation to promote the conversion of 

glycerol to solketal.  Further collaborative work with MCNP simulations will also be mentioned 

- this will explore the feasibility of the incorporation of a radiolysis loop in existing commercial 

NPPs such as Krško, Slovenia.  

1 INTRODUCTION 

The radiochemical effects in many materials from ionizing radiation have been studied 

extensively and a large number of processes have utilized for industrial purposes [1, 2]. These 

include polymer synthesis, flue gas purification and medical sterilization [2]. However, there 

has been a lack of modern research in the direction of utilizing these radiochemical effects for 

processes such as organic synthesis which focus on sustainable chemical processes.  

Radiochemical processes are often evaluated in terms of their radiochemical yield or G-

value to produce a certain radical or chemical species. This G value has been historically 

defined by the number of molecules produced or destroyed per 100eV (100eV-1) but a modern 

unit of micromoles per joule (µmol J-1) is quoted in more in recent literature. Most stable 

chemical products deriving from radiochemical processes from organics range between yields 

of 0.1 and 1 µmol J-1 [3]. But this value can vary significantly depending on several factors 

including but not limited to; the desired species, starting material, dose, dose rate and radiation 

type to list just a few.  

One of the most powerful sources of ionizing irradiation originates from nuclear reactors 

which is a unique property when compared across all different energy generation methods. 

Nuclear power can also offer one of the lowest carbon footprints than most other energy sources 

at 12 gCO2eq/kWh with only wind offering lower at 11 gCO2eq kWh-1 [4]. While offering a 

stable, base supply of electricity, nuclear power poses several problems for potential investors. 

The downsides include higher initial capital costs with the longer periods before the investments 

are recuperated, which makes nuclear power a less attractive option. However, this can be 

improved if the unique ionizing energy that is produced is used more effectively. Rather than 

be converted into electricity using moderation or even lost into shielding, this ionizing energy 

could be used to synthesise chemicals. Evaluating electricity as the main product from nuclear 

systems, it is of a relatively low-value (per unit mass) which is valued between 10-3 and 

102 $/mol when compared against more valuable chemicals which can be valued between 103 

and 106 $/mol [5]. Historically, there are examples of radiolysis-initiated processes which have 

been successfully implemented. One example is the production of ethyl bromide in 1963 where 

the Dow Chemical Company utilized a 60Co gamma source to catalyse the reaction between 

ethylene and hydrogen bromide [6]. This produced 500 tonnes of ethyl bromide per year and 

achieved high radiochemical yields of between 102 to 104 µmol J-1. However, the only industrial 

synthetic reaction where ionization energy is used as a catalyst in polymer synthesis and 

modification.   

Recently, there has been growing interest in exploring options for co-production using 

waste energy from nuclear systems [7-9]. Such example is at the NPP in Dampierre, France 

where the low-grade heated water is utilized to assist food production. In other examples, co-

products such as hydrogen or desalinated water have shown to be just as comparable to 

electricity in terms of profitability [5, 8]. However, a more integrated chemical-nuclear process 

can be more economically viable to new Gen IV reactor designs with relatively minimal 

additional capital costs. From the available literature, there seems to be a lack of modern papers 

which explore the use of the ionizing energy directly for chemical transformations to produce 

useful chemicals.  
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Here, we propose the idea of combining both the nuclear and biorefinery processes 

towards the beneficial sharing of resources to formulate a unique integrated radiochemical 

process. A radiochemical process which utilizes the waste ionizing energy from a nuclear 

reactor to valorise renewable sources of waste organic feedstocks which are not petrochemically 

derived could even be more desirable due to its renewable nature and the creation of useful 

value-added chemicals. Glycerol is such an example of a renewable source of chemical 

feedstocks, derived as a by-product from biodiesel production it has become an abundant, 

renewable, waste resource. Crude glycerol being valued at 0.05 $/mol in 2007 [10], its current 

uses in pharmaceutical formulations, animal feed and incineration are not enough to satisfy the 

current excess supply of glycerol. The production of biodiesel is also expected to triple by 2030 

as sustainable fuels are prioritized over fossil-fuels [11]. Valorising this glut of glycerol has 

been the focus of research since this significant fall in price in 2007 and is important to ensure 

the global sustainability of biodiesel production. 

Glycerol can be used as a platform chemical to produce many other desirable chemical 

products such as syngas, dihydroxyacetone and solketal [12, 13]. Recent literature which 

valorises glycerol to a variety of compounds focuses on homogeneous and heterogeneous 

catalysis methods but there has been no recorded literature which utilizes ionizing radiation as 

a source for catalysis. The use of ionizing energy as a catalyst would avoid some of the 

drawbacks associated with traditional catalytical methods such as catalyst deactivation, catalyst 

separation and limited reaction rates.  

In this paper, the generation of the target molecules from glycerol, acetol and solketal are 

explored. Solketal has great potential to be used as a fuel additive, a food flavouring and as a 

green solvent [14]. This protected form of glycerol can be synthesised from the reaction 

between acetone and glycerol with the use of a strong acid catalyst. Current processes use 

expensive heterogeneous catalysts which contain platinum, palladium and gold [15]. From the 

current literature, this is the first reported process that utilizes radiolysis or ionizing radiation 

to catalyse this ketalization reaction.  

2 METHODOLOGY  

2.1 Irradiation Methods Involving the TRIGA Reactor 

The TRIGA mark II reactor located at the Jožef Stefan Institute (JSI) offered a suitably 

powerful source of ionizing radiation for this research. The light water, pool type, fission reactor 

can operate at a maximum power of 250 kW. At this power, it is capable of irradiating samples 

with neutron fluences of ≈1013 cm-2 s-1 and gamma fluences of ≈1013 cm-2 s-1. With five possible 

irradiation channels available, the largest in-core channel – the Triangular Irradiation Channel 

(TriC) is capable of irradiating samples that fit within an approximate diameter of 4cm or 

multiple smaller sealed irradiation vessels filled with organic media.   

To explore the dependence of the starting mixtures on the radiochemical yields of acetol 

and solketal, a large range of different mixtures were irradiated. The mixtures that were chosen 

were binary glycerol-water mixtures ranging between 100% to 50% wt% of the solute 

(glycerol) and ternary glycerol-acetone-water mixtures to maximise solketal production. The 

compositions of these mixtures are given in Figure 1.    

For further comparisons between irradiation types, samples have been irradiated with 50 

kGy of either a mixed neutron + gamma (n+γ) field when the TRIGA reactor is operational or 

a gamma-only (γ-only) irradiation when the reactor is in shutdown mode.  The dose rate for the 

n+γ and the γ-only samples were 3260 and 40 Gy min-1 respectively.  
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2.2 Chemical Analysis 

All samples were chemically analysed within 30 days of irradiation and 40 days of 

preparation. After irradiation to prepare samples for analysis, a small volume of the irradiated 

sample was extracted and diluted with ethanol in a 10:1 mass ratio. Butan-2-ol was added to 

each sample to be used as an analytical internal standard for accurate quantitation.  To identify 

and quantify the concentrations of the stable chemical products within the irradiated samples, 

gas chromatography-mass spectrometry (GC-MS) techniques were used. A Shimadzu GCMS-

TQ8040 equipped an AOC-6000 autosampler coupled to an electron ionizer (EI) was utilized. 

Shimadzu’s LabSolution software was used for data capture, calibration curves and confirming 

analytes by cross-referencing fragmentation patterns against the NIST 11 reference database. 

Separations were achieved a 30 m length Zebron-624 analytical column with a 10 m column 

guard. 1 µl samples were introduced via liquid injection with a split ratio of 20:1 and a constant 

column flow of 1.71 ml min-1. The oven was programmed as follows; 40 οC (10 min); ramp of 

25 οC·min-1 to hold at 280 οC (1.6 min). A carrier gas of 99.999 % purity helium was used. The 

MS detector was set to scan mass-charge ratio (m/z) ranges of 30 to 300 with a rate of 1000 

scans per second. 

 

3 RESULTS AND DISCUSSION 

Previous research of neat ethylene glycol samples has shown minor differences in 

radiochemical yields of acetaldehyde between mixed-field neutron + gamma-irradiated samples 

compared with delayed gamma-only samples [16]. However, it is still important to determine 

any further radiochemical yield differences of different mixtures for different irradiation modes.  

Figure 1 shows the radiochemical yields of acetol and solketal for binary glycerol-water 

mixtures as well as ternary glycerol-acetone-water mixtures; all samples have been irradiated 

with 50 kGy of the corresponding dose shown.  

 

Figure 1: Radiochemical yields of acetol and solketal from various glycerol mixtures for 

(a) gamma-only irradiated (b) mixed-field neutron+gamma samples. The mixtures are ordered 

according to glycerol weight %. The ternary glycerol-acetone-water mixtures are given in 

terms of weight % of glycerol, acetone and water respectively as follows , i) 46, 28, 26 ii) 34, 

34, 32 iii) 26, 48, 26. Ref [17]: Acetol (G-Value) = 0.22 µmol J-1 from deaerated, N2O 

saturated aqueous glycerol mixtures with an absorbed dose of 1.4 kGy using a 60Co gamma 

source with a dose rate of 8 Gy min-1. 
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Figure 1 shows that the radiochemical yields of both acetol and solketal can be increased 

from either neat or dilute samples using concentrated aqueous mixtures. While most 

radiochemical yields for stable chemical products are expected to lie within 0.1 to 1 µmol J-1, 

this data shows that those expectations can be exceeded. The acetol and solketal yields 

achieving up to 1.45 and 1.21 µmol J-1 respectively, the first report showing that solketal can 

be catalysed by using ionizing radiation. This data also provides evidence to the contrary to the 

assumption that 1-10 % weight of the solute in aqueous solution(glycerol) produces the highest 

radiochemical yields [3]. Figure 1 also displays the difference in the radiochemical yields 

between the two different irradiation modes with the lower dose rate gamma-only samples 

exhibiting higher yields in all cases. It was initially thought that acetic acid which was generated 

from acetone radiolysis (Figure 2) was acting like an acidic catalyst [18]. It has facilitated this 

catalytic role in previous literature between the similar reaction of cinnamaldehyde and 

methanol [19]. 

Examining the potential mechanisms to these reactions, previous literature has linked the 

formation of acetol to a radical-water elimination reaction of glycerol [17]. This propagation of 

this elimination reaction in other literature has been linked with the generation of the hydronium 

ion (H3O
+) which is briefly generated from water radiolysis [20]. Acetalization or ketalization 

reactions to form solketal normally requires a strong acid catalyst to propagate, the hydronium 

ion is moderately acidic species with a pka of -1.7 at 25 oC and can fulfil this role as a catalyst. 

Literature which has modelled the formation of H3O
+ has estimated that concentrations exist up 

until 10-4 s from the initial irradiation event [21], this brief period is enough for the required 

protonation steps to form solketal.  

Evaluating the two different irradiation types used in this research, they differ 

significantly in two different properties; linear energy transfer (LET) and dose rate [22]. Both 

properties are known to alter the radical recombination rates and subsequent radical yields from 

irradiation events, which will change the concentration of H3O
+. Lower LET irradiations 

steadily deposit energy throughout the mixture in well-separated events, reducing the overlap 

of high energy areas meaning more radicals (and consequently H3O
+) can diffuse into the 

solution. With a higher LET proportion and a higher dose rate as seen in the neutron + gamma 

irradiations (Figure 1b), the concentration of H3O
+ would be reduced, in contrast to recombined 

molecular species that are then favoured, such as H2O2 and H2 from water radiolysis. This 

explains the difference in the yields of acetol and solketal between irradiation types, with the 

solketal generated through its traditional acid-catalysed chemical mechanism with H3O
+ acting 

as a brief catalyst. The reaction schemes for the related species have been given in Figure 2.  
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Figure 2: Proposed reaction schemes for (1a) Radiolysis of glycerol for acetol 

production. (1b) Radiolysis of acetone for acetic acid production. (c) Water radiolysis 

yielding one of the main active species – H3O
+ (2) Radiation-directed ketalization reaction 

using the hydronium species (H3O
+).  

This research represents the first reported acetalization/ketalization reaction using a 

radiolysis-generated acidic species. It also gives a good example of undiscovered 

radiochemical reactions that could be utilized by organic synthesis within nuclear-biorefinery 

processes.  

4 FURTHER ACTIVITIES  

Further research will involve irradiations of selected glycerol-acetone based mixtures to 

optimise radiochemical yields to the maximum achievable levels. Larger experimental doses 

will be considered to determine the highest feasible % conversion of glycerol. MCNP models 

of the JSI’s TRIGA as well as the Krško reactors will be adapted to explore the scale-up 

potential of this radiochemical process.  
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ABSTRACT 

Severe accidents involve a set of difficult phenomena to understand and consequences to 

predict because of complex interactions occurring at high temperatures between materials. 

Complexity (of the heat transfer behaviour) increases further during the molten relocation of 

corium to the lower head of the reactor pressure vessel, such that the resulting thermal loads 

may threaten the strength of the vessel wall. In this framework and with reference to the SBO 

(Station Black Out) accident, the role played by the creep, and also the influence of ageing in 

terms of reduction of bearing capacity of the vessel lower head are studied. In doing that, an 

external coupling is performed between MELCOR and MARC codes: the output temperatures 

and pressures obtained from the first code represent the input for the thermo-mechanical 

simulations carried out with the latter one. Moreover, ageing phenomena are implemented 

through degraded mechanical material properties.  

A suitable three-dimensional model allows to analyse the nonlinear behaviour of the reactor 

vessel undergoing thermo-mechanical creep in SBO conditions. The deformation in the 

structure is calculated using nonlinear material propriety, such as the reduction of Young’ 

modulus and yield strength of carbon steel alloy.  

The obtained results show that the thermo-mechanical loads are responsible of deformation of 

the vessel, which develops and increases as the transient progresses. They also highlight the 

creep deformation process appears where the maximum temperature is located.  

 

1 INTRODUCTION 

The Reactor Pressure Vessel (RPV) that is designed for 30 to 40 years operation could be 

inadequate for service far beyond the original design life or long-term operation (LTO). Two 

crucial and decisive factors to sustain nuclear equipment LTOs are their safety and profitability, 

which can be achieved through a combination of applying optimum management strategies with 

understanding of the ways in which safety-relevant systems, structures and components (SSCs) 

perform [1].  

The paper deals with the investigation of the impact of thermal degradation and the creep effects 

on the performance of RPV during a severe accident (SA) with core meltdown [1][2][3]. For 

that reason, we propose a new methodology and its qualification that was carried out based on 

the FOREVER/C1 experimental activity [4][5].  

mailto:salvatore.cancemi@dici.unipi.it
mailto:rosa.lo.frano@unipi.it
mailto:riccardo.ciolini@unipi.it
mailto:piotr.darnowski@pw.edu.pl
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It is worthy to note that very few studies on the effects/consequences of ageing and creep on 

RPV LTO are available in the open literature; they become almost rare when the object of the 

investigation refers to the simultaneous action of both of the long-term thermal ageing and creep 

[6]. On the one hand, this makes difficult to review the bibliographic and clearly identify issues 

affecting mostly the equipment performance, and identify suitable tools to be adopted predictive 

simulation. However, it makes new and interesting the developed (and described in what 

follows) methodological approach, which is "mechanistically based" on an integration between 

MELCOR 2.2 and Finite Element (FE) code [7][8][9].  

Timofeev and Karzov  [10][11] studied the effect of thermal ageing on mechanical properties 

of WWER reactors equipment steels although the testing conditions (temperature) resulted to 

differ considerably from plants operation conditions. 

In this assessment, ageing and creep were investigated, as they are mainly responsible for 

degradation of structural / mechanical and physical properties (e.g. strength, σ (T), or Young 

modulus, E (T) under the extended influence of operating conditions [11]. Such time and/or 

temperature-dependent material degradation was taken into account to verify if RPV 

performance is still capable to fulfil the design safety requirements. 

  

2 METHODOLOGICAL APPROACH  

The behaviour of the RPV (safety class 1 component) of the 4500 MWth NPP described 

in [4] was analyzed numerically. Moreover, in this study, severe accident conditions and the 

actual properties of RPV material were taken into account for the purpose of safety requirement.  

The developed approach is based on the external coupling between the MELCOR code, for the 

assessment of severe accident scenario, and the MSC©MARC (Finite Element - FE) code, for 

investigating the “aged” component performance and its structural integrity.  

The external coupling is based on the sequential exchange of data files: results, in terms of 

temperature and pressure, calculated by MELCOR in the lower plenum, are used as initial and 

boundary conditions in the thermo-mechanical analyses performed by MARC code. The NPP 

data were from [4], while the material properties were assumed varying gradually over time, 

with the use and depending on the operational environments.  

Figure 1 illustrates the logic in which the methodology is articulated. Its most important steps 

are: 

1. Identification of critical SSCs from the standpoint of the plant operation and safety (i.e. 

RPV in this study); 

2. Identification of the operational loadings, stressors, and ageing mechanisms; 

3. Development of methodology for performance prediction; 

4. Identification and implementation of points 1) and 2) in the numerical codes; 

5. FE assessment of the ageing and creep effects and consequences in order to verify the 

integrity of the structure or identify the design improvement actions. 

 

In particular, with reference to point 5) the root causes of the ageing deterioration, which 

can be environmental and/or operational dependent, are underlined. Either the former (material 

degradation over the time) or the latter (e.g. temperature and pressure gradient produced by 

transient conditions) are considered in the FE simulations. Subsequently, the reliability of the 

implemented and set-up FE model was checked. The performed validation, carried out based 

on the FOREVER/C1 experiments, is presented in subsection 2.2.1. 
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Figure 1: Methodology for structural integrity assessment 

  

2.1 Description of the MELCOR model 
As described in [4], a Reactor Coolant System (RCS) model under total Station Black 

Out (SBO) accident with a core meltdown was implemented by MELCOR 2.2 9541 The studied 

plant was a generic high-power Generation III Pressurized Water Reactor (PWR) developed in 

the frame of the EU NARSIS project[2]. 

Figure 2 shows specifically the nodalization of the RPV model of which the lower head is green 

coloured. Moreover, this model was made of thermal-hydraulics (CVH) package, core 

modelling (COR) package and heat structures package (HS). The core model has nineteen axial 

levels and six rings, and it was connected with five control volumes, one per ring and additional 

bypass volume. 

Before to run MELCOR transient analysis, steady-state analysis was performed in order to 

reach the required stable thermo-mechanical conditions in the RPV lower head. Additionally, 

it was assumed that all the emergency diesel generators and the additional SBO dedicated diesel 

generators were not available due to combined failure (conservative approach). Accumulators 

were supposed available but without low- and high-head safety injections because of the lack 

of power. The heat removal from the primary side was negligible.  

The temperature and pressure trends obtained as results of the SBO analysis (see Figure 3) were 

then used as input data for the thermal-mechanical simulations. From the analysis of these plots, 

it appears that massive core relocation occurred at 20000 s, while after 23000 s the RPV lower 

head integrity may not be guaranteed. It is worthy to note that the MELCOR analysis stopped 

at about 23.000 seconds as reflected in the trends of temperature and pressure of Figure 3. No 

ex-vessel phase of the accident was considered. 
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Figure 2: MELCOR RPV modelling. The lower head model is the hemispherical green 

coloured structure 

 

 

a) b) 

Figure 3: Plots of the temperature (a) and pressure (b) in the lower plenum obtained 

from MELCOR analysis [4]. In figure (a) the label TLH-ijj refers to the node jj of the segment 

i, where jj = 13 is the RPV inner surface, i = 1 and i= 7 are the first and last segment of the 

lower head, respectively, according to the azimuthal angular direction [4]. 

 

2.2 Description of the FE model 

For the FE simulations, a 2D model representing the (real) RPV geometry, made of 

SA533B1 carbon steel, was implemented, as shown in Figure 4. It was made of a four-node, 

isoparametric, and arbitrary quadrilateral written for plane strain applications. As this element 

uses bilinear interpolation functions, strains tend to be constant throughout the element. The 

imposed boundary conditions are the temperature trend (called TLH-113 in Figure 3), which 

was applied at the RPV lower head and lower core plate, and the internal pressure, which was 

applied over the entire lower plenum surface (see previous Figure 3b). For conservative reason 

we assumed the lower head wall in adiabatic condition and no external cooling. 
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Figure 4: 2D FE-model of the RPV 

 

In this study, the creep (accumulation damage) is the other important phenomenon 

considered. Creep is a slow and continuous plastic deformation of material over extended 

periods under mechanical stress; for this reason, the transient simulation has lasted up to 24 

hours.  

Creep behaviour can be split into three main stages, as represented in Figure 5 [6]. In the 

primary (or transient) creep the strain rate is a function of time, in the secondary (or steady-

state) creep the strain rate is constant, and in the tertiary creep the strain rate increases 

exponentially. 

 
Figure 5: Creep curve under constant tensile load and constant temperature [6] 

 

Although it is generally considered that, for metal, the creep becomes apparent at 

temperature above (0.3 - 0.5)Tm, where Tm is the melting temperature (often higher than roughly 

0.4Tm), it may appear at various level of homological temperature [6].  

Creep is implemented by means of an appropriate viscoplastic-model that allowed to solve the 

time-dependent gradual accumulation of plastic deformation. At temperature below 0.4Tm and 

after the initial deformation, the strain is virtually independent of time, while increasing stress 

and temperature: 

 The instantaneous strain at the time of stress application increases;  

 The steady state creep rate increases.  

 The rupture lifetime reduces. 
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As before mentioned as of today, creep effects associated to SA event, e.g., the 

investigated SBO, have not been sufficiently studied. For this reason, the validation of FE 

model and, in particular, the application of power laws to describe the steel creep behaviour are 

felt necessary. 

 

2.2.1 Modelling validation through FOREVER/C1 experiments 

The FOREVER/C1 experimental campaign was used for verification and validation [5]. 

This facility employed 1/10-scaled 15Mo3-(German)-steel vessel of 400 mm diameter, 15 mm 

thick and 750 mm high (Figure 6 a). The high-temperature (up to 1300 °C) oxide melt is 

prepared in a SiC-crucible placed in a 50 kW induction furnace and is, then, poured into the test 

section. A MoSi2 50 kW electric heater in the melt pool allowed heat-up and keeping 

temperature in the range up to 1200 °C. For validation purpose, a suitable FE model of 

FOREVER/C1 experimental rig was implemented (Figure 6 b) and its testing conditions were 

simulated. SA533B1 temperature dependence properties (such as strength, σ(T), and Young 

modulus, E(T)) were assumed in the model.  

The influence of the creep was investigated implementing a viscoplastic model expressed 

in terms of the following power law: 

 

𝑑𝜀 𝑑𝑡⁄ = A ∗  𝜎𝑛 ∗  𝑇𝑚 ∗ 𝑘 ∗  𝑡𝑘−1         (1) 

 

Where: A = coefficient; ε = equivalent creep strain, σ = equivalent stress, N = stress dependence 

exponent, T = temperature, m = temperature dependence exponent, t = time and k = time 

dependence exponent. 

 

 

a) b) 

Figure 6: a) FOREVER/C1 vessel rig geometry (units are in mm) [5] and b) FE model 

 

In what follows we present the results obtained from the simulation of FOREVER/C1 

experiments. Figure 7 a shows the comparison between the displacement trend calculated 

numerically and the experimental one carried out at the polar coordinate ϕ0
°. Both the two trends 

appears almost superimposable, confirming the reliability of the proposed modelling and its 

capability to simulate/reproduce such a complex thermo-mechanical scenario. The maximum 

numerical displacement at ϕ0
°
 was about 9.4 mm. The discrepancy between numerical and 

experimental values was less than 3 %. Figure 7 b shows also the contour plot of the wall 

displacement (“deformation scale factor” of 6.23); the maximum outwards displacement was 

at the bottom of the lower head of the RPV, in accordance with the experimental tests findings 

highlighted in [5]. 
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a) 

b) 

Figure 7: Experimental vs numerical displacements (a) and maximum displacement (b) over 

the model vertical section 

 

3 RESULTS AND DISCUSSION 

The  performed simulations focused  only  on  the  “in-vessel  phase”  of  the  accident 

and described the vessel behaviour up  to  the  occurrence of the failure of its lower-head (at 

failure time large displacement may occur and the structure is prone to collapse, for this reason 

limit/ analysis might be performed).  

During the SBO event, the core melted. The corium mass relocated downwards to the lower 

bottom head of reactor vessel causing the wall overheating. This heat-up may induce in the long 

term the weakening and, at least, the collapse of the vessel wall. Indeed, the collapse or failure 

is due to the material degradation at elevated temperature and may become extremely severe 

when the plant is facing unprotected scenarios (i.e., absence of external cooling).  

Figure 8 and Figure 9 show the simulation results for all four case studies analysed in in terms 

of displacement and Von Mises stress. It appeared that after 9.53 hr the displacement caused 

by creep (red curve) at ϕ0
° was about 148 mm. This represents the worst-case scenario 

characterised also by an earlier loss of structural integrity. Instead, in the cases where creep and 

thermal degradation were not accounted the displacement was about 136 mm after 9.92 hr from 

the start of the accident.  Moreover, comparing the blue and the green curves of Figure 8, it 

emerges that:  

- The RPV subjected to creep plasticises only before the end of transient, and is going to fail 

in about 10 hr;  

- For the RPV unaffected by creep, the structural integrity is guaranteed. 

The ageing and creep effects, as observed, strongly reduce the strength capacity, and their 

jeopardizing effects become even more relevant as long-term material ageing and creep 

progresses. This aspect may become even more critical in view of the life extension of the 

existing NPPs. To overcome this limitation, it is necessary to not only quantify the weight of 

degradation and creep but also have qualified predictive models that can be employed for the 

safety management (operation and maintenance) of the plant.  

A validated FEM model may be used so to simulate both the normal and accidental operational 

behaviour of the safety relevant components in order to identify in advance the plant 

weaknesses and threats that ageing and/or creep may pose. Based on this, actions can be planned 

to counteract the degradation processes. 
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 a) b) 

Figure 8: Trends of displacement (a) and Von Mises stress (b) at ϕ0
° 

 
 

 
Figure 9: Contour plot of RPV Von Mises stress [Pa]: qualitative deformed vs 

undeformed (magenta contour) shape 

 

4 CONCLUSION 

This study investigated the influence and impact of the ageing and the creep phenomena 

on the behaviour of a 4500 MWth NPP RPV [4]. The occurrence and consequences of an SBO 

event were analysed preliminary by coupling MELCOR and MARC codes: results from former 

were the inputs of the latter.  

The reliability of the FE modelling reproducing complex thermo-structural effects was 

demonstrated based on the FOREVER/C1 experiments. The comparison between experimental 

and numerical results highlighted a very good agreement.  

The results of transient simulations performed considering the ageing and the creep acting alone 

or together highlighted: 

- The vessel lower head bends downwards due to the applied thermo-mechanical loads, 

i.e. pressure and temperature.  

- The lower head radially expands in the range from about 12.5 mm to 146 mm depending 

on the angular position due to the synergic effects of creep and ageing. 

- The combined effect of ageing, creep and long heat-up strongly affect the resistance of 

whole vessel system till to severely compromise it in the absence of any delayed 

emergency intervention.  
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- Aged RPV system (end of life condition) may collapse earlier, and in less time, with the 

same accidental conditions. 

Considering that most of the nuclear power plants are designed generally to operate about 40 

years (plus the life extension period), an accurate knowledge of (not only thermal) ageing and 

creep performance is accordingly necessary in order to assure the plant safety operation.  

The validated model based on the FOREVER/C1 experiments is able to predict the behaviour 

of the structure taking into account properly both the ageing and the creep phenomena.  

Finally, it is worthy to remark that when the RPV temperature overcomes about 400 °C, creep 

phenomena can be triggered with RPV failure can get start occurring. For this reason, timely 

feedbacks coming from experience and assessment (implementation of effective management 

programmes) are essential to prevent unacceptable degradation that could jeopardise the plant 

integrity. In the future, we will also consider performing uncertainty analysis for MELCOR 

lower head failure and then we could assess the likelihood of given boundary conditions 
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ABSTRACT 

Heat-resistant stainless steel AISI 321H - 08Ch18N10T is main material used for internal 

components of nuclear reactors VVER 440 and 1000. New types of Generation IV reactors, 

specifically Supercritical Water-Cooled Reactor (SCWR) can use some of materials which are 

already used in Generation II reactors, but corresponding experimental data are still needed. 

SCWR will operate at a pressure 25 MPa and core temperature from 350 to 625 °C. In that 

purpose, several cycles to supercritical water at 495 °C and 25 MPa took place in supercritical 

water loop (SCWL). Duration of each exposure was 550 h, 123 h and 1001 h, it means 1674 h 

in total.  

Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS) with 

Electron Backscatter Diffraction (EBSD) in combination with X-Ray Diffraction (XRD) and 

Raman Spectroscopy (RS) were used to evaluate the microstructure of AISI 321H after the 

exposure to supercritical water. All these methods confirmed a thick non-uniform layer, which 

consists of magnetite crystals with thickness less than 1µm. Density of crystals increased after 

the second and third exposure. Crystallography of matrix have not changed after all exposures. 

1 INTRODUCTION 

Within the R4S project, materials were exposed in the supercritical water loop (SCWL). 

One of tested material was 08Ch18N10T, which is a Ti-stabilized austenitic stainless steel – 

equivalent of type AISI 321H (W.Nr.1.4541). This is main material used for internal 

components (tubes in primary circuit of the steam generator, superheater) in light water reactors 

of a type VVER 440 and 1000 [1]. New types of Generation IV reactors, specifically 

Supercritical water reactor (SCWR) can use some of materials which are already used in 

Generation II reactors, but corresponding experimental data are still needed.  

Advantageous properties of material 08Ch18N10T are high-temperature resistance, 

mechanical strength and good resistance to sensitization and intergranular corrosion [2, 3]. 

Main disadvantages are swelling during radiation and lack of experimental data about radiation 

creep, fracture resistance after radiation. 
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Several exposures to supercritical water (SCW) without radiation were done to find out 

how the AISI 321 behave in operation conditions of SCWR. 

2 EXPERIMENTAL 

Flat specimens of AISI 321H were manufactured as thin plates with diameters 2×15×40 

mm. They were cleaned by ultrasonic cleaner, dried and their weight was measured before (and 

after) the SCW exposure. The chemical composition of as-received AISI 321H is shown in 

Table 1. 

Table 1 – Chemical composition of AISI 321H [Wt%]. 

Material Cr Fe Ni Ti Si Mn 

AISI 321H 17.5 Bal. 10.56 0.51 0.43 1.82 

Four pieces of specimens were exposed to SCW in SCWL in first term for 550 hours, one 

sample was exposed again for 150 hours and the same one specimen was exposed to the third 

exposure for 1000 hours. Medium for all exposures was demineralised water, conditions in 

SCWL are shown in Table 2. 

Table 2 – Parameters of supercritical water in SCWL 

Exposure Time 

[hours] 

Temperature 

[°C] 

Pressure 

[MPa] 

pH Fe 

[µg/l] 

TOC [µg/l] 

1 550 395 25 6.8 to 

4.4 

˂50 to 

149 

2286 to 481 

2 123 395 25 6.6 to 

6.4 

˂50 to 

62 

unknown 

3 1001 395 25 5.5 to 

6.8 

˂50 to 

92 

886 to 251 

Microstructure evaluation was carried out before and after the first and third SCW 

exposure - on the surfaces and also in cross-section on metallographic samples. Analytical 

device used for evaluation was SEM TESCAN Lyra3 GMU equipped with a field emission 

gun, EDS for chemical microanalysis point, line and mapping and EBSD (Oxford Instruments) 

to determine the crystallographic analysis in the specimen cross-section close to the surface 

area. Raman Spectroscopy was used to identify chemical composition of compounds on O2 

after the first 550 h exposure. Grazing incidence X-ray diffraction (GIXRD) pattern of sample 

O1 after the third SCW exposure was collected using an Empyrean 3rd generation diffractometer 

(Malvern-PANalytical). The diffractometer is equipped with a Co X-ray tube (X-ray 

wavelength 0.1789 nm, 40 kV, 40 mA), focusing X-ray mirror for Co-radiation, 5-axis cradle, 

and a multichannel detector PIXcel3D (1D mode). During the measurement the incident angle 

(ω) was fixed to 1°, while the diffraction angle 2θ varied from 20 to 100° with a step size of 

0.026°.  Before measurements, calibration of height and tilt was performed for the sample. The 

identification of crystalline phases was performed using the High Score Plus software 

(PANalytical) that includes the PDF-4+ database. 

3 RESULTS AND DISCUSSION 

Specimens were weighed before and after all exposures on the balance with measurement 

accuracy 0.00001 g. There is uneven weight gain/loss after the first exposure (550 hours) from 
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-0.00027 g to +0.00081 g, where four samples were weighed. There is weight loss 0.00040 g 

after the second exposure (150 hours) and weight loss -0.00017 after the third exposure (1000 

hours), when just one specimen was exposed and weighed. All results are seen in Table 3. 

 

Table 3 – Weight gain/loss after the first, second and third exposure to SCW. 

Spec. Exposure [hours] Weight [g] before 

exposure 

Weight [g] after 

exposure 

Weight 

gain [g] 

O1 550 10.99334 10.99307 -0.00027 

O2 550 9.84305 9.84386 0.00081 

O3 550 10.01513 10.01552 0.00039 

O4 550 11.09109 11.09103 -0.00006 

O1 550 + 150 10.99318 10.99278 -0.00040 

O1 550 + 150 + 1000  10.99279 10.99262 -0.00017 

3.1 Scanning Electron Microscopy: SE/BSE, EDS, EBSD 

Surface of AISI 321 was imaged by secondary electrons (SE) before and after first and 

third SCW exposure. Figure 1 shows as-received (left), after 550 hours (middle) and after 1700 

hours (right) of SCW exposure. Randomly distributed locations of crystals were observed. 

Densely covered by crystals is specimen after 1700 hours in SCW. Figure 2 shows chemical 

composition on the surface after 1700 hours, analysed by EDS elementary mapping. Maps show 

presence of Fe-O on the surface. 

Figure 1: Surface of AISI 321H before (left) after 550 h (middle) and 1700 h (right) after 

SCW exposure. 

 

 

Figure 2: Chemical elementary maps analysed by EDS after 1700 h in SCW exposure. 
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Cross-sectional cut was imaged by backscattered electrons (BSE) and shows thickness 

less than 1µm of these newely formed crystals, which do not form compact layer, Figure 3. 

There is also presence of typical Ti (C,N) particles in the matrix of AISI 321H. Under the 

surface is visible mechanically affected zone, Figure 3 (right). 

Figure 3: Cross-section of AISI 321H after 550 h (left) and 1700 h (right) after SCW 

exposure. 

EBSD technique shows a grain size and orientation of grains. There is no difference 

between grains after 550 h (Figure 4, left) and after 1700 h (Figure 4, right). Typical grain size 

of AISI 321 is 50-100 µm. 

 

Figure 4: EBSD mapping in cross-section of AISI 321H after 550 h (left) and 1700 h (right) 

after SCW exposure. 

 

 

Surface 

area 
Surface 

area 
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3.2 Raman spectroscopy and X-Ray diffraction 

Previous SEM results were followed by Raman Spectroscopy (RS) and X-Ray Diffraction 

(XRD) measurements to perform the phase identification on the surface of AISI 321H after the 

SCW exposure. RS was used after the first 550 h exposure. Results are seen on Figure 5. 

Spectral bands: 1613 a 1355 cm-1 are graphitic carbon, probably impurity. Spectral bands: 683; 

550 a 313 cm-1 are spinelids – Fe3O4 magnetite. 

 

Figure 5: Spectrum of AISI 321H after 550 h to SCW exposure, by Raman Spectroscopy. 

After the third 1700 h SCW exposure, specimen was analysed by more reliable method: 

XRD. The oxides formed on the surface of the AISI 321H were analysed by GIXRD (Figure 

6). The peaks observed in the XRD pattern correspond to a material with spinel-type structure. 

In this case, the spinel presented on the surface of AISI 321H is magnetite (FeFe2O4, a = 8.397 

Å).  
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Figure 6: Spectrum of AISI 321H after 1700 h to SCW exposure, by X-Ray diffraction.  

4 CONCLUSIONS 

Material AISI 321 - 08Ch18N10T was exposed to supercritical water for 550, 150 and 

1700 hours in total. SEM with EDS and EBSD, in combination with Raman Spectroscopy and 

XRD were used to evaluate the microstructure after the SCW exposure. All these methods 

confirmed a thick non-uniform layer, which consists of magnetite crystals with thickness less 

than 1µm. Density of crystals increased slightly after the second and third exposure. 

Crystallography of matrix have not changed after all exposures. 
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ABSTRACT 

The supercritical carbon dioxide Brayton cycle is being considered as an innovative 
technology with potential for replacement of conventional steam cycles. Increased efficiency 
and operational flexibility at specific operational parameters are expected that can be beneficial 
for various power sources including nuclear, fossil or renewable.  The optimization of the 
design of supercritical CO2 (sCO2) Brayton cycle and of its main components is essential to 
achieve requested parameters of the thermal cycle. The optimization requires not only the cycle 
layout and the components design studies but also selection of the materials. The materials 
research is critical in the field of the sCO2 technology development due to the fact that the main 
benefits of the sCO2 cycles are gained at extreme operational conditions such as temperatures 
above 550°C and pressures up to 25 MPa.  

This work addresses the testing of the resistance HR6W and T92 materials before and 
after exposure. The corrosion behaviour of the materials selected for the high temperature 
components in the sCO2 environment was investigated. The corrosion behaviour was evaluated 
by observation of the surface and cross-section of the samples after exposure in sCO2 by 
microscopy methods - SEM and LOM. The results summarise the experimental campaign 
characterized by 1000 hours of exposure of the selected steels in the sCO2 at 550°C and 
25 MPa. The materials compatibility testing was conducted for materials that were identified 
as potential candidates for high temperature components of the sCO2 cycles such as boiler, heat 
exchangers or pipes. Testing was completed for samples in the unstressed conditions. The 
samples exposed to sCO2 showed the oxidation of the surface, the extent of which varied 
considerably between the materials tested. Examination of cross sections of the samples showed 
perceptible differences of the formation of oxide layers on the surface caused by the sCO2 
exposure.   
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INTRODUCTION 

The thermal cycles with supercritical CO2 (sCO2) as a working fluid are considered as 
the innovative technology for thermal to power energy conversion. The sCO2 power cycles are 
characterized by increased electric power conversion (the efficiency may exceed 50 %) and 
significantly reduced size of some components (e.g. turbines) [1,2]. This may result in an 
improved return on investment. The sCO2 power cycles can be applied in both nuclear and non-
nuclear power industry. To ensure high thermodynamic efficiency of a cycle, high operational 
parameters must be achieved (pressures up to 30 MPa, temperatures up to 600°C or even 
higher). For this reason, proper selection of structural materials is essential to ensure long-term 
safe and reliable operation. Dozens of cycles with various components layout and 
corresponding suitable operational parameters were proposed. The list of possible utilizations 
and basic parameters is listed in cit. [3]. The investigation and utilization of these power cycles 
is being extensively studied worldwide and Czech research organisations and industrial 
companies are involved in the R&D activities. For this research, the unique infrastructure 
originated. Among others, the sCO2 experimental loop was constructed at Centrum vyzkumu 
Rez s.r.o. (CVR) organisation. The research activities concerning sCO2 are aimed (among 
others) to sCO2 coolant chemistry, purification and purity control and candidate structural 
materials resistivity and degradation in sCO2 medium. The samples of more than 10 types of 
metallic alloys were exposed in the sCO2 experimental loop during the first long-term 
experimental campaign focused on the corrosion tests in this device (1000 hours of operation 
at the relevant parameters). T92 is a ferritic-martensitic steel with strong corrosion resistance, 
steam oxidation resistance, and good creep rupture strength, used typically for applications up 
to approx. 600 °C [4]. HR6W is nickel-base alloy (23Cr-45Ni-6IN-Nb-Ti-B) with a high creep 
resistance alloy designed for components operating at 700 – 800 °C [5]. Due to these properties 
both alloys are suitable candidate alloys for sCO2 cycle components, especially to the ones that 
are exposed to the extreme conditions in the cycles. In this paper, the results of the materials 
degradation in the sCO2 relevant environment will be described along with the experimental 
setup and conditions. The weight gain, surface and microstructural observation were carried out 
using Light Optical Microscopy (LOM) and Scanning Electron Microscopy (SEM) equipped 
with Energy Dispersive Spectroscopy (EDS) methods.   

1 EXPERIMENTAL CONDITIONS 

In this section, the experimental conditions including the materials description, 
experimental setup and operational parameters is described. Moreover, the methodology for the 
sample’s assessment is also mentioned. 

1.1 Materials and pretreatment 

The materials examined in this study are HR6W and T92. Their chemical composition is 
shown in Table 1. The test samples with the dimensions of 40 mm × 10 mm × 2 mm were made 
of tubes delivered by RINA (project partner of the sCO2-FLEX project). Prior to the test, the 
samples were ground up to 600 grit SiC paper, which is more representative of industrial 
surfaces, rather than fine polishing, then rinsed with deionized water, alcohol, and dried. The 
weight of each sample was measured before and after the corrosion test using a Radwag AS 



1111.3 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

82/220.R2 Plus Analytical Balance. All the samples were weighed on an electronic balance 
with an accuracy of 0.00001 g. 

Table 1: Chemical composition of steels (wt.%)

  C Mn P Cr Mo V Al S Si Nb W N Ni B Ti Fe 

T92 0.07
-

0.13 

0.3-
0.6 

0.01 
max 

8.5-
9.5 

0.3-
0.6 

0.15-
0.25 

0.04 
max 

0.01 
max 

0.5
max 

0.04-
0.09 

1.5-
2.0 

0.03-
0.07 

0.4 
max 

0.001-
0.006 - Bal. 

HR6W 0.1 1.5 0.03 21.5-
24.5 - - - 0.015 1.0 0.1-

0.35 
6.0-
8.0 

0.02 
max Bal. - 0.05-

0.20 
20-
30 

1.2 Experimental loop sCO2 and corrosion experiment 

  The sCO2 loop has been built to enable the study of the key aspects of the cycle 
(heat transfer, erosion, corrosion etc.) with wide range of operational parameters. The main 
nominal operational parameters are in Table 2. Schematic diagram of sCO2 loop is shown in 
Fig. 1. The whole sCO2 loop was designed not only to meet the highest standards, but also with 
focus on high modular conception. Such a design allows easy way to fit the loop to wide variety 
of temperature, pressures and still meet whatever needs of the experimental conditions they 
may have. The main configuration is shown at simplified diagram Fig.1. The samples holder 
must be placed inside the test section, which is located in the high-pressure part and the highest 
temperatures in the loop are reached in this section. The test section has 2 m length and 58 mm 
internal diameter. The section is made of Inconel 625 alloy. Both ends are flanged for easy 
assembly and disassembly. Holder itself consist of two main body parts; the corrosion and 
erosion part, where the flow is accelerated by three narrow channels up to 100 m.s-1 at given 
parameters 20 MPa, 550 °C and mass flow 0,1 kg.m-1 and possibly even to higher stats. 

The corrosion and erosion testing of the materials preselected for the individual 
components of the cycle (turbine and heat exchangers) was carried out. The corrosion 
experiment was carried out in the sCO2 loop. The test was performed for exposure duration of 
1000 h with the pre-selected samples. The samples for such a testing had to be placed in the 
predesigned test section. The samples were fixed in the test section using a dedicated samples 
holder. The experimental conditions are listed in Table 3. 

Table 2: The main operational parameters of the sCO2 loop

Max. operating temperature:  550 °C 
Max pressure at high pressure site:  30 MPa 
Max. pressure at low pressure site:  15 MPa 
Max. flow rate: 0.35 kg/s 
Total heating power: 110 kW 
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Figure 1: Scheme of the supercritical CO2 loop 

Table 3: The experimental conditions of the exposure

Operating temperature:  550 °C 
Pressure at high pressure site:  20 MPa 
Mass-flow rate: 0.1 kg.s-1 
Flow velocity: <10 m.s-1 
CO2 purity: 99.995 % 

1.3 Morphology and composition characterization 

Structural analysis of the surface corrosion product layer was performed using by Light 
Optical Microscope (LOM) and by Scanning Electron Microscopy (SEM) with Energy 
Dispersive Spectroscopy (EDS). An Olympus BX51P was used for characterization of the 
surface observation. A LYRA3 Tescan SEM integrated with EDS system was used for 
characterizing the morphology and compositions of the surface oxide corrosion product layer 
in both plan and cross-sectional views of the samples.   

2 RESULTS 

2.1 Weight gain analysis and oxide thickness analysis 

Table 4 shows the weight gain of the two materials after the exposure. The T92 samples 
exhibited the high weight gain (hence the least corrosion resistance), while HR6W material 
exhibited small weight gain (hence better corrosion resistance). Three parallel samples from 
each material were exposed and the weight gains were nearly identical for all three parallel 
samples of each materials.  
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Table 4: The weight gain of the tested samples

Sample Mass before EXP [g] Mass after EXP [g] Mass change [%] 
T92_1 5.52948  5.56850 0.70600 
T92_2 5.40140 5.44133 0.73900 
T92_3 5.37648 5.41630 0.74000 

HR6W_1 5.80885 5.80941 0.00964 
HR6W_2 6.13758 6.13818 0.00978 
HR6W_3 6.18344 6.18397 0.00857 

Fig. 2 and 3 shows the surface of the tested materials before and after the exposure. The 
weight gain analysis indicated the oxidation of the T92 sample hence the formation of oxide 
layer on the surface as can we seen in Fig. 2. The weight gain of the HR6W sample was 
significantly lower and Fig. 3 shows the almost the same surface before and after the exposure 
which indicates very thin oxidation on the surface. 

  
Figure 2: LOM photographs of the T92 sample before experiment (left) and after (right) the 

exposure in sCO2 loop  

  
Figure 3: LOM photographs of the HR6W sample before experiment (left) and after (right) 

the exposure in sCO2 loop 

2.2 Microstructural analysis of the oxide layers 

Fig. 4 shows surface morphology of the tested materials. The SEM analysis confirmed 
the obtained weight gain data and the LOM observation. T92 has the homogeneous and thick 
oxide layer on the surface, without defects and damages (Fig. 4 a). On the sample surface of 
T92, the oxide layer consisting of Fe oxide which was formed all over the surface. HR6W 
material have very thin oxide layer on the surface, which is not homogeneous and uniform over 
the entire surface. Lighter and darker spots show different oxide thicknesses (Fig. 4 b). Some 
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places are without oxide with another structure and these places could indicate the local 
corrosion attack, pits, holes or the lack of the time for the growth of the oxide layer on the 
surface (Fig. 4 c).  

   
a)                                               b)                                             c) 

Figure 4: SEM surface photographs of the T92 (a) and HR6W (b, c) samples after the 
exposure in sCO2 loop 

The cross-section of T92 steel is shown in Fig. 5. The EDS analysis indicated that the 
corrosion layer mainly consisted of Fe, O and the typical alloy element Cr (Fig. 5), and the 
contents of Fe were much lower than those in the steel matrix, as listed in the EDS linescan 
(Fig. 5). The oxide layer on the T92 steel surface is covered with three types of layers. The 
oxide layer is about 25 µm thick and is composed by two Fe oxides: outer layer – Fe-O at the 
surface, probably magnetite (about 15 µm) and inner layer on base of Fe-Cr oxide (about 
10 µm) and an internal oxidation zone (IOZ) consists from Fe-Cr-O with different composition 
of elements than inner layer. IOZ is layer enriched of Fe and Cr compared with steel matrix.    

 
Figure 5: SEM cross-section and EDS linescan of the T92 sample after the exposure 

Fig. 6 shows the cross-section of HR6W after the 1000 h exposure to sCO2, imaged by 
SEM. The SEM observation confirmed very thin outer Cr-rich layer. The oxide layer thickness 
reaches up to ∼ 0.5 μm (the widest place). There does not appear to be a good bonding between 
this oxide layer and the steel substrate given its propensity to spall from the alloy surface. Inner 
layer was consisted of mixed oxides, Cr diffuse to the surface where Cr-O layer is created. Few 
areas on the surface were corroded and it seems to be pitting corrosion, probably the growth 
and dissolution of the mixed layer and localized corrosion areas or pits (Fig. 7).   
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Figure 6: SEM cross-section of the HR6W and EDS linescan of the oxide layer 

 
Figure 7: SEM cross-section of the HR6W detail of pitting corrosion 

3 DISCUSSION AND CONCLUSIONS 

T92 sample has greater weight gain compared to other steels selected for sCO2 power 
cycle components. This sample has thick and compact duplex layer on the surface, which could 
with time increase the thickness of outer layer with subsequent spalling. This can be reason of 
circuit pollution with the corrosion layers. 

The material HR6W reported the very different behaviour in comparison to T92, but the 
formation of oxide layer was very slow compared with T92. The thin oxide layer was formed 
on the surface, which could be passivation effect, and also depleted part under the outer layer 
was created. The weight gain was very small. Localized corrosion attack was observed on this 
sample.  

Based on the tests carried out in dynamic condition of loop for 1000 h, better corrosion 
resistance for boiler component in the supercritical CO2 was found for HR6W material. 
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ABSTRACT 

The Slovenian Nuclear Safety Administration (SNSA) Inspection has introduced an 

extended inspection supervision during the Krško NPP refuelling outages to effectively 

supervise a large amount of activities performed in a short time period in order to ensure that 

the NPP is ready for a safe operation during the following 18 months as well as for a safe long 

term operation. In doing so the SNSA's Inspection uses the support of experts from other 

SNSA's divisions as well as from authorised external technical support organizations, which 

provides the inspectors with a deeper insight into the preparation and implementation of the 

outage activities and makes the inspection supervision more effective. Based on the results of 

the inspection supervisions carried out during the past refuelling outages, appropriate corrective 

actions are being determined and implemented which contribute to a continuous improvement 

of the nuclear and radiation safety at the Krško NPP as well as to the improvement of the 

SNSA's procedures. 

1 INTRODUCTION 

The SNSA has a small group of nuclear inspectors who, despite the fact that Slovenia 

operates only one NPP, have to inspect the same extent of the NPP's safety areas as the large 

nuclear countries do. For such a small inspection team it is a challenge to carry out 

in-depth, detailed and comprehensive inspections of all NPP's operational areas. Therefore, the 

inspectors often include experts from the SNSA's Nuclear Safety Division into the inspection 

teams during the Krško NPP power operation. These "subject matter experts" (SMEs) provide 

support, in their areas of expertise, to the inspectors during the thematic inspections. 

Furthermore, during the NPP's refuelling outages, the inspectors use a support of the SMEs and 

also of the authorised technical support organisations (TSOs) who perform an in-detail 

oversight of the selected outage activities, each in their area of expertise. Both the SMEs and 

the TSOs contribute to a more thorough, comprehensive and effective inspection process. The 

SNSA faces different challenges regarding involvement of the TSOs in the oversight of the 

NPP's outage activities described later on. Coping with them should lead to more predictable, 

transparent and effective regulatory inspection process of the Krško NPP refuelling outages. 
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2 THE SNSA'S INSPECTION PROCESS FOR THE KRŠKO NPP 

The SNSA Inspection consists of six inspectors only, two of which are assigned to carry 

out the radiation protection inspections, while others cover the inspections of the Krško NPP 

and of the Jozef Stefan Institute research reactor. The SNSA's nuclear inspectors have a high 

level of knowledge and experience regarding the NPP as a whole and are therefore able to assess 

the interactions of the activities from different disciplines and quickly gain a large picture. 

However, in comparison with larger regulatory bodies, it is difficult for the SNSA's Inspection 

to provide a thorough inspection of all NPP's operation areas due to its limited resources and 

other assignments besides the inspection duties. In order to achieve that goal the inspection 

process has to be evaluated, improved and optimised continuously (Fig. 1).  

 

Figure 1: The SNSA's inspection process 

Inspections are performed in accordance with the inspection plan required by the 

inspection programme [2] comprising all NPP's operational areas, but the inspection focus 

should be on the safety important areas and on the areas with lower performance. The majority 

of regular inspections is announced to the operator in advance. In accordance with the practices 

of other regulators as well as with the suggestions from international peer reviews two or three 

unannounced inspections per year are also performed. When necessary, a reactive inspection is 

performed, typically immediately after the unplanned shutdowns or abnormal events in order 

to verify the status of the safety systems, deviations, performed actions and causes for event as 

well as to obtain fast and unfiltered information for the SNSA event analysis. Some routine 

inspections such as the walkdowns or unannounced inspections can be performed by a single 

inspector, while the composition of the inspection team for complex and thematic inspections 

requires at least two members. In such cases the inspector who is a leader of the team uses 

support of the SMEs covering the inspected area. 

The SNSA does not have a need for resident inspector, therefore it usually conducts  

inspections on a weekly basis with a typical duration of one day. Furthermore, one or two 

comprehensive inspections per year are performed with the duration of more days. During such 

inspections a detailed and complete review of a particular operational area is performed. Even 

more enhanced inspection supervision with a continuous on-site presence of the inspector and 

with additional expert support is provided during the NPP's refuelling outages. 
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3 INSPECTION SUPERVISION OF THE KRŠKO NPP REFUELING OUTAGES 

During the refuelling outages a large amount of important works is being performed by 

the Krško NPP staff and contractors, both domestic and foreign, in a limited time frame. These 

works include replacement of fuel elements of the reactor core, inspection of the equipment, 

maintenance activities, testing of safety related equipment, implementation of design 

modifications, etc. Good planning, preparation, organisation, coordination and execution of 

activities as well as an internal and external supervision including the regulatory inspection are 

needed to assure that all works are performed as planned, in good quality in accordance with 

regulations and standards and with good engineering practice, altogether resulting in a high 

level of the radiation and nuclear safety and in a reliable operation of the NPP. The SNSA 

established a well-defined and documented system for the supervision of the Krško NPP 

refuelling outages [1] which comprises continuous inspection supervision by the SNSA's 

inspectors, special topical visits of the SNSA's experts (SMEs) and independent supervision 

carried out by the authorised TSOs. The TSOs and the SMEs cannot exercise any enforcement 

actions based on their findings, therefore they should continuously communicate with the 

inspectors and the NPP and prepare their own reports (Fig. 2). 

 

Figure 2: The SNSA's inspection process for the Krško NPP refuelling outages 

After the completion of the refuelling outage, the SNSA prepares its own independent 

analysis of the Krško NPP refuelling outage with an action plan to be implemented until the 

next refuelling outage [1]. The implementation of the action plan provides a basis for further 

improvement of the SNSA's work as well as for the improvement of the outage management 

by the Krško NPP. 
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3.1 The role of inspectors 

Unlike during the power operation the SNSA's inspector is present onsite for the entire 

duration of the refuelling outage with a wide scope of assigned tasks summarised in Table 1. 

The main objective of the permanent inspection supervision is to monitor the overall progress 

of the outage activities in accordance with the outage plan focusing on the quality of works as 

required by the standards and regulations as well as on the resolution of the identified 

deviations. The inspector continuously monitors the actual outage plan which is being updated 

on a daily basis, attends the daily meetings of the Krško NPP staff and reviews the Corrective 

Action Programme for a prompt identification of the deviations that have occurred. The 

inspector permanently communicates with the Krško NPP staff, the SMEs, the TSOs and the 

SNSA headquarters. The inspector conducts inspections on a daily basis covering all the 

important safety related activities including refuelling operations, in-service inspections, 

maintenance and testing of safety related equipment, implementation of upgrades and potential 

events or important deviations. 

Table 1: Summary of inspector's activities during the Krško NPP outages [1] 
Inspector's activity Content 

Monitoring the overall 

progress of the outage 

works and collection of 

information 

- Permanent review of the actual outage plan and the Corrective Action 

Programme 

- Attending the Krško NPP's meetings 

- Walkdowns 

- Communication with the TSOs and the SMEs  

Implementation of 

inspections 

- In accordance with the inspection plan prepared in advance before the start of the 

outage and in accordance with actual information 

Actions in case of 

deviations, non-

compliances or 

violations 

- Permanent communication with the Krško NPP management to resolve the 

deviations immediately if possible (during the outage) 

- Inspection of events and important deviations and review of corrective actions 

- Urgent enforcement actions in case of the violations or situations affecting the 

radiation or nuclear safety or jeopardizing the occupational safety and health  

Communication with 

the SNSA 

- Reporting on the outage progress and deviations/non-compliances 

- Distribution of important documents 

Drafting of a weekly 

inspection report 

- Report on the scope and content of the inspection including the identified 

deviations or non-compliances. 

Once per week the inspector chairs a meeting, attended by the representatives of the 

TSOs, the SNSA and the Krško NPP. At such meetings the NPP's representatives report on the 

progress and the actual status of works, the identified problems and the corrective actions. The 

representatives of the TSOs report on the results of their supervision during the past week and 

the plan for the upcoming week. 

 

 Figure 3: Working accident with the fall of the cable bridge on 

the reactor pressure vessel head during the 2012 outage 
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The inspector shall record the results of the inspection in his weekly report. The potential 

non-compliances or findings are promptly notified to the Krško NPP staff and, if possible, 

resolved during the outage. Problems, which can be resolved after outage,  are addressed in the 

action plan of the SNSA's analysis of the Krško NPP refuelling outage prepared after the outage 

completion. In case of violations of legislation or technical specifications, situations affecting 

the radiation or nuclear safety or jeopardizing the occupational safety and health, urgent 

enforcement actions need to be taken by the inspector. Figure 3 shows the fallen cable bridge 

during the replacement of the reactor pressure vessel head during the 2012 outage [5]. Due to 

the threat to the health and safety of the employees and some damaged equipment, the SNSA's 

inspector immediately ordered the activities on the replacement to be halted until the 

completion of the root cause analysis, the assessment of damage and the corrective action plan. 

3.2 The role of the SMEs 

There are two main roles of the SMEs from the SNSA during the NPP's outages [2]: 

- supervision of predefined outage activities; 

- investigation of important events. 

Predefined activities supervised by the SMEs usually comprise regular or periodic 

refuelling outage activities, such as the fuel change, fuel inspection and various control tests, 

as well as the execution of important modifications previously approved by the SNSA. The 

execution of such modifications generally require either a particular NPP system or the reactor 

to be shut down, therefore during outages it is the right time to carry out and supervise these 

activities. This is particularly important in recent years when several approved modifications 

from the Safety Upgrade Program are being implemented in the Krško NPP, such as the 

Alternative Safety Injection system, Alternative Auxiliary Feedwater system, Alternative 

Residual Heat Removal system and Emergency Control Room. SMEs often carry out the 

supervision of these activities together with the relevant TSOs in a complementary way. After 

each supervision, which also includes gathering all the information available about the activity 

in question through appropriate walkdowns and direct communication with the personnel in 

charge of the activity, the SMEs report to the inspector about the main findings. These can lead 

to potential enforcement, if needed. The SME's coordinator also attends meetings between the 

NPP, SNSA inspectors and TSOs once per week in the period of the refuelling outage.  

Due to increased activity during refuelling outages, the increase in number of potential 

errors or deviations is expected as a consequence despite the usual meticulous outage 

preparation. Therefore, the SMEs also investigate any important events that happen during the 

NPP’s refuelling outage. In such cases, they operate in close cooperation with the inspectors. 

SMEs gather information from the NPP’s personnel as well as from relevant inspection records 

in order to thoroughly analyse the event and propose feasible improvements. The main goal of 

such analyses is to prepare an efficient action plan for the elimination of event causes, thus 

reducing the probability of the event re-occurrence. One such event happened in recent 

refuelling outage at the Krško NPP as a violation of the Technical Specifications, where the 

containment penetration closure was lost due to activities on two fire protection isolation valves 

during the reactor refuelling stage (Fig. 4) [4]. 

Apart from that, each SME as a part of the SNSA personnel carries out the safety culture 

assessment at the NPP in the time of the refuelling outage. In the same manner as the inspectors, 

the SMEs are obliged to notify any good and/or bad practices regarding the safety culture 

whenever they visit the NPP. Observations are collected by the SNSA staff and later discussed 

between SNSA and NPP in order to improve the nuclear safety level in the plant. 
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 Figure 4: One of two isolation valves where activities during the latest refuelling 

outage contributed to loss of containment penetration closure 

3.3 The role of the TSOs 

Nine TSOs currently carry out the supervision of important preselected activities in the 

fields of mechanical engineering, electrical engineering, I&C, radiation protection, reactor 

physics, materials and non-destructive testing, welding and fire protection. The proposal of the 

scope of activities to be supervised by TSOs is prepared by the Krško NPP staff. The proposed 

scope is reviewed and supplemented by the SNSA in accordance with the criteria set out in the 

SNSA's procedure. Table 2 shows examples of the activities to be supervised by the TSOs. 

Table 2: Outage activities to be supervised by the TSOs [1] 
Criteria Examples 

Activities required by the 

technical specifications 

- Important surveillance tests and calibrations 

- Inspection of safety related equipment (in-service inspections, snubbers, 

steam generators, etc.)  

Barriers and safety related 

equipment 

- Reactor coolant pressure boundary, containment 

- Mechanical components in ASME class 1, 2, 3, safety related I&C and 

safety electrical equipment 

Nuclear fuel - Reactor core design 

- Refuelling, fuel inspection (fresh and spent fuel) 

- Corrective actions in case of deviations 

Design modifications in 

category 3 

- Preparation and implementation of work 

- Acceptance tests 

Activities on SR SSCs - Activities on essential equipment: reactor pressure vessel, steam generators, 

pressuriser, turbines, generator, primary pumps, ECCS, etc.  

- Preventive/corrective maintenance of SR equipment 

Activities related to SNSA’s 

work 

- Past inspection findings, Operating Experiences 

- Operational performance (Safety Performance Indicators, Corrective Action 

Programme, abnormal events, etc. ) 

The representatives of the TSOs report on the results of their supervision during the 

weekly meetings attended by the SNSA, the Krško NPP management and the representatives 

of TSOs. In case of an important deviation they report to the inspector immediately. They 

continuously communicate with the Krško NPP staff who usually take appropriate corrective 

actions immediately after a deviation is reported. Unlike the inspectors, the TSOs do not have 

enforcement powers. If needed, the inspectors shall take the appropriate enforcement actions 

based on the TSO's findings. The TSOs prepare their own weekly reports and, after the 

completion of the refuelling outage, a summary report with their recommendations for 

improvement. Based on the results of the supervision during the refuelling outage, the TSOs 

issue the consent for the reactor criticality and the consent for the transition to the power 

operation. The TSOs’ recommendations are being discussed within the special thematic 
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inspections after the outage. The actions to be implemented together with the deadlines are 

listed in the inspection report and thus become binding for the NPP. 

4 LESSONS LEARNED AND CHALLENGES 

The provision of the support by the TSOs is a specific feature of the SNSA's methodology 

for carrying out the refuelling outage inspections, which gives the inspectors a broader and 

deeper insight into the preparation and implementation of the outage activities. However, the 

SNSA has recognised several areas which can be improved (Table 3). 

Table 3: Areas for possible improvements 

Area Improvement Level of challenge 

Scope of activities supervised by 

the TSOs 

- Submission of all outage work orders by the 

Krško NPP 

- Preparation of the scope directly by the SNSA 

HIGH 

More regulated role of the TSOs - Provisions regulating the role of the TSOs 

during the NPP outages should be added to 

existing regulation 

 MEDIUM 

Achievement of equal quality level 

of work among different TSOs 

- Meetings, discussion 

- Guidelines 
LOW 

Conflicts of interest within the 

TSOs 

- More attention to the issue by the inspectors 

- Update of the inspection procedures 

- Authorisation of additional TSOs 

HIGH 

Inspectors’ resources - Recruitment of new inspectors 

- Systematic training for the inspectors 
HIGH 

Consistency and objectivity of the 

inspectors 

- Inspection procedures 

- Training for the inspectors 

- Professional relations with the NPP 

MEDIUM  

Improvement of the inspector's and 

the SME's performance 

- Planning, meetings, discussion 

- Update of systemization of workplaces 
LOW 

The current method for preparation of the scope of activities to be supervised by the TSOs 

can be improved. The Krško NPP prepares the initial scope approximately three months before 

the outage. Afterwards the SNSA has limited time period available to review it, since the public 

tender for the TSOs’ supervision has to be prepared by the Krško NPP. The approach of 

preparation of the initial scope by the Krško NPP has some advantages. The NPP's staff have 

better insight into the outage plan and they know exactly which work order is more safety 

relevant. On the other hand the SNSA seeks to have independent and complete oversight, 

therefore the scope should be prepared directly by the SNSA. A disadvantage of mentioned 

approach is that the regulator does not have such a deep insight into the outage plan as the NPP. 

Nevertheless, active contribution of the SNSA in preparation of scope is essential. Therefore, 

possible improvement could be the Krško NPP's timely submittal of all outage work orders to 

the SNSA and preparation of the scope of activities for the TSOs directly by the SNSA. 

Although the support of the TSOs during the outage inspections is the SNSA's long-

standing practice, there is a lack of suitable requirements in the existing regulations for 

exercising such a practice. The existing regulation [3] should be improved by adding provisions 

regulating the role of the TSOs during the NPP's outages. 

Several other opportunities exist for a further improvement of the inspection supervision 

of the Krško NPP refuelling outages as well as of the overall SNSA's inspection process. 

Occasionally, there is some deviation among different TSOs in the quality level of their work. 

Additionally, it is difficult to completely avoid the conflicts of interest within the TSOs since 

some of them perform activities directly for the Krško NPP as contractors and at the same time 
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also work for the SNSA as TSOs. Inspectors need to pay more attention to this problem. The 

issue should also be clearly addressed in the inspection procedure [1]. The long-term solution 

would be authorisation of additional TSOs, but unfortunately the interest among potential 

organisations is very low. 

Other improvements can be made within the SNSA. They refer to the understaffed 

inspection team, the systematic training for inspectors, the consistency and objectivity, the 

motivation of inspectors to conduct inspections in the wide range of the NPP's operational areas 

including overnight inspections or during weekends in case of important activities, the 

motivation for preparation of safety culture observations, the motivation of the SMEs to be 

included into the inspection team or to perform independent visits to the NPP, etc. The action 

plan includes the preparation of new or supplements of the existing inspection procedures, 

internal SNSA's and international trainings as well as strengthening the inspection team 

including ensuring the effective knowledge management. 

5 CONCLUSIONS 

Based on the many years of experience, the SNSA has developed a well-defined and 

documented system for the supervision of the Krško NPP refuelling outages which comprises 

a continuous inspection by the SNSA's inspectors, topical reviews by the SMEs and an 

independent supervision by the TSOs. Such a comprehensive inspection system enables the 

SNSA to perform an effective verification whether a large amount of activities performed 

during the Krško NPP refuelling outages are being performed in good quality, in accordance to 

the standards and regulations and to assure a safe operation of the NPP during the following 18 

months as well as a safe long term operation. Some results of the inspection supervision lead to 

improvements of the Krško NPP outage management as well as to improvements of the SNSA’s 

work. Therefore, this system represents an important SNSA's contribution to the continuous 

improvement of the nuclear and radiation safety at the Krško NPP. The SNSA considers the 

established inspection system for the Krško NPP refuelling outage to be effective, but it needs 

to be improved continuously. Several areas which can be improved have been recognised. They 

include improvement of the existing regulation, improvement of the method to define a scope 

of activities to be supervised by the TSO's as well as further improvement of the inspector's and 

the SME's performance. 
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ABSTRACT 

Computer codes for the numerical simulation of accidents at nuclear plants are useful 

tools for nuclear regulators. They can use them to check independently safety analyses provided 

by industry, to estimate source terms in case of severe accidents, etc. This paper briefly 

describes development of the severe accident analysis capabilities at the Slovenian Nuclear 

Safety Administration (SNSA) which started at the turn of the century. Slovenia is a member 

of the US NRC led CSARP program and the SNSA has access to the MELCOR code. The 

studies performed with the MELCOR code served as an independent verification of operators’ 

analyses in the process of the regulatory safety assessment.  

