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FT1E & W

L1 FRROBHERERUVHART—<

S 7K (Pressurized Water Reactor: PWR &) 82K 47 77 >k DR JF [+ /1 %5 %+ (reactor
pressure vessel) (X, AR HMET) ST 22U O#ERR R OUF L D SRR O RS RE A BK
SNDIREFHT T MBI LDRVEEREEDO - THDL. FRIFENEEGEIL, 72T
BEX FETEEREANERERIETHY, EFE (closure head) & (vessel shell) THERL S
TWS. BEtOI D iz Kk WEFIFENEHFENO G - AL E T 5720, mMEX
T UUMEEE o TR, EEORVALBAETHD (K 1-1 28). FAFENE
ROMENL, M —IEMEES R EZ RS 7 = T 4 FRIEA4EH (IS G3204 SFVQIA, JIS
G3120 SQV2A K UMHYH) THERLS N TWA. E72, MEEOBLEI D ZONHEIZIE S
5.5 mm D 304 HAT ULV ABTREEE (77 ) ShTnd., EEEPICER
B 6 O FYET- BRI 25200 2 /0 ) B # MR E o JF DI (beltline region) Tl
FRATIC LV sRED BA L, BEERENR T35, BARMICIE, FHEFoORRBE2%ZT5 2
LTk, EME—MEERIRE O EA (transition temperature shift) & _EEHIENME DK T

(decrease of upper shelf energy) &\ 9 #RFESHL, Wb 5 HtE+RATHE(k (irradiation
embrittlement) 231792 (X 1-2 M) . @EimF I T 2 R EFREEN S, P
FRGTMEM AT & 0 BRI ME MR R 9~ 2 07 DR IS DR A E LR K 5 7 AV EDORE
EARERER DRV R RERMFERR L o T D,

Closure head Stud bolt

Inlet nozzle

Outlet nozzle

Low alloy steel

g
\/ \ Reactor pressure

Beltline vessel shell
region

<

Stainless clad Lower head

Fig. 1-1 Reactor pressure vessel.
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Fig. 1-2 Irradiation embrittlement of reactor pressure vessel steel.

FRFIFENERE, RPN 7 70 NOREEHEROBLAENG, FRER COREMEMRER
v, MEMEME K OMEEMEZ I3 570, BEHRBRA EMFEN A 4% 77 b
@J?%k)ﬂfjj*””@&%ﬁ#%%ﬁiL?‘Jﬁl%i?ﬁié’]@h%ﬁﬁ%k}jﬁ IR LTS, ZENDEE
HFIZEL Y U CHMSE TR X A ESME R T ORE Z MR L, EiihoFf T8
O TR ZIT>TWND. ZORFIFENEIROEMRRBRO FEL, HAREXHRE
LR JEAC4201 TR TR HEEM OB HRBR L) MICHES N TW5. £/, JEAC4201
(2 &0 THIFEM U7 BRSO RGEERIE ICxE LT, 77 > hOEERER, 250N, %ﬂ
FREEEIC W T MaTERREE X OVEPEREEE 234 U7 K 512, R 12 I o < EiRE
MR O F1ENS B KBRS IR JEAC4206 TR -11FE 154 x’f*ﬁéﬁﬁﬁ%ﬁ
B o ORIV OB TR PICHES LTV S,

Wt 26t L Cik, 77 > MRS o e B K2 e — MatE BRI A o B
EE L BT, BEON 2 E L7 m A B S I B W) TRIR o % HIb O JR T
IRE ST BRI EAN SN 5 INEEE . (Pressurized Thermal Shock, PTS) TN AL L 7-
LU MR A A U0 D L R AL ER DS, ETo, FTARIE AR ik
FIRIR & 72577 FOREHE) - £ R K ONHE -« I 2 WV EBRIRFIZ 30 T Math e s A4
CanEHi, 1 IREFEMOEARENEELZEFEL TV 5.

SEVEREEEIZ X L CUX, 77 v MEEEH O I K5 B OR T 2B E L
Uy L E—REBRIZI T D EEHHRI = RV — 3 68] LLETH D Z L3 JEACA206 128
WTHERINTWD. £/, Zx THLIHEICBWTIE, BREZMEE LIZHE ) FIC
X DM 23 L, et ifEiR s nTWV5
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PTS HFRIL, METORFIFENESR CTHEGE (HARE C, D) ITHYTL2REF
D5 HIR (ECCS : Emergency Core Cooling System) OEBIZ 5 ZZ27E AKDEA (safety
injection) ZEIZ X W EAIFENRBENAMICHE SN, NECLABEISHEEREL TH
WEIRIG D BIRFIFENBR/NEICEET 2HE TH L (M 1-33H). PTS £ (PTS
events) DRFHIZRWE &L L TIX, FAFMAMENER 2T 58 OES, 7
APALE T EFISH AR (coolant) Z23FLH LfeiT, & OLEHHR T LICEASND
WHEIK O BEHERF CE TRABFLHEHRRMIC L 2P LOBREN LI L 7 D G HIM RS
. (LOCA : Loss of Coolant Accident) 23&% 5. JR1FE )% & ORI M A v+ B 5
ERMAmANICIVIKRTL, L8R XS KGN T ORI E RN 12
FET 25 AL, PTS FRICK > TRATLINEBIRISNI B HLHREZBLL L, &
AR L CRFIFE AR NE T 5 RN & D728, PTS FHLERFOEEAM:ORERR
DB LEINTND.

JEAC4206 TiE, FFIFENEHNEICES a=10mm, &S /= 60mm O #hJ5 [[ 5 H
BHAZEEL, PTS ELKROIGJILARLEEL (stress intensity factor, PTS K HEE R i &
FES) BT 5. F72, FH L7z PTS HRAEER il 23 () # [# Hh o0 filk S 400 14 S 2l
IV HNENZ L EHRTLIEDHRESN TS (X 1-458]).

Safety injection

reactor
pressure
vessel L:\
== . o 4mm )  coolant
LN
\ reactor inlet main
nozzle coolant
I pipe
fuel Beltline
assembly region

>

Fig. 1-3 Cooling of reactor pressure vessel during PTS transients.



Fracture toughness: K. PTS events

Postulated defect
(a=10mm, / =60mm)

Irradiation N

embrittlement

Stress intensity factor: K|

Integrity assessment: K, > K,

Fracture toughness

N Stress intensity factor

v

Temperature

Fig. 1-4 Outline of integrity assessment of reactor pressure vessel against PTS events.

PWR BUJH FJF £ /) & 28 DAAKBY 72 PTS FRITKE T 5 @M O M F %1%, 1980 R
DHER NTES E 1991 4EI2 JEACA206 ICIRVIAENTZHDTH D, TORBFEICE > T
(TR ) oM INE IR T 5 2 OAENE LN TEBY, £727 7 v FOREBRFEIC
PENE Y —BOREREEN EXNEENRD Z D, ABFZE TIE PTS FRIIxT 5 /2
FEAM 3 2 05 IR RAR B OVREE SIS 1S B3 2 5RO @ BRI DWW TR 5.

1.2 ARRT—VICEBHIRTOFMEEEEEELO7TO—F
121975y FOREZEHEB L - RKaEEE A &
(a) BITORNEXRBOFTEMES &

PTS FHLIZKT D et iic sV TiE, FHEFHRIZHENTRET 2720, FHEF
WANE CTHRbEWI &, £, WRPOLHEASINLIFEREZHET L2 L0, BUSH
RNE TR bE<, @RIEREINE CTROBIEWZ E2BE L, MatEpkEEI x4 502
L < 722 X910, JRFIFE AR O AR oD PN I Bl 5 ) A R & i K DR R
fa (postulated defect) & L CAEET 5. JRFIFES AL, BOEREK Ot A S ICE



I ICHEMEREN TR TWS Y2 &b, ThOLBETOREITER XM A X
WEZEEL, AHES 10mm, BHESLBRAEIOT AT N (al/l) B 1/6 (A
HEX60mm) OBHAZBESTSH (IX1-5 28).

RIZ, PTS FRIFIZHE T DEFIFENBaF OEBNm & #5351 IRGEIMHRE, E
TR O B DRI ZEAIZ EE DWW T, JRFIFE B O R DEBETRIENIZ B 1T 2 2YniE
FENT B O TIFENT 24T 5 . RO IR FIFE B ERRERN O ) A SN T, gy
EWD KSR R A 65 ICFR T S 4172 Buchalet and Bamford D22 X ¥ & KAKAR K i
DEAREINZ I T 26 TIIERBH K BT 5 . BORIRAR KRG O R RS 31T D IRE & I
M, 7256 N K RO BEMRICEE D &, Bl 2 B KARAR K Ba O B 50 C OIREE, fithh 4
Ki & LT, PTS ERIFD K LIREORFHHER 2 <3 PTS REEERBIHR LR ET D, 2
T, BMREMATICB W CRTFENRENEICH LI 7 7 v ROBMRE 2 Z 8
D0, ISNENTCISTIERBE OB HIZE WX, 77y FIIHFELZVWLEOE L
CTHEl L TV 5.

\Je

Postulated defect
(axial semi-elliptical crack) - e

/
Cooling by safety - 9\
injection -
- LV
=)
=)

Stainless clad

Low alloy steel

Fig. 1-5 Postulated defect for PTS integrity assessment.

(b) BAICHIT IBEIELEDISY FORER

HE - BRSREARIC & D MEMEE OIS B 2 OITR FIFE I E OIS E&HEH Ch 5
2, ZONHEICIXMEMEOBANPOREVEEICI 24 —ATF A4 FRAT L AHOD
77y RBLENTWDS., 77y RFOREEMHMONEICRHELBE LIZHEE,
mICH TSN r 7y RPRBROBOZME L, KEZETIE20R P/ MHEEIND.
LETIE, Z0X2%7 7y NTOBZEIZHNT D7 7y NOBREOH O ZME3 520
EERETLHEOOBRFN TN, BRHEOMNTFHEELEXT, 77y R&ET7 kL
7oA IRESRE (FEM) T2 EE L, RO IJES»6 KEEZRDT, 77 R
DEHREER LT 507 K EOFMASBEH S Y, {AEO RSE-M Code® 2 W AR
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b, 7720, ZoOFHERIT FEM HTc X2 J O OBmE L KLY bE <,
RSFRIZRFEES R 2 525 2 E AR SN TR D, #Hiz7 K EOFHhZ o B % 235 0
BTV g 99,

2T, BREET WL LIZHENE FEM T ko TH O TS ZHME L T K
EE2RDDHE, J BEOEHRE L OERIEOBMERICH L TERSN TV DL, B
KE DI ] — O AR BN B e & 72 2 WM R A RKET 5 &, K OB 3 2 BririE
RCIHESZHEYICFHE CE W E VW IHERD L. Z 07, (MEO K EOFEARRIL,
BRAr 23 4A £ D ETO M FEM @i RICE SO TRESNTE Y, B ixazin
OBMIBIIRENEELEM LRV E OFIHETKELZRD L. T KAE % EIZERSFRY
WEZL2—HREbRoTWND.

Fio, RPWFEENRRITIE, WEICZ 7 v REBESHM OB A THITIRE S8 Ok F IR
BERRLINTEY, BEBICL2BEEIENSCEEOTARBET D, 7T v REEORHK
FIRBIC L DBBIS % B8 LTz KEZ 8% FEM f# 0TI K 0 B3 282120, @&,
RIS O 24T 5 FEM £F LV &, K2R ET 572008 %8 L7~ FEM
EFNMIMOET L EEND O LEN-T, BEICE Y A UEBRISIREEO TR
% K % OB FEM f#T € 7 W ICE U K3 2 B3 8 £ 2%, FEM T O 1)
HERRE L LTINS EERBOT A ZRFICE 25 2 L& ew. o, (AED KE
DFHATIL, BEICL2BEIENI0EEOTAOBEFETHRFI S T,

(c) AMROENE7 TO—F

AIFIED BRI, FHIFENEIRDO PTS ERMFICBITS27 7 v RTOBZIIHL T,
BEICLD2BREIENCE-EOT A, 2o, AROBOEZMETS2 7 KOHEE
ZE LoD, BRAEELED TEHWKBE L@ E DR OIS IERERER LTS
HiEEREET L ThHD.

BARBIZIE, PTS HLRFO AR L~V CITAREMOBIEEIT/ NS, T7hbb, /I
HERRIREBICH D LB OND T LICHER L, BREIMIET 2IEA M LR MR
THJEIVNREETEL X5, AU — 0T AR E 722 HIERICRET 2 HiEE iR
FT 5. Fl, BBEICXVRBETIMEIORRZEDNIL, MIHRICELY ZOH%OEERR
AT Y, OFTAIF/NEL, JEDIIEDICEHINIIERD DL EELX NS
728, BRBOTHRIIEEET, BRSSO H%E PTS FEKFD FEM fETE 7 /L O H &
e LTEXDHEARET L. ZORNERFBEROBHFIEICIH LT, BREETT IV
fbL, BMMENTSIEEZ 27 FEM BT 217> C, ROT-BRKETO JEE K EICH
BL, BRI 5.

BRSO EZE T EORT 21T 5 120, BICHKTFEEREO LB L S 2 OREIGT
FIRAT AR 5 T ik FRE 7 L IC X D FEM f#MT 2 i L, PTS FRIFICEB T H7 7 v RTFD
LRBHOKEEZRD D, BHICL VAL IZBEISNISCEROTAORBEZET 50
HBE LT, BELLBEEREIS 1% FEM TET VOMERES LTEH x5 (vo
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> 7)) Fik, FEM fRATIC KV SR ORI LD K EZ RO T, PTS FRIKFD K
EIZRRIEINE 32 FIEIZ DWW T, EER D PTS FH4EE TO—# D FEM fi#HT 217 5
ORI IC X A KIE L i d 2 2 LI2 k0, K FHEOBEMAEZERT 5. &5,
BRAGEED K6 & O TGS C& 2 X 5 ITEA &M TR & U -Cirlid 2 5
HEoE AN T 5.

KIZ, PTS FLICKIT HELMEFM CAET 2 BEHAREET ML, &M
HaEZEZ27T- 3 I FEM BT &2 Ehi L, 7 7 v R T OPAHABRKRELRO KEZ2RD 5.
T, BHEIARXOEBEHERTHI-D, 3 MEOBHICH L THREFILZ. £F&
HOBGE L RIS, EHERED D PTS HREFE TO—H O FEM T TR 7 i b7
FENTICE D KEE BT 22 L1280, 77y RIBEBICLDBEBIE 2~y 755
Tk, ARAGBEILEER L UCEHHMEiT 2 FE oAt AR T 5. £, 77 v Ko
Ay anBIORE, BRICLD7 7y FOBLR KEICGEZ2EELERT S.

