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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 estimat- 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 model that will simulate the weld
manufacture and the errors that kad 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 then 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 supponed research at Pacific Nonhwest National Laboratory (PNNL) I

to establish a better basis for estimating the distributions of flaws in RPV welds. 'Ihe 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-Royce 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 estimate these parameters for specific cases using expen clicitation. 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 model 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 modeling carried out by RRA was for pipe welds and vessel welds ofless 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 thickaesses of eight inches or more, as would be encountered in
commercial nuclear power plants.

The model-building 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 model 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: i

Review the original RRA model and establish its potential for estimating the number and sizes of flaws in the welds ofe

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 |*

j computer ec, !

|

| 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,
,

1

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

i i

i
'

!
1

ix NUREG/CR-5505
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Executive Summery

|
|

|

Simulate the flaws in some representative reactor pressure vessels and provide the resulting detailed descriptions of flawe

| 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. nese 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 thrt the
RR-PRODIG AL code provides an acceptable mechanistic model to estimate the occurrence rates for flaw r tzes larger than

those in the database obtained from the PVRUF vessel exam! rations.

This report describes the flaw simulation methodology, provides guidance in use of the RR-PRODIGAL computer code, and!

|
describes example calculations using RR-PRODIGAL.

I

|
|

|

|

;

i
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1.0 Introduction |
!
,

t- 1

ne estimated numbers and sizes of flaws in reactor pres- ne collaborative effort by PNNL and RRA had several j

sure vessel (RPV) welds are important inputs to probabil- objectives.
istic fracture mechanics calculations for predicting failure <

Review the original RRA model and establish itsprobabilities for reactor pressure vessels. But unfortu- .

nately, they are also the inputs which are believed to have potential for estimating the number and sizes of flaws j

the greatest levels of uncertainty. To reduce the level of in the welds of the reactor pressure vessels used in

uncertainty, the U.S. Nuclear Regulatory Commission the US at commercial nuclear power plants,

(NRC) has supported research at Pacific Northwest
Revise and enhance the RRA methodology to permitNational Laboratory (PNNL) to establish a better basis for *

(- estimating the distributions of flaws in RPV welds. One more accurate simulations of weld flaws, with partic-

project has involved the detailed examination of vessels ular attention to flaws associated with vessel cl=Mmg

which were fabricated for nuclear plants that were later
Document details of the flaw estimation methodologycancelled. These examinations have used both ultrasonic . ,

'

methods and destructive examination to confirm the pres- and issue a report describing the methodology and

ence and the sizes of defects. associated computer code,

Provide c UNIX-based computer code (RR-ne present report describes work on another project,
'e

| which has developed a modeling approach to predict flaw PRODIGAL) for use by NRC staff (and others) to

| distributions based on knowledge of the vessel dimen- calculate flaw distributions which can be used as

sions, welding practices, and inspection procedures. His inputs to probabilistic fracture mechanics

! project was e collaborative program between PNNL and calculations,

! Rolls-Royce and Associates (RRA). He work was built
Compare the predicted flaw densities and size distri-on prior work by RRA which modeled welds for piping .

and for vessels ofless than about four inches in thickness. butions from RR PRODIGAL with experimental data

| De original RRA model was developed to predict the - from examinations of reactor vessels, both to validate

frequency at which flaws occur during multi-pass weld- the predictions of the code, and to establish theI

ing, the depths and other important characteristic of these ability of RR PRODIGAL to address the effects of
flaws, and the effects of radiographic and surface exami- vessel-to vessel differences on flaw distributions, and

nations on the resuking flaw distributions. He original
Simulate the flaws in some representative reactorwork was then expanded in the collaborative program, as e

described in the present report, to address vessels with . prenure vessels and provide the resulting detailed
| wall thicknesses of eight inches or more, as would be descriptions of flaw densities, flaw depths, flaw

encountered in commercial nuclear power plants. lengths, and flaw locations within the vessel wall to -
L Oak Ridge National Laboratory for use in calcula-

De modeling approach used both expert elicitation and - tions of vessel failure probabilities.
mathematical modeling to build a computer code that
simulates the weld manufacture and the errors that lead to his report describes the flaw simulation methodology,
different types of defects. In this way, the model attempts provides guidance in use of the RR-PRODIGAL compu-

,

| to predict a defect distribution and density for a given ter code and describes example calculations using RR-

| type or family of welds. He present report provides a PRODIGAL. The main body of the report was prepared

| L desenption of this modeling, along with its application to by RRA to describe the overall approach used to simulate

| predict flaw distributions for comparison with existing defects in welds. Chapter 2.0 defines the problem,
measurement databases for welds ranging from one to reviews some early approaches to it, and describes the'

eight inches thick. most recent efforts to extend the approach to vessels

L
i
;
4
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Introduction

fabricated in the USA. Chapter 3.0 describes the RR- Results of calculations with the revised version of the RR-

' PRODIGAL model and its major features. Chapter 4.0 PRODIGAL code are presented in Appendix D. These

details how the model was used in Monte Carlo simula- results show relatively close agreement between predicted

tions. Chapter 5.0 discusses several prior comparisons of and measured flaw distributions, due in large measure to a

model predictions with measured flaw data. These results more refined approach to account for the flaws associated

show that the original RRA model was somewhat conser- with slag inclusions. Appendix E provides output files

vative because it tended to predict more flaws of a given from example calculations described in Appendix D.

' size than were observed in actual welds. Chapter 6.0
summarizes the conclusiens based upon this work, and The final two Appendices (F and G) provide guidance to

Chapter 7.0 provides further references. users of the RR-PRODIGAL code. Appendix G gives
instructions for installing the code on a UNIX-based SUN -

Appendixes A and B were prepared by RRA to provide workstation. The code uses interactive screen- based

further details and background information on the RR- menus to geaerate input for calculations and has extensive

PRODIGAL model. Appendix A documents the internal documentation in the form of help menus. There-

nurnerical parameters used within RR-PRODIGAL to fore, the code requires a minimum of user documentation.

estimate flaw occurrence rates and to characterize flaw Appendix F was prepared on the basis of PNNL experi-

dimensions and orientations. Appendix B describes ence in using RR-PRODIG AL to cover some issues not

welding practices used to fabricate vessels and piping otherwise addressed. The descriptions of example
,

systems, and documents the rationale used by welding calculationa in Appendix D also provide guidance and

experts to quantify the numerical parameters discussed in insights to assist in developing mathematical models of

Appendix A, weld and in interpreting the results of calculations.

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

,

,

-
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2.0 Background on RR-PRODIGAL

Estimation of defect distribution and densities in pressure In 1994, a contract was formalized with Battelle Pacific
vessel welds has proven to be extremely difficult. Several Northwest National Laboratory (PNNL) to update this
attempts have been made to assess these parameters for simulation program with regard to thicker section welds,
specific cases using teams of experts, probably the best up to eight and even ten inches thickness, that would be
known being the Marshall Committee (Marshall 1982).' typical of commercial nuclear pressure vessels in the
The problem with such an approach is that it requires a USA. A group of experts met in Washington in Decem-

'significant effon from a variety of experts for every weld ber 1994 (Simonen 1994) to go through the ranking and
. being considered. scorings that were currently contained within the simula-

tion, and to see how applicable these were to the thicker
The Marshall Comminee, which could call upon the ser- section welds.
vices of many eminent experts representing the various
relevant disciplines, considered a weld in a reactor pres- ne various experts agreed with the general construction j

sure vessel approximately eight inches thick. of the model and were in reasonable agreement about the |
scoring for probability of defect occurrence used for the I

At Rolls-Royce and Associates (RRA), early attempts to thinner section welds. They did feel, however, that some
transfer this distribution to a wide range of different of the scoring needed modification for the thicker vessels.
welds highlighted a whole new set of problems that ne group restricted itself to considering only those mate-
required almost as much effort and expertise as the orig- rials and weld procedures applicable to reactor pressure

inal problem. A program of work was therefore started in vessels (RPV) as built for the US nuclear industry.
the mid-eighties to create a form of an expen system
model that would generate a defect distribution and A second meeting of the experts (Simonen 1996) took
density for multi pass welds. place in 1996 at which they discussed cladding welds, and

modifications to the main vessel weld logic agreed to at

To create this model, two expert panels were assembled, the previous meeting. He cladding weld logic and main
one consisting of professional welding metallurgists, the vessel weld logic were considered to be very similar,

other of practical welding engineers. He experience of
the personnel of these two panels covered over a decade's What follows is a description of how RRA constructed
development of weld procedures and personnel qualifica- the original simulation, together with the work to validate
tion for nuclear standard welding, together with produc- this first program against two independent sources of
tion experience with enly nuclear plants. The two teams data. He modified program, changed to be more repre-
were kept separate in order to establish a degree ofinde- sentative of the thicker section welds for US RPVs, is

pendence, although clearly the experience of the two currently being used to predict the outcome of a destruc-
teams derives from a common development / production tive examination of the RPV manufactured for the Mid-
program. At the end of the exercise, the resulting model land Power Station and the Pressure Vessel Research User

predictions of weld repairs were compared with the Facility (PVRUF). This work has been carried out
production experience. While this data was somewhat independently by PNNL and will be reported separately.

; limited in its detail, it did provide a further independent For completeness, some preliminary comparisons are

qualifier. This initial work was restricted to welds of up included here against the Midland RPV, and for the

to approximately four inches in thickness. PVRUF vesselin 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.

,
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3.0 Building the Model

The model consists of several elements which begin with Given that it had already been agreed that the scoring
a procedure for estimating the frequencies at which defects represents a likelihood of defect occurrence, the next step

f occur during welding His is followed by the assignment was to convert this likelihood to an actual rate of defect
- of the sizes and other characteristics for the defects. He generation.
final step is to estimate the effects ofinspections on the
population of defects. To do this, the practical experience accumulated over

many years of weld manufacture and repair was applied.

3.1 Defect Density However, this experience had to be modified because it
,

was agreed for this exercise that the relationship between

1 The first step in building the RRA model was to invite the ' the scoring and the defect occurrence was proportional to

welding metallurgist to list the types of defects that occur the total length of the weld beads that made up the weld,

in welded structures ofinterest to the nuclear industry, and not simply the length of finished weld. It was also

This list was then discussed with the stress engineers to agreed that weld stops and starts would have a significant

establish which of these defects had the potential to effect on the introduction of defects, so this was added as

develop into a growing crack. For example, it was con, an extra source for the center line type of defect. The

cluded that single pores, or even small clusters of pores, different experts then focused on those areas with which

were unlikely to pose any problem as initial defects. they had the most personal experience and progressed

However, non-symmetrical pores, which are termed pores from scoring to determining the actual rates of occurrence'-

with tails or pipes, were felt to be potential crack initiators for these cases. The relative rankings of the finished

within the weld. estimates were then assessed for possible reconsideration.
This concluded with an agreed value to convert the scor-

The resulting sets of defects were then referred to as ing to a rate of defect occurrence.

' crack like defects' (CLDs). These are detailed in Appen-
dix B. The welding metallurgists were then asked to list All parameters for thick vessels and cladding are shown ;

all the commonly used welding processes and to rank the in Appendix A. ]
CLDs from I to 10, from lowest expected frequency to i

highest expected frequency, against these processes. It - 3.2 Initial Defect Size '

soon became clear that other factors as well as the weld-
- ing processes had to be considered in order to obtain a The first expert clicitation on defect sizing quickly con-

. ranking. As the ranking developed, the question of cluded that, while the expertise available could attempt to
exactly what was being ranked was discussed, and the describe some form of end defect size distribution, its real l
conclusion was that this rankmg, in some way, reflects the expertise lay in assessing, for each given defeet type, the

. metallurgists' judgment as to the likelihood of a given size of a single defect of that type at initiation. Each type
defect type occurring under a particular combination of of defect was then considered in turn, and it was con-

conditions. There was then a discussion as to whether or cluded that for the defect types associated with multi-pass
not different scorings under the different conditions for a welds, the bead size could act as a normalizing factor ata

given type of defect should be added or multiplied. It defect initiation,

was decided that the individual scorings reflected inde-
pendent probabilities of producing the defect, and hence The outcome of these discussions was a statistical distri- ;

'

multiplication was the more appropriate operation. It was bution,in the form of a Weibull distribution. While these
L at this time that zero was added to the ranking range. The distributions are normalized to the bead size, they are not

results are given in Tables A.1 and A.2 of Appendix A. 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 3.3 Effect of Weld Build Inspection
through the bead in which they initiated down into the
material below, for example, shrinkage cracks. In order to measure the effect ofinspection, it is neces-

. .
sary to derive an efficiency curve for the various inspec-

After the discussion of defect size m terms ofits through- tion techniques. For the welds in question, the techniques
wall dimension, the question ofits length along the weld used at build were radiography and various surface
was addressed. It was decided to relate this to the final techniques.
defect depth in terms of an aspect ratio and to describe
this again in terms of a Weibull distribution. For these techniques,it was decided to continue with the

same logic adopted for the defects themselves, i.e., a
It was felt at that time that a description ofits through- combination of theoretical models and engineering judg-

..

wall and length dimensions was sufficient for each type ment would be built into the simulation. The following is
of defect and indeed, from a fracture mechanics view- a brief description of how the two techniques were handled.
point, it certainly ,s. However, in parallel with this work,i
the question of the weld build inspection was being 3.4 Radiography
pursued. This is discussed in the next section, but the
feedback from these expert elicitations was that the defect

Each defect, except a pore with a tail, is treated as a slot
angle and the separation between the surfaces or gap of

with a given depth at some angle and with a mean separa.
the defect were Liportant parameters; so the group of tion between the faces. He radiographic setup,(i.e.,
experts was reconvened and these two extra dimensions double wall single image using an isotope, etc.) is then
were added to the defect description.

input so that the relative position and angle to the source
and film ne known for all the simulated defects. Radio.The final outcome of this part of the work was a set of

Weibull distributions for each CLD that described its
graphic theory is then applied to evaluate the density
change produced by the defect. The probability of detect-

through-wall depth, length, average separation between
the faces, and its angle. However, these distributions

ing the defect is then evaluated using experimentally
determined inspection capabilities.

apply only at initiation and the question was then asked
about the probability of these defects, once initiated, to

For the pores with tails, it was felt that the probability of
propagate on through the weld as it was being constructed.

finding an isolated pore with radiography is very good;
In this way, a relatively small defect, initiated early in the

the real question is the ability of the inspector to distin-
welding process, could grow into a very large defect
before the weld was completed. Thus, an attribute called guish between a benign single pore and a pore with a tail.

In the end, this inspection efficiency had to be purely
' forward propagation' was added to the defect descrip.
tion. An alternative title for this attribute could be ' error

judgmental

reoccurrence'l Whichever term is your preference, the
The radiographic modeling is described in Appendix C.

object of the attribute is as follows: given that an error
has occmred, what is the probability that this existing
error will cause the same error to occur again,just above 3.5 SurfaceInspections
the already existing error, or that some form of propaga-
tion of the error will occur? His attribute is assigned as a For surface inspections, the expert judgments were

conditional probability. The ability of the welder to against the ability to detect a given width and length.

observe and correct the error was also considered for each Within the weld build simulation, only surface-breaking

type of propagating defect. All of these values for thick defects are considered, together with their widths and

section welds are tabulated in Appendix A. lengths, to determine the probability of detection. It was

|

l
;

I
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Building the Model |

considered that detecting a defect with a surface-breaking 3.7 Post Weld Machining I
width of 0.07 mm or greater is a near certainty. However,
if the surface-breaking defect width is less than 0.01 mm, Post weld machining is considered in order to account for
this probability of detection is set to zero. The surface any defects that might be buried at build, but exposed to
finish is included within the judgment-based inspection any surface inspection after machining. It is interesting to

iefHciencies, reflect on how this affects the probability of having a j
surface-breaking defect in a weld that is subject to a dye- i

3.6 Post Weld Heat Treatment penetrant inspection both before and after the capping
weld is dressed off. The exposure of subsurface defects !

Stress relief cracking from post weld heat treatment is results in a net increase in the number of surface-breaking )
covered separately (see Appendix B), but it was decided defects. However, this effect is more than offset by the ;

that this treatment could independently affect any delayed enhanced ability of dye-penetrant exams to detect defects
hydrogen cracking that may occur. This effect is input as for a machined surface as opposed to a rough as-welded
a distributed extension to any delayed hydrogen erscking surface. !
that is simulated at build (see Figure A.15 of Appen- I

dix A),

1
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4.0 The Simulation

The simulation program pulls together all the expert adjusted, depending on the number of propagations that
knowledge and builds, within the pseudo-world of the have occurred. After the defect depth is simulated, its
computer, a large number ofidentical welds. His is done length is randomly chosen from the appropriate
using a Monte-Carlo simulation. The object of the simu- distribution.
lations is to reproduce, albeit in a simple form, the way in
which defects initiate and interact. With several thousand Cladding defects behave in much the same manner as the
such simulations, it is possible to realize the very rare parent weld defects, except that certain types of defects
event of a large defect. At the same time, the simulation which are close to the weld / clad interface can snap
will reproduce the more common occurrences of the small through into the main weld from the cladding or into the
defects that we would expect to observe from the small interface from the main vessel weld.
sample of true welds that are available for close inspection.

The defect width and angle are not simulated; these are
The simulation represents the weld buildup as a single set used only in the radiographic and dye-penetrant inspec-
of building blocks, as shown in Figure 1. tion simulations.

This simulation procedure gives the depth and length of a
,O single defect at initiation. If a second defect initiates

I d | c d lo is Lew4 within the vicinity of this first defect, the probability of

{ ),o Lew2 the two defects interacting must be Considered.

t==i
In order to assess whether interaction takes place, each

Lews 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 adjusted4. u - z m c,,a

[Og for the two CLDs becoming one.
D. Lad ef!sur-Ram Fusier

'YI,, " ' " " " The size of the influence zone is set using a simple linear.

o.sw sa elastic fracture mechanics criterion, as follows:

Figure 1. Schematic Representation of Weld Buildup 2

and the Position of Different Types of Crack-Like Defects g
Plastic Zone R = i -

2n o
After a defect initiates, its depth and dimensions are 7

randomly chosen using information from Table A.3 in where

Appendix A. The next consideration is whether the
defect type can propagate forward. Should propagation K= fos
occur, the defect is taken on into the next layer available F = Constant
for further propagation. As soon as it fails to propagate o, = Yield Stress
into the next layer of weld beads, it is assumed to be left o = Membrane Stress
behind by the welding process and its initial depth is a = Defect Size.

|

I
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! The Simulation
|

|

Now let o = Ao , where A is some constant; then After seeding the weld with a series of defect types,
y

inspection is then simulated. Inspections can be carried

| 1
out at any time during the weld build. The simulation

R = 7 a@Af takes account of the time of the inspection. If two radio-
graphic inspections are carried out over the lower part fill

| Values for F range from 1 to 1.2. If we associate A with of the weld, they are considered as independent.

l say, a hydro test, a value of 0.7 to 0.8 would be realistic.
I Combining these gives an (FAf value between 0.5 and Finally, machining operations on either surface can be

taken into account in the simulation, as can post weld heat
0.92. A slightly pessimistic value of 1.0 is used, to allow

treatment.for any residual stresses. His then gives:

He outcome of this simulation is a density 'D' and distri-
R= a/2

|
bution 'f(a)' of defect sizes entering service. In terms of
the program definition, this would seem to be all that is

| Dis interaction is illustrated in Figure 2.
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 knowt., >.

| where the starting defect is located, i.e., surface-breaking
|

,- <--

|
or buried at some depth within the thickness of the weld.

DEFECT 2 d ne simulation uniquely sizes and positions every defect,e ,- .| .,
but unfortunately, this is too much information to handle| '. a"o'' ',7 I in a fracture analysis. For welds less than four inches.

thick, the simulation categorizes the defects into five..y
d DEFECT 1 |,u', different default positions. The categories are as follows:

j q

| I ;_.

surface-breaking inner or outer surface' '
S l

' '

48 buried, near inner or outer surfaceove .,-
buried, middle.

Figure 2. Interaction of Neighboring and Overlapping For the thicker pressure vessels, with and without clad-
Defects ding, the default categories were modified to:

Defect 1 is removed and defect 2 is replaced with a new surface-breaking, inner surface
defect oflength Inand depth dn.

inner crack tip, within one-eighth of the thickness
Strictly, the influence zone as described above applies from the inner surface
only to a surface-breaking defect. For a buried defect, the
value of'a'should be halved. However, given the ques- inner crack tip, within one-eighth to one-quarter of
tion of possible residual stresses, it was assumed that all the thickness from the inner surface

defects would have the same influence zone.
inner crack tip, within one-quarter to one-half of the

HAZ type defects are, however, treated differently than thickness from the inner surface

other defect types in assessing possible combination
effects ney are assumed to have no influence zone; inner crack tip, within one-half to three-quarters of

consequently, they cannot combine with any other defect the thickness from the inner surface

type or with each other. This is because the overall nature
of a HAZ defect is itself a network of small defects. inner crack tip, three-quarters of the thickness or )
While these could be thought of as a single defective area more from the inner surface

and hence one single defect, there would be no large
influence zone outside the degraded area. surface-breaking, outer surface.

NUREG/CR 5505 10
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5.0 Validation
.

It is questionable whether it is ever possible to validate a practical data available, other than those highlighted in
program of this type. One can carry out a quality assur- the previous paragraph.
ance based verification that the model is reproducing
what the experts wanted, and this has indeed been done; 5.2 Validation Against External
however, the question of validation still remains. Our -

Databases'

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 his effort encompassed the most serious attempt to date

model with data that was not part of the original knowl- at any meaningful independent validation. Four sources '

ofdata on thick section vessels were made available foredge base used to build the model, but that is within the
scope of the model simulation. comparison:

1) Nuclear Electric data from their extensive inspection
5.1 Initial Validation.

of the Magnox ducting welds (Chapman 1993)

For the expert clicitations, two independent sets of experts 2) British Nuclear Fuels data from their pressure vessel
were used. Rese two groups could be termed a theoreti' weldinspection(Chapman 1993) i

cally based group and a practical group. Professional !

metallurgists made up the theoretical group, and welders 3) ne Midland Reactor Pressure Vessel weld inspec-
made up the second, more practical, group, tion (Lance et. al 1992)

ne predictions of the model were compared with data 4) The Pressure Vessel Research User Facility (PVRUF)
from the pre-service inspections that were available. He data from nondestructive and destructive
nature of the model is such that it not only gives the prob- examinations.
ability of not detecting defects, but records the number of
defects that would have been detected and hence repaired. The first three cases are analyzed below, and the fourth
it was therefore possible to compare the model predic- case is addressed in Appendix D.
tions with the repair records from the build data. At first,
the model predictions were somewhat low in comparison ne f rst two cases are for welds less than four inches
with the actual repair rate, a situation which caused con- thick, and the original RRA tables of values were used.
siderable constemation. However, after some discussion For the Midland vessel prediction, the m(dified values
it became clear that the majority of the recorded repairs given in Tables A.1 and A.2 of Appendix A were used.
and reworks were not for the type of crack-like defects In each case, a probability density function (pdf) is
that were being simulated, but were for a variety of other plotted for the total defects within the weld, and the cor-
factors, more associated with basic quality assurance for responding defect density per meter of finished weld is
less serious defects which were not crack-like. Unfor- quoted. Since it has become popular to quote the defect
tunately, the records were not detailed enough to sort out density in terms of the volume of weld, the density per
the differences, and the best estimate the inspection meter of finished weld is also converted to a defect
department could give was that for the type of defects density per cubic meter oflaid weld.
being simulated, the predicted rate of occurrence was
probably too high by a factor of two. It is also clear that defects at or near the inner surface of a

weld are of considerable interest, as most often these
At the end of this initial period, the model produced no defects dominate the probability of failure of a weld.
predictions that the experts who had generated the basic Since the model separates the defect simulation into seven
data were unhappy with, or that contradicted the limited categories (see Section 4), the predicted defect

ii NUREG/CR 5505
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Validation I

distribution ar.d density for defects at or near the inner Four single passes, each approximately 6 to 6.5 mm deep.

surface have alro been included.
Inspection: Single wall single image radiography. |

5.3 Nuclear Electric Ducts and Boiler Given that NE had comb.med the data from allthetr welds
.

NCIdS to produce the single database, the two simulations of the
representative welds were combined in order to compare

With the co-operation of Nuclear Electric (NE), predic- the model predictions with the NE database. Figure 3 is a
tions of the simulation model have been compared with plot of this combined pdf together with the NE extrap-
the results of ultrasonic inspection of NE ducts and boiler olated curve.
weld. Pulse echo techniques were used to size any

I
defects found. The components inspected cover a range ,,,,

ofweld types and section thicknesses. Because of the '

paucity of data, all the data were combined to give a j
fsingle database. Y

\ _ masmwm muomA Gumbel Type 11 distribution was fitted by NE to the m'-
through-wall depths of the defects, for use in probabilistic __ \ m me. macnew
assessments. It is used for all defect depths in the weld, j \

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**0 exp - (a/A)* ' g""''

where the constants A and B are 1.285 and 2.857,
'

respectively; a = defect depth (mm).
-

g

To obtain an early estimate of the model's predictive %,

a ja ja j, j, g, ga jacapability, it was decided to run just two reasonably
x wAu. namesrepresentative welds, as follows:

Weld A (Wall Thickness 25.4 mm or 1 in.)

A 25.4 mm or one-inch thick single V, manual metal site Figure 3. Predicted Probability Density Function and the
weld. NE Probability Density Function Derived from the Data

Approximately 12 weld passes creating six layers approx- It can be seen that the pdfis in exceptionally good agree-
imately 4 to 4.5 mm deep. ment with that adopted by NE from the data. However, it

should be remembered that the NE curve is itself only an
Inspection: Root dye penetrant and single wall single extrapolation from the data, the form of which, i.e., the
image radiography. Gumbel Type II, is based on expertjudgment.

Weld B We now tum our attention to the question of defect den-
sity. In determining the defect density, NE only con-

A 25.4 mm or one-inch submerged arc double V, auto- sidered indications that could be reasonably categorized
matic weld.
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Validation

; as crack like, i.e., those that had a measurable through- io*-
| wall dimension. This through-wall dimension was set at

2 """''

j 4 mm. The density expressed per m of weld was
estimated using the equation:!

. Volume = (0.4 x thicknessXthicknessXIength) w'-

|- The density obtained by NE was 12 defects per m (from -3

| 23 defects and the volume of examined weld metal).
!

'

j De model prediction was 90 defects per m' (see the end m'-
|~ of Section 5.6 in connection with defect density). I

I

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

w'-
It was said earlier that defects at or near the inner surface|

_

are ofinterest 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 j, 4 4 4 j,S'

, ,

! defect density for defects greater than 4 mm drops from x w e, m aaens
2 2

| 90 defects per m to only 18 defects per m .
| (Wall Thickness 25.4 mm or 1 in.)

5.4 British Nuclear Fuels Pressure
Figure 4. Predicted Probability Density Function for

Vessel Welds Defects at or Near the Inner Surface: Nuclear Electric
Weld

With the co-operation of British Nuclear Fuels Limited
(BNFL), the simulation model was used to predict the L ke NE, BNFL split their data into two categories: the
data generated by BNFL on their Magnox pressure vessel small defects that cannot be accurately categorized, and,

' welds. Unlike the NE data, the BNFL data has the advan- those for which a through wall measurement can be

| tage of originating from just one thickness of weld, assessed. To date, BNFL have inspected 46.8 m of weld.
! cithough there are a few variations of the weld prepara. A total of 245 indications were recorded; however, all but

tion itself. The weld simulated was as follows: three were less than 1 mm through-wall depth. These

'

A 51 mm or two-inch double and single V manual metal
arc weld. It was not possible to derive a pdf from so few a number

of defects and so, to compare the model, we simply pre-
Approximately 30 weld passes, creating 12 layers, dicted what we would expect to see from an inspection of
approximately 4 to 4.5 mm deep. 46.8 m of weld.

Inspection: Initial root of double V, dye penetrant and Figure 5 is a plot of the predicted pdf with a predicted
final weld single wall single image radiography. total defect density of 1.46 defects per meter of completed

weld. It can be seen that this pdfis quite similar to that
|- ne BNFL data was obtained from time-of-flight ultra- for the NE pdf. If we ignore defects less than 5% of the

sonic examination.- wall thickness (1.3 mm) as those tbat could not be cate-,

| gorized, the defect density drops to 0.4 defects per meter

j

! 13 NUREG/CR-5505
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Figure 5. Predicted Probability Density Function for the
British Nuclear Fuels Weld Figure 6. Predicted Probability Density Function for

Defects at or Near the Inner Surface: British Nuclear
of weld. The defect density over the range 5 to 15% of Fuels Weld

the wall thickness is 0.39, leaving just 0.02 defects greater
than 15% (7.6 mm). Thus the model would predict that, 5.5 Preliminary Work for the Midland
for 46.8 m cf weld, there would be about a 90% chance of

Reactor Pressure Vesselseeing a defect greater than 10 mm, with 18 to 19 defects
expected over the range of 1.3 to 7.6 mm.

