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SUMMARY

In light water reactor technology, it is a very important subject that the crack initiation life
and propagation behavior is experimentally and theoretically investigated at the nozzles
attached to the pressure vessel, where the maximum circumferential stresses are caused at the
inner corner surface by internal pressure.

The present paper describes experimental results which were obtained by measuring the
propagation length from an artificial crack in the inner corner surface of the nozzles using an
electrical resistance method and crack gage, when internal pressure was cyclically loaded to a
steel model of reactor pressure vessels. In order to investigate the effects of the shape of nozzles
and artificial cracks on the crack initiation life and propagation rate, in this experiment four
different shapes of nozzles (each diameter ratio of nozzle to shell is 0.045, 0.075, 0.10 and 0.15)
were attached to the pressure vessel model and two different types of artificial cracks (the shape
of each crack tip is curved (A-type) and straight (B-type)) perpendicular to the direction of the
maximum circumferential stresses were machined at the inner corner surface of each nozzle.

From this experiment, it was apparent that the crack initiation life for the crack tip of A-type
was shorter than for that of B-type in every nozzle and for the crack initiation life at each inner
surface of nozzle and shell there was not any distinct difference between A and B. The crack
propagation rate from the crack tip was initially very large for all artificial cracks with number
of cycles after crack initiation to reach a maximum value, it decreased also rapidly until each
crack attained the surface tip of each artifical crack and increased with the crack length after
that. After each crack passed the surface tip of each artificial crack, it propagated dependent
on the diameter and thickness ratio of nozzle to shell, i.e., the crack propagation rate increased
generally with increase of their ratios. The tendency was consistent with the magnitude of the
circumferential stresses with increasing the diameter ratio of nozzle to shell at the vicinity of
the inner corner surface of eacli nozzle.

To compare these experimental results with the theoretical analysis, it is now being pro-
vided to compute the stress intensity factor of each nozzle by a semi-analytical procedure.
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1. Introduction

At the inner corners of inlet and outlet nozzles of primary coolant of light water
reactor vessels, the highest circumferential stresses are usually caused while internal
pressure is given to them in the operation period. Also, their stresses occur cyclically
by internal pressure when nuclear reactors are start-up and shut-down or scrummed during
their life. Therefore, it is a very important subject to see the crack initiation life and
the crack propagation rate at the nozzle corner when cyclic internal pressures are applied
to the reactor pressure vessel.

In the authors® 1aborator§)h§a been carried out low cycle fatigue tests to assess the
integrity of Japan Power Demonstration Reactor (JPDR) pressure vessel by half and one-third
pressure vessel models, in which artificial cracks (notches) were machined at the inner
corner surface of the forced circulation nozzle where the maximum circumferential stresses
were caused usually by internal pressure. In these tests the crack propagation length from
the notches had been continuously measured by a electric resistance method and crack gages.
The crack initiation life and propagation rate at the nozzles of every pressure vessel model
were obtained and from the experimental results was estimated the crack propagation behavior
at the forced circulation nozzle of JPDR.

Recently in order to see the crack propagation growth at the nozzles of light water
reactors, some investigationg)hggésgeen carried out by applying fracture mechanics to this
subject. Then, the stress intensity factor at the crack tip of nozzle corners has been
obtained experimentally and also some computations have been attempted to investigate it

theoretically.

2. Experimental procedures

2.1 Pressure Vessel Model

The pressure vessel model used in this experiment is shown in Fig.l and the mechanical
properties of the materials of the shell and nozzle in Table 1. The shell was made by a low
carbon steel, ASTM Type A302 Gr.C and the nozzle by a forged steel, ASTM Type A336 Modified.
To the vessel model were attached four kinds of nozzles which had the diameter ratio of nozzle
to shell of 0.045, 0.075, 0.100 and 0.150 respectively, as shown in Table 2. The diameter
ratio was determined based on the ratio of nozzle to shell diameter of the pressure vessels
for boiling water reactors which have been practically operated or designed at the present.
Some examples of nuclear power plants are denoted in Table 2, but No.4 nozzle of the ratio of
0.150 was attached to the vessel model for comparison with other three nozzles. The detail
of each nozzle is shown in Pig. 2-(a),~-(b),-(c) and-(d).

