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ABSTRACT

The material microstructure of cast austenitic stainless steel (CASS) materials challenges the
reliability of ultrasonic examination techniques. As such, the qualification requirements for
ultrasonic testing (UT) procedures, personnel, and equipment used for examination of CASS
piping in accordance with the American Society of Mechanical Engineers (ASME) Boiler and
Pressure Vessel Code, Section XI, Mandatory Appendix VIII have not been developed. Based on
current research, the most difficult challenges for examination of CASS piping components are
detection of axial cracks and depth sizing of circumferential cracks.

In addition to the limitations of UT examination, CASS material is subject to thermal aging,
which causes degradation of fracture toughness over time. The extent of toughness
degradation depends on the delta ferrite (6-Fe) content of the particular component. The
failure mode of concern for CASS material is growth of a crack (e.g., from a preexisting
fabrication flaw) to a size that could challenge the integrity of the component, given the
reduced critical crack size at the lower fracture toughness. The main crack growth mechanism
of interest in CASS material exposed to pressurized water reactor (PWR) coolant is fatigue
cracking. Plant experience and testing show that austenitic stainless steel material in the PWR
environment is generally resistant to stress corrosion cracking, while the delta ferrite content of
CASS material is expected to have a beneficial effect for the susceptibility to stress corrosion
cracking.

This report describes the probabilistic fracture mechanics (PFM) approach and results obtained
to address the challenges in qualification of UT examinations for CASS piping. PFM analyses
assess the structural implication of axial flaws being present in CASS piping and propagating as
cracks without crediting inservice examination. Additional PFM analyses assess the structural
margin provided by an alternative flaw evaluation methodology that does not require depth
sizing information upon detection of circumferential cracking. The PFM evaluations were
performed using a software code developed specifically for this project called PIPER-CASS
(Piping Integrity Probabilistic Evaluation for Reactors — Cast Austenitic Stainless Steel). PIPER-
CASS focuses on modeling of fatigue crack growth and stability of CASS piping components,
including thermally aged material with low toughness.

This work is intended to support development of Mandatory Appendix VIII, Supplement 9 for
CASS and alternatives to the current Section Xl examination and flaw acceptance requirements
for CASS piping components.

Keywords

ASME Boiler and Pressure Vessel Code (BPVC)
Cast austenitic stainless steel (CASS)

Fatigue crack growth

Probabilistic fracture mechanics (PFM)
Nondestructive examination (NDE)
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EXECUTIVE SUMMARY

Deliverable Number: 3002023893
Product Type: Technical Report

Product Title: Materials Reliability Program: Probabilistic Fracture Mechanics Evaluation of
PWR Cast Austenitic Stainless Steel Piping Components (MRP-479)

Primary Audience: Developers of Codes and Standards related to cast austenitic stainless
steel (CASS) piping components

Secondary Audience: Technical staff at pressurized water reactor (PWR) licensees and
regulators

KEY RESEARCH QUESTION

What analytical solutions are available to supplement the current nondestructive examination
(NDE) capabilities for CASS piping components, specifically for detection of axial cracking and
depth sizing of circumferential cracking?

RESEARCH OVERVIEW

This report describes the probabilistic fracture mechanics (PFM) approach and results intended
to support alternative examination requirements for CASS components. This work is intended
to support development of ASME Boiler and Pressure Vessel Code, Section XI, Mandatory
Appendix VIII, Supplement 9 for CASS and refinement of Section XI, Subarticle IWB-2500
(Examination Categories B-F and B-J) examination requirements specific to CASS piping. For
axial cracking, the effect on nuclear safety (rupture probability) and defense-in-depth (leak
tightness) was investigated assuming no benefit of periodic NDE. For circumferential cracking,
an alternative flaw evaluation procedure is proposed for acceptance of detected cracking
without relying on a qualified depth sizing capability.

KEY FINDINGS

e For this effort, a Python-based PFM code called PIPER-CASS (Piping Integrity Probabilistic
Evaluation for Reactors — Cast Austenitic Stainless Steel) was developed. This PFM code
applies many of the same models as the xLPR program but focuses on modeling fatigue
crack growth and elastic-plastic fracture mechanics (EPFM) crack stability.

e The PFM modeling results show that periodic examination to detect axially oriented
cracking in main loop CASS piping (including both base load PWRs and PWRs operating
under flexible power operation (FPO)) and in surge line CASS piping (including base load but
not FPO) is unnecessary to ensure pipe structural and leak tight integrity. Surge lines in CE
plants operating under FPO have an increased concern for fatigue crack growth due to the
potential for a large number of surge transients to be triggered by FPO power shifts.
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e The PFM modeling results show that, for a detected crack with an angular full-length up to
32°, the proposed alternative flaw evaluation method ensures structural integrity of CASS
main loop piping components for one fuel cycle of continued operation following the
detection of a circumferentially oriented crack.

WHY THIS MATTERS

The heterogenous microstructure of CASS materials is an impediment to qualification of certain
aspects of ultrasonic examination (UT). A technical basis demonstrating that detection of axial
cracking in CASS piping is unnecessary addresses the challenge of UT procedures reliably
meeting the performance demonstration qualification standards. The lack of qualified depth
sizing capability for circumferential cracks or crack-like flaws in CASS piping prevents application
of standard flaw evaluation procedures, so an alternative procedure is needed to permit
continued operation and limit unnecessary emergent repairs.

HOW TO APPLY RESULTS

This work is expected to provide technical bases for ASME Code committee actions to address
examination of CASS components. This includes new ASME Code Cases and development of
Section XI, Mandatory Appendix VIII, Supplement 9 for qualified CASS examination and
potential alternatives to Section Xl, Subarticle IWB-2500 (Examination Categories B-F and B-J)
examination requirements specific to CASS piping.

LEARNING AND ENGAGEMENT OPPORTUNITIES

e The Extremely Low Probability of Rupture (xLPR) Probabilistic Fracture Mechanics Code,
Version 2.2 (EPRI 3002023872) was released by EPRI in January 2023. Several of the xLPR
code modules were adapted for use in PIPER-CASS.

e MRP-362, Rev. 1 (EPRI 3002007383) presents the technical justification for the flaw
tolerance evaluation of CASS piping to support ASME Code Case N-838. A PFM model for
fully aged CASS piping was used to develop flaw size acceptance limits satisfying a set of
failure probability acceptance criteria addressing each loading Service Level.

e EPRI 3002010314 documents a round-robin study to determine the performance of NDE
techniques on a set of flawed CASS specimens that contained realistic surface and
geometric conditions.

e MRP-424 (EPRI 3002010517) includes a draft of the examination requirements for CASS
piping welds, providing a framework from which the final version of Section XI, Mandatory
Appendix VIII, Supplement 9 can be drafted.

EPRI CONTACTS: Do Jun Shim, Technical Executive, dshim@epri.com

PROGRAM: Nuclear Power, P41; PWR Materials Reliability Program (MRP), P41.01.04

IMPLEMENTATION CATEGORY: Reference — Technical Basis
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NOMENCLATURE

Acronyms

ASME [Code] American Society of Mechanical Engineers [Boiler and Pressure Vessel Code]

B&W Babcock & Wilcox

BWR Boiling water reactor

CASS Cast austenitic stainless steel

CCS Commercial Custom Software

CE Combustion Engineering

CGR Crack growth rate

CMTR Certified material test report

CSPP Custom Software Project Plan

DEI Dominion Engineering, Inc.

DHS Downhill simplex solver

EFPY Effective full power year

EPFM Elastic-plastic fracture mechanics
EPRI Electric Power Research Institute
FCG[R] Fatigue crack growth [rate]

FPO Flexible power operations

GE General Electric

ID Inner diameter

J-R J-integral material resistance [curve]
MRP EPRI PWR Materials Reliability Program
NDE Nondestructive examination

NRC U.S. Nuclear Regulatory Commission
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NSC
NUREG[/CR]
oD

PDI

PFM

PIPER-CASS

PWR
PWSCC
RCP
RCS
RG
RGTS
RO
RPV
RTM
SC
SDD
SESC
SIF
SL
SQA
SRS
STP

STR

Net-section collapse

Designation of report authored by [contractor to] U.S. NRC

Outside diameter

Performance Demonstration Initiative

Probabilistic fracture mechanics

Piping Integrity Probabilistic Evaluation for Reactors — Cast Austenitic Stainless

Steel

Pressurized water reactors

Primary water stress corrosion cracking

Reactor coolant pump

Reactor coolant system

U.S. NRC Regulatory Guide

Radial gradient thermal stress
Ramberg-Osgood

Reactor pressure vessel
Requirements Traceability Matrix
Surface crack (part through-wall)
Software Design Description
Semi-elliptical surface crack

Software Implementation Files

[ASME Code, Section XI] Service Level

Software quality assurance

Software Requirements Specification

Software Test Plan

Software Test Report



TRN Trapezoidal (transitioning) through-wall crack

TW Through-wall (idealized, rectangular crack)
Ul User Instructions

uT Ultrasonic testing

V&V Verification and validation

WEC Westinghouse Electric Company

WRS Weld residual stress

XxLPR Extremely Low Probability of Rupture
Variables

Variables are listed below, with Latin characters followed by Greek. If a variable’s definition is
contextual, the context is provided in [brackets].

a Crack depth

c Crack half-length

Cr Coefficient of the power-law J-R curve

Ckth Crack growth AK; threshold scaling factor

Css Fatigue crack growth rate scaling parameter for stainless steel

Cusat Room temperature Charpy impact energy at saturated thermal aging

J J-integral characterizing the local stress-strain field at the crack tip indicating the

applied driving energy for propagation of the crack tip

Jic Ductile crack initiation toughness

Jr Material resistance to tearing, as indicated by the J-integral
K Crack tip stress intensity factor (Mode I)

AK Crack tip stress intensity factor range

AK th Threshold crack tip stress intensity factor range

m Exponent of the power-law J-R curve
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P(x;N,p)

Ri

Rm

6-Fe

€o

Of

Oy

Ramberg-Osgood equation plasticity exponent
Exponent on AK for fatigue crack growth rate of stainless steel

[General] Internal pressure (gauge, unless otherwise specified)
[Fracture toughness] Thermal aging parameter (see NUREG/CR-4513 Rev. 2)
[Section 6.4.2] Probability of an event

Probability of x events occurring across N independent samples, given that each
event has a p probability of occurrence in a given sample (see Section 6.4.2)

Inner radius

Mean radius

Wall thickness

Ramberg-Osgood equation yield offset parameter
Delta ferrite content of the material
Ramberg-Osgood equation reference strain

Mean of the normal distribution

Material density

[Statistical distributions] Standard deviation of the normal distribution
[Loads] Stress

Flow strength (average of yield and ultimate), at operating temperature
Yield strength, at operating temperature
Ultimate strength, at operating temperature

Parameter for correlation between material composition and Charpy impact
energy (see NUREG/CR-4513 Rev. 2)

[General] Circumferential crack half-angle
[Fracture toughness] Normalized aging parameter (see NUREG/CR-4513 Rev. 2)
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UNIT CONVERSION FACTORS

linch=25.4mm
1°F=1.8°C+32
1A°F=1.8A°C

1 ksi = 1000 psi = 6.895 MPa
1 ksiviinch = 1.099 MPayvm

1 Ibf/inch =0.1751 N/mm =0.1751 kJ/m? = 0.1751 MPa-mm
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1 INTRODUCTION

1.1 Background

Cast austenitic stainless steels (CASS) are used for some pressurized water reactor (PWR) piping
components. Ultrasonic testing (UT) technology applied to CASS components is challenged by
the microstructural heterogeneity of CASS components. Thus, current UT examination
techniques applied to CASS components are not capable of meeting typical qualification
standards used for qualification of procedures, equipment, and personnel defined for non-cast
piping. As such, the requirements have not been developed for qualifying ultrasonic
examination of CASS piping in American Society of Mechanical Engineers (ASME) Boiler and
Pressure Vessel Code (ASME Code), Section XI [1], Mandatory Appendix VIII1. Recent research
related to the examination of CASS piping components identified that the detection of axial
cracking and depth sizing of circumferential cracking are some of the key challenges [2].

In addition to the limitations of UT examination, CASS material is subject to thermal aging,
which causes a degradation of fracture toughness over time. This behavior may result in a
reduction in the critical crack size that would produce unstable rupture of the CASS component.
The extent of toughness degradation of a particular component depends on the chemical
composition (high Mo and high Ni are more susceptible), casting method (static cast is more
susceptible than centrifugally cast), and delta ferrite content (6-Fe; higher 6-Fe is more
susceptible). NUREG/CR-4513, Rev. 2 [3] provides a methodology to estimate the fracture
toughness degradation of CASS due to thermal aging and proposes an update to the standard
screening criteria for CASS thermal aging effects—summarized in Table 1-1 of this report—
reflecting additional data from the two decades since the criteria were published by NRC [4].
The ASME Code considers susceptibility of CASS (specifically alloys CF3, CF8, and CF8M or their
chemical equivalents) to thermal aging by requiring a Z-factor in stability evaluations for CASS
alloys when the 6-Fe is >14% and a larger Z-factor specifically for CF8M with 6-Fe >25%.

Inspection requirements for CASS material exposed to PWR coolant are established to address
the concern for fatigue cracking, as plant experience and testing show that austenitic stainless
steel material is generally resistant to stress corrosion cracking (SCC) in the PWR environment.
Environmental crack growth by SCC tends to be reduced for aged CASS versus unaged CASS and
for higher levels of 6-ferrite [5]. In other words, these conditions that promote susceptibility of
CASS to toughness degradation tend to reduce susceptibility to SCC.

An overview of common reactor coolant system (RCS) locations for CASS in Westinghouse
Electric Company (WEC) PWRs and Combustion Engineering (CE) PWRs located in the United
States is shown in Figure 1-1 and Figure 1-2, respectively. The main loop piping and elbows

1 Supplement 9 to Mandatory Appendix VIII of Section XI [1] has been reserved as “In the course of preparation”
for a future section on “Qualification Requirements for Cast Austenitic Piping Welds.”
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along with reactor coolant pump casings in many WEC PWRs are CASS. For CE PWRs, surge line
piping components, reactor coolant pump (RCP) casings, and some main loop piping safe ends
are CASS.2 The only CASS material in the main loop of Babcock and Wilcox (B&W) PWRs and

AP-1000 plants is the RCP casing.

Table 1-1

Screening Criteria for Susceptibility to Thermal Aging for CASS Material (CF-3, CF-8, and CF-8M), Given by

NUREG/CR-4513, Rev. 2 [3]

Molybdenum Content

Nickel Content

Casting Method

Screening Criterion?

(Mo; wt. %) (Ni; wt. %)
Static Ferrite > 11%
>10%
Centrifugal Ferrite > 13%
High (2.0% — 3.0%)
Static Ferrite > 14%
<10%
Centrifugal Ferrite > 19%
Static Ferrite > 20%
Low (0.5% max.) Any
Centrifugal None (Screened-out)

2 Two plants that have shut down also used CASS for the pump suction elbows (Palisades) or for the main loop

piping (Fort Calhoun).

3 The ferrite content is calculated using Hull’s equivalent factors.
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1.2 Objectives

In this project, analytical evaluations using probabilistic fracture mechanics (PFM) software
were applied to address the current limitations in qualification of nondestructive examination
(NDE) techniques for CASS piping components. The specific objectives are discussed in Section
1.2.1 for examinations to detect axially oriented cracking and in Section 1.2.2 for examinations
to detect circumferentially oriented cracking. For both crack orientations, the report objectives
include describing the full PFM analysis justifying changes to inspection requirements in ASME
Code, Section Xl, including supporting analyses, sensitivity analyses, and verification and
validation (V&V).

This work is intended to provide a technical basis for modifications to the ASME Code to
provide appropriate examination requirements for CASS piping, given the NDE examination
challenges. This includes development of ASME Code, Section XI, Mandatory Appendix VIII,
Supplement 9 for CASS, as well as potential changes or ASME Code Case alternatives to Section
Xl Subarticle IWB-2500 (Examination Categories B-F and B-J) examination requirements specific
to CASS piping and to the standard Section XI Subarticle IWB-3640 flaw evaluation
methodology.

1.2.1 Axial Cracking

The objectives of this work with respect to examinations to detect axially oriented cracking are
as follows:

e Investigate the effect on nuclear safety (rupture probability) and defense-in-depth (leak
tightness) of axial fatigue cracking assuming no benefit of periodic NDE nor online leak
detection.

e Assess whether the results support that detection of axial cracks is not necessary to
maintain structural and leak tight integrity such that periodic Mandatory Appendix VIII-
gualified volumetric examinations are not needed.

1.2.2 Circumferential Cracking

The objectives of this work with respect to examinations to detect and size circumferentially

oriented cracking are as follows:

e Investigate the effect on nuclear safety of circumferential fatigue cracking assuming
periodic NDE, but without qualified depth sizing capability.

e Assess whether the results support an alternative flaw evaluation procedure, relative to the
current Section XI IWB-3640 procedure, for which Mandatory Appendix VllI-qualified depth
sizing of circumferential cracks is not necessary.
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1.3 Scope

This investigation focuses on CASS piping components in the main loop of WEC PWRs and CASS
surge line piping components in CE PWRs. The cases developed cover the plants located in the
United States. The results are equally applicable to these components in international plants of
the same designs, materials, and loadings, subject to any differences in regulatory
requirements for flaw evaluations. PFM analysis of other piping systems with CASS piping
components are not in the scope of this analysis. As described in Section 9.3, the results for
WEC main loop piping components are extended to justify their applicability to comparable
locations having CASS in other plant designs. Piping welds and components that have been
mitigated using a process that changes the thickness or materials (e.g., inlay or overlay) are not
covered by this analysis. The dissimilar metal welds at all the CASS safe ends in CE surge lines
have been mitigated with weld overlays.

This report describes the methods, results, and conclusions of PFM analyses investigating: (1)
the need for periodic nondestructive examination to detect axial cracking in CASS piping
components and (2) an alternative flaw evaluation procedure for circumferential cracks or
crack-like flaws in which the stability margins of ASME Code, Section XI are applied
conservatively assuming that the flaw is an idealized through-wall crack.

The examination of CASS piping components is not a concern for boiling water reactors (BWRs),
which do not make significant use of CASS for piping.

1.4 Approach

For this effort, a Python-based PFM code is developed. This PFM code, which is called PIPER-
CASS (Piping Integrity Probabilistic Evaluation for Reactors — Cast Austenitic Stainless Steel),
includes stress intensity factor (Kj) solutions for normal operating and transient conditions,
crack growth, crack coalescence, crack transition, inservice inspection, and crack stability
modules.

This report presents final results from PFM analyses for both axial and circumferential cracking
orientations.* These results constitute a technical basis for revising inspection requirements in
ASME Code.

1.4.1 Axial Cracking

For axially oriented cracking, the PFM evaluates the potential for fatigue crack growth over the
entire plant life and assesses the probabilities of leakage and rupture. Fatigue crack initiation is
not credited in these analyses. Instead, the presence of multiple coplanar manufacturing flaws
at the time of initial plant startup is conservatively assumed. Given the challenges in qualifying

4 Interim results were presented in previous technical updates ([7], [8]) and a conference paper [9].
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examination procedures to detect axially oriented cracking, inspections are not included in the
PFM analysis.

1.4.2 Circumferential Cracking

For circumferentially oriented cracking, the PFM evaluates the probability of rupture associated
with an alternate flaw evaluation process which assumes a through-wall crack. The initial flaw is
set to the maximum length of an acceptable flaw to demonstrate the proposed limit of
applicability for the process meets the acceptance criteria for structural stability. Similarly, the
applied piping loads represent limiting loads for an allowable flaw at the proposed limit of
applicability. Fatigue crack growth is performed for one fuel cycle of continued operation for
the flawed component, and the probability of rupture during the period of continued operation
is assessed. Additional details on this approach are provided in Section 3.

1.5 Report Organization

This report is organized into the following sections:

1. Introduction — Section 1 describes the background, objectives, scope, and approach, and
provides an overview of the organization of this report. It also describes the classification of
the present work in the context of Regulatory Guide (RG) 1.245 [10].

2. PIPER-CASS PFM Code Overview — Section 2 describes the models implemented in PIPER-
CASS and their technical bases.

3. Alternative Flaw Evaluation Approach for Circumferentially Oriented Flaws in CASS — Section
3 details the alternative flaw evaluation approach that would not rely on depth sizing
capability when determining the acceptability of circumferentially oriented flaws in CASS
piping components for continued operation.

4. |Inputs and Cases Evaluated — Section 4 describes the analysis inputs for component
geometry, fracture toughness, material properties, loading, and initial crack geometry. The
matrix of base cases and sensitivity cases is also provided.

5. Acceptance Criteria — Section 5 discusses the acceptance criteria for the maximum
allowable rupture probability for each Service Level condition. In this section, definitions for
failure as applied to axial and circumferential cracks are also provided.

6. Axial Cracking Results and Discussion — Section 6 presents and discusses the results of the
axial cracking analyses assessing the effect of omitting periodic NDE capable of detecting
such cracking on nuclear safety and leak tightness criteria. The results include input
importance assessments, convergence, and sensitivity studies.

7. Circumferential Cracking Results and Discussion — Section 7 presents and discusses the
results of the circumferential cracking analyses assessing the effect on nuclear safety
criteria of a modified flaw evaluation methodology that does not credit qualified depth
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sizing capability. The results also include input importance assessments, convergence, and
sensitivity studies.

8. Uncertainties — Section 8 provides a discussion of key input or modeling uncertainties that
apply to PIPER-CASS.

9. Conclusions — Section 9 provides the conclusions of this report and implications for inservice
inspections of CASS components for the fleet of WEC and CE PWRs.

10. References — Section 10 lists the references cited in this report.

Additionally, the report contains the following appendices:

A. Material Data — Appendix A provides material strength and toughness data.

Description of PIPER-CASS PFM Code — Appendix B provides a high-level table comparing
PIPER-CASS versus xLPR modules.

C. Benchmarking Versus xLPR — Appendix C provides details of benchmarking efforts that
compare PIPER-CASS with the xLPR program, which NRC has approved for use within a
specific range of applications ([10], [11]).

1.6 RG 1.245 Classification

In RG 1.245 [10], the U.S. Nuclear Regulatory Commission (NRC) developed a framework to
develop contents of a licensing submittal when performing PFM analyses. The companion
document, NUREG/CR-7278 [12], provides a technical basis for the framework of RG 1.245.
These two NRC documents provide guidance and best practices for PFM analyses and
documentation that are incorporated into this EPRI report directly or by reference, including
supporting analyses, sensitivity analyses, and V&V. Table 1-2 provides an overview of the
classification of PIPER-CASS in the context of RG 1.245, along with an overview of the report
sections which include content related to each of the tables in RG 1.245.
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Table 1-2

Classification of PIPER-CASS in the Context of RG 1.245

RG 1.245 Table

PIPER-CASS
Classification

Description

Report Section

C-2: SQA and V&V
Categories

Qv-3

Custom code

SQA and V&V description: Section B.11
Benchmarking versus xLPR: Appendix C

C-3: Submittal Guidelines
for Models

Model derived from a
category M-1 or M-2 model

Well-established model not
previously part of an NRC-
approved code

Discussion of the models included in
PIPER-CASS: Sections 2 and B

Additional discussion of “M-4"” models:
Section B.2 and parts of Section B.8

Discussion of uncertainties: Section 8

C-4: Categorization
Based on Knowledge and
the Importance of Inputs

Used in the Analysis

C-5: Submittal Guidelines
for Inputs

Classification varies and is input dependent

Documentation of inputs: Section 4

Additional sensitivity studies for high-
importance inputs: Section 4.7

C-6: Summary Guidelines

Analysis does not employ a

Discussion of Monte Carlo sampling
scheme: Section B.1

Studies

determined on a case-by-case
basis)

for Uncertainty UP-1 surrosate model . ) ; b ; lizati _
Propagation g Dlscu55|on9 number of realizations:
Sections 6.4.2 and 7.4
[Acceptance criteria met with
C-7: Submittal Guidelines at least one order of Assessment of convergence: Sections
for Statistical SC-1 magnitude margin] AND [no & )
. . 6.4 and 7.4
Convergence importance sampling AND no
surrogate models used]
First-of-a-kind code (QV-2,
V- ith i
C-8: Submittal Guidelines Qv-3) Wlt. many independent Input importance studies: Sections 6.2
e . SA-6 variables (e.g., >5,
for Sensitivity Analysis . and 7.2
determined on a case-by-case
basis)
C-9: Submittal Guidelines Acceptance criteria met with
for Outputs Uncertainty 0-1 at least one order of Discussion of uncertainties: Section 8
Characterization magnitude margin
) Category O‘V'? or QV-3 code Input definition for sensitivity studies:
C-10: Submittal with many independent Section 4.7
Guidelines for Sensitivity 55-6 variables (e.g., >5, i

Sensitivity study results and
discussion: Sections 6.3 and 7.3
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2 PIPER-CASS PFM CODE OVERVIEW

The PIPER-CASS (Piping Integrity Probabilistic Evaluation for Reactors — Cast Austenitic Stainless
Steel) code is a probabilistic fracture mechanics simulation for fatigue crack growth in nuclear
piping. Each realization of the single-loop Monte Carlo simulation represents a single piping
segment or piping weld. PIPER-CASS may also be run in deterministic mode (i.e., a single
realization with only deterministic inputs). A given run of PIPER-CASS models either axial or
circumferential cracking. In axial cracking mode, PIPER-CASS models an axial slice of the pipe
thickness where cracks may grow and interact. In circumferential cracking mode, PIPER-CASS
models the cross section of the pipe where cracks may similarly grow and interact. The overall
structure of the PIPER-CASS code and the steps involved in an analysis are provided as a flow
chart in Figure 2-1. Details on the calculation steps in the time loop are provided in Figure 2-2,
including the actual modeling of fatigue crack growth.

While a crack initiation module is present for extensibility, for the analyses presented herein, all
cracks are assumed to be present from the start of the simulation (i.e., the initiation module is
disabled). Part-through-wall cracks are modeled as semi-elliptical surface cracks (SESC), except
that, consistent with xLPR, the crack stability models generally are derived for a constant-depth
(i.e., rectangular) crack shape (see Section B.8). Through-wall cracks may be trapezoidal
through-wall (TRN) cracks when they initially grow through-wall, or they may be idealized
rectangular through-wall (TW) cracks. Cracks grow by fatigue caused by the modeled transients
that are superimposed upon normal operating conditions. For axial cracks, the driving hoop
stress fluctuations are generated by pressure transients and radial thermal gradients caused by
RCS transients. For circumferential cracks, the driving hoop stress fluctuations may be driven by
these same sources as well as mechanical axial and global bending loads (such as seismic
events). The stability of each crack is evaluated under the loading conditions for each Service
Level (A/normal, B/off-normal, C/emergency, and D/faulted). An inservice inspection module is
present which is capable of modeling volumetric and visual examinations.

Appendix B provides details on the key analysis steps, and Section B.11 describes the V&V
performed along with the software baseline documentation package. To facilitate validation of
the PIPER-CASS simulation, the modules are based on those of xLPR. Differences, where
present, are noted.

PIPER-CASS is written in the Python programming language and makes extensive use of array
data structures that maintain the flexibility of Python while providing enhanced computational
performance through the back-end pre-compiled C code. Array data structures permit
vectorized code that also facilitates operations on a subset of the data structure through
Boolean masks or integer index arrays. For time invariant parameters, the distributions are
sampled for all realizations prior to entering the time loop. Additionally, PIPER-CASS makes use
of multiprocessing and permits the execution of the code on commercial cloud computing
nodes, facilitating the scaling of individual runs to millions of realizations.
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PIPER-CASS Probabilistic Model Code Structure Flow Chart
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3 ALTERNATIVE FLAW EVALUATION APPROACH FOR
CIRCUMFERENTIALLY ORIENTED FLAWS IN CASS

This section presents the proposed alternative flaw evaluation process for circumferentially
oriented flaws in CASS piping components, for which qualified depth sizing information is not
available. This evaluation process is applicable to flaws in main loop piping.

3.1 Standard Section Xl Piping Flaw Evaluation

The flaw evaluation procedure for detected circumferential cracking specified by IWB-3640 of
ASME Code, Section Xl requires the following key steps:

1. Initial Flaw Size. Obtain the flaw length and depth using a UT sizing procedure qualified per
Section XI, Mandatory Appendix VIII. Set the initial crack size in the flaw evaluation
accordingly.

2. Subcritical Growth. Per IWB-3641(d), increment the crack size per a deterministic fatigue
crack growth calculation (e.g., using ASME Code Case N-809) for the assumed evaluation
time period.

3. IWB-3640 Depth Limit. The maximum allowable flaw depth per IWB-3640 is 75% through-
wall. If the flaw depth at the end of the assumed evaluation period is greater than 75%
through-wall, the flaw is unacceptable for the assumed evaluation period, regardless of the
results of step 4.

4. Allowable Flaw Size and Stress Checks. Per IWB-3641(e), using the crack length and depth at
the end of the assumed evaluation period and the applicable Service Level loadings,
determine whether the end-of-evaluation period flaw size is allowable (as required by
C-2600 of Section XI) and whether each Service Level loading is less than the allowable
stress.

3.2 Alternative Flaw Evaluation Approach

In the absence of a qualified depth sizing process for CASS piping components, an alternative
flaw evaluation process is considered in which the flaw is conservatively assumed in the
evaluation to be a 100% through-wall crack. In this alternative approach, the 75% through-wall
limit of IWB-3640 would not be enforced, but the allowable flaw length would be determined
that ensures sufficient margin for flaw stability. Because the Z-factor approach in Section X,
Nonmandatory Appendix C provides greater margin on flaw stability for shorter flaws, this
proposed approach has a maximum limit of applicability, which is the largest allowable flaw
length for which this methodology is validated by the PFM. The steps of the alternative flaw
procedure are depicted in Figure 3-1 and described below:
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1. Initial Flaw Size. Set the initial flaw length as the length reported per the qualified UT length
sizing. Recognizing the lack of a qualified depth-sizing method, conservatively assume that
the depth is 100% through-wall.

2. Subcritical Growth. Increment the crack length using a deterministic fatigue crack growth
calculation for the assumed evaluation period, under the conservative assumption that the
flaw is an idealized through-wall crack with equal angular extent on the ID and OD.

3. Allowable Flaw Size and Stress Checks. If the end-of-evaluation-period length is shorter than
both the limit of applicability and the limiting allowable length, the detected flaw is
acceptable for the assumed evaluation period.

— Compare the end-of-evaluation-period length against the limit of applicability given in
this report.

— Perform an elastic-plastic fracture mechanics (EPFM) allowable flaw size calculation for
the assumed through-wall flaw with the end-of-evaluation-period length calculated by
the preceding step. Determine the appropriate Z-factor for the predicted 6-ferrite
content as given by C-6330(a) of Nonmandatory Appendix C of ASME Code, Section XI
2019 Edition [1]. Using C-6320, calculate the length for which a flaw with a/t = 1.0 has
an allowable stress equal to each of the Service Level loadings to determine the limiting
allowable length.

Lacking a reliable depth sizing capability, analytically ensuring leak tightness is not practical.
However, defense-in-depth is maintained given that the PFM results show acceptable margin
for flaw stability, that stainless steel components are resistant to boric acid corrosion, and that
unidentified leak rate monitoring programs in plant technical specifications require timely
actions to maintain safe operability for recovery, including a shutdown, in the unlikely case of
leakage.

3.3 PFM Validation of Alternative Flaw Evaluation

EPFM stability assessments relying on the Z-factor approach, like allowable flaw size
calculations, contain more margin on flaw stability for shorter flaws. PFM analyses are thus
performed to determine a limit of applicability for the alternative flaw evaluation process that
maintains acceptable margin on flaw stability. An idealized through-wall crack is again applied,
given the higher stress intensity factors of that flaw shape and the unknown depth of flaws for
which the alterative process is applied. The steps of the PFM validation analyses are depicted in
Figure 3-2 and described below:

1. Set Limit of Applicability. Set the initial crack length as the limit of applicability to be
evaluated. The piping loads are set as the maximum allowable under the alternative flaw
evaluation process, with the following approach to set the relative levels of membrane,
primary bending, and secondary bending:

— The primary membrane stress is given by the pressure endcap force. In reviewing a
sample of plant submittals, axial piping forces tend to be small relative to the pressure

Page | 13



endcap force. A sensitivity was considered with a higher membrane stress loading based
on the upper limit of reviewed plant data.

— The secondary to primary bending load ratio is 99:1. Secondary bending stress is not
subject to the structural factor for bending when comparing against the bending stress
at incipient plastic collapse in Equation 9 of C-6321. Assuming 99% of bending stress as
secondary is conservative but appropriate because of large thermal expansion global
bending loads in piping.

2. Subcritical Growth from Allowable to Acceptable Size. Shrink the crack length per a
deterministic fatigue crack growth calculation for the assumed evaluation period to obtain
the acceptable flaw length from the allowable length. Where the amount of deterministic
growth is small, this step may be omitted to simplify inputs and their verification (i.e., the
initial crack size is set to the allowable size).

