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ABSTRACT

During the certification review of the underground long-term spent fuel dry storage cask design,
the Office of Nuclear Material Safety and Safeguards (NMSS) and the Office of Nuclear
Regulatory Research of the U.S. Nuclear Regulatory Commission (NRC), identified low-speed
wind as an environmental factor that may affect the thermal performance of this type of design.
This led NMSS to investigate the impact of wind and other environmental variables on the
thermal performance of different spent fuel dry storage cask designs.

During normal conditions of storage, environmental variables, such as ambient temperature,
solar heating, relative humidity, elevation, and wind speed and direction, may affect the thermal
performance of a ventilated dry storage cask. The thermal evaluation of a dry storage cask
generally assumes a set of fixed environmental factors (e.g., average annual ambient
temperature, quiescent conditions, sea level) that will bound all sites in the continental United
States. However, for some sites, using average values may not be adequate, because more
adverse ambient conditions could exist for prolonged periods of time, allowing a storage system
to reach new steady-state conditions that could result in higher spent fuel cladding temperatures
as compared to the steady-state conditions analyzed in the cask’s safety analysis report (SAR)
for normal conditions of storage. For cases with predicted small thermal margin, these adverse
ambient conditions could result in peak cladding temperatures exceeding recommended limits
for normal conditions of storage.

This report evaluates the thermal impact of varying environmental conditions on spent fuel dry
storage casks. In addition, the report investigated the transient thermal behavior of a dry
storage cask when it is subjected to a sudden boundary condition change, starting from the
bounding conditions described in the SAR.

The results showed that, for the underground cask design, the peak temperature in the fuel
package region, represented by a homogenous composite of the gas region, the fuel, and the
cladding (hereafter referred to as the peak cladding temperature (PCT)) increases for low-speed
wind, as compared to quiescent conditions. The analysis also showed that the PCT starts to
decrease at higher wind speeds. For vertical aboveground casks with four vents, the PCT
decreased as wind speed increased. For a postulated two-air-vent vertical dry storage cask,
when wind direction is normal to the air vents, the PCT decreased as the wind speed increased.
When wind direction is parallel to the air vents of the two-air-vent cask, the PCT increased as
the wind speed increased. For horizontal aboveground casks with air vents located on the side,
the wind speed and direction did not have any significant effect on the thermal performance of
the cask, as the vents are not located normal to wind. For horizontal aboveground casks with
inlet vents located on the front, when wind direction is facing the front of the cask, the thermal
performance of the cask was improved, but when wind direction was parallel to the cask front,
no significant effect was observed.

The NRC staff should consider the analysis results in this report when performing technical
reviews, applicants should consider them when applying for cask certification, and the technical
reviewer should consider them for applicability to a specific design. The results can also be
used as additional guidance when considering the thermal impact of the environmental factors
in the thermal performance of spent fuel dry storage systems.
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1.0 INTRODUCTION

The U.S. Nuclear Regulatory Commission (NRC) certifies spent fuel dry storage systems
according to Title 10 of the Code of Federal Regulations (10 CFR) Part 72, “Licensing
Requirements for the Independent Storage of Spent Nuclear Fuel, High-Level Radioactive
Waste, and Reactor-Related Greater Than Class C (GTCC) Waste.” The review guidance
documented in “Standard Review Plan [SRP] for Spent Fuel Dry Storage Systems at a General
License Facility,” issued July 2010, requires a thermal evaluation for the spent fuel dry storage
system to confirm that the spent fuel cladding temperatures will be maintained below
recommended limits throughout the storage period, to protect the cladding against degradation
that could lead to gross rupture. The thermal evaluation should identify the boundary conditions
for normal, loading, off-normal, and accident conditions. The required boundary conditions
include the external conditions on the cask. External ambient conditions that have a major
effect on the cask’s thermal performance include ambient temperature, solar heating, relative
humidity, elevation, and wind speed and direction.

The cask’s thermal evaluation generally assumes a set of fixed environmental factors

(e.g., average annual ambient temperature, quiescent conditions, sea level) that will bound all
sites in the continental United States. However, for some sites, using average values may not
be adequate, because more adverse ambient conditions could exist for prolonged periods of
time (for example, more than a month, as reported by the National Oceanic and Atmospheric
Administration (NOAA) (NOAA Web site, www.noaa.gov) and the American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE) (ASHRAE, 1997)), allowing a storage
system to reach new steady-state conditions that could result in higher spent fuel cladding
temperatures as compared to the steady-state conditions analyzed in the applicant’s safety
analysis report (SAR) for normal conditions of storage. For cases with small thermal margin,
these adverse ambient conditions could result in peak cladding temperatures (PCTs) being
higher than the SRP-recommended limits, which could create thermal conditions such that
spent fuel could degrade and lead to gross rupture. The 10 CFR Part 72 licensing requirements
mandate that storage systems be designed to allow ready retrieval of spent fuel, high-level
radioactive waste, and reactor-related GTCC waste for further processing or disposal.
Therefore, to comply with the applicable regulations for safe storage of spent nuclear fuel, the
thermal design of a dry storage cask should demonstrate that temperatures are kept below
recommended limits by considering all factors that may have an impact on the cask’s thermal
performance.

1.1 Scope

This document evaluates the thermal impact of varying environmental conditions on spent fuel
dry storage casks. The primary goal is to examine the natural variation of the major
environmental factors (ambient temperature, wind conditions, and elevation, among others) that
could lead to higher spent fuel cladding temperatures as compared to the bounding thermal
evaluation provided in SARs. The evaluation includes different designs to determine how the
parameters considered in the evaluation affect the thermal performance of a specific design.
The majority of dry storage casks that have been certified or are currently under review by the
NRC include vertical and horizontal casks located aboveground and vertical underground casks
(located mostly underground, except for the cask lid). Therefore, to include most of the certified
designs, the study considered three casks: vertical aboveground, horizontal aboveground, and
vertical underground.



1.2 Structure

This document begins with a definition of the various environmental factors that affect the cask’s
thermal performance and how these factors have been traditionally applied to perform the
thermal evaluation of spent fuel dry storage systems. The report includes several references on
the variation of these factors and how this variation affects the thermal performance of the
storage systems.

This is followed by a description of the storage systems considered in the evaluation and the
method of analysis used to perform the evaluation. Next, the analyzed cases are discussed,
along with the results. The study concludes with recommendations on how to consider these
environmental factors in the evaluation.



2.0 ENVIRONMENTAL VARIABLES
2.1 Introduction

Among the environmental variables that have a major effect on the thermal performance of a
spent fuel storage system are ambient temperature, humidity, elevation, and wind magnitude
and direction. Solar heating also has some effect and should be considered in the analysis.
However, solar insolation values are well established and typical values are applied.
NUREG-1536 states that, for storage casks, the NRC staff accepts a treatment of insolation
similar to that prescribed in Title 10 of the Code of Federal Regulations (10 CFR) Part 71,
“Packaging and Transportation of Radioactive Material,” for transportation casks. Since the
values specified in 10 CFR Part 71 are considered bounding, solar insolation is not considered
in this study, and the investigation focuses only on the other factors (i.e., ambient temperature,
humidity, elevation, and wind).

2.2 Ambient Temperature

Currently, the dry storage cask thermal evaluation includes maximum and minimum ambient
temperatures as defined in the SRP (NUREG-1536, 2010). The SRP states that the NRC
accepts, as the maximum and minimum “normal” temperatures, the highest and lowest ambient
temperatures recorded in each year, averaged over the years of record. However, this
definition does not consider seasonal variations that may result in higher maximum and
minimum values. In this case, a monthly averaged value may be more appropriate for the
hottest months (summer season). Measured monthly temperatures at some sites (ASHRAE,
1997) show that the annual average ambient temperature of 300 Kelvin (K) [80 degree (°)
Fahrenheit (F)] could be easily exceeded for about 4 months. An ambient temperature of 300 K
(80°F) is typically considered in the thermal evaluation for most of the dry casks certified by the
NRC. However, the measured ambient temperatures suggest that, to bound all sites, the SAR
thermal evaluation should consider seasonal variations since, during the hot months, the dry
cask reaches a new steady state that the SAR has not analyzed. This study considered
variations in the ambient temperature in the range of 300 to 322 K (80 to 120°F), which seems
to envelope the natural variation of the ambient temperature during the hot season, according to
measured data.

2.3 Humidity

Traditionally, the thermal evaluation for design certification assumes dry air, which is
conservative, since humidity will increase the air thermal conductivity and heat capacity.
Therefore, this study considers relative humidity in the range of 0 to 90 percent for ambient
temperatures of 300 and 323 K (80 and 120°F). However, high relative humidity values do not
seem to persist for the prolonged periods of time necessary for the dry cask to reach a new
steady state. Therefore, this study assumes that dry air will continue to be an adequate
approach, a slightly conservative assumption, as demonstrated in this evaluation.

2.4 Elevation

The thermal evaluation of dry storage casks currently assumes that the cask is located at sea
level. However, the location of the dry storage cask site may have an impact on the operating
pressure used to calculate the air density at the inlet vents. This, in turn, will have a direct



impact on the calculated PCT. This study considers site location in the range of 0 to 1500
meters (m) (4921.5 ft)

2.5 Wind

The thermal evaluation of dry storage casks currently assumes quiescent conditions. However,
when performing the technical review of an underground dry storage cask, the staff noticed that
low-speed wind [2.235 m/s (5 mph)] has a negative effect on the cask’s thermal performance,
as compared to quiescent conditions. Therefore, low-speed wind is considered in this study in
the range of 0 to 6.706 m/s (15 mph). Reported measured values by NOAA (NOAA,
www.noaa.gov) show that low-speed wind could exist for the prolonged periods of time
necessary for a dry storage cask to reach a new steady state. The study considers both
aboveground and underground designs and, for aboveground designs, it includes vertical and
horizontal orientations to determine how low wind speed affects the thermal performance of
these casks.

