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' BRAIDWOOD UNIT 1: TECHNICAL SUPPORT FOR CYCLE 5
STEAM GENERATOR INTERIM PLUGGING CRITERIA

1.0 INTRODUCTION -

. Following the completion of Cycle 4 operation, bobbin coil iaWon of tube support plate
g/Oi (TSP) intersections of steam generator tubes identified 2733 indications of which 1566 were

- confirmed by Rotating Pancake Coil (RPC) inspection to be axial crack-like Outside Diameter
Stress Corrosion Cracking (ODSCC) indications. Because the size and number could result in

<c significant tube repairs, Braidwood Station requested a Technical Specification change to -
- implement an interim plugging criteria (IPC) for ODSCC at TSP intersections. The IPC repair
limits and inspection requirements, based on the Catawba-1 Safety Evaluation Repost which
approved a 1.0 volt repair limit, differed from previously approved IPCs in that it applied the
EPRI data outlier evaluation methodology and Steam Line Break (SLB) leak rate versus
voltage correlation based on the February 8,1993 NRCTmdustry meeting on resolution of
' comments on draft NUREG-1477. The necessary WCAP was issued in March of 1994.

The evaluations supporting the Braidwood-l IPC are based upon bobbin coil voltage amplitude
which is correlated with tube burst capability and leakage potential. Detailed analyses
provided by this report have demonstrated limited relative tube support plate to tube movement j
which minimizes the potential for significant leakage or tube burst during both normal and
accident conditions. For SLB leakage analyses, the tube support plate crevices are assumed to
be free span or open crevices, which lead to more conservative leak rates compared to the -|
expected packed crevices under normal and accident' conditions. The analyses for
demonstrating limited TSP displacement utilize thermal-hydraulic loads for a postulated SLB at j
normal operating conditions and for a SLB at hot standby conditions. The dynamic structural ;

analyses yield TSP displacements as a function of tube location. Tube burst analyses ' l

performed for the crack length exposed by the TSP displacements have been conservatively |
performed by assuming that the exposed crack length is throughwall. Even with these i10 conservative assumptions, it is demonstrated that Braidwood-l has adequate tube burst margin.' l

'i
Implementation of the tube plugging criteria was supplemented by 100% bobbin coil |

4o inspection requirements at TSP elevations having ODSCC indications, reduced operating
leakage requirements, inspection guidelines to provide consistency in the voltage
normalization, and rotating pancake coil (RPC) inspection requirements to establish repair

- requi:ements for indications above the 1.0 volt repair limit and to characterize the principal
degradation mechanism as ODSCC. In addition, potential SLB leakage was calculated for
tubes with indications left in service at TSPs to demonstrate that the cumulative End Of Cycle
(EOC) -5 leakage is less than the allowable limits.

1-1
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Revision 1 modified the initial March 1994 report to include subsequent results of destructive
examination of Braidwood-l pulled tubes. The plugging criteria were developed from testing
of tube specimens with laboratory-induced ODSCC, extensive examination of pulled tubes
from operating S/Gs and field experience for leakage due to indications at TSPs. The
recommended conservative criteria, were based upon Electric Power Research Institute (EPRI)
and industry-supported development programs that are continuing to further refine the plugging
criteria. At the end of Cycle 4, four tubes with 13 intersections and 6 RPC confirmed
indications were pulled at Braidwood-l for future enhancement of the EPRI database and to *

validate the industry developed EPRI leak and burst correlations applied in this report.
Information on the destructive examinations for these pulled tubes, including burst and leak
test results, were added by Revision 1. *

Additionally Revision 1 updated SLB TSP hydraulic loads, displacement analyses and
associated tube burst probability raalyses. The Revision 0 report loads utilized existing
analyses and the hot standby loads are very conservative as the initial conditions include low
water level combined with an excess feedwater transient, both of which tend to increase the
loads. The updated analyses of Revision 1 eliminate these very conservative assumptions and
updated results are provided for a SLB at both hot standby and full power conditions.

Revision 2 made two principal changes to Section 4.7 of Revision 1 of this document, issued
in August 1994. Section 4.7 identifies tubes subject to deformation during an SSE and LOCA
event. No other sections of this report are modified by Revision 2. The first concems the
applied loads used in performing the calculations. In the analysis documented in Revisions 0
and 1 of the WCAP, the calculations to define the tubes potentially susceptible to deformation
under LOCA plus SSE loads were performed on a conservative upper bound basis, such that
there were no specific loads identified for the tube support plates. As part of this revision,
however, calculations were performed to approximate plate loads for the Byron Unit I and
Braidwood Unit I steam generators. A summary of the analysis methodology and results is
presented.

The second change in Section 4.7 from the prior WCAP revisions deals with the criteria used *

for excluding tubes from the IPC. In the prior versions of the report, tubes were excluded that
could potentially collapse under the post LOCA secondary to primary pressure gradient. For
the present analysis, a more limiting criteria is used. Tubes are now excluded if the change in *

tube diameter resulting from the plate deformation is greater than [ ]" inch.

The results of the Revision 2 analysis show that the prior upper bound methodology resulted in
a conservative estimate of the number of tubes to exclude for the lower plates, even using a |
more limiting criteria for the present analysis. Thus, the revised analysis results in a reduction !

of the number of tubes to exclude for these plates. For Plates L(8) - N(10), the number of
excluded tubes is nearly the same for this analysis ([ ]" versus [ ]"), as in the earlier

1-2
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,

' analysis. Results for the top plate, which experiences significant LOCA forces, show a'
: significant increase in the number of excluded tubes. For the limiting wedge locations, the '!-

number of excluded tubes has increased from [ ]" in the prior analysis to [ ]" in this '

evaluation.
I

'

It should be noted that the results presented for Revision 2 of this report do not affect the
summary of results and overall conclusions reached in Section 2 of Revision 1 of the report.
The only affect of the revised analysis is to modify the number and location of the tubes to be !

excluded from the IPC due to the potential of tube deformation under combined LOCA plus .

SSE loads. '
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2.0 SUMMARY AND CONCLUSIONS

This report documents the technical support for a Braidwood Unit 1, Cycle 5 Interim
Plugging Criteria (IPC) of 1.0 volt for ODSCC indications at TSPs. Revision 1 of this report
updates the May 1994 initial release to include: currently available results of the Braidwood-l
pulled tube examinations including NDE data, leak tests, burst tests and available destructive
examination data; an assessment of the impact (found to be negligible) of the Braidwood-l
pulled tube data on the EPRI burst pressure, probability of leakage and leak rate correlations;

e updated SLB hydraulic loadt on the TSPs to reflect the actual operating conditions rather than
' the bounding loads used h the prior analyses; and updated SLB TSP displacements and

associated tube burst probabilities based on the revised hydraulic loads.
.

2.1 Overall Conclusions

An IPC with a 1.0 bobbin voltage repair limit has been developed for Braidwood-1, Cycle 5
operation. Inspection requirements typical ofIPC practice, such as the guidelines of the
Catawba-1 NRC SER, were applied at the Cycle 4 refueling outage to support implementadon
of the IPC. These requirements include eddy current analysis guidelines, training of analysts,
cross calibration of ASME standards to a reference standard, use of probe wear standards,
100% bobbin probe inspection and RPC inspection of bobbin indications above 1.0 volt
together with a sample of dented TSP intersections.

The Braidwood-l pulled tube examination results show burst pressures and SLB leak rates in
very good agreement with the EPRI correlations used in the initial release of this report. ;

There is no need to update the EPRI correlations based on the Braidwood-l results and the
prior analyses for SLB leak rates and free span burst probabilities remain applicable. All I
burst test results exceeded R.G 1.121 burst requirements with the lowest measured burst |
pressure of 4,730 psi obtained for the 10.3 volt indication, which was the largest indication )
found in the 1994 inspection. Eleven indications were burst tested and all indications burst,

'

as expected,in the axial direction. The crack morphology of dominantly axial indications is
consistent with the EPRI database and the EPRI correlations are applicable to Braidwood-1.

o SLB leak rates measured for the Braidwood-l pulled tubes are slightly below the regression
fit to the EPRI database. Bobbin indications at 2.05,5.00 and 10.3 volts had measured SLB
leakage while indications at 0.21,0.28,0.91,3.35 and 3.73 volts had no SLB leakage. The
results indicate that all tube integrity requirements were satisfied at EOC-4 in that bursto

,

pressures for the largest indications met R.G.1.121 requirements and SLB leak rates would I

have been well below 10CFR100 limits. Since tube integrity requirements were satisfied at i

EOC-4 and the limiting indications at EOC-5 are expected to be smaller than or no worse
than found for Cycle 4, it can be expected that all tube integrity requirements will be satisfied
at EOC-5. Thus, the Braidwood-l pulled tube results strongly support full cycle operation for
Cycle 5.

2-1
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l R.G.1.121 guidelines for tube integrity are conservatively satisfied at end-of-cycle five
(EOC-5) conditions for the 1.0 volt IPC. The results of the Braidwood-l assessment can be
summarized as follows:

. The projected EOC-5 SLB leakage is 3.1 gpm (3.2 gpm by Monte Carlo analyses) for the
limiting SG, which is less than the allowable limit of 9.1 gpm for Braidwood-1. The -

SLB leak rate was evaluated for the six alternate formulations of the probability ofleak
versus voltage correlation identified in draft NUREG-1477 and found to be essentially
(within 0.1 gpm) independent of the correlation applied in the analysis. The SLB leak *

rates were obtained by applying the leak rate versus voltage correlation based on the
EPRI database and outlier evaluation consistent with the NRC guidance of the February
8,1994, NRC/ industry meeting on resolution of draft NUREG-1477 comments. The =

Braidwood-l NRC SER of August 18,1994 applies changes to two datapoints in the
EPRI database and an estimated SLB leak rate of 6.8 gpm is obtained at EOC-5. This
leak rate remains below the limit of 9.1 gpm without coolant activity reductions. The

,

Braidwood-l reactor coolant dose equivalent I-131 concentration has been reduced from -

1.0 to 0.35 microcuries per gram of coolant for Cycle 5, which further increases the ;

margin between predicted and allowable SLB leakage.

Based on the updated hydraulic loads, the EOC-5 conditional tube burst probabihty is
4

conservatively estimated at 5.4x10 for an SLB at full power conditions which envelopes
an SLB at hot standby conditions. The updated analyses reflect the expected operating 4

conditions at the time of the postulated SLB event. The principal difference between the
updated and prior bounding analyses for an SLB at hot standby conditions is that the

,

-

updated analyses are based on the controlled water level of 4R7 inches above the
;

tubesheet while the prior bounding analyses conservatively assumed a water level of 280
inches at the uppermost TSP elevation. The prior conditional tube burst probabilities
were estimated at EOC-5 as 5x104 for a SLB at normal operating conditions and 8x10"

]

,

for a SLB at hot standby conditions. Weighting these probabilities by the relative '

operating times led to a combined burst probability of 3.1x10 Thus the updated4

analyses leak to a further reduction in the burst probability by about a factor of 6 for the i

combined probability and about a factor of 70 for an SLB at hot standby conditions. All *

burst probabilities are significantly lower than the IPC acceptance guideline of 2.5x10 2 |
,

shown to be acceptable in NUREG-0844. When the conditional burst probabilities are
'

combined with the corresponding SLB event frequencies, the frequency of a postulated *

SLB event with a subsequent tube rupture is very low at 5.5x10 per year for the prior4

4bounding analyses and 9.7x10 per year for the updated analyses. The tube burst
probabilities are developed based on limited TSP displacements calculated during a SLB
event for the Braidwood-l S/Gs, even when applying very conservative load conditions
for the hot standby SLB. Deterministic tube burst analyses show that the projected
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EOC-5 voltage obtained with voltage growth rates up to 99% cumulative probability on
the Cycle 4 measured growth distribution, is less than the R.G.1.121 structural limit of
4.54 volts for a 1.43xAP3t3 accident condition burst margin. The R.G.1.121 structural
limit guideline of three times normal operating pressure differential is inherently satisfied
by the tube constraint provided by the tube support plates at normal operating conditions.

The modest SLB leakage, acceptable tube burst margins and low tube burst probabilities
presented in this report support full cycle operation for Cycle 5 at Braidwood-l following

e implementation of the 10 volt IPC.

o 2.2 Summary

Braidwood-1 Interim Pluccing Criteria i

The implementation of the IPC at Braidwood-l for ODSCC at TSPs can be summarized as
follows:

Tube ELuggiris. Criteria l
.

Tubes with bobbin flaw indications exceeding the 1.0 volt IPC voltage repair limit and I
52.7 volts are plugged or repaired if confirmed as flaw indications by RPC inspection.

'

Bobbin flaw indications >2.7 volts attributable to ODSCC are repaired independent of
RPC confirmation.

\
Insnection Reauirements.

A 100% bobbin coil inspection was performed for all TSP intersections. All bobbin
flaw indications greater than the 1.0 volt repair limit were RPC inspected and the RPC
inspection included a sample of dented TSP intersections.

. Operating Leakace Limits
Plant shutdown will be implemented if normal operating leakage exceeds 150 gpd per

o SG. i

SLB_Leakane Criterion.

Predicted end of cycle SLB leak rates from tubes left in service, including a POD = 0.6 '

.

adjustment and allowances for NDE uncertainties and ODSCC growth rates, must be
less than 9.1 gpm for the S/G in the faulted loop.

!
|
1
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Exclusions from Tube Pluccine Criteria.

Certain tube locations, as identified in Section 4 of this report, are excluded from
application of the IPC repair limits. The analyses indicate that these tubes may
potentially deform or collapse following a postulated LOCA + SSE event.

EOC-4 Insoection Results

Eddy current inspection at EOC-4 resulted in the identification of 2733 bobbin indications at *

the TSP intersections and 1566 or 57% of the bobbin indications were confirmed by RPC
inspection. The indications ranged from 272 in S/G B to 1061 in S/G C. To evaluate Cycle
4 voltage growth, all indications of ODSCC at TSP intersections at EOC-4 had the EOC-3 =

bobbin data reevaluated to obtain Cycle 4 growth rates. In addition, Braidwood-l had a
100% inspection of S/G C during October,1993 as the result of a primary to secondary tube
leak unrelated to ODSCC at the TSPs. This allowed a growth evaluation for S/G C from
October 1992 to October 1993, a S/G C evaluation from November 1993 to March 1994 and
a growth evaluation on S/Gs A, B and D for the entire Cycle 4. The results of this growth
rate analysis were conservatively applied to the BOC-5 indications left in service to project
the EOC-5 voltage distributions for tube integrity analyses. The average growth for all 4
S/Gs over Cycle 4 was 0.23 volts per EFPY or 48% of the BOC-4 average voltage
amplitudes. The average growth for S/G C over the first part of Cycle 4 was 0.19 volts per
EFPY (48%) and was 0.11 volts per EFPY (16%) over the second part of Cycle 4. A few
indications (-l%) showed larger than typical growth with the largest growth rate being 9.76
volts.

The Braidwood-1, RPC confirmed TSP bobbin indications show axially oriented indications
that are typical of those of other plants which have been confirmed as having ODSCC;i.e.,
the Braidwood-l results are consistent with axial ODSCC as the degradation mechanism and
the associated EPRI database is applicable for the Braidwood-l IPC. Four tubes including 13
TSP intersections and six RPC confirmed bobbin indications ranging from 1.0 to 10.4 volts
were pulled during the outage for subsequent laboratory testing and destructive examination.
The results from these pulled tube examinations will be used to enhance the EPRI database *

and leakage / burst correlations. The Braidwood-l pulled tube leak and burst test results are
consistent with the EPRI database correlations and there is no need to update the correlations
to include the Braidwood-l data. *

Correlations of bobbin voltage to burst pressure and to SLB leakage and a correlation for the
probability of SLB leakage are provided which are consistent with NUREG-1477 and the
Catawba-1 SER. These correlations form the basis for determining repair limits and the
corresponding margins for burst and leakage as summarized below.

2-4
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Structural Intecrity Assessme_nj

To support the Cycle 5 tube integrity assessment under the conservative assumptions of the
larger Cycle 4 growth rates reoccurring in Cycle 5 and a probability of detection of 0.6 (draft
NUREG-1477 guidance), additional analyses were performed to demonstrate limited TSP
displacement in a postulated SLB event. With limited displacement, the part of the overall
ODSCC crack length covered by the TSP is constrained against burst and the burst capability
of the indication is that associated with the exposed crack length. Thus, limited relative

c> displacement of the tubes and TSPs results in increased tube burst margins and an associated
low probability of tube burst.

6 The two sets of Model D4 S/G thermal-hydraulic loads available for the initial release of this
report were (a) those for a SLB at normal full power operating conditions and (b) those for a i

very conservative SLB at hot standby conditions with low water level combined with an
excess feedwater transient. The initial conditions for the latter hot standby SLB event are
excessively conservative as shown by comparison with a Model D3 S/G, hot standby SLB
event with normal water levels and no feedwater transient. For Revision 1 of this report,
updated hydraulic analyses using the TRANFLO code were performed for an SLB at hot
standby and non.aal operating conditions. The updated analyses are based on water levels at
the controlled setpoint of 487 inches above the tubesheet (prior hot standby analysis at 280
inch water level corresponding to the elevation of the uppermost TSP) and eliminate the
unnecessary conservatisms associated with the water level and excess feedwater transient.
Two cases were run for the SLB at normal operating conditions. "Ihe first updated full power
case (Case 5 in this report) establishes low TSP pressure drops at the steady state, initial
conditions (time = 0) for the SLB event. Case 6 establishes the expected steady state TSP '

pressure drops based on performance analyses for the Braidwood-l S/Gs. It is fcund that
Case 5 results in the largest maximum TSP displacements for the updated analyses. TSP
displacements for each TSP and each tube location were obtained by dynamic, finite element
analyses for each of the aforementioned SLB loading conditions.

The results of the updated Model D4 S/G SLB analyses at both normal operating and hot
o standby conditions, the prior analyses at normal operating conditions and the Model D3 S/G

loads at hot standby conditions show maximum TSP displacements at tube locations of <0.48
inch. These displacements expose a crack length less than the 0.51 inch throughwall crack
length that satisfies R.G 1.121 criteria for the structural limit of 1.43x&st3 The estimated.

burst probability at the limiting tube location for the updated SLB analyses, very
conservatively assuming a throughwall crack equal to the 0.48 inch maximum e posed crack
length, is 7 x 10" per indication which is negligible for tube integrity considerations. Thus
structural integrity based on R.G.1.121 guidelines is maintained throughout Cycle 5 for the
updated SLB analyses for a SLB event at either full power or hot standby conditions.

|
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Even for the very conservative, bounding Model D4 hot standby loads of the prior analyses.
TSP displacements are lirmted to less than 0.35 inch for all TSPs having bobbin indications at
Braidwood l except for plates 3 and 7. At plate 3, the maximum TSP displacement at a tube
location is 0.57 inch which is well less than the 0.75 inch length for burst at the SLB pressure
differential of 2560 psi for tubes with LTL material properties. The probability of tube burst
for an assumed 0.57 inch throughwall crack is about 6x10" which is negligible compared to
allowables since only 12 (0.26% of TSP intersections) tube locations on plate 3 have TSP
displacements greater than the 0.51 inch structural limit. At the EOC-4 inspection, only 1
indication was fou,d on plate 3 at a location with displacements >0.5 inch. This indication '

had a small 0.59 volt amplitude at a tube location with 0.51 inch TSP displacement. Thus the
number and voltage amplitudes of indications found at plate 3 locations with significant TSP
displacements is negligible for tube integrity considerations Since maximum TSP *

displacements maintain adequate tube burst margins even if throughwall cracks are assumed
and since the larger tube displacements involve only a few tubes,it is concluded that adequate
structural margins are maintained for Cycle 5 operation for all potential indications at plate 3
even for the bounding loads of the prior hot standby SLB analysis.

For the pnor, bounding SLB analysis at hot standby conditions, only plate 7 had significant
tube-to-TSP displacements which provide potential concerns for exceeding EOC-5 structural
integrity considerations. At plate 7,124 tubes (2.6% of TSP intersections) have TSP
displacements exceeding 0.5 inch corresponding to the R.G.1.121 structural margin for
throughwall cracks and the maximum TSP displacement at any tube location is 0.87 inch.
Based on the EOC-4 inspection results of plate 7 locations, only 8 indications in any one S/G,
and a total of 20 indications in all 4 S/Gs (0.7% of all indications) have SLB displacements I
exceeding 0.5 inch. The maximum bobbin voltage at any tube location with SLB '

displacements exceeding 0.35 inch was 1.24 volts and the maximum voltage indication found
in any S/G at plate 7 was 2.74 volts. This is well below the 4.54 volts corresponding to R.G.
1.121 margins against burst for free span indications. Thus it is concluded that only a few,
relatively low voltage indications are likely to occur at the plate 7 locations with significant
SLB displacements at hot standby conditions. A statistical assessment is necessary to assess
the potential for a structurally significant indication to occur at a plate 7 location with
relatively large TSP displacements, A tube burst probability assessment was performed for *

SLB hot standby conditions (prior, bounding Model D4 loads) and the resulting probability of
a tube burst at EOC-5 conditions was only 8x10", this is negligible compared to IPC

4acceptance guidelines of 2.5x10 The burst probability for an SLB during power operation *

4at EOC-5 for the prior analysis was 5x10 Since only about 3.8% of the Braidwood-l
operating time is at hot standby (Mode 3) conditions, the combined burst probability is only j

4about 3x10 for the prior analyses. The updated load analyses, which eliminate the prior hot |
standby analysis assumptions of a low water level and a excess feedwater transient, result in a
conservatively (all hot leg TSP locations assumed to have throughwall cracks equal to the i

I
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TSP displacement) estimated tube burst probabihty of 5.4x10' which envelopes both a SLB
at either full power or hot standby conditions. Thus, the updated analyses support the prior
analyses as a bounding estimate and further demonstrate large burst margins against the

4acceptance guideline of 2.5x10 based on NUREG-0844 evaluations.

The Braidwood l SLB event frequencies and conditional tube rupture probabilities described
above have been combined to obtain a frequency of 9.7x10* per year for the updated analyses
and 5.5x10-' per year from the prior analyses for a SLB event with a subsequent tube rupture.
This very low frequency has negligible influence on the core damage frequency and supportse

full cycle operation at Braidwood-l for Cycle 5.

laakane Integritye

Based on sensitivity analyses for SLB leakage, it was concluded that S/G D is the most
limiting S/G and was arialyzed for potential SLB leak rates at EOC-5. The analysis utilized
the EPRI IPC database, probability of leakage correlation and SLB leak rate versus voltage
correlation following the NRC guidance at the February 8,1994, meeting on resolution of
draft NUREG-1477 comments. Projected EOC-5 bobbin voltage distributions were obtained
including a POD adjustment of 0.6, an allowance for NDE uncertainties, and an allowance for
voltage growth based on the S/G D voltage growth distribution obtained for Cycle 4. The
resulting SLB leak rate for the limiting SG at EOC-5 was 3.1 gpm, which is significantly less
than the allowable leak rate of 9.1 gpm obtained for Braidwood-1.

Based on draft NUREG-1477 guidance, the SLB leak rate was assessed for six attemate
formulations of the probability of leakage correlation including linear and log voltage forms
for logistic, normal and Cauchy distributions. A negligible leak rate dependence on the
probability ofleakage form was found, with a variation of only 0.1 gpm between the six
distributions.

o

*

|
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3.0 BRAIDWOOD-1 SG PULLED TUBE EXAMINATIONS

3.1 Introduction

Four hot leg steam generator tube segments from Braidwood Unit 1 (tubes R16-C42 and
R37-C34 from SG D and tubes R27-C43 and R42-C44 from SG A) were examined at the
Westinghouse Science and Technology Center. The examination was conducted to
characterize corrosion at steam generator hot leg suppon plate crevice locations. The tubes
were selected to obtain a sampling of the indications observed in the 1994 field eddy current*

inspection. The first (Flow Distribution Baffle), third and fifth support plate crevice regions
(SP1, SP3 and SPS) of tubes R16-C42, R27-C43, R37-C34 and R42-C44 and the SP7 region
of tube R42-C44 were removed for examination. Six of these locations had original field-

eddy current calls of OD origin indications.

After nondestructive laboratory examination by eddy current, ultrasonic testing, radiography,
dimensional characterization and visual examination, eight suppon plate regions were leak
tested at elevated temperature. Subsequently, room temperature burst testing was conducted
on these eight SP regions, as well as three non-leak tested SP regions and two free span
regions. Five of the burst tested specimens are currently undergoing destructive examination
using metallographic and SEM fractography techniques to characterize the corrosion. The
following presents a summary of the more significant observations available to date.

3.2 NDE Results
-

Table 3-1 presents a summary of the more important field and laboratory NDE results. Field
and laboratory eddy current inspections (bobbin and MRPC probes) produced similar data for
most regions examined. All four SP1 regions (flow distribution baffle) had no detectable
degradation (NDD) in the field and laboratory eddy current examinations. The six suppon
plate crevice regions with original RPC field calls of either single axial indications (SAI) or |
multiple axial indications (MA1) had similar calls in the laboratory. Some increase in signal

'

strength (voltage) was observed in the laboratory eddy current inspections due to the tube
pulling operation. Field bobbin probe signal strengths ranged from 1.0 to 10.4 volts. Theo

largest increase was for tube R42-C44, SP3, where the bobbin probe signal strength increased
) from 3.7 volts to 6.7 volts. This is considered a moderate increase. In addition to the six

original field calls, a review of the field bobbin probe eddy current data resulted in the call of=

a 0.6 volt irlication for the case of tube R16-C42, SP5. No MRPC probe indication was
observed. A further review of the eddy current data for the field NDD indications is given in |

Section 3.7. However, the laboratory eddy current data interpretation for this specimen was
complicated by a 12 volt dent signal that was not present in the field data. Smaller
laboratory-only dent signals were present at two other suppon plate regions. These three
dents were probably caused by the tube pulling operation.

!
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All SP region NDE indications were confined to their crevice regions. UT inspections
confirmed the eddy current observations and further suggested the presence of even more
extensive corrosion at some SP crevice locations. Furthermore, UT inspections showed the
presence of possible corrosion at two other SP crevice regions (tebe R16-C42, SPl and tube
R27-C43, SP5) not called by eddy current inspections as having corrosion. Radiographic
indications were observed for the four support plate regions with the largest bobbin probe
signal strengths. Three of these four radiographic indications were axial indications, but the
fourth (SP3 of tube R42-C44) was predominantly circemferential in nature with some axial
components. The later can be an indication of ICC and/or IGA in addition to axial corrosion. '

3.3 Leak Testing
.

Eight SP crevice regions, including the seven SP regions with eddy current indications, were
leak tested at elevated temperature and pressure at conditions that ranged from a simulated
normal operating condition to that of a simulated steam line break condition. Three of the
specimens developed leaks: tube R27- C43, SP3 (4.9 volt field bobbin indication), tube R37-
C34, SP5 (10.4 volt field bobbin indication) and tube R42-C44, SP 5 (2.1 volt field bobbin
indication). The leak rates ranged from 0.005 liters / hour to 0.114 liters / hour for normal
operating conditions and from 0.040 liters / hour to 10.86 liters / hour for steam line break
conditions. Table 3-2 presents leak rate data for the eight tested specimens.

As shown in Table 3-2, some of the leak tests were repeated with minor variations in the
temperature and pressure conditions for the tests. No significant differences were found in
the leak rates between repeat tests.

3.4 Burst Testing

Thineen specimens (eleven SP crevice regions and two free span regions) were burst tested at
room temperature at a pressurization rate of approximately 1000 psi per second. The burst
tests were performed simulating free span conditions with no SP enveloping the indications.
The field indications were tested using a bladder and a foil for the burst test with a " semi-
constraint" condition which simulates the lateral constraint provided by the T3Ps located *

below and above the crack indications at prototypical spacing between TSPs. Results of the
burst tests are presented in Table 3-3. All burst specimens developed axial burst openings.
The openings for the SP crevice region specimens were centered within the crevice regions, -

except for the SP1 region of tube R27C43 which burst outside of the crevice region, as
expected for a specimen without corrosion. The circumferential positions of the support plate
crevice region specimens' burst openings were the same as the location of the deepest UT
indications for the specimens that had corrosion indications. The eddy current RPC data does
not provide an absolute circumferential position. The lowest burst pressure for the SP crevice
regions (tube R37C34, SP5, the 10.4 volt indication) was 4,730 psi,44% of the burst pressure
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of its free span ~ equivalent and typical of a 3/4" diameter tube specimen with a 10.4 volt '!
indication.

i

Table 3-3 ;also provides room temperature tensile properties obtained from free span sections
,

of the tubes. The tensile'and burst strengths for the free span sections, while typical for ~ j
Westinghouse tubing of this vintage, show that .two of the tubes (tubes R27C43 and . 1

- R42C44) were relatively high in strength. Generally, pulled steam generator tubes tend to 'l
exhibit slightly higher tensile properties than do pre-operational steam generator tubes.

{
,

, ,'y( %
,

3.5 Destructive Examination Results !
:!

.i
.J A summary of the visual examination information is presented in Table 3-4. Corrosion i

:

cracks were observed on eight of the burst tested specimens, including all seven of the
specimens with field eddy current indications. All eight specimens with corrosion cracks had

i

UT indications. (The ninth UT specimen with corrcsion indications was not burst tested, but
-{was set aside as an archive specimen). The bobbin NDD indications R27C43 TSP 1 and - ;

. R37C34 TSP 1 (FDB locations) had no visible indications on the burst crack fracture face or ' i

in the crevice region following diametral expansion from the burst test, which tends to open |
~

crack indications, and these indications are not candidates for destructive examination. The !

free span sections of R16C42 and R42C44, selected for a reference burst pressure and tensile -
.

,

property tests, also had no degradation as would be expected. The five indications shown in :

Table 3-4, whbh include all three indications with measured SLB leakage, were selected for '

destructive examination.

Table 3-5 summarizes the results from fractography of the. burst crack fracture faces.- For i

cach indication examined, the crack length versus depth, crack length and |
number / location / width of ductile or uncorroded ligaments found on the fracture face are |
provided in the table. Four of the five indications examined had through_ wall cracks. -|

R42C44, TSP 3, which had a throughwall crack with a 2 mil ID shear lip of mixed
intergranular and dimple rupture (uncorroded) features, did not leak even at SLB conditions.

.

The indication at R42C44 TSP 7 was found to have a maximum crack depth of 42%. This I

indication was initially called bobbin NDD in the field, was found by c:: evaluation of the field*
j

data to have a small indication prior to the tube exam and was found to have a post pull
- bobbin indication of about 0.9 volts.

' '
!

,

Following the burst tests, the OD surface of the tubes were visually examined to characterize
.

!
- the degradation on the surface of the tube. The resulting OD surface crack distributions for j
the five intersections destmetively examined are shown in Figures 3-1 to 3-5. These figures j
shown that the four largest voltage indications are dominated by a single crack with some !

branching adjacent to the main crack. The low voltags, R42C44, TSP 7 has shallow I,

indications around the circumference of the tube. Figure 3-1 shows the OD sketch for the l
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largest 10.4 volt indication. The small patch of corrosion adjacent to the burst opening was -
*

further examined by radial metallography. This section was radially ground and the crack [
morphology at 21% depth is'shown in Figure 3-6. This result shows a small patch of |
intergranular cellular corrosion. Further destructive examinations are in process at the time of

-|
:

this report. The destmctive exams completed show crack morphologies typical of prior pulled
tubes in the EPRI database for ODSCC at TSPs.-

.
;

,

1
;

i

3.6 - Conclusions ~ i
'

The visually inspected burst specimens from the TSP crevice regions of tubes R16C42, ..!
R27C43, R37C34 and R42-44 had corrosion present at the locations that had eddy current {

.

'

and/or UT indications. Eight of the nine SP crevice regions found to have corrosion were !
from true support plate crevice regions (i.e., from TSP 3, TSP 5 or TSP 7 where only a 0.008 |
mil nominal crevice gap existed). The ninth burst specimen (tube R16C42, TSP 1) with [
corrosion was from a flow distribution baffle region where the nominal crevice gap was 0.039 1
inch. Of the three TSP 1 regions that were burst tested, this'was the only one with observed i
corrosion. While the exact morphology of the corrosion was not determined, initial visual !

examination data suggest that axially oriented OD origin IGSCC was the dominant form of !
CorTosion. *

!

Leak rate testing performed at elevated temperatures and pressures produced leak rates that
' i'

ranged from 0.005 liters / hour to 0.114 liters / hour for normal operatag conditions and from |
0.040 liters / hour to 10.86 liters / hour for steam line break conditions for the three specimens ~ j
which had leakage. The lowest field bobbin probe signal strength specimen which had :

leakage was 2.1 volts and the highest field bobbin probe signal strength specimen which did j
not have leakage was 3.7 volts. The SP crevice region burst pressures ranged from 4,730 to
12,640. All burst pressures were above margins required by R.G.1.121 including the 10 volt
indication at R37C34 TSP 5. The burst tests were performed simulating free span conditions
with no SP enveloping the indications. The leak and burst pressure data were consistent with
expectations and near mean predictions for the APC burst pressure versus bobbin voltage
correlation as shown in Section 6.9. The crack morphology for the Braidwood-1 pulled tubes

,

is dominantly axial ODSCC with a few occurrences of small patches of cellnlar corrosion.
J

This morphology is typical of pulled tubes in the EPRI database. j
,

3.7 Evaluation of Pulled Tube Data for ARC Applications
,

This section evaluates the pulled tube examination results described above for application to 4

the EPRI database for ARC applications. The eddy current data is reviewed, including j
reevaluation of the field data, to finalize the voltages assigned to the indications and to assess ]

)
1
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the field NDD calls for detectability under laboratory analysis conditions.- The data for !

: incorporation into the EPRI database is then defined and reviewed against the EPRI outlier. i
criteria to assure acceptability for the datahase.

'

5

!
3.7.1: Eddy Current Data Review- ]

.

Table 3-5 provides a summary of the eddy current data evaluations for the Braidwood-l j
pulled tubes. For the field indications, there is little difference in the bobbin' voltage calls ';C between the field and the laboratory results.' This supports the field analyst training on

,

voltage measurements while recognizing that the larger voltage indications typical of the field I
calls are typically less difficult to size than the lower voltage indications such as below 1.0 : |

-- - volt.~ For inclusion of the data in the EPRI database, it is desirable to minimize analyst .;
variability in the voltage calls since this variable is separately accounted for in ARC - !
applications as an NDE uncertainty. Most of the pulled tube EPRI database has been '

analyzed by the same analyst that performed the field reevaluation of Table 3-5. Thus the| l

reeva.uated field bobbin voltages are applied for application to the ARC conelations. '

!

The f. eld bobbin data for the field NDD calls were reevaluated to derive the most appropnate j
amplitude measurements, where possible, for these very small signals. This review indicated j
that two field NDD indications, R42C44-7H and R16C42-5H, could be assigned a bobbin !

flaw voltage. For R42C44-7H, called NDD in the field due to significant noise, potentially.
'

;

due to probe wobble, selection of the flaw segment from the 300 kHz data,' with due j
allowance to avoid the probe wobble segment, results in a mix signal with a 0.17 volt .j
amplitude (0.21 volt after adjustment for ASME standard cross calibration). The reevaluated "

bobbin and RPC data for this indication are shown in Figure 3-7 while the field evaluations
are given in Section 7. The reevaluated RPC call for this indication is a 0.11 volt indication. .

For R16C42-5H, the 300 kHz is again utilized to permit discrimination of the flaw segment; ;

in this case, using the vertical signal segment, as opposed to the field choice of a signal i
portion consisting of two segments (see Figure 7-41,0.61 volt), produces a mix signal of 0.23 -|
volt (0.28 volt after adjustment for ASME standard cross calibration) for the flaw amplitude. |
The reevaluated bobbin and RPC data for this indication are shown in Figure 3-8. The RPC . :

continues to be NDD with no discernible flaw separable from the background level. With jo
. these low voltage levels and difficult signal to noise circumstances, the field reanalysis of ' i
0.61 volt was appropriately conservative. However, for the tube burst correlation, it is' more i!
appropriate to provide amplitudes less compromised by noise and more technically reliable. :!.-

However, for both of these indications, the measurement uncertainties are expected to be |
. large. The reevaluated bobbin voltages for these two indications are used for application to j
the ARC database and correlations. ;

-!

As previously noted, the increases of 1 to 3 volts for the post pull bobbin voltages are typical -|
of many palled tubes in the EPRI database. Some tearing of ligaments between microcracks .j

!
l
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may have occurred, but significant tearing of ligaments to strongly affect accident condition
leakage or burst capability is not expected for these levels of post pull voltage increases.
Thus, the pre-pull voltage measurements are acceptable for ARC applications subject to
funher review if unexpected results are obtained by destructive examination.

3.7.2 Braidwood-l Data for ARC Application

The Braidwood-l pulled tube results, as developed above, are summarized in Table 3-6. The
measured leak rate data of Table 3-2 are adjusted in the table to the reference normal -

operating and SLB conditions by applying the leak rate adjustment procedure of the EPRI
database report (Reference 5-1). The reference SLB conditions are a pressure differential of
2560 psid at a primary pressure of 2575 psi and a secondary pressme of 15 psi at a -

temperature of 616'F. The measured burst pressures are adjusted to the reference 150 ksi for
the sum of the yield plus ultimate tensile strengths. The data of Table 3-6 are used in Section
6.9 to assess their influence on the EPRI ARC burst pressure, SLB probability of leakage and
SLB leak rate versus voltage correlations.

The 10.4 volt response for R37C34, TSP 5 versus the 5.0 volt response for R27C43, TSP 3
indicate the strong influence of throughwall crack length on the bobbin voltage amplitude.
Neither burst crack has remaining uncorroded ligaments influencing the voltage response, both
have comparable average depths (74% versus 71%) and R27C34, TSP 3 has a longer crack
length (0.59" versus 0.46"). The higher voltage for R37C34. TSP 5 is expected to be
primarily due to the longer throughwall crack length (0.20 versus 0.10) for this indication.

The indications at R42C44, TSPs 3 and 5 have throughwall lengths of 0.05 inch with I and 2
mil bands of corroded /uncorroded material at the ID of the burst crack faces. The indication
at TSP 5 had a low (0.0411/hr) SLB leak rate while TSP 3 with a higher voltage (3.73 versus |
2.05) did not leak. These two indications showed the highest percentage increase in the post !

pull voltages compared tu the field amplitudes. While it is possible that both ID ligaments |
tore during the pulling operations. TSP 3 had the largest vohage increase (Table 3-6) but did
not leak even at SLB conditions. TSP 5 had only a one mil ligament which may have torn
prior to the tube pull, during the tube pull or during the normal operating condition leak test. *

The larger voltage for TSP 3 is likely attributable to the greater average depth and the lack of
q

uncorroded ligaments between microcracks.
|.

The Braidwood-l pulled tube results were evaluated for potential exclusions from the
database against the EPRI outlier criteria as given in Section 5 of this report. Criteria la to
Ic and le of Table 5-1 apply primarily to unacceptable voltage, burst or leak rate
measurements and indications without leak test measurements. These criteria do not apply to
the indications of Table 3-7 and would not lead to any exclusions from the database.
Criterion Id applies to potential tube pull damage but requires analyses to demonstrate that

3-6 1
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uncorroded ligaments would n' ot have torn at accident conditions. For the 50 mil long, I and {
~ 2 mil wall thickness ligaments on R44C24 TSPs 3 and 5, it is unlikely that analyses could '

demonstrate that the ligaments would not have torn at accident conditions. The 1 mil . i
-

ligament at TSP 5 had leakage at normal operating and SLB conditions while the 2 mil
l

ligament did not leak even at accident conditions. Test data show that 50 mil thmughwall ,

cracks, even without ligaments, may not leak at SLB conditions.' In either case, Criterion Id -

does not provide a basis for excluding the Braidwood-l leakage data from the database.
Criterion 2b applies only to indications > 20 volts which is not applicable to the Braidwood-l
indications. Criterion 2a applies to atypical ligament morphology and states that cracks j-

having s 2 uncorroded ligaments in shallow cracks < 60% deep shall be excluded from the j
database. The indication at R42C44, TSP 7 has a maximum depth of 42% and three <

uncorroded ligaments which does not satisfy the s 2 ligament criterion and the indication is i.-

retained in the database. !<

i
't

Criterion 3 of Table 5-3 relates to potential test errors in the leakage measurement and would ;
exclude indications that have less that a 10% increase in leakage between normal operating !

and SLB conditions or that the measured leak rate for throughwall cracks without ligaments is !
more than a factor of 50 below the mean leak rate expected for the associated throughwall ;

crack length. All three of the indications that leaked had more_ than a 10% increase in !

leakage between normal operating and SLB conditions so that this criterion for exclusion does |
not apply to the Braidwood l tubes. Indications R27C43 TSP 3 and R37C34 TSP 5 have i

throughwall crack lengths with no ligaments and are evaluated for. low leak rates against the
factor of 50 criterion. The third indication with leakage, R42C44 TSP 5 has a few mil band !

of corroded and uncorroded material at the ID of the burst crack, which is equivalent to a !

ligament, and Criterion 3 would not permit exclusion even if leakage was much less than
expected for the associated throughwat length. Figure 3-9 shows the addition of the
Braidwood-l data to Figure 5-1 and shows the EPRI 3/4 inch diameter database, SLB leak j

rate as a function of throughwall crack length. It is seen that the Braidwood-l indications,
including R42C44 TSP 5, are not significantly below the mean leak rate for their respective
crack lengths and the indications should not be excluded from the database.

The bobbin indications at R37C34 TSP 3. R16C42 TSP 3 and R16C42 TSP 5 were not ).

destructively examined and thus cannot be directly assessed against outlier criteria 2a. As !

shown in Section 4.9, the indication at R16C42 TSP 3 lies below the mean of the burst ;

correlation which excludes application of the outlier criterion 2a (applicable only to .j.

conservative high burst pressure indications). The indications at R37C34 TSP 3 and R16C42 2

TSP 5 lie toward the upper end of the database for the burst correlation (Figure 6-7). |
However, based on the destmetive exam results for the five indications destructively |
examined,it is reasonable to expect that these indications would satisfy criterion 2a. The j
indications did not leak and Criteria ld and 3 do not apply. Therefore, these indications are ,

included in the database for the EPRI IPC/APC correlations. !
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All the Braidwood-l TSP intersections of Table 3-7 with bobbin indications were leak and
burst tested and should be included in the EPRI database for IPC/APC correlations. The
indications with no leakage are appropriate for the probability of leakage and burst pressure
correlations and those with SLB leakage would be included in all three correlations including
the leak rate correlation. The bobbin NDD indications, while not needed for the EPRI
correlations, are applicable for probability of detection assessments. The field bobbin calls
for the Braidwood-l indications were defined prior to considerations for pulling tubes and and
are not influenced by tube pull considerations. The field calls for R42C44 TSP 7 and
R16C42 TSP 5 were NDD and the bobbin calls for these two indications were made

~

subsequent to the tube pull and are more typical of laboratory review than typical field
experience.

.
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; Table 3-1

Comparison of NDE Indications Observed on Braidwood Unit ||,

| Ilot Leg SG Tube Support Plate Crevice Regions

Tube / Field EC Lab EC (Analyst #1) Lab EC (Analyst #2) . Lab EC (Analyst #3) . Lab Ur Lab X-,

location -,

R16-C42 Bobbin: NDD . Bobbin: NDD Bobbin: NDD Bobbin: NDD SAI, <20%' deep at 135' NoInd'-
; SPI (FDB) RPC: NDD RPC: NDD RPC: NDD ' : RPC: NDD
|

R16-C42 - Bobbin: 3.1 V Bobbin: 4.1 V OD Bobbin: 4.1 V OD . Bobbin: 4.2 V OD Ind SAI (0.4" long overall) at ProbableSP3 OD Ind,70% -Ind,55% deep Ind, RPC: MAI (2C), largest 300', 85% deep, has several ^ axial Ind,--
| deep RPC: MAI (2C), 57% deep 4.6 V & 0.36" long; branches 0.1 to 0.25" long . 0.5" .long,.
! RPC: MAI 3.9 V & 0.28" long & - RPC: MAI (2C), minor crack has diffuse in -

(>lC),1.7 V 0.9 V & 0.25" long largest 4.2 V & 0.36" volumetric components -. nessee
max. long

| R16-C42 Bobbin: NDD Bobbin: 11.4 V dent Bobbin: 11.5 V dent Bobbin: 12 V dent Possible MAI, all short and - NoIndSPS (0.6 V Ind in RPC: NDD RPC: NDD RPC: NDD <20% deep'
review of field -

i data)
|

,

RPC: NDD
:

R27-C43 Bobbin: NDD Bobbin: NDD Bobbin: NDD ~ Bobbins NDD NDD~ NoInd
t

SPI (FDB) RPC: NDD- RPC: NDD _RRQ1NDD RPC: NDD

Lemend of Abbreviations:
~

NDD = No Detectable Degradation ~ SP = Support Plate V = Voltage . Cire = circumferential
RPC= Rotating Pancake Coil Ind = Indication MAI = Mulitiple Axial . Max'= maximum
DI = Disotorted Indication - SAI = Single Axial Ind

.
Inds FDB = flow distribution baffle '

ICC = intergranular cellular corrosion #C = number of cracks

. -
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Table 3-1 (continued)

Comparison of NDE Indications Observed on Braidwood Unit I
Hot Leg SG Tube Support Plate Crevice Regions

Tube / Field EC Lab EC (Analyst #1) Lab EC (Analyst #2) Lab EC (Analyst #3) Lab UT Lab X-Ray;
Location

R27-C43 Bobbin: 4.9 V Bobbin: 5.9 V OD Bobbin: 6.0 V OD Bobbin: 6.1 V OD Ind MAI: three largest are 0.25" - Clear axiali
'

SP3 OD Ind, 85% Ind,87% deep Ind,83% deep RPC: SAI,4.8 V & 0.5" long at 34& (near Ind, 0.45"-

,
deep RPC: MAI (2C), RPC: sal,4.5 V & long throughwall),0.2" long at long

! RPC: sal, 4.6 V & 0.45" long & 0.5"long 121(27% deep) and 0.2"
| 5.3 V 0.2 V & 0.25" long long at _107' (20% deep)

I Deposits and possible Cire.
Inds at SP bottom

,

,

R27-C43 Bobbin: NDD Bobbin: 3.8 V dent Bobbin: 3.9 V dent Bobbin: dent SAI <20% deep at 331 - NoInd~
SP5 RPC: NDD RPC: NDD RPC: NDD E NDD
R37-C34 Bobbin: NDD Bobbin: NDD Bobbin: NDD Bohbm: NDD NDD NoInd
SPI (FDB) _l!PC: NDD RPC: NDD RPC: NDD ~ E NDD
R37-C34 Bobbin: 1.0 V Bobbin: 1.5 V OD Bobbin. I.7 V OD Bobbin 1.4 V'OD Ind mal: all short and <20% NoInd
SP3 OD Ind,92% Ind,64% deep Ind,71% deep EPC1 MAI (2C),0.7 V deep

deep BPC; sal,0.7 V & RPC: SAI (possible - & 0.45" long. 0.25" long
RPC: SAI, 0.3" long MAI),0.6 V & 0.45" on minor Ind
0.3 V long on clear ind

3 - 10
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Table 3-1 (continued).

