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SUMMARY

This paper describes the results obtained by applying a computer assisted photoelastic
technique developed by the senior author and his associates for estimating Mode I stress
intensity factor (SIF) distributions for mathematically intractable three-dimensional prob-
lems to the reactor vessel nozzle corner crack problem. Two significantly different test pro-
grams were employed and results were compared with the literature.

Frozen stress photoelastic experiments were conducted on two classes of nozzle corner
cracks:

(i) Researchers at the Delft University Laboratory for Nuclear Engineering have devel-
oped a nozzle-flat plate geometry which is loaded in remote uniaxial tension normal to
the flaw. The transverse tension can then be included analytically. Their results indicate
that such a model accurately predicts fatigue crack growth for the corresponding cracked
nozzle in a pressure vessel for thin walled vessels. The test geometry identified as No.
4 in the Delft work was studied experimentally in the present work.

(i) Researchers at Oak Ridge National Laboratory developed a technique for predict-
ing SIF’s in cracked nozzles in thick walled pressure vessels from residual static strength
tests on fatigue cracked plastic models of nozzle-cylinder intersections. The test geometry
identified as the “small thick walled vessel” in the Oak Ridge program was studied ex-
perimentally in the present work.

The crack geometry inserted into a finite element model of the Delft geometry No.
4 was obtained by monitoring the crack lengths in the plate and nozzle surfaces during
fatigue tests on steel models and fitting a quarter elliptical shape to these semi-axes to
form the crack front. In the photoelastic experiments, one crack was grown to match the
No. 4 crack length in the plate surface, and, in a second identical model, the crack was
grown to match the No. 4 crack length in the nozzle surface. These cracks were not only
of different size (the latter being some 30% larger than the former) but the experimental
cracks exhibited a flattening in the central part of the flaw border. This effect was also
observed in the fatigue tested steel models at Delft University after the models were
opened to show heat tinted zones. Nevertheless the SIF distribution predicted by the stiff-
ness derivative FEM was similar to that found in the experiments, showing a minimum
SIF near the midpoint of the flaw border and agreeing to within 5% in this region for
approximately equal flaw depths. Near the plate and nozzle surfaces, the photoelastic re-
sults were about 15% below the FEM results.

The tests on the cracked nozzles in the thick walled pressure vessels also revealed a
flattening of the flaw border similar to that observed in the plate models. However, SIF
distributions were opposite those observed in the plate models. Nevertheless, normalized
SIF values at the flaw border midpoints agreed well with the Oak Ridge results. It is
conjectured that the vessel wall thickness and/or curvature may affect the SIF distribution
along the flaw border.
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1. Introduction

Stress intensity factor (SIF) determination for cracks emanating from the juncture of
reactor vessels with inlet and exit nozzles has been a problem in the reactor vessel in-
dustry for many years due to the complex and widely varying geometries involved. To date,
only approximate analytical solutions such as those of Hellen and Dowling [1], Reynen [2],
Broekhoven and Spaas [3], and Schmitt [4] are available in the open literature but substan-
tial additional efforts are also underway.

As a result of the degree of analytical intractability of the problem, and the need for
experimental correlation of approximate analytical methods such as finite element methods
(FEM), the authors have undertaken several experimental investigations for several different
agencies. The experimental technique employed has been developed by the authors over a
period of years [5] - [12] and consists of a marriage between the frozen stress photoelastic
analysis of cracked bodies with a simplified digital computer analysis of the experimental
data for extracting the SIF.

The aim of the present paper 1s to bring together results to date of the several
studies in order to assess quantitatively the influence of the several parameters in the
problem upon the SIF magnitudes and their distributions. In the sequel, a brief account
of the analytical basis of the method is glven together with a brief description of the
experimental technique. However, the principal focus of this effort is upon integration
of the results.

