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INTRODUCTION

Nuclear power is a significant source of electricity in the
United States, but the average age of U.S. nuclear power plants
is around 40 years old. Safe management of spent nuclear fuel
(SNF) is a key aspect of the back-end of the nuclear fuel cycle.
Spent fuel dry storage systems are now a popular and effective
solution in this regard, given the absence of a final disposal
system. The spent fuel cask system (i.e., dry cask method)
provides a feasible solution for maintaining spent fuel for ~60
years leading up to final disposal [1].

Dry cask storage has many attractive characteristics. It
fulfills Nuclear Regulatory Commission (NRC) safety require-
ments, while also providing modularity and flexibility to con-
tractors [2].

The HI-STORM overpack and MPC-32 canister are the
primary components of the HI-STORM 100 dry cask storage
system. They remove heat from the system via natural circula-
tion, with no human intervention required. This characteristic
provides passive heat removal and low maintenance features
in dry cask storage systems. To develop a thermal model for a
dry cask storage system, the physics behind the system should
be clearly defined. There are two natural circulation loops
in the system; circulation of helium cools down the nuclear
assemblies in the MPC, while circulation of air cools down
the MPC walls. The flow patterns for both these systems
are shown in Figure 1, taken from the Final Safety Analysis
Report (FSAR) file for the HI-STORM 100 system [3].

Fig. 1. Flow patterns in the dry cask storage system, retrieved
from [3]

This work aims to develop a thermal model of the MPC-
32 canister and HI-STORM overpack, using the Multiphysics
Object-Oriented Simulation Environment (MOOSE). MOOSE
is an open-source framework developed by Idaho National

Laboratory (INL) [4] for multiscale, multiphysics simula-
tions. In this study, we investigate and demonstrate MOOSE’s
thermal-hydraulics modeling capabilities, including the mod-
elling of natural circulation, heat transfer, and porous flow.

METHODS

We used a systematic approach to simulate this system.
Overall, three (3) numerical models are discussed, in order of
complexity. This modeling strategy is sketched out in Figure 2.
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Fig. 2. Modeling strategy

The first model focuses on validation and verification
of the results. A differentially heated cavity was chosen as
the test case. Cavity systems are often used to measure the
validity and performance of computational fluid dynamics
(CFD) codes that include natural convection. Its simplicity
and the experimental data available make the cavity system
a good candidate for measuring system characteristics. To
ensure the validity of the cavity model results, they will be
compared with those collected from the other studies [5].

We then developed a second geometry: a simplified one
similar to that used in the thermal model for the HI-STORM
overpack system. This model provides a means of gradually
building up to the HI-STORM geometry by starting with a
simpler 2-D geometry that is easier to mesh.

The final step focuses on developing a model consistent
with the actual HI-STORM system. We performed a series of
sensitivity studies on the domain size and mesh density. Fur-
ther information on the numerical models and solving methods
are provided in the next section.

Governing Equations

The simulation of the HI-STORM system can be divided
into three sections: the natural circulation of air, the solid inter-
face between the two fluid domains, and the natural circulation
of helium. Each section has its own set of governing equations,
as described in the next section.

HI-STORM Overpack - Natural Circulation of Air

The motion of fluids in the continuum limit is dictated
by conservation laws. The behavior of any fluid can be deter-
mined via the mass, momentum, and energy balance equations.
The conservation of mass can be expressed as [6]:
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where p is the fluid density and u represents the fluid ve-
locity. In natural convection problems, it is often convenient
to use the Boussinesq approximation. This approximation as-
sumes that the fluid density changes linearly with sufficiently
small temperature differences in the system. Density varia-
tions are then neglected in the Navier-Stokes equations, but
accounted for in the body force gravity term. The Boussinesq
approximation can be expressed as:

P = po = BpoAT, @

where the § in the equation represents the thermal expan-
sion coefficient of the system. The time-dependent density
term is also neglected in Equation (1). The buoyancy-driven
flows can be characterized by the Rayleigh number (Ra), a
dimensionless number that represents the ratio of the time
scale due to thermal diffusion and the time scale due to con-
vection. When the Rayleigh number increases, the system
becomes more unstable and eventually transitions to turbu-
lence [5]. The Rayleigh number is the product of the Grashof
and Prandtl numbers:
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where L is the characteristic length of the system. The
final form of the conservation equations—with the non-
dimensional numbers and Boussinesq approximation used
in the air-circulation section—is as follows [7]:
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MPC-32 - Natural Circulation of Helium

The flow characteristics of the MPC differ from those
of the HI-STORM overpack, due to the presence of the fuel
assemblies. This region may be treated as a porous medium
thanks to the presence of the assemblies in the flow. Heat gen-
eration from the assemblies must also be considered. Several
new dimensionless parameters may be introduced for porous
flow:
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where @, and a are the thermal diffusivities of solid and
fluid (these differ from @, which represents the heat transfer

coeflicient for between phases), and K represents the perme-
ability of the porous medium.

The final form of the conservation equations for porous
systems with the Boussinesq approximation and Darcy-
Forchheimer friction model used for the MPC helium cir-
culation section is written as follows[8]:
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MPC-32 Wall - Interface between the Natural Circulation
Loops

The interface between the natural circulation loops is the
MPC wall, which is made of a solid material. Since there is
no fluid in the interface, the heat conduction equation will be
solved. Neither is there any heat generation on the interface.

oT
pscsE = Vk, VT, (12)

Geometry, Mesh, & Solver

To construct and mesh the geometries explained in Figure
2, MOOSE internal modules [4] and the GMSH code[9] were
used. The MOOSE modules were used to create the geometry
and mesh for the square cavity.

