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Construction of the P-T Limit Curve for the Nuclear Reactor Pressure Vessel
Using Influence Coefficient Methods : Cooldown Curve
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Abstract

During heatup and cooldown of pressurized water reactor, thermal stress was generated in the reactor

pressure vessel (RPV) because of the temperature gradient.
was required to be maintained below the P-T limit curves.

To prevent potential failure of RPV, pressure
In this paper, several methods for constructing

the P-T limit curves including the ASME Sec. XI, App. G method were explained and the results were
compared. Then, the effects of the various parameters such as flaw size, flaw orientation, cooldown rate,

existence of clad, and reference fracture toughness, were evaluated.
XI App. G method resulted in the most conservative P-T limit curve.

It was found that the current ASME Sec.
As the more accurate fracture

mechanics analysis results were used, some of the conservatism can be removed. Among the parameters
analysed, reference flaw orientation and reference fracture toughness curve had the greatest effect on the

resulting P-T limit curves.
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Table1 Reactor vessel design data

Parameter Unit Value
1.D. at shell Inch 132
Clad thickness, minimum Inch 0.125
Vessel belt line thickness, minimum Inch 6.5
Outlet nozzle 1.D. Inch 29
Outlet nozzle O.D. Inch 355
Inlet nozzle 1.D. Inch 27.5
Inlet nozzie O.D. Inch 34
Lower head thickness, minimum Inch 4.125
Closure head thickness Inch 5375

Table 2 Material properties of base metal and weld
metal (3/4Ni-1/2Mo-1/3Cr-V)

Mean (70-550°F)
Temperature (’F) Stainless Low Alloy
Cladding Steel
Modulus of elasticity,
10° (psi) 26.88 26.55
Poisson’s ratio 0.3 0.3
Thermal conductivity
(Buwhr-f-F) 9.41 23.55
Specific heat (Btu/Ib-°F) 0.1277 0.1209
Mean thermal expansion
coefficient, 10°® (in/in/"F) 9.08 6.92




Fe+E

R
I
]
1

Center
of the
Vessel

}“clad thickness

b

a

»4—»‘

i=2¢

-
——————
=

(a) When clad is considered

I

Center
of the
Vessel

3

I=2c

H\l———h

(b) When clad not considered

Fig. 1 Postulated crack

Asteizt Wzel Aztgn, Axz grEgr] U
AA AH 44 45 eest BF 9
A date Ao JHRsgn.

22 wWopghH

ASME Code Sec. XI, App. G A= b3 To)
EAste AL Jtd 2 37 SFEA U
o G5 % SHFUATY Fol AL
71 A9l AU IES IR A E
4dE 29 IAAE AR oo we} A
55 7452 A A0 FAE 74
& A gt 7|2E F @4 AxzA
g 24L& e 2t

2K, + K, <Kp (1)

ol g UAZ YL LTI

34 : 4ARA 507
1

K © 22 &8l 98 e
o g SAFUAGIT Ky & AR
HJARRZ K, BE K oY B K, o
T8 AL H3Eq distd SHAFE 1Y
B Aotk Kz 3 K, O A2YYH K, o A&
g AN F ded, Kng dd g8 Fe2
Aostd Hds g e AN 5+ Ut
g B YoM T AVlY eAE BHAEY]
A durzor mestn e °dE € &9
g ARE (-60 psi, +10 °F)yE AR &3kt

23 BHMEIN yuy
2.3.1 ASME Sec. XI, AppendixG 2HEH(APP G)
AR Y4e¢H F YAZR 4¥H8Y) 954
Wgone SEPHEZ A e g
BAAF = 16, Zol = 14T) At g3 F
4 EHGUASF K, © thd3 Zo] oAt

K,=0963x10".CR- W™
where CR = cooldown rate (F/hr) )]
W = vessel wall thickness (in)

ZEAG MY 2EE App. G 9 IY G-2214-
1 2 G2214-2 ZRE ¥84 ot a2 ¢E4
718l FAA Ho|7|F-&E(Reference Temperature-
Nil- Ductility Transition : RTyp) 2 dE@HTY 2%
25E Agd AIAPAE A& olgd +
g 4 Ut

