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EXECUTIVE SUMMARY
This report provides a summary of methods for assessing pipe break
probabilities to determine trends and scaling relationships that might be
useful to designing the ANS reactor for maximum safety and availability. A
secondary purpose is a review of calculational procedures and codes for use in
constructing a PC interactive code for parametric studies.
This work reviews pipe leaks at the BNL High Flux Beam Reactor and
accelerated embrittlement that has been observed at the High Flux Isotope
Reactor at ORNL. The regulatory background and supporting studies related to
pipe and vessel failure are presented along with pipe break statistics based
on field incidents. Models for assessing vessel and pipe break are organized
into two classes: phenomenological and theoretical. Representing the phenomenological method is the work of Thomas from which the scaling relationships
are obtained. Theoretical models are of three types. Two types are represented by the codes OCTAVIA and PRAISE-B. OCTAVIA calculates the probability
of a transient event that results in pressure exceeding the strength of the
vessel which has a pre-existent flaw distribution. Other codes of this type
are OCA-P, VISA and an unnamed code used in NUREG-0778. All of these are
designed for pressure vessel weld analysis. PRAISE-B differs from these by
beginning with an initial small flaw distribution resulting from manufacture
and grows the flaws to a critical size as the result of cyclic and residual
stress and other factors. The last theoretical model is the stress-strength
distribution overlap method which is exemplified by application to calculating
the rupture probability of a steam line passing through a BWR wet-well.
The report defines a figure of merit (FOM) as being the ratio of the
flow volume and the break probability. From this it is deduced that the FOM
is maximized by large diameter short length piping. A reason for the strong
(3.5) power dependence on pipe diameter is that the wall thickness is taken as
proportional to the diameter. While this is true of the minimum wall thickness , the ANS piping could be designed with thicker than necessary walls from
strength considerations and achieve high reliability with small pipe (data
show that small pipe has a higher per-length failure rate than larger piping).
Based on the FOM, the HFIR configuration with a large manifold connecting the
reactor vessel with the heat exchangers is good.
The report reviews other data on parametric dependencies as well as the
leak-before-break studies and provides suggestions (some rather obvious or
well-known) for guiding the ANS design. It also outlines the form of a PC
code that uses phenomenological and theoretical methods.
Guidelines from the reviews regarding the reduction of pipe failures
are:
•

Minimize the length of piping,

•

Maximize the diameter and/or wall thickness,

•

If stainless steel piping is chosen, the carbon content should be
less than 0.05 wt %,
ill

•

Minimize the presence of oxygen in the coolant,

•

Residual stresses should be relieved as far as possible,

•

Design out any potential for water hammer that could
result from valve opening,

•

Vibratory stress should be reduced as far as practical,

•

Make the replaceable pipe that encompasses the reactor as long as
practical to reduce the fast neutron flux damage to the nonreplaced pipe and flanges,

•

Optimize both the inspection reliability and minimum flaw size
detectability,

•

Pre-service and in-service inspections are effective but the frequency of the latter was not determined,

•

Reliable and sensitive leak detection, when acted upon, is effective in reducing the probability of a pipe break (tritium detection provides a signature that should provide ANS with a more
sensitive leak detection capability than is available in nuclear
power plants).

Some topics not resolved were leak-before-break (LBB) and alternative
pipe materials. Regarding LBB, it appears that the probability of leaks is
about 10 times that of breaks. While it appears clear that to go from a noleak situation to a break situation, there must be a transition through leak.
No data were found concerning the rapidity of the transition, i.e., whether or
not sufficient time is available after leak detection to act upon the information before it becomes a break. This does not mean that leak detection should
not be used but rather that a 100% leak detection capability does not necessarily avoid breaks, it does, however, greatly reduce the probability of
breaks.
No pipe failure data or flaw information was found on non-ferritic or
austensic materials. Considering the low capture cross section of aluminum,
the question of its usefulness in this application arose but was not resolved.
Its comparative weakness would require thicker pipe walls, but the scaling
information indicates that this would reduce the break probability.
The interactive PC model is expected to be a combination of phenomenology and fracture mechanics theory with the main emphasis on the former.
More specifically, it may be an implementation of the Thomas model in a PC
code to provide the normalization for a pipe break estimate with the parametric trends taken from theoretical models exemplified by PRAISE-B and/or the
OCTAVIA group. The Thomas model has already been interpreted and applied to
estimating the probability of catastrophic pipe break in HFIR. In this PL&G
treated three cases: base metal, circumferential welds and longitudinal
welds. It is believed that the latter were, at least, to some extent included
in the pipe data. No attempt has been made to estimate the pipe break
iv

frequency for ANS. However, the conceptual design has eight pipe runs
connecting reactor to heat exchangers as compared with two, larger diameter
pipes in HFIR. This would increase the ANS probability by a factor of four
for the extra length and something more for the smaller diameter except for
the fact that the HFIR analysis is dominated by the piping associated with the
heat exchangers, so the results may be similar for the two reactors.
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1. INTRODUCTION, BACKGROUND AND OUTLINE
1.1 Introduction
The Advanced Neutron Source (ANS) (Difilippo, 1986; Gamble, 1986; West,
1986; Selby, 1987) will be the world's best facility for low energy neutron
research. This performance requires the highest flux density of all nonpulsed reactors with concomitant low thermal inertial and fast response to
upset conditions. One of the primary concerns is that a flow cessation of the
order of a second may result in fuel damage. Such a flow stoppage could be
the result of break in the primary piping. This report is a review of methods
for assessing pipe break probabilities based on historical operating experience in power reactors, scaling methods, fracture mechanics and fracture
growth models. The goal of this work is to develop parametric guidance for
the ANS design to make the event highly unlikely. It is also to review and
select methods that may be used in an interactive IBM-PC model providing fast
and reasonably accurate models to aid the ANS designers in achieving the
safety requirements.
1.2 Background
1.2.1 HFBR Experience
Six j--j.rs after the High Flux Beam Reactor (HFBR) went into operation in
1965, stress corrosion cracking was experienced in one 18-in. diam. weld-neck
flange in the HFBR primary piping circuit (Powell, 1973).
HFBR is a heavy water cooled and moderated 40 MW (upgraded to 60 MW)
research reactor at the Brookhaven National Laboratory. The reactor vessel is
fabricated of 6061-T6 aluminum as are the fuel element side plates and the
fuel plate cladding material. The transition from 20-inch aluminum reactor
inlet and outlet piping to 304 stainless steel is made at the flange joints.
The 20-inch stainless piping then branches into two (A and B) 18-inch diameter
primary cooling loops each consisting of an inlet and outlet valve, primary
pump, check valve and a horizontal "U-type" heat exchanger.
In March 1972, during the last three weeks of an operating cycle, a
continuous slow increase in tritium to 18% of background in the exhaust from
the shielded primary heat exchanger rooms was detected. During shutdown,
inspection revealed D20 leakage from a pump flange (corrected by gasket
replacement) and five longitudinal cracks in the body of the 18-inch weld-neck
flange. These cracks were about 0.5 inch long and located at the transition
from the cylindrical neck to the tapered body on the flange bottom quadrant.
The parallel cracks, in the direction of the piping, were revealed by dye
penetrant testing of the inside of the pipe. Metallographic examination of
specimens removed from the cracked area showed:
a)

The cracks were intergranular.

b)

They originated from the inside surface of the flange.
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c)

They originated in an area several millimeters away from the weld,
possibly in a heat-affected-zone (HAZ) or at the point of maximum
stress.

d)

The cracks did not extend into the weld metal.

e)

The areas containing the cracking were not highly sensitized but
there was some sensitization due to the welding.

From these observations, it was concluded that the leak was due to
stress-corrosion cracking of an intergranular type which requires low pH,
dissolved oxygen, high temperature, high stresses and sensitization.
The hoop stresses in the piping produced by the normal fluid pressure in
the region of the cracking were about 8000 psi. The flanges had a history of
difficulty in achieving leak tightness, and in fact the flanges had been
leaking when accepted from the plant construction contractor which were
subsequently corrected using a tapered spacer to correct misalignment.
Following the discovery of cracks, extensive calculations of stresses
were made. It was calculated that the initial pressure testing could have
resulted in stresses as high as 39,700 psi. However, continual stresses
during normal operation were calculated to be less than 16,800 psi.
The coolant operates at a rather low temperature (-134 °F) with the
heavy water chemistry based on compromises which minimize dissolved oxygen to
the extent that its absence does not interfere with pD control.
The solution to the pipe leak problem was to eliminate the weld-neck
type of flange which showed hoop stresses when bolted by Van Stone lap joints.
The Flexitallic gaskets, which are radiation resistant, require high bolt
loading. These were replaced by Farker-O-Rings inasmuch as the radiation
effects were less than originally anticipated.
Fortunately, the failure occurred in one of two parallel cooling loops
which permitted continued operation of the reactor at 75% power for 80 days
during the extensive time required for procurement of materials and the
repair. The total downtime attributed to the difficulty was 40 days.
1.2.2 HFIR Experience
The High Flux Isotope Reactor (HFIR), a 100 MW light water cooled,
beryllium moderated research reactor is located at Oak Ridge National Laboratory. The reactor vessel is stainless steel clad carbon steel and the primary
coolant piping is stainless steel. The Code of Federal Regulations Title 10
Part 50, Appendix G, requires that the fracture toughness of reactor vessels
and piping be such that RTIfDT+60°F is less than test and operating temperatures. To assure that this is being done, Charpy V-notch specimens representing the vessel shell and nozzle materials were installed prior to operation at
locations of maximum fast-neutron flux (Cheverton, 1987). In addition,
samples of beam tube material were included in the beryllium reflector.
1-2

HFIR began full power operation in 1966 and periodic surveillance of the
specimens was performed. By 1983, it was found that the RT},DT+60OF for a
portion of the shell and one nozzle exceeded the 70°F, minimum temperature for
pressurization, by 45 and 15°F, respectively. The reactor was shutdown in
November 1986, and the 1986 surveillance data (17.5 effective full-power
years-EFPY) showed that RTiroT+60oF was exceeded by 15°F at the normal operating
temperature of 120°F.
Radiation embrittlement of the HFIR reactor vessel was recognized as a
problem in achieving 20 EFFY lifetime. The solution was to surround the core
and beryllium reflector with sufficient water to effectively shield the
materials fron the fast neutron flux, hence the large size of the HFIR reactor
vessel. The unexpectedly higher rate of radiation embrittlement was the
result of extrapolating the lover fluence level data that was available at the
time of design.
The response to the problem is thoroughly described in Cheverton, 1987.
Basically this reference suggests that conservatism and operational changes
justify extension of the operation of HFIR until ANS is operational. Appendix
F of Cheverton, 1987 presents the results of calculations with computer code
OCA-P (Appendix E ) . These indicated that the probability of vessel failure in
10 additional EFPY's is <2 x 10"8.
It may be noted that the ANS design concept places the pressure boundary
near the reactor core, inside of the reflector and in high neutron fluence.
That is, the pressure boundary material is not shielded to protect it from
radiation embrittlement. Instead, it is designed to accommodate periodic
vessel tube replacement. The rate of this replacement can be adjusted
according to measurements of embrittlement and not according to theoretical
predictions of lifetime. In this sense, the lifetime of ANS is indefinite
except for effects on components not being replaced.
1.3 Objectives
The purposes of this work are:
•

Review methods for estimating the probability of vessel and piping
failure for applicability to ANS.

•

Identify parameters governing vessel and pipe failure.

•

Identify algorithms useful for preparing an interactive computer
code which may be used by the ANS designers to select design
options.

1.4 Report Organization
The design of the report is to place the detailed supporting material in
the appendices and results of direct applicability to ANS in the body.
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Section 1 (this section) contains background information from relevant
reactors showing that potential problems exist. Section 2 summarizes the
methods used in estimating pipe and vessel failure probabilities, and Section
3 provides scaling relations for pipe leak or break probabilities to guide in
the ANS design configuration. Section 4 presents sensitivity studies based
on fracture mechanics to exhibit how some parameters can affect the failure
probabilities. Section 5 provides conclusions and recommendations, and
references are presented in Section 6. Appendix A briefly summarizes codes,
regulations and supporting studies that are applicable to the design.
Appendix B summarizes operating experience data, and Appendices C, D, E and F
summarize respectively, the PRAISE, OCTAVIA, OCA-P and VISA codes used for
break calculations. Appendix G summarizes the method of Thomas which uses
experience data to determine scaling relationships. This method is exemplified by its application to HFIR. Appendix H presents the method of overlapping distribution functions, which is conceptually appealing, but the difficulty lies in determining the parameters of the distributions - a problem
that is not unique to this method.
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2. METHODS OF PIPE BREAK FREQUENCY DETERMINATION
2.1 Introduction
The earliest ways for estimating the probability of pipe failure was to
compile pipe failure incidents. However compiling incidents at various plants
or for various pipe transmission lines is not enough because it is reasonable
to expect a greater number of incidents if more piping is involved than if
less is involved. The earliest method to adjust the data for this effect was
to divide the number of incidents in a time period (usually a year) by the
length of piping. Because many of the incidents occurred at welds, separate
failure rates may be based on the number of welds that are involved. It was
also observed that there is a strong variation with diameter of pipe. To
allow for this fact, WASH-1400 compiled statistics according to failures per
length in large and small pipe groups. The number of welds was not explicitly
addressed but was partially contained in the definition of a pipe "section".
Basin, 1977, carried the analysis further in EPRI- sponsored work by analyzing
the data according to FJRs and BWRs, pipe sizes and pipe elements. These data
were simply presented without interpretation1. Thomas, 1980, used the data
and determined statistical correlations among the variables but without
providing physical explanations for the dependencies. Nevertheless, this was
a major contribution and is valuable for design studies as well as estimating
pipe break probabilities as exemplified in Appendix G.9 for HFIR. However it
is fairly restricted to configuration modeling and does not help in the study
of other parameters affecting the failure rate.
In the same time period following WASH-1400, Harris and Fullwood
(Harris, 1976) demonstrated the application of fracture mechanics to estimating the frequency. The original concept was to restrict the method to
obtaining the relative failure rates among the various pipe segments in a
plant and to normalize the results to field data such as prepared as part of
WASH-1400. But this procedure that used laboratory flaw distribution data
with the flaws being grown by a crack growth model gave results comparable
with field experience so the original relative probability model gave way to
an absolute model (the PRAISE-B code). About this time, Vesely, 1978,
presented a different approach for assessing pressure vessel failure probability as the result of a pressure transient (the OCTAVIA code). This method
begins at a later time in the growth stage when there is a probability of
sizeable flaws in the pressure vessel and does not grow the flaws but calculates the critical pressure at which failure of the vessel would occur. The
probability of this critical pressure occurring or being exceeded is determined from statistics on pressure transients, thus providing the probability
of vessel failure. While PRAISE-B deals with material details, OCTAVIA uses
Regulatory Guide 1.99 and code correlations2 for determining the shift in the

appendix B provides a review of field data from which failure rates
been calculated which may be used for estimating pipe failure frequencies.
2

