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ABSTRACT

The leak before break(LBB) concept is difficult to apply to a structure with a thin tube that is immersed in a water
environment. A heat exchanger in a nuclear power plant is such a structure. The present paper addresses an application
of the LBB concept to a heat exchanger in a nuclear power plant. The minimum leaked coolant amount containing the
radioactive material which can activate the radiation detector device installed in near the heat exchanger is assumed.
The postulated initial flaw size that can not grow to the critical flaw size within the time period to activate the radiation
detector is justified. In this case, the radiation detector can activate the warning signal caused by coolant leakage from
initially postulated flaws of the heat exchanger. The nuclear plant can safely shutdown when this occurs. Since the
postulated initial flaw size can not grow to the critical flaw size, the structural integrity of the heat exchanger is not
impeded. Particularly the informational scenario presented in this paper discusses an actual nuclear plant.

KEYWORDS : Leak Before Break(LBB) concept, heat exchanger, finite element method, plastic stability, structural
integrity evaluation, nuclear power plant

1. INTRODUCTION

This paper describes a specific method to apply the LBB concept to a heat exchanger. The general purpose of the
investigation is to show that a postulated circumferential or longitudinal flaw in the component cooling water(CCW)
system heat exchanger tubes would leak out at a rate that would be detectable by the leak detection warning system that
is an integral part of the heat exchanger. The leak detection device is actually a radiation detector installed in the
vicinity of the exchanger. The present paper describes an alternative method to evaluate the integrity of structure which
can not apply directly LBB concept.

In order to achieve the present objective, the critical flaw size must be determined, relative to the circumferential
and the longitudinal direction, using the actual dimensions of an excess, letdown heat exchanger in a nuclear power
plant. The method to calculate the critical flaw size is based on flaw stability using plastic hinge instability.

The crack opening displacement and crack opening area of the given flaw size of the pipe subjected to both internal
and outside pressure are obtained using NUREG/CR-3464 (Paris and Tada, 1983) and the FEM. The leak rates through
cracks, oriented in both circumferential and longitudinal directions, are obtained using the PICEP leak rate calculation
code. Two kinds of leak rates are calculated. First, the leak rate is calculated using the crack opening displacement
obtained by the inside program of the PICEP code. Secondly, the leak rate is found using the crack opening
displacement obtained by the FEM and PICEP computer code. The structural integrity of the heat exchanger is
evaluated applying the leak before break(LBB) concept.

The primary pressure from an excess letdown heat exchanger is 17.1 MPa. The secondary pressure from the
excess letdown exchanger is 1 MPa. The unsupported span of the tube from a residual, heat removal(RHR) heat
exchanger is 622.3 mm. The tube size and thickness of the excess letdown heat exchanger are 15.9 mm and 1.7 mm,
respectively. The design temperature from the excess letdown heat exchanger is 343.3 . These data specifications are
the dimensions of an actual, excess letdown heat exchanger in a nuclear power plant.

2. CRITICAL FLAW SIZE CALCULATIONS

2.1 Critical Flaw-Size Calculations in a Circumferential Orientation
The fracture which leads to failure in stainless steel must be determined using plastic methodology because of

the large amount of deformation that occurs in a fracture. A conservative method for predicting the failure of ductile
material is the plastic instability method. This method is based on traditional plastic limit concepts. It accounts for the
strain hardening effect and takes into account the presence of flaws. A flawed tube is predicted for failure when the
"remaining-net-section-reached" level at which a plastic hinge is formed. The stress level at which this occurs is termed
"flow stress". The flow stress is generally taken as the average value of the yield and the ultimate tensile strength of the
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material at the selected temperature of interest. This methodology has been shown to be effective and applicable to
ductile piping based on a large number of experiments (Kanninen, et al., 1976). It is used here to predict the critical
flaw-size in the component cooling water(CCW), and heat exchanger tube. The failure criterion has been obtained by
requiring an equilibrium of the section which contains the flaw(Fig. 1) when various loads are applied. For throughwall
circumferential cracks in a pipe with an internal pressure, axial force and imposed bending moments, the limit moment
for these conditions is given as (Kanninen, et al., 1976),

)sincos2(2 2 αβσ −= trM mfb (1)

 The analytical model described above Eq. (1) accurately accounts for the piping internal pressure, as well as the
imposed axial force as they affect the limit moment.

