ABSTRACT
MAULSTBY, JR, GREGORYALLAN . Comparison of COBRAN and COBRACTF
Simulation Predictions to Benchmark Data for Representative Boiling Water Reactor
Conditiors. (Under the direction dbr. Joseph Michael Doster
The purpose of this study is to compare predictions of two subchannel tigainallic codes,
COBRA-EN and COBRACTF, under representative boiling water rea¢BMWR) operating
conditions withthe stedy-state, twephase pressure drdgenchmark data from the Nuclear
Power Engineering Corporation of Japan BWR ik Finemesh Bundle Test database.
Chapter two containa brief descriptionof the test facilityusedto conduct the experiments
along withthe test assembly, grid spacers, and operating conditions and measured pressure
drop data for the test cas@ath COBRACTF and COBRAEN sectiosincludeexplanations
of input deck entries, methods to determareal geometry and unique differences and
challenges encounterefi.mesh convergence study revealed that pressure predictions in both
thermal hydraulic codes were insensitive to the axial node lengufaform node length of
0.1545m (0.50689ft) based dime given power profileAn additionalstudy in COBRAEN
determind two optimum combination of correlatiohsised on pressure drop alone and another
thatconsiders vapor fractiohe comparison of both codes to the benchmark data concluded
that COBRACTF requires further investigation of vapor fraction near the grid spacers, and
that both codes slightly under predict total pressure drop. In addition, CaBRAnd
COBRA-CTF match the benchmark database well at most pressureidioffiers but

measured vapor fraction is required to definitively claim which code predictions better

represent physical behavior along the length of the test bundle.



© Copyright 208 by Gregory Allan Maultsby Jr.

All Rights Reserved



Comparison of COBRAN and COBRACTF Simulation Predictions to Benchmark Data
for Representative Boiling Water Reactor Conditions

by
Gregory Allan Maultsbyir.

A thesissubmitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Master of Science

Nuclear Engineering

Raleigh, North Carolina

2018

APPROVED BY.

Dr. Maria Nikolova Avramova Dr. Stephen D Terry

Dr. Joseph Michael Doster
Chair of Advisory Committee



BIOGRAPHY
Gregory Allan Maultsby, Jr. was born in Raleigh, North Carolitegraduated high school in
1993 and returned farther his educatiom 2009.Received an Associate in PEagineeringn
2012 fromWake TechnicaCommunity College. Upon completion of teesociaté degree, he
transferredttNor t h Car ol ina State Universityoés Nucl
2012. After obtaining aacheloiin Nuclear Egineeringin 2015 he stayed to pursue a Master

of Sciencan nuclear engineerindgegree under the directiaf Dr. Joseph Michael Doster.



ACKNOWLEDGMENTS

Al't takes a village to raise a child. o
-Unknown
Byno farmeasuredidd c c o mp | i s h t halose. Ineukl tike to @cknowlledge the s

following people for their contributionthroughoutthis journey.First, | wouldlike to thank
my graduate school advisor Dr. J. Michael Dgstéthe Nuclear Engeering Department at
North Carolina State Universifgr offeringtheopportunity to continue my education after my
undergraduate studigde has continued to provide mentorship through his persjsatienhce
and guidanceduring the learning process dhis masteis thesis.| would also like to
acknowledgeDr. Maria Avramovaand Dr. Stephen Terryas committee memberalso, |
would like to acknowledge DBourham for taking time out ofhis scheduleto attend my
defenseasa committee member substituteeceived invaluablassistancéom Dr. Taylor
Blythe for COBRA-CTF technical supportDr. Robert Salko for general COBRBTF
support and Dr. Konor Frick for higuidance andhtellectudly spiriteddiscussios. | would
like to extendmy appreciationdr thefunding support fromCASL. Lastly, | would like to
acknowledge those who have contributed in a-aademiccapacity.Sherry Bailey was a
consistent source of moral support throughout my experience in graduate ¥¢babiould
never forget those that wait for us while we chase our drdagrsd Medinawas aconstant
source of stabilityin my life who always stood beside nier the full duration of my

academic adventure



TABLE OF CONTENTS

LIST OF TABLES ...ttt eeeei bbbttt et e e e s eet sttt e e e e e e e e e e e e e e e e e s st e e e e aeeeeas Vil
LIST OF FIGURES .....cooiiiei e ieeee ettt e e e e e e s amnssssnnneeees X
CHAPTER 1: INtrOUCHION ....ceiiiiiiiiiiiiiiie sttt ennna s s e e e e e e e e e e e e e e eeeanens 1
CHAPTER 2: NUPEC BFBT BeNChMArk ..........cuuviiiiiiiiiiiiiiieeeiiiieeeeeeee e 3
2.1 NUPEC R0Od BUNAIE TESE LOOPD.....cetiiiiiiieeeiiiiiiiiee e eeee e 4
2.2 NUPEC BFBT High BUHUP ASSEMDBIY......uviiiiiiiiiiiiiiiieeieeeeeeee e 6
2.3 Bundle Pressure Drop LOCAtIONS............vuvuiuiiiiimreeeiiiiiiiss e e e erenane e 8
2.4 NUPEC BFBT C2A Power ProfileS........cccoooiiiiiiiiiiieeee e 10
2.5 NUPEC BFBT Gld SPACET......cciiiiiiiiieiiiiie e 11
2.6 Subchannel Grid Spacer Loss CoeffiCients.............uuvvviiiiccceeeeeeeeiiceee e 13
2.7 Representative BWR Operating Conditions..............oooieiimmne e 16
2.8 NUPEC BFBT TSt CaASES. .. .ciiiiiiiiiiiieiiiiieiir e ee ettt eeennaas 19
CHAPTER 3: COBRA -CTF ..ttt eeesi ittt et e e e e e e e s st e e e e e e e e e e e e e e e e s e nn e 21
3.1 Generalized Conservation EQUAtLONS...............uuvvriiimmmiiiiiiiiiiiiiieeee e e 24
3.2 Normal Wall Fdw Regime Map.......couuiieiiiiiiiie e 25
3.3 PreSSUIE DIOP. ... it rmmr e e e enn e e e aan s 27
3.3.1  Friction LOSS MOUEL.....cciiiiiiiiiiiiiiiii et 27
3.3.2 Form (Local) LOSS MOEL.........couuiiiiiiiiiiiii e 28

G YV 1 (T gl o 0] 01T [PPSO 28
3.5 Global Boundary CONAItiONS............coovviiiiiiiiiemmee e 29
3.4.1 Inlet and Outlet Boundary CONitiONS..........cccoviiiiiiiiiecciiiieeeeeeeeeeee 30

3.5 Convergence Study for COBRETF.............ooovviiiiiiiiimmeeeeeees e e 31
3.5.1 Methods for Mesh refinement...........cccccceviiiieeciieee e, 32
3.5.2 Base Mesh Refinement Technique..............couvviiieemiiiiiiiiii e 33
3.5.3 Uniform/Variable Mesh Refinement Technique..............ccccviceeeeeennnns 34
3.5.4 Mesh Refinement CASES.......ccuuuiiiiiiiiiii it 36
3.5.5 AdJUSIMENT 10 S5X24....coiiiiiiiiiiiiii e 37
3.5.6 AdJUSIMENT L0 BX24.... ..ot reee e 39
3.5.7 AdJUSIMENT IO 7X24 ... . it reme e e s 40
3.5.8 AdJUSIMENT 10 BX24.....oiiiiiiiiiiiiie e 46

3.6 Total Power FOrcing FUNCHQN............uiiiiiiiiiiiiice e evvmmer e e e a7
3.6.1  AXial POWEr Profile.......ccouuiiiiiiiiiiieeeeii e 48

3.7 Mesh Convergence Study Pressure and Vapor Fraction.Rlots..................... 49



\

3.7.2 P60007, Mesh Convergence Study Pressure and Vapor Fraction.Plots51
3.7.3 P60015, Mesh Convergence Study Pressure and Vapor Fraction.Plots52

3.8 Mesh Convergence StUBRIAIYSIS...........couuuruuumiiiiii i e e e e e emeernnn s 53
3.8.1 Absolute Relative Differences for the Mesh Refinement Convergence. &bidy
3.8.2 P60001, Axial Position Influence on Absolute Relative Differences....... 56
3.8.3 P60007, Axial Position Influence on AbsollRtdative Differences.............. 60
3.8.4 P60015, Axial Position Influence on Absolute Relative Differences....... 64

3.9 Convergence Study CONCIUSION..........ccoiiiiiiiiiiiaai e 68

3.10 AXial PeakKing FacCtOrS......cccceiiieeeiiiiieeeeeeee e 70

3.11 Evaluation of the 1X24 and ETD Mesh Refinement Cases................cvvueeees 73
3.11.1 P60001, Pressure and Vapor Fraction Plots of 1X24 and ETD.Cases...74
3.11.2 P60007, Pregre and Vapor Fraction Plots of 1X24 and ETD Cases.......75

3.11.3 P60015, Pressure and Vapor Fraction Plots of 1X24 and ETD Cases..76
3.11.4 P60015, Example of Differences in Pressure for 1X24 and ETD.Cases’7

3.12 COBRACTFE RESUS ....cceiiiiiiiiiiiiiiiiieees st eness e e e e e eaaeaaaeeeeeeas 80
CHAPTER 4: COBRA-EN ..ottt meee e 81
4.1 Subchannel Conservation EQUAtIONS...........cceiiviiiiieeeiiiiiiiiieeeeeeee e 83
4.2 Subcooled Boiling MOGEIS...........uuuuiiiiiiii e eeeeia e 86
4.3 Void Quality RelatioNsS.........coiiiiiiiiii e 88
4.4 Two Phase Friction MOAEL............uuuiiiiiiii e eeeeen e 91
4.5 PreSSUIE DIOP. ... iiiuiiiiiiie et eeeee ettt e et e e e mmare e e e s e e e et e e e et s annneeernnneas 92
4.6 Water PrOPEItIES.....iii i i i e e et eeeee et emme et ennnaes 94
4.7 COBRAEN AXI@l NOUES......cuuuiiiiiiiiee e eeeeiiee e e e eeennne e e e e e e e e eeeeeenenees 95
4.7.1 Description of the Normal Axial Nodes in COBEA.................ccoevvvvvvvienn. 97
4.7.2 lllustration of the Intracted Axial Nodes in COBRAN..............cceeeeiinnnnd 98
4.8 POWET Profil@... . e 100
4.9 COBRAEN Boundary ConditioNS........ccccevviuiiiiiieiieeee et eneen e 102
4.9.1 Inlet Boundary ConditiONS..........ccuuiiiiiiiiiimmiiie e emme e 102
4.92 Outlet Boundary CONAItIONS........ccuviiiiiiiiiiiiiieeieee e eeeeee s 103
4.10 Case Studies for COBRBAN.........uiiiii e 103
4.10.1 Combination of Correlations for COBHN ............ccoooeiiiiiiiiiiiieen e, 104
4.10.2 P60001, Evaluation of Total PragsDrop..........ccccceceeevvveeiieiieenneeeeeeeeeeeee, 105

4.10.3 P60001, Evaluation of Pressure Drop for the Pressure Drop ldentifier$06



4.10.4 P60007 and P60015, Total Pressure DIop..........ccccevvvvvieeeeeieeeeeeeeeeee 108
4.10.5 P60007 and P60015, Pressure DrothéoPressure Drop Identifiers........ 109
4.10.6 Result of the Correlations Study for Pressure.Drop............cccvvvvieeennnnes 111
4.10.7 Further Evaluation of the Correlations Study............cccooveeiiieeeivvinnnnnnnnn. 112
4.10.8 P60001, Plots for the Extended Correlations Study...............covvmmnnnn. 114
4.10.9 P60007, Plots for the Emteed Correlations Study.............coevvvvvviivieennnnnn. 116
4.10.10 P60015, Plots for the Extended Correlations Study...............ccevveeennn. 118
4.10.11 Results of the Extended Correlations Study.............ccoovvvvieeeineeeeeeeeennn. 120
4.10.12 Conclusion of the Extended Correlations Study...............ccccccceeeeerennns 122
4.11 Convergence Study With COBHEN..............ccuvviiiiiiiimreeeeeiee e eeeneas 123
4.12 Results of Convergence Study with COBRBRN...........coovviiiiiiiiiiiiiiiceeeeeee, 124
CHAPTER 5: Comparison of COBRA-EN and COBRA-CTF.........ccccciiiiiiiiiiiiieeens 125
5.1 Compason for Test Case PB00QL..........ccceeiiiiieeeii e eeeeee e 126
5.2 Comparison for Test Case PB0QQAT...........cccuuuurmmimmmiiiiiiiiiiiieeee e eeeeeeeees 129
5.3 Comparison for Test Case PB0QLS............cccuuuiiiiimmmiiiiiiieee e 132
Conclusion and FULUIE WOTK .........ccuiiiiiie i eeee e 135
REFERENGCES...... ..ottt ceeetie ettt ettt e e e e e e e emmre et e e e e e e e e e e e e e e e e s s s s ssmmneeaaaeeeesaaaaas 138
APPENDICES. . ... .o eee st e e e e seens s e e e e e e et e eeeeeaeeeeeeamnraaaaaaaaaeaaaann 139
Y o] o L= T [ AU 140
Y o] o =T T D = RSP 142
APPENTIX €ttt ettt et e e eeer e e ettt e e e e e e e e e e e e e e ame e e e e e e e e e e e e e 143
Y o] o =T T [5G I USRS 146
Y o] o =T T b =PRSS 155
APPENAIX Foeee ettt e e ener et e e e e e e e e e e e as 161
Y o] o L= g T QUSSP 162
Y o] o =T T 3 PRSPPI 166



Table 2.1:
Table 2.2:
Table 2.3:
Table 2.4:
Table 2.5:
Table 2.6:
Tale 2.7:

Table 2.8:
Table 2.9:
Table 2.10
Table 3.1:
Table 3.2:
Table 3.3:
Table 3.4:
Table 3.5:
Table 3.6:
Table 3.7:
Table 3.8:
Table 3.9:
Table 3.10
Table 3.11
Table 3.12
Table 3.13
Table 3.14
Table 3.15
Table 3.16
Table 3.17
Table 3.18
Table 3.19
Table 3.20
Table 3.21
Table 3.22
Table 3.23

Vii
LIST OF TABLES

Maximum Operating CoNditIQNS............uuuuuuieeiiiieeeiiiiiieiieee e eeeee e 4
High BUurup 8X8 ASSEMDIY.......cceveiiiiiiii e 6
Pressure Tap AXial POSItIQNS...........uuuiiiiiiiiireeiiiirrs e srenn s 9
Length Between Pressure Tap POSItIQNS............cooooiiemmnneeeecciiiiiiee 9
Y o= (o1 =] g €1 1 o o Tox= 11 o] 1SN 11
ABWR and ESBWR Operating ConditiQnS...........ccovvvvviviimmmeeeeeeereeeeinnnnns 17
ABWR Operating ConditioNS..........ccccuuuuiiiiiiimmmniiiiiieieeee s eeeeeeeeeees 17
Typical 8X8 BWR Operating ConditionS...........ccoeeeeviiiiieeeiiiie e 18
Selected Test Case Operating Conditions and Pressure Drop Measurefrtents
: Range of NUPEC BFBT Test Parameters...........ccccuvvvvimemnniniiiiiiiiiineee 20
Total Inlet Mass FIOW RaAte...........ccooviiiiiiiicce e 29
Average hear Heat Rate per ROG..........ccoooooiiiiiiiieeei e 29
Initial Guess for Pressure, PREFE...........oooiuii et emma s 30
Inlet Fluid Temperature, TIN.........coooiiiiiiiieeee e 30
Mesh Refinement Case Uniform Node Length...............cccoveeee 36
Test Case Mesh Refinement Technique Legend..............oovvvieevcivvvnnnnnee. 36
5X24 Adjustment, Evaluation of 0.1mm Node Bef8r€&5d Spacer............ 37
5X24djustment, Change in Node Befor8 Grid Spacer.............c.cc..cu....... 38
6X24 Adjustment, Evaluation of 0.75mm Node AffeG7id Spacet............ 39
: 6X24 Adjustment, Change in Node AftRIGEid Spacer.............ccccovevveueees 39
: 7X24 Adjustment, Evaluation of 0.214mm Node Bef§i@®d Spacer......... 40
: 7X2 Adjustment, Change in Node Befor@ Grid Spacer.............c...cuc...... 40
: Further Adjustment to 7X24 Base TechnigUe.............cooooiemmneeiiiiiiinns 41
: 7X24 Test 1, Evaluation of Node Aftét@rid Spacer............ccveeveeveeveeeeene. 42
. 7X24 Test Thange in Node After"d Grid SPacer.............cccceeveeveeveveennnane. 42
: 7X24 Test 1, Evaluation of Node AftBrGrid Y o1 (ol 43
: 7X24 Test 1, Change in Node AftBIGHd SPaCES..........cc.cceevveeeeiieeereennns 43
: Uniform/Variable Technique, 7X24 Test 6 and 8es...........ccovvvvvvvvnniceeen.. 44
: Uniform/Variable Grid Spacer Padding for 7X24 Test8.......ccccccceveieiaee. 45
18X24 Test 1 and TeSL.2....uuuiiiiii e eeeeeeeeeeeieeee a0 4O
: Powers with 0.3125 Extrapolated Axial Peaking Factor.................c...eee. 48
: P60001 AbsolutesRitive Difference for 1X24 t0 3X24.......cccceeeeiiiiieeeeeienn, 54

: COBRACTF, P60001 Convergence Study Error Results for Pressure....56



viii
Table 3.24: COBRACTF, P60001 Convergence Study Error Results for Void Fraction..57
Table 3.25: COBRACTF, P6000Xonvergence Study Error Results for Flow Quality......58
Table 3.26: COBRACTF, P60007 Convergence Study Error Results for Pressure....60
Table 3.27: COBRACTF, P60007 Convergence Study Error Results for Vapor Fraction..61
Table 3.28: COBRACTF, P60007 Convergence Study Error Results for Flow Quality.....62
Table 3.29: COBRACTF, P60015 Convergence Study Error Results for Pressure....64
Table 3.30: COBRACTF, P60015 Convergence Study Error Results for Vapor Fraction..65
Table 3.31: ©OBRA-CTF, P60015 Convergence Study Error Results for Flow Quality..... 66
Table 3.32: COBRACTF Center Points with Associated Axial Peaking Factors......... 71
Table 3.33: Measured Total Pressure Drop (PSL).......cceeiiieeeeeeeeeeiiiieee e eeeeeeeeeeeevees 73
Table 3.34: P60015, Smaller Node&Between 5.577ft and 5.597ft in ETD Case.......78
Table 3.35: P60015, Smaller Node Size Between 10.6463ft and 10.636ft in ETD.Ca%e

Table 3.36: COBRACTF Results for Pressure DLOP.......ccoooeeeieiiiiiiieeee e, 80
Table 4.1: COBRAEN NOAE EAQES.......uuiiiiiiiiiiiiiiiie e 99
Table 4.2: COBRAEN Thermal Output (MW)..........cooiiiiiiiiieee e 100
Table 4.3: COBRAEN Center POITS...........cccciiiiiiiiiiiiieeeniiiirvvreeeeeeeeeeesannseeseseeeeees 101
Table 4.4: Inlet Fluid Temperature, HIN............ooiiee 102
Table 4.5: Total Inlet Mass Flux Rate, GIN.............coooviiiiiiiieer e 102
Table 4.6: EXit Pressure, PEXIT..... ... ettt 103
Table 4.7: Legend for@nbinations of Correlations Used in COBHEN ..................... 104

Table 4.8: P60001 Evaluation for Total Pressure Drop of Measured Value 3.974.p8b

Table 4.9: P60001 Absolute Relative Difference for Pressure @mpessure Drop
0 1T 11T €SOSSN 107

Table 4.10: P60007 Evaluation for Total Pressure Drop of Measured Value 8.396.p88
Table 4.11P60015 Evaluation for Total Pressure Drop of Measured Value 16.530 139
Table 4.12: P60007, Absolute Relative Difference for Pressure Drop at Pressure Drop

o= U] 1T €O 110
Table 4.13: P60015, Absolute Relative Difference for Pressure Drop at Pressure Drop

0 1T 0111 €SOSSN 110
Table 4.14: COBRAEN Results for Suite of Correlations, SeL8............ccccceeiiiiiicecenns 111
Table 4.15: P6000ExtendedCombinations of CorrelationStudy...........ccceeeeeeeniiiiinees 115
Table 4.16: P6000ExtendedCombinations of CorrelationStudy...........cccoeeeeeeeniiiiinees 117
Table 4.17: P6001%xtendedCombinations of CorrelationStudy................ccoevviiiiinnees 119
Table 4.18: P60001, COBREN Extended Correlation Studes..........ccccceevveviniiiiinees 120

Table 4.19: P60007, COBREN Extended Correlation Study Sets............cccoeeviiiieee 121



Table 4.20:
Table 4.21:
Table 4.22:
Table 4.23:
Table 5.1:
Table 5.2:
Table 5.3:

P60015, COBREN Extended Correlation Study Sets..............ccceeveee. 121
COBRAEN Results foExtended Set of Correlations, Set.1.................... 122
COBRAEN Convergence Study Uniform Node Lengths............ccccoe.... 123
Results of COBREN Convergence Study for Pressure (psi)................. 124
P60001 COBREN and COBRACTF Pressur®rop Comparison............ 126
P60007 COBREN and COBRACTF Pressure Drop Comparison......... 129