Appendix A provides a review of fracture toughness and stress corrosion
cracking based on Regulatory Guides, codes and NRC studies.
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nil ductility reference material as a function of fast neutron flux, copper
and phosphorous content in the metal. The methodology of OCTAVIA was improved
by the work reported in NUREG-0778 by better data and the use of Monte Carlo
sampling. Further improvements were made in OCA-P and VISA which were applied
to the analysis of over-cooling transients associated with the pressurized
thermal shock investigation. Another approach, closely related to the others
is the stress strength distribution overlap method presented in Appendix H.
This method is quasi-theoretical in that the basic problem lies in determining
the distributions of stress and strength by a combination of theoretical
calculations and field data.
2.2 Phenomenoloeical Modeling of Pipe Break Frequencies
This approach uses the body of experience with pipe break and pressure
vessel failure to make predictions about the probability of failure in a
system under investigation. Thomas, 1980, provides a unification of data such
as that presented in Appendix B through formulae as discussed in Appendix G.
Because this is a fairly simple process and the essential equations are
presented in the next section, it will not be discussed further.
2.3 Probabilistic Fracture Mechanics Models
Over the past several years, probabilistic analysis methods have gained
increased acceptance for evaluating the safety of nuclear power plants. One
form is probabilistic risk analysis (PRA) in its usual sense as exemplified by
WASH-1400 in which the probabilities and the consequences of radiological
releases to the public are calculated. A different use of probabilistic
methods evaluates the adequacy of individual systems, structures and components for resisting failures due to the stresses expected from normal
operation and anticipated incidents. This process evaluates the strength of
the material to withstand stresses which may be applied to it. Should stress
exceed the strength, failure is presumed to occur.
The traditional method for addressing this problem considers the
strength and the stress as being numbers known with high precision (point
values) whereas in fact both the strength and stress are characterized by
probability distributions. The stress is distributed because it is the result
of various combinations of parameters that depend on the exact circumstances
of the occurrence, each of which can only be specified with a certain probability. Similarly, the strength is a distributed variable that depends on the
imperfections that were formed at the time of creation, the environmental
effects (e.g. stress corrosion cracking) and stresses to which it may have
been exposed.
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Figure 2-1 (from PBTG, 1984) illustrates deterministic point estimates
of stress and strength. These are nominal values established according to
conservative estimates of the load and material strength. It is known that
such point values do not represent practical reality, but the intention is
that the estimated values are conservative and actually provide an upper bound
on the stress and a lower bound on the strength. The statistical confidence
for these liaits is not known (e.g., the 95% confidence bound) but it is hoped
and presumably demonstrated by prior experience that the ASHE Code prescriptions are sufficiently conservative that material breakage will not occur.
Nor will the effects of radiation, chemicals, stress cycles and aging reduce
the strength to the point that failure occurs.
The probabilistic approach accepts the fact that the stress and strength
are distributed variables and attempts to characterize the distributions so
that statistical confidence in the safe operation may be characterized. The
probability of failure is the probability that stress will exceed strength and
as shown in box c in Figure 2-1. (The method of the stress-strength overlap
is discussed further in Appendix H.) A probabilistic evaluation estimates the
failure probability of the design, and if the probability is sufficiently low,
it is considered safe or reliable. What is acceptably low is a matter for
judgment, although with regard to nuclear power plant risks, safety goals have
been set (51FR30028, August 21, 1986).
This is a point of departure between the PRAISE-B type of code and the
class represented by OCTAVIA which has only been applied to pressure vessel
failure for welds at the beltline. The latter class use the linear elastic
failure model (LEFM), and the criterion that strength be greater than stress.
This criterion can be expressed as:
Kx > KIc
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where
K:

- oj-xa. f (a)

KIc - F(Ta, NF, CU, P)
and:
a
a

—
-

flaw depth,
stress on structure due to pressure, thermal, or
residual loadings,

Tm

-

NF

-

neutron fluence,

Cu

—

percent of copper in welds,

P

-

percent of phosphorus in welds.

metal temperature at crack tip,
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Figure 2-1
Comparison of probabilistic and deterministic techniques
for evaluating failure
(Stress is represented by "sigma" and strength by "S")

In the process of making this determination, some of the more difficult
steps are in determining the breaking pressure of a vessel in the presence of
radiation eabrittlement and the presence of flaws. Some of these procedures
are discussed in Appendix 0. Both the OCTAVIA and PRAISE-B types of calculations must address questions of crack arrest and structural instability.
These calculations are complex and the parameters have different distributions, so recourse is made to Monte Carlo calculations.
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The other, PRAISE-B type of calculation for the evaluation of the
guillotine pipe break probability (Appendix C) is illustrated by Figure 2-2
from PBTG, 1984. The probability of pipe breaking at the welded joints is
presumed to be the result of crack growth due to continuous and cyclic stress.
The left column in the figure represents the analytical procedure and the
right column indicates the input information and analytical models used in
each step of the simulation.
Because of the many probabilistically distributed parameters, Monte
Carlo methods are necessary. Each replication is the result of the weighted
random selection of individual parameter values to be used in the formulae for
the dependent variable determination. The process begins with the selection
of a preexisting flaw length and depth. Fatigue growth of the assumed crack
is calculated by the Paris growth model through the application of normal,
anticipated and seismic stresses. Precursor information such as provided by
nondestructive examination and leak detection is included through the use of
appropriate statistical distribution functions that characterize their
efficacy. Leak occurs when the crack grows sufficiently to reach through the
wall of the pipe; break occurs when failure criteria based on net section
collapse or tearing instability are exceeded.
The ensemble of these Monte Carlo replications of each of the microfractures in the weld provides the failure probability distribution as a
function of time for that particular weld. By combining results for all welds
in a particular piping system, the probability of a leak or guillotine break
is obtained.
It should be noted that this process is not what is usually considered
to be PRA to which allusion was made previously. A PRA is a plant analysis
that determines system failure probabilities on the basis of component failure
probabilities. The procedure just described is a method for determining the
failure probability of a component (pipe or pipe section), the results of
which may be used in a PRA. The alternative and complement to this process is
to estimate pipe failure rates on the basis of historical experience with
similar pipe in a similar environment.
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3.

SCALING FACTORS FOR PIPE BREAKS

A primary purpose of this work is to provide configuration guidance
assistance to the ANS designers in achieving an ANS design that meets the
performance requirements while minimizing the probability of pipe failures.
3.1 Relationship Between Pipe Break Probability. Pipe Length. Diameter and
Wall Thj.cfcness
Thomas, 1980, examines the piping failures in nuclear and fossil power
experience and well as gas transmission line experience. By treating the wall
thickness as a free parameter and performing computer fitting to the data, a
relationship is determined (see Appendix G ) .
Pb - C*L*D/t2.
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where Pb is the probability of a leak or catastrophic break characterized
according to the proportionality constant C, where L is the length, D is the
pipe diameter, and t is the wall thickness. Thomas treats welds as being 1.75
times the wall thickness and 50 times more susceptible to failure, so an
equivalent length may be defined
L ^ - L + N*87.5*t
where N is the number of welds.

3-2
Equation 3-1 may be rewritten as

Pb - C*L.q*D/t2
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In the following discussion, the equivalency subscript is dropped as
being assumed to be understood.
Equation 3-3 is an interesting equation in that the proportionality to
the length times the diameter constitutes scaling according to the surface
area of the pipe. If the flaws were on the surface, the number of flaws would
be proportional to the surface area. However, flaws are distributed throughout the volume of the pipe wall so a proportionality to L*D*t might be the
expected scaling. It will be shown that the wall thickness of piping is
approximately proportional to its diameter, suggesting a scaling relationship
as: L*D2. This is not found in data. For example, WASH-1400 and Basin, 1977,
show higher failure rates for smaller than larger pipe diameters. This effect
is reflected in equation 3-3 because Thomas selected a scaling model that
reflected the data that were available. Thomas does not provide physical
reasons why equation 3-3 should be correct except to suggest that the relationship is complex.
3.2 Figure of Merit
It is instructive to define a figure of merit for piping based on the
scaling relationships for the flow volume, Q and the probability of pipe break
presented in equation 3-3. The proposed figure of merit is
FOM - flow volume/pipe break probability
3-1
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FOM is maximum when flow volume Is maximum and/or the pipe break
probability is minimum. Since the latter is given in equation 3-3, it is
necessary to determine the former.
3.3 Relationship Between Diameter and Minimum ^911 Thickness
Before the figure of merit can be calculated, a relationship between the
minimum wall thickness of piping and the diameter is needed. The mechanical
engineering handbook (Baumeister, 1967 p 8-207) provides this as
t, - P*D/(2*S + y*P) +C
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where t, is the minimum wall thickness, P is the maximum internal pressure
including water-hammer or other transient pressure surges, D is the outside
diameter, S is the allowable stress for the pipe material at the service
temperature. The parameter, y, is given in a table in the reference and
ranges from 0.4 to 0.7 for ferritic and austensic steels in the respective
temperature range 900 - 1150°F. C is also given in the reference as a small
correction for threads and grooves.
The denominator in equation 3-4 is dominated by the 2*S terms and the C
term may be neglected in this case so
t, - k*P*D
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where k is another constant of proportionality.
3.4 A Relationship for Flow Volume
The Darcy-Weisbach equation (op. cit. p 3-58) provides a relationship
for the pressure drop for an incompressible fluid moving in a pipe
dP - f*L*w*V2/2*D*g
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where f is the friction factor, V is the velocity of the fluid,
w is the specific weight of the fluid and g is the acceleration or gravity.
The flow volume, assuming a uniform velocity across the pipe, is the
area times the velocity
Q

_ pi* D^V/4
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giving
Q - pi*D 2 /2 * (dP*D*g/2*L*f*w)1/2
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Q - k'*D 5 / 2 A 1 / Z

3-9

or

where k' i s a proportionality constant i f dP i s constant.
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3.5 Evaluating the Figure of Merit
If it is assumed that the thickness is the minimum thickness according
to equation 3-4, the figure of merit can be determined to be
FOM - (k'*D5/2/L1/2)/(C*L/D) - k"*D7/2/L3/2
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where k" is another constant of proportionality.
The figure of merit is most strongly improved by increasing the pipe
diameter but nearly as strongly improved by reducing the pipe length. The
reason for the improvement with diameter is the wall thickness is assumed to
be proportional to diameter, so if smaller piping were desired for other
reasons, increasing the wall thickness would achieve the same effect. The
reason for the improvement with length reduction is that the shorter the pipe,
the less there is to fail, but the reason it goes as the 3/2 power is that
less length also reduces the pipe impedance and so helps in the flow part of
the figure of merit.
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4.