3. Probabilistic Growth. Use the PFM code to grow the crack over the duration of the
evaluation period, considering multiple sources of uncertainty and variability. The flaws are
evaluated for stability under net-section collapse (NSC) and EPFM criteria for the range of
sampled material properties, and the resultant probability of rupture is compared against
the acceptance criteria.
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Compare allowable flaw length versus end-of-evaluation-
period flaw length to determine acceptability of detected flaw

Proposed Flaw Evaluation Method for Circumferential Flaws in CASS Piping Components®

5In Figure 3-1 and Figure 3-2, the curvature of the pipe is ighored for simplicity.
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Using deterministic flaw growth (IWB-3641(d) approach), determine flaw size that
would grow to the allowable flaw length after the user-defined period of time,
assuming ideal through-wall crack morphology. This gives the maximum “acceptable
flaw length” under the alternative process, the maximum length of flaw that can
remain in service for a user-defined period of time after detection.

Range of ﬂne}I flaw lengths

Probabilistically grow TW crack for the same user-defined period of time from
“acceptable flaw length,” assessing flaw stability for these flaw sizes. This yields the
probability of rupture associated with the acceptance of a flaw.

Figure 3-2
Method for using PFM to Evaluate the Margin Provided by Proposed Flaw Evaluation Method
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4 INPUTS AND CASES EVALUATED

4.1 Geometry Cases

Two geometry cases each are considered for WEC and CE PWRs to cover the range of main loop
CASS piping sizes in WEC U.S. PWRs and the variability in wall thickness for the CASS surge lines
in CE U.S. PWRs.

The examination coverage required by Subarticle IWB-2500 (Examination Categories B-F and
B-J) includes the weld and a short section of base metal on either side of the weld. Per the
requirements of IWB-3641, the procedures in Nonmandatory Appendices C and H of Section X,
which are based on equations applicable to a section of straight pipe, are applicable to a flaw in
the initial portion of an elbow closest to the adjoining weld. Hence, in this study, a section of
straight piping of uniform thickness was modeled for the purpose of calculating the cumulative
probability of rupture and of leakage. The same approach is also applied in MRP-362 R1 [13],
which evaluates the flaw tolerance of portions of Class 1 and 2 piping comprised of SA-351
statically- or centrifugally-cast base metal and provides the technical basis for Code Case N-838
[14]. Of course, if an actual crack was detected in an elbow beyond the distance from the
adjoining weld for which Nonmandatory Appendices C and H apply, any evaluation of that flaw
would need to consider the stresses specific to the elbow geometry.

To cover the range of piping diameters and thicknesses in WEC main loop piping, the following
geometry cases are considered within this study:

e WEC 1 Geometry: 27.5 inch (699 mm) outside diameter (OD), 2.32 inch (58.9 mm) wall
thickness (t), and inner radius to thickness ratio (R/t) of 4.93.

e  WEC 2 Geometry: OD = 37.59 inch (955 mm), t = 3.09 inch (78.5 mm), and R;/t = 5.08.

For CE PWRs operating in the U.S. other than System 80 [15], the surge line includes piping
components (elbows, piping, and safe ends) fabricated from CASS [16]. The surge line piping at
all CE PWRs operating in the U.S. has a nominal size and thickness of NPS 12 SCH 160 [16], for
which the nominal wall thickness is 1.312 inches. While surge line piping at all operating CE
PWRs is the same nominal size, there is spatial variation within the surge line. Per the available
information, the similar metal weld locations are machined to a reduced thickness: 1.01 inch or
1.17 inch (25.7 mm or 29.7 mm), depending on the plant. Consequently, the range of
geometries present can be covered by performing analyses at the extremes of the thicknesses
present, reflected by the two selected geometry configurations:

e CE 1 Geometry: OD =12.75 inch (324 mm), t = 1.01 inch (25.7 mm), and Rj/t = 5.31.
e CE2 Geometry: OD =12.75 inch (324 mm), t = 1.31 inch (33.3 mm), and R/t = 3.87.

Differences in wall thickness represent competing effects for crack growth and stability. In
general, thicker wall components are more flaw tolerant and less likely to rupture at a given set
of loads because of the increased cross section of material to transmit the load. Conversely,
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thicker wall components may experience faster crack growth due to steeper stress gradients
from thermal transients. Therefore, both extremes of component wall thickness must be
examined. In the case of the CE surge lines, the two geometry cases address both the spatial
variability in wall thickness in the axial direction for a single plant configuration and the
variation in reduced wall thickness at the welds among the two plant configurations.

4.2 Material Inputs

The WEC PWR main loop CASS piping components are constructed of one of two alloys: CF8A
and CF8M, which are the cast equivalents of wrought 304 and 316 grades, respectively. The CE
PWR surge line CASS piping components and safe ends are constructed of CF8M. This analysis
applies CF8M to all base cases as this CASS alloy is the most susceptible to thermal aging and
therefore represents the bounding material input. Sensitivity cases using CF8, which has higher
aged toughness but lower strength, were also performed for circumferential cracking, to
demonstrate that the CF8M material is bounding. Since the PIPER-CASS runs represent plant
operation for up to 80 years and since ruptures, if any, are predicted to occur toward the end of
the modeled operational period, the CASS material is modeled as having reached the saturation
point of the aging effect. Thermal aging of CASS material tends to increase the material
strength and reduce the material toughness, so sensitivity cases are considered for unaged
CASS material to demonstrate the aged condition is bounding. Key CF8M material inputs are
discussed below.

The critical crack size is highly dependent on the fracture toughness and flow strength of aged
CASS material, so it is important to reflect the potential variability in these inputs. The material
strength and toughness distributions are developed based on the fully aged material data in
Appendix E of MRP-362, Rev. 1 [13], which are excerpted in Appendix A of this report.
Correlations between these inputs are also applied, as described in the following subsections.

4.2.1 Toughness

CASS is susceptible to thermal embrittlement, and therefore, the critical crack size for unstable
rupture is expected to be limited by the reduced fracture toughness properties caused by
thermal aging. In other words, the low fracture toughness results in the EPFM stability criterion
being limiting compared to the NSC stability criterion. As noted previously, PIPER-CASS models
the CASS material as being fully aged.

The two key inputs to degree of fracture toughness reduction for a particular cast component
are the 6-Fe formed during casting and the precise chemical composition of the alloy. This
analysis considers a nominal 6-Fe content of 40%, modeled as a normal distribution to account
for epistemic uncertainty in measured 6-Fe content. Most cast components have 6-Fe content
well below 30%, so a value of 40% 6-Fe is bounding.

The 6-Fe content and the material composition parameter (¢) are used to calculate a series of
derived J-R curve inputs as described in Section B.2. The variability factor on Cysqr and the
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composition factor multiplier (@/6-Fe of 1.78) are developed by calibration to yield distribution
of Jo.os (J-integral at 0.08 inch [2 mm] crack extension) values that meet the following criteria:

e Match the variability of Jo.0s data in MRP-362 Rev. 1, Appendix E [13] normalized to 6-Fe of
25% using the NUREG/CR-4513, Rev. 2 [3] relations.

MRP-362 Rev. 1, Appendix E provides J-R curve parameters from test data for CF8M with a
wide range of &-Fe and toughness. The low toughness data are noted in MRP-362 Rev. 1 to
all be from foreign plants or be generated from material with specifications and fabrication
processes that may be different than employed for U.S. plants. Using such data would result
in smaller critical crack sizes than would be expected for materials in U.S. PWRs.

e The 1% percentile of the distribution of non-normalized Jo.0s in PIPER-CASS should
approximately equal the “lower bound” value for static cast CF8M with 30-40% &-Fe in
NUREG/CR-4513, Rev. 2.°

Due to the high variability obtained from the prior bullet, this calibration ensures some
realizations at the extreme low end of the variability in toughness without yielding
unrealistically small values of toughness.

The distribution of Jo.0s values are presented in Figure 4-1, with the lower bound line at the 1.4t
percentile. These values are compared with NUREG/CR-4513, Rev. 2 “lower bound” values, data
applied in MRP-362, Rev. 1 Figure C-1 normalized for 6-Fe, and data presented in MRP-362,
Rev. 1 Appendix E normalized for &-Fe. The resultant range of J-R curves is shown in Figure 4-2.
The deterministic “screening criteria” used in NUREG/CR-4513, Rev. 2 to determine
susceptibility to thermal aging effects are not used by PIPER-CASS.

The material composition factor normalized by 6-Fe (¢ / 6-Fe) affects the curvature of the
distribution in Figure 4-1. The chosen value of 1.78 is a reasonable input (60™ percentile) based
on the composition of CF8M heats listed in Table A1 of NUREG/CR-4513, Rev. 2. Furthermore,
this mean value of @ (1.78x40=71.2) bounds all of the CF8M heats listed in Table Al of
NUREG/CR-4513, Rev. 2; the highest value is 61.4.

It is noted that xLPR utilizes the more general expression for the Jg resistance curve that allows
separate quantification of the ductile crack initiation toughness, Jic, where Jz = C,Aa™ + Jic.
PIPER-CASS also optionally has the ability to apply this more general expression for the Jr
resistance curve. As the fits of C; and m in NUREG/CR-4513, Rev. 2 [3] implicitly include the
effect of crack blunting and initiation of tearing, Jic was appropriately set to zero as input to the
code for this effort.

5 NUREG/CR-4513, Rev. 2 [3] states that its methodology is applicable up to the equivalent of 10k hours at 400°C,
corresponding to 15 EFPY for CF8M components at 320°C (608°F). However, application of these correlations to a
service life beyond this limit is considered appropriate following a review of underlying data. Appendix C of
NUREG/CR-4513 Rev. 2 shows the Charpy-toughness data for samples collected with aging times at 400°C (750°F)
substantially greater than 10,000 hours. This data includes samples for CF8M aged for 50,000 hours. These data
show explicitly the expected plateau behavior for toughness as the aging time is increased.
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4.2.2 Strength

The aged yield strength and ultimate strength are applied as normal distributions. Metal
strength data is often normally distributed, and the normal distribution provides a larger tail at
lower strengths than, for example, the lognormal distribution. Normal distributions are fitted to
the data for fully aged material strength in Appendix E of MRP-362, Rev. 1 [13] that is repeated
in Appendix A of this report. The normal distributions were fit using the maximum likelihood
estimators, resulting in the values in Table 4-1. A lower limit is applied on the distributions such
that the sampled strengths are at least 90% of the ASME Code, Section II-D minimum, as seen in
Figure 4-3. The material yield and ultimate strengths for a given material are correlated, so the
variance in the normal distribution is adjusted to yield a correlated sample, as described in
Section 4.2.3. The resultant at-temperature flow strength (average of o, and o) for fully aged
CF8M is compared against that in Appendix A of MRP-362 Rev. 1 in Figure 4-4, which samples
an unaged flow strength and a flow strength aging factor. The PIPER-CASS approach results in
lower flow strength except for the extreme tail of the distribution, where the truncation
maintains strengths at more realistic values.

100%

5 80%
b= L Section II-D Min. S,
= - Unaged CF8M at 650°F
Z 60% +
Q I
o L Section II-D Min. S,
= 40% + Unaged CF8M at 650°F
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Figure 4-3
Distribution of Yield, Flow, and Ultimate Tensile Strength Inputs for CF8M at Fully Saturated Aging Condition
Applied by PIPER-CASS
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Comparison of the Fully Aged Flow Strength Applied by PIPER-CASS with that in Appendix A of MRP-362 Rev. 1 (for
10,000 samples)

4.2.3 Parameter Correlation

Strength and toughness tend to be correlated for aged CF8M data, with strength increasing
with aging and toughness decreasing with aging (negative correlation). Additionally, yield
strength and ultimate strength tend to be positively correlated. The matrix of correlation
coefficients was determined for the data in Appendix A. Correlation coefficient magnitudes in
the 0.6 to 0.9 range are observed in the data, with higher strength to toughness correlations
with the unnormalized Jo.0s than with Jo.0s normalized to 6-Fe of 25%. The achieved correlations
of sampled data were within 1% of the yield to ultimate strength correlation. For the strength
to toughness correlation, the correlation was moderated to achieve an effect between the
observed correlation to the normalized and unnormalized Jo.0s data.

The calibrated toughness distributions were adjusted to remain valid following the imposition
of correlation coefficients.
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4.2.4 Other

For the analyses presented herein, the rise time upper limit of 2,000 sec applied in xLPR is also
maintained’. This choice was made within xLPR because of the concern for large extrapolation
error outside the range of loading rise times available in the laboratory data used to develop
the crack growth rate (CGR) model [17]. However, this choice might introduce a non-
conservatism into the calculation of CGR&. Section 6.3 includes a sensitivity case investigating
the effects of these two modeling choices by removing the cap on the rise time and by
removing the fss a0y multiplier of 0.8.

The Ramberg-Osgood a parameter is derived by PIPER-CASS using in the same fashion as MRP-
362, Rev. 1. When performing the calculation of the a parameter (Section B.2), the flow
strength is truncated to a minimum of 32 ksi to prevent negative values of the Ramberg-Osgood
o parameter. The a parameter is calculated using the flow strength as the reference stress, but
the parameter is baselined to the yield strength for further calculations per NUREG/CR-6142
Eqn. 7 [18].

Other material properties for CF8M required for calculations of temperature and stress during
transients (Young’s modulus, Poisson ratio, thermal expansion coefficient, density, specific
heat, and conductivity) are taken from Section II-D of the ASME Code [19]. The temperature-
dependence of conductivity is handled by the code using the full table of values from 68°F to
1,382°F (20°C to 750°C).

4.3 Loading Inputs

The loading inputs are categorized into three sets: constant loads, transient loads applicable to
crack growth, and loads applied to evaluate stability for each Service Level.

4.3.1 Constant Loading

Normal operating temperatures representative for U.S. pressurizer temperature (653°F (345°C)
for the CE pressurizer surge line) and representative of U.S. PWR hot legs (609°F (320.5°C) for
the WEC main loop piping) are applied. Because the fatigue crack growth equation yields higher

7 Section 5(c)(3) of Code Case N-809 [31] includes the option to apply a value of Seny = 20 as an alternative to
tabulating a rise time value from the stress history of a transient. A value of Seny = 20 corresponds to a rise time of
21,715 sec, which is bounding of nearly all transients [17]. This alternative is a conservative option if one prefers
not to develop rise time information. As rise time information is calculated by PIPER-CASS, this conservative
modeling simplification is not applied.

8 The sensitivity investigation of the effect of the limit on rise time as applied in the CGR equation is included in
Section 6.3.1 and Section 7.3.1. Very few transients accumulate rise times exceeding 2,000 sec. Specifically, only
very lengthy transients, such as Cooldown, have a sustained positive stress rate of 1,000 psi/hr (6.9 MPa/hr)
exceeding a rise time of 2,000 sec. The effect of increasing the rise time by an order of magnitude (to 20,000 sec)
increases the crack growth rate due to that transient by a factor of two. Because most transients have a rise time
less than 2,000 sec, the net overall effect on crack growth is shown to be small.
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growth rates at higher temperatures, applying the hot leg normal operating temperature
bounds any flaws in CASS at cold leg temperatures.

Constant welding residual stress (WRS) profiles are also applied. For fatigue crack growth, the
steady-state WRS only impacts the load ratio, with increased tensile WRS magnitude yielding a
modestly higher crack growth rate. The axial and hoop WRS profiles are taken from NP-4690-SR
Figure 3-3 [20] for CE cases and from the pre-mitigation mean data of Table 13 and Table 14 of
XLPR-MSGR-WRS V1 [21] for WEC cases. These WRS profiles are shown in Figure 4-5 and Figure
4-6. The reactor pressure vessel (RPV) inlet and outlet nozzles are dissimilar metal welded
nozzles where WRS is expected to be generally higher than similar metal welds in CASS piping.
Therefore, the WRS profiles for the RPV nozzles are considered appropriate for this analysis.

For circumferential cracks, the static loads are set from the maximum allowable loadings
calculated using the approach in Section 3.3 Step 1. The lowest of the loadings is applied with
primary membrane, primary bending, and secondary bending as dead-weight (DW) force, DW
bending, and normal thermal expansion (NTE) bending, respectively. The other allowable
loadings are superimposed on this load state as “Stability Loading.”

4.3.2 Transient Loading

Transients of the reactor coolant system leading to changes in pressure and temperature are
compiled from proprietary transient data. For WEC main loop cases, the general transients
described in MRP-393 [22] are applied at the best-estimate frequencies for each transient listed
in the text description in MRP-393 (as shown in Table 4-5). The flow rate for these transients is
taken as 25.1 m/s.

For CE cases, the transients described in the design specification for the pressurizer of one CE
plant with a CASS surge line are applied at the more realistic frequencies from a licensee’s surge
line Section XI Nonmandatory Appendix L evaluation in Reference [23] (as shown in Table 4-6
and Table 4-7).° Stratification transients are modeled as being established and disrupted by a
step change in fluid temperature, with the global bending moment applied as a “Type II” stress.
As in MRP-464 [24], the “Hot Standby Stratification at A90°F” transient is reduced to a AT of
20°F to better match the stresses calculated modeling the detailed thermocouple data in CEN-
387 R1-NP [16]. Unlike the main loop, for which the flow rate is quantified and well
characterized, the flow rate in the surge line can vary significantly in the course of a transient.
For abrupt temperature changes like insurge and outsurge events, the magnitude of radial
gradient thermal stress (RGTS) is affected by the heat transfer coefficient calculated from the
input flow rate. A representative value is chosen in the range 0.05 m/s to 1.3 m/s based on the

° The “normal variations” transient included in the specification models +/-100 psig cycles at 16,666 cycles per
year, or about 50 times per day. This is not a realistic pressure variation on such a high frequency and therefore is
excluded from Reference [23] and this evaluation.
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design specification flow rates for plant transients and 0.03 m/s or 0.12 m/s for stratification
transients to match expected flow conditions and heat transfer rates.

4.3.2.1 Flexible Power Operations

For cases that include consideration of flexible power operations (FPO), additional plant loading
and unloading transient pairs (i.e., ramp down then ramp up) are included that represent three
categories of power reductions similar to the categories considered in EPRI 3002010416 [25]:

e Pre-planned reduction from 100% to 80% power lasting less than a day and having a ramp
rate of 1% change in power per minute (power change over the course of 20 minutes)©

e Pre-planned reduction from 100% to 50% power lasting a week or more and having a ramp
rate of 1% change in power per minute (power change over the course of 50 minutes)

e Uncommon reduction from 100% to 30% power for an indeterminate duration and having a
ramp rate of 2% change in power per minute (power change over the course of 35 minutes)

The temperature and pressure histories for these transients are defined by adjusting the
loading and unloading transients from base load operation. For WEC, the base case (85% power
change at 0.2% per minute) transient is truncated to the desired power range, then the time
points are scaled to the desired ramp rate. For CE, only the portion of the curve where the
surge line is near the hot leg temperature is scaled (originally an 85% power change at 5% per
minute); the number of surges is kept constant. The frequency of these FPO transients is
defined to obtain a total of 330 loading and unloading events per year, which is equal to the
typical Westinghouse plant original design basis including load following (13,200 transients over
40 years, approximately one cycle per day) as discussed in MRP-459 [26].

The FPO transients in Table 4-8 are considered in the base case for circumferential cracking and
as a sensitivity for axial cracking.

4.3.3 Stability Loading - Axial Cracking

Axially oriented cracks only have a single loading that drives crack instability: the operating
pressure. A maximum operating pressure is defined to evaluate crack stability at each of the
four main Service Levels: A, B, C, and D. Every timestep, all active cracks (which have not
coalesced or previously failed as stability check) are assessed for stability at each Service Level.

4.3.4 Stability Loading — Circumferential Cracking

The stability loads for circumferential cracks are set as described in Section 3.3 Step 1. For each
Service Level, the applicable pressure loading contributes endcap force, and the remainder of

10 A slower ramp rate of 0.5% power per minute (40 minute unloading or loading duration) is considered as a
sensitivity.
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the membrane loading and bending are applied as loads affecting crack stability. The stability
loads are recalculated for each input set that could result in a different allowable stress (e.g.,

differences in geometry, material strength, or Z-factor).
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4.4 |nitial Crack Size

4.4.1 Axial Cracking

Cracks actively growing via fatigue are conservatively assumed to be present at the start of the
simulation time period. Fatigue crack growth for 80 full years is modeled to bound the concerns
for both fatigue crack initiation and manufacturing flaws. Furthermore, the potential for
coalescence of multiple pre-existing initial flaws on the same axial growth plane are explicitly
considered in the analyses.

The base case models initial axial surface cracks on the ID with a semi-elliptical shape, as
illustrated in Figure 4-7, having a depth of 25% through-wall (a/t = 0.25). Based on data for
CASS material crediting preservice radiographic testing, this depth was selected to reasonably
bound any manufacturing flaws actually present. An assessment of manufacturing flaws in
large-diameter CASS piping elbows ([27], [28]) concluded that the maximum initial flaw depth
should be taken as 15% through-wall when performance of pre-service radiography is credited.
Based on the data collected, this study assigned a probability of 1% for the flaw depth to be
greater than 15% of the wall thickness. The 25% through-wall initial crack applied in this study is
conservatively greater than this 15% recommendation and the same as recommended in
Section 4.1 of MRP-362, Rev. 1 [13], which considered the study recommending the 15% depth,
as well as pre-service inspection practices for CASS components and industry precedent
successfully used in other applications in the industry.

The length is set such that the aspect ratio (2¢/a) is 6, resulting in a half-length of 0.75t. As
discussed in Section 4.1 of MRP-362, Rev. 1 [13], the value of 2¢/a of 6 has been successfully
used in other applications in the industry. The analysis in MRP-362, Rev. 1 assumes a 25%
through-wall (a/t = 0.25) crack with a total length six times the depth as a reasonable bound on
any potential manufacturing flaws, consistent with the approach taken in this report. Five (5)
cracks are simulated to be randomly located on a single plane in the piping such that cracks
cover about 20% of the piping length. As cracks are randomly placed, some may overlap and
meet the criteria for coalescence at the start of the simulation.

OD surface

T

t ) |

ID surface

Figure 4-7
Illustration of Axial Surface Crack and Key Dimensions
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4.4.2 Circumferential Cracking

As described in Section 3.3, the circumferential cracking PFM analyses evaluate the period of
continued operation following acceptance of a detected flaw. Consequently, a crack actively
growing via fatigue is assumed to be present at the start of the simulation. Fatigue crack growth
for one operating cycle (2 years) is simulated. Cracks are modeled as circumferential, idealized
through-wall cracks with a half-length equal to the acceptable size for the crack to remain in
service for an additional cycle of operation based on the methodology in Section 3.2. Such a
circumferential crack is illustrated in Figure 4-8. For the base cases, an angular half-length () of
16° is modeled. Exploratory cases evaluating a range of allowable flaw sizes were also
performed in determining the appropriate flaw lengths for the base cases.

Because the methodology in Section 3 still relies on the UT length sizing measurement, the
uncertainty on length sizing is included as a normal distribution centered on the nominal flaw
length. For such a distribution, the root mean square error (RMSE) and standard deviation are
equivalent. For the PFM, the RMSE value on the flaw total length (2c) is 0.75 inch, which is
consistent with the current performance demonstration requirement for UT length sizing in
piping welds for wrought austenitic stainless steel and dissimilar metals (Section XI, Mandatory
Appendix VIII, Supplement 2 and 10, respectively).

OD surface

ID surface

\

Inner Radius (R;)

Centerline of Pipe
$——(Perpendicularto Page)

Figure 4-8
Illustration of Idealized Through-Wall Circumferential Crack and Key Dimensions

4.5 Table of Inputs

Inputs that are common across all the base cases are listed in Table 4-1. Table 4-2 lists inputs
that are shared between axial and circumferential cracking cases but vary between WEC and
CE, while Table 4-3 and Table 4-4 list other inputs for axial and circumferential cases,
respectively. Table 4-5 through Table 4-8 list the average frequency of the pressure and
temperature transients.

Page | 28



Table 4-1

PIPER-CASS Base Case Inputs (Common to All Base Cases)
Input Name Value (Notes 1, 2) Units Basis
Timestep 1 Month Convergence study (see Section 6.4.1)
Start Time 0 Year Start of simulation at peglnnlng of plant
operation
Operating Pressure 2,250 (15.5) psi (MPa) Representative of U.S. PWRs
Most susceptible CASS alloy to thermal
Material CF8M - aging in WEC main loop and CE surge line
piping
N I
distzg:‘ion MRP-362, Rev. 1 [13] data at 650°F, aging
factor from NUREG/CR-4513, Rev. 2 [3].
_ W: 35.52 (244.9) . o .
Yield Strength ksi (MPa) Minimum corresponds to 90% of minimum
o: 8.363 (57.66) : )
Min: 16.56 yields strength per ASME Code Section II-D
(114.2) Table Y-1 at 650°F, 2019 Edition
dis’::L’L‘:‘ilon MRP-362, Rev. 1 [13] data at 650°F, aging
factor from NUREG/CR-4513, Rev. 2 [3].
. . K: 86.90 (599.2) . . .
Ultimate Tensile Strength ksi (MPa) Minimum corresponds to 90% of minimum
0:11.39 (78.53) . .
Min: 60.30 ultimate strength per ASME Code Section
(4i5.é) I1-D Table U at 650°F, 1992 Edition
Calibrated to match CF8M material data

Pearson Correlation Coefficient: 0.7 i
Yield and Ultimate Strength ’ from MRP-362, Rev. 1 [13]

Pearson Correlation Coefficient: 0.7 i Calibrated to match CF8M material data
Yield Strength and Cysq: Variability ) from MRP-362, Rev. 1 [13]

Calibrated to match CF8M material data

Pearson Correlation Coefficient:
-0.83 i from MRP-362, Rev. 1 [13]

Ultimate Strength and Cysqt
Variability

ASME Code Section [I-D [19]

Young’s Modulus 25,300 (174,000) ksi (MPa)
. Btu/(Ib-R) .
Specific Heat 0.130 (545.8 ASME Code Section II-D [19
P B8 (1/(kg-k)) (19}
Density 501 (8030) lb/ft’ ASME Code Section II-D [19]
(kg/m?3)
Lognormal
distribution
Variability Factor on Charpy Log-u: 0.6 - Calculated as discussed in Section 4.2.1
Impact Energy Log-o: 0.55
Min: 1.0
Max: 10.0
Normal
5-Fe distribution i Upper bound based on available material
u: 40% data [3]
0: 2%
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Input Name

Value (Notes 1, 2)

Units

Basis

Material Composition Factor

1.78 - Calculated as discussed in Section 4.2.1
(¢ / 6-Fe)
NUREG/CR-4513 Revision for . .
Material Toughness Correlations 2 - Latest data applicable in the range of 6-Fe
Cast Method for Material . More bounding casting condition with
. Static - .
Toughness Correlations respect to thermal aging
Ramberg-Osgood Exponent (n) 6.6 - PVP2015-45191, Table 2 [29]
Poisson’s Ratio 0.31 - ASME Code Section |I-D [19]
Lognormal
General Crack Growth Rate Scaling distribution ) xLPR-CGR [30]
Parameter (Css) Log-u: -0.22314 (Note 3)
Log-0: 0.42
Paris Law Exponent 2.25 - XxLPR-CGR [30] and N-809 [31]
Lognormal
distribution
CraC:C(;ri‘;wgft'g:(hcres)hO'd Log-p: 0 . XLPR-CGR [30]
& Keh Log-0: 0.139
Max: 1.517
. . 9.8E-06 . . .
Coefficient of Thermal Expansion 1/°F (1/°C) ASME Code Section 11-D [19]
(1.77E-05)
Coalescence Proximity Factor 0.5 - IWA-3330(a) [1]
Rise Time Cap 2,000 Seconds xLPR-CGR [30]
Operating Cycle Length 2 Year Bounding cycle length for U.S. PWR

Notes:

1. For the normal distribution, p and o are the mean and standard deviation of the distribution,

respectively.

2. Forthe lognormal distribution, log-p and log-o are the mean and standard deviation, respectively,
of the normal distribution obtained by a log-transform of the lognormal distribution.

XLPR alloy factor for CF8M (7.28x10°®) is obtained by inputting a Css distribution with a median of

0.8, which is multiplied by the coefficient of 9.10x10° within PIPER-CASS.
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Table 4-2

PIPER-CASS Base Case Inputs Common to Axial and Circumferential Cases (Where Base Cases Differ)

WEC CE
Input Name Value, | Value, . . Value, | Value, . .
WEC 1 WEC 2 Units Basis CE 1 CE 2 Units Basis
Pipe Outer | 13.75 | 18.79 | inch r:ipLerr\‘/\t/aEtc'V;;; 6.375 inch g:gsrecs‘::zt';’?isz
Radius | (349.25) | (477.4) | (mm) ge ot (161.9) (mm) > &
loop piping geom. piping geometry
Representative of Minimum and
Pipe Wall 2.32 3.09 inch ranpe of WEC main 1.01 1.312 inch maximum pipe and
Thickness (58.9) (78.5) (mm) & . (25.7) | (33.3) | (mm) | weld thickness for CE
loop piping geom. .
surge line
Operating o e Representative of °F Representative of U.S.
Temperature 609 (320.5) F{*C) U.S. PWR hot legs 653 (345) (°C) PWR surge lines
service Leve| si Set to normal si Set to normal
A Stability 2,250 (15.5) P . 2,250 (15.5) P .
(MPa) | operating pressure (MPa) operating pressure
Pressure
Service Level i i Representative of
B Stability 2,315.4 (15.96) (|\5|)Pa) MRP-393 [22] 2,400 (16.54) (“;’Pa) range of SL B Pressure
Pressure of U.S. CE PWR
. Representative of Representative of
service Level psi range of SL C/D psi range of SL C/D
C/PDr::j::lelty 2,550 (17.58) (MPa) pressure of U.S. 2,576 (17.76) (MPa) pressure of U.S. CE
WEC PWR PWR
Table 4-3
PIPER-CASS Axial Cracking Base Case Inputs
Value, WEC Value, CE
Input Name Units Basis
WEC 1 WEC 2 CE1l CE 2
End Time 80 Year Represents plant operatlng duration
for subsequent license renewal
Cracked Region 87.0 116 37.9 49.2 inch _
k 20% of
Length (2209) (2943) (962) (1250) | (mm) Cracks cover 20% of piping
Initial Crack Half- 1.74 2.32 0.758 0.984 inch Crack with depth of 25% thickness and
Length (c) (44.2) (58.9) (19.2) (25.0) (mm) 2c/a=6
Initial Crack Shape Semi-elliptical surface crack (SESC) - Covers reasonable manufacturing flaws
Initial C.rack Aspect 0.3333 - Covers reasonable manufacturing flaws
Ratio (a/c)
Initial Crack
i o -
Quantity 5 Flaws cover 20% of piping
Weld Residual Orange line in Blue line in Ksi WEC: xLPR-WRS [21]
Stress Figure 4-6 Figure 4-6 CE: NP-4690-SR [20]
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Table 4-4

PIPER-CASS Circumferential Cracking Base Case Inputs

Input Name Value, WEC 1 Value, WEC 2 Units Basis
End Time ) Year Representatlve. of a single plant
operating cycle
Initial Crack Half- 16 R Base case length chosen per Section
Length 3 to limit acceptable flaw sizes
Initial Crack Half- Normal distribution inch Equivalent to a length sizing
Length Uncertainty 0:0.375 (9.5) (mm) uncertainty of RMSE = 0.375 inch
Initial Crack 1 i A single bounding crack is modeled,
Quantity as described in Section 3.3
A single bounding crack is modeled,
Initial Crack Sh Idealized th h-wall (TW k -
nitiat trac ape calize rough-wall (TW) crac as described in Section 3.3
Weld Residual . .
€ esidua Solid orange line in Figure 4-5 ksi XxLPR-WRS [21]
Stress
Primary axial pipe forces are
Normal Operating ksi generally negligible relative to
. . 0 (0) 0 (0) L .
Piping Axial Stress (MPa) endcap pressure; this input is
superimposed on pressure stress
Normal Operating 0.148 (1.02) 0.117 (0.81) ksi Allowable bending stress under
Bending Stress (MPa) Service Level A with 1% as primary
ksi and 99% as secondary, as described
NTE Bending Stress 14.6 (101) 11.6 (80.0) (MPa) in Section 3.3.
Additional Bending A:0.0(0.0) A:0.0(0.0) Additional stress superimposed on
Stress for Crack B: 1.22 (8.41) B: 1.25 (8.62) ksi normal operation stresses to reach
Stability under C:2.73(18.8) C:2.77 (19.1) (MPa) allowable stresses calculated as
Service Level A-D D: 4.48 (30.9) D: 4.51 (31.1) described in Section 3.3.
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Table 4-5
PIPER-CASS WEC Base Case Transient Listing

Transient Name Frequency

[per year]
Heatup 3.33
Cooldown 3.33
Loading 5 16.67
Unloading 5 16.67
Large Step Decrease 0.33
Loading 15 3.33
Unloading 15 3.33
Trip A 3.83
Trip B 2.67
Trip C 0.17
Primary Side Leak Test 0.166
Secondary Side Leak Test 0.166
OBE (Circumferential only) 0.67

Table 4-6
PIPER-CASS CE Base Case Plant Transient Listing

Transient Name l[::;i‘:l;zr;‘],
Heatup 2.38
Cooldown 2.38
Loading 15
Unloading 15
Step Load Increase 6.5
Step Load Decrease 6.5
Reactor Trip 1.917
Leak Test Up 1.93
Leak Test Down 1.93
Loss of Flow 0.01667
Loss of T-G Load 0.1333
Loss of Secondary Pressure 0.08
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Table 4-7

PIPER-CASS CE Base Case Heatup/Cooldown Surge Transient Listing

AT Plant P & T Condition Frequency

[°C (°F)] [per year]
178 (320) Low 0.70
178 (320) High 0.70
139 (250) Low 3.57
139 (250) High 3.57
111 (200) Low 3.80
111 (200) High 3.80
83 (150) Low 4.77
83 (150) High 4.77
11 (20) High 836

Table 4-8

PIPER-CASS Base Case FPO Transient Listing (for WEC Circumferential Cracking)!?

