ENCLOSURE 4 to TXX-07106

WCAP-16827-NP
Comanche Peak Units 1 and 2 Spent Fuel Pool
Criticality Safety Analysis
(Non-proprietary)



Westinghouse Non-Proprietary Class 3

WCAP-16827-NP July 2007
Revision 0

Comanche Peak Units 1 and 2
Spent Fuel Pool
Criticality Safety Analysis




Westinghouse Non-Praprietary Class 3

WCAP-16827-NP

Comanche Peak Units 1 and 2
Spent Fuel Pool Criticality Safety Analysis

July 2007

Contributors:

Michael G. Anness
Justin B. Clarity
~ Vefa N. Kucukboyaci
William J. Marshall

Approved:

Bryan M. Weitzel, Manager
Core Analysis A

Electronically approved documents are authenticated in the Electronic Document Management System

Westinghouse Electric Company LLC
Nuclear Fuel
4350 Northern Pike
Monroeville, PA 15146

©2007 Westinghouse Electric Company LLC
All Rights Reserved



WCAP-16827-NP

Table of Contents
Section  Title Page
L.0  ODJECHVE ...ooiieiieeeeeeeeeeeee ettt ettt e e e s st e esaeseaeesana s taeasa e e sbesseeesssesnesasasessaessneesnesenseasasean 1
|0 B D113 1+ W O 5175 o - OO OUOU PP PUOT PR OTTRRRRRURPPT 2
2.0 MeEthOAOIOZY ....veovieiieieeie ettt st r et een e et be e bt st e st e aeeeteenate st enee s 3
2.1  Nuclear Design SOftWare .........cocooieiiiiiiiiiiicet e e 3
2. 1.1 The SCALE COGe .....oouiiiiieiiiicieertcetet ettt s 3
2.1.2  The PHOENIX-P COde....c..coceriiiiiriiririeieieteiiec ettt eenne 6
2.2 Axial Burnup Distribution Modeling ...........cccoeoiiiiiiiiineniiiniecree e 7
2.3 Decay Time Credit Methodology ........ccovoiiriiiiiiiiiiicceec e 9
2.4 Methodology ASSUMPLIONS .....cc.eeutiiereriiieiiiiieiceeiete et see e eba e sr e 10
3.0 DeSIZN INPUL .....viiiiieie ettt et et ettt ettt eat e b ettt e e et ensenatens 15
3.1  Customer Design INPUL.......coooviiiiiiiriiien ettt s 15
3.2 Comanche Peak Units 1 and 2 Spent Fuel Pool Region II Layout Description............. 15
3.3 Comanche Peak Units 1 and 2 Region II Storage Rack Cell Description...................... 15
3.4 RackSaver Poison Insert DeSCIIPLION .........covvverierieiriiieiiiiieiiieeeitresier e e e eieee et eenenis 15
3.5 Rod Cluster Control Assembly Poison Insert Description...............cccoevvvereieinienieennnnn, 16
3.6 Oversize Inspection Cell DesCription...........cciueiiiiiiiiiiiiiee e 16
3.7 Fuel Assembly Design Parameters.........cccooviiiiiiiiiiiiioieiieee e 16
3.8 Core Operating ConditionsS..........c..ccooiiiiiiiiiiiiiiicrie e 17
4.0 ANALYSIS ..ottt ettt e ne s ke e et e e bt ettt eeate e aae s neesnteesseaeneeeaneenaneenreaan 33
4.1 Spent Fuel Pool Infinite Array KENO Models .........ccocoiiiiimmiiiniiniiniiicecnccienes 33
4.1.1 “4-out-of-4” and “4-out-of-4 with Axial Blankets” Storage Configuration........... 34
4.1.2  “4-out-of-4 with 1 RCCA” Storage Configuration...........cc.ccecevnvirveneeninciccinennnns 34
4.1.3 “4-out-of-4 with 2 RCCAs” Storage Configuration ...........c.cceceveeninieiiniiiicncnene. 34
414 “4-out-of-4 with 2 RackSavers and Axial Blankets”
Storage Configuration Model...........cocoiiiiiiiiinc e 34
4.1.5 “4-out-of-4 with 3 RackSavers and Axial Blankets” Storage Configuration ......... 34
4.1.6 “3-out-of-4” and “3-out-of-4 with Axial Blankets” Storage Configuration........... 35
4.1.7  “2-out-of-4” Storage ConfiguIation..........ccceeriiririiiiiniiieeiiir s re s eeeeteeereeeseneneas 35

Page i of viii



WCAP-16827-NP

4.1.8 Oversize Inspection Cell KENO Model .........ccooooviiiieiiiiiieciecieecceeeeee e 35
4.2 Biases and Uncertainties Calculations ............cooooiiiieeeiiiiiiecicee e 35

