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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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