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Supplemental Response to Request for Additional Information for Byron Station
Relief Request 14R-10: Proposed Alternative Requirements for the Repair and
Examination of Reactor Vessel Head Penetrations for the Fourth Inservice
Inspection Interval

(1) Letter from Jacob Zimmerman, (U. S. NRC) to M. J. Pacilio, (EGC),
"Braidwood Station, Units 1 and 2 and Byron Station, Unit Nos. 1 and 2
Relief Requests 13R-09 and 13R-20 Regarding Alternative
Requirements for Repair of Reactor Vessel Head Penetrations
(TAC Nos. MEB071, MEB073, and ME6074)," dated March 29, 2012
(ML120790647)

(2) Letter from David M. Gullott, (EGC) to U.S. NRC, "Revision to the Third
10-Year Inservice Inspection Interval Requests for Relief for Alternative
Requirements for the Repair of Reactor Vessel Head Penetrations,"
dated September 8, 2014 (ML14251A536)

(3) Letter from Justin C. Poole, (U.S. NRC) to Bryan C. Hanson (EGC),
"Byron Station, Units Nos. 1 and 2, and Braidwood Station,
Units 1 and 2 — Relief from the Requirements of the ASME Code," dated
January 21, 2016 (ML16007A185)

(4) Letter from David M. Gullott, (EGC) to U.S. NRC, "Relief Request for
Alternative Requirements for the Repair and Examination of Reactor
Vessel Head Penetrations for the Fourth Inservice Inspection Interval,"
dated August 16, 2016 (ML16229A250)
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(5) Email from Joel Wiebe, (U.S. NRC) to Jessica Krejcie (EGC),
"Preliminary Request for Additional Information (RAIl) Regarding Relief
Request 14R-10," dated December 8, 2016 (ML16343A252)

(6) Letter from David M. Gullott, (EGC) to U.S. NRC, "Response to Request
for Additional Information for Byron Station Relief Request 14R-10:
Proposed Alternative Requirements for the Repair and Examination of
Reactor Vessel Head Penetrations for the Fourth Inservice Inspection
Interval," dated December 29, 2016 (ML17003A274)

In Reference 1, the U. S. Nuclear Regulatory Commission (NRC) provided their authorization to
implement Relief Requests I3R-09 and I3R-20, Revision 1 as a repair method for degradation
identified in reactor vessel head penetrations. In Reference 2, Exelon Generation Company, LLC
(EGC) submitted a relief request that was applicable to the third 10-Year Inservice Inspection (ISI)
interval and requested inspection frequency relief for the reactor vessel head penetrations repair
weld surface examinations (i.e., dye penetrant (PT)) for Braidwood Station, Units 1 and 2 and Byron
Station, Units 1 and 2. In Reference 3, the NRC approved the request for the third ISI interval for
Braidwood Station and Byron Station.

In Reference 4, EGC submitted a relief request similar to the relief request that was approved in
Reference 3. In Reference 5, the NRC requested additional information related to their review of
Reference 4. EGC submitted a response to the Reference 5 request in Reference 6. The
Reference 6 response was discussed during clarification teleconferences with the NRC on
January 10, 2017 and January 13, 2017. During these clarification teleconferences it became
evident that additional information was needed to supplement the Reference 6 response.

Specifically, the Reference 4 request includes a reference to Westinghouse Electric Company LLC
(Westinghouse) WCAP-16401-P, Revision 0, "Technical Basis for Repair Options for Reactor
Vessel Head Penetration Nozzles and Attachment Welds: Byron and Braidwood Units 1 and 2,"
dated March 2005. Section 3.3.2 of WCAP-16401 Revision 0 concludes that based on fatigue
crack growth rate analytical results, the attachment weld region into the vessel head has at least 10
years of service life. Based on the table included in Reference 6 (page 3 of the cover letter) that
noted the dates when flaws at Byron Station were repaired, it is evident that certain flaws will
exceed the 10 years of service life during the Byron Station 4" IS| interval. Therefore,
Westinghouse reevaluated the service life identified in section 3.3.2 of WCAP-16401 Revision 0.

Westinghouse reevaluated the service life using more realistic inputs. Specifically, the normal
operating pressure was utilized instead of the design pressure and the flaw size aspect ratio was
revised. This resulted in at least 40 years of service life for a hypothetical flaw that would
encompass the entire attachment weld region. Based on the flaw sizes at Byron Station, the
penetration nozzle attachment welds have at least a 40-year service life.

Note, Section 2 of WCAP-16401 which analyzes the service life of the weld repair penetration
nozzle was not revised. Section 2.4 concludes that the penetration nozzle has at least a 20 year
service life. Based on the table in Reference 6, all repaired nozzles have a service life that extends
past the 4™ IS| program interval which ends on July 15, 2025.
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This response, including the attached revised relief request, supersedes the service life prediction
in Reference 6 for the attachment weld region. The following attachments are included as part of
this supplemental response:

1. WCAP-16401-P Revision 1, "Technical Basis for Repair Options for Reactor Vessel Head
Penetration Nozzles and Attachment Welds: Byron and Braidwood Units 1 and 2"
(Proprietary), January 2017

2. WCAP-16401-NP, Revision 1, "Technical Basis for Repair Options for Reactor Vessel Head
Penetration Nozzles and Attachment Welds: Byron and Braidwood Units 1 and 2"
(Non-Proprietary), January 2017

3. Application for Withholding Proprietary Information from Public Disclosure (for Attachment 1)

4. 10 CFR 50.55a Relief Request 14R-10, Revision 2, Alternative Requirements for the Repair
of Reactor Vessel Head Penetrations In Accordance with 10 CFR 50.55a(z)(1)

Also enclosed (as part of Attachment 3) are the Westinghouse Application for Withholding
Proprietary Information from Public Disclosure CAW-17-4539, accompanying Affidavit, Proprietary
Information Notice, and Copyright Notice.

As Attachment 1 contains information proprietary to Westinghouse, it is supported by an Affidavit
signed by Westinghouse, the owner of the information. The Affidavit sets forth the basis on which
the information may be withheld from public disclosure by the NRC and addresses with specificity
the considerations listed in paragraph (b)( 4) of Section 2.390 of the NRC's regulations.
Accordingly, it is respectfully requested that the information which is proprietary to Westinghouse be
withheld from public disclosure in accordance with 10 CFR Section 2.390 of the NRC's

regulations.

The fourth interval of the Byron ISI Program began on July 16, 2016 and is scheduled to end on
July 15, 2025. The attached relief request addresses potential repairs and inspections that would
be performed during a refueling outage within the fourth interval and therefore, EGC requests
approval of the proposed relief request by February 20, 2017, prior to the beginning of the Byron
Station Unit 1 refueling outage in Spring 2017 (B1R21).



