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10 Introduction

This report responds to the NRC request at the Catawba-1 meeting of April 1, 1983
and subseguent written/telecon guidance to provide SLB leak rate analyses based on
assuming an average leak rate for the measured data independent of voitage. Leak
rate analyses are provided to satisfy the specific NRC analysis method. Sensitivity
analyses are provided for alternate analysis methods Averages of the measured leak
rates are provided for the lower voitage (< 9.2 volts) half of the measured population
and for the entire population Uncertainties at 1 645 standard deviations are also
defined to account for uncertainties on the distribution of leak rates. If a constant
average leak rate is to be applied. it is appropriate that the probability of leakage used
in conjunction with the leak rate be associated with a probability of significant leakage
rather than zero leakage as used in APC methodology with voltage dependent leak
rates For the present analysis, a probability of leakage >1 0 liter/hr 1s recommended
for applications of 2 constant leak rate per leaking indication

It 1s shown in Section 3 0 by statistical assessments that the significance level of a
correlztion between SLB leakage and bobbin voltages is >89.8%. Thus a leak rate
ceorrelation rather than an average leak rate should be applied. It is inappropriate 10
average all leak rate data independent of voltage and, as @ minimum, application of a
constant leak rate should represent an average over the voltage range of interest.
Snce only a few leak rates measurements are available in the range of interest (<5
volts), a bounding average ieak rate for data up to ~2.2 volts (half of the database) is
more meaningful than an average of all data. Average leak rates and standard
deviations are developed in Section 40 The probability of leakage >1.0 liter/hr
versus voltage is developed in Section 50

SLB leak rate analyses for Catawba-1, using constant leak rates, are given in Section
60 Leak rate sensitivity to the probability of leakage and the constant leak rate used
in the analyses are included in Section 6 0. The combination of probability of leakage
> 1.0 iter/hr with the average leak rate for < 8.2 volt indications provides a realistically
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conservative leak rate. A conservative bounding leak rate can be obtained by
combining the probability for leakage > 0.0 liter/hr with the average leak rate for < 9.2
volt indications.
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20 Summary and Conclusions

The following provides the principal conclusions from this report.

Summary of NRC-Requested Leak Rate Analysis Results

. At the NRC's request, the total SLE leak rate has been calculated as:

Q, =nQ,+1645/n o

where Q_and o are the average and standard deviation of the leak rate, and n is
the effective number of leaking tubes, i e the projected number of leaking tubes,
divided by the probability of detection (PoD) The 1.645 factor provides a +85%
confidence bound on the total leak rate. The NRC also specified that the
analyses should include the maximum likelihood probability of ieakage (Pol)
curve, a PoD of 06, end of cycle (EOC) projected voltages based on all bobbin
indications left in service including bobbin indications not confirmed by RPC, and
a SLB AP of 2560 psi. The NRC requested in telecon discussions that Q, and o
be obtained as an average of all leak rate data and as an average of the iower
voltage half of the data base.

«  Following the above NRC method, the caiculated EOC-7 SLB leak rates for
Catawba-1 are 0.60 gpm and 2. 73 gpm with the leak rates per leaking indication
based on the lower voltage range and on all data, respectively. S/G C was found
to be the limiting S/G based on EOC-7 voltage projections for all bobbin
indications left in service independent of RPC confirmation.

. Based on statistical analyses given in thus report showing a high probability
(98 89%) that SLB leakage is correlated to voltage, the above NRC methodology
is considered to be excessively conservative. It is recommended that the
foliowing be considered for specification of a method for SLB ieakage analyses:
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As a minimum, the average and standard deviation for the leak rate should
be based on the iower half (< § volts) of the voltage range for the data base.
This provides a minimal recognition of the correlation between leak rates
and voltage In the near term, technical meetings should be heid to develop
a mutually satisfactory, continuous correlation of SLB leak rate as a function
of voitage

if 2 +85% uncertainty level is to be assigned to the sum of all leaking
indications, the probability of leakage correlation used in the analysis should
be based on the probability of significant leakage (such as > 1 iliter/hr),
rather than the probability of any leakage greater than zero

Leakage analyses should be based on bobbin indications left in service and
confirmed by RPC inspection or not RPC inspecied. The conservative
bobbin criteria for igentifying potential indications, such as Appendix A of
WCAP-13494, can lead to false calls without supplemental RPC inspection.
Even if it is assumed that the bobbin indications are real flaws but not
detected by RPC, the high probability of detection for RPC at >40-50%
depth leads to low likelihood that RPC NDD indications would lead to SLB
leakage over the one cycle between inspections. It is highly desirable to
maintain the bobbin and RPC indication basis for leakage analyses t¢
continue to maintain conservative bobbin caliing criteria

Further discussions should be held to support use of 2335 psi for SLB
analyses based on acceptable PORV reliability of Catawba-1.