The seam welds of the reactor pressure vessel (RPV) for

This shows that the model is again giving a very good the Midland plant were ultrasonically examined to locate

general de< cription of what has been observed but with an
regions contaming indications. These regions were then

,

over-prediction of the number of defects by a factor of 6
subjected to destructive examination to establish the true
nature of the indications. In this way, true crack-like

to 7, which is very similar to the over-predictions of the
defects can be identified and a very accurate sizing of the

NE simulation.
through-wall depth is obtained.

Figure 6 is a plot of the defects at or near the inner sur-
A total of 0.185 m' of the 8 bin. thick seam weld wereface of the vessel weld. Again, a significant drop in

defect density is seen, from 1.46 to 0.38 defects per meter inspected. While a large number of small imperfections
less than I mm have been found, only two crack-like

of finished weld.
i

i
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defects were observed (Lance 1992). Rese 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 g .
amount of data; we have, therefore, run the model again \~

'''-to predict what would be expected from an inspection of - $8"#
this volume of weld. -

m.os
l''" x MEASURED IN INCHES

ne simulation model used for this prediction contains the -

| values in Tables 3 and 4 of Lance (1992), which are those t a',-
values for the thicker vessel welds that were developed at
the meetings held in Washington, D.C. with RPV welding ir*-

engineers.

igs- --

The weld was simulated as follows:

\,...

A 217 mm or 8-% in. thick sub arc double V weld. _

ta'-
Approximately 34 weld 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. j, j, g, j, ,, ,, j,,

x wAu. neccess
| Figure 7 is a plot of the predicted pdf together with the

Marshall pdf(see Marshall 1982). His plot, as it stands, - (Wallnickness 217.5 mm or 8 % in.)
is far too coarse to compare with the defects found.

- Furthermore, it is a pdf and we must include the defect Figure 7. Predicted Probability Density Function for the
density in order to make a comparison. He number of Midland RPV Seam Weld and the Marshall Probability

' defects simulated per meter of finished weld was 1.25, Density Function ;

j which converts to 126 defects of any size per m' of weld. |
| against the observed data, but with perhaps a consistent

'

.

De model predseted that approximately 20 to 22 defects over-prediction of the number of defects, Figure 8.
up to 10 mm deep (approximately 1.5 beads deep) should

' have been observed within the volume of weld inspected. Figure 9 is the pdf for the defects at or near the surface of )
in fact, only two have been observed, which implies an a single V weld. He defect density depends on whether

,

| cver-prediction of about ten, consistent with the two the weld prep is a single or' double V. He single V weld,
earlier comparisons on the thinner section welds. How- ahhough it has a higher overall defect density, has fewer ,

ever, it is interestmg to break this companson down defects at or near the inner surface than the double V |
further. if we look at the predicted number of defects up weld described above.
to 7 mm deep, i.e., up to one bead in depth, then the pre- i

diction is 18 to 20 defects as agamst only one measurable 5.6 Comparison with the Marshall
'

defect. However, the number of defects predicted Distribution.

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 to be quite
While it should be clearly understood that the Marshall

>

distribution is itself the result of an expert clicitation, thei- good,
; comparison with our model is of considerable interest.

I From the above, it would seem reasonable to conclude Figures 7 and 9 show that the Marshall exponential dis-

that the model has provided an acceptable prediction tribution passes fairly well through the model prediction;

15 NUREG/CR-5505
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Figure 8. Predicted Frequency Plot for Small Defects for x wau. wsCMEs3

an Inspection Volume of 0.185 m' (Midland Vessel) (Wall nickness 217.5 mm or 8 '/ . in.)i

(8 '/ . in. thick)i
Figure 9. Predicted Probability Density Function for

but there is still the tendency for the model to predict a Defects at or Near the Inner Surface (Midland Vessel)

slight curvature, resembling more the Gumbel distribution
discussed in Section 5.3. However, when we turn to the However, if we turn the question around, a different pic-

defect density, the difference is very dramatic. Marshall ture emerges. Instead of comparing the defect density per

(1982) states that the Committee's value of 3.6 defects in m' of weld, let us see y b 1 the model predicts for the

the first report is for all sizes per vessel, and that in this evidence the Marshal ' :mittee were considering.

case a single vessel contained approximately 3 m' of
weld. This then gives a defect density of 1.2 defects per ne first repon was published in 1976, and if we allow
m' of weld, a value somewhat different from the model time for the writing, etc., we must place the data acqui-

estimate of 390 defects per m' of weld. sition in the early 1970s. The capabilities of ultrasonic
inspection at that time would be significantly lower than |

In the first Marshall repon, published slightly earlier in today. Let us assume that the inspection was such that

1976, it was stated that the Committee's information only defects greater than 0.5 in. could be clearly iden-
derives from both US and UK sources and indicates that, tified and recorded as defects. His would tie in with the
in 44 vessels,12 defects were found having depths in the fact that all the defects reported were in the range of 0.5

range of 0.5 to 1 in.; and that no defects of a depth greater to 1 in. The model would then predict that for a vessel
than 1 in, were observed. If we assume that the value of weld of 3 m', we would expect to see eight or nine

4.1 for 1 as indicated in Figure 7 was derived indepen- defects, that is, a factor of two or three more than quoted
;

dently, then the defect density to produce the given in the original report. He probability of seeing a defect'

observation would be 2.1. Add to this the unspecified greater than 1 in would be about 0.25, so that over the
information from non-nuclear vessels, and we can justify full 44 vessels, the model would have predicted 11 such

the 3.6 defects per vessel and hence the 1.2 defects per m' defects where none was seen. Viewed in this way, it can

and the large discrepancy. be seen that the model is in good agreement with the

i NUREG/CR 5505 16
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Marshall report, but again gives this consistent over- benign or will be crack like. This probability is a func-
estimate of the defect density. tion ofits thickness, and effectively reduces the prob-

ability of crack initiation due to slag by a factor of about

5.7 - Reevaluation of Slag Inclusions six t seven. However, the thickness of the slag also
affects its inspection capability, which will act to offset

. In the early development of this simulation program, it thelarge number of thick slags.

was pessimistically assumed that all slag inclusions that
remained in the weld would act as crack-like flaws. In Thus, the NE prediction drops from 90 to 18 as compared

this work, the welding experts at the two meetings held in with a measured density of 12, i.e., an over prediction of

the USA felt that such an assumption was unrealistic. only 1.5. There would be little or no over-prediction for

However, none felt able to say that no slag inclusion the BNFL results, and the Midland over prediction would

could ever act as a crack-like flaw. The assumption has drop from ten to about two. ' However, in companson

therefom been changed, and a probability is placed on with the Marshall defect density, the model predictions

any slag-type inclusion as to whether it will remain remain higher by a factor of 60 to 70.

I
1

2

1
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6.0 Conclusions
:

The comparisons between the data sources and the orig- lead to an extremal form of distribution such as a Gumbel l
inal modeling assumptions (i.e., Chapman 1993) are con- Type II! Thus, it could be argued that the individual |

| sistently pessimistic in terms of the number of observed defect type distributions are exponential, as per the
crack like defects. Modifications made during this round . Marshall assumption, but that the final distribution is a
of meetings with welding experts would appear to have sum of such distributions which could be Gumbel hi |

addressed this overestunate, which was felt to stem from nature, as the model appears to predict. j

a pessimistic view with regard to the crack like nature of ;
! embedded slag.' The model has shown that experts can provide excellent !

relative and even absolute judgments within their areas of
in terms of the distribution shape for very deep flaws, speciality and that this knowledge can then form the basic j
there is no meaningful data with which to compare the elements for a simulation model to predict what would |

predictions of the model. 'Ihe comparison with NE data happen in a variety of real situations. The key difference I

is, however, interestmg in that the distribution chosen by between the approach used here and others is that the
NE to extrapolate the data was a Gumbel Type II. While experts are not required to make judgments outside their
PRODIGAL makes no assumptions about the final distri- normal experience, i.e., judgments about rare events.
bution shape, it is interesting to note that it effectively Instead, they are asked to make judgments about the basic ;

identifies a series of different types of defects, each of building blocks that make up the model, judgments which !
which will presmnably have its own distribution, and should be within their known experience. It is the simu- |

combines these to make the single ' total defect distri- lation that then attempts to estimate the probability of a
bution.' It is the extremes of these individual distribu- set of circumstances that lead to the rare event of a large

tions, together with their densities, that control the tail of defect.
the final ' total defect distribution;' which could in turn

I

i

i

i

I

I'
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!

Parameters for Thick Vessels Incorporated
into RR-PRODIGAL Database i

|

|

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.1 )
thorugh A.16 are plots of the distribution functions listed in Table A.3. 1

ne 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, a 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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b
g Table A.I. 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 i

Process ManualMetal 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 4 0 [
Automatic TIG with Filler (GTAW) 5 4 4 3 4 0 t

,

Restraint High 9 9 9 5 5 5
Medium 5 5 5 5 5 5 i,

'
Low 2 2 2 5 5 5 f

( Material Carbon or CMn Steel, SA 533 B 6 3 2 5 6 5
as Carbon or CMn Steel, SA 508 6 8 8 5 6 5-

#Welded Austenitic Stainless Steel, Ferrite 2 2 1 5 4 5
Controlled i

!

Location Shop 5 5 5 6 6 6 !

Fkid 7 7 7 7 7 7 i
i

Access Good 3 3 3 3 3 3 |
Average 5 5 5 5 5 5 |
Restricted 7 7 7 - 7 7 7 j

Position IG 5 5 5 5 5 5 |

t

Conversion to Defect Density per 1 x 104' 7 x 10-" 3 x 10"' 5 x 104' 2 x 10-'' 3 x 104' |
mm of Weld Laid +

)

|
!
t

. I

f

I'

i
I

, _ . - _
,



Table A.2. Effects of Welding Factors on the Probability of Defect Occurrence (Clad)

Type of Defect

Shrinkage Pores with
Cracks Lack of Fusion Tails Slag

Process Submerged Arc 8 4 6 2

Submerged Arc, Strip 2 4 8 2

ManualTIG with Filler 4 4 4 0

Shielded Metal Arc 6 6 6 6

Restraint Low 2 5 5 5
y
la

Material as Austenitic Stainless Steel, Ferrite Controlled 2 5 4 5

Welded

Location Shop 5 6 6 6

Access Good 3 3 3 3

Position IG 5 5 5 5

Conversion to Defect Density per 2.5 x 10-" 1.5 x 10-'' 2 x 10-'' lx 10-''
mm of Weld Laid

I > ;

3 i
o
25 >aw

|>8

!
;

I
'
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Table A.3. Parameters for the Defects that Occur During Welding (Vessel and Clad) .o W
?5 >
?. Pr M !ityv

y Defect DepthN Length to Ptpth of
M ForwardDefect WidthM Initiation Rati , . Defect Angle

Defect Tvoc ' (BetaW (WeibullP (Weibu I) (Beta) Proonaation

Shrinkage Cracks Min = 0.05, Max = 0.5mm . Min Size = 0 Min Length = Depth Range i 15* of vertical Zero -

(associated with a=3 b=5 q = 0.7 Weld Run q = 6 x Depth - line through weld

individual weld p=3.0 p = L5 a=2 b=2

p*=)
Heat Affected Zone Min = 0, Max = 0.5mm Min Size = 0 Min Length = Depth Range * 5* of side wall 0.7

(IIAZ) cracks a=2 b=7 q = 0.25 Weld Run q = 4 x Depth a=2 b=2
DHC p=2.0 $=2.0
lleat Affected Zone Min = 0, Max = 0.5mm Min Size = 0 Min tength = Depth Range i S* of side wall 0.0

(IIAZ) cracks a=2- b=7 q = 3.5 Weld Run q = 4 x Depth a= 2 . b=2

SRC p-2.0 $=2.0
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 Wall Weld a=3 b=6 q = 1 Weld Run q = 9 x Depth a= 2 b=2

Fill) S=5.5 $=2.0
> Lack of Fusion Min = 0, Max = 0.5mm Min Size = 0 Min Length = 5 x Depth Min = 70* Max = 90* 0.02

between Runs (weld a=3 b=6 q = 0.6 Weld Run q = 12 x Depth vertical line through*

Fill) $=5.5 $=2.0 weld
a=5 b=3

Pores with Tails Not needed Min Size = 0 Min Length = 0.3 x Depth Not Needed Zero

q = 0.64 Root Run n = 0.2 x Depth
p=5.0 p=3.0

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 q = 0.6 q -12 vertical line through

p-5.5 p=2.0 weld
a=5 b=3

Slag 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 q = 0.6 q =12 a= 2 b=2
p-5.5 p=2.0

(a) Defect Width = Separation between opposite surfaces of flaw.
(b) A beta random variable X on 10,1) has the density; f(x) = x"(I - x)"/B(a,b) beta random variables on [ Min,Maxl are obtained by the

transformation Min + (Max - Min) X.
(c) Defect Depth = Through-wall dimension of flaw.
(d) If X has a Weibull distribution, then f(x) = Sq + x 8-'exp(-(x/q)P) for x > 0.
(e) Defect Anale = Angle between plane of flaw and a line normal to vessel surface,
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Figure A.1. Probability Density Functions Describing Defect Widths for Shrinkage Defects
and Heat Affected Zone Defects,
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Figure A.2. Probability Density Functions Describing Defect Widths for Lack of Sidewall
Fusion Defects and Lack of Interrun Fusion Defects
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Figure A.3. Probability Density Functions Describing Defect Widths for Interrun Slag

: Defects and Sidewall Slag Defects
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SHRINKAGE DEFECT
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Figure A.8. Probability Density Functions Describing Defect Aspect Ratios for Shrinkage
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Defects and Heat Affected Zone Defects
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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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SHRINKAGE DEFECT
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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
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Figure A.13. Probability Density Functions Describing Defect Angles for Lack of Sidewall
Fusion Defects and Lack ofInterrun Fusion Defects
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INTERRUN SLAG DEFECTS
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| POST WELD HEAT TREATMENT- PROPAGATION POWER
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Appendix B

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

| Dis appendix gives a more detailed account of the types of defects and welding processes considered for the simulation
j 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 shielding 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 - MetalInert Gas Welding - Also known as GMAW or gas-shielded metal are welding. Inert gas-shielded are
w;lding 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 or semi-automatic
raeans 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 - Also 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

| His appendix covers work on a probability-based vulnerability assessment for welds. In order to make this assessment, a set
| . cf 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 defecte produced during " original" welding
were considered. Nine major defect types were included in the assessment:

i

B.1 NUREG/CR 5505
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Centerline cracks ;i
Lamellar tears

.

Transverse cracks i

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 ofinterest to nuclear plant.
'

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

about.

~ 3.' ' Lack of penetration - no welds producing this type of defect occur in naval or commercial nuclear plants.

1 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.

De 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 a weld bead solidifies and contracts, any impurities present tend to collect at the top center of the bead. The stresses
i

i 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.l.

i
: Process

Dere is greater risk of centerline cracking when welding by autogenous TIG (see Glossary for explanation of abbreviations)
or by any other process producing a 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.
;

i

,,

,

'
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Geometry

ne 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
(nvironment. Thorough cleaning of the weld preparation i.s 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. De 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. He 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). He second form of HAZ cracking is called reheat or stress relief cracking (SRC). nese cracks form after
post-weld heat treatment (PWHT) and are caused by the dissolution of the material in the HAZ, and its gr' in structurea

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.l.

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 level of diffusivity of any hydrogen gas present.

Geometry

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

B.3 NUREG/CR-5505
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Materials

The higher the carbon equivalent value of ferritic steels, the more likely is the occurrence of HAZ cracking. Stainless steels
and cupronickel 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 lack of union between the weld metal and the parent plate or (in multirun welds) between

successive weld runs, Figure B.I.

Process

For TIO 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 oflack 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.

i B.6 Non-MetallicInclusions

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

NUREG/CR 5505 B.4
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damaged electrode coatings which denude the weld metal of slag-forming elements of adequate floatability, i.e., slag is left
within the weld bead rather than floating to the top for removal Figure B.I.

|

| 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 time 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

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

|- Geoanetry
|

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

I

! Materials
!-

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

! 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 i

which are dependent on welder skill and environment.

! norough 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

f 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. Rese 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

j shielding gas, Figure B.l.
!

|,

!

!
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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 j

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. 'Ihis is
!

because the gas-shielded (fluxless) processes 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 processes.

Materials
.

Cleanliness of the base material is extremely important, but this may not be either known cr controllable prior to welding. A

damp or contanunated 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. Poor starting / finishing techniques in MMA welding may
lead to interdendritic porosity.

Inadequate cleaning of base materials, and damp workpiece, flux, or shielding gas air 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. ,

i

i
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| Appendix C

| Radiographic Inspection Efficiency

This appendix gives a brief description of the theoretical analysis andjudgmental 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. He

,

defects ofinterest in this work are narrow crack-like defects, which are modelled by a rectangular slot. His appendix
summarizes the theoretical details behind this analysis.

C.2 The Source

A rectangular source is assumed, with its face parallel to the film. He finite size of the source gives rise to a lack of I

geometric sharpness in the film image. The types of source modelled are x-ray, gamma ray, iridium, cesium, cobalt, and |
'

yuerbium.

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 comer points. Optical
densities are calculated at the nodes.

| C.4 Change in Optical Density Due to a Defect

ne change in density due to a gap oflength Ax in the path of the direct radiation is taken from the work of Halmshaw and

Hunt (1975).

Ao = (Go logw (e '"-1))/B(p,x)ae
;

C.1 NUREG/CR-5505
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where:

Go is the film contrast coefficient, which is derived from the film sensitometric curve ,

is the attenuation coefficient, which is calculated by interpolation in tables given in McMaster (1959) ;p

B is the build-up factor, which is calculated from p and the path length through the metal, from a curve fit given in

Halmshaw and Hunt (1975).

De 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 ofinherent unsharpness.

C.5. Inherent Unsharpness

ne impact of an x-ray photon on the film cause:, a blurring over a region of diameter U , the inherent unsharpness. U isi i

calculated from a curve fit given in Halmshaw and Hunt (1975). De effect of the inherent unsharpness is to reduce the

i 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. He redistributed density reducesl

i
nearly to zero on the circumference of the image.

: C.6 Defect Representation
i '

Halmshaw & Hunt's (H&H) analysis for a 5 mm deep,0.025 mm width slot has been reproduced at various angles of flaw
misorientation relative to the x-ray path. The resulting optical density profiles are given in Figures C.1 to C.4. As would 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

1- 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

j 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
,

| slet, the plateau value remains atjust above 0.006.
l

While the optical image from a straight slot-like defect may be considered representative for some naturally occurring
manufacturmg defects, i.e., a ' shrinkage crack' or aall ' 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. He resulting optical density plot, Figure C.8, shows three peaks some way above the 0.006 value ,

associated with the simple slot. He 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?
,

NUREG/CR 5505 C.2
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l
The authors suspect a high probability that such an indication would be interpreted as three separate stringers each of no

'

st uctural 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 ofidentifying 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 esociated 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 oflarger defects with irregular profiles. |

C.7 Probabilistic Interpretation ofInspection

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 onjudgment, and is as follows:

2Probability of Detection = 0.995 - exp (-1000Ao )

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 0 4 8 12 16

Width Defect
Probability of Detection, % 95.1 39.7 17.3 7.8 4.3

C.8 References

1. Halmshaw, R., and Hunt, C. A.1975. "Can Cracks be Found by Radiography?" British JournalofNDT. May 1975.

2. McMaster, R. C. 1959. "Non-Destructive Testing Handbook," Vol 1.
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Application of RR-PRODIGAL to the Simulation of Flawst

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 ,

destmetive flaw verification is a tentative one, because the report on destructive tests is presently being finalized and I

r3 viewed.

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 A533B 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 Apenure Focusing Technique for Ultrasonic
Testing) to detect and characterize flaws. Data were obtained from three types of examinations:

SAIT-UT Examinatiotu 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
; estimated 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 50 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 or the vessel, Figure D.2. With access from the various sectioned

1

4
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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 flaw1

|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. De 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. He total number
of flaws was about 2500, with most of these flaws having through-wall dimensions ofless 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-
ply 67.5% of the examined welds were of the uniform thickness single-V configuration shown in Figure D.4. He

/g 32.5% of the examined weld length was of the thickness transition configuration, Figure D.5. In both cases, thee
W W made by the submerged metal are process. The root passes of the single-V welds were removed by back gouging
anj melded from the inside surface. It was assumed that this welding also used the submerged metal are 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. He 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 output is a detailed description ofinput 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. He 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.

NUREG/CR-5505 D2
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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 4

material was A533B low alloy steel, and the welding process was the submerged metal are 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. 1

Surface examinations of the inner and outer surfaces were performed, followed by an X-Ray examination of die completed |

weld. In the RR PRODIGAL simulation, all material with flaws detected by the surface and X-ray examinations was I
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.

1

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 I
examinations. The results also provided a basis on which to evaluate the implications of the simplified approach used by j

RR-PRODIGAL, which optimistically assumed that all detected flaws are repaired, including flaws smaller than the sizes of
the code flaw acceptance criteria. l

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
ellows 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. He 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 reponed in the PNNL
Gxaminations 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.weldOOO62

Input for clad specification: dancer. clad 00062

Output 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).

D.3 NUREG/CR-5505



_. . _ -..- - -- . - _ - - - - - _ . . -
,

1

Appendix D I

1

I
1

Plots can be displayed interactively with RR-PRODIGAL to show predicted distributions of flaw depths and flaw locations
within the vessel wall. These plots are useful for interpreting and reviewing resu!ts, but are not suitable for comparing results
of RR-PRODIGAL simulations with data on observed flaw rates. For this purpose, the output file (e.g., dancer. waltzer.
00062) was downloaded to a personal computer and then read into a spreadsheet program so that the flaw distribution data
could be manipulated and plotted.

Figures D.9-D.1I show the distributions of simulated flaw depths which were predicted by RR-I'RODIGAL. These plots
indicate the number of flaws per meter of weld as a function of the flaw depth dimension. Figure D.9 sidresses the uniform
thickness weld (see Figure D.7) whereas Figure D.10 addresses the thickness transition weld (see Figure D.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 of
the vessel (but excluding flaws within the clad material). All other flaws with inner tips more than 1.0 in. removed from the
vessel inner surface are described as outer region flaws.

De 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 ofinspections 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

he 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.) ofinspected 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.

NUREG/CR 5505 D.4
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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. De 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.

!
De 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- I

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.

He size categories with the largest number of flaws were those with a through-wall extent ofless than 5 mm (outer region 4

flaws) and 3 mm (inner region flaws). The sizing capabilities of SAFT UT did not permit more definitive measurements of I

| flaw size. In the present evaluations, the <3 mm flaws and <5 mm flaws were arbitrarily treated as having depths of 2 mm |
and 4 mm, respectively.

2 he data on observed flaws for the PVRUF vessel gave total flaw counts for all the examined welds. Rese 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. Rese 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 *vall (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.

De observed PVRUF data show a much larger number of flaws of very small size :han are predicted by the RR-PRODIGAL
simulations. his 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).

He observed and predicted flaw depth distributions are in better agreement when the flaw depths approach 5 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. His trend holds even though the PVRUF welds were given a relatively high quality X-ray examination. Potential
reasons for this inconsistency include:

1) ne 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.

D.5 NUREG/CR-5505



__ _... _ _ _ . _ . . _ _ _ _ . _ _ _ _ _ _ _ - _ _ _ . .__._____.m_

i
Appendix D

.

|

|

| 3) De 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) ne 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 repair welded material excluded 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 examinations. 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 are
process).

D.7 Discussion and Conclusions

ne 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 small flaws which have depths much less than the j
weld bead dimensions. While such modifications would pmvide improved correlations with obcerved flaw rates, the ,

Iassociated increases in the numbers of smaller flaws would have little significance relative to the structural integrity of
'

' welds.
i
I

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. |

!
,

NUREG/CR-5505 D.6 ,
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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.I. Input Parameters Used with RR PRODIGAL to Simulate Flaws in Welds of PVRUF Vessel

Parameter Uniform Thickness Weld Transition Thickness Weld

Material type A533B A533B

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 perlayer 2 runs per layer

. Layers 15-29 Layers 17-32

7.53-mm thick 5.97-mm thick
3 runs per layer 3 runs perlayer

Layers 30-34 Layer 33 .

3.56-mm thick 4.0-mm thick

2 runs perlayer 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 steelFe controlled Stainless steelFe controlled j

Clad weld In-line orientation in-line orientation
I

2 layers each 5.5-mm thick 2 layers each 4.0 mm thick

5 runs perlayer 7 runs perlayer
Each pass 0.74-mm wide Each pass 0.98-mm wide f

4

X-ray Energy level = 2.5 Mev Energy level = 2.5 Mev i

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

I
i

NUREG/CR 5505 D.8 |
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Table D.1. (contd)

Parameter Uniform Thickness Weld Transition 7hickness Weld

Output zones Clad 0-4.74 percent wall Clad 0-3.58 percent wall
Weld 4.74 7.84 percent wall Weld 3.58-7.94 percent wall
Weld 7.84-10.95 percent wall Weld 7.94-11.39 percent wall
Weld 10.95-25.0 percent wall Weld 11.39-25.0 percent wall
Weld 25.0-50.0 percent wall Weld 25.0-50.0 percent wall
Weld 50.0-75.0 percent wall Weld 50.0-75.0 percent wall

Weld 75.0-100.0 percent wall Weld 75.0-100.0 percent wall

.

D.9 NUREG/CR 5505
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Table D.2 Amount of MaterialInspected by SAFT-UT in the PVRUF Vessel
i

Near Surface Zone

Clad 0.027m' (0.95ft')

4.6m (50ft2)2
Clad to Base MetalInterface

Weld Metal 0.015m' (0.53ft')

HAZ 0.005m' (0.18ft') I

Base Metal 0.073m' (2.58ft')
.

I
Remainder of Vessel Wall ;

Weld Metal 0.15m (5.3ft')8

,

HAZ 0.051m' (0.18ft')

_ Base Metal 1.0m' (353ft')

Table D.3. PVRUF: Flaw Frequency in the Near Surface Zone

Through-Wall Extent of Flaw (DZ)

<3 mm 3mm 4mm 5mm 6mm 7mm 8mm Total >2 mm

Zone V P V P V P V P V P V P V P

Clad i148 3 0 1 0 0 0 0 0 0 0 0 0 4 0

Weld 191 1 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

Total 1519 8 12 1 6 1 2 0 0 0 0 0 0 10 20

TotalNumber Characterized >2 mm 30

|
V = Volumetric Total Number <3 mm 1519

1

P = Planar TotalNumber 1549

NUREG/CR-5505 D.10
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Table D.4. PVRUF: Flaw Frequency in Remainder of Vessel Wall

(All confumed flaws and unconfirmed flaws)

Through-WallExtent of Flaw (DZ)

<5mm 5-6 m m 78mm 9-10 mm 11 12 mm 13-14 mm 15-16 mm 17-18 mm Total >5 mm4

Zone V P V P V P V P V P V P V P V P

0 9 0 2 0 0- 0 1 0 0 0 0 0 0 0 13Repair -

? Weld 653 2 17 0 7 0 1 0 0 0 0 0 0 0 0 2 25
"

Base 365 3 8 0 2 0 0 1 1 0 0 0 0 0 0 4 11

- Total 1018 5 34 0 11 0 1 1 2 0 0 0 0 0 0 6 49

Total Numver Characterized >5 mm 55

V = Volumetric Total Number <S mm 1018

P = Planar Total Number 1073

|
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| Figure D.7. Model of Uniform Thickness Single V Weld
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Figure D.8. Model of Thickness Transition Single V Weld
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1.E *02

PVRUF Uniform Thickness Weld |1.E+01 ' With X4ay (output 82) !
IWithout X-Ray (Output 83)

UWs2.ns
1.E+00 - ***s,

N

!y 1.E 01 - ' * s,

A. .

s,'*w.- )g
,..

3 j,g.02 \. Total Flaws I

.,* *j \, % . githout X. Ray)

' . , -... .N
g. 1.E.03 -s,s ., ...

. .g
s.***.** Total Plaws **=..g

1.E-04 -g - - -.s (With X. Ray)*Inner Region Flaws g,.

