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3.0 INTRODUCTION TO STAFF REVIEW OF AGING MANAGEMENT

The NRC project manager (PM) responsible for the safety review of the license renewal
application (LRA) is responsible for assigning to appropriate NRC Office of Nuclear Reactor
Regulation (NRR) divisions the review or audit of aging management reviews (AMRs) or aging
management programs (AMPs) identified in the applicant's LRA. The PM should document to
which organization each AMR or AMP is assigned. The assigned AMRs and AMPs should be
reviewed per the criteria described in Sections 3.1 through 3.6 of this standard review plan
(SRP-LR, NUREG-1800) for review of license renewal applications, as directed by the scope of
each of these sections.

The NRC divisions that are usually assigned responsibility for the review of AMRs and AMPs
are the Division of Engineering (DE), Division of System Safety Analysis (DSSA), and the
Division of Regulatory Improvement Program (DRIP) License Renewal and Environmental
Impacts Program (RLEP). Typically, the PM will assign DRIP/RLEP to review the AMRs and
AMPs that the LRA identifies as being consistent with the GALL Report or NRC-approved
precedents. As common exceptions to this assignment, the PM will assign to DE those AMRs
and AMPs that address issues identified as emerging technical issues. Usually, AMRs and
AMPs that are not in one of the aforementioned categories are assigned to DE.

Review of the AMPs requires assessment of ten program elements as defined in this SRP-LR.
The NRC divisions assigned the AMP should review the ten program elements to verify their
technical adequacy. For three of the ten program elements (corrective actions, confirmation
process, and administrative controls) the NRC division responsible for quality assurance should
verify that the applicant has documented a commitment in the FSAR Supplement to expand the
scope of its 10 CFR Part 50, Appendix B program to address the associated program elements
for each AMP. If the applicant chooses altemate means of addressing these three program
elements (e.g., use of a process other than the applicant’s 10°CFR Part 50, Appendix B
program), the NRC divisions assigned to review the AMP should request that the Division
responsible for quality assurance review the applicant’s proposal on a case-by-case basis.

3.0.1 Background on the Types of Reviews

10 CFR 54.21(a)(3) requires that the LRA must demonstrate, for systems, structures, and

_ components (SSCs) identified in the scope of license renewal and subject to an AMR pursuant

to 10 CRF 54.21(a)(1), that the effects of aging will be adequately managed so that the intended
function(s) will be maintained consistent with the current licensing basis (CLB) for the period of
extended operation. This AMR consists of |dent|fymg the material, enwronment aging effects,
and the AMP(s) credited for managing the aging effects

Sections 3.1 through 3.6 of this SRP-LR describe how the AMRs and AMPs are reviewed. One
method that the applicant may use to conduct its AMRSs is to satisfy the NUREG-1801 (GALL
Report) recommendations. The applicant may choose to use methodology other than that in the
GALL Report to demonstrate compliance with 10 CFR 54.21(a)(3).

As stated in the GALL Report:
The GALL Report is a technical basis document to the SRP-LR, which provides the staff
with guidance in reviewing a license renewal application. The GALL Report should be

treated in the same manner as an approved topical report that is generically applicable.
An applicant may reference the GALL Report in a license renewal application to
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demonstrate that the programs at the applicant’s facility correspond to those reviewed
and approved in the GALL Report and that no further staff review is required, as
described in the next paragraph. If the material presented in the GALL Report is
applicable to the applicant’s facility, the staff should find the applicant's reference to the
GALL Report acceptable. In making this determination, the staff should consider whether
the applicant has identified specific programs described and evaluated in the GALL
Report. The staff, however, should not conduct a re-review of the substance of the
matters described in the GALL Report. Rather, the staff should ensure that the applicant
verifies that the approvals set forth in the GALL Report for generic programs apply to the
applicant's programs. The focus of the staff review should be on augmented programs
for license renewal. The staff should also review information that is not addressed in the
GALL Report or is otherwise different from that in the GALL Report.

If an applicant takes credit for a program in the GALL Report, it is incumbent on the
applicant to ensure that the plant program contains all the elements of the referenced
GALL Report program. In addition, the conditions at the plant must be bounded by the
conditions for which the GALL Report program was evaluated. The above verifications
must be documented on-site in an auditable form. The applicant should include a
certification in the license renewal application that the verifications have been completed
and are documented on-site in an auditable form.

The GALL Report contains one acceptable way to manage aging effects for license
renewal. An applicant may propose alternatives for staff review in its plant-specific
license renewal application. Use of the GALL Report is not required, but its use should
facilitate both preparation of a license renewal application by an applicant and timely,
uniform review by the NRC staff.

In addition, the GALL Report does not address scoping of structures and components for
license renewal. Scoping is plant-specific, and the results depend on the plant design
and current licensing basis. The inclusion of a certain structure or component in the
GALL Report does not mean that this particular structure or component is within the
scope of license renewal for all plants. Conversely, the omission of a certain structure or
component in the GALL Report does not mean that this particular structure or
component is not within the scope of license renewal for any plants.

The GALL Report contains an evaluation of a large number of structures and
components that may be in the scope of a typical LRA. The evaluation results
-documented in the GALL Report indicate that many existing, typical generic aging
management programs are adequate to manage aging effects for particular structures or
components for license renewal without change. The GALL Report also contains
recommendations on specific areas for which generic existing programs should be
augmented (require further evaluation) for license renewal and documents the technical
basis for each such determination. In addition, the GALL Report identifies certain SSCs
that may or may not be subiject to particular aging effects, and for which industry groups
are developing generic aging management programs or investigating whether aging
management is warranted. To the extent the ultimate generic resolution of such an issue
will need NRC review and approval for plant-specific implementation, as indicated in a
plant-specific FSAR supplement, and reflected in the SER associated with a particular
LR application, an amendment pursuant to 10 CFR 50.90 wiil be necessary.
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In this SRP-LR, Subsection 3.X.2 (where X denotes number 1-6 ) presents the acceptance
criteria describing methods to determine whether the applicant has met the requirements of
NRC'’s regulations in 10 CFR 54.21. Subsection 3.X.3 presents the review procedures to be
followed. Some rows (line-items) in the AMR tables (in Chapters Il through VIl of the GALL
Report, Vol. Il) establish the need to perform “further evaluations.” The acceptance criteria for
satisfying these “further evaluations” are found in Subsections 3.X.2.2. The related review
procedures are provided in Subsections 3.X.3.2.

In Regulatory Guide 1.188, “Standard Format and Content for Applications to Renew Nuclear
Power Plant Operating Licenses, the NRC has endorsed an acceptable methodology for
applicants to structure license renewal applications. Using the guidance described in the
aforementioned Regulatory Guide, the applicant documents in the LRA whether its AMR line-
item is consistent or not consistent with the GALL Report,

A portion of the AMR includes the assessment of the AMPs in the GALL Report. The applicant
may choose to use an AMP that is consistent with the GALL Report AMP, or may choose a
plant-specific AMP.

If a GALL Report AMP is selected to manage aging, the applicant may take one or more
exceptions to specific GALL Report AMP program elements. However, any deviation or
exception to the GALL Report AMP should be described and justified. Exceptions are portions
of the GALL Report AMP that the applicant does not intend to implement.

In some cases, an applicant may choose an existing plant program that does not currently meet
all the program elements defined in the GALL Report AMP. [f this is the situation, the applicant
may make a commitment to augment the existing program to satisfy the GALL Report AMP
element prior to the period of extended operation. This commitment is an AMP enhancement.

Enhancements are revisions or additions to existing aging management programs that the
applicant commits to implement prior to the period of extended operation. Enhancements
include, but are not limited to, those activities needed to ensure consistency with the GALL
Report recommendations. Enhancements may expand, but not reduce, the scope of an AMP.

An audit and review is' conducted at the applicant's facility to evaluate those AMRs or AMPs that
the applicant claims to be consistent with the GALL Report. An audit also includes technical
assessments of exceptions or enhancements to the GALL Report AMP program elements.
Reviews are performed to address those AMRs or AMPs related to emergent issues, stated to
be not consistent with the GALL Report, or based on an NRC-approved precedent (e.g., AMRs
and AMPs addressed in an NRC SER of a previous LRA). As a result of the criteria established
in 10 CFR Part 54, and the guidance provided in SRP-LR, GALL Report, Regulatory Guide
1.188, and the applicant’'s exceptions and/or enhancements to a GALL Report AMP, the
following types of AMRs and AMPs should be audited or reviewed by the NRC staff.

AMRs |
¢  AMR results consistent with the GALL Report

¢ AMR results for which further evaluation is recommended by the GALL Report
* AMR results not consistent with or not addressed in the GALL Report

AMPs
¢ Consistent with GALL Report AMPs
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¢ Plant-specific AMPs

FSAR Supplement :
» Each LRA AMP will provide an FSAR Supplement which defines changes to the FSAR that
will be made as a condition of a renewed license. This FSAR Supplement defines the aging
- management programs the applicant is crediting to satisfy 10 CFR 54.21(a)(3).
* The FSAR Supplement should also contain a commitment to implement the LRA AMP
enhancement prior to the period of extended operation.

3.0.2 Applications with approvéd Extended Power Uprates

Extended power uprates (EPU) are licensing actions that some licensees have recently
requested the NRC staff to approve.. This can affect aging management. In a NRC staff letter to
the Advisory Committee on Reactor Safeguards, dated October 26, 2004, (ADAMS Accession
ML042790085), the NRC Executive Director for Operation states that, “All license renewal
applications with an approved EPU will be required to perform an operating experience review

and its impact on [aging] management programs for structures, and components before entering -

the period of extended operation.” One way for an applicant with an approved EPU to satisfy
this criterion is to document its commitment to perform an operating experience review and its.
impact on aging management programs for systems, structures, and components (SSCs)

. before entering the period of extended operation as part of its license renewal application. Such
licensee commitments should be documented in the NRC staff's SER written in support of
issuing a renewed license. The staff expects to impose a license condition on any renewed
license to ensure that the applicant will complete these activities no later than the committed
date. EPU impact on SSCs should be part of the license renewal review. If necessary, the PM
will assign a responsible group to address EPU.
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4.3 METAL FATIGUE ANALYSIS
Review Responsibilities

Primary - Branch responsible for the TLAA issues
Secondary - None

4.3.1 Areas of Review

A metal component subjected to cyclic loading at loads less than the static design load may fail
because of fatigue. Metal fatigue of components may have been evaluated based on an
assumed number of transients or cycles for the current operating term. The validity of such
metal fatigue analysis is reviewed for the period of extended operation.

The metal fatigue analysis review includes, as appropriate, a review of in service flaw growth
analyses, reactor vessel underclad cracking analysis, reactor vessel internals fatigue analysis,
postulated high energy line break, leak-before-break, RCP flywheel, and metal bellows.

4.3.1.1 Time-Limited Aging Analysis
Metal components may be designed or analyzed based on requirements in the American

Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code or the American
National Standards Institute (ANSI) guidance. These codes contain explicit metal fatigue or

cyclic considerations based on TLAAs.

4.3.1.1.1 ASME Section lll, Class 1

t
ASME Class 1 components, which include core support structures, are analyzed for metal
fatigue. ASME Section Ill (Ref. 1) requires a fatigue analysis for Class 1 components that
considers all transient loads based on the anticipated number of transients. A Section i Class 1
fatigue analysis requires the calculation of the “cumulative usage factor’ (CUF) based on the
fatigue properties of the materials and the expected fatigue service of the component. The
ASME Code limits the CUF to a value of less than or equal to one for acceptable fatigue design.
Tpe fatigue resistance of these components during the period of extended operation is an area
of review. ‘

4.3.1.1.2 ANSI B31.1

ANSI B31.1 (Ref. 2) applies only to piping. It does not call for an explicit fatigue analysis. It
specifies allowable stress levels based on the number of anticipated thermal cycles. The
specific allowable stress reductions due to thermal cycles are listed in Table 4.3-1. For example,
the allowable stress would be reduced by a factor of 1.0, i.e., no reduction, for piping that is not
expected to experience more than 7,000 thermal cycles during plant service, but would be
reduced to half of the maximum allowable static stress for 100,000 or more thermal cycles. The
fatigue resistance of these components during the period of extended operation is an area of
review.

4.3.1.1.3 Other Evaluations Based on CUF
The codes also contain metal fatigue analysis criteria based on a CUF calculation [the 1969
edition of ANSI B31.7 (Ref. 3) for Class 1 piping, ASME NC-3200 vessels, ASME NE-3200

September 2005 | . 4.31 NUREG-1800, Rev. 1



Class MC components, and metal bellows designed to ASME NC-3649.4(e)(3),
ND-3649.4(e)(3), or NE-3366.2(e)(3)]. For these components, the discussion relating to ASME
Section [ll, Class 1 in Subsection 4.3.1.1.1 of this review plan section applies.

4.3.1.1.4 ASME Section lll, Class 2and 3

ASME Section Ill, Class 2 and 3 piping cyclic desugn requirements are similar to the guidance in

ANSI B31.1. The discussion relating to B31 1 in Subsection 4.3.1.1.2 of this review plan section
applies.

4.3.1.2 Generic Safety Issue

The fatigue design criteria for nuclear power plant components have changed as the industry
‘consensus codes and standards have developed. The fatigue design criteria for a specific
component depend on the version of the design code that applied to that component, i.e., the
code of record. There is a concern that the effects of the reactor coolant environment on the
fatigue life of components were not adequately addressed by the code of record.

The NRC has decided that the adequacy of the code of record relating to metal fatigue is a

potential safety issue to be addressed by the current regulatory process for operating reactors

(Refs. 4 and 5). The effects of fatigue for the initial 40-year reactor license period were studied

~and resolved under Generic Safety Issue (GSI)-78, “Monitoring of Fatigue Transient Limits for

" reactor coolant system,” and GSI166, “Adequacy of Fatigue Life of Metal Components” (Ref.

6). GS}78 addressed whether fatigue monitoring was necessary at operating plants. As part of
the resolution of GSF166, an assessment was made of the significance of the more recent
fatigue test data on the fatigue life of a sample of components in plants where Code fatigue
design analysis had been performed. The efforts on fatigue life estimation and ongoing issues
under GSI78 and GSI166 for 40-year plant life were addressed separately under a staff

- generic task action plan (Refs. 7 and 8). The staff documented lts completion of the fatigue
action plan in SECY-95-245 (Ref. 9).

SECY-95-245 was based on a study described in NUREG/CR-6260, “Application of
NUREG/CR-5999 Interim Fatigue Curves to Selected Nuclear Power Plant Components”

(Ref. 10). In NUREG/CR-6260, sample locations with high fatigue usage were evaluated.
Conservatisms in the original fatigue calculations, such as actual cycles versus assumed cycles,
were removed, and the fatigue usage was recalculated using a fatigue curve considering the
effects of the environment. The staff found that most of the locations would have a CUF of less
than the ASME Code limit of 1.0 for 40 years. On the basis of the component assessments,
supplemented by a 40-year risk study, the staff concluded that a backfit of the environmental
fatigue data to operating plants could not be justified. However, because the staff was less
certain that sufficient excessive conservatisms in the original fatigue calculations could be
removed to account for an additional 20 years of operation for renewal, the staff recommended
in SECY-95-245 that the samples in NUREG/CR-6260 should be evaluated considering
environmental effects for license renewal. GS+190, “Fatigue Evaluation of Metal Components
for 60-year Plant Life,” was established to address the residual concemns of GSI-78 and GS166
regarding the environmental effects on fatigue of pressure boundary components for 60 years of
. plant operation

The scope of GSF190 included design basis fatigue transients. It studled the probability of

fatigue failure and its effect on core damage frequency (CDF) of selected metal components for
60-year plant life. The results showed that some components have cumulative probabilities of
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crack initiation and through-wall growth that approach one within the 40- to 60-year period. The
maximum failure rate (through-wall cracks per year) was in the range of 107 per year, and those
failures were generally associated with high cumulative usage factor locations and components
with thinner walls, i.e., pipes more vuinerable to through-wall cracks. In most cases, the leakage
from these through-wall cracks is small and not likely to lead to core damage. It was concluded
that no generic regulatory action is necessary and that GS+190 is resolved based on resuits of
probabilistic analyses and sensitivity studies, interactions with the industry (NE! and EPRI), and
different approaches available to licensees to manage the effects of aging (Refs. 11 and 12).

However, the calculations supporting resolution of this issue, which included consideration of
environmental effects, indicate the potential for an increase in the frequency of pipe leaks as
plants continue to operate. Thus, the staff concluded that licensees are to address the effects of
coolant environment on component fatigue life as aging management programs are formulated
in support of license renewal.

The applicant's consideration of the effects of coolant environment on component fatigue life for
license renewal is an area of review.

4.3.1.3 FSAR Supplement

Detailed information on the evalﬁation of TLAAs is contained in the renewal application. A
summary description of the evaluation of TLAAs for the period of extended operation is
contained in the applicant's FSAR supplement. The FSAR supplement is an area of review.
4.3.2 Acceptance Criteria

The acceptance criteria for the areas of review described in Subsection 4.3.1 of this review plan
section delineate acceptable methods for meeting the requirements of the NRC's regulations in
10 CFR 54.21(c)(1).

4.3.2.1 Time-Limited Aging Analysis
Pursuant to 10 CFR 54.21(c)(1)(i) - (iii), an applicant must demonstrate one of the following:
(i) the analyses remain valid for the period of extended operation,

(i) the analyses have been projected to the end of the extended period of
operation, of

(i) the effects of aging on the intended function(s) will be adequately managed for
the period of extended operation.

Specific acceptance criteria for metal fatigue are:
4.3.2.1.1 ASME Section lll, Class 1

For components designed or analyzed to ASME Class 1 requirements, the acceptance criteria,
depending on the applicant’s choice of 10 CFR 54.21(c)(1)(i), (i), or (iii), are:
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4.3.2.1.1.1 10 CFR 54.21(c)(1)(i)

The existing CUF calculations remain valid because the number of assumed transients would
not be exceeded during the period of extended operation.

4.3.2.1.1.2 10 CFR 54.21(c)(1)(ii)

The CUF calculations have been reevaluated based on an increased number of assumed
transients to bound the period of extended operation. The resulting CUF remains less than or
equal to unity for the period of extended operation.

4.3.2.1.1.3 10 CFR 54.21(c)(1)(iii)

In Chapter X of the GALL report (Ref. 13), the staff has evaluated a program for monitoring and
tracking the number of critical thermal and pressure transients for the selected reactor coolant
system components. The staff has determined that this program is an acceptable aging
management program to address metal fatigue of the reactor coolant system components
according to 10 CFR 54.21(c)(1)(iii). The GALL report may be referenced in a license renewal
application and should be treated in the same manner as an approved topical report. In
referencing the GALL report, the applicant should indicate that the material referenced is
applicable to the specific plant involved and should provide the information necessary to adopt
the finding of program acceptability as described and evaluated in the report. The applicant
should also verify that the approvals set forth in the GALL report for the generic program apply
to the applicant’s program.

4.3.2.1.2 ANSI B31.1

For piping designed or analyzed to B31.1, the acceptance criteria, depending on the applicant's

choice of 10 CFR 54.21(c)(1)(), (ii), or (iii), are:
4.3.2.1.2.1 10 CFR 54.21(cX1)(i)

The existing fatigue strength reduction factors remain valid because the number of cycles would
not be exceeded during the period of extended operation.

4.3.2.1.2.2 10 CFR 54.21(c)(1)(ii) -

The fatigue strength reduction factors have been reevaluated based on an increased number of
assumed thermal! cycles and the stress reduction factors (e.g., Table 4.3-1) given in the
applicant's code of record to bound the period of extended operation. The adjusted fatigue
strength reduction factors are such that the component design basis remains valid during the
period of extended operation. ’

4.3.2.1.2.3 10 CFR 54.21(c)(1)(iii)
The effects of aging on the intended function(s) will be adequately managed for the period of

extended operation. The component could be replaced and the allowable stresses for the
replacement will be sufficient as specified by the code during the period of extended operation.
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Alternative acceptance criteria under 10 CFR 54.21(c)(1)(iii) have yet to be developed. They will
be evaluated on a case-by-case basis to ensure that the aging effects will be managed such
that the intended functions(s) will be maintained during the period of extended operation.

4.3.2.1.3 Other Evaluations Based on CUF

The acceptance priteria in Subsection 4.3.2.1.1 of this review plan section apply.
4.3.2.1.4 ASME Section lll, Class 2 and 3

The acceptance criteria in Subsection 4.3.2.1.2 of this review plan section apply.
4.3.2.2 Generic Safety Issue

The staff recommendation for the closure of GSF190 is contained in a December 26, 1999
memorandum from Ashok Thadani to William Travers (Ref. 11). The staff recommended that
licensees address the effects of the coolant environment on component fatigue life as aging
management programs are formulated in support of license renewal. One method acceptable to
the staff for satisfying this recommendation is to assess the impact of the reactor coolant
environment on a sample of critical components. These critical components should include, as a -
minimum, those selected in NUREG/CR-6260 (Ref. 10). The sample of critical components can
be evaluated by applying environmental correction factors to the existing ASME Code fatigue
analyses. Formulas for calculating the environmental life correction factors for carbon and low-
alloy steels are contained in NUREG/CR-6583 (Ref. 14) and those for austenitic SSs are
contained in NUREG/CR-5704 (Ref. 15).

4.3.2.3 FSAR Supplement

The specific 'critérion for meeting 10 CFR 54.21(d) is:
The summary description of the evaluation of TLAAs for the period of extended
operation in the FSAR supplement is appropriate such that later changes can be
controlled by 10 CFR 50.59. The description should contain information
associated with the TLAAs regarding the basis for determining that the applicant
has made the demonstration required by 10 CFR 54.21(c)(1). _

4.3.3 Review Procedures

For each area of review described in Subsection 4.3.1, the following review procedures should
be followed:

4.3.3.1 Time -Limited Aging Analysis
4.3.3.1.1 ASME Section Ill, Class 1

For components designed or analyzed to ASME Class 1 requirements, the review procedures
depending on the applicant's choice of 10 CFR 54.:21(c)(1)(i), (ii), or (iii), are:
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4.3.3.1.1.1 10 CFR 54.21(c)(1)(i)

The operating transient experience and a list of the assunied transiénts used in the existing
CUF calculations for the current operating term are reviewed to ensure that the number of
assumed transients would not be exceeded during the period of extended operation.

4.3.3.1.1.2 10 CFR 54.21(c)(1)(ii)

The operating transient experience and a list of the increased number of assumed transients
projected to the end of the period of extended operation are reviewed to ensure that the
transient projection is adequate. The revised CUF calculations based on the projected number
of assumed transients are reviewed to ensure that the CUF remains less than or equal to one at
the end of the period of extended operation.

The code of record should be used for the reevaluation, or the applicant may update to a later
code edition pursuant to 10 CFR 50.55a. In the latter case, the reviewer verifies that the
requirements in 10 CFR 50.55a are met.

4.3.3.1.1.3 10 CFR 54.21(c)(1) i)

The applicant may reference the GALL report in its license renewal application, as appropriate.
The review should verify that the applicant has stated that the report is applicable to its plant
with respect to its program that monitors and tracks the number of critical thermal and pressure
transients for the selected reactor coolant system components. The reviewer verifies that the
applicant has identified the appropriate program as described and evaluated in the GALL report.
The reviewer also ensures that the applicant has stated that its program contains the same
program elements that the staff evaluated and relied upon in approving the corresponding
generic program in the GALL report. No further staff evaluation is necessary.

4.3.3.1.2 ANSI B31.1

For piping designed or analyzed to ANSI B31.1 guidance, the review procedures, depending on
the applicant’s choice of 10 CFR 54.21(c)(1)(i), (i), or (iii), are:

4.3.3.1.2.1 10 CFR 54.21(c)(1)(i)

The operating cyclic experience and a list of the assumed thermal cycles used in the existing
allowable stress determination are reviewed to ensure that the number of assumed thermal
cycles would not be exceeded during the period of extended operation.

4.3.3.1.2.2 10 CFR 54.21(c)(1)(ii)

The operating cyclic experience and a list of the increased number of assumed thermal cycles
projected to the end of the period of extended operation are reviewed to ensure that the thermal
cycle projection is adequate. The revised allowable stresses based on the projected number of
assumed thermal cycles and the stress reduction factors given in the applicant's code of record
are reviewed to ensure that they remain sufficient as specified by the code during the period of
extended operation. Typical stress reduction factors based on thermal cycles are given in Table
4.3-1. ' \
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The code of record should be used for the reevaluation, or the applicant may use the criteria of
10 CFR 50.55a. In the latter case, the reviewer verifies that the requirements in 10 CFR 50.55a
are met. .

4.3.3.1.2.3 10 CFR 54.24(c)(1)(iii)

The applicant’'s proposed program to ensure that the effects of aging on the intended function(s)
will be adequately managed for the period of extended operation is reviewed. If the applicant
proposed a component replacement before it exceeds the assumed thermal cycles, the -
reviewer verifies that the allowable stresses for the replacement will remain sufficient as
specified by the code during the period of extended operation. Other applicant-proposed
programs will be reviewed on a case-by-case basis.

4.3.3.1.3 Other Evaluations Based on CUF

The review procedures in Subsection 4.3.3.1.1 of this review plan section apply.
4.3.3.1.4 ASME Section Ill, Class 2 and 3

The review procedures in Subsection 4.3.3.1.2 of this review plan section apply.
4.3.3.2 Generic Safety Issue

The reviewer verifies that the applicant has addressed the staff recommendation for the closure
of GSF190 contained in a December 26, 1999 memorandum from Ashok Thadani to William
Travers (Ref. 11). The reviewer verifies that the applicant has addressed the effects of the
coolant environment on component fatigue life as aging management programs are formulated
in support of license renewal. If an applicant has chosen to assess the impact of the reactor
coolant environment on a sample of critical components, the reviewer verifies the following:

1. The critical components include, as a minimum, those selected in NUREG/CR-6260
(Ref. 10).

2. The sample of critical components has been evaluated by applying enwronmental correction
factors to the existing ASME Code fatigue analyses.. .

3. Formulas for calculating the environmental life correction factors are those contained in
NUREG/CR-6583 (Ref. 14) for carbon and low-alloy steels, and in NUREG/CR-5704
(Ref. 15) for austenitic SSs, or an approved technical equivalent.

4.3.3.3 FSAR Supplement

The reviewer verifies that the applicant has provided information, to be included in the FSAR
supplement that includes a summary description of the evaluation of the metal fatigue TLAA.
Table 4.3-2 contains examples of acceptable FSAR supplement information for this TLAA. The
reviewer verifies that the appllcant has provided a FSAR supplement with information equivalent
to that in Table 4.3-2.

The staff expects to impose a license condition on any renewed license to require the applicant

to update its FSAR to include this FSAR supplement at the next update required pursuant to
10 CFR 50.71(e){(4). As part of the license condition, until the FSAR update is complete, the
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applicant may make changes to the programs described in its FSAR supplement without prior
NRC approval, provided that the applicant evaluates each such change pursuant to the criteria
set forth in 10 CFR 50.59. If the applicant updates the FSAR to include the final FSAR
supplement before the license is renewed, no condition will be necessary.

As noted in Table 4.3-2, an applicant need not incorporate the implementation schedule into its
FSAR. However, the reviewer should verify that the applicant has identified and committed in
the license renewal application to any future aging management activities, including
enhancements and commitments to be completed before the period. of extended operation. The
staff expects to impose a license condition on any renewed license to ensure that the applicant
will complete these activities no later than the committed date.

4.3.4 Evaluation Findings

The reviewer determines whether the applicant has provided sufficient information to satisfy the
provisions of this section and whether the staff's evaluation supports conclusions of the
following type, depending on the applicant's choice of 10 CFR 54.21(c)(1)(i), (ii), or (iii), to be
included in the staff's safety evaluation report:

On the basis of its review, as discussed above, the staff concludes that the
applicant has provided an acceptable demonstration, pursuant to 10 CFR

- 54.21(c)(1), that, for the metal fatigue TLAA, [choose which is appropriate] (i) the
analyses remain valid for the period of extended operation, (ii) the analyses have
been projected to the end of the period of extended operation, or (iii) the effects
of aging on the intended function(s) will be adequately managed for the period of
extended operation. The staff also concludes that the FSAR Supplement
contains an appropriate summary description of the metal fatigue TLAA
evaluation for the period of extended operation as reflected in the ficense
condition.

4.3.5 Implementation

Except in those cases in which the applicant proposes an acceptable alternative method, the
method described herein will be used by the staff in its evaluation of conformance with NRC
regulations.

4.3.6 References

1.  ASME Boiler and Pressure Vessel Code, Section llI, “Rules for Construction of Nuclear
" Power Plant Components,” American Society of Mechanical Engineers.

2. ANSI/ASME B31.1, “Power Piping,” American National Standards Institute.
3. ANSI/ASME B31.7-1969, “Nuclear Power Piping,” American National Standards Institute.

4, SECY-93-049, ;‘Impleméntation of 10 CFR Part 54, ‘Requirements for Renewal of
Operating Licenses for Nuclear Power Plants,” March 1, 1993.

5. Staff Requirements Memorandum from Safnuel J. Chilk, dated June 28, 1993.
6. NUREG-0933, “A Prioritization of Generic Safety Issues,” Supplement 20, July 1996.
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8. SECY-94-191, “Fatigue Design of Metal Components,” July 26, 1994.
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10. NUREG/CR-6260, “Application of NUREG/CR-5999 Interim Fatigue Curves to Selected
Nuclear Power Plant Components,” March 1995,
11. Letter from Ashok C. Thadani of the Office of Nuclear Regulatory Research to William D.
Travers, Executive Director of Operations, dated December 26, 1999,
12. NUREG/CR-6674, “Fatigue Analysis of Components for 60-Year Plant Life,” June 2000.
13. NUREG-1801, "Genenc Aging Lessons Learned (GALL),” U.S. Nuclear Regulatory
Commission, March 2001.
14. NUREG/CR-6583, “Effects of LWR Coolant Environments on Fatigue Design Curves of
Carbon and Low-Alloy Steels,” March 1998.
15. NUREG/CR-5704, “Effects of LWR Coolant Environments on Fatigue Design Curves of
Austenitic Stainless Steels,” April 1999.
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Table 4.3-1. Stress Range Reduction Factors

Number of Equivalent Stress Range
Full Temperature Cycles Reduction Factor

7,000 and less 1.0

7,000 to 14,000 0.9

14,000 to 22,000 : 0.8
22,000 to 45,000 0.7
45,000 to 100,000 0.6
100,000 and over 0.5

Table 4.3-2. Example of FSAR Supplement for Metal Fatigue TLAA Evaluation

10 GFR 54.21 (c)(1)(il) Example

TLAA

Description
of Evaluation

-implementation
Schedule*

Metal fatigue

The aging management program monitors and tracks the number
of critical thermal and pressure test transients, and monitors the
cycles for the selected reactor coolant system components.

The aging management program will address the effects of the
coolant environment on component fatigue life by assessing the
impact of the reactor coolant environment on a sample of critical
components that include, as a minimum, those components
selected in NUREG/CR-6260. The sample of critical components
can be evaluated by applying environmental correction factors to
the existing ASME Code fatigue analyses. Formulas for calculating
the environmental life correction factors are contained in
NUREG/CR-6583 for carbon and low-alloy steels and in
NUREG/CR-5704 for austenitic SSs.

Evaluation should
be completed
before the period
of extended
operation

* An applicant need not incorporate the implementation schedule into its FSAR, However, the reviewer
should verify that the applicant has identified and committed in the license renewal application to any
future aging management activities to be completed before the period of extended operation. The staff
expects to impose a license condition on any renewed license to ensure that the applicant will
complete these activities no later than the committed date.
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Table A.1-1. Elements of an Aging Management Program for Liceﬁse Renewal

Element

Description

1. Scope of program

Scope of program should include the specific structures and
components subject to an AMR for license renewal.

2. Preventive actions

Preventive actions should prevent or mitigate aging degradation.

3. Parameters monitored or
inspected

Parameters monitored or inspected should be linked to the
degradation of the particular structure or component intended
function(s).

4. Detection of aging effects

Detection of aging effects should occur before there is a loss of
structure or component intended function(s). This includes
aspects such as method or technique (i.e., visual, volumetric,
surface inspection), frequency, sample size, data collection and
timing of new/one-time inspections to ensure timely detection of
aging effects.

5. Monitoring and trending

Monitoring and trending should provide predictability-of the extent

| of degradation, and timely corrective or mitigative actions.

6. Acceptance criteria

Acceptance criteria, against which the need for corrective action
will be evaluated, should ensure that the structure or component
intended function(s) are maintained under all CLB design
conditions during the period of extended operation.

7. Corrective actions

Corrective actions, including root cause determination and
prevention of recurrence, should be timely.

8. Confirmation process

Confirmation process should ensure that preventive actlons are
adequate and that appropriate corrective actions have been
completed and are effective.

9. Administrative controls

Administrative controls shouid provide a formal review and
approval process.

10. Operating experience

Operating experience of the aging management program,
including past corrective actions resulting in program
enhancements or additional programs, should provide objective
evidence to support the conclusion that the effects of aging will .
be managed adequately so that the structure and component
intended function(s) will be maintained during the penod of
extended operatnon
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X.M1 METAL FATIGUE OF REACTOR COOLANT PRESSURE BOUNDARY
Program Description

In order not to exceed the design limit on fatigue usage, the aging management program (AMP)
monitors and tracks the number of critical thermal and pressure transients for the selected
reactor coolant system components. ' '

The AMP addresses the effects of the coolant environment on component fatigue life by
assessing the impact of the reactor coolant environment on a sample of critical components for
the plant. Examples of critical components are identified in NUREG/CR-6260. The sample of
critical components can be evaluated by applying environmental life correction factors to the
existing ASME Code fatigue analyses. Formulae for calculating the environmental life correction
factors are contained in NUREG/CR-6583 for carbon and low-alioy steels and in NUREG/CR-
5704 for austenitic stainless steels.

As evaluated below, this is an acceptable option for managing metal fatigue for the reactor
coolant pressure boundary, considering environmental effects. Thus, no further evaluation is
recommended for license renewal if the applicant selects this option under 10 CFR
54.21(c)(1)(iii) to evaluate metal fatigue for the reactor coolant pressure boundary.

Evaluation and Technical Basis

1. Scope of Program: The program includes preventive measures to mitigate fatigue cracking
of metal components of the reactor coolant pressure boundary caused by anticipated cyclic
strains in the material.

2. Preventive Actions: Maintaining the fatigue usage factor below the design code limit and
considering the effect of the reactor water environment, as described under the program
description, will provide adequate margin against fatigue cracking of reactor coolant system
components due to anticipated cyclic strains.

3. Parameters Monitored/Inspected: The program monitors all plant fransients that cause
cyclic strains, which are significant contributors to the fatigue usage factor. The number of
plant transients that cause significant fatigue usage for each critical reactor coolant pressure
boundary component is to be monitored. Alternatively, more detailed local monitoring of the
plant transient may be used to compute the actual fatigue usage for each transient.

4. Detection of Aging Effects: The program provides for periodic update of the fatigue usage
calculations. :

5. Monitoring and Trending: The program monitors a sample of high fatigue usage locations.
This sample is to include the locations identified in NUREG/CR-6260, as minimum, or
propose alternatives based on plant configuration.

6. Acceptance Criteria: The acceptance criteria involves maintaining the fatigue usage below
the design code limit considering environmental fatigue effects as described under the
program description. _

7. Corrective Actions: The program provides for corrective actions to prevent the usage
" factor from exceeding the design code limit during the period of extended operation.
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Acceptable corrective actions include repair of the component, replacement of the
component, and a more rigorous analysis of the component to demonstrate that the design
code limit will not be exceeded during the extended period of operation. For programs that
monitor a sample of high fatigue usage locations, corrective actions include a review of
additional affected reactor coolant pressure boundary locations. As discussed in the
appendix to this report, the staff finds the requirements of 10 CFR Part 50, Appendix B,
acceptable to address the corrective actions.

Confirmation Process: Site quality assurance procedures, review and approval processes,
and administrative controls are implemented in accordance with the requirements of
Appendix B to 10 CFR Part 50. As discussed in the appendix to this report, the staff finds
the requirements of 10 CFR Part 50, Appendix B, acceptable to address the confirmation
process and administrative controls. .