Further discussions should be heid to develop a probability of detection
based on field experience, rather than the more arbitrary 0.6 value. In
WCAP-13682, Westinghouse has provided the NRC with tabuiated data and
PoD correlations for pulied tube detectability.
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Statistical Findings of SLB Leak Rate Evaluations

Frevious analysis of the 3/4 inch leak rate data indicated a correlation with
voltage at a high leve! of probability. Additional statistical evaluations performed
in this report support @ 88 88% probability level that leak rate is correlated to
voltage

Neither the leak rates nor the bobbin amplitudes of the test specimens are
distributed normally The logarithms of the ieak rates and of the bobbin
amplituces are distributed normally

The regression analyses have shown that the distribution of the residuals is
normal with @8 mean of ~0 and constant variance about the regression line. This
means that the assumptions inherent in performing the regression analysis were
satisfied, and that statistical inference about the regression line may be
performed

Overall, it is concluded that 2 SLB leak rate versus voltage correlation is
appropriate and supported by statistical analysis of the data. Some correlation
with voltage should be recognized in any SLB leak rate methodology at any level
of intended conservatism.

Average eak Rat

The high probability level that the leak rate is correlated to the voitage strongly
suppornis the contention that segregation of the leak rate data into two groups,
according to ascending bobbin amplitude, should be performed to limit the
calculation of the pertinent statistics to the voitage range of interest.

For @ SLB pressure differential of 256C psi, the average leak rate for the lower
voltage half of the data base (< © volts) is 7 53 liters/hr, with @ standard deviation
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of 10.25 liters/nr. For all leak rate data independent of voltage, the average is
30 8 liters/hr with a standard deviation of 54 0 lite.a™r. At +85% uncertainty

(1 8450), the corresponding leak rates for a single indication would be 24 4 and
118 7 uters/nr These averages are basecd on all available data, with no
exclusions for outliers

. For a2 SLB pressure differential of 2335 psi. the average leak rates and standard
deviations are 553 liters/hr, o=8 43 liters/hr and 19 1 liters/hr, 0=27.1 liters/hr for
the lower voltage range and all data values, respectively. Additional information
on PORYV reliability for Catawba-1 to support the use of a 2335 psi SLB pressure
differential will be provided for future analyses

Probability of Leakage

. The maximum likelihood probability of leakage greater than zero versus voitage
was developed for Catawba-1 in WCAP-13484, Rev. 1 for applications of the
APC leak rate methodology

. A correlation for the probability of leakage >1.0 liter/hr is deveioped in this report.

At the lower voltage range of interest, the probability for >1.0 liter/hr leakage is
about a factor of three less than the probability for >0.0 leakage.

Additional Catawba-1 SLE Leak Rate Analyses

+  SLB leak rates are obtained for Catawba-1 utilizing the projected EOC-7 voitage
distribution obtained for S/G C as the most limiting S/G. Although S/G D had
more bobbin indications left in service, the number of EOC indications
contributing to potential leakage is less than for S/G C due to lower voitages and
growth rates for S/G D.
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level, and the conclusions relative to the existence of a correlation between leak rate
and bobbin amplitude would be unchanged.

Although the analysis was performed specifically for 3/4" diameter tube specimens the
general conclusion relative to a correlation between leak rate and bobbin amplitude
shouid also apply to 7/8" tubes. It has been noted that the correlation demonstrated
for 7/8" diameter tubes is not as strong as for 3/4" tubes

Evaluation of the results of the regression analyses for both tube sizes have shown
that the residuals are normally distributed with a mean of ~0, and with a constant
vanance about the regression line. This means that the assumptions inherent in
performing the regression analyses were satisfied. and that statistical inference about
the regression line is justified
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Table 3-7.

Comparison of Lower & Upper Voltage Samples - 2335
Lower Range of Volts Upper Range of Voits
. SLB Leak LOG Leak . SLB Leak LOG Leak
Amgm":‘ (| Rate @ 2335 | Rate @ 2335 Amm | Rate @ 2335 Rate @ 2335
psi (I/hr) psi psi (Vhn) psi
18 18 18 19
Means: 5.529 0.123 32.04 1.28
Vars: 70.986 0.989 1036.95 0.28
StDevs: 8.4253 0.9945 32.2017 0.5307
StErrs: 1.9859 0.2344 5 9633 0.4385
One Tailled | Two Tailed
T-test: 2.85E05 5.71E05 !Homoscedastic
T-test: 7.10E-CS 1.42E-04 Heteroscedastic
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Figure 3-2: Distribution of Leak Rate
3/4" OD x 0.043" Thick Alloy 600 SG Tubes
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Figure 3 - §

2335 psi SLB Leak Rate vs. Bobbin Amplitude
3/4" Tubes, Model Boiler & Field Data




40 Average SLB Leak Rates

The purpose of this section is to provide an analysis of the leak rate data without
consideration of any correlation to the bobbin amplitude. Aithough an analysis of this
type would not normally be performed owing 1o the evidence of a correiation, this
specific evaiuation and the results of the evaluation were requested by the NRC.