O (Without X Ray) -

t 1.E-05 -
a

.

i

E

:$ 1.E46 Inner Region Flaws
(With X Ray)

1.E47 -

1.E-08

0 10 20 30 40 50 60 70 80

Flaw Depth, a, mm

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

1.E+02

PVRUF Thickness Transition Weld
1.E+01 - With X4ay (Output.64)

Without X4ay (06tput 65)
CARRAtTFL.AW52.XLS

1.E+00 - **''g,
s

| 1.E-01 - ' ' . *N.
A

.% .,' .'6

8 1.E.02 - \ **...'- Total Flaws

$ % .JWithout X4ay)

'
'''' . ,' -k 1.E-03 - s.,

S ,%. .,,~*~.'.p

3 1,g.04 '..._, Total Fuws

y inner r.egion Fiswe'%," th X. Ray) .._.,'-+s,
o (Without X4ay)

j 1.E-05 -

E N
2 inner Region Flawa
2; 1.E46 - (With X. Ray)

1.E47 -

1.E48
0 10 20 30 40 50 6d 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 i

1.E+01 - Unifonn Thishneee Wald (output 62) .

Thickness TreneMien Wold (Output $4)
C:UtRAtTFt.AW82.XLS

" 1.E-01 - Total Flows
A. (Thauknees Transluon Weld)

-

w.
2 1.E 02 - \
E

7,, ,

.\ \ (Unwone Thisknees weid)

' k, 1.E 03 - N~s
9 1.E-04 -
6 inner Reglen Pinwa
T g[(Thieknees Treneluen

g

1.E45 - 'T~
N h

2 1.E46 - N
.,,,,,,,p,,,,,,,,

(Unifenn Thieknees Weld) ,

1.E 07 -,

1 E48 ,

0 to 20 30 40 80 60 70 80

Flaw Depth, a, mm

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

1.E+02 ;

PVRUF Data Flows in Near Surface Zone
Near M eesIone C:UtRALTFt.AWs1.XLS

1.E+01 Ptnner end Vehenstria Flewe
"

>

PVftUF Date
Near Suffese Zeno

1.E+00 - pi,,,,pm g
a

$ ~ 1.E41 -

' k 1.E 02 - -

t.
E ' 1.E 03 - RR.Predigel
I

'

Innet Reglen Flows
(WMhout 1 ftey) ,

g 1.E-04 -

2
RR-PWiget

1.E 06 - Inner Resten Flows
(Wuh xaey) .

1.5-04

0 5 10 15 20 28 30 38 40
Flaw Depth, e, mm

Figure D.12. Simulated Versus Observed Flaws in Near Surface Zone including Flaws Due to Repair Welding

;
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l

1.E+02
'

, PVRUF Data
. Flows in Remainder of Vessel Wa8

,

Flows in Romainder of VesselWall CMRALTFLAW62.XLS )1.E+01 - Planar and Volumetric Flaws
i

l
PVRUF Data
Finwe in Remainder of VesselWall i

1.E+00 - pi,,,, pi,,, o,,, J
n ,

$
,% ' 1.E-01 - RR.p,ogical

.g Outer ReOlen Flame, i

(Without X Ray) ,
,

,

8, 1.E-02 - 1

'

RR-Prodigal-

| C 1.E 03 - 0"''n'x4ay)R * **FI'**
|. g (Wie

| w
'

$
g 1.E 04 -

z i

1.E46 -!

!

1.E46
0 5 10 16 20 25 30 38 40

Flaw Depth, a, mm
,

,

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

| 1.E+02 -

p PVRUF Data
,

Flaws in All Regione of Vessel Wall
% Flaws in AllReglene of VesselWall CMRAtTFLAW62.XLS

1.E+01 Planar and Volwnetrie Flows

PVRUF Data
Flows in An Reglene of VesselWell

i.E+00 - Planer Finwe Only
a

A
3 1.E41 - RR.Predical

3" AN Reglens,

a (Without xday)

k 1.E42 -
I RR*iedieal
E ^"*E***1.E-03 -g (Wim X**y1

$
g 1.E 04 -

Z

1.E46 -

| 1.E44

| 0 s 10 15 20 25 30 35 40
*

Flaw Depth, a, mm

| Figure D.14. Simulated Versus Observed Flaws in All Regions of Vessel Wall Including Flaws Due to Repair Welding
i

D.21 NUREG/CR-5505

. . -.



Appendix D

,

1.E+02 ' -- -

PVRUF Data Flows in Near Surface Zone
har Surface Zone Enchading Flows in Repatre

1.E*01 , Plenar and Volumeerte Flaws c:)RRAtTFLAW62.XLS

PVRUF Data
Near Surface Zone

1.E+00 - punar Flows ony
e
5

- 1.E 01 -

k 1.E 02 - ',
-

-g
"

RR-hedigst
1.E 03 -g inner Resten Flows

(Without X Ray)6

1.E44 -

RR Fredigal
'""''"**"F8'*'1.E 05 -
(WRh X Ray)

_

1.E46
0 6 10 15 20 25 30 35 40

Flaw Depth, a, mm

Figure D.15. Simulated Versus Observed Flaws in Near Surface Zone Excluding Flaws Due to Repair Welding

1.E+02

PVRUF Data Fiswa in Remainder of Vessel Wallf
Fiswo in Remainder of VesselWell Escluding Flowe in Repaire

1.E+01- Phnar and Volumetrie Flows c:tRRAtTFIAws2.XLs

PVR.4 Dela
Flows in namehuler of VesselWas

1.E+00 -
-

pw pm o,9
.

.

l1.E41 - RR Prodigal"

Outer Reglen Flows |
mheviX Ran -,

k 1.E42- )
I RR Prodigal

2 1.E-03 - ou''' R**a *** lMh X Ray)6 -

5t |
g 1.E 04 -

z ,

i

1.E-05 -

1.E 06

0 8 10 16 20 25 30 35 40

Flaw Depth, a, mm
i

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

N PVnUF Dele." Plows in As Regene of veneelwon
N ' Flows In At neglene et veessiWaG faslusihtg Flows in nopelte

1.E+01- Planer anal vetunistric Flows C:UutAWFLAW81.XLa

PvauF osee

'

. {g;00 - Flows in Aa Regions of Vesses wall
Planer Flows Only

u
A
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!

I
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Figure D.17. Simulated Versus Observed Flaws in All Regions of Vessel Wall Excluding Flaws Due to Repair Welding f
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i

Example of RR-PRODIGAL Output File
JULY lo,1998

. C:\RRATIIELO.4
. UNIFORM MICENBSS IIELD . MrsN E. AAY

RERW NIT 4 JWIE YERSION OF RA PRODIGAL .
IgrUT FILS e 6.1 OtFFFtFF FILE e NELD.4 . DANCER.NE12.60004

- TITLE o UII.M1

811EUCTURE DESCtaMIM
..

S.TRUCTUma sums e LONG. . . . . . . . .

S.TRUCTtNt3 TYFS e N5LD. ...........

DATARAEE TITLS I FIRELwessel
. . . . . . . . . . . . . .

BONES TITL8 4 Customised
.. . . . . . . . . . .

STIIUt"f4RS DSFTN I 317.383
.....

STRUC1t|RR LEIurFM e 1900.00
. .....

UFFER STitUCTiet WIDTN a 50.850
. . . . . . . . . . . . . . . . . . .

LOMBR 311tUCTERS WIDTM s 34.380
. . . . . . . . . . . . . . . . . . . . .

STRUCTURE NALL AIIGL2 a 4.410
. . . . . . . . . . . . . . . . . . . .

BIFILD D.ESCRIFTICH s. . . . . a.........

EtpWOR OF FFRUC1TR8 IAf8118 s 38
. . . . . . . . . . . . . . . . . . . . . . . . . .

IRBe3R OF RINIS IN LAYtRt 11 6 . 3

NiameR OF A:318 IN LAYER ( 3) e 3

sizeER OF 1113I8 IN lAYtet 3) a 3

utseB8R OF stuus 15 IAYERt en : 3

NipesR OF RUNS IN LAYERt $1 a 3

NWWSR OF 11t258 IN 1ATER( 4) a 3

NWest OF Rte $ IN LAYER $ ?) t 3 .

1

i

NWWEA 0F RtBIS IN LATERE el 3

. stpost OF RtRed IN 1ATERI 96 e 3

Ntaega CF Rtat8 IN 1AVERI 10) e 3

NCISER OF RtRIS IN IATER( 11) a 3

Ntsesa OF RUIBS IN 1ATER( 338 s 3

WWem 0F Rt|IIS IN LATER( 13) s 2
|

Ntpe8A 0F RU158 IN 1AYER( 141 8 3

E.1 NUREG/CR-5505
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,

staSSR OF asalt IN IAftal 151 t 3

f
WeesR CF 3:218 !s IArsRE nes e 3

513582 0F Inals 331Avtal 373 3

1113e58 0F pt315 IN LAYeat let s a
t

IRBSOR OF REERS 3W RAVER ( 19) e.3 ,

WEEast er attals Is LAFsat 30) e 3 r
t

sigest OF BtNIS 1a &AYER( 311 s 3

NEbeER OF INNIS If LAVER ( 331 p 3

utpeBS OF WI288 IN 1AFIAt all 8 3

5t388R 0F HtNIS Is RAY 8at t4l o 3

utseeR CF A011518 IAvsRE all e 3
,

IR3eER OF alENIS IN SAFERI 26) s 3

GeSAR Or stals In IAftet 876 4 3.

BDeat OF 90N8 2N IAYEnt 301 : 3'

' - 0F 7" SIS IN 1Aveat 39) : 3

NEDGER OF BINIS IN SATERt 301 s 3

utsesR OF RUNS IN 1ATER( all e 3

utseeR OF Ituus 151AYERt 32) I 3

EtteAR OF RUuS 18 IAVEBf 33) t 3 ,

sisesR Of scus le 1AveRE 34) a a

BIBGER OF IttNIE 331 AVER ( 35) e 3

IRDWAR OF START 87086 s e s

. . . . . . . . . . . . . . . . . . . . . . .

1

|SUI 18 CIRCiseBTapCES a
;. . . . . . . . . . . . . . . . . . . . .

FILL s L
......

FaccBBS e Sie
IthTERIAL * SE3
14CATICW e Vee 0A
POSIT!QH e SG ,

ACCESS e 0000
.

S00257 0E01q8111T * STAA
>6

SSSTRAINT e 51011
:

r

I.
?

4

1

#

P

T

t

h

.

.

!

-

|

.

|
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aCTY Tr serar2TIOus a
c

IRamsg 0F Aff!VITIES e et
................s.s

.

Ae,,Vm, ,, e ut.

Tit 2Cumm88 e 4.01 InsR/00TES LATER e offrH 'I
i

. - |

ACT!Y117( al e IATE

Tu!Cluss8 e ' 4.61 ' 2NNER/GUTER 1 AVER = CUTER

ACTIVITTf Si * 1ATM

tu!CWESS e 4.01 IEERE/0 UTER 1ATER e OUFSA

ACT!YITT 4 el e IATE
1

me . ..1 .=/0m2 um e OmR j

|AerrVmi ., . um

.=foir, um e 0,,.-Ca.= . ..1

Arriv37tl si e LATER

TNICEER$8 e 4.01 3msuR/0Ufet IAm e OprER

Acr!VITYt T) e IAm

Tu!CluBSS - e 6.01 IsuRE/0 UTER LATER e OUTER

ACTIVITTI 0) * 1ATER

Tu!Caes$ e 6.01 IMER/00f98 IAfta e Otrien

ACTIVITY ( 9) e IAYBA

W3CIMBB4 e 4.01 INNER /0 UTER 1AVWt OpfBR

ACTIVITY ( 10) e IAm

' TN1renmana e 5.01 InugE/00TER IATER e OtFrER

Acr1VITTt 116 e 1AM
1

TNICEMSS e 4.01 . IIEIER/0UFML latest e CUTM !

,1

ACTIVITYt 13) e EAM

TRIru'88e= e 4.81 INNER /OlfrBR 1ATER e CIFfER

ACT!YITTl 13) e IAVER

Tutemmens e 4.01 IullBR/0DTM IAVER e CUTER

ACTIVITf( 140 e EAM

TM1CIIIEA$ e 8.01 SHER /0Ur3R 1ATM e OtfrER

i
1

!

l

*

i

,

E.3 NUREG/CRe5505
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Aefmm i , e iAna

THICIWBAS e 8.61 IIEWL/0 UTER Larga e OUTER

ACTTV1TTl 16) e IATER

THICIMESS e 1.93 INER/0 UTER SAFER e OUTER

ACTIVITT( $7) e LATER

TMICWESS - e T 83 1m8R/0UTSR LATER e tRrtsa

ACTIVITT{ 14) e IATER

TWICIWass e T.83 IIntBR/ourIR 1AY33 e oprBR

'
ACTIVITTf 15) e IATER

TMICISB88 o T.83 3NBBR/OtfrER IAYtt e OUTER

ACT!Vml 30) e IAYER

THICIGIESS e 1.83 luutR/ Writ IArst e OUTER

ACT1Ymt 31) e IAfs2

TNICIW188 e 7.83 INN 8R/0UrER RAVER e OUTBR

' ACTIVITVt 83) * 1AYER

TMICIW858 e 7.83 13 BIER /0UfBR 1AIER e 0075||
9

ACTIVITTl 331 * IAYER

Tu!Cleissa e 1.83 IaWER/0Ur5R IAfst = OUTER

ACTIVITV( 34) e IAf9R

TMICIWS58 e 1.99 INNAR/0 UTER IATER e OUTER

ActiVTTf( SS) * EATRit

TRICIWBSE e T .1.3 timet/00TER 1A7st . CUrsR

ACTIVITTl 28) e IArst .

Tu! Clew 88 e 1.63 IEWER/OUTTE LAYER e Curst
!

ACTIVITYI 27) e IATER

TuxC=in e T.s3 t=eR/0Ur:R uvas e OUrsa i

|ACTIV1Tr4 28) e IAr38

TIttcuuRSS e 7.53 '1Hugk/Otrr5R lATER e Opr53

i

Acmmi 3., e um |
|

TMICENSS ' e ~ 7.53 IMMER/0UTWt IATER e OUTER |

)_,T. , 3. .

TIf1CWWS8 e 1.53 11mWR/00 twt IAYER e OUTER

i
I

|
|

1

!
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Appendix E I

i

i

ACTIVITY ( 311 e LATER - I

TNICIgeS$ e 3.54 luuBR/CtFree LATER e IuMA
- !

c

ACT!Y2TYt 32) IATERe

Tu!Cuuees e 3.H tana/otFrER LATER e tuuBR

ACTIVITTl 33) e IATER

' THICuutte . e 3.H 1suSA/CtPTER 1AYER e 15308
r-
|

ACTIVITT( 34) * LAYER i
.1

Tu2CHEE$$ e - 3.54 InutR/01FrER LAr38 e Isuga

ACTIVITY ( 35) e IATER

Tu1CIEIEse a 3.54 - IENBR/CEFf8A 1AYER e tugga

. ACTIVITTt 34) e R$uRAT

' ACTIVITTt 31) e leRCutet ACTIVITY htsest( 31) e e

Amonur 70 as leRCHIuRD ra0u UprER suRpact e 3,00

AIslaff 10 38 IthCuINED FECBI 1AuBR SIEtFACE e 1.00

ACTTV3Tr( 34) * DYSPW ACTIVITT ELISER( 38) e 1

OtmFM.s TO M INSPECTED e laes

ACTIVITT( 39) e DFBPM - ACTIV!TT WINGER( 39) e 1

SLMPACE TO 8813ISPSCTED e UPPER

ACTIVITT( 40) e IRAf ACTIVITY IR3GERt 40) e 0

310 0F $!DEIIRLL IIISP8CT130 e 1
OuBROT L8V5L * 3.50008 00
SOURCB DIAsWTER e 4.08
50DRCI 10 F11st D3tTAsCS e 2000.00
SOURCE INCLINATIGII e 9.900
SOURCE IHSF9CT138 IIDDR e SIIGIR0tFF
ACCESS FACTOR e 1.00

AleDisrf 0F InBP9CTICM RIJITIRED e 1.4000
. . . . . . . . ...........e

$
. . . . . , . . . . . . . . . . . . . . . . . .

I

b

4

|
L.
l
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*** INSFECT!QN CATEGORT IAMBR $UBFACE 3asAKIN2 * * *

*** INSFSCTION BFFICIENCT CURVE FOR CgurrES CRACK ***

. . . . . . . . ...... . ....... .. . . . . . . . . . . .... .

OsFICT DEPTH e 304.813 SFFICIENCT e 4.976723
DOFECT DEPTN e 10.8891 SFFICIENCY e S.F76723
DSF5CT DEPTN e 8.43456 BFFICIENCY e 0.914470
DEFECT DEPTM e

3.T1721 SFFICIENCV e ' 4.0S7191
9,967137

DEFECT DEFTW e 1.35444 BFFICIENCY e
DEFSCT 95FTN e 6.679319 RFFICIENCV e 6.503435
DEFECT DEFTN e 0.339499 SFFICIBBCT e 4.181154
DEFECT DEFfM e 6.169630 SFFICIENCT e $.146898 03
DEFECT DEPTM e 0.673319 SFFIC2ENCY e 0.503425
DEFECF DEPTE e 1.01690 SFFICIENCY e 0.738$23
DEFECT DEPTM e 394.513 BFFICIENCY = 0.996723
DEFSCT DEPTM e 10.8491 EFFIC2EsCT e 0.916721
DEFSCT DEFTM e 6.43456 BFFIClaNCY e 0.976410
DEFECT DSPTM e 3.71721 SFFICIENCY a 0.98?137
DEFECT DSPTM e 1.36444 BFFfCIENCY e 0.0$7191
DBFSCT DEFTN e 0.619319 EFFICIENCV e 4.503425
DEFBCT 05FfM e 4.339459 EFFIC2ENCY e 0.10373.
DEFECT DEPTM e 0.169830 EFFICIENCY e 6.364094-82
DEFECT DBFTM e 9.679319 BFFICIENCY a 0.503435
DEFSCT DEPTM e 1.01494 AFFIC15aCW e 0.T35523

e** IN8FECTICM BFFICIENCY CUBVS FOR LACE DF B00F FU8Im
. . . . . . .

*

. . . . . . . . . . . . . . . . . . . . . .

DBFSCT DIPTM e 306.813 SPFICIENCY e 0.945136
DEFECT DBF1N e 10.0691 SPFICISNCV e 0.98049?
DEFECT DSFTM e 6,434S8 RFFICIENCV e 0.963472
DEFBCT DSPfM e 3.71127 SFFICIENCY a O_0)(171
DEFECT DEPTM e 1.35848 SFMC3ENCY e 0.510944
DEFSCT DEPTN e 9.479319 SFFICIENCF e 0.109413
DBFECT DEFTN e 0.339dS9 EFFICIENCY e 5.36440B-03
DEFICT DEPTM e 1.18081 BFFICIENCT e 9.436639
DEFECT DSPfM e 1.43030 SFFICIMCY e 0.634004
DEFECT DEF1N e 3.307?9 SFF3CIENCT e 0.T60316
DEF5CT DRM e 304.813 SFFICIENCY e 0.988734
DEFBCT DEPfu e 18.8691 BFFICIENCV e 0.980497
DEFRCT DEFIN e S.43488 SFFICIENCV e 0.953412
DSFSCF DSFTN e 3.9112T BFFICIENCY e 0.036171
DEFSCT DEFTN e 1.39064 BFFICIENCV e 0.510946
DSFSCT DEPTN e 0.679319 SFFICIENCY e 0.199813
DEFECT DEFTN e 0.339459 EFFICIEBCV e 8.346808 02
DEFSCT DEPTM e 1.18001 SFFICIENCV e 0.434439
DEFECT DEPtM e 1.69830 IFFICIWIT e 0.634800
DEFBCT DEFTH e 3.30119 SFFICISNCY e 0.760314

' *e* INSFECTION BFFICIENCY CURv3 FOR LACE OF SIDEMM.L FUSION *

| . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

| DBF3Cf DEFYN e 304.513 IFFIC!aNCT e 0.944036
1 DBFICT DEFTN e 10.8493 IFFIC2ENCV e 0.963011

DEFRCT DEFTN e 5.43468 SFFICIENCY e 0.940433
DEFSCT DEPTM e 3.71727 BFFICIENCT e 0.919116
DEFECT DEFTN e 1.35454 SFFICIENCT e 0.146410
DSFRCT DEFTN e 0.479319 SFFICIENCT e 0.392344

j DEFECT DEFTN e 0.839619 IFFICIENCT e 0.133251
DEFBCT DEPTN e 0.169030 BFFICIENCY e 3.696415 43

|
, DEFSCT DSFTN e 0.679319 SFFICIENCT e 0.392364
[ DSFRCT DEPTM e 1.01090 BFFICIENCY e 0.609615

DBFSCT DEFIN e 304.813 IFFICIENCT e 0.964035
DEF9CT DEFfM e 10.8651 SFFICIENCY e 0.943e nt
DEPECT DBFfM e S.43499 SPFICINsCT e 0.940433

i

i DEFECT DSPfN e 3.71721 EFFICIENCY e 0.919116

[ DEFECF DSFTN e 1.35044 SFFICIENCY e 4.164410
' DSFECT DEPTN e 0.479319 SFFICIENCT = 0.3923ss
I DEF9CT DEFTN e 0.339659 SFFICIENCY e 0.133251

DEFECT DEPTM e 0.169030 BFFICIENCY e 8.696478 03
' DEFECT DNPTN e 0,479319 BFFICIENCY e 0.392366
' DRFECT DBPfM e 1.01090 BFFICIENCT e 0.609615
1
.

|

|

I
|

|
F

|

|
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|

|
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( Appendix E

...I
F.m.W..

,nC15efcW.SFo aca0, - FWIS ee.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

[' 8BFOCT DBMu e' 384.813 BFFICIWCT e 0.122644
1 DEFOCF Dertu e it.4691 3FFICIWCT e - ' 4.122440
|- SAFECT BAFTN e ~ S.43456 SPFICISCT e - 6.123844

'

i- SOFOCT DEFTN e 3.?1937 SFFICISICT e - 9.122644
| DAFBCT WFlu e 1.3M64 3FFICleICT e - 6.132048
' BBFECT 98FTN e G.679339 SFFIC3WCT * -. 8.133444
I' '. BBFBET BBFTN e 9.339699 SFFICIWCT e 9.4441M 62 -
| SEPECT DSPfu e 0.149030 BFFICIWCT e 4.036318-02

M BSFTN e 8.491468 42 SFFICIENCT e 1.388908 92
BertCT DEPfu e' e.345148 82 SFFICIWCT e 4.134098 03 -

| 1 00FECT DSPWM e 296.613 EFFICISCT e 0.123644t
' OgpBCT geMM e ' 10.8491 SFFICIWCT e 4.132648 '

. SSFBCT DSPfM e S.43465 BFFICIWCT e 0.122e40'

' 00FOCT SSPIN e - 3,71731 SPF1CIWCW e 4.123640 '
30FSCT SEFTM e 1.36864 SFFIC2WCT e '4.123648
SEFECF SSPTM e . G.619319 SFFICIWCW e 4.132848
BEFECT Senu e - 9.32MS9 BFFIC1MCT e 4.444198 43
EEFSCT 9eMW e 9.14H30 BFFICIMICT e 4.4H315 42

.REFSCT R.BMW e 4.13.908 62 |
4.49148k 02 BFFICIWCT e 1 360 1

Neer 3 FN e 4.3461... 2 Wne Wer e 0 =. 3
-

*** IWFECFIGN BFFICISNCf CWWE FOR BEAT AFF9CTED $35 ' *e*

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
_

#
SEFOCT SSFTu e 306.813 BFFICIWCT e ' O .te42s3
BAFECT SSPfu e 40.6891 BFFICISCT * 6.44234?
SWBCY SBrtu e S.4MS$ BFFICIWCT e 9.444eH
BEFECT BAPN e - 3.?1737 5FFIC15CT = - 4.771916
OWECT SSMM e 1.34444 SFFICIWCT e 0.640143
BWECT BSPIM e 6.519319 SFFICISCT * ' 0.244865
SEFBCT SAPN e 0.339659 SFFICIWCT e 1.e94128-63
M BAPfu e - 1.10081 BFFICIWCT e 0.401697
BBFOCT asPIN e 1.49e3e BFFICIWCW e 4.630347 ,

|- BBNCT DBPfu e 3.30179 SFFICIWCT e 0,111843
'

BNBCF BBFTN e 304.S13 BFFICIWCT e 0.844343-

'' SWaff BBPfu e 10.4691 SPFICISCT e 0.es2341
' BEFOCT SAPfu e S.4345G SFFICIWCT * 6.844494

1 SEFECT BAFTN e - 3.11737 BFFIC15CT e 6.17191S
BEFOCT BBFTE e 1.30644 BFFICIWCT e 6.S44142

| DRFECT SOFIN e . 0.819319 SFFICIWCT e 9.3444SS
i 30FOCT BAPN * ' 0.339569 SPFICIWCf . 1.s94938-03
[ 00FOCT 90MW e 1.10001 SFFICIWCT * 9.481997
!- SOFECT BEPIN e ' 3.49036 BFFICISNCT = - 9.830347
' DSFBCT DSPfN e 3.30719 BFFICIENCY e ; 6.117043

m 158FSCT10W BFFIC2WCY CtWfE FW t act 0F SIDusALL FOB 10N SIAG e**

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

i BBFWCT BSFTR e 306.513 SFFIC1 PCT e 0.990000
I 3SPBrf SSPN * 10.8491 BFFICISICT e 0.990000

I
l

OSFSCT BSPN e ' 3.11111 SFFIC3mCT e9.990000 !
S.434SS EFFICIWCT e 9.990000

I- DEFOCT BSFN *
l SSFBCF SEPN e 1.35464 SFF3CIWCT e S.909637
' 30FBCT DEPN e 4.499319 SFFICINCY e 4.644235
I SEFBCT REFN e 0.3396S9 8FFICIWCT e 4.316183
|

BSFSCT BSPN e , 0.149036 BFFICIMICT e 4.110903
$5FBCT BSPru e 4.491405-92 SFFICIWCT e - 3.879465 63
3RFET SAPfu e 0.424614 SFFIC1WCT * 4.820001
SEF9CT SEPTM e 396.513 BFFICIEICV e 0.999900 '
OOFBrT MPIN * 10.46910FFICINICV e ' O.999999
BSFECT SOPN e | S.43488 SPFICIMICT e 0.990000

,

SEFECT DEPN e 3.T1731 NFICIWCT e G.990000 -| :

I.- BEFOCT BEPN e 1.39444 EFFICIWCW e . G.909437
. ENOCT M e e.679339 BFFICIWCT e 9.648235

ESPECT BWWW e 0.3396S9 EFFICISICV e 0.375143
SOFOCT ESPTM e 0.149034 BFFICISCT e 4.119503

|

' SAFBCf SEPTM e 0.491486 42 EFFICISICT e 3.471468 93
DBFWCT SOFN e - 0.424614 BFFIC1mICT e 0.620001

1 '
I
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Appendix E

*** IESPOCTICII 5FFIC2EICT CURTS Fta IACE DF Istf9AAtB FU5!08 SLAG
*

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
B

DEFSCT SEPTN e 304.833 SPPICIENCT e 6.919441
DSFSCT DSPfM e 40.8491 SFFICIMICT e 4.Ff 9681
SEFSCT MPf4 e B.43495 BFFICIENCT e - 4.919688
DEFSCT SSPTM e 3.9113? BFFICIEICT e - 4.919483
DSF9CT DEPTN e 3.15444 BFFICIWCT e 0.979481
DEFECT DSPfM e 9.879319 BFr!CIEICT e 0.9796S4

' MF9CT 98Pfil * 9.339689 BFFICISICV e 0.949513
DEF8tT DerfM e 6.149434 SPFIC!aWCT e 0.964H6
MFECT SerfM e 0.491448 43 ."FFICIMICT e 9.407304
DSFSCT esPTN e 4.345148-63 SPFICIENCT e 9.143944

,

DEFS6T DRPTM e ' 306.513 EFFICISBCT e 0.979681
DEFBCT DEPTM e 10.8691 SPFICIMICT e 0.919481
DEFECT DSPIN e 5.43454 BFFICIMICT e 6.979453
DSF9CT DartM e 3 tt?27 SFFICIEdCT e 6.999683
DEFBCT BSPIM e 1.55644 SFFICISICT e S.979481
DEF9CT DBPIM e G 619319 SFFICIMICT e 0.979664
DEFSCT DEFTM e 9.3394l9 $FFICIMICT e 0.949513
DEF9CT DSFTP e G.169830 SFFICISICT * 5.766645 P

BBFSCT DSPfM e 8.491488 03 SFFICIMICV e 0.401303
DEFECT DaFTW e 4.345148 43 BFFICIWCT * 9.143944 3

*** Im8F9CTICW SPFIC18 PCT CMTS FOR POST NRLD IIBAT TR8ATIWff
* * *

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

DEFECT 90 FBI e 308.813 SFFICIMICT e 0.e44383
DEFECT DSPTM e 16.8698 BFFICIMICT e 0.58234?
DEF9CF DSFTil e S.43459 5FFICIMICT * 9.464894

- DEFSCf MFTN e 3 ?l737 SFFICIMICT e 0.??1918
DSPECT DSPfN e 1.35844 BFFICIMICT e 4.840343
DEF9CT DSPIM e 0.679319 SFFICIMICT e 0.345855
DEFECT DeFTN e 0.339669 SFFICIMICT e 1.8M?38-03
SOFOCT DSFTN e 1.18803 BFFICIBICT e 6.481891
DEF9CT DSPTM e 1.44030 SFFICIMICT e 0.630367
BOFACF DAPIM e F. 30??9 BFFICISICT e 6.11784)
MFOCT DeFTM e 306.SI3 BFFICIMICT e 0.4843e3
beFOCT DEPTII e 10.0493 SPFICImCT e 0.44334?
BSPECT DSFTN e $.43458 BFFICIMICT e 9.844090
SOFOCT DSFfM . 3.?1731 BFFICISICT e 9.??1915
BergCT MPfr * . 1.36064 BFFICIEICT * 9.540143
DEFECT MP'd e 9,4?t3It RFFICImpCT e 0.346499
bE*IL''' M/TN * - 8.339499 SFFICIBICT e 9.894138-03
BEF9CF DSPTII e 1.18881 BFFICIWCT e 0.401597

' SEFOCT DSPIM e 1.69434 BFFICIWCT e 0.630367
DEFOCT DEPIM e 3.39??9 SFFICIMICT e 0.711843

a

l
i
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Appendix E

|. J.
1
i

|

|

|

*** 3se90CT10N CarteopY SustuD ***

*** Ia5F9CT198 SPFICIWCT CWYS POS CRTfRS CSACB ' ***
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

I+ WPOCT GGFTN e $44.513 SFFIC1MCT e 0.973199
' SOFECT DerTM e - 19.8491 SFFIC3WCT e .' . F13194 i

'

; SSFECT DOFIN e ' ' S.434SS BFFIClauCT e .- 9.973541 i

OSFSC7 term e 1.38444 SFFIClapCT e 4.711891 -.

jDBrecT BBFTN e 3.7373? SFFICIWCY e 0.913?19

4.334099 .01
DSFACT 93rm a 4.499319 BPF2C3mCT e

- DSF9CT DSrm e 0.33MS9 SFFICIEBCY e 1.839198
DSFSCT BGrm = 0.149636 SFFICIWCT e 3.016173 03
DSF3CT SSrfu o ' O.679319 BFFICIWCT e 0.330699

. DSFSCT tarm e . 1.01494 SFFIC3WCT e 0.964501
4

l
' DSFOCT Serm e . 306.613 BMICIEuCT e 4.913199 {

f . DOFECT SSrfM e 10.4491 BFFICIENCT e 9.913?94 ' '!.

j DSFBCT $$rm e 5.43499 SFFICIWCT e 0.913591 . !

