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Abstract

In evaluating the probability of failure of a weld, one of the most difficult problems is determining a defect distribution and
density. Several attempts have been made to estimate these parameters for specific cases using the technical opinions of
welding engineers with significant experience in weld fabrication processes for reactor pressure vessels (U.S. designs).
Some data exists for specific applications which can also help in assessing these parameters. However, the approach used
here is somewhat different. Both the technical expertise of welding process engineers and mathematical modeling are used,
not to attempt to describe the defect distribution and density directly, but to build a mode! that will simulate the weld
manufacture and the errors that lead to different types of defects. In this way, the model attempts to build up, rather than
measure, a defect distribution and density for a given type or family of welds. What follows is a brief description of this
modeling, which is ther used to predict the measured databases that now exist for welds ranging from one to eight inches
thick.

The initial modeling carried out by Rolls-Royce Associates (RRA) was for pipe welds and vessel welds less than about four
inches in thickness. Later, this was expanded in a collaborative program with Battelle Pacific Northwest National Laboratory
(PNNL) for vessels with weld thicknesses of eight inches, as would be encountered in commercial nuclear power plants. The

model-building procedure described above was therefore repeated to obtain a second set of parameters suitable for these
welds.

A further collaborative program was undertaken with PNNL in 1996 to model cladding welds and their interactions with the
main vessel welds. Adjustments to the methodology for the main vessel welds were also discussed. Again, the model-
building procedure was repeated to obtain new and revised parameters suitable for all the welds.

The chapters and appendixes of this report describe the flaw simulation methodology, provide guidance for the use of the
computer code RR-PRODIGAL which implements the methodology, and describe example calculations using
RR-PRODIGAL.
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Executive Summary

The U.S. Nuclear Regulatory Commission (NRC) has supported research at Pacific Northwest National Laboratory (PNNL)
to establish a better basis for estimating the distributions of flaws in RPV welds. The present report describes work on a
modeling approach to predict flaw distributions based on knowledge of the vessel dimensions, welding practices, and
inspection procedures. This project was a collaborative program between PNNL and Rolls-Royre and Associates (RRA).

In evaluating the probability of failure of a weld, one of the most difficult problems is determining a defect distribution and
density. Several attempts have been made to estimaie these parameters for specific cases using expert elicitation. Some data
exist for specific applications which can also help in assessing these parameters. However, the approach used in the present
work is somewhat different. Both expert elicitation and mathematical modeling are used, not to attempt to describe the defect
distribution and density directly. but to build a model that will simulate the weld manufacture and the errors that lead to
different types of defects. In this way, the mode! attempts to build up, rather than measure, a defect distribution and density
for a given type or family of welds. The present report provides a description of this modeling, along with its application to
predict flaw distributions for comparison with existing measurement databases for welds ranging from one to eight inches
thick.

The initial modeliig carried out by RRA was for pipe welds and vessel welds of less than about four inches in thickness

The original RRA model was developed to predict the frequency at which flaws occur during multi-pass welding, to simulate
the depths and other important characteristic of these flaws, and to simulate the effects of radiographic and surface examina-
tions on the resulting flaw distributions. The original work was expanded, as described in the present report, in a collabora-
tive program with PNNL to address vessels with weld thick.iesses of eight inches ¢~ more, as would be encountered in
commercial nuclear power plants.

The mod=l-buiiding procedure was repeated in the current work to obtain a revised set of parameters suitable for thick sec-
tion vessel welds. This collaborative program by PNNL and RRA was undertaken in 1996 to mode! cladding welds and their
interactions with the main vessel welds. Adjustments were also made to the methodology for the main vessel welds.

The collaborative effort by PNNL and RRA had several objectives:

»  Review the original RRA model and establish its potential for estimating the number and sizes of flaws in the welds of
the reactor pressure vessels used in the US at commercial nuclear power plants,

¢ Revise and enhance the RRA methodology to permit more accurate simulations of weld flaws, with particular attention
to flaws associated with vessel cladding,

*  Document details of the flaw estimation methodology and issue a report describing the methodology and associated
computer co 2,

*  Provide a UNIX-based computer code (RR-PRODIGAL) for use by NRC staff (and others) to calculate flaw distribu-
tions which can be used as inputs to probabilistic fracture mechanics calculations,

+ Compare the predicted flaw densities and size distributions from RR-PRODIGAL with experimental data from exami-

nations of reactor vessels, both to validate the predictions of the code and to establish the ability of RR-PRODIGAL to
address the effects of vessel-to-vessel differences on flaw distributions, and

1x NUREG/CR-5505



Executive Summery

e Simulate the flaws in some representative reactor pressure vessels and provide the resulting detailed descriptions of flaw
densities, flaw depths, flaw lengths, and flaw locations within the vessel wall to Oak Ridge National Laboratory for use
in calculations of vessel failure probabilities.

Two meetings were held as part of the research project, which enabled RRA and PNNL personnel to engage in discussions
with groups of experts in the areas of vessel welding and inspection practices. These discussions confirmed the basic
soundness of the original RRA methodology, and provided insights which improved the quality of the assumptions and
inputs to the model.

The final version of the RR-PRODIGAL code was applied to predict the flaws in the Pressure Vessel Research User Facility
(PVRUF) vessel. These predicted distributions were compared with the distribution of flaws found by PNNL from detailed
exan.inations of the vessel welds. Good agreement was observed between the predicted and measured flaw distributions for
a range of flaw depths extending out to the maximum measured flaw depth of 17 mm. It was concluded th7t the
RR-PRODIGAL code provides an acceptable mechanistic model to estimate the occurrence rates for flaw ¢ 1zes larger than
those in the database obtained from the PVRUF vessel examirations.

This report describes the flaw simulation methodology, provides guidance in use of the RR-PRODIGAL computer code, and
describes example calculations using RR-PRODIGAL.

NUREG/CR-5505 b



Acknowledgments

The authors would like to acknowledge the large number of unnamed experts who provided valuable insights and inputs to
the flaw simulation model. These experts endured continuous questioning in the hope that the comparisons of their
estimates with data from actual welds, as made in the present report, would make them feel that the exercise was
worthwhile.

Rolls Royce and Associates would also like to thank the Nuclear Electric Company and British Nuclear Fuels Limited for

the use of their valuable databases, and the Electric Power Research Institute for their help with details about the Midland

data. Steve Doctor, George Schuster and Robert Bowey from PNNL offered invaluable assistance by providing data from
their measurements of flaws in the welds of the PVRUF reactor pressure vessel.

Mr. Nick Ward from Rolls Royce and Associates was responsible for the programming and software aspects of the
RR-PRODIGAL code. The authors acknowledge his role in developing the software and facilitating its implementation at
PNNL.

PNNL acknowledges the support of Mr. Mike “Mayfield and Dr. Shah Malik, both from NRC staff, for initiating and
coordinating the research described in this report. Their efforts in facilitating the meetings with welding engineers for the
purpose of identifying and characterizing flaws that result from vessel welding processes were key to the successful
development of the RR-PRODIGAL weld simulation model.

xi NUREG/CR-5505



Acronyms

American Society of Mechanical Engineers
British Nuclear Fuels Limited

Crack-Like Defects

Delayed Hydrogen Cracking

Electron Beam Welding
Electric Power Research Institute

Flux-Cored Arc Welding

Gas Metal Arc Weld
Gas Tungsten Arc Weld

Halmshaw and Hunt
Heat Affected Zone

Laser Welding

Metal Inert Gas Welding
Manual Metal Arc
Manual Metal Arc Weld
Magnetic Particle Testing

Nuclear Electric
U.S. Nuclear Regulatory Commission

Oak Ridge National Laboratory

Probability Density Function

Public Document Room

Pacific Northwest National Laboratory
Penetrant Testing

Pressure Vessel Research User Facility
Post-Weld Heat Treatment

Reactor Pressure Vessel
Rolls-Royce and Associates

Synthetic Aperture Focusing Technique Ultrasonic Testing
Submerged Arc Welding

Shielded Metal Arc Weld

Stress Relief Cracks

xiii NUREG/CR-5505




STAW

TIG

Us
USA

NUREG/CR-5505

Gas Tungsten Arc Weld

Tungsten Inert Gas

United Kingdom
United States
United States of America

Xiv



1.0 Introduction

The estimated numbers and sizes of flaws in reactor pres-
sure vessel (RPV) welds are important inputs to probabil-
istic fracture mechanics calculations for predicting failure
probabilities for reactor pressure vessels. But unfortu-
natelv, they are also the inputs which are believed to have
the greatest levels of uncertainty. To reduce the level of
uncertainty, the U.S. Nuclear Regulatory Commission
(NRC) has supported research at Pacific Northwest
National Laboratory (PNNL) to establish a better basis for
estimating the distributions of flaws in RPV welds. One
project has involved the detailed examination o1 vessels
which were fabricated for nuclear plants that were later
cancelled. These examinations have used both uitrasonic
methods and destructive examination to confirm the pres-
ence and the sizes of defects.

The present report describes work on another project,
which has developed a modeling approach to predict flaw
distributions based on knowledge of the vessel dimen-
sions, welding practices, and inspection procedures. This
project was 2 collaborative program between PNNL and
Rolls-Royce and Associates (RRA). The work was built
on prior work by RRA which modeled welds for piping
and for vessels of less than about four inches in thickness
The original RRA mode! was developed to predict the
frequency at which flaws occur during multi-pass weld-
ing, the depths and other important characteristic of these
flaws, and the effects of radiographic and surface exami-
nations on the resulting flaw distributions. The original
work was then expanded in the collaborative program, as
described in the present report, to address vessels with
wall thicknesses of eight inches or more, as would be
encountered in commercial nuclear power plants.

The modeling approach used both expert elicitation and
mathematicai modeling to build a computer code that
simulates the weld manufacture and the errors that lead to
different types of defects. In this way, the mode! attempts
to predict a defect distribution and density for a given
type or family of welds. The present report provides a
description of this modeling, along with its application to
predict flaw distributions for comparison with existing
measurement databases for welds ranging from one to
eight inches thick.

The collaborative effort by PNNL and RRA had several
objectives:

» Review the original RRA model and establish its
potential for estimating the number and sizes of flaws
in the welds of the reactor pressure vessels used in
the US at commercial nuclear power plants,

»  Revise and enhance the RRA methodology to permit
more accurate simulations of weld flaws, with partic-
ular attention to flaws associated with vessel cladding,

»  Document details of the flaw estimation methodology
and issue a report describing the methodology and
associated computer code,

+  Provide 2 UNIX-based computer code (RR-
PRODIGAL) for use by NRC staff (and others) to
calculate flaw distributions which can be used as
inputs to probabilistic fracture mechanics
calculations,

+  Compare the predicted flaw densities and size distri-
butions from RR-PRODIGAL with experimental data
from examinations of reactor vessels, both to validate
the predictions of the code, and to establish the
ability of RR-PRODIGAL to address the effects of
vessel-to-vessel differences on flaw distributions, and

«  Simulate the flaws in some representative reactor
pre::ure vessels and provide the resulting detailed
descriptions of flaw densities, flaw depths, flaw
lengths, and flaw locations within the vessel wall to
Oak Ridge National Laboratory for use in calcula-
tions of vessel failure probabilities.

This report describes the flaw simulation methodology,
provides guidance in use of the RR-PRODIGAL comou-
ter code and describes example calculations using RR-
PRODIGAL. The main body of the report was prepared
by RRA to describe the overall approach used to simulate
defects in welds. Chapter 2.0 defines the problem,
reviews some early approaches 1o it, and describes the
most recent efforts to extend the approach to vessels

NUREG/CR-5505



Introduction

fabricated in the USA. Chapter 3.0 describes the RR-
PRODIGAL model and its major features. Chapter 4.0
details how the model was used in Monte Carlo simula-
tions. Chapter 5.0 discusses several prior comparisons of
model predictions with measured flaw data. These resuits
show that the original RRA model was somewhat conser-
vative because it tended to predict more flaws of a given
size than were observed in actual welds. Chapter 6.0
summar.zes the conclusicns based upon this work, and
Chapter 7.0 provides further references.

Appendixes A and B were prepared by RRA to provide
further details and background information on the RR-
PRODIGAL model. Appendix A documents the
numerical parameters used within RR-PRODIGAL to
estimate flaw occurrence rates and to characterize flaw
dimensions and orientations. Appendix B describes
welding practices used to fabricate vessels and piping
systems, and documents the rationale used by welding
experts to quantify the numerical parameters discussed in
Appendix A.

Appendix C provides information on and results of
example calculations with the modei used within RR-
PRODIGAL to predict the effectiveness of radiographic

NUREG/CR-5505

Results of calculations with the revised version of the RR-
PRODIGAL code are presented in Appendix D. These
results show relatively close agreement between predicted
and measured flaw distributions, due in large measure to a
more refined approach to account for the flaws associated
with slag inclusions. Appendix E provides output files
from example calculations described in Appendix D.

The final two Appendices (F and G) provide guidance to
users of the RR-PRODIGAL code. Appendix G gives
instructions for installing the code on a UNIX-based SUN
workstation. The code uses interactive screen- based
menus to ge.erate input for caiculations and has extensive
internal documentation in the form of help menus. There-
fore, the code requires a minimum of user documentation.
Appendix F was prepared on the basis of PNNL experi-
ence in using RR-PRODIGAL to cover some issues not
otherwise addressed. The descriptions of example
calculations in Appendix D also provide guidance and
insights to assist in developing mathematical models of
weld and in interpreting the results of calculations.



2.0 Background on RR-PRODIGAL

Estimation of defect distribution and densities in pressure
vessel welds has proven to be extremely difficult. Several
attempts have been made to assess these parameters for
specific cases using teams of experts, probably the best
known being the Marshall Committee (Marshall 1982).
The problem with such an approach is that it requires a
significant effort from a variety of experts for every weld
being considered.

The Marshall Committee, which could call upon the ser-
vices of many eminent experts representing the various
relevant disciplines, considered a weld in a reactor pres-
sure vessel approximately eight inches thick.

At Rolls-Royce and Associates (RRA), early attempts to
transfer this distribution to a wide range of different
welds highlighted a whole new set of problems that
required almost as much effort and expertise as the orig-
inal problem. A program of work was therefore started in
the mid-eighties to create a form of an expert system
maodel that would generate a defect distribution and
density for muiti-pass welds.

To create this model, two expert panels were assembled,
one consisting of professional welding metallurgists, the
other of practical weiding engineers. The experience of
the personnel of these two panels covered over a decade’s
development of weld procedures and personnel qualifica-
tion for nuclear standard welding, together with produc-
tion experience with e=rly nuclear plants. The two teams
were kept separate in order to establish a degree of inde-
pendence, although clearly the experience of the two
teams derives from a common development/production
program. At the end of the exercise, the resulting model
predictions of weld repairs were compared with the
production experience. While this data was somewhat
limited in its detail, it did provide a further independent
qualifier. This initial work was restricted to welds of up
to approximately four inches in thickness.

In 1994, a contract was formalized with Battelle Pacific
Northwest National Laboratory (PNNL) to update this
simulation program with regard to thicker section welds,
up to eight and even ten inches thickness, that would be
typical of commercial nuclear pressure vessels in the
USA. A group of experts met in Washington in Decem-
ber 1994 (Simonen 1994) to go through the ranking and
scorings that were currently contained within the simula-
tion, and to see how applicable these were to the thicker
section welds.

The various experts agreed with the general construction
of the model and were in reasonable agreement about the
scoring for probability of defect occurrence used for the
thinner section welds. They did feel, however, that some
of the scoring needed modification for the thicker vessels.
The group restricted itself to considering only those mate-
rials and weld procedures applicable to reactor pressure
vessels (RPV) as built for the US nuclear industry.

A second meeting of the experts (Simonen 1996) took
place in 1996 at which they discussed cladding welds, and
modifications to the main vessel weld logic agreed to at
the previous meeting. The cladding weld logic and main
vessel weld logic were considerad to be very similar.

What follows is a description of how RRA constructed
the original simulation, together with the work to validate
this first program against two independent sources of
data. The modified program, changed to be more repre-
sentative of the thicker section welds for US RPVs, is
currently being used to predict the outcome of a destruc-
tive examination of the RPV manufactured for the Mid-
land Power Station and the Pressure Vessel Research User
Facility (PVRUF). This work has been carried out
independently by PNNL and will be reported separately.
For completeness, some preliminary comparisons are
included here against the Midland RPV, and for the
PVRUF vessel in Appendix D. Installation guidance for
the program is given in Appendix G. All tables shown in
this report are for the thicker section RPV welds.

NUREG/CR-5505



3.0 Building the Model

The model consists of several elements which begin with
a procedure for estimating the frequencies at which defects
occur during welding. This is followed by the assignment
of the sizes and other characteristics for the defects. The
final step is to estimate the effects of inspections on the
population of defects.

3.1 Defect Density

The first step in building the RRA model was to invite the
welding metallurgist to list the types of defects that occur
in welded structures of interest to the nuclear industry.
This list was then discussed with the stress engineers to
establish which of these defects had the potential to
develop into a growing crack. For example, it was con-
cluded that single pores, or even small clusters of pores,
were unlikely to pose any problem as initial defects.
However, non-symmetrical pores, which are termed pores
with tails or pipes, were felt to be potential crack initiators
within the weld.

The resulting sets of defects were then referred to as
‘crack-like defects’ (CL.Ds). These are detailed in Appen-
dix B. The welding metallurgists were then asked to list
all the commonly used welding processes and to rank the
CLDs from 1 to 10, from lowest expected frequency to
highest expected frequency, against these processes. It
soon became clear that other factors as well as the weld-
ing processes had to be considered in order to obtain a
ranking. As the ranking developed, the question of
exactly what was being ranked was discussed, and the
conclusion was that this ranking, in some way, reflects the
metallurgists’ judgment as to the likelihood of a given
defect type occurring under a particular combination of
conditions. There was then a discussion as to whether or
not different scorings under the different conditions for a
given type of defect should be added or multiplied. It
was decided that the individual scorings reflected inde-
pendent probabilities of producing the defect, and hence
multiplication was the more appropriate operation. It was
at this time that zero was added to the ranking range. The
results are given in Tables A.1 and A.2 of Appendix A.

Given that it had already been agreed that the scoring
represents a likelihood of defect occurrence, the next step
was to convert this likelihood to an actual rate of defect
generation.

To do this, the practical experience accumulated over
many years of weld manufacture and repair was applied.
However, this experience had to be modified because it
was agreed for this exercise that the relationship between
the scoring and the defect occurrence was proportional to
the total length of the weld beads that made up the weld,
and not simply the length of finished weld. It was also
agreed that weld stops and starts would have a significant
effect on the introduction of defects, so this was added as
an extra source for the center line type of defect. The
different experts then focused on those areas with which
they had the most persona! experience and progressed
from scoring to determining the actual rates of occurrence
for these cases. The relative rankings of the finished
estimates were then assessed for possible reconsideration.
This concluded with an agreed value to convert the scor-
ing to a rate of defect occurrence.