1 INTRODUCTION 

           The Slovenian legislation requires that the operator shall submit to the Slovenian Nuclear 

Safety Administration (SNSA) an application for the approval of significant modification. 

These applications shall be supplemented by an expert opinion of an authorized expert on 

radiation and nuclear safety. In many cases authorized experts must evaluate the impact of 

proposed modification on the nuclear safety and for this purpose they use computer codes for 

simulation of accidents at the nuclear power plant. Two integral codes were developed in the 

USA in the 1980s, MAAP for the nuclear industry and MELCOR for the regulatory authorities. 

 

          MELCOR [1, 2] is a fully integrated, engineering-level computer code developed by 

Sandia National Laboratories for the U.S. Nuclear Regulatory Commission to model  the 

progression of severe accidents in nuclear power plants. A broad spectrum of severe accident 

phenomena in both boiling and pressurized water reactors is treated in MELCOR in a unified 

framework. MELCOR applications include estimation of severe accident source terms, and 

their sensitivities and uncertainties in a variety of applications. Reactor plant systems and their 

response to off-normal or accident conditions include: 

 thermal-hydraulic response of the primary reactor coolant system, the reactor 

cavity, the containment, and the confinement buildings, 

 core uncovering (loss of coolant), fuel heatup, cladding oxidation, fuel 

degradation (loss of rod geometry) and core material melting and relocation, 

mailto:tomi.zivko@gov.sim
mailto:andreja.persic@gov.si
mailto:tomaz.nemec@gov.si
http://www.nrc.gov/
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 heatup of reactor vessel lower head from relocated fuel materials and the thermal 

and mechanical loading and failure of the vessel lower head, and transfer of core 

materials to the reactor vessel cavity, 

 core-concrete attack and ensuing aerosol generation, 

 in-vessel and ex-vessel hydrogen production, transport, and combustion, 

 fission product release (aerosol and vapor), transport, and deposition, 

 behaviour of radioactive aerosols in the reactor containment building, including 

scrubbing in water pools, and aerosol mechanics in the containment atmosphere 

such as particle agglomeration and gravitational settling, and, impact of 

engineered safety features on thermal-hydraulic and radionuclide behaviour, 

 impact of engineered safety features on thermal-hydraulic and radionuclide 

behaviour. 

 

 At the turn of century, the only Slovenian nuclear power plant, the Krško NPP (NEK), 

replaced its steam generators and uprated the plant power. The SNSA decided to use the 

MELCOR code to check effects of the new plant configuration in case of severe accidents [3].  

Development of the MELCOR model for NEK started in nineties at the “Jožef Stefan” 

Institute (IJS) and then continued at the University of Maribor, Faculty of Mechanical 

Engineering (FS) [4]. The SNSA gained access to the MELCOR code, through participation in 

the U.S. Nuclear Regulatory Commission  led CSARP program. The intention at the SNSA was 

to use MELCOR as an independent analysis tool for severe accidents. Due to other priorities 

and lack of manpower, usage of MELCOR at the SNSA stopped. In order to retain existing 

knowledge at the SNSA in a way that can enable fast resumption of work in the field if 

necessary, the SNSA prepared a report [3] describing the SNSA work with MELCOR up to 

2006.  

 

2 THE KRŠKO NPP SAFETY UPGRADE PROGRAM 

Following the Fukushima accident in 2011, the SNSA issued two decisions. The first one 

required from the plant to perform the extraordinary safety review while the request from the 

second one was to reassess the Severe Accident Management strategy, the existing design 

measures and procedures and to implement safety upgrade for prevention of severe accidents 

and mitigation of its consequences. It resulted in the Safety Upgrade Program (SUP) in which 

was the program of implementation of measures corresponding to Design Extension Conditions 

(DEC). The SUP is divided in three phases and includes various modifications and equipment 

procurement [5, 6]. The SNSA needed an independent verification for analyses performed by 

the industry and chose to perform these analyses using MELCOR. 

 

2.1 The first phase of the SUP 

 

The first part of the SUP was installation of the passive autocatalytic recombiners (PAR) 

and Passive Containment Filter Vent (PCFV) systems in order to improve protection of the 

containment integrity in case of accidents with core melt (DEC B). Licensing of the PAR and 

PCFV systems was done using analyses obtained with MAAP. The station blackout (SBO) was 

selected as the initiating event of sequence which included melting of the reactor vessel and the 

molten core-concrete interaction (MCCI). The PAR and the PCFV systems were installed at 

the NEK during 2013 outage.  

The SNSA required from the NEK to provide two additional analyses of the SBO 

sequence taking into account detailed properties of installed PAR and PCFV systems. The 

intention was to compare the results of both analyses. The MAAP analysis [7] was performed 
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by the NEK using version 4.0.7 of the code. The NEK later analysed the SBO sequence with 

improved containment model data [8].  

The MELCOR analysis [9] was performed by the University of Zagreb, Faculty of 

electrical engineering and computing (FER), which used MELCOR version 1.8.6. The basis of 

the FER model was the NEK MELCOR 1.8.3. database [4] in which the reactor pressure vessel 

and the core models, and steam generators, as well as containment models, were replaced with 

more detailed models in order to realistically predict core melt and hydrogen release in the 

containment. The nodalization scheme [10] of primary and secondary systems is given in Fig. 

1. In addition, PAR and PCFV models were also introduced in the NEK MELCOR model. 

 

 

Figure 1: The nodalization scheme of the primary and secondary systems of 

the NEK [10]. 

 

        Both analyses (MAAP and MELCOR) had the following scenario:  

 the loss of offsite power,  

 failure of the redundant emergency diesel generators,  

 failure of the AC power restoration,  

 degradation of the RCP seals resulting in a long term loss of coolant (LOCA). 

 

Only accumulators, pressurizer and steam generators safety valves, PAR, PCFV as 

passive systems were available.  Main assumptions of the analyses were:  

 reactor trip from 100% power,  

 RCPs trip,  

 turbine trip,  

 feedwater closure (trip of MFW, motor driven and turbine driven AFW pumps),  

 The following features were not available: RCPs seal flow, steam dump, charging 

and letdown flows, high pressure injection system and low pressure injection 
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system, pressurizer proportional and backup heaters, containment sprays and fan 

coolers.  

 

         This Beyond Design Basis Accident (BDBA) had very conservative assumptions and 

resulted in rapid progression of the core damage. The results of MAAP and MELCOR analyses 

were mostly in agreement. The main differences were due to different assumptions concerning 

MCCI in the programs. MAAP assumes that the melt is quenched when submerged in the water, 

while MELCOR does not use this assumption. This led to quicker rise of containment pressure 

in MAAP and faster start of MCCI in MELCOR. Agreement between analyses strengthened 

confidence into their results. 

 

2.2 The second and the third phase of the SUP 

Major part of the second phase of the SUP will finish by 2020. The rest of second phase 

and the third phase of the SUP are expected to be finished by the end of 2021. Here we describe 

only modifications which are important for this paper while more information can be found 

elsewhere [5, 6]. 

Pressurizer bypass relief valves which are qualified for severe accidents (PORV bypass) 

are already installed. The new train of reactor coolant system (RCS) safety injection system is 

being installed in the separate bunkered building 2, which will also include a new reservoir of 

borated water (ABWT). In case when design basis (DB) systems are unavailable, the alternative 

safety injection system (ASI) would inject the cooling water to the primary system. In the case 

of loss of coolant accident (LOCA), the injected cooling water would drain into containment 

sump from where it can be cooled and recirculated with the new alternative residual heat 

removal system (ARHR). The main safety function of ARHR is to recirculate the RCS water 

and enable long term core and containment cooling when DB systems are lost (for DEC events). 

The secondary function is recirculation and cooling of the containment spray water (ACI) - 

providing containment cooling in DEC events.    

3 SNSA RESEARCH PROJECTS USING THE MELCOR CODE 

Since 2017, the SNSA sponsored three research projects connected with the SUP. The 

goal of projects was to assess the ability of the NEK to manage severe accidents after the 

implementation of the third phase of SUP and to check the adequacy of the existing NEK severe 

accident management guidelines (SAMG). Analyses were performed by the IJS using the 

MELCOR code. The IJS used the FER model of the NEK and made necessary revision in order 

to describe changes in the plant configuration which follow from the SUP. 

 

The first research project sponsored by the SNSA [11] was performed with MELCOR 

1.8.6 and analysed the same scenario with the same assumptions as previously mentioned 

analyses [7-9]. In addition, it was assumed that the initiating event for the SBO was an 

earthquake which resulted in large break loss of coolant accident (LBLOCA). Also it was 

assumed that active DEC equipment (ASI, ARHR, ACI, PORV bypass and Alternative 

Auxiliary Feedwater System) is not available in the first 24 hours of the accident. Three scenario 

branches were analysed: (1) active DEC equipment continues to be not available, (2) active 

DEC equipment  is available 24 h after initiating event with water injection through containment 

sprays (ACI), (3) active DEC equipment is available 24 h after initiating event with water 

injection into RCS (ASI). It was found that usage of DEC equipment in cases (2) and (3) cannot 

stop the MCCI. Also, cooling with ASI (case 3) is more favourable than cooling with ACI (case 

2) because it needs less time to flood the reactor cavity where molten core is spread. Also, it 



1402.5 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7–10, 2020 

was found that connection of the reactor cavity with the rest of containment through ventilation 

duct has large positive influence on the cooling of corium. Concerning SAMG, the adequacy 

of existing SAMG strategies was verified.  

 

The first analysis [11] was performed with MELCOR 1.8.6 which conservatively assumes 

that cooling of corium by water happens only at the corium surface. In reality, water enters 

corium through surface cracks and this mechanism also gives rise to cooling. This is taken into 

account in version 2.2 of MELCOR which generally uses more realistic models. Therefore, 

results obtained with MELCOR 2.2 should be more reliable than ones obtained with MELCOR 

1.8.6 and MAAP 4.0.7. This was the reason why the previous analysis was repeated using 

MELCOR 2.2. The same accident scenario and assumptions were used. It was found [12] that 

onset of MCCI can be prevented if there is enough water in reactor cavity. However, if MCCI 

starts what is the case if DEC systems are not available first 24 hours, the progression of MCCI 

cannot be stopped. Fig. 2 gives a comparison of the radius of the eroded part of the reactor 

cavity obtained in analyses [11] and [12]. We can conclude that MCCI is less extensive in 

results obtained with MELCOR 2.2. Concerning SAMG, adequacy of existing SAMG 

strategies was verified. 

 

The spatial distribution of radionuclides in the containment was not analysed in the first 

two analyses [11, 12]. This was done in the third analysis [13] which also used MELCOR 2.2. 

The same accident scenario and assumptions were used. In addition to three scenario branches 

from the first two analyses, a fourth one was added: (4) active DEC equipment is available 24 

h after initiating event with simultaneous water injection into RCS and through containment 

sprays (ACSI). The results of the previous analysis were confirmed. Cooling with ASI or ACSI 

was found to result in somewhat smaller MCCI than cooling with ACI because in the latter case 

it takes more time to flood the reactor cavity with molten core materials. In all four cases, the 

amount of residual heat released in the reactor cavity was much larger than residual heat outside 

the cavity. In all mitigated scenarios, the radionuclide inventory on filters is similar and much 

smaller than in the unmitigated scenario. It was found that  thermal loading of PCFV filters 

strongly depends on the complex chemical processes of the radionuclides. For illustration, the 

time development of spatial distribution of radionuclides from the Cs class is given in Fig. 3. 

Concerning SAMG, adequacy of existing SAMG strategies was verified. 
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Figure 2: Time dependence of radius of the eroded part of reactor cavity for analysis with 

MELCOR 1.8.6 (pale colours) and MELCOR 2.2 (dark colours) for scenario branches ACI, 

ASI and noASS (no cooling) [12]. 

 

 

 

 

 

Figure 3: Time dependence of the total mass (logarithmic scale) of radionuclides from Cs 

class in various parts of the plant: reactor pressure vessel (RPV), primary system (PRIM), 

containment (CONT), reactor cavity (CAV), PCFV filters (FILT), environment (ENV) in the 

case of scenario branch ASI [13]. 
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4 CONCLUSIONS 

The foreseen goal of MELCOR usage at the SNSA is to evaluate the impact of proposed 

modifications to safety of the plant and estimation of source terms in case of severe accidents. 

In particular, the post Fukushima national action plan included also a requirement for 

independent calculations of severe accident analysis in the process of licensing. The SNSA was 

particularly wary of researching and understanding physical phenomena in the field of severe 

accidents. Different research projects have been carried for this purpose. The research continues 

towards improving calculations, taking into account more precise models, using new versions 

of MELCOR and better understanding of the severe accident phenomena in the containment. 

The analyses performed with MELCOR code and the development of the NEK specific model 

also resulted in improved competence of the authorized expert in the area of severe accidents. 

The SNSA also installed the MELCOR (versions 1.8.6 and 2.2) with the NEK model on a 

dedicated SNSA computer. This will give the SNSA an opportunity to perform sensitivity 

analyses for different severe accident scenarios or equipment configurations. This will further 

develop SNSA capabilities in the areas of DEC licensing and the emergency response in case 

of severe accidents. 
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ABSTRACT 

The Covid-19 pandemic, which is still in progress offers a unique opportunity to take 

lessons learned to understand not only the fundamental laws of nature but also to understand 

how modern civilisation works. It poses unprecedent challenges. As every society on the planet 

was or still is challenged with Covid-19 crisis situations, the measures taken reflected actual 

society preparedness for such emergencies. Moreover, the Covid-19 pandemic also 

demonstrated some drawbacks of globalisation. As a result, every area of human activity should 

take lessons learned from this pandemic. Emergency preparedness for nuclear or radiological 

accident and management of post-accident situations are not an exemption. 

After the Fukushima accident the Slovenian Nuclear Safety Administration (SNSA) 

developed the post-accident strategy presented in the document Post-Accident Strategy after 

the Nuclear or Radiological Accident (the Strategy). Although the pandemic is still under way 

four main areas to be strengthen have been identified so far, namely, challenges related to 

assuring protection means and equipment needed as well as critical staff, challenges related to 

information and managing of fake news and finally flexibility of decisions. The article is a small 

contribution to the development of crisis management in the 21st century. 

1 INTRODUCTION 

The analysis of management of any kind of crisis provides crisis managers the opportunity 

to consider lessons when planning the response. The data on crisis management on nuclear and 

radiological accidents are scarce as major accidents of that type are rare. Therefore, the lessons 

should be taken from other crises, including on-going Covid-19 pandemic. The learning process 

goes both ways. The TMI, Chernobyl and Fukushima accidents, just to mention major nuclear 

accidents, offer lessons to be taken by all crisis managers, not just to managers which are 

directly related to nuclear or radiological accidents. In line with this fact it must be noted that 

first lessons learned from the Fukushima accident from 2011 applicable for the Covid-19 

pandemic in 2020 have been already published [1, 2], i.e. no matter what type of experience is, 

its lessons can be analysed and used as appropriate. The authors of [1, 2] address so-called 

citizen science and existence of citizen science networks involved in management of a crisis as 

well as telephonic interventions related to psychological distress. 

As a rule, health crisis related to epidemics are a regular part of history of each country. 

Therefore, there is relatively long list of experiences. A list of epidemics available starts with 

the influence pandemic in 1200 B.C. in Asia [3]. The last one is the yellow fever outbreak in 

French Guiana declared in August 2020. When an epidemic spreads beyond international 

borders such on-going pandemic requires strong international cooperation in order to control it. 

The most recent pandemic before the Covid-19 pandemic are related to flu, HIV/AIDS and 
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cholera. All such crises offer a unique opportunity to understand not only the fundamental laws 

of nature but also to understand how the civilisation as such works in specific circumstances.  

The Covid-19 pandemic influences nuclear and radiation area on national and 

international level. The influences are related to necessary changes to be conducted by 

operators, technical support organisations, regulatory authorities and other parties assuring 

nuclear and radiation safety during normal operation of facilities. In case of nuclear or 

radiological emergency, which might take place during a pandemic, changes in emergency 

response and post-accident strategy should be planned. In this respect emergency preparedness 

for nuclear or radiological accident as well as management of post-accident situations can be 

analysed on national and international level. The aim of the analysis is to identify drawbacks 

and strong points of such managements.  

Management of crisis situation should be based on firm understanding of a nature of a 

crisis and foreseen development of a crisis. During the Covid-19 pandemic it was evident that 

there was and still is a lack of basic knowledge related to characteristics of the virus in order to 

control the pandemic efficiently. On the other hand it was also evident that emergency response 

in many countries needs substantial improvements in order to respond to the pandemic. 

The severe health crisis situations always initiate the development of science and 

technology, health systems and societal changes just to mention few steps in development of 

better resilience of a country in health crisis. The Covid-19 crisis, which is in progress is not 

different in this respect. In particular, it boosted development of science and technology. A list 

of science and technology projects is long and includes development of the vaccine, medicine 

and medical protocols how to treat patients, methods how to quickly find infected persons, 

identification of those who are the most vulnerable and development of efficient protocols to 

control a spread of the virus, e.g. use of drones during lockdowns and mobile phone apps to be 

warned when apps user is in the vicinity of infected person. A lot of achievements might be 

used in planning for future nuclear or radiological accidents as well as for management of post-

accident strategy. 

The influence of the Covid-19 pandemic on nuclear and radiation safety areas includes 

the influence on: 

 normal operation of facilities and activities with radiation sources; 

 upgrading emergency preparedness response in case that nuclear or radiological 

accident is going to be combined with pandemic conditions; 

 post-accident strategy measures.  

2 NUCLEAR AND RADIATION SAFETY IN THE COVID-19 PANDEMIC 

Although this article is not dedicated to influences of the Covid-19 crisis on nuclear and 

radiation safety in normal operation of facilities and activities with radiation sources, i.e. in 

ICRP planned exposure situations, these influences must be briefly noted.  

As the flu pandemic and assuring the operator critical staff in such pandemic conditions 

have been recognised as issues of concern the flu pandemic has been already widely addressed 

in the past. However, due to its scope the Covid-19 pandemic poses a specific challenge to all 

involved in nuclear and radiological field, e.g. operators of NPPs to assure production of 
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electricity, manufacturers of medical radioisotopes to assure supply of radioisotopes needed for 

treatment of patients and radiotherapy units to assure needed medical treatments. All involved 

in the field including nuclear regulators and technical support organisations took specific steps 

in order to assure that they are not going to be severely affected by Covid-19. The critical 

infrastructure was identified and specific steps were taken to assure that critical personnel was 

available all the time to enable the continuation of activities needed. A list of good practices 

implemented in 2020 is already long and is given elsewhere, e.g. [4-7]. The international 

organisations and networks, e.g. EURADOS, HERCA, IAEA, ISOE, NEA, SHARE and WNN 

were involved in sharing the good practices to assure continued operation of all involved and 

in particular, not to jeopardy nuclear and radiations safety in the Covid-19 circumstances.  

On the other hand some activities related to nuclear and radiation field have been or are 

foreseen to be postponed, e.g. the on-site regulatory inspections and modifications in NPPs. But 

again, nuclear and radiations safety in the Covid-19 pandemic shall not be challenged. 

Retaining nuclear and radiation safety might require some major innovative approaches, e.g. 

on-line inspections and on-line training as well as appropriate reorganisation of work and 

workplans. Flexibility needed in pandemic boosted major revisions of efficiency of ways how 

the work is done. 

3 THE COVID-19 PANDEMIC AND NUCLEAR OR RADIOLOGICAL 

ACCIDENT 

Managing nuclear and radiological emergency response in pandemic condition is not in 

the focus of the article. However, it must be noted that guidelines and procedures for NPP 

operation during a pandemic exist. It has been also demonstrated that these procedures 

improved the quality of the response on the Covid-19 pandemic. 

The Fukushima accident opened some new views on a management of nuclear accidents. 

Operators and regulatory authorities started analysing accidents beyond design basis in details, 

combinations of several natural or human-made accidents causing a nuclear emergency such as 

earthquake followed by tsunami, prolonged releases of radioactive materials which span 

through weeks as well as site emergency where more than one reactor requires the emergency 

response, just to mention few new issues. Therefore, after 2011 when Fukushima accident 

happened, major revision of emergency preparedness and response have been initiated in 

particular in NPPs as well as elsewhere, e.g. on national and international levels. 

However, according to the author knowledge till now no specific effort was given to the 

very specific situation assuming nuclear and radiological accident during an on-going 

pandemic, e.g. a combination of nuclear and radiological emergency in due course of a 

pandemic. Revision related to such situation was somehow beyond anticipated emergency and 

post-accident situations.  

It must be noted that all emergency plans either operator’s, national or international plans 

including post-accident strategies should be flexible to address also such complex situation.  
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4 LESSONS FROM THE COVID-19 PANDEMIC AND POST-ACCIDENT 

STRATEGY 

The Fukushima accident had relatively long-lasting releases, Namely, the majority of the 

atmospheric releases occurred during the period from 12 to 23 March 2011. Releases to the 

Pacific Ocean are either unintentional as the very first release taking place from 1 to 6 April 

2011 or intentional such as releases taking place even in 2020. These releases well beyond the 

NPP site already boosted development of a post-accident strategy to be applied. Moreover, it 

emphasises that although in theory the accident might be somehow ended and accordingly 

declared that ICRP so-called emergency exposure situation does not exist anymore it might be 

very difficult to make such declaration in practice, e.g. as pointed in [8], Footnote 102 “as of 

June 2015, the formal cancellation of a nuclear emergency situation has not been issued”.  

The transition to a new existing exposure situation is foreseen through usually long lasting 

transition period. The period can span not only through hundreds of years but well beyond. All 

measures to be implemented in this so-called post-accident phase are based on country strategic 

approach answering questions such as: shall the facility causing an accident continue to operate 

at all and is it possible to decontaminate the area to be suitable for somehow normal lifestyle. 

In this respect a term new normality was introduced as it is evident that it is not always feasible 

to decontaminate areas strongly influenced by a nuclear accidents on a radionuclide level which 

would not require additional safety measures. Such additional safety measures might be using 

routine control of activity concentration of radionuclides in grown field crops.  

The preparation of such strategy requires strong cooperation of many stakeholders, e.g. 

in France the Steering Committee on Post-Accident Management was established in 2005. After 

the Fukushima accident the Slovenian Nuclear Safety Administration (SNSA) developed the 

post-accident strategy presented in the document Post-Accident Strategy after the Nuclear or 

Radiological Accident (the Post-Accident Strategy). This was the very first attempt to establish 

such strategy in the State. The Post-Accident Strategy has been presented internationally, e.g. 

at the IAEA and NENE conference. It was noted at that time that such national strategies have 

been prepared and published rarely and this is true also nowadays. 

The development of the Post-Accident Strategy was initiated by two facts, namely: 

 Fukushima accident which posed a huge challenge to one of the most developed 

countries in the world, i.e. Japan; 

 European Union (EU) legislation, i.e. Council Directive 2013/59/EURATOM [9], 

which requires in Article 98 that “the emergency response plans shall also include 

provision for the transition from an emergency exposure situation to an existing 

exposure situation”. 

The details of the Post-Accident Strategy are given elsewhere, e.g. in [10], so only three 

core ideas are given here. Namely, the post-accident strategy should include:  

 setting responsibilities, e.g. who is responsible to perform a specific task in a state; 

 Rehabilitation program adopted by the Government; 

 assuring a complex national documentation framework to assure that information 

related to emergency and post-accident measures are available for future 

generation. 

The Rehabilitation program includes seven so-called strategic areas, namely: 

1. Radiation protection; 
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2. Monitoring of the environment; 

3. Protective actions; 

4. Mitigation of consequences of countermeasures; 

5. Informing; 

6. Restriction of economic consequences and liability; 

7. Revitalisation. 

As stated in [10] the very first strategic areas is overarching as all tasks from other areas, 

i.e. 2-7, should take into account radiation safety of workers and the general public as well as 

protection of the environment. As was also pointed in [10] areas are set somehow arbitrarily 

and should be used just as a tool to systematic approach to strategic decisions after a nuclear or 

radiological accident. They strongly overlap with each other. Hence, how can lessons learned 

from the Covid-19 pandemic be applicable to above mentioned areas? It might seem premature 

to make the overarching analysis, however some lessons can be already drawn. The lessons 

learned include four areas: 

 assuring protection means and equipment needed; 

 assuring critical staff; 

 information and managing of fake news; 

 flexibility of strategic decisions. 

4.1 Assuring Protection Means and Equipment Needed 

As pointed already in the Post-Accident Strategy and in [10] protection is cross-cutting 

area. Therefore, all other activities in other strategic areas must take into account that staff 

involved as well as the general public must be protected in line with the radiation protection 

principles. The Covid-19 crisis demonstrated that many if not all countries hit by the pandemic 

were struggled to assure even very basic protection means in the beginning of the crisis, e.g. 

masks, not to mention sophisticated equipment such as ventilators. On one hand there was 

underestimation of needed means and equipment while on the other hand there was not concern 

that production of means and equipment on other site of the globe might be challenged. 

Moreover, the quality of means and equipment was challenged. Global market did not work as 

foreseen. It seems that also international exchange of these goods was limited at the beginning 

of the crisis and countries could not rely on the supply from abroad at all. International 

organisations were strongly involved, but demands were and are still huge. Therefore, it seems 

that: 

 realistic assessment of needed protective means and needed equipment;  

 assuring the production of protective means and equipment reasonably close to the 

site where means and equipment are needed; 

 assuring standards in a production of protective means and equipment; 

 realistic assessment of feasibility to get a help from abroad in due time; 

are four lessons to be taken. 

On the other hand, the pandemic demonstrated huge innovative potential so that as a rule 

after initial shock a huge domestic potential was released in order to assure protective means 

and equipment. The domestic potential included not only the basic protective means but 

innovations span all the way up to sophisticated medical equipment. Namely, presenting issues 

in due time by the decision makers boosted the potential hidden so that so-called self-help 

activities were conducted. 
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Regarding the protective means and equipment needed in a case of nuclear or radiological 

accident which might be also very specific, particular the production of means and equipment 

should be re-analysed to assure availability of means and equipment in case of a need.  

4.2 Assuring Critical Staff 

One of the major characteristics of the Covid-19 crisis in all countries which were 

strongly hit by the pandemic is a huge burden to very specific staff, e.g. hospital staff, workers 

in nursing home, laboratory staff and epidemiologists, just to mention few of them. It seems 

that the burden of Covid-19 crisis was not evenly distributed, e.g. while in some professions 

more or less minor adjustments applied, the web was flooded with photos of exhausted staff in 

some professions. In some cases even basic critical staff from other part of the world came to 

help domestic staff. Such help was very limited, e.g. despite globalisation and several networks 

of professionals on international level.  

It has been also noted that one of the reasons of bad situation lies in the fact that no 

additional capacities, i.e. backups, were available in such institutions or at national level already 

before the pandemic. So already understaffed facilities at that time were challenged with a 

collapse during the pandemic. 

The lessons learned for managers of nuclear or radiological accidents as well as managers 

of post-accident tasks to be taken is to have realistic assessment of the staff needed in a case of 

a crisis. The basic critical staff to be deployed in due time should be available. Recruitment of 

additional staff should be an essential part of strategy. The staffing should not rely on the 

support from abroad as global networks might not work at all.  

4.3 Informing and Managing Fake News 

Informing is a part of any management of accidents or natural disasters. It is always one 

of the most critical parts. In case of nuclear or radiological accident exceptional attention must 

be given to informing the general public as well as the staff involved because understanding a 

risk associated by such accidents is a big challenge. Namely, radiation cannot be felt. Therefore,  

there is no other mechanism to understand radiation associated risks but gaining enough 

knowledge. Under a stressful situation this is a big challenge.  

Several already well known information channels have been implemented also during the 

pandemic. The Fukushima accident has already showed that in modern society so-called self-

help activities related to information exchange using web such as SAFECAST [11] emerge in 

a case on an accident. Open access to information is in a core of such platforms. Indeed, some 

successful platforms as already mentioned SAFECAST which is related to radiation were 

upgraded to be used for the Covid-19 information exchange. 

But there is one major lesson to be learned when using broad exchange of information on 

a global scale. Namely, trust to the so-called fake news, i.e. misinformation, might delay a 

success of the fight against the pandemic. The science how to manage fake news is still under 

development and is well beyond the purpose of the article. However, decision makers should 

not only note a wide spread of such news but should prepare the strategy how to identify them, 

prevent their spread and manage the consequences. In line with the IAEA requirement [12] on 

communication strategy such strategy might need major revision to manage fake news. 
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4.4 Flexibility of Strategic Decisions 

One of the lessons learned is the understanding a fact that relatively large capability for 

accepting changes by the general public exists. Namely, a life in the pandemic required some 

major changes in lifestyle, e.g. following several rules how to conduct our life during 

lockdowns. The Covid-19 crisis demanded unexpected large flexibility of the general public in 

such circumstances, e.g. telework. The success of the required changes in a lifestyle depended 

on many factors e.g. experiences with past epidemic in a country, successful communication of 

decision makers, trust among various stakeholders, economic situation supporting difficult 

decisions, implementation of new technologies in the fight against pandemic and also overall 

safety culture of a society. 

In a due course of the pandemic not only major changes were required but the changes of 

such strategic decisions already taken were taken place, e.g. changes related to application of 

quarantine and changes related to economy. As it was a part of a general knowledge that many 

unknowns exist related to the Covid-19 virus, the relatively often changes in decision making 

were generally very well accepted.  

So, there is a lesson to be learned as very often the changed of countermeasures related 

to nuclear or radiological accidents were not accepted well, e.g. changes in relocation. The 

nuclear and radiological accidents as such are accompanied by several unknown parameters, 

e.g. spread of contamination and success of contamination techniques. Therefore, decisions 

which are funded on assumptions and not scientific facts should be presented as such in order 

to be widely accepted by a society. The changes became so-called new normality. 

5 CONCLUSIONS 

The Covid-19 pandemic poses unprecedented challenges. But it also offers lessons to be 

learned. The lessons can be also taken by decision makers managing nuclear or radiological 

accident and in particular designers of post-accident strategy. The article is a very first step to 

understand additional issues which might emerged in post-accident phases and might challenge 

the whole post-accident strategy. 

Four main areas have been identified so far, namely, challenges related to assuring 

protection means and equipment needed as well as critical staff, issues related to informing and 

managing of fake news and finally challenges related to managing flexibility of decisions. The 

article is a small contribution to the understanding the crisis management in the 21st century. 
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ABSTRACT 

There have not been any traffic accidents during transport of radioactive material in 

Slovenia in the past years. The total number of such shipments and the number of packages is 

relatively small, having in mind large European countries. Still, “a few thousands” packages 

with radioactive material with very different activities annually do require graded approach and 

precisely chiselling regulatory requirements, vigilance and human resources. It is wise and a 

matter of course to look globally and have in mind others’ experiences and lessons learnt from 

accidents with radioactive material which occur from time to time. The best way is to look into 

such cases and prevent domestic re-occurrences. Both safety and security culture tend to act 

like a glue also for the issue of transport and its resilience when being challenged.  

The backbone of the system (also) in Slovenia is to follow the European Agreement 

concerning the International Carriage of Dangerous Goods by Road (ADR) as well the 

requirements from the other modal regulation. This is enshrined through a direct link in the Act 

on Transport of Dangerous Goods. In addition, the “Nuclear Act, ZVISJV-1” gives a platform 

for requirements for transporting certain radioactive sources – to be a radiation practice – with 

all the consequential requirements and duties, imposed on the carrier. Transport of nuclear 

(fissile) material is another category which deserves particular attention. On the other hand, the 

International Atomic Energy Agency (IAEA) has produced a number of useful, transport-

related documents and the current (2018 Edition) of the Regulations for the Safe Transport of 

Radioactive Material, known as “SSR-6”, has been clearly its flagship. 

A string  of actions in the last couple of years has charted the path ahead. The Slovenian 

Nuclear Safety Administration (SNSA) established an informal group on safe transport of 

radioactive material back in 2017 – bringing together not only various public/governmental 

entities but also a handful of carriers and organisers of the carriages. One of such engagements 

has been the co-operation with the Slovene Police while elaborating annual threat assessment 

for transports of potentially highly dangerous goods – radioactive material. Another “avenue” 

of the awareness raising is also the “Radiation News” – a quarterly type of the leaflet – intended 

primarily for domestic users of radiation sources – some of them involved also in transport-

related topics. On the international parquet, the Slovene decision to join the EACA (European 

Association of Competent Authorities for safe transport of radioactive material) in 2015-2016 

has proven to be a salient gain, having in mind the exchange of experience on different 

transport-related issues and sharing good practices. 

To shortly embrace the best vision for the future, it is understandable for a small country, 

its regulators and their stakeholders to nurture synergies and continuous improvements. A 

handful of actions have been in the pipeline – which may spur up further-on the issue of safe 

transport of radioactive material, having in mind not only sustainable approaches but also 
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“learning by doing” and taking care of non-unlimited human resources and expertise in the 

sphere. SNSA will collate and exchange experiences on the lessons learnt from the transport-

related events. ADR (2021 Edition) is practically knocking at the door, envisaged to interweave 

numerous new requirements for dangerous goods – including radioactive material – that will 

need to be understood and taken into account in the future. 

1 INTRODUCTION 

In Slovenia, the transport of radioactive and nuclear materials is regulated by the Act on 

the transport of dangerous goods (abbreviated in Slovene as “ZPNB”). All road transport of 

such material shall be carried out in accordance with the provisions of the European Agreement 

Concerning the International Carriage of Dangerous Goods by Road (ADR). Similar goes with 

other modes of transport and known international instruments are directly applicable (e.g. RID 

or IMO DG Code). In addition, the “Nuclear Act, ZVISJV-1” gives a platform for requirements 

for transporting certain radioactive sources (i.e. Category 1 and 2, based upon the Decree on 

radiation practices, Article 12 and Table 5 in Annex) – to be a radiation practice – with all the 

consequential requirements and duties, imposed on the carrier. 

It is necessary to clearly underline that for transport of sources, used (later on) in medicine 

and veterinary care, another institution is responsible in Slovenia, namely the Slovenian 

Radiation Protection Administration (SRPA). The Ministry of Infrastructure is the responsible 

ministry for drafting the changes to “ZPNB” as well as translation of changes in ADR 

(biennially) into the Slovene edition. Two strong “stepping stones” are given in “ZPNB” 

(Articles 7 and 38) to SNSA, which is responsible for approvals of package design 

(“packaging”) and to the Police, who conduct the inspection control (of all dangerous goods) 

on roads.  

There are currently two institutions in Slovenia providing the training and certification 

process for DGSA (Dangerous Goods Safety Adviser/s) and drivers that are involved in carriage 

of dangerous goods – radioactive material, Class 7. 

2 SOME HEADWORDS FROM “ZPNB” AND ADR 

It is truly important to list (and delineate) the responsibilities of all stakeholders included 

in the transport chain. Chapter 1.4 of ADR for example addresses all participants (the main 

being: consignor, carrier and consignee) and their safety obligations. It may be seen as a certain 

duplication but their duties are also enshrined in “ZPNB”, e.g. in Articles 12, 18 and 19. 

Based upon Subchapter 5.1.5.5 of ADR, only a few transports (i.e. “shipments” and 

“packages”) fall within the scope of licensing provisions, including prior notification. One 

exception is the so-called transport under “special arrangement” – for which occasional licence 

is issued by SNSA (e.g. transport of orphan sources to the national, recognised installation, 

Central radwaste storage facility at Brinje).  

Rules on the tasks of a safety advisor in transport of dangerous goods (from 2000), 

together with “ZPNB” (Article 29) and ADR (1.8.3.3) outline multiple tasks imposed upon the 

DGSA. His/her nomination is mandatory for a vast majority of cases (e.g. there is an exemption 

for “excepted packages” which present very limited risks). In the future – i.e. after 31 December 

2022 – DGSA will be a condition also for the consignors, based upon the recent ADR 

requirement (1.6.1.44). 
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ADR has extensively evolved since its inception. This is true also for its parts referred to 

transport of radioactive material – Class 7. One of the recent changes includes e.g. a derogation 

for drivers (of “Type A” packages but not all) from the certification process (as determined in 

8.2.1). There have been many horizontal changes within ADR’s text affecting all classes, e.g. 

the sequence of changes of the 4-page document “Instruction in writing” (5.4.3) or the 

additional requirement on durability of placarding (5.3.1.1.1). The last revision of transport 

security thresholds for radioactive material reaches back to ADR’s change in 2013. 

3 A HANDFUL OF THE ENDEAVOURS IN THE LAST DECADE 

Based upon “ZPNB” (Article 7), SNSA has several times re-validated Type A (AF, fissile 

radioactive materials package design) – used in the incoming shipments of fresh nuclear fuel 

for the Krško Nuclear Power Plant. With the change of “ZPNB” in 2015, the transfer of package 

design approval from the Minister responsible for the environment to SNSA has paved the way 

to a more efficient procedure – with less bureaucracy.  

For a number of years, the legislative approach from then-applied “Nuclear Act” 

(ZVISJV) and the 2nd-tier Rules on the use of radiation sources and radiation activities 

stipulated “transportation as a radiation practice” for all radioactive sources, regardless of their 

activities or inherent risks (or vulnerabilities or “graded approach”). This approach was 

challenged in 2018, when the afore-mentioned rules were amended so as to include only those 

sources which fall either in Category 1 or Category 2 – based upon their activities. A derogation 

was put in place also for nuclear material and thresholds were created (e.g. up to 350 kg of 

depleted uranium is exempted from the licensing of “transportation as a radiation practice”). 

SNSA established an informal group on safe transport of radioactive material back in 

2017 – bringing together not only various public/governmental entities but also a handful of 

carriers and organisers of carriages. At the moment, the group consists of 13 entities (Ministry 

of the Interior counted as one with its branches). Regular meetings are held each spring in an 

established set of the SNSA’s overview and “tour-de-table” where everybody presents their 

work, achievements and challenges. The entities are also briefed about the international 

situation regarding safe (and secure) transport of radioactive material. 

In Slovenia, there is one company manufacturing “industrial packages” (IP) as well as 

“Type A” packages for later transport of radioactive material. SNSA has conducted a few audits 

so far, having in mind the requirements from ADR (1.7.3, Management system) as well as the 

IAEA-based benchmarking document, namely “The Management System for the Safe 

Transport of Radioactive Material, IAEA Safety Guide (No. TS-G-1.4), 2008”.  

Another SNSA-led effort of the awareness raising is also the “Radiation News” (“Sevalne 

novice”, in Slovene), a quarterly type of the leaflet, intended primarily for domestic users of 

radiation sources, some of them involved also in transport-related activities. Step-by-step, some 

transport-related topics have appeared in the leaflet with the aim of touching upon a number of 

sub-topics, including different novelties in the legislative framework. Issues with “excepted 

packages” (e.g. UN 2910 or UN 2911), security provisions (based upon 1.10 ADR) and other 

issues were elaborated and summed up accordingly. 

One of the noteworthy engagements has been the co-operation with the Slovene Police 

while elaborating annual threat assessment for transports of potentially highly dangerous goods 

– as certain shipments of radioactive sources are enshrined in the regulatory framework (i.e. in 

ADR, 1.10.3.1.3). The first such document was prepared and issued in spring 2017 and has 

been revised annually since then. The note (under 1.10.3.2 ADR) stipulates in a fairly 



1405.4 

 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7 - 10, 2020 

straightforward manner that “carriers, consignors and consignees should co-operate with each 

other and with competent authorities to exchange threat information”. ADR also sets out 

security plans (in 1.10.3.2) and their structure.  

Every change in ADR (biennially) brings up a tedious, meticulous and precise endeavours 

to include all those new changes and corrections into the Slovene edition. Class 7, frequently 

having a kind of special terminology, used to have rather lots of usually small errors but also a 

handful of significant discrepancies and wrong translations too. In the last couple of years, a 

fairly thorough look in certain sessions has been tackled which resulted in the better texts 

already in 2019 as well as in the forthcoming 2021 Edition of ADR. Some examples include 

e.g. a revision of terms package (vs packaging), routine (vs normal) conditions, stowage, 

surface contaminated objects (SCO), placarding, a string of the requirements in ADR under 

7.5.11 (CV 33) etc.  

Another task was commenced at the beginning of 2020. Namely, a fairly thorough check 

of concordance between SSR-6 [3] and (in particular) ADR (2019 Edition). Generally, and as 

anticipated, ADR in its unique, “dispersed” manner resumes most of SSR-6. However, some 

newer recommendations will need to be included in ADR (2021 Edition). 

At the end of 2019, representatives from the Financial Administration (“Customs”) and 

SNSA visited the premises of the national largest airport to discuss various issues. One of the 

topics and site visits was also meant to bring up a clear picture of procedures which are followed 

regarding legal shipment of radioactive material and of premises (rooms, corridors) which are 

used for temporary storing of the packages with radioactive material (both arriving and 

departing). The outcome of the peer reviewers was not classified but the results were elucidated 

and delivered on a “need-to-know” basis. 

Going internationally, the Slovene (i.e. SNSA) decision to join the EACA (European 

Association of Competent Authorities for safe transport of radioactive material) in 2015-2016 

was proven to be a positive step. EACA is a recognised and appreciated association that was 

established back in 2008. It consists of regulatory authorities that are responsible for the safe 

approach to, as well as understanding of the pertinent legislation in force in Europe. This has 

been tackled in various ways – particularly by developing a network of competent authorities, 

sharing knowledge and good practices amongst members, as well as through dedicated working 

groups and developing a common understanding and efficient co-operation among authorities 

as regards their working level. During the last few years, EACA has been led by a Dutch 

representative and the “culmination” of the group has been achieved at its annual/plenary 

meetings. The last one took place in Greece in 2019 where Slovenia presented its short overview 

study – addressing transport of radioactive material in winter-like conditions (see further text). 

EACA has also published several useful documents, which can be found on its public website 

– and they are a net-gain for a wider expert community. [1] 

Another network with certain Slovene participation is the Mediterranean Transport Safety 

Network (MedNet). It includes a variety of the “Mediterranean-bound” countries with different 

“maturity”. This network was established under a project conducted by the IAEA with funding 

from the European Union. MedMet has strived for sustainable approaches and co-operation 

among competent authorities, supportive actions and coordination in normal and emergency 

transport of radioactive material. MedNet’s activities can be followed on the e-webpage 

maintained by IAEA. [2] IAEA has also established different, topic-directed Safety Standards 

Committees. TRANSSC – Transport Safety Standards Committee has been dealing with 

transport-related issues. A correspondence membership in it has been achieved recently. 
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Slovenia hosted two IAEA IRRS review missions (Integrated Regulatory Review 

Service), in 2011 and 2014 – follow up. Among several modules and discussions, certain 

considerations were also given to transport. A suggestion was given to SNSA in order to take 

an initiative, together with other concerned authorities, to go through the list of competent 

authorities’ tasks and clarify which authority is responsible for what task and to find means to 

communicate this along with relevant contact information to consignors, carriers and 

consignees. [3] This was done accordingly, with the Ministry of Infrastructure and Spatial 

Planning (in charge of transport) and the review did find fairly clear assignments of 

responsibilities as enshrined in “ZPNB”. Nevertheless, some amendments were agreed upon 

and interwoven, e.g. roles of SNSA and SRPA were emphasized, including in the sphere of 

package design approvals (SNSA-led administrative procedure since 2015). 

Already in 2016, the European Commission launched a study “Comprehensive 

examination and analyses of the situation of transport of nuclear materials (ENER/D1/2016-

89)”. This task was conveyed by the company ENCO, which distributed a comprehensive 

questionnaire as well as a follow-up question set. In addition, two dedicated workshops were 

held 2017 and 2018. The European Commission has pursued two main aims, in a nutshell, to 

identify actions or improvements at EU or national levels and to underpin the transparency of 

transport activities, ensuring at the same time public confidence. SNSA took part in the 

questionnaire with its resources and attention. The study with its annexes shed lights on a 

number of sub-areas (in the draft report), giving several recommendations which were 

addressed in 2018. The final report (in time of writing) has not been published openly, so the 

last European “cross-section” stems from the report “Statistics on the Transport of Radioactive 

Materials and Statistical Analyses”, published back in 2003. [4] 

In September 2018, Slovenia (SNSA) received a quite specific request from a member of 

the German Bundestag (Parliamentary Group Alliance 90/The Greens). While there was not a 

clear purpose of that transport-related query, SNSA came to know later on made that this 

“circular query” was also received by some other partner European regulators. SNSA provided 

a fairly extensive answer entitled “Request for environmental information: transport of 

radioactive and nuclear materials”, also embracing a bit of statistics regarding the transport of 

radioactive sources outside medicine and veterinary care. It was stated inter alia that road 

transport represents the lion’s share of all packages, assessed to be above 90%, followed by air 

transport (< 10%) and maritime transport (app. 1%). 

Transport of radioactive material in winter (or winter-like) conditions can be a challenge. 

The Slovene (specific) regulation – the Order on road traffic restrictions in the Republic of 

Slovenia – stipulates certain limitations, namely “…In Slovenia, on all roads, except on 

highways and motorways, in winter conditions driving is prohibited for: trucks (goods vehicles) 

with trailers, vehicles transporting dangerous goods and vehicles for extraordinary transports. 

Due to winter conditions the operator of highways and motorways may for a limited period of 

time or spatially limit the transport of afore-mentioned vehicles on these roads…” At the end 

of 2018, SNSA asked some other foreign regulators and partners about their approaches. Based 

upon their replies, the following extracted entries could be indicated: 

• In certain circumstances, a police escort can be provided, as necessary, assuming the 

roads are passable; in addition, the drivers can use the bus lanes. 

• No such restrictions (as in Slovenia); the problems – they face – are sometimes bad or 

wrong tyres in combination with heavy loads. 
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• A piece of a regulation exists, as follows: “If you drive a vehicle with dangerous goods 

and you have a visibility of less than 50 m, packed snow or ice, you must exclude any 

danger to others. If necessary, you have to use the nearest suitable place for parking.” 

• In general, the carrier has the prime responsibility for a safe and secure transport and 

should take into consideration the road traffic and weather conditions. For mountainous 

crossing roads, the truck traffic (more than 7.5 tonnes) may be restricted by police if the 

conditions are very bad. 

At least in a short-term meaning, any domestic change of the regulation is not envisaged. 

4 LESSONS LEARNT FROM A SAMPLE OF ACCIDENTS/EVENTS ABROAD 

Each year, there are approximately 3 million packages containing radioactive material in 

the European Union which are transported by road, rail, sea and air. [1] Of course, this 

represents only a small fraction of all packages with dangerous goods. Thematic news reveals 

that different accidents occur virtually every year. In addition, there are also (occasional, 

opportunistic) thefts of – in most cases – devices with lower activity, i.e. mobile radioactive 

sources during transport or temporary halts. [5, 6, 7, 8] This article does not address in details 

those shipments which should be non-radioactive – but supervisory authorities detect elevated 

radiation, e.g. due Co-60. In certain cases, such “boxes” (containing e.g. metallic teaspoons) 

are then returned to the consignor as an “excepted package”. Some interesting cases and 

statistics could be found e.g. in [9]. 

Fortunately, there have not been any traffic (road, rail, sea, air) accidents during transport 

of radioactive material in Slovenia in the past years. Such accidents are addressed in the SNSA’s 

emergency and response procedures. In 2017, a table-top exercise was conducted and the 

scenario involved a traffic accident of a van, carrying a high-activity sealed source (Ir-192). To 

anticipate such rare cases and respond properly, one of the most common events could be: a 

vehicle carrying a device with (a) radioactive source(s) and being involved in a road accident 

or such a device – falling from the vehicle. On other occasions, such devices may also be 

damaged during handling (transport) and subsequently radioactive sources may be dislodged 

from internal packaging(s) and shielding’s characteristics could be compromised. 

Three types of causes could be summed up here. Human errors should be stated first. 

They include excessive speed, abuse of alcohol, drugs or certain medicaments, fatigue, 

carelessness and bypassing established procedures and guidelines. Technological issues could 

also be listed and explained a bit: package design might be inadequate and e.g. some normal 

conditions have not been properly designed and approved (consequence could be e.g. even 

loose fittings/screws and different “geometry” of the shielding); another important sub-issue 

here is also the maintenance (of both housing/packaging as well as a vehicle). The third bunch 

of causes are different organisational factors, spanning from poor policies, procedures and 

guidelines to a lack of (certified) training or oversight and supervision of vehicle crew. [10] 

Speaking broader about “events” (not just accidents and incidents – and IAEA INES 

ratings 1, 2, 3 and higher), a kind of clusters or categories could be formed. This typology would 

include groups of events and their frequency would vary from a country to country and also 

through the time. There are, for example: damage of a package during handling; theft (including 

robberies) or loss or missing of a package; tie-down defects; incomplete documentation, non-

conforming labels, markings, placarding, orange tables; radiological event (including excessive 

contamination levels); traffic accident (collision, overturned vehicles, derailment, 
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damaged/sunken ship, etc.); inadequate content of a package; infringements, regarding a 

transport means, driver and vehicle crew, DGSA and similar; others. [6, 11] 

Most of the transport-related events that occur world-wide have resulted in no 

radiological consequences. There have been a small share of events that might have resulted in 

radiation doses but these were considered to be extremely low or below 1 mSv. Only a tiny 

fraction of the events are those, where (calculated) dose rates and radiation doses (effective) 

have exceeded 1 mSv. [9] A few exemplary events and accidents in the last ten years, world-

wide (some of them are fairly known and echoed) could be referenced: 

• Shipment of Ir-192 from Sweden through a French airport to the United States 

(2001/2002, INES 3 – a handler could have received a dose of up to 100 mSv); [12, 13]  

• France (2012) – loss of a package with F-18 during transport (INES 2); [14] 

• Bosnia and Herzegovina (2015) – a collision with a fatality during transport of Ir-192; 

[15] 

• Canada (2016) – transport accident involving uranium yellowcake (minimal/contained 

spill onsite); [16] 

• Shipment of Ir-192 from Egypt through a Swiss airport to Belgium (2017, several 

passengers could have received excessive doses); [17] 

• Stolen device with radioactive sources from a parked vehicle (e.g. Slovakia – 2019). [18] 

Some conclusions, common patterns and lessons learnt could be, among others: 

• Incidents during transport of radioactive material with the IAEA INES rating of 3 are 

very rare events. 

• Non-compliances do occur regularly, spanning from excessive radiation levels (dose 

rates), incomplete documentation (e.g. obsolete instructions in writing, wrong UN 

numbers, errors in the transport documents) to tie-down defects or placards, not being 

weather resistant (see Figure 1) or modified in a wrong way. 

• While there has not been any theft (or missing or loss) of radioactive material in Slovenia 

during transport, such events occur regularly in the world. Necessary awareness, vigilance 

and security-related measures shall always be in place. Thefts and similar events span 

from “stolen at gunpoint” to devices with radioactive sources, (opportunistically) stolen 

in/with vehicles during night time and near private residences or (m-)/hotels. 

• Even small collisions and traffic incidents with radioactive material could cause a 

blockage of roads for several hours and public (media) attention. Similar is also true for 

the airports (cases with damaged packages, “warm(er)” packages or spills). 

• Not all airports are adequately equipped (and trained) in detecting high(er) dose rates 

(radiation levels) of packages, e.g. in transit. In some cases, packages with very high dose 

rates were only detected on the arrival or even at the user’s premises. 

• Excessive contamination levels on package’s surfaces are also plausible events, e.g. in 

case of unsealed sources. 

• “Sudden changes and surprises” (e.g. harsh drop of temperatures, wild animals, fires, 

protesters with their “spraying intentions”, etc) could affect road conditions or pose extra 

challenges during carriage. In addition, accidents, events and also “near misses” may 

show a certain set of circumstances that direct the regulators to re-visit their approaches 

or legislative framework. 
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• Transport-related companies, having a number of drivers, should be aware of possible 

anomalies and self-willed “short cuts” of their (individual) drivers. 

 
Figure 1: A foreign case, where the placarding was not weather-resistant [19] 

Such international cases are extremely valuable for sharing good practices (and bad ones 

too) and lessons learnt – with an “echo” of not repeating others’ mistakes. In Slovenia, such 

audience could be DGSAs, drivers, various participants from the Police and Financial 

Administration (“Customs”), other entities with their interest (e.g. Krško Nuclear Power Plant). 

A handful of case studies (see Figure 2) packed together with some images and structured data 

have been seen not only as an “eye opener” but also as real practical examples and true stories 

that may sit down firmly and go along the requirements from ADR (1.8.3.9 and 8.2.2.3). 

 

 

Figure 2: A practical slide, an introduction into a case study, during outreach activities 

5 A QUICK LOOK OVER THE HORIZON 

Some actions mentioned afore have charted the path ahead. Some of them tend to be 

“low-hanging fruit” but the others are more complex. SNSA will continue to work as a 

custodian and co-ordinator of the established informal group on safe transport of radioactive 

material. It is precious and a “win-win” situation, too to have in this group not only various 

public/governmental entities but also a handful of very experienced carriers and organisers of 

the carriages.  

Safety – security interface and its importance has been steadily growing for a number of 

years. SNSA will be further engaged with the Slovene Police (and others, as appropriate) to 

yearly review and update the (general) annual threat assessment for transports of potentially 

highly dangerous goods – radioactive material. For such a recurring task, international 
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benchmarking, “open source” information and guiding documents (e.g. from IAEA, Nuclear 

Security Series) are really valuable. 

ADR (2021 Edition) is practically knocking at the door, envisaged to interweave 

numerous new requirements for dangerous goods – including radioactive material – that will 

need to be understood and taken into account in the future. Internationally, it is a Geneva-based 

organization – UNECE (United Nations Economic Commission for Europe) that keeps 

watching over ADR. Two of the most important changes are the future use of dose rate 

(previously as radiation level) and the introduction of SCO-III for those large solid objects 

which, because of its size, cannot be transported in other type(s) of package(s). As agreed, the 

title of ADR (currently as “the European Agreement concerning the International Carriage of 

Dangerous Goods by Road”) will be shortened by the omission of the “European” prefix. [20] 

From the UNECE’s webpage and knowing what will be mirrored from the documents SSR-6, 

some noteworthy changes – in addition to those mentioned above – will include: 

• Addition of several new radionuclides and their value (e.g. Ba-135m, Ge-69, etc); 

• Restructuring and amendment of the requirements from 8.5 (S21) to include in a more 

precise way the need to supervising (at all times) those goods when subjected to the 

provision from 1.10.3 (a link to the security plan);  

• Updated references, e.g. IAEA Safety Standards Series No. GSR Part 3 or 

INFCIRC/225/Rev.5. [21] 

SNSA – similarly to a number of other European regulators for safe and secure transport 

of radioactive material – is planning to organise a one-day seminar for the pertinent 

stakeholders: DGSAs, companies and their drivers that are involved in carriage of radioactive 

material (Class 7), selected participants from the Police and Financial Administration 

(“Customs”) to highlight and share good practices and experience from case studies. This “tool” 

could become a traditional gathering in the future, e.g. to be convened every fifth year. The 

event, originally planned for April 2020, has been postponed due to COVID-19. 

Right now, the legislative approach stipulates “transportation as a radiation practice” only 

for those sources which fall either in Category 1 or Category 2 – based upon their activities. As 

said above, such an approach has been in place since 2018 (before there were no exemption or 

derogation in this vein). Having under licenses only the most active sources may not be the best 

(most optimal) approach because some transportations – not being negligible from radiation 

protection – may ultimately pose greater challenges – e.g. through doses received by drivers, 

transporting those packages with larger (sums) of transport indexes or “frequent travellers”. In 

addition, “a 2-person rule” is envisaged in the current Article 35 of the Rules on the use of 

radiation sources and radiation activities but only for transporting those devices with sealed 

sources that are (exclusively) used in industrial radiography.  

Slovenia will again host the IAEA IRRS review (Integrated Regulatory Review Service) 

in 2022. Among several modules and discussions, certain considerations will be also given to 

transport. 

On the international parquet, SNSA will have a liking for the co-operation within the 

EACA community. This may encompass the participation in annual/plenary meetings, taking 

part in distinct question(naire)s or sharing good transport-related practices. Any future hosting 

of EACA’s annual/plenary meeting in Slovenia – which will be clearly our duty (and a 

privilege) once in the future – would entail quite a lot of preparation and resources. SNSA will 

also continue to follow the future work of the IAEA’s Transport Safety Standards Committee 

(TRANSSC). Other appreciations are occasional international conferences on transport, 
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organised by IAEA, as well as (unfortunately rather rarely placed) training courses. It is of 

utmost importance to attentively take care of human resources and expertise in the sphere – 

utilising also e-learning platforms. Some focused, topic-related scientific visits to more 

advanced EACA’s members in this regard might also be outlined. Relevant carriers as well as 

organisers of transport would benefit from the further “products” (e.g. good practice guides) of 

the reputable World Nuclear Transport Institute (WNTI). 

6 CONCLUSIONS 

Not only SNSA but also other counterparts and different organisations have gained 

tangible experiences regarding transport of radioactive material, including nuclear (fissile) 

material. It is worthwhile to add that Slovenia – as many other countries – has also witnessed 

various transits, spanning from low-activity sources in excepted packages to “Type B” packages 

with radioactive sources or spent nuclear fuel. SNSA tends to raise awareness in this regard 

(primarily) through the established channels or means, e.g. through annual reports, Radiation 

News (“Sevalne novice”, in Slovene), also through occasional seminars for the Police officers, 

etc. Certain changes in the Slovene legislation (including ADR and other modal agreements) 

which address different aspects of transport have occurred in the past few years. It is very much 

necessary to review all those (sometimes subtle) implications and particularities, as appropriate, 

and rectify those chunks of legislation which have become obsolete, having embedded errors 

or need to be adjusted, e.g. bearing “graded approach” in mind.  

Already a quick look through several accidents and incidents during carriage of 

radioactive material in Europe and overseas does offer a palette of reasons (human, technical, 

organisational). All of us can learn a lot from foreign good practices as well as bad ones. This 

could be an excellent input into a number of national “streams”, such as trainings, new or 

amended regulatory requirements, vigilance, inspections and audits, etc. In the past decades, 

mainly safety-related aspects were in the limelight of efforts. This has been gradually changed 

in the last decade and a half. Security-related aspects have gained a remarkable foothill and the 

future impetus will probably bring even more requirements (or refinements of the current ones).  

It is both visionary and pro-actively to pursue sustainability in transport of radioactive 

material. A number of subsets may be touched upon here (e.g. resources, culture, quality 

management systems, training and evaluation, using good practices and lessons learnt, 

conducting outreach and assurance activities, etc.). It is understandable for the Slovenian 

stakeholders to aim at harnessing synergies, where possible, and strive for continuous 

improvements and challenge the status quo – where possible. 
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ABSTRACT 

As stated in the EU directive 2011/70/EURATOM [1] every member state (country) is 

responsible for the implementation of a safe and sustainable solution for spent nuclear fuel 

(SNF) and radioactive waste management and disposal. Radioactive waste disposal is among 

the basic radioactive waste management steps following the nuclear reactor operation and 

decommissioning. Geological disposal concept is based on multi-barrier system made of 

engineered and natural barriers. The radioactive waste management development program has 

been approved by Lithuanian Government in 2015. It foresees the geological disposal of 

RBMK-1500 spent nuclear fuel from Ignalina nuclear power plant (Lithuania) starting in 2066. 

Particular clay (bentonite) is among the materials considered for engineered barriers due 

to its properties such as low hydraulic conductivity, high sorption capacity, swelling potential, 

etc. This paper presents the results of the analysis on coupled hydraulic-mechanic MX-80 

bentonite behaviour under its hydration with groundwater. Numerical model was based on 

Richard’s equation and linear swelling model including non-linear couplings. Numerical 

modelling was performed with computer code COMSOL Multiphysics (USA) and the results 

were compared to experimental results of hydration of MX-80 bentonite sample at laboratory. 

The overall modelling results were in line with experimental data. Data on measured void ratio, 

moisture content at different parts of specimen were slightly underestimated with more 

significant differences for the upper part of specimen. Modelled axial pressure was estimated 

being higher than radial pressure while measured radial pressure was higher than the axial 

pressure in the experiment. 

1 INTRODUCTION 

Deep geological disposal is internationally recognized as the most feasible, safe and 

effective way to dispose of spent nuclear fuel and high-level radioactive waste. Repositories 

are designed on the basis of a multi-barrier system concept, which is composed by engineered 

and natural barriers between the radioactive waste and the biosphere. Engineered barriers need 

to be designed to dissipate heat from the canister, to minimize groundwater inflow, to provide 

mailto:darius.justinavicius@lei.lt
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low permeability environment and long-term retardation of contaminant transport, to stabilize 

the repository excavations and to resist chemical transformation. A bentonite-based material is 

often considered as a possible buffer/backfill material for the isolation of the high-level 

radioactive waste. The sealing ability is crucial for bentonite barriers in all geological repository 

concepts. Sealing is achieved by the combination of a high swelling pressure and a low 

hydraulic conductivity. Initially the bentonite-based barrier is partially saturated with water. 

Once it comes into contact with surrounding host rock, the groundwater inflow will take place. 

Water transport in porous, highly compacted material is a complex process depending on 

material hydraulic and mechanical properties. When the bentonite material comes in to contact 

with water vapour or liquid water the clay particles starts to absorb water thus leading bentonite 

expansion (increase of volume). If the volume for expansion is restricted the water absorption 

is translated into swelling pressure against the retaining cell walls.  

In 2017 the European Commission H2020 project BEACON was initiated [2]. The key 

objective of BEACON is to refine and verify the modelling tools needed for the assessment of 

the hydraulic-mechanical (HM) evolution of installed bentonite components and the eventual 

performance of the barrier. 25 organizations from 10 countries were involved in BEACON 

project. The Lithuanian Energy Institute (LEI) participates in the modelling activities of 

BEACON project. This paper describes LEI modelling on coupled HM behaviour of MX-80 

bentonite under hydration with groundwater. Modelling results were in line with experimental 

data from laboratory test of hydration of MX-80 bentonite sample. 

2 METHODOLOGY 

For the modelling of hydraulic-mechanical response of hydration of bentonite material 

Richard‘s equation was applied for the water flow modelling. Wetting induced swelling was 

modelled as linear elastic deformation and its impact on porosity change was assessed. HM 

model included couplings to consider impact of mechanical deformations on water balance, 

porosity change impact on specific moisture capacity, on storage coefficient, on permeability, 

on air entry pressure. 

The basic hypotheses were accepted that the gas flow is low, the gas pressure could be 

assumed constant and equal to atmospheric pressure. It was also assumed that bentonite 

mechanical response in terms of deformation or/and developed swelling pressure are mainly 

governed by bentonite saturation. 

The experimental data from TEST 1a01 (Swelling pressure of bentonite plug at constant 

volume followed with an increase of volume) as presented in H2020 Beacon deliverable [3] 

were selected for the comparison with the results from numerical model. This test is referenced 

as A01-13 in SKB Report TR-14-25. 

2.1 Hydraulic model 

Simplified formulation using Richard's equation could be considered for modelling of 

bentonite saturation. Modelling of material saturation using Richard’s approach consists of 

solving the partial differential equations for liquid phase: 

𝜌 (
𝐶𝑚

𝜌𝑔
+ 𝑆𝑒𝑆)

𝜕𝑝

𝜕𝑡
+ ∇ ∙ 𝜌 (−

𝑘𝑠

𝜇
𝑘𝑟(𝛻𝑝 + 𝜌𝑔∇𝐷)) = 𝑄𝑚 (1) 
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where p is the dependent variable (pressure of liquid phase), ρ is density of fluid, Cm is 

specific moisture capacity, g is acceleration of gravity, Se is effective saturation, S is storage 

coefficient, ks is absolute permeability at saturated conditions, kr is relative permeability, μ is 

dynamic viscosity of fluid, D represents elevation and Qm is fluid source (positive) or sink 

(negative). 

The difference between the pressure potentials of gas and liquid in unsaturated conditions, 

caused by the action of capillary and adsorption forces, is called capillary pressure (suction): 

𝑝𝑔𝑎𝑠 − 𝑝𝑙𝑖𝑞 = 𝑝𝑐(𝑆𝑒).   (2) 

The capillary pressure (suction) was represented by van Genuchten function [4]: 

𝑝𝑐 = 𝑝0 ((𝑆𝑒)
−
1

𝑚 − 1)
1/𝑛

   (3) 

𝑚 = 1 −
1

𝑛
   (4) 

where p0 is a pressure scaling parameter (air entry pressure), n and m are Van Genuchten 

fitting parameters. Air entry pressure is related to the average size of the pores and its value 

approximately corresponds to the position of the inflection point at the capillary curve. Air entry 

pressure was implemented as a function of void ratio: 

𝑝0 = 𝐴 ∙ 𝛹,  (5) 

where 𝛹 is total suction at saturation, A is fitting parameter. 

Total suction at saturation 𝛹 as a function of void ratio was derived in [5] for MX-80 

granular bentonite:  

𝛹(𝑒) = 248.21 ∙ exp(−4.78 ∙ 𝑒),  (6) 

where 𝑒 is a void ratio. 

Hydraulic conductivity K (m/s) for MX-80 bentonite is a function of void ratio as reported 

in [6]: 

𝐾(𝑒) = 𝐾0 (
𝑒

𝑒0
)
𝜂

,   (7) 

where 𝐾0 is reference hydraulic conductivity at reference void ratio 𝑒0, 𝜂 is a fitting 

parameter. 

Relative permeability was set as a function of effective saturation: 

𝑘𝑟_𝑙𝑖𝑞(𝑆𝑒) = 𝑆𝑒
𝑙(1 − (1 − (𝑆𝑒)

1/𝑚)
𝑚
)
2

  (8) 

where l is connectivity factor and can be treated as a fitting parameter of the dependency. 

2.2 Mechanical model 

The mechanical property of bentonite was simplified with a pure elastic constitutive 

model based on generalized Hooke's law complemented with swelling-induced stress: 

𝜎𝑖𝑗 = 𝑪𝑖𝑗𝑘𝑙
𝑒 ∙ (휀𝑘𝑙 − 휀𝑘𝑙

𝑠𝑤),  (9) 
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where 𝜎𝑖𝑗  is the effective stress tensor, 휀𝑘𝑙 is total strain tensor, 휀𝑘𝑙
𝑠𝑤 swelling strain tensor, 

𝐂𝑖𝑗𝑘𝑙
𝑒  are the components of the fourth-order stiffness tensor of material properties. It can be 

determined by the Young’s modulus E and Poisson ratio 𝜈 in the linear elasticity. 