Power Change Rate of Change I;;c.aaqu:;r;\]/
30% to 100% (Loading) 2% per minute 4/year
100% to 30% (Unloading) 2% per minute 4/year
50% to 100% (Loading) 1% per minute 50/year
100% to 50% (Unloading) 1% per minute 50/year
80% to 100% (Loading) 1% per minute 276/year
100% to 80% (Unloading) 1% per minute 276/year

4.6 Base Case Matrix

A separate base case is run for each orientation and each in-scope geometry.

The axial base cases are run with a simulation duration of 80 years, representing flaw growth

over 80 years of plant operation since the start of commercial operation. Each base case

includes five SESC cracks with 25% depth (a/t) and 2¢/a = 6 (c = 0.75t); these cracks cover about
20% of the evaluated pipe length.

The circumferential base cases are run with a simulation duration of 2 years, representing one
fuel cycle of continued operation following flaw acceptance. Each base case includes a single

11 For axial cracking cases, inclusion of this FPO transient set is evaluated by Sensitivity Case | (see Table 4-10).
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TW crack with a nominal half-length of 16° centered at the location of maximum bending. As
discussed in Section 7.6, circumferential cracking cases are not included for the CE surge line
geometry cases because the proposed flaw evaluation methodology is not applicable for these
components.

The case designation, geometry, initial crack, short notes, and applicable sensitivity cases
(defined in subsequent tables) are shown in Table 4-9. Each of the base cases is evaluated for
9.6x10° realizations. Refer to the Section 6.4.2 and Section 7.4 for discussion on statistical
convergence of results.

Table 4-9
PIPER-CASS Base Case Matrix

Crack . e
Component Geometry Orientation Case Applicable Sensitivity Cases
) A,B,C,D,G HLJ KL M,
CE Surge Line CE1l Axial CE_AX_1 t1, 12, t3
Piping
CE 2 Axial CE_AX_2 A, B,C,D,H,I,J,K L M
Axial WEC_AX_1 A, B,C,D,EF G H,IKLN,O
WEC 1 A, B,CEFGHLPQR,S
WEC Main Circumferential WEC_CIRC_1 t1, 12, 13
Loop Piping
Axial WEC_AX_2 A,B,C,D,EF G H,IK,L
WEC 2
Circumferential WEC_CIRC_2 A B, C,E F,G HLP QRS

4.7 Sensitivity Cases

Numerous sensitivity cases are implemented to determine the overall impact of various inputs.
Table 4-10 describes each sensitivity case and shows the specific inputs changed in each case.
Unless otherwise specified, sensitivity case runs are performed for 1.92x10° realizations.

4.7.1 Crack Growth Rate Sensitivities

Sensitivity Cases A and B investigated two differences between the PIPER-CASS base case inputs
(identical to the crack growth rate in xLPR [30]) and ASME Code Case N-809 [31]. Sensitivity
Case A removes the alloy-specific factor of 0.8 for CF8M versus CF8 FCG included in the xLPR
model. This factor of 0.8 was not applied in ASME Code Case N-809 as a conservative
simplification [17].

Sensitivity Case B considers the effect of including only the upper half of the distribution of FCG
variability. N-809 is intended for deterministic crack growth calculation and therefore does not
include any term for random variability. However, N-809 crack growth curves represent median
values, so the second sensitivity addresses the impact of weighting the random variability of
crack growth to the upper 50%" percentile of sampled values. The result is that most cracks
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modeled in this sensitivity will have crack growth rates which exceed the N-809 crack growth
rates. The input changes in Sensitivity Cases A and B both result in a modest increase in crack
growth rates.

4.7.2 WRS Sensitivities

Sensitivity Cases C and D examine the impact of WRS by increasing and decreasing its severity,
respectively. For the WEC geometry Sensitivity Case C, a 50% weld repair profile is applied.
While repaired welds are beyond the scope of this analysis, a weld repair WRS profile is a more
appropriate input for this sensitivity case. For the CE geometry, the magnitude of the constant
stress is increased by 50%, which is appropriate for the constant through-wall WRS profile.
Sensitivity Case D sets WRS to a constant zero stress through the thickness, representing a
location in piping away from a weld.

For circumferential cases, the WRS sensitivity is applied with a part-through-wall initial crack.
This is because the depth-averaged WRS acting on a through-wall crack is effectively zero since
the net forces across the cross-section balance to zero.

4.7.3 Transient Sensitivities

The WEC base case uses the pressure and temperature histories of Heatup and Cooldown
transients in MRP-393 [22], which follow a “best estimate” of actual operating practices (up to
about 40°F/hr or -70°F/hr). Sensitivity Case E instead applies bounding Heatup and Cooldown
transients with a continuous thermal ramp rate at the Technical Specification limit of 100°F/hr
with a corresponding pressure history.!?

Similarly, base cases use the best estimate frequency of transient occurrences, so Sensitivity
Case F increases the quantity of these transients to design basis values to identify the effect of
additional transient cycles.

The impact of starting flexible power operation (FPO) during the plant service life is assessed in
Sensitivity Cases H and |. These transients apply FPO transients described in Section 4.3.2.1 at
the frequency listed in Table 4-8, with different power ramp rates for the 100%-80% power
unloading and 80%-100% power loading transients: either 1% per minute (20 minute transient)
or 0.5% per minute (40 minute transient). The circumferential WEC base cases include the FPO
transients as defined in axial Sensitivity |. The onset of FPO is assumed to occur after 60 years
for the CE surge line cases, considering the significant extent of simulated fatigue crack growth
with the insurge and outsurge events conservatively assumed to occur with each power shift.

12 CE base cases already include heatup and cooldown at Technical Specification limits, so Sensitivity E is not
evaluated for CE.
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Transients for the CE cases are based on pressurizer design specification for a specific plant with
a CASS surge line. Theis design specification includes a pair of “normal variations” transients,
which, as discussed in Section 4.3, are not realistic for this analysis. Sensitivity Case J assumes a
more realistic estimate of normal pressure variations. Sensitivity Case M considers the effect of
increasing the minimum flow rate applied to the surge event transients in Table 4-7 from 0.3
m/s to 0.5 m/s, thereby increasing the heating rate and the RGTS.

4.7.4 Initial Crack Size Sensitivities

Sensitivity Cases G and N investigates the impact of initial crack depth on rupture probability,
and Sensitivity Cases K and P investigates the impact of initial cracked length in the piping.

4.7.4.1 CE Axial Sensitivities

For CE, Sensitivity Case G modifies the depth of initial cracks to match a distribution of
manufacturing flaws reported for large-bore CASS elbows when crediting radiographic
examination (see Section 4.4). The distribution is shifted to result in an initial crack depth of
15% through-wall (a/t = 0.15) at the 99" percentile. The sampled crack depth is combined with
a constant 6:1 aspect ratio (2¢/a) to produce a variable crack length. The resultant distribution
of crack depths in CE Sensitivity Case G is shown in Figure 4-9.

Sensitivity Case K investigates the impact of the initial cracked length of the piping by increasing
the number of initial cracks from five (5) to eight (8).

4.7.4.2 WEC Axial Sensitivities

Especially large initial cracks are assumed for the WEC sensitivity cases given the relatively small
fatigue crack growth rates and large wall thicknesses for the main loop piping.

Sensitivity Case K for WEC cases uses a single part-through-wall crack that is so long that its
growth rate and stability are similar to those for an infinitely long crack of the same depth. The
crack length is set to approximately 8 times the 0.01 percentile of critical through-wall crack
size (i.e., 2c = at least 84 inches (2.1 m)). The depth of this crack is also increased to 33%
through-wall (a/t = 0.33).

Sensitivity Case G in WEC cases further increases the depth of this very long initial crack to 50%
through-wall (a/t = 0.5), to show that PIPER-CASS would predict ruptures in a scenario with an
extremely severe initial crack.

Sensitivity Case N models a single idealized through-wall crack with a half-length equal to that
of a single initial crack from the base case (i.e., 0.75t). This case investigates how the probability
of rupture is impacted by conservative initial crack assumptions.

4.7.4.3 WEC Circumferential Sensitivities

Sensitivity Case G for WEC circumferential cracking considers an initial semi-elliptical surface
crack with 50% depth (a/t) instead of the through-wall crack of the base case. Idealized though-
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wall cracks are modeled to not propagate due to stresses that balance radially through-wall,
such as WRS and RGTS. This sensitivity demonstrates that the assumption of an initial through-
wall crack is limiting versus a part-through-wall crack.

Sensitivity Case P for WEC circumferential cracking assesses the uncertainty on crack length.
The MRP-424 [32] proposes text for Section XI, Mandatory Appendix VIII, Supplement 9 that
includes an RMSE of 1.0 inch for length sizing of circumferential flaws in CASS piping, which is
applied for this sensitivity.

4.7.5 Material Sensitivity

Sensitivity Case L represents unaged CASS material, with higher toughness and lower strength
than the base case of fully aged CASS material. Sensitivity L is evaluated because these trends
have competing effects on crack stability (i.e., higher toughness increases EPFM stability and
lower strength decreases EPFM and NSC stability.

Eleven (11) strength data for different heats of unaged CF8M material tested at elevated
temperature (550°F to 650°F (288°C to 343°C)) were identified: four from EPRI 1019128 Table
B-4 [6] and seven from NUREG/CR-4513 Rev. 2 Table B-1 [3]. The other 20 apparent data in EPRI
1019128 (from heats C-####-#) are room temperature data scaled to 650°F (343°C) assuming
the temperature derating factor implied by the tensile strength values in ASME Code, Section lI-
D. Furthermore, nine of these heat C-####-# strength data appear to be the same mechanical
test repeated for two chemical checks listed in a certified material test report (CMTR).

The average and standard deviation of these 11 data are applied; the distributions are
truncated to sample no lower than the 1%t percentile of the distribution, which results in a
minimum at 90% of the Section II-D minimum for yield strength and at 82% for ultimate
strength. The observed correlation between yield and ultimate strengths is similar to the base
case, so the input is not changed.

The median C, for unaged at-temperature CF8M data (without duplicates) in NUREG/CR-4513
Rev. 2 Table B-1 [3] is 250 J/cm?, ranging from about 165 to 365 J/cm?. Therefore, the material
toughness inputs were chosen to result in a median of approximately 200 J/cm?for C,,
somewhat below the observed median, with values ranging from about 100 J/cm? to 460 J/cm?.
A correlation coefficient was not fit and imposed between strength and C,. This conservative
choice is appropriate considering that C, data are only available for five (5) heats also with
strength data.

4.7.6 Circumferential Material and Loading Sensitivities

Whereas the bounding material state is relatively clear for the PFM approach utilized for
evaluation of axial cracking, the approach of Section 3 for circumferential cracking justifies
additional sensitivities. These sensitivities assess material inputs with higher toughness than the
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base case but where the Z-factor may be lower, resulting in higher allowable stresses for
application in the PFM.

Sensitivity Case Q lowers the mean of the 6-ferrite distribution to 25% and applies the lower Z-
factor per C-6330(a) of Section XI, 2019 Edition [1] for CF8M with 14% to 25% &-ferrite when
calculating the allowable stresses.

Sensitivity Case R for circumferential cracking was considered using inputs appropriate for aged
CF8, which has a reduced aging effect relative to CF8M, leading to higher toughness and lower
strength. For a given flaw size, the allowable loads are also greater for CF8 because of the lower
Z-factor per C-6330(a) relative to CF8M with 6-Fe of 40%. In this sensitivity case, the strength
inputs are based off those for unaged CF8M, scaled down by the ratio of values for CF8 versus
CF8M in Section II-D; the aging factor is set to be the saturation limit in NUREG/CR-4513, Rev. 2
[3] for CF3, which is slightly less than CF8. The toughness parameters are given by the CF8
relations in NUREG/CR-4513, Rev. 2, with the same added variability in Cy sqr as for the CF8M
base case. Other parameters are also updated to be applicable to values for CF8.

As a final sensitivity, a case was considered with the base case material but with increased
piping axial forces. Sensitivity Case S adds a membrane stress equal (+10% of the normal
pressure stresses for Service Levels A, B, and C and +100% for Service Level D).

4.7.7 Temporal Convergence Sensitivities

Three Sensitivity Cases, t1, t2, and t3, demonstrate the temporal convergence of PIPER-CASS.
By completing the same analysis with three different timesteps, the timestep selection used in
base cases can be verified as appropriate. To perform the detailed comparison of outputs, the
number of realizations is reduced, and more comprehensive output options are enabled.

4.7.8 Targeted Final Size Sensitivity

Sensitivity Case O utilizes a special mode of PIPER-CASS to model the distribution of crack sizes
at plant startup that could yield a critical crack by the end of plant operation. In this case, all
realizations start with an idealized through-wall crack at the minimum critical through-wall
crack length for the full range of material properties sampled across all realizations and all
Service Level stability loadings. The crack is then grown smaller (backwards in time) for the
period of assumed plant operation.
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Table 4-10

Description of Sensitivity Cases and Modified Inputs

itivit itivity C
Sensitivity Description Applicability Parameter Base Case Value Sensitivity Case
Case Value
A Remove factor of CE Axial, Lognormal Lognormal
0.8 on growth WEC Axial, c distribution distribution
WEC Circ. 5 Log-u: -0.22314 Log-p: 0.0
Log-o0: 0.42 Log-0: 0.42
B Only include CE Axial, Lognormal Lognormal
upper 50t WEC Axial, distgribution distribution
percentile of Css WEC Circ. Css Log-u: -0.22314
_— . Log-p: -0.22314
distribution Log-G: 0.42 Log-0: 0.42
g-o: % Min: 0.799
C Elevated WRS CE Axial, WRS Solid Lines in Dashed lines in
WEC Axial Hoop Figure 4-6 Figure 4-6
WEC Circ. SESC
Initial Crack TW Crack with 50% depth
(a/t)
WRS Solid Line in Dashed Line in
Axial Figure 4-5 Figure 4-5
D Remove WRS CE Axial, . 0 ksi (0 MPa)
WEC Axial WRSHoop Figure 4-6 constant
E Increase rate of WEC Axial, Heatuo and Cooldown MRP-393
Heatup and WEC Circ. P . Figures 2-1 and 100°F/hr ramp rate
P and T History
Cooldown 2-2
transient to
100°F/hr and
disable rise time Rise time cap 2,000 sec Infinite (no cap)
limit
F Apply transients WEC Axial, Heatup 3.33/year 5/year
at design basis WEC Circ.
¢ & Ire Cooldown 3.33/year 5/year
requency
Loading by 5% 16.67/year 170/year
Unloading by 5% 16.67/year 170/year
Large Step Decrease 0.33/year 1/year
Loading by 15% 3.33/year 12.5/year
Unloading by 15% 3.33/year 12.5/year
Trip A 3.83/year 5/year
Trip B 2.67/year 4/year
Trip C 0.17/year 0.5/year
Primary side leak test 0.166/year 0.6667/year
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itivit itivity C
Sensitivity Description Applicability Parameter Base Case Value Sensitivity Case
Case Value
S d ide leak
econdary side lea 0.166/year 0.6667/year
test
G Variation of Initial WEC Axial WEC 1 geometry:
Crack Depth 0.0276
. WEC 2 geometry:
Initial C.rack Aspect 0.3333 0.0309
Ratio (a/c)
(Initial crack depth
of 50% through-
wall)
Number of Cracks 5 1
WEC1:1.74 WEC 1: 42 inch
Initial Crack Half- inch (44.2 mm) (1067 mm)
Length (c) WEC 2: 2.32 WEC 2: 50 inch
inch (58.9 mm) (1270 mm)
CE 1 Axial Lognormal
. distribution
Initial Crac(kc)l-|alf-length 0.7575 inch Log-p: -1.4106
Log-o0: 0.2674
Max: 3.0
WEC Circ. SESC
Initial Crack TW Crack with 50% depth
(a/t)
H Use of flexible CE Axial, FPO transient Axial: None Table 4-8
power operations WEC Axial, Frequency Circ.: Table 4-8 able 4-
(begins part-way WEC Circ. )
through operation Ramp thiggrgi(()y-lOOA Axial: None 0.5%/mi
for CE) an JouR Circ.: 1%/min -5%/min
Transients
LRI onybas o
. . transients used 60 years
Loading and Unloading in CE Axial base
halt and FPO transients (0 years for WEC)
. cases
begin
I Additi | flexibl CE Axial FPO t ient
itiona e?(l e X|a', ransien None Table 4-8
power operations, WEC Axial Frequency
ith 1% inut
\gclnwer ?gr;I;l;o(: (Equiv. to Ramp Rate for 80-100%
: - 0, 0 H
80%-100% and WEC Circ. "";d 100 8tM None 1.0%/min
100%-80% loading base case) ransients
CWhich base case. | Only base load
transients used 60 years

Loading and Unloading
halt and FPO transients
begin

in CE Axial base
cases

(0 years for WEC)
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Sensitivity

Sensitivity Case

Case Description Applicability Parameter Base Case Value Value
J Apply normal CE Axial 15 psi (0.1 MPa)
variations in pressure spike
pressure and Transient Normal None occurring over 2
temperature with Variations — Pressure minute duration
a reasonable occurring 16,667
magnitude times per year
6°F (3.3°C)
Transient Normal temper?ture spike
s occurring over 2
Variations — None . .
Temperature minute duration
occurring 16,667
times per year
K Increased initial CE Axial Number of Cracks 5 8
I th of ki
ength of cracking WEC Axial Number of Cracks 5 1
WEC1:1.74 WEC 1: 42 inch
Initial Crack Half- inch (44.2 mm) (1067 mm)
Length (c) WEC 2: 2.32 WEC 2: 50 inch
inch (58.9 mm) (1270 mm)
WEC 1: 0.0184
Initial Crack Aspect WEC 2: 0.0206
Ratio (a/c) 0.3333 (Initial crack depth
of 33% through-
wall)
L Unaged material CE Axial, Normal
WEC Axial, distribution Normal distribution
WEC Circ. p: 35.52 (244.9) p: 24.7 (170)
Yield strength 0: 8.363 (57.66) 0:3.47 (23.9)

Min: 16.56
(114.2)
Units: ksi (MPa)

Min: 16.6 (115)
Units: ksi (MPa)

Ultimate tensile
strength

Normal
distribution
W: 86.90 (599.2)
0:11.39 (78.53)
Min: 60.30
(415.8)
Units: ksi (MPa)

Normal distribution
U: 64.5 (445)
0:3.98 (27.4)

Min: 55.3 (381)
Units: ksi (MPa)

Variability Factor on
Charpy Impact Energy

Lognormal
distribution
Log-u: 0.6
Log-o: 0.55
Min: 1.0
Max: 10.0

Normal distribution
p: 1.0
0:0.3
Min: 0.5
Max: 3.0
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itivit itivity C
Sensitivity Description Applicability Parameter Base Case Value Sensitivity Case
Case Value
Normal
distribution
- 0,
6-Fe U 40% 3.0%
0:2%
Pearson correlation
coefficient: yield
-0.7 0.0
strength and Cysqt
variability
Pearson correlation
coefficient: ultimate
strength and Cysat -0.83 0.0
variability
M Surge event flow CE Axial Flow Rate for:
rate A250°F High
A250°F Low
A200°F High 0.03 m/s 0.05 m/s
A200°F Low
A20°F High
N Initial TW crack, WEC 1 Axial Number of Cracks 5 1
half-length (c) of
0.75¢t Initial Crack Type SESC TW
0] Targeted final WEC 1 Axial Number of Cracks 5 1
th h-wall
rous .wa Initial Crack Type SESC TW
crack size
. Equal to half-length
| I k Half-
nitial Crack Ha 1.739 inch of smallest critical
Length (c) .
crack in run
Forward Backward
Direction of Time (Cracks grow (Cracks grow
bigger) smaller)
| | h irc. N I
P nc.re:ase engt WEC Circ Initial Crack Half- . o.rma. Normal distribution
sizing RMSE Length Uncertaint distribution 0: 0.50 inch
& y 0: 0.375 inch -9
Q CF8 Material WEC Circ. Material CF8M CF8

Yield strength

Normal distr.
u: 35.52 (244.9)
o: 8.363 (57.66)

Min: 16.6
(114.2)

Units: ksi (MPa)

Normal distr.
M: 25.41 (175.2)
o: 3.64 (25.1)
Min: 17.01 (117.3)

Units: ksi (MPa)
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Sensitivity
Case

Description

Applicability

Parameter

Base Case Value

Sensitivity Case
Value

Ultimate tensile
strength

Normal distr.
u: 86.90 (599.2)
0:11.39 (78.53)

Min: 60.3
(415.8)

Units: ksi (MPa)

Normal distr.
M: 61.56 (424.4)
0:4.30 (29.6)
Min: 52.60 (362.6)

Units: ksi (MPa)

Pearson correlation
coefficient: yield and
ultimate strength

0.7

Pearson correlation
coefficient: yield
strength and Cysqt

variability

-0.7

Pearson correlation
coefficient: ultimate
strength and Cysqt
variability

-0.83

Specific heat

545.8 J/(kg-K)

547.1 J/(kg-K)

Lognormal distr.

Normal distribution

Variability Factor on Log-u: 0.6 u: 1.0
Charpy Impact Ener Log-0: 0.55 c: 0.3
Py Imp gy Min: 1.0 Min: 0.5
Max: 10.0 Max: 3.0
Material Composition
1.78 1.6

Factor (¢ / 6-Fe)

Ramberg-Osgood
Coefficient (a)

Per MRP-362R1
(13]

Per xLPR-SRD-FW
(33]

Ramberg-Osgood
Exponent (n)

6.6

7.1

General crack growth
rate scaling parameter
(Css)

Lognormal distr.
Log-u: -0.22314
Log-0: 0.42

Lognormal distr.
Log-p: 0.0
Log-0: 0.42

Normal Operating
Bending Stress, NTE
Bending Stress, and
Additional Bending
Stress for Crack
Stability under Service
Level A-D

Set to maximum
allowable
stresses using Z-
factor in
Category 2 of
Table C-6330-1
(per Section XI
C-6330(a))

Set to maximum
allowable stresses
using Z-factor per

equations in
Section XI
C-6330(a)
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Sensitivity

Sensitivity Case

Case Description Applicability Parameter Base Case Value Value
o 5. . .
R 25% &-ferrite WEC Circ. 'No.rma'l Normal distribution
distribution
6-Fe M: 25%
K 40% o 2%
0: 2% ner
Normal Operating Set to maximum .
. allowable Set to maximum
Bending Stress, NTE .
. stresses using Z- | allowable stresses
Bending Stress, and . .
. . factor in using Z-factor per
Additional Bending . .
Stress for Crack Category 2 of equations in
. . Table C-6330-1 Section XI
Stability under Service .
Level A-D (per Section XI C-6330(a)
C-6330(a))
S Increased WEC Circ. . 10% of endcap
Normal Operating
membrane stress . . 0.0 stress from normal
Piping Axial Stress
pressure
Additi | Bendi
itiona’ Bending 90% of endcap
Stress for Crack
. . 0.0 stress from normal
Stability under Service ressure
Level D P
Normal Operating
Bending Stress, NTE
Bending Stress, and Set to maximum Set to updated
Additional Bending allowable maximum
Stress for Crack stresses allowable stresses
Stability under Service
Level A-D
t1 Temporal CE Axial, Timestep 1 month 5 days
convergence, 5 WEC Circ.
day timestep Number of Realizations 1.92 x 10° 10*
t2 Temporal CE Axial, Timestep 1 month 25 days
convergence, 25 WEC Circ.
day timestep Number of Realizations 1.92 x 10° 10*
t3 Temporal CE Axial, Timestep 1 month 50 days
convergence, 50 WEC Circ.
Number of Realizations 1.92 x 10° 104

day timestep
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Crack Depth Distribution in Sensitivity Case G
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5 ACCEPTANCE CRITERIA

For cases with axially oriented cracking, the same acceptance criteria as in MRP-362, Rev. 1 [13]
are applied to the calculated cumulative probability of a rupture for an individual weld location
over 80 years without assuming the benefit of any examinations or leak detection. For cases
with axially oriented cracking, these same acceptance criteria are applied to the calculated
cumulative probability of a rupture for an individual weld location over a 2-year operating cycle.
These acceptance criteria, shown in Table 5-1, are applicable to a single weld location. Separate
acceptance criteria are applied for the probability of rupture under the separate loadings for
Service Levels A, B, C, and D. As explained in Section 3.1 of MRP-362, Rev. 1, the acceptance
criteria in Table 5-1 are conditional probabilities that reflect the allowable rupture probability
given that an event of that Service Level occurs. Multiplying the conditional rupture probability
for a given Service Level and the corresponding probability of occurrence results in an overall
marginal probability of failure (rupture) of 10 or lower. MRP-362, Rev. 1 recommended the
allowable conditional failure probabilities in Table 5-1 on the basis of an assessment of the
failure probabilities implied by the tables in Nonmandatory Appendix C of Section XI for
allowable circumferential flaw size by Service Level for the case of limit load failure given the
statistical distribution for material flow strength.'3 Hence, this approach ensures a rupture risk
comparable or below that implied for ASME Code Section Xl for acceptance of flaws when
material behavior is fully ductile and fracture toughness is not limiting. MRP-362, Rev. 1
provides the technical basis for ASME Code Case N-838 [14], which has been found
conditionally acceptable by the NRC provided that Code Case N-838 is not used to evaluate
flaws in CASS piping with 6-Fe content exceeding 25%. The leakage cumulative probability was
also assessed using PIPER-CASS as a secondary parameter.

PIPER-CASS calculates the stability of each realization under exposure to specific Service Level
loadings and reports the fraction of realizations that rupture over time.* Consequently, the
results from PIPER-CASS are cumulative conditional probabilities that assume occurrence of the
loading corresponding to each Service Level. As an example, a Service Level D transient
expected to happen once in 100 operating years (10%/year) with a result of 10 cumulative
rupture probability represents approximately the same risk (102x10%=10°) as a Service Level A
transient expected to occur once or more per year with a result of 10 cumulative rupture
probability.’® The frequency of occurrence of each transient is not reflected in the reported

13 These risk results were obtained for the rules for evaluating circumferentially oriented flaws in Article C-5000 of
Section XI, Nonmandatory Appendix C. These results show the risk inherent in leaving a circumferential flaw in
service in fully ductile material. They provide a reference risk level for an individual piping weld that can be applied
regardless of flaw orientation or failure mode.

14 XLPR results are instead reported as the marginal probability of rupture, in which a rupture only occurs if the
transient is modeled to occur during that timestep [34].

15 Because the probability of occurrence can never be greater than 1.0, transients that occur more than once per
year do not increase the marginal probability of rupture above the conditional probability of rupture.
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cumulative probability of rupture, and instead separate acceptance criteria are applied for each

Service Level.

Table 5-1

PIPER-CASS Acceptance Criteria (Same as Recommended by MRP-362 R1 [13])

Service Level

Probability of Occurrence

Conditional Rupture Probability

A 1.0 10°®
B 0.1 10°°
C <102 10
D <102 10
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6 AXIAL CRACKING RESULTS AND DISCUSSION

6.1 Axial Cracking Base Case Results

The base cases, one for each of the four geometries, are described in Section 4.6 with case
numbering nomenclature defined in Table 4-9. The acceptance criteria are based on the
allowable rupture probability, as discussed in Section 5. Rupture probability results from PIPER-
CASS are the cumulative conditional probability of rupture after an 80 year service life given the
occurrence of the transient generating the limiting loading for that Service Level.

Results for the base cases are shown for each Service Level in Table 6-1. Without crediting
periodic nondestructive examinations, the rupture and leakage frequencies are expected to
increase with time. Only the CE 2 base case experiences ruptures or leakage in any realization,
and these were permissible by the acceptance criteria. No other base case experiences any
ruptures or leakage (no part-through-wall crack grows to be through-wall).

The random initial crack placement of the five part-through-wall cracks results in about 61% of
all realizations having at least one pair of semi-elliptical cracks that coalesce at the start of the
simulation. Coalescence at the beginning of the run results in a longer initial crack that tends to
grow more quickly than the individual cracks. Additional details on the relative amounts of
crack growth in each case is provided in Figure 6-1, which characterizes the amount of growth
through the wall thickness averaged across the set of postulated cracks. Informed by further
details in Section 6.2.2, the competing factors that drive crack growth in this PFM simulation
can be assessed. The larger radius to thickness ratio® in the WEC 2 geometry results in higher
pressure stresses versus the WEC 1 geometry, which result in increased growth rates.
Conversely, the larger thickness of the WEC 2 geometry results in increased distance to grow
through-wall. The higher pressure stresses of the WEC 2 geometry increase the growth rate to a
greater degree than the larger thickness of WEC 2 increases the time needed to grow through-
wall. Similarly, the thicker wall of the CE 2 geometry increases the RGTS such that the relative
growth through the wall thickness increases by a factor that outweighs the effect of the relative
increase in wall thickness versus the CE 1 geometry.

16 WEC 2 geometry has a higher R/t ratio than WEC 1, and CE 1 geometry has a higher R;/t ratio than CE 2.
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Table 6-1
Base Case Cumulative Probabilities of Occurrence over 80 Years

Service Levels Cumulative Probability of Rupture

Case Name with Ruptures . . . Leakage
Service Level A | Service Level B | Service Level C/D
WEC_AX_1 None < 1E-7 < 1E-7 < 1E-7 < 1E-7
WEC_AX_2 None < 1E-7 < 1E-7 < 1E-7 < 1E-7
CE_AX_1 None < 1E-7 < 1E-7 < 1E-7 < 1E-7
CE_AX_2 None < 1E-7 1.0E-7 1.0E-7 2.1E-7
5.0%

40% |

3.0% |

2.0%

Representative Depth Growth
(% Through-Wall)

1.0%

0.0% L [ |
CE_AX_1 CE_AX 2 WEC_AX_1 WEC_AX_2
Base Case

Figure 6-1
SESC Depth Growth Representative of Each Base Case

6.2 Input and Transient Importance

6.2.1 Inputs Contributing to Through-Wall Crack Critical Half-Length

Several sampled parameters are compared to the critical through-wall crack size of each
realization to determine the correlation between the sampled parameter and the critical crack
size. This correlation is shown in Figure 6-2 for WEC_AX_1 and Figure 6-3 for CE_AX_1. Brighter
color points show multiple realizations resulting in the same set of values, whereas darker
points are shown for values only occurring in individual or very few realizations. Note that these
figures depict the correlation at Service Level A. Due to the modest difference in loading across
all Service Levels and the stringent acceptance criteria for Service Level A, this Service Level is
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the bounding condition, so it is the focus of this section. However, the trends discussed in this
section hold for Service Levels B, C, and D.

The toughness coefficient, C,, shows a strong positive correlation with the critical crack size.
This is expected given the formulation of the Jg resistance curve, Jg = C;Aa™, and because EPFM
stability (toughness focused) is generally limiting to NSC stability (strength focused) for the
input material properties. A weaker negative correlation can be seen in the three strength
parameters. The negative correlation between strength and critical crack size, while non-
intuitive at face value, is due to the negative correlation coefficient applied between toughness
and the strength parameters when sampling material properties. Both yield and ultimate
strength are negatively correlated to Charpy-impact toughness variability factor to more closely
match the material properties in PIPER-CASS to the known CASS material properties. The
strength and toughness correlations, taken together, suggest that the critical though-wall crack
size is controlled by toughness parameters over strength parameters.

There is almost no correlation between &-Fe content and the critical crack size despite the well-
defined relationship between the 6-Fe content and the severity of reduction in toughness with
thermal aging. This is an effect of the small variability in 6-Fe compared to the larger variability
factor applied on Cysqr.t” If the variability on Cysat Wwere removed or if a wider range of 6-Fe were
considered, a clear correlation between 6-Fe content and critical crack size is apparent. In other
words, the variability factor on Cysot masks the negative correlation of 6-Fe content to critical
crack size for the current input set.

Finally, there is a slight positive correlation between the critical crack size and the a parameter
of the Ramberg-Osgood equation. The observed positive correlation is due to the a parameter
being calculated as a function of the inverse of the material strength and being proportionate
to the plastic applied J-integral. Additional asymmetry in the point locus for the a parameter is
caused by the truncation of the yield strength to a lower limit of 32 ksi (221 MPa) when
calculating the a parameter to prevent physically invalid values.

