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Dear Mr. Russell

The proprietary information for which withhoiding is being requested is further identified in Affidavit
CAW-94-699 signed by the owner of the proprietary information, Westinghouse Electric Corporation.
The affidavit, which accompanies this letter, sets forth the basis on which the information may be
withheld from public disclosure by the Commission and addresses with specificity the considerations
listed in paragraph (b)(4) of 10 CFR Section 2.790 of the Commission’s regulations

Accordingly, this letter authorizes the utilization of the accompanying Affidavit by Commonwealth
Edison Company

Correspondence with respect to the proprietary aspects of the application for withholding or the
Westinghouse affidavit shov!d reference this letter, CAW-94-699, and should be addressed to the

undersigned
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COMMONWEALTH OF PENNSYLVANIA:

COUNTY OF ALLEGHENY:

Before me, the undersigned authority, personally appeared Henry A. Sepp, who, being by me
duly sworn according to law, deposes and says that he is authorized to execute this Affidavit on
behalf of Westinghouse Electric Corporation ("Westinghouse”) and that the averments of fact set forth
in this Affidavit are true and correct to the best of his knowledge, information, and belief:

Hhi £ L]

Henry A. Sepp, Manager
Regulatory and Licensing Initiatives

Sworn to and subscribed

before me this ﬁ_ day

of_.I_“.éa , 1994
() omene ¥ Hendenron

Notary Public
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I am Manager, Regulatory and Licensing Initiatives, in the Nuclear Technology Division, of
the Westinghouse Electric Corporation and as such, I have been specifically delegated the
function of reviewing the proprietary information sought to be withheld from public disclosure
in connection with nuclear power plant licensing and rulemaking procesdings, and am
authorized to apply for its withholding on behalf of the Westinghouse Energy Systems
Business Unit.

I am making this Affidavit in conformance with the provisions of 10CFR Section 2.790 of the
Commission’s regulations and in conjunction with the Westinghouse application for
withholding accompanying this Affidavit.

I have personal knowledge of the criteria and procedures utilized by the Westinghouse Energy
Systems Business Unit in designating information as a trade secret, privileged or as
confidential commercial or financial information.

Pursuant to the provisions of paragraph (b)(4) of Section 2.790 of the Commission’s
regulations, the following is furnished for consideration by the Commission in determining
whether the information sought to be withheld from public disclosure should be withheld.

(i) The information sought to be withheld from public disclosure is owned and has been
held in confidence by Westinghouse.

(i) The information is of a type customarily held in confidence by Westinghouse and not
customarily disclosed to the public. Westinghouse has a rational basis for determining
the types of information customarily held in confidence by it and, in that connection,
utilizes a system to determine when and whether to hold certain types of information
in confidence. The application of that system and the substance of that system
constitutes Westinghouse policy and provides the rational basis required.

Under that system, information is held in confidence if it falls in one or more of
several types, the reiease of which might result in the loss of an existing or potential
competitive advantage, as follows:

1X25C UM 207200
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(d)
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The information reveals the distinguishing aspects of a process (or component,
structure, tool, method, etc.) where prevention of its use by any of
Westinghouse's competitors without license from Westinghouse constitutes a
competitive economic advantage over other companies.

It consists of supporting data, including test data, relative to a process (or
component, structure, tool, method, etc.), the application of which data
secures a competitive economic advantage, e.g., by optimization or improved
marketability.

Its use by a competitor would reduce his expenditure of resources or improve
his competitive position in the design, manufacture, shipment, installation,
assurance of quality, or licensing a similar product.

It reveals cost or price information, production capacities, budget levels, or
commercial strategies of Westinghouse, its customers or suppliers.

It reveals aspects of past, present, or future Westinghouse or customer funded
development plans and programs of potential commercial value to

Westinghouse.

It contains patentable ideas, for which patent protection may be desirable.

There are sound policy reasons behind the Westinghouse system which include the

following:

(a)

®)

The use of such information by Westinghouse gives Westinghouse a
competitive advantage over its competitors. It is, therefore, withheld from
disclosure to protect the Westinghouse competitive position.

It is information which is marketable in many ways. The extent to which
such information is available to competitors diminishes the Westinghouse
ability to sell products and services involving the use of the information.



(iii)

(iv)

(v)
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(c) Use by our competitor would put Westinghouse at a competitive disadvantage
by reducing his expenditure of resources at our expense.

(d) Each component of prcprietary information pertinent to a particular
competitive advantage is potentially as valuable as the total competitive
advantage. If competitors acquire components of proprietary information, any
one component may be the key to the entire puzzle, thereby depriving
Westinghouse of a competitive advantage.

(e) Unrestricted disclosure w..uid jeopardize the position of prominence of
Westinghouse in the world market, and thereby give a market advantage to the
competition of those countries.

()] The Westinghouse capacity to invest corporate assets in research and
development depends upon the success in obtaining and maintaining a

competitive advantage.

The information is being transmitted to the Commission in confidence and, under the
provisions of 10CFR Section 2.790, it is to be received in confidence by the
Commission.

The information sought to be protected is not available in public sources or available
information has not been previously emploved in the same original manner or method
to the best of our knowledge and belief.

The proprietary information sought to be withheld in this submittal is that which is
appropriately marked in "Braidwood Unit 1 Technical Support for Cycle 5 Steam
Generator Interim Plugging Criteria”, WCAP-14046 (Proprietary), May, 1994 for
Byron Unit 1, being transmitted by Commonwealth Edison Company letter and
Application for Withholding Proprietary Information from Public Disclosure, to
Document Control Desk, Attention William T. Russell. The proprietary information
as submitted for use by Commonwealth Edison Company for Byron Unit 1 is expected
to be applicable in other licensee submittals in response to certain NRC requirements
for justification of steam generator tube interim plugging criteria.
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This information is part of that which will enable Westinghouse to:

(a) Provide documentation for steam generator tube interim plugging criterion.

(b) Provide a basis for the form of the steamline break (SLB) leak rate
correlation.

(c) Provide SLB leak rate analyses.
(d) Assist the customer in obtaining NRC approval.
Further this information has substantial commercial value as follows:

(a) Westinghouse plans to sell the use of similar information to its customers for

purposes of meeting requirements for licensing documentation.

() Westirnghouse can sell support and defense of the technology to its customers
in the licensing process.

|
|
\
Public disclosure of this proprietary information is likely to cause substantial harm to
the competitive position of Westinghouse because it would enhance the ability of

competitors to provide similar methodologies and licensing defense services for J
commercial power reactors without commensurate expenses. Also, public disclosure .
of the information would enable others to use the information to meet NRC

requirements for licensing documentation without purchasing the right to use the

information.

|
The development of the technology described in part by the information is the result |
oi applying the results of many years of experience in an intensive Westinghouse !
effort and the expenditure of a considerable sum of money.
|
|
|

In order for competitors of Westinghouse to duplicate this information, similar
technical programs would have to be performed and a significant manpower effort,
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having the requisite talent and experience, would have to be expended for developing
testing and anal“tical methods and performing testing.

Further the ¢ 2ponent sayeth not.



Proprietary Information Notice

Transmitted herewith are proprietary and/or non-proprietary versions of documents furnished to the NRC
in connection with requests for generic and/or plant-specific review and approval.

In order to conform to the requirements of 10 CFR 2.790 of the Commission's regulations concerning the
protection of proprietary information so submitted o the NRC, the information which is proprietary in the
propriulr;xeuiom is contained within brackets, and where the proprietary information has been deleted
in the non-proprietary versions, only the brackets remain (the information that was contained within u.e
brackets in the proprietary versions having been deleted). The justification for claiming the information
s0 designated as proprietary is indicated in both versions by means of lower case letters (a) through (f)
contained within parentheses located as a superscript immediately following the brackets enclosing each
item of information being identified as proprietary or in the margin opposite such information. These
lower case letters refer to the types of information Westinghouse customarily holds in confidence
identified in Sections (4)(ii)(a) through (4)(ii)(f) of the affidavit accompanying this transmittal pursuant to

10 CFR 2.790(b)(1).



Copyright Notice

The reports transmitted herewith each bear a Westinghouse copyright notice. The NRC is permitted to
make the number Of copies of the information contained in these reports which are necessary for its
internal use in connection with generic and plant-specific reviews and approvals as well as the issuance,
denial, amendment, transfer, renewal, modification, suspension, revocation, or violation of a license,
permit, order, or regulation subject to the requirements of 10 CFR 2.790 regarding restrictions on public
disclosure to the extent such information has been identified as proprietary by Westinghouse, copyright
protection notwithstanding. With respect to the non-proprietary versions of these reports, the NRC is
permitted to make the number of copies beyond those necessary for its internal use which are necessary in
order to have one copy available for public viewing in the appropriate docket files in the public document
room in Washington, DC and in local public document rooms as may be required by NRC regulations if
the number of copies submitted is insufficient for this purpose. Copies made by the NRC must include
the copyright notice in all instances and the proprietary notice if the original was identified as proprietary.
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BRAIDWOOD UNIT 1: TECHNICAL SUPPORT FOR CYCLE &
STEAM GENERATOR INTERIM PLUGGING CRITERIA

1.0 INTRODUCTION

Following 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 axial crack-like ODSCC indications using
RPC inspection techniques. The size and number of indications could result in significant
tube repairs with current plugging criteria and repairs that are not required to meet NRC
Regulatory Guide 1121 guidelines for tube repair. Braidwood Station has therefore requested
a Technical Specification change to implement an interim plugging critenia (IPC) for ODSCC
at TSP intersections. The requested IPC repair limits and inspection requirements have been
based on the Catawba-1 NRC SER which approved a 1.0 volt repair limit. The methodology
to support the Braidwood-1 IPC differs from previously approved IPCs in that 1t applies the
EPRI data outlier evaluation methodology and SLB leak rate 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 a 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 1s correlzted 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 lcak
rates compared to the expected packed crevices under normal and accident condivons 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
conditons include low water level combined with an excess feedwater transient, both of
which tend to increase the loads The dynamic structural analyses yield TSP displacements as
a function of tube location Tube burst analyses performed for the crack length exposed by
the TSP displacements have been conservatively performed by assuming that the exposed
crack length 1s throughwall Even with these conservative assumpuons, 1t 1s demonstrated
that Braidwood-1 has adequate tube burst margin.

In accordance with draft NUREG-1477, SLB leak rates were calculated for a total of six
probability of leak (POL) correlations including the EPRI reference | g logistic correlation
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The six correlations (Section 6) evaluated included 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 to the
POL correlation are given in this report (Section 8) The SLB leak rate analyses utilize
voltage distributions consistent with the d-aft NUREG-1477 guidance including adjustments
for probability of detection.

The plugging criteria were developed from testing of tube specimens with laboratory-induced
ODSCC, extensive examination of pulled tubes from operating S/Gs and field experience for

based upon Electric Power Research Institute (EPRI) and industry-supported development
programs that are continuing to further refine the plugging criteria At the end of Cycle 4,
four tube: with 13 intersections and 6 RPC confirmed indications were pulled at Braidwood-1
for future enhancement of the EPRI database and validate the industry developed EPRI leak
and burst correlations applied in this report

Implementation of the tube plugging criteria was supplemented by 100% bobbin coil
Inspection requirements at TSP elevations having ODSCC indications, reduced operating
leakage requirements, inspection guidelines to provide consistency in the voltage
normalization, and rotating pancake coil (RPC) Inspection requirements to establish repair
requirements for indications above the 1.0 volt repair limit and to characterize the principal
degradation mechanism as ODSCC. In addition, potential SLB leakage was calculated for
tubes with indications left in service at TSPs to demonstrate that the cumulative EOC-.$
leakage is less than the allowable limits.
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SUMMARY AND CONCLUSIONS

This report documents the technical support for a Braidwood Unit 1, Cycle 5 Interim
Plugging Criteria (IPC) of 10 volt for ODSCC indications at TSPs

2.1

Overall Conclusions

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

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

* The projected EOC-5 SLB leakage is 3.1 gpm for the limiting SG, which is 'es: than the

allowable limit of 9.1 gpm for Braidwood-1. The SLB leak rate was evaluated for the
six alternate formulations of the probability of leak versus voltage correlation idenufied
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 evaluz:ion
consistent with the NRC guidance of the February 8, 1994, NRC/industry meeting on
resolution of draft NUREG-1477 comments

The tube burst probabilities estimated at EOC-5 are 5x10°* for a SLB at normal operatng
conditions and 8x10™ for & SLB at hot standby conditions. Weighting these probzdilities
by the relative operating umes leads to 2 combined burst probability of 3 1x10° These
burst probabilities are siguificantly lower than the IPC acceptance guideline of 2 £x10°
shown to be acceptable 1n 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 S x10" per vear The tube burs: probabilities are developed
based on limited TSP disolacements calculated during a SLB event for the Braidwood-]
S/Gs, even when applying very conservative load conditions for the hot standby SLB
Deterministic tube burst 2nalyses show that the projected EOC-5 voltage obtainec with
voltage growth rates up 1o 99% cumulative probability on the Cycle 4 measured growth
distribution, 15 less than the RG. 1.121 structural limit of 4.54 volts for a l43xAP, ,
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accident condition burst margin. The R.G. 1.121 structural limit guideline of three times
normal operating pressure differential is inherently sausfied by the tube constraint
provided by the tube support plates at normal operating conditions

The modest SLB leakage, acceptable tube burst margins and low tube burst probabilities
presented in this report support full cycle operation for Cycle § at Braidwood-1 following
implementation of the 1.0 volt IPC.

22 Summary

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

* Tube Plugging Criteria
Tubes with bobbin flaw indications exceeding the 1.0 volt [PC 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 repaired independent of
RPC confirmation.

* Inspection. |
A 100% bobbin coil inspection was performed for all TSP intersections Al bobbin
flaw indications greater than the 1 0 volt repair limit were RPC inspected and the RPC
inspection included a sample of dented TSP Intersections

* Operating Leakage Limits

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

* SLB Leakage Critenon

Predicted end of cycle SLB jeak rates from tubes left in service, including a POD = 0 6
adjustment and allowances for NDE uncertainties and ODSCC growth rates, must be
less than 9.1 gpm for the S$/G in the faulted loop

* Exclusions from Tube Plugging Criteria

Certain tube locations, as identfied 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



EOC-4_Inspection Results

Eddy cuirent inspection at EOC-4 resulted in the identification of 2733 bobbin indications at
the TSP intersections and 1566 or 57% of the bobbin indications were confirmed by RPC
inspection. The indicanons ranged from 272 in S/G B to 1061 in S/G C. To evaluate Cycle
4 voltage growth, all indications of ODSCC at TSP intersections at EOC-4 had the EOC-3
bobbin data reevaluated 10 obtain Cycle 4 growth rates In addition, Braidwood-1 had a
100% inspection of S/G C during October, 1993 as the result of a pnmary to secondary tube
leak unrelated to ODSCC at the TSPs. Thus allowed a growth evaluation for $/G C ‘rom
October 1992 to October 1993, a S/G C evaluation from November 1993 to March 1994 and
a growth evaluation on S/Gs A, B and D for the entire Cycle 4. The results of this growth
rate analysis were conservatively applied to the BOC-5 indications left in service to project
the EOC-5 voltage distnbutions for tube integrity analyses. The average growth for all 4
S/Gs over Cycle 4 was .23 volts per EFPY or 48% of the BOC-4 average voltage
amphitudes The average growth for S/G C over thie first part of Cycle 4 was 0.19 volts per
EFPY (48%) and was ( 11 volts per EFPY (16%) over the second part of Cycle 4 A few
indicatons (~1%) showed larger than typical growth with the largest growth rate being 9.76
volts

The Bradwood-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; 1e,
the Bra.dwood-1 result: are consistent with axial ODSCC as the degradation mechanism and
the associated EPRI datzbase 1s applicable for the Braidwood-1 IPC. Four tubes including 13
TSP intersections and s.x RPC confirmed nobbin indications ranging from 1.0 to 10 4 volts
were pulled duning the cutage for subsequent laboratory testing and destructive examination
The results from these ; .lled tube examinzuons will be used to enhance the EPRI database
and leakage/burst corre.zuons  The effect of these data on the correlations and results of this
report will be assessed .>on completion of the destructive examinations.

Correlations of bobbin « 2itage to burst pressure and to SLB leakage and a correlation for the
probability of SLB leak:ze are provided wnich are consistent with NUREG-1477 and the
Catawbz-1 SER  These correlations form the basis for determining repair limits and the
corresponding margins “:7 burst and leakage as summarized below.

Structural Integrity Asszisment

Tc¢ support the Cycle £ w.be integrity asse:sment under the conservative assumptions of the
larger Cycle 4 growth reies reoccurnng i Cycle 5 and a probability of detection of 0 6 (draft
NUREG-1477 guidance  additiona! analyses were performed to demonstrate limited TSP
displacement in a postu.::ed SLB event VA ith limited displacement, the part of the overall

o
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ODSCC crack length covered by the TSP is constrained aganst burst and the burst capability
of the indication is that associated with the exposed crack length. Thus, limited relative
displacement of the tubes and TSPs results in increased tube burst margins and an associated
low probability of tube burst

The two sets of Model D4 S/G thermal-hydraulic loads available for this report are (a) those
for a SLB at normal full power operating conditions and (b) those for a very conservative
SLB at hot standby conditions with low water level combined with an excess feedwater
transient. The initial conditions for the latter hot standby SLB event are excessively
conservative as shown by comparison with a Model D3 S/G, hot standby SLB event with
normal water levels and no feedwater transient. TSP displacements for each TSP and each
tube location were obtained by dynamic, finite element analyses for each of the
aforementioned SLB loading conditions.

The results of the Model D4 S/G SLB analyses at normal operating conditions and for the
Model D3 S/G at hot standby conditions show maximum TSP displacements at tube locations
of <0.44 inch. These displacements expose a crack length less than the 0.5] inch throughwall
crack length that sansfies R G 1 121 critena for the structural limit of 1.43xAPg, ;. The
ssumated tube burst probability for the SLB at normal operating conditions, very
-onservatively assuming a throughwall crack equal to the exposed crack length, 1s 5x107
which is negligible for tube integnty considerations Thus structural integnity is maintained
“iroughout Cycle 5 for a SLB at normal operating conditions Since the time at power
Jperation is typically 96% of the operating cycle for Braidwood-1, large structural margins
#xist for the dominant part of the operating cycle

Zven for the very conservative Model D4 hot standby loads, TSP displacements are limited to
*ss than 0.35 inch for all TSPs having bobbin indications at Braidwood-1 except for plates 3
£23d 7. At plate 3, the maximum TSP displacement at a tube location is 0 §7 inch which is

- 26% of TSP intersections) tube locations on plate 3 have TSP displacements greater than
<2 051 inch structural limit At the EOC-4 inspection, only 1 indication was found on plate
* at a location with displacements >0 § inch  This indication had a small 0 59 volt amplitude
¢ a tube location with 0 51 inch TSP displacement  Thus the number and voltage amplitudes
"~ indications found at plate 3 locations with significant TSP displacements is neghgible for
~-7¢ Integnty considerations Since maximum TSP displacements maintain adequate tube
©~'st margins even if throughwall cracks are assumed and since the larger tube displacements
“volve only a few tubes, 1t 15 concluded that adequate structural margins are maintained for
.«cle S operation for all potential indications at plate 3

2.4



Only plate 7 has significant tube-to-TSP displacements which provide potential concerns for
exceeding EOC-S structural integnity considerations At plate 7, 124 tubes (2 6% of TSP
intersections) have TSP displacements exceeding 0.5 inch corresponding to the RG 1.121
structural margin for throughwall cracks and the maximum TSP displacement at any tube
location 1s 0.87 inch. Based on the EQOC-4 inspection results of plate 7 locations, only 8
indications in any one S/G, and a total of 20 indications in all 4 S/Gs (0.7% of all
indications) have SLB displacements exceeding 0 5 inch. The maximum bobbin voltage at
any tube location wath SLB displacements exceeding 0.35 inch was 1.24 volts and the
maximum voltage indication found in any S/G at plate 7 was 2.74 volts This 1s well below
the 4.54 volts corresponding to R.G. 1.12] margins against burst for free span indications.
Thus 1t is concluded that only a few, relatively low voltage indications are likely to occur at
the plate 7 locations with significant SLB displacements at hot standby conditions A
statistical assessment is necessary to assess the potential for a structurally significant
indication to occur at a plate 7 location with relanvely 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 1s negligible compared to IPC acceptance guidelines of 2. 5x10° The burst probability
for an SLB dunng power operation at EOC-5 is 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 Brasdwood-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 core
damage frequency and supports full cycle operation at Braidwood-1 for Cycle §

Leakage Integnty

Based on sensitvity analyses for SLB leakage, 1t was concluded that S/G D is the most
himiting 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 distnbutions were obtained
ncluding a POD adjustment of 0.6, an allowance for NDE uncertainties, and an allowance for
voltage growth based on the S/G D voltage growth distnbution obtained for Cycle & The
resulting SLB leak rate for the limiing SG at EOC-5 was 3 ) gpm, which 1s 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 leakage correlation including linear and log voltage forms
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for logistic, normal and Cauchy distributions. A negligible

probability of leakage form was found, with a vanation of
distributions.

leak rate dependence on the
only 0.1 gpm between the six



30  CRACK MORPHOLOGY

31 General Discussion

Four tubes were pulled from Braidwood-1 including 13 TSP intersections with 6 reported
bobbin and RPC indications. The resulting tube examinations will confirm the crack
morphology for indications at the tube support intersections. The schedule for the tube exams
will be based on obtaining the appropriate technical results and the results will be available
for review after the tests are completed In the interim peniod, comparisons of RPC data from
the current Bradwood-1 inspection are compared in Section 3.2 below with RPC results for
pulled tubes with known morphology of dominantly axial ODSCC typical of the EPRI
database

With the peformance of the tube metallography on the pulled tube specimens from
Braidwood-, the 3/4" database will be expanded by 6 TSP intersections with clearly
idennfiable cegradation and 7 other intersections for which EC interpretation guidelines, as
practiced ir. the field, did not find a basis for reporting as possible flaws, these NDD specimens
will help 1o define the extent of ODSCC which may be present at such locations. The
Braidwood- . 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 provicsd from these samples is expected to support the detection probability conceming
the adequacy of bobbin EC testing of non-dented TSPs as the appropriate NDE technique for
TSP antenm olugging cnitena  The bobbin results from the SH level of R37C34 in particular
are suggest. ¢ 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 ¢’ many small cracks, producing a detectable signal, while the RPC probe response
15 too small > distingwish a signal produced from only a fraction of the total cracks present in
its helical pa at any instant. In either case, the voltage range of 1.0 to 104 volts for the
Braidwood- . pulled tubes will enhance the EPRI database and resulting correlations while the
7 NDD inter:sctions will supplement the bobbin and RPC detectability data