SENSITIVITY STUDIES

4.1 Background and Base Case
In a sense, Section 3 presented a form of sensitivity study by determining parameters of the configurational sensitivity. This section addresses the
sensitivity of the probability of pipe leak or break to other parameters. The
work discussed in this section is based on Hong, 1984, using the PRAISE code
(an early form of PRAISE-B). The plant studied was Zion 1 constructed
principally with 316 austensic stainless steel. Definitions used in the base
case calculations are: 40-year plant lifetime, hydrostatic proof test to 3125
psi, exponential crack depth distribution with a mean of 0.246 in., an aspect
ratio lognormally distributed with a mean of 2.55, variance of 2.178 and a
normalization of 1.419. Pre-service inspection is performed with a sensitivity such that a crack depth of 1.25 in. has a 50% probability of detection
with a detection uncertainty of 1.6 in a lognormal model. The crack growth
model is a power law with an exponent of 4, threshold of 4.6 ksi in1/2,
lognormally distributed with a median of 9E-12 and 90 percentile of 3.5E-11.
The normal operating pressure is 2250 psi, the cold shutdown stress is 2 ksi
and the normal stress is 8.75 ksi with the heatup-cooldown cycle occurring 5
times per year. The base case assumes no vibratory, residual or seismic
stresses.
4.2 Effectiveness of Inspection
The results of the base case calculation are shown in Figure 4-1 along
with the influence of pre-service inspection, in-service inspection and proof
testing. The leak probability per plant lifetime given the crack being
present in the hot leg is about l.E-6. Thus, the numbers in the figures
should be reduced by the probability of the crack's presence, which is about a
factor of 10.
Pre-service inspection decreases the conditional failure probability by
an order of magnitude. The pre-service failures are caused by large cracks
for which the probability of detection is -0.1, hence producing the results as
shown. The reason that the omission of the proof test has no effect on the
leak probabilities is that it will not weed out the intermediate cracks that
can grow to produce a leak.
By regulation, the primary piping is required to be inspected during the
life of the plant. Figure 4-1 shows the cumulative effects of inspection at
3, 10, 23 and 40 years from which it is seen that the effects are most
significant for the first inspection and diminish thereafter. This may be
understood by the fact that the ratio is the product of the repeated application of the non-detection probabilities at each inspection. Since the
non-detection probability is low, the repeated application is lower.
The overall failure probabilities are directly proportional to the crack
non-detection probability. These are functions of a*, the crack for which the
detection probability is 50% and v, the uncertainty in the detection probability. The sensitivity to a* is shown in Figure 4-2 and to the uncertainty
in detection probability in Figure 4-3. The improvement of a* to 0.25 inches
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could reduce the pipe failure probability by a factor of 10,000 over the forty
year lifetime. Reducing the uncertainty of detection could also yield order
of magnitude improvements.
4.3 Vibratory Stress Effects
Hong, 1984 also evaluates vibratory effects on the piping. The stress
vibrations are not well known but one reference (Chan, 1981) indicates that
the amplitude of the stress oscillations is of the order of 500 psi. For
these sensitivity studies, 16.7 Hz is assumed, corresponding to the rotational
speed of the main cooling pump. The effects of vibratory stress are shown in
Figure 4-4. Figure 4-5 shows that the increase in the leak probability due
to vibratory stress is greatly affected by the sensitivity of leak detection
(a*).
4.4 Residual Stress
Residual stress may be the result of welding; it was due to flange
misalignment at HFBR and was identified as a major cause of the piping
problems discussed in Section 1. Hong, 1984, finds that in the absence of
vibratory stress, it has a slight beneficial influence on fatigue crack growth
but when it combines with vibratory stress, its reduction in the leak probability is shown to be marked.1

1
The explanation given by Hong, 1984, is in terms of the mathematics of the
model. The authors of this report have little confidence in the reality of the
result from an overall perspective, because in the limit, residual stress is
capable of causing failure by simply making the stress exceed the strength.
Residual stress is also a factor in stress corrosion cracking which was not
included in PRAISE (although it is in PRAISE-B).
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5.

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions
Field experience In pipe failures Indicates failure rates of the order
of 2.E-4 for small (<6 in.) and 2.E-5/m-yr for larger sizes, although this
size distinction is not shown in CANDU data. Thomas, 1980, correlates the
failure rate with surface area and wall thickness, and finds that the probability of pipe failure is proportional to the product of the length and
diameter divided by the inverse square of the thickness. Welds have about 50
times the failure probability per length as compared with base metal pipe.
The Thomas method has been applied to HFIR by PL&G with the resulting predicted frequency of a large loss of coolant accident being l.E-5/yr. The
frequency of pipe connected with the pump/heat exchanger failing is about five
times larger than the probability of the rest of the pipe failing. The PL&G
analysis computes failure probabilities for base metal, circumferential and
longitudinal welds. We were not able to determine the fractions of seamless,
shop weld and field welds but believe that the data on which the Thomas method
is based may be including longitudinal welds with the base metal data.
Leaks are believed to be precursors of breaks in some cases while in
other cases the crack growth may arrest with the leak. Leak-before-break
(LBB) was investigated by LLNL using the PRAISE-B code and best estimate
probabilities of leaks less than 3 gpm in the range of 5.E-9 to 5.E-7/yr were
obtained as compared with l.E-12 to 6.E-12/yr for the probability of doubleended guillotine breaks or nearly four orders of magnitude separation.
(Thomas assesses one order of magnitude between leak and break - neither of
which being very specifically defined.) Nevertheless, the Pipe Break Task
Group (PBTG, 1984) recommended to the NRC that DEGB be retained for design
purposes and LBB only be used in the absence of excessive loads and cracking
mechanisms that could adversely affect flaw evaluation.
Thomas, 1980, expresses doubts about the ability of probabilistic
fracture mechanics models to accurately predict failure rates and indicates
that flaw growth (such as modeled in PRAISE-B) only constitutes about 1% of
the pipe failures that have been reported. (These models tend to underpredict field experience by about this factor.) Nevertheless, even if the
absolute predictions of these models are in doubt, they are very useful in
embodying physical processes for the determination of parametric sensitivities
such as reported by Hong, 1984, showing strong effects on pipe failure frequency from inspection and vibratory stress. Hong, 1984, also reported a
strong beneficial effect from residual stress which is hard to reconcile with
its effect in stress corrosion cracking. More investigation is needed to
assure that these results do reflect reality and not just model deficiencies.
The probabilistic fracture mechanics codes only analyzed failures at welds.
This seems inadequate because the PL&G analysis of HFIR finds a higher
contribution to the probability coming from base metal.
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5.2 Recommendations
a)

Based on the scaling of Thonas, the ANS pipe break probabilitywould be reduced by minimizing the length and maximizing the
diameter or wall thickness of the piping. A configuration similar
to HFIR is suggested in which the flow between pump/heat exchangers and the reactor vessel is by large inlet and outlet
headers that may be considered as being part of the reactor vessel
that has been deformed to place the pump/heat exchangers in a
benign radiation environment. Considering the headers as part of
the vessel suggests that they be similarly submerged because
isolation of either by valves near the reactor vessel would not be
practical or desirable.

b)

ANS uses the concept of a replaceable reactor vessel in the form
of a pipe ("Core Pressure Boundary Tube"). This pipe should be as
long as practical in order to separate and consequently minimize
the radiation embrittlement of the non-replaced parts from the
high fast-fluence region.

c)

If ANS piping uses stainless steel, the low carbon types should be
used such as 304L, 316NG or types using niobium or titanium in
preference to chromium, more or less in this order of preference.

d)

Residual stresses should be relieved.

e)

Radiolytic oxygen should be controlled by hydrogen addition.

f)

Extra low sulfur content (<0.01 wt %, reference
strongly reduces the fatigue crack growth rate.

g)

Vibratory stress should be minimized.

h)

Very significant reduction in pipe leak or break probabilities may
be achieved by methods capable of detecting with a 50% probability
cracks as small as 0.25 inches with corresponding reductions in
the uncertainty of detection.

i)

Pre-service inspection is very important in reducing the leak
probability.

j)

An interactive PC computer model should be constructed to aid in
the making of design trade-offs. This model should be basically
an implementation of the Thomas method for determining the
absolute probability with the parametric trending by fracture
mechanics models.
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APPENDIX A
FRACTURE TOUGHNESS AND STRESS CORROSION CRACKING
The purpose of the following discussion is to present reference material
for use in the calculation of vessel and pipe break probabilities. It is a
selective and not a comprehensive review of the referenced documents which
should be consulted for additional information.
A.1

Code of Federal Regulations

10 CFR 50 Appendices G and H presents requirements for fracture toughness testing and surveillance. The requirements apply to the use of carbon
and low-alloy ferritic steel in vessels and piping with minimum yields
strengths < 50 ksi, welds and HAZ and bolting and fasteners with minimum yield
strengths < 130 ksi.
Appendix G endorses ASME Code Section III, subsection 2300 dealing with
fracture toughness requirements. It specifies that Charpy V-notch tests be
performed on the material used in the vessels or piping, over a sufficient
temperature to define the fracture toughness properties. From this, the nilductility transition temperature Tmr is obtained. If criteria on lateral
expansion for a given absorbed energy (ASME III section NB-2331) are met, this
is the reference temperature RTNDT. Whenever the core is critical, the
temperature of the reactor vessel shall be high enough to provide adequate
margin, with consideration for anticipated operational occurrences, to provide
protection against fracture. In no case, when the reactor is critical, shall
the temperature be less than the minimum temperature required for hydrostatic
testing in the absence of fuel. This temperature for unirradi&ted material is
T m i n - RTNDT + 60°F

A-l

The consideration for the effects of radiation is to require elevation
of T min according to a prescription in Reg. Guide 1.99.
Appendix G also provides requirements for in-service inspection consisting of an essentially complete volumetric examination of the beltline region
of the reactor vessel including 100% weld inspection.
Appendix H specifies the surveillance program to assure the maintenance
of fracture toughness if the neutron fluence > 1 MeV exceeds 1017 n/cmz (for
lower fluences no program is required). This program shall comply with ASTM
E-185-73 and consist of the use of fracture toughness test specimens located
such as to experience the same irradiation history as the inner reactor
surface. The capsules shall be withdrawn and inspected according to a
schedule in the regulation but basically consists of inspecting in three or
four groups the first of which at one-quarter service life or at a time when
the predicted shift of the reference temperature is about 50°F.
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A.2

Regulatory Guide 1.99

This guide entitled "Effects of Residual Elements on Predicted Radiation
Damage to Reactor Vessel Materials," defines a shift in the reference temperature (A) according to the formula:
A -dRTNDT -

[40+1000(%Cu-0.08)+5000(%P-0.008)][f/10 1 9 ] 0 5

A-2

where f is the neutron fluence (n/cm 2 ), the temperature shift is in °F, %Cu is
the weight percent of copper (minimum of 0.08) and %P is the weight percent of
phosphorous (minimum of 0.008). Figure A-l is a plot of this formula.
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Figure A-l
Predicted adjustment of the reference temperature calculated by Formula A-2
for indicated percentages of Cu and P.
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Intergranular Stress Corrosion Crackine

IGSCC in stainless steel arises from the synergistic effects of stress
and the environment on a susceptible material. This phenomenon has been
exhibited in PWRs and BWRs (Pipe Crack Study Group (PCSG), 1975, 1979, and
1980) and is considered to be a problem in BWR recirculation piping (Pipe
Crack Task Group (PCTG), 1984).
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The following is a summarization of some material taken from PCTG, 1985
for its relevance to ANS.
Susceptible materials, in which IGSCC has been observed, are 304 and 316
stainless steel In which, in a certain temperature range, grain boundaries
networks of chromium (Cr) carbides form thereby depleting adjacent narrow
network zones of Cr. These depleted zones are sufficiently reduced in Cr that
electro-chemical cells are setup between the Cr-enriched and the Cr-depleted
zones. This zone formation is a function of the steel composition and the
temperature - typically requiring 900 to 1500 °F but some sensitization can
occur as low as the operating temperature of a BWR. Sensitization can occur
in stainless steel with as low as 0.02 wt. % carbon, it has not been seen in
BWRs with steels as low as 0.04 wt. %. It rises rapidly above this but
remains constant above 0.055 wt. %. The NRC requires stainless steel to be
annealed >2000 °F at which temperature Cr carbides are unstable but preventable by rapid quenching. However the welding of stainless steel produces a
band of material in the HAZ that has been sensitized by welding and this is
the primary area in which cracks have been observed.
IGSCC is less a problem in steels containing elements that form more
stable carbides such as niobium or titanium; however, even with these, there
is potential for IGSCC in the HAZ. The compa aiive absence of IGSCC in
Swedish and West German BWRs may be due to 0.05 wt. % carbon limit in Sweden
and the use of low carbon niobium stabilized steel (347NG) in West Germany.
It is believed that the creep of stainless steel under tension results
in rupture of the protective oxide films followed by relatively rapid corrosion until the oxide film reheals. In the Cr depleted zones, the relative
Cr loss during rehealing is correspondingly greater. Repeated film rupture,
caused by repeated stresses or by residual stresses s"ch as due to welding,
results in preferential cracking along the grain boundaries.
The presence of oxygen from radiolysis of the coolant, places the
chemical potential of the stainless steel in a range for initiation of IGSCC
in sensitized material. The material responsible for conducting the electrochemical currents may be impurities from heat exchanger leakage or it may be
from corrosion of the metal itself thereby producing salts of sulfur, phosphorous, silicon and others.
Recommendations by PCTG, 1984 are:
•

Modify one or more of the 3 causative factors: sensitization,
environment and stress.

•

The preferred action is to use IGSCC resistant material such as
316NG stainless steel; however, care must be exercised in its use
to limit hot short cracking by controlling composition and
fabrication variables related to hot forming and welding.

•

Water chemistry may be controlled to reduce the conductivity such
as through hydrogen additions to lower the electrochemical potential to acceptable levels.
A-3
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•

Residual stresses may be relieved in the HAZ by, for example,
induction heating.

•

Ultrasonic testing, while cited in PCSG, 1979 as being incapable
of detecting and sizing IGSCC, has subsequently developed to the
point of acceptability.

