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Abstract

Plastic bending collapse of a pipe with a long axial through-crack
subjected to jet force, generated by escaping fluid from the crack, is
evaluated employing a net-section stress failure approach.

The magnitude of the jet force exerted on the pipe is obtained from the
internal pressure and the crack opening area. The ultimate bending moment of
the cracked pipe is calculated using the net-section stress approach. Assum-
ing a three-point-bending loading, the critical collapse support distance of
the piping is estimated as a function of the crack opening area and the in-
ternal pressure. The result of this failure condition for the typical support-
ing distance of the piping indicates that this type of failure seems to be

improbable.

1. Introduction

Since nuclear power plant piping is designed to withstand hypothetical
loading conditions, the behavior and ultimate strength of degraded piping must
be known to assess the margin of safety as precisely as possible. Experiments
and calculations have been done for pipes with axial through-cracks [1,2].

When an axial through-wall crack in a pipe opens from internal pressure,
pressurized fluid escaping from the crack hole creates a bending moment on the
pipe. Estimating the moment value at which the pressurized pipe collapses under
this jet force is important in preventing the fracture of adjacent components.

This paper employs a net-section stress approach to determine the collapse
of an axially long and through-wall cracked pipe subjected to a bending moment
from jet force.
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2. Plastic collapse analysis of the cracked pipe

2.1 Crack opening area
Crack opening behavior for a cracked pipe is analyzed by Tada [2]
both for circumferential and axial cracks. For an axial crack with a length
2a in a thin pipe with radius r and wall thickness ¢t , shown in Fig. 1,
the opening area A is given by

A= (d/E) (27rt) G(N) (1)
where ¢ is the hoop stress, which is expressed by internal pressure p ., as
¢ = pr/t (2)
E 1is the Young's modulus of the material, and G(A) is the geometric
factor, which is expressed as a function of X = a/NTt , as
G(N) = A2 + 0.625 a4 (0< A <1)
= 0.14 + 0.36 A2 + 0.72 A3 + 0.405 A4 argsy 3
The effect of yielding near the crack-tip is also discussed in ref. [2].
Plastic-zone-corrected crack length ag should be used instead of a
The effective crack length a, is given by
aeg = a + K2 / (2 7 oy2) (4)
where K 1is the stress intensity factor given by
K = oma F( 1)) (5)
with peometric factor F( A) expressed as
F(A) = ( 1+ 1.2522)1/2 (0< A <1)
= 0.6 + 0.9 A (1< ag5)  (6)

and o, is the yield stress for the material.
The magnitude of the jet force F 1is estimated to be
F=CqAp (7
where, Cq is the discharge coefficient.
Nondimensionalized auantities are used hereafter in the calcultions
that follow. Internal pressure p is normalized by p, = 7.8 MPa as

P*= p/ Po (8
Opening area is normalized by the cross-section of the pipe Ag,= 2 as
A¥= A/ Ag (9

Young's modulus E and yield stress ¢, are chosen for carbon steel for
high temperature service, to give E = 206 GPa, ¢, = 332 MPa, respectively.
Four inch diameter schedule 80 pipe is chosen for the calculation, with
r =21.3 mm and t = 8.6 mm. With these values crack length a is normal-
ized by the value of /Tt = 21.3 mm as
N =a /Tt (10)
The relation between pressure and opening area as a function of crack
length, where all of these values are normalized as D*, A* and A,
calculated from eas. (1) - (6) is shown in Fig. 2, taking account of the
plastic zone correction. It can be seen that opening area increases very
rapidly with pressure. The value of A which corresponds to the effective
crack lenpgth piven by ea. (4) tends to diverge off the region where egs. (3)
and (6) are valid. In the figure, the region of )\ where eas. (3) and (6)

are valid is plotted.
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2.2 Plastic bending collapse of a cracked pipe
Net-section stress collapse approximation is employed to evaluate

the ultimate bending moment capacity at the cross-section at the center of
the axial crack, shown in Fig. 1(a) and (¢). As a first approximation, the
weakening effect of the bending rigidity due to cross-section opening is
ignored in this paper. Assuming that the crack opening is diamond-shaped, the
crack opening width w 1is given by

w=A/a (11)
Further, the shape of the cross-section of the cracked pipe is assumed to be
a circle with enlarged radius R given by

