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4.0 THERMAL EVALUATION

This section presents the thermal design and analyses of the Universal Storage System for normal
conditions of storage of spent nuclear fuel. The system is provided in two configurations: the
Standard and the Advanced configuration. The analyses for the Standard configuration include
consideration of design basis PWR and BWR fuel. The analyses for the Advanced configuration
include the PWR fuel only. Results of the analyses demonstrate that with the design basis
contents, the Universal Storage System meets the thermal performance requirements of 10 CFR
72 [1].

4.1 Discussion

The Universal Storage System consists of a Transportable Storage Canister, Vertical Concrete
Cask, and a transfer cask. The Standard and Advanced configurations have similar thermal
design for heat rejection of the system in storage. In long-term storage, the canister is placed in
the concrete cask, which provides passive radiation shielding and natural convection cooling.
The fuel is loaded in a basket structure positioned within the canister. The transfer cask is used
for the handling of the canister. The thermal performance of the concrete cask containing the
design basis fuel (during storage) and the performance of the transfer cask containing design

basis fuel (during handling) are evaluated herein.

The significant thermal design feature of the Vertical Concrete Cask is the passive convective air
flow up along the side of the canister. Cool (ambient) air enters at the bottom of the concrete
cask through four inlets. Heated air exits through the four outlets at the top of the cask. Radiant
heat transfer occurs from the canister shell to the concrete cask liner, which also transmits heat to
the adjoining air flow. Conduction does not play a substantial role in heat removal from the
canister surface. Natural circulation of air inside the Vertical Concrete Cask, in conjunction with
radiation from the canister surface, maintains the fuel cladding temperature and all of the

concrete cask component temperatures below their design limits.
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4.1.1 Standard Configurations (24 PWR., 56 BWR)

The Universal Storage System design basis heat load for the Standard configuration is 23.0 kW
for up to 24 PWR or up to 56 BWR fuel assemblies. As shown in Section 4.4.7.1, the thermal
analysis considers a range of fuel assembly burnup and cooling times for both fuel types to
establish the allowable cladding temperatures. These limits are used to establish the UMS®
Storage System allowable decay heat loads for fuel having cooling times of 5 years, or longer.

The thermal evaluation considers normal, off-normal, and accident conditions of storage. Each of
these conditions can be described in terms of the environmental temperature, use of solar insolation,
and the condition of the air inlets and outlets, as shown in Table 4.1-1. The design conditions for
transfer are defined in Table 4.1-2. The transfer conditions consider the transient effect for a total
of 43 hours for PWR fuel and 51 hours for BWR fuel, starting from the removal of the transfer
cask/canister from the spent fuel pool. The canister is considered under normal operation to be
inside the transfer cask and filled with water for 17 hours, in vacuum condition for 10 hours, back-
filled with helium for 16 hours for PWR fuel and 24 hours for BWR fuel, and then transferred into
the Vertical Concrete Cask.

This evaluation applies different component temperature limits and different material stress
limits for long-term conditions and short-term conditions. Normal storage is considered to be a
long-term condition. Off-normal and accident events, as well as the transfer condition that
temporarily occurs during the preparation of the canister while it is in the transfer cask, are
considered as short-term conditions. Thermal evaluations are performed for the design basis
PWR and BWR fuels for all design conditions. The maximum allowable material temperatures
for long-term and short-term conditions are provided in Table 4.1-3.

During normal conditions of storage and hypothetical accident conditions, the concrete cask must
reject the fuel decay heat to the environment without exceeding the operational temperature
ranges of the components important to safety. In addition, to maintain fuel rod integrity for
normal conditions of storage the fuel must be maintained at a sufficiently low temperature in an
inert atmosphere to preclude thermally induced fuel rod cladding deterioration. To preclude fuel
degradation, the maximum allowable cladding temperatures under normal conditions of storage
for 5-year cooled PWR fuel and BWR fuel are determined to be 716°F (380°C). For either of
these fuel types, the maximum cladding temperature under off-normal, transfer and accident

conditions must remain below 1,058°F (570°C). Finally, for the structural components of the
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storage system, the thermally induced stresses, in combination with pressure and mechanical load

stresses, must be below material allowable stress levels.

Thermal evaluations for normal conditions of storage and transfer (canister handling) condition
operations are presented in Section 4.4. The finite element method is used to calculate the
temperatures for the various components of the concrete cask, canister, basket, fuel cladding and

transfer cask. Thermal models used in evaluation of normal and transfer conditions for the

Standard configuration are described in Section 4.4.1.1.

A summary of the thermal evaluation results for the Standard Universal Storage System
configuration is provided in Tables 4.1-4 and 4.1-5 for the PWR and BWR Standard
configuration cases, respectively. Evaluation results for accident conditions of “All air inlets and
outlets blocked” and “Fire” are presented in Chapter 11. The results demonstrate that the
calculated temperatures are below the allowable component temperatures for all normal (long-
term) storage conditions and for short-term events. The thermally induced stresses, combined
with pressure and mechanical load stresses, are also within the allowable levels, as demonstrated

in Chapter 3.

4.1.2 Advanced Configuration (32 PWR)

The Universal Storage System design basis heat load for the Advanced configuration is 29.2 kW
for up to 32 PWR fuel assemblies. As shown in Section 4.4.7.2, the thermal analysis considers a
range of fuel assembly burnup and cooling times for the fuel type to establish the allowable

cladding temperatures.

The thermal evaluation considers normal, off-normal, and accident conditions of storage. Each of
these conditions can be described in terms of the environmental temperature, use of solar insolation,
and the condition of the air inlets and outlets, as shown in Table 4.1-1. The design conditions for
transfer are defined in Table 4.1-2. The transfer conditions consider the transient effect for a total
of 91 hours for the fuel, starting from the removal of the transfer cask/canister from the spent fuel
pool. The canister is considered under normal operation to be inside the transfer cask and filled
with water for 17 hours, in vacuum condition for 44 hours, back-filled with helium for 30 hours for
PWR fuel, and then transferred into the Vertical Concrete Cask.
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This evaluation applies different component temperature limits and different material stress
limits for long-term conditions and short-term conditions. Normal storage is considered to be a
long-term condition. Off-normal and accident events, as well as the transfer condition that
temporarily occurs during the preparation of the canister while it is in the transfer cask, are
considered as short-term conditions. Thermal evaluations are performed for the design basis
PWR fuels for all design conditions. The maximum allowable material temperatures for long-
term and short-term conditions are provided in Table 4.1-3.

During normal conditions of storage and hypothetical accident conditions, the concrete cask must
reject the fuel decay heat to the environment without exceeding the operational temperature
ranges of the components important to safety. Using the methodology of the NAC High Burnup
Topical Report 790-TR-001 [39], a peak clad temperature (PCT) limit of 390°C (734°F) is
defined based on saturated cladding creep for long-term storage conditions. The maximum
cladding temperature under off-normal, transfer and accident conditions must remain below
1,058°F (570°C). Finally, for the structural components of the storage system, the thermally
induced stresses, in combination with pressure and mechanical load stresses, must be below

material allowable stress levels.

Thermal evaluations for normal conditions of storage and transfer (canister handling) condition
operations are presented in Section 4.4. The finite element and finite volume method is used to
calculate the temperatures for the various components of the concrete cask, canister, basket, fuel
cladding and transfer cask. Thermal models used in the evaluation of normal and transfer

conditions for the Advanced configuration are described in Section 4.4.1.2.

A summary of the thermal evaluation results for the Universal Storage System Advanced
configuration is provided in Table 4.1-6 for the PWR fuels. Evaluation results for accident
conditions of “All air inlets and outlets blocked” and “Fire” are presented in Chapter 11. The
results demonstrate that the calculated temperatures are below the allowable component
temperatures for all normal (long-term) storage conditions and for short-term events. The
thermally induced stresses, combined with pressure and mechanical load stresses, are also within

the allowable levels, as demonstrated in Chapter 3.
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Table 4.1-1  Summary of Thermal Design Conditions for Storage

Environmental Condition of
Condition’ Temperature (°F) Solar Insolation’ In?:tlsm;:(tie(;:lftsl:ts
Normal 76 Yes All inlets and
outlets open
Off-Normal 76 Yes Half inlets blocked
- Half Air Inlets Blocked and all outlets open
Off-Normal 106 Yes All inlets and

- Severe Heat outlets open

Off-Normal -40 No All inlets and

- Severe Cold outlets open

Accident 133 Yes All inlets and

- Extreme Heat outlets open

Accident 76 Yes All inlets and
- All Air Inlets and Outlets outlets blocked
Blocked 3
Accident During Fire 1475 Yes All inlets and
- Fire” outlets open
Before and 76 Yes All inlets and
After Fire outlets open

1. Off-normal and accident condition analyses are presented in Chapter 11.

2. Solar Insolation per 10 CFR 71:

Curved Surface: 400 g cal/em® (1475 Btu/ft?) for a 12-hour period.

Flat Horizontal Surface: 800 g cal/cm” (2950 Btu/ft?) for a 12-hour period.

This condition bounds the case in which all inlets are blocked, with all outlets open.
4. The evaluated fire accident is the described in Section 11.2.6.

(F8)
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Table 4.1-2  Summary of Thermal Design Conditions for Transfer

Maximum Duration (Hours)
Advanced
Standard Configuration Configuration
Condition™” PWR BWR . PWR
Canister Filled with Water’ 17 17 17
Vacuum Drying 10 10 44
Canister Filled with Helium 16 24 30

(B

The canister is inside the transfer cask, with an ambient temperature of 76°F. The design

conditions for the Standard configuration consider the transient effect for a total of 43
hours (PWR) or 51 hours (BWR) starting from the removal of the transfer cask/canister
from the spent fuel pool. The design conditions for the Advanced configuration consider

the transient effect for a total of 91 hours, starting from the removal of the transfer

cask/canister from the spent fuel pool.

conditions.

The 1nitial water temperature is considered to be 100°F.

