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BRAIDWOOD UNIT 1I: TECHNICAL SUPPORT FOR CYCLE &
STEAM GENERATOR INTERIM PLUGGING CRITERIA

1.0 INTRODUCTION

Following the completion of Cycle 4 operation, bobbin coil inspection of tube support plate
(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
significant tube repairs, Braidwood Station requested & Technica! 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 Report 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
voitage correlation based on the February 8, 1993 NRC/industry meeting on resolution of
comments on draft NUREG-1477. The necessary WCAP was issued in March of 1994

The evaluanons supporting the Braidwood-1 IPC are based upon bobbin ceil voltage amplitude
which 1s correlated with tube burst capability and leakage potential. Detailed analyses
provided by this report have demonstrated limited relative tube support plate to tube movement
which minimizes the potential for significant ieakage or tube burst during both normal and
accident conditions. For SLB leakage analyses, the t be 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 limite. TSP displacement utilize thermal-hydraulic loads for a postulated SLB at
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
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
conservative assumptions, it 1s demonstrated that Braidwood-1 has adequate tube burst margin

Implementation of the tube plugging criteria was supplemented by 100% bobbin coil
inspecuon requirements at TSP elevations having ODSCC indications, reduced operating
leakage requirements, inspection guidelines to provide consistency in the voltage
normaulization, and rotating pancake coil (RPC) inspection requirements to establish repair
requirements 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




Revision 1 modified the initial March 1994 report to include subsequent results of destructive
examination of Braidwood-1 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 expenience for ieakage due to indications at TSPs. The
recommended conservative criteria, were based upon Electnic 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-1 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 | updated SLB TSP hydraulic loads, displacement analyses and
associated tube burst probability analyses. 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 concerns 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 1 and
Braidwood Unit | 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
couid potentially collapse under the post LOCA secondary to primary pressure gradient. For
the present analysis, a more limiting critena 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 critena 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 1s nearly the same for this analysis ([ ]* versus [ ]*), as in the earlier
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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.

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 [PC due to the potential of tube deformation under combined LOCA plus
SSE loads.



20 SUMMARY AND CONCLUSIONS

This report documents the technical support for a Braidwood Unit 1, Cycle 5 Interim
Plugging Cnitena (IPC) of 1.0 volt for ODSCC indications at TSPs Rewvision 1 of this report
updates the May 1994 initial release to include currently available results of the Braidwood-1
pulled tube examinations including NDE data, leak tests, burst tests and avaiiable destructive
examination data, an assessment of the impact (found to be negligible) of the Braidwood-1
pulled tube data on the EPRI burst pressure, probability of leakage and leak rate correlations,
updated SLB hydraulic load: on the TSPs to reflect the actual operating conditions rather than
the bounding loads used . the pnior analyses, and updated SLB TSP displacements and
associated tube burst probabilities based on the revised hydraulic loads

21 Overall Conclusions

An IPC with a 1.0 bobbin voltage repair imit has been developed for Bradwood-1, Cycle §
operanon 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 implementa.'on
of the IPC. These requirements include eddy current analysis guidelines, training of analysts,
cross calibraton of ASME standards to a reference standard, use of probe wear standards,
100% bobbin prebe inspection and RPC inspection of bobbin indications above 1 0 volt
together with a sample of dented TSP intersections.

The Braidwood-1 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 1s no need to update the EPRI correlations based on the Braidwood-1 results and the
pnor analyses for SLB leak rates and free span burst probabilities remain applicable All
burst test results exceeded R G 1 121 burst requirements with the lowest measured burst
pressure of 4,730 psi obtained for the 103 volt indicaton, which was the largest indication
found in the 1994 inspection. Eleven indications were burst tested and all indications burst,
as expected, in the ax:al direction  The crack morphology of dominantly axial indications is
consistent with the EPRI database and the EPRI correlations are applicable to Braidwood-1.
SLB leak rates measured for the Braidwood-1 puiled tubes are shightly 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 021, 028, 091, 335 and 3.73 volts had no SLB leakage. The
results indicate that all tube integnty requirements were satisfied at EOC-4 in that burst
pressures for the largest indicatons met R G 1121 requirements and SLB leak rates would
have been well below 10CFR100 limits  Since tube integnity requirements were satisfied at
EOC-4 and the hmiting indicatnons at EOC-5 are expected 10 be smaller than or no worse
than found for Cycle 4, 1t can be expected that all tube integnty requirements will be satisfied

at EOC-5 Thus, the Braidwood-1 pulied tube results strongly support full cycle operation for
Cycle §




RG 1121 guidelines for tube integrity are conservatively satisfied a1 end-of-cycle five
(EOC-5) conditions for the | 0 volt IPC  The results of the Bradwood-1 assessment can be
summanized as follows

* The projected EC'C-5 SLB leakage 1s 3.1 gpm (32 gpm by Monte Carlo analyses) for the
himiting SG, which is less than the allowable limit of 9 1 gpm for Brasdwood-1 The
SLB leak rate was evaluated for the six alternate formulations of the probability of leak
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-1 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 hmit of 9.1 gpm wathout coolant activity reductions The
Braidwood-1 reactor coolant dose equivalent I-13] concentration has been reduced from
10 to 035 microcunes 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 probability 1s
conservatively estimated at S 4x10° for an SLB at full power conditions which envelopes
an SLB at hot standby conditions The updated analyses reflect the expected operating
conditions at the hme of the postulated SLB event The principal difference between the
updated and prior bounding analyses for an SLB at hot standby conditions 1is that the
updated analyses are based on the controlled water level of 487 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 5x10” for a SLB at normal operating conditions and 8x10*
for a SLB at hot standby condiions Weighting these probabilines by the relatnve
operating times led to a combined burst probability of 3 1x10°  Thus the updated
analyses leak to a further reduction in the burst probability by about a factor of 6 for the
combined probability and about a factor of 70 for an SLB at hot standby conditions All g
burst probabilities are significantly lower than the IPC acceptance guideline of 2 5x107
shown to be acceptable in NUREG-0844 When the conditional burst probabiliues are
combined with the corresponding SLB event frequencies, the frequency of a postulated o
SLB event with a subsequent tube rupture 1s very low at 5 5x10" per year for the prior
bounding analyses and 9 7x10° per year for the updated analyses The tube burst
probabilines are developed based on limited TSP displacements calculated durning a SLB
event for the Braidwood-1 S/Gs, even when applying very conservative load conditions
for the hot standby SLB Deterministic tube burst analyses show that the projected




EOC-5 voltage obtained with voltage growth rates up to 99% cumulative probability on
the Cycle 4 measured growth distribution, 1s less than the R G 1 121 structural limit of
4 54 volts for a 1 43xAP, , accident condition burst margin The RG 1121 structural
himit guideline of three times normal operating pressure differennal 1s inherently sansfied
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-1 following
implementation of the 1 0 volt IPC

22 Summary

Braidwood-! Intenm Plugging Critena

The implementation of the IPC at Braidwood-1 for ODSCC at TSPs can be summanzed as
follows

* Tube Plugging Cntena
Tubes with bobbin flaw indications exceeding the 1.0 volt IPC voltage repair imit and
<27 volts are plugged or repared if confirmed as flaw indications by RPC inspection
Bobbin flaw indications >2 7 volts attnibutable to ODSCC are repaired independent of
RPC confirmation.

* Inspection Requirements
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

* Operaung Leakage Limits
Plant shutdown will be implemented if normal operatng leakage exceeds 150 gpd per
SG

* SLB Leakage Cnterion
Predicted end of cycle SLB leak rates from tubes left in service, including 2 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



* Exclusions from Tube Plugging Cntena
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 Inspection 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 indicatons were confirmed by RPC
inspection. The indications ranged from 272 in S/G B to 1061 in $/G C. To evaluate Cycie
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-1 had a
100% inspection of $/G C duning October, 1993 as the result of a pnmary to secondary tube
leak unrelated to ODSCC at the TSPs. This allowed a growth evaluation for $/G C from
October 1992 to October 1993, a S/G C evaluation from November 1993 to March 1994 and
a growth evaluation on $/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 integnity 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 (~1%) showed larger than typical growth with the largest growth rate being 976
volts

The Bradwood-1, RPC confirmed TSP bobbin indicatons show axially onented indications
that are typical of those of other plants which have been confirmed as having ODSCC; 1 e,
the Braidwood-1 results are consistent with axial ODSCC as the degradation mechanism and
the associated EPRI database is applicable for the Braidwood-1 IPC. Four tubes including 13
TSP intersections and six RPC confirmed bobbin indications ranging from 1.0 to 10.4 volts
were pulled dunng 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-1 pulled tube leak and burst test results are
consistent with the EPRI database correlanons and there 1s no need to update the correlaions
to include the Braidwood-1 data

Correlanons of bobbin voltage to burst pressure and 10 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 summarnized below
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Structural Integrity Assessment

To support the Cycle 5 tube integrity assessment under the conservative assumptions of the
larger Cycle 4 growth rates reoccurnng i Cycle 5 and a probability of detection of 0 6 (draft
NUREG-1477 guidance), addinonal 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 1s that associated with the exposed crack length Thus, limited relative
displacement of the tubes and TSPs results in increased tube burst margins and an associated
low probability of tube burst

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

The results of the updated Model D4 S/G SLB analyses at both normal operating and hot
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 critena for the structural hmit of 1 43xAPg,, The estimated
burst probability at the imiting tube location for the updated SLB analyses, very
conservatively assuming a throughwall crack equal to the 0 48 inch maximum e~pcsed crack
length, 1s 7 x 10”7 per indication which 1s neghgible for tube integrity considerations. Thus
structural integrity based on R G 1 121 guidelines 1s maintained throughout Cycle $ for the
updated SLB analyses for a SLB event at either full power or hot standby conditions



Even for the very conservative, bounding Mode! D4 hot standby loads of the prior analyses,
TSP displacements are limited to less than 035 inch for all TSPs having bobbin indications at
Braidwood-1 except for plates 3 and 7 At plate 3, the maximum TSP displacement at a tube
location is 0.57 inch which 1s well less than the 075 inch length for burst at the SLB pressure
differential of 2560 psi for tubes with LTL matenal 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 imit. At the EOC-4 inspection, only |
indication was fouad on plate 3 at a locanon 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 1s negligible for tube integnty considerations Since maximum TSP
displacements maintain adequate tube burst margins even 1if throughwall cracks are assumed
and since the larger tube displacements involve only a few tubes, 1t 1s concluded that adequate
structural margins are maintained for Cycle 5 operation for all potennal indications at plate 3
even for the bounding loads of the prior hot standby SLB analysis

For the prior, boundiig SLB analysis at hot standby conditions, only plat- 7 had significant
tube-to-TSP displacements which provide potential concerns for exceeding EQC-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 locatons, 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
exceeding 0 5 inch The maximum bobbin voltage at any tube location with SLB
displacements exceeding 035 inch was | 24 volts and the maximum voltage indication found
in any S/G at plate 7 was 2 74 volts This 1s well below the 4 54 volts corresponding to R G
1 121 margins against burst for free span indicatons Thus 1t 1s 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 stanstical assessment 15 necessary 1o assess
the potential for a structurally significant indication 10 occur at a plate 7 location with
relatively large TSP displacements A tube burst probability assessment was performed for
SLB hot standby conditions (pnior, bounding Model D4 loads) and the resulting probability of
a tube burst at EOC-5 conditions was only 8x10™, this 1s neglgible compared to IPC
acceptance guidelines of 2 5x10°  The burst probability for an SLB during power operation
at EOC-5 for the prior analysis was 5x10° Since only about 3 8% of the Braidwood-1
operating time 15 at hot standby (Mode 3) conditions, the combined burst probability 1s oniy
about 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



TSP displacement) estimated tube burst probability of S 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
acceptance guideline of 2 5x107 based on NUREG-0844 evaluations

The Brasdwood-1 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 supports
full cycle operation at Braidwood-1 for Cycle §

Leakage Integnty

Based on sensitivity analyses for SLB leakage, it was concluded that S/G D 1s the most
limiting $/G and was analyzed 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
correlaton following the NRC guidance at the February 8, 1994, meeting on resolution of
draft NUREG-1477 comments Projected EOC-5 bobbin voltage distnbutions 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 91 gpm obtained for Braidwood-1

Based on draft NUREG-1477 guidance, the SLB leak rate was assessed for six alternate
formulations of the probability of leakage correlation including linear and log voltage forms
for logistic, normal and Cauchy distnbutions A negligible leak rate dependence on the

probability of leakage form was found, with a vaniation of only 0 1 gpm between the six
distributions




30 BRAIDWOOD-1 SG PULLED TUBE EXAMINATIONS
31 Introduction

Four hot leg steam generator tube segments from Braidwood Unit | (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 support plate crevice locations. The tubes
were selected 1o 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 support plate regions were leak
tested at elevated ternperature. 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 a8 summary of the more imporntant field and laboratory NDE resuits. 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 suppor
plate crevice regions with original RPC field calls of either single axial indications (SAI) or
multiple axial indications (MAI) 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. The
largest increase was for tube R42-C44, SP3, where the bobbin probe signal strength increased
from 3.7 volts 10 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 ‘he call of
a 0.6 volt ir _.cation for the case of tube R16-C42, SPS. 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 dala 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 support plate regions. These three
dents were probably caused by the tube pulling operation.

3-1



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 (twbe R16-C42, SP1 and tube
R27-C43, SPS) 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 predormunantly circemferential in nature with some axial
components. The later can be an indication of ICC and/or IGA in addition to axial corrosion.

33  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, SPS5 (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.

34  Burst Testing

Thirteen 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 performea 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” conditior 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 SPI 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, SPS, the 10.4 volt indication) was 4,730 psi, 44% of the burst pressure



of its frec span equivalent and typical of a 3/4" diameter tube specimen with a 10.4 volt
indication.

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
Westinghouse tubing of this vintage, show that two of the tubes (tubes R27C43 and
R42C44) were relatively high in strength. Generally, pulled steam generator tubes tend to
exhibit slightly higher tensile properties than do pre-operationai steam generator tubes.

35 Destructive Examination Results

A summary of the visual examination information is presented in Table 3-4. Corrosion
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
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
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, whih 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
each indication examined, the crack length versus depth, crack length and
number/location/width of ductile or uncorroded ligaments found on the fracture face ae
provided in the table. Four of the five indications examined had throughwall 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
indication was initially called bobbin NDD in the field, was found by :sevaluation of the field
data to have a small indication prior 10 the tube exam and was found to have a post pull
bobbin indication of about 0.9 voits.

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
the five intersections destructively examined are shown in Figures 3-1 to 3-5. These figures
shown that the four largest voltage indications are dominated by a single ~rack with some
branching adjacent to the main crack. The low voltags, R42C44, TSP 7 has shallow
indications around the circumference of the tube. Figure 3-1 shows the OD sketch for the
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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 smail patch of
intergranular cellular corrosion. Further destructive examinations are in process at the time of
this report. The destructive exams completed show crack morphologies typical of prior pulied
tubes in the EPRI database for ODSCC at TSPs.

36 Conclusions

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 S 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 nominai crevice gap was 0.039
inch. Of the three TSP 1 regions that were burst tested, this was the only one with observed
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
corrosion.

Leak rate testing performed at elevated temperatures and pressures produced leak rates that
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 for the three specimens
which had Jeakage. 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
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.
This morphology is typical of pulled tubes in the EPRI database.

3.7 Evaluation of Pulled Tube Data for ARC Applications

This section evaluates the pulled tube examination results described above for application to
the EPRI database for ARC applications. The eddy current data is reviewed, including
reevaluation of the field data, to finalize the voltages assigned to the indications and 1o assess




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
criteria to assure acceptability for the database.

3.7.1 Eddy Current Data Review

Table 3-5 provides a summary of the eddy current data evaluations for the Braidwood-1
pulled tubes. For the field indications, there is little difference in the bobbin voltage calls
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
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
vanability in the voltage ~alls 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
reeva, uated field bobbin voltages are applied for application to the ARC correlations.

The f.cld bobbin data for the field NDD calls were reevaluated to derive the most appropriate
amplitude measuremecnts, where possible, for these very smail signals. This review indicated
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 10 probe wobble, selection of the flaw segment from the 300 kHz data, with due
allowance to avoid the probe wobbie segment, results in 2 mix signal with a 0.17 volt
amplitude (0.2]1 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 2 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
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
these low voltage levels and difficult signal to noise circumstances, the field reanalysis of
0.61 volt was appropriately conservative. However, for the tube burst correlation, it is more
appropnate 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 reevaiuated bobbin voltages for these two indications are used for application to
the ARC database and correlations.

As previously noted, the increases of 1 10 3 volts for the post pull bobbin voltages are typical
of many palled tubes in the EPRI database. Some tearing of ligaments between microcracks



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 voliage increases.
Thus, the pre-pull voltage measurements are acceptable for ARC applications subject to
further review if unexpected results are obtained by destructive examination.

3.7.2 Braidwood-1 Data for ARC Application

The Braidwood-1 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 SL.B 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 pressure 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 10 assess their influence on the EPRI ARC burst pressure, SLB probability of leakage and
SLB leak rate versus voltage correlatinns.

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 comparabie 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 § 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 | and 2
mul bands of corroded/uncorroded material at the ID of the burst crack faces. The indication
at TSP 5 had a low (0.04]1 Vhr) 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 voliages compared (v the field amplitudes. While it is possible that both ID ligaments
tore during the pulling operations, TSP 3 had the largest voltage increase (Table 3-6) but did
not leak even at SLB conditions. TSP 5 had only a one mii ligament which may have tom
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
uncorroded ligaments between microcracks.

The Braidwood-1 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 1d applies to potential tube pull damage but requires analyses to demonstrate that



uncorroded ligaments would not have torn at accident conditions. For the 50 mil long, 1 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
ligament at TSP 5 had leakage at normal operating and SLB conditions while the 2 mil
ligament did not leak even at accident conditio:is. Test data show that 50 mil throughwall
cracks, even without ligaments, may not leak at SLB conditions. In either case, Criterion 1d
does not provide a basis for excluding the Braidwood-1 leakage data from the database.
Criterion 2b applies only to indications > 20 voits which is not applicable to the Braidwood- !
indications. Criterion 2a applies to atypical ligament morphology and states that cracks
having < 2 uncorroded ligaments in shallow cracks < 60% deep shall be excluded from the
database. The indication at R42C44, TSP 7 has a maximum depth of 42% and three
uncorroded ligaments which does not satisfy the < 2 ligament criterion and the indication is
retained in the database.

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-1 tubes. Indications R27C43 TSP 3 and R37C34 TSP S have
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 § 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 throughwal length. Figure 3-9 shows the addition of the
Braidwood-1 data to Figure 5-1 and shows the EPRI 3/4 inch diameter database, SLB leak
rate as a function of throughwall crack length. It is seen that the Braidwood-1 indications,
inciuding 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 he directly assessed against outlier criteria 2a. As
shown in Section 4.9, the indication at Ri6C42 TSP 3 lies below the mean of the burst
correlation which excludes application of the outlier criterion 2a (applicable only to
conservative high burst pressure indications). The indications at R37C34 TSP 3 and R16C42
TSP 5 lie toward the upper end of the database for the burst correlation (Figure 6-7).
However, based on the destructive exam results for the five indications destructively
examined, it is reasonable to expect that these indications would satisfy criterion 2a. The
indications did not leak and Criteria 1d and 3 do not apply. Therefore, these indications are
included in the database for the EPRI IPC/APC correlations.



All the Braidwood-1 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-1 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.



Table 3-1

Comparison of NDE Indications Observed on Braidwood Unit |
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
Location
R16-C42 Bobbin: NDD | Bobbin: NDD Bobbin: NDD Bobbin: NDD SAL <20% deep at 135°
SP1 (FDB) RPC: NDD RPC: NDD RPC: NDD RPC: NDD
R16-C42 Bobbin: 3.1 V | Bobbin: 41 VOD Bobbin: 4.1 V OD Bobbin: 42 VOD Ind | SAI (0.4" long overall) at
SP3 OD Ind, 70% | ind, 55% deep Ind, RPC: MAI (2C), largest | 300", 85% deep, has several
deep RPC: MAI (207), 57% deep 46V & 0.36" long, branches 0.1 to 0.25" long
RPC: MAI I9V & 028" long & | RPC: MAI (20), minor crack has
I10), 1.7V 09V & 025" long largest 42 V & 0.36" volumetric components
max. long
R16-C42 Bobbin: NDD | Bobbin: 11.4 V dent Bobbin: 11.5 V dent Robbin: 12 V demt Possible MALI, all short and
SP5 (06 ViInd in RPC: NDD RPC: NDD RPC: NDD <20% deep
review of field
data)
RPC: NDD
R27-C43 Bobbin: NDD | Bebbin: NDD Bobbin: NDD Bobbin: NDD NDD
SPI (FDB) RPC: NDD RPC: NDD RPC: NDD RPC: NDD
NDD = No Detectable Degradation ~ SP = Support Plate V = Voliage Circ = 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 celiular corrosion #C = number of cracks



Table 3-1 (continued)

Comparison of NDE Indications Observed on Braidwood Unit |
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
Location
R27-C4) Bobbin: 49 V | Bobbin: 59 V OD Bobbin: 60 V OD Bobbin: 6.1 VOD Ind | MAI: three largest are 0.25" | Clear axial
SP3 OD Ind, 85% | Ind, 87% deep Ind, 83% deep RPC: SAL 48V & 05" | long at 340° (near Ind, 0.45"
deep RPC. MAI (20), RPC: SALASV & long throughwali), 0.2" long at long
RPC: SAIL 46V & 045" long & | 0.5" long 120° (27% deep) and 0.2"
53V 02V & 025" iong long at 107° (20% deep)
Deposits and possible Circ.
inds at SP bottom
R27-C43 Bobbin: NDD | Bobbin: 3.8 V dent Bobbin: 3.9 V dent Bobbin: dent SAl <26% deep at 330° No ind
& SPs RPC: NDD RPC: NDD RPC: NDD RPC: NDD
R37-C34 Bobbin: NDD | Bobbin: NDD Bobbin. NDD Bobbin: NDD NDD No ind
SPI (FDB) | RPC: NDD RPC. NDD RPC: NDD RPC. NDD
R37-C34 Bobbin: 10 V | Bobbin: 1.5 V OD Bobbin; 1.7 V OD Bobbin: 14 VOD Ind | MAL all short and <20% No Ind
SP3 OD Ind, 92% | Ind, 64% deep Ind, 71% deep RPC: MAI (2C), 07V | deep
deep RPC.SAL 07V & RPC: SAI (possible & 0.45" long, 0.25" long
RPC: SAI, 0.3" long MAI), 06 V & 045" | on minor Ind
| o3V long on clear Ind 3
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Table 3-1 (continued)

Companson of NDE Indications Observed on Braidwood Unit |
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
R37-C34 Bobbin' Bobb, 119 VOD | Bobbin: 120 VOD | Bobbin: 123 VOD Ind | Large axial Ind near 210°, | Clear axial
SPS 104 V OD Ind, /6% deep ind, 77% deep RPC: SAL 84 V & 05" | 032" long and 55% deep; | Ind (0.6%),

Ind, 82% deep | RPC.SALL82V & | RPC:SAL 77V & | long plus several short, shaliow | composed

RPC: SAl, 04" long 0.5 long axial Inds of 3C with

88V ligaments
R42-C44 Bobbin: NDD | Bobbin: NDD Bobbin: NDD Bobbin: NDD NDD No Ind
SP1 (FDB) | RPC: NDD RPC: NDD RPC; NDD RPC. NDD
R42-C44 Bobbin: 3.7 V | Bobbin: 66 V OD Bobbin: 6.7 V OD Bobbin: 68 VOD Ind | MAI in two clusters: one Clear Circ
sP3 OD Ind, 68% | Ind, 67% deep Ind, 70% deep RPC: MAI (4C), 46 V | near 60° (45% deep) and | Ind with

deep RPC. MAL 36V & RPC: MAI (>30C), & 06" long & 3 minor | other near 230° (20% deep) | axial

RPC: MAI 05" long & 05V & 36V &DS5 long & ones components

(20), 32V 04" long 05V & 04" long Possible Circ. Inds in SP (0.25%)

max. cenier near 35 and 295"

(both 35" long)

R42-C44 Bobbin: 2.1 V | Bobbin: 30 V OD Bobbin: 3.1 V OD Bobbin: 3.2 VOD Ind | MALI: deepest are 27% to No Ind
SPS OD Ind, 49% | Ind, 47% deep Ind, S0% deep RPC: SAL 27V & 04" | 38% deep and 0.2" long at

deep RPC: SAL 25V & RPC:SAL 13V & long with volumetric 130°, 110°, 50°, 30" & 345°

RPC: SAIL 0.3" long 04" long components

16V
R42-Cd4 Bobbin: NDD | Bobbin: 2.2 V dent Bobbin: dent with Bobbin: 2 V dent with | MAL, all short & <20% No Ind
sP? RPC: NDD with 0.9 V OD Ind, 09VODInd 31% 1.9 V OD Ind, 25% deep

27% deep deep deep
RPC: NDD RPC: MAL largest RPC: MAI (multiple
05V & 06" long short ones), largest
04V & 03" long
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Table 3-2
Braidwood Unit | Leak Test Results for Steam Generator Tubing

Test Conditions

(Pressure in psi, Temperature in °F)

R16-C42, SP3 NOC: 1265 zero P,= 2230, Pg= 965, T,= 610, T,= 613
ITC1: 1885 zero P;= 2410, Pg= 525, T,= 618, T= 621

ITC2: 2330 | zero P,= 2710, Pg= 380, T,= 621, T.= 622

SLB: 2540 zero P;= 2740, Pg=200, T,= 621, Te= 622

R16-C42, SPS | NOC: 1325 | zero P,= 2255, Py=930, T,= 608, T,=610
SLB: 2575 | zero P,= 2825, Pe= 250, Ty= 610, T,= 611