In this work we adopted the linear elastic swelling model [7] using the swelling strain that 

is linearly proportional to the saturation degree: 

휀𝑖𝑗
𝑠𝑤 = 𝛽𝑠𝑤𝜌𝑤𝑛𝛥𝑆𝑤𝛿𝑖𝑗 ,  (10) 

where 𝛽𝑠𝑤 is a moisture swelling coefficient for isotropic material, Δ𝑆𝑤 is change of 

water saturation, 𝛿𝑖𝑗 – Kronecker-delta, 𝜌𝑤 is water density, 𝑛 is porosity. 

With assumption of slow deformation of solid [8] the porosity change was evaluated as a 

function of volumetric strain 휀𝑣 (휀𝑣 = 휀11 + 휀22 + 휀33): 

𝜕𝑛

𝜕𝑡
= (1 − 𝑛) ∙

𝜕𝜀𝑣

𝜕𝑡
  (11) 

2.3 Experimental data 

The test was performed in two stages. First stage corresponds to a swelling pressure test 

at constant volume conditions where both radial and axial stresses are measured. During the 

following stage, an accessible volume for bentonite swelling was increased and water was 

introduced in the cell. Post mortem analysis gives access to water content profile and density 

distribution along the sample. More details on test procedure are provided in [3]. The design of 

the test is shown in Figure 1. 

 

Figure 1: Set-up used for the axial swelling tests [3] 

The material used in the test series is MX-80 bentonite powder. The dimensions of the 

specimens used for the axial type of swelling are a diameter of 50 mm and a height of 20 mm.  

2.4 Numerical model 

Dimensions for “Test 1a01” modelling were set regarding the specification [3]: 

 During step 1: cylinder with radius of 25 mm and height 20 mm; 

 During step 2: cylinder with radius of 25 mm and height increasing from 20 mm to 22.9 

mm. 
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The COMSOL Multiphysics modelling has been done under axisymmetric conditions and 

analysed domain was discretized into 2500 grid elements. The data for HM model are briefly 

summarized in Table 1.  

Table 1: Input parameters 

Parameter Values Reference 

Initial water content 13 % [3] 

Water density 1000 kg/m3 [3] 

Solid density 2780 kg/m3 [3] 

Dry density 1655 kg/m3 [3] 

Volume of specimen 3.93∙10-5 m3  

Mass of dry specimen  6.5∙10-2 kg  

Total mass of specimen 7.34∙10-2 kg  

Initial bulk density 1870 kg/m3  

Initial void ratio 0.68  

Initial saturation 53 %  

Water dynamic viscosity 1∙10-3 Pa∙s  

Young modulus 18 MPa [9] 

Poisson ratio 0.35 [9] 

 

For the 1st step („saturation“ phase) the initial water pressure was set to correspond to the 

degree of saturation of 0.53 based on water retention curve. No initial stresses and strains were 

assumed. Constant water pressure of 2 kPa was set on the top boundary and no-flow boundary 

conditions were set to the side and bottom of model domain. Roller type boundary conditions 

were accepted for all boundaries as no displacements were allowed in normal direction and no 

friction on the wall. 

For the 2nd step („swelling phase“) the initial conditions of variables were obtained from 

preceding step. The hydraulic boundary conditions were set the same as in the step 1. For the 

top boundary the prescribed displacement of 2.9 mm was set as a function over short time  

(~1 min). 

3 RESULTS 

Modelling results are presented in Figures 2. As it could be seen from the Figure 2, the 

material was not fully saturated by the end of simulation (after 30 days). 
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Figure 2: Results of water saturation distribution by the end of simulation (after 30 days) 

Modelling results of axial and radial stresses (swelling pressure) are presented in Figure 3. 

As it could be seen from the figure the trend of non-linearly increasing pressure during step 1 

and step 2 was observed. Modelled maximum swelling pressure was higher at the end of step 1 

than of step 2. Axial swelling pressure was slightly overestimated for step 1, but were in line 

with experimental data for step 2. In case of radial swelling pressure, the modelling results were 

underestimating measured values to some extend for both steps, but at the end of experiment it 

is rather good correlation with experiment. The reason of measured higher radial stress is not 

very clear. It could be related to the heterogeneities in the sample, fast hydration of sample side. 

The technological gap between sample and cell were not reported, but it was stated that cell 

walls were lubricated. 

 

Figure 3: Results of swelling pressure evolution modelling and experimental results 
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Modelling results of void ratio at particular points of specimen after step 2 are presented 

in Figure 4. As it could be seen from the figure the void ratio at height z<7.5 mm was in line 

with experimental data. However, the void ratio was underestimated in the upper part of 

specimen and very slightly overestimated in the lower part of specimen. 

 
Figure 4: Results of void ratio at particular points of specimen and experimental results 

 

Modelling results of water content at particular points of specimen after step 2 are 

presented in Figure 5. Modelled water content at heights z=2.5 mm, 7.5 mm, 12.5 mm were in 

line with experimental data. The largest difference was observed close to the upper part of 

specimen. The reason could be related to irreversible changes of void ratio here as the sample 

was flooded in the upper part at the beginning of step. This part experienced a unconstrained 

swelling conditions for certain time period and large changes in material state could be induced 

(i.e. becoming a gel). However, there is no experimental data on time evolution of void ratio in 

the sample. 

 

Figure 5: Results of water content at particular points of specimen and experimental results 
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4 SUMMARY 

In overall, it could be seen that current model formulation in COMSOL Multiphysics at 

test modelling time led to underestimated (to some extent) void ratio, moisture content at 

different parts of specimen (more significant differences for upper part of specimen). Axial 

swelling pressure was slightly overestimated for step 1, but were in line with experimental data 

for step 2. In case of radial swelling pressure, the modelling results were underestimating 

measured values to some extend for both steps, but at the end of experiment it is rather good 

correlation with experiment. Further model development should take into consideration the 

potential of irreversible changes in the material together with thorough experimental analysis 

of material behaviour under unconfined conditions. 
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ABSTRACT 

The recent increasing demand for better nuclear fuel utilization requires higher enriched 

uranium fuels which is a challenge for spent fuel handling facilities in all countries with 

nuclear power plants. The operation with higher enriched fuels leads to reduced reserves 

to legislative and safety limits of spent fuel transport, storage and final disposal facilities. 

In some cases, the required boron amount in the absorber plates or tubes can be higher than 

current metallurgy processes allows. 

This study addresses the neutron absorber solution with significantly increased nuclear 

safety and improved economics where a new concept of inseparable neutron absorber 

is introduced to achieve fuel reactivity decrease. Same or better criticality safety is achieved 

with significantly lower or even no boron content in the cask basket absorber when compared 

to current concepts. Alternatively, it is possible to reduce fuel assembly pitch with the same 

boron amount and subsequently decrease overall cask dimensions and its cost. Because of less 

strict requirements for absorber material when compared to active core environment and 

better spatial position inside spent fuel handling facility, the choice of absorber material 

expands currently used boron element. 

Erbium, cadmium, gadolinium, hafnium, samaria and dysprosium elements are among 

the most suitable materials. Criticality safety analysis of the recent VVER-1000 final disposal 

cask with 3 fuel assemblies is performed with the new neutron absorber concept. 

1 INTRODUCTION 

Criticality safety in spent fuel cask systems is commonly achieved by placing neutron 

absorbers in the cask basket design. Aluminum or stainless steel tubes spatially separate fuel 

assemblies in the cask basket. Currently, boron is exclusively used as the absorber material. 

The reason is the chemical and mechanical properties of light boron nuclei that can be added 

directly to basket tubes material, or placed in extra sheets between the tubes. Increasing fuel 

enrichment and limitations of boron content in the steels or alloys [1] can be solved by using 

burnup credit methodology in the criticality safety analysis. 

The improved neutron absorber concept is based on placing neutron absorbers directly 

into the fuel assembly. This solution is more efficient than absorber tubes even with neutron 

flux trap and allows significant basket design changes. The main changes are lowering boron 
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content in absorber tubes and decreasing fuel assembly pitch in the basket resulting in lower 

cask wall diameter and total cask mass. Absorber is placed in steel cladding and fixed inside 

guide tubes. Because the temperature, radiation, chemical compatibility and pressure 

parameters are not limiting since the absorber would not be exposed to reactor core operation 

environment, material selection analysis is performed to optimize improved neutron absorber 

concept. This concept was studied recently [2], [3], [4]. 

2 CALCULATION MODEL 

SKODA-1000/3 is a final disposal cask for Czech deep geological repository. Current 

design is based on placing three VVER-1000 fuel assemblies inside the cask. For neutron 

absorber concept, a 3-D model of the cask was analyzed. Fuel was assumed uniform in all 

fuel rods as one material with 5.0 wt% U-235 fuel enrichment. Uncertainties were not taken 

into account, therefore, legislative limit 0.95 on neutron multiplication factor (system k-eff) 

was replaced by calculation limit 0.88 that takes into account uncertainties in fuel 

composition (conservatively 0.05 according to [5]), fuel assembly manufacturing 

uncertainties and nuclear data bias (conservatively 0.02). 

Fuel composition was determined by depletion calculations performed with Serpent 

(version 2.1.31) transport code [7] and ENDF/B-VIII.0 continuous energy nuclear data library 

[8]. Fuel assembly depletion model is depicted in Figure 1, uniform material was assumed 

since other parameters (fuel enrichment, fuel burnup, cooling time) have a significantly larger 

effect on the reactivity, especially for feasibility study. Actinide and fission product burnup 

credit level with NRC approved set of 28 nuclides was used. Nuclide set is very similar 

to French selection of 27 nuclides [6]; Eu-151 fission product makes the only difference. 

Isotopic correction factors were not applied since the absorber reactivity worth is around 

10 times larger, however, the analysis conservatively accounts for isotopic correction factors 

in decreased k-eff limit. 

 
Figure 1: Fuel assembly depletion in Serpent 2. 
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Criticality calculations were performed with Serpent (version 2.1.31) transport code [7] 

and ENDF/B-VIII.0 continuous energy nuclear data library [8], see Figure 2. 

 

Figure 2: Final disposal cask criticality model in Serpent 2. 

3 CALCULATION RESULTS 

SKODA-1000/3 final disposal cask criticality for current design specifications (Figure 

2) is achieved with stainless steel tubes around each fuel assembly. It should be noted that the 

design of the tubes is the result of required cask lifetime and strength properties from 

structural analysis rather than criticality design. However, with burnup credit, it can be easily 

shown that the cask is safely subcritical. Minimal fuel burnup is 12745 MWd/MTU that 

is achieved by all fuel assemblies in their first fuel cycle in the nuclear reactor operation, see 

Figure 3. 

Fuel burnup influence reactivity distinctly, on the other hand, cooling time and to some 

extent fuel enrichment plays a minor role. Therefore, a comparison of current solution with 

newly proposed neutron absorber concept is analyzed only for zero cooling time with 

maximum 5.0 wt% U-235 enrichment. Absorber materials were selected by the most common 

chemical composition, one carbide, 4 oxides and 3 metals: B4C (2.52 g/cm3), Sm2O3 (8.347 

g/cm3), Eu2O3 (7.42 g/cm3), Gd2O3 (7.07 g/cm3), Dy2O3 (7.80 g/cm3), Hf (13.31 g/cm3), Re 

(21.02 g/cm3), Ir (22.56 g/cm3). 
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Neutron absorbers were placed in all 18 guide tube positions, see Figure 4. Neutron 

absorber materials have the same diameter as the fuel pellet and it is placed inside its own 

steel cylinder tube. Thickness of stainless steel tube around fuel assembly can be decreased 

since the subcriticality can be achieved by neutron absorbers, see Figure 5. Tube thickness 

can be decreased from original 40 mm to 14 mm, further decrease of tube thickness is not 

feasible since the tube create neutron trap between tubes. 

 

Figure 3: Final disposal cask criticality with steel tubes. 

 

 
Figure 4: Positions of neutron absorbers inside fuel assembly guide tubes. 
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Figure 5: Final disposal cask tube thickness. 

 

Alternative cask design showing possibilities of neutron absorbers in guide tubes 

is analyzed in Figure 6. Stainless steel tubes around fuel assemblies are replaced by cask inner 

cylinder and fuel assemblies are placed adjacent to each other. Cask wall thickness remains 

unchanged (orange color in Serpent model), however, cask wall inner diameter decreases 

from 784 mm to 554 mm and resulting cask wall volume (and mass and price) in decreased 

by 57 %. 

Alternative cask design is achieved with burnup credit, minimal fuel burnup 

of 49996 MWd/MTU is required if no neutron absorbers are used. If neutron absorbers are 

used, minimal burnup rapidly decreases to interval approximately between 10000 and 20000 

MWd/MTU. Comparison of selected absorbers based on minimal fuel burnup in burnup credit 

is listed in Table 1 and Figure 7. Gadolinium is the weakest neutron absorber while europium 

is the strongest one. 

Although the final disposal cask criticality can be achieved without the neutron 

absorbers, their use significantly reduce cask criticality and allows for other cask designs. 

In addition, the neutron absorber can be placed inside the fuel assembly in early storage stages 

(for example, in the spent fuel pool) and reduce back end cost by using the neutron absorbers 

in more facilities: 

 storage – spent fuel pools, spent fuel casks 

 transport – spent fuel casks 

 disposal – final disposal casks 
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Figure 6: Final disposal cask criticality without steel tubes. 

 

 
Figure 7: Minimal fuel burnup for alternative cask design. 
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Table 1: Minimal fuel burnup for alternative cask design. 

Absorber (-) Burnup (MWd/MTU) 

none 49996 

B   9406 

Sm 18113 

Eu   8853 

Gd 20390 

Dy 17847 

Hf 18648 

Re 16149 

Ir 11688 

 

CONCLUSIONS 

An improved concept of neutron absorber for VVER-1000 final disposal cask criticality 

safety analysis is introduced. The absorber placed directly within fuel assembly guide tubes 

significantly decrease cask reactivity. 8 various absorber materials (B, Sm, Eu, Gd, Dy, Hf, 

Re, Ir) were analyzed and all of them allows cask design changes. Improved neutron absorber 

concept can be used in two ways: 

1) Improved safety. With improved neutron absorber concept, it is possible to omit 

burnup credit methodology. Criticality safety limits are met even with fresh fuel. 

2) Better economics. Alternative design with no stainless steel tubes between fuel 

assemblies in the final disposal cask was studied. With the alternative design, it is possible 

to achieve criticality safety limits with low fuel burnups between 10000 MWd/MTU and 

20000 MWd/MTU (varies by absorber material) compared to high burnup 

of 50000 MWd/MTU when no absorber is used. In alternative design, cask wall thickness 

remains unchanged, however, cask wall inner diameter significantly decreases and resulting 

cask wall volume (and mass and price) in decreased by 57 %. 

Although the final disposal cask criticality can be achieved without the neutron 

absorbers, their use significantly reduce cask criticality and allows for other cask designs. 

In addition, the neutron absorber can be placed inside the fuel assembly in early storage stages 

(for example, in the spent fuel pool) and reduce back end cost by using the neutron absorbers 

in more facilities: 

 storage – spent fuel pools, spent fuel casks 

 transport – spent fuel casks 

 disposal – final disposal casks 
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ABSTRACT

The estimation of spent nuclear fuel source term (decay heat, reactivity, nuclide inventory
etc.) has several sources of uncertainty such as uncertainties in nuclear data, uncertainties in
the operation history, choice of calculation parameters etc. In this work the effect of calcula-
tion parameters is studied by estimating the source term with the built-in burnup capability of
Serpent. The effect of the following parameters is considered: depletion zone division, burnup
steps, unresolved resonance probability table sampling, Doppler-Broadening Rejection Correc-
tion (DBRC) and energy dependent branching ratios. As a test case a 2D BWR fuel assembly
was modelled. First a burnup calculation was executed up to a burnup of 60 MWd/kgU followed
by a decay calculation up to 107 years starting from the maximum burnup. The following source
term components were considered when investigating the effect of the studied parameters: to-
tal decay heat, photon emission rate and spontaneous fission rate. In general the differences
resulting from the use of different parameter variations were small for all three studied source
term components. For the decay heat largest absolute relative difference was approximately
0.6 % and for the photon emission rate approximately 1.1 %. For the spontaneous fission rate
maximum absolute relative difference of nearly 8 % was observed. For all three components
the variation of the depletion zone division resulted in the largest relative differences. Clear
differences were also observed for burnup step length and DBRC variations. The use of un-
resolved resonance probability table sampling and energy dependent branching rations had an
insignificant effect on the studied source term components.

1 INTRODUCTION

For the safe handling, interim storage and final disposal of spent nuclear fuel (SNF)
knowledge of the source term (decay heat, reactivity, nuclide inventory etc.) is essential. How-
ever, the estimation of the source term using computational methods has several sources of un-
certainty such as uncertainties in the nuclear data, uncertainties in the operation history, choice
of calculation parameters etc. In this work the focus is on the effect of calculation parameters
when the built-in burnup capability of Serpent [1] is used to estimate the source term.
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2 METHODOLOGY

Estimating the source term with Serpent requires running a burnup calculation to obtain
the nuclide inventory in SNF and for this calculation several parameters have to be specified. In
this work the effect of the following parameters on the source term is studied: depletion zone
division, burnup steps, unresolved resonance probability table sampling, Doppler-Broadening
Rejection Correction (DBRC) and energy dependent branching ratios. As a test case a 2D BWR
assembly was modelled. First a burnup calculation was executed up to a burnup of 60 MWd/kgU
followed by a decay calculation up to 107 years starting from the maximum burnup. These
simulations were repeated for different variations of the studied parameters and since the use of
Monte Carlo method introduces statistical uncertainty, each variation was repeated five times to
obtain an estimate for the uncertainty. The following source term components were considered
when investigating the effect of the studied parameters: total decay heat, photon emission rate
and spontaneous fission rate. These components are automatically calculated by Serpent when
running a decay calculation.

In the burnup calculations 107 active neutron histories divided into 100 cycles of 105

source neutrons were simulated in each transport calculation along with 25 inactive cycles.
JEFF-3.2 based cross section data files were used with JEFF-3.1.1 fission product yield and
radioactive decay data files. Linear extrapolation with linear interpolation using 10 substeps in
both predictor and corrector was used as a depletion algorithm. All calculations were run with
a development version based on Serpent 2.1.31.

In more detail the test case is a 10x10 BWR fuel assembly based on the GE-14 design
[2][3]. The assembly contains UO2 fuel rods with several different U-235 enrichments ranging
from 1.6 to 4.9 %. 18 of the rods have Gd2O3 mixed in the fuel. The coolant has a 40 %
void fraction. The geometry is shown in Figure 1 in which each fuel type has a different color.
Reflecting boundary conditions were used and the power density was set to 28.6 W/gU.

Figure 1: Serpent geometry of the GE14 type assembly.

3 VARIATIONS

In the following sections the studied variations are described.
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3.1 Depletion zones

The following depletion zone divisions (listed from the coarsest to the finest) were stud-
ied:

1. Each fuel material as a separate depletion zone

2. Fuel pins as separate depletion zones

3. Gd pins divided into 10 rings with equal volumes, regular pins with a 0.3 mm surface
layer

4. Gd pins divided into 10 rings with equal volumes, regular pins with a 0.3 mm surface
layer, subdivision into 4 azimuthal sectors in each pin

The division with sectors (4.) is used as reference when the results of the different divisions are
compared. When the effect of the other parameters was studied, the division with rings (3.) was
used.

3.2 Steps

Step length variations presented in Table 1 were studied. In all variations shorter steps
were taken until gadolinium was completely depleted at 22.5 MWd/kgU. The variation with 64
steps is used as reference. When the effect of the other parameters was studied, the variation
with 34 steps was used with the exception of depletion zones in which case 64 steps was used.

Table 1: Different step length variations

Steps Lengths of the steps (MWd/kgU)

14 0.1 0.1 0.3 0.5 1.5 5 x 4.0 7.5 3 x 10.0
20 0.1 0.1 0.3 0.5 1.5 10 x 2.0 2.5 5.0 3 x 10.0
34 0.1 0.1 0.3 0.5 0.5 21 x 1.0 2.5 7 x 5.0
64 0.1 0.1 0.2 0.3 0.3 43 x 0.5 1.0 1.5 14 x 2.5

3.3 Unresolved resonance probability table sampling

The effect of unresolved resonance probability table sampling was studied by modelling
the test case with unresolved resonance probability table sampling switched on and off. The
variation with the probability table sampling switched on is used as reference and it was also
switched on when the effect of the other parameters was studied.

3.4 Doppler-broadening rejection correction

The effect of DBRC was studied by modelling the test case with DBRC switched on and
off. DBRC was applied for U-234, U-235, U-238, Pu-239 and Pu-240. The variation with
DBRC switched on is used as reference and it was also switched on when the effect of the other
parameters was studied.
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3.5 Energy-dependent branching ratios

In burnup calculations branching ratios to isomeric states are used for the production of
long-lived meta-stable nuclides. By default, Serpent uses constant branching ratios which have
been calculated from energy-dependent branching ratios in the JEFF-3.1 activation file in a
PWR flux spectrum. Results obtained using these constant branching rations were compared
against results obtained using energy-dependent branching ratios from the JEFF-3.1 activation
file. The variation with constant branching ratios is used as reference and constant branching
ratios were also used when the effect of the other parameters was studied.

4 RESULTS

As noted previously, each simulation was repeated five times and in the following the
presented results are mean values or relative differences between mean values during the decay
calculation. For each source term component i.e. decay heat, photon emission rate and spon-
taneous fission rate four figures are shown. In the first of these figures the time development
of the component is plotted based on the results from the simulations which used the finest
depletion zone division with sectors. In the other three figures relative differences between
the reference variation and other variations are presented for depletion zone division, burnup
steps and DBRC. Differences resulting from the use of unresolved resonance probability table
sampling or energy dependent branching rations were significantly smaller. Therefore, they are
not presented with figures and instead maximum absolute relative differences during the decay
calculation are given. Statistical uncertainty is illustrated in the relative difference figures using
a curve labeled as ”Max RE” which represents the maximum relative error over the variations
at each time step. The relative errors were calculated as

RE =
σx̄
x̄
, (1)

where σx̄ is the standard deviation of the mean and x̄ is the mean.

4.1 Decay heat

Results for the decay heat are presented in Figure 2. For all three parameters the relative
differences between the reference variation and the other variations are small. Largest absolute
relative difference of approximately 0.6 % is observed for the depletion zone variation with
material-wise depletion zones approximately 7 years after discharge. Maximum absolute rela-
tive differences for the unresolved resonance probability table sampling and energy dependent
branching ratios were approximately 0.06 % and 0.01 %, respectively.

4.2 Photon emission rate

Figure 3 shows the results for the photon emission rate, and similar to decay heat the
calculated relative differences are small and the largest absolute relative difference compared
to the reference variation is observed for the depletion zone variation with material-wise de-
pletion zones. This maximum value of approximately 1.1 % is observed at a cooling time of
approximately 7000 years. Maximum absolute relative differences for the unresolved resonance
probability table sampling and energy dependent branching ratios were approximately 0.08 %
and 0.02 %, respectively.
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(d) DBRC variations

Figure 2: Results for the decay heat.

4.3 Spontaneous fission rate

Results for the spontaneous fission rate are presented in Figure 4. Compared to the ones
obtained for decay heat and photon emission rate the relative differences for the depletion zone
variations are clearly larger. For the variation with material-wise depletion zones relative dif-
ferences of nearly 8 % are observed few hundred years after discharge. Maximum absolute
relative differences for the unresolved resonance probability table sampling and energy depen-
dent branching ratios were both approximately 0.02 %.

5 CONCLUSIONS

The effect of five calculation parameters on decay heat, photon emission rate and spon-
taneous fission rate was studied by modelling a 2D BWR assembly using the built-in burnup
calculation capability of Serpent. The studied parameters were depletion zone division, burnup
steps, unresolved resonance probability table sampling, DBRC and energy dependent branching
ratios. A burnup calculation and a subsequent decay calculation were repeated for the different
variations of the studied parameters.

In general the differences resulting from the use of different parameter variations were
small for all three studied source term components. For the decay heat largest absolute relative
difference was approximately 0.6 % and for the photon emission rate approximately 1.1 %. For
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(d) DBRC variations

Figure 3: Results for the photon emission rate.

the spontaneous fission rate maximum absolute relative difference of nearly 8 % was observed
in the depletion zone variations.

Overall, the unresolved resonance probability table sampling had little effect in this cal-
culation case which is not surprising due to the thermal spectrum in the BWR assembly. A
somewhat more interesting discovery is the generally insignificant effect of replacing the de-
fault constant isomeric branching ratios used by Serpent with energy dependent branching ra-
tios from the JEFF-3.1 activation file. Generally, the branching ratios do affect the equilibrium
concentrations of the isomeric states but it seems that the effect is mostly lost in longer time
decay calculations. The effect of the Doppler broadening rejection correction is rather clear and
indicates that it should be switched on in all calculations. The variations on spatial and temporal
discretization used in the burnup calculation indicate that the ring-based spatial division and 34
step burnup calculation reproduce the reference results with a good accuracy.
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Figure 4: Results for the spontaneous fission rate.
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306 14, Plzeň, Czech Republic

ABSTRACT

During the decommissioning of nuclear power plants, one of the most important opera-
tions is the appropriate classification of radioactive waste. Radioactive waste from the operation
covers a wide range from low-level waste to high-level waste. In addition to the spent nuclear
fuel, a significant part of radioactive waste consists of the components of the primary circuits,
mainly the reactor pressure vessel and its components. For nuclear power plants, decommis-
sioning waste management optimization is essential. In case of primary circuit, the optimization
is based on proper determination of its component activities. This paper presents the neutron
source development that is the first step of the waste management optimization process.

1 INTRODUCTION

Two Nuclear Power Plants (NPP) are built on the territory of the Czech Republic - Temelin
NPP and Dukovany NPP. Both NPPs are operated by CEZ, a. s. Temelin NPP is equipped
with two VVER-1000 (V-320 type) reactors. Dukovany NPP is equipped with four VVER-440
(V-213 type) reactors. Reactors on the Dukovany site were commissioned from May 1985 to
July 1987. Therefore, the oldest reactor has been in operation for 35 years. Permits for extension
of operation were issued in 2015 (unit 1), 2016 (units 2 and 3), and 2017 (unit 4).

Ongoing operation of Dukovany NPP covers approximately 136 reactor-years. An evalu-
ation of a source term is a challenging task for such a long operational history. The operational
histories for all Dukovany NPP reactors were reconstructed by MOBY-DICK code (developed
at SKODA JS a.s.). MOBY-DICK [1] is a computer code which solves reactor kinetics capable
of obtaining time-dependent neutron source distribution.

It was decided to use Monte-Carlo simulation code MCNP6.2 [2] for the final evalu-
ation of primary circuit component activities. Monte-Carlo simulation will be supported by
the source data obtained from the reconstruction of all reactor operation histories. MOBY-DICK
and MCNP6.2 have been linked with a data processing code Effective Neutron Source code
(ENS code) which is being developed for this purpose. The ENS code has an important role in
data processing and analysis during the development of neutron source for the NPPs’ decom-
missioning.

1504.1



1504.2

2 DEVELOPMENT OF NEUTRON SOURCE

Development of neutron source has been divided into several steps as described in table 1.
The first step covered the reconstruction of reactor operation using the MOBY-DICK code.
The reconstruction had been performed for the first 30 years of operation for each Dukovany
NPP unit. To be able to use reconstructed data in MCNP6.2 code these data were further
processed. Reconstructed data from the operation is now being processed and analyzed with
the ENS code. The result of data processing is effective neutron source which can be directly
used as an input in MCNP6.2 code.

Table 1: Effective neutron source development stages.
Objective Current status
Reconstruction of reactors operation Finished
ENS Code development & testing In progress
Source significance evaluation using ENS Code 2020 (Q4)
Source classification 2021 (Q1)
Effective neutron source creation using ENS Code 2021 (Q2)

2.1 Reconstruction of reactor operation

Development of an effective neutron source for decommissioning of NPP is based on the
nuclear reactor operation data provided by an NPP operator. Provided data are used as an input
for the reconstruction of nuclear reactor operation using the MOBY-DICK code. The recon-
struction produces data containing distribution of neutrons in the nuclear reactor core for each
spatial and time calculation point.

In the MOBY-DICK code, the VVER-440 core is typically represented in 60◦ symmetry,
so the spatial calculation points are limited to sixth of the core. [1] Number of MOBY-DICK cal-
culation time points may vary, although in the most frequently used case the computation is per-
formed with approximately 100 calculation time points which are unevenly distributed over the
reactor operation cycle timeline. The uneven distribution of time points allows MOBY-DICK to
be more precise at the Beginning of Cycle (BOC) and at the End of Cycle (EOC) while the re-
actor operation at constant power between BOC and EOC could be represented with larger time
steps.

The neutron distribution is represented by the number of neutrons produced by fission of
U-235, U-238, and Pu-239. The number of fission neutrons from fission of U-235 and U-238
are directly computed during the core simulation, while the rest of fission neutrons are assigned
to Pu-239 as the third major fission nuclide. The newer version of the MOBY-DICK code
package allows to compute the amount of fission neutrons from fission of Pu-239 separately
while the rest of fission neutrons are assigned to Pu-241. This approach is valid as far as the
contribution of fission neutrons from fission of other nuclides to the total neutron source is
negligible. [1] The main advantage from the Monte-Carlo simulation point of view is the ability
to take into consideration the differences between U-235, U-238, and Pu-239 (newly Pu-241)
fission spectra. Fission spectra for nuclides which are not directly computed are assigned to
Pu-239 or Pu-241, respectively.

MOBY-DICK computation produces a lot of neutron distribution data for each time step
of calculation. The number of time steps depends on the power history of the fuel cycle.
A Monte-Carlo simulation for each time step would lead to time-consuming computation and
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therefore this approach would be impracticable. For this reason, the methodology using effec-
tive neutron sources has been introduced [3].

2.2 Methodology

The neutron source Qj from the reactor operation reconstruction is provided at time point
Tj . The MOBY-DICK computing timeline can be written as an equation 1, where T0 indicates
the BOC and TK denotes the EOC. With respect to the equation 1, Q0 is placed equal to 0.

T0 < T1 < ... < Tj−1 < Tj < TK j ∈ N (1)

Assuming that the neutron source during the time interval ∆j (according to the equa-
tion 2 [3]) could be represented as linear, the effective neutron source Qeff might be written for
the whole reactor cycle according to the equation 3 [3].

∆j = Tj − Tj−1 (2)

Qeff =
∫ Tk

0
Q(t)dt ≈

TK∑
j=1

Qj−1 −Qj

2
·∆j (3)

Described method of construction of effective neutron source allows to consider changes
in neutron distribution. This approach is valid when the reactor power history changes are
smooth. In case of large changes in reactor power history or immediate reactor shutdown it is
necessary to use a piecewise constant function according to equation 4 [3] to obtain a correct
effective neutron source.

Qeff =
∫ Tk

0
Q(t)dt ≈

TK∑
j=1

Qj ·∆j (4)

2.3 ENS code

The ENS code has been developed as a support computer code for the processing of
the distribution of neutrons obtained by the MOBY-DICK simulation with a reactor operational
history input. The ENS code is currently a Command Line Program written in Python 3.8 [4]
with the PostgreSQL [5] data export support. Due to the need to process large data quickly,
the parallel execution was implemented; an optional parameter can turn on the file compression
utility to save disk space.

The ENS code is divided into the following modules:

• Reading module

• Converter module

• Testing and Debug module

The purpose of the Reading module is loading the MOBY-DICK outputs and its further
processing into NumPy Python binary files or exporting them into the SQL database. The ad-
vantage of the code is the ability to simultaneously process multiple MOBY-DICK outputs in
either non-compressed or compressed format. The negative values from the determination of
Pu-239 or Pu-241 neutron distribution are corrected during the data processing. Furthermore
the unused data before BOC are erased.
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The Converter module works with the data processed by the Reading module. The main
objective of this module is the evaluation of the effective neutron source for further use in the
MCNP6.2 code. After the processed data are loaded, the input file for MCNP6.2 is created. This
file contains MCNP source identifiers in its header. Then the radial expansion of the neutron
distribution from the 60◦ MOBY-DICK representation into the required core representation is
performed; for example half-core or full-core representation. The radial expansion is followed
by an axial source evaluation. According to the user input, it is possible to limit the source to
certain axial layers only.

If it is necessary to analyze the influence of some fuel assemblies or fuel pins, the core
and/or assembly maps could be loaded. The core and assembly maps allow user to enable or
disable computing with some assembly or fuel pins. While the radial positioning of neutron
sources in the working fuel assembly is fully automated for fuel assemblies, the axial positions
could be manually set by the user or automatically detected from the supplied MOBY-DICK
output. The ENS code reads the axial positions of all 7 groups of regulatory assemblies.

In the case of nonstandard reactor power history, it is possible to create an effective neu-
tron source only for a certain time interval.

The Testing and Debug module is currently used not only for code validation and testing
but also for generating graphical user output. It is possible to display an effective neutron
source for the selected axial layer (see picture 1), working fuel assembly positions during reactor
operation, and comparison of the created effective neutron source with other codes.

Figure 1: An example of 20th axial layer of relative effective neutron source of U-235 from
VVER-440 reactor produced by ENS code.
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3 CONCLUSION

An estimation of primary component activity requires accurate knowledge of neutron
source distribution during the reactor operation. Neutron source distribution was reconstructed
from reactor operational data using the MOBY-DICK code at SKODA JS a.s.

In the case of the Dukovany NPP, the neutron source distribution was reconstructed for
30 years of operation for all reactors. An estimation of the source term of the primary compo-
nents will be performed using the MCNP6.2 code. The Monte-Carlo simulation with detailed
operation parameters would lead to time-consuming computation and therefore the methodol-
ogy using effective neutron sources has been introduced.

The effective neutron source methodology is an appropriate approach as long as only
the cumulative neutron source is needed.
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ABSTRACT

This study investigates the effect of approximations in operating history on spent fuel
properties. Assembly power, boron concentration and coolant temperature and density are av-
eraged one by one over the entire operating history and separately over three irradiation cycles
and compared to calculations using accurate weekly operating history data. The effect of aver-
aging all the studied operating history parameters on activity, decay heat and photon emission
rate is significant during the first few years of cooling, but becomes much smaller (< 1 %) after
10 y. The averaging always exaggerates these parameters at cooling times below 10 y. Almost
all of the effect under 4 y of cooling is caused by the power history approximation. The effect of
averaging on the other studied characteristics, spontaneous fission yield and the concentration
of 14C, 36Cl, 239Pu and 241Pu was much smaller than on activity, decay heat and photon emission
rate during the first few years of cooling.

1 INTRODUCTION

Accurate knowledge of spent nuclear fuel (SNF) properties is important when planning
final disposal, handling and intermediate storage of SNF. Decay heat and reactivity determine
how densely the SNF canisters can be placed in the repository tunnels [1]. Activity must be
considered in the handling and intermediate storage for appropriate radiation shielding. Nu-
clide inventories are also needed for many purposes like reactivity calculations and dose esti-
mates from nuclides propagating to the biosphere such as 14C, 36Cl, 129I, 93Mo and 108mAg [2].
More accurate knowledge of SNF properties and related uncertainties yield cost savings due to
reduced margins in e.g. repository space.

Computational characterization of SNF involves many uncertainty sources one of which
is uncertainty in operating history. Uncertainties can be related e.g. in the accurate knowledge
of operating history parameters such as fuel and coolant temperatures, reactor pressure, power
density and boron concentration or in the intentional approximation of these parameters in order
to simplify the calculation. For example, the accurate modelling of a fuel assembly’s operating
history spanning over three or four years using a Monte Carlo code is not always considered
practical and some approximations can be made.

In this work, the operating history of VVER-440 fuel assemblies based on weekly moni-
toring data are modelled accurately using the Monte Carlo particle transport code Serpent 2 [3].
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Then the monitored parameters such as coolant temperature and density, boron concentration
and assembly power are averaged one by one over the simulated operating history. The effect
of the averaging on important spent fuel properties such as e.g. decay heat, activity and nuclide
inventory is investigated. The purpose of the calculations is to determine how rough approxi-
mations in the operating history of the investigated parameters can be made without significant
effect on spent fuel properties and to determine which of the investigated parameters are most
sensitive to approximations.

2 METHODS

Two VVER-440 fuel assemblies with 126 fuel rods and one instrumentation rod in the
middle were modelled through three cycles. The fuel included six fuel rods with Gd2O3 and
three different enrichments. The calculated assemblies were identical but their positions in
the core were different and therefore some of the operating history parameters such as water
temperature and density and assembly power were slightly different. Two assemblies were
modelled in order to see the possible effect of assembly positions in the core. The Serpent
model of the fuel assembly and the positions of the two modelled assemblies during the three
cycles are presented in figure 1. In Figure 1a, the yellow and orange pins are fuel pins with
4.4 % and 4.2 % U-235 enrichment, respectively. The red pins are fuel pins with 4.0 % 235U
enrichment and 3.35 % Gd2O3 content. In addition to oxygen and uranium, 200 ppm of 14N and
15 ppm of 35Cl [4] were added in the fuel in order to examine the activation products 14C and
36Cl. In Figure 1b, the pink hexagons mark assembly positions for modeled assembly 1 and the
green hexagons for assembly 2. The numbers in the hexagons indicate the irradiation cycle.

(a) Assembly. (b) Core.

Figure 1: Modelled VVER-440 fuel assembly (a) and locations of the modeled assemblies in
the core (b).

For reference calculations, weekly monitoring data of boron concentration, core pres-
sure and assembly wise linear power and coolant temperature were used. Core pressure and
coolant temperature were used to calculate coolant density. For linear power around mainte-
nance breaks, several measurements were made daily. For operating history approximations,
linear power, boron concentration and coolant temperature and density were averaged one by
one keeping the other parameters accurate. Coolant temperature and density approximation
was always combined and cladding and shroud tube temperatures were set the same as coolant
temperature. The averaging was done separately over the whole operating history and cycle
wise. Finally all of the parameters were averaged in one calculation. The average values of
these parameters are presented in Table 1 both over the whole operating history and separately
for each modeled irradiation cycle. The table also presents the largest percentual difference in
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the accurate operating history data to the value averaged over the whole irradiation history and
the relative standard deviation. Fuel temperature was at a constant 900 K in all calculations.

Table 1: Operating history parameters averaged over the whole irradiation history (ave) and
separately for each cycle (ave 1, ave 2, ave 3). “Diff” gives the largest difference in accurate
irradiation history to the average over all cycles and “Rel.Std” is the relative standard deviation
over the whole irradiation history. The symbols Tc, ρc, B and P stand for coolant temperature,
coolant density, boron concentration and assembly linear power, respectively.

Assembly 1 Assembly 2
Tc [K] ρc [g/cm3] B [ppm] P [W/cm] Tc [K] ρc [g/cm3] B [ppm] P [W/cm]

Ave 580 0.7045 630 190 580 0.7051 630 189
Ave 1 582 0.6984 660 203 580 0.7040 660 199
Ave 2 580 0.7049 643 191 581 0.7029 643 194
Ave 3 577 0.7105 580 174 578 0.7090 580 171
Diff -10 % 9.1 % 163 % -73 % -11 % 9.4 % 186 % -73 %
Rel.Std 1.6 % 1.6 % 63 % 15 % 1.4 % 1.4 % 63 % 14 %

The 30◦ symmetry of the assembly was utilized in the calculations and periodic bound-
ary conditions were applied. The non-Gd fuel rods were divided in separate depletion zones
containing one fuel pin and the fuel rods with Gd were further divided in ten equal size radial
depletion zones. The division was done using Serpent’s automated depletion zone division. Al-
together 181 burnup steps were used to model the three irradiation cycles with a step length of
mostly 7 efpd (effective full power days) regardless of whether approximations were applied
in the operating history parameters or not. In the beginning of the cycles, shorter step lengths
were used. Doppler broadening rejection correction was applied for some uranium and pluto-
nium isotopes. Neutron cross section data based on JEFF-3.2 data was utilized. For fission yield
and decay data JEFF-3.1.1 libraries were used. At every step 20 000 neutron histories were run
in 200 generations. All calculations were run on a Linux cluster with Intel Xeon 2.2 GHz nodes
using openMP parallelization. The reference calculation was repeated six times in order to get
an indication of the statistical uncertainty caused by the Monte Carlo method. The calculation
times were typically slightly under two days, but varied according to how many inputs and
restart files were needed.

3 RESULTS

In this section, SNF characteristics with averaged operating history parameters of a fuel
assembly are compared to the reference case where no averaging was done and weekly operating
history over three years was used. The results of the reference calculation are an average of the
six repetition calculations. The studied SNF properties included activity, decay heat, photon
emission rate, spontaneous fission rate and the concentration of some individual nuclides.

The results for assembly 1 are presented in figures 2–9 as a function of cooling time.
In all figures, the legends “bor”, “cool” and “pow” stand for averaging boron concentration,
coolant density and temperature and assembly power, respectively. The legend “all” stands for
averaging over all of the aforementioned parameters and “std” is the relative standard deviation
of the six repetitions for the reference calculation. The last legend entry in all figures describes
the absolute values for the reference calculation of the SNF property in question (activity, decay
heat, etc.) and is presented on the right hand axis. The differences between averaged and
reference calculations are calculated by [(averaged parameter)/reference - 1]*100. In the (a)
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figures averaging over the whole operating history is applied (case a) and in the (b) figures cycle
wise averaging is performed (case b). The x-axis and the right hand y-axis are in logarithmic
scale. The left hand y-axis is in logarithmic scale for figures 2–4. Because of the logarithmic
scale, the x-axis does not start from zero but from 1 day after irradiation. The burnups of
assemblies 1 and 2 after the three years of irradiation were 48.5 MWd/kgU and 48.0 MWd/kgU,
respectively.

(a) Averaging over all cycles. (b) Cyclewise averaging.

Figure 2: Impact of averaging operating history parameters on activity.

(a) Averaging over all cycles. (b) Cyclewise averaging.

Figure 3: Impact of averaging operating history parameters on decay heat.

The differences in figures 2– 4 for activity, decay heat and photon emission rate behave
quite similarly. One day after irradiation, the impact of averaging the operating history seems
to be significant. Differences to the reference case are around 30 % in case a and around 20 %
in case b. At zero cooling time, the differences are more than 60 % (case a) and over 50 %
(case b). However, the differences rapidly decrease. After one year of cooling, the differences
are less than 5 % and after 10 years they are less than 1 % for case a. For case b, these limits are
reached already in 2 months (< 5 %) and 2 years (< 1 %). Almost all of the differences in the
beginning seem to be originating from averaging the power history. For boron concentration and
coolant temperature and density, the differences remain always below 1 % except for photon
emission rate when averaging boron concentration for which the difference at 1 d cooling time
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(a) Averaging over all cycles. (b) Cyclewise averaging.

Figure 4: Impact of averaging operating history parameters on photon emission rate.

is around 1.4 % for both cases a and b. For cycle wise averaging after about 2–3 m (activity,
decay heat) or 30 y (photon emission rate), the differences from averaging coolant properties,
is of the same order as the statistical uncertainty and can therefore be ignored. The results
suggest that the differences originate from some very short lived nuclides sensitive to power
history approximations. Exactly which nuclides, is beyond the scope of this study. The effect
of the approximations is mostly conservative, over estimating the activity, decay heat or photon
emission rate. Underestimations remain below 1.6 %.

(a) Averaging over all cycles. (b) Cyclewise averaging.

Figure 5: Impact of averaging operating history parameters on spontaneous fission rate.

Impact of averaging on spontaneous fission yield in Figure 5 remains always below 1.3 %.
In the beginning, most of the spontaneous fissions occur in 242Cm and 244Cm. Later 246Cm,
240Pu and 242Pu become dominant, until at 1e7 y almost all of the fissions originate from 238U.
The shape of the differences in Figure 5 reflect the dominant periods of some of these nuclides.
For example, the importance of averaging power density dies with 242Cm between 1-2 y and the
effect of boron density approximations changes from over estimation to underestimation with
decaying 244Cm. This indicates that the sensitivity of individual nuclides to different operating
history parameters may differ. The effect of coolant properties in case b is of the same order as
the statistical uncertainty and hence insignificant.
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(a) Averaging over all cycles. (b) Cyclewise averaging.

Figure 6: Impact of averaging operating history parameters on 14C concentration.

(a) Averaging over all cycles. (b) Cyclewise averaging.

Figure 7: Impact of averaging operating history parameters on 36Cl concentration.

Figures 6 and 7 present the impact of operating history approximations on 14C and 36Cl
concentrations. The differences in Figures 6 and 7 remain constant in time. This is because the
nuclides originate practically solely from impurity activation and thus their concentration after
irradiation is only dependent on half lives. The differences are rather small, maximum 0.3 %
for 36Cl in case a.

Figures 8 and 9 present the differences caused by operating history approximations on
239Pu and 241Pu concentrations. These nuclides are born also in the radioactive decay of some
other nuclides and thus the differences in their concentrations due to operating history approxi-
mations do not remain constant over cooling time. For both nuclides, averaging boron concen-
tration is relatively important. For 239Pu in case b, effect of averaging coolant properties can
not be distinguished from the statistical uncertainty. The same is true also for 241Pu at least be-
fore about 300 y cooling. Averaging power history under estimates the concentrations of these
plutonium isotopes. Averaging the other parameters over estimates the concentrations which is
a conservative approximation since 239Pu and 241Pu are both fissile and their presence in SNF
brings out proliferation issues.

Similar examination was performed on assembly 2, but in the interest of saving space, no
figures are presented. Due to the similar burnup of the assemblies, the activity, decay heat and
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(a) Averaging over all cycles. (b) Cyclewise averaging.

Figure 8: Impact of averaging operating history parameters on 239Pu concentration.

(a) Averaging over all cycles. (b) Cyclewise averaging.

Figure 9: Impact of averaging operating history parameters on 241Pu concentration.

photon emission rate was very similar to assembly 1. Differences in these values between the
assemblies were less than 2 %. Operating history approximations in assembly 2 for activity,
decay heat and photon emission rate did not essentially differ from assembly 1 either.

Spontaneous fission rate in the two assemblies differed approximately 4 %. However, the
difference on the effect of the approximations on the two assemblies was rather insignificant.
The largest difference was in the absolute values of the impact of power history approximation
(0.68 % vs. 0.84 %) before 3 m cooling when averaging over the whole operating history.
The curves describing the difference between averaged operating history parameters and the
reference case for assembly 2 were otherwise similar to Figure 5.

14C and 36Cl concentrations in the two assemblies are very similar with∼1 % differences.
The effect of averaging operating history parameters is also rather similar. The largest difference
in Figure 6 and the corresponding figure for assembly 2 was in the effect of averaging coolant
history in case a. In Figure 6, the effect of coolant is about the same as the effect of power
history. For assembly 2, the effect of averaging coolant history is smaller than the averaging of
the other operating history parameters.

The 239Pu concentration in the two assemblies agreed within 0.4 % until 1E6 y cooling
time when the concentration of 239Pu strongly decreases. The agreement for 241Pu was within
1 % for the first 150 y cooling time. At 200 y the differences became larger due to the strong
decrease of 241Pu concentration. From 300 y the differences in 241Pu concentrations between
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the two assemblies was more than 4 %. Figures 8b and 9b in case b are very similar to the
corresponding figures for assembly 2. Some differences exist in case a. The effect of averaging
all the studied operating history parameters for 239Pu between 10 d – 1E5 y is approximately
1.2 % for assembly 1 and 0.9 % for assembly 2. This is mostly due to the stronger effect of
averaging coolant properties in assembly 1. The same difference is present also for 241Pu where
the effect of averaging all parameters for assembly 1 is ∼1 % with less than 300 y cooling and
∼0.9 % for assembly 2.

4 DISCUSSION AND FUTURE WORK

The effect of averaging assembly power, boron concentration and coolant temperature and
density over three irradiation cycles on total assembly activity, decay heat and photon emission
rate remains below 1 % during the period of final disposal (∼ 40 y →). The effect can be
significant (∼70 %) right after irradiation, but rapidly decreases below 1 % in less than 10 years.
The effect on spontaneous fission yield showed strong dependence on the nuclides causing the
fissions. The overall effect remained always below 1.3 %. The effect of averaging on C-14 and
Cl-36 was always below 0.3 % and for Pu-239 and Pu-241 mostly around 1 %. For Pu-241,
the effect increased to 2.5 % when Pu-241 began to strongly decrease after ∼200 y. Based
on the two assemblies studied here, assembly position did not have a significant impact on
the results. Averaging coolant properties for Pu-239 and Pu-241 concentrations had a slightly
stronger effect in assembly 1 than in assembly 2. This may be related to the slightly larger
variation of coolant properties over the irradiation history in assembly 1 (see Table 1) and the
greater sensitivity of plutonium for coolant variations. However, more assemblies in different
parts of the reactor should be studied to make better conclusions on the effect of assembly
position.

In the future, the sensitivity of SNF properties on the accuracy of individual operating
history parameters will be studied by varying the values of different parameters and calculating
the effect on the SNF properties.
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ABSTRACT

Knowledge of spent nuclear fuel (SNF) source term, for example decay heat, reactivity
and nuclide inventory of SNF, is essential in the safe handling and final disposal of SNF. The
computational characterization of SNF has many sources of uncertainties. One of these is the
uncertainties present in nuclear data. This work continues the identification of the major uncer-
tainty components in the decay and fission yield data in relation to the SNF source term.

The uncertainties of decay and fission yield data are propagated from ENDF-6 file format
nuclear data library to the SNF source term using a sampling based technique in the Monte Carlo
particle transport program Serpent 2. Studied components of the SNF source term are produced
multiple times as functions of burnup and cooling time with randomly perturbed decay and
fission yield data.

Similar work has been previously conducted for a VVER-440 type fuel assembly. In this
work, a boiling water reactor (BWR) type fuel assembly is studied. The study is conducted
varying the void fraction to examine its effect on the uncertainties of the SNF source term
components caused by the uncertainties in the decay and fission yield data. Other nuclear data
related uncertainties are ignored in this study, and only fixed, nominal depletion conditions are
considered.

1 INTRODUCTION

An uncertainty sampling method for propagating the ENDF-6 file format decay and fis-
sion yield data uncertainties was introduced in Monte Carlo particle transport code Serpent
in a previous work [1, 2]. This work continues the study of the SNF source term component
uncertainties.

In this work, the methodology is revised from the previous study. A single two-dimen-
sional BWR fuel assembly is studied in fixed nominal depletion conditions having 40 % and
80 % void fractions. The fuel assembly is depleted from 0 MWd/kgU to 80 MWd/kgU burnup,
and decay times up to 107 years are studied from burnups of 20, 40, 60 and 80 MWd/kgU.
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2 METHODOLOGY

The ENDF-6 file format data contain one standard deviation uncertainties of the fission
product yield data and radioactive decay data in addition to their respective best estimate values.
Serpent 2 was extended to random sample these values in Ref. [2]. The sampling was performed
from normal distribution, with a special treatment for possible negative values. In this work, the
sampling is performed from log-normal distribution, which prevents the occurrence of negative
values. The sampling is still performed for all nuclides, i.e. the user cannot give a specific
nuclide list for which the sampling would be performed.

The values used during a single calculation are sampled during the reading of the ENDF-6
files, and therefore their perturbed values are constant during a single calculation. All values are
independently sampled, as the ENDF-6 file format does not contain covariance data for these
values.

The considered burnup and decay calculations are performed with both the uncertainty
sampling off and on with 10 and 300 independent repeats with different random number gener-
ator seeds, respectively. The variance caused by the Monte Carlo method and the nuclear data
uncertainty are assumed to be independent so that the total variance in the random sampling
calculations can be calculated as

σ2
tot = σ2

MC + σ2
ND (1)

where σ2
MC is obtained from the calculations without the random sampling. Therefore, the final

nuclear data one standard deviation uncertainty is obtained with

σND =
√
σ2
tot − σ2

MC. (2)

The studied fuel assembly is a 10x10 GE14 design BWR fuel assembly [3, 4]. The fuel
assembly geometry plot is presented in Fig. 1. The assembly contains seven UO2 pin types with
different U-235 enrichments ranging from 1.6 % to 4.9 % and four pin types with two possible
Gd2O3 contents of 3.0 % and 8.0 % with different U-235 enrichments ranging from 3.95 % to
4.9 %. The studied coolant void fractions are 40 % and 80 %. The fuel pins containing Gd2O3

are divided into 10 equal volume burnup zones. N-14 and Cl-35 are added as 10 ppm impurities
in all fuel materials to estimate the production of C-14 and Cl-36 due to the activation of these
impurities. This estimation is based on Ref. [5]. However, only the C-14 content of the fuel is
studied later in this work.

The burnup calculations were performed with small burnup steps, with a total of 84 steps
until the maximum condidered burnup of 80 MWd/kgU. The selected depletion algorithm was
the linear extrapolation with quadratic interpolation with 10 substeps in both the predictor and
corrector. The neutron population was 100000 neutrons per generation with 100 active and
25 inactive generations. The unresolved resonance probability table sampling was used, en-
ergy grid thinning was set to 5 × 10−6 tolerance, and Doppler-broadening rejection correction
(DBRC) was used for three uranium isotopes and two plutonium isotopes. Upcoming Serpent 2
JEFF-3.2 cross section data files were used with Serpent 1 distributed JEFF-3.1.1 fission product
yield and radioactive decay data files. The power density was 28.6 W/gU. The decay calcula-
tions were run from burnups of 20, 40, 60 and 80 MWd/kgU.

3 RESULTS

As in Ref. [2], the source term components are studied separately for the burnup and decay
calculations. The studied components are decay heat (DH), activity (A), spontaneous fission rate
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Figure 1: Serpent geometry plot of the studied assembly. The grey colored pins contain Gd2O3

in addition to UO2, whereas the other colored pins are regular UO2 pins.

(SF) and photon emission rate (PE). Additionally, the mass of C-14 is studied separately during
the decay calculations. It is one of the nuclides propagating to biosphere in the TURVA-2012
safety case of Posiva during a 10000 year study time of spent nuclear fuel final disposal in
Finland [6].

In all presented figures the coloring and notation is as follows. The mean of the base
calculations without uncertainty sampling is plotted with a red line for 40 % void and with a
purple line for 80 % void. The blue line represents the mean of the calculations with the nuclear
data uncertainty sampling turned on for 40 % void. The blue shaded area around the blue line
is the total one standard deviation uncertainty of these results. Additionally, the 5th percentile,
median and 95th percentile of the nuclear data uncertainty calculation results are plotted in the
figures with dashed blue lines. The similar notation for 80 % void is presented in yellow. The
light blue line represents the one standard deviation relative nuclear data uncertainty for 40 %
void. This uncertainty is defined as the ratio of σND of Eq. (2) and the mean value calculated
from the results of the calculations with the nuclear data uncertainty sampling turned on. The
similar notation for 80 % void is presented with a green line. All other values are presented on
the left y axis, whereas the σND values are presented on the right y axis.

3.1 Burnup calculation

The studied source term components are plotted in Fig. 2 for the burnup calculation.
For all components, the mean values calculated from the sampling calculations were different
than the mean values calculated from the base calculations. The maximum relative differences
between the means (∆mean), the one standard deviation relative nuclear data uncertainties (σND)
and the base Monte Carlo one standard deviations (σMC) are presented in Tab. 1 for the studied
variables during the burnup calculation.

The absolute values of all the studied components are higher for the higher 80 % void.
The σND values are generally slightly higher for the lower 40 % void when compared with 80 %
void. The behaviors of the σND values are rather similar for both void fractions. The σND of the
studied components is the highest for the decay heat. The ∆mean values are rather small, but
they are generally higher for the lower void fraction. The σMC values are rather insignificant
compared with the σND values.
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Figure 2: Various SNF source term components during the burnup calculation.

Table 1: Maximum values during the burnup calculation of the relative difference between the
mean values of sampling and base calculations, one standard deviation relative nuclear data
uncertainty and base Monte Carlo one standard deviation uncertainty.

Void (%) ∆mean (%) σND (%) σMC (%)

DH
40 0.226 1.64 0.018
80 0.064 1.59 0.013

A
40 0.184 1.38 0.026
80 0.052 1.34 0.017

SF
40 0.030 0.51 0.049
80 0.040 0.45 0.054

PE
40 0.125 1.44 0.028
80 0.056 1.40 0.019
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Figure 3: Decay heat during the decay calculation at different burnups.

3.2 Decay calculations

The decay heat is plotted in Fig. 3 for the decay calculations starting from all studied
burnups as an example of the decay calculation SNF source term component results. For all
studied SNF source term components, the mean values calculated from the sampling calcula-
tions were different than the mean values calculated from the base calculations. The maximum
relative differences between the means (∆mean), the one standard deviation relative nuclear data
uncertainties (σND) and the base Monte Carlo one standard deviations (σMC) are presented in
Tab. 2 for the studied variables during the decay calculations. The decay times of the maximum
nuclear data uncertainties are also shown in the table.

For decay heat, the maximum σND decreases with the increasing burnup. The maximum
σND is higher for the lower 40 % void fraction than for the higher 80 % void fraction. The
behavior of the maximum σND is similar for both void fractions. The second local maximum of
σND is consistently higher for the lower void fraction. This causes the maximum σND to be at
an earlier decay time for the higher void fraction at 60 MWd/kgU. The maximum ∆mean values
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Table 2: Maximum values during the decay calculation for the relative difference between the
mean values of sampling and base calculations, one standard deviation relative nuclear data
uncertainty and base Monte Carlo one standard deviation uncertainty.

Burnup Void ∆mean σND σMC Time of max σND

(MWd/kgU) (%) (%) (%) (%) (a)

DH

20 40 0.336 4.54 0.009 15
20 80 0.736 4.35 0.010 15
40 40 0.221 3.74 0.016 15
40 80 0.664 3.47 0.013 15
60 40 0.141 2.98 0.017 15
60 80 0.571 2.79 0.016 1.0
80 40 0.126 2.65 0.024 1.0
80 80 0.489 2.63 0.023 1.0

A

20 40 0.327 5.13 0.012 70
20 80 0.633 4.98 0.014 70
40 40 0.240 4.66 0.015 70
40 80 0.612 4.46 0.014 70
60 40 0.214 4.34 0.016 70
60 80 0.578 4.15 0.016 60
80 40 0.207 4.16 0.021 70
80 80 0.545 4.02 0.020 60

SF

20 40 0.018 0.49 0.059 2.7
20 80 0.052 0.44 0.071 70
40 40 0.016 1.03 0.051 100
40 80 0.094 1.06 0.070 320
60 40 0.029 2.08 0.051 320
60 80 0.263 2.43 0.055 320
80 40 0.054 2.56 0.053 210
80 80 0.255 2.91 0.053 24000

PE

20 40 0.461 8.53 0.020 24
20 80 0.561 8.03 0.022 24
40 40 0.363 7.55 0.026 30
40 80 0.490 6.97 0.042 30
60 40 0.356 6.87 0.023 30
60 80 0.424 6.37 0.030 30
80 40 0.351 6.44 0.047 37
80 80 0.387 6.09 0.031 30

are rather high for the studied case. The values are greater for the higher void fraction.
For activity, the maximum σND decreases with the increasing burnup, but less than for the

decay heat. Again the values are slightly higher for the lower void fraction. The behavior of the
maximum ∆mean is similar as with the decay heat.

For spontaneous fission rate, the maximum ∆mean values are generally much smaller than
for decay heat and activity. The only higher values are for the higher void fraction at the two
highest burnups. The maximum σND values increase with increasing burnup. The values are
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Figure 4: Mass of C-14 during the decay calculation at different burnups.

higher for the greater void fraction for all but the lowest considered burnup.
For photon emission rate, the maximum σND values are highest of all four studied compo-

nents. The values decrease with increasing burnup. The values are slightly higher for the lower
void fraction. Again, the maximum ∆mean values are rather high for all studied burnups and
void fractions.

The mass of C-14 during the decay calculations is presented in Fig. 4. The figures are
cropped so that a maximum of eight orders of magnitude are shown. The actual magnitude of
the C-14 masses depend on the original mass of the parent nuclide N-14 assumed to be in the
fuel as impurity. The Monte Carlo base calculation relative standard deviation σMC was under
0.006 % of the mean values. The σND values are rather similar for decay calculations from all
burnups. The values are slightly higher for the higher 80 % void fraction. The uncertainties stay
at rather constant value until some 2000 years of decay time, where the values start increasing.
When the actual nuclide masses decrease by orders of magnitude, the relative nuclear data
uncertainties increase sharply.
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4 SUMMARY

A previously implemented radioactive decay data and fission yield uncertainty sampling
method was revised to use log-normal distribution and applied to a BWR fuel assembly. Bur-
nup calculations were performed until 80 MWd/kgU and decay calculations from four different
burnups. The relative nuclear data uncertainties of the studied spent nuclear fuel source term
components were obtained by performing the Monte Carlo calculations with the nuclear data
uncertainty sampling off and on. The calculations were performed with 40 % and 80 % void
fractions.

The maximum one standard deviation nuclear data uncertainties of decay heat, activity,
spontaneous fission rate and photon emission rate were under 1.7 % during the burnup cal-
culations. The uncertainties were higher during the decay calculations, where the maximum
values ranged from 2.9 % to 8.6 %, depending on the component. There were slight differences
between the different void fractions. The means of the uncertainty sampling calculations and
calculations without the sampling were rather different for some components, especially during
the decay calculations. The reason for the differences in the mean values were not investigated
further in this work. The behavior of C-14 mass was similar with both studied void fractions
and with all studied burnups.

In this work the uncertainty sampling was performed for all nuclides. The study of the
importances of the nuclear data uncertainties of single nuclides is left for future work.
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Programme on Nuclear Waste Management KYT2022.

REFERENCES

[1] Leppänen, J., Pusa, M., Viitanen, T., Valtavirta, V., and Kaltiaisenaho, T. “The Serpent
Monte Carlo code: Status, development and applications in 2013.” Annals of Nuclear
Energy 82 (2015), 142–150.

[2] Rintala, A. “Evaluating the effect of decay and fission yield data uncertainty on spent
nuclear fuel source term using Serpent 2.” In proc. 28th International Conference Nuclear
Energy for New Europe. (2019).

[3] Marshall, W. B., Ade, B. J., Bowman, S. M., Gauld, I. C., Ilas, G., Mertyurek, U., and
Radulescu, G. Technical Basis for Peak Reactivity Burnup Credit for BWR Spent Nuclear
Fuel in Storage and Transportation Systems. NUREG/CR-7194, ORNL/TM-2014/240.
2015.

[4] Gauld, I. and Mertyurek, U. Margins for Uncertainty in the Predicted Spent Fuel Isotopic
Inventories for BWR Burnup Credit. NUREG/CR-7251, ORNL/TM-2018/782. 2018.

[5] Anttila, M. Radioactive Characteristics of the Spent Fuel of the Finnish Nuclear Power
Plants. Working Report 2005-71. Posiva Oy, 2005.

[6] Posiva Oy. Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto – Synthesis
2012. POSIVA 2012-12. Posiva Oy, 2012.

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7–10, 2020
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ABSTRACT 

As a consequence of coronavirus disease pandemics technology of education and training 
has to be adapted to information technology. While infrastructure is widely available, the 
technology of distant education and training is known, but not widely accepted. Different 
approaches have their particular advantages and deficiencies. Software tools for distant 
education and training include office suites, authoring tools, video conferencing software, 
learning management systems, and software for remote testing and grading. 

According to current Slovenian legislation, radiation protection training should be 
performed in a classroom with demonstrations and some exercises, with a written examination. 
Refreshing training is not required (except for radiation protection of patients), and re-
examination should be performed every five years. Analysis of requirement in relevant rules 
and authorised programs reveals that blended learning is an optimal approach to the 
implementation of initial and refreshing training courses. This type of training could be 
introduced for refresher training without some additional changes in legislation, but 
amendments would be required if we want to introduce blended learning to initial training. 
Method of examination and re-examination should not be changed. 

1 INTRODUCTION 

Coronavirus disease (COVID-19) pandemic has influenced different aspects of our life 
and work, education of children, adolescents and people, as well as different training activities 
of people of all ages related to their hobbies, interests and also occupational obligations and 
aspirations.  

While certain forms of work could be successfully performed from “home office”, other 
forms either require certain tools or equipment or are a part of some chained operations and 
could not be successfully extracted from the production process. As far as education is 
considered, we have seen that existing communications system and information infrastructure 
could be used for the introduction of distant forms of learning. Since this transformation has 
happened practically overnight and teachers and students were unprepared, we can hardly say 
that everything went on without problems, complications and mistakes. The crucial requirement 
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was that the education process is taking place, and problems should be solved “on the way”. 
The most important problems to be addressed were (and still are) practical exercises, evaluation 
and grading. In the first months, possible problems and complications in these areas were 
outweighed with the requirement for strict implementation of health-protective measures. 
Therefore, the school and university semester in the coronavirus pandemic situation has been 
performed and concluded in the form of distant education. Only maturity examination at the 
end of secondary education has been performed traditionally, with the implementation of all 
recommended protective measures. 

Most of the training activities were cancelled or postponed at the outbreak of coronavirus 
pandemic. It was the consequence of the fact that in many cases training is not a part of some 
binding process and broader effort, and is practically always organised for smaller groups of 
participants and targeted on the acquirement of certain skills, abilities or special knowledge. 
Implementation of training is therefore always targeted to certain groups of participants and 
focused to particular and specific outcomes which must be verifiable. As a result, training 
should be concluded in such a way that proof of attained skills, abilities or knowledge is 
provided. Legally required training (like training in driving schools) must be therefore 
terminated with the official examination. This applies to numerous forms of training and is 
often referred to as (a part of) final certification. 

Training in radiation protection is also an example of temporarily cancelled and 
postponed type of training. It is a category of occupational training required by regulations for 
people using or handling sources of ionising radiation. Training is required for beginners (these 
courses are regulated), and also applied for experienced users in the form of refresher courses. 
An examination is obligatory at the beginning of the professional involvement, and regular re-
examination is required every 5 years. There is an established and approved system of radiation 
protection training in Slovenia based on conventional direct learning method, which has been 
practised for years now. After the outbreak of coronavirus disease and fast introduction of 
distant learning in education, it was normal that the idea of the introduction of similar 
"technology" emerged also for radiation protection training. While this approach looks very 
tempting, it is also clear that the standards established in radiation protection require an 
effective approach to training, and that the whole process of training and examination must be 
verified and also approved to be acceptable for regulators. 

In the continuation, we would like to discuss the possibility to use modern methods of 
training in radiation protection in Slovenia, determine categories and program segments that 
could be transferred to distant forms of training, and to propose some changes to legislation to 
enable implementation of this modernized radiation protection training. 

2 POSSIBLE FORMS OF TRAINING AND LEARNING IN AN 
ENVIRONMENT WITH MODERN INFORMATION INFRASTRUCTURE 

Until the last decade of the previous century, the only form of learning and training were 
either self-study or in a classroom with a teacher. Teaching content was either comprehended 
by a student from a textbook or some other type of teaching material or communicated directly 
(face-to-face) by a teacher, who is competent in a particular subject and trained for an 
educational activity. 

Introduction of information technologies has provided tools and means to introduce "live" 
textbooks in the form of interactive materials and searchable libraries at the student's disposal. 
First floppy disks and later compact disks were used for dispatching teaching materials. 
Introduction of internet, which serves as an information highway, has expanded possibilities 
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for distribution of any type of information and also enabled live interaction between teachers 
and students. Of course, this is just “infrastructure” which could be used in different ways, and 
transformation of training and learning methods to fully discover and utilise new possibilities 
will take some time. Up to a few months ago, motivation for this development was a possibility 
to access a broader number of students, decrease in costs of learning and training, increase the 
effectiveness, the possibility to perform different programs without constraints imposed by 
limited space. Coronavirus disease has added one ultimate argument to this list, namely the 
possibility to communicate with students and other people without physical contact. 