Proprietary information contained in Attachment 1
Withhold from public disclosure under 10 CFR 2.390
When separated, the cover letter and Attachments 2, 3 and 4 are Non-Proprietary

February 13, 2017
U.S. Nuclear Regulatory Commission
Page 4

There are no regulatory commitments contained in this letter.

If you have any questions regarding this matter, please contact Jessica Krejcie at
(630) 657-2816.

Respectfully,

7:;/ L

David M. Gullott
Manager - Licensing
Exelon Generation Company, LLC

cc: Regional Administrator- NRC Region Il
NRC Senior Resident Inspector-Byron Station
NRC Project Manager, NRR — Braidwood and Byron Station
lllinois Emergency Management Agency — Division of Nuclear Safety
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FOREWORD

This document contains Westinghouse Electric Company LLC proprictary information and data which
has been identified by brackets. Coding “““ associated with the brackets sets forth the basis on which the
information is considered proprictary. These codes are listed with their meanings in WCAP-7211
Revision 8 (September 2015), “Proprictary Information and Intellectual Property Management Policies
and Procedures.”

The proprietary information and data contained within the brackets in this report were obtained at
considerable Westinghouse expense and its release could seriously affect our competitive position. This
information is to be withheld from public disclosure in accordance with the Rules of Practice
10CFR2.390 and the information presented herein is safeguarded in accordance with 10CFR2.903.
Withholding of this information does not adversely affect the public interest.

This information has been provided for your internal use only and should not be released to persons or
organizations outside the Directorate of Regulation and the ACRS without the express written approval of
Westinghouse Electric Company LLC. Should it become necessary to release this information to such
persons as part of the review procedure, please contact Westinghouse Electric Company LLC, which will
make the necessary arrangements required to protect the Company's proprietary interests.

The proprictary information in the brackets has been deleted in this report. The deleted information is
provided in the proprictary version (WCAP-16401-P Rev. 1) of this report.

January 2017
WCAP-16401-NP Rev.1



WESTINGHOUSE NON-PROPRIETARY CLASS 3 \

1

3

N

(o)

TABLE OF CONTENTS

TP TR TR o cnc 56585660050 s e e S S R SRS PR SRS TSP SRS AR A 1-1
TECHNICAL BASIS FOR APPLICATION OF EMBEDDED FLAW REPAIR
METHOD TO HEAD PENETRATION NOZZLES ..o e 2-1
2.1 ACCEPLANCE CTHETIA cvovvivvesie et 2-1
2.1.1 Acceptance Criteria for Axial FIaws .....ccoooovviiviiiiiiiececeee e, 2-1
2.1.2 Acceptance Criteria for Circumferential Flaws........cococoeveveenennnee. 2-2
2.2 MEthOAOIOBY - evevi ettt 222
2.2.1 Geometry and Source 0f Data .........oceveveieiiiiieicieceec 2-3
222 Loading ConditionsS.........coeevveiereiiveeeeeiet e 2-3
2.2.3 Stress INtensity Factor . ...voveveieiee i 2-4
2.2.4 Allowable Flaw Size Determination .............ccocooveveeveeeveeeeeeen, 2-5
2.2.5 Fatigue Crack Growth Prediction............ccoceeveiveiiiieiiiiecee, 2-5
2.3 FRACTURE MECHANICS ANALYSIS RESULTS ..o, 2-6
2.3.1 Results for Allowable Flaw Sizes
(Without Fatigue Crack Growth Adjustment) ...........c.ccocoeveveeenn. 2-6
2.3.2 Results for Allowable Flaw Sizes
(With Fatigue Crack Growth Adjustment) ............ccooceeveveeiieiiennnn. 2-7
2.4 SUIMIMATY 1ottt ettt ete et e e e e ese s eeeeseeeeeeeeeeaeene 2-7
TECHNICAL BASIS FOR APPLICATION OF EMBEDDED FLLAW REPAIR METHOD
TO PENETRATION NOZZLE ATTACHMENT WELDS ..o 3-1
3.1 ACCEPLANCE CITECTIA ..vvivvveeeie ettt 3-1
3.1.1 Section XTI Appendix K ..o, 3-1
3.1.2 Primary Stress LIMItS ..o.vovoiiiiieiieceieccceecccee e 3-2
3.2 MEthOAOIOEY 1.t e 3-2
3.2.1 Geometry and Source of Data...........oooevevviiiiciieieieeeeeeeeeee 3-2
3.2.2 Loading ConditionS..........c..eveeeeveeeieerieeeteeveee e 3-3
3.2.3 Stress Intensity FACIOT cuvvivivivieeeieeceeeceevcceeeeeeeeee e, 3-3
3.2.4 Material PrOperties ....covuiiieviiiiiiecicceeeeeeeee e 34
3.2.5 Applied J-Integral.........ooveioieieeieieceeeeeee e 3-5
3.2.6 Fatigue Crack Growth Prediction...........cceveeeeeiiececeieeeeeee e 3-6
33 FRACTURE MECHANICS ANALYSIS RESULTS ....oovoviiiiieevee 3-7
3.3.1 Results for Applied J-Integral and Material J-R Curves ................. 3-7
3.3.2 Results for Fatigue Crack Growth into the Vessel Head................. 3-8
333 Results for Fatigue Crack Growth into the Repair Weld................. 3-8
3.4 SUIMIMATY ©enteiietiieetit ettt et e sttt s s e e eaeeaese e ee st esereeaeenenee 3-8
TECHNICAL BASIS FOR “AS-EXCAVATED” REPAIRS ......coooieveeeeeeeeeeeeeeeeeeeeeeeeen 4-1
4.1 INEPOAUCHION 1.ttt 4-1
4.2 Technical Approach and Acceptance Criteria.........coovveveeiieveeeeeeeeeeeeeeeen 4-1
4.3 Evaluation Results for the “As-Excavated” Repairs .......ocooveveveeivvevivviviiennnnn 4-2
4.4 SUMMIAEY vttt ettt ee 4-2
SUMMARY AND CONCLUSIONS ..ottt 5-1
REFERENCES ettt ettt ettt ettt et er e enee e 6-1

January 2017
WCAP-16401-NP Rev.1



WESTINGHOUSE NON-PROPRIETARY CLASS 3 Vi

Table 2-1
Table 3-1

Table 3-2
Table 4-1
Table 4-2

LIST OF TABLES

Summary of Reactor Vessel Transients for Byron and Braidwood Units T and 2 ........... 2-8
Geometry of Byron and Braidwood Units 1 and 2 Head Penetration

Attachment Welds (A1l dimensions in inChES) .o 3-9
Results of Applied J-integral and Material J-R Curve .....oocvvveeeieeniiiieeeeeeees 3-10
Key Dimensions of Head Penetration NOZzIEs ..oovviiiiiiiiiiiiiiiie e, 4-3
Results of Structural Qualification for "As-Excavated" Repairs

(Housing Penetration Wall Thickness Reduced t0 0.375 inch) .o.vevieieiiiiiciiiiieieeees 4-3

