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REPORT SUMMARY

A risk-informed procedure has been developed to define an optional alternative to the current
ASME Section XI, Appendix G deterministic method for determining leak test temperature and
heat-up and cool-down pressure-temperature limits. This method is simple to understand and
implement and remains consistent with the structure of the current ASME Section XI, Appendix
G deterministic methodology.

Background
As nuclear plants operate for long periods, the reactor pressure vessel can accumulate high
levels of neutron irradiation, especially in the vessel beltline. The neutron irradiation reduces
the resistance to fracture from flaws that might exist in the vessel material, and the allowable
operating pressure must be adjusted periodically to compensate for the reduced fracture
resistance. This adjustment requires that the vessel material operate at a higher temperature to
achieve the desired operating pressure. The higher temperatures can have an adverse effect on
efficient plant operation and on personnel and plant safety, especially for vessel materials with
high sensitivity to neutron irradiation.

As the required temperature is adjusted higher, the difference between the actual operating
pressure and the pressure limits established to ensure adequate margin against vessel failure
becomes smaller. For PWRs, this smaller difference results in operating restrictions and
increased potential for inadvertent relief valve actuation as the low-temperature overpressure
protection (LTOP) system set point must be set lower to prevent pressure excursions beyond
the Code-allowable pressure for the reactor vessel.

For BWRs, the higher temperature adjustments can result in required leak test temperatures
that exceed 200'F (93°C). Performing leak tests above 200'F (93°C) for BWRs can have an
adverse impact on personnel safety and operational efficiency as a result of steam, temperature,
and containment issues.

Objective
* To develop an easy-to-use procedure to define risk-informed pressure-temperature limits for

Service Level A and B events, including leak testing and reactor startup and shutdown

Approach
A risk-informed methodology was developed to define the relationship between temperature
and allowable pressure for normal reactor vessel operation. Because the current deterministic
methodology in ASME Section XI, Appendix G is easy to use and understand and has a long,
successful application history, the risk-informed methodology has been developed using the
current deterministic framework with relatively simple risk-informed modifications.
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There are a significant number of nuclear plants whose beltline materials will have relatively low
sensitivity to neutron irradiation. It is anticipated that these plants will not encounter operational
restrictions using the current methodology in ASME Section XI, Appendix G. Consequently, the
risk-informed methodology is intended to be an alternative to, rather than a replacement for, the
current deterministic methodology.

Results
The results from this work provide an easy-to-use risk-informed methodology to define leak test
temperature and pressure-temperature limits for normal heat-up and cool-down of the reactor
pressure vessel. The relationship developed for leak testing provides a substantial reduction in
BWR leak test temperature and can be used at heat-up and cool-down rates up to 40'F (4°C)/hr.
The relationship developed for normal heat-up and cool-down provides a substantial increase in
allowable pressure in the low-temperature range and can be used for heat-up and cool-down rates
up to 100°F (38°C)/hr. Both relationships were developed based on probabilistic fracture
mechanics analyses and were defined to ensure compliance with safety goals defined by the U.S.
Nuclear Regulatory Commission (NRC) for core damage frequency and large early release
frequency of fission products at operating nuclear plants.

These results were used as the bases for proposed changes to ASME Section XI, Appendix G for
implementation of an optional alternative method to define leak test temperature and normal
operating heat-up and cool-down pressure-temperature limits.

EPRI Perspective
Compared to current ASME Code Section XI, Appendix G deterministic procedures, utility
application of this risk-informed procedure will result in greater operational flexibility, increased
plant efficiency, and increased plant and personnel safety-particularly for reactor pressure
vessels with relatively high levels of irradiation and materials with high sensitivity to neutron
irradiation. This approach will ensure that the desired operational goals will be met with
minimum impact on plant operators and regulatory organizations.

Keywords
ASME Section XI, Appendix G
Pressure-temperature limits
Reactor pressure vessel
Risk-informed methodology
Low-temperature overpressure protection
System leak test
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ABSTRACT

The American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code,
Section XI, Appendix G provides a deterministic procedure for defining Service Level A and B
pressure-temperature limits for ferritic materials in pressure retaining components. An alternative
risk-informed methodology has been developed for ASME Section XI, Appendix G. This
alternative methodology provides easy to use procedures to define risk-informed pressure-
temperature limits for Service Level A and B events, including leak testing and reactor start-up
and shut-down. Risk-informed pressure-temperature limits provide more operational flexibility,
particularly for reactor pressure vessels with relatively high irradiation levels and materials with
high sensitivity to neutron irradiation.

This work evaluated selected plants spanning the population of pressurized water reactors
(PWRs) and boiling water reactors (BWRs). The evaluation included determining appropriate
material properties, reviewing operating history and system operational constraints, and
performing probabilistic fracture mechanics analyses. The analysis results were used to define
risk-informed pressure-temperature relationships that comply with safety goals defined by the
United States (U.S.) Nuclear Regulatory Commission (NRC) for core damage frequency and
large early release frequency of fission products at operating nuclear plants.

This alternative methodology will provide greater operational flexibility, especially for Service
Level A and B events that may adversely affect efficient and safe plant operation, such as low-
temperature-over-pressurization (LTOP) for PWRs and system leak testing for BWRs. Overall,
application of this methodology can result in increased plant efficiency and increased plant and
personnel safety.
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1
SUMMARY OF EVALUATION PROCEDURE AND
RESULTS

1.1 Evaluation Procedure Summary

The American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code,
Section XI, Nonmandatory Appendix G [1] provides a deterministic procedure for'defining
Service Level A and B pressure-temperature (P-T) limits for ferritic materials in pressure
retaining components.

A risk-informed procedure has been developed to define an optional alternative to the current
ASME Section XI, Appendix G deterministic method for determining leak test temperature and
heat-up and cool-down pressure-temperature limits. This method is simple to understand and
implement and remains consistent with the structure of the current ASME Section XI Appendix
G deterministic methodology.

Development of the risk-informed methodology included determining appropriate material
properties, reviewing operating history and system operational constraints, and performing
probabilistic fracture mechanics (PFM) analyses for various leak test and heat-up and cool-down
sequences. The PFM analysis results were used to define risk-informed pressure-temperature
relationships that comply with safety goals defined by the United States (U.S.) Nuclear
Regulatory Commission (NRC) for core damage frequency and large early release frequency
of fission products at operating nuclear plants.

The risk-informed relationship used to compute allowable pressure (ksi) as a function of
temperature ('F) is essentially the same as that specified in ASME Section XI, Appendix G,
Paragraph G-2215 except for the insertion of risk-informed parameters a and 13 whose values
are determined to ensure compliance the NRC safety goals for core damage frequency and large
early release frequency of fission products at operating nuclear plants. The risk-informed
relationship is

p = (33.2 + 20.734 x exp[0.02(T- RTN).F -13)] - K, I x {ItR} x {1/al x { 1/M 1}.

R is the vessel inner radius, and t is the vessel thickness. M and KI, are determined from Section
XI, Paragraph G-2214 for various relevant flaw and operational states, and RTND). is the adjusted
reference temperature.

The values of T and RTNI,. in the equation are computed for the conditions at the maximum
depth of the postulated quarter-thickness flaws, while the operational P-T limits are based on the
temperature at the reactor coolant inlet temperature, which is assumed to equal the temperature at
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Summary of Evaluation Procedure and Results

the vessel inner surface. Paragraph G-2214 of Section XI, Appendix G provides a procedure to
compute the temperature at the vessel inner surface from the temperature computed from the
preceding equation.

1.2 Results Summary

Based on operating experience and PFM evaluation of various leak test and heat-up and cool-
down sequences the results from this work showed that the NRC safety goals can be satisfied
when the reactor pressure vessel through-wall cracking frequency is 2x 10_7 or less. The values of
a and 03 corresponding to the NRC safety goal and associated through-wall cracking frequency
are:

* Risk-informed parameters, a equal I and P3 equal 1 10F have been determined for normal
heat-up and cool-down of the reactor pressure vessel at rates up to I 00°F/hr.

* Risk-informed parameters, a equal I and 13 equal 60'F have been determined for
hydrostatic leak testing and heat-up and cool-down of the reactor pressure vessel during
leak testing at rates up to 40°F/hr.

Based on these results, it was recommended that a new Paragraph G-2216, Risk-informed
Allowable Pressure, be added to Section XI, Appendix G to provide an optional alternative risk-
informed methodology to compute allowable pressure as a function of coolant inlet temperature
for reactor heat-up and cool-down using the preceding equation with a equal I and 13 equal
I 1 1 7.

It also was recommended that a new Paragraph G-2500, Risk-informed Hydrostatic Leak
Testing, be added to Section XI, Appendix G to provide an alternative risk-informed
methodology to determine the leak test temperature and heat-up and cool-down P-T limits for
leak testing using the preceding equation with a equal 1 and 13 equal 60'F.

The relationship developed for leak testing provides a substantial reduction in BWR leak test
temperature and can be used at heat and cool-down rates up to 40°F/hr. The relationship
developed for normal heat-up and cool-down provides a substantial increase in allowable
pressure in the low temperature range and can be used for heat-up and cool-down rates up to
100lF/hr. Implementation of the results from this project into the ASME Code and application
by utilities will provide greater operational flexibility and increased overall plant safety,
especially for plants having reactor pressure vessels with high levels of irradiation and materials
with high neutron irradiation sensitivity.

1.3 Implementation Requirements

In accordance with the implementation requirements of Nuclear Energy Institute (NEI) 03-08,
Guideline for the Management of Materials Issues, this report is for information only.
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1.4 Section 1 Reference

1. Boiler and Pressure Vessel Code, Section XI, "Nonmandatory Appendix G: Fracture
Toughness Criteria for Protection Against Failure," 1989 Edition with the 1989 Addenda up
to and including the 2004 Edition with the 2005 Addenda, American Society of Mechanical
Engineers, New York.
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2
INTRODUCTION

2.1 Background

A primary goal in the design, fabrication and operation of nuclear power plants is to ensure that
the likelihood of fracture of pressure-retaining components in the reactor coolant boundary is
acceptably low. ASME Section XI, Nonmandatory Appendix G, provides a procedure for
obtaining allowable operating limits to prevent fracture of ferritic materials in pressure-retaining
components. The use of the ASME procedure is required in the U.S. through its reference in
Appendix G of Part 50 to Title 10 of the Code of Federal Regulations (10 CFR 50). This
procedure is applicable for all normal operating conditions (Service Level A and B loadings),
including anticipated operational transients and system hydrostatic pressure or leak tests, to
which the pressure boundary may be subjected over its service lifetime.

The ASME Section XI Appendix G procedure is most commonly used for determining leak
test temperatures and pressure-temperature (P-T) limit curves for heat-up and cool-down of the
reactor pressure vessel and other ferritic pressure retaining components. These curves are
designed to ensure that there is adequate margin against component failure from the combination
of pressure and thermal stresses and flaws that may exist in the component. The ASME Section
XI Appendix G procedures are based on Welding Research Council (WRC) Bulletin WRC-175
[I ], which was developed over thirty years ago. The methodology is considered to be very
conservative, and was based on the fracture mechanics methodology available at that time.
The intent of the WRC-175 methodology was to maintain a large margin against fracture, and
under certain conditions it can produce very restrictive operating limits that could limit plant
availability and increase the potential for violation of the operating limits. For PWRs, the
conservative procedures often result in restrictive operating conditions during heat-up and
cool-down, particularly at lower temperatures. For BWRs, the conservative procedures can, for
some plants, result in leak test temperatures that exceed saturated conditions and pose a hazard to
the safety of plant personnel.

Since the publication of WRC-175, fracture mechanics techniques have advanced significantly.
In addition, risk-informed methods have been developed, which can combine the results of
risk analyses with deterministic inputs such as operational limits and insights. Risk-informed
methods have been used to revise or develop alternatives to other ASME Section XI
requirements for inservice inspection and repair and replacement. Most recently, risk-informed
methods, including probabilistic fracture mechanics (PFM) methodology, were used to support
the development of an alternative set of regulations to prevent pressurized thermal shock (PTS)
of the reactor vessel (10 CFR 50.61 a) in PWRs. The efforts relative to PTS led to significant
improvements in probabilistic fracture mechanics software codes for the analysis of the reactor
vessel. These efforts also demonstrated that the margin of safety existing in the reactor vessel is
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greater than demonstrated by previous analyses. Based on these findings, it became desirable to
use the methods and tools developed for the re-evaluation of the PTS regulations to develop a
risk-informed methodology for the ASME Section XI Appendix G procedures and thereby
alleviate the restrictive operating conditions currently imposed on some plants.

2.2 Scope and Objectives

The objective of the analytical effort described in this report is to use risk-informed methods,
including PFM, to develop a technical basis to support an increase in operational flexibility when
using ASME Section XI Appendix G procedures. This will be accomplished by translating the
current ASME Section XI Appendix G factors into a risk-informed alternative to the current
procedure. This risk-informed alternative will provide a level of safety that is consistent with
regulatory guidance. The technical basis will also take into consideration insights from current
plant operation including operational constraints, equipment constraints, and standard operating
practices. By utilizing the risk-informed methods, plant operational flexibility and overall plant
safety is expected to be increased.

The portion of the reactor vessel surrounding the reactor core, commonly referred to as the
beltline region, is generally considered to be the controlling material within the pressure
boundary due to irradiation and the generally large wall thickness. The scope of this effort will
be limited to this beltline region. If other materials, such as nozzles, flanges, or materials outside
the beltline region, in the reactor vessel or elsewhere in the pressure boundary, are more limiting,
they should be treated in the same manner as they are with the current ASME Section XI
nonmandatory Appendix G procedure.

It should be noted that the alternative proposed in this report is subject to change as it progresses
through the ASME Boiler & Pressure Vessel Code balloting process. Furthermore, the use of an
alternative procedure in the U.S. would be contingent upon its incorporation into Appendix G of
10 CFR 50 by the U.S. NRC.

2.3 Section 2 Reference

1. RVRC Ad Hoc Task Group on Toughness Requirements, RVRC Recommendations on
Toughness Requirements for Ferritic Materials," WRC Bulletin WRC-175, August 1972.
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3
CURRENT ASME SECTION XI APPENDIX G
PROCEDURE

ASME Section XI Appendix G presents a procedure for obtaining the allowable operating P-T
limits for ferritic pressure retaining materials in pressure retaining components. The procedure is
based on the principles of linear elastic fracture mechanics (LEFM). At each location being
investigated, a one-quarter thickness, one-to-six aspect (depth-to-length) ratio postulated flaw is
assumed. At each location, the Mode I stress intensity factor K, produced by each of the specified
thermal and pressure loadings is calculated and the sum of the K, values is compared to an
allowable reference material toughness value, Kc K1c is the highest critical value of K, that is
allowed for the material at the specified temperature. Thus, the operational limits on pressure and
temperature are defined (e.g., P-T curves) such that Klc is never exceeded.

This section provides an overview of the current ASME Section XI Appendix G procedures for
the two most common applications: determination of allowable pressures for heat-up and
cool-down, and the determination of minimum temperatures for leak tests. This overview is
provided for ASME Section XI Appendix G as it applies to the reactor vessel beltline region
only, since the risk-informed alternative will be limited to this region.

3.1 Determination of Allowable Pressure for Heat-up and Cool-down
Conditions

The following summarizes the procedure presented in ASME Section XI Appendix G for
determining allowable pressures in a typical PWR or BWR:

I. Sharp, surface defects are postulated on both the inside and outside surfaces of the
vessel. For plates, forgings, and axial welds, these defects are postulated to be oriented
axially (due to maximum pressure hoop stress). For circumferential welds, these defects
are postulated to be oriented circumferentially (corresponding to typical flaw orientation
for these welds). The depth of the defect is postulated to be equal to one quarter of the
section thickness (1/4T) while the length of the defect is postulated to be equal to 1.5
times the section thickness (corresponding to a flaw aspect, or depth-to-length ratio of
1/6).

2. Mode I thermal stress intensity factors (K,,) are calculated based on radial thermal
gradients from heat-up and cool-down conditions. The correlations are as follows:

For an axially- or circumferentially-oriented inside surface defect:

K,: = 0.953 x 10. x CR x t25

For an axially- or circumferentially-oriented outside surface defect:

3-1



Current ASME Section XI Appendix G Procedure

Kit = 0.753 x 10-'x HR x t25

Where:

Kit = thermal gradient stress intensity factor, ksixlin

CR = cool-down rate, °F/hr

HR = heat-up rate, °F/hr

t = vessel wall (base metal) thickness, in.

Alternatively, if the thermal stress distribution is known and can be expressed in the form:

oT(x) = CO + Cl(x/a) + C2(x/a)2 + C3(x/a)3

Where:

x = radial distance from the appropriate (inside or outside) surface

a = crack depth, in.

Co, C1 , C2, C3 = third-order polynomial coefficients representing a fit of the thermal stress
vs. x/a

Then the following correlations may be used for the determination of the thermal gradient
stress intensity factor:

For an axially- or circumferentially-oriented inside surface defect during cool-down:

Ki, = (1.0359C 0 + 0.6322C, + 0.4753C 2 + 0.3855C4)4rca

For an axially- or circumferentially-oriented outside surface defect during heat-up:

Ki, = (1.043C 0 + 0.630C, + 0.481C 2 + 0.401C 3)+ra

3. The critical stress intensity factor (Ki) is determined using the curve shown in
Figure G-2210-1. This curve shows the relationship between the critical stress intensity
factor Ki, and a temperature which is related to the reference nil-ductility reference
temperature RTNI)r. of the material. This curve is based on the lower bound of statistical
data for typical reactor vessel steels. The curve can be expressed as:

Kit = 33.2 + 20.734 exp [0.02(T - RTNDT)] ksi'lin

Where:

Kk = critical stress intensity factor, ksi'lin

T = temperature at deepest point of postulated defect, 'F

RTNDIT = Reference nil-ductility temperature at deepest point of postulated defect, 'F
(calculated in accordance with NRC Regulatory Guide 1.99, Revision 2)
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4. For plant heat-up and cool-down conditions, allowable pressures are calculated based on
Kit and K1c and an applied safety factor of two on the membrane pressure stress intensity
factor, KIm. The requirement specified in Section XI Appendix G is as follows:

2KII + Ki, < KIc

Where:

Kh,,, = membrane pressure stress intensity factor, ksi•in

Ki = thermal gradient stress intensity factor, ksi\'in

KI =critical stress intensity factor, ksi !in

Using the equations provided above, the maximum allowable pressure is calculated as
follows:

For the heat-up condition, the allowable pressure-temperature relationship is based on the
minimum pressure determined at any temperature, for all beltline materials, from the
following equations:

The steady state condition (K, = 0) for an inside surface defect where:

PKIC(t
2M,, YR

Where:

M= 0.926 for an axially-oriented defect or 0.443 for a circumferentially-oriented
defect.

p = internal pressure, ksi

R= vessel inner radius, in.

t = vessel wall thickness, in.

