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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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216.5

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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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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