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ABSTRACT

The multi-physics STAR-CCM+ code has been used to simulate the temperature and flow fields in
a HI-STORM 100 storage cask located at the Independent Spent Fuel Storage Installation, Diablo
Canyon, CA. This cask was selected for canister inspection in 2014; at that time, canister surface
temperatures were measured at multiple locations along the axial height of the canister. The STAR-
CCM+ simulation used a three-dimensional quarter-scale model of a HI-STORM 100 cask
containing spent fuel assemblies with a total decay heat load of 17 kW determined from burnup
histories. The STAR-CCM+ simulation was carried out by using Argonne’s high-performance
computers; the calculated canister surface temperatures are in good agreement with the measured
temperatures, and with previous simulation results obtained using the FLUENT code. The runtime
of the STAR-CCM+ simulation on Argonne’s high-performance computers is reasonable, making
STAR-CCM+ a practical simulation tool that supports future industry application of RAMM-TM
methodology for effective aging management of spent fuel dry cask systems during extended
storage.

INTRODUCTION

The multi-physics STAR-CCM+ code has been used to simulate the temperature and flow fields in
canister gas-leakage experiments conducted by using a 1/4.5-scale model storage cask [1]. The
simulations were conducted at Argonne National Laboratory’s Laboratory Computing Resource
Center, utilizing high-performance computing resources. Development of STAR-CCM+ simulation
models for the 1/4.5-scale model cask and validation of the calculated temperatures versus
measured temperature data have been reported [2]. In this paper, we present results of STAR-CCM+
simulation of temperature fields in a HI-STORM 100 storage cask (containing 32 Pressurized Water
Reactor [PWR] spent fuel assemblies) located at the Independent Spent Fuel Storage Installation
(ISFSI), Diablo Canyon, CA. This cask was selected by the Edison Power Research Institute (EPRI)
in 2014 for a demonstration of a robotic system for canister inspection. Arobotic crawler was inserted
through one of the air outlet vents of the cask and maneuvered down the air-cooling channel, where
it measured canister surface temperatures at multiple axial locations. The STAR-CCM+ simulation
used a three-dimensional (3D) quarter-scale model of a HI-STORM 100 cask with a total decay heat
load of 17 kW determined from the burnup histories of the spent fuel. The calculated canister surface
temperatures are compared with the measured temperatures, and with previous simulation results
obtained by using the FLUENT code [3, 4]. The sections below briefly describe the STAR-CCM+
modeling and simulation, covering geometry of the HI-STORM-100 cask, physical models of
components and spent fuel assembly, material properties, decay heat loads, numerical methods,
and boundary conditions. Additional details on these topics can be found in references [3] and [4];
they will not be repeated here.



MODELING AND SIMULATION

Geometry (HI-STORM 100 cask) [5]

Figure 1 shows a cutaway view of the HI-STORM 100 storage cask and the corresponding
3D models of one quarter of the cask and the fuel basket.
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Figure 1. Schematic cutaway view of HI-STORM 100 dry storage cask (a) showing major
components, and cross sections of the cask (b) and fuel basket (c)

The major components of the cask include a concrete overpack enclosed in carbon steel shells, a
multi-purpose canister (MPC) of welded stainless steel, and a cask lid and a baseplate; both the
cask lid and the baseplate have radiation shielding and air inlet and exit vents that provide passive
cooling of the MPC by natural convection. The inner and outer diameters of the overpack are
1.765 m and 3.366 m, respectively, and the height of the overpack cavity is 4.864 m. Near the top
and bottom of the overpack are four openings that allow air ventilation. Using STAR-CCM+, a high-
fidelity mesh representation of the physical model of the HI-STORM 100 cask can be obtained
automatically by tuning the mesh control parameters in the code. The total mesh number used in
our simulation is 5.05 million, which is comparable to that used in a grid (mesh) sensitivity study for
HI-STORM 100S [6], showing little difference between using 1.7 and 13.7 million cells in the
calculated temperature profiles.

