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SLB Leak Rate and Tube Burst Probability Analysis
Methods for ODSCC at TSP Intersections

1.0 Introduction

The purpose of this report is to document the methods! used for the analyses
supporting application of alternate plugging criteria (APC), also known as alternate
repair criteria (ARC), for the disposition of outside diameter. stress corrosion

cracking (ODSCC) indications detected in steam generator (SG) tubes at locations
corresponding to the elevations of the tube support plates (TSPs). Using this report
as a reference for the analysis of the indications in a specific plant's SGs obviates
the need to document the analysis methods in the plant specific report. These
methods are intended to be in accord with the Nuclear Regulatory Commission's
(NRC) generic letter (GL) 95-05, "Voltage-Based Repair Criteria for Westinghouse
Steam Generator Tubes Affected by Outside Diameter Stress Corrosion Cracking,"
which was issued on August 3, 1995.

The eddy current inspection (ECT) of the SG tubes may identify a significant
number of bobbin coil indications at the intersections of the tubes with the TSPs, of
which, several may be confirmed as being axial crack-like ODSCC indications usmg
rotating pancake coil (RPC) inspection techniques. The use of traditional repair or
plugging criteria, e.g., 40% depth, is overly conservative for this mode of degrada-
tion, and can result in significant tube repairs or plugging that would not be
required to be performed if alternate plugging or repair criteria, e.g., the repair
guidelines in the NRC's draft Regulatory Guide (RG) 1.121, were used instead.
Specxﬁc plants may request a change to their Technical Specification to implement
an alternate plugging criteria (APC)? for the disposition of those indications. This
alternate criteria consists of a bobbin amplitude, i.e., voltage, based repair limit in
lieu of a depth based repair limit.

The methodology to support the implementation of APC consists of establishing
correlations between the expected burst pressure, the probability of leak, and the
expected leak rate to the bobbin voltage of the indication. The correlations are then
used in conjunction with a measured or calculated end-of-cycle (EOC) distribution
of indications to estimate the likelihood of a tube burst and the primary-to-second-

1 The simulation methods described in this document were previously described
in WCAP-14046 (Proprietary), Revision 1, "Braidwood Unit 1 Technical Support for
Cycle 5 Steam Generator Interim Pluggmg Criteria," Westmghouse Electric :
Corporation, August 1994.

2 This is also known as an interim plugging criteria (IPC) when submitted for
implementation for a limited time period, e.g., one fuel cycle.
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ary total leak rate for the SG during a postulated steam line break (SLB) event. If
the probability of burst is sufficiently small, and if the total estimated leak rate, at
a specified confidence level, is less than acceptable limits the voltage criterion may
be implemented. If either of the requirements is not met, additional tubes would
be repaired until both of the requirements would be projected to be met at the
EOC. . .

The data used in the correlations are to be based on the latest available Electric
Power Research Institute (EPRI) database (including data obtained within approxi-
mately six months prior to the inspection outage at which the APC will be applied)
and which have been approved for use by the NRC. The actual database used
should be referenced or documented in the plant specific APC report. Any depar-
tures from the NRC approved EPRI database should be documented, and approval

- for use of the modified database should be obtained from the NRC. An example of

a modification to the database is direction from the NRC staff to include data which
might otherwise be excluded, or newly developed data which might not be formally
incorporated into the’EPRI database.

The evaluations supporting the application of plant specific APC are based upon
the bobbin coil voltage amplitude, which is correlated with tube burst capability
and leakage potential. For SLB leakage and burst analyses, the tube support plate
crevices are assumed to be free span or open crevices. This assumption leads to
more conservative leak rates and burst probabilities when compared to rates and
probabilities associated with expected packed crevices under normal and accident
conditions. If APC based on limited TSP displacement are implemented, which
may only follow NRC approval to do so, future revisions of this report will include
delineation of the analyses methods used to support those criteria.

Revison 1 of this report was prepared to incorporate NRC staff comments transmit-
ted to the Indiana Michigan Power Company in October of 1996.2 In addition,
some typographical errors were corrected and minor changes were made to facili-
tate understanding. The latter changes also included recommendations informally
obtained from Steve Long during telephone discussion with members of the NRC's
staff shortly after the initial issue of the document.

