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The calculation code for determining corrosive circumstance in light water reactors, WRAC-JAEA, has
been developed based on water radiolysis calculation codes for BWR. The code has involved several new
calculation functions to apply it for PWR, i.e., (1) high temperature pH (pHr), (2) pHr effects on water
radiolysis, (3) electrochemical corrosion potential (ECP) based on the mixed potential theory, and (4) ECP
based on the water radiolysis calculation results.

Moderation of corrosive conditions in the primary cooling systems is one of the promising procedures to
mitigate the loss of reliabilities of major components in the systems, especially in aging plants. However,
water chemistry control for corrosive environment mitigation procedures are much different in BWRs and
PWRs.

In BWRs, intergranular stress corrosion cracking (IGSCC) of stainless steel is the dominant causes for
determining plant reliability. It is difficult to increase pH and injected hydrogen amounts due to direct power
cycle operation. So, precise control of hydrogen injection with supported by water radiolysis and ECP
analyses has been carried out to keep material reliability.

In PWRs, it is possible to maintain stable control of corrosive circumstances with higher pH and
sufficiently large hydrogen concentration. Recently, it was pointed out that one of the major causes of primary
water stress corrosion cracking (PWSCC) of nickel alloys was hydrogen. The optimal hydrogen
concentration should be evaluated to mitigate ECP without increasing hydrogen concentration. For this, a
combined water radiolysis and ECP analysis code is required to determine the suitable hydrogen
concentration and ECP.

WRAC-JAEA can contribute not only to evaluation of corrosive conditions each of BWR and PWR, but
also to prepare for suitable countermeasures for both BWR and PWR by cross-talking the knowledge and
experience with assistance of the code results.

Keywords: Risk, PWR, BWR, Primary Coolant, Corrosive Circumstance, Water Radiolysis,
Electrochemical Corrosion Potential, pH, Boiling

+Nuclear Emergency Assistance and Training Center



JAEA-Data/Code 2024-003

BKIPIE BEREE L EIREERE DT D OfifTa— K
WRAC-JAEA Ofitr ik

AR DREBAS b % %% - B SR X e o 4 —
BERE - WL APIET 4 £V

PE BRI s R bR R

(202443 H 11 H#)

KPR BB M AT = — B WRAC-JAEA 1%, B /KAE 147 (BWR) WHEIK % %51
SN IKDOBSRR R (704 TV R) fififira— RaexX—2 2, NEAKRBFEF (PWR) 128
WHCTX ARICEHBE SN, T7bb, ()&EE pH FHEEE. )7 U4 ) v 2 HREIZKIET EIR
pH D BRATRERE. Q)IRKEE IS S B REN (ECP) fEMTHERE., £ L C@ 7 VAU v R &
ECP O & EATHEEE 2 10 L 7=,

BRI 1 B HAR OIS BREEMIL. B EZMART 2. FRIRPILIE 74 O 2R OF
MR DT DA R FEO—>TH 5, L)L, BWR & PWR Tl, BHIV AT LADFERD
7o B RBEEREM O =D ORI FIEITRE S B D,

BWR T, 27 L AR RAUS SN IGSCC) DOHMilIAS, Hes. B OIS mEM:wE
RODXEPT S TWDEN, BEEYA I VERHAT D720, pH Sl L <. KFIFRINEHHIK
SNDHHT, TV AN 22— K & ECPfRNT & A48 7o 1805 72 8 R BB O AT & & % OF
LoD, BREEOEME X O EM OREMERENK b T 7z,

—J5. PWR Tli, @ pHIZHERF L, +07REOKZBEZRMT D2 L2k, KOBMEHR I RIC
Lo THERT pEEHE, B LKZ R EOBEMAREOBREZ, St b TR, BaR
BREEMT D ERARETH-T-, L L, =y 7 VA& 1 IRGEIKIGTTEREEIL (PWSCC)
DIEA L HERIIKFEIT L - TINE S5 FTREVEAN G S, AKEAINE & ECP OME 2 E &1k
HWBPENE £ - T& 72, BWR IR ENT=T VA4 U VA fiffr 2 — RIZHHAKGRTH Y |
i pH ST O F FTIEIGSAEE LV, ECP f#MT &1 pH TldEe 5, ZD7=¥H, BWR TD
TR % B KIRIZZED L-2D, PWRI1 WG EIRIZ & it FTRE 72 8 B BR B MRAT 1L O RENL NS & 7
STW5H,

WRAC-JAEA |Z, BWR & PWR ZNENDEEEEFNCE T 2DH TR, Ra—Rickb
B Z A LCL WA C oo R EAR A O M LA R BREAN L, REEMICAE T SIS R D56
RE~OXHNZ, ENZNORKER, ML A RKk3 52 \EER FERAERMT 2 Z MG TE 5,

JE A JIRMAREFERT © T319-1195  ZRBR IR AR FI AL MR K2 A 7 2-4
+ R IREREE - HMEt X —

ii



JAEA-Data/Code 2024-003

CONTENTS

L INEEOAUCTION ..ottt bbbttt st st e b ettt s bt e st et ettt sb e s bt ese et e s bt sbeebeentenbenaes 1
2. Major Parameters of the Corrosive CirCUMSTANCES .......cueeveeriieriieieeieeiesieeseeesteesteesteesteesteeseeseeseennseensenns 3
2.1 Comparison of the Cooling Systems of BWRS and PWRS ..........cccceiiiiiiniinieieeceeeeeee e 3
2.2 Major Component Materials of the Primary Systems of BWRs and PWRS ........ccccooevevienienienienee, 3
2.3 Major Parameters to Determine Corrosive Conditions in BWRs and PWRSs..........ccocceviiniiiiiiiennnn 6
2.4 Major Problems in the Primary Systems of BWRs and PWRS .........cccooiiiiiiienieicieeeeeeee e 7
2.5 Major Analytical Tools to Determine the Corrosive CIrCUMSLANCES .........cveeeveeveeverrenreneeseeneeneeens 11
2.5.1 Water Radiolysis CalCulation...........cccveeieeiieeiiiiieieeie ettt ettt et e veeebe e ssaeesaeesvenes 12
2.5.2 ECP CalCulation.....cc.ceueeieiirieiiieiieiese sttt sttt sttt ettt b bt et e e nte st b ene e 15

2.6 PWSCC in PWR Primary Cooling SYStIM ........cceevieriierieriieiiieiieieeieeieeeeevesevesenessaesseesseesseesseenseses 16
3. Major Corrosive Parameters to Determine IGSCC and PWSCC..........ccooieviieiiieciiniieiieieeeeceeeeeceeee 18
3.1 Corrosive Parameters in BWR and PWR Primary Cooling SyStem ..........c.cccccueveiirrciiencieeenveerreeenenn 18
3.2 Determination of Corrosive Parameters..........cccecvevieriiniirieiienieninieieienescceerere st eaeennens 18
3.3 Instruments for Determining the Key Parameters of Water Chemistry ..........ccccoeeveeeveecieicieeieeenen. 20
3.3.1 Proven INSTIUMENTS ...c..cc.eviiieiiiiiiieieeetenece ettt sttt e enesnesae e ene 20
3.3.2 High-temMPerature SENSOTS . ......eeuuirutiriiertieriierttenttenteeteeteete et ebeeabeenbesatesatesatesntesatesseesaeeseneesseenses 20

3.4 The Gaps between the Desired Information and the Measured Data.............cccceveviviciieicieenieenee . 23
4. An Approach Toward Determining Corrosive Parameters ..........ccccceveereereeneenieenieeieeieeeeee e 25
4.1 Water RAGIOLYSIS ..eeuvieuiiiiieiieieee ettt ettt ettt ettt ettt e e bt e bt enbeenbeenneen 25
4.1.1 BaSIC EQUALIONS. ...cuuieiieiieieeie ettt sttt ettt ettt eteesteeetesatesatesaeesseesseense e beenseen setesnnesseenseenses 25
4.1.2 Previous Calculation Codes .......c..eviririeieniininirieienienit ettt sttt e 26
4.1.3 Subjects to Improve the Previous Water Radiolysis Models ..........cccceerierieniieniienieieeiecie e 27
4.1.4 PHT CalCUlations .......c.eecuieiiiieiie ettt ettt sttt ettt ettt et e bt enteentesntesaeesneeeeneennes 27

N BT 3] = O 23 i (<71 OSSPSR 30
4.1.6 VOIA EFFECLS ..eevieiiiiiiieteteesecte ettt et sttt et ne bt s eeeenee 30

4.2 Electrochemical Corrosion POtential...........ccceveririririeienininiiieienesesieeeeteiesie et e eieeneens 31
4.2.1 Mixed Potential MOAE .......ccoouiiiiiiiiiniiiiiiiieeseseeeeeeste sttt sttt e 31
4.2.2 MaJOT CONSLANES ...uvieutieeiieieeieeteeteeteettestteetestessaesseesseesseesseeseesseenseenseansesnsesnsesssessssesssesssenseenses 31
4.2.3 Subjects to Improve the Previous ECP MOdeIS .........ccccverieiieniieiieiieieeeeieeie e 31
4.2.4 AN0dic Polarization CUIVES .......cc.eoiriiriieieieniieieeteteste sttt ettt sttt ettt st ebeeeentesae e e ebeeneenes 31
4.2.5 Coupled Calculations of Electrochemistry and Oxide Layer Growth...........cccccvevieviiecieeiennnnnne. 33
4.2.6 ANOdic POlarization CUIVES .......c..eviriiiieieienieeieeitete sttt ettt sttt ettt st ebeeae st bbbt eneenes 34

iii



JAEA-Data/Code 2024-003

4.2.7 Ferrous 10N SOIUDIIILY .....cooiiiiiiiiiieiee ettt et ettt et 38
4.2.8 Other Constants for ECP Calculation ............cccceceiriininiriieiinininicicieescseeeeesese e 39
4.2.9 OXide Layer EIFECTS ....coouiiiiiiieiieieee ettt ettt ettt ettt e snee e enaeeneesneenns 40
4.3 Coupled Calculation of Water Radiolysis and ECP..........ccccocoveiiriiriiniiiiiiceeeeecesese e 42
5. Calculation PrOCEAUIES. .......cocuirtiriiriirieteiesteettet sttt sttt ettt s be bt e st bt s bt eseesaenbesbeeneens 44
5.1 WALl RAIOLYSIS .ouveetiiiieiieieeie ettt ettt ettt ettt et ettt e et e enteeatesstessaessaesseesseasseesensesnsesnsesnsesnnenns 44
5.1.1 Basic Equations for Water Radiolysis and Dissociation of Water...........cccocvevievieiiincieniennennnn. 44
5.1.2 Dissociation of Water to Determine High Temperature pH ..........ccccooveviiiriiiiiieiiniieiecieeeee. 44
5.1.3 NUMETICAL SOIULION ..ttt ettt st et st enee 44
5.1.4 MAJOT CONSTANES .....eeuvietieiieiieitesttesteeteettesteenseeseesseesseesseesseansesnseesseessesnsesssesssesssessssesssesseesseenses 46
5.2 Electrochemical Corrosion POteNtial............cccuevieiieiiieciieiieiecieeee ettt te et eveesveesaeeseense e 46
5.2.1 Mixed Potential MOEL ........c.coouiiiiieiiieiieiieieeiceie ettt sttt ste et eae e esaessaenns 46
5.2.2 The Effects of Boundary Layers and Oxide Layers on Current Densities..........c.ccceeveevereennennne. 46
5.3 Coupled Model of Water Radiolysis and ECP ANalysiS.........cccceeeueriirieiienienienienieeie e eve e 46
6. Calculation Code, WRAC-JTAEA ........oo oottt e et eetae e e e seaaeeesennaeas 47
6.1 PAD of the Calculation COde.........c.oecuiiiiiiiiieiiieieeieete ettt steesteesteesteeteebeebeesseenseseseesseensenns 47
6.1.1 Main Calculation ROULINE ........c.eciiiierierieeiiieitieieeieesie ettt ebeebeebeebeesbessbessaesesesseesseessssesseenses 47
6.1.2 Major Subroutines for Water Radiolysis (WRAQC) ......ccovieriiiiiiiiiieieeeeeseseeee e 53
6.1.3 Major Subroutines for ECP Calculations (ECPCAL).......ccocctevirriiriiieiieieeieeeeeseeseesiee e 53
6.2 Computer Code COMPIEX.....cc.eiruiiriieriiiiieieete ettt ettt sttt e st e st e st e st e eteenteenteenteenteeenseensesneenns 53
6.2.1 SOUTCE COUE ...enviniiriieiieiiiiiiteteteete ettt ettt ettt e sb e eae e bbbt bt e sae eeseennennesbeeneenne 53
6.2.2 Fortran for CalCulation........c..c.ccoveieniininiriiieiininccceene sttt st e e ene 53

7. Calculation Results and Evaluation of the RESUlts.........c.cceceviivininiiiiinininiiiicecceceeneseeeeeens 54
7.1 Waater RAIOLYSIS ..uveeueieiieiieieeie ettt ettt ettt et eat e satesatesaeesbeesbeesbeesensesntesnnesnnesneenes 54
7.1.1 High Temperature pH Calculation............oc.eecuieiirieniieniieiieiteieeieeieee ettt 54
T.1.2 INCA IN-PIIE LOOD ittt ettt ettt ettt e et e et e esteenbeesbessbessaessaesseesseeassnenseenseenses 56
7.1.3 Radiation Quality Dependence of Calculated Hydrogen Peroxide Concentrations..................... 58
7.1.4 Temperature Dependence of Calculated Hydrogen Peroxide Concentrations............cccceevenene.. 59
7.1.5 High Temperature pH Dependence of Calculated Hydrogen Peroxide Concentrations............... 59
7.1.6 H2O; Suppression by Hy and OH™ in Alkaline SOIUtONS .....cc.eevveeiieniieniieniieiieieeieeie e 60
7.1.7 Evaluation of Major Rate Constants on Radiolysis Calculation ............cccceveerierienienieniienenee. 63
7.1.8 Evaluation of Boiling Effects on Radiolysis Calculation...........c.cccecveeierciinieenienienieniesieseeeen 64
7.2 Electrochemical Corrosion POtential........c..cocceeeiiriiriininiiiinieniniceieiesesicceetee et eieeneens 67



JAEA-Data/Code 2024-003

T.2.1 [O2] Dependent ECP ..........oooiiiiiiieieeeeeeeeeee ettt et ve e sba e s e e et e e sssaeessaeessaeensaeeennnes 67
7.2.2 [H2O2] Dependent ECP........c..ooooiiiiiiiiieeiiesite ettt ettt e sveesteesbaeessaeessaeassaeessaeensseensnees 69
7.2.3 pH Dependent ECP ........cccooiiiiiiiieiieieeit ettt ettt ettt st s saesetesneesnsaesneesaeenns 69
7.2.4 Calculation for In-pile-100p EXPEriments ...........cccuerierierieriieniieiieieeseeieeie ettt 70

7.3 Calculated Results of the Coupled Model of Water Radiolysis and ECP Analysis........cccceccverurennene 71
7.3.1 Effects Of PHT ON ECP ..ottt ettt nneen 72
7.3.2 Effects Of Li" 0N ECP......cocioiiiieiieicicieieeieie ettt nsens 73
7.3.3 Effects Of HT ON ECP .....oviiiiieicicieieieie ettt 73
7.3.4 Effects of Energy Deposition 0n ECP..........cccoeiiiiiiiiiiieieeeeetee e 73
7.3.5 Comparison of the Measured and Calculated ECP .........ccccooiviiiriiiniiiniiieiieiececeseeseee e 74
7.3.6 Evaluation of the Corrosive Conditions in PWR Primary Coolant.............cccceevvevveniieciincrennenne. 75

7.4 Verification and Validation of the Coupled Code.........ccoeeuireiiriiiiiiiieieciecieeeeee et 78
7.4.1 Key Parameter to Determine Corrosive CONAItioNS.........c.vecvieevierieeciiesieecienienresreseeseeesseesseensees 78
7.4.2 Standardization of Coupled Evaluation Procedures for Corrosive Conditions............cccecvveuvenne.. 79
7.4.3 Verification PrOCEAUIES .........cciiuieieieriiriieiieiee sttt ettt sttt s be et ae st sbe e s 80
7.4.4 Validation PrOCEAUIES.........cccuiiiiiiiiieciieriteritesttete ettt et be et e et e st e e saesbessaessaesseesseessseesseesseenses 85
7.4.5 DISCUSSIONS ON V&V ..ouiiiiiiiiiiiieiieitett ettt ettt e st e s ae e te e e e beesbeesseenseenseenssaenseenssenses 86

8. Calculation Code Manual of WRAC-JAEA . ........ccoiiiiiiiieieeneeeesee ettt 88
8.1 TITLE-INPUT ..ottt sttt sttt ettt st be et be e 88
8.2 RINFINPUT ..ottt ettt ettt s b et sa et ebe s bt ebe bt 89
8.3 NOAECONNECE-K2 ...ttt sttt et eeee 91
8.4 REACTIONK-A ...ttt bbb et sttt b ettt b e b et ebe b e ebe b e 91
8.5 G-V ALUE ...ttt ettt ettt b ettt be et be et eb e 94
8.0 ECP-INPUT ..ottt sttt ettt et b e s bbbt ebe b 94
8.7 Results of the Example Calculations...........ocevieiieiiiiienieniesiieseeseee ettt st e 95
8.7.1 PWR INCA in-pile Loop Calculation (EXample 1) .......ccccevuieriiroiiriinieniesiesieseesieesieeieeie e 95
8.7.2 PWR Primary Coolant Calculation (EXample 2) ........ccooeeriieriiriiieiieieeiecie et 96
8.7.3 BWR Primary Loop Calculation (EXample 3) .......ccceerirviiriiiiieiieeieeieeiecieesiceseeieeie e 97
8.7.4 BWR Hydrogen Injection Demonstration Calculation (Example 4).......ccccccevevvevirnciencienienieninnns 98

0. SUITINIATY ettt ettt ettt ettt e et e s et e st e e et e e e bt e e bee ettt e bee e sbeeaeeenaeeesas bt e ebeeebeeenabeesnbeesnneas 100
ACKNOWIEAZEIMENL. ..ottt ettt et ettt et e st e et e et e e bt enteenseenseensesnseensaeensesnsessnessnessnans 101
RELETEIICES ...ttt ettt b s bt e b et s bt s bt e st et bt ebe e st et sbesbe e bt enbenbentes 101
ADDIEVIALIONS ...ttt sttt ettt ettt b ettt b e ebeeb e et e s bt s bt e bt e st et e eb e ebeeb e et et £ebten b e bt sbeebe e bt e be b e 106



JAEA-Data/Code 2024-003

PN o] 013116 1 OO OO PU PR PTUPROPUPROPN 108
Appendix-A EXamples Of OULPUL........ooiiiiiiiiiee ettt st s et 108
A-1. PWR INCA in-pile LOOP ANALYSIS ...ecuveriieiieriieiieiieiieieeie ettt steseeesieeseesseesseenseenseenseeen 108

A-2. BWR Primary LOOP ANALYSIS ...cccueeouiriieiieiieieeiteieete ettt ete et teseeesetesseessaesseenseenseenseensessnnenn 111
Appendix-B PAD of Major Sub-codes and Subroutines for Water Radiolysis (INPUT) .........cccccuennee. 114
Appendix-C PAD of Major Sub-codes and Subroutines for Water Radiolysis (WRAC).........c..ccccu.... 116
Appendix-D PAD of Major Sub-codes and Subroutines for ECP Calculations (ECPCAL)................... 119

vi



JAEA-Data/Code 2024-003

H &
L BB B ettt ettt ettt ettt ettt er e eeerae e 1
2 B R B T SR T oottt 3
2.1 BWR & PWR D EIZR O EGHE ..ottt 3
22BWR & PWR O —RIEHIRD FEIEARERIATE oo 3
23BWR & PWR D —RIBHFZRD TFEZEIE AT /X T A B e v 6
24BWR & PWR O —RIEHIRD FETEFRE ..ot 7
25 ERBREEEBALDTZ DD FZEETAMTEEY oot 11
2.5.1 IR DT RRIT DD FTAI ..ot et e e e e s eeeae 12
2.5 2 AR BT TN .ttt 15
26 PWR D PWSCC et e e tes et ees s s s eeeeeeseeeeeseeseseeseeeeseesasseeeessseesessesessesranes 16
. IGSCC e TN PWSCC ZIRTET D EFL/NT A B e 18
3.1 BWR & PWR DO —RIFGEIRDIERE7XT A B oo 18
B2IEEE IR T R B DTRTE oo 18
33 AKAEFEF— X T A= FPRTEDTZ D DFHHIER oo 20
331 DRI GETIER <ottt 20
33 2 B L ettt 20
34 BETRIE TR & T IE T 2 DA 7 T ettt 23
B IRT A R T NI T T T T e 25
A1 TR O TBUIFRRITIE <ottt et s e n e s er e eereeee e 25
A1 R TR B ettt ettt 25
B2 TER DT T R oottt 26
A13PERDFHRETT VLI DT DFEIE oot 27
A 1.4 TR PH G oottt 27
4.1.5 TR PH DFZEEFERL oot 30
B1.6 TRA BRI e e 30
B2 T AE BV oottt naen 31
B2 BIRTEITTE T I ettt ettt ettt ettt 31
B.2.2 R B TE oottt 31
423 TERD ECP FHETT /LI E DTZD DFRIE .o 31
B2 4 B BRI FE IR oottt een 31
425 BERULTFET L & BRI R: DB ..o 33
A.2.6 TEREEITT IR oottt e e e e e e s e e s e s e s e e s eees e eeseeeeeee s aeeeean 34
B2.T BEA T L DOURI oottt 38
4.2.8 F DD ECP FFEL/NT A ettt 39
4.2.9 BRI DN I oottt 40
4.3 IK DTSRRI PR & T B BB OO TBU BT oottt 42
B B T e ettt et 44
ST IO TBLEIERITIE <.t ettt 44
5.1.1 KD SRR3R & AR D FEBETTFRE I oo 44
5.1.2 IR pH EAIE D 72D D IK D FRBIE ..o 44
513 B B R B ettt ettt 44
S04 TEBE B TEET oottt 46
52 B B B TEAN et ettt ettt r et 46
52T TRIRTEALTE T IV oot 46
5.2.2 RBEFE & FRAMBLBE D BETREE FEE S DEEEE (oo 46

vii



JAEA-Data/Code 2024-003

53 T F Y AL ECP AT O BB BT vt 46
CC R T = R WRAGC-JAEA oottt 47
6.1 FFEL T 0D PAD X oottt et e e e e eneeens 47
0. 1.1 T R T T L et 47
6.1.2 KD SEHTHRAF IR Tl —F 2 (WRAC) oo 53
6.1.3 ECP H B D T/ —F 2 (ECPCAL) ..ot 53
0.2 R T R ettt 53
0.2.1 Y == A TIm R e 53
6. 2.2 THELDTZ S ID T = B 7 5 oot 53
B R R L DD ZT A oottt ettt e s eeeee 54
T L IO BRI <.t ettt eeen s 54
T TEIR PH D FFEL oo 54
TA2INCA A 278 LT oo 56
7.1.3 MER LK SR IR EEFH IS AT T IS HRER BN oo 58
7.1.4 BB KB G B AT TR DBNE oo 59
7.1.5 IR LK F IR GBI FAE TR pH DOBIER e 59
7.1.6 7V T VIR TO Ha & OH D HaOo FHIZN I o 60

T 1T EBE SR TE BT DRI ..ot 63
71.8 T VA 3 AT RAE T D FTA .o 64
T2 TSR TV oottt ee e 67
721 BRI B AT DD TG AR TEAVE oot 67
7.2.2 MBI FE U R TE D I AR BV, oottt 69
723 PHABRTF D JEEETEAL oo e 69
T24 A L7 JUBEBRIDZIER oottt se e 70
13T VAV AL BALE AT OFE TR oo 71
731 FEE BN AT T BT PH DFEZE e 72
732 KBTI AE T LI OB oo 73
733 A B LT AT T H DB oottt 73
734 JEBEEMNIZKIET TR AT DFEEE e 73
735 JEBENMNDFFEFEI & FEBRIEL D LLIELT oo 74
7.3.6 PWR — YRR DA TN O FTAM ..ot 75
TATEATTIT D VEV FIA ..ot 78
TAL S BREETRTE D I 7R A B et 78
TA2 JER SN A A TTHT DREIEID oot ee e eee e een e seen s 79
743 T R OIE L E DBREE oo 80

T A4 T RO TZGPEDIIRTIE .ot 85
745 VEV AT DUN T DFEET oottt eaenas 86
VBB T R WRAGC-TJAEA D T2 20 T JL oot e e ees s ees s s s s 88
8.1 TITLE-INPUT ...t e e e s s e e s ees s ereere e s e seee e 88
8.2 RIN-INPUT ...ttt et e e e et s e e s e e e s eeeeeeeseesee s s seeeeseane 89
8.3 NOAECONNECTI-K2......eeeee e e e et e e e e e e e e e e e e e e e e e e e eere e eeeeeens 91
8.4 REACTIONK=A ...t ee oo seeseee e et seeeeeeeeseeees s eesaeseeseeeeeeseeseesessereeseeeseeseeeans 9]
8.5 G=VALUE ...ttt e e e et e e e s st s e e e s esee e eeeeeeeseeseeseeseeeeeeeeans 94
8.6 ECP-INPUT ...t s e ee e ee e e e e s eee e e see e e seee e 94
8.7 T A N AT A DAE IR e e 95
8.7.1 PWR INCA A > 73 A JL b= DFEHT(BXAMPIE 1) oo 95
8.7.2 PWR — IR HZR DFFHT (EXAMPLE 2) ..o 96

viil



JAEA-Data/Code 2024-003

8.7.3 BWR — IR HIZR DFFEHT (EXAMPLE 3) oo 97
8.7.4 BWR /KFZVEAZN R DFEHT (EXAMPIE 4) coeceeeeeeeieeeeeeeeeeeeeeeeeeeee et 98

0. T e ) et ettt 100
13 3OO OO O ORI 101
BEFETTRR oottt 101
B T ettt ettt ettt ettt a ettt et a et ettt et oAt et a et et et et ere et etent et et ent et ene st etenterenetenn 106
BT B <ottt 108
PG TT oot e 108
A1 PWR INCA U T AT oot 108
A2 BWR T IRITEIZRIEAT <. 111
FH8%-B KD IR AT DY 7 2 — R RO 7 —F > @D PAD (INPUT) ..o 114
£18%-C KD SRR AT DY 7 2 — R RO 7 /b —F 2 D PAD (WRAC) ... 116
£145-D JE B EBALIRIT OV 7 3 — R RO 7 /—F 2 D PAD (ECPCAL)....oeeeeeeeeeeeeeeeene 119



JAEA-Data/Code 2024-003

LIST OF TABLERS
Table 2.1 Major targets of water chemistry in NPPs and major phenomena related to the targets ................ 5
Table 2.2 Key of water ChemiStry PAraimMEtersS ... .....c.eeverieriieriierieeieeteeteeteeeteseresseesetesseesseesseenseenseessseesseenses 7
Table 2.3 Basic equation for the radiolysis MOdel .........cccoeieiiriiiiiiiieeee e e 12
Table 2.4 Major features of water radiolysis COAE .....c.irviimiriiiiiiiiieeieeieee ettt 13
Table 2.5 Major input data for water radiolysis calculation for entire BWR primary cooling system......... 13
Table 2.6 g-values for BWR CONAIIONS ......cocuveiiiiiiieiieiieieeieeee ettt ettt eve e eevesae e aesnaeeneeees 13
Table 2.7 Comparison of sets of rate constants used BWR conditions ...........ccccceveevienienienenneeneenieeene 14
Table 2.8 Major cathodic and an0diC TEACTIONS ........ccueeruieeiieiieieeieeeeeee ettt et et ebeebe e ebeebeenaeseraeeneeees 16
Table 2.9 Major equations to determine current deNSItIES. ......ccouereerierierierieriierieeie ettt eee et 16
Table 2.10 Major parameters for electrochemistry model.........c..cccoeciieiiiiiiiiiiienieeee e 16
Table 3.1 Control target value of water chemistry in primary cooling Water...........ccccevveveeneeneeneeneenienn 18
Table 3.2 Key of water ChemiStry ParaimeEtersS .........c..cvevierieeeieeiieeieeieeteseesteesreesseesseeseeseensesnsesssessssesssennes 19
Table 3.3 High temperature water ChemiStIy SENSOTS......cevvteiirierieeierieritesteesteete et eee e eeeeeestesnee s eeeeees 21
Table 3.4 Gaps between desired information and measured data.............ccceeeierieiienienieciieeee e 24
Table 4.1 Coupled calculation of electrochemistry model and oxide layer growth model........................... 34
Table 4.2 Fitting curves for ferrous 100 SOIUDIIILY .......ccceeciieiiriiiieeieeiectee et 38
Table 4.3 Rate constants for the ECP model .........c..coceoiniiiiiinininiiiiciececsceeeeetee e 40
Table 4.4 Major parameters to determing ECP ..........cccociiiiiiiiiiiiiiiciececeeeeee e 40
Table 6.1 Program diagram fOr Main TOULINE .........ceecverierieeiieeieeieeieetestee st et et eteeaeeaeenteenaeenaessnnesnnenns 48
Table 7.1 Major dissociation reactions and their CONSTANLS ...........cceeeevireiiireiiieeiie et erre e sree e e 54
Table 7.2 Reaction constants for radiolysis calCUlation ............cceecueeierieiienienieieee e e 55
Table 7.3 Major characteristics of the in-pile INCA loop and in-pile region of Tsuruga-2...........cccccueeuenne 57
Table 7.4 Major parameters to determine Water radiolySIS ....c.ccueeeueeeieeiierierienierteerieesie e eee e eve e eeae e 57

Table 7.5 G-values implemented into WRAC-J radiolysis code for calculation of PWR primary coolant

COMATLIONS ..ttt ettt et ettt s b et eb e et b e bt eb et et e e bt ebeest et e estentesbeebeeneentenbenues 58
Table 7.6 Major rate constants for the reaction, “H’ + H2O — "OH + Hy” at 290°C........ccovvrevieeeieienenens 64
Table 7.7 Major parameters for plant radiolysis calculation .............ccoeceevieriinieniiniieie e 64

Table 7.8 Irradiation conditions calculated for the downstream of the irradiation zone in the in-pile loop

