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

10  INTRODUCTION

Foliowing the completion of Cycle 4 operation, eddy current inspections of the tube support
plate (TSP) intersections of the steam generator (S/G) tubes have identified 2733 bobbin coil
indications of which 1566 were confirmed as being axia! crack-like ODSCC indications using
RPC inspection techniques. The size and number of indications could result in significant
tube repairs with current plugging critenia and repairs that are not required to meet NRC
Regulatory Guide 1.121 guidelines for tube repair. Braidwood Station has therefore requested
a Technical Specification change to impiement an interim plugging criteria (IPC) for ODSCC
at TSP intersections The requested IPC repair limits and inspection requirements have been
based on the Caiawba-1 NRC SER which approved a 1.0 voit repair limit. The methodology
to support the Braidwood-1 IPC differs from previously arproved IPCs in that it applies the
EPRI data outlier evaluation methodology and SLDB leak r: te versus voltage correlation based
on the NRC guidance of the February 8, 1993 NRC/industry meeting on resolution of
comments on draft NUREG-1477  In addition, Braidwood-1 IPC analyses demonstrate
limited TSP displacement relative to the tube in a2 SLB event, and show structural integrity
with respect to tube burst considerations.

The evaluations supporting the Braidwood-1 IPC are based upon bobbin coil voltage
amplitude which is correlated with tube burst capability and leakage potential Detailed
analyses provided in this report (Section 4) have demonstrated limited relative tube support
plate to tube movement which minimizes the potential for significant leakage or tube burst
during both normal and accident conditions. For SLB leakage analyses, the tube support plate
crevices are assumed to be free span or open crevices, which lead to more conservative leak
rates compared to the expected packed crevices under normal and accident conditions. The
analyses for demonstrating limited TSP displacement utilize thermal-hydraulic loads for a
postulated SLB at normal operating conditions and for a SLB at hot standby conditions. The
loads utilize existing analyses and the hot standby loads are very conservative as the initial
ccnditions include low water ievel combined with an excess feedwater transient, both of
which tend to increase the loads. The dynamic structural analyses yield TSP displacements as
a funcunon 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 1s throughwall Even with these conservative assumptions, it is demonstrated
that Braidwood-1 has adequate tube burst margin

In accordance with draft NUREG-1477, SLB leak rates were calculsted for 2 total of six
probability of leak (POL) correlations including the EPRI reference log logistic correlation.
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The six correlations (Section 6) evaluated inciuded linear and log voltage formulations for
logistic, normal and Cauchy cumulative distribution functions. The reference leak rate with
the log logistic correlation and five additional leak rates for assessing the sensitivity 10 the
POL correlation are given in this report (Section 8). The SLB leak rate analyses utilize
voltage distributions consistent with the draft NUREG-1477 guidance including adjustments
for probability of detectior.

The plugging critens were developed from testing of tube specimens with laboratory-induced
ODSCC, extensive examination of pulled tubes from operating 8/Gs and field expeiience for
leakage due to indications at TSPs. The recommended cr. .a represent conservative criteria,
based upon Electnc Power Research Insntute (EPRI) and in lustry-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 Braidwooa-1
for future enhancement of the EPRI database and validate the industry developed EPRI leak
and burst correlations appiied in this report

Implementation of the tube plugging critenia was supplemented by 100% bobbin coil
inspection requirements at TSP elevations having ODSCC indicanons, reduced operating
leakage requirements, inspection guidelines to provide consistency in the voitage
normalization, and rotaung pancake coi. (RPC) inspection requirements to establish iepair
requirements for indications above the 10 volt repair limit and to characterize the principal
degradation mechanism as ODSCC. 1In addition, potental SLB leakage was calculated for
tubes with indications left in service at TSPs to demonstrate that the cumulative EOC-5
leakage is less than the allowable limits



20 SUMMARY AND CONCLUSIONS

This report documents the technical support for a Braidwood Unit 1, Cycle § Interim
Plugging Crnitenia (IPC) of 1.0 volt for CDSCC indications at TSPs

21 Overall Conclusions

An IPC with a 1 0 bobbin voltage re, ur imit has been developed for Braidwood-1, Cycle §
operation Inspection requirements typical of IPC practice, such as the guide!ines of the
Catawba-1| NRC SER, were applied at the Cycle 4 refueling outage tv support implementation
of the IPC. These requirements inciude eddy current analysis gwdelines, tramning of analysts,
cross calibration of ASME standards to a reference standard, use of probe wear standards,
100% bobbin probe inspection and RPC inspection of bchbin indications above 1.0 volt
together with a sample of dented TSP intersections

R.G 1121 gwdelines for tube integrity are conservatively satisfied at end-cf-cycle five
(EOC-5) conditions for the 1 0 voit IPC. The results of the Braidwood-1 assessment can be
summarized as follows:

« The projected EOC-5 SLB leakage 15 3.1 gpm for the hmiting SG, which 1s l2ss than the
allowable iimit of 9} 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 tube burst probabilities =stimated at EOC-5 are 5x10° for a SLB at normal operaiing
conditions and 8x10™ for a SLE at hot standby conditions. Weighting these probabilities
by the relanve operating times ieads to a combined burst probability of 3.1x10" These
burst probabilities are significantly lower than the IPC acceptance guideline of 2 5x107
shown to be acceptable in NUREG-0844 When combined with the corresponding SLB
event frequencies, the frequency of a postulated SLB event with a subsequent tube
rupture 1s very low at 5 5x10" per year The tube burst probat:lines are developed
based on limited TSP displacements calculated duning 2 SLB event for the Brasdwood- 1
S/Gs, even when applying very conservative load conditions for the hot standby SLB
Deterministic tube burst analyses show that the projected EOC-S voltage obtained with
voltage growth rates up to 99% cumulative probability on the Cycle 4 measured growth
distribution, 1s less than the R G. 1121 structural himit of 4 54 volts for a 1 43xAP,,,
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accident condition burst margin. The RG. 1121 structural limit guideline of three times
normal operating pressure differential 1s inherently satisfied by the tube constraint
provided by the tube suppon plates at normal op=rating conditions

The modest SLB leakage, acceptable tube burst margins and iow tube burst probabilities
presented in this report support full cycle operanon for Cycle 5 at Braidwood-1 following
implementation. of the 1 0 volt IPC.

2.2 Summary

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

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

* Inspection Pequirements
A 100% bobbin coil mspection was performed for ail TSP intersections  All bobbin
flaw indications greater than the 1 0 volt repair limit were RPC inspected and the RPC
inspechion included a sample of dented TSP intersections.

* Operating Leakage Limits
Plant shutdown will be implemented if normal operating leakage exceeds 150 gpd per
G

* SLB Leakage Cnterion
Predicted end of cycle SLB leak rates from tubes left in service, inclucing a POD =06
adjustment and aliowances for NDE uncertainties and ODSCC growth rates, must be
less than 9.1 gom for the S$/G in the faulted loop.

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



EQC-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 8/G B to 1061 in S/G C. To evaluate Cycle
4 voltage growth, all indications of ODSCC ut TSP intersections at EOC-4 had the EOC-3
bobbin data reevaluated 10 obtain Cycle 4 growth rates. In addition, Brasdwood-1 had a
100% inspection of S/G C dunng October, 1993 as the result of 2 pnmary to secondary tube
leak unrelated to ODSCC at the TSPs  This allowed a growih evaluation for S/G C from
October 1992 to October 1993, a $/G C evaluation from November 1993 to March 1994 and
a growth evaluation on S/Gs A, B and D for the entire Cycle 4 The results of this growth
rate analysis were conservatively apphied to the BOC-5 indications left in service to project
the EOC-S voltage distributions for tube integnty analyses. The average growth for all 4
S/Gs over Cycle 4 was 023 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 9 76
volts.

The Braidwood-1, RPC confirmed TSP bobbin indications show axially oriented indications
that are typical of those of other plants which have been confirmed as having ODSCC; 1 e,
the Braidwood-1 results are consistent with axial ODSCC as the degradation mechamism and
the associated EPRI database is applicable for the Brasdwood-1 IPC Four tubes including 13
TSP intersections and six R™Z confirmed bobbin indications ranging from 1.0 to 104 volts
were pulled during the outa, . 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 effect of these data on the correlations and results of this
report will be assessed upon completion of the destructive examinations.

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

Structural Integnty Assessment

To support the Cycle 5 tube integnity assessment under the conservative assumptions of the
larger Cycle 4 growth rates reoccurning in Cycle S and a probability of detection of 0.6 (draft
NUREG-1477 guidance), additional analyses were performed to demonstrate mited TSP
displacement in a postulated SLB event With limited displacement, the part of the overall
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Only plate 7 has significant tube-to-TSP displacements which provide potential concerns for
exceeding EOC-£ structurai integrity considerations. At plate 7, 124 tubes (2 6% of TSP
iniersections) have TSP displacements exceeding 0.5 inch corresponding to the R G. 1.121
s*ructural margin for throughwall cracks and the maximum TSP displacement at any tube
location 1s 0 87 inch Based on the EOC-4 inspection results of plate 7 locations, only 8
indications in any one S/G, and a total of 20 indications ir ail 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 0.35 incl. was 1.24 velts 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. 1.12]1 margins against burst for free span indications.
Thus 1t 1s concluded that only a few, relatively low voltage indications are iikely to occur at
the plate 7 locations with significant SLB displacements at hot standby conditions A
statistical assessment 1s necessary to assess the potential for a structurally significant
indication to occur at a plate 7 locatnon with relatively large TSP displacements. A tube burst
probability assessment was performed for SLB hot standby conditions (conservative Model
D4 loads) and the resulting probability of a tube burst at EOC-5 conditions was only 8x10™;
this is negligible compared to IPC acceptance guidelines of 2 5x10° The burst probability
for an SLB during power operation at EOC-5 1s 5x10° Since only about 3 8% of the
Braidwood-1 operating time 1s at hot standby (Mode 3) conditions, the combined burst
probability 1s only about 3x10°