122 FHRSZERLE-HEHOSTICE S CBIBHETMS &
(a) MITORIFHED M5 &

RIS w0 - B ML DR FE A f3R T2 72, IR IR £ ) B as DM
OB L7-REB T (BIEERBRF, o v/ E—RER T R OMEEMERE ) 2R L
AT ENVEFRICREL, THDOE2EMICERDY H LT, 7RSS OB ETEE
IELTWD (X 1-6 Z28) . JR-FIFE ) A E O B O Rt 2 S 3 2 72 0 OB
ERABREMEATEY, B 7 VNICENT 2R OBES T 7 2L OB LR
S OBREIAN JEAC4201 IHE STV 5.
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Fig. 1-6 Typical layout of surveillance capsule for PWR plant

Charpy Impact

Specimen

Reactor vessel
Core barrel

Surveillance

90°

Surveillance
180° capsule

Section A-A

Top View

11)

Fracture Toughness

/Specimen

=

Dosimeter

Block \

Tensile
Specimen

Eofot oE—F—

Fig. 1-7 Typical surveillance capsule of PWR plant'".



JR IR E N aw O BE L ORI H 72> T, BERABR TRG Sy v L E—R&
BRICEVRED V¥ L E—BBUHROBBIRE Ts (W= R/L¥—72330 fi-lb (41))
YT 2RE) ORBICLA2BITE (BERTO Ts) EBEED Tu OIREE) IZxT 2
THNED JEACA201 IZHE SN TS, ZHICESWTHRFICE 2EBREDOBRITED
THZITH->TND.

JEAC4206-2007 TlE, PTS FEIxiT 2 EEMFMICHZ Y, BEHEABR CRG I
RS AT M VR S 1% DR 7 — 2 (Koo) A WAk THRINEIC & 0 SRR R o B b & %
THREBIT (AT ¥, FHHRHOBERET — 2 2 @8i&7 5 X 5 1eRA-1)I2 & 0 i
BEMMEEBMBRERET I ENHRES R TS (K182, =1L, KAFENE
FROIREN 0°CCRIG & 72D Z LIV D T, 0°CLAEE R DT — 2 NaET Hx5 L5,

® K, for evaluation
O Unirradiated X

(D Irradiated K,

Temperature

Fig. 1-8 Lower bound fracture toughness curve of fracture toughness data.

K1c=20.16+129.9 exp[0.0161(T—T})] (1-1)

I, TIHKRE (°C) THY, T,03x7 7 bl o s v 8% diR 2 5% & 5
LECEE DT T MABIOER TH 5.

L L7y s, BEHERERD 72 EW SN 2R B OBITH»nH 0, BEIh
TV D RESMERBR T — 2 0T 77 v hoMEHC L - TR S. ﬂé—WéL%ﬁﬁ
fEIR COMBEINET — X IXELDENRE N L5, MEMMEERROGHEMETT
FRELAE DXt G & 70 2 RHERI 7 — % OBUTKAF L, Eﬁ@ﬂﬁ“@%%iL@@ﬁ#m
EENDBEER, WEMMET — 2 OANEIC L 0 EMEESRARES NI BEED
HYHBHFEEIRSTWND.

FTo, BEEMNT — 2 O TROMKEIC X 2ENMER R ORDVIZ, BEEDIX
HOXREICE SNV THENMMEBMMEZRET S22 LY, &< OR—OMEHLR, [F



— RS EOM BN T HEEEINET — 2 13072 &G, fll 2 OB ORER M DI
LOXEFEET LI LITEH LW, HEHIA TV,

(b) FHERSEZERL-BEAMOTR4—H—T&

1990 4EEE N & BAFE - Rt 23 6O O A 7= B — ME MR RS IR B I 2 35 1 B M D~ &
Z—J)—7EE, BN TEICRFIFEDERM RN 2@ HEORF R ED 5,
ASTM E1921"°[E N Tid JEACA216 STV A ENT-. ~AZ =W —TEE, 7=54
kBB D~ X BAREE ORESIME N KT Y 7 BT NMCE S 3O U A TSI
WO ELEDEBEZFIZLVBERNHOIETLSXE2RETH. Z0OEHICLY, BHEINM
BWIE CBRATRICE T DMENRAET 2 HERIIE < 25720, BERMRAERF ORR
FHE RE) 2KV BEMMEOREMELZIT > . £, BREESM:OIREKRFEITEE
PEALBRRICH B S, K ITRE L &b ITHREBEETHRT 2/ EDEBTE T LD L
T5. ZACKVIHESEEI~ A — I —T OSRIBE T, C—EMIRED. 1 AT
JEEOEHEFR PO~ AX—h—713X(1-2)TEIND.

1 \ql/b
Kieop) = Komin + [ln (1_Pf)] {11 + 77exp[0.019(T — T,)]} (1-2)

T,

Kierry : RFEBAB#ESE P C OMIE O BIAA S O P I RAR %, Bk
P (MPavVm)

Py : AR R A R

Knin @ A 7N OMERE (K ® FER (20MPavm))

b D UA TSRO RES (4)

T DR (°C)

T, VAR —H—TOSRIBETHY, 1 A UTFES OMEEHED A

T U 100MPavm & 72 HIREE (°C)

VAL — =TT, DT 6~8 HOMIEMMRBR T — & ICE S, BAHEEIC
X0 T, 0E%EKRDD. v~ A X =T — T IEITWEREOREKRGFECITS DX A ETE
LHETHY (KM 1-9 2 R), BB CTER S AW UERNME T — 2 T, R —#EHE AL,
Al — PR B O EHI 9 D BEERIE T — 2 WD 72 L, ABIOMEHI R 325 ~ A
=N —TIEEETERNE D, BHEMMET — % % Ta 2 L0 K LT 0T, KbHE
BIZ LV ENEOSRIEE A2 KD, Ts 2 DIERNEOSIRIEE, $72bb, kEY
T =2 DIELOEX 2B UICEMMEERIMB AR ET 52 ENAREE R, Bk
EEVE T — & OECCHMVB ISR AF T 2 E M ER R OSER L D EE XD
ns.
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Fig. 1-9 Fracture toughness distributions by master curve.

(c) XARDODEMET7 TO—F

RGO BEVX, JRFIFEN RO PTS FHITKT 2 @AM IS W T, EsEE T
WCEDLLIRFTOHRERY ANT, SAZ—H—TDEZHFEZHER LT, MENES—
ZDIEBDE ZREBITHN LT, K0 FRAMRE B 0 S\ B B R dh #R o0 FEAT 5 15 %
T2 THS.

T, BTFENRBMEOBIEENE X PR OB EEZ D Z LD,
JE -4 T ) 75 2 O BEAR AR CHUS S V7 BRI R OTRIERIMET — X 2T 5.

BB 7L ORIKIC LY, LT LLEMNOMEHEICY AY — I — T 2R ETE
DIFEFDRMBEEANET — 2R RWGEEbH L. LRS- T, vy A —lBRICKB TS
I = L X — DBBIRE (Tso) ZHEELS L CHESMT — X 2L, v AX—H—
T ORISR EHETEIEICL Y, Taa~vAX — D —T7 OSMIEE T \BE T 57200
B A RDS.

—77, FEREORAVEFFM AT 0 BRI, MEASIRRIIS O MR £ Colfib &% %
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J == K+ KD + Ky (2-1)
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K, K. Kp 2 B— R 1, — F I K OE— R 1T O HERFEE (MPayvm)
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E : FRTE I D MR (MPa)
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E : fEHPELR S (MPa)
v CIRT Y U

Frio, ©—RFI&R (BAOR) OISHIERBEK & JRESIITLLT OBIRA ST 5.
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K = JEJ(FHEIS N OBE), JEI/A—v)(EEOTHDEBR) (2-3)
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HZHZETHREL, WETL-DICE Lo 3 VX —FDOMEM 2 M5 5 7= D
WRARTHS (M 2-1 B, ¥ v L E—HRRBR T, WET 20 CE L3
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KRB OBIENRES THY, IKSHHENRTWD., vy L E—EERBRO kL, JIISZ
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Fig. 2-1 Charpy impact test.
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Fig. 2-2 Drop weight test.
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TIE, EMERREORAE IR T HMEMME L L C U0, EHARRERKIEZET IR I —
T ERBET D, BEE ) F AR SRS O F 11T ASTM E399'7%> ASTM E1820' V%8 (2
EINTND.
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Compact tension specimen
Fracture toughness test

Fig. 2-3 Fracture toughness test by compact tension specimen.
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Drop weight tests
(Determination of Tnpr)

|

Charpy impact tests at Tnpr + 33 °C

Absorbed energy > 68J
Lateral expansion > 0.90 mm

RTxor = Tt

Vv

Determine Tcv, at which followings are satisfied.
Absorbed energy > 68J
Lateral expansion > 0.90 mm

A4

RTNDT: TCV — 33°C

Fig. 2-4 Determination of RT\pr by drop weight tests and Charpy impact tests.
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BB A OB LR HNCBI LTI, MR e T 586 L EHEEBRA OFEFROK
R (V=F7774—) LCHEHLEEGEHHFTOMRECETREALZEL, & 2-1 IR TIEE
B AR AR G & A S IR & B 2 CGEER AT 0 5 A O RSB B A HLE ST
W5, HE b ETFHREL /N X WIEEA (ARTwpr< 56 C) IZIXEHERBREIEIT 3 B TR WA,
fafb & FPHELS REWEGEE (111IC<ARTwpr) (13 5 BIOEHERBRNMNIE L 25, F1E
B R BBR G O B A& BIRE O ) 2 L b RMIBE BRI & 72 v, B U RO U &
DRI ESOTERY LRI ZEE T2 2 21025, BT, #*2-11T7-7 JEAC 4201
DY H LRI T 2 2RI 2 T, B2 LR T 256 121%, 30~40 4 K& O 40
~50 $®F3T0)E&D H U SCIR F- 47 JE ) A 2 NI O BT Y 2.4x10"° n/em® (E > 1MeV)
FBZDLDLBAEICE, R FENRBORIENTY M L-ERRBRR ORB&28 % C
mﬁ%@w%mﬁ%%*#&é.

Table 2-1 - Withdrawal time of standard surveillance test program.

Predicted Shift of Reference
Temperature (ARTn\pt) ART\pr <28 28<<A §6T wr 56<<Aﬁ7£NDT 111<ART\pT
at RPV Inside Surface (°C) - -
Minimum Number of Capsules 3 3 4 5
First 12 (*1) 6 (*2) 3 (*2) 1.5 (*2)
Second 24 (*3) 15 (*3) 6 (*4) 3 (*5)
Withdrawal
Time (EFPY) Third EOTP (*6) EOTP (*6) 15 (*3) 6 (*4)
(*7)
Fourth - - EOTP (*6) 15 (*3)
Fifth - — — EOTP (*6)

*1

*2

*3

*4

*5

*6

*7

Or at the time when the accumulated neutron fluence (E>1MeV) of the capsule exceeds 5x10'®
n/cm? (E>1MeV), whichever comes first.

Or at the time when the accumulated neutron fluence (E>1MeV) of the capsule exceeds 5x10'®
n/cm’ (E>1MeV), or at the time when the highest predicted ARTypr of test materials is 28 °C,
whichever comes first.

Or at the time when the accumulated neutron fluence (E>1MeV) of the capsule corresponds to
the EOTP fluence (E>1MeV) at the RPV inside surface, whichever comes first.

Or at the time when the accumulated neutron fluence (E>1MeV) of the capsule corresponds to
the EOTP fluence (E>1MeV) at the RPV 1/4t location, whichever comes first.

Or at the time when the accumulated neutron fluence (E>1MeV) of the capsule corresponds to
a value midway between that of the first and third capsules.

Not less than once or greater than twice the peak effective operating time period (EOTP)
vessel fluence (E>1MeV) . This may be modified on the basis of previous tests.

The withdrawal time is given in effective full power year (EFPY) and actual withdrawal shall
be conducted during the outage closest to these values.
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ZOX ) REEELICHEVERRBR T — X 2R T ==X’ H D Z ok, RIS
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% (X 2-5 28) /O CDRBRA ZEMAT 5 2 LM S, ThEh JEAC4201'
R JEAC4216VICH D AEN TN S,

Charpy impact Compact tension
specimen specimen

Surveillance specimen

Material after irradiated
surveillance test (Reload)

Machining insert material = }%/
gl > ///%%
Join \yi‘;h extension . rTne;lt)erial n
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Machining new specimen 'ﬁ///;é//- E;fgial %%

(irradiated)

Figure 2-5 Overview of reconstitution procedure
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Em ko, RAFENEHEOKATHIED RE LA ITEO TWnD. &
JEAC4201"IC B\ Tk, EHRARBM OMEMRELE (SRET a7 e —7%%) o
FEROLBEL, EICHMETFRINICL2BERTY 72X — OB RS IZFEET D
HO L LEETHRERRD AL TWD. bRy @R O=y 7)), k1R,
PR, RUREZBREEED FAICHES T2 ERRF L L THETFHRIETEEL T
Wb, Fie, BEMEFFMICKEWT, THBEZEOIE L X b E X TR TR ZIT 9
7=, W b FRIVED ARTypr DT — X _X— A 2T 5 T REZEOERERED 2 (4~ —
DL LTMZAD. B, ERRBRT — 2N ZO~—Y 0 OFBNICA > TR T,
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INEAETHEIICT—V U EEDDLI L ER-oTWND., BHEARICEY 2L ED
FEEH £ 0D A RTpr DSBS STV DA, BB T — & O A RTypr O EHIE & T3
EDZED T % FRMFEICM 2 CERRBRT —Z 1LV b TPHIZHET S22 7o
W5, JEAC 4201 TiE, BURATD RTwpr O VIHEIZHIIC K D ARTwwr 2 MZ 5 2 &1
F o THRER AL T L 72 RTwor & RTwor s 2B M1 & FEOY, K(2-9) K ORA(2-10)TE T (¥
2-6 M)

RTnpr T =91 RTxpr+ A RTnpr T HIME (2-9)
A RTypr THIME = A RTxpr §+%{ﬁ+MC+MR (2-10)
ZZ T,

W1 RTxpr s BAATO RTwpr (C)

ARTnor st EME  : ML TFHEEIZLVRE D ARTwr (CC)

M, D FEPMECHIET 2B AEICHWDS~—Y (0)

My CTPHRREDIES S X 2R FE X TRFIICIRVIE S b~ —

> (C)
N

Calculated ART

NDT

+ M.+ M

ART\pr
S

Calculated ART\DT

/ Calculated ART\ yr + M.