(INCA) ettt b bt h bt bt s bt e et b et et e st es et et e bt sb et e st e bt sb et e 71
Table 7.9 Styles of standards for evaluation procedures of corrosive conditions in BWR primary cooling
41153 14 OSSPSR 79
Table 7.10 Conditions for benchmark calculation...........c.ccoceevierieiininiiieneeeeeee e 80
Table 7.11 Reference g-valtue at 25 “C ..ottt st et 81
Table 7.12 Reference reaction SEt at 25 “C.....eeiiiiiiiiiierieiieeeetee ettt sttt sbe e 81



JAEA-Data/Code 2024-003

Table 7.13 G-values for high temMPeratiure Water..........cccvevieeieeiieeiieiieeieeeese ettt eee e eve e ae s aeeeeeeee 84
Table 7.14 Previous evaluation for benchmark calculations of 4 parties ...........ccecceevveveeiiencenieneneeeenne 85
Table 7.15 Check sheet for verification and validation of the codes.........c.cooeririenininiiiieneneceeee, 87
Table 8.1 Examples of TITLE-INPUT .......ccccciiiiiieiienieie ettt ettt et seee s 88
Table 8.2 Examples Of RT-INPUT .....oc.oouioiiiiii ettt ettt st s e e e eneeneas 90
Table 8.3 Examples of NOA@CONNECI-K2..........cciiiiiiiirieieeie ettt ettt et e ee st eaeseae e sneesneeees 91
Table 8.4 Example of REACTIONK-A .......cooiiiiieiieieiese ettt ettt ettt et eteeeene e sneeneeneas 93
Table 8.5 EXample 0f G-VALUE .........oooiiiiiiieieee ettt ettt ettt et et et ste e sntesneesneenes 94
Table 8.6 Example of ECP-INPUT ........cooiiiiiiiieieese ettt sttt e eaeeneeneeneas 95
Table 8.7 Example of output (PWR INCA in-Pile 100P) ..ccvverrieiiieieeieeieeiesieestetee et 96
Table 8.8 Example of output (BWR primary LOOP) .......cceeeeieierieririieiieiesiese ettt 98
LIST OF FIGURES
Figure 2.1 Comparison of cooling system of BWRs and PWRS.........cccceoiiiiiiciiiciiiiiececeeeeeeeeen 3
Figure 2.2 Major subjects related to materials in cooling systems of nuclear power plants..............c.cc.e...... 4
Figure 2.3 Major materials in primary system - Their wetted surface ..........ccceevevieeiieciieciincieniecieceeceeeenn 4
Figure 2.4 Major targets for water chemistry improvement and achievements ............ccocceveevieneeneeneenienns 5
Figure 2.5 Optimal water ChemiStry CONTIOL .........cviiieriiiieiiieiiieiiett ettt et e st e saeeebeenseenseas 6
Figure 2.6 Major water chemistry monitoring items related to safe and reliable NPP operation................... 7
Figure 2.7 Interaction between structural materials and coOOling Water............ccveeveeeiieciieieecieeierieseeseeneeees 8
Figure 2.8 Major parameters of [GSCC and PWSCC.......ccuiviiiiiiieiieiieiieeeeee ettt eeen 8
Figure 2.9 Crack growth rate as a function 0f ECP ........cocoooiiiiiiiiiiieee e 9
Figure 2.10 JSME guideline for evaluation of crack growth rate ............cceevveriinienienienieeee e 10
Figure 2.11 Hydrogen injection in operating pOWer Plants ..........ccccoeverieierieneniniereenienineeeerenrenne e e 10
Figure 2.12 Hydrogen water chemiStry (HWC) ......ccoiiviiiiiiiiieiieieteeeeee et e 11
Figure 2.13 Water radiolysis in BWR primary coOlant ...........ccccceveeiiriiiiiiieniieieeeeecieeee et 11
Figure 2.14 Calculation path used for water radiolysis model..........cccccevvierierienienieiee e 12

Figure 2.15 Maps of distribution of [O2]esr in RPV (Effects of hydrogen injection on suppression of [O2]) 15

Figure 2.16 Optimal water chemistry control (BWR primary cooling System) ...........cccceeevereereeneeneeenennn. 15
Figure 2.17 Optimal water chemistry control (PWR reactor Water) .........ccceveevieniienieeniinnenieeieeie e 17
Figure 3.1 Determination of properties of cooling water in NPPS .......cccccovviiiiiniinieniciceee e 18
Figure 4.1 Calculation path used for water radiolysis MoOdel............ccoeceeriiniinieniiniee e 25
Figure 4.2 Temperature dependent pHT and cONAUCLIVILY .......ceeverierienieniieriienteieeie e 28
Figure 4.3 Example of calculated two-phase flow profiles in boing channel .............cccccoeceniininnienennnenne 30
Figure 4.4 Electrochemical model (Balance of anodic and cathodic current densities at the surface)......... 32

xi



JAEA-Data/Code 2024-003

Figure 4.5 Oxide layer growth MOdel .........cccooviiiiiiiiiiiieieciece ettt saaeeneeeee 34

Figure 4.6 Measured and empirical anodic curves (Comparison of previous polarization curves and those
calculated with the coupled MOAEL) .......ccviiiiiieiieieeeee e e 35

Figure 4.7 Anodic polarization curves calculated with the coupled electrochemistry and oxide layer growth
MOAELS UNACT O2 WALET.....eoueiiiiiriieiieieniisteeieetet ettt ettt ettt st be et sb e sbeebe e te e e sbesbeesaensenee enee 36

Figure 4.8 Anodic polarization curves calculated with the coupled electrochemistry and oxide layer growth

MOdels UNAEr HaO2 WALET ....c..couiiiiiiiiiiiieieteencccctet ettt ettt sttt b e sae s eseennen 37
Figure 4.9 Composed anodic polarization curves based on those for O2 and HyOz..c..coveveiiniininiinicnnnene 37
Figure 4.10 Temperature and pH dependent ferrous ion SOIUbIlity ........cccccevirieiieiininininiieiinenceceiene 39
Figure 4.11 A coupled evaluation procedures of corrosive conditions (Water radiolysis calculation and ECP

CALCULALION) Lueiieiiie et eiee ettt ettt e et e et e et e e bt eestaeetaeesbeesbeeassaeassaeassaeassaeasssaensseensseessseennseeans 43
Figure 7.1 Relationship of [Li], [B] and pHT (300 %C)....cccvieiiriiieiieieeieeieetesteseeeseteseeesre e sie e ese e 56
Figure 7.2 Schematic diagram of the INCA in-pile loop (Studsvik R2 1eactor) .......c..cccceeeevvenircrvcevenennns 56
Figure 7.3 The Radiation quality dependence on H2O2 generation...........ccceceeeveeveeieeieeieneeneeneeseeeeenes 58
Figure 7.4 The temperature dependence on H>O; generation at pHT: 7.1 ...cooieiiiiiiiiiniiniiieeeeeee 59
Figure 7.5 The pHt dependence on H,O; generation at 290°C ...........coovevieriieniieniienieeieeie e 60
Figure 7.6 Dependence of the rate constant of Reaction No.5 (OH™ + H,O; — HOy + H20)......cceeeeeee. 61
Figure 7.7 The equilibrium concentrations of chemical species estimated by the radiolysis calculation in the

PWR primary coolant at neutral pHr (left) and an alkaline pHr (right) at 290°C .........ccceievevvreenne. 61
Figure 7.8 Dependence of the rate constant of Reaction No.2 (e.q~ + H2O, — OH + OH-) on H,O» generation

................................................................................................................................................................ 62
Figure 7.9 Dependence of the rate constant of Reaction No.7 (OH- + H* —e.q~ + H20) on H>O; generation

................................................................................................................................................................ 63
Figure 7.10 A possible reaction scheme for H>O, suppression in PWR primary conditions ....................... 63
Figure 7.11 Dependence of backward reaction rate on HxO» concentrations...........ccceeeeereeneeenieenieenieenenne 64
Figure 7.12 Flow lines of a hypothetical BWR primary cooling SYStem ...........cccccervervenieneeneeneenieeeenns 65
Figure 7.13 Calculated results along the hypothetical BWR primary cooling lines............cccceeveevirnennnnne 65
Figure 7.14 The effects of void rate on the concentrations and release rates of H,O,, O, and Hs ............... 66
Figure 7.15 Effects of void rate on [HoOn] . .cccuiieiiiieiiieeiie ettt eteeeeseesseeesaeesseeseneeseneas 66
Figure 7.16 Effects of pHt and injected [Hz] on [H2O2] and ECP ......cccoooiiiiiiiiiiiieeeeeeeee e 67
Figure 7.17 Relationship of ECP and injected [Ha .......cocveriiieriiiniieriieeiee ettt 67
Figure 7.18 O, concentration dependent ECP..........cccooieiiiiiiiieiiieiesteseetet ettt 68
Figure 7.19 H>0O, concentration dependent ECP...........cccooiiiiiiiiiiiiieeeeeeeeete e 69
Figure 7.20 pH dependent ECP (mass transfer coefficient, MTLB: 107 m/S) .......cocovovivevevevieeireceeeeennne, 70
Figure 7.21 Inlet H, dependent ECP in the INCA loop (pHr: 6.67) under irradiation (MO coefficient: 10

11074 OSSR 70
Figure 7.22 Dose rate-dependent ECP in the INCA loop (pHr: 6.67) (Backward rate constant: 1330 L/mol/s,

MO coefficient: 10 m/s, MS coefficient: 10 M/8).......cocviuiviiuieieeeeeeeeeeeeeeeeee e 72
Figure 7.23 Balances of the anodic and cathodic current densities ([H202]: 100 and 1000 ppb) ............... 72

xii



JAEA-Data/Code 2024-003

Figure 7.24 Balances of the anodic and cathodic current densities (PHT: 7.1).cc.ccoverieriieniienieecieeieeieeeee 73
Figure 7.25 Laboratory experiments and in-pile l00p eXperiments.............ceceereerieeneeienniennieeieeieeie e 75

Figure 7.26 Percentage of IGSCC on the fracture surface of Alloy 600 as a function of applied potential vs.

SHE ettt bbbt h e bbbt bt bt et ebe bttt ebe b e 76
Figure 7.27 Anodic polarization curves of ALY 600 ..........cccoecviriirieeiienieiiereeie ettt sae s e 77
Figure 7.28 Major components Of primary SYSTEITL ..c..cccoeereuerrerieriireeeenrenieneeeerenresresreesesesesseeseesneennes 77
Figure 7.29 ECP of Alloy-182 at the downstream of the core in INCA 100D .....c.cccverierierienienierieeeeene 78
Figure 7.30 JSME guidelines for evaluation of crack growth rate...........cccoocceveeveninininiinnnnceeeen, 79
Figure 7.31 An example of benchmark calculations [Given G-values and rate constants]...............cc........ 82
Figure 7.32 An example of benchmark calculations [Own G-values and rate constants]............cccccceeevennene 82
Figure 7.33 Relationship between the measured [O2] and the calculated ...........cccoeeierienienienienieieee 85
Figure 7.34 Relationship between ECP measured at the plant and the calculated ...........cccoceeevenenincneenee. 86
Figure 8.1 Calculated results 0f EXAMPIE 1.......cccieiiiiieniiiiieiieieeie ettt e et beenaeeeve e 96
Figure 8.2 Example 2 for calculations of PWR primary 10Op ........ccoecveviiriiiiiiieiieiieceeseeeesieeeeieeeee 97
Figure 8.3 Calculated results for PWR primary cooling system (Example 2) (Effects of [H>] and pHt on
[H2O2] Q00 ECP) ..ttt ettt sttt b e bbb b et st e et e e e st et e s emseneessenseneesesseneeneanens 97
Figure 8.4 Calculated results of EXAMPIE 3.......cccooiiiiiiiiieiieiieieeie ettt et eve e aeesveeeve e 98
Figure 8.5 Example 4 for calculations of BWR primary [00p.......cccceceecvevieninieriienieninineeiciencneeeeeeneene 99

Figure 8.6 Comparison the calculated results with the measured (Example 4) (H: injection effects)

xiii



This 1s a blank page.




JAEA-Data/Code 2024-003

1. Introduction

Plant lifetime of light water-cooled reactors (LWRs) is often determined by the structural materials of the
primary cooling systems, where the key phenomena to control the lifetime are different in boiling water
reactors (BWRs) and pressurized water reactors (PWRs). The major phenomenon to control BWR plant
lifetime is intergranular stress corrosion cracking (IGSCC) of stainless steel, while that for PWR is primary
water stress corrosion cracking (PWSCC) of nickel-based alloys. Those are much affected by the corrosive
circumstances in the primary cooling systems. Then, moderation of corrosive conditions in the primary
cooling systems of LWRs, especially in aging plants, is one of the promising procedures to mitigate the loss
of reliabilities of major components in the systems, and then, to ensure the plant lifetime V.

The procedures of water chemistry control for mitigating corrosive conditions in BWRs and PWRs are much
different due to their differences in cooling water conditions. BWRs apply the direct cycle, where the steam
generated in the reactor core as a result of nuclear fuel cooling is directly supplied to the turbine for electric
generation. PWRs apply the indirect cycle which is divided into two cooling systems; one is the core cooling
system and the other is the steam suppling system to the turbine. The former (the primary cooling system) is
a closed and pressurized cycle to remove heat from the nuclear fuel without boiling and to transfer the
removed heat energy to the steam generator (SG), while the latter (the secondary cooling system) is an open
cycle to supply the steam generated at the SG to the turbine for electric generation. Both cycles are divided
by steam generators.

Major parameters to determine the corrosive circumstances in the primary cooling systems of LWRs are the
concentrations of oxygen, (O2), hydrogen peroxide (H,O») and hydrogen (Hz), which are generated as a result
of water radiolysis in the reactor core region. pH of the cooling water also contributes to the corrosive
circumstances. In order to evaluate the corrosion mitigation, one of the macroscopic indexes of the corrosive
circumstances, electrochemical corrosion potential (ECP), is applied, especially in BWR primary cooling
water 234,

In order to evaluate IGSCC crack growth rate in the BWR primary system, the relationship between stress
intensity factor and crack growth rate for two kinds of austenitic stainless steels, i. e., the normal one and a
low carbon containing one, has been proposed as the guideline by the Japan Society of Mechanical Engineers
(JSME) as well as the American Society of Mechanical Engineers (ASME) and this guideline has been
accepted by the Japanese government > ©). The relationship has been prepared for two regions of ECP, i. e.,
normal water chemistry (ECP > -100mV-SHE (standard hydrogen electrode)) and hydrogen water chemistry
(ECP < -100mV-SHE) 7. In order to suppress ECP in the BWR primary cooling water, hydrogen injection
into the feed water is effective, but injected hydrogen easily release from the turbine system to the
environment, and then, effective hydrogen contribute to corrosive circumstance suppression is restricted by
the barrier of the direct system of BWR. At the same, with increasing concentration of injected hydrogen,
oxygen concentration measured at the sampling point decreases rapidly, but at the same time, the main steam
line dose rate increases gradually. The dose rate is determined by '°N carried with steam ®. The chemical
form of !N is shifted from NOx form to much volatile NH, form due to increased Ha concentration. The
optimal hydrogen injection amount is determined to suppress corrosive circumstance without serious turbine
dose rate increase. Determination of hydrogen peroxide concentration is much more difficult. It is not directly
measured, and it has been determined theoretically.

Corrosion of structural materials is much affected by the radiolytic species, but it is much difficult to
determine their concentration in the cooling water, especially at the location of interest due to their short
lifetime in the elevated temperature water. The most influential specie, H»O», is very unstable in high
temperature water and changes into O, as a result of its decomposition. Direct measurement of pH in the
elevated temperature water is possible but it is still difficult to apply the in-situ measurement of the high-
temperature pH in the operating plants. ECP is a rare tool to determine the corrosive circumstance in the
operation power plants.

The other approach to determine the corrosive circumstance is one based on theoretical procedures.
Theoretical evaluation of water radiolysis in the core region can prepare for the concentrations of radiolytic
species not only in the reactor core region but also other location in the primary cooling system. Based on
the analytical results of the radiolytic specie concentrations, ECP was calculated, which was confirmed with
the measured one in the plants.
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The effects of water chemistry improvement by hydrogen injection on ECP mitigation can be evaluated by
the water radiolysis model and mixed potential models (ECP models), and then, crack growth rate can be
calculated by using the formula shown in the Japan Society of Mechanical Engineers (JSME) guideline .
Unfortunately, it is impossible to measure corrosive conditions throughout the entire primary cooling system.
There is only a restricted location where corrosive conditions can be measured directly. In order to determine
ECP at all locations of the primary cooling system, the corrosive conditions should be determined by
numerical simulation codes.

For BWRs several calculation codes have been reported to determine the corrosive environments under
radiation irradiation conditions in the primary cooling water. Unfortunately, most of them have been
unclassified only in the restricted groups which developed their own calculation code. In order to justify the
evaluated ECP based on water radiolysis analysis, the standard procedures to determine the concentration of
radiolytic species and ECP based on the radiolysis calculation should be authorized. For this, the water
radiolysis and their following ECP calculation codes should be opened and sufficient evaluation on the
coupled calculation codes should be carried out.

On the other hands, analytical procedures for determining the corrosive conditions of PWR primary coolant
have not been developed well, because theoretical evaluation on corrosive circumstances was not required
because of sufficient amounts of hydrogen injected to mitigate corrosive circumstances. However, recently
PWSCC is not determined by corrosive circumstance (ECP) but also affected strongly by hydrogen
concentration, which means that corrosive circumstance should be controlled without excess amount of
hydrogen injection ?. It mean that the optimal hydrogen injection amount is also required for PWR primary
cooling system as same as BWR. For this, theoretical approach to evaluate corrosive circumstance in PWR
primary cooling system is necessary as same as BWR.

In Japan Atomic Energy Agency (JAEA), the coupled analysis code, i.e., water radiolysis code and ECP
analysis code, WRAC-J, has been developed for determining corrosive circumstance in in-pile water loop
for IGSCC crack growth rate evaluation '. The code could be applied for neutral and non-boiling conditions.
Calculation of boiling effects on water radiolysis for BWR plant application and pH calculation based on
coupled control of Li and B concentrations for PWR plant application were added on WRAC-J code, and
then ECP calculation based on coupled analyses of electrochemistry and oxide layer growth calculations was
also added, which resulted in the new corrosive circumstance evaluation code, WRAC-JAEA.

In the document, the details of the necessity of the LWR corrosive circumstance evaluation are shown in
Chapter 2, the major parameters to determine corrosive circumstances are introduced in Chapter 3, the latest
procedures to determine the BWR corrosive circumstances and major modifications on the proven evaluation
procedures to apply them to PWR are summarized in Chapter 4, the details in the numerical analyses for
analysing the corrosive circumstances both for BWRs and PWRs are introduced in Chapter 5, the outlines of
the developed analysis code are shown in Chapter 6, the examples of major analysis results and their
evaluation are shown in Chapter 7, the users’ manual of the code is introduced in Chapter 8 and summary
and future subjects related to the developed code are listed in Chapter 9.
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2. Major Parameters of the Corrosive Circumstances
2.1 Comparison of the Cooling Systems of BWRs and PWRs

Both of PWRs and BWRs use light water (H>0) as the coolant and the neutron moderator. Furthermore, they
both use enriched Uranium as fuel with cylindrical vessel types. The general structure of both reactors are
also very similar, as they both consist of the main components of a nuclear reactor: a containment vessel, a
reactor vessel, which houses the reactor core, and a steam generating turbine (Figure 2.1).

The main difference between the PWR and BWR lies in the process of steam generation. PWRs generate
steam indirectly by using two water circuits, a primary one and a secondary one. On the other hand, a BWR
produces steam directly using a single water circuit 'V 12,

In a PWR, heat from the reactor core is used to heat the primary reactor coolant at temperatures over 300°C.
This water is kept liquid under high pressure. The heat from the primary water circuit is then transferred to
the secondary circuit by way of the pressurized liquid. The secondary circuit then uses this heat to convert
liquid water into steam for the turbine. The steam is later condensed and recycled.

In a BWR, steam is directly produced by the boiling the water coolant. The steam is separated from the
remaining water in steam separators positioned above the core and passed to the turbines. The steam is later
condensed and recycled.

item BWR PWR
reactivity control rod control rod
| __comtrol ___ ... tvoid (coreflowrate) _ _ __ | ____ + chemical shim (B) _
corrosion pH neutral [pHg1: 5.6-8.6] alkaline [pPHp1>9]
control [0,] 200 ppb  [HWC: <10 ppb] <1 ppb
[H,] 20 ppb [HWC: 50 ppb] 2 ppm
[~ furbine doserate. |  during operation ™N ~ | doserate free
during plant shutdown %CoS'Cr
Primary Secondary system Primary : Secondary system
system system i f

turbine turbine

steam line

steam
generator

drier

- main
h condenser

separator
P condenser

feed water heater

reactor water
¥ Cieﬂ.!l-lll) system

reactor
core

feed water
heater

;'eactor water = :

clean-up system * :
.............._.....).

¢ radwaste system

condensate polisher

recirculation
line

.
:. : system
rradwaste system
1-...r-...--§.’.

a) BWR b) PWR

Figure 2.1 Comparison of cooling system of BWRs and PWRs

2.2 Major Component Materials of the Primary Systems of BWRs and PWRs

Major components and their structural materials in the primary systems of PWRs and BWRs are shown in
Figure 2.2. Major material-related troubles which have ever experienced (flow accelerated corrosion; FAC,
IGSCC/PWSCC, Zirconium alloy corrosion of fuel rods, general corrosion of carbon steel) are also shown
in the figure '%.

boron control
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major materials

X i stainless steel
primary cooling system secondary cooling system — carbon steel primary cooling system secondary cooling system
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Figure 2.2 Major subjects related to materials in cooling systems of nuclear power plants
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a) PWR b) BWR

In LWRs, the water chemistry of cooling water is carefully monitored and controlled to keep the integrity of
structures, e.g., fuel cladding, pressure boundary structures, and core internals, and to reduce occupational
exposures of workers due to accumulated radioactive corrosion products. As the demand increases for
advanced applications of light water-cooled reactors grows, such as the use of improved fuels, the safe and
reliable operation of older plants, and future power rate increases, water chemistry control is expected to play
an even bigger role in plant reliability V.

Water chemistry affects all materials in contact with the cooling water and at the same time it is affected by
the materials themselves. As a result, water chemistry control is necessary to meet the need for better target
material integrity and at the same time it is required also being optimal for all materials and systems in the
plant. Plant water chemistry is affected by each plant’s unique systems, materials used and operational
histories, which lead to difficulties in establishing the trio of requirements for water chemistry, i.e., better
reliability in reactor structures and fuels, fewer environmental impacts, and fewer radwaste sources, with
conventional water chemistry control 14, Water chemistry is controlled based on the target values to establish
the trio of needs '>. Each plant must have its own water chemistry that is tuned for it.

In Figure 2.3, the wetted surface ratio of the major structural materials in the primary cooling systems are
compared. In PWRs, the ratio of nickel-based alloy is about 70%, which is followed by zirconium alloy for
fuel pins, while in BWRs, the ratios of carbon steel, zirconium alloy and stainless steel are almost the same
(30%).

zirconium E —]
alloy = zirconium =
. alloy =% carbon steel
e
stainless s Nickel-based
steel alloy

R N
N

a) PWR (primary system) b) BWR

Figure 2.3 Major materials in primary system
- Their wetted surface
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In LWRs, the primary roles of the cooling water are (1) heat transfer medium from the fuel to turbine (just
coolant) and the moderator for reducing neutron energy. However, as a result of the interaction of water and
structural materials several adverse effects are caused, which often develops problem in reliable plant
operation. In order to avoid the material-related troubles in the plant, water chemistry should be carefully
controlled. The major targets of water chemistry control in the primary coolant and controlled water
chemistry parameters are listed in Table 2.1.

Table 2.1 Major targets of water chemistry in NPPs and major phenomena related to the targets

1) Major targets [determining phenomena]
(1) Reactivity control [thermal hydraulic, water purification & dosage]
(2) Structure integrity [material-water interaction, thermal hydraulic, water radiolysis]
(3) Fuel integrity [material-water interaction, thermal hydraulic, water radiolysis, fouling]
(4) Dose rate reduction [transportation, fouling, thermal hydraulic, water radiolysis]
2) Categories of major phenomenon  [determining major parameters*]
(1) Thermal hydraulic [temperature (T), pressure (P), flow velocity (v), void fraction, heat flux (q), neutron flux (¢)]
(2) Material-water interaction [concentration of chemical species ([C]), pH, conductivity, T, v, ¢]
(3) Transportation [concentration and radioactivity of metallic species ([R]), [C], T, v, q, ¢]

(4) Fouling [pH, conductivity, [C], [R], T, v]
(5) Water purification & dosage  [[C], [R], pH, conductivity, T]
* bolt: chemical parameters

As a result of careful water chemistry control along with careful plant operation and periodical plant
inspection, trouble related to water chemistry have been reduced (Figure 2.4 '9). During the early stage of
commercial operation of LWRs in Japan, fuel leakages in plant have been often reported. When once fuel
defects are detected, the defected fuel should be found out by applying fuel sipping techniques and the
defective fuels have been removed from the reactor core. The work for detecting defective fuel need a lot of
inspection time, which resulted in decreased plant availability factors. Fortunately, based on enthusiastic
efforts of engineers and researchers related to fuel manufacturing, the reliability of fuel cladding was
improved drastically, and the ratio of defective fuel decreased. When the trouble related to fuel defects were
almost overcome, new troubles were conspicuously increased on pressure boundary materials, i.e., IGSCC
of stainless steel in BWRs and SG tube defects in PWRs. Lots of plant side work on inspections and
maintenances of the stainless piping and SG tubing resulted in decreasing plant availability and increasing
occupational exposures.
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power plant v HWC (Fugen) power plant ¥ JISP* PWR

fuel defects TT690 for
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maintenance of SG integrity
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Figure 2.4 Major targets for water chemistry improvement and achievements
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In order to satisfy three different targets, increasing fuel reliability, increasing structural integrity and
reducing occupational exposure, water chemistry of the primary cooling water should be carefully controlled
without any adverse effect (Figure 2.5).

(" Fewer environmental impacts
Reducing
occupational exposure
(radioactive contamination)

\_ Iron, nickel & cobalt control )
| |

Fewer radwaste sources

r

[ Minimizing radioactive effluent ]

L Improving clean-up system )
| I |

Reliability in reactor structures and fuels
[ Improving reliability of ] [ Improving reliability of]

structural materials cladding materials

pH & hydrogen control Corrosive radical control
VvV

[ Establishing 3 requirements ]

Figure 2.5 Optimal water chemistry control

2.3 Major Parameters to Determine Corrosive Conditions in BWRs and PWRs

In PWR primary cooling systems, water chemistry is kept the oxygen concentration ([O;]) level as low as
possible and pH in alkali, while in BWRs, pH in the cooling water is kept in neutral and some amounts of
oxygen from water radiolysis is accepted. Boric acid is injected into the coolant as a result of the use of a
chemical shim in the PWR primary cooling system, and its concentration is varied with fuel burn-up
(operational time) to compensate for the decrease in reactor core reactivity caused by the fuel burn-up, which
results in a change in LiOH concentration to maintain the fixed pH value. The target values for the
concentrations of hydrogen and oxygen are listed on the operational safety program, which prohibits their
deviation from the target values .

The water radiolysis calculation was affected by increasing pH, while the ECP calculation was affected by
increasing [Li]. The pH effects on water radiolysis were introduced in the previous paper and the Li effects
were shown in the section 5.3. As a result of involving those effect in the couple of calculation procedures,
the procedures originally developed for BWRs could be extended to PWRs. In Table 2.2, major water
chemistry parameters for the primary and secondary cooling systems of BWRs and PWRs. For the three
targets, structural integrity, fuel integrity and occupation exposure, along with the reactivity control, water
chemistry parameters to be controlled are different. Usually, the control value for each target phenomenon is
on the same direction (up/down), but sometime the desired value showed the different direction, which meant
the optimal value should be found to meet the optimal control for the different targets.

In order to control the water chemistry parameters to meet the optimal values, determination of water
chemistry parameters should be measured in the plant. In Figure 2.6, major water chemistry monitoring
items related to safe and reliable plant operation are listed, where some parameters, e.g., [Hz] pH, and
conductivity, were continuously monitored with in-line monitoring devices. But usually, the data were
collected in the cool-down water but not in the real high temperature water. Some of the parameters, e.g.,
ECP in BWRs could be measured directly under high temperature, even when the installation of the sensors
required a lot of task work and maintenance jobs. Radioactive species, e.g., %0Co and *8Co in the water, were
collected from the sampled water and determined with semiconductor detectors 7).
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Table 2.2 Key of water chemistry parameters

FrEweo an Reactor e feedwater
; ; r y
Parameter primary secondary (primary) (secondary)
Temperature (°C) 200-325 20-285 200-285 20-285
Pressure (MPa) 15.5 7.2 7.2 7.2
Hocor (- 6.8-7.2¢ 8.8-9.5 neutral neutral
PHsc ©) (at T=300 °C) .
(1) Reactivity control [B] - void fraction -
. | pHy. [B]. [Lil. PH. [0;]. [SO]. | pH. [01.[H,0,] —_
2 = 2
(2) Stmctueal snlepaty [H;]. conductivity | [N;H,]. conductivity| conductivity. ECP (), (€, [S04°]
; Li. [CI]. [Fe] ; 2
3) Fuel Inte [ : - [t - . [Cu]. [SO*
® ity oH,. 1] PHL[®). [0 | [Fe]. [Cu].[SO.]
(4) Activity transport FL}iI]T‘ [[5?(]:0] . [0,]. [¥°Co] [Ee]. [Co]. [Zn]

Bolt: water chemistry parameters directly influence to material behavior

Some of the water chemistry parameters, e.g., [O2] and [H2O;], were determined by water radiolysis under
radiation irradiation conditions in the reactor core region, while others, e.g., [B]. [Li], [Zn], pH, [Hz], were
determined by plant operational conditions (Table 2.2). Boron and lithium were injected into the cooling
water to control pH, [Hz] was controlled to reduce [O>] and [H2Ox]. In the other words, some water chemistry
parameters are considered as direct control parameters to influence the material behavior, while others are

the parameters to influence the

direct control parameters.