See Chapter 12, Appendix 12A, for Technical Specifications for specific limiting



FSAR - UMS® Universal Storage System January 2002
Docket No. 72-1015 Revision UMSS-02A

Table 4.1-3  Maximum Allowable Material Temperatures

Temperature Limits (°F)
Material Long Term Short Term Reference
Concrete 150(B)/ 300(L)Y | 350 ACI-349 [4]
NUREG 1536 [43]
Fuel Clad (Standard Configuration)

PWR Fuel (5-year cooled) 716% 1,058 PNL-6189 [5] and

BWR Fuel (5-year cooled) 716% 1,058 PNL-4835 [2]
Fuel Clad (Advanced Configuration)

PWR Fuel 7349 1,058 PNL-6189 [5]
Aluminum 6061-T651 650 700 MIL-HDBK-5G [7]
NS-4-FR 300 300 GESC [§8]
Chemical Copper Lead 600 600 Baumeister [9]
SA693 17-4PH Type 630 Stainless 650 800 ASME Code [13]
Steel ARMCO [11]
SA240 Type 304 Stainless Steel 800 800 ASME Code [13]
SA240 Type 304L Stainless Steel 800 800 ASME Code [13]
ASTM A533 Type B Carbon Steel 700 700 ASME Code [13]
ASME SAS88 Carbon Steel 700 700 ASME Code Case

N-71-17 [12]
ASTM A36 Carbon Steel 700 700 ASME Code Case
N-71-17 [12]
ASTM SAS537 Class 2 Carbon Steel | 700 850 ASME Code Case
N-71-17 [12] and
ASME Code Case
N-650 [44]

(1) B and L refer to bulk temperatures and local temperatures, respectively. The local temperature allowable
applies to a restricted region where the bulk temperature allowable may be exceeded.

(2) In accordance with PNL-6189, the temperature limit of 380°C (716°F) is used for the evaluation of fuel
considered in the design basis heat load (23 kW). For temperature limits corresponding to different burnup and
cooling times, refer to Table 4.4.7-5.

(3) The fuel cladding temperature limit of 734°F (390°C) for the Advanced configuration is established based on
the methodology of the NAC High Burnup Topical Report, 790-TR-001. See Section 4.4.7.2 for details.
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Table 4.1-4

PWR Fuel - Standard Configuration

Summary of Thermal Evaluation Results for the Universal Storage System:

Long-Term Condition:

Maximum Temperatures (°F)

Concrete Heat Transfer Support
Design Condition Bulk Local Disks Disks'” Canister™” Fuel Clad
Normal (76°F Ambient) 135 186 612 615 351 670
Allowable 150 300 650 650 800 716
Short-Term Condition:
Maximum Temperatures (°F)
Heat Transfer Support
Design Condition Concrete Disks Disks " Canister” Fuel Clad
Off-Normal
- Half Inlets Blocked 191 613 617 350 671
(76°F Ambient)
Off-Normal
- Severe Heat 228 638 642 381 694
(106°F Ambient)
Off-Normal
- Severe Cold 17 516 521 226 584
(-40°F Ambient
Accident
- Extreme Heat 262 661 664 408 715
(133°F Ambient)
Accident
- Fire 244 652 655 459 710
Transfer
- Vacuum Drying N/A 538 5389 244 538
Transfer
- Backfilled with N/A 686" 686 416 686
Helium
Allowable 350 700 800 800 1058
1. SA 693, 17-4PH Type 630 SS.
2. SA240. Type 304L SS (including canister shell, lid and bottom plate).
3. The maximum fuel cladding temperature is conservatively used.
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Table 4.1-5  Summary of Thermal Evaluation Results for the Universal Storage System:
BWR Fuel — Standard Configuration

Long-Term Condition:
Maximum Temperatures (°F)
Concrete Heat Transfer Support
Design Condition Bulk Local Disks Disks'" Canister’” Fuel Clad
Normal (76°F Ambient) 136 192 622 624 376 651
Allowable 150 300 650 700 800 716

Short-Term Condition:

Maximum Temperatures (°F)

Heat Transfer Support
Design Condition Concrete Disks Disks'" Canister” Fuel Clad

Off-Normal
- Half Inlets Blocked 195 622 625 374 652

(76°F Ambient)

Off-Normal
- Severe Heat 231 648 651 405 677

(106°F Ambient)

Off-Normal
- Severe Cold 20 513 515 252 548

(-40°F Ambient)

Accident
- Extreme Heat 266 675 677 432 702
(133°F Ambient)

Accident
- Fire 244 662 664 416 691

Transfer
- Vacuum Drying N/A 447 447 235 447

Transfer
- Backfilled with N/A 6542 654 432 654
Helium

Allowable 350 700 700 800 1058

1.  SA 533, Type B, CS.
2. SA240, Type 304L SS (including canister shell, lid and bottom plate).
3. The maximum fuel cladding temperature is conservatively used.
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Table 4.1-6 ~ Summary of Thermal Evaluation Results for the Universal Storage System: PWR

Fuel — Advanced Configuration

Long-Term Condition:

Maximum Temperatures (°F)

Concrete
Design Condition Bulk Local Basket Plates Canister'” Fuel Clad
Normal (76°F Ambient) 138 199 693 368 707
Allowable 150 300 700 800 734
Short-Term Condition:
Maximum Temperatures (°F)
Design Condition Concrete Basket Plates'" Canister™ Fuel Clad
Off-Normal
- Half Inlets Blocked 202 694 369 709
(76°F Ambient)
Off-Normal
- Severe Heat 240 720 399 733
(106°F Ambient)
Off-Normal
- Severe Cold 39 586 248 605
(-40°F Ambient
Accident
- Extreme Heat 276 745 426 757
(133°F Ambient)
Accident
- Fire 267 749 424 763
Transfer
- Vacuum Drying N/A 819 452 853
Transfer
- Backfilled with N/A 831 553 853
Helium
Allowable 350 850 800 1058

(1)
(2)

SA 537 Carbon Steel.

SA 240, Type 304L (including canister shell, lids and bottomn plate).
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42 Summary of Thermal Properties of Materials

The material thermal properties used in the thermal analyses are shown in Tables 4.2-1 through
4.2-14. Derivation of effective conductivities is described in Section 4.4.1. Tables 4.2-1 through
4.2-14 include only the materials that form the heat transfer pathways employed in the thermal
analysis models. Materials for small components, which are not directly modeled are not

included in the property tabulation.
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Table 4.2-1  Thermal Properties of Solid Neutron Shield (NS-4-FR and NS-3)
Property (units) [§] NS-4-FR NS-3
Conductivity (Btwhr-in-°F) 0.0311 0.0407
Density (borated) (Ibmy/in®) 0.06 0.0621
Density (nonborated) (Ibnv/in®) 0.0607 0.0640
Specific Heat (Btuw/lbm-°F) 0.319 0.149
Table 4.2-2  Thermal Properties of Stainless Steel
Type 304 and 304L
Value at Temperature
Property (units) 100°F 200°F 400°F . 550°F 750°F
Conductivity (Btu/hr-in-°F) [13] | 0.7250 0.7750 0.8667 0.9250 1.0000
Density (Ib/in’) [14] 0.2896 0.2888 0.2872 0.2857 0.2839
Specific Heat (Btu/lbm-°F) [14] | 0.1156 0.1202 0.1274 0.1314 0.1355
Emissivity [14] * 0.36 >
17-4PH, Type 630
Value at Temperature
Property (units) 70°F 200°F 400°F 650°F
Conductivity (Btwhr-in-°F) [13] | 0.824 0.883 0.975 1.083
Density (1b/in’) [13] ) 0.291 >
Specific Heat (Btw/lbm-°F) [11] | <+ 0.11 >
Emissivity [15] < 0.58 >
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Table 4.2-3  Thermal Properties of Carbon Steel
Value at Temperature
Material’ Property units) 100°F 200°F 400°F 500°F 700°F 850°F
Conductivity (Btw/hr-in-°F) 1.992 2.033 2.017 1.975 1.867 1.767
[13]
Density (Ib/in’) [16] « 0.284 >
Specific Heat (Btw/lbm-°F) | ¥ 0.113 >
[17]
Emissivity [9] “ 0.80 >
1. A-36, SA-533, A-588, SA-350 and SA-537.
Table 4.2-4  Thermal Properties of Chemical Copper Lead
Value at Temperature
Property (units) 209°F 400°F 581°F 630°F
Conductivity (Btwhr-in-°F) [18] 1.6308 1.5260 1.2095 1.0079
Density (Ib/in’) [18] « 0.411 >
Specific Heat (Btw/lbm-°F) [18] | 0.03 >
Emissivity [9] “ 0.28 (75°F) ——

Table 4.2-5

Thermal Properties of Type 6061-T651 and Type 6061-T6 Aluminum Alloy

Value at Temperature

Property (units) 200°F 300°F | 400°F 500°F | 600°F| 700°K
Conductivity (Btu/hr-in-°F) [7,13] 8.25 8.38 8.49 8.49 8.49 | 849
Specific Heat (Btu/hr-in-°F) [13] < 0.23 >
Emissivity [15] < 0.22 >
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Table 4.2-6  Thermal Properties of Helium
Value at Temperature
Property (units) 80°F 260°F 440°F 800°F
Conductivity (Btwhr-in-°F) [20] | 0.00751 0.00915 0.01068 0.01355
Value at Temperature
Property (units) 200°F 400°F 600°F 800°F
Density (Ib/in’) [19] 4.83E-06 | 3.70E-06 | 3.01E-06 | 2.52E-06
Specific Heat (Btw/lbm-°F) [19] | < 1.24 >
Table 4.2-7  Thermal Properties of Dry Air
Value at Temperature
Property (units) 100°F 300°F S500°F 700°F
Conductivity (Btu/hr-in-°F) [19] | 0.00128 0.00161 0.00193 0.00223
Density (Ib/in’) [19] 4.11E-05 | 3.01E-05 2.38E-05 | 1.97E-05
Specific Heat (Btw/lbm-°F) [19] 0.240 0.244 0.247 0.253
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Table 4.2-8  Thermal Properties of Zircaloy and Zircaloy-4 Cladding
Value at Temperature

Property (units) 392°F 572°F 752°F 932°F

Conductivity (Btu/hr-in-°F) [22] 0.69 0.73 0.80 0.87

Density (Ib/in’) [23] 0.237 >

Specific Heat (Btu/Ibm-°F) [22] 0.072 0.074 0.076 0.079

Emissivity [22] 0.75 >
Table 4.2-9  Thermal Properties of Fuel (UO;)

Value at Temperature

Property (units) 100°F 257°F 482°F 707°F 932°F
Conductivity (Btu/hr-in-°F) [22] 0.38 0.347 0.277 0.236 0.212
Specific Heat (Btu/lbm-°F) [22] 0.057 0.062 0.067 0.071 0.073
Density (Ibm/in®) [23] « 0.396 >
Emissivity [22] < 0.85 >
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Table 4.2-10 Thermal Properties of BORAL Composite Sheet

» Value at Temperature
Property (units) 100°F 500°F
Conductivity (Btwhr-in-°F) .

Aluminum Clad [24] 7.805 8.976
Core Matrix
PWR (calculated) 3.45 3.05
BWR (calculated) 6.60 7.23
Emissivity'" [25] < 0.15 >

) The emissivity of the aluminum clad of the BORAL sheet ranges from 0.10 to 0.19. An averaged

value of 0.15 1s used.

