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Each light-water reactor (LWR) is equipped with the Emergency Core Cooling System
(ECCS) to maintain the coolability of the reactor core and to suppress the release of radioactive
fission products to the environment even in a loss-of-coolant accident (LOCA) caused by breaks
in the reactor coolant pressure boundary. The acceptance criteria for ECCS have been
established in order to evaluate the ECCS performance and confirm the sufficient safety
margin in the evaluation. The limits defined in the criteria were determined in 1975 and
reviewed based on state-of-the-art knowledge in 1981. Though the fuel burnup extension and
necessary improvements of cladding materials and fuel design have been conducted, the
criteria have not been reviewed since then. Meanwhile, much technical knowledge has been
accumulated regarding the behavior of high-burnup fuel during LOCAs and the applicability
of the criteria to the high-burnup fuel. This report provides a comprehensive review of the
history and technical bases of the current criteria and summarizes state-of-the-art technical
findings regarding the fuel behavior during LOCAs. The applicability of the current criteria to

the high-burnup fuel is also discussed.

Keywords: LWR, LOCA, ECCS, Criteria, Review, Applicability, High Burnup Fuel, Cladding,

Oxidation, Embrittlement
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%5, HEk, BWRICBWTIZY L aA —23 (Zry-2) 28, PWRICBW TP v a A —44 (Zry-
4) PMEDITE 72, BIEIL, VLA OS2 7 &4k % FF-> MDA (Zr-0.8Sn-0.21Fe-
0.1Cr-0.5Nb)2% | NDA (Zr-1.0Sn-0.27Fe-0.16Cr-0.01Ni-0.1Nb)2®  ZIRLO (Zr-1.0Sn-1.0Nb-
0.1Fe)2 D% W et E b EN TEMIN TV D

FEN ’f'ﬁi’% KENZ IV T 1973 412 ECCS MEREFHIi RS 235l E S u7z 289, il ERFIZ
EINETIZH/EONTWEERT — X221 L0, ERMBRAE LD Hobson KT
Rittenhouse 737 - 72 g 210WDFERTH 5, 51X, 927-1315CITRVT Zry-4 #EE & W
7 HEE (L LA L72121T 20-150°C TV > 7 EMgalBR 2170 SRIBRIEE & b= GRERICIER{b
Lo e BAIE) OFB I o ZTERGRER T b N 7B e O - Ml EmB R 450 %
LT, DN DD FERRT — & 21219 4 Z[EF 41, 1204°C (2200°F) LA T O EEHFH Tl
Baker—Just OR{LHE X 29% W THE LML &40 T 17%ECR ## % 5 L fiflt 3% (zero
ductility) &HWrEn7z, —J5, 1204°C (2200°F) %8z 7= iR EEHiPH CI3gs & ek & b &0
ISR TH 7= 2 L b EE DI 2 RIECE DML EDORA Z 723 2 LAk
IR T, 128 K 1200°CE B 2 HIRE TIX L a A PO EIEFEFEEE N AT KT 5720
R OBRICIZ X > THHEE DML LT W2 ERZDOBROMIE 21D THL N E o> TWND,

KENZFBNT 1973 4212 ECCS HERERHMFE ST 235 8 S 7- BRI IE, ShlRs & OV ik |k
b 5 AMICET 2#%mbIThn T\ D, YRR E LT, 7 = FREOEER L ) KX 72
AR FEIF D D FHRBE OB DR HN D DG, T OAFRE DL BT 5 AV
WrTxnwZ &b, U ZTEMGRER & 9 BRI LW AT T b L T g8 8 O - g
MBS R AARILE LTz 2 DO R (fbiEHE) 250 LT 5 SORELHIET L & &
AN

(1) BRBHIAE S foc i L
IREHI R OF 5 O EIE 2200°F (1204°C) #2702 &,
(2) Jﬁsﬂ%ﬂi%ﬁ@wk%tg
WEOEMALEDOHAMITI EDOMEICB O TCHORLATOWEIESD 1T% B2\ 2
&
(8) FARKFEFRAER

3
4

Dw

%43 Sn: 1.20-1.70, Fe: 0.07-0.20, Cr: 0.05-0.15, Ni: 0.03-0.08 (wt%)
ik

B4
54A57 Snt 1.20-1.70, Fe: 0.18-0.24, Cr: 0.07-0.13, Ni: < 0.007 (wt%)
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WHM & 2 WIFKER & DILFERIGIZ L W AE T D KEOREBEDOFFEEN, 7 L) AR
MEFRREHEEE O THBIL LT ERE L TELDLIED 1 %5 B2 RN &,

(4) WAEIATREIZIR
FEATHI R SN D DIIR DO ZAGIL, FLBEEI ST N b DTHDH Z &,

(5) EHImEmM:
ECCS OWHIWEBI S EITAT O H b FLIRENTFA TCE HREITHERNWEETH
D NI S e RAF AR D B O E 2 & 8 L 72 R W HIRICTE V AR & FRE
TEDH T LN R END Z &,

FRROEC@ITHEE DMt EEUETH O | PREHEE OBV [ b D 2 L 37T 1uE
PREHE DR & BT 2 2 &3 <P DT A FTRE R AR A MERF Lise T . ik & 3 0 7= it
xR COARMIZ BT Z D &V BRMDNENHED LN D TH D,

KET RO XD Rfa# A filE Sk, HHRASETIAZIZTEEST 28 THEENED b
Too TAEIZIBWTIE, KENZHB T 25 & FRFENCRREHIBET 2 a3 E D | 1972 FORRW
W J1BRSEKAE R 1R (OECD/NEA) TOMICSIM L T, ImIREZT T BML&IZ
WTHEREEEZFH T HRETELOREEZT- TS 2149, fHEHHIEIKE L ETENLZ28, &R
ETH 1975 4T IHFHmFE S 219036 E S iz, Z OFREFCId. KEREE, OB ERTHERR 2
MERFT 5 2 E A RGET D70, BBE OIEEAMRF T 562 2 HIWE L, £ E TICHE LA
RARGHNCEHI L, 9B R&IRE 1200 CLL T, (b RimpIie i 16% L ) OREERRIE S
i, ML EIZBIT 2 HIFRMEDCKE OSIRME LV 2%K < 7o o TV D E2B ML, FBRORE LE
A BE LSBT —ZITHHMEE LT 10%REDORBEFF-E7izbTh Y 219 F-mE
DAL T DB HEE DR BO RN S, T2 HYUEL < OEBRIERA LI-BLIREN S O
SIEIZHAR, FEHFE TR IS L5 R BRE IR 2R CRm S D 5 B IEE OFEMER T 2N B
LR D AREME AR LIRS R 2102 BB L2 Th 5 210 L ST 5,

1981 4R21E, IHFHMIfE & 2 &GT T 2 1 CTBIfTO ECCS MEREFHmfE & 219236 E Sz, ZDfs
HHUGTICRB W T, FHEHCHEE ICHN D WELE U v VT EMRBRORISIAAETH D 2 &
LOCA FRIZHREBA 1 % 42 U798 O W LI fF 5 KB B & L TR S &
7R EINBRE I, HEE OESOWEE ~OARZ G ®, LOCA FFOBISRE TE LRV L7
SRR OFE RIS & | BRI R SN D HEE ORRIIER R OBLE ) DR M T,
ZOFEF. TIHIE# O EMEIIKEMALLBMIFOATEEZE L TH, RBLERMEEZLHOTH
0. YU, ZORELHERTL008ZYTHD] EOHMNCE ST, T7hbb, AmkWaERRG
FlcHES & TWEE OIEMHER O 72D E D 72 I %X LOCA AW O EE i R FUR D
HWTEEHEL LCTHRYTH D EDHER RSz,

FREROSMBEERBRICS VDT, BROEERESBAZEN LT, Zhazre—Xyrinbl 7
A IVIZE DKRELRFEHK[ TORIRER L ORAKIZL D7 = F Linvoic LOCA SAFICEET 219,
ZORBUCT LY . BRI & R, RO MRS, FE T A =2 & LRI
FEE DN E D5 EMBRA) 2 RET D2 ENTE S 22, ZOREBR T, WEHEE Ol
MO, WO EHR CTOBILDO A7 B3, MR E OKBRILAm RO AR, LOCA K
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KB R ICAE U DB 2 AHERRY THELTWS Z b, ERoEsUiTicB s L
Sz, BEMICIE. BB O BT o o R HEE 2 AW 7o SRkl 28R L 0 | BRI G 4
FRLIEEE 7 = F T 2T LWVAR RSN T S BB OB I3 b7 Siame b &
) 19% A0 TITE Z BN Z EAVRENT 219, Z ORGMKTERERIZ W Tk b 2 98 E D
TR AR 2 FEHE 1T, ) o ZIERERBRIZ X 0 RO DAY O - MatEB 5 R 4k % 5
kD HEND O (ML) 125k LT, BIb L= oS OBUG 7 K O B 1263
DI INCIES L b D (FREEEE) THhoHrEFX 5,
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3. FESFAE LIZmT 72 Blrro it

3.1 BRELOERBEE L & DRE

PERESUIRAKIFE O S ERI A (REBEE L, WK, B A 7 V) 2HBELCE, 20
6. WRBEEEAIE Y T L EIROG IR B AR S AR &U%%ﬁﬁi@@ﬁ#%
AUy "R&HY | REHIROBSE « R, RORREIOEE L HRRN LIRAICHED i TE 2 3,
BUED b w7 T RE O PRIGE S BUHIME I TR BHE & R e S RBEEES T 55 GWd/t & 72> TWvD, B
17D ECCS MEREFHAMHE S A3 i S v 72 24 g oD SRIFE B il FRAFL B & 145 B i A BE S C 40 GWd/t
KiTHY 39, 5B ETORBEOIEMIIRE 2D ER> TS,
ERBEEEALIZAEOVREHBRINIZ 3R 2 22 BIRORE O (k3£ U % (Fig. 3-1), #EEICEZ %
TR, PP IRE R OB RITE 5 B E OB Ly MR OB OER, BEM
Ribw 7 2 & OB X 2R EOHR K KB RIS KFRRINEOH K TH 5, RS,
PRI AL T8 72 ITARTET D03, BERD N o A WEBE DG, IREHES R S A BEEE <
50 GWd/t 25 L ERICHE I BMEIEDOE S A 100 um 2825 Z &R H D 39, HEEOHWE
X, BWR ®#;4 0.70-0.86 mm, PWR ®O4 0.57-0.62 mm TH 5225, 100 um OJE £ 13y
ERED 10%FREN D LIz Z LI T 5, BERICHEWIEELIZKFED H HO—F (<20%) 1T
w%%uwWéﬂ\%ﬂ%ﬁ%ﬁwmﬁﬁﬁ5owavagzé%%ﬁﬁﬁ%ﬂ/wwm4wﬁ
HCI% 800 ppm FRE F TKFBRENMKRT 5 Z ENWEINTND 39, Db A WEEc
AR TXHAKRFEOEITERTIX0.1ppm LV A72< 3000CTHH 60 ppm TH D 36, L7=23-> T,
A BE SR Tl R IR HICIIRI S T2 KRy DK DY, FE -l IR T b
BWEIGOKREN TNV a=y bKFH E U THREE I T 5, KBDITIRE DK TIZHE
VEPEDME T L, SIRAHE CIEMatE 2 7R3 30, 207 lREURY R Tk 2 WINL L 728
B OIEMITK T2 389,

5 RBHME SR EIRBEE L I3 b B RBES BB K472 0 OFHRIERE TH D, 2L v
FHALTIZ L 0 EVRBERE I/ > TOVB BRI H W . IRSTRIZRFEE Td 2 23, REHES R kb
JE 55 GW A/t [ ZFH Y4 3 2 PREHE i i RE RS (FE ) 12 BWR €66 GWd/t, PWR T 61 GWd/t,
ALy Mg EREEEE X BWR T 75 GWd/t, PWR T 71 GWd/t 12725 & i ST 5 32,

_10_
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afEF | Puzs Zr+H,0
L r+n,
— ZrO, + H,
4
T

[ /
gELEY |

L o)—F590 KT ]

‘HIEEE’ WERI
~ tHHEERA
- B | —
DIHOABEEE Frvd UO,RLwhk, MOXRLwk

Fig. 3-1 mABEEALIT LW REMR NI A U 2 BLR K ORI D 251k

LOCA FRIZiE, BREIOIRE EFITHEOER 1K AR D Tt (BEIEDI R & 4R~
FHLEL L IREEHER) UL BE23 35 LWIGEITIEM T 5, 2415 0 LOCA RO BRERZEEN T3 L T,
PREE D BB AL DN RIE T B OWTHEEZ L Y LERH D, Bz X, BEELIEKENT L2
=D LAAEICBIT MR T, BREOBEEE R EBHREOH R A5 32 en@miEanT
W5 3D, KSR O RIFFRCIEDO TR & OVKEWRIN S, EiR KRR R TORIL & ZHUTrED
MEAbIZ RIETHBIZOW T H AL RIS T 20 ER’H 5, BHlOBLETiE, Fig. 3-1 IZAOND
B IR BIGo NS L DIREHRFE OB L 2 B 8 L 7203 B | KBRS OIS ghat i€ 7 L
FRAR BE R, B OB M kI B3 5 Y (1200°C. 15%ECR) % SR NE AR S |2 i
M52 DM EHRTHZENEETH D,

WAIFOEERIHZRER L LD &35 L, BEHIIT X @O MERE & ISR T 5 2 OffER;
WEREND, BEIOREMEICKRE 2P EE 52RO FMERET D ERRTFOOE DM, #
BEODKNEETHD, TOD, BHFEEZERL BB A —T—I1%, EFEHLCEY L e Ag
DR ELE LT, MR Z A - S B/ B8 E RO BRFS A ki 2 D T & 72, 1 21X PWR (C
FBUWTIZ, MDA310 NDA31) ZIRLO 312 L W o 7= A OHKEICHT L 272 h 5720
DNa=y AEEOENNED Hiv, MMM OMROKR FERIRR 2 2 m bS5~ < RIBITHRZ
Bz a4 (M-MDA, J &4, %) OB LITHOI T 31315, ¥iEHhClE M5 (Zr-1.0Nb) 316
<> Optimized-ZIRLO 31D A< A S LTV 5, BT ECCS MREFHGFEEF D TS & i
#iPH) ORI LAUE, BEE OMEIZOWTIZV AT B A IZRE S LTIV WA, Aamsy
MINFaA L RESERLIGEITIL. ZOMRSEENWEE O LOCA Rzl (EiREREE,
WEE AL, 2UNEEREITIRIAS) ICHBE2 RIETHENC OV T LR TILERH 5,

FIfREE T, FOOMAAEEIRZHEFFT 5 2 L 2 BIICHEE OF LWL 2B+ 579
DIEHEPIRENTND, DF Y, WEEOEHORIZERL TS, LirL, BT 5 L510H
PRIBESEIREL LT E NICB T 2Ly oMk, Mk Li=XL > MroBE), i
SUTLE D REHRIN~D XLy N ORHSE S 2 5 FIReENRH 2 319, PR OO RE
ARUy b SREHERN TREITIUTREHEN TOREUCR Y 234 U PCT (282 % KIE+ alRENE

_11_
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Wb, EFlo, AL LTZREIS L Y bR DS E OB 076 it ShiiX, FeEfLE THE
T2 2 L L D HEHM ORI PAZESCIREL OB HIR 272 ENE L D ATREMENR H D, LI -> T,
e, AFFEDZ < BHEEE OFINE S Z Y TTE2, 4 H TIHREL v FZE)D LOCA IR
DOREEMIZKFETHEIZOWTHET HLERELTND,

3.2 JRBHE DRI S B)

— R DOEEEWIE I L 0 IR FIFENRERNOENNKE KT LA, BEHEONED S
& ERBZENBVEDS, -, BEDO EFICL > THEEORENME T T 2720, BREHEN
AL, MZES D ATRENENN B 5, REMEDORIAIC X 0 I HIMR IS ERE 2N D L. 00 mEIVEAME
T DAREMER O TR SN, 207, 1970 05 80 FFARICF 23N E K OWRKIZ I T
BRI [ OVBEBRIREHE & 18 2 F ) C LOCA W ORREME D REAUIE SIS E) B OV 6 i F 0 i
& ZNUC X DWMAEAWEDIR T ASFEM S 7z 31920, Fig. 3-2 (T FIHE © 920 L 7= R EHE &
ROZEROFERO—F & LT, BAVKEL U TSR EHE A (R K OYR BB DML A2 7R 328),
T D OBFZEIC KAUT, MR IIRTRIC AR S o Th 90%RETH D Z & KD 25 90%
WCE LSBT LIInHEHISND Z &, BEOREIT/ NI WD LERHERINATWD, FilT,
{LE ARG - - 12 2mrgeit (IRSN) 1. RZALAN il 7 1Al & < 72 o 7 G AT ITm EIE O K
TRRELARD L, ZHCRIETEREELORENRHTH D Z L2 MELTND 32953
—RIIZITBEICB VT HRE EOFE L 1ITR# S L Tunan,

D3 = AE SRR OMZER OB HRE ORI E &\ o o BT, R A ERT OB EHE
DN, HFERE OB D FIRE S AN RT T D, — B OBREHRINIE K OV IR T,
WEEOWNE WEEEEOHEK) ITERFOREIKFL, Yrva=y A0/ MEER o/
(a+B) FHEEFITEESC B AHFEI O RIR A CHaRH R 2\, BREHED NE % i < T AUIRIE24R B 1
KT L, RV O FIR L 2 8K ST AUSEENE 1T ER9 2 320, I & OMEZHUC BE 3 2 f#hT
ET L FB03DE, T D KD ARRBHRINIE, FREEE B IR URZGR I ISR 5 R T —
HIEIL L TR STV DA, < OFERT — X IIRBRHEEE 2 AV -LOTH D, K,
FRbIC K BB WD oK FERIUT K 2 HEZEREIR S DAk A g & & kSR FE o BILRIC &IE
THALREINTEY 38280 @B LAV ZIEENC RIETHBIZ DN T L B a—%(T
WML BTl FIE~DEBICHOWTHHT 5 Z L b EHETH 5,

BEICIR 7= L 512, mBRBEERENCIL, #EBE ORI, MR L7z~ v h ARk
HT AR E) L OB ICERRE L7720 . BN SN2 0 3D AR & 5, B E
EANLEA~D N Ly MEFEIZ X DB R &IRE DO ERSOBREREN~D Ly M EOFM 21T
I TeOITIE, PBE OAVKEEE 2 LV REEE < THT 2720 0MAEZBET 5 LERH D,

_12_
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Wil

1 Owun

Fig. 3-2 BV U I RBHEE & 1 S UMRBHERRE D418 3-28)

3.3 HAEE &R

LOCA K DBRBHEARMERF IS O b AR & L TS0 2 &6, iR IS
BT BT OMLFE) &K O L ICBT 2 MAITEZE CH L, VLl a A OLEEIZ O
TIE 1980 % LT IA < HFFE S 4L, 1000-1200°C DEFHIZ DWW T EREMED @SN T — Z B35
Ao ROSHEEXA KD 5TV 5 (Fig. 3-3) 33539, Cathcart—Powel & OV & DT — % Mt
EEMERE W E S TWD, —F, Baker—Just I /o =0 A0S E FTHONZERT
— X I, KIRANCNIFEZ TR O NIEERXTH O . HERFREO P TR b K& bR 5
2%, TTILHRA X 512, BATO ECCS YEREFHFESHIHE ST 5 5% (PCT 1200°C,
{b&8 156%ECR) (X, RIESF DT v A GFBE 53 2 ERFERICES E @D b/ b EE L
BECEBRLTEY ., BLEITHRDERE (15%ECR) 1[Z2oWTiE Baker—Just &2 HWTEHE L
TZETH D, MO EG A Z 63 28413, Baker—Just 223 < FUEE (15%ECR)
PAHETHDXLENRD D, BlziE. Baker—Just X THE D 15%ECR IZAHY T 5k &%
Cathcart—Powel X CatHE 34X, 1000°CIZHB T 13.4%ECR, 1100°CIZBW T 12.4%ECR,
1200CIZEB VT 11.5%ECR & 72 %, Baker—Just 2>\ Tid, ZOMOKITLL R TR E Z2ERL
BEHE2 52006, FEEOBCRIGIIR L THRFEZA LTS EEDDD, miRAKARR
HZE T 2 ek RS G0 MR BE S OB B/ OB LR IC B 2 A L b T AF S S LT X
TWBZ EnD, LOCA fHTIZB W T Baker—Just XA AT 5 Z & OBFEREBMEIZOWT,
HEMRTINERND D,

,13,
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Fig. 3-3 PV v A 7K RAY SRS FE E L D FE A A7k

1B EERRE & LOCA FRIZIEE S AT VT by va=u L (ZrO2) THDHHN,
Z ORI IO ARG (RE R OFRHR) OEWICEF L TR S, B IERRFORIC
PO BB E SR~ ORRBILHU I EE SR EE IR b, B E N OMFEIRE X LOCA &
PRIZHATIRWDIZK L, LOCA R0 SRz KR IR b Tl R bR AL & & b IC Rk
DERIBTHMBIREDN LHT 5, EE OBLIZRR NS OBFROIHIIKEL EN TN 729,
AR T S AV 7o i bR, @i KZE P bIC kT L CIREDIR A BT H LB B
D, Fio. BHEROILHRE B ~OEME BRI > TRIN SN2 AKRIC LV ZBEZT 5]
BEMEDN D D, ERBEE(L 21T U & 2K O BRI RIET B 726, -G R & %
W UMt Atk 2 ) b S B - B ASREHEE OB D SN TE 28, @ EERE O & &
OUKFBWIL DO L G C, WEE TN b fix DS E A LOCA B L2382 KT 9 2
AT 5 Z E N EETH D,

LOCA DL EFHHIZIBW T, BRICK Y TOWEE R S TW BRI A V)T
BETDIDICONVTIFLLTD 2 50F 25038 505, TS ENZIB O TEIBAREIZRD BT,
—D%, L LOCA RO b & 2 G5 LTI (BERR) OfBEE AIRICK T 2 bEI & 2 7F
M 2HETHY, b —2iF, BRETE-WEESBTES 241 L LT LOCA Bt
FIEZTHET 2 HIETH D, BCKIZBWTIATE OB X HFRZVA, G- LOCA RO L& Ot
iR bt OB E LI RIETHEZ R L ECHEMICEI SN _RE LD TH D,

IRZRSR DR JED % A 2 SR CHBE AR DAL SN D5 E 1T, BIbicthn A LT
IKBITHEE RN SIS WZ ERMBNTWD, —Fh, BRREZBICH O LN LI KER
Ik D PEENE AR SN D BAIT, A LI KB NREHENERICHR T 5 720, BB ESES
M DK, KB AT LTz, ST 2 K BRI A A L 5, BRI, BERBA N
VLTI S NIENCER LIRS STV D Z & M OVKFRR D ED B 72 12 K ORI

_14_
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20 O6L<, AN HH 10 mm BN ALE THREE O RPTAI 22 K BRI AA U Z AU HE D
fafb S e = % 33940, Z > TWNEERL) BlEUE, 1981 FEDFRERE L OIS HE L S, B
BT HRBRIINTH S R WEE 2 AN b D TH D, mRBERE £ TREZ I L7854, 2
Ly hEWEEORmE (ReT v 7)) BET, ZBLY 7 v OMFEILHIC L #EE N Ok
LTI D D . Z D XD B ENImOREZ(IT LOCA FFO Wb & OV 2L 9 7K
WIS 5 ATREME R & 5,

