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Therman Analysis of NUHOMS 24P4-DSC Using CFD Metod

The NUUHOMS 24PT4 dry shielded caniste (DSC) Is designed to serve as the containment
and confinernent boundary for up to twenty-four (24) spent nuclear fuel assemblies (FAs)
during operadons In the Advanced NUH}OMS0 Horizontal Storage Module (AHSM) and the .
OS197 transfer cask. The design of the 24PT4-DSC provides for the passive rejection of the
decay heat from tbe FAs. This calculation provides a design basis evaluaion of the thermal
performance of the 24PT4-DSC, Including the effects of convection heat transfcr, using a
computational fluid dynamics (CFD) methodology.

;' ON.PROPRIETARt.
FOR INFORMATION ONL :

- T AL
pAGES AV D NAM RAwUAS NA A L ARDR Aus 07ovA

D=m wMAz & DATS _xnmD & vA=S NAPAROVE _A_

{ LoyJ.Bn -Marcel D. Berz . Ian MrInnes

N e fb
6Rj~e 6/6 /O-!4. 'f,



A
TRANSNUOLEAR

PROJECT'No: SCE-23 IREVISION~: 0
cALcuiATION NO: SCE-23.0411 |PAGE: 2of 75

REVISION SUMMARY

-E. DT D-CUO AFMTECED AFFECTED
REV.PAGES DISKS

o 6/30r Initial Release ALL .



A
TRANSNUCLEAR

PROJECrNO: SCE-23 |REVISION: 0

TABLE OF CONTENTS
Page

1. INTRODUCTION ................................... 6

1.1 Objective . . . 6
1.2 Purpose of Revision 0 .................................. .6
1.3 Scope ... 6

2. ASSUMPTIONS AND CONSERVATISMS .... 7

2.1 General Assumptions . . . 7
2.2 Conservatisms . . . 8

3. 24PT4-DSC DESIGN ....

3.1 24PT4-DSC Geometry . . . 8
3.2 Material Properties .... 9
3.3 lhermal Load . . .10
3.4 DSC Pressure . . .10

4. CALCULATIONS . .... 19

4.1 Fluentm/ IcepatT Model ............... . ... 19
4.2 Thermal Analysis for the Bounding Design Basis AHSM Condition .... 21

4.2.1 Heat Load Configuration #1 ................................................... 21
4.2.2 Heat Load Configuration #3 ......................................................... 23

4.3 Thermal Analysis at the Bounding Design Basis Transfer Cask Condition .... 24
4.4 Thermal Analysis at the Off-Normal Cold Transfer Cask Condition .... 25
4.5 Thermal Analysis for the Helium Leak Check Condition in a Vertical Transfer Cask ..... 25

5. SUMMARY AND CONCLUSION .... 72

6. REFERENCES.... 75

APPENDIX A: FLUENT1 / ICEPAKTs RUN LOG .. Al

APPENDIX B - EFFECTIVE THERMAL CONDUCTIVITY OF CE 16x16 FUEL ASSEMBLIES ...B I



A
TRANSNUCLEAR

PROJECTNO: SCE-23 |REVISION: 0
CALCULATION NO: SCE-23.0411 |PAGE: 4 of 75

LIST OF TABLES
Lags

Table 3-1 - Canister Material Properties, Solids ................................................................ 12
Table 3-2 - Canister Material Properties, Gas ................................................................ 14
Table 3-3 - DSC Component Allowable Temperatures ................................................................. 15
Table 4-1 - Imposed DSC Shell Temperatures vs. Circumferential Position ........................................... 27
Table 5-1 - Summary Of CFD Predicted DSC Component Temperatures For Unit 2/3,Normal

Hot Storage Condition ................................................................. 73
Table 5-2 - Summary Of CFD Predicted DSC Component Temperatures For Unit 2/3, Off-

Normal Transfer Condition w/ 117 0F Ambient Temperature ............................................. 73
Table 5-3 - Summary Of DSC Component Temperatures For Unit 2/3, Helium Leak Check

Operations ........................................ . 74

LIST OF FIGURES
PaEe

Figure 3-1 - General Design Configuration for 24P11 DSC ................................................. 16
Figure 3-2 - Layout Fuel Assemblies within 24PT4-DSC ................................................. 17
Figure 3-3 - 24PT4 DSC Heat Load Configurations #1, kW/Assembly ................................................. 18
Figure 34 - 24PT4 DSC Heat Load Configurations #3, kW/Assembly ................................................. 18
Figure 4-1 - Isometric, Wireframe View of Model Layout ................................................. 28
Figure 4-2 - DSC Shell Model ................................................. 29
Figure 4-3 - Fuel Assembly Model ................................................. 30
Figure 4-4 - Poison Sheet Model............................................................................................................31
Figure 4-5 - Spacer Disc Model .................................................. 32
Figure 4-6 - Perspective View of Meshing At X-Y Plane of 24PT4-DSC ............................................... 33
Figure 4-7 - Plan View of Meshing At Spacer Disc ................................................. 34
Figure 4-8 - Enlarged View of Meshing At Spacer Disc .................................................. 35
Figure 4-9 - Elevation View of Meshing At Z-Y Plane of Modeled DSC Segment ................................ 36
Figure 4-10 - Imposed Shell Temperatures, Bounding Condition in AHSM .... 37
Figure 4-11 - Temperature Distribution, Bounding Condition in AHSM, Heat Load

Configuration #1 . ............ 38
Figure 4-12 - Spacer Disc Temperature Distribution, Bounding Condition in AHSM, Heat Load

Configuration #1 ............. ... 39
Figure 4-13 - Poison Sheet Temperature Distribution, Bounding Condition in AHSM, Heat

Load Configuration #1 ............. 40
Figure 4-14 - Temperature Along Vertical Lines Through Basket, Bounding Condition in

AHSM, Heat Load Configuration #1 ................................................................ 41
Figure 4-15 - Velocity Distribution, Bounding Condition in AHSM, Heat Load Configuration

#1 .... ................................................................. 42
Figure 4-16 - Velocity Distribution, Bounding Condition in AHSM, Heat Load Configuration

#1 (Enlarged View) ................................................................ A3



A
TRANSNUCLEAR

PROJECT NO: SCE-23 REVISION: 0
CALCULATION NO: SCE-23.0411 PAGE: Sof7S

Figure 4-17

Figure 4-18

Figure 4-19

Figure 4-20

Figure 4-21

Figure 4-22

Figure 4-23

Figure 4-24
Figure 4-25
Figure 4-26
Figure 4-27
Figure 4-28

Figure 4-29
Figure 4-30
Figure 4-31
Figure 4-32
Figure 4-33
Figure 4-34

- Velocity Distribution, Bounding Condition in AHSM, Heat Load Configuration
#1 (Enlarged View) ......................................................... 44
- Temperature Distribution, Bounding Condition in AHSM, Heat Load
Configuration #3 .4......................................................... A5
- Spacer Disc Temperature Distribution, Bounding Condition in AHSM, Heat Load
Configuration #3.... . ... 46
- Temperature Along Vertical Lines Through Basket, Bounding Condition in
AHSM, Heat Load Configuration #3 ....................................................... 47
- Velocity Distribution, Bounding Condition in AHSM, Heat Load Configuration
#3 ....................................................... 8 A
- Velocity Distribution, Bounding Condition in AHSM, Heat Load Configuration
#3 (Enlarged View) ....................................................... 49
- Velocity Distribution, Bounding Condition in AHSM, Heat Load Configuration
#3 (Enlarged View) ....................................................... 50
- Imposed Shell Temperatures, Bounding Condition in Transfer Cask ................................ 51
- Temperature Distribution, Bounding Condition in Transfer Cask ..................................... 52
- Spacer Disc Temperature Distribution, Bounding Condition in Transfer Cask ................ 53
- Poison Sheet Temperature Distribution, Bounding Condition in Transfer Cask ............... 54
- Temperature Along Vertical Lines Through Basket, Bounding Condition in
Transfer Cask ....................................................... 55
- Velocity Distribution, Bounding Condition in Transfer Cask ........................................... 56
- Velocity Distribution, Bounding Condition in Transfer Cask (Enlarged View) ................ 57
- Velocity Distribution, Bounding Condition in Transfer Cask (Enlarged View) ................ 58
- Imposed Shell Temperatures, Off-Normal Cold Condition in Transfer Cask .................... 59
- Temperature Distribution, Off-Normal Cold Condition in Transfer Cask ......................... 60
- Spacer Disc Temperature Distribution, Off-Normal Cold Condition in Transfer
Cask..................................................................................................................................... 61

Figure 4-35

Figure 4-36
Figure 4-37

Figure 4-38

Figure 4-39

Figure 4-40

Figure 4-41

- Temperature Along Vertical Lines Through Basket, Off-Normal Cold Condition
in Transfer Cask................................................................................................................62
- Velocity Distribution, Off-Normal Cold Condition in Transfer Cask .63
- Imposed Shell Temperatures, Helium Leak Check Operation in Vertical Transfer
Cask .64
- Temperature Distribution, Helium Leak Check Operation in Vertical Transfer
Ir a-- ------ - --.-.---------....--......................----- 6 5. . ....................................... _ _...........................
- Spacer Disc Temperature Distribution, Helium Leak Check Operation in Vertical
Transfer Caslc......... 66
- Poison Sheet Temperature Distribution, Helium Leak Check Operation in Vertical
Transfer Cask................................................................................................................... 67
- Temperature Along Radial Lines Through Basket, Helium Leak Check Operation
in Vertical Transfer Cask .68
- Z-Plane Velocity Distribution, Helium Leak Check Operation in Vertical Transfer

C-A i& . --... - ----.---................................... -.------------------...... ................................ 69
Figure 4-42

. ........................................................................................................................................