'
Comparison of NDE Indications Observed on Braidwood Unit I

| Hot Leg SG Tube Support Plate Crevice Regions
i

Tube / Field EC Lab EC (Analyst #1) - Lab EC (Analyst #2) Lab EC (Analyst #3) Lab UT . Lab X-Ray 2
,

Location -

-e

R37-C34 Bobbin: Bobbji.,11.9 V OD Bobbin: 12.0 V OD Bobbin: 12.3. V OD Ind Large axial Ind near 219, Clear axial :e

SP5 10.4 V OD Ind,16% deep : Ind,77% deep RPC: SAi,8.4 V & 0.5" 0.32" long and 55% deep; Ind (0.6"),i
'

Ind,82% deep RPC: sal,8.2 V & - RPC: sal,'7.7 V- A long plus several short, shallow - e._j
j RPC: sal, 0.4" long 0.5"long: axial Inds.: of 3C with '.

8.8 V ligaments
.

| R42-C44 Bobbin: NDD Bobbin: NDD Bobbin: NDD Bobbin: NDD NDD' NoInda
SPI (FDB) _ REC: NDD RPC: NDD RPC: NDD _ REC 1 NDD -

R42-C44 Bobbin: 3.7 Y Bobbin: 6.6 V OD Bobbin: 6.7 V OD Bobbin: 6.8 V OD Ind MAI in two clusters: one1 Clear Cisc
SP3 OD Ind, 68% Ind,67% deep Ind,70% deep | . REC 1 MAI (4C),' 4.6 V near 6# - (45% deep) and - Ind with

deep RPC: MAI,3.6 V A- RPC: MAI (>3C), & 0.6" long & 3 minor other near 23& (20% deep) asial
'

[ RPC: MAI 0.5" long & 0.5 V & 3.6 V & 0.5" long & - ones- components
! (2C),3.2 V - 0.4" long 0.5 V & 0.4", long - Possible Cire. Inds in SP (0.25");
| max. center near 35' and 295",
! (both 35'long)~

R42-C44 Bobbin: 2.1 V Bobbm5 3.0 V OD Bobbin: 3.1 V OD Rghhis;,3.2 V OD Ind - MAI: deepest are 27% to No Ind
SP5 OD Ind,49% Ind,47% deep - Ind,50% deep E SAI,2.7 Y & 0.4". 38% deep and 0.2" long at

? deep; BEC sal,2.5 V & EEC;SAI,1.3 V & long with volumetric 13&,11&,5&,3& & 345'-
RPC: SAI, 0.3" long 0.4" long c components
1.6 V

B bbin: NDD Bobbin: 2.2 V dent Bobben: dent with Bobbini 2 V dent with MAI, all short & <20% '- NoInd.R42-C44 9
SP7 RPC: NDD with 0.9 V OD Ind, 0.9 V OD Ind,31% - 1.0.V OD Ind,25% - deep

27% deep L deep. deep.
RELINDD BEC1MAI,' largest BEC1MAI (multiple

0.5 V & 0.6";long . short ones), largest
0.4 V & 0.3" long.; u

: 3 - I1 -
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Table 3-2
Braidwood Unit 1 Leak Test Results for Steam Generator Tubing

Tube No., Test Type: Leak Rate Test Conditions
Location Differential (liters / hour) (Pressure in psi, Temperature in 'F)

Pressure (psi)

R16-C42, SP3 NOC: 1265 zero P,= 2230, Ps= %5, T,= 610 Ts= 613
ITCI: 1885 zero P,= 2410, Ps= 525, T,= 618. Ts= 621
ITC2: 2330 zero P,= 2710, Ps= 380, T,= 621. Ts= 622
SLB: 2540 zero P,= 2740, Ps= 200. T,= 621, Ts= 622

,

R16-C42, SPS NOC: 1325 zero P,= 2255, Ps= 930 T,= 608, Ts= 610
SLB: 2575 zero P,= 2825, Ps= 250, T,= 610, Ts= 611

*R27-C43, SP3 NOC: 1260 0.034 P,= 2230, Ps= 970, T,= 609. Ts= 617
NOC: 1275 0.034 P,= 2250, Ps= 975, T,= 609, Ts= 617
ITCI: 1860 0.290 P,= 2360, Ps= 500, T,= 603, Ts= 602
ITC2: 2315 0.835 P,= 2690, Ps= 375 T,= 565. Ts= 563
ITC2: 2315 0.735 P,= 2690, Ps= 375 T,= 563. Ts= 562
SLB: 2515 1.060 P,= 2780, Ps= 265. T,= 568 Ts= 537 .

SLB: 2505 0.972 P,= 2765, Ps= 260, T,= 614. Ts= 580 l

SLB: 2560 1.040 P,= 2755, Ps= 195, T,= 564 Ts= 562

R37-C34, SP3 NOC: 1280 zero P,= 2220, Ps= 940, T,= 616. Ts= 619 )
ITC: 2350 zero P,= 2690, Ps= 340, T,= 622, Ts= 628 |SLB: 2530 zero P,= 2755, Ps= 225, T,= 625, Ts= 625 1

R37-C34, SPS NOC: 1280 0.100 P,= 2230. Ps= 950, T,= 579. Ts= 596
NOC: 1275 0.114 P,= 2230, Ps= 955. T,= 592, Ts= 605
ITCl: I890 0.794 P,= 2370, Ps= 480, T,= 558. Ts= $76
ITC2: 2255 6.390 P,= 2680, Ps= 425. T,= 567 T,= 490
SLB: 2500 9.440 P,= 2730, Ps= 230 T,= 559, Ts= 480

,

!
SLB: 2495 10.86 P,= 2920. Ps= 425, T,= 560, Ts= 490
SLB: 2500 10.69 P,= 2930, Ps= 430 T,= 575, Ts= 473

R42-C44, SP3 NOC: 1275 zero P,= 2250, Ps= 975. T,= 626, Ts= 629
ITC): 1895 zero P,= 2410, Ps= 515 T,= 630. Ts= 631 .

ITC2: 2310 zero P,= 2700, Ps= 390, T,= 629 Ts= 629
SLB: 2545 zero P,= 2760, Ps= 215. T,= 626. Ts= 625

R42-C44, SPS NOC: 1345 0.005 P,= 2250, Ps= 905, T,= 623, Ts= 626 *

ITC1: 1905 0.013 P,= 2370, Ps= 465. T,= 624 Ts= 609
ITC2: 2330 0.034 P,= 2700, Ps= 370, T,= 613, Ts= 618
SLB: 2555 0.040 P,= 2770, Ps= 210 T,= 606, Ts= 613 |

R42-C44, SP7 NOC: 1320 zero P,= 2240, P = 920, T,= 615. Ts= 617s
SLB: 2485 zero P,= 2700, Ps= 215. T,= 620. Ts= 618

Legend: All data withm a table block is presented m the order of testmg, NUC= normal operatmg I
conditions, ITC= intermediate test conditions, SLB= steam line break conditions, P,= {
primary side pressure (psi) P = secondary side pressure (psi), T,= primary side js

temperature (T), Ts= secondary side temperature (F) ;

3 - 12
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Table 3-3
Room Temperature Burst and Tensile Test Results for Braidwood Unit i Hot Leg SG Tubing

Location Burst Pressure Ductility Burst length Burst Width 0.2% Offset Tensile LTTS Tensile Elong.
(psig) (% Dia.) (inches) (inches) Tensile YS (psi) (psi) (%)

R16-C42, FS 10.900 30.8 1.592 0301 49,700 97,960 34.0

RI6-C42. SPI 10,720 31.8 1.499 0357

RI6-C42, SP3 6.400* 10.9 0.983 0.283

R16-C42. SP5 10,640 26.0 1351 0353

R27-C43. FS see below see below see below see below 62,280 113,630 27.2*

R27-C43. SPI 12.640 203 1.228 0.267
(FS equivalent)

R27-C43, SP3 6,140' 9.6 1.002 0.256

R37-C34, FS see below see below see below see below 49.170 95.130 30.0*

R37-C34, SPI 10.660 38.4 1.427 0.319
(FS equivalent)

R37-C34, SP3 8,660* 16.5 1.156 0.350

R37-C34, SPS 4,730* 10.1 0.688 0.2 %

R42-C44. FS I1.630 293 1.491 0.274 60,990 104.790 30.5

R42-C44. SP3 5380* 10.5 0.942 0.25I

R42-C44. SP5 7,100* 11 3 1.015 0.251

R42-C44, SP7 10,120 19.0 1.155 0.275

Control (NX7368) 1I,760 25.7 1.448 0370 56.850 111,350 20.9*
$6,830 112.380 26.2*

Argend: sr = su yvii plate crevice region tocauon; es = tree span locationr

* = Tensile specimen broke outside of gage length, possibly reducing elongation value.

+ = Burst specimen used a bladder and foil over largest defect area and was burst in a semi-restraint condition. In addition, after burst testing. the
foil was observed to be centered under the burst opening. All other burst specimens were burst without bladders and foils and without a restraint
conditions.

3 - 13
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Table 3-4
Braidwood APC Destructive Examination Planning Data

Specimen EC Data (field Burst Ratio FF Corrosion Crevice Region Corrosion DE Performed
bobbin probe) (specimen /FS) (visually hi ed) (visually observed) -

R 16-C42. FS NDD 1.00- no no

R16-C42, SPI NDD 0.98 yes yes

R16-C42, SP3 Ind (3.1 V) 0.59 yes yes-

.I R16-C42, SPS NDD 0.98 yes- yes (360'around
circumference)

i

R27-C43, SPI NDD 1.00* no no
*

4

R27-C43, SP3 Ind (4.9V) 0.48- yes .no yes

, R37-C34, SPI NDD 1.00" no" no"
!

R37-C34, SP3 - Ind (1.0V) 0.81 yes yes (360Paround

circumference)

R37-C34, SPS Ind (10.4V) 0.44 yes yes yes

R42-C44, FS NDD- 1.00 no no

R42-C44, SP3 Ind (3.7V) 0.46 yes yes- yes

R42-C44, SPS Ind (2.IV) 0.61 yes yes yes

R42-C44 SP7 NDD/Ind (0.9V) 0.87- yes yes (360'around yes

circumference) :

EC = eddy current; FS = free span: FF = fracture face; DE = destructive examination
* = Burst occurred outside of crevice region, therefore the specimen truely was a FS equivalent.
" = Burst ductility was so large that all deposit and oxide films spalled, making crack observations easy. No cracks were observed and the"
specimen is regarded as a FS equivalent.

.

.
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Table 3-5
Braidwood Unit 1 S/G Tube Macrocrack Profiles

Tube, Length vs. Depth Ductile Ligament Comments
Location (inches /% throughwall) location / Width (inches)

R27-C43, SP3 0.00/00 <-crack top No ligaments found
0.05/54 w6th intergranular
0.10/77 features occurring
0.20/86 over more than 50%
0.25/82 of theirlength
0.30/88
0.32/100 no ductile ligaments
0.35/100 (Max. depth = 100%
0.40/100 over 0.10 inch) ,

0.42/100
0.45/91
0.50/75
0.55/50

,

(0.59)/00 (Ave. depth = 71%, <-crack bottom '

Macrocrack Length =
0.59 inch) *

R37-C34, SPS 0.00/00 <--crack top No ligaments found
0.05/88 with intergranular
0.10/100 features occurring
0.15/100 over more than 50%
0.20/100 - (Max. depth = 100% _of their length.
0.25/100 over 0.20 inch) no ductde ligaments
0.30/100
0.35/88
0.40/58i

| 0.45/09
| (0.46)/00 (Ave. depth e 74%, <--crack bottom
'

Macrocrack Length =
0.48 inch)

3 - 15
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Table 3-5 (Continued)
Braidwood Unit 1 S/G Tube Macrocrack Profiles

Tube, Length vs. Depth Ductile Ligament Comments
Location (inches /% throughwall) Location / W1dth (inches)

R42-C44, SP3 0.00/00 <-crack top No hgements found *

0.05/60 with intergranular
0.10/84 features occumng

,

0.15/93 over more than 50%
0.17/96 to 100* of their length. .

,

0.20/96 to 100* (Max. depth = 96 to
0.22/96 to 100* 100%* over 0.050 inch) no ductile ligaments
0.25/84
0.30/86
0.35/81
0.40/84
0.45/67
0.50/42
(0.52/00) (Ave. depth = 71%, Macrocrack <--crack bottom

Length = 0.52 inch)

R42-C44, SPS 0.00/00, p j <-crack top < -W 1/0.001* e Three ductile
0.05/30 ligaments observed 4

0.10/33 with dimple rupture
0.15/48 features occurring
0.20/67 over more than 50%
0.22/98 to100" of theirlength
0.25/98 to 100" (Max. depth =98 to
0.27/98 to 100" 100%" over 0.05 inch)
0.30/93 to 95"
0.35/87<-- Ligament 2 <-Ligament 210.0125' wide
0.40/90 -)

0.45/52 -

0.50f24<- 3 <-W 3 A005* wide
(0.53/00) ( ve. depth = 54%, Macrocrack .

Length = 0.53 inch) <-crack bonorn

' A o.ouz men e snear up exists at me to up or me tracture race over a ( .os ancn songm. trus sneer up nas muergranuier features mmea we
dimple rupture features in approximately equal proportions in area.
" A O.001 inch wide shear band exists on the fracture face, starting --;- v ;..__:Ji 0.001 inch below the ID surface of the fracture face. The
shear band occurs over 0.07 inch length of the fracture. The region between the ID surface and the shear band had only intergranular features.

3 - 16
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. Table 3-5 (Continued),

Braidwood Unit 1 S/G Tube Macrocrack Profiles

Tube, Length vs. Depth Ductile Ligament Comments
Location (inches /% throughwall) Location / Width (inches)

R42-C44, SP7 0.00/00 '<--crack top Three ductile
0.05/28 ligaments observed
0.10/30 with dimple rupture
0.15/21 features occurring
0.20/21 over more than 50%
0.25/28 of theirlength.
0.30/32
0.35/35
0.40/42 (Max. depth = 42%) .
0.45/37

<-Ugement 1 <-Ligament 1/0.006' wide

0.m<-Ligamect 2 <-Ligament 2 /0.007" wide

b ) ve. depth = 25%, Macrocrack 7Mac[tM
~

Length = 0.68 inch)
[.

3 - 17
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Table 3-6 Summary of Braidwood-1 Pulled Tube Eddy Current Results

|Field Call Lab. Reevaluation of Field Data Post Pull Data
'

Tube T
S Bobbin RPC Bobbin ASME Bobbin Depth RPC Bobbin RPC |P y,ig,m Volts Volts Cal.* Volts * Volts Volts Volts '

',

Steam Generator A j

R27C43 1 NDD NDD NDD l NDD NDD NDD
,

3 4.99 4.82 4.10 1.22 5.00 90 % 4.8 6.1 4.8 I

5 NDD NDD NDD NDD NDD NDD
R42C44 1 NDD NDD NDD NDD NDD NDD i

3 3.73 3.11 3.06 1.22 3.73 69 % 2.9 6.8 4.6 '

5 2.09 1.51 1.68 1.22 2.05 61 % 1.5 3.2 2.7

7 NDD NDD 0.17 1.22 0.21 DI 0.11 1.0 0.4 -

Steam Generator D

R37C34 1 NDD NDD NDD NDD NDD NDD

3 1.04 0.33 0.76 1.20 0.91 89 % 0.4 1.4 0.7

5 10.4 8.62 8.60 1.20 10.3 84 % 7.4 12.3 8.4

R16C42 1 NDD NDD NDD NDD NDD NDD

3 3.12 3.43 2.79 1.20 3.35 79 % 2.9 4.2 4.6

5 NDD NDD 0.23 1.20 0.28 DI NDD Dent NDD
.

Notes:

1. Field data include cross calibration of ASME standard to the reference laboratory standard
2. ASME calibration represents the cross calibration factor for the field ASME standard to the reference

laboratory standard and is applied to the laboratory reevaluation to obtain the corrected APC volts
,

f

3 - 18
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Table 3-7 Braidwood-l Pulled Tube Data for ARC Applications

| T Robbin Data Destructive Exam Results Leak Rate-l/hr Borst Pressure Data - ksi
Tube S RPC

P Volts Max. Avg. Crack TW No. N. O. SLB Meas. o, o, Adj.
j Volts Depth Depth Depth Length Length Lig.* 1300 2560 Burst Burst

psid* psid* Press. Press.

Steam Generator A

R27C43 i NDD NDD -0% (4) (4) 12.640 62.280 I13.63 10.778

3 5.0 90 % 4.8 100 % 71 % 0.59" 0.10" 0 0.035 0.84 6.140 5.236

5 NDD NDD (3) (3) (3)

R42C44 I NDD NDD (3) (3) (3) 60.990 104.79

3 3.73 69 % 2.9 100 % * 71 % 0.52" 0.05" 0 0.0 0.0 5.380 4 868

5 2.05 61 % 1.5 100 % * 54 % 0.53" 0.05" 3 0.005 0.041 7.100 6.424

7 0.21 DI 0.11 42 % 25 % 0.68" - 3 0.0 0.0 10.120 9.157

Steam Generator D

R37C34 I NDD NDD -0% (4) (4) 10.660 49.170 95.130 11.081

3 0.91 89 % 0.4 (3) - 0.0 0.0 8.660 9.002

5 10.3 84 % 7.4 100 % 74 % 0.46" 0.20" 0 0.12 12.8 4.730 4.917

Rl6C42 1 NDD NDD (3) (4) (4) 10.720 49.700 97.960 10.890

3 3.35 79 % 2.9 (3) - 0.0 0.0 6.400 6.501

5 0.28 DI NDD (3) |
- 0.0 0.0 10.640 10.809

Notes:

1. Measured leak rates adjusted to reference conditions by applying methods of EPRI data report, Reference 5-1.
2. Number of uncorroded ligaments with > 50% of ligament length remaining in burst crack face.
3. Archive specimen and/or no destructive examinations performed
4. Leak test not performed. No significant corrosion found by examination following burst test and no leakage would have occurmt.
5. A I to 2 mil shear band of intergrannular corrosion and urn.vuwkJ material found at ID of burst crack face.

3 - 19
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Figure 3-1. Sketch of the OD surface crack distribution found at the fifth
support plate (SPS) crevice region of tube R37-C34. Also shown !

is the location of the burst fracture opening. The corrosion
cracking was confined to the crevice region.
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Figure 3-2.
Sketch of the OD surface crack distribution found at the third
support plate (SP3) crevice region of tube R27-C43. Also shown
is the location of the burst fracture opening. (The burst opening
extended beyond the SP crevice region, but the corrosion

cracking on the burst fracture was confined to the crevice region.)
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Figure 3-3. Sketch of the OD surface crack distribution found at the third
support plate (SP3) crevice region of tube R42-C44. Also shown
is the location of the burst fiacture opening. (The burst opening
extended beyond the SP crevice region, but the corrosion
cracking on the burst fracture was confined to the crevice region.)
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Figure 3-4. Sketch of the OD surface crack distribution found at the fifth
support plate (SPS) crevice region of tube R42-C44. Also shown
is the location of the burst fracture opening. (The burst opening !

extended beyond the SP crevice region, but the corrosion ;

cracking on the burst fracture was confined to the crevice region.)
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Figure 3-5. Sketch of the OD surface crack distribution found at the seventh
support plate (SP7) crevice region of tube R42-C44. Also shown
is the location of the burst fracture opening. (The burst opening '

extended beyond the SP crevice region, but the corrosion i

cracking on the burst fracture was confined to the crevice region.) '
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4.0 ACCIDENT CONSIDERATIONS

4.1 General Considerations for Accident Condition Analyses

ne approach being applied to demonstrate tube integrity at Braidwood-1 is based on applying
SLB analyses demonstrating limited TSP displacement to reduce the likelihood of a tube burst
in a SLB event to negligible levels. In addition, it is demonstrated that the SLB leak rate,
even under the conservative assumption of leak rates for free span indications, is within*

acceptable limits. The allowable limit on the SLB leak rate is developed in Section 4.8.

Section 4.2 develops the SLB thermal hydraulic loads on the TSPs, which are used in the.

structural analyses of Sections 4.3 to 4.5 to obtain TSP displacements. Originally, Model D4
SG loads were available for SLB at normal operating conditions and for a very conservative -
SLB at hot standby conditions. He hot standby loads include conservatirms based on low
water levels (at level of the top TSP) and include a simultaneous feedwater transient. The
potential level of conservatism in the Model D4 hot standby loads is demonstrated by
comparing the loads with those obtained from a Model D3 SG analysis with normal water
level and no feedwater transient. Both SLB analyses, at normal operating conditions and at
conservative hot standby conditions, for TSP displacements developed in Sections 4.3 to 4.5.
and were applied in Section 8 of Revision 0 of this WCAP to develop tube burst margins.
The TSP displacements are calculated relative to the tube location at the start of the transient,
as discussed in Section 4.5. Section 4.4 includes an assessment of the structural integrity of
the TSPs and their supports (bar, wedge welds).

Section 4.10 of this report provides updated thermal hydraulic loads on the TSPs obtained
from an updated TRANFLO model of the Model D4 SG. Two cases are considered, one for
full power operation and another for hot standby; the updated hydraulic loads on the TSPs for
these cases are compared to the cases considered in Section 4.2. The updated TSP loads from
Section 4.10 are used to update the results of the TSP displacement analysis in Section 4.11.
Revised TSP displacements and an assessment of the updated number of tubes falling into
each of the displacement groupings used in Section 4.5 for establishing tube burst probabiliteso

) are provided in Section 4.11.

Section 4.6 develops the frequencies of occurrence for an SLB at Braidwood-l at botho

normal operating and hot standby (Mode 3) conditions. It is shown that the frequency of an
SLB at hot standby conditions, for which the TSP displacements are higher,is significantly
lower than that for an SLB at normal operating conditions.

For a postulated accident condition combining a LOCA simultaneously with an SSE, it is
possible to have some tubes near TSP wedges deformed by the resulting loading condition.
Due to the potential for secondary to primary leakage in the combined LOCA plus SSE, the

4-1
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tubes subject to significant tube deformation near the wedges are exc!uded from application of '

the IPC repair limits. The analyses describing this consideration are described in Section 4.7.
,

Some of the analyses described in this section use the Westinghouse labeling system for
'

numbering TSPs which differs from that applied at Braidwood-1. He following relates the ;
Westinghouse and Braidwood-l nomenclatures for hot leg TSP identification:

,

Wa=+inehouse TSP Braidwood-1 TSP
'

A 1 |
.

C 3
'

F 5

J 7 .
'

L 8 ;

M 9
N 10

'

P 11
,

TSP 1 is the Flow Distribution Baffle (FDB). He FDB has large tube to plate clearances ,

(nominal (0.875")* diameter) in the central region of the plate and radialized holes (nominal
(0.833"]' width) in the outer region. No indications have been found at the FDB in the

,

Braidwood-l SGs. For comparison, the Model D3 SG, for which indications have been found I
at the FDB, has a nominal hole diameter of [0.828 inch)". 1

:

4.2 Hermal Hydraulic Loads on TSP in a SLB Event

4.2.1 Intraduction

A postulated steam line break (SLB) event results in blowdown of steam and water. He
fluid blowdown leads to depressurization of the secondary side fluid. Pressure drop develops
and exerts hydraulic loads on the tube support plate (TSP) or flow baffle. Dese hydraulic
loads were determined for the Model D4 and D3 steam generator using the TRANFLO Code. +

This code is a network flow based code that can model the thermal and hydraulic r

characteristics of fluid through the steam generator internals. TRANFLO code predicts the
transient flow rate, pressures and pressure drops. .

The hydraulic loads vary with initial conditions and boundary conditions of the SLB event.
The significant initial conditions are mode of operation and water level. The important !
boundary conditions are those associated with feedwater nozzle and steam nozzle; these '

include the size and location of break, and flow rate through the feedwater nozzle during the
event. The most likely initial conditions are of full power operation with a normal water level.

4-2
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When fluid moves in the tube bundle, water will exert a higher pressure drop across_the TSP
when compared to stamm Hot standby at zero power provides a solid water pool in the tube

,

bundle while power operation generates a steam and water mixture. Dus, hot standby would !
be conservative in assimating the hydraulic loads on the.TSPs, although the most likely mode :

. of operation is power operation if a SLB event occurred Previous studies confirmed that the- |
ihot standby yields the largest hydraulic loads when compared to full or partial power.

operation.-
-

Once a SLB event begins, it triggers a rapid depressurization, which leads to water flashing |
across the water level. De rapid water flashing generates water motion, and the closer the ;.

TSP to the water level the higher the flow rate, and thus the larger the pressure drop. i*

Previous parametric evaluations indicate that a lower water level tends to yield higher
hydraulic loads on the tube support plates or baffles. ;

l
It would be ideal to calculate the hydraulic loads on the TSPs of the Model D4 steam )
generator under the no load, hot standby conditions. Although there are currently no such ' i

' calculations, there are other calculations of Model D3 and D4 for developing conservative,
bounding loads for the Model D4. This section presents such a task. Dese bounding loads ,

for the Model D4 and the more applicable Model D3 loads at hot standby with normal water !
level. !

!

4.2.2 Hydraulic Loads of Model D3 under No Load, Hot Standby with Normal Water Level |
|

In 1993, a TRANFLO calculation of hydraulic loads on the TSP under a SLB event was !

made for a Model D3 steam generator. The calculation considers the initial conditions of i
zero load, hot standby and a water level at about normal setting. The following describes the .;
calculation model. J

!

ne Model D3 steam generator maintains a normal water level of [ T above the top ;

of the tubesheet during no load, hot standby. The computational model considers a water ;

level of [ T above the top of the tubesheet. Use of the no load, hot standby and a . .|
*

water level of [ T is thus conservative in estimating the pressure loads to tube j
support plates. Water and steam temperature is initially at 557"F, and primary coolant
pressure is at 2350 psia, and secondary side steam pressure is at 1106 psia, and feedwater

'|C

temperature at 75'F.

A network of nodes and connectors was created to represent the secondary side fluid, tube
,

metal heat transfer and primary coolant. Figures 4-1 and 4-2 show the nodal layout of the j
secondary side of the Model D3 steam generator. Figures 4-3 and 4-4 present the nodal I

network of the secondary fluid, primary fluid and tube metal. In the tube bundle area, the |
space between support plates or baffles forms a fluid node, and a flow connector links the j

i
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a4acent nodes Pressure drops through support plates or bafDes are calculated by the code
for each flow connector, which represent a plate or baffle.<

Blowdown flow induces fluid flow in the mamadary side, and thus pressure loads to variousi
"

FSPs and befBe plates. Figures 4-5 through 4-7 show pressure loads through TSPs and baffle
plates outside the preheater. 'Ibe peak of pressure loads across TSP or bafHe plates develops
within one second, and it then drops to a small value or becomes a quasi-steady state.

.

De flow splits take place in the lower tube bundle; it occurs at about TSP L (see
Figure 4-1). Plates A, C and G experience downward flow because the fluid leaves in a
downward direction from the tube bundle up into the downcomer. Plates above TSP L *

experiences upward flow as the fluid leaves in the upward direction through the tube bundle.
Maximum loads occur at TSPs A, B and T; about [ T st the peak for TSP B on the cold
leg, [ T for TSP A on the hot leg, and [ T for TSP T (i.e., the uppermost TSP).

4.2.3 Hydraulic Imads of Model D4 under Full Power with Normal Water IAvel

Although there are differences in the preheater design between the Model D3 and D4 steam
generator, it is judged that there would be r,o significant differences in the hydraulic loads on
the TSPs outside the preheater. It would be ideal to have a TRANFLO calculation for the -
Model D4 steam generator with initial conditions and boundary conditions like Case 1 for the
Model D3. However, no such run is currently available. Calculations are available for
hydraulic loads on the TSPs for the Model D4 steam generator under full power operation
with a normal water level when a SLB begins. -

Figure 4-8 illustrates the nodal layout of the secondary side of the Model D4 steam generator, |
which is similar to Figure 4-1 for the Model D3. The calculation was made for design !
analyses in the 1970's. Table 4-1 lists the initial and boundary conditions for three cases for ;
which SLB loads are available; Case 3 will be discussed later, j

Results of Case 2 are presented in Figures 4-9 through 4-11. As discussed earlier, hydraulic
'

loads for a steam and water mixture in the tube bundle are less than a solid water pool.
Herefore, hydraulic loads of Case 2 for the Model D4 is less than those of Case 1 for the

3

Model D3. When a SLB event initiates from a power operation, the blowdown flow path is |
*

essentially in the upward direction from the tubesheet towards the riser barrels. Therefore,
-|

hydraulic loads tend to be higher at the upper TSPs, as shown in the above figures. Since the
event begins from full power operation, the steam content increases with the bundle height. i
The uppermost TSP is thus lower in water content, and the resulting hydraulic load is less |
than the N plate below it. In addition, the highest loads occurs at the TSP L on the hot leg i
because the flow area is half of a whole TSP and the majority of flow is passing through the |
hot leg side. |

.I
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Compared to. Case 1 for the Model D3, which experiences flow splits, loads of Case 2 for - ;
!Model D4 are less even under the situation of no flow splits. The reason for this is because

ofits relatively mild initial conditions. -|
. . .|

'4.2.4. '. Hydraulic Imads of Model D4 under No Imad, Hot Standby with a Water Level at the !
Uppermost TSP and an Excessive Feedwater Flow Transient !

i

9 ne TRANFLO computational model for this case is identical to Case 2 except for its initial j
and boundary conditions. His calculation of Case 3 uses extremes of both initial and j

boundary conditions. No load at hot standby is already conservative compared to a most !
likely mode of full power operation; it considers a water level at the uppermost TSP, which is - |<w.

by itself a vefy rare transient. In addition,it imposes an excessive feedwater flow transient. i

As discussed already, a water level at the uppermost TSP generates higher hydraulic loads .|
than a normal water level. An excessive foodwater flow introduces more solid water into the !

tube bundle, which provides additional source of water for flashing action to trigger more - I

water motion. |
!

Figures 4-12 through 4-14 presents hydraulic loads on various TSPs. Like Case 1, flow splits -|
take place for Case 3 since both cases initiate from a no load, hot standby condition.
However, Case 3 yields much higher loads than case 1 Wa= of severe initial and boundary

: conditions discussed above. q
!

4.2.5 Summary

i
Table 4-2 summarizes the key parameters regarding the loads. As far as the maximum peak j
load is concerned Car,e 2 for Model D4 yields slightly higher loads than Case 1 for Model ,

D3. This is M-==e the' flow area for the plate with maximum load is half of the whole plate !
'

only, and there is no flow split. He lower TSPs of Case 2 experience hydraulic loads much
less than those of Case 1, because there is almost no downward flow split for Case 2.

!
o Peak loads of Case 3 are more than twice those of Case 2. Use ofloads of Case 3 is t

conservative. It is believed that loads for Model D4 would be about the same as those of ;

Case 1 for Model D3, if the same initial and boundary conditions are used in the
_{computational model.-

;

i

!
i

4.3 Structural Modeling for SLB TSP Displacement Analyses |
1

nis section summarizes the structural modeling of the Model D4 tube bundle region. A |
finite element model of the hot leg region of the tube bundle is prepared, and corresponding j
mass and stiffness matrices are generated. The mass and stiffness matrices are then used m a !

l
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subsequent dynamic analysis to determine TSP displacements under SLB loads. Structural !

members included in the model include all TSPs, the tierods and spacers.' : Since the present |
analysis considers only the response of the hot leg to the SLB loadmg, the finite element

'

model includes 90* of the tube bundle. |

4.3.1 Material Lpsties
i

A summary of component materials is contained in Table 4-3, with the corresponding material j*

properties summarized in Tables 4-4 through 4 4. He properties are taken from the'1971 ;

edition (through summer 1972 addenda) of the ASME Code, which is the applicable code . |
edition for Braidwood Unit 1. Since temperature dependent properties cannot be used in '

!

sub4.=4-es, properties for the finite element model correspond to the values at $50*F. He
material properties for the tube support plates are modified to account for the tube

_ |

i
penetrations and flow holes. He density of the TSPs is also modified to account for the |
added mass of the secondary side fluid. j

i
4.3.2 TSP Support System |

!

ne support system for the TSPs is a combination of several support mechanisms. A -

schematic of the tube bundle region is shown in Figure 4-15, with each of the plates !
identified. [ ]* !

8 For the analysis of the Model D3 steam generators under SLB loads, the finite element model also
included the shell, wrapper, partition plate, and channel head. Except for the tubesheet, these '
structures were included to account for support locations for the TSPs and bafDe plates. However,
compared to the stiffness of the TSPs, bafDe plates, and tsorods, these structures are essentially
infinitely stiff and have insignificant displacements (<0.010) under SLB loads. Therefore, it is
acceptable to treat those structures as points of rigid support for the plates, and not include them
explicitly in the model.

&

Regarding the tubesheet, although not considered explicitly in the finite element model, tubesheet
displacements are considered in the analysis. Due to similarities in geometry of the tubesheet, shell,
and channel head, displacements are scaled from the Model D3 analysis. The

,

tubesheeldisplacements are quite small relative to the TSP displacements, and scaling of Model D3
displacements is an acceptable' approximation. Further discussion of the tubesheet displacements
is provided in Section 4.4.

The Model D3 analysis also considered the non-linear interaction between tubes and TSP due to
TSP rotation. The present analysis has not incorporated this effect, primarily due to the limited time
available to develop the system model. This effect may be considered in subsequent evaluations
to limit plate displacements.

.
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l' |

The lack of a rigid link between the spacers and TSPs for the outer tierods / spacers results in ;

a non-linear dynamic system. However, the nature of the SLB transient results in an |
essentially linear system response. During installation a small positive preload is introduced

'

into the tierod/ spacer system. As shown in Section 4.2, the plates are subject either to an ' * '

upward or downward pressure loading, with the exception being Plate J, which sees a both a
,
'

significant upward and downward loading.' Thus, the response is essentially linear either q
upward or downward. The tierods/ spacers have a different stiffness characteristic for upward ;

and downward loads. These differences have been incorporated into the model. For Plate J,
'

the weaker of the two stiffnesses has been incorporated to provide a conservative response.

*
!

I

i
.

T

*
I

T
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he various support locations for the plates are shown in Figures 4-16 through 4-24.
Figure 4-16 shows the locations of the tierods and spacers Plate / wrapper support locations j
are shown in Figures 4-17 through 4-24. He finite element model representation of the ;

plates and tierods/ spacers is shown in Figure 4-25. |
f

433 Revised Material Properties ,

:

:
As noted earlier, the material properties for the tubesheet and tube support plates are modified !

to account for the tube penetrations, flow holes, and various cutouts. The properties that must ;
*

be modified are Young's modulus, Poisson's ratio, and the material density.' He density must "

be additionally modified to account for the added mass of the secondary side fluid. |
* .

In calculating revised values for Young's modulus and Poisson's ratio, separate formulations !

are used for plates with and without flow holes. Due to square penetration patterns, different
properties exist in the pitch and diagonal directions. He first step is to establish equivalent

.

!

- parameters for Young's modulus and Poisson's ratio in the pitch and diagonal directions j
(E,*/E, E,*/E, y,*, y,*), respectively, he equivalent Young's modulus for the overall plate is 1

taken as the average of the pitch and diagonal directions. The next step in the process is to !

determine an equivalent value for the shear modulus, G'/G, for the plate. This is done in a |
similar manner as for Young's modulus, starting with values in the pitch and diagonal i

directions, and then taking an average of the two values. The final equivalent value for i
Poisson's ratio is determined from the relationship between Young's modulus and the shear |
modulus. A summary of the revised values for Young's modulus and Poisson's ratio is !
provided in Table 4-7. ;

I
;There are two aspects to revising the plate density. The first is based on a ratio of solid area.

to the modeled area. He second aspect corresponds to the plate moving _through the
secondary side fluid, displacing that fluid, and creating an "added mass" effect. The added
hydrodynamic mass is a direct function of the fluid density. Because the dynamic analysis
cannot account for the change in fluid density with time, the analysis uses the average density
value for the duration of the transient. Results of the calculations to determine effective plate
densities are summarized in Table 4-8. His table provides a summary of the actual '

(structural) and modeled plate areas, the metal and added fluid masses, and the final effective
plate densities. The fluid densities correspond to SLB events initiating from hot shutdown
conditions (as opposed to full power operation). Calculations were also performed for -

densities corresponding to full power operation. The change in effective plate densities did
not have a significant effect on the dynamic response of the plates.

4-8
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'4.3.4 Dynamic Degrees of Freedom |
i

; In setting up the dynamic substructures, it is necessary to define the dynamic degrees of |

freedom. In order to define dynamic degrees of freedom for the TSPs, two sets of modal i
calculations are performed for each of the plates. De first set of calculations determine plate

,

mode shapes and frequencies using a large number of degrees of freedom (approximately 120
per plate).- ne second set of calculations involves repeanng the modal analysis, using a
significantly reduced set of degrees of froodom (DOF). De reduced DOF are selected to - |* . predict all frequencies for a given plate below 50 hertz to within 10% of the frequencies for |
the large set of DOF. A frequency of 50 hertz wu selected as a cutoff, as it is judged that' !

higher frequencies will have a small energy content compared to the lower frequencies. This
o. . can be confirmed by noting that the highest frequency content in the first one and a half ;

seconds of the pressure drop time-history input loadings is typically less than 10 hertz. For
,

each of the modal runs, in addition to symmetry boundary conditions along the "Y-axis", and j
vertical restraint at vertical bar locations, all the plates are assumed to be constrained !

vertically at tierod/ spacer locations. .

,

A sample set of mode shape plots is provided for Plate A. Mode shape plots for the full set
of DOF are shown in Figures 4-26 through 4-28, while mode shapes for the reduced set of
DOF are shown in Figures 4-29 through 4-31. A comparison of the natural frequencies for'

,

'

the full and reduced sets of DOF for the plates is provided in Table 4-9. Based on the tabular '

summary, the reduced set of DOF are concluded to provide a good approximation of the plate i
response. Note that for Plate P, the frequency for Modes 3 and 5 for the reduced set of DOF i

slightly exceeds the 10% objective for matching frequencies. These variations are not i

considered to be significant, and the selected DOF are judged to give an acceptable
_,

representation of the Plate P response he reduced set of DOF consists of 8 - 10 DOF for -

each of the plates. |
3
,

4.3.5 Displacement Boundary Conditions

ne displacement boundary conditions for the substructure generation consist primarily of
*

prescribing symmetry conditions along the "Y" axis for each of the components. Vertical '

constraint is provided where the plates are constrained by the vertical bars welded to the
;

partition plate and wrapper, and to the tierods at there bottom end. For the TSPs, rotations :

normal to the plate surface are also constrained, as required by the stiffness representation for-
,

the plate elements.

4.3.6 Application of Pressure Loading i
;

The SLB pressure loads act on each of the TSPs. To accommodate this, load vectors are !
prescribed for each of the plates using a reference load of 1 psi. The reference loads are

i
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- scaled during the dynamic analysis to the actual time-history (transient) loading conditions, as !
defined in Section 4.2.

De transient pressures summarized in Section 4.2 are relative to the control volume for the
thermal hydraulic analysis. De area over which the hydraulic pressure acts corresponds to
'the area inside the wrapper minus the tube area. Dese pressures must be scaled based on a

;
ratio of the plate area in the structural model to the control volume area in the hydraulic - ;

model. A summary of the transient pressure drops is given in Section 4.2. These pressure |
drops were modified as discussed above and applied to the structural model for the dynamic 1

*

analysis, j

I=
4.4 Results of SLB TSP Displacement Analyses

i

As discussed in Section 4.2, several sets of SLB loads were considered in performing this L f
analysis.- In addition to the system analysis, some prelivninary single-plate evaluations were |
performed to estimate the plate response to the applied loadings. Calculations were also j

= performed using the single plate models to estimate the effects of expanding tubes at various +

locations in the tube bundle to limit plate motions. The results for each set of calculations is i

summarized within this section of the report.
.

An overall summary of the limiting displacements for each of the plates for the various cases !
considered is provided in Table 4-10. He displacements in this table are relative to the

|'initial starting plate positions. ' The magnitude of the tubesheet displacements and there affect
on these results is discussed below.

The first two sets of results in Table 4-10 are for the most limiting SLB loading (SLB with a f
simultaneous Foodwater Transient) using the single plate models, with and without tube !

expansion. Rese results show that tube expansion significantly reduces plate displacement !

for all of the plates. The third' set of results is again for the limiting SLB transient for the full >

system model. Comparing these results to the single plate models shows that the single plate
models provide a good indication of the relative plate motions, but that plate interaction does *

result in an increase in the plate responses, more for some plates than others.
t

'Comparing the results for the three SLB sets of loads using the system model shows that for *

the limiting SLB loads, Plates A (IH), C (3H), and J (7H) experience displacements greater '

than 0.M0 inch. For a transient initiating from normal operation that only Plate J (7H) sees ' ;

- any significant motions, and for the Model D3 SLB loads case, only Plates A (IH) and !
C (3H) show any significant response. Based on the single plate response to the limiting load -|
with expanded tubes, it is concluded that expansion of a limited number of tubes would be _;
effective in reducing the response of each of these plates to very low levels. '

i
,
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- ne limiting plate displacements in all cases are limited to a small region of the plate at their .
outer edge near the tube lane,'where the distance between vertical supports is greatest. }
Displaced geometry plots for Plates A (IH), C (3H), and J (7H) for the limiting set of SLB !

loads are shown in Figures 4-32 through 4-35. De consistent displacement pattern is !
apparent for the three plates. Displacement time histories for each~of the plates for the .i
limiting transient loads are provided in Figures 4-36 and 4-37. He bottom four plates are - |

! ahown in Figure 4-36 and the upper four plates in Figure 4-37. j
. .

.
\

C As discussed previously, tubesheet displacements are not significant and were scaled from the
{Model D3 analysis.~ ne geometry of the tubesheet and supporting structures for the two i

designs is nearly identical. A summary of key dimensions for the two models of steam .|
generators is provided in Table 4-11. Displacement results for the tubesheet from the ~I:*

Model D3 analysis as a function of distance from plate center for several transient times are !
summanzed in Table 4-12. At the bottom of this table a summary of the tubesheet j
displacements relative to time zero are presented. The relative displacements are shown to be t

quite small relative to the plate displacements. This is especially true at the outer edge of the j
tubesheet where the plate displacements are a maximum. -!

Since the dynamic analysis is based on elastic response, calculations were performed to assure j
that the tierods, a significant support element for the plates remain elastic throughout the
transient. De dynamics analysis results establish that the stayrods do, in fact, remain' elastic -|
throughout the transient. [ i

!

:
!

!
u

]' In both instances, these elongations are 1
well below the yield point for the stayrods. j

.

Also relevant in assessing the appropriateness of the elastic solution, are the stresses in the
plates. Hus, in conjunction with the displacement results from the dynamic analysis, stresses

]are calculated for the hot leg plates at the times corresponding to the maximum plate ;
displacements, ne stresses are calculated by extracting displacements from the dynamic

-

analysis for each plate degree of freedom, and then applying those displacements to the finite 1

element model. The finite element code then back-calculates the displacements and stresses ' !
for the overall plate model. j-

i

-In order to extract the appropriate displacements from the tape created by the dynamic |
analysis, a special purpose computer program is used. This program extracts the -(
displacements for a given plate at specific transient times and writes the resulting nodal !
displacements to output in a form that can be input directly to the WECAN program as

i

-i

)
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displacement boundary conditions. Using this program, displacement boundary conditions are !
extracted at the times of maximum relative displacement for Places A (1H), C (3H), and

J (7H) at the critical times for the SLB + Excess Feedwater transient and for Plates A (IH) !

and C (3H) for the Model D3 transient. Note that for Plate J for the SLB + Excess Feedwater |
transient, stresses are calculated for the times corresponding to both the maximum upward

*

displacement and also for the maximum downward displacement. These are the transients ,

and plates that are judged to be limiting based on the plate displacement results. !

Additional boundary conditions corresponding to lines of symmetry and appropriate rotational
constraints are also applied to the model. He faite element results give a set of '

displacement and stress results for the overall plate. The resulting plate stresses, however,
;

correspond to the effective Young's modulus, and must be multiplied by the inverse ratio of
effective-to-actual Young's modulus to get the correct plate stresses. He stress multiplication |

*

is performed by another special purpose computer program, SRATIO.
|
?