The Braidwood-1 SLB event frequencies and conditional tube rupture probabilities described
above have been combined to obtain a frequency of 5 5x10* per year for a SLB event with a
subsequent tube rupture This very low frequency has negligible influence on the cnre
damage frequency and supports full cycle operation at Bradwood-1 for Cycle §

Leakage Integnty

Based on sensitivity analyses for SLB leakage, it was concluded that S/G D 1s the most
limiting S/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
correlation following the NRC guidance at the February 8, 1994, meeting on resolution of
draft NUREG-1477 comments. Projected EOC-5 bobbin voltage distributioas weie obtained
inciuding a2 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. Tae
resulting SLB leak rate for the imiting SG at EOC-5 was 3.1 gpm, which is significantly less
than the allowable leak rate of 9.1 gpm obtained for Braidwood-1

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

probability of leakage form was found, with a vanation of only 0.1 gpm between the six

distributions




30 CRACK MORPHOLOGY

31 General Discussion

Four tubes were pulled from Braidwood-] including 13 TSP intersections with 6 r¢ orted
bobbin and RPC indications The resulting tube examinanons will confirm the crack
morphology for indications at the tube support intersecticns The schedule for the tube exams
will be based on obtaining the appropriate technical results and the resuits will be avaiiable
for review after the tests are completed In the intennm peniod, comparisons of RPC data from
the current Braidwood-1 iuspection are compared in Section 3.2 below with RPC results for
pulied tubes with known morphology of dominantly axial ODSCC typical of the EPRI

database

With the performance of the tube metallography on the pulled tube specimens from
Braidwood-1, the 3/4" database will be expanded by 6 TSP intersections with clearly
identifiable degradation and 7 other intersections for which EC mterpretation guidelines, as
practiced in the field, did not find a basis for reporting as possible flaws, these NDD specimens
will help to define the extent of ODSCC which may be present at such locations. The
Braidwood-1 pulled tubes can be expected to demonstrate a crack morphology of dominantly
axial ODSCC typical of the EPRI database Together with leak and burst testing, the ground
truth provided from these samples is expected to support the detection probability conceming
the adeguacy of bobbin EC testing of non-dented TSPs as the appropriate NDE technique for
TSP intenim plugging criteria  The bobbin results from the 5SH level of R37C34 in particular
are suggestive of possible flaw conditions, but both the bobbin and the RPC field analyses were
reported as NDD, the metallography results could confirm the sensitivity of the bobbin probes'
integration of many small cracks, producing a detectable signal, while the RPC probe response
15 too small to distingwish a signal produced from only a fraction of the total cracks present in
its helical path at any instant In either case, the voltage range of 1.0 to 10 4 volts for the
Braadwood-1 pulled tubes will enhance the EPRI database and resulting correlctions while the
7 NDD intersections will supplement the bobbir. and RPC detectability data.

32  Crack Morphology Inferred from Inspection Data

Comparnison of typical MRPC pseudo-1sometric graphics (C-scans) for some of TSP indications
which were confirmed shows that the Brasdwood-1 TSP degradation 1s enveloped by examples
from other plants and that the condition represented by the C-scans is quite consistent with
ODSCC Figures 7-1 to 7-6 in Section 7 illustrate the distributions of axial indications, al!
confined withiu the edges of the suppr rt plates, the distnbutions of bobbin indications with
elevation and voltage -~ similar to that found in plants with axial indications verified by
previou; investigations to be ODSCC by metallographic studies of pulled tubes.
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The intersections pulled during the EOC-4 inspection which exhibited EC indications were
R37C34-3H and SH and R16C42-3H from 5G D, followed by R27C43-3H and R42C44-3H and
5H, both from SG A, these MRPC indications are shown in Figures 7-42 to 7-47 and are
typical of the variety of TSP ODSCC in Brasdwood-1 confirmed bobbin indications from 1 04
volts to 104 voits Comparable C-scan results from Plant R and Plant S, both with SG's of
similar design to the Brasdwood-1 SGs, shown in Figures 3-1 to 3-5, confirm the
appropriateness of the judgment that all of these indications represent TSP ODSCC within the
defimition relevant to the IPC.
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a) R4 CE7, Location 2H b) R42 C48, Location 2H

-8.48 368
¢) R27Ce8, Location 2H d) R14 C56, Location S5H

Figure 3-3.  Plant S Example RPC Traces from Hot Leg Support Plate Locations in SG A
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464 268 e 9

-4.56 360 ~4.7% 36

c) R9 C103, Location 2H d) R46 C71, Location SH

Figure 3-4.  Plant S Example RPC Traces from Hot Leg Support Plate Locations in SG B
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-8.62 368

a) R38 C91, Location 2M b) R8 C27, Location 24

c) R37 C40, Location SH d) R21 C84, Location SH

Figure 3-5.  Plant S Example RPC Traces from Hot Leg Suppon Plate Locations in $G C



40  ACCIDENT CONSIDERATIONS
41 General Considerations for Accident Condition Analyses

The approach being applied to demonstrate tube integnity at Braidwood-1 1s based or applying
SLB analyses demonstrating limited TSP displacement to reduce the likelihood of a tube burst
in a SLB event to negligible levels. In addition, it 1s demonstrated that the SLB leak rate,
even under the conservative assumption of leak rates for free span indications, 1s within
acceptable limits. Tne allowable limit on the SLB leak rate 1s 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. At this ime, Model
D4 S/G loads are available for an SLB at normal operating conditions and for a very
conservative SLB at hot standby conditions. The hot standby loads include conservatisms
based on low water levels (at level of the top TSP) and inciude a simultaneous feedwater
transient. The potential level of conservatism in the Modei D4 hot standby loads is
demonstrated bv comparing the loads with those obtained from a Model D3 S/G analysis with
normal water level and no feedwater transient. Both SLB analyses, at normal operating
conditions and at conservative hot standby conditions, for TSP dispiacements developed in
this section are applied in Section 8 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 integnity of the TSPs and
their supports (bar, wedge welds) Section 4 6 develops the frequencies of occurrence for an
SLB at Braidwood-1 at both normal operating and hot standby (Mode 3) conditiens. It 1s
shown that the frequency of an SLB at hot standby conditions, for which the TSP
displacements are higher, is significantly lower than that for an SLB at normal operating
conditions

For a postulated accident condition combining a LOCA simultaneously with a SSE, 1t 1s
possible to have some tubes near TSP wedges deformed by the resulting loading condition.
Due to the potennial for secondary to primary leakage in the combined LOCA plus SSE, the
tubes subject to significant tube deformation near the wedges are excluded from application of
the IPC repair limits. The analyses descnbing 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 identfication:



Westinghouse TSP Braidwood-1 TSP
A ]
E 3
F £
J 7
L 8
M 9
N 10
P 11

TSP 1 is the Flow Distribution Baffle (FDB). The FDB has large tube to plate clearances
(nominal | J* diameter) in the central region of e plate and radialized holes (nominal

[ ]* 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 [ I

42  Thermal Hydraulic Loads on TSP in a SLB Event
421 Introduction

A postulated steam line break (SLB) event results in blowdown of steam and water The
flud blowdown leads to depressurization of the secondary side fluid Pressure drop develops
and exerts hydraulic loads on the tube support plate (TSP) or flow baffle These hydraulic
loads were determined for the Model D4 and D3 steam generator using the TRANFLO Code
This code 1s a network flow based code that can model the thermal and hydraulic
charactenistics 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 cvent
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 inital conditions are of full power operation with a normal water
level

When flud 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 esumating the hydraulic loads on the TSPs, although the most likely mode
of operation 1s power operation if a SLB event occurred Previous studies confirmed that the
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hot standby yields the largest hydraulic loads when compared to full or partial power
operation.

Once a SLB event begins, 1t 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, tnere are other calcuiations of Model D3 and D4 for developing conservative,
bounding lords for the Model D4. This section presents such a task. These bounding loads
for the Mocel D4 ~ad the more applicable Model D3 loads at hot standby with normal water

level

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

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

calculation model

The Model D3 steam generator maintains a 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 | ]* 1s thus conservative in estimating the pressure loads to tube
support plates. Water and steam temperature is imitially at 557°F, and pnmary coolant
pressure is at 2350 psia, z.d 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 flud, primary flud 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
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
TSPs and baffle plates. Figures 4-5 through 4-7 show pressure loads through TSPs and baffle
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plates outside the preheater. The peak of pressure loads across TSP or baffle plates develops
within one second, and 1t then drops to a small value or becomes a quasi-steady state.

The flow splits take place in the lower tube bundle; 1t occurs at abovt TSP L (see

Figure 4-1) Plates A, C and G experience downward flow because the fluid leaves in a
downward direction from the tube bundle up into the downcomer Plates above TSP L
experiences upward flow as the fluid leaves in the upward direction through the tube bundle.
Maximum loads occur at TSPs A, B and T, about | ]* at the peak for TSP B on the cold
leg, | ]* for TSP A on the hot leg, and | ]* for TSP T (1 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 no significant differences in the hydraulic loads on
the TSPs outuide the preheater It would be ideal to have a TRANFLO calculation for the
Model D4 steam generator with imitial conditions and boundary conditions like Case 1 for the
Model D3, However, no such run 1s 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 1s 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

Resuits 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 pooi.
Therefore, hydraulic loads of Case 2 for the Model D4 is less than those of Case 1 for the
Model D3. When a SLB eveat initiates from a power operation, the blowdown flow path 1s
essentially in the upward direction from the tubesheet towards the riser barrels. Therefore,
hydraulic loads tend to be higher at the upper TSPs, as shown in the above figures. Since the
event begins from full power operation, the steam content increases with the bundle height
The uppermest TSP 1s thus lower in water content, and the resulting hydraalic load is less
than the N plate below 1t 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 majoniiy 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 1ts relatively mild imtial 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 1s 1dentical to Case 2 except for its initial
and boundary conditions. This calculation of Case 3 uses extremes of both initial and
boundary conditions. No load at hot standby 15 already conservative compared to a most
likely mode of full power operation, it considers a water level at the uppermost TSP, which 1s
by itself a very rare transient In add:tion, 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 trigger more

water motion.