P60015 COBREN and COBRACTF Pressure Drop Comparison......... 132



LIST OF FIGURES

Figure 2.1: System diagram of test facility for NUPEC rod bundle test series........... 5
Figure 2.2: Toglown view of the 8X8 high burap test bundle..............coevvviiiiiieeennnnne. 7
Figure 2.3: Top left corner of 8X8 high buup test bundle............cccccooiiiiice 7
Figure 2.4: Locations for pressure tap positions and pressure dropedentif................ 8
Figure 2.5: Axial peaking factors MUPAC BFBT C2A thermal profile..................... 10
Figure 2.6: Radial peaking factors in NUPAC BFBT C2A thermal prafile.................. 10
Figure 2.7: Dimensions of ferrule type grid spacer (Mm).........ccccovveeeeirieecicciiiieeeeennn 12
Figure 2.8: Legend of subchannel grid spacer losdiceafts................ccccevvviiiieeennnnnn. 13
Figure 2.9: Typical diagram oftavo-dimensional fuel channel................ccccoiiee. 14
Figure 2.10: Gd spacer loss coefficients for top left COrner...........cccccvviiiiieecnennnnnn. 14
Figure 2.11: Grid spacer loss coefficients surrounding the central water channel.....15
Figure 2.12: Average power/flow per bundle map for the ESBWR and BWR............ 16
Figure 3.1: COBRACTF normal wall flow regime map...........ccccuuvvvemmmiieemciviniiiieeene. 26
Figure 3.2: Diagram of the Base mesh refinement technigue.............cceevveeeecivvnnnee. 33
Figure 3.3: Diagram of the Uniform/Variable mesh refinement technique............... 35
Figure 3.4: Diagram of the padding in proximity of a grid spacer..................ccoeceee... 35
Figure 3.5: Plot of failed solution convergence for P60001 5X24th&tld.1mm node..37
Figure 3.6: Plot of soluth convergence for P60001 5X24 without the 0.1mm nade.38
Figure 3.7: Heat input over one fluid NOde...........cc.uuiiiiiiiieeee e 47
Figure 3.8: P60001, Pressure at axial positions for the convergence study mesh
FEfINEMENT CASES .. ettt e 50
Figure 3.9: P60001, Vapor fraction at axial positions for the convergémtg mesh
FEfINEMENT CASES.....ceiiiiiiiiiiiie et e e e e e e e e eneea s s s e e e e e e e e e eeeeeeeenenes 50
Figure 3.10: PB007, Pressure at axial positions for the convergence study mesh
FEfINEMENT CASES....uutiiiiiiiiiiiiiii e 51
Figure 3.11: P60007, Vapor fraction at axial positions for the convergence study mesh
FEfINEMENT CASES.....ceeiiiiiiiiiiie sttt e e e e e e e e eneee s s s e e e e e e e e e e eeeeeeennnes 51
Figure 3.13: P60015, Vapor fraction at axial positions for the convergence study mesh
FEfINEMENT CASES .. uutiiiiiiiiiiiiiii e 52
Figure 3.12: P60015, Pressure at axial positions for the convergence study mesh
FEfINEMENT CASES......eeviiiiiiiiiie it ceee s e e e e e e e e enees s s s e e e e e e e e e eeeeeeeeeeenes 52
Figure 3.14: P60001 Vapor fri@ans at shared axial position for all mesh
FEfINEMENT CASES.....ciiiiiiiiiiii e eeee e e e e e e e eeeeeaes 59
Figure 3.15: P60007 Vapor fractions at shared axial position for all mesh
FEfINEMENT CASES......euviiiiiiiiiii e e e e e e e e ieres s e e e e e e e e eeeeereennsnnnnne ] 63

Figure 3.16: P60015 Vapor fractions at shared axial position for all mesh
FEfINEMENT CASES.....coiiiiiiiiiiiie e eeeceeeer e 67


file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351678
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351679
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351680
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351681
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351682
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351683
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351684
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351686
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351687
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351688
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351689
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351690
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351691
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351692
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351693
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351694
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351695
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351696
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351697
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351697
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351698
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351698
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351699
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351699
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351700
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351700
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351701
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351701
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351702
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351702
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351703
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351703
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351704
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351704
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351705
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351705

Xi
Figure 3.17: Axial peakingatctors for COBRACTF 1X24 and ETD compared to the

QIVEN VAIUBS.....co it e et eeea et et e e e e e e e e s emme e 72
Figure 3.18: P60001, Pressures of the COBRA- 1X24 and ETD mesh

FEFINEMENT CASES .. ettt 74
Figure 3.19: P60001, Vapor Fractions of the COBER- 1X24 and ETD mesh

FEfINEMENT CASES.....ciiiiiiiiiiiiie e reee e e e e e e e e e e eeeeeeeennaes 74
Figure 3.20: P60007, Pressures of the COBRA- 1X24 and ETD mesh

FEFINEMENT CASES .. uuuiiiiiiiiiiiiii e 75
Figure 3.21: P60007, Vapor Fractions of the COBER- 1X24and ETD mesh

FEfINEMENT CASES.....ceiiiiiiiiiiiii et e et eeee e e e e e e e e e e e e eeeeeeennans 75
Figure 3.22: P60015, Pressures of the COBRA- 1X24 and ETD mesh

FEFINEMENT CASES .. uutiiiiiiiiiiiiii e 76
Figure 3.23: P60015, Vapor Fractions of the COBER- 1X24 and ETD mesh

FEfINEMENT CASES.....ceiiiiiiiiiiiii et e e e e e e e e eneee s e e e e e e e e e e eeeeeeeeeennnans 76
Figure 3.24: Shift in pressure predictions observed in lower assembly positions for

1X24 aNd ETD CASES...ccceiieieiiiiiiiiiieeee e e e e s eneess et ae e eeees 17
Figure 3.25: Shift in pressure predictions observed at 5.587ft and 7.27ft for 1X24 and

ETD CASES .. ittt eee e e e et e r et e e e e 78
Figure 3.26: Shift in pressure predictiorserved at 9.124ft, 10.646ft, and 11.571t for

1X24 aNd ETD CASES...ccceiieieiiiiiieiieeee e e e s s neess bbb ae e eee e 79
Figure 4.1: Diagram of the lateral momentum control volume.............cccoooiiieecnnnnnnnd 85

Figure 4.2: Diagram to illustrate the construction of a normal COBRAaxial node....97
Figure 4.3: Diagram to illustrate the construction of an introduced COBRA

= D= L T T [ S 98

Figure 4.4: P6000COBRAEN EPRI suiteb6s vapor fraction
COBRACT ettt ettt enens bttt e e e e e e e e e e e e eeans 114

Figure 4.5: P60001, Matched COBHEN sets compared to COBRBTF exit vapor
fraCtion PrediCliONS ... .....uuiiiiiii e 114

Figure 4.6: P60001, Selected COBIEA sets compared to COBRBTF vapor
FraCtioN trENAS.....cviiiiii e e e 115

Figure 4.7: P60007, COBREN EPRI suitebés vapor fraction
COBRACT it eeeenss e e e e e e e aaaeeeeeannns 116

Figure 4.8: P60007, Matched COBHEN sets compared to COBRACTF exit vapor
fraction PrediCtioNS ... ... 116

Figure 4.9: P60007, Selected COBEA sets compared to COBRBTF vapor
L1211 0] T =T T £ 117

Figure 4.10: P60015, COBREN EPRI suiteb6s vaporedtor acti on
COBRACT ettt et enens e e e e e e e eeeeeeeeaans 118

Figure 4.11: P60015, Match€DBRA-EN sets compared to COBRBTF exit vapor
fraction PrediCliONS ... .....uuiiiiiii e 118

Figure 4.12: P60015, Selected COBIEA sets compared to COBRBTF vapor
fraCtioN trENAS......cvvii e e 119


file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351706
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351706
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351707
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351707
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351708
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351708
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351709
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351709
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351710
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351710
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351711
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351711
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351712
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351712
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351713
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351713
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351714
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351714
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351715
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351715
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351716
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351717
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351718
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351718
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351719
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351719
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351720
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351720
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351721
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351721
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351722
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351722
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351723
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351723
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351724
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351724
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351725
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351725
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351726
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351726
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351727
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351727

Figure 5.1: P60001, Pressure drop values at pressure tap identifiers.................... 127
Figure 5.2: P60001, Percent difference in predicted to measured pressure.drop..127
Figure 5.3: P60001, Pressure predictions of COBRA compared to COBRAEN .....128

Figure 5.4: P60001, Vapor fraction prediosocof COBRACTF compared to
COBRAEN. ..o e eenne e 128

Figure5.5: P60007, Pressure drop values at pressure drop identifiers................... 130
Figure 5.6: P60007, Percent difference in predicted to measured pressure.drop..130
Figure 5.7: P60007, Pressure predictions of COEBRA compared to COBRAEN. .....131

Figure 5.8: P60007, Vapor fraction predictions of COB&RF compared to
(@0 2] A ] R SPPS 131

Figure 5.9: P60015, Pressure drop values at pressure drop identifiers.................. 133
Figure 5.10: P60015, Percent difference in prtedi to measured pressure drop......... 133
Figure 5.11P60015, Pressure predictions of COBRAF compared to COBRAEN .....134

Figure 5.12: P60015, Vapor fraction predictions of COB&ER- compared to
COBRAEN. ..o e er e e aennees 134


file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351728
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351729
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351730
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351731
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351731
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351732
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351733
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351734
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351735
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351735
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351736
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351737
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351738
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351739
file:///C:/Users/Greg%20Maultsby/Desktop/Maultsby-Master_Thesis_Review.docx%23_Toc524351739

CHAPTER 1: Introduction

The purpose of this study is to compare predictions of two subchannel tiginallic codes,
COBRA-EN and COBRACTF, underepresentativéoiling water reactor (BWR) operating
conditions with benchmark data fraime Nuclear Power Engineery CorporatioflNUPEC)
of JaparBWR Full-size Finemesh Bundle Test (BFBT) databa$his study is a continuation
of the ongoing validation and verification (V&V) process pertaining to the stémae
component, COBRACTF, in the code package VER®S sponsored by theéonsortium for
Advanced Simulation of LigitaterReactors (CASL)The primary validation metric for this
study is the steadstate, twophasepressure drop benchmark from thNeJPEC BFBT
database. Thred twentytwo test cases were selected to explorergetyaof given parameters

such aghermal outputexit quality, total pressure dropnd mass flow

First, it is important to understand the methods invoimesbllectingthe measured benchmark

data in theNUPECBFBT database. An electrically heated tesp was designed to simulate
arange oBWR operating conditions. Pressure drop measurements were taken at selected axial
positions along the heatédindleillustrated infigure 2.4 under operating conditions listed in
table2.9. The BWR bundle design, axial and radial peaking factors, and grid spacer positions
are provided in the NUPEC BWR HRdlize Finemesh Bundle Test (BFBT) Benchmark,
Volume I: Specification$7]. The grid spacer local loss coefficients used in this study are
the same as useth previousCASL studiesas represented in théjCTF Validation and

Verification. CASEU-20161113000 6 Tec hni c al report [ 2].
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For evaluation purpose€OBRAEN and COBRACTF, areconsidered irseparate sections.

These sections briefly deribethe methods and models utilizedsiachcode In addition, there
are explanations of input deck entries, methods to deteraia geometry and unique
differences and challenges encountered in each code. Furthermore, a mesh refingpent
was peformed to determine thappropriate axial node lengsuitable for typical BWR
simulations.This supplementary study determines whether decreasing the axial mesh length
contributes tosignificant changes in code generated values at shared axial posifioas.
default mesh length is based on MEPECBFBT database provideaial power peaking
factors illustrated irfigure 2.5. These values are given for twesftyur uniform nodes of
lengths 154.5mm(0.50689f) that sumto a total heated length of 3708m{h2.16541j.
COBRA-CTF offers limital user options for choosing empal closure relations as compared
to COBRAEN. An additional study explores various combinations of-plkase correlations
and models in COBRAN to determine a best choice suibe comparison to theNUPEC
BFBT benchmark data. Thibest choice suiteof correlations and modeserves as thbasis

for comparinghe two thermal hydraulic codes.



CHAPTER 2: NUPEC BFBT Benchmark
The experimental data utilized for this study originates filoenBFBT benchmark developed
by the NUPEC of Japaas a result of the four@ECD/NRC BWR TT Benchmark Workshop
held onthe sixth ofOctober 2002 in Seoul, Kor¢d]. TheNUPECBFBT database addresses
concerns for nuclear applicationsr&dine models fobest estimate calculations based on good
guality experimental da{&@]. Refer to NUPEC BWR Fulsize Finemesh Bundle Test (BFBT)
Benchmark, Volume I: Specifications for the complete collection of the benchmark details and
exercises conductetdihe primaryfocus for thisstudy isthe twophase pressure drop, Béries
experiments located intieh as erli It ,i cial P o we rE xBea StedtyndiatOk, 0 A
Pressure Drop Benchmarkhese experiments were conducted atNbHPEC BFBT facility
thatcanoperateat the high pressure, and high fla@nmperatureonditionsfor typical reactor

powerlevelsobsered in BWRY7].



2.1 NUPEC Rod Bundle TestLoop

Figure2.lillustrates the test loop used to conductNRHPECBFBT experimerd The structural
components are made of stainless steel (SUS304), and the cooling fluid is demineralized
water [7]. Electrically heated rod bundles are used to simulate a full scale BWR fuel
assembly[7]. The cladding, insulator, and heater were made of Inconel, boratengnd
nichrome, respectivelf7]. Mechanicalproperties listed in thappendix Aare based on the
MATPRO model used inthe TRAC code[7]. An adiabatic condition is suggested for the
benchmark consideringo information on heat loss is available in the NUPEC BFBT
databas§7]. The test loop can simulate a large range of stetadg BWR operating conditions.

Table2.1containghe maximum operating conditions for the BFBT fasility [7].

Table 2.1 Maximum Operating Conditions
Pressure | Temperature | Power | Flow Rate
Metric
10.3 MPa 315°C 12 MW 75 t/h
_ Standard _ _
8o X pﬂ,‘g.?c,;;) 599 °F T&wpﬂ%Y p&)uopn?—Qm
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A system diagrarfor theNUPEC rod bundle test seriesligstrated infigure 2.1 A circulation

pumpmoves the coolarthroughthreeparallel controlvalvesof different sizedo match the
desired flow rate for each ca§g. Thefluid temperaturenteringthe test section is controlled

by adirectheating tubulapre-heatef7]. Subcooled coolant flows upward into the test section
where it is heated by the electrically heatedts to simulate the BWR operating conditipris

The coolanexiting the bundles a mixture of steam and water that enters a separator where
the steam is separated and condensed assafpcooled water spray from two aooled heat

exchanger§/]. The condensed water is return to the circulation pump to complete thigJoop

(F): Flow rate (A): Amper
(D) : Temp. (V- voltage
v (9) Sproy line (P) : Pressure

LIV (B) Steam drum I

. Void
Pressurizer measuring

point

Circulation
pump

Figure 2.1: System dagram of testfacility for NUPEC rod bundle test series



2.2 NUPEC BFBT High Burn-Up Assembly

The8X8 High BurnUp assembly is the chostil -scale test bundle for this studiy addition,

the high burrup assembly, classified as C2A, simulates beginning of operation radial peaking
conditions illustrated ifigure 2.6[7]. Table2.2list thenumberand dimensions of the heated
rodsand water channels, the number of grid spacers, and the dimensions B\VtRe

channel boX7].

Table 2.2 High Burn-up 8x8 Assembly
Electric Heated Rods
Number of Heated Rods 60
Heated Rod Outer Diameter 12.3 mm 0.484 in
Heated Rod Pitch 16.3 mm 0.642 in
Axial Heated Length 3708 mm 12.165 ft
Water Channel
Number ofWater Rods 1
Water Rod Outer Diameter 34.0mm | 1.339in
Channel Box
Channel Box Inner Width 132.5 mm 5.217 in
Channel Box Corner Radius 8.0 mm 0.315in
In Channel Flow Area 9463 mn3 14.668 irt
Spacer Grid
Spacer Type Ferrule
Number of Spacers 7
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Figure 2.2: Top-down view of the 8X8 high burrrup test bundle



2.3 Bundle Pressure DropLocations

The bundle pressure drop was monitorethatocationsindicatedin Figure 2.4[7].
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Figure 2.4. Locations for pressure tap positions and pressure drop identifiers
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Table2.3list severpressure tajpcations &ng the axial length of thestbundle whergressure

measuremestwere recordedBoth codes predict pressure at thegsitions that will be used to

determine the pressure drop at the nine pressure drop identifiers stigwureif.4.

Table 2.3 Pressure TapAxial Positions

Pressure Tap Axial Axial Position
Postion Identifier | Position (ft) (mm)
ptl 2.2375 682
pt2 5.5971 1706
pt3 7.2769 2218
pt4 8.9567 2730
pt5 9.7966 2986
pt6 10.6365 3242
pt7 11.4764 3498

Table 2.4 contairs the nine pressure drop identifiers along with their associated lower and

upper axial positionsandspacing

Table 2.4 Length BetweenPressure Tap Positions
Pressure Drop | Lower Axial | Upper Axial
dentifier | Position () | Position (1) | P2 (|®Z (T
dpt9 0.0 12.1654 12.1654 3708
dpt8 0.0 2.2375 2.2375 682
dpt7 2.2375 7.2769 5.0394 1536
dpt6 5.5971 7.2769 1.6798 512
dpt5 7.2769 8.9567 1.6798 512
dpt4 8.9567 10.6365 1.6798 512
dpt3 10.6365 12.1654 1.5289 466
dpt2 9.7966 10.6365 0.8399 256
dptl 11.4764 12.1654 0.6890 210
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2.4 NUPEC BFBT C2A Power Profiles

The axial power peaking factaase a cosine shaps shown infigure 2.5[7].

Cosine power shape

\LE T

wi | Jw o || o | oo |w|w|ufw|n 154.5mm
T T T

154.5mm

Fower peaking

IT08mm

Heated J:ngth

Length and nede number

Figure 25: Axial peaking factors inNUPAC BFBT C2A thermal profile

The radial power profildor the beginning of operation (C2A) is illustratedigure 2.6 [7].

115|130 |1.15 (130|130 |1.15|1.30 |1.15
1.30 {0.45 1 0.89 | 0.89 {0.89 |0.45 |1.15 | 1.30
1.15 {0.89 | 0.89 | 0.89 {0.89 |0.89 | 0.45 | 1.15
1.30 | 0.89 | 0.89 0.89 | 0.89 | 1.15
1.30 | 0.89 | 0.89 0.89 | 0.89 | 1.15
1.15 {0.45 1 0.89 | 0.89 {0.89 |0.89 | 0.45 | 1.15
1.30 {1.15 | 0.45 | 0.89 | 0.89 | 0.45 |1.15 | 1.30
115|130 130 |1.15|1.15|1.15|1.30 |1.15

Figure 26: Radial peaking factors in NUPAC BFBT C2A thermal profile
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2.5 NUPECBFBT Grid Spacer

Spacer grids provide structural support to the rod bundle during nopeation Grid spacers
act as a locdlow obstruction by means of decreasing the ceesgional flow area refting

in a local pressure drop\ ferrule type spacer is used in the NUPEC BRBigh Burn-Up
8X8 assembly experiments. Thefgruletype spacers contain circular tubts guide each
heated rod as well as the central water[vddTable2.5list the grid spacer positions along the

axial length of the heated rofl§.

Table 2.5 Spacer Grid Locations

(mm) (ft)

455 1.493

967 3.173
1479 4.852
1991 6.532
2503 8.212
3015 9.892
3527 11.572
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Figure2.7is an illustration of the ferruktype grid spacer used during the NUPEC BFHgh

Burn-Up 8X8 assembl{2A experimentg7].

(a) Iop view

132

o8 88889
_ctQég_

Af

)
‘ )

ifl

iaw

b) Side v

(c) Elementary snucnre

===

Figure 2.7: Dimensions of ferrule type grid spacer (mm)



2.6 Subchannel Grid Spacer Loss Coefficients
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For both COBRAEN and COBRACTF, a local loss coefficient is supplied at user specified

axial position for each subchannelnmdelthe impact of locallow obstructiongdue togrid

spaces. The gproach in this study is to use teameloss coefficientas I NnCASLO6s pr

evaluation of theNUPEC BFBT experimentsillustrated in figure 2.8 [2]. Theseloss

coefficients weredeterminedby B.S. Shiralkar andD.W. Radcliffea n d

repant ed

experimental and analytical study of the synthesis of grid spacer loss coeffi€iectts rep.

NEDE13181.

Ge n e r al[R]. Thd less doefficientglentified7intfigure 2.8have

not beenindependently verifieth this study.

1.348 | 1.278 1.606 1.222 1.222 1.606 1.278 | 1.348
1.606 | 0.748 0.748 0.748 0.748 0.748 0.748 0.748 | 1.606
1.278 | 0.748 0.748 0.748 0.748 0.748 0.748 0.748 | 1.278

0.748 0.748 1.475 1.475 0.748 0.748

0.748 0.748 0.856 0.856 0.748 0.748

0.748 0.748 0.748 0.748
1.278 | 0.748 0.748 0.748 0.748 0.748 0.748 0.748 | 1.278
1.606 | 0.748 0.748 0.748 0.748 0.748 0.748 0.748 | 1.606
1.348 | 1.278 1.606 1.222 1.222 1.606 1.278 | 1.348

Figure 2.8: Legend ofsubchannel grid spacer lossaefficients

or

I
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Figure 2.9: Typical diagram of a two-dimensional fuel dhannel

Figure 2.10andfigure 2.11illustratehow thelocalloss coefficient$or subchannels at the grid
spacer locationare definedasinputsto the cods. Figure 2.10is the top left corneof the
bundle andepresents a quarter of a fuel channel with a loss coefficient of, W848 along
the wall sides the suthannels are half a fuel channel with resppe loss coefficients of 1.278

and 1.606. The subchannel with the loss coefficient of 0.7d48/@cd subchannel

1.348

Figure 2.10: Grid spacer loss coefficients for todeft corner
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The large water channel in the center of the fuel assembly is treatestagmantand not
associated witlthe mass flow of théundle. The subchannel geometry and loss coefficients

surroundinghewater channel are shownfigure 2.11

Figure 2.11: Grid spacer loss coefficients surrounding the central water channel
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2.7 RepresentativeBWR Operating Conditions

Figure 2.12is an operaing power/flow map comparitig natural circulatiorESBWR with

typical pumpdriven BWRs currently iroperation[9]. Figure 2.12indicatesthat the typical
operating flow rate per bundle for currently operating B3\s approximately Xg/s while

the ESBWR is projected to operate near 9.0kg/s. In addition, the nominal average power per

bundle isapproximately in a range between 3.8 to 5.8MWétttypical operating BWRs

6.0
L BWR/4 BWR/6

MELLLA+

-
/\1,
-~
-~ //
-~

L BWR/6
50+ MELLLA+

ESBWR 4500MW

3.01

2.0 1

AVERAGE POWER PER BUNDLE (MW/t)

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0

AVERAGE FLOW PER BUNDLE (kg/s)
Figure 2.12: Average power/flow per bundle map for the ESBWR and BWR
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According to the AEA website,https://aris.iaea.org/sitesbre.htm] table 2.6 is an additional

collection oftypical operating conditions for the currently operating ABWR #mel licensed

ESBWR[6].
Table 2.6 ABWR and ESBWR Operating Conditions
Thermal Coolant Operating Coolant inlet
Reactor Number of
Type Output Flow Rate Pressure Temperature Assemblies
(MW) (kg/s) (MPa) ()
ABWR 3926 14502 7.07 278 872
ESBWR 4500 9570 7.17 276.2 1132

Furthermorethe ABWR general desigby General Electriceinforces the typical operating

conditions seen itable2.7[11].

Table 2.7 ABWR Operating Conditions
Thermal | Coolant | Operating , Number of
R_T_:ac(taor Output | Flow Rate | Pressure QuEI)i(tlt % Egs?;tr):tzlgs Rods per
yp (MW) | (Mkg/hr) | (MPa) y Assembly
ABWR 3926 52.2 7.17 14.5 872 92

The average bundle power and mass flow have been generalized in the following calculations
for comparison purposéo the testconditiors in the NUPECBFBT experimerd.

ABWR average bundle power:

iy s e s iy O W Q@ A 2 s s

Q Ql———— . T, Q Qa Q
0L QI @& DED 'quqosQuT?fmnwn ®6¢&Qa
ABWR average bundle mass flow:

’E‘Q:\Q
PTU "Ff—C Q"
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ESBWR average bundle power:

5001 &0 DED 'Qi—pr L;O’i’o’m; TR 7060 0aD
ESBWR average bundle mass flow:
N et e e e s 2 wUXi?é‘Q o9 L, .. -
0L QI @®E DO ¢ UppTcé’@d'Qw b= Qb 6¢QaQ

Theseapproximate values for the ABWR and ESBWR average bundle mass flow rates and
powers arebased on 10X1@ssemblies andre similar to values seen ifigure 2.12 From
fiThe Guide Book to Nuclear Reactorypical operating conditions for a pfeBWR 8X8 are

seengivenin table2.8[10].