All parameters for thick vessels and cladding are shown
in Appendix A.

3.2 Initial Defect Size

The first expert elicitation on defect sizing quickly con-
cluded that, while the expertise available could attempt to
describe some form of end defect size distribution, its real
expertise lay in assessing, for each given defect type, the
size of a single defect of that type at initiation. Each type
of defect was then considered in turn, and it was con-
cluded that for the defect types associated with multi-pass
welds, the bead size could act as a normalizing factor at
defect initiation.

The outcomne of these discussions was a statistical distri-
bution, in the form of a Weibull distribution. While these
distributions are normalized to the bead size, they are not
restricted to it; that is to say, they are not truncated at the
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Building the Model

bead depth. It was felt that some defects could grow
through the bead in which they initiated down into the
material below, for example, shrinkage cracks.

After the discussion of defect size in terms of its through-
wall dimension, the question of its length along the weld
was addressed. It was decided to relate this to the final
defect depth in terms of an aspect ratio and to describe
this again in terms of a Weibull distribution.

It was felt at that time that a description of its through-
wall and length dimensions was sufficient for each type
of defect and indeed, from a fracture mechanics view-
point, it certainly is. However, in parallel with this work,
the question of the weld build inspection was being
pursued. This is discussed in the next section, but the
feedback from these expert elicitations was that the defect
angle and the separation between the surfaces or gap of
the defect were i..1portant parameters; so the group of
experts was reconvened and these two extra dimensions
were added to the defect description.

The final outcome of this part of the work was a set of
Weibull distributions for each CLD that described its
through-wall depth, length, average separation between
the faces, and its angle. However, these distributions
apply only at initiation and the question was then asked
about the probability of these defects, once initiated, to
propagate or. through the weld as it was being constructed.
In this way, a relatively small defect, initiated early in the
welding process, could grow into a very large defect
before the weld was completed. Thus, an attribute called
‘forward propagation’ was added to the defect descrip-
tion. An alternative title for this attribute could be ‘error
reoccurrence’! Whichever term is your preference, the
object of the attribute is as follows: given that an error
has occurred, what is the probability that this existing
error will cause the same error to occur again, just above
the already existing error, or that some form of propaga-
tion of the error will occur? This attribute is assigned as a
conditional probability. The ability of the welder to
observe and correct the error was also considered for each
type of propagating defect. All of these values for thick
section welds are tabulated in Appendix A.

NUREG/CR-5505

3.3 Effect of Weld Build Inspection

In order to measure the effect of inspection, it is neces-
sary to derive an efficiency curve for the various inspec-
tion techniques. For the welds in question, the techniques
used at build were radiography and various surface
techniques.

For these techniques, it was decided to continue with the
same logic adopted for the defects themselves, i.e., a
combination of theoretical models and engineering judg-
ment would be built into the simulation. The following is
a brief description of how the two techniques were handled.

3.4 Radiography

Each defect, except a pore with a tail, is treated as a slot
with a given depth at some angle and with a mean separa-
tion between the faces. The radiographic setup, (i.e.,
double wall single image using an isotope, etc.) is then
input so that the relative position and angle to the source
and filu zre known for all the simuiated defects. Radio-
graphic theory is then applied to evaluate the density
change produced by the defect. The probability of detect-
ing the defect is then evaluated using experimentally
determined inspection capabilities.

For the pores with tails, it was felt that the probability of
finding an isolated pore with radiography is very good;
the real question is the ability of the inspector to distin-
guish between a benign single pore and a pore with a tail.
In the end, this inspection efficiency had to be purely
judgmental.

The radiographic modeling is described in Appendix C.

3.5 Surface Inspections

For surface inspections, the expert judgments were
against the ability to detect a given width and length.
Within the weld build simulation, only surface-breaking
defects are considered, together with their widths and
lengths, to determine the probability of detection. It was



considered that detecting a defect with a surface-breaking
width of 0.07 mm or greater is a near certainty. However,
if the surface-breaking defect width is less than 0.01 mm,
this probability of detection is set to zero. The surface
finish is included within the judgment-based inspection
efficiencies.

3.6 Post Weid Heat Treatment

Stress relief cracking from post weld heat treatment is
covered separately \see Appendix B), but it was decided
that this treatment could independently affect any delayed
hydrogen cracking that may occur. This effect is input as
a distributed extension to any delayed hydrogen cracking
that is simulated at build (see Figure A.15 of Appen-

dix A).

Building the Model

3.7 Post Weld Machining

Post weld machining is considered in order to account for
any defects that might be buried at build, but exposed to
any surface inspection after machining. It is interesting to
reflect on how this affects the probability of having a
surface-breaking defect in a weld that is subject to a dye-
penetrant inspection both before and after the capping
weld is dressed off. The exposure of subsurface defects
results in a net increase in the number of surface-breaking
defects. However, this effect is more than offset by the
enhanced ability of dye-penetrant exams to detect defects
for a machined surface as opposed to a rough as-welded
surface.
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4.0 The Simulation

The simulation program pulls together all the expert
knowledge and builds, within the pseudo-world of the
computer, a large number of identical welds. This is done
using a Monte-Carlo simulation. The object of the simu-
lations is to reproduce, albeit in a simple form, the way in
which defects initiate and interact. With several thousand
such simulations, it is possible to realize the very rare
event of a large defect. At the same time, the simulation
will reproduce the more common occurrences of the small
defects that we would expect to observe from the small
sample of true welds that are available for close inspection.

The simulation represents the weld buildup as a single set
of building blocks, as shown in Figure 1.

Aq Layer 6
| # 1 ed b Je Layer 4

G V, Layer 2

Layer |

Figure 1. Schematic Representation of Weld Buildup
and the Position of Different Types of Crack-Like Defects

After a defect initiates, its depth and dimensions are
randomly chosen vsing information from Table A.3 in
Appendix A. The next consideration is whether the
defect type can propagate forward. Should propagation
occur, the defect is taken on into the next layer available
for further propagation. As soon as it fails to propagate
into the next layer of weld beads, it is assumed to be left
behind by the welding process and its initial depth is

adjusted, depending on the number of propagations that
have occurred. After the defect depth is simulated, its
length is randomly chosen from the appropriate
distribution.

Cladding defects behave in much the same manner as the
parent weld defects, except that certain types of defects
which are close to the weld/clad interface can snap
through into the main weld from the cladding or into the
interface from the main vessel weld.

The defect width and angle are not simulated; these are
used only in the radiographic and dye-penetrant inspec-
tion simulations.

This simuiation procedure gives the depth and length of a
single defect at initiation. If a second defect initiates
within the vicinity of this first defect, the probability of
the two defects interacting must be considered.

In order to assess whether interaction takes place, each
defect is considered to have an influence zone around it.
If two influence zones overlap, the defects join to form a
single CLD with dimensions that encompass the two orig-
inal defects. Note that the defect density is then adjusted
for the two CLDs becoming one.

The size of the influence zone is set using a simple linear
elastic fracture mechanics criterion, as follows:

Plastic Zone R = -l— _K_
2n o
where
K = Fo/na
F = Constant

0, = Yield Stress
o = Membrane Stress
a = Defect Size.
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The Simulation

Now let 0 = Ao,, where A is some constant; then
1 2
R = —2- I(FA)

Values for F range from 1 to 1.2. If we associate A with
say, a hydro test, a value of 0.7 to 0.8 would be realistic.
Combining these gives an (FA) value between 0.5 and
0.92. A slightly pessimistic value of 1.0 is used, to allow
for any residual stresses. This then gives:

R=a72

This interaction is illustrated in Figure 2.

4z

Figure 2. Interaction of Neighboring and Overlapping
Defects

Defect 1 is removed and defect 2 is replaced with a new
defect of length 1,, and depth d,,.

Strictly, the influence zone as described above applies
only to a surface-breaking defect. For a buried defect, the
value of ‘a’ should be halved. However, given the ques-
tion of possible residual stresses, it was assumed that all
defects would have the same influence zone.

HAZ type defects are, however, treated differently than
other defect types in assessing possible combination
effects. They are assumed to have no influence zone,
consequently, they cannot combine with any other defect
type or with each other. This is because the overali nature
of a HAZ defect is itself a network of small defects.
While these could be thought of as a single defective area
and hence one single defect, there would be no large
influence zone outside the degraded area.
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After seeding the weld with a series of defect types,
inspection is then simulated. Inspections can be carried
out at any time during the weld build. The simulation
takes account of the time of the inspection. If two radio-
graphic inspections are carried out over the lower part fill
of the weld, they are considered as independent.

Finally, machining operations on either surface can be
taken into account in the simulation, as can post weld heat
treatment.

The outcome of this simulation is a density ‘D’ and distri-
bution ‘f(a)’ of defect sizes entering service. In terms of
the program definition, this would seem to be all that is
required. However, if the data is to be used to assess a
probability of failure, then a crack growth/fracture analy-
sis will also be required. Such an analysis needs to know
where the starting defect is located, i.e., surface-breaking
or buried at some depth within the thickness of the weld.
The simulation uniquely sizes and positions every defect,
but unfortunately, this is too much information to handle
in a fracture analysis. For welds less than four inches
thick, the simulation categorizes the defects into five
different default positions. The categories are as follows:

surface-breaking inner or outer surface
buried, near inner or outer surface
buried, middle.

For the thicker pressure vessels, with and without clad-
ding, the default categories were modified to:

surface-breaking, inner surface

inner crack tip, within one-eighth of the thickness
from the inner surface

inner crack tip, within one-eighth to one-quarter of
the thickness from the inner surface

inner crack tip, within one-quarter to one-half of the
thickness from the inner surface

inner crack tip, within one-half to three-quarters of
the thickness from the inner surface

inner crack tip, three-quarters of the thickness or
more from the inner surface

surface-breaking, outer surface.



5.0 Validation

It is questionable whether it is ever possible to validate a
program of this type. One can carry out a quality assur-
ance based verification that the model is reproducing
what the experts wanted, and this has indeed been done;
however, the question of validation still remains. Our
attempt to validate the program can be split into two
sections: the first is at the initial development stage of the
program; the second is to compare the predictions of the
model with data that was not part of the original knowl-
edge base used to build the model, but that is within the
scope of the model simulation.

5.1 Initial Validation

For the expert elicitations, two independent sets of experts
were used. These two groups could be termed a theoreti-
cally based group and a practical group. Professional
metallurgists made up the theoretical group, and welders
made up the second, more practical, group.

The predictions of the model were compared with data
from the pre-service inspections that were available. The
nature of the model is such that it not only gives the prob-
ability of not detecting defects, but records the number of
defects that would have been detected and hence repaired.
It was therefore possible to compare the model predic-
tions with the repair records from the build data. At first,
the model predictions were somewhzi low in comparison
with the actual repair rate, a situation which caused con-
siderable consternation. However, after some discussion
it became clear that the majority of the recorded repairs
and reworks were not for the type of crack-like defects
that were being simulated, but were for a variety of other
factors, more associated with basic quality assurance for
less serious defects which were not crack-like. Unfor-
tunately, the records were not detailed enough to sort out
the differences, and the best estimate the inspection
department could give was that for the type of defects
being simulated, the predicted rate of occurrence was
probably too high by a factor of two.

At the end of this initial period, the model produced no

predictions that the experts who had generated the basic
data were unhappy with, or that contradicted the limited
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practical data available, other than those highlighted in
the previous paragraph.

5.2 Validation Against External
Databases

This effort encompassed the most serious attempt to date
at any meaningful independent validation. Four sources
of data on thick section vessels were made available for
comparison:

1) Nuclear Electric data from their extensive inspection
of the Magnox ducting welds (Chapman 1993)

2) British Nuclear Fuels data from their pressure vessel
weld inspection (Chapman 1993)

3) The Midland Reactor Pressure Vessel weld inspec-
tion (Lance et. al 1992)

4) The Pressure Vessel Research User Facility (PVRUF)
data from nondestructive and destructive
examinations.

The first three cases are analyzed below, and the fourth
case is addressed in Appendix D.

The first two cases are for welds less than four inches
thick, and the original RRA tables of values were used.
For the Midland vessel prediction, the m¢ dified values
given in Tables A.1 and A 2 of Appendix A were used.
In each case, a probability density function (pdf) is
plotted for the total defects within the weld, and the cor-
responding defect density per meter of finished weld is
quoted. Since it has become popular to quote the defect
density in terms of the volume of weld, the density per
meter of finished weld is also converted to a defect
density per cubic meter of laid weld,

It is also clear that defects at or near the inner surface of a
weld are of considerable interest, as most often these
defects dominate the probability of failure of a weld.
Since the model separates the defect simulation into seven
categories (see Section 4), the predicted defect
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distribution ar.4 density for defects at or near the inner
surface have al: o been included.

5.3 Nuclear Electric Ducts and Boiler
Welds

With the co-operation of Nuclear Electric (NE), predic-
tions of the simulation model have been compared with
the results of ultrasonic inspection of NE ducts and boiler
weld. Pulse echo techniques were used to size any
defects found. The components inspected cover a range
of weld types and section thicknesses. Because of the
paucity of data, all the data were combined to give a
single database.

A Gumbel Type 11 distribution was fitted by NE to the
through-wall depths of the defects, for use in probabilistic
assessments. It is used for all defect depths in the weld,
although it should be noted that it is derived from defects
with very limited through-wall extents.
This pdf for defect size, a, is given by:

p(a) = A® Ba®" exp - (#/A)®

where the constants A and B are 1.285 and 2.857,
respectively; a = defect depth (mm).

To obtain an early estimate of the model’s predictive
capability, it was decided to run just two reasonably
representative welds, as follows:

Weld A

A 25.4 mm or one-inch thick single V, manual metal site
weld.

Approximately 12 weld passes creating six layers approx-
imately 4 to 4.5 mm deep.

Inspection: Root dye penetrant and single wall single
image radiography.

Weld B

A 25.4 mm or one-inch submerged arc double V, auto-
matic weld.
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Four single passes, each approximately 6 to 6.5 mm deep.
Inspection: Single wall single image radiography.

Given that NE had combined the data from all their weids
to produce the single database, the two simulations of the
representative welds were combined in order to compare
the model predictions with the NE database. Figure 3 is a

plot of this combined pdf together with the NE extrap-
olated curve.

10° +

10" 4

107

% WALL THIOOESS

(Wall Thickness 25.4 mm or 1 in.)

Figure 3. Predicted Probability Density Function and the
NE Probability Density Function Derived from the Data

It can be seen that the pdf is in exceptionally good agree-
ment with that adopted by NE from the data. However, it
should be remembered that the NE curve is itself only an
extrapolation from the data, the form of which, i.e., the
Gumbel Type II, is based on expert judgment.

We now turn our attention to the question of defect den-
sity. In determining the defect density, NE only con-
sidered indications that could be reasonably categorized



as crack-like, i.e., those wiat had a measurable through-
wall dimension. This through-wall dimension was set at
4 mm. The density expressed per m’ of weld was
estimated using the equation:

Volume = (0.4 x thickness)(thickness)(length)

The density obtained by NE was 12 defects per m* (from
23 defects and the volume of examined weld metal).

The model prediction was 90 defects per m’ (see the end
of Section 5.6 in connection with defect density).

It can be seen that the model predicts a defect density 7 to
8 times greater than that determined by NE.

It was said earlier that defects at or near the inner surface
are of interest from the viewpoint of fracture mechanics
and probability of failure. Figure 4 is a pdf of defects
simulated by the model for the near inner surface and the
inner surface-breaking region. Within this region, the
defect density for defects greater than 4 mm drops from
90 defects per m’ to only 18 defects per m’.

5.4 British Nuclear Fuels Pressure
Vessel Welds

With the co-operation of British Nuclear Fuels Limited
{BNFL), the simulation model was used to predict the
data generated by BNFL on their Magnox pressure vessel
welds. Unlike the NE data, the BNFL data has the advan-
tage of originating from just one thickness of weld,
although there are a few variations of the weld prepara-
tion itself. The weld simulated was as follows:

A 51 mm or two-inch double and single V manual metal
arc weld.

Approximately 30 weld passes, creating 12 layers,
approximately 4 to 4.5 mm deep.

Inspection: Initial root of double V, dye penetrant and
final weld single wall single image radiography.

The BNFL data was obtained from time-of-flight ultra-
sonic examination,
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Figure 4. Predicted Probability Density Function for
Defects at or Near the Inner Surface: Nuclear Electric
Weld

Like NE, BNFL split their data into two categories: the
small defects that cannot be accurately categorized, and
those for which a through-wall measurement can be
assessed. To date, BNFL have inspected 46.8 m of weld.
A total of 245 indications were recorded; however, all but
three were less than | mm through-wall depth. These
three defects were sized as 2.4, 4.0 and 6.8 mm.

It was not possible to derive a pdf from so few a number
of defects and so, to compare the model, we simply pre-
dicted what we would expect to see from an inspection of
46.8 m of weld.

Figure 1 is a plot of the predicted pdf with a predicted
total defect density of 1.46 defects per meter of completed
weld. It can be seen that this pdf is quite similar to that
for the NE pdf. If we ignore defects less than 5% of the
wall thickness {1.3 mm) as those that could not be cate-
gorized, the defect density drops to 0.4 defects per meter
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Figure 5. Predicted Probability Density Function for the
British Nuclear Fuels Weld

of weld. The defect density over the range 5 to 15% of
the wall thickness is 0.39, leaving just 0.02 defects greater
than 15% (7.6 mm). Thus the model would predict that,
for 46.8 m of weld, there would be about a 90% chance of
seeing a defect greater than 10 mm, with 18 to 19 defects
expected over the range of 1.3 to 7.6 mm.

This shows that the model is again giving a very good
general description of what has been observed but with an
over-prediction of the number of defects by a factor of 6
to 7, which is very similar to the over-predictions of the
NE sirnulation.

Figure 6 is a plot of the defects at or near the inner sur-
face of the vessel weld. .Again, a significant drop in
defect density is seen, from 1.46 to 0.38 defects per meter
of finished weld.
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Figure 6. Predicted Probability Density Function for
Defects at or Near the Inner Surface: British Nuclear
Fuels Weld

5.5 Preliminary Work for the Midland
Reactor Pressure Vessel

The seam welds of the reactor pressure vessel (RPV) for
the Midland plant were ultrasonically examined to locate
regions containing indications. These regions were then
subjected to destructive examination to establish the true
nature of the indications. In this way, true crack-like
defects can be identified and a very accurate sizing of the
through-wall depth is obtained.

A total of 0.185 m’ of the 8 ¥/,.-in. thick seam weld were
inspected. While a large number of small imperfections
less than | mm have been found, only two crack-like



defects were observed (Lance 1992). These two defects
were sized as 2.75 mm and 7.75 mm. As with the BNFL
data, it is not possible to construct a pdf from this limited
amount of data; we have, therefore, run the model again
to predict what would be expected from an inspection of
this volume of weld.

The simulation model used for this prediction contains the
values in Tables 3 and 4 of Lance (1992), which are those
values for the thicker vessel welds that were developed at
the meetings held in Washington, D.C. with RPV welding
engineers.

