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Abstract

This report describes the methodology and results for development of performance demonstration tests for eddy
current (ET) inspection of steam generator tubes. Statistical test design principles were used to develop the
performance demonstration tests. Thresholds on ET system inspection performance were selected to ensure that
field inspection systems would have a high probability of detecting and correctly sizing tube degradation. The
technical basis for the ET system performance thresholds is presented in detail. Statistical test design calculations for
probability of detection and flaw sizing tests are described. A recommended performance demonstration test based
on the design calculations is presented. A computer program for grading the probability of detection portion of the
performance demonstration test is given.
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Executive Summary

Statistically-based performance demonstration qualifica-
tion tests have been developed for eddy current (ET)
inspection of steam generator tubing. The purpose of
the performance demonstration tests is to provide a
mechanism for determining which ET inspection sys-
tems conducting inspections in the field can reliably
detect and size all of the known forms of tube damage
that occur in operating steam generators. For this work
the goal of steam generator tube inservice inspection
was to identify most or all of the defective tubes which
could fail during reactor operation. An extensive data
base on the failure pressure of degraded steam genera-
tor tubes as a function of flaw type and size was utilized
to define a defective tube as one with degradation =
75% through-wall. Information from a study on the
reliability of ET systems to detect and size service-in-
duced tube degradation, coupled with results from an
effort to develop and evaluate the effectiveness of inser-
vice inspection sampling plans was used to establish
thresholds on probability of detection (POD) perfor-
mance, flaw sizing accuracy, and false call rate. The
performance thresholds were selected so that a passing
ET system would have a 90% probability of detecting
and plugging a defective tube, assuming the tube was
inspected, and the plugging limit was 40% through-wall
degradation as measured by the ET system. Thresholds
were also established for degraded, but not defective

tubes, because current and proposed inservice inspec-
tion sampling plans rely on detection of degraded tubes
to trigger additional inspection, and to call attention to
conditions which may require corrective actions to
mitigate additional tube damage. The POD, flaw siz-
ing, and false call rate performance thresholds were
used in statistical test design calculations to determine
the appropriate number and size distribution of flawed
steam generator tube samples that would be needed in
a steam generator tube bundle mockup to ensure reli-
able ET inspection system performance. Binomial
calculations and Monte Carlo simulations were per-
formed for mockups containing different numbers of
flawed tube samples to determine the probability of an
acceptable ET system failing the test and conversely,
the probability of an unacceptable ET system passing
the test. Limits were established so that ET systems
possessing acceptable performance characteristics would
pass the test a high percentage of the time but ET
systems with unacceptable performance characteristics
would have only a small chance (< 5%) of passing.

For the POD test a mockup of 360 flawed tube samples
composed of all relevant flaw types would be needed to
meet the performance goals selected. For the flaw
sizing test only about 170 flawed tube samples would be
necessary to establish acceptable sizing performance.
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1.0 Introduction

Eddy current (ET) inservice inspections of steam gener-
ator tubing are routinely performed as an element in
the overall defense-in-depth strategy for ensuring the
structural and leak-tight integrity of the reactor coolant
pressure boundary. The main objectives of these in-
spections are to detect evidence of tube degradation so
that corrective action(s) may be taken to mitigate tube
damage, and to identify most or all degraded tubes that
could fail before the next inspection. To attain these
objectives a reliable inservice inspection (ISI) must be
performed.

To ensure the reliability of these ISIs, a performance
demonstration qualification test has been developed. A
performance demonstration test should duplicate (as
closely as possible) the conditions that would exist for
the ET systems in the field on real steam generators.
For this report, an ET inspection system was taken as
the ET personnel, equipment, and procedure in combi-
nation, During the performance demonstration test, the
ET system should have no more information available
than in the field. The ET system should inspect tubing
containing realistic flaws and should be graded on how
reliably flaws can be found and sized. The test should
not be designed to evaluate intermediate steps in the
inspection process, but should concentrate on the ulti-
mate outputs, proper flaw detection and sizing.

This report describes the methodology used for devel-
oping a performance demonstration test based on statis-
tical design principles. Implementation of a perfor-
mance demonstration test based on these statistical
design principles will help to ensure that field inspec-
tion systems have a high probability of detecting and
correctly sizing tube degradation. The first step in the
development process is to formulate the basic perfor-
mance demonstration objectives as hypotheses tests of
the form:

Hy: The ET system is unacceptable
versus

H,;: The ET system is acceptable

Statistical design calculations can then determine a
proper pass/fail threshold and the most efficient grad-
ing scheme for the hypothesis test.

Although this general strategy is quite straightforward,
several important issues have to be resolved before a
workable test is actually constructed. These issues
include:

1. How should ET system performance (or
reliability) be quantified?

2.  What performance "thresholds" should ET
systems exceed to be considered qualified?

3. How is a test constructed to ensure with a
high level of confidence that ET systems
exceed the selected performance thresholds?

The above list of issues produces a framework for the
construction of a performance demonstration test.
Information relating to the first issue is contained in
Section 2 of this report, the second issue is addressed in
Section 3 and the third issue is addressed in Sections 4
through 6. It is important to note that before a statisti-
cal test for performance demonstration can be con-
structed, these issues must be resolved. To construct a
statistical test, one must describe the test objectives in
quantitative terms. Related to these issues is the mat-
ter of measuring test performance (as distinguished
from ET system performance). Statisticians have stan-
dard measures for evaluating the performance of a test
(called Type I and Type II errors). Consequently, after
a workable test has been constructed and effort is di-
rected on improving the test or determining the appro-
priate sample size of the test, it becomes important to
calculate Type I and II errors for the prospective tests.
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2.0 Quantification of ET System Performance

A reliable ET inspection system must perform two
tasks, it must detect flaws a high percentage of the time
and then accurately size them. Because of this, evalua-
tion of detection reliability is usually separated from
sizing. Detection performance is quantified by means
of a probability, which is most commonly called proba-
bility of detection (POD). Sizing performance has
typically been quantified in a less standard manner.
Generally speaking, sizing performance is usually de-
scribed by some sort of regression model which relates
true flaw size to measured flaw size. Parameters, de-
fined in terms of this regression model, are then used
to measure sizing performance.

2.1 Probability of Detection

Probability of detection is defined as the probability the
ET system will detect a flaw of a certain size, s, and is
denoted by POD(s). With the use of POD, an ET
system’s performance can be summarized by a curve, as
illustrated in Figure 1 below. This POD curve com-
pletely describes the two types of errors an inspection
system can make during the task of detection. A "sig-
nificant” flaw may be missed or good material may be
called flawed. If C, is the size of a significant flaw,
then 1-POD(C,) represents the chances of commit-
ting the first error, while POD(0) represents the chanc-
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Figure 1. Example POD Curve

es of committing the second error (i.e., the false call
probability = POD(0)).

Inspections will produce binary data which can be used
to estimate the POD. For example, the points dis-
played in Figure 1 represent binomial data obtained
from inspections. Each point in this figure represents
estimated POD for a collection of flaws grouped over a
10% size interval. Such data can be fitted to any para-
meterized family of curves as the points are in Figure 1.
In Figure 1, the points have been fit to a logistic curve,
perhaps the most popular type of curve used to model
POD.
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Figure 2. Ideal POD Performance

POD curves can be used to easily describe acceptable
inspection system performance. This concept is illus-
trated schematically in Figure 2. Ideal inspection per-
formance is represented by a step function as illustrated
in Figure 2. For this step function, POD = 0 for flaws
of no interest and POD = 1 for flaws of "significance."
An inspection system with an ideal POD curve will
never make a mistake; no false calls will be made and
no "significant" flaws will be missed.

In the case of steam generator tube inspection, it is
important to note that “"significant" flaws are not just the

ones large enough to threaten tube integrity. Detection
of flaws smaller than the “critical" size is important
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because steam generator sampling strategies rely on
detection of tube degradation at an early stage to aid in
identifying defective tubes. (The term “critical’ in the
context of this report refers to a flaw severe enough to
cause failure of the tube by leak or rupture. Failure
could be by growth of a flaw through the tube wall
resulting in a small leak, or failure could be by ruptur-
ing of a tube resulting in a large leak. Leaks of any
size were considered sufficient to classify a tube as
failed.) For example, U.S. NRC Regulatory Guide 1.83
(U.S. NRC 1975) and the most recent edition of the
EPRI Inspection Guidelines (EPRI 1992) have criteria
which trigger additional inspection when flaws less than
40% through-wall (TW) are detected. The rationale for
this strategy is that detection of flaws less than the
plugging limit indicates the presence of a problem in
the steam generator. Depending on the numbers of
degraded tubes discovered, additional inspection may be
required. Further, the location of all degraded tubes
must be recorded and these tubes included in the sam-
ple set for the next inspection. This strategy is based
on the idea that detection of tube degradation below
rejectable limits calls attention to a potentially signifi-
cant condition that needs to be followed and aids the
process of identifying tubes with rejectable flaws by
causing more tubes in the steam generator to be exam-
ined.