However, the introduction of new methods and tools requires some transition period for 
teachers to learn and become familiar with new tools, and also to prepare lectures and other 
materials in compliance with new requirements. Therefore, the transition could be time-
consuming and costly, especially when the costs of new software solutions are considered.  

If we consider “old” (face-to-face) and “new” (distant) methods of training and learning, 
we have the following options: 

Classroom – Classroom training and learning is ideal for smaller groups in a case when 
interaction, bonding and communications are vital to achieving learning objectives. The 
organisation of classroom training could be difficult when coordination and scheduling of 
people living in different places are required, or training should be organised for larger groups 
(which is one of the problems in coronavirus conditions, when rules of social distancing should 
be followed). 

Live internet - Live online training is a flexible and cost-effective alternative to 
classroom training and learning and is achieved by using a Web conferencing platform. Such 
training is easy to scale and distribute, and by incorporating video, the trainer becomes alive 
for participants. All participants must log in at the same time for the session (although they can 
sometimes access a recording after the event). There is limited opportunity for interaction and 
participant cannot speed up or slow down the training to match his/her learning needs. 
Therefore, highly complex or technical topics should be avoided. 

Self-paced online learning – This is on-demand e-learning provided through locally or 
cloud-based software where trainer uploads existing content into templates and develop 
multimedia courses. A participant can run the training when it is convenient for them and in 
smaller “chunks”, and also replay the chapter (or particular slides) if they want. Different types 
of devices could be used for training. e-learning could be sued for teaching complex subject 
matter, and also quizzes could be included to test knowledge.  Unfortunately, the opportunity 
for interaction with participants is limited and getting feedback can be difficult. 

Blended learning – It is a combination of classroom (live) training with live internet or 
on-demand e-learning. In this way, the best of all worlds could be accessed. For example, the 
on-demand platform could be used for delivering foundations before the live classroom session. 
Another possibility is to use on-demand platform for prerequisite course and classroom for 
users to apply the knowledge, and on-demand platform again for examination. 

3 SOFTWARE TOOLS FOR MODERN FORMS OF TRAINING AND 
LEARNING 

Software tools for distant training changed from simple editing tools to complex systems 
that require the support of dedicated professionals and considerable investments. Special 
training and familiarisation with tools are needed for teachers and trainers before they start 
using it. Also, content preparation and implementation require the cooperation of different 
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persons if high standards of e-learning should be achieved. Unfortunately, there are no shortcuts 
here: software and development tools are specialised and therefore price (one-time or 
subscription) must be paid.   

Basic tools for remote e-learning content preparation are common office suites like 
Microsoft Office 365 [1], or Google G Suite [2]. These suites are distributed through 
educational or business subscriptions and have tools for video and voice conferencing and 
streaming built-in. Microsoft Teams and Google Meet are therefore directly available to group 
(team) members with a possibility to also invite “outside” participants. There are also other 
tools included in these suites which are useful for group work and cooperation, but as we have 
mentioned, the involvement of dedicated professionals (or involvement of some service) is 
required to support these (extended) activities. Typically, teachers or trainers in a training 
department or some school will not be able to efficiently arrange and service these activities. 

Using office suites, or just some programs for presentations creation, word processing, 
spreadsheets (like PowerPoint, Word, Excel, Slides, Docs, Sheets, etc.), learning material could 
be prepared and used for live online training. As we have seen, Microsoft Teams and Google 
Meet are intended for that purpose and are now part of office suites, but there are few already 
established dedicated programs which are available for some years now and have been used on 
many occasions. The most popular is Zoom [3], which has been widely accepted due to the 
simplicity of installation and use but has been banned from certain environments due to some 
security issues. Other platforms like Cisco Webex, Skype, Skype for Business (MS Teams will 
exchange it soon) and others are also available [4], [5]. They all support more than 100 
participants, screen sharing, whiteboard, and meeting recording, which are the most popular 
features required by the users. But there is one problem with all these platforms, namely that 
they emphasise unidirectional communication from speaker to listener, who can be passive or 
completely unconcerned about the presentation. Therefore, it is necessary to introduce some 
additional activities in lectures to motivate participants and award watchful listeners. 

The approach that we have just described is the simplest and the fastest way to transform 
a classroom approach to remote learning. As we mentioned at the end of the previous paragraph, 
it is not very effective and should be modified to ensure effective learning. All process from 
content shaping and preparation to tools for delivery of materials, different activities for 
students, grading and examinations must be prepared and designed appropriately. There are 
several free  (and payable) authoring tools ([6], [7]) that can be used to produce graphics, 
animations, videos, audio, and to facilitate interactions and assessment.  

The best way to deliver these contents is not through "one time" event, but to offer it to 
students as accessible units on some server or in the cloud, where a student can learn and work, 
solve problems, answer to questions when he/she is confident and prepared to do that. This 
requires that materials are prepared in some standard way and available in such manner, that 
student can access materials and work on them. These software applications are usually referred 
to as Learning Management System (LMS) and they enable teacher/trainer to perform 
administration, registration, tracking reporting, creation, and delivery of e-learning courses or 
training programs. In Google G Suite Google Classroom [8] is used as LMS, but it is a new 
module, which is not popular yet. Much more popular is Moodle [9], which is free and 
extensively used also in Slovenia (e. g. University of Maribor), and also in IAEA [10]. 

While LMS enables following of the students’ progress and grading (e. g. in Google 
G Suite module Forms), there is also the number of specialised software applications for testing 
and grading students during the e-Learning process [11] and are compatible with popular LMS. 
They enable different questions types, evaluation, grading, preparation of reports etc. This type 
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of application can be useful to support education, but it is not possible to exclude the possibility 
of cheating during testing. 

4 CHARACTERISTICS OF RADIATION PROTECTION TRAINING  

4.1 Legal requirements for training  

Training in general and especially different forms of occupational training in “normal” 
conditions are usually a mixture of classroom lectures, demonstrations and practical exercises. 
Duration is normally limited (hours, days, weeks) since objectives are precisely defined. This 
requires more practical involvement from training participants and focused evaluation which is 
formally required for final certification. Considering the purpose of occupational training, it is 
not possible simply to readjust (or transform) the process, criteria and evaluation due to some 
other requirements.  This is the reason why many training events were postponed or cancelled 
and not simply transferred to the internet. 

According to current Slovenian legislation, radiation protection training should be 
implemented in the form of a course which consists of classroom lectures and practical 
demonstrations and exercises (also duration is prescribed). Institutions which organize training 
and the course programs are approved, as well as authorized radiation protection experts 
involved in the course implementation. A written examination is required and passing criteria 
prescribed. Considering all these requirements, it seems that it is not possible to implement 
some modern forms of distant training and examination. However, this has been already done 
in other countries in the past (e. g. in Spain, France, Croatia, EU CINCH II project [12], etc.) 
where the training of certain categories of workers (in Croatia all categories [13]) is 
implemented in the form of web courses, and examination is also performed through "electronic 
forms". We are not aware of some evaluation of the actual effectiveness of these training 
processes, therefore we cannot use them as a basis for the decision of remote training relevance 
in the case of Slovenia. 

Authorities in Croatia use Moodle LMS (MUP, Ravnateljstvo civilne zaštite, Portal za e-
učenje, [13]) for course implementation, but it seems that the justification for such training 
approach the ease of conducting the training (materials are distributed as pdf documents) and 
examination over the internet, before improving the training process. Instead of simply written 
material distribution, it would be much more effective to use some other form of e-Learning 
which enable communication with a trainer and introduce some experience-based information 
related to student's work. 

4.2 Possibilities for improvements 

Analysis of radiation protection training programs based on the Bloom’s taxonomy (see 
e.g. [14]) reveals that most of the learning objectives in the programs belong to the lowest 
cognitive levels (level 6 – remembering, level 5 – understanding, and level 4 - applying). Higher 
cognitive levels (level 3 – analysing, level 2 – evaluating, and level 1 – creating) belong to 
expert level knowledge and are not a part of training for exposed workers. 

Considering the experience from other fields of training and education in different 
environments (see Chapter 2), remote forms of learning could be successfully implemented 
when cognitive level 6 (remembering), and, in some cases, level 5 (understanding) are required. 
Cognitive level 4 (applying) is probably beyond the capability of simple methods of remote 
learning and should be supported by classroom training and practical exercises. 
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In the Slovenian rules on radiation protection training [15] requirements for training 
course contents are listed. Requirements for general knowledge for all categories of workers 
are stated (in contents categories a1, b1), specific knowledge (in contents categories a2, b2, c1, 
c2), and also requirements for practical exercises (in contents categories c). Consider our 
approved programs we can conclude, that many of learning objectives related to specific 
knowledge, and practically all objectives related to practical exercises require classroom 
training approach. Therefore, it seems that just introductory and general parts of training could 
be implemented in the form of remote learning. Specific knowledge and exercises must be 
delivered in the classroom (direct learning) environment with the personal involvement of 
trainers. Blended learning, i. e. a combination of distant and classroom training, seems to be an 
optimal approach for initial training. 

4.3 Refreshing courses and re-examination 

Slovenian legislation requires that re-examination is performed every five years. 
Refreshing courses are required (and regulated) only for professionals, which are involved in 
radiation protection of patients, where the complete repetition of lectures related to the 
protection of patients is required with the involvement of authorised medical physics expert. 
Considering these facts, it is possible to perform refreshing courses in any form of distant 
learning, as far as the contents relate to occupational protection, but re-examination should be 
done in the "classical" way. Requirements of legislation are fulfilled in this way and there are 
no obstacles to implement refreshing courses in this way. Classroom training could be 
substituted with live internet, and the only examination should be done as a written examination 
in the limited time on previously agreed premises. The disadvantage of this approach is that all 
participants must have access to information equipment and adequate space to take part in the 
session without disturbances, which is not necessarily available in all organisations or 
companies. Of course, this approach has also all disadvantages that we have mentioned 
discussing live internet in Chapter 2.  

Absence of legal requirement for refreshing courses enables us to chose from some other 
form of distant learning form as preparation for re-examination. Of course, remote learning 
could be also provided through written materials in pdf format distributed to participants 
through some portal or distributed directly through e-mail, but this is not the optimal approach. 
Arguments described in the previous subchapter applies also here and optimal approach should 
be blended learning, where participants refresh knowledge on basics through some distant 
learning mode and discuss some more demanding issues in classroom in direct contact with 
trainers. 

5 CONCLUSIONS 

We have seen that coronavirus pandemics has initiated changes in training and 
educational activities of children, youth and adult people. While certain activities were 
relatively simply transferred to remote learning using information technology, occupational 
training was postponed or cancelled, due to regulatory requirements and specifics of training. 

Modern information technologies enable us to use different methods of learning and 
training instead, or in addition to classroom training and learning. These are live internet, self-
paced online learning and blended learning, which is a combination of classroom training with 
live internet or on-demand e-learning. It seems that blended learning is the most suitable for 
radiation protection training since it is possible to include different categories of cognitive 
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levels according to Bloom’s taxonomy. Normally, radiation protection training includes levels 
4 (applying), 5 (understanding), and 6 (remembering). 

In Slovenian legislation, distant learning is not anticipated for radiation protection 
training. Classroom training with practical exercises and demonstrations are prescribed (also 
duration of training). Written exams are required at the end of the training. Refreshing courses 
are not required except for the training of persons that must be trained in radiation protection 
of patients. Re-examination (written exams) is required every five years. 

Authorised programs for radiation protection training were prepared to comply with 
legislation. Therefore, if we want to introduce some forms of distant learning, the legislation 
will have to state that possibility and provide some key on how to demonstrate compatibility 
with requirements. As far as refreshing courses are considered, no obstacle would prevent us 
from the introduction of distant learning now. 

Transferring examination or re-examination to some LMS platform would require 
additional approval from authorities. In Slovenia, where distances are de facto small and access 
to places where training courses are implemented is not complicated, there is no justification 
for the avoidance of direct contact between trainer and students. Especially since a written 
examination could be accompanied by the classroom part of blended learning.  

It seems that for Slovenia the blended learning with the preservation of written 
examination should be optimal for radiation protection training. This could be applied to 
refresher training and re-examination without additional approval from authorities, while the 
possibility to use blended learning for initial training has to be approved in legislation yet.  
Legislation should also provide some key on how to demonstrate compatibility with 
requirements.  
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ABSTRACT 

The Nuclear Training Centre (the acronym in Slovenian language is ICJT), a part of the 
Jožef Stefan Institute (IJS), started with the training of the nuclear workers at the beginning of 
commercial use of nuclear technology in Slovenia.  

The course NPP Technology (the acronym in Slovenian language is TJE) is intended for 
future control room operators. This course is the first, theoretical part of the initial training of 
licensed operators (later stages – NPP systems and simulator training – take place at the NPP). 
Approximately 5 months are devoted to different topics, such as nuclear and reactor physics, 
thermal-hydraulics and heat transfer, radiation protection, electrical engineering, chemistry, 
I&C, materials and nuclear safety. 

The last course NPP Technology was started in January 2020, but it was interrupted in 
the middle of March due to the pandemic circumstances. After that, distance training was 
introduced for next two and a half months. In June and July, the course was performed again in 
the ICJT; with the combination of lectures in the classroom and exercises on TRIGA reactor. 
The paper will present experiences, good practices and feedbacks from distance nuclear training 
course, and comparison with previous courses. 

1 INTRODUCTION 

The Nuclear Training Centre started with the training of the nuclear workers at the 
beginning of commercial use of nuclear technology in Slovenia. The first Radiological 
Protection training course was organized before 1970. In 1981 the first steps towards 
establishment of dedicated Nuclear Training Centre were made. The construction of the 
building was completed in 1988 and ICJT was founded as an organizational unit of the IJS. The 
investors in the building were the Electrical Utilities of Slovenia and the Jožef Stefan Institute. 

After the opening, the ICJT was named after Milan Čopič, one of the first scientists in 
nuclear sciences at the Jožef Stefan Institute. In ICJT the most important course is NPP 
technology course (TJE), intended for training of future Krško NPP control room operators. 
This course is the first, theoretical part of the initial training of licensed operators. 

The second course, Basics of nuclear technology (OTJE) is suitable for other NPP 
technical personnel, for technical support organizations, regulatory body, etc. 

Jožef Stefan Institute is also an authorised institution in the field of Radiation protection 
and Radiation protection training in Slovenia (authorisation was issued by the Slovenian 
Radiation Protection Administration). One of the requirements for authorisation in the field of 
radiation protection training was also an adoption of ISO standard in 2006. ICJT is certified 
according to ISO 9001:2015 for the field of Nuclear and radiation protection training and for 
different expert evaluation tasks. 
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2 NPP TECHNOLOGY COURSE 

The course is intended for training of future Krško NPP operators and is performed in 
several parts. First 5 to 6 months are devoted to the theoretical training, which is performed in 
ICJT. In the second part, which also lasted almost half of the year, all technological systems of 
Krško NPP are described in detail. That part is combined with the On-the-job training. The third 
part is performed on the full scope simulator, which was installed at the location of Krško NPP 
twenty years ago. 

2.1 History of the course 

At the beginning this course was called Power Reactor Technology – Theory (the 
acronym in Slovenian language was TMRT). In the last 30 years, 17 courses with 277 
participants were conducted (Table 1). 

Table 1: History of NPP technology courses 

No. Code of the 
course 

Time period No. of 
participants 

Unsuccessful 

1 TMRT01 16.01.1989 - 19.06.1989 18  
2 TMRT02 21.01.1991 - 14.02.1992 15  
3 TMRT03 08.03.1993 - 18.06.1993 14  
4 TJET04 23.05.1994 - 22.12.1994 13  
5 TJET05 11.09.1995 - 07.02.1996 19  
6 TJET06 16.03.1998 - 11.09.1998 19  
7 TJET07 14.09.2000 - 31.01.2001 11  
8 TJET08 11.11.2002 - 04.04.2003 15  
9 TJET09 20.11.2006 - 06.04.2007 20 1 
10 TJET10 10.11.2008 - 30.03.2009 13 1 
11 TJET11 16.11.2009 – 09.04.2010 20  
12 TJET12 15.11.2010 - 11.04.2011 18 2 
13 TJET13 07.11.2011 - 30.03.2012 15  
14 TJET14 05.11.2012 - 05.04.2013 23 1 
15 TJET15 06.10.2014 - 03.03.2015 21 1 
16 TJET16 14.11.2016 - 14.04.2017 5 1 
17 TJET17 21.01.2020 – 11.08.2020 18  
  TOTAL 277  

2.2 Contents of the course 

The course is designed to give the necessary fundamentals training to ensure an 
understanding of each object shown in the topic area (Table 2). Most of the time is spent in the 
classroom, practical exercises (Nuclear physics and Radiation protection) are performed in the 
laboratory and exercises from Reactor physics on the research reactor TRIGA. Due to the 
coronavirus pandemic, the last course (TJET17) lasted 29 weeks. Last two weeks of the course 
were intended for the preparation on final written and oral exam. 
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Table 2: Topics on NPP Technology course 

 Theory Topics Topic Area Duration (hours) 
 
 
 
 
 
 

CLASSROOM 

Refreshment of Mathematics and Physics 8 
Introduction to nuclear technology 8 
Nuclear physics 26 
Reactor physics 77 
Radiological protection 32 
Chemistry 12 
Thermo and hydro-dynamics, heat 
transfer, secondary system, operational 
limits 

72 

Electricity 37 
Instrumentation and control 24 
Nuclear safety 28 
Materials 24 

 
EXERCISES1 

Nuclear physics 11 
Reactor - TRIGA exercises 29 
Radiological protection 10 

 English 50 

Lecturers and demonstrators are coming from Jožef Stefan Institute (Nuclear training 
centre and Reactor physics department) and from Krško Nuclear power plant. Additionally, 
some external lecturers are invited. 

2.3 Introduction of distance training during COVID-19  

Due to the pandemic circumstances the last course was interrupted in the middle of March 
2020. Until that date, 8 weeks of training were implemented and the decision to continue with 
distance training was taken. There were only a couple of days available to prepare the 
continuation of the course (buying license for Zoom videoconference system, preparing 
schedules, checking of participants abilities to connect on-line etc.).  

During the last course (TJET16) in 2016/17 some lectures were recorded and those 
recordings were sent to the participants. That way, the first week of distance training was 
covered. Participants had three days to see all recorded lectures, on the fourth day two hours of 
Zoom conference with a lecturer were offered; participants had an opportunity to ask different 
questions and to clarify any possible misunderstanding of the topic. As usual during the course, 
a “distance” test was written on Friday. A test was sent in an electronic file via e-mail and the 
participants were requested to send their tests back in three hours (one hour more than usual in 
the classroom). The distance training lasted 10 weeks and test results obtained during this time 
were not taken into account in the calculation of the final grade of the course.  

All other weeks of distance training were covered with live lectures using Zoom system 
(Figure 1). A schedule anticipated four hours of lectures in the morning and self-study in the 
afternoon. Beside some lectures on Thursdays, repetition of all topics of the week and 
preparation for the test on Friday was provided. Participants were quite resourceful during 

                                                 
1 Exercises on nuclear physics (BF3 counter, compensated ionization chamber, gamma rays attenuation, 
radioactive decay) and radiological protection are performed in laboratory. Exercises on TRIGA are: 
reactivity step change, subcritical multiplication, void reactivity coefficient, control rod calibration, power 
distribution measurement, temperature reactivity coefficient, and reactor TRIGA operation. 
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writing of the tests; some of them filled the test completely in an electronic way; also pictures 
and sketches were prepared with different computer graphics programs (Figure 2). 

 

Figure 1: Capture of participants during Zoom video conference 

 

 

 
 

 Figure 2: Some examples of distance training tests 

Later the participants were requested to compare recorded lectures (from previous course) 
and live lectures using Zoom. 35 % of them claimed, that individual monitoring of recorded 
lectures is more efficient, while 65 % of them put in favour Zoom lectures. 

All lectures on Zoom were also recorded and then shared with participants. In the 
questionnaire the participants were asked if they subsequently used recordings of these lectures. 
The answers were: 

 Always (0 %); 
 Often (23 %); 
 Rarely (59 %); 
 Never (18 %). 
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Some personal comments and suggestions regarding recorded lectures and distance 
lectures (Zoom) from participants were collected: 

 Lecturers, who lectured well in the classroom were equally successful at Zoom. 
The quality of the lectures remained the same. 

 No comments. In the given conditions, the lectures were excellent. 
 The problem on Zoom was jumping into a word. There should be an agreement to 

prepare questions and then a special question hour should be organised. 
 Recorded lectures: the board is not visible at certain moments. Zoom was ok, 

considering the situation. 
 Suggestion: all lectures should be recorded for such cases2. They enable learning 

from home. If everyone had the cameras on it might be different to listen, but on 
the other hand it would put a lot of strain on the connection. 

 

Figure 3: Group picture of TJET17 participants (July 2020) 

Regarding the question “What are the main disadvantages of distance lectures compared 
to lectures in the classroom?” the answers were: 

 It is difficult to ask a question because the lecturer explains further. Raising a hand 
on Zoom is not the same as in the classroom. Sometimes you don’t get an answer 
to your question, but to something else. 

 Sometimes the connection to the Internet is lost. We do not have good conditions 
for learning at home as in the classroom (more space, silence, it is easier to ask 
questions, it can be further explained during the break ...) 

 Fewer computational tasks, difficult to understand Molière diagram h-s, poorer 
lecturer-listener interaction. Inability to view exhibits (valves, electrical 
components, etc.) 

 The lecturer does not see the response of the audience. The motivation of the 
listeners is higher in the lecture hall. It is easier to debate the basics… 

 Calculation examples of certain topics – some calculation tasks via Zoom were 
not realized properly. 

 Impossibility of interaction (fast and efficient) with the lecturer. 
 The quality of the lectures was the same. 

                                                 
2 The course in the classroom were continued in June. All lectures in the last the months of the course were 

recorded and are now already an important part of lectures materials.  
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On the 1st of June the course was continued with live lectures in the classroom (the 
classroom was prepared according to the recommendations with proper social distance between 
seats and special plastic protection on the lecturers desk). In the first two weeks all topics that 
were covered already on the Zoom were repeated (with one half of the regular hours). Some 
personal comments and suggestions from participants on the implementation of shortened 
lectures, which were already conducted on Zoom were: 

 Excellent adaptation to a given situation.  
 There could be more topics per week. 
 More focus on calculation exercises and more demanding topics instead of going 

through the whole material again. 
 Condensed, but still possible to follow. The extended tests3 were quite strenuous. 

2.4 Participants results 

The trainees progress is evaluated weekly with written exam (test). Exam is on schedule 
each Friday in the morning (2 hours). The praxis in the past has shown that exam at the end of 
the week is the best solution since this enables participants to relax during weekends. Final 
result (Table 3) of the course includes results from weekly tests (40%), final written test (30%) 
and final oral exam (30%). 

Table 3: Results of courses from 1993 to 2020 

Code of the 
course 

Weekly 
tests 

Monthly 
oral exams 

Final 
written test 

Final oral 
exam 

Final result 

TMRT01 - - - - - 
TMRT02 - - - - - 
TMRT03 92,0 % - 92,2 % 89,4 % 91,2 % 
TJET04 95,0 % - 91,3 % 89,6 % 93,3 % 
TJET05 94,2 % - 94,6 % 90,0 % 93,9 % 
TJET06 94,7 % - 89,7 % 92,3 % 92,5 % 
TJET07 93,7 % - 91,8 % 94,2 % 93,3 % 
TJET08 91,9 % - 90,3 % 92,2 % 91,5 % 
TJET09 96,0 % - 95,3 % 97,6 % 96,5 % 
TJET10 94,2 % - 92,2 % 93,1% 93,3 % 
TJET11 95,1 % - 91,7 % 97, 0% 94,7 % 
TJET12 93,5 % - 85,9 % 90,8 % 90,4 % 
TJET13 95,6 % 96,0 % 94,1 % 95,9 % 95,4 % 
TJET14 93,8 % 94,6 % 89,7 % 90,7 % 93,2 % 
TJET15 94,5 % 94,1 % 93,4 % 95,7 % 94,4 % 
TJET16 96,5 % 97,0 % 93,5 % 97,4 % 96,1 % 
TJET17 94,5 % 94,3 % 92,5 % 95,9 % 94,3 % 

AVERAGE 94,3 % 95, 4 % 91,8 % 93,0 % 93,6 % 
 
Results in the table above present an average result of all participants at the certain course. 

It can be seen that results are very good in all courses since participants are highly motivated to 
achieve good results; results from the last course are also above the average level of all courses. 
Participants must achieve a result higher than 80 % to pass a test (each week), monthly oral 
exam, and 80 % is also a condition to pass the final written and oral exam.  

                                                 
3 The duration of tests in June was 3 hours. 
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During the course TJET10 a final oral exam was optimized and half hour time was given 
to participants to prepare for questions that are collected on the list. An additional exam -  
monthly oral exam was introduced during course TJET13. At the end of the course TJET12 two 
participants were not successful at the final oral exam. They passed successfully all previous 
written tests (weekly and final), but they showed low level of knowledge and understanding of 
topics at oral exam. Therefore, monthly oral exams were introduced in order to follow 
participants understanding of different topics and their progress during the course. 

2.5 The evaluation of previous courses 

Participants are always requested to answer three evaluation questionnaires during the 
course (one questionnaire covers approximately one third of the course). The results are 
presented at the evaluation session during the course and at the final evaluation before closing 
the course. Table 4 shows some comments from different courses in the past. All comments are 
distributed to the lecturers and the plan of needed improvements is made at the end. + (Plus) in 
Table 4 shows most positive aspects of the course (examples of good practice), - (minus) shows 
most negative aspects of the course and for each course there is a line with possible 
improvements, suggested by participants. 

Table 4: Some feedbacks from the past courses 

TMRT03 + Wide knowledge of nuclear and reactor physics  
Good organization of the course 

- Too much details, too fast at the beginning of the course 
Improvements More exercises on TRIGA  

Synchronization of lectures with exercises  
Lectures in the classroom only from 8 am to 13 pm, then reviews 
of certain topics, exercises, self-study etc. 

TJET04 + Organizations, lecturers, team work, discussions 
- To intensive, duration of the course 
Improvements More time for final exam, pedagogical approach of lecturers, 

revision of out-of-date informations 
TJET05 + Better understanding of NPP operation 

- Little spare time and a lot of learning, testing and nervousness 
before test 

Improvements English course (2 hours per week) 
Exercises in reactor operation, better connection between theory 
and praxis, less time for theoretical analysis 

TJET06 + Time-out during NPP outage, tests at the end of the week, 
systematic approach 

- Lectures after test on Fridays, lack of time for calculating 
exercises, adjustment between lecture presentation (ppt) and 
lecture materials (doc) 

Improvements Better preparation of materials, exercises on MFS4 
 
 

                                                 
4 MFS was a hardware configuration with three Unix operated SUN Sparc stations, five large monitors, 
laser printer and some other hardware components. The interface was based on approximately 70 "soft 
panels" – it was easy to operate interactive images which represents soft copies of real plant panels or 
synoptic images of simulated systems, didactical images, trend curves display and alarm panels display. 
Unfortunately, the system is due to technical reasons (old hardware) not in use anymore. 
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TJET09 + Reviews at the end of the day 
- Reports for exercises on TRIGA 

Available time to prepare for final exam 
Improvements More time for reviews of topics on Thursdays 

More time for reactor physics 
TJET10 + Exercises on MFS 

- More focus on that what is important and what not 
Materials on nuclear safety, time to prepare for final exam 

Improvements More time for nuclear physics, more time for reviews of course 
topics on Thursdays 

TJET12 + Very good practice of constant repetition 
- Thursday's lectures are problematic, because the questions are 

already on the exam on the next day 
Improvements Less demanding lectures on Friday as concentration drops after 

the test 
TJET14 + A lot of practical examples during lectures. 

- Some questions from the exercises are not well defined on the 
test 

Improvements Revision of materials for certain topics 
TJET15 + Topics that were learned on the exercises were clearly presented 

already in the lectures 
- Too extensive Chemistry lessons 
Improvements Monthly oral exams at the beginning of the week 

English lessons on Thursdays 
More calculation tasks 

3 CONCLUSION 

In thirty years of the Nuclear Training Centre 17 operator courses (NPP technology) and 
39 Basics of nuclear technology courses were successfully performed. In ICJT we tried 
constantly to improve the organization, contents and materials of the course. Results of 
questionnaires from participants have shown that courses are performed on a very high level 
and that participants basic knowledge about nuclear technology is on very high level (according 
to exam results). 

Pandemic circumstances in 2020 and interruption of the course was quite a big challenge 
for lecturers and participants. A fast response and efficient methods of distance learning using 
recorded lectures and live lectures on Zoom has shown, that the course can be even in those 
circumstances implemented on a very high level. There are certainly some disadvantages of 
distance lectures compared to lectures in the classroom like timing for questions, calculation 
exercises, possible bad internet connections, conditions for learning at home, impossibility of 
effective interaction etc.  

Distance training was an excellent adaptation to a given situation. Many of the 
participants claimed that the quality of the lectures was as in the classroom. The motivation was 
on a very high level and the results of distance tests also showed high level of understanding of 
all topics.  
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ABSTRACT

In 2020 the COVID-19 pandemic prevented physics students in Slovenia from complet-
ing the practical exercises at the TRIGA Mark II reactor in Podgorica, which are a vital part
of the reactor physics education. The Research Reactor Simulator team has adopted the re-
search reactor exercises so they can be carried out on a simulator instead of a physical reactor.
The Research Reactor Simulator, developed at the Jožef Stefan Institute (JSI) simulates time
behavior of reactor power, fuel temperature, and reactivity by using the 6-group point kinet-
ics equation with feedback. It features temperature feedback mechanisms, as well as Xenon
poisoning. Physics properties of the simulated reactor can be adjusted to mimic different reac-
tors. Hardware assisted graphics acceleration allows the simulator to display fluent graphics.
The simulator has been under continuous development since its first release in 2017 and was
successfully utilized to carry out practical exercises during COVID-19 induced lockdown.

1 INTRODUCTION

”Reactor and radiation physics” is a course offered by Faculty of Mathematics and Physics,
University of Ljubljana to undergraduate students of physics. The scope of the course is to learn
about physical processes that take place in a nuclear reactor during operation. At the end of the
semester, the lecturers organizes a set of practical exercises on the TRIGA Mark II reactor
operated by Jožef Stefan Institute in Podgorica to demonstrate the behaviour of a physical re-
actor in practice. In spring 2020, all practical exercises for students were cancelled due to the
COVID-19 outbreak.

Researchers at Jožef Stefan Institute (JSI) have developed a Research Reactor Simulator
[1], which uses a point kinetics model coupled with a simple thermodynamics model to sim-
ulate the time behaviour of a TRIGA-like reactor. Screenshot of the GUI interface is given in
Figure 1. The simulator has already been used as a teaching tool at University of Ljubljana to
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demonstrate reactor response to reactivity changes. In 2020, the practical exercises that are usu-
ally carried out on a physical reactor were carried out using the Simulator and video conference
software.

The paper is organized as follows. In section 2 we describe the Research Reactor Simu-
lator and the main physical models. The use of the simulator to carry out practical exercises is
described in section 3, and the observations recorded by lecturers and a discussion are laid out
in section 4.

2 SIMULATOR DESCRIPTION

The time behaviour of the neutron population in a nuclear reactor can be described by
point kinetic equations [2]:

dN (t)

dt
=
ρ (t)− βeff

l
N (t) +

6∑
i=1

λiCi (t) +Ns (t) (1)

dCi(t)

dt
=
βi
l
N (t)− λiCi (t) i = 1, . . . , 6 (2)

N(t) represents the total time-dependent population of the neutrons in the reactor core, and
Ci(t) represents the neutron populations of individual delayed groups, l and βeff denote the
prompt neutron lifetime and the effective delayed neutron fraction, respectively. The delayed
neutron fractions and the decay constants for individual groups are denoted by βi and λi, respec-
tively. Ns(t) is the neutron source activity, which is by default a constant, user-defined value.
The neutron source function Ns can also follow a user-defined waveform in a similar fashion as
the control rod position, which we will describe later.

The reactor’s physical properties such as the kinetic parameters in Eq (1) are adjustable in
the simulator. The default simulator configuration mimics the behaviour of the TRIGA Mark II
reactor operated by the Jožef Stefan Institute in Slovenia [3]. The default configuration is also
important to allow validation, a procedure during which the developers verify how closely the
behaviour of the simulator matches the behaviour of the real reactor.

The delayed neutron fractions βi, the decay constants λi and the average delayed neutron
lifetime for the JSI TRIGA reactor are available from the source code of the digital reactivity
metre [4]. The decay constants λi are expressed in 1/s and are connected to the mean time
τi as τi = 1/λi . Delayed neutron fractions βi are directly used as a sum to calculate βeff .
Time-dependent reactivity ρ(t) is calculated as Eq (3)

ρ (t) = ρ0 (t)− α (T (t))T (t)− ρ135Xe (t) , (3)

where ρ0 is the reactivity of a cold reactor core free of any neutron poison, calculated based on
the control rod positions, α(T ) is the temperature-dependent fuel temperature feedback coeffi-
cient and ρ135Xe(t) is the reactivity change due to 135Xe poisoning.

3 USE DURING COVID-19 PANDEMIC

The simulator was used to carry out a set of remote exercises on a nuclear reactor: critical
experiment or approach to criticality, reactor response to step reactivity changes below and
above the nuclear heating point, power and temperature reactivity coefficient and rod drop.
Additionally, students are expected to familiarize themselves with a DRM (”Digital Reactivity
Meter”) [4], a device that uses inverse in-hour equations to calculate the reactivity based on the
flux signal.
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Figure 1: Graphical user interface of the Research Reactor Simulator. The lecturer is using
drawing features from video conference software to highlight a prompt jump on a power tran-
sient. Video streams of the operator, lecturer and three students can be seen on the top right.

3.1 Critical experiment

In the traditional setup of the critical experiment, students would start with a shut-down
reactor with all control rods completely inserted and approach criticality in several steps by
instructing the operators to withdraw control rods. Each step, the students record the count rate
of the starting channel and a separate fission chamber on a whiteboard, compute the inverse, and
use linear interpolation to estimate the next step with the help of control rod calibration curves.

The remote exercise was performed using online collaboration tools. The whiteboard
where students generate an 1/M diagram was replaced with Microsoft Excel Online, where
multiple students were able to edit a spreadsheet simultaneously. One of the two demonstrators
accepted the role of a research reactor operator and was running the simulator on his own
computer. The students could see the simulator interface and communicate with the operator
using video conference software. The second demonstrator was using whiteboard and screen
sharing features of video conference software to explain the theoretical background and lead the
exercise. The research reactor simulator settings were modified to remove the reactivity display,
set the default parameters for the control rod curves to resemble the TRIGA control rods, and a
save file was prepared. The control rod calibration curves were exported to a PDF (screenshot
on Figure 2) in the form of a table and distributed to students.

3.2 Power transient below point of nuclear heating

In the second exercise, the students learned about the behaviour of the reactor after a
reactivity change below the point of nuclear heating. Starting from a critical reactor at a low
power, the operators insert a certain amount of reactivity by withdrawing control rods. The
students use stopwatches to measure the doubling time and convert to reactivity using the in-
hour equation. The calculated reactivity is compared to the one displayed by DRM and the one
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Figure 2: Calibration curves for the simulator save file are prepared in a format similar to the
calibration curves of the physical reactors. The left column displays the number of steps and the
right column displays the rod reactivity worth in pcm. The students have to use interpolation to
calculate exact values.

obtained from control rod worth curves.
In the remote version, the students measured the doubling time of the simulated signal

by looking at the simulator interface, and used the in-hour equation to calculate reactivity. The
reactivity display was enabled in the simulator to substitute for the DRM.

3.3 Power transient above nuclear heating point

To learn about the reactor temperature feedback mechanisms power transients above the
nuclear heating point are performed. Firstly, the demonstrator instructs the reactor operator to
insert a positive reactivity. The students observe the power, temperature and reactivity versus
time and determine the nuclear heating point where the fuel temperature starts rising and reac-
tivity decreasing. After the reactor power has stabilized, the students propose to the operators
rod movements to increase reactor power in steps. For each step, they wait until the power has
stabilized and record the power and fuel temperature on a whiteboard and digitally. The data is
used to determine the power defect and the fuel temperature feedback coefficient.

In the remote version of the exercise the students could follow the simulator and commu-
nicate with the operator using video conference software. The online spreadsheets on Figure 3
took over the role of the whiteboard. Unlike for the physical reactor, the form of the temperature
feedback coefficient for the simulator is exactly known and can be compared with the measured
coefficient.

3.4 Rod drop

Finally, the simulator operator has triggered a virtual scram and exported the operational
data, which include the time dependence of the reactor power, fuel temperature, water temper-
ature, control rod positions, and reactivity.
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Figure 3: The reactor operator, the lecturer and multiple students are viewing a shared spread-
sheet simultaneously. One of the students is recording data and drawing an 1/M diagram.

4 DISCUSSION AND CONCLUSIONS

The demonstrators were able to execute all exercises described in section 3 according
to the original exercise instructions [5] with few modifications. The simulator even offered
some advantages to the physical reactor - using the simulator, it is trivial to reach any starting
conditions for the exercise, such as a certain combination of reactor power and fuel temperature
without waiting for the power to slowly rise or fuel temperature to change. The procedure of
removing the neutron source during criticality approach to verify if the reactor is already critical
is reduced from a lengthy manipulation of the neutron source from the reactor platform to a
click of a button. Another advantage is that all data retrieved from the simulator is free from any
measurement problems, such as noise or problems with data acquisition hardware and software.
The neutron flux signal on the physical reactor that is reserved for students comes from an
uncompensated ionization chamber which is sensitive to both gamma and neutron radiation. If
the gamma background radiation is high, which is the case after the reactor has been operating
for a few hours at full power, it can be difficult to accurately measure changes in neutron flux
at low power. The simulator is free from such issues. This technical advantages, however, offer
questionable educational value as the challenges that arise from operating a real reactor are a
real-world phenomena that the students need to learn about.

Another aspect of remote exercises using the simulator is student engagement. While
all students were encouraged to enable the camera and microphone on their computers, many
avoided or failed to do so, which left the lecturer with no way of tracking the student involve-
ment. The active participation was observed mostly from the students that volunteered for the
assignments, such as proposing changes of rod positions or plotting data in the shared spread-
sheets. During normal exercises, the students are grouped in the control room of the physical
reactor and the lecturer can see which students are not following the exercise and encourage
them by including them in a debate or giving them additional assignments.
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Despite the advantages of the simulator being easy to configure and free of any measure-
ment issues, the exercises in the real control room will be repeated with the same group as soon
as the epidemiological situation allows it. The purpose of the practical exercises is, after all, to
teach students about the behaviour of a nuclear reactor and not a nuclear reactor simulator.

In the future we will definitely work also on performing practical exercises at the reactor
online, that is by using videoconference software, remote desktop software as well as sharing
of documents, screens, data, etc.

It is our position that nothing can replace practical exercises at a real research reactor.
However in case of lockdown due to pandemic, lack of access to a real reactor, the simulator
and remote access provide relatively good alternatives.
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ABSTRACT 

In March 28th 1979 the mechanical failures at the Three Mile Island were compounded 

by the initial failure of plant operators to recognize the situation as a loss-of-coolant accident 

due to inadequate training. In the following years after the accident, the outcome, among other 

things, was a demand for every utility to have a plant specific simulator for operator training. 

The Slovenian Nuclear Safety Administration issued their decree for a simulator to NEK in 

April 1995. The first training session on the simulator was performed on April 17th 2000 and 

since then the simulator has been used on daily bases to improve operator knowledges, skills 

and performances.  

This was also the first full scope simulator with the capability, what was unique at that 

time and still is, to simulate Beyond design basis accidents (severe accidents). That makes it 

very suitable for emergency preparedness drills, because of the ability to simulate core 

meltdown and a containment breach. After the 2017 simulator upgrade, fuel in the spent fuel 

pit can be melted as well. The tool used to simulate beyond design bases accidents is the 

Modular Accident Analysis Program – MAAP 5. Nowadays, even severe accident mobile 

equipment is implemented in the simulator model. 

Besides operations training, there is a variety of ways how to use the simulator. It can be 

used for implementation of modifications before plant implementation for their testing or for 

just-in-time training for infrequent performed evolutions or for procedure development. The 

Pressurized Water Reactor Owners Group (PWROG) used the NEK simulator in 2018 to 

develop the new set of the Severe Accident Management Guidelines, incorporated with a 

completely new approach of the guideline’s usage. The simulator is even used for 

popularization of the nuclear energy for our visitors. 

In all of these years, the simulator has been actively participating in the increased 

reliability and stability of the electricity production and in achieving NEK’s vision to be a 

worldwide leader in nuclear safety and excellence. 

1 INTRODUCTION 

Simulators these days are widely used in very different areas as in aviation, in the space 

programs, in medicine, in nuclear, etc. 

Probably the most known or famous use of a simulator was the Apollo 13 accident in 

April 1970, with the 3rd crew that was meant to land on the moon. “Houston, we have had a 

problem” statement lead to the lifesaving usage of the simulators at NASA. The simulators 

were used to research, to reject and to perfect the strategies required to bring the astronauts 

home.  
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In nuclear area, simulators are used to support the training for creation of qualified plant 

personnel ensuring safe and reliable operation of nuclear power plants. Nuclear full scope 

simulators are exact replicas (physical copies) of main control rooms. A full scope simulator is 

a simulator incorporating detailed modelling of those systems of the referenced plant with 

which the operator interfaces in the actual control room environment. Replica control room 

operating consoles are included [1]. 

Many nuclear power plants have a steady state operation throughout the whole fuel cycle, 

because plant processes as conduct of operation, maintenance, training, etc., have improved 

over the years. Nowadays, the availability factor of NPP’s is very high, which is excellent in 

all ways, except for gaining experience. In the past, operators gained experience responding to 

plant transients or making mistakes by performing plant evolutions. None of these exists 

anymore. The lack of fewer operational experience opportunities can be compensated almost 

only by using a simulator. 

The first training session on the Krško full scope simulator (figure 1) was delivered in 

April 17th 2000 after a long-lasting quest for a simulator. The whole simulator project from 

preparation to utilization took almost five years. 

 

Figure 1: Krško full scope simulator 

2 SIMULATOR UTILIZATION 

2.1 Simulator capabilities  

The simulator complies with ANSI/ANS 3.5 requirements [2]. It is capable of normal and 

abnormal operation from cold shutdown to hot full power, with a reduced reactor coolant 

inventory or open reactor coolant system operation. It is simulating design basis accident and 

beyond design basis accidents (severe accidents) using Modular Accident Analysis Program - 

MAAP 5, which incorporates the reactor core, the primary system, containment building and 

the spent fuel pool. There are also a variety of generic and specific malfunctions.  

2.2 Operations training 

The primary purpose of having a simulator is to give the operators needed knowledge and 

skills to operate the plant. Because of the continuous steady state operation, called also as 

excellence in operation, the training on simulator is one of the most important means of gaining 

experience. 

The operations training is divided into initial [3] and continuous training [4] for licensed 

and field operators. 
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2.2.1 Initial licensed operator training  

Training consists of four phases and the full scope simulator is utilized in three of them:  

 Fundamentals phase: lasts for 21 weeks and in that time theoretical basis in nuclear 

technology as nuclear and reactor physics, thermodynamics, hydrodynamics, etc., are 

provided to the trainees. The full scope simulator is in this stage used to present the 

reactivity transients. 

 Plant systems and operation phase: lasts for 28 weeks. The trainees are getting 

familiar with the plant systems by classroom training and walk downs. Simulator is 

used to perform some plant evolutions like synchronization to the electrical grid or job 

performance measurements like establishing letdown in the Chemical and volume 

control system. These are so called demonstration scenarios. What has also been shown 

as very useful in this phase, is the familiarization with the main control board. Because 

of this familiarization, time is gained when the trainees start with the simulator training 

in the simulator training phase. They are already acquainted with the main control board 

layout and with the positions of different equipment controls and indicators. The plant 

system interaction training on the simulator can start much earlier, because there is no 

or very little adaptation time. 

 Simulator training phase: lasts for 23 weeks. Trainees are getting familiar with the 

different systems interaction in the control room environment on the simulator by 

manipulating the controls and interfering systems with different malfunctions causing 

transients. This phase also provides the trainees with the procedure handling and an 

understanding of the phenomenology during normal, abnormal or emergency 

operation. During the training, 3D interactive graphic visualization (figure 2) is used to 

support the understanding and retention of system behaviour and transients in major 

events.  

 Reactor operator on-the-job training: lasts for 14 weeks. This is practical training in 

the main control room on the Reactor operator position, which is conducted in parallel 

with the simulator training. Simulator is not utilized in this phase, because the intent is 

to gain experience in a real working environment. 

 

Figure 2: 3D interactive graphic visualization 
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2.2.2 Licensed operator continuous training 

The licensed operator continue training is performed in two years cycles, based on a two-

year program and on current training needs in accordance with the systematic approach to 

training. The yearly training for each crew is divided into four training segments, each last for 

one week. In that week, 15 hours of training is delivered in the classroom and 20 hours are 

performed on the simulator. Annually each licensed operator is involved in 60 hours of 

classroom training and in 80 hours of simulator training. Altogether, 140 hours of training per 

each operating crew in a year, or 1120 hours total of training in a year for all groups, of those 

640 hours on the simulator. The training is performed for 6 operating crews and for 2 operations 

staff groups including trainees with an active operator licence.  

The simulator is mostly used for normal operation or for accident training to mitigate 

events. In the majority of time spent on the simulator, trainees respond to transients or abnormal 

conditions that are very unlikely to appear, but if they do, they are prepared to respond. In this 

training, knowledge and skills are improved and the analysis and synthesis abilities by 

performing the scenarios are enhanced. 

Safety analysis and operational experience indicates that human error is a great 

contributor to the risk of a severe accident in a nuclear power plant. Therefore, the operators 

are trained on the simulator to successfully cope with any transient or accident without or with 

minimum errors in their response. This is achieved by soft skills training on communications, 

problem solving, decision making, teamwork, leadership, professionalism, etc. All of this is 

trained on the simulator.  

In the last 20 years, more than 12.800 hours of continuous training for licensed operators 

has been performed and more than 9.500 hours for initial training, where 74 candidates have 

obtained their first reactor operator license.  

2.2.3 Field operator training 

The simulator is also used in the field operator training program. The field operators are 

part of the operating crew, except they do not have a licence and they perform actions in the 

field on behalf of the licensed main control room personnel. This part is trained during joint 

scenarios, which are conducted for licensed operators and field operators at the same time to 

cover specific topics common to the entire shift crew, build teamwork and improve training 

realism. Field operators perform directed actions on the classroom virtual local panels (figure 

3) and an online response is obtained for the crew in the main control room. 

 

Figure 3: Classroom virtual local panel 
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2.3 Just-in-time training 

Some planned evolutions on the plant are infrequently performed or may have never been 

performed in the past. Those activities demand an extra caution. When an action plan for an 

infrequent performed activity has been approved and it involves the operations crew 

participation, usually a just-in-time training is performed on the simulator. For the participating 

crews, this is the opportunity to get an in-depth overview of the activity, recognize overlooked 

deficiencies or possible traps and to reduce the stress before the real performance. Just-in-time 

training is always performed before the plant shutdowns, the reactor start-ups and for the 

synchronizations to the grid. 

2.4 Emergency preparedness drills (EPD) 

Emergency response is not an everyday employment for the members of the emergency 

response organization. They are engaged in different areas in the plant and they are meant to 

respond to a very unlikely emergency, with a really small probability, but not equal to zero, to 

happen. Therefore, it is really important that the emergency response members have adequate 

and effective training to respond appropriate to severe accidents. A severe accident can be 

defined as any transient leading to a loss of reactor cooling and fuel damage, including cladding 

oxidation and hydrogen generation, fuel melting, vessel failure, containment failure and fission 

product releases. 

To support the emergency preparedness training, the simulator is an excellent tool. 

Almost all current full-scope simulators that are used for training are capable of simulating 

design basis accidents (DBA), almost all current simulators are also capable of simulating 

beyond design basis accidents (BDBA) without including core melting. But there are only few 

full scope simulators in the world, that can simulate BDBA with core melt and containment 

breach and also only few full scope simulators with the spent fuel pit model integrated and the 

ability of fuel melting in the pool. The tool, that is used to simulate beyond design accidents, is 

the Modular Accident Analysis Program (MAAP) developed by Fauske and Associates Inc. 

(FAI) for the Electric Power Research Institute (EPRI). Currently, MAAP version 5 is 

integrated into the NEK’s full scope simulator. 

After the Fukushima accident the nuclear power industry proposed a safety strategy, 

called Diverse and Flexible Mitigation Capability, or simple FLEX. FLEX strategy maintains 

long-term core and spent fuel cooling and containment integrity with installed plant equipment 

that is protected from natural hazards, as well as with the backup portable onsite equipment. A 

lot of portable equipment was provided to NEK as diesel generators, fire protection pumps, 

compressors, submersible pumps, and transformers, to mitigate an accident. All of that 

equipment has been modelled on the simulator since 2011 and regularly used during training 

sessions or drills. 

During a severe accident, all decision making is taken from the operating crew in the main 

control room and given to the Technical Support Center. The licensed operators have 160 hours 

of training per year, half of it is on the simulator, and in case of a severe accidents, they give 

all the decision making to people, that have had not been trained as much. So, it is crucial to 

give good training to the decision makers. The arising question is, how will they know, if their 

decisions were appropriate. With the integrated MAAP code, we can evaluate, if the decisions 

and suggested actions of the Technical Support Center were appropriate to mitigate the 

accident, just by observing the response. Usually we have more than 200 people involved in the 

drills, all of them have some tasks to perform and many of the tasks influence the simulator. 
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The simulator shows an integrated response of all actions taken to mitigate the accident that is 

going on. In that way, the mitigating (un)success is shown online.  

The emergency preparedness drills cover a range of different events, as: 

 Normal, abnormal and emergency operating events 

 Loss of all AC power 

 Severe accident events 

 Onsite/offsite radiological events or releases 

 Plant physical security events 

 External events (flooding, earthquakes, ….) 

 Plant fire events 

 Etc. 

 Through the Simulated Plant Information System (SPIS), the simulated plant parameters 

are available at on-site and off-site Emergency response organization located 100 km away. 

The emergency preparedness drills are performed twice a year, usually with a duration from 4 

to 8 hours, in 2008 it lasted for more than 24 hours.  

2.5 Procedure validation 

When new procedures are developed or revised, they can be tested on the simulator so 

the procedure writer is given an actual feedback, before they are approved. This is also a very 

useful validation for startup procedures of newly implemented systems. 

Following the Fukushima accident in 2011, a number of important updates were 

performed by the Pressurized Water Reactor Owners Group (PWROG) in order to incorporate 

lessons learned from the accident, including development of new generic Severe Accident 

Management Guidelines (SAMG’s) package for international plants. It is a good practice to 

validate the generic guidelines, before the conversion into plant specific SAMG’s is offered to 

the industry. This new revision with a whole new usage approach in the SAMG’s, was validated 

for four days in March 2018 on our simulator, which was chosen because of its severe accident 

simulation capability.  

2.6 Modification implementation 

Maintaining fidelity with the reference plant is critical to ensure that the simulator remains 

a quality training tool. Failure to include the simulator in the design, procurement, and 

installation of plant modifications may adversely impact both fidelity and the ability of the 

Training Department to conduct necessary operator training [5].  

All plant modifications in the preparation phase are also screened by the training 

department to determine the impact on training and the feasibility for implementation on the 

simulator. Since the year 2000, there have been more than 2.000 changes, like hardware 

enhancements and software updates, including modelling of more than 200 plant modifications. 

In cooperation with the vendor, 6 major updates have been implemented on the simulator before 

the simulator major upgrade.  

In preparation for the replacement of the Turbine Control and Turbine Protection System 

with the Programmable Digital Electro Hydraulic (PDEH) control, the system was first 

implemented on the simulator, so the operating crews could have hands on training and get 

familiar with the new system, before it was put into service. During this phase of testing several 

deficiencies were discovered that have improved the system and prevented plant transients and 

even a reactor trip. 



1605.7 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

2.7 Simulator upgrade in 2017 

NEK has prepared and is still carrying out a Safety Upgrade Program for the 

modernization and upgrading the safety measures to prevent severe accidents, and to improve 

the means to successfully mitigate their consequences. Consequently, the upgrade of the full 

scope simulator was needed due to the Safety Upgrade Program, especially by introducing the 

new Emergency Control Room, which simulation added an extra load to the execution of 

simulation modules and demanded an extensive expansion of interface channels towards the 

simulator host computers. And the simulator’s two host computers, Origin 2000 manufactured 

by Silicon Graphics, were a state-of-art in 2000, but in 2017 they were more or less obsolete 

with no available spare parts and with no options to be gradually upgraded. On top of 

everything, maintenance of the rest of the simulator equipment was very hard to perform. 

The main acquisitions from the upgrade were: 

 simulations of the new Emergency Control Room  

 simulations of the new plant equipment incorporated because of the Safety 

Upgrade Program 

 upgrade of the severe accident simulation from MAAP4 to MAAP5, which 

includes the spent fuel pit 

 hardware virtualization of the simulator computer systems 

 new instructor stations with upgraded software to interact with the simulator 

 new Classroom Virtual Local Panels 

2.8 Hardware Virtualization of the Simulator Computer Systems 

To prevent obsoletion of the simulator computers, virtualization is used, meaning that the 

simulator can run on any computer that has enough CPU, memory and disk capacity. Virtual 

machines can be installed on newer platforms with minimal effort and cost. Both simulator 

computers, main simulator and development simulator, are virtualized on two host servers, each 

host server is capable of simultaneously running both simulator computers. This configuration 

enables fast switchover with no loss of data, if one server fails. This virtualization was the first 

of a kind approach delivered by the simulator vendor. The idea and concept were fine-tuned in 

collaboration with NEK. 

3 CONCLUSION 

Altogether, the simulator is used for about 1.700 hours per year; 880 hours for initial 

training, 640 hours for continuing training, 160 hours for scenario validations, 32 hours for 

initial training demonstrations on the simulator. A working year has about 2.000 hours, so the 

simulator is, on average, used for 6 hours and 48 minutes per each working day in a year or 

85% of the available time. And this is just for training, the scenario development, modifications 

implementation and configuration developments aren’t accounted for in this time.  

The benefits of the simulator are indisputable. It enables the operators to grow in their 

knowledge and gives them experience. It is the same with the emergency preparedness 

organization. Modifications are validated before they are implemented in the plant and 

consequently reducing transient possibilities. It is identical with the operating procedures.  

Even nuclear energy usage is promoted by the simulator. Usually it is the most interesting 

part for the plant visitors, experiencing plant shutdown or safety injection with all the sounds 

and lights coming on.  
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Despite all known benefits, is there a way to really measure the simulator contribution to 

the safe and reliable operation? Probably not, but maybe the closest way to assess its 

contribution is the usage of the Unplanned automatic scrams performance indicator (figure 4).  

 

Figure 4: Unplanned automatic scrams performance indicator 

The indicator shows the number of unplanned automatic scrams (reactor shutdowns) and 

in the table there is a difference in the numbers before and after year 2000, when the simulator 

usage started. The number of automatic scrams shows, among other things, also the awareness 

of the operators to operation. This result is an integration of all actions taken to improve the 

reliability of the electricity production, from the areas in maintenance, operations, 

modifications, … and also in the training. Year 2000 was also the time, when a lot of emphases 

were put on the usage of soft skill tools. And in a lot of those areas, if not in all, the simulator 

was, is and will be a meaningful tool. 
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ABSTRACT 

Research reactors have been playing an important role for the development of nuclear 

technology during the past decades. However, recently the interest of students to get engaged 

in nuclear technology declined for several reasons, such as very few new nuclear power projects 

in Europe and better careers in other technologies. In view of human resources development 

and nuclear knowledge transfer to the next generation, modern techniques in nuclear education 

and training are of utmost importance. Therefore, five institutions in Central Europe countries 

(Austria, Czech Republic, Hungary, Slovakia, Slovenia), with access to four research reactors 

of different designs, cooperate in an EU project “European Nuclear Experimental Educational 

Platform” - ENEEP with the aim to improve nuclear education in Europe. This paper describes 

the ENEEP platform and discusses the projected target as well as presents one of the 

experiments offered by ENNEP. 



1607.2 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

1 INTRODUCTION 

The outcomes presented in the paper comes from and extend former study [1]. The paper 

is focused on the application of nuclear facilities in the field of education and training. In the 

second half of last century, in many countries, research reactors (RRs) were built to prepare the 

country for a follow-up nuclear power program. The Research Reactor Data Base (RRDB) of 

the International Atomic Energy Agency (IAEA) [2] lists that totally 880 RRs were built with 

power levels from zero power up to several tens of MWs. Table 1 summarises the current 

situation in Europe, showing the number of RRs in operation and the geographical distribution 

of those that perform Education & Training activities. According to these data, an idea of the 

impact of RRs in nuclear education is provided by the fact that almost 70 % of the RRs in 

operation are utilized for Education & Training activities.  

Table 1: Number of research reactors (RRs) in Europe with information about some of the 

most used applications 

Research Reactors in Europe [2] 

Planned, under construction, operational, temporary shutdown 111 

Operational 95 

Used for Education & Training: 

Total 66 

Austria 1 

Belarus 1 

Belgium 3 

Czech Republic 3 

France 2 

Germany 5 

Greece 1 

Hungary 2 

Italy 3 

Kazakhstan 2 

Netherlands 2 

Poland 1 

Romania 2 

Russian Federation 31 

Slovenia 1 

Switzerland 1 

Turkey 1 

Ukraine 3 

Uzbekistan 1 

Compared to nuclear power reactors, typical research reactors have completely other 

common features such as: 

- RR cores have small volume 

- Power usually less than 5 MW(t) 

- Lower operation temperatures 

- Less fresh fuel and spent fuel 

- Natural and forced cooling 

- Higher uranium enrichment  
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- Pulsing capability (with possibility to achieve high power density in the core) 

- Use of moderator and reflector for thermal flux irradiation 

 

To apply research reactors efficiently for education and training certain requirements 

have to be fulfilled by the reactor facility such as: 

- Simple construction 

- Ease of access to the experimental facilities 

- Permission to manipulate fuel 

- Up-to-date digital instrumentation and control system 

- Availability of training laboratories with modern instruments 

- Adequate space in the reactor control room 

- Electronic textbooks in required language 

 

Among various types of research reactors developed in the past, low power research 

reactors, such as TRIGA (Training Research Isotope General Atomics), MNSR (Miniature 

Neutron Source Reactor), Slowpoke, Argonaut, AGN or SUR, are the most suitable ones for 

education and training [3]. In contrast, in typical high flux reactors or MTRs (Material Testing 

Reactors), such as Opal, BR2, FRM2, training is practically impossible, because of high 

operational costs and low flexibility in the operation schedule. 

Low power research reactors are suitable for education of students at all academic levels, 

not only in nuclear engineering, but also in various non-nuclear engineering studies, such as 

power engineering, electrical engineering, natural-, medical- and physical sciences. 

Professional training is also possible at these type of research reactors; in this case, the 

specific conditions for training are mainly related to stakeholders’ request (i.e. industrial 

companies including nuclear power plant operators). As they are strictly cost-benefit oriented, 

they are therefore looking for high-quality training focused on the specific needs of their 

organisation at reasonable costs. 

Education and training are similar disciplines that are often confused. This may be 

because they use the same or very similar pedagogical methods, instruments and experimental 

equipment, but they are very different from the point of view of the target audience and the 

range of knowledge transferred to the audience. Education is a broader term and is connected 

only to students during their educational process where students must obtain a broad overview 

of the studied curricula. Training is a narrower term connected with a profession, and the main 

goal of training is to prepare professionals for a specific position and tasks. It means training 

young professionals at the beginning of their career, as well as experienced workers 

participating in lifelong learning. Training mostly represents short-term courses with well-

defined objectives. Preparation of training courses for such participants must consider both an 

initial training and regular refreshment courses.  

Academic education in nuclear engineering is mainly based on theoretical lectures and 

exercises supplemented by modelling of real or simplified reactor systems by various 

computational codes. Computer modelling is of significantly lower cost compared with real 

experiments and it can be easily implemented into any academic curricula, without any need 

for complex laboratories. However, it should be considered that without real experimental work 
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and without hands-on experience, future nuclear engineers will be handicapped in their 

professional career of potential workers in this field. This situation is very similar to that, as if 

a newcomer country, which is going to build a nuclear power plant, constructs a low power 

nuclear research reactor as a first step in order to develop its nuclear expertise. During the 

construction and the operation of research reactors, engineers, physicists, chemists, regulatory 

body and governmental staff related to the nuclear field can obtain a practical experience 

through various dedicated experiments and hand-on activities at research nuclear reactors. 

Nowadays it is also difficult to enable access to research reactors for both students and 

their instructors, to provide possibilities of performing nuclear reactor physics experiments or 

to obtain hands-on experience in reactor technology. One reason are the increasing security 

regulations for trainees working near or at nuclear reactors, the second problem are the logistics 

and the financing of the participation of trainees to a several week long course, including costs 

such as travel, local transportation, accommodation, visa, health insurance, food restrictions, 

cultural differences, etc. In 2007, the IAEA called for a Technical Meeting (TM) on the role of 

universities in preserving and managing nuclear knowledge [4]; while a few years later, in 2012, 

the OECD/NEA published a report indicating its concern on nuclear education in Europe [5]. 

2 ENEEP 

2.1 Concept and approach 

In order to address the needs in terms of experimental education and hands-on activities 

in nuclear curricula, particularly in the field of nuclear safety and radiation protection, the 

European Nuclear Experimental Educational Platform (ENEEP) is being established by five 

founding members. 

The ENEEP is an open platform for any European university or European research 

institute which is actively involved in experimental nuclear education, training and competence 

building.   

The ENEEP well represents the typical activities in experimental nuclear education, 

training and competence building and can count on 4 operational research reactors and 

experimental reactor courses routinely offered for students in Nuclear Engineering. 

The project for the development and initial demonstration of ENEEP is funded by the 

European Union under the topic NFRP-2018-7: “Availability and use of research infrastructures 

for education, training and competence building” [6].  

The ENEEP development plan includes not only its establishment, but also the 

demonstration of ENEEP education and training capabilities. As a part of the project in fact, 

demonstration of educational and training capabilities of the ENEEP will be carried out through 

dedicated educational activities (both group and individual ones) organised at the ENEEP 

partner facilities. Two types of demonstration educational and training activities will be 

prepared and carried out: 

 Group activity: As a group activity, one 2-week educational course will be organised 

for a group up to 10 students at two experimental nuclear facilities which belong to 

two of the ENEEP partners. Besides, one 1-week training course will be organised up 

to 10 trainees at one experimental nuclear facility which belongs to the one of the 

ENEEP partners (this activity can be influenced by the restriction due to COVID-19 

pandemic).  
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 Individual activity: As an individual activity, two 1-week individual 

educational/training courses will be organised (each course for one student/trainee) at 

the premises of other two consortium partners. 

ENEEP will enable access to research infrastructures. The exact number of future users 

will depend on the needs of nuclear industry at the EU level. The exact number of future users 

is difficult to predict due to high volatility of energy policies among the EU. Based on 

experience from the last years, we expect that the number of students and trainees during five 

years after the project end will reach up to 1300 persons. 

2.2 Objectives of ENEEP 

The ENEEP will create opportunities to obtain access to nuclear experimental facilities 

such as research reactors and specific experimental laboratories for university students at all 

academic levels (bachelors, masters and doctoral), professors, lecturers, experts in nuclear 

education, etc. In addition to the nuclear education, ENEEP will allow also for specific nuclear 

training of professionals, particularly young professionals and post-docs at the beginning of 

their career. Moreover, staff from governmental and non-commercially oriented companies 

such as regulatory bodies, governmental organizations dealing with various aspects of peaceful 

use of nuclear energy, research institutions, etc. will be trained. 

The aim and the overall objective of the project is to build a European Nuclear 

Experimental Educational Platform (ENEEP) which fulfils the needs of European users in order 

to significantly enhance their experimental education and hands-on activities in nuclear 

curricula, particularly in the field of nuclear safety and radiation protection. 

ENEEP is established as an open platform for any European university or European 

research institute that is actively involved in experimental nuclear education, training and 

competence building. The ENEEP platform aims to become the leading European platform 

offering experimental nuclear education and training activities. 

2.3 Expected impact of ENEEP 

The ENEEP is expected to contribute within the next few years to the development of 

multi-disciplinary nuclear competences and increased availability of suitably qualified 

researchers, engineers and employees in crucial fields like nuclear safety, radiation protection, 

decommissioning, radioactive waste management, etc.  

The platform will address the need of maintaining the availability of experimental nuclear 

education, training and competence building at research facilities at the European level, which 

is recently even more challenging, due to numerous research facilities being shut down, high 

facility operating costs, high level of retirement rate of personnel in the nuclear field, increasing 

complex security issues related to access to nuclear facilities, etc. 

The ENEEP will interconnect the partner research facilities in a coordinated effort to 

prepare and make available modern education, training and competence building activities to 

students and trainees communities.   

The impact and value of ENEEP is in providing access to nuclear experimental facilities 

and allowing students and trainees to conduct actual experimental activities. Experience gained 

through real experimental work is long-lasting and allows to complement and consolidate the 

knowledge in the nuclear field, acquired in the framework of lectures and specialized courses 

in the long term. More importantly, the experience gained through ENEEP will broaden the 
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young generation’s horizons in safe and secure operation of current and future nuclear 

installations. 

3 ENEEP PARTNERS INSTITUTIONS AND THEIR OFFER 

The five ENEEP founding partners (STU - Slovak University of Technology in Bratislava 

- Slovakia, CTU - Czech Technical University in Prague – Czechia , TU Wien - Vienna 

University of Technology - Austria, JSI - Jožef Stefan Institute – Slovenia, and BME - Budapest 

University of Technology and Economics - Hungary) are themselves heavily involved in 

experimental nuclear education, training and competence building. 

Four of the project consortium partners operate small nuclear research reactors of 

different designs, which are easily accessible for hands-on education, training, and competence 

building. The fifth partner has specific laboratories for nuclear education and training. 

At present, more than 60 experiments constitute the offer available at the ENEEP. Table 

2 shows the main facilities [7] used for education and training (E&T) and the number of offered 

experiments at each partner institution. The collected E&T activities ensure a full coverage at 

a varied level, both in term of levels of recipients (under-graduate, graduate and post graduate) 

and in terms of the level of education and training activity itself (basic, advanced and complex). 

Nevertheless, the present database [7] is intended as a living container that in future will 

improve continuously, taking into account changes due to updates of the experimental 

protocols, modification of the conditions of delivery, or the addition of new experiments that 

will become available over time.  

To allow the ENEEP interested users to search among the offer and built a tailored 

curriculum based on the specific interests, the relevant information for each offered experiment 

have been shaped into a standard format, that includes for example a summary of what the 

attendant will learn, which is the required pre-knowledge to be admitted, if there are limitations 

and how to enrol. The ENEEP web page [8] will provide the needed information about how to 

select and enrol for the different E&T activities. 