In order to interpret the stress results, stress contour plots for the maximum and mammum i

stress intensities have been made for each plate. ne limiting stresses for each of the plates !
occur for the SLB + Excess Feedwater transient. Plots showing the maximum and minimum

'

stress intensities for Plates A(IH), C(3H), and J(7H) are shown in Figures 4-38 to 4-45,
respectively. Dese plots show the distribution of stress throughout the plate. As expected, _;

the maximum stresses occur near the locations of vertical support, the tierod / spacers and ;

vertical bars. The ASME Code minimum yield strength for the TSP material is 23.4 ksi. !
Except for one very local area for Plate J corresponding to the upward loading on the plate

,

(Figure 4-42), the stresses are elastic throughout the plate. Recalling that the present analysis !
does not account for either the wedge support for Plate J at the 10' location, or the potential !
for tube / plate interaction due to plate rotation, the stresses in Figures 4-42 and 4-43 for Plate |
J are judged to be conservative. Hus, it is judged that the effective plate stresses will be

|
judged to be elastic for all transient cases. +

i

The plate stresses cannot be compared directly to the material yield strength, as these stresses
'

correspond to an equivalent solid plate. In order to arrive at the plate ligament stresses,
additional detailed stress analysis of the plates is required. Such an analysis is outside the
scope of this program. The equivalent plate stresses do provide a general guideline as to i-

those areas of the plate that are most limiting from a stress viewpoint. The plate stresses are
.

meaningful in that they indicate that the stresses are generally low throughout the plate, and I

that the elastic analysis is a good approximation of the transient plate response. -

;

!|
Calculations have also been performed to determine the stresses in the welds between the
vertical bars and the partition plate and wrapper. The loads at the various support points are
extracted from the static WECAN runs in the form of reaction forces at the times of ;

maximum plate deflection. Loads have been extracted for the limiting plates (based on plate :

I

|
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motions) for each of the SLB load cases, and for Plate P, which experiences the highest
pressure loads, for the SLB + Excess Feedwater transient.

I .
i-

i

!

'

!
* De corresponding stress intensity is j

twice the shear stress.
!

_;-,

A nummary of the reaction forces and corresponding stresses for each of the bar locations for !
the locations considered is provided in Table 4-13. De results show all of the stresses to be

4

3 low (<2 ksi) for a faulted event. De allowable stress for the welds is based on
2.4S, x 1.5 x 0.35 (for fillet welds with visual examination) for carbon steel. S, at 550*F is . !
15.5 ksi. De resulting allowable stress intensity is 19.53 ksi, and the weld stresses are !

acceptable.
t
r

Overall, it is concluded that the elastic analysis provides a good approximation of the f
dynamic response of the TSPs to the applied loading. ~

!
o

4.5 SLB Displacements By Tube Location -
1
!

In order to establish probabilities for tube burst as a result of relative plate / tube movement, i
calculations are performed to determine how many tubes are associated with a given !
displacement magnitude for a given plate. The plate displacements are categorized into
groups, starting at_0.35 inch, and increasing in 0.05 inch increments to's maximum

.
,

displacement > 0.80 inch. It is the relative plate / tube displacement that is ofinterest, with
the tube and plate positions at the start of the SLB transient defmed as the reference position. '

At hot standby, the TSP positions relative to cracks inside the TSP are essentially the same as '

at cold shutdown. Every known SG cold condition inspection shows ODSCC cracks within' !

the non-dented TSP with a trend towards being centered within the TSP. Herefore, the cold' !
condition TSP location relative to the tubes is essentially the same as for the full power :

-

condition where the cracks formed, which is also the position during hot shutdown. These t

inspections indicate that there is little relative movement betw;;a the tubes and plates. .;
throughout the operating cycle. Thus, this analysis calculstes relative tube / TSP _ motions !

-

based on the tube / plate positions at the initiation of the SLB transient.
'

j.
,

The algorithm for calculating the relative displacements is as follows:

AD = (D,. 7 - D, . ),% - (D,. 7 - D,. )rm , where
;

!

-i
!
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D = Plate Displacement |
D% = Tubesheet Displacement

T = Time of maximum displacement from dynamic analysis |
|

In order to calculate the relative displacements across the full plate, displacement (stress) i
solutions are pedormed for the limiting plates at the times of maximum displacement. !
Calculations were performed for each set of transient loads for those plates where the f
maximum absolute displacement exceeded 0.350 inch. f

!

'Ihe displacement solutions are performed using the finite element representations for the
.

'

plates. Displacements for the dynamic degrees of freedom for the limiting plates are - |
extracted at the times of interest from a file containing the DOF displacements for the full
transient. These displacements are applied to the finite element model as boundary conditions *

:

(along with any other appropriate boundary conditions representing symmetry or ground
locations), and displacements for the entire plate are then calculated. These results are then j
combined with the scaled tubesheet displacements, to arrive at a combined relative i

displacement between the tubes and plates. The combined relative displacements are then
superimposed on a tube bundle map, and the results interpolated to arrive at a displacement
value for each tube location.

i

A summary of the number of tubes falling into each of the displacement groupings for the !

limiting plates is provided in Table 4-14. Note that the numbers of tubes in Table 4-14
|

correspond to the full plate. The number of tubes in each plate quadrant is one-half of the
values listed. A summary of the total number of tubes having displacements > 0.35 inch for i

cach of the SLB loads is provided in Table 415. Note that at the top of Table 4-14, the j
limiting displacements as reported in Table 4-10 are repeated, while the number of tubes ;

where the relative plate / tube displacements exceed 0.350 inch are summarized at the bottom [
of the table.

i

Summarized in Table 4-16 is a comparison of the maximum plate displacement to the plate |
displacement at the limiting tube location (the tube having the highest displacement), RICl. ;

As can be observed in the displaced geometry plots in Figures 4-32 - 4-35, the displacement
;

gradients at the comer of the plate are high, so the maximum differential displacement at ~

RICI is less than the maximum plate displacement reported in Table 4-15. !
!

!
~

4.6 SLB Frequency at Hot Standby and Full Power Conditions |
t

In order to identify the frequency of main steamline break in both the hot standby and full !

power conditions to support the steamline break tube support plate displacement analysis for i

!
i

;

:

)4 - 14

!
I

m - _ -_ . . _ _ _ _ _ _ _____ _ -_ _ __ , _ - _ _ ._ . J



-
,

3

p -j
!
i
,

:

.. .

,

;

Braidwood Unit 1, a review of References 4-1 and 4-2 for the Byron Nuclear Power Station i

Units 1 and 2 was completed.

!

4.6.1 Secondary Side Breaks !

Two main feedline pipe breaks have occurred on Westinghouse designed PWRs. He' feedline. I
breaks were downstream of the main feedwater isolation valves (MFWIVs), outside. *

containment. He number of years at criticality calculated for all Westinghouse designed
'

i

PWRs is 1370 years (Reference 4-1). t
*

.,

Using the Bayes theorem, the mean frequency of occurrence may be determined
-(Reference 4-2) by:

^C

,,2r+1 ,

2
,

i

'where r is the number of failures and t is the time interval. Substituting r = 2 and t = 1370,
|

!

2(2) + 1, 23 , 3g j
mess = 2(1370)1370 1

i
>

Since no secondary side breaks have occurred, other than these two main feedline breaks, the I
mean of the frequency for this event is 1.8E-03/ year (Reference 4-1).

!

Based on the plant response to steamline/feedline breaks, this event is split into two initiators:
(1) secondary side breaks downstream of the main steam isolation valves (MSIVs) or I

upstream of the MFWIVs and (2) secondary side breaks upstream of the MSIVs or
downstream of the MFWIVs. The same frequency is used for both types of

,

steamline/feedline breaks. That is, j

Secondary side breaks upstream of MSIVs or downstream of MFWIVs = 1.8E-03/ year
Secondary side breaks downstream of MSIVs or upstream of MFWIVs = 1.8E-03/ year. |

-

3

~4.6.2 Hot Standby and Full Power Conditions Evaluations )
.

A review of the operating histories for Braidwood Unit 1 Cycle 3 and 4 was completed to
determine the amount of time spent in Mode 3 versus full power operation. The result of this |

evaluation is shewn in Table 4-17. The frequency of Mode 3 operation is defined as: !
;

!

!
J

|
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M h Mode 3 , 3&1 !

hoguency q(Mode 3 = Da)w in Cyclar 3 k 4 = 0.038
959 ;

,

hoguency qf Mode 1 = 1 -Mode 3 = 0.962

i
'

The results of these calculations show a frequency in Mode 3 of 0.038 and frequency of |
Mode 1 of 0.962. Combining these frequencies with the IPE frequency of secondary side i

break upstream of the MSIVs gives a frequency of secondary side break upstream of the i
~

MSIVs in the Mode 3 condition and in the Mode I condition of:
'

t.

Mode 3 Secondary Sidt heak =(1.8E4k%fyear)x0.038 = 6.8E-05/yr. i,

!

!

~ l
Mode 1 Secondsry Side Areak =(1.8E-03/ year) x 0.962 = 1.7E-03/pr. !

l

!
4.7 Tubes Subject to Deformation in a SSE + LOCA Event |

This section deals with accident condition loadings in terms of their effects on tube !

deformation. *Ihe most limiting accident conditions relative to these concerns are seismic |
(SSE) plus loss of coolant accident (LOCA). . For the combined SSE + LOCA loading !
condition, the potential exists for yielding of the tube support plate in the vicinity of the '

wedge groups, accompanied by deformation of tubes and subsequent loss of flow area and a
postulated in-leakage. Tube deformation alone, although it impacts the steam generator
cooling capability following' a LOCA, is small and the increase in peakclad temperature j
(PCT) is acceptable. Consequent in-leakage, however, may occur if axial cracks are present ;

and propagate through wall as tube deformation occurs. This deformation may also lead to I

opening of pre-existing tight through wall cracks, resulting in primary to secondary leakage
during the SSE + LOCA event, with consequent in-leakage following the event. In-leakage is
a potential concem, as a small amount of leakage may cause an unacceptable increase in the
core PCT. Thus, any tubes that are defined to be potentially susceptible to significant
deformation under SSE + LOCA loads are excluded from consideration under the IPC.'

~

4.7.1 SSE Analysis
.

Seismic loads result from motion of the ground during an earthquake. The SSE excitation of
the steam generator is defined in the form of acceleration response spectra at the steam

{
generator supports. To perform the non-linear time history analysis, it is necessary to convert

i

the response spectra input into acceleration time history input. Acceleration time histories for ;

1

!

l
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the nonlinear analysis are synthesized from El Centro Earthquake' motions, using a frequency
suppression / raising technique, such that the resulting spectrum in each of the orthogonal .

,

axes closely envelopes the ohiginal specified spectrum, ne resulting three onhogonal time- )
: histories are then' applied simultaneously at each steam generator support to perform the - i

analysis. !

1

he analysis is performed using the WECAN finite element computer program. The . ;

; mathematical model consists of three-dimensional lumped mass, beam, and pipe elements as 1

' well as general matrix input to represent the specific steam generator piping stiffnesses. The !
TSP-shell interaction is represented by a rotating, concentric gap-spring dynamic element, !

. using impact damping to account for energy dissipation at those locations. The primary loop i
*-

piping and the lower column support stiffnesses are input as 6x6 matrices.. The upper and
~

. lower lateral support restraints are represented by compression-only (single-acting) spring !
_

w- elements, with the shell flexibility. included for the upper support stiffnesses. At the lower
. elevation, the support structure is connected to a relatively rigid channel head-foot i

combination. In modeling the tube bundle intemals-to-shell interface, the TSP local shell
stiffness, obtained from detailed finite element analyses, is also included. !

!

The tube bundle geometry is shown in Figure 4-46, with the flow baffles and support plates j
identified. He flow baffles (B(2C), E(4C), H(6C)) are typically not included in the seismic ~ !
model, both due to the difficulty in representing them accurately in the model, and also

|

km= it is conservative in terms of tube stresses to exclude them from the model. If the
baffles were included in the model, it is anticipated that contact impact loads for the lower 1|
plates would be distributed among the various plates and baffles resulting in reduced loads. j
However, it is difficult to estimate these' loads, due to the flexible nature of the partition plate i

which forms one of the support members for these plates. For the flow baffles, it is !

concluded to be conservative to use the loads developed for the support plates (C/D(3), j
F/G(5), J/K(7)). i

!In the absence of a plant specific seismic analysis for Byron Unit I and Braidwood Unit 1, a
conservative' estimate was made of the tube support plate loads using results from two non- '

linear analyses for plants having similar model steam generators. He spectra for these two !
plants were selected because of similar frequency content in one case, and because of a j
bounding acceleration level in the other. For the plant with the similar frequency content,-

the acceleration levels were not as high as for Byron / Braidwood, so the plate loads were
scaled by the ratio of the acceleration levels. Plate loads were then selected for each plate !

using the higher of the results for these two plants. A summary of the resulting plate loads is |
<

provided in Table 4-18. It is observed that the plate load for the bottom plate is quite low, ;

and would not produce any significant deformation of the plate. Thus, Plate A (1) is not .;
considered further. For the remaining plates, the seismically induced load is approximately ;

[ ]" kips. To provide some additional conservatism to account for possible geometrical ;

i

|
:

;
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and support variations, and for spectra frequency content effects, [ T* kips is used for the
seismically induced load in calculating the resulting plate deformations.-

4.7.2 . LOCA Analysis

LOCA loads are developed as a result of transient flow, and temperature and pressure
fluctuations following a postulated primary coolant pipe break.' As a result of a LOCA

,

event, the steam generator tubing is subjected to the following loads: I

1) Primary fluid rarefaction wave loads. ;
.

t
,

2) Steam generator shaking loads due to the coolant loop motion.

3) External hydrostatic pressure loads as the primary side blows down to atmospheric *

pressure. t

4) Bending stresses resulting from bow of the tubesheet due to the secondary- to-primary
pressure drop.

5) Bending of the tube due to differential thermal expansion between the tubesheet and |
first tube support plate following the drop in primary fluid temperature.

'

Loading mechanisms (3) through (5) above are not an issue since they are a non-cyclic
,

loading condition and will not result in crack growth, and/or result in a compressive
membrane loading on the tube that is beneficial in terms of negating cyclic bending stresses
that could result in crack growth.

LOCA Rarefaction Wave Analysis
,

,

5

The principal tube loading during a LOCA is caused by the rarefaction wave in the pnmary
fluid. This wave initiates at the postulated break location and travels around the tube

1

U-bends. A differential pressure is created across tht so !ers of the tube which causes an I

.

:

I
*

*
Based on the prior qualification of the Bymn / Braidwood steam generatom for leak
before break requirements for the primary piping, the limiting LOCA event is one of the
branch line breaks. However, bounding IDCA load calculations for Byron Unit 1/

>

Braidwood Unit 1 are not available for the smaller breaks. As a conservative J

approximation, the available LOCA loads for the primary piping breaks are used to
;

bound the smaller pipe breaks. The large pipe break loads have been shown for other
model steam generators to be several times larger than the smaller pipe breaks, and

j
,

thus, it is judged that these loads form a conservative basis for the small pipe breaks for |Bymn Unit 1/ Braidwood Unit 1. I
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in-plane horizontal motion of the U-bend. His differential pressure, in turn, induces |
- significant lateral loads on the tubes. '

i
ne pressure-time histories input to the structural analysis are obtained from transient '

thermal-hydraulic (T/H) analyses, using the MULTIFLEX computer code. A break opening
,

E time of 1.0 msee of full flow area, simulating an instantaneous double-ended rupture is 1

assumed to obtam conservative hydraulic loads. The fluid-structure interaction effect due to :
the flexibility of the divider plate between the inlet and outlet plenums of the primary !
chamber is included in the analysis. Pressure time histories are calculated for two tube radii, ;

. identified as the average and maximum radius tubes. A plot showing the tube representation i
*

in the T/H model is provided in Figure 4-47. Typical primary pressure time-histories !
i' following a LOCA are shown in Figure 4-48 for nodes 8 through 15 (in Figure 4-47) on the |
y cold leg of the largest radius U-bend.' For the structural evaluation, the tube loads result from i

the hot-to-cold leg AP. Plots showing the hot-to-cold leg AP for the maximum and average {
radius tubes are provided in Figures 4-49 and 4-50, respectively.

~

For the rarefaction wave induced loadings, the predominant motion of the U-bonds is in the ,

plane of the U-Bend. Hus, the individual tube motions are not coupled by the anti-vibration j
bars. Also, only the U-bend region is subjected to high bending stresses herefore, the ;

structural analysis is performed using single tube models limited to the U-bend and the i
straight-leg region over the top two TSP's. The tube structural model, shown in Figure 4-51, {
consists of three-dimensional straight and curved pipe elements. He mass inertia is input as '

effective material density and includes the weight of the tube, weight of the primary fluid ,

inside the tube and the hydrodynamic mass effects of the secondary fluid. Damping ~ (
coefficients are defined to realize a maximum damping of 4% at the lowest and highest
significant frequencies of the structure.

To account for the varying nature of the tube /fSP interface with increasing tube deflection,
three sets of boundary conditions are considered. For the first case, the tube is assumed to be
laterally supported at the TSP, but is free to rotate. - This is designated as the " continuous"
condition, as the finite element model for this case models the tube down to the second TSP.
As the tube is loaded, it moves laterally and rotates within the TSP. After a finite amount of
rotation, the tube will become wedged within the TSP and is no longer able to rotate. The*

second set of boundary conditions, therefore, considers the tube to be fixed at the top TSP
location, and is referred to as the " fixed" case. Continued tube loading causes the tube to
yield in bending at the top TSP and eventually a plastic hinge develops. This represents the-

third set of boundary conditions, and is referred to as the " pinned" case.

For the average radius tube, only the continuous case is analyzed. - Results for the continuous
case analysis indicate that both the tube rotations and moments at the TSP nodes are small
compared to those required to cause the locking-in or plastic hinge, respectively, at the
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support locations. Since the main objective in analyzing the average radius tube is to !
determine the maximum reaction load on the TSP due to the overall response of the tube
bundle, the continuous configuration is the most appropriate for the average radius tube
analysis. Each of the dynamic solutions results in a force time history acting on the TSP.
Dese time histories show that the peak responses do not occur at the same time during the ;

transient. - However, it is assumed for this analysis that the maximum reaction forces occur
simultaneously. Using these results, a TSP load corresponding to the overall bundle is then i

calculated.
.

;

LOCA Shmirine Tonde '
-

'

Concurrent with the rarefaction wave loading during a LOCA, the tube bundle is subjected to !
additional bending loads due to the shaking of the steam generator caused by the break !

*

hydraulics and reactor coolant loop motion. However, the resulting TSP loads from this '

motion are small compared to those due to the rarefaction wave induced motion. ?

S
To obtain the LOCA induced hydraulic forcing functions, a dynamic blowdown analysis is
performed to obtain the system hydraulic forcing functions assuming an instantaneous (1.0 |
msec break opening time) double-ended guillotine break. The hydraulic forcing functions are
then applied, along with the displacement time-history of the reactor pressure vessel (obtained

:
from a separate reactor vessel blowdown analysis), to a system structural model, which
includes the steam generator, the reactor coolant pump and the primary piping. This analysis

|yields the time history displacements of the steam generator at its upper lateral and lower
,

support nodes. These time-history displacements formulate the forcing functions for obtaining |
the TSP loads due to LOCA shaking of the steam generator.

To evaluate the steam generator response to LOCA shaking loads, the computer code {
WECAN is used. The model used is similar to the one used for the seismic analysis, j
discussed previously. The steam generator support elements are removed, however, as the
LOCA system model accounts for their influence on the steam generator response. Input to
the WECAN model is in the form of acceleration time histories at the tube /tubesheet
interface. These accelerations are obtained by differentiation of the system model
displacement time histories at this location. Acceleration time histories for all six degrees of ~

freedom are used. Past experience has shown that LOCA shaking loads are small when
compared to LOCA rarefaction loads.

.

4.7.3 Combined Plate Loads
i

i

A summary of the resulting LOCA and seismic loads is provided in Table 4-19. In
1

combining loads, the LOCA shaking and LOCA rarefaction loads are combined algebraically,
while LOCA and SSE loads are combined using the square root of the sum of the squares.

:

|
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In reacting the' load among the various wedge groups, a cosine distribution is assumed among
the wedges that are loaded. Typically, only half of the wedge groups are loaded at any given
time. In determining the distribution of load for seismic and LOCA loads, the directionality
of the load is considered. LOCA loads are uni-directional, in that they only act in the plane
of the U-bend. Seismic loads on the other hand are random, and can act in any direction.
Calculations are performed to determine load factors for the various plates, grouping the TSP
by commonality of their. wedge group locations. The load factors are not a function of the -

wedge group size, only of location.

!

Applying these load factors to the overall TSP loads in Table 4-19, loads for each of the*

wedge groups are determined. A summary of the individual wedge loads is provided in Table
4 20.

.y

4.7.4 Tube Deformation

In estimating the number of deformtJ tubes, the results of TSP crush tests for Model D steam
generators are used. The deformation criteria for establishing a tube as being susceptible to ,

in-leakage has been defined to be [ ]" inch. In reporting the crush test results, tube |
& formations were reported for various deformation magnitudes. This is the smallest

- deformation reported. Although test data is not available for leak rate as a function of tube .|
deformation, it is judged that deformation levels of this magnitude will not result in
significant in-leakage. ,

I

'IUsing the crush test data, a correlation is developed bet;.c elastic plate load and the number
of tubes that would have a deformation of [ ]" inch or greater. It is this correlation,
summarized in Table 441, that is used to approximate the number of affected tubes . A
summary of the number of potentially affected tubes for each of the wedge groups is provided
in Tables 4-22.5

4.7.5 Tube Maps / Summary Tables for Potentially Affected Tubes

Byron Unit I and Braidwood Unit I are four-loop plants. As such, there are two loops with*

"left-hand" steam generators and two loops with "right-hand" steam generators, nese
designations refer to the orientation of the nozzles and manways on the channel head. For the
purpose of this analysis, "left-hand" units are defined to be those loops where the primary-

8 he[ ]" tubes noted for the limiting wedges for Plate P(11) is based on LOCA forces for a
primary pipe break event. It is estimated that use of a secondary pipe break, consistent
with the qualifica0an of Byron / Braidwood for leak before break for their primary piping,
would reduce the number of tube 9 to be excluded to approximately [ ]"-
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fluid flows from the reactor to the steam generator to the pump and back to the reactor vessel
in a counter-clockwise direction. Conversely, for the "right-hand" units, the flow is in the
clockwise direction. The left- versus right-hand designation affects the location of the nozzles
and manways, and the manner in which the columns are numbered for tube identification
purposes. Reference configurations used in identifying wedge locations are shown in Figures
4-52 and 4-53 for the left-hand and right-hand units, respectively. As shown in the figures,
for left-hand units, the nozzle and tube column 1 are located at 0*, while for right-hand units
they are located at 180*.

Tabular summaries of the tubes that are potentially susceptible to collapse and subsequent
'

in-leakage are summarized in Tables 4-23 to 4-29 for the left-hand units, and in Tables 4-30
to 4-36 for the right-hand units. It should be noted that separate summary tables are provided
for the lower TSPs, B(2C)-K(7C) (except E(4C) and H(6C) where a table common to both is '

used), and a single table for the upper TSPs L(8) - N(10). A separate table is also provided
for the top plate, Plate P(11). This is due to the orientation of wedge groups for each of the
TSP. For the lower TSPs, the wedge groups are rotated in some instances relative to the
other TSPs, while for the upper TSPs, the wedge groups have the same angular orientation.

Maps showing the location of the potentially susceptible tubes are provided in Figures 4-54 to
4-67. The maps provide row and column designations relative to the left-hand units. Column I

numbers for the right-hand units are shown in brackets. Identification of the potentially
susceptible tubes is based on crush test results for both Model D and Series 51 steam
generators. For both sets of tests, however, wedge / tube configurations identical to those for
the Byron Unit I and Braidwood Unit I steam generators were not tested. As such,it was
not possible to identify exactly the tubes that might be limiting at each wedge group. Thus,
due to the uncertainties involved, there are more tubes identified at each wedge group as {
being limiting.

Finally, Table 4-37 provides an index of the applicable tables and figures identifying the
potentially susceptible tubes for each TSP.

4.8 Allowable SLB Leakage Limit
'

An evaluation has been performed to determine the maximum permissible steam
generatorprimary to secondary leak rate during a steam line break for the Braidwood Nuclear ~

Plant Unit 1. The evaluation considered both pre-accident and accident initiated iodine
spikes. The results of the evaluation show that the accident initiated spike yields the limiting
leak rate. This case was based on a 30 rem thyroid dose at the site boundary and initial
primary and secondary coolant iodine activity levels of 1 pCi/gm and 0.1 pCi/gm I-131,
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'respectively. A leak rate of 9.1 gpm was determined to be the upper limit for allowable

- ;

primary to secondary leakage in the SG in the faulted loop. He SG in each of the three 1

_

intact loops was assumed to leak at a rate of 150 gpd (approximataly 0.1 gpm), the proposed i

~ Technical Specification LCO for implementation ofIPC. He allowable leak rate will ;
-

increase in inverse proportion to a reduction in the primary and secondary equilibrium coolant - |
activity.

:

'Ibirty rem was selected as the thyroid dose acceptance criteria for a steam line break with an
,

assumed weident initiated iodine spike based on the guidance of the Standard Review Plan :

(NUREG-0800) Section 15.1.5, Appendix A. Only the release ofiodine and the resulting - !
*

thyroid dose was considered in the leak rate determination. Whole-body doses due to noble :
gas immersion have been determined, in'other evaluations, to be less limiting than the |
corresponding thyroid doses. ;

<--
|

The salient assumpions follow. !

!-
mInitial primary coolant iodine activity - 1 pCi/gm DE I-131

The calculation of primary coolant DE I-131 is based on a mixture of 5 iodine nuclides (I-131 |
through I-135) and the dose conversion factors of TID-14844, consistent with the
Braidwood Technical Specification def'mition of DE I-131. j

mInitial secondary coolant iodine activity - 0.1 pCi/gm I-131 i

:

The calculation of secondary coolant iodine activity is based on actual I-131 activity rather j
than DE I-131. Although, this is somewhat more conservative than the Technical |

Specification LCO which is based on DE I-131, secondary coolant activity still accounts for ' ,

less than 6% (1.75 rem) of the allowable offsite dose. |
|

a Steam released to the environment (0 to 2 hours)

from 3 SGs in the intact loops,416,573 lb-

from the affected SG,96,000 lb (the entire initial SG water mass)-

.

Iodine partition coefficients for primary-secondary leakagem '

SGs in intact loops,1.0 (leakage is assumed to be above the mixture level) !
- -

SG in faulted loop,1.0 (SG is assumed to steam dry) |
-

,

t

I
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m . Iodme partition coefficients for activity release due to stamming of SG water ;

SGs in intact loops, 0.1 l-

. SG in faulted loop,1.0 (SG is assumed to steam dry)
,

!

Atmospheric dispersion factor (SB 0 to 2 hours),7.70E-4 sec/m' ln

*
n 'Ihyroid dose conversion factors (I-131 through I-135) neih=1 in offsite dose .;
calculation,-ICRP-30 .!

n

|'Ibe activity released to the environment 'due to a main steam line break can be separated into *

. two distinct releases: the release of the iodine activity that has been established in the - ;

secondary coolant prior to the accident and the release of the primary coolant iodine activity. .!
that is transferred by tube leakage during the accident.: Based on the assumptions stated i
previously, the release of the. activity initially contained in the somadary coolant (4 SGs) !
results in a site boundary thyroid dose of approximately 1.75 rem. The dose contribution !
from I spm of primary-to-secondary leakage (4 SGs) is approximately 3 rem. With the 3
thyroid dose limit of 30 rem and with 1.75 rem from the initial activity contained in the

1

secondary coolant, the total allowable primary-to-secondary leak rate is (30 rem - 1.75)/3 rem j
- per spm, or 9.4 gpm. Allowing 0.1 gpm per each of the 3 intact SGs leaves (9.4 - 0.3) or 9.1 i.

spm for the SG on the faulted loop. j
t

i

4.9 Acceptability of the Use ofTRANFLO Code
|

4.9.1 Background i
!

In the early 1970's, there was a need to accurately predict the steam generator behavior under !

transient conditions, such as a steam line break (SLB) event; a transient can develop thermal
i

hydraulic loads on the internal components and shell of the steam generator. Structural ]
analyses are required to analyze the adequacy of the individual components and the whole '

steam generator under various thermal and hydraulic loads. With the assistance of MPR ;

Associates, Westinghouse developed and verified the TRANFLO computer" code to ' j
conservatively model the thermal and hydraulic conditions within the steam generator under i

*

transient conditions.
:

The secondary side of the steam generator involves water boiling under high pressure dunng
normal operating conditions. During a transient such as a SLB event, it may be subject to ;

vapor generation due to rapid depressurization. Therefore, analysis methods have to recognize lr

this characteristic of two-phase fluid behavior. In the early stage of the computer code j
development and technology of two phase flow, a homogeneous model was used. For current -|

|
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' analyses, a more accurate slip flow model is used which takes into consideration the relative
' ~

velocity between the liquid and vapor phases Development of the TRANFLO code reflects
- this general trend of the two-phase flow modeling. He first version of TRANFLO was a :
homogeneous model, and it was later updated to a drift flux model to simulate the effect of
two-phase slip. .Since the original issue of the code, W= =#=use has made several )
anhancements to the code and has performed the appropriate verification and validation of
these changes. nose changes do not significantly affect the calculated pressure drops across

-
. the steam generator tube support plates. |

. ,

i

4.9.2, Acc-phility of Application of TRANFLO
|&

ne original version of the TRANFLO code (Reference 4-3) was reviewed and approved by-
the NRC in Reference 4-4. TRANFLO was used as part of the Westinghouse mass and

|
energy release / containment analysis methodology. : Specifically, the code was used to predict |

-

steam generator (SG) secondary side behavior following a Wum of steam line breaks. Its '

output was the prediction of the quality of the steam at the break as a function of time. De
quality is calculated as a function of power level, as well as break size. In order to assure '

that the TRANFLO code evaluates a conservatively high exit quality, Reference 4-4 states
that the calculational sequences were reviewed for the determination of" conditions prior to 1

entering into the separation stages. The calculated rate, quality and energy content of the i

two-phase mixture entering the separation stages must be evaluated conservatively". This
review was completed and found to be acceptable, as the NRC staff concludes in Reference :
4-4 that the TRANFLO code is an acceptable code for calculating mass and energy release
data following a postulated MSLB. Therefore, it is concluded that the TRANFLO model is
appropriate for predicting SG behavior (including tube bundle region) under the range of SLB
conditions.

.

For the current applicadon, TRANFLO is used in conjunction with a structural analysis code -
to predict TSP movement following the same SLB event. He key data transferred between
the transient code and the structural code is the pressure drop across the TSP as a function of
time. This pressure drop calculation depends on the fluid conditions in the steam generator
and on the adequacy of the loss coefficients along the flow paths. The conditions in the tube
bundle as calculated by TRANFLO have been previously reviewed. Furtherjustification of
the adequacy of the pressure drop calculation is discussed in Section 4.9.4.*=

4.9.3 Different Versions of TRANFLO
.-

He original version of the TRANFLO code has been reviewed and approved by the NRC.
Westinghouse has continued to update the code with new models that more accurately predict
steam generator behavior. Four versions of TRANFLO have been used in calculation. He
following are descriptions of each of them.

|
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He OriAl Verh (Anril 1974)

i

Dis is the original homogeneous model, which MPR Associates developed in ' April 1974. |
De code predicts mass flow rate, pressure, pressure drop, fluid temperature, steam quality !
and void fraction. De code document includes results of TRANFIX) calculations for a 51 |
Series steam generator subject to water and steam blowdown due to an SLB event. He ;
document also presents code verification using blowdown test data from pressurized vessels.

|

Westinghouse documented this version in detail in September 1976, includag code !

verification using vessel blowdown data. Sensitivity analyses were also performed and
-|

'*

documented to show that the modelling was conservative. His included sensitivities to loss >

coefficient.

'

He TRANFLO code uses an elemental control volume approach to calculate the thermal-
hydraulics of a steam and water system undergoing rapid changes. Fluid conditions may be !
subcooled, two-phase or superheated. He code considers fluid flows being one-dimensional.

i
Control volumes simulate the geometrical model, and flow connectors allow mass and energy |
exchange between control volumes. Each nodal volume has mass and energy that are !

homogeneous throughout the volume. Flow connectors account for flow and pressure drops. |
De system model allows flow entering or leaving any control volume. His then allows that '

feedwater flows into a steam generator and steam flows out ofit. He system models also
permit a heat source, which then can simulate the tube bundle with hot water flow. !

!

TRANFLO solves for system conditions by satisfying mass, momentum and energy equations '|
for all control volumes. It models the effects of two-phase flows on pressure losses.. The !
code allows a variety of heat transfer correlations for the tube bundle. It covers all regimes j
from forced convection to subcooled liquid through boiling and forced convection to steam.

The Drifi-Flux Version (Nevember 1980)

His version implements a drift-flux model to better simulate relative flow velocity between
water and steam. For example, it allows a realistic simulation of counter-current flow of '

steam and water. It required modification of the mass, momentum and energy equations of
the two-phase flow. A capability is provided for monitoring calculated variables for
convenient examination of results. *

l,

TRANFLO Version 1.0 (November 1991)

His version accepts transient data of parameters as direct inputs, rather than supplying input
subroutines, as used in the drift-flux version. It also improves printouts and plots. This

i
|

I
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version maintains the drift-flux model, and includes the addition of thermal conductivity of ;
Alloy 690 tubing. J

!

TRANFLO Version 2.0 (Januarv'1993) |

Dis version provides an option for two inlets of feedwater flow into the steam generator. It1
: involves minor changes to a subroutine for specifying feedwater flow. His version is used - j
for separate inlets of simultaneous feedwater flow from main and auxiliary feedwater nozzle. .!

_

* 4.9.4 Verification of Loop Pressure Drop Correlations

As discussed earlier, an accurate prediction of mass and energy release from the vessel means ;
that the TRANFLO code properly calculates local thermal-hydraulics in various nodes (i.e., '|

-

elemental control volume and flow connector). It is critical to accurately simulate the i,
pressure drop inside a steam generator that consists of various components, such as the tube i

bundle with tube support plates, moisture separators, and downcomer. Hydraulic loads on (
various components depend on accurate pressure drop calculations.' nus, it is important to ;
verify the pressure drop calculations through the circulation loop. !

He TRANFLO code uses the same pressure drop correlations as the Westinghouse GENF ]
code, which is a performance program. The GENF code predicts one-dimensional steady :
state conditions, which include pressure drops along the circulation flow loop. Both |
laboratory tests and field data validate the accuracy of the GENF code. He GENF code is ;
used extensively for steam generator performance analysis and has been shown to accurately
predict operating steam generator conditions.

.

When provided with all geometrical input and operating conditions, GENF calculates the i

steam pressure, steam flow rate, circulation ratio, pressure drops, and other thermal-hydraulic I

data. He circulation ratio is a ratio of total flow through the tube bundle to feedwater flow. I
For a dry and saturated steam generator, there exists a hydrostatic head difference ber;;s. the |
downcomer and the tube bundle. This head difference serves as the driving head to circulate j
flow between them (see Figure 4-68). The driving head is constant for given operating . j

specifications, such as power level and water level. He total pressure drop through the |
*

circulation loop is equal to the driving head. l
|

1
Pressure drops depend on loss coefficient and flow rate (i.e., velocity). Loss coefficient -|

-

consists of friction loss and form loss; the majority of the loss is due to the form loss in the !

steam generator. Since the driving head is constant, a higher loss coefficient means a lower
circulation flow rate and a lower circulation ratio. A lower loss coefficient yields a higher
circulation ratio. Therefore, an accurate prediction of the circulation ratio depends on an
accurate loss coefficient.

,
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Model boiler and field tests are used in qualifying the loss coefficients in the flow loop of the
steam generator. . For example, the major contributors of the pressure drop are the primary
separator and tube' support plates. ne loss coefficient of the primary separator has been ~!

. verified using model boilers and field steam generators (Reference 4-5). Similarly, loss :
coefficients of tube support plates have been developed using test data; Figure 4-69 presents !

the correlation of the loss coefficient and test data.
,

-

Figure 4-70 shows a typical comparison between predicted and actual measured circulation .
i

ratio. Here is good agreement in circulation ratio between the prediction and measurement.

He TRANFLO model uses the same loss coefficient correlations as GENF code. This
provides assurance in properly calculating the pressure drops throughout the steam generator.

*
i

4.9.5 Summary

This section presents a summary of the adequacy of the TRANFLO code for its current. ;

applications. Blowdown test data of simulated reactor vessels validate the adequacy of the a

code in predicting the steam and water blowdown transient. He NRC has accepted the
TRANFLO code in calculating mass and energy release to the containment during a steam -

generator blowdown due to feed or steam line break. j

As part of its review, the NRC accepted the code's ability to accurately predict local thermal- |
hydraulics in the vessel. De calculated pressure agrees well with the measured vessel !
pressure. Flow through the internals of the steam generator depends on_ accurate prediction of |

pressure drops, which relies on the accuracy of the loss coefficients along the flow paths. i

Test data of pressure drops from model boiler and field steam generators have been applied to i

verify the correlations for the loss coefficients.
t
,

Westinghouse has made modifications to the code to better predict steam generator behavior
following a SLB event. Westinghouse has performed the verification and validation >

consistent with the methods approved by the NRC staff for the original version.

In conclusion, the TRANFLO code is a verified program for adequately predicting thermal- "

hydraulic conditions during the blowdown transient of a steam generator due to a feed or
.

*

steam line break. -

;-

4.10 Updated Moc el D4 SG SLB Thermal Hydraulic Loads on TSPs ;

)4.10.1 Introduction

:
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'Section 4.2 provides bounding thermal hydraulic loads on' TSPs using the existing results '

calculated by TRANFLO code. This section presents an updated TRANFLO model of thep

Model D4 steam generator and the resulting thermal hydraulic loads on the TSPs.
'

>

>

:
'

4.10.2 Updated TRANFLO Model and Its Initial and Boundary Conditions -

Three bounding cases (Cases 1 to 3) are presented in Section 4.2. Three additional cases of
the updated TRANFLO model have been calculated. One of them is initiated from hot -!
standby and the other two from full power operation. Table 4-38 lists the initial and '

boundary conditions for these three cases. In addition, the model considers a guillotine break |
*

and a Moody discharge coefficient of unity for both cases

Calculations for an initiation from hot standby are identified as Case 4. Sensitivity studies.
,

were conducted for initiation from full power; these are identified as Case 5 and Case 6. As
known, characteristics of two-phase flow depend on void fraction, and so does the pressure i

. drop of two-phase flow. Initial void fractions in the tube bundle'were estimated according to
performance parameters predicted by the Westinghouse performance code for steam ;

generators. Case 5 documents a run with lower initial void fractions in the tube bundle than
|typically ved for full power operation. Case 6 documents a run with typical initial void

fractions in the tube bundle for Braidwood Unit I at full power operation. For Case 6, the
estimated void fractions were adjusted slightly to bring steady state TSP pressure drops of the
Westinghouse SG performance code into agreement with initial pressure drops of the i
TRANFLO code. i

The updated TRANFLO computer raodel is composed of a network of nodes and connectors
that represent the secondary side fluid, tube metal heat transfer and primary coolant. Figures _j
4-71 and 4-72 show the nodal layout of the secondary side of the Model D4 steam generator. !

Figures 4-73 and 4-74 present the nodal network of the secondary fluid, primary fluid and |
tube metal. The computational model consists of the following elements: |

1. 31 nodes (i.e., Nos. 22 through 52) for secondary fluid.
2. 44 fluid connectors (i.e., Nos. 23 through 66) for secondary fluid.
3. 21 nodes (i.e., Nos. I through 21) for primary coolant.*

4. 22 fluid connectors (i.e., Nos. I through 22) for primary coolant.
5. 21 heat transfer nodes (i.e., Nos. I through 21) for tube.
6. 42 heat transfer connectors (i.e., Nos. I through 42) from primary to secondary fluid.' .

!

4.10.3 Loss Coefficient of Pressure Drop through TSPs !
I

In the tube bundle area, the space between TSPs forms a fluid node, and a flow connector is
used to link the adjacent nodes. Pressure drops through tube support plates or baflies are

|
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calculated by the code for each flow connector that represents a plate or baffle. For example,
flow connector 41 links fluid Nodes 32 and 31. Tube support plate M is the boundary
between Nodes 32 and 31. Pressure drop through TSP M is thus calculated along the flow
connector 41. His connector consists of three segments. Segment 1 is from the center of
Node 32 to the bottom side of the TSP M, Segment 2 is from the bottom side to the top side
of the TSP M, and Segment 3 from the top side of the TSP M to the center of Node 31.

Pressure load on each TSP is a result of the form loss pressure drop. He form loss pressure '

drop depends on the form loss coefficient and flow rate across the plate. As discussed in
Section 4.9, the TRANFLO model uses the verified correlation for determining the form loss

,

coefficient for tube support plate. The form lor coefficient is assigned to the appropriate
segment of a flow connector. For example, the form loss coefficient for TSP M is assigned
to Segment 2 of the flow connector 41. It should be noted that the pressure drop across a *

TSP, as calculated from the form loss, is less than ths pressure drap between the nodes below
and above the plate.

4.10.4 Hydraulic Leads of the Updated Model D4

Figures 4-75,4-76 v.ad 4-77 show hydraulic loads through various tube support plates for a
SLB event initiated from hot standby. Figures 4-78,4-79 and 4-80 show hydraulic loads
through various tube support plates for a SLB event initiated from full power operation. Note
that Figures 4-78,4-79, and 4-80 present both Case 5 and Case 6, respectively. Please also
note that water level is at the normal setting (i.e., at 487" above the top of the tubesheet)
rather than at the uppermost tube support plate (i.e., at 280" above the top of the tubesheet).

The load on the uppermost TSP (i.e., P plate) is slightly higher for Case 4 (hot standby) than
Case 5 (full power). However, the remaining TSPs all have higher loads for Case 5. Case 6 )
has higher pressure drops in the upward flow direction than Case 5, but the opposite is true i

for the downward flow direction. When compared to a hot standby with a water level at the
uppermost TSP, the loads on all TSPs for the hot standby case are much higher than for the

,

full power at a normal water level (i.e.,487"). This is indirectly evidenced by Figure 4-81; a
relative peak pressure drop across the uppermost TSP as a function of water level for an
initiation from hot standby. ~

4.10.5 Load Comparison
.

'

Table 4-39 summarizes peak loads for all six cases. The first three cases are discussed in
Section 4.2 as bounding loads. The last three cases are the loads from the updated
TRANFLO model for the Model D4 steam generators of Braidwood Unit 1. As seen, Case 3
serves as the bounding load for the last three cases . A summary of the peak pressure drops
across each plate for each of the six cases is given in Section 8, Table 8-9.
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4.11 Updated Model D4 SG SLB TSP Displacement Analyses ]

!
nis section presents ap@ed results for the TSP displacement analysis. As discussed in
Section 4.10, three additional sets of transient loadings have been considered. In addition, the
following changes have been made to the modeling of the tube bundle region. First, the

,

channel head, tubesheet, and lower shell have been added to the model in order to calculate j

the tubesheet displacements directly, rather than scale the results from prior analyses, as was !
done for the initial sets of loads. Second, the non-linear interfaces between the TSP and |

spacers have been incorporated in the model. Previously, depending on the direction of the !
'

loading on the individual plates, some of the plate / spacer interfaces were treated as linear I

(pinned) connections. nird, the upward support provided to Plates A(IH), C(3H), and J(7H)
by the wedges located at the 10' location (see Figures 4-17,4-18, and 4-20) is included; note !

-

that the wedges provide upward support only. Finally, TSP and tubesheet displacements are
calculated both for time = 0, and for the subsequent transient loads. Previously, only the
transient displacements were calculated.

4.11.1 Material Properties !

!

An expanded summary of the component materials including the tubesheet, channel head, and j
shell, which were added to the model, is contained in Table 4-40. Material properties for the i
tubesheet, channel head, and shell are summarized in Tables 4-41 through 4-43. The i

properties are taken from the 1971 edition (through summer 1972 addenda) of the ASME |
Code, which is the applicable code edition for Braidwood Unit 1. De material properties for !
the tubesheet are subsequently modified to account for the tube penetrations. |

.

4.11.2 TSP Support System / Finite Element Model

ne support system for the TSPs is discussed in Section 4.3.2. With the exception of
incorporating the wedge support for Plates A(lH), C(3H), and J(7H) at the 10* location, and
incorporating the TSP / spacer non-linearities, there have not been any changes to the support
system.

*
,

ne finite element model representation of the tube bundle, with the addition of the channel ;

head, tubesheet, and lower shell, is shown in Figure 4-82. Vertical support for the model is !
defined to be consistent with the vertical support locations on the channel head for the overall !a

steam generator. )
|
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!
!

!
!

4.11.3. Revised Material Properties !,

*

As noted earlier, the material properties for the tubesheet are modified to account for the tube !
penetrations. He properties that are modified are Young's modulus, Poisson's ratio, and the

;
material density. De formulations for revising Young's Modulus and Poisson's ratio are - i

"

discussed in Section 4.3.3. He density modification for the tubesheet is based solely on an i

area ratio of the actual perforated tubesheet to the equivalent solid plate. !

+

4.11.4 Dynamic Degrees of Freedom |

!

ne dynamic degrees of freedom (DOF) used in the analysis are essentially unchanged from .'
'

the prior calculations. Several DOF have been added for Plates A(IH), C(3H), and J(7H) to !

account for the potential of having additional wedge support for these plates, as discussed ;
above. The additional DOF have been defined using the same methodology as discussed in !

'

Section 4.3.4. Briefly, this methodology involves performing two modal analyses, one with a !
large number of DOF and one with a reduced set of DOF, and matching frequencies for 1
modes less than 50 hertz. ne final set of DOF defined for these plates is a combination, or [
union, of the sets of DOF resulting from the two possible support conditions, with and - i
without wedge support.

;

|

4.11.5 Displacement Boundary Conditions !

-k
De displacement boundary conditions for the TSPs are unchanged from the prior calculations
(Section 4.3.5). Symmetry boundary conditions have been added for the tubesheet, channel (
head and lower shell.

|
i

4.11.6 Application of Pressure Imading ;

!
The application of the SLB pressure loadings is described in Section 4.3.6. Other than adding '

a load vector to the substructure generation for the tubesheet, no changes have been made to
..

the application of the pressure loads. !