Kio=26.78 +1.223 exp [0.0145 (T- RTypr + 160)]  (3)

A9 4 )~ By 01%0}04 3§ HgHe
g SHIANAF Kin & 7 F A} HSo
2 8 92 48y i FuFadEY
Ax = 16, Aol = 1/4T) Ao A&t S
WA TE b o] FoRr,

Kyn =M, (P-RIW)

where M, =1.85 for YW <2 4

M, =0926JW for2<W <3.464

M, =321 for3.464 <JW
7)1 4 P =internal pressure (ksi)

R, =vessel inner radius (in)

weA fe A 4REH Hetd p & 7
F Aok



508 s

t!l-

232 VINTIN ZEE o|&3t ¢

WEd o 42 ¢4EHe7] LJMI*M =l
/MR Y, YA, SHGHAF Adle
VINTIN ZE=®Z ApLsigion 4 wHe ol
of sl AEEch A2 FALIIY =AY
& x3oly A=rgene W Woid g
AEAYA FHYY FREF LR F
At o)B ¢ dAGgAEE r-iFoz
22 Aol 433 zhas °JX}E
71 W el e] Ty o Y2 Wl 7
¢HE7] RFdMe 2EEEE 5&&*
g o] ALHUL. v LEETs}
AW A # SHENASF AL A
3} o] 3.3k WA o AT

-

12

S Tzl 2 of
ol
= ug
plliey

do S 2 > H o
HUO{DSL’

RURET o)
Lo
_.o[o

Thuse (151} = A(O)+ A () - r+ A, ()7 ‘14 () r 5)

5;}194 iE—‘?—E Toase(LHZF-E 3 YFoA

o saEEE Tuv A4z 449 2ol
A% % A7 o] M S e AP 0= 0
%oz 0, 2 BT S AT GAr 2ARe
e REEEH wANE 439E Gad ol
e Uepd & 3o

O, = 0, =0, (1)

E,
— 1 _Zhase (Tf(t)

™ Voase

6

base (r t)) ) abase

A7IM Epese © EAQ Young's modulus, Tedt)E
force equilibrium FANOZHE F3 J|FLE,
e © ZAY AY QHAIAT, viwe © A
Fobsuloltt. ol WHor T FHEY,
Obse © ©EEXS Zo] 321 T o2 FAE
=3

e (X:8) = By (£) + B(t) - x + B, (£) - >+ Bi(t)- X
r-R,
w , 0]
Ri=innerradiusof the vessel
W= thicknessof the vessel

where, x =

Axz qHEr|e FLe FF 4F 4
A4 4E P 7t 7bEE | AT iRl FE3
t 8,00 ol S Yo Addn

R B, R
R T
-(2.21-0.2491-x +0.0357 - x* - 0.0038 - x°)

o,(x)= -P(1)

®

0. =t P) ©)

of 3 & Thdel Yz FolAi: 7
3 EREPEREEE TP E EXS
o3t 2L EAH o 78 & Y

T
ul
o Hr
=
18

ZGCa Lo — 10)
K= maW
Vo

g71M G, 2 9 &A S (influence coefficient), C, <
A D3 2L 3 A gAY A, ¢ = F3AF
olg] ol H oz Yehdr}

1.65
Q =shape factor, 1+ 1.454(£J (11
¢

uetA] 9o FAANES o] &3t 3 2} )3k
FHE FoARE AR e FH A
AEs 489 2 37101

R/ 109 Z3YE Y
N AARE AHESt Ao 3 & Ur?%* oz
6}1 Foi FEHol H FAo] Ue dFAF
—% TN AT AFHET FE disiA

FrALE “‘“‘Oi d3te FEZol 2 g

tﬂtz FLATE T8 AR

A #EE %‘aii d&ge] od FFHG
ZAgate SEFdAF7E FAAE A ) ~ )2
25H Fd 38§ &= g $HFUWAT, Kin
o] FaZT ol2RE Ho & L gL
Zol TR F& 4 gl