—— - ————— major materials
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T oy A —— carbonstee
I[RN| : radioactive nuclei : nickel base alloy
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oH ] o] [l ral heater  heater
. . Y GGl [y
| sampling and analysis | Sampling and analysis |
a) In BWRs b)In PWRs

Figure 2.6 Major water chemistry monitoring items related to safe and reliable NPP operation

2.4 Major Problems in the Primary Systems of BWRs and PWRs

IGSCC of stainless steel in BWRs and SG tube cracking in PWRs have been almost overcome by material
improvement and water chemistry improvement. However, IGSCC in BWR was still reported in some other

_7_
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locations but pressure boundary, e.g., reactor core shroud .and jet pump supporting parts. Continuous care
for IGSCC is required in BWR primary coolant, where hydrogen injection has been carried out to mitigate
corrosive circumstance.

Corrosion of materials is determined by the combined effects of material factors and water chemistry factors.
Corrosion of aqueous systems is understood as electrochemistry phenomena. At metal surfaces, metallic ions
are released from the base metal and at the same time dissolved metallic ions are oxidized, precipitating as
the oxide film on the surface. Metal oxide also developed on the inner surface between the oxide surface and
base metal by direct oxidation. Development of the oxide film is one of the consequences of electrochemistry
reaction, and its propagation can be controlled the reactions. The properties of the oxide film on the metal
surface are much affected by material properties and the effects of complicate corrosion behaviors. In order
to understand the problems related to corrosion in NPPs, understanding and analyzing the electrochemical
reactions of structural materials and the contribution of oxide film to the reactions are essential.

A schematic diagram for the interaction of structural materials and cooling water are shown in Figure 2.7.
Oxide film on the surfaces of the materials is a consequence of the interaction and at the same time a reason
why the interaction should be controlled.

materials water

temperature
pH
conductivity
oxidant

“composition concentration
: (impurities)
:crystal structure

Jdocal stress

release of
metallic ions

barrier for diffusion of
oxidant and metallic ion

Figure 2.7 Interaction between structural materials and cooling water

IGSCC for stainless steel in the BWR primary cooling system and primary water stress corrosion cracking
(PWSCC) for nickel-based alloy of PWR core internals are known to occur as a result of overlapping effects
of materials, stress and environmental factors (Figure 2.8). IGSCC is known to occur as a result of
overlapping effects of materials, stress and environmental factors.

*.'material -.\
-.-. factors ..

sensitization at
heat affected zone

environmental
factors
radiolytic
species.
[0,).[H,0,]

residual stress
at heat affected
Zone

Figure 2.8 Major parameters of IGSCC and PWSCC
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In order to mitigate the IGSCC crack growth rate, improvement in materials and water chemistry can control
the dissolution rate, while improvement in stress factors can control repeat cycle of oxide film rupture. As
the dominant water chemistry factors, the ECP has been applied to evaluate the IGSCC crack growth rate.
IGSCC crack growth rates as a function are shown in Figure 2.9 ©.

Figure 2.9 Crack growth rate as a function of ECP ©

It includes major locations for determining corrosive conditions directly with in-line water chemistry sensors
or for carrying out analytical procedures of sampled water Corrosive conditions in the BWR primary cooling
system are determined mainly by radiolytic species, most of which are unstable in high-temperature water
and difficult to determine in sampled water. ECP can be measured directly under high-temperature conditions
if ECP sensors can be installed. From the two viewpoints of easy measurement under high-temperature
conditions and easy application for the JSME guideline, ECP can be applied as a major parameter for
corrosive conditions in the BWR primary cooling system. However, the locations where ECP sensors can
be installed are restricted to only the cleanup water lines, vessel drain lines, and some of the in-core
monitoring guide tubes. Major portions of the system are outside the direct measurement region, and they
represent areas where corrosive conditions should be determined by applying numerical simulation codes.
One of the most important purposes for determining corrosive conditions is to predict IGSCC occurrence in
stainless steel piping and components. The IGSCC crack growth rate has been described in the guideline of
the JSME (Figure 2.10)".

In order to suppress [O2] and [H20-] in the primary cooling water of BWRs, hydrogen injection was one of
the most hopeful procedures. The procedures were successfully applied in PWRs, which applied the closed
cycle and injected hydrogen was closed in the primary system and contribute [O2] and [H20-] in the coolant.
However, in BWRs, the injected hydrogen was easily carried from the reactor core region to the main steam
lime with main steam, which resulted in installation of the huge recombiner which recombined hydrogen and
oxygen to prevent gaseous effluent into the environment.
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Figure 2.10 JSME guideline for evaluation of crack growth rate

In the middle of 1980s, Swedish vender successfully suppressed [O2] and [H203] in the BWR primary cooling

systems. They found hydrogen injected into the feed water system played the important roles to recombine
[0O2] and [H20-] with [H»] in the water phase from the feed water inlet through the reactor core region and

then it was released to the turbine system with the main steam (Figure 2.11).

fuel assemblies

recirculation
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by steam
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LP turbine
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stack

noble gas
hold-up bed
dynamo
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R S
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—JF B 3
cooled by sea water

condenser
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Figure 2.11 Hydrogen injection in operating power plants

The oxidant suppression effects were shown schematically in Figure 2.12'®. Hydrogen injected into the feed

water goes into the reactor pressure vessel through feed water sparger nozzles, go down through down-comer

and then to the reactor core. In the reactor core, most of the injected hydrogen was transferred to the main

steam. Oxidant suppression effects are not much expected as shown in Figure 2.12 A. In the recirculation

line, most of the hydrogen injected into the feed water is remained to suppress the oxidant concentrations as

shown Figure 2.12 B. Based on the findings, hydrogen injection in BWRs spread rapidly in the world.

_10_
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Figure 2.12 Hydrogen water chemistry (HWC)

2.5 Major Analytical Tools to Determine the Corrosive Circumstances

Major radiolytic reactions along the flow path of the BWR primary cooling system are shown in Figure 2.13 '¥.

Generally, numerical simulation codes consist of two kinds of codes, water radiolysis codes and ECP codes.

release to gas phase

I:> steam flow rL' = [ — ]_
M water flow J < H;, 0,

[ upper plenum ]_ H,0, decomposition

feed water 2H,0,—2H,0 + 0,
| core | water radiolysis
[ recirculation line ] 2 H.0 — H, + H,O,
% : — —
% .
5 | down comer, lower plenum ]_I recombination
extrapolation for S 2H,+0,—2H,0
whole primary system H, + H,0, — 2 H,0
-~
recirculation bottom drain
radiolysis model ] Jsampling line sampling line

restricted number of data

Figure 2.13 Water radiolysis in BWR primary coolant
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2.5.1 Water Radiolysis Calculation

The water radiolysis codes have been composed based on nonlinear rate equations for mass balances of
radiolytic species in the cooling water, where their generation reactions due to radiation-induced
decomposition of H>O molecules, their reactions for generating other species, and reactions for their
disappearance and their transfer between liquid and gaseous phases are expressed (Figure 2.14 and Table

2.3) 18), 19), 20), 21), 22), 23).

feed water

boiling

channel
down
comer

jet
pump

lower plenum

bypass
channel

PLR

* PLR: primary loop
of recirculation

Figure 2.14 Calculation path used for water radiolysis model

Major features of the water radiolysis codes are summarized in Table 2.4. In order to calculate the
concentrations of radiolytic species, plant parameters, e.g., pipe diameters and lengths, components, flow
rate, temperature, spatial distributions of neutrons and gamma-rays, and steam quality in the cooling water,
should also be prepared (Table 2.5) Y. Basic constants for the calculations are generation of major radiolytic
species due to radiation-induced decomposition of H,O molecules (g-values) and reaction rate constants at
elevated temperature, which are shown in Tables 2.6 and 2.7.

Table 2.3 Basic equation for the radiolysis model

Rate equation along the flow path

ecy/et + V(U,C) =D, AC+ q §))
Rate equation due to generation and annihilation of radiolytic specites
q =GP+ Gi“P“+ka‘mCan CIk. C +VJ/(1-Vp(e*Ch —gCp 2
@ (i) (iii) (iv)

Explanation of each terrm:
(i)  Generation due to radiolytic decomposition of H,O,
(i) Generation due to the reactions of radiolytic species
(i) Disappearance due to the reactions of radiolytic species
(iv) Transfer between liquid and steam phases

,12,
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Table 2.4 Major features of water radiolysis code

Table 2.5 Major input data for water radiolysis calculation for entire BWR primary cooling system

plant parameters :
power distribution [supplied by nuclear design groups]
doserate (energy absorption distribution) [supplied by radiation shielding design groups]
flow rate [supplied by thermal hydraulic design groups]
mixing rate [do.]
chemical constants :
g-values at elevated temperature [radiation chemistry group]
rate constants at elevated temperature [do.]
others :
transfer coefficients of gaseous species [do.]
interaction ofradiolytic species and structural surfaces [do.]

Table 2.6 g-values for BWR conditions (number of species/100eV)

,13,
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Table 2.7 Comparison of sets of rate constants used BWR conditions

As one of examples of the radiolytic calculation, oxidant concentration maps are shown in Figure 2.15, where
under a NWC condition, oxidant concentrations are kept at higher levels, while under a HWC condition,
oxidant concentrations are tremendously.

,14,
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[O3]e(PPD)

NWC HWC [H)u : 50 ppb
[02]e=[0,]+1/2[H,0,]
[H,].e [H,] at the core inlet
Figure 2.15 Maps of distribution of [Oz]cr in RPV
(Effects of hydrogen injection on suppression of [O:])

2.5.2 ECP Calculation

The ECP codes were based on a mixed potential theory 2*, where the concentrations of major radiolytic
species, i.e., Oz, H2O», and H», obtained from the water radiolysis codes and anodic polarization properties
as functions of potential are applied for determining ECP ?®. ECP is determined as an intersection of the
anodic current density curve due to anodic polarization of metal and oxidation of radiolytic species and the
cathodic current density curve due to reduction of oxidant species (Figure 2.16).

0-4__ P10 N i e L IR | T 6
- [[02]es=[0,]+1/2[H,0,] .
02F 200 ERE- 102
~ " — L]
g = -g- -14 gg E
2 oF S1s0 ] 28 " :
- = 435 =
5 I ] ®
&o02F & : : MS doserate: ,E_.’.E S 10! [O2]es
OV P 100 [ Y J ] b =1 = 3
53] .  [0) ﬁ* ‘optimal [H,]g . 4258 = z
e =Jel o - "J,; O
04 50 _I'. pemuss:b]e = =
:_ ¥ l-‘“-- s S dos ﬂ 18 !
B P e target irllic for [eO ] Z 10 . i
0.6 ol L Tre:e aglgipied i1 0 20 40 60 80 100
0 20 40 60 80 100
Hylrw (PPY)
[(Hler (PPY) (Falew
a) Measured at a BWR plant b) Calculated fora BWR

Figure 2.16 Optimal water chemistry control (BWR primary cooling system)

Applied anodic polarization data for each ECP code differ. The major chemical equations to determine ECP
are shown in Table 2.8 and the major equations to determine current densities on the metal surface are shown
in Table 2.9.

_15_
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Table 2.8 Major cathodic and anodic reactions

Table 2.9 Major equations to determine current densities

Major reaction constants for ECP calculations are shown in Table 2.10.

Table 2.10 Major parameters for electrochemistry model

2.6 PWSCC in PWR Primary Cooling System

As a result of full suppression of water radiolysis in the PWR primary system, it has been reported that the
major water chemistry factor to determine primary water stress corrosion cracking (PWSCC) is not oxygen
but hydrogen 2”. For this, the optimal [H,] to mitigate PWSCC and at the same time to suppress oxidant
concentration 2¥. The latest data on PWSCC initiation showed that the crack initiation time decreased
monotonously 2. To mitigate PWSCC initiation and at the same time mitigate crack growth rate, [Hz] should
be decreased below the peak value. The water radiolysis model has been developed for PWR conditions to
explain ECP for different [H>] (Figure 2.17).

,16,
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Figure 2.17 Optimal water chemistry control (PWR reactor water)

_17_




JAEA-Data/Code 2024-003

3. Major Corrosive Parameters to Determine IGSCC and PWSCC
3.1 Corrosive Parameters in BWR and PWR Primary Cooling System

The Outline of the Corrosive parameters in BWR and PWR primary cooling system were shown in the section
2.3. Those for IGSCC of stainless steel in BWRs and PWSCC of nickel alloy in PWRs are summarized in
Table 3.1 V- 19-39),

Table 3.1 Control target value of water chemistry in primary cooling water

3.2 Determination of Corrosive Parameters

The key parameters of water chemistry in nuclear power plants are divided into four kinds, i.e., (1) physical
parameters (temperature and pressure), (2) complex chemical parameters that determine corrosive conditions
(pH, conductivity), (3) elemental chemical parameters that determine corrosive conditions ([O2], [H202],
[Hz]) and (4) parameters resulting from corrosion (concentrations and radioactivity of corrosion products),
as shown in Figure 3.1 1%,

Key parameters of water chemistry:
1. Physical properties (temperature. pressure. flow velocity)
2. Complex corrosive parameters (pH. conductivity, ECP)
3. Elemental corrosive parameters ([O,]. [H,0,]. [H,])
4. Results of corrosion (concentrations and radioactivity of corrosion products)
The resulted products of corrosion are often fed back to corrosion phenomena itself.
1
Very restricted targets
lifetime and reliability of sensors
are essential subjects

Collection efficiency through
sampling line
isokinetic sampling. memory effects

(D Direct determination with
high temperature water chemistry sensors
[ECP. (pH. conductivity. [O,])*]

— _- - _*-Se-n;o_rs-ha_\'e_ ';e;n_de_'v;loped
Change in property due to temperature shift but not applied in plants.

calibration of temperature effects t

———————————————————————— 1 cross checking required
@ Determination with on-line monitors

]
under ambient temperature :
]
]

[pH. conductivity. [O,]. [H,]]

@ Direct determination

1 1
: - 1
| © Determination for sampled water under ambient temperature ! : with theoretical tools 1
1 [concentrations and radioactivity of corrosion products] .l > : [any to be determined] :

Figure 3.1 Determination of properties of cooling water in NPPs
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There are four approaches to determining the key parameters of water chemistry under high temperature,
which define four groups of parameters:

(1) Direct determination with high-temperature water chemistry sensors. Electrochemical corrosion potential
(ECP) as well as physical parameters, e.g., temperature, pressure and flow velocity, are categorized as
parameters of Group (1).

(2) Determination with online monitors at ambient temperature. Conductivity, pH, [O:], [H2] and
concentrations of some metallic ions and anions are categorized as parameters of Group (2).

(3) Determination from sampled water at ambient temperature. Concentrations and radioactivity of corrosion
products are categorized as parameters of Group (3).

(4) Indirect determination with theoretical tools. The distributions of concentrations of radiolytic species and
ECP throughout the cooling system are determined by water radiolysis codes and ECP codes. Any to be
determined by the theoretical tools are categorized as parameters of Group (4).

Each approach currently has both advantages and disadvantages. Direct determination is restricted to physical
properties, e.g., temperature, pressure and flow velocity. An ECP sensor with sufficient lifetime and reliability
is still to be developed, while other sensors are still under development for plant application. Determination
with online monitors at ambient conditions and from sampled water (Groups (2) and (3)) has problems
associated with reducing temperature from the original points of interest to measuring points at lower
temperature. The details of the problems and countermeasures are discussed in the section on sampling. Even
when the key parameters based on Groups (1) — (3) are determined, there are additional requirements to
interpolate or extrapolate the data to locations where the measurements cannot be taken. Also, for application
to BWRs in particular, some radiolytic species are so unstable at high temperature that determining their
distribution and the resulting ECP throughout the cooling systems can only be achieved with extrapolation
based on theoretical tools. There are many such theoretical tools for predicting corrosive conditions, but their
reliability is often open to question. On the other hand, several instruments are available to indicate corrosion
by measuring the interaction with metal components directly, rather than by quantifying water chemistry

parameters. The key parameters to be monitored in water-cooled nuclear plants are compiled in Table 3.2 '3

Table 3.2 Key of water chemistry parameters

Reastor o Reactor e feedwater
Parameter primacy Besnday (primary) (secondary)
Temperature (°C) 200-325 20-285 200-285 20-285
Pressure (MPa) 15.5 7.2 7.2 7.2
PHasc () 6(‘3 i;f; 00C) 8.8-9.5 neutral neutral
(1) Reactivity control [B] - void fraction 2

. . p_Hx- [B]- [Li]- I!H, [0;] [90;3'] pH [Q«I,I 494]_ . 9.

2 s & 2

(2) Structural integrity [H,]. conductivity | [N,H.]. conductivity| conductivity, ECP L], [C13, [SO47]

: Li]. [CI. [F ; 2
(3) Fuel Integrity ][3_1'11]1:- [[131111[ ¢] = pH. [11]. [0,] [Fe]. [Cu]. [SO,;7]
(4) Activity transport "[g‘(;o[?][;y(':’l'] - [0,]. [°Co] [Fel. [Co]. [Zn]

Bolt: water chemistry parameters directly influence to material behavior
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3.3 Instruments for Determining the Key Parameters of Water Chemistry
3.3.1 Proven Instruments

The reactor control items and the key parameters to be monitored are listed in Table 3.2. Determination of
physical parameters and macroscopic parameters is based on traditional instruments. The reliability of the
reference electrode is the key issue in ECP measurement. The determination of macroscopic parameters is
based on traditional polarography instruments, while that of H,O, concentration is based on newly developed
luminol luminescence spectroscopy 1. Boron concentration is determined by neutralization titration and Li
concentration is determined by atomic absorption spectroscopy (AAS) 32-3%-39 Metallic ion concentration
is measured with AAS or inductively coupled plasma - atomic emission spectrometry (ICP-AES or, with
mass spectrometric analysis, ICP-MS), while in Japan X-ray fluorescence spectroscopy (XFS) has been
applied to samples collected on membrane filters. Stripping polarography has been used at some plants in the
US. Membrane filters can also be used to determine radioactive nuclides with Ge (Li) or high-purity Ge

semiconductor detectors 3%-39-37),

3.3.2 High-temperature Sensors

High-temperature water chemistry sensors are divided into those determining water chemistry directly and
those determining corrosive conditions indirectly by analyzing the interaction between water and materials '),
Major high-temperature water chemistry sensors are listed in Table 3.3.
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Table 3.3 High temperature water chemistry sensors

The purposes of high-temperature water chemistry sensors are divided into three categories:

Category 1: Direct determination of water chemistry parameters at elevated temperature instead of theoretical
extrapolation from data obtained at room temperature. Changes in data at room temperature and elevated
temperature are estimated but the extrapolation procedures may contain uncertainties (e.g., relating to pH
and conductivity).

Category 2: Indirect determination of water chemistry parameters when the water chemistry index cannot be
determined at room temperature. Some chemical species disappear due to thermal decomposition during the
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cooling-down process ([H20.] in BWR reactor water) and chemical reactions in the sampling line ([O2] in
PWR feedwater).

Category 3: Direct measurement of interaction of water and materials at elevated temperature (ECP, corrosion
rate, crack growth).

An international collaborative programme on high temperature water chemistry sensors has been carried out
by the International Atomic Energy Agency, IAEA (WACOLIN (1986-1991) 3®: WACOL (1992-2000) *:
and DAWAC (2001-2005) *?). As a result of compiling the literature survey and internationally exchanging
information and experience on high-temperature sensors, it was concluded that many instruments had been
developed for direct measurement of water quality, and some of them had been successfully applied in
laboratory tests, but only a few had been applied to operating power plants *. The instruments reviewed
appear in Table 3.2.

The requirements for applying high-temperature sensors in operating plants are as follows:
(1) High accuracy: application without cooling to determine water chemistry index directly;
(2) Quick response: direct connection between sensor and data acquisition system; and

(3) High reliability and safety: easy calibration, maintenance-free at least for a light-water reactor (LWR)
operation period (1-1.5 years).

Of great importance as a transient species in BWR reactors, H>O, unfortunately is unstable in high
temperature water so determining its concentration by sampling is difficult. Almost all of the H,O, disappears
during the sampling process. The procedures to determine [H>O-] are the application of theoretical radiolysis
models or the direct or indirect measurement at elevated temperature .

One measurement technique for [H,O] employed in the laboratory is frequency-dependent complex
impedance (FDCI), which records the impedance of an interface as a sinusoidal potential difference is applied.
To measure [H>O:], the semicircles of Cole-Cole (Nyquist) plots of the real part of the impedance against the
imaginary part have been correlated with the concentration. As [H>O,] was reduced from 100 to 5 ppb in a
BWR environment with stainless steel electrodes, the radii of the low-frequency semicircles on the Cole-
Cole plots increased continuously, while the ECP remained constant at concentrations down to 10 ppb and
then decreased a little to 5 ppb [35]. The increasing radii meant an increasing resistance from formation of
oxide on the electrode. Both dependences of ECP and FDCI semicircle radii on [H,O;] were not affected by
co-existent [O2] with the same level of oxidant concentration.

As a result of water radiolysis evaluation for BWR reactor water, it was concluded that 100 ppb H>O; co-
existed with 200 ppb O, under normal water chemistry (NWC), while 10 ppb H,O, existed without
measurable concentrations of O, under hydrogen water chemistry (HWC). Coupled with the FDCI
measurements, this meant that corrosive conditions of HWC were the same as those of NWC from the
viewpoint of ECP, even as [H20,] was varied over a wide range. The corrosion of structural materials could
be affected. By contrast, in situ experiments of the general corrosion of AISI 316L stainless steel under BWR
conditions with varying concentrations of H,O, and H, with no added O; indicated that as NWC was switched
to HWC so that the ECP fell from + 0.15 V (vs. saturated hydrogen electrode, SHE) to —0.56 V, the corrosion
rate increased sharply, but when the fall was from + 0.15 to —0.42 V there was no change in corrosion rate.
It was pointed out that the equilibrium potential for the transition between a-Fe>O3; and Fe3O4 is —0.47 V, so
the difference in behavior between the two experiments was described to changes in the structure of the oxide
film at the lowest potential **). We note that inferring high-temperature ECP, corrosion rate and crack growth
rate by extrapolation from the data obtained at room temperature causes a large uncertainty due to insufficient
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data bases to support the extrapolation.

High-temperature sensors applied at operating plants are listed in Table 3.3. Most of them are sensors for
structural material integrity. High-temperature reference electrodes for ECP measurements and in situ
potential drop detectors for crack propagation measurements on compact tension test specimens have been
applied during the benchmark tests of HWC in operating BWRs. Flow-accelerated corrosion (FAC) of the
feeders in CANDU primary coolants has been monitored with FOLTMs and HEPros, and the latter have been
applied to feedwater piping in CANDUs and thermal plants and to water-wall tubing in thermal plants. In
order to ensure a reductive environment and thus mitigate secondary side corrosion of SG tubing, the
optimum hydrazine content in the secondary system of dual-cycle reactors can be assessed from ECP
measurements. However, ECP measurements are carried out only in a very few units where, once the
optimum hydrazine condition is defined, the plant staff need only monitor hydrazine routinely and ECP
measurements can then be discontinued. Instead of direct ECP measurements, a combined approach of
concentration measurements of anions and cations by ion chromatography and empirical calculations based
on crevice concentration factors and pH evaluation may be successfully applied to determine the corrosive
conditions at the tubing and in the crevice between the tubing and the tube support plates. The value of ECP
control for secondary coolant systems has been demonstrated by Turner and Guzonas *¥, who presented the
safe operating zones for common SG tube materials in terms of the ECP versus high-temperature pH in the

SG crevices ®.

High-temperature sensors for water chemistry, namely pH, conductivity and [O], have provided valuable
data in laboratory tests. However, their application in operating plants is still at the final stage of being
accepted. In order to facilitate their application, the following steps should be taken.

(1) Clear presentation of their necessity and benefits.

(2) Improvement of their reliability during operation: sufficient integrity of sensors themselves with
straightforward calibration procedures at suitable intervals.

(3) Ensuring protection against their failure during application: suitable procedures for avoiding release of
loose parts and chemical contamination.

(4) Provision of information from case studies involving plant diagnoses of systems based on high-
temperature sensors.

Much experience with developing high-temperature sensors in laboratory tests and then improving their
reliability and ease of handling suggests opportunities for their application not only in nuclear plants but also
in thermal power plants. However, significant barriers to their installation in primary coolants in nuclear
plants are the existence of unstable and often aggressive radiolytic species which degrade the sensor materials,
as well as the irradiation damage of the sensors themselves, and in thermal plants the barriers are the higher
temperatures and chemical treatments which again degrade the sensor materials.

3.4 The Gaps between the Desired Information and the Measured Data

Major gaps between the information needed to understand the phenomena and the measured water chemistry
data are shown in Table 3.4, along with measures to bridge the gaps ¥. Some mismatching between the
information desired to understand plant conditions at elevated temperature and the water chemistry data
measured at room temperature has been reported V. From the viewpoint of water chemists, procedures for
bridging the gaps as well as provision of quality assurance for acquiring water chemistry data are essential
for optimum operation of the plant. The major measures to bridge the gaps are twofold: the theoretical
approach and the direct determination by applying high-temperature water chemistry sensors.

,23,



JAEA-Data/Code 2024-003

Table 3.4 Gaps between desired information and measured data

Desired information
to understand phenomena

Measured WC data
in plants

Major measures to bridge the gaps

Corrosive conditions
[H,0,. 0,. Hy]

* Measured [O,. H,]

* Theoretical models for water radiolysis
* High temperature O,sensors
* ECP sensors

Crack propagation rate

* Crack growth rate
under simulated conditions

* High temperature crack growth rate sensors
* Theoretical & empirical models for
crack propagation rate

High temperature pH

* pH at cooled water

* Theoretical evaluation
* High temperature pH sensors

Properties of oxide film
on sampled specimens

* Characterization
of oxide film

* Theoretical oxidation models
* High temperature impedance sensors
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4. An Approach Toward Determining Corrosive Parameters

4.1 Water Radiolysis

However, procedures for determining corrosive conditions have not been authorized by any institute yet.
There are several sets of calculation codes for determining corrosive conditions which basically depend on
the same theoretical basis, but their numerical treatments and major calculation constants and input data taken
from plant operational features are not the same 8- 19-20)-21).22).23) A trio of authorized procedures for crack
growth rates, corrosive conditions and stress intensity factors should be set and then the entire procedures for
evaluation of reliabilities of major components could be accepted by the government and the public.

4.1.1 Basic Equations

The concentration of radiolytic species is calculated along the flow path shown in Figure 4.1. The figure
shows the flow path of a BWR. That for a PWR is almost the same as BWR. For PWRs, flow line for the
SG is added and transfer of the radiolytic species from liquid phase to gas phase can be neglected.

Calculation path

feed water

boiling
channel

down
comer

L

PLR

bypass
channel

* PLR: primary loop
of recirculation

Figure 4.1 Calculation path used for water radiolysis model

Mass balance calculation in each cell is divided into two processes; one is the fast process (radiolytic reaction)
based on direct generation of radiolytic species due to radiation-induced water decomposition and the
secondary generation and disappearance by their cross-interaction reactions, and the other is rather slow
process. The slow process is based on flow-in and flow-out of water containing the radiolytic species and
their cross interactions between the liquid and steam phases.

1) Fast reaction in each cell
dCi/dt = {GYE"; + G"E" + G%E% } + X {kmnCmCn} — Ci 2 {kisCs}  (i=1J) (4-1)
Gi=gF (4-2)

,where gi: microscopic g-value (numbers of species/100eV) [subscript: i; i-th radiolytic specie],
[superscript: y; gamma-rays, n; neutrons, o; alpha-rays]
kmn: rate constant ((mol/m®)! s1) [subscript: m and n; m-th and n-th radiolytic species]
Ci: concentration of i-th specie (mol/ m?)
Gi: macroscopic g-vale of i-th specie (mol/J)
F: conversion factor ((mol/J)/(atom/100eV))
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[1/10%/(1.602x107°x6.023x1023)] = [1.04x107]
E.: energy deposition rate (J/ m?/s)

2) Reactions on the surface of each cell (Fast reaction)
dCY%/dt =+ 2 {k¥mnC¥mC"}— C% 2 {k"isC"s}

,where k%inq: rate constant at the surface ((mol/m?)! s!)
[subscripts: m and n; m-th and n-th radiolytic species]
CY;: concentration of i-th specie at the surface (mol/ m?)

3) Mass transfer due to mixing between the cell and surface
dCi/dt = dCy/dt + & (dCYi/dt—dCi/dt)

4) Mass transfer due to the flow [one dimensional steady]
[dCi/dt] =0 C/ dt+vd Ci/ d x
0 Ci/ 0 t=dCydt
va Ci/ d x=vHsHcH —visicy

,where v': velocity (m/s) [superscript: 1; 1-th cell]
S!: cross section area (m?) [superscript: 1; 1-th cell]

5) Mass transfer between the liquid and steam phases
dCy/dt = e F\C;i +& "F.C8

,where C;: concentrations of i-th species (mol/L) [superscript: g; gas phase]
€: gas release rate (1/s)
€*: gas absorption rate (1/s)
Fy: factors (-)

6) Concentration of gaseous species in the end cell
Cg=R!/(U£S%)=]'(e V{C; +¢ "V{C%)S°U'dt/(UES?)

,where C;: concentrations of i-th species (mol/L) [superscript: g; gas phase]
R': flow rate of i-th specie in gas phase (mol/s)

U: flow velocities of water and gas (m/s) [superscript: 1; liquid phase, g; gas phase]

(4-3)

(4-4)

(4-5)
(4-6)
(4-7)

(4-8)

(4-9)

S: channel cross section (m?) [superscript: 1; liquid phase, g; gas phase, o; total]

Vr: void fraction (-)

The equations (4.1) - (4.9) were integrated along the flow path and the concentrations of the species were

obtained based on the initial guess at the flow entrance (Figure 4.1).

4.1.2 Previous Calculation Codes

Water radiation calculation codes based on numerical integration of multi-differential equations have been
developed ¢ 47-4®)_The results of the calculation codes, i.e., [H20,] and [O5], could be applied to bridge the
gap between the measured ECP and measured [O;]. Those code could successfully applied to explain the
contribution of H,O5 to ECP especially at high H; injection rate The [H2O2] and [O2] have been calculated
and for both normal water chemistry (NWC: without H> injection) and hydrogen water chemistry (HWC:
with H») conditions, [H2O>] alone was high enough to determine ECP From the viewpoint of structural
integrity of BWRs, monitoring and control of [O;], [H2], ECP and main steam dose rate are important. To
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explain the gap quantitatively and to extrapolate the measured values to any location of interest, water
radiolysis models have been applied. The models were extended to understand '’N behaviors in the reactor
water and main steam line ®).