4.11.7 Results of SLB TSP Displacement Analyses
*

1

An updated summary of the limiting displacements for each of the plates is provided in Table
- 4-44. Note that results for the single plate model cases are not shown in this table,' but can _ i
be found in Table 4-10. The displacement results for the new load cases show relative plate / |

*

tubesheet displacements at the time of maximum plate displacements.
J

ne results for the new load cases show Plate C (3H) to be limiting. The displacements for j
the other plates are all less than 0.3 inch.. Comparing these results to the prior cases shows a |

|

|
\
|
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re-distribution of the limiting displacements away from Plate J to Plate C. his is due to
lower pressure loads on Plate J, as well as the added support in the vertical direction provided

_

by the wedge at 10'.

i

The limiting plate displacements are still confined to a small region of the plates at the outer i

edge near the tube lane, where the distance between vertical supports is greatest. Displaced - (
geometry plots for Plate C (3H) for each of the new load cases are shown in Figures 4-83 '

through 4-85. Displacement time histories for each of the plates for the SLB from Hot
*

Shutdown are shown in Figures 4-86 and 4-87, for SLB from Full Power in Figures 4-88 and 1
4-89, and for SLB from Full Power with prototypic void fraction in Figures 4-90 and 4-91. !

!
- ' Since the dynamic analysis is based on elastic response, it is necessary to show that the {

tierods remain elastic throughout the transient. He dynamic analysis results establish that the i

stayrods do, in fact, remain elastic throughout the transient. [ >

;

i

:

!

well below the yield point for the stayrods. '

:

Also relevant in assessing the appropriateness of the elastic solution, are the stresses in the
plates. Based on a comparison of maximum DOF displacements, it is concluded that the !
limiting event in terms of plate stress is the SLB + Excess Feedwater transient. The p!ste |
stresses are shown in Section 4.4 to be generally low throughout the plate, and that the elastic :
analysis is a good approximation of the transient plate response. !

!

Similarly, stresses in the welds between the vertical bars and the partition plate and wrapper j
will be bounded by the results for the SLB + Excess Feedwater transient. A ::ummary of the ;
reaction forces and corresponding stresses for each of the bar locations for the initial set of j
transient loads is provided in Table 4-13. The allowable stress intensity for the welds is :,

19.53 ksi, and the weld stresses are acceptable.
{

|
Overall, it is concluded that the elastic analysis provides a good approximation of the j

*

dynamic response of the TSPs to the applied loading. i
,

!

4.11.8 SLB Displacements By Tube Location
;

An updated summary of the number of tubes falling into each of the displacement groupings
,

used for establishing burst probabilities (see Section 4.5 for further discussion) is provided in |
Table 4-45. Note that the numbers of tubes in Table 4-45 correspond to the full plate. The :

!

i

I
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i

1

:-

number of tubes in each plate quadrant is one-half of the values listed. There are no tubes _ |.

with relative tube / tubesheet displacements that exceed 0.35 inch for SLB from full power j

with prototypic void fraction, thus this transient is not included in Table 38. A summary of {
s the total number of tubes having displacements > 0.35 inch for each of the SLB loads is i

provided in Table 4-46. Note that at the top of Table 4-46, the limiting displacements as
reported in Table 4-44 are r-+=t while the number of tubes where the relative plate / tube !
displacements exceed 0.350 inch are summarized at the bottom of the table.

.

Summarized in Table 4 47 is a comparison of the maximum displacement anywhere on the
;

plate (usually the edge) to the maximum plate displacement at the tube location having the _
'

highest displacement, RIC1. Note that the displacement at the edge of the plate represents the ;
'

change in differential tubesheet displacement from time = 0. His relative displacement from !
time = 0 is the appropriate displacement for calculating the plate displacement relative to the

;

cracks formed at operating conditions as described below. _The results in Table 4-46, on the :

other hand represent the differential plate and tubesheet displacement at the time of maximum 1

plate displacement. As can be observed in the displaced geometry plots in Figures 4-83 i

through 4-85, the displacement gradients at the corner of the plate are high, so the maximum !

differential displacement at RICI is less than the maximum plate displacement.

De calculations to estimate the SLB tube burst probabilities are based on the change in the :

relative plate / tube position from their positions at the initiation of the SLB transient. The ]
ODSCC indications are formed on the tube within the TSP at normal operating conditions. :

Relative to cold shutdown conditions, the TSP is displaced (relative to a fixed location on the
tube) by the net effect of the secondary flow pressure difference across the plate plus the
bow of the tubesheet. (Thermal expansion effects also marginally influence the TSP / tube
displacements relative to cold shutdown, but these effects are negligible for SLB
displacements at normal operating conditions.) ne tubesheet bow displaces all axial
locations on the tubes by the amount of the bow, while the TSP displacements closely match
the bow of the tubesheet only at the locations of the tierods. The secondary flow pressure
difference across the TSP tends to displace the plate in the upward direction relative to the
tube. The net displacement of the plate is the sum of the tubesheet bow interaction through *

the tierods and the pressure differential. Therefore, the movement of the plate relative to the
tube is the difference between the net plate displacement and tubesheet bow. For the
Model D4 SG, the relative plate to tube displacements at normal operating conditions are not *

large, as shown in Figures 4-88 through 4-91 at time = 0 for the location with maximum SLB
displacement. nese relative displacements are typically s 0.06 inch, as shown in the figures.
The relative displacements for hot standby conditions (Figures 4-86,4-87) are not
significantly different, which indicates that the full power TSP displacements due to the
pressure differential across the plate are not large. Hus, it would be expected for the
Model D4 SGs that the indications would be inside the TSP at both cold and hot conditions,
independent of whether or not the plates are effectively clamped to the tubes as a result of
crevice deposits. He net SLB displacement of the plate relative to the ODSCC on the tube is
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,

then the change in relative plate to tube (or tubesheet) displacement between a time in the i

SLB and time = 0. This is reflected in the algorithm given in Section 4.5 for calculating the
relative SLB plate to tube displacement. The updated relative plate displacements of
Tables 4-44 and 4-46 are used in Section 8 for estimating SLB tube burst probabilities.

.
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Table 4-1

Imidal and Boundary Condidons of the TRANFID Calculation Models
for Model D3 and D4 Steam Genemeer

Initial Conditions Boundary Conditions '

SG Mode of Steam Nozzle
. Casa Model Operation Water Level Flow Limiter FeedwaterFlow

.

1 D3 Hot Standby @ ~ Normal Setting Yes Small

|
2 D4 Full Power @ Normal Setting Yes Full Flow

i
| 3 D4 Hot Standby @ Uppermost TSP Yes Excessive |

|;

1

l
|

|

:

1

.
-

1

-
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Table 4-2
i

.:
Peak Presswe Drop at Different Tube Support Plates ;

(Hot lag Only for Half Place) .

!
1

o- !

SG & Case SG & Case SG & Case |
Parameter D3-1 D4-2 D4 - 3,

Flow splits within tube bundle Yes No Yes
a

-,

TSP with max peak Dp |

Peak Dp @ uppermost TSP
i

Max peak Dp, psi i

!

Peak max Dp @ bottom Plate |
;

Dp @ Hot Leg Top TSP
1

i

.

I
l
!

I
<

|

|
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Table 4-3
|

h=== y of Comapement Macedals !

>

i

i

!. + . ,

C -- - ===t Material | ;
7

Tube Support Plate SA-285 Grade C
,

Stayrod (Tierod) SA-106 Grade B

Spacer - SA-106 Grade B E

Tube Intmel 600
4

4

I

' t

.

}

i
i

I

j
:
,

4

1
1

4

i

I

i

!
l

!
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Table 4-4
|

Semimumy of Macedal Pseperties - !
SA-285, Gr. C

;

,

I.

|| TEMPERATURE |#
PROPERTY CODE ED. 70 200 300 400 500 1 600 1 700

Young's Modulus 71 27.90 27.70 27.40 27.00 26.40 25.70 24.80

*
;

Coeflicient of Thermal 71 6.07 6.38 6.60 6.82 7.02 7.23 7.44

Expansion

0.284 0.283 0.283 0.282 0.281 0.281 0.280Density -

7.35 7.33 7.32 7.30 7.28 7.26 7.25 .|

| PROPERTY | U:JITS |

Young's Modulus psi x 1.0E%

Coefficient of Thermal in/in/deg. F x 1.0E-06

Expansion
i

Density Ib/in^3

lb-sec^2/in^4 x 1.0E-4

L i

|

I
*

i

'

i

i

1

i

|
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Table 4-5 -

Samunasy of Madestal Psepesties
SA-106, Gr. B

.

I

|| TEMPERATURE
* '

-PROPERTY' CODEED. 70 200 300 400 500 600 700 ,

,.

Young's Modulus 71 27.90 27.70 27.40 27.00 26.40 ' 25.70 24.80

~
'

. CoefEcient of Thennal 71 '6.07 6.38 6.60 6.82 7.02 7.23 7.44

' Expansion

0.284 0.283 0.283 0.282 0.281 0.281 0.280Density .-

7.35 7.33 7.32 7.30 7.28 7.26 7.25

.

!- PROPERTY UNITS I

| Young's Modulus psi x 1.0E06
!

I

Coefficient of Thermal inTm/deg. F x 1.0E-06

' Expansion

Density lb/in^3
'

lb-sec^2/in^4 x 1.0E-4

I

-

O h

1

-

:

i

I
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Table 44

Samunary of Material Psepeaties
SB-166 '

:

i

Il TEMPERATURE ;

i-
'

i PROPERTY CODE ED. 70 200 300~ 400 500 600 700
,,

Young's Modulus 71 31.70 30.90 30.50 30.00 29.60 29.20 28.60

.

Coefficient of Thermal 71 7.13 7.40 7.56 7.70 7.80 7.90 8.00 .

Expansion -
|

0.306 0.305 0.305 0.304 0.303 0.302Density - -

7.923 7.905 7.886 7.867 7.847 7.828-

i

| PROPERTY UNITS l

Young's Modulus psi x 1.0E06

Coefficient of Thennal in/in/deg. F x 1.0E-06

Expansion ;

i

Density Ib/in^3 .i-

Ib-sec^2/in^4 x 1.0E-4

|
;
,

'
e

f

I*

i

!

'.

;

!

!
|

|

!

{
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Table 4-7 -

Samummy of Equivalent Plate hopedes

t

.

-i.

,

Reference Effective Effective i

,e Youngs ~ Young's Poisson's
- ~

Plate Modulus Modulus Ratio

A -Inside 32" Radius 2.605E+07 4.810E+06 0.2466

A -Outside 32" Radius 2.605E+07 5.850E+06 '0.2654-

C. F. J. L. M. N. P' 2.605E+07 2.470E406 0.6445
*

;

t

. . These plates have flow holes, resulting in a siginficanth reduced value for
Young's Modulus

.

I

i

!

i

.

j

|.

,

i

i

i

[

i

a
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TaNe 4 8

Summary of Effeedve Plate Densides

a
- M

C

+

emmed

I

!
1

|

|
|

1

i

i

!
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.

|

1
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l
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!
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Table 4-9
,

Compenson of Nahunt Fmpaencies
Full Versus Reduced DOF

a
- -

,

- @ ,

,

t

9

9

k

L

1

f

-

,

F

e

e <

~ -

.

1
|

|

|

I
i

!

|

|
<
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Talde 4-10 ,

- Sp====y of TSP Displaceanents for
Postulated SIR Evene for Model D3 and D4 Generators * *

,
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Table 4-11
1

Comparison of Component Dimensions
Model D3 venus Model D4 Seema Generadon J

;

*

|

Dimensions Model D3 Model D4 $

a

Shell ID

Shell Thickness '

Channel Head Bowl Radius

Channel Head Thickness

Tubesheet Thickness

Hole Diameter
i

Number Holes ,

Tube Pitch |

|

l
;

.,|

'

i

I

!

e

i

!

I

I

i
l

|

I

!

,
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Table 4-12

Sa===ry of T besheet Displaceanents -

Model D3 SLB Analysis
a r

.

W.

k

!e

s

i

L

,

4

|

' ;
s

t

|

|
!

|

l

.

f

|

l

e

!

!

4 - 47
1

l

y , . _.. ,_ ,_ , _ , _ _ . _ _ . _ _ _ . _ _ i



7,.
. . . . . . .. - - - - - - - - - - - - - .

|
4

| i

L !

L- |

V. |

,

i

>'
>

Table 413 )
i

Samunary of Vestical Bar Stesses
Medal D4 Seesse Generates
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Table 4-14

Sununary of Number of Tubes Hwing Different Displacement Magnitudes
Model D4 Steam Generator

Steam Une Break Land Cases

a
w
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Table 4-15 ;
!
.

Sununmy of Tubes Having Relative Tube / Plate Displacements !
'Ihat Exceed 0.400 inch'- l

:
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Table 4-16

Compedson of Maximum Displacement at Plate Edge and at Umiting Tube 14 cation .
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Table 4-17 i

Braidwood Unit 1 Mode 3 Durations !
i

Hours in
.

Event : Offline Date Mode 3 Online Date Online Days ' !
!

Cycle 3
f

*

;

A1R02 N/A 360 * 5/18/91 j
AIF19 7/16/91'- 0 7/27/91 60

'

AIF20 10/9/91 0 10/14/91' 74

AIF21 11/6/91 54 11/11/91 24
*

AIF22 2/5/92 62 2/7/92 86 i
!
'

AIF23 3/21/9 8 3/21/92 .43
,

AIR 03 9/1/92 26' N/A 165 ;

'Hours in Mode 3 = 510 Online Dayr = 452
Days in Mode 3 = 21.2 Days in Cycle = 472

Cycle 4

AIR 03 N/A 56* 11/3/92

AIM 03 11/20/92 124 11/25/92 18

AIF24 1/7/93 38 1/14/93 44

alm 04 5/29/93 35 5/30/93 136 .

AIF25 6/2/93 65 6/7/93 4

AIF26 10/24/93 21 11/11/93 140 a

AIR 04 3/4/94 18' N/A 114
i

Hours in Mode 3 = 357 Online Days = 456
Days in Mode 3 = 14.9 Days in Cycle = 487

' Mode 3 times associated with planned refueling outages.

Cycle 3 percent of time spent in Mode 3 = 4.50%.
Cycle 3 percent of time spent in Mode 3 minus Refuelling Mode 3 hours = 1.09%. I

Cycle 4 percent of time spent in Mode 3 = 3.05%.
Cycle 4 percent of time spent in Mode 3 minus Refuelling Mode 3 hours = 2.42%.

4 - 52
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Table 4-18

Summary of Maximum Plate Leads
SSE Seismic Condidon

Byrna Unit I / Braidwood Unit 1 Steam Generators

a,e' -

- _
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-

,

(
l

,

h

e
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Tame 4-19

| Sunnmary of Mahan Plate Imde'

Panhinad IDCA Mus SSE Transient Cawlitions
| Byron Unit I / Braidwood Unit 1 Staam Generators
y
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Table 4-20
|

Summary ofIndividualWedge Inark
n=nhinad IDCA Plus SSE 'Ibnaiant Conditians

Byron Unit I / Braidwood Unit 1 Steam Generators *

i
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TaNe 4-21
.

Ninnbr of Tubes with AD > [0.030P ina Versus Imd
Byron Unit I / Braidwood Unit 1 Steam Ceters
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TaNe 4-22

Sinnmary dNinnhar dTubes with AD > [0.030]'" inch
.

Byron Unit I / Braidwood Unit 1 Steam Generators -
IDCA Plus SSE T= ding Conditions

A,C
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TaWe 4-23

Tubes Potentially Suscep6Me to Collapse and in-Imakage
ISP C(3H), D(3C) -

I4ft-Hand Unit
. a,c
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TaNe 4-24
!
i

Tubes Pwai*in11y SitWHe to Collapse and In T aah==- '

TSP F(5H), G(5C)
Imit-Hand Unit

i
8,C ;
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Tab 4-25
,

Tubes Iwantially SitWW to Collapse and In-Imkage
TSP J(7H), E(7C)
Idb.Hami Unit :
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Tubes Iwatially Swim to Call =pae and In-Imakage
TSP I48)- N(10) !

IAHand Unit !
t.
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TaWe 4-27
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Tubes Pbtentially S=WiMa to Collapse and ImImakage
'ISP P(11)

Ian-Hand Unit
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Tubes N=+ially Si Wible to Collapse and In-Leakage 'I
-

TSPB(2Q
Ima Hand Unit i.
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Tab 4-29

Tubes Petatially SeWh to Pdlapse and In-Leakage
'ISP E(4Q, H(6Q
Imit-Hand Unit
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TaWe 4-30

Tubes Nafially SusceptiMe to Odlapse and In-Imakage
|

TSP C(3H), D(SC)
Right-Hand Unit
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Tak 4-31 1

,

Tubes Potentially Susceptim to Collapse and In-Imakage !

'ISP M5H), G(5C)
Right-Hand Unit
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TaNe 4-32

Tubes Pbtentially S9WW to Collapse and In-I by ;

'ISP J(7H), F(7C)
Right-Hand Unit ;
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Tab 4-33 -!
,

Tubes N,=ti=11y SvWik to Collapse and In-Imkage
TSPI48)- N(10)
Bight. Hand Unit
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Table 445 !

Tubes 14*wi=11y Susceptible to Collapse and In-Imakage
1SP B(2C) .

Richt-Hand Unit
:
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Tah 4-36 |
1

Tubes Pbtentially Susceptible to Collapse and In I-b_=
TSP E(4Q, H(6Q !

Right-Hand Unit
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Table 4-37~

Table and Egure Indar for TSP Row / Column Identification

>

!g

Sumrnary TaNes Tube Map *-

lea-Hand SG Right-Hand SG

B 4 11 4 18 4-9, 4 10

C 4-6 4 13 4 9,4-10 |

D 46 4 13 411,412 '

E 4 12 4-19 413,414
;

F 4-7 4-14 415,416

G 47 4 14 417,418
'

H 4 12 4-19 4-13, 4-14

J 48 4-15 49,410

K 4-8 4-15 4-9,4 10 i

L 49 4 16 419,420
,

1
'M 49 4 16 4-19,4 20

N 49 4-16 4 19,4-20

P 4 10 4-17 421,422

|

1

|.

|

!

|
2

l
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Table 4-38

i
Initial and Boundary Conditions of de Updated TRANFID i

Calculation Models for Model D4 Steam Generator !

Initial Conditions Boundary Conditions

,a Steam Auxiliary
SG Mode of Nozzle Feedwater

case Model Operation Water Level Flow Flow
Limiter '

s a

4 D4 Hot Standby

5* D4 Full Power
r

i
6** D4 Full Power

,

Notes:

A run with lower initial void fractions in the tube bundle than the typical*

values ,

expected for full power.

** A run with typical initial void fractions in the tube bundle for Braidwood
Unit 1

at full power operation.

O
F

I
.

:
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Table 4-39 j

Peak Pressure Drop at Different Tube Support Plates
(Hot Leg Only for Half Place)

! 1 2 3 4 5* 6*Case

SG D3 D4 D4 D4 D4 D4 !
,

Identificat D3-1 D4-2 D4-3 D4-4 D4-5 D4-6
ion

-

Operating Hot Full Hot Hot Full Full 6 '

Condition Standby Power Standby Standby Power Power
with

Excess
Feedwater

- a
Water Level

Flow splits
within tube - -

bundle

TSP with Bottom HL TSP L Uppermost Uppennost HL TSP L HL TSP L
'

max peak Ap

Peak Ap at
_ a

uppermost
TSP, psi

-

Max peak
Ap, psi

-

Peak Ap at
bottom -

-

plate

Ap at HL 1.18 2.53 3.39 0.58 2.01 3.67
TSP L
(Elev. of

*Top TSP of
Preheater)

.

See Table 4-31 for description of differences in initial void fraction*

between case 5 and Case 6.

f
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Table 4-40 ;

i

Expanded Susumary of Component Materials c

:

1

| Component Material |1

ChannelHead SA 216 Grade WCC

Tubesheet SA 508 Class 2a~

'

Shell SA-533 Grade A Class 2
'

Tube Support Plate SA-285 Grade C

Stayrod ' SA-106 Grade B .

Spacer SA-106 Grade B |

Tube Inconel600
,

!
!

!

f

-

:

|

:

.

G

I

i
'

-
.

:.
i

;

!
;

!

,

6

9
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Table 4-41

Samunary of Maencial Propendes
SA-216, Gr. WCC

| TEMPERATURE =

PROPERTY CODEED. 70 200 300 400 500 600 700

Young's Modulus 71 27.90 27.70 27.40 27.00 26.40 25.70 24.80
.

Coefficient of'nermal 71 6.07 6.38 6.60 6.d2 7.02 7.23 7.44

Expansion

0.283 0.282 0.282 0.281 0.280 0.280 0.279Density -

7.324 7.303 7.287 7.269 7.252 7.234 7.215

| PROPERTY | UNITS I

Young's Modulus psix 1.0E06

|'
Coefficient of Thermal in/in/deg. F x 1.0E-06

| Expansion

Density Ib/in^3

lb-sec^2/in^4 x 1.0E-4

,

.

4 - 76
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Table 4-42

Samunary of Masedal Propesties >

'

SA-508, Oass 2a

|| TEMPERATURE

~f I PROPERTY CODE ED. I 70 200 300 400 500 600 700:

Young's Modulus 71 29.90 29.50 29.00 28.60 28.00 27.40 26.60

'~

Coemeient ofThermal 71 6.07 6.38 6.60 6.82 7.02 7.23 7.44 i

Expansion

0.283 0.282 0.282 0.281 0.280 0.280 0.279Density -

7.324 7.303 7.287 7.269 7.252 7.234 7.215

:

'

l PROPERTY UNITS I ,

Young's Modulus psi x 1.0E06

Coemeient ofThermal in/in/deg. F x 1.0E-06 j

Expansion

!

Density lb/in^3

lb-sec^2/in^4 x 1.0E-4

e

:
J

,.

!

l
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Table 4-43

Sumunary of Material Properties
SA-533, Grade A Oass 2

,

Il TEMPERATURE | ' '

PROPERTY CODE ED. 70 200 300 400 500 600 700

Young's Modulus 71- 29.90 29.50 29.00 28.60 28.00 27.40 26.60
,

Coefficient of Thermal 71 6.07 6.38 6.60 6.82 7.02 7.23 7.44

Expansion

0.283 0.282 0.282 0.281 0.280 0.280 ' O.279Density -

7.324 7.303 7.287 7.269 7.252 7.234 7.215

| PROPERTY I UNITS |

Young's Modulus psi x 1.0E06

Coefficient of Thermal in/in/deg. F x 1.0E-06

Expansion

c

Density Ib/in^3

lb-sec^2/in^4 x 1.0E-4

1

e
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Tame 4 44
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t

Updated Summmy of1SP Displacements for
,

Postulated SIA Events for Model D3 and D4 Steam Genendors *
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Table 4-45 !

Updated Sp===y of Number of Tubes Having Different Displacement Magnitudes
Model D4 Steam Genendor

Steam IJne Break Imad Cases

a
- *

* >
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Table 4-46.

Su===y of Tubes Having Reladve Tube / Plate Displacemens |
'Ihat Exceed 0.350 inch- |

a ;
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Table 4-47

Gmperises of Maximuun Displacement at Mate Edge and at Umidag Tube Locadon

i

a
% 1-

|

,
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|
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Mgure 4-1. Secondary Side Nodes, and Tube Support Mate Identification (See Mgure i

f

4-2 for Preheater Detail)
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Mgure 4-2. Preheater Nodes, and Bame Identification of Model D3 Steam Generator
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Mgure 4-4.Pdmary Huid Nodes and les How Connectors, Metal Heat Nodes and its Heat
Transfer Connectors, and Secondary Muid Modes Within Tube Bundle

4 - 86
,

|

.



' ' '!ly
' ~

.
,,

,

i.

!

i
,

-
.;

i

.-a--

i
t

i.

;. / . ,

;

j-,

i
I
t

|..

i

-
_ . . ,

Figure 4-5. Pressum drop through tube support plates T S and R during steam line
break of a Model D3 (Case 1; E - TSP T, O - TSP S, 4 - TSP R)
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Figure 44. Pressure drop through tube support plates Qhot, L and G during steam line i
break of a Model D3 (Case 1; E - TSP Qhot, Q- TSP L, + - TSP G)
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Figure 4-7. Pressure drop through tube suppon plates Qhot, L and G during steam line ''

break of a Model D3 (Case 1; E - TSP C, Q- TSP A)
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5.0 DATABASE SUPPORTING ALTERNATE REPAIR CRITERIA

This section describes the database supporting the alternate repair criteria (ARC) burst and
leak rate correlations. The database for 3/4 inch diameter tubing is described in EPRI Report
NP-7480-L, Volume 2 (Reference 5-1). However, at the February 8,1994 NRC/ Industry
meeting, the NRC presented resolution of industry comments on draft NUREG-1477. The
NRC identified guidelines for application of leak rate versus voltage correlations and for
removal of data outliers in the burst and leak rate correlations. This section applies the NRCa

guidance on removal of outliers to update the database for the 3/4 inch tubing correlations.

.

5.1 Data Outlier Evaluation

At the February 8 meeting, the NRC provided the following guidance for removal of data
outliers:

Data can be deleted in case of an invalid test.-

Any morphology criteria for deleting outliers must be rigorously defined and applied-

to all the data.

Criteria for deleting outliers must be able to be unambiguously applied by an-

independent observer.

It is acceptable to modify data or a model in a conservative manner.

Based on the above NRC guidance, the outlier evaluation of Reference 5-1 is updated in this
section. Consistent with the NRC guidance, criteria for removal of outliers are defined in this
section and applied to the database. These criteria were developed r.nd approved by the EPRI
Adhoc Alternate Repair Criteria (ARC) Committee. Consistent with Reference 5-1, only
conservative outliers which are high on the burst correlation or low on the leak rate,

correlation are evaluated for removal from the database. Although the outliers are
conservative in this manner, their retention in the database can increase the uncertainties from
the regression analyses such that their removal from the database can lead to non-.

conservatisms in analyses applying uncertainties at upper or lower tolerances.

Criterion I for outlier removal applies to invalid data including unacceptable specimens, ;

uralid measurements, etc. To describe the invalid test condition, Criteria la to le are !

defined as described in Table 5-1. Table 5-1 provides examples of invalid data that are
applicable to the EPRI database.

J
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Criterion 2 for outlier removal applies to specimens with atypical or non-prototypic crack
morphology. Criterion 2a applies to specimens with atypical ligaraent morphology while
Criterion 2b applies to severe degradation significantly exceeding the EPRI database. The
specific criteria for deleting outliers based on morphology considerations are given in
Table 5 2. Table 5-2 also includes the indications excluded from the correlations based on
Criterion 2b. No 3/4" indications were removed from the database based on Criterion 2a.
Specimen 598-1 is excluded by Criterion 2b. This data point's voltage is more than 40 volts
higher than the next largest .cpecimen. There is insufficient data at the high voltage (64.9 .

volts) to assess the protypicality of the specimen or applicability to the database. This
singular point may unduly influence the correlations without comparable voltage data to
derme the appropriate trend in the data at these high voltages. Based on destructive -

examination results providing identification of remaining uncorroded ligaments, the criteria of
Table 5 2 can be unambiguously applied by an independent observer and thus satisfies the
NRC guidance for removal of data outliers.

Criterion 3 for outlier removal apphes to specimens with abnormal leakage behavior due to a
suspected test problem. In the performance of leak tests, the crack can become plugged by
deposits resultmg in abnormally low leak rates or a measurement error could occur. For these
cases, the cause for the measurement error is not as apparent as for Category 1 and the test
results must be evaluated for apparent errors. It is not appropriate to include the spread in
leak rates resulting from plugging of cracks in leak tests in the leak rate correlation and each
leak rate measurement should be evaluated against the criteria of this section before including
the data in the database. Table 5-3 defmes Criterion 3 provides for either SLB leak rates
insignificantly greater than normal operating leak rates or for leak rates much lower than
expected for the throughwall crack length found by destructive examination as a basis for
excluding data from the correlations. Also included in Table 5-3 are the 3/4" tubing
specimens excluded from the database by this criterion and the basis for exclusion.

Criterion 3 applies to extreme cases oflow leak rate outliers, such as more than a factor of 50
lower than predicted by verified analytical models. In addition, the factor of 50 criterion
applies only to specimens which have no remaining uncorroded ligaments within the .

throughwall length of the crack. The principal effects causing lower than expected variation
in leak rates are remaining ligaments in the crack face, tortuosity (oblique steps in the crack,
surface irregularities) and presence of deposits. These effects tend to lower leakage for .

modest throghwall crack lengths. All three effects become smaller as crack length increases
and crack opening increases. Longer throughwall cracks tend to have lost the ligaments by
corrosion; the wider crack openings reduce the influence of surface irregularities and reduce
the potential for deposits plugging the crack. From the database, "long" cracks appear to be
about > 0.3" throughwall as above this length, the variability from predicted leak rates as a
function oflength appears to be smrJler (see Figure 5-1). For 0.3" throughwall cracks, the

5-2
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crack width is about 1 mil at 2560 psid and increases to about 10 mils for a 0.5" long crack.
Thus, crack lengths < 0.3" are more susceptable to plugging from deposits.

From Figure 5-1, it is seen that model boiler specimens 598-3 and 604-2 have very low leak
rates for their respective throughwall crack lengths. The remaining data are reasonably
clustered with trends similar to that expected as shown for the CRACKFLO analyses in
Figure 5-1. There is no indication through spread in the data that other specimens are
significantly influenced by probable deposits in the crack face. Criterion 3 has been applied,

to specimen 598-3 to eliminate this indication from the leak rate correlation, as this specimen
is more than a factor of 100 lower than the mean of the other data at about the 0.27" crack
length of this specimen. Criterion 3 has not been applied to specimen 604-2, as this specimen,

is not clearly a factor of 50 less than the mean of the data, although the leak rate is
apparently affected by deposits.

Criterion 3 can be unambiguously applied by an independent observer to all measured leak
rates given the results f;om leak rate measurements and/or destructive examinations and thus
satisfies the NRC guidance for removal of outliers. This criterion is applied only to low leak
rate measurements. For conservatism, high leak rate measurements are not considered for
removal from the database. ;

Based on Criteria 1 to 3 as described in Tables 5-1 to 5-3, the EPRI database of
Reference 5-1 was reviewed for identification of data outliers to be removed from the '

database. Tables 5-4 to 5-6 summarize the data points removed from the database applied to
the burst, leak rate and probability of leak correlations, respectively.

Data were removed from the EPRI database in Reference 5-1 based on the same technical
considerations, although less formal, as the criteria of Tables 5-1 to 5-3. However, the
updated criteria lead to no changes from Reference 5-1. Plant S pulled tube R28C41 was !
deleted from the database of Reference 5-1 and would also be deleted by the more explicit

|
criteria of this section. However, special considerations have been applied to this indication i

as described below.,

'

Special Cemsideration for Plant S Pulled Tube R28C41

.

Plant S pulled tube R28C41 had leak rates exceeding the initial hot cell leak rate facility
capacity at pressure differentials near SLB conditions. Test results are given in Table 5-7.
Measured leak rates of 43.4 and 95.11/hr at 2335 and 2650 psid, respectively, exceeded |
facility capacity and are not valid measurements. At 1500 psid, a measured leak rate of '

12.31/hr was within the facility capability (~ 251/hr) and represents a valid measurement.
;

The facility capacity was increased and attempts to reach 2650 psid for a valid leak rate
measurement (i.e., without hysteresis effects) were not successful as the leakage exceeded the
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new facility capacity. At the first 2650 psi unsuccessful leak test, the cracks were plastically
deformed such that succeeding tests below 2650 psi are not directly applicable due to the
crack opening or hysteresis effect. As a consequence of not having an acceptable SLB leak
rate measurement, this data point was not included in the EPRI leak rate database of Ref. 5-1.

This indication is given special consideration, per NRC request, because of the crack
morphology for this indication. The crack face had a 5% ID ligament about 0.31" long
separating throughwall cracks in an overall, near throughwall crack length of 0.67" and a total .

crack length of 0.80" Destructive examination results for the crack length versus depth are
given in Table 5-8. The uncorroded ligaments where the crack depth is 95% (Ligaments 1
and 2) include the widest (0.013") ligament and tend to reinforce the remaining 5% wall .

thickness against tearing. Based on the increase in voltage after the tube pull, it is known
that some ligaments were torn as a result of the tube pull. The initial leak rate was measured
at 1500 psid. A pressurization to 2650 psi followed, but leak rates were too high to be
measured in that facility. Leak rate tests performed in a facility with larger flow capacity can
be used to estimate the effective through wall crack length and the leak rate at steam line
break conditions. The method applied herein was developed by Paul Hernalsteen of
Laborelec. The general methodology is based on the fact that the initial pressurization to
2650 results in a crack opening that has a significant plastic opening component. Subsequent
measured leak rates, performed at lower pressure differentials, are affected by the plastic
deformation which resulted from the pressurization to 2650 psid.

The evaluations described below are based on crack opening areas calculated by the
CRACKFLO Code. SLB leak rates calculated for R28C41 by CRACKFLO are in very good
agreement with results obtained by Hernalsteen using the LABOLEAK Code. Differences in
crack openings calculated by the two codes r.re small.

The process used for the evaluation of the test results on the pulled tube included the
following steps. These steps are summarized in Table 5-9 and use the test results from
Table 5-7. For each step, the plastic and elastic crack opening widths are presented in
Table 5-9 along with the crack lengths and leak rate. ,

1. Figure 5-2 shows CRACKFLO leak rates at the conditions of Test 1. Based on the
measured leak rate for this test,12.31/hr, a crack length of 0.38 inches is inferred. This .

length is greater than the 0.26 inch length of 100% depth (Table 5-8) determined
assuming that ligaments 3 and 4 were torn during the tube pull. Thus, tearing of
ligaments with modest throughwall crack extension was probable from the tube pulling
operations.

2. The pressurization to 2650 psid (Test 3) is assumed to have introduced an irreversible
minimum plastic opening in the existing crack. Using CRACKFLO, the plastic opening

5-4
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area was calculated as a function of crack length. These results are presented in
Figure 5-3, along with a curve fit to the calculations. The curve fit was used to develop
a modified version of CRACKFLO which maintains the minimum plastic opening
resulting from the pressurization to 2650 psid and combines it with an additional elastic
opening due to the pressure differential of subsequent tests.

3. Using the modified CRACKFLO code with plastic crack opening at 2650 psid, the leak
rate as a function of crack length was determined for the conditions of Test 4,.

Table 5-7. The results are presented in Figure 5-4. The figure shows that a crack
length of 0.42 inch is inferred from the measured leak rate of 79.81/hr. Some
additional tearing of the ligaments and throughwall crack extension from the 2650 psid,

pressurization is suggested by the throughwall crack length increase from 0.38 to 0.42
inch between Tests 1 to 3 and Test 4.

4. The modified code, a 0.42 inch crack length and the conditions for Test 6 give a leak
rate of 1141/hr at 1615 psid. This is substantially less than the 4481/hr measured for
this test, suggesting significant tearing of the crack has occurred from thermal cycling
and pressurization between Tests 4 and 6.

5. Destructive examination of the tube after a tube burst test indicated a crack length up to
0.67 inches was possible. Using this crack length, a leak rate of 3751/hr is obtained for
the conditions of Test 6. This value is reasonably close to the measured leak rate of
4481/hr. For this calculation CRACKFLO was used since the plastic opening area,
2.0x10'' inch, was greater than the 1.5x10-2 inch calculated to be present after the
pressurization to 2650 psid. Thus it is expected that complete tearing of all ligaments
and the 5% wall thickness occurred between Tests 4 and 6.

.

6. Using the desired steam line break conditions (2560 psid and 616 *F primary
temperature) for the EPRI database, the as-pulled crack length of 0.38 inch (Step 1)is
expected to have torn to 0.42 inch and a leak rate of 1111/hr is calculated.

.

The estimated leak rate for Plant S tube R28C41 at SLB conditions (2560 psid)is therefore
1111/hr. This result is reasonably consistent with Plant S tube R33C20, which was measured
in the large capacity facility. Tube R33C20 had a throughwall corrosion length of 0.33",.

compared to the 0.26" continuous length for R28C41. Both indications likely had ligament
tearing and crack extension from tube pulling and pressurization to 2560 psid. The measured
leak rate for R33C20 at 2560 psid was 1371/hr, compared to the estimate of 1111/hr for
R28C41.

Based on similar analyses using a few runs with the LABOLEAK code and analytical ratios
of crack areas between 2650 and 1200 psid, Paul Hernalsteen of Laborelec estimated a

1
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' R28C41 throughwall crack length of 0.' 75 inch at 2650 psid and predicted a leak rate ofi4
- 1231/hr at 2560 psid: This result is'in very good agreement with the CRACKFLO estimate

of 111 1/hr.
,

s .. . . ,

To bound the CRACKFLO and LABOLEAK analyses, a SLB leak rate of 1251/hr at 2560 ;

psid is assigned to R28C41 for the EPRI database. !

.i
.- i

5.2 Database for ARC Correlations !
;

No new data for 3/4 inch diameter tubing has been obtained since the preparation of !-

Reference 5-1. The data of Reference 5-1 are updated for the present application based on - !
the outlier evaluation of Section 5.1 above. Table 5-10 summarizes the data having burst ;
pressure and leak rate tests. Table 5-11 summarizes the data for use in the probability ofleak |correlation. '

'!
!

5.3 NDE Uncertainties I
!

For IPC applications, NDE uncertainties are required to support projections of EOC vol'tage !
distributions, SLB leak rates and SLB tube burst probabilities as discussed in Section 8.0. !
The database supponing NDE uncertainties is described in Reference 5-1, and NDE
uncertainties for IPC/APC applications are gi.ven in the EPRI repair criteria report (Reference 1|
5-2). From Reference 5-2, the NDE uncertainties are comprised of uncertainties due to the |
data acquisition technique, which is based on use of the probe wear standard, and due to - -!

analyst interpretation, which is sometime= called the analyst variability uncenamty.
!

The data acquisition (probe wear) uncenainty has a standard deviation of 7.0% about a mean .{
of zero and has a cutoff at 15%, with implementation of the probe wear standard requiring j
probe replacement at 15% differences between new and wom probes. ASME s!andards cross- |

calibrated against the reference laboratory standard and the probe wear standard were |-

implemented in the Braidwood-l EOC-4 inspection. '

The analyst interpretation (analyst variability) uncenainty has a standard deviation of 10.3% -

about a mean of aro. Typically, this uncenainty has a cutoff at 20% based on requiring ;

resolution of analyst voltage calls differing by more than 20% :However, as of the
_|

February 8,1994 meeting, the NRC has not accepted the 20% cutoff on the analyst
'

;

interpretation uncertainty. Pending a further resolution of this issue with the NRC, the analyst
|

interpretation uncenainty was applied for Braidwood-1 without a cutoff. - For EOC voltage .|
projections, separate distributions are applied for probe wear with a cutoff at 15% and the !
analyst interpretation with no cutoff. I

i
i

'
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Table 5-1 :
t

Criteria la to le for Excluding Data from Correlations

Criterion la: Unacceptable Bobbin Voltage Measurement
.

. Excludes specimen from all applications
.

. Examples: Welded specimen extension influences voltage measurement, specimen
,

damage prior to test completion
-

,

Criterion Ib: Unacceptable Burst Test c

:
Excludes specimen only from burst correlation.

. Examples: Incomplete burst test (e.g. leak but not burst), test malfunction,
burst inside TSP

Criterion Ic: Unacceptable Isak Test
:

. Excludes specimen from leak rate correlation and requires prob. ofleak evaluation

Examples: Leak rate exceeded facility capacity, test malfunction.

Criterion Id: Unacceptable Leak Data Due to Tube Pull Damage '

Excludes specimen from leak rate correlation and requires prob. of leak evaluation.

Requires analyses to demonstrate uncorroded ligament would not have torn at-

accident conditions
.

Example ID ligament torn during tube pull as demonstrated by post-pull voltage and.

higher than expected leak rates at or below normal operating conditions. Structural
analysis shows uncorroded ligament would not be expected to tear at accident conditions. -

. Criterion le: Unacceptable Data for Estimating Probability of Leak

Prob. of leak (yes/no) cannot be confidently estimated from destructive exam.

crack morphology and leak test not performed

Examples: Short TW corrosion cracks such as < 0.1" which normally do not leak at.

SLB conditions. No destructive exam data available for estimating prob. ofleak j

l

5-8
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Table 5-2

Criteria 2a and 2b for Excluding Data from Correlations

- Criterion 2a: Atypical Ligament Morphology

#

Cracks having s 2 uncorroded ligaments in shallow cracks < 60% maximum depth-

- should be excluded from the database as having bobbin voltages significantly higher
than the dominant database which shows more uncorroded ligaments in shallow cracks

.,

Results in atypical voltages and associated specimens are excluded from all corr.-

- No 3/4" specimens are excluded from the database due to this criterion

Criterion 2b: Severe Degradation

Exclude data points having bobbin voltages > 20 volts larger than next data point from.

correlations, as singular data points at the tail of distributions can have undue influence
on regression correlation. In this case, there is insufficient data at comparable voltages
to assess the prototypicality of the crack morphology and applicability to the database.

- Results in atypical voltages and associated specimens are excluded from all corr.

Excludes 3/4" model boiler specimen 598-1 (64.9 volts) which is > 40 volts larger-

than the next highest voltage point (22 volts)

.

e
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Table 5-3 1

e
. . 1

Criterion 3 for Excluding Data frosi Correlations ,

i

]
,

'

~ Criterion 3: Suspected Test Error l
!
r^ - "

- - Data are excluded from only the SLB leak rate versus voltage correlation if either or |. i_ ,

both of the following' criteria are satisfied '--,
,

Leak rates at SLB pressure differentials should be at least 10% higher than that ]'
s

measured at normal operating pressure differentials for free span leak tests ' I

i
- No 3/4" specimens are excluded from the database for this criterion .|

t

: For throughwall cracks with no ligaments, the measured leak rate should be within a :
factor of less than about 50 of the mean measured leak rate at the associated i
throughwall crack length. ~!

:

- For 3/4" tubing, this criterion excludes model boiler specimen 598-3 (0.27" TW,0.02 ]
1/hr leak rate) The measured leak rate for this specimen with no remaining ligaments '

'

is more than:a factor of 100 less than the mean measured leak rate for a 0.27" crack - -1

length j

!- The most limiting specimen compared to this criteria retained in the database is ~
_.

model boiler specimen 604-2 (0.19"TW,0.051/hr), for which the mean measured leak - .,

rate is about 0.2 to 0.31/hr |
a

.

|

*
.

8

*
|
!

a
i
j

!

l

!
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Table 5-4

Basis for Excluding Data from the 3/4" Burst Correlation

Basis for Excluding Indications
ExclusionTube TSP from Tube Bunt Correlation Report
Category

Sution

Plant E-4

R19C35 2 Burst inside TSP. Yields much higher burst Ib 4.4
pressure than free span burst tests of ARC data-

base.

R45C54 2 Burst inside TSP lb
R47C66 2 Burst inside TSP lb
Plant S

R28C41 1 Incomplete burst test - burst opening length Ib 2.5,4.5
less than macrocrack length (no tearing)

Plant R-1

R7C71 3 Test recorder malfunction Ib 2.2,4.3
RSCll2 2,3 Incomplete burst test Ib
R10C6 2,3 Incomplete burst test Ib
R10C69 2,3 Incomplete burst test Ib
R20C46 2,3 Incomplete burst test Ib
R7C47 3 Incomplete burst test Ib

Model Boiler Specimens

591-3 Unacceptable specimen preparation due to la 5.6
bobbin voltage influenced by cracks in model
boiler Teflon spacer below TSP as well as
cracking within TSP. This results in two
bands of cracks..

598-1 Bobbin voltage (64.93 volts) and three large 2b 5.6
throughwall indications not prototypic of field

4 indications and single data point >20 volts
unduly influences burst correlation.

593-4,595-4, These bobbin NDD specimens all burst at a Ib
596-1, 597-4, welded joint made to extend the specimen
603-4, 604-4 length for burst testing and are not valid tests.

These data have been excluded from the 3/4
inch data base discussed in the EPRI report.

* EPRI Report NP-7480-L, Vol. 2 (Reference 5-1)
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Table 5-5

Basis for Excluding Data from the 3/4" Leak Rate Correlation i

'

Basis for Excluding Indications . EPRI*
xclusion

Tube TSP from Leak Rate Correlation Report
Category g g ,,

*
Plant R-1

R5C112 3 Max. corrosion depth of 97%.- Remaining TW Id 2.2,4.3
ligament torn during tube pull as indicated by ..

post-pull voltage and leak at 500 psi.
Analyses indicate ligament would not have
tom at accident conditions.

Plant B-1

R4C61 5 No leakage identifiable during pressure test le 2.2,4.3
above SLB conditions. Test accuracy not
sufficient to conclude no leakage.

Model Boiler Specimens

591-3 Unacceptable specimen preparation due to la 5.6
bobbin voltage influenced by cracks in model
boiler Teflon spacer below TSP as well as
cracking within TSP. This results in two '

bands of cracks.
'

598-1 Bobbin voltage (64.93 volts) and three large 2b 5.6
throughwall indications not prototypic of field <

indications and single data point >20 volts
unduly influences correlation.

598-3 Specimen had no operating leakage and 0.02 3 . ,

1/hr at SLB conditions. Crack was found to be
0.27" TW with no ligaments for which leak
rate of 5 to 201/hr would be expected, based ,

'
on the mean of the measured data. It is
concluded that crack became plugged by
deposits or a measurement error was made.

* EPRI Report NP-7480-L, Vol. 2 (Reference 5-1)
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Table 5-6 I

i

Basis for Excluding Data from the 3/4'' Prob. of Leak Correlation

.i
~

,

Basis for Excluding Indications . EPRI* i
* " ' ' "Tube - TSP from Prob. of Leak Correlation Report
ategory

fSection
*

Plant R-1

R7C47 2 No destructive exam data or burst test to le 4.3 ,

estimate probability ofleakage.2,

RSCll2 3 Max. corrosion depth of 97%. Remaining TW Id 2.2,4.3' |
ligament torn during tube pull as indicated by ;
post-pull voltage and leak at 500 psi. '

Analyses indicate ligament would not have
tom at accident conditions.

