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a b s t r a c t

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 HenryeFauske 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.

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

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

SQUIRT and PRAISE programs, the HenryeFauske flow model

[6e8] was used. In this model, nonequilibrium vapor genera-

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 HenryeFauske flow model. In the previous

* Corresponding author.
E-mail address: jhpark@chungbuk.ac.kr (J.H. Park).

Available online at ScienceDirect

Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate /net

Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 1 2 6 4e1 2 7 2

http://dx.doi.org/10.1016/j.net.2016.05.005
1738-5733/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/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jhpark@chungbuk.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2016.05.005&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
http://dx.doi.org/10.1016/j.net.2016.05.005
http://dx.doi.org/10.1016/j.net.2016.05.005
http://dx.doi.org/10.1016/j.net.2016.05.005
http://creativecommons.org/licenses/by-nc-nd/4.0/


model, the crack morphology parameters were assumed to be

constant along the flow path. In the new model, however, the

crackmorphology parameters are assumed to be a function of

crack opening displacement (COD). This modified Hen-

ryeFauske model was implemented in the PRO-LOCA pro-

gram [10], which is a probabilistic fracturemechanics 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-

ryeFauske 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 steamewater 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 flowmodel was proposed by modifying the

HenryeFauske flow model, which was developed to estimate

the leak rate of steamewater 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 crackmorphology parameters and

also can have a linearly varying cross-sectional area. Let the

cross-sectional areas at the entrance, interface, and exit

planes be Ao, Am, and Ac,respectively, and let the pressures at

each plane be po, pm, and pc.

The HenryeFauske flow model can be described using the

following equations [3,6e8]:

G2
c �

1�
Xcvgc
gopc

� �
vgc � vLc

�
Nc

�
dXE
dp

�
c

� ¼ 0 (1)

pc þ pe þ pa þ pf þ pk þ paa � po ¼ 0 (2)

where G is mass flux, p is pressure, vgc and vLc are specific

volumes of saturated vapor and saturated liquid, respectively,

and go 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, po and pc are the

pressure values at the crack entrance and exit planes,

respectively.

In Eq. (1), Xc is the nonequilibrium vapor generation rate

and XE is defined by XE ¼ ðSo � SLcÞ=ðSgc � SLcÞ [6]. Here, So is the

entropy at the crack entrance plane, SLc is the entropy of liquid

at the crack exit plane, Sgc is the entropy of saturated vapor at

the crack exit plane,Nc isN at the crack exit plane (N is defined

byN¼ 20XE for XE < 0.05 andN¼ 1.0 for XE � 0.05) [6]. In Eq. (2),

pe, pf, pk, pa, and paa 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 Eqs. (1) and (2), mass flux at crack exit plane, Gc, and

pressure at the crack exit plane, pc, are unknown variables.

The leak rate through a crack can be estimated by multiplying

Gc with the crack opening area at the crack exit plane, Ac. The

pressure at the interface plane, pm, is also an unknown vari-

able and must be determined while solving the equations.

The detailed definition of each term in Eqs. (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, pe, is given by [3].

pe ¼ G2
ovLo

2C2
D

(3)

where CD is the coefficient of discharge and CD¼ 0.95 is used in

this study.

The pressure losses due to friction in the flow paths in

Materials 1 and 2, pf1 and pf2, respectively, are given by

pf1 ¼
�
f1
L1
DH

�
G

2

1

2

��
1� X

�
vL þ Xvg

	
1

(4)

pf2 ¼
�
f2
L2
DH

�
G

2

2

2

��
1� X

�
vL þ Xvg

	
2

(5)

where f1 and f2 are the friction factors in the flow paths in

Materials 1 and 2, respectively, and L1 and L2 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 inFig. 1 e Flow path in a bimaterial pipe.
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the region. The subscripts 1 and 2 mean the values in the flow

paths in Materials 1 and 2, respectively. Therefore, G1 and G2

refer to the mean values of the mass flux over the flow paths

in Materials 1 and 2, respectively. G1 and G2 can be obtained

from the following equations:

G1 ¼ AoGo þAmGm

Ao þAm
(6)

G2 ¼ AmGm þ AcGc

Am þAc
(7)

where DH is the hydraulic diameter defined by DH ¼ (4 � area)/

(wetted perimeter). Here, area is the cross-sectional area of the

flow path. If the shape of cross section of the flow path is a

crack with length2a, then DH ¼ area/a. The average DH value

for the whole flow path is given by

DH ¼ ðDH1L1 þ DH2L2Þ=L (8)

where DH1 ¼ ðAo þAmÞ=ðao þ amÞ and DH2 ¼ ðAm þAcÞ=ðam þ acÞ
and ao, am, and ac are the half crack lengths at the crack

entrance, interface, and exit planes, respectively.