27R =27rr +w
Then, employing a hinge-type stress shown in Fig. 1{(c), the maximum bending
moment Mp , which the cross-section is able to carry, is expressed by [3]

Mp = 2 oo R2 £ (2sin 8 - sing) (12)
where 6 = w/(2R) and B = (7w -6)/2. The internal pressure term is ignored
in the expression of g

Normalizing with the collapse moment M, for uncracked pipe, Mg =
4 oy r2t , the following expression is obtained by using x = w/r:
My / Mg = ( 1+ x/(27) )2 cos( 8/2) ( l-sin( 6/2) ) (13)

2.3 Plastic bending collapse due to jet force
In order to evaluate the plastic bending collapse of a pipe with an
axial through-crack subjected to jet force, three-point type bending ( the
crack is located at the mid-span of the simply supported pipe, shown in Fig. 1
(a) ), is assumed. The bending moment due to jet force F , given by ea. (7),
is expressed by
M= (1/2) A b/ (14)
where, 2/ is the supporting distance of the pipe, and the discharge coef-
ficient Cq is taken simply as Cgq =1 1in ea. (7).
The plastic bending collapse due to jet force is obtained by eavatine
Mp i ea. (12) with M in ea. (14):
M= Mp (15)
The critical support distance for plastic collapse at the mid-span of the
pipe is obtained from eq. (15) and plotted as in Fig. 3, against internal
pressure, as a function of crack length. The critical support distance
which satisfies eq. (15) is again normalized by the outer diameter of the
pipe d, , Fig. 1(b),
lc* =fc /! do (16)
The relation obtained by eq. (15) is replotted in Fig. 4, showing the
critical support distance for plastic collapse at the midspan of the cracked
pipe, against the crack opening area, as a function of internal pressure.
The upper right region and the lower left repion of the chart correspond to
plastic collapse and leak, respectively, divided by the eaui-pressure line.
From the chart it can be seen that, since the internal pressure for the

operating condition is p* =~ 1 . even if the pipe opens due to the
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crack as much as 1.5% of the cross-section of the pipe, the support distance
which causes pipe failure is estimated to be 500 times the outer diameter

of the pipe. Therefore, it can be concluded that, even in this case, it does
not seem that collapse will easily occur.

3. Discussions and conclusions

Plastic bending collapse of a pressurized pipe with a long axial through-
crack subjected to jet force is analyzed assuming that the crack opens only
from internal pressure and also assuminp a hinpe-type stress distribution in
the axial direction of the pipe.

This analysis method should be understood to be valid for relatively
small amount of crack opening, from the following two reasons: (1) It uti-
lizes a plastic-zone-corrected elastic solution of the crack in the pipe.

(2) It ignores the effect of the buckling of the pipe-wall in the cross-
section of the pipe due to bending. This effect is supposed to play a sip-
nificant role when crack opening increases.

The critical collapse support distance of the piping is estimated as a
function of the crack opening area and the internal pressure. Applying this
failure condition for a 4-inch diameter schedule 80 pipe made of carbon steel
under operating condition and assuming also that the crack opens as much as
1.5% of the cross-sectional area of the pipe, the critical collapse support
distance is estimated to be about 50m long. Since actual supporting distance
of the piping is generally far short than this value of 50m, it is concluded
that this type of plastic bending collapse due to jet force seems to be
improbable to occur.
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Fig. 1. Pipe with an axial through-crack.
(a) Model for bending collapse analysis.
(b) Cross-section of the uncracked pipe.
(¢) Cross-section of the mid-span of the cracked pipe.
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Fig. 2. Variation of crack opening area with intermal pressure
for various crack lengths » .
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Fig. 3. Variation of critical support distance for failure with internal
pressure for various crack lengths » .
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Fig. 4. Variation of critical support distance for failure with crack
opening area for various internal pressures.
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