The leak rate data for nominal 3/4" OD tubes (including outliers) is summarized in
Table 4-1 for a SLB differential pressure of 2560 psi @ 616°F. The average leak rate
for the entire voltage range (ali data) is 30 8 liters/hr and 7.53 liters/hr for voltage

<9 24 The standard deviations on the distributions of leak rates are 54 0 and 10.3
liters/hr, respectively

Average leak rates are alsoc provided for a SLB pressure differential of 2335 psi.
These averages are given in Table 4-2 The average leak rates are 19.1 liters/hr for
all data and 5 83 liters/hr for voltages < § 24 The standard deviations on the leak
rate distributions are 27 1 and B 43 liters/hr, respectively
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Table 4-1° Leak Rate Characteristics for 3/4" Tubes

Total Crack Leak Rate Information
3/4" OD SG Tubes
APg p=2560 psi @ 616°F

All Data V < 6.24 Volts
(Median)

Standard Deviation, o
Standard Error, Oprr




Table 4-2° Leak Rate Characteristics for 3/4" Tubes

Crack Leak Rate Information
3/4" OD SG Tubes
APg p=2335 psi @ 616°F

All Data V < 9.24 Volts
(Median)

Number 37

Mean, u_, 19.140 Vhr

Standard Deviaticn 27.063 l/hr

Standard Error, o, 4.449 lhr



50 Probability of Leakage

The probability of leak (P.O L ) may be defined to be the probability of exceeding a
specified leak rate. For APC methodology with leak rates dependent on voltage, the
P O.L is defined as the probability of any leakage >0 0 This definition was applied in
WCAP-13484, Rev. 1, and the P.O.L versus volts is shown on Figure 5-1.

For application of a constant leak rate per leaking indication, the P O L. can be
defined as the probability of leakage greater than a significan: level compared to the
constant ieak rate. In Section 4, the leak rate at AP, , = 2335 psi for bobbin
amplitudes <8 2 volts (the lower voltage half of the data) was obtained at a mean of
5 563 I/hr with a standard deviation of 8. 43 or a leak rate of 19.4 I/hr at the +95%
uncertainty level requested by the NRC. Defining a significant leak for P.O.L.
determination as 1 0 I/hr (0 0044 GPM) then leads to a factor of 19 conservatism
between defining a leaker and assigning a leak rate. This ieads to significant
conservatism in the leak rate analyses Use of P.O L for any leakage greater than
zero logether with an assigned leakage of 8 i/hr would be excessively conservative.
The probability of leakage >1.0 I/hr is shown on Figure 5-2. This threshold shifts the |
P.O.L curve by about one voit toward higher voltages for the same probability.

Correspondingly, the 1.0 i/hr threshold lowers the leakage probability by about a factor

of three in the 1-4 volt range cf interest

The P O L 's were determined by fitting a logistic equation to the experimental data.
The probability of ieak, Pr(Q), is a function of the logarithm of the bobbin amplitude,
log(V),

1

|

|

|

|

AQ) * gy {
|

|

|
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where the coefficients a, and a, were found based on the principle of maximum
likelihood For the first case, i e, the probability of the leak rate, Q, being > 0 as a
function of voits, the coefficients were found to be -5 276 and © 185 For the
probability of Q being 21 I/hr the coefficients were determined to be -6 538 and 8.781.
These results do not change for a AP of 2560 psi.
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Figure 5-1

Probability of Leak > 0 Uhr vs, Bobbin Amplitude
3/4" Tubes, Mode! Boiler & Fieid Data




Probability of Leak > 1 Vhr vs. Bobbin Amplitude

3/4" Tubes, Model Boiler & Field Data










Assuming that a constant leak rate is 10 be applied, rather than the APC leak rate
correlation, Case 4 is the most realistic combination of assumptions while continuing
to apply a conservative constant leak rate. Case 4 applies leak rates for the bounding
voltage range up to © 2 volts. which encompasses the lower voitage half of the leak
rate measurements The probability of leakage for Case 4 is developed as the PO.L.
that the leak rate is greater than 1.0 liter/hour, or less than one-tenth of the leak rate
applied for Case 4 Applying @ P O.L. for any leakage greater than zero with a
conservative constant leak rate is considered excessively conservative

Although the postulated leak rates are independent of voltage, the P.O.L is voitage
dependent so that ECC voltage distributions are required for the analysis. Catawba-1
EOC ~ oltage distributions used for the analyses are described in Section 6.2.
Section & ~ summarizes the results of the SLB leak rate analyses.