Table 4.2-11 Thermal Properties of Concrete

Value at Temperature

Property (units) 100°F 200°F 300°F
Conductivity (Btwhr-in-°F) [26] 0.091 0.089 0.086
Density (Ibm/in’) [27] < 140 >
Specific Heat (Btu/lbm-°F) [17] « 0.20 >
Emissivity "' [17,28] “ 0.90 >
Absorptivity [29] + 0.60 >

" Emissivity = 0.93 for masonry, 0.94 for rough concrete; 0.9 is used.
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— Table 4.2-12 Thermal Properties of Water
Value at Temperature
Property (units) 70°F 200°F 300°F
Conductivity (Btwhr-in-°F) [32] 0.029 0.033 0.033
Specific Heat (Btu/Ibm-°F) [32] 0.998 1.00 1.03
Density (Ibm/in?) [32] 0.036 0.035 0.033

Table 4.2-13

Thermal Properties of METAMIC

Value at Temperature

Property (units) 77°F 212°F 482°F
Conductivity (Btu/hr-in-°F) [37] 4.54 4.42 4.64
Specific Heat (Btu/lbm-°F) [37] 0.2207 0.2412 0.2938
Density (Ibm/in®) [37] “ 0.094 >
Emissivity [37] 200 500 800
0.85 0.81 0.76
Table 4.2-14 Thermal Properties of 1100 Aluminum Alloy
Value at Temperature
Property (units) 70°F 100°F 200°F 300°F 400°F
Conductivity (Btu/hr- 11.1 11.0 10.7 10.5 10.4
in-°F) [38]
Specific Heat < 0.23 >
(Btw/Ibm-°F) [38]
Density (Ibm/in*) < 0.098 >
[38]
Emissivity [45] < 0.40 >
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4.3 Technical Specifications for Components

Five major components of the Universal Storage System must be maintained within their safe
operating temperature ranges: the concrete, the lead gamma shield, the NS-4-FR solid neutron
shield in the transfer cask, the aluminum heat transfer components, and the steel basket and
canister structural components. The safe operating ranges for these components are from a

minimum temperature of -40°F to the maximum temperatures as shown in Table 4.1-3.

The criterion for the safe operating range of the lead gamma shield is the prevention of the lead
from reaching its melting point of 620°F [9]. The maximum operating temperature limit of the
NS-4-FR solid neutron shield material, determined by the manufacturer, is to ensure sufficient
neutron shielding capacity. The primary consideration in establishing the safe operating range of
the aluminum heat transfer disks and steel support disks is maintaining the integrity of the

aluminum and steel.
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4.4 Thermal Evaluation for Normal Conditions of Storage

The finite element and finite volume methods are used to evaluate the thermal performance of |
the Universal Storage System for normal conditions of storage. The general-purpose finite
element analysis program ANSYS [6] [40] and the finite volume analysis program FLUENT
[41] are used to perform the thermal evaluations.

4.4-1
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4.4.1 Thermal Models
44.1.1 Thermal Models for Standard Configuration

Finite element models are utilized for the thermal evaluation of the Universal Storage System, as
shown below. These models are used separately to evaluate the system for the storage of PWR
or BWR fuel.

Two-Dimensional Axisymmetric Air Flow and Concrete Cask Models
Three-Dimensional Canister Models

Two-Dimensional Axisymmetric Transfer Cask and Canister Models
Three-Dimensional Periodic Canister Internal Models
Two-Dimensional Fuel Models

Two-Dimensional Fuel Tube Models

Two-Dimensional Forced Air Flow Model for Transfer Cask Cooling

© N oW

Three-Dimensional Transfer Cask and Canister Model

The two-dimensional axisymmetric air flow and concrete cask model includes the concrete cask,
air in the air inlets, annulus and the air outlets, the canister and the canister internals, which are
modeled as homogeneous regions with effective thermal conductivities. The effective thermal
conductivities for the canister internals in the radial direction are determined using the three-
dimensional periodic canister internal models. The effective conductivities in the canister axial
direction are calculated using classical methods. The two-dimensional axisymmetric air flow
and concrete cask model is used to perform computational fluid dynamic analyses to determine
the mass flow rate, velocity and temperature of the air flow, as well as the temperature
distribution of the concrete, concrete cask steel liner and the canister. Two models are generated
for the evaluations of the PWR and the BWR systems, respectively. These models are
essentially identical, but have slight differences in dimensions and the effective properties of the

canister internals.

The three-dimensional canister model comprises the fuel assemblies, fuel tubes, stainless steel or
carbon steel support disks, aluminum heat transfer disks, top and bottom weldments, the canister
shell, lids and bottom plate. The canister model is employed to evaluate the temperature
distribution of the fuel cladding and basket components. The fuel assemblies and the fuel tubes
in the three-dimensional canister model are modeled using effective conductivities. The
effective conductivities for the fuel assemblies are determined using the two-dimensional fuel
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models. The effective conductivities for the fuel tubes are determined using the two-dimensional
fuel tube models. Two three-dimensional canister models are generated for the PWR and BWR
canisters, respectively.

The two-dimensional axisymmetric transfer cask model includes the transfer cask and the
canister with its internals modeled as homogeneous regions with effective thermal properties.
This model is used to perform transient analyses for the transfer condition, starting from
removing the transfer cask/canister from the spent fuel pool, vacuum drying and finally back-
filling the canister with helium. Separate transfer cask models are required for PWR and BWR
systems.

The three-dimensional canister internal model consists of a periodic section of the canister
internals. For the PWR canister, the model contains one support disk with two heat transfer
disks (half thickness) on its top and bottom, fuel assemblies, fuel tubes and the media in the
canister. For the BWR canister, two models are required. The first model, for the central region
of the BWR canister, contains one heat transfer disk with two support disks (half thickness) on
its top and bottom, fuel assemblies, fuel tubes and the media in the canister. The other model,
for the region without heat transfer disks, contains two support disks (half thickness), fuel
assemblies, fuel tubes and the media in the canister. The purpose of the three-dimensional
periodic canister internal model is to determine the effective thermal conductivity of the canister
internals in the canister radial direction. The effective conductivities are used in the two-
dimensional axisymmetric air flow and concrete cask models and two-dimensional axisymmetric
transfer cask and canister models. Three types of media are considered: helium, water and a
vacuum. The fuel assemblies and fuel tubes in this model are modeled as homogeneous regions
with effective thermal properties, which are determined by the two-dimensional fuel models and
the two-dimensional fuel tube models.

The two-dimensional fuel model includes the fuel pellets, cladding and the media occupying the
space between fuel rods. The media is considered to be helium for storage conditions and water,
vacuum or helium for transfer conditions. The model is used to determine the effective thermal
conductivities of the fuel assembly. In order to account for various types of fuel assemblies, a
total of seven fuel models are generated: Four models for the 14x14, 15x15, 16x16 and 17x17
PWR fuel assemblies and three models for the 7x7, 8x8 and 9x9 BWR fuel assemblies. The
effective properties are used in the three-dimensional canister models and the three-dimensional
periodic canister internal models.
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The two-dimensional fuel tube model is used to determine the effective conductivities of the fuel
tube wall and BORAL plate. The effective properties are used in the three-dimensional canister
models and the three-dimensional periodic canister internal models.

The two-dimensional axisymmetric air flow model is used to determine the air flow rate needed
for the forced air cooling of the canister inside the transfer cask.

The three-dimensional transfer cask and canister model is used to evaluate the transfer operation
for PWR fuel heat load cases with less than the design basis heat load of 23 kW.

Detailed description of the finite element models are presented in Sections 4.4.1.1.1 through
44.1.1.8.

441.1.1 Two-Dimensional Axisymmetric Air Flow and Concrete Cask Models

This section describes the finite element models used to evaluate the thermal performance of the
vertical concrete cask for the PWR and BWR configurations. The model includes the concrete
cask, the air in the air inlets, the annulus and the air outlets, the canister and the canister
internals, which are modeled as homogeneous regions with effective thermal conductivities.
Two separate two-dimensional axisymmetric models are used for the PWR and BWR
configurations, respectively. The PWR model is shown in Figures 4.4.1.1.1-1 and 4.4.1.1.1-2.
The BWR model is essentially identical to the PWR model, but it incorporates different effective
thermal properties of the canister internals, and slight differences in dimensions.

The fuel canister is cooled by (1) natural/free convection of air through the lower vents (the air
inlets), the vertical air annulus, and the upper vents (the air outlets); and (2) radiation heat
transfer between the surfaces of the canister shell and the steel liner. The heat transferred to the
liner is rejected by air convection in the annulus and by conduction through the concrete. The
heat flow through the concrete is dissipated to the surroundings by natural convection and
radiation heat transfer. The temperature in the concrete region is controlled by radiation heat
transfer between the vertical annulus surfaces (the canister shell outer surface and the steel liner
inner surface), natural convection of air in the annulus, and boundary conditions applicable to the

concrete cask outer surfaces—e.g., natural convection and radiation heat transfer between the
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outer surfaces and the environment, including consideration of incident solar energy. These heat
transfer modes are combined in the air flow and concrete cask model. The entire thermal system,
including mass, momentum, and energy, is analyzed using the two-dimensional axisymmetric air
flow and concrete cask models. The temperature distributions of the concrete cask, the air region
and the canister are determined by these models. Detailed thermal evaluations for the canister
internals (fuel cladding, basket, etc.) are performed using the three-dimensional canister models
as described in Section 4.4.1.1.2.

The concrete cask has four air inlets at the bottom and four air outlets at the top that extend
through the concrete. Since the configuration is symmetrical, it can be simplified into a two-
dimensional axisymmetric model by using equivalent dimensions for the air inlets and outlets,
which are assumed to extend around the concrete cask periphery. The canister internals are
modeled as three homogeneous regions using effective thermal conductivities - the active fuel
region and the regions above and below the active fuel region. The two-dimensional
axisymmetric model is shown schematically in Figure 4.4.1.1.1-1. Determination of the
effective properties 1s described in Section 4.4.1.1.4,

ANSYS FLOTRAN FLUID141 fluid thermal elements are used to construct the two-
dimensional axisymmetric finite element models, as shown in Figure 4.4.1.1.1-2. In the air
region (including the air inlet, outlet and annulus regions), only quadrilateral elements are used
and the element sizes are nonuniform with much smaller element sizes close to the walls. In
other regions, to simulate conduction, a mix of quadrilateral elements and triangular elements are
used. Radiation heat transfer that occurs in the following regions is included in the model:

1. From the concrete outer surfaces to the ambient

2. Across the vertical air annulus (from the canister shell to the concrete cask liner)
3. From the top of the active fuel region to the bottom of the canister shield lid

4. From the bottom of the active fuel region to the top of the canister bottom plate
5. From the canister structural lid to the shield plug

6. From the shield plug to the concrete cask lid

Loads and Boundary Conditions

1. Heat generation in the active fuel region.
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The distribution of the heat generation is based on the axial power distribution shown in Figures
4.4.1.1.1-3 and 4.4.1.1.1-4 for PWR and BWR fuels, respectively (see description in Chapter 5,
Section 5.2.4, for the design-basis fuel).