Administrative Controls; See ltem 8, above.
Operating Experience: The program reviews industry experience regarding fatigue

cracking. Applicable experience with fatigue cracking is to be considered in selecting the
monitored locations.
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- ABSTRACT

Recent test data indicate that the effects of the light water reactor (LWR) envi-

ronment could significantly reduce the fatigue resistance of materials used in the -

reactor coolant pressure boundary components of operating nuclear power plants.
Argonne National Laboratory has developed interim fatigue curves based on test
data simulating LWR conditions, and published them in NUREG/CR-5999. In
order to assess the significance of these interim fatigue curves, fatigue evaluations

of a sample of the components in the reactor coolant pressure boundary of LWRs .

were performed. The sample consists of components from facilities designed by
each of the four U.S. nuclear steam supply system vendors, For each facility, six
locations were studied, including two Jocations on the reactor pressure vessel. In
addition, there are older vintage plants where components of the reactor ¢oolant
pressure boundary were designed to codes that did not require an explicit fatigue
analysis of the components. In order to assess the fatigue resistance of the older
vintage plants, an evaluation was also conducted on selected components of three
of these plants. This report discusses the insights gained from the application of the
interim fatigue curves to components of seven operating nuclear power plants.

. i '+ NUREG/CR-6260

’v I



4. - APPROACH" -

4.1: Selection of Components
ior Analysus

The. componoms chosen for the evaluauon of
the five PWR plants [B&W, Combustion
Engineering (one ‘older vintage and one newer
vintage), and Westinghouse (one older vintage:
and one newer vintage)] are as follows: :

1. . Reactor vessel shell and lower head.
2. Reactor vessel inlct and outlet nozzles.

3. - Pressurizer surge lmc (mcludmg hot lcg and
T pressunzer nozzles) . .

T A Rcactor coolant plpmg chargmg systcm

noule

5. Rcactor coolant pxpmg safcty chcnon
-nozzle.

6. Residual heat removal (RHR) systcm
Class 1 pxpxng .

The termmology used above is for Westmg-
house plants. The first three components are the
same for Combustion Engineering and B&W
plants, but the latter three components for the
three PWR nuclear steam supply system-(NSSS)
vendors are different either simply in name or in
the routing of the piping. For casés where there is
no direct one-for-one correspondence, the loca-
tion that most nearly corresponded :to the
Westinghouse component was chosen. These

‘Jocations are described in Section 5.

* The components chosen for the evaluation of

‘the two BWR plants [General Electric (one older

vmtage and one newer vmtage)] are as follows

~

1. Reactor vessel shell and lowar head

2. Reactor vessel feedwater nozzle. C

3." . Reactor recirculation prpmg (mcludmg mlet '

and outlet nozzles). : . T

‘41

4 Core spray line reactor vessel nozzle and
associated Class 1 plpmg '

5. RHR Class 1 plpmg.

6. Feedwater lme Class ] pxpmg

" For both PWR and BWR plarits; these compo- "
nents are not necessanly the locations with the’
hxghest design CUFsinthe plam. but were chosen
to glve a representauve overview of componems
that had hlgher CUFs and/or were important from
arisk pexspecuve For exarnple the reactor vessel
shell and lower head was chosen for 1ts nsk
1mportance

4, 2 Apphcat«on of
'NUREG/CR-5999 Fa'ngue
.Curves

NUREG/CR-5999 includes one fatxgue curve
for stamlcss steel, but several curves for carbon/
low-alloy steels wlnch are based on the sulfur
content of the steel and the oxygen level in the
coolam For the five ' PWR plants, the curves for
lugh-sulfur steel and a low-oxygen environment
(typical for PWRs) were used. For the two BWR

. plants, the curves for hxgh—sulfur steel anda hrgh-

oxygen environment were used. The hi gh-oxygen
(gncatcr than 100 ppm) environment consrdercd
in the selected curves is consistent with the water
chemistry in BWRs without hydrogen water
chemistry. Nenhcr of the two BWR plants eva-
luated have used hydrogen water chemistry,

4.2.1 Interior and Exterior Surfaces, The
highest CUFs for components in the seven plants .
evaluated in this fatigue assessment study gener-
ally occur on the interior surfaces which experi-

‘ence the full effects of thermal shocks from fluid

‘temperature changes. In’a few cases-the highest

-CUF was found to occur on the exterior surface
:(because of stress concentration effects), and in

‘other cases no differentiation between interior
and exterior susfaces was made in the licensee’s

‘calculations. Since it is expected that the interior

‘NUREG/CR-6260



Component Evaluations

5.5 OlderVintage
Westinghouse Plant

A comparison of the design CUFs from the
licensee's design basis calculations and CUFs
using the NUREG/CR-5999 interim fatigue
curves was carried out for the locations of highest
design CUF for the six components listed below:

1. Reactor vessel shell and lower head
2. Reactor vessel inlet and outlet nozzles

3.  Pressurizer surge line (including hot leg and
pressurizer nozzles)

4. Reactor coolant piping cﬁarging system
nozzle (representative design basis fatigue
calculation performed by INEL)

5. Reactor coolant piping safety injection
nozzle (representative design basis fatigue
calculation performed by INEL)

Thc results of a generic Westinghouse plant
study of thermal stratification in surge lines was

_included in the licensee’s fatxguc analysis of the

surge line, There were no plant specific data to
remove conservatism assumptions for this partic-
ujar plant.

5.5.1 Reactor Vessel Shell and Lower
Head. The highest CUF on the lower shell and
head is 0.290 for the inside surface of the lower
head near the shell-to-head transition, where core
support guides are welded to the interior of the
shell. The SA-302 Grade B head is protected from

. the coolant by a layer of stainless steel and

6; Residual Heat Removal system Class § pip- -

ing (representative design basis fatigue cal-
culation performed by INEL).

As of late 1993, the plant has been operated
approximately 20 of the 40 years currently
approved in its operating license. Table 5-83
shows the design basis cycles for transients that
are important from a fatigue standpoint for the six
components that were evaluated, The numbers of
transients to date have been extrapolated to
40 years by multiplying by 40/20.

Alloy 600 cladding. No fatigue analysis is per-
formed for the cladding.

5.5.1.1 NUREG/CR-5999 CUF Based on.

Licensee’s Design Calculation Stresses.

The licensee's CUF calculations used the ASME -

Code, Section I1I, 1965 edition, through Summer
1966 addenda.

. The effect of the NUREG/CR-5999 interim
fatigue curve is shown in Table 5-84. As previous-
ly discussed, the results shown in Table 5-84
assume that the coolant is in contact with the low-
alloy steel base metal underneath the cladding.
The Sy, values were adjusted for the effect of the
modulus of elasticity by multiplying by 30/27; the

ratio of the modulus of elasticity on the fatigue’

curvc in the current edition of the Code to the value

_ at S00°F for SA-302 Grade B low-alloy steel. The

1965 Code edition did not require an adjustment
for the effect of the modulus of elasticity.

Table 5-83. Number of selected design basns cycles compared to anucnpated number of cycles over

40-year license life.

Anticipated cycles
Transient Design basis cycles for 40 years

Heatup/cooldown 200 . 172
Reactor trip 400 426
Hydrotest 5 : 2

5% power change . 14500 : , 512

10% power change (up/down) 2000/7000 42/86

50% power change 200 136
NUREG/CR-6260 5-62
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Abstract

The ASME Boiler and Pressure Vessel Code provides rules for the design of Class 1 components of
nuclear power plants. Figures I-9.1 through 1-9.6 of Appendix I to Section III of the Code specify design -
curves for applicable structural materials. However, the effects of light water reactor (LWR) coolant
environments are not explicitly addressed by the Code design curves. The existing fatigue strain—vs.-life
(e-N) data illustrate potentially significant effects of LWR coolant environments on the fatigue resistance
of pressure vessel and piping steels. Under certain environmental and loading conditions, fatigue lives in
water relative to those in air can be a factor of =12 lower for austenitic stainless steels, =3 lower for Ni-
Cr-Fe alloys, and ~17 lower for carbon and low-alloy steels. This report summarizes the work performed
at Argonne National Laboratory on the fatigue of piping and pressure vessel steels in LWR environments.
The existing fatigue e-N data have been evaluated to identify the various material, environmental, and
loading parameters that influence fatigue crack initiation, and to establish the effects of key parameters on

-the fatigue life of these steels. Fatigue life models are presented for estimating fatigue life as a function

of material, loading, and environmental conditions. The environmental fatigue correction factor for
incorporating the effects of LWR environments into ASME Section III fatigue evaluations is described.
The report also presents a critical review of the ASME Code fatigue design margins of 2 on stress
(or strain) and 20 on life and assesses the possible conservatism in the current choice of design margins.
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Foreword

This report summarizes, reviews, and quantifies the effects of the light-water reactor (LWR)
environment on the fatigue life of reactor materials, including carbon steels, low-alloy steels, nickel-
chromium-iron (Ni-Cr-Fe) alloys, and austenitic stainless steels. The primary purpose of this report is to
provide the background and technical bases to support Regulatory Guide 1.207, “Guidelines for
Evaluating Fatigue Analyses Incorporating the Life Reduction of Metal Components Due to the Effects of
the Light-Water Reactor Environment for New Reactors.”

Previously published related reports include NUREG/CR-5704, “Effects of LWR Coolant
Environments on Fatigue Design Curves of Austenitic Stainless Steels,” issued April 1999; NUREG/CR-
6717, “Environmental Effects on Fatigue Crack Initiation in Piping and Pressure Vessel Steels,” issued
May 2001; NUREG/CR-6787, “Mechanism and Estimation of Fatigue Crack Initiation in Austenitic
Stainless Steels in LWR Environments,” issued August 2002; NUREG/CR-6815, “Review of the Margins
for ASME Code Fatigue Design Curve — Effects of Surface Roughness and Material Variability,” issued
September 2003; and NUREG/CR-6583, “Effects of LWR Coolant Environments on Fatigue Design
Curves of Carbon and Low-Alloy Steels,” issued February 1998. This report provides a review of the
existing fatigue €-N data for carbon steels, low-alloy steels, Ni-Cr-Fe alloys, and austenitic stainless steels
to define the potential effects of key material, loading, and environmental parameters on the fatigue life of
the steels. By drawing upon a larger database than was used in earlier published reports, the U.S. Nuclear
Regulatory Commission (NRC) has been able to update the Argonne National Laboratory (ANL) fatigue

.life models used to estimate the fatigue curves as a function of those parameters. In addition, this report

presents a procedure for incorporating environmental effects into fatigue evaluations. The database
described in this report (and its predecessors) reinforces the position espoused by the NRC that a
guideline for incorporating the LWR environmental effects in the fatigue life evaluations should be
developed and that the design curves for the fatigue life of pressure boundary and internal components
fabricated from stainless steel should be revised. Toward that end, this report proposes a method for
establishing reference curves and environmental correction factors for use in evaluating the fatigue life of
reactor components exposed to LWR coolants and operational experience.

Data described in this review have been used to define fatigue design curves in air that are
consistent with the existing fatigue data. Specifically, the published data indicate that the existing code
curves are nonconservative for austenitic stainless steels (e.g., Types 304, 316, and 316NG). Regulatory
Guide 1.207 endorses the new stainless steel fatigue design curves presented herein for incorporation in
fatigue analyses for new reactors. However, because of significant conservatism in quantifying other
plant-related variables (such as.cyclic behavior, including stress and loading rates) involved in cumulative
fatigue life calculations, the design of the current fleet of reactors is satisfactory.

Brian W. Sheron, Director
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission



Executive Summary

Section IIT, Subsection NB, of the ASME Boiler and Pressure Vessel Code contains rules for the
design of Class 1 components of nuclear power plants. Figures I-9.1 through 1-9.6 of Appendix I to
Section III specify the Code design fatigue curves for applicable structural materials. However,
Section II1, Subsection NB-3121 of the Code states that the effects of the coolant environment on fatigue
resistance of a material were not intended to be addressed in these design curves. Therefore, the effects of
environment on the fatigue resistance of materials used in operating pressurized water reactor (PWR) and
boiling water reactor (BWR) plants, whose primary-coolant pressure boundary components were
designed in accordance with the Code, are uncertain.

The current Section—III design fatigue curves of the ASME Code were based primarily on strain-
controlled fatigue tests of small polished specimens at room temperature in air. Best—fit curves to the
experimental test data were first adjusted to account for the effects of mean stress and then lowered by a
factor of 2 on stress and 20 on cycles (whichever was more conservative) to obtain the design fatigue
curves. These factors are not safety margins but rather adjustment factors that must be applied to
experimental data to obtain estimates of the lives of components. Recent fatigue—strain—vs.—life (e-N)
data obtained in the U.S. and Japan demonstrate that light water reactor (LWR) environments can have
potentially significant effects on the fatigue resistance of materials. Specimen lives obtained from tests in
simulated LWR environments can be much shorter than those obtained from corresponding tests in air.

This report reviews the existing fatigue e-N data for carbon and low—alloy steels, wrought and cast
austenitic stainless steels (SSs), and nickel-chromium-iron (Ni-Cr-Fe) alloys in air and LWR
~ environments. The effects of various-material, loading, and environmental parameters on the fatigue lives
.of these steels are summarized. The results indicate that in air, the ASME mean curve for low-alloy
steels is in good agreement with the available experimental data, and the curve for carbon steels is
somewhat conservative. However, in air, the ASME mean curve for SSs is not consistent with the
experimental data at strain amplitudes <0.5% or stress amplitudes <975 MPa (<141 ksi); the ASME mean
curve is nonconservative. The results also indicate that the fatigue data for Ni-Cr-Fe alloys are not
consistent with the current ASME Code mean curve for austenitic SSs.

The fatigue lives of carbon and low-alloy steels, austenitic SSs, and Ni-Cr-Fe alloys are decreased
in LWR environments. The reduction depends on some key material, loading, and environmental
parameters. The fatigue data are consistent with the much larger database on enhancement of crack
growth rates in these materials in LWR environments. The key parameters that influence fatigue life in
these environments, e.g., temperature, dissolved—oxygen (DO) level in water, strain rate, strain (or stress)
amplitude, and, for carbon and low-alloy steels, S content of the steel, have been identified. Also, the
range of the values of these parameters within which environmental effects are significant has been
clearly defined. If these critical loading and environmental conditions exist during reactor operation, then
environmental effects will be significant and need to be included in the ASME Code fatigue evaluations.

Fatigue life models developed earlier to predict fatigue lives of small smooth specimens of carbon

and low—alloy steels, wrought and cast austenitic SSs, and Ni-Cr-Fe alloys as a function of material, -

loading, and environmental parameters have been updated/revised by drawing upon a larger fatigue e~-N
database. The functional form and bounding values of these parameters were based on experimental
observations and data trends. An approach that can be used to incorporate the effects of LWR coolant
environments into the ASME Code fatigue evaluations, based on the environmental fatigue correction
factor, Fep, is discussed. The fatigue usage for a specific stress cycle of load set pair based on the Code
fatigue design curves is multiplied by the correction factor to account for environmental effects.
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The report also presents a critical review of the ASME Code fatigue design margins of 2 on stress
and 20 on life and assesses the possible conservatism in the current choice of design margins. Although
these factors were intended to be somewhat conservative, they should not be considered safety margins.
These factors cover the effects of variables that can influence fatigue life but were not investigated in the
experimental data that were used to obtain the fatigue design curves. Data available in the literature have
been reviewed to evaluate the margins on cycles and stress that are needed to account for such differences
and uncertainties. Monte Carlo simulations were performed to determine the margin on cycles needed to
obtain a fatigue design curve that would provide a somewhat conservative estimate of the number of
cycles to initiate a fatigue crack in reactor components. The results suggest that for both carbon and low-
alloy steels and austenitic SSs, the current ASME Code requirements of a factor of 20 on cycle to account
for the effects of material variability and data scatter, as well as size, surface finish, and loading history in
low cycle fatigue, contain at least a factor of 1.7 conservatism. Thus, to reduce this conservatism, fatigue
design curves have been developed from the ANL fatigue life model by first correcting for mean stress
effects, and then reducing the mean—stress adjusted curve by a factor of 2 on stress or 12 on cycles,
whichever is more conservative. These design curves are consistent with the existing fatigue e-N data.
A detailed procedure for incorporating environmental effects into fatigue evaluations is presented.
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7 Margins in ASME Code Fatigue Design Curves

Conservatism in the ASME Code fatigue evaluations may arise from (a) the fatigue evaluation -
procedures and/or (b)the fatigue design curves. The overall conservatism in ASME Code fatigue
evaluations has been demonstrated in fatigue tests on components. 120:121 Mayfield et al.}20 have shown
that, in air, the margins on the number of cycles to failure for elbows and tees were 40-310 and 104-510,
respectively, for austenitic SS and 118-2500 and 123-1700, respectively, for carbon steel. The margins
for girth butt welds were significantly lower, 6~77 for SS and 14-128 for carbon steel. Data obtained by
Heald and Kiss!?! on 26 piping components at room temperature and 288°C showed that the design
margin for cracking exceeds 20, and for most of the components, it is >100. In these tests, fatigue life
was expressed as the number of cycles for the crack to penetrate through the wall, which ranged in
thickness from 6 to 18 mm. Consequently, depending on wall thickness, the actual margins to form a
3-mm crack may be lower by a factor of more than 2.

Deardorff and Smith!22 discussed the types and extent of conservatism present in the ASME
Section III fatigue evaluation procedures and the effects of LWR environments on fatigue margins. The
sources of conservatism in the procedures include the use of design transients that are significantly more
severe than those experienced in service, conservative grouping of transients, and use of simplified
elastic—plastic analyses that lead to higher stresses. The authors estimated that the ratio of the CUFs
computed with the mean experimental curve for test specimen data in air and more accurate values of the
stress to the CUFs computed with the Code fatigue design curve were =60 and 90, respectively, for PWR
and BWR nozzles. The reductions in these margins due to environmental effects were estimated to be
factors of 5.2 and 4.6 for PWR and BWR nozzles, respectively. Thus, Deardorff and Smith!?2 argue that,
after accounting for environmental effects, factors of 12 and 20 on life for PWR and BWR nozzles,
respectively, account for uncertainties due to material variability, surface finish, size, mean stress, and
loading sequence. :

However, other studies on piping and components indicate that the Code fatigue design procedures
do not always ensure large margins of safety.123,124 Southwest Research Institute performed fatigue tests
in room—temperature water on 0.91-m—diameter carbon and low-alloy steel vessels.123 'In the low—cycle
regime, =5—-mm-deep cracks were initiated slightly above (a factor of <2) the number of cycles predicted
by the ASME Code design curve (Fig. 62a). Battelle—Columbus conducted tests on 203—mm or 914-mm
carbon steel pipe welds at room temperature in an inert environment, and Oak Ridge National Laboratory
(ORNL) performed four-point bend tests on 406—mm-—diameter Type 304 SS pipe removed from the
C-reactor at the Savannah River site.124 The results showed that the number of cycles to produce a leak
was lower, and in some cases significantly lower, than that expected from the ASME Code fatigue design
curves (Fig. 62a and b). The most striking results are for the ORNL “tie—in” and flawed “test” weld;
these specimens cracked completely through the 12.7-mm-—thick wall in a life 6 or 7 times shorter than
expected from the Code curve. Note that the Battelle and ORNL results represent a through—wall crack;
the number of cycles to initiate a 3—mm crack may be a factor of 2 lower. :

Much of the margin in the current evaluations arises from design procedures (e.g., stress analysis
rules and cycle counting) that, as discussed by Deardorff and Smith,122 are quite conservative. However,
the ASME Code permits new and improved approaches to fatigue evaluations (e.g., finite-element
analyses, fatigue monitoring, and improved K, factors) that can 51gn1ﬁcantly decrease the conservatism in
the current fatigue evaluation procedures. :
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Figure 62. Fatigue data for (a) carbon and low-alloy steel and (b) Type 304 stainless steel components
(Refs. 123,124). '

The factors of 2 on stress and 20 on cycles used in the Code were intended to cover the effects of
variables that can influence fatigue life but were not investigated in the tests that provided the data for the
curves, Itis not clear whether the particular values of 2 and 20 include possible conservatism. A study
sponsored by the PVRC to assess the margins of 2 and 20 in fatigue design curves concluded that these
margins should not be changed.!25

The variables that can affect fatigue life in air and LWR environments can be broadly classified
into three groups:

(@) Material
(i) Composition .
(ii) Metallurgy: grain size, inclusions, orientation within a forging or plate
(iii) Processing: cold work, heat treatment
(iv) Size and geometry
. (v) Surface finish: fabrication surface condition
(vi) Surface preparation: surface work hardening

(b) Loading
(i)  Strain rate: rise time
‘(i) Sequence: linear damage summation or Miner's rule
(ili) Mean stress
(iv) Biaxial effects: constraints

(c) Environment
(i) Water chemistry: DO, lithium hydroxide, boric acid concentrations
(ii) Temperature
(iii) Flow rate

The existing fatigue e-N database covers an adequate range of material parameters (i-iii), a loading
parameter (i), and the environment parameters (i—ii); therefore, the variability and uncertainty in fatigue
life due to these parameters have been incorporated into the model. The existing data are most likely
conservative with respect to the effects of surface preparation because the fatigue e-N data are obtained
for specimens that are free of surface cold work. Fabrication procedures for fatigue test specimens
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generally follow American Society for Testing and Materials (ASTM) guidelines, which require that the
final polishing of the specimens avoid surface work—hardening. Biaxial effects are covered by design
procedures and need not be considered in the fatigue design curves.

As discussed earlier, under the conditions typical of operating BWRs, environmental effects on the
fatigue life are a factor of =2 lower at high flow rates (7 m/s) than those at very low flow rates (0.3 m/s or
lower) for carbon and low-alloy steels and are independent of flow rate for austenitic $Ss.1920 However,
because of the uncertainties in the flow conditions at or near the locations of crack initiation, the
beneficial effect of flow rate on the fatigue life of carbon and low-alloy steels is presently not included in
fatigue evaluations.

Thus, the contributions of four groups of variables, namely, material variability and data scatter,
specimen size and geometry, surface finish, and loading sequence (Miner's rule), must be considered in
developing fatigue design curves that are applicable to components. '

7.1 Material Variability and Data Scatter

The effects of material variability and data scatter must be included to ensure that the design curves
not only describe the available test data well, but also adequately describe the fatigue lives of the much
larger number of heats of material that are found in the field. The effects of material variability and data
scatter have been evaluated for the various materials by considering the best—fit curves determined from
tests on individual heats of materials or loading conditions as samples of the much larger population of
heats of materials and service conditions of interest. The fatigue behavior of each of the heats or loading
conditions is characterized by the value of the constant A in Eq. 6. The values of A for the various data
sets are ordered, and median ranks are used to estimate the cumulative distribution of A for the
population. The distributions were fit to lognormal curves. The median value of A and standard
deviation for each sample, as well as the number of data sets in the sample, are listed in Table 11. The
95/95 value of the margin on the median value to account for material variability and data scatter vary
from 2.1 to 2.8 for the various samples. These margins applied to the mean value of life determined from
the ANL fatigue life models provide 95% confidence that the fatigue life of 95 percentile of the materials
and loading conditions of interest will be greater than the resultant value.

Table 11. The median value of A and standard deviation for the various fatigue e-N data sets used to
evaluate material variability and data scatter.

Air Environment Water Environment

Median Value Standard Number of Median Value Standard Number of
of A Deviation Data Sets of A Deviation Data Sets
Carbon Steel 6.583 0477 17 5.951 0.376 33
Low-Alloy Steel 6.449 0.375 32 5.747 0.484 26
Stainless Steel 6.891 0417 51 6.328 0.462 36

7.2 Size and Geometry

" The effect of specimen size on the fatigue life was reviewed in earlier reports.5:3% - Various studies
conclude that “size effect” is not a significant parameter in the design curve margins when the fatigue
curve is based on data from axial strain control rather than bending tests. No intrinsic size effect has been
observed for smooth specimens tested in axial loading or plain bending. However, a size effect does
occur in specimens tested in rotating bending; the fatigue endurance limit decreases by =25% if the
specimen size is increased from 2 to 16 mm but does not decrease further with larger sizes. Also, some
effect of size and geometry has been observed on small-scale—vessel tests conducted at the Ecole

73



Polytechnique in conjunction with the large—size—pressure-vessel tests carried out by the Southwest
Research Institute.123 The tests at the Ecole Polytechnique were conducted in room-temperature water
on 19-mm-thick shells with =305—mm inner diameter nozzles and made of machined bar stock. The
results indicate that the fatigue lives determined from tests on the small-scale-vessel are 30-50% lower
than those obtained from tests on small, smooth fatigue specimen. However, the difference in fatigue
lives in these tests cannot be attrlbuted to specimen size alone, it is due to the effects of both size and
surface finish.

During cyclic loading, cracks generally form at surface irregularities either already in existence or
produced by slip bands, grain boundaries, second phase particles, etc. In smooth specimens, formation of
surface cracks is affected by the specimen size; crack initiation is easier in larger specimens because of
the increased surface area and, therefore, increased number of sites for crack initiation. Specimen size is
not likely to influence crack initiation in specimens with rough surfaces because cracks initiate at existing
irregularities on the rough surface. As discussed in the next section, surface roughness has a large effect
on fatigue life. Consequently, for rough surfaces, the effect of specimen size may not be considered in
the margin of 20 on life. However, conservatively, a factor of 1.2-1.4 on life may be used to incorporate
size effects on fatigue life in the low—cycle regime.

7.3 Surface Finish

The effect of surface finish must be considered to account for the difference in fatigue life expected
in actual components with industrial—grade surface finish compared to the smooth polished surface of a
test specimen. Fatigue life is sensitive to surface finish; cracks can initiate at surface irregularities that are
normal to the stress axis. The height, spacing, shape, and distribution of surface irregularities are
important for crack initiation. The effect of surface finish on crack initiation is expressed by Eq. 12 in
terms of the RMS value of surface roughness (Rg).

The roughness of machined surfaces or natural finishes can range from =0.8 to 6.0 um. Typical
surface finish for various machining processes is in the range of 0.2-1.6 hm for cylindrical grinding,
0.4-3.0 pm for surface grinding, 0.8-3.0 wm for finish turning, and drilling and 1.6-4.0 um for milling.
For fabrication processes, it is in the range of 0.8—3.0 pm for extrusion and 1.6-4.0 pm for cold rolling.
Thus, from Eq. 12, the fatigue life of components with such rough surfaces may be a factor of 2-3.5
lower than that of a smooth specimen. '

Limited data in LWR environments on specimens that were intentionally roughened indicate that
the effects of surface roughness on fatigue life is the same in air and water environments for austenitic
SSs, but are insignificant in water for carbon and low-alloy steels. Thus, in LWR environments, a factor
of 2.0-3.5 on life may also be used to account for the effects of surface finish on the fatigue life of
austenitic $Ss, but the factor may be lower for carbon and low-alloy steels, e.g., a factor of 2 may be used
for carbon and low-alloy steels.

7.4 Loading Sequence
The effects of variable amplitude loading of smooth specimens were also reviewed in an earlier
report.3? In a variable loading sequence, the presence of a few cycles at high strain amplitude causes the

fatigue life at smaller strain amplitude to be significantly lower than that at constant—amplitude loading,
i.e., the fatigue limit of the material is lower under variable loading histories.
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As discussed in Section 2, fatigue life has conventionally been divided into two stages: initiation,
expressed as the cycles required to form microstructurally small cracks (MSCs) on the surface, and
propagation, expressed as cycles required to propagate these MSCs to engineering size. The transition
from initiation to propagation stage strongly depends on applied stress amplitude; at stress levels above
the fatigue limit, the transition from initiation to propagation stage occurs at crack depths in the range of
150 to 250 um. However, under constant loading at stress levels below the fatigue limit of the material
(e.g., Aoy in Fig. 1), although microcracks =10 um can form quite early in life, they do not grow to an
engineering size. Under the variable loading conditions encountered during service of power plants,
cracks created by growth of MSCs at high stresses (Ao; in Fig. 1) to depths larger than the transition
crack depth can then grow to an engineering size even at stress levels below the fatigue limit.

Studies on fatigue damage in Type 304 SS under complex loading histories!26 indicate that the
loading sequence of decreasing strain levels (i.e., high strain level followed by low strain level) is more
damaging than that of increasing strain levels. The fatigue life of the steel at low strain levels decreased
by a factor of 2—4 under a decreasing—strain sequence. In another study, the fatigue limit of medium
carbon steels was lowered even after low—stress high-cycle fatigue; the higher the stress, the greater the
decrease in fatigue threshold.127 A recent study on Type 316NG and Ti-stabilized Type 316 SS on strain-
controlled tests in air and PWR environment with constant or variable strain amplitude reported a factor
of 3 or more decrease in fatigue life under variable amplitude compared with constant amplitude.128
Although the strain spectrum used in the study was not intended to be representative of real transients, it
represents a generic case and demonstrates the effect of loading sequence on fatigue life.

Because variable loading histories primarily influence fatigue life at low strain levels, the mean
fatigue e-N curves are lowered to account for damaging cycles that occur below the constant-amplitude
fatigue limit of the material. However, conservatively, a factor of 1.2-2.0 on life may be used to

_incorporate the possible effects of load histories on fatigue life in the low—cycle regime.

7.5 Fatigue Design Curve Margins Summarized

The ASME Code fatigue design curves are currently obtained from the mean data curves by first
adjusting for the effects of mean stress, and then reducing the life at each point of the adjusted curve by a
factor of 2 on strain and 20 on life, whichever is more conservative. The factors on strain are needed
primarily to account for the variation in the fatigue limit of the material caused by material variability,
component size, surface finish, and load history. Because these variables affect life through their
influence on the growth of short cracks (<100 pm), the adjustment on strain to account for such variations
is typically not cumulative, i.e., the portion of the life can only be reduced by a finite amount.” Thus, it is
controlled by the variable that has the largest effect on life. In relating the fatigue lives of laboratory test
specimens to those of actual reactor components, the factor of 2 on strain that is currently being used to
develop the Code design curves is adequate to account for the uncertainties associated with material
variability, component size, surface finish, and load history. '

The factors on life are needed to account for variations in fatigue life in the low—cycle regime.
Based on the discussions presented above the effects of various material, loading, and environmental
parameters on fatigue life may be summarized as follows:

(a) The results presented in Table 11 may be used to determine the margins that need to be applied to

the mean value of life to ensure that the resultant value of life would bound a specific percentile
(e.g., 95 percentile) of the materials and loading conditions of interest.
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(b) For rough surfaces, specimen size is not likely to influence fatigue life, and therefore, the effect of
specimen size need not be considered in the margin of 20 on life. However, conservatively, a factor
of 1.2-1.4 on life may be used to incorporate size effects on fatigue life.

(c) Limited data indicate that, for carbon and low-alloy steels, the effects of surface roughness on
fatigue life are insignificant in LWR environments. A factor of 2 on life may be used for carbon
and low-alloy steels in water environments instead of the 2.0-3.5 used for carbon and low-alloy
steels in air and for austenitic SSs in both air and water environments.

(d) Variable loading histories primarily influence fatigue life at low strain levels, i.e., in the high—cycle
regime, and the mean fatigue e-N curves are lowered by a factor of 2 on strain to account for
damaging cycles that occur below the constant—strain fatigue limit of the material. Conservatively,
a factor of 1.2-2.0 on life may be used to incorporate the possible effects of load histories on
fatigue life in the low—cycle regime.

The subfactors that are needed to account for the effects of the various material, loading, and
environmental parameters on fatigue life are summarized in Table 12. The total adjustment on life may
vary from 6 to 27. Because the maximum value represents a relatively poor heat of material and assumes
the maximum effects of size, surface finish, and loading history, the maximum value of 27 is likely to be
quite conservative. A value of 20 is currently bemg used to develop the Code design curves from the
mean-data curves.

Table 12. Factors on life applied to mean fatigue e~N curve to account for the effects of various
material, loading, and environmental parameters.

Parameter Section Il Criterion Document Present Report

Material Variability and Data Scatter
(minimum to mean) 2.0 2.1-2.8
Size Effect 2.5 1.2-14
Surface Finish, etc. 4.0 2.0-3.5"
Loading History - 12-2.0
Total Adjustment 20 6.0-27.4

*A factor of 2 on life may be used for carbon and low-alloy steels in LWR environments.

To determine the most appropriate value for the design margin on life, Monte Carlo simulations
were performed using the material variability and data scatter results given in Table 11, and the margins
needed to account for the effects of size, surface finish, and loading history listed in Table 12.
A lognormal distribution was also assumed for the effects of size, surface finish, and loading history, and
the minimum and maximum values of the adjustment factors, e.g., 1.2-1.4 for size, 2.0-3.5 for surface
finish, and 1.2-2.0 for loading history, were assumed to represent the 5th and 95th percentile,
respectively. The cumulative distribution of the values of A in the fatigue e-N curve for test specimens
and the adjusted curve that represents the behavior of actual components is shown in Fig. 63 for carbon
‘and low—alloy steels and austenitic SSs.

The results indicate that, relative to the specimén curve, the median value of constant A for the
component curve decreased by a factor of 5.6 to account for the effects of size, surface finish, and loading
history, and the standard deviation of heat-to-heat variation of the component curve increased by 6-10%.
The margin that has to be applied to the mean data curve for test specimens to obtain a component curve
that would bound 95% of the population, is 11.0~12.7 for the various materials; the values are given in
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Table 13. An average value of 12 on life may be used for developing fatigue design curves from the
mean data curve. The choice of bounding the 95th percentile of the population for a design curve is
somewhat arbitrary. It is done with the understanding that the design curve controls fatigue initiation, not
failure. The choice also recognizes that there are conservatisms implied in the choice of log normal
distributions, which have an infinite tail, and in the identification of what in many cases are bounding

values of the effects as 95th percentile values.

95% of the population.
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These results suggest that for all materials, the current ASME Code requirements of a factor of 20
on cycles to account for the effects of material variability and data scatter, as well as specimen size,
surface finish, and loading history, contain at least a factor of 1.7 conservatism (i.e., 20/12 = 1.7). Thus,
to reduce this conservatism, fatigue design curves may be obtained from the mean data curve by first
correcting for mean stress effects using the modified Goodman relationship, and then reducing the mean—
stress adjusted curve by a factor of 2 on stress or 12 on cyecles, whichever is more conservative. Fatigue
design curves have been developed from the ANL fatigue life models using this procedure; the curves for
carbon and low—alloy steels are presented in Section 4.1.10 and for wrought and cast austenitic SSs in
Section 5.1.8. ‘
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8 Summary

The existing fatigue e-N data for carbon and low-alloy steels, wrought and cast austenitic SSs, and
Ni-Cr-Fe alloys have been evaluated to define the effects of key material, loading, and environmental
parameters on the fatigue lives of these steels. The fatigue lives of these materials are decreased in LWR
environments; the magnitude of the reduction depends on temperature, strain rate, DO level in water, and,
for carbon and low-alloy steels, the S content of the steel. For all steels, environmental effects on fatigue
life are significant only when critical parameters (temperature, strain rate, DO level, and strain amplitude)
meet certain threshold values. Environmental effects are moderate, e.g., less than a factor of 2 decrease in
life, when any one of the threshold conditions is not satisfied. The threshold values of the critical
parameters and the effects of other parameters (such as water conductivity, water flow rate, and material
heat treatment) on the fatigue life of the steels are summarized.

In air, the fatigue life of carbon and low-alloy steels depends on steel type, temperature,
orientation, and strain rate. The fatigue life of carbon steels is a factor of =1.5 lower than that of low—
alloy steels. For both steels, fatigue life decreases with increase in temperature. Some heats of carbon
and low-alloy steels exhibit effects of strain rate and orientation. For these heats, fatigue life decreases
with decreasing strain rate. Also, based on the distribution and morphology of sulfides, the fatigue
properties in the transverse orientation may be inferior to those in the rolling orientation. The data
indicate significant heat—to—heat variation; at 288°C, the fatigue life of carbon and low-alloy steels may
vary by up to a factor of 3 above or below the mean value. Fatigue life is very sensitive to surface finish;
the fatigue life of specimens with rough surfaces may be up to a factor of 3 lower than that of smooth
specimens. The results also indicate that in room-temperature air, the ASME mean curve for low-alloy
steels is in good agreement with the available experlmental data, and the curve for carbon steels is
somewhat conservative.