Table 2.8 Typical 8X8 BWR Operating Conditions
Thermal Coolant Operating Exit Number of Number of
Output Flow Rate | Pressure Quality % | Assemblies Rods per
(MW) (Mg/s) (MPa) Assembly
3579 13 7.0 14.7 748 62

BWR average bundle power:

Q Qi———— .1 Q Qa Q
0L QI @& DED 'quJeraT?i‘“w‘*’” ®6¢&Qa
BWR average bundle mass flow:
D Q .
5001 60D BED O ¢ — 1 2% 06 6¢ Qa0
v ST @ot adPd ¥
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The test cases P60001, P60007, and P60015 were selecspdrtca range afhermal

outpus, mass flovs, and exit qualitiesAll three test cases exhibit the typical BWR exit

pressure of appramately 7.17MPa (1040psi). Test case P60@pproximatesnominal

BWR operating conditions

Table 2.9 Selected Test Cas®perating Conditions and Pressure Drop Measurements

Operating Test Case

Condition P60001 P60007 P60015
b Exit 7.16 MPa 1038 psi 7.17 MPa 1040 psi 7.17 MPa| 1040 psi

ressure
T'Qr'ﬁ;g‘;g o 277.3°C 531.14F 277.8C 532.04F 278.2C 532.76F
FlowRate | 20.2thr | & tpm ‘%“O 55.0 thr | p& gpm %’0 70.0 thr | p® Bt %‘“
. 6 Y . 6 Y] . 0"Y

Power 0.863 MW | ¢&o T dpTt ~q 2.375 MW | y» miéipTt a0 5.34MW | p& ¢p1t B
gu“;:ﬁ; 6.7% 7.0% 15.1 %

Pressure Pressure Drop
Drop P60001 P6000Y P60015

Identifier kPa psi kPa psi kPa psi
dp01 1.15 0.167 5.59 0.811 14.93 2.165
dp02 1.96 0.284 6.70 0.972 17.00 2.466
dp03 2.53 0.367 8.11 1.176 19.33 2.804
dp04 3.48 0.505 9.55 1.385 20.96 3.040
dp05 3.66 0.531 9.06 1.314 20.33 2.949
dp06 3.93 0.570 8.40 1.218 17.40 2.524
dp07 12.27 1.780 22.84 3.313 41.22 5.978
dp08 5.50 0.798 8.25 1.197 10.48 1.520
dp09 27.40 3.974 57.89 8.396 113.97 16.530
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The full list of test case operating conditions and pressure drop measurements for the

P6 series experiments inh Steady State Pressure Drop Benchmark wi t8K8 High e
Burn-Up test bundle, C2As in appendixB [7]. The range of given test parameters listed for

theNUPECBFBT pressure drop experiment gigenin table2.10

Table 2.10 Range ofNUPEC BFBT Test Parameters
Flow Rate (t/h) Power (MW) Outlet Quality (%) Total Pressure Drop (kPa)
20.0t0 70.2 0.837t06.478 6.7t025.1 26.38to 113.97
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CHAPTER 3: COBRA-CTF

COBRA-TF was originally developed in 1980 by Pacific Northwest Laboratory under

sponsorship of the Nuclear Regulatory Commission (NRClasrenal hydraulicod-bundle

analysis coddq1l]. COBRA-TF contributed toward goals set by revisions to NRC safety

analysis requirements (10 CFR.50.46) in 198Bnproveplant economyndsafety with the

use of computational besstimate models in pladesign and operatidi]. COBRA-TF was

primaily designed to perforrhWR rod-bundle transient analysis astnulatepressurized

water reactor (PWR) wholeessel losof coolant accidest(LOCA) [1]. COBRA-CTF is an

improved version of COBRA'F developed and maintained by the Reactor Dynamics and

FuelManagement GroufRDFMG) at the Rnnsylvania State University @) [1]. RDFMG

PSU mprovements includg]:

T
)l
T
il
T
T

Transition to FORTRAN 90 source code

Enhanced usdriendliness with improgd error checking and frderm input

Quiality assurance utilizing antexsive validation & verification (V&V) matrix

Turbulent mixing, void drift and direct heating model improvements

Enhanced computational efficiency by implementation of new numerical solution schemes

Better code physical model and user modeling documentati

As of August 2015the RDFMG has been rebrandedReactor Dynamics and Fuelddeling

Group(RDFMG) andis located at North Carolina State University (NCSU).
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COBRA-CTF uses a twdluid modeing approachnvolving three gparate independent flow

fields which consist of #quid film, liquid droplets, and vaor [1]. Each of the three fields

is modeled with its own set of conservation equatidjs However, the liquid and droplet
flow fields are assumed to be in thermal equilibriand share an ergy equation(1]. The

user may choose how theets of conservation equations are formulated either using a
Cartesian coordinatgystemor asulchannelapproach1]. A flow regime mapbased on a
nodesd cur rvapot fradtian deternsneseflow topolodyt]. This allows for
determination of the interphase contact area, interphase heat transfer aadditagcorrect

selection of closurenodels[1].

The subchannel approach is used for this studlgere onlyaxial and lateral flowsare
considered1]. The lateral flowhas no direction once it leaves a gapd applies toany

orthogonal direction to the vertical axiy. The COBRACTF Theory Manisal st e
a suitable assumption for the axiatlpminated flov of a reactor fuel bundle because the
relatively minuscule lateral flows transfer little momentum acrosschabnel mesh cell
elementq1].0 The reason for choosing the simplified subchannel approablatist utilizes

one less momentum equation for leaaf the threeflow fields and is consistent with the

subchannel approach utilized in COBHA [1].
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The equations are solved simultaneously using the-8epticit Method for Pressurginked
Equations (SIMPLEXd escr i bed i n S. WumeritdHeatniarsferéasd b o o k ,
Fluid Flow[1]. ©
The steps of the SIMPLE algthm are[1]:

1. Guess the pressure fieltf,.

2. Solve the momentum equations to obtain fluid velocitésp’, ando *.

3. Use the continuity equation to solve for the pressure éetcectiony) .

4. Calculate the corrected pressure figidhy addingn ton’.

5. Calculate the corrected velocity field,v, andw, using the corrected pressure field.

6. Solve remaining discretized equatsathat influence the flow field.

7. Treat the corrected pressupg,as the new guessed presstfeand repeat steps@

until convergence is reached

The SIMPLE method is explained in further detail in the COBRFF theory manual. It is
important to take notice of the first step that méno n the usei ust provide a reference
pressure..[1].0 This guessfor initial pressure is one of the inputs seerCard 1, PREF in

global boundary conditions
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3.1 Generalized Conservation Equations

COBRA-CTF modelsach phase with its own set of mass, momentum, and energy egjdations
The conservation equatiofe each flow fieldare linked by interaction terms that account for
mass energy, ananomentumtransfer between phasgg. The conservation equatiorse
discretized in space and time, and along with the appropriated closure relations, solved
numerically to provide estimates of the solution variables at fixed time intervals over mesh
cells representing the spatial domfih There is a list of the paranees for the generalized
conservation equations appendixC.

Generalized Phasic Mass Conservation Equddipn

Generalized Phasic Momentum Conservation Equgtipn

. ! . T s ! .o
'|'_0| @ ; oo' 0@ ; o’o' L@ ; ¢| L B
C
@ | n)o ot Y 0P (P (P
Generalized Phasic Energy Conservation Equgtipn
Q)] " QA nol P Q 1o
; (‘)' | I LY 3 n | 7o o

The subscripk denotes the phase:
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3.2 Normal Wall Flow Regime Map

Flow regime maps are used to characterize the flow topatagpch mesh cellll]. This allows
for determination of the intphase cotact areaecessary for determination of interphase heat
transfer andlrag, as well as the correct selectdfiow regime dependent closumeodelg[1].
The normal walllbw regime map is used when the maximum wall surface temperature in the
mesh celdescribed irequation4 is below the critical heat flux temperature:

Y6 QK @ LRy 4
where the upper limit 0705.3 °F corresponds to the critical temperature of water,tend t
critical heat flux tenperature impproximated byl]:

Y Yo x u (5)

The hot vall flow regime map is used if tmeaximum wall temperature exceeds the value given

by equation5. At this pointit is possible that the liquid will only partially wet the wl].
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An initial void fraction check is made first to ensure that the mesh cell flow regime is consistent
with adjacent axial mesh celSBOBRA-CTF then selects the flow regime orle apprepriate
void fractionis determinedFigure 3.1lillustratesthe normal wall flow regimes with associated

vapor fraction ranged].

a<0.2 0.2<a<0.5 0.5<cx<(xcrit a <a

crit

Small Smallto- Churn/ Annular/
Bubble Large Turbulent Mist
Bubble

Figure 3.1: COBRA-CTF normal wall flow regime map
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3.3 Pressure Drop
For more details ohow pressure drops managed in COBRACTF, refer to the MacrMesh

Cell Closure Modelshaptetin the COBRACTF theory manudL].

3.3.1 Friction Loss model
COBRA-CTF uses a twophase pressure drop model based on the work of Wallis [1]:

Q0 Q0

Q6 § o ° Y

The frictional pressure drop term is calculated for both the vapor and liquid phase/fietds
themass fluxof the field of interesis, "O, andiy , is defined as [1]:
pil "Qéd £1 QUIXBAE & QQO Qé ¢ i

5 p, QER B O dE Q00 QE & | X
The phasicfriction factor,’Q , is defined using the phase Reyh d 6 s n uThelsiegle [ 1] .
phase friction factor;Q , selected in the frictionalrpssure drop terimas been used with prior
CASL evaluations oNUPECBFBT two-phasepressure drop, P6 series, experiments for the
Phas€rilktjc@l P o wEexercisB @fidtaadly i8tate Rréssure Drop Benchmark

. P T'YQ a0Wwa Qe oi
Q I A L s T s a e~ s s
éf?&nZtAS 061 GO AaQE O v

Phase Reynolds number is based on phasic propEities

O sO
YQ —S 2 w
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3.3.2 Form (Local) Loss Model

Thelocal pressure drop is definess[1]:

Q0 0 ry gy
Qb | ek ' p

The phase fielck, can be either liquid, vapor, or entrained droplatsl"Y is the field velocity
[1]. Theform loss coefficientt , may be user supplied, or cedalculatedl1]. The grid spacer
loss coefficients labeled figure 2.8are the user supplied form loss coefficient, COBRA-CTF
provides three methods to introduce local losses which include:
1. User specified loss coefficient provided at an axial location for a specified subchannel.
2. Calculate a flow blockage coefficient with a user specified pressure loss coefficient
multiplier and a user defined ratio of blocked area to flow area.
3. Grid spacer mdels explained in the COBR&TF theory manual.
This study only explored the first option as this is consistent with the method used by €EDBRA
to manage local losses due to obstructions. This approach does not explicitly consider obstruction

type, geomet, or any other parameter other than its location and associated loss coefficient.

3.4 Water Properties

COBRA-CTF can calculatavater properties such abBermal conductivity, specific heat,
viscosity, suface tension, and enthalpy feubcooled liquid, superheat vapor, and saturated
propertiesof both phaseg§l]. The International Association for the Properties of Water and
Steam (IAPWS) correlations to calculate the properties of water and s$taaebeen

integrated intdACOBRA-CTF[1].
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3.5 Global Boundary Conditions

The operating conditions arentered irCard 1.2, Global Boundary Conditionfar COBRACTF.
The total inlet mass flow rates used to calculate subchannel mfew rates for the user

specified subchannels flow asd8].

Table 3.1 Total Inlet Mass Flow Rate
P60001 \ P60007 \ P60015
kg/s
5.611 | 15.278 | 19.444
Ibm/s
12.370 | 33.682 | 42.868
t/hr
20.2 | 55.0 | 70.0

The average linear heat rate per rod is total bundle power divided by the total rod length
multiplied bythe total number of rodg8]. This entry is usedater to build power profile

Table3.2consi st of the test casesd® value for wit

C2

PP

O

U »
where:

0  Number of electrically heated ro¢(&0)
O Axial length of the electrically heated r¢8708mm or 12.165ft)

0 Total bundle thermal output

Table 3.2 Average Linear Heat Rate per Rod

Test Case
P60001 \ P60007 \ P60015
Given Thermal Output (MW)
0.863 \ 2.375 \ 5.340

Average Linear Heat Rate per RodkW/m)
3.879 | 10.675 | 24.002
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The nitial guess fopresure in the fluid domairRREF, for each test caseslisted intable 3.3

Table 3.3 Initial Guess for Pressure,PREF
P60001 \ P60007 \ P60015

bar

71.6 | 71.7 | 71.7
MPa

7.16 | 7.17 | 7.17
psi

1038.4702 | 1039.9206 | 1039.9206

The user can either specifyitial inlet enthalpy,HIN, or temperatureTIN, for thefluid

domain[3].
Table 3.4 Inlet Fluid Temperature, TIN
P60001 | P60007 | P60015
277.3 | 27C7.8 | 2782
531.14 | 53F2.o4 | 53276

3.4.1 Inlet and Outlet Boundary Conditions

The inlet boundary conditions atetal inlet mass flow rate used to calculate subchannel mass
flow rates for the user specified subchannels flow aegasjnlet fluid temperaturd,IN. The
outlet boundary conditions are inlet fluid temperatdrdy, and exit pressurd’REF The
COBRA-CTF user manual does provide the following disclaimer:

Note: The enthalpy specified at the exit is not used by COBRiAflow is in the positive
direction (i.e. out of the model). In the case of postilive, the user may enter any number

for exit enthaly [3] .
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3.5 Convergence Studyfor COBRA-CTF

A mesh refinemen{convergenceytudy was conducted to determine the sensitivity of
simulation results t@xial node length. This was accomplished by establishing a uniform
mesh length based on the original data providefigure 2.5. It is difficult to maintain a
true uniform axial mesh with COBRATF asthe local losses due grid spacers require
their own idenifying axial positions thatnterrupt this uniformity. This is not the situation

for COBRA-EN.

The specified uniform mesh length is propagated along the heated bundle until encountering
the nonuniform nodes before and after the grid spacer positiddgistments are made to
accommodate these varying size nodes in proxiafitiie grid spaceilhen, the uniform node

length would continue until it encountered the next grid spacer.WTRsa $eehaiqueis a

viable option for a majority of the mesh refiment cases fothe three test cases evaluated.
Modifications were required to ensure that some test cases woulérgenen a solution

with extra attentiorplaced on nodes proximity of the grid spacer3his modified technique

| abel ed # Un iwasequnédVoathei 7424 hnd 8X24 mesh refinement cases with
the P60007 and P60015 test cases. In addition, the 5X24 mesh refinement case required a node
size of 0.1 mm to be absorbed into a previous node to achieve a converged solution. Lastly,
there wa an exploration of relative size nodes in proximity of each other conducted in the

mesh refinement case 6X24 that results in accelerated run time to achieve a converged solution.
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3.5.1 Methodsfor M esh refinement

The methods chosen to conducttiesh refinement convergence study for the three test cases
follow these constraints:
1 Most importantly, achieve a converged solution with COBRAF-.
1 Maintain the maximum number of uniform nodes possible while still providing grid
spacer identifiers.
1 Attemptto maintain some uniformity between COBHRAN and COBRACTF for
positions along the heated buntileacquire data at the same locations.
1 Maximize thenumber of axial positionshared between all the mesh refinement cases
to reduce thaeedo interpolaeto determine a quantity of interest at a specific position.
This last criterion ensures that the values generated by CaBHRAare being evaluated at
common positions instead of introducimgerpolationerror. The primary quantities of interest
are pressur drops, considering that is the parameter being compared toNUPIEC BFBT
benchmark database. There is also an evaluation of the vapor fraction, and flow Toesigy

parametermfluencethe mixture densitwhich isan input tdIPACT in the VERACSpackage.
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3.5.2 Base Mesh RfinementTechnique

The distance before the grid spacer is determined by subtracting the uppartbdgrevious

uniform nodegrom the grid spacer position. The distance after thesgader is determined by
subtracting the md spacer position from thewer edge of next uniform nodEigure 3.2
illustrates theBasetechnique applied near the grid spacer positionsatobserved that the

size of the nodes before and after the grid spacers pose issues witmeuor inhibit a
converged solution. Furthermore, the run would converge faster and appear to be more stable

between each step if all node sizes close to the sanséze as the surrounding nodes.

?

Uniform Node Lenath

i

! Distance After
Grid Spacer
T ﬁ Position

Next NodeEdae T

Uniform Node Lenath

Distance Before

T

Previous Nodé&dae l

Uniform Node Lenath

|

Figure 3.2: Diagram of the Base mesh refinement techniqu
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3.5.3 Uniform/Variable Mesh RefinementTechnique

The Unifom/Variable(U/V) technique is a modified version of the Base technlmuk on
observations thatodes of the same size in proxiyito eachother affecthe speed and stability
of reaching a converged solutiorhe variability introduceds dueto the aproximate uniform
mesh lengths specified for a mesh refinement case withidiskences before and after the

grid spacers

An arbitrary distance is determined by adding the previously calculated distance before the

grid spacer to a collection of unifomwodes. Then, this arbitrary distance is divided to provide

a node size that is approximately the same agbefieduniform node size. The same process

is repeated after thgrid spacerThe specifieduniform mesh size is reintroduced at the end of
thearbitrary distance after the grid spadégure 3.3illustrates the U/V technique at one grid
spacerThis process repeats for every grid spatars arbitrary distance before and after the

grid spacer will b keigure &4 illastrates tthipadadingthasconfaippa d d i n g .
collection ofequalsized nodes thare approximatelyof the specifieduniform node length.
Thepadding reduces the quantitysgecifieduniform node sizes and results in a reduction in

shared axial positions fdhe mesh refinement cases. Furthermore, this padding will introduce

error due to need for interpolation to determine the values at shared positions.
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Figure 3.3: Diagram of the Uniform/Variable mesh refinement technique
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Figure 34: Diagram of the padding in proximity of a grid spacer
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3.5.4 Mesh Refinement Gses

The mesh refinement cases are categorized by the number of timesitie ndde size seen

in figure 2.5is subdivided.

- RN ©
O Axial length of the electrically heated rod

O Number divisions per node

0  Number original nodes

Table 3.5 Mesh Refinement Case Uniform Node Length
Mesh Refinement Case

1X24 | 3X24 | 4x24 | 5X24 | 6X24 | 7X24 | 8X24
Uniform Node Length
Metric (m)

0.1545 | 0.0515 | 0.038625| 0.0309 | 0.02575 | 0.02207 | 0.0193125
Standard (in)

6.08268 | 2.02756 | 1.52067 | 1.21654 | 1.01378 | 0.86895 | 0.76033

* Bold indicates pproximate values

Table3.6reflectsthe mesh refinement techniqueedgo produce the results for edeht case

for each mesh refinement case.

Table 3.6 Test CaseMesh RefinementTechniqueLegend

Mesh Refinement Case
1X24 | 3X24 | 4X24 | 5X24 | 6X24 | 7X24 | 8X24
P60001 Base | Base | Base | *Base | *Base| *Base| Base
P60007 Base | Base | Base | *Base | *Base| *Base| U/V

P60015 Base | Base | Base | *Base| *Base| U/V u/v
*Modifications to meshrefinement technique

Test Case




3.5.5 Adjustment to 5X24

Applying the Base technique results in the spaces before and after the fifth grid spacer seen in
table3.7. Theaxial positions are defined by thede edge Axial position 2.503m, is the fifth

grid space positionwhile 2.472m and 2.5338m are axial positions shared by all the mesh

refinement cases.
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Table 3.7 5X24 Adjustment, Evaluation of 0.1mm Node Before 8 Grid Spacer

NodelLength (m)

Uniform Previous Before Grid | After Grid | Next Uniform | Uniform
Node Uniform Node Spacer Spacer Node Node
0.0309 0.0309 0.0001 0.0308 0.0309 0.0309
Axial Position (m)
2.472 | 25029 | 2503 | 2.5338 | 2.5647

Figures 3.5 and 3.6 are plots of the time steps versus percent total energy storage for both
techniques for mesh refinement case 5X24gure 3.5 illustrates that after 40,000 steps the

solution does not appear to be reaching convergafteea force quiwasapplied This may

reach a converged solution, but it would have taken excessive run times

1000
900
800
700
600
500
400
300
200
100

0

% Total Energy Storage

0 5000 10000 15000 20000 25000 30000 35000 40000
Time Steps

Figure 35: Plot of failed solution convergence for P60001 5X24 with the 0.1mm nod
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A solution wasobtainedonce the 0.1mm before the grid spacexdgistedTable3.8reflects

that the 0.1mm space was absorbed in the next unifpaoesfter the 2.472m position

This preserves the positions of interest, 2.472m, 2.503m, and 2.5338m. in addition, all the
nodes in this area are approximately the same size. This correction allows for the run to
converge on a solution.

& x¢ ™ op ¢ mho

Table 3.8 5X24 Adjustment, Change in Node Before  Grid Spacer
NodelLength (m)

Uniform Previous Before Grid | After Grid Next Uniform | Uniform
Node Uniform Node Spacer Spacer Node Node
0.0309 | 0.0309 0.031 0.0309 0.0309 0.0309

Axial Position (m)
2.4411 | 2472 | 2503 | 2.5338 | 2.5647

Figure 3.6illustratesthat the solution ischieved at 4610 steps

1000
900
800
700
600
500
400
300
200
100

0
0 1000 2000 3000 4000 5000

Time Steps

% Total Energy Storage

Figure 3.6: Plot of solution convergence for P60001 5X24 witlut the 0.1mm node
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3.5.6 Adjustment to 6X24

Applying the Base technique results in the space before and after the seventh grid spacer seen
in table 3.9. Axial position, 3.527m, is the seventh grid spacer position while 3.5535m is an

axial position shared by all the mesh refinement cases

Table 3.9 6X24 Adjustment, Evaluation of 0.75mm Node After ¥ Grid Spacer
NodelLength (m)

Uniform Previous Before Grid | After Grid Next Uniform | Uniform
Node Uniform Node Spacer Spacer Node Node
0.02575 0.02575 0.025 0.00075 0.02575 0.02575
Axial Position (m)

2.47625 | 3502 | 3527 | 352775 | 3.5535

Table 3.10 showsthat the 0.75mm space is absorbed with the following uniform distance
starting at 3.52775nT.his preserves the positions of interest 3.527m, and 3.5535m. in addition,
all the nodes in this area are approximately the same size. All three test cases can use both

methods to converge on a solution.