2. Solar insolation to the outer surfaces of the concrete cask.

The solar insolation to the concrete cask outer surfaces 1s considered in the model. The incident
solar energy is applied based on 24-hour averages as shown below.

i 1475Btu / ft* 5
Side surface: —————— =6146Btu/hr-ft
24hrs
2950Btu / ft’
T face: o =12292Btu/ hr-ft?
op surface YT u
3. Natural convection heat transfer at the outer surfaces of the concrete cask.

Natural convection heat transfer at the outer surfaces of the concrete cask is evaluated by using
the heat transfer correlation for vertical and horizontal plates [17, 29]. This method assumes a
surface temperature and then estimates Grashof (Gr) or Rayleigh (Ra) numbers to determine
whether a heat transfer correlation for a laminar flow model or for a turbulent flow model should
be used. Since Grashof or Rayleigh numbers are much higher than the critical values, correlation

for the turbulent flow model is used as shown in the following.

Side surface [17]:

Nu =0.13(Gr-Pn)"”

for Gr > 10°
h, =Nu -k; /Hy
Top surface [29]:
Nu =0.15Ra"’ o Ras 107
>
h, =Nu -k, /L orta
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where:

Gr Grashof number

h, Average natural convection heat transfer coefficient
H... Height of the vertical concrete cask

k¢ Conductivity

L Top surface characteristic length, L = area / perimeter
Nu Average Nusselt number

Pr Prandtl number

Ra Rayleigh number

All material properties required in the above equations are evaluated based on the film
temperature, that is, the average value of the surface temperature and the ambient temperature.

4. Radiation heat transfer at the concrete cask outer surfaces.

The radiation heat transfer between the outer surfaces and the ambient is evaluated in the model
by calculating an equivalent radiation heat transfer coefficient.

o+ YT, +T,)

h d
ra 1 1 1. _
’ + . + F, 2
where:

hiag Equivalent radiation heat transfer coefficient
Fi» View factor
T, &T, Surface (T;) and ambient (T;) temperatures
g &g Surface (g;) and ambient (;=1) emissivities
c Stefan-Boltzmann Constant

At the concrete cask side, an emissivity for a concrete surface of €, = 0.9 is used and a calculated
view factor (Fj;) = 0.182 [29] is applied. The view factor is determined by conservatively
assuming that the cask is surrounded by eight casks.
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At the cask top, an emissivity, €; , of 0.8 is conservatively used (emissivity for concrete is 0.9),

and a view factor, Fi», of 1 is applied.

Accuracy Check of the Numerical Simulation

To ensure the accuracy of the numerical simulation of the air flow in the concrete cask, and to
ensure reliable numerical results, the following checks and confirmations are performed.

1. Global convergence of the iteration process for the nonlinear system.

The system controlling air flow through the cask and, therefore, the temperature field is

nonlinear and is solved iteratively.

The global iteration process is monitored by checking the variation of parameters with the global
iteration—e.g., the maximum air temperature, the mass flow rate, and the net heat carried out of
the concrete cask by air convection. All of the results presented are at the converged state.

2. Overall energy balance and mass balance.

This step validates the overall energy balance and mass balance. At the converged state, the
mass flow rate at the air inlets matches the mass flow rate at the air outlets, showing that an
excellent mass balance has been obtained.

The overall energy balance is checked by computing the total heat input (Qj,) and total heat
output (Qou). The total heat input includes the total heat from the fuel (Qge) and the total
absorbed solar energy (Qsun) incident on the concrete cask outer surfaces. The total heat output is
the sum of the net heat carried out of the cask by air (Quy) and by convection and radiation heat
loss at the concrete cask outer surfaces (Qcon)-

For the normal storage condition with the PWR design heat load of 23.0 kW:

Qin = Qmel + Qun = 23.0kW +9.18 kW =32.18 kW
Qout = Quir + Qeon =20.97 kW + 11.72 kKW = 32.69 kW

Qou/Qin = 1.016
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For the normal storage condition with the BWR design heat load of 23.0 kW:

Qin = Qe+ Qun = 23.0kW +9.52 kW = 32.52 kW
Qout = Qair + QCOI‘I = 20.70 kW + 12.12 kW = 32.82 kW
Qou/Qin = 1.009

The overall energy balance is demonstrated to be within 2 percent for all design conditions.
3. Finite Element Mesh Adequacy Study.

A sensitivity evaluation is performed to assess the effect of the number of elements used in the
Two-dimensional Axisymmetric Air Flow and Concrete Cask Models. The sensitivity
evaluation is performed with a reduced element model based on the model for the PWR fuel
configuration. The total number of elements in the reduced-element model (13,371 elements) is
21% less than the number of elements used in the axisymmetric air flow and concrete cask model
described above. The reduction in the number of elements occurs in the air flow region in the
radial direction, which has the largest gradients in velocity and temperature. As shown below,
the temperatures calculated by the reduced element model (Case ES1) are essentially the same as

the temperatures calculated by the axisymmetric air flow and concrete cask model (Case ES2).

Number of | Max. Air Temp. in | Maximum | Average Air | Maximum
Elements Annular Region Concrete | Temp. at the Canister
Case in Model | (Canister Surface) Temp. Outlet Shell Temp.
ESI 13,371 451 K 360K 335K 452 K
ES2 16,835 448 K 359K 339K 449K
ES1/ES2 0.79 1.01 1.00 0.99 1.01

A comparison of the two models (Case ES1/ES2) shows that the maximum difference is 1%.
Therefore, the number of elements used in the Two-dimensional Axisymmetric Air Flow and
Concrete Cask Model (16,835) 1s adequate.

Supplemental Shielding Fixture Evaluation

The effect of the installation of an optional supplemental shielding fixture, shown in Drawing
790-613, installed in the air inlet is evaluated based on one-half of the air inlets blocked. The
analysis results show that the maximum temperature increase is 5°F, which remains well below
normal condition allowables. The pipes in the shielding fixture are offset to block (gamma)
radiation, but allow air flow.
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Figure 4.4.1.1.1-1 Two-Dimensional Axisymmetric Air Flow and Concrete Cask Model:
PWR - Standard Configuration

Dead Air Gap “‘\ Cask Lid & Flange
\ [ — Air
Shield Plug —— JfOutlet
Y /!———-
Canister /
Structural Lid /
Canister Shield Lid
Canister
Region above Shell
the Active Fuel
L1 ’
Vertical
/ Alr Gap
%
Active Fuel Steel
Region / Liner
Concrete
Region below
the Active Fuel ™ |
Canister Bottom - E:a?OAir
n
/A ¥ g
s — .
upport Plate \ L Air
Inlet

4.4.1-9



FSAR - UMS® Universal Storage System January 2002

Docket No. 72-1015

Revision UMSS-02A

Figure 4.4.1.1.1-2

Two-Dimensional Axisymmetric Air Flow and Concrete Cask Finite
Element Model: PWR — Standard Configuration
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Figure 4.4.1.1.1-3  Axial Power Distribution for PWR Fuel

distribution factor

power

Fuel

.96

.72

. 48]

- 36

Q

(o) . 200

100

Fraction

.300

~

c:

.40C

. 600

.S00 .700

active fuel

. 800
.900

length

1.001

z
xSz
oW
=2
het)
<

Oa
=0

E.;Pﬁé
PEE

T =
'ﬂ'ﬂm
L
' .
Ul(ﬂ\‘
[4,]

@
S

MNN=<XO
il
m
ps)

Q
@
mT

44.1-11



FSAR - UMS® Universal Storage System
Docket No. 72-1015

January 2002

Revision UMSS-02A

Figure 4.4.1.1.1-4  Axial Power Distribution for BWR Fuel
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44.1.1.2 Three-Dimensional Standard Canister Models

Two three-dimensional canister models are used to evaluate the temperature distribution of the
fuel cladding and basket components inside the Standard canister for the PWR and BWR
configurations, respectively. The model for PWR fuel is shown in Figures 4.4.1.1.2-1 and
4.4.1.1.2-2. The model for BWR fuel is shown in Figures 4.4.1.1.2-3 and 4.4.1.1.2-4.

ANSYS SOLID70 three-dimensional conduction elements and LINK31 radiation elements are
used to construct the model. The model includes the fuel assemblies, fuel tubes, support disks,
heat transfer disks, top and bottom weldments, canister shell, lids, bottom plate and gas inside
the canister (helium). Based on symmetry, only half of the canister is modeled. The plane of
symmetry is considered to be adiabatic.

The canister outer surface temperatures obtained from the two-dimensional axisymmetric air
flow and concrete cask model (Section 4.4.1.1.1) are applied at the canister surfaces in the model
as boundary conditions. In the model, the fuel assemblies are considered to be centered in the
fuel tubes. The fuel tubes are centered in the slots of the support disks and heat transfer disks.
The basket is centered in the canister. These assumptions are conservative since any contact
between components will provide a more efficient path to reject the heat.

The gaps used in the three-dimensional canister model between the support disks and canister
shell, as well as between the heat transfer disk and the canister shell are:

Nominal Gap | Gap Used in the 3-D Thermal Model
At Room (inch)
Temperature At Room At Elevated
(inch) Temperature Temperature
Gap between Support Disk
pwR | and Canister Shell 0.120 0.155 0.165
Gap between Heat Transfer
Disk and Canister Shell 0.245 0.280 0.190
Gap between Support Disk
BWR | and Canister Shell 0.120 0.155 0.165
Gap between Heat Transfer
Disk and Canister Shell 0.280 0.315 0.227
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The gaps at room temperature are first used in the model to calculate preliminary temperature
distribution and to determine the differential thermal expansion of the disks and canister shell at
the elevated temperatures. The gaps at elevated temperature are then established, based on the
differential thermal expansions between components, and used in the model for final solution.
As shown above, the room temperature gaps used in the thermal model bound the actual nominal
gaps at room temperature.

These gap sizes are adjusted in the model to account for differential thermal expansion of the
disks and canister shell based on thermal conditions. The gaps used in the model are shown to be
larger than the actual gap size based on thermal expansion calculation using the thermal analysis
results; therefore, the model is conservative.

