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Fracture Mechanics Analysis of JAERI

Mode’ Pressure Vessel Test

8. A DELVIN ®. C. RICARDELLA

ABSTRACT

A f=aciure gechanics evy .uation of the Japan
Atomis Inergy fesearch Institute (JAERI) model
pressure vesse. experizent ‘@s perflormed using an
ANBLYLi3a.L DeLnod WhRicth has deen used previousiy to
eva.uate 3o..i.ng Hater Reactor leedwater noziles.
Cxoe..ent agreement Ddetween ara.ys.s and experisent
W3 odtaines, [~o8 which it i3 concluded that:

! The test confiras I predictions of leaxe
sefore.nreak 48 Lhe nypotnetical fallure
zode.

2 The frazture sechaniss sethodology used by
GE 3¢ preqist nOoTI.e SMACK growth i3 accu~
*ate for the eniire =ange of crack growth,

f=02 nucieation i inrough-wall leakage.

These 3scnclusions are parsisularly significant
“iin regar: 2 very large oracks (greater than 20
percent of nozile wall thiskness) wnich have never
oeourred Lt an ocerating reactor, dut for wnish the
applizanility of the sethed zan not de demonstratesd
sheoretica..y.

SUMMARY 2F JAZRI PRESSURE VEISE. TEST

AS a0 Lntegrity assessaent for a3 reacstor press
sure vesse., :"e Japan Atomic Energy Researcn Insti-
tute (JAZIRI) concucted a aode.l pressure vessel ex-
perizent 2 study stress concentration and crack
propagatisn senavior in the viziaity of vessel noz-
zles (fleference 1), A cyeli: interaal pressure tes:
Wwas oonducted Sn an approxizately one-sixth scale
BoLiling 4ater feactor (8WR) pressure vessel aodel
designec 2 tne coriteria of Refarence 2. Three
T7pes ol wel.ded-.n NOZIZIES <“ere used in the model.
The vesse. sne.l wm3 constructed of low alloy steel,
AST™ Type A302 Sracde C with n0zzles 3ade of a forg.
g steel., ASTM Type A338 Modified., The nozile
Slend maziuis 37 each nozzle ‘@S 3achined to imulate
A flaw wni:n wou.? produce sracking under cyelie
pressure .zad. The intermal pressure was cvcled
feom 0 %o '0.3 MPa (1566 psi) with oil as the pres-
surizing agent ¢.th a cycling ~ate of S cpm., After
29,200 cyc.ies the test was terminated siqce one of
the artifizial cracks (crack t7pe A, nozzle N') hac
propagates s tne outer surfacc ~esulting in oil
Leacage.

Iross sections of the three n0zzle Ipes uses
are shown in Figure !, T4o of ihe three noztle
types (N' ang N7?) sad configurations similar to BWR

feedwater nozz.es. Two itypes of arcifisial cracka

2

were machined inte the nozz.ie dlend radius. Type A
rad a 20-mm (0.787%-in.) surface length and a J-mm
0.118«4n.) depth with a straight cruck front. Type
3 nad a Semm (0.3'5-in,) surface length and a l-mm
(0.118«in.) depth with a circular arc crack front.

Prior %0 3achining the simulated flaws in the
nozzles, & Static iLntermal pressure test was oone
ducted in increments to Lhe MAXiZum internal pres-
sure of 0.8 MPa ('8566 psi). Tve stress dlstridutions
of the innes and outer nozile surfaces were determined
from stralin gages. Elastic siress concentrations were
ietermined assuming Young's Moculus and Poisson's
~atio values of 2.96 x 105 MPa (29.37 x 100 psi) and
2.1, respectively., Circumferent.al stresses and
stress concentration factors for the nozzlie blend
~dius are susmarized .n Tadle .