2. Analytical Considerations

One can express the maximum shearing stress in the nz plane along 8 = m/2 (Figure 1)
near the crack tip in the form [9]:
T A
max = =75 + B (¢D)]
r
where A = K /(BTT)l
I I

the regular stress field near the crack tip. Data are taken along 6 = 7/2 since fringes

/2, K. = SIF and B 1s the leading term of a Taylor Serles expansion of

tend to spread in that direction (Figure 2). Then, from the Stress Optlc Law

T
max =

£
7¢! (2)
where N is the stress fringe order, f is the material fringe value and t' 1is the slice
thickness tangent to the crack front; one can determine experimentally the zone in which

Equation (1) is valid. This can be done by rewriting Equation (1) in the normalized form:

Tmax(mr)l/2 = KI + B (81rr)1/2 (3)
q(vra)l/2 q(ﬂa)ll2 q(Tra)l/2
or fap = ¥ + B(E!)l/2 (E) 1/2 )
q(ﬂa)l/2 q(ﬂa)1/2 4 .
where KAP = Thax (8Trr)1/2 1s defined as "apparent' SIF and q = p, the internal pressure

or q = 0 the remote uniform stress normal to the flaw surface. Equation (4) when plotted
as KAP/q(TTa)l/2 vs (1:/a)1/2
will yield KI/q(ﬂa)l/z, the normalized SIF.

The above approach for Mode I loading has been extended to cover the mixed mode [6],

yilelds a straight line which when extrapolated to the origin

{111 situation also.
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In general, when Mode I loads are applied to the crack tip, blunting at the crack tip
occurs which produces a nonlinear zone that extends roughly out to a distance r/a = 0.04
from the crack tip along 6 = m/2. Moreover, the linear zone described by Equation (4) tends
to extend substantially from the crack tip in problems with slowly varying effects along
the flaw border (as in the two-dimensional case). Conversely, a constriction at the singular
zone occurs in problems with strong three-dimensional effects. However, if a linear zone is
present 1in the raw data plot of normalized apparent SIF versus (r/a)l/z, then the presence
of the desired data zone 1s assured.

3. Experiments

Two basic classes of experiments were conducted: 1) Uniaxial tensile tests of plates,
each containing a cracked nozzle of the geometry of Figure 3a and ii1) internal pressure
loadings on thick-walled cylindrical pressure vessels each containing a cracked nozzle of
the geometry of Figure 3b. In order to complement this work, a third series of tests were
conducted on thin-walled cylindrical pressure vessels each containing two diametrically
opposite cracked nozzles of the geometry of Figure 3c.

The test procedure was as follows:

a) Starter cracks were introduced into the "inner" surface of the juncture of the plate
vessel wall with the nozzle at point P (Figure 1) and the photoelastic models were placed
in a test rig in a stress freezing electric oven and heated to a critical temperature.

b) Plates were then loaded with dead welghts producing uniform remote uniaxial tension
and the vessels were pressurized while being supported in softs surface matching, part-
spherical bases. These loads were increased until the flaws were grown to desired dimensions
after which the models were cooled under reduced load to room temperature, freezing in both
fringe and deformation fields.

c) Slices were then removed mutually orthogonal to the flaw border and the flaw surface
at intervals along the flaw border. These slices were coated with a matching index fluid
and analyzed via the Tardy Method in a crossed circular polariscope at about 10X utilizing
a white light field and reading tint of passage.

d) Optical data were introduced into a least squares computer program which extracted
estimates of the SIF.

4. Data and Results

Figure 4 shows a set of raw data from one of the plate tests illustrating how one
extrapolates across the nonlinear zone at the crack tip in order to obtain a valid KI esti-
mate. This graph may be regarded as typical. A spectrum of flaw slzes were studied for
each nozzle geometry and it was found that the flaw generally begins with nearly a quarter
elliptical flaw border. However, as shown by Figure 5(a) for the thick walled vessels, the
flaw shape flattens significantly as flaw depth increases, and the deepest flaw even exhibits
a "dimple" in the central region. In studies at Delft University of Technology by Broek-
hoven [13], heat tinting of tension fatigue tests on steel plates contalning cracked nozzles
also revealed this flattening. In fact, fatigue crack geometries from the Delft steel plate
tests colnclded exactly with those obtained in the stress freezing tests. However, in ob-
taining the crack shapes for the FEM, the Delft investigators measured the crack lengths at

cycle intervals along the nozzle and the plate and fitted a quarter ellipse to semlaxes
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so obtained. While this procedure did not allow for the "flattening" described above, it
was found that at points where the flaw depth in the FEM was close to that in the photo-
elastic experiment, very good agreement between SIF values provided by the stiffness deriva-
tive FEM and the frozen stress technique was obtained [14].

