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Abstract

The structural integrity of the reactor vessel with the approaching end of life must be assured for
pressurized thermal shock. The regulation specifies the screening criteria for this and requires that
specific analysis be performed for the reactor vessel which is anticipated to exceed the screening
criteria at the end of plant life. In case the screening criteria is exceeded by the deterministic analysis,
probabilistic analysis must be performed to show that failure probability is within the limit. In this
study, probabilistic fracture mechanics analysis of the reactor vessel for pressurized thermal shock is
performed and the effects of residual stress and master curve on the failure probability are investigated.
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Table 1 Material properties of reactor vessel
. base metal .
Property unit & welds cladding
Thermal conductivity | Btwhr-ft-°F 240 10.0
Specific heat Btu/b-"F 0.12 0.12
Density 1b/ft* 489 489
Modulus of elasticity ksi 28000 28000
Thermal expansion | ;. g | g5E.6 | 85E6
coefficient
Poisson's ratio 03 0.3
Table 2 Details of probabilistic input data
Parameter Mean S.T.D. Truncation
Fluence - 0.3 p f=0
Copper content (wt.%) 0.35 0.025 -
Nickel content (wt.%) 0.65 0.0 -
RTwpro (°F) 20 15 +3¢
ARTwyr (°F) - 0 +3¢
Kie - 0.10 » to
Kia - 0.10 ¢ to




7AtEE A da Az $719 B

JFTEE F2 43R4, 835 dxa) 2g
olJel ASEYA G #HHo k. EPRIV9)
o3t §HPY AHTY BXE 24 HHAA
= 8 ksi®l 9F3H, 7t2d AFAME= 8 ksio
A&SHo] Ag3le FAIY £ FHE Ro
D2 B A7ME dREH 3R AFY
gdEdz $HIUAF 4E 8L F7lsd 2
2EE HESY.

331 ZEWgo| HMateln SHEE HEe(T}
Cosine &2l Z% 1 (Case 2)

Case 1€ 7]F22 Fig. 33 ¢ AH%9 B
E2E 23 Aok ol ¥FE UlHoA
38E 21 §719 FUAAM () $8€E 1A
= Cosine ¥X2 SHEYAST &AL

K, 20‘0\/7; %tan%(cos%jz[{cos%)z —2} ®)
371 o= EHAA Y Hg g ol

332 ZEWEO! MSiEX %D SHER
eI} Cosine 52 A

Case 1& 7|22 Fig. 49 7L 5349
€ 28T Feolth ol YL YE
NN (H SHE za §7) ¥ FhoA (-)

AL JMR = Cosine EEXZ 28 IOAS

4 @9 Zrh

[ I
olo

et
A>
rlo

1.122 -4 '

) (bj aY
K,zo,Wm| —————+15-10375-={1-—
{]+2(b)} ( b)( b] ©)

A71N b= £718 Sroln},

Cosine &2l &2 Il (Case 4)

b=3

el &

%71‘2.' FA 09 &4
251 oy 1*1 &

a1
#HE 71A = Cosine &
A

.%_"—*4—8— A (10)3 2.

EEEEELEE 991

J &) -a-,cas%l

Fig. 3 Cosine stress distribution 1 with constrained
bending deformation

1’
SR
% o’y«vo:wsgé"

Fig. 4 Cosine stress distribution 1 without
constrained bending deformation

& (x)= q;cos%

Fig. § Cosine stress distribution Il with constrained
bending deformation

w na my
K, —0'(,\/;5 ;tan—ﬁ(cosﬁ/-) (10)

334 ZEWEO| MosX| 2o 2YE
SENT} Cosine B0l A2 11 (Case 5)
Case 1& 7|0 Fig 63 Z& J3fHeay B



992 34T - Aee
TE 2@ Aol o)t £7] WA (19
S 23 478 ZgdA 09 ¢ agm
19 e (-)d §HE 7HAE Cosine EXZ
SEGOAT A& A ang 2o,
2
I.I22—l.l29Z+0.462(:j
K,=0'(,w/; 3
ay?
(‘—b] an
335 RS0 HH HMaof LF5HA
B2E3l= HF (Case 6)
Case 1 7]F08 L3R AFH2y Byy}
8 ksi®) Q1AL H o7 A HEA A 2Lt

= Aoz R4Hog 1A AL 3359
. olelg ARSAS Wtos wadtd 4
ol F7hajo] slAlg Agolo

3.4 mI QMR
AR Y22 G L7 HEHole =y
M= ASME Sec. XIol #AE K¢ 2 Ky ol
ahe 43 ORNLAA 7] 4o oA
FE Wg3s ASME based ORNL 4 z8l:
NRC H#F4:.0] A2

gz #HIole A7) #xglAddlelele w4
AE A5l M2 7422 Master ‘—‘Tﬁ% A
et Atz g Rl Hgstm 9l
Al olEe] TEdAdel oF HEBE 9

oX

d
oh
A

!