Stress loncentration of Ianer Cormer
Surface of Nozz.es

Tadble 1,

No T
N ) N3

Circumfarent.al Stress
of Inner Surface of 29.3 29.3 29.3
Shell (ksi)

circumlerential Stress
of Notzle Inner Corner 71.8 66.1 74.9%
Surface (ksi)

Stress Concentration
Factor of Nozzle 2.5 2.3 2.8
Inner Corner Surface

(kai) = (6,895 MPa)

The experizental srack growth results odtained
<0 the cyelis testing are suamarized in fig. 2.
Tig. 2(a) snows ine relationsnip detween crack
Length seasured [~m the iip of tha A-iype noteh in
the N! nozzle and the numder of pressure cycles.
Upon exasination it can de concluded that the crack
propagation rates Ln the a- and deJdirections are
greater than that in the c-direct.ion except in the
2arly stages. Fig. 2(b) compares a-direction arack
sropagation for the :tn: nozzie ypes. Fig. 2(¢)
iadizates final experizental smck lengths anc
depths for eaca noten and nozzie type.

lmmediate sonclusions which can de drawn [roa
the experiment are as follow:

1 The mode of fallure s leak-defore-dreak,
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2 The stress distridbution and stress concen- 4 The srack propagation rate of the pressure
tration factors at the blend radius for the vessel nozzle i3 infiuenced by geometry of
three nozzle types were not significantly notches (flaw type) at the nozzle bdlend
gifferent and are in agreesent with analyt- radius.

ical data in the literature (Refere.:e 3)
) S General trends of arack gr wth obtained

3 The crack propagation rate of the [ -essure from the cyelic pressure test are consise
yessel nozzle i3 dependent on the stress tent with expectations. (Crack growth mte
concent=ation factor of acz:sle blend radius. accelert ‘- a3 crack depth increases.)
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FRACTURE MECHANICS EVALUATION

in orger to further assess the experizent, the
test results wer? compamed with an analytical
ACPTOACH previously used at Jenera. Ilectris %o
eva.uate IwR feeawater noziles Refarence 4.

e -
“aZil

-
ihis

Ara.ytica. zethod consists of Two Sasis salsulations.

First, the stress intensity factar is deterained

43.%8 3 polynomial curvefit approasn. Secendly, the
failgue crack growtn is ca.sulated J3ing an integra-
“.i0 procecure. These 2a.2ulations and results are
iescrided Ln the fol.owing sec:iions.

Siress Intensiiy factors

A genera. purpose, polynomial surveflit teche
Aa3ue @S used o generate stress intensity factors
for the stress distributions in the nozzle (Ref-
erence 5 in this method, stress intensity aagnie-
Uliation factors are generated for a g.7en geometry
for constant, linear, quasrati: and Qubis stress
iistridutions as illustrates in Fig, 3. The stress
sniensity Tactor for any arsiirary stress distridue
*230 2an then de determined by aurveritiing it %0 3
hite order solynomial of the fars:

g s A;obxou\zxzo.\gx?. (1

A0C SUDEriZDOSING the Stress .ntansity factors frog
each ter» of the polynomial.

Magnifization factors for several sommon
iiZensional geometries are availadle in the litera-
tire (References 3 and 6). for the feedwater noze
2. nowever, a set of three-dizensional zagnifica-
factors were cotained “ren the Joundary inte-
equatioa/inflluence function 4derivation of Refe
erence 7. As illustrated in Fig. 4, the 3IE/IF
n922.e corner orack simulation 13 simply the average
of 3IZ/IF aagnification factors developed for circue
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determination

iar surface crack geszesries in half and quarter
Spaces. This expressisn labeled FUN 1! in Fig. &)
i3 used to calculate stress intensity factors in the
experizental acdel far nozzle flaw type B (circular
flaw in Fig. 1).

A sizilar expression can de used to odbtain
upper dound stress .ntensity factor estimates for
the longer experizental flaw type A (straignt flaw
in Fig. '), In this sase, the nozzle flaw is 320d-
eled dy an infinitaly .:mz arack esanating from a
hole in an infinite plate (Reference 8). Te S0lu=
tion is ildentical 2 *nat for a cireular crack ex~
cept the FUN 11 zagnifization factors are reslaced
Oy the FUN 8 magnifization factors of Fig. .

