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Abstract

Regulatory Guide 1.45, "Reactor Coolant Pressure Boundary Leakage Detection Systems" was
published by Nuclear Regulatory Commission in May 1973, and its update is being considered.
Updating this procedure can involve accounting for the current leak-detection instrumentation
capabilities, experience from the accuracy of leak-detection systems in the past, and current analysis
methods to assess the significance of the detectable leakage relative to the structural integrity of the
plant. In this paper, a probabilistic approach was undertaken to conduct circumferentiaUy cracked
pipe fracture evaluations for application to leak-rate detection requirement. This evaluation was
accomplished here in three distinct phases. First, a state-of-the-art review was conducted to evaluate
the adequacy of current deterministic models for thermo-hydraulic analysis and elastic-plastic fracture
mechanics of nuclear piping. Second, a new analytical model based on advanced methods of
structural reliability theory was developed to compute conditional failure probability of degraded
piping systems under combined stresses from bending and tension. It also involved statistical analyses
to characterize various input variables such as, crack morphology parameters, pipe and weld, material
properties, and crack location. Third, the proposed probabilistic model was applied for computing
conditional probability of failure for various nuclear piping systems in Boiling Water Reactor (BWR)
and Pressurized Water Reactor (PWR) plants. In our probabilistic analysis, the computer code
PRAISE was not used to calculate the failure probabilities. This is due to more sophisticated thermo-
hydraulic and fracture mechanics models that were considered in our analysis. In addition, our
probabilistic model is based on modern methods of stochastic mehanics, which is computationally far
superior to the Monte Carlo simulation methods used in PRAISE and other similar codes. The
modern methods were required to complete the large number of probabilistic analyses involved in the
study. Results from these probabilistic analyses can be used as a technical basis for future changes to
leak-rate detection criterion. Finally, the adequacy of current safety margin of 10 used for leak rates
in leak-before-break analyses was evaluated by explicitly considering the statistical variability of crack
morphology variables.
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1. Introduction

Regulatory Guide 1.45, "Reactor Coolant Pressure Boundary Leakage Detection Systems" was
published in May 1973, and updating it is being considered. The Nuclear Regulatory Commission
(NRC) currently wants to update this procedure taking into account the current leak-detection
instrumentation capabilities, experience from the accuracy of leak-detection systems in the past, and
current analysis methods to assess the significance of the detectable leakage relative to the structural
integrity of the plant. Of the different potential sources of leakage that challenge the structural
integrity of the pressure boundary in containment, circumferential cracks in piping have been of much
greater significance than any other source. Cracks in steam generator tubing were excluded due to
other leakage detection requirements for them. Furthermore, few axial cracks occur in piping, but
numerous cases of circumferential crack have been reported. Consequently, the analysis in this paper
keyed on circumferential cracks in pipe to evaluate potential changes in NRC Regulatory Guide 1.45.

Leak-before-break (LBB) analyses are currently being conducted in the nuclear industry to justify
elimination of dynamic effects during pipe rupture. Traditionally, LBB had been based on
deterministic principles of fracture mechanics and thermo-hydraulic analyses by selecting worst-case
values of uncertain parameters. However, fluctuation of loads, variability of crack morphology
parameters and material properties, uncertainty in analytical models all contribute to a probability that
a relevant performance criterion (e.g., pipe break) may indeed be violated. Quantitative assessment
of this failure probability then becomes the essence of structural reliability analysis. For licensing
purposes, NRC has currently included several safety margins on leak-rate detection, initial through-
wall crack (TWC) size, and normal plus safe-shutdown earthquake (N + SSE) stresses tor,account for
these uncertainties qualitatively. These margins are derived arbitrarily and do not include any explicit
correlation with failure probability. Hence, the probability of double-ended guillotine break (DEGB),
conditional on the event that the pipe is leaking, is seldom quantified.

