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Abstract

The reactor pressure vessel (RPV) is usually cladded with stainless steel to prevent corrosion and
radiation embrittlement, and a number of subclad cracks have been found during an
in-service-inspection. These subclad cracks should be assured for a safe operation under normal
conditions and faulted conditions such as pressurized thermal shock (PTS). Currently available integrity
assessment procedure for an RPV, ASME Code Sec. XI, are built on the basis of linear fracture
mechanics (LEFM). In PTS condition, however, thermal stress and mechanical stress give rise to high
tensile stress at the cladding and elastic-plastic behavior is expected in this area. Therefore, ASME
Code Sec. XI is overly conservative in assessing the structural integrity under PTS condition. In this
paper, the fracture parameter (stress intensity factor, K, and RTypr) from elastic analysis using ASME
Sec. X! and finite element method were validated against 3-D elastic-plastic finite element analyses.
The difference between elastic and elastic-plastic analysis became significant with increasing crack
depth. Therefore, it is recommended to perform elastic-plastic analysis for the accurate assessment of
subclad cracks under PTS which causes plastic deformation at the cladding.
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Table 1 Material properties of base and clad material

Base material Clad material
Tem[pf’C’;"“re 21 | 93 | 204 | 316 | 371 ) 21 | 93 | 204 | 316 | 371
Modulus of etasticity 191 | 186 | 179 | 173 | 169 | 195 | 190 | 183 | 174 | 170
[GPal
Poisson’s ratio 0.3 0.3 0.3 03 0.3 0.3 0.3 0.3 0.3 0.3
Thermal conductivity 409 | 415 | 409 | 388 | 376 | 142 | 152 | 169 | 185 | 194
[Wm K]
Specific heat capacity 044 | 048 | 052 | 056 | 0.59 | 0.50 | 0.52 | 0.54 | 055 | 0.56
/g K]
Thermal expansion coefficient
. 1 1 . 51150 | 160 | 160 | 19.0 .
(K 109 103 | 11 12 129 | 13.5 0 21.0
Yield strength ;
345 | 325 | 307 | 290 | 280 | 207 | 186 | 164 | 147 | 140
[MPa]
A FHAsiATt. FEardoe HEFT Table 2 Analysis matrix
2484 T ABAQUS'YE AMEEIT Coce .
she ZAcrel WYASS BB vayo No | ¥6 | @t | Avalysis Method
2 o] Z47te] ALd dis) £33, v 1 ASME Sec. XI
24 #@AAdE FY=irt e elastic
- 1120
fully-plastic) 58 H oty 7} s+t 2 LEFM
Mo AlEE Bde ZuydA dA4 s 3 EPFM
AY #dse ARz £7)00 AL 16764
4 ASME Scc. Xi
mm, 24 FAE 1651 mmolth. At FY= °
Halel AR EAXE Table 13 2t} 5 13 1/10 LEFM
Y= FE7E FAES Table 20049} 7o . EPEM
219 Aot 120, 1710, 1/4%) 3744 A
482 MAsgon, oE FI FEZo) H3k 7 ASME See. X1
S [Hlold & QJuE Flod o & Ay
= J‘}'wa} T ;J\Eﬁ O}Mq._ ]EH i"% 375 ] 3 1/4 LEFM
(@oye 13%, 9= FrA: A ZAFAA 32
mm& TAsATE sjAle] Al&E PTS Alms F 9 EPFM
Z7]#% oA} I(main steam line break; MSLB)E
AAstgih. MSLBY 2%, EARAF(heat
sente 11 ola] o 3li= Fi _
transfer coefficient; HTC) 2 &l e W3+ Fig 4 4 23QA SHAMAD}

s g

F3e AR X
#Ha7)o) 147 REFEFg o,
2de 20 AHH
element) 2 A3 311t

FABE Fig 59 BojE B Hol:
28 AF AW (focused mesh)oZ T4 ]-
Fig. 5% 2= R o 334 73
5249 & dojr}.