Flti‘go Crack Crowth Zvaliation
CPACK Jrowth

<33, Tigure § presents a some
pilation of tne lat.zue araek growth data for low
alloy ASTM A533B-1 steel in amoient room temperature
air (Reference §). The ASME Section X2 Jpper-nound
air crack growth curve /Reference 10) i3 alsc snown
43 a solid line and a dest-fi% crack growtn curve
‘% indicated as a zasned line on the Figure., The
(oW alloy steels used %o fadbricate the model pres.
Sure vessel are very siailar to AS33B-' and bath
Air ard oil are nonaggressive media. Thus, the
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curves of Tigure 6 are considered applicadle to the ..

s =
JAERI experizent. AT A, « 2y

Steps ' to 7 were repeated fcor each cycle,
sonstantly incrementing the crack depth by da. An
automatic version of the procecdure @s used o gener-
ate arank depth versus numoer of pressurization
sycles. For the best-fit crack growth law case, the

Intezratisn Irocedure, The air environment
crack growtn .aw of Figure 5 was integrated numeri.
cally starting from the initial 2rack size of 3 am
(0.118 inenes) o generate a crack depth versus
auaper of cyc.es curve. The intagration prpcedure

' e curve
was as follows:
-3
1. Select a, (initial crack size) % s 0.02103 x 10~ AR3.T26
2. Kaax * {smessure <as used in place of the crack growtn law of Step 5.

YR TR A S PN I N T - LS 2R S TSR A R T £ R AN L R i S VTR i S TS R R



i
i
§
f

| DLSIGN UPPER BOURD
|aih CRACK GROV/TH CURVE

4 . 0027 0

Kk, 3720 $
\\Zf

104 ST TR TTENRT TS
»

As

BEST.BIT AIR
/ CRACK GROWTH
¢ ,‘a\ CURVE
o: ° \& «(0.02* - 10~
/
¢ AK, 3728
e g
3 J/
> e?i go
< 10~ i,
3 Yo
2 @
‘q 3
'p
,‘/’
e/ 0
e/
B
B/
-k :.u\;.l
Fig.% Wide ~inge of fatigue Crack propagation of
M A% : Refarence 9) R = 0 .0,
in,) & (25.4 m); (ksivin
Results

ne fracture dechaniss ana'vtisal results are
graphnicai.y iiseatrated in Figs. 7 througn 0. Fig.
provides a plst of stress .ntensity factor Kr vere
sus crack Zepth far nozza.e flaw type B (circular

The piot is dased on the solynomial curve fit ape
proach using FUN ! sagnifi_ stion factors for a 3i3-
uiated noz2sle 2ormer 2rack a8 descrided adove. A
second cunve LS 3.30 provided based on FUN 8 smagni-
floation factors for an iafinitely long crack ema-
nating fm™=a a hole in a plate, which should provide
an upper sounc estizate of the axperizantal nozzsle
fLavw type A (strmalght

CrACK growtn curves dased on the above gtress
intensity faciors are provided in Figs. 8 ang 3.
Fig. 8 presents srack growth predictions for ihe
¢ircular {lavw gecmetry (FUN 11) for both upper dound
and Sest esiizate crack growth curves. Sxperizental
data for flaw 3ype 3 in nczzles N) and N3 are also
snown for zomparison. The analyticssl results are in
excel.ient agreement with experilent, wiilh the upper
dound design curve providing a conservative dut rea-
sonatle prediziion of the test results. The dest
it crmack growtn curve LS 3Ore accurate, dut slignte
47 ungersredicss the experiagnt in the central
porsien of ite surve. Fig. 9 presents crack growth
predict.ons for wne infinitealy long flaw geomertry