2.6 Measured Factors

The magnitude of the environmental variables was selected using available data from NOAA
and ASHRAE Handbook Fundamentals (ASHRAE, 1997). Table 2-1 shows the range of the
environmental variables used to investigate the effect of these factors on the thermal
performance of the dry storage cask. The effect of decay heat on the dry storage cask’s
thermal response was also investigated, using heat sources in the range of 22 to

34 kilowatts (kW) for a specific vertical cask, as described later in this report.

Table 2-1 Range of Environmental Variables

Environmental Variable Range
Wind Speed m/s (mph) 0-6.706 (0—15)
Ambient Temperature K (°F) 300-322 (80-120)
Humidity (%) at Ambient Temperature of 300 K (80°F) 0-90
Humidity (%) at Ambient Temperature of 323 K (120°F) 0-90
Elevation m (ft) 0-1500 (0—4921.5)




3.0 GEOMETRY AND METHOD OF ANALYSIS

3.1 Vertical Aboveground Designs

In a vertical-ventilated aboveground spent fuel storage cask design, a spent fuel canister is
typically stored in a concrete overpack, with the canister bottom resting on some type of base
normal to the ground. Air vents are located in the bottom and top of the overpack, so air can
flow freely through the gap between the canister and the overpack to cool the canister’s outer
surface, thus keeping the cladding temperature below Standard Review Plan (SRP)-
recommended limits (NUREG-1536, 2010). Since the inlet and outlet air vents are separated by
the cask’s height, thermal mixing due to low-speed wind may not have an impact on the cask’s
thermal performance because of the physical separation of the air vents. This separation will
prevent hot air coming from the outlet vents to mix with the cooler air at the bottom of the cask.
Also, hot air coming out of the outlet vents will tend to flow up into the ambient air surrounding
the cask. However, low-speed wind could block the air vents, which could have an impact on
the cooling effect by reducing the mass flow rate through the annular gap. Therefore, this study
includes this cask to determine the effect of other environmental factors and to conclusively
determine how low-speed wind affects this design.

3.2 Vertical Underground Designs

In an underground design, the canister is stored inside some type of enclosure that is buried
almost entirely, except for the overpack lid, which is located aboveground and includes the air
vents. In this design, air needs to flow downwards into the enclosure container and then
upwards in contact with the canister’s outer shell. Decay heat from the spent fuel assemblies
stored in the canister is thus dissipated through the canister’s outer wall by a combination of
convection, radiation, and conduction to flowing air. Finally, hot air exits through the outlet vent,
which is located on top of the cask lid. For this design, the inlet and outlet vents are located in
proximity to each other. These design features represent a challenge from the analysis point of
view since, in addition to the typical environmental factors used in the thermal evaluation

(e.g., ambient temperature, ambient pressure), the analysis must include other factors such as
low wind speed. This increases both the complexity and the computational times, since usually
three-dimensional (3-D) thermal models are needed to properly capture the heat transfer and
flow characteristics of this design.

3.3 Horizontal Aboveground Designs

In a horizontal spent fuel storage cask, a spent fuel canister is typically stored in a concrete
overpack with the canister side resting on some type of base, normal to the ground. Inlet vents
are located on the front or side of the bottom of the overpack. Outlet vents are located on the
top side of the overpack or on the roof. Decay heat from the spent fuel assemblies stored in the
canister is thus dissipated through the canister’s outer wall by a combination of convection,
radiation, and conduction to flowing air.

The heat transfer characteristics of these designs are almost identical, except for the vertical
configuration, where convection heat transfer inside the canister plays an important role,
especially for pressurized canisters. Since the geometry is different for the three designs, some
of the environmental variables (especially low-speed wind) will affect the thermal performance in
a different manner (due to the design and location of the air vents).



3.4 Method of Analysis

The analysis used computational fluid dynamics (CFD) methods, using the ANSYS FLUENT
software as the primary analytical tool. ANSYS FLUENT (Fluent, 2006) is a CFD code that
solves the governing equations for the conservation of mass and momentum and (when
necessary) for energy and other scalar quantities, such as turbulence and chemical species
concentrations. ANSYS FLUENT uses a control-volume-based technique to convert a general
scalar transport equation to an algebraic equation that is solved numerically. The following
steps are used to solve the algebraic equations:

(a) division of the domain into discrete control volumes using a computational grid

(b) integration of the governing equations on the individual control volumes to construct
algebraic equations for the discrete dependent variables (“unknowns”), such as
velocities, pressure, temperature, and conserved scalars

(c) linearization of the discretized equations and solution of the resultant linear equation
system to yield updated values of the dependent variables

Two-dimensional (2-D) and 3-D thermal models can be built and a solution obtained using the
ANSYS FLUENT CFD code. This study considered both 2-D axisymmetric and 3-D thermal
models to study the impact of a variety of environmental conditions on the thermal performance
of spent fuel dry storage casks. Wind studies used both axisymmetric and 3-D thermal models
to perform both steady-state and transient analyses. For the other environmental parameters,
only axisymmetric steady-state and transient analyses were applied to reduce the central
processing unit (CPU) time to perform the analyses. Chapter 4 contains specific details of the
developed thermal models used in this evaluation.



4.0 ANALYZED CASES
4.1 Introduction

The NRC developed two types of thermal models to study the environmental variables: a 3-D
model for the wind study and a 2-D axisymmetric model to study the effect of the other
parameters. Table 4-1 shows the cask systems selected to analyze the effect of wind on the
dry storage cask’s thermal performance. Table 4-2 shows the 2-D axisymmetric cases used to
investigate the effect of humidity, ambient temperature, altitude, decay heat, and wind. In this
study, the axisymmetric model is a representation of an aboveground vertical storage system.

Table 4-1 Three-Dimensional Cases Used To Study the Wind Effect

Orientation Location Dimensions Mode of Analysis
Vertical (HI-STORM | Aboveground 3-D Steady
100)
Vertical (HI-STORM Underground 3-D Steady
100U)
Horizontal Aboveground 3-D Steady
(Standardized
NUHOMS)
Horizontal (Advanced | Aboveground 3-D Steady & Transient
NUHOMS)

Table 4-2 Axisymmetric Cases Used To Study Environmental Parameters

Variable Dimensions Mode of Analysis
Ambient Temperature 2-D Steady & Transient
Humidity 2-D Steady
Altitude 2-D Steady
Heat load 2-D Steady

Wind 2-D Transient

4.2 General Description of the Analyzed Casks

Three different spent fuel dry cask designs, HI-STORM 100, HI-STORM 100U, and NUHOMS,
were selected to develop the thermal models used in this study. These casks cover the variety
of designs to determine the effect of different environmental factors, especially the effect of
wind. These designs also cover the different geometries of interest (i.e., vertical, horizontal,
aboveground, and underground designs). The analysis results can be used to evaluate similar
designs (e.g., vertical orientation, number of air vents). The environmental factors considered in
this study affect all storage systems, and low-speed wind only affects ventilated storage



systems because of the presence of discrete vents, in the case of aboveground designs, or
blockage of the air vents and the proximity of the inlet and outlet vents, in the case of
underground designs.

HI-STORM 100

The HI-STORM 100 (Holtec Storage and Transfer Operation Reinforced Module) spent fuel
cask storage system consists of a sealed canister positioned inside a vertical ventilated storage
overpack (Holtec International, 2005). Four inlet and outlet ducts that allow for air cooling of the
stored multipurpose canister (MPC) are located at the bottom and top, respectively, of the
storage overpack. The spent nuclear fuel (SNF) assemblies are located inside the MPC, which
is sealed with a welded lid to form the confinement boundary. The MPC contains an all-alloy
honeycomb basket structure with square-shaped compartments of appropriate dimensions to
allow insertion of the spent fuel assemblies before welding the MPC. The MPC basket designs
are designated as MPC-32 (for holding up to 32 pressurized-water reactor (PWR) spent fuel
assemblies), MPC-24 (for holding up to 24 PWR spent fuel assemblies) and MPC-68 (for
holding up to 68 boiling-water reactor (BWR) spent fuel assemblies). After vacuum drying, the
MPC is backfilled with helium to provide a stable, inert environment for long-term storage of the
SNF. The helium gas fills all the space between the solid components and provides an
improved conduction medium for dissipating decay heat in the MPC. During normal storage
conditions in the HI-STORM 100 storage system, heat is rejected from the SNF to the
environment by passive heat transfer mechanisms only.

HI-STORM 100U

The HI-STORM 100U spent fuel storage system (Holtec International, 2007) uses an
underground vertical-ventilated module (VVM) designed to accept all MPC models

(e.g., MPC-24, MPC-32) for storage at an independent spent fuel storage installation (ISFSI).
The VVM provides for storage of MPCs in a vertical configuration inside a subterranean
cylindrical cavity entirely below the top-of-the-grade of the ISFSI. The MPC storage cavity is
defined by the cavity enclosure container (CEC), consisting of the container shell integrally
welded to the bottom plate. The top of the container shell is stiffened by the container flange (a
ring-shaped flange) that is also integrally welded. All of the constituent parts of the CEC are
made of thick low-carbon steel plate. In its installed configuration, the CEC is interfaced with
the surrounding subgrade for most of its height, except for the top region, where it is girdled by
the top ISFSI pad. The cylindrical surface of the divider shell is equipped with insulation to
ensure that the heated air streaming up around the MPC in the inner coolant air space causes
minimal preheating of the air streaming down the intake plenum. After vacuum drying, the MPC
is backfilled with helium to provide a stable, inert environment for long-term storage of the SNF.
In the HI-STORM 100U system, heat is rejected from the SNF to the environment by passive
heat transfer mechanisms only. Air intake and outlet vents are located on the cask lid. The
VVM is engineered for outdoor below-grade storage for the duration of its design life, and it is
designed to withstand normal, off-normal, and extreme environmental phenomena as well as
accident storage conditions.