R27-C43,SP3 | NOC: 1260 | 0,034 P,= 2230, Py=970, Ty= 609, T,= 617
NOC: 1275 | 0.034 P,= 2250, Pg= 975, T,= 509, T.= 617

ITCl: 1860 0.290 P;= 2360, Pg= 500, T,= 603, T¢= 602

ITC2: 2315 0.835 P= 2690, Pg= 375, T,= 565, T¢= 563

ITC2: 2315 | 0.735 P,= 2690, Pg= 375, T,= 563, T,= 562

SLB: 2515 1.060 P;= 2780, Pg= 265, T,= 568, T.= 537

SLB: 2505 | 0972 P,= 2765, Py= 260, T,= 614, T,= 580

SLB: 2560 | 1.040 P,= 2755, Pe= 195, T,= 564, Ty= 562

R37-C34, SP3 NOC: 1280 zere P;= 2220, Pg= 940, T,= 616, Ts= 619
ITC: 2350 | zero P,= 2690, Pe= 340, T,= 622, T,= 628

SLB: 2530 zero P= 2755, Pg= 225, Tp= 625, Te= 625

R37-C34, SPS NOC: 1280 0.100 P,= 2230, Pg= 950, Ty= 579, Te= 596
NOC: 1275 0114 P;= 2230, Pg= 955, Ty= 592, Te= 605

ITCI: 1890 | 0.794 P,= 2370, Pg= 480, T,= 558, Te= 576

ITC2: 2255 | 6.390 P,= 2680, Pe= 425, T,= 567, Te= 490

SLB: 2500 9.440 P,= 2730, Pg= 230, T,= 559, Tg= 480

SLB: 2495 10.86 P= 2920, Pg=425, T,= 560, Te= 490

SLB: 2500 | 1069 P,= 2930, P= 430, T,= 575, T,= 473

R42-C44, SP3 | NOC: 1275 | zero P= 2250, Pg= 975, Ty= 626, T= 629
ITC1: 1895 zero P,= 2410, Pg= 515, T,= 630, Tg= 631

ITC2: 2310 | zero P= 2700, Pg= 390, T,= 629, Tg= 629

SLB: 2545 zero P= 2760, Pg= 215, T,= 626, T¢= 625

R42-C44, SPS NOC: 1345 0.005 P,= 2250, Pg=905, T,= 623, Ty= 626
ITC1: 1905 0013 P,= 2370, Pg= 465, T,= 624, Tg= 609

ITC2: 2330 0.034 P,= 2700, Pg= 370, T,= 613, T= 618

SLB: 2555 0.040 P,= 2770, Pg= 210, T,= 606, T¢= 613

R42-Ca4,. SP7 | NOC: 1320 | zero P,= 2240, Pg=920, T,= 615, Te= 617
SLB: 2485 | zero P= 2700, Pg= 215, Ty= 620, T,= 618

[egend Al data within a table DIOCK 15 presented in { T of iesting, = operating

conditions, ITC= intermediate test conditions, SLB= steam line break conditions, P,=
pnmary side pressure (psi), Pg= secondary side pressure (psi), T,= primary side
temperature (°F), Tg= secondary side temperature (°F)
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Room Temperature Burst and Tensile TcstT;be':ulis3fot Braidwood Unit | Hot Leg 3G Tubing
Location Burst Pressure Ductility Burst Length Burst Width 0.2% Offset Tensile UTS | Tensile Elong.
(psig) (% Dia) (inches) (inches) Tensile YS (psi) (psi) (%)
Ri6-C42, FS 10,900 R 1.592 0.301 49,700 97,960 340
Ri6-C42, SP! 10,720 IR 1.499 0.357
R16-C42, SP3 6.400° 109 0983 0283
R16-C42, SPS 10,640 26.0 1.351 0.353
R27-C4}, FS see below see below see below see below 62,280 113,630 o B
R27.C43, SP1 12.640 203 1.228 0267
{(FS equivalem)
R27-C43, SP3 6. 140" 96 1.002 0.256
R37-C34, FS see below see below see below see below 49,170 95,130 300
R37-C34, 5PI 10,660 R4 1.427 0319
(FS equivalent)
R37-C34, SP3 8.660° i6.5 1.156 0.350
R37-C34, SP5 4,730" 10.1 0.688 0.206
R42 C44, FS 11,630 293 1491 0274 60,990 104,790 ‘ 305
E R42.C44, SP3 5.380° 10.5 0.942 0.251
l R42.C44, SPS 7.100° 13 1.015 0.251
i R42-Ca4,  SP7 10,120 190 1.155 0.275
tomml (NX7368) 11,760 5.7 1 448 0.370 56,850 111,350 209°
56,830 112,380 26.2°

* = 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
cm"m‘ ".
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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 observed) | (visually observed)
R16-C42, FS NDD 1.00 no no
Ri6-C42, SPI NDD 098 yes yes
R16-C42, SP3 Ind (3.1V) 0.59 yes yes
R16-C42, SPS NDD 098 yes yes (360° around
circumference)
R27-C43, SP1 NDD 1007 no no’
I R27-C43, SP3 Ind (4.9V) 048 yes no yes
R37-C34, SPI NDD i.00" no"” no”
R37-C34, SP3 Ind (1.0V) 081 yes yes (360° around
il circumference)
R37-C34, SPS Ind (104V) 044 yes yes yes
R42-C44, FS NDD 1.00 no no
R42-C44, SP3 Ind (3.7V) 0.46 yes yes yes
R42-C44, SP5 Ind (2.1V) 061 yes yes yes
R42-Ca4,  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.

“-—-Bnmductilitywassolngelhuallde;mhmdoxideﬁhmtpdled.nnkingcnckobservatiomeay. 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, _ength vs. Depth Ductite Ligament
Location (inches/% throughwali) Locatiory Width (inches)

R27-C43, SP3 0.00/00 <--crack top

0.05/54

0.10777

0.20/86

0.25/82

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, SP5 0.00/0C «--crack top

0.05/88

0.10/100

0.15/100

0.20/100 {(Max. depth = 100%

0.25/100 over 0.20 inch) no ductile ligaments

©.30/100

0.35/88

0.40/58

0.45/09

(0.46)/00 {Ave. depth ~ 74%, <--crack bottom
Macrocrack Length =
0.46 inch)

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

mmmhmxmmmhm
** A 0.001 inch wide shear band exists on the fracture face, starting approximately 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 1D surface and the shear band had only intergranular features.

3-16

Tube, Length vs. Depth Ductile Ligament Comments
Location finches/% throughwall) Locationy Width (inches)
R42-C44, SP3 0.00/00 <--crack top No ligaments found
0.05/60 with infergranular
0.10/84 features occurring
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 igaments
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, SP5 0.00/00___ <--crack fop__ . Three ductile
0. <---Ligament 1 <--Ligament 1/0.001" wide
0.10/33 with dimple rupture
0.15/48 features occurring
0.20/67 over more than 50%
0.22/98 10100 of their length.
0.25/98 to 100" (Max. depth =98 to
0.27/98 1o 100**  100%"" over 0.05 inch)
0.30/93 to 95°*
0.35/67 ___ | igament <--Ligament 2 /0.0125" wide
0.40/90" ‘
0.45/52
0.50/24 <--Ligament 3 /0.005" wide
(0.53/00) L"'('Tvo" 3dq)lh = 54%, Macrocrack



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

Tube, Length vs. Depth Ductile Ligament Comments
Location (inches/% throughwall) Locatiory Width (inches)
R42-C44, SP7 0.00/00 <--crack top Three ductile
0.05/28 figaments observed
0.10/30 with dimple rupture
0.15/21 features occurring
0.20/21 over more than 50%
0.25/28 of their length.
0.30/32
0.35/35
0.40/42 (Max. depth = 42%)
0.45/37
8:55,2350'23"""""“‘"' 1 <--Ligament | /0.006" wide
0 o/ g<Ligament 2 <-Ligament 2 /0.007" wide
- ~Ligament 3 3 10.005" wide
(0.60/06) (Ave. depth = 25%, Macrocrack Zm
Length = 0.68 inch)
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Table 3-6 Summary of Braidwood-1 Pulled Tube Eddy Current Results
. Lab. Reevaluation of Field Data
S | Bobbin | RPC | Bobbin | ASME | Bobbin | Depth | RPC | Bobbin | RPC
P | Vois™ | Volts | Volts | Cal® | Volts® Volts | Volts | Volts |
fat e Steam Generator A
R27C43 | 1 | NDD | NDD | NDD I NDD | NDD | NDD | |
3 499 482 4.10 1.22 5.00 90% 48 6.1 48
NDD NDD NDD NDD NDD NDD
| R42c44 | 1 | NDD | NDD | NDD NDD | NDD | NDD
3 3.73 i 3.06 1.22 373 69% 29 6.8 46
5| 200 |15t | 168 | 122 | 205 | e% | 15 | 32 | 27 |
7| NDD | NDD | 017 | 122 | oa | DI | o1 | 10 | o4 |
Steam Generator D
R37C34 | 1 NDD NDD NDD NDD NDD NDD
3 1.04 0.33 0.76 1.20 0.91 89% 04 14 0.7
- 104 8.62 860 1.20 103 84% 74 123 K4
R16C42 | 1 NDD NDD NDD NDD NDD NDD
“ 3 3.12 343 2.79 1.20 3.23 79% 29 42 46
q S| NDD | NDD | 023 | 120 | 028 | DI | NDD | Dem | NDD
Notes: g
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
SEEE—
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Table 3-7 Braidwood-1 Pulied Tube Data for ARC Applications

T Bobbin Data Destructive Exam Results Leak Rate-Uhr Burst Pressure Data - ksi
Tube | S RPC
P Volts Max. Avg. Crack ™ No. N.O. | SLB Meas. o, o, Adj.
Voits | Depth Depth | Depth | Length | Length | Lig™ | 1300 | 2560 Burst Burst
psid™ | psid™ | Press. Press.
Steam Generator
R27C43 | | NDD NDD 0% (4) (4) 12640 | 62280 | 11363 | 10.778
3 50 0% 48 100% 7% 0.59" 0.10" 0 0.035 084 6.140 5.23%
S | NDD NDD 3 3) (3)
R42C44 ! NDD NDD 3) 3) 3) 60990 | 10479
3 in 69% 29 100%™ | 7i% 0.52" 0.05" 0 00 00 5.380 4868
5 208 61% L5 100%™ 54% 053" 0.05" 3 0.005 0041 7.100 6424
7 021 DI 011 2% 25% 0 68" 3 0.0 00 10.120 9157
Steam Cenerator
RI?C34 | & NDD NDD 0% (4) 4) 10660 | 49.170 | 95130 | 11.081
3 091 89% 04 3) 00 00 8 660 9.002
5 103 84% 74 100% 74% 046" 0.20" 0 0.12 128 4.730 4917
RI6C42 | | | NDD NDD 3) 4) 4) 10.720 | 49700 | 97960 | 10890
3 335 79% 29 3) - 00 00 6.400 6.501
s 028 DI NDD 3) 1 - 00 00 10.640 10.809
Notes:

“nwhweN -

Measured leak rates adjusted to reference conditions by applying methods of EPRI data report, Reference 5-1.
Number of uncorroded ligaments with > 50% of ligament length remaining in burst crack face.

Archive specimen and/or no destructive examinations performed.
Leak test not performed. Nosignifmemionfmdbymbnfolhwin‘buuw.udmleﬁagewouklhnvcoccmmd.
A 1 to 2 mil shear band of intergrannular corrosion and uncorroded material found at 1D of burst crack face.
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0* 90* 180° 270° 360°
Circumferential Position (degrees)
Figure 3-1 Sketch of the OD surface crack distribution found at the fifth

support plate (SP5) crevice region of tube R37-C34  Also shown

15 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
1s 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 rer on 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
15 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
1s 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 3-9

Comparison of 3/4" Leak Test Data with CRACKFLO Predictions
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40  ACCIDENT CONSIDERATIONS
4.1 General Considerations for Accident Condition Analyses

The 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 & 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. The hot standby loads include conservaticms based on low
water levels (at level of the top TSP) and include a siinultaneous feedwater transient. The
potential level of conservatism in the Model D4 hot standby loads is demonstrated by
comparing the loads with those obtained from & 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 & 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 probabilites
are provided in Section 4.11.

Section 4.6 develops the frequencies of occurrence for an SLB at Braidwood-1 at both
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 vsith 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
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tubes subject to significant tube deformation near the wedges are excluded 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. The following relates the
Westinghouse and Braidwood-1 nomenclatures for hot leg TSP identification:

TEEOwAO» E
~J W W e E

—— O 00

0
1

TSP 1 is the Flow Distribution Baffle (FDB). The 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-1 SGs. For comparison, the Model D3 SG, for which indications have been found
at the FDB, has a nominal hole diameter of [0.828 inch]".

42  Thermal Hydraulic Loads on TSP in a SLB Event

421 Intreduction

A postulated steam line break (SLB) event results in blowdown of steam and water. The
fluid blowdown leads to depressunzation of the secondary side fluid. Pressure drop develops
and exerts hydraulic loads on the tube support plate (TSP) or flow baffle. These 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
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



When fluid moves in the tube bundle, water will exert a higher pressure drop across the TSP
when compared to steam. Hot standby at zero power provides a solid water pool in the tube
bundle while power operation generates a steam and water mixture. Thus, hot standby would
be conservative in estimating the hydraulic loads on the TSPs, although the most likely mode
of operation is power operation if 8 SLB event occurred. Previous studies confirmed that the
hot standby yields the largest hydraulic loads when compared to full or partial power

operation.

Once & SLB event begins, it triggers a rapid depressurization, which leads to water flashing
across the water level. The 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.
Previous parametric evaluations indicate that a lower water level tends to yield higher
hydraulic loads on the tube support plates or baffles.

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

422 Hydrawic Loads of Model D3 under No Load, Hot Standby with Normal Water Level

In 1993, 8 TRANFLO calculation of hydraulic loads on the TSP under a SLLB event was
made for a Model D3 steam generator The calculation considers the initial conditions of
zero load, hot standby and a water level at about normal setting. The following describes the
calculation model.

The Model D3 stearn generator maintains 2 normal water level of | ]* above the top
of the tubesheet during no load, hot standby. The computational model considers a water
level of | ]' above the top of the tubesheet. Use of the no load, hot standby and a
water level of | ]* is thus conservative in estimating the pressure loads to tube
support plates. Water and steam temperature is initially at $57°F, and primary coolant
pressure 1s at 2350 psia, and secondary side steam pressure is at 1106 psia, and feedwater
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
secondary side of the Model D3 steam generator. Figures 4-3 and 4-4 present the nodal

network of the secondary fluid, pnmary 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
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adjacent nodes. Pressure drops through support plates or baffles are calculated by the code
for each flow connector, which represent a plate or baffle.

Blowdown flow induces fluid flow in the secondary side, and thus pressure loads to various
I'SPs and baffle plates. Figures 4-5 through 4-7 show pressure loads through TSPs and baffle
plates outside the preheater. The peak of pressure loads actoss TSP or baffle plates develops
within one second, and it then drops to a small value or becomes a quasi-steady state.

The 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
expeniences upward flow as the fluid leaves in the upward direction through the tube bundle.
Maximum loads occur at TSPs A, B ani T, about [ I' at the peak for TSP B on the cold
leg, [ ]' for TSP A on the hot leg, and | J for TSP T (i.e., the uppermost TSP).

423 Hydraulic Loads of Model D4 under Full Power with Normal Water Level

Although there are differences in the preheater design between the Model D3 and D4 steam
generator, it is judged that there would be ro 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.

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.
Therefore, hydraulic loads of Case 2 for the Model D4 is less than those of Case 1 for the
Model D3. When a SLB event initiates from a power operation, the blowdown flow path is
essertially 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.
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
because the flow area is half of a whole TSP and the majority of flow is passing through the
hot leg side.



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
of its relatively mild initial conditions.

424 Hydraulic Loads of Model D4 under No Load, Hot Standby with a Water Level at the
Uppermost TSP and an Excessive Feedwater Flow Transient

The TRANFLO computational model for this case is identical to Case 2 except for its imtial
and boundary conditions. This calculation of Case 3 uses extremes of both initial and
boundary conditions. No load at hot standby is already conservative compared to a2 most
likely m« » of full power operation, it considers & water level at the uppermost TSP, which is
by itself & vety rare transient. In addition, it imposes an excessive feedwater flow transient.
As discussed already, a water level at the uppermost TSP generates higher hydraulic loads
than a normal water level. An excessive feedwater flow introduces more solid water into the
tube bundle, which provides additional source of water for flashing action to tnigger more
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 | because of severe initial and boundary
conditions discussed above.

425 Summary

Table 4-2 summarizes the key parameters regarding the loads. As far as the maximum peak
load is concerned Case 2 for Model D4 yields slightly higher loads than Case 1 for Model
D3. This is because the flow area for the plate with maximum load is half of the whole plate
only, and there is no flow split. The lower TSPs of Case 2 expenence hydraulic loads much
less than those of Case 1, because there is almost no downward flow split for Case 2.

Peak loads of Case 3 are more than twice those of Case 2. Use of loads of Case 3 1s
conservative. It 1s believed that loads for Model D4 would be about the same as those of
Case | for Model D3, if the same initial and boundary conditions are used in the
computational model.

43  Structural Modeling for SLB TSP Displacement Analyses
This section summanzes the structural modeling of the Model D4 tube bundle region. A

finite element model of the hot leg region of the tube bundie is prepared, and corresponding
mass and stiffness matrices are generated The mass and stiffness matrices are then used in a
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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 loading, the finite element
model includes 90° of the tube bundle.

43.1 Matenal Properties

A summary of component materials is contained in Table 4-3, with the corresponding material
properties summarized in Tables 4-4 through 4-6. The 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
substructures, properties for the finite element model correspond to the values at 550°F. The
material properties for the tube support plates are modified to account for the tube
penetrations and flow holes. The density of the TSPs is also modified to account for the
added mass of the secondary side fluid

432 TSP Support System
The support system for the TSPs is a combination of several support mechenisms. A

schematic of the tube bundle region is shown in Figure 4-15, with each of the plates
identified. | P

' 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 baffle plates. However,
compared to the stiffness of the TSPs, baffle plates, and tierods, these structures are essentially
infinitely stiff and have insignificant displacements (<0.010) under SLB loads. Therefore, it is
acceptable to treat these 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
tubesheetdisplacements 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 aiso considered the non-lincar interaction between tubes and TSP due to
TSP rotation. The present analysis has not incorporated this effect, primarily due to the limited time
svailable to develop the system model. This effect may be considered in subsequent evaluations
to limit plate displacements.



r

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 sces a both a
significant upward and downward loading. Thus, the response is essentially linear either
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.




The 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
are shown in Figures 4-17 through 4-24. The finite element model representation of the
plates and tierods/spacers is shown in Figure 4-25.

433 Revised Matenal 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. The 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. The first step is to establish equivalent
parameters for Young's modulus and Poisson's ratio in the pitch and diagonal directions
(E,"/E, E'/E, v*, v,"), respectively. The equivalent Young's modulus for the overall plate is
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
directions, and then taking an average of the two values. The final equivalent value for
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.

There are two aspects to revising the plate density. The first i1s based on a ratio of solid area
to the modeled area. The 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 fiuid density with time, the analysis uses the average density
value for the duration of the transient Resuits of the calculations to determine effective plate
densities are summarized in Table 4-8. This 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.



434 Dynamic Degrees of Freedom

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
calculations are performed for each of the plates. The first set of calculations determine plate
mode shapes and frequencies using a large number of degrees of freedom (approximately 120
per plate). The second set of calculations involves repeating the modal analysis, using a
significantly reduced set of degrees of freedom (DOF). The 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 was selected as & cutoff, as it is judged that
higher frequencies will have a small energy content compared to the lower frequencies. This
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
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
response. Note that for Plate P, the frequency for Modes 3 and § for the reduced set of DOF
slightly exceeds the 10% objective for matching frequencies. These variations are not
considered to be significant, and the selected DOF are judged to give an acceptable
representation of the Plate P response. The reduced set of DOF consists of 8 - 10 DOF for
each of the plates.

43.5 Displacement Boundary Conditions

The displacement boundary conditions for the substructure generation consist primarily of
prescribing symmetry conditions along the "Y" axis for each of the components. Vertical
constraint 1s 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.

43.6 Application of Pressure Loading

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 reierence loads are



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

The transient pressures summarized in Section 4.2 are relative to the control volume for the
thermal hydraulic analysis. The area over which the hydraulic pressure acts corresponds to
the area inside the wrapper minus the tube area These 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
analysis.

44  Results of SLB TSP Displacement Analyses

As discussed in Section 4.2, several sets of SLB loads were considered in performing this
analysis. In addition to the system analysis, some preliminary single-plate evaluations were
performed to estimate the plate response to the applied loadings. Calculations were also
performed using the single plate models to estimate the effects of expanding tubes at various
locations in the tebe bundle to limit plate motions. The results for eack set of calculations is
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. The 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
simultaneous Feedwater Transient) using the single plate models, with and without tube
expansion. These 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.

Comparing the results for the three SLB sets of loads using the system model shows that for
the limiting SLB loads, Plates A (1H), C (3H), and J (7H) experience displacements greater
than 0550 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 (1H) 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.
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The 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 (1H), C (3H), and J (7H) for the limiting set of SLB
loads are shown in Figures 4-32 through 4-35. The consistent displacement pattern is
apparent for the three plates. Displacement time histories for each of the plates for the
limiting transient loads are provided in Figures 4-36 and 4-37. The bottom four plates are
shown in Figure 4-36 and the upper four plates in Figure 4-37,

As discussed previously, tubesheet displacements are not significant and were scaled from the
Model D3 analysis. The geometry of the tubesheet and supporting structures for the two
designs is nearly identical. A summary of key dimensions for the two models of steam
generators i1s provided in Table 4-11. Displacement results for the tubesheet from the

Model D3 analysis as a function of distance from plate center for several transient times are
summarized in Table 4-12. At the bottom of this table a summary of the tubesheet
displacements relative to time zero are presented. The relative displacements are shown to be
quite small relative to the plate displacements. This is especially true at the outer edge of the
tubesheet where the plate displacements are a maximum.

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

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

Also relevant in assessing the appropnateness of the elastic solution, are the stresses in the
plates. Thus, 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. The stresses are calculated by extracting displacements from the dynamic
analysis for each plate degree of freedom, and then applying those displacements to the finite
element model. The finite element code then back-calculates the displacements and stresses
for the overall plate model.

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



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

J (TH) at the critical times for the SLB + Excess Feedwater transient and for Plates A (1H)
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 resuits.

Additional boundary conditions corresponding to lines of symmetry and appropriate rotational
constraints are also applied to the model. The finite 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. The stress multiplication
1s performed by another special purpose computer program, SRATIO.

In order to interpret the stress results, stress contour plots for the maximum and minimum
stress intensities have been made for each plate. The 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(1H), C(3H), and J(7H) are shown in Figures 4-38 to 4-45,
respectively. These 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
1 are judged o be conservative. Thus, it is judged that the effective plate stresses will be
judged to be elastic for all transient cases.

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
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
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

4-12



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

[

* The corresponding stress intensity is
twice the shear stress.

A summary of the reaction forces and corresponding stresses for each of the bar locations for
the locations considered is provided in Table 4-13. The results show all of the stresses to be
low (<2 ksi) for & faulted event. The allowable stress for the welds is based on

248, x 1.5 x 0.35 (for fillet welds with visual examination) for carbon steel. S_ at 550°F is
15.5 ksi. The resulting allowable stress intensity is 19.53 ksi, and the weld stresses are

acceptable.

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

45  SLB Displacements By Tube Location

In order to establish probabilities for tube burst as a result of relative plate / tube movement,
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 a maximum
displacement > 0.80 inch. It is the relative plate / tube displacement that is of interest, with
the tube and plate positions at the start of the SLB transient defined 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. Therefore, the cold
condition TST" 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
inspections indicate that there is little relative movement between the tubes and plates
throughout the operating cycle. Thus, this analysis calculates relative tube / TSP motions
based on the tube / plate positions at the initiation of the SLB transient.

The algorithm for calculating the relative displacements is as follows:

AD = (Dy.y = Dyug)pme = (Dye1 = Dycg Druvesn » Where
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Dy, = Plate Displacement
Dy iestoe: = Tubesheet Displacement

T = Time of maximum displacement from dynamic analysis

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

The 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

combined with the scaled tubesheet displacements, to arrive at a combined relative

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.

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 iubes 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
each of the SLB loads is provided in Table 4-15. Note that at the top of Table 4-14, the
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.

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), R1C1.
As can be observed in the displaced geometry plots in Figures 4-32 - 4-35, the displacement
gradients at the corner of the plate are high, so the maximum differential displacement at
RIC1 is less than the maximum plate displacement reported in Table 4-15.

46  SLB Frequency at Hot Standby and Full Power Conditions

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
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Braidwood Unit 1, a review of References 4-1 and 4-2 for the Byron Nuclear Power Station
Units | and 2 was completed.

46.1 Secondary Side Breaks

Two main feedline pipe breaks have occurred on Westinghouse designed PWRs. The feedline
breaks were downstream of the main feedwater isolation valves (MFWIVs), outside
containment. The number of years at criticality calculated for all Westinghouse designed
PWRs is 1370 years (Reference 4-1).

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

where 1 is the number of failures and t is the time interval. Substituting r = 2 and t = 1370,

= 2(2)*1 = 2'5 =
mean = 21370) - 1370 SE Wiyea

Since no secondary side breaks have occurred, other than these two main feedline breaks, the
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
upstream of the MFWIVs and (2) secondary side breaks upstream of the MSIVs or
downstream of the MFWIVs. The same frequency 1s used for both types of
steamliine/feedline breaks. That 1s,

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.

46.2 Hot Standby and Full Power Conditions Evaluations
A review of the operating histones 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 shown in Table 4-17. The frequency of Mode 3 operation is defined as:

4-15§



.__Days in Mode 3 _ 361 _
i and At bt 77 "3 ¥ THE - Riane

Freguency of Mode 1 » 1 - Mode 3 = 0962

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
break upstream of the MSIVs gives a frequency of secondary side break upstream of the
MSIVs in the Mode 3 condition and in the Mode 1 condition of:

Mode 3 Secondary Side Break = (1.8E-Q3/year) x0.038 = 6.8E-QSpyr.

Mode | Secondary Side Break = (1.8E-03/year) x 0962 = 1.7E-Q3/yr.