32 Cracs Morphology Inferred from Inspection Data

Comparnisor =7 typical MRPC pseudo-1sometric graphics (C-scans) for some of TSP indications
which were (onfirmed shows that the Braidwood-1 TSP degradation 1s enveloped by examples
from other 1 ints and that the condition represented by the C-scans 1s quite consistent with
ODSCC  Fizires 7-1 to 7-6 in Section 7 illustrate the distributions of axia! indications, all
confinec wit.n the edges of the support plates, the distributions of bobbin indications with
elevatior anc voltage are similar to that found in plants with axial indications verified by
previous invesigations to be ODSCC by metallographic studies of pulled tubes
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The intersections pulled during the EQC-4 inspection which exhibited EC indications were
R37C34-3H and 5H and R16C42-3H from SG D, followed by R27C43-3H and R42C44-3H and
SH, 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 Braidwood-1 confirmed bobbin indications from 104
volts to 10.4 volts. Comparable C-scan results from Plant R and Plant S, both with SG's of
similar design to the Braidwood-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
definition relevant to the IPC.
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8) RE10C44, Location 2M D) R10 C84. Location 2

¢) R9 C103, Location 2+ d) R46 C71. Location 5H

Figure 3-4 Plant § Example RPC Traces from Hot Leg

Support Plate Locations in SG B
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Figure 3-5. Plant S Example RPC Traces from Ho: Leg Support Plate Locations in SG &



40  ACCIDENT CONSIDERATIONS

41 General Considerations for Accident Condition Analyses

The approach being applied to demonstrate tube integrity at Braidwood-1 is based on applyving
SLB analyses demonstrating limited TSP displacement to reduce the likelihood of a tube burst
in a SLB event to negligible levels. In addition, it is demonstrated that the SLB leak rate,
even under the conservative assumption of leak rates for free span indications, is within
acceptable limits. The allowable limit on the SLB leak rate is developed in Section 4.8

Section 4.2 develops the SLB thermal hydraulic loads on the TSPs which are used in the
structural analyses of Sections 4.3 to 4.5 to obtain TSP displacements At this ume, Mode!
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 include a simultaneous feedwater
transient.  The potential level of conservatism in the Model D4 hot standby loads 15
demonstrated by comparing the loads with those obtained from a Model D3 S/G analysis w-h
normal water level and no feedwater transient Both SLB analyses, at normal operating
conditions and at conservative hot standby conditions, for TSP displacements developed in
this section are applied in Section 8 to develop tube burst margins The TSP displacement:
are calculated relative to the tube location at the start of the transient, as discussed in

Section 4.5, Section 4 4 includes an assessment of the structural integrity of the TSPs and
their supports (bar, wedge welds) Section 4.6 develops the frequencies of occurrence for z-
SLB at Braidwood-1 2t both normal operating and hot stancly (Mode 3) conditions It is
shown that the frequency of an SLB at hot standby conditions, for which the TSP
displacements are higher, i1s significantly lower than that for an SLB at normal operating
conditons

For a postulated accident condition combining a LOCA simultaneously with a SSE, it is
possible to have some tubes near TSP wedges deformed by the resulting loading condition
Due 1o the potential 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 - <
the IPC repair limits. The analyses describing this consideration are described in Section 4 -

Some of the analyses described in this section use the Westinghouse labeling system for
numbering TSPs which differs from that applied at Bradwood-1. The following relates the
Westinghouse and Bradwood-1 nomenclatures for hot leg TSP 1dentification
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TSP 1 is the Flow Distribution Baffle (FDB). The FDB has large tube to plate clearances
(nomunal | J' diameter) in the central region of the plate and radialized holes (nominal

[ ]* width) in the outer region. No indications have been found ai the FDB in the
Braidwood-1 SGs. For comparnison, 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 is a network flow based code that can model the thermal and hvdraulic
charactenstics of fluid through the steam generator internals TRANFLO code predicts the
transient flow rate, pressures and pressure drops

The hydraulic loads vary with initial conditions and boundary conditions of the SLB event
The significant inital conditions are mode of operation and water level. The important
boundary conditions are those associated with feedwater nozzle and steam nozzle, these
include the size and location of break, and flow rate through the feedwater nozzle during the
event. The most likely initial conditions are of full power operation with a normal water
level

When fluid moves in the tube bundie, 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 stearn and water mixture. Thus, hot standby would
be conservative in esumating the hydraulic loads on the TSPs, although the most likely mode
of operation is power operation if a SLB event occurred. Previous studies confirmed that the




hot standby yields the largest hydraulic loads when compared to full or partial power
operation.

Once a SLB event begins, it triggers a rapid depressurization, which leads to water flashing
across the water level. The rapid water flashing generates water motion, and the closer the
TSP to the water level the higher the flow rate, and thus the larger the pressure drop.
Previous parametric evaluations indicate that a lower water level tends to yield higher
hydraulic loads on the tube support plates or baffles.

It would be ideal to calculate the hydraulic loads on the TSPs of the Model D4 steam
generator under the no load, hot standby conditions. Although there are currently no such
calculations, there are other calculations of Model D3 and D4 for developing conservative,
bounding loads for the Model D4. This section presents such a task These bounding loads
for the Model D4 and the more applicable Mode! D3 loads at hot standby with normal water
level.

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

In 1993, a TRANFLO calculation of hydraulic loads on the TSP under a SLB event was
made for a Model D3 steam generator The calculation considers the initial conditions of
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 [ ]* 2dove the top
of the tubesheet during no load, hot standby. The computztional model considers a water
level of | J* above the top of the tubesheet Use of the no load, hot standby and a
water level of | J" 1s thus conservative in estimating the pressure loads 1o tube
support plates. Water an! steam temperature is initially at 557°F, and pnmary coolant
pressure 1s at 2350 psia and secondary side steam pressure is at 1106 psia, and fsedwater
temperature at 75°F

A network of nodes and connectors was created to represent the secondary side {uid, tube
metal heat transfer and pnmary coolant Figures 4-1 and 4-2 show the nodal laycut of the
secondary side of the Model D3 steam generator  Figures 4-3 and 4-4 present tne nodal
network of the secondary fluid, pnmary flud and tube metal In the tube bundl: area, the
space between support plates or baffles forms a fluid node, and a flow connector 'inks the
adjacent nodes Pressure drops through support plates or baffles are calculated b+ the code
for each flow connector, which represent a plate or baffle

Blowdown flew induces flud flow in the secondary side, and thus pressure load: 10 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 it then drops to a small value or becomes a quasi-steady state.

The flow splits take place in the lower tube bundle; it occurs at about TSP L (see

Figure 4-1). Plates A, C and G experience downward flow because the fluid leaves in a
downward direction from the tube bundle up into the downcomer. Plates above TSP L
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, [ J* for TSP A on the hot leg, and [ J* for TSP T (i.e., the uppermost TSP).

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

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

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

Results of Case 2 aie presented in Figures 4-9 through 4-11. As discussed earlier, hydraalic
loads for a steam and water mixture in the tube bundle are less than a solid water pool
Therefore, hydraulic loads of Case 2 for the Model D4 is less than those of Case 1 for the
Model D3. When a SLB event initiates from & power operation, the blowdown flow path is
essentially in the upward direction from the tubesheet towards the riser barrels Thersfore,
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 bundie height
The uppermost TSP is thus lower in water content, and the resulting hydraulic 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 15 half of a whole TSP and the majonty of flow is passing through the
hot leg side

Compared to Case | for the Model D3, which experiences flow sphts, loads of Case 2 for
Model D4 are less even under the situation of no flow splits. The reason for this is because
of its relatively mild inital con itions




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

The TRANFLO computational model for this case is identical to Case 2 except for its initial
and boundary conditons. This calculation of Case 3 uses extremes of both initial and
boundary conditions No load at hot standby is already conservative compared to a most
likely mode of full power operation, it considers a water level at the uppermost TSP, which is
by itself a very rare ransient. In addition, it imposes an excessive feedwater flow transient
As discussed already. a water level at the uppermost TSP generates higher hydraulic loads
than a normal water ievel 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 splits
take place for Case * since both cases initiate from a no load, hot standby condition.
However, Case 3 yie.ds much higher lcads than case 1 because of severe initial and boundary
conditions discussed zrove

425 Summary

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

Peak loads of Case 3 ire more than twice those of Case 2. Use of loads of Case 3 is
conservative It is be_eved that loads for Model D4 would be about the same as those of
Case | for Model D3 if the same initial and boundary conditions are used in the
computational mode!

43 Structural Mozsling for SLB TSP Displacement Analyses

This section summariz2s the structural modeling of the Model D4 tube bundle region A
finite element mode! -7 the hot leg region of the tube bundle is prepared, and corresponding
mass and stiffness mz—ices are generated The mass and stiffness matnices are then used in a
subsequent dynamic z-alysis to determine TSP displacements under SLB loads Structural



members included in the model include all TSPs, the tierods and spacers.' Since the present
analysis considers only the response of the hot leg to the SLB loading, the finite element
model includes 90° of the tube bundle.

4.3.1 Material Properties

A summary of component materials is contained in Table 4-3, wath the corresponding maternial
properties summarized in Tables 4-4 through 4-6. The properties are taken from the 1971
edition (through summer 1972 addenda) of the ASME Code, which is the applicable code
edition for Braidwood Unit 1. Since temperature dependent properties cannot be used in
substructures, properties for the finite element model correspond to the values at 550°F. The
material properties for the tube support plates are modified to account for the tube
penetrations and flow holes. The density of the TSPs is also modified to account for the
added mass of the secondary side fluid

432 TSP Support System

The support system for the TSPs is a combination of several support mechanisms A
schematic of the tube bundle region 1s shown in Figure 4-15 with each of the plates
identified [

]l

" For the analysis of the Model D3 steam generators under SLB loads, the finite elemen: = odel also
included the shell, wrapper, partition plate, and channel head Except for the tubeszeet, these
structures were included to account for support locations for the TSPs and baffle plates However,
compared to the suffness of the TSPs, baffle plates, and tierods, these structures are essentially
infinitely stifl and have insignificant displacements (<0.010) under SLB loads. Thersfore, it is
acceptable to treat these structures as pouwts of ngid support for the plates, and not in:lude them
exphicitly in the model

Regarding the tubesheet, although not considered explicitly in the finite element mode. tubesheet
displacements are considered 1n the analysis. Due to similarities in geometry of the tubeszeet, shell,
and channel head, displacements are scaled from the Model D3 analysis.  The rubesheet
displacements are quite small relative to the TSP displacements, and scaling of Model D3
displacements 1s an acceptable approxumation  Further discussion of the tubesheet dis;.ecements
1s provided in Section 4 4

The Model D3 analysis also considered the non-hincar interaction between tubes and T¢® due to
TSP rotation. The present analysis has not incorporated this effect, pnmarily due to the |:= ited time
available to develop ine system model This effect may be considered in subsequent = aluations
to lumit 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
essentially linear system response During installation a small positive preload 1s introduced
into the tierod/spacer system  As shown in Section 4.2, the plates are subject either to an
upward or downward pressure loading, with the exception being Plate J, which sees a both a
significant upward and downward loading Thus, the response is essennially linear either
upward or downward The tierods/spacers have a different stiffness characteristic for upward
and downward loads These differences have been incorporated into the model. For Plate J,
the weaker of the two stiffnesses has been incorporated to provide a conservative response.
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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 locations
are shown in Figures 4-17 through 4-24. The finite element model representation of the
plates and tierods/spacers is shown in Figure 4-25.

433 Revised Matenal Properties

As noted earlier, the material properties for the tubesheet and tube support plates are modified
to account for the tube penetrations, flow holes, and various cutouts. The properties that must
be modified are Young's modulus, Poisson's ratio, and the material density. The density must
be additionally modified to account for the acded mass of the secondary side fluid.

In calculating revised values for Young's modulus and Poisson's ratio, separate formulations
are used for plates wath 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
(E,’/E, E/'[E, v,*, v,’), respectivelsy  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 1s determined from the relationship between Young's modulus and the shear
modulus. A summary of the revised values for Young's modulus and Poisson's ratio is
provided in Table 4.7

There are.two aspects to revising the plate density. The first is based on a ratio of solid area
to the modeled area The second zspect corresponds to the plate moving through the
secondary side fluid, displacing the: fluid, and creating an "added mass" effect The added
hydrodynamic mass is a direct funzuon of the fluid density. Because the dynamic analysis
cannot account for the change in fi.ud density with time, the analysis uses the average density
value for the duration of the trans:ent  Results of the calculations to determine effective plate
densities are summarized in Table -8 This table provides a summary of the actual
(structural) and modeled plate arez:. the metal and added fluid masses, and the final effective
plate densities The fluid densitie: correspond to SLB events initating from hot shutdown
conditions (as opposed to full pows: operation) Calculations were also performed for
densities corresponding to full power operation. The change in effective plate densities did
not have a significant effect on the dynamic response of the plates.



434 Dynamic Degrees of Freedom

In setting up the dynamic substructures, it is necessary to define the dynamic degrees of
freedom. In order to define dynamic degrees of freedom for the TSPs, two sets of modal
calculations are performed for each of the plates. The first set of calculations determine plate
mode shapes and frequencies using a large number of degrees of freedom (approximately 120
per plate). The second set of calculations involves repeating the modal analysis, using a
significantly reduced set of degrees of freedom (DOF). The reduced DOF are selected to
predict all frequencies for a given plate below 50 hertz to within 10% of the frequencies for
the large set of DOF. A frequency of 50 hertz was selected as a cutoff, as it is judged that
higher frequencies will have a smail energy content compared to the lower frequencies. This
can be confirmed by noting that the highest frequency content in the first one and & half
seconds of the pressure drop time-history input loadinge 1s 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
vertcally 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 in Figures 4-26 through 4-28, while mode shapes for the reduced set of
DOF are shown in Figures 4-29 tirough 4-31. A comparison of the natural frequencies for
the full and reduced sets of DOF for the plates 15 provided in Table 4-9 Based on the tabular
summary, the reduced set of DOF are concluded to provide a good approximation of the plate
response. Note that for Plate P, the frequency for Modes 3 and § for the reduced set of DOF
slightly exceeds the 10% objective for matching frequencies These variations are not
considered to be significant, and :ne 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 Dusplacement Boundary Conditions

The displacement boundary cond:zons for the substructure genzration consist pnmarily of
prescribing symmetry conditions zong the "Y" axis for each of the components. Vertical
constraint is provided where the p.ates are constrained by the vertical bars welded to the
partiion plate and wrapper, and 1 the tierods at there bottom end  For the TSPs, rotations
normal to the plate surface are alsc constrained, as required by the stiffness representation for
the plate elements



436 Application of Pressure Loading

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

44 Results of SLB TSP Displacement Analyses

As discussed in Section 4.2, several sets of SLB loads were considered in performing this
analysis. In addition to the system analysis, some preliminary single-plate evaluations were
performed to estimate the plate response to the applied loadings. Calculations were also
performed using the single plate models to estimate the effects of expanding tubes at various
locations in the tube bundle to limit  late motions The results for each set of calculations is
summanized within this section of the report.

An overall summary of the limitng 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

The first two sets of results in Table 4-10 are for the most limiting SLB loading (SLB with a
simultaneous Feedwater Transient) using the single plate models, with and without tube
expansion. These results show that tube expansion significantly reduces plate displacement
for all of the plates The third set of results is again for the limiting SLB transient for the full
system model. Comparing these results to the single plate models shows that the single plate
models provide a good indication of the relative plate motions, but that plate interaction does
result 1n 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 mode! shows that for
the imiting SLB loads, Plates A (1H), C (3H), and J (7H) expenence displacements greater
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than 0.350 inch. For a transient initating 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 himited number of tubes would be
effecuve 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.
Displaced geometry plots for Plates A (1H), C (3H), and J (7H) for the limiting set of SLB
loads are shown in Figures 4-32 through 4-35. The consistent displacement pattemn is
apparent for the three plates Displacement time histories for each of the plates for the
limiung transient loads are provided in Figures 4-36 and 4-37  The bottom four plates are
shown in Figure 4-36 and me upper four plates in Figure 4-37.

As discussed previously, tubesheet displacements are not significant and were scaled from the
Mode. D3 analysis The geometry of the tubesheet and supporting structures for the two
designs 1s nearly identical A summary of key dimensions for the two models of steam
generaiors 1s provided in Taole 4-11. Displacement resulis for the tubesheet from the Model
D3 analysis as a function of distance frem plate center for several transient times are
summanzed in Table 4-12 At the bottom of this table a summary of the tubesheet
displazements relative to ume zero are presented. The relative displacements are shown to be
quite small relative to the p.ate displacements. This is especially true at the outer edge of the
tubesh zet where the plate d.splacements are a maximum.

Since the dynamic analysis :s based on elastic response, calculations were performed to assure
that t= tierods, a significar: support element for the plates remain elastic throughout the
transient  The dynamics anzysis results establish that the stayrods do, in fact, remain elastic
througnout the transient. |

]' In both instances, these elongations are
well be.ow the yield point {:: the stayrods

Also re.evant in assessing ¢ appropriateness of the elastic solution, are the stresses in the
plates  Thus, in conjunctior. with the displacement results from the dynamic analysis, stresses
are ce :ulated for the hot le; plates at the imes corresponding to the maximum plate
displazements The stresse: are calculated by extracting displacements from the dynamic
analys : for each plate degrez of freedom, and then applying those displacements to the finite
elemes: model The finite ¢ ement code then back-calculates the displacements and stresses
for the overall plate m.ode!
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In order to extract the appropriate displacements from the tape created by the dynamic
analysis, a special purpose computer program 1s used. This program extracts the
displacements for a given plate at specific transient times and writes the resulting nodal
displacements to output in a form that can be input directly to the WECAN program as
displacemant 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 applied to the model The finii. 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
15 performed by another special purpose computer program, SRATIO.

In order to interpret the stress results, stress contour plots for the maximum and minimum
siress intensities have been made for each plate. The limiting stresses for each of the plates
occur for the SLB + Excess Feedwater transient. Plots showing the maximum and minimum
siress intensities for Plates A(1H), C(3H), and J(7TH) are shown in Figures 4-38 to 4.45,

<1 maximum stresses occur near the locations of vertical support, the tierod / spacers and
vertical bars. The ASME Code minimum yield strength for the TSP material is 23 4 ksi.
Zxcept 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
=-es not account for either the wedge support for Plate J at the 10° location, or the potential
“or tube/plate interaction due to plate rotation, the stresses in Figures 4-42 and 4-43 for Plate
- are judged to be conservative Thus, i1t is judged that the effective plate stresses will be
-dged to be elastic for all transient cases

The plate stresses cannot be compared directly to the material yield strength, as these stresses
correspond to an equivalent solid plate. In order to armrive at the plate ligament stresses,
czditional detailed stress analysis of the plates 1s required Such an analysis is outside the
t:ope of this program. The equvalent plate stresses do provide a general guideline as to
wose areas of the plate that are most limiting from a stress viewpoint. The plate stresses are
~eaningful in that they indicate that the stresses are generally low throughout the plate, and
wat the elastic analysis 1s a good approximation of the transient plate response



Calculations have also been performed to determine the stresses in the welds between the
vertical bars and the partition plate and wrapper. The loads at *ae various support points are
extracted from the static WECAN runs in the form of reaction forces at the times of
maximum plate deflection Loads have been extracted for the limiting plates (based on plate
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

245, x 1.5 x 035 (for fillet welds with visual examination) for carbon steel. S, at 550°F is
15.5 ksi. The resulting allowable stress intensity is 19.53 ksi, and the weld stresses are
acceptable

Overall, it 1s concluded that the elastic analysis provides a good approximation of the
dynamic response of the TSPs to the applied loading.

45 SLB Displacements By Tube Location

In order to establish probabilities for tube burst as a result of relative plate / tube movement,
calculations are performed to determine how many tubes are associated with a given
displacement magnitude for a given plate. The plate displacements are categorized into
groups, starting at 0.35 inch, and increasing 1n 0.05 inch increments to a maximum
displacement > 0.80 inch. It 1s the relative plate / tube displacement that 1s of interest, with
the tube and plate positions at the start of the SLB transient defined as the reference position
At hot standby, the TSP positions relative to cracks inside the TSP are essentially the same as
at cold shutdown Every known 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
condinon TSP location relative to the tubes 1s ecsennally the same as for the full power
condition where the cracks formed, which is also the position during hot shutdown. These
inspections indicate that there is little relative movement between the tubes and plates
throughout the operating cycle Thus, this analysis calculates relative tube / TSP motions
based on the tube / plate positions at the initiation of the SLB transient
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The algorithm for calculating the relative displacements 1s as follows:

AD = (Dn-T - Dc-o)n- - (D.-r = Da-o )'rm , where

Dy, = Plate Displacement
D1 ybeseer = Tubesheet Displacement
T = Time of maximum displacement from dynamic analysis

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

The displacement solutions are performed using the finite element representations for the
plates. Displacements for the dynamic degrees of freedom for the limiting plates are
extracted at the times of interest from a file containing the DOF displacements for the full
transient. These displacements are applied to the finite element model as boundary conditions
(along with any other appropriate boundary conditions representing symmetry or ground
locations), and displacements for the entire plate are then calculated These results are then
combined with the scaled tubeshest displacements, to arrive at a combined relative
displacement between the tubes and plates The combined relative displacemants are then
supenimposed on a tube bundle map, and the results interpolated to arrive at a displacement
value for each tube location.

A summary of the number of tubes falling into each of the displacement groupings for the
limiting plates is provided in Table 4-14 Note that the numbers of tubes in Table 4-14
correspond to the full plate. The number of tubes in each plate quadrant is one-half of the
values listed. A summary of the total number of tubes having displacements > 0.35 inch for
each of the SLB loads is provided in Table 4-15. Note that at the top of Table 4-14, the
limiting displacements as reported in Table 4-10 are repeated, while the number of tubes
where the relative plate/tube displacements exceed 0.350 inch are surnmarized 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 corner of the plate are high, so the maximum differential displacement at
RIC1 1s less than the maximum plate displacement reported in Table 4-15




46  SLB Frequency at Hot Standby and Full Power Conditions

In order to idenufy the frequency o1 main steamline break in both the hot standby and full
power conditions to support the steamline break tube support plate displacement analysis for
Braidwood Unit |, a review of References 4-1 and 4-2 for the Byron Nuclear Power Station

Units 1 and 2 was completed.

46.] Secondary Side Breaks

Two main feediine pipe breaks have occurred on Westinghouse designed PWRs. The feedline
breaks were downstream of the main feedwater 1solation valves (MFWIVs), outside

containment. The number of years at cniticality calculated for all Westinghouse designed
PWRs 1s 1370 years (Reference 4-1)

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

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

_22)+1 _ 25
2(1370) 1370

= 1.8E-Q3/year

Since no secondary side breaks have occurred, other than these two main feedline breaks, the
mean of the frequency for this event 1s | 8E-03/year (Reference 4-1).