4.3 Determination of Minimum Burnup Requirements at No Soluble Boron Conditions... 37

4.3.1 “4-out-of-4” Storage Configuration.............ccccceeeeerieereriiiniee et 37
432 “4-out-of-4 with Axial Blankets” Storage Configuration..............ccoeceeierieieecnene 38
4.3.3 “4-out-of-4 with 1 RCCA” Storage Configuration.............cocceceevuirveninnieniennecenns 39
434 “4-out-of-4 with 2 RCCAs” Storage Configuration ...........cc.cccovevvenenenennennennenn 39
4.3.5 “4-out-of-4 with 2 RackSavers and Axial Blankets”
Storage Configuration Model.............oouiiiiiioiiiiie ettt 40
4.3.6 “4-out-of-4 with 3 RackSavers and Axial Blankets” Storage Configuration ......... 41
4.3.7 “3-out-of-4” Storage Configuration................c.oceoeeveesieniiiiieeecie e eeaeene 42
43.8 “3-out-of-4 with Axial Blankets” Storage Configuration.............ccecevveerveruveneeenne 42
4.3.9 “2-out-0f-4” Storage ConfigUuration............ccceeveeerieriiiiiiieieeniesereesreeereeesseeseeeenes 43
4.4 “Oversize Inspection Cell” Storage Configurations............cceevevveeinienieeniereeieeeeeneenne 44
4.5 Entire Spent Fuel POol KENO Model.........cccooooniiiiiiieeiiieeecee e 44
4.5.1 Storage Configuration Interface Requirements ...........cccocereriieiniiiiniiecvenreseeeenen 45
4.6  Soluble BOron Credit..........coouiiiirieiiieiece ettt 46
4.6.1 Soluble Boron Requirement to Maintain ke Less Than or Equal to 0.95.............. 46
4.6.2 Soluble Boron Requirement for Burnup Credit Reactivity Uncertainties .............. 46
4.6.3 Soluble Boron Required to Mitigate Postulated Accident Effects.......................... 47
4.6.4 Total Soluble Boron Requirement ..............ccccoooiiiieiiiieeiiie e 48
5.0 Summary OF RESUIS .......ooiiiii et et et e e e ea e 89
5.1 Allowable Fuel Assembly DeSigns .........cccveiuiiiiiiiiiiiiiieiieneecie e 89
5.2 Allowable Comanche Peak Units .1 and 2 Spent Fuel Pool Storage Configurations..... 89
5.2.1  “4-out-of-4” Storage Configuration.............ccceceverieiieieniieniieiieieee et eeee e 89
5.2.2 “4-out-of-4 with Axial Blankets” Storage Configuration..........cccoceevvevrinreceecnnn. 89
523 “4-out-of-4 with 1 RCCA” Storage Configuration ..........ccccecuereroeenincnnnennnrericnenes 89
5.2.4 “4-out-of-4 with 2 RCCAs” Storage Configuration ...........c.coceeveeevveirveninennennnennes 90
5.2.5 “4-out-of-4 with 2 RackSavers and Axial Blankets” Storage Configuration......... 90
5.2.6 “4-out-of-4 with 3 RackSavers and Axial Blankets” Storage Configuration ......... 90
5.2.7 “3-out-of-4” Storage Configuration............ccccovviveieiirioiieiiiciieeie e eeee e 90

Page 11 of viii



WCAP-16827-NP

5.2.8 “3-out-of-4 with Axial Blankets” Storage Configuration............c.ccccccoerevrennnenne 90
5.2.9 “2-out-of-4” Storage Configuration............cccereeriiieieinieeiienrercr e e 91

5.3 Oversize Inspection Cell StOrage .........ccevvervierieiciniiicniiiiccr e 91
5.4 Interface Requirements in the Spent Fuel Pool............ccccoooiviii 91
5.5 Total Soluble Boron Requirement..........ccccoocoviiiiiiiiiiiiiiiniiiic e 91
6.0 RETOIENCES ... oottt et e s 117