47  Tubes Subject to Deiormation in a SSE + LOCA Event

This section deals with accident condition loadings in terms of their effects on tube
deformation. The 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
(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
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 concern, 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.

47.1 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
the response spectra input into acceleration time history input. Acceleration time histories for
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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 o.iginal specified spectrum. The resulting three orthogonal time
histories are then applied simultaneously at each steam generator support to perform the
analysis.

The analysis is performed using the WECAN finite element computer program. The
mathematical model consists of three-dimensional lumped mass, beam, and pipe elements as
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 these locations. The primary loop
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
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
combination. In modeling the tube bundle internals-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
identified. The 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
because 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
plates would be distributed among the various plates and baffles resulting in reduced loads.
However, it is difficult to estimate these loads, due to the flexible nature of the partition plate
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),
FIG(5), JK(7)).

In the absence of a plant specific seismic analysis for Byron Unit 1 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. The spectra for these two
plants were selected because of similar frequency content in one case, and because of a
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 resuits 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
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and support vanations, and for spectra frequency content effects, [  ]* kips is used for the
seismically induced load in calculating the resulting plate deformations.

472 LOCA Analysis

LOCA loads are developed as a result of transient flow, and temperature and pressure
fluctuations following & postulated primary coolant pipe break.* As a result of a LOCA
event, the steam generator tubing is subjected to the following loads:

1) Primary fluid rarefaction wave loads.
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.

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 W G
The principal tube loading during a LOCA is caused by the rarefaction wave in the primary

fluid This wave initiates at the postulated break location and travels around the tube
U-bends. A differential pressure is created across th: . .o lers of the tube which causes an

. Based on the prior qualification of the Byron / Braidwood steam generators for leak
before break requirements for the primary piping, the limiting LOCA event is one of the
branch line breaks. However, bounding LOCA load calculations for Byron Unit 1 /
Braidwood Unit 1 are not available for the smaller breaks. As a conservative
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 tim2s larger than the smaller pipe breaks, and
thus, it is judged that these loads form a conservative basis for the small pipe breaks for
Byron Unit 1 / Braidwood Unit 1.
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in-plane horizontal motion of the U-bend. This differential pressure, in turn, induces
significant lateral loads on the tubes.

The 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
time of 1.0 msec of full flow area, simulating an instantaneous double-ended rupture is
assumed to obtain 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
in the T/H model is provided in Figure 4-47. Typical primary pressure time-histories
following & LOCA are shown in Figure 4-48 for nodes 8 through 15 (in Figure 4-47) on the
cold ieg of the largest radius U-bend. For the structural evaluztion, the tube loads result from
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-bends is in the
plane of the U-Bend. Thus, the individual tube motions are not coupled by the anti-vibration
bars. Also, only the U-bend region is subjected to high bending stresses. Therefore, the
structural analysis is performed using single tube models limited to the U-bend and the
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. The 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/TSP 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.
These 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
calculated.

LOCA Shaking Loads
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 smali compared to those due to the rarefaction wave induced motion.

To obtain the LOCA induced hydraulic forcing functions, a dynamic blowdown analysis is
performed 1o 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,
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.

473 Combined Plate Loads
A summary of the resulting LOCA and seismic loads is provided in Table 4-19. In

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.



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.

474 Tube Deformation

In estimating the number of deformed 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 | I* inch. In reporting the crush test results, tube
d-formations were reported for vanous 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.

Using the crush test data, a correlation is developed between elastic plate load and the number
of tubes that would have a deformation of | 1" inch or greater. It is this correlation,
summarized in Table 4-21, 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°

475 Tube Maps / Summary Tables for Potentially Affected Tubes

Byron Unit 1 and Braidwood Unit 1 are four-loop plants. As such, there are two loops with
"lefi-hand” steam generators and two loops with "right-hand” steam generators. These
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

* The [ ]* 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 qualificat'on of Byron / Braidwood for leak before break for their primary piping,
would reduce the number of tube 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 s 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
numbers for the nght-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 1 and Braidwood Unit 1 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 itmiting

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

48  Allowable SLB Leakage Limit

An evaluation has been performed to determine the maximum permissible steam
generatorprimary ‘o secondary lezk 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
pnmary and secondary coolant iodine activity levels of 1 uCi/gm and 0.1 uCi/gm I-131,



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. The SG in each of the three
intact loops was assumed to leak at a rate of 150 gpd (approximately 0.1 gpm), the proposed
Technical Specification LCO for implementation of [PC. The allowable ieak rate will
increase in inverse proportion to a reduction in the primary and secondary equilibrium coolant
activity.

Thirty rem was selected as the thyroid dose acceptance criteria for a steam line break with an
assumed sccident initiated iodine spike based on the guidance of the Standard Review Plan
(NUREG-0800) Section 15.1.5, Appendix A. Only the release of iodine 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 assump*ions follow.

®Initial pnmary coolant iodine activity - 1 uCi/gm DE 1-131

The calculation of primary coolant DE 1-131 is based on a mixture of 5 iodine nuclides (I-131
through 1-135) and the dose conversion factors of TID-14844, consistent with the

Braidwood Technical Specification definition of DE I-131.

®[nitial secondary coolant iodine activity - 0.1 uCi/gm 1-131

The calculation of secondary coolant 10dine activity is based on actua! I-131 activity rather
than DE I-131. Although, this is somewhat more conservative than the Technical
Specification LCO which is based on DE 1-131, secondary coolant activity stiil accounts for
less than 6% (1.75 rem) of the allowable offsite dose.

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

- from 3 SGs in the intact loops, 416,573 Ib
- from the affected SG, 96,000 Ib (the entire initial SG water mass)

® Jodine partition coefficients for primary-secondary leakage

- SGs in intact loops, 1.0 (leakage is assumed to be above the mixture level)
= SG in faulted loop, 1.0 (SG 1s assumed to steam dry)



®  Jodine pasuuon coefficients for activity release due to steaming of SG water

- 8Gs in intact loops, 0.1
- 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’

® Thyroid dose conversion factors (I-131 through 1-135) utilized in offsite dose
calculation, ICRP-30

The 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
previously, the release of the activity initially contained in the secondary coolant (4 SGs)
results in & site boundary thyroid dose of approximately 1.75 rem. The dose contribution
from | gpm of primary-to-secondary leakage (4 SGs) is approximately 3 rem. With the
thyroid dose limit of 30 rem and with 1.75 rem from the initial activity contained in the
secondary coolant, the total allowable primary-to-secondary leak rate is (30 rem - 1.75)/3 rem
per gpm, or 9.4 gpm. Allowing 0.1 gpm per each of the 3 intact SGs leaves (94 - 0.3) or 9.1
gpm for the SG on the faulted loop.

49  Acceptability of the Use of TRANFLO Code
491 Background

In the early 1970's, there was & need to accurately predict the steam generator behavior under
transient conditions, such as a steam line break (SLB) event; a transient can develop thermal
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
conservatively model the thermal and hydraulic conditions within the steam generator under
transient conditions.

The secondary side of the steam generator involves water boiling under high pressure during
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
this characteristic of two-phase fluid behavior. In the early stage of the computer code
development and technology of two phase flow, a homogeneous model was used. For current

4-24



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. The first version of TRANFLOC 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, Westinghouse has made several
enhancements to the code and has performed the appropriate verification and validation of
these changes. These changes do not significantly affect the calculated pressure drops across
the steam generator tube suppori plates.

492 Acceptability of Application of TRANFLO

The 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 spectrum of steam line breaks Its
output was the prediction of the quality of the steam at the break as a function of time. The
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
entering into the separation stages. The calculated rate, quality and energy content of the
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
appropniate for predicting SG behavior (including tube bundle region) under the range of SLB
conditions.

For the current application, TRANFLO is used in conjunction with a structural analysis code
to predict TSP movement following the same SLB event. The 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
bundie as calculated by TRANFLO have been previously reviewed Further justification of
the adequacy of the pressure drop calculation is discussed in Section 4.9.4.

493 Different Versions of TRANFLO

The 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. The
following are descriptions of each of them.



The Original Version (Apcil 1974

This 1s the original homogeneous model, which MPR Associates developed in April 1974
The code predicts mass flow rate, pressure, pressure drop, fluid temperature, steam quality
and void fraction. The code document includes results of TRANFLO calculations for a 51
Series steam generator subject to water and steam blowdown due to an SLB event. The
document also presents code verification using blowdown test data from pressurized vessels.

Westinghouse documented this version in detail in September 1976, including code
verification using vessel blowdown data Sensitivity analyses were also performed and
documented to show that the modelling was conservative. This included sensitivities to loss
coefficient.

The 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. The code considers fluid flows being one-dimensional.

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.
The system model allows flow entering or leaving any control volume. This then allows that
feedwater flows into a steam generator and steam flows out of it. The 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
from forced convection to subcooled liquid through boiling and forced convection to steam.

The Drifi-F . |

«his version implements a drifi-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 medification 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.

TRANFLO Version 1.0 (November 1991)

This 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



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

TRANFLO Version 2.0 (January 1993)
This version provides an option for two inlets of feedwater flow into the steam generator. It

involves minor chunges to a subroutine for specifying feedwater flow. This version is used
for separate inlets of simultaneous feedwater flow from main and auxiliary feedwater nozzle.

494 \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.c.,
elemental control volume and flow connector). It is critical to accurately simulate the
pressure drop inside a steam generator that consists of various components, such as the tube
bundle with tube support plates, moisture separators, and downcomer. Hydraulic loads on
various components depend on accurate pressure drop calculations. Thus, it is important to
verify the pressure drop calculations through the circulation loop.

The 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. The 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
steam pressure, steam flow rate, circulation ratio, pressure drops, and other thermal-hydraulic
data. The circulation ratio is a ratio of total flow through the tube bundle to feedwater flow.
For a dry and saturated steam generator, there exists a hydrostatic head difference between the
downcomer and the tube bundle. This head difference serves as the driving head to circulate
flow between them (see Figure 4-68). The driving head is constant for given operating
specifications, such as power level and water level. The total pressure drop through the
circulation loop is equal to the driving head.

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.



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

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

495 Summary

This section presents a summary of the adequacy of the TRANFLO code for its current
applications. Blowdown tesi data of simulated reactor vessels validate the adequacy of the
code in predicting the steam and water blowdown transient. The NRC has accepted the
TRANFLO code in calculating mass and energy release to the containment during 2 steam
generator blowdown due to feed or steam line break.

As part of its review, the NRC accepted the code's ability to accurately predict local thermal-
hydraulics in the vessel. The 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.

Test data of pressure drops from model boiler and field steam generators have been applied to
verify the correlations for the loss coefficients.

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 & steam generator due to a feed or
steam line break.

410 Updated Mo« 2l D4 SG SLB Thermal Hydraulic Loads on TSPs

4.10.1 Introduction



Section 4.2 provides bounding thermal hydraulic loads on TSPs using the existing results
calculated by TRANFLO code. This section presents an updated TRANFLO modei of the
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 fuli power operation. Table 4-38 lists the initial and
boundary conditions for these three cases. In addition, the model considers a guillotine break
and & 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 $ and Case 6. As
known, charactenistics of two-phase flow depend on void fraction, and so does the pressure
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 bundie than
typically expected for full power operation. Case 6 documents a run with typical initial void
fractions in the tube bundle for Braidwood Unit 1 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
TRANFLO code.

The updated TRANFLO computer raodel 1s composed of a network of nodes and connectors
that represent the secondary side fluid, tube metal heat transfer and primary coolant. Figures
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:

31 nodes (i.e., Nos. 22 through 52) for secondary fluid.

44 fluid connectors (i.e., Nos. 23 through 66) for secondary fluid.

21 nodes (i.e, Nos. 1 through 21) for primary coolant.

22 fluid connectors (i.e., Nos. | through 22) for primary coolant.

21 heat transfer nodes (i.e., Nos. 1 through 21) for tube.

42 heat transfer connectors (i.e., Nos. 1 through 42) from primary to secondary fluid.

AW -

4103 Loss Coefficient of Pressure Drop through TSPs

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 baffles are



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. This 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. The 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 loss 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 foim loss, is less than the pressure drop between the nodes below
and above the plate.

4104 Hydraulic Lcads of the Updated Model D4

Figures 4-75, 4-76 s.d 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 S and Case 6, respectively. Please also
note that water level is at the normal setting (i ., 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 S, but the opposite is true
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.

4105 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.



4.11 Updated Model D4 SG SLB TSP Displacement Analyses

This section presents updated 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
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
(pinned) connections. Third, the upward support provided to Plates A(1H), C(3H), and J(7TH)
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.

411.1 Matenal Properties

An expanded summary of the component materials including the tubesheet, channel head, and
shell, which were added to the model, is contained in Table 4-40. Material properties for the
tubesheet, channel head, and shell are summanized in Tables 4-41 through 4-43. The
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. The material properties for
the tubesheet are subsequently modified to account for the tube penetrations.

4.11.2 TSP Support System / Finite Element Model

The support system for the TSPs is discussed in Section 4.3.2. With the exception of
incorporating the wedge support for Plates A(1H), 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.

The 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
steam generator.



4113 Revised Material Properties

As noted earlier, the material properties for the tubesheet are modified to account for the tube
penetrations. The properties that are modified are Young's modulus, Poisson's ratio, and the
material density. The formulations for revising Young's Modulus and Poisson's ratio are
discussed in Section 4.3.3. The density modification for the tubesheet is based solely on an
area ratio of the actual perforated tubesheet to the equivalent solid plate.

4114 Dynamic Degrees of Freedom

The dynamic degrees of freedom (DOF) used in the analysis are essentially unchanged from
the prior calculations. Several DOF have been added for Plates A(1H), C(3H), and J(7TH) 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 434, 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
modes less than 50 hertz The final set of DOF defined for these plates is a combination, or
union, of the sets of DOF resulting from the two possible suppurt conditions, with and
without wedge support

4115 Displacement Boundary Conditions

The 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.

4116 Application of Pressure Loading

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

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
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.

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



re-distribution of the limiting displacements away from Plate J to Plate C. This 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°.

The limiting plate displacements are still confined to a small region of the plates at the outer
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
Sautdown are shown in Figures 4-86 and 4-87, for SLB from Full Power in Figures 4-88 and
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. The dynamic analysis results establish that the
stayrods do, in fact, remain elastic throughout the transient. |

]' In both instances, these elongations are
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 plate
stresses are shown in Section 4.4 to be generally low throughout the plate, and that the elastic
analysis is 8 good approximation of the transient plate response.

Similarly, stresses in the welds between the vertical bars and the partition plate and wrapper
will be bounded by the results for the SLB + Excess Feedwater transient. A summary of the
reaction forces and corresponding stresses for each of the bar locations for the initial set of
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
dynamic response of the TSPs to the applied loading.

4118 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
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number of tubes in each plate quadrant is one-half of the values listed. There are no tubes
with relative tube / tubesheet dispiacements that exceed 0.35 inch for SLB from full power
with prototypic void fraction, thus this transient is not included in Table 38. A summary of
the total number of tubes having displacements > 0.35 inch for each of the SLB loads is
provided in Table 4-46. Note that at the top of Table 4-46, the limiting displacements as
reported in Table 4-44 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.

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, R1C1. Note that the displacement at the edge of the plate represents the
change in differential tubesheet displacement from time = 0. This relative displacement from
time = 0 1s 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
plate displacement. As can be observed in the displaced geometry plots in Figures 4-83
through 4-85, the displacement gradients at the corner of the piate are high, so the maximum
differential displacement &t R1C1 is less than the maximum plate displacement.

The 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.) The 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. These relative displacements are typically < 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. Thus, 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. The 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 & time in the
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

Initial and Boundary Conditions of the TRANFLO Calculation Models
for Model D3 snd D4 Steam Generator

: 0 | ~ond
SG Mode of Steam Nozzle
Case Model Operation Water Level Flow Limiter  FeedwaterFlow
i D3 Hot Standby (@ ~ Normal Setting Yes Small

2 D4 Full Power (@ Normal Setting Yes Full Flow

3 D4 Hot Standby @ Uppermost TSP Excessive




Table 4-2

Peak Pressure Drop at Differeat Tube Support Plates

(Hot Leg Only for Half Plate)
SG & Case SG & Case SG & Case
Flow splits within tube bundle Yes No Yes

TSP with max peak Dp ot
Peak Dp @ uppermost TSP

Max peak Dp, psi
Peak max Dp @ bottom Plate

Dp @ Hot Leg Top TSP




' Tube Support Plate $A-285 Grade C
| .

SA-106 Grade B
SA-106 Grade B
Inconel 600




Table 4-4

Summary of Material Properties
SA-285, Gr. C

; TEMPERATURE i
___PROPERTY____CODEED 70 | 200 | 300 | 400 | 500 600 700 |
| Young'sModulus 71 | 2790/ 2770] 2740 2700 2640 2570 24380
! | ; i ! i | !
| Coefficentof Thermal | 71 | 607 638 660 682 702 723 744
' ! : ! * ; |
! Density R ’ 0284 0283| 0283 0282 0281 0281 0280
3 | 735|733 732| 73| 728 726 1725
| ;’ ' | | | |

PROPERTY U.IITS )|

" Young's Modulus | psi x 1 0E06 !

| Coefficientof Thermal |  infin/deg F x 10E06 |

" Expansion 5 3

| | |

‘;‘ Density | ib/in"3 i

| lbsec’2méx 1 0E-4 |

| |




Ib-sec”2/in™ x 1 OE4 |

PROPERTY lcjonsm 70 | 200 | 300 | 400 | 500 | 600 | 700 |
Young's Modulus 71 2790] 2770] 2740 2700 2640 2570] 24.80|
; ‘ i
Coefficient of Thermal 71 607 638 660, 682 702 723 744
;
; Density - 0284/ 0283 0263 0282 0281 0281/ 0280
l 73s| 733| 732 730, 728 726 725
1 J
PROPERTY UNITS !
' Young's Modulus | psi x | OE06 j
f | |
| |
| Coefficient of Thermal | in/in/deg Fx 10E-06 |
Expansion ; i
| Density IbAn"3 |




Table 4-6

Summary of Matrial Properties

S$B-166

TEMPERATURE

% Density Ib/in"3
i | Ib-sec"2/in™4 x | OE-4

Sty

| 300 | 400 | 500 | 600 700

3050 3000] 2960 2920 2860

75| 770 780 7% 800

| | |

Density - - 0306 0305/ 0305 0304/ 0303 0302

- 7923 7905 7886 7867 7847 7828

| g | 1 -

|____PROPERTY UNITS i
" Young's Modulus | psi x | OE06 ;
Coefficient of Thermal | /in/deg. F x 1. 0E-06 |
f Expansion : |






Table 4-8

Summary of Effective Plate Densities




Table 4-9

Comparison of Natural Frequencies
Full Versus Reduced DOF

| »




Table 4-10

Summary of TSP Displacements for
Postulated SLB Events for Model D3 and D4 Generators*




Table 4-11

Comparison of Component Dimensions
Model D3 versus Model D4 Steam Generators

Shell ID
Shell Thickness

Channel Head Bow!l Radius
Channel Head Thickness

Tubesheet Thickness
Hole Diameter
Number Holes

Tube Pitch




Table 4-12

Summary of Tubesheet Displacements
Model D3 SLB Analysis




Table 4-13

Summary of Vertical Bar Stresses
Model D4 Steam Generstors




Table 4-14

Summary of Number of Tubes Having Different Displacement Magnitudes
Model D4 Steam Generator
Steam Line Break Load Cases




Table 4-15

Summary of Tubes Having Relative Tube / Plate Displacements
That Exceed 0.400 inch




Table 4-16

Comparison of Maximum Displacement at Plate Edge and at Limiting Tube Location




Table 4-17

Braidwood Unit 1| Mode 3 Durations

N/A 360 * 5/18/91
AlF19 7/16/91 0 772791 60
AlF20 10/9/91 0 10/14/91 74 I
AlF21 11/6/91 54 11711191 24 ]
AlF22 2/5/92 62 2/7192 86 I
AlF23 32219 8 3721/92 43
AlR03 9/1/92 26* N/A 165

Hovrs in Mode 3 = 510
Days in Mode 3 = 21.2

Online Dayr = 452
Days in Cycle = 472

N/A 56* 1173/92
I AIMO3 11/20/92 124 11/25/92 18
I AlF24 1/7/93 38 1/14/93 4
I AITMO4 5/29/93 35 5/30/93 136
AlF2S 6/2/93 65 6/7/93 -
AlF26 10/24/93 21 11/11/93 140
A1R04 3/4/94 18* N/A 114

Hours in Mode 3 = 357
Days in Mode 3 = 149

times associated with planned refueling outages.

Cycle 3 percent of time spent in Modz 3 = 4.50%.
Cycle 3 percent of time spent in Mode 3 minus Refuelling Mode 3 hours = 1.09%.
Cycle 4 percent of ime spent in Mode 3 = 3.05%.
Cycle 4 percent of time spent in Mode 3 minus Refuelling Mode 3 hours = 2.42%

4-52

Online Days = 456
Days in Cycle = 487




Table 4-18
Summary of Maximum Plate Loads

SSE Seismic Condition
Byron Unit 1 / Braidwood Unit 1 Steam Generators

a.c




Table 4-19

Summmary of Maximum Plate Loads
Cambined LLOCA Flus SSE Transient Conditions
Byron Unit 1 / Braidwood Unit 1 Steam Generators




Table 4-20
Summary of Individual Wedge Loads
Combined LOCA Plus SSE Transient Conditions
Byron Unit 1 / Braidwood Unit 1 Steam Generators




Table 4-21

Number of Tubes with AD > [0.030]* inch Versus Load
Byron Unit 1 / Braidwood Unit 1 Steam Generators

a,c




Table 4-22

Summary of Number of Tubes with AD > [0.030]* inch
Byron Unit 1 / Braidwood Unit 1 Steam Generators
LOCA Plus SSE Loading Conditions

ac




Table 4-23

Tubes Potentially Susceptible to Cellapse and In-Leakage
TSF C(3H), D(3C)
Left-Hand Unit

a.c




Table 4-24

TSP F(5H), G(5C)
Left-Hand Unit




Table 4-25

WWW%WMI}W
ld-ﬂandUnit




Tabie 4-26

Tubes Patentially Susceptible to Collapse and In-Leakage
TSP L48) - N(10)
Left-Hand Unit




Table 4-27

Tubes Potentially Susceptible to Collapse and In-Leakage
TSP F(11)
Left-Hand Unit




Table 4-28

Tubes Potentially Susceptible to Collapse and In-Leakage
TSP B(2C)
Lefi-Hand Unit
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\ Table 4-29

Tubes Potentially Susceptible to Cdllapse and In-Leakage
TSP E(4C), H(6C)
Left-Hand Unit

4 - 64




Table 4-30

Tubes Potentially Susceptible to Collapse and In-Leakage
TSP C(3H), D(3C)
Right-Hand Unit




Table 4-31

Tubes Potentially Susceptible to Collapse and In-Leakage
TSP F(5H), G(5C)
Right-Hand Unit
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Table 4-32

Tubes Potertially Susceptible to Collapse and In-Leakage
TSP J(7H), K(7C)
Right-Hand Unit




e Gl

Tahle 4-33

Tubes Patentially Susceptible to Collapse and In-Leakage
TSP 148) - N(10)
Right-Hand Unit




Table 4-34

Tubes Potentially qu@?eﬂtrl?ﬂnpo and In-Leakage
Right-Hand Unit




Table 4-35

Tubes Potentially Susceptible to Collapse and In-Leakage
TSP B2C)
. at-Hand Unit




Table 4-36

Tubes Potentially Susceptible to Caollapse and In-Leakage
TSP E(4C), H(6C)
Right-Hand Unit

a.c




Table 4-37
Table and Figure Index for TSP Row/Column Identification

i 4-11 418 49, 4-10

. 46 4-13 49, 4-10

D 46 4-13 4-11, 4-12

E 4-12 4-19 4-13, 4-14

i 4.7 4-14 4-15, 4-16

G 4-7 4-14 4-17, 4-18

H 4.12 4-19 4-13, 4-14

J 4-8 4-15 49, 4-10

b 48 4-15 49,410 |

L 4.9 4-16 4-19, 4-20

M 49 4-16 4-19, 4-20

N 4.9 4-16 4-19, 4-20 :
| P _4-10 4-17 4 21 4 22




Table 4-38

Initial and Boundary Conditions of the Updated TRANFLO

Calculation Models for Model D4 Steam Generator

Initial Conditions

SG Mode of
Case Model Operation
4 D4 Hot Standby
5 D4 Full Power
6 D4 Full Power
Notes:

»
values

expected for full power.

** A run with typical initial void fractions in the tube bundle for Braidwood

Unit 1

at full power operation.

Water Level

Boundary Conditions
Steam Auxiliary

Nozzle Feedwater
Flow Flow
Limiter

A run with lower initial void fractions in the tube bundle than the typical



Table 4-39

Peak Pressure Drop at Different Tube Support Plates
(Hot Leg Only for Half Plate)

3

5G

D3

D4

D4

D4

D4

Identificat
ion

D3-1

D4-2

D4-3

D4-5

D4-6

Operating
Condition

Hot
Standby

Full

Power

Het
Standby
with
Excess
Feedwater

Hot
Standby

Full

Power

Full
Power

Water Level

Flow splits
within tube
bundle

TSP with
max peak Ap

Bottom

HL TSP L

Uppermost

HL TSP L

HL TSP L

Peak Ap at
uppermost
TSP, psi

Max peak
Ap, psi

Peak Ap at
bottom
plate

Ap at HL
TSP L

(Elev. of
Top TSP of
Preheater)

1.18

2.

53

3.39

0.58

2.

01

3.67

* BSee Table 4-31 for description of differences in initial void fraction
between Case 5 and Case €.