In the HenryeFauske flow model, the flow path can be

divided into two ranges of x/DH > 12 and 0 < x/DH < 12. Here x is

the distance along the flow path. The range x/DH > 12 corre-

sponds to the two-phase flow region with liquid and gas and

the range 0 < x/DH < 12 corresponds to the single-phase flow

region with only liquid [6]. Initially, Henry [6] used the condi-

tion x/DH ¼ 12 for saturated and subcooled liquid with a sharp

inlet and constant sectional area. Later this conditionwas also

used for flow paths with a linearly varying sectional area [4].

When the two-phase flow begins in the flow path in Ma-

terial 1, pf1 can be expressed as follows:

pf1 ¼ f1

�
L1
DH

� 12

�
G

2

1t

2

��
1� X

�
vL þ Xvg

	
1t
þ 12f1

G
2

1s

2
vLo (9)

where the subscripts 1s and 1t mean the values in the single-

phase flow region and the two-phase flow region inMaterial 1,

respectively.When the two-phase flow begins in the flow path

in Material 2, a similar equation can be derived without

difficulty.

The friction factor f is given by

f ¼
�
C1log

�
DH

m

�
þ C2

��2

(10)

where m is the surface roughness and C1 and C2 are coefficients

given by C1 ¼ 3.39, C2 ¼ �0.866 for DH/m � 100 and C1 ¼ 2.0,

C2 ¼ 1.14 for DH/m > 100 [3].

Rahman et al [9] expressed the surface roughness m as a

function of COD as follows:

m ¼ mL for 0< d=mG � 0:1
m ¼ mL þ ðmG � mLÞðd=mG � 0:1Þ=9:9 for 0:1< d=mG � 10
m ¼ mG for 10< d=mG

(11)

where mL and mG are the local and global surface roughness

values, respectively, and d is COD at the crack center.

The pressure loss terms due to bends and protrusions in

each flow path are given by

pk1 ¼ ðev1ÞG
2

1

2

��
1� X

�
vL þ Xvg

	
1

(12)

pk2 ¼ ðev2ÞG
2

2

2

��
1� X

�
vL þ Xvg

	
2

(13)

where ev1 and ev2 are the total loss coefficients over each flow

path. The variable ev1 and ev2 can be determined experimen-

tally by defining

ev1 ¼ nt1L1; ev2 ¼ nt2L2 (14)

where nt1 and nt2 are the numbers of velocity heads lost per

unit flow path length for a given type of crack, and also

represent the number of 90� turns per unit length in each flow

path. The parameter nt is assumed to be a function of COD at

the crack center and d is given as follows [9]:

nt ¼ ntL for 0< d=mG � 0:1
nt ¼ ntL � ntLðd=mG � 0:1Þ=11 for 0:1< d=mG � 10
nt ¼ 0:1 ntL for 10< d=mG

(15)

where ntL is the local number of 90� turns per unit flow path

length.

The pressure loss due to phase change acceleration, pa, is

given by [3].

Pa ¼ G
2

T

�ð1� XcÞvLc þ Xcvgc � vLc

	
(16)

where GT is the mean value of mass flux in the two-phase

region of the flow path. When the two-phase flow begins in

the flow path in Material 1, Pa terms in each flow path are

expressed as follows:

Pa1 ¼ G
2

T

�ð1� XmÞvLm þ Xmvgm � vLm

	
(17)

Pa2 ¼ G
2

T


�ð1� XcÞvLc þ Xcvgc � vLc

	� �ð1� XmÞvLm þ Xmvgm

� vLm

	�
(18)

When the two-phase flow begins at x¼ Li in Material 1, x is the

distance along flow path. Then we can get Li/DH ¼ 12. The

cross-sectional area at x ¼ Li, Ai can be obtained using the

relation, Ai ¼ Ao þ 12ðAm �AoÞDH=L1. Then the mean cross-

sectional area in the two-phase region of the flow path At is

expressed as follows:

At ¼ ðAi þ AmÞðL1 � 12DHÞ þ ðAm þAcÞL2
2ðL� 12DHÞ (19)

Then GT has a relationship with Gc as GT ¼ ðAc=AtÞGc. When

the two-phase flow begins in the flow path in Material 2, Pa
terms in each material are expressed as follows:

Pa1 ¼ 0 (20)

Pa2 ¼ G
2

T

�ð1� XcÞvLc þ Xcvgc � vLc

	
(21)

The cross-sectional area at x ¼ Li, Ai can be obtained using

the relation Ai ¼ Am þ ðAc �AmÞð12DH � L1Þ=L2. Then the mean

cross-sectional area in the two-phase region of the flow path

At is expressed as At ¼ ðAi þ AcÞ=2.
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Next the pressure loss due to area change acceleration paa
is considered. When the two-phase flow begins in Material 1,

paa terms in each flow path can be expressed as follows:

paa1 ¼ G2
mvLo

2

"�
Am

Ai

�2

�
�
Am

Ao

�2
#
þ G2

m

2

�ð1� XÞvL þ Xvg

	
1

�
"
1�

�
Am

Ai

�2
# (22)

paa2 ¼ G2
c

2

�ð1� XÞvL þ Xvg

	
2

"
1�

�
Ac

Am

�2
#

(23)

When the two-phase flow begins in Material 2, paa terms in

each material can be expressed as follows:

paa1 ¼ G2
mvLo

2

"
1�

�
Am

Ao

�2
#

(24)

paa2 ¼ G2
c vLo

2

"�
Ac

Ai

�2

�
�
Ac

Am

�2
#
þ G2

c

2

�ð1� XÞvL þ Xvg

	
2

�
"
1�

�
Ac

Ai

�2
# (25)

Because the flow path is not perpendicular to the pipe

surface and not straight, the real flow path length is longer

than the wall thickness. The real path length, La, can be ob-

tained by multiplying the wall thickness, t with a flow path

deviation factor K as follows:

La ¼ Kt (26)

The factor K is also given as a function of d as follows [9]:

K ¼ KGL for 0< d=mG � 0:1
K ¼ KGL � ðKGL � KGÞðd=mG � 0:1Þ=9:9 for 0:1< d=mG � 10
K ¼ KG for 10< d=mG

(27)

where KG is the global path deviation factor and KGL is the local

waviness path deviation factor.

2.3. Solution of equations

Considering the relation GoAo ¼ GmAm ¼ GcAc and examining

the final expressions for the pressure loss terms, it can be

noticed that the pressure loss terms pe, pf, pk, pa, and paa can be

expressed as a function of Gc. Therefore, from Eq. (2), pc can be

expressed as a function of Gc. Substituting this relationship

into Eq. (1), an equation, which contains the unknown variable

Gc only, can be obtained.

Asmentioned earlier, the pressure at the interface plane pm
is also an unknown variable. In the program, pm is determined

using iteration procedure as follows:

1. Assume an initial value for pm.

2. Obtain pc and Gc using Eqs. (1) and (2).

3. Calculate pressure loss terms pe, pf1, pk1 pa1, and paa1 for the

flow path in Material 1.

4. Calculate updated pm using the relationship

pm ¼ po � pe � pf1 � pk1 � pa1 � paa1.

5. Iterate the steps from (2) to (4) until converged pm is

obtained.

To calculate the pressure loss terms, the water and vapor

properties must be calculated. The properties were calculated

at the mean pressure in each flow path. The mean pressure

values for the flow paths in Materials 1 and 2 were assumed to

be (po þ pm)/2 and (pm þ pc)/2 respectively.

3. Results and discussion

3.1. Comparison of the two flow models

A program was developed to estimate leak rate through a

crack in a pipe using the proposed flow model for bimaterial

pipes. Using the program, several problems were solved and

examined.

First, leak rates were obtained for through-thickness cracks

with the crack length 2a in homogeneous pipes. The cross-

sectional area was assumed to be constant along the flow

path. The crack morphology parameters and the values for

corrosion fatigue are presented in Table 1. Leak rates were ob-

tained using the two flow models (i.e., the previous model for

homogeneous pipes and the new proposed model for bimate-

rial pipes). Even if the cross-sectional area and crack

morphology parameters are constant along the flow path, the

Table 1 e Mean and standard deviation of crack
morphology parameters [10].