STANDARDIZED AND ADVANCED NUHOMS

The standardized and advanced horizontal storage module (HSM), the NUHOMS (Nuclear
Horizontal Modular Storage) spent fuel storage system, provides for the horizontal storage of



irradiated fuel in a dry-shielded canister (DSC) that is placed in a concrete horizontal storage
module (Transnuclear, Inc., 2006, 2008). Decay heat is removed from the spent fuel by
conduction and radiation within the DSC and by convection and radiation from the surface of the
DSC. The natural circulation flow of air through the HSM and the conduction of heat through
concrete provide the mechanisms of heat removal from the HSM.

Spent fuel assemblies are loaded into the DSC while it is inside a transfer cask in the spent fuel
pool at the reactor site. The transfer cask containing the loaded DSC is removed from the pool,
dried, purged, backfilled with helium, and sealed. The loaded DSC inside the transfer cask is
moved to the HSM, where it is pushed into the HSM by a horizontal hydraulic ram. The DSC is
constructed from stainless-steel plates and contains a basket consisting of a number of square
cells in either the PWR or the BWR design. An intact spent fuel assembly is loaded into each
cell yielding a capacity of 24, 32, and 37 PWR or 52, 61, and 69 BWR spent fuel assemblies per
DSC. Spacer disks are used for structural support. The DSC has double seal welds at each
end and rests on two steel rails when placed in the HSM.

The HSM is constructed from reinforced concrete, carbon steel, and stainless steel.
Passageways for air flow through the HSM are designed to minimize the escape of radiation
from the HSM but also to permit adequate cooling air flow. Decay heat from the spent fuel
assemblies within the canister is removed from the DSC by natural draft convection and
radiation. Air enters along the bottom of each side of the HSM, flows around the canister, and
exits through flow channels along the top sides of the module. Heat is also radiated from the
DSC to the inner surface of the HSM walls where, again, natural convection air flow removes
the heat. Some heat is also removed by conduction through the concrete.

The horizontal NUHOMS casks are designed to passively remove heat from the DSC by natural
circulation of airflow through the cask. The NUHOMS casks are located on a reinforced
concrete pad and fastened to adjacent HSM casks. For design-basis seismic events, a
minimum of three casks must be fastened together. In the analysis, the main difference
between the two types of NUHOMS horizontal casks is the placement of the vents and the
airflow path inside the cask. The standardized NUHOMS cask has two inlet vents on both sides
at the bottom of the cask and two outlet vents on both sides at the top. The Advanced HSM has
one inlet air vent at the bottom on the front of the cask and one outlet air vent on the roof of the
cask.

4.3 Three-Dimensional Cases

For long-term storage conditions, the cask’s thermal evaluation follows the guidelines of
NUREG-1536, with the canister cavity backfilled with helium. Thermal analysis results for the
long-term storage scenarios and short-term transient conditions are obtained and presented in
this report, focusing on the effect of varying environmental conditions on the thermal
performance of the spent fuel dry storage cask. The boundary condition used to represent wind
is located at an adequate distance to prevent any interference with the cask vents and walls.
The distance of the velocity and pressure boundaries is carefully selected to obtain physically
meaningful results. If these boundaries are too close to the cask boundaries (external walls, air
vents), unrealistic air velocities would be developed, which would affect the analysis results
(American Society of Mechanical Engineers (ASME), “Standard for Verification and Validation in
Computational Fluid Dynamics and Heat Transfer,” 2009).



HI-STORM 100

The MPC basket that holds the spent fuel assemblies is a matrix of interconnected square
compartments designed to hold the spent fuel assemblies in a vertical position under long-term
storage conditions. The basket is a honeycomb structure of stainless-steel plates with
full-length welded intersections to form an integral basket configuration. All individual cell walls,
except outer periphery cell walls, are provided with neutron absorber plates sandwiched
between the box wall and a stainless-steel sheathing plate over the full length of the active
spent fuel region. The neutron absorber plates used in all MPCs are made of an
aluminum-based material containing boron carbide to provide criticality control while maximizing
heat conduction capabilities. Heat generation in the MPC is axially nonuniform because of
nonuniform axial burnup profiles in the spent fuel assemblies. Table 4-3 shows the
design-basis decay heat for long-term normal storage for the analyzed casks. The decay heat
is conservatively considered to be nonuniformly distributed over the active spent fuel length,
based on a prescribed axial burnup distribution.

Table 4-3 Decay Heat Values for Analyzed Casks

Cask Type Decay Heat (kW)
HI-STORM 100 34
HI-STORM 100U 36.9
Standardized NUHOMS 24
Advanced NUHOMS 24

The thermal analysis used two different thermal models: a half-symmetry 3-D model and a 2-D
axisymmetric model. Both models use porous media to represent the flow through the spent
fuel rods. Porous media are used to represent the spent fuel assembly in the 3-D model, as
shown in Figure 4-1. Flow resistance factors that characterize the spent fuel regions are
obtained from separate calculations using CFD. These calculations include all important
features that contribute to flow resistance (e.g., spent fuel rods, spacers, water rods). Other
than representing the spent fuel assemblies using porous media, the 3-D model explicitly
represents all major components (e.g., spent fuel basket, helium inside the cavity, MPC shell,
air gap between the MPC shell and overpack, concrete overpack). Figures 4-2, 4-3, and 4-4
show the model graphically. The two-vent 3-D thermal model is identical to the four-vent model,
except for the number of vents.

Thermal analysis results from a 3-D model were used to evaluate the effect of wind on the
different cask configurations, as shown in Table 4-1. The analyses considered wind velocities
varying between 0 and 6.706 m/s (0 and 15 mph). The analyses also considered bounding
wind directions for wind approaching the air vents (e.g., parallel to vent, normal to vent). For the
0 m/s wind case that represents normal quiescent conditions, the pressure boundary was
specified all around the dry storage cask control volume. For nonquiescent conditions (low-
speed wind), inlet velocity [varying between 0 and 6.706 m/s (0 and 15 mph)] was applied on
the wind side and pressure boundary on the opposite side.
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(a) Detailed spent fuel cell

(b) Homogenized cross-section

Figure 4-1 Homogenization of the storage cell cross-section



(a) Geometry

(b) Boundary Conditions

Figure 4-2 Geometry and boundary conditions for HI-STORM 100 cask with four vents
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(a) Geometry

(b) Boundary conditions

Figure 4-3 Aboveground vertical cask with two vents (wind perpendicular to vents)
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(a) Geometry

(b) Boundary conditions

Figure 4-4 Aboveground vertical cask with two vents (wind parallel to vents)
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HI-STORM 100U

A one-half symmetry 3-D thermal model was developed to perform the environmental study, as
seen in Figure 4-5, which shows that, except for the spent fuel region, all major components are
represented explicitly in the thermal model. As described earlier, the spent fuel assembily is
represented using porous media characterized by flow resistance factors calculated separately
and effective thermal conductivity, as described in Appendix A, “Effective Thermal Conductivity”
(TRW report, “Spent Nuclear Fuel Effective Thermal Conductivity Report,” 1996). Figure 4-5(a)
shows the pictorial representation of the cask and the environment associated with it.

Figure 4-5(b) shows the boundary conditions used in the model. Applied boundary conditions
include symmetry, velocity inlet (to represent wind), and pressure inlet (to represent the
boundary limits on the environmental side). A wall is used to represent the top of the ground
and the enclosure wall of the cask cavity.
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(a) Geometry

(b) Boundary conditions

Figure 4-5 Geometry and boundary conditions for the HI-STORM 100U cask
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NUHOMS

A full geometry thermal model was built to represent this system. This study considered two
versions of the cask design: standardized and advanced. The location of the air vents is the
main difference between these versions from the point of view of wind effect. The developed
models are shown in Figures 4-6 and 4-7 for the standardized version and Figures 4-8 and 4-9
for the advanced version. The thermal models developed for the NUHOMS casks include all
important features that play a role in determining the effect of wind. For example, the DSC is
represented as a solid body with heat generation distribution approximated to a standard axial
power profile. The model includes all internal main features of the horizontal overpack except
the cask support structures, since they have a minor effect. The main objective of this study
was to obtain the relative effect on the PCT and not the approximate PCT value. The thermal
results from the wind study are compared to quiescent conditions.

Figure 4-6 shows the standardized NUHOMS casks’ geometry as represented in the thermal
model and the boundary conditions applied to the analysis. Since the model is assumed to be
located in a row of casks, symmetry boundary conditions are applied to both sides of the
extended model, along with the wall represented by an adjacent cask (symmetry: yellow and
wall: black). The velocity inlet boundary is located at a sufficient distance to allow the
development of the air flow and avoid any effect on the cask air vents (inlet velocity: blue). The
top of the cask is represented as a pressure boundary (red) and the back is partly represented
with an adiabatic wall to represent an adjacent cask. The part of the back of the control volume
that is part of the back wall is assigned a pressure boundary to represent the environment.
Figure 4-7 shows the boundary conditions applied to the standardized NUHOMS model to
analyze the wind effect. Two bounding directions were considered: frontal wind and side wind
(shown in blue).

The boundary conditions applied to the thermal model of the advanced NUHOMS cask are
shown in Figures 8 and 9. The main difference between this design and the standardized
version is the location of the air vents. In the standardized version, the vents are located on the
side of the cask while, for the advanced NUHOMS cask, they are located on the front and top
(towards the back). The wind study considered three cases: whether the wind was blowing
towards the front, back, or side of the cask.