Table 4-40

Expanded Summary of Component Materials

. Component _ Muernl |
| Channel Head SA 216 Grade WCC |
| Tubesheet | SA-508 Class 2a

| Shell \ $A-533 Grade A Class 2

' TubeSupportPlate | SA-285Grade C

| Stayrod | SA-106 Grade B

| Spacer : SA-106 Grade B

' Tube _Inconel 600




“PROPERTY |

: \ oung's Modulus

Cocfficient of Thermal
Expansion

Density

PR()PLR ﬁ

\nuan Moduan o

Coefficient of Thermal
Expansion

Density

Table 4-41

Summary of Material Properties
SA'Z“; GI’. W(«‘C

S G AR ~ TEMPERATURE |
CODEED |70 | 200 | 300 | 400 | w(, | 600 | 700
71 27901 27701 2740 2700 2640 “2570 2480
n 607 638 660 6.82 7.02 723 744
0283 0282 0282/ 0281 0280 0280 0279
23241 7303 7287 7269 7252 7234 7215
UNITS

‘ ps x 1 ')EO(} '

inin/deg. F x 1 OE-06

Ib/in"3
Ib-sec”2/in"4 x | OE-4




: UNIT
Young's Modulus psi x 1.0E06

Coefficient of Thermal w/in/deg. F x 1 CE-06

Density Ib/in"3 ;
Ib-sec”2/in"4 x 1 OE-4 [




Summary of Material Properties

SA-533, Grade A Class 2

~ TEMPERATURE
300 | 400 | 500 | 600 | 700
2000 2860 2800 2740 2660
660/ 682 7020 723 744
0282 0281 0280 0280 0279
7287| 7269 7252] 7234 7215

___PROPERTY 1 ITS

' Young's Modulus psi x 1.0E06

| Coefficient of Thermal l in/in/deg F x 1 0E-06 |
| Expansion |

| Density | Ib/in"3

f | Ib-sec”2/in"4 x 1 OE-4
T !




Table 4-44

Updated Summary of TSP Displacements for
Postulated SLB Events for Model D3 and D4 Steam Generntors




Table 4-45

Updated Summary of Number of Tubes Having Different Displacement Magnitudes
Model D4 Steam Generator

Steam Line Break Load Cases




Table 4-46

Summary of Tubes Having Relative Tube / Plate Displacements
That Exceed 0.350 inch

l.




Companison of Maximum Displacement at Plate Edge acd at Limiting Tube Location

\ Table 4-47
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Figure 4-1. Secondary Side Nodes, and Tube Support Plate Identification (See Figure
4-2 for Preheater Detail)




Figure 4-2. Preheater Nodes, and BafTle Identification of Model D3 Steam Generator



e PRm—

Figure 4-3. Secondary Side Fluic Nodes and Flow Connectors for Model D3 Steam
Generator



Figure 4-4.Primary Fluid Nodes and Its Flow Connectors, Metal Heat Nodes and Its Heat
Transfer Connectors, and Secondary Fluid Modes Within Tube Bundie
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Figure 4.5  Pressure drop through tube support plates T, S and R during steam line
break of a Model D3 (Case 1; M-TSPT,J-TSPS, ¢-TSPR)

A

e

Figure 4.6  Pressure drop through tube support plates Qhot, L and G during steam line
break of 2 Model D2 (Case 1; B - TSP Qhot, - TSPL, ¢ -TSPG)




Figure 4-7  Pressure drop through tube support plates Qhot, L. and G during steam line
break of a Model D3 (Case |; B-TSPC,0-TSPA)




Legend: (3) - Fluid Node y. * - Mid-Height of Fluid Node

Figure 4-8. Secondary Side Nodes and Tube Support Plates Identification of
TRANFLO Model for Model D4 Steam Generator

4.89
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Figure 4.9  Pressure drop through tube support plates M, N and P during steam line
break of a Model D4 (case 2. O -TSPN, B-TSPP, ¢ -TSPM)

rigure 4-10  Pressure drop through tube support plates L. J and F during steam line
break of a Model D4 (Case 2. J-TSPJ), B-TSPL, ¢-TSPF)



Figure 4-11  Pressure drop through tube support plates A and C during steam line
break of a Model D4 (Case 2; J- TSP A, B-TSPC)

- s

Figure 4-12  Pressure drop through tube support plates M, N and P during steam line
break of a Model D4 (Case 3; M-TSPP, -TSPN, ¢-TSPM)

4.91
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Figure 4-13  Pressure drop through tube support plates M, N and P during steam line
break of a Model D4 (Case 3; B-TSPL.Q-TSPJ, ¢-TSPF)

f i i

-
-

Figure 4-14  Pressure drop through tube support plates M, N and P during steam line
break of a Model D4 (Case 3, B-TSPC,QJ-TSPA)






Figure 4-16. Tierod / Spacer Lecations

4.9%

DISK 215 - BRDWD-WCAPINP-FIG01 - 04/19/1984



Figure 4-17. Plate A (1H) Support Locations

4.95

DISK 215 - BRDWDFIGO1 - 04/18/1984



Figure 4-18. Plate T (3H) Support Locations

4.9

DISK 215 - BROWDFIGO1 - 04/18/1984



Figure 4-19. Plate F (SH) Support Locations
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DISK 215 - BRDWDFIGO01 - 04/18/1984



Figure 4-20. Piate J (TH) Support Locations
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DISK 215 - BRDWDFIGO1 - 04/16/1994



Figure 4-21. Plate L (8H) Support Locations
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DISK 215 - BRDWDFIGO1 - 04/19/1984



Figure 4-22. Plate M (9H) Support Locations
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DISK 215 - BRDWDFIGO1 - 04/16/1884



Figure 4-23. Plate N (10H) Support Locations
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DISK 215 - BRDWDFIG01 - 04/16/1994



Figure 4-24. Plate P (11H) Suppert Locations
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DISK 215 - BROWDFIGO1 - 04/18/1894



Figure 4-25. Overall Finite Element Model Geometry
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Figure 4-26. Mode Shape Plot - Plate A
Full Set of DOF
Mode 1
- 104



Full Set of DOF
Mode 2

Figure 4-27. Mode Shape Plot - Plate A
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Figure 4-28. Mode Shape Plot - Plate A
Full Set of DOF
Mode 3
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Figure 4-29. Mode Shape Plot - Plate A
Reduced Set of DOF
Mode |
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Figure 4-30. Mode Shape Plot - Plate A

Reduced Set of DOF

Mode 2
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Figure 4-31. Mode Shape Plot - Plate A
Reduced Set of DOF
Mode 3
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Figure 4-32. Displaced Geometry
Plate A(1H) : Time = 0.902 sec
SLB + Excess Feedwater Transient
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Figure 4-33. Displaced Geometry

: Time = 1.886 sec
SLB + Excess Feedwater Transient

Plate C(3H)




Figure 4-34. Displaced Geometry
Piate J(TH) : Time = 0.264 sec
SLB + Excess Feedwater Transient
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: Time = 1,926 sec

Figure 4-35. Displaced Geometry

Plate J("TH)
SLB + Excess Feedwater Transient

®
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Figure 4-36. Displacement Time History Response
SLB + Excess Feedwater Transient
Plates A(1H), C(3H), F(5H), J(TH)

4-114




Figure 4-37. Displacement Time History Response
SLB + Excess Feedwater Transient
Plates L(8H), M(9H), N(10H), P(11H)
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Figure 4-38
Maximum Stress Intensity
SLB + Excess Feedwater Transient
Plate A (1H)
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Figure 4-39
Minimum Stress Intensity
SLB + Excess Feedwater Transient
Plate A (1H)
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Figure 4-40
Maximum Stress Intensity
SLB + Excess Feedwater Transieni
Plate C (3H)
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Figure 4-41
Minimum Stress Intensity
SLB + Excess Feedwater Transient
Plate C (3H)
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Figure 4-42
Maximum Stress Intensity
SLB + Excess Feedwater Transient
Plate J (TH) (Maximum Upward Response)
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Figure 4-43
Minimum Stress Intensity
SLB + Excess Feedwater Transient
Plate J (TH) (Maximum Upward Response)
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Figure 4-44
Maximum Stress Intensity
SLB + Excess Feedwater Transient
Plate J (TH) (Maximum Downward Response)
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Figure 4-45
Mirimum Stress intensity
SLB + Excess Feedwater Transient
Plate J (7H) (Maximum Downward Response)
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Figure 4-47. Thermal / Hydraulic LOCA Tube Model
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Figure 4-48. LOCA Pressure Time Histories
Maximum Radius Tube
Nodes 8-15
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Figure 4-49. LOCA Pressure Time History
Hot-t0-Cold Leg Pressure DifTerential
Maximum Radius Tube
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Figure 4-50. LOCA Pressure Time History
Hot-t0-Cold Leg Pressure Differential
Minimum Radius Tube
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Figure 4-51. Structural LOCA Tube Model
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Figure 4-52. Reference Configuration
Looking Down on Steam Generator
Left-Hand Unit
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Figure 4-53. Reference Configuration
Looking Down on Steam Generator
Right-Hand Unit




Figure 4-54. Tubes Putentially Susceptible o Collapse and In-Leakage
Braidwood Unit 1
TSP C(3H), X7TH)
Quadrant 1
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Figure 4-55. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP C(3H), X7H)
Quadrant 2
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Figure 4-56. Tubes Potentialiy Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP D(30)
Quadrant 3

4-134




Figure 4-57. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1

TSP D(30C)

Quadrant 4
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Figure 4-58. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP E(40), H(6C)
Quadrant 3




Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit |
TSP E(4C), H(6C)
Quadrant 4
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Figure 4-60.

Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP F(SH)
Quadrant |
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Figure 4-61. Tubes Potentially Susceptible to Collapse snd In-Leakage
Braidwood Unit 1
TSP F("TH)
Quadrant 2
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Figure 4-62. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP G(50)
Quadrant 3
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Figure 4-63. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP G(50)
Quadrant 4

4 - 14]
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Figure 4-64. Tubes Potentially Susceptible to Collapse and In-Leakage
Bruidwood Unit 1
TSP L(8) - N(10)
Quadrant 1
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Figure 4-65. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP L(8) - N(10)
Quadrant 2
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Figure 4-66. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP P(11)
Quadrant 1
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Figure 4-67. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP P(11)
Quadrant 2
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Diagram of Flow Circulation During Power Operation



Figure 4-69. Counterbored Structural Quatrefoil Loss Coefficients
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Figure 4-70. GENF Verification, Circulation Ratio Versus Load
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Figure 4-71  Secondary Side Nodes, and Tube Support Plates Identification of Model D4
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Figure 4-72. Preheater Nodes, and Baffle Identification of Model D4 Steam Generator
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Figure 4-73. Primary Fluid Nodes and Its Flow Connectors, Metal Heat Nodes and Its Heat
Transfer Connecctors and Secondary Fluid Nodes Within Tube Bundle (Model D4)
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Figure 4-74. Secondary Side Fluid Nodes and Flow Connectors fer Model D4 Steam Generator
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F gure 4-78, Pressure Drop Through Tube Support Piates P, N, and M
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Figure 4-79. Pressure Drop Through Tube Support Plates L, 1 and F
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Figure 4-80. Pressure Drop Through Tube Support Plates C, and A
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Figure 4-81. Relative peak pressure drop across the uppermost TSP as & function of water level;
water ievel ranging from the uppermost TSP (280") to Mid Deck (544™); This is a study for
Model D4 SG



Figure 4-82. Overall Finite Element Model Geometry
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Figure 4-83. Displaced Geometry Plate C(3H) : Time = 1.9694 sec SLB Transient
From Hot Shutdov. <
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Figure 4-84. Displaced Geometry Plate C(3H) : Time = 2.6622 sec SLB Transient
From Full Power
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Figure 4-85. Displaced Geometry Plate C(3H) : Time = 2.7080 sec SLB Transient
From Full Power Prototypic Void Fraction
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Figure 4-86. Relative Tube / Tubesheet Displacement Time History Response SLB Transient
From Hot Standby Plates A(1H), C(3H), F(SH), X7H)
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Figure 4-87. Relative Tube / Tubesheet Displacement Time History Response SLB Transient
From Hot Standby Plates L{(8H), M(9H), N(10H), P(11H)
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Figure 4-88. Relative Tube / Tubesheet Displacement Time History Response SLB Transient
From Full Power Plates A(1H), C(3H), F(SH), X7H)
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Figure 4-89. Rclative Tube / Tubesheet Displacement Time History Response SLB Transient
From Full Power Plates L(8H), M(9H), N(10H), P(11H)
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Figure 4-90. Relative Tube / Tubesheet Displacement Time History Response SLB Transient
From Full Power Prototypic Void Fraction Plates A(1H), C(3H), F(£H), X7H)
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Figure 4-91. Relative Tube / Tubesheet Displacement Time History Response SLB Transient
From Full Powre Prototypic Void Fraction Plates L(8H), M(9H), N(10H), P(11H)
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50 DATABASE SUPPORTING ALTERNATE REPAIR CRITERIA

This section describes the database supporting the alternate repair cntena (ARC) burst and
leak rate correlations. The database for 3/4 inch diameter tubing 1s 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 gudelines for application of leak rate versus voltage correlations and for
removal of data outhers in the burst and leak rate correlations. This section applies the NRC
guidance on removal of outhers to update the database for the 3/4 inch tubing correlations.

51 Data Quther Evaluation

At the February 8 meeting, the NRC provided the foilowing guidance for removal of data
outhers

* Data can be deleted in case of an invalid test

« Any morphology cntena for deleting outhers must be rigorously defined and appliad
to all the data

* Cntenia for deleting outliers must be able to be unambiguously applied by an
independent observer

» It 1s acceptable to modify data or a model in a conservative manner.

Based on the above NRC guidance, the outher evaluaton of Reference 5-1 1s updated in this
secion Consistent with the NRC guidance, critenia for removal of outhers are defined in this
section and apphied to the database These critena were developed and approved by the EPRI
Adhoc Alternate Repair Cntena (ARC) Committee. Consistent with Reference 5-1, oaly
conservative outhers which are high on the burst correlation or iow on the leak rate
correlation are evaluated for removal from the database Although the outhers 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

Cnterion | for outhier removal apphes to invahd data including unacceptable specimens,
sr-ahd measurements, etc To describe the invalid test condition, Critena la to le are
defined as descnibed in Table 5-1 Table 5-1 provides examples of invalid data that are
applicable to the EPRI database



Cnitenon 2 for outlier removal applies to specimens with atypical or non-prototypic crack
morphology Cnterion 2a applies to specimens with atypical ligarent morpholosy while
Crnitenion 2b applies to severe degradatnion significantly exceeding the EPRI database The
specific critena for deleting outliers based on morphology considerations are given in

Table 5-2 Table 5-2 also includes the indicatons excluded from the correlations based on
Crnitenon 2b. No 3/4" indications were removed from the database based on Criterion 2a.
Specimen 598-1 1s excluded by Criterion 2b  This data point's voltage 1s more than 40 volis
higher than the next largest specimen. There 1s 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
define the appropniate trend in the data at these high voltages Based on destructive
examunation results providing identification of remaining uncorroded ligaments, the critenia of
Table 5-2 can be unambiguously applied by an independent observer and thus satisfies the
NRC gudance for removal of data outhers

Crnitenon 3 for outher 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 resulting 1n abnormally low leak rates or a measurement error could occur For these
cases, the cause for the measurement error 1s not as apparent as for Category 1 and the test
results must be evaluated for apparent errors It 1s 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 critena of this section before including
the data in the database Table 5-3 defines Critenon 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

Cntenon 3 applies to extreme cases of low leak rate outhiers, such as more than a factor of 50
lower than predicted by venified analytcal 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 vanation
in leak rates are remaining ligaments in the crack face, tortuosity (oblique steps in the crack,
surface 'rregulanities) and presence of deposits  These effects tend to lower leakage for
modest throughwall crack lengths All three effects become smaller as crack length increases
and crack opening .ncreases  Longer throughwall cracks tend to have lost the ligaments by
corrosion, the wader crack openings reduce the influence of surface irregulanties and reduce
the potennal for deposits piugging the crack From the database, "long" cracks appear to be
about > 0 3" throughwall as above this length, the vanability from predicted leak rates as a
function of length appears to be smaller (see Figure 5-1) For 0.3" throughwall cracks, the



crack width 1s about 1 mil at 2560 psid and incieases 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, 1t 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. The.e 1s 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
1s 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
1s not clearly a factor of 50 less thar the mean of the data, although the leak rate is
apparently affected by deposits

Cntenon 3 can be unambigoously applied by an independent observer to all measured leak
rates given the resuits ©,om leak rate measurements and/or destructive examinations and thus
satisfies the NRC guidance for removal of outliers. This criterion s applied only to low leak
rate measurements For conservatism, high leak rate measurements are not considered for
removal from the database

Based on Cnitena 1 to 3 as described in Tables 5-1 to 5-3, the EPRI database of

Reference 5-1 was reviewed for identiflication 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 cnitenia lead to no changes from Reference 5-1. Plant S pulled tube R28C4] was
deleted from the database of Reference 5-1 and would also be deleted by the more explicit
criteria of this sechon  However, special considerations have been applied to this indication
as described below

Special Consideration for Plant S Pulled Tube R28C41

Plant § pulled tube R28C41 had leak rates exceeding the imtial 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 95.1 |/hr at 2335 and 2650 psid, respectively, exceeded
facility capacity and are not valid measurements At 1500 psid, a measured leak rate of

123 Vhr was within the facility capability (~ 25 I/hr) and represents a valid measurement.
The facility capacity was increased and attempts to reach 2650 psid for a valid leak rate
measurement (1 ¢, 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 ps1 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 1s 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 examimnation results for the crack length versus depth are
given in Table 5-8 The uncorroded ligaments where the crack depth 1s 95% (Ligaments |
and 2) include the widest (0. 013") ligament and tend to reinforce the remaining 5% wall
thickness against tearing Based on the increase n voltage after the tube puil, 1t 1s known
that some ligaments were torn as a result of the tube pull The imitial leak rate was measured
at 1500 psid A pressunzation to 2650 psi followed, but leak rates were too high to be
measured in that facility Leak rate tests performed in a facility wath larger flow capacity can
be used to estimate the effectiv2 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 imtial pressunzation to
2650 results 1n 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 pressunization 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 cre small

The process used for the evaluation of the test results on the pulled tube included the
following steps These steps are summanzed 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

| Figure 5-2 shows CRACKFLO leak rates at the conditons of Test | Based on the
measured leak rate for this test, 12 3 I/hr, a crack length of 038 inches is inferred This
length 1s greater than the 0 26 inch length of 100% depth (Table 5-8) determined
assurming that higaments 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 pressunzation to 2650 psid (Test 3) 1s assumed to have introduced an irreversible
minimum plastic opening in the exasting crack Using CRACKFLO, the plastic opening
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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 pressunzation to 2650 psid and combines it with an additional elastic
opening due to the pressure differential of subsequent tests.

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 8 I/hr. Some
additional teanng of the ligaments and throughwall crack extension from the 2650 psid
pressurization is suggested by the throughwall crack length increase from 0 38 to 042
inch between Tests | to 3 and Test 4

The modified code, a 042 inch crack length and the conditions for Test 6 give a leak
rate of 114 l/hr at 1615 psid This is substantially less than the 448 |/hr measured for
ths test, suggesting significant tearing of the crack has occurred from thermal cycling
and pressurization between Tests 4 and 6

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 375 I/hr is obtained for
the conditions of Test 6 This value 1s reasonably close to the measured leak rate of
448 I/hr For this calculation CRACKFLO was used since the plastic opening area,
2.0x10" inch, was greater than the 1 5x10* inch calculated to be present after the
pressunization to 2650 psid  Thus 1t 1s expected that complete tearing of all ligaments
and the 5% wall thickness occurred between Tests 4 and 6

Using the desired steam hine break conditions (2560 psid and 616 °F primary
temperature) for the EPRI database, the as-pulled crack iength of 0 38 inch (Step 1) is
expected to have torn to 042 inch and a leak rate of 111 /hr is calculated

The estimated leak rate for Plant S tube R28C41 at SLB conditions (2560 psid) is therefore
111 Vhr. 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 033",
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 137 i/hr, compared to the estimate of 111 I/hr for
R28C41

Based on similar analyses using a few runs with the LABOLEAK code and analyncal ratios
of crack areas between 2650 and 1200 psid, Paul Hernalsteen of Laborelec estimated a
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R28C4] throughwall crack length of 0.475 inch at 2650 psid and predicted a leak rate of
123 V/hr at 2560 psid.  This result is in very good agreement with the CRACKFLO estimate
of 111 I/hr

To bound the CRACKFLO and LABOLEAK analyses, a SLB leak rate of 125 I/hr at 2560
psid 1s assigned to R28C41 for the EPRI database

§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 $-1 are updated for the present application based on
the outher 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 of leak
correlation

53 NDE Uncertainties

For IPC applications, NDE uncertainties are required to support projections of EOC voltage
distnbutions, SLB leak rates and SLB tube burst probabilities as discussed in Section 8 0.
The database supporting NDE uncertainties i1s described in Reference 5-1, and NDE
uncertainties for IPC/APC applications are given in the EPRI repair criteria report (Reference
5-2) From Reference 5-2, the NDE uncertainties are comprised of uncertainties due to the
data acqusition techmique, which 1s based on use of the probe wear standard, and due to
analyst interpretation, which 1s sometime« called the analyst variability uncertainty

The data acquisition (probe wear) uncertainty 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
probe replacement at 15% differences between new and womn probes ASME standards cross-
calibrated against the reference laboratory standard and the probe wear standard were
implemented 1n the Brasdwood-1 EOC-4 inspection

The analyst interpretation (analyst vanability) uncertainty has a standard deviation of 10.3%
about a mean of zero Typically, this uncertainty 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 1ssue with the NRC, the analyst
interpretation uncertainty was applied for Braidwood-1 without a cutoff For EOC voltage
projections, separate distnbutions are apphied for probe wear with a cutoff at 15% and the
analyst interpretation with no cutoff
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Table 5-1
Criteria 1a to le for Excluding Data from Correlations
Criterion 1a: Unacceptable Bobbin Voltage Measurement
+ Excludes specimen from all applications

* Examples. Welded specimen extension influences voltage measurement, specimen
damage pnor to test completion

Criterion 1b: Unacceptable Burst Test
* Excludes specimen only from burst correlation

* Examples: Incomplete burst test (e g leak but not burst), test malfunction,
burst inside TSP

Criterion 1¢. Unacceptable Leak Test
* Excludes specimen from leak rate correlation and requires prob. of leak evaluation
* Examples Leak rate exceeded facility capacity, test malfunction

Criterion 1d: 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 condions No destructive exam data available for estmating prob of leak
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Table 5-2
Criteria 2% and 2b for Excluding Data from Correlations

Criterion 2a: Atypical Ligament Morphology
* Cracks having < 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 1n 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 1s 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 voits) which 1s > 40 volts larger
than the next highest voltage point (22 volts)



Table 5-3
Criterion 3 for Excluding Data from Correlations

Criterion 3: Suspected Test Error

« Data are excluded from only the SLB leak rate versus voltage correlation if either or
both of the following critena are sansfied

« Leak rates at SLB pressure differentials should be at least 10% higher than that g
measured at normal operating pressure differentials for free span leak tests

- No 3/4" specimens are excluded from the database for this criterion

» For throughwall cracks with no higaments, the measured leak rate shouid be within a
factor of iess than about 50 of the mean measured leak rate at the associated
throughwall crack length

- For 3/4" tubing, this cntenion excludes model boiler specimen 598-3 (027" TW, 002
I/hr leak rate) The measured leak rate for this specimen with no remaining ligaments
1s more than a factor of 100 less than the mean measured leak rate for a 0.27" crack

iength
- The most limiting specimen compared to this criteria retained in the database is

model boiler specimen 604-2 (0.19"TW, 0.05 I/hr), for which the mean measured leak
rate 1s about 0.2 t0 03 l/hr
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Table 5-4

Basis for Excluding Data from the 3/4" Burst Correlation

Basis for Excluding Idicatiuu
from Tube Burst Correlation

Exclusion
Category

R19C35

2 Burst inside TSP, Yields much higher burst 1b 44
pressure than free span burst tests of ARC data
base
[ RasCs4 Burst inside TSP 1b

R47C66

Burst inside TSP

Plant R-1

Incomplete burst test - burst opening length
less than macrocrack length (no teaning)

R7C71
R5C112
R10C6

R10C69
R20C46
R7C47

2,3
2,3
23

Test recorder malfunction
Incomplete burst test
Incomplete burst test
Incomplete burst test
Incomplete burst test
Incomplete burst test

b
b
1b
b
b
Ib

22,43

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 56
throughwall indications not prototypic of field
indications and single data point >20 volts
unduly influences burst correlation

593-4 595-4, These bobbin NDD specimens all burst at a 1b

| §96-1, 597-4, welded joint made 1o extend the specimen

603-4, 604-4 length for burst testing and are not vahid 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)




Table 5-5
Basis for Excluding Data from the 3/4" Leak Rate Correlation

Basis for Excluding Indications Exclusion EPRI*
Tube TSP from Leak Rate Correlation C Report
ategory .
Section |
Plant R-1
RSC112 3 Max. corrosion depth of 97% Remamning TW 1d 22,43
' higament torn during tube pull as indicated by
post-pull voltage and leak at 500 psi.
Analyses indicate ligament would not have
torn at accident conditions.
| Plant B-1
| R4Cé61 5 No leakage 1dennfiable during pressure test le 22,43

above SLB conditions. Test accuracy not

sufficient to conclude no leakage '

| Model Boile pccimens

| $91-3 Unacceptable specimen preparation due to la 56
: 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 56
‘ throughwall indications not prototypic of field
indications and single data point >20 volts
unduly influences correlaton

| 598-3 Specimen had no operating leakage and 002 3
I/hr at SLB conditions. Crack was found to be
0.27" TW wath no higaments for which leak
rate of 5 to 20 I/hr would be expected, based
on the mean of the measured data It s
concluded that crack became plugged by
deposits or 2 measurement error was made

| * EPRI Ren NP-7480-L., o 2 (Reference 5-1)
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Table 5-6

Basis for Excluding Data from the 3/4" Prob. of Leak Correlation

Basis for Excluding Indications Enidusion EPRI*
Tube TSP from Prob. of Leak Correlation C Report |
ategory ..
Section |
| Plant R-1
R7C47 2 No desiructive exam data or burst test to le 43
estimate probability of leakage.
RSC112 3 Max. corrosion depth of 97% Remaining TW 1d 22,43
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 > No leakage identifiable during pressure test le 22,43