In order to specify POD curves that are "acceptable”, it
is therefore natural to designate a region that is “"close”
to the ideal step function as illustrated by the dotted
lines in Figure 2. POD curves that do not fall within
this region would be considered unacceptable and any
system that has such a POD would be considered un-
qualified.

Difficult compromises are involved in the determination
of this region, however. The more stringent it is made,
the more likely that no existing inspection system can
satisfy its requirements and the more likely resources
will be required to develop new detection techniques.
On the other hand, the less stringent it is made, the
greater the post-inspection tube failure probability.
Since the purpose of ISI is to catch flaws before tube
integrity is threatened, it is important for field inspec-
tion systems to exhibit POD performance as close to
the ideal POD behavior as possible. This is needed to
minimize the probability for tube leaks and ruptures,
which could affect steam generator safety and reliabili-

ty.

NUREG/CR-6227

2.2 Flaw Sizing Regression Model

Sizing performance is generally evaluated through a
regression model. Most commonly, flaw sizing is as-
sumed to obey a regression relationship of the form:

M@) = By + By, + ¢ 6

where M(t;) represents the measured size of a flaw with
true size t;. According to this regression model, mea-
sured and true sizes are related to each other in a
linear manner as defined by the parameters 8; and 83,.

The error term e; is assumed to be a normal deviate
with mean 0 and constant standard deviation of o.
Although these assumptions are not often explicitly
stated, they are necessary if the regression results are to
give an adequate description of sizing performance.
With some sizing procedures, the error distribution is
skewed, and the shape of the distribution is dependent
on flaw size. The error distribution for small flaws
typically has a heavy right-hand tail while the situation
is reversed for large flaws. In other words, small flaws
tend to be oversized while large flaws are typically
undersized.

Ideal sizing performance should fit a regression model
of the form:

M) = 0 + 1x, @

In other words, ideal sizing performance exhibits 8; =
0, B, = 1, and o = stdev(e) = 0. Therefore, acceptable
sizing performance should fulfill the following criteria:

1. o should be suitably small.

2. B, = 0and B, = 1 so there is little bias in
the measurements.

3.  The linear regression model should be a
reasonable description of the data.

When the sizing data does not fit a linear regression
model, this must be considered unacceptable perfor-
mance. This may result in a non-linear relationship



between the true and measured sizes or a non-normal
error distribution.

A single parameter known as the mean-square-error
(MSE) can be used to ensure that all of the above
requirements for acceptable sizing performance are
met, In fact, if one requires that mean square error is
less than c?, that is,

MSE(®) = EM@) - 1P < ¢? 3

then the following bounds on the regression parameters
must hold:

1. o<ec
2. By<cand
3. |B,-1] < ¢/t

The MSE is therefore a very concise parameter for
specifying acceptable sizing performance. In order to
provide a reasonable requirement for sizing perform-
ance, one should only require a low MSE for flaws in
the range from 10% to 100% TW. When flaws are
smaller than 10% TW and very difficult to size, it could
be an unreasonable requirement for ET systems to
produce a low MSE..

2.0 Quantification of ET System Performance
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3.1 Degraded and Defective Tubes

As discussed in Section 2.0, a reliable ET inspection
system must detect and accurately size "significant”
flaws a high percentage of the time. In addition, an ET
inspection system must also possess acceptable reliabili-
ty to detect and size smaller flaws which are not "signif-
icant” but which serve to call attention to conditions
which may require corrective actions to mitigate further
tube damage. In this section definitions of degraded
and defective tubes to provide the basis for establishing
the ET system performance thresholds are given.

A defective tube is one which contains a flaw of such
severity that the tube is unacceptable for continued
service at the end of the next operating cycle. A de-
graded tube is one which contains a flaw of lesser se-
verity than a defective tube. For this work a defective
tube was defined as one with TW degradation severe
enough to cause tube failure under main-steam-line-
break loading conditions. To determine the flaw severi-
ty which would result in a tube being classified as defec-
tive, test data on tube failure pressure as a function of
flaw size and geometry were utilized.

Relevant failure pressure data have been published by
Alzheimer, et al. (1979) and Kurtz, et al. (1988) on
mechanically and chemically flawed specimens of
Inconel 600 tubing. Three types of flaws were used to
simulate known or postulated defects occurring in oper-
ating steam generators. Electro-discharge machined
(EDM) slots or stress corrosion cracks (SCC) were
used to simulate crack-type flaws, mechanically or
chemically-induced uniform thinning to simulate general
wall thinning, and mechanically or chemically-induced
elliptical wastage to simulate localized wall thinning.
Tube specimens were burst and collapse tested at steam
generator operating temperatures under controlled
loading conditions. Three sizes of Inconel 600 tubing
used in the United States were tested, as well as three
different strength levels of a single tubing size. In all,
more than 600 specimens were tested. From the data,
constitutive equations were developed relating tube
failure pressure to flaw size and morphology. The
constitutive equations were initially developed from the
failure pressure data obtained from tubes with
machined flaws. These equations were then validated
by tests run on tubes with chemically induced flaws. A
final validation of the constitutive equations was then
performed by conducting burst tests on tubes with

actual service-induced flaws that were removed from a
retired steam generator. The equations developed for
burst loading conditions were the following:

For EDM slots:
AP a  a -0.373+L
— = 1 —_— o - e 4
APo t t exp{ ‘/_lh‘ } ( )

For mechanically and chemically-induced uniform thin-
ning:

- —0.142+L

AP [1 B} g]{‘ = )

AP, t

o

For mechanically and chemically-induced elliptical
wastage:

AP a2
- [1-2 6
s~ [] @
where
AP _ ‘ratio of defected/undefected (normalized)
AP, tube burst pressure
a = defect depth
t = wall thickness
R = inner radius of tube

L = defect length.

Figure 3 gives a plot of Equation 4 as a function of slot
length for three fixed slot depths. The plot was gener-
ated for tubes with nominal dimensions of 0.875 in. OD
by 0.050 in. wall thickness. The data points shown are
the normalized burst test data for 0.875 x 0.050 tubing.
Note the decreasing influence of slot length on normal-
ized burst pressure for slots greater than = 0.8 in.

Note scatter of the data points about the calculated
lines is due, in part, to variation in slot depth for a fixed
slot length. Figure 4 shows a plot of Equation 4 for
constant slot lengths. The same burst test data shown
in Figure 3 were plotted in Figure 4. Note that for long
flaws (= 1.5 in.) the data points indicate the burst
pressure decreases lineatly with slot depth. For short
slots (=0.25-0.5 in.), the dependence of the burst pres-
sure on slot depth is linear with depth for shallow slots,
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Figure 3. Normalized Burst Pressure vs. Slot Length
for 0.875 in. OD x 0.050 in. Wall Thickness Steam
Generator Tubing Tested at 600°F. Lines are plot of

Equation 4.
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Figure 4. Normalized Burst Pressure vs. Slot Depth for
0.875 in. OD x 0.050 in. Wall Thickness Steam Genera-
tor Tubing Tested at 600°F. Lines are plot of Equation
4,

but then appears to fall off more rapidly with increasing
depth for slots greater than about 80% through-wall.

NUREG/CR-6227

0.8
] Uniform Thinning
2
o
& 0.6- Slots
B
3
[s¢]
2
% 0.4+ Elliptical Wastage.
E
S MSLB Prassure Differential

Y Y T T T T T T T i
0 20 40 60 80 100
Flaw Depth, %

Figure 5. Plots of Equations 4, 5, and 6, for 0.875 in.
OD x 0.050 in. Wall Thickness Tube. Flaw Length =
0.875 in.

The burst test constitutive equations were used to de-
velop a definition of an unacceptable flaw which was
used in the development and evaluation of ISI sampling
plans and performance demonstration qualification
criteria. Figure 5 shows a plot of Equations 4, 5, and 6
for an 0.875 x 0.050 tube with a flaw 0.875 in. long.
Note the length of all elliptical wastage flaws was al-
ways ~1.5 in. It is evident from this plot that an 85%
TW flaw represents an average depth for all flaw types
that would fail under main-steam-line-break loading
conditions (=2600 psi pressure differential). If a flaw
growth rate of 10% per operating cycle is assumed,
then a tube with an actual flaw = 75% TW flaw could
fail under main-steam-line-break loading conditions by
the end of the next operating period. This level of
degradation was used to define an unacceptable (i.e.,
defective) tube condition requiring tube plugging or
repair.