The fatigue lives of both carbon and low-alloy steels are decreased in LWR environments; the
reduction depends on temperature, strain rate, DO level in water, and S content of the steel. The fatigue

life is decreased significantly when four conditions are satisfied simultaneously, viz., the strain amplitude,

temperature, and DO in water are above certain minimum levels, and the strain rate is below a threshold
value. The S content in the steel is also important; its effect on life depends on the DO level in water.

Although the microstructures and cyclic—hardening behavior of carbon and low-alloy steels differ
significantly, environmental degradation of the fatigue life of these steels is very similar. For both steels,
only a moderate decrease in life (by a factor of <2) is observed when any one of the threshold conditions
is not satisfied, e.g., low—DO PWR environment, tempetatures <150°C, or vibratory fatigue. The existing
fatigue S—N data have been reviewed to establish the critical parameters that influence fatigue life and
define their threshold and limiting values within which environmental effects are significant.

In air, the fatigue lives of Types 304 and 316 SS are comparable; those of Type 316NG are superior
to those of Types 304 and 316 SS at high strain amplitudes. The fatigue lives of austenitic SSs in air are
independent of temperature in the range from room temperature to 427°C. Also, variation in strain rate in
the range of 0.4-0.008%/s has no effect on the fatigue lives of SSs at temperatures up to 400°C. The
fatigue €N behavior of cast SSs is similar to that of wrought austenitic SSs. The results indicate that the
ASME mean-data curve for SSs is not consistent with the experimental data at strain amplitudes <0.5% or
stress amplitudes <975 MPa (<141 ksi); the ASME mean curve predicts significantly longer lives than
those observed experimentally.
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The fatigue lives of cast and wrought austenitic SSs decrease in LWR environments compared to
those in air. The decrease depends on strain rate, DO level in water, and temperature. A minimum
threshold strain is required for an environmentally assisted decrease in the fatigue life of SSs, and this
strain appears to be independent of material type (weld or base metal) and temperature in the range of
250-325°C. Environmental effects on fatigue life occur primarily during the tensile-loading cycle and at
strain levels greater than the threshold value. Strain rate and temperature have a strong effect on fatigue
life in LWR environments. Fatigue life decreases with decreasing strain rate below 0.4%/s; the effect
saturates at 0.0004%/s. Similarly, the fatigue e-N data suggest a threshold temperature of 150°C; in the
range of 150-325°C, the logarithm of life decreases linearly with temperature.

The effect of DO level may be different for different steels. In low—DO water (i.e., <0.01 ppm DO)
- the fatigue lives of all wrought and cast austenitic SSs are decreased significantly; composition or heat
treatment "of the steel has little or no effect on fatigue life. However, in high-DO water, the
environmental effects on fatigue life appear to be influenced by the composition and heat treatment of the
steel; the effect of high-DO water on the fatigue lives of different compositions and heat treatment of SSs
is not well established. Limited data indicate that for a high—C Type 304 SS, environmental effects are
significant only for sensitized steel. For a low—C Type 316NG SS, some effect of environment was
observed even for mill-annealed steel (nonsensitized steel) in high-DO water, although the effect was
smaller than that observed in low-DO water. Limited fatigue e-N data indicate that the fatigue lives of
cast SSs are approximately the same in low— and high—-DO water and are comparable to those observed
for wrought SSs in low—DO water. In the present report, environmental effects on the fatigue lives of
wrought and cast austenitic SSs are considered to be the same in high-DO and low-DO environments.

The fatigue -N data for Ni-Cr-Fe alloys indicate that although the data for Alloy 690 are very
limited, the fatigue lives of Alloy 690 are comparable to those of Alloy 600. Also, the fatigue lives of the
Ni-Cr-Fe alloy welds are comparable to those of the wrought Alloys 600 and 690 in the low—cycle
regime, i.e., <10 cycles, and are slightly superior to the lives of wrought materials in the high—cycle
regime. The fatigue data for Ni-Cr-Fe alloys in LWR environments are very limited; the effects of key
loading and environmental parameters on fatigue life are similar to those for austenitic SSs. For example,
the fatigue life of these steels decreases logarithmically with decreasing strain rate. Also, the effects of
environment are greater in the low-DO PWR water than the high-DO BWR water. The existing data are
inadequate to determine accurately the functional form for the effect of temperature on fatigue life.

Fatigue life models developed earlier to predict fatigue lives of small smooth specimens of carbon
and low—alloy steels and wrought and cast austenitic SSs as a function of material, loading, and
environmental parameters have been updated/revised using a larger fatigue e-N database. The functional
form and bounding values of these parameters were based on experimental ‘observations and data trends.
The models are applicable for predicted fatigue lives <10° cycles. The ANL fatigue life model proposed
in the present report for austenitic SSs in air is also recommended for predicting the fatigue lives of small
smooth specimens of Ni-Cr-Fe alloys.

An approach, based on the environmental fatigue correction factor, is discussed to incorporate the
effects of LWR coolant environments into the ASME Code fatigue evaluations. To incorporate
environmental effects into a Section III fatigue evaluation, the fatigue usage for a specific stress cycle of
load set pair based on the current Code fatigue design curves is multiplied by the correction factor.

The report also presents a critical review of the ASME Code fatigue designvmargins of 2 on stress

and 20 on life and assesses the possible conservatism in the current choice of design margins. These
factors cover the effects of variables that can influence fatigue life but were not investigated in the tests
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that provided the data for the design curves. Although these factors were intended to be somewhat
conservative, they should not be considered safety margins because they were intended to account for
variables that are known to affect fatigue life. Data available in the literature have been reviewed to
evaluate the margins on cycles and stress that are needed to account for the differences and uncertainties.
Monte Carlo simulations were performed to determine the margin on cycles needed to obtain a fatigue
design curve that would provide a somewhat conservative estimate of the number of cycles to initiate a
fatigue crack in reactor components. The results suggest that for both carbon and low-alloy steels and
austenitic SSs, the current ASME Code requirements of a factor of 20 on cycles to account for the effects
of material variability and data scatter, as well as size, surface finish, and loading history, contain at least
a factor of 1.7 conservatism. Thus, to reduce this conservatism, fatigue design curves have been
developed from the ANL model by first correcting for mean stress effects, and then reducing the mean—
stress adjusted curve by a factor of 2 on stress and 12 on cycles, whichever is more conservative. A
detailed procedure for incorporating environmental effects into fatigue evaluations is also presented in
Appendix A.
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APPENDIX A

Incorporating Environmental Effects into Fatigue Evaluations
A1 Scope

This Appendix provides the environmental fatigue correction factor (Fep) methodology that is
considered acceptable for incorporating the effects of reactor coolant environments on fatigue usage
factor evaluations of metal components for new reactor construction. The methodology for performing
fatigue evaluations for the four major categories of structural materials, e.g., carbon steel, low-alloy
steels, wrought and cast austenitic stainless steels, and Ni-Cr-Fe alloys, is described.
A2 Environmental Correction Factor (Fen)

The effects of reactor coolant environments on the fatigue life of structural materials are expressed

in terms of a nominal environmental fatigue correction factor, Fepnom, Which is defined as the ratio of
fatigue life in air at room temperature (N rT) to that in water at the service temperature (Nyater):

Fen,nom = Nair R Nwater | | | (A1)
The nominal environmental fatigue correction factor, Fep nom, for carbon steels is expressed as

Fennom = €xp(0.632 —0.101 S* T* O* ¢*), (A2)
and for low-alloy steels, it is expressed as

Fennom = €xp(0.702 —0.101 §* T* 0* ¢*), (A3)

where S*, T*, O*, and ¢ *are transformed S content, temperature, DO level, and strain rate, respectively,
defined as: - :

S*=0.0 (S £0.001 wt.%)
S*=8 ‘ (S <0.015 wt.%)
S*=0.015 (S >0.015 wt.%) (A.4)
T =0 (T <150°C)
T =T-150 (T = 150-350°C) (A.5)
0*'=0 ~ (DO-<0.04 ppm)

= In(D0O/0.04) (0.04 ppm < DO <0.5 ppm)

= In(12.5) (DO > 0.5 ppm) (A.6)

=0 (& > 1%/s)
=1In(¢) (0.001 < & <1%/s)
= In(0.001) (¢ <0.001%/s). (A7)
Al



For both carbon and low-alloy steels, a threshold value of 0.07% for strain amplitude (one-half the strain
range for the cycle) is defined, below which env1ronmenta1 effects on the fatigue life of these steels do not
occur, Thus,

Fennom =1 » (€2 £0.07%). (A.8)
For wrought and cast austenitic stainless steels,

Fennom = exp(0.734 - T O' ¢"). ‘ (A9)

where T', ¢, and O' are transformed temperature, strain rate, and DO level, respectively, defined as:

T=0 (T <150°C)

T = (T - 150)/175 (150 < T < 325°C)

T=1 (T >325°C) (A.10)
g'=0 (£ >0.4%ls)

¢'=In(£/0.4) (0.0004 < &€ <0.4%/s)

&' = In(0.0004/0.4) . (& <0.0004%/s) (A.11)
0'=0.281 | (all DO levels). (A12)

For wrought and cast austenitic stainless steels, a threshold value of 0.10% for strain amplitude (one-half
- the strain range for the cycle) is defined, below which environmental effects on the fatlgue life of these
steels do not occur. Thus,
Fennom =1 (€2 £0.10%). _ (A.13)
For Ni-Cr-Fe alloys,
Fennom = exp(-T ¢’ 0O, (A.14)

where T, ¢’, and O are transformed temperature, strain rate, and DO, respectively, defined as:

T =T/325 (T <325°C) .

T=1 (T>325°C) - : (A.15)
£ =0 (&> 5.0%/s)

¢’ =1In(£/5.0) (0.0004 < & <5.0%/s)

¢ =1n(0.0004/5.0) : (£ <0.0004%/s) (A.16)
0’ =0.09 (NWC BWR water)

0’ =0.16 (PWR or HWC BWR water). (A.17)

For Ni-Cr-Fe alloys, a threshold value of 0.10% for strain amplitude (one-half the strain range for the
cycle) is defined, below which environmental effects on the fatigue life of these alloys do not occur.
Thus,

A2



Fennom = | | (€2 <0.10%). ' (A.18)
A3 Fatigue Evaluation Procedure

The evaluation method uses as its input the partial fatigue usage factors Uj, Up, Us, ..Uy,
determined in Class 1 fatigue evaluations. To incorporate environmental effects into the Section III
fatigue evaluation, the partial fatigue usage factors for a specific stress cycle or load set pair, based on the
current Code fatigue design curves, is multiplied by the environmental fatigue correction factor:

Uen.1 =U1Fen,1- (A.19)

In the Class 1 design—by—analysis procedure, the partial fatigue usage factors are calculated for
each type of stress cycle in paragraph NB-3222.4(e)(5). For Class 1 piping products designed using the
NB-3600 procedure, Paragraph NB-3653 provides the procedure for the calculation of partial fatigue
usage factors for each of the load set pairs. The partial usage factors are obtained from the Code fatigue
design curves provided they are consistent, or conservative, with respect to the existing fatigue e-N data.
For example, the Code fatigue design curve for austenitic SSs developed in the 1960s is not consistent
with the existing fatigue database and, therefore, will yield nonconservative estimates of usage factors for
most heats of austenitic SSs that are used in the construction of nuclear reactor components. Examples of *
calculating partial usage factors are as follows:

(1) For carbon and low-alloy steels with ultimate tensile strength <552 MPa (<80 ksi), the partial
fatigue usage factors are obtained from the ASME Code fatigue design curve, i.e., Fig. I-9.1 of the
mandatory Appendix I to Section III of the ASME Code. As an alternative, to reduce conservatism
in the current Code requirement of a factor of 20 on life, partial usage factors may be determined
from the fatigue design curves that were developed from the ANL fatigue life model, i.e., Figs. A.1
and A.2 and Table A.1. '

-

LS RLLLL LLLLRELY LER R ERLLL T T LSALLLY LIRS L IIII"I! LI Illllll LI lH"ll Lan IIHI_
\ Carbon Steels J
. : UTS <552 MPa (s80 ksi)
— C Air up to 371°C (700°F)
S \ | € =206.8 GPa Figure A.1.
3 ' : ) .
ém 10°F ~ T ASME Code Carve Fatigue design curve for
@ f \ ANLModel4Eq. 18§ carbon steels in air. The
3 i R N : 1 curve developed from the
| \ ANL model is based on
E - - : ] .
< A factors of 12 on life and 2
2 I B :
o 102F — : on stress.
77 [ Carbon Steels ) T ]
- o,=551.6 MPa . ' T
| o, =2758MPa i
Lllllllli J_lJ_lHIli Ll A RATT Ll Ltz L bt 11 4 LiaL 13 10 0l 1 11eiu oL LLLit]]

101 102 10° 104 10% 106 107 108 10° 1070 0™
Number of Cycles N .

A3



LU N1 SO 1 S e R 1)) |H|m} T IHIIIII LRRMLL |nun] T

& ; Low-Alloy S'teels ]
. : UTS 5552 MPa (s80 ksi)
r . Air up to 371°C (700°F) ]

o, = 482.6 MPa

S | © E=206.8GPa I Figure A.2.

3 ; : ) .
‘E’N 10°F . — ---- ASME Code Curve 3 Fatigue design curve for
@ N \ ANL Model & Eq. 18 1 low-alloy steels in air. The
3 C 1 curve developed from the
EL i \ | ANL model is based on
< ’ N factors of 12 on life and 2
2 ! N
o 102[ ; P on stress.
& E Low-Alloy Steels o LT

[ o,=689.5MPa ' C—

/

1 Illlllll 1 lIl)IlII I RATIT IEEWELTT L Lt S RELTH) L1t il Lt LU IRl L LLLtIN
10" 102 10® 404 105 108 107 108 10® 100 10V
‘ Number of Cycles N

_'Table A.1. Fatigue design curves for carbon and low-alloy steels and proposed extension to 1011 cycles.

Stress Amplitude (MPa/ksi) Stress Amplitude (MPa/ksi)
ASME Code Eqs.15& 18 Eqgs. 16 & 18 ASME Code Eqs.15& 18 Eqgs. 16 &18

Cycles Curve Carbon Steel Low-Alloy Steel Cycles Curve Carbon Steel Low-Alloy Steel
1 E+01 3999 (580) 5355 (777) 5467 (793) 2 E+05 114 (16.5) 176 (25.5) 141 (20.5)
2 E+01 2827 (410) 3830 (556) 3880 (563) 5 E+05 93 (13.5) 154 (22.3) 116 (16.8)
5 E+01 1896 (275) 2510 (364) 2438 (354) 1 E+06 86 (12.5) 142 (20.6) 106 (15.4)
1 E+02 1413 (205) 1820 (264) 1760 (255) 2 E+06 130 (18.9) 98 (14.2)
2 E+02 1069 (155) 1355 (197) 1300 (189) 5 E+06 120 (17.4) 94 (13.6)

5 E+02 724 (105) 935 (136) 900 (131) 1 E+07 76.5 (11.1) 115 (16.7) 91(13.2)

1 E+03 572 (83) 733 (106) 720 (104) 2 E+07 110 (16.0) 90 (13.1)
2 E+03 441 (64) 584 (84.7) 576 (83.5) 5 E+H07 107 (15.5) 88 (12.8)

5 E+03 331 (48) 451 (65.4) 432 (62.7) 1 E+08 68.3 (9.9) 105 (15.2) 87 (12.6)

1 E+04 262 (38) 373 (54.1) 342 (49.6) 1 E+09 60.7 (8.8) 102 (14.8) 83 (12.0)
2 E+04 214 (31) 305 (44.2) 276 (40.0) 1 E+010 545 (7.9) 97(14.1) ~ 80(11.6)

5 E+04 159 (23) 238 (34.5) 210 (30.5) 1 E+011 48.3 (7.0) 94 (13.6) 77 (11.2)

1 E+05 138 (20.0) 201 (29.2) 172 (24.9)

(2) For wrought or cast austenitic SSs and Ni-Cr-Fe alloys, the partial fatigue usage factors are
obtained from the new fatigue design curve proposed in the present report for austenitic SSs, i.e.,
Fig. A.3 and Table A.2.

The cumulative fatigue usage factor, Uep, considering the effects of reactor coolant environments is
then calculated as the following:

Uen = UrFen,1 + U2'Fep2 + UsFen3 + UiFeni ...+ Up'Fenp, (A.20)

where Fep ; is the nominal environmental fatigue correction factor for the “i”th stress cycle (NB-3200) or
load set pair (NB-3600). Because environmental effects on fatigue life occur primarily during the tensile-
loading cycle (i.e., up-ramp with increasing strain or stress), this calculation is performed only for the
tensile stress producing portion of the stress cycle constituting a load pair. Also, the values for key
parameters such as strain rate, temperature, dissolved oxygen in water, and for carbon and low-alloy
steels S content, are needed to calculate Fen for each stress cycle or load set pair. As discussed in
Sections 4 and 5 of this report, the following guidance may be used to determine these parameters:
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Table A.2. The new and current Code fatigue design curves for austenitic stainless steels in air.

Stress Amplitude (MPa/ksi) Stress Amplitude (MPa/ksi)

Cycles New Design Curve  Current Design Curve Cycles New Design Curve  Current Design Curve
1 E+01 6000 (870) 4881 (708) 2 E+05 168 (24.4) 248 (35.9)
2 E+01 4300 (624) 3530 (512) 5 E+05 142 (20.6) 214 (31.0)
5 E+01 2748 (399) 2379 (345) 1 E+06 126 (18.3) 195 (28.3)
1 E+02 1978 (287) 1800 (261) 2 E+06 113 (16.4) 157 (22.8)
2 E+02 1440 (209) 1386 (201) 5 E+06 102 (14.8) 127 (18.4)
5E+02 974 (141) 1020 (148) 1 E+07 99 (14.4) 113 (16.4)
1 E+03 745 (108) 820 (119) 2 E+07 105 (15.2)
2 E+03 590 (85.6) 669 (97.0) 5 E+07 98.6 (14.3)
5 E+03 450 (65.3) 524 (76.0) 1 E+08 97.1(14.1) 97.1 (14.1)
1 E+04 368 (53.4) 441 (64.0) 1 E+09 95.8 (13.9) 95.8 (13.9)
2 E+04 300 (43.5) 383 (55.5) 1 E+10 94.4 (13.7) 94.4 (13.7)
5 E+04 235 (34.1) 319 (46.3) 1E+11 93.7 (13.6) 93.7 (13.6)
1 E+05 196 (28.4) 281 (40.8) 2 E+10

(1)  An average strain rate for the transient always yields a conservative estimate of Fey. The lower
bound or saturation strain rate of 0.001%/s for carbon and low—alloy steels or 0.0004%/s for
austenitic SSs can be used to perform the most conservative evaluation.

(2) For the case of a constant strain rate and a linear temperature response, an average temperature (i.c.,
average of the maximum and minimum temperatures for the transients) may be used to calculate
Fen. In general, the “average” temperature that should be used in the calculations should produce
results that are consistent with the results that would be obtained using the modified rate approach
described in Section 4.2.14 of this report The maximum temperature can be used to perform the
most conservative evaluation.

(3) The DO value is obtained from each transient constituting the stress cycle. For carbon and low-
alloy steels, the dissolved oxygen content, DO, associated with a stress cycle is the highest oxygen
level in the transient, and for austenitic stainless steels, it is the lowest oxygen level in the transient.
A value of 0.4 ppm for carbon and low-alloy steels and 0.05 ppm for austenitic stamless steels can
be used for the DO content to perform a conservative evaluation.

AS



(4) The sulfur content, S, in terms of weight percent might be obtained from the certified material test
- report or an equivalent source. If the sulfur content is unknown, then its value shall be assumed as
the maximum value specified in the procurement specification or the applicable construction Code.

The detailed procedures for incorporating environmental effects into the Code fatigue evaluations
have been presented in several articles. The following two may be used for guidance:

(1) Mehta, H. S., “An Update on the Consideration of Reactor Water Effects in Code Fatigue Initiation
Evaluations for Pressure Vessels and Piping,” Assessment Methodologies for Preventing Failure:
Service Experience and Environmental Considerations, PVP Vol. 410-2, R, Mohan, ed., American
Society of Mechanical Engineers, New York, pp. 45-51, 2000.

(2) Nakamura, T., M. Higuchi, T. Kusunoki, and Y. Sugie “JSME Codes on Environmental Fatigue

Evaluation,” Proc of the 2006 ASME Pressure Vessels and Piping Conf., July 23-27, 2006
Vancouver BC, Canada, paper # PVP2006-ICPVT11-93305.

A6



G D IR N S O O NN D BN N S NN M OBy NN B IR s

Entergy Answer to New and Amended Contention
NYS-26/26B & Riverkeeper TC-1/1B (Metal Fatigue) (Oct. 4, 2010)

PROPOSED AMENDED CONTENTION
NYS-26/26B & RIVERKEEPER TC-1/1B:

ATTACHMENT 5




Enterqy Nuclear Northeast
indian Point Energy Center
450 Broadway, GSB

e 4 :
- Lnler: P.O, Box 249
Buchanan, N.Y. 10511-0249

Tel (914) 788-2055

Fred Dacimo
Vice President
License Renewal

~ NL-10-082
August 9, 2010

ATTN: Document Control Desk
U.S. Nuclear Regulatory Commission
Washington, DC 20555-0001

SUBJECT: License Renewal Application — Completion of Commitment #33
Regarding the Fatigue Monitoring Program
Indian Point Nuclear Generating Unit Nos. 2 and 3
Docket Nos. 50-247 and 50-286
License Nos. DPR-26 and DPR-64

REFERENCE 1. Entergy Letter dated April 23, 2007, F. R. Dacimo to Document
Control Desk, “License Renewal Application” (NL-07-039)

2. Entergy Letter dated April 23, 2007, F. R. Dacimo to Document
Control Desk, “License Renewal Application Boundary Drawings
(NL-07-040) :

3. Entergy Letter dated April 23, 2007, F. R. Dacimo to Document
Control Desk, “License Renewal Application Environmental Report
References (NL-07-041)

4. Entergy Letter dated October 11, 2007, F. R, Dacimo to Document
Control Desk, “License Renewal Application (LRA)” (NL-07-124)

5. Entergy Letter November 14, 2007, F. R, Dacimo to Document
Control Desk, “Supplement to License Renewal Application (LRA)
Environmental Report References” (NL-07-133)

Dear Sir or Madam:

In the referenced letters, Entergy Nuclear Operations, Inc. applied for renewal of the
indian Point Energy Center operating license. This letter contains information supporting
the completion of commitment 33 to the License Renewal Application regarding the
Fatigue Monitoring Program.



NL-10-082

Docket Nos. 50-247 and 50-286 -

Page 2 of 2

There are no new commitments identified in this submittal. If you have any questions, or
require additional information, please contact Mr. Robert Walpole at 914-734-6710.

Sincerely,

FD/mb

Attachments: 1. = Environmental Fatigue Evaluations
2. List of Regulatory Commitments

cc: Mr. S. J. Collins, Regional Administrator, NRC Region !
Mr. J. Boska, Senior Project Manager, NRC, NRR, DORL
Mr. Sherwin E. Turk, NRC Office of General Counsel, Special Counsel
Ms. Kimberly Green, NRC Safety Project Manager
NRC Resident Inspectors Office, Indian Point
Mr. Paul Eddy, NYS Dept. of Public Service
Mr. Francis J. Murray, Jr., President and CEQ, NYSERDA
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INDIAN POINT NUCLEAR GENERATING UNIT NOS. 2 AND 3
LICENSE RENEWAL APPLICATION
ENVIRONMENTAL FATIGUE EVALUATIONS

Environmental Fatigue Evaluation for Indian Point Unit 2 and Unit 3

Entergy has applied for renewed operating licenses for Indian Point Nuclear Generating Unit 2
and Unit 3 (IP2 and IP3). In the license renewal application, Entergy committed to address
environmentally assisted fatigue. Entergy’s commitment, amended by letter, NL-08-021, dated
January 22, 2008, reads as foilows.

At least 2 years prior to entering the period of extended operation, for the locations
identified in LRA Table 4.3-13 (IP2) and LRA Table 4.3-14 (IP3), under the Fatigue
Monitoring Program, IP2 and I1P3 will implement one or more of the following:

(1) Consistent with the Fatigue Monitoring Program, Detection of Aging Effects, update
the fatigue usage calculations using refined fatigue analyses to determine valid CUFs
less than 1.0 when accounting for the effects of reactor water environment. This includes
applying the appropriate Fen factors to valid CUFs determined in accordance with one of
the following:

I. For locations in LRA Table 4.3-13 (IP2) and LRA Table 4.3-14 (IP3), with existing
fatigue analysis valid for the period of extended operation, use the existing CUF.

2. Additional plant-specific locations with a valid CUF may be evaluated. In
particular, the pressurizer lower shell will be reviewed to ensure the surge nozzle
remains the limiting component.

3. Representative CUF values from other plants, adjusted to or enveloping the IPEC
plant specific external loads may be used if demonstrated applicable to IPEC.

4, An analysis using an NRC-approved version of the ASME code or NRC-approved
alternative (e.g., NRC-approved code case) may be performed to determine a valid
CUF.

(2) Consistent with the Fatigue Monitoring Program, Corrective Actions, repair or replace
the affected locations before exceeding a CUF of 1.0,

Entergy has updated the fatigue usage calculations using refined fatigue analyses to determine
CUFs when accounting for the effects of reactor water environment. This includes applying the
appropriate Fen factors to valid CUFs for the locations shown in LRA Table 4.3-13 and LRA
Table 4.3-14.

The tables from the LRA are repeated as follows with the updated CUF values inserted.

The results of the refined analyses are shown in the tables as ynderlined values.



Table 4.3-13
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IP2 Cumulative Usage Factors for NUREG/CR-6260 Limiting Locations

Per NUREG/CR-6583 or

NUREG-6260 Generic ";2 P;:,'l‘; Materlal | CUF of NUREG/CR-5704
Location L::atlon Type Record
F Environmentall
en y Adjusted CUF
1 | Vessel shell and Bottom head to
lower head shell LAS 0.004 245 0.01
2 | Vessel inlet and Reactor vessel
outlet nozzles inlet nozzle LAS 0.05 2.45 0.12
2 | Vesselinlet and Reactor vessel .
outlet nozzles outlet nozzle LAS 0.281 245 0.69
3 | Pressurizer surge Pressurizer LAS 0.264 2.45 0-846
lyne nozzles ;s\grzgze'ee line 0.109 1.74 0.188
3 | Pressurizer surge Surge line piping ' s 06 1636 824
line piping to safe end weld S 0.062 13.26 0.822
4 | RCS piping Charging system ss 0.99 156.35 15.20
ﬁl;il;?éng system nozzle 0.0323 87 0.2809
5 | RCS piping safety | NA ss NA? 15.36 NA?
injection nozzle 0.1083 | 7.8975 0.8553
6 | RHR Class 1 piping | NA ss NA? 1636 Na?
0.0721 - 13.08 0.9434




: Table 4.3-14
IP3 Cumulative Usage Factors for NUREG/CR-6260 Limiting Locations
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Per NUREG/CR-6583 or
NUREG/CR-5704

: IP3 Plant- Material | CUF of
NUREG-6260 Location Specific Location Type Record
' F Environmentally
on Adjusted CUF

Vessel shell and lower Bottom head to
h:ad o shell LAS 0.02 2.45 0.05
Vessel inlet and outlet Reactor vessel
nozzlés inlet nozzle LAS 0.049 2.45 0.12
Vessel inlet and outlet Reactor vessel '
nozzles outlet nozzle LAS 0.259 2.45 0.64
Pressurizer surge fine Pressurizer surge 0.0612 245 235
nozzles line nozzle LAS 0.0903 174 0.157
Pressurizer surge line Surge line piping s 86 1636 824
piping to safe end weld S 0.0411 14.45 0.594
RCS piping charging NA ss Na? 16:35 NA?
system nozzle 0.1812 | 3.98 0.722
RCS piping safety NA s Na? 1536 NA?
injection nozzle 5 | omoe |souz|  osses
RHR Class 1 piping NA ss NA? 15:36 NA?

0.1279 7.79 0.9961

.
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As described in LRA Section 4.3.3 and shown in Tables 4.3-13 and 4.3-14, the CUFs for the
reactor vessel locations were not changed. The evaluation documented in the LRA used
bounding Fens applied to the CUF's of record for the bottom head to shell region, the reactor
vessel inlet nozzle and the reactor vessel outlet nozzle. The tables show the Cumulative Usage
Factors are all below 1.0 for these three locations for both units.

The stress and fatigue evaluations for the remaining piping components listed in Table 4.3-13
and 4.3-14 were performed using standard methods of the ASME Code, Section Ill. Detailed
stress models of the surge line hot leg nozzle, pressurizer surge nozzle, reactor coolant piping
charging system nozzle, reactor coolant piping safety injection nozzle, and the RHR system
class 1 piping locations were prepared. The analyst developed detailed stress history inputs for
all transients considered in the evaluation, which were subsequently used to provide detailed

" inputs used in the EAF evaluations. The ASME Code evaluations were performed for the piping
components to reduce conservatism in the analyses or because the current licensing basis
(CLB} qualification was to the ANS! B31.1 Power Piping Code, which did not require a fatigue
usage factor calculation. The evaluations were limited to the stress qualifications related to the
fatigue requirements of the ASME Code. The primary stress qualifications documented in the
CLB remain applicable for the components evaluated.

The evaluation of EAF was accomplished through the application of Fen factors, as described in
NUREG/CR-5704 for the stainless steels in the pressurizer surge line, the reactor coolant piping
charging and safety injection system nozzles, and the RHR system Class 1 piping. In addition,
Fen factors for the pressurizer surge nozzle dissimilar metal weld also considered the carbon
steel factors in NUREG/CR-6583. The Fen factors are calculated based on detailed inputs
described in the applicable NUREG and are directly applied to the ASME Code fatigue results.

The refined fatigue analyses of the Indian Point Unit 2 and Unit 3 piping locations corresponding
to the locations identified in NUREG/CR-6260 for older vintage Westinghouse plants
demonstrate that cumulative fatigue usage factors including consideration of reactor water
environmental effects are below a value of 1.0 for transients postulated for 60 years of
operation.

The results of this evaluation resolve commitment number 33 in the NRC Safety Evaluation
Report on license renewal for indian Point Nuclear Generating Unit 2 and Unit 3.
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COMMITMENT

Enhance the External Surfaces Monitoring Program
for IP2 and IP3 to include periodic inspections of
systems in scope and subject to aging management
review for license renewal in accordance with 10 CFR
54.4(a)(1) and (a)(3). Inspections shall include areas
surrounding the subject systems to identify hazards to
those systems. Inspections of nearby systems that
could impact the subject systems will include SSCs
that are in scope and subject to aging management
review for license renewal in accordance with 10 CFR
54.4(a)(2).

‘Enhance the Fatigue Monitoring Program for IP2 to

monitor steady state cycles and feedwater cycles or

perform an evaluation to determine monitoring is not
required. Review the number of allowed events and

resolve discrepancies between reference documents
and monitoring procedures.

Enhance the Fatigue Monitoring Program for IP3 to
include all the transients identified. Assure all fatigue
analysis transients are included with the lowest
limiting numbers. Update the number of design
transients accumulated to date.

Enhance the Fire Protection Program to inspect
external surfaces of the IP3 RCP oil collection

'} systems for loss of material each refueling cycle.

Enhance the Fire Protection Program to explicitly
state that the IP2 and I1P3 diesel fire pump engine
sub-systems (including the fuel supply line) shall be
observed while the pump is running. Acceptance
criteria will be revised to verify that the diesel engine
does not exhibit signs of degradation while running;
such as fuel oil, lube oil, coolant, or exhaust gas
leakage.

Enhance the Fire Protection Program to specify that
the IP2 and IP3 diesel fire pump engine carbon steel
exhaust components are inspected for evidence of
corrosion and cracking at least once each operating
cycle.

Enhance the Fire Protection Program for IP3 to
visually inspect the cable spreading room, 480V
switchgear room, and EDG room CQ, fire suppression
system for signs of degradation, such as corrosion
and mechanical damage at least once every six
months.

Attachment 2
) NL-10-082
Docket Nos. 50-247 and 50-286
Page 4 of 17
IMPLEMENTATION] SOURCE | RELATED
SCHEDULE . L.RA SECTION
/ AUDIT ITEM
I P2: NL-07-039 | A2.1.10
September 28, A3.1.10
2013 B.1.11
IP3:
December 12,
F01 5
IP2: NL-07-039 | A.2.1.11
September 28, A3.1.11
2013 B.1.12,
NL-07-153 | Audit Item
164
IP3:
December 12,
2015
IP2: NL-07-039 | A.2.1.12
September 28, A3.1.12
2013 B.1.13
1P3:
December 12,
2016
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COMMITMENT

IMPLEMENTATION
SCHEDULE

SOURCE

RELATED
LLRA SECTION
/ AUDIT ITEM

33

At least 2 years prior to entering the period of
extended operation, for the locations identified in LRA
Table 4.3-13 (IP2) and LRA Table 4.3-14 (IP3), under
the Fatigue Monitoring Program, IP2 and 1P3 will
implement one or more of the following:

(1) Consistent with the Fatigue Monitoring Program,
Detection of Aging Effects, update the fatigue usage
calculations using refined fatigue analyses to
determine valid CUFs less than 1.0 when accounting
for the effects of reactor water environment. This
includes applying the appropriate Fen factors to valid
CUFs determined in accordance with one of the
following:

1. For locations in LRA Table 4.3-13 (IP2) and LRA
Table 4.3-14 (IP3), with existing fatigue analysis valid
for the period of extended operation, use the existing
CUF,

2. Additional plant-specific locations with a valid CUF
may be evaluated. In particular, the pressurizer lower
shell will be reviewed to ensure the surge nozzle
remains the limiting component.

3. Representative CUF values from other plants,
adjusted to or enveloping the IPEC plant specific
external loads may be used if demonstrated applicable
to IPEC.

4. An analysis using an NRC-approved version of the ASME
code or NRC-approved alternative (e.g., NRC-approved code
case) may be performed to determine a valid CUF.

(2) Consistent with the Fatigue Monitoring Program,
Corrective Actions, repair or replace the affected
locations before exceeding a CUF of 1.0.

IP2;
September 28,
2011

iP3:

December 12,
2013

Complete

NL-07-039

NL-07-153

NL-08-021

NL-10-082

A2.223
A3.223
433
Audit item
146

34

IP2 SBO / Appendix R diesel generator will be
installed and operational by April 30, 2008. This
committed change to the facility meets the
requirements of 10 CFR 50.59(c)(1) and, therefore, a
license amendment pursuant to 10 CFR 50.90 is not
required.

April 30, 2008

Complete

NL-07-078
NL-08-074

2.1.1.3.5
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REPORT SUMMARY

For about the last 15 years, the effects of light water reactor environment on fatigue have been
the subject of research in both the United States and abroad. Based on a risk study reported in

" NUREG/CR-6674, the NRC concluded that reacjor water environmental effects were not a
safety issue for a 60-year operating life, but that some limited assessment of its effect would be
required for a license renewal extended operating period beyond 40 years. This guideline offers
methods for addressing environmental fatigue in a license renewal submittal.

Background .

Many utilities are currently embarking upon efforts to renew their operating licenses. One of the
key areas of uncertainty in this process relates 1o fatigue of pressure boundary components.
Although the NRC has determined that fatigue is not a significant contributor to core damage
frequency, they believe that the frequency of pipe leakage may increase significantly with
operating time and have requested that license renewal applicants perform an assessment to
determine the effects of reactor water coolant environment on fatigue, and, where appropriate,
manage this effect during the license renewal period. As the license renewal application process
progressed starting in 1998, several utilities addressed this request using different approaches. In
more recent years, a unified approach has emerged that has obtained regulator approval and
allowed utilities to satisfactorily address this issue and obtain a renewed operating license for 60
years of plant operation. : .

Objectives
¢ To provide guidance for assessment and management of reactor coolant environmental
effects

* To minimize the amount of plant-specific work necessary to comply with NRC requirements
for addressing this issue in a license renewal application

» To provide “details of execution” for applying the environmental fatigue approach currenlly
accepted by the NRC in the license renewal application process.