The objective of this paper is to conduct stochastic pipe fracture evaluations for applications to leak-
rate detection. A three-phase effort was undertaken to reach this goal. In Phase 1, a state-of-the-art
review was conducted to evaluate the adequacy of current deterministic models for thermo-hydraulic
and elastic-plastic fracture analyses. In Phase 2, a new probabilistic model was developed with the
deterministic models from Phase 1 for structural reliability analysis of cracked piping systems. It also
involved statistical characterization of various input variables such as, crack morphology parameters,
material properties of pipe, and crack location. In Phase 3, the proposed models from previous
phases were applied for computing conditional probability of failure for various nuclear piping
systems in Boiling Water Reactor (BWR) and Pressurized Water Reactor (PWR) plants. In our
probabilistic analysis, the computer code PRAISE [1] was not used to calculate the failure
probabilities. This is due to more sophisticated thermo-hydrualic and fracture mechanics models that
were considered in our analysis. In addition, our probabilistic model is based on modern methods of
stochastic mehanics, which is computationally far superior to the simulation methods such as Monte
Carlo and Stratified Sampling used in PRAISE. These modern methods were essential to completing
the large number of probabilistic analyses within the time frame of this project. Results from this
study can be used as a technical basis for potential future changes to leak-rate detection criterion.
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2. Review of Deterministic Models

A state-of-the-art review was conducted to evaluate the adequacy of current deterministic models. It
includes (1) thermal-hydraulic models for estimation of leak rates, (2) crack-opening models for
determination of crack geometry (flow area), and (3) elastic-plastic fracture mechanics models for
prediction of maximum load-carrying capacity of a piping system. The results predicted from the
above deterministic models were compared with experimental data obtained from the past research
programs, such as the Degraded Piping Program [2], International Piping Integrity Research Group
(IPIRG) [3], and others [4]. These comparisons provided a basis for choosing appropriate
deterministic models for further development of novel probabilistic models. Details of this review are
available in Reference 4. Only a brief summary of the results will be presented here.

2.1 Thermal-Hydraulic Model

The review of existing thermal-hydraulic models indicated that the Henry-Fauske model provides best
representation of fluid flow through tight cracks in a pipe. This model allows for nonequilibrium
vapor generation rates as the fluid flows through the crack. The rate at which vapor is formed
approaches the equilibrium value using an exponential relaxation coefficient that can be calculated
from experiments. The Henry-Fauske model was chosen in this study to model the two-phase critical
flow of water through cracks. Figure 1 compares the thermal-hydraulic predictions by Henry-Fauske
model with the data of Collier et al. [5] for flow through a crack in pipe. This model was the basis
of the PICEP code [6] developed by EPRI, and later the SQUIRT code [7] was developed at Battelle
in the IPIRG program [3]. Figure 1 provides a plot between calculation error and the measured flow
rate, where the calculation error is the predicted minus measured flow rate divided by measured flow
rate times 100. Good agreement is obtained between the model and the experiments.

2.2 Crack Opening Model

The review of the area of crack opening models indicated that the GE/EPRI estimation method [8],
combined with the assumptions of elliptical crack-opening profile, provides accurate estimates of
crack geometry in pipe. The estimation method involves empirical f2- and h2-functions, which are
tabulated in Reference 8 for various geometric and material properties of pipe. Figure 2 shows the
results of the crack-opening displacement (COD) for Experiment 4111-1 conducted in Reference 2.
The experiment was performed on 114-mm (4.5-inch) diameter SA-333, Grade 6, carbon steel TWC
pipe, which is subject to four-point bending. The solid line in this figure represents the measured
COD as a function of applied load up to the load at crack initiation. It is seen that the linear
regression fit of the stress-strain data over the whole strain range leads to the best estimate of COD.
Note that in practical applications, the crack opening is linear elastic under normal operating stresses.