A sensitivity study was performed to assess the effect of gap sizes on temperature results, with
consideration of fabrication tolerance of the canister and basket. The ANSYS three-dimensional
canister model for the PWR fuel is used for the study. The gaps between the disks and canister
shell are increased to account for the worst case fabrication tolerance of the canister and basket.
The gaps are also adjusted based on the differential thermal expansion of the canister and basket at
elevated temperature. Compared to the gaps used in the original three-dimensional thermal model,
the gap between the support disk and the canister shell is increased by 27% and the gap between
the heat transfer disk and the canister shell is increased by 24%. The results of the sensitivity study
indicate that the increase in the maximum fuel cladding and basket temperatures 1s less than 9°F,
which 1s less than 3% of the temperature difference between the maximum temperature of the fuel
cladding/basket and the canister shell. Therefore, the effect of the thermal model gap size on the
maximum temperature of the basket and fuel cladding is not significant.

The structural lid and the shield lid are expected to be in full contact due to the weight of the
structural lid. The thermal resistance across the contact surface is considered to be negligible

and, therefore, no gap is modeled between the hds.

All material properties used in the model, except the effective properties discussed below, are
shown in Tables 4.2-1 through 4.2-12.

The fuel assemblies and fuel tubes are modeled as homogenous regions with effective
conductivities, determined by the two-dimensional fuel models (Section 4.4.1.1.5) and the
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two-dimensional fuel tube models (Section 4.4.1.1.6), respectively. The effective properties are
listed in Tables 4.4.1.1.2-1 through 4.4.1.1.2-4. The properties corresponding to the PWR
14 x 14 assemblies are used for the PWR model, since the 14 x 14 assemblies have lower
conductivities as compared to other PWR assemblies. For the same reason, the properties
corresponding to the BWR 9 x9 assemblies are used in the BWR model. '

In the model, radiation heat transfer is taken into account in the following locations:

1. From the top of the fuel region to the bottom surface of the canister shield lid.

2. From the bottom of the fuel region to the top surface of the canister bottom plate.

3. From the exterior surfaces of the fuel tubes (surface between disks) to the inner surface of the
canister shell.

4. From the edge of the PWR support disks to the inner surface of the canister shell.

5. From the edge of heat transfer disks to the inner surface of the canister shell.

6. Between disks in the PWR model in the canister axial direction.

The radiation heat transfer from the BWR support disk is conservatively neglected by using an
emissivity value of 0.0001 for the BWR support disk in the model.

Radiation elements (LINK31) are used to model the radiation effect for the first three locations.
Radiation across the gaps (Locations No. 4 through 6) is accounted for by establishing effective
conductivities for the gas in the gap, as shown below. The gaps are small compared to the

surfaces separated by the gaps.

Radiation heat transfer between two nodes i (hotter node) and j (colder node) is accounted for by

the expression:
4 4
q, = csAF(T! - T} )

where:
o = the Stefan-Boltzman constant
e = effective emissivity between two surfaces
A = surface area
F = the gray body shape factor for the surfaces
T; = temperature of the i th node
T; = temperature of the j th node
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The total heat transfer can be expressed as the sum of the radiation and the conduction processes:

Qt ZQr+qk

where q, is specified above for the radiation heat transfer and qx, which 1s the heat transfer by
conduction is expressed as:

KA
qx = —g—(Ti -T)

where:

T; = temperature of the 1 th node

T; = temperature of the j th node

g = gap distance (between the two surfaces defined by node i1 and node j)
K = conductivity of the gas in the gap

A = area of gap surface

By combining the two expressions (for qx and q;) and factoring out the term A(T; - T;)/g,

Q. =[goeF(T + TP)(T+Ty) + KI[A(T; - Tj)/g]
or
Qi =KerA(Ti - T))/g
where:
Ker = goeF(T + TNTi+T) + K

The material conductivity used in the analysis for the elements comprising the gap includes the
heat transfer by both conduction and radiation.
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Effective emissivities (¢) are used for all radiation calculations, based on the formula below [17].

The view factor is taken to be unity.

e=1/(l/g, + /ey -1) where €; & g, are the emissivities of two '
parallel plates

Radiation between the exterior surfaces of the fuel tubes is conservatively ignored in the model.
Volumetric heat generation (Btu/hr-in3 ) is applied to the active fuel region based on design heat

load, active fuel length of 144 inches and an axial power distribution as shown in Figures
4.4.1.1.1-3 and 4.4.1.1.1-4 for PWR and BWR fuel, respectively.
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I Figure 4.4.1.1.2-1 Three-Dimensional Standard Canister Model for PWR Fuel
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Figure 4.4.1.1.2-2  Three-Dimensional Standard Canister Model for PWR Fuel — Cross-Section |
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l Figure 4.4.1.1.2-3 Three-Dimensional Standard Canister Model for BWR Fuel
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Figure 4.4.1.1.2-4 Three-Dimensional Standard Canister Model for BWR Fuel — Cross-Section |

Fuel Fuel Tube
Disk Assembly

NI T ]
\;/ 7
N\
= : ,

W T — =7
o -
\,\// / / | \
J S A
R =
Canister Shell
Gap

4.4.1-21



FSAR - UMS® Universal Storage System

Docket No. 72-1015

January 2002
Revision UMSS-02A

| Table 4.4.1.1.2-1

Effective Thermal Conductivities for PWR Fuel Assemblies

Conductivity Temperature (°F)

(Btu/hr-in-°F) 200 400 603 807
Kxx 0.023 0.030 0.039 0.049
Kyy 0.023 0.030 0.039 0.049
Kzz 0.150 0.137 0.129 0.129

| Note: x, y and z are in the coordinate system shown in Figure 4.4.1.1.2-1.
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Table 4.4.1.1.2-2  Effective Thermal Conductivities for BWR Fuel Assemblies

Conductivity Temperature (°F)

(Btu/hr-in-°F) 180 386 591 798
Kxx 0.027 0.036 0.046 0.059
Kyy 0.027 0.036 0.046 0.059
Kzz 0.181 0.166 0.157 0.157

Note: x, y and z are in the coordinate system shown in Figure 4.4.1.1 2-3.
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| Table4.4.1.1.2-3  Effective Thermal Conductivities for PWR Fuel Tubes

Conductivity Temperature (°F)
Fuel Assembly Group (Btu/hr-in-°F) 200 400 600 800
In SS disk region
Kxx 0.013 0.018 0.023 0.030
Kyy 0.560 0.572 0.581 0.587
Kzz 0.560 0.572 0.581 0.587
In AL disk region
Kxx 0.013 0.018 0.023 0.030
Kyy 0.560 0.572 0.581 0.587
Kzz 0.560 0.572 0.581 0.587

Note: Kxx 1s in the direction across the thickness of the fuel tube wall.
Kyy is in the direction parallel to the fuel tube wall.

Kzz is in the canister axial direction.
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Table 4.4.1.1.2-4  Effective Thermal Conductivities for BWR Fuel Tubes

Conductivity Temperature (°F)
Tubes With Neutron
Absorber (Btu/hr-in-°F) 200 400 600 800
In CS disk region
Kxx 0.015 0.020 0.025 0.031
Kyy 1.302 1.374 1.417 1.429
Kzz 1.302 1.374 1.417 1.429
In AL disk region
Kxx 0.015 0.020 0.025 0.031
Kyy 1.302 1.375 1.417 1.429
Kzz 1.302 1.375 1.417 1.429
Tubes Without Neutron
Absorber (Btu/hr-in-°F) 200 400 600 800
In CS disk region A
Kxx 0.011 0.014 0.018 0.021
Kyy 0.116 0.123 0.133 0.144
Kzz 0.116 0.123 0.133 0.144
In AL disk region
Kxx 0.012 0.015 0.019 0.024
Kyy 0.116 0.123 0.133 0.144
Kzz 0.116 0.123 0.133 0.144

Note: Kxx is in the direction across the thickness of fuel tube wall.

Kyy is in the direction parallel to fuel tube wall.

Kzz is in the canister axial direction.
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44113 Two-Dimensional Axisymmetric Standard and Advanced Transfer Cask Models

The two-dimensional axisymmetric Standard and Advanced transfer cask model is an axisym-
metric representation of the canister and transfer cask assembly. The model is used to perform a
transient thermal analysis to determine the maximum water temperature in the canister for the
period beginning immediately after removing the transfer cask and canister from the spent fuel
pool. The model is also used to calculate the maximum temperature of the fuel cladding, the
transfer cask and canister components during the vacuum drying condition and after the canister is
back-filled with helium. The transfer cask is evaluated separately for PWR or BWR fuel using two
models. For each fuel type, the class of fuel with the shortest associated canister and transfer cask
1s modeled in order to maximize the contents heat generation rate per unit volume and minimize
the heat rejection from the external surfaces. The model for PWR fuel is shown in Figure
4.4.1.1.3-1. The BWR model is essentially identical to the PWR model with slight differences in
canister dimensions and the effective properties for the canister internals.

An initial temperature of 100°F is considered in the model on the basis of typical maximum
average water temperature in the spent fuel pool. Under typical operations, the water inside the
canister is drained within 17 hours and the canister is back-filled with helium immediately after
the vacuum drying and transferred to the concrete cask within 16 hours for the PWR fuel and
within 24 hours for BWR fuel, the transient analysis is performed for 17 hours with the water
inside the canister, 10 hours (conservative) for the vacuum-dried condition, and 24 hours for the
helium condition. ANSYS PLANESS two-dimensional conduction elements and LINK31
radiation elements are used. The model includes the transfer cask and the canister and its
internals. As shown in Figure 4.4.1.1.3-1, the canister contents are modeled as three separate
regions. For the condition with water inside the canister, the volume above the active fuel region
1s modeled as air. The volume above the active fuel region is modeled as a vacuum during the
vacuum-dried condition and modeled as helium during the helium back-fill condition. Effective
thermal properties are used for the active fuel region and for the region below the active fuel
region as listed in Tables 4.4.1.1.3-1 and 4.4.1.1.3-2 for PWR fuel. Tables 4.4.1.1.3-3 and
4.4.1.1.3-4 show the effective properties of canister contents used in the BWR model. Note that
the aluminum heat transfer disks exist only at the central region of the BWR basket. Therefore,
different effective properties are used for the region with aluminum disks and regions without
aluminum disks. The effective conductivities in the canister radial direction for the active fuel
region are determined using the three-dimensional periodic canister internal models (Section
4.4.1.1.4). The effective conductivities in the canister radial direction for the region below the
active fuel is conservatively considered to be the conductivity of the media (water, vacuum or
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helium). While the temperatures for the water properties exceed 212°F (assuming the water
remains in liquid form), the analyses are limited to temperatures below 212°F for this phase of
the canister in the transfer cask. The effective thermal conductivities in the canister axial
direction are calculated based on material cross-sectional area. The conductivities of the support
disks and heat transfer disks are conservatively ignored in the calculation of axial conduction.
The convection effect is also conservatively excluded in the effective conductivity calculation.
The effective specific heat and density are calculated on the basis of material mass and volume

ratio, respectively.