Table 2: ENEEP partners institutions with their main facilities and number of Education & 

Training (E&T) experiments immediately available for interested users 

ENEEP Partner Facility/ies 
Number of E&T 

experiments 

TU Wien (Austria) [9] TRIGA Mark II RR (250 kW) 11 

CTU (Czech Republic) 

[10] 

Training Reactor VR-1 

(100 W) 
17 

BME (Hungary) [11] Training Reactor (100 kW) 8 

STU (Slovakia) [12] 
Laboratories of Nuclear 

Physics 
11 

JSI (Slovenia) [13] TRIGA Mark II RR (250 kW) 14 

The description of the facilities used for Education & Training within the partner 

institutions is shown in [7] and the complete list of available experiments can be found in [14]. 

For the sake of brevity, one example of experiment is presented in next subsection. 

3.1 Measurement of neutron emission rate, diffusion length and Fermi age 

The experiments designed for neutron activation, neutron source emission rate and 

neutron diffusion length and Fermi age are shown in Fig. 1 and are located at STU. During the 

experiment, Pu-Be, Am-Be neutron sources and an apparatus for remote control and experiment 
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monitoring are used. The first experimental setup is related to the neutron emission rate 

measurement that is shown in Fig. 1-a. During the measurement, the neutron source is placed 

into a manganese sulphate solution in a spherical vessel. The neutrons are slowed down on the 

hydrogen atoms of H2O and afterwards absorbed by the nuclide 55Mn. The activity of 56Mn beta 

decay is measured by a gamma scintillation detector. The detector is placed in the dry channel 

of a Marinelli beaker. To decrease the gamma ray measurement error, the solution is 

continuously circulated between the vessel and the beaker. The measured activity of 56Mn is 

proportional to the neutron emission rate and by the calculated response function, the total 

emission rate of the neutron source can be determined. The second measurement is focused on 

the quantification of diffusion length and Fermi age (Fig. 1-b). The measurement can be carried 

out by the utilization of activation foils that can be placed in different positions within a tank 

shown in Fig. 1-b. Amount of neutron activated products is proportionally related to its parent 

isotope. By the measurement of the radionuclide decay, it is possible to measure the total 

concentration of parent element. Two materials can be used within the experiment. The first 

material is Indium as it is suitable for the measurement of Fermi age due to its relatively high 

absorption cross-section for thermal neutrons and isolated resonance at energy 1.45 eV. The 

second material is silver. Combination of the activation foil with the energy cutoff filter results 

in the measured activity distribution as a function of position from the neutron source for 

thermal neutrons. Cadmium cover is used as energy cut-off filter to distinguish the activity 

induced by thermal and over thermal neutrons. During the exercise, the trainees go through both 

theoretical and practical aspects of the experiment including the transportation of the neutron 

source from the shielding cask, experiment setup, estimation of the manganese sulphate 

concentration in the solution, evaluation of the measured spectra and activity and interpretation 

of the obtained results.  

  
a) Neutron emission rate experiment b) Diffusion length and Fermi age experiment 

Figure 1: Laboratory of Reactor Physics at STU 

4 CONCLUSION 

The European Nuclear Experimental Educational Platform (ENEEP) project was initiated 

in 2019 and is funded by the European Union under the topic - NFRP-2018-7: “Availability 

and use of research infrastructures for education, training and competence building”. The 

completion of the project is planned by mid 2022 and the goal of ENEEP is to develop open 

research access platform for European universities and other European research institutes that 

are involved in experimental nuclear education, training and competence building. 

The present paper illustrates the objectives, the partner institutions, the available facilities 

and the E&T activities offered by ENEEP, which are immediately available to the interested 

parties. 
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From the first analysis of the current ENEEP capabilities (i.e. more than 60 experiments), 

it can be concluded that the number and variety of the experiments is satisfactory. Although 

there exists a number of information platforms on nuclear education in Europe (e.g. ENEN 

[15]), the main purpose of the ENEEP is to standardize and simplify access of potential user to 

the best available nuclear infrastructure. Even though the laboratories and research reactors are 

distributed over Central Europe, the established platform will bring these facilities closer to 

individuals or groups like never before. Well experienced staff and supervisors are able to 

prepare user specific experiments and training course based on their requirements and target 

their professional needs. All of these aspects predetermine the ENEEP to be a unique entity 

which will contribute both to nuclear knowledge competence building and to improve research 

reactor utilization. 
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ABSTRACT 

Public information activities of the Nuclear Training Centre ICJT at the Jožef Stefan 
Institute started 27 years ago. We inform the visitors about nuclear energy in general and about 
Krško Nuclear Power Plant by live lectures, by an exhibition and by radioactivity workshops.  

The main target group of information activities are schoolchildren and their teachers. 
Most of them are from the 8th and 9th grade of elementary school, aged 14 to 15. The visitors 
can choose between live lectures on nuclear technologies (fission and fusion), a lecture about 
use of radiation in medicine, industry and science and a lecture on stable isotopes. For younger 
visitors, a lecture about energy and an energy workshop is available. The visit includes a 
demonstration of radioactivity and a guided tour of a permanent exhibition.  

In the last decade, we had close to 8000 visitors per year, but in the year 2020, we expect 
a significantly lower number due COVID-19 pandemic. Since 1993, there have been 4046 
visits, resulting in 188,330 visitors. We monitor the opinion trends by polling some 1000 
youngsters every year. The poll is always conducted before the lecture or visiting the exhibition, 
in order to obtain an unbiased opinion. There are 10 questions in the poll and they remain 
unchanged for several years. This enables us to follow the trends in the basic knowledge of 
energy issues among youngsters and their attitude towards nuclear energy. This year we 
collected only 353 questionnaires due to the COVID-19 limitations. Despite lower statistical 
accuracy, we observed no major change in public opinion compared to previous years. 

As always, this year’s poll results show poor comprehension of nuclear energy, radiation 
and radioactive waste. A relative majority of youngsters consistently recognizes that NPP Krško 
would be difficult to replace by renewables. More youngsters are in favour of the second unit 
of NPP Krško than against it. 

1 INTRODUCTION 

Each year since 1993 we send invitations to all elementary and high schools in Slovenia 
to visit the ICJT Information Centre. The response of schools and the coverage of communities 
in Slovenia is reasonably good (Figure 1). 
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Figure 1: Percentage of population of local communities that have visited ICJT since 1993 

The mainstays of the visit are a live lecture about nuclear energy, explanation of basic 
facts of radioactivity in a demonstration lab and a guided tour of the permanent exhibition about 
nuclear technology.  The bilingual (Slovenian/English) “Mini Encyclopaedia of Nuclear 
Energy” is freely available for every visitor. Interested visitors can tour the research reactor 
TRIGA and/or the Tandetron ion accelerator on site. The depth of explanation is adapted to the 
level of visitors. 

The poll has been conducted and the results have been reported for 27 years [1, 2] using 
several basic questions derived from the early public opinion research of the Faculty of Social  
Sciences in Ljubljana thirty-four years ago [3] with some questions updated in 2004 and 2008. 
The average results in the interval 1993 (or 2004, 2008, respectively) – 2017 and their standard 
deviation represent the “baseline” for comparison with the results from the last 3 years’ polling. 

We conduct the poll every spring and always at the beginning of the visit to obtain 
unbiased opinions based on the knowledge from the school and everyday life.  

 In the initial years, polling of youngsters using paper questionnaires may have seemed 
inferior to polling of adult population by interviewers using stationary phones. Arguably, the 
results of our polling in recent years may carry more weight than the traditional stationary phone 
polling, due to the following reasons: 

 Stationary phones are practically obsolete, 

 The willingness to answer in a phone survey is decreasing and the sample in the 
survey may no longer be representative, rendering the poll results unreliable, 

 In our case all the visiting youngsters are polled unselectively (the only selection 
being the visit of a certain school which does not influence much the individuals’ 
opinion within the group), 

 The statistical weight of our results (approximately 1000 persons per poll) 
considerably exceeds the weight of a traditional stationary phone poll (400-600 
persons per poll).  

The polling of youngsters is not representative for the general population of Slovenia. 
Their perception of risks may be more relaxed than the perception of the adults. Still, their 
positions reflect opinions they hear in their families and media information. As already stated, 
the important point is that the unselective sampling method introduces no bias in terms of polled 
population.  
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Figure 2 shows the age distribution of visiting youngsters. The share of polled visitors 
from elementary schools in 2020 is considerably higher in comparison with the 2004-2017 
average.     

 

 
Figure 2: Age distribution of visiting youngsters 

2 RESULTS OF THE 2020 POLL 

Due to the limitations of the COVID-19 epidemic, we polled 353 youngsters (45 % female 
and 55 % male) between January 29th and March 2nd. Graphs and comments according to the 
questions in the questionnaire show the results divided into five groups covering:  

 General relative perceptions of risks and environmental dangers,  
 Knowledge and understanding of several basic facts of nuclear energy and radioactive 

waste, 
 Reasons for/against nuclear energy 
 Agreement with the potential unit 2 of NPP Krško and awareness about the limitations of 

other sources of electricity, 
 Position towards nuclear energy and sources of information. 

Our observation is, that neglecting scatter in the results, the opinion of youngsters turns 
out surprisingly consistent over 27 years of polling implying some mid-term stability regardless 
of changes or events (e.g. Fukushima accident in Japan in 2011) in the nuclear sphere. 
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2.1 General questions about risks, environment and acceptability 

 

Figure 3: Ranking of human activities by perception of risk 
                          (Actual risk based on calculated Loss of Life Expectancy [4]) 

 

Disparity between the actual risk and the perceived risk as rated by the youngsters is 
consistently highest for nuclear energy (Figure 3), like in most countries. Youngsters rate other 
risks, like smoking, alcohol, traffic etc. considerably more realistically as compared to risks 
based on Loss of Life Expectancy [4]. There is no substantial difference in rating over the years.  

2.2 Understanding basic facts about nuclear energy, radiation and radioactive waste 

Respondents have to answer whether some statements about nuclear energy are true or 
false. For the left half of statements, the correct answer is “true”, and for the right half, the 
correct answer is “false” (in the actual paper questionnaire, the statements are given in random 
order). Figure 4 shows the percentage of agreement (belief) with respective statements. Several 
results are disappointing and do not change much over the years. Some 50% of respondents 
believe that radiation from radioactive waste (RW) repository is detectable 1 km from the site 
and 30% think that NPPs cause acid rain. Less than 30% know that NPPs do not contribute to 
the greenhouse effect. This is probably due to lack of information about nuclear energy and 
radioactivity in the elementary school curriculum.  
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Figure 4: Agreement with the statements – knowledge about nuclear energy 
 

On the other hand, most youngsters know that NPP Krško produces 1/3 of electricity in 
Slovenia, which is cheaper than electricity produced in thermal power plants. This is probably 
due to unproblematic operation of NPP Krško where economic news prevail in the media. 

2.3 Reasons for/against nuclear energy 

 

Figure 5: What are the reasons for use of nuclear energy? (One answer possible) 

In general, lower price stands out (Figure 5) in spite of the high scatter in the results. This 
is consistent with the result in Figure 4 about the price of the electricity generated by NPP 
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Krško. In 2020 poll, cleanliness of the energy source has taken lead before lower price, but this 
result is statistically less reliable due to a smaller number of questionnaires.  

 

 

Figure 6: What are the reasons against nuclear energy? (One answer possible) 

In general, spent fuel disposal is perceived as the main reason against nuclear power 
(consistent with the result about radiation from the RW repository in Figure 4), stronger even 
than possibility of an accident (Figure 6). In 2020 poll, possibility of an accident has taken lead 
before disposal of fuel, but this result is statistically less reliable due to a smaller number of 
questionnaires. 

2.4 Position towards NPP Krško 

 

Figure 7: Do you believe that other sources (e.g., renewables) can replace NPP Krško? 

A relative majority of youngsters consistently recognizes that NPP Krško would be 
difficult to replace by renewables (Figure 7). 
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Figure 8: To what extent do you agree with the second NPP in Krško? 

The share of “partially agree” stands out and does not change much over years (Figure 
8). The sum of more definite answers “totally agree” + “agree” exceeds the sum of answers “do 
not agree” + “strongly disagree”. A high degree of scatter obscures any trend.  

2.5 Position towards nuclear energy and sources of information 

 
 

Figure 9: What is your general opinion on nuclear energy? 

The category “Advantages…” exceeds the “Risks…” but the sum of “Neither” and “I 
don’t know” is actually the prevailing category (Figure 9).  This indication warrants ongoing 
education and information activities. 
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Figure 10: Which three of the following would you trust most to give you information about 

nuclear safety? 
 

Scientists consistently enjoy the highest trust among information sources relevant to 
youngsters. International Atomic Energy Agency, regulatory body, utility and environmental 
organizations have a relatively good credibility over the years, while credibility of the 
government and journalists remains low (Figure 10). 

3 CONCLUSIONS 

The aim of this paper was to look for indications that would serve as a feedback for 
ongoing information activities of the Information Centre at the Jožef Stefan Institute: 
 Youngsters strongly overrate risk of nuclear energy as compared to risks in everyday life. 

The knowledge about nuclear energy, radiation and radioactive waste is generally 
deficient.  

 Youngsters perceive low price of nuclear electricity as a good reason for the use of nuclear 
energy. 

 Youngsters perceive spent fuel disposal and possibility of an accident as main reasons 
against nuclear energy. 

 Youngsters are aware about the limitations of renewable sources of electricity. The 
second NPP in Krško has more supporters than opponents. Similarly, the advantages of 
nuclear energy exceed the perceived risks.  

 Category of answer “I don’t know” varies between 18 % and 28 % at all questions. This 
may be due to scarce information about nuclear in media in recent years and warrants 
ongoing education and information activities. 

 Scientists are consistently the most trusted source of information while government and 
journalists are the least trusted source of information. 
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This year we collected only 353 polls before the COVID-19 limitations were imposed. 
Despite lower statistical accuracy, we observed no major change in public opinion compared 
to previous years. 

Neglecting scatter in the results, the opinion of youngsters turns out surprisingly 
consistent over 26 years of polling implying some mid-term stability regardless of changes or 
events in the nuclear sphere (e.g. Fukushima accident). 
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ABSTRACT 

The response of the Krško NPP containment following a severe accident was analysed 

with the MELCOR code version 2.2 taking into account mitigation measures for heat removal 

from the containment solely by the planned alternative safety systems. As the initiating event, 

a strong earthquake was considered, resulting in a simultaneous station black-out and large 

break loss-of-coolant accident. Four scenarios were analysed: (1) no mitigation, (2) alternative 

safety systems available 24 h after initiating event with water injection through containment 

sprays, (3) alternative safety systems available 24 h after initiating event with water injection 

into the reactor coolant system, (4) alternative safety systems available 24 h after initiating 

event with water injection simultaneously through containment sprays and into the reactor 

coolant system. 

The four analysed severe accident scenarios and the applied Krško NPP MELCOR code 

model are presented. The simulation results of the given scenarios are provided and thoroughly 

discussed. The main focus is given on the radionuclides distribution and the resulting heat loads. 

In all considered scenarios, by far the largest amount of residual heat is released in the reactor 

cavity, comparable in the deposits and water, and the least in the atmosphere. In all mitigated 

scenarios, the fraction of the initial radionuclide inventory on the filters is similar, but 

significantly lower than in the unmitigated scenario. The calculations revealed that the filters 

heat loading strongly depends on the complex chemical processes of the radionuclides. 

1 INTRODUCTION 

Following the lessons learned from the accident at the nuclear power plant Fukushima in 

Japan and according to the Slovenian Nuclear Safety Administration decree, the Krško NPP 

decided to take the necessary steps for upgrading the safety measures to prevent severe 

accidents and to improve the means for the successful mitigation of their consequences [1]. 

Two of the modifications that the Krško NPP will implement are the installation of an 

alternative safety injection pump and an alternative residual heat removal heat exchanger. These 

modifications will, among the other already existing systems, serve for the purpose of reactor 

decay heat removal, either from the reactor coolant system (RCS) or from the containment, 

once the core and RCS are severely damaged. 

The purpose of the paper is to analyse the response of the Krško NPP containment 

following a severe accident taking into account mitigation measures for heat removal from the 

containment solely by the planned alternative safety systems (ASS). As the initiating event, a 

strong earthquake was considered, resulting in a simultaneous station black-out (SBO) and large 

break loss-of-coolant accident (LBLOCA). 
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The following scenarios were analysed: 

 

Scenario 1: no mitigation (denoted noASS – no alternative safety systems), 

Scenario 2: alternative safety systems available 24 h after initiating event with water 

injection through containment sprays (denoted ACI – alternative containment 

injection), 

Scenario 3: alternative safety systems available 24 h after initiating event with water 

injection into the RCS (denoted ASI – alternative safety injection), 

Scenario 4: alternative safety systems available 24 h after initiating event with water 

injection simultaneously through containment sprays (50%) and into the RCS 

(50%) (denoted ACSI – alternative containment and safety injections). 

The previously performed analysis showed that about one quarter of the decay heat 

(~2 MW) is released out of the reactor cavity, which presents a potentially high heat load [2], 

[3]. Thus it was decided to repeat the analysis with the focus on the calculation of the 

radionuclides distribution in the containment and the resulting heat loads, considering also the 

new scenario 4 [4]. The analysis was performed with the MELCOR 2.2 computer code [5], [6], 

with the Krško NPP MELCOR input deck, which was applied in the previous analysis and was 

upgraded to enable the calculation of the radionuclides part. 

In Section 2 some model details are described and the performed simulations are listed. 

The simulation results are presented and discussed in Section 3. In Section 4 the conclusions 

are given. 

2 MODEL DESCRIPTION AND SIMULATED CASES 

The Krško NPP was modelled with 116 control volumes, 156 flow paths and 109 heat 

structures [3], [4], [7]. The simulated scenarios are presented in Section 1. It was defined that 

the assumed LBLOCA break occurs in the cold leg of the primary system loop without the 

pressurizer. The performed simulations with denotations are listed in Table 1. The first 

300,000 s (~3.5 days) of the accident were simulated. 

 

Table 1: Performed simulations with denotations 

Denotation Scenario Alternative safety systems Injection 

noASS 1 No / 

ACI 2 Yes Containment 

ASI 3 Yes RCS 

ACSI 4 Yes Containment and RCS 

 

The Krško NPP passive containment filtered venting system contains aerosol and iodine 

filters, which were modelled with the MELCOR filters for aerosols and fission product 

vapours, respectively. The applied filter decontamination factors are provided in Table 2. 
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Table 2: Applied filter decontamination factors 

Filter Decontamination factor 

Aerosols 1000 

Noble gases 1 

Other gases 100 

 

In MELCOR the radionuclides are modelled on the basis of material classes, which are 

groups of elements that have similar chemical properties. The classes are named by their 

representative element or compound. The initial radionuclides inventory in the core is given in 

Table 3. As is common practice, it was assumed that after the release from the core iodine I2 

reacts with caesium Cs, if it is available, and forms CsI. In the table the amount of CsI, which 

would form if all iodine would react with caesium, is provided. This CsI mass was used to 

calculate the CsI release fraction, presented in the graphs in Section 3. 

 

Table 3: Initial radionuclides inventory 

Class Mass (kg) 

Xe    200,0 

Cs    111,5 

Ba      87,73 

I2        8,614 

Te      17,55 

Ru    123,4 

Mo    145,6 

Ce    256,8 

La    238,3 

UO2 48850 

Cd         0,5828 

Ag         3,310 

CsI         0 (17,624*) 

* Note: for CsI, in parentheses the maximum possible mass of CsI is given if all I2 from the table would react with 

Cs (the initial mass of CsI is otherwise zero) 

3 SIMULATION RESULTS 

In the next graphs the simulation results for some selected variables are presented. Figure 

1 presents the development of the containment atmosphere pressure during the course of the 

accident for all four considered scenarios. The pressure increases due to the water evaporation 

and the release of gases during the molten core-concrete interaction after the molten corium is 

released from the failed reactor vessel into the reactor cavity. When the pressure reaches the 

containment venting setpoint of 6 bars for the first opening of the containment relief valve the 

pressure starts to decrease till it reaches the containment relief valve closing setpoint of 4.1 bar. 

Then the pressure starts to increase again till it reaches the containment venting setpoint of 
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4.9 bar for the next containment relief valve openings. Without alternative safety system the 

pressure cycles between the two setpoints (curve noASS). When the alternative safety systems 

are active, the pressure starts to decrease (curves ACI, ASI and ACSI). In the ACI scenario the 

pressure decreases fast, so it was assumed that the operators have to switch off the ACI system 

when the pressure reaches 1.5 bar to protect the containment against underpressure. The 

pressure then starts again to rise and when it reaches 2 bars it was assumed that the operators 

switch the ACI system again on. In the continuation the pressure cycles between both pressure 

values due to the operator actions. In the ASI scenario the coolant water is injected in the RCS 

and the pressure decreases slower and does not reach 1.5 bar, when the operators would have 

to switch the ASI system off due to too low containment pressure. The pressure stabilizes at 

around 2.5 bars. In the ACSI scenario, where water is injected simultaneously through 

containment sprays (50%) and into the RCS (50%), the pressure development is similar to the 

ACI scenario, except that everything is slower because the flow of water through the sprays is 

half lower. 

 

 

Figure 1: Containment atmosphere pressure. 

Figure 2 shows the mass of radioactive aerosols in the containment upper plenum. From 

the start of the core degradation till the end of the melt release from the failed reactor vessel 

into the flooded reactor cavity the mass of radioactive aerosols in the upper plenum increases 

and then decreases due to settling and radioactive decay. In the unmitigated noASS scenario 

the aerosol mass abruptly increases after about 200,000 s (2.3 days), which coincides with the 

change of the type of the debris layer from the heavy mixed layer to the light mixed layer or 

light oxide layer [6]. It seems that the release of radioactive aerosols depends on the type of the 

debris layer. We see that in the mitigated scenarios the mass of aerosols is the lowest in the ACI 

scenario, where the aerosols are washed out by sprays, and the largest in the ASI scenario, 

where the sprays are not used. In the ACSI scenario, the mass of aerosols is somewhat larger 

than in the ACI scenario because the flow of water through the sprays is half lower. 

For the unmitigated noASS scenario in Figure 3 the decay heat release in the following 

parts of the containment is presented: core, reactor cavity, deposition on structures, atmosphere 
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and water pool. The grey line denotes the total decay heat release. In all considered scenarios 

(after the core has been poured into the reactor cavity) by far the most decay heat is released in 

the cavity, comparable in the deposition and pool, and the least in the atmosphere. 

 

 

Figure 2: Mass of radioactive aerosols in containment upper plenum. 

 

 

Figure 3: Decay heat release from radionuclides in core (COR), cavity (CAV), deposition 

(DEP), atmosphere (ATM) and pool (POL) in unmitigated scenario noASS. The grey line 

denotes the total decay heat release. 
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In the unmitigated noASS scenario the decay heat release is slightly higher in the 

deposition than in the pool, whereas in the mitigated ASI and ACSI scenarios it is typically the 

opposite because the deposition is washed out from the RCS. In the ACI scenario, where no 

water is injected in the RCS, only in the last part of the simulation the decay heat release in the 

pool becomes larger than in the deposition. As expected the decay heat release in the 

atmosphere is the lowest in scenarios ACI and ACSI, where the radioactive aerosols are washed 

out by sprays, which is consistent with the lowest calculated mass of aerosols in the containment 

upper plenum (Figure 2). 

The fraction of the initial radionuclides inventory, which is retained on the filters in the 

unmitigated noASS scenario is presented in Figure 4 for radionuclide classes Xe, Cs, Ba, I2, Te, 

Ru, Mo and CsI. In all considered scenarios the retained fraction is significant only for classes 

CsI, Te and Cs. For other classes the retained fraction is at least one order of magnitude lower. 

Only in the unmitigated scenario noASS an anomaly occurs at the time around 200,000 s, when 

the retained fraction of the Mo class abruptly increases, which coincides with the abrupt aerosol 

mass increase in the containment upper plenum (Figure 2). In the mitigated ACI, ASI and ACSI 

scenarios the retained initial radionuclides inventory fractions are similar but significantly 

lower (typically 2-10x lower) than in the unmitigated noASS scenario because after the 

alternative safety systems are switched on no containment depressurization occurs anymore 

(Figure 1) and consequently also no containment atmosphere flow through the filters. 

 

 

Figure 4: Fraction of initial radionuclides inventory on filters for various radionuclide classes. 

In Figure 5 and Figure 6 the decay heat release in the aerosol and vapour (iodine) filters 

is presented, respectively. It can be seen that in the unmitigated noASS scenario the maximum 

heat load on the aerosol filter is over 150 kW, whereas in the mitigated ACI, ASI and ACSI 

scenarios it is about 10 times lower, only slightly more than 16 kW. The heat load on the vapour 

(iodine) filter is in all considered scenarios negligible, only about 15 W. In the calculations, it 

was assumed that iodine I2 reacts with caesium Cs, if available, and forms CsI (see Section 2). 

As thus (almost) all iodine is in the form of CsI, which is retained by the aerosol filter, and there 

is (almost) no iodine in gaseous form, the iodine filter is not loaded. 
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Figure 5: Decay heat release on aerosol filter. 

 

 

Figure 6: Decay heat release on vapour (iodine) filter. Calculations with CsI formation. 

The results of the Phebus-FP experiments (IRSN, Cadarache, France) revealed that iodine 

can be released from the RCS to the containment in gaseous form due to some processes that 

limit the formation of CsI in the RCS [8]. Dedicated experiments have shown that during the 

reaction of CsI with molybdenum Mo, which is abundant in the nuclear fuel and present in 

larger quantities than Cs, iodine in gaseous form is released [8]. To find out the effect of the 

gaseous iodine release from CsI on the filter heat loads, the calculations of all considered 

scenarios were performed also with a model, where it was conservatively assumed that CsI is 

not formed, which is equivalent to the release of all iodine from CsI in gaseous form. The results 
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of these calculations are presented in Figure 7. It may be seen that the heat loads on the vapour 

(iodine) filter are now in all considered scenarios significant, reaching almost 300 kW, which 

is more than four orders of magnitude larger than in the calculations, assuming stable CsI 

formation (Figure 6). 

 

 

Figure 7: Decay heat release on vapour (iodine) filter. Calculations without CsI formation. 

4 CONCLUSIONS 

An analysis of unmitigated and mitigated station black out with large break loss-of-

coolant accident scenarios was performed with MELCOR 2.2 with the focus on the 

radionuclides distribution and the resulting heat loads. The results of the ACSI scenario with 

simultaneous water injection through the containment sprays and into the RCS lie as expected 

typically between the results of the ACI scenario with water injection solely through the sprays 

and the ASI scenario with water injection solely into the RCS. In all considered scenarios, by 

far the most decay heat is released in the reactor cavity, comparable in the deposition on 

structures and the water pool, and the least in the atmosphere. As expected, the release of decay 

heat is the lowest in the ACI and ACSI scenarios, where the radioactive aerosols are washed 

out from the atmosphere by sprays. The radionuclides are accumulated in the filters during the 

containment pressure relief. In all mitigated scenarios, the fractions of the initial radionuclides 

inventory retained in the filters are similar but significantly lower than in the unmitigated 

scenario. The radiological aspect of the considered scenarios has no influence on the optimal 

severe accident management guidelines because after the alternative safety systems are 

switched on no containment depressurization occurs anymore. 

The calculations revealed that the heat load on the filters strongly depends on the complex 

chemical processes of the radionuclides, which have to be adequately considered and modelled. 

Assuming that the iodine is in the form of CsI, the calculated heat load on the iodine filter is 

negligible. However, considering that CsI reacts with molybdenum Mo, releasing iodine in 

gaseous form, the calculated heat load on the iodine filter is significant in all considered 
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scenarios. This slightly different assumption regarding the iodine chemistry increased the 

calculated heat load on the iodine filters by more than four orders of magnitude. 
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ABSTRACT 

The paper presents preliminary results for the application of the new Extended Best 

Estimate Plus Uncertainty (E-BEPU) methodology developed in the framework of the Horizon-

2020 NARSIS project. The approach is risk-informed combined deterministic and probabilistic 

methodology dedicated to Nuclear Power Plant (NPP) systematic design verification and to 

enhance Defence-in-Depth (DiD). It assumes application of the best-estimate computer code, 

realistic input data for initial and boundary conditions and plant systems availability based on 

Probabilistic Safety Analysis (PSA). It extends the scope of the uncertainty analysis to include 

the availability of safety systems as an additional uncertain item. The generic large Generation 

III Pressurized Water Reactor (PWR) design with core thermal power of 4500 MW defined in 

the NARSIS project was applied. The surge line LB-LOCA, a postulated initiating event, was 

studied as an example of design basis type event. This study is the first practical application of 

the E-BEPU methodology, which is under development in the NARSIS Project. 

1 INTRODUCTION 

The essential reference for the Deterministic Safety Analysis (DSA) is the IAEA Safety 

Standards Deterministic Safety Analysis Specific Safety Guide-2 (SSG-2) Revision-0 

published in 2009 [1] and its recent update Revision-1 published in 2019 [2]. Both revisions of 

the IAEA document defines four options for performing DSA analysis. The Option-1 is simple 

conservative analysis with conservative assumptions, data and computer codes. The Option-2 

covers usage of the Best Estimate (BE) computer code with conservative data and assumptions. 

The Best Estimate Plus Uncertainty (BEPU) methodology is considered as the Option-3 with 

conservative assumptions on the availability of safety systems, best estimate codes, initial and 
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boundary conditions. In the SSG-2 Rev-0, Option-4 is an extension of Option-3 with reduction 

of the conservatism, with no limitation set on studied transient type. Availability of systems is 

derived from probabilistic analysis (i.e. PSA), and the whole option is referred as risk-informed 

with realistic input data and realistic quantification of uncertainties, when possible and 

conservative when no proper data available [1]. On the contrary, in the new revision of the 

SSG-2, Option-4 is defined in more general terms. It is defined as a realistic approach with best 

estimate computer codes, best estimate assumptions and best estimate initial and boundary 

conditions. There is also no explicit demand for quantification of uncertainties. In the Rev-1, 

Options 1-3 are 'conservative analysis', where Option-4 is considered as a realistic analysis. 

What is important, it is explicitly limited to Anticipated Operational Occurrences (AOO) and 

Design Extension Conditions (DEC) [2]. It should be highlighted that the Rev-1 Option-4 is a 

different concept than presented in Rev-0. 

There are only a few publicly available research reports related to the possible realisation 

of the Option-4 or E-BEPU. The first E-BEPU was proposed by Dusic et al. in 2014 paper 

[3],[4]. In principle, it can be applied to any Plant Condition; it was initially intended for Design 

Basis Accidents and AOO, but an application to DEC is also possible. The alternative E-BEPU 

was proposed by Martorell et al. in 2017 and published in two papers [5],[6]. 

The E-BEPU methodology presented in this work is being developed in the framework 

of the Horizon 2020 NARSIS Project [7]–[9], and it is an extension of the idea proposed in 

[3],[4]. What is important, it corresponds to the Option-4 presented in the SSG-2 Rev-0, but it 

does not correspond to the Option-4 in SSG-2 Rev-1. The basic motivation and purpose of this 

work are to test the new E-BEPU methodology.  

2 METHODOLOGY 

2.1 E-BEPU Overview 

The E-BEPU procedure is depicted in Figure 1, and it is composed of 15 blocks, each 

representing a set of complex activities to be executed. The procedure starts with Blocks#1-2, 

which are dedicated to defining Postulated Initiating Event (PIE), classify it in terms of Plant 

Condition (PC), define Regulatory Acceptance Criteria (RAC) and screen sequences to be 

analysed. Block#3 is similar to the typical BEPU, and it covers uncertainty analysis for non-

screened sequences. The BEPU results are assessed in Block#4, which is a branching point 

which splits the work-flow into two different parts.  

Blocks #4-to-7 form a path for the situation when uncertainty analysis shows that all non-

screened sequences fulfil RAC with Standard Tolerance Level (STL) 95/95. In the next step, in 

Block #5-6 RAC criteria for the next accident class are defined and tested with Increased 

Tolerance Level (ITL) (99/95). If this test is positive, the design is acceptable. The additional 

design verification with ITL (99/95), for both branches, is dedicated to confirming that there 

are no cliff-edge effects [10].  

The path with Blocks #4-to-14 is dedicated to a situation when there is at least one non-

screened sequence failing to fulfil RAC with STL. In this case, a whole PIE demands 

verification if the considered PIE, being a set of different sequences, fulfils RAC with STL. If 

the test fails, the design is not acceptable (Block#9). In case of success, each sequence is 

assessed separately. Sequences which succeeded test with STL are transferred to the left branch 

(Block #5). Failed sequences are reclassified (Block #11), and if their conditional probability 

met proper criteria, they are tested with ITL for the next class RAC (Blocks #12-13). Success 
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ensures design acceptance; otherwise, if the ITL test or reclassification test fails, the design is 

not acceptable.  

2.2 Test Case and Details 

In this work, the PIE is a double-ended pressuriser surge line break at the point of 

connection with the hot leg. The surge line break belongs to the LB-LOCA type of accidents 

considered as DBA for the studied design and is classified as Design Basis Condition 4 (DBC-

4). For simplicity, the Peak Cladding Temperature (PCT) 1204°C was selected as the only RAC 

(Figure 1, Block#1) [11].  

 

Figure 1 Flow Diagram of E-BEPU. Based on [7]. 

The deterministic plant model was developed with system code RELAP5 Mod3.3 (Figure 

2), and it was used to predict plant response. Moreover, the standard PSA model, for the 

considered PIE, was developed by the project partners in Risk-Spectrum and Sapphire codes 
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[12]. The E-BEPU allows to use of PSA models in Block#2, but modifications are necessary. 

It is mainly because probabilistic part of the E-BEPU has a different purpose than a typical 

PSA. In consequence, the Multiple-Path Event Tree (MPET) approach was proposed, where 

event trees are not designated to studying success/failure, but they have multiple branches at 

each branching point regardless of the outcome. It allows estimation of the conditional 

probabilities for each sequence with different systems availability. Fault Trees were used to 

obtain proper configurations of systems to be quantified in each branching vertex of the MPET. 

Probabilistic results are used in the sequence screening process, which demands that the sum 

of all conditional probabilities for non-screened sequences has to be lower than a threshold 

value equal to 5·10-4. In this study, thirteen different sequences were identified (Table 1). The 

conditional probability of screened sequences is 4.76·10-4, and it is below the limit. 

 

Figure 2 RELAP5 model of the NPP, RPV and Loop-1 and Loop-2 (2/4 loops). 

 

 

Figure 3 Part of the Multiple-Path Event Tree (MPET) for the studied PIE. 
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Sequences selected in Block #2 were analysed in the further part of the procedure. Block 

#3 is analogous to the BEPU (see [13]), and the Wilks based (GRS) approach was applied [10]. 

A set of fifteen uncertainty parameters, being significant for the Figure of Merit (FoM) and 

typical for LB-LOCA BEPU were selected – see Table 2. List of parameters with distributions 

is preliminary and is based on [14],[15]. Values were sampled with Simple Random Sampling. 

For each sequence with one-sided STL limit, 59 input decks were generated, and it resulted in 

13x59=780 system code runs [10]. Transients were simulated for 1800 seconds only because 

long-term plant stabilisation was not considered, and all important events occur within this time 

interval. 

In the current version of the methodology [7],[8], DBC-4 is a special case,  the "last class". 

The approach is simplified, and Blocks #5-6 and Blocks #12-13 can be omitted, as there are 

"no next" class for the last class. It has to be mentioned that the research is ongoing to extend 

this part and use DEC criteria for the last class in Blocks #5,6,12,13, and it will be a matter of 

current research activities [9].  

Table 1 Sequences which were not screened in Block #2.  MHSI – Medium Head Safety 

Injection, ACCU – Accumulators, LHSI – Low Head Safety Injection. 

No. Code MHSI ACCU LHSI 
Conditional 
Probability 

1 1333 3 3 3 9.52E-01 

2 1332 3 3 2 2.79E-02 

3 1331 3 3 1 1.11E-03 

4 1330 3 3 0 1.99E-04 

5 1323 3 2 3 2.55E-03 

6 1233 2 3 3 1.59E-02 

7 1232 2 3 2 8.98E-03 

8 1231 2 3 1 4.00E-04 

9 1133 1 3 3 5.45E-04 

10 1313 3 1 3 8.93E-05 

11 1131 1 3 1 1.76E-04 

12 1130 1 3 0 9.25E-05 

13 1222 2 2 2 5.95E-05 

Table 2 Uncertainty parameters with probability distributions. 

No 
Uncertainty  

Parameter 
Nominal value Unit Type Distribution Min Max Mean Std. Dev 

1 Break discharge coefficient 1.0 --- multiplicative normal 0.95 1.05 1 0.025 

2 Initial power 4500 MWth multiplicative normal 0.98 1.02 1 0.01 

3 Fuel thermal conductivity correlations  --- multiplicative normal 0.9 1.1 1 0.05 

4 UO2 specific heat correlations    --- multiplicative normal 0.98 1.02 1 0.01 

5 Fuel gap size (diametric gap) 0.17 mm multiplicative normal 0.8 1.2 1 0.1 

6 power after scram decay power multiplier 
Maximum Decay +  

2sigma 
--- multiplicative normal 0.92 1.08 1 0.04 

7 
I&C signal delay  

start pumps – MHSI, LHSI 
15 s Additive uniform 15 40 --- --- 

8 
initial conditions:  

primary loop flow  
27185 m3/h multiplicative normal 0.96 1.04 1 0.04 

9 initial cold leg temperature 295.6 °C additive normal -2 2 0 1 

10 accumulator initial pressure 4.5 MPa additive normal -0.2 0.2 0 0.1 

11 
accumulator line  

friction form losses 
8.65 --- multiplier log-normal 0.5 2 1.25 0.75 

12 accumulator temperature 50 °C additive normal -10 10 0 10 

13 MHSI - flow characteristics table kg/s multiplier normal 0.95 1.05 1 0.05 

14 LHSI - flow characteristics table kg/s multiplier normal 0.95 1.05 1 0.05 

15 hot channel peaking factor 2.82 1 multiplier normal 0.95 1.05 1 0.025 

3 RESULTS AND DISCUSSION 

Maximum output values of the PCT (FoM), for hot fuel rod for all 13 sequences are 

presented in Figure 4. Additionally, for example, hot rod results with uncertainty bands, for 

arbitrarily selected sequence number 12 are presented in Figure 5. These are results for the 

version of the E-BEPU for DBC-4 and with the omission of Blocks #5,6,12,13.  
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It can be observed that RAC was not violated in any run. It shows that the studied PIE is 

successful from the point of view of the E-BEPU methodology. We can clearly see that the 

presented demonstration case follows the left branch of the procedure (Figure 1).  

 

Figure 5 PCT for single realisations with the highest observed hot rod temperature at the 

peak for all 13 sequences.  

 

Figure 4 PCT temperatures with uncertainty bands for sequence no. 12 with 1xMHSI, 

3xACCU and no LHSI.  

4 CONCLUSIONS 

This paper demonstrates, the preliminary results, for the first practical application of the 

novel Extended Best Estimate Plus Uncertainty methodology. In this paper, only part of the 

procedure, namely the "left branch" for the last design basis category (DBC-4) was tested. It is, 

in fact, the simplest possible E-BEPU situation. The considered design successfully passed the 

verification procedure for the LB-LOCA (surge line) type PIE for all considered sequences. It 

is thanks to the fact that the considered NPP design is very robust. LOCAs are usually design 

basis accidents, and a lot of focus is present during the plant design process to cope with it. 

Moreover, the considered accident is the surge line break, which is substantially less severe, in 

terms of PCT, than a typical LB-LOCA for hot leg or cold leg. What is more, it can be observed 

that the variation of ACCU and LPSI availability has low importance for PCT. It has to be 

highlighted that the qualification of the presented RELAP5 model is still ongoing, and results 

should be treated with a proper margin of confidence. It is worth mentioning that the alternative 
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results for SL-LOCA can be found in the literature [16],[17]. What is also important, the list of 

uncertainty parameters (Table 2) does not consider RELAP5 modelling parameters, and it 

should be considered in the final analysis. 

We can conclude that the, presented outcomes suggest that the E-BEPU methodology is 

applicable to Light Water Reactors with available thermal-hydraulic system codes and PSA 

codes and can be executed with reasonable computational resources. However, additional 

research is a necessity.  

 Further research activities will focus on studying other details and parts of the 

methodology, i.e. testing situations when some sequences are failed in Block #4 or when in 

general design is not acceptable. What is more, future activities will cover the application of 

the methodology for DEC, lower DBC classes and possible improvements for the last class 

analysis. 

The E-BEPU is the next step in Nuclear Safety and opens the possibility to decrease the 

conservatism in the assumptions for safety systems availability. It extends the scope of the 

uncertainty analysis to include the availability of safety systems as an additional uncertain item 

and allows to include risk insights in deterministic analysis framework. It avoids or detects 

possible cliff-edge effects by comparison with next-class criteria and allows reclassification of 

low probability sequences. It can also reduce potential problems with "apparently" conservative 

assumptions. Finally, the E-BEPU provides a systematic approach to study NPP safety and 

allows to strengthen Defence-in-Depth. 

The application of the E-BEPU as a risk-informed combined probabilistic-deterministic 

approach is a relatively new approach, and it is an active area of research. The methodology 

presented in this paper can potentially be an alternative to BEPU and possible realisation of the 

E-BEPU. The necessary trade-off of using E-BEPU and reducing the conservatism is the 

substantial increase in necessary computational effort.  
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ABSTRACT 

The paper presents how the source term and accident scenario were prepared for the 

International Atomic Energy Agency (IAEA) database of pre-calculated source terms for 

different accident scenarios. Two different radioactive releases were considered. The first one 

was a containment leakage through a penetration that was open for 30 minutes and thus released 

the isotopes unfiltered directly to the environment. The second release considered was the 

design leakage of the containment due to penetrations leakage within the limit defined in the 

plant’s Technical Specifications (TS). The task was to prepare source term file using the 

International Radiological Information Exchange data standard (IRIX) format. Using generic 

IAEA TECDOC-955 methodology the accident assessment was performed and source term was 

calculated for two different stages of the scenario. The report was prepared using a thorough 

analysis of the Emergency Response Data System (ERDS) data, results of assessment of 

exercise by the Slovenian Nuclear Safety Administration (SNSA) and a predetermined exercise 

scenario supplied by the Krško NPP exercise planners. There were some challenges in preparing 

contributions for the IAEA database due to unavailability of some data and limited composition 

of source term.  

1 INTRODUCTION 

The IAEA is preparing new source term and accident scenario database which purpose 

shall be to support the IAEA in assessment of potential consequences and prognosis of possible 

developments during a nuclear emergency at NPP or a spent fuel pool [1]. This database shall 

contain pre-calculated source terms for different accident scenarios from National Competent 

Authorities. Once operational, this IAEA database of pre-calculated source terms, will be 

available to all Member States. The SNSA has decided to participate and has prepared 

calculations of source term for a hypothetical severe accident at the Krško NPP [2]. The severe 

accident scenario was based on the emergency exercise NEK2019-2, conducted on 21st 

November 2019. Using generic IAEA TECDOC-955 [3] methodology to assess the accident 

conditions, the source term for releases in this exercise was calculated.  

The Accident assessment that SNSA prepared for the IAEA database consists of: 

• Initial plant state, 

• Assumptions made on safety equipment operability throughout the transient, 

mailto:benja.rezonja@gov.si
mailto:tomaz.nemec@gov.si
mailto:tomi.zivko@gov.si
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• Core degradation kinetics, 

• Evolution of plant parameters versus time. 

To fulfill the task, the SNSA had to make a detailed analysis of the development of the 

plant parameters and actions of the plant staff during the emergency exercise NEK2019-2. 

2 SNSA EMERGENCY PREPAREDNESS 

In case of an emergency event at Krško NPP, the SNSA activates its Emergency Response 

Center. The main role of the SNSA is to assess the plant conditions, to determine possible 

radioactive releases and to propose protective measures to civil protection headquarters. The 

Emergency Response Center is composed by: 

• Emergency Director that is responsible for managing the emergency, key decisions 

and communication with external parties; 

• Nuclear Accident Analysis Group that assesses the plant conditions during an 

accident, calculates a conservative source term for actual plant conditions and based 

on prognosis of a possible scenario development also gives a prediction of worst-

case source term; 

• Dose Assessment Group that proposes protective measures based on the situation 

at the accident site (radiological situation on the ground, emergency class in the 

Krško NPP) and  

• Group of Communicators that provides communication with external participants 

(neighboring countries, EU, IAEA, public and the media). 

2.1 Accident assessment and source term calculation 

The SNSA monitors changes in plant parameters during accident conditions with use of 

the ERDS established in 1996 according to requirements set in NUREG 1394 [4]. The plant 

data for the ERDS are obtained online through a separate and secure internet connection 

between the Krško NPP and the SNSA and are monitored in real time. In the new ERDS 

package the plant data were expanded and now the ERDS set consists of 911 parameters that 

include parameters of normal operating systems, safety systems, conditions of barriers, 

radiation and weather monitoring systems, as well as warnings, alarms and status of critical 

safety functions. The time resolution of ERDS data is 1 second. The transferred data are stored 

to a server at the SNSA location. The data can be viewed with specially designed program 

package on dedicated computers of the SNSA emergency center. The ERDS enables monitoring 

either actual plant parameters in case of an accident or simulated parameters that are calculated 

by Modular Accident Analysis Program (MAAP) provided to the ERDS by the full scope plant 

simulator in case of training or exercise. 

ERDS is to be used as support tool by Nuclear Accident Analysis Group with the task to 

determine the initial identification of the event, the conditions of the plant and possible 

radioactive releases.  

2.2 Source Term 

For accident assessment and source term calculation, the SNSA employs the generic 

methodology from IAEA TECDOC-955 [3] that was further adapted to the specific features of 

the Krško NPP. For calculating source terms during an emergency, the Nuclear Accident 

Analysis group has prepared a procedure for calculating a conservative source term for actual 
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plant conditions and based on prognosis of a possible scenario development also a prediction 

of possible worst-case source term. The data needed to determine the source term are: core 

conditions, barriers status (reactor coolant system boundary and containment), retention time 

of the radioisotopes in the containment, path of release, possible filtering of the release on its 

way to environment, release through filtered venting system, aerosol removal by containment 

spray. Most of these data are directly obtained from the ERDS.  

The general formula used for calculating source term according to the International 

Response Technical Manual (RTM-95) [5] considers these possible barrier conditions: 

1. Reactor coolant release in case of reactor coolant system leakage; 

2. Cladding damage to the fuel in the reactor core; 

3. Fuel pellets melting; 

4. Reactor pressure vessel failure. 

The general formula uses additional weighting factors to account for different 

containment integrity status and to consider reduction of releases in case of filtering, decay of 

isotopes and deposition of aerosols. The radioisotope inventory considered in the calculation is 

derived from generic data [3] and does not change during evolution of a scenario. The changes 

in plant conditions and time effects are thus included into calculation through weighting factors 

that describe the status of barriers for each of four releases listed above. The calculated result 

can be either the rate of release for a list of radioisotopes or a total released radioactivity for 

these radioisotopes. 

The source term calculation results are used as an input to the RODOS modelling that is 

performed by the Dose Assessment Group. The activity and release path of these predicted 

radioactive releases are important as a basis for decision making on proposed off-site protective 

measures in case of a release into environment. SNSA currently uses a list of 38 isotopes to 

calculate a source term. 

3 DATA AND ASSUMPTIONS 

3.1 Accident scenario 

The Exercise NEK2019-2 was conducted on 21st November 2019 with the participation 

of Krško NPP staff and the SNSA Emergency Response Center [6]. The detailed scenario of 

the exercise is presented in Table 1.  

The initial state of the plant was normal operation at full power (100 %). The exercise 

lasted only 5 hours and therefore to achieve the effects of severe accident in relatively short 

time, there were many postulated equipment failures such as total loss of AC power (Station 

Blackout, SBO), loss of heat sink (including turbine driven Auxiliary Feedwater pump), an 

open containment penetration that lead directly to the environment etc.  

The only action available for the plant staff to use was the mobile equipment and this was 

performed according to the Krško NPP procedure for response to total loss of AC power. The 

injection into primary coolant system was established 152 minutes after the SBO occurred. The 

effect on core cooling was observed an hour later.  

The scenario considered two releases. The first release was through an open half inch 

containment penetration for half an hour. The second release was the design leakage of the 

containment atmosphere of 0.2% per day. This design leakage is due to leakage of containment 

penetrations within the limit defined in the plant’s Technical Specifications. 
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The NEK2019-2 exercise was stopped 300 minutes after the start at the time when mobile 

equipment was already connected to inject coolant into reactor vessel and to feed steam 

generators and the trends of parameters confirmed that the safety function of core cooling is 

recovered. 

Table 1: The exercise scenario with times determined from ERDS data 

Time 

ERDS 

Time 

[minutes] 
Conditions 

16:30 0 Primary coolant leak > TS limit, reactor trip, Safety Injection starts, 

containment isolation performed 

16:33 3 Total loss of AC power (SBO), total loss of heat sink; all non-safety 

related SSCs and most safety related SSCs stop operating 

16:38 8 Loss of Turbine driven Auxiliary Feedwater pump 

17:03 48 Loss of Coolant Accident (LOCA) – 1.5 inch cold leg break 

17:30 60 Dryout of steam generators 

17:45 75 Start of reactor core uncovery 

18:13 103 Reactor core is completely uncovered 

18:18 108 Emergency Core Cooling System Accumulators start injecting coolant 

in reactor pressure vessel (operating for 37 minutes) 

19:05 155 Mobile equipment – injection into reactor coolant system 

19:23 173 Mobile equipment – feed to steam generator 1 (fails after 5 minutes) 

19:30 180 Nonfiltered containment release to environment for 30 minutes 

20:05 228 Positive effects observed of use of mobile equipment – Core exit 

temperature (CET) decreasing 

21:30 300 End of NEK2019-2 exercise 

3.2 Core degradation 

For the calculation of source term, it is important to know for how long the core was 

uncovered to determine the amount of fuel damage (clad failure and fuel melt) [3]. Time of core 

uncovery is determined from ERDS parameter Reactor vessel level (Figure 2). The time of clad 

failure and fuel melt is estimated from Core exit temperatures (CET) (Figure 1).  

The reactor core uncovery starts at 17:45 (ERDS time), as can be seen in Figures 1 (red 

arrow). At 18:13 (103 minutes after the start) the core was completely uncovered (yellow arrow 

in Figure 2). From 18:18 the ECCS accumulators started injecting coolant into reactor vessel 

(blue arrow in Figure 2) and provided core cooling. The positive effect of ECCS injection on 

core temperature is observed in Figure 1 (green arrow) where CET decreases between 18:35 

and 18:58. Figure 2 shows that the coolant level in the reactor vessel rises. At 19:05 mobile 

equipment injects into reactor vessel and the coolant level in the reactor vessel rises again 

(orange arrow). The effect of mobile equipment on core temperature is observed an hour later.  
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Figure 1: Core Exit Temperature [°C] – the indication is limited to 1200˚C. 

 

 

 

Figure 2: Reactor Vessel Level [%] indication with primary coolant pumps stopped. 

 

4 RESULTS 

For the IAEA database of pre-calculated source terms for different scenarios the releases 

that occurred in this severe accident exercise at the Krško NPP are considered as two 

independent releases:  
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Release 1: Release from containment to environment through open valves on a vent line 

First release from containment was a direct nonfiltered release through ½ inch line due to 

open valves on a vent line. Release lasted from 19:30 until 20:00 (180-210 minutes from start). 

Containment relative pressure at the time of release was 2 kp/cm2 (1.96E+05 Pa). At the time 

of the release reactor core was already completely uncovered for more than one hour, so 50 % 

of core melt was assumed based on time of core uncovery and core exit temperature indications 

[3]. Reduction of containment atmosphere activity is assumed due to holdup time of more than 

1 hour before release. In the 30 min release, 0.6 % of containment atmosphere was released. 

The release through open valves of containment penetration in duration of 30 minutes 

cannot be directly observed in the parameters of the ERDS. It is a small release and has almost 

negligible influence on the containment pressure.  

Release 2: Design containment leakage to environment 

This release occurs throughout the accident whenever containment pressure is higher than 

the environmental pressure. The design containment leakage in overpressure conditions is 0.2 

% per day. Reduction of containment atmosphere activity is due to holdup time of more than 1 

hour before release and fuel damage with 50 % of core melt is assumed. Such leakage cannot 

be directly observed in the ERDS. However, this release is relatively small. 

Release 2 is considered in time intervals from 120-180 minutes and from 230-290 minutes 

from the start of the exercise. Altogether the Release 2 lasted for 120 minutes. 

When calculating the source terms for these two releases, the only parameter in source 

term calculation that was different is the containment integrity status, in first case the 0.6 % of 

the containment atmosphere was released into the environment and in second case the 

containment leakage was 0.2 % per day.  

At Release 1 an increased dose would be detected in the vicinity of the plant. Some 

protective measurements would take place (e.g. evacuation of area of 3 km around the plant). 

Release 2 is 100 times smaller than Release 1. In this case protective measures are not 

necessary. Results of calculation of source terms for Release 1 and Release 2 are presented in 

Table 2.  

 

Table 2: Source terms for Release 1 and Release 2 (Activities released) 

Isotope Release 1 [Bq] Release 2 [Bq] 

Kr-85 3.89E+13 5.37E+11 

Kr-85m 1.69E+15 2.33E+13 

Kr-87 3.27E+15 4.52E+13 

Kr-88 4.75E+15 6.56E+13 

Xe-131m 6.99E+13 9.67E+11 

Xe-133 1.18E+16 1.64E+14 

Xe-133m 4.22E+14 5.83E+12 

Xe-135 2.38E+15 3.29E+13 

Xe-138 1.19E+16 1.64E+14 

I-131 7.83E+14 1.08E+13 

I-132 1.10E+15 1.53E+13 

I-133 1.57E+15 2.17E+13 

I-134 1.75E+15 2.42E+13 

I-135 1.39E+15 1.92E+13 

Sr-89 7.43E+13 1.03E+12 
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Isotope Release 1 [Bq] Release 2 [Bq] 

Sr-90 2.88E+12 3.98E+10 

Sr-91 8.75E+13 1.21E+12 

Y-91 6.31E+12 8.73E+10 

Mo-99 3.39E+13 4.69E+11 

Ru-103 2.33E+13 3.23E+11 

Ru-106 5.43E+12 7.52E+10 

Te-129m 2.10E+13 2.90E+11 

Te-131m 5.15E+13 7.13E+11 

Te-132 4.74E+14 6.55E+12 

Sb-127 2.22E+13 3.07E+11 

Sb-129 1.32E+14 1.82E+12 

Cs-134 5.00E+13 6.91E+11 

Cs-136 2.00E+13 2.76E+11 

Cs-137 3.10E+13 4.28E+11 

Ba-140 1.69E+14 2.34E+12 

La-140 8.39E+12 1.16E+11 

Ce-144 2.24E+13 3.10E+11 

Np-239 4.32E+14 5.97E+12 

Noble gasses 1.01E+13 1.40E+11 

Iodine 1.83E+12 2.53E+10 

Others 4.63E+11 6.40E+09 

Total release 1.24E+13 1.71E+11 

 

5 CONCLUSION 

The report presents the first contribution of the SNSA to the IAEA source term and 

accident scenario database. The scenario was taken from a recorded ERDS data for the 

emergency exercise NEK2019-2. 

The Nuclear Accident Analysis group of the SNSA Emergency Response Center 

performed the analysis according to the procedures that aim to assess the conditions of the NPP, 

to prepare a source term as an input to the RODOS modelling and to perform prognosis of 

possible worst-case development of plant conditions with possible large radioactive releases to 

the environment. In this way, this task to supply the contribution to the IAEA database was a 

first of a kind work and thus a challenge. With a thorough analysis of the ERDS data, results of 

assessment of exercise by Nuclear Accident Analysis Group and a predetermined exercise 

scenario by the Krško NPP instructors and exercise planners the SNSA prepared its report [2].  

There were some challenges in meeting the requirements for the IAEA database due to 

unavailability of some parameters in the ERDS set (e.g. decay heat, water temperature in the 

containment sumps), some parameters listed were not applicable to this accident scenario (e.g. 

containment spray operating time) or to this NPP design, and there was also one parameter that 

was not modelled in the simulator for NEK2019-2 exercise (hydrogen concentration in 

containment). Some indications also have limitations, e.g. Core Exit Temperature has indication 

range up to only 1200 °C.  

For the source term calculations, the SNSA was able to consider the contribution of only 

38 nuclides from 65 listed in the IRIX format of the IAEA. However, it can be concluded that 

the work was mainly successful in fulfilling the task within the limitations of the proposed 
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scenario and the available set of data. A collaboration of the SNSA analysts in future IAEA 

exercises is already planned. 

Another approach to determine source term of a severe accident scenario could be made 

by calculations with MELCOR code. The SNSA received a Krško NPP model from the operator 

and this makes possible the calculation of such scenario. This could be used in the future to 

determine another source term and accident scenario. 

REFERENCES 

[1] Voluntary contribution to an IAEA source term and accident scenario database, IAEA 

IEC letter, 1 August 2019. 

[2] Voluntary contribution to an IAEA source term and accident scenario database, Tomaž 

Nemec, Benja Režonja, Tomi Živko, SNSA report, March 2020. 

[3] IAEA TECDOC-955, Generic assessment procedures for determining protective actions 

during a reactor accident, IAEA, 1997. 

[4] Emergency Response Data System (ERDS) Implementation, NUREG 1394, Rev. 1, US 

NRC, 1991. 

[5] “International Response Technical Manual (RTM) for Interim Use and Comment” 

(RTM-95), Volumes 1-3, U.S. NRC, 1995. 

[6] “Vaja NEK2019-2, Poročilo URSJV”, SNSA report on analysis of Krško NPP 

emergency exercise NEK2019-2 on 12 November 2019, SNSA, December 2019. 

 



 

 

1804.1 

Simulation of LIVE2D Experiment on Reactor Core Melt in Reactor 
Pressure Vessel Lower Plenum 

 
 

Blaž Kamenik 

University of Maribor 

Smetanova ulica 17 

SI-2000 Maribor 

Slovenia 

blaz.kamenik@student. 

um.si 

Xiaoyang Gaus-Liu 

Karlsruhe Institute of 

Technology 

Hermann-von-Helmholtz-

Platz 1 

76344 Eggenstein-

Leopoldshafen, Germany 

xiaoyang.gaus-

liu@kit.edu 

Jure Marn 

University of Maribor 

Smetanova ulica 17 

SI-2000 Maribor 

Slovenia 

jure.marn@um.si  

 

Ivo Kljenak 

Jozef Stefan Institute 

Jamova cesta 39 

SI-1000 Ljubljana 

Slovenia 

ivo.kljenak@ijs.si  

 

 

ABSTRACT 

A model for simulating an experiment on the behaviour of the two-layer reactor core 

melt in the reactor pressure vessel lower plenum of a pressurized water reactor (PWR), 

performed in the LIVE2D experimental facility at the Karlsruhe Institute of Technology 

(Germany), was developed. The model was used to simulate an intermediate state during the 

transient experiment. The simulated temperatures and heat fluxes are compared with 

experimental results. The simulated velocity fields, which were not observed in the 

experiment, are also presented. 

1 INTRODUCTION 

During a severe accident in a light-water reactor nuclear power plant, the reactor core 

melt could accumulate in the reactor pressure vessel (RPV) lower plenum. An accident 

management strategy in such cases consists in external cooling of the RPV that should 

significantly contribute to the removal of the residual heat from the melt. Both experimental 

and theoretical research is being carried out to understand and predict the melt behaviour with 

the purpose of devising suitable mitigation strategies in case of accident [1, 2]. Essentially, 

the melt should be cooled down before the RPV fails and the melt flows into the reactor 

cavity. It is thus important to predict the heat flux from the core melt to the vessel walls. 

Different configurations of the core melt could allegedly occur. In the present work, the 

most commonly assumed configuration, that is, an oxide layer (pool) covered by a much 

thinner metallic layer, was considered (Figure 1). The issue in such configurations is the so-

called “focusing effect”, that is, the high temperature at the boundary between the metallic 

layer and the vessel wall, which is supposed to be able to cause wall ablation and subsequent 

failure of the vessel. 

Experiments with simulant materials, such as performed at the Karlsruhe Institute of 

Technology (Germany) in the LIVE2D facility, provide insights into the melt internal 

behaviour. Theoretical simulations of such experiments and accidents enable the validation of 

models to be used in actual plants, as well as support the analysis of experimental results. 

Such simulations have already been performed at the Jozef Stefan Institute in the past [3], 

within the possibilities available at that time. 
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Figure 1. Configuration of core melt in RPV lower plenum 

considered in present work. 

In the present work, a two-dimensional simulation of an intermediate state, assumed to 

be quasi-steady, during a LIVE2D experiment was performed with the purposes to validate 

the physical modelling and to gain, from the simulated flow patterns that were not observed 

experimentally, insights into the mechanisms of the metallic layer heating by the oxide pool 

which leads to the focusing effect. 

2 EXPERIMENT 

2.1 Experimental Setup 

The test vessel of the LIVE2D experimental facility that simulates the RPV lower 

plenum (Figure 2) is a semi-circular slice with an inner radius of 0.5 m and a width of 12 cm 

[4, 5]. The vessel is made from stainless steel with a wall thickness of about 2.5 cm. The 

vessel is covered with a steel plate. The hot air gap between the upper layer and the cover of 

the vessel was limiting the heat removal at the upper surface. The semi-circular wall is 

surrounded by an outer cooling vessel in which water at ambient temperature enters from the 

bottom inlet and leaves through two outlets located on top sides. The vessel back side is 

insulated from the surroundings and the front side has a double quartz plate that enables 

visual observation of the melt behaviour, but also represents a heat sink for the melt, as it 

enables heat transfer by thermal radiation. 

In the vessel lower part, a eutectic salt melt represents the melt oxide pool, whereas a 

horizontal layer of oil on top of it represents the melt metallic layer. The salt melt may be 

heated using electrical resistance heating wires (which approximates volumetric heating) with 

different heat flows that represent the decay heat. A solid salt crust may sometimes 

intermittently form and melt at the cooler boundaries (vessel semi-circular wall and upper 

surface). 

2.2 Experimental Procedure 

During the experiment, measurements were performed at different heating powers and 

different thicknesses of the upper (oil) layer. Figure 3 shows the scheme of the heaters and the 

positions of temperature measurement. Figure 4 shows the melt temperatures at some 

measuring points during the entire duration of the experiment. It also shows the simulated 

state in the present work, that is the end state of 1300 W power input in the lower layer and 

during the 75 mm upper layer thickness. In the experiment, each heating state was kept 

constant for some time, just before the next heating state begins. At the end of each heating 

state the melt temperature approached a steady state value, although it was not reached. In the 
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simulation, the adjusted heating power was prescribed as a constant boundary condition and 

the simulation was run until a steady state was reached. Thus, the reached steady state should 

correspond roughly to the intermittent state indicated in Figure 4, although the intermittent 

states prior to that state in the experiment and in the simulation are probably different. The 

implicit assumption is that the time scale of the observed phenomena, that is, fluid flow and 

heat transfer, is smaller than the time scale of the change of boundary conditions (that is, of 

the heating power) and of the ensuing changes. 

 

Figure 2. Photograph of LIVE2D vessel at Karlsruhe Institute of Technology. 

 

 

Figure 3. Schematic view of LIVE2D vessel  

(dashed lines: heating wires; dots: temperature measuring points). 

Lower layer 

with heating 

input 

Upper layer  

Cooling 

channel  
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Figure 4. Melt temperatures during different phases of experiment.

3 PHYSICAL AND NUMERICAL MODEL 

3.1 Physical Model 

The flow in both the layer and the pool, as well as the heat transfer processes in solid 

materials (walls and crust) were described using the local instantaneous approach. 

Specifically, the simulation was carried out with the ANSYS Fluent 17.2 [6] Computational 

Fluid Dynamics (CFD) code. 

The flow in both fluids (oil and salt) was assumed to be laminar. Calculations suggested 

that the Rayleigh number in the upper layer corresponded to the transition between laminar 

and turbulent flow. Although the flow in the lower pool was probably already in the turbulent 

zone, the approximation of laminar flow was still used and this should be taken into account 

in the analysis of results. 

Since heat losses to the surroundings on the upper surface of the oil layer are unknown, 

the boundary conditions were determined from engineering assumptions. In the same way, 

heat losses through the quartz plate were taken into account by lowering the volumetric heat 

flow from 1300 W to 700 W (based on engineering judgment). 

The solidification and melting of the salt pool were simulated using the model 

implemented in the ANSYS Fluent 17.2 code. 

3.2 Numerical Model 

The performed numerical simulations were two-dimensional, as the vessel thickness is 

an order of magnitude smaller than the vessel diameter, so the phenomena were assumed to be 

two-dimensional. Figure 5 shows the domains and boundaries of the input model. Only one 

half of the vessel was simulated, with wall symmetry boundary condition prescribed on the 

left-hand side. A mesh sensitivity study was performed (but only for the upper layer), 

resulting in numerical meshes with element size of the order of 2 mm. The basic assumption 
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is that the temperature and velocity gradients in the lower part are not higher than in the upper 

part, so that the mesh sensitivity study, performed for the upper part, is sufficient. More 

details about both the physical and the numerical model are provided in [7]. 

 

Figure 5. Schematic of input model domains and boundaries, 

4 RESULTS AND DISCUSSION 

The first step in analysing simulation results is the comparison with experiments to 

validate the physical modelling. Although in the case considered in the present work 

comprehensive validations are not possible, due to the complexity of measurements in such 

experiments, any favourable agreement between results increases the likelihood that the 

simulation replicates adequately the phenomena that occurred during the experiment.  

Figure 6 shows the experimental and simulated temperatures on the inner and outer wall 

(see Figure 5) at different polar coordinates, resulting in good agreement. 

Figure 7 shows the experimental and simulated heat fluxes at the inner wall. The 

focusing effect, that is, the high heat flux in the (upper) oil layer, was reproduced in the 

simulation. However, the calculated heat flux at the interface between the air and the oil has a 

significantly high value. This could be attributed to the influence of the wall temperature 

above the upper layer. Namely, the wall is cooled externally with water, and the wall 

temperature at this position is much lower than the one under the melt level. The wall 

thickness is 25 mm, so that a strong heat conduction inside the vessel wall could occur, which 

results in a lower heat flux than simulated at the upper edge of the upper layer.  

Figure 8 shows the simulated liquid mass fraction field. Essentially, this figure enables 

the observation of the shape and thickness of the salt crust. The crust is fairly similar to the 

one, observed during the experiment. Incidentally, the photograph, shown in Figure 2, was 

taken at the time of the experiment, considered in the present work. 