The weld was simulated as foliows:
A 217 mm or 8-% .in. thick sub arc double V weld.

Approximately 34 weid layers containing 95 passes
approximately 6 to 7 mm deep.

Inspection: Completed weld has a single wall single
image radiography, and a final dye-penetrant inspection.

Figure 7 is a plot of the predicted pdf together with the
Marshall pdf (see Marshal! 1982). This plot, as it stands,
is far too coarse to compare with the defects found.
Furthermore, it is a pdf and we must include the defect
density in order to make a comparison. The number of
defects simulated per meter of finished weld was 1.25,
which converts to 126 defects of any size per m’ of weld.

The model predicted that approximately 20 to 22 defects
up to 10 mm deep (approximately 1.5 beads deep) should
have been observed within the volume of weld inspected.
In fact, only two have been observed, which implies an
over-prediction of about ten, consistent with the two
earlier comparisons on the thinner section welds. How-
ever, it is interesting to break this comparison down
further. If we look at the predicted number of defects up
to 7 mm deep, i.e., up to one bead in depth, then the pre-
diction is 18 to 20 defects as against only one measurable
defect. However, the number of defects predicted
between one and two beads deep is only 3 to 4, whereas
one has been observed. Thus, going beyond the single
bead depth, the prediction of defects seems 1o be quite
good.

From the above, it would seem reasonable to conclude
that the model has provided an acceptable prediction
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Figure 7. Predicted Probability Density Function for the
Midland RPV Seam Weld and the Marshall Probability
Density Function

against the observed data, but with perhaps a consistent
over-prediction of the number of defects, Figure 8.

Figure 9 is the pdf for the defects at or near the surface of
asingle V weld. The defect density depends on whether
the weld prep is a single or double V. The single V weld,
although it has a higher overall defect density, has fewer
defects at or near the inner surface than the double V
weld described above.

5.6 Comparison with the Marshall
Distribution

While it should be clearly understood that the Marshall
distribution is itself the result of an expert elicitation, the
comparison with our model is of considerable interest.
Figures 7 and 9 show that the Marshall exponential dis-
tribution passes fairly well through the model prediction;
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Figure 8. Predicted Frequency Plot for Small Defects for
an Inspection Volume of 0.185 m’ (Midland Vessel)
(8 ¥/, in. thick)

but there is still the tendency for the model to predict a
slight curvature, resembling more the Gumbel distribution
discussed in Section 5.3. However, when we turn to the
defect density, the difference is very dramatic. Marshail
(1982) states that the Committee’s value of 3.6 defects in
the first report is for all sizes per vessel, and that in this
case a single vessel contained approximately 3 m’ of
weld. This then gives a defect density of 1.2 defects per
m’ of weld, a value somewhat different from the model
estimate of 390 defects per m’ of weld.

In the first Marshall report, published slightly earlier in
1976, it was stated that the Committee’s information
derives from both US and UK sources and indicates that,
in 44 vessels, 12 defects were found having depths in the
range of 0.5 to 1 in.; and that no defects of a depth greater
than | in. were observed. If we assume that the value of
4.1 for A as indicated in Figure 7 was derived indepen-
dently, then the defect density to produce the given
observation would be 2.1. Add to this the unspecified
information from non-nuclear vessels, and we can justify
the 3.6 defects per vessel and hence the 1.2 defects per m’

and the large discrepancy.
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Figure 9. Predicted Probability Density Function for
Defects at or Near the Inner Surface (Midland Vessel)

However, if we turn the question around, a different pic-
ture emerges. Instead of comparing the defect density per
m’ of weld, let us see v b t the model predicts for the
evidence the Marshal ‘mittee were considering.

The first report was published in 1976, and if we allow
time for the writing, etc., we must place the data acqui-
sition in the early 1970s. The capabilities of ultrasonic
inspection at that time would be significantly lower than
today. Let us assume that the inspection was such that
only defects greater than 0.5 in. could be clearly iden-
tified and recorded as defects. This would tie in with the
fact that all the defects reported were in the range of 0.5
to 1 in. The model would then predict that for a vessel
weld of 3 m’, we would expect to see eight or nine
defects, that is, a factor of two or three more than quoted
in the original report. The probability of seeing a defect
greater than | in. would be about 0.25, so that over the
full 44 vessels, the model would have predicted 11 such
defects where none was seen. Viewed in this way, it can
be seen that the model is in good agreement with the



Marshall report, but again gives this consistent over-
estimate of the defect density.

5.7 Reevaluation of Slag Inclusions

In the early development of this simulation program, it
was pessimistically assumed that all siag inclusions that
remained in the weld would act as crack-like flaws. In
this work, the welding experts at the two meetings held in
the USA felt that such an assumption was unrealistic.
However, none felt able to say that no slag inclusion
could ever act as a crack-like flaw. The assumption has
therefore been changed, and a probability is placed on
any slag-type inclusion as to whether it will remain
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benign or will be crack-like. This probability is a func-
tion of its thickness, and effectively reduces the prob-
ability of crack initiation due to slag by a factor of about
six to seven. However, the thickness of the slag also
affects its inspection capability, which will act to offset
the large number of thick slags.

Thus, the NE preciction drops from 90 to 18 as compared
with a measured density of 12, i.e., an over-prediction of
only 1.5. There would be little or no over-prediction for
the BNFL results, and the Midland over-prediction would
drop from ten to about two. However, in comparison
with the Marshall defect density, the mode! predictions
remain higher by a factor of 60 to 70.
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6.0 Conclusions

The comparisons between the data sources and the orig-
inal modeling assumptions (i.e., Chapman 1993) are con-
sistently pessimistic in terms of the number of observed
crack-like defects. Modifications made during this round
of meetings with welding experts would appear to have
addrzsssed this overestimate, which was felt to stem from
a pessimistic view with regard to the crack-like nature of
embedded slag.

In terms of the distribution shape for very deep flaws,
there is no meaningfu! data with which to compare the
predictions of the model. The comparison with NE data
is, however, interesting in that the distribution chosen by
NE to extrapolate the data was a Gumbel Type II. While
PRODIGAL makes no assumptions about the final distri-
bution shape, it is interesting to note that it effectively
identifies a series of different types of defects, each of
which will presumably have its own distribution, and
combines these to make the siagle ‘total defect distri-
bution.’ It is the extremes of these individual distribu-
tions, together with their densities, that control the tail of
the final ‘total defect distribution;’ which could in turn
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lead to an extremal form of distribution such as a Gumbel
Type II! Thus, it could be argued that the individual
defect type distributions are exponential, as per the
Marshall assumption, but that the final distribution is a
sum of such distributions which could be Gumbel in
nature, as the model appears to predict.

The model has shown that experts can provide excellent
relative and even absolute judgments within their areas of
speciality and that this knowledge can then ferm the basic
elements for a simulation model to predict what would
happen in a variety of real situations. Tle key difference
between the approach used here and others is that the
experts are not required to make judgments outside their
normal experience, i.e., judgments about rare events.
Instead, they are asked to make judgments about the basic
building blocks that make up the model, judgments which
should be within their known experience. It is the simu-
lation that then attempts to estimate the probability of a
set of circumstances that lead to the rare event of a large
defect.
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Appendix A

Parameters for Thick Vessels Incorporated
into RR-PRODIGAL Database

This appendix details (Tables A.1 and A.2) the relative scorings and absolute conversion values assigned at the two work-
shops held in the USA. These workshops addressed the specific question of thick section vessels built for the US Nuclear
Program. Table A.3 documents the parameters which describe the characteristics of the simulated defects. Figures A.i
thorugh A.16 are plots of the distribution functions listed in Table A 3.

The weightings shown in Tables A.1 and A.2 of Appendix A were allocated on a scale of 1 to 9. *1" represents a low
probability of occurrence for the defect in question; for example, 2 weld is not prone to reheat cracking unless it is subjected
to subsequent heat treatment. “9" represents a very high probability of occurrence for the defect in question; for example, a
highly-restrained weld is extremely prone to shrinkage cracks and has been given a weighting of “9".
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Table A.1. Effects of Welding Factors on the Probability of Defect Occurrence (Main Vessel)

Type of Defect
Shrinkage HAZ HAZ Lack of Pores with
Cracks DHC SRC Fusion Tails Slag
Process Manual Metal Arc (MMAW) 5 7 7 6 8 6
Submerged Arc (SMAW) 7 6 6 4 6 4
Manual TIG with Filler (GMAW) 4 4 4 3 R 0
Automatic TIG with Filler (GTAW) 5 4 4 3 4 0
Restraint | High 9 9 9 5 5 5
Medium 5 5 5 5 5 5
Low 2 2 2 5 5 5
Material | Carbon or CMn Steel, SA 533 B 6 3 2 5 6 5
Carbon or CMn Steel, SA 508 6 8 8 5 6 5
Welded Austenitic Stainless Steel, Ferrite 2 2 1 5 4 5
Controlled
Location | Shop 5 5 5 6 6 6
Field 7 7 7 7 7 7
Access Good 3 3 3 3 3 3
Average 5 5 5 5 5 S
Restricted 7 7 7 7 7 7
Position 1G 5 5 5 5 5 5
Conversion to Defect Density per Ix 10" 7x 10" Ix 10" Sxh” 2x 10" Ix 10"
mm of Weld Laid
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Table A.2. Effects of Welding Factors on the Probability of Defect Occurrence (Clad)

Cracks iLack of Fusion Tails Slag

Process Submerged Arc 8 B 6 2

Submerged Arc, Strip 2 4 8 2

Manual TIG with Filler 4 4 4 0

Shielded Metal Arc 6 6 6 6
Restraint Low 2 5 5 5
Material as Austenitic Stainless Steel, Ferrite Controlled 2 5 4 5
Welded
Location Shop S 6 6 6
Access Good 3 3 3 3
Position 1G 5 5 5 5

Conversion to Defect Density per 25x 10" i Sx 10" 2x 10" Ix 10"

mm of Weld Laid

—— e e —
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Table A.3. Parameters for the. Defects that Occur During Welding (Vessel and Clad)

v xipuaddy

PV

_m“-
Defect Depth™ Length to Depth of
Defect Width® Initiation Rati Defect Angle® Forward
(\Veibull: (Weibu 1) (Beta) i
Shrinkage Cracks Max = 0.5mm | Min Size=0 Min Length = Depth Range + 15° of vertical | Zero
(assoctated with a=3 b=S$ n =07 Weld Run n =6 x Depth line through weld
individual weld p=30 =15 a=2 b=2
passes)
Heat Affected Zone | Min =90, Max = 0.5mm | Min Size =0 Min Length = Depth Range + 5° of side wall | 0.7
(HAZ) cracks a=2 b=7 n =025 Weld Run | n=4 x Depth a=2 b=2
DHC p=20 p=20
Heat Affected Zone | Min =0, Max = 0.5mm | Min Size =0 Min Length = Depth Range + 5° of side wall | 0.0
{HAZ) cracks a=2 b=7 n = 3.5 Weld Run n = 4 x Depth a=2 b=2
SRC p=20 p=20
Lack of Fusion Min = 0, Max = 0¢.5mm | Min Size =0.5mm | Min Length = 3 x Depth Range + 5° of side wall | 0.2
(Side Wail Weld =3 b=6 n =1 Weld Run n =9 x Depth a=2 b=2
Fill) p=55 g=20
Lack of Fusion Min =0, Max =0.5mm | Min Size =0 Min Length = S x Depth Min = 70°, Max = 90° | 0.02
between Runs (weld | a=3 b=6 n =106 Weld Run n =12 x Depth vertical line through
Fill) p=55 p=20 weld
a=$ b=3
Pores with Tails Not needed Min Size =0 Min Length = 0.3 x Depth | Not Needed Zero
n=0.64 Root Run | n=0.2x Depth
p=50 =30
i Slag Between Runs Min = 0.5. Max = 4mm Min Size =0 Min Length = 3 x Depth Min = 70°, Max = 90° | 0.02
a=3 b=8 n=06 n=12 vertical line through
B=55 =20 weld
a=§ b=3
Siag Against Side Min = 0.5, Max = 4mm Min Size =0 Min Length = 3 x Depth Range + 5° of side wall | 0.5
Wall a=3 b=8 n=06 n=12 a=2 b=2
p=55 =20

istribution, then f{x) = B ® x exp(-(xn)P) for x> 0

{ (a) Defect Width = Separation between opposite surfaces of flaw.
(b) A beta random variable X on {0,1] has the density; f{x) = x*'(1 - x)*'/B(a.b) beta random variables on [Min ,Max| are obtained by the
transformation Min + (Max - Min) X.

(¢) Defect Depth = Through-wall dimension of flaw.

' if X has a Weibull d
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SHRINKAGE DEFECT
DEFECT WIDTH BETA DISTRIBUTION
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200 ~
150 +
100 ~ .
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0.00 ' 1 i i -1\ B T 4
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Defect Width (mm)
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HEAT AFFECTED ZONE (DHC & SRC) DEFECT
DEFECT WIDTH BETA DISTRIBUTION

350
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aso -
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A e "
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Defect Width (mm)

Figure A.1. Probability Density Functions Describing Defect Widths for Shrinkage Defects
and Heat Affected Zone Defects
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LACK OF SIDEWALL FUSION DEFECT
DEFECT WIDTH BETA DISTRIBUTION

3.00
280
200 —
150
1.00 N

0.50 —

pon -
0.00 0.10 0.20 0.30 0.40
Defect Width (mm)

LACK OF INTERRUN FUSION DEFECT
DEFECT WIDTH BETA DISTRIBUTION
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200 ~ \\
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1.00

0.50 — ‘ e

0.00 *
0.00 0.10 0.20 0.30 0.40

Defect Width (mm)

0.50

Figure A.2. Probability Density Functions Describing Defect Widths for Lack of Sidewall
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INTERRUN SLAG DEFECT
DEFECT WIDTH BETA DISTRIBUTION
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3.00 —
280 ~
200 ~
150 ~
1.00 ~ *
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SIDEWALL SLAG DEFECT
DEFECT WIDTH BETA DISTRIBUTION
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0.00 —
0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00
Defect Width (mm)

Figure A.3. Probability Density Functions Describing Defect Widths for Interrun Slag
Defects and Sidewall Slag Defects

A7 NUREG/CR-5505



SHRINKAGE DEFECT INITIAL DEFECT SIZE
WEIBULL DISTR!BUTION

1.80
1.60
140
. ™
1.00 ~
080 —
0.60 —
040 ~
BRI~

0.00 = '
0.00 0.50 1.00 1.50 2.00

Defect Size Relative to Weld Run Size

HEAT AFFECTED ZONE DEFECT (DHC) - INITIAL DEFECT
WEIBULL DISTRIBUTION
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200 -

180 ~

1.00 ~

050 —

0.00 * =
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80

Defect Size Relative to Weld Run Size

Figure A.4. Probability Density Functions Describing Defect Depths for Shrinkage Defects
and Heat Affected Zone (Delayed Hydrogen Cracking) Defects
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HEAT AFFECTED ZONE DEFECT (SRC) - INITIAL DEFECT
WEIBULL DISTRIBUTION

0.30

026 +
020 -
0.15 ~
0.10 +
0.05 ~
0.00 - i

0.00 2.00 4.00 6.00 8.00 10.00
Defect Size Relative to Weld Run Size

LACK OF SIDEWALL FUSION DEFECT - INITIAL DEFECT
WEIBULL DISTRIBUTION

2.50

200

1.80 ~

1.00 —

0.60 ~

0.00 ;
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

Defect Size Relative to Weld Run Size

Figure A.5. Probability Density Functions Describing Defect Depths for Heat Affected Zone
(Stress Relief Crack) Defects and Lack of Sidewall Fusion Defects
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LACK OF INTERRUN FUSION DEFECT - INITIAL DEFECT SIZE
WEIBULL DISTRIBUTION

0.20 040 0.60
Defect Size Relative to Weild Run Size

PORES WITH TAIL DEFECT - INITIAL DEFECT SIZE
WEIBULL DISTRIBUTION

0.20 0.40 0.60
Defect Size Relative to Weld Run Size

Figure A.6. Probability Density Functions Describing Defect Depths for Lack of Interrun
Fusion Nefects and Pores with Tails Defects
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INTERRUN SLAG DEFECT - INITIAL DEFECT SIZE
WEIBULL DISTRIBUTION

3.50

3.00 —

2.50 ~

200 ~

1.0 ~

1.00 ~

0.80 g
0.00

0.00 0.20 0.40 0.60 0.80 1.00
Defect Size Relative to Weld Run Size

SIDEWALL SLAG DEFECT - INITIAL DEFECT SIZE
WEIBULL DISTRIBUTION
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Defect Size Relative to Weld Run Size

Figure A.7. Probability Density Functions Describing Defect Depths for Interrun Slag
Defects and Sidewail Slag Defects
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SHRINKAGE DEFECT
ASPECT RATIO WEIBULL DISTRIBUTION
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Defect Aspect Ratio

HEAT AFFECTED ZONE DEFECTS (DHC & SRC)
ASPECT RATIO WEIBULL DISTRIBUTION
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Figure A.8. Probability Density Functions Describing Defect Aspect Ratios for Shrinkage
Defects and Heat Affected Zone Defects
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LACK OF SIDEWALL FUSION DEFECT
ASPECT RATIO WEIBULL DISTRIBUTION
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LACK OF INTERRUN FUSION DEFECT
ASPECT RATIO WEIBULL DISTRIBUTION
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Figure A.9. Probability Density Functions Describing Defect Aspect Ratios for Lack of

Sidewall Fusion Defects and Lack of Interrun Fusion Defects
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PORES WITH TAILS DEFECT
ASPECT RATIO WEIBULL DISTRIBUTION
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INTERRUN SLAG DEFECT
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Figure A.19. Probability Density Functions Describing Defect Aspect Ratios for Pores

with Tails Defects and Interrun Slag Defects
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SIDEWALL SLAG DEFECT
ABPECT RATIO WEIBULL DISTRIBUTION
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Figure A.11. Probability Density Function Describing Defect Aspect Ratio for
Sidewall Slag Defects
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SHRINKAGE DEFECT
DEFECT ANGLE BETA DISTRIBUTION
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Figure A.12. Probability Density Functions Describing Defect Angles for Shrinkage

Defects and Heat Affected Zone Defects
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LACK OF SIDEWALL FUSION DEFECT
DEFECT ANGLE BETA DISTRIBUTION
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Angle Relative to Sidewall (degs)
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Angle Relative to Weld Centre Line (degs)

Figure A.13. Probability Density Functions Describing Defect Angles for Lack of Sidewall
Fusion Defects and Lack of Interrun Fusion Defects
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INTERRUN SLAG DEFECTS
DEFECT ANGLE BETA DISTRIBUTION
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Figure A.14. Probability Density Functions Describing Defect Angles for Interrun

Slag Defects and Sidewall Slag Defects
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POST WELD HEAT TREATMENT - PROPAGATION PCWER
WEIBULL DISTRIBUTION
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Figure A.15. Probability Density Function Describing Post Weld Heat Treatment
Propagation Power
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Figure A.16. Probability Density Function Describing Weld Propagation Factors
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Appendix B

Defects that Occur in Pressure Retaining Weld
and the Factors that Influence Them

This appendix gives a more detailed account of the types of defects and welding processes considered for the simulation
within the RR-PRODIGAL computer program.