Table 1 Properties related to Eq. (1)
Notation Unit Value Description

fσ MPa 0.5( uy σσ + ) flow stress

yσ MPa 123.4 (at 343.3  )
172.4 (at room temperature) yield stress

uσ MPa 437.8 ultimate strength

E GPa 193.1 Young’s Modulus

mr mm 7.1 mean pipe radius

ir mm 6.25 inner pipe radius

t mm 1.7 pipe thickness

a mm half crack length
β rad α /2+( FPr ii =2π )/4 trmfσ angular location of neutral axis
α rad a / mr half angle of the crack(Fig. 1)

iP MPa 17.1 (design pressure)
21.4 (testing pressure) internal pressure

oP MPa 1 external pressure
F N 0 axial force(except internal pressure)

In order to validate the model, analytical predictions were compared with experimental results (Kanninen, et al.,
1976). The results show good agreement with that obtained using Eq. (1). In order to calculate the critical flaw-size, a
plot of the limit moment versus the crack length is required using Eq. (1), as shown in Fig. 2. When the tube is
subjected to only internal pressure, the tube is subjected to a zero moment. In this case, the external bending moment is
considered as the bending moment, corresponding to the axial stress caused by the internal pressure. This is very
conservative. The axial stress due to the internal pressure is given as,

MPa
t
rP mi 1.46

2
≅=σ (2)

Using Eqs. (1) and (3), the intersection of the curve Mb rmα with Mb=12.3 N·m is a half critical length,
oriented in a circumferential direction. The critical flaw-size is found to be Lc1 at 343.3  from Fig. 2 and Lc2 at
room temperature is found to be 20.7 mm.

2.2 Critical Flaw-Size Calculations in a Longitudinal Orientation
The bending moment effects on a crack in the longitudinal orientation of a pipe is considered to be negligible.

Thus, the internal pressure of the pipe is the predominant factor governing the limit load. The limit pressure variation,
with repect to axial crack length, can be calculated from the following relationship (ref., Bamford and Landerman,
1983):

m

L
Lim r

tP σ
= (4)

where limit axial stress, Lσ =(1.28-1.4λ +0.809λ 2-0.219λ 3+0.0217 λ 4) fσ   and λ = a / trm  (1≤ λ ≤5).

The relationship between limit internal pressure PLim(16.2 MPa) and half of the crack length is shown in Fig. 3 at
343.3  and it can be obtained at room temperature using a similar method. The critical half crack lengths oriented in
the longitudinal direction are found to be LC1=8.9 mm at 343.3  and LC2=9.6 mm at room temperature.
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3. CRACK - OPENING AREA AND DISPLACEMENTS

3.1 Crack-Opening Area Oriented in a Circumferential Direction
The crack-opening area oriented in a circumferential direction is found using the expression given in ref.(Paris

and Tada, 1983). When the bending moment does not exist, the crack-opening area is given as,

)()2( λπσ
Pm Gtr

E
A =  , tra m/=λ (5)

where σ = Pirm/2t ,  E=193.1 GPa(Young's modulus)
and Gp(λ ) = 42 16.0 λλ + (0≤ λ ≤1)

= 0.02+0.81 2λ +0.303 3λ +0.03 4λ  (1≤ λ ≤5)
     Equation (5) is obtained using elastic fracture mechanics. The crack-opening displacements are found, assuming the
crack area is an elliptical shape.