© ASME App. G o AAE 4 3r& o] &3 W
H (VINTIN T)

O VINTIN ¢ #iie] uhal 2 (8) ~(11) & o] &
st FgdHS %L%}E W (VINTN_A)

m&ﬁwn%ﬁ

233 CIE S

Aol A B of9jol = EPRIGIX & AAE
IAgo] LAY H4A B8F & At P
T Calculator 2 70L&t HA7IAIZ &Aooz
FAA 715l Atk St A bR Tz
ERAFAN FHd T2 RVIESD7} )
H71% st ot S 42 Y8ty 724
o ZFAE o]&3 2AATEFA A=
2 Westinghouse | 4]

oo

R r.?£

Ny T2 aWo] ALEH
I thU9 Westinghouse ol A AFg-3l= Z2 g
App. G ol ¥E] ALFAME G4 & oY



QYATE o188 UAT Gl

& st neRAAE FHEgHo| ol
7

- %“&?‘f& 14T EHTY

WzZt& % 2100 F/hr
- FGAgA F¥zd g% aARE 1]
& 1000 Btw/hr-f>-F &
SEISAF ANA FH=

w
e
I
H
Hlis
i)

W& E, SYs EAQRE, 71&39 A48T,
789 =27 R 93 5ol 2 9REE $£43
7] 918 Table 3o AA S F 127k o O3
re) 23 Ao AHY VINTIN X2 W28 A}
&3] (VINTIN A) -4 & 2485
FEZo)H (anE 174, 6, 1/10 2 FAsGT)
o714 1/4 & ASME Code Sec. XI, App. A oAl F

2

LAARIA Y 3ARA

509

App. G ¢} 1998 U & AARDAA S E3le 4F

g dge

Z‘EH‘:EL‘

Rl

A58 st
zAe] val dRFASI 27 o

ol &7)Hd] 2=z} e 3

g &718 WP}

ALoHo

2% ]

3$, S i
F718 Aer 94

go. wegpd SAH=R7E e A 0.125 inch
T Ik A& AT
HAJAYZ AL AFAX] SAAAFAE 2A
3t Al&3 ASME Code Sec. XI, App. G 9] K, &
A3} Code Case N-640"Vol A 388 K, TH F
A& g A @9 A 1e F A
FIAAYZAL Aoz vehd Aol
Kic=33.2+20.734 exp [0.02 (T - RTwnp1)] 12)

o PAY HolAE
LEERRTERE

FG4A ZAMEo]l F713HH RTypr

A7 K, R K 9 SHE ksiyinch o3, T
L2 dHE F

oI},

HEAFT FTHgel wet

= e

o} olel3t RTwpr o F712 U8 Byl
&3 Heg, gadde MXE Riwr o 9%
& B7hsr) st A2 47 oAy FA4
A ZANE (fup©l 3x107 nfem® 0 A$-9F 6x10"

A JHAd el Zololth@Marshall & ASME Sec.
YAZ HEHEI)olAM B
o131l ASUE diRE -
Aoz Busdtgar' meld 1.0 inch &
A3t 16 = AFEEGT BF 1710 &

mr oy Fake AA/AE
AXE= ZAF°) 1.0 inch

gEo] M & FAoR g3 ¢ #49

gat7] flsted 4A4E grolch

TEe WEE AFNHR

$ARAELY

n/cm

sted F2 AAgE 298 FE3 Code Case N-

588178 T3t A

kgl & ASME Code Sec. XI,

SIS S S

=RTNDTU+M+ [CF] xf0,28-0.10103f

Table 3  Analysis matrix for P-T limit curve construction

398 7M. 27] 7R
AQH)LE, RTwpp = -10 °F, Cu % Ni 9 &3
24z} 029 2 0.68 weight %2 7FA 8 o0, o

EALSE] %%CFQ@Z%4FH%H:“L%HQWM
AT o 56 F2 sHHIYUT. RTpr & TS gol %
= 2 odnh

< 2R RTnpr= RTyprot M + ARTnpr

(13)