34 TVLATT AR

U a =y AESWEE DNKEKFERR P ICB WO CRE ORE TR E VRIS D &
FAALEE R BT R T DT LA 77 U = A BRALSEE 2 2 341249, 2L F) a A 22V TiE 1000°C
IZRBWTHI 8600 s RICT LA 7T 0 = A BLBEAT 523, 1050 & 5\ % 950°CIZH Tl
Z0iz< v (Fig. 3-4) 343, 500-800°CIZBWTHL T LA 7T 7 =ABRLNEZ 5725, 1000°CIZ
HARTREWRFEREEZ IS L, BIAARE & B OZ (b EITREIC K-> THix Th 5, i
REETIEMEAE (ZrO2) 134 1000°C CHEANE A B IE T IR 5, Tl TIZIn L 0Ky
RS CHIZRNEZ 5, £72, BTSRRI TEEMEL . B E &8 o Rmifs ik
AL IIEREIS DDA T, 2O L > THHERIBENELT S, 7vA 27T v oAb
X2 DX D REBILEOARLZERMRIEIZESS D EEZ XL, BILEOAREITHATHY %
OWIEIZIZZ S O FGIAY 7 v 7 BR6NE, 0B, TvA 7T 7 xA ORELMEZ, HEED
BAMER, RERESIZHIRGET 2 2 ERMBRTWS 342, BlfTo ECCS MEEFHEfEEHZ B
Tk, REHREE OB LR O FHNIC Baker—Just X3392 EHT2 2 L 2RO TWER, T LA
7T U A BERFAE LA Baker—Just UIRSFHEEZ K S, S DI, 7427 7 U = A B
PRV BEE PSSR E O KRERRIN S Uik 2 34249, DL a=g AERIZEBWTT LA 7T
U = A LA Z HIRE — R SR, BEAFOKIF T LOCA RRIC PR S L2 ®iA IS X220
28 34546 FELOBEMIC XV BIHIEEESO I OV TIEERS BET T 2 0 E R & 5,
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105 T L] i I I I

1&%

Weight gain ( g/m’)

10°

10'1 1 L 1 L 1 L
10° 10" 10° 10° 10* 10° 10° 10
Oxidation time (s)

Fig. 3-4 7731573 K DIRLE TlR{L L 72K 2 X Zry-4 #F%E o B EHI NN 0O IR B I A7 3-49)

3.5 WA Welk K UMK R 5

LOCA RO #EE Mafbix, FARNNZ miRAKZA K TORGIZHE 5 & B IH~DEER LT & BRI
DK (BREHORERD) IZX-oTRI S5, UL, BICHRA X5 ISERBEEREHEEE O
ERER LR BN I RO KRR DR A S CRIBREEE O O L IXR R b AEERH L, L
=Moo T, BEBICERBCZZ T - WEE IOV, BAEMBIEDOR Y b & o -l &
EWEE AL OMBCET 2 ANKETH D, £-. EiRERL & AKBRINNEE LTEGA .
(CERLIREE 1000°CLL b, /KSEIREE 500 ppm LA CIIHEEIE OMEE OMALNE L2 &5
ALTND 340, SE|Zak 72 & 512, LOCA FRRZHFEE MR U 7255 IR PTEIC @i B D KSR
WO 2SS 2 5, & TR BEREAITE 5 I A B O HKIC & 0 Y h ok i B 3 RIS s <
o TnDHTed, B LK OKRBERIUTER L 7= 88 OM I IR ROER Z2H 2 WER S 5,
Al > ECCS MEREFHMFE £ Rk L II%, LOCA S/t 245t L 7= ZUA TR BR O fE R3S B (2
ST, AR L RRE O B RERE T SR IR O BFATT & OB THE#H 0  FHICBI 3~ 2 i, Rk
SR % 5 o R BE AL D 5B % R RR O A IR 2 6 > CRMI 5 Z L 3% Y Th D, H£H
TRIRR TITHE M OMHENR L) —TIER <, HBEE -7V v F (AX—%—) B TOEEELIEE
FAUE, RSB K & AR EHE T4 U 2 QWFEOUUFEA 7 U v K—27U » R CTHR S
NAHAREME & 5, FEEHLE LANZAT O 72 AW IEERER s4)cB\W T ha BB LT, an
RIS O & 52 R T 2560 GERMI S Titbiviz, LaL, #EE L7 Y v
RPRERIZEAET D&, T72bb, $EE LY v NEOBBERENERKTH S LRKET D
SERM RSB E RS AR TH D LB BN D, MRS EMmIEOWEE O
RREZRETDRERKRTFOOLEOTHDLZ 0D, EBROWEE — 27V v REICHN» D EERS
(ZHD < IR 22 H) SR T D BB WTRRER O R 2 -V T IR OB 72 B 8 & £ DRI
DNTOFMI 21T H RETH D,
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3.6 BREES Ly MEA L, 7 R Eh & OYREHES A~ D fi

1970 =05 80 AR 2T TIT AT BB IREL 2 AW = HCk TOHF N LOCA 3
BRC_ Ly R, EE SNSRI EOX Ly RO S E o BE), EETHZ L
MBER ST 324254850 LvL, XLy FOFRFUITHE TIEe <, K& 21w MY
BN LHERET 5 2 L1 X B PCT @ _EF1E LOCA it ORSFIEIN S R LN E R D TH S
Z e B 3D ARGl A~DA X7 MINE W E ORI e S, vkt L, {AE IRSN X
2001 12, WBRBEEALICHE S TNy ER X DLW ICEINSCT < 72 0 g NLE IS
o5V y NOFRERNELS 725720 PCT BNEEEIC LRI 2 EENH D 2 & 2 Lz 352,
INEHEIC, WhICBE) LI ES Ly A OREICET HBLREE 5T

OECD /7 VIRFHAFHENZ IV TIE, @RBEEE R D LOCA W2ZEEh 2 kt4 2 N E oo B
AT C, 2003 4E X0 BREFEBRE 2 AV 7205 N LOCA R BR 2 Blsh L7z 359, #RBRo> 4 4] H I,
A ~DX Ly N OBITEEN Z R PCT M L~DO B Z M 5 2 &\ KOWHELIZ
IKFEWINEFIRD Z L TH oIz, N T VIFERNTIL, 7 r—4 7 VLD LOCA 5t % 14
D 1o OB & B9 D R 2 B L 7o b — & — IS X DINBVE A A e, REHEHIR T O
B2 EfiT 5 Z L3 TE, 2005-2014 FEOHIFIC 12 [MIOFER (RBEELFIPH 44-92 GWd/t) 23
IThiLTz, FFIZ, 2006 FFEITATOIVTZIEF I @ VRBEE OBREL (91.5 GWA/t) Z AV 723kl (IFA-
650.4) T, TEROHRBRTITRA O > TCRREITRE L v F 23Kk (fragmentation) L,
BBE ONEICBEIT 5 (relocation) & & 61T, XL NS OB 0o S
% (dispersal) #ETF28ROSMT-, Fig. 3-5 (27 VR4 FHENIZ 35\ T FHE S 72479 LOCA
RBROFERO—HI & LT, BRBRRHTHIAE LIRS L NSRBI S DRIV RS L 7o kR
TR 35455 LT U EARRFENIC BV T, S0 BRI DR E T HELEE LT, LLED
FFRD (Fuel Fragmentation, Relocation and Dispersal) Bl X J1 = X AR A SR E
DT DITHRBR kR L=, 05 ORBROFEFRIL, 60 GWd/t £ TOMRBERE 24§ 2 BEHCITiEE
7o XLy FOMAIGIZAE TN & 72 GWA/t DL ETIIBRBEEE 1247 LR E2S & 0 BRI
5l WONTHAGITRBEE 720 TR < B E O ORE BEFICLs XLy M
WO AP OBREHE I BRE, ROV LF L5 BRZIER DIy > TOH AR S B85
JHZ L BRI LT 356),

KEFEFIHHZEES (NRC) 1X. LOCA RO @B E eIz B3 2 Ao fLE LI 7o Al
7 —% % RIL-0801337 & LT L7223, ZOH T, MfbEMEOUGTITIXEHERE L 00
LOCA B DREREEN D 5 BB L » @ FFRD 3 REHTH 5 2 & E1-FLMHMHD - D
TROMEM IR L CT0D, ZNnE%ZiF T NRC IZA TV =—TFT VDAX AL v 7 I EFE L TE
RBEFEREL 256G & L= v R 7R To LOCA 3B (1 FE IC 510 D 2un kst Bric s b
?) ZFEhi L, FFRD (BT 2MAZEBG L T\ 5D 359, kAL NN ~DOBEICHERE &
WHLETH ST, BRTHIICE T D284 REERB IV /NS BRE~DA X7 MM E
WE R SN TE N, BERBEEEEHI R 5 /LT R T ORBRIC X 0 HI BRI TV VRBERE
THEE RN L » oM L AR SN2 & £ 124 B OREnOEA % BIE X 725
A2 FFRD O RN TE /202 £, NRC X FFRD (Z2W T3 S FH2E UBLHI~o e
ERETAZEE LTS,
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JRF RS . IR BT O ZFEFHE L LT, FFRD 251> LOCA gD Ly M2 2 3~
2R % BT L YEfF A D TN 5 359,

INVT FR AL Ay 7 TORBRIZENTIE, by A3 fA L~V Yy FFoHEY &
DMEEBH 1 2> BIREHRSMC U Shvlc, MO TEEDO Ly N DMREHED b i S VR FTHIC
HERE UL, AR OPAZE, BEL OB HIARRENE Z 2t H 5, T ETORBID
FFRD (3RO RBERE 2 A4 286 (H2WIEZD—5) TRV LT\ &, WNCHE

BIZL DLy MK O T OBREHH BB OB LZZ T L REENRS S 2 &, BfEfIh
TW%, FFRD DNEEIORERVEIF L OB ANES OB R CREVEICRIETHEL M T b b
(2. FFRD 2 %AT 25 502 M L CTREI~O KM A &4 EOEEEZ U 2 L ERN H
Zals

8 L 9

donbad bbbl

6

uu||||1h

1T

() PREEOREMONE (@) PEHREEORRMOHND
AL TR Ly RO B AR
Fig. 3-5 LOCA BRI IZH AL L 72 E< 1 RS
PRI ORGSR L7 7 55159

3.7 LOCA # O &EHIF O HE

KT L2 Lo AN 23 A1 UREREEE 2ME T LT LOCA 2R L2 12i%, PWR ORIZ %
HEERY 7 BWR OV 7L v g o F = 0 =N EM 2 W FERT— NIk v &
WHEINT OIS, BAT D ECCS HERERHlESHZ 55\ Tid, LOCA B OB O BHIMEIEIZEI L T,
RELOTROBL 2 EE L T, BERAORENEHMICOZ > TITbND Z ENARETH D
L) T OEERD D, TOMMITENTL, T OFEMER [T U b e 72 E ERRRE A 2K
T2HDOTEARV &L 360 BRAEMAIE LTRD 2 DORNENRRINTND,

(@) TREIOROEAZZE L T L OFERIT, JFLAVEAK L TWD, Idkel
HIFLDOHNVEEDOR IR REAK L, TSSO OMA G +4 Th 5 & 5 72IREE
DHEFFCX B Z L apidilid sz & e,

b) FLrbEKE— U 7 ICEDETOROBEIORKEN, +072 S EmME XIS
J OIS & HERED R & Lho THER SN TE Y . 2o, ZOWRENE Y 72 71k % %7
FUZLLeRERNC 7o o THERF LIS 2 Z LR & v, AKEHED TEHMIZh-> T
DIFLREIDNFTRETH D & Rie T,

_18_



JAEA-Review 2020-076

ERi(a) X, #AEE M bICBE T 2 A () L ON2) (PCT : 1200°C, Bk : 15%ECR) Mg S
N TWHLE LOCA Kf721F T/ < LOCA % DR M LM AT & 57 L O m H rI BRI IRAER 12 A 2D
ThHDEVIHHRICESC D TH D, L, BREIRASHE S — BT F i
BOTITHEEEZFIER I LEABRICOEES ORKENR 72, Nz EETHIE, LOCA #
DIFNZXT LHUBE SRR T 2803 Nb 5 Z L2 BET XX THH 361, L7=23-> 7T, LOCA
BOFLORMIGHINEZ L 0 HEEICHEET D 7-02iE, HESIC X 0 BEHSER 5 A & iHh
T5E L L HIZ, LOCA BRTHE UIRERCIF LMEE S D ARIC L 0 I ETRTRE IR & 2K 5 5
HEH LM LT, B RAE LOESZRHT 2 0ERS 5, Fio, EHF LG A I,
PRIBM SRR T 282 RIRORY (T 7 V) 12X WAL O PAZEDIF DM AR OEER
BIZEVIFLHAMENMET UBEHEEN EAT5 2 blESND, 2O X5 RIBREZLIZL -
THREMEDOFHEN BB EIFIC KR E S BE LN L 2§ 5 720 O R EEORGF b MET
HAbI,
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4. BUTHREHIER ICE O T Rm A

4.1 HEE IR

Baker—Just R 4V IBEFAFSE T D 7o LR E M RO TR b RE b &% 52 5,
Baker MO Just 13, 7J<‘:F' C%b\fr_%é 114 2F (26.4mm) D)L =17 Lz 2|2 I@mE N
L (0.3ms CTHEGREICEE) , ERPICHIE LZIRE, [EH, ROUKFRAER, WO FEREIC
HIE U7 b s & T ?ﬁﬁﬂtféﬁ % il > THENTHOIC @S (1852°C) TORMLEE EH A2 E L.
ZAVE TG H AL T2 1000-1300°C TOSCHRE 429 & ff 8 CRERFEMEZ KD D 2 & TRIAE
HH LT,

Va=y AOEEY) (ZrO2) IXEE E5-& & H12,80 1000°C THAN G H EH I 4 15680°C
TIEFEMNOIN AR L, T 5 OIREICE W CTREGHC LR E ER N KT 5, Ly
- C, FFO X 5 7@l S0 (L7 e E ) O 7 — & 2 AKIRANZ N9 5 7151 K 1000-1580°C
DIEFFIREEIZOW TR RFH L 705, —7F. LRROEHAIEZ LY Baker—Just Tl
B FNX =R R R E T2, BT & & IS X235, 1000°C & 0K
VNIRRT d 1 D R bs e OB BN B9~ 27861123 70 < 44D X H D E IR &
WS, R IREREORFSERE B (Fig. 4-1) 1% 800°C & 0 (KU R T Baker—Just 23L& 2 i/)
FHlT 5 Z & AR LTV D 47D, 7235, 1000°CLL FIZi W TIEE L oEITIX gAY < | Bi5ERY
REED—2L LT 800°CT900s (154)) Mgt nsd LRETHIX, WE 0.54mm O LT
2 AIZHB1F % Baker—Just & W7o b & OFEEILE % 3%ECR Th 5, L7a->T, PCT
23 1000C &V +4312M < . Baker—Just A CREAM S 4 2 Bk B3 FEEIE I B+ 20 IR WG A1
EREOIERTIEITZ B EOBRE TR,

Temperature (K)
1 04 14001200 1000 800 600
10+ O Presentstudy | |
® Westerman

10 Kw=1.08x10"exp(-380/RT)
; (1173-1253K)
10 .
Kw=6.93x10°exp(-177/RT)
10° L /(713-1123K)

10" F
10% F
10°

Cubic rate constant, Kw ((g/m’)’/s)

10‘4.|.|.|.|.|
8 10 12 14 16

Reciprocal temperature ( x10°/K)
Fig. 4-1 2V v A -KFEQERAL SO 3 TE R DU E (KA 47
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PRt U2 < BRI b e ER T E R OB L EDOWE HFIEZ OV THERT20ERH D,
Baker & O Just OWFFE CTIIHLBER R & 6 > THEATAVIC IR L EE 25l L TV D DICkF LT, %<
DOIFFE ISR IR 1% O B B NINCR LIRE X125 -S & B L B &% O OIRER(FIE 2 R C
Wb, F7z, Baker XN Just OEBRTIHEEICL VAR ICEEZ EFREIETWH 720, BB+
I CIIMBNE L 2> & Bl W SRR TOMEA IG5, —H . 2 < O TIIKREK AT L7z
BREECREBR A ZMET 5720, FIRPITHR 2 I R L, SRR LR I T e Rk O HE
Pré 7o 0 Il E S i)/ N S 7R D RTREMEDS B B, BRFE 2\ ER LR BE D R A % 3 7 7= 151 3
W< Db D 489, ZNHDOFERTIL, BERBMEEIEL THLKAR[ZEAL, Bizkd
HEZEZH > TV, Cathcart XU Powel H O FEBRFER L W K& <, Baker XU Just DFEExR
FE R W LR ER D E O TND, DFED | RE LA & & bIThRA TR ET T 256
IZH | RIS TOm AN ELR T & 2 HARR) 2 R4 Tld Baker—Just 2y kv 22470
FOSHEERZ 522 B2 bivd, —7, FEF TR 2 2 AR RIRE 2 A2 & 2 U,
Hx ICIREZE B 5 EBRTE 57 Cathcart—Powel D& 4101073 L 0 BRI #HE A 5 2 5
EEZ DL, BEIZBWTHZOEFEMETE V.

PLEIZaR <72 & 912, Baker—Just 2/ Cathcart—Powel O O EEIFHFTE Tt O V7= BR L E
FHBR O TR b RE RBLEEZ 5 2 D HEKNIW O0E 255, #x O E LRI 1T
ENENBRRDLEM T TOBILIZONWTOREZR L TWDLAREMERH Y | ZOEREIE L2
ETEUNCLZEEC AN D RETH D, 2B, T TR L 5T, 15%ECR I, #EE
Db d % 5% Baker—Just &> TRl L7 D ThH 5725, Cathcart—Powel Z4% % 5
Sac it 9 oM b it 15%ECR L1372 2,

ERBEREALAZ PR O A R DR L K BRI 23 e b3 | 2 R 3 5 8 % S 3~ 2 SRR 03 i+ 4%
HIZB W ORRIICAT DI TN D 412019, RIS 2 AW 2R OER CTldd 523,

- B o) UDHEE R IR T IFERIRE S TR S LB EEE (8RR L) X,
LOCA & FCo s bic st LTz R 2 £, Ml RITIRE D 15 & R L]
DRI MER T 5 (Fig. 4-2),

- KBRS EREA IS AT TR BE, KRR, M LIRE R O LA kT 5
3, HLFER IR KEIREE L B LR OFE (800 ppm LA T, 1800s LAF) TOREIL &~
S5%FEECTH D (Fig. 4-3),

EWVDHIENEF LN TWD 419, [ENTIT O REEER 85 GWA/t £ TCORRASHEY + 5
TomRBEEEREMIR A 2 A WO T R L BRBRPHE AL CT T o AL T2 R IR B o IR S IR P %
W3 BRICRB W TG | AR R NS 2 O 3R 2 41T D55 DAL TUN D 413-20),
THHDOFT—HZIT X HUE, 900-1200°C DRI I 1T D R BE EERREHI A O Wb B 13 R e 5
PBEE L RE & DHWVIT0E (Fig. 4-4420)  BIERER (Fig. 4-5419) (VX Gl EERST:
TOFWNBRIZE D A U EBIXEERBRICICR U TRl R 2R e B2 o b0, 1iE A
F ORI O & & I REBALBICAE Um s 7 v 7 (0@ D B @R EEE AN A 0 S 50 5 23Kk
THEEZEZLND,
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30""|""|""l""|"
1473K — O -As-received

—@— Pre-oxidized

Weight gain (mg/cm’)
=
o,

0 1000 2000 3000 4000
Oxidation time ( s )

Fig. 4-2 KA X Zry-4 #788 O RN & e ORI 412

16II[III[ITIIIIIIIIIIIIIII
I — e -1600ppm 1373K
[ --=--800ppm
14 ¢
|l --©--400ppm
= ¥--- 200ppm
1323K
1273K

Weight Gain ( mg/cm? )

]IlI|IlJ|||IIJIlI|III|IIIlIIIl

.__]__.____-.snk
L1 1 1 Illllllllllllllllll

0 500 1000 1500 2000 2500
Oxidation Time (s)

Fig. 4-3 KFERNMEA X Zry-4 #5855 O BEEHEIN & B LRER] 0 B4R 412)
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Temperature (K)
1473 1373 1273 1173

Baker-Just eq.

-
o
[\S)

Unirrad. low-tin ZIRLO

Unirrad. Zircaloy-4
(Nagase et al.)