Leak Before-Break

The question addressed by PBTG, 1984 was whether or not there is sufficient evidence that leak-before break (LBB) can be used in licensing instead
of the double-ended guillotine break (DEGB). By the LBB approach is meant the
application of fracture mechanics technology to demonstrate that high-energy
fluid piping is very unlikely to experience DEGB or equivalents such as longitudinal or diagonal splits.
The technical bases for LBB were developed for the NRC by LLNL using two
approaches: a) determination of the probabilities of DEGB and LBB and b)
evaluation of the J-integral method for determining the tearing stability.
a)

The determination of these probabilities was performed as an
adaptation of the PRAISE code (Appendix C ) . For each weld joint
of a piping system, the leak or break probability is calculated
using Monte Carlo simulation. Each trial begins with the selection of the flaw length and depth from a probability distribution.
Fatigue crack growth is calculated using a Paris growth model (see
Appendix A) subject to the normal stresses and seismic events with
consideration for flaw detection and elimination. Leak occurs
when a crack grows through the pipe wall and break occurs when
failure criteria based on net section collapse or tearing instability are exceeded.
Reference should be made to PBTG, 1984 but briefly, the results
are that the "best estimate" DEGB probability ranges from l.E-12
to 6.E-12 events per plant-year while the "best estimate" probability of a 3 gpm leak ranges from 5.E-9 to 5.E-7 events per
plant-year. In actual fact there have been no leaks in large PWR
primary coolant piping and the large separation in probabilities
between DEGB and LBB supports the use of LBB.

b)

The ability of unflawed pipe to withstand stresses is governed by
the material's strength. If the material is flawed but has high
fracture toughness, it is not sensitive to the presence of a crack
and its ability to withstand stress is still governed by its
strength. If the pipe has low fracture toughness, the flaw may
propagate. Methods for performing fracture mechanics evaluations
under linear elastic loading conditions have been extensively
developed, validated and applied to evaluation of LBB.
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If the material has sufficient toughness, the method of limit-load
analysis may be applied. Most materials used in nuclear facility piping has
adequate toughness for the applicability of this method but some exceptions
are stainless steel submerged arc weldments.
If the stresses in the cracked component are low so plastic deformation
is nor: expected, linear elastic analysis may be applied. For greater loads or
larger crack sizes more elaborate methods are required. In the U.S., the Jintegral method is used as a measure of the crack extension leading to a
materials/ structural instability depending on the tearing modulus (T). In
the absence of plastic strain, these parameters may be calculated by the
methods of linear elastic analysis. Where significant plasticity exists,
finite element analysis may be used. These parameters may also be determined
experimentally from which the critical tearing modulus can be determined.
PBTG, 1984 compares the EPRI calculational method (Kumar, 1981) with Paris and
Tada, 1983 and NRC-revised Paris and Tada, 1983 with experimental data.
The results indicate that the EPRI method is consistently conservative
by about 20% for ferritic and 30% for stainless steel piping. Paris and
Tada, 1983 is consistently non-conservative by about 10% for stainless steel
and 20% for ferritic piping. The reason being that this latter method does
not account for strain hardening. The NRC staff modified the kink angle
equations in Paris and Tada to include strain hardening. The modified
procedure is conservative by about 10% for stainless steel and 20% for
ferritic steel.
The recommendations of PBTG, 1984 are:
1)

LBB should only be used instead of DEGB in the absence of excessive loads or cracking mechanisms that could adversely affect the
accurate evaluation of flaws and loads. Such mechanisms are water
hammer, water slugging, other large dynamic loads, intergranular
stress corrosion cracking and fatigue.

2)

The DEGB or its equivalent should be retained as the design bases
for containment, ECCS, component and piping supports.

3)

Leak detection systems should be examined on a case by case basis
to ensure that suitable detection margins for detection of the
largest fracture size used in fracture mechanics is greater than a
factor of 10 over unidentified leakage.

4)

The elimination of the DEGB at the terminal ends of large PWR
primary pipes and the control of the maximum flaw size eliminates
the need for the consideration of asymmetric pressure vessel
loads, jet impingement loads and reactor cavity over-pressurization.

5)

Arbitrary intermediate pipe breaks should be eliminated as a
design basis requirement.
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6)

Numerous changes to codes and requirements will be neccessary and

7)

BWRs in which safety piping has been replaced by material resistant to IGSCC should not have DEGB as a design criterion.

Summary for ANS Relevance

This section indicates some of the regulatory requirements that must be
observed by ANS such as temperature requirements for avoiding brittle fracture
as a function of the metal composition. The regulatory guide indicates the
steel should contain minimum copper and phosphorous for this goal. These
requirements need reinterpretation for alloys used in proposed ANS piping
steels.
Stress corrosion cracking may be resisted by the use of low carbon
stainless steels, by stress relief and by hydrogen addition to the coolant for
pH control.
The double-ended guillotine break remains for design purposes but there
is great likelihood that a leak will precede a break. Leak detection equipment should have a wide margin for detection of small breaks before they are
of critical size.
The pipe material should be selected to have high fracture toughness to
resist break propagation and to utilize more established break analysis
methods.
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APPENDIX B
PIPE BREAK DATA
B.I

Overview

A literature search for pipe failure rate data yielded little prior to
1980. WASH-1400, because of its comprehensiveness still is often referenced.
Basin and Burns, 1977 based on the sources available at the time, is valuable
not only for an additional assessment of the probability of break per unit
length but also for the modes of failure. This appendix assembles data that
may be useful in the design of ANS to minimize the probability of pipe break
as well as provide a basis for estimating the probability for the design that
is selected.
B.2

WASH-1400

The Reactor Safety Study, 1975 required two classes of pipe failure rate
data: LOCA frequencies for quantifying the LOCA initiator and basic, component-level pipe failure rate data for quantifying the report's fault trees.
The approach to obtaining the frequency of pipe break was also two-fold.
A review of pipe failure rate data that was available at the time was performed and studies were made of all of the plants in the U.S. in 1972. The
results of the 1972 survey are presented in Table B-l.
Table B-l
Pipe Failures Experienced by the Nuclear Industry in 1972

Plant
PWR
BWR

Total

Number of
Failures
3
8
11

Failure Rate/meter-years*
5%
mean
95%

Plant/yrs
9
8
17

1. 4E-5
5. 5E-5
3. 8E-5

3 . 1E-5
9. 3E-5
6. 1E-5

8 .IE-5

1 .7E-4
1 .0-4

* 10,700 meters of piping are assumed to be in each plant.
Table B-2 presents the sources of information (mostly non-nuclear) and
their assessments of the pipe break frequency. It may be noted that most of
the sources either did not distinguish between pipe sizes or only considered
large diameter piping. The first item in Table B-2 are the final WASH-1400
pipe break assessments based on both the literature review and the 1972
assessment. This information is presented for comparison with the other
information sources. Item 2 of this table presents the data from the 1972
nuclear plant review also presented for comparison. Table B-3 summarizes the
failure rate data used in WASH-1400.
To estimate the frequency of a LOCA, WASH-1400 reviewed the 150 nuclear
plant-years of experience up to the time of its preparation. There were no
"catastrophic" failures in any of the primary cooling loops. A crack in a
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Table fl-2
WASH-1400 Review of Pipe Break Information1
Data Source

Failure Rate per Meter-Hour
Dia. <-3 in.
Dia. >3 in.

WASH-1400 assessment

5.2E-8
3.2E-7
2.6E-3
1.1E-6

1972 Nuclear Experience
Liquid Metal Eng. Cntr.
Systems Reliability Service

5.2E-7
3.6E-6
2.6E-3
1.1E-6

UKAEA, UK and European data
Collins and Pomeroy (1971 nuclear
operating experience)

--

5.2E-8

Holmes and Harver HN-190

--

5.2E-4

--

3.6E-5

1968 one plant 4 months
Pioneer
Shopsky

5.2E-6

Lindackers et al., German

5.2E-6

--

1.1E-7

Davies

--

1.5E-6

IEEE

--

5.2E-6

Institute of Reactor Safety

Otway

3.IE-6

Nat. Reactor Test Sta.

5.2E-6

5.2E-6

Table B-3
Final Pipe Break Data Assessments used in WASH-1400*
(Estimated error factor of 30)
Pipe Size
<- 3 in.
> 3 in.

Per Section-hour+
1.0E-9
1.0E-10

per meter-year**
5.3E-7
5.2E-8

* Data taken from Table III 2-1 of WASH-1400.
+ A section is defined as being the length of pipe between major discontinuities such as valves or pumps.
** 17 meters of pipe are assumed to form a section.

Adapted from SAI, 1984 quoted from WASH-1400 by dividing by an assumed 17
meters of pipe per section.
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secondary loop was recorded but did not lead to complete severance - it was
believed to be due to water-hammer. Therefore, conservatively assuming one
failure, and using plant operating experience, the LOCA frequency estimates
presented in Table B-4 may be calculated. In addition, Table B-5 presents
estimates of LOCA frequencies by various authors. Tables B-4 and B-5 were
combined to give the WASH-1400 assessed LOCA frequency presented in Table B-6.

Table B-4
LOCA Estimates from Nuclear Plant Experience
Item

Large rupt.
Small rupt.
1972 exp.

No. of
failures

1
1
4

Plantyears

150
150

17

Meters/
plant
5700
5000
10700

Failure rate/meter-year
5%
mean
95%
6E-8
6.8E-8
7.5E-6

1.2E-6 5 .5E-6
1.3E-6 6 .3E-6
2.2E-5 5.0E-5

Table B-5
Estimates of LOCA Frequency from Various Sources
Source and Description

Occurrence/plant-year

Green and Bourne (1968) Prob. of Large
Rupture of the Primary Cooling
Salvatory (1970) Catastrophic Rupture
Erdmann (1973) Pipe rupture
Otway Pessimistic Prob. of Catastrophic
Failure of Primary Piping
GE(1970) Prob. of Severance in Primary
Piping
Well-Knecht (1965) Failure Rate for
Rupture of Primary Coolant System Piping

2.0E-3 to 3.0E-6
1.0E-4
l.E-4 to l.E-3
1.7E-7
5.E-4 UT testing
l.E-3 w.o. UT
l.E-7

Table B-6
WASH-1400 Assessment of LOCA Frequency

Pipe dia. (in)

0.5 - 2
2 -6
> 6

LOCA Rate/plant-yr
5%
mean
95%

1E-4
3E-5
1E-5

1E-3
3E-4
1E-4

1E-2
3E-3
1E-3

B-3

LOCA Rate/meter-yr
5%
mean
95%
3E-7
1E-7
3E-8

3E-6
1E-6
3E-7

3E-5
1E-5
3E-6
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Some Other Pipe Break Assessments

Pipe break frequency has been assessed by many other sources since it is
critical to nuclear power plant safety. Some of these are reviewed in the
following.
B.3.1 General Electric
For many years, the General Electric company was under contract to the
AEC for piping studies. Gibbons and Hackney, 1974, summarized some of this
work as presented in Table B-6.
B.3.2 Spencer Bush Compilation
Bush, 1976, reviewed the pipe break data for 250 reactor years of
experience as reported in the Licensee Event Reports (LERs) in the years 1970
to 1975, some results of which are provided in Table B-7. Particularly
noteworthy is the high frequency of small diameter piping. From these data, a
rupture failure rate for piping > 4 in. was assessed to have a mean value of
5.6E-6 with 5% and 95% values of 3.3E-6 and 1.0E-5 respectively per meter-year
of experience.

Table B-7
Relative Frequency of Pipe Failures According
to Cause and Size

Cause
Fatigue
Construction
Erosion
Water Hammer
Brittle Fracture
Design
Corrosion
Missile

<- 1 in.
45
15
0
1
1
0

Pipe Size
> 1 in.

unknown

4
6
7
5

10
6
8
0
1

5

1

'

0

Klepfer et al., 1975 presents data for obtaining a frequency for intergranular stress corrosion cracking (IGSCC -Table B-8). From these data an
assessment of failure rates due to IGSCC in furnace sensitized safe ends in
BWRs were assessed to be 6.9E-4 per component-year or 7.3E-3 per component
uased on 18 failures in 107 reactor years involving 244 components.
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Table B-8
Pipe Failure Rates due to IGSCC in Heat Affected Zones
BUR 1&2 ('except Dresden 1)
No. of "* rate/weld
rate/w-yr
welds

Pipe
Size
2 in.
4 in.
6 in.

328
198
246

8 in.

249

10 in.

.0031
.0051
.0041
.0040
•*

.00036
.00059
.00048
.00047

No. of
welds

1033

BWR 3&4
rate/weld

.025

rate/w-yr

.0063

-425
642

.014
.013

.0035
.0031

B.3.3 Basin and Burns
Basin and Burns, 1977 extracted information from LERs, Nuclear Safety
Information Center (NSIC) and NUREG-0020 ("Gray Books") covering 207 plant
years of data and 203 reported failures. The data sources used a number of
categories but pipe size was the only category used in the study. The data
covered piping throughout the plant, all types of failures not just pipe ruptures, a variety of pipe materials and stress corrosion cracking. The
failures in piping with an unknown diameter (15 PWR and 22 BWR) were proportioned over various size classes; the length normalization was based on WASH1400 and thus the authors say "The small diameter failure rate is likely to be
too large and the large diameter failure rate is likely to be too small.
These results are summarized in Table B-9. In the percentage distribution of
failure causes (Table B-10), it may be noted that BWR piping has been susceptible to stress corrosion cracking.

Table B-9
Basin and Burns Pipe Data
No. of
failures

Plant

Plantyears

Meters/
plant

Failure Rate/m-yr
(mean)

71
11
82

97.3
97.3
97.3

5000
5700
10700

1.5E-4
2.0E-5
7.9E-5

< 6 in.
> 6 in.
all sizes

104
17
121

110.1
110.1
110.1

5000
5700
10700

1.9E-4
2.7E-5
1.0E-4

All plants
< 6 in.
> 6 in.
all sizes

175
28
203

207.3
207.3
207.3

5000
5700
10700

1.7E-4
2.4E-5
9.2E-5

PWR

BWR

< 6 in.
> 6 in.
all sizes
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Table B-10
Basin and Burns Cause Data
Plant Type

Cause Identification*
a

b

c

d

e

f

BWR

% of Fails

17

9

11

9

17

38

PWR

% of Fails

53

6

6

0

18

18

Average %
27
8
9
5
17
33
*Cause identification is: a - vibration, b - thermal and cyclic fatigue, c fabrication, d - corrosion, e - erosion and f- stress corrosion cracking.
B.3.4 SAI Compilation for a Japanese Advanced Test Reactor (ATR)
SAI, 1984, performed a reassessment of pipe break data for a heavy
water moderated, BWR reactor having some similarities to a CANDU. In the
course of this investigation, B.R. Collingwood, Senior Reliability Engineer at
Ontario Hydro, Toronto, Ontario provided the information that is presented in
Table B-ll. As a result of the data review SAI, 1984 estimates a leak rate
for CANDU reactors as l.E-6/m-yr and 2.E-5/m-yr for U.S. LWR pipe data
modified for appropriateness to the ATR. The report then takes the geometric
mean to estimate 4.E-6/m-yr.

