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ABSTRACT

An approach is presented in this report for CEOG utilities to relocate the Pressure-Temperature
(P-T) limit curves, low temperature overpressure protection (LTOP) setpoint curves and values
currently contained in the Technical Specifications (TSs) to a licensee-controlled document. The
approach is based upon criteria specified in Nuclear Regulatory Commission (NRC) Generic

Letter (GL) 96-03. As part of the relocation, additional considerations wera the Reactor Vessel
(RV) surveillance program, including the capsule withdrawal schedule, and the calculation of
Adjusted Reference Temperature (ART), including the determination of the neutron fluence and
analysis of post-irradiation surveillance capsule measurements.

To substantiate relocation of the detailed information for affected Limiting Conditions for Operation
(LCOs), a new licensee controlled document called a Reactor Coolant System (RCS) Pressura
and Temperature Limits Report (PTLR) needs to be developed. This document i3 consistent with
the requirements of GL 96-03 and contains the detailed information needed to support the
pertinent LCOs, which would remain in the TS. This topical report contains current methodology
descriptions of RCS P-T limit developmént, LTOP analyses, ART calculation, RV Surveillance
Program and Calculation of Neutron Fluence, which support the PTLR. An example of a PTLR is
prepared along with the proposed changes to the subject TS.

The enclosed sample PTLR is generic in nature and can be easily tailored to be suitable to any
Combustion Engineering Nuclear Steam Supply System (CE NSSS) design.

This document has been prepared by CE Nuclear Power LLC, a subsidiary of Westinghouse
Electric Company LLC (“Westinghousa”) for the Combustion Engineering Owners Group
(‘CEOG"). The methods presented are applicable to Combustion Engineering Nuclear Steam
Supply System (CE' NSSS) designs.

Copyright 1999-2000 CE Nuclear Power LLC. All Rights Reserved 8
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A1

INTRODUCTION

In an efiort to improve the maintenance of Technical Specifications (TSs), the Nuclear
Regulatory Commission (NRC) issued Generic Letter (GL) 96-03 A(Heference 3), which
allows the relocation of requirements from the TSs into another licensee controlled
document called a Reactor Coolant System (RCS) Pressure and Temperature Limits
Report (PTLR). This relocation enhances the regulatory processing of frequently revised
items such as RCS Pressure-Temperature (P-T) limits, Low Temperature Overpressure
Protection (LTOP) setpoints, RV surveillance program post-irradiation test results, and
neutron fluence calculation updates. Once incorporated into the plant’'s Technical
Specification, changes can be made to the PTLR per requirements of GL 96-03. The GL
requires that a licensee submit a new administrative section that refers to the specific
version of the methodology that has been approved by the NRC staff for generating P-T
limit curves and LTOP system setpoints. The intent of this process is that the licensee
submits a license amendment request to obtain NRC approval of the proposed
methodology prior to implementing its use in a PTLR.

This document is a product of a Combustion Engineering Owner’s Group (CEOG) effort
undertaken to create a generic PTLR document based on guidance presented in NRC GL
96-03. Revision 4-P of CE NPSD-683-P is a total revision and supercedes all previous
revisions (i.e., Revisions 0 through 3).

BACKGROUND

In 1972, the Summer Addenda to the ASME Boiler and Pressure Vessel Code, Section Ill,
incorporatéd Appendix G, "Protection Against Nonductile Failure® (Reference 9). This
Appendix, although not mandatory, was issued to provide an acceptable design procedure
for obtaining allowable loadings for ferritic pressure fetaining materials in the Reactor
Coolant Pressure Boundary (RCPB) components.

Shortly after publication of ASME Code Section Ill, Appendix G, a new Appendix to 10
CFR 50 entitled "Appendix G - Fracture Toughness Requirements" was published in the
Federal Register (July 17, 1973) and became effective on August 16, 1973. This Appendix
imposed fracture toughness requirements on ferritic material of pressure-retaining

Copyright 1899-2000 CE Nuclear Power LLC. All Rights Reserved
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A2

components of the RCPB and mandated compliance with ASME Code Section lIl,
Appendix G. Compliance with 10 CFR 50 Appendix G was applicable to all light water
nuclear power reactors both currently operating and under construction. 10 CFR 50
Appendix G, was further revised in 1979, 1983 and 1995. (Note: In 1995, 10 CFR 50
redirected compliance to ASME Code Section XI, Appendix G.)