Figures 4-12 through 4-14 presents hydraulic loads on various TSPs. Like Case 1, flow spiits
take piace for Case 3 since both cases imtate from a nc load, hot standby condition.
However, Case 3 yields much higher loads than case 1 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 1s concerned Case 2 for Model D4 yields slightly higher loads than Case 1 for Model
D3 This 1s because the flow area for the plate with maximum load is half of the whole plate
only, and there 1s no flow split. The lower TSPs of Case 2 expenence hydraulic loads much
less than those of Case 1, because there 1s 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 1 for Model D3, if the same mitial and boundary conditions are used in the

computational mode!

43 Structural Modeling for SLB TSP Displacement Analyses

This section summarizes the structural modeling of the Model D4 tube bundle region. A
finite element model of the hot leg region of the tube bundle 1s prepared, and corresponding
mass and stiffness matrices are generated The mass and stiffness matnices are then used in a
subsequent dynamic analysis to determine TSP displacements under SLB leads 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

431 Matenal Properties

A summary of component materials i1s contained in Table 4-3, wath 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 Bradwood Unit 1. Since temperature dependent properties cannot be used in
substructures, properties for the finite element model correspond to the values at S50°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 flud

43.2 TSP Support System

The support system for the TSPs is a combination of several support mechanisms A
schematic of the tube bundle region is shown in Figure 4-15, with each of the plates
identified |

]'

' 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 stffness 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 inciude them
exphicitly 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 tubesheet
displacements are quite small relative to the TSP displacements, and scaling of Model D3
displacements 1s an acceptable approximation  Further discussion of the tubesheet displacements
1s provided in Section 4 4.

The Model D3 analysis also considered the non-linear interaction between tubes and TSP due to
TSP rotation. The present analysis has not incorporated this effect, prnimarily due to the limited time
available to develop the system model This effect may be considered in subsequent evaluations
to limit plate displacements
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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
essentiaily linear system response Dunng 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 load:ng, with the exception being Plate J, which sees a both a
significant upward and downward ioading. Thus, the response 15 essentially I'aear either
upward or downward The tierods/spacers bave 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.
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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 locatious
are shown in Figures 4-17 through 4-24. The finite element model representation of the
plates and tierods/spacers i1s shown in Figure 4-25

433 Revised Material Properties

As noted earlier, the matenial properties for the tubesheet and tube support plates are modified
to account for the tube p2netrations, flow holes, and various cutouts The properties that must
be modified are Young's modulus, Poisson's ratio, and the matenial 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 m the pitch and diagonal directions. The first step 1s to establish equivalent
parameters for Young's modulus and Poisson's ratio in the pitch and diagonal directions
(EP'/E, E,/E, v,* vp'), 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 i1s 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 tc revising the plate density. The first is 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 fluid density with time, the analysis uses the average density
value for the duration of the transient. Results of the calculations to determine effective plate
densities are summarized in Table 4-8 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 Juid 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 operaticn. 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 1s 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 irequencies 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 frequercies for
the large set of DOF. A frequency of 50 hert> was selected as a 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 1is 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 1s provided for Plate A. Mode shape plots for the full set
of DOF are shown 1n 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 companson of the natural {requencies 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 S for the reduced set of DOF
slightly exceeds the 10% objective for matching frequencies. These vanations 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

435 Displacement Boundary Conditions

The displacement boundary conditions for the substructure generation consist pnmarily of
prescribing symmetry conditions along the "Y" axis for each of the components. Vertical
constraint is provided where the plates are constrained by the vertical bars welded to the
partition plate and wrapper, and to the tierods at there bottom end. For the TSPs, rotations
normal to the plate surface are also constrained, as required by the stiffness representation for

the plate elements



436 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 reference loads are
scaled during the dynamic analysis to the actual ime-history (transient) loading conditions, as
defined 1n 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 structura! mode! for the dynamic
anaiysis.

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 vanous
locauens in the tube bundle to limit plate motions The results for each set of calculations is
summarized within this section of the report

An overall summary of the imiting displacements for each of the plates for the various cases
considered 1s provided in Table 4-10. The displacements in this table are relative to the

initial starting plate positionz  The magnitude of the tubesheet displacements and there affect
on these results 1s discussed below.

The fiist two sets of results in Table 4-10 are for the most limiting SLB loading (SLB wath a
simuitaneous 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 himiting SLB transient for the full
system mocel. Comparing these results to the single plate models shows that the single plate
modeis 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) expenience displacements greater
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than 0350 inch For a transient imtiating 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 1s 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.

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.
Displacec geometry plots for Plates A (1H), C (3H), and J (7H) for the hmiting set of SLB
loads are shown in Figures 4-32 through 4-35. The consistent displacement pattern 1s
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 stractures for the two
designs is nearly identical. A summary of key dimensions for the two models of steam
generators is provided in Table 4-11. Displacement results for the tubesheet from the 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.

3ince 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 appropriateness 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 d'splacements from the dynamic
ansk, sis for each plate deyiee 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
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In order to extract the approprate 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 imes and writes the resulting nodal
displacements to output in a forz. that can be input directly to the WECAN program as
displacement boundary conditions Using this program, displacement boundary conditions are
extracted at the times of maximum relative displacement for Places A (1H), C (3H), and

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

Additional boundary conditions corresponding to lines of symmetry and appropriate rotational
constraints are also apphied 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 perfornied 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 SLP + 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 distribuiion of stress throughout the piate. As expected,
the maximum stresses occur near the locations of vertical support, the tierod / spacers and
vertical bars The ASME Code minimum ,1eld strength for the TSP material is 23 4 ksi.
Except for one very local area for Plate J corresponding to the upward loading on the plate
(Figure 4-42), the stresses are elastic throughout the plate. Recalling that the present analysis
does not account for either the wedge support for Plate J at the 10° location, or the potential
for tube/plate interaction due to plate rotation, the stresses in Figures 4-42 and 4-43 for Plate
J are judged to be conservative. Thus, it is judged that the effective plate stresses wiil be
judged to be elastic for all transient cases

The plate stresses cannot be compared directly to the matenial yield strength, as these siresses
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 gencral guideline as to
those areas of the plate that are most imiting from e siress viewpoint. The plate stresses are
meaningful in that they indicate that the stresses are generally low throughout the plate, and
that the elastic analysis 1s a good approximation of the transient piate response.
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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 vanous 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
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 1s provided in Table 4-13. The results show all of the stresses to be
low (<2 ksi) for a 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 S50°F 1s
15.5 ksi. The resulting ailowabie stress intensity is 19.53 ksi, and the weld stresses are

acceptable

Overall, 1t 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,
calcvlanons 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 ieference position.
At hot standby, the TSP positions relative to cracks inside the TSP are essentially the same as
at cold shutdown. Every known S/G cold condition inspection shows ODSCC cracks within
the non-dented TSP with a trend towards being centered within the TSP. Therefore, the cold
condition TSP location relative to the tubes is essentially the same as for the full power
condition where the cracks formed, which 1s 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.
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The algonithm for calculating the relative displacements 1s as follows
AD = (D|-T - Du-o)rm - (an o DI'O )ruhnhw ’ where

Dy, = Plate Displacement
D beshess = Tubesheet Displacement

T = Time of maximum displacement from dynamic analysis

In order to calculate the relative displacements across the fuil 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 displacement exceeded 0.350 inch

The displacement solutions are performed using the finite element representations for the
piates. Displacements for the dynamic degrees of freedom for the limiting plates are
extracted at the times of interest from a file containiag 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 1s provided in Table 4-14. Note that the numbers of tubes in Table 4-14
correspond to the full plate. The number of tubes in each plate quadrant is one-half of the
values histed. A summary of the total number of tubes having displacements > 0.35 inch for
each of the SLB loads 1s 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 companson 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 comer of the plate are high, so the maximum differential displacement at
RICI is less than the maximum plate displacement reported in Table 4-15.

4-14



46  SLB Frequency at Hot Standby and Full Power Conditions

In order to identify the frequency of main steamline hreak in both the hot standby and fuil
power conditions to support the steamline break tube support plate displacement analysis for
Braidwood Unit 1, a review of References 4-1 and 4-2 for the Byron Nuclear Power Station
Units 1 and 2 was completed

461 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 1s 1370 yecrs (Reference 4-1)

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

2r+1
2

mean =

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

L2125 e
mean = S370) 1370 | OE 0d/year

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-N3/year (Reference 4-1)

Based on the plant response to steamline/feedline breaks, this event 1s split into two initiators:
(1) secondary side breaks downstream of the main steam isoiation vaives (MSIVs) or
upstream of the MFWIVs and (2) secondary side breaks upstream of the MSIVs or
downstream of the MFWIVs  The same frequency is used for both types of
steamline/feedline breaks That 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-G3/year.
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462 Hot Standby and Full Power Conditions Evaluations

A review of the operating histories for Brasdwood Unit 1 Cycle 3 and 4 was completed to
determine the amount of time spent in Modc 3 versus full power operation. The result of this
evaluation 1s shown in Table 4-17 The frequency of Mode 3 operation 1s defined as:

Days in Mode 2 _ 36.1

M. -
e s e el Y YR

=0.038

Freguency of Mode 1 = 1 - Mode 3 = 0962

The results of these calculations show a frequency in Made 3 of 0038 and frequency of
Mode 1 of 0.962. Combining these frenuencies with the IPE fraquency of secondary side
break upstream of the MSIVs gives a frequency of secondary side break upstream of the
MSIVs in the Mode 3 condition aud in the Mode 1 condition of

Mode 3 Secondary Side Break = (1.8E-03/year)x 0138 = 6.8E-0S}yr.