Water radiolysis calculation has been applied only for BWR conditions, where suitable amounts of hydrogen
has been added to suppress [H20,] and [O>] to mitigate IGSCC occurrence and its propagation in the primary
cooling system. The excess amounts of injected hydrogen resulted in increasing '°N transfer from the reactor
to turbine systems and increased turbine dose during the plant operation. On the other hands, insufficient
amounts of hydrogen could not suppress [H2Oz] and [O;] for mitigation of IGSCC. In PWR, Sufficient
amounts of hydrogen was injected into the primary coolant to suppress oxidant concentrations. They used
not to control hydrogen concentration precisely. However, it was reported that one of the parameters to
determine PWSCC was hydrogen itself, and then, oxidant concentration should be suppressed with minimum
charge of hydrogen. For obtaining the suitable amounts of hydrogen and oxidants, in PWRs water radiolysis
calculation is going to be required to suitable hydrogen amounts and oxidant concentrations.

This is the reason why the water radiolysis analysis is required not only for BWR primary system but also
for PWR primary cooling systems. However, in order to apply the water radiolysis calculation code to the
PWR primary cooling system, several functions, e.g., calculation of pHr effects on radiolysis, should be
added to the original one developed for BWR primary cooling system. Additionally, ECP calculation for
different water chemistry conditions of PWR primary cooling system should follow the water radiolysis
calculation.

4.1.3 Subjects to Improve the Previous Water Radiolysis Models

Major functions to be added to the water radiolysis calculation code developed for application to BWR
primary cooling system are as follows.

(1) pHr calculations: Water radiolysis is much affected by pHr. For Evaluation of BWR primary cooling
system, pHrt was determined only by the dissociation of H,O, which could be calculated by applying
Marshall-Frank formula *”, while for PWR primary cooling system, the complex relationship of
combined control of boric acid and lithium hydroxide. The pHr is determined by applying the multi-step
dissociation constants of boric acid proposed by Mesmar >*. The pHr calculation have to be calculated in
priory to water radiolysis calculation.

(2) pHr effect: Water radiolysis calculation, especially calculation of [H>O,] are much affected by H radical
concentration, which determined by [H'], i.e.,pHr 3

(3) Void effects: Only subcooled boiling is considered in the PWR primary cooling system. However, the
effects of boiling in the coolant have to be considered for water radiolysis calculation. Original void
effects have been developed by E. Ibe 3V,

(4) Oxide layer effects: As a result of exposure time, thick oxide layers developed on the structure surface,
which effect on the electric resistance of ferrous ions from the metal and then anodic polarization currents.
A coupled model of oxide layer growth and electrochemistry has been developed to evaluate the anodic
current densities due to oxide layer growth 32,

(5) Coupled calculation of water radiolysis and ECP: ECP calculation was used to be carried out by following
the water radiolysis calculation based on the radiolysis calculation results. However, to have traceability
of the calculation procedures, computer code complex containing water radiolysis and ECP calculations
are required 9.

The details of subjects in (1) through (3) are shown as follows, while those in (4) and (5) are shown in the
next section.
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4.1.4 pHr Calculations
1) Dissociation of H,O

Temperature dependent dissociation constant of water is expressed with Marshall-Franck’s equation (Egs.
(4-10) and (4-11)) 42,

H,O —-H"+OH
kw=[H"]J[OH]/[H20]
log(kw) = -4.093 - 3245/T + 2.236x10%/T*- 3.985x107/T?
+(13.96 - 12626/T + 8.5646x10°/T%) log(pw) (4-10)
pw={1.0+0.1341(374.11 - t)”® - 3.946x103(374.11 - t)}/{3.198 - 0.3152(374.11 - t)!
- 1.203x103(374.11 - t) + 7.489x1073(374.11 - t)*} (4-11)
, where T: temperature (K)
t: temperature (°C)
K = Zy F[H A n+ Zon. [OH JAon-
, where x: conductivity (LS/m)
[H*], [OH]: concentration of H/OH™ (mol/L)
Z: charge number (-)
F: Faraday constant (96,485.3321 coulomb/mol)
A: ion mobility (m?/s/V)

pHr for neutral conditions can be determined by Marshall-Franck’s equation. The temperature dependent pHr
for neutral conditions is shown in Figure 4.2.
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Figure 4.2 Temperature dependent pHt and conductivity
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Temperature dependent pH under combined control of boric acid and lithium hydroxide should be calculated

based on Mesmer’s multi-stem dissociation constant of boric acid (Egs.(4-12)-(4-16)) >°.

B(OH)3;+OH— B(OH)4

Qu= [B(OH)+ J/{[B(OH);][OH']}

Log10(Q11)=1573.21/T+28.6059+0.012078T-13.2258log T+f(I)
2B(OH); +OH— B,(OH)r

Q21= [B2(OH)7)/{[B(OH)3][OH]}
Logl10(Q21)=2756.1/T-18.7322-0.00033T+5.8351og T-f(I)
3B(OH); +OH — B3(OH);¢

Q31= [B3(OH) 10}/ {[B(OH):]'[OH ]}
Log10(Q31)=3339.5/T-7.850-0.00033T+1.49710gT-f(I)
4B(OH); +20H— B4(OH) 4>

Qu1= [B4(OH) 14> //{[B(OH);]*[OH"]*}
Log10(Q41)=12820/T-134.33-0.00033T+42.1051ogT-f(I)
Calibration constant f(I)=(0.3250-0.00033T)I-0.09121*”
1=1/25(CiZ?)
, where I: molar intensity of ions

Ci: ion (mol/L)

Z;. valence number of ions (-)

The dissociation reactions between

B(OH)4H — B(OH)s + H" (perfect dissociation) k=1

B, (OH);H — B2(OH); + H"

B3 (OH);0H — B3 (OH) 10 +H"

B4 (OH)14H2 — B4 (OH) 2 +2H "

B(OH),Li - B(OH)s +Li*

B, (OH);Li — B,(OH); +Li*

B3 (OH)0Li — B3 (OH);g+ Li™"

B4 (OH)14Li — B4 (OH) 14>+ 2Li"

LiOH — Li+OH" (perfect dissociation)  kp==[Li"]J[OH]/[LiOH]=1

,29,
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(4-15)
(4-16)
(4-17)

Those dissociations were calculated along with the radiolysis calculation. It was known that pHr had large
influence on water radiolysis calculation, but water radiolysis had not shown any effects on pHr calculation.
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4.1.5 pHr Effects

pHt was obtained based on the water radiolysis calculation, where pHt played important contribution to
determine the concentrations of radiolytic species except [H'].

4.1.6 Void Effects

In the BWR primary cooling system, water is heated along the fuel channels and some portion of the cooling
water changes to steam, which involves some radiolytic species. In the steam with much lower density than
water, the generation of radiolytic species and secondary reactions of species can be neglected. Only their
transfer between water and steam phases should be considered as shown in Eq. (4-8). In PWR primary cooling
system, small amounts of subcooled boiling has been reported, where the effects of boiling on water
radiolysis might be negligibly small.

In order to evaluate the effects of steam void on the water radiolysis calculation, void distribution along the
flow path first. But to determine the void fraction along the flow path, thermal hydraulic analysis along the
fuel channel for every power plant, every fuel assembly and every fuel cycle is required. In Figure 4.3, an
example of calculated two-phase flow profiles in boing channel '?). As one of the typical examples of two-
phase flow profiles, Figure 4.3 and their best fitting curves can be applicable for BWR water radiolysis
analysis.

Relationship among void fraction, Vy, steam velocity, Vs and liquid velocity, Vi, shown in Figure 4.3 can be
fitted as shown in Est. (4-18) through (4-21).

Void fraction: Vi=0.67(1-exp(-0.012(x-60))) (4-18)
Steam quality: Qs=0.19(1-exp(-0.005(x-60))) (4-19)
Steam velocity: Vs=7(1-exp(-0.005(x-60)))+1.5 (4-20)
Liquid velocity: Vi=2.4(1-exp(-0.005(x-60)))+1.5 (4-21)

, where x: distance from the void initiation point (m)
Vi: void fraction (-)
Vi: steam velocity (-)

Vi: liquid velocity (m/s)

1.0 10
Temperature: 279 °C (inlet)
I 288°C (outlet)

Coreexit| o
; g |

| Exit quality: 0.152 steam velocity |

I i 53

(=}

th
velocity (m/s)

steam quality, void fraction
NoWw

[

distance from core inlet (m)

Figure 4.3 Example of calculated two-phase flow profiles in boing channel
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4.2 Electrochemical Corrosion Potential

4.2.1 Mixed Potential Model

The outline of the mixed potential model was introduced in Paragraph 2 of Section 2.5 (Tables 2.8 and 2.9).
4.2.2 Major Constants

The major constants of the mixed potential model were also introduced in Paragraph 2 of Section 2.2 (Table
2.10).

4.2.3 Subjects to Improve the Previous ECP Models

1) Anodic polarization curves for the specific oxidant: In the previous models, for cathodic polarization
current densities, reduction current of oxygen and hydrogen peroxide were applied, while for anodic
polarization current densities oxidation of hydrogen peroxide were applied. As cathodic current density
reduction current density of lithium and others were added, while for anodic current density, oxidation
current density hydrogen and others were added .

2) Oxide layer effects: As a result of exposure time, thick oxide layers developed on the structure surface,
which effect on the electric resistance of ferrous ions from the metal and then anodic polarization currents.
A coupled model of oxide layer growth and electrochemistry has been developed to evaluate the anodic
current densities due to oxide layer growth 33,

3) Coupled calculation of water radiolysis and ECP: ECP calculation was used to be carried out by following
water radiolysis calculation based on the radiolysis calculation results. However, to have traceability of
the calculation procedures, computer code complex containing both of water radiolysis and ECP
calculations are required 2%,

4.2.4 Anodic Polarization Curves

Anodic polarization curves for oxygen and hydrogen peroxide might be different. However, when the effects
of oxidation current of hydrogen peroxide on the anodic current was considered to apply the same anodic
polarization current density both for oxygen and hydrogen peroxide. At the same time, the oxide layers
developed on the steel surface should be also considered to determine anodic current density.

A schematic diagram of charge balances at the surface based on cathodic and anodic reactions (Evans
diagram) is shown in Figure 4.4 ¥, Oxygen takes electrons from the metal surface to maintain the cathodic
reaction.

[cathodic reactions]

0y +2H" + 2¢” — H,0,

H,0; + 2H" + 2¢" — 2H20

H,0, + 2Li" + 2e” — 2Li,OH

2H"+2¢ =H, (hydrogen generation at low potential)
[anodic reactions]

Hx02 — O + 2H" + 2¢

Fe — Fe’" +2¢~  (Metal dissolution)

,31,



JAEA-Data/Code 2024-003

cathodic current

102 T T T T T =
exp. O,+2H" +2e=>2H,0,
[ % H,O,+ 2H" + 2e-=> 2H.O

10° = current suppression

- H, geueratim\ due to oxide film growth
10

N

current density (A/m?)

-4
10 anodic current

exp. Fe=>Fe* +2¢
+
oxidation of chemical species

106

-1.0 -08 -06 -04 -0.2 : ; 0.6
potential (V-SHE)

Figure 4.4 Electrochemical model

(Balance of anodic and cathodic current densities at the surface)

Current density due to the cathodic reaction is expressed by Eqgs. (4-22) and (4-23) 3.
I. = f.(¢) Cs (4-22)
fo(@) = z F ko exp(-0zF (9-¢o)/RT) (4-23)
The oxidant concentration at the metal surface is determined by its diffusion from bulk to surface through

the surface boundary and oxide layers. Diffusion processes of oxygen through the surface boundary layer
from the bulk water are expressed by Eq. (4-24).

Dp(Cy-Cs)/3p = Lo/2/F (4-24)

The current density due to the cathodic reaction is expressed by Eq. (4-25) by determining Cs from Eq. (4-
24).

I= fe(¢) Cy /{1+f(¢)0p/Dp/z/F} (4-25)
Total cathodic current densities is shown in Eq. (4-26)

Leow=Z1*{ Id}= Z(M[fd (¢) Cv' /{1+fJ ()38/Dp/Z/F}] (4-26)
Ferrous ion and electrons are released into the water from the metal surface.

M =M* +ze
Current density due to the metal release is expressed by Eq. (4-27) 9

L, =f(¢) (Xs) (4-27)

f°(¢) = 2’ F ko” exp(+a'z’F(¢-¢'0)/RT) (4-28)

, where I.: cathodic current density (A/cm?)
C,: oxidant concentration at the metal surface (mol/m®) (superscript: s, metal surface;
B, boundary layer;b, bulk water)
F: Faraday’s constant (96,485C/mol)
ko: electrochemical reaction constant (m/s)
R: gas constant (J/mol/K) [8.31J/mol/K]
T: temperature (K)

z: number of electrons taken for a reaction (-)
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o transfer coefficient (0.5)
0: potential (V-SHE)
0o: potential for standard (V-SHE)

The anion concentration at the metal surface is determined by its diffusion from the metal surface to the oxide
layer surface through the oxide layers.

Do(Xsat —Xs)/80 = 1a/z/F (4-29)
, where D: diffusion coefficient (m?/s)
(subscript: B, boundary layer; o, oxide layer; Fe, ferrous ion),
(superscript: a, anion; ¢, cation)
d: thickness (m) (subscript: B, boundary layer; o, oxide layer)
The current density due to the anodic reaction is expressed by Eq. (4-30) by determining X, from Eq. (4-29).
L =f’(¢) Xsa/[1+ (@) 80/Do z/F] (4-30)
, where I,: anodic current density (A/cm?)
X: oxidant concentration (mol/cm?)
(superscript: s, metal surface; B, boundary layer; b, bulk water)

The oxidation reaction of hydrogen peroxide on the metal surface, whose current density overlaps that due
to ferrous ion release, is expressed as Eq. (4-30) 37

Latotal =f° ((P) Ksat/ [1+ f’ ((P) do/Do Z/F]+ fhpo((P) Chpo /{1+fhpo((P)6B/DB/tho/F} (4-3 1)

Cathodic current density is positive, while the anodic one is negative at the surface. Both current densities
are balanced at the surface in the equilibrium state, where the potential is the electrochemical corrosion
potential without net current density at the surface.

The electrochemical corrosion potential, ECP, can be obtained from the intersection potent of the absolute
values of the total anodic and cathodic current densities (Figure 4.4). The minimum potential is determined
by the hydrogen generation potential, which was determined by pH and temperature in water >

4.2.5 Coupled Calculations of Electrochemistry and Oxide Layer Growth

ECP has been calculated with the coupled models of the static electrochemistry model and dynamic oxide
layer growth model (Table 4.1) 333959 Anodic and cathodic current densities and ECP are calculated with
the static electrochemistry model and metallic ions release rate determined by the anodic current density is
applied as input for the dynamic oxide layer growth model. The thicknesses of oxide layers developed on the
surface can be calculated according to the mass balance on oxidation of metallic ions that were dissolved and
formed the oxide layers (Figure 4.5)>>
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Figure 4.5 Oxide layer growth model

Thickness of oxide film (oxide layer) and its characteristics are applied for the electrochemistry model to
determine the resistance of the cathodic current from the bulk to the surface and anodic current from the
surface to bulk.

Table 4.1 Coupled calculation of electrochemistry model and oxide layer growth model

Sub-model electrochemistry model oxide layer growth model
(static model) (dynamic model)
Input temperature, [O,] . pH, K. temperature

mass transfer coefficient (h,,)
oxide film thickness,

oxide properties

anodic/cathodic current densities
ECP

coupling calculation

Output

anodic/cathodic current densities

oxide film thickness

ECP

properties (Fe,O0,/Fe;O4ratio)

4.2.6 Anodic Polarization Curves

As a result of applying the coupled electrochemistry and ECP models, only preparation of metal dissolution
properties for basic anodic current densities resulted in increasing thickness of oxide layer developing on the
metal surface, and then the reduction of current densities due to increasing electric resistance of the oxide
layers, which prepared for exposure time dependent anodic current densities. At the same time, increase in
oxidation current of hydrogen peroxide could prepared for level-off phenomena of ECP under the elevated
hydrogen peroxide concentrations.

In Figure 4.6, the empirical anodic polarization curves prepared for ECP calculation and those calculated
with the coupled electrochemistry and ECP calculation models - 3%-60),
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Figure 4.6 Measured and empirical anodic curves (Comparison

of previous polarization curves and those calculated with the coupled model)

For oxygen, anodic current densities calculated based on ferrous ion solubility from stainless steel varied
with exposure time. As increasing exposure time, thickness and properties of oxide layers (thickness and
properties, e.g., magnetite/hematite ratio) changed. The anodic polarization curves were affected by oxide
layers and then the exposure time. In Figure 4.6. There were several empirical anodic polarization curves
shown with measured for different exposure conditions. The anodic polarization curve for hydrogen peroxide
are also shown. The oxide layer thickness and their properties might be different for the specimens exposed
under oxygen and hydrogen peroxide containing water. Hydrogen peroxide contribute not only to cathodic
polarization current densities but also to anodic polarization current densities.

In Figure 4.7, the anodic polarization curves determined based on ferrous ion solubility were calculated for
two different oxide layers.
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Figure 4.7 Anodic polarization curves calculated

1LE+001.E+011.E+021.E+031.E+041. E+051.E+06

time (h)
¢) Hematite ratio Th/'T

with the coupled electrochemistry and oxide layer growth models under O, water

The anodic polarization curves for hydrogen peroxide contained water might be the same as those for oxide
contained water. But as a result of the effects of oxidation of hydrogen peroxide, the apparent anodic
polarization curves containing oxidation current of hydrogen peroxide could be calculated, which are shown
in Figure 4.8, with the empirical one V.
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Figure 4.8 Anodic polarization curves calculated
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with the coupled electrochemistry and oxide layer growth models under H,O; water

When the empirical anodic polarization curves were applied for oxygen and hydrogen peroxide mixed

conditions, it was proposed that the anodic polarization curve was obtained as a cathodic current density-
weighted average of both anodic polarization curves (Egs. (4-32) and (4-33), Figure 4.9).
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Figure 4.9 Composed anodic polarization curves based on those for O; and H,O;
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Unfortunately, empirical anodic polarization curves have been reported only for neutral water conditions but
not for higher pH conditions. So, the apparent anodic polarization curves are not suitable for evaluation of
ECP under elevated pH conditions. The pH-dependent anodic polarization curve should be applied along
with oxidation current density of hydrogen peroxide.

One of the important terms to determine the anodic polarization curves is pH-dependent ferrous ion
dissolution form steel, which are supported by oxide layer effects and oxidation reaction of hydrogen
peroxide at the surface.

4.2.7 Ferrous lon Solubility

Solubility of metallic ions are much affected by pH and temperature ®». The anodic current densities of
stainless steel can be calculated by applying the data base of pH and temperature dependent solubility of
ferrous ion. For ECP calculation, the solubility data were shown as fitting functions as shown in Table 4.2
and compared with the original data in Figure 4.10.

Solubility of ferrous ions have been systematically evaluated. But the data for nickel ions were very restricted .
For determining anodic polarization curves for nickel-based alloys, solubility data base for nickel ions are
strongly required.

Table 4.2 Fitting curves for ferrous ion solubility
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Figure 4.10 Temperature and pH dependent ferrous ion solubility

4.2.8 Other Constants for ECP Calculation

Several electrochemistry reactions were considered for cathodic and anodic polarization curves. Major rate
constants, transfer coefficients, and standard electrode potentials for the reactions are listed in Table 4.3. The
potential for each electrochemical reaction calculation was calculated based on the concentrations of species
of the reaction %4> %),

The major parameters to determine ECP in the wide pHr region from 5.6 to 7.1 are listed in Table 4.4 >%,
where a mechanistic relationship between the parameters and ECP is shown. H>O; served as an oxidant as
well as a reductant, while Hy served as a reductant. The pH of ECP is influenced by the pH-dependent
solubility of ferrous ion. Through oxide film thickness, flow velocity had a vital influence.
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Table 4.3 Rate constants for the ECP model

Table 4.4 Major parameters to determine ECP

4.2.9 Oxide Layer Effects

Oxide layers developed on the metal surface also played important role in anodic current densities. In order
to evaluate exposure time dependent anodic and cathodic current densities, coupled analysis of
electrochemistry and oxide layer growth models has been developed 7.

The electrochemistry model shows the static balance of charge at the oxide surface with a given oxide film
thickness, while the oxide layer growth model shows the dynamic balance of oxide film and film thickness
is calculated as a result of accumulated mass balance of metal released from the base metal. The oxide film

growth model was previously shown in Figure 4.5. In the model, ferrous ions were released from base metal

through the oxide layers, which consist of magnetite inner and hematite outer layers 7,

Ferrous ion release rate from base metal is determined as a result of the electrochemistry model (Eq. (4-34)).
dM/dt= -1./z/F (4-34)

, where M: thickness of base metal (mol/m?)
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Some of the ferrous ions released into the surface boundary layer are removed to the bulk water and others
are absorbed on the surface of the magnetite and hematite particles depositing on the metal surface, while the
major portion over the super-saturation concentration in the boundary layer precipitate as oxide particles,
which deposit on the surface to become an oxide layer (magnetite particles). Magnetite particles are oxidized
as hematite on the metal surface. The conversion factor from magnetite to hematite is expressed as a function
of ECP. Ferrous ions and ferric ions are released from oxide particles on the metal surface into the boundary
layer. Mass balance equations of ferrous ion and magnetite particle in the boundary layer are expressed by
Egs. (4-35) and (4-36).

dC/dt 1,=14/2/F-8mCSmCinTb>-ShCShChTb>-keC/Csafo(C)to-km(C-Co) o+l Tm+Cn Th (4-35)
, where C, C,: concentrations of ferrous ions and oxide particles (mol/m®) [subscript: b; bulk water]
Cm, Ch: number densities of magnetite and hematite particles on the surface (1/m?)
[subscript: m; magnetite h; hematite]
Caat: saturated concentration of ferrous ion (mol/m?)
f,(C): a function for education rate
f(C)= exp[-B {(Csa-C)* +{(Csar-C)*} 12(Csar-C)}]
frn=41 {3/(4mpiTe)} >, fi=4m {3& /(4mpnTs )} >
F: Faraday’s constant (96,485C/mol)
I,: anodic current density (A/cm?)
km, kn: mass transfer rates of magnetite and hematite particles through boundary (1/s)
ke: generation rate coefficient of oxide particles (1/s)
Sm, Sh: surface area of oxide particle (m?) [superscript: m; magnetite, h; hematite]
Tum, Th: total thicknesses of magnetite and hematite layers (mol/m?)
[superscript: m; magnetite, h; hematite]
z: number of electrons taken for a reaction (-)
8m, dn: absorption coefficients of ferrous ion on oxide particles (s 'm?)
[subscript: m; magnetite h; hematite]
Typ: thickness of boundary layer (m)
[subscript: b; boundary layer, o; oxide layer, Fe; ferrous ion]
Cm, Cn: release rates of oxide layers (s!)
dCp/dt tp = keC/Csatft(C)/Wm T -kdCp-k(Cp-Cpp) o (4-36)
, where Wp,: weight of magnetite particles just after generation (mol)
kq: particle deposition rate (m/s)

The first term on the right side of the Eq. (4-35) presents release from the base metal, The second and the
third terms are absorption on oxide particles, the fifth term shows condensation of ferrous ion as magnetite
particles, the sixth term is the most important mass transfer term from the boundary layer to the bulk water
and the seventh and eighth terms are release from oxide particles.

The inner layer is formed by direct oxidation. The maximum thickness of the inner layer is designated as
TP+ The thickness of the inner oxide layer is expressed as Eqs. (4-37) and (4-38)
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dTPm/dt = ®-{n TP for TPu< TP (4-37)
=0 for TPm> TP (4-38)

@ = Oox(ECP)+ Oppo([H202])+ @1 (4-39)
®ox(ECP) = ®ox+(ECP-ECPg)"?/ T, for ECP>ECPs (4-40)
=0 for ECP<ECPp (4-41)
Dppo([H202]) = @upor( [H202])/ T0m (4-42)
Oy = O/ T (4-43)

, where @ direct oxidation of base metal (mol/m?%/s)
D:cp, Do, Gu: contributions of ECP and hydrogen peroxide and base oxidation
[subscript: B; boundary layer, o; oxide layer]
ECP: ECP at the surface (V-SHE)
ECPg: hydrogen generation potential as a function of temperature and pH (V-SHE)

The outer layer is formed by precipitated magnetite particles. Number density of the magnetite particles and
the effective thickness of the outer oxide layer are expressed as Eqgs. (4-44) through (4-46).

dCu/dt 1 = kaCptb - (tkm)Cm T (4-44)
dTo/d; =8mCSmCon+kdCpWinTh -Gt tkm) T for TP > Oy (4-45)
dTo/d; =8mCSmConTo2+kdCpWinTh -Gt Hkm) T +@ for T0 < Topps (4-46)
The transfer ration from magnetite to hematite is expressed as Eqs. (4-47) and (4-50).

X = X0ox TXHPO (4-47)
xox = yox* (ECP-ECPg)"?  for ECP> ECPs (4-48)

=0 for ECP< ECPg (4-49)
xpo = yupo+([H202]) (4-50)

, where y: transfer coefficient from magnetite to hematite (s!)
X ECp, xupo: contributions of ECP and hydrogen peroxide 3: thickness (m)

The hematite part of outer layer is formed by precipitated hematite particles. Number density of the hematite
particles and the effective thickness of the outer oxide layer are expressed as Egs. (4-51) and (4-52).

dCi/dt T = ¥Cin T -knCh1p (4-51)
dTyw/dt = ¢ Tm +6nCShCh Tp? -(&n +kn)Th (4-52)

4.3 Coupled Calculation of Water Radiolysis and ECP

Theoretical approaches to determine the corrosive conditions in the cooling water of BWRs and PWRs are
illustrated in Figure 4.11. At the first step of the evaluation procedures of corrosive conditions, non-linear
rate equations were calculated to obtain the concentration distributions of corrosive radiolytic species, e.g.,
[O2] and [H20:], throughout the primary coolant [water radiolysis code], which was followed by the
evaluation procedures of ECP [ECP analysis code]. In the earlier paper >, the specifics of the water
radiolysis computation were shown. The ECP was calculated using a mixed potential model, with the
concentrations of the radiolytic species as a result of the water radiolysis calculation as input data.
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Figure 4.11 A coupled evaluation procedures of corrosive conditions
(Water radiolysis calculation and ECP calculation)

The concentrations of oxidants ([O2] and [H2O:]) change along the recirculation flow path and differ in
BWRs and PWRs mainly based on their water chemistry, e.g., temperature, pH, energy depositions, and
radiation qualities. So, the corrosive conditions differ between BWRs and PWRs ¥,

The only point in the recirculation line where oxidant concentrations can be determined is at the end of the
sampling line, where water is cooled and depressurized for measurement by a probe-type oxygen detector,
and the contributions of H,O» to the corrosive conditions cannot be confirmed from the measured results.
ECP measurement with an ECP detector in high-temperature water is the only approach to measure H,O,
contributions to corrosive conditions.
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5. Calculation Procedures
5.1 Water Radiolysis

5.1.1 Basic Equations for Water Radiolysis and Dissociation of Water

(1) Fast reactions
dCy/dt = {G";E¥; + G"E" + G%E% } + X {kmnCmCn} — Gi 2 {kisCs} (i=1,J) 4-1)

dC™/dt =+ = {K¥mnC"mC"}— C% 2 {k%:sC%} (4-3)

dCy/dt = dCy/dt + § (dC*y/dt—dCy/dt) (4-4)
(2) Slow reactions

v Ci/ d x=vsHcH —visicy (4-7)

dCy/dt = e F,C; +& "F,C¥ (4-8)

In a unit cell along the flow the fast reactions should be calculated based on the calculated concentration in
the flow-in cell. The numerical calculation to determine the concentration of radiolytic species were based
on Newton method ®®. The rate constants of the radiolysis reactions are so large to cause possible unstable
numerical results. The multi-order, multi-dimensional simultaneous equations with larger rate constants were
designated as so-called stiff equations, which were required to prepare for suitable initial values for numerical
calculation. For the stiff equation, the backward differential formula developed by Gear * were applied.

5.1.2 Dissociation of Water to Determine High Temperature pH
Temperature dependent dissociation constant of water is expressed with Marshall-Franck’s equation V.

Temperature dependent pH under combined control of boric acid and lithium hydroxide should be calculated
based on Mesmer’s multi-stem dissociation constant of boric acid .

5.1.3 Numerical Solution

The solutions of the fast equations (4-1), (4-3) and (4-4) were solved by applying Newton method. The
equation was generalized as follows.

dY/dt=f(Y) (5-1)
where, Y: a set of concentrations of species Ci, Cs, C;, Cn)
f(Y): the functions for equations (4-1), (4-3) and (4-4)
(1) Solution of differential equations
Newton iteration:
It was difficult to apply the simple newton method to obtain the stable results.

