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ABSTRACT

[n thus paper. the experimental resuits of a cyclic in-
ternal pressure test are descrided on the pressure vessel
model, in which three xingds of nozzle models were
welded. [n the inner cotner surtace of each nozzie two
kinds of artificial cracks were machuned perpendicular to
the direction of maximum circumrerential stresses, which
occur at both tne head and bottom sides.

Cyclic internal pressure was pven from zero to (0.8
MN/m® by ol after the strain distribution of the inner
and outer surfage of eac., A0Zzle was examined by static
internal pressure of 10.3 MN/m* . [n the cyclic internal
pressure test, the fatigue crack length from the artificial
cracks at any pressure cvcies imposed was measured Dy
an electrical resistance method and crack gages.

INTRODUCTION

{n the assessment of integnity for light water reactor
pressure vessels. it is very important to study experimen-
tally and theoretically the inutiation life and propagation
behavior 2t the inner corner surface of the nozzles where
the maximum circumierential stress is induced by inter-
nal pressure.

In the Japan Atomic Energy Research Institute, cy-
clic internal pressure esis have deen so far performed to
sxpenimentally investigate the inutiation life and propaga-
tion rate of ¢crack of some aruficial cracks at the inner
corner using five steel models of light water reactor pres
sure vessels (1], (2], [3]. [n thus paper. the expenmental
resuits of 3 syclic internal pressure test ure described
mainly on the fifth pressure vessel model, in which three
kinds of nozzle models were weided. The pressure vessel
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FIG. 1 CROSS SECTION OF NO. 5 PRESSURE VESSEL MODEL

model was designed based on the criteria of Sec. 11, AS-
ME Boiler and Pressure Vessel Code (4] and nearly 2.000-
mm length, | 000-mm diameter and 23-mm thickness, as
shown in Fig. |, while three nozzie models were respec-
tively selected from the nozzles of the primary circut of
bonhn;ia;;:eacxov: pressure vessels which are being
Aow-eenstiitted or operated in Japan. [n the inner cor-
ner surtace of each nozzle two kinds of artificial cracks
(notches) were machined perpendicular to the direcuon
of maximum circumferential stres~2s, which occur at
both the head and bottom sides. The artificial cracks
were machined by a thun gnnder of 0.3.mm thickness
and 30-mm diameter as follows: one was of nearly 20-
mm surface length and 3-mm depth with a straght crack
front ( A-type), while another was of nearly 8-mm surtace
length and 3-mm depth wath a crack front of a circular



arc (B-type). Cyclic internal prossure was given from zero

to 10.8 MN/m?® by oll after the stress distribution of the

inner and outer surface of each nozzle was obtained by

static internal pressure of 10.8 MN/m? and then each ar-

tificial crack was machuned. In the cyciic internal pressure
_v test, the fatigue crack length was measured by an elec:
\ trical resistance method and cruck gages.

< ' Aller 28200 Sygles of internal pressure tnis test was
CETLEE singe one of six artiticial cracks propa

Ahe outer surtace and o ieaked 1rom it. From the expen:

mental results, any remarkabdle ditferences of crack initia-
tion were not recognized between the A-and B- type
aruficial cracks and it was getermined that the propaga-
tion rate of both cracks was the order of 1077 mmy
cycle.

PRESSURE VESSEL MODEL

The pressure vessel model used (7. 1nus experiment is
shown in Fig. 1. The chemical an¢ nechanical properties
of the matenais of the shell and nogzle are Jescribed in
Tables | (1) and (2). This pressure vessel model was de:

signed based on the critena of Sec. [Il, ASME Boiler and
Pressure Vessel Code and three nozzle models were re-
spectively designed being selected from the nozzes of
the primary cucuit of the pressure vessels of bouling
water reactors of 800 ~ 1,100 Mwe grade, which are be-
ing now constructed or operzted in Japan and they were
nearly | /6 scale nozzie modeis of their prototype. As
shown n Table | the shell was made of a low cardon
steel. ASTM Type A30? Ciade C an the nozzies were
made of 2 forging stee. ASTM Type A536 Modified. The
cross sections of three nozzie models of N1, N2 and N3
are shown in Figs. 2. 3 and 4 in detail and they were
welded at 45° 135% a-, *25° of the A-A section of the
pressure vessel modal - sescrided in Fig. |, respectively.