: DEFECT SUrm o . 3.T1731 SFFICIWCT e - 0.933119
'

|- DSFSCT perm e 1.3Ss44 SFFIC2WCT e 0.711591
' - DSF9CT Derm e 8.479319 BPFIC3WCT e - 4.338095
(i ' kBFOCT RErm o 0.33HS9 SFFICIWCY e 1.839198 01

DSFW EFFICIWCT = 3.6

L.
. W,.CT BSr,m. e 9.36,9830 9. o .14118 03

t

WF=
F

0.u 99 -
eF W e. 0. 93it -IaWCT . 4

. 1..i.9. -le-eV e ui ;
,

'

' . * * * INS 99CTION SMIC3MCT CWWW 708 &ACR OF topf FUBIQB - *** ,
, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ;

1.

DSPECT BerTM e ' 394.813 BFFICESCT e 0.904431 1

- WFOCF BBrm e 10.4491 SFFIC3WCT e 0.964499
RSFECT BSFTN e S.43486 SFFICIWCT e 4.904796
90F9CT Berm e 3.11737 SFFICIWCT e 4.609896

,

- BSPECT etrm e 1.39444 SFFICIWCT e 0.314M3 i
i

DSFSCf BSrm e 0.419319 SFFIC35mCT e 9.801198 03 !

DSFSCT serm e < 0.990303 SFFICIWCT e 0.190991

98FOCT SSrm e ' 4.93314 SFFIC3WCT e 0.434339
DSF9CT Serm a 3.044St SPFIC3MCT e 0.814010

| Dmer norm e 3..iM1 WFIc Wef e 0.ntue
35FOCT SSrm e 304.613 SFFIC3WCT e 6.904631

. 9870CT Surm = 14.9491 SPFIC1WCT e - 0.M4459
| o SSFECT BSrm o S.434SS SFFIC1MCT e 0.944798
''

BSFECT SEPTM e . 3.11731 SPFICIWCW e 0.446094
1.35484 SPFICIWCT e 0.314M3

DSFOCf DSFTu e .0.479319 SFFIC15CT e9.001198 03SSFBCT SSrm e
SOFOCT Sgrtu e 9.99f283 SFFICIWCT e 6.196991
SSFOCT DSFlu e 4.03314 SFFICIWCT e 0.034339

.- BBFBCT $5FfM e 3.004S7 SFFICIWCT e 0.810010

[ DEF9CT DSFTM e 3.91087 SFFIC153CT e 0.739630

|

*** tsBFOCFICE SFFICIWCT CURVE F08 LACE OF $1Deuh&L FOSION ***

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

BSFOCf DSPTN e ' . 104.913 SFFIClauCT e 0.M6381
98FSCT BSrtu e 10.0691 SFFICIWCT * 9.999395
DAFBCT DSFTu e - S.434BS 3FFIC15CT e . 9.943415 j

DSFSCF DSFTN e 3.11737 $FFIC2WCT e 0.649754
1.36444 SFFIC1mCT e 0.818334 -

- DSFBCT BSPTR e . 4.079319 RPFIC3WCT e0.343469SEFOCT 98rm e -
OEFSCF SSFTN e 0.33Mll SPFICIWCT e 1.334538 03 :

BSPOCT SSFIN e 1.10881 SFFICIWCT e 0.587143 (
BEFOCT SEFTN * 3.49430 SPFICIWCT e 0.44?991 -

|- SOFOCT $3rtu e 3.30179 SFFICIWCT e 0.791464 .
! SEFBCT BBFTN e . 306.613 SFFIC2WCT e G.H6301

SAFECT ser14 e 16.4491 BPFIC13CT e 4.H9396 ,

ESFBCT Sertu o B.43458 SFFICIWCT e 4.944019
EEFBer DBrm e 3.71737 RPFICISCT e 0.449784

3.36444 SFFIC13Cf e 0.978334DAFOCT 33rm e ,
N DSrtu e 4.879319 RFFIC2WCT e 0.343459

-ESPOCT Serm e . 6.33HS9 SFFICIWCT e ?.134538 93
DEFBCT DSrm e 1.19801 BFFICIWCT e 9.501143
SOFOCT DSrm a 1.49034 SFFICIWCT e 0.447991
BEFOCT DSFTN e 3.30??9 SFFICIWCT e 0.191994

,_ .-
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I
***

*** IIBFSCTION SPFIC1MCT CURYB FOR 1ACK OF Rarf3AAral FUSION
...........s.............. . . . . . . . . . . . . . . . . . . . . . . . . .

j
' DOFECT SErfu o ' 304.813 SPFICTEBCf e 0.111129
- BBFACT WPTW e ' 40.4491 SFFICIWCT e - 0.113129 )

SerBCT 3SFTN = 2 S.4Ht6 SPFICIWCV e 4.111139
. DSPECT WPTM e . 2.91727 SFFICISCT e 0.313129 ;

BSFBCT BWTN e 1.35444 SPFICIENCT e 0.111129 '
DerBCf SErfu a , 0.479319 0FFICISICT e 0.111013
0075CT ISPTM e 0.3396S9 SFFICIWCT e 5.691918 03

~ 9SFECT SBFTN e 0.169834 SPFICIWCW e 3.1H H S.63
SEFOCT SOFFJi e 0.491eS5-42 SFFICISICT e 4.4497S8 43 '

SOPOCT BAFfN * 6.643018 SPFICISICT e . 9.44?S45 02 I

SBF9CT 30Pfu e 3M.413 SPFICIWCT e 0.111139
i

- DEFBCT BSF?N * 10.4691 BFFICIWCT e 0.111139 '

- DSFECT SEPIN e . . B.4H56 BFFICIWCT e 4.111129
OSFECT BSFTN e . . 2.91727 BFFICIWCT e - 8.311129
BSPECT SErft * 3.H044 SFFICISICT e 0.111129

-? SOFSCT BSPfu o 0.879319 uPPIC2WCT e 0.111013
00FECT SBFFE o 0.33MS9 EFFICIWCV e 5.991918 02
DSFSCf SIIPf4 * 9.169838 EFFICIENCT e 3.104HE 02
DEFECT ESPN e - 4.491485 02 SFFICIWCV e - 4.449764 03
DSFICT SSPN e . 0.843015 BFFICISBCT e 9.447548-02

eno
"..*..IIISPECTION SFFIC13CT CIBIVE FOR 3 EAT AFFECTED 3eug i

. . .. . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

304.613 BFFICIIACT e 0.0?$174
SOFSCf BSPfu e - - 10.0491 SPFICIWCV e4.840939DEFBCT 3BPfu e
WBFBCT SSPN * 5.eHM SFFICIWCT e 9.422131 '
perECT SSPN e 3.91731 SFFICISBCT e ^ 0.657994

' SAFSCT Serm e 1.39444 SFFICIWCT e 0.37919e
0079tf SEPHI e - 0.879319 SPPICIMICT e 0.143439
DEPOCT SEPTII e 0.33M&9 EFFICISICT e 4.148348-02 ,

- SAFBCT 3BPIN e 1.10441 BFFICIsuCT e 0.323039
- DEFSCT SEPTE o ' 1.49630 SFFIC1EICT * . 0.418340

BBFECT SEPN e - 3.20779 SPFICIWCT e 0.542700
- BSPECT BSPfu e $N.813 BFFICINICV e 9.018114

DEFEff HPfN e 19.8491 BFFICIWCT * 9.850838
SAFECT Sgrtu e $.4H94 EPFICIWCT e 4.822131 '

. SOFECT BSPfl1 e 3.11737 SFFICINICT e 0.8579M
DBPSCf DErfu e 1.39444 BFFICISICT e 0.313294 -
SBFBCT SSPnt e 0.479319 BFFICIWCT e 0.143439
partCT BAPTIE e 0.3396S9 BFFIC1mCT e 4.144340-03
DEPSCT SEPTII e - 1.18081 BFFICIWCT e ' 0.323039
SAFSL"r esPnl e 1.69830 EFFICIWCT e 0.475340
SOFOCf SEPTII e 3.30??9 SPFICISICV e 0.542100

m 350FECT105 SFFICIMICT CURyt FOR &RCE OF SIDSIN.I. FUB105 SLAG. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . " . . .
*

9
'

F

' DBPECT HPfH e ' 3H.813 SPFICIWCT e 0.990004
' OSFOCT 30PM e 10.4691 SFFIC2SICT e 0.990000

30FICT BBPTII e 5.4H$$ 3FFICIWCT e 0.990000
' SOFECT ggrHI e 3.11137 SPFICIWCT e 0.990000

8BFOCT SErm e 1.38444 SFFICIEICT e 0.969139
SEFOCT 90 Flu e 8.S?'319 SFFIC1BCT e 0.813489 -
SSFBCT 3BPnl e 0." ' ist BFFICIBICT e - 0.H3364

SOFOCT HPHI e . 9.f
10 SFFICISCT e ' 9.H6054 03BONET SOFTE e

0 .- 58+42 BFFIC2WICT e 2.575118 03
. IISPECT SBrfil e 0.434. 4 BFFICIMICT e 0.482149

EEPECT SSrtW e 306.513 BFFIC3SICT e 0.999999
BSPECT SOPHI e 30.0491 BFFICISICT e 9,990000 -

SONCT BSPnl e 5.43455 SPFICIWCT e 0.990000
1 SergCT asPrit e 3.11121 BPFICIWCT * 9.990000

SUPECT ggPfu o . 1.35444 SFFICIMICT e 0.909139
'

OEFECT SSFTE o - 0.579319 SFFICISICT e 0.013449
BEFECT BSPlu e 0.339699 SFFICISCT e - 0.H3364 )
DEFSCT Serin e 0.169830 BFFICIWCT e 9.940868 03

-

BAFBCT !ISFTIB e 9.491483 02 EFFIC1BCT * 2.576113 92 |

BBFECT SSPTIl e 0,424874 SFFICIWCT e 0.442149 ,
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Appendix E

|

|

I
]e** 13090CT10M BFFICIWCT CIlkV6 00R RACE OF 1573R8131 FUBION $ LAG ***

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

BAFECT surru e ' ' 204.S13 SPFIC7EICV e 0.999HS
' Mf9CT R$rTM e 10.4691 SFFIC15fCT e 0. 876H S

DEFBCT serni e S.43469 SPFICIEICT e 6.975948
MPSCT psynt e 3.11731 grFICIWCY e 0.995949
DSPSCT BSPFN e 1.36864 BFFICIENCY e - 4.975949
DefBCT gerTW e ''. 0.619319 SPFICISICT e 6.912142
DBf9CF serfu e 4.3396S9 SPF1C18BCT e 9.081081
0879CT 33rnt e - e.149630 SPFICIBICT e 4.593411
Der $CT BSPfM e 6.491444 02 SPFICIENCT e 0.354109 '

- 90FBCT gern1 e 4.346145 02 BFFICINICV e T.911478 03
Str3CT eBPfu e 304.813 BPFIClelCT e 0.978948
OSFSCT SSPrW e 10.4491 RFFICISBCV e 9.975945
MPECT DSPfM e 8.43454 BFFICISCT e 0.975HS
DEFECT SBrni e 3.?1937 BFFICISICT e 4.979948
DSFBCT DSPFN * 1.35444 SPFICIEBCT e 6.915948
MFSCT SSPTM e ' O.419319 SFFICISBCT e 9.972102
SSPGCT BBFTN e 4.439489 BFFICISICT e 0.4810ST
DSf9CT DSrni e 0.14H30 BFFICINICT e 4.593611
SOFBCf DErfu e 6.491485 92 SFFICIENCY e 0.3S4109
DEFWCT DSFTH e 4.248168 02 SFFICINICT e 1.911678 02

III$pgCTION SPFICINCT CimV8 FOR POST IRLD IISAT T.REA11 GIT
******

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . q. . .

SSFSCT Derni e 804.513 SFFIC1puCV e 0.875174
DSFOCT emptu e 10.6491 EFFICIENCY e 0.848836
NFECT DarTu o . S.43495 SPFICIWCW e S.412131

- DSPGCT sern1 e 4.?172? BFFICIWCT e 4.ss?994
DSFBCf Berni e 1.35444 BPPICIWCY e 0.319398

' SOfSCf DEFTN e 9.479319 BFFICIMICT e ' 9.142439
- DSFSCT EErfu e 0.339sse SPFIC1WCW e e.1443ss.82

DSPSCT DBrnt e - L.16441 BFFICISIICT e 4.323839
9089CT DBrfM e .1.59830 BFFIC151CT e 0.41SMS I

' DEFBCT sertu e 3.39719 BFFIC15CT e 0.542700 4
iDEFSCT Sernt e 306.813 BFFIC!mICT e 8.47S114 '

DEPSCT ESrnt a 14.4493 SFFICIWer e ! 4.sess39
- DOFECT 33rn1 e S.4HSS BFFICINICT e 9.022137

DSFSCT SSPIM e - 2.91737 SFFICISICV e 4.691994
OSFSCT BBF14 e . 1.3se64 BFFIClarCV e 0.319290

. BSFSCT Sertu e 8.419319 SPFICIMICV e W.143439 j

i' SEF9CT 33rtu e 0.3394S9 BrFICIWCT e 4.144358 62
DSPECT Sertu e 1.18441 SPFICIMICT e 4.323439 |
SSFOCT BBrnt e 3.49430 SFFIC1MCT * 8.479360
9079CT REPMB e 8.39??9 SPFICIMICT e 0.583700

s
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Appendix E

*** INSFBCFIQs CATEGORT OFFER $0RPACS 4REARIBA3 ***

*** i
*** INSFECTICN IFFICISNCY CURVE FOR CENTRS CSACE
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . .. j

DEPSCT DEP!M e 304.513 BFFICIIIK*T e 0.970193
DEFtG DEPTM e 19.9691 SFFICIENCY e 0.970059
0973CT DEPTN e 6.43454 SFFICIENCY e 0.963093
DEFECT DEFTN e 3.73737 BFFICIENCY e 9.871677
DEFECT DEPTN e 1.85864 SFFICIMCT e 0.589232
DEF5CT DEP!N e 0.679319 EFFICIENCT e 4.317620
DSPECT DEFTM e 0.3396S9 $FFICIkNCT * 4.371748-03
DSFSCF DEPTN e 1.18001 SPFICIENCT e 9.4a2064
DBFBCT DSPTM e 1.09430 SFFICIENCY e 0.683057
DSPECT DSPTM e 3.30779 SFFICIENCY e 0.003768
DEPECT DEFTW e 804.513 BFFICIENCT e 0.970103
DEF5CT DSPTM e 10.0491 BFFICIENCY e 0.970989 i

DEFSCF 98PT9 e 5.43485 BFFICIBNCT e 0.943093
DFFECT DEPTJ e 3.71727 SFFICIENCV e 9.071677
DEFECT DEPTM e 4.35064 BFFICIENCY a 0.559232
08FECF DEFIM e 0.679319 EFFICIENCT e 0.217620
DEFECT DEFTM e 0.339459 EFFICIENCT e 6.373748 82
DEFECT 087TH e 1.18801 SFFICIENCT e 0.402844
DEFRCT DEPTN e 1.89430 SFFICIENCY a 9.48JeS7
DEFECT DEPTM e 3.30779 8PFICIENCT e 0.803708

*** InsPSMICN $FFICIENCV CURVE FOR LACE OF ROOT PUEICN. . . . ..... . . . .
***

. . . . . . -- . . . . . . . . . . . . . .

DEPECT DSPTM e 394.513 BFFICIENCT e 0.985737
DEFECT DEPTH e 10.4491 IFFICIENCY e 0.948544
DEPICT DSFTH e S.434SS EFFICIENCY e 0.032318
DEFRCT DEPTN e 2.71727 BFFICIENCY e 9.8220S4
DEPECT DEPTM e 1.)$864 BPFICIENCT e 0.197418
DEFECT DSPTN e 0.419319 8PFICIENCT e 6.405805 03
DEFECT DEPTM e 2.17302 SPFICIBMCY e 0.40W5
DSFSCF DEPTN e 3.98900 EFFICIENCY e 0.874044
DEPICT DEFTM e 3.88410 EFFICIENCT e 0.494821
DEFECT DEFTW e 4.61937 EFFICIENCY e 0. ??t354
DEPECT DIFTM e 304.513 BFFICIENCY e 0.988737
DEFRCT DEPTk e 10.8491 BFFICIENCY e 0.944546
DEFECF DEPTM e S.43455 SPFICIENCT e 6.013310
DEFSCT 3BFTW e 3.11727 SPFICIENCT e 0.523058
DEFECF DEPTM e '.35044 BFFICIENCY a 6.197414
DEFSCT DSPTM e N.579119 EFFICIENCT e $.695558 02
DEFECT DtPIM e 3.17383 BFFICIENCT e 6.400461
DEF3CT DE'TW e 3.90900 BFFICIENCY e 0.574444
DEFSCT DsFTN e 3.49418 BFFICIENCY e 0.696021
DEFECT DEPTM e 4.41937 EFFICIENCT * 9.779350

***ese IW8FSCTIGt RFFICIENCY CURVI 70R 1 ACE OF SID8 MALL FU3105
. . . . . . . . . . . . . . . . . . . . ... .. . . . .. . . . . . .

DEPECT DtPTM e 306.913 SPFICIENCV e 0.954044
DEFECF OEPTH e 10.8091 BFFICIENCY e 0.952534
PRFSCF DEFTM e S.43455 BFFICIENCV e 0.913521
DBFSCT D$PTN e 2.71727 BFFIC18MCT = 0.788799
DSFECF DEPTM e 1.35e64 BFFICIENCT e 0.430430
DEFBCT DEFTN e 0.679319 BFFICIERS e 4.154790
DBPECT DBPTM e 9.3396f 9 EFFICIENCY e 4.302335 02
DEFECT DEPTH e 1.10401 BFFICIENCY e 8.344501
DEFECT DEPTM e 1.49936 EFFICIENCY - S.544755
DEFECF DirtM e 3.39779 SFFICEFur. e 0.674904
DEFECT DEFIM e 304.813 RFFIf" .dCT e 6.954044
D8PECT DSPFN e 10.0491 3 " cIENCT e 0.962534
DEFECF D8PFN e 6.434551stFICIENCY e 0.913521
DEPECT DEFTW e 2.71727 SFFICIENCT = 0.758795
DEFECT DEFTH e 1.38084 RFFICIENCY e 0.430030 )
DEFECT DEFTN e 5.479319 IFFICIIdCT e 0.154790
DEPECT DRPTu e 0.3394S9 BFFICIENCT e 4.363325 02
DEPBCT DBPTM e 1.18581 SFFICIENCT e 0.344801
DEFECf DEPTM e 1.54030 EFFICIENCY = 0.844759
DEFECT DeeTN e 3.20779 SPFICIsuCT e 0.674906
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Appendix E
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*** InsPSCTICs 3FFIClauCT CURTS 708 IACS DP tiPrsEstBI PUBIou ***
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

98PSCf DSPfM e ~ $$6.913 SPFICIWCT e - 9.981118 42
DSPBCT DSFTN e 14.6491 EFFICIENCY e 9.H11TS 42
SSFECT OSPN e - - S.43484 SFFECIC** e , 9.968175 02

DSFBCT SEPTH e 3.?112T SPPICIENCY e 9.941198 93
WPBCT DirTN e . 4.38644 SFFIC1MCT e 9.951195 02

- SSPSCT OSPTN e 0.649319 SFFICIBBCf e 4.123508 C3
DSPECT GSPTM e ' O.33MS9 SPFICIWCT e 3.511188 02
astgCT SgPTN e 0.149039 BFFICIRBCT e 1.332158 82
OSFBCT $3 PEN e S.491448 82 SFFICIWCT e 3.664855 03
SSFECT DEPTM e ' O.434814 BPPIC15CT e * 4,733098-02

DSFSCT 95PTM e 204.513 SFFICIWCT e - 9.981118 63
DSpgCT BSPTW e 10.6691 SMIC18mCT e 9.941118 92
DSFOCf BSPTN e 5.4HS5 SPFICIWCT e 9.901118 92
DEPOCT WPTN e 3.9112? SPPICIWCT e . 9.901178 03
DEFOCT BSPfl1 e 1.35444 SFPIClauCT e 9.981318-43
DEFOCT SEPTW e 0.819319 EFFICIguCT e 0.122505443

- WPBCT DEPTM e 4.339dS9 BMICIENCY e 3.511165 92
DSPSCT DSPIM = 0.149034 SFFICIENCY a 1.322183 03

4.491448=92 SPFICIEp||T e 3.6604b5 03
. DSFBCT DSPTH e . 0.434674 SFFICIENCY =4.12 H 95-93WPECT DSfTN e

*** INSFSCTION 3FFICIWCT CURVS FOB EEAT AFFSCTED 3CES ***

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9899CT BSPTE o 304.S13 SPP1CISICT e 0.44B?tt
SBfBCT WPTW e 10.M91 BPFICIWCY e 0.945397

.-DSFOCT WPTH e S.434SS SPFICIWCT e 4.954494
#

DSPECT BSPTM e . 3.71127 BPFICIEP"Y e 0.54 H 97
3879C7 RESTS e 1.19464 BPFICISICT e 9.263404
DSf5CT BSPTM e - 8.679319 SPFICIWCT e 8.941408 02

*- DS99CT SEPN e - 4.339059 SFFICIWCT e 2.41160E 02 '
DEFSCT BSPTM e 1.84413 SPFICIWCV e 0.308939
DEFECT SSPN e : 3.0M93 SPFICIWCT e 9.946648
DBrBCf WPIll o 4.24514 EFFICIWCT e 0.6 H199
BSPBCf SSPN e 304.S13 BPPICIWCT e 0.445775
DSPECT BBPM e 19.0491 SPPICIWCT e 0.440391
SSFOCT M e S.434SS SPFICISICT e - 9.954494
$SFBCT SEPN e 3.?!?21 BPPICIMICT e 0.543697

. DEFOCT BErfM e 1.35044 BPFICIENCY e 9.24348D '
38F007 SEPM e 0.619319 BPPICIBICT e ' 4.1414 Lit.03
SEPSCT WPFM e 8.33M59 SPFIC1MCV e ' 3.41760E-93
DBrBCF SEPIN * 1.04813 SPPICIBICT e 0.344931
DSP9CF BSPIM = 3.eM93 BPPICISICT e - 0.ssesel
DSP9CT SSP!W = . 4.34S14 EFFICISICT e D 6H199

*** $3SNCT10N SFFICISICT C.tWYS 708 IACE OP $1DSIIALL FUSION $1AG
***

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

DBFSCf DSPTM e . 304.511 BPFIC1GIICT e 0.990000
DSFSCT REPIN e - 18.8691 SPFICIEICT e 9.990000
DAFSCT DSPTN e 5.63496 BPFICIENCY e G.990000
DOFSCT DSPTti e 3.91721 SPFICIMICV e 0.990000
DSFSCT SEPTM e 3 38444 EPPICIWCT * 9.987783
DEFSCT BSFTIl * S.619339 EFFICIEICT e 0.112719

BBFSCf SE.PTN e 0.33M.99 BPFICIEICT, * C 3199,50 lDSp.Cu m e 0.ut o mieIEle . .0 98 02 .

DSPBCT DEPTM e 8.3BM39 SFFICISICT e 0.164944 j

SSFECT SSPTN e 9.466619 EFFICISICT e 0.543993 i

DSFSCT DSPfN e 304.513 SPFICISICV e 0.990090
- DEFSCT DSPTE e 19.0691 SFFICIBICT e 9.999000
- BBF9CT 30 PIE o , 8.4M55 SFFICIEICV e 4.990000

SSFBCT SEPIII e - 3.71731 SFFICINCY e 0.970404

3593Cf BSPN e . 0.419319 SFFICIWCY e0.972t19
1.38444 BPP1C194C!f e 0.901152

)DErBCf BSPN e
I

BEFSCT DSPTM e 0.3394S9 $PFICIBICT e . 9.319958
0.030998 03terect SSPIII e

0.149639 %PF1CIEICV e . 9.144950SSFECT SOFTte e 9.383439 2PFICIEICT e
DeptCT BSPTM e 0.464519 SPFICIIECT e 0.$03993

I
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*** ISBFef.fIog SFFICIMICV Ctmyt FCS 1 ACE Of trTERAI55 FUBION SIAG
***

. . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

DAFsCF SSPTM e 3M.613 BFFICImpCT e 0.915443
SEPWrf DRFTH e 14.8491 SFFICISBCT e 0.970403
DRPSCf DSPTN e 9.43459 BPFICIEfCV e 9.970883
DSFSCT OSPTM e 2.91?21 SFFICIENCT e - 6.9?ce83

- DRrgCT BBFTN e 8.39444 BFFICIWCT e 4.97058)
DSFSCF DBPfM e 6.419319 SFPICIWCT e - 9.944349
NFSCT DEPFN e 0.33MS9 BFFICIWCT e 0.782314
DEF9CT BBFTN e 0.169436 BFFICISICT e 0.441511
DEFECT BerTE e 0.491488-03 SPFICIIIICT e 0.14291?