3.2 Crack-Opening Area Oriented in a Longitudinal Direction

The crack-opening area oriented in a longitudinal direction is found using the formula given in ref.(Paris and
Tada, 1983). When the bending moment is not present, the crack opening area is given as,

 )()2( λπσ Gtr
E

A m=  , tra m/=λ (6)

where σ = Pirm/t
and G(λ ) = 2λ +0.625 4λ  (0≤ λ ≤1)

= 0.14+0.36 2λ +0.72 3λ  +0.405 4λ  (1≤ λ ≤5)
     Equations (5) and (6) do not include plastic deformation at the crack tip. In order to compare the results obtained by
Eqs. (5) and (6) with the FEM results, an FEM analysis is explained in the next section.

3.3 Finite Element Analysis(FEA)

In order to find the accurate crack-opening area and displacement, oriented both in circumferential and
longitudinal directions, the FEM is performed using the ABAQUS and includes strain hardening effects of the
pipe(isotropic hardening). The stress-strain relationship of TP304 at room temperature is found in ref.(Structural Alloys
Hand Book, 1974). The stress-strain relationship is obtained by the curve fitting method. A comparison of the digitized
stress-strain curve with that obtained by the curve fitting is shown in Fig. 4. The stress-strain relationship is found to be
approximately,

 yεε / ≅  yσσ / +7.1113×10-4( yσσ / )10 (7)

where yε and yσ  are elastic strain and yield stress respectively.

In order to confirm the boundary conditions and the model of the FEM, the existing solutions (Paris and Tada,
1983) of the crack opening area(COA) are compared with that obtained by the FEM. The employed test model in the
FEM has a mean radius(rm)=8 mm, the t=0.8 mm, and the L=254 mm. This model shows that rm/t=10 satisfies the
definition of the thin shell. The COA obtained by Eq. (5) shows good agreement with that obtained by the FEM. But the
rm/t of the present heat exchanger is 4.3 which is less than 10, common shell element usage criteria. Therefore, in this
heat exchanger, 2-D shell elements may create errors in the numerical calculations and the FEM calculations are
performed using 3-D solid elements. In the elastic analysis, the node number and element number of quadratic brick
elements are 16126 and 3300, respectively. For plastic analysis to save computing time, another model is employed
with coarse mesh which has 4811 nodes and 864 elements

The crack opening areas obtained by the FEM are compared with those obtained using Eqs. (5) and (6). The
results are shown in Figs. 5 and 6. The pronounced differences between the results of Eq. (5) and those of the elastic-
plastic FEM analysis are recognized in the large crack length, as noted in Fig. 5. It is found that the crack opening area
obtained by Eq. (5) using elastic analysis is larger than the area obtained using elastic-plastic FEM analysis, as shown in
Fig. 5. The differences are caused by the value of rm/t. Equation (5) is an approximate expression that is associated with
a cylinder with rm/t=10. When Eq. (5) is used for calculating the crack opening area of a cylinder with rm/t<10, the crack
opening area results into conservative values which are consistent with that described in NUREG/CR-3464 (Paris and
Tada, 1983). However, the axial crack opening area obtained by elastic-plastic FEM analysis is much larger than that
obtained by Eq. (6). Therefore, when Eq. (5) is used to calculate the crack opening area of the circumferential crack,
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caution is required for the value of rm/t of an interested cylinder geometry.

4. LEAK RATE CALCULATIONS

The purpose of this section is to discuss the method used to predict the flow through postulated cracks both in
axial and hoop directions. The PICEP computer code is used for calculating the leak rate. This code is accepted for use
by the USNRC.

4.1 The Results of the Leak Rate : Application of the LBB Concept to Heat Exchanger Structural Integrity
The leak rate using COD obtained by FEM is calculated by the PICEP code with COD of FEM as an input data.

The leak rate using the COD of an axial crack obtained by the FEM is shown in Fig. 7. This also includes the results of
the COD obtained from the PICEP code. When the crack length is less than 40.6 mm, the difference between the results
of the FEM and the PICEP code is not significant. The difference is increased with the increasing lengths of the cracks. 