62 EOC-7 Voltage Distributions

The NRC reguested that the SLB leak rates be based on all bobbin indications left in
service, including indications not confirmed by RPC inspection. Figure

6-1 shows the S/G C BOC voitage distribution (1833 indications) for these indications.
It was shown in WCAP-13484, Rev. 1 that the voitage growth for S/G C is higher than
that obtained for all S/G indications. Thus, the S/G C growth distribution, as shown in
Figure 6-1, is used for S/G C analyses. The EOC-7 S/G C voitage distribution was
obtained by Monte Carlo analysis including aliowances for growth and NDE
uncertainties. The resulting EOC-7 S/G C voltage distribution of Figure 6-1 is used for
the SLE leak rate analyses. The EOC-7 distribution for S/G D was also evaluated to
confirm that S/G C is the most limiting S/G for leakage analyses. The S/G D BOC
distribution (3410 indications) is shown in Figure 6-2, together with the growth rate
distribution for all S/Gs. The all S/G growth distribution is more conservative than the
S/G D growth rates The projected S/G D EOC-7 distribution is also shown in Figure
6-2 By comparison with Figure 6-1, it is seen that S/G C is more limiting than S/G D
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in that the S/G C EOC distribution has more indications above 0.7 volt than S/G D
Thus, S/G C is appropriate for SLB leakage analyses as the more limiting S/G.

The BOC distribution based on bobbin indications less than 1.0 voit that were
confirmed by RPC inspections plus potential indications not inspected by the RPC
probe 1s more appropriate than all bobbin indications for SLB leakage analyses.
Based on the high RPC detectability, bobbin indications not confirmed by RPC are
expected 1o be false calls or small indications not 2 concern for SLB leakage over one
operating cycle Figure 6-3 shows the S/G C BGC 7 voltage distribution (1307
indications). Also shown in Figure 6-3 is the S/G C voltage growth rate. As shown in
WCAP-13484 Rev 1, S/G C growth rates are larger than growth rates found for S/G
D or by combining growth for all S/Gs. The EOC-7 S/G C voltage distribution, as
shown in Figure 6-3 was obtained by Monte Carlo analyses and is used for the

alternate SLB leak rate analyses

Although S/G D had more bobbin indications than S/G C, the rate of RPC confirmation
was much lower than found in S/G C. The S/G D BOC 7 voltage distribution {2218
indications) for RPC confirmed and not RPC tested is shown in Figure 6-4. The
voltage growth rate for S/G D is shown in Figure 6-5 and is significantly smaller than
the all S/G growth rate of Figure 6-2 or the S/G C growth rate of Figure 6-1. For
conservatism, the S/G C voltage growth was applied to the S/G D BOC distribution to
obtain the S/G D EOC 7 distribution of Figure 6-4. Due 1o the fewer number of
indications above 1.0 volt for S/G D, the S/G leakage was found to be essentially the
same as obtained for S/G C. Only the S/G C leakage analyses are described in this
report

63 EOC 7 SLB Leak Rate Analyses

The effective number of indications having potential leakage at EOC-7 can be
obtained by multiplying the number of indications in a narrow voltage bin by the
probability of leakage at the mean voltage for the bin and summing dver all voitage
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to 0 008 gpm in WCAP-13494, Rev 1 for the comparable Monte Carlo EOC-7 voltage
distribution and application of the APC leak rate correlations

Based on the above, Cases 4 and 5, the most realistic for a constant leak rate
assumption, lead to a range of 0 07 to 0.23 gpm leakage or well below the 1.0 gpm
allowable imit. Case 2, which is eqguivalent to assuming EOC vclitages in the 5-10 volt
range represents 3 conservative estimate of the upper bound SLB leak rate (0.60
gpm) Cases 1 and 3 have no relation to IPC or APC repair limits, since these cases
apply leak rates typical of the 10-20 volt range Thus, 060 gpm at 2560 psi from
Case 2 of Table 6-1 provides a bounding SLB leak rate consistent with the NRC
request for applying a constant leak rate at the +85% level of the measured data.
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Figure 6-5.

CATAWBA-1 S/G D - Voltage Growth Projection for Cycle 7
RPC Confirmed and Bobbin not RPC Inspected
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