PHYSICAL MODEL

Spent Fuel Assembly

The physical model of the spent fuel assembly is the same as those used in our previous work [3, 4]:
a two-dimensional model of a quarter section of a Westinghouse 17x17 standard PWR spent fuel
assembly was used for the transverse (i.e., planar) effective thermal conductivity [7], whereas the
axial effective thermal conductivity of the fuel assembly was derived by using parallel paths of heat
transfer through the cladding and fill gas (He) as area-weighted means [8].

Materials Properties

The physical properties of canister/cask components and gases were obtained from the STAR-
CCM+ material library; these properties include density, thermal conductivity, heat capacity, and
viscosity, which are all temperature-dependent. Table 1 lists the surface emissivity values used in
the STAR-CCM+ simulation. The density of gas, which depends on system pressure, is an important
parameter in simulating heat transfer by natural convection. It is the temperature-induced density
difference that drives buoyancy flow, which is calculated by using the ideal gas law. The variation of
fluid density (p) is based on the system pressure (P) and the computed fluid temperature (T) in
accordance with the ideal gas law (p=PM/RT), where M is the molecular weight of the gas and R is
the universal gas constant.
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Table 1: Summary of emissivity values used.

Zircaloy (fuel assembly) 0.80

Painted surfaces 0.85

Stainless steel (MPC), basket 0.587

Carbon steel (cask, top bottom carbon steel plates, lid) 0.66
Air 1
Helium 1

Decay Heat Load

The total decay heat load of spent fuel assemblies in the HI-STORM 100 storage cask at the Diablo
Canyon ISFSI, based on burnup histories, was 17 kW, distributed among the 32 PWR spent fuel
assemblies. A heat load of 4.2596 kW, which is approximately a quarter of the total decay heat of
17 kW, was used to represent the quarter region in x(4,6)-y(3,1) in Figure 2.
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Figure 2. (a) Decay heat load of spent fuel assemblies in the Diablo Canyon HI-STORM
100 storage cask. Non-uniform heat load along the axial length of spent fuel assemblies
was modeled using a peaking factor as shown in (b). [9]

The decay heat load was applied to the thermal model as a total heat source in each fuel assembly.
Numerical implementation of the distributed heat load was achieved by using a user-defined function
(UDF) in the STAR-CCM+ code. The helium pressure inside the MPC during dry storage was
assumed to be 6 atm. Natural convection and radiation occur at the cask exterior surface and at
interior surfaces bordering the air inlet and exit vents. Natural convection, conduction, and radiation
occur inside the canister. The thermal radiation between surfaces inside the cask was simulated by
using the surface-to-surface (S2S) model in the STAR-CCM+ code.

Boundary Conditions

A symmetry boundary condition was applied to the mid-plane of the one-quarter model. No solar
insolation heat load is applied to the outside of the cask, as the inspection was done at the Diablo
Canyon ISFSI up on the hill in December 2014. Other details of material and physical conditions are
the same as used in our previous work [3, 4].

NUMERICAL METHOD

The segregated flow and energy method in STAR-CCM+ was used to solve the Navier-Stokes
equation. The k-¢ model was selected for turbulence flow simulation. For spatial discretization of
pressure, a body-force-weighted scheme was used, since natural convection is buoyancy-driven.
Pressures at the inlet and outlet, considering air pressure drop, are used as the boundary conditions
for the natural convection. Thermal radiation heat transfer is considered using the S2S model in
STAR-CCM+. Two convergence criteria were used: The first criterion checked the values of the
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scaled residuals of the equations that are below certain thresholds (e.g., 10 for the mass,
momentum, and turbulence equations and the energy equation). The second criterion checked the
values of the calculated temperatures (e.g., peak cladding temperature and canister surface
temperature) to ensure that a converged steady state has been reached, e.g., <1°C in 5000
iterations. We have performed extensive convergence studies of STAR-CCM+ on Argonne’s high-
performance computers, and the results can be found in reference [2].