7 The 90 percentile of the distribution is 2.0 times the median for C,ss: Whereas it is about 1.06 times the median
for 6-Fe.

Page | 51



650 900 4
400 4 o 600 1
350 550 = 800 4
® ™ <
o a =
Z 300 < 5004 = 7001
£ E &
> 2 450 § @
§ 250 8 b=
A @ 400 ] & 6004
el z ©
g 200 4 K £
350 4 3
> 500
150 4 300 1
100 - 250 4 400 4
150 200 250 300 150 200 250 300 150 200 250 300
TW Critical Half-Length (mm) TW Critical Half-Length (mm) TW Critical Half-Length (mm)
0.475 4 300 4
R 64
0.450 7 250 5]
&
. 0.425 4 =z T
L ‘g 200 T 49
£ 0.4001 o g
= @ a 3]
h 2 150 4 s
& 0.375 4 5 Q
5 x 5]
2 100 4
0.350 S
14
0.325 50 4
04
0.300 — T T T T T T T T T T T
150 200 250 300 150 200 250 300 150 200 250 300
TW Critical Half-Length (mm) TW Critical Half-Length (mm) TW Critical Half-Length (mm)
Figure 6-2

Impact of Sampled Values on Critical Crack Length at Service Level A for Case WEC_AX_1
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Impact of Sampled Values on Critical Crack Length at Service Level A for Case CE_AX_1
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6.2.2 Transient Contribution to Growth

As discussed in Section 4.3, each of the base case runs includes multiple transients that drive
fatigue crack growth in the execution of PIPER-CASS. Figure 6-4 and Figure 6-5 show the relative
contribution of each transient to growth for cracks in the length and depth directions. The
relative contribution of the transients to crack growth is similar between WEC 1 and WEC 2 as
well as between CE 1 and CE 2, so only one case is shown for each component type. Any
transients not shown in these figures are minor contributors to crack growth and are lumped
into “Other.” Some transients do not contribute to crack growth because stresses are always
compressive (Ki,max < 0), the stress rate never exceeds the rise time threshold (1 ksi/hr

(6.9 MPa/hr)), or AK, is always below the threshold for growth (AKi ).

For the WEC base case (Figure 6-4), Trip A, Trip B, Heatup, and Cooldown contribute
approximately equally to and dominate growth both in the depth direction and in the length
direction. These transients are most severe due to the elevated RGTS at the ID during reactor
trip transients and the large rise times and pressure change during heatup and cooldown.

For the CE base case (Figure 6-5), the greatest contribution to the part-through-wall crack
growth (both depth-wise and length-wise, respectively) is due to the surge transients
representing insurge and outsurge events during heatup, cooldown, and hot standby. The
various loading and unloading transients, which also include insurge and outsurge events, drive
a further third of the growth.

100% A

[ s @S| sOther

_c';' 80% — ® Primary Side Leak Test
% I m Large Step Decrease
= 60% T
O 1 :
— i mTripC
) L
g 40% 1 Trip B
S 200 1 Trip A

0% Coold

Length (c) Depth (a) ® Looldown

Figure 6-4
Fraction of Growth by Transient for Axial Part-Through-Wall Cracks in Case WEC_AX_1
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Figure 6-5
Fraction of Growth by Transient for Axial Part-Through-Wall Cracks in Case CE_AX_2

6.3 Axial Cracking Sensitivity Studies

The PIPER-CASS software includes functionality to automate execution of a set of sensitivity
cases varying the values of designated inputs. The following subsections describe the set of
sensitivity studies performed. For each of these sensitivity studies, an input or set of input
values are changed to investigate the impact of that input on the model results. These
sensitivity studies specifically focus on inputs expected to have an impact on the simulation
results, or to investigate the impact of a given input or modeling decision with less precedent.
Sensitivity case results are shown in Table 6-2 through Table 6-5. Results that exceed the
acceptance criteria are in bolded red font. Temporal convergence sensitivity cases are discussed
separately in Section 6.4.1.

For both CE cases and WEC cases, the crack becomes an idealized TW crack due to collapse of
the remaining ligament, rather than becoming a TRN crack by growing to a depth of 95% of the
thickness. For cases starting with 6:1 aspect ratio cracks, rupture may occur simultaneously
with through-wall penetration if multiple cracks coalesced before growing through-wall, but
rupture often is simulated to occur after a few years of growth of the through-wall crack. The
absolute leakage probabilities in these results are low, demonstrating that defense-in-depth
(leak tightness) is maintained where ruptures do not occur.

6.3.1 Crack Growth Rate and WRS Sensitivities

Sensitivity Cases A and B analyzed the impact of fatigue crack growth modeling decisions on
rupture probability. Both of these input changes result in a modest increase in crack growth
rates, and a marginal increase in rupture probability for the CE 2 sensitivities that remains
within the acceptance criteria. As a result, the fatigue crack growth modeling decisions
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involving the crack growth factor of 0.8 and the specific distribution of Css are not significant
factors for the base cases considered.

Sensitivity Cases C and D explored the impact of WRS, with Sensitivity Case C resulting in
increases in crack growth comparable to Sensitivity Cases A and B—although the effect for WEC
cases would be smaller for deeper cracks. For WEC, Sensitivity Cases C and D resulted in no
simulated ruptures. For Sensitivity Case C of the CE 2 geometry, increasing the WRS (to over
50% of the ASME Code minimum yield strength for CF8M) results in one realization (of
1.92x10°) experiencing rupture.

6.3.2 Transient Sensitivities

The changes in transient importance for the transient sensitivities relative to the base case are
shown for WEC cases in Figure 6-6 for growth in the depth direction and in Figure 6-7 for
growth in the length direction. Equivalent figures for the CE cases are provided as Figure 6-8 for
growth in the depth direction and Figure 6-9 for growth in the length direction

Sensitivity Case E on WEC cases increases the heatup and cooldown temperature change rates
to the Technical Specification limit of 100°F/hr. The sensitivity results in about two-thirds more
growth than the base case, but margin to rupture remained in all realizations. In this sensitivity,
the contribution of the heatup transient to growth is much increased—about 40% of the overall
growth.

Sensitivity Case F considers increased transient frequencies and results in a similar amount of
growth as Sensitivity Case E. Because the relative increase in frequency differs by transient, the
fraction of growth by transients shifts some, but the same transients remain the most
important.

Sensitivity Cases H and | represent FPO: for all 80 years of operation for WEC and for 20 years
starting after 60 years of base load operation (80 years total) for CE. Comparing between H and
| for a given geometry shows the impact of power ramp rates. Sensitivity Cases H and | result in
more growth (and more ruptures in CE cases) for thicker pipe components. In WEC Sensitivity
Cases H and I, the higher frequency of loading and unloading transients due to FPO and the
more rapid ramp rates during those postulated FPO transients results in the 100% to 50%
power unloading transient being the largest contributor to growth of the crack over the years
of service.

Cumulative rupture probabilities over 80 years for the CE cases exceed the acceptance criteria.
When considering FPO, the various loading and unloading transients cumulatively dominate
growth, constituting about two-thirds of all part-through-wall crack growth in Sensitivity Cases
H and I. The presence of surges that rapidly change the coolant temperature in the surge line
results in substantial radial gradient thermal stresses that drive surface crack growth.
Comparing the CE FPO cases, the effect of ramp rate is small; the quantity of additional loading
and unloading transients (and the surges therein) is the parameter that increases the growth
and results in ruptures. Whereas the higher ramp rate in Sensitivity Case | results in faster

Page | 55



growth than Sensitivity Case H for WEC cases, the higher rise time associated with the longer
transient at a lower ramp rate balances out the growth for CE cases.

For some realizations, the CE sensitivities with FPO transients have a significant amount of
through-wall crack length growth before rupture. As shown in Figure 6-10, there is no
contribution from the surge transients that drive part-through-wall growth because RGTS,
which is self-balancing in the radial direction when the material and temperature are uniform in
the axial direction, is modeled to not drive growth of idealized through-wall cracks. The
transients with the largest contribution to through-wall crack growth are the leak test heatup,
and cooldown transients, which involve substantial increases in primary hoop stress due to
applied pressure.

Sensitivity Case M considers increased flow rates during several of the surge transients that
model insurge and outsurge occurrence during heatup, cooldown, and hot standby conditions.
During surge events, an increased flow rate increases the fatigue crack growth experienced due
to higher RGTS. Cumulative rupture probabilities over 80 years meet the acceptance criteria for
the CE 1 case and exceed the acceptance criteria for the CE 2 case.

6.3.3 Initial Crack Size Sensitivities

Sensitivity Cases G and K explore the impact of different initial crack sizes. Sensitivity Case G
explores the sensitivity to crack depth. For WEC, this sensitivity increases the initial crack depth
to 50% through-wall (a/t = 0.5) in order to demonstrate how the simulation predicts a
substantial likelihood of rupture when larger and larger initial cracks are assumed (in this case,
50% deep with a length of at least 84 inches (2.1 m)). Because of the very long assumed initial
crack length in WEC Sensitivity Case G (more than 20 times the base case length), cracks that
become through-wall are already greater than the critical length, so unstable rupture coincides
with through-wall penetration, leakage, and collapse of the remaining surface ligament. A
similar trend (of rupture coinciding with collapse of the remaining surface ligament) would be
expected if similar inputs were applied to both CE geometries; additional ruptures would occur
under this Sensitivity Case for CE geometries.

Sensitivity Case K for WEC uses the same crack length of at least 84 inches (2.1 m), but with a
depth of 33% of the thickness. No ruptures are simulated to occur for this case even though it
assumes an extreme initial crack that is well beyond the range expected considering the
required preservice examinations.

Sensitivity Case G for CE introduces a probabilistically sampled initial crack depth per the
distribution shown in Figure 4-9 based on the manufacturing flaw data assessed in Lapides [27]
and Appendix 2 of EPRI TR-100034 [28] for the case when pre-service radiography is credited
(see Section 4.7.4.1). This case meets the acceptance criteria for all Service Levels. A similar
trend is expected if the depth distribution were applied to both WEC geometries.

Sensitivity Case K for CE examines the sensitivity to initial crack length by postulating twice the
number of additional cracks in the same piping region. Sensitivity Case K in both CE geometries
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experiences ruptures but meets the acceptance criteria. This demonstrates how additional
crack coalescence events and longer crack segments result in an increased crack growth rate in
the depth direction. Increasing the number of initial cracks results in the fraction of realizations
in which coalescence occurs at the start of the simulation increasing from 61% to 94%.

Sensitivity Case N analyzes the growth of an idealized through-wall crack having the same
length as the initial cracks in case WEC_AX_1. Despite the higher stress intensity factor
associated with through-wall cracks than part-through-wall cracks, no ruptures are calculated
to occur for 80 years of simulation with this very conservative initial crack assumption.

6.3.4 Material Sensitivities

Sensitivity Case L examines the effect of using material properties for unaged CASS. Unaged
CASS has the original undegraded toughness and original yield and ultimate strength values not
increased by the aging process. This sensitivity case, which affects crack stability but not crack
growth, resulted in acceptably low rupture probability, with no simulated ruptures occurring in
the set of realizations performed.

6.3.5 Targeted Final Size Sensitivity

The purpose of the “reverse growth” Sensitivity Case O is to investigate the range of initial
through-wall crack lengths that could result in unstable rupture after 80 years of operation
(starting the reverse growth with a conservatively short critical through-wall crack length). The
growth is simulated backwards in time as a numerical convenience. The initial through-wall
crack length (2c) is set to the limiting critical crack size for the full range of material properties
sampled across all realizations and all Service Level stability loadings, which is calculated to be
10.7 inches (271 mm) under Service Level C/D. The 0.1t percentile crack size after the 80-year
period of reverse crack growth (approximately the 99.9%" percentile of crack growth) is 0.91 inch
(23 mm) smaller than the initial through-wall critical crack size.
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Table 6-2

Sensitivity Case Cumulative Probabilities of Occurrence over 80 Years for Sensitivity Cases Applied to WEC_AX_1

Cumulative Probability of Rupture
Case Name S?Nice Levels . . . Leakage
with Ruptures | Service Level | Service Level | Service Level

A B c/D
A None < 1E-6 < 1E-6 < 1E-6 < 1E-6
B None < 1E-6 < 1E-6 < 1E-6 < 1E-6
C None < 1E-6 < 1E-6 < 1E-6 < 1E-6
D None < 1E-6 < 1E-6 < 1E-6 < 1E-6
E None < 1E-6 < 1E-6 < 1E-6 < 1E-6
F None < 1E-6 < 1E-6 < 1E-6 < 1E-6
G ABC/D 3.53E-4 3.57E-4 2.75E-3 3.57E-4
H None < 1E-6 < 1E-6 < 1E-6 < 1E-6
I None < 1E-6 < 1E-6 < 1E-6 < 1E-6
K None < 1E-6 < 1E-6 < 1E-6 < 1E-6
L None < 1E-6 < 1E-6 < 1E-6 < 1E-6
N None < 1E-6 < 1E-6 < 1E-6 N/A

Table 6-3

Sensitivity Case Cumulative Probabilities of Occurrence over 80 Years for Sensitivity Cases Applied to WEC_AX_2

Service Levels

Cumulative Probability of Rupture

Case Name with Ruptures | Service Level | Service Level | Service Level Leakage
A B c/D

A None < 1E-6 < 1E-6 < 1E-6 < 1E-6
B None < 1E-6 < 1E-6 < 1E-6 < 1E-6
C None < 1E-6 < 1E-6 < 1E-6 < 1E-6
D None < 1E-6 < 1E-6 < 1E-6 < 1E-6
E None < 1E-6 < 1E-6 < 1E-6 < 1E-6
F None < 1E-6 < 1E-6 < 1E-6 < 1E-6
G ABC/D 9.43E-3 9.55E-3 6.90E-2 9.55E-3
H None < 1E-6 < 1E-6 < 1E-6 < 1E-6
I None < 1E-6 < 1E-6 < 1E-6 < 1E-6
K None < 1E-6 < 1E-6 < 1E-6 < 1E-6
L None < 1E-6 < 1E-6 < 1E-6 < 1E-6
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Table 6-4

Sensitivity Case Cumulative Probabilities of Occurrence over 80 Years for Sensitivity Cases Applied to CE_AX_1

Cumulative Probability of Rupture
Case Name S?Nice Levels . . . Leakage
with Ruptures | Service Level | Service Level | Service Level
A B c/D
A None < 1E-6 < 1E-6 < 1E-6 5E-7
B None < 1E-6 < 1E-6 < 1E-6 < 1E-6
C None < 1E-6 < 1E-6 < 1E-6 < 1E-6
D None < 1E-6 < 1E-6 < 1E-6 < 1E-6
G None < 1E-6 < 1E-6 < 1E-6 < 1E-6
H ABC/D 2.03E-5 3.33E-5 6.30E-5 6.04E-05
I ABC/D 2.34E-5 3.33E-5 7.03E-5 6.56E-05
J None < 1E-6 < 1E-6 < 1E-6 < 1E-6
K ABC/D 5E-7 5E-7 1.6E-6 1.0E-06
L None < 1E-6 < 1E-6 < 1E-6 < 1E-6
M None < 1E-6 < 1E-6 < 1E-6 < 1E-6
Table 6-5

Sensitivity Case Cumulative Probabilities of Occurrence over 80 Years for Sensitivity Cases Applied to CE_AX_2

Service Levels

Cumulative Probability of Rupture

Case Name with Ruptures | Service Level | Service Level | Service Level Leakage
A B c/D

A ABC/D 5E-7 5E-7 1.0E-6 2.1E-6
B ABC/D S5E-7 5E-7 S5E-7 5E-7
C B C/D < 1E-6 5E-7 S5E-7 5E-7
D None < 1E-6 < 1E-6 < 1E-6 < 1E-6
H ABC/D 7.97E-5 1.11E-4 1.80E-4 2.17E-04
I ABC/D 8.80E-5 1.14E-4 1.67E-4 2.04E-04
J None < 1E-6 < 1E-6 < 1E-6 < 1E-6
K ABC/D 5E-7 1.0E-6 2.1E-6 1.0E-06
L None < 1E-6 < 1E-6 < 1E-6 < 1E-6
M ABC/D 3.1E-6 4.2E-6 6.3E-6 6.8E-06
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and M

6.4 Convergence

6.4.1 Temporal Convergence

Temporal convergence is demonstrated by running three sensitivity cases at three different
timestep lengths. Axial cases are executed for an 80-year simulation time at a 5 day timestep
(t1 sensitivity), 25 day timestep (t2 sensitivity), and 50 day timestep (t3 sensitivity). Detailed
outputs are examined and compared between cases to ensure results are sufficiently
converged. Specifically, the cumulative growth and the growth caused by each transient is
compared between the three sensitivities. As shown in Table 6-6 for sensitivities on CE_AX_1,
the percent difference in cumulative growth never exceeds +/- 0.5% between any two of the
sensitivities, with growth due to any given transient consistent to within 1% for transients
contributing 5% or more of the total growth (within 8% overall). One factor contributing to
these minor differences may be that the number of transient occurrences in each timestep is
required to be an integer. Further refinement of the base timestep is unnecessary, given the
small difference between t1 and t2.

Further, the crack depth, crack length, aspect ratio, maximum K at the ID/surface, and
maximum K; at the OD/deepest point are qualitatively examined over the simulation time. No
significant differences were observed during this comparison.
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Table 6-6
Comparison of Cumulative Crack Growth for Temporal Convergence Sensitivity Studies

% Difference % Difference % Difference between

Key Transients between t1 and t2 between tl1 and t3 t2 and t3
Length Depth Length Depth Length Depth
Plant Loading -0.18% -0.28% 0.16% 0.16% 0.33% 0.44%
Plant Unloading -0.14% -0.23% 0.18% 0.18% 0.32% 0.42%
Surge, A150°F, High P -0.27% -0.37% 0.05% 0.07% 0.32% 0.44%
Surge, A200°F, High P -0.06% -0.17% 0.22% 0.22% 0.28% 0.39%
Surge, A250°F, High P -0.23% -0.35% 0.01% 0.04% 0.24% 0.39%
Surge, A320°F, High P -0.41% -0.45% 0.23% 0.22% 0.64% 0.68%
Surge, A150°F, Low P -0.20% -0.27% -0.06% -0.04% 0.14% 0.23%
Approx. Avg. Growth -0.16% -0.34% 0.14% 0.14% 0.30% 0.48%

6.4.2 Statistical Convergence

Due to the inherent discretization of Monte Carlo analyses and finite number of realizations,
there is some uncertainty on the precise values of the statistics generated from the analysis
results. This uncertainty is inversely related to the number of realizations included in the
analysis. For continuously variable parameters and where the result reflects the outcome of a
large number of realizations, this uncertainty is negligible relative to the outcome. For statistics
that are based on binary outcomes (e.g., rupture or no rupture), residual uncertainty remains
even if no realizations report rupture. This is reflected by the lower limit in reported values in
the probability of rupture results tables.

To ensure convergence, the number of realizations for base cases is selected such that either at
least 10 failures occur, or, for cases where no failures are calculated, the acceptance criteria are
considered to be met when the number of realizations exceeds the 10 times the inverse of the
allowable failure probability (e.g., 107 realizations for Service Level A, with an allowable failure
probability of 10®). Showing that the base case results meet the acceptance criteria with at
least one order of magnitude of margin (i.e., < 10”7 ruptures observed versus the limiting
acceptance criterion of 10®) meets category SC-1 for RG 1.245 [10]. The base case runs for a
total of 107 realizations are generated by running five separate analyses at 2x10° realizations,
which natively permits a bootstrapping analysis. For base cases with ruptures or leaks at
probabilities of < 10°®, the difference between each of the five cases is at most one occurrence
of the event, indicating good convergence.

This approach can be validated by calculating the probability of a simulation experiencing no

ruptures due to statistical non-convergence for the simulation time and number of realizations
modeled. Given N independent trials, the probability of observing zero occurrences of an event
having a probability, p, is given by the binomial distribution and can be simplified to Equation 1.
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P(O;N,p) = (1 — p)N Equation 1

where, in the context of statistical convergence versus the acceptance criteria:

p is the acceptance criterion corresponding to the maximum allowable probability
of rupture
N is the number of Monte Carlo realizations run

P(0; N,p) is the probability of observing no failure events in the conducted number of
realizations if the true probability of failure were to meet or exceed the
acceptance criterion

For the base cases, the probability that no failures would occur over 9.6x10° realizations if the
actual risk meets or exceeds the Service Level A acceptance criterion (the lowest allowable
failure probability, of 10°) is 0.01%. For the sensitivity cases having 1.92x108 realizations, the
equivalent probability is 15%. This gives high confidence that the fully converged failure
probability is less than the acceptance criterion for the base cases and reasonable confidence
for the sensitivity cases.
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7 CIRCUMFERENTIAL CRACKING RESULTS AND
DISCUSSION

7.1 Circumferential Cracking Base Case Results

The two base cases, for each of the main loop geometries, are described in Section 4.6 with
case numbering nomenclature defined in Table 4-9. The acceptance criteria are based on the
allowable rupture probability, as discussed in Section 5. Rupture probability results from PIPER-
CASS are the cumulative conditional probability of rupture during a 2 year period of continued
operation following flaw acceptance given the occurrence of the transient generating the
limiting loading for that Service Level.

Results for the base cases are shown for each Service Level in Table 7-1. Only for the WEC 1
geometry under Service Level D (faulted) loading is the rupture probability large enough to be
guantified for the number of realizations considered. As seen in Figure 7-1, the amount of crack
growth is predicted to be small for the period of continued operation versus the crack size
(multiple inches long).

Table 7-1
Base Case Cumulative Probabilities of Occurrence over 2 Years of Continued Operation
Service Cumulative Probability of Rupture
Case Name Levels with
Ruptures Service Level A | Service Level B | Service Level C | Service Level D
WEC_CIRC_1 D < 1E-7 < 1E-7 < 1E-7 8.3E-7
WEC_CIRC_2 None < 1E-7 < 1E-7 < 1E-7 < 1E-7
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Figure 7-1
Crack Length Growth Representative of Each Base Case
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7.2 Input and Transient Importance

In each of the base case realizations with ruptures, rupture occurs at the first timestep (before
any crack growth occurs). The sampled inputs in these realizations represent the intersection of
low material toughness (leading to a smaller critical crack size) and substantial undersizing of
the flaw at detection (i.e., an initial crack length larger than the nominal size, which is set to the
allowable size for the applied loads). Figure 7-2 shows the relationship between the value of
several sampled parameters and the critical through-wall crack length for a sampling of
realizations. The results of this assessment indicate similar factors are at play as for axially
oriented cracking, as described in Section 6.2.1. The reduction in the realizations with a critical
through-wall half-length at 0.8 radian (45.8°) is due to the plastic J-integral not being an entirely
smooth equation'8. Because the cracks being considered have a median half-angle (0) around
16° (roughly 0.3 or /11 radian), this discontinuity does not affect the results presented herein.

As seen in Figure 7-3, the majority of crack growth that does occur is due to the heatup,
cooldown, and OBE transients. These are all transients that include a sizable change in pressure
or mechanical stresses, which promote through-wall growth. Crack growth is of reduced
importance for the circumferential cracking cases in WEC main loop piping relative to axial
cracking because relatively little crack propagation occurs.

18 The xLPR-TWC_Fail method [54] results in a discontinuity in dJ/dO at © = /4 and /3 due to the shift from
equation 2.41 to 2.42 of NUREG/CR-4853.
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7.3 Circumferential Cracking Sensitivity Studies

Sensitivity case results are shown in Table 7-2 and Table 7-3 for cases based on WEC 1 and WEC
2 geometries, respectively. The following subsections describe the results.

7.3.1 Crack Growth Rate, WRS, and Transient Sensitivities

Whereas substantial crack growth occurs in some cases evaluating axially oriented cracking, the
much shorter duration evaluation for circumferentially oriented cracking deemphasizes the
importance of sensitivity cases that predominantly impact the amount of crack growth. These
sensitivities on fatigue crack growth rate (FCGR) parameters (A and B) and transients (E, F, and
H) have a negligible to modest impact on the probability of rupture. Figure 7-4 depicts the
fraction of crack growth that is caused by each transient for some of these key cases. As
expected, Sensitivity Case E increases the growth due to heatup and cooldown, and Sensitivity
Case F increases growth due to 5% power change loading and unloading transients due to the
factor of 10 increase in their frequency.

Since the axial stress from WRS is self-balancing through the wall, it does not contribute
significantly to through-wall crack growth. Consequently, Sensitivity Case C with a weld repair
WRS profile is evaluated using a part-through-wall crack, and its effect is observed by
comparing against Sensitivity Case G. For Sensitivity Case C, depth growth is faster due to less
compressive WRS over the first half of the thickness (see Figure 4-5), but length growth is
slower because of the greater magnitude of compressive WRS at the ID surface. There are no
realizations with ruptures in either Sensitivity Case C or G.

7.3.2 Initial Crack Size Sensitivities

Sensitivity Case G assesses the growth of a 50% part-through-wall crack to ensure that the
growth and stability of through-wall cracks bounds shallower ones. Despite being influenced by
WRS and RGTS, Sensitivity Case G has slower length growth than the through-wall cracks in the
base case; it does not include any realizations with ruptures.

The probability of rupture for Sensitivity Case P is within an order of magnitude of the
acceptance criterion for Service Level D loading. Over 90% of the ruptures in this case occur
prior to any crack growth, highlighting that the limiting factor is, as with the base case, the
intersection of low material toughness and substantial flaw undersizing (i.e., a longer sampled
initial crack length). The realizations that rupture after one or more time steps of crack growth
are already very close to the critical crack size at instantiation. The results of Sensitivity Case P
highlight the importance of flaw length sizing uncertainty on the PFM results. For larger
uncertainties (i.e., RMSE on 20 over 1.0 inch), the probability of rupture would increase above
the acceptance criteria for a nominal (i.e., measured) crack length of 20 = 32°. To meet the
acceptance criteria with larger sizing uncertainties, the nominal crack length could be
shortened.
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7.3.3 Material and Loading Sensitivities

Sensitivity Case L examines the effect of using material properties for unaged CASS (higher
toughness but lower strength in the PFM), and it results in no simulated ruptures occurring in
the set of realizations performed. The other material Sensitivity Cases (Q and R) affect multiple
aspects of the PFM due to the increased allowable loads for these cases and, in the case of
Sensitivity Case Q for CF8, the increased FCGR coefficient. The allowable loads for Sensitivity
Case R are greater than those for Sensitivity Case Q. Both of these cases yield no realizations
with ruptures, and the two cases have similar increases in the amount of crack growth.

The probability of rupture for Sensitivity Case S, which increases membrane stress, is within an
order of magnitude of the acceptance criterion for Service Level D loading. As with Sensitivity
Case P, over 90% of the ruptures occur prior to any crack growth. Whereas Sensitivity Case P
resulted in an increase in the rupture probability due to an increase in the initial crack size,
Sensitivity Case S yields a similar effect by reducing the through-wall crack critical length. Given
that both the base case and Sensitivity Case P apply their respective loadings that yield stresses
equal to the maximum allowable, the increase in probability of rupture for this sensitivity case
reflects the reduced margin in the Nonmandatory Appendix C combined loading approach for
increased but allowable membrane stresses.

Table 7-2
Sensitivity Case Results for WEC_CIRC_1
Case Service Levels Cumulative Probability of Rupture
Name | with Ruptures Service Level A Service Level B Service Level C Service Level D
A D < 1E-6 < 1E-6 < 1E-6 5E-7
B D < 1E-6 < 1E-6 < 1E-6 5E-7
C None < 1E-6 < 1E-6 < 1E-6 < 1E-6
E D < 1E-6 < 1E-6 < 1E-6 1.0E-6
F D < 1E-6 < 1E-6 < 1E-6 2.1E-6
G None < 1E-6 < 1E-6 < 1E-6 < 1E-6
H D < 1E-6 < 1E-6 < 1E-6 5E-7
L None < 1E-6 < 1E-6 < 1E-6 < 1E-6
P CD < 1E-6 < 1E-6 4.7E-6 3.80E-5
Q None < 1E-6 < 1E-6 < 1E-6 < 1E-6
R None < 1E-6 < 1E-6 < 1E-6 < 1E-6
S D < 1E-6 < 1E-6 < 1E-6 3.44E-5
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Table 7-3

Sensitivity Case Results for WEC_CIRC_2

Case Service Levels Cumulative Probability of Rupture
Name | with Ruptures Service Level A Service Level B Service Level C Service Level D
A None < 1E-6 < 1E-6 < 1E-6 < 1E-6
B None < 1E-6 < 1E-6 < 1E-6 < 1E-6
C None < 1E-6 < 1E-6 < 1E-6 < 1E-6
E None < 1E-6 < 1E-6 < 1E-6 < 1E-6
F None < 1E-6 < 1E-6 < 1E-6 < 1E-6
G None < 1E-6 < 1E-6 < 1E-6 < 1E-6
H None < 1E-6 < 1E-6 < 1E-6 < 1E-6
L None < 1E-6 < 1E-6 < 1E-6 < 1E-6
P D < 1E-6 < 1E-6 < 1E-6 2.1E-6
Q None < 1E-6 < 1E-6 < 1E-6 < 1E-6
R None < 1E-6 < 1E-6 < 1E-6 < 1E-6
S D < 1E-6 < 1E-6 < 1E-6 3.6E-6
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Fraction of Growth in Length by Transient for WEC_CIRC_1 and Sensitivity Cases
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7.4 Convergence

A temporal convergence study was also performed for the circumferential cracking cases using
the same timesteps as for the axial cracking cases. A comparison of the detailed outputs
indicates that results are sufficiently converged. Specifically, Table 7-4 shows the percent
difference in cumulative growth is within +/- 0.6% among the three sensitivities, with growth
due to any given transient consistent to within 3% for transients contributing more than 5% of
the total growth (within 8% overall). Further refinement of the base timestep is unnecessary,
given the small difference between t1 and t2.

As with the axial cases, the circumferential base case runs for a total of 107 realizations are
generated by running five separate analyses at 2x10° realizations. For base cases with ruptures
or leaks at probabilities of < 10°®, the difference between each of the five cases is at most one
occurrence of the event, indicating good convergence.

(Tiaotr)riep;ion of Cumulative Crack Growth for Temporal Convergence Sensitivity Studies
Difference in Length Growth

Key Transients
tlvs. t2 t2 vs. t3 tlvs. t3
Heatup 0.15% 0.33% 0.49%
Cooldown 1.28% -0.92% 0.35%
Loading 5% 1.41% -0.17% 1.24%
Unloading 5% 1.50% -0.46% 1.04%
Loading 50%-100% -0.26% 0.50% 0.24%
Unloading 100%-50% -0.13% -0.01% -0.14%
OBE -1.72% 2.70% 0.93%
Approx. Average Growth 0.06% 0.50% 0.57%

7.5 Assessment of Margin on Siress

In addition to a PFM assessment of the acceptability of the alternative flaw evaluation approach
proposed in Section 3, a deterministic evaluation of the margin was performed by plotting the
maximum allowable bending stress and the critical bending stress for different crack sizes.
Figure 7-5, generated from the base case material definition at the median strength and
toughness, shows how there is greater margin on through-wall crack stability (indicated by the
distance between the blue solid and dashed lines) for shorter cracks. Where the part-through-
wall crack critical stress is lower than the through-wall critical stress, instability of a part-
through-wall crack would yield ligament collapse; above the through-wall critical stress, rupture
would result. For comparison, Figure 7-6 plots the critical stresses using the median strength
but 1%t percentile of toughness parameters. Margin is also reduced for lower structural factors.
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These plots illustrate why the proposed approach has a maximum limit of applicability, and the
monotonic nature of the changing margin for through-wall crack length confirms that the
largest allowable flaw length for which this methodology is validated by the PFM bounds
shorter flaws.
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Figure 7-5
Comparison of Allowable and Critical Bending Stress by Crack Size (Median Toughness)
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Comparison of Allowable and Critical Bending Stress by Crack Size (1°! Percentile Toughness Parameters)

7.6 Consideration of Surge Line Piping Components

The proposed flaw evaluation methodology is not applicable on a generic basis to surge line
piping components. Transient information applicable to CE surge line locations includes a
substantial frequency of stratification and surge events that are expected to be conservative
versus the actual transient count in a given fuel cycle, particularly for plants that maintain
pressurizer outflow during heatup, cooldown, and hot standby. Stratification events generate
global bending stresses that promote growth of cracks in the PFM evaluation. Together with
the distributions that include conservatively low toughness material, prediction of ruptures can
exceed the acceptance criteria. A plant-specific analysis for which less severe as-aged material
toughness or less severe transient definitions are appropriate could be used to justify the
proposed flaw evaluation methodology and determine an appropriate limit of applicability.
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8 UNCERTAINTIES

As described in Section 2 and Appendix B, the models in PIPER-CASS are largely adapted from
XLPR modules. Detailed discussion of sources and treatment of uncertainty for these xLPR
modules is provided in the xLPR Uncertainty Report [35]. This xLPR report provides significant
discussion of input variable uncertainty, model uncertainty, model parameter uncertainty, and
completeness uncertainty. Consequently, this section focuses on key input or modeling
uncertainties and assumptions that apply to PIPER-CASS but not to xLPR (i.e., uncertainties not
covered in the xLPR Uncertainty Report).