3.2 Information on ET Inspection Re-
liability

To guide the selection of POD and flaw sizing perfor-
mance thresholds, prior research results (Kurtz et al.
1990), on the reliability of ET inspection techniques to
detect and size flaws in laboratory and service-degraded
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tubes were utilized. The most extensive and realistic
ET reliability data base was obtained from round robin
examinations of the retired-from-service Surry 2A steam
generator. This section summarizes the salient results
and conclusions from that research effort.

In the Surry study four round robins, involving 25
teams, were conducted to determine the reliability of
conventional multi-frequency ET and alternative NDE
methods. To validate the in situ NDE results, more
than 550 tube segments were removed from the genera-
tor. Pitting and wastage were the predominant tube
defects found. The most severe pitting/wastage degra-
dation was located on the hot-leg in the region 0 to 2
in, above the top of the tube sheet (TTS) where TW
depths ranged up to 87%. Wide variations in the distri-
bution and depth of degraded areas were observed both
axially and circumferentially within the corroded region
of the hot-leg TTS specimens. These variations in
defect distributions were a major factor in the variabili-
ty of the ET depth estimates. In general, the TW depth
from pitting/wastage-type degradation in specimens
from other regions of the generator was less than 20%
TW.
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0.4

Probability of Detection
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0 20 40 60 80 100

Metallography Wall Loss, %

Figure 6. Average POD for Teams Inspecting Retired-
from-Service Surry 2A Steam Generator Using Zetec
MIZ-12/DDA-4 Equipment

3.0 ET System Performance Thresholds

Estimates of the POD were obtained by matching the
ET inspection results with data from both visual and
destructive metallographic analysis of the removed
specimens. For each "true flaw size" category, the
number of non-zero ET indications divided by the total
number of flaws in that size category was used as a
POD estimate. Results of these analyses indicated that
POD depended on flaw severity. The curve shown in
Figure 6 gives the average POD performance for seven
teams employing conventional Zetec MIZ-12 multi-fre-
quency inspection and DDA-4 analysis equipment. The
curve was based on metallographic measurement of the
maximum TW depth for defects from all regions of the
steam generator combined. It should be noted that
almost all of the data pertain to pitting/wastage type
defects and the estimated POD values may not be
appropriate for other forms of degradation, such as
stress corrosion cracking (SCC) or intergranular attack.
The oscillatory behavior of the curves is due to the
relatively small numbers of specimens in each of the
incremental TW depth categories.
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Figure 7. Individual POD Estimates for the Same

Seven Teams Used to Develop Figure 6. Curve is

90/90 Lower Tolerance Limit.

Figure 7 is a plot of the individual POD estimates for
the same seven teams used to develop Figure 6. The
curve in Figure 7 is an approximate 90/90 lower toler-
ance limit (LTL) for these teams. The teams are as-
sumed to be typical of the total population of teams
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performing IST; therefore, if each team in the total
population of teams performing ISI had inspected the
round robin tube set, we can be 90% confident that
90% of the individual team POD values would be above
the LTL. Note the portion of the curve extending from
65% to 85% TW depth is flat because the number of
specimens with defects in this range is not adequate to
provide a meaningful estimate of the LTL. Thus, the
LTL at 65% TW depth was extended as a conservative
approximation of the LTL for TW depths = 65%.
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Figure 8. Best POD Performance for Teams Inspecting
Retired-from-Service Surry 2A Steam Generator

100

As shown in Figure 8, an apparent improved POD
performance was observed for one team that employed
alternative inspection methods. The POD curve for this
team increased more rapidly at small flaw depths and
was higher above 40% TW depth than the POD curves
for other teams. This team employed specially devel-
oped frequency mixes to enhance the signal-to-noise
ratio and computer data screening techniques to mini-
mize the possibility of a missed indication.

Wide variations in the reported ET depth estimates
were observed between specimens with similar TW
depths and also within the same specimen for data from
different inspection teams. The team-to-team variations
for a given specimen appear to result from differences
in analysis procedures or the analyst’s interpretation of
the complex ET patterns. For the same team, the
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Figure 9. Typical ET Sizing Performance for Teams
Inspecting Retired-from-Service Surry 2A Steam Gener-
ator and Using Zetec MIZ-12/DDA-4 Equipment

defect morphology and distribution within the corroded
region was considered the major cause for variations
between specimens with similar TW depths. However,
dents and deposits near the defects also contributed to
the sizing variations. In general, teams tended to un-
dersize pitting/wastage type degradation, especially for
severely degraded specimens. Figure 9 shows the rela-
tionship between ET estimated defect depth and metal-
lographic results for a typical inspection team using
conventional multi-frequency inspection equipment and
procedures. The. best correlation observed is shown in
Figure 10. This team used alternative inspection equip-
ment and specially developed frequency mixes to aug-
ment their conventional inspection data to achieve
improved sizing accuracy and precision.

3.2.1 SCC Mini Round Robin

To supplement the ET reliability information obtained
from the round robins on the steam generator, an addi-
tional round robin was performed to provide informa-
tion on the reliability of ET techniques to detect and
size SCC (Kurtz et al. 1988). A tube bundle consisting
of tubes with laboratory-produced SCC of varying part
TW depths and lengths was assembled and sent to
several firms that routinely conduct ISI of steam gener-
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Figure 10. Best Observed ET Sizing Performance for
Teams Inspecting Retired-from-Service Surry 2A Steam
Generator

ators. Some of the tubes were coated with a 1- to 2-mil
nonuniform layer of copper to simulate the deposits
found on tubes removed from the retired-from-service
steam generator.

Each round robin participant performed a standard
bobbin-coil inspection with 100 kHz and 400 kHz fre-
quencies and any other frequencies of their choice.
Each was also asked to inspect the tube bundle with
any alternative technique desired. Typically, specially
designed bobbin-coil and rotating pancake-coil probes
were used for the alternative inspections.

Results indicated that the average POD of SCC by
conventional bobbin-coil and alternative inspection
techniques was low (see Figure 11). The average POD
for teams using conventional inspection techniques was
0.51. The average POD for teams using alternative
inspection techniques was 0.47, but for teams using
rotating pancake or array coil techniques, the average
POD was slightly higher at 0.63. The reliability of the
various ET techniques to determine SCC length and
depth was neither accurate nor precise. The alternative
inspection results did not show improved sizing capabili-
ty compared to conventional bobbin-coil techniques.

3.0 ET System Performance Thresholds
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Figure 11. POD Results for SCC Mini Round Robin

3.3 Evaluation of ISI Sampling Plans

Another significant consideration in the development of
performance demonstration qualification criteria is the
level of ET reliability needed to ensure the ISI sam-
pling plan is effective. In prior research work (Bowen,
Heasler, and White 1989), an evaluation and compari-
son of a number of sampling plans for ISI of steam
generator tubes was performed. This section gives the
significant results from this work.

The primary criterion for comparing sampling plans was
the probability of detecting and either plugging or re-
pairing defective tubes. For a single tube, the probabil-
ity of detecting and either plugging or repairing a
defective tube is a function of two other probabilities:
1) the POD, and 2) the conditional probability, denoted
by PEL, that the ET reading will exceed the plugging
limit. Both the POD and PEL are functions of the true
size and type of flaw. They also depend upon the capa-
bility and reliability of the ET inspection system.

The ET reliability data from the retired-from-service
generator were used to develop empirical models of
POD and PEL as functions of true flaw size for tubes
with pitting/wastage type flaws. Because multiple in-
spection teams were involved, the statistical modeling
yielded a range of estimated POD and PEL values for
each specified flaw size. These ranges of values were
utilized with probability theory and Monte Carlo simu-
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lation techniques to evaluate and compare several sam-
pling plans.

An analytical evaluation was performed in which it was
assumed that defective tubes tend to occur in clusters of
degraded and defective tubes. For this analysis a clus-
ter configuration consisting of one defective tube sur-
rounded by four degraded but not defective tubes was
assumed. This cluster configuration was chosen be-
cause it would be harder to detect than a larger cluster
or a cluster that includes more than one defective tube;
it should, therefore, provide conservative (lower bound)
results. Of course, in an actual generator, a cluster
could have a different shape and composition than were
assumed for this analysis.