3 "Request for Addxtlonal Information Related to D.C. Cook's Amendment
Request to Incorporate 2 Volt Steam Generator Tube Support Plate Repair .
Criterion (TAC No. M95894)," J. Hickman (October 28, 1996).
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2.0 Summary and Conclusions

This report presents methods used for the evaluation of data gathered to support
the application of APC to the tubes in the SGs at nuclear power plants. The
methods documented for the performance of correlation analyses are based on
standard methods described in references on statistics and regression analysis. The
correlations used to support APC are based on estimating the parameters of a
correlating equation based on the principles of maximum likelihood.

Methods presented herein for the performance of Monte Carlo simulations reflect
the conclusions reached from discussion with the NRC and its advisors on the
appropriate techniques to be employed to properly account for the variances and
covariances of the parameters of the correlations used. The simulations thus
performed are’ expected to lead to conservative and reliable estimates of the total
EOC SG leak rate and of the probability of burst of EOC indications during a
postulated SLB. ’ ”

Per the NRC generic letter, estimatied voltage growth rates for the next cycle of
operation are to be based on the voltage growth rates for previous cycles of opera-
tion. If only one cycle of previous operating'data is available, it may be used to
estimate the growth during the next cycle of operation. If two cycles of previous
operating data are available, the data for the cycle with the higher growth rates
should be used. There may be technical justification for using the most recent
growth rate if it can be shown to be lower for cause, however, this would not be
consistent with currently approved practice and use would require specific NRC
staff approval. Growth rates may be SG specific. Growth rates observed at prior
cycles are used to create a cumulative percentage distribution of growth rates. The
distribution is linearly scaled to the length of the cycle to be projected.

EOC voltage distributions are obtained from the BOC distributions by Monte Carlo
simulation of the NDE uncertainties and the voltage growth rates. The simulation
of many thousands of distributions for a single SG are combined to provide a single
predicted distribution to be expected at the EOC. Comparisons of predicted
distributions with actual distributions after a cycle of operation has shown the
ability of the simulation technique to result in conservative estimates of the EOC
indications.
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3.0 Methods for Projection of EOC Voltagfe Distributions

EOC voltage distributions are projected from an estimated BOC voltage distribu-
tion using a voltage growth model developed from tracking the growth of indica-
tions during previous cycles. This section is to describes the methods used to
estimate the BOC distribution, the techniques for specifying the voltage growth
distribution, the estimation of NDE uncertainties relative to the BOC distribution
of indications, the methods employed to simulate growth, and the development of a
final EOC distribution from the simulation results.

3.1 General Description of Methods

The progression of ODSCC indications at the TSPs is determined by reevaluation of
prior inspection ECT records at the locations identified with indications in the prior
inspection. In most cases, some element of a precursor is identified as correspond-
ing to the flaw signal reported in the prior inspection. However, it should be noted
" that rather conservative analysis criteria are invoked to accomplish this task. In
this process, analysts are required to forego the behavior criteria they may have
employed to screen out low signal-to-noise indications, and to report possible flaw-
like behavior in the TSP mix residual regardless of clarity. Review of the growth
data identifies any anomalous growth data, and these are subjected to further
scrutiny to eliminate spurious data.

3.2 BOC Voltage Distributions N

The bobbin voltage distribution for the beginning of the next cycle (BOC) following
the current outage is developed by applying a probability of detection (POD) to all
indications found at the end of the previous cyclé (EOC), relative to the current
outage. This method of accounting for probability of detection is per the direction
of the NRC draft NUREG-1477, the draft generic letter, and the January 18, 1995,
NRC/industry meeting on thesresolution of comments to the draft generic letter.
This methodology divides the EOC voltage distribution by the POD, and then
subtracts the repaired indications to define the BOC distribution. The number of
indications that are to be considered as being returned to service, N, is,

1 -POD Na '
N =Ny +N,y -N. =Nyj + ————N,; ~-N, = -N,, (3.1)
d *&nd r a* POD d "~ POD r
where,
Ng =Nyo+Nppi * Frei Nrndd . (3.2)
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number of repaired indications,

N,; = number of indications not detected by the bobbin inspection,
probability of detection,
N,, = number of detected bobbin indications that were conﬁrmed by RPC,

d

O .
. O
W owonu

Nn; = number of detected bobbin indications that were not inspected by
RPC,

i = fraction of RPC NDD indications talled NDD at one 1nspectmn and
found to be RPC confirmed indications at the subsequent inspec-
tion,

N,.44 = number of detected bobbin indications not confirmed as flaw indica-
tions by RPC inspection.

