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SUMMARY

The flow area from a postulated pipe break is an important parameter in the design
of safety devices and the evaluation of safety margins for nuclear steam supply systems.
Present design criteria assume that very long stationary cracks may exist, resulting in the
prediction of large opening areas and fluid forces. A previous report by the author (3rd
SMIRT Conference, Paper L7/6) presented the computations for the dynamic opening of
two diameter long hypothetical axial cracks in nuclear system primary piping. These cracks
are much longer than the maximum stable crack length and their opening therefore clearly
provides a high upper bound to the fluid forces.

In this paper the largest stable cracks that could suddenly appear during normal ope-
rating conditions are determined by elastic-plastic dynamic finite element analysis. The
stability of the hypothetical cracks is predicted by the J-integral ductile fracture criterion.
The opening areas and the values of the J-integral for both axial and circumferential cracks
are computed using the MARC-CDC general purpose finite element program.

Preliminary computations to verify the applicability of the thin shell finite element
model were made with several thin shell models and a three dimensional solid model of
a 21 inch (534 mm) long axial crack in a 42 inch (1068 mm) diameter 3.5 inch (89 mm)
thick pipe. Elastic plastic dynamic analysis indicates that the suddenly appearing half di-
ameter long axial crack is stable when subject to normal operating pressure. The crack
opens to a maximum area of less than 2 in? (1290 mm?) in 0.7 millisecond. A similar elastic
plastic dynamic analysis was performed for a suddenly appearing three quarter diameter
or 31.5inch (800 mm) long axial crack under the same normal conditions. The J-integral
computations indicate that this crack is not stable. The opening area computed for the
three quarter diameter long crack reaches a maximum of less than 10 in? (6450 mm?) in
1.7 milliseconds. These two cases indicate that the opening area of the largest stable axial
crack in the 42inch (1068 mm) diameter pipe is less than 10in? (6450 mm?).

In order to evaluate the stability and opening area of hypothetical circumferential
cracks in 30 inch (762 mm) inside diameter 2.5 inch (63.5 mm) thick pipe is employed. The
pipe is assumed to be under normal operating pressure and subject to the axial load caused
by that pressure. A circumferential crack is assumed to suddenly appear with a length of
half the circumference. The elastic plastic dynamic analysis results indicate that the crack
is stable and reaches a maximum area of less than 6 in? (3870 mm?) in 3.0 milliseconds.
The computation indicates that a circumferential crack must exist more than half way
around the circumference of the pipe before instability and a substantial crack opening area
can occur.

The results of these analyses demonstrate that cracks in nuclear system primary piping
must be greater than half diameter long for axial cracks, or half the circumference long
for circumferential cracks before instability can occur during normal operation. These crack
sizes, even when conservatively assumed to appear suddenly, open to areas which are, very
small fractions of the areas presently used in design. a



1. Introduction

The flow area from a postulated pipe break is an important parameter
in the design of safety devices and the evaluation of safety margins for
nuclear steam supply systems. Present design criteria require the con-

sideration of very long stationary axial cracks and total circumferen-

tial cracks. These hypothetical cracks result in the prediction of large

opening areas and fluid forces. A previous report by Ayres [1] pre-
sented the results of dynamic opening analyses of two-diameter long hy-
pothetical axial cracks in nuclear system primary piping. These cracks

were shown to be much longer than the maximum stable crack length and

their opening, therefore, clearly provides high upper bounds to the fluid

forces.

In order to realistically determine the effects of suddenly appearing

stable cracks, the largest stable axial and circumferential cracks must
be determined.

Estimates of the largest stable cracks are made from linear elastic
analysis. Detailed elastic plastic dynamic analyses are then performed
using the estimated crack sizes in order to more precisely assess the
stability in the ductile regime. All computations are performed on the
MARC-CDC general purpose finite element program.

2. Preliminary Estimates

An analytical linear elastic analysis of axial cracks in cylinders
was presented by Erdogan and Kibler [2]}. For the 42-in., (1.07-m) inside
diameter (ID) hot leg pipe, conservatively assumed to be 4 in. (0.1m)
thick, at operating pressure, the static stress intensity factor for a
21-in. (0.53-m) long axial crack is 120 ksi Jin. (1.32 x 108 pa Vﬁ) ac-
cording to reference [2]. The static stress intensity factor for a
42-in. (1.07-m) long axial crack is 271 ksi./in. (2.98 x 108 Pa ./m).
According to reference [1} the crack opening in the dynamic cases was
about twice the opening in the corresponding static cases. If this
ratio is applied to the stress intensity values, the dynamic stress in-
tensities are 240 ksi+/in. (2.64 x 10° Pa +/m) and 542 ksi~/in. (5.97 x
108 Pa /m) for the half-diameter and one-diameter long axial cracks.