RESULTS AND DISCUSSION

A pair of STAR-CCM+ simulations were carried out for the HI-STORM 100 cask before and after
leakage caused by chloride-induced stress corrosion cracking (CISCC) with canister pressure
reduced from 6 atm to 1 atm. The CISCC canister breach is a hypothetical case used in STAR-
CCM+ simulation for the purpose of illustration. The simulation results are shown in five groups
below:

1) Temperature distribution of cask and fuel assemblies

Figures 3 to 5 show simulated temperature distributions of the HI-STORM 100 cask, spent fuel
assemblies, and fuel basket, respectively, before and after helium gas leakage and canister
depressurization from 6 atm to 1 atm. The peak temperature of the spent fuel assemblies increases
from 217°C to 423°C, and the peak temperature location shifts from the top to slightly above the
midplane of the spent fuel assemblies. These phenomena can be explained by the pressure
dependence of the thermophysical properties, i.e., density and thermal conductivity, of the He gas;
their effects on the natural convection heat transfer inside the MPC; and axial distribution of the
decay heat load of spent fuel assemblies as shown in Fig. 2. The phenomena were also verified in
earlier analyses using FLUENT [3, 4] and observed in experiments [1, 10].
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Figure 3. Temperature profiles for the HI-STORM-100 cask before and after He
gas leakage and canister depressurization at 6 atm (left) and 1 atm (right).
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Figure 4. Temperature profiles for spent fuel assemblies before and after He gas
leakage and canister depressurization at 6 atm (left) and 1 atm (right).
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Figure 5. Temperature profiles for fuel basket before and after He gas leakage
and canister depressurization at 6 atm (left) and 1 atm (right).

2) Temperature and velocity distributions of helium gas inside MPC

Figures 6 and 7 show temperature and velocity distributions, respectively, of the helium gas inside
the MPC before and after gas leakage and canister depressurization from 6 atm to 1 atm. These
results can be explained by the He gas leakage and canister depressurization. The shift in He gas
temperatures in Fig. 6 from top to midplane of the spent fuel assemblies is consistent with that
shown in Fig. 4, whereas the reduction of He flow velocities in Fig. 7 is also expected, as the internal
flow of He becomes “homogenized” inside the MPC at 1 atm.

Figure 6. Temperature distributions of He gas inside the MPC before and after
gas leakage and canister depressurization at 6 atm (left) and 1 atm (right).
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Figure 7. Velocity distributions of He gas inside the MPC before and after gas
leakage and canister depressurization at 6 atm (left) and 1 atm (right).



3) Temperature distributions on external MPC surface

Figure 8 shows the temperature profiles of the external surface of the MPC before and after He gas
leakage and canister depressurization from 6 atm to 1 atm. The change in canister surface
temperature near center top and bottom, ATBT, during depressurization is a well-established
phenomenon, extensively studied in the gas leakage experiments conducted using a 1/4.5-scale
model cask. Change in ATBT during canister leakage is the technical basis for using RAMM-TM for
detection of gas leakage from canisters containing spent nuclear fuel [1, 2].

N
Temperature (C)

69.36:

A 3 - - [ N |

Figure 8. Temperature profiles on MPC external surface before and after He
gas leakage and canister depressurization at 6 atm (left) and 1 atm (right).

4) Temperature and velocity distribution of air flow (MPC-cask gap)

Figure 9 shows the temperature distribution of air flow in the cooling channel between the MPC and
the cask, before and after gas leakage and canister depressurization. While the peak air
temperature color pattern may look different in these two plots, closer examination of the color bars
(scale) indicates that the calculated air temperatures near the outlet vent are nearly identical,
indicating the equivalence of transferring 17 kW total decay heat load from the HI-STORM 100 cask
through passive air cooling, with or without gas leakage of MPC caused by CISCC. This finding is
also confirmed in Figure 10 by the calculated air flow velocities at the inlet and outlet vents of the
cask.