- DSFSCT ASPTM e 4.348148 03 SPFICIssCT e 4.132478-02
BSFSCF BSPTM e 384.813 SFFICIENCY e 0.910883
DergCF MrTN e 18.8491 SPFICIENCT e 9.910043
SSFBCT DSFTN e S.45459 SPFICIMICT e 6.91084)
DEFSCT BEPIN e 3.1173T SPFICINICT e 4.910603

' DEFSCF BSPTN e
1,38344 3FFICIWCT e G.970043

$.4?9329 BFFICIWCT e 0.944349
gargCT gSPTM e ~ 4.3394S9 BFFICIENCT * 6.?a2314DOF9CT 98FTN e
DEFACT MPTM e 9, $ 496 30 SFFiCISICT e 4.441511
DEFSCP DEPTM e 4.491488 03 SPFICIENCY e 6.163911
DSFOCT DSFTN e 4.848748 03 IFFICIENCT e 4.933893 63

***
*** InsPsCTION BFFICIasCT CtJuvE PCet FQBT WWI.D asAT TRSAINWrf
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

DSrger OSPIN e 394.813 SPFICISICT e 0.465778
1'BPECT OSPTM e 18.8691 SFFICIENCT e 9.040391
98FBCf SSPTM e 6.43455 SPFICIWCT e 4.150494
DEFBCT DBrTN e 3.91737 SFFICIENCY e 0.543691
bertCT BSPTM e 1.35464 SPFICIngCT e 4.353680
DEFOCT DSPTW e 9.419319 SPFICIWCT e 4.141488 0F
DEFECT BBPFM e 9.339659 SFFICIWCT e 2.411608-03
DSF9CT DSPrN e 3.44813 SPF1CIWCT e 6.388921
DSFSCT SerTN e 3.08493 BPFICIWCT e 4.648585
0879CT BSPFN e 4.34874 SPFICINICf a 4.494199
DEFBCT DEPTM e 204.813 grFICIENCT e 9.868179
DSFACT BSPTM e 10.8491 BFFICIEICT * 8.644291
DSFSCT DEFTN e S.43455 BFFICIWICT e 0.954494
DEFSCT DEFIN * 8.11137 SFFICINICT e G.543491
DBPSCT BSPIN e 1.39444 BFFICIMICT e 4.343689
BSFBC? DEPTM e 0.419319 SFFICIMICT e 8.147408 02
DEFECT DEPfN e 0.33MS9 BFFICIENCY e 3.41160s.42
DEFECT BSPTM e 1.84413 SPFICIWCT e 0.348921
DEF5CT SerrN e 3.05493 EFFICIEfCY = 4.608548
DEPOCT 98PfM e 4.24516 BFFICIBICT e 0.496199

***********e AND OF MEla DEFBCT ANAI.TSIS Auf * ***********

4

- NUREG/CRe5505 E.14



, _ . , , . ., _ -. . .,,;;., , .- , _ .a . . +. ..- .. .+,a .. n , .

,.|
:
)

Appendix E l
1

.

JULY 14.1994
- C#\nAA\CIAD.4
. farIMIRA TWICENESS WELD . WI141-RAV
RaaE3B WITE JENS VBASIGE OF AE+F3001 GAL

'

1BMFF FILA e B.8 OUTPUT FELS e CLAD.4 e hassCER.uBLa 00004
TITL8 * UMBLD1

e I

stuccTUma aseCastT1 cur
cee e

STRUCTURS IBasIB e lauG
. . . . . . . . . . . .

8*110CTURE TTPt a CLAD
.............

DATAeASE TITL4 s plusLveesen
. . . . . . . . . . . .

I

1
1

3GrSS TITLE e DEFAULT
. . . . . . . . . . . . .

1

. I

STRUCTURS SSPTN e 11.000
. . . . . . . . . . . . . .

StitUCTURS 3Alarru a 1000.00
. . . . . . . . . . . . . . . . . .

Uppen STancruts w11me e 48.840
l ,. . . . . . . . . . . . . . . . . . . . . . . .

|.
Louen sTaucus stovu i es.eee

j. . . . . . . . . . . . . . . . . . .
1

STitUCTURS tihLL ANGLE e 0.000
. . . . . . . . . . . . . . . . . . . . . . i

|

C..rrt.D essCRIPT10m i. . . . . . . . . . . . . . .

i uuMBER OP stacCTuna LAT3R4 e 2
| . . . . . . . . . . . . . . . . . . . . . . . . . . .
l

snames CF Acus IN LAYERt 1) e 64

punesa or alais 23 LAYERI al e es

i litsast OF STalIT STOP8 e 6
I . . . . . . . . . . . . . . . . . . . . . . .
!

I
|

t

! BtTILD CIRCtBIW.3dIC38 e
l. . . . . . . . . . . . . . . , . . . . .

FELL s
......

PROCESS e SUB
seATam1AL e Asc
IACATICRI e VRuDOR
POSITION e AG
ACCES$ e GOOD

, JOINT escuerTRY e STAN
| essTRAIrr e Lou
f

i

I

I
,

b

J

!

e

3 .

+

E.15 NUREG/CRe5505

.

, , . - . . , m ,.~ . ,



. . ~ . . - - _ . - - . _ - - _ . . . _ _ _ . _ _ - . , _ ..
-I

h
i

Appendix E ' .
b

s

?

.

1

:
I
F

ACT!Y!TT DBFlar!T30ms a

~ f
* Acm m . . .y

'
. . . . . . . . . . . . . . . . .

ACTIY3771 1) e IAYER
*

; TitICleess e S.56 INNR/OfffER SAFER e INIIst

ACTIY!TY t 3) e IAYER

TisICsussa e S.SD tausa/Otrren IAren e taunt
:

.l
.

AfWINT DP 3a8PSCTICM A80.lTIR$D e 8.9800. 4
. . . . . . . . . . . . . . . . . . . . . . . . .

!.

SAfstBI WIBGER GEIER470R 8330 s e ;

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . b

.

!

**** ***** *** WD OF NWA DSP9f."F MFS18 BUP ********** * *

i
t

?

>

k

i

+

,

h

r

b

?

!
)

,

3

r

3

I

i
L
4

L

.

|

t

NUREG/CR-5505 ' E.16
!

. , - . . . . .. .-. . - . - . . . - . - . . . - - . ~ . . - - . . . - . . . . - . - - - . - , - - . . - . . - . -- - - - ..-- . .-.- . . .



. - -- . .-- -. - . - . .-

t

,

1

Appendix E :

)

i

V

I

i

aaf u. sue ,

C4\RRA\MALTSER.0
I'WIpcme ThtICI BSS WELD . Wrfu 3 AAY

asRW W1Tu Jtus vem3305 CF AB ptOSIGAL

15PUT FILE 4.4 OUTMF FILS . WALYEA.0 m DNICBS.NALTESS.00004
' TITLS . OuBEb1 1

..STRUCTURS D88CRIFT.10N.. |
1

sTeoCTUma mm.= . une !
. . . . . . . . . . . . .

1

STRUC'.ItNtB TYPO s WE*e. CLAD '

. i

. . . . . . . . . . . .

farA.AssTmn ,Wi a l
I

. . . . . . . . . . . .

l
I
i

30RS$ TITLS e L%etes& sed i

]. . . . . . . . . .

NELD DSPfM t ' 249.303
. . . . . . . . .

CLAD DEPf4 a 11.000
. . . . . . . . . .

NBLD 14I5T5 e 2000.000

|...........

I

CLAD L51014 e 1900.000
.

. . . . . . . .

UDFOR CIAD NIDTM e 04.640 -
. . . . . , . . . . . . . . . .

I

I

RUB PMIAIIBTWla

StNI WUISER 6 0 .)
. . . . . . . . . . ,

TOTAL RBSER OF SINULATICILS e 80000 I
. . . . . . . . . . . . . . . . . . . . . . . . .

'

IRBSEE Of DATA S14CES e 80
. . . . . . . . . . . . . . . . . . .

71ms DeLAT PcB DATA 10CE3 t ~ 10
e.....w...............

DSPTM Of PULb THROUGil 30185 s 0.000
. . . . . . . . . . . . . . . . . . . . . . . . . .

Phaalrf TM1CNNB58: 339.103
. . . . . . . . . . ....

IM-LIN8 CLAD ORIgrrAT105
. . . . . . . . . . . . . . . . . . . . . a

DEFECT-DATA STORS CENrFENTS

COMP 3IIErf IDEIrr! PERE e Sane
. . . . . . . . . . . . . . ..

i-

.

|

I

w

Y

i

E,17 NUREG/CR.5505
,

,

F

r

F

m.



.- . . . . . .

I

l

I
J

's46;>g><rincific lE!
i

,I

|

!

J.s . _,
.. ,

1

. nn , .. ... . . ... .., ... . . . .. i.. ...s...... 6... I

. . . . . . . . . . . . . . . . . ..... . .. . . . . . . . . .. . . . . . . .. i ., . . . 1... . . . ...i . . . . .. .. ... .. ,

...., > > . . . . . ... ... ... . . . ...

. .
.

. . . . ... . . . -. . ... .. ... ..... ... .. ... . . .

. ... . . . .. . . . - . . . ... . i...... .

. .
. ... .. . . . ... ... .

.. .. ....- .. ..... . . . . . . .... .. .. ... . . . ... .

.. .. ........ ... ..... .. .... .. ... .. ... ...
.

. .. ,..
... ......... ... .. ...

.

. . .
..... . . .,

. . .
. .. ... ...

. . . - ... .... . . ......

...
..... ....

. .

.
... ... ... ...

... ... ... ... . . . ... . . .........-

. ... ...
. .. .. . ... ..... ... .. .. ... . . . . . . ..

.. .. .. . ... . . .. , . .. .. .. ... ..
. . .

. ....

. . . . ..
. ... ..

.

...... .. ..

. .

.

... ... . . . . . . ... . . . .... ....... . . . . . . ..... .. . ...i. .
. .... . .. .. ..

... . . .. . . .

.. ' . . . .. ... ... ... .. .. .
.

6. .

. . .
.

. . . ... ... . .... . . . ....
i.

.. . . . ..... . . . ... ... ... ... .. ..
. . . . . . . . . . . . . . . . . . ... . . . . . . . . . .... ....
. .

.

. . . ...
..... ..... ...... ... ..... .. ... ... . . . ... ... ... ... . . .. .. ...

i .. ... . . . ..... ... ... .. . . . . ... ... ... ... ...
. . .... ..... . . . . . . .. .. . . . .. ... ... ... . . . ..

... . . ..... ... . .. . . . .. ... .. .. . . . ..
.

... .. ... . . . ... ... ..
. .

. .. . .. ... . . . ..

. .. ... ... . . . .

.

..... .. ..
. . . ... ..... .. ... ...

... ... . . . ... - ... ...
.. . . . . ..

. . . . . .. . . . . .... .. .. ..
... ...... . . . .. ... ... ... .. ... ..
. ... ... .. .... . . . ... . ... . . . .. ... ..

, . .
.

..
. ... ..

... ....... .. . . ... .. . . . ... ...,
. ... ...

... ... . . . ..... . . . . . . ...
.. ...

. .. .. ... .. . . . .. ..
.. . . . ... .. . . .... ..

... ... ...
... ... ... . . . - . . .. . . .. . . . .. ..

. . . .. .. ... ... . . . .
. . . . . . . . . . . . . . ..... .. . . .

.. . . .
.

... ... ... . . ... ... .. .. .. ... .. ... .... ...
... .. ... .. .. ... .. ... .. ... . . .

.. ... ... ...

. . .
. .

.. .. ... .. ... ... ... .. ... ...
. . . . ..... ..

.. .. . . . ... ... ... ...... ... ... ... ... ..... ..
.. ... ... . . . .. .. ...

..... .. .. .. ...... ..
.. .

.

.

., .. ..

... .
.

.

. ..

. ... ....
.. .. .. ..

. . . .
. .

.. . . . . ....... ..
.. .. . . . . ..... .. .... .... .. . ... .. ..

.

. ... ..

. ...... ...
.. . ... . ....

. ... .... .. .. . . .
. . - . ..

. . ... ... ...
.

.... ..
.... . .

.. .. .. . . .
.. ... ... ... ... ..... .....

... .. ... ... . . . . . ... ... .. .. .. . . . ... .... ..
... ... ... ...... . . . . . . 3.... . .. .. . . . ..

.. .. ... . . . .. .. ... ... . ..
... . . .... .. ...

... . . . ... ...
.

. .. ...... ... .. .. ... ... .... . ..

.. . . . . . . . . . . ... ... .. .. . . . . . .

. . . . ... . . . . . . . . .,

.. . ... . . . ... .. .. .. . . . ,

... ... . . ... . . . . . . ... . ..
...

... .. ... .. ..... ... ... ... . . . ... ... .

.
... .... .. .... .. .. . .

. ... ... . . . ... ...
..

. . . . - ... ... .. .. ....
. . . ..

.. . . . ...

. . . ... ... ... . . . . . . ..... .. . . ... .. ..
.. ... .. ... .. ... .. ... . . . ..

. .

.

. . . ... ... . . . . . .. . . . . . . .. . . . ... . . . ..

. . . . . . . . . ... . . . ... . . . .... . .
-

. . . . . . .. ... . . . .. . .

. . . .
. . ... . . . ... ... ... ... .. .

.... ..... . . . .. ..
. . . ... ... ... ..... ....

... . . . . . . ... . . . . . . . . . . . . ...... . . . ..... ...

. . . . . . ... . . . ... ... ...... . . . ... .. .... . . . ..

. . . . ... . . . . . . ... . . . ... .... . . . . . ... .. .. ..... . . .
... .. .. .. .. . . . .. . . .. ... . . . . .... . . . . . .

.

.... ... . . . . .

... . . . ...
. . . .. .. ... . . . .. ....

. . . . .. .... . . . . . . . . . . .
.. ... . . . ... ... . . . ... . ... .. .... .... .... ..

... ...
.

.. ..... . . .... ... . . . ... .. ...

. . . . . . . ... ..... . . .

... ... . . . . . . ........ ... . . . ... ... .. . . .. ...
.. . . . ... . . . ... ...... ... . . . .... .. . . . . . . .... -

. . . . . . .. . . . ... ..
. . . . .... ... . . . ..... ... ..,

. . . ......... . . . . .. .. . . . ... ... .....

. .

. ..... ... ... ...
... . . . . ... ... ...... .. . .. .. ... ...

. .

. .
. . . ... ... ... ... . . . ...

... ... . . . ... ... ......

. . . . . . . ... ... ... ... .. ..
... ... . . . ... . . . .... ...

,i. .. . . . .. .. .. . . . ... ... ... .. . . .... . ., .

.

. . . ... .. .. .. ..
.. .

. .

.. ....... ..

. ...
,

... ........ ....- .. ...
.. .. .. ..,. .. .. .... .. ... ...

..... ...
... ... ... ... ... . . . .. ... ... ...... ... ..... ... .. ... ...

, -... . .. .
. . . . . .... ...

.. .. ... ... . . . .. . . . ... . . ., .. .. . . . ... ... ...
.. .. .. . . . .. ... .. .. .. ..

... . . . ... .... . . ....... . . . .. ... ..
. . . ... ... . . . . . . . . . . . . . . . . . . ... .... . .

. . . ... . . . . . . . . . ... ... ... . . . ..... ... . . . ... . . .

... ... ... ... ... ... ... ... ..... ... ... ... . . ... .
. ... ... .. . .. .. . ...

. ... ... ... . . .
.. .. ... .. ..... ..... .. . .

.... .. ..
. . . .

. .
. . . . . ..

.. . .. . . . .

.... .. .. ... .. .. . . . .. ..
. . . ... ... . . . ... ... ... . . . .....

... ... ... ... ... . . . . ... ... ...... . . . .. ... ....,

... . . ..... .. .. . . . .... .. . . . .. .. .. . . . ...
.

.... .. . ... ..
.

. .. .. .. . . .
.

. ... ...

... .... .. . . . ...........
.. ... .. .. .. .... ... ..... .. ....

... . . . .... . . - . . .

. . .
.... . . . .. ... .. .. ..

... . . . . . . . ..... ....
... ... . . .... .... . . . ..... ...

. . ...
.. ... ... ... . . . ..
... ... . . .... ... ... .. ... . . .

... ... ... ...... .. ... ... . . ... .. ... ... ... . . .

... . . . ... ... . . .... ... ... . . . . . .... ... ... . . ...

...... ... . . . . . . .. ... . . . .. ... . ...
..

-

. . . . ...
., ..

. . .
.. .... . . . . . . .. . . . .. ... . . . . . . ...

.

... . ... . . . . . . ... ... . . . ... ... .... . . ... . . . ..
.. . . . ... ... ... .. .. .. .. . . .. . . . . ... . . . ..

. . . . . . .
.. .

NUREG/CR-5505 E.18

_-___. _ - - _ - - - _ _ . _ __ _ _ _ - - _ - _ - _ _ - _ - _ _ ___- -__- . -



, , . . . . - . . - . .. -- .-- . - . .

.

Appendix E

1

e
s,.=m,...,

..

- . - - . ... . . . . , . . ... .. u.a u.a u.a n.u u... . . . _ .. . . .. . . . . .

.. nom.. . . . . ___
__

n.. ... ... .. ... . . . . . . .. . . . . . . , . . . ... ...u..-.

...

. ... ... . . , ... .. . . .. .- . . . . . . . .. . .. n. ...

. . . . . - - . . . ....;...
... .. .. . . . .. . . . ... .. ... .. ... ..

.

... u. .. u. .. ... u. .. .... . . u.. ... ... .. . . . ..

. .

. .

.

. . . . .
... ... ... .. ... . . . ... . . .

.. ... . . . . . . ... ...
. . . . - ... ... ... ... ... . . .... ... ... .. . . . .. ..
, ..

. . . - ... . . . ... ... . . . ...... . . . . . . . .. . . .- . . . -
. .. ... ..

. . . . . . .. . . . ...... ... . . . ..
. . . . , . . . ...

. . . . . .
. .. ... .. .. . . . ... . . . . . . ... ... . ... .. ..
u .. _ . . .

.. .. .. ... . . . ... . . . . ... . . . . . .
... . . . . .

... . . . .. . . . ... .. -.. .. .. .. . . . . ...... .. ...u .... u ., ... .. .. ... .. . . . ... . . . . . .
... . . . . . . - . .

.
..u

. .
. ... .. . . . ....- . . . . . . - . . . ... .. ..

. . . . .. . . . . . .... . . . .....u .= . . . - .. . . . ... . . . ..... ..... .. ...u ... ... ...n-.... . . , . . . ... ... . . . . . . ... ... .. ..
u . . . . ... ... ...... ... . . . . . . .. .. . . . ...

. .

. .

. .. .. .. ...
. . . - ...... . . . ... .. ... .. ... . . .

. :. ... .. . . .
. . - ... ... . . . ... .. ... ... ... ... ..

... .. . ... . . . .. ... .. .. ... . ...u ... - . . . ... . . . - . . .... . . . . . . . . . ... ... . . ... . ... .. .. . . . . . . ... .. ...
... ..

. .
. .

... ... ... ... . . .
... .. .. ... ... .. . . . ...

. . . .
. . .. . . . . ....... ... ... ... . . . . . . . . . . . .

. . . . . . . . . ... .

. .. ... .. .... .. . . .
. .

.
... . . . . ... ... ... ...... ... . . . . . . ... . . . . . . ...- . . . . . . ... .. .. ....

. . . ... ... ... . . . . . .. . . .. ... ... ... . . ... .. ..
.... ... . . . . . . . . ... . . . ... ...... .. . . . ... . . . ... . . . ...

. n. . . . . ... ... . . . . . .
. ... . . . . . . . . . ... . . . .. ...

... ... ... ..... ... ... . . . . . . . . . . . . ... ... ... . ~ . . . . .. ... ... ... . .. . . . ...... ... . . .
... ... . . .

..

n...... . . . . . . . . ..
. . . ... ... ... ...... . . . . . . . . . ... . . .

= < . . . ... . . . ... . . . -
... . . . ... ... ... ... ... .. ... . . .
... ... ... ... .. . . . ... ... ... .

- - ... ... ... . . . . . . .....
... ... . . . . ... ... . . . ... . . -.-

e. . - ... ... . . . ... . . .
... ... . . . ... . . .. . . . . . . ... .. . ... ... ... . . . ...

. . . .

. . . . . . . . . . . . . ... . . - .
... . ... .. .. ... .. . . . . . . ..

u . . .
. . . . . . . . . ... ... ... ..... ... . ... . . . .

n .. . ... ... ...
. . . . ... ... ... ... ... ... ... . . . . .... .. .. .. ... ... ..
. . . ... . . . . . . - ... ... . . . . . . ....

. .

.
... .. .. .. ... ... ...

. .
. . . . . - . . . ... ... ... . . . ... . . . ... .. ... ... ... .... . . . . . . ... ... ... ....

... . . . ... ... . ... . . . : . .... . . . .. ... .. .. .. ... . ...... . . . .. ... ..
. .. ...... . . . . ... ... .. .

. . . . . . . . . ... .. .. .. .. ..

.

. ...
. . .

.. .. .. .

. . . . . . . . ... ... . . . ....... .. .. .. . . ... . . .. . . . . ... ... . . . ... . . . ... ...... ... ... ..

.._

. . - ... ... . . . ... . . . . . . . . .. . . ... .. .. . . . ... ....:

. . . ... ... ... ... . . . - ... . ...n . . . ... ... .. ... ..

... ... ... . . . ... . . . . . .
... . . . ... .. .. .. . .. ....

... ... ... - . . . . . . ... .... . . - . ... . . . ... . . . .... ... .

. . . ... ... ... . . .
... ... ... ... .... . . . . . . ... . . .

. . . . . .. .. .. ... ... . . . ... ... . . .... . . . ... ... . . .
. . . ... ... ... ... ... . . .... . . . ... ... .... . .. ... ...

. . . - ... ... ... ... ...... ... ... . . . .... .. ... . . . . . .

. . . . . . ... ... . . . ...... ... ... ... ... ... .. ... .. . . .
... . ... ... ... ... ... ... ... ... ... . . . . ... ... . . .

. . .

. .
. . . .. . . . . . . . . . ...

... ... ... . . . . . . . . . .... . . . .

. . . . . . . . . ... . . . ... .... . . ... . . . . . . ... .... .. . . .

... ... ... ... . . . . . . . . .... ... ... ... ... .... . . . . . .

..m. . . . ... ... ... ... . . . .... . . . ... .. ... ... .... m ...
.. .. ... .. . . . .. . . . ... . . . ..

. . . ... ..... ....

. .
. . ... . . . ... ... ...... ... ... .. .. ... . . . .... . . ..

. . .
.

... - . . . ... ... ... ... . . .... .. ... ... ... ... . . ..
... ... ... ... ...

... . . . ... ... ... ... . . ..
. . .

. ...

. . . . . . ... . . . ... ..... ... .. .... . . . ... . . . ... ...

... ... . . . ... .. .... . . . . . ... .... .. .. ... . . . . . . ... .
.. ... . . . . . . .. . . . ... .... . ,mm . ...

. . . . . . . . . ... . . .. . . . . . . ... . . . ... ... ... ... ...... . . . . . . ... ... ... ...

... ... ... ... ... .... . . ... ... ... .. ... ..... .- ...
... . . . . . . . . . . ... . . ... . . . ... ... . . . . . . . . . .... ... . . . ... . . . ... . . . ...

.. . . . . ... ... ... ... ... . . ... . . . ... ... . . . ... ... ... ..

. . . . . . . . - ... ... . . . . . ... .. .. ... ... . . . . .. . . . ... ... ....

. .
. . . . . . . . . .. ... ... ... .. ... ... ... . . . ...... . . . ... .. . . .. . . . . . . . . ... . . . .. .. ... ... ... ... ... ... ....

... . . . . . . . . .
... . . . . . . .. .. ... ... .. ... ... ..
. . . . . . .. .. .. .. ... ... . . . ... .. . ... . . . ... ...... . . . . . . ... ... . . . .. . . ... . . . . ... ... ... ... ... .... . . ... . . . ... ... ... ... . . . ....

. . . ... ... ... . . . .... . . . . . . . . . . . ... . . . ... ... . . .... ... ... ... . . ... ... . . . . . . ... . . . . . . . . . ...
. ... . . . ... ... .... ..

. . . ... . . . ... ... . . . .. . . . ... ....

. . .
. ... . ... ...

. .
. ... ... - . . . . . .

. ... ... ... .. ... ... ... . . . ... ....
.. . . . . . . . . . . ... . . . . . . ... . . . ... ...

. .
. ... . . . .... .

... ... ... ... ... ... . . . ... ... . . . ...

. .
. ... ... . . .

.
. . . . ... ... ... ... . . . ....... ....

. .
- . . .

. . .

. . . - . . . . . .
...

... ... . . . ... ... ... . . ....
... ... . . .. . . . . ..

. .
. . . ...

. . . . . . ... ... . . . .. ... ... ...
... . . . ... . . ..

... . . . .. ... ... ... ... . . . ...
... ... ..... ....

. . .. - . . . ... ... ...... ... .. . . . ... ... ... .. . . .... . ...
.. ... ... ... . . . . . . ...

... ... ... ... . . .... ....
. . . ... . . . ... .. ...

... . . . . . . ... ...- .. . . - . . . . ... ..

... . . . ... ... .... . . .. ... ... .. .... . . . ... . . . ..

. . . . . . . . . ... . . . . . . ..... ... ... ... . . .. . . . ... ...

... . . . . . . ... ... ... .... . . ... ... .. .... . . . . . . ...
... .. ... . . . .. ... ...... ... ... ... ...- - . . . ... ...
... ... .- ... .. ... .. ...

..

s ... ... ... .... . - ... ...

... ... ... . . . ..... ... . . . . . . .. ... .... . . . ...
.. ... ... . . . ... . . . ..

. .
.

. . . ... . . . ... . . .. . ... ...

..
m

... ... ... ... ... ...... ... ... . . . . . . ... . . . ...
. ... ... .. ... . . . ... . . . .. . . . .. .. .. ... ...

- . . . . . . .
. . . . .