January 2017
WCAP-16401-NP Rev.1



WESTINGHOUSE NON-PROPRIETARY CLASS 3 Vil

Figure 2-1
Figure 2-2
Figure 2-3

Figure 2-4
Figure 2-5
Figure 2-6
Figure 2-7
Figure 2-8
Figure 2-9
Figure 2-10

Figure 3-1
Figure 3-2

Figure 3-3

Figure 3-4

LIST OF FIGURES

Geometry of a Typical Closure Head Penctration..........ocooooeoveeeeeeeeeeeeeceeeeeeeeeeeeeeeea 2-10
Analytical Stress Cuts Taken from the Finite Element Model......oovoovvevevvvieieeeeeen, 2-11
Allowable Axial Flaw Sizes In Pencetration Nozzle (Without Fatigue Crack Growth)

| R 2-12
Allowable Circumferential Flaw Sizes In Penetration Nozzle (Without Fatigue

Crack Growth) | [P e mmsamm s s 2-13
FFatigue Crack Growth Prediction for Repaired Axial Flaws in the

Penctration Nozzles (Uphill SIAC) .ocvvoviiviiieeiiece e 2-14
Fatigue Crack Growth Prediction for Repaired Axial Flaws in the

Penctration Nozzles (DOWNhill SIAE) ......ooviiiiiiiiieeeeeeeee e 2-15
Maximum Allowable Axial Flaw Sizes in the Repaired Penetration Nozzles for

20 Years SErvICE LLE cuovveieieiiiieeeeeeeeeee e s 2-16
Fatigue Crack Growth Prediction for Repaired Circumferential Flaws in the

Penetration Nozzles (Uphill SId€) ....veeovioioiiciiicece e 2-17
Fatigue Crack Growth Prediction for Repaired Circumferential Flaws in the

Pencetration Nozzles (DOWNIII STAC) ...vveivviiiiieieecieeeee e 2-18
Maximum Allowable Circumferential Flaw Sizes in the Repaired Penetration Nozzles

for 20 Years Service Lfe. ..ot 2-19

Geometry and Terminology as Applied in | 1 s mes s sovmns smovs 3-11
Comparison of the Slope of the Applied J-integral and Material J-R Curve

(Governing Transient: 1Loss 0f Load) ......oocoviiiiiiiiiiiieeceeceeeeeeee e 3-12
Fatigue Crack Growth Prediction in the Reactor Vessel Head with Maximum

Postulated Flaws in the Attachment Weld...........c.oocoooiiviiiiiiiiicccece e 3-13
Linearized Representation of Through-Wall Stress Distribution...........oe.eveeeeveeeeeeene.. 3-14

January 2017
WCAP-16401-NP Rev.1



WESTINGHOUSE NON-PROPRIETARY CLASS 3 1-1

1 INTRODUCTION

Leakage has been reported from the reactor vessel closure head penetration nozzles in a number of plants.
This has led to requests for inspection of these regions. Inspections of the leaking penetrations indicate
the presence of axial cracks that extend above and below the head penetration attachment welds.  The
cause of these axially oriented cracks has been determined to result from primary water stress corrosion
cracking (PWSCC) that are driven by both steady state operating and residual stress. The residual stress
is due to weld shrinkage and the offset geometry of the attachment weld that induces bending of the
penetration nozzle. The bending also contributed to the penetration nozzle being ovalized over the
attachment weld region.

As a part of the inspection and repair efforts associated with the head penetration inspection program for
Byron and Braidwood Units 1 and 2, engineering evaluations were performed to support the
Westinghouse embedded flaw repair method. |

lﬂ.C <

The methodology used is based on extensive analytical work completed to-date for the
Westinghouse Owners Group (WOG), and a large collection of test data obtained under the sponsorship
of Westinghouse, Babcock & Wilcox (B&W) and Combustion Engineering Owners groups (CEOG), as
well as the Electric Power Research Institute (EPRI). The technical basis of the embedded flaw repair
method is documented in WCAP-15987-P [1] and has been reviewed and accepted by the NRC. In the
NRC Safety Evaluation that was incorporated in WCAP-15987-P, the NRC staff concluded that, subject
to the specified conditions and limitations, the embedded flaw repair process described in WCAP-15987-
P provides an acceptable level of quality and safety. The staff also concluded that WCAP-15987-P is
acceptable for referencing in licensing applications.

Section XI of the ASME Code did not have a provision for welding over an existing flaw until the
1992 Edition. Those plants inspecting to an earlier edition of the Code would have to process relief
requests to use the embedded flaw repair method, or update to the 1992 Edition of the Code. The repair
and replacements rules of TWA-4000 in Section XI, starting with the 1992 Edition, allow weld repair over
an existing flaw, provided that the flaw can be shown to be acceptable to the analytical requirements of
Section XI. Engineering evaluations were performed and the results are presented in this report to
provide the maximum flaw sizes that would satisfy the requirements in Section XI of the ASME Code [2]
and be suitable to support the embedded flaw repair process.

Section XI repair rules allow the use of grinding to remove flaws, regardless of the edition of the Code.
The only requirement is to ensure that the excavated region still meets the stress limits of the original
construction code, which was Section III. Evaluations were performed and the results presented in this
report address the effects of the local structural discontinuities resulting from the grinding operations
performed to excavate flaws in the head penetration nozzles.

The purpose of this report is to provide plant-specific technical basis for the use of the embedded flaw
repair method and to confirm that Byron and Braidwood Units 1 and Unit 2 meet the criteria for
application of the embedded flaw repair process stated in Appendix C of WCAP-15987-P [1]. The results

Introduction January 2017
WCAP-16401-NP Rev.1
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presented in this report would enable the weld repair team to effectively determine the appropriate repair
method.

In this report, the technical basis and evaluation results to support the use of the embedded flaw repair
method for a flawed head penctration nozzle arc provided in Section 2. The technical basis and
evaluation results that support a similar application for a flawed head penetration attachment weld are
provided in Section 3. Results of the evaluation providing a basis for grinding operations to excavate
flaws in the head penctration nozzles are discussed in Section 4.

The purpose of Revision 1 of this WCAP report is to revise the technical basis to support the embedded
flaw repair method for the attachment weld provided in Section 3. The projected life of the repair has
been increased from 10 years to 40 years.

Introduction January 2017
WCAP-16401-NP Rev. 1
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2 TECHNICAL BASIS FOR APPLICATION OF EMBEDDED FLAW
REPAIR METHOD TO HEAD PENETRATION NOZZLES

This section provides a discussion on the technical basis for the use of embedded flaw repair method for a
flawed head penetration nozzle. |

IZI.C <
Flaw evaluations for postulated planar flaws with various flaw sizes and shapes in the head penetration
nozzles were performed. Based on the results of these evaluations, the largest flaw size that can be
repaired using the embedded flaw repair method is determined.