4 2

(@]

(}:\% 3
871 9l & mEe) olaw HPAY IA
& BT H3% 5 AT HHAY BES F7}
ahie.
Y
65 om0 cos 2] d
o
x 8
o
b
Fig. 6 Cosine stress distribution II  without

constrained bending deformation

-AHEE - Y98

3.4.1 NRC 12|¢id M
2 gIdd JMe 47l 7|EsHo Algd
Ao 7ItdEA Atdel oig NRCY H7hEm

A®o) AAE NRC HF T4

9 A (129 Zr}h o] ZHe dgEH fydg
oo H4g EF¥oz gy RozA, topgl
dgeg F g F atgA @A ASME 3
A4 FHE Ed= dolHY IARLAE A+
o] ZAHG BFE I3 ZMolt}t o] THL
AARZ 4Bl U FEEH 9t )4
AE2 VISA-II ZEMo A ALgE o)A 1 e}

-ll'J

oz EH#E

o

A&
o
L.

K =362+ 494 expl0.0104T - RT,,,)]. T~ RTy <-50 °F (12a)
K =551+ 28,0 expl0.0214(T - RT,,,; ). T~ RTy,,, >~50 °F (12b)
K ,=19.9+43.9expl0.0099XT - RT,,,,)). T - RT,,,, <50 °F (12¢)
K ,=70.1+6.50exp[0.0196(T ~ RTy,)). T = RTy,, >50 °F  (12d)

342 ORNL T2l 24 (Case 7)

Case 1& 7|23 NRC H#FA )4l ORNL
oA ALk Qe g FSolth. NRC
ol A AAE HF AL FHF {FAEHA &
EE€Y Hyggde 4L HHo fEd A
o8, g Aoz 7§ g F steA @k
9l ASME =3¢ty FH& EuE ORNLAA 3
e Jd Fdd FHojth v A 2
a3l A ¢ ygke]l g2 ASME Sec. XIo| AAlg
slgtAl gkel®, ORNLOIA A3 HaIxe
ASME FX+208 &5t =& Hojr} o7
A W E A% (coefficient of variation, %)= K2l
A% 150131 K9 A9+ 100)g o] FHL 9
22 g 87]d dig FEEH A f¥=z
E9¢] OCA-P = % FAVOR F =i A4 5o}
23 ek,

K ;c=1.43x{33.2+ 2.806exp[0.02(T - RT,,, +100)]}  (13a)

K ,=125x{26.7+1222expl0.0145(T - RT,,,,, +160)]} (13b)

3.4.3 Master =24 (Case 8)

Case 1S 7]F 22 NRC HB#FFA thil Master
FAL 3% 9ot A2 S0 V& vy
BaA717] A8 3 - 9
Master S4& SE2H 1
Hg3t7] A8 A (149 2ol
AA " WF-70 37 g

ol

CEL I RELE



Hgd el hY AN £719 FBEY S 993

Reference €E A S ol 83l A ZALS
of W& JFLE(T)E Fig. 7% Zo] AE3A
th. =& Yoon'Vo] 23 AANE 2 (5% #
2 BAES Agsle To 93 FAY Holkm
RT,E A&l ol 712 gt ALE
HA99 RTwpr A HQ3F 24 Master S
&5

TCO=[1-exp(-5x f)]<(1.87 +96)-58  (14)
RT,(°F)=T, +35 (15)