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

47  Tubes Subject to Deformation 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 1t impacts the steam generator
cooling capability following a LOCA, 1s small and the increase in PCT is acceptable
Censequent in-leakage, however, may occur if axial cracks ar> present and propagate
thioughwall 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 foliovang the event In-leakage is a potential
concern, as a small amount of leakage may cause an unacceptable increase in the ce-e PCT
Thus, any tubes that are defined to be potentially susceptible to deformation under

SSE + LOCA loads are excluded from consideration under the IPC
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In the absence of plant specific LOCA and SSE loads for Brasdwood Un:t 1, a conservative
upper bound estimate was made of the maximum number of tubes that would be affected at
each wedge location. Using the results of an analysis for another plant having the same
mode! steam generators, a conservative upper bound of | ]* per wedge group was
established for the Braidwood Unit 1 steam generators A summary of the applicable tubes
for each of the wedge locations is provided in accompanying tables and figures.

Braidwood Unit 1 1s 2 four-loop plant. As such, there are two loops with "left-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 cf this analysis,
"left-hand” units are defined to be those loops where the primary 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 "nght-hand" units, the flow is in the clockwise direction. The
left- versus night-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 1dennfying wedge locations are shown in Figures 4-46 and 4-47 for
the left-hand and nght-hand units, respectively As shown in the figures, for left-hand umits,
the nozzle and tube column 1 are located at 0°, while for nght-hand units they are located at
180°,

Tabuiar summanes of the tubes that are potentially susceptible to collapse and subsequent
in-leakage are sun.marized in Tables 4-18 to 4-23 for the left-hand units, and in Tables 4-24
to 4-29 for the night-hand units For the Brasdwood Unit 1 steam generators there is a flow
distribution baffle, seven tube support plates, and three baffle plates. The plate configuration
is shown in Figure 4-15  Plate A corresponds to the flow distribution baffle, Plates B, E, and
H are the flew baffles, and Plates C/D, F/G, J/K, and L, M, N, and P are the tube support
plates

Prior analysis for steam generators of similar design show the flow distribution baffle to not
impact the wrapper/shell under seismic loads. Thus, it is judged that there will not be any
tubes at the flow distnibution baffle location that are potentially susceptible to collapse under
combined LOCA+SSE It will be noted that separate summary tables are provided for the
lower TSPs, B-K (except E and H where a table common to both is used), and a single table
for the upper TSPs L-P. 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 1o the other
TSPs, while for the upper TSPs, the wedge gioups have the same angular onentation.

Maps showing the location of the potenually susceptible tubes are provided in Figures 4-48 to
4-57  The maps provide row and column designations relative to the lefi-hand units. Column
numbers for the right-hand units are shown in brackets Identification of the potentially
susceptible tubes is based on crush test results for both Model D and Series 51 steam
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generators. For both sets of tests, however, wedge / tube configurations identical to those for
the Braidwood Unit | steam generators were not tested. As such, it was not possible to
identify exactly the | ]* that might be limiting at each wedge group. Thus, due to the
uncertainties involved, there are generally [ ]' identified at each wedge group as
being limiting

Finally, Table 4-30 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 generator
primary to secondary leak rate during a steam line break for the Braidwood Nuclear Plant
Unit 1. The evaluation considered both pre-accident and accident initiated iodine spikes The
results of the evaluation show that the accident initiated spike yields the Iimiting leak rate.
This case was based on a 30 rem thyroid dose at the site boundary and initial primary and
secondary coolant iodine activity levels of 1 uCi/gm and 0.1 uCi/gm 1-131, respectively. A
ieak rate of 9 | 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 IPC. The allowable leak rate will increase in inverse proportion
to a reduction in the primary and seconcary equilibnum coolant activity.

Thirty rem was selected as the thyroid dose acceptance criteria for a steam line break with an
assumed accident mitiated 10dine 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
correspondir.g thyroid doses

The salient assumptions follow.
® Imtal pnmary coolant iodine activity - 1 uCi/gm DE 1-131]
The calculanon of primary coolant DE 1-131 15 based on a mixture of § iodine nuclides

(I-131 through 1-135) and the dose conversion faciors of TID-14844, consistent with the
Braidwood Technical Specification definition of DE 1-131.
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® Inital secondary coolant iodine activity - 0.1 uCi/gm 1-131
The calculation of secondary coolant 10dine activity i1s based on actual 1-13]1 activity
rather than DE 1-131  Although, this 1s somewhat more conservative than the Technical
Specification LCO which is based on DE 1-131, secondary coolant activity still 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 imitial SG water mass)

® lodine partition coefficients for primary-secondary leakage

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

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

- SGs 1n intact locps, 0.1
SG in faulted loop, 1.0 (SG 1s 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 pnmary coolant 1odine activity

that 1s transferred by tnbe leakage dunng the accident Based on the assumptions stated
previously, the release of the activity imtially contained in the secondary coolant (4 SGs)
results 1n a site boundary thyroid dose of approximately 1.75 rem. Thc dose contribution
from 1 gpm of primary-to-secondary leakage (4 SGs) 1s 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 i1s (30 rem - 1.75)/3 rem
per gpm, or 94 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.
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49  Acceptability of the Use of TRANFLO Code
491 Background

In the early 1970's, there was a need to accurately predict the steam generator behavior under
transient conditions, such as a steam line break (SLB) event; a transient can develop thermal
hydraulic !vads on the internal components and shell of the steam generator  Structural
analyses are requirec 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 hydrauiic conditions within the steam generator under
transient conditions

The secondary side of the steam generator involves watcr boiling under high pressure during
normal operating conditions. Dunng a transient such as a SLB event, it may be subject 10
vapor generation due to rapid depressurization. Therefore, analysis methods have to recognize
this charactenistic 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
analyses, a more accurate slip flow model 1s 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 TRANFLO was a
homogeneous model, and it was later updated to a drift flux model to simulate the effect of
two-phase ship  Since the oniginal 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 support plates

492 Acceptability of Application of TRANFLO

The onginal 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 2 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 1s calculated az 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
entening into the separation stages The calculated rate, quality and energy content of the
two-phase mixture entering the separation stages rmust 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 1s an acceptable code for calculating mass and energy
release data following a postulated MSLLB. Therefore, 1t 1s concluded that the TRANFLO
mode! s appropniate for predicting SG behavior (including tube bundle region) under the
range of SLB conditions

For the current applicatin, TRANFLO 1s 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 coerficients along the flow paths The conditions in the tube
bundle 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 onginal 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 Onginal Version (Apnl 1974}

This 1s the onginal homogeneous model, which MPR Associates developed in Apnl 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 Senes steam genera*or 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
decumented to show that the modelling was conservative. This includad sensitivities to loss

coefficient

The TRANFLO code uses an elemental control volume approach to calculate the thermal-
hydrauiics 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 fiow entering or leaving any control volume This then allows that
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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 Dnft-Flux Version (November 1980)

This version implements a drift-flux model to better simulate relative flow velocity between
water and sieam. For example, 1t aliows a realistic simulation of counter-current flow of
steam and water It required modification of the mass, momentum and energy equations of
the two-phase flow A capability 1s 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 dnift-flux version It also improves printouts and plots. This
version maintains the dnft-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 changes to a subroutine for specifying feedwater flow This versior is used
for separate inlets of simultaneous feedwater flow from main and auxihary feedwater nozzle

494 Venfication 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 (1e,
elemental control volume and flow connector) It is critical to accurately s:mulate the
prossure drop inside a sieam generator that consists of vanous components, such as the tube
bundie with tube suppert piates, moisture separators, and downcomer Hydraulic loads on
various components depend on accurate pressure drop calculations. Thus, it is important to
venfy the pressure drop calculations through the circulation loop

The TRANFLO code uses the same pressure drop correlations as the Westinghouse GENF
code, which 1s a performance program. The GENF code predicts one-dimensional steady
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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 1:put and operating conditions, GENF calculates the
steam pressure, steam flow rate, circulation ratio, pressurc drops, and other thermal-hydraulic
data The circulation ratio 1s a ratio of total flow through the tube oundle to feedwater flow.
For a dry and saturated steam generator, there exist; 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 4-58) The driving head is constant for given operating
specifications, such as power level and water level The total pressure drop through the
circulation loop 1s equal to he dnving head.

Pressure drops depend on loss coefficient and flow rate (1.¢., velocity). Loss coefficient
consists of friction loss and form loss, the majonty of the loss 1s due to the form loss in the
steam generator. Since the dniving head 1s constant, a higher loss coefficient means a lower
circulation flow rate and a lower circulation ratio. A lower loss coefficient yields a higher
circulation rato. 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 4-59 presents
the correlation of the loss coefficient and test data.

Figure 4-60 shows a typical comparison between predicted and actual measured circulation
ratio. There 1s 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 test data of simulated r=actor 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 a steam
generator blowdown due to feed or steam line break.
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As part of 1ts 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
venfy 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 15 a verified program for adequately predicting thermal-
hydraulic conditions during the blowdown transient of a steam generator due to a feed or
steam line break
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Table 4-1

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

SG Mode of Steam Nozzle
1 D3 Hot Standby @ ~ Normal Setting Yes Small
2 D4 Full Power (@ Normal Setting Yes Full Flow
3 D4 Hot Standby @ Uppermost TSP Yes Excessive



Table 4-2

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

SG & Case SG & Case SG & Case
Parameter D3-1 D4-2 D4 -3
Flow splits within tube bundle Yes No Yes

TSP with max peak Dp

Peak Dp @ uppermost TSP
Max peak Dp, psi

Peak max Dp @ bottom Plate

Dp @ Hot Leg Top TSP




I

Table 4-3

Summary of Component Materials

P T
‘ Material !