Model Boiler Specimens

above SLB conditions. Test accuracy not
sufficient to conclude no leakage

591-3

Unacceptable specimen preparation due to
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

la

56

598-1

Bobbin voltage (64 93 volts) and three large
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)
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Table 5-7
Plant S R28C41 Leak Rate Tests

Pnmary Conditions Differential  Secondary
Temperature Pressure Pressure Pressure
(°F) (ps1a) (psid) (psia)

2000 1500
2650 23358

2850 2650

Second Sernies

4 1200

5 1535
1615

1375

Leak rate exceeded facility capacity

** Note increase in leak rate at low pressure differential which indiates additional

deformation of crack opening




Table 5-8

Plant § SG Tube Macrocrack Profile for R28C41

Tube, Location (inch/% throughwall)

R28C41, FDB

Length vs. Depth

000/0

0.07 /100
0.13 /100
019/95 ©
025 /95
032/95
038 /95
044 /100
0527100 *
0.60 / 100
070 /100 *
075770
080/0
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Ductile Ligament

Location

Ligament 1, 0.013" wide

Ligament 2, 0.004" wide

Ligament 3, 0.007" wide

Ligament 4, 0 008" wide



Table 5-9

Crack Opening Crack
Case Plasic Elasuc Length
( x 107 in) (in)

Before Pressurizing to 2650 psi AP

Step 1
Crack Length inferred from 012 0.65 0.38

measured leak rate at AP=1500 psi

After Pressurizing to 2650 psi AP

Step 3
Crack Length inferred from 15 0.65 042

measured leak rate at
AP=1200 ps: and 550 °F

Step 4

Leak rate for a crack 15 086 042
length of 042" at

AP=1615 psi & 580 °F Measured leak rate
Step 5

Crack Length = 067 in_ at 20 26 0.67

AP=1615 psi & S80°F assumed

Calculated Leak Rate at 2560 psi AP (Step 3 length of 0.42")

Step 6
Leak rate for a crack length of 14 14 042

042" at AP=2560 psi & 616 °F

* Measured leak rates - see Table 5-7

Evaluation Summary, R285C41 Tube Leak Rate Tests

Leak Rate
(V/hr)

12.3*

79.8*

114

448"

375

111
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Figure 5-1
Comparison of 3/4" L.eak Test Data with CRACKFLO Predictions
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Figure 5-2

As Pulled Tube Leak Rate
1500 psi Pressure Drop
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Figure 5-3

Plastic Correction Area
2650 psi Pressure Difference
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Figure 5-4

Modified Code Leak Rate
1200 psi Pressure Drop
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60 BURST AND SLB LEAK RATE CORRELATIONS

6.1 EPRI ARC Correlations

As part of the development of alternate repair critena (ARC), correlations have been developed
for tbes contaiming 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 Guidelines
for the 1dentification and exclusion of inappropriate data, termed owtliers, are provided in
Reference 63 In addition to the aforementioned, an empinical correlation curve for the burst
pressure as a functon of crack length has been developed for tubes with free-span, through-
wall, axial cracks In 1993, the NRC 1ssued draft NUREG-1477, Reference 6 4, for public
comment The draft NUREG delineated a set of guwdelines for criteria to be met for the
application of Intenm Plugging Critena (IPC) for ODSCC indications. The criteria guidelines
permitted the use of, with adequate justificanon, a burst pressure to bobbin amplitude correla-
tion and a probability of leak to bobbin amplitude correlation. The cniteria guidelines did not
permit the use of a leak rate to bobbin amplitude correlation for the estimation of end of cycle
(EOC) 1otal 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 & 62 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 ampi.ude could be employed if the
correlation could be statustically 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
identfication and exclusion of outlying experimental data Subsequent discussions with NRC
personnel have revealed potential 1ssues associated with the manner in which the leak rate to
bobbin amplitude correlation 1s used, thus, the potennal leak rate during a postulated steam line
break (SLB) s herem: estimated by alternate Monte Carlo and determimistic methods to
demonstrate that either method yields acceptable results

The purpose of this section 1s to provide information and justification for all of the correlations
developed in support of the application of an IPC for the Braidwood 1 nuclear power plant
Information 1s first presented relative 1o the correlation of burst pressure to bobbin amplitude
and to through-wall crack length, followed by a discussion of the correlanon between the
probability of leak and the bobbin amplitude, and lastly a discussion of the correlation of leak
rate 10 bobbin amphitude The use of each of the correlations is also documented



6.2 Burst Pressure versus Bobbin Volitage Correlation

The bobbin coil voltage amplitude and burst pressuie 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 correlation
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 potenual for
measuivment errors in the vanables, and the evaluation of the residuals following the develop-
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 loganthm (base 10) of the bobbin amplitude voltage

A hnear, 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 venfying the assumption of normality inherent in the
use of least squares regression The regression curve (line) is given by

P, =a, +a log(V)
(6.1)

=7822 -3077log(V),

where the burst pressure 1s measured in ksi and the bobbin amplitude 1s in volts The index of
determination for the regression was 80 7%, thus the correlation coefficient 1s 0 90, which 1s
significant at a >99 999% level This means that the p-value for the slope of the line is

< 0001% The estimated standard deviation of the residuals, 1 e, the error of the estimate, 35,
of the burst pressure was 095 kst A summary of the results from the regression analys:s 1s
provided 1n 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
amphitude 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
C50°F  Both of these are also depicted on Figure 6-1 Using this reduced lower prediction
bound, the bobbin amplitude corresponding to a free-span burst pressure of 3657 ps: was found
1o 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 1121, Reference 6 6



63 Burst Pressure versus Through-Wall Crack Length Correlation

For a tube with a mean radius of r, and a thickness 1, the normalized burst pressure as a
function of the actual burst pressure, P, , 1s given by

R 3 (6.2)

P R
N YR Y

Thus, P,,, 15 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

' (6.3)

2 form which arises in the theoretical solutions. The burst pressure as a function of axial crack
length for a specific tube size 1s 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,

A
1

r‘b0+ble-‘ (64)

r

ba

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 A as a function of P,,, . For the data analyzed,
the coefficients of equation (6 4) were found to be

ok
P, =00615+0534¢ 160 (6.3)

ba

The index of determination for the fit was 98 3%, with a standard error of the estimate of
0015 The F distnbution staustic 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 1o
the data 1s excellent Note that this does not mean that equation (6.4) 1s the true form of a



functional relationship between the two vanables, only that it provides an excellent description
of the relationship. Equation (6 4) was then rearranged to yield the inverse relation

P, -00615 (6 6)
0.534 A

A = —3‘6llln[

for the normalized crack length as a funcuon of normalized burst pressure

In order to present the results in a form directly applicable to the Braidwood 1 tubes, the

normalized relationships were converted for 0 750" diameter by 0 043" thick tubes having a

flow stress of 71.6 ksi, the average of the Westinghouse database. The converted data base, &
the regression curve, and the regression curs: awyuzted for lower 95%/95% 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

P
P, = (5, +8,). 67)

An unbiased estimate of the vanance of P, which accounts for the vanation in P,,, aoout the
regression curve and the vanation in §,+ S, can be calculated as

[PEV(S) +5/V(P,) V(P )V(S) |, (6%)

v(P,) -[%’

where V 15 used to represent an unbiased estimate of the variance of the respective term in
parentheses, and §,, the flow stress for Alloy 600 material, is one-half of the sum of the yield
and ultimate strengths Taking the standard deviation of the burst pressure as the square root
of the estimaied vanance allows for the estimation of the probability of burst using a Student's &
r-distnibution  Specifically, the difference between the estimated burst pressure for a given
crack length, @, and the SLB pressure 1s divided by the estimated standard deviation of the
burst pressure to obtain a r-deviate The probability of occurrence of the value of 7 is 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 r-deviate greater than 7 1s
conservatively taken as the iesser of the number of degrees of freedom of P,,, or S, An
alternate estimate of the probability of burst can be obtained by simulating P, and §,
independently In this case, a large number of values of P,,, and §, are independently
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calculated using randomly generated independent r-variates and the respective estimated
standard deviations of F,,, about the regression curve and 5, about the mean of the database
These arz then combined using equation (6.7) to obtain a burst pressure for a single simulation
The number of occurrences of the caiculated 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
esnmated values The calculational procedure 15 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 s:mulatens reveals that 1s skewed night Thus, the tail of the
distribution 1s shorter for the lower burst pressures, hence the lower probabilines of burst

64 NRC Draft NUREG-1477 SLB Leak Rate POD and Uncertainty Methodology

The NRC methodology of draft NUREG-1477 obtains the number of indications that are to be
considered as being returned to service, N, as

N N
N =N, *N, =N, =N, *'l" e N, =N, = < - (6.9)
POD POD

where, N, number of detected bobbin indications
N, number of repaired indications
N,s = number of indications 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
of draft NUREG-1477 states that the totzl leak rate, 7, should be determined as

T =upP oZ\[o:P WP -y e (6.10)

where, u = mean of the leak rate data independent of voltage

© = standard deviation of the leak rate data independent of voltage

P, = probability that a tube leaks for the /* 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

Z = standard normal distibution deviate (establishes level of confidence on

leakage)



For the total leakage, the first term of the above equation represents a mean expected leak rate
while the square root term 1s an effective standard deviation for the total leakage based on the
vanance 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 Z may be taken as 1 645, corresponding 10 a confidence
level of 95%

6.5 Probability of Leakage Correlations

Historically, the probability of leakage has been evaluated by segregating the model boiler and
field data into two categornies, 1 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 relanonship between the bobbin amplitude and the probability of leak The
specific algebraic form used to date has been the logistic function with the common logarnthm
of the bobbin amplitude employed as the regressor variable, ie, letting P be the probability of
leak, and considering a logarithmic scale for volts, V, the logistic expression 1s

|
V) =
e | ) 1 +e 1P =Biles(¥)) it

This 1s then rearranged as

P
=B + v (6.12)
ln[l -P] B, +B,log(V),

to permit an iterative, linear, least squares regression to be performed to find the maximum
hikelthood estimators, b, and b, , of the coefficients, B, and B,

Reviews of those evaluatons, 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 loganthm of the bobbin
amplitude NUREG-1477 specifically mentions that the cumulative normal, or Gaussian,
distribution function and the Cauchy distribution function be investigated Discussions with
NRC personnel led to the stpulation that these functions be analyzed and used in predicting
the end-of-cycle leak rate for the Brasdwood | plan: steam generator tube indications
Reference 6 7 has acknowledged that any non-conservatism associated with the exclusive use
of the log-logisuc function would be expected to be small in companson to the conservatism
inherent in the methodology used to esumate the radiological consequences of leakage
associated with a postulated SLB  On this basis, the evaluation and results presented heremn for
alternative function forms 1s considered to be for information only



The use of the logistic function for the analysis of dichotomous data is standard in many fields
The differennal form assumes that the rate of change of the probability of leak is proportional
to the product of the probability of leak and the probability of no leak As noted, the function
1s sigmoidal in shape, and 1s similar to the cumulative normal function, and likewise similar to
using a probit model (which 1s a normal function with the deviate axis shifted to avoid dealing
with negative values) In principle, any distribution function that has a cumulauve aiea of
unity could be fit as the distribution function, a imitless number of possibilines Trying to
idenufy a latent, or physically based, distnbution for the probability of leak would be consid-
ered to be unreaiistic 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 distnbutions 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 1s conservative Given 1ts wide acceptance in multiple fields i1t 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'=-x 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 realisuc than the first, especially in hght of the fact that a voltage threshold 1s a 11,1
possibility To comply with the NRC request, however, each distribution function was fitted to
the data using the loganithm 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
Linear Models (GLMs) This simply means that the models can be transformed into 2 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 1s

P(leak) = ) [ ¢ T & (613)

and the model to be fitted for the Cauchy distribution function is

P(leak) = ) o_'m*[u « B, log(1)] (6 14)
n

-
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The link function for the Gaussian function 15
n=0"(P) =B, +B,log(¥), (6.15)

while the hink function for the Cauchy function 1s:

n =tan

n{P -.;.” =B, +PB,log(¥). (6.16)

To fit the equation forms to the bobbin amplitude rather than log of the amplitude, V is
substituted for log(¥). Each equation was fitted to the data using an iterative least squares
technique, which results in the maximum likelihood estimates of the parameters

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,

e 1-P (6.17)
= (] - it s L
D =2 El P In ) (1-P)in : -P(V,)J

where P, 1s the probability associated with data pair 1 and P(¥) is the calculated probability
from ¥, The deviance 1s used similar to the residual sum of squares in linear regression
analysis and 1s equal to the error, or residual, sum of squares (SSE) for linear regression For
the probability of leak evaluation P, is either zero or one, so Equation (6 17) may be written

= -2 Z {p1n[P(v)]+ (1 -P)in]s -P(v)]} (6.18)

Since the deviance 1s similar to the SSE, lower values indicate a better fit, i e, the lower the
residual sum of squares the more of the vanation of the data 1s considered 1o be explained by
the regression equation The smallest deviances, 28 9, were obtained from the logistic and
normal funcuion fits The deviances for the remaining four functions ranged from 325 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%
to 20% higher than for the other four functions These differences are not considered to be
numenically significant in themselves relative to selecting the best form of a fiting function



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
ioganthm of the volts results in a spreading of the functions with the probability of leak at,
say, 3 volts being higher for the loganthmic forms In the very low voltage range, less than |
volt, the probability of leak 1s lower for the logarithmic forms This 1s because the tails must
extend to - In general, the Cauchy cumulative distnbution function has ionger tails than
either the logistic or normal funcuions It also nses 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-loganthmic form, in spite of 1ts similar deviance value Examination of
the figures indicates that the Cauchy distribution 1s 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 Uptoa
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 distnbution
forms nise 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
of leak function is relatively moot The final total leak rate values tend to differ by only a few
percent across the spectrum of POL functions

66 SLB Leak Rate Versus Voltage Correlaton for 3/4" Tubes

The bobbin coil and leakage data previously reported were used to determine a correlation
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 1s to
be expected that a correlation between these vanables would exist Previous plots of the data
on linear and logarithmic scales indicated that a linear relationship between the loganthm of
the leak rate and the loganthm of the bobbin amplitude would be an appropnate choice for
establishing a correlating function via least squares regression analysis Thus, the functional
form of the correlation 1s

log(Q) =5, +b, log(V), (6.19)

where O 1s the leak rate, V' 1s the bobbin voltage, and b, and b, are estimates obtained from the
data of some coefficients, B, and B, The final selection of the form of the vanable scales,
1e, 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((?) on log(¥) regression The second
largest index, for O on ¥, was found to be on the order of 24%, clearly indicating the
appropriate choice of scales to be log-log



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 7 of 58.2% is significant at a level of
>99 99999% based on an F distnbution 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 correiated to the log of the bobbin amplitude An alternate interpretation is that if
the vanables 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 1s that it 1s very likely that the vanables are correlated

At the February 8, 1994, meeting between the NRC, EPRI, and NUMARC, information was
presented by the NRC that the "use of linear 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 /* 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
1s evidence supporting the hypothesis that there is a correlation between log(Q) and log(¥).
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 1s zero 1s
<0000001% The conditional probability that the intercept is zero is 001% The validity of
the regression is judged by the p-value associated with the slope Since this 1s significantly
less than the 5% value stipulated above the regression is concluded to be valid, and the use of
linear regression i1s acceptable

The expected, or anthmetic average (AA), leak rate, O, corresponding to a voltage level, V',
was also determined from the above expressions Since the regression was performed as
log(Q) on log(¥) the regression line represents the mean of log(Q) as a function of bobbin
amplitude This is not the mean of Q as a function of ¥ The residuals of log(Q) are expected
to be normally distributed about the regression line. Thus, the median and mode of the log(Q)
residuals are also estmated by the regression line  However, Q is then expected to be
distributed about the regression line as a log-normal distribution The regression line stll
estimates the median of (), but the mode and mean are displaced The corresponding adjust-
ment to the normal distribution to obtain the AA of Q for a log-normal distribution 1s

* A'I'.E“.—l—o. 4
0 ~E(Q ¥} 10" T s

for a given V, where o° 1s the estimated variance of log(Q2) about the regression line The
vanance of the expected leak rate about the regression mean 1s then obtained from

v“(c)) ‘Q:[lom~10vo‘_l] (62l)
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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 of log(¥).
The results of this calculation are also depicted on Figure 6-6 for a steam line break differential

pressure of 2560 psi

661 Analysis of Regression Residuals

As previously noted, the correlation coefficients obtained from the analyses indicate that the
log-log regressions at the vanious SLB APs are significant at a level greater than 99 8%,
Additional venificaton of the appropriateness of the regression was obtained by analyzing the
regression residuals, 1 e, the actual vanable value minus the predicted vanable value from the
regression equation A plot of the log(Q) residuals as a function of the predicted log(Q) was
found to be nondescript, indicating no apparent correlation between the residuals and the
predicted values A cumulative probability plot of the residuals on normal probability paper
approx:mated a straight line, thus venfying 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, 1t i1s 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
stanstical inference bounds

67 SLB Leak Rate Analysis Methodology

The leak rate versus voltage correlation can be simulated in conjunction with the EOC voitage
distnibutions 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 1s a hybrid that joins Monte Carlo and
determimistic calculations Parallel analyses verified that the full Monte Carlo leak rates and
the direct application of the correlations 1o the EOC voltage distribution yield essentially the
same results Thus, 1t 1s adequate to apply the correlations to the EOC voltage distributions

The determination of the end of cycle leak rate esimate proceeds as follows The beginning of
cycle voltages are estimated using the methodology provided in draft NUREG-1477 . The
distribution of indications 1s binned in 0 IV increments The number of indications in each bin
1s divided by 0 6 to account for POD The resulting number of indications in each bin 1s
reduced by the number of indications plugged in each bin  The final result is the beginning of
cycle distnbution used for the Monte Carlo simulations The NDE uncertainty anc growth rate
distributions are then independently sampled to estimate an end of cycle distribution, ulso
reported in bins of 0.1V increment  Given the EOC voltage distribution the calculational steps
to obtain an esumate of the total leak rate are as follows

(1) For each voliage bin, the leak rate versus bobbin amplitude correlation is used to
estimate an expected, or average, leak rate for indications in that bin
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(2) The probasbility of leakage correlation is then “sed to estimate the mean probability
of leak for the indications in each bin

(3) The relanonships denved in Appendix C of draft NUREG-1477 for the vanance 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 tota! leakage and vanance 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 of leak

To account for the vanances of the coefficients of the regression equation for the leak rate, the .
o used in equations (6 20) and (6.21) 1s that from the predictive distribution for the lcganthm

of the leak rate as a function of bobbin amplitude, 1 e, for each voltage, ¥,, an effective

standard deviation of the regression error, o, , 1s calculated as -

o oo |1a1, e -iogmy]

, =0, Ll (6.22)
YOX [loer) -Togm) |

where N 1s the number of data pairs in the regression analysis, and ©, 1s an unbiased estimate
of o The expected total leak rate from all of the indications in all of the bins is

n b, +b,log(v ) 00 o2

A"
- 4 (6.23)
d Z ] &g "% o0, l0p(r)) e '

1=

where N, 1s the number of bins, and », 1s the number of indications in the bin with bobbin
amplitude ¥, 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 1s needed .
for the vaniance 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 1otal vanance about the predicted expected value being the sum of the two The .
vanance of the total leak rate about the predicted expected value 1s

A

V(T) =§j n,{l’,gf[e“""“' -1 ]+Q‘:P‘(] -p‘)}, (6.24)

where P s the probability of leak from equation (6. 11) As noted, an additional vanance term
15 added 1n order to estimate the contribution 1o the vanance from the correlation between the
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individual leak rates, 1 e, from the covanance, which anses 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 approximanton (via Taylor's Theorem) of the variance of the
mean of the regression prediction, 7, , is given by

- "[[CcowB,.B)] 0 0
d dr dT
V(T,) .g JFs 0 [Cov(B,.B,)] o‘ =1 (6.25)
Ay 0 0 v(c)) £

where the derivative of the total leak rate vector contains five elements for j=1, 5, and the
Covanance Matrix 1s a square 5x5 matrix consisting of the estimated variances and covariances
of the estimated individual regression coefficients and o, Note that here [Cow(B, , B,)) and
[Cov(B,, B, )] are each 2x2 matrices, where the f's are estimated by &, through &, , and recall
that o, 1s an estimate of B, The vanance of the vanance 1s estimated as

20!
v(of) - ) (6.26)
n-2

where 7 15 the number of data pairs used in the leak rate regression analysis The standard
deviation of the total leak rate 1s 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 | 645 times the standard deviation of the total leak rate The
results obtained with this approach have been compared 1o results obtained from the Monte
Carlo simulation without sigmificant 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 vanance from equation (6 25), the estimated total leak rate was estimated to
be 31 GPM. The value obtained from the Monte Carlo simulation of the total leak rate was
32 GPM, as described in Section 6 8 1 below. Thus, for the distribution analyzed, the
contribution of terms associated with the covanance, 1 e, the uncertainty of the prediction of
the mean total expected leak rate, 1s small (being on the order of 3%) when compared to the
vanance of the total leak rate about the mean value The results obtained provide independent
verification of the Monte Carlo and hybnd techniques

68 Simulauon of Equation Parameter Uncertainties

The estimated, total end of cycle leak rate can also be calculated using Monte Carlo tech-
niques, ¢ g, the method documented in the EPRI ODSCC report (TR-10047, Rev. 1) In the
Monte Carlo analysis the vanation 1n the parameters, 1 e , coefficients, and the variation of the
dependent vanable about the regression line 1s simulated A 95% confidence bound on the
total leak rate from SG "D" of Braidwood 1 was calculated using a Monte Carlo simulation to
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venfy 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
vanation of each parameter of the correlation equations, the method discussed herein also
simulated the effect of the covaniance of the individual indication leak rates Each of the
methods 1s discussed herein in order to provide clanfication regarding their use In order to
simplify the discussion of the Monte Carlo techniques, different nomenclature 1s used from that
of the previous section, 1 e, O, 1s used to represent the common loganthm of the leak rate, and
¥, 1s used to represent the common loganthm of the bob* .n amplitude Thus, the following
model 1s used to describe a working relationship between the logarithm of the leak rate and the
loganthm of the bobbin amplitude,

Q, =b,+b,V, +e, (627)

where £ 1s the estimated error of the residuals, assumed to be from a population that has a zero
mean, and a vanance that is not dependent on the magnitude of ¥, The coeff cients, b, and b,
are the esimates from the regression analysis of some true coefficients, B, and B,, representing
the intercept and slope of the equation, respectively

681 Monte Carlo Simulation of the Total Leak Rate for Brasdwood |

The method used by Westinghouse for simulating the toszi leak rate 1s 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 distnibution was simulated and covariance terms were
ignored It 1s noted that, although both methods yielded similar results (within ~3%) for
Braidwood 1, the method described herein 1s more statistically accurate This small difference
in the total leak rate results 1s because the contribution of the covariance terms relative to the
variance terms 1s relatvely small for the correlanons used heren 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 1s 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 rawe 1s then estimated from the distnbution of 1otal leak rates

At the start of each SG simulation, 1 e, the calculation of a single total leak rate, a random
value for the standard deviation of the errors for the populanon 1s calculated from the X
distnibution, the degrees of frecdom from the data, and the standard deviation of the regression
errors  This 1s used to calculate random vaiues for the parameters of the regression equation,
which remain constant for the entire SG simulation The vanation of the regression predictions
are accounted for by randomly esumatng the POL from a uniform distribution. and by adding
the product of a random normal deviate and the standard dewviation of the errors for the
population to the predicted loganthm of the leak rate, for each individual indication in the SG
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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

T =% R(B,.B,)O(B,.B,.B,), (6.28)

1=}

where N = the wotal number of indications in the SG at EOC,
R (B, B,) = 0orl s the POL from a single indication, #, in a tube,
©,(B,, B, B)) = 15 the conditional leak rate of indication i, ie . the leak rate if the

indication 1s leaking,

B,, B, = the coefficients of the POL equation,

By, B, = the coefficients of the leak rate versus bobbin amplitude equation, and

. = 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 leak rate for each indication The POL,
R, for each indication, i, i1s simulated as,

if U <logu(P, +B,log(V)) (6.29)
0 otherwise '

R(B) =

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 B, and B, is left until after the
discussion of the coefficients for the leak rate equation

Leak Rate versus Bobbin Amplitude Simulation

To simulate the leak rate from the regression line, random coefficients B, and B, 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 1s to simulate a random error
vaniance by picking a random y° deviate for n-2 degrees of freedom and then calculating a
random error vanance, o, for the correlation equation from the Tegression error variance as

o8« "72) 4154, (6.30)

X:.-:; rendom
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where n 15 the number of data pairs used to calculate the regression coefficients, and £, 1s
defined by equation (6.30) This 1s now one possible vanance for the population of log-leak
rates about a correlation equation Thus, 1t 1s appropnate to use the normal distribution to
obtain random values for the parameters of the correlation equation The distribution of B, and
B, will be bivanate normal.  Since they are correlated, although each 1s normally distnibuted
marginally, they are not free to vary independently If a value for the slope 1s determined first,
then the distribunon of the intercept values will be conditional on that value of the slope The
degree of correlation 1s indicated by the off-diagonal entry in the parameter covanance matrix
calculated from the regression analysis The entries of the covanance matnix of the parameters,
Vi Viz and V;,, for the correlation equation to be used for a SG simulatior, are obtained from
the corresponding estimated matnix obtained from the regression analysis as

=fV 63
vV, .V, (631)

where the caret, """, indicates an estimate from the regression data A bivanate normal
intercept for the simulation correlation is then calculated from the regression equation intercept
as

/ 632
By =b,+Z,yV,,. ( )

and the bivariate normal slope 1s calculated from the regression slope as

v
B‘ =.b‘+zi el & ¢Z: (633)

\/I-’—

8]

where Z, and Z, are random univaniate normal deviates, 1 e, from a population with a mean of
zero and a vaniance of one  We now have §,, B,, and o for use in simulating all of the leak
rates from each of the indications in the SG for one simulation of the total leak rate For each
simulation of an individual indication, 1, the leak rate will be

Q’(B) slob,‘(‘,log{l";'ﬁ,z’ (634)

with Z, representing the /" 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 1s noted that each simulation of 7 requires the
generation of one B vector, N binomial vanates R, and a maximum of N log-normal variates
¢, In practice, a value for the leak rate only needs to be generated for each indication that is
leaking, 1 e, when R, = |