In addition to the discussion in xLPR Uncertainty Report [35] of xLPR modules relevant to PIPER-
CASS, the key uncertainties are as follows:

Single-loop Monte Carlo: Unlike xLPR, the framework of PIPER-CASS does not contain a dual-
loop structure to separately handle aleatory and epistemic uncertainties. Although
separation of sampled uncertainties into epistemic and aleatory uncertainties is a method
for obtaining an improved understanding in uncertainties of an analysis output, the simpler
single-loop structure is sufficient given the extremely low failure probabilities obtained.
Under these circumstances, there would be little advantage gained from separating
epistemic and aleatory uncertainties. Furthermore, sensitivity studies are then leveraged to
determine the importance of uncertainty on different input parameters.

Fracture toughness: Uncertainty in aged fracture toughness and aged flow strength of CASS
material is a key source of overall modeled uncertainty because these parameters
essentially control the critical crack size. This source of uncertainty was addressed as
detailed in Section 4.2 by calibrating the input parameters to achieve the overall variability
and correlation apparent in available data. Additionally, the inputs captured the potential
for as-aged material strength to be below the Section II-D minimum and for the material
toughness to be below the “lower bound” value from NUREG/CR-4513, Rev. 2 [3].

Material strength, as aged: Limited data are available for the as-aged yield and ultimate
tensile strengths of CF8M materials. This source of uncertainty was assessed as discussed in
Section 4.2.2 by considering the available data and with comparison against an aging factor
applied to strength data for unaged material. Furthermore, as shown in the input
importance study documented in Sections 6.2.1 and 7.2, the critical crack length is more
directly correlated to the toughness than the material strength. This means that the limited
data for aged strength values are not key to the stability modeling.

Component geometry and material: The PFM modeling assumes that the flaw or flaws are
propagating as cracks and located in a section of straight pipe. As discussed in Section 4.1,
this assumption is appropriate considering that the examination coverage required by
Subarticle IWB-2500 (Examination Categories B-F and B-J) includes the weld and a short
section of base metal on either side of the weld. Per the requirements of IWB-3641, the
procedures in Nonmandatory Appendices C and H of ASME Code, Section XI, which are
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based on equations applicable to a section of straight pipe, are applicable to a flaw in the
initial portion of an elbow closest to the adjoining weld.

As also discussed in Section 4.1, the effect of differences in pipe diameter and wall thickness
for the subject piping lines (WEC main loop CASS piping and CE surge line CASS piping) are
explicitly assessed in the set of PFM base cases (Table 4-9). The WEC cases reflect the range
of main loop piping diameters, with wall thickness specified to increase with pipe diameter.
The CE cases reflect the reduced wall thickness at the similar metal welds, as well as the
variation in the value of this reduced wall thickness among the CE plants with CASS surge
lines.

XLPR explicitly models the different material regions making up a dissimilar metal weld,
whereas PIPER-CASS applies a simplified model of a single material representing a section of
straight piping, inclusive of any welds. Furthermore, for dissimilar metal welds, the standard
approach for evaluating stability considers the material strength properties from the base
metal and the toughness properties from the weld metal. However, for the aged CASS
components evaluated in this effort, the toughness of the CASS base metal is degraded and
becomes limiting. Thus, both material strength and toughness properties for the aged CASS
base metal material are therefore applied in PIPER-CASS, with no need to consider multiple
material zones.

Flaw shape: Because the shape of flaws growing by fatigue tends to be more regular than
the branching intergranular growth of cracks by primary water stress corrosion cracking
(PWSCC), the uncertainty associated with assuming idealized planar crack shapes is reduced
for PIPER-CASS relative to xLPR.

Transient scheduling: In PIPER-CASS, the occurrence of transients is sampled (discussed in
Section B.3.2) to reflect epistemic uncertainty in the time and frequency at which transients
occur at different plants. Including this uncertainty in transient scheduling is of greater
importance for PIPER-CASS because fatigue crack growth is dominant for CASS material. In
contrast, xLPR, which was developed with a focus on PWSCC but also models fatigue
cracking, applies a deterministic transient schedule based on a user-input frequency and
number of cycles per event.

Transient pressure and temperature time histories: This report applies the transient
histories in MRP-393 [22] for WEC cases, which reflect example best-estimates of typical
plant transients. Additionally, the frequency of transient occurrence is set to appropriately
reflect realistic plant operating practices, rather than the higher design basis frequency.
Sensitivity studies (Sections 6.3.2 and 7.3.1) are executed to address the potential effect of
more severe transients or more frequent transients.

For axial cracking, these sensitivity studies included the effect of additional loading and
unloading transients due to flexible power operation for 20 years (CE cases) or 80 years
(WEC cases) out of an 80 year plant life for each component geometry considered. As a
further sensitivity on the best-estimate transient frequencies for WEC cases, a sensitivity
study increased the frequency of each transient by a factor of 1.3 to 12. The Heatup and
Cooldown transients drive crack growth for WEC cases, so a more aggressive variant of
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these transients was also considered with temperature histories changing at a rate of
100°F/hr (55.6°C/hr), the maximum allowed rate for typical PWR technical specifications.
For circumferential cracking, similar sensitivity studies for transients during one fuel cycle of
continued operation (2 years) are included, although the amount of crack growth in base
cases and sensitivities is small. In this manner, the analyses address the variability across
the industry of RCS transients resulting in fatigue loading.

If a transient time history is assumed to be truncated prior to reaching equilibrium, a non-
conservatism may be applied in the fatigue crack growth inputs, as the rise time may be
truncated. In this effort, the potential for truncated transient time histories was assessed
and addressed by (if needed) adding an additional point to the end of the transient time
history to allow the pipe temperature to equilibrate. Allowing for equilibration of the pipe
temperature following a transient produces more realistic crack growth results.
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9 CONCLUSIONS

This report describes the new PFM analysis code for analysis of CASS piping components, PIPER-
CASS. In this report, PIPER-CASS is applied to evaluate the need for NDE capable of detecting
axial flaws in CASS surge line or CASS main loop piping and the need for NDE capable of depth-
sizing circumferential flaws in CASS main loop piping. The results support development and
revision of examination requirements to accommodate the current NDE limitations for CASS
piping components in PWRs. Specifically, this report documents the results of the project scope
for CASS components with axially and circumferentially oriented cracks present in the main
loop piping of WEC PWRs and surge line piping of CE PWRs. The key conclusions related to axial
and circumferential cracking are presented in the following sections.

For both axial and circumferential cracking, a nominal &-Fe content of 40% in CF8M material
was assumed in the analyses performed to bound the full range of CASS piping material. The
analyses modeled the influence of degraded toughness for fully thermally aged CF8M material
with a nominal &-Fe content of 40%, with consideration of EPFM fracture of both part-through-
wall and through-wall axial cracks.

9.1 Axial Cracking

Primary Result for Axial Cracking
The available PFM modeling results show that periodic examination to
detect axially oriented flaws is unnecessary to ensure pipe structural and
leak tight integrity of WEC main loop CASS piping under base load operation
or FPO and of CE surge line CASS piping for base load operation.

In addition to the primary result stated in the box above, further conclusions of the axial
cracking scope are as follows:

e PFM modeling under normal base loading conditions yields a rupture probability that meets
the acceptance criteria in Table 5-1 to cover 80 years of operation for WEC main loop piping
and CE surge line piping.'® Furthermore, the relevant base and sensitivity cases for WEC
main loop piping and CE surge line piping under normal base loading conditions showed
extremely low cumulative probabilities of leakage (i.e., below 10* over 80 years).

e Surge lines in CE plants operating under FPO have an increased concern for fatigue crack
growth due to the potential for a large number of insurge/outsurge transients to be
triggered by FPO power shifts.

19 As discussed in Section 5, the acceptance criteria ensure a rupture risk comparable or below that implied for
ASME Code Section Xl for acceptance of flaws when material behavior is fully ductile and fracture toughness is not
limiting.
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For CE surge line piping, the PFM analyses including FPO explicitly consider the thermal
gradient stresses associated with insurge and outsurge events conservatively assumed to
occur with each change in power level in addition to such events during heatup, cooldown,
and hot standby. Given the fatigue crack growth predicted under this conservative
assumption, the results show that 20 years of FPO (following 60 years of base loaded
operation) does not meet the acceptance criteria. The number of flow reversals in the surge
line during FPO has a greater effect on fatigue crack growth than the power ramp rate, and
the flow rate during surge events is also a significant factor. Given the potential role of
insurge/outsurge transients triggered by FPO power shifts, this report does not conclude
that periodic examinations are unnecessary to detect axially oriented flaws in CE surge line
CASS piping under FPO.

For WEC main loop piping, the PFM cases specific to FPO show acceptable results for

80 years of FPO. The analyses show a benefit for significantly reduced fatigue crack growth
when the power ramp rate is limited to less than 0.5% per minute for routine loading and
unloading operations, based on the results for WEC main loop piping cases. Furthermore,
the relevant base and sensitivity cases for WEC main loop piping under FPO conditions
showed extremely low cumulative probabilities of leakage (i.e., below 10 over 80 years).

The initial crack conditions applied in the analyses robustly address the possibility of
degradation due to fatigue crack growth. Fatigue crack growth for 80 years is modeled to
bound the concerns for both fatigue crack initiation and manufacturing flaws. Based on data
for CASS material crediting preservice radiographic testing, an initial crack depth of 25%
through-wall is applied as the baseline initial crack depth. Furthermore, the potential for
coalescence of multiple pre-existing initial cracks on the same axial growth plane was
explicitly considered in the analyses.

Performance monitoring for hypothesized cracking degradation of CASS piping components
in the subject piping systems is ensured by the requirements for detection of
circumferentially oriented flaws and axially oriented flaws extending into dissimilar metal
weld locations. Because the potential causes of axial fatigue cracking (local thermal radial
gradient stresses and pressure fluctuations) yield biaxial stresses, instances of axially
oriented cracking are likely to be associated with some amount of circumferential cracking.
Additionally, examinations of the non-CASS material at dissimilar metal welds would
provide an opportunity to detect axial cracking propagating from the CASS material.
Furthermore, there have been very few such instances of cracking in stainless steel at
inspectable locations analogous to the in-scope locations with CASS. Continued inspection
of these non-CASS areas provides further performance monitoring.

The above conclusions are supported by a robust set of sensitivity studies that address the
modeling and input uncertainties.
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9.2 Circumferential Cracking

Primary Result for Circumferential Cracking

The available PFM modeling results show that an alternative flaw evaluation
methodology that does not rely on depth sizing information ensures pipe
structural integrity for one fuel cycle (2 years) of continued operation when
applied to circumferential cracking in WEC main loop CASS piping
components.

Flaws with an end-of-evaluation-period full-length (20) of 32° or less meet
the limit of applicability regardless of depth.

In addition to the primary result stated in the box above, further conclusions of the
circumferential cracking scope are as follows:

e The alternative flaw evaluation methodology, summarized in the following subbullets,
applies to plants performing both base load operation and FPO.

— Following detection of a circumferential flaw, determine the flaw length in accordance
with a qualified length sizing process.

— Assuming the flaw is an idealized through-wall crack (a/t = 100% and equal angular
extents at the ID and OD), determine the end of evaluation period size by performing a
deterministic crack growth calculation.

— Compare the crack length at the end of the evaluation period against the limit of
applicability (20 of 32°), and compare the design loads against the allowable bending
and membrane stresses calculated per C-6320 using a/t = 1.0. If crack length and the
design loads are both lower, then the flaw is acceptable for one fuel cycle of continued
operation.

e Applying the acceptance criteria in Table 5-1, PFM modeling under FPO conditions
(bounding of base load conditions) showed acceptable results for cumulative probability of
rupture for two years of continued operation following detection of a flaw with an end-of-
evaluation period full-length (20) of 32°.

A component- or plant-specific analysis that could justify less conservative transient or
material toughness inputs may demonstrate the acceptability of the alternative flaw
evaluation methodology for CASS surge line piping components or for flaws with a full-
length (20) longer than 32° in CASS main loop piping components.

e The assumption of an idealized through-wall crack for both the PFM and modified flaw
evaluation methodology removes the need to have a qualified depth sizing process.
Assuming the presence of an idealized through-wall crack since time zero (the start of the
evaluation period) is a conservative approach from a stress intensity factor and crack
stability standpoint. A sensitivity case demonstrates it is also conservative for fatigue crack
growth versus a part-through-wall crack.
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e A qualified length-sizing process with an uncertainty of RMSE = 0.75 inch on the full crack
length (20) meets the acceptance criteria. A slightly larger length sizing uncertainty can also
be accommodated, but a shortened limit of applicability may be necessary to support
values of RMSE beyond 1.0 inch.

e The above conclusions are supported by a robust set of sensitivity studies that address the
modeling and input uncertainties.

The alternative flaw evaluation methodology is compatible with repeated use on a given flaw,
with the PFM technical basis being valid for one fuel cycle (2 years) from the latest examination
of the flaw. The methodology is intended to supplant the IWB-3640 flaw evaluation
methodology (including the limitation of the acceptable depth to a/t < 75%). However, other
requirements may still limit the acceptability of returning the flawed component to service,
such as Technical Specification requirements disallowing operation with pressure boundary
leakage. The alternative flaw evaluation methodology is not generically applicable to surge line
piping components.

9.3 Applicability to Other Piping Components

The applicability of the WEC main loop piping results to CASS locations in the main loop piping
of B&W, CE, and AP-1000 plants (i.e., at the RCP nozzles) was evaluated to determine whether
the WEC results can be leveraged as a basis for exclusion of examination for axial flaws in CASS
material without dedicated analyses of each of the relevant RCP locations. Note that this does
not include the weld between the RCP nozzle and SG nozzle in the AP-1000 design. To
determine the applicability of the results, key geometries and loads for each of the relevant
locations were identified and compared to the WEC geometries and loads. Key parameters
affecting the PFM evaluations include pressure stresses, piping loads affecting subcritical
growth (for circumferential cracking), pipe wall thickness, and transient profiles. These are
discussed below and summarized in Table 9-1.

Hoop pressure stresses drive axial crack stability and thus are a key point of comparison
between the WEC CASS main loop piping and the B&W, CE, and AP-1000 RCP main loop CASS
locations. The hoop pressure stresses calculated for the WEC locations are bounding of the CE
and AP-1000 locations and are representative of the B&W locations, where the B&W hoop
pressure stress is about 6% greater than that of the bounding WEC location.

Similarly, the axial pressures stress for the WEC locations bound the CE and AP-1000 locations
and is within 6% of the B&W location. Differences in static piping loads between components
and locations are of reduced importance for the circumferential cracking results because the
analysis methodology sets the loads to yield the maximum allowable stress, rather than being
based on loads typical for one class of component.

Wall thickness affects both the distance over which cracks must grow to become through-wall
as well as the magnitude of the gradient stresses. Larger wall thicknesses extend the distance
over which cracks must grow but also result in larger RGTS that contribute to fatigue crack
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growth. Therefore, the effect of wall thickness on crack growth and probability of rupture is not
monotonic. The WEC analyses consider wall thicknesses of 2.32 inches and 3.09 inches, which
approximately bound the thicknesses of each of the B&W (2.5 inches), CE (3.1 inches), and
AP-1000 (2.56 inches) locations and demonstrate that structural and leak tight integrity is
maintained for a range of pipe thicknesses.

The results of the PFM analyses demonstrate that axial and circumferential crack growth in
WEC CASS main loop piping is driven by transients with large rise times and large pressure
changes, namely heatup and cooldown transients. The heatup and cooldown transient profiles
among the designs do not differ substantially and support the conclusion that the WEC heatup
and cooldown transients for main loop piping [22] are representative of the B&W, CE, and AP-
1000 locations.

Applicability of WEC Main Loop Piping Results to Other Plant Designs

Comparison of the geometry and load differences, including hoop stresses,
wall thickness, and dominant transient profiles, shows that the conclusions
of the PFM analyses for WEC CASS main loop piping extend to CASS locations
at RCP nozzles in B&W, CE, and AP-1000 plants.

Table 9-1
Geometry and Load Differences for CASS Locations in WEC, B&W, CE, and AP-1000 Plants
Norm. Avg. Hoop Avg. Axial
Case/ ID oD t Op. P Pressure Pressure
Component (inch) (inch) (inch) | Ri/t (psig) Stress (ksi) | Stress (ksi) Ref.
This
Case WEC 1 22.9 27.5 2.32 4.9 2,250 11.1 5.1
report
This
Case WEC 2 31.4 37.6 3.09 5.1 2,250 11.4 5.2
report
B&W.RCP 28 33 2.5 5.6 2,155 12.1 5.5 [36], [37]
Suction
B.&W RCP 28 33 2.5 5.6 2,155 12.1 5.5 [36], [37]
Discharge
CE R.CP 29.9 36.1 3.1 4.8 2,250 10.9 4.9 [38]
Suction
.CE RCP 29.9 36.1 3.1 4.8 2,250 10.9 4.9 [38]
Discharge
AP_.IOOO RCP 22 27.1 2.56 4.3 2,235 9.6 4.3 [39]
Discharge
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9.4 Suggested Focus Areas for Future Developments

Key challenges in the development of qualification requirements for UT inspection of CASS
piping components (i.e., a Section XI, Mandatory Appendix VIII, Supplement 9) have included
the challenges in demonstrating the detectability of axial cracking in CASS and the depth sizing
of circumferential cracking in CASS. This report provides a basis for acceptance of
circumferential flaws in main loop piping components without depth sizing information and for
the structural integrity of CASS piping in the presence of undetected axial cracking. ASME Code
Committee actions have been initiated within Task Group Inspectability with the goal of
developing ASME Code Cases to implement the alternative inspection requirements for axial
cracking and the alternative circumferential flaw evaluation methodology.

Given the results and conclusions of this report, it is suggested to focus on demonstrating the
following UT inspection capabilities:

e UT length sizing capabilities for circumferential cracking capable of meeting a sizing
uncertainty (RMSE) of 1.0 inch or less. For circumferential cracking in the main loop piping,
increases in the RMSE beyond 1.0 inch would decrease the maximum measured flaw length
for which the proposed flaw evaluation methodology is applicable.

e UT depth sizing capabilities for circumferential cracking in the relatively thinner CASS piping
components applicable to surge line geometry. The proposed circumferential flaw
evaluation methodology is not generically applicable to these locations.
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A MATERIAL DATA

The material data in Appendix E of MRP-362 Rev. 1 [13] for fully aged CF8M at approximately
600°F is applied to develop input distributions for the PIPER-CASS runs performed in this report.
Table A-1 contains the material strength and toughness information applied herein. For heats
“75” and “AA” that had multiple toughness specimens for a single material heat with a single
value of strengths, the toughness (as expressed by Jo.0s) was averaged between the two

specimens.

For convenience, a column is also provided in Table A-1 for the value of Jo0s normalized to 25%
6-Fe using the relations for centrifugally cast material in NUREG/CR-4513 Rev. 2 [3]. Similar
values would be obtained using the relations for statically cast material. To estimate Cy sqt USing

the &6-Fe, the fitted equation in Figure 39 of that report is applied.

Table A-1
Material Data (from Appendix E of MRP-362 Rev. 1 [13])
Jo.osinch
Ultimate Normalized to
Yield Strength Strength Jo.osinch 25% 6-Fe
Heat [MPa (ksi)] [MPa (ksi)] 8-Fe [%] [kJ/m2 (Ib/in)] | [kJ/m? (Ib/in)]
75 [t/c] 254.4 (36.9) 575.7 (83.5) 24.8 365.9 (2,090) | 362.1(2,068)
205 175.1 (25.4) 502.6 (72.9) 21.0 470.0 (2,684) | 375.8 (2,146)
74 217.9 (31.6) 488.8 (70.9) 15.5 444.4 (2,538) | 240.8 (1,375)
AA [1/2] 199.9 (29.0) 489.5 (71.0) 10.3 673.3 (3,845) | 218.5(1,248)
pipe 171.0 (24.8) 503.3 (73.0) 15.3 505.3 (2,886) | 269.3 (1,538)
C 210.3 (30.5) 630.2 (91.4) 23.1 246.2 (1,406) | 222.5(1,271)
D 230.3 (33.4) 627.4 (91.0) 17.4 269.3 (1,538) 169.2 (966)
E 250.3 (36.3) | 730.8 (106.0) 23.0 107.2 (612.0) 96.3 (550)
3296 383.3 (55.6) 643.3 (93.3) 33.8 63.6 (363) 93.6 (534)
4331 333.0 (48.3) 672.2 (97.5) 23.9 125.7 (718) 118.7 (678)
2/3 elb 259.9 (37.7) 661.9 (96.0) 30.0 76.2 (435) 96.2 (550)
A 275.8 (40.0) 679.1 (98.5) 32.0 100.0 (571) 137.2 (784)
elb 222.7 (32.3) 584.0 (84.7) 27.0 62.5 (357) 69.0 (394)
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B DESCRIPTION OF PIPER-CASS PFM CODE

The PIPER-CASS (Piping Integrity Probabilistic Evaluation for Reactors — Cast Austenitic Stainless
Steel) PFM code focuses on modeling of fatigue crack growth and stability of CASS piping
components, including thermally aged material with low toughness. This PFM code applies
many of the same models as the xLPR program, but it applies them within a framework that

promotes scalability and productivity for power users.

Table B-1

Module Comparison Versus xLPR

Module Name

Description

Relation to xLPR

Simulation
Framework

Performs the Monte Carlo analysis
(including random sampling and
time loop); handles input/output,
including numeric results,
visualizations, and plain-text
logging to file

Entirely new;

Implemented in Python instead of GoldSim
to avoid limitations of graphical
programming (e.g., provides improved
performance and version control)

Post-Processing

Automatically saves text files
containing results and generates
relevant figures

Entirely new

Models the probabilistic and
correlated nature of material

Significantly different;
PIPER-CASS includes relationships

stresses from plant transients
(precalculated)

Materials . . i fahility i
properties including strength and reflect'lr;g nature.of \{arllabl.llty in CA|SS-
toughness material properties, including correlation

among YS, UTS, and toughness

Loadin Determines the stresses due to Same models, with extended functionality

g steady-state loading to distinguish between Service Levels
Calculates stresses and loading
Stress . A Same models
applicable to growth and stability
Same models, with extended functionality;
Models the occurrence and In PIPER-CASS, modu!g is au'tomatlcally'run
. temperature/pressure driven by program,. a.n.d addltlonallln-puts prow.de
Transients greater flexibility when defining operating

transients (e.g., arbitrary number of
transients with different flow rates and
thermal solver time steps)

Stress Intensity
Factor

Performs the calculation of stress
intensity factors by universal
weight function method
(precalculated for transient
loadings)

Same models

Crack Growth

Calculates growth of cracks due to
fatigue

Same model, for CASS fatigue

Crack Transition

Models crack evolution from part-
through-wall to through-wall

Same models
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Module Name Description Relation to xLPR

Models interaction of multiple
coplanar cracks (IWA-3330 Same models
proximity rules applied)

Crack
Coalescence

Performs net section collapse Same NSC models and TW EPFM model,
(NSC) and elastic plastic fracture with extended functionality;

Axial Stability mechanics (EPFM) stability checks | PIPER-CASS has improved numeric solver
on axially oriented cracks (like for through-wall crack stability, and it adds
XLPR, stability is checked a part-through-wall crack EPFM stability
independently for each crack) model

Same NSC models and TW EPFM model,

Performs NSC and EPFM stability with extended functionality;

checks on circumferentially

Circumferential . .
oriented cracks; multiple crack

PIPER-CASS has improved numeric solver

Stability stability of all co-planar cracks by for through-wall crack stability, and 'it.adds
NSC a part-through-wall crack EPFM stability
model

B.1 Model Instantiation

The pre-processing phase of the framework includes all subroutines and functions necessary to
transform user inputs into the full data structures required for processing the time loop. In
general, PIPER-CASS is designed to perform as many realization-invariant and time-invariant
calculations during pre-processing as possible to reduce the computational impact of repeated
computations within the time loop. Loads, stresses, stress intensity factors for transients, and
critical crack sizes for through-wall cracks are all precalculated. The critical size for part-
through-wall cracks is not precalculated (see Section B.8 for more details).

Inputs to PIPER-CASS can be specified as deterministic inputs or as inputs to be sampled
probabilistically. Where feasible, probabilistic values are sampled prior to the execution of the
time loop. This facilitates input validation of sampled parameters and improves simulation
runtime by leveraging vectorized array operations and allowing for more pre-calculation of
time-invariant values (e.g., critical through-wall cracks sizes). Crack size and location
parameters are sampled on a per-crack basis; other inputs are sampled on a per-realization
basis.

PIPER-CASS utilizes a seeded Mersenne Twister pseudo-random number generator (MT19937)
[40]. To permit precisely repeated runs, the seed may be set by user input, and the utilized seed
is always printed to an output file (whether user-specified or generated). For multiprocessing,
each spawned worker thread re-seeds the pseudo-random number generator using a unique
seed to provide independent samples between workers.
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B.2 Materials Model

The material strength, elasticity (E), J-integral material resistance (J-R) curve parameters,
Ramberg-Osgood (RO) exponent, fatigue crack growth (FCG) equation parameters, and thermal
material properties are specified by user input. Temperature dependent properties for water
(as in xLPR-TIFF [41]) and the thermal conductivity of CASS (from ASME Code Section II-D M,
2015 Ed.) are included within the code for interpolation.

The material toughness (J-R curve parameters; Jz = C:/Aa™) may be specified directly or may be
derived from the correlation equations in NUREG/CR-4513 (Rev. 1 or Rev. 2). To ensure that
probabilistically sampled correlated parameters are correctly distributed, material properties
used in the EPFM stability calculation for the analyses documented in this report are derived
from more fundamental material inputs using the correlations in NUREG/CR-4513 Rev. 2 [3].
PIPER-CASS includes the correlation equations for static cast or centrifugally cast CF8M or
CF8/CF8A. The room temperature Charpy Impact Energy at saturated thermal aging (Cysat) is
calculated from the input 6-Fe content and the material composition parameter (¢). The
variability in material composition and toughness behavior is accounted for by scaling the
calculated Cysqt by a separate factor that is probabilistically sampled. Then, fracture resistance
at thermally aged conditions, as given by the C; and m parameters in the Jg material resistance
curve, is calculated from correlations with Cysqt. With reference to the equations of NUREG/CR-
4513, Rev. 2, the value of Cysqt is calculated using Equation 24 and the C, and m parameters are
calculated from Cysar Using Equations 28, 29, and 44 for statically cast CF8M or using Equations
37, 38, and 44 for centrifugally cast CF8M [3].

The user specifies the at-temperature yield strength (oy) and ultimate strength (o). These may
be specified as either the values reflecting saturated thermal aging (fully aged) or as an unaged
strength with a corresponding aging factor. Per the common approach as reflected in ASME
Code, Section XI, the aged flow strength (os) is a derived parameter taken as the average of the
aged yield and ultimate strengths. User specified correlation coefficients among oy, oy, and
toughness (Cysqt Variability) may also be specified. These coefficients modify the variance of the
normal or lognormal distribution used for sampling. The aging factors for oy and 6, may also be
correlated with one another.

The implementation of the Ramberg-Osgood (RO) equation in PIPER-CASS utilizes o, as the
reference stress?°: €/e, = /o, + a (o/0y)". Depending on user input, the RO a parameter is
either calculated as 0.002E/g, [33, p. 36] or using the correlation with of of CF8M in Equation A-
11 of MRP-362 Rev. 1 [13].

Refer to Section 4.2 for specific details on the material property distributions applied. This
module is considered Category M-4 in the context of RG 1.245.

20 Conversion from other reference stresses is performed using Eq. 7 of NUREG/CR-6142 [18].
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B.3 Loading and Stress Models

For all runs, PIPER-CASS accepts weld residual stress (WRS), normal operating conditions, and
transient conditions. For normal operating conditions and transient conditions, both the
pressure and temperature conditions are specified. In runs where circumferentially oriented
cracks are modeled, membrane and bending stresses from deadweight, thermal expansion, and
transient conditions (e.g., seismic events) are also included. These models are considered
Category M-3 in the context of RG 1.245.

B.3.1 Constant Loading

The normal operating conditions specified for PIPER-CASS runs include both pressure and
temperature. For circumferential cracking runs of PIPER-CASS, membrane and bending due to
deadweight and normal thermal expansion are also included. The normal operating condition is
stored for at-runtime calculation of stress intensity factor and is also used for pre-calculation of
transient loading. As in XLPR, the normal thermal expansion (NTE) stresses included in
circumferential crack runs are scaled with the fluid temperature during transients, and NTE
loads are included when calculating crack stability.

WRS (hoop WRS for axial cracking and axial WRS for circumferential cracking) is superimposed
on the operating conditions when calculating the stress intensity factor during normal
operation. WRS tends to have a small effect on fatigue crack growth because time-invariant
stresses only affect the load ratio. Since they are relieved by material yielding, WRS effects are
not included in crack stability evaluations.

In summary, the module is functionally equivalent to xLPR-Stress [42] with the following minor
differences: xLPR considers whether the applied loads would cause rupture without any cracks,
which only results in a warning message in PIPER-CASS. PIPER-CASS also evaluates stability
separately for each Service Level, while xLPR considers stability for all load conditions together
(although safe shutdown earthquake conditions are considered separately).

B.3.2 Transient Loading

Transients are modeled as a combination of changes in internal pressure, mechanical loading,
and/or fluid temperature. Transients in PIPER-CASS may be set to affect only crack growth, only
crack stability, or both. Each transient is assigned to one of Service Level A, B, C, and D.

Radial gradient thermal stresses (RGTS) are calculated from the changes in fluid temperature
using the same models as the TIFFANY module of xLPR [41]. The first time point in each
transient sets the initial uniform temperature of the piping segment. Subsequent variation in
temperature generates thermal gradient stresses that drive FCG. Like TIFFANY, 101 radial nodes
are utilized when calculating the radial gradient of the temperature. The variation in internal
pressure also generates stresses in the pipe wall. After the transient hoop stress is calculated,
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the minimum and maximum stress intensity factors during each transient are calculated and
stored in interpolation objects, as described in Section B.4. RGTS are relieved by small-scale
yielding and self-balancing through the wall, so, consistent with xLPR, RGTS do not impact
stability of any cracks or growth of through-wall cracks.

As in TIFFANY [41], the normal thermal expansion stresses vary linearly with zero stress at room
temperature and the user-input values at normal operating temperature. Additional variations
in global membrane or bending stresses (such as thermal stratification or seismic events) during
a transient are modeled in PIPER-CASS by directly inputting these stresses as part of a transient
and superimposing them on the extremes of the pressure and temperature stresses. This
modeling behavior is the same as implemented by TIFFANY [41] for a “Type II” stress; the K|
from the user-input stress is added to the maximum K; and subtracted from minimum K.
Consistent with TIFFANY, PIPER-CASS only applies variations in global membrane and bending
stresses due to transients to circumferential cracking; because they are axial stresses, they do
not affect fatigue crack growth of axial cracks.

A listing of differences between TIFFANY and PIPER-CASS include:

e PIPER-CASS simplifies the equations by only modeling a single material (rather than two
layers of different metals).

e PIPER-CASS permits an arbitrary number of transients (rather than being limited to 20).

e PIPER-CASS permits the user to specify a different flow rate and stress solver timestep for
each transient. The xLPR-TIFF preprocessor uses a single global flow rate and
programmatically selected timestep that may not be refined enough to capture rapid
fluctuations.

e PIPER-CASS includes the stress and stress intensity factor for time = 0 when determining the
minimum / maximum K;. XLPR-TIFF does not include the first timepoint (time = 0 state)
when calculating minimum / maximum K.

e PIPER-CASS uses superposition to reduce computation time for circumferential cracks. The
Ki-solution is obtained for membrane-only and maximum global bending-only, then the
bending K is scaled by the angular position to find K, for each angular point. Additionally,
angular points over a range 0 to 1 are stored, leveraging symmetry. xLPR directly evaluates
each point in the full 0 to 2rt range.

e PIPER-CASS provides diagnostic plots of the transient stress history, and it warns the user if
the end of the thermal transient definition may be inadvertently truncating the rise time
used for FCG.
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The modifications from TIFFANY, particularly the ability refine flow rate and timestep in the
RGTS solver, provide better modeling of the rapid changes in fluid temperature caused by
insurges and outsurges in pressurizer surge lines.??

Transients may be specified to occur on a deterministic frequency (equivalent to a value of 0 for
the xLPR front-back loading ratio [43]), or the rate of occurrence may vary randomly each
timestep of the time loop used to simulate crack growth. For infrequent transients (nominal
frequency of < 75% timesteps), a random number is sampled for each timestep to determine
whether the transient occurs at that timestep. Otherwise, an integer number of occurrences is
sampled between 0 and twice the nominal frequency. Each transient may be assigned a
different onset and termination time outside of which there are no occurrences.