Surveillance test data

v

Fluence
Figure 2-6 Prediction of R7ypr by irradiation embrittlement curve.
— 05, SEMEREOREEK TO Y v L E— RN XL X —DIRIETH 5 _EERHRIN
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7o BRI O USE D% % 7 — 2 X — 2 & LT 2004 R D JEAC4201 lIZHL W A £ 7=,
%y k= 7)), FETREEN USE DR TICHE5T2ERR L LT
{EFHEETEELCWD. £72, ARTwpor @O FHIE FERIC, BEEEMEFMICBVT, FHl
MEDIEL DX B E X TRSFI R TRIZ(T O 72, Mk THED AUSE D7 — % ~—
AT D PHREEOEERZEDO 2E2~—Y L LTMA 5. BiZ, BHRART —4
D RO AUSE EREN Z DO~ —2  OHFFANIC A > TWARIThIE, £zt Ed 5 &
INCF =V EBEDDLI L ERoTND., BEHBRIZEY 2 HU LK% D A USE 73
BESNTWAIHEAICIE, BRRABRT —2 D AUSE OFEHE L THREOZO V% A
USE THIMEICMZ TERRRT — 2 IC XV sk FRIZMET 22 & &> TS JEAC
4201 i, BREETO USE ¥IHMEIZ %92 USE DR TFTEOEIS 2 TR 208 HE SN
TkV, RFALFELFIE L2 USE % USE HEfE & Y, R(Q2-11)EUTUH(Q2-12) TET .

USE fH#Mf =USE MM < (1 — A USE FHIf#(%) / 100) (2-11)
A USE FHMHE (%)= Co+ [CFu]* [FFuln+ My (2-12)
I T,

USE ¥131ME : Badtaio USE (1)

Co : —0.95 [RpF], —2.78 [[FH: & )R]

[CFu]l BRI K D55
[CFy] =5.23+9.36- {0.5+0.5tanh[(Cu-0.087)/0.034]} x(1+0.59-Ni) [f:#f]
=9.78+3.96+ {0.5+0.5tanh[(Cu-0.086)/0.045]} x(1+3.63Ni) [ZH#Z4&E]
[FFulg : TR RIC K D 5RK
[FFU] m:f(0.349—0‘06810gf) [1:2'»], f(0.234+0.01510gf) [{ Tﬁ E]
Mu D =20au, 0au=6.9% [FFHF], 7.5% [IEHE & )8 ]
7272 L, FERED 2 L Ed 256, FERFEICESMHIED fTRE. £z,
KD ANUSE FERMEN AUSE FRIEZ LR 2561308532 X0 IE
5.

2.3.2 faEMR R UEEBIEICH T 55
2.3.1 IR L7z JEACA201 (24 5 k1 BRIk 0 B 8 2470, JEAC4206'12 1t - C,
JE - JF FE ) 75 25 D MR A 32 e ONIE PR 38 oot 2 b e e At 22 4T 5 .

JEAC4206 (231 2 IR FIF FE A8 O ESVEF M O E 2 £ 2-2 ([ZR. FREMEE
(Non-ductile failure, HEPEAREE (Cleavage fracture)) (2 L Cid, 2.3.1 THIZ/R L 72 A RTnpr
’xTﬁ‘éﬂfLﬂ:?{E B RO CEHEiRE I oMb &2 FRIL, TE - VBRSO AR

EAKOB OHA, &2-3I1Z7RT RTwpr lZHES < HRIREZE R (minimum temperature)

%DHEZL%)‘jq_ (S JES-IREFIBR  (Pressure — Temperature limit) CTEH$ 2 Z & 23V E
ENTND., FHHEOMAREC LI DIZ2NTIE, PWR 772 M LTPTS F
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GBI 3 2 ) I S < R MR 21T 5 2

Lo TS, JEMEREEIZ LT

1%, 2.3.1 THIZ /R L= A USE \ZxF 9 5 Mafb 77k 2 AV Tt B R o USE %2 T3 L,
68ILLFETHAZ L EHRTHI L LTS, 7L, 681 RBEOBAEITIE, WE

DI HE S < pEEMERT A &

S =

17T2.

Table 2-2 Assessment of reactor pressure vessel fracture in JEAC4206

Operating Condition

Non-ductile failure

(Cleavage fracture)

Ductile failure

Test Condition

Service level A & B

Minimum temperature
Pressure — Temperature limit curve

(fracture mechanics analysis)

Service level C & D

Assessment for PTS events

(fracture mechanics analysis)

USE > 68J or
Assessment for Test
condition and Service level
A~D (fracture mechanics

analysis)

Irradiation embrittlement

consideration

Embrittlement trend curve for

A RT\pr

Embrittlement trend curve

for A USE

Table 2-3 Pressure and temperature requirements for reactor pressure vessel in JEAC4206

Requirements for o
. . Vessel Minimum temperature
Operating condition 1) | pressure temperature )
pressure o requirements
limits
Hydrostatic ) <20% 2) +33C
Core is not
pressure and o
critical .
leak tests >20% Pressure temperature | Larger of 2) + 50°C and 3)
limit by fracture
Core | <20% mechanics analysis | 2)+33°C
ore is not
critical .
Service level > 20% Larger of 2) + 67°C and 3)
ervice leve
A&B Pressure temperature o)
<20% Larger of 4) and 2) + 22°C
Core is limit by fracture
critical mechanics analysis + .
> 20% 29°C Larger of 4) and 2) + 89°C

1) Percent of the preservice system hydrostatic test pressure

2) The highest reference temperature of the material in the closure flange region that is highly

stressed by the bolt preload.

3) The highest reference temperature of the vessel.
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4) The minimum permissible temperature for hydrostatic pressure and leak tests.
5) For boiling water reactors (BWR) with water level with the normal range for power operation,

requirements of minimum temperature 2) + 33°C shall be satisfied.

e « 6 2 ORI HEREE A R OB IR T 2 E-RBERIRICEHS W CTIE, B -
B RS CIREMERGE S AT D2 REMEN S HRIBE L R D 2 0D, 2D OME - &F
IR, FE - BRFOAMICH LT, EHFICESNT, RAFEGEMOEN LIREL
HIBR T 2 MR 2 ET 2 (K 2-7 ). IS KREEORHICE - T, JRFWFEEN
KBOWNE KL ONEICBIESBIRED 1/4 1%, BHERESPBEESD6ELERD 5
IR & AR A M BRO R KIEX M EIEET 5. BEEMEIC O VT, Mk T3k
2 X0 FHmEEE) £ T oo - BN a2 B 8 L 72 BREEIR BE RTwpr 22K ®, ASME Sec. XI
CHBRESH, —RICESHAWSLRTWERQR-13)ICRT ASMEK I —7ZHW5. W
JEIZR L CiE, &EH) - EIERFICBN T2, REBIFICEWT 1S DRERERET H.

RTypr (unirradiated) Heatup and cooldown
transients

Irradiation Postulated defect
embrittlement (a=1/4, a/l =1/6)

Stress intensity factor: K|

ASME Kj. curve
Safety factor 2 or 1.5

Pressure temperature limit curve,
which satisfies K, > K|

A ..
Limit by
Fracture
mechanics
g D, —_—
3 \
A
o Unacceptable
ﬁ‘ operation
=
=
)
S
O
Acceptable
Minimum operation
temperature
requirements

\ 4

Coolant temperature
Figure 2-7 Outline of determination of pressure — temperature limit curve.
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K;.=36.48 + 22.78 exp {0.036 (T—RTxpr) (2-13)

ZZ T,
Kie DR ONT AR EEEN M (MPavm)
T EE (C)

RTwpt : Bg@{ﬂaﬂ.};ﬁ: (OC)

fILARAE C KON D 128175 PTS FFliICWTIE, B 1 EIChbr# L Lo, BA
AR HR OB 5 ZBERFEAKDIFEANFEIZ L DR FIFENRERN OSBRI mEH X

<, ﬁtﬁﬁﬁﬂf’aﬁﬁi,ﬂ;ﬁifwﬂﬁh%%r‘%bf%ﬁ HIWZ b xR 2028 LTVS.
JISNPERBE ORI Y 72> TlE, BRAFENEHENRICRAAES 10mm, BHEI
60mm OHFEMHBHAEMET 5. BHIEEMIEIC OV T, BERRAR CRS LT
— X M b THIEIC X0 GRS OB & E CIRERITSE, 20 OENET — ¥
PR U E BB iR A 3R ET 5.

— 05, JEMEBIEEIC L TIE, USEBR 6BILLETHLZ L2 AT V== T 0547
T ELTWDHA, USE DS 68] & FEIDGE, WIENFIZES @Bl MA41T . &K
RABRRE & LTiE, HEAREE A ROV B ICHOWTIE, FEA-IREEHIIR & R AR S 2
WED 1/4 %, BEAIRE C LD 12 DWTIE, PTS 7Fli & FARICRZEE S 2 10 mm D&
HWEBET D, BHEES a LAEEI IOT AT M (@) 12 1/6 THD. FKXIE
K& BES DAWEMEN D, HBEIEMRITIC XD Jpp 2 BHT 5. SESEIC VT,
SRR > USE JHE il 2 VT, RQ-14)ICE VW JR I —7 (Upa) RO 5.

Jnar=M; = Cy + Aa® (2-14)
zIT,
Jmat o B RS (kI/m?)
(REFT)

M;=0.863 [t FHIKEE A, B, C], 1.05 [t FHIKEE D]
Ci =exp{0.147 + 2.46 - log (USE #H%fE) — 0.00087 - T}
C,= —0.549 + 0.383 + log (C))

(HEHEER)
=0.822 [ FIRAEE A, B, C], 1.09 [f:FIREE D]
Ci=exp{—0.477 + 2.81 * log (USE ##&f&) — 0.00098 « T}
Cy= —0.203 +0.220 - log (C))
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ZIT, TIXEE (C) ThD
SEPEREIEIC KT DR BVEIL, Jopp & Jna BT D Z LT K0, EAREBIZISCTLLTF
DAL L FmT 5.

ZxPd D AR AR

(1) BtAIREEA B KONCIZ
AR AE A, B RO CICt LTI TOFEEELZBRE TS 2 &.

a. EMEEZGE RN
IEVEEZRN 2.5 mm R L 72 & & OB ORIEEIVE Jos D3 Jopp LV N L

(2-15)

Jos > Japp

b. BN ENEME
Japp & Tt & DEZINZINNT, oy DEFROBE B T, OBFROBE L0 K x

Z L.
dJmat _ 9Japp 2-16
da > da ( )

(2) HEAIREE DTk B IR L E

EARE D IS L CIELL T OFAREELZHE T H 2 &.

a. BRI ZE MR
Japp & Imar & DZRIZIBNT, Ty DEBROIAE DY Ty, DEEROHE LD KE W

L.
d/mat a]app 2-1
~/mat  Z7app -17
da > da ( )

b. BZVE SFEM

oy & onar DI E CHEMRZINER LI Lm0 BZE S NIRERME

app
S tDTIS%NEBZRN &
(2-18)

a = 0.75¢
c. YA AR EE AL

Jupp & s DI FE TR LIEIE L2, RIS L0 BN
EURNWZ L E2ERTH L.
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o > V3P:(Riyta™) 1 {2:(t—a"™)} (2-19)

a’ = [a {(1—A+2(t /{1 — (@ 10)a+2(cH D~ (2-20)
I T,
a** CHEMRERZOBRGES (a2 OREAFICER) (mm)
a*, c* IEMBHERKOBIES, BHRESOFYE (mm)
P, D EME R ZEUE IR LI O R E ] (MPa)
Rin CRTFESIESRIRS OB N FEE (mm)
t CRFIRENEBIRE OB & 5 W ILEEL R & & IR T
DE X (mm)

2.4 8

ARE T, BIEFFEICE LT, BURMAICRT HE ) FR M0 x )5, i
NFENRT A= (FlZ0F, ISHTEREER) O HE R OREEEN M O FEflE 1C DV TR
L7=. ¥, BFFEHEBOBEMEMICOWT, Bk dhETFRE ko &8k
T OV 77 2 B D < WMl 38 B OMEMERREE |2k 2 3 ME A B L 7. R ENE
FOWFOLTEBECTIE, 77 v b OEREITHE S TR R M X 23O K
THETe Z & D, MEMERE K OGEERIEE 2 B 1k 3 % 72 @ OBEE ) 531 M O K EE 1A B3
77 FOGEEEN EOBA TR CTEEL > TS, FHETREREOEZEICHT
ST, REFENESMEIOEM 2 AW SEERER 2 £+ 2 2 & T, BREOME
EIMEDFRIE RTnpr X° USE D7 — Z I X0 (kM 2 e S s & & b, ek A B
SALICET2AROERICLY, Ml TREEDSHEAICKER SN DA L 2o T
L. LinLAnns, MbT R o5 & 7% RTwpr X° USE 1%, [ELEEREE 15314 (2 &
NDHMEESZ T A= TIERNZ L5, PWR 77 v b OB RRBR CERE S -
TFHIRIERIERBR O T — X 21EHA L C, IR T A =X TRET DD OBED
WA REZHE T ZENEEND. ZOBRBEROBEBICHT- > T, EBEEERT
DIEEMEDO XL DX IIREI NI E0D, EEMITHEIEOIXL X %aﬂﬂﬁf% valed
AR —H—TENFERTH L. E, EEEELEO TIEINIEERATESL LI
o TWDHTIow, HIEME FEM f#HTIC X0 R FIFE A SEMEED Ik T 28T
IR, bLIE, JESPOEE L K2R U CHEE N FRHMEICERT 52 & b
PSR EOFEE L TEXLND.
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BI3E FRFFENBROMERRICHIT SBEEMIC
ERIREFAMEHOER

3.1 ¥E

ARETIE, 4 BUBROFMTIEOEEICH T 0 ME L 7225 IR E R & O Mtk
BT DA B BT R E A Z IR £ L. RFFENERICARS
NDERMESEME LT, RAFEDEHFENEICET D 1 ROEM OETCRE DS
 (FFZIE) 1Rk bDOThHDH. 2O LD RIENVRE OFEM 2 BESRY LD, 7
7 v b OIEE R R OERRFOBESRMFELRY 205, RFFEENERICIE, Wil
27 7y FEEENE LS, £, S oS HICHTPEEN LI T D, MatEm
BT 22T MICH > TE, ZOX D REEEEICNHEEZRT HILENHDH Z
EMD, WERBISHIENIC E 2BBISHOBREEICOVWTERTSH. KEIS, FAF
JENRZIZBIT 2 KOOI AR &HEIR, FEBEREORD, KEF v APPSR
L, AT ORTREERICO VTR, BETRE KB ONTELRTS.