STATIC INTERNAL PRESSURE TEST

The strain distribution of the inner and outer surface
of each nozule was examined by strain gages when a
static intemal pressure was given to the pressure vessel
mode! tefore two kinds of artificial cracks were ma.
chuned at the inner corner surface ol each nozzie. The

Table |. Perrormance Testing Results on Shell Matenais of No. 5 Pressure Vessel Model (1)

Specification Extracted Yield Ultima te Elongation Reduction Charpy V
Position Strength Tensue ol Area Noteh Impact
(MN/m?)  Strength (%) %) Test
(MN/m?) (N.m)
180° *  Average 33.30N.m)
Froduction 343 549/686 7 R = 1.5t Minimum 26.5
No ? 2 at =120
Longitudinal
Top Average 110
4K 1623 1/13 115,106, 110
587 10 Good
Transverse
Average 60 8
60.857.9.637
Bottom
Chemical Composition /%)
Shell Elements BB - Si P S Ni Ce Mo
ASTM
AJ02C:radeC | Speaifdication 10.20 0.15/0.30 1.15/1.50 0035 0.45/0.60

0.0 047,0.70

Ladle Analysis 10.19 0.29

2014 0.015 0.57 051




Table |. Performance Tesnng Results of Nozzie Matemals of No. 5 Pressure Vessel Model (2)

\

\\ Specificauan | Yield Vlumate Elongation Reducauon Bend Charpy V-
\ | Strength Tensie - ArGs Test  Noten impact
% (MN/m?)  Strength (%) (%) Test
o 5 (MN/m?) N.m)
N\ Average 303
Matenal ‘\ Minimum 26.5
number 343 £49 20 at=12°0
45 E 253 Average |55 9
/325 453 508 79 694 160.8.143.2,163.8

Cremicali Compaosition (%)

Notzie | Elements C Si Mn P ) Ni Cr Mo
NI, N2, N3
ASTM A236
modified Specificamon  0.27 015035 050/0.80 0040 0050 050/090 0.25/045 0.55/0.70
ASME Case
12363 .

| ladle Analysss ( 0.18 032 0.69 0.008 0.013 788 0.32 0.62

1

| %
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FiG.2 CROSS SECTION OF N1 NOZZLE MODEL FIG. 3 CROSS SECTION OF N2 NOZZLE MODEL
static internal pressure test was carried out step by step and Poisson's ratio were used at 2.06 X 10* MN/m? and
10 3 maximum (nternal pressure of 10.8 MN/m*® which 0.3 respecuively. The stress distributions of inner surface
was selected as nearly .5 times of operating pressure of of each nozzie are shown in fgs. §, 6 and 7, in which the
boiling water reactors. [n this internal pressure test a experimental results of N3 nozzle are compared with the
kind of machine oil was used as the pressunzing matenal. calculated values and theyv are consistent comparatively
All the stresses of the inner and outer surfaces of each as shown in Fig. 7.
nozzie were caiculated from the strain values ootained The circumferential stresses of the inner corner sur-
expenimentally by strain gages with an assumption of face of sach nozzle are maximum and their resuits are
elastic stress concentration, where as Young's modulus denoted in Table 2. The stress concentration factors of
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Tabie 2. Strest Concentrerion Faclor of
[nner Corner Surtace of Nogtle

—
—

——

! WM. W

Cucumierental Strews of

innet Surface o! Shetl 02 02 02
MN/m?

Cucumitrental Stress of

innet Corner Surtace of Nozzie 464 456 517
MN/m?

Stress Congentration Factor ol

Inner Corner Surface of Norzie ¥ | - ..

the inner cornet surface of each nozzie are 0.5 2.3 and

2 00 N1.NT and NJ nozzie respectively as showd .n

Table o. It has deen deiermines from these expenmental
resuils that three are nOt anv r»markabie aitferences ol
SLTess coNncentration 1actors of cirgumierential siress

among the three noziles
CYCLIC INTERNAL PRESSURE TEST

Alter the Stalic incernal pressure test, in orger 1O IN-
vestigate the etieCt Ol Crack geometry On the initiguion
iie ang propagation rate. (wo Kings ol artificiai cracks,
A-tvpe and B.type, were machined. These artificial cracks
are depicted in Figs. 2. 3 and 4 respectively. They were
machineg at the symmetrical places o! the inner corner
wirtace of 2ach nozzie, which were the flange and bottom
side O the pressure vessel mode!l