Approach

The project team reviewed previous work by EPRI and utilities related to fatigue environmental

effects.and license renewal including reports on this subject created by EPRI, NRC, and NRC
contractors. Recent license renewal applications. NRC Requests for Additional Information, and
the commitments made by the past license renewal applicants provided insight into NRC
expectations. After evaluation of all this information, the project team developed alternatives for
addressing fatigue environmental effects. This revision provides guidelines based on indusiry
experience, consensus, and insight gained from more than six years of experience with this issue
and the license renewal approval process.,



Results

. The report describes a fatigue environmental effect license renewal approach that can be applied

by any license renewal applicant. It provides guidelines for performing environmental fatigue
assessments using fatigue environmental factors from currently accepted F,, methodology.

EPRI! Perspective

- Utilities have committed significant resources to license renewal activities related to fatigue.

Based on input from applicants to-date, NRC requirements for addressing fatigue environmental
effects continued to change for the first few applicants, but more recently have become more ‘
unified. These guidelines were developed to provide stability. refined guidance, and assurance of

NRC acceptance and include an approach that may be taken to address fatigue environmental

effects in a license renewal application. Use of the approach provided in this document should

limit the amount of effort necessary by individual license renewal applicants in addressing this
requirement and putting activities in place for the extended operating period to manage reactor
water environmental effects on fatigue.

Keywords

Fatigue

License Renewal |

Reactor Water Environmental Fatigue Effects
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ABSTRACT

For about the last 15 years. the effects of light water reactor environment on fatigue have been
the subject of research in both the United States and abroad. The conclusions from this research
are that the reactor water temperature and chemical composition (particularly oxygen content.or
ECP) can have a significant effect on the fatigue life of carbon, low alloy, and austenitic stainless
steels. The degree of fatigue life reduction is a function of the tensile strain rate during a
transient, the specific material, the temperature, and the water chemistry. The effects of other
than moderate environment were not considered in the original development of the ASME Code
Section HI fatigue curves.

This issue has been studied by the Nuclear Regulatory Commission (NRC) for many years. One
of the major efforts was a program to evaluate the effects of reactor water environment for both
early and late vintage plants designed by all U.S. vendors. The results of that study, published in
NUREG/CR-6260, showed that there were a few high usage factor locations in all reactor types,
and that the effects of reactor water environment could cause fatigue usage factors to exceed the
ASME Code-required fatigue usage limit of 1.0. On the other hand, it was demonstrated that
usage factors at many locations could be shown acceptable by refined analysis and/or fatigue
monitoring of actual plant transients.

Based on a risk study reported in NUREG/CR-6674, the NRC concluded that reactor water
environmental effects were not a safety issue for a 60-year operating life, but that some limited -
assessment of its effect would be required for a license renewal extended operating period
beyond 40 years. Thus, for all license renewal submittals to-date, there have been formal
questions raised on the topic of environmental fatigue and, in all cases, utility commitments to
address the environmental effects on fatigue in the extended operating period. Many plants have
already performed these commitments.

This guideline offers methods for addressing environmental fatigue in a license renewal
submittal. It requires that a sampling of the most affected fatigue sensitive locations be
identified for evaluation and tracking in the extended operating period. NUREG/CR-6260
locations are considered an appropriate sample for F_ evaluation as long as none exceed the
acceptance criteria with environmental effects considered. If this occurs, the sampling is to be
extended to other locations. For these locations, evaluations similar to those conducted in
NUREG/CR-6260 are required. In the extended operating period, fatigue monitoring is used for
the sample of locations to show that ASME Code limits are not exceeded. If these limits are
exceeded, corrective actions are identified for demonstrating acceptability for continued
operation.
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Using the guidance provided herein, the amount of effort needed to justify individual license
renewal submittals and respond to NRC questions should be minimized, and a more unified, -
consistent approach should be achieved throughout the industry. More importantly, this revision
provides “details of execution” for applying the environmental fatigue approach currently
accepted by the NRC in the license renewal application process.
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License Renewal Approach

9. ADMINISTRATIVE CONTROLS

The Thermal Fatigue Licensing Basis Monitoring Guideline actions are implemented by
plant work processes.

10. OPERATING EXPERIENCE

Refer to Sections 1.1 and 2.5.2.3 of Reference [23] for a discussion of how operating
experience becomes part of the Thermal Fatigue Licensing Basis Monitoring Guideline
implementation,

-

3.2 Method for Evaluation of Environmental Effects

There are several methods that have been published to assess the effects of reactor water
environment on fatigue for each specific location to be considered. In this document, guidance is
provided for performing evaluations in accordance with NUREG/CR-6583 [3] for carbon and
low alloy steels and NUREG/CR-5704 [4] for austenitic stainless steels, since these are the
currently accepted methodologies for evaluating environmental fatigue effects. Other methods
that have been published, including those currently being used in Japan, are documented in
References {18] and [22].

Figure 3-1 is a flowchart that shows an overview of the assessment approach.

o The first step is to identify the locations to be used in the assessment. This step is discussed
in Section 3.2.1

¢ The second step is to perform an assessment of the effects of environmental fatigue on the
~ Jocations identified in Step 1. This includes an assessment of the actual expected fati gue

usage factor including the influence of environmental effects. Inherent conservatisms in
design transients may be removed to arrive at realistic CUFs that include environmental
effects. This approach is most applicable to locations where the design transients
significantly envelope actual operating conditions in the plant. Further discussion is
provided in Section 3.2.2. Specific guidance on performing such evaluation is provided in
Section 4.0. : ‘

¢ The bottom of Figure 3-1 indicates that fatigue management occurs after the evaluation from
-Step 2 is performed for each location. This may be as simple as counting the accumulated
cycles and showing that they remain less than or equal to the number of cycles utilized in the
. assessment performed in Step 2. On the other hand, it may not be possible to show continued
acceptance throughout the extended operating period such that additional actions are
required. Such options are discussed in Section 3. 3 Refer also 1o Reference [23] for a
discussion of cycle counting. ~

3-3
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IDENTIFY LOCATIONS

y

PERFORM
ENVIRONMENTAL
FATIGUE USAGE
ASSESSMENT

FATIGUE MANAGEMENT IN
EXTENDED OPERATING
' PERIOD

Figure 3-1
Overview of Fatigue Environmental Effects Assessment and Management

3.2.1 Identification of Locations for Assessment of Environ'menlal Effects

A sampling of locations is chosen for the assessment of environmental effects. The purpose of
identifying this set of locations is to focus the environmental assessment on just a few

components that will serve as leading indicators of fatigue reactor water environmental effects.
Figure 3-2 shows an overview of the approach identified for selecting and evaluating locations.

For both PWR and BWR plants, the locations chosen in NUREG/CR-6260 [2] were deemed to
be representative of locations with relatively high usage factors for all plants. Although the
locations may not have been those with the highest values of fatigue usage reported for the plants
evaluated, they were considered representative enough that the effects of LWR environment on
fatigue could be assessed. ‘

The locations evaluated in NUREG/CR-6260 [2] for the appropriate vendor/vintagé plant should

be evaluated on a plant-unique basis. For cases where acceptable fatigue results are demonstrated for

these locations for 60 years of plant operation including environmental effects, additional
evaluations or locations need not be considered. However, plant-unique evaluations may show
that some of the NUREG/CR-6260 [2] locations do not remain within allowable limits for 60
years of plant operation when environmental effects are considered. In this situation, plant
specific evaluations should expand the sampling of locations accordingly to include other
locations where high usage factors might be a concern.
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In original stress reports, usage factors may have been reported in many cases that are
unrealistically high, but met the ASME Code requirement for allowable CUF. In these cases,
revised analysis may be conducted to derive a more realistic usage factor or to show that the
revised usage factor is significantly less than reported.

If necessary, in identifying the set of locations for the expanded environmental assessment, it is
important that a diverse set of locations be chosen with respect to component loading (including
thermal transients), geometry, materials, and reactor water environment. If high usage factors
are presented for a number of locations that are similar in geometry, material, loading conditions,
and environment, the location with the highest expected CUF, considering typical environmental
fatigue multipliers, should be chosen as the bounding location to use in the environmental fatigue
assessment. Similar to the approach taken in NUREG/CR-6260 {2], the final set of locations

“ chosen for expanded environmental assessment should include several different types of
locations that are expected to have the highest CUFs and should be those most adversely affected

by environmental effects. The basis of location choice should be described in the mdnvndual
plant license renewal application. .

In conclusion, the following steps should be taken to identify the specific locations that are to be
considercd in the environmental assessment:

. Idemlfy the locations evaluated in NUREG/CR- 6260 [2] for the appropriate vintage/vendor

plant.

¢ Perform a plant-unique ‘environmental fatigue assessment for the NUREG/CR-6260
locations. .

e If the CUF results for all locations above are less than or equal to the allowable (typically
1.0) for the 60-year operating life, the environmental assessment may be cons1dcred
complete; additional evaluations or locations need not be considered. :

e If the CUF results for any locations above are greater than the allowable for the 60-year
operating life, expand the locations evaluated, considering the following:

— Identify all Class 1 piping systems and major components. For the reactor pressure
vessel, there may be multiple locations td consider.

— For each system or component, idehtify the highest usage factor locations. By reasons of
geometric discontinuities or local transient severity, there will generally be a few
locations that have the highest usage factors when considering environmental effects.

~ From the list of locations that results from the above steps, choose a set of Jocations that
are a representative sampling of locations with the highest expected usage factors when
considering environmental effects. Considerations for cxcluding locations can include:
(1) identification of excess conservatism in the transient grouping or other aspects of the
design fatigue analysis, or (2) locations that have similar loading conditions, geometry,
material, and reactor water environment compared to another selected location.
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3.2.2 Fatigue Assessment Using Environmental Factors

In performing an assessment of environmental fatigue effects, factors to account for
environmental effects are incorporated into an updated fatigue evaluation for each selected
location using the F_ approach documented in NUREG/CR-6583 [3] for carbon and low alloy
steels and NUREG/CR-5704 [4] for austenitic stainless steels. Excess conservatism in the
loading definitions, number of cycles, and the fatigue analyses may be considered. Figure 3-3
shows the approach for performing the assessment and managing fatigue in the extended
operating period.

Determination of Existing Licensing Basis

Existing plant records must be reviewed to determine the cyclic loading specification (transient
definition and number of cycles) and stress analysis for the Jocation in question. Review of the
analysis may or may not show that excess conservatism exists. Reference [23] provides
guidance on reviewing the original design basis, the operating basis, and additions imposed by
the regulatory oversight process, to determine the fatigue licensing basis events for which the
component is required to be evaluated.

ideration: ed Cycles nded Peri

As a part of the license renewal application process, the applicant must update the projected
cycles to account for 60 years of plant operation. The first possible outcome is that the number
of expected cycles in the extended operating period will remain at or below those prOJected for
the initial 40-year plant life. In this case, the governing fatigue analyses will not require
modification to account for the extended period of operation.

The second possibility is that more cycles are projected 10 occur for 60 years of plant operation
than were postulated for the first 40 yéars. In this case, an applicant must address the increased
cycle counts. One possible solution is to perform a revised fatigue analysis to confirm that the
increased number of cycles will still result in a CUF less than or equal to the allowable. A
second possibility is to determine the number of cycles at which the CUF would be expected to
reach'the allowable. This cycle quantity then becomes the allowable against which the actual
operation is tracked. Section 3.3 discusses options to be employed if this lower allowable is
projected to be exceeded.

tj ment

Fatigue assessment includes the determination of CUF considering environmental effects, This
may be accomplished conservatively using information from design documentation and
bounding F,, factors from NUREG/CR-6583 {3] and NUREG/CR-5704 [4], or it may require a
more extensive approach (as discussed in Section 4.0).

A revised fatigue analysis may or may not be required. Possible reasons for updating the fati gue
analysis could include:

o Excess conservatism in original fatigue analysis with respect to modeling, transient
definition, transient grouping and/or use of an early edition of the ASME Code.
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» For piping, use of an ASME Code Edition prior to 1979 Summer Addenda, which included
the AT, term in Equation (10) of NB-3650. Use of a later code reduces the need to apply
conservative elastic-plastic penalty factors.

¢ Re-analysis may be needed to determine strain rate time histories possibly not reported in
existing component analyses, such that bounding environmental mulnphers (i.e., very low or
“saturated” strain rates) would not have to be used.

A simplified revised fatigue analysis may be performed using results from the existing fatigue
analysis, if sufficient detail is available. Alternatively, a new complete analysis could be
conducted to remove additional conservatisms. Such an evaluation would not necessarily need
the full pedigree of a certified ASME Code Section 11I analysis (i.e.. Certified Design
Specification, etc.), but it should utilize all of the characteristic methods from Section I for
computing CUF. In the environmental fatigue assessment, the environmental fatigue usage may
be calculated using the following steps:

- o For each load set pair in the fatigue analysis, determine an environmental factor F,,. This
factor should be developed using the equations in NUREG/CR-6583 [3] or NUREG/CR-
5704 [4]. (Section 4.0 provides specific guidance on performing an F,, evaluation)

e The environmental partial fatigue usage for each load set pair is then determined by
multiplying the original partial usage factor by F,,. In no case shall the F,_ be less than 1.0.

* The usage factor is the sum of the partjal usage factors calculated with consideration of
environmental effects.

Fatigue Management Approach

As shown in Figure 3-3, the primary fatigue management approaches for the extended opei'ating
period consist of tracking either the CUF or number of accumulated cycles. :

e For cycle counting, an updated allowable number of cycles may be needed if the fatigue
assessment determined the CUF to be larger than allowable. One approach is to derive a
reduced number of cycles that would limit the CUF to less than or equal to the allowable
value (typically 1.0). On the other hand, if the assessed CUF was shown to be less than or
equal to the allowable, the allowable number of cycles may remain as assumed in the
evaluation, or increased appropriately. As long as the number of cycles in the extended
operating period remains within this allowed number of cycles, no further action is required.

¢ For CUF tracking, one approach would be to utilize fatigue monitoring that accounts for the
actual cyclic operating conditions for each location. This approach would track the CUF due
to the actual cycle accumulation, and would take credit for the combined effects of all
transients. Environmental factors would have to be factored into the monitoring approach or
applied to the CUF results of such monitoring. No further action is required as long as the
computed usage factor remains less than or equal to the allowable value. '

Prior to such time that the CUF is projected to exceed the allowable value, or the number of
actual cycles is projected to exceed the allowable number of cycles, action must be taken such
that the allowable limits will not be exceeded. If the cyclic or fatigue limits are expected to be
exceeded during the license renewal period, further approaches to fatigue management would be
required prior to reaching the limit, as described in Section 3.3. Further details on guidelines for
thermal fatigue monitoring and compliance/mitigation options are provided in Reference [23].
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Guidance for Performing Environmental Fatigue Evaluations

A separate section follows for each parameter utilized in the F_, expressions, that is transformed
sulfur content (S°), transformed temperature (T"), transformed dissolved oxygen (O’), and |
transformed strain rate (£ *). For the transformed strain rate, temperature, and oxygen
parameters, the three approaches are discussed. Transformed sulfur does not vary over the three
approaches. A single approach should be utilized for all of the transformed parameters in a
single load-pair F, determination, although different approaches may be utilized for different
load-pair F_s.

First, the typical content of a fatigue calculation is presented.

4.2.1 Contents of a Typical Fatigue Evaluation

This section provides the content of a typical fatigue calculation. Whereas fatigue calculations
have varied over the years, their basic content is the same. With the advent of computer
technology, the-calculations have basically maintained the same content, but computations have
become more refined and exhaustive.” For example, 30 years ago it was computationally difficult
for a stress analyst to evaluate 100 different transients in a fatigue calculation. Therefore, the
analyst would have grouped the transients into as few as one transient grouping and performed as
few incremental fatigue calculations as possible. With today’s computer technology and desire
to show more margin, it is relatively easy for the modern-day analyst to evaluate all 100
incremental fatigue calculations for this same problem. Also, older technology would have.
likely utilized conservative shell interaction hand solutions for computing stress, whereas today
finite element techniques are commonly deployed. This improvement in technology would not
have changed the basic inputs to the fatigue calculation (i.e., stress), but it would have typically
yielded significantly more representative input values.

The discussion here is limited to the general content of most typical fatigue calculations.
. Discussions of removing excess conservatisms from the input (stress) values of these

calculations are not included, as it is assumed that those techniques are generally well understood

by engineers performing these assessments throughout the industry.

Two typical fatigue calculations are shown in Figures 4-1 through 4-4. Figure 4-1 reflects an
“old” calculation, i.e., one that is typical from a stress report from a plant designed in the 1960s.
Figures 4-2 through 4-4 reflect a “new” calculation, i.e., one that is typical from a 1990s vintage
stress report. A description of the content of these two calculations is provided below.

The same basic content is readily apparent in both CUF calculations shown in Figures 4-1
through 4-4, However, it is also apparent that much more detail is present in Figures 4-2 through
4-4 for the *“new” calculation compared to Figure 4-1 for the “old” calculation. Therefore, with

respect to applying F,, methodology to a CUF calculation, the guidance provided in the following - -

sections equally applies to both vintages of calculations. The main difference is in assumptions
that need to be made for the F_ transformed variables due to a lack of detail backing up the
calculations in the stress report. Guidance for these assumptions is described in Sections 4.2.2

. through 4.2.5, with appropriate reference to the calculations shown in Figures 4-1 through 4-4,
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Eptergy Nuclear Northeast
Indian Point Energy Center
450 Broadway, GSB

P.O. Box 249

Buchanan, NY 10511-0249
Tel (914) 788-2055

Fred Dacimo
Vice President
License Renewal

January 22, 2008

Re: Indian Point Units 2 & 3
Docket Nos. 50-247 & 50-286
NL-08-021

U.S. Nuclear Regulatory Commission
ATTN: Document Control Desk
Washington, DC 20555-0001

SUBJECT: Entergy Nuclear Operations Inc.
Indian Point Nuclear Generating Unit Nos. 2 & 3
Docket Nos. 50-247 and 50-286
License Renewal Application Amendment 2

REFERENCES: 1. Entergy Letter dated April 23, 2007, F. R. Dacimo to Document
: Control Desk, “License Renewal Application” (NL-07-039)

2. Entergy Letter dated April 23, 2007, F. R. Dacimo to Document
Control Desk, “License Renewal Application Boundary Drawings” (NL-
07-040) ' '

3. Entergy Letter dated April 23, 2007, F. R. Dacimo to Doc(:ment
Control Desk, “License Renewal Application Environmental Report
References” (NL-07-041) »

Dear Sir or Madam:

in the referenced letters, Entergy Nuclear Operations, Inc. (Entergy) applied for renewal of the
Indian Point Energy Center operating licenses for Unit 2 and 3. ‘

Based on discussions during license renewal audits, clarification to the LRA is provided in
Attachment 1. This information clarifies the relationship between Commitment 33 regarding
environmentally assisted fatigue and the Fatigue Monitoring Program described in LRA Section
B.1.12. The Fatigue Monitoring Program includes the actions identified in Commitment 33 to
address the evaluation of the effects of environmentally assisted fatigue in accordance with 10
CFR 54.21(c)(1)(iii). The revised Regulatory Commitment List is provided in Attachment 2.

If you have any questions, or require additional information, please contact Mr. Robert Walpole at
914-734-6710.
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| declare under penalty of perjury that the foregoing is true and correct. Executed on
(~2r2-0 7

Sincerely,

Fred R. Dacimo e /z e

Vice President
License Renewal
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2.Regulatory Commitment List, Revision 3

Mr. Samuel J. Collins, Regional Administrator, NRC Region |

Mr. Kenneth Chang, NRC Branch Chief, Engineering Review Branch |

Mr. Bo M. Pham, NRC Environmental Project Manager

Mr. John Boska, NRR Senior Project Manager

Mr. Paul Eddy, New York State Department of Public Service

NRC Resident Inspector's Office

Mr. Paul D. Tonko, President, New York State Energy, Research, & Development Authority
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Fatigue Monitoring Program Clarification
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License Renewal Application
Amendment 2

Fatigue Monitoring Program Clarification

LRA and commitment list revisions are provided below. (underline - added, strikethrough -
deleted)

LRA Table 4.1-1, List of IP2 TLAA and Resolution, line item titled “Effects of reactor water .
environment on fatigue life”, is revised as follows.

Effects of reactor water environment Ana#yses—remam—vahé ' 433
on fatigue life -19-CRR-B4-2He} ) .
: —OR

Aging effect managed
10 CFR 54.21(c)(1)(iii)

LRA Table 4.1-2, List of IP3 TLAA and Resolution, line item titled “Effects of reactor water
environment on fatigue life”, is revised as follows.

Effects of reactor water enviroﬁment Analyses-remain-valid 433

on fatigue life 48-CER-542He} )
——OR
Aging effect managed

10 CFR 54.21(c)(1)(iii)

LRA Section 4.3.3, paragraph 10 is revised as‘follows.

At least 2 years prior to entering the period of extended operation, for the locations identified

in LRA Table 4.3-13 (1P2) and LRA Table 4.3-14 (IP3)NUREG/LCR-6260for Westinghouse
under the Fatigue Monitoring Program IPEC will implement one

or more of the following.

(1) onSIstgnt with the Fatique Monitoring Program, Detection of Aging Effects. update the
fatigue usage calculations using Rrefined the fatigue analyses to determine valid CUFs

less than 1.0 when accounting for the effects of reactor water environment, This
includes applying the appropriate F., factors to valid CUFs determined in accordance
with one of the following.

For locations in LRA Table 4.3-13 (IP2) and LRA Table 4.3-14 (IP3)ircluding
NUREG/GR-6260-ecations, with existing fatigue analysis valid for the period of
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extended operation, use the existing CUF-to-determine-the-environmentally-adjusted
GUE. .

Mere-limitingREC-Additional plant-specific locations with a valid CUF may be added-in

addition-to-the-NUREG/CR-6260-locationsevaluated. - In particular, the pressurizer
lower shell will be reviewed to ensure the surge nozzle remains the limiting component.

Representative CUF values from other plénts, adjusted to or enveloping the IPEC
plant-specific external loads may be used if demonstrated applicable to IPEC.

An analysis using an NRC-approved version of the ASME code or NRC-approved
alternative (e.g., NRC-approved code case) may be performed to determine a valid
CUF. '

(32) Consistent with the Fatigue Monitoring Program, Corrective Actions, Rrepair or
replace the affected locations before exceeding a CUF of 1.0.

LRA Section A.2.1.11, Fatigue Monitoring Program, is revised as follows.

The Fatigue Monitoring Program is an existing program that tracks the number of critical
thermal and pressure transients for selected reactor coolant system components. The
program ensures the validity of analyses that explicitly analyzed a specified number of
fatigue transients by assuring that the actual effective number of transients does not exceed

the analyzed number of transients. The program provides for update of the fatigue usage
calculations to maintain a CUF of < 1.0 for the period of extended operation. For the
locations identified in Section A.2.2.2.3, updated calculations will account for the effects of
the reactor water environment. These calculation updates are governed by Entergy’s 10
CFR 50 Appendix B Quality Assurance (QA) program and include design input verification

- and independent reviews ensuring that valid assumptions, transients, cycles, extemnal

loadings, analysis methods, and environmental fatigue life correction factors will be used in
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the fatigue analyses. The program requires corrective actions including repair or
replacement of affected components before fatiqgue usage calculations determine the CUF
exceeds 1.0. Specific corrective actions are implemented in accordance with the IPEC

corrective action proaram. Repair or replacement of the affected component(s), if necessary
will be in accordance with established plant procedures governing repair and replacement
activities. These established procedures are governed by Entergy's 10 CFR 50 Appendix B

QA program and meet the applicable repair or replacement requirements of the ASME Code
Section X|.

LRA Section A.2.2.2.3, Environmental Effects on Fatigue, is revised as follows.

The effects of reactor water environment on fatigue were evaluated for license renewal.
Projected cumulative usage factors (CUFs) were calculated for the limiting locations
identified-in-based on NUREG/CR-6260. The identified P2 locations are those listed in the
hcense renewal appllcat(on Table 4. 3-13 Fer—the—#eeat#ens—w«%h—GUFs—#eee—than%—the

54—2—1-(6)(—1—)@)—Several Iocatlons may exceed a CUF of 1 0 wnth con5|deratlon of
environmental effects during the period of extended operation. The Fatigue Monitoring
Program requires that Aat least two years prior to entering the period of extended operation,
the site will implement one or more of the following;

(1) Consistent with the Fatique Monitoring Program, Detection of Aging Effects, update

the fatigue usage calculations using Rrefined thefatigue analyses to determine valid
CUFs less than 1.0 when accounting for the effects of reactor water environment. This
includes applying the appropriate Fen factors to valid CUFs determined in accordance
with-one of the following.

For Iocatnons—meludmgNUR—EG#GR—@%&leeaﬂene— with existing fatigue analysis valid for
the period of extended operation, use the existing CUF-te-determine-the-envirormentally

adjusted-GUk.

Additional plant-specific locations
with a valid CUF may be evaluated. In pamcular the pressurizer lower shell will be
reviewed to ensure the surge nozzle remains the limiting component.

Representative CUF values from other plants, adjusted to or enveloping the plant-specific
external loads may be used if demonstrated applicable.

An analysis using an NRC-approved version of the ASME code or NRC-approved
alternative (e.g., NRC-approved code case) may be performed to determine a valid CUF.




NL-08-021

Attachment |

Docket Nos. 50-247 & 50-286
Page 4 of 6

(32) Consistent with the Fatigue Monitoring Program, Corrective Actions, Rrepair or
replace the affected locations before exceeding a CUF of 1.0.

LRA Section A.3.1.11, Fatigue Monitoring Program, is revised as follows.

The Fatigue Monitoring Program is an existing program that tracks the number of critical
thermal and pressure transients for selected reactor coolant system components. The
program ensures the validity of analyses that explicitly analyzed a specified number of
fatigue transients by assuring that the actual effective number of transients does not exceed
the analyzed number of transients. The program provides for update of the fatique usage
calculations to maintain a CUF of < 1.0 for the period of extended operation. For the
locations identified in Section A.3.2.2.3 updated calculations will account for the effects of
the reactor water environment. These calgulation updates are governed by Enteray’s 10
- CFR 50 Appendix B Quality Assurance (QA) program and include design input verification
and independent reviews ensuring that valid assumptions, transients, cycles, external
loadings, analysis methods, and environmental fatigue life correction factors will be used in
the fatigue analyses. The program requires corrective actions including repair or
replacement of affected components before fatigue usage calculations determine the CUF
exceeds 1.0. Specific corrective actions are implemented in accordance with the IPEC
corrective action program. Repair or replacement of the affected component(s), if necessary,
will be in accordance with established plant procedures governing repair and replacement
-activities. These established procedures are governed by Entergy's 10 CFR 50 Appendix B

, rogram and meet the licable repair or replacement requirements of the ASME C
Section XI.

LRA Section A.3.2.2.3, Environmental Effects on Fatigue, is revised as follows.

The effects of reactor water environment on fatigue were evaluated for license renewal.

Projected cumulative usage factors (CUFs) were calculated for the limiting locations

identified-in based on NUREG/CR-6260. The identified |P3 locations are those listed in the
license renewal agghcatlon, Table 4.3- 14 Fe;-the-teeat—;ens—w:th—@%ees—tha&-t—@—the

B42H e} i) Several Iocatnons may exceed a CUF of 1.0 wrth constderatlon of

environmental effects during the period of extended operation. The Fatigue Monitoring

Program regunres that Aat least two years pnor to entenng the period of extended operation,
_ 5 ge- the

site will lmplement one or more of the followmg
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(1) Consistent with the Fatigue Monitoring Program, Detection of Aging Effects. update
the fatigue usage calculation using Rrefined the fatigue analyses to determine valid
CUFs less than 1.0 when accounting for the effects of reactor water environment. This
includes applying the appropriate Fe, factors to valid CUFs determined in accordance
with one of the following.

For locations—irshiding NUREG/CR-6260lecations; with existing fatigue analysis valid for
the period of extended operation, use the exnstmg CUF-te—detemee-the-eawemnentaHy
adjusted-GUE,

{r-addition-to-the-NUREG/GCR-8260-ocationsmore-limitingAdditional plant—speclﬁc locations

with a valid CUF may be evaluated. In particular, the pressurizer lower shell will be
reviewed to ensure the surge nozzle remains the limiting component.

Representative CUF values from other plants, adjusted to or enveloping the plant-specific
external loads may be used if demonstrated applicable.

An analysis using an NRC-approved version of the ASME code or NRC-approved
alternative (e.g., NRC-approved code case) may be performed to determine a valid CUF,

(82) Consistent with the Fatiqgue Monitoring Program, Corrective Actions, Rrepair or
replace the affected locations before exceeding a CUF of 1.0. _

LRA Section B.1.12, Fatigue Monitoring, Program Description, is revised as follows.

The Fatigue Monitoring Program is an existing program that tracks the number of critical
thermal and pressure transients for selected reactor coolant system components. The
program ensures the valldlty of analyses that explicitly analyzed a specified number of
fatigue transients by assuring that the actual effective number of transients does not exceed
the analyzed number of transients.

The pregram provides for update of the fatigue usage calculations to maintain a CUF of <
1.0 for the period of extended operation. For the locations identified in LRA Table 4.3-13
(IP2) and LRA Table 4.3-14 (IP3), updated calculations will account for the effects of the

reactor water environment. These calculation updates are governed by Entergy’s 10 CFR
50 Appendix B Quality Assurance (QA) program and include desian input verification and
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independent reviews ensuring that valid assumptions, transients, cycles, external loadings,
analysis methods. and environmental fatique life correction factors will be used in the fatigue
analyses.

The analysis methods for determination of stresses and fatique usage will be in accordance
with an NRC endorsed Edition of the American Society of Mechanical Engineers (ASME)
Boiler and Pressure Vessel Code, Section |l Rules for Construction of Nuclear Power Plant
Components Division 1 Subsection NB, Class 1 Components, Sub articles NB-3200 or NB-
3600 as applicable to the specific component. IPEC will utilize design transients from IPEC
Desian Specifications to bound all operational transients. The numbers of cycles used for

evaluation will be based on the design number of cycles and actual IPEC cycle counts
projected out to the end of the license renewal period (60 years).

Environmental effects on fatigue usage will be assessed using methodology consistent with
he Generi ing Lessons Learned Report, NUREG-1801, Rev. 1, (GALL) that states; "The
sample of critical components can be evaluated by applying environmental life correction
factors to the existing ASME Code fatigue analyses. Formulae for calculating the
environmental life correction factors are contained in NUREG/CR-8583 for carbon and low-

alloy steels and in NUREG/CR-5704 for austenitic stainless steels.”

The Fatigue Monitoring Program tracks actual plant transients and evaluates these against
the design transients. Cycle counts show no limits are expected to be approached for the

current license term. The Fatigue Monitoring Program will ensure that the numbers of
transient cycles experienced by the plant remain within the analyzed numbers of cycles and
hence, the component CUFs remain below the values calculated in the desian basis fatigue
evaluations. If ongoing monitoring indicates the potential for a condition outside that
analyzed above, |IPEC may perform further reanalysis of the identified configuration using

established configuration management processes as described above.

The program requires corrective actions including repair or replacement of affected components
before fatigue usage calculations determine the CUF exceeds 1.0. Specific corrective actions are
implemented in accordance with the IPEC corrective action program. Repair or replacement of
the affected component(s), if necessary, will be in accordance with established plant procedures
governing repair and replacement activities. These established procedures are governed by
Entergy's 10 CFR S0 Appendix B QA program and meet the applicable repair or replacement
requirements .
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List of Regulatory Commitments
Rev. 3
The following table identifies those actions committed to by Entergy in this document.

Any other statements in this submittal are provided for information purposes and are not
considered to be regulatory commitments.

COMMITMENT IMPLEMENTATION| SOURCE RELATED
’ SCHEDULE LRA SECTION
/ AUDIT ITEM
Enhance the Aboveground Steel Tanks Program for g’ezztemb er 98 NL-07-039 i‘g 1 }
IP2 and IP3 to perform thickness measurements of 20% R B 1 1
the bottom surfaces of the condensate storage tanks, "
city water tank, and fire water tanks once during the IP3:

first ten years of the period of extended operation. December 12,

Enhance the Aboveground Steel Tanks Program for  [2015
IP2 and IP3 to require trending of thickness
measurements when material loss is detected.

Enhance the Bolting Integrity Program for IP2 and IP3 lspez'te mber 28 NL-07-038 :g} g
to clarify that actual yield strength is used in selecting bo .‘1)3 N B 1 2
materials for low susceptibility to SCC and clarify the o
prohibition on use of lubricants containing MoS, for IP3: NL-07-153 | Audit Items
bolting. December 12, 201, 241,
The Bolting Integrity Program manages loss of 2015 270
preioad and loss of material for all external bolting.

Implement the Buried Piping and Tanks Inspection 1;2 stember 28 NL-07-039 2%1 g
Program for IP2 and IP3 as described in LRA Section 20$3 ' B.16
B.16. NL-07-153 | Audit tem
This new program will be implemented consistent with IP3: 173
the corresponding program described in NUREG- December 12,

1801 Section XI.M34, Buried Piping and Tanks P015

Inspection.
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# IMPLEMENTATION|] SOURCE | RELATED
SCHEDULE LRA SECTION
| AUDIT ITEM
33 | At least 2 years prior to entering the period of JSPeZ:tember 28 NL-07-039 Qgggg
extended operation, for the locations identified in LRA 20:)1 ! ) 4'3'3'
Table 4.3-13 (IP2) and LRA Table 4.3-14 (IP3), under NL-07-153 | Audit it
the Fatigue Monitoring Program, |P2 and IP3 will IP3: . 1' 463'“
implement one or more of the following: December 12, | NL-08-021
(1) Consistent with the Fatigue Monitoring Program, [2013

Detection of Aging Effects update the fatigue usage -
calculations using Rrefined the fatigue analysesto

determine valid CUFs less than 1.0 when accounting
for the effects of reactor water environment. This
includes applying the appropriate Fen factors to valid
CUFs determined in accordance with one of the
following:

1. For locations in LRA Table 4.3-13 (IP2) and LRA
Table 4.3-14 {IP3) including- NUREG/ICR-6260
losations, with existing fatigue analysis valid for the
period of extended operation, use the existing CUF o
(etormine i X v adiusted CLUE.
2. ln-addition{o-the- NUREG/CR-62680-locations,roere
lirniting Addijtional plant-specific locations with a valid
CUF may be evaluated. In particular, the pressurizer
lower shell will be reviewed to ensure the surge nozzle
remains the limiting component.

3. Representative CUF values from other plants,
adjusted to or enveloping the IPEC plant specific
external loads may be used if demonstrated applicable
to IPEC.

4. An analysis using an NRC-approved version of the ASME
code or NRC-approved alternative (e.g., NRC-approved code
case) may be performed to determine a valid CUF.

€3} (2) Consis
Corrective Actions, Rrepair or replace the affected locations

t with the Fati Monitoring Progr

before exceeding a CUF of 1.0.
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COMMITMENT IMPLEMENTATION] SOURCE | RELATED
SCHEDULE v LRA SECTION
. i 1 AUDIT ITEM
{P2 SBO / Appendix R diesel generator will be April 30, 2008 | NL-07-078 | 2.1.1.3.5

installed and operational by April 30, 2008. This
committed change to the facility meets the
requirements of 10 CFR 50.59(c)(1) and, therefore, a
license amendment pursuant to 10 CFR 50.90 is not
required.
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SAND94-0187, Evaluation of Conservatisms and Environmental Effects
in ASME Code, Section III, Class 1 Fatigue Analysis (Aug. 1994) is
available to the public for purchase from the National Technical
Information Service (NTIS) (http://www.ntis.gov/)
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concludes that the FSAR supplement contains an appropriate summary description of the TLAA
evaluation, as required by 10 CFR 54.21(d).

4.3.1.6 Pressurizer

4.3.1.6.1 Summary of Technical Information in the Application

V-

LRA Section 4.3.1.6 summarizes the evaluation of the pressurizer for the period of extended
operation. There are TLAAs for several pressurizer subcomponents. The use of transients from
the steam generator replacement/uprating analysis is reasonable and limiting for the primary
equipment with the exceptions of the pressurizer surge line and portions of the pressurizer -
lower head analyzed separately; therefore, the NSSS design transients are those shown in the
steam generator replacement/uprating analysis, in which 40-year design CUF values also were
determined.