B7 Y3t 3FSHo Y HFEHoE Y
Ao dAHsHA BEE 7 (Case 6)) w3

SECY82-465°) AAE 71E4 A4E Eg=
g E e A% YA L] FEFE
= A7 AR FFE HUgE 4
P g A

Fig. 89 AAI% wie} o] AF{FFHEE st

A= AF¢Y BEFHI Cosine F5<U

&g go] 71E8 4o vl 433 F7hal
T AolE Hd 4au7A
& ATIA Ze HAFdE
o} =3k FIYUPE Aest
g AsHo gEgEo 1
28 BE¥z dHsA
7HR T Case 62 A$E F&EEEo] slEHN
Hlated A 17.5974%] F718Edch o] 2 RE 7]
ZFPMA BFSHe B g Hrpt B
5% A% 3FSHol A AAol dFsHA £

Ao ANARsE A AUAA By

)
&

150

100 |-

Reference Temperature

Fluence (IO” n/cmz)

Fig. 7 Variation of reference temperature with
respect to fluence

Conditional Failure Probability

N )] n . 1 n ) .

220 240 260 280 300 320 340

Surface RT,, + Margin (deg F)

Fig. 8 Failure probability with respect to residual
stress

9} Zoo ORNLol HE& Y AE F&d
go] 71Ea Ao sl oF 277AR FHEE ¢
4 ook ol A (12) ¥ (13)liA ek Zo] T
del zolo o3 AoE ALEHD NRC
ORNLAIA #¢tsti gle FHAdA H4& HlaL
3w ORNLOAM AM&3sla Qe F4o] NRCH
B Hlgte] A L&) A F& HHAAA
Roli Qa(Fig. 10) o2 A3t HAEFE
g SRS S ¢ F Aok ¥9W He &2

Ll

i

e

b
ofy



oX

994 A

10
)
> 107k
Z
<
-
a F
g 3
El [
5 L
E 10-.‘ L e
<
=4
2
2
£ 10'L
(o] E —— NRC Cunve
---- ORNL Curve
''''' Master Curve
10! S | L L Lo
220 240 260 280 300 320 340

Surface RT,

ADT

+ Margin (deg F)

Fig. 9 Failure probability with respect to fracture
toughness

250

— — o
1= w 1=
> =) =1

Fracture Toughness (ksi in"*)
3

T-RT (degF)

DT

Fig. 10 Comparison of fracture toughness curves

3] ATHI UL Master THE

o= 2 order ©1A FASA BAsL Y} o=
ASME 2=9] SIRIPG[HAE THE o ALSHA
H AEEd g do)el Y RTwyret T2 nudt
Fig. 1192 & 4 Q= vle} go] RTwy7t TR
ot A Jdeivdan 7] el ojed Az
e AP AZ Master UL A8 HE
AR §7]9) FgEggo] A #FAE F dF

e @4 Ao

A

R B
40
v L4
@ <
0
c A3
G v L] [ ] o]
o8
S
e Y
3
=4
< SASUACL 2
80 | «: SASORCIL 2
® HSSY O] Weld
® ASBHC I Wed -
A ASRCT | Weld
. ¥ ASYIB Weld 1IA7
120 L PO SRS |
-120 -80 -40 0 40
7, (deg C)

Fig. 11 Comparison of RTnxyr and T, for ASME

K data
10" ¢
"
2 F
E -
5] L
=3
£l
o E T
g E -
E P
g
=0t b e
= -
e e
.2
b=l .
S 10t L —— NRC+w/o Residual Stress
S -==~ NRC+w/ Residual Stress
Master+w/o Residual Stress
- == - Mastcr+w/ Residual Stress
lO-! 1 1 1 a 1 i "
220 240 260 280 300 320 340
Surface RT,  + Margin (deg F)

DT

Fig. 12 Failure
combined effect

probability  with
of residual

respect to
stress and

fracture toughness

i)
2=
mo M X 3u



7tetd Ao did 9=tz 719 #gEY Faosiai 995

FAo) Agste AFSHY FHAGAY EF
Agre AHE AICase 9E Fig. 129 Zoh o]
A4 & go] 60 vl o] TATE Holn
on ozl AFzRE YA £ PP
A528ol olyg Felz ZAsItietT Master
ZH0 3 AAJANHNE HEste AFole ¥
A8 &719 ARl B3I 2ZPLE F AL
Ro g dq-gdrt