2.3 Elastic-Plastic Fracture Model

In applications of nonlinear fracture mechanics, particularly for nuclear power plants, the J-tearing
theory is a very prominent concept for calculating maximum load-carrying capacity of a pipe. It is
based on the fact that fracture instability can occur after some amount of stable crack growth in tough
and ductile materials with an attendant higher applied load level at fracture. Figure 3 shows the plots
of applied load versus load-line displacement of a 6-inch-diameter (nominal) stainless steel pipe with
37 percent circumferential TWC flaw, which is subject to four-point bending and tension due to
internal pressure of 17.24 MPa (2500 psi) at 288C degrees. They are obtained from several
estimation methods such as LBB.ENG2, GE/EPRI, Paris/Tada, LBB.NRC [2-4] and laboratory data
from the Degraded Piping Program Experiment 4131-3 [2], These plots clearly show that the
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LBB.ENG2 method gives reasonable predictions of load and displacement when compared with the
test data. In this study, LBB.ENG2 method was selected because of its computational efficiency and
it was found to be slightly conservative yet reasonably accurate when compared with experimental
data.

3. Development of Probabilistic Models

3.1 Statistical Characterization

Material Properties. In conducting statistical characterization of material properties, various analytic
idealizations were considered. For example, it was assumed that the constitutive law characterizing
material's stress-strain response can be represented by the Ramberg-Osgood model. Also, the J-
resistance from the C(T) specimen was deemed to be adequately characterized by a power-law
equation. In this way, the material property can be defined by a finite-dimensional vector Y = {ay,
au, a, n, JIe, C, m}, where ay is the yield stress, au is the ultimate stress, a and n are Ramberg-
Osgood parameters, J]c is the J-resistance at crack initiation, and C and m are power-law parameters
of the J-resistance curve. Samples of raw data obtained from NRC's PIFRAC database [9], the
Degraded Piping Program [2], IPIRG Program [3], and others [4] were used to generate independent
samples of random vector Y. Following standard statistical analysis, the mean and covariance of Y
were estimated. Details of these results obtained for typical nuclear piping materials such as stainless
steel (TP304), carbon steel (A106B), cast stainless steel (CF8M) are available in Reference 4.

Crack Morphology Variables. The key crack morphology variables, which were considered in leak-
rate analyses, are surface roughness, number of turns in the leakage path, and etttrance loss
coefficients. However, examination of service cracks also show that cracks frequently do not grow
radially through the pipe thickness. Hence, a fourth parameter "actual crack path/thickness"
representing deviation from straightness was also considered here. It has been ignored in the past. In
Reference 4, a survey was conducted to evaluate statistical properties of these variables. An
additional aspect considered was the effect of the crack opening on the surface roughness, number of
turns, and straightness of flow path, details of which are also given in Reference 4. The sample
values reported in the same reference were used to determine their means and standard deviations for
corrosion fatigue, thermal fatigue, and inter-granular stress-corrosion cracking (IGSCC) types of
mechanisms.

Crack Location. Cracks in nuclear power plants can occur in various locations of piping systems,
such as base metal, weld metal, fusion line, and heat affected zone. In this study, the crack location
was modeled as a discrete random variable. The probabilistic characteristics of this variable can be
obtained from some limited amount of information available in the existing literature [4]. The
statistics showed that the probability of cracks in base and weld metals are approximately 2/3 and 1/3,
respectively, for both corrosion fatigue and IGSCC type of cracking mechanisms [4].

3.2 Probabilistic LBB Methodology

A probabilistic LBB methodology was developed based on the general guidelines proposed in
Reference 10. First, a piping system was identified with known probability density of material
properties and crack morphology variables. Second, using leak-rate analyses, the probability density
was determined for the leakage size TWC flaw that is large enough to assure leak detection by
installed equipment when the pipe is subjected to normal operating loads. Third, using advanced
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reliability techniques, the conditional probability of failure, defined as the probability of the moment-
carrying capacity of the pipe being smaller than the applied normal plus SSE moment, was calculated.