Radiation across the gaps was represented by LINK31 elements which used a form factor of one
and gray body emissivities for stainless and carbon steels. The combination of radiation and
convection at the transfer cask exterior vertical surfaces and canister lid top surface are taken
into account in the model using the same method described in Section 4.4.1.1.2 for the three- I
dimensional canister models. The bottom of the transfer cask is conservatively modeled as being
adiabatic during the entire period of the transient analysis. Volumetric heat generation (Btwhr-
in®) is applied to the active fuel region based on a total heat load of 23 kW for both PWR and
BWR fuel. The model considers the active fuel length of 144 inches and an axial power
distribution, as shown in Figure 4.4.1.1.1-3 and 4.4.1.1.1-4 for PWR and BWR fuel, respectively. |

4.4.1-27



FSAR - UMS® Universal Storage System January 2002
Docket No. 72-1015 Revision UMSS-02A

Figure 4.4.1.1.3-1 Two-Dimensional Axisymmetric Standard and Advanced Transfer Cask and
Canister Model - PWR
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Table 4.4.1.1.3-1

Dimensional Axisymmetric Standard Transfer Cask and Canister

Effective Thermal Properties for the Active Fuel Region for the Two-

Model: PWR
Region Fill
Property (units)
Water In Canister Temperature (°F)
100 200 300
Conductivity (Btwhr-in-°F) Axial 0.178 0.179 0.177
Temperature (°F)
130 169 208 245
Conductivity (Btwhr-in-°F) Radial 0.176 0.176 0.177 0.179
Specific Heat (Btuw/lbm-°F) 0.303 0.302 0.302 0.302
Density (Ibm/in%) 0.101 0.101 0.101 0.101
Vacuum In Canister Temperature °F)
100 300 600 800
Conductivity (Btwhr-in-°F)  Axial 0.158 0.153 0.147 0.146
Temperature °F)
269 375 487 601
Conductivity (Btwhr-in-°F) Radial 0.027 0.036 0.046 0.057
Specific Heat (Btu/lbm-°F) 0.064 0.065 0.067 0.068
Density (Ibm/in®) 0.075 0.075 0.075 0.075
Helium In Canister Temperature °F)
100 300 600 800
Conductivity (Btwhr-in-°F)  Axial 0.160 0.158 0.155 0.156
Temperature (°F)
332 4217 527 630
Conductivity (Btwhr-in-°F) Radial 0.117 0.128 0.139 0.150
Specific Heat (Btu/lbm-°F) 0.065 0.067 0.068 0.069
Density (Ibm/in®) 0.075 0.075 0.075 0.075
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Table 4.4.1.1.3-2 Effective Thermal Properties for the Region Below the Active Fuel for the

Two-Dimensional Axisymmetric Standard Transfer Cask and Canister

Model: PWR
Region Fill
Property (units)
Water In Canister Temperature °F)
100 200 300
Conductivity (Btwhr-in-°F)'  Axial 0.077 0.082 0.084
Specific Heat (Btu/lbm-°F) 0.587 0.586 0.591
Density (lbm/in?) 0.060 0.060 0.058
Vacuum In Canister Temperature CF)
100 300 600 800
Conductivity (Btwhr-in-°F) ' Axial 0.030 0.033 0.037 0.040
Specific Heat (Btu/lbm-°F) 0.119 0.126 0.134 0.137
Density (Ibm/in®) 0.028 0.028 0.028 0.028
Helium In Canister Temperature °F)
100 300 0600 800
Conductivity (Btwhr-in-°F) ' Axial 0.045 0.051 0.059 0.064
Specific Heat (Btw/lbm-°F) 0.119 0.126 0.134 0.134
Density (Ibm/in?) 0.028 0.028 0.028 0.028

Note:

1. Conductivities for the media (water, vacuum or helium) are used in the radial direction.
1.0E-5 Btu/hr-in-°F is used for the vacuum condition.
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Table 4.4.1.1.3-3 Effective Thermal Properties for the Active Fuel Region for the Two-
Dimensional Axisymmetric Standard Transfer Cask and Canister

Model: BWR
Region Fill
Property (units)
Water In Canister Temperature °F)
100 200 300
______________ Conductivity (Bor-in-"F) Axial 026 026 036
Aluminum and Carbon Steel Disk region ) Temperature (°F)
15 95 173
Conductivity (Btwhr-in-°F) Radial 0.226 0.228 0.231
Specific Heat (Btw/Ibm-°F) 0.277 0.277 0.276
______________________ Density (lbm/in) 0114 omt o0 ]
Carbon Steel Disk region T 'f‘;:mi)'e}a;t-l;re (°F) ) )
86 164 242
Conductivity (Btwhr-in-°F) Radial 0.141 0.143 0.144
Specific Heat (Btu/1bm-°F) 0.290 0.289 0.289
Density (Ibmy/in?) 0.111 0.111 0.110
Vacuum In Canister Temperature °F)
200 400 600
Conductivity (Bwhr-in-F) Axial 025 . 025 .. 025 ....]
Aluminum and Carbon Steel Disl?r'e—gion -------- T empe-r—a't'ure - crn
173 228 323 446
Conductivity (Btu/hr-in-°F) Radial 0.015 0.022 0.034 0.049
Specific Heat (Btu/lbm-°F) 0.084 0.085 0.086 0.088
R, Density (lbmfir) | 0089 0089 0089 0089 |
Carbon Steel Disk reéion ——————— Temberature (°F)
190 248 344 469
Conductivity (Btwhr-in-°F) Radial 0.013 0.019 0.027 0.035
Specific Heat (Btw/Ibm-°F) 0.079 0.080 0.081 0.082
Density (Ibm/in*) 0.085 0.085 0.085 0.085
Helium In Canister Temperature (°F)
200 400 600
Conductivity (Btwhr-in-7F) .. Axial 025 ... 0.25 025 ]
Aluminum and Carbon Steel Disk regibn a ) Temperature °F)
132 265 401 543
Conductivity (Btu/hr-in-°F) Radial 0.136 0.150 0.165 0.180
Specific Heat (Btuw/1bm-°F) 0.084 0.085 0.087 0.089
___________________ Density (bmvin®) 0089 0089 0089 0089 |
Carbon Steel Disk region Temperature  (°F)
208 340 476 616
Conductivity (Btu/hr-in-°F) Radial 0.094 0.102 0.110 0.117
Specific Heat (Btw/lbm-°F) 0.080 0.081 0.083 0.085
Density (Ibm/in®) 0.085 0.085 0.085 0.085

4.4.1-31



FSAR - UMS® Universal Storage System
Docket No. 72-1015

January 2002
Revision UMSS-02A

Table 4.4.1.1.3-4 Effective Thermal Properties for the Region Below the Active Fuel for the
Two-Dimensional Axisymmetric Standard Transfer Cask and Canister

Model: BWR

Region Fill
Property (units)
Water In Canister Temperature (°F)
100 200 300
Conductivity (Btwhr-in-°F)!  Axial 0.075 0.081 0.083
Specific Heat (Btw/1bm-°F) 0.569 0.568 0.572
Density (Ibm/in?) 0.062 0.061 0.060
Vacuum In Canister Temperature (°F)
100 300 500 700
Conductivity (Btwhr-in-°F)!  Axial 0.035 0.039 0.043 0.046
Specific Heat (Btw/lbm-°F) 0.112 0.119 0.124 0.127
Density (Ibm/in%) 0.030 0.030 0.030 0.030
Helium In Canister Temperature (°F)
100 300 500 700
Conductivity (Btwhr-in-°F)!  Axial 0.046 0.053 0.059 0.064
Specific Heat (Btuw/lbm-°F) 0.113 0.119 0.124 0.127
Density (Ibm/in?) 0.030 0.030 0.030 0.030

Note:

1. Conductivities for the media (water, vacuum or helium) are used in the radial direction.

1.0E-5 Btuw/hr-in-°F is used for the vacuum condition.

4.4.1-32




FSAR - UMS® Universal Storage System January 2002
Docket No. 72-1015 Revision UMSS-02A

44.1.14 Three-Dimensional Periodic Standard Canister Internal Models

The three-dimensional periodic Standard canister internal model consists of a periodic section of
the canister internals. A total of three models are used: one for PWR fuel and two for BWR fuel.
For the PWR canister, the model contains one support disk with two heat transfer disks (half
thickness) on its top and bottom, the fuel assemblies, the fuel tubes and the media in the canister,
as shown in Figure 4.4.1.1.4-1. The BWR model, shown in Figure 4.4.1.1.4-2, represents the
central region of the BWR canister, which contains one heat transfer disk with two support disks
(half thickness) on its top and bottom, the fuel assemblies, the fuel tubes and the media in the
canister. The second BWR model (not shown), for the region without heat transfer disks,
contains two support disks (half thickness), the fuel assemblies, the fuel tubes and the media in
the canister. The difference between the two BWR models is that the second model does not
have the heat transfer disk. The purpose of these models is to determine the effective thermal
conductivity of the canister internals in the canister radial direction. The effective conductivities
are used in the two-dimensional axisymmetric air flow and concrete cask models and the two-
dimensional axisymmetric transfer cask and canister models. Three types of media are
considered: helium, water and vacuum. The fuel assemblies and fuel tubes in this model are
represented by homogeneous regions with effective thermal properties.  The effective
conductivities for the fuel assemblies and the fuel tubes are determined by the two-dimensional
fuel models (Section 4.4.1.1.5) and the two-dimensional fuel tube models (Section 4.4.1.1.6)
respectively. The properties corresponding to the PWR 14 x 14 assemblies are used for the
PWR model, since the 14 x 14 assemblies have the lowest conductivities as compared to other
PWR assemblies. For the same reason, the properties corresponding to the BWR 9 x 9
assemblies are used for the BWR models.

The effective thermal conductivity (k) of the fuel region in the radial direction is determined by
considering the canister internals as a solid cylinder with heat generation. The temperature

distribution in the cylinder may be expressed as [17]:

4 lllR: r .
T-T, =1 =1-()"
4K R
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where:

T, = the surface temperature of the cylinder
T = temperature at radius “r” of the cylinder
R = the outer radius of the cylinder,

r = radius

q”” = the heat generation rate =

nR*H

where: Q = total heat generated in the cylinder
H = length of the cylinder

Considering the temperature at the center of the canister to be Thax, the above equation can be
simplified and used to compute the effective thermal conductivity (kes):

- Q __Q
4TH(T,,, —-T,) 4nHAT

eff

where:

Q = total heat generated by the fuel

H = length of the active fuel region

T, = temperature at outer surface internals (inside surface of the canister)
AT =Thmax - To

The value of AT is obtained from thermal analysis using the three-dimensional periodic canister
internal model with the boundary temperature constrained to be T,. The effective conductivity
(kefr) is then determined by using the above formula. Analysis is repeated by applying different

boundary temperatures so that temperature-dependent conductivities can be determined.
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Figure 4.4.1.1.4-1 Three-Dimensional Periodic Standard Canister Internal Model - PWR
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I Figure 4.4.1.1.4-2 Three-Dimensional Periodic Standard Canister Internal Model - BWR
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44.1.15 Two-Dimensional Fuel Models !