2.2 Static Internal Pressure Test

In order to obtain the stress distributions at the inner and outer surface of each
nozzle, many strain gages of rosette type were attached to each place, for example, as
denoted in Fig. 3-(a) and-(b). The static internal pressure were given gradually by oil to
maximum 120 kg/cm2 which was selected to compare with the experimental results of No.l
pressure vessel model tested before.

2.3 Artificial Cracks

After the static internal pressure test, two kinds of artificial cracks (notches)
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perpendicular to the direction of maximum circumferential stresses were machined at the
inner corner surface of each nozzle by a thin grinder of 0.3 mm thickness and 30 ¢mm
diameter. One is A type notch, the tip of which was machined bowedly along the inner surface
of the corner of each nozzle and another is B type notch, the tip of which was made straight,
as shown in Fig. 2. The depth of A type notch was 3 mm and the length of the inner surface
was 40 mm, while the depth of B type notch was also 3 mm and the length of the inner surface
was different every nozzle. The detail of each notch is also depicted in Fig. 2. These two
types of notches were machined symmetrically both flange and bottom side of the model,
parallel to the axis of the shell, at the inner corner of each nozzle to investigate the
effect of notch shape on the crack initiation life and propagation rate, but in No.l nozzle
only B type notch was prepared because the machining was very difficult due to its small
diameter.

2.4 Cyclic Internal Pressure Test

The cyclic internal pressure was applied to the pressure vessel model by the cyclic rate
of 5 cop.m from 1.5 to 120 kg/cm2 after two artificial cracks. were machined at the inner
corner of each nozzle. The crack initiation life and crack propagation length from these
notches were measured continuously to the direction of the depth (6= 45°) by an electrical
resistance method and at the inner surface of the shell (8= 0°) and nozzle side (6= 90") by
crack gages. The internal pressure had been applied cyclically to the leakage of o0il from

one of four nozzles.

3. Experimental Results

3.1 Stress Distributions at the Inner and Outer Surface of Nozzles

. All the stresses of each place were calculated as elastic values from the strains

obtained in the static internal pressure test of 120 kg/cm2 by general expressions between
stress and strain. 1In this case, as Young's modulus and Poisson' ratio were used E=2.1x104
kg/mm2 and ¥ = 0,3 respectively. As an example, in Fig. 3-(a) and-(b) are shown the stress
distributions at the inner and outer surface of No.4 nozzle. The maximum circumferential
stresses were caused at the inner corner of each nozzle where almost the same maximum
stresses were obtained at the symmerical two points, as denoted in Fig. 3. On the other
hand, the maximum stress values of axial direction at the inner surface and ones of
circumferential and axial direction at the outer surface were less than ones of circumferen-
tial direction at the inner surface. Almost the same experimental results were obtained also
about other three nozzles. The stress concentration factors of maximum circumferential
stresses at the inner corner of each nozzle were 2.9, 2.8, 2.9 and 3.1 respectively.

3.2 Crack Initiation Life and Crack Propagation Behavior

The crack initiation life in the direction of § = 45° of A and B type notches was
shorter than one at the inner surface of shell (@= 0°) and nozzle side (&= 90°) of both
notches, as shown in Pig. 4 and 5. Meanwhile, it was clear as shown in Fig. 4 that there
was a little difference between A and B type notch about the crack initiation life in the
direction of @ = 45° of each notch. Any distinct differences between A and B type notch
could not be found about the crack initiation life at the inner surface of @ = 0°, as denoted

in Fig. 5. Also at the inmer surface of § = 90" there were not any evident differences
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between both notches about the crack initiation life.

On the other hand, it was clear as in Fig. 4 and 5 that A and B type notches showed
quite different crack propagation behavior until all the cracks passed through the tip of
each notch and after that there was a little difference of the crack growth between A and B
type notch. Since the crack initiation life of A type notch was shorter than one of B type
notch, however, it was found that the crack propagation length of A type notch was longer
than one of B type notch when the cyclic internal pressure test was stopped because of oil
leakage. It occurred at the outer surface of No.4 nozzle with A type notch due to the
crack perforation after cyclic internal pressure of 20,900 cycles. The photograph of cross
section of No.4 nozzle is shown in Fig. 6 and its drawing in Fig. 7, in which the machined
notch, fatigue failure surface, artificial fracture surface and machined surface are depict-
ed to explain every part of the photograph. As shown in these two figures, the crack
propagation length of A type notch was longer than one of B type notch and the same
experimental results were obtained also about other three nozzles. 1In No.l nozzle, however,
there was only a little difference of crack propagation length between flange and bottom
side because they were the same notches of B type.