Table 3.10 6X24 Adjustment, Change inNode After 7" Grid Spacer
NodelLength (m)

Uniform Previous Before Grid | After Grid Next Uniform | Uniform
Node Uniform Node Spacer Spacer Node Node
0.02575 0.02575 0.025 0.0265 0.02575 0.02575
Axial Position (m)

3.47625 | 3502 | 3527 | 3.5535 | 3.57925

Including the0.75mm after the grid spacer, the run for P60001 takes 24,810 steps to reach a
converged solution. When the distance of 0.75mm is absorbed, the solution converges after

8,557 steps. The same acceleration is seen on P60007 and P60015.
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3.5.7 Adjustment to 7X24

Applying the Basgechnique to P60001 test case results in the space before and after the third
grid spacer seen iable 3.11 Axial position, 1.479m, is the third grid spacer position. The
uniform mesh size of approximately 0.022071m, allowsdar nodes before and one node

after the two spaces surrounding the grid spacer which results in the two axial positions shared

by all the mesh refinement cases, 1.3905m and 1.545m respectively

Table 3.1t 7X24 Adjustment, Evaluation of 0.214mm Node Befar 3¢9 Grid Spacer
NodeLength (m)

Uniform Previous Before Grid | After Grid Next Uniform | Uniform
Node Uniform Node Spacer Spacer Node Node
0.022071 0.022071 0.000214 0.021857 0.022071 | 0.022071
Axial Position (m)

1.4567 | 14788 | 1479 | 150086 | 1.5229

Table 3.12 showsthat the ®14mm space is absorbed with the previous uniform distance
starting at 1.4567m. This @erves the grid spacer position 1.479m. In addition, all the nodes

in this area are approximately the same size.

Table 3.12 7X24 Adjustment, Change in Node Before 8 Grid Spacer
NodelLength (m)

Uniform Previous Before Grid | After Grid Next Uniform | Uniform
Node Uniform Node Spacer Spacer Node Node
0.022071 0.022071 0.022286 0.021857 0.022071 | 0.022071
Axial Position (m)

1.4346 | 14567 | 1479 | 150086 | 1.5229

The same acceleration is observed as the mesh refinement case 6X24. Including the 0.214mm
after the grid spacer, the run for P60001 takes 56,632tstepach a converged solution. The

solution converges after 4,192 stefdsew thedistance of 0.214mm is removed.
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The Base technique used in the P60001 test case did not converge on a solution and exhibited an
oscillatory behavior for P600Qtil a userforce quitappliedat 80,000 stepd his lead tamore

adjustmets to the Base thiniquelabeledfiTest D where further attempts to ensure node lengths

are more similar in size to nodes jmoximity. Table 3.13 reflects thelocation of further
adjustmentsnade compared to the Base technique for the 7X24 mesh refinement case labeled
AW t h 0. 241 mmmarkediirhbelded iodicate quantity ©f nodes, JLEV, with node

lengths VARDX, prior to adjustments whilthe bold black text magthe adjustments-urther
adjustments to the 7x2d4eshiesihnaleddea emaditf icaate

lengths near the second and seventh grid spacer.

Wi 020 F“”hevrwf?fl"ﬂf Brﬁzefiﬁ’mmmase e XeaTesi T
JLEV VARDX JLEV JLEV VARDX
47 0:004142857143 47 0.004142857143 47 0:026214285714
70 | 0.022071428571 69 0.022071428571 68 0.022071428571
71 | 0.000214285714 70 0.022285714286 69 0.022285714286

72 0.021857142857 71 0.021857142857 70 0.021857142857

. Nechenge 0 0 @00

167 | 0.017642857143 166 | 0.017642857143 165 0.017642857143
168 | 0.004428571429 167 | 0.004428571429 166 0.026500000000
176 | 0.022071428571] 175 | 0.022071428571 174 0.022071428571

*JLEV is a numbering system used by COBRA to determine a quantity of nodes of the
same size, VARDX. The actual value for JLEV is determined by subtracting the previous value

from the next in sequence. Example:

VOOWp LOOWT p
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Table3.14 providesa closer look at the node spacing near the second grid spacer located at

0.967m where the node length before is 0.0179m and af@O®l14ni n t he A Wi t h
0.214mmo case
Table 3.14 7X24 Test 1, Evaluation of Node After 2" Grid Spacer
NodelLength (m)
Uniform Previous Before Grid | After Grid | Next Uniform | Uniform
Node Uniform Node Spacer Spacer Node Node
0.022071 0.022071 0.017929 0.004143 0.022071 0.022071
Axial Position (m)
0.927 | 0.94907 | 0967 | 0.97114 | 0.99321

Table 3.15 showsthe adjustment téhe 4.14mm space is absorbed with the nextoamif

distance starting at 0.9ilseen inable3.14

Table 3.15 7X24 Test 1 Change in Node After 29 Grid Spacer
NodelLength (m)

Uniform Previous Before Grid | After Grid | Next Uniform | Uniform
Node Uniform Node Spacer Spacer Node Node
0.022071 0.022071 0.01729 0.026214 0.022071 0.022071
Axial Position (m)

0.927 | 094907 | 0967 | 099321 | 1.01529
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Table3.16providesthe node spacing near the seventh grid spacer located at 3.527m where the

node length before is 0.0176m and after43dmi n t he AWi t hout 0. 214 mm

Table 3.16 7X24 Test 1, Evaluation of Node After 7" Grid Spacer
NodelLength (m)

Uniform Previous Before Grid | After Grid Next Uniform Uniform
Node Uniform Node Spacer Spacer Node Node
0.022071 0.022071 0.017643 0.004429 0.022071 0.022071

Axial Position (m)
3.4873 | 35094 | 3527 | 3.5314 | 3.5535

Table3.17showsthat the 4.43mm space is absorbed with the next uniform distance starting at
3.5314mseen intable 3.16 Thispreserves the grid spacer pasiti3.527Tn, andthe position

3.5535m shared by other mesh refinement cases

Table 3.17 7X24 Test 1, Change in Node After ' Grid Spacer
NodelLength (m)

Uniform Previous Before Grid | After Grid | Next Uniform | Uniform
Node Uniform Node Spacer Spacer Node Node
0.022071 0.022071 0.017643 0.0265 0.022071 0.022071
Axial Position (m)

3.4873 | 35094 | 3527 | 3.5535 | 3.5756

The adjustments made near the second and seventh grid spacers in tAestx2rhesh
refinement case ensures that all the nodes are similar in size to nodes in proximity which can
be seen iable 3.5. The adjustmelstmade in therX24 Test 1 case doesult in a converged

solution after 4,684 steps for test case P60007.
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The P60015 test case diwbt converge m a solution with thanodified Base technique
described inthe 7X24Test 1mesh refinement cas&here is a listing ofailed 7X24 mesh
refinement casesonducted for thd>60015 test case appendixD. Failure of thefurther
modifications to the Base technique ledthie development of the U/téchnique. The first
attempt of the U/V technique for the 7XB%esh refinement case labeléést 6did not reach
a converged solution and exhibited oscillatory behawarther manipulation of the node
l engt hs within the drig spdcdrgesutied inbhesdicoesstlrX24n d

Test 8mesh refinementase Table 3.18illustrates thesimilarity between variatios in mesh

refinement cases 7XZBest 6andTest 8

Table 3.18 Uniform/Variable Technique, 7X24 Test 6 and Test 8
7X24 Test 6 7X24 Test 8

JLEV VARDX VARDX
93 0.017500000000 98 0.028666666667
114 0.022071428571 112 0.022071428571
116 0.015500000000 113 0.031000000000
122 0.020583333333 119 0.020583333333
136 0.022071428571 133 0.022071428571
140 0.019875000000 137 0.01987H00000
144 0.018750000000 141 0.0187®000000
158 0.022071428571 158 0.022071428571
164 0.021333333333 161 0.020595238095
165 0.026500000000 162 0.026500000000
172 0.022071428571 169 0.022071428571

aft
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Table3.19list theuniform node lengtlior the 7X24 mesh refinement case, grid spacer axial
positions, and the quantity of same size naded to build thpadding bedre and after the
grid spacersTest case P60015 converges on a solution with mesh refinementTesp8

in 4,536 steps.

Table 3.19 Uniform/Variable Grid Spacer Paddingfor 7X24 Test 8
Uniform Node Length for 7X24 (m)

0.0220714286
Padding Before : Padding After
Grid Spacer GrliSp?cer Grid Spacer
Quantity |gpZ of A Posit)i((l)erll (m) Quantity |qpZ of A
of Nodes Nodes (m) of Nodes Nodes (m)
7 0.02086 0.455 1 0.00850
2 0.02000 0.967 5 0.02290
1 0.02229 1.479 3 0.02200
6 0.02283 1.991 6 0.02867
1 0.03100 2.503 6 0.02058
4 0.01988 3.015 4 0.01875
3 0.02060 3.527 1 0.02650
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3.5.8 Adjustment to 8X24

The P60001est case uses the Base technique while test cases P60007 and P60015 require the
Uniform/Variable technique. Test case P60007 useS8Xi2d Test 1setup and P60015 uses

the8X24 Test Zeen irtable3.20 and inappendipXD. Other attempts were made to m#kese
comparabldo the previousnesh refinement tests, but the 8X&&eappears to be extremely

sensitive to node size which affects the placement of axial posifldns. ensitivity is

especially noticeablén the proximity of the grid spacer posit&nin addition, themore

problematic P60007 anl60015 test cases do exhibitthe ansi t i on -tblargem t he
bubbleo to the Achurn/turbulento fl 844 r egi m

Test land P60018X24 Test 2converges on a solution abDb8 and 6,358 steps respectively.

Table 3.20 8X24 Test 1 and Test 2
8X24 Test 1 8X24 Test 2

JLEV VARDX JLEV VARDX

= NoChamge =~ =~ ==

104 0.019861111111| 104 0.019861111111
114 0.019312500000 | 112 0.030000000000
131 0.018757352941 | 126 0.019428571429
148 0.019312500000 | 145 0.019312500000
158 0.018368750000 | 153 0.018132812500
161 0.032785714286 | 168 0.019312500000
168 0.018734693878 | 180 0.018526041667
180 0.019312500000| 188 0.019312500000
183 0.016916666667 | 189 0.026500000000
191 0.019312500000
192 0.027000000000
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3.6 Total Power Forcing Function

COBRA-CTF calculates the local linear heat rate transferred through the rod surface to the

coolant withequationl13 [3]:

~

Al ERRID  p QAQ o0°Q wdQ i é (13
where:
N average linear heat rate per rod
‘Q Fraction of local heat rate generated by the heater rods which is released directly into the
coolant, not the vapor

"Q 0 Power factorFQ(N).
00 0 (14)
"Q O Relative axial power factor

Q i ¢ Radial power factors for all rods

The axial peaking factorsn figure 2.5 are usedto build the power table. These values are
interpolatel linearly for axial power factors #at axial positions along the heated assembly.

Theprofile is reintegrated over each cell to obtain on average linear heat rate for tfgj.cell

A Z

r ) a4 :
/ _ ) 0-[7D,
110 B
j AX %f; - AX ‘///?//;//5._-_.
/ - =
7 _ _
/s S s .-
/ PPy F/Fqy

IMPUT POWER SHAPE INTEGEATED FOWERSHAPE

Figure 3.7: Heat input over onefluid node
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3.6.1 Axial Power Profile

The power profile is entered aard 11for COBRA-CTF. The axial peaking factors illustrated

in figure 2.5and radial peaking féars illustrated irfigure 2.6 provided in theNUPECBFBT
benchmark databasee entered inard 11.4andcard 11.8respectively. Thererere novalues
provided at the ends of the heated rod. Typically, this axial peaking factor can be determined
using thepower profile function. Using a fit function built from the trendline feature in EXCEL

for both a fifth and twelfth degree polynomials offers plausible values of 0.373 and 0.397
respectively. These values provide a computed supplied power close to tieel gesver

indicated in theNUPECBFBT database.

Table3.21shows he computed COBRATF power compared to tiMJPECBFBT test case
operating power when the extrapolated axial peaking factor for the ends of the heated rod is

selected to be 0.312%his value was determined by trial and error.

Table 3.21 Powers with 0.3125 Extrapolated Axial Peaking Factor
Computed Supplied Power (kW)
P60001 P60007 P60015
86300.1254 237500.3451 534000.7758
Desired Power (MW)
P60001 P60007 P60015
0.863 2.375 5.34

Value forcomputed powesupplied 86300.1254kW, 237500.3451kW, and 534000.7758kW

appears to be a mistake witable3.2fdntbe tastasep ut f i

total thermal powerand theaverage linear heat raper rod

e
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3.7 Mesh Convergence Study Pressure and Vaporr&ction Plots

Figures 3.9, 3.11and 3.13 are plots of vapor fraction for test cases P60001, P60007, and
P60015.There are noticeable dips in predictegoafraction at the grid spacércations.

This behavior isionphysicabnd appears to be a result of how COBRAF manages local

losses due to obstructioniBhere is an observable increase in the magnitude of the drop for
vapor fractitolnarigie thhwebbilsenbalrlegi on of the finq
defined as the vapor fraction between 0.2 to Olxere is a approximate 10 to 20 percent

decrease in vapor fraction at the grid spacer locations illustrafepires 3.9, 3.11and3.13

wi t h i n -ta-lhaer gies nbaul biThéreeade zaomeayl in pkobf thevapor fraction and

pressure at the grid spacer positiorsthe test case P60007appendixE. These zoomed in

plots for vapor fraction illustrate that the magnitude of the drop appears to be dependent on the
axial position before the grid spageosition.There does nateemnto be a consistent pattern to

identify whether this dependence is directly related to the axial position, or in some connection

to the node length that yields the node edge resulting in the axial poSitisnbehavior

appears to be more dominant at void fractions near transitions between flow regimes,
especially near 0.5. Only observable trends are mentioned as there is no benchmark data to
compare vapor fraction for thlUPECBFBT PhaCsre tlilc,al A Power Ben

E x e r c iStealy S1late Pressure Drop Benchmatk
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3.7.1 P60001, Mesh Convergence Study Pressure and Vapaadtion Plots

P60001 Pressure

T,g‘-

40 1042.6

9 "-.

= ‘e,

2 35 1042.1

T 30 B 1041.6
i T 7
L 25 10411 9
b o
220 1040.6 5
s 2
x 15 1040.1 &
o T .
ZLOL e 1039.6
(O] "’l‘w.l

& 05 e 1039.1

B = A Y N I A I I AR R

v 0.0 S, 1038.6
g 0 1 2 3 4 5 6 7 8 9 10 11 12 13

5 Axial Position (ft)

......... 1X24 eeeeeeeee 3X24 AX24 5X24 BX24 cevverens TX2A ceeeeenes 8X24
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3.7.2 P60007, Mesh Convergence Study Pressure and Vapaadtion Plots

P60007 Pressure
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Figure 3.10: P600W, Pressure at axial positions for the convergence study mesh refinement cas
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Figure 3.11: P60007, Vapor fraction at axial positions for the convergence study mesh refinement ca:
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3.7.3 P60015, Mesh Convergence StuByessure and Vapor Faction Plots

P60015 Pressure
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Figure 3.12 P60015, Vapor fraction at axial positions for the convergence study mesh refinement ca
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Figure 3.13: P60015 Pressure at axial positions for theeonvergence study mesh refinement cas
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3.8 Mesh Convergence StudyAnalysis

The mesh refinement study was conductedetermine the sensitivity of simulation results to
axial node length. Data is collected falf the mesh refinement cases tbree benchmark
cases. The primary parameter of interest is the pressures calculated by €JBR#A the
shared axial positions. In addition, vapor fractiand flow quality have also been collected
Once this data has been tabulated, the absolute eetiifference is calculated between two

mesh refinement cases at each shared axial position.

O Wi & YDI'DO QYA G0 (15)

This catulation is performed in ascending order from 1X24 to 3X24, 3X24 to 4X24, and so
on until 7X24 to 8X24. The reference value is the preceding mdsteree case value. The

0 and thed is determined for column of absolute relative défences between
two mesh refinement cas@he 0 is the maximum value in the column and the

is defined inequationl6.

0 W W E o (16)
Thereis atable containingin example othe absolute relative differences for test case P60001

shown in appendix for reference
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An isolated examplshownin Table 3.22 consist ofabsoluterelative differences from the
results of the mesh refinement cases 1X24 and ¥X@&1ving the test case P60001. The rows
marked in greeindicate the grid spacer axial positions with their associated absolute relative

difference values for pressure, vapor fraction, and flow quality.

Table 3.22 P60001 Absolute Relative Differencéor 1X24 to 3X24
Axial Position (ft) Pressure Vapor Fraction | Flow Quality

0.000 0.008% 0.000% 0.000%
0.154 0.008% 0.000% 0.200%
0.309 0.008% 70.470% 68.901%
0.455 0.008% 15.209% 14.902%
0.464 0.003% 13.668% 13.929%
0.618 0.008% 10.744% 11.017%
0.773 0.008% 9.015% 9.122%
0.927 0.008% 7.568% 6.995%
0.967 0.003% 4.202% 3.429%
1.082 0.006% 8.808% 9.406%
1.236 0.009% 7.428% 7.932%
1.391 0.009% 4.851% 4.878%
1.479 0.006% 4.724% 2.275%
1.545 0.004% 0.667% 0.917%
1.700 0.009% 0.000% 0.000%
1.854 0.009% 0.000% 0.481%
1.991 0.009% 3.214% 0.394%
2.009 0.004% 0.346% 0.385%
2.163 0.009% 0.304% 0.321%
2.317 0.009% 0.272% 0.000%
2.472 0.009% 0.000% 0.241%
2.503 0.004% 5.051% 0.235%
2.627 0.007% 0.000% 0.216%
2.781 0.008% 0.000% 0.000%
2.936 0.008% 0.211% 0.182%
3.015 0.006% 5.945% 0.000%
3.090 0.005% 0.204% 0.000%
3.245 0.008% 0.000% 0.163%
3.399 0.008% 0.193% 0.156%
3.527 0.008% 5.128% 0.000%
3.554 0.003% 0.762% 0.151%
3.708 0.008% 0.000% 0.147%
0 0.00009 0.70470 0.68901

0.00042 0.77028 0.74905
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3.8.1 Absolute Relative Differences for the Mesh Refinement Convergence Study
The tabulatedbsolute relative differensdor the mesh refinement convergence study with
the three test cases is categorizedaiveydifferent information based on the axial posigon
chosen.The motivationfor this evaluation ighe variability in void fractionn the vicinity
of the grid spacersin addition, this evaluation will provide insight on where the largest
contribution oferror is locatedThe absolute relative difference determined for pressure is
based orbars as a unit of measuretables3.23 3.26, and3.29.
1 All Shared Axial PositionsAll the values at thesharedaxial positions are evaluated.
This indicates whether the change in node length contributesigaiicantchange in
a quantity of interesTheinformationfrom this categorys usedn the selection of the
appropriate mesh size to compare to COBEM
1 Only Grid Spacers RemairAll values at theharedaxial positions have been removed
exceptat the grid spacer positions. Thiategory representshether the grid spacer
valuesaloneare convergig as thanesh size decreases.
1 Only Grid Spacers Removed@he values at theharedyrid spacer axial positions have
been removed. This indicates if the values are converging without the grid spacer

values included.



1 Grid Spacer, and Space Before and After Remové&éte values at theharedgrid

spacerplus the ndesbefore and aftethe spacehave been removed.

1 Grid Spacer and Space Before Removddie values at theharedgrid spacerplus

the nodebeforethe spacer have been removed.

1 Grid Spacer and Space After Removékhe values at theharedyrid spacerplus the

nodeafterthe spacer have been removed.

3.8.2

P60001, Axial Position Influence omM\bsolute Relative Differences

Table 3.23 COBRA-CTF, P60001 Convergence Study Error Results for Pressure

1to3 | 3to4 | 4to5 | 5t06 | 6to7 | 7to8
Error . —
All Shared Axial Positions
0 8.75E05 | 2.65E05 | 6.84E06 | 1.45E05 | 8.92E06 | 1.06E05
0 4.20E04 | 7.01E05 | 3.10E05 | 3.21E05 | 2.65E05 | 1.98E05
Error Only Grid Spacers Remain
0 8.73E05 | 2.65E05 | 6.42E06 | 1.45E05 | 8.92E06 | 1.06E05
0 1.78E04 | 4.26E05 | 1.29E05 | 2.25E05 | 1.31E05 | 1.42E05
Error Only Grid Spacers Removed
0 8.75E05 | 1.24E05 | 6.84E06 | 5.58E06 | 6.70E06 | 3.21E06
0 3.80E04 | 5.57E05 | 2.82E05 | 2.29E05 | 2.31E05 | 1.38E05
Error Grid Spacer, and Space Before and After Removed
0 8.70E05 | 1.24E05 | 6.56E06 | 5.58E06 | 5.02E06 | 3.21E06
0 2.78604 | 3.88E05 | 1.94E05 | 1.61E05 | 1.51E05 | 9.51E06
Error Grid Spacer and Space Before Removed
0 8.73E05 | 2.65E05 | 6.84E06 | 1.45E05 | 8.92E06 | 1.06E05
0 3.55E04 | 6.27E05 | 2.67E05 | 2.95E05 | 2.34E05 | 1.82E05
Error Grid Spacer and Space After Removed
0 8.75E05 | 1.24E05 | 6.56E06 | 5.58E06 | 5.02E06 | 3.21E06
0 3.57E04 | 4.99E05 | 2.50E05 | 2.05E05 | 1.96E05 | 1.22E05
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Table 3.24 COBRA-CTF, P60001 Convergence Study Error Results for Void Fraction

Error 1to3 | 3to4 | 4to5 | 5t06 | 6to7 | 7to8
All Shared Axial Positions

0 0.7047 0.0468 0.0480 | 0.0656 0.0478 | 0.0132
0 0.7703 0.0840 0.0800 | 0.0848 0.0611 | 0.0308
Error Only Grid Spacers Remain

0 0.1521 0.0263 0.0480 | 0.0656 0.0478 | 0.0117
0 0.1920 0.0534 0.0661 | 0.0792 0.0558 | 0.0244
Error Only Grid Spacers Removed

0 0.7047 0.0468 0.0307 | 0.0190 0.0194 | 0.0132
0 0.7460 0.0649 0.0451 | 0.0303 0.0248 | 0.0189
Error Grid Spacer, and Space Before and After Removed

0 0.1074 0.0139 0.0094 | 0.0095 0.0048 | 0.0040
0 0.1588 0.0223 0.0144 | 0.0125 0.0070 | 0.0044
Error Grid Spacer and Space Before Removed

0 0.1521 0.0263 0.0480 | 0.0656 0.0478 | 0.0117
0 0.2977 0.0654 0.0719 | 0.0822 0.0573 | 0.0266
Error Grid Spacer and Space After Removed

0 0.7047 0.0468 0.0307 | 0.0190 0.0194 | 0.0132
0 0.7279 0.0572 0.0378 | 0.0243 0.0222 | 0.0162
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Table 3.25 COBRA-CTF, P60001 Convergence Study Error Results for Flow Quality

Error 1t03 | 3to4 | 4to5 | 5t06 | 6to7 | 7to8
All Shared Axial Positions

0 0.6890 | 0.0470 | 0.0485 | 0.0216 0.0169 0.0106
0 0.7491 | 0.0760 | 0.0703 | 0.0361 0.0288 0.0208
Error Only Grid Spacers Remain

0 0.1490 | 0.0276 | 0.0485 | 0.0191 0.0130 0.0067
0 0.1547 | 0.0364 | 0.0509 | 0.0214 0.0168 0.0106
Error Only Grid Spacers Removed

0 0.6890 | 0.0470 | 0.0308 | 0.0216 0.0169 0.0106
0 0.7329 | 0.0667 | 0.0486 | 0.0291 0.0234 0.0179
Error Grid Spacer, and Space Before and After Removed