3
I

The above adjustments for POD are incorporated in the BOC and EOC voltage
distributions so that no further adjustments are required for the leakage calcula-
tion.

The value used for the POD in equation (3.1) is 0.6 unless an alternate value or a
voltage dependent POD is approved by the NRC for APC applications. This is

consistent with the requirements given in the NRC generic letter. It is noted that l
when voltage indications above a few volts are found from the inspection, for which

the POD would be expected to be significantly greater than 0.6, this methodology . ]
becomes very conservative for determining the BOC distribution. This is because it

leaves 0.7 of an indication to be simulated as in service for each indication found

from the inspection, independent of the voltage level of the indication.

The value for F,; is currently required to be 1.0 until an alternate value is ap-
proved for used by the NRC staff. It has been recommended by Westinghouse, but
not approved by the NRC staff, that the value of F,; should be based on plant
specific inspection results, except as noted below, when data to evaluate F,; are
available for at least two cycles of operation with inspections perfor...ed using ECT
analysis guidelines consistent with those used for APC inspections. The value used
for F,; on a plant specific basis must be obtained with reasonable conservatism. An
example of reasonable conservatism is to apply the largest value obtained for any
SG over the last two operating cycles. A population of 250 RPC NDD indications is
judged to be necessary to reasonably estimate F, ;. If adequate plant specific data
are not available,.the value used for F,; should be selected to bound results
obtained from assessments of APC/IPC inspections at other domestic plants with
the same tube size. Based on four APC/IPC assessments conducted through 1994, a
minimum, plant non-specific value for F,; would be 0.25. Plant specific reports
should clearly identify the value and basis for the value of F,; used in the analyses.
It is reiterated that this value is currently 1.0 unless another value is subsequently
approved for use by the NRC staff.
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3.3 Voltage Growth Rates -

The plant specific report should identify the operational periods for which growth
values were determined. The distribution of the growth rate data, expressed as
volts difference in the amplitude readings for two inspections, are usually tabulated
in 0.1 volt bins. The width of a bin may be increased to 0.2 volts at some voltage
level, and may be further increased to 0.5 volts for voltages above a certain
threshold, up to the maximum observed change. For each bin the number of
indications is entered along with the corresponding cumulative probability of
occurrence value. The bin identification value represents the highest voltage level
in the bin. For example, an amplitude of 1.35 volts would be included in the next
highest 0.1 volt bin, i.e., 1.4 volts. The cumulative probability is calculated as the
sum of indications up to and including the bin value divided by the total number of
indications. While the raw data used in developing the voltage growth distribution
may contain indications for which negative growth would be calculated, the
developed growth distribution is not permitted to exhibit any negative growth
characteristics. This is achieved by considering all indications with calculated
negative growth as zero growth. For use in the Monte Carlo analyses, the voltage
growth distributions may be normalized to a growth per EFPY basis by assuming
growth is linear with time. In general, the cycle time to be projected is similar to
that for which the growth rates were calculated and normalization is not considered
significant.

The voltage growth histograms for each of the operational periods evaluated should
be presented in the plant specific APC report. These may appear .as composite, i.e.,
all SGs, for the prior cycles, but should be presented for each SG for the most
recent cycle. For indications with appreciable . BOC amplitude readings, i.e., greater
than or equal to 0.75 volt, average growth rates may be calculated and compared to
the overall growth rates for information purposes: In addition, information may be
presented relativa to growth as a function of position in the SG, e.g., the dominance
of the incidence of ODSSC indications at the elevations of the lower TSPs may also
be reflected in the growth rates. .

In developing the voltage growth distribution, only NDE indications with flaw
indication characteristics in both cycles are to be included in the analysis, except if
an indication changes fron non-detectable to a relatively high voltage, e.g., 2.0 volts.
A minimum of 200 indications are required to define a voltage distribution. SG
specific distributions also require a minimum of 200 indications for application to
projecting EOC voltages. For projections of a specific SG, the more conservative
(relative to projecting leakage and burst) growth between the distributions for the
specific SG, and for all SGs collectively, should be.used. If two cycles of growth
distributions obtained with APC/IPC ECT guidelines are available, the larger -
distribution of the last two cycles should be used for the projections. If two cycles
of data are not available, the prior cycle growth distribution may be used. If the
last cycle of growth is significantly lower than the prior cycle, and can be attributed
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to enhancements in secondary chemistry affecting only the last cycle, the last cycle

growth rates may be used for the APC/IPC analyses if specific approval from the

NRC staff is obtained to do so. The plant specific APC report should include a

discussion of the specific justification the basis for the lower growth rates. When

an APC is being applied without 200 indications to define the growth distributions,
. @ bounding growth distribution from' other domestic plants may be applied.