Two systematic/sequential sampling plans were evaluat-
ed in this phase of the study. In these sampling plans
an initial systematic sample of either 20% or 40% of
the tubes was selected and each tube in the sample was
inspected. When an ET indication due to degradation
was observed, inspection continued in the region imme-
diately surrounding the suspect tube until a two tube
“buffer zone" consisting of tubes with no ET indications
was observed. Each tube with an ET indication exceed-
ing the plugging limit was considered to be plugged or
repaired. As a basis for comparison, 100% inspection
was evaluated; however, the analytical results for 100%
inspection did not depend on the clustering assumption.

Results of the analytical evaluation indicated that even
with 100% inspection, most teams that inspected the
Surry steam generator cannot detect and plug more
than 65% of the defective tubes present. Analysis of
sampling plans demonstrated that if the clustering as-
sumption holds, and if the POD for the degraded tubes
in the cluster was at least 0.7, then 40% system-
atic/sequential sampling was nearly as effective as
100% inspection for detecting and plugging defective
tubes. This was true for any PEL value. However,
20% systematic/sequential sampling was found to be
significantly inferior to both 100% inspection and the
40% systematic/sequential scheme. '

Monte Carlo simulation analyses were also conducted
to further evaluate and compare the effectiveness of
various sampling plans for detecting and plugging defec-
tive tubes. Tube maps representing several distribu-
tions of degraded and defective tubes were considered.
Two POD models, two ET sizing models, and one
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plugging limit were considered in various combinations
with the tube maps. This work has been described in a
recent report (Kurtz, Heasler, and Baird 1994).

There were six tube flaw distributions used in the simu-
lations. Figures 12 to 17 show the tube maps used in
the study. Tube maps 21 and 20 had 3 and 12 isolated
defective tubes, respectively. Tube maps 1A, 6A, 8A
and 13A had varying degrees of "defective tube cluster-
ing" (from low to high) and varying numbers of defec-
tive tubes (from low to high). The phrase "defective
tube clustering” refers to the number of degraded or
defective tubes surrounding a particular defective tube.
A range of defective tube clustering was considered to
test the dependency of sampling plan effectiveness on
the cluster assumptions.

Table 1. ET Sizing Models Used in Monte
Carlo Simulations

Ir T ~ T
Model | Bquation | .SD* | Description

1 14.5+046 (x) | 16 | Average
U.S. Team
2 12.6+0.68 (x) | 10 | Best Team

*SD = Standard Deviation

A comparison of the POD models used against the
average and best POD curves from the Surry round
robin study is shown in Figure 18. Table 1 presents the
relevant parameters of the sizing models considered.
For each combination of POD curve/ET sizing model,
25 applications of the various sampling plans were
simulated. Summary results were plotted for compari-
son.

Eight sampling plans were evaluated: 100% inspection;
the standard technical specification (STS); and six plans
consisting of the combination of sampling type (system-
atic or random) and initial sample size (20%, 33.3%
and 40%). It should be noted the initial sample size
and expansion rules employed by the STS sampling plan
are considerably different than the systematic sampling
plans summarized here. A more detailed comparison
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Figure 18. Comparison of Surry Round Robin POD
with Simulation Curves 4 and 5

of the differences is given in the recent report by Kurtz,
Heasler, and Baird (1994).The principal measure of
plan performance for detecting and plugging tubes was
the sampling plan effectiveness. The sampling plan
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Figure 19. Sampling Plan Effectiveness for Various

Distributions of Tube Degradation Using POD Curve 5
and ET Sizing Model 2
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Figure 20. Sampling Effectiveness for Various Distri-
butions of Tube Degradation Using POD Curve 4 and
ET Sizing Model 1

effectiveness was defined as the ratio of the average
number of defective tubes plugged to the total number
of defective tubes in the tube map. The effectiveness
parameter provided a means for comparing the plug-
ging capability of various sampling plans across the
different tube maps.

The results of the Monte Carlo simulations support the
conclusions reached from the analytical evaluation and
provide valuable additional insights. The average effec-
tiveness values for the systematic sampling plans (simi-
lar results were obtained for the random plans) along
with results for the standard technical specification and
100% inspection are presented in Figures 19 and 20 for
the best and worst combination of flaw detection and
sizing capability, respectively. When defective tubes
were grouped in one large cluster with degraded tubes,
all the sampling/inspection schemes were equally effec-
tive (except for the standard technical specification).
However, when defective tubes were isolated, then the
sampling plan effectiveness was approximately equal to
the initial systematic sample size. Thus, for isolated
defective tubes, large sample sizes were the most effec-
tive. For intermediate levels of clustering, large sample
sizes were more effective than smaller ones. There was
an indication that systematic sampling plans were better
than random sampling plans of equal initial size, but



this result was not statistically significant. Comparing
Figures 19 and 20 shows that improving the POD and
flaw sizing capability to the best observed in the NDE
round robins yielded improved effectiveness for all of
the sampling/inspection schemes.

3.4 ET System Performance Thresh-
olds

The purpose of the performance demonstration test is
to provide a mechanism to ensure that field inspection
systems (i.e. personnel, equipment and procedure) can
reliably detect and size flaws in steam generator tubing,
For this development effort the goal of steam generator
tube ISI was to identify most or all defective tubes
which could fail during reactor operation. The sam-
pling plan evaluation work indicated that a 40% system-
atic, sequential sampling strategy was almost as effec-
tive as 100% inspection for identifying defective tubes,
assuming some clustering of tube degradation. The
sampling strategy relies on two key concepts to achieve
this high level of effectiveness. First, a relatively large,
uniformly distributed initial sample is used to provide a
reasonable probability of finding isolated defective
tubes, and second, detection of tube degradation of any
severity triggers second-stage inspection to aid in find-
ing defective tubes which may be in close proximity. In
order for this sampling strategy to be effective, relative-
ly high flaw detection reliability is needed even when
degradation is < 75% TW.

Based on the above results, the POD curve denoted
"unacceptable" and shown in Figure 21 was selected to
define unacceptable POD performance. The defining
points for the unacceptable POD curve are listed in
Table 2. This particular unacceptable POD curve was
selected so that ET systems possessing performance
characteristics at or below the unacceptable curve
would fail the test a high percentage of the time, and
ET systems with performance characteristics similar to
the acceptable curve plotted in Figure 21 and listed in
Table 3 would pass the POD test a high percentage of
the time. A team with "acceptable” POD performance
would have a = 95% probability of detecting a defec-
tive tube (flaws = 75% TW) and = 90% probability of
detecting flaws = 40% TW.
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Figure 21. Base Case Threshold POD Performance
Characteristics

Table 2. Defining Points for Unacceptable POD

Performance
. “FlawDepth; % |1 G ¢
0 (Blank) > 0.15
20 <015
40 < 0.80
75 < 0.90
100 < 090

There are two mistakes that can be made when using
results from a performance demonstration test to deter-
mine the acceptability of an ET system. The first mis-
take is that an ET system is called acceptable when it is
really unacceptable. The probability of making this
type of mistake is called the Type I error. The second
mistake is that an ET system is called unacceptable
when it is really acceptable. The probability of making
this type of mistake is called the Type II error. The
probability of correctly identifying an acceptable ET
system is called the power of the test.
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3.0 ET System Performance Thresholds

Table 3. Defining Points for Acceptable POD
Performance

75 0.95

L 100 095 i

For this test, as with any hypothesis testing problem,
limits on the Type I and Type II errors are specified.
These limits and the pass/fail thresholds determine the
final sample size requirements. The acceptable and
unacceptable ET thresholds (given in Tables 2 and 3)
were used with a Type I error of 10% and Type II
error of 7% to determine sample sizes for 20%, 40%,
and 75% TW flaws. Sample sizes were chosen for 0,
20%, 40%, and 75% TW flaws so that the overall Type
I and Type I errors would be 0.01% and 25%, respec-

1.0

Plugging Limit = 40%

0.9+

0.8

0.7

Probability of Exceeding Plugging Limit (PEL)

0.5 T T T v T v
10 15 20 25 30 35

Root Mean Squared Error

Figure 22. Curve is Theoretical PEL vs. /MSE for
40% Plugging Limit and Defective Tube Defined as =
75% TW Degradation. Data points represent actual
performance of Surry round robin teams.
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tively. Monte Carlo simulations (described in Section
5), were utilized to investigate the actual Type I and
Type I errors and to see the effects on the error of-
using alternative acceptable/unacceptable POD curves
and sample sizes.