TUN 3), compared %o experilental data for flaw

LYPe A in nozzies N ang N3, In this casq, doth the
design and Sest it surves signifizantly sverpre
SrACK growtn denavior., The type A flaw appears
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DISCUSSION

The air design crack growth surve analytical
results of Fig. & were scrservative but reasonabdle
when comparec to the JAE®D experizental results.
Since the same analytiza. ad:rsach has deen used to
predict feedwater notile irack growth in BWR operate
ANE plants, it is exvecte: :mat a similarly good
COmPArison will oJcour tetsewn WK operating plants
and analytical resui:s.

in suppor: of this ssns.usion, 1t 48 useful t¢
POLNL OUL the similariiles letween the experimental
apparstus ang BWR opemating s.ants. Two of the ex-
perimental nozzies (N anc U are simailar in ocune
Struction ang configumatiin 30 3WR feedwater noze
iles. The ASME Bol.er arn: 2ressure Vessel Code
(Reference &) was use IINSIrUCY and design the
JAERI experizental vesse. z:ze. as well as BWR pres.
sure vessels. The low a..iy Steels used in the
experizental vessel are vitti.ally the same as the
Baterial used in the ronsirustisn of 3WR pressure
vessels. Field observatizns 5 2WR feedwater nozzle
CPACKING have snown LAt 2231 2racKS Wnish have dee
velopea are similar %o fli. type 3 (circular) with
Some tenaing toware flaw ivie i 3traight). In suse
Tary, the experidenta. ac:araius and BWR pressure
vessels are similar in 3snsirustion, nezzle sonfig-
Jration, material praverties arc flaw geomertry,

..
.

clssimilarities setwesn ine JAER! experiment
and 3WR operating 2cnsitiiss are Sa8:ically two: ene
vironment and types oI Iyi.l: l:acing. The experie
Dental environment WmS an .. zesium at amdient
temperature 297K (TI3F) 4ri.2 irne BWR operating
piant envirocnment if 3 fLaT JWNLily water 3ecium at
561K (S3509F). However, 2.3 2.7farence in enviren-
Zent bet een test anc rea:zi:s an be adaressed in
the analysis by use 27 a Jiiig.e ~rack growth law
wnian i3 appl.cadle .n ine 3a4F environment, for
WDicn extensive exzer.zenii. 1ata are availadle and
are continuing © e s2waines.  In the JAERI experie
aent, e 3Ol ntri.es were $usected o pressure
cyelic ioading onny, .mile .n ioerating BWRs the
feecwater nozzles exserisris :ztn pressure and
thermal cyelic loacing. -:.ever tze polynemial
curverit approacs is equa.l’ va.id for pressure and
theraal stress distrisutisns. ASSuming that the
thermal cycling 2an 3e scsuritely de’ined in terms
of stresses and numcer of 3vs.es, it presence
should not alter tne accurazy of the crack growth
predictions. Thus, tne 4i’fsrences detween test and
reaclor acted above 22 act LnvaliZate the demon-
strated appiicasility of tze aralyvizal approach.
To the extent that envissmzental fatigue crack
growtn tenavior and zescriitiin of meactor vessel
thermal cycles are «nown. 172 [=acture Zechanics
BOLNOUOLOgY used in Zelsrerze < 3nould provide ace
curate preaiciiong o IaR Jeezvater nozzle omack
8Towth versus reactir spemating

Avrs

syeles.
CONCLUSIONS

In view of tne exse..snt izreement bdetween
ANALYTLI22L orack growna presiiiicong and experizental
NOTTie 2MACK growtn 2ata ftir tne JAERI sressure
vessel test, and ccnsiierins e 3imilarities and
differences detween i7¢ za3: an: 3WR operating ser.
vice, the following 22nsluisicns are drawn:

! The test confirss
the unliigely even:
2le cracks Sessse

it aredictions
2§

reme

that in
reactor vessel noze
.arge, the vessel
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