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Fracture Mechanics Analysis of Reactor Pressure Vessel
Under Pressurized Thermal Shock
- The Effect of Elastic-Plastic Behavior and Stainless Steel Cladding -

Jai-Hwang Joo, Ki-Ju Kang and Myung-Jo Jhung
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LOCA(Loss of Coolant Accident:*§Z} Al AFAA}31), MSLB(Main Steam Line Break: 53

7) $ 3} ), SIF(Stress Intensity Factor:-5-2 8-t 7] $7)
Abstract

Performed here is an assessment study for deterministic fracture mechanics analysis of a pressurized
thermal shock(PTS). The PTS event means an event or transient in pressurized water reactors(PWRs) causing
severe overcooling(thermal shock) concurrent with or followed by significant pressure in the reactor vessel.
The problems consisting of two transients and 10 cracks are solved and maximum stress intensity factors and
maximum atlowable nil-ductility reference temperatures are calculated. Their results are compared each other
to address the general characteristics between transients, crack types and analysis methods. The effects of
elastic-plastic material behavior and clad coating on the inner surface are explored.
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Fig. 1 Geometry of the reactor pressure vessel
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Table 1 Material properties of base metal

Temperature

100 | 300 | 500 | 700 | 800
(°F)

E, Modulusof
elasticityxl 0% (s 278 | 26.7 | 257 | 246 | 23.0

V., Poisson’s | 431 03 | 03 | 03 | 03
ratio

Thermal
conductivity 237 1 239 | 23.1 | 21.7 | 21.0
(Btu/hr-ft-°F)
Thermal diffusivity

()
¢, Mean
thermal expansion | 6.50 | 6.87 [ 7.25 | 7.59 | 7.76
coeffX10%Gn/in°F)

O,. Yeld |50 | 588 | 57.1 | 560 | 54.3
strength(ksi)

0.447 | 0406 | 0.362 | 0.316 | 0.293

Table 2 Material properties of the stainless steel cladding

Temperature

(°F)

E, Modulus of 28.3
elasticityx10%(psi) :
Vv, Poisson’s
ratio
Thermal
conductivity 8.3 9.3 102 | 11.2 | 116
(Btu/hr-ft-°F)
Thermal diffusivity
(&)
o, Mean

thermal expansion | 8.87 | 9.10 | 9.18 [ 9.25 | 9.28
coeffx10°(n/in/°F)

100 | 300 | 500 | 700 | 800

270 | 25.8 | 24.8 | 24.1

0.3 0.3 0.3 0.3 0.3

014 | 015 | 016 | 0.17 | 0.175

o,, Yild

300 | 253 | 225 | 203 | 194
strength(ksi)

9] o]& & Fig. 39 E=AE.
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Fig. 2 Two kinds of senxi-elliptic crack in the internal
vessel wall: (a) Through-clad crack; (b) Sub-clad

crack
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Fig. 3 Transient histories of pressure, temperature and
heat transfer coefficient: (a) Main Steam Line
Break, (b) Small Break LOCA
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Table 3 Identifications for cracks of various
configurations
Crack Aspect
Identifi | Location | Direction | Shape ratio D(el/)t ;h
—cation (@l a
through { circum- | . . .
1 -clad ferential infinite 0 174
o)) “‘_’C‘;‘a‘gh axial | infinite | 0 1/4
through | circum- | . . .
C3 clad ferential infinite 0 1710
c4 ““c‘;;‘gh axial | infinite | 0 | 1/10
C5 | subclad fc"c“'.“‘ infinite 0 1/4
‘erential
C6 | subclad f°“°‘“.“‘ infinite 0 1/10
erential
) through | circome | semi- 1.0 ol
C7 V" clad | ferential | eltiptical | 6+ [~ 14"
Ahrough | ook semi- L T
| clad | eppricat | V60 [ 14
o b | ciram | semi- | P
o C_g ' subd'ad, “ferential | elliptical }1‘-’6 2 ;-/4
ey S S semi- [ T
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Fig. 5 The two and three dimensional finite element mesh of the postulated flaw in Reactor Pressure Vessel:
(a) circumferential through-clad crack; (b) axial through-clad crack; (c) circumferential semi-elliptic
crack; (d) axial semi-elliptic crack
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Fig. 6 Stress intensity factor histories at axial semi-
elliptic flaw

oz vertae Al Yok makd A
wel sRAYASE B4 &4 B 1< He2
Hgse Aol gelHelm dn ZddA fa
o wA LHERE ZAMTe $39 FEA
A QeAEEoe] oste] AN F o Ag
ol g3t} SRFUAFE BAHA

JE
1-v

K=

- )

el AFge AT Astd 3 Ad
w3 Werdy o td SEGUAS AN
A73}E Newman ¥ Raju'® 2 Zahoor™ 9| A ¥4
o o8 AT vwsYch Fig. 6 MSLB 9 ¢H¥
ZAue Agatd A2F SAGAF AL
oty utest YFWFo R ofy|se HHH
o3} FgHd AHHeg EAE A& 19
g 2 d7e AXAZE Newman 7 Raju 73
#23 vwste A 5% = ok

Axe HAEA 87] $15te] Kaiser 9 Nonty
Azt SPFUASFE E$H
(thermal stress)ll o1& Az W ho 7 A
& Z3(superposition)3te] TRtV F, thEH

& o] Ayt HAsH.