Experimental burst studies on cracked pipes at Battelle, Eiber [3]
have shown that ductile pipes have a maximum static toughness of around
250 ksi +/in. (2.75 x 108 Pa Jm). Comparing this to the computed stress
intensity factors suggests that the largest stable crack is nearly a
half-diameter long in the 42-in. (1.07-m) diameter pipe.

3. Model Studies

The finite element analysis of reference [1] was adequate for the
determination of the opening area of the crack. The computed stress
intensity factor, however, was in the order of 16 percent below the
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accepted result of reference [2]. This magnitude of error at the crack tip
is not acceptable for determination of critical crack length. The finite
element model must be improved, therefore, for the subsequent detailed elas-
tic plastic dynamic analysis to determine the critical crack length,

A schematic view of the pipe with an axial crack is shown in Figure 1,
Since there are two planes of symmetry, only one quarter of the pipe is
modeled. The boundary axially remote from the crack is permitted to move
only axially and is loaded with the axial force caused by pressure. The
finite element model of reference [1] is shown flattened out and not to scale
in Figure 2. The static small displacement finite element analysis of half-
diameter long axial crack in the 42-inch (1.07-m) ID pipe under 2250 psi
(15.5 x 106 Pa) pressure results in a KI of 85 ksi./In. (0.935 x 108 Pa J/m)
using the crack opening formula.

K1 SE JIm n
4 /T (1-v?)

where § is the crack opening at distance r from the crack tip and E and v are
Young's Modulus and poisson ratio respectively, 1In this case the displace-
ment of the node closest to the crack tip, 0.05 a is used. The analytical
solution according to reference [2] is 120 ksi Jin. (1.32 x 108 Pa . /m)
indicating a substantial error for this crack size,

A finite element mesh similar to the shell model of reference [1] with
a more refined grid near the crack tip is shown flattened out and not to
scale in Figure 3. The finite element computation of Kq with this model and
eq. (1), using the displacement at the closest node (0.01la), is 102 ksi ./in.
(1.12 x 108 Pa ./m), and the KI calculated from the next closest node (0.05a)
is 128 ksi/In. (1.40 x 108 Pa/m).

Even with the refined mesh, the error in K; computed from the closest
node is substantial. This results from a poor representation of the elastic
singularity close to the crack tip. Ky computed from the next point, the
closest point in the original shell mesh, is in good agreement with the
reference [2] solution. This indicates that the refined crack tip region
describes more precisely the zone within 5 percent of the half-crack length
away from the crack.

A finite element model of a half-diameter long crack in the hot leg
made of twenty-noded three-dimensional elements is shown in Figure 4. This
element has the capability of representing the elastic singularity at the
crack tip (Barsoum [4]). The K1 calculated by elastic analysis for the point
at the center of the wall using eq. (1) and the opening at the node closest
to the crack tip (0.02a) is 117 ksi Jin, (1.29 x 108 Pa ~/m) .

This value is very close to the analytical result, The three-dimen-
sional analysis is unacceptable for dynamic elastic plastic analysis, however,
because the computer time is several times greater than the time for the shell
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analysis.

The refined shell mesh will be used because the resulting K; values
bracketed the analytical solution (and the three-dimensional analysis re~
sults). This indicates that the solution in the neighborhood of the crack
is adequate and that a different technique for computing crack stability
may be more appropriate. The J-integral, which integrates over the small
crack tip region (Rice et. al [5]), is such a technique. The application of
the J-integral as a fracture criterion will be discussed with the results of

each analysis.

4. Analysis of a Half Diameter Long Axial Crack

An elastic plastic dynamic analysis of a half-diameter long axial crack
in the 42-inch (1.07-m) ID pipe is performed with the refined shell model of
Figure 3. The pipe is assumed to be operating at normal temperature and
pressure when the crack suddenly appears. The analysis proceeds as described
in reference [1].

An appropriate time step for the analysis can be chosen considering the
lowest frequencies of the pipe. The lower frequencies of the pipe are com-
puted to be about 165, 330, and 515 Hz. If a time step were chosen to be
0.01 milliseconds, and the stiffness damping factor 8 chosen to critically
damp modes with periods less than four times the time step, then:

B = 4AT = 1.3 x 10°°

m

(23

This damping factor imposes less than 2 percent damping on modes with fre-
quencies lower than 490 Hz. This damping then is acceptable for this an-
alysis.