0 0.1102 | 0.0190 | 0.0113 | 0.0064 0.0098 0.0038
0 0.1636 | 0.0263 | 0.0187 | 0.0097 0.0111 0.0050
Error Grid Spacer and Space Before Removed

0 0.1490 | 0.0276 | 0.0485 | 0.0191 0.0130 0.0087
0 0.2811 | 0.0544 | 0.0610 | 0.0275 0.0217 0.0157
Error Grid Spacer and Space After Removed

0 0.6890 | 0.0470 | 0.0308 | 0.0216 0.0169 0.0106
0 0.7133 | 0.0592 | 0.0397 | 0.0253 0.0219 0.0145
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P60001 Convergence Evaluation
Vapor Fraction
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Figure 3.14: P60001 Vapor fractions at shared axial position for all mesh refinement cas



3.8.3 P60007, Axial Position Influence on Absolutelative Differences
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Table 3.26 COBRA-CTF, P60007 Convergence Study Error Results for Pressure

Error 1t03 | 3to4 | 4to5 | 5t06 | 6to7 | 7to8
All Shared Axial Positions

0 2.43E04 | 5.61E05 | 2.77E05 | 4.39E05 | 1.35E05 | 1.54E04

0 1.15E03 | 1.81E04 | 5.51E05 | 1.23E04 | 2.87E05 | 2.13E04
Error Only Grid Spacers Remain

0 2.43E04 | 5.61E05 | 1.26E05 | 4.39E05 | 1.35E05 | 4.76E05

0 5.04E04 | 1.03E04 | 2.44E05 | 7.32E05 | 2.14E05 | 8.54E05
Error Only Grid SpacersRemoved

0 2.38E04 | 3.45E05 | 2.77E05 | 2.45E05 | 1.23E05 | 1.54E04

0 1.03E03 | 1.49E04 | 4.95E05 | 9.90E05 | 1.91E05 | 1.95E04
Error Grid Spacer, and Space Before and After Removed

0 2.35E04 | 3.42E05 | 1.58E05 | 2.44E05 | 7.39E06 | 2.99E05

0 7.34E04 | 1.04E04 | 2.98E05 | 6.78E05 | 1.07E05 | 8.04E05
Error Grid Spacer and Space Before Removed

0 2.35E04 | 3.42E05 | 2.77E05 | 2.44E05 | 1.23E05 | 1.54E04

0 8.44E04 | 1.24E04 | 4.39E05 | 8.28E05 | 1.78E05 1.84E04
Error Grid Spacer and Space After Removed

0 2.38604 | 3.45E05 | 1.58E05 | 2.45E05 | 7.39E06 | 2.99E05

0 9.42E04 | 1.34E04 | 3.75E05 | 8.69E05 | 1.27E05 | 1.02E04
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Table 3.27 COBRA-CTF, P60007 Convergence Study Error Results for Vapdfraction
Error 1to3 | 3t04 | 4to5 | 5t06 | 6t07 7t08
All Shared Axial Positions

0 0.1713 0.0741 0.0345 0.0639 0.0794 0.0644

0 0.3501 0.1061 0.0740 0.0870 0.0864 0.1010
Error Only Grid Spacers Remain

0 0.1139 0.0360 0.0345 0.0639 0.0794 0.0644

0 0.2230 0.0621 0.0573 0.0809 0.0830 0.0967
Error Only Grid Spacers Removed

0 0.1713 0.0741 0.0320 0.0248 0.0141 0.0173
0 0.2699 0.0861 0.0468 0.0319 0.0240 0.0291
Error Grid Spacer, and SpaceéBefore and After Removed

0 0.1401 0.0741 0.0320 0.0248 0.0085 0.0043
0 0.1646 0.0760 0.0329 0.0253 0.0098 0.0068
Error Grid Spacer and Space Before Removed

0 0.1401 0.0741 0.0320 | 0.0248 | 0.0103 0.0173
0 0.2003 0.0801 0.0384 0.0297 0.0178 0.0215
Error Grid Spacer and Space After Removed

0 0.1713 0.0741 0.0320 0.0248 0.0141 0.0166
0 0.2446 0.0822 0.0424 0.0278 0.0189 0.0208
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Table 3.28 COBRA-CTF, P60007 Convergence Study ErroResults for Flow Quality

1to3 | 3to4 | 4to5 | 5t06 |

6to7 | 7to8

Error All Shared Axial Positions

0 0.1748 | 0.0674 | 0.0337 0.0233 0.0153 0.0157
0 0.3116 | 0.0823 0.0495 | 0.0318 0.0227 0.0237
Error Only Grid Spacers Remain

0 0.1129 | 0.0182 0.0185 | 0.0094 0.0095 0.0061
0 0.1482 | 0.0234 | 0.0207 0.0112 0.0113 0.0076
Error Only Grid Spacers Removed

0 0.1748 | 0.0674 | 0.0337 0.0233 0.0153 0.0157
0 0.2741 | 0.0789 0.0449 0.0297 0.0197 0.0224
Error Grid Spacer, and Space Before and After Removed

0 0.1414 | 0.0674 | 0.0337 0.0233 0.0153 0.0091
0 0.1689 | 0.0689 0.0357 0.0234 0.0154 0.0118
Error Grid Spacer and Space Before Removed

0 0.1414 | 0.0674 | 0.0337 0.0233 0.0153 0.0091
0 0.2020 | 0.0713 0.0385 | 0.0262 0.0170 0.0142
Error Grid Spacer and Space After Removed

0 0.1748 | 0.0674 | 0.0337 0.0233 0.0153 0.0157
0 0.2507 | 0.0767 0.0425 | 0.0273 0.0184 0.0210
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Figure 3.15: P60007 Vapor fractions at shared axial position for all mesh refinement cast
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3.8.4 P60015, Axial Position Influence on Absolute Relative Differences
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Table 3.29 COBRA-CTF, P60015 Convergence Study Error Results foPressure

Error 1to3 | 3to4 | 4to5 | 5t06 | 6t0o7 | 7to8
All Shared Axial Positions

0 5.05E04 | 9.83E05 | 5.82E05 | 7.33E05 | 1.38E04 | 2.00E04
0 2.40E03 | 2.84E04 | 2.01E04 | 1.56E04 | 1.75E04 | 2.05E04
Error Only Grid Spacers Remain

0 498E04 | 9.83E05 | 4.25E05 | 7.33E05 | 5.11E05 | 2.38E05
0 1.06E03 | 1.68E04 | 7.52E05 | 1.13E04 | 7.11E05 | 2.49E05
Error Only Grid Spacers Removed

0 5.05604 | 6.13E05 | 5.82E05 | 2.44E05 | 1.38E04 | 2.00E04
0 2.16E03 | 2.29E04 | 1.86E04 | 1.07E04 | 1.60E04 | 2.03E04
Error Grid Spacer, and Space Before and After Removed

0 5.05604 | 6.13E05 | 4.22E05 | 2.38E05 | 2.26E05 | 2.01E05

0 1.53E03 | 1.58E04 | 1.24E04 | 7.40E05 | 4.73E05 | 2.21E05
Error Grid Spacer and Space Before Removed

0 5.05E04 | 6.13E05 | 5.82E05 | 2.38E05 | 1.38E04 | 2.00E04

0 1.77E03 | 1.90E04 | 1.5804 | 8.88E05 | 1.54E04 | 2.03E04
Error Grid Spacer and Space After Removed

0 5.05E04 | 6.13E05 | 4.22E05 | 2.44E05 | 2.26E05 | 2.01E05

0 1.96E03 | 2.03E04 | 1.58E04 | 9.45E05 | 6.34E05 | 2.44E05
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Table 3.30 COBRA-CTF, P60015 Convergence Study Error Results for Vapor Fraction

Error 1to3 | 3to4 | 4to5 | 5t06 | 6to7 | 7to8
All Shared Axial Positions

0 0.4681 | 0.0668 | 0.0360 | 0.0299 | 0.0846 0.0142
0 0.5604 | 0.0968 | 0.0599 | 0.0524 | 0.1073 0.0270
Error Only Grid Spacers Remain

0 0.1757 | 0.0414 | 0.0360 | 0.0299 | 0.0846 0.0142
0 0.2309 | 0.0594 | 0.0478 | 0.0462 | 0.1059 0.0230
Error Only Grid Spacers Removed

0 0.4681 | 0.0668 | 0.0286 | 0.0203 | 0.0113 0.0122
0 0.5106 | 0.0765 | 0.0362 | 0.0247 | 0.0170 0.0142
Error Grid Spacer, and Space Before and After Removed

0 0.0839 | 0.0121 | 0.0078 | 0.0062 | 0.0045 0.0023
0 0.1184 | 0.0177 | 0.0111 | 0.0079 | 0.0067 0.0028
Error Grid Spacer and Space Before Removed

0 0.1615 | 0.0296 | 0.0153 | 0.0079 | 0.0078 0.0050
0 0.2027 | 0.0366 | 0.0221 | 0.0140 | 0.0126 0.0063
Error Grid Spacer and Space After Removed

0 0.4681 | 0.0668 | 0.0286 | 0.0203 | 0.0113 0.0122
0 0.4834 | 0.0695 | 0.0308 | 0.0218 | 0.0133 0.0131




66

Table 3.31 COBRA-CTF, P60QL5 Convergence Study Error Results for Flow Quality

Error 1t03 | 3to4 | 4to5 | 5t06 | 6t07 | 7to8
All Shared Axial Positions

0 0.4806 | 0.0656 | 0.0316 | 0.0181 | 0.0148 0.0144
0 0.5524 | 0.0850 | 0.0409 | 0.0262 | 0.0225 0.0212
Error Only Grid Spacers Remain

0 0.1779 | 0.0337 | 0.0182 | 0.0118 | 0.0103 0.0069
0 0.1800 | 0.0350 | 0.0182 | 0.0122 | 0.0104 0.0071
Error Only Grid Spacers Removed

0 0.4806 | 0.0656 | 0.0316 | 0.0181 | 0.0148 0.0144
0 0.5223 | 0.0775 | 0.0366 | 0.0233 | 0.0200 0.0200
Error Grid Spacer, and Space Before and After Removed

0 0.0840 | 0.0144 | 0.0073 | 0.0045 | 0.0045 0.0045
0 0.1228 | 0.0238 | 0.0105 | 0.0061 | 0.0062 0.0060
Error Grid Spacer and Space Before Removed

0 0.1594 | 0.0304 | 0.0149 | 0.0106 | 0.0092 0.0081
0 0.2019 | 0.0398 | 0.0183 | 0.0122 | 0.0111 | 0.0114
Error Grid Spacer and Spacéifter Removed

0 0.4806 | 0.0656 | 0.0316 | 0.0181 | 0.0148 0.0144
0 0.4971 | 0.0706 | 0.0333 | 0.0207 | 0.0177 0.0174
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Figure 3.16: P60015Vapor fractions at shared axial position for all mesh refinement case
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3.9 Convergence 8udy Conclusion

The reduction in mesh size negligibly contributes to a charygessure for all three test cases.
The change is betwedhe fourthandfifth decimal place for pressure in bars. The relative
difference between the mesh refinement cases eppede due to numerical noisndits
negligible contribution is beyond the 186curacy[7] associated with the instrumentation to
measure the pressurerthg the data collection procesbhis would indicate that using the
COBRA-CTF 1X24 mesh refinementase will be sufficient for comparingessure drop with

COBRA-EN results

A definitive selection of mesh refinement based on vapor fraction cannot leamtags study
consideringwo major factors:
1. No consistentndication of convergence on void fraction with decreasing nsesh
waso b s e r v e Al Shared Axial®osifiots cat egor y.
2. TheNUPECBFBT Phe&setil tal APowe rExkea ftadbnsStatdk 0 0
Pressure Drop Benchmatk d o es n ot ractiooneasdirementatp compare

with COBRA-CTFresults
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However, the behavior of vapor fraction based on the absolute relative differences observed in
tables3.24 3.27, and3.20do consistetly exhibit the following trends
1 The largest contributor to the inconsistency appears in the values collected at the grid
spacer posi t@Omlnys Greiech 3 prategeryes iIRe mai n o
1 The space before and after the grid spacers exhibit a large otiotrilm the magnitude
of absolute relative difference between subsequent mesh refinement cases.
1 Ignoringthe information at the grid spar, and space before and after does provide
two consistent trends.
1. A converging pattern betweentmequent mesh refineents cases
2. An acceptable absolute relative difference for vapor fraction.
More research witlthe other test conditions will be required to determaeatternif the
larger contribution in the magnitude and inconsistency of absolute relative difference
between subsequent mesh refinement cases is due to the grid spapace before or after

the grid spacer.

As the vapor volume fraction results were inconclusive, 1IX24 mesh refinement case was
deemedsufficient for comparing pressure drop with COBIEA results.The ETD case is a
modified version of the 1X2Aodalizationwhere the pressure tap positions are introduced in the
same manner as performed in COBEN. The purpose of the ETD case isetwsurehat both

codes are comparing data at the same axial posiéindgo reduce the needuse interpolation.
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3.10 Axial Peaking Factors

Table 3.32 contain thenode center axial positions with associated axial peaking fachors
boththe 1X24 and thenodified ETDcasea. These values can be compared to the respective
valuesprovided in theNUPEC BFBT database seen figure 2.5 The values boldednd

italicized are node centers for introduced nodes to capture the priegspositions.
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Table 3.32 COBRA-CTF Center Pointswith Associated Axial Peaking Factors
1X24 ETD
Axial Position (m) | Axial Position (ft) FzZ Axial Position (m) | Axial Position (ft) Fz

0.0000 0.0000 0.352 0.0000 0.0000 0.352
0.0772 0.2533 0.468 0.0772 0.2533 0.468
0.2318 0.7605 0.579 0.2318 0.7605 0.579
0.3820 1.2533 0.686 0.3820 1.2533 0.686
0.4592 1.5066 0.737 0.4592 1.5066 0.737
0.5408 1.7743 0.789 0.5408 1.7743 0.789
0.6953 2.2812 0.882 0.6500 2.1325 0.854
0.8498 2.7881 0.989 0.7273 2.3862 0.903
0.9470 3.1070 1.053 0.8498 2.7881 0.989
1.0243 3.3606 1.108 0.9470 3.1070 1.053
1.1587 3.8015 1.204 1.0243 3.3606 1.108
1.3133 4.3087 1.235 1.1587 3.8015 1.204
1.4347 4.7070 1.314 1.3133 4.3087 1.235
1.5120 4.9606 1.340 1.4347 4.7070 1.314
1.6222 5.3222 1.347 1.5120 4.9606 1.340
1.7768 5.8294 1.392 1.6222 5.3222 1.347
1.9225 6.3074 1.395 1.7027 5.5863 1.371
1.9997 6.5607 1.373 1.7800 5.8399 1.393
2.0857 6.8428 1.347 1.9225 6.3074 1.395
2.2403 7.3501 1.325 1.9997 6.5607 1.373
2.3948 7.8570 1.235 2.0857 6.8428 1.348
2.4875 8.1611 1.220 2.1905 7.1867 1.340
2.5648 8.4147 1.200 2.2677 7.4400 1.317
2.7037 8.8704 1.094 2.3947 7.8566 1.235
2.8583 9.3776 0.989 2.4875 8.1611 1.220
2.9752 9.7612 0.907 2.5647 8.4144 1.200
3.0525 10.0148 0.857 2.6782 8.7867 1.112
3.1673 10.3914 0.789 2.7555 9.0404 1.057
3.3218 10.8983 0.689 2.8582 9.3773 0.989
3.4630 11.3615 0.589 2.9607 9.7136 0.917
3.5403 11.6152 0.530 3.0005 9.8442 0.889
3.6308 11.9121 0.468 3.0525 10.0148 0.857
3.7080 12.1654 0.352 3.1660 10.3871 0.790

3.2432 10.6404 0.741

3.3217 10.8980 0.689

3.4485 11.3140 0.600

3.5125 11.5240 0.552

3.5402 11.6148 0.530

3.6307 11.9117 0.468

3.7080 12.1654 0.352
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The forcing function used by COBR&TF changes the user supplied axial peakawogors

andattempts to smooth out the power profile seefigure 3.17. This is moredominant in the

higher values where the provided axial peaking factors are similar as $iegpmar2.5.
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Figure 3.17: Axial peaking factors for COBRA-CTF 1X24 and ETD compared to the given values
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3.11 Evaluation of the 1X24 and ETDMesh Refinement Cases

Thefigures3.18 3.20 and3.22reved thatthe code calculated values for pressura@itine
axial length of the fuel assembly match in most locations as expected. Hotheverare a
few locationswhere the ED mesh refinement case display a slight difference in calculated
pressurén comparison with the 1X24 mesh refinement cabés bénavior occurs gbositions

that are between grid spacewtherethere are no other form or lochdsses effecting the
position.Thesedownward shifts in pressut® not appear irhe other mesh refinement cases
where the node lengths are kept unifofihis is more noticeable when the neighboring axial
nodes are noticeably larger than the tired creates the node edtpat yields gressure tap
position. This behavior is similar in nature to the variable node lengths required to introduce
the grid spaer positions in the convergence studiiiese outliers appear stightly affect the
outcome of the pressudeop calculationsluring thecomparisorwith code calculated values

to theNUPECBFBT benchmarksTables3.33tabulateghe slight differences in siulation

results between the mesh refinement cases 1X24 anmbtitiGed ETD for total pressure drop.

Table 3.33 Measured Total Pressure Drop (psi)

P60001 P60007 P60015
3.974 8.396 16.530
Calculated Total Pressure Drop(psi)
P60001 P60007 P60015
1X24 ETD 1X24 ETD 1X24 ETD
3.834 3.827 8.388 8.319 15.612 15.482

Absolute Relative Difference Between Measured and Calculatélbtal Pressure Drop

3.517%

| 3.704% |

0.102% |

0.916% |

5.551% |

6.339%

Difference Between Measured and Calculated Total Pressure Drop (psi)

-0.140 |

0.147 |

-0.009

| -0.077

| -0.918

-1.048
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3.111 P60001, Pressure and Vapor Fraction Plots of 1X24 and ETCases
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Figure 3.18 P60001 Pressures of the COBRA-CTF 1X24 and ETD mesh refinement case
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Figure 3.19: P60001,Vapor Fractions of the COBRA-CTF 1X24 and ETD mesh refinement case



3.112 P60007, Pressure and Vapor Fraction Plots of 1X24 and ETCases
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Figure 3.20: P60007 Pressures othe COBRA-CTF 1X24 and ETD mesh refinement cases
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Figure 3.21: P60007 Vapor Fractions of the COBRA-CTF 1X24 and ETD mesh refinement cases
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3.113 P60015, Pressure and Vapor Fraction Plots of 1X24 and ETCases
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Figure 3.22 P60015 Pressures othe COBRA-CTF 1X24 and ETD mesh refinement case:
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Figure 3.23 P60015 Vapor Fractions of the COBRA-CTF 1X24 and ETD mesh refinement case
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3.114 P60015, Example of Differences iRressure for1X24 and ETD Cases

Figures3.24 3.25 and3.26are zoomed in plots ofié test case P60015 pressure drop for the
1X24 and ETD mesh refinements. These noticeable differences are observed in the other two
test cases P6000and P60007Figure 3.24 illustrates a slight shift in predicted values for
pressure before reaching theiad position of 3.5499ftThe circled region orfigure 3.24
illustratesa location where the pressure tap position at 2.2375ft will yield a different value for

pressure than an interpolated value at the same location with the 1X24 case.

COBRA-CTF P60015 Pressure

14.0

ces
ce.

135
13.0 ot

125 | e

12.0

Change in Pressure Relative to Exit Pressure (psi)

Axial Position (ft)
cee@eee IX24 co-@--- ETD

Figure 3.24: Shift in pressure predictions observed in lower assembly positions fdiX24 and ETD cases
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COBRA-CTF P60015 Pressure
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Figure 3.25: Shift in pressure predictions observed at 5.587ft and 7.27ft fakX24 and ETD cases

The pressure tap position of 5.5971s between the rgd spacer positionsf 4.852ft and

6.532ft There is an observable shift in fedicted pressure value at the pressure tap positions

at 5.5971ft directly after the shared position of 5.577Fdble3.24indicates the node length
between the pressure tap position and the next shared position is significantly smaller that the
surrounding nde lengths. Thigffectis also observed at the pressure tap position 7.2769ft
after the shared position of 7.0965ft. This last shift in predicted values does appear to affect

the pressure determined at the shared axial position at 7.6017ft.

Table 3.34 P60015, Smaller Node Size Between57#t and 5.597ft in ETD Case
Axial Positions (ft)
48524 | 50689 | 55774 | 55971 | 6.0827 | 6.5322
DistanceBetween Axial Positions (ft)
0.2164 | 05069 | 0.021213 | 0.4857 | 0.5069
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Figure 3.26: Shift in pressure predictions observed a9.124ft, 10.646ft, and 11.57for 1X24 and ETD cases

The pressure tap position 20.636ft is between therig spacers positionat 9.894t and
11.572t. There is an observable shift the predicted pressure value at thleared axial
position 0of106463t that appears to be affected by the introduction of the 10.636ft pressure
tap position in the ETD cas@&able 3.35indicates the node length between the pressure tap
position and the next ahed position is significantly smaller that the surrounding node lengths.
This effect can is also observed at the shared axial positions at 9.1240ft and 11.5715ft with the

introduction of the pressure tap positions at 8.9567ft and 11.4764ft respectively.

Table 3.35 P60015, Smaller Node Size Between 10.6463ft and 10.686TD Case
Axial Positions (ft)
9.8917 | 101378 | 106365 | 10.6463 | 11.1516 | 11.4764
DistanceBetween Axial Positions (ft)
0.2461 \ 0.4982 | 0.008685 | 0.5069 | 0.3244
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3.12 COBRA-CTF Results

Table 3.36 list the measured and calculated total pressure drop along with the absolute
relative diffeences for individual pressure dragentifiersfor each test case thithe ETD
mesh refinement cas€he instrumentation to measure the pressure dunmgata collection
process is recorded to exhibit a 1% accuf@dy The pressure dropdentifier, dp09 is the
absolute relative differencassociated with the total pressure drop. These values will be

compared to the resafrom COBRAEN.

Table 3.36 COBRA-CTF Results for Pressure Drop
Total Pressure Drop(psi) Absolute R_elative Difference in Press_l_Jre Drop fo
Individual Pressure Dop ldentifier s
Measured P60001| P60007| P60015 Identifier P60001 | P60007 | P60015
3.974 | 8.396 | 16.530 dp01 16.72% | 10.38% | 38.09%
Calculated P60001| P60007| P60015 dp02 24.37% | 21.02% | 41.33%
3.827 | 8.319 | 15.482 dp03 12.35% | 11.86% | 2.17%
dp04 12.98% 4.47% 7.58%
dp05 14.32% 6.50% | 11.70%
dp06 15.11% 7.12% 7.56%
dp07 6.27% 3.63% 4.06%
dp08 6.72% 5.26% 4.61%
dp09 3.70% 0.92% 6.34%
Average 12.51% 7.91% 13.71%
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CHAPTER 4: COBRA-EN

COBRA-EN is a combination of COBRAV -I, and VIPREO1 which both evolved from the
original COBRA3C subchannel analysis codeveloped in 19734]. The main purpose of
COBRA-EN was to verify the SBWR and AP600 designs in safety studies relating to reactivity
transientg4]. The version of COBRAN used in this study is from tHeadiation Safety
Information Computational CentefRSICC) code package SR507 that is written in

FORTRAN77 andcompiled to run on a Window platform in a DOS shell.