Based on the plant response to steamline/feedline breaks, this event 1s split into two initators:
(1) secondary side breaks downstream of the main steam isolation 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 = | 8E-03/year
Secondary side breaks downstream of MSIVs or upstream of MFWIVs = | 8E-03/year
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46.2 Hot Standby and Full Power Conditions Evaluations

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

Days in Mode 3 _3@1_00“
Days in Cycles 3 & 4 959

Frequency of Mode 3 =

Frequency of Mode 1 = 1 - Mode 3 = 0962

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

Mode 3 Secondary Side Break = (1.8E ~03/year) x0.038 = 6.8E-05/yr,

Mode 1 Secondary Side Break = (1.8E-03/year) x 0962 = 1.7E-Q3/yr,

47  Tubes Subject to Deformation in a SSE + LOCA Event

This section deals with accident condition loadings 11 .erms of their effects on tube
deformation The most limiting accident conditions relative to these concerns are seismic
(SSE) plus loss of coolant accident (LOCA). For the combined SSE + LOCA loading
condition, the potential exists for yielding of the tube support plate in the vicinity of the
wedge groups, accompanied by deformation of tubes and subsequent loss of flow area and a
postulated in-leakage Tube deformation alone, although it impacts the steam generator
cooling capability following a LOCA, is small and the increase in PCT 1S acceptable.
Consequent in-leakage, however, may occur if axial cracks are present and propagate
throughwall as tube deformation occurs This deformation may also lead to opening of
pre-existing tight through wall cracks, resulting in primary to secondary leakage during the
SSE + LOCA event, with consequent in-leakage following the event In-leakage is a potential
concern, as a small amount of leakage may cause an unacceptable increase in the core PCT.
Thus, any tubes that are defined to be potentially susceptible to deformation under

SSE + LOCA loads are excluded from consideration under the IPC

4-16



In the absence of plant specific LOCA and SSE loads for Braidwood Unit 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
model steam generators, a conservanve upper bound of [ " per wedge group was
established for the Braidwood Unit | steam generators. A summary of the applicable tubes
for each of the wedge iocations is provided in accompanying tables and figures.

Braidwood Unit 1 1s a four-loop plent.  As such, there are two loops with "left-hand" steam
generators and two loops with "righi-hand" steam generators. These designations refer to the
orientation of the nozzles and manways on the channel head For the purpose of this analys:s,
"left-hand” units are defined to be tiose 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
direcion. Conversely, for the "ngh:-hand" units, the flow is in the clockwise direction. The
left- versus right-hand designation &7ects the location of the nozzles and manways, and the
manner in which the columns are numbered for tube identification purposes Reference
configurations used in 1dentfying wedge locations are shown in Figures 4-46 and 4-47 for
the left-hand and night-hand units, respectively. As shown in the figures, for left-hand units,
the nozzle and tube column 1 are lo:ated at 0°, while for right-hand units they are located at
180°,

Tabular summaries of the tubes the: a-e potentially susceptible to collapse and subsequent
in-leakage are summarnzed in Table: 4-18 to 4-23 for the left-hand units, and in Tables 4-24
to 4-29 for the nght-hand units  Fc- the Braidwood Unit | steam generators there is a flow
distribution baffle, seven tube suppc - plates, and three baffle plates The plate configuration
1s shown in Figure 4-15 Plate A c:-responds to the flow distribution baffle, Plates B, E, and
H are the flow 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 ¢ similar design show the flow distribution baffle to no:
impact the wrapper/shell under seis= ¢ loads Thus, 1t is judged that there will not be any
tubus at the flow distnbution baffle :cation that are potentially susceptible to collapse unde:
coribined LOCA+SSE It will be n::2d that separate summary tables are provided for the
lower TSPs, B-K (except E and H w=ere a table common to both is used), and a single table
for the upper TSPs L-P Thus is dus 1o the onentation of wedge groups for each of the TSP
For the lower TSPs, the wedge gro:: are rotated in some instances relative io the other
TSPs, while for the upper TSPs, the ~edge groups have the same angular orientation

Maps showing the location of the p::2ntially susceptible tubes are provided in Figures 4-4§ 1o
4-57 The maps provide row and c: .mn designations relative to the left-hand units Colu=n
numbers for the right-hand units are :nown in brackets Identification of the potenually
susceptible tubes 1s based on crush 25 results for both Mode! D and Series S]1 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

identfy exactly the [ ]' that might be hmiting 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 pefarmed to determine the maximum permissible steam generator
primary t secondary leak rate during a steam line break for the Brasdwood Nuclear Plant
Umit 1. The evaluation considered both pre-accident and accident initiated iodine spikes The
results of the evaluation show that the accident initiated spike yields the limiting leak rate
This case was based on & 30 rem thyroid dose at the site boundary and initial primary and
secondany coolant iodine activity levels of 1 uCi/gm and 0.1 uCi/gm 1-131, respectively. A
leak rate of 9.1 gpm was determined to be the upper limit for allowable primary to secondary
leakage in the SG in the faulted loop. The SG in each of the three intact loops was assumed
to leak at 2 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 reducton in the primary and secondary equilibrium coolant activity.

Thirty rem was selected as the thyroid dose acceptance criteria for a steam line break with an
assumed a:cident initiated 1odine 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 dnses due to noble
Bas immersion have been determined, in other evaluations, to be less limiting than the
corresponcing thyroid doses

The salien: assumptions follow
® Inital pnmary coolant iodine actuvity - 1 uCi/gm DE 1-13])
The cazulation of primary coolant DE 1-13] is based on a mixture of 5 10dine nuclides

(I-131 through 1-135) and the dose conversion factors of TID-14844, consistent with the
Braidwood Technical Specification defimition of DE [-131
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® Inital secondary coolant iodine activity - 0.1 pCi/gm I-131
The calculation of secondary coolant iodine activity is based on actual 1-131 activity
rather than DE I-131. Although, this 1s somewhat more conservative than the Technical
Specification LCO which is based on DE I-131, secondary coolant activity still accounts
for less than 6% (1.75 rem) of the allowable offsite dose.

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

- from 3 SGs in the intact loops, 416,573 1b
- from the affected SG, 96,000 Ib (the entire initial 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 in faulted loop, 1.0 (SG is assumed to steam dry)

® Jodine partition coefficients for activ. .y reieas» due to steaming of SG water

- SGs in intact loops, 0.1
- 8G in faulted loop, 1.0 (SG is assumed to steam dry)

Atmosphenc dispersion factor (SB 0 to 2 hours), 7 70E-4 sec/m’

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

The activity released to the environment due to a main steam line break can be separated into
two distinct releases: the release of the iodine activity that has been established in the
secondary coolant prior to the accident and the release of the primary coolant iodine activity
that 1s transferred by tube leakage during the accident Based on the assumptions stated
previously, the release of the activity initially contained in the secondary coolant (4 SGs)
results in a site boundary thyroid dose of approximately 1.75 rem. The dose contribution
from | 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 is (30 rem - 1.75)/3 rem
per gpm, or 9.4 gpm  Allowing 0.1 gpm per each of the 3 intact SGs leaves (94 - 0 3)or91
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 loads on the internal components and shell of the steam generator.  Structural
analyses are required to analyze the adequacy of the individual components and the whole
steam generator under various thermal and hydraulic loads. With the assistance of

MPR Associates, Westinghouse developed and verified the TRANFLO computer code to
conservatively model the thermal and hydraulic conditions within the steam generator under
transient conditions

The secondary side of the steam generator involves water boiling under high pressure during
normal operating conditions. During a transient such as a SLB event, it may be subject to
vapor generation due to rapid depressurization. Therefore, analysis methods have to recognize
this 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 is used which takes into consideration the relative
velocity between the liquid and vapor phases Development of the TRANFLO code reflects
this general trend of the two-phase flow modeling. The first version of TRANFLO was a
homogeneous model, and it was later updated to a dnift flux model to simulate the effect of
two-phase slip.  Since the original issue of the code, Westinghouse has made several
enhancements to the code and has performed the appropniate 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 a spectrum of steam line breaks Its
output was the prediction of the quality of the steam at the break as a function of time. The
quality is calculated as a function of power level, as well as break size. In order to assure
that the TRANFLO code evaluates a conservatively high exit quality, Reference 4-4 states
that the calculatonal sequences were reviewed for the determination of "conditions prior to
entering into the separation stages The calculated rate, quality and energy content of the
two-phase mixture entering the separation stages must be evaluated conservatively” This
review was completed and found to be acceptable, as the NRC staff concludes in



Reference 4-4 that the TRANFLO code is an acceptable code for calculating mass and energy
release data following a postulated MSLB. Therefore, it 1s concluded that the TRANFLO
model 1s appropniate for predicting SG behavior (including tube bundle region) under the
range of SLB conditions.

For the current application, TRANFLO is used in conjunction with a structural analysis code
to predict TSP movement following the same SLB event. The key data transferred berween
the transient code and the structural code is the pressure drop across the TSP as a function of
time. This pressure drop calculation depends on the fluid conditions in the steam generator
and on the adequacy of the loss coefficients along the flow paths The conditions in the tube
bundle as calculated by TRANFLO have been previously reviewed Further justificaton 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 contnued 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 (April 1974)

This 1s the onginal homogeneous model, which MPR Associates developed in Apnl 1674
The code predicts mass flow rate, pressure, pressure drop, fluid temperature, steam qua!ity
and void fraction. The code document includes results of TRANFLO calculations for 2

51 Senes steam generaior subject to water and steam blowdown due to an SLB event The
document also presents code verification using blowdown test data from pressurnized vessels

Westinghouse documer:ed this version in detail in September 1976, including code
venification using vesse. blowdown data. Sensitivity analyses were also performed anc
documented to show t=a: the modelling was conservative This included sensitivities 1= loss
coefficient

The TRANFLO code uses an elemental control volume approach to calculate the therral-
hydraulics of a steam and water system undergoing rapid changes Flwd conditions mzv be
subcooled, two-phase o: superheated. The code considers fluid flows being one-dimersional

Control volumes simulz:e the geometrical model, and flow connectors allow mass and energy
exchange between conol volumes Each nodal volume has mass and energy that are
homogeneous throughout the volume Flow connectors account for flow and pressure crops
The system model allows flow entening 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 bundie 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.

This version implements a drift-flux model to better simulate relative flow velocity between
water and steam. For example, it allows & 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 drift-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 versign provides an option for two inlets of feedwater flow into the steam generator. [t
involves minor changes to a subroutine for specifying feedwater flow. This version is used
for separate inlets of simultaneous feedwater flow from main and auxiliary feedwater nozzle

494 Verification of Loop Pressure Drop Correlations

As discussed earlier, an accurate prediction of mass and energy release from the vessel means
that the TRANFLO code properly calculates local thermal-hydraulics in various nodes (1e,
elemental control volume and flow connector) It s critical to accurately simulate the
pressure drop inside a stean generator that consists of vanous components, such as the tube
bundle with tube support plates, moisture separators, and downcomer. Hydraulic loads on
var.ous 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 15
used extensively for steam generator performance analysis and has been shown to accurately
predict operating steam generator conditions.

When provided with all geometrical input and operating conditions, GENF calculates the
steam pressure, steam flow rate, circulanon ratio, pressure drops, and other thermal-hydraulic
data The circulation ratio is a ratio of total flow through the tube bundle to feedwater flow.
For a dry and saturated sterm generator, there exists a hydrostatic head difference between the
downcomer and the tube bundle. This head difference serves as the driving head to circulate
flow between them (see Figure 4-58) The dnving head is constan: for given operating
specifications, such as power level and water level The total pressure drop through the
circulation loop is equal to the driving head

Pressure drops depend on loss coefficient and flow rate (1.e, velocity) Loss coefficient
consists of friction loss and form loss; the majonty of the loss is due to the form loss in the
steam generator. Since the driving head 1s constant, a higher loss coefficient means a lowe:
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 e
steam generator For example, the major contributors of the pressure drop are the priman
separator and tube support plates The loss coefficient of the primary separator has been
venfied 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 presen::
the correlaton of the loss coefficient and test data

Figure 4-60 shows a typical comparison between predicted and actual measured circulatior
rato  There 1s good agreement in circulation ratio between the prediction and measuremer:

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

495 Summary

This section presents a summary of the adequacy of the TRANFLO code for its current
applications Blowdown test data of simulated reactor vessels validate the adequacy of the
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 dunng a steam
generator biowdown due to feed or steam line break
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As part of its review, the NRC accepted the code's ability to accurately predict local thermal-
hydraulics in the vessel. The calculated pressure agrees well with the measured vessel
pressure. Flow through the internals of the steam generator depends on accurate prediction of
pressure drops, which relies on the accuracy of the loss coefficients along the flow paths

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

Westinghouse has made modifications to the code to better predict steam generator behavior
following a SLB event. Westinghouse has performed the verification and validation
consistent with the methods approved by the NRC staff for the onginal version

In conclusion, the TRANFLO code is a verified program for adequately predicting thermal-
hydraulic conditions duning 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

| ondis
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



Peak Pressure Drop at Different Tube Support Plates

Parameter

Flow splits within tube bundle

TSP with max peak Dp

Peak Dp @ uppermost TSP
Max peak Dp, psi

Peak max Dp @ bottom Plate

Dp @ Hot Leg Top TSP

Table 4-2

(Hot Leg Only for Half Plate)

SG & Case
D3-1
Yes

SG & Case

D4-2
No

SG & Case
D4.-3
Yes




Table 4-3

Summary of Component Materials

e Material
SA-285 Grade C
Stayrod SA-106 Grade B
Spacer SA-106 Grade B
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SA-”S. Gl‘. C
TEMPERATURE
P D 1 70 00 400 00 700
Yoqn;'s Modulus 71 2790, 2770/ 2740 2700/ 2640/ 2570 24 80
Coeflicient of Thermal 71 607 6.38 6.60 682 7.02 7.23 744
Expansion

Density - 0284 0283 0283 0282 0281 0281 0280
735 7.33 7.32 7.30 7.28J 7.26 7.25

Table 4-4

Summary of Material Properties

CoefTicient of Thermal
Expansion

Density

w/in/deg F x | 0E-06

Ib/in"3
Ib-sec”2/in"4 x | OE 4
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Summary of Material Properties
SA-l“, Gl’. B

Table 4.5

Ib-sec”2/in"4 x | OE-4

—-———=—~——.==—._..==Qj

1 CoefTicient of Thermal 607
; Expansion

Density 0284

l 735

L“—* _#*_
I PROPERTY UNITS
| Young's Modulus ps1 x 1 0206
l
| Coefficient of Thermal in/in/deg F » | OE-06
( Expansior
| Density Ib/in” :
l
|
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Table 4-6

Summary of Material Properties
SB-166

e O .

; psi x 1. 0E06
Coefficient of Thermal , w/in/deg F x 1. 0E-06
Expansion f
|
| Density 5 Ib/in"3
! | Ibesec"2/in™d x 1.0E-4
| |
— —M
4-30
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Table 4-7

Summary of Equivalent Plate Properties

A - Inside 32" Radius - 2.605E+07 4. 810E+06 5
A - Outside 32" Radius 2.605E+07 5.850E+06 0.2654

* - 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 Natural Frequencies
Full Versus Reduced DOF
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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

| Dimension Model D3 D4
Shell ID F o
Shell Thickness

Channel Head Bow! Radius
Channe! Head Truckness

Tubesheet Thuckness !
Hole Diameter |'
Number Holes i

|

! Tube Piics i A 1

DISK 215 - BRDWD\TBLA442 - 04/19/94



Table 4-12

Summary of Tubesheet Displacements
r_ Model D3 SLB Analysis

4 .36 DISK 215 - BRDWD\TBLA43 - 04/19/94



Table 4-13

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

Summary of Number of Tubes Having Different Dis
Mode! D4 Steam Generator
Steam Line Break Load Cases

plucement Magnitudes

DISK 215 - BRDWDATBLAS ) - 0a/ 9/
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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

Hours in

Event Offline Date Mode 3 Online Date Online Days

Cycle 3

A1R02 N/A 360 * 5/18/9

A1F19 716091 0 712791 60

A1F20 10/9/91 0 10/14/9) 74

AlF2] 11/6/91 54 11/11/9) 24

A1F22 2/5/92 62 21792 86
| AIF23 32109 ¢ 321/92 43
| AIRO3 9/1/92 26° N/A 168
| Hours in Mode 3 = 510 Onlize Days = 452

Days in Mode 3 = 212 Days in Cycle = 472

Cycle 4

A1RO3 N/A 56* 11/3/92

A1MO3 11/20/92 124 11/25/92 18

AlF24 1/7/63 38 1/14/93 44

A1MO04 5/29/93 35 $/30/93 136

A1F25 6/2/93 65 6/7/93 4

A1F26 10/24/93 21 11/11/93 140

ATRO4 3/4/94 18* /A 114
Hours in Mode 3 = 357 Onlir: Days = 456 ‘
Days in Mode 3 = 149 Days = Cycle = 487 i

S ——————————— SR—

* Mode 3 times associated with planned refueling outages

Cycle 3 percent of ume spent in Mode 3 = 4 .50%
Cycle 3 percent of ime spent in Mode 3 minus Refuelling Mode 3 hous: = 1.09%

Cycle 4 percent of ime spent in Mode 3 = 3.05%
Cycle 4 percent of ume spent in Mode 3 minus Refuelling Mode 3 hous: = 2 42%
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Table 4-18

Tubes Potentially Susceptible to Collapse and In-Leakage
TSP C, D
Left-Hand Unit
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Table 4-19

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

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



Table 4-26

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

DISK 215 - BROWD\TBLA42 - 04/19/94



Table 4-27

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

DISK 215 - BROWD\TBL42 - 04/18/84



Table 4-28

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

DISK 215 - BRDOWD\TBLA2 - 04/19/84



Table 4-29

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

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



Table 4-30

Table and Figure Index for TSP Row/Column Identification

Summary Tables
Left-Haud 5G Right-Hand SG
B 4.22 4-48, 4-49
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 4-25 454, 4-55
G 4-19 4.25 4.50, 4-5]
H 4.23 4-29 4.52, 4.53
] 4-20 4.26 4-48, 4-49
K 4.20 4.26 4.48, 4.49
L 4.21 4.27 4.56, 4-57
M 4.21 4.27 4.56, 4-57
N 4-21 4-27 4.56, 4.57
P 4-21 4.27 4-56, 4-57




Figure 4-1. Secondary Side Nodes, and Tube Su

pport 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




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

Heat Transfer Connectors,
Bundle

Metal Heat Nodes and Its
and Secondary Fluid Modes Within Tube




L

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

L

—

Figure 4.6  Pressure drop through tube support plates Qhot, L and G during steam line
break of a Model D3 (Case |; @ - TSP Qhot, 3- TSPL, # - TSPG)




Figure 4-7  Pressure drop through tube su
break of a Model D3 (Case | M- TSP C.Q-TSPA)

pport plates Qhot, L and G duning steam linc



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

Figure 410  Pressure drop through tube support plates L, J and F during stea= line

break of a Model D4 (Case 2, Q- TSP J, W-TSPL, ®.TSPF



-

Figure 4.1  Pressure drop through tube support plates A and C during steamn line

break of a Model D4 (Case 2; O- TSP A, B-TSPC)

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

pport plates M, N and P during steam line

Figure 4-13  Pressure drop through tube su
break of a Mode| D4 (Case 3, M-TSPL,Q-TSPJ, ¢-TSPF)

-

Figure 4-14  Pressure drop through tube supporn plates M, N and P ¢

uring steam line
break of a Model D4 (Case 3. - TSPC,Q-TSP A)



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 4-15. Plate F (5H) Support Locations
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Figure 4-20. Plate J (7H) Support Locations
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Figure 4-21. Plate L (8H) Support Locations
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Figure <22, Plate M (9H) Support Locations

4.-72




Figure 4-23. Plate N (10H) Support Locations
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Figure 4-24. Plate P (11H) Support Locations
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Figure <25, Overall Finite Element Model Geometry



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
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Figure 4-28. Mode Shape Plot - Plate A
Full Set of DOF
Mode 3
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Figure 4-29. Mode Shape Plot - Plate A
Reduced Set of DOF
Mode 1
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Figure 4-30. Mode Shape Plot - Plate A
Reduced Set of DOF
Mode 2
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Mode Shape Plot - Plate A
Mode 3

Reduced Set of DOF

Figure 4-31,
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Figure 4-32. Displaced Geomet

Plate A(1H) : Time = 0.902
SLB + Excess Feedwater Transient
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Figure 4-33. Displaced Geometr

Time = 1.886 sec
SLB + Excess Feedwater Transient

Plate C(3H) :
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Figure 4-34. Displaced Geometry
Plate J(7TH) : Time = 0.264 sec
SLB + Excess Feedwater Transient
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Displaced Geometr

Figure 4-35,

: Time = 1926 sec
SLB + Excess Feedwater Transient

Plate J(7H)
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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)

4.8"
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Figure 4-38
Maximum Stress Intensity
SLB + Fxcess Feedwater Transient
Plate A (1H)




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 Siress Intensity
SLB + Excess Feedwater Traasient
Plate J (7TH) (Maximum Upward Response)

4-92




Figure 4-43
Minimum Stress Intensity
SLB + Excess Feedwater Transient
Plate J (TH) (Maximum Upward Response)

¢4 .93




Figure 4-44
Maximum Stress Intensity
SLB + Excess Feedwater Transient
Plate J (TH) (Maximum Downward Response)
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Figure 4-45
Minimum Stress Intensity
SLB + Excess Feedwater Transient
Plate J (TH) (Maximum Downward Response)
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Quadrant 2
Quadiant 1
Hot Leg
Dmder Plate
Manway Nozle 0°
180° | ,
\\\. 360°
Column 114 Column 1
A
Quadrant 3 Cola Leg

270°

Figure 4-46. Reference Configuration
Looking Down on Steam Generator
Left-Hand Unit
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Quadrant 2 Quadrent 1
Hot Leg
Dmder Plate
Manway Nozzle 0:
180
/ 160 2
Colu=~ 1
Quadrant 3 Cold Leg Quadrant 4
270°

Figure 4-47. Reference Configuration
Looking Down on Steam Generator
Right-Hand Unit
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Figure 4-48. Tubes Potentially Susceptible to Collapse and In-Leai .. -

Braidwood Unit ]
TSP C, )
Quadrant 1
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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 Colla
Braidwood Unir 1
TSP D, G
Quadrant 3

pse and In-Leakage
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Figure 4-51. Tubes Potentially Susceptible to Collapse and In-Leakage -
Braidwood Unit 1

TSP D, G

Quadrant 4
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?igun 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 In-Leakage
Braidwood Unit 1
TSP E, H
Quadrant 4
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Figure 4-54. Tubes Potentially Susceptible to Coliapse and In-Leakage
Braidwood Unit 1
TSP F
Quadrant 1

4.104




Figure 4-55. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP F
Quadrant 2

4 - 105




Figure 4-56. Tubes Potentially Susceptible to Collapse and In-Leakage
Braidwood Unit 1
TSP L,M,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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Figure 4-59, Counterbored Structural Quatrefoil Loss CoefMicients
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Figure 4-60. GENF Verification, Circulation Ratio Versus Load
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50 DATABASE SUPPORTING ALTERNATE REPAIR CRITERIA

This section describes the database supporting the alternate repair cniteria (ARC) burst and
leak rate correlations The database for 3/4 inch diameter tubing is described in EPRI Report
NP-7480-L, Volume 2 (Reference 5-1). However, at the February 8, 1994 NRC/Industry
meeting, the NRC presented resolution of industry comments on draft NUREG-1477. The
NRC identified guidelines for application of leak rate versus voltage correlations and for
removal of data outliers in the burst and leak rate correlations. This section applies the NRC
gwdance on removal of outliers to update the database for the 3/4 inch tubing correlations.