B.1 Glossary of Welding Abbreviations

EBW - Election Beam Welding - Fusion welding in which the joint is made by the impact of a focused beam of electrons.

FCAW - Flux-Cored Arc Welding - A variation of the MIG process in which the arc is formed in a stream of shieiding gas
between a continuously-fed electrode wire and the workpiece. The wire is flux-cored, and with certain “self-shielded”
consumables, no additional shielding gas is necessary.

LW - Laser Welding - Fusion welding in which the joint is made using a focused laser beam as the heat source.

MIG - Metal Inert Gas Welding - Also known as GMAW or gas-shielded metal arc welding. Inert gas-shielded arc
welding using a consumable electrode.

MMA - Manual Metal Arc Welding - Also known as SMAW or shielded metal arc welding. An arc welding process using
short lengths of flux-covered consumable electrode which are applied by the operator without automatic of semi-automatic
means of replacement. No protection in the form of a gas or mixture of gases from a separate source is applied to the arc or
molten pool during welding.

SAW . Submerged Arc Welding - Metal-arc welding in which a bare wire electrode or electrodes are used; the arc or arcs
are enveloped in a flux, some of which fuses to form a removable covering of slag on the weld.

TIG - Tungsten Inert Gas Welding - Aiso known as GTAW or gas-shielded tungsten arc welding. Inert gas shielded
welding using a non-consumable electrode of pure or activated tungsten.

B.2 Introduction

This appendix covers work on a probability-based vulnerability assessment for welds In order to make this assessment, a set
of figures was required to represent the effects of variable welding conditions (such as process, location, the materials
involved, and the joint geometry) on the likelihood of defect occurrence.

No attempt was made to incorporate the effects of repairs or rewelding; only defectc produced during “original” welding
were considered. Nine major defect types were included in the assessment:
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Centerline cracks
Lamellar tears

Transverse cracks
Heat-affected zone cracks
Lack of penetration

Lack of fusion
Non-metallic inclusions
Porosity

Metallic inclusions.

After discussions among the welding, metallurgy, inspection and stress departments, the following types of defects were
excluded:

1. Lamellar tears - the weld geometry required for this type of defect did not occur in the welds of interest to nuclear plant.

2. Transverse cracks - the welds were cleared off after each layer and any defects in weld were deemed too smali to worry
about.

3. Lack of penetration - no welds producing this type of defect occur in naval or commercial nuclear plants.
4. Metallic inclusions - an experimental program indicated that these inclusions were not crack initiators.

Minor defects such as weld overfill, underfill, excessive concavity or convexity were not included, as generally such defects
are remedied during production as a matter of course, and lead to no further problems.

The effects of a variety of welding factors were considered, but several were omitted on the basis that they could not be
quantified for individual welds. For example, welder skill exerts a major influence on the occurrence of several types of
defects, but although a welder’s skill may be assessed from details of previous experience and qualifications, no individual
rating could be allocated to a single welder producing a weld on a given day. Instead the “degree of difficulty” of a weld has
been accounted for by the incorporation of sections relating to welding position, location, and degree of access.

Brief notes follow in the next few sections on the reasoning behind the defect likelihood assessments.

B.3 Centerline Cracking

As 2 weld bead solidifies and contracts, any impurities present tend to coliect at the top center of the bead. The stresses
present may then cause a centerline crack along the weld bead due to the presence of low strength or low melting point

phases, Figure B.1.

Process

There is greater risk of centerline cracking when welding by autogenous TIG (see Glossary for explanation of abbreviations)
or by any other process producing 2 weld bend with an undesirable width-to-depth ratio. Also, automatic high speed welding

(SAW, EBW, LW, automatic TIG) techniques show a greater tendency to centerline segregation (and therefore to centerline
cracking) than do manual techniques.
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Geometry

The higher the level of weld joint restraint, the higher is the risk of centerline cracking. Tacks and single-pass welds are
more susceptible than the roots of multipass welds. The fill runs of large multipass welds are generally the least susceptible.
Poorly-fitting joints resulting in a loss of weld section are also susceptible.

Materials

Particularly susceptible materials include Type 347 stainless steel, ferrous alloys contaminated by sulphur and/or phosphorus,
monel and cupronickel. Nickel alloys are also prone to sulphur pickup, leading to centerline cracking.

Welding Location

Laboratory welds are assumed to be deposited under virtually ideal controlled conditions by skilled welders. Welds
produced by vendors are taken as intermediate, and boat welds as the most prone to defects, depending on welder skill and
environment. Thorough cleaning of the weld preparation is required to avoid contamination, and this is entirely dependent
upon the welder. Undesirable width-to-depth ratios may also be welder-generated, and may lead to centerline cracking.

Welding Position and Access to Weld

Centerline cracking is not dependent on these factors.
B.4 Heat-Affected Zone Cracking

HAZ defects can occur at two periods during the manufacturing process. The first occasion occurs just after the welding
process when the metal starts to cool below approximately 100°C. During this period, hydrogen can diffuse from the weld
metal into the hardened heat-affected zones and cause cracking. The hydrogen may come from moisture in or on the weld-
ing consumable or on the joint faces or from other contaminants. This type of HAZ cracking is called delayed hydrogen
cracking (DHC). The second form of HAZ cracking is called reheat or stress relief cracking (SRC). These cracks form after
post-weld heat treatment (PWHT) and are caused by the dissolution of the material in the HAZ, and its grain structure
becoming coarsened. Subsequently during PWHT, precipitation may occur from within the grains in this region, causing
them to strengthen so that residual stress relaxation occurs only by sliding of the grain boundaries, with virtually no grain
deformation; thus causing cracking, Figure B.1.

Process

The higher the hydrogen potential of the welding process, the greater the chances of HAZ cracking. The critical level is
10 ml of hydrogen per 100 g of metal in the weldpool. Also, the lower the heat input, the greater the risk of HAZ cracking,
due to the lower ievel of diffusivity of any hydrogen gas present.

Geometry

The thicker the joint sections, the larger the heat sink and the higher the chances of HAZ cracking. Multirun welds are more
susceptible than single runs. The higher the level of weld joint restraint, the higher the risk of HAZ cracking.
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Materials

The higher the carbon equivalent value of feritic steels, the more likely is the occurrence of HAZ cracking. Stainless steels
and cupronicke) are virtually immune to this type of defect; Cr-Mo and Mn-Mo steels are quite high risk materials.

Welding Location

It is assumed that laboratory welds are deposited under virtually ideal controlled conditions by skilled welders. Production
welds made by vendors are taken to be intermediate, and site welds as the most prone to defects, depending on welder skill

and environment.

Failure to ensure the correct level of preheat or postheat is highly welder-dependent and leads to higher chances of HAZ
cracking.

Welding Position and Access to Weld

These factors are unlikely to affect the chances of HAZ cracking.

B.5 Lack of Fusion

The lack of fusion defect is a fack of union between the weld metal and the parent plate or (in multirun welds) between
successive weld runs, Figure B.1.

Process

For TIG processes, and oxyacetylene welding in particular, insufficient oxide renioval may lead to lack of fusion. Excessive
inductance in dip-transfer MIG may also be a problem.

Geometry

The narrower the weld preparation and/or the deeper the nose, the greater is the chance of lack of root fusion. The thicker
the weld section, the more chance there is of lack of sidewall fusion.

Materials

Lack of fusion defects are not dependent upon material type.

Welding Location, Position and Access to Weld

Any access difficulty preventing the use of the correct electrode angle will increase the chance of lack of fusion. Welder

skill is vital in helping to ensure sufficient fusion when using manual processes. A vertical or overhead workpiece position
may lead to slag flooding and lack of fusion.

B.6 Non-Metallic Inclusions

Linear slag inclusions are normally due to incomplete slag removal between weld runs but may occasionally be caused by
slag laminations within the parent plate. Isolated slag inclusions can be caused by mill scale or rust on the plate, or by
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damaged electrode coatings which denude the weld metal of siag-forming elements of adequate floatability, i.e., slag is left
within the weld bead rather than floating to the top for removal, Figure B.1.

In the original work, started in the early eighties, the assumption was made that all non-metallic inclusions should be treated
as crack-like defects. While this assumption was believed to be pessimistic even then, at the ume there was felt to be insuf-
ficient evidence to contradict this assumption. Since that time, the latest expert panel meetings have concluded that there is
sufficient knowledge available today for this assumption to be relaxed. The simulation program has therefore been modified,
and a function has been introduced that relates the simulated inclusion thickness to the probability of crack initiation.

Process

Siag inclusions are common in MMA and SAW deposits. Oxide inclusions are common in TIG deposits. Turbulent arc
conditions in any arc welding process may lead to entrapment between welding runs.

Geometry

The tighter the weld preparation (narrow V" joint, deep nose, narrow gap) and the thicker the joint, the greater is the
likelihood of entrapped inclusions. Single pass welds are less prone to slag inclusions than are mulupass welds.

Materials

A dirty base material or an oxidized surface will lead to a greater likelihood of non-metallic inclusions; however, in general
the occurrence of non-metallic inclusions is not dependent on factors which will be known about the material prior to
welding.

Welding Location

It is assumed once more that laboratory welds are produced under virtually ideal controlled conditions and by skilled and
conscientious welders. Welds produced by vendors are taken as intermediate, and boat welds as the most prone to defects
which are dependent on welder skill and environment.

Thorough removal of slag between the runs of multipass welds is important - and highly welder-dependent - in avoiding non-
metallic inclusions.

Welding Position and Access to Weld

Vertical or overhead working positions may lead to slag flooding the weld. Any access difficulty likely to prevent the use of
the correct electrode angle is likely to lead to the occurrence of non-metallic inclusions.

B.7 Porosity

A welded joint will usually contain gas-forming elements. These evolve into phases as the temperature decreases and result
in the formation of cavities or porosity. Porosity which occurs uniformly along the weld may be caused by moisture, rust or
grease on the plate surface, oxygen or nitrogen contamination from the atmosphere, or oxygen contamination from the
shielding gas, Figure B.1.
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Where porosity occurs in isolated groups, its most likely cause is the existence of unstable conditions as the arc is being
struck. Weld metal may be deposited before the gas shield is established. Isolated porosity which is strung out is more likely
to be caused by incorrect electrode angle or strikeout.

Interdendritic porosity or shrinkage porosity may occur at weld stop-start positions and may be linked with solidification
cracking.

Process

Fluxless processes such as TIG are more susceptible to porosity than are the fluxed processes such as SAW or MMA. This is
because the gas-shielded (fluxless) processcs may be prone to loss or contamination of the gas cover (for example, due to
excessive electrode stickout in MIG welding), or to ertrapment of the shielding gas in the molten welding pool.

Geometry
A narrow weld preparation may lead to turbulence and corresponding loss of cover in the gas-shielded processcs.

Materials

Cleanliness of the base material is extremely important, but this may not be either known cr controllable prior to welding. A
damp or contaminated workpiece or consumables is a frequent cause of porosity. Certain materials such as cast irons and
some carbon steels are particularly prone to porosity when welded.

Welding Location

Assumptions regarding the effect of various locations on the occurrence of defects which are dependent upon welder skill
and environment are given in Tables A.1 and A.2 of Appendix A. Foor starting/finishing techniques in MMA welding may

lead to interdeadritic porosity.

Inadequate cleaning of base materials, and damp workpiece, flux, or shielding gas are all factors likely to lead to porosity.
On site welds, air drafts may blow away the gas shield.

Welding Position and Access to Weld

Any access difficulty that prevents the welder from maintaining the correct electrode/nozzle - workpiece distance may lead
to the occurrence of porosity in the weld.
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Appendix C

Radiographic Inspection Efficiency

This appendix gives a brief description of the theoretical analysis and judgmental decisions that were applied to derive a
probability of detection for the different types of defects subject to radiographic inspection.

C.1 Introduction

RAD 96-3d is a FORTRAN computer program which models radiographic inspection. A radiation source beams down
through the inspection piece and onto a film to record the optical density, which may indicate the presence of a defect. The
defects of interest in this work are narrow crack-like defects, which are modelled by a rectangular slot. This appendix
summarizes the theoretical details behind this analysis.

C.2 The Source

A rectangular source is assumed, with its face parallel to the film. The finite size of the source gives rise to a lack of
geometric sharpness in the film image. The types of source modelled are x-ray, gamma ray, iridium, cesium, cobalt, and
ytterbium.

The source energy level, source-to-film distance and exposure time are chosen so as to produce an optimal exposure of the
film. An optical density of about 2.0 is usually sought.

C.3 The Film

The program includes a curve fit to a typical film characteristic. This enables optical densities to be calculated. The film

contrast parameter can be found by differentiation, which enables a calculation of the change in optical density due to a
defect.

The source-to-film distance, source intensity, and time of exposure are chosen in practice so as to produce an optimum
optical density D* in the range of 2.0 to 2.4 for a test piece of thickness x*. The program calculates the optical density D
corresponding to a thickness x from D* and x*, without needing the source intensity and time of exposure.

The defect image on the film is covered by a pre-set mesh of squares, with nodes defined by their corner points. Optical
densities are calculated at the nodes.

C.4 Change in Optical Density Due to a Defect

The change in density due to a gap of length Ax in the path of the direct radiation is taken from the work of Halmshaw and
Hunt (1975).

Ay = (Gp log,ge (¢4 ~1))/B(p,x)
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where:

Gp is the film contrast coefficient, which is derived from the film sensitometric curve
u is the attenuation coefficient, which is calculated by interpolation in tables given in McMaster (1959)

B s the buiid-up factor, which is calculated from p and the path length through the metal, from a curve fit given in
Halmshaw and Hunt (1975).

The program uses an adaptive integration scheme over the source surface. From each integration point, a ray is traced to the
film node under consideration, and the path length Ax through the defect is calculated. It follows that the geometric unsharp-
ness is accurately modelled. After the calculation has been done for all the nodes, the density distribution is modified to take

account of inherent unsharpness.

C.5 Inherent Unsharpness

The impact of an x-ray photon on the film cause. a blurring over a region of diameter U,, the inherent unsharpness. U, is
calculated from a curve fit given in Halmshaw and Hunt (1975). The effect of the inherent unsharpness is to reduce the
optical density of the point under consideration, and to distribute the excess density to neighboring nodes within a circle of
diameter U,. In return, contributions will be similarly returned from neighboring nodes. The redistributed density reduces
nearly to zero on the circumference of the image.

C.6 Defect Representation

Halmshaw & Hunt's (H&H) analysis for a S mm deep, 0.025 mm width slot has been reproduced at various angles of flaw
misorientation relative to the x-ray path. The resuiting optical density profiles are given in Figures C.1 to C.4. As wouid be
expected, the signal gets broader as the angle of misorientation increases, while its maximum strength reduces.

Correlations by H&H of their experiments and analytical results suggest that the limit of detection by the human eye is at an
optical density of about 0.006. Experimental work carried out by RRA agrees with this conclusion. It can be seen from
Figure C.3 that at an angle of 12 degrees the optical image falls above this level, while at 16 degrees, Figure C .4, it is just
below, suggesting that for this slot, the limit of detection is between 12 and 16 degrees misorientation.

Analytical runs for deeper slots, 10 and 15 mm, have also been carried out. As one could predict from the theory, the
maximum signal from a misoriented slot does not depend upon this increasing depth. Figures C.5 to C.6 show the optical
image for the 10 and 15 mm slots at 12 degrees and, although the width of the optical image has increased for the 15 mm
slot, the plateau vaiue remains at just above 0.006.

While the optical image from a straight slot-like defect may be considered representative for some naturally occurring
manufacturing defects, i.e., a ‘shrinkage crack’ or .mall ‘lack of fusion,’ it is not representative of the full range of naturally
occurring defects. For example, one would believe that a large ‘lack of sidewall fusion’ defect, which by definition would
traverse two or three weld passes, would take on a complex faceted shape that reflects the weld passes!

In order to see the effect of this faceting, the 12 mm deep by 0.025 mm width slot was split into three curved segments as
shown in Figure C.7. The resulting optical density plot, Figure C.8, shows three peaks some way above the 0.006 value
associated with the simple slot. The peak optical densities of this plot would be much more visible to the inspector, and we
can suggest that such a defect would be identified. However, the question becomes how would such an indication be
interpreted and consequently sentenced by the inspector?
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The authors suspect a high probability that such an indication would be interpreted as three separate stringers each of no
structural significance. Thus, an inspection efficiency curve, i.e., one that is interpreted as the probability of removing
defects of structural relevance, is a combination of the probability of identifying that a defect exists and then correctly
diagnosing that the defect is in need of removal.

At this stage, the authors do not know of sufficient data to aid this second decision; and so it is assumed that radiographic
inspection efficiency is related to the optical image c-sociated with an equivalent slot at a given angle. The implication of
this is that a defect, misoriented at an angle of 16 degrees to the radiographic beam, with a width or gap between its faces of
0.025 mm, would not be detected, regardless of the defect depth through the wall thickness. This assumption is clearly
pessimistic in that it ignores the probability of detection and repair of larger defects with irregular profiles.

C.7 Probabilistic Interpretation of Inspection
The value of 0.006 as an optical density that can just be seen is in the nature of a deterministic statement: i.e., below 0.006,
no detection; above 0.006, 100% detection. Clearly, such a situation is unrealistic, and so the detection is described as a
probability which is a function of the optical image given by the artificial slot-like defect. This function has been established
based on judgment, and is as follows:

Probability of Detection = 0.995 - exp (-1000A,%)

Translating this to the 0.025 mm slot gives the following probabilities of detection versus angles:

Table C.1

5 mm deep by 0.025 mm Defect Angle, Degrees

Probability of Detection, %

C.8 References
1. Halmshaw, R., and Hunt, C. A. 1975. “Can Cracks be Found by Radiography?” British Journal of NDT. May 1975.