3.4 NDE Uncertainties

For APC applications, NDE uncertainties must be accounted for in projecting the
distribution of the BOC indications to the EOC. This is accounted for by using
Monte Carlo techniques. The database supporting NDE uncertainties is described
. in Reference 5-1, and NDE uncertainties for APC applications are given in the
EPRI repair criteria report, Reference 5-2. From Reference 5-2, the NDE uncer-
tainties are comprised of uncertainties

1) due to the data acquisition technique, which is based on use of the probe
wear standard, and

#

2) due to analyst interpretation, which is sometimes called the analyst
variability uncertainty.

If a transfer standard is not employed, manufacturing tolerances in the probe
calibration standards would be expected to constitute an additional source of
uncertainty in the N DE results, and should be accounted for in the plant specific

computations.

The data acquisition, or probe wear, uncertainty has a standard deviation of 7.0%
about a mean of zero. Variation due to probe wear is restricted to <15% of the
bobbin amplitude, contingent on the implementation of the probe wear standard
requiring probe replacement at 15% differences between new and worn probes.
ASME standards cross-calibrated against the reference laboratory standard and the
probe wear standard should be implemented during the inspection to avoid the
additional consideration of manufacturing tolerances.

The analyst interpretation (analyst variability) uncertainty has a standard devia-
tion of 10.3% about a mean of zero. Typically, this uncertainty would have a
computational cutoff at 20% based on requiring resolution of analyst voltage calls
differing by more than 20%, however, the NRC has not accepted the 20% limitation,
on the analyst interpretation uncertainty. Pending a further resolution of this
issue with the NRC, the analyst interpretation uncertainty is applied without a
cutoff. Thus, for EOC voltage projections, separate distributions are applied for
probe wear with a cutoff at 15%, and for analyst interpretation with no cutoff.
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3.5 Monte Carlo Methods

The Monte Carlo simulations to estimate the EQOC voltage distribution begin with
the BOC distribution as described previously. The EOC distribution of indications
is calculated several thousand times, accounting for the uncertainties in the NDE
and in the voltage growth. The cumulative distribution'of indications from all of
the simulations is calculated, then adjusted to reflect the total number of indica-
tions in the BOC distribution. The methods used to account for the uncertainties
are discussed in the following subsections. The calculation of a single representa-
tive EOC distribution is discussed in the following section of this report.

3.5.1. NDE Uncertainties

The method.of accounting for NDE uncertainties in the Monte Carlo analyses is to
adjust the field measured voltage by multiplying the standard deviation of the
uncertainty under consideration by a standardized normal distribution deviate.

The uncertainty associated with probe weat is assumed to be characterized by a
normal distribution with a mean of zero and standard deviation expressed as a
percentage of the true, but unknown, voltage of the indication.” The uncertainty of
the analyst is assumed to be characterized by a normal distribution with a mean of
zero and a standard deviation expressed as a percentage of the true probe voltage of
the indication. .

Assuming no analyst variability, the distribution of voltages read by a probe, Vo
corresponding to a true indication voltage of V would be simulated as,

V, =V(1+Z,8), (3.3)

where VE, is the standard deviation of the probe error about the true voltage of the
indication and Z, is the distribution of standard normal deviates. . The measured
voltages, V.., accounting for analyst variability, would then be distributed as a

function of the probe voltage as,

Vi =V(1+2,E), NG X)) |

where Va €, is the standard deviation of the analyst error about the probe voltage
of the indication, and Z, is the distribution of standard normal deviates. Combin-
ing equations (3.3) and (3.4), the distribution of true voltage of an indication about
the measured voltage of the indication is then, '

V= Vin . (3.5)
1+ Z,E)(1+Z,E,)
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Thus, the simulation of the true voltage of an indication at the BOC is based on
two independent draws from a standard normal distribution. .To account for the
limit on probe wear, the values of Z, are limited to an absolute value no larger than
15/7, i.e., values of Z_ are repeatedly drawn until |Z_ | <15/7.