The leak rate throughwall crack oriented in the circumferential direction is shown in Fig. 8. The difference between
the leak rate obtained using the COD calculated by the FEM and that found from the PICEP code is increased with the
length of the crack. The COD found from the FEM analysis is smaller than that obtained by the PICEP code in large
size cracks(crack length•17.8 mm). The difference between the two results should be investigated further and with
more depth.

If the leak rate of the circumferential flaw is smaller than that of the axial flaw, the failure caused by the fatigue
crack growth in the circumferential direction is made greater than the growth in the axial direction since the longer time
required to attain a critical flow of 37.9 liters (10 gallons) provides more opportunity for fatigue crack growth.
Therefore, the smaller leak rate through the circumferential flaw is considered as the governing scenario for the present
application of the LBB concept. The leak rates in the circumferential initial flaw sizes, 2.54, 5.08, 7.6 and 10.16 mm are
found respectively, and those are shown in Figs. 7 and 8 and summarized in the Table 2.

The fatigue loading causes the heat exchanger to be subjected to alternating stresses varying from the operating
pressure to the ambient pressure. Therefore, it is required that the fatigue crack growth calculation considers the worst
fatigue loading circumstance when the inside pressure of the heat exchanger fluctuates from atmospheric pressure to the
original design pressure(17.1 MPa) and when the longitudinal stress amplitude is •Sa=Pirm/2t=34.7 MPa. This •Sa=34.7
MPa is compared with •Sa in the S-N curve, as given in ASME Section , Div. 1, Appendices. The results show that
•Sa in S-N curve at 106 cycles is 194.4 MPa>34.7 MPa, which means that the fatigue life of the heat exchanger,
subjected to the worst transient scenario is infinite.

The fatigue crack growth caused by the worst transient of the heat exchanger is considered. The required time
that the given crack size can grow to the critical crack size under the worst transient of the exchanger can be calculated
using the fatigue crack growth law of stainless steel and is given as, (ref., Bamford, 1979)

48.417 )(10711.1 effK
dN
da −×= mm/cycle.  (8)

where a : crack size, N : number of cycles, Keff=Kmax(1-R) 2/1 , and R=Kmin/Kmax. The minimum inside pressure of the
exchanger is atmospheric pressure and then axial stress,σ =0. So the maximum stress intensity factor, Kmax is equal to
the stress intensity factor caused by the hoop stress that is created by the internal pressure. The maximum stress
intensity factor is given in ref.(Paris and Tada, 1983),

)(max1 λσ PFaK = (9)

where Fp(λ )=(1+0.3225 2λ )0.5(0 ≤ λ ≤1) and Fp(λ )=0.9+0.25 λ  ( tra m/=λ )  (1≤ λ ≤5)
            a : half crack length and the axial stress, σ =Pirm/2t=34.7 MPa

Using Eqs. (8) and (9), the number of cycles required in which postulated various initial flaw sizes can grow to
the critical size(acr/2=10.4 mm) is estimated using the equation,

 ∫ −×=
4.10 48.417

48.424.2 )7.34)(10711.1(
)(ia

P

N
Fa
da
λ

(10)

where ai are the postulated initial flaw sizes and they are given in the Table 2.
If the worst transient is conservatively assumed to occur every second, the various times required to grow from

ai to acr are estimated and those times are summarized in Table 2. The time to grow from the postulated initial flaw, ai

to the next flaw ai+1 as noted in Table 2 shows a much longer time period than that time needed to reach 37.9 liters
through the initial flaw size ai. When an arbitrarily selected initial flaw of a=7.6 mm is considered as an upper boundary
to repair the flaw, twenty million cycles of the worst transient of the exchanger should take place within 11 hrs in order
to impede the power plant's structural integrity. Based on the operating histories of the heat exchanger so far, it may be
hardly expected that twenty million cycles of the worst transient takes place within 11 hrs. Based on the stress corrosion
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mechanism, the operating history of PWR plants has shown no susceptibility to stress corrosion cracking for CCW heat
exchanger tubes. Consequently, the leak before break principle can be applied to the CCW heat exchanger system.