-
=X
[9]
-1
=
8
a
g
H
2

Parabolic rate constant, K,, (g°m™s™")

Unlrtad.i\ols . Y’k‘
& “““
0 ¥ 3 k
10" £ Irradiated 5
M-MDA
Low-tin ZIRLO
- M5
i Zircaloy-2 (LK3)
10 ¢ E

1 1 1 1 L
6.5 7.0 7.5 8.0 8.5
Reciprocal temperature ( x 10K ")

Fig. 4-4 2V v A -KFRQERALSOSH E E B DR E AR A 420

(a) ZIR8: 1323 K, 600s (b) ZIR12: 1473 K, 600s
) corrosion
- s/~ R\ corrosion layer
» S 5 Iayer y AU AL R AR B ¢ i HT
R HT - oxide
oxide metallic e ' _
layer metallic
layer

Fig. 4-5 mBABERE ZIRLO # 78 O Wi A FH m {5 419

AR R RENEERIL, B & 1020 mm FRED Y o 7REER T & VT, FRSEA TRk
B ATV, HEZEESCILIFEE S 0 B LEE 27T 2 b O TH D, %%wbwrﬁéﬁtﬁ
BRI OWT B[RO FIEZ B D 23, BREFAYFN T LOCA SFICIE S L2 GE 121, miiia by
EATT DRNTREMEDIEIL., T72bbEEOHRKNEL D, ZHUTfEn, %%£®W%ﬁ@ﬁﬁ
FRALIEZ ITAR D e BV A U D 2 & MRS EEZ -l D 2 G iR IC B W TRl S Tn b

(Fig. 4-6) 420, ERD X H 12, BRERBICEIZACTZZ 7 v 7 M OIXEEBIEAE S HETT 5
:&m%\@nt%ﬂ:%wfi%ﬁ%mﬁ_iééﬁﬁm@Mﬂ@%m%i@%ﬁ@%@w&
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EZZ TRV, LER- T, @RBEERENIIB VT HZRFHEIC BT, EambEIC L2 &iE
B mE S R A2 Z B U2 L N2 e LR THh D,

oD Corrosion layer

HT oxide

Fig. 4-6 SRBEEE ZIRLO HE  Srm i i sk R 14 I i 4 A e 42 4-21)

JE -4 e S Z B DO A B 5\ 3 LOCA B i B bic X v | B R SR
MR SN D & & BICEBI~DOMBILESE Z 5, EERROIRE LM TIEeR T ~DrEFE Dk
BRERRE I < . IEBEEREN COMBIRE L HE W m < v, —J7, LOCA FFOEIR T, BEHRIX
WEERARE R E T L, @BHOEAMARE L &<, BT bO—RE D, EHiRHIZ
A U7 B RRREIE S LOCA BRI RMAGTRIC /2 5, FREFEIREIE R 2 RIEET AP CmgE L
T2 RERIZIBWN T, SMNEE IR LI & R R AL EL LRI S i a-Zr(O) @ A3 K ifiifr < (STERL
S TBE DIEVEAME T L7z Z & R3S ST D 422 (AER 7 /7 - (R =1L ¥ —JT (CEA)
@ Brachet & (% F % 350°C TEA{L SH72#£12 1200°C TOEIRBRLABR 21T\, T OB O
b2, ERTORLIZBW T, PRI X 23HI RN R onizss, Mo L CidE
MELNIeNoT-Z EZ2HEL TS 429, ERER LIS X 2 BEIEBSMmE S s/ b . 9
LI DREFIEHUC L 0 BBREKIC a-Zr(O)E AR LIS DMK TR ET 720 Th 5,
ZORER S LOCA RO E it OBLA TR REIRLIEE O SRR L IHl R 2 BB L v &8
LM LY ThDHZ EERLTND,

WEEGSTE T CORNMEMEkEL B E LTHE - B ST EEEAsen b, T
TIZPWR AT v 7 2 EHTE A ST D MDA, NDA, K (Y ZIRLO ([22W Tk, £ DEA
BRI, EIRELEE R N I a A IR TREL T TH S Z L AR I TV D 424260, PWR |2
SNTIE, &SI AMEZ &S 7= M-MDA ° M5 (Zr-1.0Nb) % %42, ERNSMII W TR RE
K VRS A el 2 D CERAL R EE 235l S 4, U e A IR TRZEUL T THL W) T —H
DR STV D 4151820 ESO#EE S4I1TW T ivd Nb BRI Tl 0 . —eIci3 1A
SEHRIR DR TS b & 6h . 1000°CLL FOIREETIT DL 1 A K 0 BRLERE DMK (Fig. 4-4) 4141820
[FIRZRE DIRBERE T~ BWR IZHIT DE R REIL PWR IZHATNS L R GRS OH
ADFERRANZITAT DI T TR0 o 7208, BRL BT R 2 K BRI R AN i BRIE S I CHA R 3 5 1)
MEOND 4202 b dH Y W ERF OERICIE S KBWINEALIKD 72 DT Zry-2 [T~ TER
DREZEEOT-PWEESGEVRABINTND 429, b O TH ERIRLEE T VB v A
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LIRIETH D . 15%ECR U L O I W Tid Baker—Just a2 f# - 7L &5 E % TH
50

4.2 TVvA 7T U =AW

JE A IR SR 12 3 T R IRS S OVRGT 5 e 2 F L 72 LBk 2 MDA, ZIRLO, M5 & (Y M-
MDA #78E 12%F L CTIT o 7248, % 1000°C, 3600 s RO TT LA 7 7 7 = A B BIER S
TN Eng 413-1518200 FHANZZHFHIZB W T, TN DEE&EFE > T EE Om 7 L A
I T U= ABEMERIZO VI e A LRIFED EEEEZ NS, v T TR SN E110 O&54
#E% (Zr-1.0Nb) (X M5 L[A U CTdh DA, 850-1100°CIZH3\ T, HlayE Ve (1000°C T 1500
sUUT) TTUAI T U2 ABERITZENRESINTND 41929 Fo RmIEEAHT7-
WHEETT LA 7T 7oA BN I VLT VI E B MESN TS 429, £ 1000°C TR Z 57
LA 7T oAb, BLEOMERE (DALZENE) ZHRETLIHDOEZEXLNTEY, L
To S o THEE OB HEE (R RmIRE) OFBELZZIIT N EEX LT
% 41629, UAHEAIZONT S, WRLUIEEE IOV TIMEAR S TT LA 7 T U= A
FRb3E 2 0 o9y (1000°CITFNT 1500 s FREE) 2 &3 S Tund 430, Z O JRKRIZH &
TRV, BREEIC T LA 7 T 0 = A 2 2 U0 SRR 0 o g E Nl T 4L

BHOREWBLIEN AU D2 0bp 2 NEBIEABIE SN TE Y | BEWBREIEOTEAIC L 0 B s W
H OIS HEIFICEENET, THRICE > TT LA 7T U oA BN Z 003 < 7o 72 ATREMER
»H5D,

TVUA T T T oA BIEOBIRIC LY, BIEEEOHAL L HICEEBEOKERNL 5, 20
IRFERIU K0 BB E DMk 2 2 &b KETRE S 7z ECCS HagiHliHE# O SETRIC
WL, FHRFICHEE SN AIRE —RRIRETT LA 7 7 U oA LRI e k%r?i
FIRDTND 430, EREICBWTHRAEFEA SN T DHWIEEANRAEN D VLA &
OEBRABETT VAT 7oA BBEHE Z HIRE — RIS, BEfF ORKIFRR G O #ubH ¢ 748
S5 LOCA FEDIRE — &t & K& < o T 5, T742bb, KB ESLRmMN T
DEENRRTNIE, T A7 T 7 =ABLITEZS2nEEZ bR, — 5T, S%EEENS
LW a=y AEEWEBE DD VIXZDMOAEEWBEE I CHEATE2L0LT50ThHIIL,
REUGTEICBW TR T LA 7 T U = A REEOBEICHK L CTHEEROSHIGEEIT 9 LEN D D,

4.3 WAEE ML
umAﬁmﬁﬁﬁmﬁmm%%ﬁﬁmﬂmxwf%%K%m@m%%%@kLf%mf%5®
#@b% ERBEEEAITPE 5 JE A B K BRI B OB K, iAW E DD Thh TV
%EZE£ DELPYIBE Ok 8 EOREREL RIETONEZHONCT H20E S D,
*lf@ﬁmmsi%ﬁﬁhﬂﬁmuh RCKIZEBWTIT Y v 7 B & VT LOCA BRI Hk
BEDPKALCE D RSN TE 72, —F ., BOE (RORGTICEB W TUIAE) I2B8WTix
LOCA Fefth % 15 U 7B 21T\ VR I I B DTS B 5 6 F % & > T LOCA e JiRAH:
et (BEE 0% LOMERIC X 2 8K NI Y) & g8 L C X 72, OECD/NEA 23Efk L 72 LOCA
RFO YA (R M & S5 5 72 0 OFRBREANIZ BI 3 2 HiAir i 7E (TOP) 43212 b FE T\ D K

_25_



JAEA-Review 2020-076

912, LOCA By D & WA o O R VR34S E O AT FR0E 2 712 &0 72 5 R FIkA

THR SN TE Y, MBRFEDRRNTAMRMACIHETEEN R 25720, £ Ihb6EHEND

HIREETL T LB R U TR, ATNICBWTE, U o 7 ERE RS ORI X0 3Fh =

M5 PERE DIELIZ OV TR~ LOCA Zff 2 fifie L 72 slBRIC L 0 3R B % B R O 54
(FREEEYE) (2o TIT 4.4 1BV TRN D,

LOCA F & O' LOCA %2 2 AR OARHEN S BB L, #LWARM ELEE2 525 ) VI
FiakBr 43912 X 0 - b9 5 5% & > T LOCA (29 2 R EME &M 2 31 L C & /=
KENZHBW T, SRS LOREICET 2FHMIICIBWNTH U & ZEMERER A 0 & L7 R
7258k % NRC 78 ANL [ZBW\WTIT- 72 419, £7-. NRC OB+ HHHIZER (RES) 2% Off
Ra L0 E LD, [10CFR50.46 DIt 2 G4 5 Hifr~— 2 & L TRFIHHIR (NRR)
EHHUFR (NRO) (CRkft L7z 430, LIFICZEN S OB A Rd,

F, WS L2 E EORBHWEYS (Zry-2. Zry-4. ZIRLO, Mb) %M~ T, AXKKFEMET
TORIRBILZICRIRS 50N 135CTo U > 7V EERBR 2 £ L7-, flE LT, 17x17 ¥ A 7
D Zry-4 & ZIRLO #EE 12OV TR BB L BT AT LT AR B O T A D L% Fig. 4-7 419
\RT, Elo. ATk 2 e B E TR Db L 2 WERMLRICEI T 28555 % Table 4-1 I2F &
W= 419, k& (ECR) OB HIZEBWTiL Cathcart—Powel XXV S5 TH Y . Baker—Just
XNTROONTMEE TR D, Fo, KEIZBW TR, ERPICAE CERIC XL 28LES ECR
IR L, 2% LOCA Redfgfb & & fE T B EDIRIE L LT b, 61T, U v ZHEMER
BROFAGIZ I T, Tl O 72 FyE A B - IO E Lz L OBk LB et L2 L @
HIWr 21T > T D,

- JEMERBR CRAOWMER FAME S & X B aE R L, 32T 1T,

- RHEZEETLV T v 7N 1 OFRSIZREHC W TIE, ERREEAEE (WHIsE
2T 2 U v T IERERBR S O &) S 1% K 0 EWIEAICHEE L 35,

- Bm7 T v 70N 2 DU EERINTZREHZOW T, R ATEED 2% LD /s
BA e &l 5,

Table 4-1 2R I 5 K D ICRELIRZ & o RERME1 A T 872 2 B0 2 bR & BIfE b T
WD HEE TR T Dt L& WER{E R 1T-20%ECR (2&H 5, M5 #7% &[5 UK (Zr-1.0%Nb)
BRFONFRL (AR Y Zr) SEEHAFO R/ 50> 7 #o VVER H E110 #47E% 4308536 % [
&, Mk LWL EICKIETEEM S OREILH F ) K& {2, MEAEIKFZ 800CH 5 %
ZNUTNLORHBOFEEL T A —4 L LIz, RWBAIEEICRT 2EKFE DL Ao
77
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B ZIRLO 135°C PQD Data

®  Zry-4 135°C PQD Data

CP-ECR, %

Fig. 4-7 Zry-4 & ZIRLO WBE 1>\ CTE b B LRIk LT-
BB O T A D2 419)

Table 4-1 /KZRSKH, 1200°C THAL S AV RIRFT RS Olififk L < VWM

wEEAS (X147 L RUERF, R At L& vl
Zry-4 (PWR, 15x15) V=AU A @75, Sn i 1.4% | 16%ECR
Zry-4 (PWR, 17x17) VAT 4T NT A BT, SniREE 1.3% | 17%ECR
Zry-4 (PWR, 15%X15) VA2 BT, SniREE 1.3% | 19%ECR
Zry-2 (BWR, 10x10) GNF B4T. SniRE 1.3% | 19%ECR
ZIRLO (PWR, 17%x17) T AT AT NI A BifT. Zr-Fe-Sn-Nb | 19%ECR
M5 (PWR, 17x17) V2 1T, Zr-Nb 20%ECR

R PEE N A @ EER A U 2 KR 2 A5E LK SR ASIN L 7R RS Zry-4 ok
BeREBREL (63—70 GWA/t) 7B U) 0 i L7z Zry-4, ZIRLO, M5 #7855 308 b xh4is, K&

K TOMIRELRIC ) oV TERERER & F b L 72,

14% Th -7,
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L5 KFIRE OHPH (< 600 ppm) 123\ T Mafklz % 2 B b & 1%, WA BEE Zry-4 & O ZIRLO
WREIZOWTIE, B LR WEA 8-9%., 800°CHHaMm L4 5%, mRBEE M5 wiaE (-
72 LR OO BKFRRE IR 20 TERMm B EWIESITIT 18%. Bm LIZEAICiT
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20 pir
.
Sn A
170
® e
15 +
: “~..._ Linear Fit for No Quench
< .
& 101
w ~e.. O
% 015x15 HBR Zry-4; No Quench o] N"w.
®15x15 HBR Zry-4, 800°C Quench
O17x17 ZIRLO, No Quench
W17x17 ZIRLO, 800°C Quench
51 atmar M5, No Quench b =
A17x17 M5, 800°C Quench
M 15x15 Zry-4, 800°C Quench
@ 17x17 Zry-4, 800°C Quench Linear Fit for Quench
A10x10 Zry-2, 800°C Quench
0 100 200 300 400 500 600 700 800

Hydrogen Content (wppm)

Fig. 4-8 /KFEIEE IR LT Mk L & WL & 419

KETOPBEEWAL ORI T, TERIIAEMRIGIC X 2 KFBRINOZEITZE S T2
Mol EBRBEEAL DB A MR T 2 RIS VNI I ICET 2 Bat biT>o T\ o, RB]RT
(T ST IO DM T o TV DR L FERIC, &S 300 mm FREOPEERE 2 i, E S
BICHEIR T &8, JEE ONHEERLIZHE O JRATA KBRS Z ~ 7o Z L 2B L, 4 K
i RRER RIS L 0 B, BB EEE 2 T, ARBROFER, NIEBRLIC & 0 IZVE 2 ek 2 25,
FRAL DY 1T% LA F CTHAUT 020 E LA A L. I K-> THOWT 25610 b s 2
By l272% 2 Lidlen, TR BB T DM S 50 TH D Lifm T TV D,

WAk A I =X LD DL LTKFRINZ D T LA 7T 7 =ABALICHAER LB 21T > T
WD, ERFERISOVTIE 4.2 TR, A ORI EEDS < A TR IR L D& 5 $E
R0, REAHWIFROPFRE | RGO H 5008 E CIIHBAVERFICE Z 5 2 L 2 50
L. @il h 7P = FABAR < < /MEET LOCA THEERLETHL ELTWD, £z,
ERBEFEIREL TIIRE= Ly b & O PR LR AEMERIC LY | #EERmEICB W TH R
YRBI S BR R HEHRTIR & L CTIAE S D 72018, BERETLISAMC B W T HHEE O fim A ik Sh 5w
REMEN D D Z &2 L T 5,

4.4 B RE

FTAENTIBNT 1981 FITATONTHEE O FE LRSI, WIRERLIZE 5 KFEWIUZ K 5
Bk L BUAERCEI AR A EE L TH IHEHCED Db R I R B L e/ A L TV
52 EEMER L, IHfREHIH 572 1200°C-15%ECR &\ 9 A HERF L=, ZDORRICSE L SN
=D, EELICK 2 2MEEEREBROER CH D 437, KGO PWR A 14x14 ¥ A 7 Zry-4 #%
BE (AXPRIE : 1.46 wt%, PIF% : 9.48 mm, #M% : 10.72 mm, AJE : 0.62 mm) 7 5HE & 500
mm OHEEREZE 0 H L, NENCT LS L b2 LER L2 BIINE U TR R % il
TEL., KERLXEBS T THEL 72, IEVEE 1T 920-1330°CTH v | iR LB ICEHm LIz, 20
KRR CIE, BREHEOIEZIZ I = 2 NHEER L & KRR E & BT, Bm TR 5 2 1)
RTDZLICRVESBERTELELIAMERBE L TV D, REROKER, W 28t &tFo
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TRRIZFEI IS T CTlE 35%ECR (2H 0 | MENRFOBLEE M 2 7R LR W RIET T
XL 19%ECR IZH D Z RS (W T b PIHIsEENE (0.62mm) (2% L Baker—Just =
Z VTR L 72 ECR) . HLESAO{KU Y ECR & CEEb LIS TRl L7234 . ik ir & 13z
WEHLUTAE L I oTe, Ik, BREIZHD A EFE LI RDIATDOEE] #BET -0, ¥
N#HOAEZ ECRFHIiON— 2 & LI=HAICIE, B SM T COMMBRRIL 21%ECR & 72
=y

ERBEREAL DR A TR D ERRE LT, ETHFIBMEIL PWR ] 17x17 % A 7 Zry-4 #E%
(ARPRIE : 1.3 wt%, AR : 8.36 mm, #ME : 9.50 mm, WE : 0.57 mm) (2% LT 400-600
ppm DKFEKFEH AP TANLANZEM L, EED O IR L RO TR Z 1T - 72 438, LOCA fi#
HHZ KAUTEAECHNTIITEAKIZ K0 2 S 203, BREHEIRE X PCT ICRE L7tk & IR T
HTENEHITH D, £z, (aB) FHIREEIR TOMRM R TRB S-S CHe b e
HZEBLHESNTND 43940, Z N HEBRE LT EOEBRTITN 800°CE THRA LEDHFIK
IZE VAW Lic, T OREE. FEMRSEME T CIIKBRREIZ)» D 6 T BRI 40%ECR Th
DL, SEARREM T CIIKBRINEZ Lo 25E812138 20%ECR, AEZTMLESHAIC
I35 10%ECR TH 25 Z E LN o7, WTHOBEED, BNZL2HAZEE L L0
ThY, NIRRT 5 2mBEaBRoOMR E U ORTRBIEEIINC L 2B ZZE L7
HLOTHD, ZORBRICEY, FHNERIZEY —EREDOKFEZWIL L7 SRR B 13,
PHR ) 2 BT UL EHEEOBEBIRRA MK NI 2 iRt S iz, 72d. EEOLOFER L IIH
JEENRI HHEE 2 N TV D0, [ U bAM Tl BS (ECR) ZfEE L L7oakWiR S
WZEITR OGN, RS T ORRERR 23 91K EWRIN (400-600 ppm) DFEE AT 720
DI, WEFALICHE S SIRE (1000-3000 ppm) DKBZRINEW O FER TH LD THDH, —
T POEREGRAE T CIEEl T R O RS 8RR B AME) < 720D, i & BRMIT X 0 TR DMK T L 7 Rk EED
THEWT L. & 2 CIENERERGIC X D KBRS HE S FIHIK R RN O EEZ1T 5,

BRI N a =T MIxT 5 a FHLZELTTE TH Y KBILBHEETE TH D, 20720,
LOCA &k FCewmalan= I 7 ok e L T Widmanstitten #Hi%CTiL, BEHEIT o
incursion F12%< ., /KX a-incursion Z &< prior-B8 FHDORAAFIZE F DI H D, prior-B
IR ORFITEHIFFITKF S & LTI T 225, ST O K& SS90 3G EHE KT 5,
F7o. Zr-H-O O =i RRERICEIT 050 44149025 | KBEREOHKRIZHEW Zr-O FH0 o/ &
O (at+B) /B HEREIREZ KT S, a HHDOBMBREN R 722D Z ERHALNIR>TND, B
b U 7= 878 O A% OIEMEIR T3 KB WRINIZ K 0 EE X5 DI1ZLL ED prior-B AHH D /KHE R
FEDHIR & a FHT OEEFRIREE D RPFIK TH 5 149,

LOCA i XauiZ, BREHRE 13 sl 2R TR 2 IR T L CGEKIC R D B Sh D D —
AT 5, M S IXE L L7z PWR B Zry-4 W8S & % S HIRE (IR TE U 7 s i ik
RO AL Z T, HmEEE Z K< L2 E1I&EE (prior-f &) 2 a-incursion 2347 H Lo
VNS BREETHIIZ 7 > 7 BB AELLT WV ERE LTS 439, F2H)II 51X, 1100-1200C T
IR IR L 800-1100CH b am 3 2 ER ATV, [mBIMIEEMES 2013 (T2
LEVERWEEE CIRGT H1EE) BEEOIEENMETT 52 & —HHREEEICIIERSE Ly
ZLEEIRLT 410, 25 ORBRITAKEWIN D 72\ W EHRE LR OB E I T D KR TH 5 D3,
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{L[E CEA @ Brachet & 1349 600 ppm DO/KBEWRE L H T 5 Zry-4 2 1200C T 50 s HEREE(L S
BBk A REMETHREAIL, HHIBO=RIER O 135°CIC TIEMIE T 278372 429, 1200CT05
A L2854 & 120005 800°C £ TERE L 800°CH b ol LIGEIC, #EE I IMmEr %
HPICAIR L7z, ABBIEAIRE %2 600°CH 5\ T T00°CICIE T & 784, 800 CAMIEE It
NREEARIEFIAME T LEEMES IR L7z, 1200°CH 5 R & THRE LI EE T H BRI O T2
RBAL, M RN S o T, IR OMMBIEICB W T RABIE I TV D,

- 12000CH b EEEAS L7 k8% TiX, prior-p 13— Th V BEERENM LY —Th-o

7=
- 800CHhHLAm LTIc#EE Clix, pHEHZ L L7z a# (asincursion) 73 prior-p fElk o
50%FEE Z O THTH LTIV . prior-p AHOREH & a-incursion [l OB & & 75 53 Lhig
IR CTH - T,

- 600CH HW\E T00CH b LB E Tid. WmaHIMIC a fH~OERBNTET LT
B, 800°C TR LIS KLV prior-B FHPF OEERIREZIT/N IV, Fio, dhifR E
I8k & 7 2L ELHE AP TN LTWD,

- ERECHRA LIEEE I, #RR BICHER LIoKE AT LTz,
PLEDOWFZERE S, prior-p FHH @ a-incursion OATHID UHFCIRFIRE O34, S HIZIFAKFEL
Y ONTHFERECWHE % O < 7 v RO O AEMCIRE O Z(IZBIE N 5 5 Z L 2R LT 5,
KFEWIIC L DI H 58, I, (a+B) FEER ARG LEORICAK SN
WBEEDIEMIR TN b REV, RSB TITh TV 2 2n iRz o h A% E L
THEY, EHE T RETHHREORBC OV TUIMETFNTH DL EE XD,

JE - IR 1350 400 ppm D/KFEZ M L7 BWR H D Zry-2 #578% (W2 - 59 9.6 mm, #MX :
#111.0 mm) [ZOWT HAGBMWTERERZ1T > T\ 5 445 JEHRSAET Tk, AKZEEZFML2RW
WEE TR B0%ECR, KFEE UM LI T 42%ECR IR AN A Sz, WFhouwE
BTH 38%ECR LU LDfgfbs L7 i | TaBREE 7> HELY Sh L 7 BR OB B2 10 iR
L7zZ &b, MbOBLED 61X PWR #EE L RIEOBILEKFEEEZ TR T LB DD, B
P ARSAE T COMMWITRIIL, KFEZEBIMN LR WEIEE TR 22%ECR, KELZ RN L 7B E T
19%ECR Th -7, BWR IZEWTIXWAMIBENMEWNZ &2 ERK & U TERED PWR 2B
HENEHANT/IE N, 20, ARBRICE W T HKERE 2 K< (<400ppm) %E L
7o SERMRSGME T CTOKFEIRIMOFZEN PWR #EERR IV /NS WX EITKERE D
RN Th D,

PR DB OMWIR R 2 O 5 KR&ERRFTh b, LIZFER Lz E&E D ORF5E 43D KUK
WL O B FHAT-HFFE 43840 Tl RUAIEICRUEIREME O i 2 P LB O IUHE & 7F &
IRV SER RS TEBRM TN, EAERNOIEENARIC L0 REHER & 2 W i3k & g
BENE & OMIZMHREOENET DM, REHEE 77U v B (A_—4—) HOFEESBEET) O
K3 DAL, P &0 MHEO K E 2RIBBHERIE T DBRICR 2= 5 2 &2k b, H£E
(EAAD LOCA RZEE A LT L EBH LTIV L b H 0 . ORI A R DB D
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X, REMEL 7y RIOBEEBIZ L2 EMEEZEET 500 E SDORIRTIEH 523, B
RNESGEIFLOF TR AT D L 1FE 2T < HIFMIZABRIED 72\ il B 2 RSP & Ff 7
2O TIERY, £ 2T K 0BENRMERT) EZORBEZIT D700, REHRE
U R OB LW RS O W KA B DR D BT,