'

Plant B-1 '

R4C61 5 No leakage identifiable during pressure test le 2.2,4.3 i
above SLB conditions. Test accuracy not ' j
sufficient to conclude no leakage. t

Model Boiler. Specimens !

591-3 Unacceptable specimen preparation due to la 5.6
bobbin voltage influenced by cracks in model

,

boiler Teflon spacer below TSP as well as !
cracking within TSP. This results in two ;

bands of cracks. |
,

598-1 Bobbin voltage (64.93 volts) and three large 2b 5.6 1
throughwall indications not prototypic of field
indications and single data point >20 volts,

unduly influences correlation. '

:
* EPRI Report NP-7480-L, Vol. 2 (Reference 5-1) i

.. |

.

;

j

e
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Table 5-7

Plant S R28C41 leak Rate Tests

,

Primary Conditions Differential - Secondary
Inst Temocrature Pressure Pressure PJsagst Leak Rats

(*F) (psia) - ' (psid) (psia) . .(1/hr)
.

Initial Sering
1

1- 612 2000 1500 500 12.3
].

2 2650 2335 315 > 43 * I'>

3 2850- 2650 200 > 96 * jp,

| I
!j.

' ' ' Second Series

4 550 1930 1200 730 78.9 l

.I

5 560 2375 1535 840 321

L
6 580 2550 1615 935 448

7 550 2500. 1375 1125 478 **

I
I
l

Leak rate exceeded facility capacity.
]

*

** Note increase in leak rate at low pressure differential which indiates additional !
deformation of crack opening.

.

I

'l

- .

.,

f

g
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Table 5-8 :
:

Plant S SC Tube Macrocrack Profile for R28C41 3

.

Length vs. Depth Ductile Ligament
Tube. Location (inchN. throuahwall) Location

R28C41, FDB 0.00 / 0 !
0.07 / 100.-

''

0.13 / 100
O.19 / 95 *- Ligament 1,0.013" wide i

0.25 / 95.,
.

0.32 / 95 *- Ligament 2,0.004". wide
'

0.38 / 95
O.44 / 100

1

0.52 / 100 *- Ligament 3,0.007" wide -!

0.60 / 100 :
0.70 /100 *~ Ligament 4,0.008" wide
0.75 / 70
0.80 / 0 !

| .

,

k

$
I.

e

+

.

k
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Table 5-9,,

t ..-

Evaluation Summary, R28C41 Tube Leak Rate Tests

Crack Opening Crack
One_ Plastic Elaslig Length krak_Eals

'

( x 10~' in) (in.) (1/hr)
Before Pressurizing to 2650 psi AP

'

S19A.1
' Crack Length inferred from 0.12 0.65 0.38 ~ 12.3*

measured leak rate at AP=1500 psi

After Pressurizing to 2650 psi AP

SitP1
Crack Length inferred from 1.5 0.65 0.42 79.8*
measured leak rate at
AP=1200 psi and 550 'F

S.ltP_4
Leak rate for a crack 1.5 0.86 0.42 114
length of 0.42" at
AP=1615 psi & 580 'F Measured leak rate 448'

SitP_1
Crack Length = 0.67 in. at 2.0 2.6 0.67 3 75

AP=1615 psi & 580*F assumed
.

Calculated Leak Rate at 256c psi AP (Step 3 length of 0.42") >

,

S_ltP_6 i

Leak rate for a crack length of 1.4 1.4 0.42 111

0.42" at AP=2560 psi & 616 *F j

i

!

* Measured leak rates - see Table 5-7

:
5 - 16 '

!

.!



__ _- __ m u. .. . . . .. - .
_ _ _ , ,

.

l'. ., a

1.1

Tatde 5-10

Burst Pressure and Leek Rate Data Base for 3/4 inch Tubing

Adjusted . Correlation (4)-
Destructive Exam - SLB Leak (2)- Burst (3) . Application

Row / Col or Bobbin Bobbin RPC Max. Rate (1/ht) Pressure - Leak:
Plant Specimen No. TSP Volts Depth Volts Depth Length (1) 2560 psid - (ksil . Rate Burst

- e.-
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TeMe 5-10
(continued)

Burst Pressure and Leek Rate Data Base for 3/4 inch Tubing

Adjusted Correlation (4)
Destructive Exam SLB Leak (2) Burst (3) Application

Row / Col or Bobbin Bobbin RPC Max. Rate (1/hr) Pressure Leak.
Plant Specimen No. TSP Volts Depth Volts Depth . Length (1) 2560 psid (ksi) Rate Burst :

e-

.

.

-

O g

e #
3 #
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Tatdo 5-10
(continued)

Burst Pressure and Leek Rate Data Base for 3/4 inch Tubing
'l

Adjusted CorreP- jon (4)
Destructive Exam SLB Leak (2) Burst (3) - ApphcationRow / Col or Bobbin Bobbin RPC Max, Rate (t/ht) -Pressure LeekPlant Specimen No. TSP Volts Depth Volts Depth Length (1) 2560 psid (ksi) Rete - Burst,

~ c
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Table 5-11: Database for Probability ofIask for3/4" Diameter Tubes
Plant or Model Bobbin Plant or Model Bobbin 1

P6biliy of biliy d
Boiler Sample Amplitude Boiler Sampic Amplitudebak bak

Number (V) Number (V) ' je,
,
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m

.

,

!
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%

6

9

r

!
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Figure 5-1
^

. Comparison of 3/4" Leak Test Data with CRACKFLO Predictions
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Figure 5-2'
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: As Pulled Tube Leak Rate !
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Figure 5-3
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Figure 5-4
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6.0 BURST AND SLB LEAK RATE CORRELATIONS

6.1 EPRI ARC Correlations

As part of the development of alternate repair criteria (ARC), 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 6.1 and 6.2. The database used
for the development of the correlations is presented and discussed in Reference 6.2. Guidelinesg

for the identification and exclusion of inappropriate data, termed outliers, are provided in
Reference 6.3. In addition to the aforementioned, an empirical correlation curve for the burst
pressure as a function of crack length has been developed for tubes with free-span, through..

wall, axial cracks. In 1993, the NRC issued draft NUREG-1477, Reference 6.4, for public
comment. The draft NUREG delineated a set of guidelines for criteria to be met for the
application ofInterim Plugging Criteria (IPC) for ODSCC indications. The criteria guidelines
permitted the use of, with adequate justification, a burst pressure to bobbin amplitude correla-
tion and a probability ofleak 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 6.1 and 6.2 provided comments on the
Reference 6 4 guidelines. Reference 6.5 provided an NRC response and position relative to
resolving the differences between References 6.1 & 6.2 and Reference 6.4, along with
responses to other public comments. Of significance to this report, is that Reference 6.5
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 6.3, that could then be employed for the
identification and exclusion of outlying experimental data. Subsequent discussions with NRC
personnel have revealed potential issues associated with the manner in which the leak rate to

bobbin amplitude correlation is used, thus, the potential leak rate during a postulated steam line
break (SLB) is herein estimated by attemate Monte Carlo and deterministic methods to
demonstrate that either method yields acceptable results.

.

The purpose of this section is to provide information and justification for all of the correlations
developed in support of the application of an IPC for the Braidwood I nuclear power plant.,

Information is first presented relative to the correlation of burst pressure to bobbin amplitude
and to through-wall crack length, followed by a discussion of the correlation between the
probability of leak and the bobbin amplitude, and lastly a discussion of the correlation of leak
rate to bobbin amplitude The use of each of the correlations is also documented.

.
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6.2 Burst Pressure versus. Bobbin Voltage Correlation

The bobbin coil voltage amplitude and burst pressure data presented in the EPRI database
report for 3/4" tubes, Reference 6.2, were used to estimate the degree of correlation between
the burst pressure and bobbin voltage amplitude. The details of performing the conelation
analysis, and subsequent regression analysis to estimate the parameters of a log-linear relation-
ship between the burst pressure and the bobbin amplitude, are provided in the EPRI database

report. The evaluations examined the scale factors for the coordinate system to be employed,
the detection and treatment of outliers, the order of the regression equation, the potential for
measurement errors in the variables, and the evaluation of the residuals following the develop- - 3

ment 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 the burst
pressure on the common logarithm (base 10) of the bobbin amplitude voltage. -

A linear, first order equation relating the burst pressure to the logarithm of the bobbin
amplitude was developed. Examination of the residuals from the regression analysis indicated
that they are normally distributed, thus verifying the assumption of normality inherent in the
use of least squares regression. The regression curve (line) is given by

P = a, +a, log (V,)g

= 7.822 -3.077 log (V,),

where the burst pressure is measured in ksi and the bobbin amplitude is in volts. The index of
descemination for the regression was 80.7%, thus the correlation coefficient is 0.90, which is
significant at a >99.999% level. This means that the p-value for the slope of the line is
< 0.001% The estimated standard deviation of the residuals, i.e., the error of the estimate, s ,e
of the burst pressure was 0.95 ksi. A summary of the results from the regression analysis is
provided in Table 6-1.

The data base and the regression curve are illustrated on Figure 6-1. Using the regression
relationship, a lower 95% prediction bound for the burst pressure as a function of bobbin '

amplitude was developed. These values were further reduced to account for the lower

95%/95% tolerance bound for the Westinghouse data base of tubing material properties at
650'F. Both of these are also depicted on Figure 6-1. Using this reduced lower prediction

,

bound, the bobbin amplitude corresponding to afree-span burst pressure of 3657 psi was found
to be 4.54 V. 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 6.6.
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6.3 ' Burst Pressure versus Through-Wall Crack Length Correlation

For a tube with a mean radius of r,,, and a thickness i, the normalized burst pressure as a
function of the actual burst pressure, P,, is given by

P, r"
P''' = (6.2)

(S, + S ) iy

Thus, P ., is the ratio of the maximum Tresca stress intensity, taking the average compressive
*

stress in the tube to be P,/2, to twice the flow strength of the material. The normalizing
parameter for crack length, a, is given by

.

aA*
(6.3).

} r,,1

a form which arises in the theoretical solutions. The burst pressure as a function of axial crack
length for a specific tube size is then easily obtained from the non-dimensionalized relation-
ship.

Examination of the normalized burst pressure data indicated that a variety of functional forms
would result in similar fit characteristics. An exponential function, i.e.,

|

1
P,,, = b, + b, e *' , (6.4)

was finally selected based on the combination of maximizing the goodness of fit, and minimiz-
ing the number of coefficients in the function. Equation (6.4) was also found to be advanta-
geous in that it can easily be inverted to yield 1 as a function of P,,,. For the data analyzed,
the coefficients of equation (6.4) were found to be

,

P,,, = 0.0615 + 0.534 e ~ (6.5)""
,

The index of determination for the fit was 98.3%, with a standard error of the estimate of

0.015. The F distribution statistic for the regression, the ratio of the mean square due to the
regression to the mean square due to the residuals, was 4625. Thus, the fit of the equation to
the data is excellent. Note that this does not mean that equation (6.4)is the true form of a
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g f functional relationship betw. the two variables, only' that it provides an excellent description . '

E7 :of the relationship. Equation (6.4) was then rearranged to yield the inverse relation: ,

;
9

'

f. i
_

' P,,, - 0.0615' . A = -3.611 In - (6.6)L 'i
* ,.

-

0.534, ,.. ;

!-

for the normalized crack length as a function of normalized burst pressure. ;

!

In order to present the results in a form directly' applicable to the Braidwood l' tubes, the . 1
normalized relationships were converted for 0.750" diameter by 0.043" thick tubes having a - !

1

. flow stress of 71.6 ksi, the average of the Westinghouse database. The converted data base, *

..-

the regression curve, and the regression curw p.::ted for lower 95'N95% tolerance limit
material properties are shown on Figure 6-2. !

Using the regression results, the probability of burst during SLB was estimated as a function of . !

crack length. : The mean estimate of the burst pressure is given by the regression equation as
'

-;

iP, = P'' t (S, + S ). -(6.7)-y

.

i

' An unbiased estimate of the variance of P which accounts for the variation in P,,, aoout the,

regression curve and the variation in S +8u can be calculated ~as !r

;
, ,

. V(P,) = P,*,,V(S ) + I * V(P,,,) - V(P,,,) V(S ) (6.8)'
f f f

,

s =s

'I

where V is used to represent an unbiased estimate of the variance of the respective term in

parentheses, and S , the flow stress for Alloy 600 material,'is one-half of the sum of the yield':. '

f q
- and ultimate strengths. Taking the standard deviation of the burst pressure as the square root ;
'of the estimated variance allows for the estimation of the probability of burst using a Student's |.

t-distribution. Specifically, the difference between the estimated burst pressure for a given j
- crack length, a, and the SLB pressure is divided by the estimated standard deviation of the ^

burst pressure to obtain a t-deviate. The probability of occurrence of the value ofiis then an !
estimate of the probability of burst for that crack length during a SLB. The number of degrees !

,

'

of freedom used in estimating the probability of occurrence of a t-deviate greater than t is :

fconservatively taken as the lesser of the number of degrees of freedom of P,,, or S An
f

alternate estimate of the probability of burst can be obtained by simulating P.,, and S !
f

independently. In this case, a large number of values of P ,, and S are independentlyf .

!
.

i
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calculated using randomly generated independent t-variates and the respective estimated
standard deviations of P,., about the regression curve and S about the mean of the database.

f

These are then combined using equation (6.7) to obtain a burst pressure for a single simulation. [
The number of occurrences of the calculated burst pressure being less than the SLB pressure is

'

then an estimate of the probability of burst. Based on the specific simulation results, an upper
bound for the estimate of the probability of burst may then be made using non-parametric

. methods. The results of the calculational and the Monte Carlo simulation determinations are -

depicted on Figure 6-3. Also shown are the 99% upper confidence bounds for the Monte Carlo i

estimated values. The calculational procedure is seen to lead to a conservative estimate of the
,

probability of burst for a given crack length. An examination of the distribution of the burst,

pressures from the Monte Carlo simulatiens reveals that is skewed right. Thus, the tail of the
distribution is shorter for the lower burst pressures, hence the lower probabilities of burst.

i
!-

;

6.4 NRC Draft NUREG-1477 SLB Leak Rate POD and Uncertainty Methodology ,

The NRC methodology of draft NUREG-1477 obtains the number ofindications that are to be
considered as being returned to service, N, as:

I

OD NN = N +N -N =N,+1 sy_y, _y, (6.9)s a a e a ,p99 po9
.

,

where, N, = number of detected bobbin indications
N, = number of repaired indications

Na = number ofindications not detected by the bobbin inspection ;

POD = probability of detection (0.6 for NRC methodology).

The above adjustments for POD have been incorporated in the BOC and EOC voltage
distributions so that no further adjustments are required for the leakage calculation. Section 3.3 i

of draft NUREG-1477 states that the total leak rate, T, should be determined as: '

!

>.

T=pP+2 c p .p:p _ (y p,2) (6.10)
2

,,

$
! .

where, p = mean of the leak rate data independent of voltage ;

o = standard deviation of the leak rate data independent of voltage *

P, = probability that a tube leaks for the i* voltage bin
'

N, = number of indications (after POD adjustment) in the i* voltage bin |

P = I(N,P,) = expected number of indications that leak summed over all voltage
bins

t

2 = standard normal distribution deviate (establishes level of confidence on i

leakage). '

!
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:
For the total leakage, the first term of the above equation represents a mean expected leak rate
while the square root term is an effective standard deviation for the total leakage based on the
variance of the product of the probability of leak and the predicted leak rate. Draft NUREG-
1477 recommends that Z be applied as 2, which corresponds to a level of confidence of 98%,
while Reference 6.5 indicates that 2 may be taken as 1.645, corresponding to a confidence
level of 95%

6.5 Probability of Leakage Correlations

Historically, the probability ofleakage 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 amplitude and the probability ofleak. 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:

I
P(Icak | V) = (6.11)

} , g -10, * D nos(r}}i

This is then rearranged as:

In = P, + p2 IOS(V)- (6.12)
,1-P,

i

to permit an iterative, linear, least squares regression to be performed to find the maximum
likelihood estimators, b, and b,, of the coefficients, p, and ,. I

|

Reviews of those evaluations, e g., NUREG-1477, have resulted in the NRC requesting that
|

alternate sigmoid function forms be investigated, and that the evaluations also consider the -

potential dependence to be on the bobbin amplitude instead of the logarithm of the bobbin
i

amplitude. NUREG-1477 specifically mentions that the cumulative normal, or Gaussian, i
Idistribution function and the Cauchy distribution function be investigated. Discussions with *

NRC personnel led to the stipulation that these functions be analyzed and used in predicting i

the end-of-cycle leak rate for the Braidwood 1 plant steam generator tube indications. I
Reference 6.7 has acknowledged that any non-conservatism associated with the exclusive use

|
of the log-logistic function would be expected to be small in comparison to the conservatism I

~

inherent in the methodology used to estimate the radiological consequences ofleakage I
associated with a postulated SLB. On this basis, the evaluation and results presented herein for
alternative function forms is considered to be for information only.

|

|
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The use of the logistic function for the analysis of dichotomous data is standard in many fields.
The differential form assumes that the rate of change of the probability ofleak is proportional
to the product of the probability of leak and the probability of no leak. As noted, the function
is sigmoidal in shape, and is similar to the cumulative normal function, and likewise similar to

using a probit model (which is a normal function with the deviate axis shifted to avoid dealing
with negative values). In principle, any distribution function that has a cumulative aiea of
unity could be fit as the distribution function, a limitless number of possibilities. Trying to
identify a latent, or physically based, distribution for the probability of leak would be consid-
ered to be unrealistic and unnecessary. For most purposes the logistic and normal functions
will agree closely over the mid-range of the data being fitted. The tails of the distributions do,

not agree as well, with the normal function approaching the limiting probabilities of 0 and 1
more rapidly than the logistic function. Thus, relative to the use of the normal distribution, the
use of the logistic function is conservative. Given its wide acceptance in multiple fields it was-

judged that the logistic function would be suitable for use in determining a probability of leak
as a function of voltage.

In addition, consideration was given as to whether the bobbin amplitude or the logarithm of the
bobbin amplitude should be used. Since the logistic, normal and Cauchy distribution functions
are unbounded, the use of volts would result in a finite probability of leak from non-degraded
tubes, and would be zero only for V=-oc. By contrast, the use of the logarithm of the voltage
results in a probability of leak for non-degraded tubes of zero. Clearly, the second situation is
more realistic than the first, especially in light of the fact that a voltage threshold is a IN!y
possibility. To comply with the NRC request, however, each distribution function was fitted to

the data using the logarithm of the bobbin amplitude and the bobbin amplitude as the regressor.

The three functions to be evaluated fall into a category of models referred to as Generalized
Lincar Models (GLMs). This simply means that the models can be transformed into a linear
form, e.g., equation (6.12) The left side of equation (6.12) is referred to as the link function
for the logistic model. For the normal or cumulative Gaussian distribution function, the model
to be fitted is:

e, opsm ,,

I
P(/cak) = I 7 :, (6.13)e d.

dit L

and the model to be fitted for the Cauchy distribution function is:

tan-'[p, + p2 ] g(F)]. (6.14)P(/cak ) = +
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The' link function for the Gaussian function is:-
.]r

n : = $.-8(P)]= i + Sh log (V),
. ,. 'f,

'

. (6.15) -
>

. , .
, , -

while the link function for the Cauchy function is:

.. .i
.-

x P 1, .
,.

p+ , log ( V) . . (6.16); j9 = tan =

2,, t,

+ .;
.>

i To fit the equation forms ^to the bobbin amplitude rather than log of the amplitude,' V is- -!
substituted for log (V). ' Each equation ~was fitted to the data'using an iterative least squares .. -_f.

technique, which results in the maximum likelihood estimates of the parameters. 1
'

'!.

- The results of all of the regression analyses are summarized'in Table 6-2. ' The coefficients of ]
. the' equations are provided along with the elements of the variance-covariance matrix for the- .;

coefficients. In addition, the deviance for each solution is also' given. One accepted measure '
'

"of the goodness of the solution or fit for GLMs is the deviance, given by,. ]
,

q,

P'' 11 - P' (6.17) ^!
"

D=2-{ P, in + (1 -P,)ln :.

P(V,) 1 - P(V,) ;[..:
,

q

where P, is the probability associated with data pair i and P(V) is the calculated probability . |from V,.. The deviance is used similar to the residual. sum of squares in lmear regression -
;

, - analysis and is equal to the error, or residual, sum of squares (SSE) for linear regression.. For- i

the probability of leak evaluation P, is either zero or one, so Equation (6.17) may be written -

J
. . O

D = -2 { P,In[P(v,)] +(1 -P,)ln[1 -P(v,)]f. (6.18)
..i

, ,

i

. Since the deviance is similar to the SSE, lower values indicate a better fit, i.e., the lower the '

j
residual' sum of squares the more of the variation of the data is considered to be explained' by - j
the regression equation. The smallest deviances,28.9, were obtained from the logistic and ~ 11
normal function fits. The deviances for the remaining four functions ranged from 32.5 to 33.8, !

about 12% to 17% higher than for the first two functions.- For similar calculations performed
using 7/8" tube data, the deviances obtained using either of the Cauchy forms were about 15%-

,i

to 20% higher than for the other four functions. These differences are not considered to be l

numerically significant in themselves relative to selecting the best form of a fitting function. !
:
,

;
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The results of fitting each of the equations are depicted on Figures 6-4 and 6-5. A comparison
of the results shown on Figure 6-4 with those shown on Figure 6-5 indicates that the use of the
logarithm of the volts results in a spreading of the functions with the probability of leak at,
say,3 volts being higher for the logarithmic forms. In the very low voltage range, less than 1
volt, the probability ofleak is lower for the logarithmic forms. This is because the tails must
extend to -e. In general, the Cauchy cumulative distribution function has longer tails than '

either the logistic or normal functions. It also rises much more sharply in the middle of the
data range. The regression results on Figure 6-2 illustrate the non realistic nature of the
Cauchy fit for the non-logarithmic form, in spite of its similar deviance value. Examination of
the figures indicates that the Cauchy distribution is significantly less representative of the data,

in the regions where the no-leak and leak test data overlap.
,

A listing of probability of leak results for selected volts is provided in Table 6-3. Up to a
-

bobbin amplitude of 1 volt, predictions based on the log-normal function are less than

predictions based on the log-logistic function. For very high voltages the Cauchy distribution
forms rise to a probability of leak of one slower than the other distribution functions.

Taken in conjunction with the leak rate versus voltage correlation, the choice of a probability
ofleak function is relatively moot. The final total leak rate values tend to differ by only a few
percent across the spectrum of POL functions.

.

6.6 SLB Leak Rate Versus Voltage Correlation for 3/4" Tubes '

;

The bobbin coil and leakage data previously reported were used to determine a correlation J

function between the SLB leak rate and the bobbin amplitude voltage. Since the bobbin ;
amplitude and the leak rate would be expected to be functions of the crack morphology,it is to

i
be expected that a correlation between these variables would exist. Previous plots of the data '

on linear and logarithmic scales indicated that a linear relationship between the logarithm of !
the leak rate and the logarithm of the bobbin amplitude would be an appropriate choice for
establishing a correlating function via least squares regression analysis. Thus, the functional
form of the correlation is !

,

,

log (G ) = b, + b, log (V), (6.19) ,

.

where G is the leak rate, V is the bobbin voltage, and b, and b, are estimates obtained from the

data of some coefficients, D, and p,. The final selection of the form of the variable scales,
i e., log-log, was based on performing least squares regression analysis on each possible

combination and examining the square of the correlation coefficient for each case. The largest
index of determination,58.2%, was found for the log (G) on log (V) regression. The second
largest index, for G on V, was found to be on the order of 24%, clearly indicating the
appropriate choice of scales to be log-log.

6-9
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A summary of the results of the regression analysis is provided in Table 6-4, and illustrated on
Figure 6-6 The number of data points used for the above evaluations was 40 and the number

of degrees of freedom (dof) 38. The obtained value of r of 58.2% is significant at a level of2

>99.99999% based on an F distribution test of the ratio of the mean square of the regression to
the mean square of the error. This can also be interpreted as the probability that the log of the
leak rate is correlated to the log of the bobbin amplitude. An altemate interpretation is that if
the variables are really uncorrelated and the testing was repeated many times, an index of
determination equal to or greater than that obtained from the analyzed data would be expected'
to occur randomly in only <0.000001% of those tests. The conclusion to be drawn from these
results is that it is very likely that the variables are correlated. *

At the February 8,1994, meeting between the NRC, EPRI, and NUMARC, information was
presented by the NRC that the "use oflinear regression is acceptable if shown to be valid at a ~

5% level with [a] p-value test." The p-value is the conditional probability of observing a
computed statistic, e.g., the F distribution value reported above, as large or larger than the
observed value, under the condition that there is no relationship. In this case, a small p-value
is evidence supporting the hypothesis that there is a correlation between log (G) and log (V).
The p-values for the estimated parameters of Equation (6.19) are also given in Table 6-4. For
the slope of the regression equation, the conditional probability that the slope is zero is

<0.000001 %. The conditional probability that the intercept is zero is 0.01%. The validity of
the regression is judged by the p-value associated with the slope. Since this is significantly
less than the 5% value stipulated above the regression is concluded to be valid, and the use of
linear regression is acceptable.

The expected, or arithmetic average (AA), leak rate, G, correspondmg to a voltage level, V,
was also determined from the above expressions. Since the regression was performed as
log (G) on log (V) the regression line represents the mean of log (G) as a function of bobbin

amplitude. This is not the mean of G as a function of V. The residuals oflog(G) are expected
to be normally distributed about the regression line. Thus, the median and mode of the log (G)
residuals are also estimated by the regression line. However, G is then expected to be
distributed about the regression line as a log-normal distribution. The regression line still .

estimates the median of G, but the mode and mean are displaced. The corresponding adjust-
ment to the normal distribution to obtain the AA of G for a log-normal distribution is

.

G = E { G | V} = 10 , 6Asm """ e' (6.20)*
2

,

r
for a given V, where o is the estimated variance of log (G) about the regression line. The
variance of the expected leak rate about the regression mean is then obtained from

Var (G) = G 2[inwomes _ ; ], (6.21)
i
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To complete the analysis for the leak rate, the expected leak rate as a function of log (V) was
- determined by multiplying the AA leak rate by the probability of leak as a function oflog(V).
The results of this calculation are also depicted on Figure 6-6 for a steam line break differential
pressure of 2560 psi.

l

6.6.1 Analysis of Regression Residuals
.

|

As previously noted, the correlation coefficients obtained from the analyses indicate that the |
log-log regressions at the various SLB APs are significant at a level greater than 99.8%.

DAdditional verification of the appropriateness of the regression was obtained by analyzing the.

regression residuals, i.e., the actual variable value minus the predicted variable value from the
regression equation. A plot of the log (Q) residuals as a function of the predicted log (G) was
found to be nondescript, indicating no apparent correlation between the residuals ar.d the-

predicted values. A cumulative probability plot of the residuals on normal probability paper
approximated a straight line, thus verifying the assumption inherent in the regression analysis
that the residuals are normally distributed. Given the results of the residuals scatter plots and
the normal probability plots, it is considered that the regression curve and statistics can be used
for the prediction of leak rate as a function of bobbin amplitude, and for the establishment of
statistical inference bounds.

6.7 SLB Leak Rate Analysis Methodology

The leak rate versus voltage correlation can be simulated in conjunction with the EOC voltage
distributions obtained by Monte Carlo methods, or by applying the POL and leak rate
correlations to the EOC voltage distribution obtained by Monte Carlo methods as applied for
the draft NUREG methodology. This second approach is a hybrid that joins Monte Carlo and
deterministic calculations. Parallel analyses verified that the full Monte Carlo leak rates and
the direct application of the correlations to the EOC voltage distribution yield essentially the
same results. Thus, it is adequate to apply the correlations to the EOC voltage distributions.

The determination of the end of cycle leak rate estimate proceeds as follows. The beginning of
~

cycle voltages are estimated using the methodology provided in draft NUREG-1477.. The

distribution ofindications is binned in 0.lv increments. The number ofindications in each bin
is divided by 0.6 to account for POD. The resulting number ofindications in each bin is.

reduced by the number of indications plugged in each bin. The final result is the beginning of
cycle distribution used for the Monte Carlo simulations. The NDE uncertainty and growth rate
distributions are then independently sampled to estimate an end of cycle distribution, also
reported in bins of 0.IV increment. Given the EOC voltage distribution the calculational steps
to obtain an estimate of the total leak rate are as follows:

(1) For each voltage bin, the leak rate versus bobbin amplitude correlation is used to
estimate an expected, or average, leak rate for indications in that bin.

6 - 11

_



,

(2) The probability of leakage correlation is then sed to estimate the mean probability
of leak for the indications in each bin.

(3) The relationships derived in Appendix C of draft NUREG-1477 for the variance of
the product of the probability of leak with the leak rate and for the total leak rate
are then used to estimate the expected total leakage and variance for the sum of the

indications in each bin as a function of the correlation means and estimated varianc-
es for the leak rate and probability ofleak.

To account for the variances of the coefficients of the regression equation for the leak rate, the .

o used in equations (6.20) and (6.21) is that from the predictive distribution for the logarithm
of the leak rate as a function of bobbin amplitude, i.e., for each voltage, V,, an effective
standard deviation of the regression error, o,, is calculated as -

'2

1+1 108( V,) -108( V)
(6.22)o, = a, +

,y ,

log ( V,) -log ( V)
S

,

where N is the number of data pairs in the regression analysis, and c, is an unbiased estimate
of c. The expected total leak rate from all of the indications in all of the bins is

,

" '

T- 10 >
' *

(6.23)2
,

g , g -|6, + 6, log (V,)),,3

where N, is the number of bins, and n, is the number ofindications in the bin with bobbin
amplitude V,. Thus, the expected total leakage for the entire distribution is obtained as the sum
of the expected leak rates for each bin.

. In order to estimate an upper confidence bound for the total leak rate an expression is needed,

.

for the variance of the total leak rate. There are two sources of variance to be considered, the
variance about the predicted expected value and the variance of the predicted expected value;
the estimated total variance about the predicted expected value being the sum of the two. The -

variance of the total leak rate about the predicted expected value is

x,

V( T) = n, P , G ,* c * "'I - 1 + Q,2p [j _ p ) , (6.24)
, ,

where P, is the probability of leak from equation (6.1I). As noted, an additional variance term

is added in order to estimate the contribution to the variance from the correlation between the
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individual leak rates, i.e., from the covariance, which arises as a consequence of using the
regression equations. Thus, the second term accounts for the variances of the positions of the
regression equations. A linearized approximation (via Taylor's Theorem) of the variance of the
mean of the regression prediction, T,, is given by

' '

' [Cov(pi,p3)]
' '

0 0
,

d0 [Cov(p3,p,)] 0 (6.25)V( T, ) = n,
' -

,

/.. 0 0 V(o|) ''',
'

.

where the derivative of the total leak rate vector contains five elements forj=1,...,5, and the
Covariance Marnx is a square 5x5 matrix consisting of the estimated variances and covariances

.

of the estimated individual regression coefficients and o,. Note that here [Cov(Di, 2)] and
[Cov(p3, p.)] are each 2x2 matrices, where the 's are estimated by b, through b , and recall
that o,is an estimate of p3 The variance of the variance is estimated as

4

V(c|) = (6.26)'
n-2,

,

where n is the number of data pairs used in the leak rate regression analysis. The standard
deviation of the total leak rate is then taken as the square root of the variance of the total leak
rate. The upper bound 95% confidence limit on the total leak rate is then obtained as the
expected total leak rate plus 1.645 times the standard deviation of the total leak rate. The

,

results obtained with this approach have been compared to results obtained from the Monte

Carlo simulation without significant differences being observed. For a calculation utilizing
only equation (6.24), the total leak rate from SG "D" at the EOC is estimated to be 3.0 GPM.
By including the variance from equation (6.25), the estimated total leak rate was estimated to

be 3.1 GPM. The value obtained from the Monte Carlo simulation of the total leak rate was
3.2 GPM, as described in Section 6.8.1 below. Thus, for the distribution analyzed, the
contribution of terms associated with the covariance, i.e., the uncertainty of the prediction of,

the mean total expected leak rate, is small (being on the order of 3%) when compared to the
variance of the total leak rate about the mean value. The results obtained provide independent
verification of the Monte Carlo and hybrid techniques.-

6.8 Simulation of Equation Parameter Uncertainties

The estimated, total end of cycle leak rate can also be calculated using Monte Carlo tech-
niques, e g., the method documented in the EPRI ODSCC report (TR-10047, Rev.1). In the
Monte Carlo analysis the variation in the parameters, i.e., coefficients, and the variation of the
dependent variable about the regression line is simulated. A 95% confidence bound on the

i
total leak rate from SG "D" of Braidwood I was calculated using a Monte Carlo simulation to

6 - 13

i



verify the results from the deterministic analysis. The approach used for the simulation is
different from that discussed in the EPRI ODSCC report. While both methods simulate the
variation of each parameter of the correlation equations, the method discussed herein also

simulated the effect of the covariance of the individual indication leak rates. Each of the
methods is discussed herein in order to provide clarification regarding their use. In order to
simplify the discussion of the Monte Carlo techniques, different nomenclature is used from that
of the previous section, i.e., G, is used to represent the common logarithm of the leak rate, and
V,is used to represent the common logarithm of the bobMn amplitude. Thus, the following
model is used to describe a working relationship between the logarithm of the leak rate and the
logarithm of the bobbin amplitude, .

G, = b + b, V, + c , (6.27)3
_

where c is the estimated error of the residuals, assumed to be from a population that has a zero
mean, and a variance that is not dependent on the magnitude of V,. The coefficients, b, and b,
are the estimates from the regression analysis of some true coefficients, p, and D,, representing
the intercept and slope of the equation, respectively.

6.8.1 Monte Carlo Simulation of the Total Leak Rate for Braidwood 1

The method used by Westinghouse for simulating the tord leak rate is the outcome of a series

of technical discussions held with the NRC. The method differs from that reported in prior
WCAP reports, wherein the predictive distribution was simulated and covariance terms were

ignored It is noted that, although both methods yielded similar results (within ~3%) for
Braidwood 1, the method described herein is more statistically accurate. This small difference

in the total leak rate results is because the contribution of the covariance terms relative to the
variance terms is relatively small for the correlations used herein. In summary, random
versions of the POL and leak rate correlations are generated and used to calculate the sum of
the leak rates for all of the indications in a SG to obtain a single simulated value of the total
leak rate. This process is repeated to obtain a distribution of the total leak rate from 10,000
simulations of the correlation equations A non-parametric 95% confidence bound on the total *

leak rate is then estimated from the distribution of total leak rates.

.

At the start of each SG simulation, i e , the calculation of a single total leak rate, a random

value for the standard deviation of the errorsfor the population is calculated frc,m the x'
distribution, the degrees of freedom from the data, and the standard deviation of the regression
errors. This is used to calculate random values for the parameters of the regression equation, '

which remain constant for the entire SG simulation. The variation of the regression predictions
,

are accounted for by randomly estimating the POL from a uniform distribution, and by adding |
the product of a random normal deviate and the standard deviation of the errors for the
population to the predicted logarithm of the leak rate, for each individual indication in the SG

!

|
1
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distribution. The total leak rate for the SG simulation is calculated as the sum of the leak rates
from all of the indications in the SG. The expression for the total leak rate is !

,

N

T= R,(p,, ,) G,(p3, 3), (6.28),,

' where N = the total number of indications in the SG at EOC, |
R,( i, p2) = 0 or 1 is the POL from a single indication, i, in a tube,

G,(p3, p., p3) = is the conditional leak rate ofindication i, i.e., the leak rate if the*
indication is leaking,

pi,p2= the coefficients of the POL equation,
p3, p, = the coefficients of the leak rate versus bobbin amplitude equation, and. , ,

3= the standard error of the log of the leak rate about the correlation line, '

also referred to herein as o.

To simulate the total leak rate from all of the indications in the generator, random coefficients
for the probability of leak, POL, and leak rate correlation equations are generated, and then
those coefficients are used to simulate the POL and led rate for each indication. The POL,
R,, for each indication, i, is simulated as,

' ##Y ' * 2 ' 8 '} ) (6.29) .R,( ) = '

O otherwise ,

where U,is an independent draw from a uniform distribution. The step of determining an '

integer value for the POL accounts for the variation of the distribution of probabilities about ;
the log-logistic regression line. Discussion of the generation of , and p2 is left until after the i

discussion of the coefficients for the leak rate equation.
.

Leak Rate versus Bobbin Amplitude Simulation
a

To simulate the leak rate from the regression line, random coefficients 3 and p, must be
.

simulated. Each of these has a variance that is dependent on the variance of the error of the
!

log of the leak rate about the regression line. Thus, the first step is to simulate a random error .
-

variance by picking a random X deviate for n-2 degrees of freedom and then calculating a
2

,

random error variance, c for the correlation equation from the regression error variance as j
2

( ~ }
Xu, "2x, a

2 62 =fy62 (6.30) - ;c =
,

;-
-

i

^

o
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where n is the number of data pairs used to calculate the regression coefficients, andf,. is
defined by equation (6.30). This is now one possible variance for the population oflog-leak
rates about a correlation equation. Thus, it is appropriate to use the normal distribution to
obtain random values for the parameters of the correlation equation. The distribution of p3 and
p, will be bivariate normal. Since they are correlated, although each is normally distributed
marginally, they are not free to vary independently. If a value for the slope is determined first,
then the distribution of the intercept values will be conditional on that value of the slope. The
degree of correlation is indicated by the off-diagonal entry in the parameter covariance matrix'
calculated from the regression analysis. The entries of the covariance matrix of the parameters,
V,,, V,,, and V,,, for the correlation equation to be used for a SG simulation are obtained from .

the corresponding estimated matrix obtained from the regression analysis as

~

V,, =fy 9,, , (6.31)

where the caret, "^", indicates an estimate from the regression data. A bivariate normal
intercept for the simulation correlation is then calculated from the regression equation intercept
as

p3 = b + Z, h , (6.32)
3

and the bivariate normal slope is calculated from the regression slope as

V V; i

V,, _ ' '. , (6.33)
p , = b, + Z, {'' + Z,I% n

where 2, and 2, are random univariate normal deviates, i.e., from a population with a mean of |
zero and a variance of one. We now have p3, p., and a for use in simulating all of the leak l
rates from each of the indications in the SG for one simulation of the total leak rate. For each |,

simulation of an individual indication, i, the leak rate will be

G,( Q ) = 10 '' ' N " ''' , (6.34)
-

with 2, representing the i* value from N independent draws from a standard normal distribu- |
tion. Once the probabilities of leak have been calculated, the total leak rate for one simulation

is then calculated using equation (6.28) It is noted that each simulation of T requires the
generation of one p vector, N binomial variates R,, and a maximum of N log-normal variates
G,. In practice, a value for the leak rate only needs to be generated for each indication that is
leaking, i.e., when R, = 1.
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Probability of Leak Simulation
i
<

The generation of the coefficients of the POL relation to be used in the simulation of the total l
leak rate proceeds in the same manner as for the coefficients of the leak rate relation. The i

elements of the covariance matrix are obtained from the GLM 'agression analysis and used
with the estimated coefficients in equations like (6.32) and (6.33) to obtair, p, and p2 for a
random population POL equation. However, for the simulation of the POL, there is no term of
the form 2,o in the simulation of the total leak rate. This exception is due to the fact that the
data are binary. In effect, this additional term is being simulated through the use of the
random sampling to determine if R, is 0 or 1 in equation (6.29).,

It is noted that the elements of the covariance matrix obtained from the GLM regression are
scaled to a mean square error (mse) of 1. This is because the mse for the binary variables is-

asymptotically 1. A check of this assumption can be made by calculating an estimate of the
square root of the mse from the regression results as

l ( #'} (6.35)
n - 2 {, p , ( 1 p ,) ,

6=
$

where the y|s are the observed probabilities ofleak, either zero or one, from the leak and burst
testing, and the p|s are the calculated probabiEties of leak from the logistic regression
equation. A significant departure from 1 for this quantity could be indicative of an inadequate
model. For the simulation of the POL data for 3/4" tubes the root mse was found to be 1.1.
This is not significantly different from 1.

A 95% confidence bound on the total leak rate from SG "D" at the end of the fuel cycle was
found to be 3.2 GPM. This is in very close agreement with the value found using the
deterministic estimate.

6.8.2 EPRI Monte Carlo Simulations=

The simulation methodology documented in the EPRI ODSCC report, Reference 6.1, was also
'

used for the estimation of a EOC leak rate for the Braidwood 1 SG "D" The resulting value,
3.1 GPM is provided for information since this analysis was not the reference methodology

;
employed for the evaluation of the Braidwood SG's. Thus, the following discussion of the
EPRI model is also for information purposes to clarify how it relates to the methodology em-
ployed. Application of the EPRI model involves two major steps. In the first step, an EOC

l
leak rate table as a function of BOC volts is generated from Monte Carlo simulations of NDE '

uncertainties, plant specific growth rates, and uncertainties associated with the correlation
analyses. In the second step, the total leak rate is estimated as the sum of the individual EOC
leak rates from each indication using the tabulated leak versus BOC volts values.

|
,

|
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Using the EPRI methodology, the probe wear and analyst variability are randomly sampled to
obtain a random BOC voltage corresponding to a measured BOC voltage. The growth curve is
then entered to obtain a random growth for the length of the cycle. This is then added to the
BOC voltage to obtain a random EOC voltage. The POL and leak rate versus volts correla-
tions are sampled to obtain a random POL and leak rate for that indication. The expected leak
rate from the indication is then taken as the POL times'the leak rate. The simulation is
repeated several thousand times to obtain an EOC distribution ofleak rate at each voltage
level, typically in 0.1 volt increments. From the distribution, a non-parametric 95% confidence
bound for 95% of the population of the leak rates is determined at each voltage level. These
are then used to estimate the EOC leakage from the distribution of BOC indications. ,

The POL for a specified EOC indication voltage is obtained from the correlation equation as
.

I
R' = (6.36)

g , g -1 D, * 0:108( V,) * 2,'l,I ,

where p, and p2 are the coefficients from the POL regression analysis,2,-N(0,1), and n, is the
estimated standard deviation given by

q,=/V + [ 2 V , + V , log ( V,)] log ( V,) , (6.37)
n i 3

where the V|s are the elements of the covariance matrix of the coeffluents.

For each indication simulated, the coefficients of the leak rate versus voltage equation are
generated The slope of the regression equation is sampled using a random t-variate, followed
by simulation of the intercept. Finally, the regression residual error is sampled with a random
I-variate. Random t-variates are used instead of random normal variates because the standard
deviation of the population of residuals is estimated, and not known, from the regression
analysis A two-sided 100-(1-ct)% confidence band for the true slope, D , of the regression
equation is given by .

~

O, (6.38)p , = b, t
_ ,,

3 { ( V, - V )2

where b, is the estimated slope from the regression analysis, v is the number of degrees of
freedom used for the determination of c,, the estimated standard deviation of the residuals.
Thus, by randomly sampling the t-distribution with v degrees of freedom, t,, rnndom values of

| |
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..the slope can be generated from equation (6.38), where the sign of the random i-variate [

. . . . . .

. ~

governs the sign of the second expression, i.e., I

o
- !

2
.. 1a*

. (6.39) - i

'

p , = b, + t, ._ .

S.{>( V, - V) .

.. |

!

The coefficients of th' regression equation, i.e., equation (6.27), are not statistically indepen-,f e

t dent. Thus, selecting a random value for the intercept must account for the already selected
,N | slope. _ In this case, a joint'100-(1-a)% confidence ellipse for the coefficients is given by .

.,

!

-

s
*

(p, - b,)2 + 2 E'(E, - b,)( , -b,) + ( , - b )2 s 2'" , (6.40)#

n n >

1
where p3 and , are the true, but unknown, coefficients of the regression equation. Thus,' j_

given the random slope from equation (6.39), a random F-distribution value, F, for 2 and v '

degrees of freedom, is selected and equation (6.40) is solved (considering the equality) to
obtain a random value for S3 Since there are multiple roots of equation (6.40),'i.e., !

~

I
J

!,
2 2V-{V 2a F ., (6.41)-.

.2 #= b, - V ( , - b, ) ( , - b,)2 e 2+- 3
$ n n :

an additional random selection must be made to account for the sign of the radical in equation
,

(6.41). It is also noted that the selection of a random Edeviate may result in the radical of <|
(6.41) being imaginary. In this case, it is necessary to sample F until the radical is real. To 1
complete the leak rate versus voltage correlation for.the simulation, only the variation about the I

regression line remains. The standard error, o,, from the regression analysis has been shown to i

be approximately normally distributed with a mean of zero. Since the true variance of the -!*
residual population is estimated, the distribution is simulated using a random t-variate, and the

, final leak rate for each simulation case is given by f
i

*
.

_ g .1 o p> * 8. ", ". o. (6.42) ]
:

-|
It is noted that the method described in the EPRI ODSCC report indicates that the effective !
standard deviation of the residuals, c,, from equation (6.22) is to be used instead of the actual
standara deviation of the residuals, o,, in equation (6.42). This is considered to be an

{
unnecessary conservatism because the variance of the coefficients would enter equation (6.42)- .j
twice, i.e., through the simulation of Q3 and Q, and through o,. The net effect would be to 1

:

I
1
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slightly over estimate the leak rate for each individual indication. For the simulation result
reported previously herein, equation (6.42) was used.

In summary, the EPRI simulation essentially uses the predictive distribution to simulate the
EOC leak rate. This ignores the potential contribution due to the covariance of the individual

POL times leak rate values, however, this is likely compensated for by taking each individual
EOC leak rate at a 95% confidence level, and the fact that the contribution from the covariance

terms is small. Westinghouse has previously reported results, in prior WCAP reports, based on
directly simulating the predictive distribution. Results obtained using this method,3.0 and 3.1
GPM for two independent simulations, were comparable to the result obtained using the ,

methodology described in Section 6.8.1. Thus, the EPRI methodology of Reference 6.1 results
in a predicted total leak rate of 3.1 GPM, which is in excellent agreement with the 3.2 GPM
result obtained by the Monte Carlo methods of Section 6.8.1, and the 3.1 GPM result from the -

hybrid method. In conclusion, either of the three methods is adequate for the SLB leak rate
analysis.