The heat-up condition for an outside surface defect where:

Where M. = 0.926 for an axially-oriented defect or 0.443 for a circumferentially-oriented
defect.

For the cool-down condition, the allowable pressure-temperature relationship is based on
the minimum pressure determined at any temperature, for all beltline materials, for an
inside surface defect, from the following equation:

P~ Kk- K R(,)

Where Mm = 0.926 for an axially-oriented defect or 0.443 for a circumferentially-oriented
defect.
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3.2 Determination of Allowable Leak Test Temperature

ASME Section XI Appendix G also prescribes procedures for determining the minimum
temperature at which system and component hydrostatic tests must be performed. These
procedures are summarized for a typical PWR or BWR below.

1. If fuel has not been loaded into the reactor vessel prior to performing the hydrostatic
tests, the test must be performed at a temperature not lower than RTN,,) plus 60'F.

2. If fuel has been loaded into the reactor vessel prior to performing the hydrostatic test, the
minimum test temperature must be determined such that the sum of "a" through "d"
below is less than K,,:

a. 1.5Km for primary (pressure) membrane stress

b. 1.5Kb for primary (pressure) bending stress

c. Khn for secondary (pressure) membrane stress

d. KI, for secondary (pressure) membrane stress

Where:

K,11 = M,,x(pR/t) for an inside axial or a circumferential defect, ksi•/in

M = 0.926+t for an inside axial defect

0.893,t for an outside axial defect
0.443+t for an inside or outside circumferential defect

Kh= Mbxmaximum bending stress, ksNin

Mb = 2/3xMm
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4
RISK-INFORMED PRESSURE-TEMPERATURE (P-T)
LIMITS

The industry approach used to develop risk-informed pressure limits as a function of temperature
for the reactor pressure vessel is summarized in the following sections. Detailed descriptions of
the constraints, input, and calculations used in this approach are provided in Sections 5, 6, and 7
of this report.

4.1 Risk-Informed P-T Limit Curve

The development of the risk-informed P-T methodology had several goals, including:

* Must be easy to understand and implement.

* Must not require changes to the current ASME Code fracture mechanics equations.

* Must not require a change in the currently assumed ASME Section XI Appendix G reference
flaw size.

* Must maintain easy-to-use ASME Code computational procedures.

* Must be consistent with previous risk-informed approaches that have been used in other
nuclear applications.

These goals were met by modifying the deterministic fracture mechanics relationships described
in Section 3.1 to provide a risk-informed expression for allowable pressure as a function of
temperature. The basic deterministic relationship from Section 3.1 is

2 Klm + Kh < Klc

Using the expressions for K,,, and K1c from Section 3.1 this relationship can be expanded to
provide an equation where allowable pressure (ksi) is an explicit function of temperature (°F),
or

p = {33.2 + 20.734 x exp[O.02(T- RTNIT.)] - KI, I x {ItR} x {1/2} x {I /Mj} (4-1)

R is the vessel inner radius, and t is the vessel thickness. Mm and K,, are defined in Section 3.1 for
various relevant flaw and operational states. RTNI. is a normalizing parameter used to determine
the material fracture toughness, including neutron irradiation effects. However, the ASME Code
does not provide procedures to compute neutron irradiation effects on RT NDT, and the Code user
is responsible for determining the change in RTN,T,. due to neutron irradiation.
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Current practice in the U.S. is to use the guidelines in [1] to determine RTNI).,. In this instance,
RTND.r = RT.I.Tul + ARTNI. + Margin. RTNIT(u) is an indicator of unirradiated fracture toughness

[2]. ARTNI.,. accounts for neutron irradiation effects and is determined from the mean value of
the irradiation degradation model specified in [1], sometimes adjusted for material-specific
surveillance data when appropriate. The "Margin" term accounts for uncertainty in RTN,.,.(u) and
ARTN). and is added to obtain conservative upper bound values of RTNIA. [1]. The margin term
typically ranges from 56 to 65°F for highly irradiated welds, and a value of 60'F is used later to
illustrate pressure-temperature limits developed from the conventional Section XI Appendix G
pressure vs. temperature relationship.

Risk-informed P-T limit curves can be described by a risk-informed equation similar to the
deterministic equation, or

p = {33.2 + 20.734 x EXP[O.02(T- RTNI.r -13)] - K1 , } x it/RI x { 1/a } x { I/Mm} (4-2)

The quantities a and 03 are risk-informed parameters whose values are determined to meet
acceptable goals for the failure frequency of the vessel. In this instance, RTN).: = RTNDmI +

ART, where the value of ARTNI)I, is computed from the equation presented in Section 9.1. The
values for K, and M, in the risk-informed equation and the allowable pressure for various flaw
and operational states are determined from the same procedure used to define the deterministic
values as presented in Section 3.1. The uncertainties in RTNIY,.(u) and ARTNDIT are determined from
statistical models included in the software that was used to define the risk-informed parameters a
and 13.

The values of T and RT NI, in the two preceding equations are computed for the conditions at the
maximum depth of the postulated quarter-thickness flaws, while the operational P-T limits are
based on the temperature at the reactor coolant inlet temperature, which is assumed to equal the
temperature at the vessel inner surface. Paragraph G-2214 of Section XI, Appendix G provides a
procedure to compute the temperature at the vessel inner surface from the temperature computed
from Equation 4-1 or 4-2 for the location corresponding to the maximum postulated flaw depth
in the vessel wall. Using the risk-informed parameters a and 13 to modify the conventional
Section XI, Appendix G pressure-temperature relationship has the following effects. The risk-
informed allowable pressure at any temperature is equal to the product of the conventional
Appendix G allowable pressure and the ratio 2/a. Values of 13 will shift the conventional
Appendix G temperature at any allowable pressure by an amount equal to 03 - "Margin".

A comparison of the conventional deterministic P-T limit with an illustrative risk-informed P-T
limit curve is presented in Figure 4-1, for illustrative values of a and 13. As seen from the figure,
the value of a has a substantial influence on the pressure limit in the lower temperature range,
while the value of P3 largely affects the temperature at which the operating pressure reaches its
maximum allowable value in the high temperature region.

The basis for defining the risk-informed parameters a and 13 is described in Section 4.3.
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Figure 4-1
Illustration of Deterministic and Risk-Informed P-T Curves

4.2 Risk-informed Application and Expected Benefits

As discussed in Section 2, the PTS risk analyses by the NRC for risk informing the PTS
screening criteria on reactor pressure vessel embrittlement showed that there was significant
margin relative to an acceptable frequency to vessel failure [3,4]. Both the NRC and the industry
recognized the need to evaluate the effects of this margin relative to vessel pressure limits as a
function of temperature as prescribed in ASME Section XI Appendix G and Appendix G to
10 CFR 50. The key question was how to best risk inform and modify the existing ASME
Section XI Appendix G procedures. To address this question, members of the PWR Owners
Group (PWROG) Operations and Procedures Subcommittees and the BWR Vessel and Internals
Project (BWRVIP) were engaged to gain insight regarding operational considerations and
desired benefit from this initiative to risk-inform ASME Section XI Appendix G.

Many issues and concerns were identified relative to the current application of ASME Section XI
Appendix G for both PWR and BWR plant vessels. Several benefits were identified; one benefit
identified by the PWR utilities was faster initial cool-down rates to operation of the secondary
heat removal system. In Westinghouse-designed PWR plants, this corresponds to the residual
heat removal (RHR) system that is typically placed into service at approximately 350'F.
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However, this potential benefit was found to lead to an operating issue that would counter the
benefit from the additional margin becoming available because the pressurizer design constraints
would become more limiting. To resolve these benefit-restraint conflicts, detailed studies of all
design and system operating constraints that could affect the risk analyses were evaluated and
integrated into the development of the proposed risk-informed approach (see Section 5 for
details). In addition, a large amount of operational history on heat-up and cool-down transients
for PWR and BWR plants was also evaluated (see Section 6.4.1 as an example). As a result of
these utility interactions and studies, three needed areas of improvement were identified for risk
informing the ASME Section XI Appendix G vessel operating limits procedure. These included:

" The need for fewer reportable events caused by exceeding the P-T limit curves, which is a
regulatory compliance issue due to the small pressure-temperature operating window at low
temperature for many PWR vessels as shown in Figure 4-2.

* The need for increased low-temperature over-pressure protection (LTOP) system set-points
with reduced likelihood of inadvertent LTOP events leading to fewer system challenges and
increased plant safety. This need is also due to the small pressure operating window at low
temperature for many PWR vessels as shown in Figure 4-2.

* The need for reduced temperature to perform BWR leak testing. Maintaining pressurized
leak test temperatures below 200'F is desired because temperatures that exceed 212'F
(saturation point) can lead to industrial safety and operational concerns for BWR plants (see
Figure 4-3).

In addition to addressing the above needs, the industry also decided that an additional goal
should be considered in developing the risk-informed modifications of ASME Section XI
Appendix G procedures. This goal was to promote acceptance of the ASME Section XI
Appendix G modifications by the members of the ASME Codes and Standards Committees, the
NRC, and the intended users of the approved risk-informed optional alternative proposed for
ASME Section XI Appendix G.
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PWR Plant Vessel Benefits of Risk Informing Appendix G

4-5



Risk-Informed Pressure-Temperature (P-T) Limits

1.4

1.2

1.0

4 4

m

Risk-informed
LimitCurve r -

I
.r 4-4-44 4

00"OX
/

U)

(A

0.8

0.6 XI
ASME Appendix G

LimitCurve

0.4

0.2

0.0

I. - -
Leak Test

Temperatures

10CFR50 Minimum
Temperature Leak Test

Curve

0 100 200 300 400

Temperature at the Vessel ID Surface,* F

Figure 4-3
BWR Plant Vessel Benefits of Risk Informing Appendix G

Using the approach described in Section 4.3 and the detailed probabilistic fracture mechanics
results in Section 7, the expected benefits of the proposed risk-informed ASME Section XI
Appendix G procedure are to provide the three needed improvements shown schematically in
Figure 4-2 and Figure 4-3 for PWR and BWR plant vessels, respectively. The expected benefits
to utilities and the NRC also include:

" The ASME Section XI Appendix G technical basis will be consistent with the new
risk-informed technical basis for the proposed PTS screening criteria in 10 CFR 50.61a [5].

" The methodology will be implemented in a similar manner as the current ASME Section XI
Appendix G.

" PWR plants will have increased operating flexibility to better enable them to avoid potential
safety and operating issues, such as adversely affecting the reactor coolant pump (RCP) seals
and potentially initiating the equivalent to a small break loss-of-coolant accident.
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* BWR plants will have lower required leak test temperatures. Since BWRs use recirculation
pump heat to reach the required pressure test temperatures, test temperatures above 212'F
result in several concerns: (i) pump cavitation and seal degradation may occur, (ii) primary
containment isolation is required and emergency core cooling system (ECCS)/safety systems
have to be operational at temperatures in excess of 212'F, and (iii) leak detection is difficult
and more dangerous than at lower temperatures since the resulting leakage is steam and
therefore poses safety hazards of burns and exposure to personnel. The reduced test
temperature eliminates these safety issues without reducing overall fracture margin.

4.3 Risk-informed Acceptance Criteria

The basis for determining the risk-informed parameters cx and P3 for the risk-informed equation in
Section 4.1 are the safety goals defined by the U.S. NRC for core damage frequency (CDF) and
large early release frequency (LERF) of fission products at operating nuclear plants. These goals
set limits on CDF and LERF from all events that may lead to core damage and subsequent
potential for large early fission product release. In addition, no single event should constitute a
large portion of the CDF and LERF.

The applicable percentage of total CDF and LERF for any event should be selected on a
case-by-case basis to provide an effective balance between efficient plant operation and safety,
and to ensure that the total safety goal is not absorbed by relatively few events, which may then
preclude later application of risk-informed evaluations for other events.

The reviews of plant operating conditions and experience described in Section 4.1 and Section 5
were used to help define the safety goal requirements for this current study. The reviews
indicated that the safety goal for Service Level A and B conditions can be satisfied by limiting
the contribution to core melt frequency from vessel failure during Service Level A and B events
to no more than approximately two percent of the total core melt safety goal, or 2x 10-l events per
operating year. This yearly frequency limit is also twenty percent of the large early release
frequency limit of 10.6 events per operating year that was used in the NRC Risk Study for
postulated pressurized thermal shock events through plant life extension as described in
Chapter 10 of NUREG-1806 [3]. In both this study and the PTS evaluation it is conservatively
assumed that CDF and LERF are equal to the frequency at which flaws grow through the vessel
wall (TWCFMAX) during the various events that were evaluated in the respective studies.

Two operating states and their contribution to total core melt frequency were considered for
determining the risk-informed parameters a and P3 for ASME Service Level A and B events.
These include the contribution to core melt frequency from normal or inadvertent plant operation
on or near the P-T limits defined by the risk-informed equation in Section 4.1, and operation
within design procedural, system and thermodynamic constraints, which preclude operation near
the risk-informed P-T limits. These considerations can be expressed as

CPFC x FC + CPFX x Fi. < TWCFMAX (4-3)

Where TWCFMAX = 2 x 10-7
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CPFC and CPFL are dimensionless. CPFc is the conditional probability of vessel failure for
normal operation within procedural and system constraints, and CPFJ is the conditional
probability of vessel failure for operation on or near the. risk-informed P/T limit curves. Fc and F,
are the frequencies (events/operating year) that the vessel operates within the operational
constraint curve and on the risk-informed P7T limit curve, respectively. For events such as BWR
system leak tests shown in Figure 4-3, the operating P-T condition will essentially be the same as
the risk-informed P-T limit curve, and the relevant term to be considered from Equation 4-3 is
CPFL x FL. In this instance, service experience indicates that Fis in an approximate range from
0.5 to 1 event per operating year. Consequently, a value of CPFL up to approximately 2x 10-7 will
satisfy the safety goal. For events where there may be inadvertent operation up to the risk-
informed P-T limit, service experience indicates that F, is less than approximately 0.01 events
per operating year, and a value of CPFJ significantly greater than 10-7 will satisfy the safety goal.

For events where operation occurs within procedural, system and thermodynamic constraints,
which preclude operation up to the risk-informed P-T limits, such as the system operating
constraint curve shown in Figure 4-2, the relevant term to be considered from Equation 4-3 is
CPFC x Fc. In this instance, service experience indicates that Fc is in an approximate range from
I to 5 events per operating year. Probabilistic fracture mechanics evaluations for events such as
the system operational constraint curve shown in Figure 4-2 indicate that CPFc is many orders of
magnitude lower than 10.7 (see Section 7), and consequently, CPFC x Fc is much less than
CPFL x FL.

Based on these considerations, the contribution to core melt frequency from CPFc x F, is
negligible compared to CPFL x F, and the determination of the risk-informed parameters ax and
P3 in 4-2 can be based on CPFL of approximately 2x 10-7.

4.4 Overall Approach

To develop the risk-informed modifications to ASME Section XI Appendix G in accordance
with the requirements of Section 4.1 and to evaluate the risk criteria identified in Section 4.3,
two sets of probabilistic fracture mechanics (PFM) analyses were performed using the FAVOR
Code developed for the PTS risk studies by the NRC [3,4]. Version 06.1, Revision 2, of FAVOR
was used for embedded flaws near the inside surface for both heat-up and cool-down
transients [6]. This version was used because the irradiation damage trend curve was consistent
with that in the proposed risk-informed PTS Rule [5]. The HT version of FAVOR 06.1 was also
used for embedded flaws near the outside surface for heat-up transients only. This version is
described along with some initial results in a 2007 SMiRT Paper [7]. Results of these PFM
analyses are reported in detail in Section 7.

The first set of PFM analyses with FAVOR was performed to determine the acceptable values of
the risk-informed parameters cc and 03 for the proposed revision to the methodology in ASME
Section XI Appendix G. The flow chart for these analyses is shown in Figure 4-4 and described
in the following steps:

1. Representative plants were selected for the analyses considering PWR and BWR designs
and a range of material properties and fluence levels. Limiting cases were defined based
on criteria set up to study plant vessels with high values of irradiated RTNI).F at end-of-

4-8



Risk-Informed Pressure-Temperature (P-T) Limits

license extension (EOL). Other plants were evaluated to help represent the wider array
of plants in service to determine if the proposed risk-informed approach would still
work, even though not all PWR and BWR plants analyzed were necessarily limiting in
some way.

2. The temperature, T, versus time and pressure, p, versus time transients that were entered
into FAVOR were generated from the risk-informed pressure-temperature equation in
Section 4.1 for various values of the risk-informed parameters (X and P3 and a variety of
cooling rates.

3. Key distributions of uncertainties in FAVOR were consistent with the risk-informed
technical bases for PTS [3,4]. For example, plant-specific embedded flaw distributions
were generated using VFLAW as described in Section 6.8.

4. Warm pre-stress (WPS) was toggled "on" for the FAVOR runs to also be consistent with
the risk-informed technical bases for PTS [3,4]. In some initial sensitivity studies, WPS
was also toggled "off" to quantify its benefit. As expected, the maximum benefit was
achieved for the highest cool-down rates.

5. A maximum CPF1 of 2x10-7 was used to define the P-T limit curves per Section 4.3.

6. The values of CPFL that were obtained from each FAVOR run for each plant were
evaluated to determine the values of cc and 13 that satisfy the criteria in Section 4.3.

The second set of PFM analyses with FAVOR was performed to determine the effects of design
and operational constraints for the proposed revision to the methodology in ASME Section XI
Appendix G. The flow chart for these analyses is shown in Figure 4-5 and described in the
following steps:

I. Only four limiting PWR plants were analyzed.

2. The transients represented more realistic cool-down transients with design and system
operating constraints and actual PWR operating experience being considered (see
Section 6.4.3).

3. Pressure and temperature hold times, initial cooling rates, secondary heat removal
system cooling rates, and the switch-over temperatures were parameterized to determine
two sets of bounding cool-down transients, with and without hold times.

4. These two bounding parameterized transients were used to define the pressure and
temperature history input into FAVOR 6.1 for all four limiting PWR plants. Both of
these transients also satisfy the risk-informed ASME Section XI Appendix G
requirements for the minimum values of the risk-informed parameters Ct and 13
determined for the four limiting PWR plants. Note that these two bounding transients
would not satisfy the current ASME Section XI Appendix G limits for the four limiting
plants.

5. Except for the cool-down transient input of temperature and pressure with time, the
FAVOR plant-specific input, material uncertainties, and run options were the same as
those for the first set of PFM analyses.