A
TRANSNUCLEAR

PROJECT"NO: SCE-23 REVISION: 0
CALCULATIONNO: SCE-23.0-411 |PAGE: 6of 75

Figure 443 - Y-Plane Velocity Distribution, Helium Leak Check Operation in Vertical Transfer
Cask ...................................................................................................................................... 70

Figure 4-44 - Y-Plane Velocity Distribution, Helium Leak Check Operation in Vertical Transfer
Cask (Enlarged View)..........................................................................................7..............71

1. INTRODUCTION

1.1 Objective

The NUHOMS°24PT4 dry shielded canister (DSC) is designed to serve as the containment and
confinement boundary for up to twenty-four (24) spent nuclear fuel assemblies (FAs) during all
operations in the Advanced NUHOMSo Horizontal Storage Module (AHSM) and the OS 197 transfer
cask. The design of the 24PT4-DSC provides for the passive rejection of the decay heat from the
FAs to the surrounding environment. The objective of this calculation is to develop a thermal model
of the beat transfer mechanisms within the NUHOMSe24PT4-DSC using a computational fluid
dynamics (CFD) methodology and provide evaluations of the thermal performance at selected
conditions of storage and transfer. The model encompasses a section of the fuel basket located at the
axial location of the peak beat flux from the fuel assemblies. Symmetry conditions are assumed on
either side of the modeled basket section.

1.2 Purpose of Revision 0

The purpose of Revision 0 is to develop a thermal model of the NUHOMS 24PT4-DSC using a CFD
methodology and provide an evaluation of the thermal performance of the 24PT4-DSC with heat load
configuration #1 for the bounding design basis thermal conditions of storage and transfer. In
addition, the thermal performance of the 24PT4-DSC with heat load configuration #1 is evaluated at
the off-normal cold condition of transfer and at the conditions existing for the helium leak check
operations following vacuum drying.

The sensitivity of the thermal performance of the NUHOMS 24PT4-DSC to the distribution of the
heat load within the DSC is evaluated by analyzing heat load configuration #3 for the bounding
design basis thermal condition of storage.

The bounding design basis condition of storage is the normal hot day condition with a peak ambient
air temperature of 104°F and 24-hour averaged insolation loading. The bounding design basis
condition of transfer is the off-normal hot condition with a peak ambient air temperature of 1 170F and
with the use of a sunshade. These conditions are bounding in that each yields the lowest thermal
margin for the predicted fuel cladding temperature. The off-normal cold conditions of transfer
assume an ambient temperature of -400F and no insolation, while the helium lead check operations
assume a constant shell temperature of 2300F.

13 Scope
The scope of this calculation is limited to the NUHOMS' 24PT4-DSC design as defined by its design
drawings [6.2]. Further, the calculation is valid for steady-state operations with an internal DSC
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decay heat loading of 24 kW or less and for DSC shell temperatures that are encompassed by those
associated for the analyzed normal hot condition of storage, the off-normal hot condition of transfer
with sunshade, the off-normal cold condition of transfer, and the helium leak check condition
following vacuum drying.

2. ASSUMPTIONS AND CONSERVATISMS

2.1 General Assumptions

2.1.1 The geometry of the NUHOMSO 24PT4-DSC for this analysis is defined by the [6.2]
design drawings.

2.1.2 The design basis operating conditions used for this calculation are the normal hot storage
condition with a maximum daily ambient air temperature of 1040F and the off-normal hot
transfer condition with sunshade with a maximum daily ambient air temperature of
117 0F. Tle DSC shell temperatures that result for these conditions and the off-normal
cold condition of transfer, as determined by other analyses, are used as a boundary
condition for this calculation.

2.1.3 The helium leak check operations are conducted with the DSC in the vertical orientation,
in the transfer cask, and with the annulus between the DSC and the transfer cask filled
with water. The DSC shell temperature is assumed to be 2300F or less, corresponding to
the boiling point of water at an average head pressure of approximately 14 feet of water.

2.1.4 The design decay heat loading for the 24PT4-DSC is 24 kW. The analysis assumes this
heat loading is distributed over the active fuel length of 150" for the CE 16x16 fuel
assemblies (FAs) with a peaking factor of 1.08. Heat load configuration #1 assumes 1.0
kW per fuel assembly, while heat load configuration #3 assumes 1.3 kW/assembly for 16
fuel assemblies, 0.8 kW/assembly for 4 fuel assemblies, and no fuel assemblies in the 4
center guide sleeve positions.

2.1.5 The 24PT4-DSC is backfilled with a minimum of 248.1 g-moles of helium gas per [6.7].
The void volume within the 24PT4-DSC cavity is 409,000 in3 . The helium leak check
operations are conducted with the helium backfill pressure maintained at a maximum of
13 psig.

2.1.6 The basket is in the horizontal orientation for the storage and transfer operations and in
the vertical orientation for the helium leak check operations. The same model and
methodology are used to predict the convection driven temperatures in either orientation
with the change in orientation simulated by simply by changing the orientation of the
gravity vector. The FLUENTM code is not well suited to analyzing operations during
vacuum drying since no convection is present.

2.1.7 For the purposes of modeling, the nominal ligament sizes are assumed for the spacer
discs. This is a valid approach since each cutout in a spacer disc is produced
independently of the other cutouts and each spacer disc is fabricated independently from
the other spacer discs.
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2.1.8 With the exception of the BORALTh/aluminum, composite plates and the fuel assemblies,
the thermal conductivity properties for the various materials are assumed to be isotropic
(i.e., independent of the direction of heat flow). Due to the non-uniform composition and
geometry of the BORALrm/aluminum composite plates and the fuel assemblies with
direction, anisotropic thermal conductivity properties exist for these materials.

2.1.9 For the purposes of computing the peak cladding temperature, the fuel assemblies are
modeled as a homogenous material within each guide sleeve region.

2.1.10 Given the separation distance between the support rods and the adjacent surfaces, the size
of the rods, and the circulation patterns within the DSC the presence support rods has
little effect on the convection flow within the DSC. As such, the rods can be ignored for
the purposes of this model.

2.2 Conservatisms

2.2.1 No credit is taken for contact heat transfer from the lower horizontal surfaces of the guide
sleeves to the spacer discs (i.e., the guide sleeves are assumed to be centered within their
respective cutout in the spacer disc) and from the fuel assembly to the guide sleeve.

2.2.2 The spacer discs are assumed to be centered within the DSC shell. Ignoring the direct
contact between the lower edges of the spacer discs and the DSC shell is conservative for
computing the peak temperatures within the canister.

2.23 Nominal dimensions are assumed in the analysis. Ignoring the reduction in the gap
between the spacer discs and the canister shell and between the guide sleeves and the
spacer disc cutouts due to differential thermal expansion is conservative for computing
the peak temperatures within the canister.

3. 24PT4-DSC DESIGN

3.1 24PT4-DSC Geometry

The 24PT4-DSC (see Figure 3-1) uses a spacer disc and guide sleeve type of fuel basket to position
and restrain the fuel assemblies within the canister. Since this type of fuel basket is not directly
attached to the canister wall, the principal means of heat transfer between the fuel assemblies and the
canister shell is via radiation and convection. Each canister assembly consists of the same major
components: a cylindrical shell, top end inner and outer cover plates, bottom end inner closure plate,
bottom end outer closure plate, top and bottom end shield plugs, and vent and drain ports. The fuel
basket assembly consists of twenty four (24) guide sleeves containing fixed borated neutron
absorbing material (BORALT"), circular spacer discs, and support rods. As illustrated in Figure 3-2,
cutouts in the 1.25 inch thick spacer discs provide the means for supporting the individual fuel guide
sleeves and for maintaining a minimum separation between the walls of neighboring guide sleeves.
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The type 'X' cutouts are slightly smaller than the type 'Y' cutouts due to the presence of the
BORALt' material on only 2 sides versus all 4 sides. Four support rod assemblies are used to
maintain the axial separation between the individual spacer discs.

The canister shell, the inner and outer cover plates for the top closure, and the inner and outer cover
plates for the bottom closure are fabricated of Type 316 stainless steel. Type 304 stainless steel is
used for the fabrication of the 0.125" thick guide sleeves and the 0.018" thick over sleeves which
encase the 0.20" thick BORAL7' neutron absorbing material. The spacer discs for the 24PT4 design
are fabricated of SA-533 carbon steel and are electroless nickel coated for corrosion control. SA-
564, Type 630 stainless steel is used to fabricate the support rods and spacer sleeves. Lead is used for
the top and bottom shield plugs of the 24PT4-DSC. The [6.2] drawings and the [6.4] calculation
provide additional details regarding the design and the materials used in the fabrication of the DSC.

The DSCs are stored horizontally within the AHSM during storage conditions and within the OS197
transfer cask during transfer operations. The temperatures predicted for the DSC shell as obtained
from a separate analysis of the DSC in the AHSM [6.5] and the DSC in the transfer cask [6.4] are
used as boundary conditions for this analysis.