2.1 Acceptance Criteria
The evaluation procedures and acceptance criteria for indications in austenitic piping are contained in
paragraph IWB-3640 of ASME Section XI [2]. |

JiI_C,C

2.1.1 Acceptance Criteria for Axial Flaws

For axial flaws, the hoop stress at limit load, oy, is first determined by using the following expression:

o | (8]

(2-1)

i
and
L Eyrey
Sy = 2 (Average o1\
o, = PR/t  (Hoop Stress due to Pressure P)
4 = Total Flaw Length
a = Flaw Depth
R, = Mean Radius of Penetration Nozzle
t = Wall Thickness of Penetration Nozzle
Technical Basis for Application of Embedded Flaw Repair Method to Head Penetration Nozzles January 2017
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SF,, = Safety Factor for membrane stress
2.7 for Level A Service Loading
2.4 for Level B Service Loading
1.8 for Level C Service Loading
1.3 for Level D Service Loading

The limits of applicability of this equation are a/t < 0.735 and £ < fow

l"nll(\\\ = ] .58(1{,“1)0’5[(61' /Gh) : - ] I 02 (2'3)

This limit ensures that surface flaws would remain below the critical size based on the plastic collapse

condition if they should grow through the wall.
2.1.2  Acceptance Criteria for Circumferential Flaws
For circumferential flaws, the axial membrane stress is calculated from internal pressure and axial

components of other loads on the penetration nozzle. The axial primary membrane stress at limit load

under pure membrane loading, G . is calculated by using the following equations:

. ao, 2
o, =o [1- () -1 (2-4)
' Im T
and
Lo lfay .
= X —_— — e
0) 3105111[2(’ )sm ]
where:
0 = Half Flaw Angle
Gll + 6\
o, = —,)— (Average of Ultimate and Yield Strengths)

4

The allowable primary membrane stress, S,, is given by

where:
SFy = Safety Factor for membrane stress depends on Service Level, as defined in Section 2.1.1.
2.2 METHODOLOGY

The evaluation assumes that a flaw has been detected in a penetration nozzle and that the embedded flaw
repair method is used to seal the flaw from further exposure to the primary water environment. The

Technical Basis for Application of Embedded Flaw Repair Method to Head Penetration Nozzles January 2017
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cvaluation began with the determination of an allowable {law size based on the acceptance criteria
described in Section 2.1 for a flaw postulated in the penctration nozzle. |

liLLﬂL‘

2.2.1 Geometry and Source of Data

There are many head penetration nozzles in the reactor vessel upper head. The dimensions of the
penetration nozzles as well as the reactor vessel heads and the location of the nozzles are the same in all
the Byron and Braidwood Units. The outermost penetration nozzles (penctrations 74-78) were selected
for analysis because the stresses in the outermost penetration nozzles are in general more dominating. A
schematic of a closure head penetration nozzle for a typical Westinghouse design plant is shown in Figure
-1

o

The dimensions of all the penetration nozzles are identical, with a 4.00 inch Outside Diameter (OD) and a
wall thickness of 0.625 inches. The distributions of residual, transient thermal, and pressure stresses in
the vessel head penetration nozzle were obtained from detailed three-dimensional elastic-plastic finite
clement analyses [3] for Byron and Braidwood Units 1 and 2. The through-wall stress distributions from
the finite clement analyses were used to determine the fatigue crack growth and the resulting allowable
flaw size for the postulated flaw in the repaired penetration nozzles. |

"¢ The
finite element model with the selected stress cuts used in the evaluation is shown in Figure 2-2. The term
“stress cut” is defined as an imaginary line or plane over which stress distribution is evaluated. The
regions of the head penetration that have the highest stresses are the ones in the vicinity of the attachment
weld (Cuts 1 and 2 in Figure 2-2) which are the potential locations for crack initiation.

2.2.2 Loading Conditions

Thermal Transient Selection for Maximum Allowable Flaw Size Determination

The requirement for evaluating a flaw using the rules of Section XI is that the governing transients be
chosen from the normal/upset conditions as well as from the emergency/faulted conditions. This is
necessary because, as discussed in Section 2.1, different safety margins are used for the normal, upset,

emergency, and faulted conditions. A lower safety factor is used to reflect a lower probability of
occurrence for the emergency/faulted conditions.

]ﬂ,CJ-:

Thermal Transient Selection for Fatigue Crack Growth Prediction

[
1% The thermal transients that occur in the upper head region
Technical Basis for Application of Embedded Flaw Repair Method to Head Penetration Nozzles January 2017
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arc relatively mild, because most of the water in the head region has already passed through the core. The
flow in the upper head is low compared to other regions of the reactor vessel, which mutes the effects of
the operating thermal transients. The thermal transients that occur in Byron and Braidwood Units 1 and 2
are shown in Table 2-1. |

l?l.C.C

2.2.3 Stress Intensity Factor

One of the key elements in a fracture mechanics evaluation is the determination of the crack driving force
or stress intensity factor, K. This is based on the equations available in the literature.

Stress Intensity Factor for Surface Flaw
For a part-through wall flaw, the stress profile is approximated by a cubic polynomial as follows:

6(x)=Ag +AX +A,x° +Ax°

where:
X = The distance into the wall (inch)
9 = Stress perpendicular to the plane of the crack (ksi)
A = Coefficients of the cubic polynomial fit, i =0, 1, 2, 3
I
Technical Basis for Application of Embedded Flaw Repair Method to Head Penetration Nozzles January 2017
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2.2.4 Allowable Flaw Size Determination

Allowable flaw sizes for axial and circumferential flaws with various aspect ratios (flaw length/flaw
depth) in a penetration nozzle are calculated in accordance with the acceptance criteria discussed in
Section 2.1. The thermal transients that have the | |*“¢ were considered in determining the
allowable flaw sizes. It should be noted that these allowable flaw sizes must be adjusted to account for
fatigue crack growth. Since the repaired flaws are embedded and sealed, they are not subjected to
PWSCC and hence the only mechanism for sub-critical crack growth is fatigue. Adjustments to the
allowable flaw sizes are based on the results from the fatigue crack growth evaluation described in
Section 2.2.5.

2.2.5 Fatigue Crack Growth Prediction

The analysis procedure involves postulating various types of flaw in the penetration nozzle subject to a
series of design loads. The applied loads include pressure, thermal transients and residual stresses. The
governing thermal transients used for this evaluation are shown in Section 2.2.2. The cvcles are
distributed evenly over the entire plant design life. The stress intensity factor range, AK,, which controls
fatigue crack growth, depends on the geometry of the crack, its surrounding structure and the range of
applied stresses in the region of the postulated crack. Once AK| is calculated, the fatigue crack growth
due to a particular stress cycle can be determined using a crack growth rate reference curve applicable to
the material of the head penetration nozzle.