In a small time mesh (<107 s) the differential equations were solved with the simple Newton method. But as
a result of larger rate constants, the results were calculated based on Backward Differential Formula (BDF) ¢
method for time mesh >10 s,

Initial guess Y, ©= X °0i¥ni+h X i fisi (5-2)
Iteration results Y™ D=3 S0 ¥ni+h B o fil™ (5-3)
Complete solution Yo=hBofi+ X150V (5-4)

Where, o and 3 were determined by Gear.
o =360/147
o=-450/147
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03=400/147

oy=-225147

0s5=72/147

o6=-10/147

B= Bo @

Bo=60/147

Application of Newton iteration to obtain stable solution of Eq.(5-4)
F(Yy) =Y.~ Bhfa(Ya) -2 %06V (5-5)
Y, should be obtained
(2) Newton method

FY,"+A4Y,™)=F(Y,") + 0 F(Y,™)/ 0 Y, AY,"=0 (5-6)
OFa(Y)Y dYn=1- Bh 9 £(Y) 9 Yn 5-7
O0Fa(Y) 0Ys= - Bh 0 fu(Y) 0 Ya (5-8)

X, D=y, Dy, -9

dX, (M D=q ¥, ™Dy, (5-10)

Yo" = Y Vo A XM (5-11)

FX,"+ AX,™) = F(Xo\™) +0 F(Y,™)/ 0 Y," d¥y™ /dX,™ AX,\"=0 (5-12)

FXa"+ AXa™) = F(Xa™) +0 F(Ya™)/ 0 V™ Yo AX,"=0 (5-13)
fu(Yn) = gn t ZK%YiYj - Yo X knsYns- 0 Yot & YWs (5-14)
fu(Y¥) =+ Z k%YM YV - YWa ZknsYVns- 0 Yat & YW (5-14)*

sk 3k 3k 3k 3k sk ok ok ok ok ok ok ok ok ok ok ok sk sk sk sk sk sk sk sk sk sk skesk skoskoskosk sk sk sk sk sk sk sk skoskokeok

0 £a(Yn) 0 Yn=-ZknsYs- & (5-15)

0 fu(Yn) 0 Ys =2 Kk"Yi - Yokas (5-15)%

0 £a(Yn) 8 YYo=+ T/(V/S) (5-15)%*
0 £a(Yn)/ 0 Y¥s=0 (5-15)#+
0 £a(Y¥0)/ 3 Y¥n = - Zkas Y¥s- 0 (V/S)/IT (5-16)

0 (Y "0)/ 3 YV = K% Y™ - YVaKns (5-16)*

0 fu(Yn)/ 0 Yo =+ (5-16)**
0 fu(Yn)/ 0 YV =0 (5-16)%*

st sfe she s sk sk sfe ske ke sk sfe sfe ske sie sk sk sfe ske sk sk sk sfe ske ke sk sk sfe sie sk st sk she sk sk sk sk sleosk sk skeoskeskeoskok
ai= 0Fi(Y)/ Y1 Yin1,bi= 0Fi(Y) 0 Y2Yon1 qi= dFi(Y) 9 YqYni (5-17)
xk = A Xy (5-18)
aix; + bixa + qixq = -fi(Y) (I=l,q) (5-19)
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Based on Yn-1~Yn-6, Yn was calculated, and then Newton calculation had to be repeater until Y, converged.

5.1.4 Major Constants
(1) G-values

For BWR G-values for only neutron and gamma-rays should be applied, while for PWR those for alpha-rays
should be added to evaluate alpha-rays from '°B(n,0)’Li reaction.

(2) Rate constants

In addition to rate constants for the radiolytic species dissociation constants of water and boric acid and
lithium hydroxide should be applied.

(3) Geometry and flow constants

Flow loops composing the cooling system, volume of the flow cells, water temperature of the cells, energy
deposition rate to determine the source of radiolytic species were required for calculations. The details are
shown in the code manual in Chapter 6.

5.2 Electrochemical Corrosion Potential
5.2.1 Mixed Potential Model

Lotoa=21{ Id}= Zi¥[fJ (¢) Cv' / {1+ (¢)dp/Ds/Z/F}] (4-26)
Latota= £7(9) Xsat/[ 1+ £2°(0) 8o/Do Z/F ]+ fipo(®) Chpo /{1 +thpo(©)OB/DB/Znpo/F } (4-31)

The electrochemical corrosion potential, ECP, could be obtained from the intersection potent of the absolute
values of the total anodic and cathodic current densities (Eqgs. (4-26) and (4-31), Figure 4.4).

5.2.2 The Effects of Boundary Layers and Oxide Layers on Current Densities

The effects of oxide layers on current densities could be calculated with the electrochemistry and oxide layer
growth model. Those of surface flow are also determined by thermal hydraulic analysis. The details were
shown in Section 4.2. The current resistance determined by the boundary layers and oxide layers (Egs. (5-
19) and (5-20)) were evaluated the electrochemistry and oxide layer growth model and then the results was
applied as electric resistances in the mixed potential model.

hpL=Dgr/0BL (5-20)
hox=Dox/8 ox (5-2 1)
5.3 Coupled Model of Water Radiolysis and ECP Analysis

The water radiolysis model was carried out first and then the mixed potential model (ECP model) followed
based on the calculated concentration of radiolytic species. Those calculations used to be carried out
independently, and the calculated results of the water radiolysis models were applied as the input data of the
ECP models. The separate processes for obtaining the ECP results might result in misconnection of the input
data and at the same time the procedures caused some difficulties on the future confirmation of the calculation
processes. There were some problems in the traceability of the calculation processes. As a result of
combining both models, calculation processes for both water radiolysis and ECP were recorded in only one
process and total input data might be kept in a single record, which might prepare for much easier traceability
of the processes.

When the users of computer program packages, e.g., WRAC-JAEA, apply them for plant analysis, they
required to have sufficient reliability on the packages. Recently, every computer code was required to be
authorized based on verification and validation (V&V) procedures. In the document, a part of the V&V
procedures on WARC-JAEA are introduced. The major procedures on the calculation codes for determining
corrosion conditions in the BWR primary cooling system were introduced in the previous article 2%,

Some examples of V&V procedures on WRAC-JAEA are shown in Chapter 7.
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6. Calculation Code, WRAC-JAEA
6.1 PAD of the Calculation Code
6.1.1 Main Calculation Routine
A coupled calculation code of water radiolysis and ECP models consisted of three sub-codes,
INPUT (to read and prepare input data),
WRAC (water radiolysis calculation) and
ECPCAL (ECP calculation).
The INPUT subcode consisted of 4 support codes,
SPECIES (arrange of radiolysis data set),
INITCONC (initial guess for radiolysis calculation),
GVALUE (arrange of G-value data set) and
Init gas liquid (initial guess for gaseous specie calculation).

The WRAC sub-code was the major sub code to determine the concentrations of radiolytic species, which
consisted of 3 support codes,

INITCALC (setting initial values for mass balance calculation),

EULER (preparation of differential calculations) and

BDFNEWTON (control of Newton calculation).
The ECPCAL sub-code consisted of 2 support codes,

SOLUBILITY (calculating T and pHr dependent ferrous ion solubility) and

CURRENTDNS (calculating the inter section of anodic and cathodic current densities).
Two support codes, INITCALC and BDFNEWTON were also supported by multi-step subroutines.
A program analysis diagram (PAD) of WRAC-JAEA is shown in Table 6.1.

The source code was written in MS-Word, which was converted into FORTRAN for calculation. The source
code is shown in Appendix C and the execution version is attached in the CD-ROM.
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Table 6.1 Program diagram for main routine (1/5)

Dimension
Filesetting  open (13.FILE=TITLE-INPUT.txt")

145

461*

2749

2527

2527

2387

open (7.FILE='REACTIONK-A..txt')

open (10.FILE='GVALUE.txt')

open (12.FILE=RT-INPUT.txt")

open (14.FILE=NodeConnect-k2.txt")

open (560,FILE=' OUTPUTF.DAT") Summary ofinput and output data
open (550.FILE='REGALL1.DAT)  Eine results for the mesh points
open (580.FILE=REGALL2.DAT')  Results for the regions

open (570.FILE=REGALL3.DAT')  Results related to ECP calculation

Read input datal Calculation condition (TITLE-INPUT), case number (ICASEN), iiterm (Max of iteration No),
[B]. [Li], [02], [H2], [H202], [H2]inject

<= ]154%*

Q.Q3.QN.QN3.QA.QA3 HWC. &
&RNF1.F2.F3.R1.R2R3.FN1.FN2 FN3.RN1.RN2.RN3 FKO0, &
&RK0.WFK0,WRKO0.FK.RK.WFK,WRK FAE.RAE REG.ID.C.CAQ2.N. &
&GG.GN.GA, HN.ON.CH. TEM0.TEM.DIO.02C.02C2.RT. &
& G2.WDE.NCN.PNDN,NDN,RMIX, RRMIX.LNDN.GNDN, H202C. &
& H202C2.JIDH2.H2INJH2INJ2, VAL .IECPS.IDECPS.JECPE.IECPN, &
& IPWRRI.IPWRR2, IPWRP1,IPWRP2.IECPR1.IECPR2, BoronC.LiOHC.&
& IECPP1.IECPP2.IECPV1. RECPV1.RECPV2.RECPV3. CECPC, ECPV.AAHO, &
& ISOLP,SOLPHH.SOLPHL.TISOL FSOLF.TEM1.TEM2. KWO1. KW02 KW, &
& HHOXD1.HHBND1.BoronC2.LiOHC2,IDHICASEN.IPRINTN.IPREGN, &
& AITIC. itterditermax. TITLE.k10)

Dimension

Read input data2. Input data of node conditions (RT-INT.txt) Node number:REG
3. Input data of node connections (NodeConnect-k2.txt), Connection number: NCN
4. Input of rate constants (REACTIONKk-A.txt) Reaction number: RN
5. Input G-values (GVALUE.txf), G-value number: GVN
6. Input data are stored in FILEFOUTPUT F.DAT'

<= 822-827

[ — — —— — —— — —— — — — — — —— — — — — — — — — — —

SPECIES(F1 FS.NUL RN.FSN.FHN.FON.FCH.FHN1 FONI1.FCH1)
SPECIES(F2 FS NUL RN.FSN.FHN.FON.,FCH.FHN1.FONI1.FCH1)
SPECIES(F3 FS.NUL RN.FSN.FHN.FON.FCH.FHN1 FONI1.FCH1)
SPECIES(R1.FSNUL RN.FSN.FHN.FON.FCH.FHN1.FON1.FCHI)
SPECIES(R2.FSNUL.RN.FSN.FHN.FON.FCH.FHN1.FON1.FCHI)

SPECIES(R3.FSNUL.RN.FSN.FHN.FON.FCH.FHN1.FON1.FCHI)
Data rearranging of rate constants from the order of INPUT table to specie order

|
|
|
I
|
101=1 |
< 834 |
INTCONC(N.ID IC.FS FSN.RS,RSN,1,CAQ.FHN,FON,FCH, |
|
|
|
|
|
|
|
|

RHN.RON,RCH.HN.ON.CH.1.02C2 IDH2.H202C2)
Setting initial values for calculation matrix (Region#=1)

101>1
<= 840
INTCONC(N.ID.IC.FSFSN.RS.RSN.1,CAQ.FHN.FON.FCH,

RHN.RON.RCH.HN.ON.CH.1.02C2 IDH2.H202C2)
Setting initial values for calculation matrix (Region#>2)

<= 855
GVALUE(N.ID,GID.GVN.GG.GN,GA datal .data2 data3)
Calculation of energy deposition rate based on G-value and energy absorption
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Table 6.1 Program diagram for main routine (2/5)

T0=0, Lo0=0,LON=0
LOOPN=1
iiter=1

258 110 continue
278

279

3009 <= 282

Init_gas liquid(i02.N.PC1)
Setting initial constant for transfer calculation from liquid to gas phase

3056

Calculation of Henry constants for H2 and O2
RT2=RT (i02): residence time for the region, G=G2(i02): velocity in the region
159

894 <= 319

BN 102.RN.N.Q2.QN2.QA2 F1.F2.F3.R1.R2.R3.ID.GG.GN.GA.C1 CAQ.FK1.RK1.WFK1.&

& WRKIL.FN1,FN2, FN3. RN1.RN2 RN3 HWC.DIO.G.HN.ON,CH.RT2.T0.L0o0, &

& WDEN.RWDEN. 02C2,H202C2,IDH2, VAL, IECPS,IDECPS.IECPE.IECPN. &

& IPWRRI.IPWRR2,IPWRP1.IPWRP2IECPR1.IECPR2, &

& IECPP1.IECPP2.IECPV1. RECPV1.RECPV2 RECPV3, CECPC. ECPV. AAHO.&

& ISOLP.SOLPHH.SOLPHL.TISOL FSOLF, TEM1, TEM2. KW01. KW02.ECP.HHOXD1, HHBNDI)

Mass balancer calculation of radiolytic species (Control of radiolysis calculation)

Dimension

IBDT=10"
2408 EOEEE(0 S st s St S SRR e B e e e e T R S e R e
rINITCALC{ REGN.IBDT.C1.F1.F2.F3.R1.R2.R3 FNIL.FN2.FN3, &

&RN1.RN2.RN3.FK1.RK1,.WFK1,.WRK1L.RN.ID.GG.GN.GA.Q2.QN2.QA2. &

&HN.ON.CH, Count2.BDFY1.BDFY2.BDFY 3.BDFY4.BDFY5.BDFY6. &

&BDFf1.BDFf2,.BDFf3.BDFf4 BDFf5.BDF{6. &

&PRC2.PRDC2.T.G.T0.Lo.Lo0O,WDEN.RWDEN.02C2,H202C2.IDH2.iiter.iitermax)

Setting initial values for mass balance calculation

For REG=1

write (550,1520) 'Time', Time' NODE','Count2 Newton' (ID(i02),i02=1 N+4) 'H/ORatio, ChargeRatio'

write (560,1520) REG', Time','Count2, Newton' (ID(i02),i02=1,N+4)/H/ORatio,ChargeRatio /ECP(V-SHE)

print-out of titles of result lists of REGALL1 & REGALL2

IDT=10" IBDT=10" (defined at WRAC)
DT=IDT
SBDF=IBDT*6
T=0, T2=TO
®Do while(T<SBDF)
- S ROD. v kvt s o e T i
EULER(REG.N.C1, FN1,FN2 FN3,RN1,RN2,RN3 FK1.RK1,WFK1,WRK1.RN,GG,GN,GA,
Q2.QN2.QA2NC.DC.DT.G)
Prepare for the differential equations (fn(t)=dCn(t)/dt)

2067

2147

A

il e il e e

‘GREACTION( FN1.FN2,FN3.RN1.RN2ZRN3.FK1.RK1.RN, N.Y2.GENX)

Calculation of source terms (Secondary generations) of radiolysis calculation.

A

1
2088}
DREACTION(FN1.FN2.FN3,RN1.RN2.RN3 FK1.RK1.RN, N.Y2.DISX)

! Calculation of annihilation terms of secondary reactions of species

1844

[
=}
°
=8

3070

A

'gasset('C‘AL C_DY!N.Y2 XGAS)
L Determination of gas emission and adsorption coeff.

— — — — — — — ——— — — -

. A
&
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997
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Table 6.1 Program diagram for main routine (3/5)

3

<= 12472

Igascon(INITCALC: 'N.DT.C1)

I Calculation of concentrations in gas phase

|

12475

:BALANCE(REG N.C1.HN.ON.CH.HOR .CHR.ID.RWDEN.O2C2 H202C2.IDH2)

L _:a.k-aﬁﬂw.@%%m}.ﬂﬁ A S ASE EPCAT SIS AT ASS AERCA

$

Calculation of H/O and charge balance to validate the radiolytic calculation

]

K=T+DT, T2=T2+DT, Lo=Lo+DT*G
:2483
;SUBS(REG.N.CNT.dtCNT.BDFY1.BDFY2.BDFY3, BDFY4,BDFY5.BDFY6,

1 BDFf{1.BDFf2 BDFf3.BDFf4,BDFf5.BDFf6, PRC2 PRDC2.C1.DC)

Replacing the calculated concentration for time steps for giving the guess value for BDF calcnhtbns: I

I
j(write (550,1530) T2,T.REG,CNT,(C1(i02),i02=1 N+4) HOR,CHR  Question: no NEWN?)

1
12906,2912,2918,2924,2930,2936

Setting the initial values for BDF calculation (6th)
BDFINIT(BDFY5,BDFf5,C1,DC,N)

Setting the initial values for BDF calculation (5th)
BDFINIT(BDFY4,BDFf4,C1,DC,N)

Setting the initial values for BDF calculation (4th)
BDFINIT(BDFY3,BDFf3,C1,DC,N)

Setting the initial values for BDF calculation (3rd)
BDFINIT(BDFY2,BDFf2,C1,DC,N)

Setting the initial values for BDF calculation (2nd)
BDFINIT(BDFY1,BDFf1,C1,DC,N)

End Do : while(T<SBDF)

"BDFNE WTON(REG.N.C1.F1.F2.F3,

e - - -

RI.LRZR3.FNI FN2 FN3.RN1.RN2RN3 FK1RK1.WFK1.WRK1.RN.ID.GG.GN.GA.
Q2.QN2.QA2,
HN.ON.CH.Count2.BDFY1.BDFY2.BDFY3 BDFY4.BDFY5.BDFY6.
BDFf1.BDFf2.BDFf3.BDFf4. BDFf5.BDFf6.
BDFW{1.BDFW{2.BDFW{3 BDFW{4 BDFW{5IBDT.CAQ.
AL1AL2.AL3.AL4.AL5S.AL6.BEO HWCINJH2.PRC2.PRDC2.T.DIO.02C2.G.RT.
T0.Lo.Lo0O.WDEN.RWDEN.H202C2.IDH2)

Control of BDF calculation
IBDT=10" (defined at WRAC)
BDT=IBDT, T2=T0, Count2=0
ODo while(T<RT and Count2<15000)

BDFf{1.BDFf2.BDF{3.BDFf4,BDFf5.BDFf6,AL 1.,AL2,AL3,AL4,AL5.AL6.BEO,
BDT.YO.N.ID.CAQ.HWC,INJH2.REG.DIO.02C2)
Setting the initial values for BDF calculation

1047
NEWTON(Y2.Y0.BDFY1.BDFY2,BDFY3,BDFY4.BDFY5.BDFY6,

AL1.AL2 AL3 AL4ALS.AL6.BE0.BDT.F1.F2.F3.R1.R2.R3,
FN1.FN2.FN3 RN1.RN2.RN3 FK1.RK1.WFK1.WRK1.
RN.ID.N.N2.N4.GG.GN.GA.Q2.QN2.QA2.NEWN NEEND.conv2.Count2,
HWC.INJH2.REG.DIO.02C2.G)

Integration calculation based on Newton method

“;
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2581

1482

1141

2100

2147

1844

3074

2695

2775

3096

1104

2056

1753

3074
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Table 6.1 Program diagram for main routine (4/5)

12669 e
1 ATRIX(NEW N, Ym PY.BEO.h,FN1,FN2,FN3 RN1 RN2.RN3 FK1,RK1, RN)
| = Calculation of matrix for calculating radiolytic specie concentrations without boiling
I 1
I2608] . oocioeciiiiscscissionarsssissnaniusssonssississoriaasosssosssstionsassbssbessasssstnnssosssssnsnsssisunasisidsssisssnianon
| 1 :DGREACTION( FN1.FN2.FN3.RN1.RN2.RN3.FK1.RK1.RN. N.Ym.DFGEN)
| : EPnepare for the differential form (dfn(t)/dt) of the original differential equations (In(t)=d(.‘n(t)!dtl)
I : ‘Calculation of the differential forms of source terms, DXX
I H :
2610; :
: :DDREACTION(FN1.FN2 FN3 RN1.RN2.RN3.FK1.RK1.RN. N.Ym.DFDIS)
: ‘Prepare for the differential form (dfn(t)/dt) of the original differential equations (In(l)=an(t)!dll)
| iCakalation of the diferential forms of he annMation SIMEDEX | .....ooeeoenccassssssnansonss
1
2672

FF3 CAL(ff3.N. BE0.h.Ym BDFY1.BDFY2.BDFY3.BDFY4.BDFY5.BDFY6.

I

I

I

I

I

I

[ i  AL1AL2AL3AL4AL5AL6GG.GN.GA,

1 i FN1.FN2.FN3,RN1.RN2.RN3 . FK1.RK1.RN.Q2.QN2.QA2)

I : Control of function and mass transfer from liquid to gas phase

P

Ol e s e S Simai
! ! { GREACTION( FN1,FN2 FN3 RN1.RN2RN3.FK1.RK1.RN, N.Y2,GENX)
: : Calculation of source terms (Secondary generations) of radiolysis calculation.
hiogl

1 (T

I { i DREACTION(FN1.FN2.FN3.RN1.RN2.RN3. FK1.RK1.RN.N.Y2.DISX)
I : Calculation of annihilation terms of secondary reactions of species

O -

2132}

1 ! igasset('CALC DY:'N.Y2.XGAS)

| | iDetermination ofgasemission andadsorptioncoett, ...
1 i

12677

I RENRITUNNEW.ff3 DX.N.N+1)

: : Determination of calculation matrix in a time mesh

:2684E

\ 'p‘QMEAN(N Ym ID.DX.PY.CONV)

| R omwigac

l1()59

1gascon('BDFNEWTON:'N.BDT.C1)

1 Calculation of gaseous specie concentrations

I

11059

ICALC DY(REG.N.FN1.FN2FN3 RN1.RN2RN3.FK1.RK1.WFK1,WRK1.RN, GG.GN,GA,

I Q2.QN2,QA2, Y2fY2.DC)
: Setting calculation matrix and mass transfer from liquid to gas phase (gasset)

11035

e L R A T R L R L e L S . A S R L B R S e R L S . A —

:1037}
I PREACTION(FN1,FN2,FN3 RN1 RN2 RN3FK1.RK1.RN, N.Y2.DISX)
I H Calculation of annihilation terms of secondary reactions of species

11039!

| asset(CALC DY N.Y2XGAS)

1 1 Determination of gas emission and adsorption coeff.

Calculation ol' source tel'ms (Secondar_‘ geneﬂuons) of l'IﬂDl,'SB alcn]atlon

= e . e . e .

—— - — ]
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Table 6.1 Program diagram for main routine (5/5)

2804

2852

2945

3125

3229

+—%

|T =T+BDT, T2=T2+BDT, Lo=Lo+BDT*G

I:— 11078

| Ifimod(count2,10)=0) write (550,1540) T2.T.REG.Count2 NEWN, (C 1(i02).i02=1,N+4) HOR,CHR
| SUB3(BDFY 1.BDFY2.BDFY3.BDFY4,BDFY5.BDFY 6, BDFfl . BDFf2.BDFf3,

I I BDFf4,BDF{5.BDFf6.C1.DC.N.REG)

I | Reading calculation variables for regions
1

k= 11080

| ISUB4{REG N.C1.DCPRC2.PRDC2)

I " Reading component variables for species

F= 1084

I | SUB6(REG.N BDFY1,BDFY2.BDFY3.BDFY4.BDFY5.BDFY6,
I BDFf{1.BDF{2.BDFf3.BDFf4. BDFf5.BDFf6.PRC2.PRDC2)

I Replacing calculation variables for regions 1
End Do : while(T<RT)
write (550,1540) T2, T.REG.Count2NEWN, (C1(i02).i02=1N+4) HOR_ CHR

<= 333

i02.RN.N.Q2.QN2.QA2.F1.F2.F3 R1.R2.R3.ID.GG.GN.GA.C1.CAQ.FK1.RK1.WFK1.
WREKILFNI, FN2,.FN3, RN1.RN2.RN3. HWC.DIO.G.HN.,ON.CH.RT2.T0.Lo0.,
WDEN.RWDEN, 02C2.H202C2.IDH2.VAL, IECPS.IDECPS.IECPE.IECPN,
IPWRRI1.IPWRR2.IPWRPLIPWRP2.IECPR1.IECPR2,
IECPP1.IECPP2IECPV1.RECPVI.RECPV2.RECPV3, CECPC. ECPV, AAHO,

ISOLP.SOLPHH.SOLPHL.TISOL.FSOLF. TEM1, TEM2.KW01.KW02.ECPHHOXD1, HHBND1)
ECP cakulation for each region

FOLUBILITY(lOZ WEDI1, AAHC1, PHRO1, ISOLP, ISOLPD, ISTART,
ISTART1.ISTART2, ISTART3, ISTART4.ITSOLH, ITSOLL,

| SOLPHH, SOLPHL, SOLHH. SOLHL, SOLUB,AAHO,

I TISOL, FSOLF, TEM1, TEM2, KW01, KW02)

<= 3222

ICURRENTDNS(lOZ TEMI1.IECPEJIECPN, IPWRR1.IPWRR2. [IPWRP1.IPWRP2,

| IECPR1,JECPR2 JIECPP1.IECPP2, IECPV1, RECPV1 RECPV2 RECPV3, CECPC,
POTNT.CURRENT, TCURRENT, ECPV. SOLUB.ECP.HHOXD]1. HHBND 1)

write (560,1560) comint(1).comrel(1),comint(2).comint(3).(C1(i01),i01=1,N+4).comrel(2).comrel(3) ECP

383

384 LON=LON+1
Iteration check with {[0,].[H:0:].[H:]] at the entrance of Reg 1. If not convergence. goto €@

if(iiter.ge.litermax) then go to 999
iiter=iiter+1

55 go to 110
56 999 contmue
7 108

*Line number of the head of the subroutine or the actions

**Linenumber of the location where the subroutine was called.
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6.1.2 Major Subroutines for Water Radiolysis (WRAC)
The details and sub-PAD of WRAC are shown in Appendix A.

6.1.3 Major Subroutines for ECP Calculations (ECPCAL)
The details and sub-PAD of ECPCAL are shown in Appendix B.

6.2 Computer Code Complex
6.2.1 Source Code

The source code is attached to Appendix C

6.2.2 Fortran for Calculation

The source code was originally written in MS-Word, which was easily translated into FORTRAN. How to
use the FORTRAN, how to arrange the input data and how to read the output are show in Chapter 8
CALCULATION CODE MANUAL OF WRAC-JAEA.
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7. Calculation Results and Evaluation of the Results
7.1 Water Radiolysis
7.1.1 High Temperature pH Calculation

In the previous model, pHt was given as input data for the water radiolysis calculation, while in the latest
version of the water radiolysis calculation code, coupled concentrations of B and Li were given as input data
for the radiolysis code and then pHr was calculated in the code along with calculating the concentrations of
the radiolytic species. Then, two codes, water radiolysis calculation code and ECP calculation code, were
coupled as the integrated code to calculate the ECP based on the radiolytic specie concentrations in the single
code. Major reactions and their reaction constants are listed in Table 7.1 939,

Table 7.1 Major dissociation reactions and their constants

The rate constants related to boron and lithium are shown in the rate constant table (Table 7.2).
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Table 7.2 Reaction constants for radiolysis calculation

Reactants Products Reaction constants* Activation energy
Forward __ Backward Forward _ Backward
H + OH — H;0 Determined based on Marshall-Franck’s formula
H-0, — 2HO 0.00E+-00 5.5E+09 0.00E+04 7.90E+03
B(OH); - OH" — B(OH)y Determined based on Mesmar’s formmla |
2B(OH); + OH- — By(OH)y do Rate constant for Boric
3B(OH); + OH" — B3 (OH);" do acid and lithiuhydroxide
4B(OH); - OH" — B, (OH);4* do
LiOH — Li* + OH 1.00E+01 1.00E+02 Temperature
B(OH)H — B(OH),+H" 1.00E+01 1.00E+02 independent constants
B, (OH);H — B,(OH)~ +H~ 1.00E+01 1.00E+02 were assumed
B; (OH);H — B3(OH),; +H* 1.00E+01 1.00E+02
B, (OH),.H; — B, (OH)&- +2H- 1.00E+01 1.00E+02
B(OH),Li — B(OH)s+Li" 1.00E+01 1.00E+02
B, (OH),Li — B,(OH)~ +Li~ 1.00E+01 1.00E+02
B (OH),cLi — B3(OH),; +Li 1.00E+01 1.00E+02
Bs (OH);.Li; — B.(OH);s- +2Li" 1.00E+01 1.00E+02
H + H — H; 9.00E+10 0.00E+00 1.26E+04 0.00E+00
E + HO, — HOy 3.00E+11 0.00E+00 1.26E+04 0.00E+00
E + 0 - Oy 2.60E+11 0.00E+00 1.26E+04 0.00E+00
2E-+ 2H:0 — H;, + OH 1.75E+06 0.00E+00 1.26E+04 0.00E+00
20H — H.0, 2.50E+10 0.00E+00 8.40E+03 0.00E+00
OH- + H —= E +H,0 7.00E+08 0.00E+00 1.26E+04 0.00E+00
E- + H +H0 — OH- + H; 4.82E+09 0.00E+00 1.26E+04 0.00E+00
E- + HOy + H,O — OH + 20H- 5.35E+08 0.00E+00 1.26E+04 0.00E+00
H + OH — H,O0 230E+11 0.00E+00 1.26E+04 0.00E+00
OH + H; — H + H;O 1.40E+09 0.00E+00***  193E+04 0.00E+00
H + O — HO, 1.50E+11 0.00E+00 1.26E+04 0.00E+00
H + HO, — H,0, 3.00E+11 0.00E+00 1.26E+04 0.00E+00
H + Oy — HOy 3.00E+11 0.00E+00 1.26E+04 0.00E+00
E- + 0Oy +H,0 — HO, + 20H 3.57E+09 0.00E+00 1.26E+04 0.00E+00
H + H0, — OH +H;0 2.00E+09 0.00E+00 1.89E+04 0.00E+00
OH + H0, — H,0+HO, 4.20E+08 0.00E+00 1.43E+04 0.00E+00
OH + HO, — H,0+0, 1.00E+11 0.00E+00 1.26E+04 0.00E+00
2HO, — H,0, +0, 5.00E+07 0.00E+00 1.89E+04 0.00E+00
HO, — 02 +H+ 3.90E+05 7.70E+11 1.26E+04 1.26E+04
HO,+ Oy — 0O, +HOy 5.00E+08 0.00E+00 1.89E+04 0.00E+00
(0% + OH — OH-+0, 290E+11 0.00E+00 1.26E+04 0.00E+00
20y + 2H,0 — 0, +H;0, +20H 1.27E+05 0.00E+00 1.89E+04 0.00E+00
H,0, + OH — HOy +H,0 1.00E+10 2.14E+05 1.26E+04 1.26E+04
H,0, — 0, +H,0 1.40E-02 0.00E+00 6.00E+04 0.00E+00

*unit: 1/(mol/m3)/s for two bodies reactions, and 1/(mol/m?)¥s for three bodies reactions

** unit: kJ/mol/K

***The value were changed from 0to 1.6E4 dm?/mol/s. Hata, K. et al., Optimization of dissolved hydrogen concentration for mitigating
corrosive conditions of pressurized water reactor primary coolant under irradiation (1) Evaluation of water radiolysis, J. Nucl. Sci.
Technol., 61(4). 2024, pp. 448-458.

In the present code, the reactions of Li and boric acid compounds were restricted only with H" and OH™ and
no reaction with other radiolytic species. So, in the code boron and lithium could determine pHr and then
contribute to the concentrations of the radiolytic species but H" and OH" through the changes in [H] and
[OH]. The calculated pHr as functions of [B] and [Li] are shown in Figure 7.1 with those with EPRI data 5%,
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Figure 7.1 Relationship of [Li], [B] and pHr (300 °C)

* EPRI, PWR Advanced All-Volatile Treatment Additives, By-Products,

and Boric Acid, EPRI TR-100755 (1992).

