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Abstract

The current regulations to insure that nuclear reactor pressure vessels (RPVs) maintain structural
integrity when subjected to transients such as pressurized thermal shock (PTS) events were derived
from computational models developed in the early-to-mid 1980s. Since that time, advancements and
refinements in relevant technologies that impact RPV integrity assessment have led to an effort by the
NRC to re-evaluate its PTS regulations. Updated computational methodologies have evolved through
interactions between experts in the relevant disciplines of thermal hydraulics, probabilistic risk
assessment, materials embrittlement, fracture mechanics, and inspection (flaw characterization).
Contributors to the development of these methodologies include the NRC staff, their contractors, and
representatives from the nuclear industry. These updated methodologies have been integrated into the
Fracture Analysis of Vessels — Qak Ridge (FAVOR, v04.1) computer code developed for the NRC
by the Heavy Section Steel Technology (HSST) program at Oak Ridge National Laboratory (ORNL).
The FAVOR, v04.1, code represents the baseline NRC-selected applications tool for re-assessing the
current PTS regulations. Intended as a user’s guide to the computer system requirements, installation,
input data-deck preparation, and execution of the FAVOR, v04.1, deterministic and probabilistic
fracture mechanics code, this report is one of a series of software quality assurance documentation
deliverables being prepared according to the guidance provided in IEEE Std. 730.1-1995, IEEE Guide
Jor Software Quality Assurance Planning and IEEE Std. 1063-1987, [EEE Standard for Software
User Documentation. Additional documents in this series include (1) FAVOR, v01.1, Computer Code:
Software Requirements Specification, (2) FAVOR, v01.1, Computer Code: Software Design
Description, and (3) FAVOR, v04.1, Computer Code: Theory and Implementation of Algorithms,
Methods, and Correlations.
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Foreword

The reactor pressure vessel is exposed to neutron radiation during normal operation. Over time, the
vessel steel becomes progressively more brittle in the region adjacent to the core. If a vessel had a
preexisting flaw of critical size and certain severe system transients occurred, this flaw could
propagate rapidly through the vessel, resulting in a through-wall crack. The severe transients of
concern, known as pressurized thermal shock (PTS), are characterized by rapid cooling (i.e., thermal
shock) of the internal reactor pressure vessel surface that may be combined with repressurization.
The simultaneous occurrence of critical-size flaws, embrittled vessel, and a severe PTS transient is a
very low probability event. The current study shows that U.S. pressurized-water reactors do not
approach the levels of embrittlement to make them susceptible to PTS failure, even during extended
operation well beyond the original 40-year design life.

Advancements in our understanding and knowledge of materials behavior, our ability to realistically
model plant systems and operational characteristics, and our ability to better evaluate PTS transients
to estimate loads on vessel walls have shown that earlier analyses, performed some 20 years ago as
part of the development of the PTS rule, were overly conservative, based on the tools available at the
time. Consistent with the NRC’s Strategic Plan to use best-estimate analyses combined with
uncertainty assessments to resolve safety-related issues, the NRC’s Office of Nuclear Regulatory
Research undertook a project in 1999 to develop a technical basis to support a risk-informed revision
of the existing PTS Rule, set forth in Title 10, Section 50.61, of the Code of Federal Regulations (10
CFR 50.61).

Two central features of the current research approach were a focus on the use of realistic input values
and models and an explicit treatment of uncertainties (using currently available uncertainty analysis
tools and techniques). This approach improved significantly upon that employed in the past to
establish the existing 10 CFR 50.61 embrittlement limits. The previous approach included
unquantified conservatisms in many aspects of the analysis, and uncertainties were treated implicitly
by incorporating them into the models.

This report is one of a series of 21 reports that provide the technical basis that the staff will consider
in a potential revision of 10 CFR 50.61. The risk from PTS was determined from the integrated
results of the Fifth Version of the Reactor Excursion Leak Analysis Program (RELAPS5) thermal-
hydraulic analyses, fracture mechanics analyses, and probabilistic risk assessment. This report is the
user’s manual for the probabilistic fracture mechanics code Fracture Analysis of Vessels, Oak Ridge
(FAVOR). The FAVOR code is used to assess structural integrity of pressurized-water reactor
pressure vessels during postulated pressurized thermal shock transients.
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Brian W. Sheron, Director
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
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Executive Summary