FH HI1%. LOCA Rf> PWR HEAIRNIEE /310 & HIZ AW REOIUF & O R KB 2 KD, Zhil
Ko THELLWMFT) ZMHTHINC 157 N Th 5 Lkl L7z 429, K 51X, PWR HOR R
BEETY Y FEAEELSFNTMEAL, BEIBICH SR BOBBNZAIE L, £AATO
WRNIoNTIa AT Y » FIZOWTI6TN, A ax 7Yy RIZOWT43IN THD &
FEE L7z 429, BB CTHEPANPKRE VDI VAT a A LA v a VBTSN AE L7280 T
HD, RTIHEEICBNTH, PWR O 7Y v N EBHEIREHE & (A b o RiE o3 LT
LOCA Mt Rifie L= 2170 KRR Tolg, MR, L OEIRR L 2 R E & =R
7225 1000CE TOIREFIPATZ U v RInb Gl &R E L OBRDOEES) 2 E LTz 410, Z DFER,
WEEL A axn 7Y Y REOMTHES LD EEIZ, anTRO2BR®%RI1r1IHD LT
15-35N ThdH I LRI NT, Fio. BREHEOIZSCIZNT X 2 B KIZ X 0 BEEI 3R
FTOMEITRNZ & EIRBEFREK TIIEE K07 Y v FEICBE R SOSRZNIC XL D
BEAEITREO NN L, A ax 7Yy ROEE, BN D 600°CIZR W TEEITIZIE
—ETHDHZ ., WA BB LTI aA 7Y v RTIRIMMEE D3 ) DI
THRKRE < EEBEEORGHOEE L 15 N UTFTHDZ R Eni, Enkmans
GAICA CHMEORKMEIT, BEHEE 70 v NMOBECIkED, B DKM E CHRIFIZEK
L. TORHZETOA R TIUHENATEETH D ERE L, IWHEIC LB RO A2 & AV
TROTAER, 9 BTV v FEATHEAERIZBWT, @AZEDOZ Y v FLET 35 N OEET)
WAL D56, bk LW SRS S P RAHECA L 55 140N Tho7o, AEIZEW
THRERERE LIS LFEF IS LW OB T o +40, HIEERENE & BREHER O
7% FITHHRE AR RITH L, 800°CLL L TEMEL 71 v RAMAICH IR S b 5T
ARRERIEMRIT 21TV, RUBRKRFICIAET DA I3 250N LML T\ 5, 7eds, FHRNTT-
TeRBR R ORMT 2 22, A v ax 7 ) y RE U a A gaE o oGRS (ROZERIZ
LKD) CREHEO A W ICERT 2 AMAE UL HEEIRIZEA LN & ROATHREM T
RWRZ Uy ROE Ed D WIXE FICHEE ORI S VUSRS R AT D /6N & 5
TR EEBRRTWD, EREENTIEZ KR LOCA IZOWW T T TV AN, L5 R O /54 A
NS, RN EREZT (7Y v M THEBIICRRE D) BB 5 ZRNE DA%
DI LOCA Tl BINZHIA/ NS W E Bk <Tn 5,

EREOWHE D FHROFER (] 150-430N) 1XIEH DX N RKE WA, JRT IHE TIT - 7252 24
FERER CHE R ST L 722 WIGAICIIE S V72l m 51 iR E 1400-2200 N438 2l ~THY & 2
Wb E W, BERRIFINC OV TREMES LREAFET HIIEE > TWRWA, RS
RIEFEF I LWARSRE L ZE X biLD,

JF T IR, YR ORERIC BT 23 A & & HITHIITIKTT L 7= 20 BRI TR R 0 25 ki
B3 DA 21T o T2 444, RN RS & LT 390, 540, KT 735 N Z SE ) siGFC4
C 25 E A2 BB IR L, SRR B ED ENZ R 223 L3 8 SO HEfi %
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BES 22X ) (cEh T AT E A R Lz, RBRICH WS X, 100-1450 ppm DKFE E RN
L72 PWR i 17xX17 % A 7' D Zry-4 $FBE T 5., 723 M O KBS £ X D0 2 F5E L,
WHEBENEZ T 10%)K C T\ 5, FRHH K O EREIFICB O TR D S (B
B ZKFREORSEE LT Fig. 4-9 1R T, ARBRIC Lo T, B L & VW) R UVK#E
TRPE OB RIZFE > THEBIR R AME T4 5 2 & 100-350 ppm DO/KFRHEE TIIH BRSNS T
1372 < SRR ENE T TH 15%ECR LA T TITAEET L7223, 800 ppm % 2 5 /KR HEFE Tidi
W23 500 N 2 K& 225G, L WM 15%ECR % TEIZ AR B 5 Z L A6
NIy

40 40
- “‘.O ., (a) 390 N - (c) 735N
?30- o0 go _. 30 e
& B @) ‘-' () ‘3’9‘ Y \:\ o L4 L ]
g 20 U'%‘)-:Q’J'O!C' E 20F )'\‘_-15 = o] O. 5
- ’ e [ °c go-(g-.l}.-@
10 @ Fracture 10 S}
O No-Fracture !
0 il L ' L L L L ' 0 llllllllllllll
] 40
o (b).535 N - (d) Fully restrained
< 30 [ < 30r
& “ _ e e L
§ 20 a‘(%‘gc--__.._;\;.l-__ § 20-:; °
o [ 000" 0O ®
10 10 F oo ,._.._@2-.':%22:,--&6---...
0 llllllllllllll 0 L A1 L L L AL L A1 L L 'l A AL L
0 500 1000 1500 0 500 1000 1500
Hydrogen concentration (ppm) Hydrogen concentration (ppm)

Fig. 4-9 (LA & HIAAIEIC BT BT~ » 7 040

PLEo X 5 A Aua sk Bric X 0 3E4M L 72 LOCA B g s ORI 1%, 325k & FHic R
FORMENSDIFET D EEBEZLND, 2O, HEE OMKIRAICE T 23 Mk NG5
I DORFEN S ZERELT DL LITOIL TN D 44849 KD L VT AN S & HEIZ, BAun il
e 5% D 95% S HEK HEA A MIBR A & 29 1UE, LOCA FFDORIBH Zry-4 HFEE ORI IR IR
fEEIX, #28 540 N LR THILE, 800 ppm £ TOHHIKERE O#PH T 15%ECR LV
W ERHEINLTND

JFF JIRAR IR BRI 8 2 W TR BR 24T - THE T — 2 28R4 2 & & BT, REHEREL
W 2 MR O M 2 D T, B TFEI ORI HEE 2 V- b 0 & AR Tl
BD, BBy MBI BRWIEEEE 2 AW EEREHROERSE y AL TO—ED
LOCA Sz it L IciBR O EHi SRS Tl 2 & h | RETFIREHEEE 2 W7 — 42 D
BIIMRoN D, Lend> T, RBEHREE 2 WO 7 — 2 & R EREHEE 2 Fv ik
BROT — 2 e b, ERBEERE O SRR B 27T 5 2 L LR D,

JF- TR 23 St L 7 HRU BB 8 | ok 2 R ABTRR 4215052 D — 5 4 Table 4-2 (2
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Y, WEEMENT PWR O Zry-4, MDA, NDA, ZIRLO, M5, %O M-MDA, BWR A ®
Zry-2/ILK3 Th %, Zry-2/LK3 %, Mit&MEZ D 572 I BER O BBLEE 2 F745 LU Zry-2 T OHT
MR EZBEE LT b DO TH D, BRBEE., RFRETICACCEERE (ERIEEES) KO
KFBRIEOFFIL, ZTNEh 39-84 GWd/t, 6-79 um, 69-839 ppm THh 5, ENIDIKEF
SR W TIRET ST mRBEEEIRE ) 55 S5 190 mm OREHE A 2RI L, KI5 ORER2 L

v MR BRE . WIEISHENL > NEXFERTE LB E 2,5t L7, Table 4-3 (Z5BR S
g, ZEREREEFIX 1030-1232°CTH Y . Baker—Just 2& VW TRD 3L DR b E O HiH
1349 16-38%ECR (A% DB E @ BNENX—X) ThoTe,

ARERIT, ERBE R BREMI S A 1200°C—15%ECR LA F O Tl L7222 & 2452 &
ZEIRICEWTITb Tz, BRI 1200°C—-15%ECR 522V DX Z D=9 Th 5, Fig. 4-
10 1 ERRBREE . (kdE,/ FENIR) 2L & (ECR) & ZHREMLIRE 2 v b IR LEZB DO TH D,
1030-1230°C. 29.6%ECR LA F O CHAEE BN EMIFICIETT 2 2 Lidlehrolz, 77205,
R BE R Y ECCS YERERTEMIFREHC I3 1) 5 FAEELL T TR 42 Z L 13RS5 R & &
ZBHD, Fig. 4-11 [LERBEEE R E A (o 23RS R 2 | KB AW LR E WA )T
Tan LTo RIS Zry-4 #EE ICBI T 23U R 421444090 L & 412 k& (ECR) —#WIHIKSE
BETay b EIRLELOTH D, M ESTRBH Zry-4 OSMBIRIIRR +2149%  F2iR &
R S O R B 1T T N NRIBST Zry-4 #F (CkF LU CRI L 72 2Un il iR 5% B
T ZF PO RAE, 50%XK[E LN 95%[X[#] 4492 K LT\ 5, T Tlzib~7= X 51z,
RIS Zry-4 BEEE OWWIIRFUIKFRE L & I T L KFRREMEWE A 121X 25%ECR L
ETHDOITH LT, AKFREK 800 ppm TiIf 20%ECR IZFE TR T 5, Fig. 4-11 2R" 7 X
DN, ERBEEEIRBIEE SR B Zry-4 $78E ORI L 0 ARV LS4 TRERT L TuhZan
b, KEBRNOHEELRE GRBEEORBIIEF NSV EEZIOND, F2, AN
HHCOWBELECOELOREL N EEZXBND, 26.0, 29.3 L 37.8% ECR F Tk X
W PBEE LRSI L7223 b BRI OBIIR A L v m <. b s
T I RIS ORER L FE LR,

B EMTERER ORE R A TN 2 BRICIE. R EERICE VED Lce Rl NEICx LB L&
(ECR) Z#atH L, £ TH D 15%ECR & DI AT 72, S E LT, il S - i b &
15%ECR UL F THAIUTRATRBEE 84 GWd/t £ T i REEEE PB4 2 ATREMEIZIR WV = & 2
MR TELI LN, 4% b —HL THVWSDO THIUTLETM IV T LR OB L B3 Tk
EHOWTHEDRWEEZ OGNS, ok, BELXOEIRBELIZ X 2B bE A b e owEE R
JEIZxF L CEEEIS (ECR) ZHlid 2 5E08® 508, Z OHARKEREICK L TR SN HERL
BEANSL, REFITH D L EBEZ BILD, 2B, B OLIIMER I IBRRE (RUUKHE
RE) LARICKGFET 2B 0 59 BUEMHIN TV LB E LV WELZBE D S &
T AR, R Ol FIEIC W TR 2 MR B 5,
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b (NEDIKRT) ORBIT/hSWEEZOND, £, #EE OIIZ X 2R OE T 2H Ak
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WHEWEIL 0 ISR S LD SR C X 28, HtH ST RBHT 3 —EAL B IS HERE L 7255 8113
BHEAROBAME AR T S5 /2R T 20BN H 5, X512, B Skt 23m A

_37_



JAEA-Review 2020-076

MEEBITHIE L, Y7 by va = R~BAITLIZSA . BB Ly i OFREEED B &
e BTy v a S KOKIRE ER SEmAGE Z%%%&i?T MWRnH 5, L,
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(TRACE) 241 v 7" v 7 &%, FFRD ROV v MO EZFMI L TW3 469, &k
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DD NT-HEE OEREITE— A > b (XH X maximum bending moment) & E2{bE DR
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A1 CKEOE)ME

ARILNZBWTHI L7z L 91, KENE 1978 4E12 ECCS PEAEFHlifEEr (10CFR50.46) % i) T
W5, HARRRERIZLITO 5 HE Th 5.

(1) Peak cladding temperature. The calculated maximum fuel element cladding

temperature shall not exceed 2200°F.
(2) Maximum cladding oxidation. The calculated total oxidation of the cladding shall

nowhere exceed 0.17 times the total cladding thickness before oxidation.

(3) Maximum hydrogen generation. The calculated total amount of hydrogen generated

from the chemical reaction of the cladding with water or steam shall not exceed 0.01
times the hypothetical amount that would be generated if all of the metal in the
cladding cylinders surrounding the fuel, excluding the cladding surrounding the
plenum volume, were to react.

(4) Coolable geometry. Calculated changes in core geometry shall be such that the core

remains amenable to cooling.

(5) Long-term cooling. After any calculated successful initial operation of the ECCS, the

calculated core temperature shall be maintained at an acceptably low value and
decay heat shall be removed for the extended period of time required by the long-

lived radioactivity remaining in the core.

1998 FIZAAE > 7 KE NRC ITB T 2 U A 7 IFHIZE S S Bfl OfEm. KO 2000 FI2MHE -
7= ECCS MReF et Dxtg % v 1 A & ZIRLO LISMZ b YLK 5 720 OMERES e iz B
Likmm ORGSR, HiHIZEIX, ECCS MaEFHlitE# (10 CFR 50.46) Z &0 < DD EFIZ I
TY AZIERITEEDS W TR 2 i 2 720 D¥E 2 8D DR %217 - 72 AV, £ SRM T,
ECCS MEgErHMlfa#t O ERERIENL Z L W D H 7O ORFT bR STz,

INEZIFTNRCIEZ, a7 D7 )VFx b 758 & OILFAFZEC OECD /L7 v 4R 3k
[A~7ayx2 MiGH LoD, ANL Z EFEMMEE & U7z R GE72 R BE BERE o Sl e 56 B 12 B
5ﬂﬁﬁﬁ%£mbto:@ﬁ FHEOFHIIL, HEE GSOEE & @B LA LOCA KD

BEE Mkl HELZMT A L TH D, HITHREE A2 D F &L R
%i%?@t%@f%éo&%\%%%%mmﬁﬁéﬂﬁmowfﬁ\ﬁi(MDKi@%b<
LR LTS,

PRI BWEE IC OV, AR RETEMITEORBIT NS o Tond, @mIREERE
BT D RO ROZBIIHAR TH > 7o, BRI I KFREDOHERIZE YV Ora=y Ldo
a8 DYIRIE & JEBORE N R T 5720 :\%mMm¢:AE¢ CIRIN E LD R BT KR T 5,
Ny b EWEBE L OMICR T 4 I RAE LTV DEAITIE, KRR & 2988w )
%®ﬁ$wWLMZ,%%£WﬁfiAV/Fﬂ%®M$®%ﬁﬂébé EDFTATHI LTz,
F 72, 1000°CHEE CHAE WIFER 3 5 /MEEr LOCA 428V Tk, MLl ENH A LS
BOKFEOWIN & WALIREZED T LA 7 T U= A BB Z V155 2 &, B 0 &L CTIEw
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ALV R FTHINC Z BEOKFBRINA I Z 5 2 2OV T HAFIRICE W CTHERT 2 Z L3 H
k=,
NRC X 2O FREE LV DD L L BT, TiLd & &iC ECCS MR fE# O &aT
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i RS R

- EETOWFERCR & Sk U B E b B O R R A2 17% 0L Pz 5 & ) BIED BRI,
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- HEERPIOERIND 7 T v R EERBAUBIIREEN S B HM ~OBREZ KT SE5 b
DTHHH 5, LOCA BIERFORENAT R OERB T A NX — 25T 572012, 77 v R
CIE AR X DB BIZ OV TR D 2 L 2 HERICKD S,

- LOCA®BOEMIMINCIK T L7 7Y OEZ T 572012, U AZFRIZESWIZFE
EHEATHZ L EROLHREZHIT D, SEITHANCIE, UV A7 ERIEHFIESCT UL
RNFICHEAT DR EEL KD AT, S5, WETHANCIEZ, U A7 FHiE A TiEICH
HTHMEDOEREMZ D,

Table A-11Z, NRC 7233 # LU 7= [H LOCA M & B LOCA FEHER A~ E /R8T S ADE R,
R RIIMEERELL SN TR Y, HiEEZHERT 272D ORBCFH MO FIESREIN TN D, R
SR O FEIT ANL & b B OfE R 2 I b TRV, b a A < ZIRLO %%
KGR E LT2RBOMSERIZIEN O OEE ICHEH SN EEOH & L TURINLTWS, Fig. A-1 13,
KT 2 N U T AR BRI 7B A S0 i R BE EE AR FE A 22 JH T2 U o 7 MRS SR 2 B2 ob B L7 K
FRE AR L T 2t IEHETH 5 A0,

NRC 13 LR ORFZE R Bt 5#t DUGT R A I T — 7 v a v FRoRT Y w7 a Ak ADEFT-
feod, BEET 2 HHNTEE) A 3 ICBRAAT 2 MBI e < @ O HRIH E R A i = & %Y &
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RIS EEDE 2 Fatd, BBNE LR UMEICESSEELRET L2 L LroT, BIE

BT, TR B 28 FEh U 7o R HRS K OV R BE EE AR FB A 2 b G2 & L T W RS T C D B R
BG4 IS, EDF (3KkEWINEDORE E LT LOCA EHELFTEEZIRE L, ZZTEDD
T FEEI, SR I DSBS U 7= IR T — & O b BRAE L 38 SRR R O AR I R PE D
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T ORBRUT I T DIREEHE LR D RS (R IR F-E L 72 200C) & 2.5 (5024
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2014 FIZHKGR L7z 41010 Fig, A-2 (2 EDF 23424 L, ASN 23&GR L 72ckiT LOCA LR,
2%, PCT HHEIIERLAEH 2L, 1204CTH D,

F£72. EDF LR SN 7z FRRo#H L LOCA RUEICH4 2% ASN O Rfig & LT,
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FAERPTLAIMZ I TR E O S H IR L 2 BB DIV £ E T
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R OF R E OREICKIETTRELZET L2 L,
BRSSO ECR 25t R T2 Z L2k, Z Oy OWriE & LT
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1 R H SR A IS ST KRR EE OB TR S 72 KE NRC KDY
GRS DOffrER A ii#R I 3 T ECR DOFEfMiIL Cathcart-Pawel O F 7213
Leistikow O TITON TV A7, 2L OMIFROmEHIC Y 72> T, 24
HOR, FEITBLEFHIICAR D RTHERTEH SN TV AR AT 52 &,
1 AR TP SRR A LTI S T KR B ORI Y 7 > T, T — & T
AES NV FHRIR A VWD 2 &

RSK (Reaktor- Sicherheitskommission; KA VR FFLZE2EFER) IZZOREEE & LT 2015
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Technical Basis of ECCS Acceptance Criteria for Light-water Reactors
and Applicability to High Burnup Fuel
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Each light-water reactor (LWR) is equipped with the Emergency Core Cooling System
(ECCS) to maintain the coolability of the reactor core and to suppress the release of radioactive
fission products to the environment even in a loss-of-coolant accident (LOCA) caused by breaks
in the reactor coolant pressure boundary. The acceptance criteria for ECCS have been
established in order to evaluate the ECCS performance and confirm the sufficient safety
margin in the evaluation. The limits defined in the criteria were determined in 1975 and
reviewed based on state-of-the-art knowledge in 1981. Though the fuel burnup extension and
necessary improvements of cladding materials and fuel design have been conducted, the
criteria have not been reviewed since then. Meanwhile, much technical knowledge has been
accumulated regarding the behavior of high-burnup fuel during LOCAs and the applicability
of the criteria to the high-burnup fuel. This report provides a comprehensive review of the
history and technical bases of the current criteria and summarizes state-of-the-art technical
findings regarding the fuel behavior during LOCAs. The applicability of the current criteria to

the high-burnup fuel is also discussed.
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1. Introduction

The Emergency Core Cooling System (ECCS) is designed and installed in light-water
reactors (LWRs) in order to ensure the reactor core coolability and suppress the release of
radioactive fission products by maintaining the coolable geometry of the reactor core in
postulated loss-of-coolant accident (LOCA) conditions which are caused by a failure of the
reactor coolant pressure boundary. The Japan Atomic Energy Commission established the
“Safety evaluation criteria for emergency core cooling systems for light-water nuclear power
reactors” in 1975. The Nuclear Safety Commission (NSC), launched in 1978, decided that the
criteria for ECCS would be revised when additional knowledge is obtained though they
continued to use the criteria. In 1981, according to the decision, the NSC reviewed the progress
of related experimental and theoretical studies as well as the development of analytical
technologies, and revised the criteria to establish the new “Acceptance criteria for emergency
core cooling systems for light-water nuclear power reactors”. Though the revision was made,
the basic consideration and the limits were not changed. In the criteria, the limits were defined
on the peak cladding temperature (PCT), the degree of oxidation, the amount of hydrogen
generated by reactions between metallic core components and water, and long-term removal
of decay heat.

It has been over 40 years since the last revision of the ECCS acceptance criteria. During
this period, the environment in which the fuel is used, the performance requirements, and the
corresponding technologies for the LWR fuel have changed significantly. One of the great
changes is the fuel burnup extension. As the irradiation time in the reactor increases with the
burnup extension, changes in fuel properties and behavior become more remarkable due to an
increase in radiation damage in the fuel component materials, the water-side corrosion and
hydrogen absorption in the fuel cladding, and the generation and accumulation of fission
products in the fuel pellet34. These changes may reduce the performance of the fuel.
Therefore, improvement and development of cladding alloys with high corrosion resistance and
changes in the fuel design have been conducted to maintain the integrity and safety even at
the higher burnup!3~?. In addition, changes in fuel failure behavior and reduction of the
failure limit were observed in the experiments under reactivity-initiated accident conditions
for the high-burnup fuel89, which triggered concern about the high burnup effects on the fuel
behavior under LOCA conditions! 10, In Japan, the Japan Atomic Energy Agency (JAEA) and
fuel vendors have conducted research to obtain knowledge on the fuel behavior under LOCA
conditions that will be used in the safety analysis and in investigating the applicability of the
current criteria to the high-burnup fuel.

Given the status that the fuel burnup has been gradually extended, that the cladding
material and fuel bundle design have been correspondingly improved, and that the knowledge

has been extensively accumulated on the fuel behavior under LOCA conditions, it is quite
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possible to start a discussion about the applicability of the criteria to the high-burnup fuel and
the revision of the ECCS acceptance criteria. Actually, the revision of the criteria to correspond
to the high burnup has been discussed or conducted in France and US 1'11~13) This report
summarizes the technical knowledge on the fuel behavior under LOCA conditions that have
been accumulated since the last revision of the criteria, and shows our view for the necessity
of the revision of the criteria, reviewing the basis and discussion on the establishment of the

current criteria.
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2. History, objective, and technical bases of the current Japanese ECCS acceptance criteria

2.1 Overview of fuel behavior under LOCA conditions

The validity of the safety design of LWRs is currently reviewed by the Nuclear Regulation
Authority (NRA), the new regulatory authority in Japan. Design Basis Accidents (DBAs) are
assumed for the review to confirm that the coolable geometry of the reactor core shall be
maintained without severe core damage even in accidents. One major DBA is RIAs that involve
a sudden and rapid insertion of positive reactivity caused by a control rod ejection for
Pressurized Water Reactors (PWRs) and by a control rod drop accident for Boiling Water
Reactors (BWRs). Another major DBA is LOCAs that are caused by a failure of the reactor
coolant pressure boundary and results in a decrease in the coolant level in the reactor core.
LWRs are equipped with the ECCS as the safety system for LOCAs and the NRA evaluates
the validity of the design based on the ECCS acceptance criteria to ensure the coolability of
the reactor core during LOCAs.