Alternatively, if the analyst variability was assumed to be distributed about the
true voltage of the indication, equation (3.5) would be replaced by,

Vm

= . 3.6
T+ 2,5, + Z.E) 6.8

The difference between the two expressions is the addition of a term, Z 5pZsEq » in
the denominator of equation (3.5) relative to equation (3.6). Since the product of &
with &, is on the order of 0.007, this would be expected to be a second order effect.
However, to avoid assessing the impact of the additional term, equation (3.5) is
used in the Monte Carlo simulations.

3.5.2 Voltage Growth

To account for voltage growth during an operating cycle, the cumulative distribu-
tion of voltage growth is entered with a random number, U;, drawn from a uniform
distribution, i.e., 0 < U; < 1. The growth is then obtained aé a linear interpolation
between the discrete values used for the cumulative growth distribution. For
example, if growth values were specified only at cumulative probability values of
0.0, 0.5, and 1.0, the growth corresponding to a value of U; of 0.75 would be midway
between the growth values corresponding to 0.5 and 1.0 respectively.

3.6 Projected EOC Voltage Distributions

Monte Carlo simulations are then performed to develop the EOC voltage distribu-
tions from the BOC distributions. The BOC voltages are increased by allowances
for NDE uncertainties and voltage growth to obtain the EOC values. In the Monte
Carlo analyses, each voltage bin of the BOC distributions is increased by a random
sample of the NDE uncertainty and growth distributions to obtain an EOC voltage
sample. Each sample is weighted by the number of indications in the voltage bin.
The sampling process is repeated at least 100,000 times for each BOC voltage bin
and then repeated for each voltage bin of the voltage distribution. Since the Monte
Carlo analyses yield a cumulative probability distribution of EOC voltages, a
.method must be defined to obtain a discrete maximum EOC voltage value. The
method adopted in this report is to integrate the tail of the Monte Carlo distribu-
tion over the largest 1/3 of an indication to define a discrete value with an occur-
rence of 0.33 indication. For N indications in the distribution, this is equivalent to
evaluating the cumulative probability of voltages at a probability of (IV-0.33)/N.
The largest voltages for all distributions developed by Monte Carlo in this report

D:\APC\WCP14277\GENR1_03.WP5 3-6 12/12/96






have been obtained with this definition for the maximum EOC discrete voltage.
The next largest discrete EOC voltage indication is obtained by integrating the tail
of the Monte Carlo distribution to one indication and assigning the occurrence of
0.67 indication. This process for developing the largest EOC voltage indications
provides appropriate emphasis to the high voltage tail of the distribution and
permits discrete EOC voltages for deterministic tube integrity analyses.

3.7 Supplementary Considerations Relative to Growth Rates

It is recognized that specific actions may be taken at an operating plant aimed at
slowing the progression of Alloy 600 ODSCC, i.e., there is a relationship between
operating chemistry and ODSCC growth. For example, a plant could initiate molar
ratio chemistry control and boric acid addition. Operating with elevated sodium to
chloride molar ratios enhances the possibility of developing caustic crevice condi-
tions conducive to initiation and propagation of Alloy 600 alkaline stress corrosion
cracking. Hideout return chemistry data can be used to measure the success of the
molar ratio control program in modifying the steam generator environment.
Laboratory and operating PWR plant data indicate the usefulness of boric acid as a

* contributor to the overall corrosion control program.

The success of such efforts has not been quantified to the extent that adjustment of
prior cycle growth data for chemistry enhancements is justified for projecting
growth rates for the next cycle. Should such data become available, their use
would have to be documented and justified in a plant specific report, or in a future
revision to this report and specifically by approved for use by the NRC staff.
Current analyses do not include consideration of retarding future ODSCC growth
via chemistry control.
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4.0 Burst Pressure and SLB Leak Rate Correlations

The purpose of this section is to provide information and justification for all of the
correlations developed in support of the application of alternate plugging criteria
(APC) for the disposition of ODSCC indications in the SG tubes at the elevations of
the TSPs at nuclear power plant.