Probability of Leak Simulation

The generation of the coefficients of the POL relation to be used in the simulation of the total
leak rate proceeds in the same manner as for the coefficients of the leak rate relation The
elements of the covariance matnx are obtained from the GLM 2gression analysis and used
with the estmated coefficients in equations like (6.32) and (6.33) to obtain B, and B, for a
random population POL equation. However, for the simulation of the POL, there is no term of
the form Z 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 1s being simulated through the use of the
random sampling to determine if R, 1s 0 or 1 in equation (6.29)

It 1s noted that the elements of the covariance matrix obtained from the GLM regression are
scaled to a mean square error (mse) of 1. This 1s because the mse for the binary vanables 1s
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

. 1 (y,-u) (6.35)
. JH-ZZ.: w(l-p)’

where the y/'s are the observed probabilities of leak, either zero or one, from the leak and burst
testing, and the u's are the calculated probabi..ues 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 1s not significantly different from |

A 95% confidence bound on the total leak rate from SG "D" at the end of the fuel cycle was
found to be 32 GPM. This 15 in very close agreement with the value found using the
deterministic estmate

6 8 2 EPRI Monte Carlo Simulanons

The simulation methodology documented in the EPRI ODSCC report, Reference 6 1, was also
used for the esnmation of a EOC leak rate for the Braidwood 1 SG "D" The resulting value,
31 GPM 1s 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 1s also for information purposes to clarify how it relates to the methodology em-
ployed Applization of the EPRI model involves two major steps  In the first step, an EOC
leak rate table as a function of BOC volts 1s generated from Monte Car'o simulations of NDE
uncertainties, plant specific growth rates, and uncertainties associated with the correlation
analyses In the second step, the total leak rate 1s 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 vanability are randomly sampled to
obtain a random BOC voltage corresponding to a2 measured BOC voltage The growth curve 1s
then entered to obtain a random growth for the length of the cycle This 1s 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 indicaton 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 of leak rate at each voltage
level, typically in 0.1 volt increments From the distnibution, a non-parametric 95% confidence
bound for 95% of the population of the leak rates i1s determined at each voltage level These
are then used to estmate the EOC leakage from the distribution of BOC indications

The POL for a specified EOC indication voltage 1s obtained from the correlation eguation as

R = i (6 36)

" e 1B Bear) ez’

where 3, and B, are the coefficients from the POL regression analysis, Z~N(0,1), and 1, 1s the
estimated standard deviation given by

n - /V“ +[2V,+V, iog(V)]log(V) , (6.37)
where the 1 's are the elements of the covanance matrix of the coefficients

For each indication simulated, the coefficients of the leak rate versus voltage equaton are
generated The slope of the regression equation 1s sampled using a random t-vanate, followed
by simulation of the intercept Finally, the regression residual error 1s sampled with a random
t-vanate Random r-vanates are used instead of random normal variates because the standard
dewviation of the population of residuals is estimated, and not known, from the regression
analysis A two-sided 100-(1-a)% confidence band for the true slope, B,, of the regression
equation 1s given by

o, (6.38)

RS 3 NI IO A—
X L(F,~FP

|

where b, is the estimated slope from the regression analysis, v 1s the number of degrees of
freedom used for the determination of ©,, the estimated standard deviation of the residuals
Thus, by randomly sampling the r-distribution with v degrees of freedom, 1, random values of
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the slope can be generated from equation (6 38), where the sign of the random r-vanate
governs the sign of the second expression, i e,

2
o]

J

Bt -b‘+’v

The coefficients of the regression equation, i.e., equation (6.27), are not statistically indepen-
dent. Thus, selectng a random value for the intercept must account for the already selected
slope In this case, a joint 100-(1-a)% confidence ellipse for the coefficients 1s given by

2 2
(Bs-bi)z*Z?(B) -bj)(B4-b4)" E’/J (B‘_b‘)I S ZOIF;_, ’ ‘-640)
n n

where 3, and B, are the true, but unknown, coefficients of the regression equation Thus,
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) 1s solved (considering the equality) to
obtain a random value for B, Since there are multiple roots of equation (6.40), i e,

B, =b,-V(B,-b,) = |(B,-b,)

2 2 641
- 2V J*"‘F"‘ e

n n
an additional random selection must be made to account for the sign of the radical in equation
(6.41) Its also noted that the selection of a random F deviate may result in the radical of
(641) being imaginary  In this case, it is necessary to sample F until the radical is real To
complete the leak rate versus voltage correlation for the simulation, only the vanation about the
regression line remains The standard error, o,, from the regression analysis has been shown to
be approximately normally distributed with a mean of zero. Since the true variance of the
residual population is estimated, the distribution 1s simulated using a random r-vanate, and the
final leak rate for each simulation case 1s given by

Q =105 e (642)

It 1s noted that the method described in the EPRI ODSCC report indicates that the effective
standard deviation of the residuals, o,, from equation (6 22) s to be used instead of the actual
standard deviation of the residuals, o, , in equation (6 42) This 1s considered to be an
unnecessary conservatism because the vanance of the coefficients would enter equation (6 42)
twice, 1 e, through the simulation of B, and B, and through o, The net effect would be to
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shightly 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 distnbution to simulate the
EOC leak rate This ignores the potential contribution due to the covanance of the individual
POL times leak rate values, however, this 1s 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 1s small Westinghouse has previously reported resuits, 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
rzsult obtained by the Monte Carlo methods of Section 6.8 1, and the 3 1 GPM result from the
hybnd method In conclusion, either of the three methods is adequate for the SLB leak rate
analysis

69 Effect of Brasdwood | Pulled Tubes' Resuits on Burst & Leak Rate Correlations

The purpose of this section 1s to report on evaluations performed which utilized the results of
leak rate and burst testing of tube sections which were removed from Braidwood Unit | in the
spring of 1994  The Braidwood | 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 of leak 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 dunng 2 postulated steam line break (SLB) The
outcomes of these tests, see Table 6-5, were compared tc 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 1s depicted on Figure 6-7 relative
to the correlanon developed for the reference database (EPRI), which 1s 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 1s 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 1s somewhat lower than would be expected, but totally within
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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 1s not shown, all of the data fall within a 90% non-simultaneous
prediction band about the regression line (the one-sided 95% prediction curve depicted 1s the
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 statstically
significant anomalies are indicated

Since the Brasrdwood 1 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%, 1 e, the slope is a larger negative number. The regression line obtained by
including these data in the regression analysis 1s 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 1s 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
95%/95% lower tolerance limit material properties, would be to increase it by 0.04 volts, 1.e
from 4 54 volts to 4 58 volts, which 1s judged to be not significant The decrease in the
standard error of the residuals would also shightly 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

Probability of Leak

The same eight data points examined relative to the burst pressure correlation were also
examined relative the to reference correlation for the Pol as 2 function of the common
loganthm of the bobbin ampiitude Figure 6-8 illustrates the Braidwood | data relative to the
database and the reference correlation Specimen R42C44-5, with a bobbin amplitude of 2 )
volts exhibits some tendency away from the bulk of the data for which the PoL is unity, i e,
based on the bobbin amplitude 1t would have been expected to have a PoL of about 5%
However, the associated leak rate for this indication 1s very small, being 0 84 Iph or

00037 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, 1 e , outlying behavior is not indicated



In order to assess the effect of the new data on the correlation curve, the database was
expanded to include the Brasdwood | data and the Generalized Linear Model regression (see
Section 6.5) of the PoL on the common logarithm of the bobbin amplitude was repeated A
comparison of the correlaton parameters with those for the reference database i1s shown in
Table 6-7 These results indicate a 9% reduction in the logisiic 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 1 volt, or above a bobbin amplitude of about 15 volts
The PoL 1s greater than the reference correlation in the range of 1 volt to aimost 6 voits, and .
shghtly less in the range of 6 volts to about 15 volts A listing of comparative values is
provided in Table 6-8 At | volt the increase in the PoL is on the order of 0 003 The
maximum increase in the PoL 1s 0 04, from 0.23 to 0.27, at an amplitude of 3 volts

To assess the single effect (ignoning the effect of the change on the leak rate correlation) of the
above changes to the Pol 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 001%

This 1s not an unexpected result since the information presented in Table 8-2 shows that when
the total leak rate 1s determined using the leak rate to bobbin volts correlation the resulting
value can be quite insensitive to the form of the PolL function

Leak Rate vs. Bobbin Amplitude

As previously noted, three (3) of the removed tube specimens exhibited leakage under SLB
conditons The leak rates zre 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 1s
imphed from the visual examination, using the relative distance of the 95% confidence bound
on the arithmetic average from the anthmenc 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 | duta on the leak rate to bobbin amplitude correlation The results
of repeating the regression analysis with the Braidwood 1 data included are given in Table 6-9
Inclusion of the Braidwood 1 data results in a 8% decrease in the logarithmic intercept
parameter and a 4% increase in the loganthmic slope parameter In addition, the standard error
of the logarithmic residuals 1s 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 correlaton with the Braidwood | data included in the regression 1s 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 1s to reduce the expected, i ¢, anthmetic average, leak rate for bobbin
amplitudes less than ~20 volts It 1s 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 | data on the total leak rate, by considering both the Pol and
the leak rate correlatons to bobbin velts, 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 duning a postulated
SLB  Since the increase due to the modified Pol function coefficients was insignificant, the
net effect of the Braidwood 1 data on the total expected leak rate is a 14% reduction

General Conclusions

The review of the effect of the Brasdwood | data indicates that the burst pressure, the
probability of leak, and the leak rate correlations to the common logarithm of the bobbin
amphitude would not be significantly changed by, and are conservative relative to, inclusion of
the data It 1s therefore concluded that the correlations reported in the previous sections of this
document should not be revised at this ime. It 1s 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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Parameter
b,

Value

-3.077

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 kst)

Value
7.822

Parameter
b,

 SE b,

0175

0136

SE b,

- 80.7%
e
e

0.955

73 DoF
6655 | SS,.,
TR

80E-28 |

1 6E-62




Table 6-2. Results ot =gressior us of Logarithmic Forms
of POL Distnibution Functions to 3/4" OD Tube Data
@ 620°F and AP = 2560 psi

Log-Cauchy
Values
-13 8413
b, 91924 46317 213183
| v, 2.1145 03664 46.5125
l v, 29538 -0.4985 712114
v, 45779 07993 110.22

2243

Results of Regression Fits of Non-Logarithmic Forms of POL sttnbunon

l

Functions to 3/4" OD Tube Dltl

Parameter Logistic Normal Cauchy
Values Values Values

-10.5327 |

; b, 1 1945 0 6395 2.3085 l
v, ] 4958 0 2905 244371
l ¥ 03141 00617 -5.3943
t v, 00787 0.0169 12223
Dewviance 28 8J7r 2894 3247




Table 6-3: Sample Results for Probability of Leak for 3/4" SG Tubes

@ 620°F and AP = 2560 psi

L
| Volts Log-Logistic | Log-Normal | Log-Cauchy i Logistic f Normal | Cauchy
Function J Function | Function i Function J Function | Function !
01 377B07 | 102E-13 [ 90SE-03 | S5.12E-03 | 263E-03 | 3.08E-02 |
02 599E-06 | 1.32E-09 | 1.11E-02 ! 5.77E-03 , 3. 20E-03 . 3 15E-02
03 302E-05 | 1.39E-07 ‘ 1.27E-02 ' 6 49E-03 : 3 88E-03 | 3 22E-02
04 953E-05 | 257E-06 | 142E-02 | 731E-03 ; 4 68E-03 | 3 30E-02
i 05 2 32E-04 | 98E-05 ' 1 57TE-02 | 8.23E-03 ' 5 63E-03 : 3 38E-02
06 481E-04 | 909E-0S | 171E-02 | 926E-03 | 674E-03 | 347E-02
| 07 890E-04 | 298E-04 | 18SE-02 | 04E-02 8 0SE-03 | 355E-02 |
.08 | 52E-03 | 777E-04 | 200E-02 | 117E-02 | 9.57E-03 | 365E-02 1
i 09 242E-03 : | 71E-03 2.15E-02 1.32E-02 ; 1.13E-02 | 3 75E-02
3 68E-03 3 31E-03 2 30E-02 | | 49E-02 , 134E-02 | 3 85E-02 !
! 2 5 S6E-02 ' 9 32E-02 426E-02 | 4 74E-02 ; 5. 76E-02 5 33E-02 |
| 695E-01 | 699E-01 | 759E-01 | 642E-01 | 6.34E-01 | 752E-01 |
| 8 97E-01 8 85E-01 9 25E-0] 951E-01 | 948E-0] 9 44E-01 |
| 100 | 97E-01 | 972E-01 | 958E-01 | 999E-0] | 100E+00 | 975E-01 |




Table 6-4° Regression Analysis Results:
log(Leak Rate) vs log(Volts)

for 3/4" x 0.043" Alloy 600 SG Tubes

@ 620°F md AP = 2560 psi

0.425 SE b, |

0653 SE log(Q) |
38 DoF
16.21 SS,.,
$8.0s




X

Table 6-5° Results of Leak Rate and Burst Testing of Tubes

Removed from Braidwood Unit |

Specimen ID Bobbin Burst Pressure for Probability of Leak Rate
Amplitude o, = 75 ksi Leak During During SLB
(Voits) (ks1) SLB (Iph)
R16C42-3 312 6.501 0
E El(y(%‘»}.‘ 021 10 809 0
R27C43-3 4 99 5236 l 0 84
| R37C34.-3 1 04 %002 0
R37C34-5 10 4 4917 ] 12 83
i R42C44-3 373 4 B68 0
R42C44-5 209 6424 1 0041
, R42C44.7 028 9157 0

g
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T abl(f 6-6

Burst Pressure vs

Effects of the Braadwood Unit 1 Data on. the

I3

Bobbin Volts Correlation
P, =a, +a, log(Volis)

——

Parameter Reference Database Database with
Value |  Braxdwood 1 Data
o 7822 7 838
a, -3.077 3109
Ot mor 0.955 0944
p Value for a. 810 410"
r 80 7% 81 3%




Table 6-7 Effect of Brasdwooed Unit | Data on the
Probability of Leak Correlation

rilask) '{l +e '[’v’ﬂ.bcwm)]}"

Parameter Reference Database Database with
Value Braidwood 1 Data

Pearson o,

Note Parameters V, are elements of the covariance matrix of the
coefficients, B, , of the above regression equation




Table 6-8 Effect of Brasdwood 1 Data on the
Probability of Leak as a Function of Bobbin Amplitude

Bobbin Amplitude
(Voits)

Pol
(Reference)

PolL
(w/Braidwood)

1.00 0.0037 0.0065
2.00 00556 0.0766
300 0.2290 0.2689
5.00 06954 0.7060
6.00 0.8254 08243
700 0.8974 08920
$.00 09598 0.9541




Table 6-9 Effects of Braidwood Unit 1 Data on the
Leak Rate vs Bobbin Volts Correlation

log(Leak Rate) =B, + P, log(Valts)

Parameter

Reference Database
Value

Database with
Braidwood 1 Data

B, -1 888
B. 3132 3272
By ( Opprr ) 0653 0636
| » Value for B, 110" 110"
I r 58.2% 64 1%
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Figure 6-1: BnmPruunvsBobbhA-phde
EPRI Database , @ 650°F, R ference Flow Stress = 75 kst
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Figure 6-2: Burst Pressure ys. Crack Length
0.750" x 0.043", Alioy 600 MA Steam Generator Tubes @ 650°F, Average Flow Stress
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Figure 6-3: Probability of Burst vs. Through-Wal! Crack Length
3/4" x 0.043" Alloy 600 MA SG Tubes
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Figure 6-4: Probability of Leak for 3/4" SG Tubes
Comparison of Logarithmic Forms of Logistic, Normal & Cauchy Functions
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Figure 6-5: Probability of Leak for 3/4" SG Tubes
Comparison of Non-Logarithmic Forms of Logistic, Normal & Cauchy Functions
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Figure 6-6: 2560 psi SLB Leak Rate vs. Bobbin Amplitude
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 for 3/4" SG Tubes @ 650°F, AP = 2560 psi
Comparison of Braidwood "94 Data with EPRI Reference Database &

v




v-9

.
L

Figure 6-9: SLB Leak Rate vs. Bobbin Amplitude
3/4" x 0.043" Alloy 600 SG Tubes @ 650°F, AP = 2560 psi




70  BRAIDWOOD-1 EDDY CURRENT INSPECTION RESULTS
7.1 General

The March-Apnl 1994 refueling shutdown was accompanied by 100% full length bobbin
probe inspection of all four sieam generators. In anticipation of the potential finding of
significant ODSCC at support plate intersections, the ASME standards were calibrated to be
consistent with IPC gudelines (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-1 steam generator tubes were conducted in November
1993 duning an unplanned outage (SG C only), in September 1992 (EOC-3), and in Apnil
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 paricular 1994 indication; 1e no assumptions were made about prior year signal
voltages Because of the unplanned outage dunng Cycle 4, compansons 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 tabulauon 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 compansons used, the average BOC voltages, the voltage growth (AV), and the
length of the operating penod 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 distnbution of the TSP ODSCC indications among the four SGs for the 1994 inspection
15 shown in Table 7-2, which tabulates the number of indications for each TSP elevation for
which indications were observed For the D4 SGs of Braidwood-1, the 1H level represents

the Flow Distribution Baffle (FDB), a plate with oversize tube holes and no flow holes, for

this reason the incidence of ODSCC 1s expected to be low in the absence of unusual
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circumstances In fact, none of the indications reported in Brasdwood-1 occur at this
elevation. The support levels above are numbered in the cold leg order, 1 ¢, the next hot leg
TSP 1s designated 3H since its height corresponds to the 3rd preheater plate The remaining
TSPs are designated SH, 7H, 8H, 9H, 10H, and 11H  Thus, though some probability of
encountering ODSCC signals at the upper plates exists, 1t 1s expected that most of the
indications will be observed in TSPs 3H, SH, 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 elevanon decreases)

72 Inspection Results
721 March 1994 Inspection

During the scheduled refueling outage (A1R04), all tubes in service were tested full length
with bobbin probes Each distorted svpport plate indication (DSI) and all TSP indications
characterized as a perc:nt (%) 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 cnteria  The TSP bobbin
indications confirmed by MRPC testing numbered 1567 among the four SGs, 470 in SG A,
76 1n SG B, 642 1n 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, distnbuted 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 scrutiny with respect to plugging cntena, whether under Tech Spec criteria or under
the alternate basis represented by the Intenm 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 appropnately 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 1H 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 wiih 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



provides detasled RPC confirmation statistics as a function of bobbin voltzce for each of the
individual SGs, as well as cumulative confirmation data for the four SG ¢ posite 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 ot
about 10 volt Denting in Braidwood-1 1s 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 § volts that were not RPC
inspected The RPC sample included 40 n. x 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 nspection 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
uminspected 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 SLB leak rate and tube burst probability estimates Similarly,
uminspected 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 191 and 5 | volts The bobbin data for
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
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, 1t 1s judged
that the dents are not growing in size and there 1s a low likelihood of a flaw being present in
the dents  SG D 1s the most hmiting 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 neghgible
influence on leakage or burst The POD = 0 6 adjustment results in 7 3 indications (actual
indications plugged) above 2 7 volts left 1 service and 2 indications above S 0 volts left in
service. The contributions of these postulated indications to leakage and burst probability
would be expected to exceed that of a potennal indication in the two dented intersections not
RPC inspected SG C 15 not a hmiting SG for leakage or burst considerations due to the
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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 if indications 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 potental »
would be neghgible for uninspected dents.

722 Pnor Inspections November 1993 and September 1992 N

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
Tke percent-type indicatons were removed from service after confirmation with MRPC, and
the DSIs were continued in service without MRPC venfication This was considered prudent
in light of the A1R04 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 SG:

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 1s apparent, and the distribution of amplitudes shows the
predominance of low voltage (<1) signals accompanied by a low frequency tail of larger
amplitude signals

During A1RO03, the September 1992 inspection, all four SGs were subjected to 100% full
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 AIR04, 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 degradaton) results from MRPC testing and analysis
The reported distribution of bobbin indications for A1R03 are given in Table 7-5 and
Figure 7-9 for the elevation dependency, and the amplitude spectrum of the plugged tube
indications 1s shown in Figure 7-10 It 1s 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



73 TSP Voltage Growth Rates

The progression of ODSCC indications at the TSPs 1s determined by re-evaluation of prior
inspection EC records at the locations identified with indications in the 1994 inspection In
m:. | cases, some element of the precursor 1s identified as corresponding to the flaw signal
reported in 1994 However, 1t should be noted that rather conservative analysis criteria are
invoked to accomplish this task. In this process analysts are required to forego the behavior
critena they may have employed to screen out low signal-to-noise indications, and to report
possible flaw-like behavior in the TSP mix residual regardless of clarity Review of the
growth data identifies any anomalous growth data, and these are subjected to further scrutiny
to eliminate spurious data

The evaluation of voltage growth based on reevaluating the prior inspection data for ali
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 ume, the larger prior cycle
indications which were repaired are not included in the analysis and this method can lead to
an underestimate of average pnor 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 pnior cycles This method has not been systematically
evaluated A more systematic evaluation of these three options would be desirable to aszess
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-1 in this report

The operational penods 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/amphitude relatonship for all the comparisons obtaned in
A1R0O4



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
reflected in the growth rates

The distnbution of the growth rate data, expressed as volts difference in the amphitude

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 of indications 1s 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 peniods evaluated are presented in

Figures 7-13 to 7-18 on a composite basis for the prior cycles and on an individual SG basis -
for the Cycle 4 data It 15 seen that for the AIRO4 inspection, the average voltage growth rate

for the composite of four SGs i1s 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 047 volt. The largest individual

growth observations for Cycle 4 are listed in Table 7-7. For indications with appreciable

BOC amplitude readings, 1., those from 0 75 voit 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-1 since the A1R03 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 105 volts, and one occurrence of 22 volts

74  Histoncal Operaung Chemistry

Braidwood Unit 1 1s 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 Dunng peniods of operation with chemistry :mbalances, 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 1 has
experienced periods of elevated steam generator sodium to chloride molar ratios during pnor
operating cycles Operating with these elevated ratios enhances the possibility of developing
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caustic crevice conditions conducive to imtiation and propagation of Alloy 600 alkaline stress
corrosion cracking Figures 7-19 through 7-27 show the power history, steam generator
blowdown sodium to chloride molar ratios, and steam generator blowdown sodium and
chloride concentrations during power operation for Braidwood Unit 1 during Cycles 2

through 4 Durning Cycle 2, SG blowdown sodium to chloride molar ratios (Figure 7-22) were
shghtly higher than molar equivalency with ratios typically less than 2 These ratio values
fluctuated along with vanations in plant operating conditons 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  Duning 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 chemustry 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 chlonde concentration affects cation conductivity, lower chloride
concentrations resulted in lower cation conductivity and, consequently, higher sodium to
chloride mclar 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 chioride 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 | 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 duning Cycle 4 has been evaluated to ascertain the success of the
molar ratio control program in modifying the steam generator crevice pH envirorzient.  Molar
ratios of highly soluble species (sodium, potassium, and chioride) indicate a decreasing trend
over the entire cycle (Figure 7-28) In addition, 1t has been reported that the crevice pH
calculated by the MULTEQ program indicates an approximate 1.5 pH unit reduction to
around 7.5 pnior 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

75  Relationship Between Operating Chemistry and ODSCC Growth

Corrective actions taken at Brasdwood Unit 1 specifically to slow the progression of Alloy
600 tubing ODSCC include molar rato chemistry control and boric acid addition beginning in
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Apnil 1994 Molar ratio chemistry control was imitiated during Cycle 4 in December 1992,
following nearly two months of plant operaton with elevated sodium to chloride molar ratios
Molar ratio control chemistry was begun by varying blowdown demineralizer operations to
obtain greater breakthrough of amonic species These operations have had some success in
mimmizing sodium leakage from the demineralizers, however, the operational sodium to
chionde molar ratio was not able to be fully controlled When 1t became apparent that
operating in this manner was not achieving the desired degree of control, the decision was
made to add ammonium chlonde to adjust the sodium to chlonide molar ratio in the steam
generator biowdown This method achieved a high degree of control over the operating steam
generator blowdown sodium to chionde molar ratc However, 1t was not apparent whether
the desired result of neutral to slightly acidic hideout return chemistry would be achieved by
operating in the identified control band of Na/Cl = 03 - 06 Following a hideout return
evaluation at the end of May 1993, the Na/Cl control band was lowered to 02 to 04 to
further alter the steam generator operating environment The result of this change 1s
demonstrated in Figure 7-29 Hideout return chemustry 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 chemustry

Boric acid addition has been identified as the next step to be employed at Brasdwood Unit |
to control Alloy 600 ODSCC progression Boric acid will be used during the startup for the
fifth fuel cycle in Apnl, 1994 Laboratory and operating PWR plant data indicate the
usefulness of boric acid as a contributor to the overail corrosion control program It is
anticipated that the use of boric acid will take Braidwood Unit 1 one step further in their goal
of mimmizing 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 imitiation 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 cperation, 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 (low
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 1s supportive of the chemustry
improvements in the reduction of growth rates Cycle § expenence, which will include boric
acid addinon, will provide more conclusive data for assessing the influence of chemistry
enhancements on growth rates



76  Pulled Tube Eddy Current Data

TSP intersections from 4 tubes were removed from the Braidwood-1 SGs to provide the basis
for application of Internim Plugging Criteria and 1o demonstrate the consistency of the
Braidwood-1 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, permiting the extraction of 9 additional intersections

(total of 13), 3 at each of the 1H, 3H, and 5H elevations Bobbin and RPC data were
collected for cach of the removed intersections, which resulted in 6 fieid bobbin indications
wit) 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-5H 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 061 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 relatve sensitivities of the bobbin and RPC probes for
the less developed areas of ODSCC



Table 7-1 Average Voltage Growth for Braidwood Unit 1

Cycle 4 9/92 - 3/%4

Average AV

% Growth

1 All $/G's #indications Average V goc AV efpy AViefpy % per cycle % per efpy
Entire Voltage Range 2654 049] 026] 1.147] 023 53% 48%
Vgoc < .75 2289 0.41] 0.28 0.25 69% 60%
Vaoc2z .75 365 094 0.13 0.11 14% 16%
8/G A
[Entire Voltage Range 680 0.47] 0.41 0.36 86% 75%
Veoe < .75 586 0.39] 043 0.37 113% 97%
Veoc2 .15 54 085 0.28 0.24 29% 25%
SIGB .
Entire Voltage Range 261 048] 017 0.15 36% 31%
Veoc < .75 230 041] 0.16 0.14 39% 34%
Veoc2 .75 31 0.94] 022 0.19 23% 20%
S/IGC
[Entire Voltage Range 1030 0.5] 0.19 0.17 38% 4%
Veoc < .75 876 0.42] 0.24 0.21 57% 50%
Veoc2 75 154 0.95| -0.08 -0.05 6% 5%
o S/IGD
Entire Voltage Range 683 048] 027 0.24 55% 49%
Veoc < .75 597 043 0.27 0.24 63% 56%
Vgoc 2 .75 86 082 0.29 0.25 31% 27%
Cycle 3 Piugged Tubes
4/91 to 9/92 All S/G's
[Entire Voltage Range 167 062 062 112 055 100% 89%
Vaoc < .75 i 145 043 065 | 058 151% 135%
Veoc2 .75 22 092 042 038 46% 41%
Cycle 42 - Plugged Tubes
9/92 10 10/93 S/G C
Entire Voltage Range 128 071 067/ 0852] 079 94 % 141%
Veoe < .75 71 0.54| 069 0.81) 128% 191%
Vgoc 2 .75 57 082] 065 0.76| 71% 105%
Cycle 4a - All Indications
9/92t0 10/93 S/G C
Entire Voltage Range 428 062] 033/ 0852] 039 53% 79%
Vo € .75 315 0.51] 0.31 0.36 61% 81%
Vaoc2 .75 113 062 0.36 042 39% 58%
$/92 to 10/93 to 3/94 - Ail 1994 Indications Cycle 4a and 4b
$/G C - Cycie 4a
[Entire Voltage Range 1010 0.5] 0.16] 0.852] 019 32% 48%
Veoe < .75 857 042 019 022 45% 68%
Veoc2 .75 153 0.95] -0.01 -0.01 1% -2%
$/G C - Cycle 4b
Entire Voltage Range 1069 066] 003] 0295 010 5% 16%
Vaoc < .75 737 05 007 0.24 14% 46%
Vaoc2 75 332 1.02 -0.04 -0.14 4% -13%




Table 7-2. Braidwood #1 TSP ODSCC Indications (A1R04) March, 1994

Steam Generator A Sieam Generator B | Steam Generator C 1 Steam Generator D All Steam Generators
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Table 7-3

Braidwood Unit 1 1994 TSP Inspection Summary
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Table 7-4. Braidwood Unit 1 10793 Inspection S/G C Only

Elevation Number of Indications

iH
3H
SH
7TH
gH
9H
10H
l1H

|
!
l
e

Note All Bobbin Indications: No RPC Conrirmations




Table 7-5. Braidwood Unit 1 9/92 Inspection
TSP Indication Distribution in Plugged Tubes
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Table 7-6

Braidwood Unit 1| Cumulative Probability Distributions

for Voltage Growth (per EFPY)
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S/G A SG C
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Braidwood Unit 1 Summary of Largest Bobbin Voltage Growth Rates for Cycle 4

EOC 4 Signal Size; Boc 4
Col |Elevatio RPC | Bobbin New Ind.