E.19 NUREG/CR-5505

, - - - - - .- . _ - . - - ._ . _ _ _ _ _ .



i

|

1

!

|

|

. Appendix E I

i
i
4

)3N2TIAb Tve8 s e+4
e

e esegu 'seg. sessess e e4 a.3 See e.S e*e 49 e-o eo e*18 to-63 && 13 12+13 13-te 34-e

eeeeeee.eees - e *

$ 4.03939e3 43 40.8 4.3 3.9 848 3.9 a.0 84 9.0 3.3 8.9 S.3 4.s e.3 99.8

4 .0 e.e . e.1 T.3 c .8 9.8 8.3 4.s 0.0 4.4 30.4
' 4 4.eeesses.e3 - r.o.3 8.4

a.9 .Ad T 34.3 13.9 9.8 ' T.e 8.0 a.T 3.s 1. 0 8.T 4.3
e . 4.470 EMS.03 3.8 0.0 14.8
e e .130se48-e8 he.e &c.e 30.D 59.8 ' 14.8 f .4 4.9 5.6 03 4.0 e.e e.e e4 4.e

e e.eeeeeeS.M 43.8 e3.e 33.3 16.0 0.3 0.3 a3 e.e e .4 e.e e.# e .8 0.0 e.e

6 - e bes&See.90 34.4 30.0 30.4 - 8.e e.e G .e e.e e# e .8 e.e e.e e.e e .0 4.e

6 403e488 08 ' se 9 el.a e.s e4 4.e 4.s 0.0 4. 0 9.e e.e 8.9 8.0 e.e e.e
,' 9e e. Masses.ee ase.9 e.0 a .e - 6.e 8.8 0.8 4.0 e .e 3.e - 4.0 e.e e.e 66 4.4

e e ,eeteses.04 . 0.3 bes., e.e 0.0 3.0 e.e e.e e.e 0.4 e.e 4.0 8.e .e 4.e

| 13 e.44e8438 46 0,4 e.G e.e 100 0 0.4 4.6 - e4 0e 0.8 0.0 e .4 c.6 s.4 e.e

43 0.eeeecessee . e.e 4.4 8.4 e.e e.4 S.6 4.4 e.e e.S e.e e.e e .e e.G e .6

&& ' ' e.eeeeeeeeee 0,0 4.4 0.4 e.e 9.0 00 e.e 4.0 0.0 e.9 e.e 4.0 e.4 4.0
I

u &n.e e .4 e .e . e.e 4.s G.e e.e e.e e.e e.e e.e e.e e.e e.e
1s e.sesnac.eee.sm&SS- 1ee.e e.e e.e e.s e.e e.e e.e e.e e.e e.e e.e e.e e.e e.e

- u
se 4.SeceseSese e.e 6.8 G.4 e.e 0.0 0.0 0.8 a.0 0.0 e.e e.e e.e 0.4 e .9

AG 0.4684806 00 ' e.e . 0.6 4.6 - 4.0 e.e 9.0 e .e G .e 0.0 e.e e .e 4.0 9.e 4.0

31 e.eeeeeeSees e.e 0.6 ee 0.0 S .0 ~ e.e e.e e.8 e.0 e.4 e.G 0.0 e.# 4.8

le . e.eeeeeeeeet G.e 0.e e.4 e.e 0.3 ' e.e e,e 0.0 0.0 0.3 0.0 e.0 e.e 0.6

na ' 3.secesessee e.e - e.0 0.4 0.0 0.6 e.e 6.0 0.0 eG 0.9 e .9 e.e 0.6 ee 1

se e.eeeeeeseee 0.4 4.0 0.0 0.0 0.0 3.0 9.4 0.e e.e 0.0 e.e 4.0 e.e e.e t

. 34 e seesessete e.e 0.4 e.4 c .4 6.e G.e e.e 4.0 4.0 0.0 e.e 8.0 0.0 e.e ,

33 4.setMe8.ed hee.e 0.0 0.0 0.0 4.e 6.0 9.4 0.0 e.e e.e e.e e .4 . 8.e 0.3 i

33 0.0000005 40 0.4 e.e e.e 6.0 e.e 0.3 e.e 00 e.4 4.0 0.0 . 0.8 9.e ee y

M e eeeeeeS**e f.e . 0. 0 ' e.e e.e e.e e.e e.e 3.0 e.e 4.0 e.0 G .e 0.8 9.4

e6 4.seteesseet 0.0 0.4 e.0 4.0 0.e e.e 0.4 e.e ~4.9 4.0 e.e 0.4 e.e e.e

ce e.Seteedtees 4.4 e.4 0.0 e.0 ~ e.4 e.e e.e 3.0 0.0 e.e 0.8 0.e e.e Ge

39 c.teteestese . e.9 4.0 f .e : 6.0 e.e ' S.e e.e 3.0 4.0 e .5 e4 ee 0.4 0.0

se e.eeestes.4e - e.e e.e 4.0 0.0 e.9 4.0 e.e 8. 0 8.0 0.0 e4 e.0 e.e 4.0

se - 0.eeeeeeeeet 9. 0 ' O.0 S.e e4 0.9 e.e e=0 e.4 4.6 4.6 0.e e .9 e.0 0.0

' O.0480688 44 e.e e.e e.e 0.8 8.4 0.9 e.e e.e 0.8 6.4 00 e.e e.e 6.0
So
33 . e.0Hesseete ' 0.9 e.e 8.3 e .4 0.0 e.e e .4 0.0 G.e e.e 0.0 0.0 e.e e.e

33 0.000eee5 00 e.4 9.8 4.e e.e 0.4 0.0 e.6 e .0 a .e 6.0 6.9 e.e e .e ' e.e

33 - 4.eG6HaSeet 0.6 0.0 e.e 6.4 e.e 8.0 e.e e.e 3.0 0.0 6.0 0.6 0.0 0.0

to 0.eeeeesseet G.e 0.0 e.e 4.0 4.0 e.8 e.e 4.0 e.S e .4 0.0 . 0.0
0.e e.e

De e se e.e e.e e.e 0.0 4.e 0.0 e.0 e .9 e.e 0.8 S.9
9.4 9.9 4.4

se e.Geeeeeeeet e.4 - e.e 0.9 e.e e.G e.e e.e e.0 0.0 9.4 e .# e.e 9.6 e.e
G7 e.eeseeteete 0.0 4.9 - e.e e.e e.e 0.4 6.4 e.e G.e 8.0 9.6 0.4 8.0 0.0

s
34 8.secesseese . 0.8 e.4 0.6 e.e e.e 0.e 0.0 0.0 0.8 c.e e.e 0.8 e.e ' e.e
se e.eeceMeece 4.0 e.e 6.4 4.0 e.e 8.e 6.6 e.e e.e 0.3 4.e e .e 0.e e.e a

et 4.. De 04 0.3 6.8 0.0 0.0 e.e e.e 0.0 e.e e.9 e.G e.e 3.6 e.e

&& G.8844046 4e e.e e.e e.e ee 0.0 e.e 0.4 e.S e.e ee 4.4 0.9 e.e e .4 .

es e.. 6 46 e.e e.e G.s e.e 8.e 6.e e.e ee s.e e.e e.e e.e e.e

se e.teceeeeeet e.e e.e e.e e.e 6.e 0.0 e.e e.e 8.0 6.0 6.e e.e e.4 4.e

se e.0000088 04 - e .e - e.0 0.0 0.e e.G e.e 4.s 0.0 0.0 0.0 e.4 e.9 0.0 0.e

44 ' e.0000005 4e 9.6 0.. e.e e.e e.e e.e e.e G.e e0 6e e.e 9.0 0.0 ee
F

es 4 00e0606.e4 6.e 0.9 e.6 : e.e : e.0 e.e 0.0 4.8 0.0 0.0 e.4 9.0 e.4 4.0

49 ' e.eesteesees 4.0 0.0 0.0 6.3 e.e c.e 0.0 e.e 0.6 0.0 0.0 S.e 0.6 6.4
et ~e.. - ^t G.4 0.0 e.e 0.e 0.4 e.e e.e e.e 0.0 0.0 4.e e.e e.0 0.0

6.4 e.e e .0 e.e e.e 8.8 6.0 e.e 0.0 0.4 e .e

.e.e a..e fde 0.4000008 00 e.e
.. e.e e.. e.e ..e e.e ..e 0.0 e .. e.e .e . . . e.ese e. e .e 8.0

$1 9.8000eeseet e.e 4.3 G .4 0.0 0.9 8.6 0.6 e.e 4.0 0.0 e.e 4.0 ee 6.0

53 3.eeeeeeBees - e.e 4.0 e.9 0.0 e.e 4.0 e.e 0.e e.e e.e e.6 s.0 e.8 e.e
to e.eeeeesseee 0.3 8.0 ee G.e 0.4 0.9 0.8 e.e G.e 0.4 8.3 8.8 e.S e.0

- De e. eG 4.0 0.0 0.0 0.e e.e 0.6 e .0 e .0 0.0 e .8 e.e e.e 6.0

- Ge 0.0000000*e8 e.e e.0 0.8 c.e 6.0 ..e 0.4 8.8 4.e 0.8 e.e e.4 8.e e .e

M 0.setteesete 4.3 0.0 9.6 0.e e.e e ., e .9 0.0 0.0 0.0 ..e 0.0 e .G 4.0
.

89 e.seeeeegese 4.0 6.e 6.0 9.4 e.e 4.e e.e e.e 3.0 e.e e.e e.e e.e e.e
!

es e.eeueessee e.e s.e e.e e.e e.e e.e e.o e .e e.e e.e e.e e.e e.e s.e
09 e.eGeeeecess - eG e.e e.e 6.0 e,e 4.9 ee s.e 0.0 e.e e.e ' e.e e.e e.e
so 0.8580088 4e 0.0 9.6 ee 0.0 e.e e.e S.e e.e 0.e 6.4 c .e s.e e .4 e.e -
64 e.seeeeeeeet . 0. 0 9.0 e.6 sG e.e e.e 6.e 3.e . e.0 e.e e .4 ee 0.4 c.e
64 e.secesesses e.8 9.0 e.e ..e e.e ee e.e 4.8 0.0 e.e 0.0 4.0 e.e 6.9

Se e.eeestesete 04 0.0 e.G e.e e.e s.e 6.e e.e 0.0 e.e 0.8 s.g e .4 e .P

H 4.0000000 00 e.e e.e 4.4 00 e8 e.e 6.0 0.0 e .e 6.0 e.4 e.e 6.4 6.0

et e.essesseeee 0.0 e.0 0.6 e.e ee 0.9 e.e e.e 6.0 e.e e.e e.e 4.3 .ee
64 0.0400088 30 e.4 e.e e.e e.0 0.0 4.0 0.4 e .8 s .0 0.0 4.4 0.0 e.$ e.e

. e9 . e.eeeeeeeeet 3.4 0.0 3.3 e.e e.4 e.e 0.6 e ,e e.e e,e e.e ee e.e e.e
se 3.0000005 94 0.0 e,4 e.e 4.0 e .8 G.e e.e ee e,e e.e e.e e.e e.e - e.e

. es e.9008086 60 e.e 6.8 e.6 0.0 e .e 0.9 e.3 c .8 e0 3.0 ..e e.0 e.4 4.0

- 1e e.4eeeeeeeet e.. e.0 0.0 e.0 4.s e.e e.0 3.4 e.e 4.3 e.e 8.e e.e e.e
91 e.eeeeeeeece e.e e .4 e.G e.e e .9 4.0 e.e 4.0 0.0 0.0 0.0 4.0 e .4 6.0

93 e.secessesse 3.4 e .3 e.e 6.0 e.e ee s.0 e.e e.e 0,e e.0 0.e 6.0 0.0
93 e.Geeee80+ee e.G e .3 e.e e .0 e.e e.g 6,e e,e e.g e .0 e ,e e.e e .G 3.4

to 4.eeeeeeeeee e.G e.4 e.e e.e 0.8 e.0 ee 9.0 e.e 0.e e.e 0.e ee 0,e

95 0.0000e00+e4 6.e e.e e.e . e.e e.e e.e e.e e.e e.e 0.4 e.e ee e,e e.e
Te . G.eeessetete 4.0 ee 0.0 0.0 e.e s.e e.e e.e 3,3 3.0 3.s e.e 4,9 4.e

99 e.seteesence e.e 9.3 e.0 e.e e .8 s.e e.e Ge g,e e.e 0.e e .g 3.e e.e
94 0.eeeeeeeete 0.0 3.0 0.0 0.0 e.8 4.0 ee 3.4 0.0 e.e 6.0 e.e e,e 0.3

e.0 O.e e.e e .G 4.0 e.e e .e 0.0 e .0 - 4.4 8e e.e e.e 0.999 e .808080s.00
e .e ' 4.0 e .6 4.0 e.e e.e 3.0 ee e.e 3.0 0,0 e.e 0.0 0.0Se e.eeeeeeeete

en e. 0.0 e.e e.9 0.0 e.0 4. 0 a.e 0.9 e .4 e.e s.e 3.6 e.e e.e
- 83 4. ~ -- e.. e.0 S.e e.4 4.0 e.e e.e 0.4 e.e e.e 4.s 4.s e.e e.e

e. e.e e.e e.e e .0 e.e 0.9 4.6 00 e.4 e.e e.e
e ..e e. e s.e. i83 . 4.emmem

e.eeeeeeSese
e.e .. e .. e.e . .e e .. e .. e.ee .e . e.e 3.e e .e.u

e.ee. e .e . .e e.e e.e e.e e.e e.,ees e. _ e.e e.e ... . . . e.e
e. e.e- M e,seeeestese e.e e.0 e_6 c.e e.e e .4 e.e e.s e.e 3,e e.e p..

et 9. ? 8.e . e.e 0.8 e.e e.e 4.0 0.3 e.0 e.e g.e 0.0 e.e e.g 0.0

Se e.eeeeeeeees ee e.0 0.4 G.e e.0 6.0 c .4 0.0 0.0 0.0 e .e e.e 6.0 9.e

et . e.sessesseee 9.e e.e G.e e.G g.e 4.0 e8 0,0 e.e g,e e.e 3,0 e,g e.e
De 4. 8.0 e.e 3.0 9.4 e,e e.e 9.e g.e 0.0 e.e e.G e3 e.e e,e

el e. ~ 0.4 ' e.e 3.0 0e e.e e.9 ee e.4 e.e c .4 e.0 e.e e.e ee
e

es S.setodessee e.c G.e e.e ' 8.0 e.e e.e 0.0 e.e 8.e e.4 9.4 6.e e.e 0.0

4 e.e e.8 e,e e,e e.g 6.4.008 4.0eee889 90 e.e e.e ' O.e - e.e e.e ee e.e
.e e .3 e.s g .0 0,e e ,e e.e08 S.eesecessee e .4 - 3.3 4.0 0.0 ..e 4.3 eg

SS - 4. ~ e .9 8.e i s .4 4.e ee 0.0 e .e e.0 e.e e.e e.e . e.e e.e e,e
g .g e.G

e.e.te 0.40e0003 40 . 4.0 S.e e.e 0.6 . e.e e.e 4.0 e.e . e .e e ,e 3.4
e. 0.8 e,401 8.64e8088 30 6.4 0.4 e.G e.e s.e 6.0 e.g e.e e.e 0.0 0.0

Se e. . ~ es e .e 8.0 e.e e.e e.e 6.4 e.e e .e e.G e .4 e.0 6.0 0.e 0.4

et e.eesteessee 0.6 e.e e.6 e.e 4.0 e .6 e.e e.e 3.0 e ,e e.e G.e 0.0 0e
See .' e.SeceseSees e.e e.e e.S ee 0.0 D.e 9.3 6.4 e.0 e.e _ B .6 0.e e.$ e.e

West esemeWW em seIA e 1.s0008-e3
. ..

NUREG/CR-5505 - E.20

t

__



- -

I )
I

E. 1

|
1

i: . !
i

1

Appendix E j,

"i

( i

'
l
1

, - )

BBtT1Ab*TTOS e 414 I' )
.

]

49 ' 46 64 61 9-4 49 9 30 10 12 11.b8 13- L3 kl.b4 be.e 1Q RerTE FGED. espWCTSa e3
* ******ee.3

4
e. ..eeeeee

8 e.45133ES.63 B0.5 1.9
. . .- e

8.4 8.3 S.1 3.T 4.9 9.0 4.0 4.8 4.0 4.4 4.3 38.9
8 8 .64 6448 60 14.T 4.0 S.e e.B 5.4 .45-

1.0 . 9.9 9.9 8.1 3,4 4.9 4.4 4,3
6.9 - 6.8 .6.. 6.3 4.9 4.s 39.9

T 9.9 9.9 R& .1 . 14.6 0.8-9- e.9590668-89 ' O.S
23.6 . B4.5 b4.5 S.9 3.9 S .e 20 0.0 8.9 0,0 a .e 3.8 . S.84- 4.4449458 04 8.8 9

6- 8.1899338 00 4.4 0.0 4.0 4.9 300.9 9.4 - 4.0 0.9 0.8 0.8 c.e e.t 6.e 0.9
'4 - 0.813La6Bael 95.e B& . 0 B6.6 8.9 BS.e 4.4 4.8 0.8

e .D
. 8.e 0.4 0.4 8.0 ' O.S

!9
0.84.40088 080.1 , 066 8. 0 . e .G.

' O.0 0.0 0.0 e.9 0.0
' 0.0 6.0 0.0 9.6 ~ 9.#06434 05 6.0 F3.5 38.9 6.4 0.0 13.3 - 0.4 . S.e 00

e 4.8 Ste.6 - O .8 00 0,0 0.e 49
9..S ..G ate.e .. e. e.9 e. .. S.e . . . . . . .9 e .. 0.. 0.e 1. 9

Se ' 9.64 De648.te e.9 ' e .4 0.0 See 4 0.0 e .4 0.0 4.0 9.4 9.s Ge 3.3 e .0 4.9 |

St O.Ge60060ete 9.9 O.e 9.e S.S 6.8 6.9 e .G 0.0 e.8 6.9 98' G.e e.e eG
18 a.Detteeseet 4.0 ' 4.9 0.0 9.e ' 4.0 9.9 6.9 0.0 0.e 0.4 9.6 4.0 S.9 9.0
lt . 6.0009606 44 4.4 0.0 , 9.0 9.4 c .4 0.0 - 6.6 6.6 Se. e.e - G.9 9.e 0.8 e..
14 9.4331898 9 &D$.4 8.9 9.e 40 0.0 e .S 9.8 8.6 68 0.0 8.0 6.9 0.8 9.6

- LS 5.006D605 04 0.5 e.e 0.0 0.0 S.e 6.4 6.6 S.0 e9 0.8 89 e.4 e .t 9.e

' Se f.6400486 40 S.S 3.6 9.9 0.0 . 4.0 9.0 0.9 S.4 0.0 4.0 4.0 6,4 S.4 e.G
19 S.0990064e00 8.8 4.9 4.0 S.9 9.9 0.0 4.4 4.0 9.0 f.e 4.0 9.e 0.9 9.0 -
18 0.DeeteeSo06 S.e 0.4 0.9 9.0 e .e e.e 0.0 0.0 e.9 0.0 9.4 e .9 e.e S .S ,

89 . e.00.eetes 40 .e .0 - 0.0 100864e 6.4 - S.e G.e - 9.0 0.0 4.0 - e.0 4.5 9.8 e6 0.0 3.6
se e.D D 9.e . e.e e .S 9.. ... .9 e.e e.e ... e.. . 0.6 . .e e .G i

l34 S.D066048 00 9.4 5,8 0.0 4.9 9.5 0.9 5.0 0.0 e.# e.S 0.0 e .6 0.4 0.0
33 9.Deteseseps 0.6 e.0 S.6 0.6 9.0 . e .G e .0 0.8 6.0 0.0 S.0 g .e 6.3 9.0

' 30 e.eoeeeeeeet . 9.9 4.6 6.9 S.9 e.9 e.4 - S.e 6,6 e.0 a.e 0.9 e.e 9.e s.S
Se e.0930000 3e 6.4 6.6 - 0.0 0.9 9.0 4.e 0.0 0.0 1.0 0.0 ee e.e 3.0 9.9
35 0.0000006 60 c. 0.9 8.9 0.0 0.9 9,e 6.0 8.4 0.0 9.8 S.5 0.4 0.0 0.4 Se

- Se 9.56e##eSees 9.0 e .4 9.9 0.8 8.9 4.4 S ,e 0.0 e.e e .G 8.9 0.0 0.0 9.0
0.0 0.0 9.8 e.e 0.4 e.e S.e 8.0 4.0 0.0 S .e e.e e.e 5.031 9. .

e.S - 0.6 9.9 6.9 9.9 4.0 9.4 e.. 6.6 9.e 0.. e.e S.e 0.3$$ S.0ee0005 ee
Sp . e,oeteteSees e.4 4.6 0.0 4.0 0.4 0.0 6.9 4.0 6.0 4.0 0.0 4.6 e.s 4.s

9.Deteettees GG 9.5 9.9 9.0 0.9 9.4 e .9 6.9 5.e 6.0 e.e e.e Se 9.0
De -'- 9. Bee ##etoes e.9 9.0 0.9 4.e e .4 S .8 6.8 9.4 4.4 6.0 86 9.8 9.4 e.e31

^

0.6 0.e 0.4 4.6 8.9 0.6 0.0 9.e 4.0 0.0 e.G
j

9.4 A.0
4. 9

.

,03, . 9. . _ . 4.e ..e 9., 4.4 .. - 4.4 e.. 9.e 4.. 9.. e.. |.S ..e 9.0.D. S
De e. - 0.0 60 5.0 ee s.O 0.6 ' e.G 0.0 0.4 0.9 0.4 f.e S.O e0 i

SS 9.stettetete - S.e e.0 9.e 4.9 0.8 e .8 8.9 a.0 0.0 9.4 e .4 e.e 0.9 e.0
De 9.0000004 00 9.0 e.5 c .4 0.3 0.4 ' O .0 e .9 - G.e 0.0 0.0 e.0 9.0 e.e 0.0 2

- av e. . . e.e e.e ..e 0.9 e. ... 0.0 e.e e .. 0.e ... ... - e .. e .. 1
Se 9.0006085 ee4 e.G e.9 9.8 4.4 9.0 4.0 0.0 0.0 0.4 6.0 - 8.3 3.0 - 3.0 9.6
99 0.DeesteSoot 0.9 6.9 9.4 0.0 0.0 8.0 6.0 9.0 0.0 9.6 9.5 8.e 9.4 4.0

44 9. . e.G 0.0 - 0.0 9.3 e.6 9.6 e.e 4.0 9.9 0.9 44 0.9 a.e 0.0

41 S.gedeteSe86 . e.9 0.9 4.5 9.0 0.9 0.0 6.0 0.0 e.9 0.8 4.0 0.8 . e.e e.0
to S.seDeceSeet 0.9 9.6 S.S 9.0 e.9 0.0 9.e 0.6 0.0 4.4 4.4 S.4 9.0 4.6

43 9.0609048m44 S.0 8.0 0.8 0.e 9.0 0.0 9.0 e.0 0.0 0.0 4.0 e.0 0.0 0.9
0. 04 9.6 8.4 9.4to S eeeeeesese 6.0 0,0 6.3 0.e 9.8 0.e 0.6 e .4 0.9
0.0 ',9.4 c.9 9.4 e.e45 9.D600408 60 9.0 e.0 0.9 08 S.e 4.0 9.0 e.G S.9

I
et G.0000000e49 4.4 9.6 0.0 4.9 4.3 8.4 0.0 9.0 9.6 ' 9.8 0.0 0.3 8.4 9.4

of 4. . 4.8 9.8 9.e S.9 0.0 0.4 0.0 9.0 e.9 O.e 0.0 0.0 0.0 0.0
0. 0.0 e.e . e.e

. 8._ 3.. e. e .4 4..
- 4.9 0.9 6.0 e.e e.4 0.0

4.0
.

es. e . S.
e.8000000 00 9.9 4.0 9.0

..e 0.8 3.s9.4 .. ... e.e ... 0..

se 4. . 0.0 - S.0 9.6 0.9 9.9 4.6 9.e 9.0 9.9 9.8 08 9.0 S .e 9.9

41 4 0099006 84 0.9 9.3 e.e 0.9 8.8 0.9 6.6 0.0 0.0 9.0 8.4 0.0 0.6 9.9 i

S4 4.000D006 00 0.9 S.O G .e 0.0 ' 3.4 0.9 9.4 4.9 0.0 S.e 0.6 0.0 9.6 S.4
Se 4.sectettese 4.9 e.0 0.0 0.0 4.0 0.0 e.4 S.S ' S.e 0.6 0.0 B.4 e .9 0.e
E4 4.D099000 00 0.0 4.0 S.e 6.0 4.e 0.9 9.8 9.9 ee e .. e.6 0.0 0.0 4.0

SG ' S. S.4 c.S 9.e 0.8 e.e 5.0 9.6 0.0 0.0 9.e 0.9 9.0 S.9 9.0
Se e eeeeettete 8.4 4.6 4.0 e.S 8.6 6.9 4.6 8.9 . 0.0 0.9 . S.6 9.8 6.9 0.8
09 e.seeDeeS+et 9.e 9.9 0.e ee ee 4.s e .9 9.9 e.e 4.0 S .e e.e 0.4 e.e
De .G. . _ .. 6.0 0.5 9.0 0.9 e .0 9.5 6.e 9.9 s9 0.5 9.e e.e e.9 s.O
59 S.9449005 08 G,9 0.8 9.0 S .e 4.9 9.0 8.0 0.0 9.9 0.0 e9 4.0 S .9 0.9
SG 9.0009048 00 9.8 0.0 e .G e.0 0.0 0.0 0.0 0.0 0.0 0.9 S.e 00 e .4 0.0

.

81 e.teDeceSeet 4.8 a .4 0.9 Se 0.9 0.0 0.4 0.4 S.9 6.8 4.4 0.0 4.0 e.0 j
S3 9. deb 000Sett 4.0 e.e 0.9 9.9 0.0 0.e 9.0 0.0 0.0 e .8 a.. i .e 0.e e.G j

GS 4. DoDeseSees 0.0 0.0 0.4 6.4 tot 0.0 0.6 0.0 9.9 e.e 99 9.0 4.9 9.9 i

S4 4. 6.9 0.0 0.0 6.5 0.0 4.6 0.0 0.4 S.e S.e 0.4 e.t S .e 4.6

48 9.De#eessee. 94 4.0 6.8 9.8 e.e 4.s 0.0 0.9 0.e 0.. G.e 6.9 9.9 0.0
S.096444 e.e 0.4 0.0 6,9 9.9 4.4 0.4 a.9 e .G 9.e 4.6 9.9 S.8 e0
S.89900.5 0.

64
5 00 9.9 94 0.0 0.0 0.4 0.0 0.0 0.4 e .0 0.0 e.t G.S 3.0 0.0' 41

04 9.De000esee6 4.8 S.0 e9 9.6 e .G e .G S.9 4.9 9.6 9.6 9.3 0.0 0.0 0.0
Se 4.909000$*#8 0.9 e .0 0.9 S .9 6.4 8.6 9.4 e.0 9.9 9.e 0.9 0.0 4.e 0.9

90 e.DeteteSote 0.0 0.0 S.4 e .4 9.e 5.9 9.e 0.9 0.0 9.6 00 0.0 0.0 0.8
?& G.6000006 69 0.0 0.0 0.0 e9 e.0 8.5 6.9 9.0 e.0 9.0 66 4.0 e.9 0.0

. te '. 4.besteeSaes 9.0 e.0 0.0 00 9.e 9.0 0.0 0.4 0.0 4.9 e ,e 6.0 ee e.e
: 93 0 DeteteSeet 9.4 9.9 c.0 9.4 9.8 S.0 0.0 9.4 9.e 0.3 S.6 9.4 4.0 0.4

9e e.DeceeeSete 9.9 9.9 ' 0.0 6.0 0.6 0.0 S.S 9.9 9.0 6.3 e.t e.S G.0 9.9

TS ' 9.e000005 99 9.9 0.0 0.0 . 5.0 0.4 0.0 ' O .9 - 0.0 9.9 0.0 e .9 9.8 s .9 0.0
94 S.D940006 00 0.8 - 8.4 9.0 9.9 4.0 S.G S .0 e.e - 0.0 0.0 9.9 S.9 0.0 B.9
TT 4.eeepe48 00 9.0 9.0 9.9 S .9 9.8 S.0 S ., 0.6 e.0 d .0 0.s ' t.e e.e 9.8

' te 9.Deteeee+44 4.0 9.8 0.9 e.e 4.0 9.4 0.0 S.9 9.e G.e 4.s 8.0 9.9 0.0

19 0.0000006 00 0.9 G .6 0.e 40 9.9 04 e.0 e.e 0.6 S.e ' 4.9 8.9 a .4 e ..
et e.tDeGetSees 0.9 9.0 6.9 0.0 0.0 0.0 0.0 99 8.9 e.e 4.9 0.0 9.9 0.0
81 S.900000S.00 0.9 S.9 8.0 4.0 9.0 0.0 0.0 0.9 e .8 0.0 6.0 6.0 0.9 9.0

*43 9.00e0005 04 S.e 0.9 4.9 9.0 e.G 9.0 0.0 9.9 0.e 0.0 G.e 0.0 0.9 G.6
G3 e.80e0008 0e 4.6 9.4 e .0 0.9 e .. 0.9 9.0 0.9 S.4 4.e 4.s 9.0 8.0 9.9

6e .G. . . De 0.6 e.e e.e 4.0 e,0 0.0 ' e.e 9.0 0.6 0.0 0.6 ee G.0 0.0
. . SS " 6.0000045 00 9.9 0.6 9.6 0.0 S.8 s.e 4.0 9.3 6.6 e .0 e .9 e9 0.0 9.0

' he ' 4.00000e5e00 e .0 4.0 3.0 9.6 g .4 S.0 9.s e.e e.e e.e S.s 3.4 e.4 e.e
. 31 0.teceseSese 0.0 9.4 - G.e 0.0 0.0 9.6 6.4 6.9 0.0 6.0 e.6 G.S 0.0 0.6

to G. _ 8.e 9.e 0.8 0.9 4.0 0.0 4.e 0.4 8.0 8.e G.e 4.6 0.0 4.0^^

60 e.Detteesete 6.0 6.9 0.0 9.9 0.0 9.0 9.9 ' 4.0 8.9 6.9 0.0 0.9 4.0 e.e
. De G.De64DeGeet e .S e.e 0.9 e.0 S.4 e.e 9.e 0.0 9.9 0.9 e.9 e.0 9.9 e.e

91 6.000epetese 8.0 - e.9 0.9 e.9 4.9 9.3 9.9 e .. 0.0 0.0 f.e 8.0 0.9 e .S

-.8 9. 9 4. 0 8. 0 !
9 0.9 s.t 4.9 0.e e.G 6.0 0.6 0.0 9.9 e .9 6.456

9.. . .e . .e 0 .. .. .9 e .9 ...- . . . ... . . . 0 .. e .. .9es
.e 9.. 0.0 0.e 0.. 0. .. e. e.. iD. e .g.ee.es.De ..$ ... 0.. 9.. e .0

? DS . G.60000es.00 e .4 s.e 0.0 9.e s .9 eg e .4 0.0 4.0 9.0 e.9 e,e 4.0 9.4

G .e e.4 e.G e.9 9.0 e.4 S.S e.0 0.9 e .. G.0 9.9 0.0 eeDe
.e . _. 09 6 S e.e e .. . . . e.e e.e .9 e .9 e .. e. 0.e . . . 9.. . . . 0..

| D,

..
DS e.0006085e 00 S.e 9.6 S .4 0.9 Ge G .e 0.9 G .6 6.9 e .4 e .G 4.0 0.4 0.0

I es e.eeeeesse6e e.e e.e e .e e .9 e.e e.e e.e e.e e.0 0.e e.e e .e e.e e.e

|' set - s.coseessees 9.e ~ e.e e.9 e.e 0.e e.e e.9 e.e e.e s.e e .9 e.0 e.o a.e

.Om WLS. e 4.43s18 43
mets

. . . . .