Table B-ll
CANDU Pipe Data

Item
Inlet pipe
2-4 in. dia.
Other Pipe
1-6 in. dia.
All pipe >
6 inches

No. of
Fails

m-yr

0

8. 1E5

1

1. 0E6

0

4. 9E5

5%

3 .6E-7

Mean Failure Rate (/m-yr)
mean
50%
95%

9 .6E-7

8 .5E-7

3 .7E-6

1 .6E-6

4 .6E-6

1 .4E-6

6 .1E-6

B.4 Relevance for ANS
Based on the piping review, it is clear that the less piping a plant has,
the lower the probability of a leak or break. Most of the data show a higher
failure rate per unit length for small diameter piping than for large diameter
piping. While PWR piping has been susceptible to vibration, a tentative
estimate of a piping leak rate for ANS based on the concluding rate from SAI,
1984 is 4.E-6/m-yr (greater than 3 in. dia. pipe). The failure rate for
breaks (not guillotine breaks) is generally estimated as being about 0.1 of
this or 4.E-7/m-yr. The ratio of leaks-to-breaks is addressed further in
Appendix G.
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APPENDIX C
SUMMARY OF THE PRAISE CODE
C.1 Overview
The PRAISE (Piping Reliability Analysis Including Seismic Events) code
(Harris, 1981a; Harris, 1981b) is a fracture growth code that models the
growth of piping imperfections by continuous, anticipated, or accidental
stresses which might occur in the operation of a nuclear power plant. When
these grow to a critical level, leak or break of the piping may occur. An
earthquake may provide the stress necessary to cause failure. The original
PRAISE code was modified to become PRAISE-B for more general purpose
application to the analysis of pipe break probabilities from mechanisms in
addition to cyclic fatigue such as stress corrosion cracking, stresses due to
assembly, vibration and welding. PRAISE-B treats both circumferential as well
as longitudinal welds but only considers welding defects because welds are
much more likely to be the location of defects in base material which may grow
to critical size. The components of the model are presented in Figure C-l
adapted from Harris, 1981. (This figure is an amplification on Figure 2.2-2).

The starting point for a PRAISE-B calculation is the distribution of
micro-flaws in the pipe base metal introduced as a result of fabrication (box
A ) . These are assumed to be two-dimensional, semi-elliptical with a length of
2b and depth of a and the plane of the ellipse is in the radial plane of the
pipe. The pipe wall thickness is h. Residual and transient stresses on the
pipe will cause these small cracks to grow. But as they grow there is a probability that they will be detected and corrected. The crack non-detection
probability is represented by box B in the figure. This non-detection
probability distribution is applied to the initial crack size distribution to
result in a modified post-inspection distribution that feeds to box E in which
the crack size as a function of time is calculated. This calculation is
modified by the stress history which grows the cracks by cyclic stress, mean
stress, stress cycles, thickness variations, operating transients and seismic
events. Solution stress (box C) is also included because it causes crack
growth from stress corrosion. Box D provides the algorithm in box E that
relates the rate of crack growth (da/dn) to the applied stress. (If the
stress is below a certain threshold, there is no crack growth).) As a result
of the modeling in box E, the rate of crack growth is calculated and when it
grows to a depth of h, the pipe either leaks or fractures. The significance
of the growth is evaluated in box G but this evaluation is affected by
initially leaking which may be detected according to a probability
distribution dependent on the size of the crack (box F) and the leak rate (box
H). The significance is also subject to a failure criterion regarding the
significance of the crack based on its size.
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Figure C-l
A schematic diagram of PRAISE-B steps for analyzing a given weld.
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C.2 Major Assumptions in PRAISE-B
The assumptions made in the PRAISE-B are presented to provide a basis
for judging its utility for the ANS design process:
•

Piping failure occurs as the result of the growth of small cracklike defects introduced during fabrication. The distribution of
the number and flaw characteristics are not known directly but are
inferred from experience with the type of pipe material and its
treatment.

•

Design, fabrication, and assembly errors are omitted except as
they affect the size of the initial defects.

•

The defects are confined to weld joints. Furthermore the defects
are restricted to being interior circumferential girth butt-welds
as possibly leading to LOCA.

•

The defects have the same distribution and are independent of each
other.

•

Cracks shorter than twice the depth are omitted.

•

The subcritical crack growth can be predicted from laboratory
tests.

•

The cyclic stress history controlling crack growth is estimated
from expected plant history. Seismic events enter as a stress
history.

•

Multiple cracks in a weld do not interact.

•

The unstable final phase of crack growth to pipe break is
calculated by exceeding the critical net section stress or by a
tearing instability - whichever result in the smallest crack hence
the higher probability.

•

Applied stress used in the failure criterion is the stress that is
not relieved by crack extension.

•

Axial pipe stress is assumed to be uniform over the pipe section
and equal to the maximum at the inside pipe wall.

•

The maximum stress is normal to the plane of the crack.

•

Cracks grow elliptically until they reach the surface.

•

A through-wall crack has the same inside and outside dimensions.
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•

Leaks greater than 1 gpm are immediately detected with 100%
probability.

•

The probability of detection with nondestructive evaluation only
depends on the current crack size independently of previous tests.

•

Cracks found by NDE are repaired and eliminated.

•

Repair does not introduce defects.

C.3 Initial Crack Depth Distribution. Aspect Ration and Crack
Probability
For the two-dimensional representation of cracks, the procedure is to
determine distribution of the depths of cracks (a) and then to determine the
distribution of the aspect ratio (a/b). The reason for doing this is that the
crack depth has a stronger influence on the stress than does the length. Data
on the distribution of the depth is presented in Figure C-2.
Wilson, 74, provides data on both depth and length but the figure only
shows the depth information. Unfortunately the data are based on judgment.
Becker and Hansen, present data on 228 cracks and conclude the distribution
seems to be lognormally distributed. Nilson, 77, working with the same data
concluded them to be gamma distributed. Marshall, 76, presented data from
cracks found in US and UK nuclear and non-nuclear pressure vessels and
concludes that the data are exponentially distributed (the exponential and
gamma distributions are similar). The exponential distribution is also
supported by Lynn, 1977, and Vesely, 78, in the OCTAVIA code. Let P, be the
complementary distribution, then for the exponential distribution function:
00

-a/At
p (x)dx - e
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where M is the mean crack depth which Marshall takes to be 0.246 in. to
produce the distribution shown in Figure C-2. Also shown in the figure are
the data of Becher and Hansen presented as a lognormal distribution, the
Wilson distribution and estimates from Lynn, 1977. The reason that the Wilson
distribution falls below the others may be due to the exclusion of cracks with
initial surface lengths less than 4 in.
Harris, 1981, reports a paucity of data on the crack aspect ratio so the
ratio b/a is taken to be either exponential or lognormal and in fact the
distribution is taken to be a shifted to omit cracks for which b/a < 1. Two
sources are cited, Frost and Denton, 1967, and Cramond, 1974, from which a
value of the parameter p, the mode of the distribution for b/a - 1, is l.E-2
in fair agreement with Crammond but not Frost and Denton.
PRAISE-B also requires information on the crack probability.
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Figure C-2
Complementary cumulative marginal crack depth distributions as reported by
several observers.
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This is taken to be Poisson distributed based on theoretical arguments.
From the crack information of Cranmond the frequency of cracks varies from
l.E-4 to 9.4E-2/inch. Marshall, 67 reports 1.5E-3/inch. In 12 out of 44
pressure vessels, cracks were found to have depths between 0.5 and 1 inch.
Considering the thickness of the vessels, this may be expressed as 5.4E-5/in3.
Nichols, 75 also provides information that can be interpreted as l.?E-3/in3
In summary, PRAISE-B uses l.E-4/in3.
C.4 Inspection Detection Probabilities
The probability of detecting a flaw with ultrasonics or any other
nondestructive testing method is a function of the flaw size and location.
Harris reviews the data of Harris, 1977b, Rummel, 1974, Tang, 1973, the PISC
report, 1979, Johnson, 1979 and Adamonis, 1979 as presented in Figure C-3.
These data were based on either wrought or welded ferritic steels or aluminum.
Ultrasonic inspection is more difficult in the case of cast austensic
stainless steel because of the large columnar grain formation in the casting
process. The concluding representation of non-detection used in PRAISE-B is
- 1/2 erfc O In A/A*)

C-2

where
»

- 1.60

A* - w/4 a* Dj
a* - 1.25 in.
C.5 Fatigue Crack Growth
Harris, 81 reviews the data of Ford, 1980, Bamford, 1979, French data
(FCFMS, 1979), Shaninian, 1975 and General Electric (Hale, 1978) as shown in
Figure C-4. The concluding representation is
0

K'<

C-3

da/dn CK'*
where
K'

- AK/(1-R)1/2

K,; - 4.6 ksi-in1/2
C lognormally distributed with
median - 9/14xlO"12
standard deviation - 2.20xl0"u
da/dn : inches/cycle

K: ksi-in 1 / 2
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C.6 Final Failure
Final failure of the pipe may be estimated by either exceedance of
Rice's J-integral (Rice, 1968) and the tearing modulus or exceedance of the
critical net section stress (see Appendix A.3 of this report and also refer to
Harris, 1981). Basically Tada, 1979 show that reactor piping is not subject
to tearing instability for length-to-diameter ratios representative of primary
reactor piping in LWRs.
The other failure criterion that could come into play is the critical
net section stress criterion for very large cracks that reduce the pipe cross
sectional area to the point that the loads are not relaxed by extensive
deformation are sufficient to break the remaining area.
C.7 Numerical Simulation
Any case (trial) of the PRAISE-B methodology requires the calculation of
many uncertain parameters known according to some probability distribution. A
practical technique for determining the probability distribution of pipe break
or leakage is a Monte Carlo simulation in a value for each of the parameters
is selected at random from the distribution of the parameter. After a full
set of parameters has been selected, the PRAISE algorithm is exercised and one
trial is calculated to determine if the selected set of parameters resulted in
a break or leak. The probability of, a break is

p

br««k "

lim

Number of Breaks
Number of trials
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This is true in the limit that the number of trials becomes infinite. A
direct evaluation of equation C-4 in which the parameters are selected
according to their modeled frequencies of occurring is computationally
inefficient especially if the probability of a rare event such as pipe break
is sought. Furthermore, the simulation of a single occurrence is not sufficient because a number of occurrences is needed for statistical significance.
There are several techniques for increasing the accuracy of Monte Carlo
simulations for a given amount of computational time. The method used in
PRAISE-B is stratified sampling. The basic scheme is to partition the sample
space into a set of mutually exclusive cells. A pre-determined number of
samples are then selected from each cell. Within each cell, the individual
crack dimensions (or other parameters) are selected according to the estimated
crack size distribution. The distribution of the first time to failure is
calculated with allowance for the conditional probability of a crack existing
in a given cell.
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C.8 Relationship of PRAISE-B To the ANS Design
The PRAISE-B code and the supporting documentation represents extremely
detailed application of probabilistic fracture mechanics to the pipe break and
pipe leak problems. A caviat is the comment of Thomas, 1980 that fatigue
crack growth constitutes a small fraction of the observed pipe failures.
PRAISE-B also contains stress corrosion and residual stress calculations which
with the seismic analysis, represent the major changes from the original
PRAISE code. The details of these treatments are less than the emphasis on
fatigue crack growth. It would be difficult to estimate how well PRAISE-B
could calculate the observed pipe failures such as those providing the
statistics of Appendix B. It would seem to be a fair guess that it would not
model all nor would the probabilities calculated by PRAISE-B be in full
agreement - considering the difficult of the modeling and the uncertainties in
the data used in PRAISE-B.
It also seems that PRAISE-B is a complex code requiring extensive
computer time to perform the Monte Carlo simulations hence of limited usefulness
for multiple cases to be studied in design.
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APPENDIX D
REVIEW OF THE OCTAVIA AND NUREG-O778 CODES
D.I Octavia
D.1.1 Overview
OCTAVIA (Operationally Caused Transients and Vessel Integrity Analysis,
Vesely et al.,1978) is a code that was developed specifically for analyzing
PWR reactor pressure vessel failure probability under transient loading. The
computational method involves two steps; the first one is the calculation of
the pressure which will fail a vessel with center-line axially oriented flaws.
The second step is the calculation of the probability that such a pressure or
greater will be experienced. The combination of the two steps gives a
probability of pressure vessel failure in the center-line region. OCTAVIA is
the predecessor of several other codes using the linear elastic fracture
model: OCA-P (Cheverton, 1984), VISA (Stevens, 1983) and NUREG-0778 (Gamble
and Strosnider, 1981 - no code name). Both OCTAVIA and NUREG-0778 codes are
reviewed here because of their relationship and their NRC origination.
D.I.2 Critical Pressure Calculation
In relating reactor pressure vessel (RPV) failure pressure for various
flaw sizes, there are 4 distinct regimes as depicted in Figure D-l. In terms
of increasing pressure, these are: linear-elastic fracture mechanics (LEFM),
gross yield plateau, elastic plastic fracture mechanics and the upper shelf
plastic instability. The LEFM regime is the governing regime for pressures up
to the gross yield pressure of the vessel and also is the best understood
because of significant recent advances in LEFM. The equations describe the
imposed stress intensity factor at the deepest point in a semi-elliptical flaw
and contain the important parameters which may be used for sensitivity
studies. The gross yield plateau manifests a similar phenomenon in the stress
strain relationship for the RPV materials. The EPFM regime reflects the
additional toughness that is available if the material is capable of straining
into the strain hardening region as described by Bryan, 1975a.
The calculation of the pressure at vessel failure in OCTAVIA have been
performed by the methods in Merkle, 1975. Unfortunately, the referenced
document uses several methods so the actual one(s) used is not clear and
methods for 3 regimes are presented.
D.I.2.1 Distribution of Flaw Depths
The determination of the pressure at which fracture of the vessel will
occur depends upon the flaws that it contains in the belt line region. Table
D-l from Vesely, 1978 reports a distribution of flaw depths based on operational information and discussions with metallurgical personnel. The flaw
sizes indicated in Table D-l are the center of the range from the midpoint to
the next value. For example, the size 0.125 represents the range from 0 to
0.183 and 0.25 the range from the latter value to 0.375. A difference between
OCTAVIA and similar codes lies in the assumed flaw distribution.
D-l

1. Linear Elastic Fractura
Mechanic* (LEFMI
2. Gross Ytald Plataau
3. Elastic Plastic Fracturt
Mechanics
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Figure D-l
Four regimes of pressure as a function of temperature.