PIPER-CASS produces several plots for each transient which help ensure the input is correctly
specified, in particular that the flow rate, thermal calculation timestep, and final time point are
specified appropriately. These plots provide key intermediate results from the thermal and
stress solutions for each transient. Examples of these plots (Figure B-1, Figure B-2, Figure B-3,
Figure B-4, and Figure B-5) are shown for a heatup transient. A key improvement versus xLPR is
that the user is notified if the cumulative rise time is being truncated by the end of the transient
time history definition. If the residual temperature differential profile (Figure B-5) is hotter at
the ID and the rise time (Figure B-3) is increasing at the end of the transient, the stress at the ID
of the pipe may continue to become more tensile as the temperature equilibrates, so the rise
time may continue to increase if another time point were added to extend the duration of the
final pressure and temperature state. The user is notified in such cases because this affects the
FCG rate.

21 References to the timestep in this report refer to the time loop timestep for simulating crack growth (typically

1 month), unless specified to be the timestep for the thermal stress solver. The transient thermal and stress solver
operates as a pre-processor with an independently set timestep (typically on the order of seconds) for each
transient.
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B.4 Stress Intensity Factor Calculation

The stress intensity factor (K)) is calculated from the through-wall stress distribution using the
same equations as xLPR-KPW [44], xLPR-CTM [45], and XLPR-KTW [44]. These are weight
function method solutions ([46], [47], [48], [49], [50]) that can handle an arbitrary stress profile
defined on uniform discrete points varying in the radial dimension through the pipe wall.?? For
part-through-wall cracks, the crack is modeled as semi-elliptical in shape (i.e., semi-elliptical
surface crack, SESC). Through-wall cracks may be idealized (rectangular) or transitioning
(trapezoidal). The transitioning through-wall crack (TRN) is calculated by finding the stress
intensity factor for an equivalent size idealized through-wall crack (TW) equal to the length of
the TRN at the ID, then applying adjustment factors from xLPR-CTM to scale the K at the ID and
OD. These models are considered Category M-3 in the context of RG 1.245.

The normal operating K (due to pressure stress, crack face, and WRS) is superimposed with the
transient minimum and maximum transient K, (due to the change in pressure stress and
thermal gradient stresses) for calculating fatigue crack growth using the same equations as
XLPR-TIFF [41]. For each timestep, the K for all cracks is calculated once for normal operating
loads and once for each transient which contributes to growth in that timestep, as in xLPR-TIFF.

22 K from global bending stress (for circumferential cracks only) is calculated using the method of influence
coefficients [46]. The total K for growth is then applied as the sum of membrane and bending components.
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The K, for normal operating stresses is calculated directly each timestep. In contrast, the K| for
transients is pre-calculated as multidimensional interpolation objects for SESC and TW crack
shapes that yield K| for any valid crack size. For TRN cracks, the TW transient K| is obtained by
interpolation then the correction factor for the TRN shape is calculated directly for that
timestep.

The transient K calculation involves a computationally intensive thermal stress solver
performed for each transient time history (Section B.3.2). Prior to the time loop, multi-
dimensional transient stress intensity factor arrays (crack depth versus crack aspect ratio for
SESC and normalized crack length for TW cracks) are calculated at a grid of user-specified
points. These points are specified with a density at least as great as the hard-coded grid in xLPR-
TIFF. The following K values are pre-calculated:

e Minimum and maximum K| at the surface point and deepest point for part-through-wall
cracks, as a function of crack aspect ratio, relative crack depth, and (for circumferential
cracks only) crack center circumferential position.

e  Minimum and maximum K, for through-wall cracks, as a function of crack length and (for
circumferential cracks only) crack center circumferential position. The crack length is
specified as normalized crack length (circumferential extent for circumferential cracks; crack
length divided by characteristic length for axial cracks).

e Minimum and maximum inner diameter (ID) stresses.
e Rise times (stress at the ID becoming more tensile at a rate = 6.9 mPa/hr (1 ksi/hr)).

Each of these pre-calculated arrays are stored in Python objects that provide a linear
interpolation method that prevents extrapolation. Interpolation in the time loop is much more
computationally efficient than directly calculating these values for individual crack shapes at
each timestep. These interpolation objects are saved to disk as non-human readable serialized
interpolation objects that can be reloaded during subsequent runs of PIPER-CASS with the same
inputs. All inputs used to generate these arrays are hashed as a unique name for the file using
the SHA256 algorithm [51]. By hashing any arbitrary set of inputs, PIPER-CASS can quickly
determine if the required tables have already been calculated. Further, the inputs are also
saved in the object and are matched to the current input to ensure the correct tables are
loaded from disk.

B.5 Crack Growth Calculation

Fatigue crack growth at each of the modeled crack tips (surface and deepest points for surface
cracks, ID and OD surface tips for through-wall cracks) is performed independently based on the
minimum and maximum K, for each transient that occurs in the timestep during which growth is
evaluated. Any transients defined as Service Levels C or D do not contribute to crack growth.

PIPER-CASS implements the fatigue growth models for austenitic stainless steels from xLPR-CGR
[30]. The xLPR program provides recommended fatigue crack growth rate equation parameters:

Page | 97



coefficient, AKi threshold scaling factor, exponent, alloy factor, rise time, load ratio effects, and
temperature effects for austenitic stainless steel [30]. To account for growth in different alloys,
the load ratio effect and FCG rate coefficient differ by category of stainless steel alloy. This
model is considered Category M-3 in the context of RG 1.245. As with xLPR, RGTS is modeled to
not cause growth in through-wall cracks. An option is included to apply FCG model parameters
per ASME Code Case N-809 [31], which differs from xLPR in the choice of alloy factor (i.e., FCG
rate coefficient) for CF8M and CF3M and of AKj threshold for growth (AK) ) for each of the
alloys.

Differences among the alloy factors (FCG rate coefficients) recommended by xLPR-CGR [30],
N-809 [31], and N-809-1 [52] are shown in Table B-2. PIPER-CASS applies the stainless steel
alloy factor for CF8M as recommended by xLPR. In Code Case N-809, the Type 304 curve was
applied to define the behavior for Type 304 and Type 316 as a conservative simplification [17].
Similarly, the Type 304L curve was applied to define the behavior for Type 304L and Type 316L.
In each case, the same coefficients were assumed to extend to the cast equivalents. Revision N-
809-1 [52], which modified the stress ratio, R, effect specified in N-809, applies the same alloy
coefficients as N-809. Figure B-6 shows the ratio of growth rates predicted by N-809 and N-809-
1 to the median growth rate modeled in PIPER-CASS for a selection of Kimin and AK; values. For
reference, the 90" percentile of the distribution of FCG rate variability applied by PIPER-CASS is
1.7 times higher than the median. N-809-2 [53] does not change the equations or parameter
values from N-809-1; it adds an alternate methodology for the calculation of an “effective rise
time” parameter that yields a different FCGR for transient cycles with non-monotonic rising K.

Table B-2
Stainless Steel Alloy Factor Comparison Between N-809 [31] and xLPR [30]

Value of Css [ﬂ (MPa\/E)_nSS]
Wrought Alloy e
CASS Alloy Equivalent CC N-809, -1, and -2 XLPR Median
CF8 304 9.10x10° 9.10x10°
CF3 304L 1.39x10 1.39x107
CF8M 316 9.10x10° 7.28x10°®
CF3M 316L 1.39x10°° 9.10x10°
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Figure B-6
Comparison of Fatigue Crack Growth Models

B.6 Crack Transition Modeling

In PIPER-CASS, cracks transition between different crack types in the same manner as xLPR [45].
This model is considered Category M-3 in the context of RG 1.245. Surface cracks transition
from semi-elliptical shapes to transitioning (trapezoidal) through-wall cracks if the crack depth
exceeds 95% of the component thickness. Transitioning through-wall cracks transition to
idealized through-wall cracks if the ratio of the ID length to the OD length is less than 1.05. Axial
and circumferential surface cracks may also transition to idealized through-wall cracks (skipping
TRN) by failing a stability check under Service Level A, B, or C loading. Under Service Level D
loading, unstable surface cracks are checked for stability under that loading as a through-wall
crack, but the surface crack does not transition, consistent with the treatment of safe shutdown
earthquake loading in xLPR.

B.7 Crack Coalescence Modeling

Coplanar pairs of cracks can coalesce into a larger crack, to account for increased crack growth
rates due to crack interaction when cracks are within close proximity of each other. PIPER-CASS
implements rule-based coalescence models as in xLPR-Coalescence [30], with key modifications
from xLPR-Coalescence as described below. These rule-based coalescence models vary for
different pairwise combinations of crack types and follow the same methodology as xLPR. This
model is considered Category M-3 in the context of RG 1.245.
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The key differences between PIPER-CASS and xLPR-Coalescence are:

e PIPER-CASS does not have an idealized through-wall crack (TW) / transitioning through-wall
crack (TRN) distance rule modifier option, only physical overlap causes coalescence.

e In PIPER-CASS, coalescence for each crack is only evaluated against the nearest unabsorbed
crack on the right (for axial orientations) or clockwise direction (for circumferential
orientations, includes 0/2nt wrap-around), but this evaluation is repeated until no further
coalescences are predicted for the set of cracks in each realization.

e PIPER-CASS models pair-wise coalescence of axial cracks in addition to pair-wise
coalescence of circumferential cracks.

B.8 Crack Stability Calculation

The stability models implemented in PIPER-CASS are largely build on xLPR-AXCS, xLPR-SC _fail,
and xLPR-TWC_fail [54], with added functionality to evaluate EPFM stability of part-through-
wall cracks, modifications to improve EPFM stability model solution convergence, and added
functionality to separately evaluate stability for each Service Level. The models adapted from
XLPR are considered Category M-3 in the context of RG 1.245.

As with xLPR, the stability of through-wall cracks is determined by comparison against the
critical crack length. However, for part-through-wall cracks, stability of the crack size at each
timestep is directly evaluated. The net-section collapse (NSC) criterion is evaluated by
comparing the applied stress against the critical stress, and the EPFM stability of a crack of a
given size can be determined by solving for the crack extension at which J=Jg then stable cracks
are those where the derivative of Jg is greater than J.

Interaction of multiple cracks in the context of stability is only considered by the circumferential
NSC solution, which is the same as xLPR. For other categories, interaction of multiple cracks is
not considered by the stability module (i.e., it is assumed that any cracks that do not interact
enough to cause coalescence do not interact for stability); see instead coalescence in Section
B.7.

The classification of stresses that do and do not impact crack stability is the same as in xLPR. For
axial cracks, only stresses due to pressure generate a hoop stress contributing to instability. For
circumferential cracks, stresses contributing to instability include axial membrane stresses due
to the end cap pressure, stresses (both membrane and global bending) imposed by static loads,
and any “Type II” stresses imposed by transients. Thermal gradient stresses are relieved by
yielding and self-balancing over the wall thickness (in axially uniform areas of hoop stress and in
any cross-section in axial stress), so they are considered to not impact crack stability.

In addition to the models applied in xLPR, PIPER-CASS includes EPFM stability models for
constant-depth part-through-wall cracks. These models (and the part-through-wall NSC
solutions) are applied for SESC cracks by evaluating the stability of an equivalent size constant-
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depth crack with the same ID length and depth as the SESC (i.e., it circumscribes SESC
geometry). Both the axial part-through-wall crack EPFM model and the circumferential part-
through-wall crack EPFM model are considered Category M-4 in the context of RG 1.245.

As is the approach taken by xLPR, stability for transitioning through-wall cracks is evaluated

considering an equivalent idealized through-wall crack with length equal to the average of the
inner and outer lengths of the transitioning through-wall cracks.

Example results of the circumferential through-wall crack stability model are shown in Figure
B-7 for Service Level A loading. Each of 10 realizations of the simulation is plotted with the
corresponding minimum critical crack size marked. For this example, NSC produces the limiting

crack size for seven realizations while EPFM produces the limiting crack size for three
realizations.
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Figure B-7

Example of J-Integral and Critical Through-Wall Crack Sizes at the Mean Radius (R.,) for Circumferential Cracks at
Service Level A for 10 Realizations (EPFM Limiting for 3 Realizations, NSC Limiting for 7 Realizations)
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B.8.1 Axial Cracking

B.8.1.1 Net-Section Collapse (NSC)

For axial surface cracks, the constant depth surface crack plastic collapse solution from xLPR-
AXCS is applied. If the pressure exceeds the critical pressure, ligament blow-out occurs, and the
surface crack is modeled to become an idealized through-wall crack.

For axial through-wall cracks, the limit load solution from xLPR-AXCS is applied. If the crack is
unstable, a rupture occurs.

B.8.1.2 Elastic-Plastic Fracture Mechanics (EPFM)

For axial surface cracks, EPFM stability is evaluated using either the infinite length axial crack or
the finite semi-elliptical surface crack J-integral solutions from the EPRI Ductile Fracture
Handbook [55] (with correction of identified errata [56]).2% The critical crack depth yielding
instability does not completely align between these models at the limit of applicability for the
finite length model. The following approach is taken to yield a monotonic and continuous
critical depth as a function of length, as seen in Figure B-8. For cracks longer than the limit of
applicability of the finite length model (c/a > 20), the J-integral is calculated using that for an
infinite length axial crack. For shorter cracks, ligament collapse is predicted when the crack
depth would lead to instability using the solution for both an infinite length axial crack and the
finite length semi-elliptical axial crack solutions. The current crack stability is directly
determined by comparison of the derivative of J-integrals with respect to crack depth extension
when the applied loading and material resistance J-integrals are set to be equal. As with NSC,
ligament instability results in crack transition to an idealized through-wall crack.

For axial through-wall cracks, the EPFM solution from xLPR-AXCS is applied. A different numeric
solver approach than xLPR-AXCS is applied to solve the implicit equations, as described in
Section B.8.3. If the crack is unstable, a rupture occurs.

2 The influence coefficient H1 is only available for Ri/t=10, and these values are assumed to be reasonable for
application to the pipe geometries being evaluated using PIPER-CASS.
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Figure B-8
Example Collapse Depths of Axial Surface Cracks for PIPER-CASS Approach Considering Both Finite and Infinite
Solutions

B.8.2 Circumferential Cracking

B.8.2.1 Net-Section Collapse (NSC)

For circumferential surface cracks, the NSC solution from xLPR-SC_Fail [54] is applied. For the
multiple circumferential crack NSC models, transitioning through-wall and idealized through-
wall cracks are represented as equivalent surface cracks having a constant depth of 99%
through-wall. If more than one crack is present and the bending moment exceeds the critical
bending moment, this is treated as a rupture. If the realization has only one crack and that
crack is a part-through-wall crack, then instability results in ligament collapse and crack
transition to an idealized through-wall crack.

For circumferential through-wall cracks, the net section collapse solution from xLPR-TWC_Fail
[54] is applied.

B.8.2.2 Elastic-Plastic Fracture Mechanics (EPFM)

For circumferential surface cracks, PIPER-CASS evaluates EPFM stability using the J-integral
solutions developed in MRP-362 R1, Appendix B [13] for a constant-depth circumferential crack
under combined tension and bending loading. This solution leverages the tabulated values for
hi from the EPRI Ductile Fracture Handbook [55]. As with NSC, ligament instability results in
crack transition to an idealized through-wall crack.
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For circumferential through-wall cracks, the LBB.ENG2 model from xLPR-TWC_Fail [54] is
applied.

B.8.3 Through-Wall Crack Critical Size Solver

The critical crack lengths for a through-wall crack under the load condition of each transient
selected to affect crack stability (and normal operation) are pre-calculated once prior to
entering the time loop. In the time loop, the current length of any through-wall cracks is
compared to these stored critical lengths.

The critical through-wall crack size is a function of material parameters and applied loads, so
each realization has its own critical through-wall crack size when material parameters are
probabilistically sampled. Calculation of the critical through-wall size involves solving for the
minimum size at which rupture is predicted by the stability criteria of either the NSC or EPFM
models.

PIPER-CASS applies an interpolation-search method with multiple initial guesses to ensure the
global solution (i.e., smallest critical crack size) is found. This method replaces the Newton-
Raphson and backup downhill-simplex method solvers in the xLPR stability modules (xLPR-AxCS
and xLPR-TWC _fail). In certain instances, particularly with low-toughness material like thermally
aged CASS, the non-smooth nature of the applied J-integral curve causes the Newton-Raphson
solver to yield a local solution to the EPFM model equations that over-estimates the critical
crack size. If the Newton-Raphson solver fails to converge, the downhill-simplex solver may
silently yield an unconverged solution.

B.? Inspection

The inspection module of PIPER-CASS uses the same models as in XLPR-ISI [57] to model piping
NDE examinations, but inspections are not included in the cases considered by this report.

B.10 User Interface: Input and Output

User input for PIPER-CASS is stored in text files that use the YAML markup language to
designate the input data structure. Deterministic and distributed input parameters can be
specified. A large number of statistical distributions are available, and they may be truncated,
scaled, or shifted by the user. The input file and other options (e.g., input and output directory)
are specified by the user via command line interface at runtime. PIPER-CASS generates outputs
that include plain text results, figures and image results, and log files. The richness of output
can be changed by user settings from providing intermediate results at each timestep to only
providing summary results at the end of the modeled period. For repeatability of runs, the
input file and the random number generator seed(s) are always echoed. For deterministic (i.e.,
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single realization) runs, PIPER-CASS includes a utility that can create a video visualizing the time
history of crack geometry for a single realization.

In the event of an error, PIPER-CASS writes the error message to the log, writes key data from
the program state to file, and exits. Extensive at-runtime validation of the user inputs and
intermediate calculation results are included with custom descriptive error messages.

Additional ancillary files are also provided that assist with debugging, graphics generation,
cloud computing deployment, and other tasks. These files do not affect the results of the
simulation and are not detailed in this report.

B.11 Verification and Validation

The PFM results presented in this report were produced using PIPER-CASS v1.1, which was
developed and tested in accordance with the requirements of a custom software project plan
(CSPP) developed by Dominion Engineering, Inc. (DEI) for this purpose. The plan imposes
appropriate quality assurance requirements for development and testing of custom PFM
engineering analysis software. These quality assurance requirements in substantial part were
modeled after the quality assurance requirements established under the xLPR PFM project. The
XLPR quality assurance requirements were designed to fulfill a specific set of software work
practice requirements within NQA-1-2008 (including Addenda 2009).

The governing CSPP and DEI procedures incorporated by reference outline personnel
gualification requirements, assign responsibilities, define the custom software documentation
that forms the baseline of the lifecycle documentation, and give guidance on configuration
control as well as code style. PIPER-CASS software baseline documentation includes the
following documents:

e Custom Software Project Plan (CSPP)

e Software Requirements Specification (SRS)

e Requirements Traceability Matrix (RTM)

e Software Design Description (SDD)

e Software Implementation Files (SIF)

e User Instructions (Ul)

e Software Test Plan (STP)

e Software Test Report (STR)

The quality-affecting work activities for developing and managing commercially developed
software are established in the governing CSPP. This document specifies any coding standards
to be used, identifies key personnel and their associated roles and responsibilities, and defines
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controls that govern SIF development. Key aspects of the various software baseline
documentation are as follows:

The required functionality of the software is captured in the SRS. The requirements
specification consists of a number of uniquely identified requirement items, each of which
should be complete, verifiable, consistent, and traceable. At their core, the requirements
given in the SRS describe what the software must do, but not necessarily how it is
implemented. Key types of requirements include input constraints, specification of
particular numerical or analytical solutions to be used, information that is recorded as an
output, design assumptions, and security features. The sum of the software requirements
describes the totality of the required functionality for the software, and verification that the
software requirements are met indicates that the software is implemented as designed.

An RTM is developed to document the traceability of software requirements and test cases.
This matrix provides a mapping between the SRS and STP. The RTM demonstrates
requirement coverage such that each requirement in the SRS is verified by one or more test
cases given in the STP.

The software design is documented in the SDD. This document provides a detailed
description of the software components and interfaces, as well as the models and
assumptions that inform those design choices. While the SRS defines what the software
must do, the SDD describes how those requirements are implemented. As appropriate, the
SDD captures information about the control and process flow of the computations and
describes each software module and its constraints.

Software implementation files contain the code that comprises PIPER-CASS and its
supporting utilities. These files contain code in text-based or binary-based formats, and are
separated into distinct modules by function, as described in the SDD. The software
implementation files are version-controlled, and the modification history of each file is
retained. The SIF were prepared by qualified software developers and developed in
accordance with the governing coding standards for the Custom Software as specified by
the CSPP.

The user instructions provide information about how to install and run the software. These
instructions are included with the SIF, and include information associated with the
preparation of inputs, steps necessary to use the software, expected results of successful
operation, and verification instructions for operating the automated test suite.

The requirements and instructions for the work activities associated with testing the custom
software are specified and documented within the STP. The STP provides the procedure to
verify that the software meets all of the requirements as defined in the SRS. Each
requirement is verified to be met through one or more uniquely identified test cases. Test
cases are either conducted manually by a software tester or executed by automated testing
software.

Leveraging automated tests provides a number of benefits, including the ability to perform
both functional testing (by testing that the software output produces the expected result
given a certain set of inputs) and unit testing (by testing that individual functions or
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modules perform as expected, in isolation from the other software modules) and the option
to validate software performance during development following an incremental codebase
change. Throughout software development, the automated test suite was periodically
executed to quickly identify any unintended behavior or introduced bugs. Where the
expected results match those for xLPR modules, xXLPR module-level test cases were
incorporated as automated functional tests within the STP to provide additional confidence
in the software performance. The xLPR modules which have some applicable tests to the
PIPER-CASS software are the coalescence (xLPR-Coalescence), growth (xLPR-CGR),
inspection (XLPR-ISI), stress intensity factor (xXLPR-KPW and xLPR-KTW), TIFFANY (xLPR-TIFF),
transition (XLPR-CTM), and stability (xLPR-AxCS, xLPR-SC_fail, and xLPR-TWC_fail) modules.

The results of the testing for each software baseline are documented in the associated STR.
If each test case is successful, then the software is deemed acceptable. If one or more test
failures reveals deviations from the requirements specifications, then the deviations must
be resolved, either by resolving the errors and demonstrating that the previously failing
tests now pass, or by dispositioning the errors as acceptable.
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C BENCHMARKING VERSUS XLPR

Given the commonalities between PIPER-CASS and xLPR, benchmarking cases are developed to
identify differences in the calculated results given an equivalent set of inputs. Cases are
considered for circumferential and axial crack orientations. Benchmarking focused on
deterministic (single realization with constant input values) cases rather than probabilistic runs.
Since PIPER-CASS and xLPR use the same or compatible equations for stress intensity factor,
fatigue crack growth, coalescence, and stability, the deterministic results should match in cases
focusing on these modules. As noted in Section B.11, xLPR test cases for these modules are also
leveraged in the V&V for PIPER-CASS. Reasons were identified for all significant differences in
results, and it was ensured that for the benchmarking, PIPER-CASS—albeit a modified version
that incorporates the xLPR approach for any differences—provides agreement with xLPR
results.

C.1 Incorporation of xLPR Differences

Remaining differences were identified and dispositioned as either an intentional difference in
approach taken by PIPER-CASS or as an issue in the xLPR codebase. Issues in the xLPR codebase
have been reported to the developers of xLPR. Extensive use of “debug mode” within the
integrated development environments (IDE) was used in the disposition of differences, as this
allowed variable values to be tracked and compared at runtime.

For this benchmark, a modified version of PIPER-CASS was created which adopted differences
from xLPR modules with the goal of obtaining agreement in benchmarking results. Because
PIPER-CASS is subject to git version control, the modified code for this benchmark is maintained
separately from the primary version of PIPER-CASS used for this report. As PIPER-CASS is
written in plaintext code (rather than a programmable graphical user interface (GUI) like the
XLPR framework), simple text comparison also can be used to review the differences
implemented into this branch of PIPER-CASS. The changes made to reflect intentional
differences versus the documented xLPR approach are listed in Table C-1. Additional changes to
PIPER-CASS needed to align with the state of the xLPR codebase are listed in Table C-2; these
items have been submitted to the xLPR maintenance program to be addressed in future
releases of xLPR. Other differences in approach with xLPR represent additional functionality in
one code or the other that can be matched by changing the inputs of one code or the other.
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Table C-1

Modifications to Match xLPR due to Intentional Differences Versus Documented xLPR Approach

PIPER-CASS

Modification to Match xLPR

Includes EPFM stability modules for part-through-
wall cracks

These modules are disabled

Ramberg-Osgood exponent (n) is directly input by
the user

Use equation from xLPR Requirement RFW-L1-
52 [33, pg. 36] to calculate n based on o, and
Ou

Raise an error and exit the program if a through-
wall crack grows beyond the range of pre-
calculated AK;

Allow growth of through-wall cracks beyond a
limited range of pre-calculated AK, due to
transients, clipping the AK, at the limit

Continue crack growth until rupture occurs under
all of A, B, C, and D

Halt growth when rupture occurs due to any of
Service Level A, B, or C transients

Table C-2

Additional Modifications to Match Behavior of xLPR Codebase

PIPER-CASS

Modification to Match
XLPR v2.0d Behavior

Applies the normal operating pressure as part of
axial stability calculations

For only axial stability calculations, reduce the
normal operating pressure by a factor of
Ri/ Rm.

In the axial TW crack EPFM stability module,
truncate the values of the nondimensionalized
length (“rho”) and RO n to the limits of the look-
up tables when obtaining values for the look-up
tables.

Additionally, truncate the values of rho and RO
n through all parts of the J-integral calculation,
including analytical equations.

Calculate K, for transitioning through-wall cracks
using the half-length at R;.

Calculate K, for transitioning through-wall
cracks using the average half-length at Rp.

Pre-calculate the AK, for through-wall cracks for
each transient, applying the maximum and
minimum values for the current transient.

For each transient, apply the maximum and
minimum values of K| across all transients that
have already been evaluated up to and
including the current transient when finding
AK,. %

Additionally, the version of the xLPR framework used for comparisons was modified so that the K|
influence factors for transitioning through-wall cracks are correctly applied for all transients.

24 This behavior is addressed in XLPR v2.2. Unmodified PIPER-CASS was confirmed to agree with the output of

TIFFANY from xLPR v2.2 for the benchmark case transients.
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C.2 Inputs for Benchmarking Cases

Equivalent inputs are passed to xLPR and PIPER-CASS so that any differences in results could be
identified, traced, and dispositioned. A higher material toughness is applied in the
benchmarking case to avoid differences due to difficulty in achieving convergence with the xLPR
EPFM stability solver at low toughness values. To match xLPR, the toughness is directly
specified as an input instead of being calculated from the material composition factor and 6-Fe
level using the correlations described in Section B.2. Benchmarking cases applied the same
transient definitions, including a Cooldown transient modified to increase growth rates.

C.3 Results of Benchmarking

As seen in Figure C-1 (axial) and Figure C-3 (circumferential), near-perfect agreement was
obtained for deterministic fatigue crack growth rates between PIPER-CASS and xLPR after
incorporating the modifications described in Section C.1. This is reinforced by the agreement in
stress intensity factor values for the normal operating condition shown in Figure C-2 and Figure
C-4. These plots demonstrate the agreement in stress intensity factors and crack growth
modules for semi-elliptical, transitioning through-wall, and idealized through-wall crack shapes.

The left side of Figure C-1 demonstrates that the part-through-wall ligament stability models
are in agreement, as the crack transitions to an idealized through-wall crack with a depth
around 91% through-wall. Because xLPR was unable to grow the axial crack to the full critical
length (see right side of Figure C-1), the value of the critical length found by xLPR was extracted
from the final GoldSim file. xLPR calculated a critical through-wall length of 898.5 mm and
PIPER-CASS reported 898.0 mm, a difference within the convergence tolerance of the stability
solver.

For the circumferential case, the 80-year simulation contains the full progression from semi-
elliptical surface crack to rupture as an idealized through-wall crack. The transition points are
evident in the stress intensity factor plot, Figure C-4. The agreement in the stability modules is
evident in the right side of Figure C-3: the crack ruptures and stops growing at the same size for
XLPR as PIPER-CASS.

This benchmarking serves as an additional verification atop the testing suite described in
Section B.11, and it reinforces the confidence in the PIPER-CASS codebase.

Comparison between PIPER-CASS and xLPR

Near-perfect agreement was obtained for deterministic fatigue crack growth
behaviors between PIPER-CASS and xLPR, providing additional confidence in
the PIPER-CASS code base.
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C.4 Continued Differences in EPFM Stability versus xLPR

Given the focus in this work on aged CASS, it is important that the EPFM stability modules
converge to the appropriate critical length even at low material toughness. When solving
equations to find the EPFM critical crack length, the solver method used in PIPER-CASS finds the
smallest crack size that satisfies the equations for critical crack length. For some combinations
of inputs, the xLPR stability modules report a larger critical crack length, as their Newton-
Raphson solver converges to a different local minimum of the error function. Additionally, an
EPFM stability model for axial part-through-wall cracks is added to PIPER-CASS and not present
in XLPR.

For axial cracks, the truncation of p and RO n in the xLPR EPFM through-wall axial crack stability
solver leads the Newton-Raphson method to occasionally fail to converge or converge at an
erroneous critical length. Consequently, the axial benchmarking case is run with the EPFM
stability check disabled in PIPER-CASS, and inputs are chosen to result in the net-section
collapse solution being limiting in xLPR.

For circumferential cracks, a different set of material strengths and toughness are used to
ensure the Newton-Raphson solver in the xLPR EPFM stability module converges to a solution.
The xLPR-TWC_Fail method [54] includes a discontinuity in the derivative of the applied plastic
J-integral (dJ/dO) at © = /4 and 1t/3. This discontinuity can cause the Newton-Raphson solver
to fall into a stable oscillation and reach the iteration limit for certain combinations of inputs.
This xXLPR module has a fallback solver using the downhill simplex (DHS) method that, when
used, returns an unconverged value as the critical length, as seen in Figure C-5. When xLPR
returns this unconverged solution, a warning message is returned to the user, but the xLPR run
is not terminated. Consequently, the toughness inputs in the circumferential benchmarking
cases are different from the axial cases to ensure that both xLPR and PIPER-CASS would obtain
converged NSC and EPFM stability results.

XLPR tests embedded in the PIPER-CASS automated testing suite verify that EPFM through-wall
crack stability modules for axial and circumferential cracks yields the same values as the xLPR
module if the xXLPR module converges appropriately to the smallest crack size satisfying the
conditions J=Jg and dJ/dc=dJg/dc using the Newton-Raphson solver.
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EXONERATION DE GARANTIES ET LIMITATION DE RESPONSABILITES
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L'UTILISATION D’INFORMATIONS, D’APPAREILS, DE METHODES, DE PROCEDES OU D’ELEMENTS SIMILAIRES FIGURANT
DANS CE DOCUMENT, Y COMPRIS LA VALEUR MARCHANDE ET L’ADAPTATION A UN USAGE PARTICULIER, OU (1) QU’UNE
TELLE UTILISATION N’ENFREINT PAS OU N’'INTERFERE PAS AVEC DES DROITS PARTICULIERS, OU (I1l) QUE CE DOCUMENT
CORRESPOND A TOUTES LES CIRCONSTANCES PARTICULIERES DE L’UTILISATEUR ; OU

(B) N’ASSUME AUCUNE RESPONSABILITE POUR TOUS DOMMAGES OU AUTRES (Y COMPRIS LES DOMMAGES
CONSECUTIFS, MEME SI EPRI OU UN REPRESENTANT D’EPRI A ETE AVERTI DE LA POSSIBILITE DE TELS DOMMAGES)
RESULTANT DE VOTRE SELECTION OU UTILISATION DE CE DOCUMENT OU INFORMATIONS, APPAREILS, METHODES,
PROCEDES OU ELEMENTS SIMILAIRES FIGURANT DANS CE DOCUMENT.

DANS CE DOCUMENT, LES REFERENCES A DES PRODUITS COMMERCIAUX SPECIFIQUES, PROCEDES OU SERVICES PAR
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RESUME

La microstructure des matériaux en acier inoxydable austénitique moulé (CASS) remet en
question la fiabilité des techniques d’examen par ultrasons. Ainsi, les exigences de qualification
pour les procédures, le personnel et I'équipement d’essai aux ultrasons (UT) utilisés pour
I’examen de la tuyauterie CASS conformément au Code des chaudiéres et appareils sous
pression de I’American Society of Mechanical Engineers (ASME), section XI, annexe VIII
obligatoire, n’ont pas été élaborées. D’apreés les recherches actuelles, les défis les plus difficiles
pour I'examen des composants de tuyauterie CASS sont la détection des fissures axiales et le
dimensionnement en profondeur des fissures circonférentielles.

En plus des limites de I'essai UT, le matériau CASS est sujet au vieillissement thermique, ce qui
provoque une dégradation de la ténacité a la rupture au fil du temps. L’étendue de la
dégradation de la ténacité dépend de la teneur en ferrite delta (6-Fe) du composant particulier.
Le mode de défaillance qui préoccupe le matériau CASS est la propagation d’une fissure (par
exemple, a partir d’un défaut de fabrication préexistant) a une taille qui pourrait remettre en
guestion 'intégrité du composant, étant donné la taille critique réduite de fissure a la plus
faible ténacité a la rupture. Le principal mécanisme de propagation des fissures qui intéresse les
matériaux CASS exposés au liquide de refroidissement du réacteur a eau sous pression (REP) est
la fissuration par fatigue. L'expérience de I'usine et les essais montrent que |’acier inoxydable
austénitique dans I’'environnement REP résiste généralement a la fissuration par corrosion sous
contrainte, tandis que la teneur en ferrite delta du matériau CASS devrait avoir un effet
bénéfique sur la susceptibilité a la fissuration par corrosion sous contrainte.