Derby [15] grew nozzle corner cracks in thick walled pressure vessels using cyclic
pressure followed by residual static strength tests. The authors conducted frozen stress
tests on the same geometries as Derby and obtained SIF values [16] which correlated well
with those of Derby, except for shallow flaws where the authors' results were some 15%
lower than Derby's values. However, Derby's SIF values for the shallow flaws exhibited
scatter of about +7%. The details of the above comparisons are found in references [14]
and [16] as noted.

In the present discussion, we will focus upon a flaw geometry which penetrates approxi-
mately half way through the juncture (a/T < 0.5; Figure 1) 1n order to correlate results
from the plate-nozzle tension tests, the thick walled pressure vessel-nozzle tests and
complementary tests on thin walled pressure vessel-nozzle tests, all containing cracks.
Figure 5(b) shows the three nozzle configurations scaled to a common value of T. Since
nozzle detall differed only away from the crack starting point (P in Figure 1), it was
conjectured that SIF variations due to variation in the outer nozzle wall away from P might
not be large. Figure 6(a) shows a comparison between the normalized SIF distributlons along
the flaw border for thin and thick walled vessels. Although the shapes of the curves are
somewhat similar, thelr ordinates differ by an order of magnitude. The authors belleve that
the bulk of thls difference 1s due to the membrane or t/R effect. Moreover, 1t seems
apparent that the contribution of the pressurized nozzle 1s small for the thin walled
vessel (i.e. it 1s essentially a thick walled vessel), but probably not for the thick
walled vessel. Figure 6(b) compares test results for the plate-nozzle test with the thin
walled vessel results. The normalizing factor © for the thin walled vessel was computed
from pR/t. Using the stiffness derivative FEM, Broekhoven [13] predicts that the plate-
nozzle curve would be further elevated by about 5 to 10% due to the presence of an
axial stress 0/2. On the basis of these results, one may conjecture that the thin walled
pressure vessel geometries produce an order of magnitude greater STIF level in the nozzle
juncture cracks than thick vessels. The distribution of the SIF along the flaw border
does not seem to be strongly iufluenced by the transitiom from thin to thick walled vessel.
One may conjecture further that since both analytical and experimental results for the
plate-nozzles show a SIF distribution (Figure 6b) which 1s concave downward in the middle
(as contrasted to the opposite effect in the pressure vessels) then perhaps the crack face
pressure together with constraint variation due to vessel curvature effects and nozzle
pressure may account for the difference in distributions observed in Figure 6(b).

5. Summary

A frozen stress photoelastic technique for estimating stress intensity factors in
cracked nozzle-vessel junctures was briefly described. Results from its application to
plate-nozzle and thick and thin walled pressure vessels also containing cracked nozzles
were cited. On the basis of limited experimental evidence, it 1s conjectured that for

moderately deep flaws (a/T % 0.5 Figure 1)
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1) Nozzle-vessel juncture crack shapes exhibit s flattened region near the center of
the flaw which destroys ellipticity of the flaw shape. This may be conjectured to be due
to the influence of the stress gradient at the reentrant corner of the uncracked flaw as
modified by the flaw. However, SIF's computed from quarter elliptic FEM's agreed well
with experiments at points of equal flaw depths.

11) The most important effect on the magnitude of the SIF's 1s the wall thickness of
the pressure vessel. Thin vessels will generate order of magnitude higher SIF's than thick
vessels.

111) The SIF distribution does not appear to be significantly affected by the vessel
wall thickness. However, varlations in the distribution were observed between junctures
with and without crack face pressures. It may be conjectured that crack face pressure to-
gether with constraint variation due to vessel curvature and nozzle pressure may alter the
SIF distribution.

There are many potential sources of error in the experiments described above. How-
ever, in the experience of the authors, they expect scatter to be no greater than #6% with
techniques employed here. They note, however, that the present study encompassed only a
very limited range of vessel and crack geometries and do not recommend extrapolation of

results. Studies on thin walled pressure vessels with cracked nozzles are continuing.
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Figure 5(b) - Nozzle-Wall Junctures Scaled to a Common Thickness T
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Figure 6(a) - Thick Versus Thin Walled Pressure Vessel Results.

Figure 6(b) - Thin Walled Pressure Vessel Versus Plate Results.