5.1 Data Qutlier Evaluation

At the February 8 meeting, the NRC provided the following guidance for removal of data
outliers

+ Data can be de.eted in case of an invalid test

* Any morphology cntenia for deleting outliers must be rigorously defined and applied
to all the data

* Cntena for deleung outliers must be able to be unambiguously applied by an
independent observer

« Itis acceptabie 1o 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, critena for removal of outliers are defined in this
section and applied 1o the database. These criternia were developed and approved by the EPRI
Adhoc Alternate Rerur Cnitena (ARC) Commuttee.  Consistent with Reference 5-1, only
conservative outhiers which are high on the burst correlation or low on the leak rate
correlation are evaluaied for removal from the database Although the outliers are
conservative In this manner, their retention tn the database can increase the uncertainties from
the regression analysss such that their removal from the database can lead to non-
conservatisms 1n anz vses applying uncertainties at upper or lower tolerances

Cntenon 1 for outliz* removal applies to invalid data including unacceptable specimens,
invalid measurement: etc. To descnbe the invalid test condition, Criteria la to le are
defined as describec in Table 5-1. Table 5-1 provides examples of invalid data that are
applicable to the EPR! 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
Cntenion 2b applies to severe degradation significantly exceeding the EPRI database The
specific critena for deleting outliers based on morphoiogy considerations are given in

Table 5-2  Table 5-2 also includes the indications excluded from the correlations based on
Cntenion 2b. No 3/4" indications were removed from the database based on Criterion 2a
Specimen 598-1 1s excluded by Criterion 2b. This data point's voltage 1s more than 40 volts
higher than the next largest specimen. There is insufficient data at the high voltage (64 9
volts) to assess the protypicality of the specimen or applicability to the database This
singular point may unduly influence the correlations without comparable voltage data to
define the appropriate trend in the data at these high voltages Based on destructive
examination results providing 1dentification of remaining uncorroded ligaments, the criteria of
Table 5-2 can be unambiguously applied by an independent observer and thus satisfies the
NRC guidance for removal of data outliers

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 a measurement error could occur  For these
cases, the cause for the measurement error 15 not as apparent as for Category 1 and the test
results must be evaluated for apparent errors It 15 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 Cniterion 3 provides for either SLB leak rates
insignificantly greater than normal operating leak rates or for leak rates much lower than
expected for the throughwall crack length found by destructive examination as a basis for
excluding data from the correlatons Also included in Table 5-3 are the 3/4" tubing
specimens excluded from the database by this criterion and the basis for exclusion

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



crack width 1s about 1 mil at 2560 psid and increases to about 10 mils for a 0.5* long crack
Thus, crack lengths < 0.3" are more susceptable to plugging from deposits.

From Figure 5-1, it 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 analyses in
Figure 5-1. There is no indication through spread in the data that other specimens are
significantly influenced by probable deposits in the crack face. Criterion 3 has been applied
to specimen 598-3 to eliminate this indication from the leak rate correlation, s this specimen
1s more than a factor of 100 lower than the mean of the other data at about the 0.27" crack
length of this specimen. Criterion 3 has not been tpplied to specimen 604-2, as this specimen
15 not clearly a factor of 50 less than the mean of the data, although the leak rate is
apparently affected by deposits

Cntenion 3 can be unambiguously applied by an independent observer to all measured leak
rates given the results from leak rate measurements and/or destructive examinations and thus
satsfies the NRC guidance for removal of outliers This criterion is applied only to low leak
rate measurements For conservatism, high leak rate measurements are not considered for
removal from the database.

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

Reference 5-1 was reviewed for identification of data outliers to be removed from the
database Tables 5-4 to 5-6 summarize the data points removed from the database applied to
the burst, leak rate and probability of leak correlatons, respectively

Data were removed from the EPRI database in Reference 5-1 based on the same technical
considerations, although less formal, as the criteria of Tables 5-1 to 5-3 However, the
updated critena lead to no changes from Reference -1, Plant S pulled tube R28C41 was
deleted from the database of Reference $-1 and would also be deleted by the more explicit
cntenia of this secion  However, special considerations have been applied to this indication
as described below

Special Consideration for Plant S Pulled Tube R28C41

Plant S pulled tube R28C41 had leak rates exceeding the initial hot cell leak rate facility
capacity at pressure differentials near SLB conditions. Test results are given in Table 5-7
Meazured leak rates of 43 4 and 95.1 I/hr at 2335 and 2650 psid, respectively, exceeded
facility capacity and are not valid measurements At 1500 p.'d, a measured leak rate of

12.3 hr was within the facility capability (~ 25 1/hr) and reprosents 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

5-3



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 0.67" and a total
crack length of 0.80" Destructive examination results for the crack length versus depth are
given in Table 5-8 The uncorroded ligaments where the crack depth is 95% (Ligaments |
and 2) include the widest (0.013") ligament and tend to reinforce the remaining 5% wall
thickness against tearing Based on the increase in voltage after the tube pull, it is known
that some ligaments were torn as a result of the tube pull. The initial leak rate was measured
at 1500 psid A 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 1s based on the fact that the initial pressurization to
2650 results in a crack opening that has a significant plastic opening component. Subsequent
measured leak rates, performed at lower pressure differentials, are affected by the plastic
deformation which resulted from the pressurization to 2650 psid

The evaluations described below are based on crack opening areas calculated by the
CRACKFLO Code SLB leak rates calculated for R28C4] 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 test results from
Table 5-7. For each step, the plastic and elastic crack opening widths are presented in
Table 5-9 along with the crack lengths and leak rate

I Figure 5-2 shows CRACKFLO leak rates a: 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 1s inferred This
length 15 greater than the 0.26 inch length of 100% depth (Table 5-8) determined
assuming that ligaments 3 and 4 were torn during the tube pull Thus, tearing of
ligaments with modest throughwall crack extension was probable from the tube pulling
operations

L ]

The pressurization to 2650 psid (Test 3) is assumed to have introduced an irreversible
minimum plastic opening in the existing cra~k. Using CRACKFLO, the plastic opening

S-4



area was calculated as a function of crack length. These results are presented in

Figure 5.3, along with a curve fit <) the calculations The curve fit was used to develop
a modified version of CRACKFI s which maintains the minimum plastic opening
resulting from the pressurization to 2650 psid and combines it with an additional elastic
opening due to the pressure differential of subsequent tests

3. Using the modified CRACKFLO code with plastic crack opening at 2650 psid, the leak
rate as a function of crack length was determined for *he 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 798 I/hr. Some
additional teanng of the ligaments and throughwall crack extension from the 2650 psid
pressurnization is suggested by the throughwall crack length increase from 0.38 to 0 42
inch between Tests | to 3 and Test 4.

4. The modified code, 2 042 inch crack length and the conditions for Test 6 give a leak
rate of 114 lhr at 1615 psid This is substantially less than the 448 I/hr measured for
this test, suggesting significant teaning of the crack has occurred from thermal cyching
and pressunzation between Tests 4 and 6

5. Destructive examination of the tube after a tube burst test indicated a crack length up to
0.67 inches was possible. Using this crack length, a leak rate of 375 I/hr is obtained for
the conditions of Test 6. This value is reasonably close to the measured leak rate of
448 L/hr  For this calculation CRACKFLO was used since the plastic opening area,
2.0x10" inch, was greater than the 1.5x10" inch calculated to be present after the
pressunization to 2650 psid Thus it is expected that complete tearing of all ligaments
and the 5% wall thickness occurred between Tests 4 and 6

6 Usmg 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) 1s
expected to have torn to 042 inch and a leak rate of 111 Ihr 1s calculated.

The estimated leak rate for Plant § tube R28C41 at SLB conditions (2560 psid) 1s 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 (o the 0.26" continuous length for R28C41. Both indications likely had ligament
teanng and crack extension from tube pulling and pressurization to 2560 psid The measured
leak rate for R33C20 at 2560 psid was 137 I/hr, compared to the estimate of 111 i/hr for
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 Hernalsteen of Laborelec estimated a

5.5



R28C4] throughwall crack length of 0475 inch at 2650 psid and predicted a leak rate of
123 Vhr at 2560 psid. This result is in very good agreement with the CRACKFLO estimate

of 111 /hr

Te bound the CRACKFLO and LABOLEAK analyses, a SLB leak rate of 125 UVhr at 2560
psid 1s assigned to R28C4] for the EPRI database

2.2 Database for ARC Correlations

No new data for 3/4 inch diameter tubing has been obtained since the preparation of
Reference 5-1. The data of Reference 5-1 are updated for the present application based on
the outlier evaluation of Section 5.1 above. Table 5-10 summarizes the data having burst
pressure and leak rate tests Table 5-11 summarizes the data for use in the probability of leak

correlation

3 NDE Uncertainties

For IPC applications, NDE uncertainties are required to support projections of EQOC voltage
distributions, SLB leak rates and SLB tube burst probabilities as discussed in Section 8.0
The database supporting NDE uncertainties is described in Reference 5-1, and NDE
uncertainties for IPC/APC applications are given in the EPRI repair critena report (Reference
5-2). From Reference 5-2, the NDE uncertainties are comprised of uncertainties due to the
data acquisition technique, which is based on use of the probe wear standard, and due to
analyst interpretation, which is sometimes called the analyst vanability uncertainty

The 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 womn 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 interpretaton (analyst vanability) uncertainty has a standard deviation of 10 3%
about a mean of zero. Typically, this uncertainty has a cutoff at 20% based on requiring
resolution of analyst voltage calls differing by more than 20% However, as of the

February 8, 1994 meeting, the NRC has not accepted the 20% cutoff on the analyst
Interpretation uncertainty  Pending a further resolution of this issue with the NRC, the analyst
interpretation uncertainty was applied for Braidwood-1 without a cutoff For EOC voltage
projections, separate distribunons are applied for probe wear with a cutoff at 15% and the
analyst interpretation with no cutoff
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Table §-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

Cr erion 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 higament torn during tube pull as demonstrated by post-pull voltage and
higher than expected leak rates at or below normal operating conditions Structural
analysis shows uncorroded ligament would not be expected to tear at accident conditions

Criterion le: Unacceptable Data for Estimating Probability of Leak

* Prob of leak (ves/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 conditons No destructive exam data available for esumating 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 in shallow cracks

- Results in a*ypical voltages and associated specimens are excluded from all corr.

« No 3/4" specimens are excluded from the database due to this criterion

Criterion 2b: Severe Degradation

* Exclude data points having bobbin voltages > 20 volts larger than next data point from
correlations, as singular data points at the tail of distributions can have undue influence
on regression correlanon. 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 atypica’ voltages and associated specimens are excluded from all corr.

- Excludes 3/4" model boiler specimen $98-1 (64 ¢ volts) which is > 40 volts larger
than the next highest voltage point (22 volts)

o
v
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Criterion 3: Suspected Test Error

* Data are excluded from only the
both of the following critena are

Table 5-3
Criterion 3 for Excluding Data from Correlations

SLB leak rate versus voltage correlation if either or
satsfied

Leak rates at SLB pressure differentials should be at least 10% higher than that

measured at normal operating pressure differentials for free span lcak tests

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

* For throughwall cracks with no li
factor of less than about 50 of th
throughwall crack length

gaments, the measured leak rate should be within a

¢ mean measured leak rate at the associated

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

UVhr leak rate) The measured leak rate for this
15 more than a factor of 100 less than the mean

length

specimen with no remaining ligaments
measured leak rate for a 0.27" crack

The most limiting specimen compared to this criteria retained in the database 1s

model boiler specimen 604.2 (0.19"TW, 0.05 I/hr), for which the mean measured leak

rate 1s about 0.2 t0 0.3 |/hr
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Table 54

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

Basis for Excluding Indications Bukiiiad EPRI*
Tube TSP from Tube Burst Correlation C Rzpon
ategory
Section
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 Burst inside TSP 1b
R47C66 Burst inside TSP 1b
Plant §
R28C4] ] Incomplete burst test - burst opening length Ib 25,45
less than macrocrack length (no teaning)
Plant R-1
R7C71 3 Test recorder malfunction Ib 22,43
R5C112 2,3 | Incomplete burst test 1b
R10Cé6 2,3 | Incomplete burst test b
R10C69 23 | Incomplete burst test 1b
R20C46 23 | Incomplete burst test 1b
R7C47 3 Incomplete burst test Ib

bobbin voltage influenced by cracks in model
boiler Teflon spacer below TSP ac well as
cracking within TSP. This results i two
bands of cracks

. Model Boiler Specimens
591-3, Unacceptable specimen preparatior. due to la 56

These data have been excluded fro~ the 3/4
inch data base discussed in the EPRJ report

EPRI Report NP-7480-L. Vol 2 (Reference 5-1)

b.._.__.;_

I 598-1 Bobbin voltage (64.93 volts) and trree large 2b 56
throughwall indications not protorvpic of field
indications and single data point >20 volts
unduly influences burst correiation i
§93-4 595.4, These bobbin NDD specimens all burst at a Ib I
596-1, 597-4, welded joint made to extend the specimen l
6034, 604-4 length for burst testing and are not valid tests ;
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Table 5.5
Basis for Excluding Data from the 3/4" Leak Rate Correlation

Basis for Excluding Indications

from Leak Rate Correlation Exclusion

Category

Plant R-1

R5C112 3 Max. corrosion depth of 97%. Remaining TW ld 22,43
ligament torn during tube pull as indicated by

post-pull voltage and leak at 500 psi
Analyses indicate ligament would not have
tom at accident conditions

| Plant B-1

No leakage identifiable during pressure test
above SLB conditions. Test accuracy not
sufficient to conclude no leakage

| Mode! 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
L unduly influences correlation

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

* EPRI Report NP-7480-L. Vol 2 (Reference 5-1)
T R R T sz e e TRt
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Table 5-6
Basis for Excluding Data from the 3/4" Prob. of Leak Correlation

Basis for Excluding Indications
from Prob. of Leak Correlation

Exclusion
Category

Plant R-1

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

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

No leakage idenufiable during pressure test
above SLB conditons Test accuracy not
sufficient to conclude no leakage

Model Boiler Specimens

591-3 Unacceptable specimen preparation due to la
bobbin voltage influenced by cracks in mode!
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 volts) and three large 2b
throughwall indications not prototypic of field
indications and single data point >20 volts

unduly influences correlation
L o e T
H * EPRI Report NP-7480-L, Vol 2 (Reference 5-1)
vy

56




Table 5.7
Plant § R28C41 Leak Rate Tests

Test Temperature Pressure Pressure Pressure Leak Rate

(°F) (psia) (psid) (psia) (I/hr)

lnitial Senes

1 612 2000 1500 500 123

2 2650 2335 315 >43

3 2850 2650 200 >96*

Second Senes

4 550 1930 1200 730 78.9

5 560 2375 1535 840 321

6 580 2550 1615 935 448

7 550 2500 1375 1125 478 **

* Leak rate exceeded facility capacity

** Note increase in leak rate at low pressure differential which indiates additional
deformation of crack opening
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Table 5-8

Plant S SC Tube Macrocrack Profile for R28C41

R28C4], FDB

Length vs. Depth
Tube, Location (inch/% throughwall)

000/0

0.07 /100
0.13 /100

019/95 *

0.25/95

032/95 *

038/95

044 /100

052/100 *

0.60 /100

070 /100 *

0.75/70
080/0

- 15

Ducule Ligament

Location

Ligament 1, 0.013" wide

Ligament 2, 0.004" wide

Ligament 3, 0 007" wade

Ligament 4, 0 008" wade



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

Crack Opening Crack
(x 107 in) (in)
Before Pressurizing to 2650 psi AP
Step 1
Crack Length inferred from 012 0.65 0.38

measured leak rate at AP=]50" psi

After Pressurizing 10 2650 psi AP

Step 3

Crack Length inferred from 1.5 065 042
measured leak rate a:

AP=1200 psi and 550 °F

Step 4

Leak rate for a crach 15 0.86 042
length of 042" at

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

Crack Length = 067 in &, 20 26 067

AP=1615 psi & SBO'F assumec
Calculated Leak Rate at 256¢ psi AP (Step 3 length of 0.42")
Step 6

Leak rate for a craci ength of 14 1.4 042
042" at AP=2560 ps & 616 F

* Measured leak rate: - see Ta- s 5.7
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Leak Rate
(V/br)

12.3*

79.8*

114

448*

375

111



Table 5-10

mmw.mlmm.ommmanhmtm

Adjusted  Correlation (4)
Destructive Exam SLB Leak {2) Burst (3)
Row/Col or Bohbin

Bobhin RPC Max. Rate (I/hr) Pressure
Plant Specimen No. TSP Volits Depth Volts Depth Length (1) 2560 peid {ksi)




Table 5-10

(continued)
Mthmmtummmmanmrm

Adjusted Correlation {4)
Destructive Exam SLB Leak (2) Burs? (3) Appiication
Row/Col or Bobbin Bobbin RPC Max. Rate {i/hr) Pressure Leak
Plant Specimen No. TSP Volts Depth Voits Depth Length (1) 2580 psid (ksij Rate Burst




Piant

Row/Col or
Specimen No_

TSP

Table §-10
{continued)
mcﬁnmowlﬂﬂmboml.o!uylhdnfm

Destructive Exam SLB Leak (2)
Bobbin Bobbin RPC Max. Rats {i/hr)

Volts Depth Volts Depth Length (1) 2580 psid

Adjusted  Correlation (4)
Burst (3) Appiication

(ksi) Rate Burst
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Figure 5-1
Comparison of 3/4" Leak Test Data with CRACKFLO Predictions




Figure 5-2

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

Plastic Correction Area
2650 psi Pressure Difference
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Figure 54

Modified Code Leak Rate
1200 psi Pressure Drop
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6.0 BURST AND SLB LEZAK RATE CORRELATIONS

6.1 EPRI ARC Correlations

As part of the development of alternate repair critenia (ARC), correlations have been developed
for tubes containing ODSCC indications at TSP locations between the bobbin amplitude,
expressed in volts, of those indications and the free-span burst pressure, the probability of leak,
and the free-span leak rate for indications that leak, References 6.1 and 6.2. The database used
for the development of the correlations is presented and discussed in Reference 6.2. Guidelines
for the identification and exclusion of inappropriate data, termed outliers, are provided in
Reference 6.3. In addition to the aforemer+ned, an empirical correlation curve for the burst
pressure as a function of crack length has been developed for tubes with free-span, through-
wall, axial cracks In 1993, the NRC issued draft NUREG-1477, Reference 6 4, for public
comment. The draft NUREG delineated a set of guidelines for critena to be met for the
application of Intenm Plugging Critenia (IPC) for ODSCC indications The criteria guidelines
permitted the use of, with adequate justification, a burst pressure to bobbin amplitude correla-
tion and a probability of leak to bobbin amplitude correlation. The criteria guidelines did not
permit the use of a leak rate 1o 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 64, along with
responses 1o other public comments. Of significance to this repont, 1s that Reference 6.5
indicated that a correlauon between leak rate and bobbin amplitude could be employed if the
correlanon could be stanstically justified at a 95% confidence level, and provided direction for
the development of guidelines, e g, Reference 6.3, that could thes be employed for the
idenufication and exclusion of outlying experimental data Subsequent discussions with NRC
personnel have revealec potential issues associated with the man=er in which the leak rate to
bobbin amplitude correlation 15 used, thus, the potential leak rate duning a postulated steam line
break (SLB) is herein esumated by alternate Monte Carlo and deerministic methods to
demonstrate that either method yields acceptable results

The purpose of this secuon is to provide information and justificzzion for all of the correlations
developed in support of the application of an IPC for the Braidwood 1 nuclear power plant
Information 1s first presented relat ve to the correlation of burst rressure to bobbin amplitude
and to through-wall crack length, followed by a discussion of the correlation between the
probability of leak and th» bobbin amplitude, and lastly & discusson of the correlation of leak
rate to bobbin amphtuce The use of each of the correlauons 1s 250 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 detecuon and treatment of outliers, the order of the regression equation, the potential for
Mmeasurement errors in the variables, and the evaluation of the residuals following the develop-
ment of z relation by least squares regression analysis. The results of the analyses indicated
that an opumum linzar, first order relation could be obtained from the regression of the burst
pressure on the common loganthm (base 10) of the bobbin amplitude voltage

A linear, first order equation relating the burst pressure to the logarithm of the bobbin
amplitude was developed Examination of the residuals from the regression analysis indicated
that they are normally distributed, thus verifying the assumption of normality inherent in the
use of least squares regression. The regression curve (line) 1s given by

P, =a, +a log(V)
) g .y 6.1)
=7822 -3.077log(V),

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

< 0001% The estimated standard deviation of the residuals, i e, the error of the estimate, 8,
of the burs: pressure was 095 ksi A summary of the results from the regression analysis is
provided 1= Table 6-1

The data base and the regression curve are illustrated on Figure 6-1 Using the regression
relationshiz 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  Bow 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 ho 4 54\ The value of 3657 psi results from considering a SLB differential pressure of
2560 psi c:ivided by 0.7 in accord with the guidelines of RG 1121, Reference 6 6




6.3 Burst Pressure versus Through-Wall Crack Length Correlation

For a tube with a mean radius of 7, and 2 thickness 7, the normalized burst pressure as a
function of the actual burst pressure, P, , 1s given by

WL L W (62)
(S, +8,)1

Thus, P,,, 1s the ratio of the maximum Tresca stress intensity, taking the average compressive

stress in the tube to be 7, /2, to twice the fiow strength of the material. The normalizing

pa~ameter for crack length, a, i1s given by

' (6.3)

a form which arises in the theoretical soluzans. The burst pressure as a funcuon of axial crack
length for a specific tube size is then easily obtained from the non-dimensionai:zed relation-
ship

Examination of the normalized burst press.-s data indicated that a vanety of functional forms
would result in similar fit charactenstics 4~ exponential function, 1e.,

A
)

: ]
sb,*be ™,

P (€ 4)

bar

was finally selected based on the combinat:e of maximizing the goodness of <1, and minim:z-
ing the number of coefficients in the funct:e  Equation (6 4) was also found == be advanta-
geous 1n that it can easily be inverted to yi« 2 A as a function of P,,.. For the cata analyzec,
the coefficients of equation (6.4) were four.: to be

A

=006 $+0534e IO (€.5)

P

beo

The index of determination for the fit was i 3%, with a standard error of the ssumate of
0015 The F distribution statistic for the re;-ession, the ratio of the mean square due to the
regression to the mean square due to the res iuals, was 4625 Thus, the fit of == equanon o
the data is excellent Note that this does n:: mean that equaton (6 4) is the true form of a



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

P, ~00615 (6.6)
0.534 )

A ==-361] ln(

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

In order to present the results in a form directly applicable to the Braidwood | 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
material properties are shown on Figure 6-2

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

r
Py =2 (S,45,) (6.7)

An unbiased estimate of the vanance of P, which arcounts for the variation in F,,, about the
fegression curve and the vanation in §,+8, can be calculated as

V(P,) -(.;_.’][P;’\'(S/) 03‘; V(p“') -y P“')V(S,) ]. (6.8)

burst pressure to obtain a i-deviate The probability of occurrence of the value of 7 is then an
estmate of the probability of burst for that crack length duning a SLB The number of degrees
of freedom used in esumating the probability of occurrence of a t-deviate greater than ¢ 15
conservatively taken as the lesser of the number of degrees of freedom of P,,, or S, An
aiternate estimate of the probability of burst can be obtained by simulating P,, and S,
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 S, 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 caiculational and the Monte Carlo simulation determinations are
depicted on Figure 6-3. Also shown are the 99% upper confidence bounds for the Monte Carlo
estmated values The calculational procedure is seen to lead to a ccnservative estimate of the
probability of burst for a given crack length. An examination of the disribution of the burst
pressures from the Monte Carlo simulations reveals that is skewed right Thus, the tail of the
distnibution 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 inc.cations that are to be
considered as being returned to service, N, as