6. The FAVOR output was used to show that the two bounding transients based on design
and operational constraints resulted in values of CPFC that were much less than 10' for
all four limiting PWR plants.
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5
OPERATING BENEFITS, LIMITATIONS AND
CONSTRAINTS

Appendix G to 10 CFR 50 invokes the pressure and temperature (P-T) limits of ASME
Section XI Appendix G in accordance with the plant's Technical Specifications. This makes this
nonmandatory appendix of the ASME Code a mandatory procedure for U.S. plants. Therefore,
ASME Section XI Appendix G is one of many operating aspects, or limitations, a plant must
operate within to maintain the structural integrity of the ASME Code, Class I primary pressure
boundary (i.e., the Reactor Coolant System (RCS) Pressure Boundary). Graphical examples
of the various RCS P-T limitations during a plant cool-down are shown in Figure 5-1 and
Figure 5-2 for typical PWR plants. As discussed previously, for BWRs, the limitations occur
with the minimum required leak test temperature derived from ASME Section XI Appendix G
procedures.

RCS Cooldown Curves

IA
0•

-- F-A771 --

4+t---- -h 49H-

-7 -

Oft4

RCS Cold Leg lb~elrature (Degrees F)

Figure 5-1
PWR Reactor Coolant System Pressure and Temperature Operating Limits

5-1



Operating Benefits, Limitations and Constraints

FULL RANGE RCS PRESSURE TEMPERATURE COOLDOWN CURVE

ýýc varccitor qrrmornaTnur rimvp (nrim.nowmi

0 100 200 300 400
TEMPERATURE 'F)

500 600 T0o

Figure 5-2
PWR Reactor Coolant System Pressure and Temperature Operating Limits

Since ASME Section XI Appendix G is a key aspect that can significantly affect plant operation,
this section addresses other plant limitations and constraints which could limit the benefit of
additional margin that might be gained from revised ASME Section XI Appendix G procedures.
The benefit to improved plant operations, is also identified; however, implementation of such
plant operation improvements is beyond the scope of this program if the change involves
limitations or constraints outside the scope of ASME Section XI Appendix G (i.e., if ASME
Section XI Appendix G is not the limiting factor for the particular operating limitation).
Section 5 is organized in terms of the two major plant types: PWRs and BWRs. The input for
the PWR plant type for Section 5.1 was obtained from discussions at a PWROG owners group
meeting regarding this program. Although a similar meeting was not held for the BWRs, "
comparable information was obtained for BWR plants based on a survey of work completed for
several BWRs as part of recent license renewal efforts.

5-2



Operating Benefits, Limitations and Constraints

5.1 PWR Operating Benefits, Limitations, and Constraints

This section identifies the operating benefits, limitations, or constraints to be considered for
PWRs. An understanding of these aspects is desirable to realize the possible direct benefit of
Appendix G margin from this program. In order to reach this understanding, discussions were
held with PWR plant personnel familiar with plant operations. during presentations made at the
regular meetings of the PWROG.

A presentation was made to the PWROG Operations Sub-Committee regarding the work
associated with this program. To initiate feedback, the following example questions were asked
of the committee:

* What are the heat-up and cool-down constraints that should be changed or relaxed if
possible?

* Would a change in the cool-down rate itself (e.g., greater than 100°F/hr) be a benefit?

" Would a temperature plateau be a benefit to "average" cool-down?

* Would changes to the over-pressure protection limits provide a significant benefit?

" What are the other most important issues and concerns that can be affected by this ASME
Section XI Appendix G EPRI project (i.e., by changing the Appendix G limits)?

" What are realistic heat-up and cool-down transients?

" Are there any other heat-up and cool-down considerations that should be addressed?

Table 5-1 presents the information obtained from this meeting. The general organization of the
table is as follows. The operating issue, as noted from the PWROG meeting, is listed in the first
column (e.g., raw data). Each operating issue in Column I is then classified in Column 2 to be
related to either: 1) the heat-up and cool-down rate (H/C) of 100°F/hr; or 2) ASME Section XI
Appendix G (A/G); that is, the pressure and temperature limits of ASME Section XI
Appendix G. The third column further defines the general technical issue to be overcome for
improved plant operations. The fourth column defines the constraint(s) that currently bound the
operation as it is performed today. Similar to Column 3, Column 4 identifies what would need to
be changed, or what would be impacted to realize the margin (or improved plant operation)
provided by changing ASME Section XI Appendix G.

Figure 5-3 and Figure 5-4 provide a graphical description of certain operating issues identified in
Table 5-1. It is important to note that these figures do not imply that there are existing operating
issues at the plants today. They are intended to identify areas where limited margin may exist
and depict an area where improved margin can be realized.
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Table 5-1
Operating Benefits, Limitations, and Constraints

* Classification
Issue Identified Related Operations/Issue Constraints Notes

(H/C or A/G)
1. Starting and A/G This appears to be related to the RCP • RCP Operating Limits (see A/G Program will
stopping Reactor operating window (see Figure 5-3), or Figure 5-3. provide a benefit
Coolant Pumps the cold over-pressure mitigation system • COMS/LTOPS ASME Section XI of an increased
(RCPs) is a (COMS)/Iow temperature over-pressure Appendix G Limits (see Figure 5-4). RCS pressure for
significant issue that protection system (LTOPS) actuation * ASME Section III Residual Heat COMS/LTOPS.
might be affected by reactor coolant system (RCS) pressure Removal RHR System P-T Rating
the change to ASME undershoot concern shown in Figure 5-4. Limits (this is not within the scope of
Section Xl this Program).
Appendix G.
2. Initial cool-down H/C This comment is interpreted to mean that * ASME Section III Limits H/C to 100°F/hr A/G Program will
would provide the the only real cool-down improvement for thermal stress considerations. provide a benefit
most benefit in the that can be realized is down to 350°F; • ASME Section III RHR System P-T of an increased
range of Normal then other controlling factors limit time to Rating Limits (this is not within the cool-down rate.
down to 350 0F. cool-down (e.g., chemistry operations, scope of this Program).

see Issue 15). • ASME Section Xl and 10 CFR 50

Appendix G limits H/C.
• Technical Specifications (which are

linked to an associated Pressure and
Temperature Limits Report (PTLR)
document, based on ASME Section XI
Appendix G) limit the maximum RCS
pressure for a given temperature.

• Plant Operating Procedures limit the
minimum RCS pressure (based on
minimum sub-cooling) for a given RCS
temperature (see Figures 5-1 and 5-2).

• Startup/shutdown chemistry limitations.
e Heat-up limited too much less than

1 00°F/hr due to limited heat sources.

• Cool-down limited to -50°F/hr by RCS
makeup capability (to keep pressurizer
(PZR) level up) per informal simulator
runs. I
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Table 5-1
Operating Benefits, Limitations, and Constraints (continued)

Issue Identified Classification Related Operations/Issue Constraints Notes

IssueIdentfied (H/C or A/G)________
3. Pressurizer Surge H/C This is related to the surge line thermal . PZR spray nozzle fatigue analysis
Line shock is a stratification stress/"striping" issue and based on 320°F AT [1].
concern. the PZR spray nozzle thermal fatigue * Surge line fatigue analysis based on

analysis; RCS/PZR AT limited to 320°F 320°F AT [1].
for both of these analyses [1].

4. The Westinghouse H/C This is a local RCP seal cool-down issue e RCP seal cool-down rate (not the Work is
RCP vendor has related to the time after an extended loss overall RCS cool-down rate). documented and
defined, and the NRC of all RCP seal cooling, and is not an the latest
has reinforced a issue for over-all normal plant operation, guidance is
requirement for a including normal plant cool-down. recommended
maximum cool-down Current recommendations are to not [2,3].
rate on the RCP seal perform this seal cool-down, but rather to
of 60°F/hr. perform a natural circulation cool-down

with the rest of the plant [2].
5. Continuous H/C This is related to the surge line thermal * PZR spray nozzle fatigue analysis
outsurge on the stratification stress/"striping" issue and based on 320°F AT [1].
Pressurizer surge line the PZR spray nozzle thermal fatigue ° Surge line fatigue analysis based on
may not allow a faster analysis; RCS/PZR AT limited to 320'F 320°F AT [1].
cool-down rate. for both of these analyses [1].
6. Auxiliary Spray H/C This is related to the surge line thermal * PZR spray nozzle fatigue analysis
temperature limits stratification stress/"striping" issue and based on 320'F AT [1].
might be minimized, the PZR spray nozzle thermal fatigue * Surge line fatigue analysis based on

analysis; RCS/PZR AT limited to 320'F 320°F AT [1].
for both of these analyses [1].

7. Pressurizer surge H/C This is related to the surge line thermal * PZR spray nozzle fatigue analysis
line temperature stratification stress/"striping" issue, based on 3200F AT [1].
change. Management of Thermal Fatigue and the ° Surge line fatigue analysis based on

PZR spray nozzle thermal fatigue 320°F AT [1].
analysis; RCS/PZR AT limited to 320OF
for these analyses [1].
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Table 5-1
Operating Benefits, Limitations, and Constraints (continued)

* Classification
Issue Identified (H/C or la G) Related Operations/Issue Constraints Notes

8. RCP start at A/G This is related to the RCP operating • RCP Operating Limits (see A/G Program will
365 psig Wide Range window (see Figure 5-3) and/or the Figure 5-3). provide a benefit
(WR) FICS pressure COMS/LTOPS Actuation RCS pressure . COMS/LTOPS ASME Section XI of an increased
with a net positive undershoot issue shown in Figure 5-4. Appendix G Limits (see Figure 5-4). RCS pressure for
suction head limit of * ASME Section III RHR System P-T COMS/LTOPS.
325 psig. Rating Limits (this is not within the

scope of this Program).
9. Concern regarding H/C This is related to the surge line thermal e PZR spray nozzle fatigue analysis
loss of AT on spray stratification stress/"striping" issue and based on 320°F AT [1].
nozzle. the PZR spray nozzle thermal fatigue • Surge line fatigue analysis based on

analysis; RCS/PZR AT limited to 320°F 320°F AT [1].
for both of these analyses [1].

10. Component H/C This is related to maintaining subcooling • The heat load to the CCW system is
Cooling Water on the Component Cooling Water (CCW) limited to provide: 1) a maximum supply
Recirculation hot side (return side) of the system to temperature (e.g., 120 0F); and 2) a
(CCWR) surge tank prevent flashing. maximum return temperature (e.g.,
flashing. 2000F) to prevent flashing.

The design temperature of the CCW
system is 2000F.

11. Putting Residual H/C This is related to limitations of the design • The heat load to the CCW system is
Heat Removal (RHR) CCWS heat load capacity as a function limited to provide: 1) a maximum supply
in sooner really of ultimate heat sink cooling water temperature (e.g., 120 0F); and 2) a
doesn't help; limited temperature, similar to maintaining maximum return temperature (e.g.,
by lake temperature. subcooling on the CCW hot side (return 200'F) to prevent flashing.

side) of the system to prevent flashing. • The design temperature of the CCW

system is 200'F.
12. PTS Limits in A/G Related to the reactor head soak time • Recent EPRI work has been performed
Emergency Operating and the time to cool the plant down as to support the Emergency Response
Procedure (EOP) soon as possible in an emergency. Guidelines (ERG) Pressurized Thermal
could use more Shock (PTS) recovery guidelines [4].
margin. See the plant-specific Emergency

Response Procedures for more details
on soak time constraints.

5-6



Operating Benefits, Limitations and Constraints

Table 5-1
Operating Benefits, Limitations, and Constraints (continued)

* Classification
Issue Identified CloriA/Gin Related Operations/Issue Constraints Notes(H/C or A/G)

13. Several EOP A/G Related to the reactor head soak time • See Item 12. A/G Program will
limits reflect loss of and the time to cool the plant down as provide a benefit
the Emergency Core soon as possible in an emergency. of an improved,
Cooling System shorter soak time.
(ECCS).
14. One plant-specific H/C This concern may be a plant-specific * The details of this apparent plant-
heat-up is more reactor vessel flange limitation for this specific constraint are not known at this
limiting than cool- plant. time.
down.
15. This comment H/C Generally, this is a plant cool-down * See Items 2, 10 and 11.
addresses the claim related issue. Plant shutdown chemistry
that greater cool- operations hold RCS temperature at
down limits above about 180°F for an extended period;
1 00°F/hr are not therefore the benefit of a rapid cool-
needed: One plant down (if possible) may not be realized in
goes from "open the overall shutdown schedule.
breaker" to Mode 5
(2000F) in six hours
now, for refueling.

H/C = Issue Related to Heat-up/Cool-down
A/G = Issue Related to ASME Section XI Appendix G

5-7



Operating Benefits, Limitations and Constraints

NPSH

Above Line Acceptable
RCP Operation

U,
A.,

0
3-
U
0
0
a-

U
(U

0
0

I-
0
U
(U
0

P

450

300

Maximum Residual Heat
Removal Loop Operating
Pressure or COMS Setpolnt

'Heatup and Cool down RCS
Operating Window

#1 Seal Delta P

3510F T

Reactor Coolant Temperature (*F)

Figure 5-3
Reactor Coolant Pump Operating Window When Aligned to the Residual Heat Removal
System

:450

,~300

.2
In

LY OPS/
COMS

Actuation Maximum Residual Heat
Removal Loop Operating
Pressure or COMS Setpoinl

#1 Seal Delta P

LTOPS/COMS RCS
Pressure Undershoot

Time

Figure 5-4
COMS/LTOPS Actuation RCS Pressure Undershoot

5-8



Operating Benefits, Limitations and Constraints

In many plants, the pressurizer power operated relief valves (PORVs) are used in conjunction
with the associated PORV control system that senses wide-range (WR) RCS pressure. This
system is commonly referred to as the low temperature over-pressure protection system (LTOPS)
or the cold over-pressure protection mitigation system (COMS). This system is provided to
protect the (limiting) reactor vessel from cold over-pressure events (i.e., considering the reactor
vessel brittle fracture requirements derived from ASME Section XI Appendix G). The system is
usually activated, or put into service, at an RCS temperature of 350'F.

Due to control system and valve timing capabilities and limitations, and depending on the type
of COMS event (e.g., such as during water solid RCS operations, where the pressurizer is water
solid), the RCS pressure may fall below the lower operating limit (shown as 300 psig in
Figure 5-3 and Figure 5-4). As shown in Figure 5-4, the sequence of events is:

* The pressurizer PORVs open due to WR RCS pressure exceeding the setpoint value
(shown as 450 psig in Figure 5-4).

* After the PORVs open, RCS pressure decreases to the point at which the control system
closing setpoint (i.e., below the dead-band) is reached, therefore sending a close signal to
the PORVs.

* Depending on the type of COMS transient, control system, and valve timing capabilities,
the RCS pressure may decrease, stabilize and then recover (increase) after falling below
the lower pressure limit (shown as 300 psig in Figure 5-3 and Figure 5-4). This pressure
undershoot can range from 50 to 150 psig.

The PWR system constraints as summarized in this section were considered in the development
of the input to the analyses as given in Section 6 in order to analyze realistic transients. Key
constraints for PWRs are the heat-up system limitation of 100lF/hr and a cool-down rate system
limitation of -50°F/hr after the secondary heat removal system is engaged.

5.2 BWR Operating Benefits, Limitations and Constraints

A direct benefit of this risk-informed ASME Section XI Appendix G program for the BWR
plants is identified in BWRVIP-192 [5]. The Class 1 primary system pressure and leakage test
(e.g., plant startup hydro-test) must be performed at pressures and temperatures defined by
methods in ASME Section XI Appendix G of the ASME Code. In some cases, BWR plants may
have to perform the system pressure test at elevated temperatures (exceeding the saturation point
of 212'F) in order to maintain the ASME Code Appendix G safety margins for prevention
of vessel brittle fracture. Performing the pressure test at an elevated temperature (> 212'F)
is undesirable since a plant mode change is required according to the example Technical
Specifications shown in Table 5-2. A potential safety hazard for plant personnel is created
by exposing inspection personnel to steam leaks.
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Table 5-2
BWR Plant Generic Technical Specification Mode Definitions [5]

Operational Conditions

Reactor System Mode Average Reactor Coolant
Condition Switch Position Temperature

Power Operation Run Any Temperature

Startup Startup/Hot Standby Any Temperature

Hot Shutdown Shutdown > 212'F

Cold Shutdown Shutdown < 212'F

Refueling* Refuel < 212'F

* The reactor vessel head is unbolted or removed and there is fuel in the vessel. -

The disadvantages of changing plant mode ar& discussed in Section 4. BWRVIP-192 should be
reviewed further to obtain a more comprehensive understanding of this operating condition and
the alternatives being considered for managing the BWR pressure test operation [5].
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6
INPUTS TO ANALYSIS

6.1 Extended Beltline

The component of the PWR that is generally considered to be the most limiting for heat-up and
cool-down of the primary system is the reactor vessel. The region directly surrounding the core
is known as the beltline region and consists of welded plates or forgings in a shell geometry.
This is the region that has historically been analyzed for heat-up and cool-down since this region
receives the most irradiation damage which reduces the fracture toughness of this region. As
plants have aged and have extended their licenses to 60 years (with consideration of future
extension to 80 years) the region of irradiation damage has expanded. The extended beltline
has been defined as those regions of the reactor vessel where the fluence is greater than
1.Ox 10"' n/cm2 (E>I MeV). Defined in this way, the extended beltline can reach into the upper
or lower shell courses and in some plants can include portions of the nozzles. Nozzles were
not included in this evaluation, and should therefore continue to be handled in a deterministic
manner and compared to the risk-informed results for the beltline region. The more limiting of
the two results should be used for the controlling P-T limits. For the plants considered in this
analysis, the extended beltline region, except for any nozzles was considered in the evaluation.

6.2 Other PWR Components

When this work was initiated, it was believed that the primary benefit to the plants would
be to increase the heat-up and cool-down rates, and that heat-up and cool-down rates for other
components could become more limiting than the ASME Section XI Appendix G limits. As this
idea was investigated with the industry, it was realized that the primary benefit for plants is
to widen the allowable pressure limits. Since the heat-up and cool-down rates are not being
increased, other components are not expected to become more limiting than the proposed ASME
Section XI Appendix G limits being developed herein for the vessel. The beltline region is
considered to be the most limiting component in the RCS and it is therefore considered to
be the most limiting component for heat-up and cool-down of the RCS.

6.3 PWR Material Properties and Fluence Input Data

A database was compiled for all of the PWR and BWR vessels containing all of the beltline
materials with the appropriate chemistry, initial RTN,,.,, projected fluence for 54 effective full
power years (EFPY), and the associated flux at the peak location for the specific material. The
basis for this compilation primarily was RPVDATA [1] and RVID [2]. Note that some chemistry
values (primarily manganese content) had to be estimated using a material-specific average for
the type of material based on information collected for the specific material types. Calculations
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of the irradiated RTNNDr were.determined using the embrittlement correlation in the proposed PTS
Rule [3]. The irradiated RTNDT values were then used to select the specific PWR vessels to be
analyzed using the risk-informed methods.