Page iii of viii



WCAP-16827-NP

List of Tables
Table Title Page
Table 2-1. Standard Material Compositions Employed in the Comanche Peak Units 1 and 2
Spent Fuel Pool Criticality ANalySis .......cc.coovieerieneniineiiciicreeneeecrec e 11
Table 2-2. Calculational Results for Cores X Through XXI of the B&W Close Proximity
EXPETIMEIIES ..ottt et e e et e sttt et e ctrea e sana e e e sabeaessesesaneaaesnbessesaeenane 12
Table 2-3. Calculational Results for Selected Experimental PNL Lattices, Fuel Shipping and
Storage ConTIGUIALIONS .......ooiiiiiiiiiiiiiiie ettt ee b e e e et e e b e esee e meesasseesse e seeenns 13
Table 3-1. Comanche Peak Units 1 and 2 Rack Storage Cell Description ..........c.ccccoevevervencnns 18
Table 3-2. RackSaver Poison Insert DeSCription .........c.cccoeeeereierieiiiieiieeeie e 19
Table 3-3. RCCA Poison Insert Description........c.ceceeoierieriinricerieenieieniricercsecreeeeiesreseeere e 20
Table 3-4. Region II Oversize Inspection Cell DeSCription...........ccoecveerereneinienerinieenieseceeeae 21
Table 3-5. Fuel Assembly Design Data.........cc.ooeeiiiecierieeenieeseniecresie sttt e ssaessesens 22
Table 3-6. Relative Power and Moderator Temperatures for the | 1> Distributed
BUIMUP MOGEIS ...ttt sttt 23
Table 3-7. Relative Power and Moderator Temperatures for the [ 1*° Distributed
Burnup Models ..........ccccooeeennn e eteeeetteeeteeeseeesseeseeeeseeiteeinteensteinreeaaeeereeettaarneanrteenstans 24
Table 4-1. “4-out-0f-4” and “4-out-of-4 with Axial Blankets” Storage Configuration Biases and
Uncertainties Kemr RESUILS ... e e e e 49
Table 4-2. “4-out-of-4 with 1 RCCA” Storage Configuration Biases and Uncertainties Kesr
RESUILS ..ottt s e et e et e et eetae e s tae e raeeeba et e reeeaaeenreeareeens 50
Table 4-3. “4-out-of-4 with 2 RCCAs” Storage Configuration Biases and Uncertainties Kegr
RESUILS ..ttt et eb et sa e st e b et e as 51
Table 4-4. “4-out-of-4 with 2 RackSavers and Axial Blankets” Storage Configuration Biases and
UNCertainties Kerr RESUITS ..ooeiii ettt e e e e e e e e e e e e e e e ne e e 52
Table 4-5. “4-out-of-4 with 3 RackSavers and Axial Blankets” Storage Configuration Biases and
Uncertainties Ko ReSUIS ..ot s e e e snnn 53
Table 4-6. “3-out-of-4” and “3-out-of-4 with Axial Blankets” Storage Configuration Biases and
Uncertainties Kesr RESUILS ....oeeei e 54
Table 4-7. “2-out-of-4” Storage Configuration Biases and Uncertainties kg Results ................. 55
Table 4-8. “4-out-0f-4” Storage Configuration Total Biases and Uncertainties Results.............. 56
Table 4-9. “4-out-of-4 with Axial Blankets” Storage Configuration Total Biases and
Uncertainties RESUILS ......ocovieiiiiiie ettt 57

Page iv of viii



WCAP-16827-NP

Table 4-10. “4-out-of-4 with 1 RCCA” Storage Configuration Total Biases and Uncertainties

RESUILS ...ttt et s e e s beesaessbe e teenbeeteeeaeeneeaneas 58
Table 4-11. “4-out-of-4 with 2 RCCAs” Storage Configuration Total Biases and Uncertainties
RESULLS ..ttt ettt e st e st e bt e b e e teereeabeereseatenreerreenes 59
Table 4-12. “4-out-of-4 with 2 RackSavers and Axial Blankets” Storage Configuration Total
Biases and Uncertainties ReSUIS...........ccoovviiiiiiiiiiiceceeeee et 60
Table 4-13. “4-out-of-4 with 3 RackSavers and Axial Blankets” Storage Configuration Total
Biases and Uncertainties ReSUILS...........cocoiiieiiiiiiseeicee e 61
Table 4-14. “3-out-0f-4” Storage Configuration Total Biases and Uncertainties Results............ 62
Table 4-15. “3-out-of-4 with Axial Blankets” Storage Configuration Total Biases and
Uncertainties RESUIES ... ..ccooiiiiiriiiiieee ettt 63
Table 4-16. “2-out-of-4” Storage Configuration Total Biases and Uncertainties Results............ 64
Table 4-17. Limiting ke Values versus Initial 25y Enrichment, Assembly Burnup and Decay
Time for the “4-out-0f-4” Storage Configuration .............ccocvevvrieceriireeieceeeeeeeere e 65
Table 4-18. Limiting k. Values versus Initial 235y Enrichment, Assembly Burnup and Decay
Time for the “4-out-of-4 with Axial Blankets” Storage Configuration ...............cc.ccooeveenne. 66
Table 4-19. Limiting ks Values versus Initial 2*°U Enrichment and Assembly-Average Burnup
for the “4-out-of-4 with 1 RCCA” Storage Configuration............cccccecveeeiieeirieieeiveeneeennenns 67
Table 4-20. Limiting kegr Values versus Initial 2°U Enrichment and Assembly-Average Burnup
for the “4-out-0f-4 with 2 RCCAs” Storage Configuration ............cccoceeeeveeeieiiceiieceeee 68
Table 4-21. Limiting keg Values versus Initial U Enrichment and Assembly-Average Burnup
for the “4-out-of-4 with 2 RackSavers and Axial Blankets” Storage Configuration ............ 69
Table 4-22. Limiting kesr Values versus Initial 23U Enrichment and Assembly-Average Burnup
for the “4-out-of-4 with 3 RackSavers and Axial Blankets” Storage Configuration ............ 70
Table 4-23. Limiting kg Values versus Initial 25y Enrichment, Assembly Burnup and Decay
Time for the “3-out-of-4” Storage Configuration ..............cceceeverieeieeriecieieieice e 71
Table 4-24. Limiting ks Values versus Initial *°U Enrichment, Assembly Burnup and Decay
Time for the “3-out-of-4 with Axial Blankets” Storage Configuration ................cccocoueee. 72
Table 4-25. Limiting kegr Values versus Initial 235 Enrichment and Assembly-Average Burnup
for the “2-out-0f-4” Storage Configuration............ccc.cceuiiiiiiiiiiceeecee e 73
Table 4-26. Oversize Inspection Cell Kegr ReSUILS.......occoooviiiiiiiiiiiiieieceeeee 74
Table 4-27. Entire Spent Fuel Pool kesr Results for the Interface Configurations ........................ 75