Table D-l
Flaw Distribution Based on Operational Information and
Expert Opinion
Flaw Size. S (inches)

Probability P,
0.25
0.125
0.025
0.0025
0.00025
0.000025

0.125
0.25
0.5
1.
2.
3.
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D.I.2.2 Linear Elastic Fracture Mechanics
Herkle, 1973 refers to Merkle, 1974 to calculate the linear elastic
stress intensity factor at the deepest point of the flaw as:
Kx - CS, 7 wa

,

D-l

where S, is the outside surface circumferential stress, a is the flaw depth
and C is the nondimensional shape factor

C

M U

T\ O

/A.

where M1 is the front-face free surface magnification factor
Mi - 1.025 + 0.055 (a/w)
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and M2 is the back-face free-surface magnification factor
/tan wa/2w \

l/z

M2 -

D-4

y *a/2w

j

and 4> is the complete elliptic integral of the 2nd kind which may be approximated as
*z - 1 + 4.593 (a/2b)

1S5
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By elastic stress analysis, the relationship between the internal
pressure and the outside circumferential stress and strain for the model
calculated in Merkle, 1975, are:
S, - 9.641p
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D.I.2.3 Elastic-Plastic Fracture Mechanics
Merkle, 1975, performs this analysis using the tangent modulus method of
Bryan, 1975a, for which the basic equation is:

dX
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where c and p are the notch root strain and root radius, respectively, C is
the LEFM shape factor presented in the previous section, a is the crack depth,
Es is the tangent modulus corresponding to the gross strain, Es is the strainhardening tangent modulus at the notch tip, and dX is the nominal (gross)
strain at the flaw location. The value of de at fracture is obtained by
integrating equation D-7 and is directly related to the value of KIc. The
incremental method is suited to determining increases in fracture toughness
into the plastic instability regime.
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D.I.2.4 Upper Shelf Plastic Instability
An upper limit to the failure pressure of a cylindrical pressure vessel
containing an external part-through crack can be estimated as the pressure at
which plastic instability occurs in the region surrounding the flaw estimated
as (Derby, 1974):

1 --Ac/Aj
AC/AJ
p f - S* (Y - 1) If 1
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where Y is the ratio of the outer to inner radii of the RPV, is the plastic
flow instability stress estimated as 1.07 times the average of the yield and
ultimate stresses, A,, is the crack area and A is the effective load-bearing
area containing the flaw as calculated from
w(a + Aa)(b + Ab)
Ac -

D-9
2

and
A - [2(b + Ab) + w]w
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where Aa and Ab are estimates of the stable crack growth area that occurs
prior to maximum load.
D.I.3 Probability Calculation
D.I.3.1 Probability of Pressure Transients
Vesely, 1978, calculates the pressure transient probability distribution
using data from operating US nuclear power plants before 1977 which exceeded
800 psi. A plot of these normalized to unity are presented in Figure D-2.
D.I.3.2 Probability of Vessel Failure
The probability of vessel failure is the joint probability that a
transient will occur (PT) and the probability that it has pressure sufficient
to fail the vessel as calculated by the formula
Pr - TR * exp(-(pi-800)/P)

D-ll

where TR is the rate per year for transients exceeding 800 psi; pL is the
failure pressure for flaw! and P-800 is the average maximum pressure associated with the transient. Formula D-ll is based on statistical analyses of
the data. TR - 0.080/yr and P-440 psi are best estimate evaluations. The
upper 95% confidence bounds are: RT - 0.136/yr and pt - 806 psi.
Best estimate results from OCTAVIA for the Surry pressure vessel are a
failure probability of l.E-7 to 3.E-5 at 40°F with the fluence varying from
l.E-17 to 6.E-19n/cm*cm*sec. At a vessel temperature of 200°F the probability
ranges from 2.E-9 to 3.E-5/yr. So the effect of temperature is minimal at
high fluence.
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Figure D-2
Normalized probability of pressure transients > 800 psig.
D.1.4 Differences between 0CTAVIA and the HSST Methods
While OCTAVIA generally follows Merkle, 1975 for the calculation of the
rupture pressure, it deviates with regards to the methods for calculating the
effects of radiation and fracture toughness as a function of temperature.
OCTAVIA uses the algorithm for calculating the effects of radiation degradation presented in Regulatory Guide 1.99 and presented in here in Appendix A.
Vesely, 1978 justifies this change on the basis of conservatism, particularly
with regards to the residual elements in the steel. Furthermore, only
internal flaws are considered because they are more critical in the presence
of radiation than external flaws.
OCTAVIA uses the data relating fracture toughness to temperature that
was developed in ORNL-TM-4914 as being more representative of the average
fracture toughness data developed in the HSST program than that in Merkle,
1975. Vesely, 1978 performed a regression analysis on this data to obtain the
following representation:
- a + cebt
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where £lc is the best estimate of the toughness, t is the temperature (°F)
and a - 36.94 (±1.011), b - 0.01794 (±0.002179), and c - 40.73 (±3.655). The
numbers in the parentheses are standard deviations.
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D.2 NUREG-0778 Model
D.2.1 Overview
The purpose of this work was to assess the failure rate in the beltline
region of a generic FWR pressure vessel. Its objectives were to:
•

Better define the effects on neutron radiation, material variation and
flaw distributions on the failure rate in the beltline region,

•

Estimate the relative margins against failure for normal and transient
operation, and

•

Evaluate current limitations in fracture mechanics models for the
prediction of failure rates for nuclear pressure vessels.

This code is a direct descendant of the OCTAVIA code and is believed to
be an improvement over it by better information on the distribution of flaw
sizes, separate analysis for pressure, thermal and residual stress and the
convolution of results using Monte Carlo methods.
D.2.2 Methodology
The computer code that was developed (no name) is based on LEFM to model
the variable interactions and to estimate failure by comparison of the
potential for flaw-induced fracture KT to exceed the material's resistance
KIC. Failure is postulated when the former exceeds the latter. The values of
K: and KIC are determined by combinations of operational and material variables. Generally, Kt depends on the flaw size, and stress in the pressure
vessel. The KIC as shown in Figure A-l is a function of the neutron fluence,
copper and phosphorous (or equivalent) content. For convenience these factors
are combined to produce an adjusted reference temperature RTroT. Because
these parameters are random with complex interactions, Monte Carlo methods
were used to study the effects of various random combinations - weighted by
their probability of occurrence. Figure D-3 shows this process.
The simulation cycle depicted in Figure D-3 represents a single computer
experiment conducted to determine if a single occurrence of a specific
operational event will produce failure of the reactor vessel. To determine
the failure rate, the cycle is repeated up to 1.E6 times and the failure rate
is calculated from the number of failures to the number of trials. This is
the conditional probability of failure given a pressure transient and the
probability of failure is the product of this conditional probability and the
transient frequency.
The potential for flaw induced fracture Kx is separated into components
for pressure, thermal and residual stress as:

Kt - aj™

I 0LFt
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Procedures in Monte Carlo simulation of vessel failure.
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where a - radial depth of a flaw that extends from the vessel surface part way
through the vessel wall, a - flaw shape factor, <7t - maximum stress for the
ifch stress distribution, and Fj, - modifying function for the 1th stress
distribution.
The Ft functions used in NUREG-0778 are presented in Figure D-4 as
functions of the ratio of the flaw depth to the wall thickness. The pressure
stress is based on membrane theory; the residual stress distribution is
estimated to be sinusoidal with a maximum of 8 ksi at the inner and outer
surfaces and compression at the midwall. The amount of thermal stress is due
to heatup or cooldown at 50*F/hr and at other times it is taken to be zero.
The flaw shape factor, a, is taken to be constant at 0.89 corresponding to a
semi-elliptical surface flaw having a length to depth ratio of 6. The
independent variables used in each Monte Carlo simulation are pressure and
crack depth. For each simulation, the crack depth is sampled from a statistical distribution.
While much of the data needed for NUREG-0778 was obtained from operating
experience with PWRs, very little data are available on flaw sizes because the
information needed is on the flaws that have not been detected. NUREG-0778
made no attempt to collect new information on the flaw distribution but
instead used the distributions of Vesely, 1978 and Marshall, 1976 which are
shown in Figure 0-5. The weld volume in OCTAVIA was defined as the volume in
the beltline of a FWR without reference to the total volume while Marshall
defined the flaw distribution with respect to the total volume of the reactor
vessel. The normalization used in NUREG-0778 is that the beltline weld volume
is 0.01 of the total vessel volume and the circumferential beltline weld
volume used in Figure D-S is 0.02 of the total. The left-most dashed lines in
Figure D-5 represent the preservice crack distributions. Even though the
crack distributions are shown as continuous curves, Monte Carlo simulation
requires discrete values which were chosen to be 9 ranging from 0.25 to 3.5
inches.
NUREG-0778 also uses different fracture toughness values than OCTAVIA
and in particular, uses data from Shabbits, 1969 taken in the HSST program
surveillance programs from PWRs and presented as Figure D-6. These data are
used in the NUREG-0778 computer code by fitted 2 displaced exponential
distributions with a break between the curves at -16°F.
In the upper shelf region the fracture toughness is represented as:
KIC - ay [5CVN/ay - 0.25]*
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where CVN is the Charpy V-notch test upper shelf energy in foot pounds and ay
is the material yield strength in ksi. CVN decreases with neutron irradiation
which was taken to correspond to the Regulatory Guide 1.99 prescription. Some
result for vessel failure probabilities as a function of pressure and temperature are shown in Figure D-7 for 10 EFPY (effective full power years) and end
of life.
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The pressure transient frequency used in NUREG-0778 is that of OCTAVIA
however NUREG-0778 performed some investigation of these data through simulation and sensitivity studies. The results of NUREG-0778 were validated to
some extent by comparisons with the deterministic calculations of OCTAVIA.
D.3 Relevance of Octavia and NUREG-0778 to ANS
NUREG-0778 represents a refinement of the methods used in OCTAVIA but
would require considerable adaptation for determining pipe break probabilities
for ANS. Like OCTAVIA it calculates the probability of beltline vessel
fracture as a function of pressure, temperature, fluence and material composition subject to a pressure transient. Considerable work would be necessary to
convert this to a piping analysis and if this were done, it would only provide
analyze of this one cause (albeit a catastrophic type) of pipe failure.
Comparisons should be made with Thomas (Appendix G) to estimate the completeness that would be afforded. It would not, for example, include stress
corrosion cracking. Furthermore, neither of these codes contain algorithms
for the growth of imperfections through stress cycles thus aging is only a
function of irradiation.
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APPENDIX E
REVIEW OF OCA-P, THE ORNL DETERMINISTIC AND PROBABILISITIC
FRACTURE-MECHANICS CODE FOR PRESSURE VESSELS
E.1

Overview

OCA-P (Cheverton, 1984) : is a probabilistic fracture-mechanics code for
evaluating the integrity of PVR vessels subject to overcooling accidents
(pressurized thermal shock). It is based on linear-elastic fracture mechanics, has two dimensional and limited three-dimensional flaw modeling capability and can treat cladding as a discrete region. As a deterministic code, it
can conduct a search for critical values of fluence and nil-ductility reference temperature corresponding to flaw initiation. As a probabilistic code,
OCA-P uses Monte Carlo methods for calculating the probability of vessel
failure as a function of: fluence, flaw depth, fracture toughness, nilductility reference temperature, copper, nickel and phosphorous. The code
provides plots of critical crack depth diagrams for the deterministic analysis
and histograms for the probabilistic analysis.
OCA-P accepts as input, the reactor primary system pressure and the
reactor vessel downcomer coolant temperatures as functions of time in the
transient and it calculates the wall temperatures and stresses as a function
of time and radial position in the vessel wall. The stress intensity factors
are calculated as a function of crack depth and time.
In the deterministic mode, the values of the static crack initiation
toughness (KIc) and the crack arrest toughness (KIa) are calculated and
compared with Kr to provide an evaluation of flaw behavior. The deterministic
aspect of OCA-P was developed in the code OCA-II (Ball, 1984); the probabilistic aspect in the contribution of OCA-P.
In the probabilistic mode, OCA-P performs the same steps using Monte
Carlo sampling from distributions of flaws, times, pressures, and positions.
For each of the "vessels", a deterministic fracture mechanics analysis is
performed as described above to determine if vessel failure occurred for the
sampled ensemble of parameters. The conditional failure probability is the
number of failures divided by the number of trials.
E.2

Deterministic Calculation

Figure E.I summarizes the deterministic procedures performed in OCA-P.
As shown in the figure, the primary system pressure and the reactor vessel
downcomer coolant temperatures are input as a function of time. The coolant
temperature is used with a fluid-film heat transfer coefficient in a onedimensional (1-D) thermal analysis to determine the wall temperatures.