Similar thresholds were selected on the MSE to estab-
lish appropriate controls on flaw sizing performance.
Figure 22 gives a plot of the root mean squared error
(RMSE) versus PEL for teams participating in the
Surry round robins. The reader should recall that PEL
is the probability of a flaw being sized by an ET system
in excess of the plugging limit (40% TW) when the
tube is truly defective (ie., with degradation = 75%
TW). Also shown in Figure 22 are results of a theoret-
ical calculation of RMSE versus PEL. From this plot, a
value of RMSE = 20 was selected to represent unac-
ceptable sizing performance since this value of RMSE
would yield a PEL of about 0.93. In other words, ET
systems with RMSE = 20 should fail the sizing test a
high percentage of the time. A value of RMSE = 17
was chosen to represent acceptable sizing performance
since this would produce a PEL of about 0.96. The
sizing test was designed so that ET systems with RMSE
< 17 would pass the test a high percentage of the time.
It should be emphasized that these values of RMSE
were selected on the basis of a 40% TW plugging limit
and the definition of a defective tube given in Section
3.1. If another plugging limit is used then different
values of RMSE must be specified. The effect of plug-
ging limit on PEL as a function of RMSE is illustrated
in Figure 23. The results in this figure show that for a
constant PEL, the RMSE required decreases signifi-
cantly with an increasing plugging limit. For a PEL of
0.95 and plugging limit of 40%, the required RMSE is
about 18.2%. For plugging limits of 50%, 60%, and
70%, the required RMSE at the same PEL level are
13.0%, 7.8%, and 2.6%, respectively.

POD and flaw sizing performance characteristics were
selected so that a passing ET system would possess an
overall = 90% chance of detecting and plugging a
defective tube, provided the tube was inspected. This is
readily apparent since the acceptable POD performance
for defective tubes is = 95% and the acceptable sizing
performance is PEL = 95% which results in a joint
probability of detecting and correctly calling a tube
defective when the flaw size is = 75% of about 90%.
In addition, the POD performance of an ET system
likely to pass the POD test would be about 90% for
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Figure 23. PEL vs. RMSE for Various Plugging Limits

flaws = 40% TW. Sections 5 and 6 of the report pres-

ent the detailed statistical calculations

that were per-

formed to develop performance demonstration tests to

meet these design objectives.
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4.0 Recommended Performance Demonstration Test

This section describes the recommendations for the
performance demonstration test, including a description
of the number of tubes to be inspected, the distribution
of the flaw sizes, and the methods for grading the POD
and sizing performance of the ET systems. The statisti-
cal details that were used as the basis for this section
are presented in Sections 5 and 6.

4.1 General Structure of Performance
Demonstration Test

For a performance demonstration test, the flaw types
and locations should simulate those found in operating
steam generators. Specifically, the specimen set should
be unknown to the personnel taking the test in order
for the results to be indicative of ET system reliability.
An effective means for simulating the flaws and condi-
tions found in real steam generators would be to con-
struct a tube bundle mockup. Use of a mockup would
provide the needed flexibility for evaluating the reliabili-
ty of new NDE techniques and procedures. To be
realistic the mockup must simulate conditions which
affect ET inspection reliability such as steam generator
internal structure, tubesheet sludge accumulations,
deposits on tube surfaces, crevice deposits, and tubing
geometry variations.

The matrix of flawed tubes included in the mockup
should represent those flaw types and locations associat-
ed with known tube damage mechanisms such as:

(a) Wastage/Thinning

(b) Pitting

(c) Fretting/Wear

(d) Stress Corrosion Cracking initiated on either

the ID (PWSCC) or OD (ODSCC) of the
tube wall surface at various locations

(e) Intergranular Attack (IGA)
(f) Erosion-Corrosion
(g) Fatigue Cracking

Where appropriate, the mockup should combine flaws
with other conditions which affect flaw detection and
sizing reliability. The mockup should include, but not
be limited to the following conditions:

(a) Tube expansion transitions created by roll-
ing, hydraulic or kinetic, methods
(b) Tube bend transitions

Tube support structures and tubesheet simulations

(©
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(d) Antivibration bars or spacers
(e) Tubesheet sludge

Crevice deposits
Deposits on tube surfaces

®
(®

Since all flaw types can not be detected and sized with
the same degree of proficiency, it is appropriate to
weight the mix of flaw types contained in the mockup
toward the most difficult flaw type. This helps to en-
sure that passing ET systems should be able to detect
and size "easier” flaw types with equal or greater profi-
ciency than demonstrated during the test. Consequent-
ly, the majority of the flaws in the mockup should be
cracks representative of typical morphologies, orienta-
tions, and locations. Not only are cracks the most
difficult flaw type to detect and size accurately, but they
are also the most prevalent form of tube degradation
occurring at this time.

Table 4. Minimum Number of Flaws and Blank

Grading Units for Tube Mockup
Through-Wall Number of u
Flaw Depth, % Samples
0 (Blank) 100
10-30 60 II
31-60 9% |
6190 200 |
91-100 10 "

The recommended number and depth range of flaws to
be incorporated in the mockup is given in Table 4.
These numbers were derived to produce approximate
Type I and Type II errors of 10% and 7%, respectively,
for flaw detection at each individual flaw size. The
statistical basis for these numbers is described in Sec-
tion 5.

The length range for a given flaw depth and type should
bound the range of lengths observed in service-induced
flaws. The objective should be to produce a sample set
with a realistic range of flaw lengths. In addition, the
sample set should be designed to be a challenging test
for the inspection system. Toward this end, the sample
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4.0 Recommended Performance Demonstration Test

set should be weighted toward shorter rather than
longer flaws, unless a technical basis for including long
flaws exists. For example, flaws longer tha : the coil
spacing of a bobbin probe represent a difficult inspec-
tion problem due to low signal levels when the probe is
being operated in differential mode. A rationale exists
for including flaws of this type because they challenge
the ability of the inspection system and also decrease
tube integrity the most. In general, an acceptable
length range for most flaw types would be 0.1 inches to
0.5 inches with the caveats noted above.

Assessment of POD and flaw sizing reliability requires
knowledge of the true dimensions of each flaw. The
processes used for producing and sizing flaws for the
mockup should be validated (with respect to size) by
destruetive metallographic analysis of specimens. Since
it is impractical to destructively measure all test speci-
men flaws, the group of flaws incorporated in the mock-
up should be nondestructively characterized prior to use
for performance demonstrations. Destructive measure-
ments should be made periodically on a percentage of
the flaws to verify the accuracy of the techniques used
to provide the nondestructive flaw characterization data.

4.2 POD Test Grading Methods

As described in Section 1, the performance demonstra-
tion objectives must be formulated as a hypothesis test.
The hypotheses are defined in terms of two threshold

values. The form of the hypotheses for this test will be:

Hy PODgyp Sysmm(s) < PODy(s) for all flaw sizes
s >20% TW

PODEr System(o) > PODu(o) ftor blanks

versus

Hy: PODEgt gystem(®) > PODA(s)  for all flaw sizes
s > 20% TW

PODgt gystem(0) < PODA(0)  for blanks

The PODyy(s) identifies failing performance at each
flaw size s (see Table 2) and POD(s) identifies passing
performance at each flaw size s (see Table 3). The
blank specimens are considered to include a flaw of size
0 and dealt with in the same way as the other "flaws" as

NUREG/CR-6227
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a way of incorporating false call information into the
demonstration test. Systems with an unacceptable POD
should fail the test a high percentage of the time and
those with acceptable POD to pass a high percentage of
the time. The specifics of how to grade the ET system
and decide between hypotheses are discussed in Section
5, but are outlined in the following paragraph.

The ET system is graded by 1) estimating the POD
curve, 2) calculating 80% confidence limits for the
estimated curve (note the 80% confidence limit consists
of a +10% interval about the estimated POD curve),
and 3) comparing the lower confidence limit to the
threshold (unacceptable) curve, designated as PODy(s)
and shown in Figure 21. A passing POD curve is one
with a 80% lower confidence limit which is greater than
the curve shown in Figure 21 over the interval 20% to
100% TW. The POD curve and 80% confidence limits
may be estimated using the computer program
described in Appendices A and B. In addition, the
false call rate must be less than or equal to 12% to pass
the test.