2. McMaster, R. C. 1959. “Non-Destructive Testing Handbook,” Vol 1.

c3 NUREG/CR-5505



Appendix C

optical density

0.024

0.022

0.02

0.018

0.016

0.014

0.012

0.01

0.008

0.006

0.004

J

|

0.002

/

\

0
0.8

0.6

-04

0.2 0 02

y image width mm

0.4

056

0.8
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Figure C.6. Optical Density of 15 mm Deep by 0.025 mm Width Slot at 12° Misorientation
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Figure C.7. 12 mm Deep Defect by 0.025 mm Width with 3 Curved Segments
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Appendix D

Application of RR-PRODIGAL to the Simulation of Flaws
in the PVRUF Reactor Pressure Vessel Welds

D.1 Introduction

Pacific Northwest National Laboratory (PNNL) under contract to the U.S. Nuclear Regulatory Commission (NRC) has
performed nondestructive and destructive examinations of welds taken from reactor pressure vessels which were manu-
factured for cancelled nuclear power plants. One such vessel was located at the Pressure Vessel Research User Facility
(PVRUF) at the Oak Ridge National Laboratory. The objective of the PNNL research (Schuster, Doctor, and Simonen 1996;
Schuster, Doctor, and Pardini 1997) was to determine the numbers and sizes of flaws in the vessel welds, and to develop
empirical estimates of fabrication flaw rates for use in structural assessments based on fracture mechanics. This appendix
describes simulations performed with RR-PRODIGAL to predict the numbers and sizes of flaws in the PVRUF vessel welds.
The twofold objective of these calculations was *o 1) illustrate the use of the RR-PRODIGAL code, and 2) validate the code
by comparing predicted and observed flaw distributions. The present comparison of this prediction with the data from
destructive flaw verification is a tentative one, because the report on destructive tests is presently being finalized and
reviewed.

D.2 Background on PVRUF Vessel Studies

The PVRUF pressure vessel, Figure D.1, was assembled by Combustion Engineering in 1980 for a nuclear power plant that
was not completed. The pressure vessel has a diameter of 4.39 m (173 in.), a height of approximately 13.34 m (525 in.), and
is made out of AS33B steel. The wall thickness varies from one region to the next, but within 25 cm (10 in.) of the beltline
welds it is 22 cm (8.6 in.) thick,

Subsequently, the vessel was moved to the Oak Ridge National Laboratory to be used for research studies. One such study
performed detailed examination of the welds to determine the density and size distributions for the fabrication flaws within
the welds. These examinations used the very sensitive SAFT-UT (Synthetic Aperture Focusing Technique for Ultrasonic
Testing) to detect and characterize flaws. Data were obtained from three types of examinations:

SAFT-UT Examinatioes Performed Onsite - PNNL staff moved the SAFT-UT system to the Oak Ridge site and
examined 100 percent of the beltline region welds with access from the vessel inner surface. The data collected at Oak
Ridge were then sent to PNNL for detailed analyses. The results of these analyses were documented in technical papers
(Schuster, Doctor, and Simonen 1996; Schuster, Doctor, and Pardini 1997) and provided a preliminary description of the
estimzted flaw population, v hich consisted of about 2500 indications.

SAFT-UT Examinations Performed at PNNL - Sections of welds were removed from the PVRUF vessel and shipped
to PNNL for detailed examinations. This material amounted to roughly S0 percent of the vessel beltline welds and
included all of the largest indications detected by the onsite SAFT-UT examinations. SAFT-UT examinations were
performed at PNNL on the individual segments o the vessel, Figure D.2. With access from the various sectioned
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surfaces of the segments, it was possible to achieve an enhanced level of sensitivity and resolution. In a number of
cases, some flaws which had been conservatively characterized by the preliminary examinations to be a single large tiaw
were more accurately determined to be several closely spaced smaller flaws.

Destructive and Radiographic Examinations - Small cubes containing the larger indications were cut from the weld
segments. The sizes and locations of the defects within the cubes were confirmed by radiography. The final step was to
section the cubes to obtain metallographic confirmation of selected defects, as shown by the example of Figure D.3.

A complete list of flaws in the PVRUF vessel welds was compiled on the basis of the above examinations. The total number
of flaws was about 2500, with most of these flaws having through-wall dimensions of less than 3 mm. All of the larger flaws
were confirmed and characterized on the basis of the detailed SAFT-UT, radiogrrphic examination, and destructive exami-
nations. The sizes of the flaws in the material which remained at Oak Ridge were reestablished, using sizing rules developed
on the besis of experience gained from the detailed examinations.

D.3 Description of Weld

Figures D .4 and D.5 show metallographic cross sections of the two PVRUF weld geometries which were examined. Approx-
© ~aly 67.5% of the examined welds were of the uniform thickness single-V configuration shown in Figure D.4. The

g 32.5% of the examined weld length was of the thickness transition configuration, Figure D.5. In both cases, the

s made by the submerged metal arc process. The root passes of the single-V welus were removed by back gouging
an selded from the inside surface. It was assumed that this welding also used the submerged metal arc process. A stain-
less steel cladding was then applied over the inner surface of weld, using a multi-wire welding process.

Figure D.6 shows the configuration of weld beads in a typical weld cross section. In producing this figure, the interfaces
between adjacent weld beads were visually located using special lighting and magnification. The interfaces were then

marked with a felt tip pen for identification. It is seen that the thicknesses of the weld passes were smallest within the
rewelded zone located at the inner surface of the vessel.

D.4 Input Data for RR-Prodigal

Table D.1 summarizes the input data used to specify the weld build up, the welding process, and the inspection process.
These inputs were provided to the RR-PRODIGAL code through interactive screen menus. Appendix E provides an example
of printed output from RR-PRODIGAL. Part of this outpui is a detailed description of input specifications.

D.4.1 Weld Bead Configuration

Figures D.7 and D.8 were developed as a preliminary step prior to the interactive session with RR-PRODIGAL. These
figures describe idealized geometries of the two weld configurations. The weld prep geometry, number of weld layers, and
number of weld beads were determined directly from the metallographic cross sections. If such precise weld configuration
information had not been available, the analysis could have been based on estimates of the weld configuration, making use of
vessel construction drawings and knowledge of typical practices used to make such welds. It is worth noting that the
numbers and sizes of weld beads in the outer part of the weld were consistent with the trends of other data available at PNNL
for similar welds. However, generic information on welding practices would not have provided the same quality of data as
shown in Figure D.5 regarding the configuration of weld passes for the rewelded region at the inner surface. Without the
metallographic information, a common weld bead size would have been assumed for all weld passes.
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D.4.2 Welding Parameters

Table D.1 and the example output of Appendix E describe the inputs used to simulate the welding process. The vessel
material was A533B low alloy steel, and the welding process was the submerged metal arc process. Specification of the
build circumstances (welding location, position, access, joint geometry and restraint) for the weld were generic (or default)
values applicable to welds in reactor pressure vessels.

D.4.3 Inspection and Processing Parameters

After completion of the welds, the vessel was given a reheat treatment. The inner and outer surfaces were then machined.
Surface examinations of the inner and outer surfaces were performed, followed by an X-Ray examination oi (2e completed
weld. In the RR-PRODIGAL simulation, all material with flaws detected by the surface and X-ray examinations was
assumed to be replaced by defect-free material. The final operation after inspection was the application of cladding to the
inner surface of the weld, with no inspection or repair of the cladding.

The selected parameters for the X-ray examination corresponded to typical or standard practice for the fabrication of US
vessels. An energy level of 2.5 Mev and a source diameter of 4 mm were specified. An access factor of 1.0 was specified to
indicate that 100 percent of the weld length was radiographed. The film was assumed to be at the inner surface of the vessel,
with an X-ray source-to-film distance of 2 m.

A second RR-PRODIGAL simulation was then performed as a sensitivity study, which assumed that no X-ray examination
or repairs to the vessel were conducted. Results of these simulations provided insights into the effectiveness of the X-ray
examinations. The results also provided a basis on which to evaluate the implications of the simplified approach used by
RR-PRODIGAL, which optimistically assumed that all detected flaws are repaired, including flaws smaller than the sizes of
the code flaw acceptance criteria.

D.4.4 Output Zones

Output from RR-PRODIGAL describes the radial locations of simulated flaws relative to the inner clad surface of the vessel,
with the “flaw location” being defined as the radial coordinate of the inner flaw tip. Part of the input to RR-PRODIGAL
allows the user to define a convenient set of zones for this output. Table D.1 indicates the zones used for the present calcu-
lations. One zone addresses flaws located within the cladding material. The next two zones address flaws outside the clad
region but within 1.0 in. of the vessel inner surface. These zones together correspond to the flaws reported in the PNNL

examinations of the PVRUF vessel to be within the “near surface zone.” The final four zones cover the region of the vessel
wall described as “remainder of vessel wall.”

D.5 Results from RR-PRODIGAL

Appendix E consists of printed output files generated by RR-PRODIGAL. Each run with RR-PRODIGAL generates a
collection of output files which includes the following files:

Input for weld specification: dancer. weld 00062
Input for clad specification: dancer.clad 00062
Qutput for predicted flaw distribution: dancer waltzer.00062.

The file names for each RR-PRODIGAL run differ only with respect to the numerical identifier (e.g., 00062).
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Plots can be displayed interactively with RR-PRODIGAL to show predictea distributions of flaw depths and flaw locations
within the vessel wall. These plots are useful for interpreting and reviewing results, but are not suitable for comparing results
of RR-PRODIGAL simulations with data on observed flaw rates. For this purpose, the output file (¢.g., dancer.waltzer.
00062) was downloaded to a personal computer and then read into a spreadsheet programn so that the flaw distribution data
could be manipulated and plotted.

Figures D.9-D.11 show the distributions of simulated flaw depths which were predicted by RR-'RODIGAL. These plots
indicate the 1umber of flaws per meter of weld as a function of the flaw depth dimension. Figure D.9 addresses the uniform
thickness weld (see Figure D.7) whereas Figure D.10 addresses the thickness transition weld (see Figure L 8). Figure D.11
indicates essentially no difference in the predicted flaw depths for the two weld configurations.

Figures D.9 and D.10 show that there are more outer region flaws than inner region flaws, by a factor between 10 and 100.
This ratio is consistent with the large differences between the volumes of weld metal for the two regions. In Figures D.9 and
D.10, the definition of an inner region flaw is any flaw with its inner tip located within 1.0 in. of the wetted inner surface ot
the vessel (but excluding flaws within the clad material). All other flaws with inner tips mor2 than 1.0 in. removed from the
vesse! inner surface are described as outer region flaws.

The plots of Figures D.9 and D.10 also show the effects of X-ray examinations (which also include the effects of repairing all
of the detected flaws). The results indicate that the X-ray examinations will detect most flaws, failing to detect only about
one out of 10 to one out of 100 flaws. However, simulations of inspections in RR-PRODIGAL rather simplistically assume
that all material with detected flaws is replaced with material free of flaws. In reality, small flaws will be accepted without
repair. Also, repaired welds are as likely (or more likely) to contain flaws than the original weld metal. Therefore, the true
distribution of flaws for inspected welds will fall somewhere between the two limiting curves of Figures D.9 and D.10.
Nevertheless, it is expected that more of the large flaws rather than the small flaws will be repaired. However, it should be
noted that radiographic indications are related to flaw lengths, which are only loosely correlated with flaw depths. Therefore,
repair criteria may result in some deeper cracks being left without repair, while less deep but longer flaws may be repaired.

D.6 Comparison of Simulated and Observed Flaw Distributions

The SAFT-UT field system was used to inspect all of the beltline welds of the PVRUF vessel and approximately half of the
circumferential weld of the intermediate to upper shell course weld, for a total of 20 m (800 in.) of inspected weld, using
10 inspection modes. Based on the nominal cladding thickness of 6 mm (0.24 in.) and the weld cross sections from the
construction drawings, Table D.2 gives the volumes and surface areas for the SAFT-UT inspections at PVRUF.

Detailed results of the examination of the PVRUF vessel will be documented in a future report (NUREG/CR-6471) to be
prepared by PNNL. Preliminary results have been described in a previous paper (Schuster, Doctor, and Pardini 1997), and
more recent results were available to support the present objective of comparing predictions by RR-PRODIGAL with
observed flaw occurrence rates. The plots of Figures D.12-D.17 make such comparisons, based on the observed flaw data
described in Tables D.3 and D.4.

D.6.1 Treatment of Calculated Flaw Rates

All calculated flaw rates were normalized to give the number of flaws per meter of weld having depth dimensions greater
than a given value. Whereas the RR-PRODIGAL code was applied to two weld configurations (Figures D.7 and D.8), the
data on observed flaws were combined for the two configurations. Therefore, the RR-PRODIGAL results for the two
configurations were combined as a weighted average, in accordance with 67.5 percent of the welds being of the uniform
thickness type and 32.5 percent of the thickness transition type.
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D.6.2 Treatment of Observed Flaw Rates

In the data on observed flaws, flaws are classified according to the zones where they occur within the vessel wall. These
zones are clad material, weld material, base metal, and repair weld material. Flaws in clad material and base metal material
are excluded from consideration in the present discussion. The flaw data for repair welded material was first included with
the data for weld material. In a second evaluation the flaws for repair welds were excluded, because the RR-PRODIGAL
code does not simulate the effects of repair welding.

The observed flaw data also lists separate categories for planar flaws and volumetric flaws. Because the RR-PRODIGAL
code addresses only crack-like flaws and not volumetric flaws (e.g., fat slags), one treatment of the observed data was limited
to planar flaws. Because the definitions of volumetric flaws may not be the same in the PVRUF and RR-PRODIGAL evalu-
ations, a second treatment combined the planar and volumetric flaws. In the end, the method of treating volumetric flaws
made little difference, because most of the larger PVRUF flaws were planar flaws.

The size categories with the largest number of flaws were those with a through-wall extent of less than § mm (outer region
flaws) and 3 mm (inner region flaws). The sizing capabilities of SAFT-UT did not permit more definitive measurements of
flaw size. In the present evaluations, the <2 mm flaws and <5 mm flaws were arbitrarily treated as having depths of 2 mm
and 4 mm, respectively.

The data on observed flaws for the PVRUF vessel gave total flaw counts for al! the examined welds. These flaw counts were
converted to flaws per meter of weld by dividing the observed flaw counts by the total length of weld examined (20.32 m).

D.6.3 Comparison Including Flaws in Repair Welds

Figures D.12-D.14 show simulated versus observed flaw size distributions from PVRUF vessel examinations. These plots
include flaws in the original weld metal along with some relatively large and significant flaws which were detected in regions
of repair welding. The various plots address flaws in the inner region (Figure D.12), flaws in the outer region or remainder
of the vessel ‘all (Figure D.13), and flaws in all regions of the vessel wall (Figure D.14). RR-PRODIGAL predictions are
given both for simulations of X-ray examinations and without X-ray examinations.

The observed PVRUF data show a much larger number of flaws of very small size than are predicted by the RR-PRODIGAL
simulations. This lack of agreement is not a significant concern. These flaws are too small to be important to structural
integrity, and are also below the size domain addressed by the RR-PRODIGAL model (i.e., flaw depths much less than the
weld bead dimension are excluded).

The observed and predicted flaw depth distributions are in better agreement when the flaw depths approach S mm, which is
roughly the radial dimension of the weld bead. For flaw depths greater than 5 mm, Figures D.12-D.14 show that the
observed flaw rates from RR-PRODIGAL agree best with predicted rates which exclude the effects of the X-ray exami-
nations. This trend holds even though the PVRUF welds were given a relatively high quality X-ray examination. Potential
reasons for this inconsistency include:

1) The RR-PRODIGAL model may systematically underestimate flaw frequencies.
2) The RR-PRODIGAL model was developed to predict the expected number of flaws for a large population of vessel

welds with given attributes, and does not address random differences for individual welds. Accordingly, the PVRUF
vessel could be a vessel which has more weld flaws than the average for such vessels.
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3) The RR-PRODIGAL model was developed to address only crack-like flaws and excludes volumetric types of flaws.
The inclusion of volumetric flaws into the model would roughly double the predicted flaw frequencies and would, in
part, resolve the differences between the predicted and observed flaw distributions.

4) The RR-PRODIGAL model assumes that a repair is made for all flaws detected by X-ray examinations. In practice,
repairs are not made for small indications. While unrealistic estimates of repair rates would explain inconsistencies in
the predictions for smaller flaw sizes, this factor should not apply to the larger flaws (10 to 15 mm).

An additional consideration is the effect of flaws in repair welded material, which is addressed in the following section.

D.6.4 Comparison Excluding Flaws in Repair Welds

Figures D.15-D.17 show simulated versus observed flaw size distributions from the PVFUF vessel examinations, with flaws
in renair welded material exciuded from the population of flaws. Although the PVRUF data included only a few cases of
such flaws, the relatively large sizes of these flaws produced a disproportionate effect on the flaw size distribution curves.

Figures D.16 and D.17 show interesting trends. For flaw depths of about 5 mm, the observed flaw rates are consistent with
results predicted by RR-PRODIGAL without X-ray examination. This suggests that 5-mm flaws can be detected but would
not be repaired, in accordance with flaw acceptance standards. For flaw depths of 10 mm, the observed flaw rates are
consistent with predicted flaw rates which include the effects of X-ray examunations. This could imply that flaws with
depths in the 10 mm range are typically repaired in practice.

In summary, there is relatively good agreement between the predicted and observed flaw rates, given that flaws associated
with repair welding are excluded from the PVRUF data. Evidently, repai- welded regions can have significantly higher rates
of occurrence for the larger flaws. Such repairs in the PVRUF vessel required deep grindouts to the vessel wall, along with
the manual deposition of weld metal deep within the narrow gap of these grindouts. The difficulty of such welding would be
poorly represented by the process used to make the original weld (i.e., machine welding by the submerged metal arc
process).

D.7 Discussion and Conclusions

The evaluations described above indicate relatively good agreement between the observed flaw rates for the PVRUF vessel
and the flaw rates predicted by the RR-PRODIGAL code. Differences between the two rates are believed to be within the
level of accuracy associated with uncertainties in the predictive model, and to be consistent with the expected random vessel-
to-vessel variations in flaw occurrence rates.

Future refinements to the RR-PRODIGAL model, which could offer the potential to reduce the level of differences between
the predicted and observed flaw rates, include:

1) Modification of the flaw prediction model to better represent the very smal! flaws which have depths much less than the
weld bead dimensions. While such modifications would provide improved correlations with ob-erved flaw rates, the
associated increases in the numbers of smaller flaws would have little significance relative to the structural integrity of
welds.