6.3.1 Plant Selection

Eight PWR plants chosen for the analyses were selected in order to represent the PWR fleet and
include limiting materials for the range of RTN!)T values and limiting vessel components. The
plant selection process considered PWRs that are plate-limited, axial and circumferential weld
limited, plants which have a high and low end-of-license RTNI,, and plants which are predicted
to have a high fluence at the end of license. Fluence values corresponding to 54 EFPY were
selected in order to cover PWR plants through a license renewal period of 60 years with an
overall capacity factor of 90%. All of the evaluations were run with plant-specific material
properties and projected fluences through 54 EFPY. In this way, the entire fleet of PWRs is
considered to have been bounded by this analysis.

The eight PWR plants considered in this analysis were labeled PWR-A through PWR-H. The
plants analyzed are listed in Table 6-1, along with the beltline material properties used in the
analysis.

6.3.2 Effect of Possible Changes to Regulatory Guide 1.99 Revision 2

Revision 2 of FAVOR Version 06.1 [4] was used for all probabilistic fracture mechanics
(PFM) calculations because it employed the embrittlement trend curve (ETC) equations that
were proposed for the risk-informed pressurized thermal shock (PTS) Rule 10 CFR 50.61a in
SECY-07-104 [5]. Appendix C of NUREG- 1874, which contained the latest PFM results for
the new PTS Rule, also showed that the effects of using the ETC equations in the proposed
PTS Rule were minimal when compared to the limiting results using somewhat different ETC
equations [6]. However, potential ETC equations for Revision 3 of NRC Regulatory Guide 1.99
had been presented by the NRC at public American Society for Testing of Materials (ASTM)
meetings. To quantify the effects of these potential changes to the ETC equations and to
determine how to best account for them, a sensitivity study was conducted. The results of this
study are summarized in this section.
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Table 6-1
PWRsNessels Selected for Risk-Informed Analyses

Wall Cladding INormal
ID Operating ARTNDT RTNDT @

Vessel Thick- Thick- Fluence, Product RTNDT',) Cu Ni P Mn Temperature @ ID°F ID °F
Plant ID, in. ness, ness, n/cm2  Form OF wt.% wt.% wt.% wt.%O

(m) in. in. (E>1 MeV) (°C) OF (°C) (°C)
(mm) (mm) (°C)

A 157.00 7.88 0.15625 1.17E+19 Axial -56 0.337 0.609 0.012 1.44 544 226 170
(3.99) (200.2) (4.0) Weld (-48.9) (284.4) (125.6) (76.7)

1.17E+19 Axial -56 0.273 0.629 0.013 1.44 544 217 161
Weld (-48.9) (284.4) (120.6) (71.7)

6.07E+19 Circ Weld -56 0.269 0.070 0.013 0.96 544 143 87
(-48.9) (284.4) (79.4) (30.6)

6.09E+19 Plate 20 0.140 0.570 0.015 1.30 544 169 189
. (-6.7) (284.4) (93.9) (87.2)

6.09E+19 Plate 27 0.200 0.540 0.010 1.31 544 190 217
(-2.8) (284.4) (105.6) (102.8)

6.06E+19 Plate 73 0.140 0.620 0.015 1.40 544 177 250
(22.8) (284.4) (98.3) (121.1)

6.06E+19 Plate 43 0.140 0.620 0.015 1.40 544 177 220
(6.1) (284.4) (98.3) (104.4)
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Table 6-1
PWRsNessels Selected for Risk-Informed Analyses (continued)

Wall Cladding ID Normal
Vessel Thick- Thick- Fluence, Product RTNDT(U) Cu Ni P Mn Operating ARTNDT RTNDT @

Plant ID, in. ness, ness, n/cm 2  Form OF w t% w. w Temperature @ ID0 F ID OF
(M) in. in. (E>I Form (°C) wF (°C) (°C)

(mm) (mm) (E>1(MeV) (°C.(C)
B 172.00 8.625 0.313 2.97E+19 Axial -18 0.180 0.720 0.015 1.34 545 197 179

(4.37) (219.1) (8.0) Weld (-27.8) (285.0) (109.4) (81.7)

2.96E+19 Axial -12 0.220 0.830 0.010 1.34 545 237 225
Weld (-24.4) (285.0) (131.7) (107.2)

5.13E+19 Circ Weld -42 0.240 0.160 0.014 1.20 545 147 105
(-41.1) (285.0) (81.7) (40.6)

5.15E+19 Plate 18 0.110 0.530 0.008 1.39 545 126 144
(-7.8) (285.0) (70.0) (62.2)

5.15E+19 Plate 28 0.110 0.560 0.009 1.39 545 130 158
(-2.2) (285.0) (72.2) (70.0)

5.15E+19 Plate 48 0.130 0.540 0.010 1.30 545 143 191
(8.9) (285.0) (79.4) (88.3)

5.13E+19 Plate 58 0.110 0.550 0.011 1.35 545 133 191
(14.4) 1 (285.0) (73.9) (88.3)

5.13E+19 Plate 48 0.120 0.640 0.011 1.30 545 145 193
(8.9) (285.0) (80.6) (89.4)

5.13E+19 Plate 8 0.120 0.640 0.011 1.30 545 145 153
(-13.3) (285.0) (80.6) (67.2)
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Table 6-1
PWRsNessels Selected for Risk-Informed Analyses (continued)

Wall Cladding ID Normal
Vessel Thick- Thick- Fluence, Product RTNDT(u) Cu Ni P Mn Operating ARTNDT RT @

Plant ID, in. ness, ness, n/cm2  Form OF wt.% wt.% wt.% wt.% Temperature @ ID°F ID OF
(M) in. in. (E>1 MeV) (°C) OF (°C) (°C)

(mm) (mm) (°C)

C 173.38 8.63 0.21875 1.74E+19 Axial -56 0.192 1.007 0.012 1.34 540 240 184
(4.40) (219.2) (5.6) Weld (-48.9) (282.2) (133.3) (84.4)

1.39E+1 9 Axial -56 0.192 1.007 0.012 1.34 540 234 178
Weld (-48.9) (282.2) (130.0) (81.1)

1.74E+19 Circ Weld -54 0.221 0.732 0.023 1.34 540 235 181
(-47.8) (282.2) (130.6) (82.8)

1.74E+19 Plate -5 0.220 0.520 0.011 1.19 540 167 162
(-20.6) (282.2) (92.8) (72.2)

1.74E+19 Plate 49 0.190 0.470 0.012 1.26 540 149 198
(9.4) (282.2) (82.8) (92.2)

1.74E+19 Plate 74 0.240 0.520 0.012 1.30 540 179 253
(23.3) (282.2) (99.4) (122.8)

1.74E+1 9 Plate 17 0.200 0.490 0.011 1.31 540 155 172
(-8.3) (282.2) (86.1) (77.8)

1.74E+19 Plate -4 0.220 0.530 0.015 1.32 540 175 171
(-20.0) (282.2) (97.2) (77.2)

1.74E+19 Plate 5 0.200 0.500 0.010 1.41 540 156 161
(-15.0) (282.2) (86.7) (71.7)
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Table 6-1
PWRs/Vessels Selected for Risk-Informed Analyses (continued)

Wall Cladding ID Normal
Vessel Thick- Thick- Fluence, Product RTNDT(u) Cu Ni P Mn Operating ARTNDT RT..T @

Plant ID, in. ness, ness, n/cm' Form OF wt.% wt.% wt.% wt.% Temperature @ IDnF ID OF
(m) in. in. n/cm Form ( wC) OF (eC) (IC)

(mm) (mm) (E>IMeV)
D 132.00 6.5 0.15625 5.25E+19 Circ Weld -56 0.287 0.756 0.016 1.37 532 324 268

(3.35) (165.1) (4.0) (-48.9) 1 (277.8) (180.0) (131.1)
5.40E+19 Forging 20 0.060 0.750 0.010 0.79 532 79 99

(-6.7) (277.8) (43.9) (37.2)
5.56E+19 Forging 60 0.060 0.710 0.010 0.69 532 80 140

(15.6) (277.8) (44.4) (60.0)
E 171.00 8.6 0.188 1.15E+19 Axial -5 0.19 0.57 0.017 1.48 556 148 143

(4.34) (218.4) (4.8) Weld (-20.6) 1 1 (291.1) (82.2) (61.7)
1.24E+19 AXIAL -5 0.19 0.57 0.017 1.48 556 149 144

WELD (-20.6) (291.1) (82.8) (62.2)
1.03E+19 AXIAL -5 0.21 0.64 0.025 1.38 556 178 173

WELD (-20.6) (291.1) (98.9) (78.3)
1.39E+19 Circ Weld -5 0.22 0.54 0.016 1.44 556 161 156

(-20.6) (291.1) (89.4) (68.9)
1.60E+18 Circ Weld -5 0.23 0.52 0.011 1.40 556 122 117

(-20.6) (291.1) (67.8) (47.2)
1.30E+19 Circ Weld 10 0.23 0.59 0.021 1.49 556 181 191

(-12.2) (291.1) (100.6) (88.3)
1.44E+18 Plate 3 0.16 0.65 0.006 0.83 556 61 64

(-16.1) (291.1) (33.9) (17.8)
1.41 E+19 Plate 1 0.1 0.5 0.015 1.42 556 69 70

(-17.2) 1 (291.1) (38.3) (21.1)
1.41 E+19 Plate 1 0.12 0.6 0.01 1.26 556 78 79

(-17.2) (291.1) (43.3) (26.1)
1.41E+19 Plate 1 0.11 0.63 0.012 1.40 556 77 78

(-17.2) (291.1) (42.8) (25.6)
1.41E+19 Plate 1 0.11 .0.63 0.012 1.40 556 77 78

(-17.2) 1 (291.1) (42.8) (25.6)
1.28E+19 Plate 1 0.15 0.50 0.008 1.28 556 82 83

(-17.2) 1 1 (291.1) (45.6) (28.3)
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Table 6-1
PWRsNessels Selected for Risk-Informed Analyses (continued)

Wall Cladding ID NormalVeselThik- Thck- IDRTOperating ART NOT RTNOT
Vessel Thick- Thick- Fluence, Product RTNDT(u) Cu Ni P Mn Temperature @ ID°F ID 0F

Plant ID, in. ness, ness, n/cm2  Form OF wt.% wt.% wt.% wt.% T F @ (0IO
(M) in. in. (E>1IMeV) (°C) OF (°C) (°C)

(mm) (mm) (°C)

F 172.0 8.5 0.25 4.83E+19 Axial -56 0.213 1.010 0.019 1.315 556 199 143
(4.37) (215.9) (6.4) Weld (-48.9) (291.1) (110.6) (61.7)

4.83E+19 Axial -56 0.213 1.010 0.019 1.315 556 200 144
Weld (-48.9) (291.1) (111.1) (62.2)

3.80E+19 Axial -56 0.213 1.010 0.019 1.315 556 229 173
Weld (-48.9) (291.1) (127.2) (78.3)

3.77E+19 Axial -56 0.213 1.010 0.019 1.315 556 212 156
Weld (-48.9) (291.1) (117.8) (68.9)

4.76E+19 Axial -56 0.213 1.010 0.019 1.315 556 173 117
Weld (-48.9) (291.1) (96.1) (47.2)

4.76E+19 Axial -56 0.213 1.010 0.019 1.315 556 247 191
Weld (-48.9) (291.1) (137.2) (88.3)

6.09E+19 CircWeld -56 0.203 1.018 0.013 1.147 556 120 64
(-48.9) (291.1) (66.7) (17.8)

6.16E+19 Plate -5 0.240 0.510 0.009 1.293 556 75 70
(-20.6) (291.1) (41.7) (21.1)

6.16E+19 Plate -30 0.240 0.520 0.010 1.350 556 109 79
(-34.4) (291.1) (60.6) (26.1)

6.16E+19 Plate -5 0.240 0.500 0.011 1.293 556 83 78
(-20.6) (291.1) (46.1) (25.6)

6.09E+19 Plate 0 0.190 0.480 0.016 1.235 556 78 78
(-17.8) (291.1) (43.3) (25.6)

6.09E+19 Plate -30 0.190 0.500 0.015 1.235 556 113 83
(-34.4) (291.1) (62.8) (28.3)

6.09E+19 Plate -25 0.120 0.550 0.010 1.270 556 168 143
S(-31.7) (291.1) (93.3) (61.7)
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Table 6-1
PWRsNessels Selected for Risk-Informed Analyses (continued)

Wall Cladding ID Normal
Vessel Thick- Thick- Fluence, Product RTNDT(U) Cu Ni P Mn Operating ARTNoT RTNDT ©

Plant ID, in. ness, ness, n/cme Form OF wt.% wt.% wt.% wt.% Temperature @ ID°F ID OF
(M) in. in. (E>IMeV) (°C) OF (°C) (OC)(mm) (mm) (°C)

G 173.00 8.45 0.21875 2.01E+19 Axial -56 0.213 0.867 0.015 1.43 542 244 188
(4.39) (214.6) (5.6) Weld (-48.9) (283.3) (135.6) (86.7)

1.15E+19 Axial -56 0.213 0.867 0.015 1.43 542 229 173
Weld (-48.9) (283.3) (127.2) (78.3)

2.01E+19 Axial -40 0.219 0.735 0.019 1.34 542 229 189
Weld (-40.0) (283.3) (127.2) (87.2)

1.15E+19 Axial -40 0.219 0.735 0.019 1.34 542 214 174
Weld (-40.0) (283.3) (118.9) (78.9)

2.97E+19 Circ Weld -56 0.197 0.060 0.021 1.15 542 120 64
(-48.9) (283.3) (66:7) (17.8)

2.97E+19 Plate 20 0.120 0.580 0.012 1.34 542 134 154
(-6.7) (283.3) (74.4) (67.8)

2.97E+19 Plate 22 0.120 0.570 0.010 1.30 542 129 151
(-5.6) (283.3) (71.7) (66.1)

2.97E+19 Plate 33 0.120 0.600 0.010 1.30 542 131 164
(0.6) (283.3) (72.8) (73.3)

2.97E+19 Plate 50 0.110 0.570 0.010 1.37 542 123 173
(10.0) (283.3) *(68.3) (78.3)

2.97E+19 Plate 12 0.120 0.620 0.015 1.34 542 142 154
(-11.1) (283.3) (78.9) (67.8)

2.97E+19 Plate 5 0.130 0.560 0.012 1.33 542 139 144
(-15.0) __ 1_1_1 (283.3) (77.2) (62.2)

6-8



Inputs to Analysis

Table 6-1
PWRsNessels Selected for Risk-Informed Analyses (continued)

Wall Cladding ID Normal
Vessel Thick- Thick- Fluence, Product RT"DT(u) Cu Ni P Mn Operating ARTNDT RTNDT @

Plant ID, in. ness, ness, n/cme Form oF wt.% wt.% wt.% wt.% Temperature @ ID0 F ID OF
(M) in. in. (E>ncMeV) (FC) FF (°C) (°C)

(mm) (mm) (oC)

H 178.00 8.63 0.16 2.86E+19 Axial -60 0.037 0.057 0.008 1.35 559 38 -22
(4.52) (219.2) (4.1) Weld (-51.1) (292.8) (21.1) (-30.0)

2.86E+19 Axial -60 0.037 0.057 0.008 1.35 559 38 -22
Weld (-51.1) (292.8) (21.1). (-30.0)

2.86E+19 Circ Weld -60 0.037 0.057 0.008 1.35 559 38 -22
(-51.1) (292.8) (21.1) (-30.0)

2.86E+19 Plate 40 0.070 0.590 0.007 1.45 559 43 83
(4.4) (292.8) (23.9) (28.3)

2.86E+19 Plate 10 0.060 0.580 0.007 1.36 559 42 52
(-12.2) (292.8) (23.3) (11.1)

2.86E+19 Plate 40 0.060 0.580 0.005 1.39 559 41 81
(4.4) (292.8) (22.8) (27.2)

2.86E+19 Plate 10 0.075 0.630 0.007 1.33 559 51 61
(-12.2) (292.8) (28.3) (16.1)

2.86E+19 Plate 0 0.060 0.640 0.007 1.33 559 42 42
(-17.8) (292.8) (23.3) (5.6)

2.86E+19 Plate 40 0.045 0.610 0.012 1.47 559 46 86
(4.4) 1 (292.8) (25.6) (30.0)
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At the present time, Revision 3 to Regulatory Guide 1.99 has not been finalized. However, the
ETC work has been ongoing and equations have been developed and were included in a draft
NUREG Report that was the technical basis for the proposed changes to Regulatory Guide 1.99,
Revision 3 [7]. The first set of ETC equations were based on low fluence surveillance capsule
data provided by the industry to the NRC and are only applicable up to a fluence of 2x 10'9 n/cm2

(E>IMeV). The proposed low fluence equations are similar to those in the ETC equations in the
proposed PTS Rule except there is no effect of manganese content [5]. The second set of
equations were based upon high fluence data from test reactor irradiation at high flux rates and
are only applicable above a fluence of 4x10'9 n/cm2 (E>IMeV). The proposed high fluence
equations convert correlations for the measured shift in yield strength (YS) to an equivalent
value of AT30. Between fluence values of 2x10"9 n/cm2 and 4x10 9 n/cm2, an equation for linear
interpolation with fluence is to be used. It is currently not known whether the NRC will include
the higher fluence data from test reactor irradiations in the final ETC correlation. The industry is
currently working with the NRC to develop more surveillance capsule data on vessel materials at
higher fluence values.

Using the latest information on U.S. reactor vessel materials (see Section 6.3), 12 PWR plants
having vessels with high fluence at 54 EFPY were selected for further evaluation of the proposed
ETC equations in the draft NUREG Report [7]. BWR plant vessels were not evaluated because
their fluence levels were not high enough to be of concern. Eight of the 12 plant vessels had
components with fluence values between 2x 10' 9 n/cm2 and 9x 10' 9 n/cm2 (E>I MeV) and
increases in calculated AT3,) (shift) values from 0% to 45%. However, in each of these reactor
vessels, including those for representative PWR Plants-A, C, and F, there was either no increase
in the calculated shift or there were other vessel components with lower fluence values and
material properties that were more limiting. The results of the proposed ETC equations for the
remaining four plants are summarized in Table 6-2. Except for PWR Plant-B, the other PWR
plants in this table were not represented in the risk-informed Appendix G study, despite the fact
that PWR-2 had a higher value of RTMAX.X. Because it was a plate (PL) instead of an axial weld
(AW), the correlations of through-wall cracking frequency (TWCF) for PTS transients with
RTMAXX from NUREG- 1874 produced lower values [6].