17



(a) Geometry

(b) Boundary Conditions

Figure 4-6 Geometry of the standardized NUHOMS cask
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(a) Frontal wind

=l

(b) Side wind

Figure 4-7 Standardized NUHOMS cask boundary conditions
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Figure 4-8 Advanced NUHOMS cask with frontal and backward wind
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(b) Air vents

Figure 4-9 Advanced NUHOMS cask with side wind
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4.4 Axisymmetric Model

For the HI-STORM 100 axisymmetric thermal model, the basket is homogenized into an
equivalent cylindrical volume, as shown in Figure 4-10. The spent fuel basket and the spent
fuel assemblies are homogenized, and the equivalent thermal properties and flow resistance
factors are calculated separately and used in the axisymmetric model. Figure 4-11 shows an
axial representation of the axisymmetric model with its main features (homogenized basket with
axial power distribution, upper plenum, downcomer, lower plenums, MPC, air gap between the
MPC shell and the concrete overpack, inlet and outlet vents, and overpack).

The axisymmetric model was used to analyze the steady-state effect of the ambient
temperature, humidity, elevation, and heat load, as shown in Table 4-2. The axisymmetric
model was also used to study the transient dry storage cask thermal response for the
worst-case wind scenario (i.e., two-vent vertical dry storage cask with wind parallel to air vents),
as well as the transient thermal behavior during a sudden change in the ambient temperature.

(a) MPC cross-section (b) Equivalent two-zone model

Figure 4-10 Homogenization of the MPC cross-section into an equivalent two-zone
axisymmetric model
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Figure 4-11 HI-STORM 100 axisymmetric model
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4.5 Flow Resistance

The casks are evaluated for storing a specific arrangement of either BWR or PWR spent fuel
assemblies. During spent fuel storage in the vertical configuration, helium enters the basket
storage cells from the bottom plenum, flows upward through the open spaces in the spent fuel
storage cells, and exits through the top plenum. The top and bottom plenums are essentially
open spaces engineered in the spent fuel basket ends to enable helium circulation. In the case
of BWR spent fuel storage, a channel enveloping the spent fuel bundle divides the flow into two
parallel paths. One flow path is through the in-channel or rodded region of the storage cell, and
the other flow path is in the square annulus outside the channel. The two modeling approaches
below simulate heat transfer and fluid flow in the dry storage cask.

The first approach uses a 3-D representation of the dry storage cask. In this model, the spent
fuel basket was modeled using porous media inside the spent fuel storage cells (for the PWR
spent fuel assemblies) and porous media inside the spent fuel channel (for the BWR spent fuel
assemblies). For the BWR spent fuel storage configuration, the square annular gap between
the spent fuel channel and the basket storage cell is represented explicitly as a helium flow
path. Therefore, the canister is modeled as a 3-D array of square-shaped cells (basket) inside a
cylindrical canister shell.

The second approach uses an axisymmetric model to represent the entire cask. To avoid
modeling the individual spent fuel rods, porous media were used to represent any volume
enclosing the spent fuel rods.

In the ANSYS FLUENT CFD code, porous media viscous flow resistance is modeled as follows:
AP =DuVL

Where AP is the hydraulic pressure loss, D is the flow-resistance coefficient, p is the fluid
viscosity, V is the superficial fluid velocity, and L is the porous media length. In the model, the
spent fuel storage cell length between the bottom and top plenums is replaced by porous media.

To characterize the flow resistance of spent fuel assemblies inside the spent fuel basket region,
a 3-D model of either PWR or BWR spent fuel assemblies is constructed using the ANSYS
FLUENT CFD program (NUREG-2152, “Computational Fluid Dynamics Best Practice
Guidelines for Dry Cask Applications,” issued March 2013). In this model, the spent fuel rods,
water rods, and grid spacers are represented explicitly. The 3-D flow-resistance model used
two approaches to calculate the flow resistance. The first approach is the pressure-drop
method and the second is the shear-stress method. Both methods are applied for sections
without flow area changes (i.e., no contractions or expansions). Both approaches are related
and should lead to the same values (Appendix B, “Flow Resistance”). Table B-1 of Appendix B
shows the obtained resistance values used in both the 3-D models and the axisymmetric model.

4.6 Material Properties
Materials present in the storage canisters include stainless steel, neutron absorber (Boral or
METAMIC), and helium. Materials present in the storage cask overpacks include carbon steel

and concrete. Table 4-4 presents a summary of material properties used for performing all
thermal analyses.
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Table 4-4 Thermo-Physical Properties of Materials Used in the Analyses

Material Emissivity Conductivity Heat Capacity Density
Helium n/a Kinetic Theory Cp(T) [JANAF, | Ideal gas law
[Robert C Reid et al., 1985]
1977]
Air n/a Kinetic theory Cp(T) [JANAF, | Ideal gas law
[Robert C Reid et al., 1985]
1977]
Carbon 0.85 42.2 n/a n/a
Steel
Alloy X 0.587 K(T) n/a n/a
[Holtec International,
2005]
Concrete n/a 1.81 n/a n/a
Zircaloy 0.8 K(T) n/a n/a
[Holtec International,
2005]

4.7 Analyzed Cases and Applied Boundary Conditions

4.7.1 Analyzed Three-Dimensional Cases

The wind-effect analysis used half-symmetry models to minimize CPU time and effort to analyze
the HI-STORM 100 and HI-STORM 100U dry storage casks. Due to the lack of symmetry, full
symmetry models were used to analyze the NUHOMS dry storage casks for wind studies.
However, to simplify the analysis, the canister was modeled as a solid cylinder with a decay
heat power profile representative of the type of fuel stored in the horizontal canisters.
Turbulence was modeled using the low Reynolds k-€ model. The discrete ordinate (DO)
thermal radiation model was selected to model the radiative transfer equation. Table 4-1 shows
the different 3-D cases that were considered to analyze the effect of wind on the thermal
performance of different cask designs and configurations.

4.7.2 Applied Boundary Conditions for Three-Dimensional Analyses

The modeled cask will be located inside a control volume that represents the environment.
Therefore, the external boundary conditions (environment surrounding the dry storage cask)
were represented in the ANSYS FLUENT model by specifying appropriate inlet velocities (wind
side) or pressures (wind opposite side) and ambient temperature.

As stated previously, the external boundary conditions on the modeled dry storage cask
consisted of a velocity inlet on the direction of wind side, a pressure outlet on the side opposing
wind direction and the top sides, and symmetry for the sides that are orthogonal to the wind
direction, as shown in Figures 4-2 through 4-9. When only half of the cask was modeled, as in
the HI-STORM 100U and HI-STORM 100 (with four vents and two vents), symmetry was
assumed on the plane dividing the cask in half. Thermal radiation properties and resolution
control for the view factor calculations were set in ANSYS FLUENT via internal boundary
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conditions on solid cells adjacent to fluid cells. The rest of the specified boundary conditions to

perform the wind analysis are summarized below:

° ambient temperature of 300 K (80°F)

. no solar insolation (nonconservative assumption but irrelevant to the temperature
differential)

. velocity inlet specified on the side of the wind

. pressure outlet specified on the opposing side of the wind

o wind velocity varied in the range of 0 to 6.706 m/s (0 to 15 mph)

° wind direction assumed parallel and orthogonal to the air vents

o adiabatic boundary assumed on the cask’s bottom surface

o symmetry used when applicable

. surface emissivities set to 0.587 for stainless-steel surfaces inside the storage canister

and 0.85 for carbon-steel surfaces outside the canister and for concrete surfaces

Figures 4-2 through 4-9 show the external boundary conditions. Each color in these figures
refers to the type of applied boundary. Blue represents a velocity inlet, red represents a
pressure boundary, yellow represents symmetry, black represents a wall, and green shows the
cask vents used as interior cells, per ANSYS FLUENT nomenclature.

The ANSYS FLUENT porous media model requires the input of spent fuel effective thermal
conductivity and flow resistance factors. Tables A-1 through A-3 of Appendix A and Table B-1
of Appendix B provide the values used for spent fuel effective thermal conductivity and flow
resistance factors for the 3-D thermal models. Table 4-3 shows the total decay heat used in the
analysis for the different casks considered in the evaluation.

4.7.3 Analyzed Axisymmetric Cases

The analyzed cases included low Reynolds k-¢€ to model the air flow turbulence between the
liner and the MPC wall. For the helium flow inside the MPC, the calculated Reynolds and
Rayleigh numbers are too low to consider a turbulent flow regime. Instead, a laminar regime
was considered. DO was used to model the radiation transfer equation between the walls.
Also, the effect of helium pressure inside the MPC was investigated. The control volume used
the dry storage cask boundaries. In this control volume, the inlet and outlet ducts use either
pressure or velocity boundaries, depending on the investigated case. In addition, a total decay
heat load of 34 kW was assumed for all the axisymmetric cases. Table 4-2 shows the
axisymmetric cases considered in the evaluation.

4.7.4 Applied Boundary Conditions for the Axisymmetric Model
A 2-D axisymmetric thermal model was used to analyze the thermal response of the
HI-STORM 100 dry storage cask, as shown in Figures 4-10 and 4-11. A 2-D polar coordinate

system is used to represent the dry storage cask system where only radial and axial directions
are considered. The MPC section consists of two discrete regions—the basket region and the
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peripheral region. The inner basket region represents the spent fuel storage basket, and the
outer peripheral region represents the MPC downcomer. As shown in Figure 4-11, the inner
region consists of three distinct regions—the spent fuel region, the bottom plenum, and the top
plenum.

Porous media were used to model the spent fuel region, as well as the top and bottom plenums
located in the center of the MPC. Flow-resistance factors (i.e., frictional and inertial) and
temperature-dependent equivalent thermal conductivity (i.e., includes radiation and conduction
heat transfer) are used to characterize the flow and heat transfer in the porous media regions.
A laminar regime is used to model the flow of helium in this inner zone with a uniform porosity
specified in ANSYS FLUENT. In the downcomer region (outer zone of the MPC model), a
laminar regime is also considered. Helium at a pressure of about 7.2 bars is modeled as
flowing from top to bottom in the downcomer region and from bottom to top in the spent fuel
region.