D 34|5H 862 0.68 Yes
D 12{3H 878 0.76 Yes
A 41|5H 825 1.66 Yes
A 23|5H 6.72 0.50 Yes

43|3H 482 032 Yes
D 9|3H 401 0.76 Yes
D 9{3H 5.16 0.39 Yes
B 9 |3H 413 055 Yes
D 19 7134 379 0.29 Yes
A 6 91|5H 2.01 0 68 DSI 0.52V No RPC Conf
A 8 60|3H 329 047 Yes
A 29 88/3H 155] 049 Yes
D 35 29|3H 1.21 0.32 Yes
A 6 19{8H 305 041 Yes
A 43 35|5H 353 049 Yes
D 33 20({3H 3.68 0.80 DSI 073V No RPC Conf
L 3 13|5H 09 049 Yes
A 3 88|3H 335 0.27 Yes
A 24|5H 2.02 v.28 51Yes
B 88 |13H 564 1.00 Yes
A 44|3H 3 3.11 1.13 Yes
D 1213H 3 34} 063 Yes
D 42|3H 3 343 054 Yes
A S5|3H 3 2.79 059 243|Yes
A 75|3H 3 308 063 241{Yes
) $5(3H 2 162 021 2.25|Yes
A 54|5H 2. 231 0.34 2.22|Yes
A 75|5H 3 04 1.23 2.21{Yes
A 42|3H 2 307 0.76 2.21Yes
D 10513H 2 2.32 067 2.17|Yes
D 2715H 2 252 036 2.121Yes
A 26{7H 2 2.32 0.34 2.08|Yes
A i2{5H 3 319 1.01 2.05{Yes
A 16{3H 3 208 1 18 205{Yes
A 67|5H 2 1.56 043 205|Yes
C 24|3H 1.56 0.35 2.03|Yes




I Table 7-8

|

Braidwood Unit 1 AIRO4

Pulled Tube EC Results
Tube ID Bobbin Bobbin RPC RPC Voltage
Voltage Call Call
SG A
R27C43 1H - NDD NDD -
3H 4 88 85% SAI 528
SH - NDD NDD -
R42C44 1H - NDD NDD .
I 3H 373 68% MAI 3.24 max.
L 5H 2.09 49% | SAI 162
TH - NDD |, NDD -
SGD
R37C34 IH NDD NDD .
3H 1 04 92% SAI 031
SH 10 44 82% SAl 877
Ri6C42 IH NDD NDD .
3H 312 70% MAI 1 70 max
SH 061 * NDD NDD .

* Indicanon not reported in field inspection

~3

- 17
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Figure 7-1 Braidwood Unit 1 Number of indications as Function of Elevation
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Figure 7-2 Braidwood Unit 1 S/G A Bobbin Statistics 4/94 inspection
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Figure 7-3 Braidwood Unit 1 S/G B Bobbin Statistics 4/94 inspection
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Figure 7-4 Braidwood Unit 1 S/G C Bobbin Statistics 4/94 Inspection
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Figure 7-5 Braidwood Unit 1 S/G D Bobbin Statistics 4/94 Inspection
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Figure 7-6 Braidwood Unit 1 All S/G’s - Bobbin Statistics 4/94 Inspection
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Braidwood Unit 1 9/92 TSP Indication Distribution
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Figure 7-12. Braidwood Unit 1 1994 Inspection Results,

Support Plate OOSCC EC Signal Progression
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Figure 7-15 Braidwood Unit 1 S/G A TSP Bobbin Progression 92-94
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Figure 7-16 Braidwood Unit 1 S/G B TSP Bobbin Progression 92-94

SUOHOIUN J UORNQLISIC SAUEINWIND

SUOIBAJISGO JO Jaquiny

S 8 8 8 8 8 8 8 g8 g
E g 8 2 8 48 8 g 3

A A SRS,
e [ b 2 =4 a & e -

Signal Progression {v/efpy)



Figure 7-17 Braidwood Unit 1 S/G C TSP Bobbin Progression 92-94
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Figure 7-18 Braidwood Unit 1 S/G D TSP Bobbin Progression 92-94
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Figure 7-19

Braidwood Unit 1 - Cycle 2

Reactor Power Level
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Figure 7-20
Braudwood 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

Na/Cl Molar Ratio
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Figure 7-23

Braldwood Unit 1 - Cycle 3 '
SG Blowdown Sodium to Chloride Molar Ratio
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Figure 7-24

‘Braidwood Unit 1 - Cycle 4|
hloride Molar Ratio
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Figure 7-25

Braidwood Unit 1 - Cycle 2

SG Blowdown Sodium & Chioride

[
3 |
F--3
‘

’ 3 L )
! ' ' '
¢ M . b,
e el s ! ]
b :
' ] B
2 Y gt @
T ! ’ ?
e yet? {» e L
ot 5 W e
. 4 \

\
\
3

-
v gt Ry £ ot
s ',n,rll' AL A
X v o ) I
ARE AL.. gl
WA

i

’
'
N

28-Nov-89 27-Jan-90 28-Mar-90 27-May-80 26-Jul-90 24-Sep-90 23-Nov-90 22-Jan-91
Date

Sodium, ppb Chioride, ppb]




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 & Chioride
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Figure 7-30
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Figure 7-32
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Figure 7-37
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Figure 7-38
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Figure 7-39
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Figure 7-41
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Figure 7-42
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80  BRAIDWOOD-1 IPC CRITERIA AND EVALUATION

This section summarizes the 1 0 volt IPC implemented for Cycle § at Braidwood-1 and the
supporting evaiuations The supporting evaluations include projected EOC-5 voltage
distributions, SLB leak rates and tube burst assessments Both deterministic and probabiistic
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 a
new Section 8.7 The Braidwood-1 pulled tube examination results given in Section 3 are
assessed in Section 8 8 relative to support for tube integrity considerations at EOC-4 and
associated implications for Cycle $

81 General Approach to the IPC Assessment

The tube integnity assessment approach applied to support the Braidwood-1 IPC is based on
demonstrating limited TSP dizplacement in a SLB event to reduce the likelihood 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
condiions The structural analyses of Section 4 for obtaining TSP displacements in a SLB
event are apphed 10 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 determimistic and probabilistic
burst assessments are made for the assumed exposed throughwall crack length That 1s, the
burst capability 1s a function of the exposed throughwall crack length. This analysis is
equivalent to assurming that the indication at the TSP has a throughwall crack length
approximate'y equal to the TSP thickness This is an extremely conservatve 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-1 which are bounded by a
maximum indication of 10 4 volts a: FOC-4 Consequently, the conservatism of the burst
assessment bounds any realistic growth rate for Braidwood-1 and the burst margins obtained
at EOC-5 based on limited SLB TSP displacements are essentially independent of growth
rates

The limited SLB TSP displacement would result 1n most of the crack length for indications at
TSPs covered by the TSPs and associated crevice deposits.  This effect would tend 1o reduce
leakage below that of free span indications which 1s 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
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of these tests exceeded that found at Braidwood-1 In addition, the French units included
axial free span cracks in the roll transition at the top of the tubesheet which are left in service
per repair cnitena implemented by EdF. The tota! system leakage at pressure differentials
typical of SLB conditions from these tests was on the order of a few gpm. This leak rate 1s
much lower than would be predicted by the EPRI Jeak 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 06 to all indications found at EOC-4 per the gudance of draft NUREG-1477 This
methodology divides the EQC-4 voltage distnbution by 0.6 and then subtracts the repaired
indications to define the BOC-$ distribution. When voltage indications above a few volts are
found in the inspection, for which the POD would be expected to be > 06, 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

82  IPC Repair Critenia Implemented at Braidwood-1

This section describes the IPC implemented at the Cycle 4 refuel outage (EOC-4) and the
inspection/analysis performed to support the IPC

Braidwood-| Interim Plugging Critena

The implementauon of the IPC at Braidwood-1 for ODSCC at TSPs can be summarized as
follows

* Tube Plugging Critena
Tubes with bobbin flaw indications exceeding the 1 0 volt [PC voltage repair limit and
<2 7 volts are plugged or repaired if confirmed as flaw indications by RPC inspection
Bobbin flaw indications >2 7 volis attributable to ODSCC are repaired or plugged
independent of RPC confirmation

* Operaung Leakage Limits

Plant shutdown will be implemented if normal operating leakage exceeds 150 gpd per
SG




* SLB Leakage Cntenon
Predicted end of cycie 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 $/G in the faulted loop.

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

Braidwood-1 EOC-4 Inspection

* Eddy current analysis gwdelines and voltage normalization consistent with the EPRI IS]
guidelines and with prior IPC applications (typical of Appendix A for prior Westinghouse
IPC WCAPs such as WCAP-13854)

* Eddy current analysts were trained specifically to voltage sizing per the analysis
guidelines and 52% of the analysts were qualified to the industry standard Qualified Data
Analysis program.

* 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

* 100% bobbin coil, full length inspection of all active tubes with a 0.610 inch diameter
bobbin probe for all straight length tubing

* RPC inspection of all bobbin indications greater than the 1.0 voit repair limit (actual
implemented was all bobbin indicanons) RPC inspections were performed with a 0 620
inch diameter, 3 coil motonized RPC probe

* RPC sample inspection of more than 100 TSP intersections with dents (at Braadwood- 1,
these are typically mechanically induced "dings”) or artifact/residual signals that could
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 1o plant restart from the refueling outage, of any
unexpected inspection findings relative 1o the assumed characteristics of the flaws at the
TSP interse.tions  Thus includes any detectable circumferential indications or detectable
indications extending outside the thickuess of the TSP



The IPC evaluations given in this report are based on the inspection e » implementing the
above guidelines and the 1.0 volt IPC repair limit

83  Operating Leakage Limit

Regulatory Guide 1,121 acceptance cnitena for establishing operating leakage limits are based
on leak-before-break (LBB) considerations such that plant shutdown is initiated if the leakage
associated with the longest permissible crack i1s exceeded. The longest permissible crack
length is the length that provides a factor of safety of 1.43 against burst at SLB conditions
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% predicuion interval on the burst correlation. Alternate crack morphologies could
correspond to 4 54 volts so that a unique crack length is not defined by the burst pressure-to-
voltage correlaton. Consequently, typical burst pressure versus throughwall crack length
correlanons are used below to define the "longest permissible crack” for evaluating operating
leakage limits

The CRACKFLO leakage model has been developed for single aaal cracks and compared
with leak rate test results from pulled tube and laboratory specimens. Fatigue crack and SCC
leakage datz hove been used to compare predicted and measured leak rates Generally good
agreement 15 obtained between calculation and measurement with the spread of the data being
somewhat greater for SCC cracks than for faugue cracks Figure 8-1 shows normal operation
leak rates including uncertainties as a function of crack length

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 62 Nomunal leakage at normal operating conditions for these crack lengths
would range from about 024 10 -5 gpm while -95% confidence level leak rates would range
from about 004 10 0.5 gpm Leak rate limits at the lower range near 0.04 gpm would cause
undue restricions on plant operation and result in unnecessary plant outages, radiation
exposure and cost of repair  In addition, 1t is not feasible to satisfy LBB for all tubes by
reducing the leak rate imic  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
tubes by lowening leak rate limits

An operating leak rate of 150 gpd (~0.1 gpm) 1s implemented in conjunction with application
of the tube plugging critena  As shown 1n 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 Thus, the 150 gpd limit provides for plant shutdown prior to reackiug cntical crack

8-4



lengths for SLB conditions (2560 psi) at leak rates less than a -95% confidence level and for
1.43 tmes SLB pressure differentials at less than nominal leak rates

The tube plugging limits coupled with 100% inspection at affected TSP locations provide the
pnncipal protection against tube rupture Consistent with a ¢.fense-in-depth approach, the
150 gpd leakage limit provides further protection against tube rupturc. 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

84  Projected EOC-5 Voltage Distributions

The BOC-$ voltage distributions are obtained by applying the draft NUREG-1477 POD = 0 6
adjustment to all indications 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 voliage bin of the BOC distributions (Figure 8-2 for $/G D, for example) is
increased by a random sample of the NDE uncertainty and growth distributions to obtain 2
EOC voltage sample. Each sample is weighted by the number of indications in the voltage
bin. The sampling proce- - repeated 100,000 times for each BOC voltage bin and ther
repeated for each volt. of the voltage distribution. Since the Monte Carlo analyses
yield a cumulative proo. ..ty distribution of EOC voltages, a method must be defined to
obtain a discrete maximum EOC voltage value. The method adopted in this report is 1o
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 033 indication For N indications in the distribution,
this 1s equivalent 10 evaluating the cumulative probability of voltages at a probability of
(N-033)/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
distnibution to one indication and assigning the occurrence of 0 67 indication  This process
for developing the largest EOC voltage indications provides appropriate emphasis to the high
voltage tail of the distribution and permits discrete EOC voltages for deterministic tube
integrity analyses.

As described in Section & 5 below, $/G D is the most limiting $/G for SLB leakage analyses
and has been evaluated using fina! Braidwood- | inspection results and tube plugging data
The Cycle 4 voltage grewth distribution of Table 7 6 for S/G D has been used to obtain the
EOC voltages by Monte Carlo analyses as described above The resulting BOC-5 and EOC-$
bobbin voltage distnbutions are shown in Figure 8-2 Based on applying the POD
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adjustment, the largest BOC voltage indication left in service 1s 0.7 indication at 10 4 volts
At EOC-5, the largest voltage indication is projected to be 11.2 volts. The EOC-5
distribution of Figure 8-1 is used for the S/G D SLB leakage analyses in Section 8 §

As shown in Tabie 7.3, the number of indications found at EOC-4 in S/G B was 277
compared to 741 in $/G A, 1062 in S/G C and 696 in S/G D It is clear that S/G B 1s not
limiting for tube integrity considerations and this S/G was not analyzed 1o obtain EOC
distributions or leak rates $/Gs A and C were analyzed using preliminary inspection results a
and growth rate data which have not had large changes in the final data The voltage growth
distribution for $/G A was applied in the Monte Carlo analyses for ' 1 §/Gs A and C. The
8/G C Cycle 4 growth distribution may have been influenced by n spairs made 1n the
October, 1993 unplanned outage and thus could be an underestimate of the growth
distribution. It is conservative to apply the 8/G A growth distribution for $/G C since it has
the largest Cycle 4 growth rates Figures 8-3 and 8-4 show the BOC and EOC-5§ voltage
distribuuons obtained from the preliminary data. Fo: $/G A, the largest POD adjusted BOC
voltage is 8 33 volts and the largest projected EOC-5 voltage is 9.0 volts. For §/G C, the

largest POD adjusted BOC voltage is 2.73 volts and the largest projected EOC-5 voltage is
7.2 volts.

85 SLB Leakage Analyses

This section summarizes the results of the projected EOC-5 SLB leak rate analyses applying

the EPRI correlatons for probability of leakage (POL) and the SLB leak rate versus voltage
correlation. The 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 1o be provided also for the iog normal, log Cauchy, logistic, normal

and Cauchy POL distributions and the results are also given in Section 852 The POL and

leak rate correlanons used for these analyses are described in Sections 6 4 and 6 -

respectively. The ST R leak rate analysis methodology for applying the probability of ‘eakage

and leak rate versus voltage correlations is described in Sections 6.6 to 68 SLB leak rates

are provided at the upper, one-sided confidence of 95% based on the NRC guidance of the -

February 8, 1994 NRC/industry 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 distnbutions As noted above, S/G B has fewer
indications than the oth2r $/Gs and 1s not a candidate for the limiting S/G for leakage
considerations. The preliminary leak rate analyses showed that $/G D had the highest
projeciec EOC-5 SLB leak rate The leak rate for S/G A was gbout 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 hmiting S/G
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for SLB leakage analyses and the results for this generator are given in Section 8.5.1 for the
reference EPRi methodology and in Section 8.5.2 for sensitivity to the alternate POL
correlations.

851 Reference SLB Leakage Analyses (Log Logistic POL)

The projected EOC-5 SLB leak rate for the limiting $/G D, as obtained with the reference
EPRI corrclations of Section 6, 1s 3.1 gpm. This leak rate is less than the allowable SLB leak
of 91 gpm developed in Section 4 8 and thus is acceptable for the Braidwood-1 IPC
applicatic . Table 8-1 provides details of the leak rate calculation. The column titled N i
provides projected EOC-5 voltage distribution including the POD = 0.6 adjustment The
P.i and Q columns represent the POL and expected leak rate for each voltage bin. The
remaining columns provide data for the upper bound confidence of 95% applhied to the leak
rate

Application of the POD adjustment to the EOC-4 voltage distnbution leads to large voltage
indications postulated to have been missed in the inspection and left in service at BOC-S.
With the 1.0 volt repair limit and only RPC NDD indications above 1.0 volt left in service,
the 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. The resulting SLB leak rate for S/G D at I OC-§ 15 1.7 gpm
compared to the expected near zero value The leak rate thus increases only from 1.7 gpm at
BOC 10 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

852 SLB Leak Rate Sensitivity to POL Correlations

The NRC has requested that the projected EOC-S 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
correlations. The estnmated BOC-5 and EOC-5 SLB leak rates for all six POL correlaions
are given in Table 8-2 The results for the reference log logistic POL correlation have been
descnbed above and are repeated in Table 8-2

It is seen from Table 8-2 that the SLB leak rates are essentially independent of the POL
correlation applied to obtain the leak rates The low leak rates for indications below
1 10 2 volts tend to offset the effects of the differences in POL correlations. As seen in



Table 8-1 for the column titled N.1*P1*Q 1, which gives the expected leak rate, the SLB leak
rates are dominated by EOC indicatons above about 3 volts even though only a small fracthon
of the EOC indications are in this voltage range

86  Assessments of SLB Burst Margins and Probability of Burst
861 Determimstc Burst Margin Assessments

Although the technical support for the Braidwood-1 IPC is based on tube burst for limited
TSP displacement, significant margins exist for free span turst 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
confirmed indications of 1 0 volt left in service, the projected EOC-5 voltage at 95% growth
is 2.8 volts compared to the 4 54 volts structural limit for free span burst at 143 x AP, , 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
satisfied for the 1.0 volt RPC confirmed indications left in service. Thus the evaluation for
tube burst with limited TSP displacement 1s applied to accommodate only the largest 1% of
the voltage growth distribution

As shown in Section 4, Table 451, TSP displacements for an SLB at normal operating
conditions are small for most plates and bounded by a maximum TSP displacement of

0.45 inch. Only about 40 TSP intersections at the tubelane comers of the 7th TSP are subject
1o 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
to & burst capability of 1 43 x APy, = 3660 psi. Thus, for an SLB at normal operating
conditions, the maximum exposed potennal throughwall crack length of 045 inch is less than
the RG 1121 structural hmit 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 psi 1s about 0.75 inch
Thus a free span throughwall crack the length of the TSP thickness is required for burst at
SLB conditions

The exposed crack lengths associated wath 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



862 Method of Analysis for SLB Tube Burst Probability

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 appropnate. 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
FDB gaps (nominally 100 mils diametral clearance toward the center of the plate and 88 mils
with radialized holes for the outer region). Thus there 1s a significantly lower likelihood of
packed crevices with associated tube corrosion at the FDB intersections.  Since no
Braxdwood-1 indications at the FDB have been found, the FDB is not included in the tube
burst assessment

The projected EOC-$ 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 1o
develop the distnibution of indications between TSP elevations and the fraction of indications
occuring at tube locations where the TSP displacements are significant TSP displacements as
a function of tube location were deveioped from the analyses described in Section 4 and the
number of tube locations as a function of displacement are summarized in Table 4 § 3

Table 8-4 provides the inspection results for $/Gs A. C and D as a function of TSP elevation
and TSP displacement S$/G B is not included due to the smaller number of indications found
in this /G The table includes the fraction. F;, of indications found as a function of
displacement  Also given in the table are the number and fractions of indications for a
uniform distbuton of all tube intersections Only 9 indications on plate 7 have been found
in all $/Gs a1 wbe jocations having displacements large enough (greater than about 0 6 inch)
to sigmficantly influence the tube burst probability The largest bobbin voltage for any of
these 9 indications was 124 volts and the largest indicanon found anywhere on piate 7 was
274 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

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 of indications at TSPs 3
and 7 were 67% at TSP 3 in S/G C and 13% at TSP 7 in 8/G A These values are used for
the fraction of total indicatons at these TSP elevations The bounding distribution for the
fraction of indications on the TSP as a function of TSP displacement 15 obtained as the larger
found by inspection or the wiiform distnbution  The resulting bounding distributions for
piates 3 and 7 are given in Table 8-4 Also given is the weighted sum for the fraction of TSP
indications as = function of displacement This 15 obtained as the sum of the individual plate
fractions multplied by the fraction of indications for the TSP elevation. This we:ghted sum




of the bounding distributions 1s appuied 0 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 distnbution of Table 8-4
This product can be obtained as a function of bobbin voltage by applying the number of
indications 1n 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 imiting $/G
Conservatively assuming that the TSP displacements expose throughwall cracks, the
probability of tube burst as a function of exposed crack length 1s given by the upper curve in
Figure 6-3 The probability of tube burst (PRB) can then be obtained as

PRB -3 PRB,= ¥ NV,(067 " F, PRB, + 0.13 Y F;, PRB
i i \ J 1 ¢ :

3
‘]

\ | R & 7
PRB=3 NV, 3 (067 Fp +0.13F, | PRB,
' J

i = i® voltage bin

j = j™ TSP displacement bin

NV, = Number of indications in the i ™ voltage bin

2 -

F D,» Fp = Fraction of indications at plates 3 and 7 having TSP displacement in bin J

PRB, = The smaller burst probability of either:

* PRB(V) = Probability of burst for a free span indication of voltage V.
» PRB( D) = Prob. of burst for throughwall crack length equal to TSP disp. D

PRB, = Probability of burst for the i® voltage bin




The term in parentheses in Equation 2 1s the weighted sum of the bounding distribution given
in Table 8-4. Equation 2 1s applied in Section 8 6.5 to estumate the burst probability at EOC-$

863 SLB Burst Probability for S/G D at EOC-4

The burst probability for $/G D at EOC-4 wath 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 dispiacement,
burst probabilities without the need for distributing the indications as described in

Section 8.6 2 above. Table 8-5 identifies the indications found in the inspection for the larger
voitage indications and for indications at locations having the largest TSP displacements in
the hot standby SLB event. The bobbin voltage and free span burst probability at the given
voltage level are provided for each indicanon. 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
SLB burst probabi'ity column shows the lower of the free span or throughwall burst
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 1s 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
free span (very large SLB TSP displacements) conditions 1s 3 7 x 10° Accounting for the
hmited SLB TSP displacements at the locations of the indications, the total burst probability
15 1 7x 10" Thus the limited TSP displacements reduce the burst probability by three orders
of magnitude It can be noted that none of the high voltage indications occurred at locations
of high TSP displacement and the TSP constraint reduces the burst probability for these high
voltage indications to approximately zero Only the small voltage .ndications found at the
comners of plate 7, where SLB displacements are significant, contribute to the burst
probability

The results of Table 8-5 show the effecuveness of limited TSP displacements in reducing the
tube burst probabinty to small values and also show that Braidwood-1 had an acceptably low
burst probabihity at EOC-4

864 Conservative Burst Probability for SLB at Normal Operating Conditions

Fer 2 SLE at normal operating conditions, 1t 1s shown 1n Section 4, Table 4 51 that TSP
displacements are smail and sigmific=udly 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 < 02 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 1o 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 found 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 1s approximately eguivalent to

assuming that a throughwall crack equal to the TSP thickness is present at every hot leg TSP
intersection

Table 8-6 summarizes the beunding analysis for the burst probability resulung 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
probabihity obtained by muluiplying the exposed length probability by the number of tubes.