3.2 Material Properties

Table 3-1 lists the thermal conductivity and specific heat as a function of temperature for SA-240,
Type 304/304L stainless steel used for the guide sleeves and the BORALTM over sleeves. The values
listed in the table are taken from [6.3]. The thermal emissivity of the Type 304/304L stainless steel is
assumed to be 0.4 per [6.4]. Per the same reference, the Type 316 stainless steel used for the canister
shell is assumed to have an emissivity of 0.587. Material properties for the Type 316 stainless steel
are not needed since the canister shell is represented in the model as a boundary condition with no
heat transfer within the material. Similarly, the thermal properties for lead are not required since the
model does not encompass the top and bottom shield plugs.

The spacer discs are fabricated of SA-533, Grade B carbon steel. The thermal conductivity of this
material as a function of temperature is provided in Table 3-1, with the listed data taken from [6.3].
The SA-533 carbon steel spacer discs have an electroless nickel coating applied to control corrosion.
An emissivity value of 0.15 is assumed for the electroless nickel coating [6.4].

The thermal conductivity in the radial or 'through' direction for the CE 16x16 PWR fuel assemblies
is computed using a detailed model of the fuel assembly geometry (see Appendix B). The model
accounts for conduction and radiation heat transfer between the individual pins of the fuel assembly,
and across the gap between the edge of the fuel assembly and the guide sleeve wall. The results of
this detailed modeling are used to compute an 'effective thermal conductivity' for the fuel assembly
wherein the assembly is treated as a homogenized solid that extends to fill the interior of the guide
sleeve. Since the effective thermal conductivity values are computed assuming no convection within
the fuel assembly, the same thermal properties can be conservatively applied to both the vertical and
horizontal orientations of the fuel assembly.
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The axial heat transfer within the fuel assembly is assumed to be limited to that occurring within the
cladding. This approach is in keeping with conservatism since there is no guarantee that the
individual fuel pellets would not have experienced cracking during operations in the reactor and/or
that gaps between the fuel pellets would not exist. The axial thermal conductivity values presented in
Table 3-1 assume the pin geometry and number of fueled pins for the CE 16x16 Zircaloy clad fuel
assembly for the 24PT4-DSC (see Appendix B) and are adjusted by the cross-sectional area of the
fuel region to account for the fact that the fuel assemblies are treated as homogenized regions within
this modeling.

Table 3-2 lists the thermal conductivity and specific heat as a function of temperature for air and
helium gas. The values listed in the table are taken from [6.13].

The allowable temperature limits associated with the various DSC components are listed in Table
3-3.

3.3 Thermal Load

The thermal loads imposed on the fuel basket arise from the decay beat within the fuel assemblies.
Two heat load configurations are considered for this analysis. Heat load configuration #1 (see Figure
3-3) assumes a decay heat load of 1.0 kW for each of the twenty-four (24) fuel assemblies, while heat
load configuration #3 (see Figure 3-4) assumes a decay heat load of 13 kW in sixteen (16) fuel
assemblies, 0.8 kW in four (4) fuel assemblies, and no fuel assemblies in the four (4) center positions
of the basket. Both heat load configurations yield a total decay heat load of 24 W. The active fuel
length of the CE 16x16 fuel assembly (i.e., 150") and a peaking factor of 1.08 are used to computing
the maximum heat load at the modeled canister section. As such, the beat source assumed for each
fuel assembly in the 6.8" long modeled section of the 24PT4-DSC under heat load configuration #1 is
computed as:

Q = 24,000 W/24 FAs/I50" active fuel length* 1.08 peaking factor * 6.8" model length
= 48.96 watts/assembly

Similarly, the beat source assumed for the fuel assemblies with 13 kW and 0.8 kW decay heat load
under heat load configuration #3 is computed as:

Q = 1,300 WI50" active fuel length 1.08 peaking factor E 6.8" model length
= 63.648 watts/assembly

and
Q = 800 W/150" active fuel length 1.08 peaking factor * 6.8" model length

= 39.168 watts/assembly

3.4 DSC Pressure

Determination of the convection beat transfer within the DSC requires calculating the gas density
within the canister since the strength of the convection flow is greater for higher gas densities (i.e.,
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higher mass flow rate fora given flow velocity). In turn, gas density is a function of the initial fill
pressure and the bulk average gas temperature within the DSC cavity at the operating condition. Per
[6.7], the design fill gas quantity in the DSC is 248.1 g-moles of heliun, based on the minimum fill
pressure of 6 psig. For conservatism, the contribution to the DSC gas quantity due to potential fuel
rod failures is ignored.

Determination of the bulk average gas temperature Within the DSC cavity requires a 3-dimensional
analysis of the length of the DSC. Since this model encompasses only a section of the fuel basket,
the results from Table 9-6 of 6.4] are used to provide the average temperature of the gas within the
DSC for the analyzed conditions. Per [6A], the average gas temperature within the DSC cavity is
4940F for the normal storage condition with a 1040F ambient air temperature and 5500F for the off-
normal transfer condition with a 11 70F ambient air temperature. As such, the minimum expected
pressure within the DSC at the design basis storage condition is estimated as follows:

(1.4504 * 10)(248.1 gmol)(8.314J/gmol-KX494 F +460 R)
(409,000in3XlI.6387 * 10'm3/in3Xl .8 R /K)

PIO4F a = 23.7 psia (9 psig)

The DSC at the design basis transfer condition is estimated as follows:

_ (1.4504 104X248.1 gmolX8314J/gmol- K)(550 F+ 460'R)
(409,000in3)(1.6387 * lO'm3/in3nXl.8 R /K)

P117F-A = =25.0 psia (I0.3 psig)

For conservatism, a 9 psig pressure will also be used for the design basis transfer condition.

The helium pressure during the helium leak check operation is maintained within a relatively narrow
pressure range by adding or removing gas as required Since the intent of the thermal evaluation of
the leak check operation is to determine the minimum temperature achieved, the maximum 13 psig
pressure permitted during this operation is assumed for this evaluation.



A
TRANSNUCLEAR

PROJECT NO: SCE-23 I REVISION: 0
CALCULATION NO: SCE-23.0411 | PAGE: 12 of 75

Table 3-4 - Canister Material Properties, Solids

Temperature Thermal Conductivity Density ' Specific Heat
Material (OF) (BTU/mnl4n-9F) (lbfin) (BTUllb-°F)

Type 304/304L 70 0.0119 0.285 0.116
Stainlcss Steel (2) 100 0.0121 0.116

200 0.0129 0.121
300 0.0136 0.124
400 0.0144 0.128

500 0.0151 0.130
600 0.0157 0.132

800 0.0169 0.135

Type SA-533 70 0.0310 0.284 0.106

Carbon Steel]2) 100 0.0314 0.108

200 0.0325 0.114
300 0.0331 0.119
400 0.0331 0.125
500 0.0326 0.131
600 0.0319 0.137
700 0.0310 _ 0.142

Fuel Assembly 122 9.374E-04 not used not used

Axial Effective kV) 212 , 9.640E-04

302 9.90SE-04

392 1.017E-03

482 1.048E-03

572 1.079E-03

662 1.132E-03

752 1.185E-03

Radial or 'Through' 200 3.529E-04

Effective k1d) 275 3.950E-04

350 4A59E-04
425 5.040E-04
500 5.695E-04

575 6.408E-04

650 7.17SE-04

725 8.018E-04

800 8.856E-04
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Table 3-1 - Canister Material Properties, Solids

Temperature Thermal Conductivity Density (° Specfic Hest
Material ('IF) (BTU/mln4n-FD) Qb/in') (BTU/lb-I}F)

BORALT ()100 0.0689 0.0896 0220
500 0.0617 0.268

Composite Guide Sleeves Throua-h Al=ng
& BORAL'u Plates() 200 3.555E-03 4.568E-02 not used not used

300 3.869E-03 4A82E-02
400 4.202E-03 4.400E-02

SOO 4.564E-03 4.314E-02
600 4.996E-03 4.336E-02
700 S.248E-03 4.360E-02

Table 3-1 Notes;
(1) Single values are shown since this matrial property does not vawy significantly with temperature.
42) Material properties are obtained from (6.3].
(3) From Tables 5-2 and 5-3 of [6A].
(4) From Appendix B.
(°) Heat transfer through cladding of 236 fueled pins for CE 16xl6. See Appendix B for fuel geometry.