The LOCA as a DBA is classified into large, medium, and small-brake LOCAs. A large-
break LOCA is considered to begin with the rupture of the pipes connecting the external
circulating pump with the reactor vessel in a BWR and the large break in a cold leg in a PWR.
Such a large-break LOCA consists of three phases: blowdown, refill, and reflooding phases.
The thermal-hydraulic behavior and the fuel behavior that are expected during each phase in
a PWR are briefly described below.

Fig. 2-1 shows a schematic illustration of plant conditions during a large-break LOCA in a
PWR and Fig.2-2 schematically shows a change in the analyzed peak cladding temperature
during a large-break LOCA in a PWR. Fuel behavior during the temperature transient is also
illustrated in Fig.2-2. The blowdown phase begins with the outflow of the high-pressure and
high-temperature coolant from the failure opening of the pressure boundary in the primary
system. Although the subcriticality is achieved by the insertion of the control rods soon after
the detection of the boundary failure, the heat generation is continued due to the decay heat
from the fission products accumulated in the fuel. The fuel surface temperature begins to rise
due to the heat generation and the lack of coolability. The pressure of the primary system
rapidly increases toward the saturation pressure and gradually decreases, causing the boiling
of the coolant. This boiling causes a complex change in the coolant flow in the reactor core.
During this period, degradation and enhancement of cooling due to the departure from the
nuclear boiling and the rewetting are repeated, and the cladding surface temperature changes
as the cooling conditions change. The coolant inflow into the reactor core decreases with the
loss of coolant, resulting in a steam atmosphere and an increase in the cladding surface

temperature.
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Figure 2-2 Schematic illustration of analyzed peak cladding temperature and fuel behavior
during a large-break LOCA.

In the blowdown phase, upper flow at the downcomer area caused by the flow toward the
failure position disturbs the downflow of the ECCS coolant to the lower plenum (By-pass of
ECCS coolant). The cladding surface temperature increases until the upper flow becomes weak
and the ECCS coolant begins to reach the reactor core through the lower plenum. The period
from the end of the by-pass flow to the completion of flooding of the lower plenum is called the
refilling phase. In the early reflooding phase following the refill phase, the fuel is gradually
cooled by the two-phase flow and the cladding temperature eventually shows the turnaround.
The cladding temperature slowly decreases until the fuel is quenched by the reflooding coolant.

The rod pressure becomes higher than the system pressure that decreases due to the failure
of the primary coolant system. In addition, the mechanical strength of the cladding decreases
with increasing temperature after the blowdown. Therefore, the fuel rod may balloon and
rupture during the blowdown phase though the possibility of the rupture depends on the fuel
condition before the transient including the rod pressure and the accident scenario including

the temperature increase. In LWRs, zirconium-based alloys are used as the fuel cladding from

,84,



JAEA-Review 2020-076

the viewpoint of neutron economy and corrosion resistance. These alloys are expected to
rupture at temperatures in a range from 700°C to 1000°C, basically depending on the heat-up
rate and initial rod pressure. It is also known that the circumferential increase at rupture
(balloon size) changes with parameters including the rupture temperature, the heat-up rate,
and the hydrogen absorption caused by the water-side corrosion 212,

Zirconium has high corrosion resistance in the coolant condition during normal reactor
operation and the corrosion resistance is enhanced by appropriate alloying and heat treatment.
Meanwhile, at high temperatures in a steam environment, zirconium interacts preferentially
with water, which leads to very rapid oxidation accompanied by hydrogen generation. As it will
be described later, when a zirconium-alloy fuel cladding oxidizes, an oxide layer grows on its
surface, and oxygen and hydrogen absorption takes place in the metallic part below the oxide
layer. This oxidation causes cladding wall thinning and the absorption of oxygen and hydrogen
in cladding, which leads to a reduction in the ductility of the cladding. When the cladding is
severely oxidized and embrittled, the fuel rod may shatter due to the thermal stress and
external loading on quenching back to lower temperatures in the reflooding phase.

A large-break LOCA was mainly considered in the discussion to establish the ECCS
acceptance criteria. In the revision of the criteria, requirements of analyses for considering
small- and middle-break LOCAs were clearly defined based on the information on the
importance of small- and middle-break LOCAs regarding risk 23 and as the lessons learnt from
the accident at the Three Mile Island Unit 2 reactor. The accident progress is slower in small-
and middle-break LOCAs. Further, depending on the location and size of the failure in the
primary system, the operation and efficiency of the depressurization and water injection and
the duration of the accident would vary. Therefore, the progress of the accident is not easily
classified or defined for small- and middle-break LOCAs. However, irrespective of break size,
no other fuel behavior other than ballooning, rupture, high-temperature oxidation, and

embrittlement of the cladding is expected.

2.2 Current criteria and history
The current ECCS acceptance criteria require that the analytical results of the postulated
LOCAs satisfy the following criteria in order to confirm the function and performance of the
ECCS to terminate the accidents while maintaining the coolability of the reactor core.
(1) The calculated maximum fuel cladding temperature shall be 1200°C or less.
(2) The calculated stoichiometry oxidation of the cladding shall be 15% or less of the total
cladding thickness before significant oxidation.
(3) The amount of hydrogen generated by the reactions of the fuel cladding and core
structures with water shall be sufficiently low from the viewpoint of the integrity of
the containment vessel.

(4) Decay heat shall be removed for a sufficient period of time even if the geometry of the
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fuel is changed.

Here, “the calculated stoichiometry oxidation of the cladding” means the total thickness of
the cladding metal that would be locally converted to oxide if all the oxygen absorbed by and
reacted with the cladding locally were converted to stoichiometric zirconium dioxide. The
calculated stoichiometry oxidation is commonly referred to as “Equivalent Cladding Reacted
(ECR).

In the criteria, the following analysis conditions are shown.

+ In the case that the shape change of flow channel due to deformation of the fuel
cladding and so on is expected, the influence of the changes of the fluid behavior should
be considered based on the experimental data. If there is not enough experimental data,
assumptions should be made to have conservative results complying with the criteria.

+ Since the exothermic metal-water reaction is a heat source of the fuel temperature rise,
the reaction rate and the heat of reaction that were validated by comparing with
experiments should be used in the analyses. In the case that the fuel cladding ruptures,
it should be considered that the inner surface of the cladding near the rupture is also
oxidized. The oxidation should not be limited by a shortage of steam supply.

+ It should be shown that reliable physical properties, including changes associated with
burnup extension, are used to analyze the fuel behavior. The oxidation of Zircaloy by
the reaction with water should be calculated using the Baker—Just equation24 and the

oxidation should not be limited by a shortage of steam supply.

Although the only Zircaloy is listed as a cladding material in the current criteria, the
fundamental concept of the criteria is applicable to the evaluation of functions and
performance on the design of ECCS for the following reactor types: light-water-moderated
light-water-cooled reactors in which the fuel with the cladding other than Zircaloy and light-
water- or heavy-water-cooled pressure-tube-type reactors as described in the “positioning and
scope of application” of the criteria. Zircaloy is based on Zr-Sn alloy with the addition of Fe, Cr,
Ni, ete. In general, Zircaloy-2 and Zircaloy-4 have been used in BWRs and PWRs, respectively,
for many years as the fuel cladding materials. Alloys with compositions exceeding the
standards of Zircaloy have also been implemented. The new alloys implemented in Japan are
MDA (Zr-0.8Sn-0.21Fe-0.1Cr-0.5Nb)25, NDA (Zr-1.08n-0.27Fe-0.16Cr-0.01Ni-0.1Nb)2®, and
ZIRLO (Zr-1.0Sn-1.0Nb-0.1Fe)2 7.

The ECCS acceptance criteria were established in 1973 in the U.S. in advance of Japan289,
Although various experimental data obtained before the establishment were referred at that
time, the main basis for the criteria was the results of the experiments conducted by Hobson
and Rittenhouse 21010, They conducted ring-compression tests at 20°C to 150°C with the
Zircaloy-4 cladding oxidized on both internal and external surfaces at 927°C to 1315°C and
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then showed a ductile-brittle transition condition on the correlation between oxidation
temperature and the amount of oxidation (actually remained metallic thickness). Finally, after
considering other experimental data21213, it was concluded that the cladding becomes brittle
when the amount of oxidation calculated using the Baker—Just equation24 exceeds 17% ECR
for the oxidation temperature range < 1204°C (2200°F) (Zero ductility criteria). For the
temperature range over 1204°C, the amount of oxidation that corresponds to the ductile-to-
brittle transition was not clearly identified, and consequently, the oxidation limit for ensuring
the ductility of the cladding was not determined. The later studies?1® showed a sudden
increase in a solid solution of oxygen in Zircaloy was the cause of the cladding embrittlement
by short-term oxidation above approximately 1200°C.

When the ECCS acceptance criteria were established in the U.S., they discussed possible
mechanical loads during and after accidents. However, it was impossible to judge whether
mechanical loads greater than the thermal shock during the quench phase might be applied
to the fuel and to estimate the loads. Therefore, based on the ductile to brittle transition
condition obtained from the ring-compression tests under relatively severe loading conditions,
the following five criteria, including two embrittlement criteria, were established.

(1) Peak cladding temperature.
The calculated maximum fuel element cladding temperature shall not exceed 2200°F
(1204°C).

(2) Maximum cladding oxidation.
The calculated total oxidation of the cladding shall nowhere exceed 0.17 times the total
cladding thickness before oxidation.

(3) Maximum hydrogen generation.
The calculated total amount of hydrogen generated from the chemical reaction of the
cladding with water or steam shall not exceed 0.01 times the hypothetical amount that
would be generated if all of the metal in the cladding cylinders surrounding the fuel,
excluding the cladding surrounding the plenum volume, were to react.

(4) Coolable geometry.
Calculated changes in core geometry shall be such that the core remains amenable to
cooling.

(5) Long-term cooling.
After any calculated successful initial operation of the ECCS, the calculated core
temperature shall be maintained at an acceptably low value and decay heat shall be
removed for the extended period of time required by the long-lived radioactivity
remaining in the core.

The above criteria (1) and (2) are related to cladding embrittlement and based on the
conservative consideration that, if the cladding keeps some ductility, the fuel will not be so

significantly damaged, which ensures the coolable geometry of the reactor core, and
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consequently the fuel will also withstand loading under various post-accident circumstances
including transportation.

Other countries follow the U.S. in establishing their ECCS acceptance criteria based on the
results from the ring compression tests. In Japan, discussions were started at almost the same
time as in the U.S., and at the meeting of OECD/NEA in 1972, they proposed the necessity of
the oxidation criterion as well as the PCT criterion, based on the domestic discussion214. The
former Japanese ECCS acceptance criteria, including the PCT limit < 1200°C and the ECR
limit < 15%, were eventually established in 1975 215 based on a comprehensive evaluation of
the knowledge that had been obtained. The objective of the criteria is to keep some degree of
ductility of the fuel cladding and to finally ensure the coolable geometry of the reactor core, as
in the U.S. However, the oxidation limit is 2% lower than that of the U.S. It has been explained
that a safety margin of about 10% was taken into account considering the accuracy and
reliability of the experimental data214. After the establishment of the criteria in the U.S., an
experiment showed that slower cooling before the quenching process enhanced the reduction
of the cladding ductility216). This result might have been considered in the determination of
the 15% ECR limit since such slower cooling rates are expected in the accident analysis for
commercial reactors.

The ECCS acceptance criteria were revised in 1981 218, They discussed the correlation
between the actual loading conditions applied to the cladding in LOCAs and the ring
compression test conditions. Further, they paid attention to secondary hydriding caused by the
inner surface oxidation of the cladding around the rupture opening. Considering the updated
information, they reviewed the embrittlement criteria from the viewpoint of the fracture
boundary of the cladding obtained by the semi-integral quench tests in which short test rods
are exposed to LOCA-simulated conditions219. Considering that a fracture boundary
determined by the semi-integral thermal shock tests can be used to preserve coolable geometry
of the reactor core and confirming that the fracture boundary obtained by the tests was higher
than the 1200°C-15% ECR criteria 219, they concluded that the criteria used at that time still
had a safety margin even considering the hydrogen embrittlement and the thermal shock and
that it is reasonable to maintain the criteria. Accordingly, the limits on the PCT and oxidation
were not changed in the revision, though the basis was changed to the fracture boundary of
the fuel against the thermal shock, which is considered to be the most important factor
affecting fuel integrity in LOCAs.

The semi-integral thermal shock test is a laboratory-scale test. In this test, a short test rod
1s exposed to LOCA-simulated conditions including a high-temperature transient in the steam
atmosphere (corresponding to the blowdown and refill phases) and quench (corresponding to
the reflooding phase) 219. Under the LOCA-simulated conditions, the test rod experiences
ballooning, rupture, oxidation, secondary hydriding, and loading including the thermal shock.

Therefore, the test enables to determine boundary conditions of the cladding failure varying
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the oxidation temperature, oxidation time, the amount of oxidation, axial restraint condition
on quench, etc. 22 The pioneering tests219, which were referred to in the revision of the criteria,
showed that the fuel rod failure unlikely occurs below about 19% ECR even under very severe
loading conditions. Consequently, the Japanese embrittlement criterion is based on the
resistance to thermal stress and other mechanical loadings (strength criteria). This is in
contrast to the embrittlement criteria based on the ductile to brittle transition obtained from

the ring compression tests.
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3. Technical issues for update of the criteria

3.1 Influence of burnup extension

The industry has been aiming at the advanced utilization of LWRs by extending the fuel
burnup, uprating the power, and extending the operating cycle length, etc. Fuel burnup has
been gradually extended together with the development and improvement of the fuel
technology and design since the fuel burnup extension is of benefit to the industry in terms of
the efficient use of uranium resources, the reduction of the spent fuel, and the improvement of
the economic efficiency3 V. The licensed average assembly burnup for the UO2 fuel is 55 GWd/t6
in Japan, which is much higher than that licensed when the 1200°C-15% ECR criteria were
originally established (40 GWd/t) 39,

The burnup extension causes various phenomena and property changes in the fuel rod as
shown in Fig. 3-1. Major changes in the fuel cladding are the accumulation of radiation damage,
remarkable corrosion, and hydrogen uptake associated with the corrosion. The corrosion layer
grows up to 100 um in conventional Zircaloy at a local burnup of 50 GWd/t34, though the extent
of the corrosion depends on operational conditions, the axial location in the fuel rod, and the
cladding alloy. Since the initial cladding thickness is 0.70 to 0.86 mm for the BWR fuel and
0.57 to 0.62 mm for the PWR fuel, corrosion of 100 pm corresponds to a reduction in the
cladding thickness of more than 10%. A part of hydrogen generated during the corrosion (<
20%) is absorbed by the cladding. It has been reported that the hydrogen concentration
increases to about 800 ppm in the Zircaloy cladding irradiated over 50 GWd/t (average
burnup) 3%. The solid solubility of hydrogen in Zircaloy is less than 0.1 ppm at room
temperature and about 60 ppm at 300°C3®. Therefore, almost all the absorbed hydrogen
precipitates as hydrides during the reactor shutdown, and a large part of hydrides precipitate
during the operation. The ductility of hydrides decreases with decreasing temperature and
becomes brittle at room temperature3?, and the ductility of the cladding containing a certain

amount of hydrides is relatively low at lower temperatures3s89.

6 For the fuel assembly with an average burnup of 55 GWd/t, the rod average burnup is
conservatively estimated to be about < 66 GWd/t for BWRs and < 61 GWd/t for PWRs, while
the pellet peak burnup is conservatively estimated to be about < 75 GWd/t for BWRs and < 71
GWd/t for PWRs32),
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Figure 3-1 Various phenomena and property changes in the fuel rod with burnup

extension.

In the LOCA, the cladding reacts with steam to form a surface oxide layer and causes a
diffusion and an increase in concentration of oxygen in the metallic layer, which results in
ductility reduction and further embrittlement when the oxidation becomes severe. Therefore,
it would be most important to obtain information on the influence of corrosion and
accompanied hydrogen absorption on the high-temperature oxidation and subsequent ductility
reduction of the cladding. From a regulatory point of view, it is necessary to confirm the
applicability of the current models and equations for ballooning, rupture, and oxidation as well
as the 1200°C-15%-ECR limits to the high-burnup fuel.

To achieve the advanced utilization of LWRs, there is a need to improve the performance of
the fuel and maintain its performance during its lifetime. Water-side corrosion is one of the
major factors affecting fuel integrity and influencing the lifetime of the fuel. Thus, utilities and
fuel vendors have been developing cladding materials with higher corrosion resistance to
replace Zircaloy. In Japan, advanced alloys with compositions exceeding the standard of
Zircaloy, such as MDA310, NDA3 1D, and ZIRLO312, have been implemented in PWRs and new
alloys with improved resistances, such as M-MDA and J-alloys, are under development313~15),
Overseas, M5 (Zr-1.0Nb)3'1® and Optimized-ZIRLO31? have been widely implemented in
commercial reactors. The ECCS acceptance criteria are applicable to Zr-alloy cladding other
than Zircaloy; however, it is necessary to evaluate and show the influence of changes in alloy
composition on fuel behavior and fuel safety during LOCAs.

As defined in the criteria, it has been considered important to prevent severe embrittlement
of the cladding to ensure reactor safety while maintaining the coolable geometry of the reactor
core. However, high burnup effects are also observed in the fuel pellet behavior; high-burnup
fuel pellets may be fragmented, axially relocated, and dispersed out of the fuel rod through the
rupture opening of cladding318. The relocation and accumulation of fragmented fuel pellets in

the balloon region of cladding may increase the PCT. Further, if the dispersed fuel pellets are
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locally accumulated, the dispersal of fragmented fuel pellets may affect the coolability of the
reactor core. Therefore, there is a growing need to investigate the influence of the fuel pellet

behavior on reactor safety during LOCAs.

3.2 Ballooning and rupture behavior of fuel rod

During the LOCA, the system pressure inside the reactor vessel decreases due to the failure
of the primary system, and the fuel rod pressure can exceed the system pressure. If the fuel
rod pressure becomes higher than the system pressure and the cladding strength decreases
due to temperature rise, the fuel rod can balloon and rupture. The fuel rod ballooning reduces
the coolant channel, which may affect the coolability of the reactor core. Thus, single-rod and
bundle experiments were conducted in the U.S., European countries, and Japan to evaluate
the blockage of the coolant channels and the reduction of coolability of the reactor core3-19-27,
Fig. 3-2 shows the appearance of fuel assembly and fuel cladding after being subjected to
ballooning and rupture as an example of multi-rod burst tests conducted at JAEA328). Those
experiments showed that the channel blockage ratio reached about 90% under conservative
conditions; however, even at such a high blockage ratio, the reactor core is considered to be
cooled. The French Institut de radioprotection et de siireté nucléaire (IRSN) has recently
reported that the axial expansion of the cladding swelling range results in a decrease in the
coolability of the reactor core and the effect of the burnup extension on this is not confirmed3-29,
However, this tendency has not yet been confirmed and is not recognized as a safety issue at
present.

The rupture behavior of the fuel rods with zirconium alloys depends on conditions including
the rod internal pressure before the transient and the heat-up rate. In general, fuel rods with
higher internal pressures rupture at lower temperatures, while those heated at higher heat-
up rates rupture at higher temperatures32V. In any case, the fuel rods of the current designs
are expected to rupture at temperatures ranging from 700°C to 1000°C. Even in such a narrow
temperature range, the circumferential increase is known to be strongly dependent on the
phase structure of the zirconium-based alloys at the time of rupture32V, The circumferential
increase reaches a maximum at temperatures near the a/(a+8) phase boundary, a minimum in
the higher temperature range of the (a+B) phase region, and a maximum again at
temperatures ranging from the (a+8)/8 phase boundary to the lower temperature range of the
B phase region. Analytical models330.3D) were developed based on those experimental data
mostly obtained with unirradiated cladding samples. Recently, it has been reported that the
phase transition and also the relationship between the circumferential increase and rupture
temperature were affected by the corrosion and the hydrogen absorption332-34. Therefore, it
would be necessary to review the effects of high burnup on ballooning and rupture behavior
and evaluate its influence on safety evaluation methods.

As mentioned above, fragmented fuel pellets may axially relocate and accumulate in the
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balloon region of cladding or disperse out of the fuel rod during ballooning and rupture of the
fuel rod. To properly evaluate the influence of the fuel pellet relocation and dispersal on the
coolability of the reactor core, it is necessary to improve the accuracy of estimating the

ballooning and rupture behavior of the cladding.

Cutting Position |

il

10min

Figure 3-2 Appearance of fuel assembly and fuel cladding after being subjected to ballooning

and ruptures29.

3.3 High-temperature oxidation of fuel cladding

Since the amount of oxidation is used as an indicator of fuel integrity during LOCAs, the
information on the oxidation behavior and the oxidation rate is important. Oxidation rates of
Zircaloy cladding have been extensively investigated, especially in the 1980s, and reliable data
have been obtained in the temperature range of 1000—1200°C (Fig. 3-3)335~38), The experiments
conducted by Cathcart—Powel and Kawasaki et al. are considered to provide the most reliable
data. In contrast, the Baker—Just equation provides the highest oxidation rate among the other
investigations; this equation was obtained by experiments dropping zirconium specimens into
the water at about the melting temperature and by extrapolating to the lower temperature
range using previous data. As already described, the limits of cladding embrittlement in the
ECCS acceptance criteria were determined based on the experimental data with unirradiated
cladding samples, and the 15% ECR limit was determined by evaluation using the Baker—Just
equation. If the amount of oxidation is evaluated by using the other equations, the limit should
be adjusted. For example, 15% ECR calculated by using the Baker—Just equation is equivalent
to 13.4% at 1000°C, 12.4% at 1100°C, and 11.5% at 1200°C when using the Cathcart—Powel

equation. Considering the experimental and evaluation methods used to obtain the Baker—
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Just equation, the oxidation rates are likely higher (conservative) than those obtained using
experimental and evaluation methods that are more realistic conditions. In addition,
experimental data have been accumulated on the oxidation rates of new cladding alloys and
the high-burnup fuel cladding in recent years. Therefore, it is worth confirming the technical

rationale for the continuous use of the Baker—Just equation in the safety evaluation of LOCAs.
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Fig. 3-3 Temperature dependence of rate constant of Zircaloy-steam oxidation3-37

Though the oxide layer formed during normal reactor operation and a LOCA is zirconium
oxide (ZrQ2), its microstructure and properties vary depending on the conditions during the
formation, such as temperature and atmosphere. The oxide layer formed at operating
temperatures is relatively denser and more protective than that formed at high temperatures.
The oxygen diffusion into the metallic part of the cladding is limited to the thinner periphery
region under the operation condition, while the oxygen concentration significantly increases
in the whole thickness of the metallic part with the rapid oxide growth under LOCA conditions.
The diffusion and solubility of oxygen in the cladding may be affected by an increased amount
of hydrogen at high burnup. New cladding alloys have been developed to increase the corrosion
resistance during the operation, by changing alloy compositions and heat treatment in
fabrication. It would be necessary to evaluate the effects of such changes on the high-

temperature oxidation during a LOCA in addition to the effects of corrosion and hydriding.
In evaluating the amount of oxidation (ECR) for the high-burnup fuel, the following two

approaches are considered to take into account the corrosion layer formed during the operation.