The fatigue crack growth rate (CGR) reference curve for nickel base alloys in air environment is based on
the results reported in [6] and is shown below.

d
d—:j = CS,AK" 2-7)
C=4835x10" +1.622x10 "°T-1.490x10 "T* +4.355x10 *'T° (2-8)

2.2

S, =[1-0.82R ]

n=4.1
where:
T = Average temperature of the transient (°C)
AK = Stress intensity factor range (MPa\/E )
R = Stress Ratio (Kpin/Kinax)
Technical Basis for Application of Embedded Flaw Repair Method to Head Penetration Nozzles January 2017
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da/dN = Fatigue crack growth rate (meters / cycle)

The crack growth rate reference curve in air used in determining the fatigue crack growth into the repair
weld Alloy 52 is not available. However, there are limited test data on Alloy 52 in PWR water
environment and, based on these data, the crack growth rates for Alloy 32 and Alloy 600 were concluded
to be the same in PWR water environment [6]. Therefore, the crack growth rate curve for Alloy 52 in air
is assumed to be the same as that for Alloy 600 in air.

Once the incremental crack growth corresponding to a specific transient for a small time period is
calculated, it is added to the original crack size, and the analysis continues to the next time period and/or
thermal transient. The procedure is repeated in this manner until all the significant analytical thermal
transients and cycles known to occur in a given period of operation have been analyzed.

2.3 FRACTURE MECHANICS ANALYSIS RESULTS

Axial and circumferential flaws found in a head penetration nozzle can be repaired using the embedded
flaw repair method. A range of potential flaw sizes and shapes was investigated to thoroughly evaluate
the use of embedded flaw repair.

2.3.1 Results for Allowable Flaw Sizes (Without Fatigue Crack Growth Adjustment)

Allowable Flaw Sizes for Axial Flaws

The allowable flaw sizes for a
maximum design pressure of 2.5 ksi can be obtained as shown in Figure 2-3 for postulated inside surface
axial flaws with various aspect ratios (flaw length/flaw depth). The allowable flaw sizes determined this
way for the inside surface axial flaws can also be [ 1= It
should be noted that the allowable flaw sizes determined from Figure 2-3 must be adjusted to account for
the fatigue crack growth of the repaired flaws, which are no longer subjected to stress corrosion cracking.
The amount of adjustments is described in Section 2.3.2.

In c.e

Allowable Flaw Sizes for Circumferential Flaws

1" The
allowable flaw sizes for a maximum design pressure of 2.5 ksi can be determined as shown in Figure 2-4
for postulated inside surface circumferential flaws with various aspect ratio (flaw length/flaw depth). The
allowable flaw sizes determined this way for the inside surface flaws can also be |
1%¢¢ It should be noted that the allowable flaw sizes determined from
Figure 2-4 must be adjusted to account for the fatigue crack growth of the repaired flaws, which are no
longer subjected to stress corrosion cracking. The amount of adjustments is described in Section 2.3.2.

Technical Basis for Application of Embedded Flaw Repair Method to Head Penetration Nozzles January 2017
WCAP-16401-NP Rev.1



9
1
~

WESTINGHOUSE NON-PROPRIETARY CLASS 3

2.3.2  Results for Allowable Flaw Sizes (With Fatigue Crack Growth Adjustment)

Fatigue crack growth (FCG) evaluation was performed to determine the potential crack growth for the
inside surface. outside surface, and embedded flaws in a repaired penetration nozzle. It was determined
that the FCG results for the outside surface flaws envelop those for the inside surface flaws and embedded
flaws of comparable flaw sizes. Therefore, the FCG results for outside surface flaws are conservatively
applied to the inside surface flaws as well as the embedded flaws.

Allowable Axial Flaw Sizes

Figures 2-5 and 2-6 show the fatigue crack growth prediction of the penetration nozzles for a range of
flaw depths at the uphill side and downhill side, respectively. It should be noted that the total flaw depth
is limited to 75% of the wall thickness in all cases except for the flaws with an aspect ratio (flaw
length/flaw depth) of 10. The allowable flaw depth for a flaw with an aspect ratio of 10 is slightly over
74% of the wall thickness as shown in Figure 2-3. The maximum allowable flaw sizes accounting for
fatigue crack growth in a repaired penetration nozzle can be determined from these figures by subtracting
the fatigue crack growth increments shown on Figures 2-3 and 2-6 from the ASME Code allowable flaw
sizes shown on Figure 2-3, for the desired period of service life. Figure 2-7 shows the maximum
allowable axial flaw sizes taking into account fatigue crack growth for a 20 year period of service life.

Allowable Circumferential Flaw Sizes

Figures 2-8 and 2-9 show the fatigue crack growth prediction of the penctration nozzles for a range of
flaw depths at the uphill side and downhill side, respectively. It should be noted that the total flaw depth
is limited to 75% of the wall thickness in all cases. The maximum allowable flaw sizes accounting for
fatigue crack growth in a repaired penetration nozzle can be determined from these figures by subtracting
the fatigue crack growth increments shown on Figures 2-8 and 2-9 from the ASME Code allowable flaw
sizes shown on Figure 2-4, for the desired period of service life. Figure 2-10 shows the maximum
allowable circumferential flaw sizes taking into account of fatigue crack growth for a 20 year period of
service life.

2.4 SUMMARY

Axial and circumferential flaws found on the inside surface or outside surface of a head penetration
nozzle can be repaired using the embedded {law repair method to seal it from the primary water
environment. The maximum allowable axial and circumferential flaw sizes detected in the penetration
nozzles that can be repaired using the embedded flaw repair method are shown in Figures 2-7 and 2-10
with the effects of fatigue crack growth included for a 20 year period of service life. For other periods of
service life, the maximum allowable flaw sizes can be determined directly from Figures 2-3, 2-6, 2-8 and
2-9.

Technical Basis for Application of Embedded Flaw Repair Method to Head Penetration Nozzles January 2017
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Table 2-1 (See also next page)

Summary of Reactor Vessel Transients for Byron and Braidwood Units 1 and 2 [7]

Normal Conditions Number of Occurrences
Plant Heatup And Cooldown 200 (each)
Plant Loading and Unloading at 15% of Full Power / Minute 13,200 (each)
Step Load Increase and Decrease of 10% of Full Power 2,000 (each)
Large Step Load Decrease with Steam Dump 200
Steady State Fluctuation mnfinite
Feedwater Cycling at Hot Shutdown 2,000
Loop Out of Service, Normal Loop Shutdown 80
Loop Out of Service, Normal Loop Startup 70
Unit Loading and Unloading between 0 and 15% Full Power 500 (each)
Boron Concentration Equalization 26,400
Refueling 80

Upset Conditions

Loss of Load 80
Loss of Power 40
Partial Loss of Flow 80
Reactor Trip From Full Power 400
Inadvertent RCS Depressurization 20
Inadvertent Startup of an Inactive Loop 10
Control Rod Drop 80
Inadvertent S.I. Actuation 60