- Tube Support Plate | SA-285GradeC |

| Stayrod ' SA-106 Grade B |

, Spacer } SA-106 Grade B |

| Tube | Inconel 600 |
4-27
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Table 4-4

Summary of Material Properties

SA-285, Gr. C
- I TEMPERATURE "
PROPERTY CODEED |70 ' 200 | 300 | 400 | 500 | 600 | 700
Young's Modulus 7 2790] 2770 2740/ 2700) 2640] 2570 2480
| { |
. , |
' Coefficient of Thermal | 71 607 638 660 682 702 723 744
i l | : ‘
f Density ~ | 0284/ 0283 0283 0282 0281 0281 0280
| | | 735]  733) 73| 730| 728) 726 725
l I | } 1 | |
PROPERTY __UNITS _ ]
Young's Modulus ? ps: x 1 OE06
: ( 5
Cocfiicient of Thermal | w/in/deg F x 1 0E-06 ,‘
Expansion :
|
Density | Ib/in"3

Ib-sec”2/in"4 x 1 OE-4

=T
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Table 4-5

Summary of Material Properties

SA-106, Gr. B
. - " | o TEMPERATURE
___PROPERTY _ CODEED |70 | 200 _ 300 | 400 | 500 | 600 | 700 |
" Young's Modulus 71 2790 2770] 2740] 2700 2640 2570 24.80
| !
’ l
!Cocmamtof'rhm; 71 607 638 660 682 702 723 744
| Expansion f | i i i
| | | | , |
| Density = | 0284) 0283 0283 0282 0281 0281 0280
| | | 735 733) 73| 730 728 726 725
! } ‘ | | | |
____PROPERTY UNITS li
{ Young's Modulus psi x 1 0E06 —11
" Coefficient of Thermal in/in/deg Fx 1 0E-06 |
Expansion ,
|
Ib/in"3

|
i Density
i

Ib-sec”2/in"4 x 1 OE-4
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Table 4-6

Summary of Material Properties
SB-166

imv/imvaee F x | OF-0¢
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Table 4-7

Summary of Equivalent Plate Properties

Y o i " Reference Effective Effective '

Young's Young's Poisson’s 'I

| __Plate Modulus _____Modulus Rato |
A - Inside 32" Radius 2 605E+07 4 810E+06 0.2466
A-Outside 32" Radius | 2.605E+07 5 8S0E+06 0.2654
CEJLLMNP |  2605E+07 2470E+06 | 06445

* - These plates have flow holes, resulting in a significantly reduced value for
Young's Modulus
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Table 4-8

Summary of Effective Plate Densities
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Table 4-9

Comparison of Natura! Frequencies
Full Versus Reduced DOF

DISK 215 - BRDWD\TBLA27 - 04/19/94




Table 4-10

Summary of TSP Displacements for
Postulated SLB Events for Model D3 and D4 Steam Generators*
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Table 4-11

Comparison of Component Dimensions
Model D3 versus Model D4 Steam Generators

i Dimension | ModelD3 | ModelD4 |
Shell ID I r ' Tal
Shell Thickness i |

| Channel Head Bowl Radius |
Channel Head Thickness :

Tubesheet Thickness
,’ Hole Diameter
| Number Holes
L Tube Pitch L N
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Table 4-12

Summary of Tubesheet Displacements
Model D3 SLE Analysis
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Table 4-13

Summary of Vertical Bar Stresses
Meodel D4 Steam Generators
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Table 4-14

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

IR
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Table 4-15

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

DISK 215 - BRDWD\TBLAS2 - 04/19/94




Table 4-16

Comparison of Maximum Displacement at Plate Edge and at Limiting Tube Location
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Table 4-17

Braidwood Unit 1 Mode 3 Durations

Offline Date Mode 3 Online Date Online Days
Cycle 3
AlRO2 N/A 360 * 5/18/91
AlF19 7/16/91 0 7/27/91 60
AlF20 10/9/91 0 10/14/91] 74
AlF21 11/6/91 54 11/11/91 24
AlF22 2/5/92 62 277192 86
AlF23 32119 8 3/21/92 43
| A1RO03 5/1/92 26* N/A 165
Hours in Mode 3 = 510 Oniline Days = 452
Days in Mode 3 = 212 Days in Cycle = 472
Cycle 4
AlRO3 N/A 56* 11/3/92
A1MO3 11/20/92 124 11/25/92 18
AlF24 1/7/93 38 1/14/93 44
ﬂ AIMO4 5/29/93 35 5/30/93 136
H AlF25 6/2/93 65 6/7/93 -
AlF26 10/24/93 2i 11/11/93 140
H A1RO4 3/4/94 18* N/A 114
Hours 1n Mode 3 = 357 Online Days = 456
Days in Mode 3 = 146 Days in Cycle = 487
SR SR TR

* Mode 3 times associated with planned refueling outages.

Cycle 3 percent of ime s~ent in Mode 3 = 4.50%
Cycle 3 percent of tume spunt in Mode 3 minus Refuelling Mode 3 hours = 1 09%

Cycle 4 percent of time spent in Mode 3 = 3.05%.
Cycle 4 percent of ume spent in Mode 3 minus Refuelling Mode 3 hours = 2 42%
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Table 4-18

Tubes Potentially Susceptible to Collapse and In-Leakage
TSP C, D
Left-Hand Unit

DISK 215 - BROWD\TBL42 - 04/18/04



Table 4-19

Tubes Potentially Susceptible to Collapse and In-Leakage
TSP F, G
Left-Hand Unit

DISK 215 - BRDWD\TBL42 - 04/19/84




Table 4-20

Tubes Potentially Susceptible to Collapse and In-Leakage
TSP J, K
Left-Hand Unit
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Table 4-21

Tubes Potentially Susceptible to Collapse and In-Leakage
TSP L-P
Left-Hand Unit
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Table 4-22
Tubes Potentially Susceptible to Collapse and in-Leakage
TSP B
Left-Hand Unit
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Table 4-23

Tubes Potentially Susceptible to Collapse and In-Leakage
TSPE,H
Left-Hand Unit
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Table 4-24

Tubes Potentially Susceptible to Coliapse and In-Leakage
TSP C, D
Right-Hand Unit
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Table 4-25

Tubes Potentially Susceptible to Collapse and In-Leakage
TSP F, G
Right-Hand Unit
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Table 4-26

Tubes Potentially Susceptible to Collapse and In-Leakage
TSP J, K
Right-Hand Unit
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Table 4-27

Tubes Potentially Susceptible to Collapse and in-Leakage
TSP L-P
Right-Hand Unit
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Table 4-28

Tubes Potentially Susceptible to Collapse and In-Leakage
TSP B
Right-Hand Unit

DISK 215 - BROWD\TBL42 - 04/19/84



Table 4-29

Tubes Potentially Susceptible to Collapse and In-Leakage
TSP E, H
Right-Hand Unit
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Table 4-30

Table and Figure Index for TSP Row/Column Identification

’ Summary Tables
| Left-Hand SG | Right-Hand SG
i B 4.22 4.28 4-48 4-49
H C 4-18 4.24 4-48, 4-49
| D 4-18 4-24 4-50, 4-51
| E 4.23 4-29 4.52, 4.53
F 4-19 425 4-54, 4-55
G 4-19 4-25 4-50, 4-51
r H 4.23 4-29 4.52, 4-53
} J 4-20 4-26 4-48, 4-49
K 4-20 4-26 4-48, 4-49
r L 4-21 427 4.56, 4.57
M 4-21 427 4.56, 4-57
l N 421 4-27 4.56, 4-57
P 421 4.27 4.56, 4.57
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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 Baffle Identification of Model D3 Steam Generator
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Figure 4-3. Secondary Side Fluid 'Nodes and Flow Connectors for Model D3 Steam
Generator



e

Figure 4-4. Primary Fluid Nedes and Its Flow Connectors, Metal Heat Nodes and Its

Heat Transfer Connectors, and Secondary Fluid Modes Within Tube
Bundle




Figure 4.5 Pressure drop through tube support plates T, S and R during steam line
break of a Model D3 (Case |, B-TSPT,O-TSPS, @ - TSPR)

.

—"

Figure 4-6  Pressure drop through tube support plates Qhot, L and G during steam line
break of a Model D3 (Case |, M- TSP Qhot, J- TSPL, @ - TSP G)




Figure 4-7  Pressure drop through tube support plates Qhot, L and G during steam line
break of a Model D3 (Case |; B - TSP C, J- TSP A)



Figure 4-8. Secondary Side Nodes and Tube Support Plates Identification of
TRANFLO Model for Model D4 Steam Generator
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Figure 4-9

Figure 4-10

—

Pressure drop through tube support plates M, N and P during steam line
break of a Model D4 (case 2, 0 - TSPN, B-TSPP, ¢ - TSP M)

Pressure drop through tube support plates L, J and F during steam line
break of a Model D4 (Case 2; O-TSPJ, 8- TSPL, ¢ -TSPF)



Figure 4-1)

e

Figure 4-12

Pressure drop through tube support plates A and C during steam line

break of a Mode! D4 (Case 2, J- TSP A, B-TSPC)

Pressure drop through tube support plates M, N and P during steam line

break of @ Model D4 (Case 3, B - TSP P,
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Figure 4-13

Figure 4-14

—

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)

Pressure drop through tube support plates M, N and P during steam line
break of a Mode! D4 (Case 3; B-TSPC,O-TSPA)



Figure 4-15. Tube Bundle Geometry
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Figure 4-16. Tierod / Spacer Locations
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Figure 4-17. Plate A (1H) Support Locations
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Figure 4-18. Plate C (3H) Support Locations
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Figure 4-19. Plate F (SH) Support Locations
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Figure 4-20. Plate J (TH) Support Locations
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Figure 4-21, Plate L (8H) Support Locations
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Figure 4-22. Plate M (9H) Support Locations
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Figure 4-23. Plate N (10H) Support Locations
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Figure 4-24. Plaie P (11H) Support Locations
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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
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Figure 4-27. Mode Shape Plot - Plate A
Full Set of DOF
Mode 2

a.71



Figure 4-28. Mode Shape Plot - Plate A

Full Set of DOF

Mode 3
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Figure 4-29. Mode Shape Plot - Pla.. A
Reduced Set of DOF
Mode 1