Crack
morphology
variable

Corrosion fatigue Intergranular stress
corrosion cracking

Mean SD Mean SD

mL (mm) 8.814 2.972 4.70 3.937

mG (mm) 40.51 17.65 80.0 39.01

nL (1/mm) 6.730 8.070 28.2 18.90

KG 1.017 0.0163 1.07 0.100

KGL 1.060 0.0300 1.33 0.170

SD, standard deviation.

Fig. 2 e Comparison between leak rates obtained from the

previous flow model for single material pipes and the flow

model for bimaterial pipes.
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two flow models may give different leak rates because the

definitions of several variables are different in eachflowmodel.

In all problems considered in this study, the total thickness

of pipe is 71.12 mm, and the operating pressure and temper-

ature are 15.51 MPa and 288�C, respectively. In the proposed

model, it was assumed that L1 ¼ L2 in Fig. 1.

Fig. 2 shows the leak rate results. The solid symbols

show the flow rates obtained from the previous flow model

and the open holes from the proposed flow model. The

detailed leak rates are also given in Table 2 including the

half crack length, COD, and L/DH values used in the calcu-

lation. It can be noted that in the small leak rate region, the

proposed flow model gives about 15% less leak rate when

compared with the previous flow model. However, the dif-

ference between the two models decreases as the leak rate

increases.

Fig. 3 shows the normalized pressure loss terms obtained

from the two flow models. In the figure, pt/po is the normal-

ized total pressure loss. The pe/po terms were not included in

the figure because they were very small compared with other

pressure loss terms. It can be noted that the proposed flow

model gives similar pressure loss terms to the previous

model.

3.2. Effect of crack morphology parameter

Next, the effect of crack morphology parameters on leak rate

was examined. Leak rates were obtained for through-

thickness cracks with a constant cross-sectional area. Four

cases of crack morphology parameters were considered. In

Case 1, crack morphology parameters were assumed to have

the values of corrosion fatigue in Table 1 along the whole flow

path. In Case 2, the values of IGSCC were assumed along the

whole flow path. In Case 3, it was assumed that the first and

the second halves of the flow path had the values of corrosion

fatigue and IGSCC, respectively. In Case 4, the first and the

second halves of the flow path had the values of IGSCC and

corrosion fatigue, respectively.

The obtained leak rate results are shown in Fig. 4. As

shown in the figure, Case 1 and Case 2 give the highest and the

lowest leak rate, respectively, for a given cross-sectional area.

Cases 3 and 4 give leak rates between those of Cases 1 and 2.

The leak rates of Cases 3 and 4 show similar values, but the

leak rate of Case 3 is a little higher than that of Case 4.

Several researchers have tried to estimate leak rates in

bimaterial pipes using mean values of crack morphology

Table 2 e Comparison of leak rates obtained from the two flow models.

Sectional
area (mm2)

Half crack
length (mm)

Crack opening
displacement (mm)

L/DH Leak rate from
single material
model (kg/s)

Leak rate
from bimaterial
model (kg/s)

Difference (%)

6.16 50.8 0.0745 586 0.0368 0.0313 �14.9

27.2 101.5 0.1642 265 0.1974 0.1713 �13.2

70.8 152.3 0.283 153.0 0.662 0.593 �10.5

105.1 177.6 0.359 120.1 1.276 1.187 �6.98

126.6 190.3 0.403 106.9 1.987 1.939 �2.41

180.5 216 0.506 85.0 2.95 2.90 �1.652

252 241 0.631 67.9 4.20 4.14 �1.284

297 254 0.704 60.8 4.97 4.94 �0.523

Fig. 3 e Comparison between normalized pressure loss

terms obtained from the previous flow model for single

material pipes and the flow model for bimaterial pipes.

Here pt is the total pressure loss. bi-mat., bimaterial.

Fig. 4 e Effects of crack morphology parameters on the leak

rates through cracks with constant cross-sectional areas.