Computed conductivity adjusted for homogenization of fuel assembly as a solid region
( From (6.8].
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Table 3-2 - Canister Material Properties, Gas

Tm. Thermal Dn Dynamic
Material Temp. Conductivity Specific Heat Densf¶: Viscosity

Helium 0 0 1.089E-04 1.24 Ideal 0.04306
SO 1.162E-04 1.24 gas lawused 0.04634
100 1.230E-04 124 to establish 0.04944
200 1.362E-04 1.24 operating 0.05520
300 IA93E.04 1.24 density, 0.06088
400 I.635E-04 1.24 approximation 0.06643
SOO 1.794E-04 1.24 used to 0.07153
600 I.949E-04 1.24 compute 0.07640
700 2.094E-04 1.24 buoyancy 0.08116

0OO 2.232E-04 1.24 forces 0.08580
Air t1 >' 107 2.156E-05 0.241 Ideal 0.04633

206 2A70E-OS 0.242 gas law used 0.05227
296 2.769E-05 0.243 to establish 0.05724
404 3.055E-OS 0.245 operating 0.06278
512 3.333E-05 0.248 0.06808
602 3.603E-05 0.251 0.07218
692 3.866E-05 0.253 0.07614
800 4.124E-05 0.257 0.08060
1000 4.620E-05 0.262 0.08887

(1) Properties based on curve fits from [6.13.
(2) The associated Prandtl number at each temperature point can be computed from the given table values via the equation:

Prandtl number - specific heativiscosity*2A1909/conductivity.
3 Tbe coefficient ofthermal expansion for an ideal gas is t1r4459.67). wbae T is the gas tepratin degrees F.
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Table 3-3 - DSC Component Allowable Temperatures

Max. Long Term Off-normaUAccident
Component Temperature Limit, IF Temperature Limit, 'F

Zircaloy Fuel Claddin 752°F 10580F
Load Bearing Carbon Steel 7000 F 7000 F

Load Bearing Stainless Steel 800F 8000 F

Type 630 Stainless Steel 6500F 6500 F
(used for support rods)

BORALT2 8500 F 10000F
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SIPHON A VENT GLOCK

Figure 3-1 - General Design Configuration for 24PT DSC
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e

Figure removed under 10 CFR 2.390

Figure 3-2 - Layout Fuel Assemblies within 24PT4-DSC



AI
TRANSNUCLEAR

PROJECT NO: SCE-23 |REVISION: 0

CALCULATION NO: SCE-23.0411 __ |PAGE: 18of 75

LO v v C

Figure 3-3 - 24PT4 DSC Heat Load Configurations #1, kWlAssembly

FSC e

Figure 3-4 - 24PT^4 DSC Heat Load Configurations #3, I;WVAssembly
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4. CALCULATIONS

4.1 Fluentw/ Icepakm Model

Based on the 24PT4-DSC geometry summarized in Section 3.1 and detailed in the [6.2] drawing set,
the thermal-hydraulic environment within the DSC is evaluated for the bounding storage and transfer
conditions and a decay heat loading of 24 kW. The program selected for this evaluation is the
FluentW code [6.93 with the Icepak1 ™ module [6.10]. The FluentTm code is a general purpose
computational fluid dynamics (CFD) code that is recognized internationally as one of the premier
codes in its class. The general modeling capabilities of the code as they relate to this application
include:

* Meshing flexibility using structured and unstructured mesh generation with hexahedra, non-
hexahedra, and tetrahedral mesh types

* Capability to model low speed, buoyancy driven flow regimes
* Steady-state and transient flows
* Inviscid, laminar, and turbulent flows
* Heat transfer including forced, natural, and mixed convection, conjugate heat transfer, and

radiation
* Custom materials property database
* Integrated problem set-up and post-processing

The IcepakTm module is a fully interactive, object-based graphical interface that allows complex
geometries to be modeled and meshed using a combination of shapes in a 'building block' approach.
The Icepakm module does not perform any CFD related numerical calculations itself, but only serves
as a pre- and post-processor to the FluentTm code. While the IcepakTm module is specifically
designed for the analysis of electronic enclosures, its operational features are fully capable of
handling the geometry for this application. The verification and validation of the Icepakm and
Fluentm codes for the computation of generic buoyancy driven convection heat transfer within an
enclosure is documented in [6.11].

Figure 4-1 illustrates an isometric wire frame view of the thermal-hydraulic model developed to
simulate a representative segment of the fuel basket along its axial length. The modeled segment
spans from the mid-plane on one spacer disc to the mid-plane on an adjacent spacer disc (a 6.8"
length) and is centered on the section of the active fuel length exhibiting the peak beat flux. The
thermal model encompasses a 360° segment of the basket cross-section with symmetry conditions
assumed to exist at the axial boundaries of the model. The x-axis of the model's coordinate system is
aligned with the horizontal axis and the y-axis is aligned with the vertical axis of the horizontally
oriented DSC. The z- axis is aligned along the length of the DSC. The origin of the coordinate
system is at the center of the modeled canister segment.

Figure 4-2 illustrates the twenty-four (24) plate sections used to approximate the curved geometry of
the DSC shell. Individual plate segments are used in order to facilitate the imposition of a variable
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boundary temperature condition at the shell of the DSC as a function of the circumferential position.
Table 4-1 lists the shell temperatures used as a boundary condition in this calculation as a function of
angle. These temperatures are taken from [6.5] and [6.6].

Figure 4-3 illustrates the modeling of the fuel assemblies as solids with anisotropic effective thermal
properties portions. Table 3-1 presents the thermal conductivity values assumed for the fuel
assemblies as a function of temperature and the heat transfer direction. The radial or 'through'
direction of the fuel is across the width of the fuel assembly (i.e., in the x-axis and y-axis directions),
while the 'axial' direction is in the z-axis direction. For simplicity, the thermal model approximated
that thermal conductivity in the axial direction as 1.5 times that of the radial or 'through' direction.
This simplification is acceptable since the heat flow is principally in the radial direction given that
symmetry conditions exist at the axial ends of the model.

Figure 4-4 illustrates the modeling of the composite BORALm sheets (i.e., poison sheets) used for
criticality control within the DSC. The poison sheets are modeled as a composite material consisting
of the BORALT", the stainless steel wrapper, and the assumed gaps in the interfaces between theses
materials. Given the limited change in the thermal conductivity with temperature, a fixed
conductivity of 0.043 Btulmin-in-0 F is used for the material properties in the 'along' direction. The
same fixed conductivity value is used in the 'through' direction for simplicity. While this level of
thermal conductivity for the 'through' is approximately 10 times higher than the listed Table 3-1
values, the effect on the model results are negligible (i.e., < 1IF) given that the thermal resistance
through the thickness of the poison sheets is small in either case due to the thinness of the sheets.
Further, the principal reason that the computed thermal conductivity in the 'through' direction is low
compared to the 'axial' direction is that the computed values conservatively assume a uniform helium
filled gap between the guide sleeves and the BORALTm and between the BORALTm and the stainless
steel wrapper. Direct contact over even a small portion of the surface area will significantly increase
the 'through' conductivity values to near that of the 'axial' direction.

Figure 4-5 illustrates the model geometry for the spacer discs. Both the placement and the size of the
disc cutouts are accurately reflected in the model geometry.

Figure 4-6 to Figure 4-9 illustrate the meshing used for this modeling. A total of approximately
1,050,000 mesh elements are used for the analysis to represent the various components of the DSC
shell, the fuel basket, and the fuel assemblies. Figure 4-6 presents a perspective view of the mesh
profile along the x-y plane through the center of the module. Figure 4-7 illustrates a plan view of the
mesh for the spacer discs, while Figure 4-8 presents an enlarged view of the spacer disc mesh in the
vicinity of the center fuel assemblies. Figure 4-9 illustrates an elevation view of the mesh along the
y-z plane.

The CFD analysis is conducted with radiation and turbulent flow enabled. The radiation view factors
were calculated using the 'hemicube' methodology, with the mesh coarsening option disabled to
avoid lessening the resolution for the curved and angled surface shapes. The effects of flow
turbulence are calculated using the 'mixing-length zero-equation' turbulence model, while the
temperature-dependent fluid density is computed using the Boussinesq model. Both of these
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computational options represent the FLUENT recommendations for natural convection, buoyancy
driven problems. The use of the Boussinesq model was validated via a sensitivity run wherein the
use of the ideal gas option to compute density produced similar peak temperatures.

4.2 Thermal Analysis for the Bounding Design Basis AHSM Condition

4.2.1 Heat Load Configuration #1

The design basis analysis of the thermal performance of the 24PT4-DSC in the AHSM is conducted
for the normal condition of storage with a peak daily temperature of 1 040F, a 24-hour average of
970F, solar insolation, and heat load configuration #1 with a decay heat loading of 24 kW within the
DSC. This condition yields the lowest thermal margin for the fuel cladding temperature. Figure 4-10
illustrates the DSC shell temperatures, as obtained from the (6.51 analysis of the DSC in the AHSM
(see Table 4-1), that were imposed as a boundary condition to the model. The operating density in
the DSC for the analyzed condition is estimated using the ideal gas relationship. For this calculation,
a canister pressure of 23.7 psia (see Section 3A) and a bulk average gas temperature of 520"F (a value
that conservatively bounds the 4940F used to determine the operating pressure) are assumed. Based
on these parameters and a molecular weight of 4.003 for helium, the operating density is computed
as:

PIO4F-.oma-.nw,
PIo4 -~ UniversalGas Constant

molecular wt
. 2

23.7 psia x 144 In
Pj04" --soe 1545

4003 (520°F+ 4600 R)

PIO4F-._WI-Mft@W = 0.00902 lb /f 3

The local density, p, is calculated from the operating density, po, via the Boussinesq relationship:

The Boussinesq relationship is valid if (T - To)/(T + 460°R) << 1. For this application this parameter
is < .2, thus the validity of the Boussinesq relationship is established.

Figure 4-11 to Figure 4-13 present a summary of the temperature distributions predicted for the
analyzed condition. As seen from Figure 4-11, the maximum fuel cladding temperature predicted is
697F, while Figure 4-12 and Figure 4-13 show that the predicted maximum spacer disc temperature
is 653F and the peak poison sheet temperature is 6620F.
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Examination of Figure 4-11 to Figure 4-13 revels that the analysis predicts a slightly non-symmetric
temperature distribution about the y-axis when symmetry should clearly occur given the condition
evaluated. The worst case magnitude of this non-symmetry (approximately 300F) occurs between the
extreme left side and the extreme right side of the distributions illustrated in Figure 4-11 and Figure
4-12. The cause of the non-symmetric distribution was not identified. A review of the applied heat
loads, the imposed DSC shell temperatures, the geometry of the model, and the meshing revealed no
obvious reason for the non-symmetric result. The velocity profiles illustrated in Figure 4-15 to
Figure 4-17 do show that a larger component of the flow entering and exiting the vertical channel at
the canister centerline is from'the right side of the plot (i.e., the side showing the lower temperature)
and higher flow rates will reduce the peak component temperatures. However, it is uncertain whether
the flow imbalance is a cause or the result of the non-symmetry condition.