One is based on the relative amount of (corrosion + HT oxidation) to the original thickness,
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and the other is based on the relative amount of HT oxidation to the non-corroded metallic
thickness before HT oxidation. In Japan, there is no obvious decision on which of these is to be
used, while the former approach is generally adopted in Europe and the U.S. The selection of
these approaches should be rationally judged considering the influence of the corrosion layer
on the high-temperature oxidation and cladding embrittlement.

The cladding absorbs only a very small amount of hydrogen when its outer surface is
oxidized under flowing steam conditions. In contrast, the cladding absorbs a certain amount
of stagnant hydrogen when the inner surface of the cladding is oxidized by the steam flowing
through the rupture opening. The significant hydrogen absorption and cladding embrittlement
occur locally at a distance of a few 10 mm apart from the rupture opening where the partial
pressure of hydrogen to the steam is relatively high 3-39.40, This “inner surface oxidation” under
LOCA conditions was taken into account in the revision of the criteria in 1981. In the high-
burnup fuel, the fuel pellets and cladding chemically react to form the bonding layer, which

may affect the inner surface oxidation and subsequent hydriding during a LOCA.

3.4 Breakaway oxidation

The oxidation rate suddenly increases when the zirconium-based alloy cladding is oxidized
at certain temperatures between 500°C and 1000°C for longer periods, which is known as
breakaway oxidation341~44, The breakaway oxidation occurs in the Zircaloy cladding after
about 3600 s at 1000°C, while it does not occur at 950°C or 1050°C (Fig. 3-4)343). It also occurs
at 500°C to 800°C, and the onset of breakaway oxidation and the increase in the oxidation rate
vary depending on the oxidation temperature. The oxide layer (ZrOs) transforms from the
monoclinic phase to the tetragonal phase at 1000°C in an equilibrium state. The phase
transformation occurs at lower temperatures in a non-equilibrium state. The density of the
oxide layer is lower than that of the metallic matrix. Therefore, compressive stress is generated
in the oxide formed on the metallic matrix, while tensile stress is generated in the metallic
surface adjacent to the oxide. Such stress conditions affect the phase transformation of the
oxide and metallic matrix. The breakaway oxidation is likely related to such unstable phase
transformations, which is suggested by the characteristic morphology of the oxide, the color
(white), and small radial cracks. The occurrence conditions of the breakaway oxidation have
also been reported to vary with alloy compositions and surface conditions3-42),

The oxidation rate equations that the ECCS acceptance criteria allow to use do not take
into account the breakaway oxidation. Once the breakaway oxidation occurs, even evaluations
using the Baker—Just equation are not always conservative. What is worse, a significant
amount of hydrogen is absorbed as the breakaway oxidation occurs and the cladding is
embrittled34249, The temperature-time conditions for the breakaway oxidation of the Zircaloy
and the already developed new alloys are outside the range of LOCA conditions expected in

existing LWRs345,46), However, for the above mentioned reasons, the breakaway oxidation may
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need to be carefully considered in the regulation.
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Fig. 3-4 Weight gain of Zircaloy-4 cladding oxidized at 773 to 1573 K343

3.5 Cladding embrittlement and fracture limit at quench

Cladding embrittlement in a LOCA is basically caused by the oxygen diffusion to the
metallic layer due to the oxidation in steam and the formation of the oxide layer (reduction of
the metallic layer). However, the high-temperature oxidation behavior of high-burnup fuel
cladding may be different from that of unirradiated cladding since it can be affected by
corrosion and hydriding. Therefore, for the cladding that experienced corrosion and high-
temperature oxidation, information is required on the relationship between the amount of
oxidation and embrittlement, including the consideration of the corrosion in the ECR
evaluation. When the high-temperature oxidation and the hydrogen absorption occur at the
same time, especially for oxidation temperatures above 1000°C and hydrogen concentrations
above 500 ppm349, the cladding becomes severely embrittled. As mentioned above, a large
amount of hydrogen can be absorbed in the cladding due to the inner surface oxidation though
it occurs locally. In addition, the greatest attention has to be paid to the embrittlement of pre-
corroded and pre-hydrided high-burnup fuel cladding since a certain amount of hydrogen has
already been absorbed before the LOCA transient occur.

The results of the semi-integral thermal shock tests simulating fuel behavior under LOCA
conditions were referred to in the previous revision of the ECCS acceptance criteria. It is
appropriate to adopt similar semi-integral thermal shock tests to evaluate the high burnup
effects on the fuel behavior under LOCA conditions, namely to confirm the applicability of the
criteria to the high-burnup fuel. Since the expansion and shrinkage of components due to

temperature changes during the transients are not uniform in the fuel bundle, the shrinkage
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of hotter fuel rods may be restrained and stress is generated during quenching if friction or
locking is assumed between the rods and the grid spacers. Therefore, in the experiments
conducted before the revision of the criteria, test rods oxidized at high temperatures were
quenched while being fully restrained 347. However, the results of separate effect tests indicate
that complete locking of the fuel rod at the grid position, namely full restraint, is not realistic.
The restraint condition is one of the main factors that determine the failure boundary of the
fuel during quenching; therefore, consideration of appropriate restraint conditions is also

necessary when reviewing the criteria with technical rationality.

3.6 Fuel fragmentation, relocation and dispersal

In in-pile LOCA experiments with pre-irradiated fuel rods conducted in the late 1970s and
early 1980s3-24.25.48~50) fuel pellets were observed to break into pieces, relocate, and accumulate
in the balloon of fuel cladding. Since the broken pieces were very large and the axial relocation
was not remarkable, the increase in PCT was estimated to be small compared to the overall
margin already secured in the LOCA analysis350, and therefore, the impact on safety was
considered to be small at that time. The French IRSN pointed out in 2001 that fuel pellets
might be fragmented into smaller pieces when the fuel burnup increased, which could lead to an
increase in PCT due to the relocated and accumulated fragments at the balloon of cladding352.
This has led to increased interest in fuel fragmentation and its influence on fuel safety.
The OECD Halden Reactor Project initiated in-pile LOCA experiments with irradiated fuel
segments in 2003 in response to the interests of participating countries in high-burnup fuel
behavior under LOCA conditions359. In a series of experiments, a fuel segment pre-irradiated
to 91.5 GWd/t in a commercial reactor was exposed to a simulated LOCA condition, which
resulted in significant dispersal of fragmented fuel pellets out of the rupture opening of
cladding as well as the fragmentation and the axial relocation of fuel pellets inside the fuel
segment. FSince then, the main objective of the Halden LOCA experiments was to clarify the
mechanism and the occurrence conditions of fuel fragmentation, relocation and dispersal
(FFRD). Fig. 3-5 shows appearances of fuel pellet fragments that were relocated in the balloon
of fuel cladding during LOCA tests as an example of the results of the in-pile LOCA test
conducted in the Halden Reactor Project3-5455, The results of the test series showed that no
obvious fragmentation was observed in fuels with burnups below 60 GWd/t, but in fuels with
burnups above 72 GWd/t. The extent of fragmentation appears to be affected by the
circumferential increase in cladding that is likely to be connected with the restraint for fuel
pellets, the power history during normal reactor operation prior to the accident, and the gas
flow to the rupture opening of cladding as well as burnup3-56),

The United States Nuclear Regulatory Commission (U.S.NRC) reported fundamental data
needed to revise the criteria on cladding embrittlement for a LOCA in a research information

letter (RIL-0801)357, It noted that FFRD had not been fully investigated and that its impact
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on the reactor safety needed to be examined. Then, a hot-lab LOCA test program was
performed by Studsvik on behalf of the U.S.NRC and information on FFRD was additionally
obtained35®. Experiments at Halden and Studsvik showed that a certain amount of
fragmented fuel pellets was dispersed at the time of rod rupture, independent of the oxidation
limited by the current criteria, though it occurs in the case of fuels irradiated to relatively high
burnups. The dispersal of a larger amount of fragmented fuel pellets may have an impact on
the coolability of the reactor core if the fragments accumulated locally and blocked the coolant
channel. U.S.NRC decided to continue its investigation on FFRD in light of regulatory
feedback. The Nuclear Regulation Authority of Japan also entrusted to JAEA to conduct hot-
lab experiments on fuel pellet behavior during a LOCA including FFRD3-59),
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(1) Appearance of rupture opening of fuel (2) Cross-sectional image of fuel
cladding and fuel pellet fragments cladding at rupture opening
Figure 3-5 Appearances of fuel pellet fragments that were relocated in the balloon of fuel
cladding during LOCA tests354,55),

3.7 Long-term core coolability after LOCA
The long-term cooling following the cold shutdown is achieved by using the containment
recirculation sump in PWRs and the recirculation of the coolant from the suppression pool in
BWRs. The current criteria require to ensure the removal of decay heat over a long period of
time, considering changes in the fuel geometry. The supplement provides the following two
examples noting that critically quantitative evidence is not necessarily required360,
(a) The requirement to “consider changes in the fuel geometry” is satisfied when the
following conditions are maintained:
The entire reactor core is reflooded or
At least the part of the core with the highest power density is reflooded, while the
rest of the core is sufficiently cooled.
(b) Ifit can be shown that the path of heat transfer from the core to the final heat sink is

ensured with sufficient multiplicity or diversity and independence and with a margin
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of performance, and that this condition can be maintained for the desired time if
appropriate measures are taken, the core cooling "over a long period of time" of this
criterion shall be considered possible.

The above example (a) is based on the assumption that the 1200°C and 15% ECR criteria
are available to ensure the coolable geometry of the reactor core during the long-term core
cooling as well as during the accident. However, there were hundreds of aftershocks after the
main earthquake in the case of the accident at the TEPCO’s Fukushima Daiichi NPS.
Considering this experience, additional loads, including earthquakes, should be assumed for
the post-LOCA reactor core3 6D, Therefore, in order to ensure the long-term coolability of the
reactor core following a LOCA, it is necessary to obtain information on possible loading
conditions as well as the integrity of the fuel and the core under such assumed post-LOCA
conditions. There are possibilities of coolant channel blockage by debris and failing in operation
of the cooling system, which may increase the fuel temperature. Therefore, a requirement in
terms of the fuel temperature may need to be considered to avoid changes in the fuel properties

and finally ensure the coolable geometry during the post-LOCA cooling.
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4. Main findings obtained after prescription of current criteria

4.1 High-temperature oxidation rates of fuel cladding

The Baker—Just equation4? provides a larger amount of oxidation than the other equations.
In the experiment on which the Baker—Just equation is based, Baker and Just rapidly supplied
electrical power to zirconium wires of 1 inch (23.4 mm) long in water and heated-up the wires
to the melting temperature (1852°C) in 0.3 ms. They evaluated the oxidation rate based on the
diffusion theory with the measured temperature, pressure, hydrogen generation, and post-test
measurement of the oxide layer thickness. Finally, they determined the temperature
dependence of the oxidation rate constants, namely the Baker—Just equation, combining their
own data and literature data for the temperature range from 1000°C to 1300°C423).

In zirconium oxide, a phase transition occurs with increasing temperature, from the
monoclinic to the tetragonal phase at about 1000°C, and to the cubic at about 1580°C in an
equilibrium state. The oxidation rate is affected by the phase structure and the temperature
dependence of the oxidation rate shows discontinuity (sudden increases) at the phase
transformation temperatures. Therefore, the interpolation of the oxidation rate from the
melting point to the lower temperatures results in overestimation for the temperature range
from about 1000°C to 1580°C. In contrast, the oxidation rate calculated by the Baker—Just
equation remarkably decreases with decreasing temperature due to the higher activation
energy of the equation. For this tendency, there is a possibility that the Baker—Just equation
underestimates the oxidation rate at temperatures below 800°C (Fig. 4-1) #7. Progress of
oxidation is relatively slow below 1000°C. In fact, the amount of oxidation of cladding (0.54 mm
thick) oxidized at 800°C for 900 s, which is possibly one of the representative conditions in
realistic safety analyses, calculated to be about 3% ECR by the Baker—Just equation. Therefore,
the underestimation described above has a small impact on the safety if the PCT is well below
1000°C and the amount of oxidation calculated by the Baker—Just equation is sufficiently lower

than the limit.
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Fig. 4-1 Temperature dependence of rate constant of Zircaloy-steam oxidation in the lower

temperature range?

Attention should also be paid to the test and evaluation methodologies. Baker and Just
analytically evaluated the oxidation rate combining the diffusion theory and the experimental
data. In contrast, most of the previous studies evaluated oxidation rates and their Arrhenius-
type temperature dependence based only on the experimental data. In the experiments of
Baker and Just, the specimen was heat-up so rapidly that its oxidation can be practically
considered to start at the target oxidation temperature. In general, specimens are inserted into
steam and then heated to target temperatures over tens of seconds to minutes; therefore, the
oxide layer grows from lower temperatures. Since the oxides formed at lower temperatures are
protective against the oxidation at higher temperatures, oxidation rates evaluated using data
obtained unser such conditions are relatively small. Some oxidation tests were conducted using
thermobalance489. Steam was introduced after the specimen temperature reached the
oxidation temperature and weight changes were measured as a function of time. Oxidation
rates obtained by the tests were generally higher than those estimated by the Cathcart—Powel
equation and closer to those estimated by the Baker—Just equation. Accordingly, the Baker—
Just equation provides the oxidation rate under ideal isothermal oxidation conditions, while
the other equations, including the Cathcart—Powel equation410.1), provide realistic oxidation
rates that would be expected in the reactor conditions. In the selection of the oxidation rate
equation, this technical background needs to be fully considered. As already described, since
the 15% ECR limit was determined by the evaluation using the Baker—Just equation, the limit

needs to be changed when other equations are used in the safety analysis.

JAEA has conducted various oxidation tests to systematically evaluate the influence of
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increased corrosion and hydrogen absorption at high burnup412-15, As a result of the tests on
unirradiated cladding specimens, the following information was obtained412,

- The corrosion layer formed at the operating temperature has a protective effect on the
high-temperature oxidation under LOCA conditions. The protective effect decreases
with increasing oxidation temperature and time (Fig. 4-2).

- The effect of hydrogen on high-temperature oxidation depends on the hydrogen
concentration and oxidation temperature and time. However, for a realistic range of
hydrogen concentration and oxidation time (< 800 ppm and 1800 s, respectively), the
effect of hydrogen is at the most 5% of the oxidation rate (Fig. 4-3).

Test results for high-burnup fuel cladding (< about 85 GWd/t) in Japan and for unirradiated
and high burnup cladding in other countries#13-20 basically confirmed the above information.
In conclusion, oxidation rates of the high-burnup fuel cladding are equivalent or slightly lower
than those of unirradiated cladding for the temperature range from 900°C to 1200°C (Fig. 4-4).
The microstructure observation (Fig. 4-5413) suggests that the corrosion layer has a protective
effect against high-temperature oxidation. However, the high-temperature oxidation initiates
and progresses at the cracking positions of the corrosion layer and finally, the protective effect

1s reduced at higher temperatures and for longer oxidation times.

30"""""""]""["

— 1473K — O -As-received H
g 25 3 —@— Pre-oxidized H
= 20 3
E E
c 15 -
© .
> 10 -
£ " s
> 5 :
; 0 .

0 1000 2000 3000 4000
Oxidation time (s )

Fig. 4-2 Effect of pre-oxidation on high-temperature oxidation of Zircaloy-4 cladding412
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Fig. 4-5 Cross section of high burnup ZIRLO™ cladding after oxidation 413

Oxidation tests are generally conducted on 10—20 mm ring-like specimens cut from cladding.
The specimens are oxidized at predetermined temperatures for various times to evaluate the
oxidation rate based on the weight gain and the oxide layer thickness. During a LOCA of
commercial reactors, fuel rods generally may balloon and rupture prior to the oxidation. The
semi-integral thermal shock tests confirmed the formation of axial cracks due to ballooning in
the corrosion layer of the high-burnup fuel cladding (Fig. 4-6)4+2V. Considering the above-
mentioned progression of high-temperature oxidation at the cracking positions, protective
effect of the corrosion layer may be limited under actual LOCA conditions. Accordingly, it is
appropriate not to take into account the protective effect of the corrosion layer in the safety

evaluation.

Corrosion layer

HT oxide

Fig. 4-6 Cross section of high burnup ZIRLO™ cladding after semi-integral thermal shock

Oxygen diffusion into the metallic layer as well as the oxide layer formation occurs under
the operating condition and accidental conditions. During the reactor operation, the diffusion
distance is short and the oxygen concentration in the diffused area is low. In contrast, under

LOCA conditions, the diffusion distance is long and the oxygen concentration in the metallic
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part is much higher, which is the main cause of the cladding embrittlement. The corrosion
formed during the reactor operation is an oxygen source under LOCA conditions. In
experiments in which irradiated fuel cladding was heated in an inert gas, a reduction of the
cladding ductility and the formation of a-Zr(O) containing a high oxygen concentration due to
oxygen diffusion from the corrosion layer were observed42?. Brachet et al. examined the
embrittlement of the cladding pre-oxidized at 350°C and oxidized at 1200°C423. They reported
that no effect of pre-oxidation on the cladding embrittlement was observed though the high-
temperature oxidation was suppressed by the pre-oxidation. This suggests that in addition to
the suppression of the high-temperature oxidation, the diffusion of oxygen from the pre-formed
oxide may have led to the cladding embrittlement and the growth of a highly oxidized layer (a-
Zr(0)). This result also indicates that the protective effect of the corrosion layer against the
cladding embrittlement does not need to be considered in the safety evaluation.

Various new cladding alloys have been developed to improve in-pile corrosion resistance
compared to Zircaloy. MDA, NDA, and ZIRLO™ with higher corrosion resistance, which have
been already implemented as the cladding of the “Step 2 PWR fuel” in Japan, have been
confirmed to have oxidation rates in high-temperature steam equal to or less than those of
Zircaloy 424~26), Cladding alloys with further increased corrosion resistance, including M-MDA
and M5® (Zr-1.0Nb), have been developed and experiments using unirradiated and irradiated
cladding specimens of these alloys showed that their oxidation rates were equal to or less than
those of Zircaloy415.18.20), Niobium is added to the new alloys for PWRs. This addition generally
has an effect to reduce oxidation rates for the temperature range below 1000°C including the
operation temperature (Fig. 4-4)414.18.20),

Since the cladding corrosion progresses more slowly in BWRs than in PWRs, the cladding
alloy compositions have not been changed drastically. However, the fraction of hydrogen
absorption to corrosion tends to increase at high burnup 427, Therefore, new cladding alloys
with higher Fe-content have been developed based on the composition of Zircaloy-242%. The
high-temperature oxidation rates of these alloys are comparable to those of Zircaloy and,
therefore, the evaluation of the amount of oxidation using the Baker—Just equation is still

valid for comparison with the 15% ECR limit.

4.2 Breakaway oxidation

JAEA has conducted oxidation tests of unirradiated and irradiated MDA, ZIRLO™, M5®,
and M-MDA cladding specimens and showed breakaway oxidation did not start within 3600 s
at 1000°C and other typical LOCA conditions13~15.18 Therefore, the performance of these
alloys against the breakaway oxidation is considered to be equal to or better than that of
Zircaloy in the examined range. Although the nominal alloy composition of Russian E110 is
the same as that of M5®, the breakaway oxidation has been reported to occur in a shorter

period of time at 850°C to 1100°C (for example, < 1500 s at 1000°C), possibly due to the
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difference in impurities419 29, It has also been reported that breakaway oxidation is likely to
occur in a shorter period of time when there are scratches on the cladding surface429. The
phase transformation of oxide and its instability are considered to be the main cause of the
breakaway oxidation and, therefore, it is reasonable to assume that the occurrence of the
breakaway oxidation is affected by the alloy composition and fabrication methods including
impurities and surface conditions416.29. It has been reported that the breakaway oxidation
occurred on the outer surface near the rupture opening of the Zircaloy cladding for about 1500
s at 1000°C439, The stress and surface conditions near the rupture opening are complicated,
which might affect the occurrence of the breakaway oxidation.

The breakaway oxidation is accompanied by the absorption of a large amount of hydrogen.
Therefore, the drafted revision of the US ECCS acceptance criteria requires the prevention of
the breakaway oxidation which can cause cladding embrittlement43V. Occurrence conditions
of breakaway oxidation (in terms of temperature and time) are far different from the LOCA
conditions expected in existing LWRs for the cladding in current and future use. Accordingly,
the breakaway oxidation would not occur without drastic changes in compositions and
manufacturing methods of the cladding alloys. However, the breakaway oxidation or similar
phenomena should be carefully considered when the criteria are revised to cover new cladding
materials including zirconium alloys, non-zirconium alloys, and materials of entirely new

concepts.

4.3 Cladding embrittlement

It is necessary to confirm whether cladding embrittlement can be evaluated based on the
amount of oxidation even for the high-burnup fuel, similarly to the lower burnup fuel. Namely,
it is necessary to evaluate the influence of increased corrosion and hydrogen absorption and
also the use of new alloys on the cladding embrittlement. The zero-ductility criteria determined
by the results of ring compression tests have been widely used to confirm the fuel integrity in
terms of the core coolability during a LOCA since the establishment of the ECCS acceptance
criteria in the U.S. and many European countries. In contrast, the fracture limit at quench
determined by the results of semi-integral thermal shock tests, which is a strength-based limit,
has been used in Japan and recently in France. As described in the Technical Opinion Paper
issued by OECD/NEA on LOCA criteria basis and test methodology43?, different test
methodologies are used to confirm the cladding embrittlement and fuel integrity during a
LOCA in each country based on the historical background and perspective of each country.
Since loading conditions and evaluation indices are not the same among the different test
methodologies, the criteria and their intent should be different. The technical basis and latest
information on the zero-ductility criteria are detailed in the report of the NRC-ANL LOCA
program#19 and the proposal of new embrittle criteria based on the the experimental results

obtained in the program#3V. The updated information on the fracture boundary of the cladding
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at quench obtained by the semi-integrated thermal shock tests is summarized in the following

section.

4.4 Fracture of fuel cladding at quench

The criteria in Japan were reviewed in 1981 and the 1200°C, 15% ECR limits were
maintained as it was confirmed that the criteria still had a sufficient safety margin even
considering the latest information, i.e., the inner surface oxidation and possible loading at
quench. In this review, the results of the semi-integral thermal shock tests conducted by
Uetsuka et al.437 were used as a reference. In the semi-integral thermal shock tests, short test
rods were fabricated using a 500-mm-long unirradiated 14X14 type PWR cladding segments
(ID: 9.48 mm, OD: 10.72 mm), end plugs, and alumina pellets. After pressurizing the inside of
the test rod with inert gas, the test rods were heated to 920°C—1330°C for various times in
flowing steam and then quenched by flooding water. In the experiments, the test rod
experienced ballooning and rupture; therefore, the inner surface oxidation accompanied by
local hydriding occurred. During the quench, both ends of the test rods were restrained to
reproduce the restraint conditions of the bundle geometry. The lower bound of the fracture at
quench was about 35% ECR under non-restrained conditions and about 19% ECR under
restrained conditions where cladding shrinkage was completely blocked. The ECR value was
calculated from the isothermal oxidation temperature and time for the initial wall thickness
(0.62 mm) using the Baker—Just equation. When calculating the ECR value for the reduced
wall thickness due to ballooning and rupture, the fracture boundary under the restraint
conditions was about 21% ECR.