It was found from these experimental results that the crack propagation behavior was
dependent on the diameter ratio and thickness ratio of nozzle to shell, that is, the larger
their ratios were, the longer the crack propagation length was both A and B type notches as

shown in Fig. 4 and 5.

4. Discussions and Conclusions

In Fig, 8 and 9 are shown the relations between crack propagation rate, %%, in the
direction of @ = 45" and number of cycles, N, of both A and B type notches. Here a shows
the crack propagation length at the direction of 6 = 45", Their crack propagation rates
increased suddenly after the crack initiation, but they gradually approached to constant
values at any number of cycles and after that decreased with number of cycles. It seems
that the crack propagation rates increased very hastily nearly to the tip of each notch,
influenced intensely by the large circumferential tensile stress at the inner corner of
each nozzle and decreased near the tip of each notch due to the complicated three-dimensinal
stress distribution. After the cracks passed through the tip of each notch, they increased
gradually with number of cycles. As shown in Fig. 8 and 9, the crack propagation behavior
of A type notch was quite different with one of B type notch and the former increased more
hastily than the latter until the crack passed through the tip of each notch, although there
was the same tendency between them. It was, however, found that A type notch was nearly
equal to B type notch after that.

The relations between crack propation rate, §%£7 at the surface of shell side (= 0°)
and number of cycles, N, of both A an B type notches are depicted in Fig., 10 and 11 which
show the crack propagation behavior after the cracks passed through the tip of each notch.
Here 1s shows the crack propagation length at the direction of shell side (@ = 0°). The
crack propagation rates of A type notch were larger than ones of B type notch at the surface
of shell side, but there was a little difference of them between both notches. From these

experimental results, it was evident that the crack propagation rate of A type notch was
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quite different with one of B type notch until the crack passed through the tip of each
notch, since it seems that different stress distributions were caused near the inner corner
of each nozzle dependent on the notch shape. After that the crack propagation behavior of
A type notch was almost of the same with one of B type notch in three directions of § = 0°,
45° and 90°, although the crack propagation length was different between A and B type notch
dependent on their crack initiation life.

The crack propagation rate in three directions of both A and B type notches was
dependent on the diameter ratio of shell and nozzle, d/D, and the thickness ratio of shell
and nozzle, t/T. Here d, D, t and T show the diameter of nozzle and shell and thickness of
nozzle and shell respectively. It was found that the rate increased usually with increase
of d/D and t/T, although this relation was not entirely flear between No.2 and No.3 nozzle.
Then, it seems that the crack propagation rate was dependent on the circumferential stress
distributions near the inner corner of each nozzle, as shown in Fig. 12, which were obtained
by static internal pressure before the artificial cracks were given to it. That is, the
crack propagation rate increased with increase of the circumferential stresses near the

inner corner.
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, Yield strengtt Tensile strength Elongatior
Ttem Material  (xg/mm2) (kg/mm2) (%)
Shell A302C 52.4 67.5 19.2
Nozzle A336 37.1 57.0 22.9

Table 1  Mechanical properties of the materials of shell and nozzle of pressure vessel

model

Nozzle go;fel?gigzzezt':r Ratio of nozzle to shell diameter for BWR pressure vessel (di/Di)
number for model

(di /D1 ) 460 MW 700 MW 1,000 MW
Core spray nozzle Core spray nozzle Water supply nozzle
1 0.045 di _ 219 _ di _ 272 _ di _ _300 _
Di = 4793 0.0457 Di 5538 0.0492 Di 6376 0.047

Outlet nozzle of steam
2 0.075 di _ 363.6 _
i 4793 “00758

Outlet nozzle of steam Outlet nozzle of steam

3 0.100 di _ 566.6 _ di __613.8 _
o Tss3s 0102 i " egre -00962
4 0.150
Table 2

Diameter ratio of nozzle to shell of light water reactor pressure vessels and
pressure vessel steel model
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