1o

oo
=ie

K, =K, +K, @)

714, K, & RE 1$3FUASF, sdA p, 1=
Ztzh et 4849 9% RYe veEhd
9 719 BRAL AFs) fstq Fug 7@
FEe 712 2 Y 2Z9(Table 3 9] C2)& U2
2 ex 2 gwstg FAld 7t ARE
Aze Bz AL Fo| FH AHAE HAES
.

Fig. 7 Superposition of the stress intensity Factors at
crack tip due to MSLB with a axial through-clad
crack of a/w=1/4(case T1C2)

00
[y
=2
Q
E.
i
4
2
4
@
£
e 200 —a—  Osec ~#= 200sec
) i 50030C —#-- 1000 seC
100 =« 2000 56C ——m 5000 s0C
0 . —
0 0.2 .04 0.6 08 1
Normallzed wall thickness
(a)
800
; - 03 —»— 2008 —e 500s
7c0 —#~10008 . ..-20008 —— 50008

0 0.2 0.4 06 08 1
Nomalized wall thickness
(b)

Fig. 8 Temperature distribution at vessel wall: (a) Main
Steam Line Break(T1Cl), (b) Small Break
LOCA(T2C1)

Fig. 7 & I shie] & Akzeld TI(MSLB),
FEdy 20 W AL Aotk B9 FFA



Axz 719 7igdFAe) h@ AA s 4 45

Table 4 Maximum stress intensity factors and allowable
RTyps by elastic-plastic analysis

Table 5 Maximum stress intensity factors and allowable
RTypss by elastic analysis with stainless clad

Maximum stress Maximum allowable RTnpr

intensity factor

Maximum
criteria

Tangent
criteria

°F seoond °F seoond

Case

ksi\/a seoond
TIC1 | 91.51 608 265 | 2410 | 320 608

TI1C2 | 119.26 | 682 | 208 | 3980 { 295 682

TIC3 | 60.71 562 | 311 | 1400 | 344 | 562

TiC4 | 71.91 592 | 279 | 2210 | 323 592

TICS5 | 67.89 592 | 351 | 1820 | 418 592

TIC6 | 46.82 532 | 394 | 1040 | 425 532

TIC7 | 77.65 592 | 290 | 2000 | 337 592

Maximum stress | Maximum allowable RTypr

intensity factor
Case Tangent

Maximum

ngi; seoond | °F seoond °F se::jm
TIC1 | 92.70 592 | 266 | 2390 | 315 | 592
TIC2 | 1226 652 | 207 | 3950 | 295 | 652

TIC3 | 62.32 532 | 313 | 1310 | 343 | 532

TIC4 | 75.18 592 | 275 | 2180 | 320 | 592

TIC5 | 47.56 622 | 415 | 1430 | 455 | 622

T1C6 | 36.27 562 | 480 712 495 | 562
TI1C7 | 89.37 592 | 277 | 2270 | 325 | 592
TIC8 | 11293 | 622 | 223 | 3980 | 323 | 622

T1C8 | 108.15 | 623 | 231 | 3920 | 326 | 623

TIC9 | 51.27 592 | 405 | 1400 | 450 | 592

TIC10 | 76.58 713 | 298 | 3770 | 399 713
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Fig. 9 Stress intensity factor histories at crack tip due to MSLB with a circumferential through-clad crack of
a/w=1/4(a), MSLB with a axial through-clad crack of a/w=:1/4(b), SBLOCA with a circumferential
through-clad crack of a/w=1/4(c) and MSLB with a axial through-clad crack of a/w=1/4(d)
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Table 6 Maximum stress intensity factors and allowable
RTyprs without stainless clad by elastic analysis

Maximum Maximum allowable RTypr
stress intensity -
Case factor Tangent Maximum

kivin | second | °F | second | °F | scoond

TIC1 | 97.02 | 592 | 260 | 2450 | 315 592

TIC2 | 12759 | 592 | 203 | 3950 | 295 592

TIC3 | 67.67 | 502 | 300 | 1370 | 333 502

TIC4 | 80.35 | 592 | 265 | 2360 | 307 592

TIC5 | 48.18 | 592 | 410 | 1460 | 455 592

T1C6 | 37.09 532 | 466 | 682 | 475 532

TIC7 | 84.04 | 533 | 283 | 2000 | 333 533

TIC8 | 1089 | 593 | 230 | 3920 | 325 593

TICO | 44.06 | 592 | 434 | 1160 | 470 592

TICI0 | 63.64 | 713 | 312 | 3680 | 410 713

& EBEHoz A2 Yio 2ol g}, o]
FFES Loluy] Y3 FY=Hrl mAe} e
52 FAHY Q& F$9 vusgct.