4.3 Flaw Sizing Test Grading Methods

The sizing test is graded by calculating the root mean
squared error of the depth measurements. The mini-
mum number of flaws required is 170, and their sizes
should be uniformly distributed over the interval 10%
to 90% (with 10 of the total number of flaws being 91%
to 100% TW). A subset of the detection test specimen
set may be used for this test. A large percentage of the
flaws used in the sizing test should be crack-type flaws
representative of typical morphologies, orientations, and
locations observed in the field. The grading criteria for
this and larger sample sizes is given in Table 5. Ac-
ceptable RMSE values for 40%, 50%, 60%, and 70%
plugging limits are presented in Table 5. The statistical
background for this testing method is found in Section
6.




Table 5. Number of Flaws and Critical RMSE Values

for Sizing Test
# of Acceptable RMSE, %

Flews | oo | oo | 6om | 0%
170 | 1820 | 1300 | 78 | 250
200 | 1835 | 1311 | 786 | 262
250 | 1852 | 1323 | 794 | 265

* = plugging limit on eddy current scale

40 Recommended Performance Demonstration Test
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5.0 Statistical Background for the POD Test

This section provides the specific statistical background
for the performance demonstration POD test. The
objectives of the performance demonstration POD test
have been expressed as hypotheses in terms of two
threshold values in Section 4.2.

The specifics of how to decide between hypotheses are
discussed in the subsections that follow. First a descrip-
tion of the test is given, then a flaw size distribution is
determined. The flaw size distribution will be used as
the basis of a Monte Carlo simulation to determine the
power of the POD test.

5.1 General Description of Calcula-
tions

To evaluate the detection performance of an ET sys-
tem, the basic strategy is to present the ET inspection
system with n flaws that have sizes s;, i=1,2,3..n. These
flaws are included within a large set of specimens, such
as a tube bundle mockup, which also contains blank
(unflawed) specimens. By comparing the inspection
results to the true state of the specimens, it is possible
to summarize the detection results with a binary vari-
able, Y; which describes whether or not the ith flaw was
detected. (i.e. Y; = 1 if the ith flaw was detected and
Y; = 0 if it was not).

The detection test will be constructed so as to use the
binary data to estimate the ET system’s POD curve and
then "compare it" to the PODy; shown in Figure 21 and
listed in Table 2. Since the estimated curve for the
inspection system cannot be exact, we will surround the
curve by a Type I confidence bound and only fail ET
systems whose lower confidence bound is at or below
the thresholds listed in Table 2.

To construct this test, the most widely used procedure
for analyzing binary data is employed, that of logistic
regression. The term logistic regression actually refers
to a general algorithm that can be used to fit curves to
binary data.

A form of the logistic regression curve for this test
contains three independent and unknown parameters (it
can be generalized to contain any number of parame-
ters), which give the curve enough flexibility to approxi-
mate the threshold curve defined by the values in Table

2. The mathematical form of the curve can be ex-
pressed as;

o _ |logitBy+Bs) for s<40% 8
POD(s;B) = logi:gﬁzﬂ-ﬁis; Jor s240% ©

and the parameters are constrained so that the curve is
continuous at 40% TW flaw size. In other words, the
above formulation produces a "linear" logistic curve with
a possible "kink" in the curve at 40% TW flaw depth.
This formulation is explained in more detail in the
Appendix B.

5.2 Approximate Flaw Size Distribu-
tion Calculations

In order to determine the approximate number of spec-
imens needed for the performance demonstration tests,
we examined binomial tests at fixed flaw sizes (20%,
40%, and 75% TW). It is recognized that in an actual
performance demonstration test, ET systems would be
exposed to a continuum of flaw sizes. Actual flaw sizes
would range from a low of 10% up to TW. Flaw
lengths would also be variable. However, the sample
size determination for the binomial tests should behave
approximately like the logistic test since the logistic test
also considers binary data as the response, but on a
flaw by flaw basis.

A sample size at each TW depth listed in Table 2 must
be determined. To determine the sample size n that
satisfies a particular set of Type I and II requirements,
one must solve the following two binomial equations:

Type I » é (’:’) (Po) (1-Py)* ©)

and

Type -n 21-% (’y) ) 1-Pp+ (10

i=1

These equations were solved iteratively and the results
for TW depths 20%, 40%, and 75% are presented in
Table 6 for Type I = 10% and Type Il = 7%. These
values of the Type I and Type II error were selected to
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5.0 Statistical Background for the POD Test

give a low overall probability of passing for an unac-
ceptable ET system and a relatively high overall proba-
bility of passing for an acceptable ET system. Discrete
points from the PODy; curve listed in Table 2 and a
POD, curve representing acceptable performance and
given in Table 3 were used in these calculations.

Table 6. Sample Sizes for Type I = 10% and

Type II = 7%
ThroﬁgthiiH : . l\iﬁmber,of-
“Flaw Depth, % . Samples
0 (Blank) 100
20 57
40 94
75 203
100* 10

*Type I and Type I limits above do not apply to this
category.

The number of blanks to be examined was chosen to be
100 to represent approximately 1/3 of the total number
of flaws of size 20% to 75% TW. In general, it is desir-
able to have 1/3 to 1/2 of the total number of flaws be
blanks. Using Equations 9 and 10 to calculate the
number of specimens with flaws of 100% TW would
give 203. The number of flaws selected to represent
the 100% TW category was 10. This number was se-
lected rather than the 203 specimens calculated from
Equations 9 and 10 because flaws in the 61%-90% TW
range comprise about 56% of the total number of flaws
in the test. The large number of flaws in this category
serves to indirectly establish flaw detection performance
for 100% TW flaws because experience indicates that
100% TW flaws are usually easier to detect than shal-
lower flaws.

5.3 Evaluation of the True Errors of
. the POD Test

Monte Carlo simulation techniques were utilized in
order to evaluate the true errors of the POD test de-
rived in Section 5.2. A fixed sample of flaw sizes was
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produced according to the sample sizes determined in
Section 5.2 for Type I = 10% and Type II = 7%.
Specifically, there were 100 blanks, 60 flaws randomly
distributed between flaw sizes 10% and 30% TW, 90
flaws randomly distributed between flaw sizes 31% and
60% TW, 200 flaws randomly distributed between flaw
sizes 61% and 90% TW, and 10 flaws 91%-100% TW.

There were five unacceptable POD curves and four
acceptable POD curves used in the simulations, each
representing the true POD of an ET system that might
be participating in the performance demonstration test.
The "base case" POD for a unacceptable ET system is-
the pass/fail threshold, PODy. The "base case" POD
for an acceptable ET system is POD, for all non-zero
flaw sizes and a 5% false call rate. These are listed in
Table 7.

There were four other unacceptable ET systems consid-
ered. Unacceptable System(US) #2 represents a sys-
tem that has a better POD than the base case for all
flaw sizes, but has an unacceptable false call rate. US
#3 represents a system that handles false calls and
large flaw sizes well, but has a difficult time detecting
the smaller flaw sizes; i.e., performs like the base case
for 20% and 40% TW. US #4 represents a system that
handles false calls and small flaw sizes well, but has a
difficult time detecting the larger flaw sizes; i.e., per-
forms like the base case for 75% and 100% TW. US
#5 represents a system that performs like the base case
for all flaw sizes except one (20% TW for this case)
where it does well.-

The probability of detection for the acceptable systems
were chosen to represent systems that we would expect
to pass during the demonstration tests. These simula-
tions will also help identify any biases that are intro-
duced to the test through the estimation procedure.
Acceptable System (AS) #2 represents a system whose
POD is above PODy; but slightly worse than PODj
except for flaws of size 100% TW. AS #3 has a con-
stant ability to detect flaws of size 40% TW and great-
er. It was of interest to see if the modeling techniques
would provide confidence bounds that would fail this
team a high percentage of the time. AS #4 represent-
ed a system whose POD for flaws of size 20% TW was
much greater that the pass/fail threshold. This was
another test of the modeling techniques.



5.0 Statistical Background for the POD Test

Table 7. POD Curves Used in Monte Carlo Simulations

Unacceptable - = . -

"o Acoeptable. ..

For each of the true PODs the following steps were
taken.

1)

2)

3)

4)

The regression parameters for the true POD

‘were calculated based on five knot points at

0, 0.2, 0.4, 0.75, and 1.0.

The true POD was calculated for the flaw
and then compared to a random uniform
value. If the POD value was larger than the
random uniform value, then the flaw was
designated as found. If the POD value was
smaller, then the flaw was not found.

A "new" POD curve was calculated based on
three knot points at 0, 0.4, and 1.0 TW with
the simulated test data and then compared
at five points to the PODy;.

The POD curve failed if it failed at every
knot point. The simulations were run 1000
times and the percentage of times the simu-
lated POD curve did not fail was tabulated.