Table 4-28. kesr Values as a Function of Soluble Boron Concentration for the Spent Fuel Pool . 77
Table 4-29. Summary of Burnup Reactivity Uncertainties for the Storage Configurations......... 78

Table 5-1. Minimum Required Assembly-Average Burnup versus Initial U Enrichment and
Decay Time for the “4-out-of-4” Storage Configuration ................cccooceevvevieiiiieicceeee 92

Page v of viii



WCAP-16827-NP

Table 5-2. Minimum Required Assembly-Average Burnup versus Initial 25U Enrichment and
Decay Time for the “4-out-of-4 with Axial Blankets” Storage Configuration ..................... 93

Table 5-3. Minimum Required Assembly-Average Burnup versus Initial 25U Enrichment and
Decay Time for the “4-out-of-4 with 1 RCCA” Storage Configuration ...........c.cccceevevveennee. 94

Table 5-4. Minimum Required Assembly-Average Burnup versus Initial 25U Enrichment and
Decay Time for the “4-out-of-4 with 2 RCCAs” Storage Configuration..................cceeee.... 95

Table 5-5. Minimum Required Assembly Burnup versus Initial 2°U Enrichment for the “4-out-
of-4 with 2 RackSavers and Axial Blankets” Storage Configuration ...........ccccoccoeveeerrnnee. 96

Table 5-6. Minimum Required Assembly Burnup versus Initial 2*°U Enrichment for the “4-out-
of-4 with 3 RackSavers and Axial Blankets ” Storage Configuration............ccccoovvvirnen.e 97

Table 5-7. Minimum Required Assembly-Average Burnup versus Initial *’U Enrichment and
Decay Time for the “3-out-of-4” Storage Configuration ..............ccccceeeeveeiieceeenieeieeeciieenenn 98

Table 5-8. Minimum Required Assembly-Average Burnup versus Initial #3U Enrichment and
Decay Time for the “3-out-of-4 with Axial Blankets” Storage Configuration ..................... 99

Table 5-9. Minimum Required Assembly Burnup versus Initial 23U Enrichment for the “2-out-
0f-4” Storage Configuration...........cccuieriiriiiiiiteie et e s s er e e e e ees 100

Page vi of viii



WCAP-16827-NP

List of Figures
Figure Title Page
Figure 3-1. Comanche Peak Unit 1 Spent Fuel Pool Layout........c...c.coocieiiniiniiniiiiicnienees 25
Figure 3-2. Comanche Peak Unit 2 Spent Fuel Pool Layout..............c.ccccconiininnninnincnnn. 26
Figure 3-3. Comanche Peak Unit 1 Oversize Inspection Cell IHlustration.............ccocceveeiiniinnns 27
Figure 3-4. Westinghouse 17x17 STD and OFA Fuel Assembly Dimensions (all dimensions in
inches, OFA dimensions are shown in parenthesis).......c.ccceceeerierniiiimrnenieerrneeeeienneneen 28
Figure 3-5. Siemens 17x17 STD and OFA Fuel Assembly Dimensions (all dimensions in inches,
OFA dimensions are Shown in parenthesis) .........cooeeeeiriirinienieenecnenieeneee e 29
Figure 3-6. Sketch of Axial Zones Utilized in [ 1" Distributed Burnup Fuel Assembly
SIMUIATIONS ......tiitiiiiieie ettt se e st et et e e bt e steesaeenaeereenreeseeeeeeteeneans 30
Figure 3-7. Sketch of Axial Zones Utilized in [ 1*¢ Distributed Burnup Fuel
ASSEMDLY SIMUIATIONS ....ecviiiiieciii ettt e ee e te e s e s re s e b e e aseeesseesesasnaaenseenne 31
Figure 4-1. KENO3D-Produced Plot of the “4-out-of-4“ and “4-out-of-4 with Axial Blankets”
StOrage CONTIGUIATIONS ... ..evieeiieiiiiiieiiceti ettt ettt b s ne st see e e neeenesree 79

Figure 4-2. KENO3D-Produced Plot of the “4-out-of-4 with 1 RCCA” Storage Configuration. 80
Figure 4-3. KENO3D-Produced Plot of the “4-out-of-4 with 2 RCCAs” Storage Configuration 81
Figure 4-4. KENO3D-Produced Plot of the “4-out-of-4 with 2 RackSavers and Axial Blankets”