Table 5 9} Table 6 9] Ao & = & vlg}
Zo] 2Y=R7t BAjel 22 H99 2EdEx
71 S g Y Az FYP=RI 2R
TAE Z7t o SHSUASFI FolA BF
ARl AFE HT o] g9 FPsRe) A
A 2HRlIg 27 gAY EXo] ZAs} A o
27] &9 Reg Bt}

2 1o o

5. 4 B

S AHe] dolHE ol &sdld sgtdEZA)
d3 7098 A& P} AdEEH A}
a8 FHAE Aol i g4 2 gBay sy 2
=9 d%e HAEIY g e HES
= l=g

) 7ILEEA0 NI BaA sy He 7
A AAdggo] BAEd FgHo| o|gty
o] ®AM vste Hd FHHAUASI A
vepdoh. a8y, I Zojrt I gm e
HolJ & #A<dtd, 53] hdAo] $45E 97
g FARFHA) BHAA HE e 4
sl ol sty dddr,

2 FH=57 2R 2 ARz 7449 A
¢ 28 A A2 A9 tiE A A 24
ER RAR 2L AEE FAHY A%t 9 B
F3H AxE Bk

7|

o

2 ATE 2000 9= FHIF 21 Aol o3}
o o]FoR oz old #AR JHEEA T}
=Py -

5

Ao

a

il

(1) USNRC, 1985, Fracture Toughness Requirements
for Protection against Pressurized Thermal Shock
Events, 10 CFR 50.61, 8/28/1996 (revised).

(2) OECD/NEA, 1999, Final Report on the International
Comparative Assessment Study of Pressurized -
Thermal - Shock in Reactor Pressure Vessels,
NEA/CSNI/R(99)3, May.

(3) Jhung, M.J. and Park, Y.W., 1999, “Deterministic
Structural and Fracture Mechanics Analyses of Reactor
Pressure Vessel for Pressurized Thermal Shock,”
Structural Engineering and Mechanics, Vol. 8, No. 1,
pp. 103~118.

@ AB¥Z, #H&d, o]Fu, 1997, “Rancho Seco
Transient o) Wit 18] 1 7] Y2479 AA
47 @A =83 @A), AP, A73E,
pp. 1089~1096.

(5) ASME, 1998, ASME Boiler and Pressure Vessel
Code, Section II Materials, Part D Properties, The
American Society of Mechanical Engineers.

(6) ASME, 1998, ASME Boiler and Pressure Vessel
Code, Section XI Rules for Inspection of Nuclear
Power Plant Components, Appendix G Fracture
Toughness Criteria for Protection Against Failure, The
American Society of Mechanical Engineers.

(7) ASME, 1998, ASME Boiler and Pressure Vessel
Code, Section XI Rules for Inspection of Nuclear
Power Plant Components, Appendix A Analysis of
Flaws, The American Society of Mechanical Engineers.

®) BBE, Tad, FX3, Y4, 1999, “FF 7
# Atz g dAZ 4719 itdEE
A4, FFAGTE I =83, A2E A 3
2., pp. 271~279.

(9) ABAQUS User’'s Manual, Version 5.8, Hibbit,
Karlsson & Serensen, Inc., 1998.

(10)Li, FZ., Shih, C.F and Needleman, A, 1985, “A
Comparison of Methods for Calculation Energy
Release Rates,” Engineering Fracture Mechanics, Vol.
21, p. 405.

(11)Kaiser, W.T. and Nonty, B.S., 1986, “Emergency
Response Guidance for Reactor Vessel Pressurized
Thermal Shock,” Transactions of the ASME, Vol. 108,
pp. 346~351.

(12)Newman, J.C., Jr. and Raju, LS., 1980, “Stress-
Intensity Factors for Internal Surface Cracks in
Cylindrical Pressure Vessels,” Transactions of the
ASME, Ser. J, Vol. 102, pp. 342~346.

(13) Zahoor, A., 1985, “Closed Form Expression for
Fracture Mechanics Analysis of Cracked Pipes,” Journal
of Pressure Vessel Technology, Vol. 107, pp. 203~205.