6.9 Effect of Braidwood 1 Pulled Tubes' Results on Burst & Leak Rate Correlations

The purpose of this section is to report on evaluations performed which utilized the results of
leak rate and burst testing of tube sections which were removed from Braidwood Unit 1 in the
spring of 1994. The Braidwood 1 pulled tube data for ARC applications is given in Table 3-6.
A total of eight (8) tube sections which exhibited bobbin amplitudes greater than zero volts,
based on the field inspection data, were tested to determine their probability ofleak during
SLB, and their burst pressure. Three (3) of the specimens were found to exhibit a probability
of leak of one and measurements were made of the leak rate at multiple differential pressures,
including conditions similar to those expected during a postulated steam line break (SLB). The
outcomes of these tests, see Table 6-5, were compared to the database of similar test results for

3/4" outside diameter steam generator tubes, and the effect of including the new test data in the
database evaluated. The results of these comparisons and evaluations are discussed in what
follows

,

Burst Pressure vs. Bobbin Amplitude

A total of eight (8) burst test were performed on tube specimens which exhibited non-zero -

bobbin amplitudes at locations corresponding to the in-plant elevations of the tube support
plates. A plot of the Braidwood 1 specimens' burst pressures is depicted on Figure 6-7 relative
to the correlation developed for the reference database (EPRI), which is shown on Figure 6-1.
A visual examination of the indicates that all of the burst pressures measured fall within the
scatterband of the reference data about the reference regression line. The burst pressure for
specimen R42C44-7 is somewhat higher than would have been expected, but not significantly
so, cf. the uppermost data point at a bobbin amplitude of ~2.2 volts. Likewise, the burst

pressure for specimen R42C44-3 is somewhat lower than would be expected, but totally within
i
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the range of the data scatter in the relative vicinity of a bobbin amplitude of 4 volts. Thus, the
visual examination doesn't indicate any significant departures from the reference database. |

Although the upper bound is not shown, all of the data fall within a 90% non-simultaneous l
prediction band about the regression line (the one-sided 95% prediction curve depicted is the l

lower bound of a two-sided 90% prediction band). Since a two-sided simultaneous prediction
band for the eight data points would be wider than the non-simultaneous band, no statistically
significant anomalies are indicated.

Since the Braidwood I burst pressure data are not indicated to be from a separate population
from the reference data, the regression analysis of the burst pressure on the common logarithm,

of the bobbin amplitude was repeated with the additional data included. A comparison of the
regression results obtained by including those data in the regression analysis is provided in
Table 6-6. The intercept of the burst pressure, P,, as a linear function of the common-

logarithm of the bobbin amplitude regression line is increased by 0.2%, and the slope is
decreased by ~1%, i.e., the slope is a larger negative number. The regression line obtained by
including these data in the regression analysis is also shown on Figure 6-7. The intersection of
the two regression lines occurs at ~3 volts. Thus, for bobbin amplitudes less than 3 volts the
predicted burst pressure would be slightly higher than the value obtained using the reference
regression line. There is also a decrease of ~1% in the standard error of the residuals. The

effect of this change would be reflected in a smaller deviation of the 95% prediction line from
the regression line. The net effect of both of these changes on the SLB structural limit, using i

95%/95% lower tolerance limit material properties, would be to increase it by 0.04 volts, i.e.,
'

from 4.54 volts to 4.58 volts, which is judged to be not significant. The decrease in the
standard error of the residuals would also slightly reduce the probability of burst for bobbin
indications less than 12.6 volts, and slightly increase the probability of burst for indications
with amplitudes greater than 12.6 volts. Based on the judged insignificant change in the
structural limit, the change in the probability of burst would also likely not be significant. !

iProbability of Leak j

The same eight data points examined relative to the burst pressure correlation were also
* ,

examined relative the to reference correlation for the Pol as a function of the common |

logarithm of the bobbin amplitude. Figure 6-8 illustrates the Braidwood I data relative to the

database and the reference correlation. Specimen R42C44-5, with a bobbin amplitude of 2.1,

;

volts exhibits some tendency away from the bulk of the data for which the pol is unity, i.e., !
based on the bobbin amplitude it would have been expected to have a Pot of about 5%. I

However, the associated leak rate for this indication is very small, being 0.84 lph or |
0.0037 gpm. One specimen from the reference database exhibited leakage at a lower amplitude
level. All of the other specimens exhibited Pol behavior in line with expectations indicated by
the reference regression curve. Based on the visual examination, there appears to be no
significant evidence of irregular results, i.e., outlying behavior is not indicated.
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In order to assess the effect of the new data on the correlation curve, the database was

expanded to include the Braidwood 1 data and the Generalized Linear Model regression (see
Section 6.5) of the Pot on the common logarithm of the bobbin amplitude was repeated. A
comparison of the correlation parameters with those for the reference database is shown in

Table 6-7. These results indicate a 9% reduction in the logistic intercept parameter and an 8%
reduction in the logistic slope parameter. In order to assess whether or not these changes are
significant the reference correlation and the new correlation were also plotted on Figure 6-8.
An examination of Figure 6-8 reveals essentially no change,in an absolute sense, in the
correlation below a bobbin amplitude of I volt, or above a bobbin amplitude of about 15 volts.
The Pol is greater than the reference correlation in the range of I volt to almost 6 volts, and .

slightly less in the range of 6 volts to about 15 volts. A listing of comparative values is
provided in Table 6-8. At i volt the increase in the pol is on the order of 0.003. The
maximum increase in the pol is 0.04, from 0.23 to 0.27, at an amplitude of 3 volts. -

To assess the single effect (ignoring the effect of the change on the leak rate correlation) of the
above changes to the Pot function on the total leak rate, a recalculation of the leak rate as
reported in Table 8-1 was performed. Using the reference correlation of the leak rate to the
bobbin amplitude, the 95% confidence bound for the total leak rate is increased by 0.01%.
This is not an unexpected result since the information presented in Table 8-2 shows that when
the total leak rate is determined using the leak rate to bobbin volts correlation the resulting
value can be quite insensitive to the form of the Pot function.

Leak Rate vs. Bobbin Amplitude

As previously noted, three (3) of the removed tube specimens exhibited leakage under SLB
conditions. The leak rates are provided in Table 6-5, and depicted on Figure 6-9. All of the
results fall well within the spread of the reference data. The actual leak rates range from ~40%
to ~75% below the median prediction (the regression fit on the plot) of the regression. It is
implied from the visual examination, using the relative distance of the 95% confidence bound

on the arithmetic average from the arithmetic average, that all of the data points would fall
well within a 90% non-simultaneous, two-sided prediction band. Thus, the visual appearance

,

of the data do not indicate any departure from the database and strongly support the trend of
the prior correlation.

.

As for the previously discussed correlations, a regression analysis was performed to assess the
influence of the Braidwood I dua on the leak rate to bobbin amplitude correlation. The results
of repeating the regression analysis with the Braidwood I data included are given in Table 6-9.
Inclusion of the Braidwood I data results in a 8% decrease in the logarithmic intercept
parameter and a 4% increase in the logarithmic slope parameter. In addition, the standard error

of the logarithmic residuals is decreased by ~3%, the index of determination of the regression is
increased by about 10%, and the p-value for the slope parameter is reduced by about two
orders of magnitude. Thus, the addition of the data increases the strength of the correlation. A
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plot of the correlation with the Braidwood 1 data included in the regression is depicted on |
'Figure 6-9 along with the correlation reported in Section 6.6 of this report. The net effect of

including the new data is to reduce the expected, i.e., arithmetic average, leak rate for bobbin
amplitudes less than ~20 volts. It is also noted that the slope of a line joining the three added
data points is almost parallel to the reference database regression line.

The dual effect of the Braidwood I data on the total leak rate, by considering both the pol and
the leak rate correlations to bobbin volts, was estimated by repeating the calculation of Table
8-1 as per the above discussion on the effect of the data on the pol. For this case the revised
coefficients as reported in Table 6-7 and Table 6-9 were used. The net effect was found to be,

a 14% decrease in the 95% confidence bound for the total EOC leak rate during a postulated
SLB. Since the increase due to the modified pol function coefficients was insignificant, the
net effect of the Braidwood I data on the total expected leak rate is a 14% reduction.a

General Conclusions

The review of the effect of the Braidwood I data indicates that the burst pressure, the
probability of leak, and the leak rate correlations to the common logarithm of the bobbin
amplitude would not be significantly changed by, and are conservative relative to, inclusion of
the data. It is therefore concluded that the correlations reported in the previous sections of this
document should not be revised at this time. It is further concluded that the conclusions given
in Revision 0 to this document would not be significantly affected by repeating all of the
analyses for which results are reported herein in Section 8.
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Table 6-1: Regression Analysis Results - !
Burst Pressure vs. log (Bobbin Amplitude)

,

3/4" x 0.050" Alloy 600 MA SG Tubes
,

(Reference o, = 75 ksi) i

Parameter Value Value Parameter

b, -3.077 7.822 b,

SE b, 0.175 0.136 SE b,
,

r' 80.7 % 0.955 SE P, ,

F 306.1 73 DoF !.

!
SS,,, 279.03 66.55 S S,,,

Pr(F) 8.0E-28 29.46 SS !%g

prvalue 8.0E 28 1.6E-62 po-value

!
t

t
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Table 6-2' Results of Regression riis of Logarithmic Forms:

of POL ~ Distribution Functions to 3/4" OD Tube Data ' A

]- @ 620'F and AP = 2560 psi . (
y

Parameter Log Logistic Log-Normal - Log-Cauchy i

Values - Values' . Values ;.

i
b, -5.5998 -2.7157 -13.8413, !

i
b, 9.1924 '4.6317. 21.3183:

V,, '2.1145 0.3664' 46.5125 Li.

<
V,, -2.9538 -0.4985- -71.2114 I

s

V,, . . 4.5779 0.7993 110.22 ~ i
i

Deviance 32.52 33.84 32.43 |

Results of Regression Fits of Non Logarithmic Forms of POL Distribution
Functions to 3/4" OD Tube Data. e

. . ;
Parameter Logistic Normal Cauchy ' |

Values Values Values I
!

b, -5.3890 -2.8544- -10.5327: |
b, 1.1945 0.6395 2.3085. "i

-

V,, 1.4958 0.2905 .24.4371
o

V,, -0.3141 -0.0617 -5.3943

V,, 0.0787' O.0169 1.2223 j.-

IDeviance 28.87 28.94 32.47
.

.|
.

1
a
.}
i

!
t

!
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; Table 6-3: Sample Results for Probability of Leak for 3/4" SG Tubes
!

_

@ 620*F and AP = 2560 psi

Volts Log-Logistic Log-Normal Log-Cauchy Logistic Normal Cauchy
Function Function Function Function Function Function

0.1 3.77E-07 1.02E-13 9.05E-03 5.12E-03 2.63E-03 3.08E-02
| 0.2 5.99E-06 1.32E-09 1.llE-02 5.77E-03 3.20E-03 3.15E-02'

O.3 3.02E-05 1.39E-07 1.27E-02 6.49E-03 3.88E-03 3.22E-02
0.4 9.53 E-05 2.57E-06 1.42E-02 7.31E-03 4.68E-03 3.30E-02
0.5 2.32E-04 1.98E-05 1.57E-02 8.23 E-03 5.63E-03 3.38E-02
0.6 4.81 E-04 9.09E-05 1.71E-02 9.26E-03 6.74E-03 3.47E-02
0.7 8.90E-04 2.98E-04 1.85E-02 1.04E-02 8.05E-03 3.55E-02
0.8 1.52E-03 7.77E-04 2.00E-02 1.17E-02 9.57E-03 3.65E-02
0.9 2.42E-03 1.71 E-03 2.15E-02 1.32E-02 1.13E-02 3.75E-02|

! 1.0 3.68E-03 3.31 E-03 2.30E-02 1.49E-02 1.34E-02 3.85E-02
2.0 5.56E-02 9.32E-02 4.26E-02 4.74E-02 5.76E-02 5.33E-02
5.0 6.95E-01 6.99E-01 7.59E-01 6.42E-01 6.34E-01 7.52E-01
7.0 8.97E-01 8.85E-01 9.25E-01 9.51 E-01 9.48E-01 9.44E-01
10.0 9.73 E-01 9.72E-01 9.58E-01 9.99E-01 1.00E+00 9.75E-01

.

e
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- Table 6-4: Regression Analysis Results: !
: log (Leak Rate) vs log (Volts) . _ i

for 3/4" x 0.043". Alloy 600 SG Tubes 1 ;

@ 620'F and AP = 2560 psi I
";

Parameter - Value . .Value ' Parameter -

b, - 3.132 -1.888- b, i

SE b, - 0.431 0.425 . SE b, I
2r - 58.2% 0.653 SE log (Q) -|

F 55.88 38 DoF !
i

S S,, 22.56 16.21- SS,,, t

Pr(F) <0.000001% 2.300 SSg- j
pi-value <0.000001% 0.01% po-value - j

,.
\:

'
.i
|
>

I.

~l

I
;

!
.:'

s
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, i
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Table 6-5: Results of Leak Rate and Burst Testing of Tubes
Removed from Braidwood Unit 1 4

Specimen ID Bobbin'. . Burst Pressure for Probability of Leak Rate .
Amplitude o = 75 ksi: Leak During During SLB! |r

(Volts) (ksi).. SLB . (lph)
j

R16C42-3 3.12 -6.501 0
i

- 1

R16C42-5 0.21 10.809 0

R27C43-3 4.99 5.236- 1 0.84 >

R37C34-3 1.04 9.002- 0

R37C34-5 10.4 4.917 1- 12.83-

R42C44-3 3.73 . 4.868- 0

R42C44-5 2.09 :6.424. 1' O.041-

R42C44-7 0.28 9.157 L 0

t^

. e
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Table 6-6: Effects of the Braidwood Unit i Data on.the

L Burst Pressure vs. Bobbin Volts Correlation -

P, = a, + a, log ( Volts)

Parameter Reference Database Database with
Value Braidwood 1 Data - 1

|

ai 7.822 7.838 1
^\.:

.a -3.077 -3.109

0 .., - 0.955 0.944 11 - !

p Value for a: 8102: 4 10''

/ - 80.7% 81.3 %
,

|
|

.

.

-1
-
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Table 6-7: Effect of Braidwood Unit 1 Data on the

-:
.

Probability of Leak Correlation

Pr(Leak) = f t + c -I'''''"3
Parameter Reference Database Database with '

' Value Braidwood 1 Data

p, ' 5.600 :-5.035-
,

'!
'

9.192 8.4572 ;
;

V, , 2.115- 1.437. !,

V, -2.954 -2.043 :!i

V 4.578 3.286 4 $u
!

Pearson o ,,,, 1.2 0.87 is

Note: Parameters V, are elements of the covariance matrix of the
.

t

coefficients, p,, of the above regression equation. |

i
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Table 6-8: Effect of Braidwood 1 Data on the .;
. Probability of Leak as a Function of Bobbin Amplitude ' [

>

Bobbin Amplitude Pol pol
,

(Volts) . (Reference) :(w/Braidwood)

0.60 0.0005 0.0010- #

t

0.70 0.0009 0.0018 '
-

f
0.90 0.0024- 0.0044 -'

4

-1.00 0.0037 0.0065
'2.00 .0.0556 .0.0766

3.00 0.2290 0.2689 '[
'

5.00 . 0.6954 0.7060 -

6.00 .0.8254 0.8243

7.00 0.8974 0.8920 ,-

9.00 0.9598 0.9541

i

!

,

'

,

. |

!

.

1
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Table 6-9f Effects of Braidwood Unit 1 Data on the ;

Leak Rate vs. Bobbin Volts Correlation -

1
- log (Leak Rate) = , + S, log (Volts) '

:
3Parameter Reference Database Database with .i

Value Braidwood 1 Data . |
-.

. 1

'i -1.888 -2.044 ;

:
!3.132 3.272-4

E3 ( o ,,,,) 0.653 0,636 -r
4-p Value for p. 1 10 110'' i

I.
'

r# 582% 64.1 % :i

-- .9 - ,

1
,|

e

l

.)-

.)
i

.. !

.
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Figart 6-1: Burst Pressure vs Bobbin Anspiltade
EPRI Database , @ 650*F, Refettuce Mew Stress = 75 ksi
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Figure 6-2: Burst Pressure ys. Crack Length
0.750" x 0.043", Alloy 600 MA Steam Generator Tubes @ 650*F, Average Flow Stress
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Figurt 6-3: Probability of Burst vs. Through-Walt Crack Imagth .
! 3/4" x 0.043" Alloy 600 MA SG Tubes '
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Figure' 6-4: Probability of Leak for3/4" SG Tubes
Comparison of Imgarithmic Forms of Logistic, Normal & Cauchy Functions.
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Figure 6-5: Probability ofIAak for 3/4" SG Tubes
Comparison of Non-Logarithmic Forms of tagistic, Normal & Cauchy Functions
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Figust 6-6: 2560 psi SLB Leak Rate vs. Bobbin Anuplitude

-
3/4" x 0.043" Alloy 600 SG Tubes, Model Boiler & Field Data (EPRI) . -
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Figure 6-7: Burst Pressure vs Bobbin Amplitude
EPRI Database, Reference o = 75 ksi ~ '
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- Figure 6-8: Probability of Leak for3/4" SG Tubes @ 650*F, AP = 2560 psi
Comparison of Braidwood '94 Data with EPRI Reference Database A-_
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Figure 6-9: SLB Leak Rate vs. Bobbin Amplitude
3/4" x 0.043" Alloy 600 SG Tubes @ 650*F, AP = 2560 psi s. -
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7.0 BRAIDWOOD-1 EDDY CURRENT INSPECTION RESULTS |

7.1 General |

The March-April 1994 refueling shutdown was accompanied by 100% full length bobbin
probe inspection of all four steam generators. In anticipation of the potential finding of-
significant ODSCC at support plate intersections, the ASME standards were calibrated to be

1

6 e nsistent with IPC guidelines (such as incorporated into Appendix A of WCAP-13854), wear ;

standards were employed to allow tracking of voltage measurement variation, and the eddy
current analysts were required to demonstrate their capability to report and to measure
indication voltages. TSP indications have been assessed against the prior inspection,

conditions at the corresponding locations to develop voltage growth rates for the preceding
periods of operation.

Previous inspections of the Braidwood-l steam generator tubes were conducted in November '

1993 during an unplanned outage (SG C only), in September 1992 (EOC-3), and in April
1991 (EOC-2); the EOC-1 inspection in September 1989 was not included in the growth rate
studies. For each indication reported during the 1994 inspection, both the 1993 (SG C) and

,

the 1992 (all SGs) data were reevaluated to determine, as far as possible, the pre-existing
signal amplitude which could be attributed to any' detectable precursor condition. Only if a
possible flaw indication was observed in the earlier inspection was a growth point calculated
for the particular 1994 indication; i.e. no assumptions were made about prior year signal
voltages. Because of the unplanned outage during Cycle 4, comparisons in SG C were made
to both the 1993 and 1992 inspection results; furthermore,1992 data for tubes reported in
1993 were compared to obtain an estimate of the partial cycle (4a) growth rate. Cycle 4b
growth was determined by comparing the 1993 and 1994 data for SG C only; an overall
Cycle 4 growth rate based on comparison of 1994 with 1992 data was also calculated. All
the tubes plugged in 1992 were used to develop growth rate data for Cycle 3 by reanalyzing
the 1991 data. Table 7-1 presents a summary tabulation of all the growth rates on a per cycle
as well as a per Effective Full Power Year (EFPY) basis; also shown for each case are the
number of comparisons used, the average BOC voltages, the voltage growth (AV), and the

0 length of the operating period in EFPY. For each cycle evaluated, the data was subdivided
into indication populations less than 0.75 volt and those equal to or greater than 0.75 volt.
This was done to demonstrate the consistency in behavior with prior cases, which have

'
consistently shown higher average percentage growth rates for low voltage indications.

The distribution of the TSP ODSCC indications among the four SGs for the 1994 inspection
is shown in Table 7-2, which tabulates the number ofindications for each TSP elevation for ,

which indications were observed. For the D4 SGs of Braidwood-1, the IH level represents
the Flow Distribution Baffle (FDB), a plate with oversize tube holes and no flow holes; for
this reason the incidence of ODSCC is expected to be low in the absence of unusual

7-1 -
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circumstances. In fact, none of the indications reported in Braidwood-l occur at this
elevation. He support levels above are numbered in the cold leg order; i.e., the next hot leg
TSP is designated 3H since its height corresponds to the 3rd preheater plate. The remaining
TSPs are designated SH,7H,8H,9H,10H, and 1IH. Thus, though some probability of
encountering ODSCC signals at the upper plates exists, it is expected that most of the
indications will be observed in TSPs 3H,5H, and 7H. These levels are in the relatively
hotter internal temperature zone of the tubes (maximum in the hot leg tubesheet and
decreasing with elevation up to the apexes of the U-bends, thereafter decreasing as the cold .

leg elevation decreases).

.

7.2 Inspection Results

7.2.1 March 1994 Inspection

During the scheduled refueling outage (AIR 04), all tubes in service were tested full length
with bobbin probes. Each distorted sepport plate indication (DSI) and all TSP indications
characterized as a percent (%) call were subjected to confirmatory MRPC testing to assess the
consistency of the underlying tube condition with prior cases of TSP ODSCC, and to
determine the severity of the indication with respect to the repair criteria. The TSP bobbin
indications confirmed by MRPC testing numbered 1567 among the four SGs,470 in SG A,
76 in SG B,642 in SG C, and 379 in SG D. The total number of TSP intersections subjected
to MRPC testing on the basis of possible ODSCC indications was 2733, distributed among
the four SGs; this represents a 57% rate of confirmation of the bobbin calls. It is considered
that only those intersections which exhibit detectable ODSCC with pancake coil inspections
warrant scrutmy with respect to plugging criteria, whether under Tech. Spec. criteria or under
the alternate basis represented by the Interim Plugging Criteria. Two SG C bobbin field calls
confirmed as NDD by RPC inspection are not included in the statistics of this report. These
indications were more appropriately called permeability variations or residual signals, and
inclusion of these two indications would result in misleading growth data.

The axial distribution of TSP ODSCC indications, as expected, exhibits the strong correlation
'

with height above the tubesheet. With the exception of the lH level (FDB), a strong
concentration of the bobbin and MRPC indications are observed at 3H (58%), SH (28%), and

,

7H (10%). Figure 7-1 presents the numerical distributions of the TSP ODSCC widi respect to
elevation in histogram form. The bobbin amplitude distributions associated with the ODSCC
indications are presented together with the cumulative distribution curves in Figures 7-2 to 7-6
for the individual SGs and for the composite of all four SGs. Figure 7-7 gives the cumulative
RPC confirmation fraction of the bobbin indications as a function of bobbin voltage. As
expected, the probability that the RPC probe will detect degradation increases with the bobbin
voltage, which increases with the depth and length and number of cracks present. Table 7-3

7-2



provides detailed RPC confirmaticm statistics as a function of bobbin voltage for each of the
incividual SGs, as well as cumulative confirmation data for the four SG ccmposite results.

An RPC sampling plan was performed to inspect TSP intersections with dent signals greater
than 5 volts and artifact / residual signals that could potentially mask bobbin indications or
about 1.0 volt. Denting in Braidwood-l is minor and most of the dents represent mechanical
dings rather than corrosion induced denting. The RPC sampling plan was performed on all
identified hot leg dents > 5.0 volts in SGs A and B. It included 21 dents (18 in SG A,3 in !

,

SG B) at TSP intersections. There are only 6 dents in SG C (one additional dent was in a
tube plugged for other causes) and 2 in SG D left in service above 5 volts that were not RPC '

inspected. The RPC sample included 40 nix residuals in SG A and 41 in SG B. The mix.

residuals inspected had greater than a one volt signal and were manually selected to represent
the larger residual signals. In addition to this RPC sampling plan,85 intersections with no
bobbin indications were RPC inspected. No RPC flaw indications were found in the RPC
sampling plan. In both this RPC sample and the RPC inspection of bobbin flaw indications, !

no circumferential indications or indications extending outside of the TSP thickness were
detected.

Limiting the RPC sampling to only SGs A and B left only 8 dented TSP intersections
uninspected in SGs C and D. Reviews of data from previous outages indicate that all 8 of
these dent indications were present. The uninspected dent indications lead to a negligible risk
of leakage or rupture due to the small number of dents, the fact that no flaw indications were
found at the inspected dent locations and the fact that a conservative POD of 0.6, independent
of voltage, is applied for the St.B leak rate and tube burst probability estimates. Similarly,
uninspected mix residuals in SGs C and D would have negligible concern for leakage or burst
considerations.

The two dents in SG D have bobbin voltages of 19.1 and 5.1 volts. The bobbin data for i

these indications have been reviewed for the 1989,1991,1992 and 1994 inspections. There |
have been no discernable changes in the dent voltages or phase angles. In all inspections, the

i
phase angles are within 3 degrees of the expected 180 degrees for a dent. If a flaw were |'
present, some change to the voltage and phase angle would be expected. Thus, it is judged |
that the dents are not growing in size and there is a low likelihood of a flaw being present in i

the dents. SG D is the most limiting SG for tube leakage and burst considerations. Since
'

only two uninspected dents are present, even the assumption of a flaw being present in the -

dent (a flaw too small to influence the phase angle of the dent) would have negligible j
influence on leakage or burst. The POD = 0.6 adjustment results in 7.3 indications (actual '

indications plugged) above 2.7 volts left in service and 2 indications above 5.0 volts left in
service. The contributions of these postulated indications to leakage and burst probability
would be expected to exceed that of a potential indication in the two dented intersections not
RPC inspected SG C is not a limiting SG for leakage or burst considerations due to the

j

|
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lower voltages (maximum of 2.74 volts found in the 1994 inspection) and lower growth rates
found for this SG compared to SG D, Even ifindications were postulated in the six ,

uninspected dents left in service, the additional indications would be very unlikely to cause
'

the leakage or burst probability to approach that for SG D. It can be further noted that the
presence of a crack within a dented TSP would result in no or very small leakage due to the
constraint provided by the dent, as shown by leak testing in the EPRI database report. If the
postulated indication extended more than about 0.2" from the dent, the crack indication would
be detectable by bobbin inspection. For these additional reasons, leakage or burst potential ,

would be negligible for uninspected dents.

7.2.2 Prior Inspections: November 1993 and September 1992 .

The 1993 inspection of SG C was conducted in conjunction with an unplanned outage. This
100% full length inspection with bobbin probes was conducted with 610 mil standard bobbin
coils, using standards which were subsequently normalized to the laboratory standard which
serves as the reference for 3/4" alloy 600 tubing. Using the prevailing industry guidelines for
reporting bobbin indications,116 percent-type indications were reported, along with 300 DSis.
The percent type indications were removed from service after confirmation with MRPC, and
the DSIs were continued in service without MRPC verification. This was considered prudent
in light of the AIR 04 refueling outage scheduled 4 months later. Since the November 1993
testing was not conducted as a Tech. Spec. inspection, there was no extension of the testing to
the other SGs

The 1993 bobbin indication distributions for number vs. TSP elevation and number vs.
amplitude are given in Figure 7-8 and in Table 7-4. Once again, the temperature / elevation
dependency of the ODSCC incidence is apparent, and the distribution of amplitudes shows the
predominance of low voltage (<l) signals accompanied by a low frequency tail of larger
amplitude signals.

During AIR 03, the September 1992 inspection, all four SGs were subjected to 100% full 1

length bobbin inspection, again using site-specific bobbin interpretation guidelines consistent
,

with the prevailing industry approach in plants not implementing the IPC. In this inspection,
as in AIR 04, all bobbin percent (%) and DSI indications reported were subjected to MRPC
examination; 166 tubes with bobbin TSP indications confirmed by MRPC testing were
removed from service. DSI signals reported on 79 intersections were continued in service
after obtaining NDD (no detectable degradation) results from MRPC testing and analysis.
The reported distribution of bobbin indications for AIR 03 are given in Table 7-5 and
Figure 7-9 for the elevation dependency, and the amplitude spectrum of the plugged tube
indications is shown in Figure 7-10. It is apparent that the bobbin inspection data for 1992,
1993 and 1994 reflect similar patterns of tube degradation, proceeding for the most part at
modest rates in terms of bobbin amplitudes, but progressively involving more tubes.
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7.3 TSP Voltage Growth Rates

The progression of ODSCC indications at the TSPs is determined by re-evaluation of prior
inspection EC records at the locations identified with indications in the 1994 inspection. In
met cases, some element of the precursor is identified as corresponding to the flaw signal
reported in 1994. 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 reporty

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.,

The evaluation of voltage growth based on reevaluating the prior inspection data for all
indications found during the latest inspection is the same approach used for other IPC/APC
evaluations. This method of growth evaluation includes the largest growth values (typically
repaired at the EOC) for each cycle, and can result in large, conservative average growth
values. However, because of tube repair and the occurrence of new indications, there are
differences in the population of tubes when comparing growth rates between cycles. This
introduces some uncertainty in assessing growth trends between cycles, such as those which
may be due to chemistry improvements A more desirable growth evaluation would track the
same population of indications for multiple cycles to more accurately assess growth trends.
However, if the last inspection indications are tracked back in time, the larger prior cycle
indications which were repaired are not included in the analysis and this method can lead to
an underestimate of average prior cycle growth. This method has been applied to SG C over
the first and second parts of Cycle 4 as described below. A third option for evaluating
growth would be to track the latest inspection results back in time and to add plugged tubes
into the population evaluated for prior cycles. This method has not been systematically
evaluated. A more systematic evaluation of these three options would be desirable to ascess
the best option for evaluating both cycle-to-cycle growth trends and the influence of
operational chemistry improvements. Such an evaluation has not been performed for
Braidwood-l in this report.

.

The operational periods for which growth values were determined included Cycle 3 - plugged
tubes only; Cycle 4a (9/92-10/93) - SG C only but in three subgroups: all plugged tubes at

'

10/93, all indications reported at 10/93, and all indications reported at 4/94; Cycle 4b (11/93-
4/94) for SG C only for all indications reported in 4/94; and the overall Cycle 4 for all four
SGs. For each of these periods, growth data for indications <0.75 volt and those >0.75 volt
were contrasted with the composite growth data for all indications. Table 7-6 shows a
summary of the growth rates developed in this fashion for all four SGs. Figure 7-11
illustrates the overall growth / amplitude relationship for all the comparisons obtained in
A 1 R04.
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Figure 7-12 presents the same data combined with the elevation (temperature) effect. The !
dominance of the lower TSP levels in the incidence of the ODSCC indications is also I

reflected in the growth rates.

The distribution of the growth rate data, expressed as volts difference in the amplitude
readings for 2 inspections, are tabulated (Table 7-6) in 0.1 volt bins up to 3 volts,0.2 volt
bins from 3 volts to 5 volts, and in 0.5 volt intervals up to the maximum observed change. '

For each bin the number ofindications is entered along with the corresponding cumulative -

probability value. Voltage giowth distributions are reported on a per EFPY basis. The
voltage growth histograms for each of the operational periods evaluated are presented in <

Figures 7-13 to 718 on a composite basis for the prior cycles and on an individual SG basis -

for the Cycle 4 data. It is seen that for the AIR 04 inspection, the average voltage growth rate
for the composite of four SGs is 49% per EFPY, or 0.24 volt average growth per EFPY on an
average BOC amplitude of 0.48 volt. The maximum growth was observed in SG A,76% per
EFPY,0.36 volt growth on the average BOC amplitude of 0.47 volt. The largest individual
growth observations for Cycle 4 are listed in Table 7-7. For indications with appreciable
BOC amplitude readings,i.e., those from 0.75 volt and up, average growth is but a fraction of
the composite,26% in SG A and approximately 16% for the overall population. These ;

estimates are strongly weighted by the SG C results, which exclude the tubes plugged in
11/93 (EOC-4a), for which higher growth rates were observed. The decrease noted in the
EOC-4 data and the EOC-4b data correlate with secondary system chemistry changes
implemented at Braidwood-l since the AIR 03 outage.

While the voltage growth rates prior to 1993 appear to be larger than those observed in other
domestic plants, they fall well below growth rates observed in European plants. Three cases
of tube leakage attributable to TSP ODSCC have been reported in Europe, though none has
approached even Tech. Spec. leakage limits. None of the domestic plants affected by TSP
ODSCC has experienced tube leakage in the absence of denting, notwithstanding indication
amplitudes as high as 10.5 volts, and one occurrence of 22 volts.

'
7.4 Historical Operating Chemistry

Braidwood Unit 1 is currently in its fourth refueling outage. The unit has typically operated
,

in the load follow manner of operation (Figures 7-19 through 7-21). Frequent changes in
plant output requirements have resulted in power swings and plant shutdowns on occasion in
the past. During periods of operation with chemistry imbalances, more frequent shutdowns
with chemistry cleanup prior to restart can result in more limited accumulation of contaminant
species in crevice regions subject to superheated conditions. Braidwood Unit I has
experienced periods of elevated steam generator sodium to chloride molar ratios during prior
operating cycles. Operating with these elevated ratios enhances the possibility of developing
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caustic crevice conditions conducive to initiation and propagation of Alloy 600 alkaline stress
corrosion cracking. Figures 7-19 through 7-27 show the power history, steam generator i
blowdown sodium to chloride molar ratios, and steam generator blowdown sodium and |
chloride concentrations during power operation for Braidwood Unit I during Cycles 2 |
through 4. During Cycle 2, SG blowdown sodium to chloride molar ratios (Figure 7-22) were
slightly higher than molar equivalency with ratios typically less than 2. These ratio values
fluctuated along with variations in plant operating conditions and minor contaminant

,

ingresses - condenser leakage and demineralizer leakage. It should be noted that ratios,

maintained in this range can lead to development of caustic conditions in steam generator
crevice regions. During Cycle 3, SG blowdown sodium to chloride molar ratios (Figure 7-23)
were very elevated - both with respect to prior cycles of operation and with respect to good,

operating chemistry conditions. It is believed that this notable increase is likely to primarily
be due to increased attention paid to SG blowdown cation conductivity values and attempts to
lower them. As chloride concentration affects cation conductivity, lower chloride
concentrations resulted in lower cation conductivity and, consequently, higher sodium to
chloride molar ratios. Sodium concentrations were elevated during the first half of Cycle 3
(Figure 7-26). As these concentrations were decreased during the latter part of the fuel cycle,
however, chloride concentrations were also decreased. Sodium to chloride molar ratios
typically in the range of 2 to 3 and up to 5, as observed during Cycle 3, are strongly

'

indicative of potentially caustic environment development in SG crevice regions as described
above. During Cycle 4, a period of operation with higher molar ratios around 2 to 3 was
followed by attempts to control molar ratio by modification of blowdown demineralizer
operation and, subsequently, ammonium chloride addition (Figure 7-24). Ammonium chlonde
addition has had the greatest effectiveness at Braidwood Unit 1 in controlling steam generator
blowdown sodium to chloride molar ratios in the desired band. The success of this method at
controlling crevice chemistry appears to be positive as a result of shutdown hideout return
evaluations performed in May and at the end of the cycle.

Hideout return data obtained during Cycle 4 has been evaluated to ascertain the success of the
molar ratio control program in modifying the steam generator crevice pH envirom.ient. Molar
ratios of highly soluble species (sodium, potassium, and chloride) indicate a decreasing trend
over the entire cycle (Figure 7-28). In addition, it has been reported that the crevice pH

"
-

calculated by the MULTEQ program indicates an approximate 1.5 pH unit reduction to
around 7.5 prior to the end of cycle shutdown. The end of cycle shutdown indicated more

*

acidic conditions and lower molar ratio due to the occurrence of circulating water leakage.

7.5 Relationship Between Operating Chemistry and ODSCC Growth
;

Corrective actions taken at Braidwood Unit 1 specifically to slow the progression of Alloy 1

600 tubing ODSCC include molar ratio chemistry control and boric acid addition beginning in

7-7 l
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April 1994. Molar ratio chemistry control was initiated during Cycle 4 in December 1992,
following nearly two months of plant operation with elevated sodium to chloride molar ratios.
Molar ratio control chemistry was begun by varying blowdown demineralizer operations to
obtain greater breakthrough of anionic species. These operations have had some success in
minimizing sodium leakage from the demineralizers; however, the operational sodium to
chloride molar ratio was not able to be fully controlled. When it became apparent that
operating in this manner was not achieving the desired degree of control, the decision was
made to add ammonium chloride to adjust the sodium to chloride molar ratio in the steam ,,

generator blowdown. This method achieved a high degree of control over the operating steam
generator blowdown sodium to chloride molar ratio. However, it was not apparent whether
the desired result of neutral to slightly acidic hideout retum chemistry would be achieved by .

operating in the identified control band of Na/Cl = 0.3 - 0.6. Following a hideout return
evaluation at the end of May 1993, the Na/Cl control band was lowered to 0.2 to 0.4 to
further alter the steam generator operating environment. The result of this change is
demonstrated in Figure 7-29. Hideout retum chemistry data reflect the success of the molar
ratio control program in modifying the steam generator environment to the desired degree as
indicated by the trends in hideout return chemistry.

Boric acid addition has been identified as the next step to be employed at Braidwood Unit 1
to control Alloy 600 ODSCC progression. Boric acid will be used during the startup for the
fifth fuel cycle in April,1994. Laboratory and operating PWR plant data indicate the
usefulness of boric acid as a contributor to the overall corrosion control program. It is
anticipated that the use of boric acid will take Braidwood Unit 1 one step further in their goal
of minimizing ODSCC growth rates.

Overall, the chemistry review indicates that the high molar ratios of Cycle 3 (4/91-9/92) and
the early part of Cycle 4 (up to 1/93) are most likely to be associated with caustic crevice
conditions and increased potential for ODSCC initiation and growth. Molar ratios since
February 1993 and particularly since the May 1993 reduction in the control band are
supportive of reduced potential for ODSCC growth. Since voltage growth rates across the
complete Cycle 4 operating period involve both high and low molar ratio operation, the '

growth rates cannot be readily related to chemistry improvements. However, the SG C ~
-

growth data of Table 7-1 for Cycle 4a (includes high molar ratio period) and Cycle 4b (Iow
molar ratio period) can provide some insight on the influence of reduced molar ratio on crack

,

growth. SG C had an average growth rate of 39%/EFPY for Cycle 4a and 27%/EFPY for
Cycle 4b. This reduction in growth rates for Cycle 4b is supportive of the chemistry
improvements in the reduction of growth rates. Cycle 5 experience, which will include boric
acid addition, will provide more conclusive data for assessing the influence of chemistry
enhancements on growth rates

7-8 !
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7.6 Pulled Tube Eddy Current Data

TSP intersections from 4 tubes were removed from the Braidwood-l SGs to provide the basis
for application ofInterim Plugging Criteria and to demonstrate the consistency of the
Braidwood-l experience with other plants in which those criteria have been accepted. From
SG A,2 tubes (R37C43 and R42C44) were pulled, and from SG D,2 tubes (R37C34 and
R16C42). Tube R42C44 was cut above the 7H intersection, permitting the extraction of 4
intersections at the 1H,3H, SH and 7H elevations. The three remaining tubes were cut below,

the 7H TSP level on inlet side, permitting the extraction of 9 additional intersections
(total of 13),3 at each of the IH,3H, and SH elevations. Bobbin and RPC data were
collected for each of the removed intersections, which resulted in 6 field bobbin indications,

wit's corresponding RPC confirmations and 7 NDD intersections. The bobbin field EC
graphics for each of the intersections are given in Figures 7-30 to 7-42 The corresponding

'

RPC field graphics for the tubes reported to have bobbin indications are given in Figures 7-43
to 7-48. Table 7-8 summarizes the field analysis results for each of the intersections. With
the exception of the 1.04 volt indication at the 3H level on R37C34 and the 2.09 volt
indication at TSP-SH on R42C44, the field calls represent voltages in excess of the full APC
limit calculated for the 3/4" tubes in Braidwood-1. The SH level on R16C42 is considered as
representing a possible bobbin indication of 0.61 volt, but field RPC was reported as NDD,
suggesting the absence of significant ODSCC; evaluation of the tube metallography for this
tube may provide some insight into the relative sensitivities of the bobbin and RPC probes for
the less developed areas of ODSCC.

,
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Table 7-1 Average Voltage Growth for Braidwood Unit 1 !

-i
Cycle 4 t/92-3/94 Average AV % Growth ;

All S/O's findications Average V eac AV ofpy AVlefpy % per cycle % per efpy
Entire VoRace Range 2654 0.49 0.26 1.147 0.23 53% 48 % I

Vsoc<.75 2289 0.41 0.29 0.25 69% 60% f
V see 2 .75 365 0.94 0.13 0.11 14% 16 % i

S/G A !
'

Entire VoRace Range 680 0.47 0.41 0.36 86 % 75% ,

Vnoe<.75 586 0.39 0.43 0.37 113% 97 % !
!

V noe 2 .75 94 0.95 0.28 0.24 29% 25% ,

S/G B i

Entire Vonage Ranoe 261 0.48 0.17 0.15 36 % 31 % .

Veac<.75 230 0.41 0.16 0.14 39% 34 % .'
* '

V eac 2 .75 31 0.94 0.22 0.19 23% 20%
S/G C i

Entire VoRace Range 1030 0.5 0.19 0.17 38 % 34 % i

V see < .75 876 0.42 0.24 0.21 57% 50 % |
V eoe 2 .75 154 0.95 -0.06 -0.05 -6% 5%

'

S/G D .

Entire VoRace Range 683 0.49 0.27 0.24 55% 49%

V see < .75 597 0.43 0.27 0.24 63% 56 % .|
V soe 2 .75 86 0.92 0.29 0.25 31 % 27 % !

Cycle 3 Plugged Tubes
4/91 to 9/92 All S/O's
Entire Voltage Range 167 0.62 0.62 1.12 0.55 100 % 89%I i

V ooe < .75 145 0.43 0.65 0.58 151 % 135%j i

Vooe2 .75 22 0.92 0.42 0.38 46 % - 41%j
Cycle da - Plugged Tubes !