Even though Revision 3 to Regulatory Guide 1.99 has not been finalized to date, the effects of
the possible new trend curve equations were included in the risk analyses for plants that are
predicted to have high fluence values at the end-of-license extension (54 EFPY). PWR-B was the
plant that was used to represent this type of PWR plant. The PWR-B initial RTNDM, values for all
its vessel components included an adjustment of 38°F to account for the effects of the proposed
ETC equations based on the high fluence data which represents the difference in AT30 values for
PWR Plant-B in Table 6-2. Even though the proposed low fluence equations in the draft NUREG
report were not exactly the same as those used in the risk analyses of this Appendix G study,
they were based on the same surveillance capsule data for U.S. reactor vessels and would be
expected to give comparable results [7]. Table 6-1 reflects the adjusted RTNDT values for PWR
Plant-B that were used in the PFM analyses and to determine the RTNyI. values for generation of
the pressure limits with temperature with the risk-informed ASME Section XI Appendix G
equations in Section 4.2.
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Table 6-2
Effects of Potential Trend Curve Equations in Revision 3 of R.G. 1.99

Parameter Description PWR-B PWR-1 PWR-2 PWR-3

Type of vessel component Intermediate Lower shell Intermediate Lower shell
weld shell

Type of ETC (Note 1) AW PL PL FO

Type fluence and TWCF (Note 1) AW • AW PL FO

Fluence at 54 EFPY (10"9 n/cm2 , 5.1 6.5 7.7 6.5
E>I Mev)

AT. value using low-fluence 229.0 146.7 126.6 132.6
equations ('F)

AT. value using high-fluence 267.0 191.9 161.2 153.4
equations ('F)

AT. difference (°F) 38.0 45.2 34.6 20.8

AT. Increase (%) 16.6 30.9 27.4 15.6

RTMAx.x value using high-fluence 217.0 211.9 252.2 226.4
equations (°F)

TWCF for PTS (events per year, 3.3E-08 2.4E-08 7.1 E-09 1.6E-09
Note 2)

Note 1: AW = axial weld, PL = plate, FO = forging
Note 2: TWCF = through wall cracking frequency, PTS = pressurized thermal shock

6.4 PWR Transient Event and Operational Data

6.4.1 PWR Operating History

In most PWR plants, the heat-up and cool-down transients are part of the design duty cycle and
are used as input for reactor pressure vessel (RPV) fatigue analyses per ASME Code Section III
for both the initial 40-year operating license and the license renewal to 60 years. The design
basis cool-down transient decreases from the operating temperature to 70'F at I 00°F per hour.
The operating temperature is approximately 550'F but varies somewhat with plant design
(e.g., number of RCS loops). At the same time, the design cool-down transient pressure
decreases from operating pressure to 400 psia at 740 psi per hour. The design basis heat-up
transient is the opposite of the design cool-down transient in terms of pressure and temperature.

For this study, realistic transient definitions were required, especially for the cool-down transient
which is the most limiting. To determine how closely PWR plants were operating relative to the
design basis cool-down transient, operating history obtained for 36 cool-down transients from
1991 to 2007 at 11 Westinghouse PWR plants (9 in the U.S. and 2 international) were evaluated.
This operating history data came from PWR plant fatigue cycle and transient monitoring
programs that used the Westinghouse Thermal Event Monitoring System (WESTEMSTM)
system [8,9]. In the initial evaluation of the actual PWR plant data, each individual cool-down
transient was represented as a number of segments with average linear rates of change for both
temperature and pressure. Two examples of the linearization of actual plant cool-down transients
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are shown in Figure 6-1 and Figure 6-2. The maximum linear rate of change in temperature
and pressure for each plant cool-down transient that was evaluated is provided in Table 6-3.
Segments with higher rates of temperature change (< -60 °F/hour), which are shaded in
Table 6-3, were further evaluated to determine the maximum temperature change in any one
hour period. These results are shown in Table 6-4 with the maximum change also being shaded.
Based upon this and other evaluations of the actual cool-down data for 36 PWR plants, the
following facts concerning actual plant operations were determined:

* All linear cool-down rates were less than I 000F/hour above the secondary heat removal
system (residual heat removal (RHR) system in Westinghouse plants) changeover
temperature.

* The maximum temperature change in any one hour period was less than 100°F above the
RHR changeover temperature.

* All linear cool-down rates were less than 50°F/hour below the RHR changeover temperature.

* The maximum temperature change in any one hour period was also less than 50'F below the
RHR changeover temperature.

* Minimum hold time at the changeover temperature (310°F to 350'F) was 0 minutes.

* All linear pressure change rates were less than 740 psi/hour.

* Maximum hold time for initial pressure decrease was 30 minutes.

* The cumulative number of cool-down transients in a given period of PWR operation was
bounded by two cool-down transients per year.

Section 4.3 states that the value of CPF,, the frequency that the risk-informed P-T limits will
be reached, is expected to be less than 10-2/year based on recent PWR operating experience.
Currently, the reactor pressure vessel is protected against brittle fracture at colder temperatures
during heat-up or cool-down by plant pressure relief systems, such as the LTOP system or the
COMS. The set points for these systems were determined using the ASME Section XI Appendix
G limits for the vessel or the design pressure for the secondary heat removal system piping,
whichever is more controlling.

As indicated in Figure 4-1, the current ASME Section XI Appendix G limits are more
controlling. Therefore, an indication of how often a vessel is at the ASME Section XI
Appendix G limits can be based upon the PWR plant operating history for actual actuation of
the plant pressure relief systems since these systems are designed to not exceed the limits. This
indication is conservative because the pressure relief system set points take into account the
effects of uncertainties and overshoot, as described in WCAP-14040 for Westinghouse PWR
plants, so that the pressure relief systems actuate somewhat below the actual ASME Section XI
Appendix G limits [10].

The recent PWR plant history for pressure relief system actuation is summarized in Table 6-5.
The information in this table was taken from research into the operating experience database that
is maintained by the Institute of Nuclear Power Operations (INPO). There were 13 actuation
events in the last 24 years of operation of 69 PWR plants in the U.S. Therefore, the conditional
probability of actuation in any one PWR plant in any one given year is calculated as
13/24/69 = 0.00785 per year, which is less than 10-2/yr.
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Also note that this conditional probability would essentially become zero with the risk-informed
ASME Section XI Appendix G limits proposed in this study. This is because the ASME
Section XI Appendix G limits for the vessel would then be above the relief valve settings for the
secondary heat removal system as shown in Figure 4-1 and as explained in the following section.

6.4.2 PWR System Operational Constraints

Of all the operational considerations and procedures for PWR plants that were described in
Section 5.1, there are two that most affect heat-up and cool-down of the RPV. For heat-up, only
pump heat is allowed by Appendix G tolO CFR 50, so the maximum possible heat-up rate is
50°F/hour. Below the changeover temperature (31 0°F to 350'F), vessel cool-down is limited
by the capabilities of the secondary heat removal (Westinghouse RHR) system. This system
can only provide a maximum cool-down rate of 50°F/hour for design conditions, which state a
component cooling water (CCW) system temperature of 120'F. Also, because of design pressure
restrictions on the RHR system piping, there are pressure relief valves that limit the maximum
possible RPV pressure to 450 psia.

Based on these design and operational constraints on cool-down transients, and those known to
be applicable based on the PWR plant operating experience described in Section 6.4.1, bounding
cool-down transients were developed that satisfy all constraints. The temperature and pressure
histories for these bounding transients are shown in Figure 6-3 and Figure 6-4 respectively.
Case 1 assumes there are no hold times on temperature and pressure, while Case 2 assumes
30-minute hold times at the minimum changeover temperature of 31 0°F and the initial pressure
of 2250 psia. In both cases, the initial cool-down rate is a maximum value of 100°F/hour above
the RHR changeover and a maximum value of 50°F/hour after the RHR change over. The
maximum pressure of 450 psia is also used in both cases after the RHR changeover. Finally, the
maximum hold time of 30 minutes at the RHR changeover temperature was selected to satisfy
the 740 psi/hour pressure change rate limit for the design basis cool-down transient, as described
in Section 6.4.1.

Although these bounding Case I and Case 2 transients would not satisfy the current ASME
Section XI Appendix G limits, they would satisfy the proposed ASME Section XI Appendix G
limits with minimum risk-informed parameters of I on pressure (a) and 0 on RTND,. (P3), as
described in Section 4.

6-13



Inputs to Analysis

Table 6-3
Evaluation of Actual Plant Cool-Down Transients

Maximum Linear Maximum Linear
Plant Identification Calendar Year Temperature Rate Pressure Rate

*(OF/hour) (psi/hour)

PWR-A 2002 -44.0 -206
PWR-A 2004 -35.7 -352
PWR-A 2006 K -366
PWR-A 2006 = -562
PWR-1 2002 -44.2 -420
PWR-1 2004 -57.0 -369
PWR-2 2002 -51.1 -458
PWR-2 2003 -42.9 -92
PWR-3 2001 -33.0 -206
PWR-3 2004 = -619
PWR-3 2005 I7V* -265
PWR-4 1999 -37.8 -287
PWR-4 2003 -19.8 -625
PWR-4 2004 -69. 1 -622
PWR-4 2005 -28.5 -693
PWR-4 2006 a -627
PWR-5 2004 -54.6 -400
PWR-6 1991 -25.8 -148
PWR-6 1993 -33.4 -181
PWR-6 1993 -13.9 -162
PWR-6 1997 -10.9 -53
PWR-6 1997 -27.5 -232
PWR-6 1997 -15.1 -106
PWR-6 1998 -16.5 -246
PWR-6 1999 -18.8 -55
PWR-C 2003 = -77
PWR-C 2003 -50.5 -301
PWR-C 2003 = -580
PWR-C 2005 -38.7 -620
PWR-C 2005 =7. -460
PWR-C 2007 • -484
PWR-C 2007 = -193
PWR-7 2004 -38.1 -697
PWR-7 2005 K -580
PWR-8 2004 L -353
PWR-G 2002 a -486

*Shaded rates indicate higher rates of temperature change (< -60°F/hour)
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Table 6-4
Expanded Evaluation of Actual Plant Cool-Down Transients

Maximum Hourly Temperature
Plant Identification Calendar Year Change* (°F)

PWR-A 2006

PWR-A 2006 -77.7

PWR-3 2004 -41.8

PWR-3 2005 -41.6

PWR-4 2004 -71.4

PWR-4 2006 -91.0

PWR-C 2003 -68.6

PWR-C 2003 -86.0

PWR-C 2005 -89.3
*Shaded region indicates the maximum hourly temperature change.

Table 6-5
History of PWR Plant Pressure Relief System Actuations

Calendar Year Number of Plants

1984 1

1985 1

1988 1

1990 1

1992 1

1995 1

1996 2

1997 1

1998 1

2000 1

2001 1

2003 1

2007 0

Total 24 Total 13
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PWR Plant Cooldown 2006
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Figure 6-1
First Example Linearization of an Actual Plant Cool Down
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PWR Plant Cooldown 2003
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Figure 6-2
Second Example Linearization of an Actual Plant Cool Down
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Cool-down Temperature History
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Figure 6-3
Bounding Cool-Down Transient Temperature Histories
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Cool-down Pressure History
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Figure 6-4
Bounding Cool-Down Transient Pressure Histories
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6.5 BWR Component Considerations

The reactor pressure vessel is generally considered to be the limiting BWR component in terms
of consideration relative to the ASME Code Section XI Appendix G. The design of BWR vessels
has some nuances that differ from those of PWRs, particularly in the beltline region. BWRs can
have small instrument nozzles located in the beltline region which must be assessed relative to
the most limiting properties over the licensed life of the plant. The nozzles are, in some cases,
forgings (SA508-Class 2 material), but in most cases, are "drill-hole" style configurations where
an austenitic or ferritic pipe is welded into a hole in the RPV wall with a J-groove Alloy 82 or
182 weld. A reinforcing weld pad is typically present on the outside surface of the RPV wall.
When present, these nozzles may be located within the beltline region (defined as >1 xl×0n/cm2,
E>IMeV). These nozzles are not considered in this risk-informed study, and should be
addressed through existing deterministic methods.

The NRC has questioned whether the potential effects of stress-corrosion cracking (SCC) in
the cladding material on the inside wall of the RPV have been considered. However, this study
only considered embedded flaws within the ferritic RPV material. The only known cracking of
cladding material in a BWR occurred in the RPV top head which is well outside of the beltline
region and is therefore not part of this study. Therefore, the potential for an SCC cladding crack
linking with an embedded flaw to create a part-though ID-connected crack in the RPV beltline
wall was not considered.

6.5.1 Extended Beltine

The reactor beltline is the region of the reactor vessel (shell material including plates, forgings,
and welds) that directly surrounds the active height of the core and adjacent regions of the
reactor vessel that are predicted to experience significant radiation damage. The most limiting
material must be considered in determining operating P-T limit curves. The beltline region is
often defined consistently with Appendix H to 10 CFR 50 as the region that has a neutron
fluence (E > 1 MeV) of I x 10"7 n/cm2 or greater since this level of radiation exposure is needed
to produce significant damage [11]. As plants move into extended operating lifetimes of 60
to 80 years, the beltline will expand in length based on this definition. These extended regions
can encompass additional nozzles. As stated in other portions of this report, nozzles were not
considered using risk-informed methods; nozzle P-T limits will be handled in a deterministic
manner and compared to the risk-informed beltline region, and the lower of the two results will
set the overall P-T limit curves.

6.5.2 Other Components

The recirculation piping in BWRs is fabricated from stainless steel and is not subject to transition
temperature shift concerns like the ferritic steel of the reactor vessel. Although the feedwater
and main steam piping are made from ferritic material, they are not exposed to any significant
radiation, and the wall thickness and associated stresses are significantly lower than those in the
RPV. So for operating P-T curves, the vessel beltline region is generally considered to be the
most limiting. Therefore, for the purposes of this study, only the vessel beltline was considered
to restrict P-T operation based on brittle fracture concerns.
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6.6 BWR Material Properties and Fluence Input Data

For the purposes of the risk-informed calculations, and considering the previous discussion of
nozzles, only the properties of plates and welds were required. Fluence levels corresponding to
operating lifetimes of 54 EFPY based on recent fluence analyses performed in support of license
renewal were used.

6.6.1 BWR Plant Selection

BWR plants were selected to cover a range of material combinations and fluence levels
representing 54 EFPY. Four main vessels were selected (BWR-A, BWR-B, BWR-C, and
BWR-D), although not all plants were evaluated since the plants with the highest degree of
embrittlement (i.e., highest irradiated RTN).r) are the most critical relative to resolving BWR leak
test restrictions. Table 6-6 lists these four vessels and provides some of the input details used in
the FAVOR runs and analyses. Note that some flux maps were used where possible to eliminate
some of the conservatism of assuming the maximum fluence for all the vessel regions. The
irradiated RTND. is RTNDTU) + ARTNDIf, where ART ND, was determined using the embrittlement
correlation embedded in the FAVOR code.

6.6.2 Potential Effect of Regulatory Guide 1.99, Revision 3

Due to the new embrittlement correlation used for the PTS re-evaluation efforts that are about
to be completed by the NRC, it is expected that a new embrittlement correlation will be utilized
some time in the future similar in form to that in the new PTS Rule. The impact for BWRs is
quite large due to the use of dose rate parameters included in the new correlation. Some studies
have been conducted to evaluate the bases for the new correlation, and work is continuing
both in the industry and by NRC Research [12,13]. The most limiting operating condition
for BWRs from a fracture toughness perspective is the leak test that must be performed
following completion of a refueling outage and prior to resumption of electrical generation (see
BWRVIP-192 for more detailed discussion) [14]. Increases in the material RTNDI values can
create conditions where the leak test temperature is above about 93°C (200'F), which creates
significant issues for performing the leak test as discussed in Section 4.

Operating condition relief for BWRs was obtained when plants were allowed to use the ASME
Code K1C curve rather than the more conservative KIR (Kia) curve for establishing P-T and leak
test limit conditions. This benefit was on the order of 28°C (50'F), which is now about the
level of additional embrittlement that can be estimated using the same correlation in the PTS
re-evaluation effort, when extrapolated for use in BWR vessels. The status of the final
embrittlement correlation for use in the risk-informed ASME Section XI Appendix G
requirements by the NRC is uncertain at this time.
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Table 6-6
BWR Plants/Vessels Selected for Risk-Informed Analyses

Wall Cladding ID Normal
Vessel Thick- Thick- ID RT"°T(") Cu Ni P Mn Operating ARTNOT RTNDT @

Plant ID, in. ness, ness, Fluence, Product OF Cu N. P Mn Temperature @ ID0F ID OF
(m) in. in. n/cm( Form (°C) wt.% wt.% wt.% wt.% (OC) (°C)

(mm) (mm) (E>1MeV) (°C)

A 251 6.125 0.12 1.06E+18 Axial 23.1 0.240 0.370 0.016 1.500 529 118 141
.(6.38) (155.6) (3.0) Weld (-4.9) (276.1) (65.6) (60.6)

8.58E+17 Circ 20 0.270 0.600 0.015 1.453 529 139 159
Weld (-6.7) (276.1) (77.2) (70.6)

8.58E+17 Plate -20 0.140 0.600 0.010 1.320 529 62 42
(-28.9) (276.1) (34.4) (5.6)

8.58E+17 Plate -10 0.140 0.500 0.009 1.370 529 59 49
(-23.3) (276.1) (32.8) (9.4)

8.58E+17 Plate -20 0.150 0.440 0.005 1.290 529 58 38
(-28.9) (276.1) (32.2) (3.3)

1.06E+18 Plate 14 0.120 0.530 0.008 1.335 529 55 69
(-10.0) (276.1) (30.6) (20.6)

1.06E+18 Plate 2 0.080 0.500 0.009 1.320 529 37 39
(-16.7) (276.1) (20.6) (3.9)

1.06E+18 Plate 30 0.090 0.480 0.007 1.380 529 41 71
(-1.1) (276.1) (22.8) (21.7)
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Table 6-6
BWR Plants/Vessels Selected for Risk-Informed Analyses (continued)

Wall Cladding ID Normal
Vessel Thick- Thick- nFluence, Product RT"T) Cu Ni P Mn Operating ARTNDT RT NT @

Plant ID, in. ness, ness, F % wt Temperature @ IDOF ID OF
(M) in. in. (°C) wF (°C) (°C)

(mm) (mm) (E>1MeV) (OC)

B 220 5.375 0.19 1.33E+18 Axial 10 0.050 0.960 0.019 1.627 530 35 45
(5.59) (136.5) (4.83) Weld (-12.2) (276.7) (19.4) (7.2)

1.33E+18 Axial 10 0.050 0.960 0.019 1.627 530 35 45
Weld (-12.2) (276.7) (19.4) (7.2)

1.53E+18 Circ 10 0.020 0.900 0.010 1.456 530 30 40
Weld (-12.2) (276.7) (16.7) (4.4)