Storage CONFIGUIAtION .......c.ooiiieiiiieiieie ettt et et 82
Figure 4-5. KENO3D-Produced Plot of the “4-out-of-4 with 3 RackSavers and Axial Blankets”
Storage CoNIGUIAtION .......c.eoiieiiiie ettt ettt nen e 83
Figure 4-6. KENO3D-Produced Plot of the “3-out-of-4” and “3-out-of-4 with Axial Blankets”
Storage COnIGUIALIONS ........ieeiiieeiiiitirie ettt ettt st et s n e enesasene e 84
Figure 4-7. KENO3D-Produced Plot of the “2-out-of-4” Storage Configuration........................ 85
Figure 4-8. KENO3D-Produced Plot of the “Oversize Inspection Cell” Storage Configuration. 86
Figure 4-9. KENO3D-Produced Plot of the Entire Spent Fuel Pool Model...............ccccccovninin. 87
Figure 5-1. “4-out-of-4 with 1 RCCA” Storage Configuration Hlustration...............cc.cccooocveee 101
Figure 5-2. “4-out-of-4 with 2 RCCA” Storage Configuration Illustration...............c.cccecceeeene. 102
Figure 5-3. “4.out-of-4 with 2 RackSavers and Axial Blankets” Storage Configuration
TTTUSETALION. ...ttt ettt be e e et setesbaenseeasaatseeneenneenaeneeenes 103
Figure 5-4. “4-out-of-4 with 3 RackSavers and Axial Blankets” Storage Configuration
TITUSEIATION. ...ttt et b ettt 104
Figure 5-5. “3-out-of-4” Storage Configuration Ilustration............cccccocoiiiiniinne 105

Page vii of viii



WCAP-16827-NP

Figure 5-6. “2-out-of-4” Storage Configuration Illustration...............ccceeeeeeeecriecrecveecienrerene. 106

Figure 5-7. Minimum Required Fuel Assembly Burnup versus Initial 2*>U Enrichment for the "4-
out-0f-4" Storage Configuration...........ccoveeirerieieriesie ettt e se s 107

Figure 5-8. Minimum Required Fuel Assembly Burnup versus Initial 2**U Enrichment for the "4-
out-of-4 with Axial Blankets" Storage Configuration...........c.ccecvvevenivcenceninieneeierenn 108

Figure 5-9. Minimum Required Fuel Assembly Burnup versus Initial 2*°U Enrichment for the "4-
out-of-4 with 1 RCCA" Storage Configuration.............cccccevieienineeieiiieseeeeeeieee e 109

Figure 5-10. Minimum Required Fuel Assembly Burnup versus Initial 2°U Enrichment for the
"4-out-of-4 with 2 RCCAs" Storage Configuration .............ccecueeveeieeieiieiieeeecie e, 110

Figure 5-11. Minimum Required Fuel Assembly Burnup versus Initial »*°U Enrichment for the
"4-out-of-4 with 2 RackSavers and Axial Blankets” Storage Configuration...................... 111

Figure 5-12. Minimum Required Fuel Assembly Burnup versus Initial >°U Enrichment for the
"4-out-of-4 with 3 RackSavers and Axial Blankets" Storage Configuration..................... 112

Figure 5-13. Minimum Required Fuel Assembly Burnup versus Initial >U Enrichment for the
"3-out-0f-4" Storage Configuration............cccooiviiiieiiecieie e 113

Figure 5-14. Minimum Required Fuel Assembly Burnup versus Initial 2*°U Enrichment for the
"3-out-of-4 with Axial Blankets" Storage Configuration...............cccocouvevuiiiieeerieciecieennn, 114

Figure 5-15. Minimum Required Fuel Assembly Burnup versus Initial U Enrichment for the
"2-out-0f-4" Storage Configuration...........cccocuerieriiiciieieiiecicee e e 115

Page viii of viii



WCAP-16827-NP

1.0 Objective

This report presents the results of the criticality safety analysis for Region II of the Comanche
Peak Units 1 and 2 spent fuel pool racks with reactivity credit for burnup, rod cluster control
assemblies (RCCAs), RackSaver inserts, axial blankets and 241py decay. The primary objectives
of this calculation are outlined below.

1.

Determine the loading requirements for safe storage of fresh fuel assemblies in the
following storage configurations.

“4-out-of-4”

e “4-out-of-4 with Axial Blankets”

e “4-out-of-4 with 1 RCCA”

e “4-out-of-4 with 2 RCCAs”

e “4-out-of-4 with 2 RackSavers and Axial Blankets”
e “4-out-of-4 with 3 RackSavers and Axial Blankets”

e “3-out-of-4”
e “3-out-of-4 with Axial Blankets”
e “2-out-of-4”

Determine the fuel assembly burnup versus initial enrichment requirements for safe
storage of depleted fuel assemblies in each storage configuration. Reactivity credit for
'Py decay is considered in various storage configurations.

Determine the loading requirements at the interface between fuel assembly storage
configurations.

Determine the amount of soluble boron required to maintain ke less than or equal to 0.95
in the spent fuel pools, including all biases and uncertainties, assuming the most limiting
plausible reactivity accident.