In addition to Appendix G, the RCPB must meet the requirements'imposed by 10 CFR 50,
Appendix A, General Design Criteria 14 and 31. These design criteria require that the
RCPB be designed, fabricated, erected, and tested in order to have an extremely low
probability of abnormal leakage, of rapid failure, and of gross rupture. The criteria also
require that the RCPB be designed with sufficient margin to assure that when stressed
under operating, maintenance, and testing loadings, the boundary behaves in a non-brittle
manner and tha probability of rapidly propagating fracture is minimized.

Appropriate and conservative methods that protect the RCPB against nonductile failure
have been developed by CE to c_omply with 10 CFR 50.

DESCRIPTION OF ACTIVITIES

The NRC issued GL 96-03 to advise licensees that they may request a license amendment
to relocate cycle dependent information, such as the P-T limit curves and LTOP system
limits from their plant TSs to a PTLR or similar controlled document. This topical report
addresses the required information to be included in the PTLR based on the GL. 96-03.
The guidance is divided into seven provisions to be addressed in the PTLR. They are:

Neutron Fluence Values
Reactor Vessel Surveillance Program
LTOP System Limits
. Beltline Material ART
P-T Limits using limiting ART in the P-T Curve calculation
Minimum Temperature Requirements in the P-T curves

N OO O eE WON -

Application of Surveillance Data to ART calculations

Copyright 1999-2000 CE Nuclear Power LLC. All Rights Reserved 10
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A3

Each provision requires a methodology description be provided along with specific data
about the operating plant. These provisions are specifically addressed in sections 1-7 of
this topical report in conformance with the matrix of GL 96-03. The example PTLR
provided in Appendix A is organized to address each provision.

Appendices B & C provide example markups of the changes necessary to integrate the
PTLR into individual plant technical specifications. Appendix B is an example of markups
to Standard Technica! Specifications and Appendix C is an example of markups for plants
using the CE Improved Standard Technical Specification format. These markups are
provided for information only and are not intended for formal NRC review.

PTLR DEVELOPMENT

The PTLR was developed on a generic basis so that it would apply to all utilities owning
CE NSSS designed pressurized water reactors. A revievs( of typical LCOs for RCS P-T
limits and LTOP requirements was performed and included in the generic PTLR.

In order to support the PTLR, methodology descriptions were prepared and incorporated
as Sections 1-7 herein. The methodologies presented describe the development of RCS
P-T limits, LTOP setpoints, RV Surveillance Programs and neutron fiuence values.

GENERIC PTLR

To facilitate development of a plant specific PTLR, an example PTLR is presented in
Appendix A of this report. This sample PTLR is only a guide since each plant specific
PTLR will be different depending on the many different plant specific features such as
RCS materials, the type of valves used for LTOP, whether Code case N-640 is used, etc.

Copyright 1959-2000 CE Nuclear Power LLC. All Rights Reserved 11
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Ad.1

REACTOR COOLANT PRESSURE BOUNDARY OPERATIONAL DESCRIPTION

GENERAL

Currently 10 CFR 50, Appendix G imposes special fracture toughness requirements on the
ferritic components of the RCPB. These fracture toughness requi;ements result in
pressura restrictions which vary with RCS temperature. Determination of these restrictions
requires that specific loading conditions be evaluated and the resuiting P-T limits not be
exceeded. The specific loading conditions, for which P-T limits are required, are as

follows:

1. Normal operations which include RV boltup, heatup and cooldown
2. Inservice hydrostatic pressure tests and leak tests

3. Reactor core operation

A brief description of these conditions is provided below to highlight the typical process
that must be followed to determine the physical loadings resuiting from the particular
operation.

A4.2 NORMAL OPERATION

A.4.2.1 Reactor Vessel Boitup

RV boltup loads are generated by stud tensioners when securing the closure head against
the RV. Prior to tensioning of the studs to the required preload, the reactor coolant
temperature and the volumetric average temperature of the closure head region must be
at or above the minimum boltup temperature. Once the studs have been tensioned, the
RCS is capable of being pressurized and heated. The heatup transient begins when a
Reactor Coolant Pump (RCP) is started or when Residual Heat Removal (RHR) system
flow is altered to allow elevation of the RCS temperature.

Copyright 1999-2000 CE Nuclear Power LLC. All Rights Reserved 12
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A.42.2 Heatup

Heatup is the process of bringing the RCS from a COLD SHUTDOWN condition to a HOT
SHUTDOWN condition. The increase in temperature from COLD SHUTDOWN to HOT
SHUTDOWN is achieved by RCP heat input and any residual core heat.