The total S/G burst probab ' :y for this conservative assumption of throughwall indications at
each hot leg TSP intersection is < § x 107 Thus very low probability bounds all realistic
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 operatng conditions dominate the operatng 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 st:ndby conditions

865 Burst Probability for 2 SLB at Hot Standby Conditions

For Cycle 5 SLB leakage and burst consideratons, S/G D 1s the most limiting and the
projected EOC-S voltage distribution 1s given in Figure 8-2 The tube burst probability for
S/G D at EOC-S5, assuming an SLB at hot standby conditions, 1s evaluated in this section
The methodology of Equation 8 2 given in Section 8.6 2 1s applied for this assessment The
total EOC-5 voltage distribution of Figure 8-2 1s distnbuted 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 »f Section 6 1 and burst probabilities for exposed throughwall

-

cracks are given in Figure 6-3




The results of the burst probabulity analysis are summarized in Table &-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°. The latter
free span result is dominated by the large projected EOC-5 voltage indications up to 11.2
volts which are traceable to applying the POD adjustment to all indications found in the last
inspection pnor 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
guideline for IPC applications of 2.5 x 10, 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 Operaung ume 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,

86.6 Braidwood-1 Frequency of SLB Event with a Tube Rupture

In Section 4.6, Braidwood- | frequencies of occurrence were developed for an SLB at both
normal operating and hot standby (Mode 3) conditions The frequencies are summarized in
Figure B-5. The frequency for an SLB event at hot standby conditions is a factor of 25 lower
than at operatng conditions and is only about 6.8 x 10 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 of
about 5.5 x 10" per year for a Braidwood-1 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- ] following implementation of the IPC for Cycle §

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 ume of Revision 0 of this report as
described in Section 4.2. The TSP hydraulic Joads 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
proviues 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




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 guilloune 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, ime
= 0, conditions in the TRANFLO analysis. Case 6 was setup to match the expected pressure
drops as determined from performance analyses for the Braidwood-1 $/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 tebe 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 corners 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
Secuion €.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 107 per indication. Only 50 tube
locations have TSP displacements in the range of 0.35 1o 0.45 inch with burst probabilities <
107 per indication. It is readily seen that the TSP displacements are sufficiently small to
limut the tube burst probability to very small levels. A more quantitative demonstration of the
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 102 per
indication.



* The Braidwood-1 pulled tube resuits indicate that tube integnty structural and leakage
requirements were sausfied 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 database which would indicate expected Braidwood-1 leak rates
significantly less than the plus 95% confidence level applied for the leakage analyses
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-1 pulled tube resuits strongly indicate that tube integrity requirements would
be satisfied at EOC-S.

The projected EOC-5 SLB leakage is 3.1 gpm 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 of leak versus voltage correlation 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 meeting on resolution of draft NUREG-
1477 comments.

Updated hydraulic analyses for SLB loads on the TSPs were performed (o eliminate
conservausms 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
esumates. The updated analyses confirm that the prior analyses were bounding in ihat
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 updated analyses is 5.4 x 10°, which
bounds SLBs at hot standby and full power conditions, compared to the prior analysis
result of 8 x 10 for a SLB at hot standby conditions. For the prior analyses, the
probability of burst during a postulated SLB. obtained by combining the hot standby and
full power results based on operating umes at each plant condition, was 3.1 x 10°. 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




correlation for burst pressures and all data are within the 95% confidence bands on the burst
correlation. Inclusion of the Braidwood-1 data in the correlation has a negligible influence on
the correlation. SLB leak rates measured for the Braidwood- ] pulled tubes are below the
regression fit 1o the EPRI database and inclusion of the Braidwood-1 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-1 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
predicted leak rate.

The Braidwood-1 pulled tube results indicate that all tube Integrity requirements were
satisfied at EOC4 in that burst pressures for all indications including the largest 10.3 volt
indication met R.G. 1.121 requirements and that SLB ieak rates would have been well below
10CFR100 limits. The tube burst probability calculated from the actual EOC4 voltage
distribution, without any adjustment for the pulled tube results, is 4.4 x 107, 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 10°. The general trend of the Braidwood-1 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 107 value which satisfies the acceptance guideline of 2.5 x
10 The SLB leak rate calculated from the actual S/G D voltage distribution at EOC-4 is 2.}
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 1o be smaller than or, as a minimum. insignificantly larger than found for
Cycle 4, it can be expected that all tube integrity requirements will be satisfied at EOC-5.
The Braidwood-1 pulled tube results strongly support full cycle operation for Cycle §.

8.9 Summary of Results

An IPC with a 1.0 bobbin voltage repair limit has been implemented for Braidwood-1 Cycle §
operation. Inspection requirements typical of [PC 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 S operation.
The results of the Braidwood-1 IPC assessment can be summarized as follows:
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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 1s seen that the prior analyses provide a margin rato of 2.15 on the load for
Plate 7 even though the TSP displacements resulting from the pnor analyses resuited 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 § 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 ps: 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 107 guideline) compared to the acceptance
guideline based on NUREG-0844, larger load margin factors than those of Table 8-9 wouid
be expected to also result in acceptable burst probabilities

8.8 Tube Integrity Assessment Based on Braidwood-1 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 or the Braidwood-|
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
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
SLB TSP displacements are slightly less than the case for the SLB at full Fower

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
the maximum TSP displacement shown in the Table for each plate. Even under this
assumption, it 1s seen that the tube burst probability would be € 5.4 x 10%. This burst
probability, which envelopes that for SLBs at both hot standby and full power conditions, can
be compared to the prior bounding analysis result of 8 x 10 for an SLB at hot standby
(Table 8-7) and 5 x 107 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
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 aralyses and is
bounded 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-1 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 102, Thus the burst probability for
Braidwood-]1 at EOC-5, based on limited SLB TSP displacements, is acceptable for full cycle
Clp(:‘l"dll(’ﬂ

8.7.3 Margin Factors on Loads for Prior Bounding TSP Displacement Analyses

Comparnison of the TSP hydraulic loads from the prior and updated analyses permit an
assessment of margins on the loads that result in ac ceptable tube burst probabilities. Peak
pressure drops munus the steady state pressure drop at time = 0 are used for this comparison
as this quantity represents the peak change ir pressure drop resulting from the SLB event and
the TSP displacements from the SLB are calculated relative 1o 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




* 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

distribution, is less than the R.G. 1.121] structural limit of 4.54 volts for a 1.43 x AP

SLB
burst margin.

* The modest EOC-5 SLB leakage and low tube burst probabilities strongly support full
cycle operation for Cycle 5 at Braidwood- ] following implementation of the 1.0 volt IPC




[__ Table 8-1: Braldwood 1, SG "D*, PoD = 0.6, EOC § Volits | Cauchy
L I ‘ Expected 1 }
Eocvmu[r;uumbTT”b"“": NI | P Qi |Vanance Qi| N#Pi*Qi | “anance
| »= Volts | v Pi*Qi
2560 psi
0.2 0.000084 101600 | 1.0 | 31EQ2 | S17ED4 | 6.15E0S | 161EDS 1.92E-06
03 0.010827 | 1015.33 100 319E02 | 1.78E03 | 340E04 | S67E04 | 1.12E05
04 0.048213 | 100509 ‘ 3.0 3.28E02 | 412603 | 122603 | 524E-03 | 402608
| o8 0123031 | 96628 | 750 334E02 | 783E03 | 3.26E03 | 1.96E02 | 1.11E04
06 0222441 | 89135 | 1010 342602 | 132E02 | 740E03 | 455E02 | 259E-04 |
0.7 0.334646 79028 | 1140 351E02 | 204E02 | 1.50E02 | 8 17E02 | 5.40E-04 E
08 0447835 | 67579 | 1150 | 360E02 | 299EQ2 | 278E-02 | 1.24E01 | 103E03 |
| o8 0850187 | 56122 | 1040 370E0Q2 | 418E02 | 4B4E02 | 1.61E01 | 10SE03 |
| 10 0639764 | 45685 | 910 380E-02 | S64E02 | B.O0EL2 | 195E01 | 316E03 |
1.1 0.712508 366 30 ! 740 IMED2 741EQ2 1.27E-01 214E01 | $516E03 |
1.2 0771654 | 29182 | 600 402E02 | 951E02 | 1.04E01 | 2.28E01 I 8.13E.03 |
| 13 0817913 | 23192 | 470 414E02 | 120E01 | 287E01 | 233E01 | 1.28E02 |
}’ 14 0.853346 18496 | 360 | 427E02 | 148E01 | 415E01 | 227E01 | 1.8eE02 ,
| 18 0880806 | 14863 | 280 | 440E02 | 1.81E01 | S86E0Y | 220601 | 272602 |
| 16 | 0902560 | 12069 | 220 | 4S5E02 | 218E01 | 812601 | 218E01 | 380E02 |
|17 | oswe2e 9908 | 170 | 470E02 | 260E01 | 1.11E+00 | 207E01 | 550E-02 |
| 18 | 0832087 8201 | 130 | 486E02 | 3.06E01 | 1.48E+00 | 194E0) | 765E02 |
| 19 0942913 | 6904 | 110 | S504E02 | 3.59E-01 | 1.96E+00 | 1.99E01 1.08E-01 .
| 20 0950767 | 6850 | B0 | 523E02 | 4.16E01 | 256E+00 | 1.74E01 | 1.42E01 |
| 21 0.956693 5034 | 60 S43E02 | 4.80E01 | 330€~ooi 1.57E01 | 191E01 |
| 28 0.961614 4386 | 50 S66E-02 | SS0E-01 | 4.22E400 | 1.56E-01 SSE-01 |
23 0.965551 3883 | 40 | 5B9E02 | 627E01 | 5.34E«00 | 148EQ01 | 3.36E01 4
24 0968504 | 3487 | 30 | 615E02 | 7.11E01 | 669E«00 | 1.31E01 | 441EQY |
| 25 0.671457 M | 30 | 644E02 | BOIEDT | B3IE.00 | 1.55E01 | 5.75E01 |
| 26 | 0973428 29.39 ; 20 | 675E02 | 9.00E-01 [ 1.03E+01 | 1.21E01 | 7.45E01 |
|27 o734 | 2718 | 20 | 7.08E02 | 101E«00 | 1.26E«01 | 143E01 | S.60E01 |
| 28 | oevesre | 2524 10 | T4TEQ2 | 1.12E400 | 1.54E+01 | 8.36E02 | 1.23E+00 i
| 29 | oe783ee | 2385 ! 20 | 789E02 | 1.24E+00 | 186E+01 | 1.96E01 | 1.58E+00 |
30 | 0678331 | 2199 | 10 | BISED2 | 1.37E+00 | 224E+01 | 115E01 | 201E+00 |
31 | oeei2e9 | 2088 | 20 BBBE02 | 152E.00 | 268E+01 | 269E01 | 2.57E+00 |
3.2 f 0.982283 19.34 1.0 947E02 | 1.67E400 | 319E+01 | 1.58E-01 | 3.26E+00 |
33 | ows3zes 18.25 10 1.01E01 | 183E400 | 3.79E+01 | 1.85E-01 | 4.15E+00 |
34 | 0984252 | 1735 10 | 109E01 | 200E+00 | 4 47E+01 | 218E01 | 5.27E400 |
36 | 0985236 | 1574 10 | 1.20E0Y | 2.37E+00 | 6.15E+01 | 3.05E01 | B.55E+00 |
37 | 0986220 | 15.01 1.0 141E01 | 257E+00 | 718E+01 | 363E01 | 1.09E+01
e 0987205 | 1386 1.0 1.74E01 | 3.01E+00 | 9.67E+01 | 5.24E01 | 1.81E+01 |
40 0968186 | 1283 | 1.0 196E-01 | 3.25E+00 | 1.12E+02 | 6.37E01 | 2.35E+01 |
4.1 0969173 | 1208 | 1.0 223E01 | 350E400 | 1.28E+02 | 7.83E01 | 3.08E+01 !
43 | 0900157 | 1055 10 | 301E01 | 40SE+00 | 1.69E+02 | 1.22E+00 | §42E+01 |
4as | 0991142 | o7 10 | 385E01 | 4.34E+00 | 1.93E+02 | 1.54E+00 | 7.26E401 |
45 | 0992126 894 10 | 419E-01 | 464E+00 | 219E+02 | 1.95E400 | 9.71E+01 j
a7 0.993110 7.61 10 | S63E-01 | 530E.00 | 282E+02 | 299E+00 | 1.686E+02 |
a8 0994084 | 6 10 €30E-01 | S65E+00 | 319E+02 | 3.56E+00 | 2.08E+02 |
| & | 0995079 562 0 7EUEO1 | EBOE+00 | 4 54E+02 | 5.22E+00 | 357E+02 |
| &7 0 996063 4 60 10 879E-01 | 955E400 | 8.75E+02 | B.40E+00 | 7.80E+02
7.4 0.997047 352 10 951E01 | 214E+01 | 4.24E+03 | 204E+01 | 4.05E+03
89 0 998031 282 0 96BE-01 | 381E+01 | 1.33E+04 | 360E+01 | 1.29E+04
97 0 999016 1.58 C B.73E01 | SO0E+01 | 229E+04 | 4.87E+01 | 2.24E+04
108 0.999705 0 68 07 O 77E01 | G43E«01 | 3BOE+04 | 4 40E+01 3725.04
112 11000000 | 033 | 03 | 970E01 | 789E«01 | 676E.04 | 2326401 | §65E04 |
e S hee | Regression Egustions enur-'&-,__, ,
Sum|[Ni*E(Q)*P )= | 208892
Sum[Var + Cov] = | 917E+04 |
SR I N | Ly _Ettective b.a'\dard Deviation = | 3.03E+02 |
‘Confidence 0E 0oL
L L TR 3 Z2-Deviate= | 1645
‘Qictal (LPH) = | 7036 |
Qiotal (GPM) = | _3.098




Table 8-2. Summary of Cycle 5 SLB Leak Rate Analyses for S/G D

Method of Analysis BOC EOQC
EPRI SLB Leak Rate versus Voltage Correlation
*« POD=06
* Leak rates based on EPRI voltage
correlation
« 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 el e, _ 1.73 3.1
- Normal POL ) 1.73 3.2
- Cauchy POL 1.70 3.1




Tabie 8-3. Summary of Deterministic Margins Against Burst at SLB Conditions
(95% Confidence)

| 1.43xAPg,

Parameter S/G A S/IGB S/GC S/GD
RPC Confirmed Indications Left in Service
Largest bobbin voltage 1.00 1.00 1.00 1.00
NDE uncenrtainty at 95% 0.20 0.20 0.20 0.20
confidence
* 20% of bobbin voltage
Voltage growth at 85% 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 volt
1.43xAPg, ,
Largest Bobbin Voltage, RPC NDD Left in Service

Largest bobbin voltage 1.48 2.03 1.55 1.8
NDE uncenrtainty at 85% 0.30 0.41 0.31 0.36
confidence
* 20% of bobbin voitage
Voitage growth at 95% 1.40 0.50 1.40" 1.00
cumulative  probability
Projected EOC-5 Voltage I 3.18 2.49 3.26 3.16

'r_.._,...n —

| Allowable EOC Voltage at 4.54

! Al

— '
1 Notes: 1

Growth rate for S/G A conservatively applied to S/G C
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Braidwoed-1, SG D - Estimated H;rt.::::d:y SLB Burst Probability at EOC4
Tube/Location Free Span Burst Limited TSP Dnsp Burst (1) Apphcable SLB
Burst Prob | Local TSP Disp. | TW Burst Prob | DU Frob ()
< | OE-i2

23 12 3 8 82 1.2E-02 <035 < 1.0E-11 ~00
12 9 3 5.02 1.5E-03 <035 < 1.0E-11 -00
11 9 3 428 8 0E-04 <035 < 1.0E-11 ~00
19 7 3 395 5 7E-04 <0.35 < 1.0E-11 ~00 —
33 av 3 383 5 0E-04 <035 < 1.0E-11 ~ 0.0
35 29 3 362 3.9E-04 <035 < 1.0E-11 ~00
11 12 3 321 23E-04 <035 < 1.0E-11 ~-00
16 42 3 3.12 2.0E-04 <035 < 1.0E-11 ~00
2 105 3 284 1.3E-04 <035 < 1.0E-11 ~-00
d 20 3 27 1.2E-04 < 0.35 < 14%-11 ~-00 ]
43 56 3 2.60 B 8E-05 <035 < 1.0E-11 ~-00 J
32 27 5 248 7.1E-05 <0.12 < ]1.0E-12 -~ 00
45 53 3 2.30 4 9E-05 < 03§ < 1.0E-11 ~00
3] 20 3 2.20 4 0E-05 < 0.35 < 10E-11 ~00
27 35 3 218 3 BE-0S <035 < 1 0E-11 ~00
4] 55 3 2.16 3. 7E-05 <035 < 1.0E-11 -~ 00
43 53 3 2.1 3 3E-05 <035 < 1.0E-11 ~00
2 113 3 0.59 22E07 0514 1 9E-05 22E07
3 110 3 0.58 2 1E-07 0 406 3 SE-09 3 5E-09
2 113 7 0.56 1 9E-07 0 804 4 5SE-0] 1. 9E-07
2 108 7 1.10 3 SE-06 0.63) 9 0E-03 3 SED6

105 7 064 3.5E-07 0.530 5.3E05 3 SEQ7

1) 7 072 5 6E-07 0 498 4 9E-06 5 6E-07

106 7 0.52 1 4E-07 0.532 6.3E-05 1 4E-07

112 7 124 6 OE-06 07i8 1.2E-0] 6.0E-06

112 7 124 6 OE-06 0692 6 4E-02 6 0E-06

| (conunued on next page)




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
~ - " : Lt Py ) Burst Prob (2) |
Row Col TSk Volts Burst Prot Local TSP X)AS[ I'W BUY&'. Prot '
|
- . o - - |
7 108§ y 0 59 22E0 0456 2 7E.07 2 3E07 :
|
; . |
A 13 110 7 0 8RR 1 3E06 0417 8 0F .09 8 0E-09 |
Total Burst Probability 3 7E-02 1 TE-05 .

1

Notes
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




Table 8-6. Bounding SLB Burst Probability at Normal Operating Conditions

EOC-4 indications Bounding SLB Burst Probability
Maximum s
TSP Max Exposed :
TSP Dnsplacev:nem Max Volts | Length Burst Prob. for |
(inch) No. ind at Number |  Burst Ind. at All
at TSP TSP Tubes | Prob® HL Int®
- T
1A
3/C
SIF
74
8/L
9/M
10/N
11/P
Total Burst Probability <5 x 10 ,'
j |
il ] l
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 |
maximum TSP displacement of column 2 '
3 Burst probability assuming all hot leg TSP intersections have a ‘

throughwall crack length at maximum TSP displacement

== Ty




Table 8.7
Braidwood-1 SG D: EOC-5 Burst Probability for Hot Standby SLB with Limited TSP Displacement
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Braldwoed-t SC D

EOC-5 Burst Probabllity for Hot Standby SLB with Limited TSP Displacement
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Table 8.7
Braidwood-1 SC D: EOC-5 Burst Probability for Hot Standby SLB with Limited TSP Dispiacement
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Notes 1) Imtal column entry shows the burst probability for an exposed throughwall crack equal to the TSP displacement The remaning column entnes show the
* fower burst probability for either free span based on the bobbin voltage or a throughwall crack at the length exposed by the TSP displacement

Y

2) For TSP displacements >0 65 inch, the free span burst prohability for the EOC-S voltages are always lower than for an assumed throughwall crack greater
thar the 065 inch TSP displacement

) Numernical value represents F,*PRB,, for the TSP displacement bin. Below this entry, the burst probability for an sssumed through wvall crack at the given 159

dispiacement 1s 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 Anaiyses
EOC-4 Indications Bounding SLB Burst Probability
Maximum ,
TSP hMax Exposed
TSP | Displacement | ... Volts Length Burst Prob for
(inch) No. Ind. at | Number Burst ind. at Al
atTSP | TSP Tubes Prob.® HL Int®
1A < 0.30 0 - N/A N/A
3C | 04510048 0 4 <7.0 x 107 <28 x 10*
0.40 to 0.45 1 0.80 26 <1.0 x 107 <26 x 10*
0.35 to 0.40 4 1.25 30 <1.1 x 10°* <33x 10*
0.30 to 0.35 10 1.30 50 <74 x 10" <3.7x10M"
< 0.30 704 8.82 4468 | <35x 10" <16 x10™
5/F < 0.086 248 104 4578 < 10" ~0
A < 0.147 97 274 4578 < 10" ~0
8/L < 0.152 28 346 4578 < 10" ~0
/M < 0.082 2 102 4578 < 10" -0
10/N < 0.090 2 076 4578 < 10" ~0
1P < 0.132 1 052 4578 < 10™ ~0
Total Burst Probability <54 x 10°
Notes
1. Maximum number of indications in any S/G at the noted TSP
2. Burst probability for a throughwall cra « length equal to the maximum TSP
displacement of column 2
3 Burst probability assuming all hot leg TSP intersections have a throughwall crack
-2ngth at maximum TSP displacement




Table 8-8

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 Mode! D2 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 5
Operating Hot Hot Full Power Hot Full Power | Full Power
Condition Standby Standby Standby (Note 3) (Note 3)
with
Excessive
F eedwater
L
L
!
r
Notes

S/G

-

performance analyses for the Braidwood-1 S/Gs

1. For Case 1, the TSP identification numbers for the Model D3 S/G are different than given for Model D4

2. The peak pressure drop minus the steady state pressure drop at time = 0 represents the change in

l pressure drop from the SLB event and is judged to t2 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 estabiishing 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

Sspesceer




Figure 8-1. Leak Rate Under Normal Operating Conditions
versus Crack Length for 3/4 Inch Tubing
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Figure 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. Estimated Braidwood-1 EOC-5 Frequency of SLB Event with a Tube Repair
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Figure 86, Model D4 Normal Operating SLB TSP3 Displacement and Burst Probability
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Figure 8-7(a). Locations of 4/84 Bobbin Indications at TSP3 for S/Gs Aand B




AP STATISTICS

T e cea
- FAes RN Rc T RN S . 133
e } e :X' i .. xx5 XYIfY . ‘ 5"
’e 1 1
1P 13 e TARRRNE . JBEE. It 13
i» * v 3 1884 5"
C 1 LT PP eEENe 1T
” 199 19 58801 o | d 1 1
4 b b 41 -
1 1 )® 0 1 y Lineu
111 11T e 33 SO a8
40 ' e o mww 40
i1 Al " T Ll e " -
2 L T IROUBRSES 0
3 el Ll pu L Y
T z Pem 9
T o o3 - IBET RN CUWL 8 IR0
- 5 ¢ - & -
:t < + ++ + + - PR ot >t
3 ‘" - : SR .
30 4 > ¢ ot
e - ,
'y
- 180 48/ t . - e 30
b & ) 4 v e Y
& ' he "
-
+ 1 k - . y
.- + " "
B A, ;"
3 )
2 O v XY owma”. - 444 o g ,) O
o " ve 1 3 1
e o d MOBRE., .. 3 )58 Bl 2 e -
e e bd "o 45t y LIS IBSRN TR T+ T
: 3 JRE NS E vy IBABRE. JBOH 0 4 e 1
e bbb S SR PN hd ) 4 L L i ';‘ T
L d b L T T TR ' 1T e ho o
1 SHE LOSEPUr VB ! - s I 2 »ai ' .
+ b8 SOets 3 ? - 0
. ;' 9 P . il H I8LJ { 14 A“ T T
7 ' " 1 Y T . T T '
1 0 k; + - s - 3 - 1 10
1 ¢ Tt ' 4 ’oo ¢ I(
AL+ BB di 0% o 11 1 11 t + ’ pe
e e o Y §i % a9 ' 1 IEEEEIENES SR PR i i 4
e IPIRGTNY iy IRaene 1 T 1 b o SUW B 1 1 v T113
3 eaves be onus yesenss 73 1 ettt eeusea: S eaans Seas o deF ! Ju e
- O® e + e * - + THites P COREEE SR .
e T X A A A A2 OO X ey YOy
~
110 00 90 80 7 60 o0 40 30 20 10
L NOZ2LE
Q P & DS |
|
B v i
|
~STEAM CEMERATOR |MTORMATION SYSTEM (C) WESTINGHOUSE (LEC I CORP_ 1990 DATE PLOTTED 4/16/1994 |

i

MAP STATISTICS

J

TIRY BB T T T XXX ® s
> -
R ok e o 1 3 4 348

8L JB8BEES b ' 4

180 105888088 Jsssresiie insse:

e 1 2T 1 ), o u
D T8+ - T oo W BB T !
1 oL st

O CEEERme

$PeanEssu
R Y
- .

b avard o

H*‘“O‘

B
s s b reed
B SRR S
e aned ool

e
poeesevere
postrroas e
-4t +ree

ooy d
A B S S S
Seerececes

90 80

LA A
at & 0%
ST, aw CENERATOR NIORMaA O §v8 - -

Rt
bos v rrre o

70

R S

o e

b >oon

-

o
.

st 3

60

- f
¢ Vs

At e 4

LECTRIC CORS

Figure 8-7(b) Locations of 4/94 Bobbin Indications at
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