7.1.2 INCA In-pile Loop

There were not so many data on radiolytic species and ECP under irradiation especially PWR water chemistry
conditions. As the comparison targets, ECP measured data in Studsvik in-pile loop (INCA) were selected 7?.

The schematic diagram of the INCA in-pile loop is shown in Figure 7.2.

Figure 7.2 Schematic diagram of the INCA in-pile loop (Studsvik R2 reactor)
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To understand the difference between INCA loop and a primary coolant system in PWR, major characters of
INCA loop are shown in Table 7.3 with comparing those of Tsuruga-2 PWR. The water temperature and
water flow rate for the ECP measurement are introduced with the estimated dose rate at the irradiation
segment of the INCA loop.

Table 7.3 Major characteristics of the in-pile INCA loop and in-pile region of Tsuruga-2

The dose rate of fast neutron in the INCA loop was comparable to those of Tsuruga-2 NPP though the dose
rates of gamma-ray and alpha particles in the INCA loop were relatively higher than those in Tsuruga-2. The
dose rate of alpha-ray was not directly measured; it was estimated from the thermal neutron flux and its
reaction cross-section against boron added in the loop. The effect of alpha-ray on the dose rate in the Tsuruga-
2 primary coolant is one order of magnitude less than that in the INCA loop. To understand the effect of
alpha-rays, we conducted calculations using two levels of alpha-ray dose rate. One is estimated from the
conditions of the INCA loop, whereas the other is estimated from the Tsuruga-2 primary coolant.

Irradiation conditions of INCA were detailly introduced in the previous paper ’%. The injection hydrogen
dependence of the radiolytic specie concentrations were calculated for the coupled concentration of boron
(1600 ppm) and Li (2 ppm). pHr was constant as a function [HzJinjected. [O2] decreased rapidly, while [H2O5]
decreased slowly and reached the constant value. [H>] was a little high around low [H»]injected but as a result
of radiolysis suppression due to [Hz]injected it was reduced once and then [Ha]injectea contributed to increase
1t.

Major parameters for water radiolysis calculation are listed in Table 7.4. Major parameters shown in table
are discussed in the following columns.

Table 7.4 Major parameters to determine water radiolysis

Table 7.5 shows the G-values used in this study 7. In the radiolysis calculations, the effects of alpha-rays
are considered as well as the effects of gamma-rays and neutron. In general, G-values of radical species are
decreased and G-values of molecular species, such as Hy and H>O,, are increased when the irradiated particle
becomes heavier because chemical species are densely generated and react quickly with each other in the
heterogeneous regions generated through the tracking of radiation at an early water radiolysis stage ".
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Table 7.5 G-values implemented into WRAC-J radiolysis code

for calculation of PWR primary coolant conditions

7.1.3 Radiation Quality Dependence of Calculated Hydrogen Peroxide Concentrations

The effects of pH, temperature, and radiation qualities on H>O, generation were discussed before evaluating
the optimal H» concentration in the PWR primary coolant. Figures 7.3-7.5 show the [Hz]ine: dependences of
H,0; equilibrium concentration obtained by the INCA loop’s radiolysis analysis 7. In all cases, the H,O,
generation was sufficiently suppressed when the [H,]inlet increased by at least 100ppb (= 5.0 x 107°
mol/dm?).

Figure 7.3 describes the effects of each radiation on the H>O, concentration. The INCA loop’s gamma-ray
and neutron dose rates were used for this calculation. Alternatively, two dose rate levels were used to evaluate
the effect of alpha-ray. One is estimated in the INCA loop (2,470 W/kg of thermal neutron, described as
‘normal o’ in the figure), and the other is estimated in the Tsuruga-2 primary coolant (674 W/kg of thermal
neutron, described as ‘low o’ in the figure). The dose rates were calculated using the thermal neutron flux
and the thermal neutron absorption cross-section of boron. The H,O, concentration was increased in the order
of alpha-ray > neutron > gamma-ray, which would be relevant to the G-values of H,O». The total H,O»
concentration was not obtained as a sum of the H,O, concentrations generated by each radiation. This is due
to the effects of radicals, which are produced in large quantities by gamma-ray irradiation and prefer to
scavenge molecular products such as H»O,. A significant difference was observed between H»O»
concentrations generated by alpha-ray irradiation with higher and lower dose rates. However, this difference
did not affect the total H,O, concentration.
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Figure 7.3 The Radiation quality dependence on H>O; generation
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7.1.4 Temperature Dependence of Calculated Hydrogen Peroxide Concentrations

Figure 7.4 describes the effects of each radiation on the H,O; concentration. The INCA loop’s gamma-ray
and neutron dose rates were used for this calculation. Alternatively, two dose rate levels were used to evaluate
the effect of alpha-ray. One is estimated in the INCA loop (2,470 W/kg of thermal neutron, described as
‘normal o’ in the figure), and the other is estimated in the Tsuruga-2 primary coolant (674 W/kg of thermal
neutron, described as ‘low a’ in the figure). The dose rates were calculated using the thermal neutron flux
and the thermal neutron absorption cross-section of boron. The H>O, concentration was increased in the order
of alpha-ray > neutron > gamma-ray, which would be relevant to the G-values of H,O». The total H,O>
concentration was not obtained as a sum of the H,O, concentrations generated by each radiation. This is due
to the effects of radicals, which are produced in large quantities by gamma-ray irradiation and prefer to
scavenge molecular products such as H»O,. A significant difference was observed between H>O»
concentrations generated by alpha-ray irradiation with higher and lower dose rates.
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Figure 7.4 The temperature dependence on H,O; generation at pHr: 7.1

7.1.5 High Temperature pH Dependence of Calculated Hydrogen Peroxide Concentrations

However, this difference did not affect the total H,O» concentration. Figure 7.5 shows the temperature effect
on H,O, generation. H,O, generation was slightly decreased at higher temperatures; however, the difference
was neglected in the temperature range expected in the PWR primary coolant. The effect of pH at 290°C
(pHr) on the H,0O, concentration was also investigated (Figure 7.5). At 290°C, the neutral pH was 5.6 due to
the change in the dissociation constant of water '". The H,O, concentration was affected by pHr. The effect
of the [Ha]iniet on the H>O» concentration was greater in alkaline conditions.
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Figure 7.5 The pHt dependence on H,O; generation at 290°C

7.1.6 H2O; Suppression by H, and OH™ in Alkaline Solutions

The radiolysis calculation in the PWR primary coolant conditions revealed that increasing the concentrations
of both H> and OH™ (high pH) successfully inhibited H>O, formation (see Figure 7.5). The mechanism of the
pH effect is discussed. Four second order reactions that directly decompose H,O; can be found in the reaction
data set (Table 7.2).

eaq + H202 — "OH + OH (7-1)
H' + H,0, — "OH +H,0 (7-2)
"OH + H,0; — HOy +H,0 (7-3)
OH" + H,0; — HO, +H20 (7-4)

A first-order reaction of H,O, decomposition is also present in the data set. However, this reaction was not
considered for the following discussion because the first-order reaction is unaffected by the other additives
or pH.

Reaction No.5 is a possible candidate for direct suppression of H>O; at alkaline pH. On the other hand, a
direct pH effect is not obvious for the other three reactions. Figure 7.6 shows the equilibrium H,O,
concentration estimated by radiolysis calculations, with the rate constant of Reaction No.5 varied by a factor
of 10 and 0.1. Although the H>O; concentration was slightly affected at the lower [HzJinlet, the result did not
reveal the effect of this reaction on the drastic change of H,O; concentration at the higher [HaJiniet.
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Figure 7.6 Dependence of the rate constant of Reaction No.5
(OH + H20; — HO7 + H20)

Figure 7.7 shows the equilibrium concentrations of chemical species estimated by the radiolysis calculation
in the PWR primary coolant. At high pHr, the H>O, concentration is decreased and the hydrated electron,
€aq , 1S increased by one order of magnitude greater than at neutral pHr. The concentrations of other species
are not affected by pHr change. This result indicates that the effect of e,; (Reaction No.2) is crucial in the
suppression of H,O» in the PWR primary coolant conditions.
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Figure 7.7 The equilibrium concentrations of chemical species estimated by the radiolysis
calculation in the PWR primary coolant at neutral pHr (left) and an alkaline pHr (right) at 290°C

The effect of Reaction No.2 was investigated by performing a radiolysis calculation, in which the rate
constant of this reaction was varied by a factor of 10 and 0.1 (Figure 7.8).
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Figure 7.8 Dependence of the rate constant of Reaction No.2
(eaqg~ + H202 = OH + OH-) on H,0; generation

The H>O; concentration changed based on the rate constant, and the effect was significantly larger in the high
[HaJintet conditions. Further, the reason for the increase in eaq at both high pHr and high [HzJialer should be
considered. According to the reaction below, hydrogen is mainly scavenged by the OH radical in water
radiolysis.

*OH + H, —» H* + H,O (7-5)
The production of this reaction, H', can change into e,q~ at high pH 7.
OH' + H* — eoq + H:0 (7-6)

Figure 7.9 shows the result of the sensitivity analysis for Reaction No.7. H,O, generation was inhibited in
the high [Hz]inier conditions. Thus, the three-step reactions shown in Figure 7.10 are considered to be the
main paths for H>O» inhibition in the PWR primary coolant. These three reactions are also taken into account
in the other reaction data sets 2> 7). This synergetic effects of H» and OH on the suppression of the HyO»
generation would be expected in the other radiolysis codes.
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Figure 7.9 Dependence of the rate constant of Reaction No.7
(OH- + H* —eaq + H20) on H20; generation
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Figure 7.10 A possible reaction scheme for H,O; suppression in PWR primary conditions

7.1.7 Evaluation of Major Rate Constants on Radiolysis Calculation

The water radiolysis code, WRAC-JAEA, was supported by 30 chemical reactions '”. Recently it was
reported that the backward reaction of ‘OH + H, == H" + H,O’ had large effects on radiolysis calculation and
several backward reaction constants were proposed #7379 Major backward reaction rates are shown in
Table 7.6. Unfortunately, the effects of the backward reaction on calculation results of water radiolysis in
BWR primary coolant were not reported yet, though the rate constant, 5,000 dm*/mol/s, was recommended
in the BWR standard set ’>. In this section, the effects of the backward reaction rates on water radiolysis
calculation results in the INCA in-pile-evaluated. The concentrations of H>O», Hz, and O, both in the
irradiated segment in the INCA in-pile-loop were calculated with WRAC-JAEA code as a function of the
concentration of the injected H, in the loop, which was shown in Figure 7.11. The [H2O:] in the irradiated
segment was decreased with [Hz], and it reached almost the same value as a result of the balance of its
generation and disappearance by their secondary reactions. But the decrease trends depended on the backward
reaction constants. The decrease rates were mitigated with backward rate constant. At the current calculation
condition, the backward reaction rate reported by Elliot and Bartels gave the reasonable ECP s measured at
the INCA loop . However, much more discussions on suitable combination of the rate constants of the water
radiolysis should be required for water radiolysis analysis for BWR primary coolant conditions, which were
covered by a plenty of measured ECP data, and then, for PWR primary coolant conditions.
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Table 7.6 Major rate constants for the reaction,
“H* + H,0 — "OH + H,” at 290°C
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Figure 7.11 Dependence of backward reaction rate on H,O; concentrations

7.1.8 Evaluation of Boiling Effects on Radiolysis Calculation

The previous type of WRAC-JAEA has been developed for evaluation of water radiolysis under irradiation
in in-pile loop experiments, where no boiling has not been considered on water radiolysis. For PWR
application of WRAC-JAEA boiling effects had less importance on radiolysis calculation. But, in order to
apply WRAC-JAEA code for BWRs as well as PWRs, the effects of boiling on radiolysis calculation were
one of key issues.

In Table 7.7, boiling effects of three type reactors, i.e., PWR, CANDU and BWR, are compared. In PWR
only subcooled boiling is accepted in the core region, where it has not had only small effects on water
radiolysis. For CANDU boiling effects on water radiolysis should be considered along with pH effects. For
BWR lots of reports were published on boiling effects on water radiolysis. In order to apply the WRAC-
JAEA for water radiolysis evaluation of three type reactors, the ability to calculate the boiling effects on
water radiolysis might be one of the necessary items.

Table 7.7 Major parameters for plant radiolysis calculation

The calculation procedures for boiling effects on water radiolysis processes were introduced in Chapter 5. In
this Chapter, the calculated results were introduced.

A schematic flow diagram of the primary loop of BWRs is illustrated in Figure 7.12. The core regions are
shown as regions 1 through 3 and the region 4 is the main steam line. The recirculation line were divided into
two lines, one of which showed the downcomer region where gamma irradiation was assumed (dose rate was
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about a tenth of that in the core region).
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Figure 7.12 Flow lines of a hypothetical BWR primary cooling system

An example of the calculated results is shown in Figure 7.13. In core region, as a result of boiling some no
gaseous species, O, and H,, were transferred from water phase to the steam phase. As a result of hydrogen
injection at the entrance of region 9, oxidant concentration decreased and then their concentrations increased
due to mixing with the flow through non-injected region.
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Figure 7.13 Calculated results along the hypothetical BWR primary cooling lines

The effects of void rate on the concentrations of gaseous species, H, and O, are shown in Figure 7.14. The
ratio of the concentration of H, and O, was not shifted to the H, rich value. The reason why the ratio was not
consistent to the stoichiometric ratio was that most of oxidant existed as H,O, but not O,. H,O, was not
affected by carry over into the steam. But when the release rate of gaseous species was checked, the H/O»
release ratio was as same as stoichiometric ratio of water. It was considered that there was some time delay
for oxygen release after decomposition of H,O, to O».
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Figure 7.14 The effects of void rate on the concentrations and release rates

of HzOz, 0O; and H;

The void effects under neutral water were discussed in lots of literature related to BWR water radiolysis, but
the effects on pHr were not discussed in the previous document. The effects of void rate on [H,O;] are shown
in Figure 7.15. The concentration of hydrogen peroxide [H,O>] at the core outlet decreased with pHrt as well
as void rate.
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Figure 7.15 Effects of void rate on [H,0;]
As a result of Hz injection into the downcomer region, [H202] decreased and the decrease rate increased as
pHr (Figure 7.16). It suggested that elevated pHt enhance hydrogen effects on [H>O] suppression and

moderation of corrosive conditions. Much more precise calculation of the effects of pHr and void rate on
water radiolysis and ECP are required to understand the corrosive circumstance suppressions.
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Figure 7.16 Effects of pHr and injected [H:| on [H20:] and ECP

The [H>0:] and ECP for a typical BWR plant were calculated with WRAC-JAEA and the results were
illustrated in Figure 7.17 7. At present situation, dose rate distribution of the core regions and downcomer
regions were not sufficiently well tuned. Much more precise calculations were required, which might be one
of the future subjects.
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Figure 7.17 Relationship of ECP and injected [H:]

7.2 Electrochemical Corrosion Potential
7.2.1 [O2] Dependent ECP

Lots of ECP data were available in publications. Major data were obtained as a function of [O2] under neutral
water conditions %> -7 The measured ECPs and calculated ones are shown in Figure 7.18. In the standard
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calculation, the mass transfer coefficients for the surface boundary layers (MTBL coefficient) and the oxide
layers (MTOL coefficient) were 1.0 x 107> and 1.0 x 10°® m/s, respectively. The ECP dependence on the
MTOL coefficient was much larger than on the MTBL coefficient. The deviations of the calculated results
due to the MTOL coefficients for the oxide layers were shown in the figures. The calculated result depended
on the thickness of the oxide layer as well as [Oz]. The increased thickness of the oxide layer resulted in a
larger mass transfer of ferric ions through the layer and then smaller anodic current densities, which
contributed toward increasing the calculated ECP. The effects of the mass transfer coefficient across the oxide
layers (anodic current densities) are depicted in Figure 9.13. The preparation of test specimens, experimental
procedures, and their histories all had a significant impact on the thickness of oxide layers. At the early stage
of the ECP measurement with well mechanically polished test specimens, the thickness of the layers might
be very thin, and their mass transfer coefficients were so small to reduce ECP while increasing experimental
time resulted in a thicker oxide layer to increase ECP. For comparing observed and computed ECPs, the
uncertainties displayed in the figures as a function of mass transfer coefficients were acceptable. Under the
low [O2] conditions the oxide layers developed much slower than those under the high [O;] conditions. The
thinner oxide layers resulted in the larger MTOL coefficients, which resulted in the gap between the
calculated and measured ECPs.
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Figure 7.18 O; concentration dependent ECP

The calculated result depended on the thickness of the oxide layer as well as [O2]. The increased thickness
of the oxide layer resulted in a larger mass transfer of ferric ions through the layer and then smaller anodic
current densities, which contributed toward increasing the calculated ECP. The effects of the mass transfer
coefficient across the oxide layers (anodic current densities) are depicted in Figure 7.18. The preparation of
test specimens, experimental procedures, and their histories all had a significant impact on the thickness of
oxide layers. At the early stage of the ECP measurement with well mechanically polished test specimens, the
thickness of the layers might be very thin, and their mass transfer coefficients were so small to reduce ECP
while increasing experimental time resulted in a thicker oxide layer to increase ECP. For comparing observed
and computed ECPs, the uncertainties displayed in the figures as a function of mass transfer coefficients were
acceptable.

Under the low [O2] conditions the oxide layers developed much slower than those under the high [O2]
conditions. The thinner oxide layers resulted in the larger MTOL coefficients, which resulted in the gap
between the calculated and measured ECPs.
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7.2.2 [H20,] Dependent ECP

Some ECP data were obtained as a function of [H,0] under neutral water conditions >* 77, The measured
ECPs as a function of [H20,] and calculated ones were shown in Figure 7.19. The predicted result was also
influenced by the thickness of the oxide layer and the concentration of [H2O,]. The MTBL coefficients for
the surface boundary layers and the MTOL coefficient for the oxide layers in the standard computation were
1.0 x 107 and 1.0 x 10°® m/s, respectively. The deviations of the calculated results due to the MTOL
coefficients were shown in the figures.

Mass transfer coefficients MTOL: 10-° m/s
MTBL: 102,103,104, 10° m/s
7 T g f
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0.2

/

ECP (V-SHE)
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-~ o MTBL: 102 m/s

@ Measured ECP
-0.8 : T
10! 10° 10! 10° 103
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Figure 7.19 H>O: concentration dependent ECP

7.2.3 pH Dependent ECP

The measured ECP data as a function of pH was shown only in a publication ¥, where ECP was measured
with changing pH with Na" concentrations under neutral water conditions with adding 400 ppb of Os. The
calculated ECP was much affected by the concentration of [H'] (Figure 7.20). In the standard calculation,
the MTBL coefficients for the surface boundary layers and the MTOL coefficient for the oxide layers were
1.0 x 107 and 1.0 x 107® m/s, respectively. The figures depicted the differences in calculated findings due to
the MTOL coefficients. The MTBL coefficients for the surface boundary had negligibly small effects on the
surface boundary layers. And, the pH dependence was mainly from the pH dependent ferrous ion solubility.
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Figure 7.20 pH dependent ECP
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7.2.4 Calculation for In-pile-loop Experiments

ECP was calculated with the WRAC-JAEA with applying the calculated [H2O], [O2] and [H2] shown in
Figure 7.11. The calculated results were shown in Figure 7.21 with the measured ECP. The calculated results
with neglecting the backward reaction are shown in Figure 7.15 a), while those with applying the AECL-
proposed reaction rate, 1330 L/mol/s are shown in Figure 7.15b). In this paper, the AECL-proposed reaction
rate was applied for ECP analysis due to only reason why the calculated ECP agreed with the results measured
in INCA in-pile-loop.

0.400 . :
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& MTBL :
0.200 |- 0.200 10°m/s
| 10~m/s
0 0
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-0.800 -0.800 - - s
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[H:] 100p inter (PPD) [H;] loop ialet (ppb)
a) Backward rate constant: 0 b) Backward rate constant: 1330 (L/mol's)

Figure 7.21 Inlet H; dependent ECP in the INCA loop (pHr: 6.67)

under irradiation (MO coefficient: 10 m/s)
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The calculated ECP was much affected by the [Li"]. In the standard calculation, the mass transfer coefficients
for the surface boundary layers and the oxide layers were 1.0 x 10 and 1.0 x 107® m/s, respectively. The
deviations of the calculated results due to the mass transfer coefficients were shown in the figures. The anodic
current densities were determined mainly by “H, => 2H" + 2¢™ but not by metal dissolution reaction. So,
the effects of the mass transfer coefficients for the oxide layers were negligibly small. Without Li", ECP
around low [HaJioop iniet, the calculated ECP was so low due to decreasing [H'], while as a result of the Li"
effects on the anodic current densities ECP was increased. Around 500 ppb of [Hz]icop intet the [H2O2] reached
the constant level which was determined by pH, where the increased anodic current densities due to the
reaction of “H, <> 2H" + 2¢™” suppressed the ECP as a function of [Hz]ioop inlet Then the calculated ECP
agreed with the measured within a reasonable discrepancy *. Unfortunately, the effects of “HOx+2Li" +2¢
=>2LiOH” as well as “O,+4Li" +4¢"=>2Li,0” on ECP were not well supported by the experimental data.
The validation of their contribution on ECP is still one of future subjects.

7.3 Calculated Results of the Coupled Model of Water Radiolysis and ECP Analysis
To evaluate the dose rate dependence on [H20:] and then ECP, irradiated zones shown in Table 7.8 were
assumed for the coupled model 77,

Table 7.8 Irradiation conditions calculated for the downstream

of the irradiation zone in the in-pile-loop (INCA)

Case  Doserate Other parameters
GF Full doserate as same as those As same as those
in the core region (Table 4) in the core region*

G 0.1 Gamma doserate was 1/10 of G 1 Ditto
G 0.01 Gamma doserate was 1/100 of G 1 Ditto
G 0.001 Gamma doserate was 1/1000 of G1 Ditto

* temperature: 290°C. pHp:7.1
Calculated zone

1 I
11 second!

The concentrations of H,O» in the downstream (assumed 1 second after In-core zone) of the irradiated
segment in the INCA in-pile loop were calculated with WRAC-JAEA code as functions of the dose rate and
the [HzJioop intet, and then, ECP was calculated as a function of the calculated [H,O;], which were shown in
Figure 7.22. The [H20;] in the irradiated segment reached the constant value around 100 ppb of [H»], while
ECP decreased monotonously with [HaJioop intet [Figure 7.22 a) and b)], while the [H>0-] in the non-irradiation
segment ECP sharply decreased with [HaJioop intet and reached the constant level determined by hydrogen
generation-potential (~ —0.6 V-SHE) [Figure 7.22 b)]. Unfortunately, any measured ECP was not reported
yet. The optimal region of injected [Hz] could be designated as between the maximum [H»] for mitigating
PWSCC crack growth rate to a half value of the peak one and the minimum [H»] for maintaining ECP lower
than -0.2 V-SHE. The ECP target value, -0.2 V-SHE, was evaluated from the old data from the literature -8,
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Figure 7.22 Dose rate-dependent ECP in the INCA loop (pHr: 6.67)

(Backward rate constant: 1330 L/mol/s, MO coefficient: 10° m/s, MS coefficient: 104 m/s)

7.3.1 Effects of pHt on ECP

The metal polarization curves might depend on not only the oxide thickness on the metal but also the pH of
the water. So to apply the metal polarization curve determined for BWR coolant condition (neutral water) to
PWR primary coolant conditions (pHr > 6.9), the effects of pH, as well as oxide film, should be carefully
considered. A method for self-determined anodic polarization curves can be used for this purpose, in which
the potential dependent metal anodic polarization current is defined as indicated in Eq. (4-30). Furthermore,
anodic current for each oxidant is added to the metal anodic polarization current to obtain the total anodic
current, which is defined as stated in Eq (4-31). The dependence of pHt on ECP is shown in Figure 7.23.

10 106
104 g L o
E 1 Jeoua cazhodi%u,.rem total anodic current % 18 I total cathodic current total anodic current
= H,0,]: 10 b . - 10,]: .
Eip | _ [H,0,]: 100 PP [H,0,]: 1000ppb | > 100 [H,0,]: 1000ppb [H,0,]: IDOUpfb
a F
: b 100ppb 2
-g 10 00ppb -g 10 100ppb
E 104 F ——— o ; 104
3 A anodic current g i P
106 F ~ {Iiue to metallic 106 F anodic current anodic current*
\\ton release " due to H,0, due to metallic
108 ~ i 10 ion release
ECP
1010 . . . 10-10 A "
-1.00 -0.50 0.00 0.50 1.00 -1.00 -0.50 0.00 0.50 1.00
potential (V-SHE) potential (V-SHE)
a) pHr:5.6 b) pH;:7.1

Figure 7.23 Balances of the anodic and cathodic current densities

([H20:]: 100 and 1000 ppb)
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As a result of increasing pH, the solubility of metallic ion was decreased to result in lower anodic current
density, which increased ECP. The counter ion of the pH reagent (Li"), on the other hand, increased anodic
current density. Finally, total anodic and cathodic currents were balanced to determine the pHr value. The
effects of Li" on ECP are discussed in the section below.

7.3.2 Effects of Li" on ECP

The effect of [Li"] on ECP was shown in Figure 7.21 b). The effects were mainly from the increased cathodic
currents densities due to “H>O, + 2Li" + 2e~ => 2LiOH”, which were illustrated in Figure 7.24 a). Under
high pHr conditions, decreasing [H'] resulted in the lower ECP but as a result of “H,0, + 2Li" +2¢ =>
2LiOH” reaction, the cathodic current densities were increased in a wide potential region, and then, resulted
in higher ECP.

w -k e T T w ------r-- -
L H,0; +2Li" + 2¢" => 2LiOH p L _
19 /f" W Anodic current
~102 E Effects of Li” g T densities
B ¥ Cathodic current / f = 10
& { ! a
z 100 - : i essao =" 1 z 100 7
£ ' > a £
a | s | wiw _1'—\ -
< 10 F 3 1 & 102 -
] &
10+ | . £ 10¢ -
Z H,0, +2H" + 2¢ 51 s o’ ! i -
106 , =>2H,0 b 106 Fe?* release from metal
»"  Anodic current
10 F ~ o densities b 10% -
|~
1010 5 5 . ot M e
-1.00 -0.50 0.00 0.50 1.00 -1.00 -0.50 0.00 0.50 1.00
Potential (V-SHE) Potential (V-SHE)
a) Low hydrogen and high hydrogen peroxide b) Low hydrogen peroxide and high hydrogen
([H,0,]: 1250 ppb and [H,]: 150 ppb) ([H,0,]: 2.2 ppb)

Figure 7.24 Balances of the anodic and cathodic current densities (pHr: 7.1)

7.3.3 Effects of H on ECP

The effect of [H2] on ECP was also shown in Figure 7.24 b). The effects were mainly from the increased
anodic currents densities due to “H, =>2H" + 2e~,” which were illustrated in Figure 7.24 b). H>O, determined
ECP was at a constant level due to the leveling out of [H2O,] under higher [H2] addition circumstances, while
ECP was reduced due to the direct impacts of increased hydrogen anodic current densities (Figure 7.24 b)).

7.3.4 Effects of Energy Deposition on ECP

The PWSCC occurred not in the core center but the peripheral zone of the core, which was defined as the
low or medium irradiation zones. [H»] dependent ECP shown in Figure 7.21 b) was the typical values under
the fully irradiated zone, where even when [Hz] was controlled in the optimal [H2] control region (less than
2 ppm) the ECP was kept under —0.2 V-SHE. Of course, too low [H2] lower than 0.5 ppm might increase
ECP larger than —0.2 V-SHE. So, [H2] should be controlled between 0.5 and 2.0 ppm as the optimal [Hz]
region.

The evaluation targets for PWSCC occurrences and their propagations might be out of the core, where the
energy deposition rate might be sufficiently lower than in the core region. Figure 7.22 shows ECP as a
function of dose rate and [H;], indicating that ECP may be regulated with a safety margin of less than —0.2
V-SHE, especially in places with dose rates less than 1/10 of the reactor core irradiation conditions.

Here as one of the control targets of ECP for mitigating PWSCC, “—0.2 V-SHE” was indicated, which was
one of the targets values for mitigating IACCC in BWR conditions. The ECP target value for mitigating
IGSCC in BWR conditions was confirmed by applying a lot of experimental data and plant data.
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Unfortunately, the relationship between the PWSCC occurrence and their propagation and ECP was not
supported well.

Much more experiments on the relationship between ECP and PWSCC occurrence and propagation should
be carried out to determine the suitable water chemistry control for multitargets, e.g., PWSCC mitigation,
radiation field control and fuel cladding corrosion mitigation.

7.3.5 Comparison of the Measured and Calculated ECP

In the article, procedures to determine the ECP in the PWR conditions were described and the calculated
results were introducing. The comparison of the calculated and measured ECPs was shown in
Figure 7.2539: 6D 70. 71, 77). 81).82) " ywhere measured ECPs under miscellaneous water chemistry conditions
were compared with the calculated ones. At this time, the target deviations between calculated and observed
results were within £100 mV, whereas the future target was within £50 mV. Only a few computed outcomes
were found outside of the target zone, but the majority of the results were spread within it.
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Figure 7.25 Laboratory experiments and in-pile loop experiments
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7.3.6 Evaluation of the Corrosive Conditions in PWR Primary Coolant

The combined analysis of water radiolysis and ECP codes was applied to determine the corrosive conditions
on BWR primary coolant. The combined analysis was well validated for experimental data but there were
still some gaps between the analytical results and measured one for BWR plant data. The gaps were mainly
from the complex plant situations, e.g., (a) cooling water flow patterns (flow velocity and flow mixing), (b)
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radiation qualities and distributions and (c) steam generation and transfer of major radiolytic species from
the liquid phase to gas phase 2°. Lots of efforts were made to collect plant data related to corrosive conditions
in BWRs and to improve the combined analysis for BWRs based on the collected data 27,

The combined analysis for PWRs has been just started. It is expected that the same problems and subjects to
be gotten over for BWR primary coolant are supposed. As future subjects for improving and applying the
corrosive condition evaluation procedures for PWR primary coolant, the following items should be prepared.

(1) The coupled procedures are going to be applied for operating PWR primary cooling systems to confirm
their validity.

(2) Material tests under high temperature and higher pH conditions are strongly recommended to obtain the
relationship between ECP and PWSCC and other material flaws.

(3) Plant data related to corrosive conditions and material performance in PWR primary coolant should be
collected systematically to validate the combined analysis.