Figure 9 shows the simulated temperature field and the temperatures at their measuring 

points. In the part where there is melt (Figure 8), the measured temperatures are within the 

ranges in the simulation. In the bottom row, where the crust is present in the simulation, the 

measured temperature near the middle is much higher than the simulated value, whereas the 

measured temperature away from the middle is within the simulated range. In the top row, 

where measuring points are still within the liquid (in the simulation) but very close to the 

crust, the measured temperatures are much lower than in the simulation. We assume that in 

the experiment these measuring points were within the crust. Thus, it appears that the crust 

thickness in the simulation was overpredicted at the bottom and underpredicted at the top. As 

the model implemented in the CFD code was used, no hypothesis for that is offered at present. 
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Figure 6. Experimental and simulated temperatures. 

 

Figure 7. Experimental and simulated heat fluxes at inner wall. 

 

 

Figure 8. Simulated liquid mass  

fraction field. 

 

Figure 9. Simulated temperature field and 

experimental measurements. 
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The velocity field in both layers may provide an additional insight into the phenomena 

that lead to the heat flux on the vessel walls, and especially on the focusing effect. Figure 10 

shows a snapshot of the velocity field in the oil layer. A large, elongated vortex in the 

clockwise direction may be observed. Thus, the oil is being heated from below, flows towards 

the centre, turns up, and, while cooling down, flows horizontally outwards and then turns 

downward along the vessel wall. This flow pattern is confirmed with the video observation 

that two global cells circulate from the centre to the sidewall.  

In Figure 11, showing a snapshot of the velocity field in the salt pool, a few large 

vortices in the clockwise direction may be observed. In general, the heated salt rises up, cools 

down at the upper boundary (crust or oil) and thus heats the oil, before turning down. 

 

Figure 10. Velocity field in (upper) oil layer. 

 

Figure 11. Velocity field in salt pool. 
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5 CONCLUSIONS 

The simulation of an intermediate state during a transient experiment on reactor core 

melt behaviour in the lower plenum of a reactor pressure vessel successfully replicated the 

measured temperatures and heat fluxes at the vessel wall, including the focusing effect at the 

boundary between the oil layer and the vessel wall. The simulated flow pattern revealed the 

possible mechanism of heating the core melt metallic layer by the oxide pool, which leads to 

the heat flux focusing effect on the vessel wall. 
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ABSTRACT 

Experiments on nuclear power plant containment atmosphere mixing induced by natural 

convection, performed in the PANDA facility at the Paul Scherrer Institute (Switzerland), 

were simulated in a scaled-down model of the facility, with modified experimental 

parameters. The purpose was to investigate how to modify the parameters so that the 

simulated process is scaled-down consistently. This should lead to the inverse procedure, that 

is, scaling-up of experimental data, obtained in experimental facilities, to containments of 

actual nuclear power plants. This should also help devise future experiments, so that the 

scaled-up conditions correspond to those during hypothetical accidents in actual plants. 

1 INTRODUCTION 

During a severe accident in a light-water reactor nuclear power plant (NPP), hydrogen 

may be generated due to oxidation of reactor core components and flow into the containment. 

If the local hydrogen concentration exceeds the flammability limit, hydrogen combustion 

could occur, jeopardising the containment integrity. The mechanisms of hydrogen transport in 

the containment, including atmosphere mixing, are being investigated both experimentally 

and theoretically [1]. These investigations should enable a better understanding of the 

underlying phenomena, which should be useful for devising suitable mitigation strategies. 

One of the issues when dealing with experimental results obtained in vessels, typically 

of a volume of the order of 100 m3, is the extrapolation of the findings to real containments 

with a volume of the order of a few tens of thousands m3. This is part of the wider topic of 

scaling of fluid mechanics phenomena, or somewhat narrower topic of scaling of fluid mixing 

in large volumes. This issue for NPP containments was investigated in the present work.  

Two experiments performed in the PANDA experimental facility, located at the Paul 

Scherrer Institute (Switzerland), were considered. During these experiments, the breaking up 

of a horizontal layer of helium in a vessel was caused by natural convection induced by an 

electric heater. Scaled-down processes in a model with ten times smaller dimensions were 

simulated, with some parameters varied to investigate their influence on the consistency of the 

scaling-down. This may be a basis for the inverse procedure, that is scaling-up of 
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experimental results. Also, it may help to prescribe adequate conditions in future experiments 

in order to obtain results that could be scaled-up to expected conditions in real containments. 

2 SCALING OF CONTAINMENT ATMOSPHERE MIXING 

At present, to the best of the authors’ knowledge, and despite some isolated proposals, 

no definitive consistent methodology for scaling of results of experiments, performed in 

containment experimental facilities, to containment of actual NPPs, has been established and 

accepted yet. The current approach consists in developing, validating and adjusting theoretical 

models, based on first principles and experimental results. These models are then 

implemented in various field codes (that is, codes that solve the basic equations of fluid 

mechanics on the local instantaneous scale) that are then used to simulate processes in actual 

NPP containments (Figure 1). This approach is quite impractical, as simulations in actual 

containments require considerable computer capacities, or are not even feasible within 

reasonable time. 

 

Figure 1. Current scaling method for containment atmosphere mixing. 

In the present work, a novel method is proposed (Figure 2). First, the process, observed 

in an experimental facility, is simulated in a scaled-down model of the facility, with 

modifications of selected experimental parameters: initial and boundary conditions, 

atmosphere composition, and even shape of the experimental vessel. Various simulations are 

tried until the scaling-down of the process is consistent (this should be defined, and depends 

on specific characteristics of the considered experiment). After the process has been scaled-

down consistently, the correspondence between experimental parameters in the facility and in 

the model of the reduced facility is established (step 3 in Figure 2). This correspondence may 

be used in two ways: 

— applying it the other way round, to scale-up experimental results to the process in an 

actual containment during a hypothetical severe accident; 

— applying it from expected initial and boundary conditions in a hypothetical severe 

accident in an actual plant to an experimental facility, so that experiments that would be 

extrapolated to the conditions in the actual plant are performed. 

This method may be more practical as the one described first. Namely, simulations in 

scaled-down models require lesser computer capacities and run relatively fast, so that many 

variations of parameters may be tried. 
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Figure 2. Proposed scaling method for containment atmosphere mixing. 

3 PANDA EXPERIMENT 

3.1 Experimental Facility 

The PANDA experimental facility is basically a scaled-down containment of a Boiling 

Water Rector and consists of 5 cylinders [2]. However, for some experiments, only parts of 

the facility are used. Specifically, for experiments on containment atmosphere mixing, 

performed within the OECD/Nuclear Energy Agency SETH-2 project (2007-2010), the part 

shown in Figure 3 was used. It consists of two vertical cylinders of roughly 89.9 m3 volume 

each (height 7.98 m, diameter 3.96 m), connected with a 0.93 m diameter pipe 5.18 m long. 

3.2 Experiments on Natural Convection 

Among the tests performed within the SETH-2 project, the ST5 series simulated the 

influence of a heater on containment atmosphere mixing [3]. A horizontal layer with high 

helium (used as a substitute for hydrogen) concentration was established in one of the 

cylinders, and an electric heater of 10 kW power, located at different elevations, was 

activated. The heater represented the effect of a Passive Autocatalytic Recombiner (PAR). 

The tests revealed whether natural convection induced by PARs could sufficiently mix the 

atmosphere to eventually break-up a horizontal layer with high hydrogen concentration (in a 

real plant) in the upper region of a containment. Figure 4 shows the conditions and setup of 

tests ST5_1 and ST5_2.  
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Figure 3. Part of PANDA facility for experiments 

on containment atmosphere mixing. 

 
 

Figure 4. Setup and conditions of tests PANDA 
ST5_1 and ST5_2. 

Figures 5 and 6 show the measured helium molar fraction during both tests at selected 

measuring points in vessel 1. The curves depict very well the mixing of the atmosphere in the 

vessel upper part due to the established natural convection. The different elevations of the 

heater resulted in different times necessary to mix the atmosphere. As a quantitative 

characteristic of the mixing, the time when the helium concentration at the uppermost 

measuring point drops to the bulk concentration level was selected. These ”mixing times” 

(𝜏𝑚), that is 1386 s for test ST5_1 and 658 s for test ST5_2, were determined from the figures 

by the authors of the present paper. 

 
Figure 5. He molar fraction during test ST5_1 [3]  

(all measuring points in legend except S in vessel axis; dimensions indicate elevations). 
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Figure 6. He molar fraction during test ST5_2 [3]. 

(all measuring points in legend except S in vessel axis; dimensions indicate elevations). 
 

4 SCALING AND PERFORMED SIMULATIONS 

As an investigation of the change in a process at a different length scale, it was decided 

to perform simulations in a scaled-down model of the PANDA experimental facility, at 

conditions related to tests PANDA ST5_1 and ST5_2. The dimensions of the actual 

experimental facility were reduced by a factor of 10. The issue was the following: how to 

prescribe the parameters that determine the process, that is initial and boundary conditions, as 

well as atmosphere properties, so that the scaled-down process retains the features of the 

process in the actual facility ? As a characterisation which synthesises all the parameters that 

determine the process, the ratio of times when the helium concentration at the uppermost 

measuring point drops to the bulk concentration value (shown in Figs. 5 and 6) was chosen. 

For the experimental results, this ratio is equal to: 

𝑘𝜏𝑚 =  
𝜏𝑚𝑆𝑇51

𝜏𝑚𝑆𝑇52

=  
1386 𝑠

658 𝑠
= 2.106 

(1) 

The ratios of these times in the experiments and the simulations were compared to 

investigate the consistency of the scaling-down. That is, the adopted definition was that the 

scaling-down is consistent, if the ratio 𝑘𝜏𝑚 (eq. 1) is conserved. The influence of various 

changes of experimental parameters in the scaled-down modelling on the ratio was 

investigated. Although the entire simulated process may be subdivided into heating of the gas 

near the heater, establishment of natural convection and breaking-up of the helium layer and 

further mixing, the proposed approach lumps the three phenomena together.  

The process in the scaled-down model was simulated with the Computational Fluid 

Dynamics software ANSYS CFX 18 [4]. Altogether, 10 sets of simulations, with 2 

simulations in each set (at same conditions, except for the different elevations of the heater, as 

for tests ST5_1 and ST5_2), were performed. Two sets of simulations were performed with 

both vessels considered, and the others with only vessel 1 considered. The simulation sets and 

the obtained mixing times are summarized in Table 1. 
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Table 1. Performed simulations in scaled-down model. 

Vessels Heater power 
(kW) 

Atmosphere Pressure 
(bar) 

τmST5_1 

(s) 
τmST5_2 

(s) 
kτm 

(-) 

2 10 air-steam-helium 2.6 988.6 627.0 1.577 

2 5 air-steam-helium 2.6 1506.2 979.7 1.537 

1 10 air-steam-helium 2.6 384.6 352.8 1.090 

1 5 air-steam-helium 2.6 590.6 557.5 1.059 

1 10 air-helium 2.6 361.1 322.5 1.120 

1 5 air-helium 2.6 549.0 496.7 1.105 

1 10 nitrogen-helium 2.6 497.8 433.6 1.148 

1 5 nitrogen-helium 2.6 744.3 657.1 1.133 

1 10 nitrogen-helium 1.0 300.0 246.7 1.216 

1 5 nitrogen-helium 1.0 442.9 366.4 1.209 

5 RESULTS AND DISCUSSION 

The most notable feature of the results is that the mixing times in the simulation (Table 

1), although usually (but not always) shorter than in experiments, are far from being an order 

of magnitude shorter. This could be expected due to the scaling-down of the dimensions of 

the experimental facility by a factor of 10. A possible reason is that the initial heating of the 

gas near the heater is not influenced by the volumetric scaling-down, and that this heating 

takes a large portion of the mixing time. 

As illustrations of performed simulations and obtained results, the following three cases 

are presented (all of them with 5 kW heater power): 

— both vessels, air-steam-helium atmosphere, pressure 2.6 bar; 

— vessel 1, air-steam-helium atmosphere, pressure 2.6 bar; 

— vessel 1, nitrogen-helium atmosphere, pressure 1.0 bar. 

Figure 7 shows the helium molar fraction for the first case. A noticeable difference with 

the experiment is that the helium molar fraction starts dropping right from the beginning. A 

possible reason could be that, at the reduced scale, diffusion plays a relatively stronger role 

than at the original scale. However, as in Figs. 5 and 6, a steep drop occurs at some moment. 

The corresponding ratio of mixing times is 1.577. 

As illustrations, Figure 8 shows examples of instantaneous snapshots of helium molar 

fraction at the same time. In both cases (ST5_1 and ST5_2), the mixing of the atmosphere 

over the entire vessel may be observed. Also, not much helium appears to flow in vessel 2. 

Figure 9 shows the evolution of helium molar fraction at the same conditions, but with 

only vessel 1 considered. The purpose of these simulations was to assess the difference if the 

second vessel, which serves mainly as a vent, is not taken into account. Qualitatively, the 

curves appear very similar. However, as one may see in Table 1, mixing times for both cases 

are considerably shortened, with also a smaller ratio of mixing times corresponding to the two 

cases (1.059). Also, the initial drop of helium molar concentration is less steep than in the 

case with both vessels. 

Figure 10 shows the evolution of helium molar fraction at quite different conditions: 

different atmosphere (nitrogen instead of air and steam) and lower pressure. These conditions 

are the results of gradual changes of conditions (see Table 1), with the purpose to investigate 

whether scaled-down processes with a different gas (which results in different density, 
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(a) Test ST5_1 conditions 

 
(b) Test ST5_2 conditions 

Figure 7. He molar fraction in scaled-down model (both vessels; heater: 5 kW; atmosphere: air-steam-
helium; pressure: 2.6 bar; measuring points: see Figs. 5 & 6). 

 

 
(a) Test ST5_1 conditions 

 
(b) Test ST5_2 conditions 

Figure 8. Illustrative snapshots of He molar fraction in scaled-down model (both vessels; heater: 5 kW; 
atmosphere: air-steam-helium; pressure: 2.6 bar; time: 972 s). 

viscosity, heat conductivity, …) and at different pressure may replicate better the ratio of 

mixing times. Again, the curves of helium molar fraction evolution are qualitatively very 

similar to the other presented cases. However, the ratio of mixing times (1.209) is still too 

low, although the highest within cases with only one vessel considered. 

6 CONCLUSIONS 

Simulations of experiments on containment atmosphere mixing, induced by natural 

convection caused by a heater, in a scaled-down model of the PANDA experimental facility, 

and the comparisons with experiments, revealed the following: 

— mixing times in experiments and scaled-down simulations have same orders of 

magnitude; 

— ratios of mixing times with different heater elevations are lower in scaled-down 

simulations than in experiments. 

In the sense defined by the authors, consistent scaling-down was not achieved yet, and 

further simulations with different experimental parameters will be necessary. 
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(a) Test ST5_1 conditions. 

 
(b) Test ST5_2 conditions 

Figure 9. He molar fraction in scaled-down model (vessel 1; heater: 5 kW; atmosphere: air-steam-
helium; pressure: 2.6 bar; measuring points: see Figs 5 & 6). 

 

 
(a) Test ST5_1 conditions 

 
(b) Test ST5_2 conditions 

Figure 10. He molar fraction in scaled-down model (vessel 1; heater: 5 kW; atmosphere: nitrogen-
helium; pressure: 1.0 bar; measuring points: see Figs 5 & 6). 
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ABSTRACT 

A vapour explosion is an energetic event that can occur during the core melt accident. For 

the vapour explosion modelling it is important to appropriately consider the heat transfer 

between the molten oxide corium fine fragments and the surrounding. However, the quenching 

rate of the melt fine fragments might be importantly affected by the slower heat transfer inside 

the melt. In the paper, we have proposed how to consider the heat transfer limitation by the melt 

thermal conductivity when performing the vapour explosion simulations with the fuel-coolant 

interaction codes.  

1 INTRODUCTION 

In the frame of safety studies for the sodium cooled fast reactors utilizing oxide fuels, the 

risk for the environment in the case of a vapour explosion must be estimated. A vapour 

explosion is an energetic event that can occur during the core melt accident when the rapid and 

intense heat transfer follows the interaction between the molten material and the coolant [1]. 

For the vapour explosion modelling, the pressurization modelling is important [2]. The 

purpose of the pressurization modelling is to consider the heat transfer between the melt fine 

fragments and the surrounding coolant. Due to significant differences between the sodium and 

water thermal conductivity, the quenching of melt fine fragments might be considered almost 

instantaneously for sodium when compared to water. However, for both coolants the quenching 

rate of the melt fine fragments might be importantly affected by the slower heat transfer inside 

the melt. 

Due to the effect of the melt thermal conduction, the temperature profile modelling inside 

the fine fragments might be considered relevant for the fuel-coolant interaction (FCI) codes [3]. 
But, in the explosion applications of current FCI codes this temperature profile modelling is not 

considered [2,4]. Thus, the purpose of the paper is to discuss how the heat transfer limitation by 

the melt thermal conductivity should be indirectly considered in the current modelling of the 

explosion phase with the FCI codes. 

Firstly, different approaches to the fine fragments quenching modelling are introduced. 

Secondly, relevant physical conditions are discussed. After that, different modelling approaches 

are analysed and discussed. Finally, the conclusions are given. 

2 HEAT TRANSFER MODELLING 

In this section, three approaches of the fine fragments quenching modelling are discussed. 

In all three approaches, we assume ideally spherical shape of the fine fragments. The 
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approaches are composed of the mathematical model, describing the processes of heat transfer 

inside the melt, and the heat coefficient model, affecting the heat transfer from the fragmen 

surface to the surrounding coolant. 

2.1 Reference approach 

In the reference approach, we consider that the heat transfer in the melt is governed solely 

by the melt thermal conductivity [5]: 

𝜌𝑐
𝜕𝑇𝑚𝑒𝑙𝑡(𝑟, 𝑡)

𝜕𝑡
= 𝜆𝑚𝑒𝑙𝑡∇

2𝑇𝑚𝑒𝑙𝑡(𝑟, 𝑡), 

𝑇𝑚𝑒𝑙𝑡(𝑟, 0) = 𝑇0, 

𝜕𝑇𝑚𝑒𝑙𝑡

𝜕𝑟
|
𝑟=0

= 0, 

(−𝜆𝑚𝑒𝑙𝑡
𝜕𝑇𝑚𝑒𝑙𝑡
𝜕𝑟

|
𝑠𝑜𝑙𝑖𝑑

) − (−𝜆𝑚𝑒𝑙𝑡
𝜕𝑇𝑚𝑒𝑙𝑡
𝜕𝑟

|
𝑙𝑖𝑞𝑢𝑖𝑑

) = 𝜌𝐿
𝑑𝛿

𝑑𝑡
, 

−𝜆𝑚𝑒𝑙𝑡
𝜕𝑇𝑚𝑒𝑙𝑡

𝜕𝑟
|
𝑟=𝐷/2

= 𝑞(𝑡), 

(1) 

where Tmelt is the temperature inside the fine fragment with diameter D, density ρ and specific 

heat capacity c. The heat transfer inside the fine fragments is only due to the heat conduction 

λmelt. Initially the temperature profile is considered to be flat and at temperature T0. No heat 

sources are present inside the melt. In the model, we consider the solidification at the solid-

liquid interface. Here, L and δ are the latent heat and the crust thickness, respectively. The 

material properties are assumed to be constant. Finally, the temperature profile gradient at the 

surface is equal to the surface heat flux q, being defined as: 

𝑞(𝑡) = ℎ(𝑡)(𝑇𝑚𝑒𝑙𝑡(𝑡) − 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡(𝑡)), (2) 

where h is the heat coefficient and Tcoolant is the temperature of the surrounding coolant. 

Within this paper, the modelling of the heat coefficient considers the existence of various 

boiling regimes, i.e. film boiling, transition boiling, nucleate boiling and convection boiling, 

and the radiation model: 

ℎ𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 휀𝜎
(𝑇𝑚𝑒𝑙𝑡

4 − 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡
4 )

(𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡)

+

{
 
 

 
 ℎ𝐸𝐻

(𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑠𝑎𝑡)

(𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡)
; 𝑇𝑚𝑒𝑙𝑡 ≥ 𝑇𝑚𝑓𝑏

𝑓ℎ𝐸𝐻
(𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑠𝑎𝑡)

(𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡)
+ (1 − 𝑓)ℎ𝑀𝐴 ;  𝑇𝑠𝑎𝑡 < 𝑇𝑚𝑒𝑙𝑡 < 𝑇𝑚𝑓𝑏

ℎ𝑀𝐴 ;  𝑇𝑚𝑒𝑙𝑡 ≤ 𝑇𝑠𝑎𝑡

, 

(3) 

where the subscription sat and mfb stands for the saturation and minimum film boiling 

temperatures, respectively. The minimum film boiling temperature is defined by considering 

the effect of the sub-cooling and limitation by the homogenous nucleation temperature [3]. 

When the melt temperature is above the minimum film boiling temperature, the film boiling 

heat transfer coefficient hEH is defined using the physically based Epstein-Hauser approach [6]. 
When the melt temperature is below the saturation temperature the convection heat transfer 

coefficient hMA is defined using the Melissari-Argyropoulos correlation [7]. In the frame of this 
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paper, the heat coefficient for the nucleation boiling and transition boiling regimes was 

approximated as a linear combination of the hEH and hMA coefficients, where f is a linear 

weighting factor. ε (0.05 for sodium and 0.7 for water) and σ are effective emissivity and the 

Stefan-Boltzmann constant, respectively. 

In the frame of this paper, the presented physically based approach is considered as a 

reference for the following two approaches in which the mathematical model does not take into 

account the contribution of heat conduction inside the melt on the dynamics of quenching. 

2.2 Standard approach 

The standard approach is applied in the explosion modules of the FCI codes (e.g. [4]). In 

the standard approach, where the temperature profile inside the fine fragment is not taken into 

account, the quenching equation with corresponding initial condition and by considering 

constant material properties is: 

𝐷

6
𝜌𝑐
𝑑𝑇𝑚𝑒𝑙𝑡(𝑡)

𝑑𝑡
= 𝑞(𝑡), 

𝑇𝑚𝑒𝑙𝑡(0) = 𝑇0. 

(4) 

Here, the heat coefficient model for the heat flux calculation (see Eq. (2)) is the same as 

in the reference approach: 

ℎ𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 = ℎ𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 . (5) 

2.3 Proposed approach 

The same mathematical model as in the standard approach is used (see Eq. (4)). 

The main difference to the standard approach is in the applied heat coefficient model. Our 

objective was to modify the heat coefficient to indirectly consider the effect of the melt thermal 

conductivity on the heat transfer from the fine fragment to the surrounding coolant. Here, we 

have decided to start from the Biot number definition, i.e. the ratio of the heat convection at the 

surface and the conduction within the melt: 

𝐵𝑖 =
ℎ𝐷

𝜆𝑚𝑒𝑙𝑡
. (6) 

If the Biot number is significantly below 1, the heat transfer is dominated by the heat convection 

at the surface. If the Biot number is importantly above 1, the heat transfer is limited by 

conduction within the melt. Thus, the proposed criterion for the maximal allowed heat 

coefficient hmax, above which the effect of the melt thermal conductivity is dominant, is: 

𝐵𝑖𝑙𝑖𝑚 =
ℎ𝑚𝑎𝑥(𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡)

−𝜆𝑚𝑒𝑙𝑡
𝜕𝑇𝑚𝑒𝑙𝑡
𝜕𝑟 |

𝑟=𝐷/2

. 
(7) 

Because the mathematical model in Eq. (4) considers the existence of a flat temperature profile, 

we cannot directly determine the temperature gradient at the melt surface. However, indirectly, 

the temperature gradient inside the melt could be assessed considering the expected contact 

temperature, the melt temperature and the dimension of the fine fragment. The contact 

temperature is a potential temperature at the interface of two suddenly connected bodies, one 
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being the melt and the other representing the coolant. It is defined by assuming that at the 

contact, the heat conduction on the melt and coolant side are equalized, and that the thermal 

diffusivity defines extension of the contact at the melt and coolant side. 

Now, considering the Eqs. (3) and (7) and the above assumptions, the limitation of the 

heat coefficient by the melt thermal conductivity could be introduced: 

ℎ𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 = 𝑚𝑖𝑛 (ℎ𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 , 𝐵𝑖𝑙𝑖𝑚
휁

1 + 휁

𝜆𝑚𝑒𝑙𝑡
𝐷

), 

휁 = √
𝜚𝑐𝑜𝑜𝑙𝑎𝑛𝑡𝑐𝑐𝑜𝑜𝑙𝑎𝑛𝑡𝜆𝑐𝑜𝑜𝑙𝑎𝑛𝑡

𝜚𝑚𝑒𝑙𝑡𝑐𝑚𝑒𝑙𝑡𝜆𝑚𝑒𝑙𝑡
. 

(8) 

As seen from the above equation, the limitation of the quenching rate by the melt thermal 

conduction is mainly promoted by lower melt thermal conductivity, larger melt fragments size 

and larger heat transfer from the melt to the surrounding – importantly governed by the coolant 

thermal conductivity and the boiling regimes. 

It is worth to note, that the proposed modification requires only minimal FCI code 

changes. 

3 REVIW OF RELEVANT CONDITIONS 

The aim of this section is to define the range of conditions for our simulations presented 

in Section 4. 

In the reactor cases, the melt would be composed of several elements. The melt mixture 

is commonly denoted as corium. In the FCI experiments, the corium is simplified by a mixture 

of UO2 and ZrO2. For example, this mixture was applied in several KROTOS (JRC, Italy) water 

experiments [8]. On the other hand, in the FARO-TERMOS (JRC, Italy) sodium experiments 

pure UO2 was utilized [9]. Additionally many FCI experiments with water (e.g. KROTOS (JRC, 

Italy)) and sodium (e.g. BETULLA (JRC, Italy)) were performed utilizing alumina (Al2O3) 

[8,10]. As seen in Table 1, in the frame of this paper the properties of the UO2 and ZrO2 mixture 

(denoted as corium hereafter) and alumina are considered to be relevant. 

 

Table 1: Initial conditions for different melt-coolant configurations. Base case values are in 

brackets. 
parameters corium-sodium alumina-sodium corium-water alumina-water 

D (μm) 10 – 200 (75) 10 – 200 (75) 10 – 200 (75) 10 – 200 (75) 

T0 (K) 3300 (3300) 2700 (2700) 3000 (3000) 2700 (2700) 

Tcoolant (K) 673 – 1153 (1150) 643 – 1153 (1150) 293 – 373 (323) 293 – 373 (323) 

p (MPa) 1 – 10 (1) 1 – 10 (1) 1 – 10 (10) 1 – 10 (10) 

v (m/s) 1 – 50 (10) 1 – 50 (10) 1 – 50 (50) 1 – 50 (50) 

 

During the vapour explosion, the melt droplets are fine fragmented into fragments of the 

size in the range of some tenths of μm, depending on the strength of vapour explosion and the 

material properties. In this paper, the size of 75 μm is used as a base case value (see also [4]). 

Considered base case values and ranges are summarized in Table 1. 

In general, the hydrodynamic fine fragmentation occurs mainly if the melt droplets are 

still liquid. Thus, the initial melt temperatures could be considered as a relevant approximation 

for the initial temperature of fine fragments. The KROTOS water-alumina experiments were 

performed with alumina at around 2700 K [8]. The KROTOS water-corium experiments were 
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performed with corium at around 3000 K. We considered the same initial alumina and corium 

temperature as used in the KROTOS experiments. Further, in the KROTOS water experiments, 

the water temperature was varied between 290 K and 369 K. In our simulation, we set the value 

of 323 K as a reference water temperature. Considered base case values and ranges are 

summarized in Table 1. 

The FARO-TERMOS experiments were performed with the melt at temperature of 

3300 K and sodium temperature of 673 K [9]. The BETULLA sodium-alumina experiments 

were performed at sodium temperatures of 473 K [10]. No information about the alumina 

temperature were found, thus it is taken to be the same as in the case of water-alumina 

simulations. For the FARO-TERMOS explosion experiments, it was assessed that the sodium 

was heated up to the saturation temperature (i.e. 1153 K at 0.1 MPa) prior to the vapour 

explosion. Thus, the temperature near saturation is used as a reference value. Considered base 

case values and ranges are summarized in Table 1. 

The measured pressurizations in the KROTOS water-alumina experiments were in the 

range of 57 MPa to 127 MPa [8]. In the KROTOS K58 water-corium experiment, the 

pressurization was 26 MPa [11]. Since we are utilizing sub-critical water tables, the value of 

10 MPa is used as a base case value both for alumina and water cases. The proposed base case 

value could be considered as relevant for the water-corium cases. Considered base case values 

and ranges are summarized in Table 1. 

At the FARO-TERMOS T2 sodium-corium experiment the pressurization was around 

6 MPa [9]. To the best knowledge of authors, no energetic sodium-alumina experiments were 

performed. However, considering the properties of the sodium vapour pressure curve [12], only 

moderate pressures of some MPa could be expected not only for the corium cases but also for 

the alumina cases. Thus, the value of 1 MPa is considered to be representative for explosion 

within sodium. Considered base case values and ranges are summarized in Table 1. 

Larger relative fine fragment-coolant velocities should be expected at stronger events. 

The vapour explosion propagation for sodium-corium cases in the FARO-TERMOS T2 was 

~140 m/s [9]. In the KROTOS water experiments the propagation velocity were more than 

1000 m/s for alumina and ~340 m/s for corium cases [8,11]. We arbitrary set the value to 10 m/s 

and 50 m/s for the sodium and water cases, respectively. Considered base case values and 

ranges are summarized in Table 1. 

4 RESULTS 

In this section, the simulation results for typically expected FCI conditions are presented 

and discussed. The aim is to assess the validity of the standard (see Section 2.2) and proposed 

(see Section 2.3) approaches. The assessment was done based on comparison to the reference 

approach (see Section 2.1) and by considering how much of the initial internal energy of the 

melt fine fragment was extracted by the heat flux. Namely, for the modelling of pressurization 

it is important to adequately model the heat transfer from the fine fragments to the surrounding 

coolant. 

In Figure 1, the extracted internal energy ratios are given for the base case initial 

conditions (see Table 1). First, in general the results show that the quenching rate is promoted 

by larger melt thermal conductivity (i.e. 3 W/m/K and 8 W/m/K for corium and alumina, 

respectively) and is importantly stronger with sodium than with water. Second, comparing the 

standard and proposed approaches results with the reference approach results clearly shows that 

considering the limitation by the melt thermal conduction in the FCI codes is relevant at least 

for the sodium cases. Third, relevance of the melt thermal conductivity importantly depends on 

the selection of Bilim (see Eq. (8)). For the sodium cases, the quenching is initially in average 

reasonable described when the heat coefficient is not limited by the melt thermal conduction, 
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i.e. promoting higher Bilim. But, for the total release of internal energy, the values with the Bilim 

of around 10 seems to be more appropriate. In average, for the water and sodium cases the 

optimal value of Bilim seems to be around 15. Finally, the standard approach is capable to 

adequately describe the heat transfer for the water cases and the sodium cases for the first half 

of quenching. For the rest, the proposed approach seems to be more appropriate. 

 

  

  
Figure 1: Extracted internal energy ratio for different melt-coolant systems and quenching 

models. 

 

Let us now follow the time when 50% or 90% of the available internal melt heat is 

transferred to the surrounding coolant. The results, for the range of values summarized in Table 

1, are shown in Figure 2. Here, for the proposed model the Bilim value was set to 15. First, the 

importance of the melt thermal conductivity is importantly increased with increasing fine 

fragment size, with increasing sub-cooling, with increasing pressurization and with increasing 

relative velocity. Second, the results for the water cases are showing, that the standard approach 

is adequate for the investigated range. On the other hand, the proposed approach shall be 

utilized in cases with sodium. The applicability of the proposed approach increases with the 

ratio of extracted energy (see also Figure 1). Finally, results at 50% ratio demonstrates 

importance of adequate film boiling modelling in case of sodium and especially when the sub-

cooling is low. The heat transfer models of the subsequent regimes are less relevant because 

the heat transfer is governed by the melt thermal conductivity itself, as demonstrated by the 

results at 90% ratio. 

5 CONCLUSIONS 

For the modelling of pressurization during the vapour explosion simulations it is 

important to properly model the heat transfer from the fine fragments to the surrounding 

coolant. In the paper, we have proposed how to take into account the effect of the melt thermal 

conductivity when the fine fragment quenching is modelled with the fuel-coolant interaction 

codes. The proposed heat coefficient limitation is based on the Biot number definition. The 

proposed limitation does not take into account only the fine fragments properties but it is able 

to characterize differences among coolant-melt systems. 
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For the water cases, already the standard approach used in the fuel-coolant interaction 

codes gives reasonable predictions of the quenching ratio. But, for the sodium cases, 

implementing the proposed modification of the heat coefficient calculation into the explosion 

modules of the fuel-coolant interaction codes would result in more realistic code predictions of 

the pressurization development. For the sodium, our results also demonstrate the importance of 

adequate film boiling modelling, especially near the saturation conditions. On the other hand, 

the heat transfer models of the subsequent regimes seem to be less relevant because the 

quenching rate is governed by the melt thermal conductivity itself. 

 

  

  

  

  
 

Figure 2: Ratio of the quenching times of standard or proposed approaches and reference 

approach. Time of 50% (left) and 90% (right) of extracted internal energy are followed. Arrows 

on figures indicates direction of increasing values (see Table 1). 
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ABSTRACT 

The QUENCH-20 test conditions simulated a severe LOCA accident sequence in which the 

overheated up to 2200K core would be reflooded from the bottom in occasion of ECCS 

(Emergency Core Cooling System) recovery. This test was performed in the frame of the 

SAFEST project in the cooperation with Swedish Radiation Safety Authority, Westinghouse 

Sweden, GRS and KTH and supported by the KIT program NUSAFE. 

The QUENCH-20 experiment included the following phases: first heat-up phase, pre-

oxidation phase, final heat-up phase and bottom water flooding phase. The test was successfully 

conducted at the KIT, Karlsruhe, Germany, in October 9, 2019. 

The QUENCH facility is designed for studies of the nuclear reactor fuel assemblies 

behaviour under conditions simulating design basis, beyond design basis and severe accidents. 

The QUENCH-20 bundle simulates the BWR Nordic-type geometry with 24 electrically heated 

rods and B4C control blade. 

The important feature of the QUENCH-20 test was the release of carbon monoxide, 

carbon dioxideas well as methane in the course of B4C oxidation. As aresult of the test, the CO, 

CO2, and CH4 integral productions in QUENCH-20 test were 12.6, 9.7 and 0.4 g respectively. 

Totally 57.4 g of hydrogen were released including 10 g from oxidation of B4C. 

The thermal hydraulic and Severe Fuel Damage best estimate computer modelling code 

SOCRAT/V3 has been used for the calculation of QUENCH-20 experiment. The considerable 

challenge encountered in modelling was the complicated geometry of the bundle, which 

included, for example, two big rectangular absorber blades positioned at two connecting sides 

of the bundle square. In particular, this geometry is difficult for adequate modelling of radiative 

heat exchange in the bundle. However, the SOCRAT code has some flexibility to model 

radiative heat fluxes in rather complicated geometry. The calculated results are in a reasonable 

agreement with experimental data which justifies the adequacy of modelling capabilities of 

SOCRAT code for application to such a complicated test as QUENCH-20. 
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1 INTRODUCTION 

The boron carbide B4C is a material often used in nuclear Western BWRs and PWRs as 

well as in Russian VVERs as absorber materialfor control rods. The results of integral out-of-

pile (CORA[1], QUENCH[2]) and in-pile experiments (PHEBUS[3]) have shown that the 

control rods behaviour under high temperature conditions relevant of beyond-design-basis 

accidentsat NPPs is characterized bystrong oxidation, intensive chemical heat generation and 

degradation. It results in enhanced generation of H2, CO, CO2 and CH4 which potentially may 

threaten containment failure and fission products release. 

Unfortunately, the physical processes taking place during the late phase of severe 

accidents are very complicated and stillrather far from complete understanding. The main 

phenomena important for adequate description of boron carbide behaviour at elevated 

temperatures are as following: the absorber melt formation and its relocation; the correspondent 

sequence of numerous chemical reactions which depend on local thermal hydraulic and 

thermodynamic conditions;parabolic rate for boron oxide growth;evaporation of oxide crust; 

kinetics of chemical reactions etc. 

The factors which complicate the problem are eutectics formations between interacting 

materials typical of reactor technology (UO2, ZrO2, Zr, Fe, Cr, Ni, B4C) and a lack of thermo-

physical data for high temperature region (in the course of an accident, the temperature reaches 

the value 3100K and higher). 

In view of above-mentioned, the post-test analysis of new experiment QUENCH-20 with 

a bundle simulating the BWR Nordic-type geometry is very important for more detailed 

understanding of phenomena considered, for verification of severe accidents codes used for 

NPPs severe accidents description and for substantiation of NPPs safety.  

The new concepts which are now used in the development of best-estimate computer 

modelling codes include the detailed self-consistent modelling of wide spectrum of physical 

phenomena typical of late stage of severe accident. This is why the adequate calculation of B4C 

control rods and plates behaviour is now a very important part of severe accident analysis using 

best-estimate computer codes. 

Control rods behaviour models will allow more realistic physical modelling of the core 

degradation, and move the sophistication of the thermal evaluations more parallel to other 

processes simulations. This is an incremental improvement to a code customized to thermal-

hydraulic and severe fuel damage evaluations. 

The B4C oxidation models have been implemented into known severe accident codes such 

as RELAP/SCDAP [4], MELCOR [5], CATHARE/ICARE [6] and SOCRAT [7]. In particular, 

very detailed advanced model of B4C behaviour was developed by M. Veshchunov and 

colleagues from the IBRAE, Russia [8,9]. This model is an important constituent part of the 

Russian thermal hydraulic and severe accident code SOCRAT-V3. Comprehensive analysis of 

B4C modelling and comparison with experimental data is presented in [10]. 

The experiment QUENCH-20 with B4C control blade was performed at the KIT, 

Karlsruhe, Germany, in October 9, 2019 [11]. 

The objective of the QUENCH-20 bundle test was the investigation of thermo-hydraulic, 

thermo-mechanical and physico-chemical phenomena in BWR of Nordic-type geometryunder 

severe accident conditions. The results of this experiment will definitely elucidate many 

questions about B4C behaviour and allow to up-grade existing models to configuration of square 

grid bundle geometry with absorber blades. 

The results of the SOCRAT/V3 calculations of basic thermal hydraulic and oxidation 

behaviour during all phases of the experiment QUENCH-20 are presented in this paper. The 

basic parameters are adequately predicted by the code. 
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2 QUENCH FACILITY 

The QUENCH facility at KIT is designed for studies of the Light Water Reactor (LWR) 

fuel assemblies behaviour under conditions simulating design basis and beyond design basis 

accidents at the nuclear power plants (NPP). 

The test bundle (Figures 1, 2) in the experiment QUENCH-20 was made up of 24 fuel 

rod simulators with a length of approximately 2.5 m. Besides that, two big absorber plates 

relevant of BWR of Nordic type were placed inside the Zr shroud. 

The rod cladding of 24 inner rods was identical to that used in BWR of Nordic type: 

Zircaloy-4, 8.48 mm outside diameter, 1.515 mm wall thickness. The test bundle was 

surrounded by a Zr shroud, followed by a ZrO2 fibre thermal insulation axially extending from 

the bottom to the upper end of the heated zone. Special Zr corner rods, inserted between bundle 

and shroud, additionally reduced the coolant channel area to a representative value. 

Heating was carried out electrically using 5.25-mm-diameter tungsten heating elements 

installed in the centre of the rods. The tungsten heaters were connected to electrodes made of 

molybdenum and copper at each end of the heater. 

The test bundle was instrumented with thermocouples attached to the cladding and the 

shroud at 17 different elevations with an axial distance between the thermocouples of 100 mm 

for most locations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic representation of 

QUENCH test section facility 

Figure 2: Cross-section of QUENCH-20 test 

bundle (24 heated, 2 controlblades, 1corner 

rod). Numbers of radiative radial 

groupsnecessary for calculation using 

SOCRAT are indicated 
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3 QUENCH FACILITY MODELLING 

The nodalization scheme of the QUENCH test facility for the SOCRAT/V3 computer 

modelling code is presented in Figure 3.The radiative heat transfer is calculated in SOCRAT/V3 

taking into account the square geometry of the rod bundle. 

The nodalization scheme used for calculation of QUENCH-20 experiment had 11 radial 

groups of heat structures and 18 axial meshes; most axial meshes are 0.1 m longin axial 

direction. The total modelling length was 1.875 m (corresponds to the zone heated by 

molybdenum/tungsten heaters) from the lowest level -0.475 m up to highest level 1.4 m where 

the level 0 m corresponds to the low boundary of the heated region. The nodalization scheme 

includes necessarily the spacer grids and the periphery corner rod. 

 

 

Figure 3: SOCRAT nodalizationfor QUENCH-20 

 

The thermal problem is mainly influenced by heat fluxes in a system. The thermal 

conductivity of the shroud isolation is one of the most pronounced factors. The thermal 

conductivity data for the ZYFB-3 isolation [12] was used in the modelling. 

The absorber plates are modelled as nine cylindrical heat elements of external radius 

correspondent to the same outer surface as the outer surface of two big absorber plates. Those 

elements are also placed in square grid. Such approach ensures rather accurate modelling of 

radiative heat exchange and oxidation phenomena. 
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4 BASIC PHASES OF QUENCH-20 TEST 

Time sequence and main parameters of QUENCH-20 phases are presented in Figure 4 

and in Table 1. 

The QUENCH-20 experiment consisted of three basic phases: 

 1. Heat-up phase, mass flow rates Asteam =3.4 g/s and Aargon =3.0g/s, the heat-up to 

T1200 K in hot region; 

 2. Pre-oxidation phase, the peak cladding temperature T1200 K; 

 3. Fast heat-up phase, the peak cladding temperature T2200 K at upper elevations; 

 4. Bottom flooding phase, water mass flow rate 50 g/s. 

The steam, argon and flood water mass flow rate are represented in Figure 5. 

 

 
Figure 4: QUENCH-20 phases. Numbers of 

phases are indicated 

Figure 5: QUENCH-20: mass flow rates of 

steam, argon and flooding water 

During heat-up transient, pre-oxidation and fast heat-up phases, superheated steam 

together with the argon as carrier gas entered the test bundle at the bottom end and left the test 

section at the top together with the hydrogen that was produced in the zirconium-steam and in 

the B4C-steam reactions. 
 

Table 1: Phases of QUENCH-20 experiment 

 

Phase 

Main parameters 

FA 

temperature, K 

Environment Heating 

rate, K/s 

Time, s 

1. FA preliminary heating-

up in steam-argon flow 

 

820-1900 

Steam-argon mixture 

(steam/argon flow rate is 

3.4/3.0 g/s) 

 

0.3 

 

0-4000 

2. Stabilization of main 

parameters and  FA pre-

oxidizing. 

 

1000-1200 

Steam-argon mixture 

(steam/argon flow rate is 

3.0/3.0 g/s) 

 

0 

 

4000-14500 

3. FA fast heat-up 1200-2200 Steam-argon mixture 

(steam/argonflow rate is 

3.0/3.0 g/s) 

2.0 14500-15900 

3. FA cool-down 2200-400 Steam-argon mixture 

(steam/argon flow rate is 

0/3.0 g/s) 

–1.8 15900-16900 
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The cool-down phase was preceded by absorber melt formation and relocation at levels 

350-950 mm. 

The quench phase was initiated by turning off the steam flow, filling the lower plenum 

with quench water at a mass flow rate of 50 g/s. 

 

5 RESULTS OF QUENCH-20 EXPERIMENT MODELLING 

5.1 Modelling of Thermal Hydraulic Behaviour 

The calculated and experimental bundle temperature at 950 mm elevation (near the upper 

part of heated zone) versus time for QUENCH-20 is presented in Figure 6. The maximum 

temperature about 1900 K was reached at this axial level. Figures 7-11 show the temporal 

dependence of temperature at different axial locations. The SOCRAT reproduces a temperature 

behaviour rather well. It is very important that the option for low-temperature oxidation was 

turned on in the SOCRAT which ensured the reasonable modelling of oxidation at the pre-

oxidation phase. 

The calculated heat fluxes in a heated region is presented in Figure 12. 

 

.. . 

Figure 6: QUENCH-20: temperature at 

elevation 950 mm 

 

Figure 7: QUENCH-20: temperature at 

elevation 850 mm 

 
 

Figure 8: QUENCH-20: temperature at 

elevation 650 mm 

 

Figure 9: QUENCH-20: temperature at 

elevation 550 mm 
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. 

 

 

Figure 10: QUENCH-20: temperature at 

elevation 350 mm 

 

Figure 11: QUENCH-20: temperature at 

elevation 250 mm 

.  

 

Figure 12: QUENCH-20 calculation heat balance 

 

5.2 Modelling of Oxidation 

The equations of chemical reactions used in the code for B4C oxidation are as follows: 

 

B4C(s)+7H2O(g)=2B2O3(l)+CO(g)+7H2 ,       (1) 

 

B4C(s)+8H2O(g)=2B2O3(l)+CO2(g)+8H2  ,       (2) 

 

B4C(s)+6H2O(g)=2B2O3(l)+CH4(g)+4H2  .       (3) 

 

The schematic representation of B4C oxidation modelling is shown in Fig. 13. 
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Figure 13: B4C oxidation calculationmodel 

 

The thicknesses of boron and carbide boron oxide layers y and x are calculated in the code. For 

example, the dynamics of oxide layer is described by the following equation 

 

p

p r

x

k

dt

dx


 ,            (4) 

 

where kp is a parabolic constant considering the B4C oxidation; r – the evaporation rate of oxide 

depending on temperature and p – the oxide density. 

5.3 Calculation Results of Hydrogen Release 

Calculated hydrogen generation rate and integral production in comparison to 

experimental data for QUENCH-20are presented in Figures 14-15. The SOCRAT slightly 

underestimates hydrogen generation during reflood phase. The possible reason for it is not  

taking into account the oxidation of fuel channel box. The SOCRAT code predicts the amount 

of hydrogen release from B4C oxidation as much as about 10 g which is very close to 

experimental value. Besides that, the calculation results for hydrogen release at pre-oxidation 

phase are also in good agreement with experimental data which substantiates the low 

temperature oxidation correlations used in the SOCRAT. 

In the whole, the SOCRAT reproduces the hydrogen release by Zr and B4C oxidation 

rather well. The basic features of B4C oxidation process for the specific geometry of Nordic 

type BWR look very similar to other geometries like rod geometry for VVER-type, for example. 
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Figure 14: QUENCH-20: hydrogen 

generation rate 

 

Figure 15: QUENCH-20: total hydrogen 

production 

6 CONCLUSIONS 

The QUENCH-20 test simulates the postulated beyond-design-basis-accident at BWR of 

Nordic type. The massive melting of absorber material was realized at upper axial elevations 

which resulted in its slumping to lower levels. 

The SOCRAT/V3 computer modelling code was used for calculation of basic thermal 

hydraulic, oxidation and thermal mechanical behaviour during all phases of the experiment 

QUENCH-20. 

The calculated results are in a good agreement with experimental data which justifies the 

adequacy of modelling capabilities of the SOCRAT code system. 

The QUENCH-20 experiment results will help in more detailed understanding of B4C 

oxidation related phenomena and its influence on reactor severe accident dynamics. 

NOMENCLATURE 

BWR  boiling water reactor 

ECCS emergency core cooling system 

FA  fuel assembly 

Kp  parabolic constant of oxidation of B4C, m2/s 

LOCA loss-of-coolant accident 

NPP  nuclear power plant 

PWR  pressurized water reactor 

VVER        Russian type of pressurized water reactor 
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ABSTRACT 

CEA has built MERELAVA, a new facility in its PLINIUS platform to study the water 

flooding of prototypic core-concrete interaction melts containing significant fractions of steel. 

Up to 80 kg of corium-concrete mixture can be molten by thermitic reaction before water 

flooding. The heat flux extracted by boiling water is assessed through three complementary 

measurements (mass flow and temperature of exhaust gases; heat extracted at the condenser; 

volume of condensates). This new facility is described with its capabilities. A first experiment 

has been devoted to the flooding of an oxidic melt. Further experiments will deal with increased 

steel fraction in the melt in order to assess its effect on water ingression. Then, the facility will 

be upgraded to carry out experiments with sustained induction heating. 

1 INTRODUCTION 

One of the goals of a severe accident management strategy is to limit the progression of 

molten core material (corium). Some strategies aim at keeping the corium inside the reactor 

vessel [1] or in a dedicated core catcher [2]. Another approach, especially used for current PWR 

fleet, is based on ex-vessel retention by top flooding [3][4]: corium pours and spreads on the 

reactor pit basement. As dry Molten Core Concrete Interaction cannot be arrested in most 

configurations, water top-flooding is considered. In this case, several phenomena such as water 

ingression [5] and melt eruptions [6][7] can significantly increase corium pool cooling leading 

to possible stabilization of the melt.  

Water ingression is a mechanism (Figure 1) by which water penetrates into cracks and 

pores of solidified corium to enhance cooling that would otherwise be severely limited by the 

low thermal conductivity of solidified corium [5]. The experimental database on water 

ingression is based on the SSWICS experimental program [5]. It must be noted that all the tests 

carried out on SSWICS are transient tests (with no sustained heating) for corium compositions 

having different proportions and nature of concrete, but always without steel content. However, 

presence of steel suspended in the oxidic crust may, on the one hand, enhance heat transfer due 

to metal higher conductivity and, on the other hand, prevent the appearance of cracks in the 

composite oxide-metal solid, thereby decreasing water ingression efficiency.   Moreover, steady 

state effects, coupled to the presence of gas sparging from ablated concrete, may affect the 

water ingression mechanisms.  

mailto:christophe.journeau@cea.fr
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Figure 1: Conceptual sketch of water ingression  

MERELAVA (Mitigation for Ex-vessel Retention of Lava) facility has been designed and 

constructed at CEA PLINIUS corium experimental platform within IRESNE institute to extend 

the study of water ingression cooling to mixture of oxide and metallic prototypical corium melt 

compositions, including uranium oxide and to steady-state configurations. This is in particular 

aimed at improving the water injection models in TOLBIAC-ICB code [8]. This paper will 

firstly describe the planned experimental program. Then the facility and its capabilities will be 

presented. 

2 MERELAVA EXPERIMENTAL PROGRAM WITHIN MIT3BAR PROJECT 

The MIT3BAR project is being co-funded by the French government post-Fukushima 

RSNR (Nuclear Safety and Radioprotection Research) initiative. This R&D project is devoted 

to the mitigation measures of the risk of melt through the reactor basemat. MERELAVA is the 

largest experimental program within MIT3BAR for which 6 experiments are planned in this 

facility: 

 Scoping test ME-U1:  reproducibility of SSWICS test (same oxidic corium as in 

SSWICS 7 test [5]);  

 Two tests (ME-U2 and ME-U3) without sustained heating but with the 

introduction of steel  

 One oxide-metal test (ME-U4) with sustained heating using induction. 

 One experiment (ME-U5) in relation with Fukushima Daiichi severe accident 

conditions for the study of coolability of MCCI and/or formed debris by top 

flooding; 

 One further test to be determined with foreign co-funding partner(s). 

At the time of this NENE-2020 conference, the scoping test ME-U1 has successfully been 

carried out and is being thoroughly analysed. Although a complete interpretation is not yet 

available, preliminary observations lead to some improvements in the test facility and in the 

test procedure. The second test ME-U2 is almost ready to be performed. Results will be 

presented when both tests have been analysed, in order to highlight the influence of the 

introduction of steel in the melt.  
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3 FACILITY DESCRIPTION 

3.1 Test Section 

The test section (Figure 2 left) has been designed so to ensure comparison with the 

SSWICS facility [5]. The 50-cm diameter test section houses a 28-cm inner-diameter crucible 

in which up to 80 kg of depleted-uranium-containing corium melt can be produced by 

uranothermitic reaction [11].  Test section is divided in two part that can be disassembled and 

assembled for ease of operation (Figure 2 right).  

During corium heating and melting phase, line 1 is open and line 2 is closed, so that the 

gases that could be produced by the chemical  heating are directed towards quench tank 1 

(Figure 3). After melting is completed, line 2 is opened and line 1 is closed. Water is injected 

on the top of the melt and the produced gases are treated and analysed.  Both the injection water 

and the test section vessel can be set to desired temperature prior to the injection.  

Tests are conducted at an initial absolute pressure of 1 bar since Lomperski et al. [12] 

have previously observed that the quench rate did not vary appreciably with pressure, and the 

maximum admissible (gauge) pressure of the equipment has been set to 4 bars. Actually, during 

scoping test, pressure always remained below 0.3 bars gauge.   

  

Figure 2: Sketches of MERELAVA test section 

Left: internal view of transient setup – Right: external view of induction setup 

3.2 General layout of MERELAVA facility  

Figure 3 presents all the components of MERELAVA facility. During the corium melting 

phase, line 1 is opened and the formed gases (partly reduced steam from remaining humidity 

and combustion products from impurities) are directed towards 1.8 m3 quench tank 1. Then, 

line 1 is closed and pre-heated water in the flooding water tank is delivered to the test section. 

For safety reasons, water  injection has been separated into batches of about 7 litres, with a flow 
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rate around 8.5 L/s (Figure 4). Figure 4 right presents the accuracy of such flow rate 

measurement. Line 2 has been opened prior to water injection, so that produced gases 

(essentially steam and hydrogen) are transported to the condenser. Condensed water is stored 

in the condensate tank while uncondensed gases are collected in the quench tank 1. Gas is 

sampled in line 2 and on-line analysed in a mass spectrometer. 1.8-m3 quench tank 2 is only 

used in case of overpressure (≥4 bar) in the test section. 

  

Figure 3: Layout of the MERELAVA facility 

 

Figure 4: Water injection on corium melt during scoping test ME-U1 

3.3 Prototypic corium thermite  

Various corium compositions can be fabricated thanks to energetic redox reactions [11]. 

The following chemical equation (without stoichiometry) illustrates the redox processes of 

interest: 

 

Powders (such as those in centre-right of Figure 5, corresponding to the pretest of a 14 wt% 

steel composition carried out in VULCANO facility) are mixed and inserted in the crucible. An 

electrical resistance, placed near the top of powder is heated and starts the reaction, which 

propagates towards bottom. For the scoping test (2 photographs at left of Figure 5) SSWICS 7 
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mixture [5] (iron-free melt with 64 wt% UO2, 26 % ZrO2, 4 % limestone-common sand concrete 

and 6 % chromium) has been melted. Temperatures up to 2320°C have been measured in the 

pool (500°C above liquidus). The corium ingot appeared much more fractured than for pre-tests 

carried out without water flooding, confirming observations of SSWICS-7 test [13] with similar 

composition.   

Compositions with significant steel contents can also be fabricated (as 14 wt% steel pre-

test presented in the right pictures of Figure 5). 

 

    

Figure 5: MERELAVA corium  

Left: Post test views of scoping test solidified melt – Center-right: Thermite powder 

during 14 wt% steel pretest – Far right: solidified thermite with 14 wt% steel   

3.4 Instrumentation 

MERELAVA facility is instrumented with about 80 sensors mainly monitoring 

temperatures, pressures, flow rates and water levels.  

The main output of these tests being the estimation of the extracted heat flux (thanks to 

steam production), steam flow rate is determined by 3 independent approaches:  

 Gas flowrate and temperature in line 2 (complemented by measurement of 

uncondensed gas flowrate and dry-gas composition by mass spectrometer); 

 Condensed water measurement in condensate tank (both by differential pressure 

and by radar tank level measurement, even though it is noisy due to surface waves 

at large flowrates); 

 Heat balance on the cooling waterside of the condenser. 

The scoping test has shown that condenser thermal inertia perturbs the last approach 

during the first minutes (It will be corrected by measuring condenser vessel temperature in 

future tests). Figure 6 compares the estimated steam flow rates by the two last techniques to the 

estimation made by the first approach during scoping test ME-U1. During this test, 

incondensable flowrate was negligible, facilitating comparison. The first two minutes of the 

flooding have been removed for sake of legibility because of the effect of condenser vessel 

inertia during the first instants. Another artefact is visible with the 3 spikes towards right of the 

blue triangle curve and corresponds to very short dryout periods between successive batches of 

injected water which were too short to be properly estimated by the condenser heat balance. 

Except for these peculiar points (having limited interest for the estimation of water ingression 

heat extraction), the fit between the three independent techniques is quite satisfactory. 

The uncertainty on the steam flow rate corresponds to small values in term of heat fluxes 

(around ± 30 kW/m²). A more important source of uncertainty lies with the effect of water-



1809.6 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

cooling of the liner installed above the crucible (see Figure 2 left) and of the periphery of the 

crucible above corium pool level (both having a larger area than the corium pool). While 

temperature of the former is measured, the latter was not monitored in scoping test and will be 

measured in forthcoming experiments. Figure 7 presents the current uncertainty estimations 

(around ± 150 kW/m²). It should be significantly improved in forthcoming tests when the 

cooling of these structures is monitored. 

 

Figure 6: Comparison of two techniques to measure steam flow rate during scoping test. 

The first 2 minutes have been removed for the steam flow rate entering condenser (triangles). 

 

Figure 7: Current uncertainties on extracted heat flux (to be improved in next tests) 

3.5 Induction heating 

In order to complement transient (quenching) tests such as ME-U1 and the SSWICS tests, 

experiments with sustained heating, simulating decay heat, are being prepared at MERELAVA. 

Induction has been selected to provide heat to the corium melt. This technique has previously 

been successfully used in PLINIUS platform VULCANO facility [14][15]. An induction coil 

will be installed around the crucible. It will be connected to PLINIUS platform CELES 400-kW 

radio-frequency generator (between 70 and 300 kHz) through an impedance matching box (see 

Figure 2 right for a general sketch of test section with inductor coil system). 
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Top flooding can be studied during Corium Concrete Interaction (with injection of gases 

and light oxidic melt in the corium pool that might affect water ingression mechanisms) thanks 

to sustained heating. Therefore, a layer of concrete can be inserted at the crucible bottom, under 

the corium thermite load.  

4 CONCLUSION 

CEA has recently built and commissioned MERELAVA, a new facility in its PLINIUS 

platform to study the water flooding of prototypic core-concrete interaction melts containing 

significant fractions of steel. 60 to 80 kg of corium-concrete mixture can be molten by thermitic 

reaction before water flooding.  

The heat flux extracted by boiling water is assessed through three complementary 

measurements (mass flow and temperature of exhaust gases; heat extracted at the condenser; 

volume of condensates). The precision of these measurements have been assessed during a 

scoping test. It will be further improved in forthcoming experiments by measuring the 

temperature of structures that may also be cooled by the water flow.  

Further experiments will deal with increased steel fraction in the melt in order to assess 

its effect on water ingression. Then, the facility will be upgraded to carry out experiments with 

sustained induction heating. 

Although this facility has been constructed thanks to French government “Investments 

for Future” programme, it is opened to international users. A first test in relation with 

Fukushima Daiichi accident is currently under discussion.  
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ABSTRACT 

The phenomenon of a rapid heat transfer from a hot to a cold liquid in a time scale smaller 

than the characteristic time of the pressure relief of the created and expanding vapour is known 

as a steam explosion. In nuclear safety, the steam explosions are mostly analysed in the melt 

jet-coolant pool configuration. Stratified configuration was believed to be incapable of 

producing energetic fuel-coolant interaction. However, the results from the recent experiments 

performed at the PULiMS and SES facilities (KTH, Sweden) contradict this hypothesis. In 

some of the tests, a premixed layer of ejected melt drops in water was clearly visible and was 

followed by strong spontaneous steam explosions. 

In the paper, a model for the premixed layer formation, based on the visual observations 

and some mechanisms from the literature, is presented. The developed model was implemented 

in the MC3D code (IRSN, France) and validated against the experimental results. With a short 

analysis, we show that the model is capable of adequately describing the premixed layer 

formation. 

1 INTRODUCTION 

A hypothetical severe accident in a nuclear power plant has the potential for causing 

severe core damage, including core meltdown. If the hot melt comes in contact with the coolant 

water, the internal energy is rapidly transferred, which can result in a steam explosion [1]. In 

case of a steam explosion, the time scale of heat transfer between melt and coolant is smaller 

than the characteristic time of the pressure relief of the created and expanding vapour. 

Considering the large amount of thermal energy, initially stored in the liquid corium melt at 

about 3000 K, this phenomenon can jeopardize the integrity of the containment and can cause 

damage to the systems inside [2]. Consequently, the possibility of a radioactive leakage presents 

danger for the environment and general public safety. 

In the past, the importance of the steam explosion phenomenon understanding was 

recognized and numerous OECD, EU or national programmes were initiated. Recently, more 

detailed knowledge about the steam explosions and fuel-coolant interaction in general was one 

of the main objectives in the OECD SERENA (Steam Explosion REsolution for Nuclear 

Applications) [3], EU SARNET (Severe Accident Research NETwork of excellence) [4], 
French ICE (Interaction Corium-Eau) [5] and OECD ROSAU (Reduction Of Severe Accident 

Uncertainties) [6] programmes. 
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In nuclear safety, steam explosions are mostly analysed in the melt jet-coolant pool 

geometry [1,3]. In that case, the pre-existing coolant pool is deep enough that the melt jet 

completely breaks up, which leads to the premixing of the melt drops and the coolant. Inside 

the premixture, a steam explosion may develop. In a stratified melt-coolant configuration, 

which was less analysed, a layer of melt lies below a layer of coolant. This configuration can 

be formed in several scenarios during a severe accident in a nuclear power plant. One possibility 

is when the corium melts thorough the reactor pressure vessel and is poured as a jet in a coolant 

pool inside the cavity, which is not deep enough to break up the jet completely. If the melt is 

still liquid when reaching the bottom of the pool, the melt spreads and forms a melt pool. 

Another possibility is in case of an initially dry cavity under the reactor vessel. After the melt 

spreads on the floor, it can be flooded from the top. In this case, if the mass flow rate of the 

coolant is low, a crust may form on the top of the melt layer, preventing the direct contact 

between coolant and the still liquid melt, before the melt is significantly flooded. The 

probability for the development of a steam explosion is decreased in this case. 

The stratified melt-coolant configuration was believed to be incapable of producing a 

strong energetic interaction between the melt and coolant. However, the recently performed 

experiments in the PULiMS and SES facilities at KTH (Sweden) raised interest in stratified 

steam explosions because they resulted in relatively strong spontaneous steam explosions [7]. 
In these experiments with high melting temperature corium simulants materials and subcooled 

water, an interaction of the melt layer and melt drops with the water prior to any steam explosion 

occurring was clearly observed. The observed interaction before the steam explosion, visible in 

Figure 1, is denoted as the premixed layer formation [8]. 

   

Figure 1: A premixed layer during the melt spreading in two different PULiMS tests (figures 

adopted from Kudinov et al. [7]). 

The observed strong spontaneous steam explosions in the stratified conditions have an 

important impact on the safety related issue of fuel-coolant interaction in nuclear power plants. 

Firstly, they may provide a triggering mechanism for the steam explosions in conventional melt 

jet-coolant pool configuration if the jet breakup is not complete. Secondly, due to the formation 

of the premixed layer the amount of melt in stratified melt-coolant configuration available to 

participate in the explosion can be much larger than assessed in the past. In the reactor 

conditions, where the melt can potentially spread on the large area of the cavity floor, the 

observed strong steam explosions may present an increased threat. Therefore, the understanding 

of steam explosion phenomenon, also in stratified configuration, is of high importance for 

nuclear safety. 

In our view, the premixed layer is a mix of fragmented liquid melt and coolant, which is 

necessary for the development of a strong steam explosion. Thus, the purpose of our research 

is to improve the knowledge, understanding and modelling of the premixed layer formation in 

the stratified configuration. In the paper, the first objective is to present our model for the 

premixed layer formation, based on the experimental observations and the theoretical 

knowledge [8]. The developed model was implemented as a testing patch [8] in the MC3D code 

(IRSN, France) [9,10]. The second objective is validation of the model against the experimental 

results. With a short analysis, we show that the model is capable of adequately describing the 

premixed layer formation. 
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2 MODEL FOR PREMIXED LAYER FORMATION 

In the literature some possible mechanisms for the premixed layer formation are 

discussed, but no definitive conclusions were given about the main mechanism responsible for 

the premixed layer formation [7]. Further, to the best of our knowledge, besides our modelling 

approach [8], no other complete modelling was proposed. 

The growth, expansion and collapse of steam bubbles seems to be the most plausible 

amongst the described mechanisms for initiating the premixed layer formation [8]. It was 

observed also in the SES and PULiMS experiments and thus our developed model for the 

premixed layer formation in the stratified melt-coolant configuration is based on it [8]. The melt 

temperature is usually high enough for the system to be in a film-boiling regime. Due to the 

instabilities, the bubbles arise from the vapour film. In subcooled water, bubbles condense and 

collapse. During the bubble collapse, water at the bubble interface accelerates towards the melt 

surface, creating a so-called coolant micro-jet. The coolant micro-jet impacts on the melt 

surface and can produce melt splashes. Due to the uncertainties and lack of the detailed 

information about the melt surface fragmentation, two different mechanisms, i.e. water 

entrapment under melt surface and pressure perturbation on melt surface, were followed in our 

modelling [8]. Both modelling approaches and the experimental observations were then joined 

in our following model, which reasonably describes the considered phenomena. 

Our model describes the premixed layer formation with three key parameters, i.e. size of 

ejected melt drops, their initial velocity and the fragmentation rate of the continuous melt phase. 

More detailed description of the model individual phases is given in [8]. 

2.1 Size of ejected melt drops 

The coolant micro-jets result in the melt surface instabilities and fragmentation of the 

melt. The size of the ejected melt drops in our model is related to the instability wavelength. 

The correlation by Leclerc and Berthoud [11] for the thermal fragmentation of single melt drop 

is adopted. The melt drop diameter is defined as one quarter of the instability wavelength: 

𝑑 = 0.25 ⋅ 𝛬 , (1) 

where 𝛬 is the most dangerous wavelength and for which the instability growth rate is the 

highest – in our case this is the distance between the formed bubbles [12]: 

𝛬 = 2𝜋√
3𝜎𝐿

𝑔(𝜌𝐿 − 𝜌𝐺)
 , (2) 

where 𝜎𝐿 is the liquid coolant surface tension, 𝑔 the gravity acceleration and 𝜌𝐿 and 𝜌𝐺  density 

of liquid and gaseous phase of the coolant, respectively. 

For conditions in the PULiMS and SES experiments, the typical melt drop size with our 

model is around 7 mm. This is also in agreement with the experimental observations, as from 

the Figure 1 at least the same order of melt drops size can be estimated. 