Given the relatively low magnitude of the non-symmetric temperature condition and the fact that (for
energy balanced solution) a symmetric solution should yield peak temperatures that are an average of
the corresponding left and right side components, the use of the peak temperatures from Figure 4-11
to Figure 4-13 will bound those achieved from a fully symmetrical solution.

Figure 4-14 illustrates the temperature profile along vertical lines through the spacer discs and the
fuel assemblies. One of the profiles passes through the vertical centerline of the horizontal DSC,
while the second profile passes through the location of the peak FA temperature (i.e., 5.16" from the
centerline), as indicated by the model. The profiles show the expected trend of a temperature
distribution skewed to the top of the DSC cross section due to the presence of convection within the
basket. Further, the temperature profile through each FA location shows the characteristic 'hump'
associated with a heat generating solid.

Figure 4-15 illustrates the velocity profile through the center of the modeled segment of the DSC.
The profile demonstrates the expected result of a global circulation pattern up through the vertical
channels between the fuel assemblies and then downward along the shell to the bottoms of the
vertical channels. Further, as expected, the flow in the horizontal channels between the fuel
assemblies is very limited with the exception of the channels surrounding the fuel assemblies in the
corners of the fuel basket. The maximum flow velocity seen in the center of the fuel basket is less
than I foot per second. The peak flow velocity of approximately 2.3 feet per second occurs on the
left and right sides of the basket where the flow is 'choked down' as it passes between 'the outermost
corner of the fuel assemblies and the DSC shell. Figure 4-16 and Figure 4-17 present enlarged views
of the velocity profiles within the DSC.

Table 5-1 presents a summnary of the DSC component temperatures predicted under this design basis
calculation. The predicted peak fuel cladding temperature of 697F is 55?F below the allowable
temperature for the cladding. The predicted peak spacer disc temperature of 653"F is 47F below the
7000F limit for carbon steel used for structural applications, while the peak temperatures seen for the
guide sleeves, the support rods, and the DSC shell are all well within their allowable temperature
limits.
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4.2.2 Heat Load Configuration #3

The sensitivity of the thermal performance of the 24PT4-DSC in the AHSM to the assumed heat load
configuration was evaluated by repeating the design basis analysis for the normal condition of storage
as described in Section 4.2.1 with heat load configuration #3. Although heat load configurations #1
and #3 both have a total decay heat loading of 24 kW, the distribution of the heat load within the fuel
basket is different. Figure 3-3 and Figure 34 illustrate the differences in heat load distribution
between these heat load configurations. The DSC shell temperatures illustrated in Figure 4-10 and
listed in Table 4-1 again serves as the boundary condition for this analysis. Likewise, the operating
density determined in Section 4.2.1 is assumed for this analysis.

Figure 4-18 and Figure 4-19 present a summary of the temperature distributions predicted for the
analyzed condition. As seen from the figures, the maximum fuel cladding temperature predicted is
697°F and the predicted maximum spacer disc temperature is 635?F. The peak poison sheet
temperature noted for this condition is 6500F. Comparison with the results presented in Section 4.2.1
for heat load configuration #1 shows that the same peak fuel cladding temperature is achieved with
either heat load configuration, but that the peak spacer disc and poison sheet temperatures achieved
under heat load configuration #3 are 18 and 120F lower, respectively, than the peaks achieved under
heat load configuration #1. As with the analysis for heat load configuration #1, a slight non-
symmetric temperature distribution about the y-axis is noted in the solution. Again, the worst case
magnitude of this non-symmetry is approximately 30°F between the extreme left side and the extreme
right side of the temperature distributions depicted in the figures and 40WF between the peak
temperature in the extreme left and right fuel assemblies.

Figure 4-20 illustrates the temperature profile along vertical lines through the spacer discs and the
fuel assemblies. One of the profiles passes through the vertical centerline of the horizontal DSC, the
second profile passes the first set of FAs adjacent to the basket centerline (i.e., 5.16" from the
centerline), and the third profile passes through the location of the peak FA temperature (i.e., 15.9"
from the centerline) as indicated by the model. The profiles show the expected trend of a temperature
distribution skewed to the top of the DSC cross section due to the presence of convection within the
basket and a flat curve adjacent to the empty fuel assembly locations. Further, the temperature profile
through each FA location shows the characteristic 'hump' associated with a heat generating solid.

Figure 4-21 illustrates the velocity profile through the center of the modeled segment of the DSC.
The same global circulation pattern seen for heat load configuration #1 also exists for heat load
configuration #3. The principal differences in the noted flow pattern with heat load configuration #3
is that flow exists within the empty fuel assembly locations and the slightly stronger flow around the
outlying FA locations in each quadrant of the basket. It should be noted that this analysis
conservatively assumes that the guide sleeves at the empty fuel locations remain in the basket.
Removal of the guide sleeves at these locations (logical given the cost of the sleeves and the poison
sheets) would decrease the local flow losses and increase the convective heat transfer in this region.
A peak flow velocity of approximately 2.3 feet per second occurs on the left and right sides of the
basket where the flow is 'choked down' as it passes between the outermost comer of the fuel



A
TRANSNUCLEAR

PROJECT NO: SCE-23 |RENISION: 0
CALCULA7oN NO: SCE-23.0411 |PAGE: 24of 75

assemblies and the DSC shell. Figure 4-22 and Figure 4-23 present enlarged views of the velocity
profiles within the DSC.

Table 5-1 presents a summary of the DSC component temperatures predicted for this heat load
configuration.

4.3 Thermal Analysis at the Bounding Design Basis Transfer Cask Condition

The design basis analysis of the thermal performance in the OS 197 transfer cask is conducted for the
off-normal hot condition of transfer with a peak daily temperature of 11 70F, the use of a sun shade,
and a decay heat loading of 24 kW within the DSC. This condition yields the lowest thermal margin
for the fuel cladding temperature under transfer conditions. Figure 4-24 illustrates the DSC shell
temperatures, as obtained from the [6.6] analysis of the DSC in the transfer cask, that were imposed
as a boundary condition to the model. As seen, a uniform DSC shell temperature of 4430 F is
conservatively used for this condition. In reality, a temperature variation will exist around the
circumference of the DSC shell due to the presence of an non-uniform gap between the shell and the
transfer cask when in the horizontal position and due to the direct contact between the DSC and the
transfer cask at the location of the 'rub rails'.

Figure 4-25 to Figure 4-27 present the temperature distributions predicted for the analyzed condition.
As seen from Figure 4-25, the maximum fuel cladding temperature predicted under the analyzed
condition is 7120F, while Figure 4-26 shows that the predicted maximum spacer disc temperature is
668gF. The peak poison sheet temperature indicated from Figure 4-27 is 6750F. Examination of the
figures again shows the same slight non-symmetric temperature distribution about the y-axis which
was noted for the analysis of the storage condition. Again, the worst case magnitude of this non-
symmetry is approximately 307F and occurs between the extreme left side and the extreme right side
of the distributions.

Figure 4-28 illustrates the temperature profile along vertical lines through the spacer discs and the
fuel assemblies for this condition. Again, one of the profiles passes through the vertical centerline of
the horizontal DSC, while the second profile passes through the location of the peak FA temperature,
as indicated by the model. The illustrated profiles reflect the expected trend.

Figure 4-29 to Figure 4-31 illustrates the velocity profile through the center of the modeled segment
of the DSC. The velocity profiles are essentially the same as those seen in Figure 4-15 for the
analyzed condition within the AHSM except for the magnitude of the peak velocity. The peak
velocity seen in this analysis is lower than the evaluation for the AHSM due to the absence of a
temperature variation around the circumference of the DSC shell. As such, the buoyancy forces
available to drive the flow pattern are less. As with the analysis in the AHSM, the peak flow velocity
of approximately 2 feet per second seen for the evaluated operation in the transfer cask occurs on the
left and right sides of the basket where the flow is choked down as it passes between the outermost
comer of the fuel assemblies and the DSC shell. Figure 4-30 and Figure 4-31 present enlarged views
of the velocity profiles within the DSC.
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4.4 Thermal Analysis at the Off-Normal Cold Transfer Cask Condition

The thermal performance in the OSI 97 transfer cask for the off-normal cold condition of transfer
with an ambient temperature of 400 F and a decay heat loading of 24 kW within the DSC. Figure
4-32 illustrates the associated DSC shell temperatures obtained from the [6.6] analysis of the DSC in
the transfer cask. The imposed temperature variation is also listed in Table 4-1 as function of the
angle around the circumference. As seen, the DSC shell temperature imposed as a boundary
condition varies from a minimum of 1460F at the bottom to 3800F for this condition.

Figure 4-33 and Figure 4-34 present the temperature distributions predicted for the analyzed
condition. As seen from the figures, the maximum fuel cladding temperature predicted under the
analyzed condition is 636F and the predicted maximum spacer disc temperature is 5900F. The peak
poison sheet temperature is predicted to be 601°F.