This report is one of a series of reports that summarize the results of a 5-year project conducted by the
U.S. Nuclear Regulatory Commission’s (NRC) Office of Nuclear Regulatory Research. This study
sought to develop a technical basis to support revision of Title 10, Section 50.61, of the Code of
Federal Regulations (10 CFR 50.61), which is known as the pressurized thermal shock (PTS) rule and
the associated PTS screening criteria in a manner consistent with current NRC guidelines on risk-
informed regulation. The figure below illustrates how this report fits into the overall project
documentation.
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The Fracture Analysis of Vessels — Oak Ridge (FAVOR, v04.1) computer program has been

developed to perform a risk-informed probabilistic analysis of the structural integrity of a nuclear
reactor pressure vessel (RPV) when subjected to an overcooling event. The focus of this analysis is
the beltline region of the RPV wall. Overcooling events, where the temperature of the coolant in
contact with the inner surface of the RPV wall rapidly decreases with time, produce temporally
dependent temperature gradients that induce biaxial stress states varying in magnitude through the
vessel wall. Near the inner surface and through most of the wall thickness, the stresses are tensile,
thus generating Mode I opening driving forces that can act on possible surface-breaking or embedded
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flaws. If the internal pressure of the coolant is sufficiently high, then the combined thermal plus
mechanical loading results in a transient condition known as a pressurized-thermal shock (PTS)
event.

In 1999 ORNL, working in cooperation with the NRC staff and with other NRC contractors,
illustrated that the application of fracture-related technology developed since the derivation of the
current pressurized-thermal-shock (PTS) regulations (established in the early-mid 1980s) had the
potential for providing a technical basis for a re-evaluation of the current PTS regulations. Motivated
by these findings, the U.S. Nuclear Regulatory Commission (NRC) began the PTS Re-evaluation
Project to establish a technical basis rule within the framework established by modem probabilistic
risk assessment techniques and advances in the technologies associated with the physics of PTS
events. An updated computational methodology has been developed through research and interactions
among experts in the relevant disciplines of thermal-hydraulics, probabilistic risk assessment (PRA),
materials embrittlement, probabilistic fracture mechanics (PFM), and inspection (flaw
characterization). Major differences between this methodology and that used to establish the technical
basis for the current version of the PTS rule include the following:

e The ability to incorporate new detailed flaw-characterization distributions from NRC research
(with Pacific Northwest National Laboratory, PNNL),

¢ the ability to incorporate detailed neutron fluence regions — detailed fluence maps from
Brookhaven National Laboratory, BNL,

e the ability to incorporate warm-prestressing eftects into the analysis,

¢ the ability to include temperature-dependencies in the thermo-elastic properties of base and
cladding,

e the ability to include crack-face pressure loading for surface-breaking flaws,

* anew ductile-fracture model simulating stable and unstable ductile tearing,

e anew embrittlement correlation,

¢ the ability to include multiple transients in one execution of FAVOR,

e input from the Reactor Vessel Integrity Database, Revision 2, (RVID2) of relevant RPV
material properties,

* fracture-toughness models based on extended databases and improved statistical distributions,

¢ removal of the implicit conservatism in the RTypr transition temperature,

e avariable failure criterion, i.e., how far must a flaw propagate into the RPV wall for the
vessel simulation to be considered as “failed” ?

» semi-elliptic surface-breaking and embedded-flaw models,

e through-wall weld residual stresses, and an

¢ improved PFM methodology that incorporates modern PRA procedures for the classification
and propagation of input uncertainties and the characterization of output uncertainties as
statistical distributions.

This updated methodology has been implemented in the Fracture Analysis of Vessels — Oak Ridge
(FAVOR, v04.1) computer code developed for the NRC by the Heavy Section Steel Technology
(HSST) program at Oak Ridge National Laboratory (ORNL). The FAVOR, v04.1, code represents the
baseline NRC-selected applications tool for re-assessing the current PTS regulations. This report is
the User’s Manual for the FAVOR code.
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1. Introduction

1.1 Background

The Fracture Analysis of Vessels — Oak Ridge (FAVOR, v04.1) computer program has been
developed to perform a risk-informed probabilistic analysis of the structural integrity of a nuclear
reactor pressure vessel (RPV) when subjected to an overcooling event. The focus of this analysis is
the beltline region of the RPV wall as shown in Fig. 1. Overcooling events, where the temperature of
the coolant in contact with the inner surface of the RPV wall rapidly decreases with time, produce
temporally-dependent temperature gradients that induce biaxial stress states varying in magnitude
through the vessel wall. Near the inner surface and through most of the wall thickness, the stresses are
tensile thus generating Mode | opening driving forces that can act on possible surface-breaking or
embedded flaws. If the internal pressure of the coolant is sufficiently high, then the combined thermal
plus mechanical loading results in a transient condition known as a pressurized-thermal shock (PTS)

event.