A compilation of the Monte Carlo results using 70%,
80%, and 90% confidence bounds on the simulated
POD curves is given in Tables 8, 9, and 10, respectively.

Based on the information in Table 9, an 80% confi-
dence bound with a sample size of 100 blanks and 360
non-zero flaws provides at most a 2% chance of passing
a unacceptable system (Type I error) and approximately
a 63% chance of passing the base case acceptable sys-
tem. These results do not justify reduced sample sizes
since that would in turn reduce the probability of pass-
ing an acceptable team.
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50 Statistical Background for the POD Test

Fraction Passing, Number of Simulations = 1000

Table 8. Monte Carlo Results Using 70% Confidence Bounds on Simulated POD,

US #2 0.066 1 0.370 0.998 1 0.034
US #3 1 0.860 0.018 1 1 0.016
US #4 1 0.992 0.534 0.074 0.282 0.042
US #5 0.236 1 0.116 0.052 0.452 0.002
Base Case 1 1 0.828 0.936 0.924 0.744
AS #2 1 0.974 0.294 0.990 1 0.286
AS #3 1 1 0.996 0.986 0.842 0.838
AS #4 0.984 1 1 1 0.938 0.922

Table 9. Monte Carlo Results Using 80% Confidence Bounds on Simulated POD,
Fraction Passing, Number of Simulations = 1000

o . Through-Will Depth (%) ' .~ © 7
o Teams T I A N 20 40 75 a3

Base Case 0.508 1 0.002 0.044 0.678 0
USs #2 0.044 1 0.272 0.996 1 0.022
US #3 1 0.816 0.008 0.998 1 0.006
US #4 0.998 0.992 0.416 0.042 0.198 0.014
US #5 0.148 1 0.066 0.030 0356 0

Base Case i 1 0.764 0.894 0.870 0.628
AS #2 1 0.966 0.198 0.966 1 0.182
AS #3 1 1 0.988 0.970 0.744 0.730
AS #4 0972 1 0.998 1 0.894 0.866

NUREG/CR-6227 28




5.0 Statistical Background for the POD Test

Table 10. Monte Carlo Results Using 9% Confidence Bounds on Simulated POD,
Fraction Passing, Number of Simulations = 1000

Through-Wall Depthi (%) . -
Base Case 0.344 1 0 0.016 0.528
US #2 0.024 1 0.150 0.982 0.992
US #3 0.996 0.710 0.006 0.996 1
US #4 0.992 0.986 0.270 0.018 0.108
US #5 0.080 1 0.038 0.006 0.216
Base Case 1. 0.998 0.626 0.780 0.754
AS #2 0.998 0.954 0.104 0.928 0.982 "
AS #3 0.996 1 0.972 0.908 0.616 "
AS #4 0.928 1 0.996 0.996 0.754
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6.0 Sizing Test

Test design calculations were also performed to deter-
mine the number of test specimens required to demon-
strate that ET system capability for flaw sizing would
result in about a 95% chance of calling a tube defective
when the true flaw size was = 75% TW and the plug-
ging limit was 40% TW. It was assumed that the objec-
tive of the test is to distinguish between two hypotheses
of the form:

Hy: MSE > (0,)°
versus
H;: MSE < (0,)*

where sizing performance is measured by the MSE (see
Section 2.2). The MSE is defined by the formula

MSE = -'1; Y M-t (11)

=1

o~

where M(t;) is the measured flaw size and ¢; is the true
flaw size. The MSE for a particular flaw size is related
to the bias and standard deviation according to the
formula

MSE = o* + B? (12)

The test is defined in terms of two threshold values o,
which identifies unacceptable performance and o,
which identifies acceptable performance. The relation-
ship of these thresholds to PEL is discussed in Section
3.4 and plotted in Figure 22. The test was designed so
that ET systems with unacceptable MSE would fail the
test a high percentage of the time and those with ac-
ceptable MSE would pass the test a high percentage of
the time.

The test is conducted by having the ET system size n
flaws. It should be noted that there would not have to
be two separate performance demonstration tests, one
for detection and one for sizing. ET systems could
inspect one tube mock-up and be required to report
both detections and size those flaws detected. The flaw
sizes are uniformly distributed within the sizing region
of interest. The ET system passes if the MSE is less
than the critical value, ¢ and fails otherwise. The objec-
tive of these calculations is to determine reasonable
values for # and c¢. Table 11 presents sample size re-
quirements for Type I = 5% and Type II = 10%.

It is evident that the number of samples needed to
conduct an adequate performance demonstration test
for flaw sizing is considerably smaller than for the POD
test.

Table 11. Sample Size Requirements for Flaw Sizing Test, Type I = 5%, Type II = 10%

Type 1 Type It Number of Pass
o, Pr(Pass) o, Pr(Pass) Samples Criteria
20 0.05 17.00 0.90 170 18.20
20 0.05 17.25 0.90 200 1835
20 0.05 17.50 0.90 250 18.52
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7.0 Summary and Conclusions

Statistically based performance demonstration qualifica-
tion requirements have been developed to ensure that
field ET inspection systems can reliably detect and size
all of the known forms of tube damage that occur in
operating steam generators. For this work the goal of
steam generator tube ISI was to identify most or all
defective tubes which could fail during reactor opera-
tion, An extensive data base on the failure pressure of
degraded steam generator tubes as a function of flaw
type and size was utilized to define a defective tube as
one with degradation =75% TW (Alzheimer 1979 and
Kurtz et al. 1988).

Information from a study on the reliability of ET sys-
tems to detect and size service-induced tube degrada-
tion, coupled with results from an effort to develop and
evaluate sampling plans for ISI was used to select thres-
holds on POD performance, flaw sizing accuracy, and
the false call rate (Kurtz et al. 1990 and Bowen et al.
1989). Thresholds were selected such that an ET sys-
tem likely to pass the test would have a 90% composite
probability of detecting and plugging a defective tube,
provided the tube was inspected. Thresholds were also
established for degraded but not defective tubes be-
cause current and proposed ISI sampling plans rely on
detection of lower levels of tube degradation to trigger
additional inspection, and to call attenation to condi-
tions which may require corrective actions to mitigate
further tube damage.

33

The POD, flaw sizing, and false call rate thresholds
were used in statistical test design calculations to deter-
mine the appropriate number and size distribution of
flawed steam generator tube samples that would be
needed in a steam generator tube bundle mockup to
ensure reliable ET inspection system performance.
Binomial calculations and Monte Carlo simulations
were performed for mockups containing different num-
bers and variations of a particular distribution of flawed
tube samples to determine the probability of an accept-
able ET system failing the test and for an unacceptable
ET system passing the test. For the POD test a mock-
up consisting of 360 flawed tube samples would be
needed to meet the performance goals selected. A
computer program has been developed for grading the
POD test. For the flaw sizing test only about 170
flawed tube samples are needed to establish acceptable
sizing performance. -

The acceptable RMSE level needed depends on the
definition of a defective tube and the plugging limit
selected. As the plugging limit is increased for the
same defective tube definition, the flaw sizing accuracy
must improve considerably. For a plugging limit of
40% and defective tube definition of 75%, the required
RMSE is 18.2%. For plugging limits of 50%, 60%, and
70%, the required RMSE is 13.0%, 7.8%, and 2.6%,

- respectively.
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Appendix A: Functional Form for POD Model

The functional form of the logistic regression curve contains three unknown and independent parameters. The
mathematical form of the curve can be expressed as;

_ [togi(B, + Byxs) for s < 40% Al
POD(S’ﬁ) - logi:'((ﬁz + B:*Sg for S 2 40% ( )

This formulation is not the most convenient for performing the regression. An equivalent and more useful
formulation is;

POD(s,B) = logif{Bog(s) + Py¥y(s) + Bywry(s)) A2

In the above formulas, the term logit(*) represents the logistic function, which is defined by;

logit @) = (1 + exp(-2))™ (A3)

and the functions ¥;(s) are hat functions defined so as to produce a piece-wise linear function between 0 and 1 with a
"kink" at s = 40%, where 0, 0.4, and 1.0 are called knot points. If the knot points are defined as a vector (k;, kj, k3)
where k; = 0, ky = 0.40, and ks = 1.0 for the three knot case, then the specific definitions are;

(ks) <
1l’o(s) = (kz'_kl) for kl €S kl (A.4)

0 otherwise

and

-—(s—kl) or s <
Y408 (Zcz ) )) e :
) = -5 ‘<

—(kg—k% Jor k, < K,

(A5)

otherwise

and
0 for s <k
¥y = | 57K) (A6)

(ks" )j’orl(2ss<k3

This model is fit to data using a logistic regression program, which performs fits of the form:

Y = N logistic (XB) + E A7

In this equation, Y represents a vector of detections, N a vector describing the number of cases, and X' a matrix of
independent variables and B the unknown parameter vector. For the model of interest, the matrix X would contain
three columns (¥,¥,,¥,) evaluated at the appropriate sizes s.
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Appendix B: A PC-Based Logistic Curve Fitting Program

In order to fit POD curves to inspection data, one can use any one of approximately a dozen different commercial
statistical packages (SAS, Splus, Glim, etc.) that include a logistic curve fitting routine. However, for those people
who do not want to take the time to learn how to use a statistical package, we have constructed a very simple
FORTRAN program that does logistic curve fits. This appendix describes the program, which can be obtained from
PNL on disk.