Figure 4-35 illustrates the temperature profile along vertical lines through the spacer discs and the
fuel assemblies for this condition. One of the profiles passes through the vertical centerline of the
horizontal DSC, while the second profile passes through the location of the peak FA temperature, as
indicated by the model.

Figure 4-36 illustrates the velocity profile through the center of the modeled segment of the DSC.
The velocity profiles is similar to those seen in Figure 4-29 except that the magnitude of the peak
velocity is higher since the variation in the DSC shell temperature around the circumference provides
a greater buoyancy driven flow than the constant DSC shell temperatures assumed for the off-normal
hot transfer condition.

4.5 Thermal Analysis for the Helium Leak Check Condition in a Vertical Transfer Cask

Following vacuum drying, the DSC is backfilled with helium to a maximum pressure of 13 psig and
maintained at that pressure while the closure welds are leak tested. The same CFD model used to
evaluate the thermal performance at the design basis storage and transfer conditions was used to
predict the temperature profile within the DSC for steady-state operations for the helium leak check
condition. The changes implemented to the model used to evaluate the storage and transfer
conditions consisted of switching the direction of the gravity vector from the negative y-direction to
the negative z-direction, changing the DSC shell temperatures to a uniform 2300F, and changing the
operating pressure from 9 psig to 13 psig.

Figure 4-37 illustrates the DSC shell temperatures that are imposed on the model as a boundary
condition for the helium leak check condition. Figure 4-38 to Figure 4-40 present the temperature
distributions predicted for the analyzed condition. As seen from Figure 4-38, the maximum fuel
cladding temperature predicted under the analyzed condition is 6070 F, while Figure 4-26 shows that
the predicted maximum spacer disc temperature is 5590 F. The peak poison sheet temperature
indicated from Figure 4-27 is 5680F. As with the storage and transfer conditions, a non-symmetric
temperature distribution is predicted by the analysis whereas a symmetrical solution should occur.
The higher temperatures are used for reporting purposes.
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Figure 4-41 illustrates the temperature profile for this condition along radial lines extending outward
from the center of the basket to the DSC shell through the spacer discs and the fuel assemblies. One
profile passes between the center FAs, while the second profile illustrates the temperature profile
along a line through the location of the peak FA temperature, as indicated by the model. The
illustrated profiles reflect the expected trend of a larger AT between the DSC shell and the peak FA
temperature versus that seen for the storage and transfer conditions. A larger AT required to remove
the heat from the basket since the lower overall basket temperatures resulting from the 230TF
boundary condition imposed at the DSC shell effectively reduces the contribution of radiation to the
total heat transfer rate.

Figure 4-42 to Figure 4-44 illustrates the velocity profiles seen within the modeled segment of the
DSC. Figure 4-42 presents a plan view of the velocity profile in the center of the modeled segment
(i.e., between the spacer discs). The figure demonstrates that, while the majority of the buoyancy
driven flow occurs around the outer perimeter of the basket, a small level of flow will occur at the
center of the basket. The flow distribution is more apparent in the Figure 4-43 flow profile which
represents the profile along an x-z plane in the center of the basket. The gravity vector points
downward in this figure. As seen, despite the limited 5.6" separation distance between the spacer
discs, sufficient buoyancy forces will exist to cause flow to extend from the center of the basket to the
perimeter of the basket. The strength of the buoyancy driven flow increases as the DSC shell
boundary is approached. Figure 4-44 presents an enlarged view of the Figure 4-43 profile.
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Table 4-1 - Imposed DSC Shell Temperatures vs. Circumferential Position

Angular Position on DSC Shell Temperature, IF
DSCHeimLa

(Bottom = o, Top = Operation In Off-Normal Hot In Off-Normal Cold Helium Leakl
1800) AHSM' Transfer Cask 2  In Transfer Cask Transfer Cask 4

_ ( to 7.5° 367.0 443.0 146.0 230.0

7.50 to 22.50 368.6 . 165.5

22.50 to 37.50 357.0 185.0

37.5 to 52.50 357.3 204.5

52.50 to 67.5° 371.2 .. 224.0
67.50 to 82.50 385.9 .. 243.5

82.5° to 97.50 390.0 263.0

97.5 to 112.50 388.4 282.5

112.50 to 127.50 398.8 _ 302.0

127.50 to 142.50 417.8 . 321.5

142.5 to 157.50 431.9 341.0

157.5 to 172.50 447.1 360.5 _

172.50 to 1800 459.3 380.0

Table Notes: 1) Temperatures for normal hot day condition of 104°F peak ambient in AHSM as obtained from
[6.5] analysis. Indicated temperatures represent average of the shell temperatures from 00 to
180° with opposing counterparts from 1800 to 360".

2) Temperatures for off-normal hot day condition of II 1F peak ambient in transfer cask
with sumshade.

3) Temperatures for off-normal cold day condition -40'F ambient without insolation in
urnsfer cask.

4) Temperature represent boiling point of water at approx. 14 feet of head.
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Figure 4-1 - Isometric, Wireframe View of Model Layout
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Figure 4-2i DSC Shell Model
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Figure 4-3 - Fuel Assembly Model
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Figure 4-4 - Poison Sheet Model
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Figure 4-5 - Spacer Disc Model
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Figure 4-6 - Perspective View of Meshing At X-Y Plane of 24PT4-DSC
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Figure 4-7 - Plan View of Meshing At Spacer Disc
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Figure 4-8 - Enlarged View of Meshing At Spacer Disc
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Figure 4-9 - Elevation View of Meshing At Z-Y Plane of Modeled DSC Segment
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Temperature
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Figure 4-10 - Imposed Shell Temperatures, Bounding Condition in AHSM
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Figure 4-11 - Temperature Distribution, Bounding Condition in 'AHSM, Heat Load
Configuration #1
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Temperature
F

652.952

627.623

502.29S

576.355

551.538

/ ~450.323

Figure 4-12 - Spacer Disc Temperature Distribution, Bounding Condition in AHSM, Heat
Load Configuration #1
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Temperature
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Figure 4-13 - Poison Sheet Temperature Distribution, Bounding Condition in AHSM, Heat
Load Configuration #1
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Figure 4-14 - Temperature Along Vertical Lines Through Basket, Bounding Condition In
AHSM, Heat Load Configuration #1
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Velocity
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Figure 4-15 - Velocity Distribution, Bounding Condition in AHSM, Heat Load
Configuration #1
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Figure 4-29 - Velocity Distribution, Bounding Condition in Transfer Cask



A I
TRANSNUCLEAR|

PROJECT NO: SCE-23 | REVISION: 0
CALCULATION NO: SCE-23.041 1 . _ ... I PAGE: 57 of 75

Velocity
ft/s
v - 1.97354

ai' 1.72685

- -e1.48016

_ - 123346

0.986770

0.740078

0.493385

0.246693

0.000000

Figure 4-30 - Velocity Distribution, Bounding Condition in Transfer Cask (Enlarged View)

C 21;



A
TRANSNUCLEAR

PROJECT NO: SCE-23 - REVISION: 0
CALCULATION NO: SCE-23.0411 . PAGE: .58 of 75-

______Velocity7:~ ....

1.23346

. -.. ...-... _ 0.9877850

0.245693

- ~ ~0.000000

ilt

., 4,.1 V t Dn B ,. in T e C

Figure 4-31 -Velocity Distribution, Bounding Condition in Transfer Cask (Enlarged View)



A
TRANSNUCLEAR

PROJECT NO: SCE-23 |RVISION: 0

lCALCULATION NO: SCE-23 .041 1 ...- |PAGE: 59 of 75

Temperature

. Ad 380.000

321.500

? 292.250

263.000

204.500

146.000

Figure 4-32 - Imposed Shell Temperatures, Off-Normal Cold Condition in Transfer Cask

C@3



A
TRANSNUCLEAR

PROJECT NO: SCE-23 REVISION: 0
CALCULATION NO: SCE-23.0411 .. PAGE: 60 of 75

Tempefature
F

_36.397

575.097

51 3.798

452.498

W 391.199

C' 0329.899

268.599

146.000

;C117 w ,

Figure 4-33 - Temperature Distribution, Off-Normal Cold Condition in Transfer Cask

C zf



A
TRANSNUCLEAR

PROJECT NO: SCE-23 |REVISION: 0
CALCUIATION NO: SCE-23.0411 PAGE: 61 of 75

Tempefature

- 557.255

524.029

490.602

457.575

424.349

357.896

324.659

Figure 4-34 -Spacer Disc Temperature Distribution, Off-Normal Cold Condition in
Transfer Cask

C25



A
TRANSNUCLEAR

PROJECT NO: SCE-23 | REVISION: 0
CALCULATIONNO: SCE-23.0411 I PAGE: 62of75

amo

a.ZI
-.. 8 A -a

I -dD |e Ad *

-0Pd AINId otbw
am

10 - . . . .. . . . . . _._ . . . ' ' ' ' .. . . _. _____I

40 40 40 I

Vaktg Axis LanqM - atAs

s0 20 20 40

Figure 4-35 - Temperature Along Vertical Lines Through Basket, Off-Normal Cold Condition
In Transfer Cask



A
T;RANSNUCLEAR

PROJECT NO: SCE-23 ........... |REVISION: 0

CALCULATION NO: SCE-23.0411 ..... . |PAGE: 63 of 75 ,

Vcloity
tug

M2.14381

j - 1.83755

_________ -1.53129

1.22503

0.910776

0.512517

0.306259

tLUUO0tJO

Figure 4-36 - Velocity Distribution, Off-Normal Cold Condition in Transfer Cask

2?16



I

TRANSNUCLEAR

PROJECTNO: .SCE-23 .R ;|EVISION: 0
CALCULATION NO: SCE-23.0411 .|PAGE: -64of 75.