W
I
rh

P

i
o
T
=
R
_3‘-,
L >
L o
2

<l
ol

o
2
o
N
dob N

T
L
flo
[ih3
rfu
o
rone
¥e
£

My lo
e

& o2t

o L2
rir o L
BN

3 =
o ol I
m MRy o o
Jﬁnﬁﬁﬁaﬂ.ﬂ
10;2}‘#1@ ol
i ot =
_‘-Q‘glﬂ::mr
d’#;_‘lmlmﬂ\iogoh‘.
_ng__,_-,_moi-‘o o
P,l'.ﬂléﬂlﬂ&u.obrg-"'_'ﬁ
__._o.‘ ol JE
N e
O}L‘lor fot
oo Jo I 2 B
J(EO‘BI =

v

ET

TN
£
2L ofy
4

N
o X (U Fu

F:O
_}L
2
32
N op
» o
ol
o

S8 E¥E 7‘4@]'5] AL 3
@) FAAJNA A ZA Master TS
&85 2 order o1 A @AEA T
3 AFZEHo| g B 3}%5}7‘3
7FREted o 4gs fsiAzl7] AE) Master
Mg Hgstd oull o) &g o] FAE
g 9z 4719 Ay SRE A
StdZEA HIA] Master FAL ALt AH
AR Y HEgde A 29 F UAS ez

Zla} o},

g JH i

i)

Ankoyd
(1) USNRC, 1996, Fracture Toughness

Requirements for Protection against Pressurized
Thermal Shock Events, 10 CFR 50 50.61, US
Nuclear Regulatory Commission, May.

(2) USNRC, 1987, Format and Content of
Plant-Specific Pressurized Thermal Shock Safety
Analysis Reports for Pressurized Water Reactors,
Regulatory Guide 1.154, US Nuclear Regulatory
Commission, January.

(3) Jhung, M. J, Park, Y. W. and Jang, C., 1999,
“Pressurized Thermal Shock Analyses of a Reactor
Pressure Vessel Using Critical Crack Depth
Diagrams,” The International Journal of Pressure
Vessels and Piping, Vol. 76, No. 12, pp. 813~823.

(4) Joo, J. H., Kang, K. J. and Jhung, M. J,
2002, “Fracture Mechanics Analysis of Reactor
Pressure Vessel Under Pressurized Thermal Shock
- The Effect of Elastic-Plastic Behavior and
Stainless Steel Cladding -,” Transactions of the
Korean Society of Mechanical Engineers, A, Vol.
26, No. 1, pp. 39-47.

(5) Jhung, M. J,, Kim, S. H., Lee, J. H. and Park,
Y. W., 2001, “Round Robin
Pressurized Thermal Shock for Reactor Vessel,”

Analysis  of

16th  International Conference on  Structural
Mechanics in Reactor Technology, Washington,
USA, August.

(6) Tada, H, P. C. Paris P. C. and Irwin, G. R,
2000, The Stress Analysis of Cracks Handbook,
ASME Press.

(7) Wu, X. R. and Carlsson, A. J., 1991, Weight
Functions and Stress Intensity Factor Solutions,
Pergamon Press, New York.

(8) USNRC, 1982, “NRC Staff Evaluation of
Pressurized Thermal Shock,” SECY 82-465, US
Nuclear Regulatory Commission.

(9) Veseley, W. E., Lynn, E. K. and Goldberg, F
F., 1978, “The OCTAVIA Computer Code
PWR Reactor Pressure Vessel Failure Probabilities
Due to Operational Caused Pressure Transients,”
NUREG-0258, us
Commission.

(10) EPRI, 1993, “White Paper on Reactor Vessel
Integrity Requirements for Level A and B
Conditions,” TR-100251, Electric Power Research
Institute, January.

(11) USNRC, 1986, “VISA-1I, A Computer Code
for Predicting the Probability of Reactor Vessel
NUREG/CR-4486,  Battelle  Pacific
Northwest Laboratories, April.

(12) ASME, 1998, ASME Boiler and Pressure
Vessel Code Sec. Xl, “Proposed Code Case for
Application of Master Curve Method,” Code Case

Nuclear Regulatory

Failure,”



996

N-629, The American Society of Mechanical
Engineers.

(13) Yoon, K. K. 2000, “A direct
toughness model for irradiated reactor vessel weld

fracture

material based on reference temperature,” Nuclear

AT - AAe -

B

Engineering and Design, Vol. 198, pp. 253~259.
(14) Sokolov, M. A., 1998, “Statistical analysis of
the ASME K database,” Journal of Pressure
Vessel Technology, Vol. 120, pp. 24~28.