The criticality safety methodology used in this analysis is analogous to that which was
previously approved by the Nuclear Regulatory Commission (NRC) in Reference 1. [

]a,c
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Design Criteria

The design criteria are consistent with General Design Criterion (GDC) 62, Reference 2, and this
analysis considers NRC guidance given in Reference 3 and general guidance from ANSI/ANS-
8.17-2004 recommendations in Reference 4. Section 2.0 describes the analysis methods and
includes a description of the computer codes used to perform the criticality safety analysis. A
brief summary of the analysis approach and criteria is outlined below.

1.

Determine the fresh fuel storage configurations such that there is a 95 percent probability
at a 95 percent confidence level that the neutron multiplication factor, ke, 1s less than
0.995. This is accomplished with infinite arrays of fresh fuel assembly configurations.
Note that the actual NRC kg limit for this condition is less than 1.0. Therefore, an
additional margin of 0.005 Ak units is included in the analysis results.

For the storage configurations that utilize burnup credit, determine the spent fuel
assembly minimum burnup requirements such that there is a 95 percent probability at a
95 percent confidence level that ke s less than 0.995. This is accomplished with infinite
arrays of spent fuel assembly configurations.

. Determine the amount (ppm) of soluble boron necessary to reduce the keg value of all

storage configurations by at least 0.05 Ak units. This is accomplished by constructing a
model of the entire spent fuel pool which includes the storage configurations which are
least sensitive to changes in soluble boron concentration. As an example, storage
configurations which contain depleted fuel assemblies (and represented by depleted
nuclides) are less reactivity-sensitive to changes in soluble boron concentration than a
fuel assembly represented by zero burnup and relatively low initial fuel enrichment.

Determine the amount of soluble boron necessary to compensate for 5% of the maximum
burnup credited in any storage configuration. In addition, determine the amount of
soluble boron necessary to account for a reactivity depletion uncertainty of 1.0% Ak per
30,000 MWdA/MTU of credited fuel bumup. This is accomplished by multiplying this
derivative by the maximum burnup credited in any storage configuration and converting
to soluble boron using the data generated in Step 3.

Determine the increase in reactivity caused by postulated accidents and the corresponding
amount of soluble boron necessary to mitigate the single largest reactivity increase. This
is accomplished by constructing a model of the entire Comanche Peak Units 1 and 2
spent fuel pools.

For purposes of this analysis, spent fuel minimum burnup requirements are determined in a
manner that conservatively takes into account approximations to the operating history of the fuel
assemblies. |

]a,c
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2.0 Methodology

This section discusses the nuclear design software, key methodologies and assumptions
employed in this analysis to define requirements for the safe loading of fresh and depleted fuel
assemblies in the Comanche Peak Units 1 and 2 spent fuel pools.

2.1 Nuclear Design Software

The analysis methodology employs the following software: (1) SCALE version 4.4, as
documented in Reference 5, with the SCALE version 4.4 versions of the 44- and 238-group
Evaluated Nuclear Data File Version 5 (ENDF/B-V) neutron cross section libraries, and (2) the
two-dimensional transport lattice code PHOENIX-P, as documented in Reference 15, with an
Evaluated Nuclear Data File Version 6 (ENDF/B-VI) neutron cross section library.

SCALE is utilized for reactivity determinations of fuel assemblies in the Comanche Peak Units 1
and 2 spent fuel pools. The PHOENIX-P code is used for simulation of in-reactor fuel assembly
depletion. The following sections describe the application of these codes in more detail.

2.1.1 The SCALE Code

The SCALE system was developed for the NRC to satisfy the need for a standardized method of
analysis for evaluation of nuclear fuel facilities and shipping package designs. The SCALE
version that is utilized for this analysis is a code system that runs on UNIX workstations and
includes the control module CSAS25 and the following functional modules: BONAMI,
NITAWL-II, and KENO V.a. All references to KENO in the text to follow should be interpreted
as referring to the KENO V.a module.

NRC Information Notice 2005-13 was issued concerning an error in SCALE associated with
cylindrical holes with shared boundaries. In this analysis, the KENO geometry does not involve
cylindrical holes with shared boundaries; therefore, the analysis is not affected by this code error.
Also, NRC Information Notice 2005-31 notifies SCALE version 5 users of a KENO
programming error in slab geometry. Since this analysis utilizes SCALE 4.4, and slab geometry
is not used, this analysis is not affected by this error.

Standard material compositions are employed in the SCALE analyses consistent with the design
input given in Section 3.0; these data are listed in Table 2-1. For fresh fuel conditions, the fuel
nuclide number densities are derived within the CSAS25 module using input consistent with the
data of Table 2-1. For depleted fuel representations, the fuel nuclide number densities are derived
from the PHOENIX-P code as described in Section 2.1.2.