During the heatup transient, the reactor coolant temperature is considered essentially the
same throughout the RCS with the exception of the Pressurizer. The Pressurizer is used
to maintain system pressure within the normal operating window which is between the
minimum pressure associated with RCP net positive suction head (NPSH) or the RCP seal
requirements, and the maximum pressure meeting the RV material fracture toughness
requirements. Also, the heatup rate must not exceed the rates specified by the P-T limits.

A.4.2.3 Cooldown

During cooldown the RCS is brought from a HOT SHUTDOWN condition to a COLD
SHUTDOWN condition. Initially, coolant temperature reduction is achieved by removing
heat through use of the SGs by dumping the steam directly to the condenser or to the
atmosphere through the Atmospheric Dump Valves (ADVs). The fluid temperature is
decreased from approximately 550°F to 300°F using this method. To complete the
cooldown the RHR System is utilized.

Typically, cooldown is initiated by securing one or more RCPs. Any remaining pumps
provide coolant circulation through the RCS so that heat is transferred from the RCS to the
secondary side of the SGs. The RCS cooldown rate is controlled by the steam flow rate
on the secondary side which is in turn controlied by the steam bypass contro! system or
ADVs. The RCS pressure is controlled with the Pressurizer through use of heaters and
spray. Once pressure and temperature have been reduced to within the design values of
the RHR, the RHR can be utilized to control the cooldown rate and the remaining RCPs
can be stopped. It is advisable to initiate RHR flow prior to stopping all RCPs to provide
sufficient mixing and minimize the thermal shock to RCPB components.

The pressure during cooldown is maintained between the maximum pressure needed to
meet the fracture toughness requirements for this condition and the minimum pressure

Copyright 1999-2000 CE Nuclear Power LLC. All Rights Reserved 13
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A4.4

mandated by RCP NPSH requirements. The cooldown rate must not exceed the
appropriate rates specified by the P-T limits.

INSERVICE HYDROSTATIC PRESSURE TEST AND LEAK TESTS

In order to perform a system leak test or hydrostatic pressure test, the system is brought to
the HOT SHUTDOWN condition. The heatup or cooldown processes, described
previously, would be followed to achieve a HOT SHUTDOWN condition.

The pressure tests are performed in accordance with the requirements given in ASME
Code Section XI, Article IWA-5000. For the system leakage test, the test pressure must
be at least the nominal operating pressure associated with 100% rated reactor power. In
the case of the hydrostatic pressure test, the test pressure is determined by the
requirements of ASME Code Section XI (Table IWB-5222-1). The minimum temperature
for the required pressure is determined by the fracture toughness requirements and
guidance provided in 10 CFR 50, Appendix G.

» -
T

"
REACTOR CORE OPERATION |

The minimum temperature at which the core can be brought critical is controlled by core
physics and safety analyses. This temperature is typically in excess of 500°F. The heatup
process described previously is used to attain the required temperature. Also, this
minimum temperature is much higher than the requirements imposed by 10 CFR 50
Appendix G which only address brittle fracturs.
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1.0

1.1

NEUTRON FLUENCE CALCULATIONAL METHODS

This section describes an outline of & general methodology for neutron fluence
calculations. Due to the variety of dosimeter types which may be in use by any plant, and
the plant specific nature of calculations for fluence, specific details of the methodology with
regards to the dosimeter types used for the plant, methods qualification including analytical
benchmark analyses to determine bias and uncertainty, and plant-specific methods and
results (including uncertainties) shall be addressed in detail by the plant-specific PTLR
fluence analysis section. ' ‘

The methods and assumptions described in this report apply to the calculation of vessel
fluence for core and vessel geometrical and material configurations typical of CE NSSS
designed pressurized water reactors. This. methodology meets the requirements of &
proposed NRC Regulatory Guide (currently Draft Regulatory Guide 1053: “Calculational
and Dosimetry Methods for Determining Pressure Vessel Neutron Fluence®).

The prediction of the vesse! fluence is made by a calculation of the transport of neutrons
from the core out to the vessel and cavity. The calculations consist of the following steps:
(1) determination of the geometrical and material input data, (2) determination of the core
neutron source, and (3) propagation of the neutron fluence from the core to the vessel and
into the cavity. A qualification of the calculational procedure is described later.

The discrete ordinate method should be used for the calculation of pressure vessel
fluence. The DOT-4 code was commonly used in the United States and has been recently
replaced by the DORT (2-D) and TORT (3-D) transport codes.