Structural Reliability Analysis. Consider a TWC pipe under combined stresses from bending and
tension. Let Mmax denote the maximum moment-carrying capacity of the pipe with the constant
internal pressure. Let M N + S S E denote the applied moment from N + SSE stresses in the pipe. The
performance of this pipe can be evaluated by the conditional probability of failure, PF defined by

P F =Pr[g(X) < 0 ]= f fx(x)dx (1)

where g(X) = Mmax - MN+SSE = - f(ffy,ffu,a,n,JIc,C,m,2a) - MN<SSE (2)

is the performance function, X = {Y,2a,p} = {ay, au, a, n, JIc, C, m, 2a, p} is an augmented vector
of input random parameters characterizing uncertainty in all system parameters, and fx(x) is the
known joint probability density of X. It was assumed that Y follows correlated lognormal distribution
with its mean and covariance obtained from previous statistical analysis of actual test data. Also, the
LBB detectable flaw size, 2a was found to be lognormally distributed, which was verified from
simulation by the computer code PSQUIRT (Probabilistic Seepage Quantification of Upsets in Reactor
Tubes). Note that PF is defined here as the probability of failure with the conditions that (1) the pipe
is leaking at a given leakage rate and (2) an earthquake occurs with induced stresses that gives rise to
the applied bending moment MN + S S E . In Equation (2), M m is shown to be a generic (implicit)
response function of various input variables and p is a random correction factor for modeling
uncertainty of the predictive J-estimation formula from LBB.ENG2. From Reference 2, it was found
that the mean and coefficient of variation of p is 0.92 and 0.13, respectively. It is assumed that p
follows Gaussian probability. In general, the multi-dimensional integral in Equation (1) cannot be
determined analytically. As an alternative, numerical integration can be performed; however, it
becomes impractical and the computational effort becomes prohibitive when the dimension becomes
greater than two, and, in this case, we have nine dimensions.

First- and Second-Order Reliability Methods (FORM/SORM). In this study, general state-of-the-art
structural reliability methods known as First- and Second-Order Reliability Methods (FORM/SORM)
were used to compute the above failure probability. These methods are based on linear (first-order)
and quadratic (second-order) approximations of the limit state surface g(x) = 0 tangent to the closest
point (design point) of the surface to the origin of the space. The determination of this point involves
nonlinear constrained optimization and is performed in the standard Gaussian image of the original
space. The first-order and second-order estimates PF>i and PF 2 are given by [4]

Pp.l = *(-0H L ) a n d PF,2 = * ( " 0 H L ) I I i1 - *i V ) ~2 ( 3 )

where /3HL is the reliability index, $(u) = (1/V2TT) \ ".„ exp(-£2/2) d£ is the distribution function of
a standard Gaussian variable, N is the generic dimension of X, and *;'s are the principal curvatures of
the limit state at the design point. These FORM/SORM methodologies along with Monte Carlo
Simulation (MCS) and Importance Sampling were coded into a computer program titled SACPIS,
which stands for Stochastic Analysis of Cracked Piping Systems. It was developed to evaluate failure
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probability of flawed nuclear piping subject to combined bending and tension for various definitions
of failure criteria based on the exceedance of initiation load or maximum load.

4. Applications to BWR and PWR Piping

The probabilistic model developed in the previous section was applied to various nuclear piping in
BWR's and PWR's for calculating the conditional probability of failure. Pipe sizes with large,
intermediate, and small diameter typically used in reactor containment were selected. Two pipes of
each size were considered with austenitic and ferritic materials. The piping systems included side
riser, main steam, recirculation branch line, feedwater, bypass line, and reactor water clean-up line,
main coolant, surge line, spray line, and steam generator blowdown line. Several cracking
mechanisms such as corrosion fatigue and IGSCC were also considered. Both simple circumferential
through-wall-cracked (TWC) pipes and complex-cracked (CC) pipes were analyzed. The complex
crack is a long circumferential surface crack that penetrates the thickness of the pipe for a short
length. This is more likely to occur for IGSCC type of cracking mechanisms. Table 1 shows the
characteristics of BWR and PWR piping systems for probabilistic pipe fracture evaluations conducted
in this study.