Depth c Clad thickness Toughness Cooling rate o~

Cases ratio (af) Direction (inch) curve (F/hr) x10% n/em?)
Cl 1/4 Axial 0.125 K 100 3
2 1/4 Axial 0.125 K 100 6
C3 174 Axial 0.125 Kic 100 3
c4 1/4 Axial 0.125 Ky 50 3
C5 1/4 Axial 0 Ky 100 3
C6 1/4 Axial 0 K 100 3
C7 1/4 Axial 0 Ky 50 3
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Cl12 1/10 Axial 0 K 100 3




510 %

ek A2 &) WHAMY RTwr £ fuy
(x10" wem*)7} 3 Q0 B 4ol 3084 °F, 6 ¢ B%
AE 3382 F2 AdEth 3hH YA2 £7] Uiy
ozHY Agel w& FAA ZAEEf(x10" n/em?,
E>IMeV)E the3t o] B9

S= Joup- €7 (14)

A71H x & HHo2RE 9 o] (inch)olth

YZEL J74A X ZA2E&2A, Hoge
ASME Code Sec. XI, App. G ol 100 "F/hr 2 TR
o] qltk. i} o] WZEE Al AR 4|
] Ags B4 goez ¢dA Aok waA
32+ 8-S 100 “F/or & 50 F/r & ¥ 74A] A S-S
7+ 83t

41 ZHM dEZe| H|W

Z1EFAS C5 o dEd #4E AU
Fig. 291 App. G, RVIES, VINTIN o] 93 &%
A Axg AaAsAo Fig 3 e App. G,
RVIES, VINTIN o] 93t @A g &8
A+E Attt HFH 02 Fig. 4 o= App.
G, VINTIN T, RVIES, Westinghouse, VINTIN_A ]|
o SAAFZAE At

Fig. 2 ol4] R %0o] RVIES ¢ VINTIN & #9
FASE 25 EYXE BYloy 53 Fdzs &
At AA A2 GBI AA 7 REEX
o} 59§ AxE Ak 2 App. G ¥
& o] &3 HhEAAE 14T ZEAGA 257}
oF 5°F A= WA HriE Ak o|2EH App. G
Bjo]l #gAdelAe AE AR E MR
SA Hrg Aoz A% £ Ak

Fig. 3 ol 844X €439

VINTIN ZEAE 1.5 ksivin Z% @A H7}5
2.8 RVIES ZEME n2dM= IA H7}
Houy A2RZ ol5dFE WA HriHE
AL Bgoh o] RVIES 7} &5 W& A=
EAAE ABFoEN RN & €%
AT it ol Fiste Ak 4%
4FL ny Aoz YyzArh

Fig. 4 &= FZH oz AA4E SAAQIFHL
vty AAAL AF%E 2 A2FAME
App. G o] 12 FME Westinghouse 1 0]
717 B4Ed ZAIE Btk RVIES 22

I

VINTIN & AHg8te 2% AR sggde
FAE ge RYou LeRE oFYSS
Conparison of the temperature at the 14T flaw tip

ns
(CR =100 F/hr}
200
O T _ApeG
s ~— T(V4t)_RVIES
-8 T(I/4T)_VINTIN
— Tyt dad

Temp at crack tip, F
3

Coolant Temperature, F
Fig. 2 Comparison of the temperature at the crack tip
vs. coolant temperature.

Corparison of the thermml stress intessity factor at the tip of 1/4T axial fiaw

((R=100 Fht)

B .
n
AL SO ABIERAA

- & KiTmax App G

°

KIT, ksi-in**0.5

—— KIT{I/4()_RVIES

-4 KIT_VINTIN

[} 100 m 30 0 50 60
Coolant Tempersture, F

Fig. 3 Comaprison of the thermal stress induced stress
intensity factors at the crack tip vs. coolant
temperature