1

Presumably the OCA part of the name stands for over-cooling accident and
the P stands for probabilistic.
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Conversely the wall temperatures, if known, aay be input directly as well as
radial variations in the material properties. The wall temperatures allow a
1-D stress analysis of the un-flawed vessel to determine the circumferential
and longitudinal pressure and thermal stresses as a function of time and
position in the vessel wall. If the stresses are known, the may be directly
input.
The stress intensity factors are calculated with a superposition
technique described in Ball, 1984 that uses influence functions available in
OCA-P for 2-D and 3-D flaws.

OHNL-DWG 81-16538

CYL
10
AND
00

h-f(t)

RTNOT0,
Fo- Cu, P,
Ni,
ARTNDT,

r i

TJ f
COOLANT TEMP
VS
TIME

-f(T)

THERMAL ANALYSIS
WALL TEMP
VS
TIME

VS
TIME AND a/w
K^K,,., K,/K,a
VS
TIME ANO a/w

I
PRESSURE
VS
TIME

F • f la/w),
ARTNDTf(F. Cu, P, Ni).
ARTNDTf(4RTN0T $ )

STRESS ANALYSIS
THERMAL AND
PRESSURE STRESSES

VS
TIMI

"•I

VS
TIME ANO a/w
REQUIRED INPUT

I

o

CYL
10
AND
00

•

Figure E-l
Schematic of deterministic procedures in OCA-P

E-2

TYPICAL DATA INCLUOI
OPTIONAL INPUT
TYPICAL OATA INCLUOI
NO OPTIONAL INPUT
CALCULATION ANO OU'

The calculation of KIc and KIa as functions of time and radial position
uses relations of the type
Krc Ki. - f (T - RTNDT) ,
T - f(a/w, t)

,

RTNDT - RTNDT0 + ARTNDT ,
ARTNDT - f(Cu, Ni, P, F) ,
F - F(a/w)
where
T a w t RTNDT RTNDT0 ARTNDT Cu, Ni, P F -

temperature at crack front, *C;
crack depth or radial position in wall from inner surface, mm;
wall thickness, mm;
tiae in transient, s or min;
nil-ductility reference temperature, 'C;
initial (zero fluence) value of RTNDT, *C;
increase in RTNDT due to radiation damage, *C;
copper, nickel, and phosphorous concentrations, wt %;
fast neutron fluence (neutron energy > 1 MeV), nuetrons/cm2.

These are similar to the relations described in Appendices A, C and D
and will not be repeated but reference should be made to Covington, 1984.
OCA-P performs a correction for the fast flux attenuation as
F - Foe""*
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where m - 0.0094/mm and performs an approximate correction of the neutron
attenuation in the wall.
E.3

Probabilistic Analyses

Probabilistic treatment is similar to that of NUREG-0778 and will only
be briefly discussed. The parameters used in the deterministic calculation
are sampled from normal distributions with parameters as indicated in Table E1; the program logic is presented in Figure E-2. It is seen that the calculation begins with the definition of transient in terms of the coolant temperature and pressure. Mean values for the fluence, nickel, copper and initial
RTKQ; are provided. Values for the crack depth and dRTTOT are selected from
their distributions as well as weld properties and a calculation of RTmj is
performed. A stop may be placed according to information that may be available on the depth at which the crack growth is arrested. The error in Klc is
calculated, time is advanced and Klc is recalculated for the new pressure and
temperature at this later phase of the transient. KIe is recalculated and a
test is performed to determine if Kt/KIC >- 1. If it is not, then a test is
performed to see if the transient is over and the trial stops. If KX/KIC < 1
then the crack depth is increased and a test is performed to see if the
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calculation is in the range of plastic instability, if so failure is declared,
if not, RTHDT and K u are calculated and the test Ki/KIC <- 1 is performed which
if true results in crack arrest and if not checks to see if all crack depth
have been calculated. If enough trials have not been performed, the process
is repeated and if they have, the probability of vessel failure is calculated
as the ratio of failures to trials.

Table E-l
Parameters used in the OCA-P Monte Carlo Simulation

Parameter

Standard
Deviation1

Fluence
Copper
Nickel
RTNDTe
ARTNDT
KIc
KIa

0 . 3 ji(F)
0.025%
0.0
9'C 2
13°C 2
0 . 1 5 MK I C )
0 . 1 0 jitfCx.)

Truncation

F- 0
2
2

±3a
±3a

formal distribution used for each parameter.
2

<7(RTNDT) - L 2 (RTNDT O ) + a2(ARTNDT)

1/2

, truncated at ±3a.

The flaw-depth density function is taken from the Marshall report
(Marshall, 1976).
f(a) - 0.16 c-0-16*' °""1 ,
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where
a - crack depth, mm
f(a) - (fraction of cracks with depths in the range a -+ a + da)/da.
The probability of non-detection is also taken from this report as

B(a) - 0.005 + 0.995 e' 0113<
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Both of these are plotted in Figure E-3.
Convergence of the Monte Carlo calculation may be accelerated by
stratified sampling (Rubinstein, 1981) which divides the sampling space into
discrete intervals thereby forcing the sampling in low probability intervals.
This produces a biasing that must be corrected.
OCA-P also computes the uncertainties in the prediction of the probability of vessel failure by propagation of the variances in quadrature.
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Figure E-2
Program logic used in the Monte Carlo simulation
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Relevance of OCA-P to ANS

OCA-P is similar to OCTAVIA and NUREG-0778 but has additional features.
Like these, it is concerned with the calculation of the probability of
centerline reactor vessel failure from a pressure transient or an overcooling
accident. OCA-P has some desirable features such as the accelerated Monte
Carlo convergence and the non-detection probability. In discussions with
Cheverton, it appears that considerable work would be necessary to reconfigure
the code for the analysis of pipe break. Residual stresses would need to be
introduced for example but the end result would not represent all modes of
pipe failure so would not be the full probability. The ability of any code to
predict the absolute probability may be asking too much. It may be better to
depend on a model based on material properties to predict the variation with
parameters and to normalize the code to field observations. The appropriateness of the use of normal parameter distributions in OCA-P was not demonstrated in the report and even if they are suitable for vessel fracture, they may
not be suitable for pipe fracture.
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APPENDIX F
REVIEW OF VISA, THE PNL DETERMINISTIC AND PROBABILISTIC
FRACTURE-MECHANICS CODE FOR PRESSURE VESSELS
F.1 Overview
The VISA code (Stevens, 1983) is the last member of the family of codes
similar to the OCTAVIA to be discussed. It was developed primarily for the
analysis of pressurized thermal shock and bears a striking resemblance to OCAP in being a deterministic-probabilistic code.
F.2 Deterministic Calculation
VISA uses closed-fora solutions for the heat transfer and stress
calculations which are presented in the appendix of the report. The applied
stress intensity factors are calculated in VISA using influence coefficients
developed by Labbens, 1976 and Heliot, 1978.
VISA does not explicitly consider vessel cladding so an effective heat
transfer coefficient must be calculated and provided to the code.
h.ff - d/h t + t h A ) " 1
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where ht is the fluid transfer coefficient, k is the thermal conductivity of
stainless steel clad and th is the thickness of the clad. VISA allows the use
of temperature independent or dependent heat transfer characteristics. If
temperature dependent properties are desired, a set of predefined curves for
the thermal diffusivity are contained within the code. At the occurrence of a
simulated transient, VISA allows the selection of a step temperature change or
closed-form changes such as exponential or a fourth-order polynomial representation.
At each time step, thermal and other stresses are represented by a
fourth-order power series in the ratio of position to wall thickness with the
coefficients of the series being determined by curve fitting. In turn, this
leads to representation of the stress intensity factor Kr, another fourthorder power series in the ratio of crack depth to wall thickness in the
product of the coefficients of the previous distribution and influence
functions expressed as polynomial functions of the crack depth as calculated
by Heliot, 1978 and Labbens, 1976. One of the restrictions of VISA is that
the influence functions are calculated for a ratio of vessel wall thickness to
vessel radius of 1:10. This is approximately correct for PUR vessels and
variations from this are expected to cause little error.

F.3 Probabilistic Calculation
Like OCA-P, VISA performs the probabilistic calculation by simply
repeating the deterministic calculation for different parameter values
selected from appropriate distributions. For each simulation, the initial
RTJTOT fluence at the inner wall, flaw size and copper content are selected
F-l

front their distributions. With these values fixed for the iteration, the code
steps through the time history of the transient. For each time step, the
applied stress intensity factor at the crack tip is taken from stored values
from the deterministic calculation. This fluence is calculated as exponentially attenuated from the value at the inner wall as was done in OCA-P. The
shift in RTTOT is calculated according to the Regulatory Guide 1.99 prescription to obtain the adjusted RTror. The value of the fracture toughness KIc is
sampled and compared with the stress intensity factor at the crack tip to
determine crack initiation. VISA, at this point, allows for the option of
warm prestress. If this is selected, crack growth is not initiated if the
stress intensity factor is increasing, if not selected, crack growth is
initiated if KIc is sampled and found to be greater than the stress intensity
factor at the crack tip. If initiation does not occur VISA goes to the next
step . If it does occur, the crack depth is extended 0.25 in. and a new value
of KIa is simulated. The process continues until the vessel fails or the
transient is over.
VISA uses a modification of the OCTAVIA flaw size distribution. The
OCTAVIA distribution is not normalized to 1 which is taken to suggest that
much of the probability is in the small crack sizes. The flaw size distribution used in VISA is presented in Table F-l. It should be noted that if the
small flaw sizes could be considered to be non-failures, the fracture mechanics calculation would not have to be performed and the efficiency of the
code would be improved -a feature that may be added to future VISA versions.
Table F-l
Flaw Size Distribution used in VISA
Flaw Size (in.)

Probability

0
0.125
0.25
0.5
1.0
1.5
2.0
2.5
3.0
3.5

0.918
0.055
0.022
0.0042
0.00036
0.000071
0.000017
0.000005
0.0000025
0.00000083

The mean value functions of the fracture toughness for crack initiation (Klc)
and arrest (KIa) were obtained by non-linear regression to the data of Dircks,
1982:
K Ie - 36.2 + 4 9 . 4 a 0 - 0 1 0 4 9 " - " " 1 "

i f T-RT mT <—50

KIc - 5 5 . 1 + 2 8 . 0 e ° - 2 0 1 * ( t - R T r o i )

i f T-RT roT > - - 5 0

Kx« - 1 9 . 9 + 4 3 . 9 e°- 0 0 8 8 < t - R T i n > T )

i f T-RT roT <—50

KlB - 7 0 . 1 + 6 . 5 0 eoi86(t-RiiroT)

i f

F-2

T-RT mi > - - 5 0

F.4

^IMBfTlts

on

the Relevance of VISA to ANS

It appears that VISA may be a bit slnpler that OCA-P and therefore
easier to adapt to ANS pipe break analysis that OCA-P. Otherwise the comments
of Appendix E.4 apply equally to VISA.
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APPENDIX G
REVIEW OF THE PHENOMENOLOGICAL METHOD OF THOMAS
G.I Overview
Appendix 5 presented some of the data on pipe and vessel leak and break
probabilities. Thomas, 1980 uses the data to determine scaling parameters to
gain insight into the effects of parameter that affect the pipe break probability. This appendix reviews Thomas's paper and exemplifies Thomas's method
by an applications to HFIR taken from Johnson, 1987.
It is generally believed and data demonstrate that a pipe or vessel is
more- likely to leak than to fracture. This may be understood by considering a
large break to be at an extreme of the distribution of leaks sizes. Thomas's
approach assumes:
Pc - PL*PC/Pj.
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where Pc is the probability of a catastrophic pipe break and Px is the
probability of a leak. This equation takes advantage of the better statistical accuracy associated with leak probabilities for inferring pipe crack
probabilities but requires knowledge of the ratio Pc/Pi. Thomas summarizes
the attributes and objectives of the model as:
1.

PL and Pc are separately identified and the model applies to discrete
parts and features of a plant.

2.

It recognizes the relative importance of various factors involved in
pipe and vessel failure. The input data are readily available and the
calculations are readily performed.

3.

The approach is based on observed statistics and recognizes a multiplicity of failure causes and modes.

4.

Each modeled factor is scaled with a dimensionless ratio and each is
amenable to statistical validation.

5.

The approach is modular and may be improved by improvements in the
separate modules thereby facilitating updating.