The pressurizer fatigue analysis demonstrated that, if pressurizer subcomponents were
exposed to a bounding set of postulated transient cycles, CUF values would not exceed 1.0 for
all components; however, certain pressurizer lower head locations are not bounded by the
original design fatigue analysis because it did not consider msurge/outsurge transients
dnscovered subsequently. :

For the pressurizer (other than the lower head and surge line nozzle), the highest 40-year
design fatigue usage value is 1.00 for the "Trunnion Bolt Hole" (LRA Table 4.3-2). Multiplying
this fatigue usage by 1.5 to account for 60 years of operation yields a CUF of 1.50. ‘ _

The applicant used Westinghouse Owners Group (WOG) recommendations to address
operational pressurizer insurge/outsurge transients by reviewing plant operating records in
sufficient detail to determine pressurizer insurge/outsurge transients for past operation,
updating pressurizer lower head and surge nozzle transients to reflect past and projected future
operations, and evaluating the impact of the updated transients on the structural mtegrlty of the
pressurizer. The WOG also recommended operating strategies that may be useful in
addressing the insurge/outsurge issue. On January 20, 1994, the applicant adopted the
modified operating procedures recommended by the WOG to mitigate pressurizer
lnsurge/outsurge transients.

The applicant used plant data from hot functional testing to January 20, 1994, to establish
pre-modified operating procedure transients that represent past plant heat-up and cool-down .
operations and collected and processed plant data from July 19, 1999, to October 18, 2004, for
post-modified operating procedures operations. The 5.26 years of data history with the
pre-modified operating procedure transients was pro;ected to predict 60-year fatigue usage

" based on current operating practices.

Fatigue evaluations of the pressurizer lower head and surge line nozzie used the online
monitoring and Westinghouse proprietary design analysis features of the WESTEMS™

. Integrated Diagnostics and Monitoring System. The fatigue evaluations follow the procedures of
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ASME Code, Section 1li, NB-3200. Calculations of stress ranges, cycle pairing, and fatigue
usage factors were by use of WESTEMS™ consistent with the ASME Code and WOG
recommendations.

The fatigue evaluations at critical locations of the pressurizer lower head (including the
pressurizer surge line nozzle) and of the surge line RCS hot leg nozzle were based upon
pre-modified operating procedure transients with the post-modified operating procedure
transients that include the effects of insurge/outsurge and surge line stratification. These
transients were developed based upon plant-specific data and WOG information and
guidelines. The predicted fatigue usage was determined assuming future operations following
current operating procedures. ' '

For 40 years of plant life, the pressurizer lower head has the highest fatigue usage of 0.36 at
the inside surface of the lower head at the heater penetration region. Multiplying this fatigue
usage by 1.5 to account for 60 years of operation yields a fatigue usage of 0.54. Evaluation of
this location also accounted for the effects of reactor water environment on fatigue. The 60-year
fatigue usage for this location is-1.35 as shown in LRA Table 4.3-3.

For the pressurizer, the maximum fatigue usage for 60 years of operation is 1.35. This value
exceeds the design limit of 1.0 and, therefore, requires an AMP. The Reactor Coolant Pressure
Boundary Fatigue Monitoring Program will maintain the design limit fatigue usage or take
appropriate re-evaluation or corrective action to manage the effects of fatigue on the
pressurizer for the period of extended operation in accordance with 10 CFR 54.21(c)(1)(iii).

4.3.1.6.2 Staff Evaluation

‘During audit-and review, the staff asked the applicant what compone'nts are in the stress-based

fatigue monitoring portion of the HNP program. The applicant responded as follows:

The HNP Fatigue Evaluation for License Renewal (WCAP-16353-P) resulted in the
following locations recommended for inclusion into the program. .

*  Pressurizer Lower Head
. Pressurizer Surge Line
« - CVCS Piping and Heat Exchanger

Based on the Westinghouse recommendations, the HNP fatigue monitoring program will
" be enhanced to include the above components by monitoring fatigue usage for these
locations using online fatigue monitoring software.

In this letter, the applicant also indicated its stress-based fatigue monitoring locations and
stress-based alarm limit of 0.9. On the basis that the 0.9 alarm limit will provide adequate time
for actions, the staff concluded that the applicant's stress-based alarm limit is adequate. For all*
other locations managed through a cycle-based monitoring program, the applicant also
provided its alarm limit. Commitment 32 states that the enhanced program will address
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corrective actions through the Corrective Action Program for components exceeding alarm
limits, including a revised fatigue analysis or repair or replacement of the component.

LRA Amendment 2 states that the applicant used plant data from July 19, 1999, to
October 18, 2004, to predict 60-year fatigue usage based on current operating practices. The
staff does not agree with this prediction, which used 5.26 years of data to determine the next 40

_ years of operation transients; however, the applicant, by letter date January 17, 2008,

committed to a stress-based fatigue monitoring program to manage those components. On this
basis, the staff finds this LRA amendment acceptable. Therefore the applicant projections will
not be used. The applicant will manage the effects of aging for the period of extended

* operation.

LRA Amendment 2 also states that the pressurizer lower head heater penetration region has
the highest fatigue usage (0.36) for the 40 years of plant life. LRA Table 4.3-2 lists a design
fatigue usage factor of 0.909 for this location. The staff asked the applicant to address the
difference. This item was conflrmatory item (Cl) 4.3 and needed the applicant's docketed
response to complete the staff's review.

In letter dated April 23, 2008, the applicant stated that HNP will update the piping design
specification to reflect the current design basis operational transients used in the Time-Limited

- Aging Analyses for the reactor coolant pressure boundary (See Commitment No. 37). The

applicant also amended LRA FSAR Supplement Section A.1.2.2.2.10 to indicate that the TLAA
on metal fatigue of the charging nozzle, surge line, and pressurizer-lower head and surge
nozzle will be managed in accordance with the 10 CFR 54.21(c)(1)(iii). This is consistent with
the applicant’s TLAA on metal fatigue of the Class 1 piping components (as provided in LRA
Section 4.3.5), which indicates that the Fatigue Monitoring Program will be used to manage the
effects of aging for these components in accordance with the TLAA acceptance criterion
requirement in 10 CFR 54.21(c)(1)(iii).

Based on this review. the staff finds that the applicant has appropriately addressed the staff's
confirmatory item on the TLAA on metal fatigue of the reactor coolant pressure boundary.
Confirmatory Item 4.3 is closed. ' :

During the audit and review, the staff asked the applicant to explain the input of stresses to
apply the stress transfer function of fatigue analysis software, WESTEMS™, to the stressed

- components or the stress intensity and asked for input and results of any benchmarking

problems for pressure temperature, or moment Ioadmgs

The appllcant s response is in pages 67 to 93 of Enclosure 3 of LRA Amendment 2 by letter
dated August 31, 2007.

The staff reviewed the apphcant’s response explaining the method for the stress transfer-
function of fatigue analysis software WESTEMS. On the basis of its review, the staff confi rmed

. that the applicant superimposed stress at the component stress level for each time step and for

each applied loading type. The staff concluded that the method is in accordance with ASME
Section lll, Division 1, NB-3200 criteria. .
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The applicant also stated,

The verification of fatigue-analysis software thermal and mechanical stress calculations
have been performed in the programs verification and validation documentation.
-However, each application verification of the finite element model and of the final
thermal transfer function databases should be performed in order to show applicability to
- the problem being modeled. To do this for mechanical loads, Westinghouse verifies the
finite element model results by comparing them to the expected theoretical values. For
the time varying thermal results, the applicant performs thermal stress analyses using
both the finite element program and WESTEMS™.”

On the basis that verified fatigue analysis software stress results had the theoretical values and
traditional finite element analysis, the staff finds the applicant's transfer function method for
evaluating stress results acceptable

The staff also reviewed the applicant’s benchmark verification resuits plotted in Figures B-1
through B-11 and additional resuits of samples 1 and 2 all indicating that the stress results
generated from fatigue analysis software and those generated from traditional finite element
ANSYS analysis have negligible differences. On this basis, the staff concludes that stress
evaluation by fatigue analysis software is acceptable. '

The GALL Report recommends a fatigue monitoring program to manage metal fatigue
according to 10 CFR 54.21(c)(1)(iii). The staff has evaluated the applicant's AMP B3.1,
“Reactor Coolant Pressure Boundary Fatigue Monitoring Program,” for monitoring and tracking
the number of critical thermal and pressure transients for RCS components, determined that
this program is acceptable to address metal fatigue of RCS components according to

10 CFR 54.21(c)(1)(iii), and documented its evaluation and acceptance in SER Section 3.0. On
the basis that the applicant's. action is consistent with the GALL Report recommendation, the
staff finds that management of the effects of aging on intended functlons wull be adequate for
the period of extended operation. :

4.3.1.6.3 FSAR Supplement

The applicant provided an FSAR supplement summary description, as amended by letter dated
April 23, 2208, of its TLAA evaluation of the pressurizer in LRA Section A.1.2.2.6. On the basis
of its review of the FSAR supplement, the staff concludes that the summary description of the
applicant’s actions to address pressurizer is adequate.

43164 Ccnclusion

On the basis of its review, as discussed above, the staff concludes that the applicant has
demonstrated, pursuant to 10 CFR 54.21(c)(1)(iii), that management of the effects of aging on
intended functions will be adequate for the period of extended operation. The staff also
concludes that the FSAR supplement is an appropriate summary description of the TLAA
evaluation, as required by 10 CFR 54.21(d). '
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AUG 31 2007 “
SERIAL: HNP-07-119
10 CFR 54

U. S. Nuclear Regulatory Commission
ATTENTION: Document Control Desk

“Washington, DC 20555

Subject: SHEARON HARRIS NUCLEAR POWER PLANT, UNIT NO. 1
DOCKET NO. 50-400 / LICENSE NO. NPF-63

LICENSE RENEWAL APPLICATION, AMENDMENT 2: CHANGES
RESULTING FROM RESPONSES TO SITE AUDIT QUESTIONS
REGARDING TIME-LIMITED AGING ANALYSES

References: 1. Letter from Comnelius J. Gannon to the U. S. Nuclear Regulatory Commission
(Serial: HNP-06-136), "Application for Renewal of Operating License," dated
November 14, 2006

Ladies and Gentlemen:

On November 14, 2006, Carolina Power & Light Company, now doing business as Progress
Energy Carolinas, requested the renewal of the operating license for the Shearon Harris
Nuclear Power Plant, Unit No. 1, also known as the Harris Nuclear Plant (HNP), to extend
the term of its operating license an additional 20 years beyond the current expiration date.

The Nuclear Regulatory Commission (NRC) staff conducted audits of HNP License Renewal
activities related to time-limited aging analyses (TLAAs) during the periods from May 21 to
25, from June 25 to 29, and from August 13 to 15, 2007. In the course of these audits,
questions were identified by the auditors. Responses to these TLAA-related questions are
enclosed. '

Also, enclosed is the list of regulatory commitments supporting License Renewal modified to
reflect the information provided in the responses to TLAA-related audit questions. Any other
actions discussed should be considered intended or planned actions; they are included for
informational purposes but are not considered to be regulatory commitments.

Based on the above activities, required changes to the HNP License Renewal Application
(LRA) have been identified. This LRA amendment consists of three enclosures. Enclosure 1
is the revised list of License Renewal Commitments. Enclosure 2 is a table that identifies

Progress Energy Carolinas, inc.
Hartis Nuclear Piant

P.0. Box 165

New Hill, NC 27562

M 26
ILLER



Document Control Desk
HNP-07-119 /Page 2

changes to the LRA and the source of those changes. Enclosure 3 is a report of TLAA-
related questions and responses from the NRC audits.

Please refer any questions regarding this submittal to Mr Roger Stewart, Supervisor -
License Renewal, at (843) 857-5375.

I declare; under penalty of perjury, that the foregoing is true and correct

(Executed on AUG 3 1 2007 ).

Sincerely,

AN

Tholdas J. Natale
Manager - Support Services
Harris Nuclear Plant

TIN/mhf
Enclosures:

1. HNP License Renewal Commitments, Revision 2
2. Amendment 2 Changes to the License Renewal Application
3. Harris Nuclear Plant License Renewal Audit Question and Response Database Report

CC:

Mr. P. B. O'Bryan (NRC Senior Resident Inspector, HNP)

Ms. B. O. Hall (Section Chief, N.C. DENR)

Mr. M. L. Heath (NRC License Renewal Project Manager, HNP)
Ms. M. G. Vaaler (NRC Project Manager, HNP)

Dr. W. D. Travers (NRC Regional Administrator, Region II)
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Question No: LRA 4.3-17

NRC Request:

Please explain how stresses are input to apply the stress transfer function of WESTEMS™, from the 6 stress components
or the stress intensity. Please prowde input and results of any benchmarklng problems for pressure, temperature, or
moment loadings.

HNP Response:

WESTEMS™ uses the transfer function method (TFM) [1] to calculate six (6) components of stresses due to time varying
mechanical and thermal loads. Time varying component stresses are calculated through wall as a function of the time
varying mechanical and thermal boundary conditions. The resulting through wall stress components are processed and
categorized according ASME Section lll, Division 1, Subsection NB criteria. The processing first involves the calculation
and categorization of the membrane and bending and peak components mechanical and thermal stresses. These

~ calculations are performed at the component stress levels, for each time step and for each applied loading type. The
resulting stresses are then added to form the total stress and primary plus secondary stress according to ASME rules.
Stress peak selection for fatigue evaluation purposes is based on analysis of the total stress time history and of the
primary plus secondary stress time history. Both the total stress and primary plus secondary stress are retained for.future
consideration in online fatigue evaluations. The discussion below will help to clarify the transfer function methodology, the
transfer function database role, and provide an example of the current benchmarking process.

The transfer function method is a mathematical device that is capable of quantifying the effects experienced by a system
due to an external disturbance, or excitation, with the aid of a characteristics function known as transfer function. In
essence, the transfer function method is a means that correlates time-dependent behavior, in terms of input and output, of
a system as seen in the thermal and dynamical problems. Examples of "disturbance” are mechanical forces, and thermal
transients, etc. Examples of "effects” include stresses, strains, displacements, and temperature, etc. For typical
structural applications, the "disturbance" can be surface temperature changes T(t) pressure P variation, forces (Fx, Fy,

Fz), and moments (Mx, My, Mz) in a structural body (in vector notations: and M ), whereas the typical "effects” mostly
refers to the stresses, displacements and metal interior temperatures.
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In WESTEMS™, the transfer function methodology uses 2 or more unit load databases that have 4 or 6 components of
stress depending on the nature of the original finite element model method that was used. If a two dimensional finite
element model was used to create the transfer function database then 4 components of stress are capable (Sxx, Syy,
Szz, Sxy). If a three dimensional model was used then there are 6 components of stress in the transfer function
databases (Sxx, Syy, Szz, Sxy, Syz, and Szx). The total humber of stress states in the transfer function databases is
dependent on the complexity of the thermal and mechanical boundary conditions being simulated.

For thermal applications, the transfer function is a characteristics function of a thermal-mechanical system. The
- characteristics include geometry, boundary conditions, insulation conditions, material properties, and thermal zones.
These characteristics are all built into the transfer function for a predefined thermal-mechanical system. Therefore, a
transfer function database is fixed for a particular type of thermal-mechanical problem. However, a single set of transfer
function database can be used to evaluate the system responses caused by any kind of transients. This means that
~» transfer function database is created only once but can be used to obtain solutions for unlimited numbers of transient
cases. ‘

it is important to realize that thermal stresses in materials or any structural systems arisen from temperature transients are

evolving because heat transfer is an energy transport process that will continue until thermal equilibrium is established.

This means that it requires appreciable amount of time for a thermally disturbed material or structural system to cometo a
. steady state even if the disturbance is as brief as an impulse. In.short, thermal transient is a time-dependent problem.

On the contrary, all mechanical loads, pressure, direct forces, and moments, encountered in the general structural

applications are treated as static problems unless the loading rates are so high that the dynamic effects can not be

ignored. To appropriately reflect to the types of loads being dealt with, the databases are split into two types:

« Thermal transfer Function Qataﬁase (TFDB) -
« MEchanical transfer function DataBase (MEDB).

Westinghouse has validated the thermal stress capability of the WESTEMS™ transfer function method by performing
identical analyses using the Westinghouse transfer function method and an independent finite element program like
ANSYS or WECAN. Examples of the predicted stress components results for benchmarking the transfer function models
are shown below. The benchmarking process is generally performed for every transfer function database created. The
following example was taken directly from the appendix of a recent Westinghouse Transfer function database calculation
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note. The verification of WESTEMS ™ thermal and mechanical stress calculations have been performed in the programs
verification and validation documentation. However, each application verification of the finite element models and of the
final thermal transfer function databases should be performed in order to show applicability to the problem being modeled.
To do this for mechanical loads, Westinghouse verifies the finite element model results by comparing them to the
expected theoretical values. For the time varying thermal results Westinghouse performs thermal stress analyses using
both the finite element program and WESTEMS™. The example below shows these comparisons and results. Certain
information has been removed and text has been modified in order to clarify the example.

Verification of the Surge Noizle With Reducer TFDB and MEDB

Verification of the databases being used for the WESTEMS™ analyses is a required step to ensure good analysis resuits. All
databases are herein examined through suitable benchmarking problems.

The database files, TFDB and MEDB, generated in the unit load finite element analyses represent the thermal and
‘ ~ mechanical characteristics of the structural component considered. By using these databases, the stresses at the specified
‘ analysis sections (ASN or cut) can be evaluated for any combination of load conditions. To correctly produce the results, each
load type requires an appropriate scaling factor which is being developed in the following subsections. The scaling factor
provides a means to correct the effects arisen from differences on the stress units used in ANSYS and in WESTEMSTM It
also is a means which permits non-standard unit loads to be used to generate the database.

Verifying the bending moment database - M,

A benchmarking problem is considered here, which serves two purposes: (1) to determine the scaling factor corresponding to
the bending moment portion of the database, and (2) to verify the database created. This process ensures the correctness of
the results produced by WESTEMS™.

Moment M, represents bending about the global z-axis. According to Reference 1, the z-axis is perpendicular to the x and y

axes. The analysis for this bending case was performed and documented in Reference 1. The applied moment is 1000 in-
kips. '
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Consider the well known bending stress equation
o =Mr/l

where M is the applied bending moment, r is distance from the neutral axis, and | is the moment of inertia of the cross
sectional area.

Two nodes, as listed in Table B-1, are considered to benchmark/verify the results. These nodes are located at the stainless
steel pipe section of the model, remote from the reinforced section of the nozzle. Therefore, the above bending equation can
be applied.

At this location, the following data apply:

iy

Ro = 5.250 in.
Ri = 6.375 in.
I=n (RS- R*/4=70055in*

Comparison of the ANSYS FE and analytical results are shown in Table B-1. The results are in good agreement. The scaling
factor, which depends on the benchmarking results, the stress units used in FE and WESTEMS™, and the unit of the input
load for the WESTEMS™ analysis, can now be determined. Since the stress unit in the ANSYS FE results is psi whereas the
stress unit to be used for WESTEMS™ calculations is ksi, a required scaling factor is f;=0.001. Since the unit of the applied
moment is in-kips whereas 1000 in-kips of bending was used in the database creation, a second scaling factor, ,=0.001, is
required. Corenbining the two and the scaling factor for the bending load to be used for WESTEMS™ analyses is found to be f,
=f,*f,=10".

Table B-1: Comparison of ANSYS and Analytical Results.

Hand Calculation Comparison

Analytical ANSYS
Location Node Number ' | Stress (psi) Stress (psi) Error (%)
Inside node 275 7494.11 7533.20 -0.52
Qutside node 187 - 9099.99 9067.20 0.36
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Verifying the torsion database - M,

A benchmarking problem is considered here, which serves two purposes: (1) to determine the scaling factor corresponding to

the torsion moment portion of the database, and (2) to verify the database created. This process ensures the correctness of
the results produced by WESTEMS™. .

The moment M, represents the moment about the global y-axis. The y-axis is in coincidence with the centerline of the nozzle.
Moment M; therefore represents twist of the nozzle. The analysis for this torsion case was performed and documented. The
applied moment is 1000 in-kips.

Consider the well known torsion shearing stress equation
Ct=Mr/]

where M is the applied torque, r is distance from the neutral axis, and J is the polar moment of inertia in torsion of the cross -
sectional area. : .

Two nodes as listed in Table B 2, are considered to benchmark/verify the resuits. These nodes are located at the stainless
steel pipe section of the model, remote from the relnforced section of the nozzle. Therefore, the above torsion equation can be

applied.
At this location, the foillowing data apply:
Ro, =6.375in.
Ri=5.25in.
J=n (R -R%/2=1401.1in*

Comparison of the ANSYS FE and analytical results are shown in Table B-2. The results are in good agreement. The scaling
factor, which depends on the benchmarking results, the stress units used in FE and WESTEMS™, and the unit of the input
load for the WESTEMS™ analysis, can now be determined. Since the stress unit in the ANSYS FE results is psi whereas the
stress unit to be used for WESTEMS™ calculations is ksi, a.required scaling factor is f,=0.001. Since the unit of the applied’
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torque is in-kips whereas 1000 in-kips of torque was used in the database creation, a second scaling factor, f,=0.001, is
required. Combining the two and the scaling factor for the torsion load to be used for WESTEMS™ analyses is found to be f, =
f,*f,=10°.

Table B-2: Comparison of ANSYS and Analytical Results.

Hand Calculation Comparison’

Analytical ANSYS _
Location Node Number Stress (psi) Stress (psi) Error (%) -
Inside node 275 3747.05 3747.10 0.00

Outside node 187 - | 4550.00 4550.00 0.00

Verifying the pressure database

A benchmarking problem is considered here, which serves two purpoées (1) to determine the scaling factor corresponding to
the pressure portion of the database, and (2) to verify the database created This process ensures the correctness of the
results produced by WESTEMS™.

The analysis for the pressure loading case was performed and documented. The applied pressure is 1000 psi.

Consider the well known hoop stress equation for a pressurized pipe

"~ __pR} R:

where p is the internal pressure, R, is the outside radius, R; is the inside rad.ius, and r is the radius at any point.

Two nodes, as listed in Table B-3, are considered to benchmark/verify the results. These nodes are located at the stainless
steel pipe section of the model, remote from the reinforced section of the nozzle. Therefore, the above hoop stress equation

can be applied. 1
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At this location, the following data apply:
. Ry=6.375in.
R;=5.25in.

Comparison of the ANSYS FE and analytical results are shown in Table B-3. The resuits are in good agreement. The scaling
factor, which depends on the benchmarking results, the stress units used in FE and WESTEMS™, and the unit of the input
load for the WESTEMS™ analysis, can now be determined. Since the stress unit in the ANSYS FE results is psi whereas the
stress unit to be used for WESTEMS™ calculations is ksi, a required scaling factor is f,=0.001. Since the unit of the applied
pressure is psi whereas 1000 psi of pressure was used in the database creation, a second factor, f,=0.001, is required.
_Combining6 the two factors and the scaling factor for the pressure load to be used for WESTEMS™ analyses is found to be f,=
f, * f,= 107,

Table B-3: Comparison of ANSYS and Analytical Resuits.

Hand Calculation Comparison

Analyticai . ANSYS
Location Node Number Stress (psi) | Stress (psi) | error (%)
Inside node 275 - 5215.05 - 5230.30 -0.29
Qutside node 187 4215.05 4208.60 0.15

Verifying the axial database

A benchmarking problem is considered here, which serves two purposes: (1) to determine the scaling factor corresponding to

the axial force portion of the database, and (2) to verify the database created. This process ensures the correctness of the
results produced by WESTEMS™.

The analysis for the axial force loading case was performed and documented. The applied axial force is 1000 4Ib.

Consider the well known axial stress equation for a pipe
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F
o=—
A

where F is the applied force, and A is the cross sectional area.

Two nodes, as listed in Table B-4, are considered to benchmark/verify the results. These nodes are located at the stainless
steel pipe section of the model, remote from the reinforced section of the nozzle. Therefore, the above axial stress equation can be
applied. '

At this location, the following data apply:
R, =6.3751in. '

R =525in.

A =7 (RS2 - R?) = 41.09 in?

Comparison of the ANSYS FE and analytical results are shown in Table B-4. The results are in good agreement. The scaling .
factor, which depends on the benchmarking results, the stress units used in FE and WESTEMS™ and the unit of the input ‘

load for the WESTEMS™ analysis, can now be determined. Since the stress unit in the ANSYS FE results is psi whereas the

stress unit to be used for WESTEMS™ calculations is ksi, a required scaling factor is f;=0.001. Since the unit of the applied

force is 1 kip whereas 1 kip of force was used in the database creation, a second factor, f;=1.0, is required. Combining the

two factors and the scaling factor for the axial load to be used for WESTEMS™ analyses is found to be f,=f, * f,= 1072,

Table B-4: Comparison of ANSYS and Analytical Results.

Hand Calculation Comparison

Analytical. | ANSYS
Location Node Number | Stress (psi) | Stress (psi) | Error (%)
Inside node 275 .| 24.34 ~ ] 24.38 0.18 =
| Outside node | 187 24.34 24.30 0.16
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Verifying the thermal stress database

A benchmarking problem is considered here, which serves two purposes: (1) to determine the scaling factor corresponding to
the transfer function thermal stress database, and (2) to verify the database created. This process ensures the correctness of
the results produced by WESTEMS™.

To benchmark and verify this portion of the database and determine the apbropriate scaling factor for the thermal loads, an
arbitrary transient was used. The transient used for this benchmarking problem is defined in the data shown in Table B-6 an

Figure B-1. :
Table B-6: Temperature and Film Coefficient used for the Benchmarking.
Time tzone1 | tzone2 | tzone3 | hzone1 | hzone2 | hzone3
(s) (°F) | (F) CF) :
» (Btu/s- (Btu/s- (Btu/s-
in®°F) | in®°F) | in*°F)
0.001 550 550 550 0.007716 | 0.007716 | 0.007716
10 550 550 550 0.007716 | 0.007716 { 0.007716
12 250 250 250 0.007716 | 0.007716 | 0.007716
13 250 250 250 0.007716 | 0.007716 | 0.007716
14 - 250 250 250 0.007716 | 0.007716 | 0.007716
15 250 250 250 0.007716 { 0.007716 | 0.007716
16 250 250 250 ] 0.007716 | 0.007716 | 0.007716
18 250 250 250 0.007716 | 0.007716 | 0.007716
20 250 250 250 0.007716 | 0.007716 | 0.007716
30 250 250 250 0.007716 | 0.007716 | 0.007716
40 250 250 250 0.007716 { 0.007716 | 0.007716
55 250 250 250 0.007716 { 0.007716 | 0.007716
70 | 250 250 250 0.007716 | 0.007716 } 0.007716
90 250 250 250 0.007716 | 0.007716 | 0.007716
110 250 250 250 0.007716 | 0.007716 | 0.007716
135 250 250 250 0.007716 | 0.007716 | 0.007716
160 250 - 250 250 0.007716 | 0.007716 | 0.007716
185 250 250 - 250 0.007716 | 0.007716 | 0.007716
210 250 250 250 0.007716 | 0.007716 | 0.007716
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Time tzone1 { tzone2 | tzone3 | hzone1 hzone2 | hzone3
(s) (°F) CF) (°F)

' (Btu/s- {Btuls- (Btu/s-

in’°F) | in>°F) | in>°F)
212 550 550 550 0.007716 | 0.007716 | 0.007716
213 550 550 550 0.007716 | 0.007716 | 0.007716
214 550 550 550 0.007716 | 0.007716 | 0.007716
215 550 550 550 0.007716 | 0.007716 | 0.007716
216 550 550 550 0.007716 | 0.007716 | 0.007716
217 550. 550 550 0.007716 | 0.007716 | 0.007716
219 550 550 550 0.007716 | 0.007716 | 0.007716
221 550 550 550 0.007716 | 0.007716 | 0.007716
225 550 550 550 0.007716 | 0.007716 | 0.007716
230 550 550 550 0.007716 | 0.007716 | 0.007716
235 550 550 550 0.007716 | 0.007716 | 0.007716
250 550 "~ 550 550 0.007716 | 0.007716 | 0.007716
265 550 550 550 0.007716 | 0.007716 | 0.007716
280 550 550 550 0.007716 | 0.007716 | 0.007716
300 550 550 550 0.007716 | 0.007716 | 0.007716
320 550 550 550 0.007716 | 0.007716 | 0.007716
. 345 550 550 550 0.007716 | 0.007716 | 0.007716
370 550 550 550 0.007716 | 0.007716 | 0.007716
395 550 ‘550 550 0.007716 | 0.007716°| 0.007716
410 550 550 550 0.007716 | 0.007716 | 0.007716
- 470 548 548 548 0.007716 | 0.007716 | 0.007716
530 546 546 546 0.007716 { 0.007716 | 0.007716
590 544 544 544 0.007716 | 0.007716 | 0.007716
650 542 542 542 | 0.007716 { 0.007716 | 0.007716
710 540 540 540 0.007716 | 0.007716 | 0.007716
770 538 538 538 0.007716 | 0.007716 | 0.007716
830 536 536 536 0.007716 | 0.007716 | 0.007716
890 534 534 534 0.007716 | 0.007716 | 0.007716
950 532 532 532 0.007716 | 0.007716 | 0.007716
1010 530 530 530 | 0.007716 | 0.007716 | 0.007716
1070 528 528 528 0.007716 | 0.007716 | 0.007716
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Time tzonet1 | tzone2 | tzoned | hzone1 hzone2 | hzone3l
(s) (°F) (F) _CF)

(Btu/s- (Btu/s- {Btuls-

in”°F) | in>°F) | in®*°F)-
1130 526 526 526 0.007716 | 0.007716 | 0.007716
1190 524 524 524 0.007716 | 0.007716 | 0.007716
1250 522 522 522 0.007716 | 0.007716 | 0.007716
1310 520 |- 520 520 0.007716 | 0.007716 | 0.007716
1370 518 518 518 0.007716 | 0.007716 | 0.007716
1430 516 516 516 | 0.007716 | 0.007716 | 0.007716
1490 514 514 514 0.007716 | 0.007716 | 0.007716
1550 512 512 512 0.007716 | 0.007716 | 0.007716
1610 510 510 510 0.007716 | 0.007716 | 0.007716
1670 508 508 508 0.007716 | 0.007716 | 0.007716
1730 506 ‘506 506 0.007716 | 0.007716 | 0.007716 3
1790 504 504 504 0.007716 | 0.007716 | 0.007716
1850 502 502 502 0.007716 | 0.007716 | 0.007716
1910 500 500 500 0.007716 | 0.007716 | 0.007716
1970 498 498 498 0.007716 1 0.007716 | 0.007716
2030 496 496 496 0.007716 | 0.007716 | 0.007716
2090 494 - 494 494 0.007716 | 0.007716 | 0.007716
2150 492 492 492 0.007716 | 0.007716 | 0.007716
2210 490 490 490 0.007716 | 0.007716 | 0.007716
2212 490 490 490 0.007716 | 0.007716 | 0.007716
2213 490 " | . 490 490 0.007716 | 0.007716 | 0.007716
2214 490 490 490 0.007716 | 0.007716 | 0.007716
2215 490 490 490 0.007716 | 0.007716 | 0.007716
2216 490 490 490 0.007716 | 0.007716 | 0.007716
2217 490 490 490 0.007716 { 0.007716 | 0.007716
2219 490 490 490 0.007716 | 0.007716 { 0.007716
2221 490 490 490 0.007716 | 0.007716 | 0.007716
2225 490 490 490 0.007716 | 0.007716 | 0.007716
2230 490 490 490 0.007716 | 0.007716 | 0.007716
2235 490 . 490 490 0.007716 | 0.007716 | 0.007716
2250 490 480 . 480 0.007716 | 0.007716 | 0.007716
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Time tzonei tzone2 | tzone3 | hzone1 hzone2 hzonel

(s) (°F) (°F) (°F)

(Btu/s- (Btu/s- {Btu/s-
in’°F) | in>°F) | in’°F)
2265 | 490 490 490 | 0.007716 [ 0.007716 | 0.007716

2280 490 420 490 0.007716 | 0.007716 | 0.007716
2300 490 . | - 490 490 0.007716 | 0.007716 | 0.007716
2320 490 490 490 0.007716 | 0.007716 | 0.007716
2345 490 490 490 0.007716 | .0.007716 { 0.007716
2370 490 490 490 0.007716 | 0.007716 | 0.007716
2395 490 490 490 0.007716 | 0.007716 | 0.007716

2410 490 | 490 490 |.0.007716 | 0.007716 | 0.007716

‘In this benchmarking transient, Zone 1, Zone 2, and Zone 3 undergo a severe thermal shock. The transient considered is
hypothetical but is intentionally made severe on the temperature rate so as to allow a vigorous examination of the integrity of
the transfer function database. The transient is shown in the Figure B-1. This transient was analyzed by both WESTEMS™
and ANSYS. Note that the ANSYS results represent full finite element analyses whereas the WESTEMS™ results are
produced by the transfer function method, which utilizes the transfer function databases produced by ANSYS.

The metal surface temperatures for all three zones were calculated using the 1D Simplified Stress Model (SSM) in
WESTEMS. The input data for this part of the calculations are shown in Table B-7. The metal surface temperature solutions
from the SSM evaluations are represented by tagnames tzone1m, tzone2m, and tzone3m, which are saved in the WESTEMS
benchmark history file:

Table B-7: Simplified Stress Models for Metal Surface Temperature Calculations.

Component {| Name | OutPut Tag T Material _A Temp HFilm Wall Inside Num
ID_- ambi Tag A Tag_A | Thick_A | Diameter A | Nodes A
200 PZR tzone1m 70 3 tzone1 hzone1 1.1 11.3 0

Surge ' :
Nozzle
with

Reducer

“Zone 1 :

201 PZR tzone2m 70 60 tzone2 hzone2 1.56 11.88 0

Surge
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Component | Name OutPut Tag T Material_A Temp HFilm Wall Inside Num
ID ambi Tag_A Tag A | Thick_A | Diameter A | Nodes A |
Nozzle
with
Reducer
Zone 2 .
202 PZR tzone3m 70 2 tzone3 hzone3 | 3.0 12.0 0
Surge )

Nozzle
with
Reducer
Zone 3

1) Material 3 is SA 182 F316 SS 1989
2) Material 80 is SB166 Alloy 600 (Rod) 1998
3) Material 2 is SA 216 Gr WCC 1989

The results, as shown in Figures B-2 through B-11 (units: stress ksi, time seconds), are then graphically compared on both
the shapes and the magnitudes. It can be seen from these figures that the WESTEMS™ resuits compare very well with those
calculated by ANSYS, both in magnitudes and curve shapes.

The shapes of the curves of the stresses from the WESTEMS™ analysis are visually compared with those from the ANSYS
full finite element analysis. In general, good comparisons are observed for all cases.

Overall, very good benchmarking results have been achieved which assures good results can be produced through the TFDB
created in Reference 1. In order to maintain a conservative answer a correction factor of 4% is applied, that is, f;=1.04. Since
the stress unit in the ANSYS FEA results is psi whereas the stress unit to be used for WESTEMS™ calculations is ksi, a
factor, f,=0.001, is required. Combining the two factors for the thermal load to be used for WESTEMS™ analyses is fr=f, * f,
= 0.00104, which is to be registered to the "TFDB_Factor" box in the WESTEMS™ ASN Analysis Models.
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Fluid Temperature vs. Time
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Figure B-1: Benchmark Transient.
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ANSYS vs WESTEMS SZZ ASN 1
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Figure B-Z: ASN 1 Hoop Stress Comparison (ANSYS vs. WESTEMS) for Benchmark Transient Loading.
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ANSYS vs WESTEMS SYY ASN 1
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Figure B-3: ASN 1 Axial Stress Comparison (ANSYS vs. WESTEMS) for Benchmark Transient Loading.