Figure 9. Air temperature distribution in the MPC-cask cooling channel before and
after He gas leakage and canister depressurization at 6 atm (left) and 1 atm (right).
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Figure 10. Air flow velocity distribution in the MPC-cask cooling channel before and
after He gas leakage and canister depressurization at 6 atm (left) and 1 atm (right).

5) Experimental Validation

Figure 11 shows the MPC surface temperature measured along the axial height of the HI-STORM
100 cask during the 2014 inspection [Waldrop 2014, (exp.)] [11] versus the STAR-CCM+ simulation
(this work, 6 atm and 1 atm He [MPC]). The results of Cuta et al., 2014 [12] were obtained by using
COBRA-SFS, a computer fluid dynamics code. Notice that at the axial height 1 m from the bottom
of the MPC, the STAR-CCM+ simulated temperature is 58°C at 6 atm, versus 50°C measured,
showing a difference of 8°C. In the hypothetical case at 1 atm, at the same axial height of 1 m from
the bottom of the MPC, the STAR-CCM+ simulated temperature increased to 68°C, a change of
~18°C that can take months to develop after a small canister breach caused by CISCC [13].
Therefore, it is very important to be able to detect such a small breach early by the ATBT method,
which has been demonstrated in over 25 gas leakage experiments using the 1/4.5-scale model
storage cask and reported in reference [14].

5
== B
iy [T .
— M — Waldrop, 2014 (exp.) \. s ‘)/0
—@©—Cutaetal 2014 | ol L]
4 || —®—Thiswork, 6 atm He (MPC) L 20
—®@— This work, 1 atm He (MPC) I /(00
leakage’ 4
(leakag = \.t!)
/‘ O

w
!.6‘
o

Axial height (m)
B3
Oe%
\\/ =

o
- Ca 0
.

AN

| b
2
' 1 %t
= I ¢ & CISCC<85°C
'.'.::j | !}
3 | £ |
1\_ 30 40 50 60 70 80 90 100 110 120

Canister surface temperture, °C

Figure 11. STAR-CCM+ axial temperature distributions on MPC external surface versus
experimental data obtained at the 2014 inspection of Diablo Canyon HI-STORM 100 cask.
(The STAR-CCM+ simulation at 1 atm is a hypothetical case illustrating the temperature
change after a breach of the MPC caused by CISCC.)

SUMMARY AND CONCLUSIONS

The multi-physics STAR-CCM+ code has been used in modeling and simulation of temperature and
flow fields of a HI-STORM 100 storage cask located at the Independent Spent Fuel Storage
Installation (ISFSI), Diablo Canyon, CA. This cask was selected for canister inspection in 2014, at
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which time canister surface temperatures were measured along the axial height of the cask. The
STAR-CCM+ simulation used a 3D quarter-scale model of a HI-STORM 100 cask with a total decay
heat load of 17 kW determined from burnup histories of the spent fuel. The simulation results showed
that gas leakage affects both the peak spent fuel assembly temperature and its axal location, as
well as the canister surface temperature with strong dependence on canister internal pressure. The
simulated velocity flow fields of He inside the canister and air outside, between the canister and
cask in the cooling channel, elucidated the underlying physics and thermal hydraulics of natural
convection. The STAR-CCM+ simulated canister surface temperature distribution is in reasonable
agreement with the measured temperature profile. At 1 m axial height from the bottom of the cask,
a canister breach caused by CISCC is more likely to occur and result in a temperature change large
enough to be detectable by using RAMM-TM. The runtime of the STAR-CCM+ simulation on
Argonne’s high-performance computers is reasonable, making STAR-CCM+ a practical simulation
tool that can support future industry application of RAMM-TM methodology for effective aging
management of spent fuel dry cask systems during extended storage.
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