(4) Finally, the optimal hydrogen concentration for each plant is going to be confirmed along with
evaluating its adverse effects.

In BWR the threshold ECP to prevent IGSCC was designated as -230 mV-SHE 2. The threshold ECP for
PWSCC was not clearly defined yet. There were few data to evaluate the relationship between PWSCC and
ECP (Figure 7.26) 0. In this report, the relationship between ECP and IGSCC occurrence was discussed
based on low ECP data (ECP <-500 mV-SHE). These data showed IGSCC caused by the increase in hydrogen
concentration was suppressed when ECP was higher than -800 mV. However, there was no data above ECP
-500mV. The upper limit of ECP to prevent IGSCC caused by the oxidative environment is needed to be
estimated. Thus, the extrapolation of the lowest ECP to prevent IGSCC in the oxidative environment was
attempted.

Figure 7.26 Percentage of IGSCC on the fracture surface
of Alloy 600 as a function of applied potential vs. SHE

References:
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IGSCC crack growth rate for BWR conditions was considered determined by Icor but not Ecorr /", In Figure
7.27, anodic polarization curve for nickel-based alloy 600 are shown as functions of ECP ?®. This figure
showed that the current density did not significantly change with increasing ECP up to at least -200 mV,
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which suggested that IGSCC crack growth rate below -200 mV-SHE were the same level and IGSCC
occurrence below -200mV-SHE were almost the same. So, in Figure 7.21 at -200 mV-SHE, a triangle symbol
was added to show IGSCC (%) =0. These were just speculation which should be confirmed with the measured
data.

Figure 7.27 Anodic polarization curves of Alloy 600

ECP calculated as a function of [HaJiner Wwas compared with the measured ECP at INCA loop. For PWR
primary system ECP was calculated. For the calculation major data for energy deposition in the core were
prepared as shown in Table 7.3. Radiation energy deposition in the core peripherals were assumed as about
a half of that in the core and 1/5 of that. But there are only a few differences in the concentrations of radiolytic
species were obtain in the core region and its peripherals even when there were 5 times differences in energy
deposition rates.

In SG energy deposition was mainly from '®N, whose value was calculated by assuming the source in the
core due to '°0 (n,p)'’N reaction and accumulation of '®N due to fast circulation of the cooling water from
core to core through SG (Figure 7.28).
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Figure 7.28 Major components of primary system
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Based on the energy deposition shown in Table 7.3 for the core region and Figure 7.23 for SG, ECP as
functions of [Hs]injected were calculated (Figure 7.29). The optimal hydrogen concentration [HaJoptimal
should satisfy both lower ECP than PWSCC occurrence (-0.2 V-SHE) and lower [H>] than 1 ppm. The
calculated results showed that the optimal hydrogen concentration could be determined even in core region
(Figure 7.29).
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Figure 7.29 ECP of Alloy-182 at the downstream of the core in INCA loop

As a result of evaluation of water radiolysis and ECP, it was confirmed that the ECPs in the core region, core
peripherals and SG region could be maintained under the PWSCC threshold level with injecting hydrogen
with its concentration between 200-1000ppb. This calculation result was shown as an example. For the better
estimation of the optimal H; injection, detailed input data of each plant should be used.

7.4 Verification and Validation of the Coupled Code
7.4.1 Key Parameter to Determine Corrosive Conditions
Schematic diagram of BWR primary cooling system is shown in Figure 2.6

Corrosive conditions in the BWR primary cooling system are determined mainly by radiolytic species, most
of which are unstable in high temperature conditions and difficult to be determined in the sampled water.
ECP can be measured directed under high temperature conditions if ECP sensors can in installed. From both
sides of easy measurement under high temperature conditions and easy application for the JSME guideline,
ECP can be applied as the major index for corrosive conditions in BWR primary cooling system.

However, the locations where ECP sensors can be installed are restricted for only clean-up water lines, vessel
drain lines and some of in-core monitoring guide tubes. Major parts of the system are out of direct
measurement region, where corrosive conditions should be determined by applying numerical simulation
codes. One the most important purposes to determine corrosive conditions is to predict IGSCC occurrence
of stainless steel piping and components. The IGSCC crack growth rate has been shown as the standard code
of JISME (Figure 7.30 %),
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Figure 7.30 JSME guidelines for evaluation of crack growth rate ©

7.4.2 Standardization of Coupled Evaluation Procedures for Corrosive Conditions

There are three styles of standardizations for evaluation procedures of corrosive conditions in BWR primary
cooling system (Table 7.9). The analytical procedures of the corrosive circumstances in BWR primary
cooling system have been developed, while those in PWRs have not well developed yet. So, the procedures
for V&V of the software for the corrosive circumstances for PWRs might follow the procedures for BWRs 2%,
The fundamental aspect of the V&V procedures might be the same both for BWRs and PWRs. The document
shown in the section introduces the standard procedures for V&V for he software for the corrosive
circumstances of PWRs as well as BWRs.

Even evaluation procedures of corrosive conditions in BWR primary cooling system have not been
established yet, because the water radiolysis analysis faced at the difficulties to obtain the accurate plant data
bases, e.g., dose rate distributions in the core and its peripheral regions and precise flow distributions
especially in downcomer and jet pump regions. Uncertainties of those data resulted in large uncertainties of
the water radiolysis calculation results. Those data should be collected not from the specialists of water
chemistry but also from those of all engineering groups, e.g., nuclear design groups, thermal hydraulic design
groups and plant operation groups.

Here, the latest situations of V&V of the software of coupled evaluation procedures for corrosive conditions
are introduced and major targets for establishing the V&V of the software of coupled evaluation procedures
are introduced.

Table 7.9 Styles of standards for evaluation procedures of corrosive conditions

in BWR primary cooling system

,79,



JAEA-Data/Code 2024-003

The most orthodox approach to authorize the corrosive condition determination procedures is to establish a
standard code and a standard data set ((1) in Table 7.9). But even if the standard codes are authorized, it is
still difficult to unify the plant specification data, e.g., radiation absorption in the water and hydrodynamics
properties, which are from different design codes applied by the plant venders. For this, complete unification
of plant design codes and procedures are required, which is not realistic solutions.

In order to authorize each set of the simulation codes possessed by some organizations or some groups as
standard codes for determination of corrosive conditions, the codes should be evaluated as sufficiently
reliable codes based on V&V procedures 3988 It is important to authorize more than two code systems
as the standard ones for cross checking the evaluated corrosive conditions by the third parties, e.g., the
government.

For authorize individual code systems as the standard one, there are two approaches, one is to evaluate the
code systems by the independent organization, e.g., the code center of the JAEA, to be registered as the
standard code systems there and to apply the registered standard code systems for corrosive condition
evaluation ((2) in Table 7.9). In the case the independent organization should administer the code systems
themselves and at the same time peripheral codes and their supporting data.

The other approach is firstly to determine the standard procedures based on self -operated V&V evaluation
and to register the procedures at the AESJ Standard Committee and secondarily for the utilities of the
evaluation procedures to evaluated them by the V&V procedures, to open the their V&V results and to apply
them for corrosive conditions in the primary cooling system of BWRs ((3) in Table 7.9).

7.4.3 Verification Procedures
1) Water radiolysis codes

(1) Charge and mass balance for the first step of the verification

Numerical expressions of the codes should be shown exactly in the document. The major flames of the codes
are also shown in the document. Major input data, e.g., physical and chemical properties of radiolysis and
electrochemistry analyses, are also listed in the document.

For the first step of the verification of the code, it should be confirmed that charge and mass were balanced
through the entire system and the entire time mesh points. Positive and negative charges in any location along
the flow path should be balanced, while mass of H and O should be balanced. The discrepancies of charges
and mass at any location and time mesh should be less than 1 %.

(i) Benchmark analysis for the second step verification

Benchmark problems shown in Table 7.10 were prepared for verification of the water radiolysis codes.

Table 7.10 Conditions for benchmark calculation
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Two kinds of the benchmark problems were prepared for verifying the codes themselves and code systems
containing calculation constants. Both results should be evaluated and the evaluated results should be
summarized in the document.

For Object 1 to verify that the model equations were compiled in the codes correctly, the calculation were
carried out based on given G-values and rate constants (Tables 7.11 and 7.12).

Table 7.11 Reference g-value at 25 °C

Table 7.12 Reference reaction set at 25 °C

Four parties had joined for the Objective 1 benchmark analyses. The results for benchmark calculations for
the Object 1 are shown in Figure 7.31. As a result of applying the common data bases, the results were
distributed only in the range of 10% discrepancies. The calculated results of WRAC-JAEA were added to the
Figure 7.31 to compare their accuracies. As a result of applying the common data sets, the results were
distributed in the previous data distribution of 4 parties >¥.
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Figure 7.31 An example of benchmark calculations [Given G-values and rate constants]

The results for Objective 2 benchmark calculations are shown in Figure 7.32. The differences, which were
from mainly from rate constants and G-values applied for each code, were within a factor of 10 (+1000%, -
90%). The discrepancies could be compensated with plant data for the radiolysis calculation through the
entire BWR primary cooling system. The calculated results based on WRAC-JAEA were distributed in the
previous bench mark evaluation results for 4 parties.
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Figure 7.32 An example of benchmark calculations [Own G-values and rate constants]
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One of the possible reasons why the calculated results for oxygen concentrations were scattered in the wild
ranges was considered to be from the applied G-values and rate constants. Based on the latest surveys on G-
values and rates constants, changes in G-values for gamma-rays were rather small, while those for neutrons
were wildly distributed as shown in Table 7.13. Especially, those for neutrons were much different.
Especially, the latest G-values generating H,O, were 2 times larger than the old data, which might influence
the data scattering. Not only G-values but also rate constants were reevaluated as Japan common data sets.
Benchmark analysis of water radiolysis calculation codes was the first step not only for improving the codes
themselves but also improving the calculation data sets, i.e., G-values and rate constants.
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Table 7.13 G-values for high temperature water

a) Gamma rays

Species C0:1 s:]]::: i Elliot [2] Sunaryo [3] Cu,-is[:e]usen Lundgren [5] Billl'it::ss[}] Sangiil;l]nmith shEi
€aq 3.41 3.53 3.54 35 3.5 3.475 2.57
H 0.87 0.9 0.94 0.9 0.9 1.43 1.25
H" 341 3.53 3.54 35 35 3.475 2.57
H, 0.6 0.625 0.56 0.6 0.6 0.61 0.57 0.67
H,0, 0.31 0.5 1.06 0.55 0.65 0.29 0.34 0.55
HO, 0 0 0 0 0 0 0
"OH 4.86 4.68 3.48 4.5 4.3 5.545 4.28 4.5
b) neutrons
. Japan Christensen Elliot & Butarbuitar
Species | ommon [1] Elliot [2] Sunaryo [3] [4] Lundgren [S]| Bartels [6] 8] JAEA
g 0.68 0.61 0.68 0.65 0.6 1.29 0.62 0.6
H’ 0.52 0.34 0.52 0.45 0.5 0.59 0.98 0.5
H" 0.68 0.61 0.68 0.65 0.6 1.29 0.622 0.6
H, 1.52 1.26 1.52 1.26 1.4 0.94 0.99 1.5
H,0, 1.22 0.65 1.29 0.85 1.04 0.4 0.57 1.14
HO, 0 5 0 0.05 0.04 0.03 0.02 0.04
‘OH 1.8 2,02 1.66 1.77 1.7 2.87 2.33 1
OH 0 0 0 0 0 0 0 0
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The other discrepancies of the results are summarized in Table 7.14.

Table 7.14 Previous evaluation for benchmark calculations of 4 parties

7.4.4 Validation Procedures
Corrosive condition evaluation codes consist of two independent codes. Validation processes are divided

into three, i.e., validation of water radiolysis code, ECP calculation code and the coupled code of water
radiolysis and ECP.

1) Water Radiolysis code

Some data from operating power plant can be applied for evaluation of the code. A schematic diagram of the
BWR primary cooling system and locations for water sampling and installing water chemistry sensors are
shown in Figure 2.6.

Stable species of radiolytic ones, e.g., O, and H», can be measured in the water samples taken from the
sampling lines. But unstable one, e.g., HO», is difficult to be measured, because most of them disappear
along the sampling lines. Under low hydrogen concentrations, some amount of hydrogen peroxide can be
detected in the sampled water, even if the concentration decreases due to thermal decomposition along the
sampling line but the data can be extrapolated to the original concentration by applying the code. But it is
difficult to extrapolate them from under detectable level.

An example of the measured [O;] is shown as a function of injected [Hz] in Figure 7.33. The discrepancies
between the calculated and the measured which were from not only calculation errors but also measured
errors, especially [O2] around the less than several ppb regions were within a factor of 2 for the larger than
several.
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Figure 7.33 Relationship between the measured [O:] and the calculated
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2) Coupled code for evaluation of corrosive conditions

As a consequence of the coupling analysis, final corrosive condition by applying ECP as the index of
corrosive conditions can be compared with the code results. An example of the relationship between the
measured ECP at the plant and those calculated at the same plant is shown in Figure 7.34 with the discrepancy
of £50 mV.
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Figure 7.34 Relationship between ECP measured at the plant and the calculated

7.4.5 Discussions on V&V

The most important aspects for the V&V evaluation of the computer codes is the unity of the procedures,
where each process has been defined and the manner for the document should be clearly described for
external evaluation. In the paper, examples of the V&V evaluation of the computer codes related to
determination of corrosive conditions in BWR primary cooling system are shown.

The accuracies of the water radiolysis code and then the coupled code to determine ECP were not high enough
for their application for evaluating corrosive conditions in BWR primary cooling system. The causes of
inaccuracies are from mainly evaluation of plant parameters. The inaccuracies might be improved by
coupling of the plant data and calculation constants for water radiolysis code with comparing the calculated
results with the measured ones at the operating plants. The evaluation accuracies of relative values of the
concentrations of radiolytic species along the flowing path were reasonably high, where the absolute values
of the concentrations of radiolytic species could be normalized by the measured ones to determine highly
accurate absolute concentrations of radiolytic species at any location of the BWR primary cooling system
and then to determine ECP distribution in the entire plant system. So, it is essential to confirm the calculated
ECP by applying the measured ones and then to calibrate the calculated values with the measured ones.

In future large scale standardization including plant analysis code is required to avoid confirmation of the
calculated results with the measured at each plant.

For better understanding the V&V evaluation of the computer codes relater corrosive conditions in BWR
primary cooling system, the evaluation procedures are summarized as a check sheet (Table 7.15). Any person
and any organization to apply their computer codes to evaluate the corrosive conditions in BWR primary
cooling system should carry out V&V evaluation according to the check sheet and the evaluated results
should be published in the suitable journal, e.g. J. Nucl. Sci. Technol., to authorize them for the public. The
procedures mentioned above are essential for preparing for traceability of evaluation procedures.
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Table 7.15 Check sheet for verification and validation of the codes
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8. Calculation Code Manual of WRAC-JAEA

The computer code, WRAC-JAEA, can be operated on PCs. The users’ of WRAC-JAEA have to prepare
several groups of input data. For calculating the corrosive circumstances of BWR and PWR primary cooling
systems, 5 sets of INPUT DATA must be prepared.

8.1 TITLE-INPUT

In the input sheet, the title of the calculation case, number of calculation points, number of calculation cases
and major water chemistry parameters, i.e., [B], [Li], [O2], [Hz] and [H2O:] at the inlet as the initial guesses
and [Hz] at hydrogen injection point, are defined. The description of TITLE-INPUT is shown in Table 8.1.

TITLE(I), I=1,12: The title of the calculation case is defined.
ICASEN: number of calculation cases

iitermax: Maximum number of iteration

BoronC: [Blinlet (ppm)

LiOHC: [Li]inlet {ppm}

02C: [O2]inlet (ppb)

IDH: [HaJintet (ppb)

H202C: [H202]intet (ppb)

H2INJ: [H2] at the injection point (ppb)

Table 8.1 Examples of TITLE-INPUT
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As examples, two cases are prepared for PWR INCA loop analysis and BWR hydrogen injection analysis.

Example 1 was the calculation for PWR, where the INCA in-pile loop experiment was simulated. The loop
was one-through type where water conditions were high pH with injected suitable amounts of boron and
lithium, and hydrogen was added to suppress the corrosive conditions. In the calculation 2 cases were run,
one was the calculation for confirming the effects of hydrogen concentration, which was varied from 1 ppb
to 10,000 ppb at the lop inlet at the fixed pHr, and the other was the calculation for confirming the effects of
pHr by varying boron and lithium concentrations at the fixed hydrogen concentration, 10,000 ppb. The details
of the input data were shown in Table 8.1.

Example 2 was the calculation for BWR, where simple model of a BWR primary cooling system was
simulated. The calculated system was divided into 10 regions, which consisted of core region with boiling
and under radiation irradiation, down-comer regions without boiling. In one of the down-comer regions,
some amounts of hydrogen was injected and the effects of injected hydrogen concentration on suppression
of [H20;] evaluated. The details of the input data were shown in Table 8.1.

The calculated results for two cases are shown in Section 8.7.
8.2 RN-INPUT

The RN-INPUT prepares major flow parameters of flow along each region. First, the number of the region,
REG, is input. Then the flow condition data of each region are input. The description of RN-INPUT is shown
in Table 8.2.

RT(i01): residence time of water in region 101 (s)
TEM(i01): average temperature of water in region i01 (K)
G2(i01): flow velocity in region 101 (m/s)
SOV(i01): surface to volume ration of the region REG 101 (1/m)
Q3(i01): gamma-ray energy absorption (Gy/s)
QN3(i01) : neutron energy absorption (Gy/s)
QA3(i01) : alpha-ray energy absorption (Gy/s)
VAL(14, 101): temperature of region i01 for ECP calculation (K)
VAL(15, 101) : flow velocity of region 101 for ECP calculation (m/s)
VAL(16, 101) : equivalent diameter of region i01 for ECP calculation (m)
VAL(1,i01): temperature at each node (input data) (K)
VAL(2,i01): void fraction (input data) (-)
VAL(3,i01): gas release rate of H (1/s)
VAL(4,i01): calibration constant for Hs (-)
VAL(5,i01): gas release rate of Oy (1/s)
VAL(6,i01): calibration constant for O (-)
VAL(7,i01): cross section area of each boiling channel (m?)
VAL(8,i01): steam flow area cross section of each boiling channel (m?)
VAL(9,i01): flow velocity of liquid (m/s)
VAL(10,i01): flow velocity of gas (m/s)
As examples, two cases are prepared for PWR INCA loop analysis and BWR hydrogen injection analysis.

The calculated results for two cases are shown in Section 8.7.
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8.3 NodeConnect-k2

The NodeConnect-k2 prepares major flow connections shown in RT-INPUT, REG, is input. With two input
data, RT-INPUT and NodeConnect-k2, can prepare the perfect flow diagram. The description of
NodeConnect-k2 is shown in Table 8.3.

PNDN(i01): Inlet region #

NDN(i01): Outlet region #

RRMIX(i01): Blanching ratio

RRMIX(i01)<0

LNDN=1, GNDN=0 only liquid phase passes without gas species
LNDN=0, GNDN=1 only liquid phase passes without liquid species
LNDN=0, GNDN=0 hydrogen injected

LNDN(i01): Weight ratio of liquid

GNDN(i01): Weight ratio of gas

Table 8.3 Examples of NodeConnect-k2

a) PWR INCA in-pile loop calculation

name inlet node outlet node | blanching ratio wel‘“;'lt_ fa:or “-e"‘m; polor Region number:  1-3
OLige b v 3 Node number: 1-4
Region PNDN(i01) NDN(i01) REMIX(i01) | LNDN(i01) GNDN(i01)
1 1 2 1 0 0 20
2 2 3 1 0 0 2
3 3 4 1 1] 0
20
1
b) BWR primary loop calculation
n
; ; ; ; 2 weight factor | weight factor DO
name inlet region outlet region | blanchingratio . o
- - = of liquid of gas
Region PNDN(i01) NDN(i01) | RRMIX(i01) | LNDN(i01) | GNDNG0l) | ®Q Region number:  1-10
1 1 2 1 0 0 ;\ Node number: (1.9
2 2 3 1 0
3 3 4 =1 0 1
4 3 5 =1 1 0
5 3 g : b b H; injection
6 6 7 1 1] 0 -
5 5 H 1 0 0
8 [ 9 1 0 0
7 7 10 0.5 0 0
] 9 10 0.5 0 0
10 10 1 1 0 0

As examples, two cases are prepared for PWR INCA loop analysis and BWR hydrogen injection analysis.

The calculated results for two cases are shown in Section 8.7.

8.4 REACTIONk-A

The REACTIONKk-A prepares major rate constants for water radiolysis calculation. The description of
REACTIONKk-A is shown in Table 8.4.

Usually, REACTIONKk-A is applied any calculation cases. The calculations for BWR conditions are carried
out with applying sufficiently lower values both for [B] and [Li] to keep neutral pHr, while those for PWR
conditions suitable values both for [B] and [Li] are applied to obtained suitable pHr.
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Reactants and products with the values of the order of reactions both for forward and backward reactions and
easily translate the table to reaction forms. In order to prepare the source values of radiolytic species and their
annihilation values, the reaction table are modified shown in Table 8.4. The rate constants both for bulk water
and surfaces are also defined with their activation energy. Numbers of hydrogen and oxygen atoms and charge
number are also applied for atom number and charge balances for validating the calculation steps.
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8.5 G-VALUE

The G-VALUE prepares major G-values for water radiolysis calculation. The description of G-VALUE is
shown in Table 8.5. Usually, G-VALUE is applied any calculation cases. The calculations for BWR
conditions are carried out with applying zero value for energy absorption rate of alpha-rays, while those for
PWR conditions suitable values for energy absorption rate of alpha-rays is applied.

Table 8.5 Example of G-VALUE

8.6 ECP-INPUT

The ECP-INPUT prepares major parameters for determining anodic and cathodic current densities for ECP
calculation. In the input sheet, major data of empirical formula to determine the solubility of ferrous ions as
functions of temperature and pH. The description of ECP-INPUT is shown in Table 8.6. The data also cover
both for BWR and PWR.

IECPS: Option parameter
IECPS=0; ECP calculation is skipped.
IECPS=1; Proposed calculation.
IECPS=2; Applied the previous calculation based on the fixed anodic current densities.
IECPE: Number of species for anodic and cathodic current density calculations
IDECPS(i01), i01=1, IECPE: Name of species
IECPN: Number of data sets for cathodic and anodic current density calculation
IECPR1(i): reactant
IECPR2(i): other reactants
IECPP1(i): products
IECPP2(i): other products
IPWRRI1(i): order of reaction; nl
IPWRR2(i): order of reaction; n2
IPWRP1(i): order of reaction; n3
IPWRP2(i): order of reaction; n4
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RECPV1(i): rate constants

RECPV2(i): transfer coefficients

IECPV1(i): charge number, z

RECPV3(i): standard equivalent potential, & (V-SHE)

Table 8.6 Example of ECP-INPUT

=0 ECP calculation is skipped
IECPS =1 Proposed calculation 1
=2 Previuos calculation based on the fixed anodic current densities
IECPE Numberof species for cathodic and anodic cument density calulation 1
IDECPS(i01),i01=1IECPE Nae of species 1
IECPN Number of data sets for cathodic and anodic current density calulation 1
IECPR1(i) |IECPR2(i) [IECPP1() |IECPP2() [IPWRRI() im\mﬁ] |]I'\\"RP1(i) tm\'RPZ{I] RECPV1(i) |RECPV2() |IECPV1(i) [RECPV3(i)
other other order of reaction rate trans fer =1JECPN
reactant products 5 z dn
reactant products |1 |n2 |u3 |m4 constants | coefficients
ISOLP, SOLPHH, SOLPHL, AAHO Number of solbility sets. pHiow and pHyige for diving two temperature zones. and [H+]
TISOL(il) |FSOLFGL1) |FSOLF(il,1) [FSOLF(i1,3) |[FSOLF(il4) [FSOLF(il,5) |[FSOLF(iL,6) [FSOLF(il,7) [FSOLF(iL,8) [FSOLF(i1,9) |FSOLF(i1,10)[FSOLF(il,1)[FSOLF(i1,12)
tenperature [ FSOLF(i1.i2).i2=1,12; Constnats determing solubility shown in Table 4.2
HHOXD1, HHBND1 | Mass transfer coefficients both for oxid layers and sureface boundary
EXAMPLE
1
8
H202 02 H2 H+ LiOH Li+ H20 Fe2+
7
1 4 7 ] 1 2 2 0 5.00E-06 0.5 2 1.58
1 6 5 0 1 2 2 0 1.00E-04 0.5 2 0.885
2 4 -1 0 1 2 1 0 2.00E-04 0.7 2 0.48
4 0 -3 1] 1 4 2 0 S.00E-04 0.5 2
-1 0 2 4 2 0 1 0 1.00E-10 0.3 2 0.48
-3 0 4 0 1 0 2 1 1.00E-10 0.5 2
0 0 8 0 1 0 0 0 1.00E-03 0.5 2 -0.44
5 8.5 6.5 H+
573 0.19 -10.4 2 -1.8 0.25 -7 2 -7 -0.1 -6.9 2 -6.9
523 0.29 -10.45 2 -8.05 0.2 -7 2 -6.5 -0.22 -6.9 2 -6.35
473 0.3 -11 7 4 -8.22 0.18 7 2 -6 -0.1 -6.9 2 -5.9
423 0.35 -11.3 2 -8.6 0.18 -6.7 2 -5.7 -0.1 -7 2 -5.7
373 0.45 -11.4 2 -8.9 0.18 -6.7 2 -5.7 -0.1 -7 2 -5.7

1.00E-04 1.00E-04

8.7 Results of the Example Calculations
8.7.1 PWR INCA in-pile Loop Calculation (Example 1)

The calculated results of example 1 (PWR INCA in-pile loop analysis) are shown in Appendix (Table A-1.1
a) and b) and their summaries are shown in Figure 8.1 and Table 8.7.
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Figure 8.1 Calculated results of Example 1

Table 8.7 Example of output (PWR INCA in-pile loop)

H2] 0

H2
1
10
100
1000
10000

final

H+
2.ME-07
2. ME-07
2.03E-07
2.03E-07
2.03E-07
5.20E-08
2.03E-07
8.02E-07
2.16E-06

H202
1.12E-05
9.52E-06
2.00E-06
2.00E-07
9.72E-08
2.49E-08
9.72E-08
4.13E-07
8.91E-07

R R R B R

3.00E+00

02

1.29E-05
8.24E-06
4.91E-07
1.37E-09
5.81E-11
2.30E-11
5.81E-11
6.40E-11
6.27E-11

8.7.2 PWR Primary Coolant Calculation (Example 2)

H2
3.81E-05
3.55E-05
3.97E-05
3.66E-04
3.66E-03
3.66E-03
3.66E-03
3.66E-03
3.66E-03

ECP

2.26E-01
2.20E-01
1.32E-01
-6.94E-02
-2.08E-01
-2.42E-01
-2.08E-01
-2.04E-01
-1.97E-01

pHT H202 ECP

6.69E+00

6.69E+00

6.69E+00

6.69E+00

6.69E+00
7.28E+00
6.69E+00
6.10E+00
5.66E+00

pHT

10000
10000
10000
10000

Much more realistic calculation targets for PWR primary cooling system are shown in Figure 8.2 (PWR
example 2), which involve the reactor core and SG. The input data are shown in Appendix (Table A-1.2) and
the summaries of the output are shown in Figure 8.3. When pHt was larger 6.9, ECP in whole region was
less than -0.30 V-SHE even when [Ha]injectea Was 1/5 of the standard concentration, 2 ppm. Unfortunately
ECP was much affected by pHr, and then when the pHr decreased to lower than 6.3, ECP in the core region
was much higher than the target value,-0.3 V-SHE.
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Reactor

®
iy 8 Pressurizer
H, addition
9 x dose rate (Gv/'s)
region yravs _|neutrons|e. rays
coreregion entrance 1 750 1000 | O
lower 2 1500 5000 | 600
center 3 1500 5000 | 600
upper 4 750 1000 | O
lower 5 750 2500 | 300
center 6 750 2500 | 300
upper 7 365 500 | 0
4 SG SG tube 10| 6.00E-031 © 0
SG tube 11| 6.00E-031 © 0
SG tube 12| 6.00E-031 © 0
Evaluation of ECP at the secondary side SGtube 13| 600E-03 0 0
should be based on N irradiation effects
a) A schematic diagram of PWR
primary cooling system b) A flow diagram for calculation ¢) Dose rate distribution
Figure 8.2 Example 2 for calculations of PWR primary loop
[H:] (ppm)
- )5
1.E-5 0.2 0.2 -—-— 240
Reactor core region i | 1]
1.E-6 1 0 0 - g i
[H,O-] reactor core =0 et
a.:_ . e =Ns Radical generation
g8 1E-7 025 ~-02 S due to N
g ECP reactor core @ @0 — =N = R pH; : 6.2
= 1ES8 04 - 04 e 7R
= < A |
=] [P - . —
£ 1LES9 1.06 E E -0.6 Low ECP region %.a-n-~§
TR Rl e 4 ===
- i | EEESe
1.E-10 A 1-08 - pH; : 6.9,7.2 -
1 E ll B 0 4 e S NS A '—4 1 0 _1 0 L L L L L L L L L 1 L L
' i 56 100 1000 10000 12 3 4 56 7 8 9 1011 12 13 14
[Ha]in (PPD) region

a) [H,0,] and ECP at the reactor core and SG location b) ECP as a function of pHy

Figure 8.3 Calculated results for PWR primary cooling system (Example 2)
(Effects of [H:] and pHt on [H20:] and ECP)

The calculated results were much affected by dose rate in the core region. So precise evaluation should be
carried out based on the precise plant data to prepare for the suitable [Hz] control to mitigate ECP without
any serious [Hz] for PWSCC.