2) Improved modeling of weld repair practices. Such improvements would exclude the repair of those detected fla vs
which give radiographic indications having lengths less than those of the governing flaw acceptance criteria. An
improved model should also simulate the potential for higher flaw occurrence rates associated with material in weld

repair regions.
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In conclusion, the relatively good agreement between the model and the PVRUF data enhances the level of confidence in the
ability of the RR-PRODIGAL model to predict the numbers and sizes of flaws in reactor pressure vessel welds. This agree-
ment also enhances the value of the PVRUF data, because the RR-PRODIGAL model is based on an extensive body of
knowledge regarding welding flaws and the factors that contribute to their occurrence. The fact that flaw rates for the
PVRUF welds agree with expected trends indicates that the PVRUF vessel is representative of a larger population of vessels,
rather than being an outlier relative to flaw occurrence rates.
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Table D.1. Input Parameters Used with RR-PRODIGAL to Simulate Flaws in Welds of PVRUF Vessel

Parameter Uniform Thickness Weld Transition Thickness Weld
| Material type AS33B AS33B
Welding process Submerged arc Submerged arc
Weld angle 4.10 degree 3.18 mm
Upper (outer) weld width 50.8 mm 52.1 mm
Lower (inner) weld width 48.8 mm 64.7 mm
Weld passes Layers 0-14 Layers 0-16
6.01-mm thick 6.09-mm thick
2 runs per layer 2 runs per layer
Layers 15-29 Layers 17-32
7.53-mm thick 5.97-mm thick
3 runs per layer 3 runs per layer
Layers 30-34 Layer 33
3.56-mm thick 4.0-mm thick
2 runs per layer 3 runs
Layer 34
4.0-mm thick
4 runs
Layer 35
4.0-mm thick
5 runs
Layer 36
4.0-mm thick
6 runs
Clad material Stainless steel Fe controlled Stainless steel Fe controlled
I| Clad weld In-line orientation In-line orientation
2 layers each 5.5-mm thick 2 layers each 4.0 mm thick
5 runs per layer 7 runs per layer
Each pass 0.74-mm wide Each pass 0.98-mm wide
X-ray Energy level = 2.5 Mev Energy level = 2.5 Mev
Source diameter = 4 mm Source diameter = 4 mm
Source to film distance = 2 m Source to film distance =2 m
Inspection mode = SWSIROOT | Inspection mode = SWSIROOT

Access factor = 1.0

Access factor = 1.0

NUREG/CR-5505
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Table D.1. {contd)

Uniform Thickness Weld

Appendix D

Transition Thickness Weld

Output zones

Clad 0-4.74 percent wall
Weld 4.74-7.84 percent wall
Weld 7.84-10.95 percent wall

Weld 10.95-25.0 percent wall
Weld 25.0-50.0 percent wall
Weld 50.0-75.0 percent wall

Weld 75.0-100.0 percent wali

D9

Clad 0-3.58 percent wall
Weld 3.58-7.94 percent wall
Weld 7.94-11.39 percent wall
Weid 11.39-25.0 percent wall
Weld 25.0-50.0 percent wall
Weld 50.0-75.0 percent wall
Weld 75.0-100.0 percent wall

NUREG/CR-550%



Table D.2. Amount of Material Inspected by SAFT-UT in the PVRUF Vessel

Near Surface Zone _

| Clad

0.027m’ (0.95ft°)

Clad to Base Metal Interface

4.6m* (50ft})

Weld Metal 0.015m’ (0.53ft°)
HAZ 0.005m’ (0.18ft°)
Base Metal 0.073m’ (2.58f")

Weld Metal

Remainder of Vessel Wall

0.15m’ (5.3ft)

0.051m’ (0.18ft")

1.0m’ (35.3ft")

Through-Wall Extent of Flaw (DZ) ‘
5 mm 6 mm 7 mm Toul>2
Zone ViP? v I P \% P v P v Fi1 v P
Clad | 1148 | 3 0 ] 0 0 0 0 0 0 0 0 0 4 0
Weld | 191 | 6 0 3 1 2 0 0 0 0 0 0 2 11
| Base | 180 4 6 0 3 0 0 0 0 0 0 0 0 4 9 I
Total ' 1519 | 8 | 12 1 6 1 2 0 0 0 0 0 0 | 10 20 I
Total Number Characterized >2 mm | 30 I
[V = Volumetric Total Number <3 mm | 1519
P = Planar Total Number

NUREG/CR-5505
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Table D.4. PVRUF: Flaw Frequency in Remainder of Vessel Wall
(All confirmed flaws and unconfirmed flaws)

Through-Wall Extent of Flaw (DZ)

P P
0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 2
Base | 365 3 8 0 2 0 0 1 1 0 0 0 0 0 0 - 11
Total | 1018 | 5 |34 | 0 |11 | O 1 1 2 0 0 0 0 0 0 6 49
I Total Numuer Characterized >5 mm | 55

V = Volumetric Total Number <5 mm

P = Planar Total Number
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Figure D.2. Segment of PVRUF Vessel During Examination with UT-SAFT System
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Figure D.3. Micrograph of 1-mm Flaw

D.13 NUREG/CR-5505



Appendix D

S —

~15 Passes

3 Pase Weld
11.3cm

22.75cm
1:1 Scale

~15 Passes

2 Pass Weld
8.8cm

Clad 5to10cm

7 Clad Beads Over Weld

Figure D.4. Cross Section of Uniform Thickness Single V Weld
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9 Layers
3.9¢cm
2 to 3 Rows|

1 E

22cm

13 Layers
8.4cm

Clad =8mm Clad = 5mm

Figure D.S. Cross Section of Thickness Transition Single V Weld
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Figure D.6. Single V Weld with Highlighted Weld Passes
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411° o : 4.11°

9.02 cm

1.78 cm
v

B2 Wi o 11 mm
-~ 3.72 cm—* 1

Figure D.7. Model of Uniform Thickness Single V Weld
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/Y
9.55 cm
1 3.18°
A
4
10.35cm
3.00 cm
Lepnd 16 cm
% e 8 mm

686cm— 1§

Figure D.8. Model of Thickness Transition Single V Weld
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1.E+02

PVRUF Uniform Thickness Weld
1.E+01 4 With X-Ray  (Output §2)
Without X-Ray (Output 83)
1000 | |_CARRAITFLAWS2.XLS

1.E-01 4
1.£.02 4
1.£-03 4
1.E-04 4

1.E-08 4

Number of Flaws per Meter >=a

1.E-06 4

1.E-07 4

1.E-08 .
0 10 20

40 50 60 70 80
Flaw Depth, a, mm

S 4

Figure D.9. Caiculated Flaw Frequencies for Uniform Thickness Single V Weld Showing Effect of X-Ray Examination

1.E+02
PVRUF Thickness Transition Weld
16401 With X-Ray  (Oulput 64)
Without X-Ray (Output 65)

ey L CARRAITFLAWS2.XLS
o
. 1.E-01 4
A
’ 1.E-02 4
§ g0+
é 1.E-04 4
T
g 1.E.08 4

1.E-06 4

1.E-07 4

1.E-08 -~ v ~ ~ o v -

0 10 20 30 4n 50 60 70 80

Flaw Depth, a, mm

Figure D.10. Calculated Flaw Frequencies for Thickness Transition Single V Weld Showing Effect of X-Ray Examination
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1.E+02
PVRUF Weld - With X-Ray
1.E+01 4 Uniform Thickness Weld  (Oulput 62)
Thickness Transition Weld (Oulput 64)
CARRA\TFLAWRZ.XLS

1.E+00 4
: 1.E-01 4 Total Flaws
A _— (Thickness Transition Weid)
$ bk Total Flaws

(Uniform Thickness Weid)

i 1.E-03 4
8 1E.04 4
“ Inner Reglon Flaws
S ./ (Thicknass Transition

1.E-08 4 S

/ ~
18548 4 inner Reglon Flaws
(Uniform Thickness Waid)
1.E-Q7 4
1.E-08 T -y T v v v v
0 10 20 30 40 50 60 Y0 80

Flaw Depth, a, mm

Figure D.11. Calculated Flaw Frequencies for Single V Weld Showing Effect of Weld Configuration

1.E+02
PVRUF Data Flaws in Near Surface Zone
Near Surface Zone CARRAITFLAWE2.XLS
1.E401 4 Planar and Volumaetric Flaws

1.E+00 4

1.E-01 4

1.E-02 4

1.E-03 4

1.E-04 4

Number of Flaws per Meter >= a

1.E-08

1.E-06

[ L] 10 15 20 25 30 38
Flaw Depth, a, mm

ok
¥

40

Figure D.12. Simulated Versus Observed Flaws in Near Surface Zone Including Flaws Due to Repair Welding
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1.E+02
PVRUF Data Flawa In Remainder of Vessel Wall
] Flaws in Remaindar of Vesse! Wall CARRAITFLAWEZ X1L8
1.E+01 4 Planar and Volumetric Flaws
PVRUF Data
Flaws in Ramainder of Vessel Wall
1.E+00 + Planar Flaws Only
L]
]
A
i 1.E-01 4
i 1.E-02 4
s 1.E-00 4
k)
g 1.E-04 4
1.E-08 4
1.E-08 + an aan + T + + +
0 5 10 18 20 28 3 35 40

Flaw Depth, a, mm

Figure D.13. Simulated Versus Observed Flaws in Remainder of Vessel Wall Including Flaws Due to Repair Welding

1.E+02 -
PVRUF Dats Flaws In All Raglonx of Vessel Wall
Flaws In All Reglons of Vessul Wall CARRA\TFLAWS2.XLS

1.E+01 4 Planar and Volumetric Fiaws

1.E+00 4

1.E01 4

1.E02 4

1.E-03 4

1.E-04 4

Number of Flaws per Meter >= a

1.E-06 4

1.E-08 + + g t -

0 5 10 15 20 25 30 35 40
g Flaw Depth, a, mm

Figure D.14. Simulated Versus Observed Flaws in All Regions of Vessel Wall Including Flaws Due to Repair Welding
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1.E+01 4
1.E+00 J
1.E:01 4
1.E02 4

1.E03 4

1.E-04 4

Number of Flaws per Meter >= a

1.E-08 4

1.E-06

PVRUF Data
Near Surface Zone
Planar and Volumetric Flaws

PVRUF Data
Near Surface Zone
Planar Flaws Oniy

{Flaws in Near Surface Zone
Excluding Flaws in Repairs
CARRA\TFLAWE2.XLS

18

Flaw Depth, a, mm

1) 35

40

Simulated Versus Observed Flaws in Near Surface Zone Excluding rlaws Due to Repair Welding

Figure D.15,
1.E+02
_ "HUF Data
Flaws In Remainder of Vessel Wall

1.E+01 4 Planar and Volumetric Flaws

PVR.F Dats

Flaws in Remainder of Vessel Wall
1.E+00 4

1.E01 4

1.E-02 4

1.E-03 4

1.E-04 4

Number of Flaws per Meter >= a

1.E-05 +

1.E-06

Plarar Flaws Oniy

Flaws in Remainder of Vessel Wall
Excluding Flaws in Repairs
CARRAITFLAWS2XLS

Figure D.16. Simulated Versus Observed Flaws in Remainder of Vessel Wall Excluding Flaws Due to Repair Welding
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1.E+02
| PVRUF Dala Flaws in All Regions of Vesse! Wall
Flaws In All Reglons of Vessel Wall Excluding Flaws in Repairs
1.E+01 4 Planar and Volumatric Flaws CARRA\TFLAWE2 XLS
PVRUF Data
18400 4 Flaws in All Regions of Vesse! Wall

Planar Flaws Only

1.E-01 4

1.E-02 4

1.E.03 4

1.E-04 4

Number of Flaws per Meter >= a

1.E-05 4

1.E-06 -+ + +

0 5 10 15 20 28 :'o 35 40
Flaw Depth, a, mm

Figure D.17. Simulated Versus Observed Flaws in All Regions of Vessel Wall Excluding Flaws Due to Repair Welding
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Example of RR-PRODIGAL Output File



JULY 16, 199
€ \RRA\WELD 4

Example of RR-PRODIGAL Output File

OMIFORM THICKNRSES MNALD - WI'GH X-RAY
RERUM WYT( JUME VERSION OF RR-PRODIGAL

INPUT PILE « 5.0
TITLE » UWUD1

OUTPUT PILE « MELD 4 « DANCER WELD 00004

STRUCTURE DESCR. >TION

OF RUNS IN LAYER(
OF RUNS
OF RUNS LAYER ¢
OF RUNS LAYER

I
w
w
OF RONS IN LAYER(
OF RUNS IN LAYER(
OF RUNS IN LAYRR(

OF FUMS IN LAYER(

2

100

%)

2

i

)
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LATER( 15) 2

MAYER( 26) 3
LAYER( 17 ]
LATER( 18 )
LAYER( 1%} 3
LAYER( 20) ]
LAYBR( 21 3
LAYER( 22) 3
LAYSR( 2)) ¢ 3
LAYER( 24) 2
LAYER( 26) 3
LAYRR ( 26) 3
LAYRR( 27) 3
LAYER ( 28) )
LAYRR ( 29) 3

LAYRR( 30) + 3

LAYBR( 33) 2
LAYRR( 34) i

LAYRR( 28) 2

PROCRSS - SUB
MATERIAL « 53)
LOCATION « VENDOR
POSITION « 1G
ACCESS - GOOD
JOINT GEONETRY » STAN
RESTRAINT « WIGH

E.2
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ACTIVITY (
THICKNESS

ACTIVITY !

ACTIVITY(

)

38) - DYRPER ACTIVITY NUMER( 38) «

19 - DYRPEN ACTIVITY NUMBER ( 39) =~

40) = XRAY

3.5 ISHER /QUTER LAYER » INNER

LATER

1.5 TNNER /OUTER LAYER « INNER

LATER

2.8 INNER/CUTER LAYER « INWER

1.56 INNER/OUTER LAYER « INNRR

LATER

1.5 INNER /OUTER LAYER « INNER

MACHINE ACTIVITY MMBER( 37) «

SURPM & TO BE INSPECTED « LOWRS

SURPACE TO BE IASPECTED « UPPEX

ACTIVITY NUMBER( 40) «

OF SIDEWALL INSPECTIONS « |

ACTOR « 1.00

AMOUNT OF INSPRCTION RIJUIRED . 1.0000

LEVEL « 2.50008+00
DIAMETER « 4.0C
TO PILM DISTANCE »

2000.00

PRCTION MODE « SWSIROOT

ES
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*or INSPECTION CATEGORY LOWER BURFACE BREAXING

ser INSPECTION BFPICIRNCY CURVE FOR CENTRE CRACK Ll

206 51) BPPICIENCY « 0.976700
1080691 BFPICIENCY « 0.77670)
§.43455 EPPICIENCY «  0.97647%
2.71727 BPPICIENCY « 0. 967737
L A%aee
0.67921
023968
G.169800
6.679319

163850 BPTICIRNCY o
2.2077% BFPICIENCY «
206.51) BPPICIENCY «
10 8691 BPPICIENCY «
§.40455 BPPICIENCY »
2.71727 BYFPICIBNCY »
1.05864 BFPICIENCY «
0.679319 BPPICIENCY «
©.339655 BPPICIENCY «
1.30801 ‘
1.69800 EPPICIEWYY « 0.624000
2.20779 RPFICISNCY «  0.760316

*es INGPECTION SFPICIENCY CURVE POR LACK 07 SIDEWALL Pusiow

DEYECT DEPYH « 206.513 BPPICIENCY « 0. 964018
DEFECT DEPTH 10,0695 BFPICIENCY «  0.%63017
DEFPRCT DRPTYH » S 40455 EPPICIENCY «  0.560433
DRFECT DEPTH o 2.71727 BPPICIERCY «  0.91917%6
DEPECT DEPTH « 1 38864 BPPICIENCY «  0.746410
DEVECY DEPTH »  0.679319 SPPICIENCY «  0.392366
DRFECT DEPTH «  0.329659 RFPICIENCY » 0 133381
DEFRCT DEPTH » 0169830 SPFICIENCY « 369647802
SEPRCY DEPTH « 0.392266
ORFRECT DEPTH - 0.609618
DEFECT DEPTH « 0.964028
DEFECT DEPTH « 0.963m17
DEFECT DEPTH 0.96%433
DEFRCT DEPTH - 0.91017%
DRFECT DEFTH » 0.%46430
BEPRCT DEPTH - ©.392266
DEFRCT DEPTY - ©.23338
DEFRCT DEPTH 369647803
DRFECT DKPTX « 0.252366
DRFECT DEPTH » 0.60%615
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0339689 RPFICIENCY
0.168030 BPFICIRNCY o 4.00621K-02

ERLTERE L)

49149802 EPPICIENCY
. 24574862 EPFICIENCY
206.51) EFPICIENCY »
10.869) RFPICIRNCY »
§ 4485 BPPICIENCY «
2.70727 EPPICIENCY «
1.35884 RPPICIRNCY «

-

-

L. d%ev0R-03
LRRRIL L SUH)

cosooors
-
-
£
B

0.679319 BPFICIENCY s

0 339685 RFVICIENCY ERLLERE LA

0. 169430 EBFFICTENCY » 4.036018-02

§ . 49142K-02 BPPICIBNCY » L. 3eav0E-02
44574802 EFPICIENCY « 40000800

ees [NSPECTION BPPICIENCY CURVE POR MEAT APPRCTED ZOME e
casesssscenets FPOAGIEFSREI S Ry d sisussasens . seaohe "
DEFECT DRFTH - -
ORFECT DEFTV - -
DEFECT DEPTH - -
DEPRCT DRPTY - -
DEFRCT DEPTH o -
DEPECT DEPTH .
DEFECT DRPTN » -
DEPECT DEPTH « -
DEPECT DEFTN « -
DEPECT DEPTY - -
DEFECT DEPTH -
UEPRCT DEPTH o -
DEFECT DEPTH - .
DEFECT DEPTH o -
PEPECT DEPTH -
DEPECT DEPTH .
DEFECT DAPTH « -
OEVECT DEPTN « -
DEFECT DRPTW » -
DEFECT DEPTH « .

**¢ INSPRCTION EPPICIENCY CURVE POR

0.679219 BFFICTRNCY
0.319659 EFFICIENCY
0. 169430 EFVICIENCY
® 49148802 RPFICIENCY
0.42457%¢ BPPICIENCY »
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A E

i

ses INGPRCTION EPPICLENCY CURVE POR LACK OF INTERAUN PUSION SLAG e
DEFRCY DEPTH 206.51) EPPICIENCY « 0979641
DRPECT DEPTH o 10,8691 BPPICIENCY « 0. %7964)
DRPECT DEPTH o §.40485 BPPICIENCY « 0979641
DRPECT DEPTH 2.71727 BPPICIENCY «  0.979681
DEFECT DEFTH - 1.23064 RPPICIENCY =  0.979641
BEFECT DEPITN «  0.679315 BFTICIZNCY «  0.979654
DEPRCT DEPTH « 0. 139689 EFPICIRNCY = 0. 949510
DEFECT DEPTM « 0, 165430 RFPICIBNCY «  0.766685
DAFECT DEFTH o . 490408-02 DPPICIENCY o 0. 407308
DEFRCT DEPTH - 4 24574202 BPPICIENCY » 0 143946
DR7R.T DEPTH » 206,500 BFFICIENCY »  0.979681
OEPRCT DEPTH « 10,4691 SPPICIBNCY » 0. .979481
DEPRUT DEPIN - 5. 40485 BPPICIENCY « 0979641
DEFECT DEPTH « 2.70127 BYFICIENCY = 097964}
DEPECY CEFTH 1.28064 BPPICIENCY « 0. 979461
DRVRCT DEFTH 0.679319 BPPICIENCY » 0.979454
ORPECT DEPYH - 0339655 BPFICIENCY « 0.94981)
DRVECT DEPY¥ « 0. 189830 EPFICIENCY «  0.766605
DEFRCT DEFIW - 8 . 4PL4SR-02 BPPICIENCY « 0. 407208
DEPRECT DEPTY 434574802 EPFICIENCY »  0.340946

*es IMSPECTION BPPICISNCY CURVE FOR POST WRLD HEAT TREATHMENT phe
DRPECT DEPTH « 0. 8420
DEFECT DEPTH o 0082047
DEFECT DRPTM » 0. 866898
DRPSCT DEPTH « 0.771918
DEFECT DEPTH - 0.840342
DEFRCT DEPTH - 0.245086
DEPRCT DRPTH « 7.894728-02
DEPECT DEPTH » 0.