- N
N =N, +N,-N =N +1ZPODy _\ . D¢ _y (6.9)
' POD " POD :
where, N, = number of detected bobbin indications

N, = number of repaired indications
N.. = number of indications not detected by the bobbin Inspezuon
POD = probability of detection (0.6 for NRC methodology)

The above adjustments for POD have been incorporated in the BOC and E0C voltage
distributions so that no further adjustments are required for the leakage cz zulation. Seczan 3.3
of drafi NUREG-1477 states that the total leak rate, 7, should be determ:= »d as

T=uP +Z |0'P +p’P - (NP) (6.10)
\ .
where, u = mean of the leak rate data independent of voltage

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

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

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

P = I(N,P) = expected number of indicatons that leak sum=ed over all ve.tage
bins

Z = standard normal distnbution deviate (establishes level of confidence or
leakage)



For the total leakage, the first term of the above equation represents a mean expected leak rate
while the square root term is an effective standard deviation for the total leakage based on the
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 categories, 1., 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 has been the logistic function with the common logarithm
of the bobbin amplitude employed as the regressor vanable, ie, letung P be the probability of
leak, and considering a loganthmic scale for volts, V, the logistic expression is

1
| +e 1 Bonr)]

P(leak |V) « (6.11)

This 1s then rearranged as

P
ln(l_P]-BIMB,Iog(V), (6.12)

10 permit an iterative, linear, least SqQuares regression to be performed to find the maximum
likelihood estimators, b, and b;, of the coefficients, P, 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
potential dependence to be on the bobbin amplitude instead of the loganthm of the bobbin
amplitude NUREG-1477 specifically mentions that the cumulative normal, or Gaussian,
distnbution function and the Cauchy distribution function be investigated Discussions with
NRC personnel led to the stipulation that these functions be analyzed and usec in predicting
the end-of-cycle leak rate for the Braidwood | plant steam generator tube indications
Reference 6 7 has acknowledged that any non-conservatism associated with the exclusive use
of the log-logistic function would be expected to be small in companson to the conservatism
inherent in the methodology used to estumate the radiological consequences of leakage
associated with a postulated SLB  On this basis, the evaluation and results presented herein for
alternative functon forms 1s considered to be for information only



The use of the logistic function for the analysis of dichotomous data ‘s standard in many fields
The differential form assumes that the rate of change of the probability of leak is proportional
to the product of the probabiiity of leak and the probability of no leak. As noted, the function
is sigmoidal in shape, and 1s similar to the cumulative normal function, and likewise similar to
using a probit model (which is a normal function wath the deviate axis shifted to avoid dealing
with negative values) In principle, any distnbution function that has a cumulative area of
unity could be fit as the distribution function, a limitless number of possibilities. Trying to
identfy & latent, or physically based, distribution for the probability of leak would be consid-
ered to be unrealistic and unnecessary. For most purposes the logistic and normal functions
will agree closely over the mid-range of the data being fitted The tails of the distributions do
not agree as well, with the normal function approaching the limiting probabilities of 0 and 1
more rapidly than the logistic function. Thus, relative to the use of the normal distribution, the
use of the logistic function is conservative Given its wide acceptance in multiple fields it was
Judged that the logistic function would be suitable for use in determining a probability of leak
as a function of voltage

In addition, consideration was given as to whether the bobbin amplitude or the logarithm of the
bobbin amplitude should be used Since the logistic, normal and Cauc hy distribution functions
are unbounded, the use of volts would result in a finite probability of | ak from non-degraded
tubes, and would be zero only for V=-x By contrast, the use of the logarithm of the voltage
results in a probability of leak for non-degraded tubes of zero. Clearly, the second situation is
more realistic than the first, especially in light of the fact that a voltage threshold is a likely
possibility. To comply with the NRC request, however, sach distribution function was fitted to
the cata using the loganthm of the bobbin amplitude an¢ the bobbin amplitude as the regressor.

The three functions to be evaluated fall into a category o models referred to as Generalized
Linear Models (GLMs). This simply means that the modsls can be transformed into a linear
form. e g, equation (6.12) The left side of equation (6 12) is referred to as the link function
for tne logistic model For the normal or cumulative Gaussian distribution function, the mode!
to be fitted 1s

P(leak) = 21— | (7 g, (613)
\5 n -
and the model to be fitted for the Cauchy distnbuton fur:non is

+Zun”([B, - £, log(h) (6.14)

P(leak) = 1
2 n



The link function for the Gaussian function 18
n=0P) =B, +B,log(¥), (6.15)

while the link function for the Cauchy function 1s.

" -m[z(? %H “B, +B,log(V). (6.16)

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

The results of all of the regression analyses are summarized in Table 6-2 The coefficients of
the equations are provided along with the elements of the vanance-covanance matrix for the
coefficients. In addition, the deviance for each solution is also given One accepted measure
of the goodness of the solution or fit for GLMs is the deviance, given by,

D-Zt P, In

-, J (617)

P +(1=P)i
o 1 =P(V)

PV)

where ” is the probability associated with data pair i and P(V) is the calculated probability
from ¥, The deviance is used similar to the residual sum of squares 1n linear regression
analysis and 1s equal to the error, or residual, sum of squares (SSE) for linear regression. For
the probability of leak evaluation P, 15 either zero or one, so Equaton (6.17) may be written

D =-2 2 {P,ln[P(v,)]qn =P)In[1 -P(s )]} (6.18)

Since the deviance 1s similar to the SSE, lower values indicate a be=er fit, e, the lower the
residual sum of squares the more of the vanaton of the data 1s considered to be explained by
the regression equation The smallest deviances, 28 9, were obtaines from the logistic and
normal function fits The deviances for the remaining four functiors ranged from 32.5 to 338,
about 12% to 17% higher than for the first two functions. For similar calculations performed
using 7/8" tube data, the deviances obtained using either of the Cauzhy forms were about 15%
to 20% higher than for the other four functions These differences are not considered to be
numencally significant in themselves relative to selecting the best form of a fiting function



The results of fitting each of the equations are depicted on Figures 6-4 and 6-5 A comparison
of the results shown on Figare 6-4 with those shown on Figure 6-5 indicates that the use of the
loganthm of the volts results in a spreading of the functions with the probability of leak at,
say, 3 volts being higher for the loganthmic forms. In the very low voltage range, less than |
volt, the probability of leak 1s lower for the logarithmic forms This 1s because the tails must
extend to -« In general, the Cauchy cumulative distribution function has longer tails than
either the logistic or normal functions. It also nses much more sharply in the middle of the
data range. The regression results on Figure 6-2 illustrate the non-realistic nature of the
Cauchy fit for the non-loganthmic form, in spite of its similar deviance value Examination of
the figures indicates that the Cauchy distribution is significantly less representanve of the data
in the regions where the no-leak and leak test data overlap.

A listing of probability of leak results for selected volts is provided in Table 6-3 Up to a
bobbin amplitude of 1 volt, predictions based on the log-normal funcuon are less than
predictions based on the log-logistic function. For very high voltages the Cauchy distnbution
forms rise to a probabilit, of leak of one slower than the other distrbution functions.

Taken in conjunction with ti.e leak rate versus voltage correlation, the choice of 2 probability
of leak function 1s relatively moot. The final total leak rate values tend to differ by only a few
percent across the spectrurm of POL functions

6.6 SLB Leak Rate Versus Voltage Correlanon for 3/4" Tubes

The bobbin coil and leakage data previously reported were used to de:2rmine a correlation
function between the SLB leak rate and the bobbin amplitude voltage Since the bobbin
amplitude and the leak rate would be expected to be functions of the :rack morphology, it is to
be expected that a correlation between these vanables would exist  Prsvious plots of the data
on linear and loganthmic scales indicated that a linear relatonship bevween the loganthm of
the leak rate and the loganthm of the bobbin amplitude would be an topropnate choice for
establishing a correlating function via least squares regression analys:: Thus, the functional
form of the correlation 1s

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

where O 1s the leak rate, V' 1s the bobbin voltage, and b, and b, are e~ mates ob:2:ned from the
data of some coefficients, , and §, The final selection of the form - the varzsle scales,
1€, log-log, was based on performing least squares regression analys:: on each possible
combination and examining the square of the correlation coefficient iz- each cass The largest
index of determunanon, 58 2%, was found for the log(Q) on log(}’) rez-sssion  Tre second
largest index, for O on V, was found to be on the order of 24%. clea- - indicaur g the
appropriate choice of scales to be log-log



A summary of the results of the regression analysis is provided in Table 6-4, and illustrated on
Figure 6-6. The number of data points used for the above evaluations was 40 and the number
of degrees of freedom (dof) 38 The obtained value of # of 58.2% is significant at a level of
>99.99999% based on an F distribution test of the ratio of the mean square of the regression to
the mean square of the error This can also be interpreted as the probability that the log of the
leak rate 1s correlated to the log of the bobbin amplitude  An alternate interpretation is that if
the variables are really uncorrelaisd and the testng was repeated many times, an index of
determination equal to or greater \han that obtained from the analyzed data would be expected
1o occur randomly in only <0.000001% of those tests The conclusion to be drawn from these
results is that it 1s very likely that the variables are correlated

At the February 8, 1994, meeting between the NRC. EPRI, and NUMARC, information was
presented by the NRC that the "use of linear regression 1s acceptable if shown to be valid at a
5% level with [a] p-value test” The p-value 1s the conditional probability of observing a
computed statistic, e.g, the F distribution value reported above, as large or larger than the
observed value, under the conditio: that there is no relationship. In this case, a small p-value
is evidence supporting the hypothesis that there is a correlation between log(Q) and log(¥)
The p-values for the estmated parameters of Equation (6.19) are also given in Table 6-4 For
the slope of the regression equation, the conditional probability that the slope 1s zero 1s
<0000001% The conditional probability that the intercept is zero is 0.01% The validity of
the regression 1s judged by the p-value associated with the slope  Since this is significantly
less than the 5% value stipulated above the regression 1s concluded to be valid, and the use of
linear regression 1s acceptable

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

Iot.lo. V,H-!i_‘l_o.t" (620)

Q <E{Q|¥) =10’ JF

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

-~

\'U(Q) =Q:[emo‘o‘_]] (651)



To complete the analysis for the leak rate, the expected leak rate as a function of log(¥) was
determined by multiplying the AA leak rate by the probability of leak as a function of log(})
The results of this calculation are also depicted on Figure 6-6 for a steam line break differential

pressure of 2560 psi

6.6.1 Analysis of Regression Residuals

As previously noted, the correlation coefficients obtained from the analyses indicate that the
log-log regressions at the vanious SLB APs are significant at a level greater than 99 8%
Additonal venfication of the appropnateness of the regression was obtained by analyzing the
regression residuals, 1 e, the actual vanable value minus the predicted variable value from the
regression equation. A plot of the log(Q) residuals as a function of the predicted log(Q) was
found to be nondescript, indicating nc apparent correlation between the residuals and the
predicted values A cumulative probusility plot of the residuals on normal probability paper
approximated a straight line, thus ver:iyving the assumption inherent in the regression analysis
that the residuals are normally distribzted Given the results of the residuals scatter plots and
the normal probability plots, it 1s conudered that the regression curve and statistics can be used
for the prediction of leak rate as a fu-ction of bobbin amplitude, and for the establishment of
statistical inference bounds

6.7 SLB Leak Rate Analysis Methoa:logy

The leak rate versus voltage correlatcr can be simulated in conjunction with the EOC voltage
distributions obtained by Monte Caric methods, or by applying the POL and leak rate
correlations to the EOC voltage distrizction obtained by Monte Carlo methods as applied for
the draft NUREG methodology Thit second approach 1s a hybnid that joins Monte Carlo and
deterministic calculatons Parallel a~.Lyses verified that the full Monte Carlo leak retes and
the direct application of the correlato=s to the EOC voltage distribution yield essentially the
same results Thus, 1t 1s adequate to =oly the correlations to the EOC voltage distnbutions

The determination of the end of cycle 2ak rate estimate proceeds as follows The beginning of
cycle voltages are estimated using the methodology provided in draft NUREG-1477 The
distribution of indications 1s binned ir © 1V increments. The number of indications in each bin
1s divided by 06 to account for POD The resulting number of indications in each bin is
reduced by the number of indications z.ugged in each bin. The final result is the beginning of
cycle distribution used for the Monte Zarlo simulations The NDE uncertainty and growth rats
distnbutions are then independently se=pled to estimate an end of cycle distnbution, also
reported in bins of 0 1V increment C-en the EOC voltage distribution the calculational steps
to obtain an estimate of the total leak “ute are as follows

(1) For each voltage bin, the l=ic rate versus bobbin amplitude correlation i1s used to
estimate an expected, or average, leak rate for indications in that bin
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(2) The probability of leakage correlation is then used to estimate the mean probability
of leak for the indications in each bin.

(3) The relationships derived in Appendix C of draft NUREG-1477 for the variance of
the product of the probability of leak with the leak rate and for the total leak rate
are then used to estimate the expected total leakage and vanance for the sum of the
indications in each bin as a function of the correlation means and estimated varianc-
es for the Irak rate and probability of leak.

To account for the variances of the coefficients of the regression equation for the leak rate, the
O used in equations (6.20) and (6.21) is that from the predictive distribution for the loganthm
of the leak rate as a function of bobbin amplitude, i.e., for each voltage, V,, an effective
standard deviation of the regression error, 0,, 15 calculated as

4 [log(V.) -Iog(V)J’

. (6:22)
¥ [log(¥,) - log(7y |

o, =0, I+t
N

where N 1s the number of data pairs in the regression analysis, and o, is an unbiased estimate
of 0. The expected total leak rate from all of the indications in all of the bins 1s

n .,.o‘h.(l',)'.!‘%?.)o,'

N,
T = ! (6.23)
; | +e “[, +d, log(¥,)) 19 .

where N, is the number of bins, and n, 1s the number of indications in the bin with bobbin
amplitude ¥, Thus, the expected total leakage for the entire distribution is obtained as the sum
of the expected leak rates for each bin

In order to estimate an upper confidence bound for the total leak rate an expression is needed

for the variance of the total leak rate There are two sources of variance to be considered, the
vanance about the predicted expected value and the variance of the predicted expected value.

the estimated total vanance about the predicted expected value being the sum of the two The
vanance of the total leak rate about the predicted expected value is

V(T) -;_"‘ n,{P,Q,’[e"'W -1 ]¢Q,’P'(] -p,)}, (6.24)

where P, 15 the probability of leak from equation (6.11) As noted, an additional vanance term
is added in order to estimate the contribution to the vanance from the correlation between the
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individual leak rates, i.e, from the covariance, which arises as a consequence of using the
regression equations. Thus, the second term accounts for the variances of the positions of the
regression equations. A lineanized approximation (via Taylor's Theorem) of the variance of the

mean of the regression prediction, 7, , is given by

g "[[ConB,.B)] 0 0
V(1) =Y n, :TT 0 [CowB,B)] © 51  (629)
1. I o 0 v(o‘z) ¥

where the derivative of the total leak rate vector contains five elements for J=1,....5, and the
Covaniance Matrix is a square 5x5 matrix consisting of the estimated vanances and covariances
of the estimated individual regression coefficients and O, Note that here [Cow(B,, B,)] and
[Cov(B,, B,)) are each 2x2 matrices, where the B's are estimated by &, through &, , and recall
that o, is an estimate of B, The variance of the variance is estimated as
4

, (6.26)

V() = 2°
n-2

’

where n is the number of data pairs used in the leak rate regression analysis. The standard
deviazion of the total leak rate is then taken as the square root of the vanance of the total leak
rate. The upper bound 95% confidence limit on the total leak rate 15 then obtained as the
expected total leak rate plus 1 645 times the standard deviation of the total leak rate. The
resu':s obtained wath this approach have been compared to results obtained from the Monte
Carlc simulation without significant differences being observed For a calculation utilizing
only equation (6.24), the total leak rate from SG "D" at the EOC 15 estimated to be 3.0 GPM.
By i=:luding the variance from equation (6.25), \he estimated total leak rate was estimated to
be 3 © GPM The value obtained from the Mone Carlo simulation of the total leak rate was
3.2 GPM, as described in Section 6 8 | below. Thus, for the distribution analyzed, the
controution of terms associated with the covanance, ie, the uncertainty of the prediction of
the mean total expected leak rate, is small (being on the order of 3%) when compared to the
vana-ce of the total leak rate about the mean value. The results obtained provide independent
vent :aton of the Monte Carlo and hybnd techniques

68 Simulaton of Equation Parameter Uncertainties

The esumated, total end of cycle leak rate can also be calculated using Monte Carlo tech-
nique:. e g, the method documented in the EPRI ODSCC report (TR-10047, Rev. 1). In the
Mont: Carlo analysis the variation in the parameters, ie, coefficients, and the variation of the
deper zent vanable about the regression line is simulated. A 95% confidence bound on the
total (zak rate from SG "D" of Braidwood | was calculated using a Monte Carlo simulation to
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venfy the results from the deterministic analysis. The approach used for the simulation is
different from that discussed in the EPRI ODSCC report. While both methods simulate the
vanation of each parameter of the correlation equations, the mett,d discussed herein also
simulated the effect of the covariance of the individual indication Jeak rates. Each of the
methods is discussed herein in order to provide clarification regarding their use. In order to
simplify the discussion of the Monte Carlo techniques, different nomenclature is used from that
of the previous section, 1e, O, is used to represent the common loganithm of the leak rate, and
¥, is used to represent the common loganithm of the bobbin amplitude. Thuy, the following
model 1s used to describe a working relationship between the loganthm of the leak rate and the
loganthm of the bobbin amplitude,

Q, =b,+bV +¢, (6.27)

where € is the estimated error of the residuals, assumed to be from a population that has a zero
mean, and a variance that is not dependent on the magnitude of ¥, The coefficients, b, and b,
are the estimates from the regression analysis of some true coefficients, B, and ,, representing
the intercept and slope of the equation, respectively.

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

The method used by Westinghouse for simulating the total leak rate is the outcome of a series
of technical discussions held with the NRC. The method differs from that reported in prior

Braidwood 1, the method described herein is more statistically accurate. This small difference
in the total leak rate results 1s because the contribution of the Covariance terms relative to the

leak rate This process 1s repeated to obtain a distribution of the total leak rate from 10,000
simulations of the correlation equations. A non-parametric 95% confidence bound on the total
leak rate is then estimated from the distribution of total leak rates

At the start of each SG simulation, 1.e, the calculation of a single total leak rate, a random
value for the standard deviation of the errors for the population 1s calculated from the x*
distribution, the degrees of freedom from the data, and the standard deviation of the regression
errors. This is used to calculate random values for the parameters of the regression equation,
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distribution. The total leak rate for the SG simulation is calculated as the sum of the leak rates
from all of the indications in the SG. The expression for the total leak rate is

N
T .E R:(Bl'Bz)Qf(Bp Bu B;)- (62')

where N = the total number of indications in the SG at EOC,
R (B, B,) = Oor 1 is the POL from a single indication, i, in a tube,
Q.(B,, . By) = 1s the conditional leak rate of indication i, Le, the leak rate if the

indication is leaking,

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

B, B, = the coefficients of the leak rate versus bobbin amplitude equatior. and

Ps = the standard error of the lop of the leak rate about the correlatior line,

also referred to herein as o

To simulate the total leak rate from all of the indications in the generator, random coefficients
for the probability of leak, POL, and leak rate correlation equauons are generated, and then
those coefficients are used to simulate the POL and leak rate for each indication The POL,
R,, for each indication, i, is simulated as,

R(P) =] if U, < logut(B, + B, log(V,)) (629)
‘ 0 otherwise '

where U, is an independent draw from a uniform distribution. The step of determining ar
integer value for the POL accounts for the vanation of the distnbution of probabilities abc .t
the log-logistic regression line Discussion of the generation of 3, and B, is left until afte: the
discussion of the coefficients for the leak rate equation

Leak Rate versus Bobbin Amplitude Simulation

To simulate the leak rate from the regression line, random coefficients B, and B, must be
simulated Each of these has a vaniance that is dependent on the vanance of the error of =
log of the leak rate about the regression line. Thus, the first ster 15 to simulate a random +or
vanance by picking a random y° deviate for n-2 degrees of freecom and then calculanng 2
random error vanance, o, for the correlation equanon from the regression error variance z:

o o X072 g0 .pa, £ 30)

l:--z;,rm



where n 1s the number of data pairs used to calculate the regression coefficients, and Sy 1s
defined by equation (6.30). This is now one possible vanance for the population of log-leak
rates about a correlation equation Thus, it is appropnate to use the normal distribution to
obtain random values for the parameters of the correlation equation. The distribution of B, and

« will be bivariate normal. Since they are correlated, although each is normally distributed
marginally, they are not free to vary independently  If a value for the slope is determined first,
then the distribution of the intercept values will be conditional on that value of the slope. The
degree of correlation is indicated by the off-diagonal entry in the parameter covariance matrix
calculated from the regression analysis The entries of the covariance matrix of the parameters,
Vi V15 and V,,, for the correlation equation to be used for a SG simulation are obtained from
the corresponding estimated matrix obtained from the regression analysis as

Vu =f, ;?” A (631)

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

B) o bl - Zl VII . (632)

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

;l
Bo=b,+2 L2 |y, -2, (6.33)
‘/;' 1

3]

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

Q(B) = loa.-e.wr,wa,z_. (6.34)

with Z representing the /* value from N independent draws from a standard normal distnbu-
tion  Once the probabilities of leak have been calculated, the total lea: rate for one simulation
1s then calculated using equation (6 28) It 1s noted that each simulatior of T requires the
generation of one 3 vector, N binomial variates R, and a maxaimum of N log-normal vanates
¢, In practice, a value for the leak rate only needs to be generated for each indication that 1s
leaking, 1e, when R = |
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Probability of Leak Simulation

The generation of the coefficients of the POL relation to be used in the simulation of the total
leak rate proceeds in the same manner as for the coefficients of the leak rate relation. The
elements of the covariance matnix are obtained from the GLM regression analysis and used
with the esumated coefficients in equauons like (6.32) and (6.33) to obtain B, and 3, for a
random population POL equation. However, for the simulation of the POL, there is no term of
the form Z ¢ in the simulation of the total leak rate This exception is due to the fact that the
data are binary In effect, this additonal term 1s being simulated through the use of the
random sampling to deterinine if R, 15 0 or 1 in equation (6.29)

It 1s noted that the elements of the covanance matrix obtained from the GLM regression are
scaled to a mean square error (mse) of | This 1s because the mse for the binary variables is
asymptotically 1. A check of this assumption can be made by calculating an estimate of the
square root of the mse from the regression results as

ae !l d ¥ (y,w,)" (6.35)

where the ) s are the observed probabiines of leak, either zero or one, from the leak and burst
testing, and tne u's are the calculated pobabilit s of leak from the logistic regression
equation A significant departure from | for this quantity could be indicative of an inadequate
model For tne simulation of the POL zata for 3 ‘4" tubes the root mse was found to be 1.1.
This 1s not s gnificantly different from |

A 95% confiz2nce bound on the total lsak rate from SG "D" 2 the end of the fuel cycle was
found to be : 2 GPM  This 1s in very c.ose agreement with the value found using the
deterministic sstmate

682 EPRI Monte Carlo Simulatuons

The simulatic= methodology documents: in the EPRI ODSC(C report, Reference 6 1, was also
used for the ssumanon of a EOC leak rate for the Braidwood | SG "D" The resulting value,
3.1 GPM 15 r-ovided for information sizze this a=alysis was no: the reference methodology
emploved for e evaluation of the Brazwood SGs Thus, the following discussion of the
EPRI mode! : also for information pursoses to ¢.anfy how 1t rzlates to the methodology em-
ployed Apr..cation of the EPR]I mode. involves two major steps. In the first step, an EOC
leak rate tabls as a function of BOC vo.is 15 gene-ated from Monte Carlo simulations of NDE
uncertainties =lant specific growth rate: and uncentainues assoziated with the correlation
analyses In ine second step, the total |eax rate 1= estmated ac the sum of the individual EOC
leak rates fro= each indication using the wabulates leak versus BOC volts values
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Using the EPRI methodology, the probe wear and analyst variability are randomly sampled to
obtain a random BOC voltage corresponding to a measured BOC voltage The growth curve is
then entered to obtain a random growth for the length of the cycle This is then added to the
BOC voltage to obtain a random EOC voltage The POL and leak rate versus volts correla-
tions are sampled to obtain a random POL and leak rate for that indication. The expected leak
rate from the indication is then taken as the POL times the leak rate. The simulation 15
repeated several thousand times to obtain an EOC distribution of leak rate at each voltage
level, typically in 0 1 volt increments. From the distribution, a non-parametric 95% confidence
bound for 95% of the population of the leak rates 1s determined at each voltage level These
are then used to estimate the EOC leakage from the distribution of BOC indications.

