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ABSTRACT

The accurate estimation of leak rate through cracks is crucial in applying the leak before
break (LBB) concept to pipeline design in nuclear power plants. Because of its importance,
several programs were developed based on the several proposed flow models, and used in
nuclear power industries. As the flow models were developed for a homogeneous pipe
material, however, some difficulties were encountered in estimating leak rates for bima-
terial pipes. In this paper, a flow model is proposed to estimate leak rate in bimaterial pipes
based on the modified Henry—Fauske flow model. In the new flow model, different crack
morphology parameters can be considered in two parts of a flow path. In addition, based on
the proposed flow model, a program was developed to estimate leak rate for a crack with
linearly varying cross-sectional area. Using the program, leak rates were calculated for
through-thickness cracks with constant or linearly varying cross-sectional areas in a
bimaterial pipe. The leak rate results were then compared and discussed in comparison
with the results for a homogeneous pipe. The effects of the crack morphology parameters
and the variation in cross-sectional area on the leak rate were examined and discussed.

Pipe Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction SQUIRT and PRAISE programs, the Henry—Fauske flow model

[6—8] was used. In this model, nonequilibrium vapor genera-

The accurate estimation of leak rate through cracks is crucial
in applying the leak before break (LBB) concept to pipeline
design in nuclear power plants. Because of its importance,
many flow models were proposed and used in several pro-
grams, such as PICEP [1,2], SQUIRT [3], and PRAISE [4,5]. In the
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tion rates were considered and also the pressure loss terms
due to friction, bends, and protrusions in the crack flow path
were included in the governing equations.

Rahman et al [9] introduced a new flow model after
modifying the Henry—Fauske flow model. In the previous
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model, the crack morphology parameters were assumed to be
constant along the flow path. In the new model, however, the
crack morphology parameters are assumed to be a function of
crack opening displacement (COD). This modified Hen-
ry—Fauske model was implemented in the PRO-LOCA pro-
gram [10], which is a probabilistic fracture mechanics program
for pipes, and also in the program developed by Park et al. [11].
In the previous flow models, only pipes made of a single
material were considered. Therefore, it was difficult to esti-
mate the flow rate through cracks in bimaterial pipes using
the developed program. In this paper, the modified Hen-
ry—Fauske flow model was extended further to consider
different crack morphology parameters in two parts of a flow
path in a bimaterial pipe. In addition, a program was devel-
oped based on the proposed flow model. The proposed model
can be used to estimate the leak rate of steam—water mixture
through cracks in pipes or vessels. Using the program, the leak
rate was calculated for through-thickness cracks with a con-
stant or linearly varying cross-sectional area in a bimaterial
pipe. In addition, the results were compared with the results
for a homogeneous pipe. The default crack morphology pa-
rameters of corrosion fatigue and intergranular stress corro-
sion cracking (IGSCC) in the PRO-COCA program [10] were
used in the calculation. The effects of the crack morphology
parameters and the variation of cross-sectional area along a
flow path on the leak rate were examined and discussed.

2. Materials and methods
2.1. Flow model for bimaterial pipes

To estimate leak rates for through-thickness cracks in bima-
terial pipes, a new flow model was proposed by modifying the
Henry—Fauske flow model, which was developed to estimate
the leak rate of steam—water mixture in pipes and vessels in
nuclear power plants. The flow path considered in the pro-
posed model is illustrated in Fig. 1. The flow path in each
material can have different crack morphology parameters and
also can have a linearly varying cross-sectional area. Let the
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Fig. 1 — Flow path in a bimaterial pipe.

cross-sectional areas at the entrance, interface, and exit
planes be A,, A, and A, respectively, and let the pressures at
each plane be p,, pm, and p..

The Henry—Fauske flow model can be described using the
following equations [3,6—8]:
G- ! —0 (1)
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where G is mass flux, p is pressure, v, and v, are specific
volumes of saturated vapor and saturated liquid, respectively,
and v, is the isentropic expansion coefficient. The subscripts o
and c are the values at the crack entrance plane and at the
crack exit plane, respectively. Therefore, p, and p. are the
pressure values at the crack entrance and exit planes,
respectively.

In Eq. (1), X, is the nonequilibrium vapor generation rate
and X is defined by Xg = (So — Stc)/(Sgc — Sic) [6]. Here, S, is the
entropy at the crack entrance plane, S is the entropy of liquid
at the crack exit plane, Sy is the entropy of saturated vapor at
the crack exit plane, N. is N at the crack exit plane (N is defined
by N = 20X for Xg < 0.05 and N = 1.0 for Xg > 0.05) [6]. In Eq. (2),
Pes P> Pk» Pa, @nd pg, are the pressure losses due to entrance
effects, friction, bends and protrusions in the flow path, phase
change acceleration, and area change acceleration,
respectively.

In Egs. (1) and (2), mass flux at crack exit plane, G, and
pressure at the crack exit plane, p., are unknown variables.
The leak rate through a crack can be estimated by multiplying
G. with the crack opening area at the crack exit plane, A.. The
pressure at the interface plane, p,, is also an unknown vari-
able and must be determined while solving the equations.

The detailed definition of each term in Egs. (1) and (2) for
homogeneous pipes can be found in elsewhere (see [6,11]).
Each term needs to be modified for a flow path in a bimaterial

pipe.
2.2. Pressure loss terms
The pressure loss due to entrance effects, p,, is given by [3].

G
be = QCgo (3)

where Cp is the coefficient of discharge and Cp = 0.95 is used in
this study.

The pressure losses due to friction in the flow paths in
Materials 1 and 2, ps; and py,, respectively, are given by

=2

b= (fipr) Fl-Bm+ Xy, @

=2

po = (fipr) ZU1-Bv+ X, ©

where f; and f, are the friction factors in the flow paths in
Materials 1 and 2, respectively, and L; and L, are the lengths of
the flow paths in Materials 1 and 2, respectively; X is the fluid
quality, and a bar on the variable means the average value in
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