The program IO is very straightforward. The user prepares an ASCII file containing his data and some control
parameters. The program reads this file and then produces an ASCII file containing a description of the model fit.

B.1 Operating Instructions

Prepare the ASCII input file containing the data. The first line of the input file contains control parameters, while
the following lines contain the actual data. Each line consists of data values separated by commas or blanks (i.e., the
lines are free-format). The first line has the format:

Field I: nn, total number of columns in the data matrix (which follows on line 2).

Field 2: n2, number of independent variables in the problem (i.e., dimension of the X matrix, possibly without the
intercept). n2 is always equal to nn-2. '

Field 3: Column number of the detection variable (variable specifying the number of detections to have occurred).
Field 4: Column number for the number of cases observed.

Field 5: Iteration convergence tolerance (0 sets to default of 1.5e-7). The iteration convergence tolerance is how
little the regression parameters must change for iterations to cease.

Field 6: Intercept Switch: 0 - intercept is automatically supplied; 1 - no intercept.

Field 7. Confidence Interval Switch: 0 - compute single confidence intervals for data points; 1 - compute joint
confidence intervals.

Field 8: Variability Switch: 0 - standard, assume rms=1; 1 - scale covariance matrix by rms. It is reasonable to scale
the covariance matrix by the rms if the data contains non-binomial sources of variability.

Field 9: Output Switch: 0 - do not print input data; 1 - print input data.
Field 10: Output Switch: 0 - do not print output predictions; 1 - print output predictions.

Following this control line, a data matrix consisting of n2 rows and n1 columns should exist in the input file. The
program will fit the model:

Y = N logistic(XB) + E

where the variable ¥ represents the number of detections (as specified in Field 3) and the variable N represents the
number of observations (as specified in Ficld 4), while X represents the remaining columns in the data matrix. The
remaining columns are considered independent variables in the regression problem.

Some other important features of the program include:
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*  The program senses EOF after the last data line so there should be no terminating line after the last data line.

. Current capacity limits are 1024 data lines and 16 independent variables, counting the intercept term. Capacity
can be changed by altering array limits M1, M2, and M3 in LOGOS.INC.

. The output report is written as a text file identified by the file name and the file extension "OUT." Currently
both independent variables and predictions with confidence limits are output to the same file.

*  The program calculates confidence limits at @ = 80% and 95%.

. Confidence limits are calculated on each input data point.

B.2 Example Input and Output

Here is an example run using this program. The following input file contains 19 observations, with two independent
variables in columns 1 and 2.

4 2 3 4 1.5e-7 1 0 O 0 O
7 1.0 0 10
7 1.7 0 17
7 2.2 0 7
7 2.8 0 12
7 4.0 0 9
14 1.0 0 31
14 1.7 0 43
14 2.2 2 33
14 2.8 0 31
14 4.0 0 19
27 1.0 1 56
27 1.7 4 a4
27 2.8 1 22
27 4.0 1 16
51 1.0 3 13
51 1.7 0 1
51 2.2 0 1
51 2.8 0 1

LOGISTIC REGRESSION OUTPUT
RUN: LOGIOO.DAT

Control Output

Number Cases: 19 Tol: .1500E-06
Number Indep. Variables: 3 N-iterations: 7.
Number rows in "mo": 19 RMS error: .7773
Unused: 0 GOF (-2LL): 13.7092
Unused: 0 DOF': 16.

OIntercept term X1 added by program
Confidence limits are Single
(Standard) Covariance matrix called by rms=1
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OINPUT DATA LISTING

I X1 X2 X3 Y N PHAT
1 1.00 7.00 1.00 .00 10.00 .01
2 1.00 7.00 1.70 .00 17.00 .01
3 1.00 7.00 2.20 .00 7.00 .01
4 1.00 7.00 2.80 .00 12.00 .01
5 1.00 7.00 4.00 .00 9.00 .01
6 1.00 14.00 1.00 .00 31.00 .01
7 1.00 14.00 1.70 .00 43.00 .01
8 1.00 14.00 2.20 2.00 33.00 .01
9 1.00 14.00 2.80 .00 31.00 .01

10 1.00 14.00 4.00 .00 19.00 .02

11 1.00 27.00 1.00 1.00 56.00 .03
12 1.00 27.00 1.70 4.00 44.00 .04
13 1.00 27.00 2.20 .00 21.00 .04
14 1.00 27.00 2.80 1.00 22.00 .04
15 1.00 27.00 4.00 1.00 16.00 .05
16 1.00 51.00 1.00 3.00 13.00 .21

17 1.00 51.00 1.70 .00 1.00 .22
18 1.00 51.00 2.20 .00 1.00 .23
19 1.00 51.00 2.80 .00 1.00 .24

END OF DATA SET

Summary of Iterations

Iter RMS error ! IDBETA! |
1 .877538E+00 .507031E+00
2 .367171E+00 .212171E+00
3 .452136E-01 .261312E-01
4 .621610E-03 .359408E-03
5 .326285E-06 .191546E-06
6 .000000E+00 .000000E+00
REGRESSION COEFFICIENTS
Parameter 1 Beta= -5.659979
Parameter 2 Beta= .083154
Parameter 3 Beta= .093852
OCOVARIANCE MATRIX
Param 1 2 3
Param 1 1.37832 -.02348 -.31758
Param 2 -.02348 .00059 .00323
Param 3 -.31758 .00323 .11904
Case Y P-HAT LCL at 95% LCL at 80% UCL at 80% UCL at 95%
1 .000000 .006800 .001484 .002515 .018252 .030583
2 .000000 .007258 .002050 .003177 .016493 .025365
3 .000000 .007604 .002371 .003551 .016208 .024111
4 .000000 .008041 .002495 .003743 .017188 .025601
5 .000000 .008991 .001927 .003287 .024349 .040897
6 .000000 .012105 .003477 .005360 .027104 .041258
7 .000000 .012916 .004845 .006808 .024368 .033975
8 2.000000 .013528 .005505 .007521 .024217 .032858
9 .000000 .014301 .005474 .007639 .026615 .036833
10 .000000 .015978 .003721 .006173 .040720 .065941
11 1.000000 .034859 .014860 .019999 .060083 .079596
12 4.000000 .037138 .020275 .025029 .054776 .067065
13 .000000 .038853 .021117 .026110 .057447 .070413
14 1.000000 .041011 .018141 .024109 .068926 .090066
15 1.000000 .045677 .010355 .017402 .114535 .179618
16 3.000000 .209942 .079392 .112935 .356761 .450185
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17 .000000 .221046 .082905 .118412 .374817 .471119
18 .000000 .229232 .077079 114751 .405595 .514348
19 .000000 .239332 064985 .1045920 .457857 .587517

END OF DATA SET

B.3 Program Files

The program disk comes with the following files. LOGI.EEXE contains the actual program. The disk also contains
the source code, for those that would like to modify the program. Such a regression program requires matrix
inversion routines, which have been borrowed from "Linpack.” This matrix routines are in the file LINPACK.FOR.

LINPACK FORS55741 LOGIOO . DAT 335 LOGI1O DAT 335
LOGIO1 DAT 335 LOGI1ll DAT 335 BLAS FOR 42906
BLAS OBJ 13564 LINPACKA OBJ61498 LINPACKB OBJ 70775
LOGOS R 5556 LOGI FOR24498 LOGI OBJ 15420
LOGI EXE374192 LOGISTIC DOC 4226 LOGOS INC 1804
LOGOS FOR 11786 LOGOS OBJ 6789 LOGIOO ouT 3799
LOGIO1 ouT 3801 LOGI10 ouT 3799 LOGI11 OouT 3801

MAKEFILE BAT 39
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