Test Conditions

Turbine Roll Test 20
Primary Side Hydrostatic Test 10
Secondary Side Hydrostatic Test 10
Primary Side Leak Test 200
Secondary Side Lead Test 80
Tube Leakage Test 800

Emergency and Faulted Conditions

Small Loss-of-Coolant Accident (LOCA) 5
Small Steam Break 5
Technical Basis for Application of Embedded Flaw Repair Method to Head Penetration Nozzles January 2017
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Table 2-1 (Continued)

Summary of Reactor Vessel Transients for Byron and Braidwood Units 1 and 2 |7]

Emergency and Faulted Conditions (Continued)
Complete Loss of Flow 5
Reactor Coolant Pipe Break (Large LOCA) 1
Large Steam Line Break 1
Feedwater Line Break 1
Reactor Coolant Pump Locked Rotor 1
Control Rod Ejection 1

Technical Basis for Application of Embedded Flaw Repair Method to Head Penetration Nozzles
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Uphill

Side

Cladding
Downbhill
Side
J Weld
Head Penetration Nozzle
Figure 2-1 Geometry of a Typical Closure Head Penetration

Technical Basis for Application of Embedded Flaw Repair Method to Head Penetration Nozzles January 2017

WCAP-16401-NP Rev.1



WESTINGHOUSE NON-PROPRIETARY CLASS 3 2-11

I Cu2

Figure 2-2 Analytical Stress Cuts Taken from the Finite Element Model
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3 TECHNICAL BASIS FOR APPLICATION OF EMBEDDED FLAW
REPAIR METHOD TO PENETRATION NOZZLE ATTACHMENT
WELDS

This section provides a discussion on the technical basis for the use of embedded flaw repair method for a
flawed head penetration attachment weld. |

|1LC.C

A flaw evaluation was carried out by postulating a planar flaw of that size in the reactor vessel head.
Based on the results of the evaluation, the largest flaw size that can be repaired using the embedded flaw
repair method was determined.

3.1 Acceptance Criteria
3.1.1 Section XI Appendix K

The acceptance criteria and evaluation procedures used to demonstrate structural integrity of the reactor
vessel closure head is contained in Appendix K of ASME Code Section XI [2]. Although the original
purpose of Appendix K was to evaluate reactor vessels with low upper shelf fracture toughness, the
methods are equally applicable to any region of the reactor vessel where the fracture toughness can be
described with elastic plastic parameters. The head region of the reactor vessel is one of the hottest
portion of the reactor vessel where the typical steady state temperature is approximately 550-620 °F. This
ensures ductile behavior, and so the use of elastic-plastic methods is appropriate.

The approach to evaluating the integrity of a nuclear vessel has been developed over a ten-year period,
and has been illustrated with a number of example problems [8] to demonstrate its use. The extension of
this methodology to issues other than the low shelf fracture toughness issue is appropriate when service
conditions (temperature) ensure ductile behavior. The extension of the Elastic Plastic Fracture Mechanics
(EPFM) method to the reactor vessel head is appropriate, as discussed above.

The acceptance criteria are to be satisfied for cach category of transients, namely, Service Load Level A
(normal), Level B (upset), Level C (emergency) and Level D (faulted) conditions. The criteria are listed
below:

J< Ty,
a_da,
Oa da

Jr J-integral resistance to ductile tearing for the material

Technical Basis for Application of Embedded Flaw Repair Method to Penetration Nozzle
Attachment Welds January 2017
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J = Applied J-integral, with a safety factor of 1.15
oo = J-integral resistance at a ductile flaw extension of 0.1 inch
ol . . . . . .
i Partial derivative of the applied J-integral with respect to flaw depth. a
coa
dJ ”
—Rr = Slope of the J-R curve
da

3.1.2  Primary Stress Limits

In addition to satisfying the Section XI criteria, the primary stress limits of paragraph NB-3000 in Section
[1T of the ASME Code must be satisfied. The effects of a local area reduction that is equivalent to the area
of the postulated flaw in the vessel head attachment weld must be considered by increasing the membrane
stresses to reflect the reduced cross section. The allowable flaw depth was determined by evaluating the
primary stress of a spherical head with reduced wall thickness, using normal operating pressure of 2250
psia. The results show that the allowable flaw depth is bigger than all the attachment weld sizes.

5.2 METHODOLOGY

The evaluation assumed that a flaw has been detected in a penetration nozzle attachment weld and that the
embedded flaw repair method is used to seal the flaw from further exposure to the primary water
environment. The evaluation was performed to demonstrate that for a postulated flaw that encompassed
the entire attachment weld region in the vessel head near the penetration nozzle, the flaw is stable under
ductile crack growth based on the acceptance criteria described in Section 3.1. |

1*“¢ Therefore, fatigue crack
growth evaluations for the postulated flaw in the reactor vessel head and the repair weld were performed
to ensure structural integrity.

3.2.1 Geometry and Source of Data

There are many head penetrations in the reactor vessel upper head. and the highest stressed region of the
vessel head is chosen for analysis. The distribution of residual, transient thermal, and pressure stresses in
the closure head region is obtained from detailed three-dimensional elastic-plastic finite element analyses
of the head penetration nozzle region [3] for Byron and Braidwood Units 1 and 2. The outermost
penetration nozzle attachment weld regions were chosen for analysis because the stresses are in general
highest there. The through-wall stress distributions from the finite element analyses were used to
determine the fatigue crack growth and the resulting allowable flaw size for the postulated flaws in the
attachment weld regions of the vessel head. The stress cuts on the reactor vessel head were selected for
the analysis and the finite element model with the selected stress cuts is shown in Figure 2-2.

Technical Basis for Application of Embedded Flaw Repair Method to Penetration Nozzle
Attachment Welds January 2017
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3.2.2 Loading Conditions

Thermal Transient Selection for Maximum Allowable Flaw Size Determination

The requirement for an evaluation of a flaw using the rules of Section X1 is that the governing transients
be chosen for the normal/upset conditions as well as the emergency/faulted conditions. |

III.(‘ ¢

Thermal Transient Selection for Fatigue Crack Growth Prediction

|*““ The thermal transients that occur in the upper head region
are relatively mild because most of the water in the head region has already passed through the core
region. The flow in the upper head region is low compared to other regions of the reactor vessel, which
mutes the effects of the operating thermal transients. The thermal transients that occur in Byron and
Braidwood Units 1 and 2 are shown in Table 2-1. |

IZLC.C

3.2.3 Stress Intensity Factor

One of the key elements in a fracture mechanics evaluation is the determination of the crack driving force
or stress intensity factor (Kj). This is based on the information available in the literature.