Four cases were considered: Case 1 (corrosion fatigue),

Case 2 (IGSCC), Case 3 (corrosion fatigue e IGSCC), and Case

4 (IGSCC e corrosion fatigue). IGSCC, intergranular stress

corrosion cracking.
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parameters. Therefore, leak rates were obtained using the

previous flowmodelwithmean crackmorphology parameters

and compared with the leak rates obtained from the flow

model for bimaterial pipes. For example, the mean value of mL
along flow path is defined by

mL ¼ ðmL1L1 þ mL2L2Þ=L (28)

Fig. 5 shows the obtained leak rate results. The leak rates

from the previous flow model with the mean crack

morphology parameters were compared with the leak rates of

Cases 3 and 4. In the region of the low leak rate, the two flow

models show similar leak rates. As the leak rate increases,

however, the previous flow model gives higher leak rates

compared with the leak rates from the flow model for

bimaterial pipes. The leak rates were also obtained when L1/

L¼ 0.75 and the first and the second parts of the flow path had

the values of corrosion fatigue and IGSCC, respectively. It can

also be noted that the previous flow model, with the mean

crackmorphology parameters, gives similar results onlywhen

the leak rate is low. As the leak rate increases, the estimated

leak rate using the previous flow model is higher than the

estimated value using the modified flow model for bimaterial

pipes.

3.3. Leak rates through a crack with linearly varying
cross-sectional area

Leak rates were calculated for through-thickness cracks with

linearly varying cross-sectional areas. It was assumed that the

first and second halves of the flow path had the crack

morphology parameters of corrosion fatigue and IGSCC,

Fig. 5 e Comparison between the leak rates obtained from

the flow mode for bimaterial pipes and from the previous

flow model with mean crack morphology parameters. Here

CF-IGSCC means that the crack morphology parameters of

corrosion fatigue and IGSCC are used in the first and the

second parts of the flow path and so forth. CF, corrosion

fatigue; IGSCC, intergranular stress corrosion cracking.

Fig. 6 e Effects of cross-sectional area at the entrance plane

on the leak rates when the cross-sectional area varies

linearly. The leak rates were plotted as a function of the

cross-sectional area at the exit plane.

Fig. 7 e Effects of cross-sectional area at the entrance plane

on the leak rates when the cross-sectional area varies

linearly. The leak rates were plotted as a function of the

mean cross-sectional area.

Fig. 8 e Comparison of normalized pressure loss terms

obtained when Ao/Ac ¼ 1 and Ao/Ac ¼ 0.5. Here pt is the total

pressure loss.
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respectively. The effect of the cross-sectional area at the

entrance plane on leak rates was examined. The leak rates

were obtained for the cases when Ao/Ac ¼ 0.5, 1, and 2 and

plotted as a function of cross-sectional area at the exit plane

Ac as shown in Fig. 6. As expected, leak rate increases as Ao

increases for a given Ac value. The leak rates were also plotted

as a function of the mean cross-sectional area, Amean, as

shown in Fig. 7. Here Amean is the mean of Ao and Ac. First, it

was expected that the distance between the lines would be

much decreased when the leak rates were plotted as a func-

tion of Amean. However, the distance between the lines were

not much decreased as shown in Fig. 7.

The normalized pressure loss terms were plotted in Fig. 8

when Ao/Ac ¼ 1 and Ao/Ac ¼ 0.5 The pe/po and paa/po terms

were not included in the figure because they were very small

compared with other pressure loss terms. It can be noticed

that the total pressure losses increase a little when Ao/

Ac ¼ 0.5, compared with the values when Ao/Ac ¼ 1. The

normalized pressure loss terms are also plotted in Fig. 9

when Ao/Ac ¼ 1 and Ao/Ac ¼ 2. In this case, the total pres-

sure losses decrease when Ao/Ac ¼ 2 compared with the

values when Ao/Ac ¼ 1.

The effect of crack morphology parameters on leak rate

was examined for a flow path with a linearly varying cross-

sectional area. Leak rates were obtained for a flow path with

Ao/Ac ¼ 0.5. Therefore, the cross-sectional area increases as

fluid flows. As in the “Effect of Crack Morphology Parameter”

section, four cases of crack morphology parameters were

considered. In Cases 1 and 2, constant crack morphology pa-

rameters of corrosion fatigue and IGSCC were assumed,

respectively. In Case 3, the first and second halves of the flow

pathwere assumed to have the values of corrosion fatigue and

Fig. 9 e Comparison of normalized pressure loss terms

obtained when Ao/Ac ¼ 1 and Ao/Ac ¼ 2. Here pt is the total

pressure loss.