.

f' i

.

E.21 NUREG/CR-5505

.-.



___.___ __._ _ _ ,

I
>
.
!
4
.

i
i,

s46|sg> err ><ilic 12;
j

i

t

.

u m.,u
m. . ,

;. . . . . ... . . . . ... .., . ... ....si..s...... ..

.
.

. . . .
. .

... .. .. . . . . . . ,...- . . . ... . . . .. .. . . . . . . . . . ...

. = . .

. . . . . . . .. ... . . - .. .. . . . . . . ;. ... .. . . . . . . .. .

. , .
. . . .. , .......i... .. .. . , . ...

.

. ..
.

.. .. . . . .. ... . . . . . . .
. . . . . . . . . . . .. . . . . ... .... . . .. . . . . . . . . ...

. . .

. . .. , . . .. . . . . , . i.i .,. . . ... .... .

. ..
.. ... .. . . ... . ..

. . . .
....,. ' . . . .

-

.. . .... . . ... . . . ... ... ....,

. . . . . . .. .. ..
.. . . . .. . . .

... . . . - ... ... .... . . . . .
...

- . . . . . . . .
...

. . - ... .. .. ..
. . ... .. ..

... ..... ...
. .

.

.. .. . . . . . . . . . . .... . . . . .
... ... . . . .. ..

i.,..
..6 .. .. ,... .. . . . .... . .

... - . . .... .

.. ..... .. ..
.. . .

.
.. . .

. . . ... ... . -
.... ..

6 -
i

....i.,.,.. . ,
.

..

. . . . . . . .
.. ... .. .. .... ... .... .. ...... ... ....

. . . . . . ..... . . . . . . . ...
. ... . . .

. . . ....

. . . . ..... . .

.

.... . . . ..... . . ..... . . . .. . . . . . . .. ;

... . . . ......... .. .. ... . . . ...i.

...... . . . .. ...
. ... .... ... . . . ..., ... ... ..., ..

... .....
. . . . . . .... ...... . . . ... ... . . . ... . . .

.. .. .... ... . . . . . . . . . . . . . ..
. .

. ..

. . . . .. .

. .. .... .. .. .. .. .

.... . . . . ... ...
. . . . . . . .

.

.

.. ,
.

..
...

..... . . . . . . . .
.i . . ... . . . . ..... ... .... ... . . ... ... . . . . ... . . . . ...

..
.... ... .. .. . . ... .. . ... ... . . . .

. . , . . . . . . ..
.. ... .. .... . . . ... .... . . , . .

. . .. ... ... .. .. ..... ... ... ... . . . ...i.. ... . . .
.. .. .. .. ... . . . ... ... .. ...

.. . ... .. . . - .. . ... . .. .. .. .
..

. . . . . . . . . ... ... ...
, .

...
.. ..

..
. .. .... . . . . . . ... .. ....

.. ... .. .. .. i.. ..... .... . . . . . ....

.. . . . ... ... ... ..

... ... ... ... . . . . ... .. ... . ... .. .. . ...

. . . . .. ... . . . ... ... ... ...... .. ... ..... ... ... ...
.. .. ... ... ... .. ... .. ... . . .

.

... ... ... ... ..... .. ... ... .. .. . . . ... . . . .. ... ...

. . . . . . .....
... ... ... ...

. . . ..... .. ... .. ... ... ... .....
.. . . . . . .

. . . . . . . . . .. . . ... ... ... .. ... ...
.. . . .

... .
... . . . .. .. ... ..

... . . . ...... ....,. .... ... ... ... ... .. .. .. . . .

.

. . ... .
6

..
... ... ... . . . .. .. .

- . . . . . . .
.. .. .. .... .. ... .. ..-

.

. . . . .... . . . .. . .. .. ... .. .. .. ..
.... .. .. ... .. .. ..... . . . . . . ..

.. ....
..

.. ... . . . ... ..... ... ... ... . . . .. ... . . ... .

.. . . .
... . . . ... ... . .. ... . . . ... ... .. .. .. ...

, .. ... .. ... ... .. .. . . . . . . . . . . . . . . . ... ... . . .
.. ... ... .. . . . . . . . . . ... ... ... ... ..... .. ...

. . ... . . . ... .. ... . . . ... ... . . . ... .. .... ..... ..

.. . . . . . . ..... ... .. . . . ... . . . . . . ... ... ... . . . ..

. . . . . . ... ... . . . .. ..
. . . ..., .. .. ... .. ... ...

. . . . . . ... ... ... .. ...
... ...... ..... .. ... . . .

... . . . . . . ... . . . . . . ... . . . .. ...
... ..... .. . . . . . .

... ... . . . ... ... . . . ... ... .. .. ..... . . . ... . . . ... .. .. ... ... ... . . . ... ... .. ...
. . ... . . . . . . .

. . . . . . .... . . . . . . ... ... ..... ... ... .. .. . . .
.. ... . . . ... ... .. ...

...
. ..... ... .. .. ... ..

...

.

.. ... .. . . . . ... ..
. . . .... . . ... .

... . . ... . . . ... .. .... . . . . . .
.. ... ...

..... .... .. ... ... ..
. . . ... ... ...

. . . .
.. .. . . . .. ..

.. . . . ... .. .. .. ..
. ... . . . . . .

.. .... .. . . .,

.. ... . . . .. .. . . . .. .. ..
.... . . . .. . . . . . . . . ... ... ....

. . . ... . . . .... . . .. ....
.. ... . . . . . . . ... ... . . .. . . ... .. .... .. ... .. ... .. ..... .. . . . ... ...... ... .. .. .. ,... ... . . . . ...
.

.

. . . ..... .. .... . . . .... . . . ... .. ... ... .. ,

. . . ... ... . . . ...... . . . ... ... ... . . . ... .. ....,

. . . . ... . . . . . . ... . . .
... . . . .. . . . ... ... . . ... .. . . .

. ... ... ... . . .
;... ... . . . . . . .. ... .. . . . . . . ...

.

...
... ... . . . ... . . . - ... .. ... .. .. .. .. ..

.. ... ..... . . . .. . - ... ... .. .. . . . ... .. .. ..,

... ... ..... . . . .. . . . ... .. ... ... ... ... .. ,

...- . . . .... . . .... . . ... . . . . ... ... . . . ... ....., . . .. .. .. ... ..... ... ... . . . ... . . . ... . .. . . .
. . . . ...

. . . ..... ... .. .. .. . . .... ... . . . ,

. . . . . . . i.. ... ...... . . . .. .. . ... .. .. . . .

,

.

.. .. . . . ... .. ... .... . . . ... ..... ... .. ..

. . . . . . . ... . . .,
... ... . . . ..

.. .. .. ... . . .
. ... . . .... ... .. ..

... ... . . .
... . . .... . . . ... .. .. .. . . .... . . .

.. - . . . ...
... . . .

... .. ... ... .. ... . . ... . . .
.. . . .

. . . ... ... ... . . . ... ... . . ..,

. . . . .. .. .. ... . ...

. . . . . . ... ... ... . . .. . .
.. ... ... . . . ... .. .. ..

. . . ... .... .. ... .... . ... ... . . . ... .. ... ... ... ... . . . .. ... ... ..

.. ... ... . . . ... . . . ... ...... .. . . . ... ... ... ...
. . .. . . . ... : ... ... ... ... ... ... ...: ... ... . . . . . . . . . ... ...

... ... .. ... ... ... . . ... ... . ... ... ...
..... . . . . .. ... .. ..

. . . . . . . . . .
.. . ... ... ... .. ... ...

. . .. .. . . . ...
.... ... ... . . . .. ... . . . .. . . .

. .. . . . ... ... ... ... . . .... .. ... .. . . . ... .. ... ,, .. . ...
. ... . . . . . . . . .. . . ... ... .. . . . ... .. ... ..

.. ... .. ... ...... .. ... .. .. .. . . . .. . . . ...

. . . ... .... . . .. ... .. . . . . . . .. ... . . .. .. . . . . ..

. . ... .. .. ... .. . . . .. . . . .. ... .... . . ... ..
- ... ... ...... .. ... . . . .. .. .. . . . ... . . . .... ..

.. . . . .. . . . . . . ... . . . .. ... . . . ..... ...
. . . ... . . . .. ,... ... ... . . . .. ... .. . . .

.. ... ..

...
.

...
. . . . .. . . . .... ... . . . . . . .. . . . . . .

. . .. . . . ....... ... .... . ... ... .. ... . . - . . . ...
...

...

... .. 1

. . . . . .... ... . . . ... ..... . . . . . . .. ..... . ..

. . . .. .. ;

.

. ~
- ... . . . .. ... . . . . . .

. ... ... .. ...

. . . ... ... ... ... . . . . . .
... .. .. .. ....

... ... .. ... . . . ,
. . . . ... . . . ... . . . . . . ..... ..

...: : .. ... .. ... ... ... .. .. .. .. . . . . . . .. .. ..

....i,.

.

NUREG/CR-5505 E.22

,

+ .. ._ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ _ . _ . _ _ _ . _ _ _ _ _ _ . _ _ .



Q
r

C

Appendix'E '

c

L

4

e.ee t. TrpS. f 38 84Bu!TIa
. ,

s3 38' 4 e.4 . e.9 98 Se 6-39 no && 1S+18 13-12 13 84 14 *
n 4 A,rtM eeeeeeeeeeee 8-4.eeee -6

pee 0 AsesE90s
e - eeeeeeeeeeeeeee,e eeeeee ee.. .e . se* .eeees.

& . 0.64344as-43 34.9 - 4.0 . 0.0 0.4 e.3 e .S 4.0 3.0 4.e ' e.$ 8.3 4.8 3.6 no.e
3 35..S . G.8493e40-06 98.4 3.0 8.6 9.8 9.4 s -e 4.4 4.3 4.8 4.8 . 4.4 4.4
e.9 ne.3

4 . ..le86MS=95 5.4 6.6 9.9 14.4 :$4.4 10.9 8.9
. T.e 0.0 - 4.9 e.a 0.99 e.9116e18-03 p.4 8.8 6.8 S.E e.S T.9 S.3

6.4 0.0 0.9 e.6 4.1 S.S St.6
. e p.eeesteS 98 0.1 84.3 Se 0 11.8 14.4 13.6 . e.9 : 4.1 : e.0 - 3.9 89 6.1 0.4 S.4

6 0.984e003-93 9.9 $4.1 14.0 18.8 13.3 19.8 8.6 4.s 3.8 44 S .4 S.4 ' 0.0 . S.e
9 . 6.24as?&S-43 19.8 . St.e 33.0 39.8 ' 4.4 . 39 . 3.0 e.e 9.0 S.e e.e e.e e.4 e.G
e 0.5003&c5-48 82 e M .& 33.e 11.4 4.1 3.8 9.9 0.0 ee 0.0 4.0 0.0 0.e 9.4

e e.933eeet-84 34.4 St .S te.8 9.e 4.6 0.0 4.8 S.6 0.4 e.9 0.8 9.0 9.6 e.0

16 6.83etteS.M 48 3 96.& 18.1 - 4.8 9.e 1.3 e.6 9.4 e.6 6.9 0.0 0.6 e.0 0.0
'

13 e.83863e0 04 es.4 66.6 60.0 4.0 0.3 ' e.S e.9 ..e 04 0.4 0.6 - 0.0 9.8 0.9
'

18 4.18e44ee 84 61.4 33.6 - 4.0 9.0 e.0 0.4 0.0 0.0 e.9 e.e - e .6 04 9.8 e.9

13 ~ 4.004e848 00 53 4 42.4 8.8 5.0 0.0 0.8 8.0 . S.s e.e 4.6 a.e e .0 0.4 S.5:

14 91.e 30.0 9.1 e.e 0.8 e.e 4.6 4.9 0.4 8.4 9.. 0.0 0.0 6.e i

16 . e.SeseteSaee 'Ic.1031006 04 88.4 6.9 S.9 . 6.T ' O .e 3.8 9.9 0.8 . 4.0 ' O.9 0.0 . e.# e.0 0.0
sses 6.0 sa.1 e.e - e.e e.e G .9 e.e e.e e.e - e.e e.s e.e

e .em=et.e Ge,.e e..eto
e.. S.S . .e .. 0.0 0.0 04 4.0 ..e ..e I.. B.n ,.S .3 0.. .9

m,
.. S .. 9.e 0.0 . . . e.e e.e 0.0 e.6 - e.. 0.e 1n.e se .. . e ..

s.42uese.a
u

e .0 0.6 9.0 e.e 6.4 0.0 e.e 0.4 - 0.0 6.0 9.6S.8144818 66 180.9 G.6
. G .e .

&#
0 e.6 0.0 0.4 . 4.4 4.e 0.e e.e S.O G.e 0.4 9.6se 0.44e1998 04 590.0 9.e

31 0.1949630 08 180.9 99 0.5 6.6 9.4 0.e S.6 4.0 e.9 6.4 4.0 . .e 9.9 e.e
' 33 e.. Se 100.0 0.4 9.9 8.4 0.6 - 6.0 00 9.9 0.0 4.e 4.9 e .9 4.0 9.9

SS 0.840900S+e4 lee.e 0.0 e.e 0.e 0.9 9.4 e.e 9.0 8.0 0.0 6.. 4.4 9.4 e.e
se - e.1484905 00 48e.6 . 9.0 S.6 9.9 9.4 9.6 ~ 0.0 0.0 e.e 0.0 0.4 9.4 0.0 0.e
as e.ee844eS+ee 40s.0 00 0.0 00 0.9 4.8 . 0.6 0.0 9.4 0.6 e .9 c.0 9.0 0.0
#6 ' e.40 asses.06 See.s . 0.0 9.4 0.6 p .e e.e G.e 0.0 0.0 6.0 0.0 4.0 8.0 9.0

et 9.4es& Set se Ace.e e.e ' G.e 0.0 - 8.9 9.9 9.0 0.0 e.e 4.9 e.e 0.0 0.0 0.0
800.4 S.0 4.4 S.0 0.0 0.8 ' O.4 e.e 4.0 9.6 e.e 0.6 0.0 0.6

.' 9.4844498 66
Se

30 0.0000088 44 - 0.0 0.6 0.0 e.4 e.4 0.4 6.0
' 9.9 ee 94 3.s e .8 ' O .e 6.48.seateeS-ee age.e 4.0 - 4.0 0.0 e.e . s.4 9.680

O .9 e.e 0.8 4.0 0.0 - 0.0 e .9
31 < 0 eeeThe3 04 100.8 . G.0 6.0 e.e G.e 6.4 A .4 e.e 4.0 0.0 e.9 - 0.0 0.9 0.0
S3 e.0600006 46 s .9 6.0 0.0 0.0 e.6 8.9 0.0 0.0 S.9 6.6 e.e 4.0 80 ' O .e

3D e.GetaseS-es 390.8 0.6 0.0 4.0 0.4 e.e e.e 0.0 e.0 e.0 9.6 e.e e.e 6.0

H 0.sesseeSees 60 8.6 ' O.6 0.0 0.0 0.0 0.0 0.0 e .0 0.0 0.0 ' 4.8 e.0 e.9
38 ' e.eeeeeeSese . G.S 9.9 e.e s .4 6.4 0.0 9.4 ee 4.0 0.0 00 4.4 0.0 e .0

41 9.eeeeessees e.e . 4.0 S .e e.e 6.0 8.0 0.0 e.e . 0.0 ^
0.6 - 4.0 44 0.0 0.e36 ; e.geteceSeee 6.0 9.0 0.0 0.0 0.0 0.0 0.0 e .9

0.0 0.0 0.0 - 6.9 e.6 0.0
i

3. e.SeeeeeSees . 0.e 6.0 .' 8.0 0.0 0.e , 9.6 G4 e .0 0.0 e.4 ' 0.8
0.4 S.9 0.0M G.3988308 06 400.0 00 0.0 e.S 0.0 S.4 0.0 0.e 0.6 0.0

d
4.9 0.0 9.9 9.4

et 8.setetetete S .9 0.0 O .0 e .9 S.0 0.0 6.4 S.e 6.0 ' 9.0 9e G.0 0.8 S.8
. en 6.Seeeeeeee4 . 9.9 8.4 8.0 0.0 S.e ..e.. 9.0 4.0 4.0 9.9 8.9 8.9 e.e e.

48 9.90eeteSeet G.e 8.0 8.0 0.0 0.0 e.6 S .e 6.4 0.0 e.e ' 9.8 6.8 8.4 00
es 0.90ee0e5 00 e.0 e9 - e.0 9.9 0.8 S.0 0.e 9.0 0.e 8.e 0.0 4.. 6.0 e .G

ee S.SeeseeSeet 9.8 0.4 6.6 9.0 9.4 0.0 0.0 e.e e.0 9.9 e .e e.e e.e e.e -
es e.8040088 40 e .6 eS 4.6 0.0 0.6 S.e 9.0 0.0 0.0 0.0 6.6 ' 9.4 S.S 6.0
ed e. 00e900 46 e.. e.4 4.8 e.9 0.8 < 8.4 S .0 0.9 0.0 0.0 e.8 8.0 0.4 s.e
et 4.0000005 00 9.9 e.e 4.0 e.0 S.9 0.0 0.0 ' e.e 8.6 0.0 e.0 0.0 9.0 0.8

6 8. _ . e.9 4.0 .' G.S
9.0 9.9 0.4 9.8 0.0 0.0 9.9 9.8 4.s ee 0.0

Se. '
9

- 6.0 9.8
e.e 9.5 S.4 e.0 e.e 90 0.0 6.6 4.0 0.e e.0 e .e

se 0. epeteSeet e.e 4.0 9.9 e,0 6. e.e . G.e e.e e.e 0.8 s.e 0.0 9.e e.e
B1 4.80400eSese : G.. G.S 9.e 0.0 0.8 0.6 9.9 6.9 9.0 9.6 e .S 4.4 9.e 4.4

53 6.408080e*e0 4.0 8.0 e.e S.4 . 8.0 0.9 9.0 e.e e .. 0.0 4.0 6.5 0.e e.e
83 e.eeeeeeeeet 6.0 0.9 0.0 4.s 6.4 0.0 0.0 4.e S.S . .e e .9 a.0 6.e e.e

8.5 e .9 0.0 0.0 0.0 0.0 9.6 0.9 0.0 6.8 4.0 0.9 0.0 0.8 i

'. . s.ee.eeeeSeet
e4

e.t ee.40.e4 0.0 e .. 4.0 e.. 0.. 9.0 ..e- . .e 6.0 e.e 9.. e.e 08 4.4 |M
SG - e.300e006 00 0.0 e .8 9.0 0.4 0.8 S.e 0.0 e.e e.0 0.0 9.6 e.s ..e 0.0 )

49 ' ' 9.eeeeeeSote e.e 0.9 ' O.0 9.e 4.9 0.0 S .. 8.0 0.4 0.0 e.s 4.8 e.e ..e
04 4.8000009 08 0.0 0.0 0.0 0.0 e .9 8.e 0.e 4.0 0.0 0.0 0.0 0.0 9.6 8.4

0.000ete8.e6 4.0 e.9 0.0 e.$ e.0 0.9 4.8 0.0 e.8 40 0.6 6.6 e.0 ;

e.geessatese . ' O.6
se

e.4 c.e e.e 0.4 e .g e.e 8.0 0.6 0.e 0.0 e.e e .S e.0 a.e -iSe
s1 G.eteceeSese 0.6 8.e e.e e.e G.s e.e 0.0 e.e 0.8 0.0 9.9 e.4 0.e 0.e '

48 0.eeeeeeSote e.e 94 00 e.e 4.0 e .4 0.0 4.6 90 8.e 0.0 4.0 0.9 0.0
63 8.08400e8 60 0.0 0.9 0.0 0.5 0.0 60 e.e 9.0 06 8.0 e.9 c.8 8.6 0.0

- Se 0.0000000 00 G .S 6.e e .e 0.0 0.0 0.0 - G .e 0.0 0.0 e.8 e.e 0.0 e.4 0.0 1

60 4.eeesesseet 6.0 e.e e.e 4.9 8.e e.e e.e e.e e.e ee e.e e.e 9.0 0.0 1

se e. _ :e e.e e.e - e.e o.e 0.6 e.e e.e 0.9 0.9 9.e ee e.e e.e S.e j
GT 4.8404000 00 0.0 8.0 e.e e .4 es 6.0 0.4 9.e 0.4 9.9 a.e G.e 0.8 e.e ,

- 80 e.sectees 40 S.4 S. 0 ,
0.0 4.6 e.e e.0 0.8 6.5 0.0 0.0 0.6 9.0 0.8 0.9 1se ' e.Secesetete 0.0 4.0
0.0 0.0 0.0 e.e 9.e 0.4 4.0 9.6 0.0 0.0 e.4 0.4

De 0.eGeeeetete 9.0 0.0 4.0 e .9 c.e 6.9 s.e 0.6 e.e 4.0 e.e e .e 0.6 0.0

- 91 6. _ ? . S.6 4.0 0.8 e.0 0.4 e .4 9.0 e .9 9.9 9.0 6.6 8.8 0.0 ee
?S e.GeeteeSees e .8 c.e G.0 4.e 9.4 4.0 e .4 6.0 e.0 0.8 9.6 e.S 6.0 9.6
98 e.4888888e40 0.9 S.6 9.0 S.S 6.4 4.9 e.e s.e e.G 0.e c.e Se e .8 0.0
9e S. ^^ 6.0 e.e 5.0 e.0 8,6 8.e 0.0 e.e 0.0 0.0 0.0 e.6 0.0 0.9

TS 0.geochee 3.9 0.0 9.e e.9 s.5 6.4 4.4 9.4 8.e 0.0 6.0 0.0 4.0 e .9
Te e.eetteeS+0e 6.0 0.0 ' e.9 . 0.0 S.. 6.0 0.0 S .6 e.9 8.4 0.0 e .9 e.t e.e
91 ' e. _ ^G 0.e G.e 0.6 8.4 0.0 e.G G .0 e .4 0.0 0.0 0.6 0.0 0.0 0.4
Te s. ^e 8.0 6.6 e0 0.0 e.0 e.e 0.9 8.4 0.9 0.0 e.e e.e 6.0 e.0
TO 0. - 4.0 e.e 0.6 . e.e 4.0 9.e 0.8 S.e eG e4 0.6 8.8 9.4 e.e
te $.eeeeeeSeet 0.6 e.6 0.e e,e e.e e.e 6.0 0.0 6.9 0.8 6.9 0.0 0.0 9.5

S& e.eeeeeeSote 4.5 0.0 e.4 4.0 0.6 6.9 9.6 9.9 0.0 9.8 c .8 6.0 0.0 0.0
63 ' e .teteestese G .6 0.4 e.s e.8 9.6 0.0 S .9 ec G.e 6.6 S.e 0.8 8.0 e.0

^ e.e 0.9 4.6 4.0 0.0 0.e G.e 0.9 9.e e .4 c.9 e.e 9.9 4.0et 4.~ _

' O .e 8.0 O9 0.8 0.9 4.6 0.0 0.0 5.0 9.6 0.0 e.S 9.e 9.9se . e.seseeeSeet
S.e ' G .e 0.4 6.8 0.0 0.0 0.0 0.0 46 0.9 0.8 0.0 0.8et . e.eestesseGG G.0

M 0.GeeeeeSeet e.0 0.0 4.0 4.0 9.6 ee 0.9 8.8 9.6 e.e 9.s e .# e.4 e.e
41 e eeeeeeeeet 9.0 -'O0 00 e.G G.8 0.8 6.6 e.e 3.6 S .0 0.6 e.e 0.9 4.9

Se G. _ e.e 6.4 6.e 0.0 e.6 4.8 6.6 e.e ' e.e 0.0 e .4 9.0 e.e 4.0
et e.esseteSese 0.4 0.6 e.e 6.0 0.0 e.0 4.0 4.0 e .4 ee 6.0 0.0 6.9 4.0

et e.eeeeeeSete 9.4 - f6 0.0 0.0 e.0 0.0 4.5 4.0 ' 3.0 6.e 4.0 0.8 9.6 8.8

en 8.sesseeSaes ' O.6 e.e 3.4 ' 4.e 6.0 e.G t.6 e.e 0.6 0.9 0.0 e6 0.4 0.0

eS - 8.00004e8*e0 8.e 4.6 6.e 6.6 S.8 8.8 e .6 e.e S.9 4.0 6,6 0.0 0.0 9.9

. 93 0.0000ee8 44 e .4 e.s 4.0 4.9 G .e 0.6 4.0 0.0 0.0 6.6 S.9 f ,0 0.0 0.0

9e S.eeeeeeSeee 9.0 0.9 S.e e .4 0.0 e.9 e.6 0.4 0.e e.e G.e e.0 0.0 0.0
M 0.00eeeeSeet ' O.e 8.6 9.6 0.6 ee 0.6 0.0 0.0 e.e s.e 4.0 9.9 9.8 0.e

' 9e ? 4.SeteceGees . 6.6 0.0 9.9 0.0 0.4 0.0 4.e 5.0 9.0 9.6 0.0 e.e e.9 S.e
8.9 0.0 4.0

e .G
te 9.0000083e4e 0.0 9.6 e ,4 4.0 e .S 6.. 4.0 6.9 e.4 6.0

06 8.e 4.0 9.696 0.0000008 0e 0.6 e .O e.e 0.0 9.9 9.9 0.0 6.0 0.8 8.6

De G.eseeeeeeet 0.0 0.0 0.4 06 8.9 0.0 0.0 e.6 9.6 0.0 0.0 0.8 6.0 e .4

&te ' e.secoceSeet 6.0 9.6 9.0 e.e ' e .e e.6 e.e 9.0 8.0 09 G.e G.4 e.0 4.0

Sem sem 3m 00LD e e.34 net.04
,e esee.

E 23 NUREG/CR-5505

_. , __ _ .__ - _ _



! Appendix E
,

. . .
u..

.. u.u u u u. u.. . . . .
....u.,

... .., ... ...

. . . - - . . . . . . . . . . .
. . . . . . ... . .

... . . . . . . .... . . , ... . . .. . . . . .. . . . . . . . .. ... ...
..... ..... . . .

. .

. , ....
. . o.. - . . . . . ... ... 1. . . , - . . . . . . . . . .. . . . ... . . .

u. . .
. . . - ~ . . . . . . . . - ... ..

... . . . ., ., u. ... ... ... . . . ... . . .
. . . ,. . .m .. .

..

... .. . . . ., . . . , ... ... . . , ... ...
u. ... . . . .. u.. u.. - u ... .. ... ...

.u. .. u ,. u. .. . . .. ..

. . . . . . u.. u.. ... u. . . . . ... .... ... .... .. . . . ...

. . . . . . . . . . . . . . - ... ... .....u.. ... . . . . . , .... . - - . u..

... ... . . . .... . . . . . ... ... ... ..... .. ..... u..

u . . .. ... . . . ..... ... . . . . ... ... ...u.. u. . u., ...

. . . . ... . . . - ... ... .. . . . . . . ..
u.. . ... .... . . .

u...,.
...

. .

. .
... .. . . . . . . . . . ... ... ...u.,.... ... ....... u..-- u .. ... . ... . . . ... ... ... ...... ... ........- . . . .a .. ... .. ... . . . ... . . . . . . . . .

. . . ...
3.. u ..

.u
..

... ... . . . ... ... . . . ... ...
. . . . - u. .. ... ... .... .... --

.. ... ... ... ... ... ... ... ... .
u, ... . . . ..o .. . . ...

.. . . ... ... ... . . . . . . ... ... ..
... . . . - ..., . . . .

. . .. . . ... ... ... .. ... ... ..
... ...u .. . . .

..u.,.......m....
.

u. .. ... ..... . . . . . . .... ... ...
. . ... . . .. . . . .. .. . . .

. . - - .
. . ... ... . . . . . . . ... . . .. . . .. . . . . . . . .... . . . ... .... ..

. . . - . . . . . .... ..- ... ... .. ... ... ..

. . . .

. .

. . . ... ....
... ... . - . .. . . . . . . .. . . . ... .. ... ...

u .. ... ... ... ...... . . . ... ... ... .. ... .. ...
. . . ... .... . . .. .. ... .. ... ... ..... .. ... . . - - .