URFRCT DEPTH - °
DEFECT DRPTH » 0.
DEFRCT DEPTH « 0.
DEPECT DRPTH 0.
DRFECT DEPTN o 0.
DEPECT URPTN - 0.
DRFECT DEFTY o ' 0.
DEFECT DEPA « 0 679319 EPPICIENCY o 0.
DIFRST OFTH « 0. 319659 EPPICIENCY - 1
DEFECT DEFTH o L. 18401 RPPICIENCY «
DEFECT DRPTH - 3.69%30 GPPICIENCY « O
UBPRCT DEPTH o 2.20779 SPPICIRNCY « 0.717042
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“*¢ INSPECTION EFFICIENCY CURVE POR CIYTRE CRACK

206.51)
10,0491
§.40488
2.
105864
047931y
0.32968%
0.169620
C.679319
1.01e%
20€.513
10,0691
5. 40458
ainmm
105864
0.679319
0.33968%
0.169800
0679319
1.0080

EPFICIENCY
BPPICIENCY

-
2
d
‘8
3
8
:§

3.0

EFrICIRNCY

oM BFPICIENCY CURVE FOR

TR R R R A

097379
2731794
0.972881
0.93a1
0.711891
0.33809%
1.629198-0)
2. 01617804
0320695
©. 880501
G977
0.97579
.97
0.93377%
0.73188
0.328095

11496
9.801798-02
€.1900%1
0.836229
0.810070
0.729830

*or INSPECTY
DEFECT DEPTH « 206.513
DEFECT DEPTH « 10869
DRFECT DEPTH o 5.40488
DEPECT DEPTH » anm
DRPECT DEPTH «
DEFRCT DRPTH «
DRFECT DEPTH «
DEVECT DEFTH «
DEPRCT DEPTH o
DRFECT DRPTH «
DRPECT DEFTH
DEFECT DEFTN «
DEFRCT DRPYM
DEFECT DRFTH «
DRPECT DEPFTH «
DEPECT DEPTM « 0. .679319
DEPRCY DEPTH » 0339659
DEFECT DEPTH « L.aeen
DO7RCT DEFTH - 169830
DEPECT DEPTH « 2.207m

SFPICIENCY
RPPICIENCY
APFICIBNCY
BYPICINNCY
APPICTENCY

0.9403812
0.959)98
0.943878
0. 849786
0.5700M
0.242489
7.326838-02
807742
N LRt LR
191084
960282
959295

0.68799
0.79108%4

E9
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sev INSPECTION EPPICIENCY CURVE FOR LACK OF INTSRRUN *US

0. 5430i8

DEFRCT URPTH o 206 .81) EPVICTENCY «
DEFRCT DEFTH - 40 .86YL BFPICIENCY »
CEPECT DEFTH o 5 43455 BPPICIENCY «
DRPECT DEPTH « 2.71727 BPPICIENCY «
DEFRCT DEPTH 1. 2%86s BPPICLENCY «
DEFECT DEPTN « 0. 479319 EPPICIENCY «
DEPECT DEPTH » 0. 339689 BPPICIENCY «
UAFRCT DEPTH « 0 169830 EPFICTENCY »
DEFRCT DEPT o B 49140802 TPPICIENCY
GEFRCT DEPTH »  0.543018 BFPICIENCY «
DRVECT DBPTH - 204 813 EPPICIENCY »
DAYECT DEPTY o 10.8691 BYPICIENCY «
DEFECT DEPTN § 40455 EPPICIRNCY »
DEFSCT DEPTH « 2.71727 BFFPICIERCY »
DEFECT DEPTW « 1.35864 RPYICIRNCY »
DEFECT DEPTH « 0. .679315 EPFICIENCY «
ORVECT DEPTH » 0. 419689 BFPICIENCY «
DEFRCT DEFTW « 0. 169830 BFPICIENCY «
DEPECT DEPTH ~

DEFICT DEPTH »

BFPICIENCY «

131129
311128
114
PR
i
111012

8. 691918-02
2.006%48-02
- 6.649758-03
9 46754802
0.311129
G330
0.1
2.1
0.331128
0.1i1082

5. 891918-02
2.006%48-02

§ 49048802 BPFICIENCY « 6. 64978800

9 48704802

se* INSPECTION EFPICIENCY CUNYVE POR NRAT AFFECTED ZOWE

DEFECT DEPTM « 406,843 RPPICIENCY «
DEFECT UEPTH » 10,0691 EPFICIRNCY »
DEPECT DEPYM «  5.4)455 EPFICIENCY &
DYPRCT DEPTH - 2.74727 BPFICIENCY «
DRFRCT DEPTH » 1.05864

DEFELT DEPTH «  0.879049

DEFECT DEFTM « 031968

DEFRCT DEPTH « 1,188

DEFECT DEPTH 16900

DEFRCT DEPTH » 2.0

DEPECT DEPYW «  304.54)

DEFICT DEPTH - 10. 8691

DRFECT DEPTH »  5.4)455 EPPICIENCY «
OSPECT DEPTM «  2.71727 BPPICIENCY -
OEPRCT DEPTH «  1.)5864 EPFICIENCY -
DEPECT DEPTM = 0 479319 EPFICIENCY «
DEFRCT DRPTH

DEFRCT DRPTH » 1.30081 BPPICIENCY »
DEPECT DEPTH 1.6983¢C BFPICIENCY »
DEFECT DEPTH »  1.20779 BPPICIENCY -
*re INSPRCTY

DEFECT DRPTH « 306.51) BPPICIENCY «
DEPECT DEPTH «  10.863) BPPICIENCY «
DEFRCT DEFTH « §. 43485 EPFICIENCY »
DEVECT DEPTH « 2.71727 BPPICIENCY «
DEPECT DEPTH » 135044 EFPICIENCY «
DEFSCT DEPTH « 0 679319 EPPICIENCY «
DRFSCT DEPYM « 0. /59 EPPICIENCY »
DEPECT DEPTM « 0.0 10 RPPICIENCY «
DEPECT DEPTH « 4. BB-03 EPPICIENCY
DEFECT DEPTH » 0 434..4 BPPICIENCY «
DEPECT DEPTN - 206,510 EPPICIENCY «
DEFRCT DEPYH - 10,0691 RFFICIENCY «
DEFECT DEPTN o 5. 40455 RPPICIENCY »
DEFRCT DEFTH «  2.71727 BPPICIENCY «
DEFRCT DEPTH « -
ORPRCT DEPTH - -
DRFECT DEPTH - -
ORFECT DEPTH «

DRVICT NEFTH -

DEFRCT DEPTH -

NUREG/CR-5505

0.832137
0.65799¢
0.3792%8
0.1432608

% k02
0.32383%
0. 478360
0.882700

0N SFPICIENCY CURVE FOR LACK OF SIDUWALL FUSION SLAG

0.990000
¢ . 990000
0.990000
0.9%0000
0.989139
0813408
IR
9. .940888-03
2.876718-02

9 94008802
2.87%78-02
0. 482169

E.10



Appendix E

DEFNCT OEPFTH « 206 513 BPPICIENCY « 0.

DRPECT DEPTH - 10,0691 EFPICIENCY « ©

ORFRECT DEPTH « 5. 40485 BYPICIENCY » O

DAFRCT DEPTR »  2.71727 BPPICIENCY » O,

DAFRCT DEPTH o 1. 25884 BFFICIRNCY « O,

DEPECT DEPTH «  C.679019 EPPICIENCY « ¢

DEFECT DEPTH « 0. 319659 EFVICIENCY « O

DEFECT DEPTH « 0. 149830 BFPICIENCY « o

DRFECT DEPTH « 8. AFI408-02 EFFICIBNCY « 0. 254100

DAFRCT DRPTH o 4 24574802 EPPICIENCY » 7.917678-02

DEFECT DEPTH « 206 510 BPPICIENCY « €. 976048

DAPECY DEPTM « 10 0691 EPPICIENCY « 0 975545

DEFECT DEFTH o 5. 4MSA BFPICIENCY « 0. 978045

DEFECT DEFTH «  2.71727 EPPICIENCY « 0. 978345

GEPECT DRPTH « 1.58064 BPPICIENCY » 0 975048

DEFECT DEPTH « 0. 479019 BPPICIRNCY « 0 972183

DEFECT DEPTH « 0. 309689 EPFPICIENCY «  0.881087

DEPSCT DEPTH « 0. 149800 EFPICIENCY «  0.893617

DRFRCT DEFIN « 4 AS140R-02 EFPICIENCY »  0.3854109

DEFECT DEPTH « 4. 24574502 EPPICIENCY «  7.317678-02
e*s INGPECTION SPFICIRNCY CURVE FOR POST WELD WEAT TREATMENT

DRFECT DEPTH » 204 513 EPPICIENCY « O,

DEFECT DEPTH « 10,9681 BFFICIENCY « O

DEAFECT DEPTH » §.40455 EPPICTENCY « O

DRAFRCT DEPTH « 2.71727 BFPICIENCY « O

DEFECT DEFTH » 1.35064 BFPICIERCY « O

DRFECT DEPTH «  0.478319 BFFICIENCY «  0.142609

DEPRCT DEPTH « G )396S9 EPPICIENCY « 4, 148068-02

DEFECT DEPTM o«  1.184481 BPPICIEBNCY «  0.32300%

DEFECT DEFTH » 1.69030 BPPICIENCY « 0 475360

DEFECT DEPTH «  2.20779 EFFPICIENCY « 0. 582700

DEFECY DRPTM =  206.51) EPPICIENCY « 0 781704

DEFRCT DEPFTH «  10.86%1 BPFICIENCY « 0 .84883%

DEFRCT DEPTN o S AMSS EFPPICIONCY « 0. 8221)Y

DRFECT DRPTH «  2.71727 BPPICIENCY « €. 657996

DEPECT DEPTH o 1.05064 RFPICIEGCY «  0.3784%
DEFECT DEPTH »  0.679319 EPPICIENCY «  ©. 142438

DEFECT DEPTH « 0. 319459 EPFICIENCY « 4. 34806802

DEFRCT DEPTH o 1.0M085 RPPICIRNCY « 0322
DEPECT DEPTM 1.45000 BFPICIENCY =  0.4785)60
DEPECT DEPTW «  3.20779 EPPICIENCY «  0.8582700

E.l1l NUREG/CR-5505



Appendix E

4o+ INSPRCTION EFPICIENCY CURVE FOR CEETRE CRACK

DEPRCT DEPTH

DEFECT DRPTH

ORPECT DEPTH « 640485
DAVECT DEPTH - inmm
DEPECT DEPTM « 1.05064
DEPECT DEPTH «  0.679319
DEPECT DEPTM «  0.139639
DRFECT DEFTH » L.
DEFECT DEPTH o 149050
DRFRCT DEFTN - .20
DEPECT DEPTN - 204,510
DEFECT DEPTH o 10.8691
DEFECT DEPTY - 5. 43488
DEPRCT DEPT o FIRS A
ORPFECT DEPTE o 135664
DEPECT DEFIN 0.6793)9
DEVECT DEPTH «  0.3)965%
DEPECT DEPTN = L.10881
DRPECT DRPTH « 1.6%630
DRFECT LEPTH » 21.307%

DEFECT DEFTH » 206 512
DEFECT DEFTH « 10 8491
DRFECT DEPTH « 8 43ess
DEFRCT DEPTX « anm
DEFECT DEPTH » b L LLL)
DEPECT DEPTE »  0.47931%
DEPRCT DEFTN ~ 2.ame
ORFECT DEPTH « 2.98900
DEPECT DEPTH 300408
DEVECT DEPTM LRt E L)
DEFECT DEPTH o 206 .31)
DRFECT DEPTH « 10,0691
DEFECT DEFTH « $ 4485
DEFECT DEPTH « .
DEPRECT DEPTW - 16864
DEFECT DEFTH » v 679330
DETECT DEPTH o .m0
DEFRCT DRTH - 2.90900
DEFRCT DEPTH o 1. A0438
DEFRCT DEPTH « 4.6

BPPICIENCY
EPFICIRNCY
KPPICINNCY
BFFICISNCY
EFPICIRNCY
BPPICIRNCY

EPPICIENCY CURVE

LACK OF SIDEWALL FUSION

0.970103
0.970089
0 963092
0.07M
0.88%212
0.217620
€170
82964
483087
803748
970103
970039
961092
"
88%233
Ja17%20
€. 271%e-03
0. 482064
0.483097
©.000708

0.905737

O 9484

0.832310

0.822088

0.197%416
5.60580K-02

wes INSPRCTION

DRFECT DEPTH « 206813
DEPRCT DEPTH « 10 0691
DRFECT DRPTH $ 40488
DEFECT DEPTH « anm
DAPECT DRMTH « 1.35864
DRPECT DEPTH « 0 673319
DEFRCT DEPTH » 0. 219659
DEFECT DEPTH « L.
GEPECT DRPTH « 1.69030
DEPECT DEPTY - .20
DEFFCT DEFTH « 206 513
DEFECT DRFTH « 10,8891
DETRCT DEPTH » 540485
DEFECT DEPTH anm
DEFECT DEPTH « 1.988%¢
DEFECT DEPTH - 0679019
DRFECT DRPTH « 0. 33850
DEFECT DEPTH 10801
DEPECT DEPTH 16800
DEFECT DRVTH « 12077

NUREG/CR-5505

BPFICIENCY
BFFICIENCY
RPPICIRNCY
EPFICTENCY

BPFICTENCY
BPPICIENCY
EVPICIRNCY

0.956044
0.982834
0 813821
0.75079%
°
°

RELLELS
L1547%0
4.383328-02
La64801
546788
AN
956044
262534
13521
158795
420808
184750
430302802
0.384801
0.546758
0.674%06

ocoovpcococe >

E.12



et INSPRCTICN EFFPICIENCY CURVE POR LACK OF INTERRUN PUSION Ladd

406 .51) BFPICTRNCY S -

10,0691 RPPICIENCY 3 ME-02

540486 BPRPICICT™ o 9. 98117K-02

2.70727 BPFICIENCY « 9.802178-02

1 25064 BPPICIENCY ~ $.%00%8-02
l 79519 BPPICIENCY » 8.122808-02

0.339659 SPFICIENCY « 3.51176¢-02

- i

az158-02

TeuBmoeeees

3.
J133898-92

L1
0. CM"O EPFICIENCY «

-mulnxmmmmmmu

DEFECT DEPTH « 306 510 SPPICIENCY «

DEPRCT DEFTH « 10,8691 RPPICIENCY «

DEPECT DEPTH « 5. 43485 EPFICIANCY »

DEPECT DEPTH ~ 2.71127 RFFICIENY o

DEFECT DEFTH o 1.38084 EPFICIENCY «

DRPECT DEPTH « (1 675219 RVPICIENCY »

DEPECT DEPTH » . 139689 EPFICIENCY «

DEFECT DEPTM o .

DEFECT DEPTH « -

DEFECT DEFTH - .

DEFECT DEPTH « .

DAFECT DRFTH « -

DEPECT DEPTH « .

DEFECT DEFTH -

DRZECT DEPTH - < L263680
DAPRCT DEPFTH o - 8. 7% 0802
DEFECT DEPTH « - 240760802
DEPRCT DEPTH « s 03N
DEFRCT DEPTH - = 0 580885
CRFECT DEPTH « MPITEN BPPICIENCY « 0. 69619%

o0 INSPROYION BYPICIANCY m PON LACK OF nm FUSION SLAG oo
DEFECT DEPTH o 406 .513 EPPICIENCY «  0.990000
DRPECT DEPYH o 10,0693 BPPICIENCY «  0.990000
DEFRCT DEPTH « S.40485 EPPICIBNCY « 0 .990000
DEPECT DEPTY » . 0.9%0000
DEPSCT DRFYH « - 0.987M%2
DEPECT DEFTH » - 0.7
DEFECT DEPTH « « C.Ji00%
DEPECT L'PTH » - 4.830798-02
DEVECT DRPTH « . 0.106%40
DEFECT DRPTH « - 0.5039%
DEFRCY DRPTH « .  0.9%0000
DEPECY DEPTH « = 0.9%0000
DRFICT DEPTH « = 0.990000
DEFRCT DEPTN o . 0 380000
DEFECT DEPTH o = 0.%eMM2
DRVECT DEPTH o - o.M
URPICT DEPTE « «  ©.310088
BRFRCT DEPTH « - 0.830798-02
DEVECT DRFTH » . 0.3869c8
DEPECT DEPTM = 0 .4663579 EPFICIMNCY « 0 .5009%)

E.13 NUREG/CR-5505



Appendix E

el Mﬂﬂ RrTICIENCY m POR LACK OF m—u FUSION SLAG

DRFECT DEPTH -« 208 813
DEFRCT DEPTY 10 8491
URPECT DEPYH « 840488
DEPECT DEPTX - i
DEFECT DEPTH » 125844
DEFRCT DEPTM «  0.679319
DEPECT DEPTH =  0.31945%
DEFRCT DEPTN «  ©.363000
DEFECT DEPTH 840
DAFECT DEPTH

DEFRCT DEPTH - 206 81)
DBFRCT PEPTH 10 8691
DEFRCT DEPTH -~ LR L)
DRFRCT DEPTH - ann
DEFRCT DEPTH « 1. 35064
DEFECT DEPFTH »  0.879219
VEPRCT DRPTH « 0. 2050
DRFSCT DEFTH « 0. 165400
DEFRCT DEFTH »

DRAPECT ORPTM o

“or INRPRCTT

DEPECT DEPTH - 304 .51)
PRYRCT DEPTH = 10 9691
DEFRCT DEPTH « 8. 40488
DEFRCT DEPTH - anmm
CAFRCT DEFTH o 1.25864
DEFECY DEPTH »  0.679009
DEFECT DEPTH «  0.31%5%
DEFRCT DRPYH 1.8600)
DEFRCT DEPTY 3.0869)
DEPECT DEPTH 43N
DEFRCT DEPTH » 206.81)
USPRCT DEPTH - 10 8691
DRFECT DEPTH - 5 40485
DEFECT DEPTH - i
DEPECT DEFTH 135864
DAPRCT DEPFTH «  0.679219
DEFECT DEPTM »  0.31%H)
DEVICT DEPTH » L LT RS
DRFECT DEPTH 1.084%3
DEPECT DEFTH « 4.8

EPFICIBNCY
EPPICTRNCY
BPPICIENCY

BPYICTENCY

EPPICIENCY
BPFICTIENCY

4. 245748-02 BFPICIENCY

8 API4E-02 BPFICIENCY
4. 248574802 BPPICIRNCY

0.0
0.97088)
V.80
0.970883
0.57080)