The stress intensity factors for two corner flaws emanating from the edge of a hole in a plate was taken
from the data by | 1%¢¢ Use of this method requires that the stresses remote from
the hole be resolved into membrane and bending stress components. The stress intensity factor can be
expressed conservatively in terms of the membrane and bending stress components as follows:

This flexibility is necessary

]H.C,C

because this expression will be applied to a range of flaw shapes corresponding to different attachment

Technical Basis for Application of Embedded Flaw Repair Method to Penetration Nozzle
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weld shapes in Byron and Braidwood Units 1 and 2. The coefficients A and B can be found in [9] for
selected values of r/t, a/ and a/t, where “r” is the outside radius of the penetration nozzle and “t” is the
wall thickness of the reactor vessel head. Tor the /1, a/l and a/t values that arec not shown in [9]. the
coefficients A and B were determined using interpolation. Since the coefficients are provided for various
locations around the flaw front, |

III.L‘ ¢

The stress intensity factors for the resulting embedded flaws due to the embedded flaw repair method
were calculated based on the method given in Appendix A of Section X1. The sub-surface stress intensity
factor expression can be applied to a crack approaching the surface of a component as stated in the
technical basis [ 10]. The stress intensity factor can be expressed in terms of the equivalent membrane and
bending stress components as follows:

K, = (omMm +0th),/na/Q

where

G,..0, = Equivalent membrane and bending stresses, as defined in A-3200(a) of the Code
[2]. (See Figure 3-4)
M, .M, = Correction factors for the membrane and bending stresses. The equations for the
correction factors are listed in [10]
a = One-half the axis of elliptical flaw
Q = Flaw shape parameter as defined in [10]

3.2.4 Material Properties

One of the most important information on the toughness for pressure vessel and piping materials is the J-
R curve of the material, where J-R stands for material resistance to crack extension, as represented by the
measured J-integral value versus crack extension. Simply put, J-R curve to cracking resistance is as
significant as the stress-strain curve to load-carrying capacity and ductility of a material. Both J-R curve
and stress-strain curve are properties of a material.

Unfortunately, directly measured J-R curves are not generally available for a specific material of interest.
Fortunately, methods that can generate such information from available data such as material chemistry,
radiation exposure, temperature and Charpy V-notch energy, is now available [11]. The method provided
in [11] summarizes a large collection of public test data, and fitted into multivariable model based on
advanced pattern recognition technology. Separate analysis models and databases were developed for
different material groups, including reactor pressure vessel (RPV) welds, RPV base metals, piping welds,
piping base metals and a combined materials group.

The material resistance J-values. . are fitted into the following equation [11, 12]:
J... =(MF)C1(Aa)“* exp [C3(Aa)"]

where C1, C2, C3. and C4 are fitting constants, and Aa is crack extension
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MF is the Margin Factor from [12]:
MI'= 0.749 for Service Levels A, B and C
MI'= 1.0 for Service Level D

For the RPV base metal model, the constants C1, C2, C3, and C4 are taken from Table 11 of [11]. C1,
(€2, C3, and C4 arc complicated parameters as defined below:

InCl=a, +a,InCVNp+a,T+a,InB, +a, ¢t
C2=d,+d,InCl+d,InB,
C3=d,+d;InCl+d InB,

C4 =d,
where T = Temperature (°F),
B, = Section thickness (inches).
CVNp = Charpy impact energy (ft-1bs) = 114 f{t-1b from [13].
Pt = Fluence (x10" n/em’, E>1Mev).

ay, Az, a3, Ay, as, dy, da, d3, dy, s de, dy (briefly, a; and d;) are constants given in Table 11 of [11]:

al =-2.44
a2=1.13

a3 =-0.00277
a4 =0.0801

a3 =0.0
d1=10.0770
d2=0.116

d3 =-0.0412
d4 =-0.0812
d5 =-0.00920
d6 =-0.0295
d7 =-0.409

Neutron irradiation has been shown to produce embrittlement that reduces the toughness properties of
reactor vessel ferritic steel material. The irradiation levels are very low in the reactor vessel head region
and therefore the fracture toughness will not be measurably affected.

3.2.5 Applied J-Integral

For small scale yielding. Jypiea 0f a crack can be calculated by the Linear Elastic Fracture Mechanics
(LEFM) method. A plastic zone correction must be performed to account for the plastic deformation at
the crack tip. The plastic deformation ahead of the crack front is then regarded as a failed zone and the
crack size is, in effect, increased. The Kj-values can be converted to Juypiiea by the following equation:

K2

ep
J applied — E/
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where K., is the elastically caleulated Kj-value based on the plastic zone adjusted crack depth or size
~ \ 2\ o . \ N \ -
E" = E/(1-v") for plane strain, E' = E for plane stress, E = Young’s Modulus,

and v = Poisson’s Ratio.

The plastic zone size, 1, is calculated by

| ] L _Kl

P 6| S,
where Sy is the yield strength of the material.  Assume that the crack depth is a,. the K¢, can now be
calculated based on a new crack length, a, +r,. For small scale yielding, K, can be simplified as follows:

KUI, = f K[

a,t1
Where = |——
a

3.2.6 Fatigue Crack Growth Prediction

The analysis procedure involves postulating planar flaws that extend radially over the entire attachment
weld cross-section in the vessel head and are subjected to a series of design loads. The loading included
pressure, thermal transients, and residual stresses. The transients used for this evaluation are shown in
Section 3.2.2 and the cycles are distributed evenly over the plant design life. The stress intensity factor
range, AK,, which controls the fatigue crack growth, depends on the geometry of the crack, its
surrounding structure and the range of applied stresses in the region of the postulated crack. Once AK| is
calculated, the fatigue crack growth due to a particular stress cycle can be determined using a crack
growth rate reference curve applicable to the material where the crack is postulated.

The crack growth rate (CGR) curves used in the analyses for the postulated flaws in the reactor vessel
head are taken directly from Appendix A in the 2004 Edition of ASME Code Section XI for ferritic steels.
Since the flaw is sealed from the primary water environment, the crack growth rate reference curve for the
air environment is used. This curve is a function of the applied stress intensity factor range (AK;) and the
R ratio, which is the ratio of the minimum to maximum stress intensity factor during a thermal transient.
The crack growth equation is given below:

da 4
v 3.07
— = ( 7] (AK)
dN

where:

da P o e Fecdrcrd

— = C(rack growth rate, inches/cycle

dN

AK; = Stress intensity factor range, ksi+/in

= (K{mnx & KImin)
AKy = AK| threshold value, ksi+/in

= 50(1-80R)for0<R<1.0
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C, = 1.99x10"S
S = 25.72(2.88-R) * for0<R<1.0
R - K I min I max

The crack growth rate reference curve in air used in determining the fatigue crack growth into the repair
weld Alloy 52 is not available. However, there are limited test data on Alloy 52 in PWR water
environment and, based on these data, the crack growth rates for Alloy 52 and Alloy 600 were concluded
to be the same in PWR water environment [6]. Therefore, the crack growth rate curve for Alloy 52 in air
is assumed to be the same as that for Alloy 600 in air, which is shown in Equation 2-7 of Section 2.