1:1

HA4e neste 48% ¢

Mol Atg-H
Ay} Q A (quadratic  brick

o
&

1L
=

a

A

1:}

sEAS

sAgArwE MR AAEE V22
# AR o) ANE g H¥gony
=]

g ok #9 AYHAHS U ARRoBy
B kge Adsglon, HW W¥E zhow
Aston BEERE 2AH J @ K @&
o A= e gk



N
N
=0
o
ofy
4

S

k= £ (6)
1—v
Fig. 6~82 #@zolol wg K A4t Aste v

Ehd etk ASME Sec. XI 219 A, 4 ()l
wrel angkol 1200 A4+ WEAELAE, 110, 1/4
o A= BHUFER ogAzled, A (4T
2 (5)F o83ty KEEE Tt o W &
By gddze AL8stgich. EFEAY A
S, BAe} FYPeRE BF @dor 7HYsdd
ov], EPFEAS] A9, =7 94 4 44
(elastic perfectly plastic)® = 7 &sich,

Fig. 62 at = 12090 €2 dHo o a4
A2 ASME Sec. XI W9 Kgte &44 &

Ey

a4 AHAFY % ol F AXBH
300 400 20
] 4 4
250 ~
g
300 £ 15
s
[T H A B Temperature | i
P I B “HTC ? °§
g | 8
210t Pressure 4 200 &:g_l 10y
g ' 5
N 5 ¢
Sk 1 s &£
Z
~ 100 E— 5
sofr =
\ O
‘.\' -
Py Sl i i o 4
0 2000 4000 6000 8000

Time,sec

Fig. 4 Temperature, heat transfer coefficient and
pressure distribution for MSLB

.
A
7 ,
DR S
/,f[»/ %\Q \;:\\\ = ,//‘
Al =
e 7 /;/\\ /
— \1 h \ \\/F
N,
. o
- 4}“//\ N3
1 ot

Fig. 5 A typical finite element mesh for a/t = 1/4

Al 2= g EE g A Hrh wel a8 |@v 1143

22y EPFA A3 EPFEA Ao dls] of
16% 2HAl dEpeh. ol PTS ARiLAl, Fig. 99
Vebd viel o] EFsNe REFEE W=
# so] WG agMFol WA Hed
B ol & AWE HAREHA R3] o
Foltt,

Fig. 7% Fig. 8& a7} 242} 1110, 1/4]1 750l
e Kk AAFIEZ ASME Sec. XI A}
EPFEARTE LA yehokrh 44 Az ol% o
2t JEbdth Kol EPFEART A Jehde

20

100

—A— ASME Sec. X1
~—0— EPFEA

g %0r —O-—EFEA

3|

a

s ok

]

&

>

‘A 40

g

k=

2

5

w

4] 2000 4000 6000 8000
Time, sec

Fig. 6 Resulting stress intensity factors for at =

\dﬁ%o\o\oﬁ o 3

q‘:hgng

1/20
100
—4A— ASME Sec. XI
—O— EPFEA
g 80 , —O0—EFEA
t A j B
2, }
= i
[ 60 - i
5 y
&
z
g
8
2
3

L, ey
0 Ao
40 |7 D?%\SO\%
S

i i 1 P

0 2000 4000 6000 8000
Time, sec

0

Fig. 7 Resulting stress intensity factors for a/t =
1/10



1144 HREF - 7E2H -

dd& A, EPFEAY Hl&] A vehits 998
Bz} 71AslH B G AE ASME Sec. XI A3}
7t A Aee & 5 Ay #@ay s HlE
v E5HolA =l olE ASME Sec. XI9 OVJ
3y Ry Hdog s BT EAZ B

o Fig. 103} Fig. 11& 747k A% B‘ﬁ"“ﬂ/\i«l

Sdy LEryes L}EJ;LH Ro R AYH(Fig 10)
ol = ASME Sec. XI9 32} £ZHE T o] AA
SHRPEE F RAREE Aoz vepdrh a8y
100
—A— ASME Sec. XI
—O0— EPFEA
g 80 —O0— EFEA
3
[
E. 60 Co_
2 O —
£ A ADD\G\; 0~0—0o— o
EI N, TTea
g Ahaaaad
E 20
5]

0 2000 4000 6000 8000
Time, sec

Fig. 8 Resulting stress intensity factors for a/t =
1/4

clad base
500
)
| —a— EFEA

Hoop Stress, MPa

subclad crack

»
i 1 i 1 S i i

100

0
000 0.25 0.50 0.75 1.00
Xa

Fig. 9 A distribution of hoop stress (at = 1/20,
700sec)