3.2 BiESH
3.2.1 EHEER

77 v N OFEMHINEERHIZ BN T, JRFEEADREIFROENIEE <, £ 15.7 MPa [T
FBan2b00, 1 REHAMOEBEITK 290°C OFiRE 25, Eiishod k7RI &
LHHMEAEBEL T, ZOREXRAIFEADESM O BEREERICH Y, M
PEREEE 1T UZr . SRR 2 bR < S F O IBERRF IZ 35 W CHEMEREE S £ U 2 ATRetEns d 5
RIRBKICET 2 D1%, 77 hoER#kR &5 IR, 25 0NS, WE - W2 WkBRkFIC ks
JHHRE - FEEEORE - BERFTH D, ZOFFO 1 IREEM OB « 5 EHEE T &%
K# 55°C /M ICHIRENTE Y, MEVEBEZFGIET 27200, NEL - mENC K 2 8YG
N EENIT K DI % ERE LTS NIRRT 2 KO ICENZHIRL T
EEETOMENDH D, 2 BICHLARLELIIE, HolcRERBHEEEE L THIED SN
FG ATV, 1 RBEAMOE —REOHIREREZFRET L L 2D

3.2.2 migEF

1 IR ERF DJE T e ONRE O HIBR 2 3% 1) 7o i@ i E sy & e v, il 2 8E L2
AL, MatEREE A U 5 Al RetE & 2 IR T, EAPIRE OZEENIZ LV &S 235
ETHZENBLAOLND. H1ETHRNILL SIS, FBFRHHaMEMIEE 4 C 2 aretEn
b oEPE L LT, METORFFEAD ARG TR OMAROIEENIE O ZEEAKD
HEANFIZLVEFFENEHENORBRGHANEZY, NEICIIESHEEEL TH
WEIBRIG A DR F P E DA SN ENC AT 2 NERNE R (PTS) FR1H 5. FHfICE
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T _EPTS HEG L LTIE, KEFZ 2 FTRAELLZPTS FRALCTME LS EIZL T,

EN PWR 77 M T ARFEEFEZOT NS, UTFTO)RRQ)DBEENEIIDOHE

GaBROTHRET L, [FRKE MR, /MW S A e S O MEWT LOCA)) KDY
(R Tl e 4 A 58 S S ORI LOCA)) 25&E ST 5 Y,

(1) BEEFOJRFIFENREDET D 1 IREFFHRE 2 190°C L EOFES X, =
DHELEZZIT 2L LTHMEOBMEDR EMERICH Y, 2 oRER TR 2L
BUSHH /NS NWEEZHND DO TPTS il ORE S0 H R T 5.

(2) MLDOFLRICEHE S D FLIL PTS #Fl OB E R0 LRI 5.

¥, KW LOCAIZENNRESAR T T 579, PTS HFLTITRWVA, 1 RGE
BEOCKTARKERDILEDPLREINTWVD. BEIN PTS FRIIX LT, KT
NT T N O—TBOKNEN, JRAIFIE R SNEI IS 5 B ARG %8 Y,
BURERZEOMRBERGMHEEICET 20E - Rit2MThoh, PTS FHlRFICERE T2 1K
WEBF OJE S« BEORFZIE N FEE S 7=, PTS RFM Lk LV IE TH 5 KK LOCA
&N LOCA O < iIRESMEAK 3-1 12T,

16 300
14 250
—~12 —
% ‘8 200
% 10 ]
~ =]
o 8 ‘é 150
2 6 g
4 € 100
a 4 &
50
2
0 0
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a) Large-break LOCA.
16 300 X
14 250 \I\
g &€ 200 \
n- ~
s \ 0 \
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2 6 B § \
i N £ 100 \
& 4 N ks N
) N 50 SN
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a) Small-break .LOCA.
Fig. 3-1 Reactor coolant pressure and temperature history of LOCA.
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3.3 BEREKEN

JRAIF ) B O DRI I, R AT 5 2 & TR L 7c IR & 72 1 Y
YT THY, FOWNEIZAT UV VADY Ty RBELINTWD., 2O, fFLEK
ORI CTITMTIRE L 7 7 v NRBIC X 2BEISNAEL, MEPIEESLIo—
B TIEZ 7y RBRBRICK 2B DFEET . Zhbid, RERFOIR I BRELEH SO
i SRR 4 A R CHR IR S AL B A3, PTsnﬂﬂﬁL)ﬁLu\*““Vﬂﬁ ZEWTHIRS & LTE
MT 270, IEHIERBREBOFMZIT ) OIITBET RELZE2H6ND.

3.3.1 #FBEOBEREW BRI

JE AR ) B P DRI OWR B A U 2 B BIS T ORE, HmziEiET 5720, A
M FEM it = — R Abaqus D IETE & BB RENT L OB B VEREITHRE 2 W C, [EN
PWR 77 o | % kR B O FR RIS TR 22 F2hts U 72 . WIS ) O F il FiE 12
W, oY b TEMR RIS E S EIFEE) I, EBRE
REDIHLEAT O R EI L0 BT FEOBRFSCLERYEEOREFER 2SN TEY, K
FEMNT CILZ O ATER L.

— WA ESEBAENRKE VIEEBREICNIDBREL LD EBZOND Z L0 b, Kfif
PFrCIIRENEL, BRERDOENIIHO 4 V—77F o sotlihn#EF4EEL, BN
PWR 77 o F Ol THRMAIZE U CTRSFRIICERE L7z ABVSA 2 Tl e L4 BifE L 7-.
FTo, MPEHEICS &S, FEEROIRTIAE R SRIER & Rk, N2 7 > NIERE,
JSIBRERES (PWHT), L35SR, SR L INAKE 2 2. BRI I OFEIC
DWTLLFIZART.

(a) BREEHBHFHORE

(1) BASEIEIR
BEAREBRKREVIZE, BBIGHNPRELS R EBEIND Z L6, RiFliT
FRENE L, BERAIEWIE 4 1 —7"7F o~ ol 7 kT 2 B L.

(2) WS

WM 23R 3-1 IO, S, ABMRRESFEBEIRIDREL) 2D &
ILLTO@YEELT.

BIEIE, MWIEERBIGNDBRELSRDLEBZDNDL LN, 77 FO
BIMEEZEE TCELLIRE L.

WHREIL, BWIZEABRDRRELIRDEEBEZONDZ EnD, KFEHTCEAT
2 EMMIZI T DIRERREERED 5> b OR/IMEZEH L7,

Fo, BEEEIEWVIZEERBICHDRELS LD EEZLNDZ D, EERR
i L&D S B, RRMEZEM L.

JEE KON AT, ZWVIFERBICNINRELS R D EZEZOLNDZ D, RE
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NEWAL—TFFF o NEREEL-.
TEGREE, SARNEEE, RS I, mENE LSS L TRELE.

Table 3-1 Analytical Conditions for Joint Welding.

Item Analytical Conditions

Weld Direction Axial Direction

700A (maximum of Japanese PWR plant fabrication
Current )

experience)

35V (maximum of standard welding process of
Voltage o

Japanese PWR fabrication)

50cm/min. (minimum of standard welding process
Weld Speed )

using the above current)
No. of Layers Assumed weld joint configuration
Preheat Temp. More than 150°C (standard welding process)

Temp. between Weld .
P Less than 260°C (standard welding process)
asses

Height of Excessive Weld | Smm (standard welding process)

(b) BB HREH
(1) EEHFREE IS ) g AT DR
VS HEFR BRI TV RAT X, AT = — N D I TE F BREfR AT K OB 8 ME AR BT 1 B %
WD, K32 [CIEERBIS OO 7 0 —2RT. REROREIL, TOEEE
YT DM EICERZRE L. SN AOEELZEE LI ABEIT ) £ TiiY4i
HOERITHIBRL THE, ABAITORACTERT L Z & ClaBESR YKL EEL
S 5. ABUIXI SR ERDERICK L, NEEEAE LTHET D, SAEICHRTE
SN RIRE D FTE ORISR IE, B/ SADABEITH . ZiD DIFEF B
REMHTIC L VB ONTRERRET — % 2 FH\C, BB 21TV, WEERE
TRAETLIEIC AR T 5.
ARFEAG CTIE, FEIRFIFE ) S O RUEBRE 2 E T 2 720, WEIREIG T
WMz, 77 v REEE, IS HBREREM (PWHT) , MERBREZEE L7 ) —7
fEMT, FEBARTE - BUS DRI 21T - C, BRI % RD iz,
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Analysis model

Unsteady heat conduction analysis
i v |
! Generate the elements sequentially |
: simulating welding process i
1
| 1
| v i
i Heat input !
2 | :
£ | v |
1 .
s ! Calculate temperature transient :
« | !
@» ! | :
2 | B
E N e e e e e e e e e e e e e e e e e e - 7’
= Thermal elastic-plastic analysis
S — y
Z | v !
) | Add the element simulated the :
-_5 E sequence of welding passes i
= : Y !
| Temperature transient data ,
1 1
| i
| v |
' Calculate stress distribution !
| |
| i
| [ A |
i || Welding residual stress || E
g : '
I PWHT

Hydrostatic test condition
Operating condition

Fig. 3-2 Process of Residual Stress Analysis for Weld Joint.

(2) fiEtrET L
TR TS TN I AW T E 7 L % K 3-3~[" 3-5 |[ORT. ZOFEFABRIEMN
KAN—T T T hOEGEEFRERZERE L b0 TH D, TF /L L - #ilH
1%, WEEEHLOM 60 FEOHETH Y, W OIS FHEICEEN RN L S+
IR BRE LTz,
VRHEE OVRBE S AR ONERF 1L, EM O TEES EICK 33 10RT LB RE
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Lz, 22T, REATSTIZIBZ 1 XA LTI/ A= 7L, BERAFROBE
HEEBEET 1 NALERICFERICABE 2 2% 2 RITET LV THEL TS,
ARFIEIZINES 7u V=7 b HEHR RIS et R s Vo, £t
HIFER L ORI EITHI R LI E Y YMERBIESNTWD Y. £, EROREEEN
T T, REM CEZICRESZHIRT 2 TENHLT-D, TOTRELHI L.

F7, 7Ty FE#ICOWTIE, WA 800°C ITIE L 7 IREA MR EE & L
T, BIRETHIET 2 & CIREREIC OB ELER L. 2, KE48ME
AT UV ABDOERIG D, B TOME KL THE L LK< 725 800°C % J15HY
TARNRE & 3§ ﬁzbt%@fzﬁpé JIFRIVERGEREE &%, Ll EORE THIITH
BER TN L T D R L, ISREr THMEIOBEREIT TS LT 5
BE LT,

¥, RFETIEZ 7y RET TR, 77y REFRER, BEREICERERD Y
7 v FETORAGeH (B, EHEeR) 1o L TCLalRIEhEMHE5ET 20087085
L. =, RPFIENRGBIREO 7 Z > REEEEE B LRI ) 28I HllE L7z
Katsuyama HDOFERIZL D L, 7Ty FETORBMIIIEMICHNECTEY, K

GeWMOMEREL BE LIRS R 2 Ei+ 5 2 &L CHEMS P FEER TE 5
TERBESRTVWE Y. LER-T, HEMBMIEEICL S Ty FORERE
ISHTOBEMFIEIL, 77y NETFTORBERMEZR > ETIIZYTHLN, 5k, 1
2Rl HFIEEZEANT 57 L, BRI OREIZSONT IV EFEMRRET 21T ) &
Nb.

Outer 42
Outer surface Outer 39 ( _
g =
—_—
Pass 38-65
Outer —
40 layers —
42passes Outer 14 | I
i y I S
b |
 —
b | Pass 1-14
Outer1 ——
=
Inner Inner1 [}
21 layers |—
23 passes : !
e — Pass 15-37
Y e
—
HH /7
5 x Inner14 |

Inner 20 o t

Inner 23
Inner surface

The numbers shown in this figure
indicate the sequence of welding

Fig. 3-3 Modeling of Weld Passes (joint welding).
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Fig. 3-4 Analysis Model (clad welding).

Outer surface

Clad Thickness
\l/ 5.5mm

,/—r\\:

Inner surface

Fig. 3-5 Modeling of Weld Pass (clad welding).

(3) fiRtr et

fig Tt = — R, Abaqus Ver.6.8-4 % 7z,

RIS TR AT » 723K 3-2 12T,

IEEH BB BT 2 B EH AR AOANBEMN (BHEEE, BRIEES) I,
FEHON THEEZFEICR 3-VITHEVRE L EESREZEA L.

MEMMEE (LB, BMmiEsR, B, MMSREGRE, BERIRIG T, I e bfR¥, it
WMEGR L, RT V) 12X, INES 7 u v b TEHER IR IR ZR il 4 (i = vE 52
AEE¥ | VTHE S L7 SQV2A MUY SUS304 i Q& L7,

PWHT (2 TlX, PWHT {8 D 615°C TIREF T2 XMETTO 7 U — 7l 2 &
L7z, 7 V=78 T DI -0F B ORERRANZ SV TlE, Norton Al 2 {8
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L, MR 5y REESBIZH LT, 2AFhRXGE-1), RG-2) P2#HA LT,
[ I el

B (RS 4H) £=282%x10"1 xg>** (3-1)
75y R (AF v L AEH) £=149x10728 x 558 (3-2)

T, Y ) —FOPTREE, 01T — P AHEYIESH (MPa) ThD.