- 79



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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Time = 0.902 sec

Figure 4-32. Displaced Geometry
SLB + Excess Feedwater Transient

Plate A(1H) :

- 82
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Time = 1.886 sec

Plate C(3H) :
SLB + Excess Feedwater Transient

Figure 4-33. Displaced Geometry
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Figure 4-34. Displaced Geometry
Plate J(TH) : Time = 0.264 sec
SLB + Excess Feedwater Transient

4 -84



Figure 4-35. Displaced Geometry
Plate J(TH) : Time = 1,926 sec
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(SH), J("TH)
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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 Transient
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
Flate J (TH) (Maximum Upward Response)
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Figure 4-43
Minimum Stress intensity
SLB + Excess Feedwater Transient
Plate J (7TH) (Maximum Upward Response)
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Figure 4-44
Maximum Stress Intensity
SLB + Excess Feedwater Transient
Plate J (7TH) (Maximum Downward Response)
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Figure 4-45
Minimum Stress Intensity
SLB + Excess Feedwater Transient
Plate J (TH) (Masimum Downward Response)
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Figure 4-46. Reference Configuration
Looking Down on Steam Generator
Left-Hand Unit
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Figure 4-48. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Vinit 1
TSP C, )
Quadrant 1

4 .98




Figure 4-49. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP C,J
Quadrant 2
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Figure 4-50. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP D, G
Quadrant 3




Figure 4-51. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP D, G
Quadrant 4
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Figure 4-52. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP E, H
Quadrant 3
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Figure 4-53. Tubes Potentially Susceptible to Collapse and Tn-Leakage
Braidwood Unit 1
TSP E, H
Quadrant 4
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Figure 4-54. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP F
Quadrant |
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Figure 4-55. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP F
Quadrant 2
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Figure 4-56. Tubes Potentially Susceptible to Cellapse and In-Leakage
Braidwood Unit 1
TSP LM, N, P
Quadrant 1
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Figure 4-57. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP L, M, N, P
Quadrant 2
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Diagram of Flow Circulation During Power Operation



Figure 4-59.  Counterbored Structural Quatrefoil Loss Coefficients
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Figure 4-60. GENF Verification, Circulation Ratio Versus Load
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50 DATABASE SUUPPORTING ALTERNATE REPAIR CRITERIA

This section describes the database supporting the altenate repair criteria (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
eting, the NRC presented resolution of industry comments on draft NUREG-1477. The
_ identified guidelines for application of leak rate versus voltage correlations and for

vwnoval of data outliers in the burst and leak rate correlations. This section applies the NRC
guidance on removal of outliers to update the database for the 3/4 inch tubing correlations.

3.1 Datz  ‘Y1er Evaluation

At the Februa., o meeting, the NRC provided the following guidance for removal of data
outhers

« Data can be deleted in case of an invalid test

« Any morphology criteria for deleting outliers must be ngorously defined and applied
to all the data

« CUnte. . 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 outlier evaluation of Reference 5-1 1s updated in this
section. Consistent with the NRC guidance, criteria for removal of outliers are defined in this
section and applied to the database These cntenia were developed and approved by the EPRI
Adhoc Alternate Repair Critennia (ARC) Commuttee. Consistent with Reference 5-1, only
conservative outhers which are high on the burst correlation or low on the leak rate
correlation are evaluated for removal from the database Although the outliers are
conservative in this manner, their retention in the database can increase the uncertainties from
the regression analyses such that their removal from the database can lead to non-
conservatisms in analyses applying uncertainties at upper or lower tolerances.

Cntenon 1 for outhier removal apphes to invahd data including unacceptable specimens,
invalid measurements, etc.  To describe the invalid test condition, Critenia la to le are
defined as described in Table S-1. Table 5-1 provides examples of invalid data that are
applicable to the EPRI database



Cntenon 2 for outlier removal applies to specimens with atypical or non-prototypic crack
morphology Cnterion 2a applies to specimens with atypical ligament morphology while
Cntenon 2b applies to severe degradation significantly exceeding the EPRI database The
specific cntena for deleting outhers based on morphology considerations are given in

Table 5-2. Table 5-2 also includes the indications excluded from the correlations based on
Cntenon 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 is more than 40 volits
higher than the next largest specimen. There 1s insufficient data at the high voltage (64 9
volts) to assess the protypicality of the spccimen or applicability to the database. This
singular point may unduly influence the correlatons without comparable voltage data to
define the appropriate trend in the data at these high voltages Based on destructive
examination results providing identfication of remaining uncorroded ligaments, the criteria of
Table 5-2 can be unambiguously applied by an independent observer and thus satisfics the
NRC guidance for removal of data outhers

Cntenon 3 for outlier removal applies 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 in abnormally low leak rates or 2 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 is not appropriate to include the spread in
leak rates resulting from plugging of cracks in leak tests in the leak rate correlation and each
leak rate measurement should be evaluated against the criteria of this section before including
the data in the database Table 5-3 defines Criterion 3 provides for either SLB leak rates
nsignificantly 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 Tablc 5.3 are the 3/4" tubing
specimens excluded from the database by this critenior. and the basis for exclusion

Cnitenon 3 applies to extreme cases of low leak rate outliers, such as more than a factor of 50
lower than predicted by venfied analytical models In addition, the factor of 50 criterion
applies only to specimens which have no remaining uncorroded ligaments within the
throughwall length of the crack. The pnincipal effects causing lower than expected variation
in leak rates are remaining ligaments in the crack face, tortuosity (oblique steps in the crack,
surface irregulanties) and presence of deposits. These effects tend to lower leakage for
mode.t throughwall crack lengths All three effects become smaller as crack length increases
and crack opening increases. Longer throughwall cracks tend to have lost the ligaments by
corrosion, the wider crack openings reduce the influence of surface irregularities and reduce
the potential for deposits plugging the crack. From the database, "long" cracks appear to be
about > 0.3" throughwall as above this length, the vanability from predicted leak rates as a
function of length appears to be smaller (see Figure 5-1). For 03" throughwall cracks, the



rack width i1s about 1 mil at 2560 psid and increases to about 10 mls for a 0 5" long crack

Thus, crack lengths < 0.3" are more susceptable to plugging from deposits

From Figure 5-1, 1t 1s 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 analys®s in
Figure 5-1. There 1s no indication through spread in the data that other specimens are
significantly influenced by probable deposits in the crack face Critenion 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 027" crack
length of this spectmen  Cnternion 3 has not been applied to specimen 604-2, as this specimen
15 not ciearly a factor of 50 less than the mean of the data, although the leak rate 1s

apparently affected by deposits

Cnitenon 3 can be unambiguously apphed by an independent observer to all measured leak

o~

rates given the results from leak rate measurements and/or destructive examinations and thus
satsfies the NRC guidance for removal of outhers. This cnternion 1s applied only to low leak
rate measurements For conservatism, high leak rate measurements are not considered for

remnoval from the database

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

Reference 5-1 was reviewed for identificaton of data outhers to be removed from the
database Tables 5-4 to 5-6 summarnize 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 crnitena of Tables 5-1 to 5-3 However, the
updated cntena lead to no changes from Reference 5-1 Plent S pulled tube R28C4] was
deleted from the database of Reference 5-1 and would also b deleted by the more explicit
criteria of this section However, special considerations have been applied to this indication
as descnbed beiow

Special Consideration for Plant § Pulled Tube R28C41]

Plant S pulled tube R28C41 had leak rates exceeding the imitial hot cell leak rate facility
capacity at pressure differentials near SLB conditions Test results are given in Table §-7
_ ¥
Measured leak rates of 434 and 951 I/br at 2335 and 2650 psid, respectively, exceeded
facility capacity and are not valid measurements. At 1500 psid, a measured leak rate of
¥
12.3 I/hr was within the facility capability (~ 25 1/hr) and represents a valid measurement

The facility capacity was increased and attempts to reach 2650 psid for a valid leak rate

measurement (1.e, without hysteresis effects) were not successful as the leakage exceeded the




new facility capacity At the first 2650 psi unsuccessful leak test, the cracks were plastically
deformed such that succeeding tests below 2650 psi are not directly applicable due to the
crack opening or hysteresis effect. As a consequence of not having an acceptable SLB leak
rate measurement, this data point was not included in the EPRI leak rate database of Ref 5-1.

This indication 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 067" and 2 total
crack length of 0.80" Destructive examination results for the crack length versus depth are
given in Table 5-8 The uncorroded ligaments where the crack depth 1s 95% (Ligaments 1
and 2) include the widest (0 013") ligament and tend to reinforce the remaining 5% wall
thickness against tearing  Based on the increase in voltage after the tube pull, 1 is known
that some ligaments were torn as a result of the tube pull The initial 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 with larger flow capacity can
be used to estimate the effective through wall crack length and the leak rate at steam line
break conditions The method applied herein was developed by Paul Hernalsteen of
Laborelec. The general methodology is based on the fact that the initial pressurization to
2650 results 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 pressunzation 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 are small

The process used for the evaluation of the test results on the pulled tube included the
following steps These steps are summarized in Table 5-9 and use the iest results from
Table 5-7  For each step, the plastic and elastic crack opening widths are presented in
Table 5-9 along with the crack lengths and leak rate.