Temperaturc

230.000

226.250

222.500

218.750

~207.500

200.000

Figure 4-37 - Imposed Shell Temperatures, Helium Leak Check Operation in
Vertical Transfer Cask

C~j



A
TRANSNUCLEAR

PROJECT NO: SCE-23 | RiEVISION: 0
CALCULATIONNO: SCE-23.0411. PAGE: 65 of 75

FTemperature

Y h s r50,.046

. X 1 - | K. . ; - 559.91 5

465.654

n n l418t23

371.392

277.131

230.9000

Figure 4-38 -Temperature Distribution, Helium Leak Check Operation in Vertical
Traniisfer Cask

a 2ii | * s g ] s 1|11 2caeo



A
TRANSNUCLEAR

PROJECTsNO: SCE-23 REVISION: 0
CALCULATION NO. SCE-23.041 1 - - -|PAGE: 66 of 75

FTemperature

529357

499.844

470.330

- 440.017

381.78S

352.276

j _:S | i 322.762

Figure 4-39 - Spacer Disc Temperature Distribution, Helium Leak Check Operation
In Vertical Transfer Cask



---

A
TRANSNUCLEAR

PROJECT NO: SCE-23 . ... |REVISION: O :
CALCULATION NO: SCE-23.041 1 |PAGE: 67 of 75

Temperature
F

567.976

544.679

521.383

498.086

451.492

~ \ 404.899

N '381.602

Figure 440 - Poison Sheet Temperature Distribution, Helium Leak Check Operation
in Vertical Transfer Cask

CL30



A
TRANSNUCLEAR

PROJECT NO: SCE-23 REVISION: 0
CALCULATION NO: SCE-23.0411 PAGE: 68 of 75

600. -rA

0a0100 _ , ._ __

' 450l
,.A

4- 1 j -rd MS hW"S FMM cerui*w
--. -Pt6*A stt

I

I

I'400 ._

300 _ _ _ _

250 . m nd__

2Do === = _____.

.4 4 I 12 16
Radlal Length .whdes

24 21 32 W

Figure 441 - Temperature Along Radial Lines Through Basket, Helium Leak Check
Operation In Vertical Transfer Cask



A
TRANSNUCLEAR |

PROJECT NO: SCE-23REIIN
CALCULATION NO: SCE-23.0411 . :-PAGE: 69 of 75;

Velocity

0.744137

7 ~4q.0.558103
0.465085

0.3720G9

0.279051

- 0.186034

r - 1 0.0930171

n__nnon_
--------

Figure 4-42 - Z-Plane Velocity Distribution, Helium Leak Check Operation in
Vertical Transfer Cask

C 3



A
TRANSNUCLEAR

PROJECT NO: SCE-23 REVISION: 0--
CALCULATION NO: SCE-23.04 11 . .PAGE: 70 of 75

Velodty

-.l44137

0.6511I 20

i-' .558103

i-372069

.0279051

ILl S034

9.0930171

9.0=0000

==_._:-" ,-.'.-'.. t
L itZ L.,

Figure 443 - Y-Plane Velocity Distribution, Helium Leak Check Operation in Vertical
Transfer Cask

C.32



A
TRANSNUCLEAR

PROJECT NO: SCE-23 REVISION: 0
CALCULATIONNO: SCE-23.0411 -PAGE: 71 of 75

0.744137

0.551120

0.58133

0.485886

0.372069

- 027951

=,- .1e6034

0e0930171

o 000800

I1l 1v '1 1 1 1 ................. 1...!...............JI 1 . I 1i 11 1;
.~~~~ -: - 4 ....-.. *.-... f',-l-.1-c *- _ --- e r;w-.*;;@'P-~-; \d

, v~~~~ --.- vtt v Nx \v*-s. ;_ , ivaX - _ 4r/v_
- -. ;-_;--_- _*5-.-> ---- 1 r.

Z

Lx
Figure 4-44 - Y-Plane Velocity Distribution, Helium Leak Check Operation in Vertical

Transfer Cask (Enlarged View)

C33



A
TRANSNUCLEAR

PROJECT NO: SCE-23 REVISION: 0
CACULATION NO: SC-23.011 PAGE: 72 of 75

S. SUMMARY AND CONCLUSION

A thermal model of the thermal-hydraulic environment within the DSC canister has been developed
using a CFD methodology. The model has been used to evaluate the design basis thermal
performance of the 24PT4 fuel basket during operations within the AHSM and the OS 197 transfer
cask under bounding conditions (i.e., the thermal condition producing the lowest thermal margin for
the fuel cladding) of storage and transfer. The bounding condition for storage is the normal condition
with a peak daily temperature of 104°F, a 24-hour average of 977F, solar insolation, and a decay heat
loading of 24 kW within the DSC, while the bounding condition for transfer is the off-normal
condition with a peak daily temperature of 1 17F, the use of a sun shade, and a decay heat loading of
24 kW. In addition, the steady-state thermal performance of the 24PT4 fuel basket is evaluated for
the normal hot condition of storage with the heat load configuration #3, the off-normal cold transfer
condition with the beat load configuration #1, and during the helium leak check operation within a
vertical transfer cask with the heat load configuration #1.

Table 5-1 to Table 5-3 present a summary of the predicted peak temperatures for the analyzed
conditions. As seen, all of the component temperatures are within their allowable limits. The
minimum thermal margin seen for the predicted peak fuel cladding temperature is 550F at the design
basis storage condition, while the minimum thermal margins for the guide sleeve, support disc, and
support rods (i.e., 1250F, 32°F, and 80F, respectively) all occur at the off-normal hot transfer
condition. .
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Table 5-1 - Summary Of CFD Predicted DSC Component Temperatures For Unit
2/3,Normal Hot Storage Condition

DSC Component Heat Load Heat Load Allowable
Configuration #1 Configuration #3 2 Temperature

Max. Fuel Cladding 697 OF 697 OF 752 OF

Mx Guide Sleeve 662 OF 650 °F 800 °F

Max. SpacerDisc 653 OF 635'F 700 OF

Max. Support Rod 555 °F 560 'F 650 OF
Max. Shell 459 OF 459 °F 800 OF
Avg. Gas 530 °FO 590 OF 3_I

Table Notes: I) Decay het distributioan for het load configuration #1 Illustred Figyre 3-3.
2) Decay hea distribution for heat load configuration #3 iustrated in Figure 3-4.
3) Average gas temperatue within modeled segment Not directly avalable from the model, but

estimated from average pa disc tempeature and sbjective averagig of en display of
gas temperature distrfttion.

Table 5-2 - Summary Of CFD Predicted DSC Component Temperatures For Unit 2J3,
Off-Normal Transfer Condition wI 117 IF Ambient Temperature

DSC Component Off-Normal Hot Off-Normal Cold Allowable
Transfer ' Transfer 2  Temperature

Max. Fuel Cladding 712 OF 636 OF 752 °F

Max. Ouide Sleeve 675 'F 601 'F 800 OF
Max. Spacer Disc 668 'F 590 'F 700 OF
Max. SupportRod 570 OF 480 OF 650 "F

Max. Shell 443 °F 380 OF 800 OF

Avg. Gas 550 OF I 512 'F
Table Notes: I) For DSC load configuration I with twenty four I kW fuel assemblies and peak

ambient temperature of I 17F with sunshade.
2) For DSC load cofiguraton I with twenty four I kW fuel aseblies and ambient

temperature of-40'F.
3) Avra gas temperature within modeled segment. Not directy available from the model, but

estimated fiom verg apa=cr disc temperature and subjective avaging of screcn display of
gS temperature disitibtioo.
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Table 5-3 - Summary Of DSC Component Temperatures For Unit 2/3, Helium Leak
Check Operations

DSC Component CFD Based Amaysis I' Allowable
___ ___ ___ ___ ___ ___ _ ___ ___ ___ ___ ___ __ Tem perature

Max. Fuel Cladding 607 OF 752 'F
Max. Guide Sleeve 568 OF o800 'F
Max. Spacer Disc 559 OF 700 °F

Max. Support Rod 376 'F 650 OF

Max. Shell 230 OF 800g F

Avg. Gas 420 °F 2 .
Table Notes: 1) For DSC load configuration I with twenty four I kW fuel assemblies.

2) Average pa temperature witin modeled segment. Not directly available from the
model, but estimated from avenge spacer disc tempeture and subjective averaging
of screen display of gas temperatue distribution.
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APPENDIX B - EFFECTIVE THERMAL CONDUCTIVITY OF CE 16z16 FUEL
ASSEMBLIES

B . Purpose

The design basis thermal analysis of the heat transfer within the 24PT4-DSC (dry shielded canister)
presented in Section 4 models the CE 16xl6 Zircalloy clad fuel assemblies as homogeneous solid
regions with uniform internal heat generation. To accurately predict the temperature rise from the
fuel guide sleeves to the peak pin location within each fuel assembly using this type of modeling the
effective thermal conductivity of the homogeneous solid region must be determined. The effective
thermal conductivity calculation accounts for the actual geometry the fuel assembly and the fact that
the heat generation occurs only within the fueled pins.