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

R = : (6.36)

" Y ee b Bz’

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

ne ‘/;'“ +[2 Vi, + Vi IOB(V,)]log(V,) . (6.37)

where the F,'s are the elements of the Covariance matnx of the coefficients

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

2

o, (6.38)
Z ( V) = ;—')2

where b, 15 the estimated slope from the regression analysis, v 1s the number of degrees of
freedom used for the determination of O, the estimated standard deviation of the residuals
Thus, by randomly sampling the r-distribution with v degrees of freedom, {,, random values of

ﬁ‘ 'b‘i ,v,lﬂ.'.‘
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the slope can be generated from equation (6.38), where the sign of the random r-vanate
govemns the sign of the second expression, 1.¢e.,

o,

B, =b, +1t s (6.39)

| T vy

The coefficients of the regression equation, i.e., equation (6.27), are not statistically indepen-
dent Thus, selecting a random value for the intercept must account for the already selected
slope In this case, a joint 100-(1-a1)% confidence ellipse for the coefficients is given by

s Z v’ , _ 20,F,
(By=8,)" +2F (B, ~b,)(B, =b,) + &L (B, -b,) s —el2v

n n

where 3, and [, are the true, but unknown, coefficients of the regression equation Thus,
given te random slope from equation (6.39), a random F-distribution value, F, for = and v
degrees of freedom, 1s selected and equation (6.40) is solved (considering the equalin) to
obtair a random value for 8, Since there are multiple roots of equation (6 40), i e

( e
e XV | 20/F,,
‘\l » b« - ; ‘[11 ) )‘4) - ! (‘gl N bﬂ).‘i l’ T e . "'WN-':“-"

N n n

an adc uonal random selection must be made to account for the sign of the radical ir squation

(641) It1s also noted that the selection of a random F deviate may result in the rac :al of

(6 41) veing imaginary. In this case, it 1s necessary 1o sample F until the radical 15 real To

compieie the leak rate versus voltage correlation for the simulation, only the vanatior about the

regression hine remains.  The standard error, 0,, from the regression analysis has beer shown to

be approximately normally distributed with a mean of zero. Since the true varnance c¢- the
population 1s estimated, the distribution 1s simulated using a random f-vanate and the
« rate for each simulation case 15 given by

e 1% 0P 00 (642)

*d that the method descnbed in

deviation of the residuals, 0,, from equation (6.22) 1s to be used instead of = » actual
deviation of the residuals, 0, , in equation (6 42) This is considered to be z-

iry conservatism because the vanance of the coefficients would enter equatc: (642)

through the simulaton of f, and B, and through 0, The net effect woulc == 10




shightly over estimate the leak rate for each individual indication  For the simulation result
reported previously herein, equation (6.42) was used.

In summary, the EPRI simulaton essentially uses the predictive distribution to simulate the
EOC leak rate This ignores the putential contribution due to the covariance of the individual
POL times leak rate values, however, this is likely compensated for by taking each individual
EOC leak rate at a 95% confidence level, and the fact that the contribution from the covariance
terms 1s small Westinghouse has previously reported results, in prior WCAP reports, based on
directly simulating the predictive distribution Results obtained using this method, 3.0 and 3.]
GPM for two iné~~endent simulations, were comparable to the result obtained using the
methodology des..oed in Section 6.8 1 Thus, the EPRI methodology of Reference 6.1 results
In a predicted total leak rate of 3.1 GPM, which is in excellent agreement with the 3.2 GPM
result obtained by the Monte Carlo methods of Section 6.8 1, and the 3.1 GPM result from the
hybrid method In conclusion, either of the three methods is adequate for the SLB leak rate
aralysis
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Table 6-1. Regression Analysis Results -
Burst Pressure vs. log(Bobbin Amplitude)
3/4" x 0.050" Alloy 600 MA SG Tubes
(Reference o, = 75 ksi)

-3.077

0.175

80 7% 0955 SE P,
F 306.1 73 DoF
S8, . 279.03 66.55 SS,.
Pr(F) 8 0E-28 29 46 S8,
p,-value 8 LE-28




Table 6-2: Results of Regression Fits of Logarithmic Forms
of POL Distribution Functions to 3/4" OD Tube Data
@ 620°F and AP = 2560 psi

Log-Cauchy
Values

-13.8413

[ s 9.1924 46317 213183
2.1145 0 3664 46.5125

Vs -2.9538 -0 4985 -712114

0 7993 11022

Deaance

Paimeter

Res. s of Regression Fits of Non-Logaritimic Forms of POL Distribution
Functions to 3/4" OD Tube Data.
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-5 3890 2 8544 -10.5327
A 11945 0 6395 2.3085
1 4958 ¢ 2905 24 437
0314] € 0617 .5.3943
T 00787 € 2169 12223
| Decanee 28 87 2594 3247




Bell

0.1

Log-Logistic
Function
3.77E-07
5.99E-06
3.02E-05
9.53E-05
2.32E-04
4 B1E-04
8 90E-04
1.52€-03
2 42E-03
3 68E-03
S.S6E-02
6.95E-01
8 97E-01
9 73E-01

ﬁ

@ 62
Log-Normal
Function
1.02E-13
1.32E-09
1.39E-07
2.5TE-06
1. 98E-05
9 .09E-05
2 98E-04
7.77E-04
1.71E-03
3 31E-03
9.32E-N2
6 99E-01
8 85E-01

Log-Cauchy
Function
9.05E-03
L 11E-02
1.27E-02
1.42E-02
1.57E-02
1.71E-02
1.85E-02
2.00E-02
2. 15E-02
2.30E-02
4 26E-02
7.59E-01
9.25E-01

Table 6-3° Sample Results for Probability of Leak for 3/4"
0°F and AP = 2560 psi

Logistic Cauchy |
Function Function

5.12E-03
5.77E-03
6 49E-03
7.31E-03
8.23E-03
9.26E-03
1 04E-02
1.17E-02
1.32E-02
1 49E-02
4 74E-02
6 42E-01
9. 51E-01

SG Tubes

2.63E-03
3.20E-03
3.88E-03
4 68E-03
5.63E-03
6.74E-03
8.05E-03
9.57E-03
1.13E-02
1.34E-02
5.76E-02
6.34E-01]
9 48E-0]

3 08E-02
3.15E-02
3.22E-02
3.30E-02
3.38E-02
3 47E-02
3.55E-02
3.65E-02
3.75E-02
3 85E-02
5.33E-02
7.52E-01
9 44E-01]

9.72E-01 9 58E-01 9.99E-01 1.00E+00 9 75E-01

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

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

@ 620°F and AP = 2560 psi

b, 3132 |
SE b, 0431 0425 SE b,

r 58.2% { 0.653 SE log(Q)

F 5588 | 38 DoF

35 ey 22.56 16.21 §S.,,
='(F) <0000001% [ 2.300 58,0

<0.000001%
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70 BRAIDWOOD-1 EDDY CURRENT INSPECTION RESULTS

71 General

The March-April 1994 refueling shutdown was accompanied by 100% full length bobbin
probe inspection of all four steam generators. In anticipation of the potential finding of
significant ODSCC at support plate intersections, the ASME standards were calibrated to be
consistent with IPC guidelines (such as incorporated into Appendix A of WCAP-13854), wear
standards were employed to allow tracking of voltage measurement variation, and the eddy
current analysts were required to demonstrate their capability to report and to measure
indication voltages TSP indications have been assessed against the prior inspection
conditions at the corresponding locatiors to develop voltage growth rates fe- the preceding
periods of operation

Previous inspections of the Braidwood- | steam generator tubes were conducted in November
1993 dunng an unplanned outage (SG C only), in September 1992 (EOC-3), and in April
1991 (EOC-2), the EOC-] inspection 1r. September 1989 was not inciuded in the growth rate
studies. For each indication reported cunng the 1994 inspection, both the 1993 (SG C) and
the 1992 (all SGs) data were reevaluates to determine, as far as possible, the pre-existing
signal amplitude which could be attribuzed to any detectable precursor condition Only if a
possible flaw indication was observed i- the earlier inspection was a growth point calculated
for the particular 1994 indication, i.e. ne assumptions were made about prior year signal
voltages Because of the unplanned ouiige durning Cycle 4, comparisons in SG C were made
to both the 1993 and 1992 inspection results, furthermore, 1992 data for tubes reported in
1993 were compared 10 obtain an estimzze of the partial cycle (4a) growth rate Cycle 4b
growth was determined by comparing t2 1993 and 1994 data for SG C only, an overall
Cycle 4 growth rate based on compansos of 1994 with 1992 data was also calculated All
the tubes plugged in 1992 were used to cevelop growth rate data for Cycle 3 by reanalyzing
the 1991 data Table 7-1 presents a summary tabulation of all the growth rates on a per cycle
as well as a per Effective Full Power Year (EFPY) basis, also shown for each case are the
number of comparisons used, the averag: BOC voltages, the voltage growth (A\'), and the
length of the operaung period in EFPY For each cycle evaluated, the datz was subdivided
into indication populations less than 0 7¢ volt and those equal to or greater than 0 75 volt
This was done to demonstrate the consisiency in behavior wath prior cases, which have
consistently shown higher average perce-tage growth rates for low voltage incications

The distibution of the TSP ODSCC inc. :ations among the four SGs for the 1994 inspection
is shown in Table 7-2, which tabulates t-2 number of indications for each TSP elevation for
which indications were observed For t-: D4 SGs of Braidwood-1, the 1H level represents

the Flow Distribution Baffle (FDB), a p.iie with oversize tube holes and no flow holes; for

this reason the incidence of ODSCC 1s expected to be low in the absence of unusual

7-1



circumstances. In fact, none of the indications reported in Braidwood-1 occur at this
elevation. The support levels above are numbered in the cold leg order; i.e.. the next hot leg
TSP 1s designated 3H since its height corresponds to the 3rd preheater plate The remaining
TSPs are designated SH, 7H, 8H, 9H, 10H, and 11H Thus, though some probability of
encountering ODSCC signals at the upper plates exists, it is expected that most of the
indications will be observed in TSPs 3H, 5H, and 7H. These levels are in the relatively
hotter internal temperature zone of the tubes (maximum in the hot leg tubesheet and
decreasing with elevation up to the apexes of the U-bends, thereafter decreasing as the cold
leg elevation decreases)

Inspection Results

72.1 March 1994 Inspection

During the scheduled refueling outage (A1R04), all tubes in service were tested full length
with bobbin probes. Each distorted support plate indication (DSI) and all TSP indications
characterized as a percent (%) call were subjected to confirmatory MRPC testing to assess the
consistency of the underlying tube condition with prior cases of TSP ODSCC, and to
determine the severity of the indication with respect to the repair cnteria The TSP bobbin
indications confirmed by MRPC testing numbered 1567 among the four SGs, 470 1n SG A,

76 in SG B, 642 1n SG C and 379 1n SG D The total number of TSP intersections subjected
to MRPC testing on the basis of possible ODSCC indications was 2733, distributed among
the four SGs, this represents a 57% rate of confirmation of the bobbin calls. It is considered
that only those intersections which exhibit detectable ODSCC with pancake coil inspections
warrant scrutiny wath respect to plugging criteria, whether under Tech Spec criteria or under
the alternate basis represented by the Interim Plugging Cniteria  Two SG C bobbin field calls
confirmed as NDD by RPC inspection are not included 1n the statistics of this report. These
indications were more appropniately called permeability variations or residual signals, and

inclusion of these two indications would result in misleading growth data

The axial distribution of TSP ODSCC indications, as expected, exhibits the strong correlation
with height above the tubesheet With the exception of the 1H level (FDB), a strong
concentration of the bobbin and MRPC indications are observed at 3H (58%), SH (28%). and
7H (10%) Figure 7-1 presents the numencal distributions of the TSP ODSCC with respect to
elevation in histogram form The bobbin amplitude distributions associated with the ODSCC
indications are presented together with the cumulative distribution curves in Figures 7-2 to 7-6
for the individual SGs and for the composite of all four SGs Figure 7-7 gives the cumulative
RPC confirmaton fraction of the bobbin indications as a function of bobbin voltage Ac
expected, the probability that the RPC probe will detect degradation increases with the bobbin
voltage, which increases with the depth and length and number of cracks present Table 7-3




provides detailled RPC confirmation statistics as a function of bobbin voltage for each of the
individual SGs, as well as cumulative confirmation data for the four SG composite results

An RPC sampling plan was performed to inspect TSP intersections with dent signals greater
than 5 volts and artifact/residual signals that could potentially mask bobbin indications of
about 1.0 volt. Denting in Braidwood-1 is minor and most of the dents represent mechanical
dings rather than corrosion induced denting. The RPC sampling plan was performed on all
identified hot leg dents > 5.0 volts in SGs A and B. It included 21 dents (18 in SG A, 3 in
SG B) at TSP intersections.  There are only 6 dents in SG C (one additional dent was in a
tube plugged for other causes) and 2 in SG D left in service above $ volts that were not RPC
inspected The RPC sample included 40 mix residuals in SG A and 41 in SG B The mix
residuals inspected had greater than a one volt signal and were manually selected to represent
the larger residual signals In addition to this RPC sampling plan, 85 intersections with no
bobbin indications were RPC inspected No RPC flaw indications were found in the RPC
sampling plan. In both this RPC sample and the RPC inspection of bobbin flaw indications,
no circumferential indications or indications extending outside of the TSP thickness were
detected

Limiting the RPC sampling to only SGs A and B left only 8 dented TSP intersections
uninspected in SGs C and D Reviews of data from previous outages indicate that all 8 of
these dent indications were present The uninspected dent indications lead to a negligible nsk
of leakage or rupture due to the small number of dents, the fact that no flaw indications were
found at the inspected dent locations and the fact that a conservative POD of 0.6, independent
of voltage, 1s applied for the SLB leak rate and tube burst probability estimates Similarly,
uninspected mix residuals in SGs C and D would have negligible concern for leakage or burst
considerations

The two dents in SG D have bobbin voltages of 19.1 and 5.1 volts The bobbin data for
these indications have been reviewed for the 1989, 1991, 1992 and 1994 inspections There
have been no discernable changes in the dent voltages or phase angles In all inspections, the
phase angles are within 3 degrees of the expected 180 degrees for a dent If a flaw were
present, some change to the voltage anc phase angle would be expected Thus, 1t 1s judged
that the dents are not growang in size and there is a low likelihood of a flaw being present in
the dents  SG D 1s the most imiung SG for tube leakage and burst considerations Since
only two uninspected dents are presen: even the assumption of a flaw being present in the
dent (a flaw too small to influence the rhase angle of the dent) would have neghgible
influence on leakage or burst The POD = 0 6 adjustment results in 7 3 indications (actual
indications plugged) above 2 7 volts lef: in service and 2 indicanons above S 0 volts left in
service. The contributions of these posiulated indications to leakage and burst probability
would be expected 10 exceed that of 2 potental indication in the two dented intersections not
RPC inspected SG C 1s not a imiting SG for leakage or burst considerations due to the



lower voltages (maximum of 274 volts found in the 1994 inspection) and lower growth rates
found for this SG compared to SG D Even if indications were postulated in the six
uninspected dents left in service, the additional indications would be very unlikely to cause
the leakage or burst probability to approach that for SG D It can be further noted that the
presence of a crack within a dented TSP would result In no or very small leakage due to the
constraint provided by the dent, as shown by leak testing in the EPRI database report. If the
postulated indication extended more than about 0.2" from the dent, the crack indication would
be detectable by bobbin inspection. For these additional reasons, leakage or burst potential
would be negligible for uninspected dents

722 Pnor Inspections: November 1993 and September 1992

The 1993 inspection of SG C was conducted in conjunction with an unplanned outage This
100% "I length inspection with bobbin probes was conducted with 610 mil standard bobbin
couls, v .ung standards which were subsequently normalized to the laboratory standard which
serves as the reierence for 3/4" alloy 600 tubing Using the prevailing industry guidelines for
reporting bobbin indications, 116 percent-type indications were reported, along with 300 DSIs
The percent-type indications were removed from service after confirmation with MRPC, and
the DSIs were continued in service without MRPC verification This was considered prudent
in light of the A1R04 refueling outage scheduled 4 months later  Since the November 1993
testing was not conducted as a Tech Spec. inspection, there was no extension of the testing to
the other SGs

The 1993 bobbin indication distributions for number vs TSP elevation and number vs.
amplitude are given 1n Figure 7-8 and in Table 7-4 Once again, the temperature/elevation
dependency of the ODSCC incidence 1s apparent, and the distribution of amplitudes shows the
predominance of low voltage (<1) signals accompanied by a low frequency tail of larger
amplitude signals

Durning A1R03, the September 1992 inspection, all four SGs were subjected to 100% full
length bobbin inspection, again using site-specific bobbin Interpretation guidelines consistent
with the prevailing industry approach in plants not implementing the IPC  In this inspection,
as in AIRO4, all bobbin percent (%) and DSI indications reported were subjected to MRPC

removed from service DS] signals reported on 79 intersections were continued 1n service
after obtaining NDD (no detectable degradanon) results from MRPC testing and analysis
The reported distribution of bobbin indications for AIRO3 are given 1n Table 7-5 and
Figure 7-9 for the elevation dependency, and the amplitude spectrum of the plugged tube
indications 1s shown in Figure 7-10 Its apparent that the bobbin inspection data for 1992,
1993 and 1994 reflect similar patterns of tube degradation, proceeding for the most part at
modest rates in terms of bobbin amplitudes, but progressively involving more tubes



73 TSP Voltage Growth Rates

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

The evaluation of voltage growth based on reevaluating the prior inspection data for all
indications found during the latest inspection 1s the same approach used for other IPC/APC
evaluations This method of growth evaluation includes the largest growth values (typically
repaired at the EOC) for each cycle, and can result in large, conservative average growth
values However, because of tube repair and the occurrence of new indications, there are
differences in the population of tubes when companng growth rates between cycles This
introduces some uncertainty in assessing growth trends between cycles, such as those which
may be due to chemistry improvements A more desirable growth evaluation would track the
same population of indications for multiple cycles to more accurately assess growth trends
However, if the last inspection indications are tracked back in time, the larger prior cycle
indications which were repaired are not included in the analysis and this method can lead to
an underestmate of average pnor cycle growth. This methed has been applied to SG C over
the first and second parts of Cycle 4 as described below A ‘hird option for evaluating
growth would be to track the latest inspection results back 1n time and to add plugged tubes
into tite population evaluated for prior cycles This method has .ot been systematically
evaluated A more systematic evaluation of these three options wuuld be desirable to assess
the best option for evaluating both cycle-to-cycle growth trends ana the influence of
operational chemistry improvements Such an evaluation has not bee~ performed for
Braidwood-1 1n this report

The operationa! periods for which growth values were determined included Cycle 3 - plugged
tubes only, Cycle 4a (9/92-10/93) - SG C only but in three subgroups all plugged tubes at
10/93, all indications reported at 10/93, and all indications reported at 4/94, Cycle 4b (11/93-
4/94) for SG C only for all indications reported in 4/94, and the overall Cycle 4 for all four
SGs For each of these periods, growth data for indications <0 75 volt and those >0 75 volt
were contrasted with the composite growth data for all indications Table 7-6 shows a
summary of the growth rates developed in this fashion for all four SGs Figure 7-11
illustrates the overall growth/amplitude relanonship for all the compansons obtained in
AlR0O4




Figure 7-12 presents the same data combined with the elevation (temperature) effect The
dominance of the lower TSP levels in the incidence of the ODSCC indications is also
reflected in the growth rates

The distribution of the growth rate data, expressed as volts difference in the amplitude
readings for 2 inspections, are tabulated (Table 7-6) in 0.1 volt bins up to 3 volts, 0.2 volt
bins from 3 volts to § volts, and in 0.5 volt intervals up to the maximum observed change
For each bin the number of indications 1s entered along with the corresponding cumulative
probability value Voltage growth distributions are reported on a per EFPY basis The
voltage growth histograms for each of the operational periods evaluated are presented in
Figures 7-13 t0 7-18 on a composite basis for the prior cycles and on an individual SG basis
for the Cycle 4 data It is seen that for the A1R04 inspection, the average voltage growts, rate
for the composite of four $Gs is 49% per EFPY, or 0.24 volt average growth per EFPY on «n
averuge BOC amplitude of 048 volt The maximum growth was observed in SG A, 76% per
EFPY, 0.36 volt growth on the average BOC amplitude of 047 volt The largest individual
growth observations for Cycle 4 are iisted in Table 7-7. For indications with appreciable
BOC amplitude readings, 1.e, those from 0.75 volt and up, average growth is but a fraction of
the composite, 26% in SG A and approximately 16% for the overall population. These
estimates are strongly weighted by the SG C results, which exclude the tubes plugged in

11/93 (EOC-4a), for which higher growth rates were observed The decrease noted in the
EOC-4 data and the EOC-4b data correlate with secondary system chemistry changes
implemented at Braidwood-] since the AIRO3 outage

While the voltage growth rates prior to 1993 appear to be larger than those observed in other
domestic plants, they fall well below growth rates observed in European plants Three cases
of tube leakage attributable to TSP ODSCC have been reported in Europe, though none has