Table G-l indicates factors that affect pipe and vessel failure probabilities.
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Table G-l
Factors Affecting Pipe Failure Probability and
Range of Effect
Factor

~

Range of Effect on the Probability

size and shape
weld zone
age
quality
causes: fatigue, corrosion etc.
rupture on leakage

G.2

3.5
1.5
1
2
2.5
4

The Probability of Leak Model

The leak probability (PL) is assumed to be governed by the following
proportionality:
PL - PR*Q,*F

G-2

where PR is a reference probability exhibited in the pipe break data after the
equivalent quality factor (Q#) and aging (F) have been removed. The equivalent quality factor is
Q. - QP +50*0.
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where Q p is the quality factor for the parent or base aetal piping and Qw is
the quality factor for welding including a 50 times penalty for welding as
observed in the nuclear power industry.
G.3 Quality Factor for the Parent Material
The determination of Qp is concerned with how pipe break probability
scales with pipe dimensions for a given class of pipe. It is clear that Qp
should scale with the surface area of the pipe hence proportional to area (A)
or diameter (D) and the length. If it were proportional to the number of
initial flaws then if would be proportional to the volume (t); hence, proportional to DLt. This is not observed in the data for several possible reasons.
One is that flaws may not contribute equally to failure from an arbitrary
location in the metal, pipe thickness is related to internal pressure through
the pipe schedules, QA may vary from small to large piping, maximum flaw size
variations, crack growth rates and crack proportions to the wall thickness.
For whatever reason, Thomas assumes a scaling law of the form and searches the
data for a best fit to the free parameter, x as
Qp - At*

G-4

where A is the area of the pipe equal to the length times the outside diameter
and t is the wall thickness.

G-2

Figure G-l shows fits of equation G-4 to the data for various values of
x. These comparisons used the data of Basin, 1977, WASH-1400, 1975 and
Anderson, 1979. Computer optimization of the fit of x to the data gives a
value of -2.46. at a statistical significance level of 99%. Thomas performs
other comparisons with BUR weld failures using a relationship of weld area to
pipe diameter of 0.367D2 based on a weld width of 1.75t. While the data still
tend to favor a large negative exponent, Thomas believes there are enough
uncertainties to justify a more physical value of x - -2 which is done in the
rest of the report.
Q p - D*L/t2

Hence,
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Figure G-l
Comparison of various functional forms of equation G-4
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G.4 Quality Factor for the Weld Material
Using weld widths as being typically about 1.75 tines the thickness of
the wall material, in equation G-4, the weld nutterial quality factor Q* is
estimated as
Q* - 1.75*t*D/t2 - 1.75*D/t

G-6

Working with data (in particular Basin and Burns, 1977) on the frequency
of failure in parent material and in welds, Thomas determines that the ratio
Qw/Qp is about 50 (this is the factor of 50 used in equation G-3).
G.5

Equivalent Quality Factor

Using the results of equations G-5 and G-6 in equation G-3, the following results
Q. - L*D/t2 + 87.5*D*n/t
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where n is the number of welds in this diameter of piping.
G.6

Reference Pipe Break Frequency

Thomas calculates the Q,'s for 6 sources of pipe break data thereby
correcting for the geometry and welds. By dividing the failure frequency by
the Q. factors, PR for each of the data sources are determined. The geometric
mean of his results is 2.0E-8 and the arithmetic mean is 2.9E-8. The closeness of these types of averages is indicative of the small dispersion in the
values.
G.7

Effects of Aging

Thomas examines the cumulative probability of pipe, vessel and steam
generator tube failure occurring before some time T over a 10 year range.
While several data sources extended over a longer range of time, this represented a compromise between a significant time and including as much data as
possible. The sources reported in Thomas, 1980 consisted of U.S., English,
and German data for both nuclear and fossil plants. The arithmetic average of
these distributions is shown in Figure G-2. Figure G-3 is the differential of
the aging F curve. For a constant aging model, this would be a horizontal
straight line..however Figure G-3 shows this to be a monotonically reducing
curve. Thomas discusses this as being in the infant mortality region with the
defects being identified and remove and possibly evidence of a learning curve.
This evidence of failure rate reducing with age is in contradiction to
many of the theoretical models. The theoretical models vary in detail but
usually assume that fatigue is the failure mode which dominates and fatigue
crack growth is the dominant factor in relating failure probability with age.
In pipe and failure statistics, fatigue crack growth is just one mode contributing perhaps <1% of the failures (Thomas, 1980, p. 121).
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Ratio of Breaks to Leaks

At this point, information necessary to determine the leak probability
has been obtained and the other factor in equation G-l, the ratio of breaks to
leaks is needed.- Generally this ratio. Pe/P]. is about 0.05 to 0.1. This is a
global estimate and better estimates for specific causes may be obtained from
operating experience. Table G-l, from Thomas, relates main causes for pipe
leakage and breakage to their occurrence frequency.
Table G-l
Main Causes of Pipe Leakage and the Ratio Pc/Pi

1

2

3

X <ge of
total leaks

PC/PL

Pc X of
total leaks

9-6
11-8
28 8
4-3
7-8
2-7

008

1-74

003
0-20
003
010

080
0-88
0-23
0-27

24-6

002

0-47

21
1-3
70
1000

0-45
020
004
—

0-93
0 26
0-27
•5-85

Main cause of failure

Manufacture
and fabrication

f Wrong and
1 defective
< base
1 materials
L Welding

Material selection
/Vibration
Ca,,mi,
Fatigue
^ L o w cyc|e
Expansion and flexibility
Corrosion \
Erosion
/
Maloperation
Thermal and mechanical shock
Miscellaneous
Total

This is a composite table from Thomas typifying the data found in
Basin, 1977, Gibbons, 1964, Phillips, 1974 and Smith, 1974. It is
believed to contain about 93% of the failures and highlights the
main causes. The Pc/Pj. ratio is estimated from these sources. A
further refinement to the ratio Pc/Px may be obtained by considering the stress in the walls. This has an effect in cases of
highly stressed thick-walled vessels with low fracture toughness.
The corrections for this effect, may be determined by the fracture
mechanics model in Thomas, 1979.
G.9

Application of the Thomas Method to HFIR

Johnson, 1987, in their Appendix C provides a demonstration of the
Thomas method, with some refinements of their own to estimating the probability of a pipe break.
The basic Thomas equation is G-l. Johnson, 1987 examines the data for
the probability of leak (P^ before break (Po) and concludes that Thomas's
recommendation of 0.05 to 0.1 appears too high; suggests that it is in the
range of 0.01 to 0.2, and provides a subjective probability distribution as
shown in Table G-2.
G-6

Table G-2
Subjective Probabilities for the Ratio of
Used in HFIR Evaluation

P./Pt Ratio
0.01
0.02
0.04
0.06

Probability of Ratio
0.15
0.25
0.25

0.1

0.2
0.1

0.2

0.05

It may be noted that this distribution is highly asymmetrical toward the
low ratios and has a mean of 0.049.
The formulation of the probability of leak is
Px - Q.FBEGR
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where
Q,
F
B
E
G
R

-

size, shape and weld risk
plant age factor
learning curve factor
quality factor
sum of factors for failure causes; e.g. fatigue, stress corrosion,
cracking, etc.
- other such factors such as hydrostatic testing

The R factor was not in Thomas's formulation.
into two terms:

The quality factor is broken

Q. - Qp + AQ»
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where
Qp - size and shape factor for parent material
Qw - size and shape factor for weld material
A - weld penalty for weld zones prone to additional leakage
Johnson, 1987 state that for a plant of the age of HFIR, the product of F and
B is approximately 1 and Px simplifies to
Px - C(Qp + EAQW)R

G-10

where C is a constant of proportionality leading to an equation for a catastrophic break:
Pc - (Pe/P1)C(Qp + EAQ2)R

G-ll

G-7

Thomas modifies the seeling relationship to be of following form for
welds

%
t*

G-12

where
N Dw L» t^, -

number of welds
diameter of weld
length of weld
thickness of weld

If the weld diameter is that of the pipe and the thickness of the weld
is that of the pipe, Thomas observes that the width of the weld is about
1.75t. The Q factor for circumferential welds is
Q^. - 1.75ND/t

G-13

Johnson, 1987 at this point departs from Thomas by also calculating a Q factor
for the longitudinal welds in the pipe seams.1 An equivalent pipe size may be
defined as:

D

- "

*

6-14

where
Lp - length of longitudinal weld (pipe length)
Substituting this into equation G-13 to obtain a Q factor for longitudinal welds as:
1.75 Lp
^

"

irt
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To complete the evaluation, Johnson defines subjective distributions for
the weld penalty factor A, the normalization C, the quality factor E and the
allowance for hydrostatic testing R as presented in Tables G-3 through G-6.
Table G-7 summarizes
comparing these, it should
factor. The mean of the A
is 0.29 and the -/roduct AE

Q factors for various locations in HFIR. In
be borne in mind that welding is weighted by the A£
factor is 50 as was used by Thomas; the mean of E
is 14.5 which is provided in the table.

1

In our opinion, the data have already included this fact in the scaling
relationship based on the length of piping. Furthermore, a distinction needs
to be made between seamless, shop and field welded pipe.
G-8

An examination of Table G-7 shows that heat exchanger piping is dominating the results by perhaps a factor of 5 and that the parent metal Q is in the
ratio of 2:1 to the weld Q. In some cases the dominance is even higher.
A summary of results provided by Johnson are that the probability of a
large loss of coolant accident is 1.03E-5/yr. The major contributor is pipe
rupture at 9.5E-6/yr (93%) followed by valve/pump body rupture at 7.43E-7/yr
(7%). Pipe rupture inside the reactor pool has a frequency of 1.3E-6 (13%/yr
of LOCA frequency).
Table G-3
Distribution for the Weld Penalty Factor - A
Value

Probability

40.0
50.0
65.0
90.0

.35
.50
.10
.05

Table G-4
Distribution for the Normalization Factor - C
Value
1.0
3.0
1.0
3.0

x
x
x
x

Probability
10"9
10"9
10"8
10"a

.20
.35
.35
.10

Table G-5
Distribution for the Quality Factor - E
Value

Probability

.001
.01
.1
1.0

.05
.25
.45
.25
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Table G-6
Distribution for the Hydrostatic Testing and Other Factors - R

Value

Probabilitv
.10
.20
.50
.20

.001
.01
.05
.1

Table G-7
Quality Factors as Calculated by Johnson, 1987
Location
Core Outlet Header
inside the pool
Core Outlet Header
outside the pool
Core Inlet Header
inside the pool
Core Inlet Header
inside the pool
Heat Exchanger Inlet
and Outlet Pipes
Pressurize? Pump
Discharge Piping
Relief Valve Piping
inside the pool

0 Designation

0 Factors

14.5*Weld 0

19800

QPII

280
345

QWLII
QPIO

9100

43800

168
761

Qwcioi
QWLIO
QP2I
QwC2I
QwL2I
Qp2O

13500

25200

859
429

18700

45000

411
830

QHC20

Qwuo
Qp3O

18000

199000

QHC3O

500

QWL3O

4000
4000

QwC4O
Qwuo

140
229

QP»

8500

187

Qvcso

397
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109000

5400

8500

G.10 Applicability of the Thomas Method to ANS
Thomas's method rests on field data and the analysis thereof to determine
the scaling. The disadvantage is that it reflects an average over many types
of piping in various environments prepared by varying skills and prepared
according to the regulatory guidance provided by the NRC for commercial power
plants. By itself, it is not useful for design selection among e.g. types of
steel, inspection techniques and other factors that may be used in ANS to
improve over the past. Nevertheless, it provides a reference for ANS to
excel. Scaling as the inverse square of the wall thickness is a valuable
characteristic as well as emphasizing the truism that the least amount of
piping is the most reliable - all other factors being the same.
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APPENDIX H
METHOD OF OVERLAPPING STRESS-STRENGTH DISTRIBUTION
H.I The Method

-

Lehner, 1986, used the method of overlapping stress and strength
distributions to determine the probability of a pipe break for Generic Issue
61. This issue addresses the question of the safety significance of a
transient initiation of a rupture of one of the high pressure steam lines that
pass through the wet-well airspace in a BUR thereby pressurizing the containment. Three systems with components whose rupture could do this are: the Main
Steam Relief Valves and discharge lines, High Pressure Coolant Injection
turbine exhaust, and the steam condensing relief valves in the Residual Heat
Removal system.
This method assumes that both the strength of the material involved and
the stress imposed on them are distributed random variables. In the region of
overlap (Figure H-l), stress is greater then the strength of the material so
failure occurs. The probability that stress will exceed strength is just the
area of the overlap. If stress and strength are assumed to be normally
distributed, the calculation of the overlapping area is simply performed by a
variable transformation and is itself, normal (Haugen, 1980). With this
change, the probability of pipe break is:

Ps - / f(Z)dZ
z

H-l

where
Z -

|S-s"|/

/

as2 + as2

H-2

Lehner, 1986, estimates the mean strength (S)
H

as

- (ultimate stress + yield stress)/2

H-3

and the standard deviation of the strength (az) as

"

V

From 9 incidents with nuclear power plants, the mean stress is estimated
to be 23,700 psi with a standard deviation of 2560. If data on A106 Grade B
steel consisting of 59,200 and 4290 psi for the mean and standard deviation
strengths are respectively used, equation H-l may be evaluated from a standard
table for a cumulative normal distribution to give a probability of 7.0E-13
per transient of the type under consideration. These results may also be
presented using the ratio a/S as the independent variable as shown in Figure
H-2.

H-l

H.2

Relevance to ANS

This method as applied to estimating the probability of pipe break under
transient conditions. The transient conditions for ANS remain to be defined
but current concerns are the frequency of pipe break as a spontaneous event
not as the result of some initiating incident. To use the method, it would be
necessary to determine the appropriate stresses and strengths for ANS but
additionally, how the strengths vary with cracks, irradiation, temperature,
water chemistry and periodic inspection. Conceptually the method is attractive but extensions would be required for the immediate ANS purposes.

f(S) J
Strength
f(S)

s,S
Figure H-l
Illustrative stress and strength distributions.
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Figure H-2
Pipe Failure Rates Estimated by the Stress Strength
Overlap Method
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