4.1 Estimation of Applied Stresses

For the piping systems being evaluated, the normal operating stresses are needed to determine the
crack size for a given leak rate, and the normal plus safe shutdown earthquake (N + SSE) stresses are
needed to evaluate the stability of the cracked pipe. The actual normal and N + SSE stresses and their
probabilities occurring for all plants in the U.S. are difficult to quantify. To simplify tfiis effort, it
was assumed that the ASME Section III Code stress level limits apply, even though actual stresses
might be lower. For the normal operating stresses, some percentages such as 50 and 100 percent of
the Class 1 piping, Service Level A limits were used. For the N+SSE stresses, 100 percent of the
Class 1 piping, Service Level B limits were used. These conservative assumptions were made based
on statistical analyses of actual stresses reported for 29 different piping systems [4]. Initially it was
thought that Service Level D limits might be applicable for defining N + SSE stresses, but analysis of
actual N + SSE stresses showed the stresses to be much lower [4].

4.2 Conditional Probability of Failure for BWR and PWR Piping

Figure 4 shows the histogram of LBB detectable flaw size, 2a, obtained by PSQUIRT from simulating
1000 samples. This histogram was obtained for the case BWR-1 with a 1 gpm leak rate and 100
percent of Service Level A stresses under normal operating conditions. It was observed that the
histogram fits the lognormal probability density function quite well. Figure 5 shows the plots of
conditional failure probability (PF) versus leak rate obtained by several methods (FORM, SORM, and
MCS) for various percentage of Service Level A stresses. They were calculated for a large diameter
BWR-1 piping (side riser) with a crack in the base metal. Several interesting features can be
observed from this figure. First, it indicates that as leak rate increases the failure probability
increases because of larger initial crack size for a given normal operating stresses. Second, for a
given leak rate, the probability of failure also increases because of the larger initial flaw size due to
smaller percentage of Service Level A stresses. Third, the probability estimates by FORM and
SORM provide accurate estimates when compared with those by MCS. All these failure probabilities
were obtained by using the program SACPIS.

Figure 6 exhibits the relative effort and computational expenses required to determine above solutions
by analytical and simulation methods. The computational times were determined in terms of Central
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Processing Units (CPU) required by these methods in a 486-33MHz Personal Computer. The plots in
the figure show how the ratio of CPU time for MCS and FORM/SORM varies with the range of
probability estimates made in this study. It was found that the above ratio can vary between 3 to
more than 109 depending on the probability level being estimated. Clearly, the FORM/SORM
algorithms are more efficient than MCS and become far superior particularly when the failure
probabilities are in the lower range.

Figures 7 and 8 show the variation of conditional failure probability of various BWR and PWR
piping, which were obtained by SORM using the program SACPIS for various leak rates and normal
operating stresses. The above probabilities were calculated when the crack was assumed to be
randomly located in the base or weld metals. Results showed that

• The reliability of austenitic pipes are much higher than that for ferritic pipes in both BWR and
PWR plants;

• The conditional failure probability of both BWR and PWR piping systems decreases with
increasing values of pipe diameter; and

• The reliability of complex-cracked pipes are lower than that for through-wall-cracked pipes and
the conditional failure probability increases with increasing values of the surface crack depth.

As an end-product, various plots of conditional failure probability versus leak-rate were generated for
the piping systems in Table 1. This will provide a technical basis for any changes in the maximum
unidentified leak-rates allowed by Regulatory Guide 1.45 with reference to NRC's LBB procedures.

4.3 Potential Applications of Results

When the actual normal operating stresses and the leak-rate equipment detection capabilities are
known, Figures 7 and 8 can be used to calculate the conditional probability of DEGB for the piping
systems considered in this study. An inverse problem is to determine the required leak-rate detection
capability for an acceptable (target) value of conditional probability of failure. For example, a
frequently used value of lO^/year could be used to determine the leak-rate requirements. If the plant
life is 40 years, this will amount to acceptable failure probability of 4 x 10"5 per plant lifetime.
Using this value, the required leak rates for BWR-1 pipe from Figure 7 are about 3 gpm and greater
than 100 gpm when the normal operating stresses are 50 and 100 percent of Service Level A stress
limit, respectively.