4.1 General Correlation Considerations

To support the implementation of APC at nuclear power plants, correlations have
been developed for tubes containing ODSCC indications at TSP locations between
the bobbin amplitude, expressed in volts, of those indications and the free-span

- burst pressure, the probability of leak, and the free-span leak rate for indications
that leak, References 4.1'and 4.2. In 1993, the NRC issued draft NUREG-1477,
Reference 4.3, for public comment. The draft NUREG delineated a set of guidelines
for criteria to be met for the application of Interim Plugging Criteria (IPC) for
ODSCC indications. The criteria guidelines permitted the use of, with adequate
justification, a burst pressure to bobbin amplitude correlation and a probability of
leak to bobbin amplitude correlation. The criteria guidelines did not permit the use
of a leak rate to bobbin amplitude correlation for the estimation of end of cycle
(EOC) total leak rates. In essence, References 4.1 and 4.2 provided comments on
the Reference 4.3 guidelines. Reference 4.4 provided an NRC response and position
relative to resolving the differences between References 4.1 and 4.2, and Reference
4.3, along with responses to other public comments. Of significance to this report,
is that Reference 4.4 indicated that a correlation between leak rate and bobbin
amplitude could be employed if the correlation could be statistically justified at a
95% confidence level, and provided direction for the development of guidelines, e.g.,
Reference 4.5, that could then be employed for the identification and exclusion of
outlying experimental data. Further delineation of the NRC's position was pub-
lished as a draft generic letter (GL), Reference 4.6. NRC resolutions of public com-
ments on the draft GL are given in Reference 4.7, with the final GL letter being
issued as Reference 4.8. The methods of this report are intended to be consistent
with the methodology of References 4.1 to 4.8 with emphasis on the GL itself, i.e.,
Reference 4.8, and with prior use of these methods as described in Reference 4.11.

Discussions with NRC personnel reviewed potential issues associated with the
manner in which the leak rate to bobbin amplitude correlation was being used, and
questioned the ability of a deterministic model of the total leak rate to accurately
account for the variability due to the uncertainties in the parameters of the
correlation model. Thus, the potential leak rate during a postulated steam line
break (SLB) is estimated by utilizing both deterministic and Monte Carlo methods.
The deterministic method is used tp screen potential leak rates, and the Monte
Carlo method is used for the final determination of potential EOC leak rates.
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Information is presented in the following sections on the database.for the correla-
tions, material properties as related to burst pressure considerations, the correla-
tion of burst pressure to bobbin amplitude, i.e., indication voltage, the correlation
between the probability of leak of an indication and the indication voltage, and
lastly a discussion of the correlation of leak rate to volts. The use of each of the
correlations is also discussed. A general discussion of the linear regression tech- h
niques employed is contained in Appendix A to this report.

All of the techniques described for the support of APC fmplementation are intended
to be in accord with the requirements of NRC Generic Letter 95-05.

4.2 Database Used for tha Correlations

The baseline database used for the development of the correlations should be
presented or properly referenced in the plant specific report(s) supporting the
implementation of APC. One such database is presented and discussed in Refer-
ence 4.2. Future development of APC criteria for specific plants may include
additional data as it becomes available, hence, no referenceable database is includ-
ed in this report. It is noted that not all additional data may be included in future
correlations. The database must comply with the current regulatory requirements
regarding approval of the data used for the correlation analyses, see Section 1.0 of
this report.

The priorities for identifying the appropriate database are a plant specific NRC
Safety Evaluation Report (SER) if used for the cycle of implementation of an APC/
IPC, or the guidance of the NRC generic letter if applicable to the plant specific
APC/IPC. When new data, such as testing results from recently pulled tube .
sections, are to be added to the database, the data shall be evaluated against the
EPRI data exclusion criteria, Reference 4.5, as’approved by the NRC at the time of
the APC/IPC assessment. Reference 4.7, includes the status of NRC concurrence
with Reference 4.5 at the time of this report.

Any other special c1rcumstances related to data used for the correlations should be
discussed or referenced in the plant specific APC report.

CAUTION: The database used in the regression analyses performed for this
report was randomly generated and analyzed specifically for this report.
Sample correlation results presented herein are for illustration purposes
only and are not intended for plant specific APC evaluations.