1. Figure 5-2 shows CRACKFLO leak rates at the conditions of Test 1. Based on the
measured leak rate for this test, 12.3 I/hr, a crack length of 0.38 inches is inferred This
length 1s greater than the 026 inch length of 100% depth (Table 5-8) dstermined
assuming that igaments 3 and 4 were torn duning the tube pull Thus, teanng of
ligaments with modest throughwall crack extension was probable from the tube puiling
operations

2. The pressunzation to 2650 psid (Test 3) is assumed to have introduced an irreversible
mimmum plastic opening in the existing 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 mimmum 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 teaning of the ligaments and throughwall crack extension from the 2650 psid
pressurization 1s suggested by the throughwall crack length increase from 0.38 to 0.42
inch between Tests 1 to 3 and Test 4

- The modified code, a 0.42 inch crack length and the conditions for Test 6 give a leak
rate of 114 I/hr at 1615 psid This 1s substantially less than the 448 |/hr measured for
this 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 is reasonably close to the measured leak rate of
448 l/ur. For this calculation CRACKFLO was used since the plastic opening area,

2 0x107 inch, was greater than the 1 5x107 inch calcu.ated to be present after the
pressurization to 2650 psid Thus it i1s expected that complete tearing of all ligaments
and the 5% wall thickness occurred between Tests 4 and 6.

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

The estimated leak rate for Plant S tube R28C41 at SLB conditions (2560 psid) is therefore
111 Vhr. This result 1s reasonably consistent with Plant S tube R33C20, which was measured
in the large capacity facility. Tube R33C20 had a throughwall corrosion length of 0.33",
compared to the 0.26" continuous length for R28C41. Both indications likely had ligament
tearing and crack extension from tube pulling and pressunization to 2560 psid The measured
leak rate for R33C20 at 2560 psid was 137 I/hr, compared to the estimate of 111 1/hr for
R28C4]

Based on similar analyses using a few runs with the LABOLEAK code and analytical ratios
of crack areas between 2650 and 1200 psid, Paul FHernalsteen of Laborelec estimated a
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To bound the CRACKFLO and LABOLEAK analyses, a SLB leak rate of 125
psid 1s assigned to R28C4] for the EPRI database

Database for ARC Correlations
No new data for 3/4 inch diameter tubing has been obtained since the preparation of
Reference 5-1. The data of Reference 5-1 are updated for the present application based on
the outlier evaluation of Section 5.1 above Table 5-10 summarizes the data having burs:

pressure and leak rate tests Table 5-11 summanzes the data for use in the probability of leak

correlaunon

NI . Adeadaass
NDE Uncertainties

For IPC applications, NDE uncertainties are required to support projections of EOC voltage
distnibutions, SLB leak rates and SLB tube burst probabilities as discussed in Section 8.0

I'he database supporting NDE uncertainties 1s described in Reference 5-1, and NDE
uncertainties for IPC/APC applications are given in the EPRI repair cnitena report (Reference
5-2) From Reference 5-2, the NDE uncertainties are compnsed of uncertainties due to the
data acquisition technique, which 1s based on use of the probe wear standard, and due to
analyst interpretation, which 1s sometimes called the analyst variability uncertainty

T'he data acquisiton (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 worn probes. ASME standards cross-
calibrated against the reference laboratory standard and the probe wear standard were
impiemented in the Braidwood-1 EOC-4 inspection

The analyst interpretation (analyst variability) 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 Brasdwood-1 without a cutoff For EOC voltage
projections, separate distnbutions are applied 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 prior 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 1c: 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
»ualysis shows uncorroded ligament would not be expected to tear at accident conditions.

Criterion le: Unacceptable Data for Estimating Probability of Leak

« Prob of leak (yes/no) cannot be confidently estimated from destructive exam
crack morphology and leak test not performed

* Examples. Short TW corrosion cracks such as < 0.1" which normally do not leak at
SLB conditions No destructive exam data available for estmating prob. of leak
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Table §-2

Criteria 2a 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 1n shaliow cracks

- Results 1n atypical voltages and associated specimens are excluded from all corr.

- No 3/4" specimens are exciuded from the database due to this criterion

Criterion 2b: Severe Degradation

* Exclude data points having bokbin voltages > 20 volts larger than next data point from
correlations, as singular data points at the tail of distnbutions 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 volts) which 1s > 40 volts larger
than the next highest voltage point (22 volts)

A
'
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Table 5-3

Criterion 3 for Excluding Data from Cerrelations

Criterion 3: Suspected Test Error

* Data are excluded from only the SLB leak rate versus voltage correlation if either or
both of the following cntena are satisfied

* Leak rates at SLB pressure differentials should be at least 10% higher than that
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 ligaments, the measured leak rate should be within a
factor of less than about 50 of the mean measured leak rate at the associated
throughwal. crack length

- For 3/4" tubing, this cnterion excludes model boiler specimen 598-3 (0.27" TW, 0.02
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
length

- 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 to 03 l/hr
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Table 5-4

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

‘Basis for Excluding Indications

Tube TSP from Tube Burst Correlation e
Category
Plant E-4
R19C35 2 Burst inside TSP. Yields much higher burst Ib 44
pressure than free span burst tests of ARC data
base
R45C54 2 Burst inside TSP 1b
R47C66 2 Burst inside TSP b
Plant § I
R28C41 ] Incomplete burst test - burst opening length 1b 25,45
less than macrocrack length (no tearing)
Plant R-1
R7C71 3 Test recorder malfunction 1b 22,43
R5C112 2,3 | Incomplete burst test Ib
[ R10C6 2,3 | Incomplete burst test 1b
R10C69 2,3 | Incomplete burst test 1b
R20C46 2,3 | Incomplete burst test b
R7C47 3 Incomplete burst test 1b

ﬁ Model Boiler Specimens

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.

56

598-1

Bobbin voltage (64.93 voits) and three large
throughwall indications not prototypic of field
indications and single data point >20 voits
unduly influences burst correlation.

2b

56

593-4,595-4,
596-1, 5974,
603-4, 604-4

These bobbin NDD specimens all burst at a
welded joint made to extend the specimen
length for burst testing and are not valid tests
These data have been excluded from the 3/4
inch data base discussed in the EPRI report.

b

* EPRI Report NP-7480-L, Voi. 2 (Reference 5-1)
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Table §-5
Basis for Excluding Data from the 3/4" Leak Rate Correlation

Basis for Excluding Indications
Tube from Leak Rate Correlation

Exclusion

Category

Plant R-1

R5C112 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 S00 psi
Analyses indicate ligament would not have

tom at accident conditions
Plant B-1

R4C6] 5 No ieakage identifiable during pressure test le 22,43
above SLB conditions Test accuracy not

sufficient to conclude no leakage

Mode! Boiler Specimens

591-3 Unacceptable specimen preparation due to la 5.6
bobbin voltage influenced by cracks in mode!
boiler Teflon spacer below TSP as well as
cracking within TSP Thus 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 correlation.

598-3 Specimen had no operating leakage and 002 3
I/hr at SLB conditions. Crack was found to be
027" TW with no ligaments for which leak
rate of 5 to 20 I/hr woula be expected, based
on the mean of the measured data It is
concluded that crack became plugged by
deposits or a measurement error was made

h * EPRI Report NP-7480-L, Vol 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

Tube from Prob. of Leak Correlation Féxclus:on
ategory
Plant R-1
R7C47 2 No destructive exam data or burst test to le 43
estimate probability of leakage
R5C112 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
torn at accident conditions
Plant B-1

R4C61 5 No leakage 1dentifiable during pressure test le 22,43
above SLB conditions. Test accuracy not
sufficient to conclude no leakage.

Model Boiler Specimens

591-3 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 correlation.
ﬂ * EPRI Report NP-7480-L, Vol 2 (Reference 5-1) I




Table 5-7
Plant S R28C41 Leak Rate Tests

Primary Conditions Differential  Secondary
Test Temperature Pressure  Pressure Pressure Leak Rate
(°F) (psia) (psid) (psia) (I/hr)
Initial Series
1 612 2000 1500 S00 123
2 2650 2335 315 > 43 *
3 2850 2650 200 >96*
Second Senes
4 550 1930 1200 730 789
5 560 2375 153§ 840 321
6 580 2550 1615 935§ 448
7 550 2500 1375 112§ 478 **

* Leak rate exceeded facility capacity.

** Note increase n leak rate at low pressure differential which indiates additional
deformation of crack opening.
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Tube, Lecation
R28C4], FDB

Table 5-8
Plant S SG Tube Macrocrack Profile for R28C41

Length vs Depth
(inch/% throughwall)

000/0
0.07 /100
0.13 /100
019/95 *
025/95
032/95 *
0.38 /95
044 /100
0527100 ©
0.60 /100
070 /100 *
075770
080/0

5-15

Ductile Ligament

Location

Ligament 1, 0.013" wide

Ligament 2, 0.004" wide

Ligament 3, 0.007" wade

Ligament 4, 0.008" wide



Table 5-9
Evaluation Summary, R28C41 Tube Leak Rate Tests

Crack Opening Crack
Case Plastic Elastic Length Leak Rate
(x 107 1n) (in) (1/hr)
Before Pressurizing to 2650 psi AP
Step 1
Crack Length inferred from 012 0.65 038 12.3*

measured leak rate at AP=1500 psi

After Pressurizing to 2650 psi AP

Step 3
Crack Length inferred from 1.5 0.65 042 79.8*
measured leak rate at

AP=1200 psi and 550 °F

Step 4

Leak rate for a crack 1.5 086 042 114
length of 042" at

AP=16.5 psi & 580 °F Measured leak rate 448"
Step 5

Crack Length = 067 in at 20 26 067 375

AP=1615 psi & S580°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 14 042 111
042" at AP=2560 psi & 616 °F

* Measured leak rates - see Table 5-7
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Plant

Row/Co! or

Specimen No.

TSP

Table 5-10

Burst Pressurs and Leak Rate Data Base for 3/4 Inch Tubing

Destructive Exam SLB Leak (2}
Bobbin Bobbin RPC Max. Rste (i/hr)
Volts Depth Volts Depth Length (1) 2580 psid

Adjusted

Burst (3}

Pressure
{ksi)

Correlation {4)
Application
Leak
Rate Burst




Plant

Row/Col or
Specimen No.