HNP-07-119
Enclosure 3
: , Page 83 of 96
Harris Nuclear Plant License Renewal Audit Question and Response Database

ANSYS vs WESTEMS SZZ ASN 2
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Figure B-4: ASN 2 Hoop Stress Comparison (ANSYS vs. WESTEMS) for Benchmark Transient Loading.
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ANSYS vs WESTEMS SYY ASN 2
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Figure B-5: ASN 2 Axial Stress Comparison (ANSYS vs. WESTEMS) for Benchmark Transient Loading.
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ANSYS vs WESTEMS SZZASN 3
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Figure B-6: ASN 3 Hoop Stress Comparison (ANSYS vs. WESTEMS) for Bgnchmark Transient Loading.
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ANSYS vs WESTEMS SYY ASN 3
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Figure B-7: ASN 3 Axial Stress Comparison (ANSYS vs. WESTEMS) for Benchmark Transient Loading.
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ANSYS vs WESTEMS SZZ ASN 4
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Figure B-8: ASN 4 Hoop Stress Comparison (ANSYS vs. WESTEMS) for Benchmark Transient Loading.
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. ANSYS vs WESTEMS SYY ASN 4
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Figure B-9: ASN 4 Axial Stress Comparison (ANSYS vs. WESTEMS) for Benchmark Transient Loading.
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Figure B-10: ASN 5 Hoop Stress Comparison (ANSYS vs. WESTEMS) for Benchmark Transient Loading.
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ANSYS vs WESTEMS SYY ASN 5
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Figure B-11: ASN 5 Axial Stress Comparison (ANSYS vs. WESTEMS) for Benchmark Transient Loading.

The results shown below, obtained by a WESTEMS user in a Westinghouse European site, serve addntlonal verification of
the transfer function methodology..
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Reactor Trip
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July 1, 2008

MEMORANDUM TO: ACRS MEMBERS

FROM: Peter Wen, Sr. Staff Engineer /RA/
Reactor Safety Branch - A
Advisory Committee on Reactor Safeguards

SUBJECT: CERTIFICATION OF THE MINUTES OF THE ACRS PLANT LICENSE
RENEWAL SUBCOMMITTEE MEETING REGARDING SHEARON

HARRIS NUCLEAR POWER PLANT ON MAY 7, 2008- ROCKVILLE,
MARYLAND

The minutes of the s.ubject meeting, issued on June 27, 2008, have been certified as the

official record of the proceedings for that meeting. A copy of the certified minutes is attached.

Aftachment: As stated

cc via e-mail: ACRS Staff Engineers
S. Duraiswamy
J. Flack
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NUCLEAR REGULATORY COMMISSION
ADVISORY COMMITTEE ON REACTOR SAFEGUARDS
WASHINGTON, DC 20555 - 0001

June 27, 2008

MEMORANDUM TO: Peter Wen, Senior Staff Engineer
Reactor Safety Branch — A
ACRS

FROM: John Stetkar, Chairman,
Plant License Renewal Subcommittee

SUBJECT: CERTIFICATION OF THE MINUTES OF THE MEETING OF THE
SUBCOMMITTEE ON PLANT LICENSE RENEWAL REGARDING

SHEARON HARRIS NUCLEAR POWER PLANT ON MAY 7,
2008, [N ROCKVILLE, MARYLAND

| hereby certify, to the bestAof my knowledge and belief, that the minutes of the

subject meeting on May 7, 2008, are an accurate record of the proceedings for that

meeting.

__IRAI 6/27/2008

J. Stetkar, Date
Plant License Renewal Subcommittee Chairman




Certified By: J. Stetkar Issued on: July 1, 2008
Certified on June 27, 2008

ADVISORY COMMITTEE ON REACTOR SAFEGUARDS
MINUTES OF THE MEETING OF THE SUBCOMMITTEE ON PLANT LICENSE
RENEWAL REGARDING SHEARON HARRIS NUCLEAR POWER PLANT
MAY 7, 2008,
ROCKVILLE, MARYLAND

INTRODUCTION

On May 7, 2008, the ACRS Subcommittee on Plant License Renewal held a meeting
regarding Shearon Harris Nuclear Power Plant (HNP) in Room T-2B3, 11545 Rockville
Pike, Rockville, Maryland. The purpose of the meeting was to discuss the HNP
application for license renewal and NRC staff review of it. In addition to the NRC staff,
representatives from Carolina Power & Light (CP&L) (the HNP operator and the
licensee) made presentations to the Committee. The meeting was convened at 10:30
a.m. and adjourned at 3:08 p.m.

ATTENDEES
ACRS Members
John Stetkar, Subcommittee Chairman Otto Maynard, Member
William Shack, Member ~ Mario Bonaca, Member

- Said Abdel-Khalik, Member John Sieber, Member
John. Barton (Consultant) Christopher Brown (DFO)

Peter Wen, Cognizant Staff Engineer

Principal NRC Speakers
S. Lee, NRR L. Lund, NRR M. Heath, NRR K. Chang, NRR
C. Julian, Region I

HNP Presenters

C. Burton J. Caves R. Stewart C. Maliner
D. Corlett
Other Attendees
NRC Staff HNP - OTHER
R.Hsu . B. Rogers R. Reynolds A. Saunders
S. Sakai L. Lake M. Heath W. Lunceford
R. Matthew S. Jones M. Fletcher J. Hilbish
Y-K Chung B. Parks P. Ghosal
G. Cheruvenki Z. Xi OTHER L. Bohn
K. Green F.Saba - S. Kim J. Tweddell
D. Nguyen K. Howard M. Fallin C. Myer
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stainless tank, sits on a concrete platform, and there is an enclosure around the
tank. The one-time inspection program will be implemented to perform the aging
management-related inspection. Mr. Dave Corlett added that HNP operators
perform the normal rounds of looking into the enclosure area at least once per
day. ‘

AMP Exceptions

Member Bonaca asked the applicant to characterize the nature of exceptions that
the HNP are taking in its AMPs. Mr. Roger Stewart of HNP staff replied that the
majority of HNP's exceptions to the GALL Report were due to either ASME Code
edition or revision of EPRI guidelines or in one case, due to the revision of NE!
97-06. Mr. Chris Mallner of HNP staff added that in a few cases, some
exceptions were taken because of the GALL Report’s inadequate, prescriptive
description. He gave an example of the Brinell hardness testing, which was
specifically recommended in the GALL Report XI, M33, Selective Leaching
Program. He pointed out that almost all the applicants took this exception
because the Brinell hardness testing could be problematic. Mr. Roger Stewart of
HNP staff briefly discussed the other exceptions contained in the Fuel Oil
Chemistry Program, the One-Time Inspection of ASME Code Class 1 Small-Bore
Piping Program, and the Electric Cable Connections (E-6) Program.

Metal Fatigue TLAA

Member Maynard asked the applicant to discuss metal fatigue issues that were
identified in recent staff's review of several other LRAs. Mr. Chris Mallner of
HNP staff replied that those technical issues are centered around the “1-D
stress” methodology, which was adopted by one vendor, used in its on-line
fatigue monitoring software, and was used in some plants’ LRAs. The staff's
concern is that the simplified “1-D stress” methodology may not provide
conservative results consistently. Mr. Maliner stated that the HNP uses
Westinghouse’s “WESTEMS” for the fatigue analysis software, which is different
from the “1-D stress” methodology. This WESTEMS software uses six stress
tensors to calculate the stress intensity for the fatigue evaluation, which is
consistent with the methodology described in the ASME Code. Therefore, the
metal fatigue issue discussed in the previous reviews of other plants’ LRA does
not apply to the HNP license renewal.

Mr. Robert Hsu of NRC staff described the benchmark of the software
(WESTEMS) used by the HNP. He presented a slide (Slide #30) which showed
excellent agreement of calculated stresses at one node between the resuits from
WESTEMS and ANSYS, a well-known stress analysis computer software.
Member Abdel-Khalik asked why showing agreement at one node location was a
representative of all other locations. Mr. Chris Mallner of HNP staff replied that
HNP generated not just one, but about 18 different plots to benchmark the
WESTEMS results. Member Maynard asked whether the other plots also
showed good agreement. Dr. Ken Chang of the staff replied that all plots
showed good agreement of WESTEMS and ANSYS results, with the calculated
component stress intensity comparison within plus/minus half a percent.
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FENOC

FirstEnergy Nuclear Operating Company

Mark A. Manoleras ‘ 724-682-5101

Director Site Engineering Fax: 724-682-1840
July. 11, 2008
L-08-209 _ 10 CFR 54

ATTN: Document Control Desk
U. S. Nuclear Regulatory Commission
Washington, DC 20555-0001

SUBJECT:

Beaver Valley Power Station, Unit Nos. 1 and 2
BV-1 Docket No. 50-334, License No. DPR-66
BV-2 Docket No. 50-412, License No. NPF-73

Reply to Request for Additional information for the Review of the Beaver Valley Power
Station, Units 1 and 2, License Renewal Application (TAC Nos. MD6593 and MD6594),
and License Renewal Application Amendment No. 15

Reference 1 provided the FirstEnergy Nuclear Operating Company (FENOC) License
Renewal Application (LRA) for the Beaver Valley Power Station (BVPS). Reference 2
requested additional information from FENOC regarding the BVPS license renewal
integrated plant assessment in Sections B.2.27, 4.3, and 4.7 .4 of the BVPS LRA.

Attachment 1 provides the FENOC reply to the U.S. Nuclear Regulatory Commission
request for additional information. Attachment 2 provides the Regulatory Commitment
List. Enclosure A provides Amendment No. 15 to the BVPS License Renewal
Application. Enclosure B provides a copy of Westinghouse letter FENOC-08-109,
“FirstEnergy Nuclear Operating Company, Beaver Valley Unit 1 and 2, Responses to
NRC RAIls Regarding Pressurizer Surge Line Environmental Fatigue,” Revision 1,
dated June 25, 2008. '

If there are any questions or if additional information is required, please contact
Mr. Clifford I. Custer, Fleet License Renewal Project Manager, at 724-682-7139.

| declare under penalty of perjury that the foregoing is true and correct. Executed on
July I, 2008.

Sincerely,

M/ark A. Manoleras ' A 0%
EK
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Ms. N. S. Morgan, NRC DORL Project Manager
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Mr. CIiff Custer Direct tel: 412-374-5216
FirstEnergy Nuclear Operating Company Direct fax: 412-374-2252
Beaver Valley Power Station e-mail: blanchk@westinghouse.com
P.0O.Box 4

W Sales Order: 49098 LI 50.

. Shippingport, PA 15077
FENOCP.O.No.. 55106227

Ourref: FENOC-08-109, Revision 1

' June 25, 2008

Note: Revision 1 is being issued to change the document
to Westinghouse Non-Proprietary Class 3

‘\,

FirstEnergy Nuclear Operating Company
Beaver Valley Unit 1 and 2

Responses to NRC RAIs Regarding Pressurizer Surge Line Environmental Fatigue

Dear Mr. Custer:

Attached are the Westinghouse inputs to the BVPS responses for the following NRC RAIs concerning
pressurizer surge line environmental fatigue evaluations: RA1 B.2.27-3, RAI 4.3-3 (b) and (¢).

Should you have any questions, please feel free to contact Mr., Charlie Meyer at (724) 722-6017, or me at
(412) 374-5216.

Regards, _ : ’
WESTINGHOUSE ELECTRIC COMPANY

DAZAL T e
K. Blan
Customer Project Manager

with attachment

cc: BVRC Central File, SEB-1
Larry Hinkle — (FENOC)
Steve Buffington - (FENOC)
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bee: K, Blanchard - Energy Center
N. B. Closky — Energy Center
R. R. Jewell — Energy Center
C. Meyer — Waltz Mill
M. A. Gray — Waltz Mili
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Responses to NRC Requests for Additional Information Regarding Pressurizer Surge Line
Environmental Fatigue

RAI-B.2.27-3:

During the on-site audit, the applicant stated "the surge line to hot leg nozzle, for BVPS units 1 and 2, is
included in a stress and fatigue model to be used in an on-line monitoring systém (WESTEMS)" ...

b. Please provide the benchmarking results for the WESTEMS software using relevant transient data, and
proper 3-D model. Please justify the use of WESTEMS™ to update the CUF calculation by using the
monitored or projected transient data (cycles) and discuss the conservatisms in the calculation on a plant
specific basis.

. Westinghouse Input to Response:
The following provides the benchmarking results for WESTEMS™,

WESTEMST™ uses the transfer function method (TFM) [reference 1] to calculate six (6) components of
stresses due to time varying mechanical and thermal loads. Time varying component stresses are
calculated through wall as a function of the time varying mechanical and thermal boundary conditions.
The resulting through wall stress components are processed and categorized according ASME Section 111,
Division 1, Subsection NB criteria. The processing first involves the calculation and categorization of the
membrane, bending, and peak categories of mechanical and thermal stresses. These calculations are.
performed at the stress component levels, for each time step and for each applied loading type. The
resulting stresses are then added to form the total stress and primary plus secondary stress according to
ASME rules. Stress peak selection for fatigue evaluation purposes is based on analysis of the total stress
time history and of the primary plus secondary stress time history. Both total stress and primary plus
secondary stress are retained for future consideration in online fatigue evaluations. The discussion below
will help to clarify the transfer function methodology, the transfer function database role, and provide an
example of the current benchmarking process. -

The transfer function method is a mathematical device that is capable of quantifying the effects
experienced by a system due to an external disturbance, or excitation, with the aid of a characteristics
function known as transfer function. In essence, the transfer function method is a means that correlates
time-dependent behavior, in terms of input and output, of a system as seen in the thermal and dynamic
problems. Examples of “disturbance” are mechanical forces, thermal transients, etc. Examples of
“effects” include strésses, strains, displacements, temperature, etc. For typical structural applications, the
“disturbance” can be surface temperature changes T(t), pressure P variation, forces (Fx, Fy, Fz), and

- -
moments (Mx, My, Mz) in a structural body (in vector notations: F', and M ), whereas typical “effects”
refer mostly to the stresses, displacements and metal interior temperatures.

In WESTEMST™M, the transfer function methodology uses 2 or more unit load databases that have 4 or 6
components of stress depending on the nature of the original finite element model method that was used.
If a two dimensional finite element model was used to create the transfer function database, then 4
components of stress are applicable (Sxx, Syy, Szz, Sxy). If a three dimensional model was used, then
there are 6 components of stress in the transfer function databases (Sxx, Syy, Szz, Sxy, Syz, and Szx).
The total number of stress states in the transfer function databases is dependent on the complexity of the
thermal and mechanical boundary conditions being simulated.
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For thermal applications, the transfer function is a characteristics function of a thermal-mechanical
system. The characteristics include geometry, boundary conditions, insulation conditions, material
properties, and thermal zones. These characteristics are all built into the transfer function for a predefined
thermal-mechanical system. Therefore, a transfer function database is fixed for a particular type of
thermal-mechanical problem. However, a single set of transfer function databases can be used to evaluate
-the system responses caused by any kind of transients. This means that a transfer function database is
created only once but can be used to obtain solutions for unlimited numbers of transient cases.

It is important to realize that thermal stresses in materials or any structural systems arising from
temperature transients are evolving because heat transfer is an energy transport process that will continue
until thermal equilibrium is established. This means that it requires an appreciable amount of time for a
thermally disturbed material or structural system to come to a steady state, even if the disturbance is as
brief as an impulse. In short, a thermal transient is a time-dependent problem. On the contrary, all
mechanical loads, pressure, direct forces, and moments, encountered in the general structural applications
are treated as static problems, unless the loading rates are so high that the dynamic effects cannot be
ignored. To appropriately reflect the types of loads being dealt with, the databases are split into two

types:

»  Thermal transfer Function DataBase (TFDB)
*  MEchanical transfer function DataBase (MEDB).

Westinghouse has validated the thermal stress capability of the WESTEMS™ transfer function method by
performing identical analyses using the Westinghouse transfer function method and an independent finite
element program like’ ANSYS or WECAN. Examples of the predicted stress component results for
benchmarking the transfer function models are shown below. The benchmarking process is generally
performed for every transfer function database created. The following example was taken directly from
the appendix of a Westinghouse Transfer function database calculation note. The verification of :
WESTEMS™ thermal and mechanical stress calculations have been performed in the program’s
verification and validation documentation. However, each application verification of the finite element
models and of the final thermal transfer function databases should be performed to show applicability to
the problem being modeled. To do this for mechanical loads, Westinghouse verifies the finite element
model results by comparing them to the expected theoretical values. For the time varying thermal results,
Westinghouse performs thermal stress analyses using both the finite element program and WESTEMS™,
The example below shows these comparisons and résults. Certain information has been removed and text
has been modified in order to clarify the example, which is taken from reference 2.

Verification of the Surge Line Hot Leg Nozzle TFDB and MEDB Databases

Verification of the databases being used for the WESTEMS™ analyses is a required step to
ensure good analysis results. All databases are herein examined through suitable benchmarking

problems. '
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. The database files, TFDB and MEDB, generated in the unit load finite element analyses,
represent the thermal and mechanical characteristics of the structural component considered. By
using these databases, the stresses at the specified analysis sections (ASN or cut) can be evaluated
for any combination of load conditions. To correctly produce the results, each load type requires
an appropriate scaling factor, which is being developed in the following subsections. The scaling
factor provides a means to correct the effects arising from differences in the stress units used in
ANSYS and in WESTEMS™. It also is a means that permits non-standard unit loads to be used to

generate the database.
Verifying the Bending Moment Database — M,

A benchmarking problem is considered here, which serves two purposes: (1) to determine the
scaling factor corresponding to the bending moment about the x-axis portion of the database, and
(2) to verify the database created. This process ensures the correctness of the results produced by

WESTEMS™,

Moment M, represents bending about the global x-axis. The analysis for this bending case was
performed using an ANSYS model and documented. The applied moment is 1000 in-kips.

Consider the well known bending stress equétion
o =Mr/l
where M is the applied bending moment r is distance from the neutral ax1s, and ] is the
moment of inertia of the cross sectional area.

Two nodes, as listed in Table B-1, are considered to benchmark/verify the results. These nodes

are both on the surge line pipe section of the model (one on the inside and one on the outside
diameter) and are remote from the reinforced section of the nozzle. Therefore, the above bending

equation can be applied.

At this location, the following data apply:
Ro=7.0in.

Ri=5.594 in.

1= (Ro*-Ri%/4=1116.6 in*

Comparisons of the ANSYS FE and analytical results are shown in Table B-1. The results are in
good agreement. The scaling factor, which depends on the benchmarking results, the stress units
used in FE and WESTEMS™, and the unit of the input load for the WESTEMS™ analysis, can
now be determined. Since the stress unit in the ANSYS FE results is psi, whereas the stress unit to
be used for WESTEMS™ calculations is ksi, a required scaling factor is £;=0.001. Since the unit
of the applied moment is in-kips, whereas 1000 in-kips of bending was used in the database
creation, a second scaling factor, £;=0.001, is required. Combining the two, the scaling factor for
the bending load to be used for WESTEMS™ analyses is found to be fb = £, * f, = 10°.
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Table B-1: Comparison of ANSYS and Analytical Results.

Hand Calculation Comparison
Analytical | ANSYS
Node Stress Stress
Location Number (psi) {psi) - error (%)
Inside node 28106 5010 -5010 0.0
Outside
node 26787 6269 -6269 0.0

Note: The sign of stress produced by ANSYS was negative since
“CUT4” is in compression due to the direction of moment loading
in ANSYS.

Verifying the Torsion Database — My

A benchmarking problem is considered here, which serves two purposes: (1) to determine the
scaling factor corresponding to the torsion moment portion of the database, and (2) to verify the
database created. This process ensures the correctness of the results produced by WESTEMS™,

The moment M, represents the moment (or twist) about the global y-axis. The analysis for this
torsion case was performed in ANSYS and documented. The applied moment is 1000 in-kips.

Consider the well known torsion shearing stress equation
T=Mr/]

where M is the applied torque, r is distance from the neutral axis, and J is the polar
moment of inertia in torsion of the cross sectional area.

Two nodes, as listed in Table B-2, are considered to benchmark/verify the results. These nodes
are both on the surge line pipe section of the model (one on the inside and one on the outside
diameter) and are remote from the reinforced section of the nozzle. Therefore, the above equation
can be applied. :

- At this location, the following data apply:
R,=7.0in.
R;=5.594 in.
I=n(D.'-D")/32=22333in*

Comparisons of the ANSYS FE and analytical results are shown in Table B-2. The results are in
good agreement. The scaling factor, which depends on the benchmarking results, the stress units
used in FE and WESTEMS™, and the unit of the input load for the WESTEMS™ analysis, can
now be determined. Since the stress unit in the ANSYS FE results is psi, whereas the stress unit to
be used for WESTEMS™ calculations is ksi, a required scaling factor is f,=0.001. Since the unit
of the applied torque is in-kips, whereas 1000 in-kips of torque was used in the database creation,
a second scaling factor, £,5=0.001, is required. Combining the two, the scaling factor for the
torsion load to be used for WESTEMS™ analyses is found to be f, = f; * f, = 10
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Table B-2: Comparison of ANSYS and Analytical Results
Hand Calculation Comparison
Analytical | ANSYS
Node Stress Stress error
Location Number (psi) {psi) (%)
Inside node 28106 2504.82 2531.80 -1.08
Qutside
node 26787 3134.39 3131.90 0.08

Verifying the Bending Moment Database — Mz

A benchmarking problem is considered here, which serves two purposes: (1) to determine the
scaling factor corresponding to the bending moment about the z axis portion of the database, and
(2) to verify the database created. This process ensures the correctness of the results produced by

WESTEMS™,

Moment M, represents bending about the global z-axis. The analysis for this bending case was
performed in ANSYS and documented. The applied moment is 1000 in-kips.

Consider the well known bending stress equation
o =Mr/l
where M is the applied bending moment, r is distance from the neutral axis, and I is the
moment of inertia of the cross sectional area.

Two nodes, as listed in Table B-3, are considered to benchmark/verify the results. These nodes

are both on the surge line pipe section of the model (one on the inside and one on the outside
diameter) and are remote from the reinforced section of the nozzle. Therefore, the above bending

equation can be applied.

At this location, the following data apply:
R, =7.0in.

R; =5.594 in.

I=n R -R*)/4=11166in*

Comparisons of the ANSYS FE and analytical results are shown in Table B-3. The results are in
good agreement, The scaling factor, which depends on the benchmarking results, the stress units
used in FE and WESTEMS™, and the unit of the input load for the WESTEMS™ analysis, can
now be determined. Since the stress unit in the. ANSYS FE results is psi, whereas the stress unit to
be used for WESTEMSW calculations is ksi, a required scaling factor is £;=0.001. Since the unit
of the applied moment is in-kips, whereas 1000 in-kips of bending was used in the database
creatjon, a second scaling factor, £,=0.001, is required. Combining the two, the scaling factor for
the bending load to be used for WESTEMS™ analyses is found to be f, = f, * f; = 105,
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Table B-3: Comparison of ANSYS and Analytical Results.
Hand Calculation Comparison
Analytical | ANSYS
Node Stress Stress error
Location Number (psi) (psi) | (%)
Inside node 28093 5010 .=5010 0.0
Outside
node 26754 6269 -6268 0.0

Verifying the Pressure Database

A benchmarking problem is considered here, which serves two purposes: (1) to determine the
scaling factor corresponding to the pressure portion of the database, and (2) to verify the database
created. This process ensures the correctness of the results produced by WESTEMS™,

The analysis for the pressure loading case was performed in ANSYS and documented. The
applied pressure is 1000 psi.

Consider the well known hoop stress equation for a pressurized pipe:

pR? R
O = —bmi {1422
¢ R:—Rf[ r?

where p is the internal pressure, R, is the outside radius, R, is the inside radius, and r is
the radius at any point.

Two nodes, as listed in Table B-4, are considered to benchmark/verify the results. These nodes
are both on the surge line pipe section of the. model (one on the inside and one on the outside
diameter) and are remote from the reinforced section of the nozzle. Therefore, the above equation
can be applied. At this location, the following data apply:

Ro =7.0in.
R; = 5.594 in.

Comparisons of the ANSYS FE and analytical results are shown'in Table B-4. The results are in
good agreement. The scaling factor, which depends on the benchmarking results, the stress units
used in FE and WESTEMS™, and the unit of the input load for the WESTEMS™ analysis, can
now be determined. Since the stress unit in the ANSYS FE results is psi, whereas the stress unit to
be used for WESTEMS™ calculations is ksi, a required scaling factor is f,=0.001. Since the unit
of the applied pressure is psi, whereas 1000 psi of pressure was used in the database creation, a
second factor, £,=0.001, is required. Combining the two factors, the scaling factor for the pressure
load to be used for WESTEMS™ analyses is found to be f,=f; * f;= 10°®.
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Table B-4: Comparison of ANSYS and Analytical Results.

Hand Calculation Comparison
Analytical ANSYS
Location Node Number Stress (psi) | Stress (psi) | error (%)
Inside node 28093 4534.48 4756.50 -4.9
QOutside node 26754 353448 3427.00 3.0

Verifying the Thermal Stress Database

Two benchmarking problems are considered here, which serve two purposes: (1) to determine the

scaling factor correspondin

database created.

g to the transfer function thermal stress database, and (2) to verify the

To benchmark and verify this portion of the database and determiné the appropriate scaling factor ’
for the thermal loads, an arbitraty shock transient and a stratification transient were used. The
transients used for this benchmarking problem are defined in the data shown in Table B-5 and

Table B-6.

Table B-5: The Transient Used for the Thermal Shock Benchmarking Case

Heat Transfer Film Coefficient
Time Temperature -Zonel - hzonel through hzZone10
seconds) through Zonel0 (°F) (Btuw/hr-ft*2-°F)

0 100 8000

1 100 8000

10 100 8000
20 100 8000
21 500 8000
22 500 8000 4
23 500 8000

24 500 8000
25 500 8000

26 500 8000
27 500 8000

28 500 8000

30 500 8000

31 500 8000

40 500 8000

50 500 8000. .

60 500 8000

75" 500 8000

85 / 500 8000

95 500 8000 .
110 500 8000
125 500 8000
160 500 8000
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. Heat Transfer Film Coefficient
Time . Temperature -Zonel | - hzonel through hzonel0
(seconds) through Zonel0 (°F) - (Btwhr-ft*2-°F)
210 500 8000
410 500 8000
710 500 8000
1000 500 8000
2000 500 8000
4000 500 8000

Table B-6: The Transient Used for the Thermal Stratification Benchmarking Case

“Nozzle Top” “Nozzle Bottom” Heat Transfer Film
Temperature - Zones 1,3, | Temperature - Zones Coefficient - hzonel
Time 5,7,8,and 9 2,4,6,and 10 through hzone 10
(seconds) {°F) (°F) (Btu/hr-ft*2-°F)
0.001 110 110 275
19 110 110 275
21 430 110 275
22 430 110 275
23 430 110 275
24 430 110 275
25 430 110 275
26 430 110 275
27 430 110 275
28 430 110 : 275
29 430 ' 110 275
30 430 110 275
31 430 110 , 275
32 430 110 ) 275
35 430 110 275
40 430 110 275
45 430 110 275
50 430 110 275
55 430 110 275
60 430 110 275
65 430 110 275
70 430 110 275
75 430 110 275
80 430 110 275
85 430 , 110 275
90 430 110 - 275
95 430 110 275
100 430 110 275
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“Nozzle Top” “Nozzle Bottom” Heat Transfer Film
Temperature - Zones 1,3, | Temperature - Zones Coefficient - hzonel
Time 5,7,8,and 9 2,4,6,and 10 through hzone 10
__(seconds) (°F) (°F) (Btu/hr-ft°2-°F)
105 430 ' 110 275
110 430 110 275
115 430 110 275
120 430 110 . 275
140 430 110 275
150 430. 110 275
160 430 110 275
210 430 110 275
410 ' 430 110 275
610 430 110 275
810 430 110 275
1210 430 110 2175
1610 430 _ 110 275
2500 430 110 275
5000 430 110 275

In the shock benchmarking transient, all zones undergo a severe thermal shock. In the
stratification benchmarking transient, the surge line piping undergoes stratification with a
temperature change of 320 °F. The transients are intentionally made severe on the temperature
rate so as to allow a vigorous examination of the integrity of the transfer function database. This
set of transients was analyzed by both WESTEMS™ and ANSYS. Note that the ANSYS results
represent full finite element analyses whereas the WESTEMS™ results are produced by the
transfer function method, which utilizes the transfer function databases produced by ANSYS.

The resuits, as shown in Figures B-1 through B-4 for the controlling location of the nozzle (units:
ksi for stress, seconds for time), are then graphically compared on both the shapes and the
magnitudes. It can be seen from these figures that the WESTEMS™ results compare very well
with those calculated by ANSYS, both in magnitudes and curve shapes for both the shock
transient loading and the stratification transient loading.

The shapes of the curves of the stresses from the WESTEMS™ analysis are visually compared
with those from the ANSYS full finite element analysis. In general, good comparisons are
observed for all cases. The stratification case shows slight differences in stress magnitude in the
steady state stratification condition, which is expected. This is caused by the inside surface film
coefficients changing values between zones, which is accounted for in ANSYS by two-
dimensional heat transfer, but is not fully accounted for in the WESTEMS™ benchmark run. The
results from WESTEMS™ predict slightly higher stresses at the stratified steady state condition,
which therefore leads to conservative answers and is not considered a concern. :
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Overall, very good benchmarking results have been achieved, which assures good results can be
produced through the TFDB created. Since WESTEMS™ results are either close in magnitude or
slightly higher than the ANSYS benchmark results, the factor, f;=1.00, is applied. Since the stress
unit in the ANSYS FEA results is psi, whereas the stress unit to be used for WESTEMS™
calculations is ksi, a factor, £,=0.001, is required. Combining the two factors, the scaling factor for
the thermal load to be used for WESTEMS™ analyses is fr= f| * f, = 0.001, which is to be
registered to the “TFDB_Factor” box in the WESTEMS™ ASN Analysis Models.
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Figure B-1: ASN 7 Hoop Stress Comparison (ANSYS vs. WESTEMS) for Shock Transient Loading
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ANSYS vs WESTEMS SYY ASN 7
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Figure B-2: ASN 7 Axial Stress Comparison (ANSYS vs. WESTEMS) for Shock Transient Loading
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Figure B8-3: ASN 7 Hoop Stress Comparison (ANSYS vs. WESTEMS) for Stratification Transient
Loading :
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Figure B-4: ASN 7 Axial Stress Comparison (ANSYS vs. WESTEMS) for Stratification Transient
Loading
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The results shown below, obtained by a WESTEMS™ user in a Westinghouse European site, serve as
additional verification of the transfer function methodofogy.
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A&diﬁonal Thermal Stress Benchmark Results, Sample 1.
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Additional Thermal Stress Benchmark Results, Sample 2.

References:
1. “Transfer Function Method for thermal Stress and Fatigue Analysis: Techmcal Basis”, WCAP 12315,
Westinghouse Proprietary Class 2, C. Y. Yang, May 1990.

2. Westinghouse Calculation No. CN-PAFM-07-60, Rev. 0, “Beaver Valley Unit 2: Transfer Function
Database Development for a 14-inch Hot Leg Surge Nozzle.” S.F. Hankinson. .
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RAI-4.3-3(b & ¢)

LRA Section 4.3.3.3 discusses the effects of primary coolant environment on fatigue life. During the

audit, the applicant indicated that it will refine the analysis for NUREG/CR-6260 components in the near

future. To assist the staff it its review:

b. Please explain how the calculations for the fatigue life correction factor (Fen), used to express the
effects of the reactor coolant environment, will be performed. Specnﬁcally, how the transient pairs will
be considered in the calculations.

c.Please describe the criteria and methodology that will be performed for the additional analyses in
calculating the CUF, including environmental effects, for the components where the CUF exceeds the
design code allowable value of 1.0.

Westinghouse Input to Response for Part b

For the surge line hot leg nozzle, reactor water environmental effects were evaluated by calculating Feq
factors on fatigue usage using the general methodology in NUREG/CR-5704 for stainless steel.

According to this method, fatigue usage is calculated with environmental fatigue correction factors on
each load pair incremental usage as:

Ugp=U *Fpi+...+ U * P:..,& et Un*Fenn
wherei=1,2,...n
U, = incremental fatigue usage contribution, calculated according to NB-3222.4
Fen i = environmental fatigue penalty factor
For stainless steels, F, is calculated as follows:
F., = exp [0.935 — T*O*g’*]
where T* = transformed temperature
O* = transformed oxygen content
s”i‘ = transformed strain rate
The terms ar<.a explained below in detail.

Thresholds are defined where the following parameters for the pair are within the following ranges for
stainless steel (per NUREG/CR-5704): :

T <=200°C

€’ > 0.4%/sec
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When one of these is satisfied, the negative term in the F., equation above is zero, and the minimum value
of F., is calculated as:

Fen = €xp(0.935) = 2.547
A strain amplitude threshold is also discussed in NUREG/CR-5704 and clarified in NUREG/CR-6717
(Bamp <= 0.10%), where the environmental effect is insignificant (F., = 1.0) for the pair. This was not
applied in the evaluation since pairs in this range did not have a significant effect on fatigue.
T* = transformed temperature
T*=0 (T<200°C)
T*=1.0 (T=>200°C)
Where T = metal surface temperature of thé component being considered
O* = transformed oxygen content
O* =0.260 (DO < 0.05 ppm)
O*=0.172 (DO = 0.05 ppm)
Where DO = dissolved oxygen (DO) content (ppm).
For PWRs, it is easily assumed that: DO < 0.05 ppm.

Therefore, O* = 0.260 for all cases for stainless steels.

€’ = transformed strain rate, for stainless steels is:

e%=0 (e’ > 0.4%/sec)
£'* = In(g'/0.4) (0.0004 < &’ < 0.4%/sec)
£'* =1n(0.0004/04) - (€’ < 0.0004%/sec)

This may be determined using various methods depending on the degree of conservatism retained
for qualification.

A detailed integrated method was used to.incorporate strain rate, called the modified rate approach, where
the Fen is integrated over the strain range for the tensile strain producing cycle of the transient pair. The
modified rate approach is represented below: :
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Fen = Z Fen Ag,
z Ag,

where:

Fen; = Fen computed for time interval i, based on &°=100A¢ey/At; and transformed
parameters (T*), (¢*), and (O*) computed for the interval

Ag; = change in strain for time interval i, (oi-oi.l)}E
©0; = stress intensity for time i

©;.; = stress intensity for time i-1

At; = change in time for time interval i, At = -t
E = Young’s Modulus

For load pairs that include dynamic OBE loading, @ minimum Fen = 2.55 was used for the dynamic
portion of the strain included in the pair. This was considered to be conservative, since dynamic load
cycling occurs at a frequency that is too high for environmental effects to be significant, and an Fen = 1.0
could be justified. Based on this, when OBE occurred in a pair with a thermal transient, it was
conservative to use the Fen determined based on the thermal transient only.

The stress cycle pairs obtained from the fatigue analysis of the safe end to pipe weld of the surge line hot
leg nozzle were used to calculate F, factors. The most dominant stress cycle pairs in these evaluations
came from the heatup and cooldown transients. Fen for all stress cycle pairs was calculated using the Fe,
modified rate approach discussed above. This approach, integrating the F., over the positive strain rate
portions of the pair’s history, resulted in F., values for each stress cycle pair. After calculation of the
appropriate F, values for the respective stress cycle pairs, the final cumulative usage factor for the surge
line liot leg nozzle with environmental effects was calculated by summing the corrected usage for each
pair. -

Westinghouse Input to Response for Part ¢ (for surge line hot leg nozzles)

The surge line hot leg nozzle fatigue analyses were performed according to the detailed methods of
ASME Code Section I, NB-3200, as permitted by the NB-3600 piping design section. The method used
to evaluate the effects of reactor water environment on the ASME fatigue usage is discussed in the
“response to RAI 4.3-3.b, The NB-3200 evaluation was performed using program WESTEMST™,

Inputs to the fatigue evaluation were provided or confirmed by Beaver Valley engineering in a Deéign
Information Transmittal (DIT), “DIT-WEST-ENV-02”. The information provided included the design
mechanical loads for Units 1 and 2, It also confirmed the applicability of thermal loads related to
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stratified and non-stratified conditions. The inputs were consistent with those used in the evaluations of
surge line stratification in WCAP-12727, Supplement 1 for Unit 1 and WCAP-12093, Supplement 5 for
Unit 2. The DIT also provided primary stresses calculated separately from the fatigue evaluations
performed by Westinghouse. ' : -

Transients used in the fatigue evaluations were develdp’ed based on the design transients used in the
original evaluations of surge line stratification, WCAP-12727 and WCAP-12093, and updated
information on stratification loading developed from plant operating data, Transient input information
was supplied and/or confirmed in the Beaver Valley DIT. :

~ The fatigue evaluation followed the procedures given in the ASME Code Section III, NB-3200. Transient
loadings representing the transients defined for the surge line hot leg nozzle were input to WESTEMS™
using binary “history files.” The history files contain all the local parameter tagnames needed to calculate
stress at the controlling locations, using the WESTEMS™ Derived Value functions and transfer functions.
The methodology used to develop and benchmark transfer functions was discussed in the response to RAI
B.2.27-3.