7.49E+17 Forging 40 0.160 0.820 0.000 0.829 530 63 103
(4.4) (276.7) (35.0) (39.4)

7.49E+17 Forging 40 0.160 0.820 0.000 0.829 530 63 103
(4.4) (276.7) (35.0) (39.4)

1.53E+18 Plate 10 0.150 0.540 0.012 1.200 530 76 86
(-12.2) (276.7) (42.2) (30.0)

1.53E+18 Plate 10 0.110 0.600 0.010 1.350 530 61 71
(-12.2) (276.7) (33.9) (21.7)

1.95E+18 Plate 10 0.120 0.600 0.000 1.400 530 65 75
(-12.2) (276.7) (36.1) (23.9)

1.95E+18 Plate 10 0.120 0.570 0.009 1.430 530 69 79
(-12.2) (276.7) (38.3) (26.1)
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Table 6-6
BWR PlantsNessels Selected for Risk-Informed Analyses (continued)

Wall Cladding ID Normal
Vessel Thick- Thick- Fluence, Product RNOT(u) Cu Ni P Mn Operating ARTNDT RTNDT @

Plant ID, in. ness, ness, n/cm2  Form °F wt% wt.% w wt.% Temperature @ ID°F ID OF
(M) in. in. (E>MeV) (°C) wF (°C) (°C)

(mm) (mm) (E>1MeV) (°C)

C 226 5.5 0.22 1.94E+18 Axial -20 0.210 1.200 0.021 1.315 531 218 198
(5.74) (139.7) (5.59) Weld (-28.9) (277.2) (121.1) (92.2)

1.94E+18 Axial -20 0.210 1.200 0.021 1.315 531 218 198
Weld (-28.9) (277.2) (121.1) (92.2)

1.94E+18 Circ -50 0.210 1.030 0.018 1.340 531 199 149
Weld (-45.6) (277.2) (110.6) (65.0)

1.94E+18 Plate 20 0.210 0.450 0.010 1.365 531 114 134
(-6.7) (277.2) (63.3) (56.7)

1.94E+18 Plate 26 0.190 0.510 0.008 1.310 531 109 135
(-3.3) (277.2) (60.6) (57.2)

1.94E+18 Plate -4 0.210 0.490 0.011 1.345 531 119 115
(-20.0) (277.2) (66.1) .(46.1)

1.94E+18 Plate 22 0.230 0.440 0.010 1.365 531 121 143
(-5.6) (277.2) (67.2) (61.7)

1.94E+18 Plate 10 0.230 0.520 0.010 1.390 531 131 141
(-12.2) (277.2) (72.8) (60.6)

1.94E+18 Plate 6 0.220 0.490 0.011 1.320 531 123 129
(-14.4) (277.2) (68.3) (53.9)
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Table 6-6
BWR Plants/Vessels Selected for Risk-Informed Analyses (continued)

Wall Cladding ID Normal
Vessel Thick- Thick- RT Operating ARTNDT RTNDT @

Plat I, i. ess nes, Fluence, Product ON TM~ Cu N i P Mn Oeaig AT RPlant ID, in. ness, hess, nc Fr °F w% wt% t. w.% Temperature @ ID'F ID OF

(M) in. in. n/cme Form (°C) wt.% wt.% wt.% wt.% (OC) (°C)
(mm) (mm) (E>1MeV) (°C)

D 213 7.125 0.22 2.49E+18 Axial -50 0.214 0.046 0.015 1.558 530 86 36
(5.41) (181) (5.59) Weld (-45.6) (276.7) (47.8) (2.2)

2.49E+18 Axial -50 0.214 0.046 0.015 1.558 530 86 36
Weld (-45.6) (276.7) (47.8) (2.2)

2.49E+18 Circ -50 0.214 0.076 0.015 1.547 530 89 39
Weld (-45.6) (276.7) (49.4) (3.9)

2.49E+18 Plate 40 0.270 0.530 0.019 1.280 530 164 204
(4.4) (276.7) (91.1) (95.6)

2.49E+18 Plate 28 0.200 0.480 0.018 1.450 530 129 157
(-2.2) (276.7) (71.7) (69.4)

2.49E+18 Plate 20 0.220 0.510 0.018 1.430 530 141 161
(-6.7) (276.7) (78.3) (71.7)

2.49E+18 Plate -3 0.178 0.573 0.018 1.160 530 125 122
(-19.4) (276.7) (69.4) (50.0)

2.49E+18 Plate -3 0.178 0.573 0.018 1.160 530 125 122
(-19.4) (276.7) (69.4) (50.0)

2.49E+18 Plate 36 0.236 0.503 0.031 1.340 530 158 194
(2.2) (276.7) (87.8) (90.0)
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6.7 BWR Transient Events and Operational History

Relevant BWR transient data were compiled based on information collected over the past five
to six years from license renewal efforts. This information is shown in Table 6-7, and includes
typical BWR pressure and temperature event information along with the number of events
accumulated to date and projected to 60 years of operation. The event temperatures and pressures
and the associated rates shown in Table 6-7 are design basis values, and are representative of
conditions that reflect 120% Extended Power Uprate (EPU). The following describes the content
of this tabular summary:

Column 1, "No.": Index number for event.

Column 2, "Event Name":

Column 3, "Time (sec)":

Column 4, "Temp (0F)":

Column 5, "Pressure (psig)":

Column 6, "Nozzle Flow Rate (GPM)":

Column 7, "Design Classification":

Column 8, "ASME Classification":

Column 9, "Original Design"
No. of Cycles":

Columns 10-19, "Plant __ 60-Year
No. of Cycles":

Event name.

Time points used to define event.

Event fluid temperature points for above time
points.

Event RPV dome pressure points for above time
points.

Recirculation outlet nozzle flow rate during event in
gallons per minute (percent of rated nozzle flow rate
shown in parentheses).

Event condition as specified by GE in the original
design basis, where N/U = normal/upset,
E = emergency, and F = faulted.

Event condition as it would be classified based on
current knowledge and operating experience by
NCA-2142.4 and NB-3113 of Section III of the
ASME Code, where N/U = normal/upset,
E = emergency, and F = faulted.

The number of cycles assumed for 40 years of
operation by GE in the original plant design.

The number of cycles projected for 60 years of
operation based on actual operating experience for
10 different BWR plants. The latest number of
cycles and the number of years of actual plant
operation for these cycles is shown below the
60-year number.
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Table 6-7
Examples of Typical BWR Thermal Events for the RPV Recirculation Outlet Nozzle
(Representative of the Beltline)

Event Time Temp Time Increment Pressure Nonale Flow Rate Design ASME ",) Original Design Plant A 60-Year Plant B 60-Year

No. Name (see) ('F) (sec) (psig) (GPM) Classification Classification No. of Cycles No. of Cycles No. of Cycles

1 Normal Startup with 0 100 0 14,875 N/U N/U 120 176 262
Heatup at 100°F/hr 16,452 557 16,452 1,025 (50%) 122 186

21,452 557 5,000 1,025 (31,17 years) (28.45 years)

2 Turbine Roll and 0 557 1,025 29,749 N/U N/U 120 176 262

Increase to Rated Power 1 549 1 1,025 (100%) 122 186

601 549 600 1,025 (31 17 years) (28.45 years)

602 533 1 1,025

5,602 533 5,000 1,025
3 Loss of Feedwater 0 533 1,025 29,749 N/U N/U 10 6 18

Heaters 1,800 549 1,800 1,025 (100%) 3 15

Turbine Trp 25% Power 2,100 549 300 1,025 l31.17 years) (28.45 years)

(some plants were evaoarted 2,460 533 360 1,025

for 100% steam bypass 3,060 533 600 1,025
capability) 3,960 549 900 1,025

4,260 549 300 1,025

6,060 533 1,800 1,025

11,060 533 5,000 1,025

4 Loss of Feedwater 0 533 1,025 29,749 N/U N/U 70 16 122
Healers 90 523 90 1,025 (100%) 15 102

Partial FW Heater Bypass 1,890 523 1,800 1.025 (31 17 years) (28.45 years)

2,070 533 180 1,025

3,000 533 930 1,025
5 Loss of Feedwater 0 533 1,025 0 N/U N/U 10 8 2

Pumps 3 533 3 1,205 (0%) (some plants 7 1
13 533 10 1,150 were (31.17 years) (28.45 years)
233 300 220 1,150 classified

2,213 511 1,980 1,150 asE)

2,393 300 180 900

6,773 511 4,380 1,150
7,193 300 420 690 14,875

7,493 300 300 690 (50%)

11,093 400 3,600 240

16,745 557 5,652 1,025

16,805 557 60 1,025

16,806 549 1 1,025 29,749

17,406 549 600 1,025 (100%)

17,407 533 1 1,025

22,407 533 0,000 1,025

6 Turbine Generator Trip 0 533 1,025 29,749 N/U N/U 40 30 not reported

10 533 10 1,150 (100%) 27

15 533 5 1,150 (31.17 years)
30 533 15 955

1,830 533 1,800 955

2,250 557 420 1,025

2,310 557 60 1,025

2,311 549 1 1,025

2,911 549 600 1,025

2,912 533 1 1,025

7,912 533 5,000 1,025

7 Reactor Overpressure 0 533 1,025 29,749 N/U E 1 1 not reported

2 533 2 1,375 (100%) (some plants 0

32 533 30 955 were (31.17 years)

1,832 533 1,800 955 classified as E)

2,252 557 420 1,025
2,312 557 60 1,025

2,313 549 1 1,025

2,913 549 600 1,025

2,914 533 1 1,025

7,914 533 5,000 1,025

8 SRV Blowdown 0 533 1,025 29,749 N/U E 2 2 not reported

600 375 600 170 (100%) (some plants 0

11,580 70 10,960 50 were (31.17 years)
S 16,580 70 5,000 50 classified as E)
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Table 6-7
Examples of Typical BWR Thermal Events for the RPV Recirculation Outlet Nozzle
(Representative of the Beltline) (continued)

Event Time Temp Time Increment Pressur Nozzlo Flow Rate Design ni ASME ',1 Original Design Plant A 60-Year Plant B 60-Year

No. Name (sec) (*F) (sc) (pOsig) (GPM) Classification Classification No. of Cycles No. of Cycles No. of Cycles

9 SCRAM Other 0 533 1,025 29,749 N/U N/U 147 119 not reported

15 533 15 955 (100%) 113

1,815 533 1,800 955 (31 17 years)

2,235 557 420 1,025

2,295 557 60 1,025

2,296 549 1 1,025

2,356 549 60 1,025

2,357 533 1 1,025
7,357 533 .5000 1,025

10 Improper Start 0 533 1,025 3,080 N/U E 5 5 . not reported

of a Cold Recirculation Loop 1 130 1 1,025 (10 4%) (some plants 0

27 130 26 1,025 were (31.17 years)

28 533 1 1,025 classified as E)

5,028 533 5,000 1,025

11 Shutdown 0 557 1,025 14,875 N/U N/U 118 176 262

6,552 375 6,552 170 (50%) 122 186

7,152 330 600 88 (31.17 years) (28945 years)

16,512 70 9,360 50

21.512 70 5,000 50
12 Design Hydrostatic - 100 - 0 2,082 N/U N/U 130 49 40

Test 1,250 (7%) 37 12

50 (31,17 years) (28945 years)

13 ASME Hydrostatic Tst - 100 - 50 2,082 N/U E 3 1 1

(Shop Hydro) 1,563 (7%) 1 1

50 (31.17 years) (28.45 years)

14 Automatic Blowdown 0 533 1,025 29,749 E E 1 N/A N/A

198 375 198 170 (100%)

1,326 281 1,128 35
5,000 281 3,674 35

15 Loss Of AC Power 0 533 1,025 0 N/U E 5 N/A N/A

3 533 3 1,205 (0%)

13 533 10 1,150
233 300 220 1,180

2,213 511 1,980 1,1590
2,393 300 180 900

6,773 511 4,380 1,150
7,193 300 420 690 14,875
7,493 300 300 690 (50%)

11,393 400 3,600 240
16,745 557 5,652 1,025

16,805 557 60 1,025

16,806 549 1 1,025 29,749

17,406 549 600 1,025 (100%)
17,407 533 1 1,025

22,407 533 .5000 1,025

16 Ppe Rupture and Blowdown 0 533 1,025 29,749 F F1 0 NIA

20 281 20 35 (100%) 0

133 281 113 35 (edtical flow out of (31.17 years)

1.000 281 867 35 vesse)

Notes:

1. "N/U" = normal/upset condition, "E" emergency condition, "F" = faulted condition.

2. The ASME Classification for each event is assigned, based on the following definitions (Ref: NCA-2142.4):

Level A (Normal):

Level B (Upset):

(NB-3113)

Level A Service Limits are those sets of limits which must be satisfied for all Level A Service
loadings identified in the Design Specifications to which the component or support may be
subjected in the performance of its specified service function.

Level B Service Limits are those sets of limits which must be satisfied for all Level B Service
loadings identified in the Design Specifications for which these Service Limits are designated.
The component or support must withstand these loadings without damage requiring repair.

The estimated duration of service conditions for which Level B Limits are specified shall be
included in the Design Specifications.

6-28



Inputs to Analysis

Level C (Emergency): Level C Service Limits are those sets of limits which must be satisfied for all Level C Service
loadings identified in the Design Specifications for which these Service Limits are designated.
These sets of limits permit large deformations in areas of structural discontinuity which may
necessitate the removal of the component or support from service for inspection or repair of
damage to the component or support. Therefore, the selection of this limit shall be reviewed by
the Owner for compatibility with established system safety criteria (NCA-2141).

(NB-3113) The total number of postulated occurrences for all specified service conditions for which Level C
Limits are specified shall not cause more than 25 stress cycles having an Sa value greater than
that for 106 cycles from the applicable fatigue design curves of Fig. 1-9.0.

Level D (Faulted): Level D Service Limits are those sets of limits which must be satisfied for all Level D Service
loadings identified in the Design Specifications for which these Service Limits are designated.
These sets of limits permit gross general deformations with some consequent loss of
dimensional stability and damage requiring repair, which may require removal of the component
or support from service. Therefore, the selection of this limit shall be reviewed by the Owner for
compatibility with established system safety criteria (NCA-2141).

3. "not reported" means the event is part of the plant's design basis, but the cycle counts were either lumped in with other events,
or were not counted separately.

4. "N/A" means the event is not a part of the plant's design basis or data is not available.

Note that BWRs seldom have issues with the ASME Section XI Appendix G curves for heat-up
or cool-down operation since they follow saturated conditions. Saturated conditions are
significantly further to the right of, or more limiting than typical ASME Section XI Appendix G
P-T limits. For leak test conditions, the vessel is flooded with water and pump heat is used to
reach the leak test temperature.

For leak test conditions, saturated conditions are not followed. Instead, the vessel is fully flooded
and pressure is obtained by pressurizing the water-solid reactor using pumps and water influx.
Heating to the required leak test temperature is accomplished via recirculation pump heat. After
the leak test is completed, the vessel must be drained to prepare for startup and subsequent power
operation at normal water level in the vessel (approximately three-quarters full). Therefore,
unlike PWRs, the leak testing condition for BWRs is a process that is completely separated from
the subsequent heat-up to normal power operation. Thus, as a result of non-saturated conditions,
the leak test condition is the most limiting case for BWR vessels in terms of operational limits
associated with vessel fracture toughness.

6.7.1 Classification of Events for BWRs

This section addresses issues that are unique to BWRs and which do not need to be addressed for
PWRs.

The following clarifications are noted for some of the events listed in Table 6-7 with respect to
the number of Normal Startup with Heat-up at 100°F/hr events compared to the number of
Design Hydrostatic Test events:

* Design Hydrostatic Test events are no longer required by ASME Code rules; instead,
Operating Pressure Leak Test events are required. However, the Operating Pressure Leak
Test events are conservatively counted as Design Hydrostatic Test events for the purposes of
plant cycle counting, since Operating Pressure Leak Test events were not specified in the
plant design.
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The number of Normal Startup with Heat-up at 100°F/hr events typically differs significantly
from the number of Design Hydrostatic Test events (i.e., for Plant A, Design Hydrostatic
Test events = 49 versus Normal Startup with Heat-up at 100lF/hr events = 176). The normal
expectation would be that these two event counts would be closer to each other, i.e., the
number of Operating Pressure Leak Test events would be about the same as the number of
Normal Startup events, as these events both follow normal plant outages. The disparity in the
counts for these two events is contributed in part by the Scram Other events. The design basis
definition for the Scram Other event is a loss of power and a drop to an intermediate
temperature, followed by a return to full power operating conditions. If actual scram events
fall to significantly lower temperatures, which is often the case, the cool-down and associated
return to power are bounded by counting such a sequence as a Shutdown event and a Normal
Startup with Heat-up at 100°F/hr event.

In current operation today, most BWR plants operate with fuel cycles of 18 or 24 months and do
not normally experience a complete cool-down and heat-up in between refueling outages. Earlier
operation of BWRs involved numerous cool-down and heat-up events due to shorter operating
cycles (12 month) and stress corrosion cracking issues in the recirculation piping. Scram to hot
standby conditions should not be treated as complete cool-downs and heat-ups, but due to the
conservatism in the cycle counting practices used by utilities, the number of full cool-down and
heat-up events are inflated. The number of events used in the event frequency (EF) for BWRs for
this study is very conservative.

6.8 Postulated Flaws

Because the flaw distributions that were used in the Probabilistic Fracture Mechanics (PFM)
risk-informed analyses were indexed using the percentage of vessel wall thickness, plant specific
distributions of postulated embedded weld and plate flaws were used for this study. This is
consistent with the NRC pressurized thermal shock (PTS) risk analyses that were initially
reported for several representative PWR vessels initially in NUREG-1806 and recently in
NUREG-1874. This was also required because the wall thickness of BWR vessels is
approximately 40% less than that for PWR vessels [6,15].

The methodology and VFLAW computer code used to generate the plant-specific embedded
flaw distributions are described in Revision I of NUREG/CR-6817 [16]. The best-estimate
calculations and sampling of uncertainties using this methodology were independently verified to
produce results of acceptable accuracy as described in the EPRI Report 1007826 MRP-90 [17].
The embedded flaw distribution parameters that were verified included the density (number of
flaws per unit volume for welds and unit area for plates), percentages for various values of flaw
aspect ratio (length to depth), and through-wall extent (TWE) in the vessel wall depth direction.