Using this time step and the damping factor just computed, the finite
element model of Figure 3, and the procedure of reference [1], the opening
of the crack is computed. Tigure 5 shows the displacement of the point of
maximum displacement (on the crack centerline) vs time, The maximum opening
occurs at 0.72 milliseconds. The velocity of the same point during the
opening is shown in Figure 6. The smoothness of the velocity demonstrates
the stability of the solution. The crack opening shape is shown in Figure 7
along with elastic static results, The maximum opening area can be computed

from Figure 7, by integrating under the plastic dynamic curve, to be 1.32

in2 (851 mmz). The crack opening shape is considerably different from
those of reference [1]. 1In the case of the half-diameter crack, all the
significant plasticity occurs near the crack tip. There is no significant

bulging effect for a crack of this size. The half-diameter crack, therefore,
can be considered a small crack (in spite of its 21-inch (0.53-m) axial
length) since there is no significant interaction with the pipe geometry.

The stress, strain and displacement values computed by the finite
element analysis are used to compute J from the definition
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J frow.aay 1 W ods (3)
dx
where x and y are rectangular coordinates normal to the crack front, ds is
an increment of arc length along any contour, ', T is the stress vector on
the contour, u is the displacement, and W is the strain energy density.

The results of J vs time during opening are shown in Figure 8. The
J-integral increases smoothly until the maximum opening is reached. The
peak in J-integral corresponds to the peak opening. The maximum value
of J is 1467 in-1b/in® (25.8 J/cm?).

The ductile fracture criterion states that crack extension occurs if J,
during the event, becomes greater than Jyc, the critical value for the mat-
erial at temperature. The criterion does not imply that if J > Jip, the
crack will become unstable. Prior to instability, some stable crack growth
occurs. The amount of growth increases with increasing J. Research is pre-
sently being conducted (Wilkinson, et al [6]) to determine the extent of
stable crack growth (the amount J can be increased above Jyc) before crack
instability occurs.

The piping material, SA516 Gr 70 was tested for Jic as a function of
temperature using the precracked instrumented Charpy test in the Combustion
Engineering Metallurgical and Materials Laboratory. Due to the nature of
the test, Jyc values from instrumented charpy tests are probably somewhat
greater than the real material parameter Jyc, since some stable crack exten-
sion is likely. A curve of JIC vs temperature is shown in Figure 9. The
data has the anticipated "S" shaped trend indicating the brittle to ductile
transition in fracture. Also shown is the result of the opening computation.
The computed J-integral is clearly below the critical value of J1c indicating
that the crack will not extend, and will remain stable. The difference is
sufficiently large that small errors in computation or consideration of
stable crack growth would not affect the conclusion concerning the stability
of the crack.

5. Analysis of Three-Quarter Diameter Long Axial Crack

Since the half-diameter crack is stable, a longer crack will be assumed
in order to determine the longest stable crack. It is desired to compute a
conservative stable crack opening area so the assumed crack should be great-
er than the longest stable crack. These considerations led to the selection
of a three-quarter diameter long crack as the next candidate for analysis.
In order to compute a more comservative opening area, the minimum wall
thickness of 3.5 in. (0.09 m) is used.

The time to open the three-quarter diameter long axial crack is great-
er than the time to open the half-diameter crack. If the same time step
were used for this analysis, the computing cost would be substantially

greater. Since the half-diameter long crack analysis was smooth with a time
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step of 0.01 milliseconds and the two-diameter long crack analyses were
smooth with a time step of 0.1 milliseconds (reference [1]) a time step
greater than 0.01 milliseconds will be attempted. A time step of 0.015
milliseconds was used at the beginning of the analysis. The associated
stiffness damping factor according to eq. (2) is 1.91 x 10_5. This damp-
ing factor imposes less than 2 percent damping on modes with frequencies
lower than 335 Hz., This is acceptable since the first two modes are below
this value.