INPUT DATA

-

1.1.1 MATERIALS AND GEOMETRY

- Detailed material and geometrical input data are used fo define the physical characteristics

that determine the attenuation of the neutron flux from the core to the locations of interest
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on the pressure vessel. These data include material compositions, regional temperatures,
and geometry of the pressure vessel, core, and internals. The geometrical inpth data
includes the dimensions and locations of the fuel assemblies, reactor internals (shroud,
core support barrel, and thermal shield), the pressura vessel (including identification and
location of all welds and plates) and cladding, and surveillance capsules. For cavity
dosimetry, input data also includes the width of the reactor cavity and the material
compositions of the support structure and concrete (biological) shiglding, including water
content, rebar and steel. The input data are based, to the extent possible, on documented
and verified plant-specific as-built dimensions and materials. The isotopic compositions of
important constituent nuclides within each region are based on as-built materials data. In
the absence of plant-specific information, nominal compositions and design dimensions
can be used; however, in this case conservative estimates of the variations in the
compositions and dimensions should be made and accounted for in the determination of
the fluence uncertainty. The determination of the concentrations of the two major sources
of isotopes responsible for the fluence attenuation (e.g., iron and water) are emphasized.
The water density is based on plant full power operating temperatures and pressures, as
well as standard steam tables. The data input includes an accounting of axial and radial
variations in water density caused by temperature differences in the core and inside the
core barrel.

1.1.2 CROSS-SECTIONS

The calculational method to estimate vessel damage fluence uses neutron cross-sections
over the energy range from ~0.1 MeV‘to ~15 MaV. The Draft Regulatory Guide 1053
recommends the usa of the latest version of the Evaluated Nuclear Data File (ENDF/B-VI).
The ENDF/B-VI files were prepared under the direction of the Cross Section Evaluation
Working Group (CSWEG) operated through the National Nuclear Data Center at
‘Brookhaven National Laboratories (BNL). These data have been thoroughly reviewed,
tested, and benchmarked. Cross-section sets based on earlier or equivalent nuclear data
sets that have been thoroughly benchmarked for a specific application may be used for
that application.

1.1.2.1 Multi-group Libraries
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Since the discrete ordinates transport code used to determine the neutron fluence uses a
multi-group approximation, the basic data contained within the ENDF files must be pre-
processed into a multi-group structure. The development of a multi-group library considers
the adequacy of the group structure, the energy dependence of the flux used to average
the cross-sections over the individual groups, and the order of the Legendre expansion of
the scattering cross-section. Sufficient details of the energy- and angular-dependence of
the differential cross-sections (e.g., the minima in the iron total cross-section) should be
included to preserve the accuracy in attenuation characteristics.

It should be noted that in many applications the earlier ENDF/B-1V version and the first
three Mods of the ENDF/B-V iron cross-sections result in substantial underprediction of the
vessel inner-wall and of the cavity fluence. Updated ENDF/B-V iron cross-section data
have been demonstrated to provide a more accurate determination of the fiux attenuation
through iron and are strongly recommended. These new iron data are included in ENDF/B,
version VI.

1.1.2.2 Constructing & Multi-group Library

The ENDF files (including ENDF/B-VI) were first processed into problem-independent,
fine- multi-group, master library containing data for all required isotopes. This master
library (e.g., VITAMIN-B6) was developed at Oak Ridge National Laboratory and includes
a sufficiently large number of groups (189) such that differences between the shape of the
assumed flux spectrum and the true flux have a negligible effect on the multi-group data.
This library includes 62 energy groups above 1 MeV and 105 groups above 0.1 MeV. The
library alsq contairis 42 photon energy groups.

The master library is collapsed into a job (broad group) library over spectra that closely
approximate the true spectra. The resulting library should contain ~47 neutron and ~20
photon groups. This reduction is accomplished with a one-dimensional calculation that
includes the discrete regions of the core, vesse! internals, by-pass and downcomer water,
pressure vessel, reactor cavity, shield, and support structures. This job library should
include approximately 20 energy groups above ~0.1 MeV. The collapsing was performed
over four different spectra typical of PWRs, i.e. the core, downcomer, concrete and vesse!.
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Both master (VITAMIN-B6) and job libraries are available from Oak Ridge National
Laboratory.

1.2 CORE NEUTRON SOURCE

The determination of the neutron source for the pressure vessel fluence calculations
accounts for the temporal, spatial, and energy dependence together with the absolute
source normalization.

The spatial dependence of the source is based on two dimensional or three dimensional
depletion calculations that incorporate actual core operation or from measured data. The
accuracy of the power distributions shall be demonstrated. The depletion calculations may
be performed in three dimensions, so as to provide the source in both the radial and axial
directions.