B4l Z-$(Fig. 11), ASME Sec. X1} 37+ &
of Zw=st EAF FAWA Y
datol g Az RARetA] RohE AoR
Ebstrh. ohebA, ASME Sec. XI«] Sd A
Ak e PTS AMaL s A] 9ol met Had
e HEFH f42%E XEH%} F e A
o2 Ykt g24d f3es fiydie o
7k 12090 g9k pRHA R gAY fEa e
of wa] Hrzel A xA UERdH

F

\

500

—4a— EPFEA
~—0-— Fitting stress (ASME Sec. XI)

400

Hoop stress, MPa
g g
H ¥
/

=)
3
T T

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 10 A distribution of hoop stress (at = 1/10,

700sec)
300
—A— EPFEA
-——B— Curve fitting (ASME Sec. XI)
QEA‘
N
\
§ 200 o
o
100
é —A—L—p  —
T
0 I} 1 1 " 1
0.0 02 0.4 0.6 0.8 1.0
xa

Fig. 11 A distribution of hoop stress (a# = 1/10,
4000sec)



}EEA AtnA 2dUE R FE GdA Hrh wyd 2% 97 1145

42 =USHE RTvor

B =RdMe ZUE IRFd g kA
HBHE Y8 H¥£3 KEXEERY HgFErEs
HHEr)Ed dFete HAHE RTwrE 7349
Fig. 12% ool wet Z} siubyo] wha Hoy
71E9 AdFHE RTwrtS WEbd Aolth, anvt
1720, 17108} A %ol ASME Sec. XIo] 9§ =
7b7b g4 s d T v o A YElge
a7t 1/491 739-ol= ASME Sec. XIol 9%
F7E7b -G RTwr @S A3 A el
B4 RTpre $£55 4 qdR/2rt & Ao
2 Bedolgt & 5 Uk wElM at=1/4dls 3
¥+ ASME Sec. XI #H7MHo] vlEFHo|t} &
4 dXdgeE gay AT vg BE A
2o HESFHo 2 el

Fig. 13& H@A7&d & Hd&HE RTwr #&
2 deld Aotk a7F 1202] A4 ASME Sec.
Xi9] H7l o)l s FA HhHE RTwrE
o 23} A a7} 1710, 149 7 9-9l= ASME
Sec. XI19] #o] HA AL B F Jde @
A FrEassiddae] vis] 2 HolEE RTwr
@g dE5Fdozd vESsH JrHEAHRE 29
Rt HH)Ed o HAWHE RTwr &2
FZoju7} Zojd4E ASME Sec. XI 7} A3
9} BaA F3tes AHHAATNN 6 2 A
ol& uehdt} oled &4 HUH JlEL
&3k Fig. 7% Fig. 89 UEhd A9 A

)

300 T T
a] A ASME Sec. XI
O EPFEA
O EFEA
=250 | 4
o2
-4
2
]
z o]
é A
200 F o E .
(o]
A
150 L L

00 01 0.2 03
at

Fig. 12 Comparison of maximum allowable R7wpr
(maximum criteria)

&8 RTwpt Z2AEE Wbd, 3H71E& BY
QoA 3| & RTwprakel AAEH7] ol
Fig. 73 Fig. 89 YEld vle} o] FEZolH]| 7}t
Hol A w} BYANAE ASME Sec. Xiol 9
g gE Aol B2 fEa Ly 2

HAaE  Helm 9o ozld A&
RTNDT AAMEH = Be QA7 wAlsls A
o2 goEc}

AA PTS H7MAolE HAsE7]F] ALY
i Jdue HE AUT w, ASME Sec. Xid&
Heste AALH e Ao ule) o $ vRs
A AE 298 F e AR dddd

5.4 B

M

i
!