Tsp

Table 510
{continued)
M'PmmmLMMcDmM'mamhchTm

Destructive Exam SLB Leak (2)
Bobbin Bobbin RPC Max. Rate (I/hr)
Voits Depth Volts Depth tength (1} 2560 psid

Adjusted

Burst {3)

Pressure
{ksi}

Correlation (4)

Application
Leak
Rate Burst




Plant

Row/Col or

Specimen No

T

»

P

Tabie 5-10

{continued)

Burst Pressure and Leak Rate Data Base for 3/4 Inch Tubing

Destructive Fxam

SLB Leak (2)
Bobbin Bobhin RP( Max

Rate {I/hr}

Voits Depth Volts Depth Length (1) 2560 psid

Adjusted
Burst {3)
Pressure
{ksi)

Correlation (4}

Application
Loak
Rate Burst




Table 5-11: Database for Probability of Leak for 3/4" Diameter Tubes

o

IB4SUMDAT 3 81 L snkPron

Plant or Model | Bobbin N Plant or Model |  Bobbin N
Boiler Sample | Amplitude | o °| Boiler Sample | Amplitude |TOPPilty of
Leak Leak
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Figure 5-1
Comparison of 3/4" Leak 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

l
|
|
'
|

a.¢




Figure 54

Modified Code Leak Rate
1200 psi Pressure Drop

a.e



60 BURST AND SLB LEAK RATE CORRELATIONS
6.1 EPRI ARC Correlations

As part of the development of alternate repair criteria (ARC), correlations have been developed
for tubes containing ODSCC indications at TSP locations between the bobbin amplitude,
expressed in volts, of those indications and the free-span burst pressure, the probability of leak,
and the free-span leak rate for indications that leak, References 6.1 and 6.2. The database used
for the development of the correlations 1s presented and discussed in Reference 6.2. Guidelines
for the identification and exclusion of inappropnate data, termed outliers, are provided in
Reference 6.3. In addition to the aforementioned, an empirical correlation curve for the burst
pressure as a function of crack length has been developed for tubes with free-span, through-
wall, axial cracks. In 1993, the NRC issued draft NUREG-1477, Reference 6 4, for public
comment. The draft NUREG delineated a set of gudelines for criteria to be met for the
application of Intenm Plugging Cntena (IPC) for ODSCC indications. The cntena guidelines
permitted the use of, with adequate justification, a burst pressure to bobbin amplitude correla-
tion and a probability of leak to bobbin amplitude correlation. The critena guidelines did not
permit the use of a leak rate to bobbin amplitude correlation for the estimation of end of cycle
(EOC) total leak rates. In essence, References 6 1 and 6.2 provided comments on the
Reference 6 4 guidelines. Reference 6.5 provided an NRC response and position relative to
resolving the differences between References 6.1 & 6.2 and Reference 6 4, elong with
responses to other public comments. Of significance to this report, is that Reference 6.5
indicated that a correlation between leak rate and bobbin amplitude could be employed if the
correlation could be statistically justified at a 95% confidence level, and provided direction for
the development of guidelines, e g., Reference 6.3, that could then be employed for the
identification and exclusion of outlying experimental data. Subsequent discussions with NRC
personnel have revealed potential issues associated with the manner in which the leak rate to
bobbin amplitude correlation 1s used, thus, the potential leak rate during a postulated steam line
break (SLB) is herein estimated by alternate Monie Carlo and deterministic methods to
demonstrate that either method yields acceptable results

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



6.2 Burst Pressure versus Bobbin Voltage Correlation

The bobbin coil voltage amplitude and burst pressure data presented in the EPRI database
report for 3/4" tubes, Reference 6.2, were used to estimate the degree of correlation between
the burst pressure and bobbin voltage amplitude. The details of performing the 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 potential for
measurement 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 logarithm (base 10) of the bobbin amplitude voltage

A hinear, 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 distnbuted, thus verifying the assumption of normality inherent in the
use of least squares regression. The regression curve (line) is given by

P, =a, +a log(V)
‘ (6.1)
=7822 -3.077 log(V),

where the burst pressure 1s measured 1n ksi and the bobbin amplitude is in volts. The index of
determination for the regressior: was 80 7%, thus the correlation coefficient is 0.90, which 1s
sigmificant at a >99.999% level This means that the p-value for the slope of the line 1s

< 0001%. The estimated standard deviation of the residuals, 1 e, the error of the estimate, s,

of the burst pressure was 0.95 ksi. A summary of the results from the regression analysis 1s
provided in Table 6-1

The data base and the regression curve are illustrated on Figure 6-1 Using the regression
relationship, a lower 95% prediction bound for the burst pressure as a function of bobbin
amplitude was developed These values were further reduced to account for the lower
95%/95% tolerance bound for the Westinghouse data base of tubing material properties at
650°F  Both of these are also depicted on Figure 6-1. Using this reduced lower prediction
bound, the bobbin amplitude corresponding to a free-span burst pressure of 3657 psi was found
to be 454 V. The value of 3657 ps: results from considering a SLB differential pressure of
2560 psi divided by 0.7 in accord with the guideiines of RG 1121, Reference 6.6



6.3 Burst Pressure versus Through-Wall Crack Length Correlation

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

PB rn

P s . L1® (6.2
(S, + S, ) )

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, 15 given by

' (6.3)

a form which anses in the theoretical solutions. The burst pressure as a function of axial crack
length for a specific tube size is then easily obtained from the non-dimensionalized relation-
ship

Examination of the normalized burst pressure data indicated that a vanety of functional forms
would result in ssmilar fit charactenistics An exponential function, 1.e.,

A
2

Pw’bo’b»‘-b’ .

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 idvan‘a-
geous 1n that 1t can easily be inverted to yield A as a function of P,, For the data >naiyzed,
the coefficients of equation (6.4) were found to be

. (6.5)

P, =00615+0534¢ '

The index of determination for the fit was 98 3%, with a standard error of the estimate of
0015 The F distribution statistic for the regression, the ratio of the mean square due to the
regression to the mean square due to the residuals, was 4625 Thus, the fit of the equation to
the data 1s excellent. Note that this does not mean that equation (6.4) is the true form of a



functional relationship between the two variables, 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)

A =-36l1In _
0534

for the normalized crack length as a function of normalized burst pressure.

In ordc: 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 curve adjusted for lower 95%/95% tolerance limit
matenial properties are shown on Figure 6-2

Using the regression results, the probability of burst dunng SLB was estimated as a function of
crack length The mean estimate of the burst pressure 1s given by the regression equation as

' .

Py = 2—(5:+5,) (©7)
An unbiased estimate of the vanance of P, which accounts for the variation in P,, about the
regression curve and the vanation in S,+S, can “e calculated as

V'(P,) C[%_’ ][P:.,V(s!) Q-S;V(P“') _V(Pu') V(S!) ]‘ (68)

where V is 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 ulumate strengths Taking the standard deviation of the burst pressure as the square root
of the esumated vaniance allows for the estimation of the probability of burst using a Student's
i-distribution.  Specifically, the difference between the estimated burst pressure for a given
crack length, a, and the SLB pressure 1s divided by the estimated standard deviation of the
burst pressure to obtain & r-deviate. The probability of occurrence of the value of 7 is then an
estmate of the probability of burst for that crack length during a SLB. The number of degrees
of freedom used in esimating the probability of occurrence of a r-deviate greater than ¢ is
conservatively taken as the lesser of the number of degrees of freedom of P, orS, An
alternate estimate of the probability of burst can be obtwined by simulating P,,, and §,
independently. In this case, a large number of values of P,,, and S, are independently
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calculated using randomly generated independent r-variates and the respective estimated
standard deviations of P,,, about the regression curve and §, about the mean of the database
These are then combined using equation (6.7) to obtain a burst pressure for a single simulation.
The number of occurrences of the calculated burst pressure being less than the SLB pressure is
then an estimate of the probability of burst Based on the specific simulation results, an upper
bound for the estimate of the probability of burst may then be made using non-parametric
methods The results of the calculatonal and the Monte Carlo simulation determinations are
depicted on Figure 6-3. Also shown are the 99% upper confidence bounds for the Monte Carlo
‘simated values The calculational procedure is seen to lead to a conservative estimate of the
probability of burst for a given crack length. An examination of the distribution of the bu-st
pressures from the Monte Carlo simulations reveals that 1s skewed right Thus, the tail of the
distributio: 1s shorter for the lower burst pressures, hence the lower probabilities 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‘¢.!_'!.22N‘ -N, = Ne -N,, (69)
POD POD
where, N, = number of detected bobbin indications
N, = number of repaired indications
N,. = number of indicatons 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 total leak rate, 7, should be determined as:

T ol +zJ &P +uw'P -F (NPY) | (6.10)

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

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

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

N, = number of indications (after POD adjustment) in the /* voltage bin

P = X(N,P) = expected number of indications that leak summed over all voltage
bins

Z = standard normal distnbution deviate (establishes level of confidence on
leakagc)



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 to 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 categones, 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 relationship between the bobbin amplitude and the probability of leak. The
specific algebraic form used to date hes been the logistic function with the common logarithm
of the bobbin amplitude employed as the regressor vanable, 1 e, letng P be the probability of
leak, and considering a loganthmic scale for volts, ¥, the logistic expression is

1

P(leak | V) = .
1 ,e‘le.‘a,mu)l

(611)

This 1s then rearranged as

P -
=0 « (612)
ln[l—!’] B, +B,log(V),

1o permit an iterative, linear, least squares regression to be performed to find the maximum
likelihood estimators, b, and b, , of the coefficients, B, and B,

Reviews of those evaluations, e g, NUREG-1477, have resulted in the NRC requesting that
alternate sigmoid function forms be investigated, and that the evaluations also consider the
votential 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 supulation that the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>