For the air flow in the annular gap between the MPC and the overpack, the transitional low
Reynolds k-¢ turbulence model is used. Both the turbulent kinetic energy and its dissipation are
used to model the average length and time scales of turbulence. Temperature-dependent
equivalent thermal conductivity in the radial and axial directions, specific heat, density, porosity,
and hydraulic losses are used to characterize the porous media. The calculated input values for
the equivalent thermal conductivities in the radial and axial directions included the effect of both
radiation and conduction heat transfer.

The ANSYS FLUENT CFD code was used to predict the spent fuel basket planar (radial)
effective thermal conductivity (NUREG-2152, 2013). The effective axial thermal conductivity is
estimated by area averaging the thermal conductivity of each material in a spent fuel basket
cross-section. As a result, radiation heat transfer was not accounted for in the ANSYS FLUENT
analysis, and zero values for the wall emissivities inside the canister were specified in the
boundary conditions panel. DO was used to model radiation between walls in the axisymmetric
model. A heat source was added to the cells representing the active spent fuel region. The
local volumetric heat source term in each segment was determined by multiplying the basket
active spent fuel length average source term with an axial power peaking factor. The four vents
in the bottom and top of the cask, respectively, were represented by one continuous inlet at the
bottom and one continuous outlet at the top. The model used the exact height for the inlet and
outlet vents as in the physical model. As a result, the air vents flow area in the computational
model was larger than the actual flow area specified in the physical model. As a remedy,
porous media were used to introduce flow resistance along the channels to correct for the mass
flow rate and the balance of momentum.

The HI-STORM 100 axisymmetric thermal model requires several simplifications. The most
important step requires that the planar section of the MPC be homogenized. With each spent
fuel storage cell replaced with an equivalent solid square, the MPC cross-section consists of a
metallic grid (i.e., basket cell walls with each square cell space containing a solid storage cell
square of temperature-dependent effective thermal conductivity) circumscribed by a circular ring
(MPC shell). The four distinct materials in this section are homogenized spent fuel storage cell
squares, stainless-steel structural material in the MPC (including neutron absorber sheathing),
neutron absorber, and helium gas. Each of the four constituent materials in this section has a
different conductivity.

27



In the axisymmetric model, the required simplification is performed by replacing the thermally
heterogeneous spent fuel basket section by an equivalent conduction-only region using a 2-D
CFD analysis (NUREG-2152, 2013). Because the rate of transport of heat in the spent fuel
basket is influenced by radiation, which is a temperature-dependent effect, the equivalent
conductivity of the spent fuel basket region must also be computed as a function of temperature.
Also, it is recognized that the MPC section consists of two discrete regions; namely, the basket
region and the peripheral region. The peripheral region is the space between the peripheral
storage cells and the MPC shell. This is a helium-filled space surrounded by stainless-steel
plates. Accordingly, as shown in Figure 4-10 for the vertical storage cask, the MPC
cross-section is replaced by two homogenized regions with temperature-dependent
conductivities. Temperature-dependent spent fuel effective thermal conductivity has been used
to characterize the equivalent area that represents the spent fuel basket.

The two principal components of a loaded spent fuel basket are sandwich panels and SNF.
These components have unequal conduction properties in the planar and axial directions. The
spent fuel basket thermal modeling properly recognizes these differences by characterizing the
effective conductivities in the two (planar and axial) directions. For computing the planar spent
fuel basket conductivity, either a finite element-based model, such as the ANSYS code, or a
finite volume-based CFD code, such as ANSYS FLUENT, can be employed. The principal
inputs to the models are the spent fuel planar conductivities and the sandwich panel
conductivities. The spent fuel basket axial conductivity is computed by an area-weighted sum of
the cladding, helium, neutron absorber, and steel (box wall and sheathing) conductivities. In
this evaluation, spent fuel pellet axial conduction and axial dissipation of heat by radiation are
neglected in the calculation of the effective thermal conductivity in the axial direction.

Finally, the cask is simulated as being radially symmetric, having annular vents at the bottom
and top with a buoyancy-induced flow in the annular space surrounding the heat-generating
MPC cylinder. The annular gap between the MPC and the overpack is modeled explicitly, and
the cask vents are represented by porous media, which specified effective inlet and outlet duct
flow-resistance factors that are calculated separately.

Internal circulation of helium in the sealed MPC is modeled as flow in a porous media in the
spent fuel basket region containing the SNF (including top and bottom plenum). The basket-to-
MPC shell clearance is modeled as a helium-filled radial gap to include the downcomer flow in
the thermal model. The downcomer region, as illustrated in Figure 4-10(a), consists of an
azimuthally varying gap formed by the square-celled basket outline and the cylindrical MPC
shell. In the FLUENT axisymmetric model, a single effective gap is used to model the
downcomer region, as shown in Figures 4-10(b) and 4-11.

A low Reynolds k-¢ model was used to represent turbulence in the air flow region (the annular
gap formed by the MPC shell and overpack). Guidelines on the proper use of the low Reynolds
k-€ turbulence model require the use of a finer mesh near the enclosing walls. As shown in
Figure 4-12, a mesh was generated for this region such that the dimensionless distance y*, for
the cells close to the wall, is close to unity for the axisymmetric model, thus fulfilling the
requirements for the proper use of the low Reynolds k-¢ turbulence model. The integration is
performed all the way to the wall using an adequate fine generated mesh (as shown in

Figure 4-12).
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As mentioned earlier, the 2-D axisymmetric ANSYS FLUENT porous media model requires the
input of effective thermal conductivity and flow-resistance factors. The effective thermal
conductivity values used in the axisymmetric cases are shown in Table A-4 of Appendix A, and
the flow-resistance factors are shown in Table B-1 of Appendix B.

Figure 4-12 Mesh generated for the air annular gap of the axisymmetric model
Cases to Model the Effect of Humidity
As shown in Table 2-1, the effect of humidity was examined at ambient temperatures of 300 and
323 K, assuming a relative humidity of O percent, 50 percent, 70 percent, and 90 percent (for
each temperature). For the calculations of the effect of humidity on air, ANSYS FLUENT
requires the input of mass fractions of water vapor and air at the inlet boundary (inlet vent).
These parameters are calculated as follows and provided to ANSYS FLUENT for each case.

For moist air, the total pressure is expressed as:
P,=P +P (1)

Where
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P+ is the total pressure.
P, is the partial pressure of water vapor.
P. is the partial pressure of air.

The humidity ratio (sometimes called the specific humidity) is defined as:

Where m, and m, are the water vapor mass and air mass, respectively.

Also, relative humidity (®) is defined as the mole fraction of the water vapor (X,) in a mixture to
the mole fraction of the water vapor in a saturated mixture (X;) at the same temperature and
pressure:

O =—= 3)

Using Dalton’s law (Reid, “The Properties of Gases and Liquids,” 1977) for a mixture of perfect
gases, the mole fraction is equal to the ratio of the partial pressure to the total pressure.

X, == (4)

L

P, P (5)
o= _"v

PP

PT
And from Equation (5)

6

From the ideal gas law:

PVM
m, =——- (7)

RT
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Where

V is the total volume of the mixture.
M, and M, are the molecular weights of water and air, respectively.

R is the universal gas constant.
T is the temperature.

Knowing that M,=18 g/gmol and M, = 28.97 g/gmol, using Equations (2), (7), and (8), one gets

PM P P
= 5 06219 =0.6219— (9)
ma PaMtl Pa PT_I)V

For the axisymmetric thermal model, ANSYS FLUENT’s boundary condition at the inlet vent
used a pressure inlet with the following mass fractions of water vapor (mf,) and air (mf,):

m/
mV ma

mf, = = - (10)
m,+m, m,/ . m, W+1
mﬂ ma
mf =1—-mf = ! (11)
¢ oW+l

As such, the inlet water vapor and air mass fraction were specified in ANSYS FLUENT, as
shown in Table 4-5 at the two different assumed ambient temperatures of 300 and 323 K. As
can be seen from Table 4-5, water vapor increases as air humidity is increased from 0 to

90 percent.
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Table 4-5 Mass Fraction Specified at Inlet Vent for Humidity Analyses

Ambient (o] Ps P, w mf, mf,
Temperature | (%) (Pa) (Pa) kg of water vapor/kg of (%) (%)
K (°F) air
300 (80) 0 3,567 0 0 0 1
- 50 3,567 1,784. 0.011 0.011 | 0.989
- 70 3,567 2,497 0.016 0.015 | 0.985
- 90 3,567 3,210 0.020 0.020 | 0.98
323 (120) 0 12,350 0 0 0 1.
- 50 | 12,350 6,175 0.040 0.039 | 0.961
- 70 | 12,350 8,645 0.058 0.055 | 0.945
- 90 | 12,350 | 11,115 0.077 0.071 | 0.929

As shown in Table 2-1, the effect of ambient temperature was examined assuming ambient
temperatures of 300 K (80°F), 305 K (90°F), 311 K (100°F), 316 K (110°F), and 322 K (120°F)
using a steady-state analysis. This study used a transient analysis to investigate the transient
thermal response of a dry storage cask to a sudden change in the ambient temperature. In the
transient analysis, the ambient temperature was suddenly changed from 300 K (80°F) to 322 K
(120°F). The transient analysis examined the time it took the dry storage cask to reach a new
steady state.

The investigation of the effect of the heat load assumed total decay heats of 22, 24, 26, 28, 30,
32, and 34 kW. The pressure inlet and pressure outlet were specified at the inlet and outlet
vents of the axisymmetric ANSYS FLUENT thermal model and steady-state analyses were
performed to determine the effect of the total decay heat on the predicted PCT.

The investigation of the effect of the dry storage cask elevation (i.e., ambient pressure)
assumed the dry storage cask was located at elevations of 0, 500, 1,000, and 1,500 m above
sea level. Steady-state analyses used in this investigation specify the pressure inlet and
pressure outlet at the inlet and outlet vent, respectively. The analysis examined the effect of the
air density at the inlet vents (as it varies with ambient pressure) on the predicted PCT.