= PTS APLLE 018 &-28 kA
AR FE g EAEE

gk bR A ubE ¢l ASME Sec. XI
A5 AR Y8 A 2 g4 {3

A4e FYstel Bed ge ZEL 99

> o o
ful
oﬂ.n;%

F
ol

£ oo o 4 al

(1) ASME Sec. XIol & H7I¥& PTS A}
A ERHES BA BAWAMS BAEE B
STHEEE Az ueisx £z F$ol o
2 o H 25 Hrte 29 4 ok

(2) EA=Fe] BAdASE nefsln] gL @
e AAESEaAs ) vis] vRsH

300 T T
o a
ASME Sec. XI
O EPFEA
O EFEA
250 4
g
&
o o
§ 200 a a 4
%’ o
150 |- 4
[m]
o]
100 1 .
00 01 02 03
a/t

Fig. 13 Comparison of maximum allowable RTypr
(tangent criteria)



1146 AR

i)

- 3

Qb HrrEsE vEdoh
(3) PTS AlzA] e a5 g ds A
¥ FHARLE AsdE FYsRe By

LSAN 4

2 1Y 4ol Besh

) AExR, dad, olAu, 1997, ‘Integrity
Evaluation of Kori-1 Reactor Vessel for Rancho
Seco Transient," THgH7]A8}3 =83 (A), A214,
A7E, pp. 1089~ 1096.

(2 5%, HAAE, 297, EZE, a4, 1999,
e EAE 183 dAEL71Y AHAd F
7He A 2AH84 A9 sy, dHErlA s
3 =E3(A), A23W, A8, pp. 1425~1434,

(3) Mukhopadhyay, NK., Kumar, TV,
Chattopadhyay, J., Dutta, B.K., Kushwaha, H.S.
and Raj, V.V., 1998, "Deterministic Assessment of
Reactor Pressure Vessel Integrity Under Pressurised
Thermal Shock," International Journal of Pressure
Vessels and Piping, Vol. 75, pp. 1055~1064.

(4) Keim, E., Hertlein, R., Fricke, S., Schopper, A,

and Bezdikian, G., 1999,

Mechanics

Termin-Morin, F.

"Thermal Hydraulics and Fracure

of a Small Break Loss of Coolant

Accident in the French CPO-Type Reactor Pressure

Analysis

"

Vessel Integrity Assessment,” Proceedings of the
ASME  Pressure Vessels and Piping Conference,

Vol. 388, pp. 71~77.

L I

(5) ASME Boiler and Pressure Vessel Code Section
X1, 1995,
Nuclear Power Plant Components”. .

(6) Choi, S.N,, Jang, K.S., Kim, J.S., Choi, J.B.
and Kim, Y.J., 2000, "Effect of Cladding on the
Stress Intensity Factors in the Reactor Pressure

"Rules for In-Service Inspection of

Vessel," Nuclear Engineering and Design, Vol.
199, pp. 101~110.

(7) o=, 1999, “FE7I# WAt og 7}
$EFA MnA Az §7)e) AHGENE
A AH e AFqstafA]) 99 FATELR
B 8 ok, pp. 267, ST AR 3]

(8) Bass, B.R., 1996, CSNI Project for Fracture
Analysis of Large scale International Reference
Experiments(FALSIRE  II), USNRC  Report
NUREG/CR-6460.

(%) Hurst, R, McGarry, D., Taylor N. and Wintle,
J, 1999, "Evaluation of the NESC I Project,”
Proceedings of SMiRT 15.

(10) Dickson, T.L., Bass, B.R. and Williams, P.T,
2000, "Validation of a Linear-Elastic
Methodology for Postulated Flaws Embedded in
the Wall of a Nuclear Reactor Pressure Vessel,"
Proceeding of ASME, PVP-Vol. 403, pp. 145~151.
(11) USNRC, 1988,
Reactor Vessel Materials,"

Jou

Facture

"Radiation Embrittlement of
US Nuclear Regulatory
Commission Regulatory Guide 1.99 Rev. 2.

(12) ABAQUS Ver. 5.8, 1999, Hibbitt, Karlsson
and Sorensen, Inc.

(13) AR A7 24, 1999, “AH FHAR
gd Faryl AXRAR HuE o AEg
KINS/AR-696.

(14) Moran B. and Shih, C.F., 1987, "A General
Treatment of Crack Tip Contour Integrals,”
International Journal of Fracture, Vol. 35, pp.

295~310.