... ... . . . ... ... ..

. . . . . .... . . . ... ...... .....m. ..
. . . . . . ... ... ..

. . .
. . .. . . .. ..

. . . ... . . .. . . . . . ..

..... ... ... ... ..

. . . . ... . . . ...... ..... . . . - - ..

... ... ... ... ... .>
.. ... ... ... ... ... ... .... ...- -.. u. . .

.. .. .. ... .. . - .. ... . . . ... . . . . . . .. ..

.

. . . . .. .
.. . .. ... .. .. ... . ... . . .

... ..... . . . - ~ . . . ...
. .

... ...

.. .. .. ... ... . . . ....! .. >

. . . .
.

... ... ... ... ... ... s. .. ... ..... . . .
. . ...

..... . . . . . . .. ... .. ... ...
... . . . . . . . .. - - . . u. ..

... . . .. . . . . . . . .. ... . . .
... . . .u . .. ..

... ... ...... . . . . . .... . . . .. ... . . .
..

- . . . . . . .. .. . . .
.... ..

... . . . . . .

u. ... ... ... ... ... ... . . . .. . . .. .
... ... . ... ... ... . . . ...

... ... ... ... ... .....
.. ... ... . . . . . . . . .

... ... ... ..... ... . . . . . .. .. .

... ... ... ... . . . . . ......u... ... ... ... .... . . . . . . . . ..
. . . ... . . . . . . ... ... ... ... ... ... .

. . . - - . . . . ... ... . . .
-

.

.
. . . ... . . . .. ... ... . . .

... ... ...... ... ... ...
. .. ... . . . ... . . . ... . . . .. . . . ... ...

... ... .......u... . . . ... ... ... ... . . .
. .

. ... ... ... ...... ... . . . . . ..
... ... ... . . . .. . . . ... ... . . . ...

. .
. . . . . . . ... ...,

. . . . . . . . . ... ...... ... . . . ... ...... ... . . . ....,

. .. ... . . . ... ... ..... ... ... ... ...- . . . ... . . . . . .

. . . . ... ... ... ... ... ..... ... ... . . ... .. ... ... ...

... ... ... ... ... . . . ..... ... ... .... .-. ... . . . . . .

. . . . . . . ... ... ... ... ...... ... ... . . .
, . .. . .. . . . ...

. . . .
. ... ... ... ... . . . ..... ... ... .. .. ...

! .. ... . . .

... ... ... . . . ... ...... . . . ... . ... ... . . . ..... ...,

. .
- ... . . . . ... ... ... ... .... . . . ... ... ... . . . . . . ...

! . . . ..
.... . . .. ... . . . ... . . .

... ... . .. ... ... ..
.. ... ... .

. .. .....
.

.. .. ...
.

.. . . . ..... . ... ... .. ..
... ..... ... .. ... ... . . .... .. . . . . ...

... ... . . . ... ... ..... ... . . .
..
. . . - ~ ... ... ... ... . . . . . ... ... ... ... . . . ... ... ....

. . . ... ... ... ... .. . . . .. ...
. ... ..... ....

... .. .. . ...
... . . .

. .. ... .. .

. . . .... ...
.. .. ..

.

.
.. .. .. ... ...

! ..
- ... ... ... ... ... . . .. . . ... ... .... ... ... ... . . . ... ... ... ... .... . . ... ... ... ...

.. ... ... ... ... ... . . . . . . ... . . .< . .

.. .. . . . . . . ... .. .. ... . . .
. - - .. . . . . . . . ... .. ... .

..

t . .

.. .. .. .. .. .. ..... ... . . . ... ... . . .. . . ... ... ... ... ......

. . . - .... .. .... ... ...... ... .

.. . . . .. .. .. ..
. .

-

...-. .. .. .... .. . .. .. ...
.

... . . . . . . . . . . .. ..

. ..

. . . . ... ... .. ... ... ... . . . ... ... ..

.... . . . . .... ... ... ... ...... ... ...
.

. . . ... ..
.... .. ... ... ... ... ... .... . . . . . ..

. . . . . .... ... ... ... . . . ...; = .. ... ... ...
..

.. . . .

.. ... . . . . ..... ...

;- -- .. . ... ... ... ... ... ... ... ... ... . . .... ..... ...r
. . . .... ...

. . . . . .
... .. . . . . . .. ..

.. . . . ... .. ... .

. . . ... .....

. . . . . . . . . ... ... . . .
... . .. .

...
..

. . .. . . ....
... ..

. . .... ...... ... .. ... ..
. . . ... ... ... . . . . . . . . . ... ... ...... ....

.. . ...
...
.

. . ...-- ... ... ... . . . ... ... . . . .. .... . . .... .
...

.... . ... . . . .
... . . . .. .. .. ...-

...... ... . . . ... ... . . .... . . . . . . ..... . . . .....-

...... ...... ... ... . . .
.... ... .. . . .

| - .. ... ... ...
..... ... ... ... . . .... .. . . . .. .... .. . . . . ... . . .

,

... ... ... ... ... .... . . ... . . . .. ...
, . . . . ... ... ...

. . . .. .. ... . . . . .... . ... .. . . . . . ., . .. ... ... . . .

.. ... .. ... ... .. . .. ..... . - . .. . . . . . . .. .. ... ..
-

. . . ... ... .. . . . ... .. ... ...

. . . .. . - . ... . . . . . . . ... . . . . . . . . . ;... ... ... . . . ... ... ....

- .. ... ... ... ... ... ... ... ... .... . . . ... ... . . . ...
..

. . .... . . . ... . . . . . ..
. . . . . . . - . . . . . . . . .

.

.. . ..... ... . . . . .... . ...
. . .. ... ... .

,. ... ... ..... . . . . . . - ... . . .. .... . . . - .. .. . . . ... ..
. . . ... .... . . . . . ... .. .. . . . ... . . .. . . . .:

. . . . . . ... ... .... . . . . . ...... ... . . . . . ... ... . . . . . . ...
... . . . ... . . . . . . .. . . . ... ..

... .
. ... . . . . . .

.. ... .. . . . .. .. .. . .. .. .
.. .. . . . ... .

. . . .. .. ..
... ... ... . . .. . . . .... ... . . .. .. . . . ... . . . . ... ...... ... ... .. . . ... .... ..... .. ...

... . . . ... ...
. .. ...... .. .. .. ... . . . . ..

..

. . . -
.

. . . . . . . . . . . . . . . . . . . . . . .. ... ...... . . . . . ..

. ... . . . ... ... . . . ... ... ... . . . ... .... ... ... ...
.. .. ... ... .. . . . .. . . - .. .. .. .. .. .. .. ..

. :-....
.

NUREG/CR-5505 E.24



. - . . _ . _ . _ . _ _

1

l
i

i
1

.

Appendix E l

)
.

i

!

i

rr.i s..,., . .
j. . . .

j
.. . . . . . ... . . . , . . , ... .. ... . . . . . . ....,,,.s'..... ..

= . . . . . , . . .
. . . . . . . . . . . . . . . . .

.
1

-- .

. .. : . . . ... ... .. . . , . ..
..

.. ..
. . .

.. , . ..
-

.. ., .. ... ... . . . . . .. . . .

. .. . ,. . . . ... .. .. ... . .. . . . .

- . . . .
. ,. . .J. . . .. ... .. .. .. . .. .. ..

. . .
.

... ... ... ;. . . .., ... . .. .. .... . . ..... .. .. ..... .

. . . . .. . . . . . ...... .. ... . . .., ... .. ..
....

.- . . . . . . .,. . .
.

.... . . . . . . . .
o... .. . . . . ... . . , . ..

... . >
. .

.. . . . .. !.... . . .. .. .

... . . , - ...
. .

.

. . . .. . .
.. ..,

.. - .. ..

..

- . , . . .. . . . . . .
.. . . . ..... ..

.... . . .. . . . . . . . . . .
. .. . .. . ...

. . . . . .. . . .
.

...
. .. . . . . . . . - .. ..

. . . . . . - ...
.

.... ..
.

.. . ...
... . ... .

. .

.

. . . . . . . . . ... . . . . . . . . ,.
.

.. .. ....... ..t. .

. . .2. . ... . . . ... ...... .. .... . .. . . . ...
... . .

.... .. ... ... . . . . ... ..

. ... ... ... ... ... - . . . .. ... . . . !
...... ...

.

.. ... . . . . . . . . . . i
.......

.i. .....t. ..... ... ... . . . . . . . . . 1
.... . , . .., . . . . .. . .. ...

.. . . . . . , . . . . . ... ... ... ... ... 1,
... ..... .. ... ..

. . , . . . .
.

.. . . . . .. .. ...
. . . .. ... . ... . .. . ...

..
.. .

.

...
. . ...

..
. . .

.

.

.. .. .. .. . .... ... ..6. . . . . ... ;
,

. . .
. . . . ... ... ... . . . ... ...... ... .. ....i. ..

...... . . . ... . . . . ... . . . ...... ... ... .. .... . .

... ... ... . . . . . . ... . . .
... ... ... ... .. ... . . . ...

. . . .
. ....

. ...

. . . . . ..... . . . .... .. ... ...... . . . . . . .. . . . ...
, ...

.....

... . . .. . ... . . . . . . .. .. . ..., .

...
.....

. . . . . . . . .
.... ...... . ..... . . . . . . . -

... ...
..... ... . . . .. ...... . . . . . ..

...... . . . . . ... -

.,. . . . .

... . . . ... . . . ... . . .
...... ... ... ..... ... . . .

... ... ... ... . . .
. . . ... ... ... ... ... . . ., ... . . . .. . . .... ... .... . . . - . . . ... ... .... ... . .. .... .

.

. . . . . .... . . . ...
...... ... ... ..

... ... ..... . . .

. . . . . . .... ... ... ... ... . . . . .
..... ... ..... . ... . . . ..

. . . . .... ... .. . .. . . . ..... ... ...
..

. . ..

. .... .. . . . .. . .. ... .. .... ... -

. . . . !

. . . ... . . . . . . ... . . . .... . . . . . .. .. .... ..
i... ... |

... ... .. . . . . ... ... . . .

... . . . ... ... ... ...
...

.

. . . .. . . . ... ... . . . . . ..

... ... ... .. . . ... .
... ... ... ... ... ...

. . . ... . . . ..,. ... ... - ... .... ...

. . . . .... .. . . ... ..... . .. ...
......

.., .. ... ... .

.. .. .. .... .. .. .. ...
. . ..-- . . .

.. ..

. . . ... ... ... ... . . ... ..
.. ... ... ... . ... ... -
.. ... . . . . . . . ... ... ... ... ... . . .. . . . . . ... .....

.. ... . . . . . . . ... . . . - ... . . . ... ... ...... ... ... ... ...
... ..

. . .
... .. .. . . . . . . .

... ...
- . . . .....

.. .. ... .

..
.. . ... ... . .. .... ..

.

. .... .....

... . . . . ... ... ... . . . .... . . . ... ....... . ... .. .
.

,. ... . . . ... ... ... ... . . .. . . .. ... .. ...

... .... . . ... ... .... . . . ... .. ... .

.. . . . . . . ... .

... ... ... ... .......
... - . . . . . .. . . . .. ... ..

. . . ... ... . . . .... - ... . . . . . . - . . . . ... ... . . .... ... ...
.. . . . ... ... ... ...

... . . . . . . . . .. . . . ...
. ....

.... ... ... ... . . . .... . . ... .... ... - ... .. ...
, . . - . . . . . . . ... ... . . . ...

... ... ... . . ... ... . . . . . . ...
... ... . ... ... . . . ... ... . . .

... . . . . ... ... ........
.. . . . . . . ... . . . ...... ... . . . . .... . . . . .... ...

... ...
.

. . . . . . ... ... ... . . .. . . ... ... .. .... . ....
-- ... . .. ... ... ... .. ...

... ... ..... .. ..... : .

,. . . . .
.

.. .. .. ... . ...
..... .. ...

. ... ... ...
.. ..

. ... ..
.. . . . . . ... ... ... ... ... .. ...

. . . ... ... ... ... ... .... ... .. .. . .. ...
. . .. . . . . . ... ... . . . . . . ... ...... ... ... .. ......... .. ... . . . ... . . . ... ... .... .. ... ... . . . ... . . .

.. ... . . .
.

. . .. . . . ... ... .... . . . . . ,.. ... ... . . . .. . . .
.. ... ... j

. . . ... ... . . . ... ...
... ... ... . . . . .. . . . ... . . .

. . .
. ... ... ... ... .. ... .. !

. . . . ...........
. ... . . . .. . . . .. .. . . . ... . . .. .. . . .

.. ..
.

. . . ... .... . . ... ... . . . . . .. . . . ... ... ... ...
... \

.

... . . .. . . ... ... ... .. . . . ... ... . . . ... ... ..

... ... i... ..... ... ... ... ... . . . ...... ... . . .,

.. ... . . . ... . . . ... ... . . . ... . . . . . . ... ..
. . . ...- . . . . . ... ... ... ... . . . . . . .. ... ..

. . . . ... . . . ... ... .. . . . ... ... ... ... .. .. .... . . . ... . . . ...... ... .... . . ... ... ... ... ... ... ...,. .. .. ... ...
... ... ... . . . .. . . . ... . . . . . . .....

.... , . . - ..... . . . .

.. ... ... ... ... ...... ... ... ...,. ... ..... .. ...

... . . . ... ... .... . . ... ...... ... ... ..... ... ...

. . . ... ... ... ...... ... ... ... ... ... ..... ... ...

. . . . . . .... . . . . . .... ... ... . . . ...,. . . .
... ... . . .

. .
. . ... ... ... .... . . ... ..... . . . . . . . . . ..... . . . . . .,

... ... ... . . . .... . . ... . . . . . . ... ... .... . . . . .,.

... ... ...... ... ... ... .. . . . . . . ... .... .. . ... ...
... . . . ... ... . . . ... .. ... ... ..... .... .. . . . . . .

. . .. ... .. ... .. ... .. ... . . . ..... . . . . ... .. . . .

. . . ... . . . .. ... .. .. . . . ..... ..... .... ..- . . . ...
... . . . ...... ... ... ... ... . . . ... .... . .. . . ...

. . . .. . . . .. . . . .... . . ... . ... ... ...
- . . - - ... . . . .

. . . ... ... .. ... ...
. . . - ... ... ... ... ... .
. . . ... .

... .. ... . . . .. . . .

, . . . ... ... ... ... . . . ... ... ....
... .. . . . ... ... .. .. ...

... ... . . . ... ... . . ... : ... ... .. ... ... . . . ... ... ...

... ... . . . ... . . .. . . - . . . - ... . . . ... .. ... . . . .. ... . . . ...
.. ... ... ... ...... ... .. ... ... ... ... ... ... ..

. . . ... ... . . .. . . : ... . . . . ... ... . . . ... . . . ..
.. . . . ... ... ... ... . . . . 1,... ... ... . . . . . . ... ... ..

. . . ... ... ... ... ... ... ...... ... ... . . . ... .. ... ...
.. ... ... ... ... ... ...
. . - .. ... ... ... . . . . . . ...

.

. . . . . . . . . ... ... ... . . .
... . . . ... .. ... ... 1

... . . .. . . ... . . . . ... .... ..

,

.

. .. .. . . .. .

... . . ... .. ... .. ..

... ... ... ... . . . - ... ... ... .. .. ... .......,

..

. .
.

... ... . . . ... ... ... . . . . . . ... ..... . . . .. ...

. . . . ... ... . . . . ... ... ... ... ... .... ... . . . ... ...
.. ... .. .. .. .. .. ..

.. ... .. ... .. ... ..

- ......
.

E.25 NUREG/CR-5505

- _ _ _ __



Appendix E

:mm.m...u
-

..a u.a u.u u.o u.a...u. .
-

... . .., . .

..u.u...........
. . . .

-. . . . .
u.. . . . . . . , ... . . , .., . . . . . . . . .. ., . . . ... , .,.

... ...,u... . ... . . . . . , ,..i... . . . . . . . . . . . . . . , . . .

. .u.m
.

u. ..
... m. .. ..., . . . ,... . . ... u.. u.. u.i u..

. . . ... ... ., ., . ... ... ....

. . . . . .
.

.,
.. . ... u. .. u... u. . .. .

....u. ... ... . ... . . . . . .u.. ... . . . .. .. .. .. .. ......

... ... . .

... ...
u.. .. ... u.. ..

,. . . . .. ..
...

...m.u.,..,... ... . u..i u. .. u. . - . . . . .

... ... . ... . . . . . . . . . .
.. . .. .. ... .... .... .. ..

. . . . .. . . . ..
.. . . . . . ..... . .. .. ..

... u ....

. . . .. ..
. . .

... .

. ... .. . . . - . . . ... ...
..m

nn .. .n ..... .......,u.o ... .... ....
... ... ... ... ... ... ..... . . . . . . . . .u. . .

.u ..u... ... ... ... ... ... ...... .. .. .. ... ... . . .

.
... ... ... ... ... ..... .. . . . .. ... ... ... . . .

u.
.. ... . . . ... .. .. . . . .. ... ... .. ... ... ..u ** '* *' *' **

* * ' . a' .'*. ' . * . a. *.
,

r- ' ~~.a ' . * . -
*a '..a *'

.. ... . ... ... ... ... . . .. . . ... .. . . . ... ... ... ... .. ...n . . . ... . ...

... . . . .... .. ... ... ...
. . . ... ... ... ... . . . ... ...

... ... .... .. ... ... ...
. . . ... ... . . . . . . ... ... .. . . .

... ....._ . . . . .....u.... .. ... ... ... ... ... ... .. ...
. . . ... ...... .... . . . .. ... . . . ... ... ... .. ...

...... ... .. ...

... .. .... ... ... ... .. ... .. .
..... ... ... .... ..

. .. ... . . - ... . . . . . .... ... ... . . . ..... . . ... . . . . . .. . .

...... . . . ... .. .. ...
... .... .. .. ... .. ... ..

... ... ... ...... ... .. .. . . .
. . . . .. . . . ... ...

. ... ..... ... .. . .. .. .. . . .
... .. . . . ..n ..
... . . . .. . . . . ... ... .. . . . ... ... ... ...... .... ..

.... ... .. ... . ... .. ... ... .. ..

.. ........u..... ... ... ... . . ... ... . . . ... . . . . . .

.n -

... ... . . . .... ... .. . . . .... .. .. .. .... .. ...
.... ..

.

.. .. .... .. ..
. ... ... ..... . ...

.. . . . . .... ....... ..

.. . . . ... ....... . _ . ... .. ..
..... ..u ... ... ... ..... ..

. . . ... . . . . ... .... . . - . . .... ... ... ... ... ...... .... ...
. .. ... ... .. ... ... .. ...

.. ... . . . .... .. .. . ... ... .... . . _ . . . . ...... ... .... . . ... . . . ..... . ....

. .
. . . ..... ... ... ...... . . . ... ... ... ... . . .......... ...

. . . . . . ... ... ... ... ... ... ... ... .... . . .... ...

... ... ... ... ... ... ... . . . ...... .. ... .... .. ...

... . . . ... ... ... ... . . . . . . ...... ... ... ... ..
... .. . . . ... .. ...

. . . . ... ... ... . . . ... ... ....
... ... ... ... ... ...

... . . . ... . . . . . . ... ... . . .... .. .. .. . . .

... . . . ... ... ... . ....... ... . . . ...
. . . ...

.... ... ... ... ...... .. ... ..
. . . . . . . .. .....
. . . ... ... .. ... ... ..

. . . . . . . . ... .... .... ... ..
. . . . . . .. . . . .. .. ... ..

... ... .... . .. . . .

... ... .. . . .- . . .. . . . .. ...... . . . ..
.. .... . . ... ...

. . . ... . . .. ... ... ... ... . . . ...... . . ..

... . . . .. ...

.. ... ... ... ... . . . .. .... ... . . . ...-
... ... . . . .. ...

... ... ... ... ... ..... . . . ...

.. . . . ... ... . . . ...
. ... .. . . .

. ... ..... ... .. .. . . .. .. . . .
. . . .. ..... . ... ... ... ... .. ...

.. ... ... ... ... .. ... . . . ...

. ... ... ... ... ... .... ...... ... ..... .. . . . . . . . . . . . . .. ... .. .....
... ... ... ... .... . . .. ...... ... . . . . . . ... ...., . . . ... ...

... ... ... ... ..... . . . . ...

. . . . . . .
. ... . . .

. .
. - . . ..

... ... .. ...

. . . . ... . . . ... ....... .... . .. . . .
.

. ... .. ... . .. ...

... ... - . . . ... .... . . ...

.... . . . . . . - ... ... . . . . . . ...
. . . . . . . . ... ...

... ... . . .. .. .
... ... ... .. ...

... ... ... ... .... . . . . . . . .
.... . . -

... . . . - . . . .. ... ...
. . . . . . . ... ... .... . ... ... . . .. . . . ~ . . . . ... ...

... . . . . . ... . . . ... . . .
. . ... .... ... .. ... ...... ...... . . . ... ... . . . ... . . ..._. ... ... ... ..... . . . ... . . . . . . ... ... . . . -

. . . ... ... . . ..
... . . . . . . ... ... . . . . . . .. ... ... ...

... . . . ....,., - ... ... ... ... . . . . . . . . . . . . .. ...

... . . . - ... .... . -
... . . . ... ... ... ... ... . . . .. . . .

. . . ... ... . . .. .. .. .. ... ... . . .
. . . .. .. ...... . . . ... ... ... . . . . . .

.....
. ... . . . . . . . . . ...

. . . ... ... .

.....

... . . . . . . . ... .. .. .. . . .. . . . . . ... . . . . . .
..... . . . ... .. ...
... . . . . . . . ... ... ... .... .. ... ...

... . . . ... ...

. . . - ... ... ... ... ... ... ..... .. ...
... . . . . . . . . . .. .. . . .

. ... . . . ... . . . ......
- ... ... ... . . . ... ... ... ... ...

. .m ... ... ... ... ...... . . . . . . ... ... . . . . . . . . .

. . . ... ... . . ..,,. ... ..
. . . . . . ... ... . . . ..... ... .. ... ... ..... . . . . . . ... ...

. . .. . . .. ... .. . . . . ... ... .. ... ... ... .. ...
.. . . .

. . .. . . . . . ... .. ... .. ... .. .. . .

..... .... . . . ... ... ... .... ....... . . .. ... . . . .. .. ..... .... ... . . . ..
... . . . ... ...

... .

. . , . ... ... ... . . ... ...
. .. .. . .. .. ...

.... ...
. . .

. .. . . ... . ...... .. ... .. .... ..... .. .. .. . . . ... ... .
. . ...

...... .
.-.. ... ....- . .

. ........ .. .. .. .. ... ... .

. ... ...
. ..

... . . . ... ...
..... . . .. . ... ...

... . . . ... .. ... . . .. . ... . ... ... ..
... ... . . . ... .... . . ... ... . . . ... ... ... ........ ... . . . . . . ... . . .

... ... ... .... . ... . ... ... .. .. ... ... . ...
.. - - - ... ... . ...

. ... . . .
.

. . . ... .
.. . . ... . . .

.

..-
. .. .. ,

... .. ... ..
. . ... ..... . . . ... ..

.. ... .. . . . . ... . .. ..
.... .

. ... ... ... ..... ... ....
.. . . . .. . . . .... . .. . . . . .

... . . . ... .... .c -- ... ....

... ... ... ... ... ... ... ... .... . .. . . . . ... ...
... ... ... . . ....... ... ..

... ... ... ..... . . . . ...

. . . . . . . . . . . . . - . . . ... ... .... . ... .. . <... .. ... ... .... . . .. ... .... ..
.. .. ... .. .... . . .

. . . . . . ..
. . . ... .. ... ... .. .. .. ... ..

. . . . ....
...

..

. . .
. . . . . . ... ... ... ....

...
.. .. . . . .

.. . . .. ... .. .. . . . .. . . . ... .. .. .. ...
.

. - . . .
-

NUREG/CR-5505 E.26

----

. -.

_



Appendix F

Guidance for Users of RR-PRODIGAL



.
.. _ _ _ _ _ _ _ _ _ _ __ _ _ _

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. ~-NNL, and
through discussions with the technical staff at RRA.

F.2 Help Menus

ne 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 leamed 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 menus
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 vessel-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 ofindividual welds.

F.4 Welding Processes

ne RR-PRODIGAL code permits only one welding process per weld. Derefore, it is not possible to simulate a submerged
arc weld which has been repaired using shielded metal (manual) are welding. However, the effects of repair welding can be
estimated by performing the weld simulation 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.

F.1 NUREG/CR-5505
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F.5 Number of Start / Stops

The input to RR-PRODIGAL asks for the number of weld start / stops. This input specifies the number of stop/ starts per
meter of weld, rather than the number per weld bead. The submerged are process would typically 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.
1

F.6 Types of Flaws AddressedI

RR-PRODIGAL only addresses flaw types that have structural significance. For exaraple, 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 differentiate 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. ne flaw data for the PVRUF vessel as presented in Appendix D
illustrates how large numbers ofinsignificant small flaws (with depths ofless than 2 to 4 mm) can be present in welds.

F.7 Base MetalFlaws

ne RR-PRODIGAL code does not 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
Laboratory (ORNL) of a 10:1 ratio between the densities of weld 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 impact on structural integrity. The PNNL examinations of the PVRUF vessel indicate that weld repair
of base metal regions is the most likely mechanism for producing larger flaws v-ith radial orientations in plate and forging

components.

F.8 PredictedFlaw Attributes

ne oatput 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 vesselinner 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. He equations and parameters used by RR-PRODIGAL to generate all attributes associated
with the simulated flaw distributions are described in Appendix A. His information offers the reader insight into the

detailed characteristics of vessel flaws.

NUREG/CR 5505 F.2

_



-. _. . . . .. .. .

Appendix F

F.9 Forward Propagation Model

The RR-PRODIGAL weld simulation includes a model for predicting the " forward propagation" of flaws. This model is
based on estimates of conditional probabilities that a flaw-generating mechanism will occur in a weld pass, given that it has
already occurred in the prior weld pass. 'Ihe alternative is for an initiated flaw to be confined to a sin ,le weld layer. When-r
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 weld 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 shock
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 component). 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 ofless 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.

F.3 NUREG/CR-5505
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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
dimension 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 UltrasonicInspection
i

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
simulate 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 ths.t detection probabilities fy surface examinations can be very high (e.g., greater than 99 percent).

F.18 Amount ofInspection

His 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 obstmetions that prevent access to the welds.

F.19 Repairs of Detected Flaws

ne 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 somewhat underpredict
the actual number of smaller flaws in welds.

NUREG/CR-5505 F.4
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F.20 Machining

ne operation of machining is defined as any operation that removes material from the as-welded surfaces, which includes
grinding. The vessels ofinterest 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
defects that were previously confined within the weld beads. On the other hand, the effectiveness of surface inspection is
greatly 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 develeping
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, his 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. He 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. Herefore, 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

f

F.5 NUREG/CR-5505

- _ _ _ _ _ _ _ _ _ _ _ .



_ _ ____ _ ,

Appendix F

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.

1

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 asscciated with the finite number of Monte Carlo 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 diffwult to adequately fit a Weibull distribution over the full range of flaw
sizes. The quality of the derived fits was particularly poor in the tail regions that describe larger flaws.

F.26 References

Simonen, F. A., K. I. Johnson, A. M. Liebetrau, D. W. Engel, E. P. Simonen. 1986. VISA-II-A Computer Codefor
Predicting the Probability ofReactor Pressure Vessel Failure, NUREGICR-4486, PNL 5775.
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Appendix G

Installation Guide for RR-PRODIGAL

This document serves as a guide to the installation 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:

OPENWTNDOWS3
64MB RAM memory
100MB disk space
Colour or grayscale monitor

G.2 Installation

PRODIGAL is available 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 ue installed, e.g.,

cd/home

it 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.

G.1 NUREG/CR 5505
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(5) Enter the following command to extract the PRODIGAL installation script:

t
' tar xvf < device name> rr-prodigal. install

(6) Run the installation script, i.c:

rr-prodigal. install

(7) Answer the questions asked by the script (such as location and device name). Answer "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 .cshrc) by typing:

rr-prodigal &

G.3 Trouble-Shooting

(1) If you cannot access the insta!!ation 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,tp disk space in the partition you are using. Check you have permission to create files.

(3) If PRODIGAL willnot execute:

If the tr 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 installation path does not exceed 30 50 characters

11. 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.

NUREG/CR-5505 G.2
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<instauntion location >

___q__q_J r-- r- l
dern tions twip input output repository mm

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 allexecutables
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.

This 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.

G.3 NUREG/CR-5505
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