5. CONCLUSIONS

The LBB concept is applied to a heat exchanger with thin tubes in a water environment. The critical crack sizes
oriented in both the axial and circumferential directions are found. The crack opening area is found using Eqs. (5) and
(6). The crack opening displacement is found, assuming the shape of the opening area is an elliptical shape. The crack
opening displacement and area are found using the FEM and the PICEP code. These results are compared in this paper.
The application of the LBB concept to the CCW heat exchanger system is justified. Through analysis and calculations,
the following conclusions are made:

1) COD of axial cracks are affected by plastic deformation while circumferential cracks are not affected by plastic
deformation. The opening area of a circumferential crack obtained by elastic FEM analysis is at the same magnitude as
that obtained by elastic-plastic FEM analysis.

2) The leak rate through the circumferential flaw obtained using the COD calculated by the FEM is smaller than that
using the COD found from the PICEP code in the large cracks. The leak rate through an axial crack is larger than that in
a circumferential crack using both COD found by the PICEP code and FEM.

3) If the radiation detector installed in or near the heat exchanger is activated when the leaked coolant reaches a volume
of 37.9 liters, the maximum time required for the 37.9 liters to go through the postulated initial circumferential crack
length is much less than the time needed to grow to a critical flaw that has been caused by fatigue crack growth.
Consequently, the LBB principle can be applied to the CCW system heat exchanger tubes.
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Fig. 7 Leak Rate Variations for Various Axial
Crack Lengths (rm=7.1 mm, t=1.7 mm)
FEM : COD is Calculated by FEM,
Leak Rates are Obtained by PICEP
PICEP : COD is Calculated by PICEP,
Leak Rates are Obtained by PICEP

Fig. 8 Leak Rate Variations for Various Circ-
umferential Crack Lengths (rm=7.1 mm,
t=1.7 mm)
FEM : COD is Calculated by FEM,
Leak Rates are Obtained by PICEP
PICEP : COD is Calculated by PICEP,
Leak Rates are Obtained by PICEP
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Table 2  The time required to reach 37.6 liters and the time to reach FCG(Fatigue Crack Growth) relative to the
circumferential critical crack length at various initial crack lengths

PICEP FEM
1)Half crack
lengths(mm)

2)COD
(mm)

2)liters/
minute

COD
(mm)

liters/
minute

3)Interpola-
ted liters/

minute

4)37.9
liters/(liters/
minute)(hrs)

5)Time to acr(FCG)

1.27 0.00170 370 7.775  105 hrs
(2.799  109 cycles)

2.54(a1) 0.00173 0.00346 0.00191 0.00341 185 1.901  105 hrs
(6.845  108 cycles)

3.81 0.00946 66 6.794  104 hrs
(2.446  108 cycles)

5.08(a2) 0.00483 0.01396 0.00484 0.01552 41 2.910  104 hrs
(1.048  108 cycles)

6.35 0.03653 17 1.3401  104 hrs
(4.824  107 cycles)

7.62(a3) 0.00912 0.1095 0.00891 0.05754 11 6.80  103 hrs
(2.19  107 cycles)

8.89 0.10107 6.2 2.317  103 hrs
(8.341  106 cycles)

10.16(a4) 0.03067 0.55214 0.01859 0.14460 4.4 2.36  102 hrs
(8.485  105 cycles)

1), 2) : COD and liters/minute obtained by the various PICEP code are interpolated between the values of COD or
liters/minute at crack lengths

3) : liters/minute obtained by the PICEP code are linearly interpolated between liters/minute at the crack lengths ai+1

and ai

4) : Time required to reach 37.9 liters
5) : Time required for FCG to occur from various initial crack lengths to the critical length acr under the assumption that

the worst transient occurs every second