The effective conductivity of the fuel is determined by the two-dimensional finite element model
of the fuel assembly. The effective conductivity is used in the three-dimensional canister models
(Section 4.4.1.1.2) and the three-dimensional periodic canister internal model (Section 4.4.1.1.4). ‘
A total of seven models are required: four models for the 14x14, 15%15, 16x16 and 17x17 PWR
fuels and three models for the 7x7, 8x8 and 9x9 BWR fuels. Because of similarity, only the
figure for the PWR 17x17 model is shown in this Section (Figure 4.4.1.1.5-1). All models |
contains only one quarter of the cross-section of a assembly because of symmetry.

The model includes the fuel pellets, cladding, media between fuel rods and helium at the gap
between fuel pellet and cladding. Three types of media are considered: helium, water and a
vacuum. Modes of heat transfer modeled include conduction and radiation between individual
fuel rods for the steady-state condition. ANSYS PLANESS conduction elements and LINK31
radiation elements are used to model conduction and radiation. Radiation elements are defined
between fuel rods. Effective emissivities are determined using the formula shown in Section
4.4.1.1.2. Radiation at the gap between the pellet and the cladding is conservatively ignored.

The effective conductivity for the fuel is determined by using an equation defined in a Sandia
National Laboratory Report [30]. The equation is used to determine the maximum temperature
of a square cross-section of an isotropic homogeneous fuel with a uniform volumetric heat
generation. At the boundary of the square cross-section, the temperature is constrained to be
uniform. The expression for the temperature at the center of the fuel is given by:

T. = T. + 0.29468 (Qa*/ Kegr)

where: T, =the temperature at the center of the fuel (°F)
T. = the temperature applied to the exterior of the fuel (°F)
Q = volumetric heat generation rate (Btu/hr—in3 )
a = half length of the square cross-section of the fuel (inch)
K. = effective thermal conductivity for the isotropic homogeneous fuel
material (Btu/hr-in-°F)

Volumetric heat generation (Btu/hr-in®) based on the design heat load is applied to the pellets.
The effective conductivity is determined based on the heat generated and the temperature
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difference from the center of the model to the edge of the model. Temperature-dependent
effective properties are established by performing multiple analyses using different boundary
temperatures. The effective conductivity in the axial direction of the fuel assembly is calculated
on the basis of the material area ratio.
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Figure 4.4.1.1.5-1
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44.1.1.6 Two-Dimensional Fuel Tube Models

The two-dimensional fuel tube model is used to calculate the effective conductivities of the fuel
tube wall and BORAL plate. These effective conductivities are used in the three-dimensional
canister models (Section 4.4.1.1.2) and the three-dimensional periodic canister internal model
(Section 4.4.1.1.4). A total of six models are required: four PWR models corresponding to the
14x14, 15x15, 16x16 and 17x17 PWR fuels and two BWR models (one with the BORAL plate,
one without the BORAL plate), corresponding to the enveloping configurations of the 7x7, 8x8
and 9x9 BWR fuels. Because of similarity, only the PWR model corresponding to the PWR
17x17 fuel is shown Figure 4.4.1.1.6-1. The BWR models are shown in Figures 4.4.1.1.6-2 and
4.4.1.1.6-3.

As shown in Figure 4.4.1.1.6-1, the PWR model includes the gap between the fuel assembly and
the fuel tube, the fuel tube, the BORAL plate (including the core matrix sandwiched by
aluminum cladding), gaps on both sides of the BORAL plate, and the gap between the stainless
steel cladding on the outside of the BORAL plate and the support disk or heat transfer disk.
Three conditions of media are considered in the gaps: helium, water and a vacuum.

ANSYS PLANESS conduction elements and LINK31 radiation elements are used to construct
the model. The model consists of nine layers of conduction elements and eight radiation
elements (radiation elements are not used for water condition) that are defined at the gaps (two
for each gap). The thickness of the model (x-direction) is the distance measured from the outside
face of the fuel assembly to the inside face of the slot in the support disk (assuming the fuel tube
is centered in the hole in the disk). The tolerance of the BORAL plate thickness, 0.003 inch, is
used as the gap size for both sides of the BORAL plate. The height of the model is defined as
equal to the width of the model.

The fuel tubes in the BWR fuel basket differ from those in the PWR fuel basket in that not all
sides of the fuel tubes contain BORAL. In addition, the BWR fuel assembly is contained in a
fuel channel. Therefore, two effective conductivity models are necessary, one fuel tube model
with the BORAL plate (a total of 11 layers of materials) and another fuel tube model with a gap
replacing the BORAL plate (a total of 5 layers of materials).

As shown in Figure 4.4.1.1.6-2, the BWR fuel tube model with BORAL includes the gap
between fuel assembly and the fuel channel, the fuel channel, gap between the fuel channel and
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fuel tube, the fuel tube, the BORAL plate (including the core matrix sandwiched by aluminum
claddings), gaps on both sides of the BORAL plate, and a gap between the stainless steel
cladding for the BORAL plate and the support disk or heat transfer disk. The effective
conductivity of the fuel tube without the BORAL plate is determined using the second BWR fuel
tube model. As shown in Figure 4.4.1.1.6-3, this model includes the gap between fuel assembly
and the fuel channel, the fuel channel, gap between the fuel channel and stainless steel fuel tube,
the fuel tube, and a gap between the fuel tube and the support disk or heat transfer disk. An
emissivity value of 0.0001 is conservatively used for the BWR support disk in the model.

Heat flux is applied at the left side of the model (fuel tube for PWR models and fuel channel for
BWR models), and the temperature at the right boundary of the model is constrained. The heat
flux is determined based on the design heat load. The maximum temperature of the model (at the
left boundary) and the temperature difference (AT) across the model are calculated by the
ANSYS model. The effective conductivity (Kxx) is determined using the following formula:

q=Kxx (A/L) AT
or

K =q L/(AAT)

where:
K,, = effective conductivity (Btwhr-in-°F) in X direction in Figure 4.4.1.6-1.
q = heat rate (Btw/hr)
A= area (in%)
L= length (thickness) of model (in)

AT = temperature difference across the model (°F)
The temperature-dependent conductivity is determined by varying the temperature constraints at

one boundary of the model and resolving for the heat rate (q) and temperature difference. The
effective conductivity for the parallel path (the Y direction in Figure 4.4.1.1.6-1) is calculated by:
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Ko = Z Kt
¥ L
where:
K; = thermal conductivity of each layer
t; = thickness of each layer
L = total length (thickness) of the model
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Figure 4.4.1.1.6-1 Two-Dimensional Fuel Tube Model: PWR Fuel
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Figure 4.4.1.1.6-2 Two-Dimensional Fuel Tube Model: BWR Fuel Tube With BORAL
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Figure 4.4.1.1.6-3 Two-Dimensional Fuel Tube Model: BWR Fuel Tube Without BORAL
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44.11.7 Two-Dimensional Forced Air Flow Model for Standard Transfer Cask Cooling

A two-dimensional axisymmetric air flow model is used to determine the air flow rate needed to
ensure that the maximum temperature of the canister shell and canister components inside the
transfer cask do not exceed those presented in Tables 4.4.3.1-3 and 4.4.3.1-4 for the helium
condition. This air flow model considers a 0.34-inch air annulus between the outer surface of the
canister shell and the inner surface of the transfer cask, and has a total length of 191-inches. The
fuel canister is cooled by forced convection in the air annulus resulting from air pumped in
through fill/drain ports in the body of the transfer cask. The radiation heat transfer between the
vertical annulus surfaces (the canister shell outer surface and the transfer cask inner surface) is
conservatively neglected. All heat is considered to be removed by the air flow.

ANSYS FLOTRAN FLUID141 fluid thermal elements are used to construct the two-
dimensional axisymmetric air flow finite element model for transfer cask cooling. The model
and the boundary conditions applied to the model, are shown in Figures 4.4.1.1.7-1, 4.4.1.1.7-2
and 4.4.1.1.7-3.

As shown in Tables 4.4.3.1-3 and 4.4.3.1-4, the temperature margin of the governing component
(the heat transfer disk) for the PWR fuel configuration is lower than the margin for the BWR fuel
configuration; therefore, the thermal loading for the PWR configuration is used. The
non-uniform heat generation applied in the model, shown in Figure 4.4.1.1.7-4, is based on the
axial power distribution shown in Figure 4.4.1.1.1-3 for PWR fuel.

The inlet air velocity is specified based on the volume flow rate. Room temperature (76°F) is
applied to the inlet nodes, while zero air velocity, in both the X and Y directions, is defined as
the boundary condition for the vertical solid sides.

Results of the analyses of forced air cooling of the canister inside the transfer cask are shown in
Figure 4.4.1.1.7-5. As shown in the figure, the maximum canister shell temperature is less than
416°F for a forced air flow rate of 275 ft3/minute, or higher, where 416°F is the calculated
maximum canister shell temperature for the typical transfer operation for the PWR configuration
(Table 4.4.3.1-3). A forced air volume flow rate of 375 ft*/minute is conservatively specified for
cooling the canister in the event that forced air cooling is required. Evaluation of a forced air
volume flow rate of 375 ft*/minute, results in a maximum canister shell temperature of 321°F,
which is significantly less than the design basis temperature of 416°F.
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Figure 4.4.1.1.7-1 Two-Dimensional Axisymmetric Finite Element Model for Transfer Cask
Forced Air Cooling
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| Figure 4.4.1.1.7-2  Two-Dimensional Axisymmetric Outlet Air Flow Model for Transfer

Cask Cooling
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Adiabatic boundary

condition on this side

4.4.1-48



FSAR - UMS® Universal Storage System ‘ January 2002
Docket No. 72-1015 Revision UMSS-02A

Figure 4.4.1.1.7-3  Two-Dimensional Axisymmetric Inlet Air Flow Model for Transfer Cask |
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| Figure 4.4.1.1.7-4
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Figure 4.4.1.1.7-5
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441.1.8 Three-Dimensional Standard Transfer Cask and Canister Model

A three-dimensional finite element model is generated for the Standard transfer cask with the
loaded canister for the PWR fuel configuration, as shown in Figure 4.4.1.1.8-1. The model is
used in Section 4.4.3.2 to evaluate the transfer operation for PWR fuel heat load cases with less
than the design basis heat load of 23 kW (evaluated in Section 4.4.3.1). A quarter of the transfer
cask, basket and canister is modeled due to the symmetry of the components and thermal loads.
The planes of symmetry are considered to be adiabatic. The finite element model is comprised
of SOLID70 and LINK31 radiation elements. The canister and its contents are modeled using
the methodology described for the three-dimensional canister model for PWR fuel in Section
44.1.1.2.

