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At the request of the U.S. Nuclear Regulatory Commission (USNRC), the staff at the
Pacific Northwest National Laboratory (PNNL) analyzed the thermal performance of
the Utah Private Fuel Storage (PFS) using the TEMPEST computational fluid
dynamics software. A three-dimensional section of the PFS with a total of 20 casks
was modeled to estimate the ambient flow and temperature distributions surrounding
the casks. The purpose of this analysis was to compute the cask inlet vent air
temperature to be used for boundary conditions in a detailed analysis of an individual
Holtec Hi-Storm 100 cask using the COBRA-SFS (Spent Fuel Storage) thermal
hydraulic computer software.

The proposed PFS is to be located in central Utah where desert climatic conditions
prevail. The facility consists of 520 spent fuel casks arranged in an array of 20 by 26.
The casks are situated on concrete pads, each pad accommodating 8 casks (see
Figure 1). Each row of pads is separated by a gravel access roadway. The spent fuel
in each cask generates 21.18 KW. Thus, the cask array fuel is expected to generate
a total of about 11 MWt when fully loaded. The casks are designed to be cooled by
natural circulation where air is inducted through inlet vents located at the bottom of
the casks and expelled through vents located at the top. Additionally, insolation of the
gravel access roadways and engineered structures make a significant contribution to
the overall heat load of the array.

It is expected that heat rejection from the spent fuel and from surfaces heated by
insolation will create a rather large and vigorous thermal plume rising above the cask
array. A large amount of ambient air will therefore be induced into the array complex
by entrainment into the rising turbulent plume, in addition to that inducted into the
cask intake vents. Under stagnant ambient conditions, it is expected that the core of
the thermal plume will develop over the center of the array. Entrainment into the
plume will thus cause lateral "winds" flowing toward the center of the array. A portion
of the entrainment wind is expected to flow along the gravel roadways and between
the casks. Insolation on the structural surfaces and the roadways will thus heat the
entrained flow to some extent before it enters the cask lower vents or is entrained
into the thermal plume.
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The TEMPEST Computer Code

The TEMPEST fluid dynamics computer code simulates the time-dependent,
physical processes of turbulent momentum, heat, and mass transport. It uses a k-e
turbulence model that has demonstrated accuracy for simulating jet induced flows
and thermal plumes in the environmental. TEMPEST can accommodate up to
9 mass constituents (liquids, gases, or solids), and non-Newtonian, power law fluids.
The advanced version called TEMPEST version T2 [1 ] was used for this study.

TEMPEST is based on a finite-volume approach to numerical fluid dynamics and
heat and mass transport. The code can accommodate Cartesian, cylindrical, or polar
coordinates systems.

TEMPEST T2 Equation Set

TEMPEST implements the integral form of the fundamental conservation laws: (see
nomenclature in Table 1):

Conservation of mass
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Conservation of momentum (Newton's second law)
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Conservation of energy (1 st law of thermodynamics)
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Conservation of turbulent kinetic energy, k
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Conservation of turbulent kinetic energy dissipation, e
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Table 1. Nomenclature

Vector quantities:

u
F
n =

Variables:
t =
A
V
T
Q
Se =

k
e =
h
Sk

Se

8 =

P

velocity
force
unit surface normal vector

time
area
volume
temperature
heat
source term
turbulent kinetic energy
internal energy
enthalpy
source term for turbulent kinetic energy
source term for dissipation of turbulent kinetic energy
turbulent kinetic energy dissipation
density

SPF Cask and Array Model

The facility consists of 520 spent fuel casks arranged in an array of 20 by 26.
Figure 1 illustrates one quadrant of this array. The casks are situated on concrete
pads, each pad accommodating 8 casks as shown. The cylindrical casks are
modeled as square casks to simplify the numerical modeling.

To further simplify the simulation process, a strip is modeled using Cartesian
coordinates where the casks are modeled as rectangles (Figures 2 and 3). This is a
valid approximation for this study because, in the context of the overall array thermal
hydraulics, the casks simply serve as heat sources and natural convection pumps. It
is then only necessary to achieve approximately the same cask inlet flow rate and
exit vent air temperature to model the cask array. From this standpoint, the
COBRA-SFS [2] results for a single cask are used to achieve approximately the
same temperature increase of the air flowing from the lower vent to the upper vent
exit in the TEMPEST model.

It is believed that the most adverse conditions (highest inlet temperatures) will occur
under stagnant ambient conditions. This is because ambient cross flow winds would
tend to increase ventilation of the array, resulting in lower intake vent temperatures.
Thus, symmetry of the array can be applied.
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Figure 1. TEMPEST Model Schematic of Utah PFS (Plan View)

Based on the assumption of stagnant ambient conditions, the hottest inlet
temperatures will be at the center of the array because air flowing to these vents will
have the furthest travel distance from ambient conditions and will have the most time
for heat-up from contact with insolated surfaces (access roadway and concrete
pads). Therefore, a strip of casks and roadway is modeled as shown in Figure 1 and
in Figure 2, which also shows the model's lateral coordinates, R and X.