Le présent rapport décrit I'approche probabiliste de la mécanique de la rupture (PFM) et les
résultats obtenus pour relever les défis de qualification des essais UT pour la tuyauterie CASS.
Les analyses PFM évaluent I'implication structurelle des défauts axiaux présents dans la
tuyauterie CASS et se propageant sous forme de fissures sans créditer I'examen en service. Des
analyses PFM supplémentaires évaluent la marge structurelle fournie par une méthode
alternative d’évaluation des défauts qui ne nécessite pas d’informations de dimensionnement
en profondeur lors de la détection d’une fissuration circonférentielle. Les évaluations PFM ont
été réalisées a I'aide d’un code logiciel développé principalement pour ce projet appelé PIPER-
CASS (PIPING Integrity Probabilistic Evaluation for Reactors — Cast Austenitic Stainless Steel).
PIPER-CASS se concentre sur la modélisation de la propagation des fissures de fatigue et de la
stabilité des composants de tuyauterie CASS, y compris les matériaux vieillis thermiquement
avec une faible ténacité.

Le présent travail vise a appuyer I'élaboration de I'annexe VIII, supplément 9 obligatoire pour
les CASS et des solutions de rechange a I'examen actuel de la section Xl et aux exigences
d’acceptation des défauts pour les composants de tuyauterie CASS.
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RESUME

Numeéro des produits livrables : 3002023893
Type de produits : Rapport technique

Titre produit : Programme de fiabilité des matériaux : Evaluation probabiliste de la mécanique
de la rupture des composants de tuyauterie en acier inoxydable austénitique moulé des REP
(MRP-479)

Auditoire principal : Développeurs de codes et de normes relatifs aux composants de
tuyauterie en acier inoxydable austénitique moulé (CASS)

Auditoire secondaire : Personnel technique des titulaires de permis et des régulateurs de
réacteur a eau sous pression (REP)

PRINCIPALE QUESTION DE RECHERCHE

Quelles sont les solutions analytiques disponibles pour compléter les capacités actuelles
d’examen non destructif (NDE) pour les composants de tuyauterie CASS, en particulier pour la
détection de fissures axiales et le dimensionnement en profondeur de fissures
circonférentielles ?

PRESENTATION DE LA RECHERCHE

Le présent rapport décrit I'approche de la mécanique probabiliste de la rupture (PFM) et les
résultats qui visent a appuyer les exigences d’examen alternatives pour les composantes du
CASS. Le présent travail vise a appuyer I'élaboration du Code des chaudiéres et appareils sous
pression ASME, section XI, annexe VIl obligatoire, Supplément 9 pour CASS et a affiner les
exigences d’examen de la section Xl, paragraphe IWB-2500 (catégories d’examen B-F et B-
J)propres a la tuyauterie CASS. Pour la fissuration axiale, I'effet sur la sGreté nucléaire
(probabilité de la rupture) et la défense en profondeur (étanchéité) a été étudié en supposant
gu’il n’y ait aucun bénéfice d’'une NDE périodique. Pour la fissuration circonférentielle, une
autre procédure d’évaluation des défauts est proposée pour accepter la fissuration détectée
sans compter sur une capacité de calibrage en profondeur qualifiée.

PRINCIPALES CONCLUSIONS

e Pour ce projet, un code PFM basé sur Python appelé PIPER-CASS (PIPING Integrity
Probabilistic Evaluation for Reactors — Cast Austenitic Stainless Steel) a été développé. Ce
code PFM applique plusieurs des mémes modeles que le programme xLPR, mais se
concentre sur la modélisation de la propagation des fissures de fatigue et de la stabilité des
fissures par la mécanique de la rupture élastique-plastique (EPFM).
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e Lesrésultats de la modélisation PFM montrent qu’un examen périodique pour détecter des
fissures orientées axialement dans la tuyauterie CASS de la boucle principale (y compris les
REP de charge de base et REP fonctionnant en fonctionnement d’alimentation flexible
(FPO)) et dans la tuyauterie CASS de ligne de surtension (y compris la charge de base, mais
pas FPO) n’est pas nécessaire pour assurer |'intégrité structurelle et étanche des tuyaux. Les
lignes de surtension dans les centrales électriques fonctionnant sous FPO présentent un
risque accru de propagation de fissures de fatigue en raison de la possibilité qu’un grand
nombre de transitoires de surtension soient déclenchés par les changements de puissance
de FPO.

e Lesrésultats de modélisation PFM montrent que, pour une fissure détectée avec une
longueur angulaire totale allant jusqu’a 32, la méthode alternative d’évaluation des défauts
proposée garantit I'intégrité structurelle des composants de tuyauterie de boucle principale
CASS pour un cycle de combustible de fonctionnement continu apres la détection d’une
fissure orientée de fagon circonférentielle.

IMPORTANCE DE CETTE ANALYSE

La microstructure hétérogene des matériaux CASS est un obstacle a la qualification de certains
aspects de I'essai aux ultrasons (UT). Une base technique démontrant que la détection de
fissurations axiales dans les canalisations CASS est inutile reléve le défi posé par les procédures
UT qui satisfont de maniere fiable aux normes de qualification de démonstration de
performance. Le manque de capacité de dimensionnement en profondeur qualifiée pour les
fissures circonférentielles ou les défauts de type fissure dans la tuyauterie CASS empéche
I'application de procédures d’évaluation des défauts standard, de sorte qu’une procédure
alternative est nécessaire pour permettre un fonctionnement continu et limiter les réparations
émergentes inutiles.

APPLICATION DES RESULTATS

Le présent travail devrait fournir des bases techniques pour les actions du comité du Code
ASME visant a traiter I'examen des composantes du CASS. Cela comprend les nouveaux cas du
code ASME et le développement de la section XI, I'appendice VIl obligatoire, le supplément 9
pour I'examen CASS qualifié et les alternatives potentielles a la section XI, le sous-article IWB-
2500 (catégories d’examen B-F et B-J) les exigences d’examen propres a la tuyauterie CASS.

POSSIBILITES D’ENSEIGNEMENTS ET D’ENGAGEMENT

e Le Code de mécanique de la rupture probabiliste a trés faible probabilité (xLPR), version 2.2
(EPRI 3002023872) a été publié par I'EPRI en janvier 2023. Plusieurs des modules de code
XLPR ont été adaptés pour étre utilisés dans PIPER-CASS.

e MRP-362, Rév. 1 (EPRI 3002007383) présente la justification technique de I’évaluation de la
tolérance aux défauts des tuyauteries CASS pour soutenir le cas N-838 du code ASME. Un
modele PFM pour la tuyauterie CASS entierement vieillie a été utilisé pour élaborer des
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limites d’acceptation de la taille des défauts répondant a un ensemble de critéres
d’acceptation de probabilité de défaillance pour chaque niveau de service de chargement.

e L'EPRI 3002010314 documente une étude ronde visant a déterminer la performance des
techniques d’EDN sur un ensemble de spécimens de SAAC défectueux qui contenaient des
conditions géométriques et de surface réalistes.

e Le MRP-424 (EPRI 3002010517) comprend une ébauche des exigences en matiere d’examen
pour les soudures de tuyauterie CASS, fournissant un cadre a partir duquel la version finale
de la section XI, annexe VIII obligatoire, supplément 9 peut étre rédigée.

CONTACTS EPRI : Do Jun Shim, Cadre technique, dshim@epri.com

PROGRAMME : Energie nucléaire, P41 ; Programme de fiabilité des matériaux REP (PRM),
P41.01.04

CATEGORIE DE MISE EN CEUVRE : Référence - Base technique
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RESUMEN

La microestructura de los materiales de acero inoxidable austenitico fundido (CASS, por sus
siglas en inglés) pone a prueba la fiabilidad de las técnicas de inspeccién por ultrasonidos. Por
este motivo, no se han establecido los requisitos de cualificacién relativos a los procedimientos,
el personal y los equipos correspondientes a las pruebas de ultrasonidos (UT, por sus siglas en
inglés) utilizadas para el estudio de las tuberias fabricadas con CASS de acuerdo con la

Seccién XI, Apéndice VIII del Cédigo de calderas y recipientes a presién de la ASME (Sociedad
estadounidense de ingenieros mecanicos). De acuerdo con las investigaciones actuales, los
problemas mas importantes a la hora de examinar los componentes de las tuberias de CASS son
la deteccidn de grietas axiales y el dimensionamiento en profundidad de las grietas
circunferenciales.

Ademads de las limitaciones de las pruebas de ultrasonidos, el material CASS es vulnerable al
envejecimiento térmico, lo que provoca una degradacién de la tenacidad a la fractura con el
paso del tiempo. El grado de degradacidn de la tenacidad de este componente depende de su
contenido de hierro delta (Fe 6). El principal modo de fallo del material CASS es el crecimiento
de grietas (por ejemplo, originadas por defectos de fabricacién) hasta alcanzar un tamafio que
podria poner en peligro la integridad del componente, dado el reducido tamafio critico de la
grieta con una menor tenacidad a la fractura. El principal mecanismo de interés para el
crecimiento de grietas en el material CASS expuesto al refrigerante de reactores de agua a
presion (PWR, por sus siglas en inglés) es el agrietamiento por fatiga. La experiencia y las
pruebas realizadas en las centrales demuestran que el acero inoxidable austenitico en el
entorno de los PWR es, por lo general, resistente al agrietamiento por corrosion bajo tension,
mientras que se espera que el contenido de hierro delta del material CASS mejore la
susceptibilidad al agrietamiento por corrosién bajo tension.

En este informe se describe el método de mecanica de fractura probabilistica (PFM, por sus
siglas en inglés) aplicado y los resultados obtenidos para responder a los problemas de
cualificacion de las pruebas de ultrasonidos para tuberias de CASS. Los analisis de PFM evalian
la implicaciéon estructural de la presencia de defectos axiales en las tuberias de CASS y su
propagacion en forma de grietas sin tener en cuenta las pruebas en servicio. Otros analisis de
PFM evallan el margen estructural proporcionado por una metodologia alternativa de
evaluacién de defectos que no requiere informacion sobre el dimensionamiento en
profundidad tras la deteccién de grietas circunferenciales. Las evaluaciones de PFM se
realizaron utilizando un software desarrollado especificamente para este proyecto denominado
PIPER-CASS (Piping Integrity Probabilistic Evaluation for Reactors — Cast Austenitic Stainless
Steel). PIPER-CASS se centra en la elaboracién de modelos del crecimiento de las grietas por
fatiga y la estabilidad de los componentes de las tuberias de CASS, incluido el material
envejecido térmicamente con baja tenacidad.
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Con este trabajo se pretende contribuir al desarrollo del Apéndice VIII, Suplemento 9 para
CASS, asi como de alternativas a los requisitos actuales de inspeccidn y aceptacién de defectos
de la Seccion XI para componentes de tuberias de CASS.

Palabras clave

Cddigo de calderas y recipientes a presién (BPVC) de la ASME
Acero inoxidable austenitico fundido (CASS)

Crecimiento de grietas por fatiga

Mecanica de fractura probabilistica (PFM)

Inspeccién no destructiva (NDE)
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RESUMEN EJECUTIVO

NUmero de entregable: 3002023893
Tipo de producto: informe técnico

Titulo del producto: Programa de fiabilidad de materiales (MRP): Evaluacién de la mecénica
de fractura probabilistica de componentes de tuberias de acero inoxidable austenitico fundido
en PWR (MRP-479)

Publico principal: Redactores de c6digos y normas relacionados con los componentes de
tuberias de acero inoxidable austenitico fundido (CASS).

Audiencia secundaria: Personal técnico de los licenciatarios y reguladores de reactores de
agua a presion (PWR)

ASPECTO PRINCIPAL A INVESTIGAR

¢De qué soluciones analiticas se dispone para complementar las técnicas actuales de inspeccién
no destructiva (NDE) de los componentes de tuberias de CASS, especificamente para la
deteccidn de grietas axiales y el dimensionamiento en profundidad de las grietas
circunferenciales?

RESUMEN DE LA INVESTIGACION

En este informe se describen el método de mecdnica de fractura probabilistica (PFM) y sus
resultados para determinar los requisitos de inspeccion alternativos para los componentes de
CASS. Este trabajo tiene por objeto contribuir a la elaboracién del Cédigo de calderas y
recipientes a presién de la ASME, Seccién XI, Apéndice VIII, Suplemento 9 para CASS, asi como
al perfeccionamiento de los requisitos de inspeccidn de la Seccién XI, Subarticulo IWB-2500
(Categorias de inspeccién B-F y B-J) especificos para las tuberias de CASS. Para las grietas
axiales, se investigo el efecto en la seguridad nuclear (probabilidad de ruptura) y en la defensa
en profundidad (estanqueidad), asumiendo la ausencia de beneficios de una NDE periddica.
Para las grietas circunferenciales, se propone un procedimiento alternativo de evaluacién de
defectos para la aceptacidon de las grietas detectadas sin depender de una capacidad cualificada
de dimensionamiento en profundidad.

RESULTADOS CLAVE

e Con este objetivo, se ha desarrollado un cédigo de PFM basado en Python denominado
PIPER-CASS (Piping Integrity Probabilistic Evaluation for Reactors - Cast Austenitic Stainless
Steel). Este cddigo de PFM aplica muchos de los mismos modelos que el programa xLPR,
pero se centra en elaborar modelos tanto del crecimiento de las grietas por fatiga como de
la estabilidad de las grietas de mecanica de fractura elastico-plastica (EPFM).
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e Los modelos de PFM elaborados demuestran que no es necesario realizar inspecciones
periddicas para detectar grietas orientadas axialmente en las tuberias de CASS del circuito
principal (incluidos los PWR de carga base y los PWR de operacion flexible[FPO]) ni en las
tuberias de CASS del sistema de compensacién (incluidos los PWR de carga base, pero no
los de operacidn flexible) para garantizar la integridad estructural y la estanqueidad de las
tuberias. Las tuberias de compensacién de las centrales de CE que funcionan con FPO estan
mas expuestas a la aparicion de grietas por fatiga debido a la posibilidad de que se
desencadene un gran numero de transitorios de compensacién por los cambios de potencia
del modelo FPO.

e Los resultados de la elaboracién de modelos de PFM demuestran que, para una grieta
detectada con una longitud angular completa de hasta 32°, el método alternativo de
evaluacion de defectos propuesto garantiza la integridad estructural de los componentes de
las tuberias de CASS del circuito principal durante un ciclo de combustible de
funcionamiento continuado tras la deteccidén de una grieta orientada circunferencialmente.

POR QUE ES IMPORTANTE

La microestructura heterogénea de los materiales de CASS es un impedimento para la
cualificacion de ciertos aspectos de las pruebas de ultrasonidos (UT). Una base técnica que
demuestre que no es necesario detectar las grietas axiales en las tuberias de CASS soluciona el
problema de que los procedimientos de UT deben cumplir de forma fiable las normas de
cualificacion para la demostracion del rendimiento. La falta de capacidad cualificada de
dimensionamiento en profundidad de las grietas circunferenciales u otros defectos similares a
las grietas en las tuberias de CASS impide la aplicacion de los procedimientos de evaluacion de
defectos estandar, por lo que es necesario un procedimiento alternativo que permita el
funcionamiento continuado y limite las reparaciones innecesarias.

COMO APLICAR LOS RESULTADOS

Se espera que este trabajo proporcione las bases técnicas para que el comité del Cédigo de la
ASME pueda tomar medidas en relacion con la inspeccién de los componentes de CASS. Esto
incluye nuevos casos del Cédigo de la ASME y el desarrollo de la Seccion XI, Apéndice VIII,
Suplemento 9 para la inspeccion cualificada de CASS y posibles alternativas a los requisitos de
inspeccién de la Seccién XI, Subarticulo IWB-2500 (Categorias de inspeccion B-F y B-J)
especificos para las tuberias de CASS.

OPORTUNIDADES DE APRENDIZAJE Y DE PARTICIPACION

e El Cddigo de mecdnica de fractura probabilistica xLPR (Extremely Low Probability of
Rupture), version 2.2 (EPRI 3002023872) fue publicado por EPRI en enero de 2023. Varios
de los médulos del cédigo xLPR se adaptaron para su uso en PIPER-CASS.

e MRP-362, Rev. 1 (EPRI 3002007383) presenta la justificacién técnica de la evaluacion de la
tolerancia a los defectos de las tuberias de CASS para avalar el caso N-838 del Cédigo de la
ASME. Se utilizé un modelo PFM para tuberias de CASS totalmente desgastadas con el
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objetivo de desarrollar limites de aceptacién del tamafio de los defectos que cumplieran
una serie de criterios de aceptacion de la probabilidad de fallo para cada nivel de servicio de
carga.

e EPRI 3002010314 documenta un estudio round-robin para determinar el rendimiento de las
técnicas NDE en un conjunto de especimenes CASS defectuosos que contenian condiciones
superficiales y geométricas realistas.

e MRP-424 (EPRI 3002010517) incluye un borrador de los requisitos de inspeccién para las
soldaduras de tuberias de CASS, lo que proporciona un marco a partir del cual se puede
redactar la versidn final de la Seccién XI, Apéndice VIII, Suplemento 9.

PERSONAS DE CONTACTO EN EPRI: Do Jun Shim, Ejecutivo Técnico, dshim@epri.com
PROGRAMA: Nuclear Power, P41; PWR Materials Reliability Program (MRP), P41.01.04

CATEGORIA DE IMPLEMENTACION: Referencia — Base técnica
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SAMMANDRAG

Den materiella mikrostrukturen i gjutet austenitiskt rostfritt stal (CASS) forsvarar
tillforlitligheten for ultraljudundersokningstekniker. Som sadan har kvalificeringskraven for
forfaranden, personal och utrustning vid ultraljudsprovning (UT) som anvands for undersékning
av CASS-ror i enlighet med American Society of Mechanical Engineers (ASME) Boiler and
Pressure Vessel Code, Section XI, Mandatory Appendix VIII inte utvecklats. Baserat pa aktuell
forskning ar de svaraste utmaningarna for undersokning av CASS-rérkomponenter upptackten
av axiella sprickor och djupdimensionering av omkretssprickor.

Forutom begransningarna i ultraljudsprovning utsatts CASS-material for termisk aldring, vilket
orsakar nedbrytning av brottseghet 6ver tid. Graden av brottseghet beror pa innehallet av delta
ferrit (6-Fe) i den specifika komponenten. Felldget i fraga for CASS-material ar en sprickas
tillvaxt (t.ex. fran ett befintligt tillverkningsfel) till en storlek som kan utmana komponentens
integritet, med tanke pa den minskade kritiska sprickstorleken vid den lagre spricksegheten.
Den viktigaste spricktillvaxtmekanismen av intresse fér CASS-material som utsatts for
tryckvattenreaktorers (PWR) kylvatska ar utmattningssprickbildning. Anlaggningens erfarenhet
och testning visar att austenitiskt rostfritt stal i PWR-miljon i allmédnhet ar resistent mot sprickor
fran spanningskorrosion, medan delta ferritinnehallet i CASS-material forvantas ha en
fordelaktig inverkan pa sprickbildningens mottaglighet fér spanningskorrosion.

Den har rapporten beskriver metoden for probabilitstisk brottsmekanik (PFM) och resultaten
som erhallits for att ta itu med utmaningarna i kvalifikationen av ultraljudsprovning av CASS-ror.
PFM-analyser bedomer de strukturella implikationerna av att axiella brister forekommer i CASS-
ror och sprider sig som sprickor utan att kreditera en undersékning under drift. Ytterligare PFM-
analyser bedomer den strukturella marginal som tillhandahalls av en alternativ
felutvarderingsmetod som inte kraver information om djupstorlek vid upptackten av
ombkretssprickor. PFM-utvarderingarna utfordes med hjalp av en programkod som har
utvecklats speciellt for detta projekt som kallas PIPER-CASS (Piping Integrity Probabilistic
Evaluation for Reactors - Cast austenitic Stainless Steel). PIPER-CASS fokuserar pa modellering
av tillvaxten av utmattningssprickor och stabiliteten hos CASS rérkomponenter, inklusive
termiskt aldrat material med Iag seghet.

Detta arbete ar avsett att stodja utvecklingen av Mandatory Appendix VIII, tillagg 9 for CASS och
alternativ till den nuvarande avsnitt XI-undersékningen och kraven pa godkannande av brister
for CASS-rérkomponenter.

Nyckelord

ASME Boiler and Pressure Vessel Code (BPVC)
Gjutet austenitiskt rostfritt stal (CASS)
Tillvaxt av utmattningssprickor

Probabilitsisk brottsmekanik (PFM)
Icke-destruktiv undersokning (NDE)
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EXEKUTIV SAMMANFATTINING

Leveransnummer: 3002023893
Produkityp: Teknisk rapport|

Produkttitel: Tillforlitlighetsprogram fér material: Probabilistic Fracture Mechanics Evaluation
of PWR Cast Austenitic Stainless Steel Piping Components (MRP-479)

Huvudmalgrupp: Utvecklare av koder och standarder relaterade till rérledningar av gjutet
autentistiskt rostfritt stal (CASS)

Sekunddr malgrupp: Teknisk personal hos licenstagare och regulatorer for
tryckvattenreaktorer (PWR)

NYCKELFORSKNINGSFRAGOR

Vilka analytiska I6sningar som finns tillgangliga for att komplettera den nuvarande icke-
destruktiva undersdkningens (NDU) kapacitet for CASS rordelar, sarskilt for detektering av axiell
sprickbildning och djupdimensionering av omkretssprickor?

FORSKNINGSOVERSIKT

Den har rapporten beskriver metoden for probabilitstisk brottsmekanik (PFM) och resultaten
som ar avsedda att stodja alternativa undersokningskrav for CASS-komponenter. Detta arbete
ar avsett att stodja utvecklingen av undersokningskraven fér ASME Boiler and Pressure Vessel
Code, Section XI, Mandatory Appendix VIII, Supplement 9 for CASS and refinement of Section
XI, Subarticle IWB-2500 (Examination Categories B-F and B-J) som ar specifika for CASS-
rorledningar. For axiell sprickbildning undersoktes effekten pa kdrnsakerheten
(spricksannolikhet) och djupt forsvar (lackagetathet), forutsatt att ingen periodisk icke-
destruktiv undersokning var till nytta. For omkretssprickor foreslas ett alternativt
felbedomningsférfarande for godkdnnande av upptéackt sprickbildning utan att forlita sig pa en
kvalificerad djupdimensioneringsférmaga.

NYCKELRESULTAT

e For detta arbete utvecklades en Python-baserad PFM-kod som heter PIPER-CASS (Piping
Integrity Probabilistic Evaluation for Reactors - Cast austenitic Stainless Steel). Denna PFM-
kod tillampar manga av de samma modeller som xLPR-programmet men fokuserar pa
modellering av tillvaxten av utmattningssprickor och sprickstabiliteten for elastisk-
plastbrottmekanik (EPFM).

e Resultaten fran PFM-modelleringen visar att periodisk undersokning for att upptécka axiellt
orienterad sprickbildning i huvudslingan av CASS-ror(inklusive bade PWR:er och PWR:er
under flexibel kraftdrift (FPO)) och i CASS-rérsystem med 6verspanningsledning (inklusive
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grundbelastning men inte FPO) ar onodigt for att sdkerstalla integriteten hos rorstruktur
och lackagetithet. Overspanningsledningar i CE-anldggningar som ar verksamma under
flexibel kraftdrift (FPO) har en 6kad risk for tillvaxten av utmattningssprickor pa grund av
risken for ett stort antal 6verspanningstransienter som utloses av effektforskjutningar
under flexibel kraftdrift.

e Resultaten av PFM-modellering visar att for att upptacka en spricka med en vinklad full
langd pa upp till 32 grader, sakerstaller den féreslagna alternativa felutvarderingsmetoden
strukturell integritet hos CASS-huvudslingans rordelar for en branslecykel med fortsatt drift
efter detektering av en omkretsspricka.

VARFOR DETTA AR VIKTIGT

Den heterogena mikrostrukturen hos CASS-material ar ett hinder for kvalificering av vissa
aspekter av ultraljudsundersokningar (UT). En teknisk grund som visar att detektering av axiell
sprickbildning i CASS-rorsystem inte ar nddvandig tar itu med utmaningen hos UT-procedurer
som pa ett tillforlitligt satt uppfyller kvalificeringsstandarder for prestandademonstration.
Bristen pa kvalificerad djupdimensioneringsformaga for omkretssprickor eller sprickliknande
brister i CASS-rérledningar forhindrar tillampningen av standardférfaranden fér utvardering av
fel, sa ett alternativt forfarande behovs for att tillata fortsatt drift och begréansa onddiga akuta
reparationer.

HUR RESULTATEN SKA TILLAMPAS

Detta arbete férvantas ge tekniska underlag for ASME kodkommitténs atgarder for att ta itu
med granskningen av CASS-komponenter. Detta inkluderar nya ASME kodfall och utvecklingen
av utredningskraven i Section XI, Mandatory Appendix VIII, Supplement 9, for kvalificerad CASS-
undersokning och potentiella alternativ till Section XI, Subarticle IWB-2500 (Examination
Categories B-F and B-J), specifika for CASS-rérledningar.

MOJLIGHETER ATT LARA SIG OCH BLI ENGAGERAD

e Extremely Low Probability of Rupture (xLPR) Probabilistic Fracture Mechanics Code, Version
2.2 (EPRI 3002023872) utgavs av EPRI i januari 2023. Flera av xLPR-kodmodulerna
anpassades for anvandning i PIPER-CASS.

e MRP-362, Rev. 1 (EPRI 3002007383) presenterar den tekniska motiveringen for
feltoleransutvarderingen av CASS-rorledningar for att stodja ASME Code Case N-838. En
PFM-modell for fullt aldrade CASS-rérledningar anvandes for att utveckla gransvarden som
uppfyller en uppsattning kriterier for acceptans av felsannolikhet for varje belastningsniva.

e EPRI 3002010314 dokumenterar en round-robin-studie for att faststalla prestandan hos
NDU-tekniker pa en uppsattning felaktiga CASS-prover som innehdll realistiska forhallanden
for ytor och geometri.
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e MRP-424 (EPRI 3002010517) innehaller ett utkast till undersdkningskrav for CASS-
rorsvetsar, vilket ger ett ramverk fran vilket den slutliga versionen av Section XI, Mandatory
Appendix VIII, Supplement 9 kan skapas.

EPRI-KONTAKTER: Jan Shim, teknisk chef, dshim@epri.com
PROGRAM: Nuclear Power, P41; PWR Materials Reliability Program (MRP), P41.01.04

IMPLEMENTERINGSKATEGORI: Referens — teknisk grund
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RESUMO

A microestrutura material dos materiais de CASS (aco inoxidavel austenitico fundido) desafia a
confiabilidade de técnicas de ensaio por ultrassom. Assim sendo, os requisitos de qualificacdo
para procedimentos, pessoal e equipamentos de UT (ensaio por ultrassom) utilizados na
inspecdo de tubulagdes de CASS de acordo com o Cddigo de Caldeiras e Vasos de Pressdo da
ASME (Sociedade Americana de Engenheiros Mecanicos), Secao XlI, Anexo VIl obrigatdrio, ndo
foram desenvolvidos. Com base em pesquisas atuais, os desafios mais dificeis para a inspecao
de componentes de tubulagao de CASS sdo a detec¢do de trincas axiais e o dimensionamento
da profundidade de trincas circunferenciais.

Além das limitagdes da inspegao por UT, o material de CASS esta sujeito ao envelhecimento
térmico, o que causa degradagdo da tenacidade a fratura ao longo do tempo. A extensao da
degradacdo da tenacidade depende do teor de ferrita delta (6-Fe) do componente especifico. O
modo de falha preocupante em material de CASS é o aumento de uma trinca (por exemplo, de
uma falha de fabricacdo preexistente) até um tamanho que possa desafiar a integridade do
componente, considerando o tamanho critico reduzido da trinca devido a menor tenacidade a
fratura. O principal mecanismo de crescimento de trinca no material de CASS exposto a liquido
refrigerante de PWR (reator de agua pressurizada) é a trinca por fadiga. A experiéncia e os
ensaios em usinas mostram que material de aco inoxidavel austenitico no ambiente de PWR
geralmente é resistente a trincas por corrosdo sob tensdo, enquanto espera-se que o teor de
ferrita delta no material de CASS tenha um efeito benéfico para a suscetibilidade a trincas por
corrosao sob tensao.

Este relatdrio descreve a abordagem PFM (mecanica da fratura probabilistica) e os resultados
obtidos para lidar com os desafios na qualificacdo de inspec¢des por UT para tubulacdes de
CASS. As analises de PFM avaliam a implicacdo estrutural de falhas axiais presentes em
tubula¢Ges de CASS que se propagam como trincas sem considerar as inspecdes de
manutencdo realizadas. Analises adicionais de PFM avaliam a margem estrutural fornecida por
uma metodologia alternativa de analise de falhas que ndo requer informacgoes de tamanho de
profundidade apds a detecgdo de trincas circunferenciais. As analises de PFM foram realizadas
usando um cédigo de software desenvolvido especificamente para este projeto chamado
PIPER-CASS (Analise probabilistica da integridade de tubula¢des para reatores — Aco inoxidavel
austenitico fundido). O PIPER-CASS concentra-se na modelagem do crescimento de trincas por
fadiga e na estabilidade de componentes de tubula¢des de CASS, incluindo material
envelhecido termicamente com baixa tenacidade.

Este trabalho tem como objetivo apoiar o desenvolvimento do Apéndice VIl Obrigatério,
Suplemento 9 para CASS e alternativas aos atuais requisitos de inspegao e aceitagao de falhas
da Secdo Xl para componentes de tubulagdes de CASS.
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RESUMO EXECUTIVO

NUmero do documento: 3002023893
Tipo de produto: Relatério técnico

Titulo do produto: Programa de confiabilidade de materiais: Analise da mecanica da fratura
probabilistica de componentes de tubula¢do de a¢o inoxiddvel austenitico fundido de PWRs
(MRP-479)

PUblico principal: desenvolvedores de Codigos e Normas relacionados a componentes de
tubulacdes de CASS (aco inoxidavel austenitico fundido)

PUblico secunddario: equipe técnica de licenciados e reguladores de PWRs (reatores de agua
pressurizada)

PRINCIPAL PERGUNTA DA PESQUISA

Quais solucdes analiticas estdo disponiveis para complementar as atuais capacidades de NDE
(ensaio ndo destrutivo) para componentes de tubula¢des de CASS, especificamente para a
deteccdo de trincas axiais e dimensionamento da profundidade de trincas circunferenciais?

VISAO GERAL DA PESQUISA

Este relatério descreve a abordagem de PFM (mecanica da fratura probabilistica) e os
resultados com o intuito de apoiar requisitos alternativos de inspe¢do para componentes de
CASS. Este trabalho tem como objetivo apoiar o desenvolvimento do Cédigo de Caldeiras e
Vasos de Pressao da ASME, Secdo Xl, Apéncice VIl Obrigatério, Suplemento 9 para CASS e o
refinamento dos requisitos de inspec¢do da Secao Xl, Subartigo IWB-2500 (Categorias de
inspecdo B-F e B-J) para tubulagdes de CASS. Para trincas axiais, os efeitos na seguranca nuclear
(probabilidade de rutura) e na defesa em profundidade (estanqueidade de vazamentos) foram
analisados desconsiderando quaisquer beneficios dos NDEs peridédicos. Para trincas
circunferenciais, um procedimento alternativo de analise de falhas é proposto para aceitacao
de trincas detectadas sem depender de uma capacidade de dimensionamento de profundidade
qualificada.

PRINCIPAIS DESCOBERTAS

e Para este esforco, foi desenvolvido um cddigo de PFM com base em Python chamado
PIPER-CASS (Avaliacdo probabilistica da integridade de tubulacdes para reatores — Aco
inoxiddvel austenitico fundido). Esse codigo de PFM aplica muitos dos mesmos modelos do
programa xLPR, mas concentra-se na modelagem do crescimento de trincas por fadiga e na
estabilidade de trincas na EPFM (mecénica da fratura elasto-plastica).
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e Osresultados de modelagem de PFM mostram que a inspegdo periddica para detectar
trincas de orientagdo axial na tubulagdo de CASS do circuito principal (incluindo PWRs de
carga base e PWRs que operam sob FPO [operacdo de alimentacdo flexivel]) e na tubulacdo
de CASS de linha de surto (incluindo carga base, mas ndo FPO) é desnecessaria para garantir
a integridade estrutural e estanqueidade de vazamentos das tubulagdes. As linhas de surto
em usinas CE que operam sob FPO possuem uma preocupa¢ao maior com o crescimento de
trincas por fadiga devido ao potencial de um grande nimero de transientes de surto serem
acionados por mudancas de alimentacdo da FPO.

e Osresultados da modelagem de PFM mostram que, para uma trinca detectada com um
comprimento angular total de até 32°, o método alternativo de analise de falhas proposto
garante a integridade estrutural dos componentes da tubulacdo de CASS do circuito
principal por um ciclo de combustivel de operacao continua apds a detec¢do de uma trinca
com orientagdo circunferencial.