The core neutron source is dete::mined by the power distribution (which varies significantly
with fuel burmup), the power level, and the fuel management schems. The detailed
state-point dependence must be accounted for, but a cycle average power distribution
inferred from the cycle incremental burnup distribution can also be used. The cycle
average power distribution is updated each cycle to reflect changes in fuel management.
For the extrapolation to the end of life fluence, a best estimate power distribution is used,
which is consistent with the anticipated fuel management of future cycles.

The peripheral assemblies, which contribute the most to the vessel fluence, have strong
radial power gradients, and these gradients are accounted for to avoid overprediction of
the fluence. The pin-wise source distribution generated by the depletion calculation is
used for best-estimate, and represents the absolute source distribution in the assembly.
When the actual planar core rectangular geometry can not be modeled. (e.g., in the case of
(r-6) discreté ordinates calculations), the pin power distribution in (x-y) geometry is
converted into a (r-0) distribution as required by the (r-8) transport code geometry.

The local source is determined as the product of the fission rate and the neutron yield.
The energy dependence of the source (i.e., the spectrum) and the normalization of the
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source to the number of neutrons per megawatt account for the fact that changes in the
isotopic fission fractions with fuel exposure (caused by Pu build-up) result in variations in
the fission spectra, the number of neutrons produced per fission, and the energy released
per fission. These effects increase the fast neutron source per megawatt of power for
high-bumup assemblies. The variations in these physics parameters with fuel exposure
may be obtained from standard lattice physics depletion calculations. This effect is
particutarly important for cycles that have adopted low-leakage fuel management schemes
in which once-, twice-, or thrice-burned fuel is located in peripheral locations.

The horizontal core geometry is described using an (r,0) representation of the nominal
plane. A planar-octant representation is used for the octant-symmetric fuel-loading
patterns typically used in CE NSSS plants. For evaluating dosimetry, the octant closest to
the dosimeter capsules may be used. For determining the peak fluence, fuel-loading
patterns that are not octant symmetric may be represented in octant geometry using the
octant having the highest fluence. For evaluating dosimetry, the octant in which the
dosimetry is located may be used. To accurately represent the important peripheral
assembly geometry, a 6-mesh of at least 40 to 80 angular intervals is applied over the
octant geometry. The (r,8) representation should reproduce the true physical assembly
area to within ~0.5% and the pin-wise source gradients to within ~10%. The assignment of
the (x,y) pin-wise powers to the individual (r,6) mesh intervals is made on a fractional area
or equivalent basis.

The overall source normalization is performed with respect to the (r,é) source so that
differences between the core area in the (r,6) representation and the true core area do not
bias the fluence predictions.

Copyright 1999-2000 CE Nuclear Power LLC. All Rights Reserved 19
CE NPSD-683, Rev. 05



1.3  FLUENCE CALCULATION

1.3.1 TRANSPORT CALCULATION

The transport of neutrons from the core to locations of interest in the pressure vessel is
determined with the two-dimensional discrete ordinates transport program DORT in (r,9)
geometries.

An azimuthal (8) mesh using at least 40 to 80 intervals over an octant in (r,0) geometry in
the horizontal plane provides an accurate representation of the spatial distribution of the
material compositions and source described above. The radial mesh in the core region is
about 1 interval per centimeter for peripheral assemblies, and coarser for assemblies more
than two assembly pitches removed from the core-reflector interface. The Draft
Regulatory Guide 1053 recommends that in excore regions, a spatial mesh that ensures
the flux in any group changes by' less than a factor of ~2 between adjacent intervals should
be applied, and a radial mesh of at least ~3 intervals per inch in water and ~1.5 intervals
per inch in steel should be used. Because of the relatively weak axial variation of the
fluence, a coarse axial mesh of about 2 inches per mesh may be used in the axial (2)
geometry except near material and source interfaces, where flux gradients can be large.
For the discrete ordinates transport code, an S; a fully symmetric angular quadrature is
used as a minimum for determining the fluence at the vessel.

Past calculations were limited by computer storage and had to be performed in two or
more "bootstrap® steps to avoid compromising the spatial mesh or quadrature (the number
of groups used usually does not affect the storage limitations, only the execution time). In
this approach, the problem volume was divided into overlapping regions. In a two-step
bootstrap calculation, for example, a transport calculation was performed for the cylinder
defined by 0< r< R’ with a fictitious vacuum-boundary condition applied at R’. From this
initial calculation a boundary source is determined at the radius R" = R’ - A and was
subsequently applied as the internal-boundary condition for a second transport calculation
from R" to R (the true outer boundary of the problem). The adequacy of the overlap
region had to be tested (e.g., by decreasing the inner radius of the outer region) to ensure
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that the use of the fictitious boundary condition at R’ had not unduly affected the boundary
source at R" or the results at the vessel. Current workstations normally do not present this
computer storage limitation, and the entire problem can now be solved as one fixed source
probiem.