B2. Assumptions

1. Table B-I presents a summaiy of the relevant design information for the CE 16xl6 fuel assembly
type as obtained from References [B5.1], 1B52], and [B5.6].

2. The fuel assemblies are assumed to be centered within the guide sleeves.
3. Based on the information in [B53], the fuel rods are assumed to have an emissivity of 0.8.
4. The guide sleeve emissivity is OAO, per Section 3.2.
5. The peaking factor of the fuel is assumed to be 1.08 (see Section 3.3). The CE 16x16 fuel

assemblies are assumed to have a decay heat load of 1,000 watts per fuel assembly.
6. Heat transfer from the assembly to the guide sleeve is assumed to be via radiation and conduction

only. Neither convection nor axial heat transfer is modeled.
7. To account for the presence of air and/or steam vapor at even low vacuum pressures, the effective

conductivity values for vacuum drying are computed assuming the thermal conductivity of air for
the void spaces within the assembly and guide sleeve.

B3. Methodology

The analysis methodology used for this calculation is based on the calculation approach outlined in
Section 3.2.2 of reference [1B5.5]. A quarter of the CE 16x16 fuel assembly and the surrounding
guide sleeve are modeled. The boundaries formed by the guide sleeve are assumed to be at a
specified constant temperature, while symmetry conditions are assumed at the remaining two
boundaries. The Thermal Desctopm [B5.7] and SINDAIUIN7o [BS.8] computer programs were
used to develop and exercise this detailed thermal model of the fuel assembly. Figures B-l presents a
perspective view of the modeled fuel assembly and guide sleeve segment for the CE 16x16 fuel
assemblies. Figures B-2 illustrates the finite element modeling used.

The guide tubes are assumed to be filled with helium gas with heat transfer across the interiorvoid
volume being via radiation and conduction. Heat transfer across the interiors of the various fuel rods
is via conduction through the uranium oxide pellet. While a gap may exist between the cladding and
the fuel pellet the associated thermal resistance is assumed to be negligible since the size of the gap
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is small and since, due to swelling of the pellet, it may not even exist Further, the resistance due to
this gap has an insignificant effect on the radial heat transfer within the fuel assembly.

Table B-2 presents the component thermal conductivity values assumed for the thermal modeling.
Since the analysis is conducted using a series of steady-state simulations, values for density and
specific heat are not required.

The decay beat loading is applied as a volumetric beat load assuming a 1.08 peaking fictor and an
active fuel length from Table B-1. The design volumetric beat loading used for the fuel assembly
types are as follows:

Design volumetric heat load = [(Decay Heat per Assembly) x (Peaking Factor) 1
[(No. of fueled rods) x (Volume per rod) J

For the 24PT4 with a decay heat loading of 1.0 kWlassembly:

Volume per rod = Active Fuel Lenght x xr x (Fuel rod OD -2 x Cladding Thickness)2 /4

=149" x r x (0382-2 x 0.025)2 14

12.89889 in'

24PT4 Design volumetric heat loadwI/ 1.0kW = (1000watts) (1.08)
[(236)x(12.89889in') J

0.35478 wats/in3

B4. Effective Thermal Conductivity Calculation

The thermal model described above was exercised for nine guide sleeve temperature levels
(i.e., 150, 200,275, 350,425, 500, 575, 650, and 7250F) for the case with helium backfill
and eleven guide sleeve temperature levels (i.e., the previous nine levels plus 800 and 875
OF) for the vacuum drying condition. The resulting peak temperatures are presented in
Table B-3. In accordance with the development of the equation for effective conductivity
presented on page II-127 of [B5.4] and equation 6.1-5 of [BS.5], the effective thermal
conductivity can be computed as:

i B t Assmbly Width)
k 0.29468 x Volumetric Heat GenratonBse nT seml Wdh)

This equation can be restated as:
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k [ 29468 x Decay Heat Loading For Modeled Section x 4
x Length of Modeled Segment x (Tp., - T4.v.) ]

The decay heat loading computed from the model, the length of the modeled segment (i.e.,
0.5 inches), and the noted peak temperature and boundary sleeve temperature are substituted
to yield the computed effective thermal conductivity. Table B-3 presents the computed
effective thermal conductivity for each guide sleeve boundary temperature under the helium
filled and vacuum drying conditions.

For use in finite clement modeling, Section 62.2 of (B5.5] recommends that the effective
thermal conductivity values be made a function of the mean assembly temperature, or (Tpk
+ T,k 1 n2. Figure B-3 illustrates the correlation between the computed effective thermal
conductivity and the median assembly temperature for the helium filled conditions, while
Figure By illustrates the correlation for the vacuum drying condition. The recommended
effective thermal conductivity for PWR fuel assemblies from Table S-2 of [B5.5 is also
presented in the figures for comparison purposes.

Tables BA4 presents the same effective thermal conductivity data in Table B-3, but
interpolated for specific values of the median assembly temperature.
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B6. Computational Run Summmry

The table below lists the computer runs performed for the CE l6x16 fuel assembly effective thermal
conductivity calculation. The list includes the input, database, and output files associated with the
Thermal Desktopl" and SINDA$FLUINTD generated results. The files are contained on an optical
disk that accompanies this calculation.

Thermal Desktop & SINDAIFLUINT Run Log

Case # Operating Condition File Name Date

CE16xl6.dwg 1=27M003

CE16x1C624PT4.inp 4'

CE16x16 24PT4.cc 4'

CE l6xl6 FuclAsombly w/ CE16x16 K-effa 4'

Caws Bl 1000 Wsts Decay Heat & _
Helium Backfill C1616_24PT4.out

CE16x16_24PT4.sav 4'

k-eff Materials_24Pltdp
k-cff Materials 24PTlco 4 .

CE16x16.RevlBwg 6/2412004
CE16x16..24PT4yac-ainp "

CE16xI6..24PT4 vac-airxcc 4
CE 16xl6 Fud Assembly CE16xt6_2PTvrac 4 4

Case B2 Under Vacuum Drying CE16xl6 K-effrad
Operations wI 1000 Watts CE1600 .24PTtvac,-ekrout "

Decay Heat CE16x16.24PT4 vac-air.zav "

k-effyMaterials 24Pl.tdp 127/2003
k-eff Materials 24PTrco 4 4
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Table B-1 - Summary of Design Data For CE 16x16 Fuel Assembly Type
Parameter Value For CE i6s16 Fuel Assembl

Number of fuel rods 236

Number of gide tubes 5

Number of instrumet tubes 0
]Parameter Inches

Pellet diameter 0325

Active fuel length 149

Cladding thickness 0.025

Fuel rod OD 0382

Fuel rod pitch 0.S06

Guide tube OD 0.98

Guide tube thickness 0.040

Instlument tube OD _

Inswnent tube thiclness

Note: Assembly geometry obtained from References [BS.11, [BS2], and (135.6]
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Table B-2 -Thermal Propertles Used In Calculation of Fuel Effective Conductivitles
Tem ature Conductvityemperatre (BTU/mln -nIF)

Zlrealloy [B531

200 0.0109
300 0.0115
400 0.0121

Soo 0.0126

600 0.0131
800 0.0142

Fuel PeUet, U02 IBS.31
200 S.537c-3
300 S.038e-3
400 4.622e-3
500 4.270o-3

600 3.968e-3
700 3.707e-3
800 3A78e-3

Type 304f304L Stainless Steel IS"c Table 3-11

Helium [See Table 3-21

Air [See Table 3-21



A
TRANSNUCLEAR

PROJECTNO: SCE-23 REVISION: 0
CALCULATION NO: SCE-23.041 1 PAGE: B7ofB9

Table B-3 Computed Effective Thermal Conductivity
Conditions Sleeve Peak Medium Assembly Effectlve Thernal Conductivity,

on_ onsTemperature. F Temperature, F Temperature, F Btulnln-F
150 234.8 1924 0.000349
200 2795 239.8 0.000372
275 345.9 310.5 0.000418
350 413.2 381.6 0.000469

1e1ium Filled 425 481.2 453.1 0.000527
500 550 525.0 0.000592
575 619.7 597A 0.000662
650 690.1 670.1 0.000738
725 761 743.0 0.000823
150 347.6 248.8 0.000150
200 3763 288.2 0.000168
275 423.5 349.3 0.000199
350 4762 412.6 0.000237
425 530.9 478.0 0.0W280

Vacuum Ding S 589.8 544.9 0.000330

575 651.5 613.3 0.0037
650 715.5 682.8 0.0004S2
725 781A 7532 0.000525
800 848.9 824.5 0.00606
875 917.6 8963 0.000695

Table B-4 - CE 16x16 Fuel Assembly Effective ConductivItles
-effective, (htu/mlnfienF)

Median Temperature (F) Helium filled Vacuum Conditions

200 0.000353 0.000127
275 0.000395 0.000161
350 0.000446 0.000200
425 0.000504 0.000245

.500 O.O00570 0.000296
575 0.000641 0.000355

650 0.000717 0.000421

725 0.000802 0.000496

800 0.000886 0.000578

875 _ 0.000669
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Figure B-1 - Perspective View Of CE 16x16 Thermal Model (1/4 Segment)

Figure B-2 - Finite Element Modeling Of 114 Segment CE 16x16 Assembly
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Figure 6.3 - Effective Radial Thermal Conductivity For Helium Filled Conditions
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Figure B-4 - Effective Radial Thermal Conductivity For Vacuum Conditions