In 1999, Dickson et al. [1] illustrated that the application of fracture-related technology developed
since the derivation of the current PTS regulations (established in the early-mid 1980s) had the
potential for providing a technical basis for a re-evaluation of these regulations. Based on these
results, the U.S. Nuclear Regulatory Commission (NRC) began the PTS Re-Evaluation Project to
establish a technical basis rule within the framework established by modern probabilistic risk
assessment techniques and advances in the technologies associated with the physics of PTS events.
An updated computational methodology has evolved through interactions between experts in the
relevant disciplines of thermal-hydraulics, probabilistic risk assessment (PRA), materials embrittle-
ment, probabilistic fracture mechanics (PFM), and inspection (flaw characterization). This updated
methodology has been implemented into the Fracture Analysis of Vessels — Oak Ridge (FAVOR,
v04.1) computer code developed for the NRC by the Heavy Section Steel Technology (HSST)
program at Oak Ridge National Laboratory (ORNL). The FAVOR, v04.1, code represents the
baseline NRC-selected applications tool for re-assessing the current PTS regulations. This report is
intended as a user’s guide to the computer system requirements, installation, and execution of the
FAVOR, v04.1, deterministic and probabilistic fracture mechanics code. Detailed instructions on
input data deck preparation are presented along with a description of all output files. Example input
and output cases are included. A detailed review of these advancements as implemented into the
current release of FAVOR is presented in the companion report FAVOR (v04.1). Theorv and
Implementation of Algorithms, Methods, and Correlations [2].
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Concemn with PTS results from the combined effects of (1) simultaneous pressure and thermal-shock
loadings, (2) embrittlement of the vessel due to cumulative irradiation exposure over the operating
life of the vessel, and (3) the possible existence of crack-like defects at the inner surface of or
embedded within the RPV heavy-section wall. The decrease in vessel temperature associated with a
thermal shock also reduces the fracture toughness of the vessel and introduces the possibility of flaw
propagation. Inner surface-breaking flaws and embedded flaws near the inner surface are particularly
vulnerable, because at the inner surface the temperature is at its minimum and the stress and

radiation-induced embrittlement are at their maximum.

The PTS issue has been under investigation for many years. Most of the early PTS analyses were of a
deterministic nature. In an effort to establish more realistic limiting values of vessel embrittlement,
the United States Nuclear Regulatory Commission (NRC) funded during the 1980s the Integrated
Pressurized Thermal Shock (IPTS) Program [4-6] which developed a comprehensive probabilistic
approach to risk assessment. Current regulatory requirements are based on the resulting risk-informed
probabilistic methodology. In the early 1980s, extensive analyses were performed by the NRC and
others to estimate the likelihood of vessel failure due to PTS events in PWRs. Though a large number
of parameters governing vessel failure were identified, the single most significant parameter was a
correlative index of the material that also serves as a measure of embrittlement. This material index is
the reference nil-ductility transition temperature, RTypr. The NRC staff and others performed
analyses of PTS risks on a conservative and generic basis to bound the risk of vessel failure for any
PWR reactor. These analyses led to the establishment of the PTS rule [7], promulgated in Title 10 of
the Code of Federal Regulations, Chapter [, Part 50, Section 50.61 (10CFR50.61), and the issuance of
the NRC Regulatory Guide 1.154 (RG1.154) [8].

The PTS rule specifies screening criteria in the form of limiting irradiated values of RTvpr (desig-
nated by the rule as R7py5) of 270 °F for axially-oriented welds, plates, and forgings and 300 °F for
circumferentially-oriented welds. The PTS rule also prescribes a method to estimate R7prs for
materials in an RPV in Regulatory Guide 1.99, Revision 2 [9]. For nuclear power plants to operate
beyond the time that they exceed the screening criteria, the licensees must submit a plant-specific
satety analysis to the NRC three years before the screening limit is anticipated to be reached.
Regulatory Guide 1.154 recommends the content and format for these plant-specific integrated PTS
analyses with the objective of calculating an estimate for the frequency of vessel failure caused by
pressurized thermal-shock events. Regulatory Guide 1.154 also presents the primary PTS acceptance
criterion for acceptable failure risk to be a mean frequency of less than 5x10™ vessel failures per

reactor-operating year.



An important element of the PTS plant-specific analysis is the calculation of the conditional
probability of failure of the vessel by performing probabilistic fracture mechanics (PFM) analyses.
The term conditional refers here to the assumption that the specific PTS event under study has in fact
occurred and that the postulated flaw(s) do exist. Combined with an estimate of the frequency of
occurrence for the event, a predicted frequency of vessel failure can then be calculated. OCA-P [10]
and VISA-II [11] are PTS PEM computer programs, independently developed at Oak Ridge National
Laboratory (ORNL) and Pacific Northwest National Laboratory (PNNL), respectively, in the 1980s
with NRC funding that are currently referenced in Regulatory Guide 1.154 as acceptable codes for
performing plant-specific analyses. There have also been other proprietary PTS PFM codes
independently developed in the US and internationally by reactor vendors and laboratories. These
codes perform PFM analyses, using Monte Carlo techniques, to estimate the increase in failure
probability as the vessel accumulates radiation damage over its operating life. The results of such
analyses, when compared with the limit of acceptable failure probability, provide an estimate of the
residual life of a reactor pressure vessel. Also results of such analyses can be used to evaluate the
potential benefits of plant-specific mitigating actions designed to reduce the probability of reactor
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