Table 3-2 Analytical Steps for Calculating Residual Stress

Step Condition Note
1 | Initial condition T=20°C
2 | Joint welding
3 | Remove excessive weld deposit | T=20°C
4 | Clad welding
5 | PWHT T=615°C
6 | Hydrostatic test at shop T=20°C, P=21.5MPa
7 | After hydrostatic test at shop T=20°C
8 | Normal operation T=289°C, P=15.4MPa
9 | After normal operation T=20°C

Note) T: Temperature, P: Pressure

(4) FEAT e

EHTIC IV /B ONTZE AT v FITBIT DI oMz s 2 KE K 3-6~[ 3-9 12,
REB22090 & L THEEP O OREN OIS ) 5340 % 12 3-10 1277,

7Ty REHEHE T, KESMAOBEETICEWEREIC IR EL TWD A,
PWHT #%I3E & &M OFE IS 1% T0MPa UL FIIKET 5. —JF, 77 v RIiC
DWTIE, PWHT % b0 T L TWH 720,

THERBR AR TIE, EKASMMNOBEIENTIEE A EEITRVD, 7T
v REBIZOW TG /A 200MPa £ % CTIEIT 5.

TERE R SR A TR T, LM ERBRA R & i U<, SR N
5 75mm AT TIEMIGC N REL o TWA. YEMEIZRED 1 2B ICHT-Y,
2 3 A HUAREOBUNARIZ X 0 BHEOTARAEEDKE LD, HoMICHE 2o T
WD, BRI AET 20T AN, MAREBIZL Y ESIZEFOVT 2%
HEIELZ LD, REQREMCHDEEL TNDHEDOTHD.
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Patran 2010.2.3 15-Mar-13 13:52:12

Fringe: Step_Load_Case_323, Step323,TotalTime=323., Stress, Components, Y Component, (NON-LAYERED)
500.0

Outer surface

X radial default_Fringe :
Inner surface . . Max 645.1 @Nd 8430
: circumferential Min -873.2 @Nd 8400
axial

Fig. 3-6 Contour of Circumferential Residual Stress.

(after joint welding)

Patran 2010.2.3 15-Mar-13 14:27:33

Fringe: Step_Load_Case_323, Step328,TotalTime=328., Stress, Components, Y Component, (NON-LAYERED)

500.!
Outer surface

" defaul_Fringe
Max 647.1 @Nd 10368

circumferential Min -753.2 @Nd 8400

é radial
Inner surface

axial

Fig. 3-7 Contour of Circumferential Residual Stress.

(after clad welding)
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Patran 2010.2.3 15-Mar-13 14:35:26 600.
Fringe: Step_Load_Case_323, Step331,TotalTime=41730., Stress, Components, Y Component, (NON-LAYERED)
Outer surface 500,

. default_] :
Inner surface radial Max 430.3 @Nd 11276
: . . Min -88.97 @Nd 6745
circumferential
axial

Fig. 3-8 Contour of Circumferential Residual Stress.

(after PWHT)
Patran 2010.2.3 15-Mar-13 14:56:51 600,

Fringe: Step_Load_Case_323, Step335,TotalTime=41734., Stress, Components, Y Component, (NON-LAYERED)
500.

Outer surface

default_] N
Inner surface radial Max 208.9 @Nd 11333
: Min -184.1 @Nd 8233
circumferential
axial

Fig. 3-9 Contour of Circumferential Residual Stress.

(after normal operation condition)
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Clad Weld Joint

900

< After Joint Welding
—=— After Excessive Weld Deposit Removal
After Clad Welding
After PWHT

| —=—After Hydrostatic Test at Shop

—=— After Normal Operation

( at Room Temperature )

Circumferential Residual Stress [MPa)

-25 25 75 125 175 225
Weld Thickness Direction Starting from the Cladding/Weld Material Interface [mm]

Fig. 3-10 Circumferential Residual Stress Distribution along the Center of Weld Joint.

3.3.2 BEREEHORESE
PHEEICLVAECDREN (77 v RERSBESRBE D) OEREIG A0
& LC, PWHT2 ENE S L7284, TAEAIZ CPTSEEM FiEIZ DWW T & & DZIAEA
TECDOC-16279 T %, HG@3)ITRT & 9 ARCOSHMERETE 5 L ST
5. 725, PWNROBE, Ormx & LT56MPal SHLTV5.

OR = ORmax X COS (iiwx) (3-3)
ZZT,

ORmax RIS ) OIS IR WE

x D7 Ty R OB E 2> B O R 7 1A Rk

Sy D 7Ty RERWICHEER ORE

77 REHEIZ X DS O WTUL, ISR CEET 2B/ 5 72 LY
W& LT, BISHIRE (T Z&@IRICRET 2 HERSD. 77 v FEBM (&
BaeE) OMBERBEOENNDS, ZORED FTIEER (Try) TZ 7> R
ERERBIRIET) (ooc) , B (BH®E) MNZITb 3T REMIGT (ow) 7
LD, ZOBE, 77y MNZALL5RISHNERIZIB T D7 7 v F@?S%‘éé’b
HCHELL 2D LTy BT IE L. AR, ARERESICIOIR
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Aoft, 77y RAREERICOW I FORG-49) KR OHE-5" b A AETSH
5.

_Ecac tc)( )
q0c = 1o (1) (32— 1) T =10 (3-4)
Egag tc (ac
08 = T (e~ 1) e = 7o) (3-5)

ZZTC, E ITHERMERREL, o IIRERGREL, v IXART Y UH, ¢ IRE. ik
FOB, CIXENETNREM (BEERE) , 77y FEEWRT L. 2k, HEREER
BallOWTIE, Ty ZHUEL LizTrr £ CTOFEHBREERETH 5.

IAEA TECDOC-1627ClL, BIEHEE L LT, ¥ v h~—#IcB) 5@EE
BRI O LRI HMIRE 2R T 5 HiE, HD50E, BRTZ 7 v FICERRA LA
NDIETBAELT D K IICRET 2 HEBRI SN TWD. 72, KEOHERHD
8 )55 li= — R CTHDHFAVORT S, 7 7 v NI K DEHEIS N EEBE ST 571290
IS HIBENFETRETH Y, N0V FREOBMICHELEINZZ 7 v RO
P e L CRO 72 IE /121.3ksi (147MPa) '12AH Y49~ % 488°F (253.3°C)
DFRENHERE ST D,

ML EAHE 2T, M3-100 58S SN 5 & COS/ i I i@%ﬁbtﬁ%%
BREIG N &, BISHEEICLXVRE LY 7 v RICLDEEIS N5 H O
VERE LB 2 X3-111c7nd. 22Tk, RE-HE2HANWTrZ 7y Ry @%Wm
NEBEBRT D Tz P LT th, IWEERICR W T, kRIS 1 DCoSHy A (X
(3-3)) D Ojmax ZEIKICRANT v VEATSTZ. 74 v T 4 V7 OBRIIE, Ty

DERFEIZI VAL EESRE (M) MoEREE) (KG-5) bBELE. 56
AT Ormax Tl TIAEA TECDOC-1627X°FAVOR =1 — R OH#ELEE 2T <, K3-111Z
AT RO, EHERFERREIS N ZCOSHMT, 77 v FOKREIN % BI5 )R E
DERETRBETLZILICEY, b0 TRIMGEEET HIE#EERNERmUIFE
DI IE RN AEROBERM A HFRTE L2 L0015
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Clad Weld Joint

300

———FE Analysis

200 =—\Weld Joint Residual Stress Expressed by Cos Dist. (63MPa) N

w/ Cladding Residual Stress Expressed by Tsf (267°C)

100 e 1

-100

-200 T S

Circumferential Residual Stress [MPa]

_300 1 1 1 1 1
-25 25 75 125 175 225
Weld Thickness Direction Starting from the Cladding/Weld Material Interface [mm]

Fig. 3-11 Example of the Combination of Cosinusoidal Residual Stress Distribution of Welded
Joint and Residual Stress in Cladding by Stress Free Temperature Method.

3.4 &b

BET DKM E LTI, PTS FLIIK T 2 @AM O%A, NREICHES 10mm,
FE S 60mm O MM EREBHRELEHT L LE LTWe., ZORMIL, FEAkE
BRAEORICHAF O BRERK OLZEMELZZE L TREINTZLOTHS.
LU s, RAPFENRGNEICHE LS TWD 7 Ty FOBREZ BfEICHEE
LTWARW., 2T, FAFENESRICBIT A RMEOFEAER LR, JEMERE O
WL, KEF v v FicT 23, ftAMET O BRER LB E 2 T, BE
TRERMEBE L.

3.4.1 REpDSEEER & 4K
JRFIFENEERICBIT D KMaOFEEBER L ORI TO@EY LEZX 61D,

(1) B4+ K
BMORMGIZILLTOLONREZEZHND.
a. SR LR O K i
FEERAEWICER LK, KEFNEREZ LD, 72720, RMEHIFEE
Lz LCh, BEFEAERT D &, B TIXELE, S CIEsEsnT
WD), WEFEORM-TET S0t EZLND.
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b. 77 v FTFE#H®Z% (UCC : Under Clad Crack)
RKANBGE AN 7 Z v NiE#EE, ?@?Tﬁ?&?&%ﬁﬁﬁbﬂé L7 7y RET
ORI HEIICRR (FRAEN) BBET L ENRERINATND. 2E L
ERNTZ o MZBWNTIE, RO R OVEBEABZEHRL TWD 2 k D>
b, BEOFREEI ISV bDLEEZL RTINS P,

(2) TEHE®)R O KM

BHeROXNRE, BRICLVEESBNBICEAET 2H0T, @iREl, &
TE,mATEkmot% HROBLD L, Tao—Fh—), AT TEEIARL
W ZEIAEIR TR S EEZFFORKNEZ DD, Lo L) s, W T
_&kof X, BEMESSBHMOMEERLR O TRAEON LEHEZIT> TW\D 2
EDD, FINAFEAL T D ATREIE /NS, RIERFELTWDHE LT,
TH—R LR RA T TEEIASLD L D I RE & RO e KRB S EEEERR T M
LTV EHEDEEZLND.

(3) 77 v ROKXMa
77y RORMIZ, WHEIZED 277y FREICEAETLIHOT, @MERR, A
TIBEIABREVSTERMMRIEBEZOND. B, WEFEE2E2D L, BETD
AREPED & 2 KMaIx 7 7 » i LA (JRFIFE SRS OJE T m) O XMETH
%.

(4) BT O R MO KA ER
SRR O R SN T, DR OBLE A B R MR AT 5 ATREME -4 S0

a. B R OEHESR

TEHN L D RKaIE, MEEAEGEE I3 D MERHIIC LV A LRV T &R
I O 58 B2 ST M O i AR AL H A ATl (TRl S TR v, M A e i T 722D
BEEHICBNW TR ELRNEZEZOND. £, RUBERIZOVWTE, 77 v R
BBERMEPETNVITER L 2WTZORELRNEEZEZOND.

b. 77 v K

WL, 7T v N& &R L= ISME EPD 41k D0 w2 X 5 370 0
B, HFABEETDWHRT D ENHEREINATEY Y, EICED RN AT T
REMEEWNEEZEZOND. IEHEREI(SCO)IE, PWR O 1 RADKE Cld3Ed
LAREMEIZIEVWE EZ 5N D Y,
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3.4.2 MBEREORR
EN 7T v kN ORFIFE AT, BER T ISME % # 8t 3% #iik 'O &% OV ISME 151
A7, SRR IR P ISME MERERLRS "DIChE o CIEMUEMA 2 M L, A% 72 K
RN ERHERINATND.

(a) HERKORE
JRFIFE DN AR ORERIZIE, UTOMERERSIALTND.

(1) FHEGERF ORA

SR RIS 2 RS D A b L < IZHREMITIE, FMRUER I 2RI L TE
EIEIC K 5BEREERENFER SN TEY, ROREIFATRERIET M L ERZ L
RO KBGO N & RFER I TS, KEaHRHMEIZESRN 10 mm TH 5.
£, BMAREREE I L TR IRERENERSN TRY, REFHLOEN
ZEDHERINTND.

Q) FRFFIENEGRER ORE

JR 47/ A s D BRGERF I 1L, MFEER DY 7 v N TR O JEBER A )
Ei S TWD . MEFEEEN TRE, BEREERAERERm S TBY, MFEHIC
Fln, MERE, BARENOEEEU EORE S 2R ORETTRICERZFON
HRMEAENZ LRI T WD, Ei, MFREITH L IR RGN E
fishTky, REFNOENZ ERHERINLTWD. 7Ty P& LRIE, 7
7y FREORGFREBENER SN TR, Hlinn (BW, £33, BESHo
2GS Z ENDFERRIEMNIC L > TAEL LT &M, £7203, RERRE), |
mm %z 5 MR KM OCEE 4mZz B 2 2 RO RN ERHER SN TN D,

(b) tABEPORE

WAL O AR P REICS O T, BESORBERENSERINLTEY, Bi
EZAOCTERTIFENRGBNE NS OBFTHREREICLY, AERXMBAENC
EDVFER SN TV D,

AE IR T, JEAC4207' N HS < |MEEK ORHATE (MR 45°, MR 60°
RO 70°) AHWLITWD. REEOREHEEEIZEO 7 e Y =7 M CTENM
U 72 A5 TIR1- 70 %6 FE i 3 i A H 10 SE R 2 G 5 I iR (B sk BR 1 35 1T D R Bk HH 1
B O A Dy ZREE O I(E 7 1 UTSY ) TRIES L TWaA. H 71 UTSICL % &,
WREUTEE 2t 5 & L72ftl 70° CITBZES 2 3.8 mm UL LXK, HRIENE A f
B L UTREI 45° ROV 60° TIXAZNESN 11 mm L EONE KR FTREE LT
WA, P, BWEIEIC X D RMaBHPEIZEZ 2 UTS TIEHEE SN TV, R
EOFEND, BHEI.mm REOAHYDO R THNIZHRIEEIND EEx L, |
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WA & FAEFEL EOBRHEEZFES LD LEEZEAOND.

A3 XEORFIFENBERORMICHT SRE

KETIE, MEERRPIBEE I LV RFIFEEZED PTS FLIIKT 57217 5
7o, EEMEHANICY y L E N2 277 8 (PVRUF U Shoreham) O Ji-f-JF
JETV B ERTRET HIEE - FFERE M TONTZ. Z 2 TREGSNTT — % & KM
FHWEZEEE 2T, M, BESRKOY 7 v NICBIT528BHOBEE R NMERHD
K& ST % KMo A7 LN E Sz 2. BN 2 A 5 & RRe
MR B 1T 2 B WO E 2 LU ISR,

(1) B:#F (BR#F)

KD EBERIIFESBNAED TH Y, KREaOFAEMEIZHRAIMEZ 2RV, RKifi KM
E72 <, NERBaORRKTIEIZ 6T o 7o, fEFERAVIE ) 73l CIENEHFE M
BHRZMEL, RBEZRTHRED 5% (FRM 11m) L EONHARIT VWL D L&
LTW5.