COBRA-EN can simulate steaebtateor transient conditiong/ith user suppliednputs such

as total power, outlet pressure, inlet enthalpy or coolant temperandenass flowrate. It

has the capability to evaluate an assembly with closed (no crossflow) or open channels
(crossflow), or at the core level. COBRAN allows the user to choose either a tkegaation

or fourequation thermahydraulic mode[4]. Both hermathydraulic models begin with the
mixture conservation equations for mass, energy, and momentum where the interfacial terms
between phases cang4]. The momentum vector is in both the axial and lateral directions for
the water liquid/vapor mixturellawing for simulation of crossflow4]. These conservation
eguations are approximated by finite differences in each control vatupreducea system

of coupled nonlinear equations that are solved by an implicit iterative scheme based on the
calculationof the pressure gradients in the axial direction or NeMRaphson iteration
procedurg4]. This study utilizes the threequation model with open channels to allow for
lateral momentum through the gaps between the heatedTitoelgquations areolved byan

implicit iterative scheme which includes a Gauss forward elimination and backward

substitution used in the original COBR¥C packagd4]. Nonhomogeneous flowonditions
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can be accounted forribugh appropriate voiduality models and nethermalequilibrium
conditions with subooled boilingmodels In this study, leat transfer models have been
omittedasthe linear heat rates at selected axial posstame supplied as a user inpebrty-
five runs per test caseereevaluated with various combiti@ans of correlation options for the
two-phase flow models provided by COBR&N. The fourequation modewhere id
fraction can be computed directly fraan additionavapor continuity equatiowas not used

and is documented ttave knowrissuedq4].
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4.1 SubchannelConservation Equations
Thedifferential form of the mixtureonservation equatiorsnployedn COBRA-EN.

MassEquation[5]:
0 T_ —, OO0 0 j P X

where:
Oy Pressure driven lateral mass flow rate per unit length from adjacent subchemnel

subchannek.
"00 a Axial mass flow rate in subchanriels the product of thenass fluxand cross
sectionalflow area of subchannkl

EnergyEquation[5]:

o T”""T T [ , », e », ’
5 Tfpb" %% 0D ohm R A Py

Q Q
The enthalpyQ, due to energy exchange betwasihchannek and the adjacemstubchannelf
seen in the convective cross flow teisydefined a$5]:
Q

IQ L,)
Q 0

i Tt

- (19

= xi

The parameteb j , isan empirical turbulent mixing crossflow, independent of the lateral

pressure gradiefi]. The axial linear heat ratever the lengthyg, of subchannek, isr .
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Axial MomentumSubchanneEquation[5]:

ARSI p o & e e o
07 —. @ - .~ O 0l 0 lg Ug
T 0 T a | a & | Q Q O 0 Q
T
o T 6 Qy “g%o € p (“0 ¢ df N7 ”
0 A % ” v F] ” ” y(-x 0 Q
a q @ & | & & | Q

The momentumvelocity, 0, due to exchange between subchannand the adjacent
subchannelgis seen in the convective cross flow term is defind@jas

., U 0 Tt
0 ‘ , (21)
0 0 Tt

o>« O¢

and inthe turbulent cross flow term. The forces acting on the fluid in the axial directon

defined inequation22 in theorder of pressutdriction, and weight:

T0 Q% "G p ¢ o ..
; V] Ya "0 Q C ¢

N

N

O
5¢

& ldq  1dg
where:
0 i The local obstruction loss coefficient, typically a grid spacer loss coefficient
@ Flow qualitydetermined byser selectedubcooled boiling model
"Q Singlephase friction factor
| Vapor fraction determined by the user selected void quality relationship correlation

%o  Two-phase friction multipliedetermined by the user selected correlation
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Lateral Momentuniquation[5]:

.10 R &
10 a Ya a

v ~

S I R R ver
1 c‘a“w h |11 4

The dimensions for the lateral control volume are illustratéyime 4.1[5].

O Total length of the laterahomentuncontrol volume thaéquateso the sum of the length
from the centeof subchannek to the center acdubchannél.

"Y Width of the lateral momentum control volume. The length of thebgapeen fuel rods

in a lattice, or fuel rod to structural surface such as the wall of a BWR canister.

ZtAz

Subchannel k Subchannel j

—_——

Figure 4.1: Diagram of the lateral momentum control volume

The forces acting on the fluid in the lateral direction are defineduation24 in the order

of gappressureandfriction:

(v ~

gL T Up . P .
— ; Ya
Yau U corYU R . T

where;

0 r  The crosdlow resistance loss coefficient
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4.2 Subcooled Boiling Models

Thermalnonequilibriumcan be accounted for in the threguation modelising an empirical
subcooled boiling model which relates the flow quaiitythe equilibrium qualityThere is a
list of the model parameters in theubcooled boiling modelsectionin appendixG. The
following options for thesubcooled modelare availale [4]:

- Homogeneous model

- Levy correlation

- EPRI correlation

Theflow quality isthe flow fraction of the vapor phaaead isequal to the equilibrium quality

only under equilibrium conditions. The equilibrium qualidy, is defined as
0w — (25)
The COBRA-EN homogenoussubcooled boilingmodel refers to thephases inthermal

equilibrium wherethe flow quality is equalto equilibrium qualityand does not imply equal

phase velaties [4]:

0w 0w — (26)
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The Levyand EPRI modelselatethe flow quality to the equilibrium quality by introducing

the bubble departure quality , which isdefined to behe equilibrium quality at the bubble
departure piot [4].

The Levy modetlefines the flonguality as[4]:
w O WwAGB p N o (27)
W T Qe o

where the bbble departure quality is defined[4$:

\ Yy
0V

(28)

Flow qualityin the EPRI models given ag4]:

W nNe o (29

W T nQ o
where the bubble departuyeality is defined apt]:

o — (30)



88

4.3 Void Quality Relations
Relative phase velocity can be accounteavithr avoid qualityrelationship based alip ratio or
throughdrift flux models.The following options for thgoid quality relationshig available[4]:

- EPRIcorrelation

- ZuberFindlay correlation

- Homogeneous model

- ArmandMessena correlation

- Smith correlation

- Slip ratio given as polynomial in quality

- Void fraction given as polynomial in quality
Thepolynomialoptionswere not explored in this studyapor volume fractioiivoid fractior)
can be determined using a void model with flow qudiityn a subcooled boiling model. I
ratio, S, defined as the ratio of vaptw-liquid phase velocity can be used to account for the

effects ofrelative phase vebity on the void fractionVoid fraction, quality and slip ratio can

be related through the Fundamental \fQdality-Slip relation.

| — 7 (31

Forthe voidquality modelhomogeousflow assumethe liquid and vapor velocities are equal

and the slip ratio is one

Y = p (32)
where:
@ vapor phase velocity,
@ liquid phase velocity,
0 liquid specific volume,

0  vapor specific volume
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Empiricalvoid-quality, or equivalent slip quality relations are given below

Smith correlatiorj4]:

8 — 8
Y e T ——— (33
ArmandMessena correlatiof4]:
o = (34)
ZuberFindlay relation4]:
| (39

where the drift velocityy is given by[4]:

W PP Y (36)
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EPRI void/quality correlatiofé]:

| (37)
where:
5 @ — (38)
O — (39)
0 0 p v — (40)
8 JR—

i — (42)
6 — (42)
0 4@ QIR (43)
0 — (49

And the drift velocityw has been corrected so that it becomes z¢ro ifp [4]:
© 8 p " Ri-6 (45)
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4.4 Two Phase Friction Model

The twaephase pressure drop is modeled by introducing apfwase friction multiplier. The
two-phase multiplier is defined dlse ratio between friction pressure drop in {plaseflow
to thefriction pressure dropssuming althefluid flows as a saturated liquidhe following
options for the twephase friction multiplieare availablg4]:

- Homogeneous model,

- EPRI correlation (default),

- Armand correlation,

- apolynomial in qualityp to sixth degree, specified in input.
The polynomial options fawo-phase friction multiplier wereot explored in this studirhere is
a list of the model parameters in the fplmase friction modelsection inappendix G For the
momentum equation, homogenous flow is defined as having equal phase velocities, independent

of the relative states of the phasHse homogeneous twzhase friction multiplier can be derived

assuming homogenous flow conditions and is given as functithe flow quality by [4]:
%o — ————— (46)
The EPRI correlation is a function of the flow quality, mass flux, and pressure [4]:
% P — p (47)

The Armand correlation is a function of flow quality and vapor fraction [4]:

%o — R | ™ (49)

% ~TH X4— QW | T (49)

% P G— QWO | P8 (50)
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4.5 Pressure Drop

Thetwo-phasewall friction pressure drop faxial flow is represented as:

Q0 O y
Qd 0" Q™ vp
where the \all friction factor, f, is defined a$4]:
Q WYQ h ORI VQ —— L G

The list of parameteirfor the pessure drops in appendixH. COBRA-EN can assign specific
subchannels with user specified sets of constants a, b, and c for both laminar and turbulent
flow. The smooth tube friction factas based orthe fully developedaminar flow and the
McAdams relatiorfor turbulentflow conditions[4].
Fully Developed Laminar Flow
w e8Bh o p8h @ 1 QEd Oa QR@E 0
McAdams Relatior8]

O MUYt o Th ©® MM QEDSI OOAIEEW
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Pressure losor flow across grid spacers or through lower and upper grid plates is given by

equation54 [4]:
YO oi 0 —— Ko

The local pressure loss due to the grid spagees inequation53 contain the user specified
grid spacer loss coefficient, , and the effective specific volume for momentum transpoyt,
represented bgquation54:

‘ P W
U U T
P

| ” | ”

The effectivespecific volune for momentum transport teracts as a twgphase multiplier for

thelocal pressure drap
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Pressure drop ithe lateral directionthroughchannel boundary gagsom both friction and

form dragaretreatedwith a cumulative drag lossoeffident[4]:

Yo i n 3 (55)

The COBRAEN default value 0.5 was used for the user specified dtoasresistance loss
coefficient,0 [4]. The effective specific volum for momentum transpodgainacts as a

two-phase multiplier for the pressure drop.

4.6 Water Properties
To estimate the required water properties in COBEM, the functions developed by EFBi

RETRAN-02 computer prograrnave been coded].
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4.7 COBRA-EN Axial Nodes

Computational nodeare stacked along the axial lengthtbé assembly The positions of

interest such as pressure tap and shared axial positions are defined by the edges of these stacked
nodes with associated axial peaking factappliedby the userA decision was made to define

the provided axial peaking factorsfigure 2.5 for an entire node length at the node center.

The axial peaking factorsised as inputs in COBREN have been tabulated table 4.3
Linear interpolation of gi vaeensedirethisseidylthis node s ¢
technique is used to introduce pressure tap positions and during the process of introducing
additional nodes in the convergence studsessure tap positionseamntroduced to reduce
errorwhile determining the pressure drop values between the préapysesitions indicated

on figure 2.4. Otherwise, there are occurrences where a grid spacer pasiti@tween two

pressure tap positions used in the determinatib a pressure drop calculatiohinear
interpolation over this range is problematic considering the nonlinear behavior of the pressure
drop over the range where a local obstruction occurs at some arbitrary location between the
pressure tap measureme sich as a grid spacdfurthermorethe introduction othe pressure

tap positions allow the code to generate values at this location for evaluation instead of

introducinginterpolationerrors.
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Figures4.2 and4 3illustrate the techniques used to deteratihe center of a node. These node
centers are first used to resolve the axial peaking factor at that location. Then, the previously
determined axial peaking factor is used as an input irdoation56 to generate the linear
fission power, linear heat rate, at that position. Also, these node centers are used to determine
the node edges which are the positions of interest located in thet fild. COBRA-EN

requires annput of the node sizthat is usd in conjunction with the node centers. The node
centers ar@esignated inncreasing increments along the axial length of the heated rod, and
half the node sized is used to determine the lower and upper edges of th€igooed.2

reflects a normal nod&igure 4.3 illustrates the extra steps taken to resolve the nedters
required for positions to approximate axial peaking factors, and to node edges for the positions

of interestsuch as pressure tap positions and subdivision of nodes during thegenicesstudy
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4.7.1 Description of the Normal Axial Nodes in COBRAEN

The figure below illustrates the normal (uniform) axial node:

., 0Q@WQ p @ Qo
Y ———
0 wQwa CT

T™® T P

For examplethe given axial peaking factt® 0 T8 ¢@located at the center of the node
position®"YO 6 T®& v o'Q@and ength of the axial intervd WO 1@ 1T @ P
*Values are examples seen in the table between the bottom to the firstabagef 0.50689ft

N

Next

Node
Upper Edge _ L
of Node A
=— XTAB(J)
Known Value for .
Axial Peaking — o o o o o e o o e — DX(J)=2*XTAB(J)
Factor, F£J)
— XTAB(J)
Lower Edge
of Node — v
Previoug
Node

N

Figure 42: Diagram to illustrate the construction of a normal COBRAEN axial node



4.7.2

Upper Edge
of Node

Centermosition
needed for
Axial Peaking
Factor Fz(J)

New Boundary

Known Value
for Axial
Peaking

Factor, F£J)

Pressure tap
Location

Center position
needed for
Axial Peaking
Factor Fz(J)

Lower Edge
of Node

[llustration of the Introduced Axial Nodes in COBRAEN

Next
Node

- DX(J)=Upper

s

— XTAB(J)

= DX(3)=2*XTAB(J)

= XTAB(J)

DX(J)=Lower

l

Previous
Node

Figure 43: Diagram to illustrate the construction of an introduced COBRAEN axial node.
*These are required to introduced pressure pagitions and subdividing node for the convergence study

98
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Table4.1liststhe node lengthalong the katd length of the assemblyat resuls inthe axial

postions where COBRAEN will generate resultsThe blue cells are marked to display the

created edgesnd the cangecells indicate thenessure tap pasons.

Table 4.1 COBRA-EN Node Edges
Oultfile Axial Position (ft) | Calculated Axial Position(ft) | Calculated Axial Position (m)
Node Length () 0.000 0.0000 0.0000
0.50689 0.507 0.5069 0.1545
0.50689 1.014 1.0138 0.3090
0.50689 1.521 1.5207 0.4635
0.50689 2.028 2.0276 0.6180
0.21000 2.238 2.2375 0.6820
0.08695 2.325 2.3245 0.7085
0.21000 2.535 2.5344 0.7725
0.50689 3.041 3.0413 0.9270
0.50689 3.548 3.5482 1.0815
0.50689 4.055 4.0551 1.2360
0.50689 4.562 4.5620 1.3905
0.50689 5.069 5.0689 1.5450
0.50689 5.576 5.5758 1.6995
0.02132 5.597 5.5971 1.7060
0.46424 6.061 6.0614 1.8475
0.02132 6.083 6.0827 1.8540
0.50689 6.590 6.5896 2.0085
0.50689 7.097 7.0965 2.1630
0.18044 7.277 7.2769 2.2180
0.14600 7.423 7.4229 2.2625
0.18044 7.603 7.6033 2.3175
0.50689 8.110 8.1102 2.4720
0.50689 8.617 8.6171 2.6265
0.16733 8.784 8.7844 2.6775
0.17224 8.957 8.9567 2.7300
0.16733 9.124 9.1240 2.7810
0.50689 9.631 9.6309 2.9355
0.16568 9.797 9.7966 2.9860
0.17553 9.972 9.9721 3.0395
0.16568 10.138 10.1378 3.0900
0.00821 10.146 10.1460 3.0925
0.49048 10.637 10.6365 3.2420
0.00821 10.645 10.6447 3.2445
0.50689 11.152 11.1516 3.3990
0.18209 11.334 11.3337 3.4545
0.14271 11.476 11.4764 3.4980
0.18209 11.659 11.6585 3.5535
0.50689 12.165 12.1654 3.7080
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4.8 Power Profile

The power profile is built by determining the logadwer distribution apositionsalong the

axial length of the heated rod. This camplished with the small FORTRA®bde attached

in appendix lwritten to generate the linear fission power at each axial position along the axial
length of each heated ranl the bundleEquation59 for linearfission power is calculated at

each nodedbs center point.
n — (56)
N Linear fission power (linear heat rate) at axal location,
0 Total thermal output,
"O Axial peaking factor at axial location,
"O Radial peaking factor for the suhannel,
[ Fraction of heat directly deposited in the bulk fluid of the-shénnel,
0  Number of heated rods in the bundle,
'O Height of the lated rod.
There are marginal differences betweenNitPECBFBT given test case thermal outputs in
comparison to the COBREN generated valudsr thermal outputs seen in the putfile.

There is a slight round off error contribution due to the lineat rstes that are entered at each

axial position along the heated rods. This is captured itatiles4.2for each test case.

Table 4.2 COBRA-EN Thermal Output (MW)
Test Case P60001 P60007 P60015
Given Thermal Output 0.863 2.375 5.340
CodeCalculated Thermal Output 0.8647068 2.379696 5.350603
Absolute Relative Difference 0.198% 0.198% 0.199%
Difference -0.00171 0.00470 -0.01060
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Table4.3lists the nodecentersalong the heated length of thesemblywith asscoiate axial
peaking factorskz. The blue cells are marked to display tioele centers witbreated edges,
and the orange cell® indicate thenode centers fopressure tap positionghere the axia

peaking factors were approxitead

Table 4.3 COBRA-EN Center Points
Outfile Axial Position (ft) | Input Axial Position (ft) | Input Axial Position (m) Fz
0.253 0.2534 0.0773 0.46
0.760 0.7603 0.2318 0.58
1.267 1.2672 0.3863 0.69
1.774 1.7741 0.5408 0.79
2.133 2.1325 0.6500 0.85
2.281 2.2810 0.6953 0.88
2.430 2.4295 0.7405 0.91
2.788 2.7879 0.8498 0.99
3.295 3.2948 1.0043 1.09
3.802 3.8017 1.1588 1.22
4.309 4.3086 1.3133 1.22
4.816 4.8155 1.4678 1.34
5.322 5.3223 1.6223 1.34
5.587 5.5864 1.7027 1.37
5.829 5.8292 1.7768 1.40
6.072 6.0720 1.8508 1.40
6.336 6.3361 1.9313 1.40
6.843 6.8430 2.0858 1.34
7.187 7.1867 2.1905 1.34
7.350 7.3499 2.2403 1.34
7.513 7.5131 2.2900 1.30
7.857 7.8568 2.3948 1.22
8.364 8.3637 2.5493 1.22
8.701 8.7008 2.6520 1.13
8.871 8.8706 2.7038 1.09
9.040 9.0404 2.7555 1.06
9.378 9.3775 2.8583 0.99
9.714 9.7137 3.0913 0.92
9.884 9.8844 3.0128 0.88
10.055 10.0550 3.2432 0.85
10.142 10.1419 3.9607 0.83
10.391 10.3912 3.1673 0.79
10.641 10.6406 3.0648 0.74
10.898 10.8981 3.3218 0.69
11.243 11.2426 3.4268 0.62
11.405 11.4050 3.4763 0.58
11.567 11.5674 3.5257 0.54
11.912 11.9119 3.6308 0.46
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4.9 COBRA-EN Boundary Conditions

The given parameters are enteimd card 29, operating conditionswvhich are used for
boundary conditions in COBREN.

4.91 Inlet Boundary Conditions

Theinlet boundary conditions agegotal inlet mass fluxGIN, used to calculate subchannel mass
flow rates for the user specified subchannels flow asrasinlet fluid temperaturé]IN. This

study chooses to use a constargtifiuid temperaturéor all subchannels

Table 4.4 Inlet Fluid Temperature, HIN
P60001 | P60007 | P60015
°C
277.3 | 277.8 | 2782
°F
531.14 | 532.04 | 53276

Average inlet mass flux is constant over the csesgional flow area for a given mass fl@sv

0 57

Table 4.5. Total Inlet Mass Flux Rate, GIN

P60001 | P60007 | P60015
592.889 | 1614.30 | 2054.57
n &I—j U 2
& X P @ | PP W T | PBPT WP
Given Mass Flow Ratg(t/hr)

20.2 | 55.0 | 70.0

Bundle CrossSectioral Area, Ax
P& | WT QoI
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4.92 Outlet Boundary Conditions

The oulet boundary conditiors the systenexit pressureREXIT. This is sefas system reference

pressure [4].

Table 4.6. EXxit Pressure, PEXIT
P60001 \ P60007 \ P60015
MPa
7.16 | 7.17 | 7.17
psi
1038.4702 | 1039.9206 | 1039.9206

4.10 Case Studiesor COBRA-EN
Two studies were performed with COBRAN prior to comparing COBRAN and
COBRA-CTF predictions with theNUPEC BFBT benchmark data. Unlike COBRBTF,
COBRA-EN allows the user to select combinations of correlations for computinghase
flow conditions. The first studgetermine the appropriate combinations of correlations to
compare to the benchmark data. Theeda involved during this process were:

1 Determine the appropriate set of correlations with the least amount of error compared

to theNUPECBFBT benchmarkneasuredlata.

91 Select a set of correlans that will apply to typicaBWR operatingconditions.

1 Use the selected set of correlations to compaegtivalent COBRACTF results.
The second study involves a mesbnvergence study performad the samefashion as
previously done for COBRACTF. The purpose for this procedure is to recognize sensitivity
of simulation results to node length in COBHEZN and cetermine an appropriate uniform node
length that both COBRAN and COBRACTF have in commorno compare the results of

both codes at the same axial positions along the heated channel.
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4.101 Combination of Correlations for COBRA-EN

Table4.7is a listof thecombinations of correlations used in COBEAN:

Table 4.7 Legend for Combinations of Correlations Used in COBRAEN

Card 18: Two Phase Friction Model Card 20: Void Fraction Model
J4: Two PhaseFriction Multiplier )

EPRI [ Homogenous |  Armand J2: Su_b_cooled QS: Ind|pator of Bulk _

Identifier Boiling Void/Quality Relationship

1 16 31 EPRI EPRI
2 17 32 EPRI ZuberFindlay
3 18 33 EPRI Homogeneous
4 19 34 EPRI ArmandMessena
5 20 35 EPRI Smith
6 21 36 Levy EPRI
7 22 37 Levy ZuberFindlay
8 23 38 Levy Homogeneous
9 24 39 Levy ArmandMessena
10 25 40 Levy Smith
11 26 41 Homogeneous EPRI
12 27 42 Homogeneous ZuberFindlay
13 28 43 Homogeneous Homogeneous
14 29 44 Homogeneous ArmandMessena
15 30 45 Homogeneous Smith

The COBRAEN manual suggeshe followingcombinatiors of consistent correlatits [4]:

1 All the EPRI correlations making up together the EPRI void model (default option)
Identifier 1
1 Homogeneous void model with the possiinigusion of the Smith correlation
Identifier 45
1 Armand correlation for twqphase friction multiplier, homogenous subcooled boiling,
and ArmaneMessena correlation for void fraction
Identifier 44
1 EPRI correlation for the twphase friction multiplier, Levygubcooled boiling, and
ZuberFindlay void relations.
Identifier 7
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4.102 P60001 Evaluation of Total Pressure Drop

The cells marked in a darker shade of blue (less than 2%) indicasetsibt, and12consist

of correlationghat provide predicted values thmatch the measured value for total pressure

drop with absolute relative differences d®8a5% and B79% respctively. Bothses 11, and
12 are using the EPRI twphase friction correlation, and the homogengeuilibrium)
subcooled boiling modelThe void/quality relatioship model used foset 11lis the EPRI

correlation whileset 12uses the ZubefFindley correlation.