(o) ison of the C P-T Curves Ix

I Round Robin Gase §

25| 1, Ref flaw = 14T inmer surface axial faw
2 Ref curve =Kia anve

3. Qad not considered

4 R=100 Fhr

Allowable P, ksi
E 5 8B R B

B

[ E) 100 10 200 b2 200 0 400 - £
Coolant Temperature, F

Fig. 4 Comparison of the P-T limit curves by various



JYA+E

RVIES ZE+ H& FE84EHE Jeuisic o
Fig. 3 olA19} Zo] a2 oA RVIES 7} £ €
<o 2% SHYAFTE Adde g oy
3l 4 2le]g) @3'4"’] t}. P-T Calculator 9} H]
3 VINTIN A PE-E 1020 psi A% & 3
£4E L A A&k ) olL P-T Calculator o A}-&
d AREX7E o) Mo Algd AP i
oIt e A, B3 ¥ dR3PAsI A
Aol b JFE " FAez Hzdt & Y

JF-I

& ARBAAZE AHEHE Z$ VINTIN % PT
Calculator 9}8] ol ZHolE Aoz Al
VINTIN ZEZE AL83 A 9= RVIES ¢}

Westinghouse ol 2|3 3]-&<¢tHo Atolo]
Mdol AAHoz -.—]X]?f}i\’iﬁ},
Efsl VINTIN 515; 34
£ AM3te 4 o

App. G 9 Xﬂ"‘% ¥ °]%-°}:: Lasaid
1} influence coefficient & Al&3tE Woy} of$-
FAFS 235 YR o9} 22L& Az Ry
App. G o AAE e B4 FEHTAN
o 2z % dEYo g SHFQPASF Al
Zo|] X3 glor Aduxes Haygde A
ete Mdle ReAdol 13 BA 489S ¢

# gtk

42 7tE=He| iz

421 TE 2ol

Fig. 5 oll& SU=E FA St 3¢ FdHold
e EAASFAE vHEUY. AR 7
o7t FEFE LYo FU3e ol
FAA &L F7F 2 MDA &
571—/\§ o]zs]. _4._\,101/\-!_,] ii O]zs]— E-‘}E‘_E}'
&2 FEo tiF SHEUAT FAZ A% &
Mt d 27 gRoz B 4 Qo

Fig. 6 & ZY=% msb A% Avg
Aestodnt. AANA AFL go] AL fAle
4 37 Fe Aadon A @ ok 2
S& 1sE 3% FY=d o8 ¢ 7Y
Age Agats SYGAAS} Fn gL
29 AddAel SARYASe FrFEs} 27
7] WEoltt.

o i

422 Eee9 53l

Fig. 7 ol= =& FAsle 449 Y=
nejste A9 44y nE
A& ASME Sec. XI oﬂﬂ“ 2EHofArt S
€ 1#3tA o}F ¥ 2 HFQASE AA

ol 8d YAE 871 ALY 2y

RRE 511

The P-T Lirit Curves for the RPV for Various Flaw Size (CR =100 Fhr

B

10 Cuse 12: V10T axial + KIA+ No Qlad

7,
100 | Gased1: usrm+m+NuGad\. /

Pressure, ksi

Lo Cuse §: 14T axial + KIA + No Clad

s

0.00 L - L = L L

0 E T T R - - R I R )
Coolant Tempersture, F

Fig.5 P-T limit curves depending on the crack depth.
{when clad is not considered)

‘The P-T Limit Curves for the RPV for Various Flaw Size(CR =100 F/hr)

200

B

Pressure, ksi

,m,,l, . e
¢ 5 10 15 200 25 X0 3 40 40 S0

Coolant Temperature, F

Fig. 6 P-T limit curves depending on the crack depih.
(when clad is considered)

Comparison of Contributing Factor from Ciad (CR = 100 F/hr)
L75

LY

e

.
Case 9: /6T axial ‘ﬁ\
g,

2

Case 10: 1/10T axiat

P_no clad/ P_clad
&

8

Case 1; /4T axial + KIA + Cad

L] 50 100 150 200 250 300 350 400 450 500
Coolant Temperature, F

Ratio of the maximum allowable pressures

when clad is ignored and considered. (safety

margin associated with the clad)