As the analysis progressed, it became apparent from the smoothness of
the solution, that the time step could be increased somewhat. After 0.54
milliseconds of opening the time step was increased to 0.02 milliseconds.
The damping factor was unchanged. No numerical instability or irregular-
ities were observed as a result of the time step change,

The opening displacement of the center of the three-quarter diameter
long axial crack computed by the dynamic elastic plastic analysis is shown
in Figure 10. The maximum opening occurs at 1.7 milliseconds. The velocity
of the same point during the opening is shown in Figure 11. The smoothness
of the curve illustrates the stability of the finite element solution. The
maximum crack opening shape is shown in Figure 12. The maximum crack open-
ing area computed from this opening shape is 9.6 inZ (6210 mm?) . The
J-integral computed during the opening is shown in Figure 13, These values
were computed by the MARC program. The value in Figure 13 is the average
value for two contour evaluations. One contour had a radius of 1 percent of
the half-crack length and the other had a radius of 10 percent. The two
evaluations never differed by more than 5 percent indicating an adequate
level of path independence and a lack of inertia effects at the crack tip.
The maximum J-integral value is 5500 in-1b/in? (96. J/cm?) , which is
significantly greater than the measured value of JIC in Figure 9.

Since the measured value of e in Figure 9 is likely to be greater than
the J for zero crack extension, and the computed J value is more than .twice
the measured one, it can be concluded that the computed J would cause sig-
nificant crack extension. This crack extension would cause an increase in
J which would lead to crack instability. The longest stable axial crack
in the 42-inch (1.07-m) diameter pipe, then, can be concluded to be more
than half but less than three-quarters of the diameter. The area computed
for the three-quarter diameter long crack, then, is a conservative estimate

for the opening area of the longest stable axial crack.

6. Analysis of a Half Circumference Crack

In order to evaluate the stability and opening area cf hypothetical cir-
cumferential cracks, the 30-in. (0.76-m) ID, 2.5-in. (0.064-m) thick cold leg
pipe is employed. The pipe is assumed to be under normal operating pressure
of 2250 psi (15.5 x 100 Pa) and subject to the axial load caused by that
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pressure. A circumferential crack is assumed to suddenly appear with a
length of half the circumference of the pipe. A schematic view of the pipe
containing the circumferential crack is shown in Figure 14. Since two planes
of symmetry exist, one quarter of the pipe can be modeled. The finite ele-
ment model of one-quarter of the pipe is shown flattened out and not to scale
in Figure 15. The boundary axially remote from the crack is permitted to
move axially and rotate as a plane, The force on the boundary is the axial
force caused by the pressure. As in the case of the axial cracks, no depres-
surization due to the crack opening is assumed.

The lower frequencies of the finite element model of the cold leg pipe
were computed to be 76 Hz, 207 Hz, and 275 Hz. The time step of 0.015
milliseconds was used for the beginning of the analysis, The damping factor
of 1.91 x 10_5 was also used. After 0.45 milliseconds of opening, the time
step was increased to 0.02 milliseconds. The time step was gradually in-
creased to 0.1 milliseconds by 1.65 milliseconds into the opening analysis.
Again, no numerical instabilities or irregularities occurred as a result of
increasing the time step during the analysis.

The opening displacement of the center of the crack computed by the dy-
namic elastic plastic analysis is shown in Figure 16. The maximum opening
occurs at 3.0 milliseconds. The velocity of the same point is shown in
Figure 17. The vibration of the pipe as a beam is clearly seen in this
Figure. The smoothness of the velocity curve demonstrates the numerical
stability of the solution. The maximum opening shape is shown in Figure 18.
The crack opening area during the opening is shown in Figure 19. The maxi-
mum value is 5.3 in.?2 (3420 mm2).

The J-integral computed during the opening is shown in Figure 20. These
values were computed by MARC and are the average of two near crack contours.
The maximum J-integral value is 1250 in—lb/in2 (21.8 J/cm?) which
is significantly below the JIC curve of Figure 9. It can be concluded in
this case, then, that the circumferential crack, halfway around the pipe,
will not be unstable if it suddenly appears during normal operating condi-
tions. In order for a crack to become a full circumference crack it must
suddenly appear greater than halfway around the circumference.

7. Conclusions

The results of these analyses demonstrate that cracks in nuclear steam
supply system primary piping must occur between one-half diameter and three-
quarters diameter in length for axial cracks or between half circumference
and full circumference in length for circumferential cracks before insta-
bility can occur during normal operation. The largest stable crack sizes,
even when conservatively assumed to appear suddenly, open to areas that

are very small fractions of the areas presently used in design.
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a = HALF CRACK LENGTH

Fig. 1: Geometry of pipe with hypothetical axial crack
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Fig. 2b: Shell model of reference 1
remote from crack tip

Fig. 3bs Refined shell model
crack tip region
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