The validation of SCALE for purposes of fuel storage rack analyses is based on the analysis of
selected critical experiments from two experimental programs. The first program is the Babcock
& Wilcox (B&W) experiments carried out in support of Close Proximity Storage of Power
Reactor Fuel, Reference 6. The second program is the Pacific Northwest Laboratory (PNL)
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program carried out in support of the design of Fuel Shipping and Storage Configurations; the
experiments of current interest to this effort are documented in Reference 7. Reference 8, as well
as several of the relevant thermal experiment evaluations in Reference 9, is found to be useful in
updating pertinent experimental data for the PNL experiments.

Nineteen experimental configurations are selected from the B&W experimental program; these
consist of the following experimental cores: Core X, the seven measured configurations of Core
X1, Cores XII through XXI, and Core XIIIA. These analyses employ measured critical data,
rather than the extrapolated configurations to a fixed critical water height reported in Reference
6, so as to avoid introducing possible biases or added uncertainties associated with the
extrapolation techniques. In addition to the active fuel region of the core, the full environment of
the latter region, including the dry fuel above the critical water height, is represented explicitly in
the analyses.

The B&W group of experimental configurations employs variable spacing between individual
rod clusters in the nominal 3 x 3 array. In addition, the effects of placing either 304-type stainless
steel (SS-304) or borated aluminum (BORAL) plates of different boron contents in the water
channels between rod clusters are measured. Table 2-2 summarizes the results of these analyses.

Eleven experimental configurations are selected from the PNL experimental program. These
experiments include unpoisoned uniform arrays of fuel pins and 2 x 2 arrays of rod clusters with
and without interposed SS-304 or BORAL plates of different neutron absorbing effectiveness.
As in the case of the B&W experiments, the full environment of the active fuel region is
represented explicitly. Table 2-3 summarizes the results of these analyses.

The approach employed for the determination of the mean calculational bias and the mean
calculational variance is based on Criterion 2 of Reference 10. For a given KENO-calculated
value of kesr and associated one sigma uncertainty, the magnitude of kgso5 is computed by the
following equation; by this definition, there is a 95 percent confidence level that in 95 percent of
similar analyses the validated calculational model will yield a multiplication factor less than
Kos/95.

+ Mg o (O':: + O keno )1/2

k95/95 =k + Ak

keno bias

Where,

k is the KENO-calculated neutron multiplication factor,

keno

Ak is the mean calculational method bias,

bius

M,4s 1s the 95/95 multiplier appropriate to the degrees of freedom for the number of
validation analyses, and is obtained from the Tables of Reference 11,

o’ is the mean calculational method variance deduced from the validation analyses,

m
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O 2ovo 18 the square of the KENO standard deviation.

The equation for the mean calculational methods bias is as follows.

Akbias = l'z](l - ki )
n

i=1

Where,

i

WCAP-16827-NP

k, is the i” value of the multiplication factor for the validation lattices of interest.

The equation for the mean calculational variance of the relevant validating multiplication factors

is as follows.

n
2 __-2
nz (kl - km'e) O-i
2 i= 2
O-m — __i=l -

(n— l)i o; 2 ”
i=1

Where,

k.. 18 given by the following equation.

n
. -2
Sko
— i=l

ku\-’e n >
o’
i=l
o’ is given by the following equation.
n
2
R
2 i=1
Ua\'e - n >
2.6
i=1
Where,
G, is the number of generations.

For the purpose of this bias evaluation, the data points of Table 2-2 and Table 2-3 are collected
into a single group. With this approach, the mean calculational methods bias, Akyis, and the
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2
m

mean calculational variance, (o, ), calculated by the equations given above, are determined to be

[ 1*¢, respectively. The magnitude of Mys/os is obtained from Reference
11 for the total number of collected data points, 30.

The magnitude of kosos is, therefore, given by the following equation for SCALE 4.4 KENO
analyses employing the 44-group ENDF/B-V neutron cross section library and for analyses
where these experiments are a suitable basis for assessing the methods bias and calculational
variance.

a, c

I ]

The SCALE version 4.4 version of the 238-group ENDF/B-V neutron cross section library is
also utilized in this analysis. However, this library is only utilized for off-nominal temperature
simulations (greater than 68 °F). The 238-group library is a general purpose library that is
applicable at all temperatures. The 44-group library was collapsed using a representative
spectrum from a 17x17 PWR assembly at 68 °F, so any deviations from these conditions should
be considered as potentially moving outside the basis of applicability for this specialized library.
In addition, these calculations are only considered in a relative sense, to establish the reactivity
changes due to temperature deviations. Since there is no need to quantify the absolute magnitude
of the reactivity at these conditions, a comprehensive validation analysis is not performed for the
238-group neutron cross section library.