The input to the VFLAW computer code that generated the plant-specific embedded flaw
distributions used in this study to risk inform ASME Section XI Appendix G are provided in
Table 6-8. The input for the weld flaw distributions in this table was generally the same for all
plant vessels except for the vessel wall thickness and one other plant-specific vessel parameter
that had a limited effect. These values were taken directly from Table 4.2 of the December 2002
draft of the NRC Report on the PTS risk analyses and were applicable to the risk results
summarized in NUREG-1806 [15,18]. The latest PTS risk analyses in NUREG-1874 were based
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on a volume fraction of 2.3% for repair welds with the volume fractions for the other weld
components reduced accordingly [6]. These latest volume fractions were also used for this study.
The other plant-specific vessel weld input parameter was the through-wall bead thickness for the
shielded metal arc weld (SMAW). Its value for the four representative PTS plants, which were
also used in this risk study, is listed in Table 6-8. As noted in Table 4.2 of the December 2002
Draft PTS Report by the NRC, the bead thickness value was a generic value so it was also used
for all other plant vessels in this risk study [18].

Table 6-8 includes only one vessel input parameter that was used to generate plate flaw
distributions, the plate depth/TWE truncation limit, which was not plant-specific. As noted in
Table 4.2 of the December 2002 draft PTS report by the NRC, except for the truncation limit, the
plate flaw distributions were based on the simulated weld flaw distributions where the plate flaw
density was taken as small fractions of the weld densities for both small- and large-sized
embedded flaws [18].

Table 6-8

Input for Plant-Specific Embedded Flaw Distributions

Description of Input Parameter Units Value

1) Total vessel wall thickness inch Plant specific

2) Submerged arc weld volume (SAW) fraction

a) NUREG-1806 results percent 97

b) NUREG-1874 results percent 96.85

3) SAW Through wall bead thickness inch 0.1875

4) SAW Depth truncation limit inch 1.0

5) Shielded metal arc weld (SMAW) volume fraction

a) NUREG-1806 results percent 1

b) NUREG-1874 results percent 0.85

6) SMAW Through wall bead thickness

a) PWR-A inch 0.20

b) PWR-B inch 0.25

c) PWR-E inch 0.21

d) PWR-F inch 0.22

7) SMAW depth truncation limit inch 1.0

8) Repair weld volume fraction

a) NUREG-1806 results percent 2

b) NUREG-1874 results percent 2.3

9) Repair weld through wall bead thickness inch 0.14

10) Repair weld depth truncation limit inch 2.0

11) Plate depth truncation limit inch 0.433
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No surface-breaking flaws (i.e., zero density) were postulated in the belt-line region for all PWR
and BWR plant specific vessels evaluated in this risk study. For surface-breaking flaws to be a
concern and lead to vessel failure in the PFM analyses with FAVOR, they have be connected to
the inner vessel surface, have to extend all the way through the cladding and also extend into the
ferritic- base metal [4]. Even though there have been a number of cladding indications reported,
they were all determined to be contained completely (embedded) within the cladding material.
These embedded flaws were not a concern because the embrittlement due to irradiation is
insignificant in the stainless steel vessel cladding because the fluence is too low to cause any real
reduction in fracture toughness. No belt-line flaws that extend all the way from the inner surface
of the cladding into the vessel base metal have been detected with either destructive or
nondestructive examination, as described in Section 8 of NUREG/CR-6817 [16] and a 2000
ASME-PVP Conference Paper [19]. Furthermore, almost all of the operating reactor vessels have
completed their first ten-year volumetric inspection of the vessel with no indication of any
cladding flaws extending into the vessel base metal. These inspections were performed per
ASME Section XI, Appendix VIII, or to the supplemental requirement of NRC Regulatory
Guide 1.150, both of which were especially concerned with flaws near the interface between the
stainless steel vessel cladding and ferritic base metal [20,21].

The likely reason that surface-breaking flaws are not present are the stringent fabrication
techniques used to weld nuclear reactor pressure vessels (RPVs) and the extensive inspections
that were performed on BW.R and PWR RPV welds .during fabrication and prior to service. The
RPV weld fabrication inspections included volumetric examinations with both radiographic
testing (RT) and ultrasonic testing (UT) as well as surface exams with magnetic particle testing
(MT) and dye penetrant testing (PT). After the preservice hydrostatic leak test, the outside
surface of the vessel shell welds were again inspected with MT to ensure the leak test did not
initiate any surface flaws. Because these inspections were completed prior to the RPV being
placed in service, there were no restrictions, such as radiation fields or access limitations, which
could reduce or limit the quality of the inspections as measured by the probability of flaw
detection. These inspection tests, which provided added assurance that there are no relevant
flaws in the ferritic material at the vessel inner and near surface, are described in general in
Reference 19 and in detail for BWR vessels in Section 3.2 of EPRI Report BWRVIP-05 [22].

Consideration was given to the possibility that fatigue loading would initiate surface flaws or that
embedded flaws would grow to become surface flaws. Work from previous studies evaluated
the effect of fatigue crack growth in a water environment on surface flaws due to an equivalent
number of heat-up and cool-down transients for the plant design duty cycle. The results from
this study indicate that fatigue crack growth would have an insignificant effect on the through-
wall cracking frequency for PTS in PWR plants. These results, which were obtained by a study
for the PWROG for vessels in PWR plants designed by Westinghouse, Combustion Engineering
(CE), and Babcock and Wilcox (B&W) using the same PFM methodology as that for the NRC
PTS Risk Study [6,15], are documented in Revision 2 of Westinghouse Report WCAP-16168-
NP-A [23]. Because the surface flaw conditions evaluated in these previous studies bound
conditions associated with embedded flaws, it was concluded that fatigue crack growth would be
inconsequential for embedded flaws. These results also would bound any potential concerns
relative to surface flaw initiation due to fatigue since it would take a finite number of heat-
up/cool-down cycles to initiate the flaw and have it grow deep enough to equal the initial flaw
size that was used in the PWROG Study.
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Finally, the only other credible mechanism for potentially generating surface-breaking flaws in
the RPV belt-line region would be for initiation of fast fracture and break-through of near-
surface embedded flaws due to prior heat-up and cool-down transients. However, the results of
this risk study, which are described in Section 7, show that this is not possible. Specifically, the
conditional probability of initiation (CPI) of fast fracture for the PWR plant with the most
embrittled RPV (i.e., at the proposed risk-informed screening criteria in NUREG-1874) is zero
[6]. Note that this result was obtained for the bounding cool-down transients based upon design
and operating constraints that would also satisfy the risk-informed ASME-Section XI Appendix
G limits of this study (see Section 6.4.2).

Surface breaking cladding flaws were observed in two BWR plants, Quad Cities and Vermont
Yankee, and were attributed to stress corrosion cracking. Surface cracking would not be credible
in the RPV belt-line region because these indications initiated in an area of manual cladding
covering the vessel head-to-flange weld and adjacent base metal as summarized in EPRI Report
BWRVIP-05 [22] and described in detail in EPRI Report BWRVIP-60-A [24]. Manual
application of cladding would not be allowed in the belt-line region of the RPV and this region
would not experience the large tensile stresses due to bolt-up that are seen in the region of the
vessel head-to-flange weld.

Table 6-9 presents the embedded flaw distribution generated by the FAVOR software for 10,000
vessel trials for PWR-F. It is the average of the 1000 separate flaw distributions input to FAVOR
to account for the effects of uncertainties.

Table 6-9

Embedded Flaw Distribution in Welds for PWR-F

Through-wall Flaw Depth inch Number of Flaws in Ten Thousand Vessel Simulations

0.085 5,120,182

0.170 1,014,049

0.255 73,315

0.340 17,977

0.425 6,667

0.510 2,635

0.595 1,191

0.680 591

0.765 337

0.850 180

0.935 122

1.020 66

1.105 48

1.190 36

1.275 26

1.360 23
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Table 6-9
Embedded Flaw Distribution in Welds for PWR-F (continued)

Through-wall Flaw Depth inch Number of Flaws in Ten Thousand Vessel Simulations

1.445 12

1.530 3

1.615 5

1.700 3

1.785 4

1.870 4

Total Flaws 6,237,476
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7
PROBABILISTIC FRACTURE MECHANICS
EVALUATION

A key element of the approach to developing the risk-informed alternative described in
Section 4.3 is the use of the FAVOR probabilistic fracture mechanics (PFM) code. This Code
was developed by Oak Ridge National Laboratory as part of the NRC effort to re-evaluate the
risk of pressurized thermal shock. The FAVOR Code contains three modules. The first module,
FAVLOAD, determines the stresses and stress intensity factors for input to the PFM evaluation.
These inputs are determined by FAVLOAD based on user-specified dimensions of the reactor
vessel beltline and pressure, temperature, and heat transfer versus time definitions for the
transients to be evaluated.

The second module, FAVPFM, performs the PFM evaluation to determine conditional
probability of initiation (CPI) and conditional probability of failure (CPF). This module uses the
output of the FAVLOAD module along with a user-defined model of the reactor vessel beltline
and flaw input files that describe the flaw conditions in the beltline region. There are two
FAVOR PFM modules. FAVPFM computes CPI and CPF for flaws in the inner portion of
the vessel wall. FAVPFM-HT, computes CPI for flaws in the outer portion of the vessel wall.
FAVPFM is used for cool-down events because the inner flaw location is limiting during
cool-down. Both FAVPFM and FAVPFM-HT are used for heat-up events because flaws in
either the inner or outer portion of the vessel wall can contribute to CPI and CPF. Because
FAVPFM-HT does not compute CPF, the values of CPF for heat-up events are estimated as the
sum of CPF for inner wall flaws and CPI for outer wall flaws. However, since heat-up events
result in a very small difference between CPI and CPF, CPI is a reasonable approximation for
CPF for flaws in the outer portion of the vessel wall.

As indicated earlier in this report all results were obtained using embedded flaws and with the
warm-prestress option toggled "on".

7.1 PWR Matrix of Analyses

7.1.1 PWR Cool-Down Analyses

Initial Sensitivity Studies

As discussed in Section 4.3, the overall approach to developing the risk-informed alternative
to ASME Section XI Appendix G consisted of two sets of PFM analyses. However, prior to
performing these two sets of analyses, sensitivity studies were performed to determine which
plants from the set of plants selected in Section 6.3.1 were limiting. These sensitivity studies
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included varied cool-down rates and allowable pressures were determined based on varying
values of (x and P as shown in Table 7-1. The cases were evaluated in sequential order until a
CPF on the order of 1X10-7 or less was obtained. The last five cases in Table 7-1 were run only
for the plant with the most limiting axial weld.

Table 7-1
Matrix of Sensitivity Studies

Cool-down
Test Sequence az J3 (°F) Rate (°F/hr)

Case 1 1 0 100

Case 2 1 60 100

Case 3 1 60 60

Case 4 1 0 60

Case 5 1.5 0 100

Case 6 1.5 0 60

Case 7 2 60 100

Case 8 2 60 60

Case 9 1.5 80 60

Case 10 2 60 40

Case 11 1.5 70 40

Analyses to Determine a and J3

Following completion of the sensitivity studies, the first set of analyses described in Section 4.3
was evaluated. This set of analyses was performed using the limiting plants as determined from
the sensitivity study cases identified in Table 7-1. This set of analyses also evaluated cool-down
transients for which the allowable pressures were determined based on varying values of (X
and P3. However, since the results of the sensitivity studies (see Section 7.4.1) indicated that at
could be set to 1.0, only the value of P3 was varied in these analyses. The objective was to
determine the values of P3 that, for the most limiting plant, provided values of CPFc such that the
criteria in Equation 4-3 were satisfied. For this reason, a wider range of cool-down rates and 1P
values were evaluated. A matrix of these analyses is presented in Table 7-2. All analyses were
performed considering warm pre-stressing and no surface flaws.
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Table 7-2
Matrix of Analyses to Determine Acceptable Values of 0 for Cool-Down

Cool-down Rate (°F/hr) a 0 (OF)

100 1 0

100 1 60

100 1 107

100 1 150

80 1 0

80 1 50

80 1 75

80 1 100

80 1 150

60 1 0

60 1 50

60 1 75

60 1 100

40 1 0

40 1 60

Analyses to Determine Effects of Design and Operational Constraints

The second set of analyses, as described in Section 4.3, was performed to determine the CPF for
cool-down based on design and operational constraints which is defined as CPF1 in Equation 4-3.
The pressure and temperature versus time profiles for these transients were consistent with the
operational and procedural constraints discussed in Section 5. A matrix of these analyses is
presented in Table 7-3.

Table 7-3
Matrix of Analyses to Evaluate Cool-Down Based on Design and Operational Constraints

Pressure Primary Primary toHold Time at Heat Secondary Heat Secondary Minimum Pressure
Pressure PriaryRMinimum Reduction

Case Transient Removal Removal Heat Removal Pressure
Ctrt Re Switchover Rate Rate
Start Rate Time (°F/hr) (psi/hr)
(min) (°Fhr) (min)

6 0 100 0 50 450 740

7 30 100 30 50 450 740
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Final Sensitivity Studies

As discussed in Section 6.3, the fluence values selected for input to the PFM evaluations were
representative of 54 EFPY of operation. This value was selected to bound plants operating up to
a 60-year license period. As a final set of sensitivity studies, the analyses identified in Table 7-2
and Table 7-3 were repeated for the limiting plant with the exception of the cases in Table 7-1
where a is greater than 1 and the cases in Table 7-2 where the cool-down rate is 40 'F/hr. For
these sensitivity studies the fluence values were increased such that the limiting RTMAx. value
was equal to 269°F, which is the limiting value in the proposed PTS Rule. The intent of these
sensitivity studies was to show the applicability of the risk-informed approach beyond a 60-year
license period.

7.1.2 PWR Heat-up Analyses

To verify that the cool-down transient provided the limiting conditions for determining
acceptable values of cx and f3, evaluations were performed for the heat-up transient for the plant
with the limiting axial weld, where the RTMAX4x value was equal to 269°F. The cases evaluated for
heat-up conditions are summarized in Table 7-4.

Table 7-4

Matrix of Analyses to Determine Acceptable Values of a and 0 for Heat-up

Heat-up Rate (°F/hr) a 1 (OF)

60 1 0

60 1 50

60 1 60

40 1 60

20 1 60

7.2 BWR Matrix of Analyses

7.2.1 BWR Cool-down Analyses

Analyses were performed for BWR cool-down, heat-up, and leak test'conditions in order to
determine which of these transients were the most limiting.

The test matrix for cool-down events in the BWR plant with the limiting axial weld is
summarized in Table 7-5.
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Table 7-5
Test Matrix for Cool-down Events in the BWR Plant with the Limiting Axial Weld

Cool-down Rate (°F/hr) a 3 (OF)

100 2 60

100 1 0

100 1 107

100 1 150

60 2 60

60 1.5 80

60 1 0

40 2 60

40 1.5 70

40 1 0

7.2.2 BWR Heat-up Analyses

The test matrix for heat-up events in the BWR plant with the limiting axial weld is summarized
in Table 7-6.

Table 7-6

Test Matrix for Heat-up Events in the BWR Plant with the Limiting Axial Weld

Heat-up Rate (°F/hr) a J (OF)

20 1.5 0

20 1 60

20 1.5 60

40 1 60

60 1 60

100 1 80

100 1 110

7.2.3 BWR Leak Test Analyses

The test matrix for leak test events in the BWR plant with the limiting axial weld is summarized
in Table 7-7.
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Table 7-7
Test Matrix for Heat-up Events in the BWR Plant with the Limiting Axial Weld

Cool-down Rate (°F/hr) a • (OF)

20 1 60

20 1 60

20 1 60

40 1 70

40 1 70

40 1 70

60 1 80

60 1 80

60 1 80

7.3 FAVOR Analysis Models

As discussed in Section 7.0, the FAVPFM Module of FAVOR uses a beltline model and one
input for determining CPI and CPF. The beltline model is made up of major regions and
subregions. Each major region may include one or more subregions. All subregions within a
major region must have the same material properties but may be assigned different fluence
values to account for the variation in fluence axially and azimuthally in the beltline.

For the re-evaluation of pressurized thermal shock, models were developed that contained over
50,000 subregions, each having a unique fluence value. Because a large number of plants were
evaluated and there was limited fluence mapping information available, the Appendix G risk-
informed study used simplified beltline models for each plant evaluated.

These simplified models take into account the layout of the plates, welds, and, if applicable,
forgings in the beltline region of the reactor vessel. The models were constructed based on the
guidance in the FAVOR Users Manual. In general, each axial weld or forging was treated as one
major region and one subregion. The subregion was assigned the maximum fluence that may
occur anywhere within that subregion. Each plate major region was typically divided into three
subregions. One large subregion made up the majority of the plate while two small subregions
with a width of 1P were placed adjacent to the axial welds. The models were constructed in this
manner due to the way the FAVOR code treats flaws in the weld-to-base-metal region. These
flaws are assumed to propagate in the direction of the limiting material of either the weld or the
plate. Since the limiting fluence in the plate often occurs at the middle of the plate well away
from the axial weld, it was more accurate to include these small subregions and assign them the
same fluence assigned to the weld rather than assigning the peak fluence to the plate directly
adjacent to the weld.

A typical FAVOR beltline model layout that has been constructed as described above is shown
in Figure 7-1. The numbers displayed along the perimeter of the figure identify the major region
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number while the numbers within the figure identify the subregion numbers. Subregions shaded
in blue represent welds while the unshaded (white) regions indicate plate material.

16 17 18 19 20 21 22 23 24

25 26 27 28 29 30 31 32 33

108 9

Figure 7-1
FAVOR Beltline Model Layout for PWR-F

It should be noted that additional division of major regions was necessary on a plant-specific
basis to account for variations in the layout of materials in the different plant beltline regions
and to meet the input requirements discussed in the FAVOR Users Manual. This is shown in
Figure 7-2 where the staggering of axial welds created the need for further division of the plate
major regions.

Figure 7-2
FAVOR Beitline Model Layout for PWR-A

For each subregion in the FAVOR model, information must be provided for 20 input fields. The
most significant inputs are identified below. Additional information on these input fields and the
remaining input fields can be found in the FAVOR Users Manual.

* Left-adjacent plate subregion number

" Right-adjacent plate subregion number

* Major region number

* Best estimate for fast-neutron fluence at inside surface of RPV wall (10'9 neutrons/cm 2)

* Heat estimate for copper content (wt% Cu)

* Heat estimate for nickel content (wt% Ni)

* Heat estimate for phosphorous content (wt% P)
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* Heat estimate for manganese content (wt% Mn)

* Heat estimate for unirradiated value of RTN!T (TF)

* Angle of subregion element, dO (degrees) (see Figure 7-3and Figure 7-4)

" Axial height of subregion element, dz (inches) (see Figure 7-3 and Figure 7-4)

* Weld fusion area (= 0.0 for plate subregions) (in2) (see Figure 7-3 and Figure 7-4)

* Weld orientation; axial or circumferential (ignored if plate subregion)

Figure 7-3
Axial Weld Subregion Element (from FAVOR Theory Manual)

Figure 7-4
Circumferential Weld Subregion Element (from FAVOR Theory Manual)
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7.4 PWR Conditional Failure Probabilities

7.4.1 PWR Cool-Down Failure Probabilities

Initial Sensitivity Studies

The CPF. results of the sensitivity studies as described in Table 7-1 are shown in Table 7-8.