4.3 Material Properties Considerations
The variation of material properties between tubes is a significant factor in

- determining the burst pressure. The rupture of tubes fabricated from Alloy 600
material is an elastic-plastic fracture process. A rigorous analysis of the process
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would require knowledge of the strain hardening characteristics of the material.
However, reasonably accurate predictions may be’obtaingd by empirically correlat.
ing the burst pressures obtained from tubes with different material properties by
normalizing the results to the flow strength, S, of the material. The concept of a
flow stress allows the material to be approximated by elastic-perfectly plastic
behavior, i.e., at some critical pressure the flanks of the crack deform without
bound and the tube ruptures For a material with no strain hardening capability
the flow stress would correspond to the yield strength, Sy, of the material. In
practice the flow strength is taken as some value between the yield stress and the
ultimate tensile strength, S;;. For Alloy 600 SG tube material, a flow stress of one-
half of the sum of the yield and ultimate strengths has been widely used, thus,

S = -%.(SY . sU) 4.1)

Alloy 600 material typically exhibits a flow stress on the order of 75 ksi_at ambient
conditions, hence, test results are usually adjusted to this value for the presenta-
tion of the data and the development of the regression equation. Once the correla-
tion has been obtained, it can be scaled by the flow stress to estimate the burst
pressure at other temperatures, e.g., -

Se |
Py | =pg | SUE, (4.2)
%s00F  C10°F S .
70°F

Tube material properties for APC applications are summarized in Table 4-1. While
the values presented are not from on a randomized database, they are represen-
tative of Westinghouse mill annealed tubing only.

4.4 Burst Pressure Versus Bobbin Voltaée Correlation

The bobbin coil voltage amplitude and burst pressure data presented in the EPRI
database, Reference 4.2, have been used to estimate the degree of correlation
between the burst pressure and bobbin voltage amplitude. The details of perform-
ing the regression analysis to determine the degree of correlation and to estimate
the parameters of 4 log-linear relationship between the burst pressure and the
bobbin amplitude, are provided in the EPRI database report. General techniques
for the performance of regression analysis are described in Appendix A. to this
report. The evaluations examined the scale factors for the coordinate system to be
employed, e.g., linear versus logarithmic, the detection and treatment of outliers,
the order of the regression equation, the potential influence of measurement errors
in the variables, and the evaluation of the residuals following the development of a
relation by least squares regression analysis. The results of the analyses indicated
that an optimum linear, first order relation could be obtained from the regression of
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the burst pressure on the common logarithm (base 10) of the bobbin voltage
_amplitude,

The equation form relating the burst pressure, Ppg, of indication i to the logarithm
of the bobbin amplitude, V;, is given by,

Pg =a; +aylog(V), - (4.3)

where a; and a, are least squares estimates of coefficients oy and oy that would be
obtained if the entire population of tubes with indications were tested. Here, the
burst pressure is usually measured in ksi and the bobbin amplitude is in volts.

A typical value for the index of determination of the regression of the burst pres-
sure on the bobbin amplitude is 80%. The corresponding correlation coefficient
would be 0.90, which is significant at a >99.999% level. This means that the
typical p-value for the slope of the line is < 0.001%. Hence, equation (4.3) provides

an excellent functional form for the prediction of the burst pressure from the bobbin .

amplitude.

The estimated standard deviation of the residuals, i.e., the error of the estimate, Sp,
of the burst pressure is typically on the order of ~0.95 ksi. Examination of the
residuals from the regression analyses for 3/4" and 7/8" diameter tubes indicated
that they are normally distributed, thus verifying the assumption of normality
inherent in the use of least squares regression. |

A typical format for reporting the results of the regression analysis is illustrated in
Table 4-2. The database used for the analysis and the regression results are shown
on Figure 4-1.

Using the regression relationship, a lower 95% prediction bound for the burst
pressure as a function of bobbin amplitude is then developed. These values are
further reduced to account for the lower 95%/95% tolerance bound for the Westing-
house database of tubing material properties at 650°F. Using the reduced lower
prediction bound curve, the bobbin amplitude corresponding to a free-span burst
pressure of 3657 psi is found.! This is the structural limit as reported in plant
specific APC supporting analyses. A typical value for 3/4" diameter tubes is on the
order of 5V. An additional limit corresponding to the actual SLB differential
pressure is also calculated and reported.

1 The value of 3657 psi results from considering a SLB differential pressure of
2560 psi divided by 0.7 in accord with the guidelines of RG 1.121, Reference 4.9.
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4.5 Probability of Leakage Correlations N

Historically, the probability of leakage has been evaluated by segregating the model
boiler and field data into two categories, i.e., specimens that would not leak during
a SLB and those that would leak during a SLB. These data were analyzed to fit a
sigmoid type equation to establish an algebraic relationship between the bobbin
araplitude and the probability of leak. The specific algebraic form .used to date has
been the logistic function with the common logarithm of the bobbin amplitude
employed as the regressor variable, i.e., letting P be the probability of leak, and
considering a logarithmic scale for volts, V, the logistic expression is: 