As mentioned earlier, the effect of the worst-case wind scenario was also studied using the
axisymmetric model. The 3-D analyses determined that the worst-case scenario was for an
aboveground vertical cask with two vents (postulated case). In this case, the wind is assumed
to be blowing at 4.4703 m/s (10 mph), with wind direction parallel to the air vents. Using the 3-D
worst-case scenario, an equivalent axisymmetric steady-state case was found by comparing the
PCT. Then, a transient case scenario was performed using the inlet mass flow rate (determined
by comparing the 3-D and 2-D cases, which resulted in the same PCT) and the pressure outlet
for the inlet and outlet vents, respectively. The transient analysis examined the time it took the
dry storage cask to reach a new steady state.

4.8 Discussion of Results

An analysis of the results from the 3-D thermal models described in previous sections for the
different cask configurations determined the effect of wind magnitude and direction on the
cask’s thermal performance. Specifically, it determined the effect of low-speed wind (wind in the
range of 0 to 6.706 m/s (0 to 15 mph) and wind direction (parallel and orthogonal to air vents) on
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the predicted PCT. Tables 4-6 through 4-15 summarize the effect of wind magnitude and
direction on the thermal performance of dry storage casks (predicted PCT) considered in this
evaluation. Results from the axisymmetric model of the vertical aboveground cask described in
previous sections were analyzed to determine the effect of ambient temperature, air humidity,
elevation, wind, and total decay heat in the cask on the cask’s thermal performance.
Specifically, they determined the effect of these parameters on the predicted PCT. The
following sections discuss the results from these analyses.

4.8.1 Wind Effect on the Underground Casks

Table 4-6 shows how the thermal performance of underground casks is affected by the
magnitude of wind. The predicted PCT increases as wind speed increases until wind speed
reaches about 2.235 m/s (5 mph). Table 4-6 also shows that PCT starts to decrease with a
further increase in wind speed. This behavior is explained by examining how the air mass flow
rate varies in the air-cooling channel. As the air mass flow rate increases, PCT decreases
because of the improved cooling effect by convection. The air vents in the underground cask
occupy the entire cask perimeter. The flow rate of the air mass moving through the cask is
directly proportional to the pressure difference between the inlet and outlet vents. As wind
speed increases from quiescent conditions to 2.235 m/s (5 mph), air blowing at the outlet vent
acts as flow resistance by increasing the pressure at the exit. Examination of the air mass flow
rate in Table 4-6 shows that the flow resistance at the exit reaches its maximum at a wind speed
of 2.235 m/s (5 mph) (lowest air mass flow rate). As such, the air mass flow rate reaches its
minimum and the PCT reaches its maximum at 2.235 m/s (5 mph). The pressure difference
between the inlet and the outlet vents decreases between 0 and 2.235 (5 mph). Then, as wind
speed increases beyond 2.235 m/s (5 mph), the pressure difference starts to increase. As a
result, the mass flow increases (improving convective cooling) and the PCT decreases.

4.8.2 Wind Effect on the Vertical Aboveground Casks

Table 4-7 shows the effect of wind speed on the vertical dry storage cask with four inlet and four
outlet vents (like the HI-STORM 100). Overall, the analysis shows that wind had a slight
positive effect on the cask’s thermal performance for average wind speed [wind speed of about
2.235-3.576 (5—8 mph)], as reported by NOAA (NOAA, www.noaa.gov). As the wind speed
increases, the cooling air mass flow rate increases and the PCT decreases. It should be noted
that the calculated temperatures for the base case (quiescent conditions) and windy conditions
are only shown to illustrate the effect of wind on the cask’s thermal performance. The predicted
PCT may be higher than the NRC’s recommended limit for normal storage, but it is only
because the analysis was intentionally set up this way to produce conservative results. This
may also apply to the results presented for other casks in this study. Also, the objective of
these analyses was to determine the relative increase, as compared to the base cases.

For the case of a postulated two-vent vertical dry storage cask design, when wind direction is
normal to the air vents, the thermal performance was positively affected as wind speed
increased. As the wind speed increased, the mass flow rate through the air vents increased
and the PCT decreased, as shown in Table 4-8. When wind direction is parallel to the air vents,
the magnitude of the wind adversely affects the thermal performance of the cask. The parallel
wind at the inlet and exit vents acts as flow blockage. When wind is parallel to the inlet vents,
as the wind speed increases, less air flows into the inlet vents (since wind acts as a flow
blockage). Similarly, when wind is parallel to the outlet vents, as the wind speed increases, the
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air acts as a flow blockage and less air flows through the outlet vents. As such, when wind
direction is parallel to the vents, air flow through the duct is decreased and the PCT is
increased, as shown in Table 4-9. It should be mentioned that this analysis corresponds to an
extreme case, because the NRC has not certified a cask design with only two air vents. The
case was included in the study to determine how wind affects the thermal performance of this
design. The wind analysis results from a two-vent vertical cask show that this design is very
sensitive to low-speed wind and that parallel wind has a strong negative effect on the cask’s
thermal performance.

The effect of wind on the thermal performance of the cask was noticeably high in the case of the
two-vent cask design with a 4.4703—m/s (10-mph) wind parallel to the cask vents. The analysis
of the 4.4703—m/s (10-mph) wind case used a steady-state approach. To further investigate
this scenario, a transient analysis of the case was undertaken using an axisymmetric
representation of the cask. First, an equivalent axisymmetric model was built to reproduce the
same PCT as the 3-D base-case model and the worst-case scenario [4.4703—m/s (10-mph)
wind], as shown in Table 4-9. The transient analysis first assigned the initial condition of the
equivalent base case and then applied a sudden change reflecting the conditions from the
worst-case scenario at the cask boundaries (air vents). As shown in Tables 4-17 and 4-18,

95 percent of the PCT change between the base case and the worst-case scenario was
reached after 256.5 hours (about 10.68 days).

4.8.3 Wind Effect on the Horizontal Aboveground Casks

The wind study for horizontal aboveground casks used standardized and advanced NUHOMS
casks. For the standardized cask, the analyses results showed that the magnitude and
direction of wind did not have any significant effect on the thermal performance of the cask, as
shown in Tables 4-10 and 4-11. Neither the magnitude nor the direction of the wind is expected
to affect the thermal performance of the cask because of the placement of the vents. As
described in Section 4.3.1, the vents in the standardized NUHOMS casks are located on the
sides of the cask and are not in direct contact with either parallel or normal wind. The normal
wind (wind blowing perpendicular to the air vents) will not be a factor on the thermal
performance because of the presence of either another cask on the side or a wall at the end of
a row of casks located in an ISFSI.

For the advanced aboveground horizontal NUHOMS casks, the inlet vent is located on the front
of the cask and the outlet vent is located on the roof, as described in Section 4.3.1. For the
case of wind parallel to the vents, the thermal performance of the dry storage cask was not
significantly affected, as shown in Table 4-14. When the wind is blowing towards the front of the
cask (wind direction perpendicular to the inlet vent), more air is admitted to the cask and the
thermal performance of the cask is improved, as shown in Table 4-12.

Since the advanced cask design locates the air outlet vent on top of the cask, the study also
included the case for wind blowing perpendicular to the back of the cask to determine how this
affects the cask’s thermal performance. Table 4-13 shows the steady-state analysis results with
wind directed to the back of the cask for wind speed varying in the range of 0 to 6.706 m/s (0 to
15 mph). As the wind speed increased, less air flowed through the cask and the PCT
increased. The predicted PCT reached its maximum at a wind speed of 4.4703 m/s (10 mph)
and then declined as the air flow rate through the cooling channel started to increase. To
further investigate this case, a transient analysis was performed. The case used steady base
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case results as the initial conditions, as shown in Table 4-13. Then, using the worst-case
scenario, the environmental conditions suddenly changed, with wind blowing towards the back
of the storage cask at 10 mph, as shown in Table 4-13. Tables 4-15 and 4-16 show a

95 percent PCT change between the base case and the worst-case scenario after 10 days. The
transient analysis results indicate that steady-state conditions will be reached after 10 days of
windy conditions with wind speed remaining constant for 10 days.

4.8.4 Aboveground Vertical Cask Axisymmetric Model

The study used an axisymmetric model to investigate the effect of the ambient temperature,
using steady-state simulations. Table 4-19 shows the effect of the ambient temperature on the
predicted PCT in the dry storage cask. The PCT increases by 8 K (14.4°F) for every 5.6 K
(10°F) increase in the ambient temperature.

In the transient analysis, used to study the effect of ambient temperature, the initial condition set
the ambient temperature at 300 K (80°F). Then the ambient temperature was suddenly
changed to 322 K (120°F). As shown in Tables 4-20 and 4-21, 95 percent of the PCT change
between 300 and 322 K (80 and 120°F) was reached after 7 days.

The effect of elevation was investigated using a steady-state analysis based on the
axisymmetric model. The analyses varied the elevation from 0 to 1500 m (0 to 4921.5 ft). As
the elevation is increased, the air density decreases due to the decrease in the ambient
pressure. As a result, the mass flow rate decreased and the PCT increased. As shown in
Table 4-22, the PCT increases by about 6 K (11°F) for every 500 m (1640.5 ft) of increased
elevation.

To study the effect of heat load, steady-state analyses, based on the axisymmetric model,
varied heat loads in the range of 20 to 34 kW. As the decay heat increased, the PCT also
increased. As shown in Table 4-23, the PCT increases by about 22 K (40°F) for every 2 kW
increase in heat load.