The Standard canister contents includes the fuel assemblies, fuel tubes, support and heat transfer
disks, top and bottom weldments, the canister shell, lids and bottom plate, and the media (water,
vacuum and helium) inside the canister. The effective properties for the fuel assembly region
and the fuel tube are determined using the two-dimensional fuel models (Section 4.4.1.1.5) and
the two-dimensional fuel tube models (Section 4.4.1.1.6), respectively. The effective properties
take into account the different types of media (water, vacuum and helium) in the canister.

The Standard transfer cask in the model consists of the inner shell, lead, neutron shield and outer
shell. Convection and radiation are considered at the side and top surfaces of the transfer cask
and the top surface of the canister. The ambient temperature is considered to be 76°F. For the
transient analysis for transfer operations, an initial temperature of 100°F is considered in the
model on the basis of the typical average water temperature in the spent fuel pool. Two air gaps
(radial) outside of the canister are considered: a gap of 0.345 inch between the canister and
transfer cask inner shell and a gap of 0.03 inch (based on tolerance) between the transfer cask
inner shell and lead. Only conduction and radiation are considered across the gaps (no
convection). The bottom of the transfer cask is conservatively modeled as adiabatic.

4.4.1-52



January 2002
Revision UMSS-02A

FSAR - UMS® Universal Storage System

Docket No. 72-1015

Three-Dimensional Standard Transfer Cask and Canister Model

Figure 4.4.1.1.8-1
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44.1.2 Thermal Models for Advanced Configuration

Finite element and finite volume models are utilized for the thermal evaluation of the Universal
Storage System as shown in the following. These models are used separately to evaluate the
system for the storage of PWR fuel in the Advanced configuration.

Three-Dimensional Air Flow and Concrete Cask Model
Three-Dimensional Canister Model

Three-Dimensional Transfer Cask and Canister Model
Three-Dimensional Periodic Canister Internal Model
Two-Dimensional Fuel Model

Two-Dimensional Fuel Basket Neutron Absorber Plate Model

Sk W~

The two-dimensional axisymmetric air flow and concrete cask model includes the concrete cask,
air in the air inlets, annulus and the air outlets, the canister and the canister internals, which are
modeled as homogeneous regions with effective thermal conductivities. The effective thermal
conductivities for the canister internals in the radial direction are determined using the three-
dimensional periodic canister internal models. The effective conductivities in the canister axial
direction are calculated using classical methods. The two-dimensional axisymmetric air flow
and concrete cask model is used to perform computational fluid dynamic analyses to determine
the mass flow rate, velocity and temperature of the air flow, as well as the temperature

distribution of the concrete, concrete cask steel liner and the canister.

The three-dimensional Advanced canister model is comprised of the fuel assemblies, basket
plates, neutron absorber plates, cooling inserts, cooling shunts, top and bottom basket
assemblies, the canister shell, lids and bottom plate, and canister media. The canister model is
used to evaluate the temperature distribution of the fuel cladding and basket components. The
fuel assemblies, neutron absorber plates and the cooling inserts in the three-dimensional canister
model are modeled using effective conductivities. The effective conductivities for the fuel
assemblies are determined using the two-dimensional fuel model. The effective conductivities
for the neutron absorber plates are determined using the two-dimensional fuel basket neutron
absorber plate model. The effective conductivities for the cooling inserts are determined using
the two-dimensional fuel basket cooling insert model. ‘
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The three-dimensional Advanced transfer cask model includes the transfer cask and the canister.
This model is used to perform transient analyses for the transfer condition, starting from
removing the transfer cask/canister from the spent fuel pool, vacuum drying and finally back-
filling the canister with helium.

The three-dimensional periodic Advanced canister internal model consists of a periodic section
of the canister internals. This model represents a cut of the three-dimensional canister model.
The purpose of the three-dimensional periodic canister internal model is to determine the
effective thermal conductivity of the canister internals in the canister radial direction. The
effective conductivities are used in the three-dimensional air flow and concrete cask model. The
canister media in this model is helium.

The two-dimensional fuel model includes the fuel pellets, cladding and the media occupying the
space between fuel rods. The media is considered to be helium for storage conditions and water,
vacuum, or helium for transfer conditions. The model is used to determine the effective thermal
properties of the fuel assembly. In order to account for various types of fuel assemblies, a total
of four fuel models are generated—14x14, 15x15, 16x16 and 17x17 PWR fuel assemblies. The
effective properties are used in the three-dimensional canister model, the three-dimensional
transfer cask and canister model, and the three-dimensional periodic canister internal model.

The two-dimensional neutron absorber plate model includes the neutron absorber plate and the
media separating the neutron absorber plate from the basket plate. The media is considered to be
helium for storage conditions and water, vacuum, or helium for transfer conditions. The model
is used to determine the effective thermal properties of this region. The effective properties are
used in the three-dimensional canister model, the three-dimensional transfer cask and canister

model, and the three-dimensional periodic canister internal model.
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44.1.2.1 Two-Dimensional Axisymmetric Air Flow and Concrete Cask Model-Advanced
Configuration

This section describes the computational fluid dynamics model used to evaluate the thermal
performance of the vertical concrete cask for the advanced PWR configuration. Similar to the
two-dimensional axisymmetric air flow and concrete cask model for the standard configuration
(Section 4.4.1.1.1), the model includes the concrete cask, the air in the air inlets, the annulus and
the air outlets, the canister and the canister internals, which are modeled as homogeneous regions
with effective thermal conductivities. The model is shown in Figures 4.4.1.2-1 and 4.4.1.2-2.

The fuel canister is cooled by (1) natural/free convection of air through the lower vents (the air
inlets), the vertical air annulus, and the upper vents (the air outlets); and (2) radiation heat
transfer between the surfaces of the canister shell and the steel liner. The heat transferred to the
liner is rejected by air convection in the annulus and by conduction through the concrete. The
heat flow through the concrete ‘is dissipated to the surroundings by natural convection and
radiation heat transfer. The temperature in the concrete region is controlled by radiation heat
transfer between the vertical annulus surfaces (the canister shell outer surface and the steel liner
inner surface), natural convection of air in the annulus, and boundary conditions applicable to the
concrete cask outer surfaces—e.g., natural convection and radiation heat transfer between the
outer surfaces and the environment, including consideration of incident solar energy. These heat
transfer modes are combined in the air flow and concrete cask model. The entire thermal system,
including mass, momentum, and energy, is analyzed using FLUENT 5.5 [41]. The temperature
distributions of the concrete cask, the air region and the canister are determined by the model.
Detailed thermal evaluations for the canister internals (fuel cladding, basket, etc.) are performed
using the three-dimensional canister model as described in Section 4.4.1.2.2.

The concrete cask has four air inlets at the bottom and four air outlets at the top that extend
through the concrete. Since the configuration is symmetrical, it can be simplified into a two-
dimensional axisymmetric model by using equivalent dimensions for the air inlets and outlets,
which are assumed to extend around the concrete cask periphery. The canister internals are
modeled as three homogeneous regions using effective thermal conductivities - the active fuel
region and the regioné above and below the active fuel region. The two-dimensional
axisymmetric model is shown schematically in Figure 4.4.1.2-1. The effective properties for the
active fuel region in the canister is determined using the three-dimensional periodic model
described in Section 4.4.1.2.4. The effective axial conductivities for the region are determined
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using classic method based on the results of the three-dimensional canister model (Section
4.4.1.2.2). Conductivity of helium is considered for the radial direction.

GAMBIT version 1.3 [42], a preprocessor for FLUENT, is used to construct the computation
mesh (shown in Figure 4.4.1.2-2) for the CFD simulations. The mesh contains quadrilateral
cells, with higher mesh density in fluid regions compared with solid regions, to capture sharp
velocity and temperature gradients in the flow. The T-shaped channel weldments in the annulus
(welded to the steel liner) are not explicitly modeled. The radial dimension of the air annulus
between the canister shell and the carbon steel liner of the concrete cask is reduced in the model
to account for the slight reduction of the air flow cross-sectional area due to the T-shaped
channel weldments. Note that the thickness of the steel liner and the outer diameter of the
concrete cask were not changed. Radiation heat transfer that occurs in the following regions is

included in the model:

1. From the concrete outer surfaces to the ambient

2 Across the vertical air annulus (from the canister shell to the concrete cask liner)
3. From the canister structural lid to the shield plug

4. From the shield plug to the concrete cask lid

Loads and Boundary Conditions

The loads and boundary conditions in the model are identical to those used in the two-dimensional
axisymmetric air flow and concrete cask model for the standard configuration (Section 4.4.1.1.1).
The distribution of the heat generation in the active fuel region is based on the axial power
distribution for the PWR fuel as shown in Figure 4.4.1.1.1-3. The incident solar heat flux applied to
the side surface of concrete, top surface of concrete, and top surface of the cask lid are 120 W/m?,
240 W/m?, and 320 W/m’ respectively. The natural convection heat transfer and the radiation heat
transfer at the outer surfaces of the concrete cask are considered using the same method described in
Section 4.4.1.1.1.

Convergence Check of the Numerical Simulation

To ensure the convergence of the numerical simulation of the air flow in the concrete cask and to
ensure reliable numerical results, the following checks and confirmations are performed.

1. Global convergence of the iteration process for the nonlinear system.
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The equation system controlling air flow and heat transfer is nonlinear and is solved iteratively.
The global iteration process is monitored by checking solution residuals, and the variation of
solution parameters with the global iteration—e.g., maximum temperature on various surfaces of
the domain, the mass flow rate, and the net heat carried out of the concrete cask by air
convection. For all presented results, the solution variables (temperature and velocity) do not
change significantly with further iterations and, therefore, the solutions are converged.

2. Overall energy balance and mass balance.

This step validates the overall energy balance and mass balance. At the converged state, the
mass flow rate at the air inlets matches the mass flow rate at the air outlets, showing that an
excellent mass balance has been obtained. The overall energy balance is checked by computing
the net total heat flux, Que, on surfaces of the model on which boundary conditions are applied,
1.e., inlet, outlet, bottom of the steel liner, and all outer solid surfaces, and by comparing this total
flux to the heat flux across the boundaries of the active fuel region (which is equal to the applied
fuel heat source, Qger). For the normal storage condition with the PWR design heat load of 29.2
kW, the difference in Qne and Qe 1s less than 0.2 percent and, therefore, overall heat balance is
achieved in the system.

3. CFD Mesh Sensitivity Study.

A sensitivity evaluation is performed based on the model for the PWR fuel configuration to
assess the effect of the number of elements used in the two-dimensional axisymmetric air flow
and concrete cask model