The simplified cask geometry and HI-STORM geometry
were constructed and meshed using GMSH. GMSH is an open-
source 3-D finite element grid generator that contains a CAD
engine to construct the required geometries. It is a fast, user-
friendly tool for building desired geometries and meshes [9].
Usage of GMSH will demonstrate MOOSE’s capability to
integrate with other codes.

To solve the equations described above, we used
MOOSE’s Navier-Stokes and Heat Transfer modules. The
Navier-Stokes module can solve the compressible and incom-
pressible Navier-Stokes (INS) equations via numerical tech-
niques such as Petrov-Galerkin, discontinuous Galerkin, and
the finite volume method (FVM). In this study, we demonstrate
the solution of the INS equations by using FVM for porous
[10] and non-porous media [11]. For each numerical model,
the boundary conditions of the equations are provided in the
next section.

NUMERICAL MODELS

This section examines the results of 2-D and 3-D simula-
tions of the HI-STORM system.

Cavity

The cavity problem is a standard case that was used to
validate and verify the results of the solver. To validate the
results of the solver, we constructed isotherms and streamlines
to make comparison with literature.
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Fig. 3. Cavity comparison.

2-D HI-STORM Geometry (RZ)

The dimensions for the 2-D HI-STORM geometry were
taken from the FSAR file [3]. To determine the dimensions
of the domain used to represent the ambient air outside the
canister (the cold walls in Figure 4), a sensitivity analysis was
performed. The geometry in the model shows a sizable dimen-
sional difference when comparing the small vertical channel
of HI-STORM Overpack and the cold walls. Thus, in this
step, a multi-block meshing strategy is preferred for creating
the mesh inside the HI-STORM geometry. A mesh sensitiv-
ity analysis was performed to optimize the cost/performance
balance in the model.
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Fig. 4. 2-D sketch of the HI-STORM geometry

The solver settings for the HI-STORM case are presented
in Table III.

Mesh Sensitivity

To analyze how the element number of the mesh affects
the results, a mesh sensitivity analysis was performed. In
this analysis, the geometry was meshed a total of five times,
using different numbers of elements. These five cases were

TABLE I. HI-STORM Case Setup

Name Value
Solver Newton
Coordinate System R-Z
Time Scheme Transient
Time Step 0.5
Absolute Tolerance 1E-06
Relative Tolerance 1E-06
Velocity Interpolation Method RC
Advection Interpolation Method | UPWIND

run using the same Rayleigh number, and the average flux
on the interface between the air channel and MPC wall was
calculated. The average heat flux on the interface converged
after the third case, indicating that the HI-STORM geometry
needs at least 20,000 more elements to become sufficiently
resolved.

TABLE II. Mesh Convergence Study

MESH CONVERGENCE STUDY
Case # | # Elements | Interface Flux
1 5000 -8.91E-05
2 10000 -9.98E-05
3 20000 -1.04E-04
4 40000 -1.08E-04
5 80000 -1.06E-04

Simulation Results

The simulation was run for the geometry shown in Figure
4, and the results, visualized using Paraview [12], are pictured
in Figure 5. The preliminary results for the 2-D system are
seen in the figure below. Temperature contour and stream-
lines were produced for the given geometry. The results were
produced in a low-power case (approximately 15 kW). The
velocity was not fully developed in this case, since natural
circulation loops require longer times to reach a steady state.
The general behaviour of the circulations is consistent with
expectations and with the other studies. The fully developed
velocity case will include a circulation flow at the outlet, due to
the high momentum of the air escaping the HI-STORM over-
pack channel. Also, this high-velocity air exhibits a tendency
to stick to the cold walls in the system.

3-D HI-STORM Geometry (1/4 Symmetry)

The same model specifications given in Figure 4 and III
were used, this time with the properties adjusted for a 3-D
simulation. The 3-D simulation was conducted with 1/4 sym-
metry to lower the computational cost. The results produced
for realistic heat sources from each assembly from the pre-
vious study. The total power of the cask was around 15 kW.
The temperature contour of the system for preliminary result
is given in Figure 6. As expected, the heat pattern in the MPC
slightly differs from the 2-D R-Z simulation, since we have in-
cluded additional geometric details in the geometry. At around
450 K, the hottest part of the system is found inside the MPC.
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Fig. 5. 2-D (RZ) simulation results, showing velocity (m/s) at 2
right and temperature (K) at left distributions

The temperature distribution and values are consistent with

the literature [7]. 3.
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Fig. 6. HI-STORM 3-D temperature contour.

The maximum temperature in the system is compared
with available literature. The difference with the previous
numerical study is lower than 10% for the same power distri-

bution and geometry. We note that significant differences are 8.

expected as the models differ greatly in complexity. In particu-
lar the present studies employs a simplified turbulence model.
In fact, mixing length turbulence models can only provide
tentative answers in complex buoyancy driven flows and the

results presented here should be considered only preliminary. 9.

Nonetheless the result demonstrate the capability of MOOSE
to represent the system with a reasonable degree of accuracy:
future work will be dedicated to improve the physical models.

10.
TABLE III. Temperature Comparison
Name | Value | Difference
Okyay etal. | 455K
Wu et al. 420K | 8.8%
CONCLUSIONS 11.

This study demonstrates the thermal-hydraulic capabil-
ities of the MOOSE framework when applied to dry cask 12
problems. Such problems include natural circulation, heat
transfer, and porous flows.The following accomplishments
were achieved in this study:

o A reliable solution strategy is built for dry cask problems.

e We validated the MOOSE solver for a prototypical cavity
case .

e The thermal-hydraulic models for the MPC-32 and HI-
STORM overpack are demonstrated.
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