2.2 Initial velocity of ejected melt drops 

The initial velocity of the ejected melt drops is calculated from the available energy. For 

our model, approach from the pressure perturbation mechanism is adopted [8]. As shown for 

their experiments by Caldarola and Kastenberg [13], the available energy (and consequently 

velocity) lies between the transmitted (energy due to the shock wave from a hemispherical 

source to the surrounding medium) and the acoustic (energy of the elastic wave traveling in the 
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fuel) energy limits. Thus, the velocity as calculated from the acoustic energy (lower limit) is in 

our model multiplied with a free factor COMv: 

𝑣 = 𝐶𝑂𝑀𝑣√𝐶1 ⋅ 𝐶2 ⋅
(𝑝𝑚𝑎𝑥 − 𝑝0)2𝛥𝑇𝑠𝑢𝑏

2

𝛬0.8√𝛥𝑝
 , (3) 

where 𝑝0 is the ambient pressure, 𝑝𝑚𝑎𝑥 is the pressure of coolant micro jets acting on the melt, 

Δ𝑇𝑠𝑢𝑏 is the water subcooling, Δ𝑝 is the pressure difference between inside and outside of the 

bubble, 𝐶1 is a constant, related to the dimension of the formed coolant micro-jet generated 

after the bubble collapse and its value is around 0.01. 𝐶2 is related to the material properties: 

𝐶2 =
(𝜌𝑀 − 𝜌𝐿)𝜌𝐿

1.9

(𝜌𝑀 + 𝜌𝐿)𝜌𝑀
2 𝜌𝐺

2 ⋅
𝜆𝐿

4
3𝑐𝑝

2
3

𝑐𝑔0.2𝐿2𝜎𝐿
0.2𝜇𝐿

8
15

 , (4) 

where index 𝑀 stands for melt, 𝜆 is thermal conductivity, 𝑐𝑝 is specific heat, 𝑐 is sound velocity, 

𝐿 is latent heat and 𝜇 is dynamic viscosity.  

2.3 Fragmentation rate of melt layer 

The fragmentation rate of the melt layer can be established from the size of the ejected 

melt drops and the frequency of their ejections per melt area. The size of the melt drop is defined 

in Eq. (1). The single melt drop ejects from the surface area that is defined with the wavelength 

as given in Eq. (2). It should be emphasized that in this area we have node and antinode, 

therefore the effective surface area is 
1

2
𝛬2. The frequency of the melt ejections is proportional 

to the frequency of the bubble formations and collapses. It can be derived from the relation by 

Berenson [12] for the bubble detachments for a horizontal surface film-boiling heat transfer, 

considering the Rayleigh-Taylor instabilities. With some simplifications due to the large 

differences in the liquid and vapour density, the following equation is obtained: 

𝐹 =
1

2𝜋
√

𝜌𝐺𝑣𝑣𝑓
2 𝑛

𝜌𝐿𝑎
⋅ +𝑔𝑛 −

𝜎𝐿𝑛3

𝜌𝐿
, (5) 

where 𝑛 is wavenumber and 𝑣𝑣𝑓 and 𝑎 vapour velocity and vapour film thickness: 

𝑣𝑣𝑓 = 0.45
𝜆𝑣𝑓Δ𝑇

𝜌𝑣𝑓Δ𝐻𝑎2𝑛
 , (6) 

𝑎 = 2.35 ⋅
𝜎𝐿

1
8

(𝑔𝜌𝐿)
3
8

 ⋅ (
𝜇𝑣𝑓𝜆𝑣𝑓𝛥𝑇

𝛥𝐻𝜌𝑣𝑓
)

1
4

 , (7) 

where index 𝑣𝑓 stands for the vapour film, Δ𝑇 is temperature difference between the melt and 

the coolant and Δ𝐻 is average enthalpy difference between vapour and liquid coolant. 

Combining Eqs. (1), (2), (5) and multiplying with the free parameter 𝐶𝑂𝑀𝑓𝑟, the 

fragmentation rate is given by: 

𝛤 = 𝐶𝑂𝑀𝑓𝑟 ⋅
𝜋𝑑3𝐹

3𝛬2
 . (8) 
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With our model, reduced to the three upper equations for the melt drop size (Eq. (1)), its 

initial velocity (Eq. (3)) and fragmentation rate (Eq. (8)), we can mathematically describe the 

phenomenon of the premixed layer formation in stratified configuration. 

3 SIMULATION OF PULIMS E6 EXPERIMENT WITH DISCUSSION 

The developed model was implemented as a testing patch in the computational fluid 

dynamic code MC3D (IRSN, France), which is one of the leading codes for simulating fuel-

coolant interactions [9,10]. Application of the model was already validated on the SES S1 test 

with relatively good agreement with the experimental results [8]. Simulation results have shown 

that the strength of the steam explosion could be primarily attributed to the premixed layer 

formation. In this paper, the validation process is continued on the PULiMS E6 test. Primary 

aim of the PULiMS experiment was observation of the underwater melt spreading [7]. In the 

experiment, melt was poured through the funnel into a shallow pool of water. Test section was 

2 × 1 m2 in size, with water depth of 20 cm. In the E6 test, Bi2O3-WO3 eutectic melt at 1049°C 

was poured into water at 75°C. The melt spread and a premixed layer of melt and water was 

observed with splashes reaching up to around 10 cm. After 6.9 s, a spontaneous steam explosion 

occurred.  

For the simulations, a 3-D calculation domain, presenting half of the experimental tank, 

with a symmetry boundary condition was applied. In the central part of the domain (Figure 2), 

where the melt was, the cell size was 2.5×2.5×1.25 cm3 in x-, y- and z-directions. Outside of 

the central part, the cells dimensions are enlarged progressively. The domain is filled with 20 

cm of water at 75°C. The melt pouring and spreading is not modelled. Therefore, initially all 

the continuous melt is described as a 2.5 cm high melt pool with a diameter of 45 cm. Simulated 

melt spreading area was defined based on the experimental value [7]. 

  

Figure 2: Applied MC3D calculation mesh. 

Simulations were divided into the premixing phase and the explosion phase. In the 

premixing phase, mixing of melt and water according to our model was simulated. To assess 

the factor 𝐶𝑂𝑀𝑣 (see Eq. (3)), an analysis was performed. In Figure 3, different premixed layers 

are shown at time 6.9 s, at which the explosion occurred. The trend of increasing the premixed 

layer average height is in agreement with the factor 𝐶𝑂𝑀𝑣. Especially premixed layers height in 

the first two cases seem to be visually similar to the experimental observations (Figure 1), where 

melt ejections up to around 10 cm were observed. Average melt drop volume fraction in all of 

the simulated premixed layers is around 1%, which seems to be in agreement with the 

experimental results. 

Results from the premixing phase, calculated with our model, served then as an input for 

the simulation of explosion phase. The explosion was triggered at the side of the premixed 
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layer, which seems based on the experimental observations to be more probable than central 

triggering [8]. 

 

Figure 3: Comparison of the premixed layers at 6.9 s for different melt drops ejection velocity 

factors COMv. Only side view of the central part of simulation domain with melt is depicted. 

In the analysis, simulated force signals on the bottom of the domain and total gained 

impulses are compared with the experimental results. In Figure 4, further analysis of the factor 

𝐶𝑂𝑀𝑣 is made. Firstly, the total gained impulse of the explosion is underestimated in all the 

calculated cases. However, it seems that the maximal force is comparable to the experimental 

results, but the explosion diminishes in the calculations earlier. Similar, but smaller 

discrepancies was observed also for the simulation of the SES S1 test [8]. This might indicate 

that the simulation successfully describe the initial phase of steam explosion, with interaction 

of the formed premixed layer with water, but might underestimate the mixing and fragmentation 

during the explosion itself. Additionally, in the SES S1 test, the melt release was underwater, 

just above the bottom plate, while in the PULiMS tests, the melt was poured as a jet from 20 cm 

above the water surface. The lack of possible melt jet fragmentation might explain better 

agreement in the SES S1 test. In the PULiMS tests, contribution to the premixing from the melt 

jet fragmentation in water pool might present the observed additional underestimation in the 

strength of the explosion. With the stronger overall explosion in the PULiMS E6 test, a stronger 

role of the melt surface fragmentation during the explosion phase also might not be negligible. 

 

Figure 4: Comparison of the force and total gained impulse on the bottom plate for different 

melt drops ejection velocity factors 𝐶𝑂𝑀𝑣. 

In the 𝐶𝑂𝑀𝑣 = 3 case, the total gained impulse is the lowest. Compared to the 

experimental results a shorter force signal could be observed in all of the simulation cases, 

indicating overall shorter explosion duration. The maximum gained impulse in the 𝐶𝑂𝑀𝑣 = 6 

case is slightly larger, but still about one third of the experimentally measured one. The force 

signal is wider and for the first 3 ms in almost perfect agreement with the experimental results 

but then it decreases and underestimate the explosion strength. Overall, it seems that the 𝐶𝑂𝑀𝑣 =
6 cases describe the experimental phenomena better, although not perfect, especially regarding 

maximal gained impulse. The results in the 𝐶𝑂𝑀𝑣 = 9 case are very similar to the 𝐶𝑂𝑀𝑣 = 6 

case. The force signal seems to indicate a slightly later development of the explosion and 

although the premixed layer is higher with larger mass of melt drops in it, the total gained 

impulse is not significantly increased. 
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From the previous analysis, correlation between the melt drop volume fraction in the 

premixed layer and the impulse was observed [14]. Thus, our further analysis was performed 

with increased fragmentation rates. For the 𝐶𝑂𝑀𝑣 = 6 case, the fragmentation rate (Eq. (8)) was 

multiplied by a factor up to 3. From Figure 5, we can observe a very similar impulse for the 

𝐶𝑂𝑀𝑓𝑟 = 1 and 2 cases. However, the force signal is shorter compared to the 𝐶𝑂𝑀𝑓𝑟 = 1. It 

overestimate the strength of the explosion at the beginning and the signal then decreases much 

earlier. With larger fragmentation rate (𝐶𝑂𝑀𝑓𝑟 = 3 case), the impulse is significantly lower and 

explosion diminishes earlier. This could be related to the heating of the water. With larger 

fragmentation rate, larger amount of melt is being ejected into the water layer above and more 

heat is transferred from the melt to the water. While for the 𝐶𝑂𝑀𝑓𝑟 = 1 the water temperature 

in the premixed layer zone at time of triggering the explosion is estimated to around 80°C, in 

the 𝐶𝑂𝑀𝑓𝑟 = 3 case this temperature is around 90°C. Increased water temperature is known to 

make the triggering of the strong steam explosions more difficult [7,14]. 

 

Figure 5: Comparison of the force and total gained impulse on the bottom plate for different 

fragmentation rate factors 𝐶𝑂𝑀𝑓𝑟. 

Overall, it seems that the 𝐶𝑂𝑀𝑣 = 6 case (same as found for the SES S1 test [8]) describes 

the experimental phenomena most accurately, although not perfectly, especially regarding the 

maximal gained impulse. For the fragmentation rate, the default 𝐶𝑂𝑀𝑓𝑟 = 1 (same as used for 

the SES S1 test [8]) case seems to be the most appropriate, as with larger fragmentation rate no 

significant increase in the impulse can be achieved and with larger fragmentation rates 

producing strong explosions seems more difficult to be achieved. 

4 CONCLUSIONS 

In the recent PULiMS and SES experiments (KTH, Sweden) performed in the stratified 

configuration, strong spontaneous steam explosions were observed. Prior to the explosion, a 

premixed layer was clearly visible. No model for such fuel-coolant interaction existed yet. In 

the paper, our model for the premixed layer formation, based on the bubble formation and 

collapse mechanism, is presented.  

The model was incorporated into the MC3D code (IRSN, France) as a testing patch to be 

validated on the available experimental results. Comparing the calculated results with the 

experimental one, it seems that our model successfully describes the formation of the premixed 

layer. Larger differences in results appeared in the explosion phase. It seems that the initial 

phase of the explosion is in reasonable agreement, while the strength in the second part of the 

explosion is underestimated. This might be attributed to the melt jet fragmentation in the water 

pool and to the melt layer mixing and fragmentation during the explosion phase, which was not 

considered. 

The proposed model presents an important contribution in the reactor safety analysis 

regarding stratified steam explosions, as it enables the modelling of the premixed layer 
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formation in reactor conditions, where the melt can potentially spread on the large area of the 

cavity floor. For more accurate simulations of stratified steam explosions with reduced 

uncertainties, additional comparison of the model with the experimental results as well as more 

detailed analysis of the explosion phase would be needed and to be supported with further 

experimental work with advanced and new innovative instrumentation. 
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ABSTRACT 

In the late stage of a severe loss-of-coolant accident, the pressure in the containment 

building of a nuclear power plant could rise beyond the design limits and thus endanger its 

structural integrity. Therefore, to avoid pressure failure, it may be necessary to perform con-

trolled venting of the containment. During the event of an accident, a large amount of fission 

and activation products are released into the containment as airborne particles (aerosols). 

These particles are filtered during the venting process, usually with the help of wet filters, in 

order to keep risks to the surrounding environment to a minimum. Consequently, the 

knowledge of the retention processes in a water reservoir (pool scrubbing) is of central im-

portance for such filtered containment venting systems (FCVS) and for reactor concepts in 

which water reservoirs are used for pressure reduction (e.g. condensation chamber of a 

BWR).  

Investigations on pool scrubbing are carried out in the SAAB test facility at the Juelich 

Research Centre. SAAB is a unique large scale facility with the ability to perform a great var-

iation of experiments using various measurement tools. The influence of numerous parame-

ters, such as the height of the water pool, solubility of aerosols and concentration on the reten-

tion capacity, is investigated by means of separate effect studies on both insoluble and soluble 

particles. This paper gives a detailed overview over the facility and includes example results 

of the first test series with soluble particles including cesium iodine (CsI). 

Keywords: severe accident, source term, aerosols, experimental research, pool scrub-

bing 

 

1 INTRODUCTION 

In case of an at least temporarily uncontrolled loss-of-coolant accident in a water-cooled 

nuclear reactor, the reactor core can be partially exposed and destroyed. This leads to the re-

lease of radioactive fission products (aerosols and noble gases) first into the reactor cooling 

circuit and then into the containment atmosphere. In addition to the fission products and hy-

drogen, a large amount of steam also enters the containment, which leads to a pressure in-

crease. In such an accident, there is a possibility that the pressure will reach the design limit 

of the containment and thus endanger its structural integrity. A failure of the containment 



1811.2 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

should be avoided in any case because this would lead to an uncontrolled release of radioac-

tive material into the environment. To prevent this, the containment should be depressurized 

before critical pressure limits are reached. Filtered containment venting systems are installed 

in numerous European nuclear power plants to reduce the pressure inside the containment 

with minimum release of radioactive fission products. One filter stage of this system usually 

consists of a wet filter, where airborne particles flow through a water seal. Therefore, a better 

understanding of the phenomenology of pool scrubbing is necessary in order to be able to 

make reliable assertions about the radioactive release into the environment. The condensation 

chamber of a BWR not only serves to reduce pressure, but also, in the sense of pool scrub-

bing, to retain fission products. In addition, water accumulations with small depths that have 

arisen during the course of an accident can also contribute to particle retention. [1], [2] 

Experimental studies in the past almost exclusively used insoluble particles [3]. The 

first results of the investigation on the retention of soluble particles presented in the follow-

ing, generating data for model development or validation is a part of future work to allow for 

robust simulations of pool scrubbing.  

2 POOL SCRUBBING PHENOMENON 

Aerosol retention through pool scrubbing is expressed in terms of a Decontamination 

factor (DF), which is defined as the ratio of aerosol mass flow rate at the inlet to that at the 

outlet.  

𝐷𝐹 =  
�̇�𝑖𝑛

�̇�𝑜𝑢𝑡
 

The path of the aerosols through the pool height may be split into three regions: injec-

tion, bubble rise and pool surface and subsequently the overall DF is a multiplication of indi-

vidual DFs and defined as in [1] 

𝐷𝐹 = 𝐷𝐹𝑖𝑛𝑗 ∗ 𝐷𝐹𝑟𝑖𝑠𝑒 ∗ 𝐷𝐹𝑠𝑢𝑟 

2.1 Injection zone 

When the carrier gases along with the aerosol enter the pool at the orifice, the aerosols 

due to their inertia, impact on the liquid surface and are trapped, i.e., aerosol retention due to 

jet impaction. Gas injection velocity and the orifice diameter determine the flow regime. For 

this purpose, a non-dimensional Weber number is defined as [1] 

𝑊𝑒 =
𝜌𝑙 . 𝐷𝑖𝑛𝑗 . 𝑣𝑖𝑛𝑗

2

𝜎
  

If We<105, the flow is in the globule regime, and if We>105, the flow is in the jet re-

gime. For the experiments presented in this paper, We=9.104, and hence we restrict the dis-

cussion to only the globule regime. As the carrier gas enters the water pool through the ori-

fice, an initial globule is formed. This globule, too large to be stable, breaks into smaller bub-

bles, and they rise like a swarm through the water pool. For the globular flow regime, aerosol 

size and density are the main contributors to the decontamination factor in the injection zone.   

2.2 Bubble rise zone 

In this region, the dynamics of aerosols trapped in the small, rising bubbles is the prima-

ry contributor to the decontamination factor.  
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𝐷𝐹𝑟𝑖𝑠𝑒 = exp ((
1

𝑉
∗ ∑ ∫ 𝑣𝑛(𝑟) ∗ 𝑑𝑎

𝐴𝑛

) ∗
𝐻

𝑢𝑟𝑖𝑠𝑒
) 

The key factors are the residence time of the bubbles (H/urise) and the relative motion of 

aerosols within the bubbles due to the following mechanisms: Diffusiophoresis, Thermo-

phoresis, Sedimentation, Centrifugal impaction, and Brownian Diffusion. Each of the phe-

nomena results in a relative velocity of aerosols with the bubble, causing the aerosols to drift 

towards the bubble interface (gas-liquid interface), where they are captured. Condensa-

tion/evaporation at the interface causes gradients in steam concentration and temperature, 

promoting aerosol transport due to Diffusiophoresis and Thermophoresis, respectively. Sedi-

mentation accounts for the relative motion of aerosols due to gravitational acceleration, i.e. 

the heavier the particle, the better the retention. Centrifugal force on the aerosol is a result of 

the bubble’s rotating motion. Bubble’s rotating motions causes centrifugal forces on the aero-

sols inside, promoting migration towards the interface. Brownian diffusion results in aerosol 

transport from regions of high concentration to low concentration and is important for small 

particles (d<0.1 µm). [1], [4]  

Also, the particle size distribution within the rising bubbles impacts the gravitational 

settling, centrifugal impaction, and Brownian diffusion. Particle size distribution varies be-

cause of agglomeration and steam condensation on hygroscopic aerosols. [1] 

2.3 Pool surface zone 

The bubbles rise to the surface of the water pool and rupture, producing micro-droplets. 

The gas flow entrains some of these droplets, and others fall back due to gravity. Entrained 

droplets, in turn, transport fine aerosol particles. [1] 

To summarize, the factors affecting aerosol retention in a water pool are the inlet gas 

velocity, gas composition (steam concentration), gas temperature, particle Stokes number 

(aerosol density and size), hygroscopicity, or solubility of the aerosol material and pool 

height. In the present work, the gas velocity, temperature, and composition (no steam) are 

kept constant. Only the impact of particle density and size distribution, solubility, and pool 

height on the pool scrubbing phenomenon is studied. 

3 FACILITY DESCRIPTION 

The SAAB test facility (Figure 1) consists of three parts —aerosol generation, aerosol 

conditioning and water reservoir. First, the aerosols are produced in the aerosol generating 

unit and then fed into the mixing chamber. In the mixing chamber, different aerosol streams 

are combined and further mixed with the carrier gas. The well mixed aerosol is then led into 

the water reservoir, where aerosol particles will be filtered. The properties of the aerosol are 

measured at the inlet and outlet of the water seal by sampling with measuring instruments, 

such as an electric low-pressure impactor (ELPI), an aerodynamic particle sizer (APS) or the 

Scanning mobility particle sizer (SMPS). [3] 
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Figure 1: SAAB test facility [3] 

The tank in Figure 1 is the heart of the test facility and contains the water seal. The tank 

itself is of modular design and consists of five separate segments, each segment measuring 1 

m in height and 1.5 m in diameter. The aerosol flows into the lowest segment, through the 

tank, and out at the uppermost segment. It offers the possibility of varying the height of the 

water seal from a minimum of 0.5 m to a maximum of 5.5 m above the feed under identical 

sampling conditions. The maximum possible volume is 10 m³. The top part of the test facility 

is conical and has provisions for the extraction of the filtered aerosol into an air filter system 

and a sampling line for measurements at the outlet. The right part of Figure 1 shows the in-

strumentation of the vessel. The aerosol is directed into the SAAB container through an open-

ing (1 in. diameter for the experiments presented here) located in the middle of the bottom 

segment. Additionally, it is possible to feed the aerosol downwards or sideways to the con-

tainer. Each segment, except the top one, has four flanged openings for instrumentation or 

optical access. The container and water reservoir can be heated to a temperature of 90 °C by 

feeding steam. It is also equipped with a trace heating system for both the lower and the upper 

segment. As also shown in Figure 1, a water level sensor (see Figure 1 "LI"), a pressure sen-

sor ("PI") and a humidity sensor ("MI") with integrated temperature sensor are installed in the 

upper, conical segment. In addition, a sample is taken at a height of about 0.65 m above the 

water surface.  

4 TEST DESCRIPTION AND EXECUTION 

Cesium iodide (CsI) and cesium hydroxide (CsOH) are among some aerosols located in 

the containment atmosphere during a late stage of a severe accident [1]. Cesium iodine (natu-

ral isotop) with a solubility of 669.7 g/l can only be used in the experiments after a number of 

precautions have been taken. Cesium hydroxide is highly alkaline (pH = 14 at 500 g/l) and it 

is therefore extremely difficult to be utilize in experiments. Due to these limitations, substi-

tutes were selected for the first series of experiments. Instead of CsI, sodium chloride (NaCl) 

with a water solubility of 358 g/l was chosen. Instead of CsOH, potassium acetate (C2H3KO2) 

a water solubility of 2560 g/l was chosen. [5] After conducting the tests with NaCl, the facili-

ty was outfitted with additional safety precautions to allow for the safe testing of CsI.  
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For the generation of soluble aerosols, a two fluid spraying system was used. The water-

salt solution of the aerosol is mixed with N2 gas in the nozzle. The gas at the inlet to the noz-

zle system is under a higher pressure (5-10 bar). When it expands through the nozzle to a 

lower pressure (~ 1 bar), the gas accelerates. The impulse transfer between gas and liquid 

breaks the liquid into fine droplets. During the subsequent evaporation of the liquid droplets 

by means of a heating system, the particles crystallize and are then mixed with the carrier gas 

stream (e.g. N2) to produce the desired aerosol.  

In addition to the spraying system for soluble particles, the SAAB facility also uses a 

particle disperser with brush (PDB), which produces insoluble particles, such as SnO2. A de-

tailed description can be found in the SAAB final report [3]. 

The parameters of the experimental test matrix are: 

- the solubility (NaCl, C2H3KO2, CsI) 

- the aerosol concentration (NaCl, C2H3KO2, CsI) 

- pool height (NaCl, C2H3KO2, CsI)  

- injection speed (CsI, NaCl) 

The height of the water above the aerosol inlet is referred to here as the water level or 

pool height. The water heights considered in the experiments are 1.5 m and 5.5 m for NaCl 

and 1.5 m to 5.5 m for CsI. The aerosol concentration in the carrier gas is varied by changing 

the mass flow of the liquid solution into the two fluid spraying system (150-300 g/h). The N2 

carrier gas volume flow is kept constant in all experiments (20 m³/h). The gas temperature 

before the inlet is 30 °C, the water temperature averages 22 °C and the sampling temperature 

is 60 °C to keep the relative humidity at a similar level as at the inlet. All tests are repeated at 

least two times to ensure the reproducibility of results. 

5 RESULTS 

About 100 experiments were performed at the SAAB facility to study the aerosol reten-

tion capability of pool scrubbing for multiple combinations of test parameters—aerosol mate-

rial (solubility), aerosol concentration (injection rate), and pool height. Presenting the results 

of all the experiments is outside the scope of this paper; therefore, we restrict our discussion 

on retention efficiency of aerosols only for the following cases: 

- NaCl aerosol for four concentrations (mass flowrate of the liquid solution: 

150 g/h, 200 g/h, 250 g/h, and 300 g/h), at two pool heights (1.5 m and 

5.5 m). 

- CsI at 250 g/h for five pool heights—1.5 m, 2.5 m, 3.5 m, 4.5 m, and 5.5 m. 

- Soluble aerosols (NaCl, C2H3KO2, and CsI) and Insoluble aerosol (SnO2) at 

250 g/h and for a pool height of 1.5 m. 

Figure 2 shows an example measurement output of the ELPIs. It shows the number con-

centrations for a basin height of 1.5 m before (blue) entry into and after (orange) exit from the 

water reservoir. Each measuring point is assigned to a certain size class. The number concen-

tration describes the quantity of particles of a certain size class per cm³ counted during the 

experiment. With the help of this data, conclusions can ultimately be drawn about the reten-

tion efficiency described in more detail below. 
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Figure 2: Particle size class number concentration of NaCl aerosol measured at the inlet and 

outlet for a flow-rate of 250 g/h and a pool height of 1.5 m 

If DF=1, no retention has taken place. In the case of especially large DF values where 

retention is mainly the result of large particles, the figures are not very clear. More illustrative 

is the so-called retention efficiency (η), which is linked to DF as 

𝜂 = 1 −
1

𝐷𝐹
 

Therefore, η is preferred in this paper for the representation of the retention. 

Figure 3 shows the integral retention efficiencies over the feed concentration for sodium 

chloride. The concentration variations are shown both for a water column height of 1.5 m and 

for a height of 5.5 m. The different concentrations differ in colour. Based on these results it 

can be seen that a concentration variation due to a change in the feed mass flows of 150 g/h 

up to a concentration of 300 g/h leads to almost identical results. For a height of 5.5 m, the 

retention efficiency for all concentrations is approx. 99.4 % ± 0.2 %. For a height of 1.5 m, 

the results of the retention efficiency are around 88 % ± 1 %.  

 

Figure 3: Impact of aerosol concentration (injection rate) on retention efficiency for 

NaCl aerosol at pool heights of 1.5 m and 5.5 m 

Figure 4 shows the preliminary results of the first experiments with CsI. The retention effi-

ciency for each size class is shown for a water level height of 1.5 m to 5.5 m. The influence of 
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height on the retention efficiency is clearly recognizable, especially a substantial increase in 

filtration efficiency between pool heights of 1.5 m and 2.5 m for all particle sizes; for the 

smaller particles (0.1 - 1.0 µm), a significant rise in retention efficiency between pool heights 

of 4.5 m and 5.5 m (Fig. 4). 

 
Figure 4: Particle size class retention efficiency for CsI aerosol at 250 g/h for different pool 

heights—1.5 m, 2.5 m, 3.5 m, 4.5 m, and 5.5 m. 

A comparison of different substances tested in the SAAB facility is shown in Figure 5. 

The retention efficiency η for a pool height of 1.5 m is graphed over the particle diameter. 

The height of 1.5 m was chosen because the greatest difference in retention can be recognized 

at this level. Similar size distribution of aerosol feed is maintained to ensure the comparability 

of retention efficiency for different soluble materials. The blue curve shows the course of the 

size classes of the retention efficiency for NaCl, the red curve for C2H3KO2, the green curve 

for CsI and the purple curve for the insoluble SnO2 for comparison. All four substances show 

a substance-specific minimum in the filter efficiency (so-called filter gap). For sodium chlo-

ride, the minimum is 54 % at a particle diameter of about 0.3 µm, for potassium acetate 35 % 

at about 0.8 µm, for cesium iodine 27 % at 0.5 µm and finally for tin dioxide 26 % at a parti-

cle diameter of about 1.2 µm. Contrary to our expectations, the substance with the highest 

solubility was not retained the best.  

 
Figure 5: Particle size class retention efficiency for soluble (NaCl, CH3CO2K, CsI) and insol-

uble aerosols (SnO2) for an injection rate of 250 g/h and pool height of 1.5 m 
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Another unexpected result is that the insoluble SnO2 exhibits the best retention for par-

ticles sizes lower than 0.5 µm. With decreasing the density, the retention efficiency increases 

for all substances, except for potassium acetate. When considering diameters above 0.7 µm, 

NaCl (2.16 g/cm³ [5]) is retained the best, followed by CsI (4.51 g/cm³ [5]). The material with 

the highest density, SnO2 (6.95 g/cm³ [5]), shows the worst performance of the three from this 

size class up. 

6 SUMMARY AND CONCLUSION 

Investigations were carried out at the SAAB test facility in Research Center Juelich, to 

understand the impact of aerosol material solubility on pool scrubbing retention efficiency. 

For this purpose, three soluble materials—NaCl, C2H3KO2, and CsI—and one insoluble sub-

stance—SnO2—were used. In addition to the material solubility, the parameters investigated 

were the pool height (1.5 m - 5.5 m) and aerosol mass concentration at the inlet orifice (150 

g/h - 300 g/h). Integral as well as particle size-wise (dp ~ 0.04 µm - 8 µm) retention efficien-

cies are presented. The estimation of measurement uncertainties is still a work in progress. 

For NaCl aerosol, the retention efficiency remained independent of the inlet mass con-

centration, contrary to the expected behavior of enhanced retention due to a higher number of 

particle-bubble surface interactions. 

For the same mass concentration and pool height, NaCl, having a comparatively lower 

density than CsI (a higher number of particles), was retained better in the water pool. Between 

NaCl and CsI, Brownian diffusion due to particle number concentration overwhelms gravita-

tional settling and Centrifugal impaction proportional to particle density.  

For insoluble and soluble aerosols, the highest retention occurs within the first 1.5 m of 

pool height, confirming that the jet impaction at the orifice is the dominant phenomenon. De-

spite our expectations, solubility was not a key factor in pool scrubbing. Rather, density and, 

therefore, number concentration seem to be of more importance. For NaCl and CsI aerosols, 

with increasing pool heights, the residence time of the aerosol in water increases, and conse-

quently, the retention efficiency increases. 

Future work will focus on studying the retention efficiency of pool scrubbing methods 

for mixed component aerosols and different gas compositions and temperatures. Furthermore, 

investigations on bubble behavior in SAAB are planned to gain deeper insights into the pool 

scrubbing phenomenon. 

The results from present work indicate that an integral DF (based on mass) does not re-

veal an accurate picture of aerosol retention; the larger, heavier particles are best filtered, 

thereby masking the poor retention of small, respirable aerosols. 

ACKNOWLEDGMENTS 

The project on which this report is based was funded by the Federal Ministry of Eco-

nomics and Energy under grant no. 1501551 

  



1811.9 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

REFERENCES 

[1] Allelein, H.-J., et al. "State of the art report on nuclear aerosols" OECD/NEA, Commit-

tee on the Safety of Nuclear Installations,  2009. 

[2] Jacquemain, D., et al. “OECD/NEA/CSNI status report on filtered containment venting” 

OECD, 2014 

[3] Allelein, H.-J., et al. "Severe Accident Aerosol Behaviour" – Abschlussbericht zur FKZ: 

1501454, RWTH Aachen University, 2018 

[4] Dehbi, A., and Guentay, S. "Simulation of pool scrubbing experiments using BUSCA." 

Paul Scherer Institute, 1994 

[5] Koppisch, D., and Gabriel, S. „GESTIS-Stoffdatenbank“ IFA Germany, 2011 



 

 

1813.1 

 

Severe Accident Simulations Dedicated to the SAMG Decision-
Making Tool Demonstration 

Piotr Darnowski, Piotr Mazgaj 

Warsaw University of Technology, Institute of Heat Engineering, Poland 

piotr.darnowski@pw.edu.pl 

 

Ivica Bašić, Ivan Vrbanić 

APoSS d.o.o., Croatia 

basic.ivica@kr.t-com.hr 

Maciej Skrzypek, Janusz Malesa 

National Centre for Nuclear Research, Poland 

maciej.skrzypek@ncbj.gov.pl 

Ari Silde, Jarno Hiittenkivi 

VTT – Technical Research Centre, Finland 

ari.silde@vtt.fi  

Luka Štrubelj 

Gen-Energija, Slovenia 

luka.strubelj@gen-energija.si  

ABSTRACT 

The paper presents preliminary severe accident (SA) simulations performed to generate 

a database of plant states dedicated to be used with Severe Accident Management Guidelines 

Decision Making Tool (SAMG DM). The novel software is being developed in the framework 

of the NARSIS Horizon-2020 research project. It is intended to be a supporting tool for the 

SAMGs implementation, Emergency Preparedness and selection of Severe Accident 

Management (SAM) strategies. Simulations were performed with MELCOR 2.2 integral 

computer code for generic Nuclear Power Plant (NPP) with Gen-II Pressurized Water Reactor 

(PWR). The database covers results for parameters important for both in-vessel and ex-vessel 

phases of different accident scenarios. Two general types of scenarios are considered in the 

database: low-pressure and high-pressure sequences. In this paper, a comparison was prepared 

for two base case low-pressure scenarios, that is hot leg and cold leg LB-LOCAs without safety 

injection. Sensitivity simulations were performed with and without Containment Filtered 

Venting (CFV) as it substantially influences the containment performance. Both accidents are 

characterized by rapid progression with core meltdown within 2 hours and containment failure 

within 40 hours and eventual venting with CFV after 13-15 hours. It was observed that for the 

cold-leg break, the Reactor Pressure Vessel failure occurs earlier only by ~5 minutes. On the 

contrary, the containment failure is predicted to occur three hours earlier for the hot-leg LOCA.   

1 INTRODUCTION 

In the framework of the NARSIS Horizon 2020 research project [1], the Work Package 5 

(WP5) is focused on the development of the Severe Accident Management Guidelines Decision 

Making Tool (SAMG DM). The software will be dedicated to simplify and support 

mailto:piotr.darnowski@pw.edu.pl
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implementation, assessment and execution of the SAMGs, but also Emergency Preparedness 

and evaluation of different Severe Accident Management strategies.  

A generic Gen-II NPP was defined in the framework of the WP5 [2] , and it is used for 

the SAMG DM tool development and demonstration. A sub-task of the WP5 is devoted to 

preparing a database with SA progression results to be applied as input data for the SAMG DM 

tool. The database covers major plant parameters like pressures, temperatures, water levels and 

timing of crucial events, including a transition to SAM regime, vessel rupture or containment 

failure. The matrix of ten representative scenarios was defined, and it covers both low pressure 

and high-pressure sequences. Low-pressure scenarios are variants of Large Break Loss of 

Coolant Accident (LB-LOCA), cold-leg, hot-leg breaks and different safety injection and 

Engineering Safety Features (ESF) activation options. For high-pressure scenarios, it covers 

Station Blackout (SBO) sequences with/without seal LOCA, steam generator tubes rupture, 

surge line rupture, different valves positions, ESF and recovery setup.  

This paper presents the NPP model, results for steady-state validation and preliminary 

results for base case LB-LOCA simulations. Considered initiating events (IE) are Cold Leg 

(CL) and Hot Leg (HL) LOCAs without safety injection. Both in-vessel and ex-vessel phases 

are studied, and the emphasis was put on the assessment of the parameters important for the 

database. In consequence, thermal-hydraulics, core degradation with RPV failure and 

containment failure were investigated.  

2 GEN-II NPP MODEL 

2.1 Plant Definition and MELCOR Model 

The studied plant is a 1994 MWth two-loop PWR reactor with a large dry-containment 

building. MELCOR 2.2.9541 was used as a SA integral code [2]. The core model is presented 

in Figure 1 (Right), the COR package nodalization has six radial rings and 17 axial levels, where 

five levels are included in the lower plenum model. The lower head was modelled by six 

segments and each divided into ten layers. A simplified nodalization was used for the RPV 

model with only four control volumes (CVs), one for lower plenum (LP), upper plenum, 

downcomer and core region (Figure 1 (Left)). The primary side of the Reactor Coolant System 

(RCS) was modelled with 28 CVs, including piping, pressurizer (PRZ), safety injection systems 

(SIS) which cover accumulators (ACC), low-pressure injection system (LPIS) and high-

pressure injection system (HPIS). Two ACCs were modelled with dedicated ACC MELCOR 

package. The secondary side, including steam generators (SG), steam lines, turbine, auxiliary 

feedwater (AFW) and feedwater (FW), were all modelled with 16 CVs (Figure 2). The RCS 

model has 63 flow paths (FL package) including MSIV valves, PORV valves for SGs and PRZ, 

PRZ SV valves, SG safety valves, turbine valves, breaks, SIS and Reactor Coolant Pumps 

(RCP). The RCS model covers about 50 heat structures (HS package). 

The containment building model is presented in Figure 2. It consists of 12 CVs, 25 flow 

paths and 15 heat structures. The model includes containment failure due to the pressurization 

but also passive Containment Filtered Venting (CFV) system. Containment sprays, fan coolers, 

and a set of Passive Autocatalytic Recombiners (PARs) were also modelled. The default 

MELCOR PAR type was applied with a dedicated flow model given by proper control 

functions. A single cavity for MELCOR CAV with TP and FDI packages to model ex-vessel 

phenomena was also applied with CORCON limestone concrete [2]. The corium was modelled 

as a homogenous mixture with default code’s setup. The RN package was not used in this work 

as radionuclides behaviour was not studied. What is important, deactivation of RN package is 
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considered to be more conservative for the core degradation and to be less conservative for the 

containment. When the RN package is active, it is the opposite. 

Totally, more than 150 control functions (CF) with over 30 tabular functions (TFs) were 

developed to model all crucial plant control systems, material properties, scenario setup and 

steady-state simulations.  

 

Figure 1 Core model (Right) and Reactor Coolant System (Left) nodalization. 

 

Figure 2 Containment building nodalization. 
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2.2 Steady-state validation 

The dedicated steady-state control system was developed, and it covers mainly PZR 

heaters, sprays but also dedicated CFs to initiate and accelerate steady-state stabilization.  Plant 

parameters are compared with reference design data ([2]) in Table 1. Steady-state simulations 

started 10000 seconds before the transient and a stable state was achieved. The highest 

differences are present for RPV temperatures, and it can be explained by the simple RPV 

nodalization. Moreover, FW conditions were controlled to obtain proper steady state, and it 

affects conditions in the RCS. 

Table 1 Comparison of the steady-state parameters with the reference design. 

(value/value) – denotes value for (I) intact loop and (B) broken loop with pressurizer. 

Parameter Units Calculated Reference [2] Difference, [%] 

NSSS Power [MWth] 2000.0 2000.0 0.0 

PZR pressure [bar] 155.00 155.10 -0.064 

SG outlet pressure (B/I) [bar] 65.40/65.41 65.7/65.7 -0.456/-0.448 

SG outlet temp. (B/I) [K] 554.50/554.50 554.35/554.35 0.027/0.028 

SG outlet flow, sum [kg/s] 1091.83 1090.00 0.168 

SG water mass (B/I) [kg] 47921.35/47921.50 48000/48000 -0.164/-0.164 

SG FW temp. [K] 492.95 492.55 0.081 

SG FW flow [kg/s] 1092.00 1088.0 0.368 

RPV inlet temp. [K] 566.32 561.25 0.904 

RPV outlet temp. [K] 603.57 599.85 0.620 

Core inlet temp. [K] 566.33 561.25 0.905 

RPV average temp. [K] 584.95 580.55 0.757 

RCS flow (B/I) [kg/s] 4561.60/4561.00 -- -- 

Core total flow [kg/s] 9122.16 9133.6 -0.125 

PZR level [%] 49.86% 50% -0.287 

 

2.3 Accident simulations - assumptions 

Two IEs are considered, namely: Cold Leg (CLL#1) and Hot Leg (HLL#1) Guillotine 

Double Ended LB-LOCAs without SIS and with loss of other systems to obtain unfavourable 

conditions. The main assumptions are: 

• HPSI and LPSI not available – RWST and recirculation mode 

• Containment sprays, AFWs and PRZ PORV not available. 

• PARs, Accumulators, SG PORVs, SG SVs, PZR SVs available. 

• CFV system was tested for the inactive (base) case and active (sensitivity) case.  

• Containment failure occurs at 2x design pressure.  

• Transient starts at time 0.0 s. Reactor trip (RT) occurs at proper I&C signal, low 

PRZ pressure. MSIV, FW system, and RCPs are tripped at RT with delays. 

• 60 hours (216000s) simulation time. 

3 RESULTS AND DISCUSSION 

Crucial events for scenarios are listed in Table 2. Core water levels, water inventories in 

RCS and integrated accumulator and break flows are presented in Figure 3. RCS and 

containment pressures are presented in Figure 4.  
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The water level reaches TAF immediately for both scenarios, RT occurs after three 

seconds due to the low PRZ pressure. For CCL#1 the core is uncovered shortly after the break, 

whereas for HLL#1 it takes 12 minutes (see Figure 3, Left). It can be observed that the accident 

progression for the CCL#1 is faster than for HLL#1 (see Figures 3). This occurs partially 

because one accumulator is connected to the CL where the break is located, and some water 

escapes directly to the containment (Figure 3). Moreover, different flow through the core has 

an impact as a CL break promotes flow reversal.  

 

Figure 3 Left – Core water levels, black lines indicate TAF and BAF. Right –  RCS 

water inventory, integrated break flow and water transferred by accumulators. 

Table 2 Key events for studied scenarios. 

Parameter 
Scenario, time [s] 

HLL#1 CLL#1 

Reactor trip 2.84 2.99 

Water level <TAF 0.72 0.39 

Water level <10% of active core 765.08 0.77 

Core exit temperature 650 ℃ - SAMG signal 515.09 2.70 

Core exit temperature 2499 K - Core melting signal  1275.0 382.6 

Debris relocation to the lower plenum 3596.6 3188.0 

RPV failure 5052.8 4792.1 

Containment failure (if no CFV) 144720.0 155598.0 

CFV activation (if CFV active) 49680.1 55650.2 

 

Figure 4 Left – PRZ and SG pressures. Right – Containment dome pressure. 
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Figure 5 (Left) presents selected fuel temperatures, and we can observe that intensive 

heating is slightly delayed by water from accumulators for HLL#1, but it is not the case for 

CLL#1 (also Figure 3 (Right)).  

The transition to the SAMG regime is initiated by 650 ℃ signal at the core exit. For 

CLL#1 scenario it happens before RT, but for HLL#1 it occurs 8 minutes after the IE (Table 

2). Core exit temperature 2499 K signal indicates core melting initiation. For CL break, this 

signal occurs 6 min after IE, and for HL 21 min. Initially, core signals (650 ℃ and 2499 K) 

were measured with the CVH package core or upper plenum. However, for HLL#1 scenario 

2499 K signal was observed after massive relocation to the lower plenum, which is not realistic. 

The issue was solved using COR-TSCV variable, which indicates the fluid temperature in the 

COR package [3], [4]. 

 

Figure 5 Left – Fuel temperatures for the central ring and selected levels for HLL#1 

(solid line) and CLL#1 (dashed line). Right – Total mass of material in the lower plenum 

(levels 1,2). 

Figure 5 (Right) shows the mass of materials in the LP (debris, corium and other). In the 

case of CLL#1, corium relocation occurs earlier, 53 min after accident initiation and RPV 

failure occurs 24 min later. For HLL#1 relocation occurs 60 min after IE and RPV failure after 

further 27 min. 

In the case of non-active CFV, the containment failure occurs ~39 h and ~42 h after 

corium transfer to the cavity for CLL#1 and HLL#1 respectively – see Figure 4 (Right). For 

sensitivity cases, CFV operation starts ~13.8 h (HLL#1) and ~14.5 h (CLL#1) after IE, when 

containment pressure is ~6 bar, and it reopens (~4 bars) three times during the studied time 

interval.  

Figure 6 (Left) presents hydrogen and oxygen concentrations in the containment dome. 

The maximum value for H2 is reached during the in-vessel phase when the production rate is 

very fast, and oxygen concentration follows the hydrogen. Afterwards, PARs steadily reduce 

hydrogen inventory, and even during an intensive ex-vessel phase, the H2 removal rate is higher 

than production for most of the time. An exception is only a small peak after ~8 h. Figure 6 

(Right) presents in-vessel hydrogen generation due to the clad oxidation and ex-vessel MCCI 

(Molten Core Concrete Interactions) related generation of hydrogen and other gases. It can be 

observed that for HLL#1 oxidation starts later and more hydrogen (~22% more, 182 kg vs 223 

kg) is produced before RPV failure, and it can be explained by larger steam/water availability 

for the hot-leg scenario. 
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Figure 6 Left - Containment hydrogen and oxygen concentration. Right – In-vessel (IV) 

and Ex-vessel (EX) H2 generation and other gases (CO, CO2, H2O) produced by MCCI. 

 

Figure 7 Left – Partial pressures of H2O, H2, CO in the containment. Right – Water 

collected in the cavity and sump. 

Differently, in the case of HLL#1, the ex-vessel phase progression is slightly faster, and 

a 10-15 minutes time difference for the in-vessel phase becomes of secondary importance for 

the ex-vessel phase, where a 2-3 hours delay to containment failure is present for the base case 

(see Figure 7 (Left)). After the initiation of the ex-vessel phase, the corium is transferred to the 

cavity where it interacts with collected water. Before RPV rupture, a similar mass of water is 

collected in the cavity, but for the cold-leg case, more water is removed from the cavity during 

a short time period after the transfer process (see Figure 7 (Right)). It is likely due to the violent 

interactions of water with unoxidized Zr, which is more abundant for CLL#1 (see Figure 6 

(Right)). In effect, reduction of the water mass in the cavity leads to earlier dry-out (3.5 h vs 4 

h) and less water being turned into steam due to the direct contact with cavity and corium. In 

consequence, the pressure build-up is smaller, as the steam is the main cause of containment 

pressure increase. After the dryout, the pressurization rate is similar for both scenarios – see 

Figure 7 (Left). After about twelve hours of the accident, carbon-oxide and hydrogen generation 

by MCCI stops, because the corium is fully oxidized. The MELCOR corium mixed-phase 

(HMX) became pure oxide (LOX), and this occurs slightly earlier for HLL#1, as the transferred 

corium was more oxidic. Finally, ~700 kg of H2 and ~13 t of CO were produced – see Figure 6 

(Right). In the further part of the accident, only carbon dioxide and water vapour are produced 

by MCCI until the end of simulations (Figure 6 (Right)). After 60 hours, overall 70 t of CO2 

and ~15 t of vapour were released from concrete to the containment. These conclusions are 
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based on cases without CFV, but the same reasoning can be drawn for cases with active CFV 

(see Figure 4 (Right)). 

4 CONCLUSIONS 

The MELCOR 2.2 Nuclear Power Plant input-deck dedicated for the accident progression 

database for the Severe Accident Management Decision Making (SAMG DM) tool was 

developed. A stable steady state was obtained with conditions comparable with reference plant 

data with a reasonable margin. Preliminary simulations for low-pressure scenarios being 

variants of the Large Break Loss of Coolant Accident (LB-LOCA) for Hot Leg (HL) and Cold 

Leg (CL) were prepared and discussed in this report. Sensitivity simulations for containment 

response with and without the Containment Filtered Venting (CFV) were presented. Further 

research will focus on simulations of other more complex scenarios. 

Two considered LB-LOCA accidents lead to very rapid core degradation and meltdown. 

For the accident phase before the Reactor Pressure Vessel (RPV) failure (in-vessel phase), the 

CL sequence progression is slightly faster than for the HL sequence, and the observed 

difference is about 5 minutes. On the contrary, the HL scenario has faster progression during 

the ex-vessel phase with about 3 hours earlier containment failure. For sensitivity cases without 

CFV, the containment fails after more than 40 hours, and for variants with CFV available, the 

venting procedure starts after more than 12 hours. Both scenarios can be considered as possibly 

among of the most rapid events to be considered in the NPP with a PWR reactor.  
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ABSTRACT 

Nuclear energy is a proven low carbon technology that can provide the dispatchable 
electricity needed to stabilise national grids that have increasing shares of renewables. Other 
nuclear technologies are applied in medicine, industry and research to provide benefits to both 
developed and developing countries around the world. The safe and secure disposal of the 
wastes generated is an essential component of nuclear applications. In particular, geological 
disposal facilities (GDFs) for radioactive wastes play a key role in ensuring acceptance of the 
continued and expanded use of nuclear power. They are also a necessity for non-nuclear 
power nations employing other technologies that produce small quantities of long-lived 
radioactive wastes. In all waste management programmes, implementing a GDF is a 
challenging task requiring sensitive stakeholder interactions and significant funding. For 
small or new programmes, the societal and economic challenges are both large. Multinational 
repositories (MNRs) – GDFs disposing of radioactive wastes from several countries – can 
provide a solution. 

This paper briefly illustrates nuclear technologies that give rise to radioactive wastes. It 
then reviews initiatives devoted to promoting MNRs both globally and specifically in Europe. 
Several national programmes have adopted the MNR concept as part of a so-called ‘dual 
track’ approach in their national waste management strategy. An important organisational 
development is currently underway to establish ERDO as a formal legal entity, the ERDO 
Association, with dedicated facilities and personnel. By supporting MNR development, we 
can work towards a world in which all countries can benefit from nuclear technologies, free 
from safety, security or environmental concerns related to the disposal of their radioactive 
wastes.  

1 INTRODUCTION 

Nuclear energy is a proven low carbon technology that can provide the dispatchable 
electricity needed to stabilise national grids that have increasing shares of renewables. The 
coming generation of small nuclear reactors (SMRs) can also make nuclear electricity 
available to countries without an extensive national grid. Other nuclear technologies are 
applied in medicine, industry and research to provide benefits to both developed and 
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developing countries around the world. As in all responsible industrial activities, the safe and 
secure disposal of the wastes generated is an essential component of nuclear applications. In 
particular, geological disposal facilities (GDFs) for radioactive wastes play a key role in 
ensuring acceptance of the continued and expanded use of nuclear power. They are also a 
necessity for non-nuclear power nations employing other technologies that produce small 
quantities of long-lived radioactive wastes. In all waste management programmes, 
implementing a GDF is a challenging task requiring sensitive stakeholder interactions and 
significant funding. For large nuclear power programmes, the costs are not the major problem 
since these can be covered by a minor charge on the kilowatt hours produced. For small or 
new programmes, the societal and economic challenges are both large. Multinational 
repositories (MNRs) – GDFs disposing of radioactive wastes from several countries – can 
provide a solution. 

This paper briefly illustrates nuclear technologies that give rise to radioactive wastes. It 
then reviews initiatives devoted to promoting MNRs both globally and specifically in Europe. 
It highlights the constructive role taken by the IAEA and the direct support given by the 
European Commission (EC) and by IFNEC. Comprehensive multinational studies involving 
over a dozen countries have been carried out over the past decades by the Arius Association 
and the European Repository Development Organisation (ERDO) Working Group, and 
several national programmes have adopted the MNR concept as part of a so-called ‘dual 
track’ approach in their national waste management strategy. An important organisational 
development is currently underway to establish ERDO as a formal legal entity, the ERDO 
Association, with dedicated facilities and personnel. The ongoing initiatives to further the 
MNR goal should be supported, not just by potential user countries with few or no reactors 
and small waste inventories, but also by the major nuclear power programmes. In this way, 
we can work towards a world in which all countries can benefit from nuclear technologies, 
free from safety, security or environmental concerns related to the disposal of their 
radioactive wastes. 

2 THE BENEFITS OF NUCLEAR TECHNOLOGIES 

Nuclear technologies benefit people in many ways and are largely irreplaceable in 
several key applications. Nuclear energy is a proven low carbon technology that can 
provide the dispatchable electricity needed to stabilise national grids that have increasing 
shares of renewables. The coming generation of small nuclear reactors (SMRs) can also 
make nuclear electricity available to countries without an extensive national grid. Other 
nuclear technologies are applied in medicine, industry and research to provide benefits to 
both developed and developing countries around the world. Before moving to the specific 
issues of managing radioactive wastes which arise from nuclear technologies, it is useful to 
briefly summarise the benefits that these technologies will continue to bring to society. 

 
2.1 Nuclear Power 

For more than 50 years, nuclear power plants have been reliable suppliers of 
electricity. The 443 nuclear power plants operating in 2019 in 31 countries around the 
world contributed more than 10% to the global electricity supply and in some countries 
nuclear power generates over 50% of the. Crucially, nuclear plants supply reliable, grid-
compatible, baseload electricity – a point that is especially important when fluctuating 
renewables are being installed at a rapid rate. Moreover, nuclear, together with wind and 
small hydro plants, offers the lowest health risks per unit electricity output. The overall 
safety record of nuclear power plants has not been changed by the major accidents at 
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Chernobyl and Fukushima. These resulted in widespread contamination and in huge 
economic damages but few (Fukushima) or very limited (Chernobyl) immediate or longer-
term fatalities. The economics of nuclear power plants can be difficult to place in context, 
not least because of the massive subsidies being offered to solar and wind projects in some 
countries. Nevertheless, the levelised cost of electricity (LCOE) from nuclear power plant 
remains competitive with other major technologies. 

Currently, the most topical positive aspect of nuclear electricity production is the 
very low emissions of carbon dioxide that result from building and operating nuclear 
power plants. The IPCC 5th Assessment Report CO2 emission data confirm that nuclear 
energy is among the lowest carbon forms of generation, similar to wind turbines at 12 
gCO2/kWh(e). Accordingly, it is unsurprising that most IPCC scenarios that would restrict 
global temperature rise to less than 1.5°C show increasing shares of nuclear energy. 

Nuclear power reactors also supply energy for further applications. These include 
district heating (which can make use of the lower temperature steam), desalination (a 
growing application that produces freshwater for millions of people) and propulsion of 
ships, in particular icebreakers and military vessels. 

 
2.2 Other nuclear technologies 

A wide spectrum of further nuclear technologies contribute directly to the well-being 
of today’s society. The applications of these technologies can be in medicine, industry or 
research. Only a few representative examples are identified here. The majority of people in 
developed countries will benefit from the medical applications of nuclear technology at 
some point in their lives. Medical diagnostics and treatments with radiation can involve an 
external beam, placement of a radioactive source within the body in or near a tumour, or 
radioactive drugs given orally or by injection. Over 50 million medical procedures are 
carried out with radioactive isotopes worldwide each year. The radioactive tracer Mo-
99/Tc-99 is used in 40 million medical procedures every year. Radiation is also used 
extensively in industry: for the sterilisation of instruments or surfaces, in non-destructive 
testing of materials and welds, in measuring devices etc. One of the most widespread 
applications of radioisotopes is in the millions of smoke detectors in use worldwide. 
Finally, nuclear techniques are common in diverse research areas. For example, in 
hydrology isotope tracers are invaluable; in archaeology nuclear methods can help 
determine the age of ancient artefacts. 

3 NUCLEAR APPLICATIONS LEAD TO RADIOACTIVE WASTES 

Virtually all nuclear applications result ultimately in left over radioactive materials 
for which no further use is foreseen – radioactive wastes. The quantities of these wastes are 
small, but the characteristics are diverse and some of the wastes need to be isolated from 
the human environment for many thousands of years. 

 
3.1 Characteristics, Quantities 

The characteristics of radioactive wastes with which we are most concerned are the 
intensity and duration of radiation emanating from them. Our interest in this article is 
focused on those from the middle to upper range of intensity and half-life: long-lived 
intermediate level wastes (LL-ILW) and high-level radioactive wastes (HLW), including 
spent nuclear fuel (SNF). The largest volumes of such wastes are those produced by power 
reactors. A 1000 MWe light water reactor generates around 200-350 m3 of low- and 
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intermediate- level waste and about 25 tonnes of used fuel per year, or about 1,500 tonnes 
of used fuel over an assumed 60-year plant lifetime. Nevertheless, the total worldwide 
inventory of spent nuclear fuel in storage today worldwide exceeds 250,000 tonnes. Only 
few of these countries has a clear path to final disposal of this fuel or of the wastes that 
could arise from its reprocessing. 

In medicine, when radiography sources have decayed to a point where they are no 
longer emitting enough penetrating radiation for treatments they are considered as 
radioactive wastes. Sources such as Co-60 and Cs-137 are treated as short lived but other 
sources like Ra-226 are LL-ILW. Radioactive sources in industry are mostly short lived 
but, for example, the thousands of scrapped Am-241 smoke detector sources that are 
collected are classified as LL-ILW. Research reactors produce identical wastes (spent fuel, 
operational, decommissioning) to commercial reactors except on a much smaller scale. 
Today, particle accelerators used in leading-edge research in physics use high beam 
currents that can result in a significant flux of neutrons, giving rise to significant reactivity 
in the construction materials and the beam dumps. 

 
3.2 Waste Management 

All of the radioactive wastes arising from each nuclear technology must be managed 
from their production through their handling and packaging to their disposal. The widely 
applied hierarchy of approaches to radioactive waste management initially involves 
avoidance (using processes that do not produce wastes or produce less active or shorter-
lived wastes), followed by minimisation (preferring processes that reduce the amount of 
waste produced) and recycling back into the applications that produce waste, with disposal 
being applied only to the inevitable residues that cannot be managed any other way. For 
some waste types all of these steps are tried and tested over many decades. For long-lived 
and high-level wastes, the open step still providing a challenge to countries around the 
world is arranging for the safe and permanent disposal that is needed to ensure protection 
of people and the environment.  

4 GEOLOGICAL DISPOSAL IS THE ONLY CREDIBLE SOLUTION 

The long-lived and high-level wastes that need to be isolated from the biosphere for 
up to hundreds of thousands of years must be emplaced in an environment that ensures 
stability for these timescales. The consensus opinion of technical experts is that deep 
geological formations provide the only such environment that is accessible to today’s 
technology. Accordingly, in all countries that produce such wastes there is a need for a 
GDF. 

 
4.1 Status of Geological Disposal 

Today, the larger nuclear power nations devote considerable resources to working 
towards the goal of implementing a safe GDF. International commitments, imposed for 
example by the IAEA or the European commission (EC), compel countries with nuclear 
programmes to establish a credible radioactive waste management system, extending 
through to preparation of appropriate disposal facilities. The process is long and expensive, 
but the most advanced disposal programmes are now nearing the operational phase – those 
in Finland, Sweden and France. In other countries with major nuclear power programmes, 
the foreseen implementation dates for a GDF are still several decades in the future. In 
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many small nuclear power programmes and in newcomer nuclear power countries, little 
has been done to date. 

5 MULTINATIONAL REPOSITORIES ARE NEEDED 

For a country that operates a significant fleet of nuclear power plants, 
implementation of a national GDF is a challenging but manageable task. However, the 
human and financial resources required imply that a national GDF will be a very 
challenging objective for a country with only a few nuclear-power plants, or with no 
nuclear power plants but still with medicine, industry and research wastes that should be 
disposed of in a geological repository. 

One obvious solution to the disposal challenges facing numerous countries is the 
implementation of a multinational repository (MNR). Given that there are enormous 
economies of scale in the implementation of a multi-user GDF, the potential benefits of 
countries pooling their resources in a partnering system are clear. The overall savings 
achieved may also make it attractive for a commercial disposal service provider to offer a 
service to countries where the implementation of a national repository would be especially 
difficult for geological, demographic, economic or political reasons.  

 
5.1 Different approaches to an MNR  

There are various ways in which the development of a multinational repository can 
be approached. The most practicable are: 

 Sharing with other users with small waste management requirements. This 
approach has been extensively studied, especially since the early 2000s. Reports 
have been produced by the IAEA, the Arius Association and the ERDO Working 
Group. 

 Using or offering a commercial disposal service. There have been fewer in-depth 
studies of this approach. The most recent was initiated by the South Australian 
government which examined the possibility of hosting a commercial 
multinational repository in that State. 

 Take-back by supplier country or take-away by a large user national programme 
as an add-on to their own disposal requirements. A logical solution to the spent 
fuel disposal challenge of small or new nuclear power programmes would be that 
the supplier of the fuel takes back the spent fuel elements and manages them 
along with its own much larger inventory. This option might also take the form 
of a leasing arrangement in which ownership of the fuel stays throughout with 
the supplier. A supplier country with a large disposal programme might also be 
prepared to take small amounts of waste from other countries that it has not 
supplied fuel to (take-away scenario).  

 
5.2 MNR – Benefits 

The most obvious benefits of an MNR are economic. The users can expect unit disposal 
costs below those that would arise from implementing a small-scale national GDF. The 
provider of an MNR could also enjoy economic benefits. A multi-user GDF project could 
bring in a very large revenue stream over several decades that could be used to benefit not 
only the operator but also the host region and country in which the facility is sited. The 
benefits are not only economic and a comprehensive list of potential benefits has been 
developed in a study currently underway in the INPRO project at the IAEA, including: 
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 Economic:  
•Direct economic benefits for the host, the surrounding community, region and/or nation 
•Reduction in national disposal costs, resulting from economies of scale 

 Societal: 
•Short- and long-term employment opportunities 
•Infrastructure improvements, including port, road and rail 
•The development of spin-off industries and services. 

 Ethical: 
•Improved global nuclear security and safety, and reduced proliferation risks 
•Avoidance of indefinite spent fuel storage by many countries  

 Environmental: 
•The impacts associated with a major infrastructure development at a single site 
 

5.3 MNR – Challenges 

Of course, initiatives to establish an MNR also face significant challenges, many of 
which are similar to that of a national repository. The largest of these is achieving sufficient 
political and public acceptance of the project in the proposed host region and country. Many 
countries have imposed legislative bans on the import of radioactive wastes. Many national 
GDF programmes have experienced immense difficulties and major setbacks while trying to 
identify willing host communities, regions or States. A successful MNR programme can 
clearly be implemented only on a voluntary siting basis. 

6 PROGRESS IS BEING MADE 

The potential benefits of international or multinational control of the nuclear fuel cycle 
have been on the agenda ever since peaceful uses of nuclear energy were first considered. The 
summary below indicates activities that are recent or on-going and are related directly to the 
topic of multinational disposal. 

 
6.1 IAEA 

In 1994, the IAEA initiated a study looking into the ‘Technical, institutional and 
economic factors important for developing a multinational radioactive waste repository’. In 
2003, the IAEA Director General established an international expert group on multilateral 
approaches (MNA). It reported in 2005, providing a comprehensive and detailed assessment 
of MNA solutions. A series of publications followed. The most recent is “Framework and 
Challenges for Initiating Multinational Cooperation for the Development of a Radioactive 
Waste Repository”. Today, much of the IAEA’s work on MNA is focused through its major 
International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO) which is 
currently producing a report on “Multilateral Cooperative Approaches to the Back End of 
Nuclear Fuel Cycle: drivers and legal, institutional and financial impediments”. 

 
6.2 European Commission 

As part of its R&D programmes in radioactive waste management, the European 
Commission has provided funding for projects evaluating shared disposal solutions in Europe 
- SAPIERR I and SAPIERR II; the latter involved 14 European countries. The SAPIERR 
projects ran from 2003 to 2009 and assessed in detail the technical, societal, legal, political 
and economic aspects, along with the prospects of a shared EU disposal facility. Since then, 
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the EC has recognized in its Waste Directive of 2011 that an MNR could be a solution for 
some EU Member States and has also included relevant further studies in the ROUTES 
project in its current EURAD research programme. 

 
6.3 OECD-NEA 

The NEA has done little specific work on the MNR concepts. However, in its recently 
published report on its “International Roundtable on final disposal of high-level radioactive 
waste and spent fuel”, MNRs are mentioned among the potential opportunities for future 
work. The roundtable suggests: “exploring multinational repositories, possibly through co-
operative mechanisms such as the International Framework for Nuclear Energy Cooperation 
(IFNEC), which has been serving as a platform for studying multinational repository 
approach.” 

 
6.4 IFNEC 

The Reliable Nuclear Fuel Services Working Group (RNFSWG) of IFNEC deals with 
nuclear fuel and includes evaluation of back-end fuel cycle options. It is currently led by the 
USA and Slovenia. In 2016, the RNFSWG published a report on “Practical Considerations to 
Begin Resolving the Final Spent Fuel Disposal Pathway for Countries with Small Nuclear 
Programs”, with conclusions that provided strong support for the concept of a dual track 
approach to MNA solutions (a dual track approach is one where a country works effectively 
towards both an independent national GDF and a potential MNR solution in parallel, until one 
solution or the other can be selected and implemented). The group has moved on to study 
MNA disposal costs and economic aspects and the potential for MNA storage solutions. 

 
6.5 Arius  

In 2002, the Arius Association (Association for Regional and International 
Underground Storage) was established as a non-profit international organisation with its 
mission to promote concepts for socially acceptable, international and regional solutions for 
environmentally safe, secure and economic storage and disposal of long-lived radioactive 
wastes. Arius has published numerous articles on MNR solutions, including implementation 
strategies, evaluation of the central issue of siting MNRs and the changing perspectives on 
their value and acceptability. Arius was also instrumental in the establishment and the 
operation of the ERDO organisation described below. 

Arius has a broader mission than the European ERDO-WG, namely, to promote 
multinational storage and disposal concepts globally. For this reason, Arius is a member of 
the World Nuclear Association (WNA) and interacts with a number of US based 
organisations that are involved in studies on multinational cooperation on spent fuel 
management. 

 
6.6 ERDO 

Since its inception in 2009, a total of 12 European States have participated directly in 
ERDO-WG activities. ERDO-WG meetings have taken place over the past years in Austria, 
Croatia, France, Italy, Netherlands, Poland, Slovenia, Switzerland and (since the Corona 
virus) on the internet. Records of all ERDO-WG meetings are prepared for ERDO-WG 
Members, with public notes on the meetings being made available on the ERDO website. 

The activities proposed for the next 5 years include: 
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 Promote ‘dual-track’ to the public, media and politicians, and liaise with national waste 
management organisations 

 Manage three current ERDO shared projects on pre-disposal waste management, deep 
borehole disposal and shared repository costing 

 Develop a single, common ERDO inventory and a shared solution to conditioning, 
packaging, storing and disposing of a specific ERDO waste stream 

 Develop a set of GDF designs for the ERDO inventory 
 Develop a programme and schedule that could lead to a shared GDF 

 
A key decision that has been taken is to convert from an informal working group to a 

legal entity - an Association - with a fixed domicile in the Netherlands and a permanent staff. 
Accordingly, the Secretariat is working on finalising Articles of Association and invitations 
for national organisations to become members 

7 CONCLUSIONS 

The wide range of benefits that nuclear technologies bring to our society today are often 
overlooked or taken for granted. Nuclear applications in medicine, industry and research are 
rarely controversial. Nuclear power has from its earliest use faced objections from some 
opponents. Increasingly, however, the value of – indeed the necessity for – safe and clean 
nuclear energy is being recognised worldwide. All nuclear technologies generate some 
quantities of radioactive wastes. Identifying and preparing a safe final disposal solution for 
disposal of these wastes should be a high priority in all countries using the technologies – but 
this is not always the case. The most challenging disposal solution is the implementation of 
the deep geological repositories that are necessary for long-lived and high-level radioactive 
wastes. For some countries, this challenge can realistically be met only by cooperating in the 
establishment of a multinational repository. The ongoing initiatives to further this goal should 
be supported, not just by potential user countries with few or no reactors and small waste 
inventories, but also by the major nuclear power programmes. In this way, we can work 
towards a world in which all countries can benefit from nuclear technologies, free from 
safety, security or environmental concerns related to the disposal of their radioactive wastes. 
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ABSTRACT 

Preparation of joint Krško Nuclear Power Plant (NPP) Radioactive Waste and Spent 

Nuclear Fuel Disposal Program (Disposal Program) and joint Krško NPP Decommissioning 

Program and regular revisions of both programs is stipulated in the Agreement between the 

Government of the Republic of Croatia and the Government of the Republic of Slovenia on the 

Regulation of the Status and Other Legal Relations Regarding the Investment, Exploitation and 

Decommissioning of the Krško NPP (Bilateral Agreement). Intergovernmental Commission 

(IC) monitors implementation of the Bilateral Agreement, and is responsible for starting, 

supervising and final acceptance of programs and its revisions.  