To achieve this correspondence between the cylindrical and square casks, drag
coefficients, heat transfer coefficients, concrete thickness, and thermal conductivity
are modified to obtain the same heat rejection and thermal hydraulic behavior as the
cylindrical casks. Figure 4 illustrates a vertical section of a cask showing the
dimensions and materials relevant to the computer model construction.
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Figure 2. Modeled Strip of Utah PFS (Plan View)

Cask Layout Computer Model Approximation

Figure 3. Spent Fuel Storage Cask Layout and Computer Model Approximation
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Figure 4. Schematic of Spent Fuel Storage Cask: Vertical Section

Model Description and Assumptions

Three different grid systems were used to simulate the four different cases reported
here. The physical dimensions are approximately the same for all three grid models.

1. The first grid system consists of 133,875 computational cells arranged with
175 cells extending from the array center along the roadway to the outer boundary
(447 feet from the array center), 15 cells from the pad centerline laterally to the
roadway centerline, and 51 cells in the vertical direction extending from the earth
3 feet beneath the concrete pads to an elevation of 200 feet above the array
(175x51x15 grid). Two cells are required for boundary conditions in each direction. In
this case, only one cell was used for the lateral distance from the pad centerline to
the edge of the first cask.
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2. In the second grid system two cells were used for the lateral distance from the
pad centerline to the edge of the first cask. Thus, 16 cells were used for the distance
between the pad centerline and the roadway centerline (175x51x16 grid,
142,800 computational cells).

3. In the third grid system an extra cell was used on each of the four sides of the
casks to accommodate insolation to the vertical sides of the casks. This model
required a total of 197,370 computational cells (215x51x18 grid).

Boundary Conditions

Both fluid dynamic and thermal boundary conditions are assumed to be the same for
all four cases reported. For boundary locations, refer to Figure 2 (Z is the vertical
coordinate). Average annual air and soil temperatures were supplied by USNRC.

• Ambient air temperature = 11.1 °C (52°F).
• Ambient soil temperature at a depth of 3 feet = 25°C (77°F).
• Vertical boundary, array center, R=0, (X-Z plane): Adiabatic and no-flow.
• Vertical boundary, pad center, X = 0, (R-Z plane): Adiabatic and no-flow.
• Vertical boundary, roadway center, X = 30 feet (R-Z plane): Adiabatic and no-flow.
• Vertical open boundary at R = 442 feet, (X-Z plane): 11.1 °C (52°F) and free flow.
• Top of model at Z = 200 feet, (R- X plane): 11.1 °C (52°F) and free flow.

All solid surfaces are treated as no-slip flow boundaries. All open boundaries are
treated as slip flow boundaries.

Insolation

As mentioned previously, the proposed PFS is to be located in central Utah where
desert climatic conditions prevail. Latitude at this site is approximately 40° north.
Solar heating provides a significant heat load to the site access roadway and
concrete surfaces and is the primary mechanism for heating of the ambient air
inducted into the lower vent intakes.

The value of insolation used in the TEMPEST computations is 388 W/m2
(123 Btu/ft2) which is 11% greater than the highest month at this latitude and is 66%
greater than the yearly average of 233.6 W/m2 (see values given for 40° north
latitude [3]). Thus, a very conservative value of solar radiation is used for the thermal
hydraulic calculations in this analysis.

Numerical Treatment of Insolated Surfaces

Heat transfer to the insolated surfaces in the cask array is computed using the
normal-total absorptivity for incident solar radiation values found in Seigle and
Howell [4] and listed in Table 2.
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Table 2. Normal-Total Absorptivity For Solar Radiation - Horizontal Surfaces

Material surface Absorptivity, a
Concrete pads 0.73
Gravel 0.29
Iron 0.75

For the vertical sides of the concrete casks, a value of 198 W/m2 x̂ = 0.51) was
applied as suggested by USNRC. Solar radiation was treated in two different ways as
explained below.

Simulation Cases

Four different cases were completed and are documented in this paper. These cases
are as follows:

Case 1. Table 2 absorptivities with insolation deposited in solid horizontal
surfaces. 133,875 computational cells (175x51x15 grid).

Case 2. Absorptivities = 1.0. Insolation deposited in air layer overlying
solid surfaces. 133,875 computational cells (175x51x15 grid).

Case 3. Absorptivities = 1.0. Insolation deposited in air layer overlying
solid surfaces. 142,800 computational cells (175x51x16 grid).

Case 4. Table 2 absorptivities with insolation deposited in air layer
overlying solid surfaces. 197,370 computational cells (215x51x18 grid). Insolation
also applied to the vertical surfaces of casks.

In all cases the design base fuel load used in the TEMPEST calculation was
21.18 kW per cask. This heat load corresponds to the hotter MPC-68 design.