Cyelic internal pressure was given 10 the pressure
vessel .a0del with a cycling rate of § cpm from O to 108
MN/m? The fatigue crack length from the artificial
Cracks at any pressure imposed was measured 0 the
direction of the depth (8 =457 )by an zlectrical potential
method and at the inner surface of the shell (8 0°)
and nozzie side (8 = 90° or 8 = 1057 by crack gages,
where 4 s defined as the curcumierential anguiar ¢o-
ordinate, a5 shown in #ig. 8. The cvclic internal pres-
sure had been applied 10 «he leax> ¢ of oil from one
of SiX Cracks

The oil leaked out from the outer surtace of A type
notch of N1 nozzle after cvelic internal pressure of
29 200 cysies. In Fig. 8, for exampie, 1s shown the rela-
HONShID between number of cvcles and crack length
from the 1ip of A type notch of N1 nozzle. The crack
initiation life of ¢-girection was smaller than gne of -
and d-direction, whii: are the inner surtace Ol shell and
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FIG. 9 CRACK LENGTH FROM JOTCH TIPOF ADIRECTION
SHELL SIDEI OF NY. N2 AND NINOZZLE

nozzie side respectively. [t is seen that the crack propaga-
tion rate of &- and b-<directions are higher than one of ¢-
airection except for the earler stage. In Fig. 9, s an ex-
ample, is denoted the relationsh'p between the crack
length from the notch tip of a«direction (shell side) of
N1, N2 and N3 nozzle and numoer of cycles, obtained
about B«type notch by crack gages. As shown in this fig
ure, there are some differences af the crack propagation
rate among three nozzles of N1, N2 and N3, Figure |0
shows the experimental resuits of the crack length from
each notch tip of the 3-, b- and c<directions. whuch were
obtained by measunng the crack length of the fracture
surtace of N1, N2 and N3 nozzie respectively alter each
¢ross section was cut from eac” ozzie part. The © ack
length of N1 nozzie is the largest for both A and B type
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notch, while one of N2 nozzie is the smallest for both
notches and one of N3 nozzie lies between N and N2
nozzles. [t can be presumed ‘rom Figs. 5,6, 7 and Table
2 that the crack propagation dehavior of the nozzle is
dependent on the stress distndution and stress concentra-
tion factor of the cwrcumferential stress in its ianer sur-
face. As one reason, it seetns that the stress concentration
factors of the N1 and N3 nozzles are larger than one of
the N2 nozzle. As shown in Fig. |0, the crack length of
A type notch is larger than one of B type notch for each
nozzle of N1, N2 and N3. It is supposed that thus differ.
ence depends on the geometry of both notches.

in Fig. | | are shown the macroscopic appearance of
fracture surface of N1 nozzie (A type notch) and its

fractographs, which were taken at four locations of the
surface of fatigue failure. As denoted in this figure, the
striations caused each cycle by cyclic internal pressure
can be observed from the fractographs of $2, §7, $8 and
S10 respecuively. In Fig. 12 are compared the expen-
mental results of crack propagauor rates which have
been obtained by an electrical potential method, crack
gages and measurement of stnation spacing for a-, b- and
c<direction. The crack propagation rate obtained by
measuring the stration spacing of the fractography is
consistent with the rate obtained by the electncal poten:
tial method and crack gages, as shown in Fig 12, The
crack propagation rate was the order of 107 mmycycle
and increased with the crack length.
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CONCLUSIONS

The conclusions obtained from the experimental re-
sults of the static and cyclic internal pressure tests of the
fifth pressure vesse! model are as [ollows

i) There are not any remarkable differences of stress
distributions ang stress concentration ractors of circum:
ferentiai stress at the inner corner surfaces among three
nozzies of N1. N2 and N3, but it is. if anything, seen
that the stress concentration ractors of N1 and N3 nozzie
are 3 littie larger than one of N nozzle

) The crack propagation rate of the nozzie of the
pressure vessel is dependent on the stress concentration
factor o1 the innet nozzle corner.

3) The crack propagation rate of the nozzie is in-
fluenced by the geometry of notches at the inner nozzie
corner

Reprinteg from

4) The crack propawation rate of nozzie sbtained by
the electnical potential inethod and crack gages s con-
sis*ent with the measuti ment of striation mc.’u and
the order of the crack p opagatior rate 15 10™° mmyecycle
ander the environment of ou and room temperature. The
expenmental result 15 consistent with the results which
were obtauned by the cyclic internal pressure tests of the
3rd and 4th pressure vessel modeis (2], (3]
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