The effect of ambient air humidity was investigated using a steady-state analysis based on the
axisymmetric model. The analyses were performed at ambient temperatures of 300 K (80°F)
and 323 K (120°F) with a relative humidity of 0 , 50 percent, 70 percent, and 90 percent. As the
humidity increases, the ambient air contains more water vapor. As water vapor has larger
thermal conductivity and heat capacity than dry air, more heat is absorbed from the cask by
humid air. As such, the PCT will decrease as the relative humidity is increased for both ambient
temperatures considered in this study. At an ambient temperature of 300 K (80°F), the PCT
decreased by 0.6 K (1°F) for every 20 percent increase in the relative humidity (in the 50 to

90 percent range). At an ambient temperature of 323 K (120°F), the PCT decreased by 2.2 K
(4°F) for every 20-percent increase in relative humidity (in the 50 to 90 percent range). The rate
of decrease in the predicted PCT is higher for the ambient temperature 323 K (120°F) case than
for the ambient temperature 300 K (80°F) case because of the higher moisture content change
for every 20 percent change in relative humidity in the latter, as shown in Tables 4-24 and 4-25.
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Table 4-6 Effect of Wind Speed on Predicted PCT for HI-STORM 100U Cask

Wind Speed Air Mass Flow Rate Peak Cladding
m/s (mph) (kg/s) Temperature (K)
0 (0) 0.227 646
1.3411 (3) 0.189 675
2.235 (5) 0.152 693
3.1292 (7) 0.168 684
4.4703 (10) 0.192 677
6.706 (15) 0.218 661

Table 4-7 Effect of Wind Speed on Predicted PCT for HI-STORM 100 Cask

with Four Vents

Wind Speed Mass Flow Rate Peak Cladding
m/s (mph) (kg/s) Temperature (K)
Base Case 0.156 712
0.8941 (2) 0.146 713

2.235 (5) 0.166 710
3.1292 (7) 0.204 703
4.4703 (10) 0.267 690
6.706 (15) 0.409 669

Table 4-8 Effect of Wind Speed on Predicted PCT for HI-STORM 100 Cask with

Two Vents (Wind Perpendicular to Air Vents)

Wind Speed m/s (mph) Mass Flow Rate (kg/s) PCT (K)
Base case 0.0958 744.6
2.235 (5) 0.1003 737.4
4.4703 (10) 0.1389 733.8
6.706 (15) 0.2320 714.5

Table 4-9 Effect of Wind Speed on Predicted PCT for HI-STORM 100 Cask with
Two Vents (Wind Parallel to Air Vents)

Wind Speed (mph) Mass Flow Rate (kg/s) PCT (K)
Base case 0.0958 744.6
2.235 (5) 0.0531 787.2
4.4703 (10) 0.0165 886.5
6.706 (15) 0.0388 879
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Table 4-10 Effect of Wind Speed on Predicted PCT for Standardized NUHOMS Cask
(Frontal Wind Direction)

Wind Speed m/s (mph) Mass Flow Rate (kg/s) PCT (K)
Base Case 0.2512 680.4
2.235 (5) 0.2486 679.6
4.4703 (10) 0.2522 680.4
6.706 (15) 0.2539 679.9

Table 4-11 Effect of Wind Speed on Predicted PCT for Standardized NUHOMS Cask
(Side Wind Direction)

Wind Speed m/s (mph) Mass Flow Rate (kg/s) PCT (K)
Base Case 0.2512 680.4
2.235 (5) 0.2536 679.9
4.4703 (10) 0.2536 679.6
6.706 (15) 0.2518 679.8

Table 4-12 Effect of Wind Speed on Predicted PCT for Advanced NUHOMS Cask
(Frontal Wind Direction)

Wind Speed m/s (mph) Mass Flow Rate (kg/s) PCT (K)
Base Case 0.3495 675
2.235 (5) 0.7875 666
4.4703 (10) 1.509 661
6.706 (15) 2.2569 657

Table 4-13 Effect of Wind Speed on Predicted PCT for Advanced NUHOMS Cask
(Back Wind Direction)

Wind Speed m/s (mph) | Mass Flow Rate (kg/s) PCT (K)
Base Case 0.3495 675
2.235 (5) 0.2789 680.6
4.4703 (10) 0.23 689.9
6.706 (15) 0.26 683

Table 4-14 Effect of Wind Speed on Predicted PCT for Advanced NUHOMS Cask
(Side Wind Direction)

Wind Speed m/s (mph) Mass Flow Rate (kg/s) PCT (K)
Base Case 0.3495 675
2.235 (5) 0.3009 677
4.4703 (10) 0.2902 677
6.706 (15) 0.2959 677
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Table 4-15 Transient PCT for Advanced NUHOMS Cask During Worst-Case Scenario
(Back Wind Direction)

Time (Days) Mass Flow Rate (kg/s) PCT (K)
0 0.3495 675.0
1 0.19 677.8
2 0.20 680.6
3 0.20 682.9
4 0.21 684.8
5 0.21 686.2
6 0.21 687.3
7 0.22 688.2
8 0.22 688.6
9 0.22 688.8
10 0.22 689.1
11 0.22 689.4
12 0.23 689.5

Table 4-16 Advanced NUHOMS Worst-Case Transient Scenario

Case Mode of Wind PCT Time to
Analysis Conditions (K) Reach
95 % of PCT
Advanced TN Steady No Wind 675 N/A
Back Wind
Base Case
Advanced TN Steady | 4.4703 m/s (10 689.9 N/A
Back Wind mph)
Worst-Case Wind
Scenario
Two Vents Transient | 4.4703 m/s (10 | 675+0.95(689.9-675) 10 days
Worst-Case mph) = 689.1
Scenario Wind
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Table 4.17 Aboveground Vertical Cask with Two Vents—Transient Scenario

Time (Days) PCT (K)
0 744.6
1 779.5
2 810.4
3 829.2
4 842.7
5 852.9
6 860.7
7 866.7
8 871.4
9 875
10 877.9
11 880
12 881.7
13 883.1
14 884.1
15 884.9
16 885.5
17 885.9
18 886.2
19 886.4
20 886.6
21 886.7

Table 4-18 Aboveground Vertical Cask with Two Vents—Worst-Case Transient

Scenario
Case Mode of Wind PCT Time to
Analysis | Conditions (K) Reach
95% of PCT
Two Vents Steady No Wind 744.6 N/A
Base Case
Two Vents Steady 4.4703 m/s 886.5 N/A
Worst-Case (10 mph)
Scenario Wind
Two Vents Transient | 4.4703 m/s 744.6+0.95(886.5-744.6) 256.4 hrs
Worst-Case (10 mph) =879.4 (10.68 days)
Scenario Wind
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Table 4-19 Effect of Ambient Temperature on Predicted PCT (Steady-State Analysis)

Ambient Air Inlet Density PCT (K)
Temperature K (°F) (kg/m®)

300 (80) 1.1766 712

305 (90) 1.1559 720

311 (100) 1.1353 728

316 (110) 1.1153 736

322 (120) 1.0961 744

Table 4-20 Transient PCT for the Effect of Ambient Temperature

Time (Days) PCT (K)

712

721.5

729.8

734.9

738.1

740.2

741.6

742.4

743

OO NOOBA|WIN=|O

743.3

Table 4-21 Effect of Ambient Temperature on Predicted PCT (Transient Analysis)

Case Mode of Ambient PCT Time to Reach
Analysis | Temperature (K) 95% of PCT
K (°F)
Base Case Steady 300 (80) 712 N/A
Worst-Case Steady 322 (120) 744 N/A
Scenario
Worst-Case | Transient Step change 712+0.95(744-712) 167.83hrs
Scenario 300 (80) — =742.4 (~7 days)
322 (120)
Table 4-22 Effect of Elevation on Predicted PCT (Steady-State Analysis)
Elevation (m) Inlet Air Density (kg/m°) PCT (K)
0 1.1766 712
500 1.1 718
1,000 1.0434 724
1,500 0.9767 731
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Table 4-23 Effect of Total Decay Heat on Predicted PCT (Steady-State Analysis)

Q (kW) PCT (K)
20 556
22 578
24 600
26 623
28 645
30 668
32 690
34 712

Table 4-24 Effect of Humidity on Predicted PCT at Ambient Temperature

of 300 K (Steady-State Analysis)

Ambient Temperature Density ) PCT (K)
K (°F) (kg/m®) (%)
300 (80) 1177 0 712.6
mixture 50 710.9
mixture 70 710.3
mixture 90 709.7

Table 4-25 Effect of Humidity on Predicted PCT at Ambient Temperature

of 323 K (Steady-State Analysis)

Ambient Temperature Density ) PCT (K)
K (°F) (kg/m?) (%)
323 (120) 1.0928 0 745
Mixture 50 739
Mixture 70 737
Mixture 90 734.7
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5.0 CONCLUSIONS

This report describes the application of the ANSYS FLUENT commercial computational fluid
dynamics (CFD) code to examine the effect of environmental conditions on the thermal
performance of dry storage casks. The research included the effect of wind speed and
direction, elevation, total decay heat, air humidity, and ambient temperature. The magnitude of
the environmental variables was selected using available data from National Oceanic and
Atmospheric Administration (NOAA) and ASHRAE Handbook Fundamentals (ASHRAE, 1997).
Thermal analyses used thermal models of underground casks, aboveground vertical casks, and
aboveground horizontal casks. These analyses included the use of 3-D models as well as
axisymmetric representation of a vertical-ventilated cask. Based on the analysis results, the
report reached the following conclusions:

¢ Wind magnitude mainly affects the underground cask design included in this study. As
wind speed increases, predicted peak cladding temperature (PCT) increases for a range
of wind speeds of 0 to 2.235 meters per second (m/s) [0 to 5 miles per hour (mph)], as
compared to quiescent conditions. At a wind speed of about 2.235 m/s (5 mph), the
PCT reached the maximum predicted value. At higher wind speeds, the PCT starts to
decrease. Therefore, low wind speed should be considered in the thermal evaluation as
a normal environmental variable. This specific analysis examined the effect on this type
of underground design and determined that a wind speed of 2.235 m/s (5 mph) will result
in the maximum predicted cladding temperature. A thermal evaluation should be
performed for other underground designs to determine how wind affects the cask’s
thermal performance, as part of the thermal evaluation for normal storage conditions.

o Wind slightly enhanced the thermal performance of an aboveground vertical cask with at
least four air vents. The predicted PCT decreases as wind speed increases.

o Wind enhanced the thermal performance of a postulated two-vent cask design when the
wind blows in the direction normal (perpendicular) to the air vents. The predicted PCT
decreases as wind speed increases.

o Wind negatively affected the thermal performance of a postulated two-vent vertical cask
design when wind blew parallel to the air vents. At a wind speed of 4.4703 m/s
(10 mph), the PCT reaches its maximum predicted value and then starts to decrease at
higher values.