74 Historical Operating Chemistry

Braidwood Unit | s currently in 1ts fourth refueling outage The unit has typically operated
in the load follow manner of operation (Figures 7-19 through 7-21). Frequent changes in
plant output requirements have resulted in power swings and plant shutdowns on occasion in
the past Dunng periods of operation with chemistry imbalances, more frequent shutdowns
with chemistry cleanup prior to restart can result in more limited accumulation of contaminant
Species in crevice regions subject to superheated conditions Braidwood Unit 1 has
experienced periods of eievated steam generator sodium to chloride molar ratios dunng pnor
operating cycles. Operating with these elevated ratios enhances the possibility of developing
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caustic crevice conditions conducive to initiation and propagation of Alloy 600 alkaline stress
corrosion cracking Figures 7-19 through 7-27 show the power history, steam generator
blowdown sodium to chloride molar ratios, and steam generator blowdown sodium and
chloride concentrations during power operation for Braidwood Unit | during Cycles 2
through 4 During Cycle 2, SG blowdown sodium to chloride molar ratios (Figure 7-22) were
shghtly higher than molar equivalency with ratios typically less than 2. These ratio values
fluctuated along with vanations in plant operating conditions and minor contaminant
ingresses - condenser leakage and demineralizer leakage. It should be noted that ratios
maintained in this range can lead to development of caustic conditions in steam generator
crevice regions. During Cycle 3, SG blowdown sodium to chloride molar ratios (Figure 7-23)
were very elevated - both with respect to prior cycles of operation and with respect to good
operating chemistry conditions It is believed that this notable increase is likely to primanly
be due to increased attention paid to SG blowdown cation conductivity values and attempts to
lower them  As chlonde concentration affects cation conductivity, lower chloride
concentrations resulted in lower cation conductivity and, consequently, higher sodium to
chloride molar ratios. Sodium concentrations were elevated during the first half of Cycle 3
(Figure 7-26) As these concentrations were decreased during the latter part of the fuel cycle,
however, chlonide concentrations were also decreased Sodium to chloride molar ratios
typically in the range of 2 to 3 and up to 5, as observed duning Cycle 3, are strongly
indicative of potentially caustic environment development in SG crevice regions as described
above Dunng Cycle 4, a period of operation with higher molar ratios around 2 to 3 was
followed by attempts to control molar ratio by modification of blowdown demineralizer
operation and, subsequently, ammonium chloride addition (Figure 7.24) Ammonium chloride
addition has had the greatest effectiveness at Braidwood Unit 1 1n controlling steam generator
blowdown sodium to chloride molar ratios in the desired band The success of this method at
controlling crevice chemustry appears to be positive as a result of shutdown hideout return
evaluations performed in May and at the ead of the cycle

Hideout return data obtained during Cycle 4 has been evaluaied to ascertain the success of the
molar ratio control program n modifying the steam generator crevice pH environment Molar
ratios of highly soluble species (sodium, potassium, and chloride) indicate a decreasing trend
over the entire cycle (Figure 7-28) In addition, i* as been reported that the crevice pH
calculated by the MULTEQ program indicates an approximate 1 5 pH umit reduction to
around 7.5 prior to the end of cycle shutdown The end of cycle shutdown indicated more
acidic conditions and lower molar ratio due to the occurrence of circulating water leakage

75 Relationship Between Operating Chemistry and ODSCC Growth

Corrective actions taken at Brasdwood Unit | specifically to slow the progression of Alloy
600 tubing ODSCC include molar ratio chemustry control and boric acid addition beginning in
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Apnl 1994 Molar rano chemistry control was initiated duning Cycle 4 in December 1992,
following nearly two months of plant operation with elevated sodium to chloride molar ratios
Molar ratio control chemistry was begun by varying blowdown demineralizer operations to
obtain greater breakthrough of anionic species. These operations have had some success in
minimizing sodium leakage from the demineralizers: however, the operational sodium to
chloride molar ratio was not able to be fully controlled When it became apparent that
operating in this manner was not achieving the desired degree of control, the decision was
made to add ammonium chioride to adjust the sodium to chloride molar ratio in the steam
generator blowdown This method achieved a high degree of control over the operating steam
generator blowdown sodium to chloride molar ratio However, it was not apparent whether
the desired result of neutral to slightly acidic hideout retumn chemistry would be achieved by
operanng in the identified control band of Na/Cl = 0 3 . 0.6 Following a hideout return
evaluation at the end of May 1993, the Na/Cl control band was lowered to 0.2 to 04 to
further alter the steam generator operating environment.  The result of this change 15
demonstrated in Figure 7-29. Hideout return chemistry data reflect the success of the molar
rato control program in modifying the steam generator environment to the desired degree as
indicated by the trends in hideout return chemustry

Boric acid addition has been identified as the next step to be employed at Braidwood Unit )
to control Alloy 600 ODSCC progression. Bornc acid will be used during the startup for the
fifth fuel cycle in April, 1994 Laboratory and operating PWR plant data indicate the

usefulness of boric acid as a contnbutor to the overall corrosion control program It 1s
anticipated that the use of boric acid will take Braidwood Unit 1 one step further in their goal
of mimmizing ODSCC growth rates

Overall, the chemistry review indicates that the high molar ratios of Cycle 3 (4/91-9/92) and
the early part of Cycle 4 (up to 1/93) are most likely to be associated with caustic crevice
conditions and increased potential for ODSCC initiation and growth Molar ratios since
February 1993 and particularly since the May 1993 reduction in the control band are
supportive of reduced potential for ODSCC growth Since voltage growth rates across the
complete Cycle 4 operating period involve both high and low molar ratio operation, the
growth rates cannot be readily related to chemistry improvements However, the SG C
growth data of Table 7-1 for Cycle 4a (includes high molar ratio period) and Cycle 4b (low
molar ratio period) can provide some insight on the influence of reduced molar ratio on crack
growth  SG C had an average growth rate of I9%/EFPY for Cycle 4a and 27%/EFPY for
Cycle 4b  This reduction in growth rates for Cv cle 4b 1s supportive of the chemistry
improvements in the reduction of growth rates Cvcle § expenence, which will include boric
acid addition, will provide more conclusive data for assessing the influence of chemistry
enhancements on growth rates




76  Pulled Tube Eddy Current Data

TSP intersections from 4 tubes were removed from the Braidwood-1 SGs to provide the basis
for application of Intennm Plugging Criteria and to demonstrate the consistency of the
Braidwood-1 experience with other plants in which those criteria have been accepted From
SG A, 2 tubes (R37C43 and R42C44) were pulled, and from SG D, 2 tubes (R37C34 and
R16C42) Tube R42C44 was cut above the 7H intersection, permitting the extraction of 4
intersections at the 1H, 3H, SH and 7H elevations. The three remaining tubes were cut below
the 7H TSP level on nlet side, permitting the extraction of 9 additional intersections

(total of 13), 3 at each of the 1H, 3H, and 5H elevations Bobbin and RPC data were
collected for each of the removed intersections, which resulted in 6 field bobbin indications
with corresponding RPC confirmations and 7 NDD intersecuons. The bobbin field EC
graphics for each of the intersections are given in Figures 7-30 to 7-42. The corresponding
RPC field graphics for the tubes reported to have bobbin indications are given in Figures 7-43
to 7-48 Table 7-8 summarizes the field analysis results for each of the intersections. With
the exception of the 1.04 volt indication at the 3H level on R37C34 and the 2 09 volt
indication at TSP-5H on R42C44, the field calls represent voltages in excess of the full APC
limit calculated for the 3/4" tubes in Braidwood-1 The 5H level on R16C42 is considered as
representing a possible bobbin indication of 0.61 volt, but field RPC was reported as NDD,
suggesting the absence of significant ODSCC, evaluation of the tube metallography for this
tube may provide some insight into the relative sensitivities of the bobbin and RPC probes for
the less developed areas of ODSCC



Table 7-1 Average Voltage Growth for Braidwood Unit 1

Cycle 4 9/92 - /94 Average AV % Growth

All 8/G's #indications Average V AV__efpy AViefpy % per cycle % per efpy
ge R 2654 048] 0.26] 1.147] 023 53% 48%
2289 041| 029 0.25 69% 60%
385 094 013 0.11 14% 16%
680 047] 0.41 0.36 86% 75%)
588 0.38] 043 0.37 113% 97%
04 0.95| 0.28 0.24 29% 25%
Entire Voit Range 261 048] 0.17 0.15 36% 31%
Vo < .75 230 041 0.16 014 30% 34%
Vexc2 .75 31 064 022 C.18 23% 20%
S/GC
[Entire Vohage Range 1030 05 019 0.17 38% 34%
Voo <.75 £76 042 0.24 0.21 57% 50%
Va2 .75 154 085/ -0.08 -0.05 6% 5%
S/GD
[Entire Voltage Range 683 0.49] 027 0.24 55% 49%
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Vaoe < .75 315 0.51| 0.31 0.36 61% 91%
Vexz .75 113 082 036 042 39% 58%
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Entire Voltage Range 1069 066| 003| 0295 010 5% 16%
Veoc € .75 737 0.5/ 007 0.24 14% 46%
Vexce .75 332 1.02| -0.04 -0.14 -4 -13%




Table 7-2. Braidwood #1 TSP ODSCC Indications (A1R04) March, 1994
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Table 7-4. Braidwood Unit 1 10/93 Inspection S/G C Only

| Elevation | Number of Indications

1H 0
3H 346
SH 75
TH 23
8H 2
9H 1
10H 1
I1H 1

u Note: All Bobbin Inz cations: No RPC Confirmations

Vs \l‘s



Table 7-5. Braidwood Unit 1 9/92 Inspection
TSP Indication Distribution in Plugged Tubes
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Table 7-6
Braidwood Unit | Cumulative Probability Distributions
for Voltage Growth (per EFPY)
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Table 7.7. Braidwood Unit 1 Summary of Largest Bobbin Voltage Growth Rates for Cycle 4
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Table 7-8

Braidwood Unit 1 A1RO4
Pulled Tube EC Results

Tube Bobbin Bobbin RPC Voltage
Voltage Call
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Figure 7-1 Braidwood Unit 1 Number of Indications as Function of Elevation
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Figure 7-2 Braidwood Unit 1 S/G A Bobbin Statistics 4/94 Inspection
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Figure 7-3 Braidwood Unit 1 S/G B Bobbin Statistics 4/94 inspection
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Figure 7-4 Braidwood Unit 1 S/G C Bobbin Statistics 4/94 inspection
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Figure 7-6 Braidwood Unit 1 All S/G’s - Bobbin Statistics 4/94 inspection
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Figure 7-12. Braidwood Unit 1 1994 Inspection Results,

Support Plate ODSCC EC Signal Progression
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Figure 7-15 Braidwood Unit 1 S/G A TSP Bobbin Progression 92-94
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Figure 7-16 Braidwood Unit1 S/IGB TSP Bobbin Progression 92-94
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Figure 7-18 Braidwood Unit 1 S/G D TSP Bobbin Progression 92-94
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Reactor Power Level

oo 4

28-Mar-90 26-Jui-90 23-Nov-90
27-Jan-90 27-May-90 24-Sep-90
Date

' Power, % '

22-Jan-91




Power

120

60 |

20 |
| |
= |
03-Mar-91

- ;’

' Braidwood Unit 1 - Cycle 3 l
f Reactor Power Level

sy ey yr\

03-Jui-91

F’ o
|

|

Figure 7-20

02-Nov-91 03-Mar-92 03-Jul-92

Date

| Power, % I

02-Nov-92




Figure 7.2

fBraidwood Unit 1 - Cycle 4’
{ Reactor Power | evel

80 | I’

120

100 |

Power
3




Figure 7-22

‘Braidwood Unit 1 Cycle 2 l
i Sodium to Chioride Molar Ratio
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Figure 7-24

IBraidwood Unit 1 - Cycle 4|
. SG Blowdown Sodium to Chloride Molar Ratio

Na/Cl Molar Ratio
w
\
e

I

: J oy JV\/L/\JMMM

) MV
0 1

] ) 1 i ' -
23-Oct-92 22-Nov-92 22-Dec-92 21-Jan-93 20-Feb-93 22-Mar-93 21-Apr-93 21-May-93
Date




Figure 725

- Braidwood Unit 1 - Cycle 2
! SG Blowdown Sodium & Chioride
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Figure 7-26
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Figure 7-27

Braidwood Unit 1 - Cycle 4
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Figure 7-30
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Figure 7-31
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Figure 7.32
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80  BRAIDWOOD-I [PC CRITERIA AND EVALUATION

81 General Approach 10 the IPC Assessment

The tube integrity assessment approach applied to support the Braidwood- | IPC is based on
demonstrating limited TSP displacement in a SLB event to reduce the likelihood of a tube
burs. 10 negligible levels and to conservatively calculate SLB leakage as free span leakage
even though the limited TSP displacement would reduce leakage compared to free span tube
conditions  The structural analyses of Section 4 for obtamning TSP displacements in a SLB

versus throughwall crack length correlation of Section 6.2, both deterministic and probab:! stic
burst assessments are made for the assumed exposed throughwall crack length.  That is, the
burst capability 15 a function of the exposed throughwall erack length  This analysis 15
equivalent to assuming that the indication at the TSP has a throughwall crack leagth
approximately equal to the TSP thickness This 1s an extremely conservative assumption
since the bobbin voltages associated with such long throughwall cracks would be in the many
tens of volts and much higher than thar found at Braidwood-1 which are bounded by a
maximum indication of 10 4 volts at EOC-4 Consequently, the conservatism of the burst
assessment bounds any realistic growth rate for Braidwood-1 and the burst margins obtained
at EOC-5 based on limited SLB TSP displacements are essentially independent of growth
rates

The limited SLB TSP displacement would result in most of the crack length for indications at
TSPs covered by the TSPs and associated crevice deposits This effect would tend to reduce
leakage below that of free span indications which is the basis for data developed to support
the EPRI SLB leak rate correlations of Section 6 5 which are used for the leakage analyses of
this report  EdF has performed system leak rate measurements on French S/Gs at pressure
differentials exceeding SLB conditions Bobbin voltage levels in the French units at the ume
of these tests exceeded that found at Braidwood-1 In addition, the French units included
axial free span cracks in the roll transition at the top of the tubesheet which are left in service
per repair cntena implemented by EdF  The total system leakage at pressure differentials
typical of SLB conditions from these tests was on the order of a few gpm  Thus Jeak rate is
much lower than would be predicted by the EPRJ leak rate correlations considering only the
indications at TSPs and ignoring the roll transiton indications Thus the EdF tests



demonstrate the conservatism of the EPRI correlations particularly when the indications are
within the packed crevice of the TSP

found in the inspection, for which the POD woul_d be expected to be > 06, this methodology

each indication found in the inspection, independent of the voltage leve!

82  IPC Repair Critenia Implemented at Braidwood- 1

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

Bradwood-1 Intenm Plugging Critena

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

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

* Operating Leakage Limits

Plant shutdown w.ll be implemented :f normal operating leakage exceeds |50 gpd per
SG

* SLB Leakage Criterion
Predicted end of cycle SLB Jeak rates from tubes left in service, including a POD = 0 6

adjustment and allowances for NDE uncertainties and ODSCC growth rates, must be less
than 91 gpm for the $/G in the faulted loop

* Exclusions from Tube Plugging Critena

Certain tube locations, as identified 1n Section 4 of this report, are excluded from
apphication of the IPC repair imits The analyses indicate that these tubes may
potenually deform or collapse following a postulated LOCA + SSE event

8.2



Bradwood-1 EQC-4 Inspection

* Eddy current analysis guidelines and voltage normalization consistent with the EPRI 18]
gwidelines and wath prior [PC applications (typical of Appendix A for prior Westinghouse
IPC WCAPs such as WCAP-13854)

. Eddycummudymmniudmﬁedlynvolmmgp«mmm
guidelines and 52% of the analysts were qualified to the industry standard Qualified Data
Anaiysis program

* Use of ASME calibration standards cross-calibrated to the reference laboratory standard
and use of a probe wear standard requiring probe replacement at a voltage change of
15% from that found for the new probe

* 100% bobbin coil, full length inspection of all active tubes wath a 0610 inch diameter
bobbin probe for all straight length tubing

* RPC inspection of all bobbin indications greater than the 1 0 volt repair limit (actual
implemented was all bobbin indications) RPC inspections were performed with a 0 620
inch diameter, 3 coil motorized RPC probe

* RPC sample inspection of more than 100 TSP intersections with dents (at Bra; iwood-1,
these are typically mechanically induced "dings") or artifact/residual signals that could
potentially mask a 1 0 volt bobbin signal  Any RPC flaw indications in this sample will
be plugged or repaired

* The NRC will be informed, prior to plant restart from the refueling outage, of any
unexpected inspection findings relative to the assumed charactenistics of the flaws at the
TSP intersections  This includes any detectable circumferental indications or detectable
indications extending outside the thickness of the TSP

The IPC evaluations given n this report are based on the inspection results implementing the
above guidelines and the | 0 volt [PC repair limit

81 Operating Leakage Limit

Regulatory Guide 1 12 acceptance critena for establishing operating leakage limits are based
on leak-before-break (LBB) considerations such that plant shutdown 1s initiated if the leakage
associated with the longest permissible crack is exceeded The longest permissible crack
length 1s the length that provides a factor of safety of 143 against burst at SLB conditions



since a factor of 3 against bursting at normal operating pressure differental is satsfied by the
TSP constraint at normal operation  As noted previously, a vcltage amplitude of 4 54 volts
for tvpical ODSCC cracks corresponds to meeting this tube burst requirement at the lower
93% prediction interval on the burst correlation. Alternate crack morphologies could
correspond to 4 54 volts so that a unique crack length is not defined by the burst pressure-to-
voltage correlation Consequently, typical burst pressure versus throughwall crack length
correlations are used below to define the “longest permussible crack" for evaluating operaung
leakage limis

The CRACKFLO leakage mode! has been developed for single axial cracks and compared
with leak rate test results from pulled tube and laboratory specimens  Fatigue crack and SCC
leakage data have been used to compare predicted and measured leak rates Generally good
Agreement is obtained between calculation and measurement with the spread of the data being
somewhat greater for SCC cracks than for fatigue cracks Figure 8-1 shows normal operation
leak rates including uncertainties as a funcuon of crack length

The throughwall crack lengths resulting in tube burst at 1 43 tmes SLB pressure differentials
(3657 psi) and SLB conditions (2560 psi) are about 0.51 and 0 75 inch, respectively, as
shown in Figure 6-2 Nominal leakage at normal operating conditions for these crack lengths
would range from about 0 24 o ~5 gpm while -95% confidence level leak rates would range
from about 004 10 0 § gpm  Leak rate limits at the lower range near 0 04 gpm would cause
undue restrictions on plant operation and result in unnecessary plant outages, radiation
exposure and cost of repair  In addition, 1t is not feasible to satisfy LBB for all tubes by
reducing the leak rate imit Crevice deposits, the presence of small higaments and irregular
fracture faces can, in some cases, reduce leak rates such that LEB cannot be satisfied for all
tubes by lowering leak rate hmits

An operating leak rate of 150 gpd (<0 1 gpm) 1s implemented in conjunction with application
of the tube plugging criteria  As shown in Figure 8-1 this leakage limit provides for detection
of 04 inch cracks at nominal leak rates and 0.6 inch cracks at the -95% confidence level lsak
rates Thus, the 150 gpd Limit provides for plant shutdown prior to reaching critical crack
lengths for SLB conditions (2560 psi) at leak rates less than a -95% confidence level and for

I 43 umes SLB pressure differentials at less than nominal leak rates

The tube plugging limits coupled with 100% inspection at affected TSP locations provide the
principal protection against tube rupture Consistent with a defense-in-depth approach, the
150 gpd leakage limit provides further protection against tube rupture In addition the

150 gpd himit provides the capability for detecting a crack that might grow at greater than
txpected rates and thus provides additional margin against exceeding SLB leakage himits



84 Projected EOC-5 Voltage Distiibutions

The BOC-5 voltage distributions are obtained by applying the draft NUREG-1477 POD = 0 6
adjustment to all indications found in the EOC-4 inspection and subtracting the repaired
indications. Data to develop the BOC-$ bobbin voltage distributions are given in Table 7 3
mmmmmuw.unmmn -5 voltage distributons from the
BOC distributions. The BOC voltages are increased by allowances for NDE uncertainties
(Section 5.3) and voltage growth (Section 7.3) to obtain the EOC values In the Monte Carlo
analyses, each voltage bin of the BOC distributions (Figure 8-2 for S/G D, for example) is
increased by a random sample of the NDE uncertainty and growth distributions to obtain a
EOC voltage sample Each sample is weighted by the number of indications in the voltage
bin  The sampling process is repeated 100,000 imes for each BOC voltage bin and then
repeated for each voltage bin of the voltage distribution  Since the Monte Carlo analyses
yield a cumulative probability distribution of EQC voltages, a method must be defined to
obtain a discrete maximum EOC voltage value. The method adopted in this report is to
integrate the tail of the Monte Carlo distribution over the largest 1/3 of an indication to define
a discrete value with an occurrence of 0.33 indication. ®or N indications in the distribution,
this i1s equivalent to evaluating the cumulative probability of voltages at a probability of
(N-0.33)/N. The largest voltages for all distrnibutions developed by Monte Carlo in this report
have been obtained with this definition for the maximum EOC discrete voltage The next
largest discrete EQC voltage indication 1s obtained by integrating the tai! of the Monte Carlo
distribution 1o one indication and assigning the occurrence of 0 67 indication This process
for developing the largest EOC voltage indications provides appropriate emphasis 0 the high
voltage tail of the distribution and permits discrete EOC voltages for deterministic tube
integrity analyses

As described in Section 8.5 below, $/G D is the most limiting S/G for SLB leakage analyses
and has been evaluated using final Braidwood- | inspection results and tube plugging data
The Cycle 4 voltage growth distribution of Table 7.6 for S/G D has been used to obtain the
EOC voltages by Monte Carlo analyses as described above The resulting BOC-5 and EOC-$
bobbin voltage distnbutions are shown in Figure 8-2 Based on applying the POD
adjustment, the largest BOC voltage indication left in service is 0 7 indication at 10 4 volts
At EOC-5, the largest voltage incication 1s projected to be 11.2 voits The EOC. 5
distribution of Figure 8-1 is used for the S/C D SLB leakage analyses in Section £S5

As shown in Table 73, the number of indications found at EOC-4 in $/G B was 277
compared to 741 in $/G A, 1062 1 $/G C and 696 in S/G D Itis clear that $/G B 1s not
limiting for tube integrity consideratons and this S/C was not analyzed 1o obtain FOC
distributions or leak rates. $/Gs A and C were analyzed using preliminary mnspection results
and growth rate data which have not had large changes in the final data The voitage growth
distribution for /G A was applied in the Monte Carlo analyses for both S/Gs A and C  The
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October, 1993 unplanned outage and thus could be an underesumate of the growth
distribution. It 1s conservative to apply the S/G A growth distribution for $/G C since it has
the largest Cycle 4 growth rates. Fi.wul—Jndl4Mﬁt¢BOCdeOC-Svoln;e
distributions obtained from the preliminary data For §/G A, the largest POD adjusted BOC
voltage is 8.33 volts and the largest projected EOC-5 voltage is 9.0 volts For $/G C, the
largest POD adjusted BOC voltage is 2.73 volts and the largest projected EOC-5 voltage 15
7.2 volis .