A point-wise flux convergence criterion of < 0.001 should be used, and a sufficient number
of iterations should be allowed within each group to ensure convergence. To avoid
negative fluxes and improve convergence, a weighted difference model should be used.
The adequacy of the spatial mesh and angular quadrature, as well as the convergence
criterion, must be demonstrated by tightening the numerics until the resulting changes are
negligible. In discrete ordinates codes, the spatial mesh and the angular quadrature
should be refined simultaneously. In many cases, these evaluations can be adequately
performed with a one-dimensional model.

Although the term “fluence calculation” is commonly used, one must recognize that the
calculated quantity is a multi-group fiux distribution, and that the fluence is obtained by
integrating the flux over energy and over the duration of full power operation (in seconds).

The transport calculations may be performed in either the forward or adjoint modes. When
several transport calculations are needed for & specific geometry, assembly importance
factors may be pre-calculated by either performing calculations with a unit source (with the
desired pin-wise source distribution) specified in the assembly of interest or by performing
adjoint calculations. The adjoint fluxes are used to determine the fluence contribution at a
specific (field) location from each source region, while the forward fluxes from the
unit-source calculations determine the fiuence at ali locations in the problem. Once
calculated, these factors contain the required information from the transport solution. By
weighting the source distribution of interest by the assembly importance factors, the vessel
(or capsule) relative fluence may be determined without additional transport calculations,
assuming the in-vessel geometry, material, and in-assembly source distribution remain the
same.

The use of forward solution is made on the basis of the number of configurations to be
solved for the end of life fluence determination. The computational speed achieved with
modem workstations may justify the exclusive use of forward solutions.
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In performing calculations of surveillance capsule fluence (Regulatory Position 1.4), it
should be noted that the capsule fluencs is extremely sensitive to the representation of the
capsule geomstry and internal water region (if present), and the adequacy of the capsule
representation and mesh must be demonstrated using sensitivity calculations (as
described in Regulatory Position 1.4.1). The capsule fluence and spectra ara sensitive to
the radial location of the capsule and its proximity to material interfaces (e.g., at the vessel,
thermal shield, and concrete shield in the cavity), and these should be represented
accurately. The core shroud former plates can result in a 5-10% underprediction of the
accelerated surveillance capsule dosimeter response and should be included in the model.
(No significant effect is generally observed on the dosimeters located at the vessel inner-
wall and in the cavity.)

1.3.2 SYNTHESIS OF THE 3-D FLUENCE

Since 3-D calculations are not usually performed, the Regulatory Guide 1053 recommends
that a 3-D fluence representation be constructed by synthesizing calculations of lower
dimensions using the expression

o(r,8,2)=9(r,0) *L(r,2) (Equation 1)

where @ (r, 0) is the groupwise transport solution in (r,0) geometry for a representative
plane and L(r,2) is a group-dependent axial shape factor. Two simple methods available
for determining L(r,z) are defined by the expressions

L(r, 2) = P(2) (Equation 2)
where P(2) is the peripheral-assembly axial power distribution, or

L(r,2)=®(r,2)/ D (r) (Equation 3)
where @ (r) and & (r, 2) are one- and two-dimensional flux solutions, respectively, for a

cylindrical representation of the geometry that preserves the important axial source and
attenuation characteristics. The (r,z) plane should correspond to the azimuthal location of
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interest (e.g., peak vessel fluence or dosimetry locations). The source per unit height for
both the (r, 6)- and (r)- models should be identical, and the true axial source density should
be used in the (r,z) model.

Equation 2 is only applicable when (a) the axial source distribution for all important
peripheral assemblies is approximately the same or is bounded by a conservative axial
power shape and (b) the attenuation characteristics do not vary axially over the region of
interest. Since the axial fiux distribution tends to flatten as it propagates from the core to
the pressure vessel, for typical axial power shapes, use of Equation 2 will tend to
overpredict axial flux maxima and underpredict minima. This underprediction is
nonconservative and can be large near the top and bottom refiectors, as well as when
minima are strongly localized as occurs in some fluence-reduction schemes.

Equation 3 is applicable when the axial source distribution and attenuation characteristics
vary radially but do not vary significantly in the azimuthal (8) direction within a given
annulus. For example, this approximation is not appropriate when strong axial
fuel-enrichment variations are present only in selected peripheral assemblies.