9/92 to 10/93 S/G C i

Entire Vonage Ranoe 128 0.71 0.67 0.852 0.79 94 % 141 %

Vsac<.75 71 0.54 0.69 0.81 128 % 191 %

V see 2 .75 57 0.92 0.65 0.76 71 % 105%

Cycle da - All Indications
9/92 to 10/93 S/G C

~

Entire Volta 0e Ranoe 428 0.62 0.33 0.852 0.39 53 % 79 %

V noe < .75 315 0.51 0.31 0.36 61 % 91 %

V soe 2 .75 113 0.92 0.36 0.42 39 % 58 %
'

9/92 to 10/93 to 3/94 - All 1994 Indications Cycle da and 4h
SIG C - Cycle da
Entire VoRace Range 1010 0.5 0.16 0.852 0.19 32% 48%

Vsee < .75 857 0.42 0.19 0.22 45% 68%

V soe 2 .75 153 0.95 -0.01 -0.01 -1 % -2%
S/G C - Cycle 4b
Entire VoRace Range 1069 0.66 0.03 0.295 0.10 5% 16 %

V see < .75 737 0.5 0.07 0.24 14% 46%

V see 2 .75 332 1.02 -0.04 -0.14 -4% 13 %

i
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Table 7-2. Braidwood #1 TSP ODSCC Indications (A1R04) March,1994

Steam Generefor A Steam Generator B Steam Generator C Steam Generator D AII Steam t _._.sVolts Volts Growth Volts Votta Growth Volte Volts Growth Volte Volte Get wth Volte Vofte GrowthTSP W Me n. Ave. volts # Men. Ave. volts N Men. Ave. volts # Men. Ave. volts # Reem. Ave. wells

1H 0 0 0 0 0

3H 344 4 99 0 86 0 37 134 4 25 0 68 0 13 708 2.38 0 72 0 21 403 8 82 0 82 03 1500 8 82 0 78 0 27

5H 236 8 33 0 95 05 116 2 75 0 59 0 23 235 2 46 0 62 0 16 180 10 44 0 75 0 28 770 10 44 0 75 0 26

TH 91 2 42 08 0 35 16 1.37 06 0 13 94 2.10 0 64 0 25 77 1.24 0 56 0.17 280 2.74 0 67 0 26

8H 28 3 46 0 83 0 44 -3 0 44 0 41 0 08 20 0 92 0.55 0.24 23 1.50 0.57 0 25 74 3 46 0 66 0.31

9H 3 1 02 0 77 0 37 1 0 39 0 39 0 13 1 0 63 0 63 0.1 9 0 53 0 43 0.16 14 1 02 0.51 02

10H 2 0 76 0 63 0 22 0 1 0.45 0.45 0.18 1 0 67 0 67 0.43 4 0 76 0.6 0.26

11H 0 0 0 1 0 52 0 52 1 0 52 0 52

CtI tsp 2 at 3

- _ _ _ - _ _ _ - _ - _ - _ - - - - - _ _ _ _ _ __ _ _ - - - - _ - - - - - _ . _ . . ---_ . .. , - .a n - - - . - , , - - - ~ - , . . .._...-~---__..L
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Table 7-3 '

Braidwood Unit 1 1994 TSP Inspection Summary -
>

5/G A &#G B &#G C 5/G D Combined Populaten |
Bobean RPC Bottun RPC Battun RPC Behtun RPC Bobtun RPC i

lun send spW Some % Conf. Send so4t satis % Conf. Sand cpdf Sots % Conf. Sand cpdf Sets %Cenf. Send cpd Soms %Cerd
0 0 0.00 0 0 0.00 0 0.00 0 0.00 0 0.00 0-

0.1 1 0.14 0 0.00 0 0.00 0 1 0.00 0 0.00 0 0.00 2 0.07 0 0.00
0.2 8 0 90 0 0.00 5 1.84 0 0.00 7 0.78 1 14.29 3 0.43 0 0.00 21 0.84 1 4.78 8

0.3 de 7.93 11 22.46 21 9.98 4 19.06 51 5.57 13 25.49 31 4.90 5 18.13 152 8.41 33 21.71
04 84 17.00 22 32.41 51 28.31 8 11.78 124 17.28 41 33.08 83 18.88 13 15.et 322 18.20 82 25.47
0.5 92 30.03 48 47.83 43 44.12 9 20.93 158 32.01 88 43.50 111 32.86 30 34.82 402 32.92 182 40.30
0$ 92 43.08 58 58.70 48 81.78 18 33.33 100 47.12 80 S6.83 107 48.27 58 52.34 407 47.82 217 53 32 . ,

0.7 08 52.00 49 70.50 27 71.89 8 29.83 142 90.53 88 00.58 93 81.87 51 54.84 330 50.90 194 $8.79
08 46 50.07 28 57.78 25 80.88 8 24.00 117 71.58 88 73.50 SS 71.47 41 50.42 256 09.24 150 82.35
0.9 51 88.29 41 80.30 23 80.34 7 30.43 92 80.28 74 to 43 38 78.96 28 73.08 204 78.71 150 73.S3 ;

1 44 72.52 38 88 38 3 90 44 1 33.33 $4 88.31 57 88.08 34 81.84 29 86.29 146 82.02 125 88.21
'

1.1 34 77.34 25 73 53 6 92.05 5 83.33 41 90.18 31 75.81 41 87.75 38 87.80 122 88.49 97 79.51
1.2 25 30.08 22 88.00 8 94 86 4 08.87 31 93.11 26 93.56 18 90.36 18 100.00 to 80.42 73 41.25
1.3 25 84 42 25 100.00 2 96.50 0 0.00 18 94.81 17 94 44 14 92.38 13 92.88 $9 91.58 56 93.22
1.4 14 88.40 14 100.00 2 98.32 1 50.00 22 98.88 18 81.82 9 93.08 9 100.00 47 93.30 42 80.38
1.5 11 87.98 10 90.91 0 98.32 0 8 97.84 7 87.50 8 94.52 5 83.33 25 94.21 22 88.00
1.8 9 80.24 9 100.00 2 97.08 2 100.00 7 98.30 8 56.71 4 96.10 3 75.00 22 96.02 20 80.91

'

1.7 13 91.08 13 100 00 0 97.08 0 3 98.58 3 100.00 8 96.97 8 100.00 22 96.83 22 100.00
'

1.8 8 92.21 8 100.00 2 97.79 2 100.00 3 98.87 3 100.00 3 98.40 2 98.87 18 98.41 15 93.75
1.9 7 93.20 7 100.00 0 97.79 0 3 99.15 3 100.00 4 98.97 4 100.00 14 98.92 14 100.00

2 8 94.06 8 100.00 0 97.79 0 2 99.34 2 100.00 3 97.41 3 100.00 11 97.33 11 100.00
2.1 5 94 78 5 100.00 2 98.53 1 50.00 1 99.43 1 100.00 0 97.41 8 97.82 7 87.50
2.2 8 95 80 8 100.00 0 98.53 3 99.72 3 100.00 4 97.98 4 100.00 15 98.17 15 100 00
2.3 3 98 32 3 100.00 0 98.53 0 99.72 0 1 98.13 1 100.00 4 98.32 4 100 00 1

2.4 1 98 48 1 100.00 0 98.53 1 99.81 1 100.00 , 0 98.13 2 98.39 2 100.00
2.5 4 97.03 4 100.00 1 98.90 1 100.00 1 99.91 1 100.00 1 98.27 1 100.00 7 98.85 7 100 00 r

2.6 2 97.31 2 100 00 0 98.90 0 99.91 0 1 98.41 1 100.00 3 98.76 3 100.00
2,7 1 97.45 1 100 00 0 98.90 0 99.91 0 0 98 41 1 98.79 1 100.00 '

2.8 0 97 45 0 1 99.28 1 100.00 1 100 00 1 50.00 1 98.58 1 100.00 3 98.90 3 100.00
2.9 0 97.45 0 0 99.28 0 100.00 1 98.70 1 100.00 1 98 94 1 100.00 !

3 3 97 88 3 100.00 0 99.28 0 100.00 0 98.70 3 90.05 3 100.00
3.2 3 98.30 3 100.00 0 99.28 0 100.00 1 98.85 1 100.00 4 99.19 4 100.00
3.4 2 98 58 2 100.00 0 99.28 0 100.00 1 98.99 1 100.00 3 99.30 3 100.00
38 3 90 01 3 100 00 0 90.28 0 100.00 0 98.99 3 99.41 3 100.00
3.8 1 99.15 1 100 00 1 99 83 1 100.00 0 100 00 1 99.14 1 100.00 3 99.52 3 100.00

4 2 99 43 2 100.00 0 99 83 0 100.00 2 99 42 2 100.00 4 99.87 4 100 00
42 1 99.58 1 100 00 0 99.83 0 100.00 0 99.42 1 99.71 1 100.00
44 0 99 58 0 1 100.00 1 100 00 0 100.00 1 99 57 1 100.00 2 99.78 2 100.00 7
46 0 99 58 0 0 100 00 0 100 00 0 99.57 0 99.78 0
48 0 99 58 0 0 100.00 0 100.00 0 99.57 0 99.78 0

5 1 99 72 1 100.00 0 100.00 0 100.00 0 99.57 1 99.82 1 100.00
55 0 99 72 0 0 100.00 0 100.00 1 99.71 1 100.00 1 99.85 1 100 00 *

8 1 99 88 1 100.00 0 100 00 0 100 00 0 99.71 1 99.89 1 100.00
85 0 99 88 0 0 100.00 0 100.00 0 99.71 0 99.89 0

7 0 99 88 0 0 100 00 0 500.00 0 99.71 0 99.89 0
7.5 0 99 88 0 0 100.00 0 100 00 0 99 71 0 99 89 0

8 0 99 88 0 0 100.00 0 100 00 0 99.71 0 99.89 0
85 1 100.00 1 100.00 0 100 00 0 100.00 0 99,71 1 99.93 1 100 00

9 0 100.00 0 0 100 00 0 100 00 1 99 88 1 100.00 1 99 96 1 100.00
95 0 100.00 0 0 100.00 0 100 00 0 99.88 0 99.96 0
10 0 100 00 0 0 100 00 0 100 00 0 99 88 0 90 96 0

10.5 0 100 00 0 0 100.00 0 100 00 1 100 00 1 100.00 1 100.00 1 100 00
708 470 2 72 76 1059 641 894 379 2731

7 - 12
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Table 7-4. Braidwood Unit I 10/93 Inspection S/G C Only

Elevation Number ofIndications

IH 0
f

3H 346
5H 75

. ) 7H 23

8H 2t
'~ 9H I

10H I
| 11H I

|

Note: All Bobbin Indications: No RPC Confirmations

i

|

|

,

N
%

|
.

I

1
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Table 7-5. Braidwood Unit 19/92 Inspection
TSP Indication Distribution in Plugged Tubes

Elevation A B C D Total

lH 0 0 0 0 0

3H 32 18 94 49 193 I

SH 14 5 15 15 49

7H 5 3 5 2 15
4

<
:

'

-
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Table 7-6

Braidwood Unit 1 Cumulative Probability Distributions

for Voltage Growth (per EFPY)

1991 to 1992 1992 m 1993 1992 to 1994

AA SJCrs SJG C SG A SG B SG C SG D Camonae

inn mots epdf moon codf moos cod! sot $ eps sous cadr maos codf soon todl
O 4 4 79 60 1402 161 23 68 75 27.57 264 26 17 198 28 99 702 26 67

| 01 15 13 77 56 27 10 76 34 85 70 53 31 167 42 de 91 42 31 404 40 54

i 02 16 23 35 67 42 76 94 48 64 48 70 96 159 58 01 121 60 03 422 56 10*

03 21 35 93 64 57.71 63 57.94 40 85 86 157 73 34 86 72 62 346 68 10'

04 21 48 50 49 69 16 59 66 62 16 91.54 97 82 81 59 81.26 231 77 00

05 22 81 68 20 73 83 39 72 35 12 95 96 62 88 87 30 85 6! 143 82 94

06 12 68 86 26 79 91 32 77 06 2 96 69 36 92 38 28 89 75 98 86 61

07 9 74 25 10 82 24 31 81 62 0 96 69 32 95 51 18 92 09 79 89 91*

08 10 80 24 14 8551 23 85 00 0 96 69 16 97.07 12 93 85 51 92 25

09 6 83 83 14 88 79 21 88 09 1 97 06 6 97.66 9 95 17 37 94 03

( 1 3 85 63 7 90.42 16 90 44 1 97 43 8 98 44 6 96 05 31 95 14

11 6 89 22 5 91.59 17 92 94 1 97 79 5 9893 6 96 93 29 96 48

12 5 92 22 7 93 22 6 93 82 0 97 79 2 99 12 4 97.51 12 97 11

13 4 94 61 4 94 16 6 94 71 1 98 16 2 99 32 3 97 95 12 97 59

14 1 95 21 5 95 33 4 95 29 1 98 53 3 99 81 0 97 95 8 97 77

15 1 95 81 3 96 03 4 95 88 0 98 53 1 99 71 2 9824 7 98 11

16 0 95 81 3 96 73 3 96 32 1 98 90 0 99 71 0 98.24 4 98 33
|
1 17 0 95 81 1 96 96 3 96 76 0 98 90 1 99 80 1 98 39 5 98 52

| 18 0 95 81 3 97 66 3 97 21 1 99 26 1 99 90 0 98 39 5 96 66

19 1 96 41 1 9790 1 97 35 0 99 26 0 99 90 2 98 68 3 98 81'

2 3 98 20 2 98 36 4 97 94 0 99 26 0 99 90 0 98 68 4 98 96

21 0 98 20 0 98 36 0 97 94 0 99 26 0 99 90 0 98 68 0 99 00

22 0 98 20 1 98 60 2 98 24 0 99 26 1 100 00 0 98 68 3 99 07

23 0 98 20 0 98 60 1 98 38 1 99 63 0 100 00 2 98 98 4 99 22

24 0 98 20 0 98 60 2 98 68 0 99 63 0 100 00 0 98 98 2 99 30

25 1 98 80 0 98 60 1 98 82 0 99 63 0 100 0J 0 98 98 1 99 37

26 0 98 80 0 98 60 0 9682 0 99 63 0 100 00 0 98 98 0 99 37

27 0 98 80 2 99 07 2 99 12 0 99 63 0 100 00 1 99 12 3 99 48

28 0 98 80 0 99 07 0 99 12 0 99 63 0 100 00 0 99 12 0 99 52 I

29 0 98 80 1 99 30 0 99 12 0 99 63 0 100 00 1 99 27 1 99 55

3 0 98 80 0 99 30 2 99 41 0 99 63 0 100 00 0 99 27 2 99 63 1

32 0 98 80 1 99 53 1 99 56 0 99 63 0 100 00 1 99 41 2 99 70 |

34 0 9880 0 99 53 0 99 56 1 100 00 0 100 00 1 99 56 2 99 78 )
36 0 9880 1 99 77 0 99 56 0 100 00 0 100 00 0 99 56 0 99 78 i

38 0 98 80 0 99 77 0 99 56 0 100 00 0 100 00 1 99 71 1 99 81

4 1 99 40 0 99 77 0 99 56 0 100 00 0 100 00 0 99 71 0 99 81

42 0 99 40 0 99 77 1 99 71 0 100 00 0 100 00 0 99 71 1 99 85
44 0 99 40 1 100 00 1 99 85 0 100 00 0 100 00 0 99 71 1 99 89

46 1 100 00 0 100 00 0 99 85 0 100 00 0 100 00 0 99 71 0 9989
48 0 100 00 0 100 00 0 99 85 0 100 00 0 100 00 0 99 71 0 99 89

5 0 100 00 0 100 00 0 99 85 0 100 00 0 100 00 0 99 71 0 99 89

55 0 100 00 0 100 00 0 99 85 0 100 00 0 100 00 0 99 71 0 99 89
*

6 0 100 00 0 100 00 1 100 00 0 100 00 0 100 00 0 99 71 1 99 93

65 0 100 00 0 100 M 0 100 00 0 100 00 0 100 00 0 99 71 0 99 93

7 0 100 00 0 10C W 0 100 00 0 100 00 0 100 00 0 99 71 0 99 93 >
'

75 0 100 00 0 100 00 0 100 00 0 100 00 0 100 00 1 99 85 1 99 96

8 0 100 00 0 100 00 0 100 00 0 100 00 0 100 00 0 99 85 0 99 96
.

85 0 100 00 0 100 00 0 100 00 0 100 00 0 100 00 0 99 85 0 99 96

9 0 100 00 0 100 00 0 100 00 0 100 00 0 100 00 1 100 00 1 100 00

95 0 100 00 0 100 00 0 100 00 0 100 00 0 100 00 0 100 00 0 100 00

10 0 100 00 0 100 00 0 100 00 0 100 00 0 100 00 0 100 00 0 100 00
10 5 0 100 00 0 100 00 0 100 00 0 100 00 0 100 00 0 100 00 0 100 00

I

L
_ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ . _ _
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Table 7-7. Braidwood Unit l' Sussmary of Largest Bobbin Voltage Growth Rates for Cycle 4

Tube EOC 4 Signal Size Boc 4
S/G Row Col Elevation Bobbin RPC Bobbin Growth . New Ind. .,

D 37 34 $H 10.44 8.62 0.68 9.76 Yes

D 23 12 3H- 8.82 8.78 0.76 8.06 Yes

A 45 41 5H 8.33 8.25 1.66 6.67 Yes .c
-

A 18 23 5H 5.54 6.72 0.50 5.04 Yes

A 27 43 3H 4.99 4.82 0.32 4.67 Yes

D 12 9 3H 5.02 4.01 0.76 4.26 Yes

D 11 9 3H 4.28 5.16 0.39 3.89 Yes

B 7 9 3H 4.25 4.13 0.55 3.70 Yes

D 19 7 3H 3.95 3.79 0.29 3.66 Yes

A 6 91 5H 4.18 2.01 0.68 3.50 DSI 0.52V No RPC Conf.
A 8 60 3H 3.91 3.29 0.47 3.44 Yes

A 29 88 3H 3.91 1.55 0.49 3.42 Yes

D 35 29 3H 3.62 1.21 0.32 3.30 Yes

A 6 19 8H 3.46 3.05 0.41 3.05 Yes

A- 43 35 5H 3.52 3.53 0.49 3.03 Yes

D 33 20 3H 3.83 3.68 0.80 3.03 DSI 0.73V No RPC Conf.
A 3 13 5H 3.30 0.9 0.49 2.81 Yes
_

A 37 88 3H 2.99 3.35 0.27 -2.72 Yes

A- 30 24 SH 2.93 2.02 u.28 2.65 Yes

B 15 88 3H 3.62 5.64 1.00 2.62 Yes -

A 42 44 3H 3.73 3.11 1.13 2.60 Yes

D 11 12 3H 3.21 3.41 0.63 2.58 Yes

D 16 42 3H 3.12 3.43 0.54 2.58 Yes

A 45 55 3H 3.02 2.79 0.59 2.43 Yes
*

A 33 75 3H 3.04 3.08 0.63 2.41 Yes

A 32 85 3H 2.46 1.62 0.21 2.25 Yes

A 42 54 5H 2.56 2.31 0.34 2.22 Yes .

A 47 75 5H 3.44 0.4 1.23 2.21 Yes

A 35 42 3H 2.96 3.07 0.76 2.2 Yes

D 2 105 3H 2.84 2.32 0.67 2.17 Yes

D 32 27 SH 2.48 2.52 0.36 2.12 Yes

A 45 26 7H 2.42 2.32 0.34 2.08 Yes

A 4 12 5H 3.06 3.19 1.01 2.05 Yes

A 4 16 3H 3.23 2.08 1.18 2.05 Yes

A 10 67 SH 2.48 1.56 0.43 2.05 Yes

C 20 24 3H 2.38 1.56 0.35 2.03 Yes

econsens
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Table 7-8

Braidwood Unit 1 AIRO4
Pulled Tube EC Results

Tube I.D. Bobbin Bobbin RPC RPC Voltage .

-

Voltage Call Call

SG A._

R27C43 IH NDD NDD- -

3H 4.88 85 % SAI 5.28

5H NDD NDD- -

R42C44 IH NDD NDD- -

3H 3.73 68 % MAI 3.24 max.
,

!
'

SH 2.09 49% SAI 1.62

7H NDD ,NDD- -

SG D

R37C34 IH NDD NDD- -

3H 1.04 92% SAI 0.31

5H 10.44 82 % SAI 8.77
*

R16C42 lH NDD NDD- -

3H 3.12 70 % MAI 1.70 max.
.

SH 0.61 * NDD NDD -

Indication not reported in field inspection.*

7 - 17
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Figure 7-1 Braidwood Unit 1 Number of Indications as Function of Elevation.
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|Figure 7-9. Braidwood Unit 1 9/92 TSP Indication Distribution '
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Figure 7-19

| Braidwood Unit 1 - Cycle 2
Reactor Power Level
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Figure 7-20 .
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Braidwood Unit 1 - Cycle 3'

Reactor Power Level
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Figure 7-21
_ _

Braidwood Unit 1 - Cycle 4
Reactor Power Level
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Figure 7-22

'Braidwood Unit 1 Cycle 2
Sodium to Chloride Molar Ratio
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Figure 7-23

'Braidwood Unit 1 - Cycle 3
SG Blowdown Sodium to Chloride Molar Ratio
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Figure 7-24

i

Braidwood Unit 1 - Cycle 4
SG Blowdown Sodium to Chloride Molar Ratio
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Figure 7-25
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Braidwood Unit 1 - Cycle 2
SG Blowdown Sodium & Chloride '
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Figure 7-26

Braidwood Unit 1 - Cycle 3
SG Blowdown Sodium & Chloride
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Figure 7-27

Braidwood Unit 1 - Cycle 4
SG Blowdown Sodium & Chloride
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Figure 7-31
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Figure 7-34
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Figure 7-36
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Figure 7-39
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Figure 7-41
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Figure 7-43
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Figure 7-46
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8.0 BRAIDWOOD-1 IPC CRITERIA AND EVALUATION -

- This section summarizes'the 1.0 volt IPC implemented for Cycle 5 at Braidwood-l and the
supporting evaluations. The supporting evaluations include projected EOC-5 voltage

,

. distributions, SLB leak rates and tube burst assessments. Both deterministic and probabilistic i

tube burst assessments are given in this section. Revision 1 of this report updates the initial .!
assessment for TSP displacements and associated tube burst probabilities which utilized load
analyses available at the time of the report. The updated analyses eliminate unnecessary

,

conservatisms, such as very low water levels, in the prior load analyses and are described in aA
i

new Section 8.7. He Braidwood-1 pulled tube examination results given in Section 3 areh assessed in Section 8.8 relative to support for tube integrity considerations at EOC-4 and
associated implications for Cycle 5.-

8.1 General Approach to the IPC Assessment '

i
:

The tube integrity assessment approach applied to support the Braidwood-l IPC is based on
demonstrating limited TSP dicplacement in a SLB event to reduce the likehhood of a tube
burst to negligible levels and to conservatively calculate SLB leakage as free span leakage
even though the limited TSP displacement would reduce leakage compared to free span tube
conditions. The structural analyses of Section 4 for obtaining TSP displacements in a SLB i

event are applied to a conservative assumption that the TSP displacements expose a
throughwall crack length equal to the TSP displacement. By applying the burst pressure

:
'

versus throughwall crack length correlation of Section 6.2, both deterministic and probabilistic
burst assessments are made for the assumed exposed throughwall crack length. That is, the
burst capabihty is a function of the exposed throughwall crack length. - This analysis is

;

equivalent to assuming that the indication at the TSP has a throughwall crack length
approximately equal to the TSP thickness. His is an extremely conservative assumption

;

since the bobbin voltages associated with such long throughwall cracks would be in the many
tens of volts and much higher than that found at Braidwood-l'which are bounded by a
maximum indication of 10.4 volts at EOC-4. Consequently, the conservatism of the burst

j

assessment bounds any realistic growth rate for Braidwood-l and the burst margins obtained
t

c

at EOC-5 based on limited SLB TSP displacements are essentially independent of growth '

rates.

. e. .

The limited SLB TSP displacement would result in most of the crack length for indications at
TSPs covered by the TSPs and associated crevice deposits. His effect would tend to reduce
leakage below that of free span indications which is the basis for data developed to support

:

the EPRI SLB leak rate correlations of Section 6.5 which are used for the leakage analyses of!

this report. EdF has performed system leak rate measurements on French S/Gs at pressure
differentials exceeding SLB conditions. Bobbir voltage levels in the French units at the time

i
i

8-1
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~ f these tests exceeded that found at Braidwood-1. :In addition, the French units' includedo

' axial free span cracks in the roll transition at the top of the tubesheet which are left in service
. per repair criteria implemented by EdF. The total system leakage at pressure differentials ;

<

. typical. of SLB conditions from these tests was on the order of a few gpm. This leak' rate is-
much lower than would be predicted by the EPRI leak rate correlations considering only the
indications at TSPs and ignoring the roll transition indications. . Thus the EdF tests
~ demonstrate the conservatism of the EPRI correlations particularly when the indications are
within the packed crevice of the TSP.

.

. The BOC-5 bobbin voltage distributions are developed by applying a probability of detection
(POD) of 0.6 to all indications found at EOC-4 per the guidance of draft NUREG-1477.| This. ,'z
methodology divides the EOC-4 voltage distribution by 0.6 and then subtracts the repaired

; indications to define the BOC-5 distribution. When voltage indications above a few volts are
found in the inspection, for which the POD would be expected to be > 0.6, this methodology
becomes very conservative for the BOC distribution as it leaves 0.7 indication in service for
each indication found in the inspection, independent of the voltage level.

8.2 IPC Repair Criteria Implemented at Braidwood-l

This section describes the IPC implemented at the Cycle 4 refuel outage (EOC-4) and the
inspection / analysis performed to support the IPC.

Braidwood-1 Interim Plunnine Criteria

The implementation of the IPC at Braidwood-l for ODSCC at TSPs can be summarized as
follows:

Tube Plunnine Criteria

Tubes with bobbin flaw indications exceeding the 1.0 volt IPC voltage repair limit and
52.7 volts are plugged or repaired if confirmed as flaw indications by RPC inspection.
Bobbin flaw indications >2.7 volts attributable to ODSCC are repaired or plugged *
independent of RPC confirmation.

Operating Leakane Limits
*

Plant shutdown will be implemented if normal operating leakage exceeds 150 gpd per
' SG.

8-2
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l
. . SLB L*=ka-a Criterion '

Predicted end of cycle SLB leak rates from tubes left in service, including a POD = .0.6 f
adjustment and allowances for NDE uncertainties and ODSCC growth rates, must be less !
than 9.1 spm for the S/G in the faulted loop. ],

;

. Exclusions from Tube Plueeine Criteria I
'

Certain tube locations, as identified in Section 4 of this report,' are excluded from - .i
application of the IPC repair limits. The analyses indicate that these tubes may - j

-( potentially deform or collapse following a postulated LOCA +'SSE event. !

Braidwood-l EOC-4 Inspection. .-

.,- !

. Eddy current analysis guidelines and voltage normalization consistent with the EPRI ISI. i
guidelines and with prior IPC applications (typical of Appendix A for prior Westinghouse !
IPC WCAPs such as WCAP-13854). 'i

;
F

. Eddy current analysts were trained specifically to voltage sizing per the. analysis I

guidelines and 52% of the analysts were qualified to the industry standard Qualified Data !
Analysis program.' l

. , ,

. Use of ASME calibration standards cross-calibrated to the reference laboratory standard !

and use of a probe wear standard requiring probe replacement at a voltage change ~of
15% from that found for the new probe. j

q
100% bobbin coil, full length inspection of all active tubes with a 0.610 inch diameter
bobbin probe for all straight length tubing. i

:

. RPC inspection of all bobbin indications greater than the 1.0 volt repair limit (actual j
implemented was all bobbin indications). RPC inspections were performed with a 0.620 '

inch diameter,3 coil motorized RPC probe.

. RPC sample inspection of more than 100 TSP intersections with dents (at Braidwood-1, ;*
these are typically mechanically induced " dings") or artifact / residual signals that could i
potentially mask a 1.0 volt bobbin signal. Any RPC flaw indications in this sample will !' be plugged or repaired..

. The NRC will be informed, prior to plant restart from the refueling outage, of any
unexpected inspection findings relative to the assumed characteristics of the flaws at the.
TSP intersections. This includes any detectable circumferential indications or detectable

,

!

indications extending outside the thickness of the TSP. I

!
')

1
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: The IPC evaluations given in this report are based on the' inspection re . 3 implementing the,

above guidelines and the 1.0 volt IPC repair limit.
.

* '

-;
L

. - q
- 8.3 Operating Leakage Limit L.

i
Regulatory Guide 1.121 acceptance criteria for establishing operating leakage limits 'are based. .{
on leak before-break (LBB) considerations such that plant shutdown is initiated if the leakage i
associated with the longest permissible crack is exceeded. The longest permissible crack

!
'

length is the length that provides a factor of safety of 1.43 against burst at SLB conditions j
since a factor of 3 against bursting at normal operating pressure differential is satisfied by the ]- TSP constraint at normal operation. As noted previously, a voltage amplitude of 4.54 volts '

for typical ODSCC cracks corresponds to meeting this tube burst requirement at the lower
95% prediction interval on the burst correlation. Alternate crack morphologies could t

correspond to 4.54 volts so that a unique crack length is not defined by the burst pressure-to-- 1
. voltage correlation. Consequently, typical burst preuure versus throughwall crack length ;"

correlations are used below to define the " longest permissible crack" for evaluating operstmg
1leakage limits. :
;

The CRACKFLO leakage model has been developed for single axial cracks and compared L !
with leak rate test results from pulled tube and laboratory specimens.- Fatigue crack and SCC
leakage datr. hcve been used to compare predicted and measured leak rates. Generally good .;

,

agreement is obtained between calculation and measurement with the spread of the data being :
somewhat greater for SCC cracks than for fatigue cracks. Figure 8-1 shows normal operation i

leak rates including uncertainties as a function of crack length. I

The throughwall crack lengths resulting in tube burst at 1.43 times SLB pressure differentials
(3657 psi) and SLB conditions (2560 psi) are about 0.51 and 0.75 inch, respectively, as
shown in Figure 6-2. Nominal leakage at normal operating conditions for these crack lengths
would range from about 0.24 to ~5 gpm while -95% confidence level leak rates would range
from about.0.04 to 0.5 gpm. Leak rate limits at the lower range near 0.04 gpm would cause
undue restrictions on plant operation and result in unnecessary plant outages radi ti *a on,

exposure and cost of repair. In addition, it is not feasible to satisfy LBB for all tubes by
reducing the leak rate lima. Crevice deposits, the presence of small ligaments and irregular
fracture faces can, in some cases, reduce leak rates such that LBB cannot be satisfied for all I

'

tubes by lowering leak rate limits.

An operating leak rate of 150 gpd (-0.1 gpm) is implemented in conjunction with application
of the tube plugging criteria. As shown in Figure 8-1 this leakage limit provides for detection
of 0.4 inch cracks at nominal leak rates and 0.6 inch cracks at the -95% confidence level leak
rates. Hus, the 150 gpd limit provides for plant shutdown prior to reaching' critical crack |

1
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!

lengths for SLB conditions (2560 psi) at leak rates less than a -95% confidence level and for
1.43 times SLB pressure differentials at less than nominal leak rates. I

i
!

The tube plugging limits coupled with 100% inspection at affected TSP locations provide the !
principal protection against tube rupture. Consistent with a 6fense-in-depth approach, the
150 gpd leakage limit provides further protection against tube rupture. In addition the |

150 gpd limit provides the capability for detecting a crack that might grow at greater than
expected rates and thus provides additional margin against exceeding SLB leakage limits.

D

8.4 Projected EOC-5 Voltage Distributions
o-

The BOC-5 voltage distributions are obtained by applying the draft NUREG-1477 POD = 0.6
adjustment to allindications found in the EOC-4 inspection and subtracting the repaired
indications. Data to develop the BOC-5 bobbin voltage distributions are given in Table 7.3.
Monte Carlo analyses are then applied to develop the EOC-5 voltage distributions from the
BOC distributions. The BOC voltages are increased by allowances for NDE uncertainties
(Section 5.3) and voltage growth (Section 7.3) to obtain the EOC values. In the Monte Carlo
analyses, each voltage bin of the BOC distributions (Figure 8-2 for S/G D, for example) is
increased by a random sample of the NDE uncertainty and growth distributions to obtain a
EOC voltage sample. Each sample is weighted by the number of indications in the voltage
bin. The sampling procer : repeated 100,000 times for each BOC voltage bin and then

!repeated for each volt.. of the voltage distribution. Since the Monte Carlo analyses
yield a cumulative pronauty 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 distribution over the largest 1/3 of an indication to define
;

a discrete value with an occurrence of 0.33 indication. For N indications in the distribution,
this is equivalent to evaluating the cumulative probability of voltages at a probability of
(N-0.33)/N. The largest voltages for all distributions developed by Monte Carlo in this report
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 process1

i

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. |.

I

As described in Section 8.5 below, S/G D is the most limiting S/G for SLB leakage analyses
and has been evaluated using final Braidwood-l inspection results and tube plugging data.
The Cycle 4 voltage grcwth distribution of Table 7.6 for S/G D has been used to obtain the
EOC voltages by Monte Carlo analyses as described above. The resulting BOC-5 and EOC-5 |

bobbin voltage distributions are shown in Figure 8 2. Based on applying the POD !
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' adjustment, the largest BOC voltage indication left in service is 0.7 indication at 10.4 volts. i

,

|5

LAt EOC-5, the largest voltage indication is projected to be 11.2 volts. The EOC-5
distribution'of Figure 8-l_ is used for the S/G D SLB leakage analyses in Section 8.5;

is,

.!
As shown in Table 7.3, the number of indications found at EOC-4 in' S/G B was 277 '

lcompared to 741 in S/G A,1062 in S/G C and 696 in S/G D. It is clear that S/G B is not j/

'_ limiting for tube integrity considerations and this S/G was' not analyzed to obtain EOC
' distributions or leak rates. S/Gs A and C were analyzed using preliminary inspection results

,

and growth rate data which have not had large changes in the final data. The voltage growth
~ , ;

distributen for S/G A was applied in the Monte Carlo analyses for both S/Gs A and C. The
-

;

j
S/G C Cycle 4 growth distribution may have been influenced by tuk iepairs made in the ,'![g
October,1993 unplanned outage and thus could be an underestimate of the growth
distribution. It is conservative to apply the S/G A growth distribution for S/G C since it has {

the largest Cycle 4 growth rates.' Figures 8-3 and 8-4 show the BOC and EOC-5 voltage
,

,

idistribukions obtained from the preliminary data. For S/G A, the largest POD adjusted BOC
ivoltage is 8.33 volts and the largest projected EOC-5 voltage is 9.0 volts. For S/G C, the
i

largest POD adjusted BOC voltage is 2.73 volts and the largest projected EOC-5 voltage is
i7.2 volts.'
t'

! !

h
8.5 SLB Leakage Analyses '

i
This section summarizes the results of the projected EOC-5 SLB leak rate analyses applying
the EPRI correlations for probability of leakage (POL) and the SLB leak rate versus voltage

;

l

correlation. De EPRI methodology applies the log logistic form for the POL correlation and
the leak rate results are given in Section 8.5.1 as the reference SLB leak rate. The NRC has
requested leak rate results to be provided also for the log normal, log Cauchy, logistic,' normal
and Cauchy POL distributions and the results are also given in Section 8.5.2. .The POL and
leak rate correlations used for these analyses are described in Sections 6.4 and 6.5,'

respectively.' The SI.B leak rate analysis methodology for applying the probability ofleakage
and leak rate versus voltage correlations is described in Sections 6.6 to 6.8. SLB leak rates
are provided at the upper, one-sided confidence of 95% based on the NRC guidance of they,

*

February 8,1994 NRC/mdustry meeting on resolution of draft NUREG 1477 comments. The'

EOC-5 voltage distributions have been described above.
.

SLB leak rate analyses were performed for S/Gs A, C and D using preliminary voltage
indication, voltage growth and tube plugging distributions. As noted above, S/G B has fewer
indications than the oth:r S/Cs and is not a candidate for the limiting S/G for leakage

. considerations. The preliminary leak rate analyses showed that S/G D had the highest
i

projected EOC-5 SLB leak rate. The leak rate for S/G A was about half of that for S/G D
and S/G C was only about one-third of the S/G D leak rate. Thus S/G D is the limiting S/G

|
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1| for SLB leakage analyses and the results for this generator are given m Section 8.5.1 for the .
1

reference EPRI methodology and in Section 8.5.2 for sensitivity to the alternate POL ''

correlations.
p

8.5.1- Reference SLB Leakage Analyses (Log Logistic POL)

'

The projected EOC-5 SLB leak rate for the limiting S/G D, as obtained with the reference
EPRI correlations of Section 6, is 3.1 gpm. His leak rate is less than the allowable SLB leak -_

& of. 9.1 gpm developed in Section 4.8 and thus is acceptable for the Braidwood-l IPC
application. Table 8-1 provides details of the leak rate calculation. De column titled N.i

!
. provides the projected EOC-5 voltage distribution including the POD y 0.6 adjustment. The

|
g

P.i and Q.i columns represent the POL and expected leak rate for each voltage bin. The i

e.

b remaining columns provide data for the upper bound confidence of 95% applied to the leak !rate.
/l

i

~ Application of the POD adjustment to the EOC-4 voltage distribution leads to large voltage !
indications postulated to have been missed in the inspection and left in service at BOC-5.

!
. With the 1.0 volt repair limit and only RPC NDD indications above 1.0 volt left in service,

lthe expected SLB leakage at BOC-5 would be about zero. The influence of the POD
|

adjustment on predicted leakage values can be estimated by calculating the leak rate for the
- {

- BOC-5 voltage distribution. He resulting SLB leak rate for S/G D at FOC-5 is 1.7 gpm |

compared to the expected near zero value. The leak rate thus increases only from 1.7 spm at -
|BOC to 3.1 gpm at EOC. Thus growth to the EOC only increases the SLB leak rate by about

1.4 gpm which would be near the projected leak rate assuming a POD of about 1.0. !
; i

,?8.5.2 SLB Leak Rate Sensitivity to POL Correlations
!

: ;

The NRC has requested that the projected EOC 5 SLB leak rate be provided for all six POL
correlations discussed in draft NUREG-1477. These results provide sensitivity estimates to
the form of the POL correlation. As discussed in Section 6.4, the linear and log Cauchy
distributions are not consistent with the pulled tube database for low voltage (< 2.0 volt)
probability of leakage and are not recommended for consideration as acceptable POL

.j
,

correlations. The estimated BOC-5 and EOC-5 SLB leak rates for all six POL correivions j
:

are given in Table 8-2. De results for the reference log logistic POL correlation have been
described above and are repeated in Table 8-2..

,

it is seen from Table B-2 that the SLB leak rates are essentially independent of the POL I
correlation applied to obtain the leak rates. The low leak rates for indications below

!
I to 2 volts tend to offset the effects of the differences in POL correlations. As seen in j

;
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Table 8-1 for the colsmn titled N.i*P.i'Q.i, which gives the expected leak rate, the SLB leak i

,

rates are dominated by EOC indications above about 3 volts even though only a small fraction j
of the EOC indications are in this voltage range. i

,

.;
. .i

.8.6 Assessments of SLB Burst Margins and Probability of Burst !
:
!8.6.1 Deterministic Burst Margin Assessments !

!*

Although the technical support for the Braidwood-l IPC is based on tube burst for limited
i
i

TSP displacement, significant margins exist for free span burst considerations for voltage ,.!
growth in excess of 95% cumulative probability. Limited TSP displacement considerations '.
are necessary to accommodate only the largest few growth rates. A deterministic assessment-

!
of margins against assumed free span burst is given in Table 8-3. For the largest RPC 1
confirmed indications of 1.0 volt left in service, the projected EOC-5 voltage at 95% growth - j
is 2.8 volts compared to the 4.54 volts structural limit for free span burst at 1.43 x APsur As

!
shown in Table 8-3, a burst margin in excess of one volt exists even for the largest

!
unconfirmed bobbin indication left in service. Even at 99% cumulative probability, the !
voltage growth is bounded by 2.7 volts (S/Gs A, D - Table 7.6) and the structural limit is

I
satisfied for the 1.0 volt RPC confirmed indications left in service. Dus the. evaluation for 1
tube burst with limited TSP displacement is applied to accommodate only the largest 1% of '

the voltage growth distribution.
.

As shown in Section 4, Table '4.5.1, TSP displacements for an SLB at normal operating
conditions are small for most plates and bounded by a maximum TSP displacement of '

O.45 inch. Or ly about 40 TSP intersections at the tubelane comers of the 7th TSP are subject !
to TSP displacements exceeding 0.35" As shown in Section 6, Figure 6-2, a throughwall !
crack length of about 0.51 inch (lower tolerance limit material properties - LTL) corresponds j
to a burst capability of 1.43 x APsu, = 3660 psi. "Ihus, for an SLB at normal operating j
conditions, the maximum exposed potential throughwall crack length of 0.45 inch is less than ;

the R.G.1.121 mructural limit of 0.51 inch. It is shown in Section 8.6.4 that this corresponds
to an extremely low probability of burst. It can also be noted from Figure 6-2, that the free

!

;
-

span throughwall crack length for burst at SLB conditions of 2560 pai is about 0.75 inch. (
.Thus a free span throughwall crack the length of the TSP thickness is required for burst at jSLB conditions. '

~

t
The exposed crack lengths associated with the maximum TSP displacements exceed the R.G. .!
1.121 structural limit of 0.51 inch only for a small number of TSP intersections for the

!,
conservative SLB at hot standby conditions. The remainder of this section emphasizes the

|
probability of a SLB tube burst at hot standby conditions resulting from a potentially large (indication' at the TSP intersections where displacements are large. i

|
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- 8.6.2 ' Method of Analysis for SLB Tube Burst Probability_o

[. ' Assessment'of the tube burst probability at SLB conditions for limited TSP displacement
.

; requires an' estimate of the' probability of a large indication occuring at the corners of the TSP.
where the TSP displacements |are significant. Only plates 3 and 7 have significant TSP '

'

displacements such that a burst assessment is appropriate. Although the flow distribution
baffle (FDB, plate 1) has a few TSP intersections with significant displacements, no bobbin
' indications have been found at the FDB. The FDB in the Model D4 S/Gs has large tube to

g ,

fi FDB gaps (nominally 100 mils diametral clearance toward the center of the' plate and 88 mits
F

'

with radialized holes for the outer region). Thus there is a significantly lower likelihood of
L packed crevices with associated tube corrosion at the FDB ' intersections. Since no

Braidwood-1 indications at the FDB have been found, the FDB is not included in the tube:,

burst assessment.

The projected EOC-5 voltage distributions of Section 8.4 above are total indications '

independent of TSP elevation and tube location. The EOC-4 inspection results can be used to-
develop the distribution ofindications between TSP elevations and the fraction ofindications '

occuring at tube locations where the TSP displacements are significant. TSP displacements as .
a function of tube location were developed from the analyses described in Section 4 and the
number of tube locations as a function of displacement are summarized in Table 4.5.3.'
Table 8-4 provides the inspection results for S/Gs A, C and D as a function of TSP elevation 3

and TSP displacement. S/G B is not included due to the smaller number ofindications found
in this S/G. The table includes the fraction, Fo, of indications found as a function of
displacement. Also given in the table are the number and fractions of indications for a
uniform distribution of all tube intersections. Only 9 indications on plate 7 have been found

y
i

in all S/Gs at tube locations having displacements large enough (greater than about 0.6 inch)
to significantly influence the tube burst probability. The largest bobbin voltage for any of
these 9 indications was 1.24 volts and the largest indication found anywhere on plate 7 was
2.74 volts. These indications would have a high burst pressure even as free span indications. {

Thus, the inspection results indicate a low frequency. of indications and low voltages at tube
locations subject to significant SLB TSP displacements.

t*
The data of Table 8-4 can be used to define bounding distributions for indications as a
function of TSP elevation and displacement. The highest fraction ofindications at TSPs 3

and 7 were 67% at TSP 3 in S/G C and 13% at TSP 7 in S/G A. These values are used for*

the fraction of total indications at these TSP elevations. The bounding distribution for the
fraction of indications on the TSP as a function of TSP displacement is obtained as the larger
found by inspection or the uniform distribution. He resulting bounding distributions for
plates 3 and 7 are given in Table 8-4. Also given is the weighted sum for the fraction of TSP
indications as a function of displacement. This is obtained as the sum of the individual plate
fractions multiplied by the fraction ofindications for the TSP elevation. This weighted sum I

..
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of the bounding distributions is appiied in the tube burst probability analyses as described
below.

The number of indications as a function of TSP displacement can be obtained as the product '

of the total number of indications times the bounding fractional distribution of Table 8-4.
This product can be obtained as a function of bobbin voltage by applying the number of !

indications in each voltage bin. The voltage bins and the number of EOC-5 indications in
each voltage bin are shown in Figure 8-2 and Table 8-1 for S/G D, the most limiting S/G.
Conservatively assuming that the TSP displacements expose throughwall cracks, the *

probability of tube burst as a function of exposed crack length is given by the upper curve in
; Figure 6-3. The probability of tube burst (PRB) can then be obtained as:

.

PRB =[ PRB, =[ NY, 'O.67 [ F|,PRB ,+ 0.13F|,PRB (8.1)n n
i i t J

|

J

| PRB =[ NV, [(0.67 F|, + 0.13F|, PRB , (8.2) |n
6 )

| where

i = i* witage bin

j = j' 75P displacement bin

NY, = Number ofindscations in the i* witage bin

!

F|,,F|, = Fraction ofindications at plates 3 and 7 having 75P displacement in bin j .

PRB , = The smaller burst probability of either:o
,

PRB(V,) = Probability of burstfor a free span indication of witage V,=

PRB(D,) = Prob. of burstfor throughwall crack length equal to ISP disp. D,
=

PRB, = Probability of burstfor the i* witage bin
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The term in parentheses in' Equation 2 is the weighted sum of the bounding distribution given 1
in Table 8-4.1 Equation 2'is applied in Section 8.6.5 to estimate the burst probability at EOC-5. j

_

8.6.3 SLB Burst Probability for S/G D at EOC-4-

i
The burst ' probability for S/G.D at EOC-4.with limited TSP displacement can be obtained |

- directly from'the indications found and the TSP displacement at each' specific indication. !
This application demonstrates the general methodology for the limited TSP displacement,.. i

' burst probabilities without the need for distributing the indications as described in j.:

Section 8.6.2 above. Table 8-5 identifies the indications found in the inspection for the larger- 1

.

voltage indications and for indications at locations having the largest TSP displacements in !
'

y the hot standby SLB event. The bobbin voltage and free span burst probability at the given !
. voltage level are provided for each indication. Also given in the table are the local TSP "

displacement and the burst probability for a throughwall crack length equal to the TSP !

displacement (conservatively assumed . exposed throughwall crack length). The applicable .i
SLB burst probabi!ity column shows the lower of the free span or throughwall burst i

probability for each indication. The lower of the two burst probabilities is the appropriate ' '

value since the limited TSP. displacement can reduce the free span burst probability but the
free span probability cannot be exceeded.. The throughwall burst probability can exceed the
free span value only because it is conservatively calculated for a throughwall crack while the .|
free span value, based on bobbin voltage, is more realistically based on the actual crack' |
morphology as reflected in the voltage amplitude. ..

For the S/G D indications given in Table 8-5, the total burst probability calculated assuming
~

i
free span (very large SLB TSP displacements) conditions is 3.7 x 10 2. Accounting for the '!
limited SLB TSP displacements at the locations of the indications, the total burst probability |4is 1,7 x 10 'Itus the limited TSP displacements reduce the burst probability by three orders i

of magnitude. It can be noted that none of the high voltage indications occurred at locations j
of high TSP displacement and the TSP constraint reduces the burst probability for these high

!
voltage indications to approximately zero. Only the small voltage indications found at the !

comers of plate 7, where SLB displacements are significant, contribute to the' burst-
. probability.

i
'

!

The results of Table 8-5 show the effectiveness oflimited TSP displacements in reducing the
<

tube burst probability to small values and also show that Braidwood-l had an acceptably low '
' ' ,

burst probability at EOC-4.

8.64 Conservative Burst Probability for SLB at Normal Operating Conditions

For a SLB at normal operating conditions, it is shown in Section 4, Table 4.5.1 that TSP
displacements are small and signific nily less than that for an SLB at hot standby conditions.
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The maximum TSP displacement occurs for plate J and is limited to 0.438 inch. The
maximum displacements for all other plates are < 0.2 inch. An extremely conservative or
bounding burst probability for this event can be obtained by assuming that the SLB
displacements expose a throughwall crack equal to the displacements at every TSP
intersection on all seven hot leg TSPs above the FDB. The FDB is excluded from the
analysis as no indications have been fouad at this plate and the larger tube to TSP gap at the:
FDB would require supplemental burst tests to determine the influence of the FDB constraint
on the burst pressure. The throughwall crack assumption is approximately equivalent to
assuming that a throughwall crack equal to the TSP thickness is present at every hot leg TSP *

intersection.

Table 8-6 summarizes the bounding analysis for the burst probability resulting from an SLB '

at normal operating conditions. The maximum TSP displacement column represents the
maximum displacement at any location on the plate except for plate 7 which is divided into
three displacement magnitudes to permit separation of the number of TSP intersections subject
to the larger TSP displacements. The number and maximum voltages for EOC-4 indications
found at each plate are given in the table for general information. The number of tubes
column represents the number of TSP intersections with the maximum displacement of
column 2. The exposed length burst probability is that associated with a throughwall crack
length equal to the maximum TSP displacement. The last column provides the burst
probability obtained by multiplying the exposed length probability by the number of tubes.