Table 4.8: P60001 Evaluation for Total Pressure Drop of Measured Value 3.974 p

EPRI Two-Phase Friction Multiplier Suite
1 | 2 ] 3] 4] 5 ] 6 | 7 ] 8 ] 9 | 10 ] 12 | 12 | 13 [ 14 | 15

Total Pressure Drop (psi)

3.877 | 3.879 | 3.752 | 3.857 | 3.866 | 3.878 | 3.879 | 3.753 | 3.858 | 3.866 | 3.897 | 3.895 | 3.775 | 3.875 | 3.885
Absoulte Relative Difference

2.43% | 2.39% | 558% | 2.94% | 2.73% | 2.41% | 2.39% | 557% | 2.93% | 2.72% |LA98% | N008%0 5.01% | 2.49% | 2.24%

Difference
-0.0966 | -0.0950 [ -0.2216 | -0.1167 [ -0.1085 [ -0.0958 [ -0.0949 [ -0.2213 [ -0.1165 | -0.1080 [ -0.0765 [ -0.0786 [ -0.1993 [ -0.0989 [ -0.0890

Homogenous Two-Phase Friction Multiplier Suite

16 | a7 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30
Total Pressure Drop (psi)

3711 | 3713 | 3613 | 3.694 | 3.700 | 3.712 | 3.713 | 3.613 | 3.695 | 3.700 | 3.736 | 3.734 | 3.640 | 3.717 | 3.724
Absoulte Relative Difference

6.61% 6.91% | 6.59% | 6.57% |BIOIOGUGNIMMA080AN 6.89% | 5.99% | 6.04% 6.30%

Difference
-0.2627 | -0.2613 | -0.3610 | -0.2797 [ -0.2744 [ -0.2618 [ -0.2611 [ -0.3607 | -0.2795 | -0.2739 | -0.2379 [ -0.2401 [ -0.3344 [ -0.2573 [ -0.2503

Armand Two-Phase Friction Multiplier Suite

31 | 32 | 33 | 3 | 35 | 3 | 37 | 38 | 39 | 40 | 41 | 42 | 43 | 44 | 45
Total Pressure Drop (psi)

3738 | 3740 | 3665 | 3.724 | 3.727 | 3.739 | 3.740 | 3.666 | 3.724 | 3.727 | 3.762 [ 3.760 | 3.691 | 3.746 | 3.750
Absoulte Relative Difference

5.94% | 5.89% |DNGIOGN] 6.29% | 6.23% | 592% | 589% |DNM6%M 6.28% | 6.21% | 533% | 5.37% 5.64%

Difference
-0.236 | -0.234 | -0.309 | -0.250 | -0.247 | -0.235 | -0.234 | -0.308 | -0.250 [ -0.247 [ -0.212 | -0.214 | -0.283 | -0.228 | -0.224
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4.103 P60001 Evaluation of Pressure Drop for thePressure Dropldentifier s

The darker bluecells (less than 2%jndicatecode calculated values closer to the measured
data forindividual pressure dropdentifiers. The EPRI twephase friction multiplier suite
indicates lesabsolute relative differende thepredictedvalue compared to the measured data
for a majority of thepressure drofdentifiers Also, the column averagesuggesthe EPRI
two-phase friction miliplier suite match the measured data bettiean the Armand and
homogenous suitesefs 11 and12represent thelosestode predicted values to the measured
data with column averaged 9.14% and 9.10% respectively. All three tploase friction
multiplier suitesdisplay a larger absolute relative difference near the uppetion of the
assemblyespecially at the top of the assembly labelptD1 The subcooled boiling models
exhibit a minor contributioto the results under these conditionBe EPRI twephase friction
multiplier in combination with eithethe EPRI, or ZubeFindley void/quality relationship
models will yield the better results for lower than nominal BWR operating power and mass

flow rates seen in test cast P60001.
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Table 4.9 P60001 Absolute Relative Difference foPressure Drop atPressureDrop Identifiers

EPRI Two-Phase Friction Multiplier Suite

Pressure Tap| Measured 1 2 3 4 ) 6 7 8 9 10 11 12 13 14 15
dp01 0.167 : 25. X
dp02 0284 | 8.45% | 8.45% | 11.97% | 8.45% | 8.45% | 8.45% | 8.45% | 11.97% | 8.45% | 8.45% | 8.45% | 8.45% | 11.97% | 8.45% | 8.45%
dp03 0367 | 14.44% | 14.44% | 6.27% | 14.44% | 17.17% | 14.44% | 14.44% | 6.27% | 14.44% | 17.17% | 14.44% | 14.44% | 6.27% | 14.44% | 17.17%
dp04 0505 | 6.93% | 6.93% | 12.87% | 8.91% | 6.93% | 6.93% | 6.93% | 12.87% | 8.91% | 6.93% | 6.93% | 6.93% | 12.87% | 8.91% | 6.93%
dp05 0531 | 7.72% | 7.72% | 13.37% | 7.72% | 9.60% | 7.72% | 7.72% | 13.37% | 7.72% | 9.60% | 5.84% | 7.72% | 13.37% | 7.72% | 9.60%
dp06 0570 | 7.02% | 7.02% | 12.28% | 8.77% | 8.77% | 7.02% | 8.77% | 12.28% | 10.53% | 8.77% | 8.77% | 7.02% | 12.28% | 8.77% | 8.77%
dp07 1780 | 4.49% | 4.49% | 6.74% | 5.06% | 5.06% | 4.49% | 4.49% | 6.74% | 5.06% | 5.06% | 3.93% | 3.37% | 5.06% | 3.93% | 3.93%
dp08 0.798
dp09 3.974 5.58% | 2.94% | 2.73% 557% | 2.93% | 2.72% 5.01%
Average 9.27% | 9.27% | 10.56% | 9.81% | 10.08% | 9.27% | 9.47% | 10.56% [ 10.00% | 10.08% 10.40% | 9.63% | 9.98%
Homogenous Two-Phase Friction Multiplier Suite
Pressure Tap| Measured| 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
dp01 0.167 | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76%
dp02 0284 | 15.49% | 15.49% | 19.01% | 19.01% | 19.01% | 15.49% | 15.49% | 19.01% [ 19.01% | 19.01% | 15.49% | 15.49% | 19.01% | 19.01% | 19.01%
dp03 0.367 4.63% 3.54% 4.63% 3.54% 4.63% 3.54%
dp04 0505 | 14.85% | 14.85% | 20.79% | 16.83% | 16.83% | 14.85% | 14.85% | 20.79% | 16.83% | 16.83% | 14.85% | 14.85% | 20.79% | 16.83% | 16.83%
dp05 0531 | 15.25% | 15.25% | 19.02% | 15.25% | 15.25% | 15.25% | 15.25% | 19.02% | 15.25% | 15.25% | 15.25% | 15.25% | 19.02% | 15.25% | 15.25%
dp06 0570 | 12.28% | 12.28% | 15.79% | 14.04% | 14.04% | 12.28% | 12.28% | 15.79% | 14.04% | 14.04% | 10.53% | 12.28% | 15.79% | 12.28% | 12.28%
dp07 1780 | 6.74% | 6.74% | 8.43% | 7.30% | 7.30% | 6.74% | 6.74% | 8.43% | 7.30% | 7.30% | 5.06% | 5.62% | 6.74% | 5.62% | 6.18%
dp08 0.798
dp09 3974 | 6.61% | 657% | 9.08% | 7.04% | 6.91% | 6.59% | 6.57% | 9.08% | 7.03% | 6.89% | 5.99% | 6.04% | 8.41% | 6.47% | 6.30%
Average [10.23% [ 10.22% 11.15% [ 11.43% | 10.23% [ 10.22% 11.14% [ 11.43% [ 9.78% [ 10.04% 10.70% | 11.05% |
Amand Two-Phase Friction Multiplier Suite
Pressure Tag Measured | 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
dp01 0167 | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76% | 19.76%
dp02 0.284 | 15.49% | 15.49% | 15.49% | 15.49% | 15.49% | 15.49% | 15.49% | 15.49% | 15.49% | 15.49% | 15.49% | 15.49% | 15.49% | 15.49% | 15.49%
dp03 0367 | 3.54% | 3.54% 354% | 3.54% | 3.54% | 3.54% 3.54% | 3.54% | 3.54% | 3.54% 354% | 3.54%
dp04 0505 | 14.85% | 14.85% | 18.81% | 14.85% | 14.85% | 14.85% | 14.85% | 18.81% | 14.85% | 14.85% | 14.85% | 14.85% | 18.81% | 14.85% | 14.85%
dp05 0531 | 11.49% | 13.37% | 17.14% | 15.25% | 13.37% | 13.37% | 13.37% | 17.14% | 15.25% | 13.37% | 11.49% | 13.37% | 17.14% | 15.25% | 13.37%
dp06 0570 | 12.28% | 10.53% | 14.04% | 12.28% | 12.28% | 10.53% | 12.28% | 14.04% | 12.28% | 12.28% | 12.28% | 10.53% | 14.04% | 10.53% | 12.28%
dp07 1780 | 6.74% | 6.18% | 7.30% | 6.74% | 6.74% | 6.18% | 6.18% | 7.30% | 6.74% | 6.74% | 5.62% | 5.06% | 6.18% | 5.06% | 5.62%
dpo8 0.798
dp09 3974 | 5.94% | 5.89% | 7.77% | 6.29% | 6.23% | 5.92% | 5.89% | 7.76% | 6.28% | 6.21% | 5.33% | 5.37% | 7.12% | 5.74% | 5.64%
Average [ 10.04% | 9.99% [ 11.26% | 10.50% | 10.28% | 9.99% | 10.18% | 11.26% | 10.50% | 10.28% | 9.85% | 9.80% | 11.07% | 10.05% | 10.09% |
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4.104 P60007 and P60015, Total Pressure Drop

These two test casesflect the same trendsd are therefore presented togetfiére darker

blue cells are where the absolute relative differences are less than 3% and less than 8% for the
P60007 and P60015 test cases respectivalyexpected, éith test cases strongly indicadbe
selection of @wo-phase multiplier and void/quality relationship ahe most significant
contributor todifferences between computed and measured pressure @hempsubcooled

boiling model choice appearstie a wealkcontributoras expected for higher powers and mass

flow rates seen in these test cases. The EPRptvwage friction multiplier suite result in the
smallest absolute relative difference for both P60007 and P60015 testAlagheee two

phase multipliesuites reflect that the homogenous bulk void/quality relationship provides the

better results regardless of thésooled boiling model selected

Table 4.10: P60007 Evaluation for Total Pressure Drop of Measured Value 8.396 psi

EPRI Two-Phase Friction Multiplier Suite

1 [ 2 [ 3 [ 4 [ 5 [ & [ 7 [ 8 [ o [ 120 [ 212 [ 12 | 13 [ 14 [ 15
Total Pressure Drop (psi)
7.945 | 7918 | 8164 | 7.894 | 7.847 | 7.959 | 7.931 | 8178 | 7.907 | 7.860 | 7.929 | 7.898 | 8.145 | 7.873 | 7.828

Absoulte Relative Difference

5.37% | 5.69% [1276% | 5.98% | 6.54% | 5.20% | 5053% |1260% | 5.82% | 6.39% | 5.56% | 5.94% |[112100060] 6.22% | 6.77%

Difference
-0.4508 | -0.4778 | -0.2318 [ -0.5020 [ -0.5495 [ -0.4369 [ -0.4646 | -0.2178 | -0.4888 | -0.5363 [ -0.4666 | -0.4983 [ -0.2508 | -0.5226 | -0.5684

Homogenous Two-Phase Friction Multiplier Suite
16 | 17 [ 18 [ 19 | 20 [ 21 | 22 | 23 [ 24 | 25 | 26 [ 27 | 28 | 29 [ 30
Total Pressure Drop (psi)
7.4703 | 7.4222 | 7.8080 | 7.3834 | 7.3163 | 7.4748 | 7.4258 | 7.8152 | 7.3867 | 7.3192 | 7.4756 | 7.4251 | 7.8087 | 7.3865 | 7.3203
Absoulte Relative Difference
11.03% | 11.60% | 7.00% |HCIOGOSNIISISE0RN 10.97% | 11.56% | 6.92% |HICIOUGNINNNBE0RN 10.96% | 11.56% | 7.00%
Difference
-0.9257 | -0.9738 [ -0.5880 | -1.0126 | -1.0797 | -0.9212 [ -0.9702 [ -0.5808 [ -1.0093 [ -1.0768 [ -0.9204 [ -0.9709 [ -0.5873 [ -1.0095 [ -1.0757 |

Armand Two-Phase Friction Multiplier Suite

31 | 32 | 33 | 34 | 35 | 36 | 37 | 38 | 39 | 40 [ 41 [ 42 | 43 [ 44 | 45
Total Pressure Drop (psi)
7.690 | 7.625 | 8.140 | 7.573 | 7.488 | 7.699 | 7.632 | 8.153 | 7.580 | 7.495 | 7.688 | 7.621 | 8.131 | 7.570 | 7.486

Absoulte Relative Difference
8.40% | 9.19% | 3.05% | 9.80% | 10.81% | 8.30% | 9.10% |[1280% | 9.72% | 10.73% | 8.44% | 9.23% | 3.16% | 9.84% | 10.84%
Difference
-0.706 | -0.771 | -0.256 | -0.823 | -0.908 | -0.697 | -0.764 | -0.243 | -0.816 | -0.901 [ -0.708 | -0.775 | -0.265 | -0.826 | -0.910




109

Table 4.11: P60015 Evaluation for Total Pressure Drop of Measured Value 16.530 psi

EPRI Two-Phase Friction Multiplier Suite
1 | 2 | 3] 4 ] 5 | 6 | 7 | 8 | 9 | 120 | 12 | 12 | 13 | 14 | 15
Total Pressure Drop (psi)
14.093 | 13.824 | 15.432 | 13.686 | 13.457 | 14.164 | 13.893 | 15.515 | 13.754 | 13.522 | 14.012 | 13.737 | 15.335 | 13.600 | 13.375
Absoulte Relative Difference
14.74% | 16.37% |6I64%0] 17.21% | 18.59% | 14.31% | 15.95% |L6MA%6N] 16.79% | 18.20% | 15.23% | 16.90% 19.09%
Difference
2437 | -2.706 | -1.008 | -2.844 | -3.073 | -2.366 | -2.637 | -1.015 | -2.776 | -3.008 | -2.518 | -2.793 [ -1.195 [ -2.930 [ -3.155

Homogenous Two-Phase Friction Multiplier Suite
16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30
Total Pressure Drop (psi)
12.952 | 12.559 | 14.843 | 12.344 | 11.989 | 13.002 | 12.606 | 14.916 | 12.388 | 12.027 | 12.910 | 12.516 | 14.777 | 12.303 [ 11.953
Absoulte Relative Difference

21.65% | 24.02% | 10.20% |NECICOGNNBIOAN 21.34% | 23.74% | 9.77% |HECIOCIONNBMEal 21.90% | 24.29% | 10.60% [Iciciuclemcoval

Difference
-3.5781 | -3.9707 | -1.6866 | -4.1857 | -4.5410 | -3.5280 | -3.9241 [ -1.6143 | -4.1421 | -4.5028 | -3.6205 | -4.0144 | -1.7526 | -4.2266 | -4.5774

Armand Two-Phase Friction Multiplier Suite
31 | 32 ] 33 ] 34 ] 35 | 3 | 37 | 38 | 39 | 40 | 41 | 42 | 43 | 44 | 45
Total Pressure Drop (psi)
14.144 | 13.466 | 17.797 | 13.102 | 12533 | 14.212 | 13.526 | 17.911 [ 13.159 | 12.582 | 14.079 | 13.404 | 17.697 | 13.043 [ 12.480
Absoulte Relative Difference
14.44% | 18.54% [L67%0] 20.74% | 24.18% | 14.02% | 18.17% | 8.35% | 20.39% | 23.89% | 14.83% | 18.91% 24.50%
Difference
2386 | -3.064 | 1.267 | -3.428 | -3.997 | -2.318 | -3.004 | 1.381 | -3.371 | -3.948 | -2.451 | -3.126 | 1.167 | -3.487 | -4.050

4.105 P60007 and B0015,Pressure Drop for the Pressure Dropdentifiers

Thedarker blue cellspecifywhereabsolute relative differenceseless than 3% and less than
8% for the P60007 and P60015 test cases respectiedyything previously mentionddr
total pressurdrop for test cases P60007 and P6001%bservedn theevaluation ofpressure
drop for individual pressure dropdentifiers. The EPRI twephase friction multiplier suite
indicatesa reduction in absolute relative differenoethe prediced valus compared to the
measured data for a majority of theessure droplentifiers. The column averages reveal the
EPRI twophase friction multiplier match the measured data better on avé@itageubcooled
boiling models exhibit a minor contributipand he EPRI twephase friction multiplier in
combination with the homogenous bulk void/quality relationship will yield better results

pressure drop fasperatingconditions seen in test cases P60007 and P60015.
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Table 4.12 P600, Absolute Relative Offer ence for Pressure Drop aPressureDrop Identifiers

EPRI Two-Phase Friction Multiplier Suite

Pressure Tap Measured 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
dp01 0811 | 2.561% | 3.794% | 4.840% | 5.028% | 6.261% | 2.561% | 3.794% | 4.840% | 5.028% | 6.261% | 2.561% | 3.794% | 4.840% | 5.028% | 6.261%
dp02 0.972 | 14.587%)| 14.587% | 8.413% | 16.646%| 16.646% | 14.587% | 14.587%| 9.442% | 16.646%| 16.646%| 14.587%| 14.587%| 8.413% | 16.646%| 16.646%
dp03 1.176 5.419% 5.419% 5.419%
dp04 1.385 | 10.477% 11.199%| 6.867% | 11.921%| 12.643%| 11.199%| 11.199%| 6.867% | 12.643%| 12.643%| 10.477%| 11.199% | 6.867% | 11.921%| 12.643%
dp05 1314 | 7.918% | 8.679% | 4.113% | 9.440% | 10.201%| 7.918% | 8.679% | 4.874% | 8.679% | 10.201%| 7.918% | 7.918% | 3.852% | 8.679% | 10.201%
dp06 1218 | 7.249% | 7.249% | 3.966% | 7.249% | 8.070% | 7.249% | 7.249% | 3.966% | 7.249% | 8.891% | 5.608% | 6.428% | 3.145% | 6.428% | 7.249%
dp07 3313 | 5.212% | 5.212% | 3.401% | 5.212% | 5.514% | 4.609% | 4.910% | 2.797% | 4.910% | 5.212% | 5.816% | 6.118% | 4.307% | 6.118% | 6.118%
dpo8 1.197
dp09 8.396 | 5.372% | 5.693% | 2.764% | 5.981% | 6.547% | 5.206% | 5.537% | 2.597% | 5.825% | 6.390% | 5.561% | 5.938% | 2.989% | 6.227% | 6.773%

Average [6.120% [ 6.481% 7.137% [ 7.722% | 6.115% | 6.430% 6.988% | 7.762% | 6.026% | 6.433% 7.089% [ 7.723% |
Homogenous Two-Phase Friction Multiplier Suite

Pressure Tag Measured| 16 17 18 19 [ 20 [ 21 22 23 24 | 25 [ 26 27 28 29 30
dp01 0811 | 9.961% | 12.428% 13.662% | 14.895%| 9.961% | 12.428% 13.662%| 14.895%| 9.961% | 12.428% 13.662% | 14.895%
dp02 0.972 | 20.762%] 21.791%| 13.558% | 22.820% 21.791%| 21.791%| 13.558% | 22.820% 20.762%| 21.791%| 13.558% | 22.820%
dp03 1176 | 10.734% 12.434%H 13.284% | 14.985%| 10.734%| 12.434% 13.284% | 14.985%| 10.734% | 12.434% 13.284% | 14.985%
dp04 1.385 | 20.584%| 21.306% 14.086% | 22.028% 20.584% | 21.306% | 14.086% | 22.028% 20.584% | 20.584% | 13.364%| 22.028%
dp05. 1314 | 15.528%| 16.289% | 9.440% | 17.050%| 19.333% | 16.289%| 17.050%| 10.201%| 17.811% 19.333%| 14.767%| 17.050% | 10.201%| 17.050%| 18.572%
dp06 1218 | 12.995% [ 12.995%| 8.891% | 13.816%| 13.816%| 12.995%| 12.995%| 8.891% | 13.816%| 14.636%| 12.174%| 11.353%| 7.249% | 12.174%| 12.995%
dp07 3313 | 8.533% | 8.835% | 6.420% | 8.835% | 8.835% | 7.929% | 8.231% | 5.816% | 8.533% | 8.835% | 8.533% | 8.533% | 6.420% | 8.835% | 9.137%
dp08 1.197
dp09 8396 | 11.028%) 11.601% | 7.006% | 12.063%| 12.863%)| 10.975%| 11.558% | 6.920% | 12.023%| 12.827%] 10.966% | 11.567%| 6.998% | 12.026%| 12.814% |

Average [12.390%[ 13.229%[ 7.012% [ 13.975% 12.609%[ 13.242%[ 7.020% [ 13.929% 12.207%] 13.014%| 6.834% [ 13.696%
Armand Two-Phase Friction Multiplier Suite

Pressure Tapg Measured| 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
dpo1 0811 | 6.26% | 8.73% | 6.07% | 9.96% | 12.43% | 6.26% | 8.73% | 6.07% | 9.96% | 12.43% | 6.26% | 8.73% | 6.07% | 9.96% | 12.43%
dp02 0.972 | 17.67% | 19.73% | 8.41% | 19.73% | 22.82% | 17.67% | 19.73% | 8.41% | 19.73% | 22.82% | 17.67% | 19.73% | 8.41% | 19.73% | 22.82%
dp03 1176 | 4.78% | 6.48% | 7.12% | 8.18% | 10.73% | 4.78% | 6.48% | 7.12% | 8.18% | 10.73% | 4.78% | 6.48% | 7.12% | 8.18% | 10.73%
dp04 1.385 | 15.53% | 16.97% | 6.14% | 17.70% | 19.86% | 15.53% | 16.97% | 6.87% | 18.42% | 20.58% | 15.53% | 16.97% | 6.14% | 17.70% | 19.86%
dp05 1314 | 12.48% | 13.24% | 4.87% | 14.77% | 16.29% | 12.48% | 14.01% | 4.87% | 14.01% | 16.29% | 11.72% | 13.24% | 4.11% | 14.01% | 16.29%
dp06 1218 | 10.53% | 11.35% | 5.61% | 11.35% | 12.17% | 11.35% | 11.35% | 5.61% | 12.17% | 12.17% | 9.71% | 9.71% | 4.79% | 10.53% | 10.53%
dp07 3313 | 7.33% | 7.63% | 4.91% | 7.93% | 7.93% | 7.02% | 7.33% | 4.31% | 7.63% | 7.33% | 7.63% | 7.93% | 551% | 8.23% | 7.93%
dpo8 1.197
dp09 8396 | 8.41% | 9.19% | 3.06% | 9.80% | 10.81% | 8.31% | 9.10% | 2.89% | 9.72% | 10.74% | 8.44% | 9.23% | 3.16% | 9.84% | 10.85%