The stress ranges, cycle pairing and fatigue usage factors were calculated using WESTEMS™, consistent
with the ASME Code as outlined by the steps below.

1. The stress histories were calculated for stress cuts (ASNs) in structural components subjected to
thermal, pressure, and piping loads from the defined transients using the unit load transfer
function databases. WESTEMS™ model information was used to calculate stress and related
inputs for the fatigue evaluation based on ASME Section 111, NB-3200, methodology. Stress
component histories and stress component ranges were determined and used in the fatigue
evaluations.

2. The stress peak and valley times were determined for each transient stress history, and associated
stress component values at each selected time were input to the fatigue usage calculation.

3. The Primary plus Secondary Stress Intensity Ranges were calculated. Since the ASME Code
fatigue curves are based on elastic stress results, adjustments to the alternating stress intensity
range were required if this stress range exceeded the elastic range. In the ASME Code evaluation,
the linearized primary plus secondary stress ranges are compared to the 3S, allowable to’
determine if the elastic range is exceeded. If the 3Sm allowable is exceeded, then a Simplified
Elastic-plastic analysis per NB-3228.5 is performed to obtain the appropriate adjustment factor

(Ke).

4. Appropriate correction factors were calculated for each possible load set range pair formed from
the stress components at each peak and valley time.

a. Primary plus Secondary Stress Intensity Range (S,) was compared to the 3Sm allowable.

If S, > 3S,, the elastic-plastic penalty factor, K., for that pair was applied, in addition to
evaluation of other requirements of NB-3228.5. :
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b. IfS, < 3S., then Poisson’s ratio correction factor for Local Thermal stress was calculated
according to NB-3227.6.

c. The elastic modulus correction factor, E;uve/Eanaysis, was calculated according to
NB-3222.4(e)(4).

5. For each load set pair, correction factors were applied, and final adjusted alternating stress, S,,
was determined. Cumulative fatigue usage was calculated using the method of NB-3222.4(¢)(5)

and the appropriate'material fatigue curve,

The surge line hot leg nozzle environmental fatigue evaluations are documented in WCAP-16830-P for
Unit 1 and WCAP-16867-P for Unit 2
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: EFFECTS OF LWR COOLANT ENVIRONMENTS
ON FATIGUE DESIGN CURVES OF AUSTENITIC STAINLESS STEELS

by

O. K. Chopra

Abstract

The ASME Boiler and Pressure Vessel Code provides rules for the construction of nuclear
power plant components. Figures I-9.1 through [-9.6 of Appendix I to Section HI of the Code
specify fatigue design curves for structural materials. While effects of reactor coolant
environments are not explicitly addressed by the design curves, test data indicate that the
Code fatigue curves may not always be adequate in coolant environments. This report
summarizes work performed by Argonne National Laboratory on fatigue of austenitic stainless
steels in light water reactor (LWR) environments. The existing fatigue S-N data have been
evaluated to establish the effects of various material and loading variables such as steel type,
dissolved oxygen level, strain range, strain rate, and temperature on the fatigue lives of these
steels. Statistical models are presented for estimating the fatigue S-N curves as a function of
material, loading, and environmental variables. Design fatigue curves have been developed for
austenitic stainless steel components in LWR environments. The extent of conservatism in the
design fatigue curves and an alternative method for incorporating the effects of LWR coolant
environments into the ASME Code fatigue evaluations are discussed.

fii NUREG/CR-5704






hydrogen-induced cracking. Fatigue striations should not be observed if enhancement of crack
growth is caused by the slip oxidation/dissolution process.

5 Statistical Model

The fatigue S-N curves are generally expressed in terms of the Langer equation,® which may be
used to represent either strain amplitude in terms of life or life in terms of strain amplitude. The
parameters of the equation are commonly established through least-squares curve-fitting of the
data to minimize the sum of the square of the residual errors for either fatigue life or strain
amplitude, A predictive model based on least-squares fit on life is biased for low strain amplitude.
The model leads to probability curves that converge to a single value of strain, and fails to address
the fact that at low strain values, most of the error in life is due to uncertainty associated with
either measurement of strain or variation in fatigue limit caused by material variability. On the
other hand, a least-squares fit on strain does not work well for higher strain amplitudes.
Statistical models have been developed at ANL33.34 by combining the two approaches and
minimizing the sum of the squared Cartesian distances from the data point to the predicted curve;
the models were later updated with a larger fatigue S-N data base.3! The functional forms and
transformation for the different variables were based on experimental observations and data trends.

In air, the model assumes that fatigue life is independent of temperature and that strain rate
effects occur at temperatures >250°C. It is also assumed that the effect of strain rate on life
depends on temperature. One data set, obtained on Type 316 SS in room-temperature air, was
excluded from the analysis. The tests in this data set were conducted in load-control mode at
stress levels in the range of 190-230 MPa. The strain amplitudes were calculated only as elastic
strains, i.e., strain amplitudes of 0.1-0.12% (the data are shown as circles in Fig. 5, with fatigue
lives of 4 x 105 to 3 x 107). Based on cyclic stress vs. strain correlations for Type 316 SS
(Egs. 4a-4f), actual strain amplitudes for these tests should be 0.23-0.32%. In air, the fatigue life
N of Types 304 and 316 SS is expressed as

In(N) = 6.703 - 2.030 Infea - 0.126) + T" &" g (52)
and that of Type 316NG, as

In(N) = 7.422 - 1.671 In(ea - 0.126) + T* ¢°, (5b)

where g, is the strain amplitude (%) and T and ¢° are transformed temperature and strain rate,
respectively, defined as follows:

»

T™=0 - (T < 250°C)

T* = [(T - 250)/525]0.84 (250 < T < 400°C) (62)
£'=0 (& > 0.4%/5)

€" =1In(:/0.4) (0.0004 < £ £0.4%/5)

¢" = In(0.0004/0.4) (¢ < 0.0004%/s). (6b)

In LWR environments, the fatigue lives of austenitic SSs depends on strain rate, DO level, and
temperature; the decrease in life is greater at low-DO levels and high temperatures. However,
existing data are inadequate to establish the functional form for the dependence of fatigue life on
DO level or temperature. Separate correlations have been developed for low- and high-DO levels (<
or 2 0.05 ppm), and low and high temperatures (< or 2 200°C). Also, a threshold strain rate of



0.4%/s and saturation rate of 0.0004%/s is assumed in the model. Furthermore, for convenience
in incorporating environmental effects into fatigue evaluations, the slope of the S-N curve in LWR
environments was assumed to be the same as that in air although the best-fit of the experimental
data in water yielded a slope for the S-N curve that differed from the slope of the curve that was
obtained in air. In LWR environments, the fatigue life N of Types 304 and 316 SS is expressed as

In(N) = 5.768 - 2.030 In(ea - 0.126) + T* ¢* O° (7a)

and that of Type 316NG, as"

In(N) = 6.913 - 1.671 In(ea - 0.126) + T ¢* O, (Th) -

where the constants for transformed temperature, strain rate, and DO are defined as follows:

T =0 (T < 200°C)

T =1 (T 2 200°C) (8a)
=0 (£ > 0.4%/5s)

£* =In(¢/0.4) (0.0004 < € £0.4%/s)

£¢* =In(0.0004/0.4) (¢ < 0.0004%?/s) (8b)
0" =0.260 (DO < 0.05 ppm)

0*=0.172 (DO = 0.05 ppm). 8c)

The model is recommended for predicted fatigue lives < 106 cycles. Recent test results indicate
that for high-DO environments, conductivity of water is important for environmental effects on
fatigue life of austenitic SSs. Therefore, the above correlations may be conservative for high-DO,
i.e., 20.05 ppm DO, environments. The experimental values of fatigue life in air and water and
those predicted from Egs. 5-8 are plotted in Fig. 24. The estimated fatigue S-N curves for Types
304, 316, and 316NG SSs in air and LWR environments are shown in Figs. 5 and 25, respectively.
The predicted fatigue lives show good agreement with the experimental data. Note that the ASME
mean curve is not consistent with the existing fatigue S-N data (Fig. 5). Also, although the best-fit
of the S-N data in LWR environments (Fig. 25) yields a steeper slope, the slope of the S-N curve in
water was assumed to be the same as in air.

Upon completion of the modeling phase, the residual errors (i.e., the Cartesian distance from
the prediction curve) should not show significant patterns, such as heteroskedasticity (changing
variance), or a nonzero slope. The residual errors for each variable, grouped by steel type and
environment (air or water), are plotted in Figs. 26-30. Most data subsets and plots



09
10 e

_-r'rmm[—v'rnnn"‘fﬁﬁn]"v1‘rrﬂ|_'rﬂnmr‘rrﬂm‘r—r1“n

Austenmc Stalnless Stesls

-t
(=3
ed}

IIEHTINT MW

-t
[=]
[

-
(=]
wn

-4
o
™

Predicted Life (Cycles).
R T r“':‘?n'-."“:‘f.ll »~

;
E

G i AL e et s
F Austenmc Stainless Steels ’
108 - -Air I S
E 3 * ‘o & /01
o VO b g gl
8 £ ® L g Lt
T 106L 3 : NN r
R ST e S r A
b 3 . . , o
2 Les S
- S : :
bt o8 ° :
2 3 .
Ry * .
3 ks ¢ 3
@ P
o . LU S
0 Type 304 8S 3
a  Type 316 8S_ ..
] o Type 316NG 3
1O il aovsiatl el sk s nd. et

108 102 10% 10% 10° 106 107 108 {¢®

Observed Lite (Cycles)

Figure 24. Experimental and predxcted values of fatigue lives of austenitic SSs in air and water

s« ctound

sonl - ciapa

o Type 304 S§
& Type 316 §§ -
° Type 316NG.

2 vl o andd G

108 {07 10% 109

Observed. Life (Cycles)

en VII‘ onments
Ty ._!T,_.'l.] LA T T R A e S Al T — Ty
) Type 304 SS _
1.0k DO: 0:005 ppm.. . DO: 0.005' ppm )
o 8 . ~. s . 4
< T~ All Strain Rates
] .. ~
g Ve
o : :
g -
-t
E:
( . IR 20 .
& Strain Rate (%/$) MRRRE Strain Rate (%/s) 1
5 | —o—oaws
" 0.4 ---a--- 0.04%/s o - <
B N -6 - < 0.004%/5 Open Symbols: 325°C Open Symbols 100°C
{  «=9.-.<0.0004%/s Closed Symbols 300°O L Closed Symbols 200°C .
4 .»J-nnnl A T W AT I WA Y H 2 N 11t PETTTrY WL
10? 10° 104 10* 105

Fatigue Life (Cycles)

o
/

—&— 0.4%/s

L ---A---0.04%/s

[ —-o - -0.,004%/s

[ —V- - <0:0004%/s

Strain Amplitudee , (%)

g
S

Loa b syl [ S W R

SR i e [ It el e I 3 - _l I ey - e gy T
Type 304 SS
286°C,'DO: 0:003 ppm.,

T

Strain Rate (%/s) LTS TSI
Strain Rate (%/s)
——o— 0.5%/s
- -~A -~ 0.05%fs

NS B

Fatigue Life (Cycles)

SACE NS e ntabitn el S e sl
Type.316NG S§
288°C; DO: 0.004 pppit |

102 107 104
Fatigue Life (Cycles).

Figure 25. Experimental fatigue lives and those estimated from statistical models for austenitic SSs in

water environments.

10* 105

Fatigue Life (Cycles)



s.bt....,_...‘....rn....,,..,1,.,”,..,._ S
L < ] E 5
20F o 3 o 3
¢ ] o ]
1.of 1t :
— l \ ] o 1
g r ] s N ]
g 0.0F 3 1 g E
& g E E Al 1
-1.0 —3 » ._-
- Air Environmerit ] [ Water Environment:
20 o Type 304 - L o Type3od 3
- A Type 316 ] L & Type 316 ]
C o o Type 316NG ~ 1 o o Type 316NG
BT e e N VIR BV AT EP AT ST RSP SURESATEE RS TN, TR SN A BE ISR
0 - 50 100 150 200 250 300 350 O 50 100 150 200. 250 300 350
S Temperature. (°C) - Temperature (°C)

Figure 26. Residual error for austenitic SSs as a function of test temperature

3.0 LALALAL I [ SN SR M L 2O B S N S AR O N B N B S B NN M A TT™TY ,‘ LI I M A ML B I AL B I N B B R L LB

h r Water Environment 1

7 I O Type 304 A

2.0 ] - 2 Tipo3ie ]

b N ¢ Type 316NG 1

1.0 i F o ]

s g 4 1 1

2 0.0 ~ & 1 E 8 o ]

] 127 5 & ] g S ? .

@ p (@) ]

-1.0 ] i 8 % 5

. & O Air Environment E :

2.0 O Type3d04 - g 7]

A Type 316 ; L ]

- o Type 316NG | r 1

o J S SUCA N IR HP S S A SV R i VAP SR PSS AT SIS S VTS I S W U BT ST I RN
) 10 20 30 40 50 60 O 10. 20 30 40 50 60

Heat Idehtification Heat Identification

Figure 27. Residual erfor for austenitic SSs as a function of material heat-

3.0 ALl T T YT T T T TTTT T T T Ty T YT T T 1T
I Air Environment [ Water Environment ]
obf O - Type3o4 L o Type304 3
2.0 2 wheste E R TRedte. ]
[ ¢ Type 316NG v o Type316NG Lo ]
1.0F © - A a & REN A
| [ o 3 9 o °R. 1
B g.0F A<2.<>§° O ) : o oB

@ [ j o ) 4 - ) - ; 128 B
10b 2 oo - ‘ B ]
s A ©0 & » : @ ]
[ L ]
2.0 o p
'3'0,;'1;1: NEWEETI | Lol AR ETT IR TT :u_ul Loty saant PESTENEE R AT N DO S ST | At A itst

10 104 102 107 . 109 104 108 102 1071 10°
Strain Rate (%/s) ’ Strain Rate (%/s)

Figure 28. Residual error for austenitic SSs as a function of loading strain rate
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do not show patterns. In general, high variance tends to be associated with longer lives and lower
strain amplitudes. Furthermore, biases seem to be traceable to heat-to-heat variation.

6 Design Fatigue Curves

The design fatigue curves in the current ASME Section III Code were based on experimental
data on small polished test specimens. The curves were obtained by adjusting the best-fit curve for
the effect of mean stress and then lowering the adjusted curve by a factor of 2 on stress or 20 on
life, whichever was more conservative, at each point of the curve. The best-fit curve to the
experimental data,51 expressed in terms of strain amplitude e, (%) and fatigue cycles N, for
austenitic SSs is given by

In[N] = 6.954 - 2.0 In(e, - 0.167). )

The mean curve, expressed in terms of stress amplitude S; (MPa}, which is the product of £; and
elastic modulus E, is given by

Sa = 58020/(N)1/2 + 299.92. (10)



The strain-vs.-life data were converted to stress-vs.-life curves by using the room—température
value€ of 195. 1 GPa (28300 ksi) for the elastic modulus. The best-fit curves were adjusted for the
effect of mean stress by using the modified Goodman relationship46

(s}
S =S (?‘u—_‘—s—y”) for Sa<6'y, (lOa)

and S, =S5, for S;>ay, (10b)

where S; is the adjusted value of stress amplitude, and ¢, and o, are yield and ultimate strengths
of the material, respectively. The Goodman relationship assumes the maximum possible mean
stress and typically gives a conservative adjustment for mean stress, at least when environmental
effects are not significant. The design fatigue curves were then obtained by lowering the adjusted
best-fit curve by a factor of 2 on stress or 20 on cycles, whichever was more conservative, to
account for differences and uncertainties in fatigue life associated with material and loading
conditions.

The same procedure has been used to develop design fatigue curves for LWR environments.
However, because of the differences between the ASME mean curve and the best-fit curve to
existing fatigue data (Fig. 5), the margin on strain for the current ASME Code design fatigue curve
is closer to 1.5 than 2. Therefore, to be consistent with the current Code design curve, a factor of
1.5 rather than 2 was used in developing the design fatigue curves from the updated statistical
models in air and LWR environments.

The design fatigue curves based on the statistical model for Types 304 and 316 SS in air and
low- and high-DO water are shown in Figs. 31-33. A similar set of curves can be obtained for Type
316NG SS. Because the fatigue life of Type 316NG is superior to that of Types 304 or 316 SS,
Figs. 31-33 may be used conservatively for Type 316NG SS. Also, as mentioned earlier, recent test
results indicate that the conductivity of water is important for environmental effects on fatigue life
of austenitic SSs in high-DO environments. Therefore, the design fatigue curves for Type 304 and
316 SS in water with 20.05 ppm DO (Fig. 33) may be conservative,

Although, in air at low stress levels, the differences between the current ASME Code design
curve and the design curve obtained from the updated statistical model at temperatures <250°C
have been reduced or eliminated by reducing the margin on stress from 2 to 1.5, significant
differences still exist between the two curves. For example, at stress amplitudes >300 MPa,
estimates of life from the updated design curve are a factor of =2 lower than those from the ASME
Code curve. Therefore, the actual margins on stress and life for the current ASME Code design
fatigue curve are 1.5 and 10, respectively, instead of 2 and 20.
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As discussed above, the existing fatigue data indicate a threshold strain range of =0.32%,
below which environmental effects on the fatigue life of austenitic SSs either do not occur or are
insignificant. This value must be adjusted for the effects of mean stress and uncertainties due to
material and loading variability. Threshold strain amplitudes are decreased by =10% to account for
mean stress effects and by a factor of 1.5 to account for uncertainties in fatigue life associated with
material and loading variability. Thus, a threshold strain amplitude of 0.097% (stress amplitude of
189 MPa) was selected, below which environmental effects on life are modest and are represented
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Figure 31.
ASME and statistical-model design fatigue
curves for Types 304 and 316 SS in air

Figure 32. :
ASME and statistical-model design fatigue
curves for Types 304 and 316 SS in water
with <0.05 ppm DO

Figure 33.

ASME and statistical-model design fatigue
curves for Types 304 and 316 SS in water
with 20.05 ppm DO

by the design curve for temperatures <200°C (shown by the solid lihe in Figs. 31 and 32).



These curves can be used to perform ASME Code fatigue evaluations of components that are in
service in LWR environments. For each set of load pairs, a partial usage factor is obtained from the
appropriate design fatigue curve, Information about the service conditions, such as temperature,
strain rate, and DO level, are required for the evaluations. The procedure for obtaining these
parameters depends on whether the elapsed-time-vs.-temperature information for the transient is
available. The maximum values of temperature and DO level and thé slowest strain rate during the
transient may be used for a conservative estimate of life. Note that the design curves in LWR
environments not only account for environmental effects on life but also include the difference
between the current Code design curve and the updated design curve in air, i.e., the difference
between the solid and dashed curves in Fig. 31.

7 Fatigue Life Correction Factor

The effects of reactor coolant environments on fatigue life have also been expressed in terms of
a fatigue life correction factor Fen, which is the ratio of the life in air at room temperature to that in
water at the service temperature,11.52.53 To incorporate environmental effects into the ASME Code
fatigue evaluation, a fatigue usage for a specific load pair, based on the current Code fatigue design
curve, is multiplied by the correction factor. A fatigue life correction factor Fg, can also be obtained
from the statistical model, where

In(Fen) = InNajr) - In(Nwaten- (12)

From Egs. 5a and 7a, the fatigue life correction factor relative to room-temperature air for
Types 304 and 316 SSs is given by

Fen = exp(0.935 - T* ¢* O, (13)

where the threshold and saturation values for T*, £*, and O" are defined in Egs. 8a-8c. At
temperatures 2200°C and strain rates <0.0004%/s, Eq. 13 yields an Fen of =15 in low-DO PWR
water (<0.05 ppm DO) and =8 in high-DO water (20.05 ppm DO). At temperatures <200°C, Fep, is
=2.5 in both low- and high~-DO water at all strain rates.

8. Conservatism in Design Fatigue Curves

The overall conservatism in ASME Code fatigue evaluations has also been demonstrated in
fatigue tests on piping welds and components.54 In air, the margins on the number of cycles to
failure for austenitic SS elbows and tees were 40-310 and 104-510, respectively. The margins for
girth butt welds were significantly lower at 6-77. In these tests, fatigue life was expressed as the
number of cycles for the crack to penetrate through the wall, which ranged in thickness from 6 to
18 mm (0.237 to 0.719 in). The fatigue design curves represent the number of cycles that are
necessary to form a 3-mm-deep crack. Consequently, depending on wall thickness, the actual
margins to failure may be lower by a factor of >2.

- Deardorff and Smith55 have discussed the types and extent of conservatisms present in the
ASME Section III fatigue evaluations and the effects of LWR environments on fatigue margins. The
sources of conservatism include design transients considerably more severe than those experienced
in service, grouping of transients, and simplified elastic-plastic analysis. Environmental effects on
two components, the BWR feedwater nozzle/safe end and PWR steam generator feedwater
nozzle/safe end, both constructed from LAS and known to be affected by severe thermal transients,



were also investigated in the study. When environmental effects on fatigue life were not considered,
Deardorff and Smith55 estimated that the ratio of the CUFs for the PWR and BWR nozzles (both
constructed from LAS), computed with the mean experimental curve for test specimen data, to
CUFs computed with the Code fatigue design curve were =60 and 90, respectively. To maintain the
factor of 20 on life that was used in the present Code fatigue design curves to account for the
uncertainties due to material and loading variability, the margins for the PWR and BWR nozzles are
reduced to 3 and 4.5, respectively. These results suggest that, for carbon and low-alloy steels, the
Code Design procedures provide some margin in life that can be used to account for environmental
effects on life. However, as noted previously in Section 6, the Code fatigue design curve for
austenitic SSs is not consistent with the existing fatigue S-N data; the actual margins on stress
and life are 1.5 and 10, respectively, instead of 2 and 20. Consequently, the Code fatigue design
curve for austenitic SSs provides little or no margin in life to account for environmental effects.

Data available in the literature have been reviewed to evaluate the effects of various material,
loading, and environmental variables on the fatigue life of structural materials in air and LWR
environments.33 The subfactors that may be used to account for the effects of these variables on
fatigue life are summarized in Table 5. The factors on strain primarily account for variation in the
fatigue limit of a material caused by material variability, component size and surface finish, and
loading history. Because the reduction in fatigue life is associated with the growth of short cracks .
(<100 pm), the effects of these variables on threshold strain are typically not cumulative but rather
are controlled by the variable that has the largest effect. The values in Table 5 suggest that a factor
of at least 1.5 on strain and 10 on cycles is needed to account for the differences and uncertainties
of relating the fatigue lives of laboratory test specimens to those of large components. Beacuse SSs
develop a corrosion scale in LWR environments, the effect of surface finish may not be significant;
the subfactor on life to account for surface finish effects may be as low as 1.5 or may be eliminated
completely. Therefore, a factor of 1.5 or 2 on life may be able to account for the effects of
environment on the fatigue lives of austenitic SSs.

Table 5. Subfactors that may be used to account for effects of various variables on

fatigue life
Variable Factor on Life  Factor on Strain
Material variability and experimental scatter 2.5 1.4-1.7
Size 1.4 1.25
Surface finish 2.0-3.0 1.3
Loading history 1.5-2.5 1.5
Total adjustment 10.0-26.0 1.5-1.7

9 Fatigue Evaluations in LWR Environments

Section Il of the ASME Boiler and Pressure Vessel Code contains rules for the construction of
nuclear power plant Class 1 components.5 It provides requirements for designs that will withstand
cyclic loadings on a structural component that occur because of changes in mechanical and |,
thermal loadings as the system goes from one load set (pressure, temperature, moment, and force)
to any other load set. ASME Section IlI, NB-3600 (piping design) methodology is used exclusively
for piping and sometimes for branch nozzles. ASME Section III, NB-3200 (design by analysis)
methodology is generally used for vessels and frequently for nozzles. In both cases, the various sets
of load states at the most highly stressed locations in the component are defined first. The load
states are defined in terms of the three principal stresses in NB-3200 methodology, and in terms of
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EFFECTS OF LWR COOLANT ENVIRONMENTS
ON FATIGUE DESIGN CURVES OF CARBON AND LOW-ALLOY STEELS

by

0. K. Chopra and W. J. Shack

Abstract

The ASME Boiler and Pressure Vessel Code provides rules for the construction of nuclear
power plant components. Figures I-9.1 through I-9.6 of Appendix I to Section Il of the Code
-specify fatigue design curves for structural materials. While effects of reactor coolant
environments are not explicitly addressed by the design curves, test data indicate that the
Code fatigue curves may not always be adequate in coolant environments. This report
summarizes work performed by Argonne National Laboratory on fatigue of carbon and
low-alloy steels in light water reactor (LWR) environments. The existing fatigue S~N data have
been evaluated to establish the effects of various material and loading variables such as steel
type, dissolved oxygen level, strain range, strain rate, temperature, orientation, and sulfur
content on the fatigue life of these steels. Statistical models have been developed for
estimating the fatigue S-N curves as a function of material, loading, and environmental
variables. The results have been used to estimate the probability of fatigue cracking of reactor
components. The different methods for incarporating the effects of LWR coolant environments
on the ASME Code fatigue design curves are presented.
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5 Statistical Model

5.1 Modeling Choices

In attempting to develop a statistical model from incomplete data and where physical
processes are only partially understood, care must be taken to avoid overfitting the data.
Different functional forms of the predictive equations {e.g., different procedures for
transforming the measured variables into data used for fitting equations) were tried for several
aspects of the model. Fatigue S-N data are generally expressed by Eq. 1.1, which may be
rearranged to express fatigue life N in terms of strain amplitude ¢, as

In(N) = (InB - In(e, - A)]/b. (5.1

Additional terms may be added to the model that would improve agreement with the
current data set. However, such changes may not hold true in other data sets, and the model
would typically be less robust, i.e., it would not predict new data well. In general, complexity
in a statistical model is undesirable unless it is consistent with accepted physical processes.
Although there are statistical tools that can help manage the tradeoff between robustness and
detail in the model, engineering judgment is required. Model features that would be counter to
known effects are excluded. Features that are consistent with previous studies use such
results as guidance, e.g., defining the threshold or saturation values for an effect, but where
there are differences from previous findings, the reasons for the differences are evaluated and
an appropriate set of assumptions is incorporated into the model.

5.2 Least-Squares Modeling within a Fixed Structure

The parameters of the model are commonly established through least-squares
curve-fitting of the data to either Eq. 1.1 or 5.1. An optimization program sets the parameters
so as to minimize the sum of the square of the residual errors, which are the differences
between the predicted and actual values of g3 or In{N). A predictive model based on
least-squares fit on In(N) is biased for low ea; in particular, runoff data cannot be included.
The mode! also leads to probability curves that converge to a single value of threshold strain.
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However, the model fails to address the fact that at low &5, most of the error in life is due to
uncertainty associated with either measurement of stress or strain or variation in threshold
strain caused by material variability. On the other hand, a least-squares fit on g, does not
work well for higher strain amplitudes. The two kinds of models are merely transformations of
each other, although the precise values of the coefficients differ.
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The statistical models27.28 were developed by combining the two approaches and
minimizing the sum of squared Cartesian distances from the data points to the predicted curve
(Fig. 69). For low g,, this is very close to optimizing the sum of squared errors in predicted &;,;
at high e,, it is very close to optimizing the sum of squared errors in predicted life; and at
medium ¢&,, this model combines both factors. However, because the model includes many
nonlinear transformations of variables and because different variables affect different parts of
the data, the actual functional form and transformations are partly responsible for minimizing
the squares of the errors. The functional forms and transformation are chosen a priori, and no
direct computational means exist for establishing them.

To perform the optimization, it was necessary to normalize the x and y axes by assigning
relative weights to be used in combining the error in life and strain amplitude because x and y
axes are not in comparable units. In this analysis, errors in strain amplitude (%) are weighted
20 times as heavily as errors in In(N). A value of 20 was selected for two related reasons.
First, this factor leads to approximately equal weighting of low- and high-strain-amplitude
data in the least~squared error computation of model coefficients. Second, when applied to
the model to generate probability curves, it yielded a standard deviation on strain amplitude
comparable to that obtained from the best-fit of the high cycle fatigue data to Eq. 1.1.
Because there is necessarily judgment applied in the selection of this value, a sensitivity
analysis was performed, and it showed that the coefficients of the model do not change much
for weight factors between 10 and 25. Distance from the curve was estimated as

D ={(x- %) +[k(y-9)f] ", 5.2)

where X and ¥ represent predicted values, and k = 20.
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' 5.3 The Model

Based on the existing fatigue S-N data base, statistical models have been developed for
estimating the effects of material and loading conditions on the fatigue lives of CSs and
LASs.27.28 The dependence of fatigue life on DO level has been modified because it was
determined that in the range of 0.05-0.5 ppm, the effect of DO was more logarithmic than
linear.45.93 In this report, the models have been further optimized with a larger fatigue S-N
data base. Because of the conflicting possibilities that with decreasing strain rate, fatigue life
may either be unaffected, decrease for some heats, or increase for others, effects of strain rate
in air were not explicitly considered in the model. The effects of orientation, i.e., size and
distribution of sulfide inclusions, on fatigue life were also excluded because the existing data
base does not include information on sulfide distribution and morphology. In air, the fatigue
data for CSs are best represented by

In(N25) = 6.595 - 1.975 Infga - 0.113) - 0.00124 T (5.33)

and for LASs by

In(N25) = 6.658 ~ 1.808 In{ey - 0.151) - 0.00124 T. (5.3b)
In LWR environments, the fatigue data for CSs are best represented by

In(N2s) = 6.010 ~ 1.975 In{ea - 0.113) + 0.101 S* T* O* ¢* (5.4a)
and for LASs by

In(N2s) = 5.729 - 1.808 In(ea - 0.151) + 0.101 S’ T* O" ¢°, (5.4b)

where S*, T*, O*, and é" = transformed sulfur content, temperature, DO, and strain rate,
respectively, defined as follows:

*=S {0 <S<0.015 wt.%)
S$*=0.015 : (S >0.015 wt.%) (5.5a)
™=0 (T <150°C)
T =T- 150 (T = 150-350°C) (5.5b)
0"=0 " (DO <0.05 ppm)
O’ = In(DO/0.04) (0.05 ppm <DO <0.5 ppm)
0" =In(12.5) (DO >0.5 ppm) (5.5¢)
=0 (& >1 %/5)
&* =In(¢) (0.001 <& <1 %/s)
&' =1n(0.001) (¢ <0.001 %/s) (5.5d)

*

The functional form and bounding values of the transformed parameters S°, T", Q‘, and £
were based upon experimental observations and data trends discussed in Section 4.2.
Significant features of the model for estimating fatigue life in LWR environments are as follaws:
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(@) The model assumes that environmental effects on fatigue life occur primarily during the
tensile-loading cycle; minor effects during the compressive loading cycle have been
excluded. Consequently, the loading and environmental conditions, e.g., temperature,
strain rate, and DO, during the tensile-loading cycle are used for estimating fatigue lives.

(b) When any one of the threshold condition.is not satisfied, e.g., <0.05 ppm DO in water, the
effect of strain rate is not considered in the model, although limited data indicate that
heats of steel that are sensitive to strain rate in air also show a decrease in life in water
with decreasing strain rate.

(© The model assumes a linear dependence of S” on S content in steel and saturation at
0,015 wt. % S.

The model is recommended for predicted fatigue lives of <106 cycles. For fatigue lives of _105 to
108 cycles, the résults should be used with caution because, in this range, the model is based
on very limited data obtained from relatively few heats of material.

The estimated and experimental S-N curves for CS and LAS in air at room temperature
and 288°C are shown in Fig. 70. The mean curves used in developing the ASME Code design
curve and the average c¢urves of Higuchi and lida7? are also included in the figure. The results
indicate that the ASME mean curve for carbon steels is not consistent with the experimerital
data; at strain amplitudes <0.2%, the mean curve predicts significantly lower fatigue lives than
those observed experimentally. The estimated curve for low-alloy steels is comparable with
the ASME mean curve. For both steels, Eq. 5.3 shows good agreement with the average curves
of Higuchi and Ilida.
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Figure 70. Fatigue S-N behavior for carbon and low-alloy steels estimated from model and
determinéd experimentally in air at room temperature
54  Distribution of Fatigue Life
For a given steel type, the average distance of data points from the mean curve does not

vary much for different environmental conditions. To develop a distribition on life, we start
with the assumption that there are three sources of prediction error: (a) measurement errors
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for the applied strain amplitude, (b) variations in the threshold strain amplitude due to
material variability, and (c) erfrors due to uncertainty in test and material conditions or other
unexplained variation. Because measurement errors are small at high strain amplitudes, the
standard deviation of distance from the mean curve at high strain amplitudes is a good
measure of the scatter in fatigue life due to unexplained variations. At low amplitudes where
the S-N curve is almost horizontal, the errors (as measured by the distance from the mean
curve) are dominated by the variation in strain amplitude. The standard deviation of the error
in strain amplitude was taken to be equal to the standard deviation in the predicted fatigue life
divided by a factor of 20 consistent with the weighting factor used for optimization. The
standard deviation on life was 0.52 for CSs and LASs. These results can be combined with
Eq. 5.3 to estimate the distribution in life for smooth test specimens. In air, the xth percentile
of the distribution on life N25[x] for CSs is

In(N25) = 6.595 + 0.52 F-1[{x] - 1.975 In(ea ~ 0.113 + 0.026 F-1{1-x}) - 0.00124 T (5.6a)

and for LASs it is

In(N25) = 6.658 + 0.52 F-1{x] - 1.808 In(ea - 0.151 + 0.026 F-1[1-x}) - 0.00124 T . (5.6b)

In LWR envirohments. the xth percentile of the distribution on life Nz5(x] for CSs is

In(N25) = 6.010 + 0.52 F-1{x] - 1.975 Infea - 0.113 + 0.026 F-1{1-x])
+0.101 S* T O* ¢* (5.7a)

and for LASs it is

In(N2s) = 5.729 + 0.52 F-1{x] - 1.808 In(ea - 0.151 + 0.026 F-1{1-x])
+0.101 8" T" O ", . (5.7b)

The parameters S*, T", O", and ¢* are defined in Eqgs. 5.5, and F-1{-] denotes the inverse of the
standard normal cumulative distribution function. The coefficients of distribution functions
F-1{x] and F-1{1-x] represent the standard deviation on life and strain amplitude, respectively.
For convenience, values of the inverse of standard normal cumulative distribution function in
Eqgs. 5.6 and 5.7 are given in Table 3. The standard deviation of 0.026 on strain amplitude
obtained from the analysis may be an overly conservative value. A more realistic value for the
standard deviation on strain could be obtained by analysis of the fatigue limits of different
heats of material. The existing data are inadequate for such an analysis because (a) not
enough heats of materials are included in the data base, and (b) there are very few high-cycle
fatigue data for accurate estimations of the fatigue limit for specific heats.

The estimated probability curves for the fatigue life of CSs and LASs in an air and LWR
environments in Figs. 71-73 show good agreement with experimental data; nearly all of the
data are bounded by the 5% probability curve. Relative to the 50% probability curve, the 5%
probability curve is a factor of =2.5 lower in life at strain amplitudes >0.3% and a factor of
1.4-1.7 lower in strain at <0.2% strain amplitudes. Similarly, the 1% probability curve is a
factor of =3.7 lower in life and a factor of 1.7-2.2 lower in strain.