Once the incremental crack growth corresponding to a specific transient for a small time period is
calculated, it is added to the original crack size and the analysis continues to the next time period and/or
thermal transient. The procedure is repeated in this manner until all the significant analytical thermal
transients and cycles known to occur in a given period of operation have been analyzed.

3.3 FRACTURE MECHANICS ANALYSIS RESULTS
3.3.1 Results for Applied J-Integral and Material J-R Curves

The actual geometry or weld shapes of Byron and Braidwood Units 1 and 2 head penetration attachment
welds [14] are shown in Table 3-1 and Figure 3-1, which forms the basis for the geometry of the
postulated flaws in the attachment weld region. The stress intensity factors were calculated for the worst
attachment weld shapes (lowest a/l ratio), which are the downhill side welds for the outermost penctration
No. 74-78. These attachment weld shapes with the lowest a// ratio were selected to bound all the other

penetration nozzle attachment weld shapes in both Byron and Braidwood Units 1 and 2.

The applied J-integral values for the worst attachment weld shapes were calculated based on the method
described in Section 3.2.5. The material J-R Curve was obtained as discussed in Section 3.2.4 by setting
the Margin Factor (MF) to 0.749. The applied J-integral values and the material J-R Curve were tabulated
in Table 3-2 and plotted in Figure 3-2. Using the acceptance criteria shown in Section 3.1, the structural
integrity of the reactor vessel head with a postulated flaw that encompassed the entire attachment weld
region can then be determined.

The key aspects of the structural integrity evaluation are the values of the applied J-integral versus that for
the reactor vessel head material and the slope of the J-applied curve versus the slope of the material J-R
curve. Figure 3-2 demonstrated the structural stability of a postulated flaw with the worst attachment
weld shape. In Figure 3-2, it can be seen that for a crack extension of 0.1 inch with an initial flaw depth
of 1.55 inch, the applied J-integral value is below that of the material J-R curve. In addition, the slope of
the material J-R curve exceeds that of the J-applied curve. Since the acceptance criteria in Section 3.1 is
met for the worst attachment weld shape, it can be concluded that structural stability is also demonstrated
for all postulated flaws with the attachment weld shapes tabulated in Table 3-1.
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3.3.2 Results for Fatigue Crack Growth into the Vessel Head

Fatigue crack growth was determined for postulated flaws in the reactor vessel head with attachment weld
shapes on the uphill and downhill sides of the penetration nozzles that envelop all the other attachment
weld shapes in both Byron and Braidwood Units 1 and 2. As shown in Figure 3-3, the predicted crack
growth for the uphill side is slightly higher than that for the downhill side, but in general, the fatigue
crack growth is quite small. Based on the fatigue crack growth results, stability of postulated {laws which
encompassed the entire attachment region can be shown stable for at least 40 years of service life.

3.3.3 Results for Fatigue Crack Growth into the Repair Weld

'IZLC.C

The fatigue
crack growth result indicates that the repaired weld can last at least 40 years of service life based on the
assumed initial flaw depth.

3.4 SUMMARY

The results of the evaluation have demonstrated that the embedded flaw repair method is a viable method
for repairing flaws found in the J-weld. The repair weld layer would last at least 40 years of service life
regardless of the size of the flaw found in the penetration nozzle attachment weld. In addition, structural
stability can also be demonstrated for at least 40 years of fatigue crack growth regardless of the size of the
flaw found in the penetration nozzle attachment weld.
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Table 3-1

Geometry of Byron and Braidwood Units 1 and 2
Head Penetration Attachment Welds (All dimensions in inches)

Uphill Downbhill
Pen. No. a o/ a W/

1 1.61 1.86 1.155 1.61 1.86 1.155
2-5 1.56 1.98 1.269 .73 1.75 1.012
6-9 1.56 2.03 1.301 1.81 1.70 0.939

10-13 1.56 2.05 1.314 1.85 1.68 0.908
14-17 1.58 2.11 1.335 1.98 1.62 0.818
18-21 1.59 2.13 1.340 2.02 1.61 0.797
22-29 1.59 2.15 1.352 2.07 1.59 0.768
30-37 1.62 221 1.364 2.22 1.55 0.698
38-41 1.66 2.26 1.361 2.40 1.50 0.625
42-49 1.67 2.28 1.365 2.46 1.49 0.606
50-53 1.69 2.30 1.361 2.53 1.47 0.581
54-61 1.72 2.34 1.360 2.68 1.44 0.537
62-65 1.80 2.44 1.356 3.45 1.65 0.478
66-73 1.83 2.46 1.344 3.60 1.63 0.453
74-78 1.89 2.54 1.344 4.11 1.55 0.377

Note : The values a (weld depth) and [ (weld length) are dimensions of the J-groove weld only and do not include

the dimenstons of the fillet weld
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Table 3-2  Results of Applied J-integral and Material J-R Curve

a (inch) Jina (Kip-in/in°) Jappliea (Kip-in/in-)
1.550 0.0000 1.2926
1.554 0.3061 1.2959
1.558 0.4933 1.2993
1.562 0.6252 1.3026
1.566 0.7281 1.3059
1.570 0.8131 1.3093
1.574 0.8857 1.3126
1.578 0.9492 1.3159
1.582 1.0058 1.3193
1.586 1.0569 1.3226
1.590 1.1036 1.3260
1.594 1.1465 1.3293
1.598 1.1863 1.3326
1.602 1.2234 1.3360
1.606 1.2581 1.3393
1.610 1.2909 1.3426
1.614 1.3218 1.3460
1.618 1.3511 1.3493
1.622 1.3790 1.3526
1.626 1.4057 1.3560
1.630 1.4311 1.3593
1.634 1.4555 1.3626
1.638 1.4789 1.3660
1.642 1.5014 1.3693
1.646 1.5231 1.3727
1.650 1.5440 1.3760
1.654 1.5642 1.3793
1.658 1.5837 1.3827
1.662 1.6027 1.3860
1.666 1.6210 1.3893
1.670 1.6388 1.3927
1.674 1.6561 1.3960
1.678 1.6730 1.3993
1.682 1.6894 1.4027
1.686 1.7053 1.4060
1.690 1.7209 1.4093
1.694 1.7361 1.4127
1.698 1.7509 1.4160
1.702 1.7653 1.4194
1.706 1.7795 1.4227

Note: Table 3-2 has been updated to revise the J-R calculation to improve accuracy; the requirements of
Section 3.1.1 are met.
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Figure 3-1  Geometry and Terminology as Applied in |
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Note: Figure 3-2 has been updated to revise the J-R calculation to improve accuracy; the requirements of

Section 3.1.1 are met.

Figure 3-2 Comparison of the Slope of the Applied J-integral and Material J-R Curve

(Governing Transient: Loss of Load)
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