Fig. 10 e Effect of crack morphology parameters on the leak

rate when cross-sectional area varies linearly and

Ao/Ac ¼ 0.5. IGSCC, intergranular stress corrosion cracking.

Fig. 11 e Comparison of normalized pressure loss terms

between Case 3 (corrosion fatigue e IGSCC) and Case 4

(IGSCC e corrosion fatigue) when cross-sectional area

varies linearly and Ao/Ac ¼ 0.5. Here pt is the total pressure

loss. IGSCC, intergranular stress corrosion cracking.

Fig. 12 e Comparison between the leak rates obtained from

the flow model for bimaterial pipes and from the previous

flow model with mean crack morphology parameters

when Ao/Ac ¼ 0.5. IGSCC, intergranular stress corrosion

cracking.
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IGSCC, respectively. In Case 4, the first and second halves had

the values of IGSCC and corrosion fatigue, respectively.

Fig. 10 shows the leak rate results. As expected, Case 1

gives the highest and Case 2 gives the lowest leak rates. For

the flowpathwith constant cross-sectional area, Cases 3 and 4

give similar leak rates as shown in Fig. 3, whereas for the flow

path with linearly varying cross-sectional area, Case 3 gives a

much higher leak rate than Case 4. From the results, it can be

noted that the crack morphology parameters at the flow path

with narrow cross-sectional area havemore effect on the leak

rate than the parameters at the flow path with larger cross-

sectional area. The normalized pressure loss terms are

plotted in Fig. 11 for Cases 3 and 4. It can be noted that the total

pressure losses for Case 3 are less than those for Case 4.

Fig. 12 shows the leak rate obtained using the previous flow

model with the mean crack morphology parameters. The leak

rateswere also comparedwith those of Cases 3 and 4. It can be

noted that the previous flowmodel gives a similar leak rate to

Case 3 and shows large discrepancy with Case 4.

The effect of crack morphology parameters was also

examined for a flow path with a linearly varying cross-

sectional area when Ao/Ac ¼ 2. As shown in Fig. 13, Case 4

gives a much higher leak rate than Case 3. That is because the

crack morphology parameters of the flow path with smaller

cross-sectional area have a dominant effect. Fig. 14 shows the

normalized pressure loss terms for Cases 3 and 4. It can be

noted that the total pressure losses for Case 3 are larger than

those for Case 4.

Fig. 15 shows the leak rate obtained from the previous flow

model with the mean crack morphology parameters. The leak

rates were also compared with those of Cases 3 and 4. The

previous flow model gives a similar leak rate to Case 4.

4. Conclusion

1. A flow model was proposed to estimate leak rates for

through-thickness cracks in bimaterial pipes in nuclear

power plants based on the HenryeFauske flow model.

2. The proposed flow model gives a similar leak rate to the

previous flow model when a flow path has constant crack

morphology parameters.

3. From the results of several sample problems it was recog-

nized that the proposed flowmodel can be used effectively

to estimate the leak rate in bimaterial pipes in nuclear

power plants.

4. For a flow path with linearly varying cross-sectional area,

the crack morphology parameters for the narrow region

have a dominant effect on the leak rate.

5. When the previous flow model is used to estimate leak

rates in bimaterial pipes with mean crack morphology

parameters, caution should be exercised because the

Fig. 13 e Effect of crack morphology parameters on the leak

rate when the cross-sectional area varies linearly and Ao/

Ac ¼ 2. IGSCC, intergranular stress corrosion cracking.

Fig. 14 e Comparison of normalized pressure loss terms

between Case 3 (corrosion fatigue e IGSCC) and Case 4

(IGSCC e corrosion fatigue) when cross-sectional area

varies linearly and Ao/Ac ¼ 2. Here pt is the total pressure

loss. IGSCC, intergranular stress corrosion cracking.

Fig. 15 e Comparison between the leak rates obtained from

the flow model for bimaterial pipes and from the previous

flow model with mean crack morphology parameters

when Ao/Ac ¼ 2. IGSCC, intergranular stress corrosion

cracking.
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previous flowmodel gives similar leak rates only when the

cross-sectional area is constant and the leak rate is small,

roughly less than 1 kg/s.
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