NUREG/CR-6583 62



Table 3. Inverse of standard cumulative distribution function

Probability Fliy F1{1—x] Probability Flix] F-1[1-x]
0.01 -3.7195 3.7195 . 3.00 -1.8808 1.8808
0.02 -3.5402 3.5402 5.00 -1.6449 1.6449
0.03 -3.4319 3,4319 7.00 -1.4758 1.4758
0.05 -3,2905 3.2905 10.00 -1.2816 1.2816
0.07 -3.1947 3.1947 20.00 -0.8416 0.8416
0.10 -3.0902 - 3,0002 30,00 -0.5244 0.5244
0.20 -2.8782 2.8782 50.00 0.0000 0.0000
0.30 .2.7478 2.7478 65.00 0.3853 -0.3853.
0.50 . .2.5758 25758 © 80.00 0.8416 -0.8416
0.70 .2.4573 2.4573 90.00 1.2816 -1.2816
1.00 -2.3263 2.3263 95.00 1.6449 -1.6449
2.00 -2.0537 2.0537 98.00 2.0537 -2.0537
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Figure 71. Experimental data and probability of fatigue cracking in carbon and low-alloy steel
test specimens.in air
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Figure 72. Experimental data and probability of fatigue cracking in carbon and low-alloy steel
test specimens in simulated PWR environments
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Figure 73. Experimental data and probability of fatigue cracking in carbon and low-alloy steel
test specimens in high-dissolved-oxygen water
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As with other aspects of this model, the estimates of the probability of cracking should
not be extrapolated much beyond the data. The probabilities assume a normal distribution,
which is consistent with the data for most of the range. The existing data are not sufficient to
determine precise distributions because more data are required to estimate distributions than
to estimate the mean curve. However, the assumption of normality is reasonable (and
conservative) down to 0.1-1% probability of cracking and it is empirically verified by the
number of data points that fall below the respective curves. The probability is not expected to
deviate significantly from the normal curve for another order of magnitude (one more standard
deviation) even if the probability distribution is not the same. Because estimates of extremely
lIow or high probabilities are sensitive to the choice of distribution, the probability distribution
curves should not be extrapolated beyond 0.02% probability.

6 Fatigue Life Correction Factor

An alternative approach for incorporating the effects of reactor coolant environments on
fatigue S-N curves has been proposed by the Environmental Fatigue Data (EFD) Committee of
the Thermal and Nuclear Power Engineering Society (TENPES) of Japan.” A fatigue life
correction factor Fep, is defined as the ratio of the life in air at room temperature to that in
water at the service temperature. The fatigue usage for a specific load pair based on the
current Code fatigue design curve is multiplied by the correction factor to account for the
environmental effects. Note that the fatigue life correction factor does not account for any
differences that might exist between the current ASME mean air curves and the present mean
air curves developed from a larger data base. The specific expression for Fen, proposed
initially by Higuchi and lida,”7 assumes that life in the environment Nyater is related to life in
air Nir at room temperature through a power-law dependence on the strain rate

Fen = Nair = (é)—P- . (6.1a)
water .
or  In(Fe,)=1In(Ngy)-In(Nyarer) = ~PIn(€). (6.1b)

In air at room temperature, the fatigue life N,ir of CSs is expressed as

In(Najr) = 6.653 - 2.119 In(ea - 0.108) 6.2a)

and for LASs by

In(Nair) = 6.578 - 1.761 Infe, - 0.140), (6.2b)

where ¢, is the applied strain amplitude (%). Only the tensile loading cycle is considered to be
important for environmental effects on fatigue life. The exponent P is a product of a
“environmental factor Rp, which depends on temperature T (°C) and DO level (ppm), and a
material factor P, which depends on the ultimate tensile strength o, (MPa) and sulfur content
S (wt/.%) of the steel, Thus '

P =Rp P, : (6.3a)

* Presented at the Pressure Vessel Research Council Meeting, April 1996, Orlando, FL.
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Pc=0.864 - 0.00092 6, + 14.6 S,

R, ~-0.
R, = T
P 2.64

2
In(DO) +1.75 R,y —0.035,

and Rpt =0.198 exp(0.00557T).

(6.3b)

(6.3¢)

(6.3d)

The fatigue lives of carbon and low-alloy steels measured experimentally and those estimated
from the statistical and EFD models are shown in Figs. 74-78. Although the EFD correlations
for exponent P were based entirely on data for carbon steels, Egs. 6.3a-6.3d were also used for

estimating the fatigue lives of LASs.

Also, oy in Eq. 6.3b was assumed to be 520 and

650 MPa, respectively, for CSs and LASs. The significant differences between the two models

are as follows:

(a) The EFD correlations have been developed from data for CSs alone.
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Figure 74. Experimental fatigue lives and those estimated from statistical and EFD models for
carbon and low-alloy steels in simulated PWR water : :
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Figure 75. Experimental fatigue lives and those estimated from statistical and EFD models for
carbon and low-alloy steels in water at temperatures below 150°C
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Figure 76. Experimental fatigue lives and those estimated from statistical and EFD models for
carbon and low-alloy steels in high-dissolved-oxygen water
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Figure 77. Dependence on strain rate of fatigue life of carbon steels observed experimentally and
that estimated from statistical and EFD models
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Figure 78. Dependence on dissolved oxygen of fatigue life of carbon steels observed
experimentally and that estimated from statistical and EFD models

(b) The statistical model assumes that the effects of strain rate on fatigue life saturate below
0.001%/s, Fi 1g 77. Such a saturation is not considered in the EFD model.

{c) A threshold temperature of 150°C below which environmental effects an fatigue life are
modest is incorporated in the statistical model but not in the EFD model.

(d The EFD model includes the effect of tensile strength on fatigue life of CSs in LWR
environments.

Another estimate of the fatigue life correction factor Fen can also be obtained from the
statistical model. Since

1n(Fen) = In(Nair) - ln(Nwater)v (6.4)

from Eqs. 5.3a and 5.4a, the fatigue life correction factor for CSs is given by
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In(F.,)=0.585-0.00124T - 0.101S'T°0"¢’ (6.5a)

and from Egs. 5.3b and 5.4b, the fatigue life correction factor for LASs is given by
In(F,,)=0.929-0.00124T - 0.101S'T'0'¢", . (6.5b)

where the threshold and saturation values for S*, T", O*, and £&" are defined in Egs. 5.5. A
value of 25°C is used for T in Egs. 6.5a and 6.5b if the fatigue life correction factor is defined
relative to RT air. Otherwise, both T and T" represent the service temperature. A fatigue life
correction factor Fen based on the statistical model has been proposed as part of a
nonmandatory Appendix to ASME Section IX fatigue evaluations.94.95

7 Fatigue S—N Curves for Components

The current ASME Section III Code design fatigue curves were based on experimental data
on small polished test specimens. The best-fit or mean curve to the experimental data used to
develop the Code design curve, expressed in terms of stress amplitude S, (MPa) and fatigue
cycles N, for carbon steels is given by

S, = 59,736/VN + 149.24 (7.1a)

and for low-alloy steels by

S, = 49,222/VN + 265.45. , : (7.1b)

The stress amplitude S, is the product of strain amplitude g, and elastic modulus E; the room
temperature value of 206.8 GPa (30,000 ksi) for the elastic modulus for carbon and low-alloy
steels was used in converting the experimental strain-versus-life data to stress-versus-life
curves. To obtain design fatigue curves the best-fit curves (Eqs. 7.1a and 7.1b) were first
adjusted for the effect of mean stress based on the modified Goodman relation

it -G’) for S,<ga,, : (7.2a)

Sﬂ ) Sa(ou —Sa

and
S, =8, for S,>0,, (7.2b)

where S; is the adjusted value of stress amplitude, and ¢, and o, are yield and ultimate
strengths of the material, respectively. The Goodman relation assumes the maximum possible
mean stress and typically gives a conservative adjustment for mean stress at least when
environmental effects are not significant. The design fatigue curves were then obtained by
lowering the adjusted best-fit curve by a factor of 2 on stress or 20 on cycles, whichever was
more conservative, at each point on the curve. The factor of 20 on cycles was intended to
account for the uncertainties in fatigue life associated with material and loading conditions,
and the factor of 2 on strain was intended to account for uncertainties in threshold strain
caused by material variability. This procedure is illustrated for CSs and LASs in Fig. 79.

69 NUREG/CR-6583



Entergy Answer to New and Amended Contention
NYS-26/26B & Riverkeeper TC-1/1B (Metal Fatigue) (Oct. 4, 2010)

PROPOSED AMENDED CONTENTION
NYS-26/26B & RIVERKEEPER TC-1/1B:

ATTACHMENT 16




R&D.Status Report

.NUCLEAR POWER DIVISION

John J. Taylor. Dlreotor

BWR WATER: CHEMISTRY

Many of the stress corrosion problsms in
boiling water reactors (BWRs) resultfiom the

prasence of a very smell amount of dissolved:

oxygen: In-the..reactor :water. :Radlalysis .In
the reactor core.continually decomposes a
small amount-of the very pure-water.usad in
BWR: into Iree oxygen.and hydrogen. Most
of: tha gas Is- slrlpped Irom lhe .water.by the

b Y yg
and hydrogen dlssalved In the reactor-water.

Although the amount of dissolved. oxygen fs ]
only about 200 ppb, itis sufficlent to facilitate -

stress corroslon &racking. Hydrogen water

- chemisiry can reduce dissoived oxygen to
-'a fevel that will no Iongar ‘facllitafte stress
. corrosion.

Pipe craoklng in BWRs first cameto the atten-
tion of U.S. electric utllities in 1974, This
problem has resuited in costly repalirs and
lost operaling time. The potentlal serlous-

_ ness of .the problem was recently emphasized

by the discovery of cracks in lerge-diameter
(26-In; -660-mm) recirculation piping at a

- . domestic BWR. These cracks.necessitated
replacement ‘of the complete recirculation -

plping system and will cost 12 to' 18 months
of operating time.

Earlies- EPRI reports (EPRI Journal, Sep-
tember-1981, p. 6; Novermnber 1981, p. 18)
have helped famiiiarize the industry with the

. various tactors involved In pipe cracking. In . _
most cases, cracks have resulted from inter- .

granular strass corrosion cracking (IGSCC).
This status report describes how changing
reector water chemistry can help prevent
IGSCC.

Three conditiohs must be present simulta-

neously for. IGSCC to occur; stress, a sensi-
tized microstructure, and an environment

- (water chemistry and temperature) that will

facliitate.cracking. Theoretically, no pipe will
ever cracK it any one tactor {8 completely
eliminated, Eight plpe-cracking remedies
have been developsed: three that alfect
stress, three that affect sensitization, and

' two that atlect environment -(Table 1). By
thelr very nature, all the stress and senslti-
zation remedies are limited to the specific -

52 EPRIJOURNAL January/February 1983

_component t6 which they are applied. For
example, induction heating stress-improve-

ment.atfects, cracking in. the .pipe. weid to
which it is-applied; it does not affect any
other weld. Only the water chemistry reme-
dies have .the  potential -of -protecting. the
whole'system, ’

The water in a BWR is similaf I’ purily to
taboratory distiled water. It is'converted.into .

flquid again after passing through. the .tur- *

bine, and:reconverted into steam -on re:
entering the core. Thls process Is repeated
continuously.

. During reactor operation, radaolysls inthe
roactoreorecomlnua”ydecomposasasm ) -

amoumt of water to form. ffee oxygen an
hydrogen. Most of the oxygen-and hydrogery
Is stripped from the water. by the.steam and”

is subsaquently removed from the water cir-
cuit by special equipment in the condenser.
However, about 200 ppb oxygen and 12 ppb
hydrogen remain .dissolved in-the .water in
the core when the-reactor is at the steady-
state full-power operating * temperature
(268°C; 550°F). During reactor startups

Table 1
CAUSES AND REMEDIES FOR
BWR PIPE CRACKING

Cause Remedy
Stress nduction heaﬂnglstress ’
improvement .
" Heat sink welding A
. Last-pass heat sink welding

Sensitizalion  Soiution heat treatment .
' Corrosion-resistant cladding -
Allernative materials

Environment  Hydrogen water chemistry
Impurlty control

and shutdowns oxygen concentration varies .
with temperature (Figure 1). The imporiant
question of which temperature-oxygen. com-
binations _facliitate. .IGSCC has .been an-
swered Inpart under.EPR| ressarch (RP1332
and "‘RPT115)." The' shaded" "IGSCC- danger
zone inthe figure. repcesonts thoss combi.

"nations.

Reducing bxygen levels . durlng reactor

been hlghly pubnelzed in the BWRlndustry.
‘Although helplul during transients, this rem-
edy does little, {f anything, to: reduce plpe

' cracking during steady-state conditions

(RP1332-2, RPT112-1, RPT115-3, RPT1154),
Deaeration .doee- not affect oxygen-levels
during steady-state operating conditions,
which definitely.tacilitate GSCC. The amount
of time spent at steady stale Is about 140
times:greater than the amount of. time spent
In startups. Tharefore, to reduce IGSCC fur-
ther, it is necessary to change 'water chem-
Istry during steady-state. conditions.

Hydrogen water chemigtry .
In hydrogen water chemistry, small amounts

+ of hydrogen gas are added to the reactor
' feedwater. In the reactor core ths added

hydrogen recombines with oxygen andother
radiolysis products to suppress- the . net
amount of oxygen produced at the sleady-
state tempoerature (Figure 1). .
Although hydrogen’ water chemistry ex—
périments were conducted over 20 years
8go in several -early Norweglan and us.
tesi reactors, the concept was not further
developed until 1879, when the Swedish util-

‘lties and ASEA~Atom conducted a short -

eight-hour test of hydrogen water chemistry
at Oskarshamn-2 and demonstrated that hy-
drogen water chemistry was economically

feasible. in 1981 the Swedes conducted a

second test at Oskarshamn-2 for four days
and oblained detalled water chemistry mea-
surements. These tesis showed that hydro-
gen water chemistry lowered the oxygen
concantration to’levels that would no longer
ba expeocted to facilitate siress cotrosion,
However, no actual In-reactor corrosiontests

waere perlormed. In June 1982 DOE funded - '
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- a 30-day hydrogen water chemistry experi-
ment at Commonwealth Edison Co.'s Dres-
den-2 piant. During this experlinent, EPRI
sponsored in-reacior stress corrosion tesis

" that helped confirm hydrogen water chem-

istry as a powerful antidote for stress corro-

sion problems (RP1930-2). A $1 million EPRI
laboratory research project on hydrogen
water chemistry, which has been in progress
tor two years, supports this conclusion
(RP1930-1). :
‘' The combined results of the in-reactor
and laboratory IGSCC ‘tests show thal the
oxygen level must be suppressed.to 20 ppb
to eliminate IGSCC completely. For example,
during the Dresden-2 test, a severely sensi-
tized sampie ok stainless steel was tested
under extreme stress and strain, and abso-
lutely no IGSCC was detected. In {aboratory
tesis on.full-scale pipes the growth rates of
preexisting cracks have been slowed by a
faclor of 10 as a result of hydrogen water
chemistry. If no cracks are present before
hydrogen treatment of water, no new cracks
are expected to start.

To achie.ve an oxygen level of 20 ppb
during the Dresden-2 test, it was necessary
to add 1.5 ppm hydrogen to the feedwater

‘and to use pure oxygen in the off-gas system

instead of air. The total cost of both hydro-
gen and oxygen was less than $1000/day.
If.a BWR had a 70% capacity factor and a
remaining lifelime of 20 years, the total
would be about $5 million. Equiprnent instal-
lation would cost an additional $1- million,
In contrast, replacemerit of a complete re-

_circulation piping system is estimated to cost

"

on the order of $500 million, including the
cost of replacement power.

Although -the stress corrosion beneﬂts.

from hydrogen water chemistry are expected

1o be very high, at’ least one negative side

effect exists. The amount of the radioactive
isolope nitrogen-16 (N-16) in the steam will
increase: The N-16 is formed in the reactor.
core by the nuclear reaction: oxygen-16 +

‘neutron —» nitrogen-16 + proton. Under-

normal water chemistry conditions the N-16
reacts with dissolved oxygen to form nitrate
(NO7). which is soluple in the reactor water.

Undar hydrogen witler ohenusly aongl-
tlons thera (s not encuigh diasolved oxygon
1o react with the N-186 to form NO3~: the N-16

combines with the hydrogen to torm ammo- *

nia, NHy;. Ammonla is a volatile gas and is
therefore removed from the water by the
steam. The N-18 is a very unstable Isotope
and decays with a halllife of 7.11 s, giving
off high-energy gamma rays. Because more
N-16 énds up in the steam when hydrogen
water chemistry is used, the steam lines and
steam turbine will emit more gamma radia-
tion than when normal BWR water chemistry
is used. At Dresden-2, the amount of N-16
gamma radiation increased by a factor of 5
during the hydrogen water chemistry test.
The turbine is heavily shieided and therefore
the Increase in N-16 did not significantly
increase the radiation dose rate to plant
personnel. In general, the N-16 side effect
was manageable during the tests at Dresden-
2. When maintenance crews had 10 enter an
area where N-16 radlation was high, the hy-
drogen Injection was stopped, and N-16

-radlation fevels quickly returned to normal.

After the maintenance crew left the areg, the
hydrogen Injection was resumed.

The major uncertainties about' hydrogen
water chemistry revolve around the possibil-
ity of long-term negative side effects, The
two most important concerns are the hydro-
gen embritllement of the nuclear fuel clad-
ding and the redistribution of corrosion
products (radiation buildup) within the plant.
Although the best technical judgment avail-
able indicates that the possibility of either of

. these effects becoming unmanageable is

extremely remote, there is no data base on
which to build firm conclusions. At least one
tuel cycle with hydrogen water chemistry will
be required before a recommendation can
be mads to the utilities. EPRI is developing a
long-term in-reactor test program to address
thése major uncertainties. o

. Gontrol of Impurities

Although reactor water contalns Impurities
In srhall amounts (at the ppm or 'ppb levels),
BWRs generally operate with high-purity
water. For éxample, NRC duidelines spec-
ity that reactor water chioride (CI) con-
centration be kept below 0.2 ppm and the
conductivity below 1 uSfcm during plant
operation. A solution containing 1 ppm of
sodium chloride (NaCl) would have a con-
ductivity of about 2 uS/cm and a Cl concen-
tration of 0.6 ppm. Therefore, 1 ppm of NaCl
would exceed the NRC spegcifications. The
results of EPRI research projects have shown
that maintaining water purily may be just

as Important as controlling oxygen levels’
.(RP158:_3-2. RPT]‘!S'-G‘ RPT115-6). .Impuri-
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ties increase the size of the IGSCC danger
.zone,

L accelerated Iaboratory IGSCC tests as'
Imle as 1.ppm of certain impurities’ eradi-

cated hydrogen water chemistry benefits,
To benefit from hydrogen water chemistry,
utifities wlll have to control both oxygen
levels and conductivity. Reactor water with
only 20 ppb oxygeh and a conductivity in the

-vicinity of 0.2 pS/cm may eliminats any pos-

sibility of IGECC. EPRI has recently stepped
up its research to understand the role of
impurities in an effort to produce cost-effec-
tive water chemistry guidslines.

" Manager: Michael Fox

VALVE RESEARCH

The primary goal of valve research In EPAI's
Nuclear Power Division Is to reduce the
amount of plant unavallability attributable to
valves in LWR power plants. These R&D

.activities seek to Improve valve maintenance

practices and valve performance and rell-
ability and thus reduce the cost of producing
slectricity. EPRI's initial effort In- this Brea
was an assessment of industry vaive prob-
lerns conducted in the mid 1970s (NP-241).

it was found that nuclear plant Unavallability

" attributed fo valves, valve actuators, and

associated control circuits.represented ap-
proXimately three forced outages per plant
per year, with an average outage duration of
about two days. The value of such unavail-

ability is significant. A study reported in the

June 1982 EPRI Journal (p. 78) indicates
that.a 1% avallability Improvement in base-
load coal and nuclear generating units com-
bined would represent ssvings of $2.2 billion

nationwide over the seven-year study period.

In the initial assessment of Industry vaive
problems, which. was conducied by MPR
Associates, Inc., the concept of key valves
evolved. These are valves whose ‘malfunc-
tion can result in a forced plant outage,
a power reduction, or an extension of a

planned outage. It is basically to these vaives _

that the EPRI research effort is directed.

The study concluded that only a small
percentage (5-10%) of the total valve popu-
lation in a nuclear. power plant Is applied
in such a way that failure would result In a
forced outage. It shouid be noted that these
key vaives are not necessarlly safety-related
valves..No major ditferences were found be-
tween PWRs and BWRs regarding the causes
(seat leakage, stem leakage, actuator mal-
function) of valve-related shutdowns.

The study also conctuded that forced out-
ages attributable to valvesare underreported
bscauss of an umbrella or shadowing ef-
fect--situations where a valve requires
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maintenance or repalr work during an outage

. attributed to another system or component.
- Thus, aithough the valve could be consid-

ered a contributing cause of the outage, this

., Is not reflected in the reported data.

. Nuclear plant.data collection and evalua-
tion systems originally had many shortcom-
Ings. As a result of improvements in these
systems, data quantity and usefuiness have

‘been increased. Other existing sources of

information remain to be assimilated, how-

_ever, lo achieve a comprehensive view: of

the problem. EPRI's fimiting-laciors analysis
studies, the findings of which are published
in tour reports (NP-1136 through NP-1139),
provide further insight int6 the causes and
the magnitude of nuclear plant availability
losses attributable to valves.

On thg basls of the efforts descnbed above,
two areas were selected for Initial EPRI R&D
altention: the seat leakage performance of
main steam isolation valves (MSHVs) in BWRs
and valve stem packing improvements for

"bpth PWR and BWR application.

Figure 2 presents a cutaway view of a rep-
resentative MSIV with the valve bonnet and

-1he actuator removed. Two identical MSivs
are Installed In series in each BWR steam

tine. Technical specifications for BWR plants
establish maximum allowable seat leakage

Poppel
Body
Poppel —— |
main seal
LI ’
Body
main seal

rates for MSIVs'and require the periodic test-

.ing of gach vaive to. verify that this requlre-
ment is met.

Work was inltiated in early 1979 with At-
wood and Morrilt Co., Inc., a manufacturer
of MSIVs, and General Electric Co., the
nuclear steam supply system contractor for

BWR plants, to develop a comprehensive
“test program on MSIV seat leakage perfor-

mance (RP1243-1, RP1388-1). The goals
were first to identify the factors that affect
the vaives' capability to meet the seat leak-
age criterla imposed by the local leak rate-
test (LLRT) and then to Identify and verily
the effectiveness of corrective actions for
improving valve leakage performance.

The program evaluated the effects of such
factors as local residual stresses from valve
unstallatlon ‘welding; forces and moments
appllad by the connecting pipe; mechanical
cycllng. thermal cycling; excessive wear
and corrosion of critical valve surfaces;
and pooriy controlled maintenance prac-
tices. Of the factors Investigated, corrosion
of the vaive seating surface (or changes in
the friction coefficient) and inadequate main-
tenance practlces were found to be the most
significant contributors to the seat leakage
problem. Program results are reported in_
NP-2381 and NP-2454, ’

Stemn

Sieamn
inlet

guida @

Figure 2 BWR maln steam Isolation valve. EPRI has sponsored a test program to determine the factors that
alfect vaive seat leakage parformance and to ovaluate ways to improve this perlnvmance
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== Entergy

Entergy Nuclear Northeast
Indian Point Energy Center
450 Broadway, GSB

P.0O. Box 249

Buchanan, NY 10511-0249
Tel (914) 788-2055

U.S. Nuclear Régulatory Commission
ATTN: Document Control Desk
Washington, DC 20555-0001

Re:

SUBJECT: Reply to Request for Additional Information
Regarding License Renewal Application -

Time-Limited Aging Analyses and Boraflex

Fred R. Dacimo
Vice President
License Renewal

May 16, 2008

Indian Point Units 2 & 3
Docket Nos. 50-247 & 50-286

NL-08-084

Reference: NRC letter dated April 18, 2008; “Request for Additional Information for the
Review of the Indian Point Nuclear Generating Unit Nos. 2 and 3, License
Renewal Application - Time-Limited Aging Analyses and Boraflex”

Dear Sir or Madam:

Entergy Nuclear Operations, Inc is providing, in Attachment |, the additional information

requested in the referenced letter pertaining to NRC review of the License Renewal Application
for Indian Point 2 and Indian Point 3. The additional information provided in this transmittal
addresses staff questions for Time-Limited Aging Analyses and Borafiex. ,

There are no new commitments identified in this submittal. If you have any questions or require
additional information, please contact Mr. R. Walpole, Manager, Licensing at (914) 734-6710.

| declare under penalty of perjury that the foregoing is true and correct. Executed on S-/6-0%,

Sincerely.‘

Fred R Dacumo ;

Vice President
License Renewal

A8
Nl |
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Attachment:

1.

CC:

Reply to NRC Request for Additional Information Regarding License Renewal
Application — Time-Limited Aging Analyses and Boraflex

“Mr. Bo M. Pham, NRC Environmental Project Manager
'Ms. Kimberly Green, NRC Safety Project Manager

Mr. John P. Boska, NRC NRR Senior Project Manager

Mr. Samuel J. Collins, Regional Administrator, NRC Region |

Mr. Sherwin E. Turk, NRC Office of General Counsel, Special Counsel
IPEC NRC Senior Resident Inspectors Office '
Mr. Paul D. Tonko, President, NYSERDA

Mr. Paul Eddy, New York State Dept. of Public Service
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'REPLY TO NRC REQUES'I; FOR ADDITIONAL INFORMATION

REGARDING
LICENSE RENEWAL APPLICATION

Time-Limited Aging Analyses and Boraflex

ENTERGY NUCLEAR OPERATIONS, INC
INDIAN POINT NUCLEAR GENERATING UNIT NOS. 2 and 3
DOCKETS 50-247 and 50-286
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INDIAN POINT NUCLEAR GENERATING UNIT NOS. 2 AND 3
- LICENSE RENEWAL APPLICATION (LRA)
REQUESTS FOR ADDITIONAL INFORMATION (RAl)
REGARDING TIME-LIMITED AGING ANALYSES AND BORAFLEX

Time-Limited Aging Analyses
RAI 4.3.1.8-1

License renewal application (LRA) Section 4.3.1 states “[clurrent design basis fatigue
evaluations calculate cumulative usage factors (CUFs) for components or sub-components
based on design transient cycles.” For CUF values listed in LRA Tables 4.3-13 and 4.3-14,
please describe the details of how various environmental effects are factored into the
calculation of the CUF using F., values

Response to RAl 4.3.1.8-1

For CUF values listed in LRA Tables 4. 3-13 and 4.3-14, the Fq, values were determnned as
described below.

NUREG-1801 calls for using formulas provided in NUREG/CR-5704 for austenitic stainless
steel and NUREG/CR-6583 for carbon steel and low-alloy steel to calculate environmentally
assisted fatigue correction factors (Fq,). For IPEC, none of the locations identified in Tables
4.3-13 and 4.3-14 (NUREG/CR-6260 locations) are made of carbon steel, so calculation of
Fen for carbon steel was not required.

The environmentally assisted fatigue correction factor (Fen) for low alloy steel was calculated
as follows,

Fon = exp(0.929-0.00124T-0.101 S'T'O) based on NUREG/CR-6583, Eq. 6.5b

‘T = 25°C" Reference temperature for original fatigue curves

S = s (0 < S (Sulfur) s 0.015 wt.%) -

S = 0.015 (S22 0.015 wt.%) NUREG/CR-6583, Eq. 5.5a
T=0 ’ (T (Temperature) < 150°C) '

T = T-150 © (T =150-350°C) NUREG/CR-6583, Eq. 5.5b
O =0 (DO (Dissolved Oxygen) < 0.05ppm)

O = In(DO/0.04) (0.05 ppmsDO<s0.5ppm)

O = In(12.5)=2.53 (DO > 0.5 ppm) NUREG/CR-6583, Eq. 5.5¢
£ =0 (€ (strain rate) > 1%/s)

£ = In®) (0.001 s £5 1%/s)

£ = In(0.001) (€ < 0.001%/s) ‘ NUREG/CR-6583, Eq. 5.5d

There are four low alloy steel subcomponents for each unit in Tables 4.3-13 and 4.3-14 for
the NUREG-6260 locations at IPEC. The Fe, was calculated for each location on each unit

. as shown below.
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Treterence temperature °c) = 25 Reference temperature for original fatigue curves
O'(res) = 0.0 RCSdissolved oxygenis s 50 ppb
Since O'(res) equals 0.0, S*, T+, and ¢ terms are eliminated.
Fon . . = exp(0.929-(0.00124)(T))
Fen (bottom head to shell) = GXP(O 929- (O 001 24)(25)) 2.45
Fen (Intet nozzles) = eXp(O 929 (O 00124)(25)) 2 45
Fen (outlet nozzles) = exp(0. 929-(0 00124)(25)) 2 45
Fon (surge line nozzles) = Xp(o 929- ~(0. 00124)(25)) =245
IP3
Tieterenco temperature oy~ = 25  Reference temperature for original fatigue curves

Since O'(ncs) equals 0.0, S*, T*, and € terms are eliminated.

Fen

Fen (bottom head to shell)
en (inist noz2zles)
en (outlet nozzles)

exp(0.929-(0.00124)(T))

exp(0.929-(0.00124)(25)) = 2.45
exp(0.929-(0.00124)(25)) = 2.45
exp(0.929-(0.00124)(25)) = 2.45
exp(0.929-(0.00124)(25)) = 2.45

Fen (surge line nozzles)

The environmentally assisted fatigue correction factor (Fsn) for austenitic stainless steel
was calculated as follows.

Fen = €xp(0.935-T'O¢') - NUREG/CR-5704, Eq. 13
T =0 (T < 200°C)

T =1 (T 2 200°C) NUREG/CR-5704, Eq 8a
O’ = 0.260 - (DO < 0.05 ppm)

0’ = 0.172 (DO 2 0.05 ppm) NUREG/CR-5704, Eq. 8b
€' =0 (€ > 0.4%/s)

& = In(¢/0.4) (0.0004 s €5 0.4%fs)

¢ = In(0.0004/0.4) (£ < 0.0004%/s) NUREG/CR-5704, Eq. 8¢

There are four stainless steel subcomponents for each unit in Tables 4.3-13 and 4.3-14 for

the NUREG-6260 locations at IPEC. The Fq, will be calculated for each location on each

unit as shown below.

P2

T’ (surge line) = 1.0 (T 2 200°C)
T (Charging nozzie) = 1.0 (T = 200°C)
L (S! nozzle) = 1.0 (T2 200°C)
T’ (RHA piping) = 1.0 (T 2 200°C)
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o) (Al = 0.260 RCS dissolved oxygen IS s 50 ppb
€’ (an) = -6.91 ' Assume bounding strain rate
Fen (Surge line) = exp(0935-(10)(0260)(-691 )) =15.35
Fen (Gharging nozze) = exp(0.935-(1.0)(0.260)(-6.91)) = 15.35
Fen (st nozzte) = exp(0.935-(1.0)(0.260)(-6.91)) = 15.35
Fen (RHR piping) = eXp(0935-(1 .0)(0.260)(-6.91» = 15.35
- T’ (surge tine) =10. (T 2 2002C)
T {Charging noxzle) = 1.0 (T 2 200°C)
T (st nozzle) = 1.0 (T 2 200°C)
T’ (RHR piping) = 1.0 (T 2 200°C)
O’ (an = 0260  RCS dissolved oxygen is < 50 ppb
£ (an = -6.91 = Assume bounding strain rate

- exp(0.935-(1.0)(0.260)(-6.91)) = 15.35

Fen (Surge line)

Fen (Charging nozle) = exp(0.935-(1.0)(0.260)(-6.91)) = 15.35

Fon (st nozzle) = exp(0.935-(1.0)(0.260)(-6.91)) = 15.35

Fen (AHR piping) = exp(0.935-(1.0)(0.260)(-6.91)) = 15.35
RAl 4.3.1.8-2

Standard Review Plan for Review of License Renewal Applications for Nuclear Power Plants .
(SRP-LR) Section 4.3.2.1.1.3 provides the basis for the staff acceptance of an aging
management program to address environmental fatigue. It states, “ftlhe staff has evaluated a
program for monitoring and tracking the number of critical thermal and pressure transients for
the selected reactor coolant system components. The staff has determined that this program is
an acceptable aging management program to address metal fatigue of the reactor coolant

~ system components according to 10 CFR 54.21(c)(1)(iii).” The staff is unable to determine if the

Fatigue Monitoring Program of Indian Point 2 and Indian Point 3 contain sufficient details to
satisfy this criterion. Please provide adequate details of the Fatigue Monitoring Program such
that the staff can make a determination based on the criterion-set forth in SRP-LR Section.
4.3.2.1.1.3, Also, please explain in detail the corrective actions and the frequency that such
actions will be taken so the acceptance criteria will not be exceeded in the period of extended
operation.

Response to RAI 4.3.1.8-2°

The IPEC Fatigue Monitoring Program was compared to the program described in NUREG-
1801 (GALL), Section X.M1, Metal Fatigue of Reactor Coolant Pressure Boundary. The
program description in the GALL report is directly applicable to the IPEC units. As indicated in
LRA Section B.1.12, during the period of extended operation the IPEC program will be
consistent with the GALL program with one exception. The exception to GALL is that rather
than performing periodic updates of CUF calculations, IPEC periodically assesses the number
of transient cycles compared to calculation assumptions and updates the CUF calculations, if



sty e

NL-08-84

) Attachment'|

Docket Nos. 50-247 & 50-286
" Page4of5

necessary. Based on thie comparison including evaluation of the exception, the approvals set.

forth in the GALL report apply to the IPEC Fatigue Monitoring Program.

The program descripticn was modified per letter NL-08-21, Indian Point Nuclear Genera_ting
Units Nos. 2 & 3 License Renewal Application Amendment 2, dated January 22, 2008. - This
letter commits to complete CUF calculations for all areas identified in. NUREG-6260 (LRA Table

.4.3-13 for IP2 and LRA.Table 4.3-14 for IP3), incorporating the effect of the reactor coolant

environment, for IP2 and IP3. Once these CUF calculations are complete (at least 2 years prior
to the period of extended operat:on) IPEC will ensure that the cycles analyzed in the new or
updated calculations are included in the Fatigue Monitoring Program. IPEC will continue to
manage the effects of fatigue throughout the period of extended operation by momtormg cycles
mcurred and assuring they do not exceed the analyzed numbers of cycles

As required by IPEC technical specmcat!ons the Fatigue Monitoring Program tracks actual plant
transients and evaluates these against the design transients. The plant transient counts are
updated at least once each operating cycle. This frequency is acceptable since the evaluation
during each update determines if the number of design transients could be exceeded prior to
the next update. The Fatigue Monitoring Program ensures that the numbers of transient cycles
experienced by the plant remain within the analyzed numbers of cycles and hence, the.
component CUF calculations remain valid. -

The program requires corrective actions before exceeding the analyzed number of transient
cycles. The corrective actions are implemented in accordance with the IPEC corrective action
program. |PEC may perform further reanalysis if cycle counts approach analyzed numbers.
These calculation updates will be governed by Entergy's 10 CFR 50 Appendix B Quality
Assurance (QA) program and include design input verification and independent reviews
ensuring that valid assumiptions, transients, cycles, external loadings, analysis methods, and
environmental fatigue life correction factors will be used in the fatigue analyses. Repair or
replacement of the affected component(s), if necessary, will be done prior to exceeding the
allowable CUF in accordance with ~established -plant ‘procedures governing repair and
replacement activities. These established procedures are governed by Entergy's 10 CFR 50
Appendix B QA program and meet the applucable repair or replacement requirements of the
ASME Code Section XI. 4
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RAI 3.0.3.2.3-1

Indian Point 2 Updated Final Safety Analysis Report, Revision 20, dated 2006, Section 14.2.1
on page 55 of 218, states in part that:

“Northeast Technology Corporation report NET-173-01 and NET-173-02 are
based on conservative projections of amount of boraflex absorber panel
degradation assumed in sach sub-region. These projections are valid through the
end of the year 2006." '

Please confirm that the Boraflex neutron absorber panels in the Indian Point Unit 2 spent fuel
pool have been re-evaluated for service through the end of the current licensing period. Also,
please discuss the plans for updating the Boraflex analysis during the period of extended
operation.

Response to RAI 3.0.3.2.3-1

Boron-10 areal density gage for evaluating racks (BADGER) testing was performed in February
2000, July 2003, and again in July 2006. Using the latest test data and RACKLIFE code
projections, the Boraflex neutron absorber panels in the Indian Point Unit 2 spent fuel pool will
meet the Technical Specification requirements through the end of the current licensing period.
The next BADGER test will be performed prior to the end of calendar year 2009. As required by
the Boraflex Monitoring Program (LRA Section B.1.3), periodic BADGER testing and RACKLIFE
code projections will continue through the period of extended operation to confirm acceptable
Boraflex condition.

The referenced section of the Indian Point 2 Updated Final Safety Analysis Report will be
updated in the next revision. -