0. .%E16
0.782204
0.e01517

. 0.6

" 4.735878-02
0.97080)
°
0
°
Fl
N
L
°
-
-

970804

270842

97080

N i

626

78334

A48

.18

4100802

uln:mmmmmmmmm

0.543697
0.263600
4 740802
2.417608-02
0.380527
6. 5005058
0. 696199

ssetssseness AND OF WRLD DEFECT ANALYSIS RUN cosessssvnss

NUREG/CR-5505
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MJILD DRSCRIPTION |

cmsassssasannanen

STRUCTURE DEPTH . 11.000

UPPER STRUCTURE WIDTH « &8 840

NUMBER OF RUNS IN LAYER( 1) 6§

NUMBER OF RUNS IN LAYER( 2) . @6

E.15

NUREG/CR-5505



ACTIVITY DREFINITIONS |

sassmsscesssURasanae

ACTIVITY( 1) » LAVER
THICKNESS » 5.8 INNER/OUTER LAYER « INMSR

ASTIVITY! 3) « LAYER
THICKNRSS » L INNER/OUTER LAYER « INNER

NOUNT OF IRSPRCTION REQUIRED . 1 0000

NUREG/CR-5505 E.16



KUS PARMETERS

sessanassnrenn
SN S 00 Sna—— 1 80000
TING DALAY FOR DATA LOCKS © 10

DEPTH OF BULL THAOUGH ZONE . 0.000

E.17
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Appendix E

TAL-TYME sUmy
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1285488-0)

BPTH FRAQ.  ASPECTN
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Appendix F

Guidance for Users of RR-PRODIGAL

F.1 Introduction

This appendix provides a number of useful details about the Rolls-Royce and Associates (RRA) methodology which are not
covered in the document from RRA. These insights came from trial applications of the RR-PRODIGAL code a. INL, and
through discussions with the technical staff at RRA

F.2 Help Menus

The RR-PRODIGAL code uses menu-driven inputs, along with extensive interactive internal documentation which is
available through “help pages.” Many details about the code can be learned from study of these pages. In large measure, the
code relies on such help menus as opposed to highly detailed paper documentation. For example, one of the help me:us
provides a detailed description of a typical RR-PRODIGAL session

F.3 Generic versus Vessel-Specific Predictions

RR-PRODIGAL calculates expected distributions of flaws for a population of welds which have a common set of attributes,
including material type, wall thickness, configuration of weld passes, welding processes, and inspection procedures. Flaws
in specific welds will differ from the expected distribution due to random factors that are not quantified in the model. The
material in a given vessel weld will be a statistical sample from the large population addressed by RR-PRODIGAL. In this
regard, data from examinations of given vessel welds are expected to differ somewhat from the RR-PRODIGAL predictions

Random variability from vessei-to-vessel and from weld-to-weld is not addressed by RR-PRODIGAL. However, the model
permits better evaluations of vessel failure probabilities than are possible with the use of generic flaw distributions. A
generic flaw distribution cannot address systematic differences between vessel welds due to differences in vessel designs,
fabrication practices, and inspection methods. Nevertheless, the output from RR-PRODIGAL does not address other vessel-
specific differences, which can be assessed only from detailed examinations of individual welds

F.4 Welding Processes

The RR-PRODIGAL code permits only one welding process per weld. Therefore, it is not possibie to simulate a submerged
arc weld which has been repaired using shielded metal (manual) arc welding. However, the effects of repair welding can be
estimated by performing the weld sitnulation twice, once for each of the two welding processes. One or more of the user-
defined output zones can be defined to correspond to the repair welded region of the vessel wall
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F.5 Number of Start/Stops

The input to RR-PRODIGAL asks for the number of weld startstops. This input specifies the number of stop/starts per
meter of weld, rather than the number per weld bead. The submerged arc process would typicaily have zero start/stops due
to the use of continuous lengths of welding wire filler metal. Each replacement of a welding rod in a manual process would
represent a start/stop.

F.6 Types of Flaws Addressed

RR-PRODIGAL only addresses flaw types that have structural significance For exan:ple, the simulation includes the
potentially significant flaw type of “pores with tails,” but excludes other porosity characterized as rounded indications.
Discussions with welding experts indicated that much of the slag present in welds is not crack-like in nature. On this basis,
the model excludes the flaw category of “fat slag.” Since the data on observed flaws in welds may not diferentiate between
various types of pores and slag defects, the RR-PRODIGAL code can be expected to somewhat underestimate the number of
smaller flaws in welds

The approach of the RR-PRODIGAL methodology is to address specific flaw-producing mechanisms that can occur during
the manufacture of a weld. It is implied that only mechanisms which produce structurally significant flaws are addressed.
Mechanisms are ignored if they result only in flaws too small to be significant to structural integrity (e.g., depths much less
than the weld bead dimensions). It is therefore expected that data on observed flaws could include large numbers of very
small flaws which would be excluded by the RR-PRODIGAL methodology. The number of these small “ignored flaws™ can
be very large, and can dominate the total population. The flaw data for the PVRUF vessel as presented in Appendix D
illustrates how large numbers of insignificant small flaws (with depths of less than 2 to 4 min) can be present in welds.

F.7 Base Metal Flaws

The RR-PRODIGAL code does nnt address flaws in the base metal of vessels, but rather considers only welding flaws.
Fracture mechanics calculations by Rolls Royce on UK vessels have neglected the contributions of base metal flaws to
failure probabilities. Discussions with Rolls Royce technical staff suggest that the assumption by the Oak Ridge National
Laboraory (ORNL) of a 10:1 ratio between the densities of weid flaws and base metal flaws is too conservative, and that a
ratio of 100:1 or greater would be more appropriate. In general, base metal flaws are believed to have benign orientations
and thereby nave little irapact on structural integrity. The PNNL examinations of the PVRUF vessel indicate that weld repair
of base metal regions is the most 'ikely mechanism for producing larger flaws with radial orientations in plate and forging
components

F.8 Predicted Flaw Attributes

The output from the current version of RR-PRODIGAL gives information on through-wall flaw sizes, flaw lengths, flaw
aspect ratios, and the locations of the flaws relative to the vessel inner surface. Other information such as the mechanisms
associated with the occurrence of flaws (e.g., centerline cracks, sidewall slag, etc.) is not provided, although such parameters
are simulated in the calculations. The equations and parameters used by RR-PRODIGAL to generate all attributes associated
with the simulated flaw distributions are described in Appendix A. This information offers the reader insight into the
detailed characteristics of vessel flaws
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F.9 Forward Propagation Model

The RR-PRODIGAL weld simulation includes a mode! for predicting the “forward propagation” of flaws. This mode
based on estimates of conditional probabilities that a flaw-generating mechanism will occur in a weid pass, given that it has
already occurred in the prior weld pass. The alternative is for an initiated flaw to be confined to a single weld layer. When-
ever forward propagation is predicted, the RR-PRODIGAL model assumes that the flaw propagation occurs in steps of
exactly one weld layer

¥F.10 Measures of Flaw Densities

Flaw densities for welds can be stated in terms of flaws per cubic meter of weld metal, or alternatively as flaws per meter of
weld length. In probabilistic fracture mechanics calculations such as with the VISA-II code (Simonen et al. 1986), the flaw
density measure is flaws per unit of weld length, whereas other studies have used the measure of flaws per unit volume
Calculations to convert from one measure to the other require information about the geometry of the veld joint

RRA technical staff have expressed a preference for flaws per unit weld length rather than flaws per unit volume. Increasing
the volume of weld metal will increase the expected number of flaws, given that all other factors remain unchanged
However, other scaling factors such as the area of the weld groove sidewall, number of weld root passes, and the size of the
weld passes do not increase in proportion to the increase in the volume of weld metal.

Nevertheless, the selection of a specific flaw density measure should not be a significant issue for pressurized thermal shocl
calculations, given that the wall thicknesses for pressurized water reactor vessels are limited to a relatively small range. The
selection of the density measure would be important for applications in which the range of wall thicknesses is much greater
(e.g., involving extrapolation from a 10-in. wall for vessels to a 1.0-in. wall for a piping componeant). In such cases, the
volume of weld metal could be a less important parameter for scaling purposes than, for example, the area of the weld groove
sidewall. Calculations with the RR-PRODIGAL code can account for all of these geometric differences, along with other
specific differences in welding and inspection factors

F.11 Flaw Location

The location of a flaw within the vessel wall is defined as the distance between the innermost flaw tip and the inner surface

of the vessel. Initiated flaws are assigned random locations within weld beads. Internal flaws are classified as buried flaws
even if the simulation places the inner tip very close to the vessel surface. No surface proximity rules are applied to convert
buried flaws to inner surface flaws

F.12 Aspect Ratio
The flaw aspect ratio is defined for (both surface and buried flaws) as the ratio of the total flaw length to the flaw through-

wall depth. Simulated aspect ratios from RR-PRODIGAL are typically 4:1 or less. It has been noted that pores with tails
have aspect ratios of less than 1:1, which implies flaws with their long direction extending into the vessel wall

F.13 Defect Width

Defect width is defined as the separation between opposite sides of a crack-like flaw. RR-PRODIGAL simulates the
randomness in defect widths, using a different distribution function for each type of flaw (e.g., centerline cracks versus lack
of fusion). The defect width is taken to be independent of the defect length and through-wall depth
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F.14 Weld Width

This input to RR-PRODIGAL specifies the physical dimension between the two sidewalls of the weld groove. This
dime~sion is used in the simulation in combination with the independently specified parameter of weld runs per layer to
determine if flaws in adjacent weld layers should be treated as a single flaw, in accordance with flaw proximity criteria

F.15 Inspection Efficiency

Output from RR-PRODIGAL gives a series of tables for inspection efficiencies of the radiographic examination, as a
function of the through-wall depth of the flaw. These tables should be interpreted as probability-of-detection curves
inspection efficiency does not include any effects of flaw size errors, or of repair criteria as they may relate to the impact of
inspections on vessel failure probabilities. The code output give specific inspection efficiencies for each type of flaw (e.g.,
interrun slag) for each of three regions of the vessel (inner surface breaking, buried, and outer surface breaking)

F.16 Ultrasonic Inspection

RR-PRODIGAL addresses the effects of radiographic inspection of vessel welds, but does not currently simulate the effects
of ultrasonic inspections. This potentially useful feature could be implemented as future enhancement to the code Effects of
flaw detection through ultrasonic examinations must be addressed with auxiliary calculations which can modify the distribu-
tions provided by the code as output files

F.17 Surface Examination

The RRA model simulates surface examinations by the dye penetrant (PT) method. It is also appropriate to use this model to
sitnulate the effects of magnetic particle (MT) examinations, although such predictions will be somewhat conservative
because the model neglects the ability of MT examinations to detect the presence of near-surface buried flaws. While details
regarding the surface examination model have not been described in RRA reports, the model is said to take into account such
factors as flaw length and width (i.e., separation between the faces of the cracks). Parameters of the simulation model are
based on expert elicitation, with all values being hardwired into the code. Numerical results from RR-PRODIGAL simula-
tions indicate that detection probabilities f~r surface examinations can be very high (e.g., greater than 99 percent)

F.18 Amount of Inspection

This input to RR-PRODIGAL is usually set equal to 1.0. Values less than 1.0 apply for those cases where the entire weld
length is not inspected, such as when physical access prevents the inspection of portions of the weld. The factor can be
estimated by consideration of the size and locations of the obstructions that prevent access to the welds

F.19 Repairs of Detected Flaws

The RRA model assumes that repairs are performed for all flaws that are detected by radiography and surface examinations
In the actual practice of vessel fabrication, no repairs are made for smaller flaws whose sizes are acceptable in accordance
with the governing flaw acceptance criteria. This simplifying assumption causes RR-PRODIGAL to somew hat underpredict
the actual number of smaller flaws in welds
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F.20 Machining

The operation of machining is defined as any operation that removes material from the as-welded surfaces, which includes
grinding. The vessels of interest to RRA in the UK usually have machined inner surfaces, whereas the clad inner surfaces of
US vessels typically remain in the as-welded condition. It is appropriate for US vessels to specify a machining operation for
vessel outer surfaces and for the inner surfaces of vessel welds prior to the application of cladding

Machining can remove all or only part of the innermost weld layer, or could remove as much as 1-1/2 layers. Simulated
machining operations will typically increase the number of surface defects, because the removal of material will expose
fects that were previously confined within the weld beads. On the other hand, the effectiveness of surface inspection is
eatly increased for the machined surface relative to that for the as-welded surface. As a result, the predicted overall effect
of machining is to decrease the number of surface flaws

F.21 Post Weld Heat Treatment

The RRA model simulates the extension of cracks during post-weld heat treatments (PWHT) which are performed as a
standard practice in vessel fabrication. However, the code user must specify that such a heat treatment is performed. The
calculated crack extension applies only to heat affected zone (HAZ) cracks. Evidently the flaw extensions due to PWHT are
relatively small, being less than a weld bead in depth

F.22 Best Estimate versus Bounding Calculations

The RR-PRODIGAL model predicts the expected or average number and sizes of defects for a population of welds as
defined by some general attributes that describe the welding and inspection processes used to make the weld. In developing
the model, it was acknowledged that individual welds will vary from the population average. It is expected that detailed flaw
data from individual vessels and welds will exhibit a level of scatter about the flaw distribution predicted for the average
weld. In this regard, RRA considered the inclusion of additional attributes such as “welder proficiency” or “quality factor”
to allow the model to address weld-to-weld variations. This feature was not incorporated for various reasons, including the
added requirement that a code user would have to define subjective inputs to the model

Different assumptions made in the RR-PRODIGAL model can result in calculations that may overestimate or underestimate
the number of flaws in a weld. The uncertainties in estimates are greatest for small flaws whose depths are much less than
the weld bead dimension. In this regard, Rolls Royce staff have stated that the RRA methodology was developed with the
primary objective of establishing the number of larger flaws whose depths extend beyond a single weld bead. Therefore, the
uncertainty should be least for larger flaws which have depth dimensions on the order of one or two weld beads. The uncer-
tainty increases for still larger flaws which extend over several weld beads. Such flaws have low probabilities of occurrence
They are seldom observed, and would result in weld repairs whenever they are observed. Therefore, the model is also used
to estimate the numbers of flaws that go undetected during the vessel fabrication process

F.23 Monte Carlo Simulation

The RR-PRODIGAL code is based on a detailed model of multipass welding and the mechanisms that generate defects in
welds. This model is implemented numerically as a Monte Carlo simulation. Documentation of the code by RRA staff does
not provide a detailed flow chart or logic for the Monte Carlo simulation. Typical applications of the RR-PRODIGAL code
have involved the simulation of defects in some 50,000 welds of a one-meter unit length. This is equivalent to estimating the
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number and sizes of flaws in 50,000 m of weld. Output from the code is provided in terms of flaws per meter of weld for
each of the selected flaw size categories. Input to the code permits the user to increase or decrease the number of simulations
from the standard value of 50,000

F.24 Confidence Limits

The output from RR-PRODIGAL gives only the expected numbers of flaws, and does not provide statistical confidence
limits for estimates of flaw occurrence rates which are associated with the finite number of Monte Cario simulations

F.25 Weibull Fitting of Histograms

At one time. the RR-PRODIGAL code had a provision to approximate the predicted histograms of flaw depths with Weibull
distribution functions. One of the output files from RR-PRODIGAL corresponds to the Weibull parameters This provision
has fallen into disuse because it was found to be difficult to adequately fit a Weibuil distribution over the full range of flaw
sizes. The quality of the derived fits was particularly poor in the tail regions that describe larger flav:s

F.26 References

Simonen. F. A.. K. 1. Johnson, A. M. Liebetrau, D. W. Engel, E. P. Simonen. 1986. ViSA-lI-A Computer Code jor
Predicting the Probability of Reactor Pressure Vessel Failure, NUREG/CR-4486, PNL-5775
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Appendix G

Installation Guide for RR-PRODIGAL

This document serves as a guide to the instailation of a PRODIGAL system. Follow the instructions below. If a probler
arises and the software will not install correctly, please contact:

Product Support Desk
Rolls-Royce Control Systems (SEAS)
+44 01332 771700

G.1 System Requirements

PRODIGAL is compatible with SUN Solaris 1 (SUNOS 4.1.3 or higher) and SUN Solaris 2.x with the following minimum
requirements

OPENWINDOWS3
64MB RAM memory

100MB disk space
Colour or grayscale monitor

(.2 Installation

PRODIGAL is availabie on a number of media. Ensure that you have a suitable media device connected to your workstation
before starting the installation.

(1) Log on to the workstation with the media device mounted
(2) Change directory to the location below which PRODIGAL is to ve installed, e.g.,
cd/home
Ir is advisable to keep the installation path fairly short, ideally 30 characters or less
(3) Make a directory to house PRODIGAL, e.g.,
Mkdir prodigal _vx (where x is the version)
(See Trouble-shooting, section 3(ii))

(4) Insert the PRODIGAL medium (tape, etc.) into the media device
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(5) Enter the following command to extract the PRODIGAL installation script
tar xvf <device name> rr-prodigal.install

(6) Run the instailation script, i.e
rr-prodigal.install

(7) Answer the questions asked by the script (such as location and device name). Arswer “N” to the question regarding “is
this an upgrade to Version 1.”

(8) Include the required line in your .cshre script as instructed by the end of the installation script
(9) Execute PRODIGAL (making sure you have run your .cshre) by typing

rr-prodigal &

G.3 Trouble-Shooting

(1) If you cannot access the installation script from the media device:

Check that you are logged on the workstation directly attached to the device and that the device is mounted. The
script (on sequential media such as tape) will be the first item.

(2) If the installation script fails:
Check you have suffic| ¢ disk space in the partition you are using Check you have permission to create files.
(3) If PRODIGAL will not exécute:

If the rr-prodigal command is not recognized, make sure you have sourced the prodigal definitions script either
directly or through your .cshrc.

If PRODIGAL starts but fails during startup check that
i. Your instailation path does not exceed 30-50 characters

ii. On some early versions of PRODIGAL (up to v_2_2) the installation path must not contain a dot (.)
character. Later versions have corrected this

If problems persist contact Rolls-Royce at the number given above. Supply the exact error message/symptoms.

G.4 Installation Structure

The installation takes the form of a number of folders and files and will follow the layout on the next page
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unstallana] location>
definitions help nput output repository reuse
definitions: holds the PRODIGAL definitions script which defines the required environment variables
help holds the PRODIGAL-specific help texts for the on-line help utility
\ input: holds all PRODIGAL input decks

output holds all PRODIGAL output results
repository: holds all system control files

holds ali executables

holds all user preferences

holds PRODIGAL input/output databases

holds PRODIGAL expert system databases

reuse leads to subdirectories holding help texts for standard Rolls-Royce libraries and tools used in the
PRODIGAL suite.

T'his is the minimum set of folders/files required. There may be additional folders supplied on the medium in special
circumstances. These folders will typically be used to hold data for demonstration purposes
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