Average | 9.38% | 10.62% | 5.29% | 11.20% | 12.72% | 9.42% | 10.57% | 5.28% | 11.25% | 12.81% | 9.24% | 10.38% | 5.19% | 11.06% | 12.54% |

Table 4.13: P60015Absolute Relative Difference forPressure Drop atPressureDrop Identifiers

EPRI Two-Phase Friction Multiplier Suite

Pressure Tap Measured 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
dp01 2.165 | 20.55% | 23.79% | 7.16% | 25.17% | 27.02% | 20.55% | 23.79% | 7.16% | 25.17% | 27.02% | 20.55% | 23.79% | 7.16% | 25.17% | 27.02%
dp02 2.466 | 28.22% | 31.06% | 17.27% | 31.87% | 33.50% | 28.22% | 31.06% | 17.27% | 31.87% | 33.50% | 28.22% | 31.06% | 17.27% | 31.87% | 33.50%
dp03 2.804 | 14.41% | 16.90% 17.97% | 19.40% | 14.41% | 16.90% 17.97% | 19.40% | 14.41% | 16.90% 17.97% | 19.40%
dp04 3.040 | 19.08% | 21.71% | 8.55% | 22.04% | 23.68% | 19.08% | 21.71% | 8.88% | 22.37% | 23.68% | 19.08% | 21.71% | 8.55% | 22.04% | 23.68%
dp05 2.949 | 20.31% | 22.35% | 10.14% | 23.70% | 25.40% | 20.65% | 22.69% | 10.14% | 23.70% | 25.74% | 19.97% | 22.01% | 9.80% | 23.36% | 25.06%
dp06 2.524 | 17.19% | 18.78% | 8.48% | 19.97% | 21.95% | 17.19% | 18.38% | 8.48% | 19.57% | 21.95% | 16.80% | 18.38% | 8.08% | 19.57% | 21.95%
dp07, 5978 | 9.67% | 10.51% 1151% | 13.01% | 8.67% | 9.50% 10.34% | 12.01% | 10.51% | 11.68% 1251% | 14.02%
dp08 1.520 5.26% 5.26%
dp09 16.530 | 14.74% | 16.37% | 6.64% | 17.21% | 18.59% | 14.31% | 15.95% | 6.14% | 16.79% | 18.20% | 15.23% | 16.90% | 7.23% | 17.72% | 19.09%

Average | 16.31% | 18.31% 19.12% | 20.58% | 16.04% | 18.00% 18.94% | 20.39% | 16.67% | 18.56% 19.50% | 20.92% |
Homogenous Two-Phase Friction Multiplier Suite

Pressure Tag Measured| 16 17 18 19 [ 20 [ 21 22 23 24 | 25 | 26 27 28 29 [ 30
dp01 2.165 | 26.56% | 30.72% | 9.47% | 32.10% | 34.87% | 26.56% | 30.72% | 9.47% | 32.10% | 34.87% | 26.56% | 30.72% | 9.47% | 32.10% | 34.87%
dp02. 2.466 | 33.90% | 37.55% | 19.71% | 38.771% 33.90% | 37.55% | 19.71% | 38.77% 33.90% | 37.55% | 19.71% | 38.77%
dpo3 2.804 | 24.39% | 28.32% | 6.92% | 30.10% | 32.60% | 24.39% | 28.32% | 6.92% | 30.10% | 32.60% | 24.39% | 28.32% | 6.92% | 30.10% | 32.60%
dp04 3.040 | 27.96% | 31.91% | 12.50% | 33.22% | 36.18% | 28.29% | 31.91% | 12.83% | 33.22% | 36.18% | 27.96% | 31.91% | 12.50% | 33.22% | 36.18%
dp05 2.949 | 28.45% | 31.16% | 14.21% | 32.86% | 35.91% | 28.45% | 31.50% | 14.21% | 33.20% | 35.91% | 28.11% | 31.16% | 13.87% | 32.52% | 35.57%
dp06 2.524 | 24.33% | 26.31% | 12.84% | 27.89% | 30.67% | 24.33% | 26.70% | 12.84% | 27.89% | 31.46% | 23.93% | 25.52% | 12.04% | 27.50% | 30.67%
dp07, 5978 | 15.52% | 16.69% | 6.83% | 18.03% | 19.87% | 14.85% | 16.03% | 5.65% | 17.20% | 19.37% | 15.86% | 17.03% | 7.66% | 18.37% | 20.04%
dpo8 1.520 5.26% | 5.26%
dp09 16.530 | 21.65% | 24.02% 25.32% 21.34% | 23.74% 24.29% 25.57% | 27.69%

Average | 22.82% | 25.55% | 10.66% | 26.84% 22.60% | 25.38% | 10.37% | 26.69% 23.02% | 25.68% | 10.82% | 27.05%
Armand Two-Phase Friction Multiplier Suite

Pressure Tag Measured| 31 32 | 33 | 34 35 36 37 | 38 39 40 41 42 | 43 [ 44 45
dp01 2165 | 17.32% | 24.25% | 16.86% | 27.02% | 31.64% | 17.32% | 24.25% | 16.86% | 27.02% | 31.64% | 17.32% | 24.25% | 16.86% | 27.02% | 31.64%
dp02 2.466 | 26.20% | 31.47% 34.31% | 38.77% | 26.20% | 31.47% 34.31% | 38.77% | 26.20% | 31.47% 34.31% | 38.77%
dpo3 2.804 | 9.06% | 17.97% | 35.16% | 21.18% | 27.25% | 9.06% | 17.97% | 34.81% | 21.18% | 27.25% | 9.06% | 17.97% | 35.16% | 21.18% | 27.25%
dp04 3.040 | 16.78% | 23.36% | 18.09% | 26.64% | 31.91% | 16.78% | 23.36% | 18.42% | 26.97% | 32.24% | 16.45% | 23.36% | 18.09% | 26.64% | 31.91%
dp05 2.949 | 21.33% | 25.74% 28.45% | 32.18% | 21.33% | 26.08% 28.45% | 32.18% | 21.33% | 25.40% 28.11% | 32.18%
dp06 2.524 | 19.18% | 21.55% 23.93% | 27.50% | 19.57% | 21.55% 23.93% | 27.50% | 19.18% | 21.55% 23.53% | 27.10%
dpo7 5978 | 12.01% | 13.35% 15.02% | 17.20% | 11.17% | 12.51% 14.02% | 16.53% | 12.68% | 14.19% 15.69% | 17.53%
dp08 1.520 5.26% 5.26% | 5.26%
dp09 16.530 18.54% 20.74% | 24.18% 18.17% 20.39% | 23.89% 18.91% | 7.06% | 21.09% | 24.50%

Average | 15.44% | 19.95% | 10.26% | 22.29% | 25.99% | 15.20% | 19.70% | 10.02% | 22.10% | 25.77% | 15.74% | 20.26% | 10.48% | 22.54% | 26.24%
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4.106 Result ofthe Correlations Study for Pressure Drop

The EPRI twephase friction mulplier correlation yields the ler resultsfor pressure drap

Also, all three test cases reveal that the subcooled boiling models weakly contrithge to
results for these test conditions. P60001 does indigastight influence on the results
considering thesoid/quality relationshipbutthis test case exhibits lower power and mass
flow rates than nominal BWR operating conditions. Observations of the P60007 and P60015
test cases indicate ththe homogenous model fopid/quality relationship yield the better
resultsfor pressure drowith increases in power and mass flow. The P6001&éssts more
representative afiominal BWR conditions with a slightly higher mass flow rdtke set8

of correlationsyields the better results for pressure drop and willcbmpared to the

COBRA-CTF resiits.

Table 4.14 COBRA-EN Results for Suite of Correlations Set 8
Two Phase Friction Multiplier | Subcooled Boiling| Bulk Void/Quality Relationship

EPRI Levy Homogeneous

Total Pressure Drop(psi) Absolute R_elative Difference in Press_l_Jr@rop for
Individual Pressure Drop Identifier s

Measured P60001| P60007| P60015 Identifier P60001 | P60007 | P60015

3.753 | 8.396 | 16.530 dp01 25.75% | 4.840% | 7.16%

Calculated P60001| P60007| P60015 dp02 11.97% | 9.442% | 17.27%

3.974 | 8.178 | 15.515 dp03 6.27% | 5.419% | 3.00%

dp04 12.87% | 6.867% | 8.88%

dp05 13.37% | 4.874% | 10.14%

dp06 12.28% | 3.966% | 8.48%

dp07 6.74% | 2.797% | 1.64%

dp08 0.25% | 1.384% | 1.32%

dp09 557% | 2.597% | 6.14%

Average 10.56% | 4.687% | 7.11%
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4.10.7 Further Evaluation of the Correlations Study

The homogenous void/quality relationship is known to over predictaperfraction andis
typically notrecommendeevhen evaluating realistic twphase flow conditionsimilar to the
conditionsobserved in BWRSAIso, as noted inNuclear Systemk by Tordeas and Kazimi
that calculated vapor fraction is higher for the same quality and slip aatmwverpressure

where the density ratid j ” is decreasef8].

The goals of thieextended correlatiostudy are to choose another set of correlations that
provide acceptable code predictions compared to measured data for pressure drop, and exhibit
vapor fractions representative refalistictwo-phase flow conditionsThe originalcriteria for

the correlabn study will be observedThere arethree observations from the previous
correlationstudy:

1. The choice ofwo-phasemultipliers contributessignificantly to differences between
predictedand measured data for a majority of theessure dropdentifiers ard total
pressure drap

2. Thehomogenouswo-phase frictiormultiplier suiteconsistentlyresulted in a less than
desirable comparison of predicted to measured pressures

3. Subcooled boiling models exhibit a minor contributiordiiferences irthe predicted

values
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As a result, differensubcooled boiling modelwill not be consideredand the homogenous
two-phase friction factor suite will be omitteSince benchmark data was not available, the
vapor fractions predicted by COBRBTF were chosen as the bafis comparisonVapor
fractions at axial positions along the heated assembly for both the EPRI and Armantéhs&o
friction factor suites for P60001, P60007, and P600Hye been collected. These vapor
fractions are plotted with the 1X24 COBRATF resultdor each test cage determine which
set of correlationsvithin COBRA-EN provides thdest matchThe plotscontaining thesuite

of correlations forboth the EPRI and Armand twmhase friction fact@ are practically
identical when the same combinatiof subcooled boiling model and void/quality
relationships are applied. For this reagaots forthe equivalent test case Armaieb-phase
friction factorsuiteis omitted Figures4.4, 4.7, and4.10are plots of the entire EPRI twahase
friction factor aiite. Figures 45, 4.8, and4.11 are plots of both the EPRI and Arnthn
two-phase friction factor setf correlationsthat best match the exit vapor fractiofrom
COBRA-CTF.Figures 46, 4.9, and4.12 areplots of the selected set correlations that best

matchthe COBRA-CTF predicted values for vapor fractiatong theentireheated length of

the bundle. This last set of plots wile considered or a fAbest <choiceo

COBRA-CTFresults

t

(0]
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4.108 P60001 Plots for the Extended @rrelations Study

P60001 Vapor Fraction with Entire EPRI Suite
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Figure 44: P60001, COBRAEN EPRI suiteds vapor fracti &iF p

P60001 Best Matched Exit Vapor Fraction
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Figure 45: P60001, Matched COBRAEN sets compared to COBRACTF exit vapor fraction predictions
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P60001 Best Choice Sets for Vapor Fraction
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Figure 4.6: P60001, Selected COBRAN sets compared to COBRACTF vapor fraction trends
Refer totables4.8and4.9f or t he set s6 abs @lessureedrop ferltotat i ve
andpressure dromlentifiers Table4.7is a legend of the set of correlations seeiigure 4.5.
As mentioned before, the plots with the same combination of subcooled boiling amaidel

void/quality relationships are practically identical, so those curves are on taphobtner.

Table 4.15 P60001 Extended Combinations of Correlations Study
Two Phase FrictionMultiplier

EPRI | Armand Stébg:lpoled \éoild{c(_)ualri]ty
Identifier oring elationship
4 34 EPRI ArmandMessena

9 39 Levy ArmandMessena
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4.109 P60007 Plots for the Extended rrelations Study

P60007 Vapor Fraction with EPRI Suite
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Figure 47: P60007, COBRAEN EPRI suiteds vapor fracti &nF
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Figure 48: P60007, Matched COBRAEN sets compared to COBRACTF exit vapor fraction predictions
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P60007 Best Choice Sets for Vapor Fraction
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Figure 49: P60007 Selected COBRAEN sets compared to COBRACTF vapor fraction trends

Referto table4.10and4.12forthes et s 0 abs ol ut e pressdreadtop facgal di f f e |

and pressure dragentifiers

Table 4.168 P60007 Extended Combinations of Correlations Study
Two Phase FrictionMultiplier

EPRI | Armand Stébg:lpoled \éoild{c(_)ualri]ty
Identifier oring elationship
1 31 EPRI EPRI

6 36 Levy EPRI
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4.1010 P60015 Plots for the Extended rrelations Study

P60015 Vapor Fraction with EPRI Suite
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Figure 410: P60015, COBRAEN EPRI suiteds vapor fracti &nF
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Figure 4.11: P60015, Matched COBRAEN sets compared ta&COBRA-CTF exit vapor fraction predictions



P60015 Best Choice Sets for Vapor Fraction
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Figure 4.12 P60015 Selected COBRAEN sets compared to COBRACTF vapor fraction trends
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Table 4.17 P60015,Extended Combinations of Correlations Study
Two Phase FrictionMultiplier . _
EPRI [ Armand Subcooled Void/Quality
Identifier Boiling Relationship
1 31 EPRI EPRI
6 36 Levy EPRI
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4.1011 Resultsof the ExtendedCorrelations Study
Figures 4.54.8 and4.11lillustrate the combination COBRA-EN correlationghat provide
a best match toCOBRA-CTF void fractionresults Tables4.18 4.19 and4.20 containthe
absolute relative difference between the code predictions compared to measured data for

pressure drop with the selected set of correlattbas best match to COBRETF vapor

fraction results

Table 4.18 P60001 COBRA-EN Extended Correlation Study Sets
Pressure Drop | Measured
Identifier i (psi) 4 9 34 39
dp01 0.167 31.74% | 31.74% | 19.76% | 19.76%
dp02 0.284 8.45% 8.45% | 15.49% | 15.49%
dp03 0.367 14.44% | 14.44% | 3.54% 3.54%
dp04 0.505 8.91% 8.91% | 14.85% | 14.85%
dp05 0.531 7.72% 7.72% | 15.25% | 15.25%
dp06 0.570 8.77% | 10.53% | 12.28% | 12.28%
dp07 1.780 5.06% 5.06% 6.74% 6.74%
dp08 0.798
dp09 3.974 2.94% 2.93% 6.29% 6.28%
Average 9.81% | 10.00% | 10.50% | 10.50%
Range ofTwo-Phase EPRI Armand
Fr'cggﬂjm 'tA'F\’,'é?;ggs "© | 9106 | 103% | 9.80% | 11.26%

Table 4.18 indicatesthe EPRI twephase friction multiplier, and the Armandessena

void/quality relationship provides the bett@atch to the measured data RG0001



Table 4.19 P60007, COBRAEN Extended Correlation Study Sets

PressureDro Measured
Identifier i (psi) 1 6 31 36
dp01 0.811 2.561% 2.561% | 6.26% | 6.26%
dp02 0.972 14.587% | 14.587% | 17.67%| 17.67%
dpo3 1176 | 0.318% | 0.318% | 4.78% | 4.78%
dp04 1.385 10.477% | 11.199% | 15.53%| 15.53%
dp05 1.314 7.918% 7.918% | 12.48% | 12.48%
dp06 1.218 7.249% 7.249% | 10.53%| 11.35%
dp07 3.313 5.212% 4.609% | 7.33% | 7.02%
dp08 1.197 1.384% 1.384% | 1.38% | 1.38%
dp09 8.396 5.372% 5.206% | 8.41% | 8.31%
Average 6.120% 6.115% | 9.38% | 9.42%
Range of TwePhase EPRI Armand
Fr'cggﬂjm#li'f);;ggge 452% | 7.76% | 5.19% | 12.81%

Table 4.20 P60015, COBRAEN Extended Correlation Study Sets

PressureDrop | Measured

Identifier P (psi) 1 6 31 36
dp01 2.165 20.55% | 20.55% | 17.32% | 17.32%
dp02 2.466 28.22% | 28.22% | 26.20% | 26.20%
dp03 2.804 14.41% | 14.41% | 9.06% 9.06%
dp04 3.040 19.08% | 19.08% | 16.78% | 16.78%
dp05 2.949 20.31% | 20.65% | 21.33% | 21.33%
dp06 2.524 17.19% | 17.19% | 19.18% | 19.57%
dp07 5.978 9.67% 8.67% | 12.01% | 11.17%
dp08 1.520 2.63% | 1.32% | 2.63% 1.32%
dp09 16.530 14.74% | 14.31% | 14.44% | 14.02%
Average 16.31% | 16.04% | 15.44% | 15.20%

Range of TwePhase EPRI Armand

Friction Mu 't,ff/'éer;gsé’;te 7.11% | 20.92% | 10.02 | 26.24%
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P60007 and P60015 use the EPRI void/queistionshipTable4.19 and4.20indicatethe EPRI
and Armand twephase frictionmultipliers predict pressure comparable to the measured data.

There is a marginal improvement with the Armand correlation observed in P60015.



122
4.1012 Conclusion of the ExtendedCorrelations Study

The EPRI twaephase friction multiplieexhibitsa better match in predicted values to measured
data for pressure dr@s observed in thaitial correlation study for pressure drop alohkere is

a slight improvement observed in the test case with operating parameters closer to nominal BWR
conditionsP60015, with the Armand twphase friction multiplier. Thidight improvement is not
significant enough in companon to the larger contribution of the ER&®Irelationobservedn

P60001 and P60007 in the extended correlation studyP8b@01ltest caseloes designate that

the ArmandMessena void/quality relationship should be considered, but P60001 operating
parameters are lower than typical BWR conditiohke EPRI void/quality relationship is
observed in all four sets in the final selection of ther&d correlation study fwoth P60007

and P60015¢t lis choserbased on the results of the extendelationstudy andon referral of

the COBRA-EN manual to usall EPRI correlations.

Table 4.2 COBRA-EN Results forExtended Setof Correlations, Set 1
Two Phase Friction Multiplier | Subcooled Boiling| Bulk Void/Quality Relationship
EPRI EPRI EPRI

Total Pressure Drop(psi) Absolute R(_alative Difference in Presggré)rop for
Individual Pressure Drop Identifier s

Measured P60001| P60007| P60015 Identifier P60001 | P60007 | P60015

3.974 | 8.396 | 16.53 dp01 31.74% | 2.56% | 20.55%

Calculated P60001| P60007| P60015 dp02 8.45% | 14.59%| 28.22%

3.877 | 7.945 | 14.093 dp03 14.44% | 0.32% | 14.41%

dp04 6.93% | 10.48% | 19.08%

dp05 7.72% 7.92% | 20.31%

dp06 7.02% 7.25% | 17.19%

dp07 4.49% | 5.21% 9.67%

dp08 0.25% 1.38% 2.63%

dp09 243% | 5.37% | 14.74%

Average 9.27% 6.12% | 16.31%
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4.11 Convergence Study withCOBRA-EN

The convergere study for COBRAEN is not as esnsive as the one performed in
COBRA-CTF. COBRAEN does not exhibithe same issues with the vapor fraction seen in
the COBRACTF convergence studin addition, there is a limitation in COBREN on how

many axial nodes can be allocated with all the other given geometric information such as
number of subdmnels, number of fuel and water rods, and lateral gaps befuwelerods
and/or structural (BWR casrfacesThisis explained in more detail in the COBRAN user
manual on pages 72 and 73 pertaining to $therage Requirement§he limit for this
comparative studwas discovered to be when attempting to subdivide the uniform mesh size
beyond a factor of five hile including the designated pressure tap positioflse mesh
refinement cases are categorized by the number of times the original nodseeizén

figure 2.5is suldivided

. O
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Table 4.22 COBRA-EN Convergence
Study Uniform Node Lengths
Mesh Refinement Case

1X24 | 3X24 | 5X24
Uniform Node Length
Metric (m)
0.1545 | 0.0515 | 0.0309

Standard (ft)
0.5069 | 0.1690 | 0.1014
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4.12 Results of Convergence Study witlCOBRA-EN

Table4.23list the b and thed for the comparison between the mesh refinement
cases 1X24 to 3X24, and 3X24 to 5X24. The results for pressure along theraptialdethe
heated channel in the quit file are provided with a precision to the second decimal. The
largestabsolute relative differencebserved intable 4.23 is 10* for both 0 and
0 is beyond the resolution of the compared valtmspressure by two ordsrof
magnitude This indicaes that there is little gain in determining pressure drppeducing

the uniform node size.

Table 4.23 Resultsof COBRA-EN Convergence Studyfor Pressure (psi)
P60001 P60007 P60015
Error 1to3 3to5 1to3 3to5 1to3 3to5
0 1.92E05 9.61E06 | 3.82E05 | 9.60E06 | 1.52E04 | 1.90EO05
0 6.29E05 3.18E05 | 1.34E04 | 3.17E05 | 5.50E04 | 7.24E05
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CHAPTER 5: Comparison of COBRA-EN and COBRA-CTF

The primary focus for this study is to evaluate both COEHRYand COBRACTF where the
validation metricis the NUPEC BFBT steadystate two-phasepressure drop benchmark
databaseBoth codes haveindergonea convergence study to determine the sensitivity o
simulation results to changes in node lentinas determiadthatfor both codesthe 1X24
mesh refinement case with a uniform node lengt.545n (0.50689ft)yielded negigible
change in pressure dr@ssociated wittiurther reduction in noddength This was deemed
valid consideringchanges irvaporvolume fractionnearspacer gridsvas not an issue for
COBRA-EN, norwas vapowrolumefraction a measured value provided in MiéPECBFBT
benchmarkdatabase COBRA-CTF requirs additional workto resolve the vapovolume
fraction anomalies at the grid spacéfie COBRA-EN sectionincludes an additional study
that resultsn a best choicesuite of correlations for typical BWRonditionswith the least
amount ofabsolute relative differenda predicted valuesompared taneasured data ithe
NUPECBFBT benchmark dabase Theinitial study resukdin a setof correlationdisted in
table 4.14that provides the better match of predicted to measured data considering pressure
drop alone. Thex¢ended study results in a set of correlations listetlahe 4.21 including
vapor fraction as a metri@he preliminary correlation set will be label&N8 while the

extended correlation study will be labeleN1