2.1.2 The PHOENIX-P Code

PHOENIX-P is a two-dimensional, multi-group transport theory lattice code. The multigroup
cross sections are based on ENDF/B-VI. PHOENIX-P performs a two-dimensional 70-group
nodal flux calculation which couples the individual sub-cell regions (pellet, cladding, and
moderator) as well as surrounding rods via a collision probability technique. This 70-group
solution is normalized by a coarse-energy-group S; flux solution derived from a discrete

ordinates calculation. |
]a,c

]a,c

PHOENIX-P and its neutron cross section library are employed in the design of initial and reload
cores that have supported over 500 reactor-years of operation.
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For the purpose of spent fuel criticality analysis calculations, PHOENIX-P is used to generate
the detailed fuel nuclide number densities as a function of fuel depletion and initial feed
enrichment. Each complete set of fuel nuclides is reduced to a smaller set of depleted fuel
nuclides at specific time points after discharge. |

]3,(:

] ac

2.2 Axial Burnup Distribution Modeling

A key aspect of the burnup credit methodology employed in this analysis is the inclusion of an
axial burnup profile correlated with feed enrichment and discharge burnup of the depleted fuel
assemblies. This effect can be important in the analysis of the fuel assembly characteristics when
the majority of spent fuel assemblies stored in the Comanche-Peak Units 1 and 2 spent fuel pools
have a discharge burnup well beyond the limit for which the assumption of a uniform axial
burnup shape is conservative. Therefore, it is necessary to consider both uniform and axially
distributed burnup profiles, and the more conservative representation will be utilized to
determine fuel assembly storage requirements.

[

]a,c
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]a,c

Input to this analysis is based on a limiting axial burnup profile data provided in the DOE
Topical Report, as documented in Reference 12. The burnup profile in the DOE topical report is
based on a database of 3169 axial burnup profiles for PWR fuel assemblies compiled by Yankee
Atomic. This profile is derived from the burnups calculated by utilities or vendors based on core-
follow calculations and in-core measurement data. |

]a,c

PHOENIX-P is used to generate the nuclide number densities for each segment of the axial
profile. Table 3-6 and Table 3-7 list the relative power and moderator temperatures employed in
the depletion calculations for each node of the [ 1™ axial burnup
models. The assembly-average uniform burnup models utilize the core-average operating
conditions. These values are based on conservative temperature profiles for Comanche Peak
Units 1 and 2 at uprated conditions. The use of uprated conditions for depletion calculations —
with increased power, moderator temperatures and fuel temperatures — lead to increased
reactivity determinations at any given burnup relative to fuel irradiated in the core prior to the
uprate. The fuel temperatures for each axial zone are calculated based on a representative fuel
temperature correlation while the moderator temperatures are based on a linear relationship with
axial position. These node-dependent moderator, fuel temperature and power profile data are
employed in PHOENIX-P to deplete the fuel to the desired burnup value for each initial
enrichment and each axial zone.

[

]a,c
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]a,c

2.3 Decay Time Credit Methodology

Due to the reactivity requirements for fuel storage in certain storage configurations, >*'Pu decay
and **' Am production credit is included in the burnup credit determinations. The **'Pu number
densities are decayed according to the equation below using a half life, ¢,,, value of 14.4 years.

—ln(2)_[

NPu (t) = N [%

0,Pu

Where,
Np,(t) = the **'Pu number density at time t,
N, p, = the initial 241y number density,

t = the decay time in years.

24]

Since the production rate of **! Am is equal to the rate of 2*'Pu decay, the *’ Am number densities
|y q y

are determined according to the equation below.

Where,
Nm(t) = the **' Am number density at time t.

These number densities are determined at each assembly burnup at various time intervals.
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2.4 Methodology Assumptions

The key design assumptions utilized in the Comanche Peak Units 1 and 2 spent fuel pool
criticality safety analysis are listed below.

Fresh and depleted fuel assemblies are conservatively modeled with a fuel stack density
equal to 10.686 g/cm’ (97.5% of theoretical UO, density).

All fuel assemblies, fresh and depleted, are modeled as containing solid right cylindrical
pellets that are uniformly enriched over the entire length of the fuel stack height. No credit is
taken for the presence of pellet dishing or chamfering. Due to the increased amount of fissile
material in this representation, fuel assembly designs which incorporate lower enrichment
blankets and/or annular pellets are bounded.

The stainless steel wrappers that are present in the Comanche Peak Unit 2 Region II storage
racks are not modeled in this analysis. This material is ignored such that the Unit 1 and Unit
2 Region II storage racks can utilize a single criticality safety analysis. This leads to a
conservative representation of the Unit 2 storage racks since the wrapper’s inherent neutron
absorption is not considered.

Comanche Peak Units 1 and 2 fuel assemblies currently utilize ZIRLO™ ! fuel cladding;
however, the KENO models developed in this analysis consider the fuel rod, guide tube, and
instrumentation tube cladding material as Zircaloy-4. This is conservative with respect to the
Westinghouse ZIRLO™ product, which is a zirconium alloy containing additional elements
such as niobium. Niobium has a small neutron absorption cross section, which provides
additional neutron capture in the cladding regions resulting in a lower reactivity relative to
Zircaloy-4. Therefore, this analysis is conservative with respect to fuel assemblies containing
ZIRLO™ cladding in fuel rods, guide tubes, and the instrumentation tube.

No credit is taken for spacer grids or spacer sleeves.
No credit is taken for **U or **®U in fresh fuel assemblies.

The design basis limit for kesr is