=g nsA gtk oA Heds
3 g Hgatz Uk Fig 7
#4489 vE ole@ HAAFE 7}
A7t gu=d g% EIAAE WP

r_>.i
R,
Jo
o, 1
N
lm

O_u



512 €

Hog FAF Aojth IYA BHEo ==
AT AFEE 14T 289 H$ ALFAAE &
127, 22PN E= & 1.04 AER YEIRT 7Y
Zol7t FA28sE Y= adE /18

v
K 1k
p

3|
aa
oo
2
rir
Mo
>,
R
oX ok

P

W 9 JEgAd
ASME Sec. XI, Code Cas
€& nste AE 71E9 dgedl v ey
ol A ol AF < 2 viAE FratH T o=
TUE st AFLIgFIMAG L=
SHEAUAT S0 7de Hgol vE ¢
122 7+A38}7] " Eo|t} ASME Sec. XI, Code Case
N-640 o e} FATIAIN ta FH
HRHE gt AeolE dAFoz &8t
of AA 27k 2eu ol A% Aol
o E7HEe meydl Hd 4oz Ay

o

Z %
% 1o
o0

=2 of ox
k=)
_Qi
e
¥
oL
ot
=l

e
3

424 HZt&HEol Aok

Fig. 9 ol W& R wE SAALFHe W
3E el 2928 ngsies 99 a¥
2 & AS BF Y4&mr Al g 3§
|l AR Frkstg ot o 330°F &
ZARZRDZRANE 24T W4EE A
St A% 5YF FAAXENN FEHGAA

eE7t Rastez Age) FAARAT ga

I 92 4E 8] Ry 2T 23 7
aste g3 o SFHIUAFE gasioz
ol2idt Ttz 2QE7te] 7)o wel ey
Hol 1 wgo] BYPP

a2y} Fig. 3 oA BRo] WZoy F #dAd
oA SHFUATE g A A FAHE
2 2ko W FAHFHY W} ARxd 9
3 (5, ALRdAE 2xWsld wa 34
9] W7l 54 gou nLRME 1 MR
=7t AZ) 2eFAAN FEgE] Wl Aoz
AZbEth gy AxldAd s HesHE $4A
FHAA A E ol JAAA 0] YA Fed)
ol FAATIL AAHA Ui H4dH FHE
$Eg Zo] Adste] dAIZEo] W HEY
Ha go] ugdle 2 FFANZH YFAF &
E4E S Aty d& ot (1Y ASME Sec.
XL, App. G AAE °jgd AE g FEn A
%)

% g

The P-T Limit Curves for the RPV with the Circurrferential Wi Id Inceeporating
Code Cases (CR = 100 Fhr)

20— —
200 Coe 3: 14T sxial+ KIC+ Chad ,/
i
/i
Case8; V4T cire +KIA + Clad \(”/
- f
fis D
£ i
=2 /
] Py
@
; 1.00
50
" G 1Tl + KA+

0 0 00 150 200 %0 300 350 400 8 0

Coolant Temperature, F
Fig. 8 Effects of the flaw orientation and reference
fracture toughness curve on P-T limit curve
The P-T Limit Curves for the RPV at Various Cooling Rate
225
200 T Case 184 with clad considered
- Case 4
”5} TS 587 vithout cind
= Case 7
150
125

Pressure, ksi

5

75 ——*//
s —— M

028

Coolant Temperature, F
Fig. 9 Effects of the cooldown rate on P-T limit curves
(CR = 100F/hr for Cases 1 and 5, CR = 50F/hr
for Cases 4 and 7)
5. 2 &

284

ofelrA WEES

H

Rem TR PPE oL PEEL o]
o) ¢ 5°F AR &2 gEL Yehigth

2) €89l o9& YA TY %9 ASME
Sec. XI, App. G el H8l VINTIN Z== A F
Zro| A, 281 RVIES oF 190°F o} 3}oll A
WA H7rspsitt.