In our analysis, it was assumed that the N + SSE stress at Service Level B occurred with absolute
certainty (i.e., a probability of 1). Considerable time was spent assessing if a more realistic
probability of the N + SSE stresses could be used in a generic sense. To do so would involve the
following considerations: (1) determination of the frequency of earthquakes occurring at a specific
site, (2) determination of the probability distribution of the magnitude of an earthquake, (3)
comparisions of the frequency of occurrence relative to the time from leakage to plant shutdown, and
(4) assessment for all U.S. plants either accounting for plant-to-plant variations by using variability or
using worst-case plant. These were not considered in this study, but if known, the probability of the
seismic event occurring could be simply multiplied with our conditional failure probability to get a
probability in more absolute terms.
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4.4 Assessment of Current Margins for Leak Rates

Current deterministic methods for incorporating conservatism in LBB methodology are based on
several safety margins. For example, safety margins of 2, *J2, and 10 are being used on LBB
detectable flaw size, N+SSE stresses, and leak-rate detection, respectively. These margins, which
are established arbitrarily, do not provide any explicit correlation with the failure probability of piping
systems. In this study, the adequacy of current margin of 10 used for leak rates was evaluated by
explicitly considering the statistical variability of crack morphology variables.

Consider the stainless steel pipe BWR-1 with IGSCC under normal operating stresses. Using
PSQUIRT, the crack morphology variables were randomly generated according to their probability
distributions and the corresponding leak rates were calculated under a given a normal operating stress.
Figure 9 shows the histograms of the leak rate obtained from 1000 realizations when the normal
operating stress is 50 and 100 percent of the Service Level A limit. The mean and standard deviation
of leak rate for the case of 50 percent of Service Limit A are 1.21 gpm and 0.41 gpm, respectively.
Thus, when a safety margin of 10 is used, it appears that the leak rate with the above margin is more
than 20 times the standard deviation away from the mean value. Similar conclusions can also be
drawn for the case of 100 percent of Service Limit A. Hence, the safety margin of 10 is deemed to
be adequate to account for crack morphology variability. In examining these histograms, it appears
that a margin of approximately 2.5 may be assumed to be sufficient to account for the variability of
crack morphology parameters. This means that a factor of up to 4 remains to account for the
variability in leak detection equipment and actual stresses, if the total margin of 10 is to remain fixed.

5. Conclusions '

The objective of this paper was to conduct stochastic pipe fracture evaluations for application to leak-
rate detection requirements. This was accomplished here in three distinct phases. First, a state-of-
the-art review was conducted to evaluate the adequacy of current deterministic models for thermo-
hydraulic and elastic-plastic fracture mechanics analyses of circumferentially cracked pipes. The
results predicted from the above models were compared with the experimental data available in the
current literature. Based on these comparisons, it was found that the underlying deterministic models
considered in this paper provide reasonably accurate estimates of leak rates, area of crack opening,
and maximum load-carrying capacity of pipes. Second, a new analytical model was developed to
evaluate stochastic performance of piping systems subject to normal operating plus safe shutdown
earthquake loads. The model was based on probabilistic extension of leak-before-break (LBB)
methodology described in NUREG 1061 Volume 3 and state-of-the-art methods of modern structural
reliability theory. It also involved statistical analyses to characterize various input variables such as
crack morphology parameters, pipe material properties, and crack location. Third, the probabilistic
model was applied to various nuclear piping in BWR and PWR plants for calculating conditional
probability of failure. Several pipe sizes (such as small, intermediate, and large) and several pipe
materials and their weldments (such as stainless steel, carbon steel, and cast stainless steel) were
considered for generating conditional probability of failure. A comparison of the above conditional
failure probability plots will provide a technical basis for any changes in the maximum allowable
unidentified leak rates allowed by Regulatory Guide 1.45 with reference to the NRC's LBB
procedures. Based on the merits of the proposed analytical formulation, the results showed that
FORM/SORM can provide accurate estimates of piping reliability with much less computational effort
when compared with those obtained by direct Monte Carlo simulation. Based on pipe fracture
evaluations of BWR and PWR piping, the results showed that (1) the reliability of austenitic pipes is
much higher than that for ferritic pipes in BWRs and PWRs, (2) the conditional failure probability of
both BWR and PWR piping systems decreases with pipe diameter, and (3) the reliability of complex-
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cracked pipes are lower than that for through-wall-cracked pipes and the conditional probability of
failure increases with the depth of surface crack.