Third revision of Disposal Program was prepared in accordance with IC approved Terms 

of Reference (ToR) by expert organizations: Fund for financing the decommissioning of the 

Krško NPP in Croatia and ARAO in Slovenia in cooperation with Krško NPP. Basis for the 

Third revision were new operational and decommissioning inventory assessments, and new 

circumstances that developed since the last revision (updated preliminary decommissioning 

plan, new national strategies and programs, extension of Krško NPP’s lifetime, on-site SF dry 

storage, project development and knowledge in the area of RW and SF management and 

disposal, possible division of RW and other). Main objective was to construct technologically 

feasible disposal scenarios and to assess nominal and discounted costs of RW and SF 

management and disposal. Main boundary conditions for Third revision of Disposal Program 

were:  

- joint strategy for SF management including dry storage on site and joint deep geological 

repository or participation in the multinational disposal solution and  

- separate solutions for management and disposal of low and intermediate radioactive 

waste (LILW) according to the national strategies and programs.  

IC nominated project Implementation Coordination Committee (ICC) for support of 

Third revision project and preparation of proposals for possible joint radioactive waste disposal. 
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In the article newly assessed inventory will be presented together with developed Krško 

NPP decommissioning and RW and SF management scenarios, proposal for RW division, 

estimated nominal and discounted costs for decommissioning, investment and operational costs 

of the storage and disposal facilities with contingencies and compensations, conclusions and 

recommendations of the Third revision and preliminary plan to prepare next, 4th revision of the 

Disposal Program. 

1 INTRODUCTION 

Preparation of joint Krško NPP RW and SF Disposal Program and joint Krško NPP 

Decommissioning Program and regular revisions of both programs is stipulated in Bilateral 

Agreement [1]. IC is responsible for starting, supervising and final acceptance of programs and 

its revisions. Pursuant to the Bilateral Agreement, management operational and 

decommissioning RW and SF is joint obligation of contracting parties which must ensure 

effective joint solution from the economic and environmental protection standpoint.  

First joint revision Krško NPP Decommissioning and Disposal Program (DP, Rev. 1) was 

prepared as a single document and approved in 2004. The main purpose of DP, Rev. 1 was to 

estimate decommissioning and disposal costs, in order to establish decommissioning fund in 

Croatia and correct annual instalments for then existing decommissioning fund in Slovenia. 

Based on the total discounted costs estimated in the DP, Rev. 1 (approximately 350 million € 

in 2002 prices) and the accumulated assets in the Slovenian fund, calculated were annual 

instalments to the designated national funds. 

The Slovenian Fund for Financing the Decommissioning of the Krško Nuclear Power 

Plant and the Disposal of Radioactive Waste from the Krško NPP (Sklad NEK) was established 

in December in 1994 to raise financial resources for developing an effective and sustainable 

solution to the decommissioning of the NPP and for the final disposal of its radioactive waste 

and spent fuel.  

Fund for Financing the Decommissioning of the Krško Nuclear Power Plant and the 

Disposal of Krško NPP Radioactive Waste and Spent Nuclear Fuel (Fund NEK) was founded 

in 2008. Fund activities apart from financial related to the acquisition, maintenance and increase 

of value of assets for financing the preparation, review and implementation of the Krško NPP 

Decommissioning and Radioactive Waste and Spent Nuclear Waste Disposal Program include 

also responsibilities for managing RW, disused sources and SF. 

Third revision of Krško NPP Disposal Program and Krško NPP Decommissioning 

Program started in November 2017, after IC approved ToRs for both documents and its 

implementation was supervised by the  IC and ICC that provided support of Third revision 

project preparation and discussed of possible joint RW disposal proposals. 

Third revision of Disposal Program (DP, Rev. 3) [2] was prepared as a separate document 

by expert organizations: Fund NEK and ARAO in Slovenia in cooperation with Krško NPP. 

Main objectives of third iteration were: review of the DP, Rev.1 and Rev.2, construction of 

possible RW and SF management and disposal scenarios based on the conducted review and 

within technical-technological framework of the best-known practices, including analysis of 

possible division and takeover of RW and estimates of nominal and discounted costs for 

developed RW & SF management and disposal scenarios.  

Preparation of the Third revision of Decommissioning Program [3] as a separate 

document, was obligation of the Krško NPP as the Krško NPP operator. Krško NPP entrusted 

this task to a professional organization. Fund and ARAO were involved during the preparation 
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and review of the document and results of the Decommissioning Program were incorporated in 

the DP, Rev. 3.  

2 KRŠKO NPP LILW MANAGEMENT 

2.1 LILW inventory 

After analysing inventory of Krško NPP interim storage [4] and assessments of future 

generation of LILW through operation of Krško NPP and decommissioning of facility, overall 

quantities of LILW to be divided by Croatian and Slovenian side are presented in the Table 1.  

Table 1 Overall quantities of operational and decommissioning LILW  

Period of LILW 

generation 
Type of LILW Mass (t) Volume (m3) Activity (Bq) 

1983–2018 

Operational 

4.877,4 2.294,9 5,98E+13 

2018–2023 264,0 163,4 1,44E+13 

2024–2043 883,7 546.6 4,33E+13 

Subtotal 6.025,1 3,004,9 1,175E+14 

2043–2058 

Decommissioning 

2.860,0 2,842,0 4,93E+12 

2103–2106 392,0 407,4 6,7E+11 

Subtotal 3.252,0 3.249,4 5,6E+12 

Total LILW quantities 9.277,1 6.254,3 1,231E+14 

In table presented are quantities in the original packages in the interim storages or 

projections of quantities to be generated by operation and by the decommissioning of Krško 

NPP. Considering different sources of waste generation, operational LILW form the Krško NPP 

can be divided in the six waste streams (Evaporator Concentrates and Tank Sludges, Spent Iron 

Resins, Spent Filters, Compressible Waste, Non-compressible waste, and Specific waste). The 

LILW is stored in ten different type of containers, of which 3 are overpacks (D6, TTC1&2). 

Quantities to be disposed will be adjusted for each side depending on the disposal containers 

types. Amounts of LILW assessed for the beginning of the 22nd century are to be generated in 

decommissioning of dry SF storage and will not be divided among the Krško NPP owners but 

disposed in the joint or multinational deep geological repository along with SF and high level 

waste. 

2.2 Division and takeover  

DP, Rev 3. provided first analysis of division and takeover. For the division of operational 

LILW into account were taken those characteristics: waste stream, number and type of waste 

packages, mass, total activity, and surface dose rate of waste packages. Each side should have 

approximately equal amount of LILW (number of waste packages, mass, and total activity) 

Summary division results are presented in the Table 2.  

Division of decommissioning LILW will be based on the specific LILW forms and their 

corresponding packing concept, resulting in six different packaging concepts. Approximately 

equal amount of each specific decommissioning waste form (mass and activity) will be packed 

in the corresponding disposal container.  

Analysis confirms that takeover and division is technically feasible and economically not 

excessively demanding but that present circumstances in the Krško NPP interim LILW storage 

(SRSF) as well as present level of knowledge of waste packages should improve. The proposal 

for the division of LILW is equitable and reasonable, but from long-term safety and 
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environmental burden points of view, the most important aspect is the content of long-lived 

radionuclides in waste.  

Table 2 Division results of operational LILW – summary table  

Operational LILW 

packages (WPs) 

Group 1 Group 2 

Mass (t) 
Activity 

(Bq) 

No of 

WPs 
Mass (t) 

Activity 

(Bq) 

No of 

WPs 

Existing WSs (type)             

TTC 2.035,5 2,13E+13 1.086 2.036,3 2,13E+13 1.085 

D6 125,0 7,39E+10 308 125,4 7,39E+10 309 

Ingots 24,8 1,11E+08 40 24,8 1,11E+08 40 

200 l drums 235,0 8,59E+12 451 235,0 8,58E+12 452 

Total 2.420,0 3,00E+13 1.885 2.421,6 3,00E+13 1.886 

Projected WPs              

TTC after treatment 16,6 2,05E+10 13 16,8 2,12E+10 14 

TTC for 2018-2023  132,0 7,22E+12 94 132,0 7,22E+12 94 

TTC for 2024-2043 442,7 1,44E+12 315 441,0 1,42E+12 314 

Total 591,3 8,69E+12 422 589,9 8,67E+12 422 

Grand Total 3.012,5 3,87E+17 2.307 3.012,4 3,87E+17 2.308 

 

2.3 Management of Krško NPP LILW in Slovenia  

Slovenian national strategy included in Resolution on the National Programme for 

Managing Radioactive Waste and Spent Nuclear Fuel for period 2016-2025 [5] defines 

construction of the LILW repository for Krško NPP LILW and the disposal of LILW inventory 

in the repository as soon as possible. The strategy envisages two scenarios: the baseline scenario 

allowing for disposal of only half of the waste generated in Krško NPP and the entire Slovenian 

LILW not originating from the Krško NPP, and the extended scenario in which an agreement 

is reached between Slovenia and Croatia on joint LILW disposal in accordance with Bilateral 

Agreement on the Krško NPP. In December 2009, Decree on the National Spatial Plan for a 

LILW Repository in Vrbina, in the Municipality of Krško [6] was adopted by the Government 

of Republic of Slovenia. 

With adoption of the Decree disposal concept with disposal in silos has been determined. 

Silos is built from the surface but placed in low permeability silt layers in a saturated zone under 

groundwater. The concept combines the properties of surface type repositories (disposal from 

the surface) and properties of underground repositories (the placement of disposal units in low 

permeable saturated geological formations. The LILW repository includes all structures, 

systems and components required for its operation as an independent nuclear facility.  

Waste will be disposed of in metal drums which will be inserted into concrete containers 

and be top-filled with mortar [2]. The N2d container which is reinforced concrete container 

designed for waste disposal in LILW repository will be used as overpack for LILW to be placed 

in the silo. This is the only container to be used for disposal packages. N2d has obtained in RS 

STS (Slovenian Technical Consent).  

In April 2019 preliminary approval for the radiation and nuclear safety of nuclear facility 

was issued by the Slovenian Nuclear Safety Administration (SNSA) in the procedure issuing 

https://www.gov.si/assets/organi-v-sestavi/URSJV/Dokumenti/Splosne-zadeve/Zakonodaja/ANG/ReNPRRO16-25.pdf
https://www.gov.si/assets/organi-v-sestavi/URSJV/Dokumenti/Splosne-zadeve/Zakonodaja/ANG/ReNPRRO16-25.pdf
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of an environmental protection approval [7]. In order to obtain a building permit for the 

construction of the LILW repository, the design project documentation was completed and 

finalized on the basis of the external expert review required by the ZVISJV-1 [8]. Also, the 

process of cross-border environmental impact assessment and process of environmental 

approval in RS needs to be completed.  

2.4 Management of Krško NPP LILW in Croatia 

Strategy for the Management of Radioactive waste, Disused Sources and Spent Nuclear 

Fuel (adopted by Croatian Parliament on October 17, 2014) defines basic objectives and 

guidelines for the management of institutional radioactive waste produced in RC, as well as 

LILW and SF from Krško NPP. The objectives set out in the Strategy include establishment of 

a long-term storage for LILW from Krško NPP in the Radioactive Waste Management Centre 

(RWM Centre), followed by LILW repository. The preferred location for the RWM Centre is 

Čerkezovac, located in Dvor Municipality on the southern slopes of the Trgovska gora massif. 

After being taken over from Krško NPP, half of the LILW will be conditioned and packed 

into iron reinforced concrete containers (RCC) in a dedicated waste management facility. Some 

of the waste streams (mostly In Drum Drying System (IDDS) products and packages containing 

filters) has to be treated before conditioning in order to fulfil WACs for storage and disposal. 

Containers will be stored in long term storage for 30-40 years (Figure 1) and later disposed in 

the appropriate LILW repository to be established in Croatia. Expected total number of RCCs 

for operational LILW is 925, and for decommissioning waste 475 [3].  

 

Figure 1 Timeline of the LILW long term storage in Croatia  

 

Croatia planes to establish RWM Centre with aboveground LILW storage. Total floor 

space will be 1,643 m2 for storing of 690 RCC containing operational waste generated till 2023, 

as well as necessary inspection, and manipulation space. Containers will be stacked in the 3 

layers. LILW storage will have bridge-crane, passive ventilation, air-dehumidifying equipment. 

Planned is also possibility to expand storage, for LILW that will be generated after 2023 in case 

the repository would not be available on time. The RWM Centre will encompass a single 

physical and technical protection system, as well as radioactivity monitoring system [3]. 

Establishing the LILW repository for Croatian half of Krško NPP will start in 2038 with 

site investigation in order to define site on the Trgovska gora area and launch of the different 

processes to obtain necessary permits. LILW repository will be of near surface type utilizing 

reinforced concrete cassettes for the placement of RCC with LILW. Single concrete cassette or 

cell or unit with dimensions could accommodate 390 RCC concrete containers. For placement 

of Croatian half of Krško NPP operational and decommissioning LILW and institutional RW 

that can fulfil WACs for near surface disposal, four repository cells are needed in total. 
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3 KRŠKO NPP SPENT FUEL AND HIGH LEVEL WASTE MANAGEMENT 

3.1 Krško NPP SF&HLW pre-disposal management and storage 

At the end of 2019 there were 1,323 spent fuel assemblies stored in the SFP on the 

location of the power plant, taking into account two containers of fuel rods from the fuel 

reconstitution [9]. Conservative estimates for end of Krško NPP operation in 2043 are < 2,500 

spent fuel assemblies (approximately total 2282 SF assemblies). During Krško NPP 

decommissioning also 82.1 t of high level waste (HLW) will be generated [2]. This HLW is 

represented by the activated material which mainly comes from In-Core Instrumentation 

System, Nuclear Instrumentation System and Rod Control and Position System.  

The IC decided on its 10th session in July 2015 that the construction of a spent fuel dry 

storage facility (SFDS) at the Krško NPP site to be used until the cessation of the NPP's 

operation is part of a joint solution for spent fuel disposal and in accordance with Article 10 of 

the Bilateral Agreement [10]. SFDS is part of Krško NPP Safety Upgrade Program and it would 

consequently improve nuclear safety due to its passive nature and by reducing the number of 

fuel assemblies in the SFP [2].  

The construction of dry storage on Krško NPP site is scheduled for end of 2020. The first 

relocation campaign from the SFP to the dry storage facility within the Krško NPP and its 

regular operation is anticipated for 2022 [9]. The Third Revision of the NPP Krško 

Decommissioning Program strategy assumes that SFDS may be in operation for at least 60 

years after the end of NPP Krško operation [3]. Four planned transfer campaigns are considered. 

First phase campaign in 2022 (592 SFA), second in 2028 (592 SFS), third in 2038 (444 SFA) 

and final fourth campaign envisioned 5 years after reactor core unloading in 2043 (phase four 

is envisioned in 2048 with transfer of remaining SFA) [11].   

3.2 Krško NPP SF&HLW disposal 

SFDS at Krško NPP will be used for storing of all SF and HLW generated at NPP until 

deep geological repository (DGR) will be developed. Start of operation of DGR is set based on 

the chosen dry storage period determined by considering cooling of SF and optimal loading of 

disposal canisters. Two basic scenarios foresee Krško NPP operation until 2043 and differ in 

the start of DGR operation. In the first scenario the disposal of SF starts after 50-year period of 

storage in 2093 and in the second scenario, after shorter storage period in 2065. In both cases 

all activities necessary for DGR would be the same, operation would last for 10 years only [2]. 

The disposal concept for both scenarios follows the Swedish SKB KBS-3V model of 

disposal and includes at the repository site all structures, systems and components needed for 

the repository to operate as an independent nuclear facility [2]. Fuel assemblies will be inserted 

and sealed into massive copper canisters. Their main function is to isolate spent fuel assemblies 

from their environment. Only direct disposal of spent fuel (no reprocessing) is envisaged, and 

the repository will be constructed in a hard rock environment at a depth of 500 m. 

4 OVERVIEW OF THE COSTS AND ANNUAL PAYMENTS  

This chapter presents overview of all the costs for baseline scenarios (joint SF and HLW 

management and separate management for LILW with division and takeover according to 

national strategies) of different Krško NPP SF and RW management segments. Presented costs 

cover: compensation to local community for SF and HLW dry storage (establishment and 

operation of facility until 2043 are part of Krško NPP operational costs), SF and HLW disposal 
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costs, LILW division and takeover, management of Slovenian half of LILW (establishment, 

operation, decommissioning and closure of Vrbina LILW repository) and management of 

Croatian half of LILW (transport, treatment and conditioning, establishment, operation and 

decommissioning of long term storage and establishment, operation, closure and institutional 

control of LILW repository) [2]. Proposed annual payments to dedicated funds for financing 

decommissioning and RW and SF disposal in RS and RC based on estimated nominal costs and 

calculated discounted costs are presented in the last subchapter.  

4.1 Nominal costs  

Overview of costs is done through five costs categories: (1) Investment costs, (2) 

Operational costs, (3) Contingency, (4) Value Added Tax (VAT) and (5) Compensation to local 

community (CLC). Nominal costs overview is presented in € 2018 for baseline scenarios with 

time distribution of costs. There is difference in the total price of SF disposal management 

depending on whether the SF repository is built in Slovenia or in Croatia in accordance with 

the Slovenian and Croatian tax regulations. Regarding SF dry storage, construction costs are 

part of Krško NPP operating costs e.g. costs of Krško NPP operator. The same is true for SF 

storage operational costs during the Krško NPP lifetime. For SF disposal in RS and RC only 

costs of basic scenario with Slovenian VAT were used for both countries [2].    

Overview of the total costs rounded in mil. € 2018 for Krško NPP decommissioning and 

RW&SF management from Krško NPP is presented in Table 3.  

Investment costs to required facilities, equipment and land purchase represents around 

27% of total costs needed. High percentage of costs is also related to operation of repositories 

for LILW and HLW&SF. Most costs for HLW&SF operation is related to high costs of disposal 

copper canisters. As HLW&SF disposal is based on generic conceptual design of the repository, 

associated contingency costs are rather high. But this is not the case for LILW repository project 

Vrbina in RS (in the process of construction permit approval), and Croatian RWM Centre being 

in detailed planning phase. The highest category for operational costs for Krško NPP 

decommissioning is due to personnel costs of Krško NPP and external work force performing 

dismantling and decontamination activities [3]. Costs due to CLC present significant portion of 

total nominal costs where contribution of total costs for CLC is linked to LILW disposal in RS 

and HLW&SF disposal.   

Table 3 Overview of nominal costs for Krško NPP decommissioning, RW&SF 

management  

Nominal costs  

in Million € (2018) 
Investment Operation Contingency VAT CLC Total 

Division and takeover    0,24 -- -- -- 0,24 

Management 

of 1/2 LILW 

in RS* 84,89 58,00 5,56 27,38 164,47 340,30 

in RC 93,59 31,07 13,47 24,31 44,00 206,44 

SF/HLW Disposal  405,07 240,47 193,67 171,53 126,12 1.136,86 

SF dry storage*** ** 75,60 -- 12,80 37,12 125,52 

Krško NPP 

decommissioning 
 324,80   43,60 16,65 385,05 

Disposal Program + 

Decommissioning  
583,55 730,18 212,70 279,62 388,36 2.194,41 

* Already invested funds to Vrbina repository until 30/06/2018 (74,310 mil. €) 

** Krško NPP Operation cost  

*** Costs of SFDS operation from 2043 are part of Third rev. of the NPP Krško Decommissioning Program 

VAT - Value added tax; CLC – Compensation to local community 
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4.2 Discounted costs  

In order to determine the annual amounts (annuities) which both owners have to pay into 

the national decommissioning fund, an Internal rate of return (IRR) is assumed.  

IRR represents the required yield rate that ensures the solvency of the fund, so that it 

enables settlement of future decommissioning, management and disposal costs of RW and SF. 

In the mathematical and financial sense, IRR represents a discount rate that equates the present 

value of the assets of the fund (the fund's net asset value and future payments to the fund) with 

the present value of the fund's liabilities (future costs). 

It is assumed that the funds will receive annuities by 2043 when Krško NPP will 

shutdown. Annuities are assumed to be paid at the end of each quarter (the first one at the 

beginning of 2018, the last one at the end of 2043). The calculation is taking into account 

officially reported amounts accumulated in both funds separately at the end of 2017. Based on 

the internal rate calculation, discounted costs and annuities were calculated for each national 

fund for range of IRR values from 2% to 6%. The IRR for each national fund and total 

discounted costs which were calculated and agreed with ICC are presented in Tables 4 and 5. 

Table 4 Total nominal and discounted costs - Slovenia 

Nominal costs in Million € 

LILW and SF costs (Slovenia) 

LILW Vrbina 
SF & HLW 

storage 

SF & HLW 

disposal 
Total 

Costs 118,38  322,77 441,15 

VAT 23,00  85,77 108,77 

Contingency 5,56  96,84 102,40 

CLC 119,17 18,56 63,06 200,79 

Subtotal 266,11 18,56 568,43 853,10 

Decommissioning & SFDS  237,00     

Total 266,11 255,56 568,43 1.090,10 

Discounted costs      

IRR=4,0%     

Total in Million € 166,78 105,44 106,56 378,78 

Annuity = 12,5 mil. €     

 

Table 5 Total nominal and discounted costs - Croatia 

Nominal costs in Million € 

LILW and SF costs (Croatia) 

LILW 

Čerkezovac 

SF & HLW 

storage 

SF & HLW 

disposal 
Total 

Costs 124,78  322,77 447,55 

VAT 24,31  85,77 110,07 

Contingency 13,47  96,84 110,31 

CLC 44,00 18,56 63,06 125,62 

Subtotal 206,56 18,56 568,43 793,55 

Decommissioning & SFDS   237,00   

Total 206,56 255,56 568,43 1.030,55 

Discounted costs      

IRR=3,40%     

Total in Million € 132,89 132,81 167,14 432,24 

Annuity = 9,76 mil €     
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4.3 Annual payments to dedicated funds in RS and RC 

In 2004, the DP Rev1, was drawn up, setting the levy for the Krško NPP decommissioning 

and for the disposal of radioactive waste and spent fuel. Since April 2005, the Slovenian 

electrical power company ELES GEN, d.o.o. (in July 2006 renamed GEN energija, d.o.o.) has 

been paying a levy into the Sklad NEK in the amount of EUR 3,0 EUR per MWh of electrical 

energy produced by the NPP and sold in Slovenia [12]. Since 2004, based on DP Rev1 estimated 

levy, Croatian electric power company Hrvatska elektroprivreda d.d. makes regular payments 

of financial resources allocated for the decommissioning of Krško NPP and the management of 

RW and SF from Krško NPP in the amount of 14.25 million EUR to the Fund NEK [13].  

The Third revision of the Krško NPP Decommissioning Program and third revision of the 

Krško NPP Radioactive Waste and Spent Fuel Disposal Program, approved by the IC on 14 

July 2020, envisage that the total costs of NPP decommissioning, management and disposal of 

RW and SF for the Republic of Slovenia will amount to 1.164,42 million EUR. Taking into 

account the funds already invested in the LILW Vrbina Krško repository, the Republic of 

Slovenia will have to provide another 1.090,10 million EUR of the remaining funds (Table 4). 

This estimate is based on Sklad NEK balance sheet (asset value) as at 31 December 2017 with 

the total value of the general financial investment funds amounted to 198,16 million EUR [14].  

Based on the Third revision Programs, it is established that the current payments to the 

Sklad NEK will not be sufficient to cover the costs of all planned activities for Krško NPP 

decommissioning, the RW and SF management and disposal. Therefore, Government of RS on 

its 27th regular Session on July 23, 2020, decided that GEN energija levy into the Sklad NEK 

will be increased from the current value of 3,0 EUR per MWh to 4,8 EUR per MWh starting 

August 1st 2020 [15]. 

Total Croatian costs for the Krško NPP decommissioning and management of RW and 

SF amount 1.030,27 million EUR, as calculated in the Third revision approved by IC (Table 5). 

Based on the calculated nominal and discounted costs, accumulated assets, and internal return 

rate (IRR) of the Croatian Fund, proposed annuity will be reduced EUR 9,76 million [15]. New 

contribution payment of HEP to Fund needs to be confirmed by Croatian government. 

5 4TH REVISION OF THE KRŠKO NPP RADIOACTIVE WASTE AND SPENT 

FUEL DISPOSAL PROGRAM 

IC at the 14th session in July 2020 decided that expert organisations Krško NPP, ARAO 

and Fund NEK should start preparing next (Fourth) revision of the NPP Krško 

Decommissioning Program and Fourth revision of the Krško NPP Radioactive Waste and Spent 

Fuel Disposal Program. It is expected that Terms of Reference (ToR) for both programs will be 

drafted, coordinated, and harmonised to allow approval in next planned IC session in ½ half of 

2021 [16].  

6 CONCLUSIONS AND RECOMMENDATIONS 

Main conclusions for SF&HLW predisposal management and disposal 

The construction of SFDS at Krško NPP site will enable safe and cost-effective storage 

of all planned SF and HLW inventory for at least 60 years with the possibility of extending its 

operation.  

The reference scenario for repository in suitable hard rock on the generic location 

somewhere on the territories of RS and RC has been prepared. Baseline and sensitivity scenario 
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are considered regarding the start of deep geological repository operation and 

decommissioning. Options of SF disposal in a regional repository and/or use of regional 

encapsulation plant were considered.  

Recommendations regarding SF&HLW disposal:  

- Joint program of geological investigations and data acquisition on potential hard rock 

host formations suitable for DGR should start as soon as possible. 

- Continued participation of RS and RC within multinational working groups (e.g. 

ERDO) is highly recommended, to find the optional DGR outside of RC or RS.  

- For future revisions of Disposal Program, it is recommended to prepare further 

improvements with more details on technical solutions and more reliable cost estimates. 

- The Krško NPP is to examine the possibility of SF reprocessing. 

Main Conclusions and recommendations for RW predisposal and disposal management 

In the DP, Rev. 3 takeover and division is addressed explicitly, based on the supporting 

study. The proposed division is equitable and reasonable, but some possible problems have 

been identified:  

- The discharge strategy will be difficult to reconcile with the planned division and 

takeover without manipulation and buffer storage all planned operations. 

- For long-term safety and environmental impact, the most important is the composition 

of long-lived radionuclides, particularly difficult to measure radionuclides and therefore better 

characterization of stored waste is needed prior to division and takeover. 

At least three waste streams (highly corrosive waste because of content of the boric acid, 

hygroscopic waste with unwanted property of swelling and not grouted waste with 

unsatisfactory void fractions) need additional treatment.  

Two sides are intending LILW conditioning in different containers: RS in N2d containers 

and RC in RCCs. Additional characterization of presently stored LILW prior to division and 

takeover as well as treatment and conditioning for operational LILW is needed to prepare waste 

to fit in containers and match requirements set in WACs for long term storage or disposal. 

Conditioning of Croatian half of operational LILW due to the inability of RCC to accommodate 

TTCs requires repacking (if not treatment) of almost all the waste in the Croatian half.  

Dates set for takeover of stored operational LILW from Krško NPP in the period 2023 – 

2025, considering the current status of storage and disposal facility development in both 

countries, are challenging and will be very difficult to reach. 

Recommendations regarding LILW predisposal and disposal:  

- Feasibility options for on site characterization of waste and establishing of treatment 

and conditioning technologies and capacities in Krško NPP (even by use of mobile or 

modular facility) should be analysed as soon as possible. 

- Present LILW storage in Krško NPP should have proper manipulation space. 

- Supporting studies regarding most important issues to be addressed in the next revision 

should be ordered as soon as possible and certainly before the time of new revision. 
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ABSTRACT 

The Slovak Republic had to start addressing the issue of spent nuclear fuel management 

intensively after the separation of the Czechoslovakia. During the almost 25-year history of the 

DGR development program in Slovakia, various ideas on national as well as international 

solution were considered. General history of the DGR development program in Slovakia will 

be presented with a brief description of the results achieved. As the development of DGR is not 

only a demanding multidisciplinary technical-engineering task but also by its nature an 

intergenerational project, many socio-economic issues must also be taken into account when 

looking for a solution. 

After the implementation of the EU Directive 2011/70/EURATOM the National 

Programme for Spent Nuclear Fuel and Radioactive Waste management in Slovakia became a 

leading document for the back-end of the nuclear fuel cycle in Slovakia replacing the National 

strategy for peaceful use of nuclear energy. Its ongoing update should reflect both previous 

experience and solutions for future challenges. 

1 HISTORY OF DGR DEVELOPMENT IN SLOVAKIA 

The first studies on the issue of the deep geological repository in Slovakia were prepared 

in the early 1990s in the former Czechoslovakia, which were followed up in 1996-2001 by the 

deep repository development program in Slovakia under the auspices of Slovenské elektrárne. 

Within the program, more than 60 studies and reports were prepared, which included feasibility 

studies, studies on safety cases, public involvement studies and, above all, initial geological 

mappings and surveys were prepared. 

The potential of the geological environment for the construction of DGR in Slovakia was 

already evaluated in this period. Based on international recommendations, the characteristics 

of a suitable locality in Slovakia were determined (aspects of long-term development of the 

area, geological risks, geological structure, hydrogeological conditions, geochemical aspects, 

engineering-geological properties, occurrence of natural resources, legislative protection of the 

area - 58 characteristics) as the first step towards selection criteria for assessing the suitability 

of sites using multicriteria analysis. 

As a result of the evaluation of archival information and maps and the basic geological 

survey, 5 sites were proposed for further geological survey, which are still being considered 

(Figure 1). 
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Figure 1: Sites of nuclear facilities and study and exploration sites for the location of a 

deep repository in the Slovak Republic on the map of basic geological structures (Source: 

ŠGÚDŠ) 

 

In general, it can be said that studies carried out in the years 1996 - 2001 laid the 

cornerstone for the construction of the DGR development in the Slovak Republic. 

Since 2001, the DGR program under the auspices of Slovenské elektrárne has been 

ceased. In the nuclear energy sector in Slovakia, there was a significant reorganization of 

competencies, which also significantly affected the continuation of the DGR development 

program. The successor organization for the activities of the final part of the peaceful use of 

nuclear energy was the company JAVYS, which was authorized by the Ministry of Economy 

of the Slovak Republic to continue the DGR development program. 

2 RECENT DEEP GEOLOGICAL REPOSIROTY PROGRAM 

Since 2001, the development program of DGR in Slovakia has been practically postponed 

and only a few particular research projects have been implemented, either in the field of 

studying the geological properties of rocks and sealing materials. At the same time, DECOM, 

as a former coordinating body of the national DGR program, maintained contact with the 

international community by participating in European framework programs. DECOM 

participated in the Sappier I and II projects, which dealt with the issue of international disposal 

in Europe. 

 The Slovak DGR development program was restarted under management of JAVYS in 

2013, focusing on the evaluation of previous activities in order to use the knowledge gained in 
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the past. It turned out that, in particular, studies in the field of site selection can still be fully 

accepted and follow up on these studies with other activities in the site selection of DGR.  

The further continuation of the DGR project was designed as a set of professional and 

support activities that should be implemented by 2025.  

In solving particular tasks, it is necessary to follow up international projects, especially 

the research project of the European Commission EURAD, which aims to help Member States 

gain the know-how needed to implement safe long-term radioactive waste management.  

The plans for geological, research and engineering activities are elaborated and feasible 

in detail, but it should be noted that, like many other countries, Slovakia faces the issue of 

resolving some socio-economic issues, one of which is choosing the optimal approach to public 

involvement in the DGR project, especially in the current ongoing phase of site selection. 

Therefore, one of the most difficult challenges in the near future will be to develop a detailed 

plan for the decision-making process, which will also take into account the involvement of all 

stakeholders in a responsible way. 

3 INTERNATIONAL SOLUTION 

The international solution of the DGR must be seen in the context of the history of the 

nuclear program in Slovakia. During the construction of nuclear power plants, which were of 

the Soviet design, the re-transport of spent nuclear fuel to the country of origin was considered.  

With this intention, an intermediate storage of spent nuclear fuel was built in the years 

1983-1987 with a capacity of 5040 pieces of spent fuel assemblies from the plan of transport of 

SNF to the USSR after its 10-year storage. After the change of political situation in the 1990s 

and the modification of bilateral agreements between the successor states, the Slovak Republic 

had to start thinking about other alternatives. First of all, it was necessary to expand the storage 

capacity of the ISFSF, which happened in 2000. 

Anyhow, in the period 1983-1986, 697 spent fuel assemblies of the VVER 440 type were 

exported in this way from the V1 NPP nuclear power plant and until 1999, all fuel from the A1 

NPP (shut down after two nuclear accidents) was also transported to Russian Federation. 

In 2003, a document was prepared that compared the economic demands of four spent 

fuel management alternatives: 

• direct disposal of spent fuel in the Slovak repository, including the construction of 

sufficient storage capacities in the Slovak Republic, 

• removal of spent fuel to the Russian Federation without the return of high-level 

waste, resp. processing products, 

• reprocessing of spent fuel abroad (Russian Federation) and disposal of returned 

products from reprocessing in the Slovak deep repository, 

• partial transport of spent fuel to the Russian Federation paid through the unblocking 

of the Russian Federation's debt to the Slovak Republic. 

Cost estimates have shown that the first of these alternatives is the least economically 

demanding. 

Nevertheless, the Strategy of back-end of nuclear fuel cycle approved by the government 

in 2008 still considered the following alternatives for the management of SF: 
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• disposal of spent nuclear fuel (together with radioactive waste that cannot be 

disposed in the Mochovce RAW repository) in a DGR built on the territory of the 

Slovak Republic, 

• export of SNF abroad without subsequent import of reprocessing products (Russian 

Federation), 

• the possibility of international, resp. regional disposal solutions, as well as the 

application of research results in the field of spent fuel management.  

However, the subsequent update of the strategy in 2014 and follow up document – 

National program for SNF ad RAW management no longer considered any alternative of 

exporting spent fuel to the Russian Federation and remained only dual-track approach with 

priority to dispose SNF in the Slovak Republic with a back-up alternative and recommendation 

to participate in international activities for the preparation of international repository in an EU 

country. The final decision on the so-called dual-track should be done in 2020, but with update 

of national program this date can be postponed.   

4 NATIONAL PROGRAM 

All the above activities have been implemented and are planned in accordance with the 

valid National Program for the Management of Spent Nuclear Fuel and Radioactive Waste in 

the Slovak Republic, which was approved by the Government of the Slovak Republic in 2015 

[1]. In accordance with Directive 2011/70 / EURATOM [2], the National Program is a key 

document for the identification of activities in radioactive waste and spent fuel management 

and directly responsible for its drafting is the Board of Governors of the National Nuclear Fund. 

The National Nuclear Fund in accordance with its competencies set out in the Act on the 

National Nuclear Fund no. 308/2018 Coll. is currently preparing an update of the National 

Program, the ambition of which is to take into account and develop topics such as: 

• Specification of the steps in the decision-making process of DGR site selection, 

which precede the EIA process itself and the siting procedure. 

• Definintion of partial key performance indicators of DGR project progress in 

accordance with the recommendations of the European Commission. 

• Identification of the competencies of individual stakeholders and control 

mechanisms in the decision-making process. 

The attitude to the participation of the Slovak Republic in the activities leading to the 

international repository, which is still considered as one of the alternatives for the solution of 

radioactive waste management in the Slovak Republic, must also be reconsidered. 

The 2015 National Program also identified the main milestones for the further 

development of the DGR: site selection for the deep repository in 2030 and the commissioning 

of the DGR in 2065. However, it is clear that the sub-milestones to achieve the ultimate goal 

need to be flexibly reviewed in the context of current progress.  

As part of the process of updating the national program, the ARTEMIS international peer 

review mission is also planned at the beginning of 2021, the recommendations of which will 

also be incorporated into the final version of this strategy paper. 
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CONCLUSION 

The ambition of the National Nuclear Fund is to involve the widest possible range of 

stakeholders in the discussion during the drafting of the updated National Program of Spent 

Nuclear Fuel and Radioactive Waste Management in Slovakia and to prepare a strategic 

document that will also contribute to the successful progress of the DGR project. Among the 

key topics of the national discussion should be both development of the deep repository in 

Slovakia including DGR site selection process and setting milestones and competencies within 

it and the alternative to collaborate in development of a common repository in Europe. 
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ABSTRACT 

Croatian plans for management of low and intermediate level waste (LILW) from Krško, 
presented in the recently prepared 3rd Revision of the Krško NPP Radioactive Waste and Spent 
Fuel Disposal Program, are based on the Croatian National Program for the Implementation of 
the Radioactive Waste Management (RWM) Strategy adopted in 2018. Two RWM facilities 
are planed: 

1. A storage facility to be established by 2023, which will operate for about 40 years 

2. A disposal facility which will start operation in 2051 

The authors argue that better and more flexible solution would be: 

1. To extend the storage facility operation to about 100 years  

2. The repository establishment should be postponed accordingly 

In present circumstances, when the storage facility may be needed in a couple of years 
from now, it is too late to call for major changes of the Croatian RWM program. 

Therefore, in this paper we discuss extended storage as a “soft” modification of the RWM 
program, which would not have to interfere with many already planned aspects of LILW 
management (store location, waste packaging etc.). The only requirement on the program is to 
allow for the possibility of building additional storage space adjacent to the planned store, 
sometime around 2050, in order to postpone repository establishment. 

Regarding financial aspects, it is first noted that the nominal costs for the prolonged 
storage scenario would be increased (extended operation, more compensations to the local 
community, bigger storage facility). 

But discounted expenses would not increase appreciably, or may even decrease, at the 
discount rate of 3% that is suggested in the 3rd Revision as the internal rate of return (IRR) 
suitable for the Croatian program financing arrangements. 

If the option of extended storage, proposed by the authors, is recognized in the Croatian 
RWM program, it would enhance flexibility and the robustness of the program. The paper 
discusses positive impacts on the feasibility of timely repository establishment, on the issue of 
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public acceptance in the local community and other potential interactions with RWM program 
execution. 

In order to provide for additional flexibility, different time intervals of extended storage 
are analysed. 

Keywords: radioactive waste, long term storage 

1 INTRODUCTION 

On July 14, 2020, Third revision of the Krško nuclear power plant (NPP) radioactive 
waste (RW) and spent fuel (SF) Disposal Program was adopted by the Slovenian-Croatian 
Intergovernmental Committee (IC). 

Adoption of the Disposal Program has ended several years of negotiations on the options 
for radioactive waste management (RWM) of the low and intermediate level waste (LILW) 
originating from the Krško NPP operation and decommissioning. The LILW will be divided in 
equal parts, and each country will manage its share separately. 

This means that the Croatian share will be managed according to the National Programme 
for the Implementation of the Strategy for the Management of Radioactive Waste, Disused 
Sources and Spent Nuclear Fuel (Programme for the period up to 2025 with a view to 2060), 
adopted by the Croatian Government on November 18, 2018 (National Programme) [1]. 

1.1 Present Plans for RWM in Croatia 

The National Programme specifies that two facilities will be established within next 
several years: Central National Storage Facility (CNSF) for institutional waste (IRW) and 
disused sources (DS); and Long Term Storage facility (LTS) for LILW from Krško NPP. 

Planned operation of the LTS for LILW from the Krško NPP is about 40 years. Since it 
is foreseen to be established in 2023, the establishment of repository for LILW is not required 
before 2051. Therefore, activities regarding the site selection, site characterization and 
confirmation for repository are not planned to start in the next 10 years, within the span of this 
National Programme. 

After being taken over from the present storage in the Krško NPP, the Croatian share of 
LILW will be treated and conditioned into a form suitable for subsequent operations such as 
handling, transport, storage and disposal. Treatment and conditioning procedures will be carried 
out in a dedicated waste management facility. The Croatian share of LILW will be conditioned 
by packaging into Reinforced Concrete Containers (RCC). Operational waste accumulated till 
2023 will be first stored in the LTS and later disposed in the LILW repository in Croatia (after 
2051). 

One year is planned for the construction of LTS, followed by test period ending in 2022. 
Operation of the LTS will be divided into three periods: from 2023 to 2028 LTS receives RCCs 
from treatment and conditioning facility in a third country; from 2029 to 2049 long term storage 
is in idle phase; from 2050 to 2059 the LTS is emptied by transferring stored RCCs to the 
Croatian repository. In 2061 long term storage is decommissioned. According to current 
estimates, operational LILW generated up to 2023 will be placed in 685 RCCs. 
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Croatian half of operational LILW generated after 2024, as well as of decommissioning 
LILW, will be taken over from the Krško NPP site after 2050. Operational LILW (240 RCCs 
conditioned in the third country) and decommissioning LILW (475 RCCs conditioned on the 
Krško NPP site) will be transported directly to the Croatian repository that will be operational 
after 2051. 

The authors of this paper suggest that a storage facility with the life span shorter than 40 
years hardly “deserves” to be called “long term”. 

2 TRUELY LONG TERM STORAGE PROPOSAL 

The authors have previously argued (see e.g. [2]) that “what Croatia really needs at this 
time is only a long-term RW storage facility to be used for a number of decades, possibly for 
more than a century, for the Croatian institutional waste as well as for the NPP waste”. It should 
be just one, newly built and really long term storage, with no need to consider disposal in any 
detail at this time, apart from ensuring adequate financing provisions for a standard near surface 
facility. 

However, in the present circumstances, when the storage facility may be needed in a 
couple of years from now, it would be unrealistic and it is too late to call for major changes of 
the adopted Croatian National Programme. 

2.1 A Flexible Option 

Therefore, in this paper we discuss extended storage as a “soft” modification of the RWM 
program, which would not have to interfere with many already planned aspects of LILW 
management (store location, waste packaging etc.). The only requirement on the program is to 
allow for the possibility of building additional storage space adjacent to the planned store, 
sometime around 2050, in order to postpone repository establishment. 

Relevant provisions of the present plans to manage LILW from the Krško NPP in Croatia 
can be outlined as: 

1. A storage facility to be established by 2023, which will operate for about 40 years; 

2. A disposal facility which will start operation in 2051. 

The authors propose a modification in which long term LILW storage would allow for 
later establishment of the repository: 

1. To extend the storage facility operation to about 100 years;  

2. The repository establishment should be postponed accordingly. 

The authors do not have expectations that such modified time schedule will immediately 
be incorporated into the National Programme. It is practically certain that activities on the 
storage facility establishment will proceed as presently planned. 

But the storage extension, as will be described here, can easily be introduced at a later 
time, when and if needed. This proposal is primarily intended to enhance flexibility and the 
robustness of the Croatian RWM program. 
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Therefore, it is based on the assumption that additional storage capacities would be added 
later, as needed. 

Regarding financial aspects, it is first noted that the nominal costs for the prolonged 
storage scenario would be significantly increased (extended operation, more compensations to 
the local community, bigger storage space). 

But discounted expenses may not increase appreciably, or may even decrease. 

2.2 Discounting Calculations 

Financing requirements for long term projects are generally based on discounted costs 
estimates. In the first step, all planned expenses are expressed at present prices (frequently 
called “nominal costs”), then distributed in time according to the assumed schedule of activities, 
and finally each nominal cost is discounted from its planned time of expenditure to the present 
time. 

Discounted activity cost is the amount of money that should presently be set aside in order 
to finance the activity at the future time of its realization. The value of that money will increase 
in time, so that discounted cost can be much smaller than the nominal cost of a remote future 
activity. 

The long term project financing needs are derived from the sum of discounted costs of all 
its planned activities. Discounting calculations use a discount rate, which is approximately 
equal to the difference between the interest rate (the yield, the rate of return, etc.) and the 
inflation rate. 

These rates are deduced from the relevant historical data, possibly taking into account 
defensible future expectations (although their confidence cannot transcend the level of an 
educated guess). 

For the present calculations, the authors have chosen the discount rate of 3%, as 
announced in the abstract. It is well within the range of commonly used discount rates and a bit 
more conservative (smaller) than discount rates used in previous revisions of the NPP Krško 
Disposal Program. Although the 2008 recession temporarily reduced discount rates, and the 
COVID 19 pandemic may introduce additional temporary fluctuations, the time period planned 
for the NPP Krško RW management projects is long enough to flatten out any short term 
variations. 

However, we have eventually decided not to follow discounting approach used in the 
Third revision of Disposal Program. It is well beyond the scope of this paper to discuss the 
method and the purpose of the Third revision discounting calculations, although it would be an 
interesting topic. 

The authors prefer traditional approach, used in previous revisions of the NPP Krško 
Disposal Program, that a reasonably selected discount rate produces discounted costs that are 
the basis for program financing and should be used for financing arrangements confirmation or 
correction. 
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3 METHODS 

In order to introduce LILW storage extension as a flexible option that can be introduced 
later, as needed, the proposed scenario assumes that the long term storage (LTS) is established 
and starts operation as planned in the present National Programme. 

Then new LILW storage (LTS2) is built as an adjacent facility to LTS, of approximately 
same size and capacity, in time to start accepting the waste that present National Programme 
plans to place directly into LILW repository (in 2050). 

Table 1 presents costs estimates for LTS2, derived from the LTS costs estimates, as 
described in the subsequent text. 

Table 1: Costs estimates for LTS2 in M€ 2018, phases explained below 

Phase Year Nominal Discounted 

I. 
2048 0,991 0,408 

2049 6,189 2,475 

II. 

2050 1,188 0,461 

2051 1,188 0,448 
… … … 

2060 1,188 0,343 

2061 1,188 0,333 

III. 

2062 0,640 0,174 

2063 0,640 0,169 
… … … 

2108 0,640 0,045 

2109 0,640 0,043 

IV. 

2110 1,310 0,086 

2111 1,241 0,079 

2112 1,241 0,077 
… … … 

2118 1,241 0,065 

2119 1,241 0,063 

2120 0,915 0,045 

2121 3,786 0,180 

2122 0,325 0,015 

 Total 69,677 13,117 

Discounted costs in Table 1 were derived from the nominal cost and their time schedule, 
at the discount rate of 3%. 

Nominal costs for LTS2 are derived from the LILW storage costs estimates in the Third 
revision of Disposal Program (in which LTS is emptied and finally closed in 2062): 

Phase I. of LTS2 contains the same construction costs as the original LTS. Preparatory 
costs (site investigation and documentation) are omitted, as the work was already done for the 
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original LTS facility. (In the LTS2 scenario, the original LTS facility will henceforth be referred 
to as LTS1). 

Phase II. are the operational costs in the period (starting in 2050) when LTS2 accepts 
waste packages that were originally planned to be placed directly into the repository (in the 
LTS2 scenario the repository is not built yet). 

This phase is longer than similar operating period of the original LTS, conservatively 
assumed to last as the originally planned disposal period. 

The annual costs are even more conservatively assumed to be 50% greater than similar 
operating costs of the original LTS. For simplicity, no maintenance costs will be specified for 
LTS1 during that phase; all costs are attributed to LTS2 where the waste packages are actually 
manipulated. 

Phase III. contains costs for the idle operation (no waste in or out) of both LTS1 and LTS2 
facilities. Annual costs are 20% greater than planned for the idle period of the original LTS, 
and all formally attributed to LTS2. 

Phase IV. describes removal of the waste packages from LTS1 and LTS2, and their 
placement into the repository. It has the same duration as the originally planned disposal. 

Annual costs are doubled, compared to the waste removal from the originally planned 
LTS, as are the waste quantities. The costs of dismantling/closure are also doubled, and 
included in this phase. 

For simplicity, all these costs are also attributed to LTS2 and included in the Table 1. 

4 RESULTS 

Table 2 presents comparison of relevant costs between the actual Croatian National RWM 
Programme and the modified program presented in this text as the LTS2 scenario of extended 
LILW storage for the period of 60 years. The costs assumed not to be affected by the proposed 
program modification are not included (such as waste conditioning and packaging, transport 
etc.) 

Table 2: Comparison of costs estimates for the actual and modified Croatian RWM program, 
in M€ 2018 

Actual Program Modified Program 

Item Nominal Discounted Item Nominal Discounted 

LTS 38,424 25,362 
LTS1 29,673 22,525 

LTS2 69,677 13,117 

Disposal 64,234 24,019 Disposal 64,234 4,077 

CLC 44,000 24,254 CLC 104,000 31,792 

Total 146,658 73,636 Total 267,583 71,511 

Nominal costs are based on the actual Croatian National RWM Programme estimates, 
and the 3% discount rate is used for discounting. 

As in the Table 1, LTS costs estimates include all costs of the storage facility and its 
operation. LTS2 costs are copied from the Table 1, and LTS1 costs are derived as explained in 
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the preceding chapter: they include the original LTS costs but are diminished for the operational 
costs that have been attributed to LTS2 operation for simplicity. 

Disposal costs are in both variants equal to the actual program estimates, differences are 
seen only in discounted values. 

CLC stands for compensations to local community. As in the actual program, CLC is 
assumed to be 1 M€ annually until all RWM facilities are closed. 

Total costs of all relevant activities are shown in the bottom row of the Table 2. Nominal 
costs of the modified program (LTS2 scenario) are about 80% greater. The increase is mostly 
due to the long LTS2 operation and extended period of CLC payment, approximately in equal 
parts. 

However, total discounted cost of the modified program is a few percent lower than for 
the actual program, at the discount rate of 3%. This is mostly due to great reduction caused by 
the disposal postponement, but also to discounting effects on the LTS2 operation costs and CLC 
expenses in distant future. 

Note on CLC: They have been discounted at the same rate as all other future expenses. 
That implies that they will be revalorized for inflation. If the Slovenian approach is applied (no 
revalorization), discounted CLC costs would much lower. Also, that would allow for CLC 
doubling during repository establishment and operation (as an additional incentive), still 
leading to low discounted costs. 

5 DISCUSSION 

The extended LILW storage option, presented in this text as the LTS2 scenario, is far 
from the optimal long term storage option that could have been adopted in the Croatian National 
RWM Programme. As it has not been adopted, it would be pointless to discuss advantages that 
rational planning of interrelated activities could have in such approach. 

Yet, even the LTS2 scenario of extended storage, allows for a more relaxed planning of 
the CNS facility (institutional waste) life span, since the monitoring activities on site will be 
carried out much longer due to the LTS2 operation. 

However, the major purpose of the presented LTS2 scenario of extended storage is to 
make a conservative estimate of possible financing implications for the case that establishment 
of the Croatian LILW repository is not completed on time – which is an eventuality that should 
be considered in any RWM program. 

The above results show that a previously unplanned extension of LILW storage could 
considerably increase the nominal costs of RWM, but the discounted costs may remain less 
affected. 

In the described scenario of a 60-year storage extension in LTS2, discounted RWM costs 
are even lower than in the original program. That is clearly due to a sharp decrease in discounted 
costs of delayed disposal. 

If the storage extension is shorter, the increase of nominal RWM costs will be 
considerably smaller, but total discounted costs will rise due to earlier disposal. It can be seen 
by inspection that for a 40-year storage extension in LTS2 total discounted RWM costs are 
becoming slightly greater than in the original program, at the assumed discount rate of 3%. 
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When and if decision on extended LILW storage is made, estimates on financing 
requirements will clearly depend on the discount rate that will seem appropriate at that time. As 
a lower discount rate, if it should be assumed, would reduce differences between the nominal 
and discounted costs, LILW storage extension for periods shorter than 60 years might become 
preferable. 
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ABSTRACT 

In 2019, the new very ambitious European Joint Programme on Radioactive Waste 

Management (EURAD) has started as part of the EURATOM activities under Horizon 2020 

with a vision to assure “a step change in European collaboration towards safe radioactive waste 

management (RWM), including disposal, through the development of a robust and sustained 

science, technology and knowledge management programme that supports timely 

implementation of RWM activities and serves to foster mutual understanding and trust between 

participants”. 

The EURAD programme supports the implementation of Waste Directive in EU Member 

States, taking into account the various phases of advancement of national programmes. National 

RWM programmes across Europe cover a broad spectrum of stages of development and the 

level of advancement, particularly with respect to their plans and national policy towards 

implementing geological disposal. The programmes differ significantly depending on the 

national waste inventory, with some member states that are responsible for relatively small 

volumes of medical and research reactor wastes, compared to others that have comparatively 

large and/or complex waste inventories from large nuclear power (and fuel reprocessing) and 

defence programmes. Programmes also differ significantly in the way in which they are 

managed, particularly with respect to the national policy and socio-political landscape with 

respect to longer-term storage and geological disposal.  

The paper presents the first phase of the EURAD programme which will last until 2024 

with work packages and their objectives, organizations of work and governance, and the first 

results.  
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1 INTRODUCTION 

For more than 40 years, considerable scientific and technical knowledge has been 

developed in Europe in the field of radioactive waste management (RWM). Beside national 

research and development (R&D) programmes, the European Commission (EC) has supported 

collaborative R&D ad-hoc projects in the European Union (EU) through EURATOM1. These 

projects were competitive and were addressing different research needs in RWM of the most 

advanced member states (MSs).  

Based on the experience from R&D Framework Programmes, the EC replaced the 

competitive calls for projects by inclusive European Joint Programmes (EJP). To propose EJP 

in RWM field, a specific project JOPRAD2 was taking place from 2015 until 2017 to identify 

the stakeholders with the key responsibility for directing R&D towards safe RWM and engaged 

them in the development of a shared vision as well as the basis for a shared Strategic Research 

Agenda (SRA) in RWM. The results of the JOPRAD provided the grounds for EC call under 

Horizon 2020 EURATOM in 2018. In 2019, the proposed EURAD – European Joint 

Programme on Radioactive Waste Management3 was selected for the implementation and the 

programme started in June 2019. 

The EURAD Programme will help the EU MSs implement Directive 2011/70/Euratom 

(Waste Directive) [1] by carrying out their national programmes. It will also coordinate action 

on joint targets among all related organisations involved at the European level, whether within 

waste management organisations (WMOs), technical support organisations (TSOs) and 

research entities (REs). The EURAD Programme will also help MSs obtain the know-how 

required to implement safe and long-term management of radioactive waste independent of 

stage of national RWM development. It will provide management knowledge to operate 

disposal facilities, and help transfer that knowledge between countries and organisations. Such 

joint programming will complement national R&D programmes, by establishing and carrying 

out activities jointly where there is added value at the European level. This will encompass: 

• Supporting MS in developing and implementing their national R&D programmes for 

the safe long-term management of their full range of different types of radioactive 

waste through participation in the RWM joint programme; in particular: 

o consolidating existing knowledge for a safe start of operation of the first 

geological disposal facilities for spent fuel, high-level waste, and other long-

lived radioactive waste, and supporting optimisation linked with the stepwise 

implementation of geological disposal; and  

o enhancing knowledge management and transfer between all involved 

institutions. 

2 EURAD DOCUMENTS 

2.1 Founding documents 

As part of the EURAD Programme several founding documents (all available on the 

EURAD website) were adopted which provide the grounds for its implementation. The Vision 

Document [2] states that “A step change in European collaboration towards safe radioactive 

waste management (RWM), including disposal, through the development of a robust and 

                                                 
1 https://ec.europa.eu/programmes/horizon2020/en/h2020-section/euratom  
2 http://www.joprad.eu/  
3 https://www.ejp-eurad.eu/  

https://ec.europa.eu/programmes/horizon2020/en/h2020-section/euratom
http://www.joprad.eu/
https://www.ejp-eurad.eu/
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sustained science, technology and knowledge management programme that supports timely 

implementation of RWM activities and serves to foster mutual understanding and trust between 

participants” is to be achieved.  

The EURAD Strategic Research Agenda (SRA) [3] provides a description of scientific 

and technical themes and sub-themes of common interest between EURAD participants. These 

needs are grouped into seven scientific domains. Although all technical in nature, Theme 1 is 

an overarching theme, Themes 2-5 are predominantly focussed on fundamental science, 

engineering, and technology, and Themes 6 and 7 include aspects more of an applied science 

and integration focus. They are illustrated in figure 1, jointly with the different phases of RWM 

programmes, which together with past or ongoing activities at the European level feed the 

adopted EURAD Roadmap [4]. The Roadmap provides generic framework to organise typical 

scientific and technological domain in a logical manner against different phases of a RWM 

programme and can be easily used for MS which are at different phases of RWM. 

 

 

Figure 1: EURAD SRA Themes and process to establish the EURAD Roadmap 

The founding documents recognise that all EU MS generate radioactive waste, with 

national inventories ranging from single sources or small inventories, up to large and high 

activity inventories, some of them including spent nuclear fuel or large stockpiles of nuclear 

material from reprocessing activities. Regardless of size they all have to manage radioactive 

waste safely in the long term, to the final disposal. Implementing disposal at a national level 

presents many technical, scientific, social, economic and environmental responsibilities, 

including extensive R&D effort required to understand overall safety and feasibility for the 

implementation of the required facilities, and to address the remaining challenges.  

2.2 Participants and governance 

The EURAD has been established to complement the national efforts and enables 

effective use of resources by fostering and strengthening R&D collaboration. A total of 108 

organisations (mandated and linked third parties) from 23 EU and associated countries have 

come together to develop and implement this new approach. It comprises the implementers 

(WMO), the regulatory expertise function (TSO), and those with scientific and technical 
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responsibilities and a national mandate for research and development in radioactive waste 

management in their respective countries (RE). In addition a strong role has been given to a 

group of civil society (CS) organisations such as local communities having interest in RWM 

(local association, local committee of information, local partnership), or national and European 

CS organisations taking part in interactions in RWM. Waste producers and those with a pre-

disposal waste management remit are engaged via the NUGENIA4 association. To avoid 

duplication of efforts and resources, international organisations like IAEA and OECD-NEA are 

linked with the EURAD. 

The overall organisation and governance of the EURAD can be seen in figure 2. The 

General Assembly (GA) is the ultimate decision-making body of the EURAD consortium. It is 

responsible for agreeing the strategy of EURAD in line with the content of the Vision, 

SRA/Roadmap and the Euratom Work Programme. It is composed of one representative of each 

beneficiary (mandated organisations). Three colleges are presented in GA and they elect each 

three representatives to the Bureau of the GA, which acts on behalf of the GA in close 

interactions with the Programme Management Office (PMO) during the elaboration of 

proposals, for subsequent decision by the GA. The PMO is in charge of scientific and technical 

coordination of the implementation of the programme, as well as the day-to-day management 

and communication activities. It interacts with the EC and key stakeholders: national 

programmes, international organisations/programmes, civil society organisations, 

science/policy interface. The PMO is housed in the premises of the EURAD Coordinator 

(Andra – French WMO) which is the legal entity acting as the intermediary between the 

participants and the European Commission. For each technical Work Package (WP) a WP 

Board is set-up and ensures that the WP is progressing according to the agreed specifications, 

milestones and planning. The WP Board is also responsible for reporting the work progress, 

any WP deliverables and eventual modifications of the WP work plan to the PMO.     

 

Figure 2: Overall organisation of the EURAD 

                                                 
4 http://snetp.eu/nugenia/ 
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External advisory board (EAB) advises the GA on strategic and implementation issues 

related to the EURAD and its coherence with respect to the Strategic Research Agenda and 

Vision. The EAB is composed of scientific and technical experts at international level, CS 

Expert, IAEA representative, NUGENIA and other potential international organisations, 

nuclear safety authorities’ representatives (through WENRA and ENSREG networks).  

2.3 Deployment mechanism and resources 

The EURAD Vision, SRA and Roadmap are delivered through the EURAD Deployment 

plan [5]. The Work Plan of an implementation phase is broken down into a set of Work 

Packages, Tasks and Sub-Tasks. To deliver against EURAD objectives, four different types of 

Work Package (WP) have been adopted (Table 1), as well as specific cross-cutting tasks – 

interactions with the civil society and providing access to knowledge/results – that will be 

directly embedded in specific WPs.  

Table 1. EURAD Deployment mechanisms  

According to the EC, the EURAD must remain flexible to include new activities in order 

to be as needs-driven as possible; and to integrate new organisations that would be mandated 

after the submission of the proposal or during the course of an implementation phase. For R&D 

and Strategic Studies WPs, the principles of flexibility are implemented as follows: about 70% 

of the budget shall be allocated to WPs/tasks that will start at Month 1 of EURAD 1. The 

remaining 30% shall be allocated to WPs/tasks that will be approved by the EURAD 

Consortium (e.g. GA during year 2 and start at Month 24 (for a maximum duration of 36 

months). For Knowledge Management, the principle of flexibility is ensured by a yearly 

allocation of KM budget. About 20% of the KM budget will be allocated to tasks that will be 

implemented in the first year. The KM budget will be then allocated on an annual basis. 

In total EC EURATOM co-funding shall amount to €32.5M, and the assessed total costs 

shall amount to €59M. For the “first wave” of activities €23,1M of EC grant shall be allocated, 

Type of  
activity Type of actions Type of deliverables 

Collaborative 
R&D 

Activities aiming at developing and consolidating 
scientific and technical knowledge. Activities shall 
be a balance between those with a direct link to 
operational R&D (direct links with implementation 
and safety of RWM) and prospective R&D (to 
demonstrate the robustness of RWM and to 
maintain scientific excellence and competences). 

State-of-the-art (initial and update), 
scientific and technical deliverables, 
reports, demonstrator, pilot, prototype, 
plan designs, software, technical 
diagram... 

Strategic 
Studies 

Actions consisting of enabling experts and 
specialists to network on methodological/ 
strategical issues and advance significant 
challenges that are common to various National 
Programmes and that are in direct link with 
scientific and technical issues.  

Position paper (e.g. emerging needs for 
future RD&D/Strategic Studies/KM 
activities), report on generic 
methodologies, best practices… 

Knowledge 
Management 

Actions consisting of developing State of 
Knowledge; developing descriptive methodological 
guidance and developing/delivering Training 
modules and mobility measure.  

State-of-knowledge documents; 
Guidance documents, Training delivery 
and materials… 

Programme 
Management 

Day-to-day administrative, financial and legal 
management, reporting, interactions with EC, 
communication and dissemination activities,  
Scientific and technical coordination/integration of 
the overall JP 

Management tools, Periodic reports, 
financial statements, website, 
platforms… 
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and €9.4M of EC grant remains non-allocated for the “second wave” of activities (from 2021 

onwards). 

3 EURAD IMPLEMENTATION  

3.1 First wave EURAD 

Based on the proposals from WMOs and TSOs, the EURAD partnership established the 

following list of R&D/Strategic Studies WPs to be performed as a first wave of EURAD in the 

period from 2019 to 2024:   

 WP2: Assessment of chemical evolution of Intermediate Level and High Level 

Waste (ILW and HLW) disposal cell (ACED): Multiscale approach and process 

integration to improve long-term modelling and assessments. 

 WP3: Cement-Organics-Radionuclide-Interactions (CORI): Improved 

understanding of the role of organics (either naturally occurring or as introduced 

in the wastes) and their influence on radionuclide migration in cement-based 

environments. 

 WP4: Development and Improvement of Numerical Methods and Tools for 

Modelling Coupled Processes (DONUT): Improved understanding of the 

upscaling of THMC (Thermo-Hydro-Mechanical-Chemical) modelling for 

coupled hydro-mechanical-chemical processes in time and space. 

 WP5: Fundamental Understanding of Radionuclide Retention (FUTURE): 

Quantification of long-term entrapment of key radionuclides in solid phases to 

inform reactive transport models and the influence of redox. 

 WP6: Mechanistic Understanding of Gas Transport in Clay Materials (GAS): To 

increase understanding and predictability of gas migration in different host rocks. 

 WP7: Influence of Temperature on Clay-based Material Behaviour (HITEC): 

Improved THM description of clay-based materials at elevated temperatures. 

 WP8: Spent Fuel Characterisation and Evolution Until Disposal (SFC): Reduce 

uncertainties in spent fuel properties in predisposal phase. 

 WP9: Waste management routes in Europe from cradle to grave (ROUTES): 

Waste Management Routes across Europe considering different waste types and 

their specified endpoints. 

 WP10: Understanding of uncertainty, risk and safety (UMAN): Further 

refinement of methods to make sensitivity and uncertainty analyses and the 

development of a multi-actor network for uncertainty management. 

In the same period three different knowledge management WPs have been proposed:  

 WP11: State-of-Knowledge (SoK): To maintain information, knowledge and 

records over the long lead- and implementation-timelines of geological disposal 

programmes, from pre-licensing through to the post-operational phase.   

 WP12: Guidance: To identify R&D and knowledge transfer needs in support of 

defining pre-licensing activities that can support success in the siting and licensing 

phase/process. 
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 WP13: Training & Mobility: Training and competence maintenance of skills and 

expertise to support safe radioactive waste management including disposal. 

In addition, theWP1 Programme Management office is in function to provide 

administrative and scientific coordination as well as communication and dissemination 

activities. The WPs are presented in figure 3, including the indicative budget devoted to each 

individual action. 

 

Figure 3: WPs in first implementation phase of EURAD 

Slovenian institutions (JSI and ARAO as mandated actors and EIMV and ZAG as the 

LTPs) are involved in seven WPs.  

3.2 Second wave EURAD   

Activities for the identification of WPs in the second wave of EURAD programme have 

already started. First, the procedure for the selection of the proposals has been agreed to support 

the ideas from different colleges according to the flexibility approach presented in the 

deployment plan [5] and in agreement with the SRA [3]. The first evaluation shows that the 

proposals were developed with a good level of quality and with good balance between different 

stakeholders, also between Less Advanced Programmes (LAP) and More Advanced 

Programmes (MAP). The proposals are now to be further developed and re-evaluated by the 

end of 2020. It is foreseen that the new WPs will start in 2021 and will be finished by 2024.  

4 CONCLUSIONS 

The EURAD programme establishes a sustainable, inclusive, transparent, leading-edge 

scientific and goal-oriented research, which presents an entirely new approach to European 

collaboration towards safe RWM. Its sustainable methodology is particularly important in view 

of long lead-times and operational time-spans for RWM phases, especially for the establishment 
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of disposal. It assures holistic and multi-disciplinary activities between generations that shall 

guide cooperative research and investments in the RWM field over the coming decades in 

Europe. It covers predisposal and disposal activities, devoted to full range of waste and during 

all phases of a disposal programme. It gathers organisations in Europe with key responsibility 

for directing R&D on safe RWM irrespective of the stages of development of their national 

programmes.  

The EURAD implements a robust and sustained state-of-the-art science and technology 

programme, which has been established to: 

 complement national R&D programmes for safe long-term management of their 

full range of radioactive waste;  

 carry out activities of high common interest between the stakeholder where there 

is added value at the European level; and 

 support research needs of advanced and early stage programmes.  

The EURAD programme elaborates upon complex issues and identifies emerging ones 

by bringing together all interested stakeholders to jointly conduct strategic studies. They may 

be referred to as ‘think-tank’ activities to determine if there is a R&D need on an emerging 

issue, if there is a need for a position paper or if it is considered mature and suitable for 

knowledge management activities. The programme consolidates efforts across Member States 

on knowledge management which includes access to existing knowledge (State-of-

Knowledge), guiding the development of capability in line with core competencies (Guidance 

and Training) and improving access to quality tools, resources and communities of practice to 

share and learn from each other. 

It is foreseen that extensive update of the SRA/Roadmap will be performed in order to 

remain compliant with the Euratom work programme to coincide with the preparation and 

prioritisation of the scope of the potential EURAD-2 after 2024. During this extensive update, 

it is anticipated that significant changes may result to take account of learning from EURAD-1 

and align the Vision, SRA, Roadmap and RD&D, Strategic Studies and KM Work Packages 

scope and methodologies with how things evolve, particularly with respect to governance 

scheme and how the criteria are used to identify needs of the WMOs, TSOs and REs. 
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