(3) ASME Sec. XI, App. G o] &9 &x

L
AEE

TAAN HEAHE PR A Adaden
VINTIN AEE AMRE 2AF#E RVIES %

ZYE Aold 8§

Westinghouse HHaol )3k

#g AT



dRASE

i}

g% QA=

4) VINTIN 329 93 Eﬁﬂ)f&ﬁ*% P-T
Calculator o} W3] 10-20psi £ 3 LUHL AA
gtgl.on} o]# 3t A}ol= P-T Calculator o] =2 &
BAAL7E AHEE Ao @2 g3goz bt

VINTIN =& 01%3}01 Mg Eel ol ﬁL

29, FAmol f7 AU, gl £
AQIA WA dge B A 6R*4°

T3P en, 0 A& % E} ) d =
() ¢t E&5E 3 E¢Ho Frh8d
o FHP=E FASE A9 2 Zo] g& )
(2) EHEE FABle AS sedde Ay
A o 27% FUMElglon neRe ZeE i)
Z2 ZAstn, #4Ho7t ¢EFE FUEA
7??‘5}"*#
() 4FVEFFEE JHAsAY AF JiFEa
L*é%ﬁ—% ALEBtE A$ FEdEHel FEiR e
o FEske] 93k Fggo] Aoz Foh
“) %Zfi— 7} 100°F/hr o)A 50°F/hr 2 Z+Aas
T

a2

E A% 9 330°F B VFoE I o3 E 3§
§4go] et 2 o E ga Fa
st

ZDEH

(1) USNRC, 1995, “Fracture Toughness Requirements,”
10CFR50 App. G.

(2) ASME Boiler and Pressure Vessel Code Sec. XI,
1998, "Fracture Toughness Criteria for Protection
Against Failure," Appendix G.

(3) PVRC Ad Hoc Group on Toughness Requrements,
1972, “PVRC Recommendations on Toughness
Requirements for  Ferritic  Materials,” WRC
BULLETIN 175.

(4) ASME Boiler and Pressure Vessel Code Sec. 111,
1989, “Protection Against Nonductile Failure,”
Appendix G.

gE g7l FHAGHFL A AT 513

(5) EPRI, 1993, “Reactor  Coolant  System
Heatup/Cooldown Curve Calculator,” EPRI TR-
102552.

(6) Jang, C. H., 2000, “The Effect of Reference Flaw
Size on P-T Limit Curves for Pressurized Water
Reactor,” Proceeding of PVP2000 Conference, July
23-27, Seattle, USA.

(7 o8, AL, #FZ, &Y, AE=E, 2000,
“Yr287) AWEH7HE Y RVIES A=W
o L 7| AE =g (A) A24D A8
3, pp. 2083~2090.

(8) ASME Boiler and Pressure Vessel Code Sec. II,
1995, “Materials,” Part D.

9 23, F5¥Y, 494, 54, 2001, 7R €
2523 37484 AHAENL  VINTIN,”
B dAsts 2000 FAFEUEIE=EA,
2001. 5.24-25, A5

(10)KAERI, 2000, “The Final Report for the 5-th
Surveillance Test of the Reactor Pressure Vessel
Material (Capsule P) of Kori Nuclear Power Plant Unit
1,” KAERI-ST-K1-003/00.

(11)Marshall, W., 1982, “An assessment of the integrity
of PWR pressure vessels,” Second Report by a Study
Group under the chairmanship of Dr. W. Marshall,
UKAEA.

(12)ASME, 1997, ASME Boiler and Pressure Vessel
Code Sec. XI, "Alternative to Reference Flaw
Orientation of Appendix G for Circumferential Welds
in Reactor Vessel,” Code Case N-588.

(13)ASME, 1999, ASME Boiler and Pressure Vessel
Code Sec. XI, "Alternative Reference Fracture
Toughness for Development of P-T Limit Curves,”
Code Case N-640.

(14)USNRC, 1996, “Fracture Toughness Requirements
for Protection against Pressurized Thermal Shock
Events,” 10 CFR 50 50.61.

(15)USNRC, 1988, “Radiation Embrittlement of Reactor
Vessel Materials,” Regulatory Guide 1.99, Rev. 2.