In summary, an (r,6)-geometry fluence calculation and a knowledge of the peripheral
assembly axial power distribution are needed when using Equation 2. Use of this equation
may result in fluence overpredictions near the midplane at relatively large distances from
the core (e.g., in the cavity) and underbredictions at axial locations beyond the beliline that
are at relatively large radia! distances from the core. Conservatism may be included in the
latter case by using the peak axial power' for all elevations.

Both radial and axial fluence calculations are needed when using Equation 3; thus, it is
generally more accurate in preserving the integral properties of the three-dimensional
fluence. Both Equation 2 and Equation 3 assume separability between the axial and
azimuthal firence calculations, which is only approximately true.
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1.3.3 CAVITY FLUENCE CALCULATIONS

Accurate cavity fluence calculations are used to analyze dosimeters located in the reactor
cavity. The calculation of the neutron transport in the cavity is made difficult by (a) the
strong attenuation of the E > 1 MeV fluence through vessel and the resuilting increased
sensitivity to the iron inelastic-scattering cross-section and (b) the-possibility of neutron
streaming (i.e., strong directionally dependent) effects in the low-densify materials (air and
vessel insulation) in the cavity. Becausa of the increased sensitivity to the iron
cross-sections, ENDF/B-VI cross-section data should be used for cavity fluence
calculations. Properly benchmarked alternative cross-sections may also be used,
however, for cavity applications, the benchmarking must include comparisons for operating
reactor cavities or simulated cavity environments. Typically, the width of the cavity
together with the close-to-beltline locations of the dosimetry caﬁsules result in minimal
cavity streaming effects, and an S8, angular quadrature is acceptable. Howsver, when
off-beltline locations are analyzed, the adequacy of the S8 quadraturs to determine the
streaming component must be demonstrated with higher-order Sn calculations.

The cavity fluence is sensitive to both the material and the local geometry (e.g., the
presence of detector wells) of the concrete shield, and these should be represented as
accurately as possible. Benchmark measurements involving simulated reactor cavities are
recommended for methods evaluation. When both in vessel and cavity dosimetry
measurements are available, an additional verification of the measurements and
calculations may be made by comparing the vessel inner-wall fluence determined from (1)
the absolute fluence calculation, (2) the extrapolation of the in-vessel measurements, and
(3) the exirapolation of the cavity measurements.

1.4  METHODOLOGY QUALIFICATION AND UNCERTAINTY ESTIMATES

Draft Regulatory Guide 1053 requires that the neutron transport calculational methodology
be qualified and that flux uncertainty estimates be determined. The neutron flux undergoes
several decades of attenuation before reaching the vessel, and the calculation is sensitive
to the material and geometrical representation of the core and vessel internals, the neutron
source, and the numerical schemes used in its determination. The uncertainty estimates
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are used to determine the appropriate uncertainty allowance to be included in the
application of the fluence estimate. While adherence to the guidelines described in the
Draft Regulatory Guide will generally result in accurate fluence estimates, the overall
methodology must be qualified in order to quantify uncertainties, identify any potential
biases in the calculations, and provide confidence in the fluence calculations. In addition,
while the methodology, incldding computer codes and data libraries used in the
calculations, may have been found to be acceptable in previous applications, the
qualification ensures that the licensee’s implementation of the methodology is valid. The
methods qualification consists of three patts: (1) the analytic uncertainty analysis, (2) the
comparison with benchmarks and plant-specific data, and (3) the estimate of uncertainty in
calculated fiuence.

1.4.1 ANALYTIC UNCERTAINTY ANALYSIS

The determination of the pressure vessel fluence is based on both calculations and
measurements; the fluence prediction is made with a calculation, and the measurements
are used to qualify the calculation. Because of the importance and the difficulty of these
calculations, the method's qualification by comparison to measurements must be made to
ensure a reliable and accurate vessel! fluence determination. In this qualification,
calculation-to-measurement comparisons are used to identify biases in the calculations
and to provide reliable estimates of the fluence uncertainties. When the measurement
data are of sufficient quality and quantity that they allow a reliable estimate of the
calculational bias (i.e., they represent a statistically significant measurement data base),
the comparisons to measurement may be used to (1) determine the effect of the various
modeling épproximations and any calculational bias and, if appropriate, (2) modify the
calculations by applying a correction to account for bias or by mode! adjustment or both.
As an additional qualification, the sensitivity of the calculation to the important input and
modeling parameters must be determined and combined with the uncertainties of the input
and modeling parameters to provide an independent estimate of the overall calculational
uncertainty.
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To demonstrate the accuracy of the methodology, an analytic uncertainty analysis must be
performed. This analysis includes identification of the important sources of uncertainty.
For typical fluence calculations, these sources include:

Nuclear data (cross-sections and fission energy spectrum),

» Geometry (locations of components and dsviations from the nominal
dimensions), '

» Isotopic composition of material (density and composition of coolant water, core
barrel, thermal shield, pressure vessel with cladding, and concrete shield),

« Neutron sources (space and energy distribution, burnup dependencs),

« Methods error (mesh density, angular expansion, convergence criteria,
macroscopic group cross-sections, fluence perturbation by surveillance
capsules, spatial synthesis, and cavity streaming).