The total S/G burst probabby for this conservative assumption of throughwall indications at
each hot leg TSP intersection is < 5 x 10 This very low probability bounds all realistic

4

potential indications at the TSP intersections and demonstrates the effectiveness of modest
TSP displacements under the SLB at normal operating conditions. As noted in Section 8.6
below, normal operating conditions dominate the operating time and the highest frequency for
an SLB event occurs at power conditions where the SLB loads on the TSPs and associated
displacements are lower than for an SLB at hot sisadby conditions.

8.6.5 Burst Probability for a SLB at Hot Standby Conditions

For Cycle 5 SLB leakage and burst considerations, S/G D is the most limiting and the
,

projected EOC-5 voltage distribution is given in Figure 8-2. The tube burst probability for
S/G D at EOC-5, assuming an SLB at hot standby conditions, is evaluated in this section. -

The methodology of Equation 8.2 given in Section 8.6.2 is applied for this assessment. The
total EOC-5 voltage distribution of Figure 8 2 is distributed as a function of TSP

displacement using the weighted sum of the bounding distribution of Table 8-4. Free span
burst probabilities as a function of voltage are developed from the burst pressure versus
bobbin voltage correlation of Section 6.1 and burst probabilities for exposed throughwall
cracks are given in Figure 6-3.
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The results of the burst probability analysis are summarized in Table 8-7. For each voltage
bin of the projected EOC-5 voltage distribution (including POD = 0.6 adjustment), the
number of indications, free span burst probability, the distribution of indications and
throughwall burst probability as a function of the SLB TSP displacement are given in Table
8-7. By applying Equation 2, the net probability of burst for each voltage level is obtained as
given in the last column of the table. The total limited TSP displacement burst probability is
obtained as 8 x 10". The influence of the limited TSP displacement can be seen by
comparison with the estimated free span burst probability (column 3) of 9 x 10~2 The latter
free span result is dominated by the large projected EOC-5 voltage indications up to 11.2o

volts which are traceable to applying the POD adjustment to all indications found in the last
inspection prior to reducing the population for tubes repaired at EOC-4.

:

The estimated SLB tube burst probability of 8 x 10 is significantly less than the acceptance
4

guideline for IPC applications of 2.5 x 10-2, which was found acceptable in NUREG-0844.
The normal operating and hot standby burst probabilities can be combined by weighting the
separate burst probabilities by the fraction of operating time in each operating condition.
Applying the Section 4.6 Braidwood 1 fractions of 0.962 for normal operation and 0.038 for
hot standby, the combined burst probability is 3.1 x 10-5

,

8.6.6 Braidwood-1 Frequency of SLB Event with a Tube Rupture

In Section 4.6, Braidwood-l frequencies of occurrence were developed for an SLB at both
normal operating and hot standby (Mode 3) conditions. The frequencies are summarized in
Figure 8-5. The frequency for an SLB event at hot standby conditions is a factor of 25 lower
than at operating conditions and is only about 6.8 x 105 per year. Figure 8-5 includes the
conditional probability of a tube rupture at normal operating and hot standby conditions as
developed in Sections 8.6.4 and 8.6.5, respectively. The SLB event frequencies and
conditional tube rupture probabilities are combined in Figure 8-5 to obtain a frequency of4

about 5.5 x 10 per year for a Braidwood-l SLB event with a subsequent tube rupture. This
very low frequency has negligible influence on the core damage frequency and supports full
cycle operation at Braidwood-1 following implementation of the IPC for Cycle 5.

8.7 Updated SLB TSP Loads. Displacements and Burst Probability Assessment

The assessment described in Section 8.6 above was developed from the preliminary, bounding
,

SLB hydraulic loads on the TSPs available at the time of Revision 0 of this repon as
described in Section 4.2. The TSP hydraulic loads in a SLB were updated by TRANFLO
reanalyses using the latest code version and input data as described in Section 4.10. The TSP
displacements associated with the updated loads are described in Section 4.11. This section *
provides an assessment of the updated SLB TSP loads and displacements to also update the
burst probability resulting from the new TSP displacements. The prior analyses provided a
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bounding set of SLB loads for the SLB at hot standby conditions in that an available analysis
was utilized that had a guillotine break of the steamline at the exit of the S/G with the S/G
water level at the elevation of the uppermost TSP and the transient included an excess
feedwater flow condition simultaneously with the SLB. The updated analyses assume the
same guillotine break location with the water level at the controlled water level of 487 inches
above the top of the tubesheet. Updated analyses were performed for an SLB at both hot
standby and full power operating conditions. With water level at the controlled elevation, the
TSP loads and displacements are slightly larger for the SLB at full power than for the SLB at
hot standby and the full power displacements are further evaluated in this section. Two *

analyses at full power conditions were performed. Case 5, called the reference case for
comparisons with other cases, was setup to have low TSP pressure drops at steady state, time

,

= 0, conditions in the TRANFLO analysis. Case 6 was setup to match the expected pressure
drops as determined from performance analyses for the Braidwood-l S/Gs. Case 5 was found
to result in somewhat higher maximum SLB TSP displacements than Case 6 and is applied
for the tube burst probability estimates given below.

8.7.1 TSP Displacements as a Function of Tube Location

For TSP 3, which has the maximum displacement for the limiting full power SLB (Case 5)
TSP displacements were developed as a function of tube location. Summary total tubes at
varying displacements are given in Table 4-38. Figure 8-6 shows a map of the TSP 3
displacements for the SLB at normal operating conditions. The largest displacements,
maximum of 0.472 inch, occur only at the comers of the plate near the tubelane as shown in
Figure 8-6. The notes to the figure also provide the tube burst probability per indication (See
Section 6.3) evaluated at the maximum displacement for each displacement bin of the figure.
It is seen that the TSP displacements at most (4468 out of 4578 locations) have TSP
displacements < 0.1 inch. For the 4 tube locations with displacements in the range of 0.45 to
0.48 inch, the burst probability, very conservatively assuming an exposed throughwall crack
equal to the displacement of the TSP, remains < 7 x 10 per indication. Only 50 tube4

locations have TSP displacements in the range of 0.35 to 0.45 inch with burst probabilities <
10' per indication. It is readily seen that the TSP displacements are sufficiently small to
limit the tube burst probability to very small levels. A more quantitative demonstration of the C
associated low tube burst probability is given in Section 8.7.2.

Figure 8-7 shows the location of indications on TSP 3 for each S/G from the EOC-4, March
'

1994 inspection. S/Gs A and D have the most indications near the edges of the plate with
maximum SLB displacements. Only 8 out of 1590 indications at TSP 3, as summed over all
four S/Gs, are located at tubes with TSP displacements between 0.35 and 0.45 inch. All other
indications at TSP 3 have displacements < 0.35 inch and burst probabilities < 7.4 x 10-i2 per
indication.
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- * The Braidwood-l pulled tube results indicate that tube integrity structural and leakage -
: requirements were satisfied at EOC-4.- Burst pressures for all indications including the .
' largest indication (10.3 volts) found in the inspection exceeded R.G.1.121 requirements.
Measured SLB leak rates for the 3 indications that leaked were below the best fit

; regression fit to the EPRI dainhaw which would . indicate expected Braidwood-1 leak rates
. signincantly less than the plus 95% confidence level applied for the leakage analyses.

_

1

Since the EOC-4 tube integrity requirements were satisfied and the EOC-5 maximum
voltage indications are expected to be smaller or no worse than found for Cycle 4, the .
Braidwood-l pulled tube results strongly indicate that tube integrity requirements would '

.,

be satisfied at EOC-5.

The projected EOC-5 SLB leakage is 3.1 gpm which is less than the allowable limit of s*

9.1 gpm for Braidwood-1. The SLB leak rate was evaluated for the six alternate
formulations of the probability of leak versus voltage conelation identified in draft
NUREG-1477 and found to be essentially independent of the correlation applied in the .
analysis. The SLB leak rates were obtained by applying the leak rate versus. voltage
correlation based on the EPRI database and outlier evaluation consistent with the NRC
guidance of the February 8,1994 NRC/ industry meetag on resolution of draft NUREG-

-1477 comments.

Updated hydraulic analyses for SLB loads on the TSPs were performed to eliminate
*

,

conservatisms in the prior analyses. The prior analyses for a SLB at hot standby
conditions assumed a water level at the uppermost TSP elevation while the updated
analyses apply the controlled water level of 487 inches above the tubesheet. The prior
analyses utilized existing TRANFLO loads and were intended to bound more realistic

-

estimates. The updated analyses confirm that the prior analyses were bounding in that
peak presssure drops across the TSPs are factors of 1.24 to 4.22 higher than obtained for
the updated, more realistic analyses for the loads.

The conditional SLB tube burst probability for the upd=*ad analyses is 5.4 x 104, which
*

bounds SLBs at hot standby and full power conditions, .ca-y i to the prior analysis
j,

result of 8 x' 10 for a SLB at hot standby conditions. For the prior analyses, the .h
d

probability of burst during a postulated SLB, obtained by combining the hot' standby and
full power results based on operating times at each plant condition, was 3.1 x 10~5 Thus
the updated, more realistic SLB hydraulic loads result in tube burst probabilities ,

significantly lower than the prior analyses which were intended to bound the updated
results. Both the prior and updated burst probabilities are significantly lower than the IPC
acceptance guideline of 2.5 x 10-'. The tube burst analyses are developed based on
limited TSP displacements predicted during an SLB event for the Braidwood-1 S/Gs even
when applying very conservative load conditions for the hot standby SLB.

8 - 18
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correlation for burst pressures and all data are within the 95% confidence bands on the burst
correlation. Inclusion of the Braidwood-l data in the correlation has a negligible influence on
the correlation. SLB leak rates measured for the Braidwood-1 pulled tubes are below the
regression fit to the EPRI database and inclusion of the Braidwood-l data in the correlation
would lower the estimated SLB leak rates given above by about 14% (not included in current
analyses). Bobbin indications at 2.05,5.00 and 10.3 volts had measured SLB leakage while
indications at 0.21,0.28,0.91,3.35 and 3.73 volts had no SLB leakage. The largest SLB
leak rate of 12.8 liter /hr (0 056 gpm) was obtained for the 10.3 volt indication which is less
than the nominal SLB le k rate correlation value of about 60 liter /hr at 10.3 volts. Thus, the,

Braidwood-l pulled tube results support probable SLB leak rates significantly less than
obtained from the analyses in this section based on the upper 95% confidence on the

e predicted leak rate.

The Braidwood-l pulled tube results indicate that all tube integrity requirements were
satisfied at EOC-4 in that burst pressures for all indications including the largest 10.3 volt
indication met R.G.1.121 requirements and that SLB leak rates would have been well below
10CFR100 limits. The tube burst probability calculated from the actual EOC-4 voltage
distribution, without any adjustment for the pulled tube results, is 4.4 x 10''. Eliminating only
the 10.3 volt indication, which was burst tested, from the EOC-4 analysis results in a burst
probability of 2.1 x 102 The general trend of the Braidwood-l burst data to be near the.

mean of the burst correlation would indicate that the burst probability would likely be
significantly lower than the 2.1 x 10 2 value which satisfies the acceptance guideline of 2.5 x
10-2. The SLB leak rate calculated from the actual S/G D voltage distribution at EOC-4 is 2.1

gpm at 95% confidence which is lower than the allowable leak rate of 9.1 gpm that provides
a factor of 10 margin against 10CFR100 dose limits. Based on the pulled tube results, the
potential SLB leakage at EOC-4 would very likely have been lower than the calculated,
acceptable value. Thus, structural and leakage integrity requirements were met at EOC-4.

Since tube integrity requirements were satisfied at EOC-4 and the limiting indications at
EOC-5 are expected to be smaller than or, as a minimum, insignificantly larger than found for

y Cycle 4, it can be expected that all tube integrity requirements will be satisfied at EOC-5.
|

The Braidwood-l pulled tube results strongly support full cycle operation for Cycle 5.
!

8.9 Summary of Results.

An IPC with a 1.0 bobbin voltage repair limit has been implemented for Braidwood l Cycle 5
operation. Inspection requirements typical of IPC practice, such as the guidelines of the
Catawba-1 NRC SER, were applied at the Cycle 4 refueling outage to support implementation
of the IPC. An operating leakage limit of 150 gpd is being applied for Cycle 5 operation.
The results of the Braidwood-l IPC assessment can be summarized as follows:

8 - 17
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performed and described in Section 4. The last column of the table provides the ratio of the
peak load for the prior bounding hot standby SLB to the updated peak load for the full power
SLB of Case 5 which envelopes (larger maximum TSP displacement) the updated hot standby
SLB load and the Case 6 full power TRANFLO analysis. This ratio in Table 8-9 shows that
acceptable burst probabilities are obtained for peak pressure drop ratios ranging from 1.24 to
4.22 relative to the updated reference analysis which represents the more probable SLB TSP
displacements. Plate 7(J) had the maximum TSP displacements in the prior hot standby
analyses. It is seen that the prior analyses provide a margin ratio of 2.15 on the load for
Plate 7 even though the TSP displacements resulting from the prior analyses resulted in an *

acceptable tube burst probability. Thus large margins on the TSP loads are acceptable for the
Model D4 S/G while maintaining low tube burst probabilities due to the limited TSP
displacements. ,

Acceptable burst probabilities are obtained for Plates 3 and 5 with load ratios of 1.24 and
1.55, respectively, and loads in the downward direction (negative loads in Table 8-9). Loads
in the upward direction (positive loads in Table 8-9) up to about 1 psi were also found
acceptable for Case 2. Plate 7 has also been analyzed for loads in both directions with load
margin factors up to 2.15 since the loads on this plate have been found in some analyses
(Figure 4-10 for Case 2, for example) to reverse in direction during the event. Plates 8 to 11
are acceptable even with the highest loads and margin ratios of 1.99 to 4.22 relative to the
updated analyses. Overall, the summary of Table 8-9 shows that large margins on the
TRANFLO hydraulic loads can be applied to the reference, updated analyses and continue to
result in acceptable burst probabilites. Since the SLB of Case 3 still results in a factor of 30
margin on burst probability (8 x 10" versus 2.5 x 10-2 guideline) compared to the acceptance
guideline based on NUREG-0844, larger load margin factors than those of Table 8-9 would
be expected to also result in acceptable burst probabilities.

8.8 Tube Integrity Assessment Based on Braidwood-l Pulled Tube Results

The Braidwood-1 pulled tube examination results (See Section 3) show burst pressures and
SLB leak rates in very good agreement with the EPRI correlations used in the initial release |of this report. There is no need to update the EPRI correlations based on the Braidwood-l
results and the prior analyses given above for SLB leak rates and free span burst probabilities
remain applicable. Eleven indications were burst tested and all indications burst, as expected, '

in the axial direction. The crack morphology of dominantly axial indications is consistent
with the EPRI database and the EPRI correlations are applicable to Braidwood-1.

All burst test results exceeded R.G 1.121 burst requirements with the lowest measured burst
pressure of 4,730 psi obtained for the 10.3 volt indication, which was the largest indication
found in the 1994 inspection. The burst pressures lie above and below the best fit regression

'
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8.7.2 Bounding Tube Burst Probability for Updated Analyses

The very conservative tube burst probability analysis of Section 8.6.5 and Table 8-6 is
updated in Table 8-8 for the latest SLB at full power (Case 5). As noted previously, the j
maximum SLB TSP displacements, with water level at the controlled value of 487 inches,
occurs for an SLB at full power conditions. The prior, bounding SLB analyses were obtained
at hot standby conditions with the water level at the uppermost TSP elevation of 280 inches. {

With the hot standby SLB water level at the controlled value of 487 inches, the hot standby
i

SLB TSP displacements are slightly less than the case for the SLB at full power.
|

.

\

The conservative analysis of Table 8-8 assumes that every hot leg TSP has an exposed
/

(uncovered from TSP constraint against burst) throughwall crack length equal to the length of 1

the maximum TSP displacement shown in the Table for each plate. Even under this
assumption, it is seen that the tube burst probability would be 5 5.4 x 10 . This burst4

probability, which envelopes that for SLBs at both hot standby and full power conditions, can j
be compared to the prior bounding analysis result of 8 x 10" for an SLB at hot standby )4
(Table 8-7) and 5 x 10 for an SLB at full power. The updated analyses based on SLBs at

{the controlled water level thus lower the burst probability by about a factor of 70 compared to I

the prior bounding analyses. The updated analyses for an SLB at full power result in a factor |
of 10 increase in the burst probability compared to that of Table 8-6. However, the net
(weighted by fraction of time at each operating condition from Figure 8-5) conditional
probability of a tube rupture, given a SLB event, was 3.1 x 10 by the prior analyses and is4

4bounded by the 5.4 x 10 value for the updated analyses.

The results of the updated analyses with revised Model D4 hydraulic loads confirm the
expected result that the prior analyses bound the Braidwood-l tube burst probability projected
at EOC-5. Both the prior and updated analyses for the conditional burst probability result in '

values much less than the acceptance guideline of 2.5 x 10 . Thus the burst probability for2

Braidwood-l at EOC-5, based on limited SLB TSP displacements, is acceptable for full cycle
operation.

8.7.3 Margin Factors on Loads for Prior Bounding TSP Displacement Analyses

| Comparison of the TSP hydraulic loads from the prior and updated analyses permit an
) assessment of margins on the loads that result in acceptable tube burst probabilities. Peak-

pressure drops minus the steady state pressure drop at time = 0 are used for this comparison
as this quantity represents the peak change in pressure drop resulting from the SLB event and

,

the TSP displacements from the SLB are calculated relative to the time = 0 positions. For
hot standby analyses with no steady state flow, the time = 0 pressure drops and displacements
are zero and the peak pressure drops are used for this comparison. Table 8-9 provides a
summary of the peak hydraulic load at each TSP for each of the six TRANFLO analyses

8 - 15
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.

:- |

Deterministic tube burst analyses show that the projected EOC voltage, with voltage
*

growth rates up to 99% cumulative probability on the Cycle 4 measured growth i

distribution, is less than the R.G.1.121 stmetural limit of 4.54 volts for a 1.43 x APsta
burst margin.

The modest EOC-5 SLB leakage and low tube burst probabilities strongly support full
=

cycle operation for Cycle 5 at Braidwood-1 following implementation of the 1.0 volt IPC.

' n .:
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'

..
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Table 8-1: Braidwood 1, SG "D", pod = 0.6, EOC 5 Volts em
""[ |

EOC Volts Cum Prob NJ PJ Variance QJ NJ"P.l*QJ p
@2580 psi

0.2 0.000984 1016.00 1.0 3.11E 02 5.17E 04 6.15E 05 1.61E 05 1.92E 06
0.3 0.010827 1015.33 10.0 3.19E42 1.78E 03 3.49E44 5.67E 04 1.12E45
0.4 0.049213 1005.09 39.0 3.26E 02 4.12E 03 1.22E 03 5.24E43 4.02E45
0.5 0.123031 966.28 75.0 3.34E 02 7.83E 03 3.26E43 1.96E 02 1.11E-04
0.6 0.222441 891.35 101.0 3.42E 02 1.32E 02 7.40E43 4.55E 02 2.59E 04
0.7 0.334646 790.25 114.0 3.51E42 2.04E42 1.50E 02 8.17E 02 5.40E-04
0.8 0.447835 675.79 115.0 3.e0E42 2.99E 02 2.78E 02 1.24E 01 1.03E 03
0.9 0.550197 561.22 104.0 3.70E42 4.18E 02 4.64E 02 1.61E 01 1.85E 03 '

1.0 0.639764 456.55 91.0 3.80E-02 5.64E 02 8.00E 02 1.95E 01 3.16E-03
1.1 0.712598 366.30 74.0 3 91E 02 7.41E 02 1.27E41 2.14E41 5.16E-03
1.2 0.771654 291.82 60.0 4.02E 02 9.51E42 1.94E 01 2.2bE 01 8.13E 03 '

1.3 0.817913 231.92 47.0 4.14E42 1.20E 01 2.87E41 2.33E 01 1.25E-02
1.4 0.853316 184.96 36.0 4.27E-02 1.48E41 4.15E41 2.27E 01 1.96E42 I
1.5 0.880006 148.63 28.0 4.40E-02 1.81E-01 5.86E 01 2.23E 01 2.72E-02 1

16 0.902559 120.89 22.0 4.55E42 2.18E41 8.12E41 2.18E41 3.90E 02 *
1.7 0.919291 99.09 17.0 4.70E42 2.00E-01 1.11 E+00 2.07E 01 5.50E-02
1.8 0.932087 82.01 13.0 4.86E42 3.06E 01 1.48E+00 1.94E 01 7.65E42
1.9 0.942913 89.04 11.0 5.04E 02 3.59E 01 1.96E+00 1.90E 01 1.05E-01
2.0 0.950787 58.50 8.0 5.23E42 4.16E 01 2.56E+00 1.74E 01 1.42E 01 i

2.1 0.956693 50.34 6.0 5.43E42 4.80E41 3.30E+00 1.57E41 1.91E 01
2.2 0.961614 43.86 5.0 5.66E 02 5.50E 01 4.22E+00 1.56E 01 2.55E-01
2.3 0.965551 38.83 4.0 5.89E42 6.27E 01 5.34E+00 1.48E41 3.36E 01
2.4 0.968504 34.97 3.0 6.15E42 7.11E41 6.e9E+00 1.31E41 4.41E41
2.5 0.971457 31.96 3.0 6 44E 02 8.01E 01 8.33E+00 1.55E41 5.75E 01
2.6 0.973425 29.39 2.0 6.75E 02 9.00E 01 1.03E+01 1.21E41 7.45E41
2.7 0.975394 27.19 2.0 7.09E42 1.01E+00 1.26E+01 1.43E 01 9.80E 01
2.8 0.976378 25.24 1.0 7.47E42 1.12E+00 1.54E+01 8.36E 02 1.23E+00
2.9 0.978346 23.55 2.0 7.89E 02 1.24E+00 1.86E+01 1.96E41 1.58E+00
3.0 0.979331 21.99 1.0 8.35E 02 1.37E+00 2.24E+01 1.15E 01 2.01E+00
3.1 0.981299 20.58 2.0 8.88E-02 1.52E+00 2.68E+01 2.e9E-01 2.57E+00
3.2 0.982283 19.34 1.0 9.47E-02 1.67E+00 3.19E+01 1.58E41 3.26E+00
3.3 0.983268 18.25 1.0 1.01E 01 1.83E+00 3.79E+01 1.85E-01 4.15E+00
3.4 0.984252 17.35 1.0 1.09E-01 2.00E+00 4.47E+01 2.18E 01 5.27E+00
3.6 0.985236 15.74 1.0 1.29E-01 2.37E+00 6.15E+01 3.05E 01 8.55E+00
3.7 0.986220 15.01 1.0 1.41E-01 2.57E+00 7.18E+01 3.63E-01 1.09E+01
3.9 0.987205 13.56 1.0 1.74E41 3.01 E+00 9.67E+01 5.24E41 1.81E+01
4.0 0.988189 12.83 1.0 1.96E 01 3.25E+00 1.12E+02 6.37E 01 2.35E+01
4.1 0.989173 12.08 1.0 2.23E 01 3.50E+00 1.26E+02 7.83E41 3.08E+01
4.3 0.990157 10.55 1.0 3.01E-01 4.05E+00 1.69E+02 1.22E+00 5.42E+01
4.4 0.991142 9.71 1.0 3.55E41 4.34E+00 1.93E+02 1.54E+00 7.26E+01
4.5 0.992126 8.94 1.0 4.19E 01 4.64E+00 2.19E+02 1.95E+00 9.71E+01

,
4.7 0.993110 7.51 1.0 5 63E41 5.30E+00 2.82E+02 2.99E+00 1.66E+02

"

| 4.8 0.994094 6.90 1.0 6.30E41 5.65E+00 3.19E+02 3.56E+00 2.08E+02
5.1 0.995079 5.62 1.0 7,69E-01 6 80E+00 4.54E+02 5.22E+00 3.57E+02
5.7 0.996063 4.60 1.0 8.79E-01 9.55E+00 8.75E+02 8.40E+00 7.80E+02 !

.
7.4 0.997047 3.52 1.0 9.51E41 2.14E+01 4.24E+03 2.04E+01 4.05E+03
8.9 0.998031 2.52 1.0 9.68E-01 3.81E+01 1.33E+04 3 89E+01 1.29E+04
9.7 0.999016 1.58 1.0 9.73E-01 5.00E+01 2.29E+04 4.87E+01 2.24E+04

| 10.5 0.999705 0.65 0.7 9.77E 01 6.43E+01 3.80E+04 4.40E+01 3.72E+04

| 11.2 1.000000 0 33 0.3 9 79E 01 7.89E+01 5.76E+04 2.32E+01 5.65E+04
Regression Equations Analysis

Sum [ Ni * E(QQ * Pi) = 205.592
Sum [ Var + Cov] = 9.17E+04

Effective Standard Deviation = 3.03E+02
Confidence = 05.0 %
2 Deviate = 1.645

Q. total (LPH) = 703.6
Q. total (GPM) = 3.098

:::ctsmu:ntsisc o toc am na r io pu
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Table 8-2. Summary of Cycle 5 SLB Leak Rate Analyses for S/G D _

Method of Analysis BOC EOC

EPRI SLB Leak Rate versus Voltage Correlation

* POD =0.6
* Leak rates based on EPRI voltage

correlation
,3 POL Correlation, *

Reference SLB Leak Rate
*'

- Log logistic POL 1.71 3.1

SLB Leak Rate Sensitivity to POL Correlation

- Log normal POL 1.71 3.1

- Log Cauchy POL 1.69 3.1

- Logistic POL 1.73 3.1

- Normal POL 1.73 3.2

- Cauchy POL 1.70 3.1

.

A
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Table 8-3. Summary of Deterministic Margins Against Burst at SLB Conditions
(95% Confidence)

Parameter S/G A S/G B S/G C S/G D

RPC Confirmed Indications Left in Service

Largest bobbin voltage 1.00 1.00 1.00 1.00 ;
NDE uncertainty at 95% 0.20 0.20 0.20 0.20 Oconfidence
* 20% of bobbin voltage

1

4
Voltage growth at 95% 1.40 0.50 1.40") 1.00
cumulative probability

|

Projected EOC-5 Voltage 2.60 1.7 2.60 2.20
!

Allowable EOC Voltage at 4.54 voit
!1.43xAP,t, '

!

|
Largest Bobbin Voltage, RPC NDD Left in Service

i
ILargest bobbin voltage 1.48 2.03 1.55 1.8

NDE uncertainty at 95% 0.30 0.41 0.31 0.36
confidence
* 20% of bobbin voltage

Voltage growth at 95% 1.40 0.50 1.40"3 1.00
L cumulative probability

Projected EOC-5 Voltage 3.18 2.49 3.26 3.16

-

Allowable EOC Voltage at 4.54
~

1.43xaP . s,
st

.

Notes: 1. Growth rate for S/G A conservatively applied to S/G C

i
|
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Table 8-5
Braidwood 1, SG D - Estimated Hot Standby SLB Burst Probability at EOC-4

Tube / Location Free Span Burst Limited TSP Disp Burst (1) Applicable SLB
Row Col TSP Volts Burst Prob. Local TSP Disp. TW Burst Prob.

37 34 5 10.44 2.0E-02 < 0.12 < l.0E-12 - 0.0
23 12 3 8.82 1.2E-02 < 0.35 < l.0E 11 - 0.0 -
12 9 3 5.02 1.5E-03 < 0.35 < l.0E-11 - 0.0
11 9 3 4.28 8.0E-04 < 0.35 < l.0E 11 - 0.0 y
19 7 3 3.95 5.7E-04 < 0.35 < l.0E-11 - 0.0
33 .. 3 3.83 5.0E-04 < 0.35 < l.0E 11 - 0.0 4

35 29 3 3.62 3.9E-04 < 0.35 < l.0E 11 - 0.0
11 12 3 3.21 2.3E-04 < 0.35 < l.0E 11 - 0.0
16 42 3 3.12 2.0E 04 < 0.35 < l.0E 11 - 0.0
2 105 3 2.84 1.3E-04 < 0.35 < l.0E 11 - 0.0
8 20 3 2.77 1.2E-04 < 0.35 < l.t.9-11 - 0.0

43 56 3 2.60 8.8E-05 < 0.35 < l.0E-11 - 0.0
32 27 5 2.48 7.1E-05 < 0.12 < l.0E-12 - 0.0
45 53 3 2.30 4.9E-05 < 0.3 5 < l.0E-Il - 0.0
31 20 3 2.20 4.0E-05 < 0.35 < l.0E 11 - 0.0
27 35 3 2.18 3.8E-05 < 0.35 < l.0E 11 - 0.0
41 55 3 2.16 3.7E-05 < 0.3 5 < l.0E-Il - 0.0
43 53 3 2.11 3.3E-05 < 0.35 < l.0E 11 - 0.0
2 113 3 0.59 2.2E-07 0.514 1.9E-05 2.2E 07
3 110 3 0.58 2. lE-07 0.406 3.5E-09 3.5E-09 .,

2 113 7 0.56 1.9E-07 0.804 4.5E-01 1.9E-07
2 108 7 1.10 3.5E-06 0.631 9.0E-03 3.5E-06 -

2 105 7 0.64 3.5E-07 0.530 5.3E 05 3.5E-07
2 11 7 0.72 5.6E-07 0.498 4.9E-06 5.6E-07
4 106 7 0.52 1.4 E-07 0.532 6.3E-05 1.4E-07
4 112 7 1.24 6.0E-06 0.718 1.2E-Ol 6.0E-06
5 112 7 1.24 6 OE-06 0.692 6.4E-02 6.0E-06

(continued on next page)
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Table B 5
Braidwood 1 SG D Estimated Het Standby SLB Burst Probability at EOC-4

Tubc/ Location Free Span Burst Limited TSP Disp. Burst (1) Applicable SLB
Row Col. TSP Volts Burst Prob. Local TSP Disp. TW Burst Prob.

""

7 105 7 0.59 2.2E-07 0.456 2.7E-07 2.2E-07
13 110 7 0.88 1.3E-06 0.417 8Ak-09 8.0E-09

i-
Total Burst Probability 3.7E-02

1.7E-05
Notes:

.$ 1. Analysis conservatively assumes the TSP displacement exposes a throughwall crack length equal to the''

displacement.

2. The applicable burst probability is the lower of the free span or TW burst probabilites.b.

I

|

1
J
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.

__ _ _ _. ----
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Table 86. Bounding SLB Burst Probability at Normal Operating Conditions

:

EOC-4 Indications Bounding SLB Burst Probability

Maximum
TSP - Max.' . Exposed

TSP. Displacement Max. Volts Length Burst Prob. for
Onch) No. Ind. at ' Number Burst Ind. at All f'

at TSP TSP Tubes Prob.m H.L. Int.*
~

~

1/A'. d

3/C

5/F.

7/J

8/L

9/M -

10/N

11/P

I
-

Total Burst Probability <5 x 10#

Notes: 1. Maximum number of indications in any S/G at the noted TSP.
2, Burst probability for a throughwall crack length equal to the f

maximum TSP displacement of column 2.
3. Burst probability assuming all hot leg TSP intersections have a

throughwall crack length at maximum TSP displacement. *

_ _ _ - _ _
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Table 8-7

{ Hraldwood-I SG D: EOC-5 Burst Probability for Ilot Standby SLB with Limited TSP Displseement
r

Free

''' '" "'' " ' " * * * "* " E * * **"'EOC-5 Span

No of Ilurst < 0.45" 0 45' - 0.50' O.50* - 0.55" 0.55" - 0 60* 0.60 - 0 65* 2065" (2) Net Prob.
Voltage ind Prob.

of Hurst
flin N V, PRil(V,) F. PRil Fo PRil Fo PRBo* F PRB M F PRH m Fo PRB m PRII,o o o o o o o
10 0 774 1 1li-8 0 0077 7.9E-7 0 0067 3 OE-5 0.003I 6 IE-4 0 0017 6 SE-3 0.0068 s3 8E-2
1.1 74 0 3 51!-6 0 774 I IE-8 0.0077 7 9E-7 0 0067 3.5E-6 0.0031 3.5E-6 0 0017 3.5E-3 0 0068 53.5E-2 5.8E-6
1.2 60 0 5 111-6 8 SE-9 (Note 3) 6.lli-9 (Note 3) 0.0067 5IE-6 0.0031 5. lE-6 0.0017 5 111-6 0.0068 5. l E-6 6.5E-6
1.3 47.0 7 3|{-6 8 511-9 6 lE-9 0.0067 7.3 E-6 0.0031 7.3 E-6 0.0017 7.3E-6 0.0068 7.3 E-6 7.0E-6
l .4 36 0 10E-5 8.5E-9 6.lE-9 0.0067 1.0E-5 0 003I 1.0E-5 0 0017 1.0E-5 0.0068 1.Oli-5 7. l E-6
1.5 28 0 14E-5 8 SE-9 6 111-9 0.0067 I .4 E-5 0.0031 1.4 E-5 0.0017 1.4 E-5 0.0068 1.4 E-5 7.6E-6
I6 22 0 1 Bli-5 8 5E-9 6 IE-9 0.0067 1.8E-5 0.0031 18E-5 0 0017 1.8E-5 0.0068 f .8|i-5 7.6|i-6
1.7 17.0 2.311-5 8 51!-9 6 IE-9 0.0067 2.3E-5 0 0031 2.3E-5 0.0017 2.3 E-5 0.0068 2.3 E-5 7.4 E-6
1.8 13 0 3 .0 11- 5 8.5E-9 6.lE-9 0.0067 3.0E-5 0.0031 3.0E-5 0.0017 3.0E-5 0.0068 3.0li-5 7.3 E-6
1.9 I l .0 3.8E-5 8.5E-9 6.lE-9 2.0E-7 (Note 3) 0.0031 3.8E-5 0.0017 3.8E-5 0.0068 3.8E-5 7.2E4
20 80 4.711-5 8 5E-9 6.lE-9 2.0E-7 0.0031 4.7E-5 0.0017 4.7E-5 0 0068 4.7E-5 6.11!-6
2.1 6.0 5 8E-5 8.5E-9 6 1E-9 2 Oli-7 0 0031 5.8E-5 0 0017 5 81?-5 0 0068 5.8E-5 5 31i-6
22 50 7 lli-5 8 5E 9 6.lE-9 2,0E-7 0.0031 7.lE-5 0 0017 7.11?-5 0.0068 7.lE-5 5 2ii-6
2.3 40 8 SE-5 8 SE-9 6.lE-9 2.0E-7 0.0031 8.5E-5 0.0017 8 SE-5 0.0068 8SE-5 4 Eli-6

|

i

24 3.0 1.DE-4 8.5E-9 6.lE-9 2.0E-7 0.0031 1.0E-4 0 0017 I Oli-4 0 0068 I OE-4 4 IE-6
2.5 30 1.211-4 8.5E-9 6.lE-9 2.0E-7 0.0031 1.2E-4 0 0017 1 21i-4 0.0068 1.2ii-4 4 ME-6
26 2.0 1.41i-4 8.5E-9 6 lE-9 2 Oli-7 0 003I 1.4 E-4 0 0017 1 4|i-4 0 0068 1 41?-4 3 7E-6 )



- - _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ .

Table 8-7
Braidweed-l SG D: EOC-5 Burst Prebebility for Het Standby SLB with Limited TSP Displacement

,

Free

Plat 3 and 7 Contribution: F, and PRIl as a Function of TSP I)isplacement-5 Sm o

No. of Durst < 045" 045"-050" 0.50* - 0.55" 0.55" - 0.60" 0.60* - 0.65* 2065" (2) Net Prob.
Voltage Ind Prob

of Hurst
slin N V, PRH(V,) F. PRIl F. PRHo F. PRB'" F. PRHt" F. PRIl "' F PRH "8 PRB,n o o o o o

2.7 20 17|i-4 8.5E-9 (Note 3) 6.lE-9 (Note 3) 2.0E-7 (Note 3) 0.003I 1.7E-4 0.0017 1.7E-4 0.0068 I.7E-4 4.4E4
28 1.0 2 Oli-4 8 Sli-9 6 11!-9 2 OE-7 0 0031 2.0E-4 0 0017 2.0E-4 0.0068 2 O H-4 2.5E-6

2.9 20 2 31?-4 8.5E-9 6.lE-9 2 0E-7 0 0031 2.3E-4 0.0017 2.3E-4 0.0068 2.3E-4 5.8E4
30 Io 2 6 E-4 8 Sli-9 6.IE-9 2.0E-7 0 0031 2.6E-4 0.0017 2.6E-4 0.0068 2.6E-4 3.2E-6

3.1 2.0 3 OE-4 8 Sli-9 6.lE-9 2.0E-7 0.0031 3.0E-4 0.0017 3 OI!-4 0.0068 3.0E-4 7.4 E-6

3.2 1.0 3 4|i-4 8 SE-9 6.1E-9 2.0E-7 0.0031 3 411-4 0.0017 3.4E-4 0.0068 3 4E-4 4.2E-6

3.3 1.0 3 Bli-4 8.5E-9 6.lE-9 2.0E-7 0 0031 3.8E-4 0.0017 3.8E-4 0.0068 3.8E-4 4.4 E-6

34 I.0 4.Mi-4 8 SE-9 6.lE-9 2 0E-7 0.0031 4.3E-4 0.0017 4.3E-4 0.0068 4.3E-4 5.2E4
3.6 1.0 5.4 E-4 8 SE-9 6.Ils-9 2.0E-7 0.0031 5.4E-4 0.0017 5 4E-4 0.0068 5.4 E-4 6.5E-6

3.7 1.0 6.0E-4 8 SE-9 6.lE-9 2.0E-7 0.0031 6.0E-4 0.00l7 6.0E-4 0.0068 6.0E-4 7.2E-6

3.9 10 7.411-4 8.5E-9 6. lE-9 2.0E-7 0.0031 6. lE-4 0.0017 7.4 E-4 0.0068 7.4E-4 8.4E-6

40 1.0 8 2E-4 8.5E-9 6.lE-9 2.0E-7 1.9E-6 (Note 3) 0 0017 8.2E-4 0.0068 8.2E-4 9.lE4
4.1 1.0 9.0E-4 8.5E-9 6.lE-9 2.0E-7 1.9E-6 0.0017 9.0E-4 0.0068 9.0E-4 9 RE-6

4.3 1.0 1. lE-3 8.5E-9 6.lE-9 2.0E-7 1.9E-6 0 0017 1.11?-3 0.0068 1. lE-3 1.lE-5
4.4 I.0 1.211-3 8 SE-9 6.1E-9 2.0E-7 f .9E-6 0.0017 I.21!-3 0.0068 1.2E-3 I 21{-5

4.5 1.0 1.3E-3 8.5E-9 6.lE-9 2.0E-7 1.9E-6 0 0017 13E-3 0.0068 I 3E-3 1.3E-5

4.7 1.0 1.5E-3 8.5E-9 6.lE-9 2.0E-7 1.9E-6 0 0017- I .5E-3 0.0068 I SE-3 I .5Ii-5

s % $s

________________ _ - -
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Table 8-7
Braidweed-l SG D: EOC-S Burst Probability for liet Standby SLB with LimHed TSP Displacement

Free

Plate 3 and 7 Contnbution: Fo and PRil as a Function of TSP DisplacementE 5 Sp o

No of Iturst < 0 4 5" 0 45" - 0.50" 0.50" - 0 55" 0 55" - 0.60" 060*-065" 2065" (2) Net Prob
Voltage ind Prob

of Ilurst
Hin N V, PRH(V,) F PRIl F PRil F. PRil m F PRBo Fo PRil m F PRH m PRB,

-
mo o o o o o o o o

4.R IO 1.71i-3 8 SE-9 (Note 3) 6 IE-9 (Note 3) 2.0E-7 (Note 3) 1.9E4 (Note 3) 0.0017 1.7E-3 0 0068 1.7E-3 l .7E-5

5I IO 2 lli-3 8 Sli-9 6. lli-9 2.0l!-7 I.9E4 0.0017 2. lE-3 0 006M 2.lE-3 2.0E-5

57 10 3 IE-3 R SE-9 6 Ili-9 2 Oli-7 1.9E4 0.0017 3. IE-3 0 0068 3 111-3 2.8E-5

74 10 7 Bli-3 R SE-9 6.lE-9 2.Oli-7 | 9E-6 0.0017 6. 5 E-3 0 0068 7.RE-3 6 6E-5
R.9 1.0 1 4 E-2 8 Sli-9 6 III-9 2.011-7 I 9E-6 I.lE-5 (Note 3) 0.0068 I 4E-2 1. l E-4

9.7 1.0 19E-2 8 SE-9 6 IE-9 2.0li-7 1.9E-6 1.lE-5 0.0068 I .9E-2 1.4 E-4

10.5 0.7 2 4E-2 8 SE-9 6.1E-9 2.0E-7 1.9E-6 1. lE-5 0.0068 2.4E-2 1.2E-4
,

11.2 0.3 2.91!-2 8 SE-9 61I!-9 2OE-7 I .9E-6 1. I E-5 0.006R 2 9E-2 6.3 E-5
,

iNet Free Span
Net I.imited TSP

Durst Probability 9x10'
Displacement Hurst 8x 10 ' i

E NV,'PRH(V,)
Probabihty, E PRil,

i
Notes: 1) Initial column entry shows the burst probability for an exposed throughwall crack equal to the TSP displacement. The remaining column entries show the

lower burst probability for either free span based on the bobbin voltage or a throughwall crack at the length exposed by the TSP displacement.

2) For TSP displacements >0 65 inch, the free span burst probability for the EOC-5 voltages are always lower than for an assumed throughwall crack greater
than the 0 65 inch TSP displacement.

3) Numerical value represents F *PRil for the TSP displacement bin. Below this entry, the burst probability for an assumed throughwall crack at the given 'ISPo o
displacement is always less than that for free span based on the voltage level.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .
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Table 8-8. Bounding SLB Burst Probability at Normal Operating Conditions for--
Updated TRANFLO Analysesi1

EOC-4 Indcations Bounding SLB Burst Probability -
.

Maximum
TSP Max. ExposedTSP Displacement Max. Volts Length Burst Prob. for - 1'
Onch) No. Ind. at Number Burst Ind at AH

stTSP TSP Tubes Prob." H.L. Int." , |
1/A < 0.30 0 . - N/A N/A

.'

3/C 0.45 to 0.48 0 # 4.4 s7.0 x 10 - s2.8 x 10-

0.40 to 0.45 1 0.80 26 s1.0 x 10 s2.6 x 10# 4

0.35 to 0.40 4 1.25 30 s1.1 x 10* s3.3 x 10*

0.30 to 0.35 10 -1.39 50 57.4 x 10-" s3.7 x 10'''
< 0.30 704 8.82 4468 53.5 x 10''' s1.6 x 10 '' !

5/F < 0.086 248 10.4 4578 < 10''' ~O !
'

7/J < 0.147 97 2.74 4578- < 10''' -0
'8/L- < 0.152 28 3.46 4578 < 10 ' ~0 i

d

!

9/M < 0.082 9 1.02 4578 < 10 ' - -0 i
4

110/N < 0.090 2 0.76 4578 < 10 ' ~0 !
d

!~11/P < 0.132 1 0.52 4578 < 10 * -0d
i

1

Total Burst Probability' s5.4 x 10 - *4

Notes: *
'

1.' Maximum number of indications in any S/G at the noted TSP.
2. Burst probability for a throughwall crad length equal to the maximum TSP

j
i

displacement of column 2.

3.'' Burst probability assuming all hot leg TSP intersections have a throughwall crack
;

!angth at maximum TSP displacement.
(

|

)
I

i

I

l

!

!
|
;

. .- __ _ __



_ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ - - _ __-_

Table 8-9

SLB Peak TSP Pressure Drops and Ratio of Prior Bounding to Updated Reference Analysis -

Case No. Case 3 Case 1 Case 2 Case 4 Case 5 Case 6 Ratio
Model D4 Model D3 Model D4 Model D4 Model D4 Model D4 Bounding
Bounding Reference Prior Updated Updated Updated Case 3
Analysis Analysis Analysis Analysis Reference Analysis to
Condition Condition Condition Condition Analysis Condition Reference

Condition Case 5A
I i Operating Hot Hot Full Power Hot Full Power Full Power

Condition Standby Standby Standby (Note 3) (Note 3)
f with

Excessive
Feedwater

a.

..

_

_

_

_

_
j

_

_

_

|
.

_

+ -

. - '

Notes: ..

1. For Case 1, the TSP identification numbers for the Model D3 S/G are different than given for Model D4
SIG.

,

2. The peak pressure drop minus the steady state pressure drop at time = 0 represents the change in
pressure drop from the SLB event and is judged to La the most appropriate quantity for comparing the
analysis cases. For an SLB at hot standby conditions, the steady state pressure drop is zero.;

3. Cases 5 and 6 differ in the input establishing the steady state pressure drops across the TSPs at time = 0.
Case 5 has lower than expected pressure drops while Case 6 has the expected pressure drops based on
performance analyses for the Braidwood-1 S/Gs.,

I

_ --- - - - - - -
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Figure 8-1. Leak Rate Under Normal Opemting Conditions
versus Crack length for 3/4 Inch Tubing
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Figum 8-2: Braidwood 1, SG "D" BOC & EOC 5 Indications
BOC Indications Adjusted for pod = 0.6
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Figure 8-3: Braidwood 1, SG "A" BOC & EOC 5 Indications
BOC Indications (Preliminary) Adjusted for pod = 0.6
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Figure 8-4: Braidwood 1, SG "C" BOC & EOC 5 Indications
BOC Indications (Preliminary) Adjusted for pod = 0.6
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Figure 8-5. Esthmated Braidwood-1 EOC-5 Frequency of SLB Event with a Tube Repair
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Figure 86. M: del D4 tbmal Operating SLB TSP 3 Displacement and Burst Probability
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Figure 8-7(a). Locations of 4/94 Bobbin Indications at TFP3 for S/Gs A and B
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Figure B-7(b) Locations of 4/94 Bobbin Indications at TSP 3 for S/Gs C and D,
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