For Case 1, the insolation is deposited in the solid surface layer and a very large
convection coefficient (50 Btu/ft2-hr-°F) is used to simulate the heat transfer from the
solid surface to the overlaying air layer. A measured heat transfer coefficient would
most likely be on the order of 1 to 5 Btu/ft2-hr-°F for this situation.

For Cases 2, 3, and 4, the total insolation is deposited in the overlying air layer
adjacent to the solid surface to attain the maximum possible heating of the air
approaching the vent inlet vents.

The objective of these very conservative approaches for treating the heat transfer
from insolated surfaces is to avoid inaccurate mathematical approximations of
surface heat transfer coefficients that might lead to non-conservative vent inlet
temperatures (vent temperatures calculated that are lower than those that would
occur in the actual array). In this way, uncertainties regarding the highest values of
inlet temperatures as influenced by insolation are eliminated.
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Simulation Results

The four TEMPEST models were executed until steady-state 3-dimensional velocity,
temperature, and pressure fields were achieved. In all four cases, the velocity and
temperature fields were basically the same. The computed flow fields reveal that the
cask array will be well ventilated by air entrained into the system caused by a
vigorous buoyancy driven rising plume. Inlet vent femperatures differed by less than
2.8°C (5 °F) between these cases. The lowest average inlet value computed was
15.8°C (60.44 °F) for Case 1 where the insolation was deposited in the solid surface
and convection coefficients were used to transfer for the solid surface to the overlying
air. The highest inlet temperature computed was 18.3°C (64.93 °F) in Case 3 where
the total solar radiation heat load was deposited in the air layers overlying the solid
horizontal surfaces. A summary of results for the four cases is given below:

Case number Average inlet temperature (Array Center Cask)

Casei 15.8°C (60.44 °F)
Case 2 16.5°C (61.62 °F)
Case 3 18.3°C (64.93 °F)
Case 4 16.1 °C (60.93 °F)

All simulations revealed a complex 3-dimensional flow and temperature field typical
of interacting thermal plumes in the open environment. Air flowing along the roadway
toward the array center was computed to be about 0.3 to .6 m/s (1 to 2 ft/s). Air
velocity flowing between the rows of casks at the center of the concrete pads
attained higher velocities because of the buoyancy induced entrainment at the center
of the plume and the flow area restriction caused by the proximity of the casks.

The results also show that there is a significant downward and lateral circulation of
ambient air in the vicinity of the gravel roadway center along the row of casks. This
circulation is caused by air inducted into the turbulent plume, which is rapidly flowing
vertically above the row of casks. A fresh supply of cool ambient air travels down the
path formed by the gravel roadway. This cool flow prevents a build-up of high
temperature air just above the surface of the gravel roadway. The volume of air
drawn into the cask inlet vents and ejected out of the exit vents is relatively negligible
compared to the volume of air entrained into the rapidly rising plume flow. Typical
flow patterns and temperature distributions for Case 1 are shown in Figures 5 and 6.

Conclusions

The results of this study show that when using the most conservative assumptions
regarding the insolation heat load, the hottest air (mixed-mean temperature) entering
into the array center cask's inlet vents is 18.3°C (64.93 °F), an increase of
approximately 7°C (13°F) above the far field ambient temperature. For the case
using both conservative and best estimate assumptions, the hottest inlet temperature
was computed to be approximately 15.8°C (60.44 °F) or less than 5°C (9°F) above
the far field ambient temperature. It is therefore concluded that under the most
conservative insolation assumptions made for the PFS, the hottest vent intake
temperature will be less than 7.2°C (13°F) above the site average ambient
temperature.
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Utah ISFSI: TEMPEST Simulation

Plot at time = 12.073 minutes

qaid: NRC 1: Utah ISFSI: False transient to steady state
Utah ISFSI array simulation

0.000&

f / / / / / / / / / , / / I

\ / /

/ / / / 1 1 1

V / / / / / / 7 7 / / I

x x plane at J = 7

I m 2 to 14

K • 2 to 40

plane min = 5.203E+01

plane max * 3.784E+02

array min • 5.200E+01

array max - 3.784E+02

0.0000

20

19

' 18

17

16

15

14

13

12

10

9

8

7

6

5

4

3

1.200E+02

1.150E+02

1.100E+02

1.050E+02

1.OOOE+02

9.500E+01

9.000E+01

8.500E+01

8.000E+01

6.500E+01

e.OOOE+01

5.800E+01

5.700E+01

5.600E+01

5.500E+01

5.400E+01

5.300E+01

Vmax - 8.082E+00

Figure 5. Temperature Contours and Velocity Vectors (ft/sec)
in a Vertical Plane Through Center Cask Centerline- Case 1
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Utah ISFSI: TEMPEST Simulation
Plot at time = 12.073 minutes

qaid: NRC 1: Utah ISFSI: False transient to steady state
Utah ISFSI array simulation
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Figure 6. Temperature Contours and Velocity Vectors (ft/sec)
in a Vertical Plane Between Two Pads - Case 1
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