Table 7-8
Results of Sensitivity Studies

Plant Case c c (OF) CPFL

PWR-A 1 1.0 0 1.6E-11

PWR-A 2 1.0 60 1.6E-11

PWR-B 1 1.0 0 9.5E-10

PWR-C 1 1.0 0 2.1E-7

PWR-C 2 1.0 60 2.1E-7

PWR-C 3 1.0 60 0

PWR-C 4 1.0 0 0

PWR-C 5 1.5 0 2.1E-7

PWR-D 1 1.0 0 0

PWR-E 2 1.0 60 0

PWR-F 1 1.0 0 1.6E-6

PWR-F 2 1.0 60 1.4E-6

PWR-F 4 1.0 0 1.8E-8

PWR-G 1 1.0 0 0

PWR-G 3 1.0 60 0

PWR-H 1 1.0 0 0

PWR-H 4 1.0 0 0

Note: CPFL is computed using 104 vessel trials. A CPFLvalue of 0 indicates 0 failures in 10' vessel trials

Analyses to Determine (x and

As can be seen in Table 7-8, the most limiting plant is PWR-F. Therefore, this plant was the
focus of the analyses to determine acceptable values of P3 for cool-down as outlined in Table 7-2.
The results of these analyses are shown in Table 7-9.
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Table 7-9
Results of Analyses to Determine Acceptable Values of P for Cool-Down - PWR-F

Cool-down Rate (°F/hr) a • (OF) CPF,

100 1 0 1.6E-6

100 1 60 1.4E-6

100 1 107 1.1E-7

100 1 150 1.1E-10

80 1 0 2.6E-7

80 1 50 2.7E-7

80 1 75 7.4E-7

80 1 100 7.8E-8

80 1 150 3.OE- 11

60 1 0 1.8E-08

60 1 50 1.8E-08

60 1 75 1.8E-08

60 1 100 1.8E-08

40 1 0 0

40 1 60 0

Note: CPFL is computed using 104 vessel trials. A CPF~value of 0 indicates 0 failures in 10' vessel trials

To verify that plant PWR-F remained bounding with P3 equal to 150'F, one additional PFM
analysis was performed for PWR-C with a cool-down rate of I 00°F/hr, u = 1, and 13 = 150'F.
This analysis resulted in a CPFc of zero failures in 10,000 simulations.

Analyses to Determine Effects of Design and Operational Constraints

The analyses to evaluate the effects of design and operational constraints as outlined in Table 7-3
were performed for the three most limiting plants identified in Table 7-7, i.e., PWR-B, PWR-C,
and PWR-F. The results are shown in Table 7-10.
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Table 7-10
Results of Analyses to Determine Effects of Design and Operational Constraints

Plant Case a J (OF) CPFc

PWR-B 1 1.0 0 0

PWR-B 2 1.0 60 0

PWR-C 1 1.0 0 0

PWR-C 2 1.0 60 0

PWR-F 1 1.0 0 0

PWR-F 2 1.0 60 0

Note: CPF is computed using 10' vessel trials. A CPFLvalue of 0 indicates 0 failures in 104 vessel trials

Final Sensitivity Studies

The results of the final sensitivity studies for PWR-F with an RTMAX-X equal to 269°F are shown
in Table 7-11 and Table 7-12.

Table 7-11
Results of Analyses to Determine Acceptable Values of • for Cool-Down - PWR-F with
RTMAX-x = 2690F

Cool-down Rate (OF/hr) a I (OF) CPFL

100 1 0 6.6E-06

100 1 60 5.6E-06

100 1 107 2.1 E-07

100 1 150 6.4E-10

80 1 0 1.2E-06

80 1 50 2.5E-06

80 1 75 1.OE-06

80 1 100 2.2E-07

80 1 150 1.8E-10

60 1 0 1.3E-07

60 1 50 1.3E-07

60 1 75 1.3E-07

60 1 100 4.9E-08

40 1 0 Not
Evaluated

40 1 60
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Table 7-12
Results of Analyses to Determine Effects of Design and Operational Constraints - PWR-F
with RTMAxIx= 2690 F (Refer to Table 7-3)

Case CPFc:

6 0

7 0

Note: CPFL is computed using 104 vessel trials. A CPFvalue of 0 indicates 0 failures in 10' vessel trials

7.4.2 PWR Heat-up Failure Probabilities

The results of the sensitivity studies for heat-up events for PWR-F with an RTMAxx equal to
269°F are shown in Table 7-13.

Table 7-13
Results of Analyses to Determine Acceptable Values of 0 for Heat-up - PWR-F with
RTMAxIx = 269OF

Cool-down Rate (°F/hr) a J (OF) CPF,

60 1 0 2.8E-7

60 1 50 1.7E-8

60 1 60 1.OE-8

40 1 60 3.6E-8

20 1 60 9.6E-8

7.5 BWR Conditional Failure Probability

7.5.1 BWR Cool-Down Failure Probabilities

The results of the sensitivity studies for the cool-down events for the BWR plant with the
limiting axial weld are shown in Table 7-14, where CPFc = 0 indicates zero failures in
10,000 simulations.
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Table 7-14
Results of Analyses to Determine Acceptable Values of f3 for Cool-Down - BWR

Cool-down Rate (°F/hr) a P (OF) CPF,

100 2 60 0

100 1 0 0

100 1 107 0

100 1 150 0

60 2 60 0

60 1.5 80 0

60 1 0 0

40 2 60 0

40 1.5 70 0

40 1 0 0

Note: CPFL is computed using 104 vessel trials. A CPFLvalue of 0 indicates 0 failures in 104 vessel trials

7.5.2 BWR Heat-up Failure Probabilities

The results of the sensitivity studies for heat-up events for the BWR plant with the limiting axial
weld are shown in Table 7-15.

Table 7-15

Results of Analyses to Determine Acceptable Values of j3 for Heat-Up - BWR

Heat-up Rate (°F/hr) C L3 (°F) CPFL

20 1.5 0 2.2E-7

20 1 60 1.3E-7

20 1.5 60 1.2E-9

40 1 60 1.5E-7

60 1 60 2.OE-7

100 1 80 1.7E-7

100 1 110 2.6E-8

7.5.3 BWR Leak Test Failure Probabilities

Sensitivity studies were performed to determine the failure probabilities as a function of [3 and
heat-up rate with a = 1. The results are presented in Table 7-16 for the BWR plant with the
limiting axial weld.
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Table 7-16
Results of Analyses to Determine Acceptable Values of j3 for Leak Test - BWR

Heat-up Rate (°F/hr) a 0 (OF) CPF,

20 1 60 1.6E-07

40 1 60 2.0E-07

60 1 60 2.7E-07

20 1 70 9.9E-08

40 1 70 1.3E-07

60 1 70 1.8E-07

20 1 80 5.7E-08

40 1 80 7.5E-08

60 1 80 1.OE-07

7.6 PWR Summary of Results

7.61. PWR Cool-down

The results from the PWR cool-down analyses are summarized graphically in Figure 7-5. The
curves plotted in this graph represent the results for PWR-F, while the results for other PWRs are
plotted in colored circles. The letter in the circle identifies the PWR while the color of the circle
indicates the cool-down rate evaluated. As can be seen in the figure, the results of all PWRs are
bounded-by the results for PWR-F.

Figure 7-6 shows the results of the sensitivity studies for PWR-F, with RTMAXX× equal 269°F.
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Figure 7-5
Summary of PWR Cool-Down Results
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Figure 7-6
Summary of PWR Cool-Down Sensitivity Study Results for PWR-F
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7.6.2 PWR Heat-up

The analyses results for cool-down of plant PWR-F with RTMAxx equal 269°F are summarized
graphically in Figure 7-7.
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Figure 7-7
Summary of PWR Heat-up Results for PWR-F
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7.6.3 PWR Heat-up and Cool-down

The total CPFL is the sum of the CFP, for a heat-up and cool-down. The information from
Figures 7-6 and 7-7 were combined to obtain a plot of total CPFL as function of heat-up and cool-
down rate for equal 60'F and 1 10°F and equal 1 for PWR-F as shown in Figure 7-8. The
information in Figure 7-8 shows that using risk-informed parameters equal I and equal I I 0F
ensures compliance with the safety goal up to heat-up and cool-down rates of 1000F/hr.
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Figure 7-8
Summary of Total CPF, for PWR-F Heat-up and Cool-down
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7.7 BWR Summary of Results

7.7.1 BWR Cool-down

The computational results for BWR cool-down indicated zero failures in ten thousand
simulations. This result indicates that calculated CPFL values for BWRs are many orders of
magnitude lower than 2x 10" and the values computed for the limiting PWR.

7.7.2 BWR Heat-up

The heat-up results for the limiting BWR are summarized in Figure 7-9, where CPF,, is presented
as a function of for equal I and various heat-up rates.
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Figure 7-9
Summary of Heat-up Results for Limiting BWR
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7.7.3 BWR Heat-up and Cool-down

Because the CPFL for BWR cool-down was many orders of magnitude less than 2x10 7 the total
CPFJ is essentially that for the heat-up as shown in Figure 7-9, A comparison of the information
in Figures 7-8 and 7-9 indicates that the risk-informed parameters equal I and equal I 10°F
obtained for the PWRs envelope the BWR results. Consequently, the risk-informed parameters
equal 1 and equal 1 10'F ensure that CPF1 is less than 2x10-7 for PWR and BWR heat-up and
cool-down at rates up to 100°F/hr, and satisfy the criterion from Section 4.3.

7.7.4 BWR Leak Test

The calculated conditional probabilities of failure for BWR leak test are summarized in
Figure 7-10. The results in Figure 7-10 show that the criterion CPF_ < 2x10-7 from Section 4.3
can be satisfied for 03 = 60'F at heat-up rates up to 40 °F/hr.
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Figure 7-10
Summary of Risk-informed Heat-up to Leak Test Temperature Sensitivity Study Results for
the Limiting BWR, Conventional Appendix G Leak Test Temperature = 2240F
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8
CONCLUSIONS

Risk-informed methods can be used to define an optional, alternative ASME Section XI
Appendix G method to determine P-T limits in PWRs and reduced temperatures for BWR leak
testing while providing results that are within acceptable levels of risk.

The proposed alternative method uses risk-informed factors oX = 1.0 and I3 = 110°F to determine
allowable heat-up and cool-down pressure at rates up to 100 0F/hr. Using these risk-informed
factors for normal heat-up and cool-down provides a substantial increase in allowable pressure
in the low temperature range for heat-up and cool-down rates up to 1000 F/hr. The proposed
alternative method uses risk-informed factors ax = 1.0 and a 13 = 60'F to determine the
hydrostatic leak test temperature and allowable pressure during heat-up at a rate up to 40°F/hr.
Using the risk-informed factors provides a substantial reduction in BWR leak test temperature
for heat and cool-down rates up to 400 F/hr.

For Service Level A and B operation along normal operational constraint pressure-temperature
conditions, the value of CPFC is many orders of magnitude less than 107, and the frequency of
vessel failure is negligible compared to 10-7.

For inadvertent Service Level A and B operation on or near the risk-informed pressure-
temperature limits, the frequency of vessel failure is substantially less than 10-7.

For Service Level A and B conditions where planned operation is at or near the risk-informed
limits, the contribution to vessel failure frequency is approximately one to two times 10.7.

The values of the selected risk-adjusted parameters ensure that the contribution to the safety
goal from Service Level A and B conditions does not exceed 2x 1 07 events per operating year.

The risk-informed methodology is simple to understand and implement and remains consistent
with the structure of the current ASME Section XI Appendix G deterministic methodology. The
basis for the proposed new method has taken into consideration operational constraints, actual
history of plant operation, postulated flaw distributions consistent with the new PTS rule, and the
latest embrittlement trend curve for the fleet of PWRs and BWRs through the period of license
renewal, i.e., 60 years of operation. The proposed methodology will provide plants with an
increased operating window in terms of pressure for PWRs and a reduced temperature leak test
for BWRs. The proposed methodology will result in greater flexibility of operation and increased
overall plant safety for BWRs and PWRs.
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9
PROPOSED REVISIONS TO ASME SECTION XI
APPENDIX G

The results described in Section 7 were used to determine the computational procedures and
input needed to define risk-informed pressure-temperature operational limits that would
correspond to the risk goals defined in Section 4.

The risk-informed computational procedures and input were developed as an alternative to the
conventional procedures currently contained in ASME Section XI Appendix G. Consequently,
the current conventional procedures remain unchanged and additional Code paragraphs have
been defined to add the risk-informed procedures to ASME Section XI Appendix G. The
risk-informed procedures have been developed using computational procedures that are
essentially the same as the conventional procedures, except for some changes in the detail of the
equations used to define toughness and allowable pressure. These changes were defined to
ensure the resulting pressure-temperature operating limits satisfy the risk goals in Section 4.

The two new sections proposed for ASME Section XI Appendix G are described in the
remainder of this section. These sections include risk-informed computational procedures for
determining allowable pressure and inservice leak test temperature. The new paragraphs are
identified by paragraph numbers in a sequence that immediately follows the conventional
procedures currently in ASME Section XI Appendix G.

9.1 Risk-informed Allowable Pressure

The equations given in this Subarticle provide the basis for determination of the risk-informed
allowable pressure at any temperature at the depth of the postulated defect during Service
Conditions for which Level A and Level B Service Limits are specified. In shell regions remote
from discontinuities, the only significant loadings are: (1) general primary membrane stress due
to pressure; and (2) thermal stress due to thermal gradient through the thickness during startup
and shutdown. The allowable pressure, p, (ksi) for any assumed rate of temperature change not
to exceed 100°F/hr shall be determined as a function of temperature, T, (°F) for all beltline
materials and flaw and operating conditions as specified in G-2215 (a)(4) and (b)(4) to determine
the limiting (lowest) allowable pressure) at any temperature using the relationship:
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p = {33.2 + 20.734xexp[0.02(T-RTNDT- 110)] -Kit} x {fUR) x {1/M.} (9-1)

Where

M,, R and t are determined from G-2214.1,

K, is determined from G-2214.3.

RTNID. = RTND.Iu) + ARTND.r

RTNTDT() is determined from NB-2300,

ARTNIT is the change in RTNI).r.u due to irradiation effects and is determined from plant specific
surveillance data, the irradiation degradation model used to compute the risk-informed
parameters, a and P3, as specified by Equation 9-2, or other irradiation degradation models
acceptable to the regulatory authorities having jurisdiction at the site.

ARTN,,T =MF + CRP (9-2)

where ARTNDT is the predicted irradiation-induced shift in Charpy 41 J (30 ft-lb) transition
temperature (in 'F)
MF = component of shift attributed to matrix features
CRP = component of shift attributed to copper-enriched precipitates (CRPs)

MF = A(1-0.001718T) X1 + 6.13PMn247 (-i

where A 1.140x 10.7 for forgings
1.561 x10-7 for plates
1.417x10]- for welds

Ti = irradiation temperature
P = bulk P (wt%)
Mn = bulk Mn (wt%)

4tfor >4.39x10'0 n/cm2 -s

( ) 4.39 x 10 0.259 4 effective (flux-corrected) fluence

Where 4 = flux (nlcm _s)
t = irradiation time (s)
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CRP = B(g + 3.77Ni"'91 )f(Cu, P)g(Cue,Ni, Vje)

where B = 102.3 for forgings
135.2 for plates in vessels manufactured by Combustion Engineering (CE)
102.5 for non-CE plates
155.0 for welds

Ni = bulk Ni (wt%)

Cu 0 fo: Cu < 0.072wt% ec
C in[Cu actua, Cu max] for Cu > 0.072wt.% = effective Cu level

where Cu ,,,. = bulk Cu level (wt%)
Cu.- 0.243 for typical (Ni > 0.5) Linde 80 welds

0.301 for all other materials.

F0 for Cu < 0.072 1
f(CU, P) = •[Cue - 0.0721]0668 for Cu > 0.072 and P • 0.008

vu-0.072 + 1.359(P - 0.008)]°668 for Cu > 0.072 and P > 0.008

g(CueNi,•te)= I+Itanh[l 1go(•t)e +l.139Cue0-0.448Ni-18"120

Those plants having low temperature over-pressure protection systems (LTOPS) can use the
following load and temperature conditions to provide protection against failure during reactor
startup and shutdown operation due to low temperature overpressure events that have been
classified as Service Level A or B events. LTOPS shall be effective at coolant temperatures less
than 200'F (93°C) or at coolant temperatures corresponding to a reactor vessel metal temperature
less than RTN,)T + 50'F (10°C), whichever is greater.2 LTOP systems shall limit the maximum
pressure in the vessel to 100% of the pressure determined to satisfy Equation 9-1.

9.2 Risk-Informed Hydrostatic Leak Testing

The equations in this Subarticle provide the basis for determining the risk-informed hydrostatic
leak test temperature and the allowable pressure during the leak test at any temperature at the
depth of the postulated defect for shell regions remote from discontinuities. These equations are
applicable for heat-up and cool-down rate not to exceed 40°F/hr.

9.2.1 Hydrostatic Leak Test Temperature

For system and component hydrostatic leak tests performed subsequent to loading fuel in the
reactor vessel, the minimum leak test temperature should be determined as follows for each
material of interest,
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Compute

T=RTNI).I + 60 + LN[(Khn + K, - 33.2)/20.734]/0.02 (9-3)

for an outside surface flaw.

Compute

T=RTNI)'I + 60 + LN[(KIM - 33.2)/20.734]/0.02 (9-4)

for an inside surface flaw

The system hydrostatic leak test should be performed at a temperature not lower than the
highest required temperature for any component in the system determined from Equations (9-3)
and (9-4).

9.2.2 Hydrostatic Leak Test Heat-up and Cool-down Allowable Pressure

The allowable pressure (ksi) at any temperature (T[) during hydrostatic leak test heat-up or cool-

down shall be determined using the procedure in Section 9.1, where

p = {33.2 + 20.734 x exp[0.02(T- RTND[ - 60)] - K, I x {x/R} f { X/MJ (9-5)

The value of RTNDT used in Equations 9-3, 9-4, and 9-5 is the same as that specified in Section
9.1. The values of T and RTNI)I in Equation. 9-1, 9-3, 9-4, and 9-5 are computed for the
conditions at the maximum depth of the postulated quarter-thickness flaws, while the operational
P-T limits are based on the temperature at the reactor coolant inlet temperature, which is
assumed to equal the temperature at the vessel inner surface. Paragraph G-2214.3 of Section XI,
Appendix G provides a procedure to compute the temperature at the vessel inner surface from
the temperature used in Equations 9-1, 9-3, 9-4, and 9-5 for the location corresponding to the
maximum postulated flaw depth in the vessel wall.
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