Q) LR

KHaD EERGMAFRTH Y, FHH AT A KMARD Sk, Rl KM
E72 <, PRI R B — 5T 5. HeR I 1 R T, Vs
BT O P B ELABE LT 5.

3 77v R

RMEOFERIZIE— FETOMAERNRTHY, WEFMOXRBTHL., 77 v R
BT HRMORE AL, HBAREZ2XBE LTIEZ 7y RED 50%,
63% DWNEBRMaN 2 2D DHTH -7, PTS il BT L0137 7 v N& Ei@
TORMGTHDZ LD, HEFRRIVEE 73N CIXRSFNIC Y 7 v RRE 5503
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3.4.4 tRMMPOEFARER
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FILLVWIBREP -T2 HE ThHh > Th, FMEREZZET 5 LM 60 F£TD
WHBFEREIX I mm LT ToHD LM TE D,
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3.4.5 BETREXMK
344HETOREMRICEY, BETREXMILLTOBEY LEXOND

® KfEsHiE - K RS 10mm, £ S 60mm OYAFMHBREE TS, 2L,
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® K[ iE 27Ty RTORM® 5 W 3E#EESR
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L7e o> T, BMEROEEeRIC, BUTHRKZEE L ZES 10mm OBHZEET
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By, BATHZEIE L T7 227 ME1/6 OFfEMBE LT 5.

77y FONEHEIL, WERICREREREICI ) REFINNEN D LR
NTEY, EETOXRBEAEEREEZ 2V, 2, 7Ty FREREIEIL, &
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OEEEARTICY v BV ENTERFIFENFGORETH, 77y FNREOH
ORMaDNEED S T2 2 EPFER SN TS, &5, ftAT oAz ERE T+
hEL, 7Ty RERBMICE 2 KRE RRERMEPAFET D TREMEIIMmR O TERWZ &
B, 77y FNREICREXBEEBET 208XV, —J7, TERITFHMm A F #
ThHhote/7 7y RFONHBREIIK LT, 77y NOFEZZE LT KMEOFEA
ARE L e o7z, Lo C, BHEXMONME TGN ES CTRF e K ERHE L
LEONEREHED Y 7y RTORM® 5 VITEEEBONTRRLE L TRET D
TENRRELEEZOLND.
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WCRWTIE, E#) - AZIRRELEOME - RAWVREBREEOFTE - FELORRE - BRIEFERH
. ZOXDmEICR L TIE, ol KRERRMESEE L) FRMEIC LY, 1
WEHM OE —BEOHIBHAEZHEL CTEHT L L LD, —F, FHRKFIIBN
Tix, KL LOCA K OVIMERT LOCA 75 PTS H4 & U CHatERE O Ic 572 0 &
TREXBHNREZRTHD.

JRFIFENBEIL T T v FESESHFEEN B LI TEH Y, Mk Iz 55
BN TIE, TNODOEERBISNEBET L ENMETHD. 22T, RFFE
NEROBERFIZB T 2REN 7 T v FEBEROFFEEO L&M4ICHESE, FEM
fERT 21T > C, WBENOBEERRBIC O R, iz, fESHHINTHRIEN OB
RIS A a2 R ET D HIEIZOWTHRE L7z,

JRAIFE BRI RT D RMEORAETR &R, IEWERE ORI, KEX ¥ L
Fizxtd 3, AT ORyaFERZERL, HETREXMICONTHEEL
2. REtOFER, PTSFHMECHEET A RMELTIE, 77> RFTORM® 2 W I3EES
JBIZERES 10 mm £ S 60 mm OFMEMHEREZBET L2 LR RYTHLEEZLN.
2L, EMEMEORRLENE 2, FIEREORIKE, JSME MRFHMKIZE S
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Fig. 4-1 Reactor coolant pressure and temperature history of LOCA.
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Fig.4-2 True stress - true strain curves of low alloy steel and stainless cladding at representative

temperatures.

Table 4-1 Material properties of low alloy steel (LAS) and stainless cladding (Clad) at

representative temperatures.

Temperature Young’s Poisson ratio | Thermal Expansion Thermal Thermal
°C) modulus (x10° mm/mm/°C) conductivity Diffusivity
(x10° MPa) (%107 W/mm/°C) | (x10° m%/s)
LAS | Clad | LAS | Clad LAS Clad LAS Clad LAS | Clad
50 1.99 | 1.93 0.3 0.3 12.8 15.6 40.8 15.3 11.47 | 3.94
100 1.96 | 1.89 | 0.3 0.3 13.1 16.1 40.6 16.2 10.88 | 4.04
200 1.90 | 1.83 0.3 0.3 13.6 17.0 40.1 17.9 9.82 | 4.24
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Fig.4-3 Axisymmetric FE analysis model with crack and weld region.

F, 77y FEEROMFEEICLII2EBBICNEZBE L. 22T, BEISHOE
EHEORL AR T 5720, EEORTIFENREGON LK XD b & WIREIL T &
B EIIT, BREIZLEDIABDREWERSFEERA L. 2B S RER L R HkFE
B OB RIS RITIC OV TIE, RIS OREM & OHEiC X 0 WEE S iz s Y
) L [k D J5 ¥ T EME LT

M — A %R 4-2 [T T

Case 1%, 77 v FIREROWFIEEO —HEOREIS RN (43 28) 2E) L
72, PTS HAE OIS RN OBRIZR CET NV E T EA AL LW @RE 2Bk L,
77 v REOMEASHE & b BPHEEROIE ) — 0T AR 2EH L CKEZRD L H O
Thn. BT —ADOH TR OIEBIRMBITFETH D, HBMEKLE LTHDD, R
WRETIX IS (S K1) 2@l cE 2 WilkERH 5.

Case 2 |E, Case | TROIRBEEIS N %, KEZEMBEN T 580 FEM €7 /UIZ IS
HELTEHEZT (wy ) PISELIEO KEEZRDLLDTHD. Case 1l TIEIRHE
RIS RATIC X 0 RO T AN AT 5, Case2 TIEENEEEETIC KEE KD
HZ LD IhbERT DI EICEY, BEREICNOKMGE (v B )
DEBMEZ R T 5.

Case 3 1%, Case 2 D K EZfEWT 5 FEM EFLIcBWT, BHERFETOBRFIBET
O JFESy (D Kfl) Z2UIciiffi ©& 5 X 0 KA M 2 E it L KEE2HH
L, TO%RBEEMHOBHEIHEZIT > CGGHEA D KEE 7200 TH 5. I E
WS L Cid@4-2) & vz,

.57-



. ’a' + 7y max
KI = KI —a,y’ma (4_2)

K D AN FEM MEATIC L J Y 2 DR L 72 B T K i
Py IRV C OB Tl 0, BB AV S < A B ARV L ORI T
2
54 548 E O T A% T O 1, = (%) 0 kot
y
a BEVEE, a=al2

Case 4 K (N Case 5 1%, Case 3 DL D IZIEHEIREIC 1%~ v B2 7 L Ci¥iM: FEM fi#
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flE & RiEsk O T, £ % PTS FRICK D KEICME T 5 H1ETHSH. Cased TlX, Case
| CROEEREISION, 77y REOBEREIS I OHZ~ v B 7 LM%
FEM ff#T 24TV R D 72 KIS, BILEHIBME FEM f#HT TR D 7 ARG @ O ffk I BRI IS

B OWHEREICNCE D2 KEEZMET 520D THDH. Case5 TIE, 77 v FEEUE
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Table 4-2 Analysis conditions.

Stress-strain curve' Residual stress consideration for K value analysis Plastic
Case |Low Alloy|Stainless ) . zone

Steel  |Cladding Low Alloy Steel Stainless Cladding correction
. After residual stress analysis, continuous calculation of the K

ML value
2
5 Mapping of residual stress

ML Calculation of the K value
4 L separately and addition of each| Mapping of residual stress
K value
Calculation of the K value separately and addition of each K

i value

Yes

Note 1) ML: Multi-linear (elastic-plastic behavior)

L: Linear (elastic behavior)
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Table 4-3 Analytical steps for calculating residual stress.

Step Conditions Note
1 Initial condition 7=20°C
2 |Joint welding
3 Removal of excessive weld deposit 7=20°C
4  |Clad welding
5 |PWHT T=615°C
6 Hydrostatic test at shop 7=20°C, P=21.5 MPa
7 After the hydrostatic test 7=20 °C
8  |Normal operation 7=289°C, P=15.4 MPa
9  |After normal operation (Cool-down) |7=20 °C

Note) T: Temperature, P: Pressure

Case | TRV T v NEEE K Ok FIEHEC X 2 7RIS DFRITHRE 5 % X 4-4 J OV 4-5
WZRT. 7Ty RIEHELROMFEEICLY 7 7 v REOIRESHE o NI E T FH 5] 5k
DRI, 77 v REREGE&ME & OBERD 5/ 80 mm D /v — N EITHIZEHM D7
JENBFET D, LinLans, WEEFULEL (PWHT) 2LV 27 7 > RNTIL 300 MPa
LT o5, BZEE IR & &M XN AT T 50 MPa LLF D 5]8EIS 77,
Jb— LT 100 MPa LA F OJEMEIS IR SN D, 72720, 7 7 v REER RO TS
B CIE, BROK S%REEE O YBT3 %D .
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Fig. 4-4 Contour of axial residual stress (perpendicular to crack surface) and equivalent plastic

strain (after normal operation, 7=20°C).
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Fig. 4-5 Axial residual stress (perpendicular to crack surface) distribution along the center of

the weld joint.
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Fig.4-6 Analysis model (10 mm depth x 60 mm length).
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Table 4-4 Analysis Conditions.

Crack ) ) Plastic Mesh division of
) ) Stress-strain curve ) ) ) 2
Case |dimensions Residual stress consideration zone crack front
(mm) Base | Cladding correction| Base | Cladding
After residual stress analysis,
1 =5, =30 L continuous calculation of the K
value B
a=10, I=60 ML
2 |a=15, 1=90 ' Fine
Fine
3
4 ML(I) Yes
a=10, /=60 Mapping of residual stress of Case
5 Rough
L 1
Calculated by equations
6 | a=5,1=30 ML
(4-3)-(4-5)
a=10, =60
Calculated by equations
7 |a=15,1=90

(4-3),(4-4),(4-6)

Note 1) ML: Multi-linear (elastic-plastic behavior), L: Linear (elastic behavior)

ML(I): Multi-linear considering irradiation effect (Yield stress is higher than those of other cases.)

2) Fine: about 0.5mm element size, Rough: about 1.5mm element size

Table 4-5 Analytical steps for calculating residual stress.

Step Conditions Note
1 Initial condition 7=20°C
Clad welding
PWHT T=615°C

Hydrostatic test at shop

T=20°C, P=21.5 MPa

After the hydrostatic test

7=20 °C

Normal operation

T=289°C, P=15.4 MPa

N | N | AW N

After normal operation (Cool-down)

7=20 °C

Note) T: Temperature, P: Pressure

Case | TRD727 T v REHIZ X 2 BEMIEOEF WFREIG T K O Y BEOT 4 %
X 4-7 1279, K47 X0, KEEMEHE 7 7 NOERNLEENIZLE COEEIST
RWMHEOT RITNIND, 7Ty RIE#EICKY, 77 > RERIX 100 MPa BL ED 5D 7%
BIGH EBHO3 74, AZRNVESTEE £ T 50 MPa L FOBIEDERREIS S & BEOT Zp
FAELTWS.
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b) Equivalent plastic strain

Fig. 4-7 Contour of circumferential residual stress and equivalent plastic strain.

(After normal operation, 7=20°C)
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4.3 BIRHAAAEROBHER
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Fig. 4-8 Stress intensity factor under PTS transients.
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Table 4-6 Comparison of the maximum K among all cases.

(Unit: MPavm)

Case 1
Case 2 Case 3 Case 4 Case 5
(Base case)
Normal Operating
o ) 15.9 15.7 12.5 12.6
Condition (Residual Stress 12.0
] (+3.9) (+3.7) (+0.5) (+0.6)
+ Operating Pressure)
85.8 85.2 79.9 79.4
Large-break LOCA 81.1
(+4.7) (+4.1) (-1.2) (-1.7)
59.1 56.2 51.6 49.7
Small-break LOCA 52.6
(+6.5) (+3.6) (-1.0) (=2.9)

Note) Numeric value in parentheses indicates difference in K from Case 1.

4.3.1 BEBREBEHOERSGEORLERER

FEMEL L7z Case 1 IZK LT, BB A2~y B 7 LTz Case 2 D KfEIZHEIZE
HOMEERLTEY, #£ 46 1R T X1, NWECEDISHBERBRES, BUS R
XA 225 A (K LOCA), 72 5 ONS, WIEIC X 257 EBUS B AE b S o> 28548 (b
LOCA) OWTFHIZBW TS, WHEEBICNE~y 73252 L1280 5 MPavmilith
B O K EOFH T2 TV D, [ 4-9 ICHE SN D BRELEHEOIG T — O ZB%RO
JBIE # AR T, FEESICL s TERBIGN & L D ICBEOTANEL LN, 7%
BISH O~y B 7 TSN OHEMNET B0, BEOT TV Y hahd. FEE
W2, EETOBEOTAOERBIC L 0 IMTENET D720, PTS HREFOAM I E
DOTHRL T RESMITEIM LI <D R, BWHEERIGHIO~ y BV IV ER-IN
HHEOTHARNY vy ENEEAICE, ZODRMBENICLSRY, BOOKEEE
ZTWAHbDEEZLND.
WEREICHEMHIE N E LTy B 7350 YVIC, BIREEEEIENCED K
BaRDT, ZiLEd PTS BFD KHIZHINE L7 Case 4 (HEFIEHE) KON Case 5 (MEFIR#2
L7 7y REHE) O KEIZHOWTIE, R4-6I1TRT LI, EH¥ELRD Casel &R
D EETIRL, WHERIS OB\ O BN D Case 3 £Vt 3~6 MPavmfz E K\
fEL 7oz, Zik, BHEOBMNZES), T7,bb, KETERAE L0 7 v FNOBM
BIEOEBEZZ T TRY, 77y FIESEROKFEEOERREIS L5 KIEL PTS 4
WX D2AMEFEICLD KEEZBEMRBREMTRERWEDTHLEBEZDND.
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/

1  Initial condition for Case 1
/ (The residual stress and plastic
strain

Initial condition for Case
(The plastic strain is not \II
preserved) ,

/

~
7

Strain

Fig. 4-9 Schematic depiction on load path of stress and strain (Case 1 and 2)

4.3.2 BHBHREORLMRER

BRSO BMEEE NN S WG, KESME 2 HEHE S L TKEERD, £
D% BRI O W EZ1T> CKEZRD D Z LRI TN . K&E&ME %
R E & U CHPE IE 21T - 7= Case 3 O K1, £ 4-6 17T X912, WEICED
SIS NP EEHI 72556, BUs N1 254G (K LOCA), 26 NZ, WEIZKDIET) &
ISP AE DS 72546 UNLOCA) OWTHIZEBW T, KL/ D Casel £V
LREOICFHi SN TWD. £io, WEEEICNE~ v B 7 LIREG @M 4 ik b
LCR®HT- Case2 LD &, /NLOCA DEIT Case 3 D K EIXHI 3 MPavmR K
2, WEIZL DN X2 5E K LOCA DBELE DD &, IZIERZED K B35
HNTEY, KEEMHEZHEHME L U CBMEHIE 21T > T K EE 7T 5 HikiL#
LBLEZLND.