To evaluate the influence of the high burnup, a series of tests were conducted using
unirradiated 17x17 type PWR cladding (ID: 8.36 mm, OD: 9.50 mm) with hydrogen
concentrations of 400 to 600 ppm, using a similar test procedure as the previous test439. It is
generally expected that the cladding temperature decreases gradually from the PCT during
LOCA in the reactor. However, since it has been reported that the ductility reduction of the
quenched cladding was enhanced by slow cooling in the (a+8) phase temperature range39.40),
the test rods were slowly cooled to about 800°C, and then quenched by flooding water. The
obtained fracture boundary under the non-restrained conditions was about 40% ECR
regardless of the hydrogen concentration. The boundary was reduced to about 20% ECR for
the non-hydrided cladding by completely restraining the test rods at quench and further
reduced to about 10% ECR by pre-hydriding the cladding. These test results using the hydride
cladding suggested a possible reduction of the fracture boundary at the high burnup. The ECR
values shown above were calculated for the cladding thickness reduced by ballooning and
rupture. The ECR value is hereinafter calculated in the same way in this report. Post-test
observations (fracture positions) suggested that the cladding fracture was affected by the inner

surface oxidation accompanied by local hydriding (1000 to 3000 ppm) under non-restrained
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conditions, which explains the absence of pre-hydriding effect on the fracture boundary. In
contrast, under restrained conditions, the cladding fractured at the rupture position, where
the strength was reduced by wall thinning and oxidation. Additional hydriding due to the inner
surface oxidation did not occur at the rupture position and, therefore, the effect of pre-
hydriding was seen in the fracture boundary under the restrained conditions. The fracture
boundaries of the two tests of 14X14 and 17%x17 type PWR cladding performed under the same
test conditions were nearly the same, indicating that the ECR can be used as a common index
for different cladding thicknesses.

In zirconium, oxygen is the a phase stabilizer and hydrogen is the B phase stabilizer. In the
Widmanstitten structure typically observed in quenched zirconium alloys, the a-incursion has
higher concentrations of oxygen, while hydrogen is concentrated in the matrix prior-8 phase.
Hydrogen in the prior-B phase is precipitated as zirconium hydrides, the size and distribution
of which depends on the cooling rate. Studies on the Zr-H-O ternary system showed an increase
in hydrogen concentration decreases the phase transformation temperatures of the a/8 and
(a+B8)/8 boundary in the Zr-O system and consequently increases the oxygen concentration in
the a phase of the quenched microstructure441~43, The increased hydrogen concentration in
the prior-8 phase and increased oxygen concentration in the a phase reduce the ductility of the
oxidized and quenched cladding and are the main cause of the reduction of the fracture
boundary due to pre-hydriding observed in the semi-integral thermal shock tests444.

According to the LOCA analyses for commercial reactors, the cladding temperature
decreases gradually from the PCT and then drops by reflooding during a LOCA. Komatsu et
al. examined the mechanical properties of the Zircaloy-4 cladding as a function of the cooling
rate, and reported that a slower cooling rate increased the precipitation of a-incursions in the
prior-B phase, which enhanced the formation of incipient cracks#39. Udagawa et al. quenched Zircaloy-
4 cladding specimens from different temperatures (800°C—1100°C) following the oxidation at
temperatures from 1100°C to 1200°C 440, The results showed that the ductility decreased as
the quench temperature decreases (i.e., when the slow cooling is continued to lower
temperatures), while variation in cooling rate had no influence on the ductility reduction.
These experiments were conducted using the non-hydride cladding. Brachet et al. examined
the ductility reduction of pre-hydrided Zircaloy-4 cladding (about 600 ppm) after the oxidation
at 1200°C under different cooling conditions423. The mechanical tests showed that the
cladding underwent brittle fracture when quenched from 1200°C and when quenched from
800°C following the slow cooling from 1200°C to 800°C. When the cladding was quenched at
600°C or 700°C, the yield stress was lower but ductility was relatively high compared to the
above cases. When the cladding was cooled slowly to room temperature, both the yield stress
and ductility were reduced. Key observations of the post-test microstructure are as follows.

- The cladding directly quenched at 1200°C formed a uniform prior-p phase across the

cladding thickness and had a uniform oxygen concentration.
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- In the cladding quenched at 800°C, the a phase (a-incursion) precipitated in about
50% of the cross-section, and the difference in oxygen concentration was relatively
clear between the matrix prior-f phase and precipitated a-incursions.

- In the cladding quenched at 600°C or 700°C, the local variations of oxygen
concentration in the prior-p layer was smaller than those in the cladding quenched at 800°C,
since the phase transformation to the a phase was completed during the slow cooling
process. Precipitation of secondary phases containing rich iron and chromium was
observed on the sub-grain boundaries in those cladding.

- The growth of hydride precipitates was observed on the sub-grain boundaries in the
cladding that was cooled slowly to room temperature.

The above results on the characterization of the quenched cladding show that the post-
quench microstructure is strongly affected by the temperature profile during transients and
has an influence on the ductility and strength of the cladding. In general, the cladding ductility
decreases most when cooled slowly through the (a+B) phase region and then quenched.
Therefore, the results of the semi-integral thermal shock tests that are conducted considering
the slow cooling effect are probably conservative in terms of the influence of the cooling

conditions.

JAEA has conducted the semi-integral thermal shock testes using unirradiated Zircaloy-2
cladding for BWRs (ID: 9.6 mm, OD: 11.0 mm, < about 400 ppmH) 445, Under the no-restrained
condition, the cladding, with and without pre-hydriding, fractured during quenching or post-
test handling when oxidized to above 38% ECR, which is equivalent to that of the PWR
cladding. The fracture boundary under the restrained condition was about 22% ECR for the
BWR cladding without pre-hydriding and about 19%ECR for the cladding with pre-hydriding.
Since the corrosion rate is low due to the lower fuel surface temperature in BWRs, the initial
hydrogen in the tested cladding was limited to lower levels, which is the reason for the smaller
hydrogen effect on the fracture boundary seen in these tests for the BWR cladding compared
to the test results for the PWR cladding439).

The restraint condition is a key factor in determining the fracture boundary of the cladding.
The previous studies described above437.3844 were conducted under the restrained condition
where the shrinkage of the test rods was completely blocked during quenching. However, the
axial extension and shrinkage during the temperature transient of a LOCA vary among fuel
rods and there are also difference of these between fuel rods and guide tubes. If an increase in
friction or locking is assumed at the grid spacer locations, tensile loads are generated in the
“hottest” rods during cooling and quenching. Because the behavior and phenomena in the
bundle geometry are not fully clarified, assuming fully restrained conditions is an option for

conservatism. However, it is unlikely that the fully restrained condition will occur extensively
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in the reactor core during a LOCA. Therefore, in order to evaluate realistic restraint conditions
and technically reasonable safety margins, several studies have been conducted to examine
the interaction between fuel rods and grid spacers and the variation of fracture boundary in
response to the restraint loads.

Honma et al. performed separate effect tests on the mechanical and chemical interactions
between the cladding tube and the grid spacer, and estimated the maximum restrained loads
to be 167 N for the Zircaloy grid and 430 N for the Inconel grid424. The eutectic formation
between Zircaloy and Inconel increased the restraint load. Murata et al. calculated the
difference in shrinkage between the hottest and the coldest fuel rods in the PWR fuel bundle,
and experimentally measured the force generated by restraining the difference in shrinkage.
As a result, the restraint force was estimated to be about 157 N425, JAEA conducted the semi-
integral thermal shock test using a combination of a short test rod and a piece of grid spacer.
The test rod that experienced ballooning, rupture, and oxidation was pulled out of the grid
spacer during and after the quench at temperatures ranging from room temperature to 1000°C
and the friction load was measured446). As a result, the friction loads both during and after the
quench were in the same range of 15-35 N for the tests with the Inconel grid. Neither the
dependence of pull-out temperature (from room temperature to 600°C) nor the influence of
ballooning and rupture was seen. No obvious eutectic reactions or subsequent locking occurred
under high-temperature oxidation conditions. In the tests with the Zircaloy grid, the pull-out
load after the high-temperature oxidation decreased to about 15 N. Here, a very simple
estimation is performed using these measured data, assuming that a fuel rod with 9 grids was
suddenly reflooded to a certain grid span and that the friction load to slide the fuel rod was 35
N at reflooded and cooled grid positions. As a result, the tensile load was estimated to be about
140 N at most. The French utility conducted FEM analyses for a fuel bundle using the
temperature distribution expected during a LOCA and experimental data for the contact
conditions at the grid positions44?. Their estimated restraint load was less than about 250 N.
A large break LOCA was assumed in this estimation. They expected that the restraint load
would be smaller for the small-break LOCA, where the number of ruptured cladding is small.
As described above, the estimated restraint loads vary over a wide range of 140—-450 N for the
Inconel grid. However, they are obviously smaller than the tensile loads generated in the tests
conducted under the fully restrained condition (1400-2200 N)43%. Therefore, the fully
restrained condition is probably a very severe condition compared to the actual conditions.

JAEA has conducted studies on the variation of fracture boundary depending on the
restraint load and attempted to estimate the realistic restraint load449. Intermediate restraint
conditions of 390, 540, and 735 N were selected considering the axial loads measured in the
full-restraint tests, and the semi-integral thermal shock tests were conducted controlling the
restrain load not to exceed these three values. The cladding used in the tests was the 17x17

type PWR cladding with hydrogen concentrations ranging from 100 to 1450 ppm. In addition,
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the cladding was thinned by 10% to simulate the wall thickness reduction due to in-reactor
corrosion. Fig. 4-9 shows the oxidation conditions for cladding fracture as a function of
hydrogen concentration obtained for the three intermediate conditions and a full restraint
condition. The results are as follows:
the fracture boundary decreased as the restraint load and hydrogen concentration
increased,
the cladding with hydrogen concentrations lower than 350 ppm did not fracture at 15%
ECR and below, regardless of the restraint conditions, and
when hydrogen concentrations higher than 800 ppm and the restraint load is higher than
500 N, the fracture boundary may be lower than 15% ECR.
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Fig. 4-9 Fracture maps relevant to ECR and hydrogen concentration for four restrained

conditions444

The fracture boundaries determined by the semi-integral thermal shock tests contain
uncertainties associated with test conductance and evaluation. Therefore, studies have been
initiated to quantify the uncertainty in the estimated fracture boundary+48. 449, It has been
reported that the boundary representing a 5% fracture probability with 95% confidence for the
pre-hydrided cladding samples is higher than 15% ECR, for initial hydrogen concentrations of
up to 800 ppm.

JAEA accumulated the base data through the various experiments using unirradiated
cladding samples and prepared for the experiments using irradiated cladding samples. The
test methods for the irradiated samples were basically the same as those for the unirradiated

samples. The amount of data for the irradiated samples is limited due to difficulties in
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preparing the test rod with irradiated cladding and conducting experiments in the hot cell.
Therefore, the failure behavior of the high-burnup fuel during quenching is evaluated by
combining data obtained by the tests using the unirradiated and irradiated cladding.

Table 4-2 shows a list of the semi-integral thermal shock tests using the irradiated
cladding42150~52) The cladding materials tested in the experiments were Zry-4, MDA, NDA,
ZIRLO™, M5®, and M-MDA for PWRs and Zry-2/LK3 for BWRs. The ranges of burnup, in-
reactor corrosion, and hydrogen absorption were 39 to 84 GWd/t, 6 to 79 um, and 69 to 839
ppm, respectively. The test rods were fabricated by cutting a short segment (190 mm long) from
the fuel rods irradiated at commercial reactors, removing most of the fuel pellets by center
drilling, and then combining the cladding segments with the bonded thin layer of fuel pellets,
alumina pellets, and end plugs. The test conditions are summarized in Table 4-3. The
isothermal oxidation temperatures ranged from 1030°C to 1232°C and the amount of oxidation
was calculated to be about 16% to 38% ECR using the Baker—Just equation for the metallic
thickness of cladding after rupture.

The main purpose of the tests was to confirm the applicability of the 1200°C and 15% ECR
limits to the high burnup. Therefore, most of the test conditions were primarily set just above
these limits. Fig. 4-10 shows fracture/no-fracture conditions relevant to ECR and oxidation.
The cladding did not fracture during quenching for the oxidation conditions of ECR below
29.6% at 1030-1230°C. Accordingly, the fracture boundary of the examined high burnup
cladding is higher than the limits in the Japanese ECCS acceptance criteria. Fig. 4-11 shows
the results of the tests using the high-burnup fuel cladding relevant to ECR and initial
hydrogen concentration, comparing with those using the unirradiated cladding44449. In this
figure, the dotted line shows the fracture boundary of the unirradiated Zry-4 cladding tube,
while the solid line and the shaded regions show the median, 50% Bayesian prediction interval,
and 95% Bayesian prediction interval estimated for the fracture boundary of unirradiated Zry-
4 cladding tube. As already described, the fracture boundary of the unirradiated Zry-4 cladding
decreases as the hydrogen concentration increases: it is higher than 25% ECR at lower
hydrogen concentrations and decreases to about 20%ECR at 800 ppm. Fig. 4-11 shows that the
high burnup cladding did not fracture below the fracture boundary of the unirradiated Zry-4
cladding, which suggested that the high burnup effects including changes in the alloy
composition were negligible except the hydrogen effect. The irradiated cladding oxidized to
26.0%, 29.3%, and 37.8% ECR fractured during quenching. Since the amounts of oxidation
were larger than the fracture boundary of the unirradiated cladding, these results are
consistent with those of the unirradiated cladding.

In the evaluation of the semi-integral thermal shock tests, the amount of oxidation (ECR)
has been calculated for the metallic thickness reduced by corrosion and rupture and compared
with the 15% ECR limit. The results showed that this evaluation method can be used

reasonably for high-burnup fuel; therefore, this method can be used consistently in the safety
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evaluation. There is another method for the ECR evaluation in which the ECR value is
calculated based on the sum of the oxidation during the operation and accident relative to the
initial (nominal) cladding thickness. This method generally provides a smaller allowable
amount of oxidation to the limit: namely, it is a conservative method. Theoretically, the
cladding embrittlement is considered to depend on the thickness and oxygen concentration of
the metallic thickness453); therefore, indices and methods for evaluating the cladding

embrittlement should be considered if the cladding material and thickness change drastically.

Table 4-2 List of semi-integral thermal shock tests with irradiated fuel conducted at
JAEA421,50~52)

Type | TestID Reactor Local Cladding | Corrosion Hydrogen Reference
burnup alloy / layer (um) | concentration
(Gwdlt) Bundle (ppm)
type
PWR A3-1 Takahama-3 43.9 Zry-4 20 170 4-50)
A1-2 43.9 17x17 25 210
BL-3 39.1 18 140
BI-3 40.9 18 140
BI-5 40.9 15 120
BL-7 39.1 15 120
MDA-1 Vandellos-2 76 MDA 51 720 4-21)
MDA-2 (Spain) 76 17x17 62 838
ZIR-2 71 ZIRLO 51 496
ZIR-3 73 17x17 79 764
MFI-1 Ringhals 66 M5 6 73
MFI-2 (Sweden) 66 17x17 7 69
NDA-1 McGuire 69 NDA 33 214
(us) 17x17
R2
(Sweden)
BWR | ZRTA1 Leibstadt 66 Zry-2 30 297
ZRT-2 (Swiss) 73 (LK3) 25 182
9x9
PWR | MMDA- | Vandellos-2 81 M-MDA 27 249 4-51,52)
1 (Spain) 17x17
MMDA- 81 27 227
2
LMFI-3 Gravelines 84 M5 10 64
LMFI-4 (France) 84 17x17 10 63
LZIR-4 | Vandellos-2 80 Low-Sn 18 144
LZIR-5 (Spain) 80 ZIRLO 18 123
17x17
BWR | LZRT-3 Leibstadt 85 Zry-2 39 492
LZRT-4 (Swiss) 73 (LK3) 35 395
10x10
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Table 4-3  Summary of semi-integral thermal shock tests with irradiated fuel conducted at
JAEA421,50~52)

Rupture . . Oxidation o Oxidation . Fracture
Circumferential Oxidation Restraint
Test ID temp increase (%) temperature time (s) amount load (N) / No-
(°C) (°C) (%ECR) fracture
A3-1 800 14.1 1176 486 29.3 498 F
A1-2 751 27.7 1178 120 16.6 540 N
BL-3 820 24.3 1154 200 16.0 540 N
BI-3 785 13.6 1172 363 21.9 540 N
BI-5 755 8.0 1030 2195 21.5 540 N
BL-7 804 7.5 1177 543 26.0 385 F
MDA-1 715 9.9 1207 131 18.3 350 N
MDA-2 6.0 1190 719 38.0 530 F
ZIR-2 672 28.0 1200 228 27.3 518 N
ZIR-3 676 20.6 1186 153 20.2 519 N
MFI-1 780 20.1 1197 151 19.5 400 N
MFI-2 762 19.2 1196 229 23.6 0 N
NDA-1 715 8.9 1194 280 22.5 518 N
ZRT-1 763 17.7 1195 222 21.2 519 N
ZRT-2 778 20.6 1194 232 22.0 0 N
MMPA- | 768 26.0 1232 112 21.6 80 N
MMPA- 1 752 34.4 1201 125 20.8 528 N
LMFI-3 774 27.2 1201 187 21.5 521 N
LMFI-4 769 23.0 1200 384 29.6 519 N
LZIR-4 714 39.7 1201 119 21.0 529 N
LZIR-5 714 427 1202 111 20.8 526 N
LZRT-3 714 13.8 1199 202 (20.0)* 525 N
LZRT-4 742 12.1 1201 203 (19.8)* 521 N

*The ECR values were calculated assuming double-sided oxidation. The actual ECR values are
likely smaller since the inner surface oxidation was less extensive due to the very small

rupture opening of cladding.
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4.5 Fuel fragmentation, relocation and dispersal

Regarding the fuel fragmentation, relocation and dispersal (FFRD), the OECD/NEA CSNI
Working Group on Fuel Safety reviewed and summarized the knowledge obtained by 2016 in
their report458 based on the results from the studies including the in-pile tests of OECD
Halden Reactor Project 45455 and the hot cell tests at Studsvik Nuclear conducted under the
contract with US NRC and EPRI436:57,

In the Halden LOCA tests, significant fuel fragmentation was observed for fuels with the
segment burnups below about 60 GWd/t, but observed for fuels with the segment burnup
higher than about 72 GWd/t. This indicates that the threshold of the fuel fragmentation is
between 60 and 70 GWd/t.

The mechanism of the fuel fragmentation is not fully clarified. The fuel fragmentation
appears to occur not only in the rim region with the high burnup structure but also in other
regions where FP gas bubbles are densely concentrated. Thus, the number density of FP gas
bubbles and the pressure inside the FP gas bubbles are considered to be important factors for
the fuel fragmentation. The burnup dependence of the fuel fragmentation can be explained by
an increase of FP gas bubble precipitation and a decrease in fracture resistance of grain
boundaries with increasing burnup. The temperature increase during the transient (>
750°C457) and the temperature gradient in the fuel pellet act on the FP gas bubbles, which
may induce the fuel fragmentation, though its mechanism depends on the temperature.

The Halden tests with and without rod rupture suggested that the influence of hydrostatic
pressure change was small on the fragmentation. In contrast, it was suggested that a decrease
in mechanical restraint due to ballooning enhances the fuel fragmentation. In addition, EPRI’s
experiments at the Studsvik Nuclear showed the possible influence of the power history before

the accident on the fuel fragmentation.

In the Halden LOCA tests, the axial relocation of the fragmented fuel pellets was not so
significant, except for fuels with very high burnup (> 90 GWd/t). In principle, a certain degree
of circumferential increase in the cladding (ballooning), the fuel fragmentation to smaller
pieces, and some mechanisms to enhance the downward movement (e.g., gas flow and
mechanical vibrations) are necessary for the axial relocation. In the in-pile tests at the Halden
reactor4 5455 FR2459.60 and PBF461-63 and the hot cell tests at Studsvik Nuclear, the axial
relocation occurred when the circumferential increase in cladding was greater than 2—10%. If
a large amount of fuel fragments is relocated and accumulated in the balloon of cladding, we
have to consider PCT increase. To evaluate the increase in PCT, the information on the filling
ratio of the accumulated fragments is also necessary. However, the filling ratio depends on
various parameters and its information is still limited464~66),

The quantitative evaluation on the dispersal of the fragments of fuel pellets from the
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rupture opening of cladding is also difficult because this phenomenon is affected by similar
factors to the axial relocation and the rupture behavior of the cladding such as the shape and
the size of the opening. The dispersal of a larger amount of fuel fragments containing FP can
be a safety issue from the viewpoint of exposure and source term. This is also a safety issue
related to the core coolability when the dispersed fuel fragments accumulate at a certain
location.

The reliability of the experimental data is relatively high in the burnup range where the
fuel fragmentation occurs (> 60—70 GWd/t). It is then possible to estimate the total fuel length
(total weight of fuel pellets) for which the burnup exceeds the threshold of the fuel
fragmentation*6%). For the Japanese licensed burnup (bundle average) of 55 GWd/t, the peak
pellet burnup is about 71 GWd/t for PWRs and 75 GWd/t for BWRs467. However, given the
burnup distribution in the reactor core, the total fuel length where the fragmentation is likely
to occur should not be so extensive. USNRC estimated the amount of dispersed fuel weight by
coupling the fuel behavior code (FRAPCON and FRAPTRAN) and the system code (TRACE)+69,
If we will follow this example of USNRC, it will be possible to estimate whether FFRD is a
critical safety issue or not. In this case, the influence of FFRD should be evaluated based on
conservative assumptions until more information will be obtained for the machenism, and the

occurance condition will be clarified.

4.6 Long-term core coolability after LOCA

In order to ensure the long-term core coolability following a LOCA without extensive
damages on fuel rods or fuel assemblies as in the case of a LOCA (.e., on quenching), all
possible loads applied on fuel rods after a LOCA must be assumed. In addition to the loads
generated due to temperature changes or coolant flow, earthquakes are possibly main loadings
for the fuel rods during the long-term core cooling following a LOCA as the lessons learned
from the accident at the TEPCQO’s Fukushima Daiichi NPS.