PORQUE QUE ISSO IMPORTA

A microestrutura heterogénea de materiais de CASS é um impedimento para a qualificacdo de
determinados aspetos do UT (ensaio por ultrassom). Uma base técnica que demonstra que a
detecgao de trincas axiais em tubulagdes de CASS é desnecessaria lida com o desafio de
garantir que os procedimentos de UT atendam aos padrdes de qualificacdo de demonstracao
de desempenho. A falta de capacidade qualificada de dimensionamento de profundidade para
trincas circunferenciais ou falhas semelhantes a trincas em tubulacdes de CASS impede a
aplicacdo de procedimentos padrdo de avaliacdo de falhas, portanto, é necessario um
procedimento alternativo para permitir a operacdo continua e limitar reparos emergentes
desnecessarios.

COMO APLICAR OS RESULTADOS

Espera-se que este trabalho forneca bases técnicas para acdes do comité do Codigo ASME que
abordem a inspecdo de componentes de CASS. Isso inclui novos Casos do Cédigo ASME e o
desenvolvimento da Secao XI, Apéndice VIII obrigatério, Suplemento 9 para inspecado
qualificada de CASS e alternativas em potencial a Se¢do XI, Subartigo IWB-2500 (Categorias de
inspecdo B-F e B-J) para tubulagdes de CASS.

OPORTUNIDADES DE APRENDIZAGEM E ENVOLVIMENTO

e O Cddigo de Mecanica da Fratura Probabilistica de xLPR (Probabilidade Extremamente Baixa
de Ruptura), Versdo 2.2 (EPRI 3002023872), foi langado pelo EPRI em janeiro de 2023.
Diversos dos médulos de codigo de xLPR foram adaptados para uso com o PIPER-CASS.

e O MRP-362, Rev. 1 (EPRI 3002007383) apresenta a justificativa técnica para a avaliacdo de
tolerancia a falhas de tubulacdes de CASS para suporte ao Caso N-838 do Cédigo ASME. Foi
utilizado um modelo de PFM para tubulacdes de CASS totalmente envelhecidas para
desenvolver limites de aceitacdo de tamanho de falhas que atendem a um conjunto de
critérios de aceitacao de probabilidade de falha para cada nivel de servico de carregamento.
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e O EPRI 3002010314 documenta um estudo interlaboratorial para determinar o desempenho
das técnicas de NDE em um conjunto de espécimes de CASS com falhas que continha
condicOes geomeétricas e superficiais realistas.

e O MRP-424 (EPRI 3002010517) inclui um esboco dos requisitos de inspecao para soldas de
tubulacées de CASS, fornecendo uma estrutura a partir da qual pode ser redigida a versao
final da Se¢ao XI, Apéndice VIII Obrigatério, Suplemento 9.

CONTATOS DO EPRI: Do Jaun Shim, executivo técnico, dshim@epri.com

PROGRAMA: Energia nuclear, P41; MRP (Programa de confiabilidade de materiais) de PWRs,
P41.01.04

CATEGORIA DE IMPLEMENTACAO: Referéncia — Base técnica

Pagina | 8



SUMARIO

3 13140 Yo [1 T ot 1o J RN 1
0 A 1 o T ol TSRO TPR 1

00 A0 ] o1 =Y 1Yo 1 4
1.2, THINCAS @XIAIS .eeiiiiiiiiiiiiiiiee et e e e e 4

1.2.2 TrinCas CirCUNTEIENCIAIS. .. ceiiiiiiiiiiiiiiie e 4

IS BN R oo ] o Lo T PP OT PP PPPPPRRPPPRt 5

R 1Y o o T o F- T =<1 o o T 5
1.4, 1 THINCAS @XIAIS .eeiiiiiiiiiiiiiiiee ettt e e e e e s baaa e 5

1.4.2 TrinCas CirCUNTEIENCIQIS. ...ceiiiuiiiiiiiiiie et 6

1.5 0rganizagd@o do relatorio .........uviiiiiie e e e e e e e e e annes 6

1.6 Classificagao RG 1.245 ..ottt e e e s e e e e e s s s s saatae e e e e e s e e s nannes 7

2 Visdo geral do codigo de PFIM do PIPER-CASS ........ccciiiiiiimmmennniiininiiineesmssiimmeesssssssn 9

3 Abordagem alternativa de andlise de falhas para falhas com orientagao

circunferencial @m CASS ..ot 12
3.1 Avaliagao de falhas em tubulagdes padrdao da Segao Xl.....ccccvveeeeeieviriiiiiieieeeee e, 12
3.2 Abordagem alternativa de analise de falhas.........cccccciiiiiiiiiiii e, 12
3.3 Validagao de PFM de andlise alternativa de falhas ........coccciviieeiiiiiiinicii e, 13
Tl D F e (ol o= E o E 1V £ | [ T [ XU 17
O T o I o [l = {=To 4 =] o - ISP PPUPRRR 17
4.2 DAd0S A€ MATEIIIS «..uveeiiriiieiiie e 18
A R T T Tol o £ Lo [ OO PR PPRROP 18
A (T [ =T o [l - (P PP PP OPPPPPN 21
4.2.3 Correlagao de PAramELtIOS .......uueeeeeeieeieiiiiieeee e e e e e eccirrr e e e e e e e e ssarrreeeeeeessssnaraneeeaaeens 22
L O LV g oL 23
4.3 DAd0oS A€ CarT@EaMENTO....uuuuuuuruurruuerrurrrurrruertuerrrerrrerrerrr.——.———————.———.———.——......n................. 23
4.3.1 Carregamento A& CONSTANTES .....uuiiiieeeieeeeiiiei e eeeeeeerr e e e e e eerer e eeeeeesesraaaeeeeas 23
4.3.2 Carregamento de tranSIENTES .uuuuuiiiie et eee e et e e e e e e e et e e e e e eeear e e 24

Pagina | 9



4.3.3 Carregamento de estabilidade — Trincas axiais .....cccceeeeeeeeieeeieeeiee e, 25

4.3.4 Carregamento de estabilidade — Trincas circunferenciais .......cccceeeeeeveeeieeeieeeieennnn. 25
4.4 Tamanho inicial da triNCa......c.coiiiiiiiiieee e s 27
o R g T g Tor= R D= LT 27
4.4.2 TrinCas CirCUNTEIENCIAIS. .. .eiireeeiiiee sttt s 28
4.5 Tabela de dados......cc.ueiiiiiiiiiie e s 28
4.6 Matriz dO CASO DASE ....eeeiiiiiiiie e 34
4.7 Casos de Sensibilidade ........cccueeiiiiiiiieie e e 35
4.7.1 Sensibilidades da taxa de crescimento de trincas.......cccoccveeeiiiiieeeiiiiiec e 35
4.7.2 Sensibilidades de WRS ...t 36
4.7.3 Sensibilidades de tranSientes.......c.ueeeiiiiiiiiiiii e 36
4.7.4 Sensibilidades do tamanho inicial da trinca .......cccocovieiiiiiiiiiie 37
4.7.5 Sensibilidade do material........cccoocuiiiiiiiiii 38
4.7.6 Sensibilidades de material e carregamento circunferenciais........cccccceeeeeeeeeeeeeeennn, 38
4.7.7 Sensibilidades de convergéncia temporal........cccocccuiiiiiiiei e 39
4.7.8 Meta de sensibilidade de tamanho final ... 39
5 Critérios de aCeIitagan ......ecciiiiiiiiiiriuueiiiiiiiiiiieennssiiiiiiitnnesssssssiisniinressssssssssssstsnssssssssssssssnnns 47
6 Resultados e discussao sobre trincas axiaiS........cccureeiiiiiiiiiinnnnnieeiiiiiiiienn 49
6.1 Resultados do caso base de trincas axiaiS........ccovvueeiiiiiiiieiiiiiieeeeeee e 49
6.2 Importancia de dados € tranSIENTES ......civiiiiiiiiiiiiiiiee e 50
6.2.1 Dados que contribuem para meio comprimento critico de trincas através de
[ =L [T PP PSPPSRI 50
6.2.2 Contribuicdao de transientes para 0 Crescimento ......ccoeevcciiiieeeeee e 53
6.3 Estudos de sensibilidade de trincas axiaiS........cooveereieiiiiiiniiecce e 54
6.3.1 Taxa de crescimento de trincas e sensibilidades de WRS .........cccocieiiiiiiieeennineeen. 54
6.3.2 Sensibilidades de tranSieNtes. .........ccoviiiiiiiiiiie e 55
6.3.3 Sensibilidades do tamanho inicial da trinCa ........ccccceviviiiiiiiiiiii e, 56
6.3.4 Sensibilidades de MateriaiS.........cocvverieiiiiiiiie e 57
6.3.5 Meta de sensibilidade de tamanho final........ccccciiiiiiiiii e, 57
o N 0oT V=] o= {=T ol - IR 62

Pagina | 10



o oY a1V =T = L= Yol - =T g Y o o] =] FS 62

6.4.2 CONVErgENCIA ESTAtISTICA .uvvvirriiriiiiiiiiiiiieieeeieeeeeeeeeeereee e erreeeeeerererereeeeeereereeeeees 63

7 Resultados e discussao sobre trincas circunferenciais.........ccccceeeeeiiiiiiiisineeeeciiiiicinninneneeeen. 65
7.1 Resultados do caso base de trincas circunferenciais........cccecveerreeeriieenieeeniiee e, 65

7.2 Importancia de dados € traNSIENTES .......eevvvvvieiiiiiiiiiiieieeeieeeeeeeeeeeeee e eeeeeeeees 66

7.3 Estudos de sensibilidade de trincas circunferenciais ........ccccceeervveeriieeniieeniiec e, 68
7.3.1 Taxa de crescimento de trincas, WRS e sensibilidades de transientes..................... 68

7.3.2 Sensibilidades do tamanho inicial da trinca.........cceeeviieiiiieiiee e 68

7.3.3 Sensibilidades de materiais e carregamento........cceevvveeeveeeiieeiieeieeeeeeeeeeeeeeee e 69

A N @o o1V =L o T - TP SUUTRR 71

7.5 Avaliacdao da margem SOb tENSA0 c.ccvvviiiiiiiiiiieeeeeeeeeeeeeeeeeee e 71

7.6 Consideragcao de componentes da tubulagdo da linha de surto ........ceevvevevvvveevieeeeeennnn. 73

L =T o =& TN 74
B O 0 1] 11 T 77
0.1 TrINCAS @XIAIS .uuvvereieiiiiiiiiiiiiit ettt e e e e s b e e e s e s s bbb e e e e e e e s s s nnranae s 77

9.2 TrinCas CIrCUNTEIENCIAIS «.ouuveeiieiiiiee ettt e e s e e e e 79

9.3 Aplicabilidade a outros componentes de tubulagBes ........cceeveveeeveeeveeeeiievieeeeeeeeeeeeeeeee, 80

9.4 Sugestdes de areas de foco para desenvolvimentos futuros .........cccceevveevveveeeeveeeeeeeneen, 82

10 REFEIENCIAS ..uuuuuueuitiiiii s s s ssnnns 83
L D E Lo Lo T L=l 4 o T =T T T 87
B Descrigao do codigo de PFIM do PIPER-CASS .......ccccceeiiiiiiiiinnnnmnniiiiinninneeessssssisisimmessssssssses 88
B.1 Instanciagao de MOEIOS .......uuiiiiiiiiiiiiiiieee e 89

B.2 MOdEIO A& MateriaiS....cuueieeiiiiiee ettt e e s e e s saneee s 90

B.3 Modelos de carregamento € tEBNSA0 .......uuuuiiiieeieiiiiiiiieeee e e e e 91
B.3.1 Carregamento de CONSTANTES......uuuiiiiiiiiiiiciiieeeee et e e e e e e e e eaees 91

B.3.2 Carregamento de tranSieNteS .......uueiiieeiiiiiiiiiieee e e e 91

B.4 Calculo do fator de intensidade de tENSA0 ....cccuueeeeiriiiiiiiiiiiee e 96

Pagina | 11



B.5 Calculo de cresCimento de triNCAS cuuu.viiveee ittt ettt ettt e et e e e raa e eeaanaees 97

B.6 Modelagem de transiCao 0@ triNCaS.....ceeeiieeiieiiieiiieeiieeeeeeeeeeeeeeeeee et 99
B.7 Modelagem de coalesCENCIa de triNCAS ..ccoeeeiieiieeiiieiiiee e 99
B.8 Calculo da estabilidade de trinCas .........ccocueeriiiiiiiieee e 100
2 R A I T g T K DT | PP 102
B.8.2 Trincas CIrCUNTEIrENCIANS ....everuiieiiiieeiiee ettt 103
B.8.3 Solucionador de tamanho critico de trincas através de paredes .........cccccceeee...... 104
28 I 1T o T=ToF o RSP 104
B.10 Interface do usudrio: entrada @ Saida ........ccocueeriiiiiiiieeiee e 104
B.11 Verificagdo € Validaga0 .coceeiieei e s 105
C Indicadores de referéncia versus XLPR ..........cccciiiimmiiiiiiiiiiiiiiiineenesnnnsssssesssssssscsssnnees 108
C.1 Incorporacao de diferengas de XLPR ........uevviiiiiiiiiiiiiiiieeieiieeeeeeeeeeeeeeeeeseeeseeeseeeseesrenneane 108
C.2 Dados para €casos de referénCia......ccccueeeeeeeiiieciiiiieeeee et e e e e e e 110
C.3 Resultados de refer@NCia .......eeuiueeeiieeiiie et 110
C.4 Diferencas continuas em estabilidade de EPFM versus XLPR...........ccccccviiiieieeeeeecicnns 113

Pagina | 12



LISTA DE FIGURAS

Figura 1-1 Localizacbes comuns de tubulacdes de CASS em RCS de usinas projetadas pela

WESTINGNOUSE [B] coeiiieiiiiiiieieee e 3
Figura 1-1 Localizagdes comuns de tubulagdes de CASS em RCS de usinas operacionais

projetadas pela CE (adaptadas de [6])....ccceeeieerieeiieiiieiiieeiiececcceeee e 3
Figura 2-1 Fluxograma da estrutura do cddigo do modelo probabilistico do PIPER-CASS........... 10
Figura 2-2 Fluxograma da estrutura do cédigo do modelo probabilistico do PIPER-CASS:

detalhes do Circuito de tEMPO cooceeeiieeeeeeeeeeeeeeeee e 11
Figura 3-1 Proposta de método de andlise de falhas para falhas circunferenciais em

componentes de tubUlagies @ CASS ......ooovvviiiviiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeee e 15
Figura 3-2 Método para utilizacdo de PFM na avaliacdo da margem fornecida pelo

método proposto de andlise de falhas..........uuvvieiiiiiiiii 16
Figura 4-1 Calibragao da distribui¢ao da tenacidade a fratura de CF8M normalizada para

2596 O-F ...ttt e e e e e e e e e — e e e e ——eeeaa——aae e e bteee e e aaeeeeanaaaeeeeaaaaaes 20
Figura 4-2 Variabilidade na tenacidade do material com extensdo de trinca ductil para

fundicdo estatica de CF8M com 6-Fe distribuida e variabilidade adicionada a Cysat ............ 20

Figura 4-3 Distribuicdo de dados de limite de escoamento, tensao de fluxo e resisténcia
a tracdo para CF8M em condicdo de envelhecimento totalmente saturado aplicado
PEIO PIPER-CASS .....uuituttitetttiiiiiiiuuuttuuuearturraaaeraarraaararrrarararrrrasarsssssssssssssssssssssssssssssssssssssssrnnns 21

Figura 4-4 Comparacao de tensdo de fluxo totalmente envelhecida aplicada pelo PIPER-
CASS com a apresentada no Apéndice A de MRP-362 Rev. 1 (para 10 000 amostras) ........ 22

Figura 4-5 Perfis de WRS QXIS ...eeeeuririiiieeieeiiiiiiiieeeee e sttt e e e e s e s sirareeee e e s e sssasbraneeeeessssnnnnes 26
Figura 4-6 Perfis de WRS circunferenciais.......cccccoeeee oo, 26
Figura 4-7 llustragao de trinca superficial axial e principais dimensoes.......cccccceecvvvvveeeeeeeeeninns 27
Figura 4-8 llustracdo de trinca circunferencial através de parede idealizada e principais

(o 110 T=T o Yo 1= PSPPI 28
Figura 4-9 Distribuicdao da profundidade da trinca no caso de sensibilidade G........................... 46
Figura 6-1 Representacdo do crescimento de profundidade de SESC de cada caso base ........... 50
Figura 6-2 Impacto dos valores de amostra no comprimento critico da trinca no nivel de

SErviCo A Para 0 CasO WEC AX L ..t e e e et e e e et e s e e et e e e s eannaeees 52
Figura 6-3 Impacto dos valores de amostra no comprimento critico da trinca no nivel de

Servigo A para 0 CasO CE_AX L. i ettt e e e et e e e e e eeneees 52

Figura 6-4 Fracao de crescimento por transiente de trincas axiais parcialmente
atravessando a parede No caso WEC_AX_ 1 ...t e e 53

Figura 6-5 Fracdo de crescimento por transiente de trincas axiais parcialmente
atravessando a parede N0 CASO CE_AX 2....cuuiiiiieiieieieeeiiiiiie e e e e eeeeriisieeeeeeeseessstnaneeeeseesanes 54

Pagina | 13



Figura 6-6 Fracdo de crescimento na direcdo de profundidade por transiente de trincas
axiais parcialmente atravessando a parede no caso WEC_AX_1 e nos casos de
Y= AR o] [Te = Te T3 o S = =T ST 60

Figura 6-7 Fracdo de crescimento na direcdo de comprimento por transiente de trincas
axiais parcialmente atravessando a parede no caso WEC_AX_1 e nos casos de
Y= AR oY1 Te = Te T<IN = S = I =T 60

Figura 6-8 Fracdo de crescimento na direcdo de profundidade por transiente de trincas
axiais parcialmente atravessando a parede no caso CE_AX_2 e nos casos de
SENSIDIIAAAE H, 1 € M ettt e e e et e e e e e e e e eeab e e eeaeeenees 61

Figura 6-6 Fracdo de crescimento na dire¢ao de comprimento por transiente de trincas
axiais parcialmente atravessando a parede no caso CE_AX_2 e nos crescimentos de

SENSIDIAAAE H, 1 € IM e e e et e e et e e e eba e s seaaaeaees 61
Figura 6-10 Fracdo de crescimento em comprimento por transiente de trincas axiais

através de paredes no caso CE_AX_2 e nos casos de sensibilidade H, le M .......cccccceoe..... 62
Figura 7-1 Representacdo do crescimento do comprimento de trincas de cada caso base. ........ 65
Figura 7-2 Impacto dos valores de amostra no meio angulo critico da trinca no nivel de

Servigo A para 0 CaSO WEC_CIRC_1 ...ttt e et e e eeeeneees 67
Figura 7-3 Fragdo de crescimento em comprimento por transiente para casos base

(ol oW T o} £=T o =] o ol =T 67

Figura 7-4 Fracao de crescimento em comprimento por transiente para o caso

WEC_CIRC_1 e casos de sensibilidade........ccccccevvviviiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 70
Figura 7-5 Comparagao de esforgo de flexao permissivel e critico por tamanho da trinca

(tenacidade MEdiaNa) ..o 72
Figura 7-6 Comparacao de esforco de flexdao permissivel e critico por tamanho da trinca

(parametros de tenacidade do 12 percentil) .......ccceeeeeeeeeciiiiiiieee e 73
Figura B-1 Histdrico de temperatura e pressdo do fluido do transiente de aquecimento .......... 94

Figura B-2 Evolucdo temporal da temperatura e do estresse radial através da parede de
tubos para o transiente de aquecimento (no DI [<290 mm] mostra a temperatura

do liquido refrigerante e tensdo da pressao circunferencial) ......c.ccceeeeviiieeeeeiiiiiiciiiieeenenn, 94
Figura B-3 Evolugdo temporal do estresse do DI e do tempo de elevagao cumulativo para

O transiente de aQUECIMENTO ..ociiiiiiiiiiiiieeee e e e e e e s s aaeeeeeee s 95
Figura B-4 Evolucdo temporal do estresse aplicado para crescimento de trincas através

de paredes do transiente de aqUECIMENLO ....ccovvveviiiiiiiiiiceeeeeeeeeee e, 95
Figura B-5 Gradiente radial da diferenca de temperatura entre o metal do tubo e o

fluido no fim do transiente de aqUECIMENTO .......cvvvvvieiiiiieiiiiiiieeeeeeeeeeeeeeeeeeeeeeeee e 96
Figura B-6 Comparagdao de modelos de crescimento de trincas por fadiga..........ccccvvvvveeeeeiennnnnns 99

Figura B-7 Exemplo de integral J e tamanhos criticos de trincas através de paredes no
raio médio (Rm) para trincas circunferenciais no nivel de servigo A para 10
realizagbes (limite de EPFM para 3 realizagdes, limite de NSC para 7 realizagdes) ........... 101

Pagina | 14



Figura B-8 Exemplo de profundidades de colapso de trincas superficiais axiais para a

abordagem do PIPER-CASS considerando as solugdes finita e infinita ..........................

Figura C-1 Comparagdo do tamanho da trinca para o caso de referéncia deterministico

de orientacdo de trinca axial .....ccoeeviieiiiiiiie

Figura C-2 Comparacao de K| para o caso de referéncia deterministico de orientagdo de

AT or= = DAL= | TN

Figura C-3 Comparacdo do tamanho da trinca para o caso de referéncia deterministico

de orientagdo de trinca circunferencial.........ccccccciii

Figura C-4 Comparacdo de K| para o caso de referéncia deterministico de orientacdo de

g g Yor W ol [£ol8 (oY (=Y €] A oL L= | TN

Figura C-5 Exemplo de solucionador DHS do mdédulo TWC_Fail de xLPR (para caso de

teste XLPR-STP-TWC_fail V2.1 N2 42)..cccuiiiiiieeiieeeeeeeet ettt

Pagina | 15



LISTA DE TABELAS

Tabela 1-1 Critérios de triagem de suscetibilidade a envelhecimento térmico para

material de CASS (CF-3, CF-8 e CF-8M), fornecidos por NUREG/CR-4513, Rev. 2 [3] ............ 2
Tabela 1-2 Classificagdo do PIPER-CASS no contexto do RG 1.245......ccooveeiieeiieeeieeiieeiieeceeeeeeeeennn 8
Tabela 4-1 Dados de casos base do PIPER-CASS (comuns a todos os casos de base).................. 29
Tabela 4-2 Dados de casos base do PIPER-CASS comuns a casos axiais e circunferenciais

(quando casos base forem diferentes) .......cooccuiiiiiiie e 31
Tabela 4-3 Dados de casos base de trincas axiais do PIPER-CASS ..........cceeeeeviiciiieeeeee e 31
Tabela 4-4 Dados de casos base de trincas circunferenciais do PIPER-CASS .........cccccveeevveivinnnen. 32
Tabela 4-5 Lista de transientes de casos base da WEC do PIPER-CASS ........ccooeeiieiieeeiieeieeeeeeenn, 33
Tabela 4-6 Lista de transientes de casos base da usina CE do PIPER-CASS..........ccccceveeeeveennnnnnn. 33
Tabela 4-7 Lista de transientes de surtos de aquecimento/resfriamento de casos base da

CE dO PIPER-CASS ...ttt ettt e ettt e e e e e e e sttt e e e e e e e e e e s ssabaaeeeeeeeessnnnsssaneeaaaens 34
Tabela 4-8 Lista de transientes de FPO de casos base do PIPER-CASS (para trincas

CIrcunferenciais da WEC) ... ...oei ittt e e e e e e e e r e e e e e e e e e e e naraaaeeaaaeas 34
Tabela 4-9 Matriz de casos base do PIPER-CASS .........ooo oo, 35
Tabela 4-10 Descricdo de casos de sensibilidade e dados modificados .......ccccceeeeeeeeeieeeieeeieennnnn. 40
Tabela 5-1 Critérios de aceitagdo do PIPER-CASS (os mesmos recomendados pelo MRP-

362 RL [13])veeeeereeeereeeeeeeeeeeeeeeseeeeeeeeeeseeeeeeeeseseeseeeseeeeeeeeteeeeseseeeeeseseeeeseseeeeteeeseseeeeeeeeeees 48
Tabela 6-1 Probabilidades cumulativas de ocorréncia de casos base ao longo de 80 anos ........ 50
Tabela 6-2 Probabilidades cumulativas de ocorréncia de casos de sensibilidade ao longo

de 80 anos para casos de sensibilidade aplicados a WEC_AX_1.....ccccccvvvviiiiiiieeiieeieeeeenennnn, 58
Tabela 6-3 Probabilidades cumulativas de ocorréncia de casos de sensibilidade ao longo

de 80 anos para casos de sensibilidade aplicados @ WEC_AX_2....cccovvvvvvevveeeeiieeeeeeeeeeeeeeeenn, 58
Tabela 6-4 Probabilidades cumulativas de ocorréncia de casos de sensibilidade ao longo

de 80 anos para casos de sensibilidade aplicados @ CE_AX_1...cccoiviviiiiiiieeeeeeeeiiiiiieeeeeeenn 59
Tabela 6-5 Probabilidades cumulativas de ocorréncia de casos de sensibilidade ao longo

de 80 anos para casos de sensibilidade aplicados @ CE_AX_ 2 ..cccovvvivvieiiiieiieeeeeeeeeeeeeeeeeeeee, 59
Tabela 6-6 Comparacdo de crescimento cumulativo de trincas para estudos de

sensibilidade de convergéncia teMPOral.......ccccccvvviviiiiiiiiiiiieeeeeeeeeeeeeeeeeeee 63
Tabela 7-1 Probabilidades cumulativas de ocorréncia de casos base ao longo de 2 anos

(o [l oY =T = Tor: [o Koo ] a1 o[V F- P 65
Tabela 7-2 Resultados de casos de sensibilidade para WEC_CIRC_1 .....cceeevviviiiviiieeeeeeenniiiennen, 69
Tabela 7-3 Resultados de casos de sensibilidade para WEC_CIRC_2 .....cceoeeeeieeiieeeieeeiieeeeeeeee, 70

Pagina | 16



Tabela 7-4 Comparacdo de crescimento cumulativo de trincas para estudos de

sensibilidade de convergéncia teMPOral.......ccccccvvvviiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee 71
Tabela 9-1 Diferencas de geometria e carga para localizagcdes de CASS em usinas WEC,

B&W, CE € AP-1000 ......cceiuteeeiieeeiieeeiiiee ettt e ettt e sttt essitee sttt e s sbbeessbeesbteessbeesnseeessseessseesnnes 81
Tabela A-1 Dados de materiais (do Apéndice E do MRP-362 ReV. 1 [13]) .cccoeviciiiiiieeeeeeeeiieee, 87
Tabela B-1 Comparacdo de mAdulos VErsus XLPR .....ccoooveiiiiiiiiiiiiieeeeeee e, 88
Tabela B-2 Comparacdo de fatores de liga de aco inoxidavel entre N-809 [31] e xLPR [30]........ 98

Tabela C-1 Modificagdes para corresponder xLPR devido a diferengas intencionais versus
abordagem de XLPR documMENTada........uuuiiiiiiiiiiiiiiiieee et 109

Tabela C-2 Modificagbes adicionais para corresponder o comportamento do cédigo base
Lo LI o 2 PP RPPPP 109

Pagina | 17



About EPRI

Founded in 1972, EPRI is the world’s preeminent independent, non-
profit energy research and development organization, with offices
around the world. EPRI’s trusted experts collaborate with more than
450 companies in 45 countries, driving innovation to ensure the public
has clean, safe, reliable, affordable, and equitable access to electricity

across the globe. Together, we are shaping the future of energy.

PROGRAM

Pressurized Water Reactor Materials Reliability
Program (MRP), P41.01.04

EPRI Customer Assistance Center
800.313.3774 e askepri@epri.com

For more information, contact:

3002023893 June 2024

EPRI
3420 Hillview Avenue, Palo Alto, California 94304-1338 USA ¢ 650.855.2121 « www.epri.com

© 2024 Electric Power Research Institute (EPRI), Inc. All rights reserved. Electric Power Research Institute, EPRI, and TOGETHER...SHAPING THE FUTURE OF ENERGY are
registered marks of the Electric Power Research Institute, Inc. in the U.S. and worldwide.




	Nomenclature
	Unit Conversion Factors
	1 Introduction
	1.1 Background
	1.2 Objectives
	1.2.1 Axial Cracking
	1.2.2 Circumferential Cracking

	1.3 Scope
	1.4 Approach
	1.4.1 Axial Cracking
	1.4.2 Circumferential Cracking

	1.5 Report Organization
	1.6 RG 1.245 Classification

	2 PIPER-CASS PFM Code Overview
	3 Alternative Flaw Evaluation Approach for Circumferentially Oriented Flaws in CASS
	3.1 Standard Section XI Piping Flaw Evaluation
	3.2 Alternative Flaw Evaluation Approach
	3.3 PFM Validation of Alternative Flaw Evaluation

	4 Inputs and Cases Evaluated
	4.1 Geometry Cases
	4.2 Material Inputs
	4.2.1 Toughness
	4.2.2 Strength
	4.2.3 Parameter Correlation
	4.2.4 Other

	4.3 Loading Inputs
	4.3.1 Constant Loading
	4.3.2 Transient Loading
	4.3.2.1 Flexible Power Operations

	4.3.3 Stability Loading – Axial Cracking
	4.3.4 Stability Loading – Circumferential Cracking

	4.4 Initial Crack Size
	4.4.1 Axial Cracking
	4.4.2 Circumferential Cracking

	4.5 Table of Inputs
	4.6 Base Case Matrix
	4.7 Sensitivity Cases
	4.7.1 Crack Growth Rate Sensitivities
	4.7.2 WRS Sensitivities
	4.7.3 Transient Sensitivities
	4.7.4 Initial Crack Size Sensitivities
	4.7.4.1 CE Axial Sensitivities
	4.7.4.2 WEC Axial Sensitivities
	4.7.4.3 WEC Circumferential Sensitivities

	4.7.5 Material Sensitivity
	4.7.6 Circumferential Material and Loading Sensitivities
	4.7.7 Temporal Convergence Sensitivities
	4.7.8 Targeted Final Size Sensitivity


	5 Acceptance Criteria
	6 Axial Cracking Results and Discussion
	6.1 Axial Cracking Base Case Results
	6.2 Input and Transient Importance
	6.2.1 Inputs Contributing to Through-Wall Crack Critical Half-Length
	6.2.2 Transient Contribution to Growth

	6.3 Axial Cracking Sensitivity Studies
	6.3.1 Crack Growth Rate and WRS Sensitivities
	6.3.2 Transient Sensitivities
	6.3.3 Initial Crack Size Sensitivities
	6.3.4 Material Sensitivities
	6.3.5 Targeted Final Size Sensitivity

	6.4 Convergence
	6.4.1 Temporal Convergence
	6.4.2 Statistical Convergence


	7 Circumferential Cracking Results and Discussion
	7.1 Circumferential Cracking Base Case Results
	7.2 Input and Transient Importance
	7.3 Circumferential Cracking Sensitivity Studies
	7.3.1 Crack Growth Rate, WRS, and Transient Sensitivities
	7.3.2 Initial Crack Size Sensitivities
	7.3.3 Material and Loading Sensitivities

	7.4 Convergence
	7.5 Assessment of Margin on Stress
	7.6 Consideration of Surge Line Piping Components

	8 Uncertainties
	9 Conclusions
	9.1 Axial Cracking
	9.2 Circumferential Cracking
	9.3 Applicability to Other Piping Components
	9.4 Suggested Focus Areas for Future Developments

	10 References
	A Material Data
	B Description of PIPER-CASS PFM Code
	B.1 Model Instantiation
	B.2 Materials Model
	B.3 Loading and Stress Models
	B.3.1 Constant Loading
	B.3.2 Transient Loading

	B.4 Stress Intensity Factor Calculation
	B.5 Crack Growth Calculation
	B.6 Crack Transition Modeling
	B.7 Crack Coalescence Modeling
	B.8 Crack Stability Calculation
	B.8.1 Axial Cracking
	B.8.1.1 Net-Section Collapse (NSC)
	B.8.1.2 Elastic-Plastic Fracture Mechanics (EPFM)

	B.8.2 Circumferential Cracking
	B.8.2.1 Net-Section Collapse (NSC)
	B.8.2.2 Elastic-Plastic Fracture Mechanics (EPFM)

	B.8.3 Through-Wall Crack Critical Size Solver

	B.9 Inspection
	B.10 User Interface: Input and Output
	B.11 Verification and Validation

	C Benchmarking Versus xLPR
	C.1 Incorporation of xLPR Differences
	C.2 Inputs for Benchmarking Cases
	C.3 Results of Benchmarking
	C.4 Continued Differences in EPFM Stability versus xLPR

	D Translated Table of Contents
	Chinese (Simplified)
	Chinese (Traditional)
	French
	Japanese
	Korean
	Spanish
	Swedish
	Brazilian Portuguese