UEXY, OB GIETH S Case 1 L0 LIS, o, RFAIIC K EAFE
i C& % Case3 DN FikZ AT L2OREE L EEZOLND. 7L, Lo @Ry
A AMKE, b LLIE, BREIENEEGED TANSNDIENRENEIZLY KENRKE
KRHEEITIE, BRIEMOWMHEENRKEL 252 b, Case3 THEM LZKE-2)D
A E CIE R+ E R DFREERH A7, BIRHERNSIMLELEZZ LS.
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4.4 IRTHMABRRDBITHR

K LOCA & UVN LOCA D EIZ ST, Case 1~5 TR 7= Kl & IBE OBMREX 4-10
KO 4-11 129, ks, (KEEHE 2 Mk & L CHREAT L 72 Case 1 X O Case 2 12
SONTIE, KEORDTABMAMBREEERL TR, £72, 77 v FIEBEOKREINN
Wz CHlFEEEIREONEDO LN AR SR AIZHEIT 5 K i, K LOCA KUV
LOCA FEZRKFOR KD K B2 H#E L TR 47 1ITR7.

CZTCRELLES—RIX, 77y R, (RAECMEILICHBEERE L, 77 v N
DFRBIETIFRNT 5 PTS HRIFD KEOFHEET—EL TfTo7-Case ]l ThHD.
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Fig. 4-10 Stress intensity factor under PTS transients (large-break LOCA ).
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Fig. 4-11 Stress intensity factor under PTS transients (small-break LOCA).
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Table 4-7 Comparison of the maximum K among all cases.

(Unit: MPavm)

Case 1
Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
(Base case)
5 mm subclad crack
Normal Operating
Condition 177 18.3 18.4 22.7 18.7
(Residual Stress + ’ (+0.6) (+0.7) (+5.0) (+1.0)
Operating Pressure)
50.1 51.4 60.7 53.1
Large-break LOCA 50.8 - -
(-0.7) (+0.6) (+9.9) (+2.3)
38.8 38.1 47.1 40.9
Small-break LOCA 37.5 - -
(+1.3) (+0.6) (+9.6) (+3.4)
10 mm subclad crack
Normal Operating
Condition 519 24.5 24.2 22.4 24.1 32.7 28.0
(Residual Stress + ’ (+2.6) (+2.3) (+0.5) (+2.2) (+10.8) (+6.1)
Operating Pressure)
65.8 66.3 63.0 66.1 81.9 71.6
Large-break LOCA 65.8
(0.0) (+0.5) (-2.8) (+0.3) (+16.1) (+5.8)
49.8 49.9 47.9 49.7 63.2 54.9
Small-break LOCA 49.8
(0.0) (+0.1) (-1.9) (-0.1) (+13.4) (+5.1)
15 mm subclad crack
Normal Operating
Condition 71 30.2 29.4 38.9 33.5
(Residual Stress + . (+3.1) (+2.3) (+11.8) (+6.4)
Operating Pressure)
76.9 76.3 92.9 81.1
Large-break LOCA 76.9 - -
(0.0) (-0.6) (+16.0) (+4.2)
60.7 58.5 73.0 63.3
Small-break LOCA 59.6 - -
(+1.1) (-1.1) (+13.4) (+3.7)

Note) Numeric value in parentheses indicates difference in K from Case 1.
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(TRR LI MPavmIiCHB £ 5. FTo, BEREISE~ v © 0 7 UIRE G 4 s v ik
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44495y FDAYanBIATOER
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D, D RES CIE T BRI L0 ERE MR T 5. R RIE AR O PTS FH4:
23X 2 MMM 9 2 BEEE I DWW UL, R E RS EER RIS D
BRI K D b2 BET O MLERDH L.

EWNMEARRE (PWR) 77 v M OJRFIFENERBICONTIE, T E CTREHRR
BRNEE SN TE/-Z &I , BEZOMERWIET — 2 NS REEINT. £,
BEEIVEOFMEICE L T, IW%®HW BWTT—20IE6 > 2T 5 AN
FTEN, BEEMEDOIZSSX 2TV A TASHTETAZ—I—TNIELFREND &
7T,

TOXHRRRERE A, WESEOFMICE T RFTOMREEE LT, W%Hﬁ®“
5o X REEMEOMERISI 24T, BN PWR 77 > b OFRFIFE A S 2 551
MR D T R IE L A B8 L 7 R R E R AR A R E T D

5.2 FHESZER L-HEHNMFAMESZOBRES X
5.2.1@®EA&
M EER R E R ET DICHZ0, LT CThREt 21T - 7.
(1) WEESMVMEBROEREICEE LT, WENO~2 42— -7k 0E2 %
2ELTD.
(2) TR ER MR O E I AV 2 R CF O L BHEREE L, B 5K
SHEOWIESHRBE ORGSO TH L7280, R (5-1) 1I2L D 1T (254
mmE) ICHE LK. 2R+ 5.

1
B\ /4
Kjeto) = Kmin + (Kje0) = Kmin) (B_x> (5-1)
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KX TN ENREBR A LBy L O BAZKT 5 K)e TH D . F 72, Kin 1320 MPayvm
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(3) WREEIMET — 2 OBPRIRIE L LT, BHREBRICKIT 5 v v 1 B —E BB Tl
BER, BETFHEICHLAWVWOND ¥ v L E—BR RIS T 2RI T R L F—n
30 ft-lb (41)) ICHE T 2EBBIRE, T z2BMHT 5.
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=7 %A T DO Y &R L, BEEEIMET — Z125% LT 95%F2 B D a4
DHER SN TVWD Z L aERT 5.

- PTS HR LV BABEOREWEARIE A KB b &0k st i, K
(KT 2 EEAE, E S - JREERIFREE T ASME Sec.XI @ Ko 7 —7 P03 ST
W5,

< WS TIEM O RSFYE B B E % 72 £ C ASME Sec X1 K 7 — 7 & R O AN %
B S%EETFIRO~ A X —h—T N flibnTng D 9,

BRTRERS (FEIER), B (8RddL), &

BB EEA O KRR OB ES T — % (= A
BRORE R

- L DR’ 5 5 & DI
F x5 &, PTS FHMIC AV 2 B EER dh

— =T EERT LN RELEEZLND.

5.2.2 BEPIT—4R—2X

Tl N MR h it D

Spe -

Ax &

&, WA OB F K O E Fm R 21T 5 b T ORI 2
&L TIE S%E FIRO~ 2 2

FAW DRI S — 2 1%, 2013 £ % TIZ[EWN PWR 77 o~

FOBEHBRBRTHEONTLT —2 (2L, EBEMIsEE CREMMEE LT — ¥ 2 R<) &
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Table 5-1 Fracture toughness database.
Number of | Number of Maximum Range of
. o o Range of fluence
Material unirradiated irradiated 0 19 2 T30
data data Cu (wt. %) | (x10"~ n/cm”, °C)
E>1MeV)
Rolled plates (RP)
14 2 .03~0.1 10. —94~
(SA533 Gr.B CL1) 7 30 0.03~0.16 0.0 94~95
Forgings (FS)
1 2 .02~0.04 2 —68~—
(JIS G3204 SFVQI1A) 75 >9 0.02~0.0 7 68~-8
Weld metals (WM) 92 117 0.01~0.19 10.0 -77~59
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VA =N —TIEOSIRIEE T, 0%, ESMT — 2 2% L TR EHEEEICE S HRE
SN, v~ AZ—H—TIELREREC, BHARCERES S NT-HENET — % & Ty OfE
RO E, REHEEEIZEI D XG-HRTEERBEBNRRKRERD AT, OEEZRD 5.

n

K — b1 b Kici — Kmin\”
F K — Zl ( Jci mln) . . _ < Jci mln) 5.4
( ]C 8 [ K Kmln Ko - Kmin P Ko - Kmin ( )

i=1

(Y
(f

F(Ky.) : LEMH

.80-



n C T — 2 OfE K
K, D UA TGO RERE (K(5-3)D Kroes)

K(5-3) LV, S%EEFROBESMEEB IG5 D LI ickREn 5.

Kjc(0.05) = 25.2 + 36.6 exp[0.019(T — (Ty30 — ATY))] (5-5)

5.3 MEPHERBHRORTE
5.3.1 BEHRRBRT—2 0ER 2 #

BT (EIER), 6 GBS, BEEBOZTNZICH LT, BERTRERET —
B MBI KGNWCBIT D AT, ZREL, ZOMESMESRE LHEL L CHRAE%O
RSN — &% O Ak & sl L 7=

FRETRTT — &% ORSEEIMERS BRI 2 A T, O, F6 (EIER), A (B8 &)
EOBESRIZH LT, £hEn-51C, 21CLKVD-17CTh 7.

RS T — 2 O AT & LCiE, K 5-1 ICHEZRT LIS, ST —ZIco
W, BEETT — 2 0 HROTZ Kyemeay 7 — 7 % ML LMt (K HFlAIOT —% D4y
o (WEEEINET — 2 BT A TANH 2T EREL T (Kie— Knin) /' (Kjemed) — Kmin) P
WL TERR, 72721 Kuin =20 MPavm) Z3Fl L7z, BURH%T — 21200 T, e+
BEOBBREPERL-EREK 52 1277

ORIy, B (JEER), BH @E#S), BEeEBEOVWTHY, REHTT —
ZDATT v H—7 (fEEhT 0.0) 12k L CHRENEZT — X I TFTAICOMA LTS Z L
5, BR%T — X IXRHFTT — 2 IR TERBAIIMEL WS Z bbb, £,
FrlC M (BEREAS) [ oW TR RICR L TEFREE (A Eommctko
T (Kje— Kmin) /| (Kje(medy— Kmin) 3T 2 m) 3580600 %.
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Fig. 5-1 Evaluation method of data scatter from Kjc(med) curve.
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Fig.5-2 Fracture toughness data distribution around X j(med)-
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5.3.2 Pt EREHROBRE

5.3.1 HOMEF ST #ER 6, Al M
BT — X 2HWDAIMENRD D ERNbholo. S OICHMETIRE &I B FE
ZOWTIE, RIS RIS IOV TETRFEERRD bz, W
WZOWNWTHLETOBRB%T -2 2HWNWS0 TR, mRFREDT —% % v CiE A
BRI R A RET D2 Lz, 20X ) RERMET — % ok B £
ST HIREMEICE L TiE, MEMET -2 0IZbo& N REVWILELHY, SHOER
ARBRICEVIEFTE SN D SR EIS O T — 2 2 AW B 5 RN EENS.
REMG LT OB BOE & L CIE, 77 v h O 60 FEERH A T O R TIFE S F
O FYET-RRE B 5210 n/em® (E > 1MeV) L EEFRREN D720, @EMFEIC
PELCEHBELRDAZIOBRKFNEL LOT — X 2R ENG LT H L LT

B (ESER), B GRS, BREE&ROZThEhIc >\ T, BEES 5x10°n/cm’
(EﬂMﬁOHL@%%%%?—&%ﬁ%_mELKW%%ﬁLﬁﬁﬁwAni:ﬁsz
WRT XD, BT — % 255 L LSS IS CTRM (M) T 36°C, f:3 (8%
%%)TZTQ¥N%@%@MT@@®@WT%D,W%%@L% AN E IR & T2 D
MWD b, §RE LI EEVEES i & BN 5% O 2RER T — 2 L i L C
X 5-3 1277, 2B, TROLORICIK, APTrh—7EE b, FHEARENTER
@ﬁELTS%@@T@@L@@ﬁ%%TLK.;@i?um%%%?*?%ﬂ%tb
TRt A AEEE SR AR ET 22 LT, BERTCORKNE®T 4205152

BB OBEIER L TIE, RER O

MNTE7=.

Table 5-2 A T, for unirradiated and irradiated material.

. . . High fluence irradiated Difference of AT,
. Unirradiated material . between Unirradiated
Material material L i
AT, (°C) o and irradiated material
AT, (°C) o
(°C)
Rolled
Plates -1 13 30
Forgings =21 8 29
Weld metals -10 14 24

Note) *: Fluence > 5x10'"n/cm® (E > 1MeV)
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1T equivalent K, (MPa\/m) 1T eqivalent K, (MPa\/m)
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Fig. 5-3 Fracture toughness curve along with data indexed by T3.
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5.3 =LV DBRE
532 THTHRE LI MEER MR IT, T BEREEZR—RIZERE LD THD.
Tao DA E U CRHMBIRF IO MRK &2 ZE L TR L7 T THIEEZHW5E12IL,
THNCHE D FREES (FHIRESE) 258 L CGEURBE~— Y (M, &) Z 4
LERD D (X 5-4).

Median Median
K master curve K master curve
Je Je
Error for normali 5%
5% distribution 5%includin.g
’ » margin
100MPavVm f====--co--oo-l @ -- ’ Vi
Weibull ! VLY
distribution v .
o7 PR EPR for
- N e, =2 - Margin for
- ! ! -a=— ! temperature
| : |
T T, T
Temperature Temperature
a) Scatter of fracture toughness b) Scatter of fracture toughness

including temperature error

Fig. 5-4 Scatter of fracture toughness data considering temperature scatter.