8.7.3 BWR Primary Loop Calculation (Example 3)

The calculated results of example 3 (BWR primary loop analysis) are shown in Appendix (Table A-2.1 a)
and b)) and their summaries are also shown in Figure 8.4 and Table 8.8.
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5. Q‘ Region number: 1-10
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30Q

Single phase flow
Unirradiated
Irradiated

Two phase flow
Nonirradiated
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a) Flow lines of a hypothetical BWR primary cooling system
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= S A ;
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H
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b) Calculated results along the hypothetical BWR primary cooling lines

Figure 8.4 Calculated results of Example 3

Table 8.8 Example of output (BWR primary loop)

Summary data for plotting

[H2] 0 100 1000

final H+ H0: O2 H2 ECP H+ H202 02 H2 ECP H+ H202 oz H2 ECP
1 233E-06 3.89E-06 4.56E-06 1.22E-05 3.24E-02 233E-06 388E-06 4.54E-06 1.22E-05 3.22E-02 2.33E-06 384E-06 4.45E-06 1.23E-05 3.16E-02
2 235E-06 G.84E-06  SATE-06 255E-05 6.07E-02 2.35E-06 S82E-06 B44E-06 2.55E-05 G.6E-02 235E-06 S.7SE-06 8.35E-06 2.55E-05 6.02E-02
3 232E-06 19SE-06 191E-06 S.65E-06 S.99E-03 232E-06 195E-06 190E-06 S5.65E-06 S.96E-03 232E-06 194E-06 1.80E-06 5.65E-06 S5.86E-03
4 232E-06 O0.00E+00 0.00E400 0.00E+00 2.32E-06 O0.00E+00 0.00E+00  0.00E+00 232E-06 0.00E+00 0.00E+00 0.00E+00
5 231E06 189E-06 1.94E-06 S.60E-06 4.23E-03 231E-06 188E-06 193E-06 S.60E-06 4.20E-03 231E-06 183E-06 1.92E-06 S5.60E-06 4.10E-03
6 231E-06 [152E-06 195E-06 5.55E-06 2.31E-03 2.31E-06 181E-06 195E-06 S5.55E-06 2.28E-03 231E-06 1SIE-06 1.94E-06 5.5SE-06 2.17E-03
7 231E06 175E-06 1.96E-06 S.51E-06 347E-04 231E-06 175E-06 196E-06 S5.51E-06 3.13E-04 231E-06 175E-06 195E-06 5.51E-06 2.05E-04
8 231E06 182E-06 1.95E-06 S.5SE-06 2.31E-03 231E-06 18IE-06 19SE-06 S.55E-06 2.28E-03 231E-06 1S8IE-06 1.04E-06 5.55E-06 2.17E-03
9 232E-06 1.09E-06 284E-06 T.06E-06 -3.22E-02 231E-06 8$094E-07 1.68E-07 3.86E-05 -6.98E-02 231E-06 266E-07 S.69E-10 3.75E-04 -1.89E-01
10 231E-06 13SE-06 242E-06 6.24E-06 -1.58E-02 231E-06 120E-06 1.06E-06 2.20E-05 -3.91E-02 231E-06 091E-07 9.48E-07 1.00E-04 -0.56E-02

8.7.4 BWR Hydrogen Injection Demonstration Calculation (Example 4)

The calculated results of example 4 (BWR primary loop analysis) are shown in Appendix (Table A-2.2 a))
and their summaries are also shown in Figures 8.5 and 8.6. Region 17 (between node @3 and @) is the
recirculate line where cooling water went through the recirculation pipe and IGSCC should be strictly
prevented. Even when sufficient amounts of hydrogen was injected into the feed water and mixed at the
connection at 10, [H,0»] in the recirculation water was not sufficiently reduced due to lower water radiolysis
effects at the vessel surface area at the down-comer region. In the example 4, the dose rate at the vessel wall
surface area was varied to obtain the effects of the dose rate effects on the [H>0O»] and ECP reductions under

[Hz] injection.
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Reactor core region

Steam flow 3
e Manate 5 10 5 _Feedwaterline
. ‘{e line T
N stédm Hae: Water flow 3 k‘ H, addition Fose rate (GVS)
] 8 _ 4 .\‘. 8,~5/9 11 Tegion Y Tavs neutrons
‘4 @f 16 T core region subcooled 1 100 100
Feed water line ] ] Jet 12 14 center 2 5000 1500
3 7 ¥ : ; upper 3| s000 1500
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il @ outer 14 14 1]
Lower plenum ~ 1', 18, 17 lop
Reactor core | =
nlet O Recirculation line
a) A schematic diagram of BWR b) A flow diagram for calculation ¢) Dose rate distributions

primary cooling system

Figure 8.5 Example 4 for calculations of BWR primary loop

The calculated results for varied down-comer dose rate are shown in Figure 8.6. It was confirmed that the
dose rate factor o, which designated as the ratio of the dose rate at the vessel surface area to that at the shroud
surface area, resulted in a large differences in the [H>O,] reduction. It was confirmed that the measured results
for BWR 2 through 5 7 scattered in the region of [H20,] for 0=0.01 through 0.1. The dose rate distribution
in the down-comer are much more affected by the reactor type and operational conditions. The more precise
evaluation should be based on the precise plant and operational data.

0.3 yray doserate reduction rate
0.2 a=doserate at B/dose rate at A
:E: 0.1
p 0
>
& '01
| -0.2
-0.3 : LT | jjet pump
04 | B o
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.06 1 | | | 1 1 1 L | I ) )
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. 2/1,000 of core average
[H,] in the feed water (ppm)
Figure 8.6 Comparison the calculated results with the measured (Example 4)
(H: injection effects)
The measured data are shown in the reference [1]
References:

[1] Division of Water Chemistry, Latest situation and major subjects on evaluation procedures of
corrosive conditions in BWR primary coolant, 2022.
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9. Summary

Analysis of corrosive circumstances in BWR and PWR primary cooling systems could be established by
coupling water radiolysis analysis in the reactor core regions and ECP analysis based on the concentrations
of radiolytic species obtained by water radiolysis analysis. Usually two kinds of analyses, water radiolysis
and ECP analysis were developed separately. And their major targets were only for BWRs.

Recently demands of analyses of corrosive circumstances in PWR primary cooling systems are increasing to
evaluate the optimal hydrogen injection for mitigation of PWSCC occurrence and their propagation. The
coupled procedure code of water radiolysis and ECP analyses, WRAC-JAEA, has been developed to meet
the latest requires.

Its water radiolysis analysis part involved the functions to analyse boiling effects on water radiolysis
calculation. Both parts, water radiolysis and ECP analyses, were tightly coupled to transfer the calculated
results of the water radiolysis analysis part to ECP analysis part. The tight coupling could increase the
reliability of not only individual evaluation, i.e., water radiolysis and ECP analyses, but also total analysis
results.

In the document, the background of the development of the coupled analysis code, their major targets,
technical backgrounds and major feature of the analysis procedures. Furthermore, for users of the analysis
code, users’ manual of the WRAC-JAEA code and some examples of the code were attached.

By applying the WRAC-JAEA, traceability of the calculation might be improved, because all input data were
involved in the output sheet. The verification of the code could be confirmed by checking the formulation
and coding of WRAC-JAEA. Unfortunately, Validation of the WRAC-JAEA is still in the process of
confirmation. For validation of the WRAC-JAEA code, much more data measured irradiation conditions.
For instance, water radiolysis codes were supported by lots of BWR plant data. At the same time water
radiolysis calculation for BWR plants needed lots of plant data, e.g., flow dynamics, thermal hydraulic,
radiation distribution. And calculated results should be confirmed with the measured data, usually ECP data.
Both kinds of data could be supplied by plant utilities and plant venders. Validation of the WRAC-JAEA for
BWR plant analyses also need the same data bases. Its PWR application should be also supported by lots of
plant data.

So, validation process of the WRAC-JAEA is still involved in future subjects. As a result of opening the
WRAC-JAEA code, its users who try to analyse plant corrosive circumstances can evaluate the results with
the plant data and improve the major constants based on the comparison of the analytical and measured
results. The feed-back of results of comparisons might contribute its validation and increase its reliability.
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Abbreviations

AAS: Atomic Absorption Spectroscopy

AISI: American Iron and Steel Institute (US Civilian standards for iron and metals)

ASME: American Society of Mechanical Engineers

BWR: Boiling Water Reactor

CANDU: Canada Deuterium Uranium Reactor

CD: Compact Disk

CRD: Control Rod Drive

DAWAC: TIAEA Coordinated Research Project, “Data Processing Technologies and Diagnostics for Water
Chemistry and Corrosion Control in Nuclear Power Plants (2001-2005)”

ECP: Electrochemical Corrosion Potential

FAC: Flow Accelerated Corrosion

FDCI: Frequency-dependent Complex Impedance

FOLTM: Feeder Online Thickness Measurement

FORTRAN: Formula Translation

HEPro: Hydrogen Effusion Probe

HP heater, LP heater: High Pressure Heater and Low Pressure Heater

HWC: Hydrogen Water Chemistry

ICP-AES: Inductively Coupled Plasma with Atomic Emission Spectrometry

ICP-MS: Inductively Coupled Plasma with Mass Spectrometric Analysis

IGSCC: Intergranular Stress Corrosion Cracking

INCA: In-core Assembly. An In-pile Loop ilnstalled in the Studsvik R2 reactor

JSME: Japan Society of Mechanical Engineers

LWR: Light Water-cooled Reactor

MTBL, MTOL: Mass Transfer Coefficients for the Surface Boundary Layers, Oxide Layers

NWC: Normal Water Chemistry

PAD: Program Analysis Diagram

pHr, pHr: pH at the Elevated Temperature and pH at the Room Temperature

PWR: Pressurized Water Reactor

PWSCC: Primary Water Stress Corrosion Cracking

RPV: Reactor Pressure Vessel

RWCS: Reactor Water Clean-up System

SG: Steam Generator
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SHE: Standard Hydrogen Electrode

WACOL: IAEA Coordinated Research Project, “High Temperature On-line Monitoring of Water Chemistry
and Corrosion Control in Water Cooled Power Reactors (1992-2001)”

WACOLIN: TAEA Coordinated Research Project, “Water Chemistry Control and Coolant Interactions with
Fuel and Primary Circuit Materials in Water Cooled Power Reactors (1987-1991)”

WRAC-J: the Previous Version of WRAC-JAEA for BWR Water Chemistry Analysis Code

WRAC-JAEA: Water Radiolysis Analysis Code of JAEA. A Calculation Code for Determining Corrosive
Conditions in the Primary Cooling Systems of BWRs and PWRs

XFS: X-ray Fluorescence Spectroscopy
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Appendix
Appendix-A Examples of Output

A-1. PWR INCA in-pile Loop Analysis

Table A-1.1 a) Example of output (PWR INCA in-pile loop analysis): confirmation of input data

Sumary ol b NPUT b PWR NCA P o cakutin et cases2023 [Nov

Case: i
IPREG
LOEAS 200600 LOOEA00 LOOES0D LOUE0D_0.00E+00
LAE3 20600 L0000 LOOE01LO0E00_0.00E+00)
B3 200600 LOOEI00 LOOEWR LOOEW0D 0.00E+00
LAEW3 200600 LOOE/00 LOOEWS LOOE0D_0.00E+00)
LOEA3 2006400 LOOEAO0 LOOESOS LOOESOD 0.00E+00
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ST 0TANT
STALST 0TAW'L
SCAST 0TAN'T
STAST 0TASO'T
0047000 004000
sTASKyl 0TI
SCAET 1T
6CARG 1AL

R Kl

1591 uonEOfes
SCAST 0TALO'T
SCAPST  0CALT
STV 0TAW'T
STAST 0TAL'T
SCAPST 0CALT
SIS 0TALO'T
00000 00+000
SCAST 0T
SCAST 0TAN'T
SCAST 0T
ST 0CALT
SIS 0TALO'T
SCAST 0TAN'T
SCAST 00T
SCAST 0TAN'T
STHAOST 0TSO
0043000 004000
sTASy 0TI
SCAIET 1T
6CAR6  1THLY

< Kl

159 vongofed
0Lt
0Lt
ozt
0Lt
0zt
0-aL0't
0041000
0zt
00T
STALST 0TAW'T
RTASST 0TAL'L
SCAST 0TAN0'T
ST 0TAN'T
SCAST 0T
ST 0|
ST 0TASO'T
0048000 004000
sCasyl 0zAI0]
SCAICT1TACT6
6CARG  1THLY

<8 K<)

159 vonena[ed

£1-9L6%6
£1-986%
£19L66.
£1-996°6.
00+3000
£1-9566.
1AL86
£1-9566.

1066
€906
£1ALL6
00+3000
€1-dEr6
1958
19629

-1
dooy

£1-986%
€186
£19L66.
£1-986%
€416
19966
00+3000
£1-9566.
1AL86
€956

£1-996%6.
19066
19066
1066
€906
€1ALL6
00+3000
€1-dEr6
1TSS
19629

19

dooy

£1-986%
€916
£19L66
€186
€146
£1-9966
00+3000
£1-9566.
€1AL86
€156

19966,
£1-9566
€906
1066
£1-906%6
€1ALL6
00+3000
(5
1TSS
€969

SI-A6HT
60T
SI-A6rT
SId6rT
SIA6rT
SI-a6rT

SI-a6rT
SId6rT
SIA6rT
SId6rT
SId6rT
SI-a6rT
00+3000
SIA6T
SISy
SIaLT

SI-d6rT
SIa6rT
Si-d6tc
SIA6rT
Si-d6rc
SI-d6rT
0043000
1Ay
SIasyT
SIALYT

HOM
Ao

SI-d6rT
SI-d6pT

1AL

ST

609969
604969
603969
603969
609969
609569
008000
609569
60569
601569

604569
609569
604569
601569
60569
601569
0043000
6069
6069
60769

o8
ud

603969
604969
601969
604969
604969
609569
003000
601569
60569
601569

604569
6079569
60569
601569
60569
60569
0043000
6069
6069
60769

o8
ud

603969
604969
609969
604969
604969
60569
008000
601569
60569
60569

604569
601569
60569
601569
60569
60569
0043000
6069
60169
60769

08
ud

e)ep Indino jo syduwexa :sisAjeue doof Arewrad YA g 10] € dduwrexy jo eyep ndinQ (q 1°7-V dqeL

L0166
039
907181
90-aSL
90781
907881
00+3000
907161
0SS
90AE
00+300°E
L0986
L0397
907081
0L
90081
907 T
0043000
90561
9058
0HELE

TotH
AMe

€
907671
Lo-arss
907181
90-HSL
9018
907881
00+3000
9071561
90
9078 €
4

90T 1
LR
90081
0L
90081
9081
0043000
903561
907
0HELE

TotH

6 €591
6 591
0T 6 591
WAIET 6 €591
0T 6 €591
0T 8 €591
0HET 8 591
0ALT 6 €591
WHAET 6 591
0ILT 6 =0

P —
W0AIET 6 591
0T 6 591
W0HIET 6 €591
0AIET 6 =0
AT 6 €591
0T 6 €591
0ALET 8 €591
W0HET 6 €91
90T 6 591
WHET 6 €591

SH womoN  gmno)

W L0dNI .

4 sl <ou
W0AIT 6 591
W0HIET 6 501
0T 6 €591
WAIET 6 €591
W0AIET 6 591
0T 6 €591
0T 8 591
0ALET 6 €591
WHAET 6 €591
0ALT 6 €591

P a—
0T 8 591
0T 6 €591
WHIET 6 591
0T 6 591
WHIET 6 €591
0T 6 591
0T 8 591
0T 6 501
90AET 6 €591
WHET 6 €591

SH O womoN  guno)

WP INdNI an

S T—T
0T 6 591
WHET 6 €591
0T 6 =0
WHIET 6 €591
0T 6 501
0T 6 €591
W0HET 8 €591
0HALET 6 €591
WHET 6 €591
0T 6 591

P ST
W0AIET 6 501
W0ALET 6 €591
WHIET 6 €591
0T 6 €591
0T 6 591
0T 6 991
0T 8 591
WHLET 6 €591
90AET 6 €591
WHET 6 €591

GH O wWON  gmno)

W L0dNI au

00+300°1
00+00°1
00+00°1
00+300°1

00+00°1
00+00°1
00+00°1
00+300°1
00+00°1
00+300°1
00+00°1
00+00°1

[l

00+300°1
00+300°1
00+00°1
00+300°1
00+00°1
00+300°1
00+300°1
00+00°1
00+300°1
00+00°1
uw

o
6
8
L
9
s
v
€
z
1

Avuung

BEr]

mdno.

ding.
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Table A-2.2 Input data of Example 4 for calculation of BWR hydrogen injection effects:
confirmation of input data
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Appendix-B PAD of Major Sub-codes and Subroutines for Water Radiolysis (INPUT)

Table B.1 Fine PAD of Subroutine INPUT (1)

Fine PAD for Subroutine INPUT

929 call INPUT(Q,Q3,QN,QN3,QA,QA3,HWC,&

&RN,F1,F2,F3,R1,R2,R3,FN1,FN2,FN3,RN1,RN2,RN3,FKO0, &
&RK0,WFK0,WRK0,FK,RK,WFK,WRK,FAE,RAE,REG,ID,C,CAQ2,N, &
&GG,GN,GA,HN,0ON,CH,TEM0,TEM,DI0,02C,02C2,RT,G2,WDE,NCN, &
&PNDN,NDN,RMIX, H202C2,IDH2,VAL,CONV2, ACC1)

347 Subroutine INPUT(Q,Q3,QN,QN3,QA,QA3,HWC, &

Integer (11)

Real (40)

&RN,F1,F2,F3,R1,R2,R3,FN1,FN2,FN3,RN1,RN2,RN3,FKO0, &
&RK0,WFK0,WRK0,FK,RK,WFK,WRK,FAE,RAE,REG,ID,C,CAQ2N, &
&GG,GN,GA, HN,ON,CH,TEM0,TEM,DI10,02C,02C2,RT,G2,WDE,NCN,&
& PNDN,NDN,RMIX, H202C2,IDH2,VAL,CONV2,ACC1)

HWC: 1 for Fist call and 0 for second calculation (Usually 0)
DIO: as same as above

RN: number of reactions

N: total number of species

REG: total region number.

NCN: total node connection number

HN(40): Number of O for each specie for calculation

ON(40): Number of H for each specie for calculation

CN(40): Number of charges for each specie for calculation
PNDN(999): inlet node number

NDN(999): outlet node number

VAL(16,998):

CONV2: conversion condition

ACC1: acceleration factor

02C: [02] at inlet (ppb) (input)

02C2: [02] at inlet (mol/m3)

H202C2: [H202] at inlet (mol/m3)

Q3(998): gamma ray energy deposition rate in each region Gy/s)
QN3(998): neutron energy deposition rate in each region Gy/s)
QA3(998): alpha ray energy deposition rate in each region Gy/s)
FN1(RN): reaction order of forward reaction for column 1 (input)
FN2(RN): reaction order of forward reaction for column 2 (input)
FN3(RN): reaction order of forward reaction for column 3 (input)
RN1(RN): reaction order of backward reaction for column 1 (input)
RN2(RN): reaction order of backward reaction for column 2 (input)
RN3(RN): reaction order of backward reaction for column 3 (input)
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Table B.2 Fine PAD of Subroutine INPUT (2)

FK(998,40):
RK(998,40):
WFK(998,40):
WRK(998,40):
FK0(40)
RKO0(40):
WFKO0(40):
WRKO(40):
FAE(40):
RAE(40):
GG(40):
GN(40):
GA(40):

C(998,40):
CAQ2(998):
TEMO:
TEM(998):
RT(998):
WDE(998):
G2(998):
IDH2:
RMIX(999):

Character (7)  F1(40):
F2(40):
F3(40):
R1(40):
R2(40):
R3(40):
ID(40):

Calculation:

rate constant for each forward reaction for each region
rate constant for each backward reaction for each region
surface rate constant for each forward reaction for each region
surface rate constant for each forward reaction for each region
rate constant for each forward reaction for SC
rate constant for each backward reaction for SC
surface rate constant for each forward reaction for SC
surface rate constant for each backward reaction for SC
activation energy for each forward reaction
activation energy for each backward reaction
G-value due to gamma rays for each specie
G-value due to neutrons for each specie
G-value due to alpha rays for each specie

Those were Killed for boiling version
initial concentration of each specie (mol/m3)
density of H20 in each region (mol/m3)
standard temperature (558K)
temperature at each region (K)
residence time for each region (s)
water density at each region
velocity at each region (m/s)
[H2] at inlet (mol/m3)
mixing rate at node inlet
name of each specie in 1st column of reaction table
name of each specie in 2nd column of reaction table
name of each specie in 3rd column of reaction table
name of each specie in 4th column of reaction table
name of each specie in Sth column of reaction table
name of each specie in 6th column of reaction table
series name of species

Read major input data.
Transfer the calculation constant for regional image.
SPECIES(R3,FS,NUL,RN,FSN,FHN,FON,FCH,FHN1,FON1,FCH1)
Data rearranging of rate constants
INTCONC(N,ID,IC,FS,FSN,RS,RSN, 1,CAQ,FHN,FON,FCH,
RHN,RON,RCH,HN,ON,CH, 1,02C2,IDH2,H202C2)
Setting initial values for calculation matrix (Region#1)
INTCONC(N,ID,IC,FS,FSN,RS,RSN, 1,CAQ,FHN,FON,FCH,
RHN,RON,RCH,HN,ON,CH, 1,02C2,IDH2,H202C2)
Setting initial values for calculation matrix (Region#>2)
GVALUEN,ID,GID,GVN,GG,GN,GA ,datal,data2,data3)

Calculation of energy deposition rate based on G-value and energy absorption
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Appendix-C PAD of Major Sub-codes and Subroutines for Water Radiolysis (WRAC)

Table C.1 Fine PAD of Subroutine WRAC (1)
Fine PAD for Subroutine WRAC

235 call WRAC(i02,RN,N,Q2,QN2,QA2, F1,F2,F3,R1,RZ,R3, &
& ID,GG,GN,GA,C1,CAQ, FK1,RK1,WFK1,WRK1, &
& FN1,FN2,FN3,RN1,RN2,RN3,HWC,DIO, G,HN,ON,CH,RT2, &
& T0,Lo0,WDEN,RWDEN,02C2,H202C2,IDH2,CONV2,ACC1)
585 Subroutine WRAC (REG,RN,N,Q2,QN2,QA2,F1,F2,F3, &
& R1,R2,R3,ID,GG,GN,GA,C1,CAQ,FK1,RK1,WFK1,WRK1, &
& FN1,FN2,FN3,RN1,RN2,RN3,HWC,DIO, G,HN,ON,CH,RT,&
& T0,Lo0, WDEN,RWDEN,02C2,H202C2,IDH2,CONV2,ACC1)

Integer (8) REG: total region number.
RN: number of reactions
N: total number of species
HWC: 1 for Fist call and 0 for second calculation (Usually 0)
DIO: as same as above
HN(N): Number of O for each specie for calculation
ON(N): Number of H for each specie for calculation
CH(N): Number of charges for each specie for calculation

Rea (25) : Q2: energy deposition due to gamma rays at the region
QN2: energy deposition due to neutrons at the region
QA2: energy deposition due to alpha rays at the region
TO: initially=0, then =T0+T at BDFNEWTON
Lo0: initially=0, then =Lo at BDFNEWTON
GG(N): G-value due to gamma rays for each specie
GN(N): G-value due to neutrons for each specie
GAN): G-value due to alpha rays for each specie
C1(N): concentration of each specie at the region
CAQ: density of H20 at the region
FN1(RN): rate constants of forward reaction for column 1 (input)
FN2(RN): rate constants of forward reaction for column 2 (input)
FN3(RN): rate constants of forward reaction for column 3 (input)
RN1(RN): rate constants of backward reaction for column 1 (input)
RN2(RN): rate constants of backward reaction for column 2 (input)
RN3(RN): rate constants of backward reaction for column 3 (input)
G: velocity at the region (m/s)
RT: residence time at the region (s)
WDEN: density of H20 at the region
RWDEN: relative density of H2O vs that at the inlet
02C: [02] at inlet (ppb) (input)
02C2: [02] at inlet (mol/m3)
H202C2: [H202] at inlet (mol/m3)
CONV2: conversion condition
ACC1: acceleration factor

Character (7) : FI(N): name of each specie in 1st column of reaction table
F2(N): name of each specie in 2nd column of reaction table
F3(N): name of each specie in 3rd column of reaction table
RI(N): name of each specie in 4th column of reaction table
R2(N): name of each specie in 5th column of reaction table
R3(N): name of each specie in 6th column of reaction table
ID(N): series name of species
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Table C.2 Fine PAD of Subroutine WRAC (2)

Calculation:
Calculation of the concentration of radiolytic species for each region
INITCALC
Setting initial values for mass balance calculation
EULER

Prepare for the differential equations (fn(t)=dCn(t)/dtt)
GREACTION( FN1,FN2,FN3,RN1,RN2,RN3,FK1,RK1,RN, N,Y2,GENX)
DREACTION(FN1,FN2,FN3,RN1,RN2,RN3,FK1,RK1,RN, N,Y2,DISX)

sher q

ion terms of
gasset('CALC_DY:N,Y2,XGAS)
Determination of gas emission and adsorption coeff.
gascon('INITCALC: '\N,DT,C1)
Calculation of concentrations in gas phase
BALANCE(REG,N,C1,HN,ON,CH,HOR,CHR,ID,RWDEN,02C2,H202C2,IDH2)
Calculation of H/O and charge balance to validate the radiolytic calculation
SUBS(REG,N,CNT,dtCNT,BDFY |,BDFY2,BDFY3, BDFY4,BDFY5,BDFY6,
BDFf1,BDFf2,BDFf3,BDFf4,BDFf5,BDFf6, PRC2,PRDC2,C1,DC)

Replacing the calculated ration for time steps for giving the guess value for BDF

Calculation of a y reactions of species

calculations
BDFINIT(BDFY6, BDFf6,C1,DC,N)
Setting the initial values for BDF calculation (6th)
BDFINIT(BDFY5,BDFf5,C1,DC,N)
Setting the initial values for BDF calculation (5th)
BDFINIT(BDFY4,BDFf4,C1,DC,N)
Setting the initial values for BDF calculation (4th)
BDFINIT(BDFY3,BDFf3,C1,DC,N)
Setting the initial values for BDF calculation (3rd)
BDFINIT(BDFY2,BDFf2,C1,DC,N)
Setting the initial values for BDF calculation (2nd)
BDFINIT(BDFY1,BDFf1,C1,DC,N)
Setting the initial values for BDF calculation (1st)
BDFNEWTON
Control of BDF calculation
INIT_BDF
Setting the initial values for BDF calculation
NEWTON
Integration calculation based on Newton method
MATRIX(NEW, N, Ym,PY,BE0,h,FN1,FN2,FN3,RN1,RN2,RN3,FK1,RK1, RN)
Calculation of matrix for calculating radiolytic specie concentrations without boiling
DGREACTION( FN1,FN2,FN3,RN1,RN2,RN3,FK1,RK1,RN, N,Ym,DFGEN)
Prepare for the differential form (dfn(t)/dt) of the original differential equations
DDREACTION(FN1,FN2,FN3,RN1,RN2,RN3,FK1,RK1,RN, N,Ym,DFDIS)
Prepare for the differential form (dfn(t)/dt) of the original differential equations
FF3CAL
Control of function and mass transfer from liquid to gas phase
GREACTION( FN1,FN2,FN3,RN1,RN2,RN3,FK1,RK1,RN, N,Y2,GENX)
Calculation of source terms (Secondary generations) of radiolysis calculation.
DREACTION(FN1,FN2,FN3,RN1,RN2,RN3,FK1,RK1,RN, N,Y2,DISX)

fhitats

Calculation of a ion terms of dary reactions of species
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Table C.3 Fine PAD of Subroutine WRAC (3)

gasset('CALC DY:',N,Y2,XGAS)
Determination of gas emission and adsorption coeff.
RENRITU(NEW,{f3,DX,N,N+1 )
Determination of calculation matrix in a time mesh
SQMEANN,Ym,ID,DX,PY,CONV)
Determination of convergence
gascon('BDFNEWTON:',N,BDT,C1)
Calculation of gaseous specie concentrations
BALANCE(REG,N,C1,HN,ON,CH,HOR,CHR,ID,RWDEN,02C2,H202C2,IDH2)
Calculation of H/O and charge balance to validate the radiolytic calculation
CALC _DY(REG,N,FN1,FN2,FN3,RN1,RN2,RN3 FKI1,RK1,WFK1,WRKI1,RN, GG,GN,GA,
Q2,QN2,QA2, Y2,fY2,DC)
Setting calculation matrix and mass transfer from liquid to gas phase (gasset)
GREACTION( FN1,FN2,FN3,RN1,RN2,RN3,FK1,RK1,RN, N,Y2,GENX)
Calculation of source terms (Secondary generations) of radiolysis calculation.
DREACTION(FN1,FN2,FN3,RN1,RN2,RN3,FK1,RK1,RN, N,Y2,DISX)
Calculation of annihilation terms of secondary reactions of species
gasset(CALC DY :N,Y2,XGAS)
Determination of gas emission and adsorption coeff.
SUB3(BDFY1,BDFY2,BDFY3,BDFY4,BDFY5,BDFY6,BDFf1,BDFf2,BDFf3,
BDFf{4,BDF{5,BDF{6,C1,DC,N,REG)
Reading calculation variables for regions
SUB4(REG,N,C1,DC,PRC2,PRDC2)
Reading component variables for species
SUB6(REG,N,BDFY1,BDFY2,BDFY3,BDFY4,BDFY5,BDFY6,
BDFf1,BDF{2,BDFf{3,BDFf4,BDFf5,BDFf6,PRC2,PRDC2)

Replacing calculation variables for regions
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Appendix-D PAD of Major Sub-codes and Subroutines for ECP Calculations (ECPCAL)

Table D.1 Fine PAD of Subroutine ECPCAL

Fine PAD for Subroutine ECPCAL

241 call CALECP(ECP,CATHOD,VAL(14,i02),VAL(15.i02),VAL(16,i02),&
& C1(INH2),C1(INO2),C1(INH202) )
2734 SUBROUTINE CALECP(ECP,CATHOD,T,U.d, ACH2,AC0O2,ACHO)
Integer (0)
Real (8) ECP: ECP (V-SHE)
CATHOD: Cathodic current density (A/m2)
T temperature (°C)
U: flow velocity (m/s)
d: equivalent diameter (m)
ACH2: [H2] (mol/dm3)
ACO2: [02] (mol/dm3)
ACHO: [H202] (mol/dm3)

Character (0)
Calculation: ECP calculation based on the standard anodic current density
The calculation are going to be replaced new model based on the coupled mode of oxide
layer growth and electrochemistry.
ECP calculation for each region as a resulf of the intersection of total cathodic and anodic
current densities
SOLUBILITY
Calculation of ferrous ion as a function of t and pH (interpolation of the empirical formula)
CURRENTDNS

Calculation of cathodic and anodic current densities
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