Finally, the adequacy of current margin of 10 used for leak rates in LBB applications was evaluated
by examining their histograms thus explicitly considering the statistical variability of crack
morphology variables. Results indicated that the safety margin of 10 is more than adequate to
account for crack morphology variability, and effectively allows for a margin of 4 for uncertainties on
normal operating stresses, leak-detection equipment variability, and other factors that may affect the
crack opening.
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Table I. BWR and PWR piping systems for probabilistic fracture evaluations

Nominal Thickness, Assumed
Piping(a) Dia. mm Base Weld01' Cracking

Cases System (inches) (inches) Metal Metal Mechanism

BWR-1

BWR-2

BWR-3

BWR-4

BWR-5

BWR-6

BWR-7

BWR-8

BWR-9

BWR-10

PWR-1

PWR-2

PWR-3

PWR-4

PWR-5

PWR-6

TWC Side
Riser

TWC
MainSteam

TWC Recircula-
tion Branch

TWC
Feedwater

TWC Bypass
Line

TWC Reactor
Water Clean-up

CC Side Riser
(d/t=0.25)

CC MainSteam
(d/t=0.50)

CC Side Riser
(d/t=0.25)

CC MainSteam
(d/t=0.50)

TWC Main
Coolant

TWC Main
Coolant

TWC Surge
Line

TWC
Feedwater

TWC Spray
Line

TWC Steam
Generator
Blowdown

28

28

18

18

4

4

28

28

18

18

32

32

14

14

4

4

35.8

35.8

23.9

39.4

8.51

8.51

35.8

35.8

23.9

23.9

76.2

76.2

35.8

35.8

13.5

13.5

(1.41)

(1.41)

(0.94)

(1.55)

(0.34)

(0.34)

(1.41)

(1.41)

(0.94)

(0.94)

(3.00)

(3.00)

(1.41)

(1.41)

(0.53)

(0.53)

TP304

A516
Gr70

TP304

A106B

TP304

A106B

TP304

TP304

TP304

TP304

CF8M

A516
Gr70

CF8M

A106B

TP304

A106B

SS

cs

SS

cs

SS

cs

SS

SS

SS

SS

SS

cs

SS

cs

SS

cs

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

IGSCC

Corrosion
Fatigue

IGSCC

Corrosion
Fatigue

IGSCC

Corrosion
Fatigue

IGSCC

r

IGSCC

IGSCC

IGSCC

Fatigue

Corrosion
Fatigue

Fatigue

Corrosion
Fatigue

IGSCC

Corrosion
Fatigue

(a) TWC = through-wall-cracked, CC = complex-cracked, d/t = depth of surface crack/thickness
(b) SS = stainless steel, CS = carbon steel, SAW = submerged arc weld
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Figure 1. Comparisons of leak-rate prediction
by Henry-Fauske Model and experiment [5]
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Figure 4. Histogram of LBB detectable flaw
size for BWR-1 (1 gpm leak rate and 100
percent of Service-A limit)
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Figure 2. Comparisons of center-crack-opening
displacement in Experiment 4113-1 [2]
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Figure 5. Conditional failure probability
by various methods for BWR-1 with
crack in base metal
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Figure 3. Comparisons of load-displacement of
through-wall-cracked pipe under combined
bending and tension

1E»00

. 50V, ol S«vlc« l-svsl A
• 100% of S«rvlc« Lavsl A P,(SORM)

1 0 " 10* 1 0 ' 10s 1 0 '

Figure 6. Computational efficiency of
FORM/SORM (BWR-1)
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Figure 7. Conditional failure probability of various BWR pipes by SORM (randomly located cracks)
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Figure 8. Conditional failure probability of various PWR pipes by SORM (randomly located cracks)
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Figure 9. Histograms of leak rates under 50 and 100 percent of Service Level-A limit for BWR-1
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