NAZ =TI =T DU A TV D BIEEHEO X5 2 &Z 2ol X 5o & LFEFNIZ
Wz % X O NIRE® T MO ERSMARERZ  o)lCE S 7. X 5-5 LV, PTS
R D Ky £ BT DU D Ky =70 MPavm T D Kjemeay & SYUAETE T IR D Kje(o.05) D 1R E 7
1£40.2°CTH Y, EHDHDO SBETETRIZIAT T U +1.65 0y THDL I LD, HE
BFIMEDIX S > & OIREEEN G M OEERZE ov & 24°C (40.2+1.65=24.4 Z IV $5C) I
RELE.

180 | ——Klc(med)
160 | ——KJc(0.05)
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-100 -50 0 50 100
T-To (°C)

Fig. 5-5 Temperature difference between K cmedy and Ky (o.05) at 70 MPaym.
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TR EE i 7 1) O IE LA IS8 X 2 7o EIE O IX D o X (EYHERZE  ov) ML T
HNZ XD FHIREZE (EHERZE o) BDMbDHZLIZLD SBEBETRI—T (AT
+1.65¢ HY)IZxIT 2EMO~—T 0 M, & LT, BREGREFEOERINSAG-5)IC XD
3CITRREL. 22T, o ([22WTIE, JEAC4201-2007 [2013 4BV o Mk T
BIZ K2 TR ZEOERERZ,1 D 9.5°CE L

M, = 1.65 x (JJou? + 0% — o) = 1.65 x (/242 +9.52 — 24)

=299 = 3.0 (C)

(3-5)

M, ML TR EZITOBRICEBE T H~—Y v (0)

om  EEEVEOIX O OX ZWEF M OIX SO X (ITHRE L2k O E(R
7 (C)

o : MEAE TRIE O TRIRR Z OREERZE (C)

Wiz, BT HNaIRICKY, ~AX—h—THEDT A TIVSAIHE D BERMEOX
LOXLMAEDLETZHEOEETRAFML, EiLo~v—T0 M, DR EEZHERL
2. BMEtHFEIZUTO®@EY ThH5H.

(1) AL =N —=THEDOT A T NHAIHE > THEREICE T 5 WENET —
(1,000,000 A)EFAESHE, vAX—H—T OEFETFRD — 7 (5%)% FE 2 iHEx
Kb B,

(2) ()OBERERIE T — 5 (ST HE 5 Mefb TR A ST 2R EE 52, T, 1
=V MyEMA T~ AE = —T DEEFRI—7(5%)% FELHEREZRD 5.

B T8 WT, ~AX— A —TEICLHWENET — 2 2% EL, FHMHEC, 1E
H#ffA 9.5C Mk THED PRIFRZEOIRERZ) OEMRSMORERELEX 56
DEARNTTAEH 5-6 \ZRT. 22T, BREBELSZTHAICIE TORETO-
AL =N =T LW TDHRNERH D120, (Kje —Knin (Ko — Kunin) THRIEAL LIZT — %
KT H2eA NI 8L L. K56 X0, BEBREZHIDEELOEINRREL
20, (K —Knin)/ (Ko — Kpin) MEWT —Z NEL D0, ~— VU MEBETHZ &
IZEY, (Kie —Knin)/(Ko — Knin)359 0.5 (5%E#E TR Y) LT CREMRZEZRL L1321
FZELTONMME 52 TNDHZ Enbhb.

T—T,% 0°C, —50°C, 50C& LB AD S%EHETRY —7 % TR 5 EREE 5-3 1
TP F 53 K0, REEER LOBAICIE, WEMET — 20 S%EETRI—7 %2 T
B DFEFENIZITE 5% LR TVNDEN, Mk FPHICKPREBRELZEZDHZ LICTEVK
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6.0% L7025, LNLENRD, v—Y U MyZMx 52 EI2X>T, HEEET — 20 5%
BHETRY—7% TR OERITEEBRERLOLE LIZERELRDLTENTND.
L7eh>T, MyZ 3CITRETHZ LT, MIETHIEDOTFHRRELZEBET 52 LW
RBThLEEZDLND.
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Fig. 5-6 Results of scattering and margin in temperature by Monte Carlo method.

Table 5-3 Results of the probability of the data falling below 5% tolerance bound fracture

toughness curve.

Probability of data falling below 5% tolerance lower bound
TO_ To fracture toughness curve
= Casel Case2 Case3
=50 5.00 5.79 4.90
0 5.00 6.04 4.98
50 5.00 6.19 5.05

5.4 BEHNEEBHRORYEDORER
5.3 HCORIE LI AERIHEER M (I >\ T, BREEINET — 2 1S9 D M Ot
R OMIEANEERL i & O 21T > T4 AR L.
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5.4.1 BEEItET— 4 (ICHT HEHEK

5.3 T Ca% & L7 aF i AR ERIMEE R AR 1T Ta EREZ X—RAIRELLELOTH
DM, JRFIFE DR RO@EEMETMICH 72> T, FHmEHORKELZZE L CEIH L
72 Tao THME A W2 LB B 25 T BEIC X 2 BRBIRE OBAT & ARTyvprat BAEIL,
JEAC4201—2007 (2013 B OMEE B ICHEINTEY, ZHITESNT Ty
T 2GR E L, BRI T — 2 Sk 2 Al AR PR R O[S W A feRR L 72
7B, FHNCH 72> TiX, JEAC4201—2007 (2013 B 1206V, EBEERABRT —¥
WA KO I TFHICH EEWM)EZ A2 547 % v MHIEZTT - 72, Tao THIEIZ (5-6)
TRIND.

Tys0 THME= T DI + A RTwpr sH5HAE + Mc + M, (5-6)

ZIT, Mc IBEREOENMMBCTRAMET 2HAICHNDLY—Y Y, M, ITHHE
THIIZLD Tu D LR EZ TRIT 2BRICHESNEES BRI L TRET LH~v—V
ThbV, S33HTRELZ3ICTHD.

B 5-7 12, BEM (EIEH), B BB, BWHEeRBICR LT, MIERET — X L 3T
il PRl S A P TR il A 2 R

FEAM A A M E R AR IR LT, BREEEIME T — 2 OB R L O 5-8 (27T Wallin
DO FE N L0 G L7 G 8E FIROFEMRE R 2 £ 5-4 (2T, Wallin @ J53k1%, WEIEEY
PEER AR & B 2 OBENET — 2 L OREZE (U>G) ITERSMHTIEL 2 D &R
EL, 4 OFYE (uy) CHEERZE (o0) 205, WIEMET -2 0L o 2B 5 ilkiE
BB MR (4=0) O RIEMERREZHEE L, ESMESIROGHE TIRZ 7
HHETHD. 2T, 4 OWMRSMOIENITHMEELBE L T, REMERES O Tl
DT—HuT7 4T 47 L CRHiL7z. £3 X0, FEABESEER AR, s
BT — 2 OWREEN 97%LL E, Wallin O FIEIC L HEETFRIK 4% U FTTHDHZ &
Mo, M (EZEM), BH RS, BWHESBOWTILY Te THIEZE 5 & 95%LL
FOFEEAHBETE TV,
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Fig. 5-7 Fracture toughness data indexed by predicted 7,30 with the developed curve.
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Fig. 5-8 Outline of Wallin’s method to assess failure probability of the lower bound curves.

Table 5-4 Percentage of data enveloped by the curve and failure probability evaluated by

Wallin’s method.

Fracture toughness Failure probability evaluated by
Data evaluated Percentage of .
curve Walllin’s method
data enveloped -
Number of Average Standard Failure
AT, | Number by the curve
Material data enveloped of Aun | deviation of | probability
(°C) | of data* (PDE) (%)
by the curve (°C) Aoy (°C) | (FD) (%)
Rolled
-15 230 223 97.0 47.1 27.0 4.1
plates
Forgings 8 259 257 99.2 55.7 23.6 0.9
Weld
14 117 116 99.1 58.2 24.8 0.9
metals

* Irradiated fracture toughness data

5.4.2 HEROBERDMERBHER & OHR

REL-MENEERERICOVNT, BN PWR 77

JEAC4206-2007" DA BLEN MR i AR & (R 57 2 bl L7z,
FROE U7 AT AR A EE AN B A R & JEAC4206-2007 OO R EEEN B R Hh 4R o Mok & X
5-9 2T, WEH DN — 7 ORARELAFENNIRE BEWVILR L, WTFThohh—7 %
PTS IREEER fif |2 < DTS DILREBRELTHI 70 MPavmfHiE T 5. £ 2T, X 5-10
TiX, EN% PWR 77 v b O Y EEEHIMARKIIG2EFPY) 2 Xt RIZ, T EnDOH—7

T 70 MPavmlZ ki3 2 IR (T7) 2 Hali L 7z

> MM E RS,

ARE L 7 REAfl A — 7 13 < 72

7T P THRIRENTCHEEMEE OIS S 2R TFIICRBTE L L IRESNILLD
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Fig. 5-9 Comparison of fracture toughness curves.
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Fig. 5-10 Comparison of T, for Japanese PWR plants at 32 EFPY between the developed

fracture toughness curve and JEAC4206-2007 fracture toughness curve.
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5.5 &8

EWN PWR 77 > h ORI X0 &R S - R REEN T — % o[ 5 Hr o
EREEE 2T, M (EIEM), B GBS, WESRBO TN ZIIIXI LT T &
B & Lo~ A X — 0 —7E0B 2 05 28 0 AT 34l FA AR VB it iR 2 52
L7z, Z O ARESMEES HRIL, S%EE FRO~A Y — I —712HE T 258, K
TIPS B ORI WD T THIEZ AW CEBMHEOMR AT > T2 bR,
95%LL EOEFEMEDN MR TE TEBY, £72, KD JEACA206-2007 DOFEZEEIMER th#
X0 BRI RSFRICEEHE T 28 H 5 .

BEXR

1) The Japan Electric Association Code, “Test method for determination of reference
temperature, T, of ferritic steels”, JEAC 4216-2015 (2015).

2) ASME Boiler and Pressure Vessel Code Section XI, “Rules for in-service inspection of
nuclear power plant components” (2017).

3) ASME Boiler and Pressure Vessel Code Case N-830, “Direct use of master fracture
toughness curve for pressure retaining materials for vessels of a section XI, division 1”
(2014).

4) Wallin, K., “Statistical re-evaluation of the ASME K,. and Kjg fracture toughness
reference curves”, Nuclear Engineering and Design, Vol. 193, Issue 3 (1999), pp.317—
326.

5) The Japan Electric Association Code, “Method of surveillance tests for structural
materials of nuclear reactors”, JEAC 4201-2007 [2013 addenda] (2013).

6) The Japan Electric Association Code, “Method of verification tests of the fracture

toughness for nuclear power plant components”, JEAC 4206-2007 (2007).
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1985 4E 7> &5 K[E THEH STV 5 10CFR50.619 T 13l SRR HOREE /1 AT 12 & v i
SNTBEREDORA Y V—= 0 FEENBFEINTWD. E£72, 2010 412 10CFR50.61
DOREHEIE U THIE &7z 10CFR50.61a" D 2 7 U — = 7 51T, 785 O e SR ik
BE ) AT O 50 R RS < HEEE I L » B R E @A E (Through-Wall Cracking Frequency:
TWCF) 1x10~ /fFEIC /ST D BERE N A 7 UV —= v 7L LTEA ST (K 6-1
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Acceptance Criterion Probabilistic Estimation of Through-Wall Cracking Frequency
for TWC Frequency

Established consistent with Probabilistic Thermal
N . Fracture P(t), T(t), & Hydraulic Sequence
,lgﬁg‘;g.”;ﬂ‘jﬁ'{’" eyl Analysis Analysis Definitions
(FAVOR) (RELAP)

PRA Event
Sequence
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(SAPPHIRE)

= June 1990 SRV
+ RG1.174
Conditional
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h
- Thru-Wall
el Cra:king
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Yearly Frequency of
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/ creenin
/ . Limit ?
/

>

Vessel damage, age,
or operational metric

Fig. 6-1 Schematic flow of PTS screening limit in 10CFR50.61a®.
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Fig. 6-2 Flow chart of probabilistic fracture analysis by FAVOR wv. 16.1.
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Table 6-1 Conditions of PFM analyses.

Dimensions Refer to representative Japanese domestic PWR plant

PTS Transients Refer to condition of Beaver Valley unit 1

Flux distribution in beltline region of representative
Japanese domestic plant is considered. 3 fluence levels
Fluence (E>1MeV) 0 2 2 )
are assumed. (7.4x10°, 1.0x10”" and 1.2x10”" n/cm” at

maximum flux locations)

Standard deviation of fluence Fluence x 0.131

RTnpr before irradiation (°C) Base metal : -4.0, Weld metal : -53.0

Chemical composition of base
Cu : 0.16,Ni : 0.61
metal (wt.%)

Chemical composition of weld
Cu: 0.14,Ni : 0.80
metal (wt.%)

Standard deviation of chemical
Cu : 0.01,Ni : 0.02
composition (wt.%)

) ) o Surface flaw: refer to Oconee unit 1
Flaw density and size distribution

Embedded flaw: Beaver Valley unit 1

(2) fRHTAESR & &5

ife 28 S BB ) 2T O FE R 2 X 6-3 1277, 6-3 LV, BEEOHEME &I,
TWCF IR xt¥ 7 7 7 ECEMRMICEMT 2BHICHL 2 Enbnd. ZOREXEN
PWR 7' Z7 v Mt T 22 MM OFAEEEZWME T 2R KB &I, ko
JEAC4206-2007 D54 1.0x10%° n/em?, T 5 HEEVEFEM /7 T 1.2x10°° n/em® TH
oz, L7Zhio7T, BETHEEMFMAIER, EROMAMEFIMN AL XV Em S,
BOWHEHEFE CHEEINDZLICRD. LR s, kEE RO ITEIC X 2 HERR
IR Pl D&, T o OFFREEITHICT 2B ME (TWCF) ZROTIHER,
KEDZ 7 Y —= o FEEIER SN 1x107° (4 - ) Lo bRy, T42bb,
KE XD BRTFIRTREETH L Z L nbroTz.
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C
1.E-09
=
H
1.E-10 o | .
LE-11 Fluence limit by / I\ Fluence limit by
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1.E-12 | | |
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Neutron fluence at maximum flux location
(X10" n/cm?, E>1MeV)

Fig. 6-3 TWCF of representative Japanese PWR plant by probabilistic fracture mechanics

analyses.
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Fig. 6-4 Example of neutron fluence distribution of reactor pressure vessel'".
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Fig. 6-5 Example of Charpy impact property distribution along thickness direction'?.
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Fig. 6-6 Example of TNDT distribution along thickness direction'”.
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