85 SLB Leakage Analyses

This section summarizes the results of the projected EGC-5 SLB leak rate analyses applying
the EPRI correlations for probability of leakage (POL) and the SLB leak rate versus voltage
correlation. The EPRI methodology applies the log logistic form for the PO!. correlation and
the leak rate results are given in Section 8.5.1 as the reference SLB leak rate The NRC has
requested leak rate results to be provided also for the log normal, log Cauchy, logistic, normal
and Cauchy POL distributions and the results are also given in Section £ 52 The POL and
leak rate correlations used for these analyses are described in Sections 6 4 and 6 S,
respectively. The SLB leak rate analysis methodology for applying the probability of leakage
and leak rate versus voltage correlations is described in Sections 6 6 to 68 SLB leak rates
are provided at the upper, one-sided confidence of 95% based on the NRC guidance of the
February 8, 1994 NRC/industry meeting on resolution of draft NUREG-1477 comments The
EOC-5 voltage distributions have been descriled above

SLB leak rate analyses were performed for $/Gs A. C and D using preliminary voltage
indication, voltage growth and tube plugging distributions As noted above, S/G B has fewer
indications than the other §/Gs and 1s not a candidate for the limiting S/G for leakage
considerations The preli.ainary leak rate analyses showed that $/G D had the highest
projected EOC-5 SLB leak rate The leak rate for S/G A was about half of that for $/G D
and S/G C was oniy about one-third of the /G D leak rate  Thus $/G D is the himitng 8/G
for SLB leakage analyses and the results for this generator are given i Section 8.5) for the
reference EPRI methodology and in Section 8 5.2 for sensitivity to the alternate POL
correlations

851 Reference SLB Leakage Analyses (Log Logistc POL)

The projected EOC-5 SLB leak rate for the limiting $/G D, as obtained with the reference
EPRI correlations of Section 6, 1s 3.1 gpm. This leak rate is less than the allowable SLB leak
of 9.1 gpm developed in Section 4 8 and thus is acceptable for the Braidwood-1 IPC
applicanon  Table 8-1 provides details of the leak rate calculation The column titled N i



provides the projected EOC-5 voltage distribution including the POD = 06 adjustment The
P.i and Q. columns represent the POL and expected leak rate for each voltage bin  The
remaining columns provide data for the upper bound confidence of 95% applied to the leak
rate

Application of the POD adjustment to the EOC-4 voltage distribution leads to large voltage
indications postulated to have been missed in the inspection and left in service at BOC-5
With the 1.0 volt repair limit and only RPC NDD indications above 1 0 volt left in service,
the expected SLB leakage at BOC-5 would be about zero The influznce of the POD
adjustment on predicted leakage values can be estimated by calculating the leak rate for the
BOC-5 voltage distributon.  The resulting SLB leak rate for $/G D at BOC-5 1s | 7 gpm
compared to the expected near zero value The leak rate thus increases only from 17 gpm at
BOC 10 3.1 gpm at EOC  Thus growth to the EOC only increases the SLB leak rate by about
1.4 gpm which would be near the projected leak rate assuming a POD of about 1 0

852 SLB Leak Rate Sensinvity 1o POL Correlations

The NRC has requested that the projected EOC-5 SLB leak rate be provided for all six POL
correlations discussed in draft NUREG-1477 These results provide sensitivity estimates to
the form of the POL correlation As discussed 1n Section 6 4, the hinear and log Cauchy
distributions are not consistent with the pulled tube database for low voltage (< 2 0 volt)
probability of ieakage and are not recommended for consideration as acceptable POL
correlations The esumated BOC-5 and EOC-5 SLB leak rates for all six POL correlations
are given in Table 8-2  The results for the reference log logistic POL correlation have been
described above and are repeated in Table §-2

It 1s seen from Table B-2 that the SLB leak rates are essentially independent of the POL
correlation applied to obtain the leak rates The low leak rates for indications below

I to 2 volts tend to offset the effects of the differences in POL correlations As seen in
Table 8-1 for the column titied N 1*P1*Q 1, which gives the expected leak rate, the SLB Jeak
rates are dominated by EOC indications above about 3 volts even though only a small fraction
of the EOC indications are in this voltage range

B6  Assessments of SLB Burst Margins and Probability of Burst
861 Determimstc Burst Margin Assessments
Although the technical support for the Braidwood-1 IPC is based on tube burst for limited

TSP displacement, significant margins exist for free span burst considerations for voltage
growth in excess of 95% cumulative probability Limited TSP displacement considerations
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are necessary to accommodate only the largest few growth rates A deternunistic assessment
o!marginouinumdfruqmbumia.imiuhbla&-: For the largest RPC
confirmed indications of 1.0 volt left in service, the projected EOC-5 voltage at 95% growth
15 2.8 volts compared 1o the 4 54 volts structural limit for free span burst at | 43 x APy, As
shown in Table 8-3, a burst margin inucmofmvoltwmwmfotdnlmm
unconfirmed bobbin indication left in service. Even at 99% cumulative probability, the
voltage growth 1s bounded by 2 7 volts (S/Gs A, D - Table 7.6) and the structural hmit is
sausfied for the 1 0 volt RPC confirmed indications left in service  Thus the evaluation for
tube burst with limited TSP displacement 1s applied to accommodate only the largest 1% of
the voltage growth distnbution.

As shown in Section 4, Table 4 5.1, TSP displacements for an SLB at normal operating
conditions are small for most plates and bounded by a maximum TSP displacement of

045 inch Only about 40 TSP intersections at the tubelane comers of the 7th TSP are subject
to TSP displacements exceeding 035" As shown in Section 6, Figure 6-2, a throughwall
crack length of shuut 0.51 inch (lower tolerance limit material properties - LTL) corresponds
Vo & ours. capability of 143 x APy, = 3660 psi Thus, for an EIR at normal operating
conditions, the maximum exposed potential throughwall crack length of 0 45 inch 15 less than
the RG 1121 structural limit of 0.5 inch It 15 shown 1n Section 8 6 «' that this corresponds
10 an extremely low probability of burst 1t can also be noted from Figure 6-2, that the free
span throughwall crack length for burst at SLB conditions of 2560 psi 1. about 0 75 inch
Thus a free span throughwall crack the length of the TSP thickness 1s required for burst at
SLB conditons

The exposed crack lengths associated with the maximum TSP displacements exceed the R G
1121 structural bimit of 0 51 neh only for a small number of TSP intersections for the
conservative SLB at hot standby conditions The remainder of this secion emphasizes the
probability of a SLB tube burst at hot standby conditions resultng from a potentially large
indication at the TSP intersections where displacements are large

862 Method of Analysis for SLB Tube Burst Probability

Assessment of the tube burst probability at SLB conditions for imned TSP displacemont
requires an estimate of the probability of a large indication occuring at the corners of e TSP
where the TSP displacements are significant  Only plates 3 and 7 Fave significant TSP
displacements such that a burst assessment 15 appropriate.  Although the flow distribution
baffle (FDB, plate 1) has a few TSP intersections with significant displacements, no bobbin
indications have been found at the FDB  The FDB in the Model D4 $/Gs has large tube 1o
FDB gaps (nominally 100 mils diametral clearance toward the center of the plate ard 88 mils
with radialized holes for the outer region) Thus there 15 a significantly lower likel hood of



packed crevices with associated tube corrosion at the FDB intersections Since no
Braidwood-1 indications at the FDB have been found, the FDB is not included in the tube
burst assessment

The projected EOC-5 voltage distributions of Section 8 4 above are total indications
independent of TSP elevation and tube location The EOC-4 inspection results can be used to
develop the distribution of indications between TSP _levanons and the fraction of indications
occuring at tube locations where the TSP displacements are significant TSP displacements as
a function of tube location were developed from the analyses described in Section 4 and the
number of tube locations as a function of displacement are summarized in Table 4 § 3

Table 8-4 provides the inspection results for $/Gs A, C and D as a function of TSP elevation
and TSP displacement  S/G B 1s not included due 1o the smaller number of indications found
in this $/G The table includes the fracton, Fy, of indications found as a function of
displacement  Also given in the table are the number and fractions of indications for a
uniform distribution of all tube intersections Only 9 indications on plate 7 have been found
in all $/Gs at tube locations having displacements large enough (greater than about 0 6 inch)
to significantly influence the tube burst probability The largest bobbin voltage for any of
these 9 indications was | 24 volts and the largest indication found anywhere on plate 7 was
2.74 volts  These indications would have a high burst pressure even as free span indications
Thus, the inspection results indicate a low frequency of indications and low voltages at tube
locations subject to significant SLB TSP displacements

The data of Table 8-4 can be used to define bounding distnbutions for indications as a
function of TSP elevatuon and displacement The highest fracton of indications at TSPs 3
and 7 were 67% at TSP 3 in $/G C and 13% at TSP 7 in 8/G A These values are used for
the fraction of total indications at these TSP elevations The bounding distribution for the
fraction of indications on the TSP as a funcuon of TSP displacement 1s obtained as the larger
found by inspection or the uniform distribution. The resulting bounding distributions for
plates 3 and 7 are given in Table 8-4 Also given 1s the weighted sum for the fraction of TSP
indications as a function of displacement Ths is obtained as the sum of the individual plate
fractions multiplied by the fraction of indications for the TSP elevaton This weighted sum
of the bounding distributions 1s applied in the tube burst probability analyses as described
below

The number of indications as a function of TSP displacement can be obtained as the product
of the total number of indications times the bounding fractional distribution of Table §-4
This product can be obtained as a function of bobbin voltage by applying the number of
indications in each voltage bin The voltage bins and the number of EOC-$ indications in
each voltage bin are shown in Figure 8-2 and Table 8-1 for S/G D, the most imiung $/G
Conservatively assuming that the TSP displacements expose throughwall cracks. the



probability of tube burst as a function of exposed crack length is given by the upper curve in
Figure 6-3. The probability of tube burst (PRB) can then be obtained as

PRB =Y PRB,=Y" NV, (().67 Y FoPRB,+0.13Y F) PRB/,)]
[ i J J

PRB=Y" NV, ¥ (0.67 Fg,’ . o.xsr,;fr PRB,,
i J ’

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

= Fraction of indications at plates 3 and 7 having TSP displacement in bin |

The smaller burst probability of either:

PRB(V) Probability of burst for a Jree span indication of voltage V
* FRB(D) = Prob. of burst for throughwall crack length equal to TSP d:sp D

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

The term in parentheses in Equation 2 is the weighted sum for the bounding distrib

ution given
in Table 8-4

Equation 2 15 applied in Section 8.6 5 to estimate the burst probability at EOC-§




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

The burst probability for $/G D at EOC-4 with limited TSP displacement can be obtained
directly fiom the indications found and the TSP displacement at each specific indication
This application demonstrates the general methodology for the ir..cea TSP displacement,
burst probabilities without the need for distributing the indications as described 1n

Section 862 above Table 8- identifies the indications found in the inspection for the larger
voltage indications and for indications at locations having the largest TSP displacements in
the hot standby SLB event. Thcbobﬁnwlnpnd&ummwmmﬁepm
voltage level are provided for each indication Also given in the table are the local TSP
displacement and the burst probab:lity for a throughwall crack length equal to the TSP
displacement (conservatively assumed exposed throughwall crack length) The applicable
SLB burst probab.lity column shows the lower of the free span or throughwall burst
probability for eaun indicaton. The lower of the two burst probabilities 1s the appropriate
value since the imitea TSP displacement can reduce the free span burst probability but the
free span probability ca not be exceeded The throughwa!l burst probability can exceed the
free span value only because it 1s conservauvely calculated for a throughwall crack while the
free span value, based on bobbin voltage, 1s more realistically based on the actual crack
morphology as reflected in the voltage amplitude

For the §/G D indications given in Table 8-5, the total burst probability calculated assuming
froe span (very large SLB TSP displacements) conditions 1s 3 7 x 107 Accounting for the
limited SLB TSP displacements at the locations of the indications, the total burst probability
15 1.7 x 10° Thus the limited TSP displacements reduce the burst probability by three orders
of magnitude It can be noted that none of the high voltage indications occurred at locations
of high TSP displacement and the TSP constraint reduces the burst probability for these high
voltage indications to approximately zero Only the small voltage indications found at the
comers of plate 7, where SLB displacements are significant, contribute to the burst
probability

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

864 Conservative Burst Probability for SLB at Normal Operating Conditions

For a SLB at normal operating conditions, it 1s shown in Section 4, Table 4 51 that TSP
displacements are small and significantly less than that for an SLB at hot standby conditions
The makimum TSP displacement occurs for plaze J and 1s limited to 0 438 inch The
maximum displacements for all other plates are < 0.2 inch  An extremely conservative or
bounding burst probability for this event can be obtained by assuming that the SLB
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intersection on all seven hot leg TSPs above the FDB. The FDR is excluded from the
Mm.-noMmhmhnbuduﬁhﬂmudﬂu!mmhnﬁ?npum
FDB would require suppiemental burst tests to determine the influence of the FDB constraint
on the busst pressure The throughwall crack assumption 1s approximately equivalent to
mn;ﬂmnhmuhwﬂlmmwmmﬁiehmilmmtumhmmmr
intersection

Table 8-6 summarizes the bounding analysis for the burst probability resulting from an SLB
at normal operating conditions The maximum TSP displacement column represents the
maximum displacement at any location on the plate except for plate 7 which is divided into
three displacement magnitudes to permit separation of the number of TSP intersections subject
to the larger TSP displacements The number and maximum voltages for EOC-4 indications
found at each plate are given in the table for general informanon  The number of tubes
column represents the number of TSP intersections with the maximum displacement of
column 2. The exposed length burst probability is that associated with a throughwall crack
length equal to the maximum TSP displacement  The last column provides the burst
probability obtaned by multiplying the exposed length probability by the number of tubes

The total /G burst probability for this conservative assumption of throughwall indications at
each hot leg TSP intersection 1s < § x 107 This very low probability bounds all realistic
potential indications at the TSP intersections and demonstrates the effectiveness of modest
TSP displacements under the SLB at normal operating conditions. As noted in Section 8 6
below, normal operating conditions dominate the operating time and the highest frequency for
an SLB event occurs at power cond - ns where the SLB loads on the TSPs and associated
dnspluama_m are lower than for & LB at hot standby conditions

865 Burst Probability for a SLB at Hot Standby Conditions

For Cycle 5 SLB leakage and bu st considerations, /G D is the most hmiting and the
projected EOC-5 voltage distriby aon is g'ven in Figure 8-2  The tube burst probability for
S$/G D at EOC-5, assuming an SLB at hot standby conditions, is evaluated in this section
The methodology of Equatcn 82 given in Section 8 6.2 is applied for this assessment The
total EOC-5 voltage distribuion of Figure 8-2 1s distnbuted as a function of TSP
displacement using the weighted sum of the bounding distibution of Table §-4 Free span
burst probabilities as a function of voltage are developed from the burst pressure versus
bobbin voltage correlation of Section 6 ] and burst probabilites for exposed throughwall
cracks are given in Figure 6-3 \

The results of the burst probability analysis are summarized in Table 8.7 For each voltage
bin of the projected EQC-S voltage distribution (including POD = 0 6 adjustment), the number
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of indications, free span burst probability, the distribution of indications and throughwall burst
probability as a function of the SLB TSP displacement are given in Table 8-7 By applying
quonz.meuapwhbihtyofbumfotuehvoluplmlinobuinodnmmmmelm
column of the table The total limited TSP displacement burst probability 1s obtained as 8 =
10* The influence of the limited TSP displacement can be seen by companson with the
esumated free span burst probability (column 3) of 9 x 107 The latter free span result is
dominated by the large projected EOC-$ voltage indications up to 11.2 volts which are
traceable to applying the POD adjustment to all indications found in the last imspection prior
to reducing the population for tubes repaired at EOC-4

The estimated SLB tube burst probability of 8 x 10 is significantly less than the acceptance
guideline for IPC applications of 2.5 » 107, which was found acceptable in NUREG-0844
The normal operating and hot standby burst probabilities can be combined by weighting the
separate burst probabilities by the fraction of operating time in each operating condition
Applying the Section 4 6 Braidwood | fractions of 0 962 for normal operation and 0 038 for
hot standby, the combined burst probability 1s 3.1 » 10

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

In Section 4 6, Bradwood-1 frequencies of occurrence were developed for an SLB at both
normal operating and hot standby (Mode 3) conditions The trequencies are summanzed in
Figure 8-5  The frequency for rn SLB event at hot standby conditions is a factor of 25 lower
than at operating conditicas and 1s only about 68 x 10° per year Figure 8-5 includes the
conditional probability of a tube rupture at normal operating and hot standby conditions as
developed in Sections 86 4 and 86 5, respectively The SLB event frequencies and
conditonal tube rupture probabilities are combined in Figure 8-5 to obtain a frequency of
about 55 x 10" per year for a Braidwood-1 SLB event with a subsequent tube rupture This
very low frequency has negligible influence on the core damage frequency and supports full
cycle operation at Braidwood- | following implementation of the IPC for Cycle §

B7 Summary of Results

An IPC wath a 1 0 bobbin voltage repair limit has been implementcd for Braidwood-1 Cycle $
operation Inspection requirements typical of [PC practice, such as the guidehnes of the
Catawba-1 NRC SER, were applied at the Cycle 4 refueling outag.* to support implementation
of the [PC  An operanng leakage limit of 150 8pd 1s being applied for Cycle § operation
The results of the Braidwood-1 IPC assessment can be summarized as follows

* The projected EOC-5 SLB leakage 15 3 | gpm which 1s less than the allowable limit of 9 )

gpm for Braxdwood-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
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found to be essentally independent of the correlation apphied in the analysis The SLB
leak rates were obtained by applying the leak rate versus voltage correlation based un the
EPRI database and outlier evaluation consistent wath the NRC guidance of the February B,
1994 NRC/industry meeting on resolution of draft NUREG-1477 commenis

The tube burst probabilities estimated at EOC-$ are 5 x 10 for a SLB at normal
operanng conditions and 8 x 10™ for a SLB at hot standby conditions The combined
probability of burst during a postulated SLB is then 3 1 x 10° These burst probabilities
are significantly lower than the IPC acceptance guideline of 2.5 x 107 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§ x 10 per year The tube burst analyses
are developed based on limited TSP displacements predicted during an SLB event for the
Braidwood-1 S$/Gs even when applying very conservative load conditions for the hot
standby SLB

Deterministic tube burst analyses show that the projected FO( voltage, with voltage
growth rates up to 99% cumulative probability on the Cycle 4 measured growth
distribution, 1s less than the R G 1.12] structural limit of 4 54 volts for a | 43 x AP, ,
burst margin

The modest EOC-5 SLB leakuge and low tube burst probabilities strongly support full
cycle operation for Cycle 5 at Braidwood-1 following implementation of the 1 0 volt IP(C
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Table 8-2. Summary of Cycle 5 SLB Leak Rate Analyses for S/G D

Methed of Analysis BOC EOC
EPRI SLB Leak Rate versus Voltage Correlation

*« POD=06

* Leak rates based on EPRI voltage
correlation

« POL Correlation

Reference SLB Leak Rate

- Log logistic POL 1.7 )
SLB Leak Rate Sensitivity to POL Correlation

- Log normal POL 1.71 5

___-_.log Cauchy POL 169 31

- Logistic POL 173 31

- Normal POL 1.73 32

- Cauchy POL 1.70 31




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

Parameter S/IG A S/IGB S$/G C S$/GD
RPC Confirmed Indications Left in Service
Largest bobbin voltage 1.00 100 100 100
NDE uncertainty at 95% 020 020 020 020
confidence
* 20% of bobbin voltage
Voltage growth at 95% 1 40 050 1. 400 1.00
cumulatve probability
Projected EOC-$ Voltage 260 1.7 260 2.20
Allowable EOC Voltage at 4 .54 volt
i 43xAP,, .
Largest Bobbin Voltage, RPC NDD Left in Service
Largest bobbin voltage 148 203 1.55 18
NDE uncertainty at 95% 030 04] 031 036
confidence
* 20% of bobbin voltage
Voltage growth at 95% 140 0.50 140" 1.00
cumulative  probability
Projected EOC-$ Voltage 318 249 326 116
Allowable EOC Voltage at 454

1 43xAP, ,

Notes 1 Growth rate for $/G A conservatively apphed to S/G C
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wa.mb-mn:mmmmulocq
Tube/l.ocation Fmiﬂ.’_ﬂ Limited TSP Disp Burst (1) Applicable SLB
Row | Col | TSP | Vols | Burst Prov | Local TSP Diwp | TW Burst Prop | 2o Prob @)
” 34 5 10 44 210EQ2 <012 < | OE-12 ~-00
b3 ] 12 3 882 1..E-02 <035 < | OE-1) -0.0
e,
12 9 3l 502 1.5E0 <035 < | 0E-11 ~00
11 9 3 428 8 OE-04 <035 < | 0E-11 ~00
19 7 3 395 STEO4 <0135 < | 0E-11 -00
kR ) 20 k] iR 5.0E-04 <035 < | OE-11 -00
35 29 3 162 I 9E-04 <035 < | 0E-11 =00
1 12 3 321 23E-04 <0135 < | 0E-11 -00
16 Q2 3 312 2 0E-04 <038 < | 0E-11 ~00
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43 6 3 260 8 8E-05 <035 < | 0E-11 ~00
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(conunued on next page)
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Table 8.5
Braidweod-1,8G D . Mﬂumul Burst Probability at EOC4
m_;r
Tube/Location

Free Span Burst Limited TSP MNsp Burst (1) Apphicable SLB
Burst Preb (2)
Row Col. TSP Volts Burst Prob Local TSP Disp TW Burst Prob
? 105 7 0.59 22E407 0456 27E0 22E07
13 110 7 o288 1.3E06 0417 8 0E-09 8.0E-09
Towl B bily 317802 | TE-05
ol Burst Probability
Notes

| Analysis conservatively assumes the TSP

displacement

displacement exposes o throughwall crack length equal to the
2 The spplicable burst probability 1s the lower of the frae span or TW burst probabil:tes
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Table 8-6 Bounding SLB Burst Probability at Normal Operating Conditions
EOC-4 Bounding SLB Burst Probability
Indicanons
Maximum
TSP Max Exposed
TSP | Displacement | noy | yous Length | Burst Prob. for
(inch) No Ind | at | Number | Burst Ind at All
at TSP [ Tsp Tubes Prob @ HL Imt™
A [
inc
5/F
3
8/L
9M
10N
mwp
Total Burst <5 x 107
Probability
Notes | Maximum nuiber of indications in any S/G at the noted /'SP
2 Burst probability for a throughwall crack length equal to the
maximum TSP displacement of column 2
3. Burst probabitity assuming all hot leg TSP intersections have a
throughwal! crack length at maximum TSP displacement
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Braldweed-1 SC D: FOC-S Buent Mt::l:’!u, SLB with Limited TSP Displacement
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Figure 8-1. Leak Rate Under Normal Operating Conditions
versus Crack Length for 3/4 Inch Tubing
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Figure 8-2: Braidwood 1, SG "D" BOC & FOC 5 Indications
BOC Indications Adjusted for PoD = 0.6
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Figure 8-3: Braidwood 1, SG "A" BOC & EOC 5 Indications
BOC indications (Preliminary) Adjusted for PoD = 0.6
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Figure 8-4: Braidwood 1, SG "C" BOC & EOC § Indications
BOC Indications (Preliminary) Adjusted for PoD = 0.6
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Figure 8-5. Estimated Braidwood-1 EOC
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