JAEA has measured the strength of Zircaloy cladding samples that are pre-hydrided to 800
ppm in maximum and experienced ballooning, rupture, oxidation, and quench in the semi-
integral tests to compare with the maximum load assumed in an earthquake4 7. Considering
the fuel rod deformation due to seismic vibrations, the main component of the stress generated
in the cladding is in the axial direction*7V. In addition, the most likely locations for the fracture
are considered to be the ballooned and ruptured region. Thus, the four-point-bend test was
selected and the geometry of the test jig as well as the sample setting was determined using
the Finite Element Method (FEM) analysis so as to apply a uniform bending moment to the
entire rupture region including a ballooned region, a rupture opening, and peaks of hydrogen
content. The four-point-bend tests were carried out on 190-mm-long cladding samples that
were oxidized at 1000-1300°C and subsequently quenched. Fig. 4-12 shows the relationship

between the maximum bending moment and the amount of oxidation. The maximum bending
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moment decreases as the amount of oxidation increases while the oxidation temperature
(1000-1300°C) has no influence. In this JAEA’s study, the largest conceivable bending moment
was evaluated using the data from high level shaking tests on full-scale fuel assemblies
conducted by the Japan Nuclear Energy Safety Organization (JNES)472 under the assumption
that the fuel assemblies are deformed as a cantilever beam during an earthquake, and was
compared with the above test data. Fig. 4-13 shows that the maximum bending moment of the
oxidized cladding is lower than the bending moment expected to be caused by the seismic
motion in the oxidation range greater than 16% ECR. Therefore, the cladding oxidized to less
than 15% ECR, the oxidation limit of the Japanese LOCA criteria, unlikely fractures with a

realistic seismic motion.

€25 r 0 1273K

z 20 o 0 1373K

€ o A 1473K

§ 15 Ao o- x 1573K

2 - a

; @ o o °

=§ 10 - dk D@Eﬁé O

] A

e 5 X A DS 2

S 0 X

€

.5 O 1 1 1 1 1

= 0 5 10 15 20 25
ECR(%)

Fig. 4-12 Relation between the maximum bending moment and the amount of oxidation for

unirradiated Zry-4 caddng4 70

- 118 -



T 25
z
= 20
)]
5
g 15
g
5 10
S
o]
£ 5
3
E
x 0
s
? 40
=3
€ 30
()
£
[]
€ 20
£
T
§ 10
£
3
E O
3
=

Fig. 4-13 Relation between maximum bending moments of the Zry cladding and bending

moment resulting from the largest conceivable ground motion470

At JAEA, the maximum bending moments of high-burnup advanced fuel cladding tubes
(LMFI3, LZIR4, and LZRT4) irradiated up to ~80 GWd/t were evaluated4 7. Fig. 4-14 shows
the maximum bending moment as a function of ECR for the high-burnup advanced fuel
cladding tubes that were subjected to ballooning, rupture, high-temperature oxidation, and
quenching under LOCA conditions. The maximum bending moments of unirradiated Zry-4 and
Zry-2 cladding tubes are also shown as reference. The maximum bending moments of the high-
burnup advanced fuel cladding tubes are almost equivalent to those of the unirradiated
conventional Zircaloy cladding tubes. Considering that the oxidation kinetics is not accelerated
and the fracture boundary is not significantly reduced by extending the burnup and changing
alloy compositions, the effects of high burnup, including changes in alloy compositions, on the

maximum bending moment are expected to be very small, though the maximum bending
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moment may decrease slightly as the hydrogen absorption increases.
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The criteria set in 1973 in the U.S. state that the preservation of cladding ductility is
effective to ensure the integrity of the fuel under various loading conditions during
earthquakes, post-LOCA handling, and transportation as well as quenching during a LOCA474,
The loading conditions in the ring compression test is considered to be more severe than those
in the expected events during and after a LOCA. The zero-ductility criteria determined by the
results from the ring-compression tests have therefore been used as the basis for the LOCA

criteria in the U.S. that are available to maintain the core coolability or the fuel integrity

during and after a LOCA.
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In response to the plugging of emergency core cooling suction strainers in the U.S. and
Swedish BWRs475.70 NRC has requested that measures such as an increase in strainer size
be implemented47?. Also for PWRs, NRC has addressed the impact evaluation of the
recirculation sump screen blockage as a safety issue (GSI-19147) and evaluated the impact
with industry. The blockage of the coolant channel can be caused by various debris, e.g.,
originated from piping insulation materials and paint. Chemical materials generated during
the circulation of the debris inside the containment may precipitate on the fuel rod surface.
This could cause fuel temperature to rise in the recirculation mode after a LOCA. The US PWR
owners group modeled the blockage of the recirculation sump screen using experimental
results and provided NRC with evaluation methods and results for the influence on PCT in
various cases4808D, The evaluation results showed that the influence on PCT is small: PCT
may approach 800°F (about 427°C), which is the limit determined by the utilities, but the high-
temperature period is shorter than 100 s. The 800°F (about 427°C) limit was established
because it has been experimentally shown that the cladding at temperatures below 800°F
(about 427°C) has a low degree of oxidation and hydrogen absorption during the 30-day period
required for countermeasures and meets the requirement of 10CFR50.46 to avoid the cladding
embrittlement.

The oxidation test of Zry-4 at 500—1300°C4™? showed that the oxidation rate increased in
the long-term oxidation in the middle-temperature range of 500-800°C, which is called
breakaway oxidation. The duration that the breakaway oxidation occurs decreases with
increasing oxidation temperature: 7 days at 500°C and 12 hours at 800°C. No apparent increase
in oxidation rate and hydrogen absorption has been observed in the oxidation test of Zry-2 at
400°C up to about 40 days 482. This result is consistent with those that are the basis of the
800°F (about 427°C) limit determined by the US PWR owners group. Since the measures to
the recirculation sump screen blockage have been taken, the PCT increase would be small even
if it occurs. However, we should pay attention to the breakaway oxidation, which results in the
cladding embrittlement.

Assuming a failure of reactor core cooling during the post LOCA long-term cooling, the
influence of re-heating at high temperatures on the oxidation and embrittlement behavior of
the once quenched cladding has been investigated. JAEA conducted ring-compression tests of
cladding samples that were oxidized in steam at 1200°C, quenched by reflooding, and oxidized
again at 900—1100°C483. It was shown that the oxidation during the re-heating tended to be
suppressed: however, the final ductility reduction was predictable from the sum of the amounts
of oxidation during the two transients. This means that the influence of the re-heating, namely
the cladding embrittlement after the re-heating, can be estimated based on the information
obtained so far.

According to the current criterion regarding the long-term core cooling following a LOCA,

reactor safety can be basically secured. Even so, quantitative indices for PCT and duration
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may be needed to ensure the core coolability and fuel integrity by avoiding the characteristic
changes of the fuel during the long-term cooling. In addition, it may be worth considering to
confirm that the reactor core is surely cooled during the post-LOCA long-term core cooling,

which includes confirmation of long-term reliability of the cooling system.
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5. Applicability of current criteria to high-burnup fuel

“Acceptance criteria for emergency core cooling systems for light-water nuclear power
reactors” require that results of the analyses for the postulated LOCAs satisfy the following
criteria to confirm the function and performance of ECCS to terminate the accidents
maintaining the reactor core coolability.

(1) The calculated maximum fuel cladding temperature shall be 1200°C or less.

(2) The calculated stoichiometry oxidation of the cladding shall be 15% or less of the total
cladding thickness before significant oxidation.

(3) The amount of hydrogen generated from the reactions of the fuel cladding and core
structures with water shall be sufficiently low from the viewpoint of the integrity of
the containment vessel.

(4) Decay heat shall be removed for a sufficient period of time even if the geometry of the

fuel changes.

The NRA has a policy to continuously improve the regulation taking account of the latest
scientific and technical knowledge and experiences®V. In addition, the TAEA's Integrated
Regulatory Review Service (IRRS) reports that the NRA is going to revise the requirements
that frequently cite the criteria established by the former NSC52. As described in Chapter 4,
a great deal of technical knowledge has been accumulated on the behavior of high-burnup fuels
under LOCA conditions and the applicability of the current criteria to the high-burnup fuels.
In the U.S. and European countries, the criteria have been revised or reviewed for revision.
There is still a possibility of the introduction of the advanced fuel with new cladding alloys
which leads to the improvement of reliability and safety, though the immediate introduction is
unlikely to be done under the circumstance after the accident at the TEPCO’s Fukushima
Daiichi NPS in Japan5®. Therefore, there is already a strong need to consider reviewing the
criteria specified in the current ECCS acceptance criteria, nearly 40 years after the last review,
or to confirm their applicability to high-burnup fuels.

Based on the accumulated technical knowledge on the behavior of the high-burnup fuels
under LOCA conditions, the applicability of the current criteria to the high-burnup fuels was
reviewed as below. The criteria were determined for the combination of UO2 or MOX fuel
pellets and zirconium alloy cladding used in the existing PWRs and BWRs. An essential
revision should be considered when metallic alloys other than zirconium alloys or ceramic

materials which exhibit quite different behaviors are adopted as the cladding alloy.
5.1 Regarding criterion (1)

Criterion (1) in terms of PCT is determined with a view to maintaining the reactor core

coolability during a LOCA by avoiding severe embrittlement of the cladding. The 1200°C limit
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1s based on the experimental knowledge that the embrittlement of the cladding and the amount
of oxidation was not clearly correlated above that tempetaure54. This is supported by the
evidentiary result showing that oxygen solubility drastically increases above 1200°C5%. A
sudden decrease in ductility after the oxidation above 1200°C is observed in the ring
compression tests in which the loading condition is relatively severe, but not necessarily in the
semi-integral thermal shock tests. Hence, it is not clear whether the PCT limit is a kind of
edge for fuel integrity under realistic conditions. However, it would be reasonable to keep the
limit considering uncertainties in the LOCA analysis and the very high oxidation rate in the
higher temperature range. Since the oxidation of zirconium is an exothermic reaction, the
positive feedback should be considered especially in the bundle or core geometry where the
heat removal condition is different from that in the smaller specimen geometry. Actually,
temperature escalations were observed from the temperature range above 1200°C to 1500°C in
the bundle experiments®67. This also supports the preservation of the current PCT limit. If
the accuracy can be improved in evaluating the oxidation rate above 1200°C, the relationship
between the cladding embrittlement and the amount of oxidation, and the temperature
escalation in the exposed bundle and core geometries, it would be possible to have a new PCT
limit.

For the high-burnup fuel, fragmented fuel pellets may axially relocate and accumulate in
the balloon of cladding to increase PCT, which is a great concern on the reactor safety.
Sufficient data and knowledge have not been obtained to quantitatively evaluate those
phenomena and their influence. However, with the gradual clarification of the conditions under
which FFRD occurs, it has become possible to evaluate its effects on PCT and the amount of

oxidation and to take them into account to some extent in the safety evaluation.

5.2 Regarding criterion (2)

Criterion (2) in terms of stoichiometry oxidation of the cladding is also determined to avoid
severe embrittlement of the cladding. As described in Section 2.2, after the ECCS acceptance
criteria were first established, a variety of additional data were obtained regarding the fuel
behavior under LOCA conditions, such as the inner surface oxidation accompanied by the
secondary hydriding and possible loading on quenching due to the axial restraint. Considering
those data and knowledge, they judged to keep the 1200°C, 15% ECR limits in the revision of
the criteria in 1981. The main basis of the judgment was the results of the semi-integral thermal
shock tests that reproduced the LOCA conditions and phenomena as much as possible 8. No
additional information has been obtained since then to revise or refute the judgement at the
last revision59. Therefore, the semi-integral thermal shock test should be used to evaluate the
fuel safety in LOCA conditions, and the strength of the oxidized and quenched fuel, which is
determined by the tests, can be used as the indicator of the “embrittlement”.

The ECR value is calculated with the cladding temperature change in the safety evaluation.
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The Baker—Just equation519 is generally used for the calculation to confirm that the expected
oxidation meets the criteria since the 15% ECR limit was determined by the evaluation using
this equation®1V. Although oxidation rate equations such as the Cathcart—Powel512 equation
are more accurate in predicting the amount of oxidation than the Baker—Just equation, the
use of the Baker—Just equation in the safety evaluation is still available for the above reason.
The use of oxidation rate equations other than the Baker—Just equation is also permitted. In
that case, the ECR limit should be re-evaluated using a substitute equation. The Baker-Just
equation was derived using data obtained at very high temperatures and may underestimate
the amount of oxidation below 800°C 513, Below 1000°C, oxidation progresses slower and takes
longer for the cladding to be oxidized to 15% ECR. Therefore, if the amount of oxidation
calculated by the Baker—Just equation is sufficiently lower than the criterion, the
underestimation is not a real safety concern. The breakaway oxidation, which can occur at
specific temperatures at 1000°C and below, may cause embrittlement of the cladding, even if
the calculated amount of oxidation is less than 15% ECR513. Consequently, a time-based
criterion may be more effective in avoiding the breakaway oxidation for the temperature range
at 1000°C and below (see also criterion (4)).

The information obtained so far indicates that the influence of the high burnup, such as
corrosion, hydrogen absorption, and irradiation, is not remarkable514~16) The corrosion layer
formed during normal reactor operation has a protective effect on the high-temperature
oxidation; however, the effect disappears after a while due to the increase in temperature and
oxidation time or the crack formation caused by the cladding deformation. Therefore, the ECR
value should be calculated without considering the protective effect of the corrosion layer.

There are two considerations in calculating ECR for the evaluation of the cladding
embrittlement. One is to calculate the amount of high-temperature oxidation against the
reduced metallic thickness due to ballooning and in-reactor corrosion, and the other is to
calculate the sum of the in-reactor corrosion and the amount of high-temperature oxidation
against the total cladding thickness including the corrosion layer. The latter case is explicitly
required in the US517, but not in Japan. If the same ECR limit is applied, a smaller amount
of oxidation would actually be allowed when the latter is adopted. In the evaluation of the semi-
integral thermal shock tests, the former has been adopted and it was shown the high-burnup
fuel would be unlikely fracture if the calculated ECR value met the 15% ECR limit51517.19,
Therefore, under the current fuel design and use conditions, no difference is seen in the
judgment of fuel integrity, possibly due to the sufficient safety margin. If the fuel design is
changed, e.g., cladding wall thinning or changes in fuel irradiation conditions, rules for
calculating ECR values may be needed, if possible, considering the oxygen diffusion from the
corrosion layer at high temperatures520.2D and the dependence of the cladding embrittlement
on thickness reduction and oxygen concentration (hydrogen concentration as well)522,

The current criteria require that the ECR should be calculated for the cladding thickness
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reduced by the deformation before the significant oxidation progression, namely
circumferential increase and wall thinning due to ballooning and rupture. This requirement is
considered reasonable for the same reasons described above and, therefore, does not need to
be changed. However, since it has been shown that the balloon and rupture behavior is affected
by the hydrogen absorption518, models to estimate the deformation amount have to be
modified to take the hydrogen effect into account.

The results of the semi-integral thermal shock tests using unirradiated and high-burnup
fuel cladding515.17.19 showed that the cladding unlikely fracture within the examined ranges
(local burnup < 80 GWd/t, corrosion layer thickness < 80 um, hydrogen concentration < 800
ppm) as long as meeting the criteria (PCT = 1200°C, ECR = 15% ECR), though the fracture
boundary gradually decreases with increasing hydrogen concentration. Accordingly, it can be
said that the criteria have a sufficient safety margin, even considering the uncertainties of
experiments and evaluations. The results also showed that changes in the cladding alloys do
not affect the fracture boundary for MDA, NDA, ZIRLO, M-MDA, M5, and so on. Therefore,
the current 15% ECR limit in terms of the cladding embrittlement is applicable to the high-
burnup fuels below ~80 GWd/t (< 800 ppmH) with the advanced cladding, which have been

implemented or are to be implemented into the commercial reactors.

5.3 Regarding criterion (3)

This criterion requires that the amount of hydrogen generated from the reactions of the
fuel cladding and core structures should be suppressed to a sufficiently low value by the ECCS
operation. As is well known, hydrogen is also generated by other mechanisms. Therefore,
criteria have also been established to evaluate the integrity of the primary containment vessel
(PCV) taking into account all sources of hydrogen generation.

Since “sufficiently low from the viewpoint of the integrity of the containment vessel” is a
qualitative description, the supplement of the criteria provides an example that the ECCS
performance is sufficient if the amount of hydrogen generated by oxidation of all Zircaloy fuel
cladding is estimated to be less than 1% in the reactor core. The basis of this 1% limit is not
clear. However, this 1% limit for the hydrogen generation in a LOCA is commonly used in many
countries, though it is estimated for the active stack length of the fuel rods in some countries
including the U.S. and France52?. In the U.S., it is explained that the limit was determined so
as not to reach the lower explosive limit5-24, In the evaluation of the effectiveness of severe
accident countermeasures based on the Japanese regulatory requirements, measures to
prevent the failure of PCVs were evaluated assuming that 75% to 100% of the zirconium in
the reactor core was oxidized. Therefore, while hydrogen generation is not prohibited, it can
be inferred that the criterion conservatively requires that hydrogen generation be controlled
to very low levels. Accordingly, the 1% limit is still valid from the viewpoint of preventing PCV

failure resulting from hydrogen generation due to the cladding oxidation.
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The fuel temperature differs at axial positions. The 15% ECR limit is applied at the position
exposed to the most severe conditions. Since the hydrogen generation limit applies to the entire

reactor core, the two limits are consistent with each other.

5.4 Regarding criterion (4)

This criterion requires that decay heat can be removed over a long period of time
considering possible changes in the fuel geometry. The supplement of the criterion provides
the following examples as acceptable cases.

(a) The requirement to “consider changes in the fuel geometry” is satisfied when the
following conditions are maintained:

- The entire reactor core is reflooded or
- At least the part of the core with the highest power density is reflooded, while the
rest of the core is sufficiently cooled.

(b) Ifit can be shown that the path of heat transfer from the core to the final heat sink is
ensured with sufficient multiplicity or diversity and independence and with a margin
of performance, and that this condition can be maintained for the desired time if
appropriate measures are taken, the core cooling “over a long period of time” of this
criterion shall be considered possible.

This criterion and its examples assume that no harmful fuel damage will occur during long-
term core cooling if the criteria (1) and (2) are satisfied. However, based on the lessons learned
from the accident at the TEPCO's Fukushima Daiichi NPS, it is necessary to further study the
long-term core coolability following a LOCA based on various loads during cooling. To address
this issue, mechanical tests of the oxidized and quenched cladding, assuming earthquakes
after a LOCA525.20) confirmed that fuels that satisfy the criteria (1) and (2) are unlikely to
fracture due to earthquakes. Therefore, the assumption of this criterion was temporarily
confirmed by the experimental data. Needless to say, the removal, transportation, and storage
of the fuel from the reactor, must be conducted with great care to avoid additional fuel damage.

There may also be oxidation and embrittlement of the cladding due to reduced cooling
capacity and increased fuel temperature caused by failures of facilities and devices. If the
cladding temperature is very high (e.g., above 800°C), as in the case of a LOCA, safety is
ensured by fulfilling conditions (1) and (2). However, if the fuel temperature is kept at lower
temperatures (e.g., less than 800°C) for more than a few days, attention should be paid to the
breakaway oxidation51%. Namely, additional criteria or limits on temperature and time should

be considered to ensure the long-term core coolability as needed.
5.5 Issues for which continuous consideration is needed

Criteria (1) and (2) define the conditions for severe embrittlement of the cladding to avoid

extensive core damage with a view to maintaining the core coolability in a LOCA. There seems
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to be a large gap between the cladding embrittlement and the loss of core coolability both from
a phenomenological and a regional perspective because, in the safety analysis, the maximum
amount of oxidation is estimated for a single maximum temperature position even though the
maximum temperature position actually changes with time. However, it is very difficult to
understand all the phenomena that occur in LOCAs, to fully understand the conditions in the
reactor, and to quantitatively evaluate the core coolability, taking into account the geometry
changes of the core under various conditions in the accidents. This could be the reason why we
still follow the basic consideration at the time when the criteria were established. However,
once the in-reactor conditions are fully clarified and the core coolability can be quantitatively
evaluated, it may be possible to make more rational decisions not only in establishing the
cladding embrittlement criteria but also in evaluating the influence of FFRD or introducing
the best-estimate analysis with uncertainties.

As a specific issue, it may be necessary to confirm the extent of core coolability reduction
due to coolant channel blockage caused by ballooning and rupture of cladding. As
experimentally shown in the 1980s, the core coolability has been shown to be maintained even
with a very conservative assumption of the coolant channel blockage. However, the influence
of the fuel burnup extension on the ballooning and rupture behavior of cladding in the bundle
geometry does not appear to have been fully investigated.

As described in 4.5, in the case of the high-burnup fuel, the fuel pellet fragmentation, axial
relocation of fragments, and dispersal out of the rupture opening of cladding, so-called FFRD,
may occur during ballooning and rupture of cladding. This FFRD is currently being studied in
research reactors and hot laboratories. It is expected that important data will be acquired to
clarify the conditions for the occurrence of FFRD and to evaluate its impact on PCT and core
coolability. In addition, information for a more accurate estimate of the rupture behavior of
cladding is also necessary for the above evaluation.

In France, representative pipe failures and accident scenarios were reviewed on the occasion
of the revision of the ECCS acceptance criteria. Since conditions such as heat-up rates and
transient periods may change depending on the accident scenario and consequently affect the
fuel behavior, requirements and conditions on thermo-hydraulics should be continuously

reviewed.
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6. Summary

The ECCS acceptance criteria have not been reviewed since 1981 in Japan. In addition,

although much technical knowledge has been accumulated on the behavior of the high-burnup

fuel under LOCA conditions and the applicability of the current criteria, no discussion has

been made to consider the influence of the fuel burnup extension on the criteria from a

regulatory perspective.

Based on the above background, this report summarized the latest information on the fuel

behavior under LOCA conditions obtained inside and outside Japan, reviewing the process and

basis of the current ECCS acceptance criteria, and showed our view for the necessity of the

revision of the criteria as follows:

The basic consideration for the criteria on the peak cladding temperature and the
amount of oxidation, namely the strength criteria for the fracture resistance against
loadings on quenching, can be maintained also for the high-burnup fuel. In order to
prevent the cladding embrittlement for short periods and the extension of fuel damage,
1t is reasonable to maintain the peak cladding temperature limit as well as the limit
of the amount of oxidation. Although the fracture boundary decreases as the hydrogen
absorption increases at high burnup, it is not necessary to revise the 15% ECR limit
since this limit still has a sufficient margin within the licensed bundle average burnup
(< 55 GWd/t). It is noted that the cladding embrittlement should be carefully
evaluated for the high-burnup fuel because some high-burnup effects are observed in
the oxidation and deformation behavior.

The post-LOCA long-term core coolability should be considered more carefully as a
lesson learned from the accident at the TEPCO’s Fukushima Daiichi NPS. However,
based on the information on the strength of the cladding that experienced the LOCA-
simulated conditions, it is considered that the possibility of the extensive fuel failure
by loadings including earthquakes is low if the embrittlement criteria (1200°C, 15%-
ECR) are satisfied. Therefore, there is probably no need to revise the criterion for the
long-term core coolability at the moment. However, the criterion would be effectively
enhanced by adding limits or guides to prevent the extensive fuel failure during the
long-term core cooling, including the consideration of the breakaway oxidation.

The occurrence of the fuel fragmentation, axial relocation, and dispersal of the
fragments out of the fuel rod (FFRD) is currently a pending safety concern. Based on
the information obtained so far, the impact of the FFRD may be small under the
current operating conditions and in the licensed fuel burnup range. However, it is
necessary to consider reflecting the FFRD in the ECCS acceptance criteria, when
sufficient knowledge on the occurrence conditions of the FFRD and its impact on the

peak cladding temperature and reactor core coolability becomes available.
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