) For the postulated two-vent vertical aboveground cask, about 95 percent of PCT change
was reached in 10 days for the case where wind direction is parallel to the air vents
(worst-case scenario).

o Wind does not significantly affect the performance of the aboveground horizontal
standardized NUHOMS casks. The vents in the standardized NUHOMS overpack are
located on the sides of the overpack and therefore are not in direct contact with either
parallel or normal wind.

. Wind does not significantly affect the advanced NUHOMS casks when the wind direction
is blowing parallel to the air vents.
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Wind enhances the thermal performance of the advanced NUHOMS cask when wind
blows in the direction normal (perpendicular) to the cask front. The predicted PCT
decreases as wind speed increases.

Wind affects the thermal performance of the advanced NUHOMS casks when the wind
direction is normal (perpendicular) to the back of the cask. The PCT reaches its
maximum predicted value at a wind speed of 4.4702 m/s (10 mph) and then starts to
decrease.

Based on a transient analysis, about 95 percent of PCT change is reached in 10 days
when the wind direction is normal (perpendicular) to the back of the advanced NUHOMS
cask with a magnitude of 10 mph. For this design, the applicant should include the
effect of back wind when there is no sufficient margin.

Ambient temperature inversely affects the thermal performance of a spent fuel dry
storage cask. The PCT increases by 8 Kelvin (K) [14.4 degrees (°) Fahrenheit (F)] for
every 5.6 K (10°F) increase in ambient temperature.

Based on a transient analysis, about 95 percent of the PCT change between the 300
and 322 K (80 and 120°F) steady-state cases is reached after 7 days. Measured
temperatures suggest that, to bound all sites, the SAR thermal evaluation should
consider seasonal variations.

Elevation inversely affects the thermal performance of a spent fuel dry storage cask.
The PCT increased by 6 K (11°F) for every 500 m increase in elevation.

Ambient air humidity enhances the thermal performance of a spent fuel dry storage
cask. At an ambient temperature of 300 K (80°F), the PCT decreased by 0.6 K (1°F) for
every 20 percent relative humidity increase in the range of 50 to 90 percent. At an
ambient temperature of 323 K (122°F), the PCT decreased by 2.2 K for every 20 percent
relative humidity increase in the range of 50 to 90 percent.

As the total decay heat is increased, the PCT is negatively affected. The PCT increases
by 22 K (40°F) for every 2 kW increase in the total heat load of the cask.
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APPENDIX A
EFFECTIVE THERMAL CONDUCTIVITY

The tightly packed spent fuel rods within the stainless-steel spent fuel canisters are modeled as
a homogeneous solid material region with a specified uniform heat generation rate and an
effective thermal conductivity. The anisotropic thermal conductivity option in the ANSYS
FLUENT code was used to represent the different effective conductivities of the spent fuel
region in the axial and radial directions. The effective conductivity in the axial direction was
represented as an area-weighted fraction of the conductivity of Zircaloy-4, using an area-
weighted ratio of the cladding to the total cross-section of the homogeneous region. This
relationship was implemented in ANSYS FLUENT, based on the temperature-dependent
thermal conductivity of Zircaloy-4. The effective thermal conductivity (k-effective (ket)) values in
the radial direction of the spent fuel region were obtained as a function of temperature using the
standard ke methodology (TRW report, 1996). The ke values used in the canister are based
on a calculational “database” generated by a separate two-dimensional (2-D) ANSYS FLUENT
analysis for unconsolidated spent fuel using a detailed 2-D model (NUREG-2152, 2013).

The radial and axial ke values calculated for a helium environment inside the canister are
shown in Tables A-1 through A-4 for the different configurations used in this report. This is the
approach generally employed in a typical spent fuel dry storage cask safety analysis report
(SAR) to determine peak cladding temperatures in spent fuel dry storage casks when the spent
fuel assemblies are modeled as a homogeneous material (i.e., porous media). Following the
documented form of the basic k¢t model, this approach produced an effective thermal
conductivity for the homogeneous spent fuel region as a function of the local temperature on the
computational domain. The model is implemented in ANSYS FLUENT as temperature-
dependent kg values.

Table A-1 Spent Fuel Radial and Axial K. for the 3-D Model of the
Aboveground Vertical Cask

Temperature K radial K axial
(K) (W/(m-K)) (W/(m-K))
366 2.0738 7.39
505 2.5507 8.01
644 3.0976 8.54
783 3.5783 9.089

Table A-2 Spent Fuel Radial and Axial K. for 3-D Model of the
Underground Vertical Cask

Temperature K radial K axial
(K) (W/(m-K)) (W/(m-K))
366 0.445 1.35
505 0.703 1.268
644 1.045 1.431
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Table A-3 Spent Fuel Radial and Axial K. for the 3-D Model of the Horizontal Cask

Temperature K radial K axial
(K) (W/(m-K)) (W/(m-K))
366 1.3 1.27
505 2.3 2.04
644 3.3 2.278
Table A-4 Spent Fuel Axial and Radial K.« for the Axisymmetric Model
Temperature K radial K axial
(K) (W/(m-K)) (W/(m-K))
366 2.0738 7.39
505 2.5507 8.01
644 3.0976 8.54
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APPENDIX B
FLOW RESISTANCE

To obtain the porous media flow-resistance parameters (frictional and inertial losses),three-
dimensional (3-D) computational fluid dynamics calculations are performed (NUREG-2152,
2013). The analyzed control volume consists of the assembly walls surrounding the spent fuel
rods and associated grid spacers. All flow areas and passages are modeled explicitly. The
case should reflect and model flow losses in the expected operating conditions (pressure and
average gas temperature) when spent fuel is inside the dry storage cask. The present analysis
used a total pressure of 7 atmospheres (atm) and a temperature of 505 K.

The ANSYS FLUENT code (FLUENT, 2006) defined the porous media flow-resistance model
as:

AP 1
—=DuV +C| =pV* 1
7 )z (2/0 j (1)

Where

AP is the porous media pressure drop.
V is the superficial fluid velocity.

L is the length of porous media.

M is the fluid viscosity.

p is the fluid density.

D is the viscous resistance parameter.
C is the inertial resistance parameter.

In dry cask applications, the C factor is not as dominant as the D factor because of the low fluid
velocity that exists inside the canister. As such, the entire pressure drop was assumed to be
entirely caused by frictional losses. As a verification, the inertial coefficient (C) can be
computed from correlations using area contractions and expansion (Idelchik, 1993) in the
assembly to show that the second term in Equation (1) is negligible. Additionally, it would be
conservative to neglect C, because predicted peak cladding temperatures will be slightly higher.

By definition, the frictional pressure drop is:

AP _ f

L

“——pV 2

LD, 5P (2)
Where D, is the hydraulic diameter.

Knowing that:

Re=P"Di
U
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We get:

AP fRe u
—=r—Ly
L 2 D

Usually the friction factor in the laminar regime as shown in a Moody diagram will have the
following form:

A

/" Re

(3)

As an illustration, the frictional coefficient due to the pressure drop for laminar flow in a pipe has
been experimentally determined to correspond to the following expression:

_64

f_Re

Thus:

L D

For an array of solid rods, as is the case of a nuclear spent fuel assembly from a boiling-water
or a pressurized-water reactor, the value of the factor “A” can be determined from available
literature (Sparrow, 1959). The “A” factor has been found to have a value around 100,
depending on the pitch-to-diameter ratio and the porosity of the array.

Using Equation (1) and neglecting the inertial term because of the low fluid velocities existing
inside the storage canister, the dominant contributor to pressure drop is the viscous effect. The
pressure drop through the rod array can be simplified to:

AP
— = DuvV 4
7 y2 (4)
Then
A
= 5
2D; )

For laminar flow inside a pipe, A = 64, and the input frictional resistance in ANSYS FLUENT
should be:

B-2



Also, by definition:

S = 1—‘”2 (6)
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Where 7, is the wall shear stress.

The porous media frictional flow-resistance values for D were calculated using both pressure
drop and shear stress. Both methods should lead to similar results. Using the shear stress
ANSYS FLUENT output data, the viscous resistance parameter D is obtained using the
combination of Equations (2), (4), and (6). The following expression is obtained:

D 4z, 7)
uVD,

If the pressure loss data were used, the expression for D is obtained from Equation (4) as
follows;

D=—— (8)

From the CFD calculations of the spent fuel assembly, the wall shear stresses or pressure drop
values should be obtained separately for bare fuel rods and fuel rods plus grid straps.
Depending on the approach used to calculate the friction factors, Equation (7) or (8) is used to
obtain the parameter D. Table B-1 provides the calculated frictional porous media flow
resistance parameters.

Table B-1 Frictional Porous Media Flow Resistance Factors Used in ANSYS FLUENT

Region HI-STORM 100U 3-D | HI-STORM 100 Model HI-STORM 100
Model (1/m?) Axisymmetric Model
(1/m?) (1/m?)
Active region 7.41E5 1.7E6 1.7E6
Bottom 8.82E5 1.7E6 1.7E6
inactive region
Top inactive 4.4E5 1.7E6 1.7E6
region
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