This list is not necessarily exhaustive and other uncertainties that are specific to a
particular reactor or a particular calculational method should be considered. In typical
applications, the fluence uncertainty is dominated by a few uncertainty components, such
as the geometry, which are usually easily identified and substantially simplify the
uncertainty analysis.

The sensitivity of the fiux to the significant component uncertainties should be determined
by a series of transport sensitivity calculations in which the calculational model input data
and modeling assumptions are varied and the effect on the calculated flux is determined.
(A typical sensitivity would be ~10-15% decrease in vessel >1 MaV fluence per centimeter
increase in yessel inside radius.) - Estimates of the expected uncertainties in these input
parameters must be made and combined with the corresponding fluence sensitivities to
determine the total calculated.
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1.4.2 COMPARISON WITH BENCHMARK AND PLANT-SPECIFIC MEASUREMENTS

Calculational methods must be validated by comparison with measurements and
calculationa! benchmarks. Three types of comparisons are required:

. operating reactor in-vessel or ex-vesse! dosimetry measurements,
o pressure vessel simulator
. calculational benchmarks

The methods used to calculate the benchmarks must be consistent with those used to
calculate fluence in the vessel. Calculated reaction rates at the dosimeter locations must
agree with the measurements to within about 20% for in-vessel capsules and 30% for
cavity dosimetry. If the observed deviations are larger, the methodology must be
examined and refined to improve the agreement.

1.4.2.1 Operating Reactor Measurements

Comparisons of measurements and calculations should be performed for the specific
reactor being analyzed or for reactors of similar physical and fue! management design.
This plant-specific data can be compared to the benchmark analyses to validate that plant-
specific calculations are within the tolerances expected by the benchmark uncertainty. A
good estimate of the vessel attenuation can be obtained when both in-vessel and cavity
dosimetry are available. These measurements should not be used to bias or adjust the
fluence calculations unless a statistically' significant number of measurements is available,
the various dosimeter measurements are self-consistent and a reliable estimate of the
calculational bias can be determined. Similarly, plant-specific biases should not be used
unless sufficient reliable measurement data are available. As capsule and cavity
measurements become available, they should be incorporated into the operating reactor
measurements data base and the calculational biases and uncertainties should be updated
as necessary.
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1.4.2.2 Pressure Vessel Simulator Measurements

A number of experimental benchmarks providing detector reaction rates in the peripheral
fuel assemblies, within the vessel wall, and in the cavity are available for the purpose of
methods calibration. These benchmark experiment were carried out by ssveral
laboratories, and dosimetry measurements using different techniques wera compared to
provide experimental results with well known and documented uncertainties. Examples
include the Pool Critical Assembly (PCA), VENUS, and H.B. Robinson Unit 2 benchmarks.

1.4.2.3 Calculational Benchmarks

A calculational benchmark commissioned by the NRC and prepared by Brookhaven
National Laboratory (Reference 8) provided a very detailed input description as well as the
flux solution at several mesh points. An analysis of this benchmark, which addresses both
standard out-in and low-leakage fuel management, provides a detailed test of the cross
sections and various calculationél options for transport calculation. The benchmark
calculation results may be used for methods qualification. The calculation being used as
the benchmark must be the actual original referenced benchmark calculation, and not just
a second independent calculation of the benchmark.

1.4.3 OVERALL BIAS AND UNCERTAINTY

An appropriate combination of the analytical uncertainty analysis and the results of the
unéertainty analysis based on the comparisons to the benchmark results provide the bias
and uncertainty to be applied to the predicted fluence.
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2.0

REACTOR VESSEL MATERIAL SURVEILLANCE PROGRAM

‘This section addresses Provision 2 of Attachment 1 to GL 96-03 (Reference 3) on

compliance with 10CFR50, Appendix H (Reference 17). Appendix H presents the
requirements for RV material surveillance programs. The design of the surveillance
program and the withdrawal schedule must meet the requirements of the edition of ASTM
E185 (Reference 18) that is current on the issue date of the ASME Code to which the CE
NSSS RV was purchased (Circa 1966-73). For each capsule withdrawal, the test
procedures and reporting must meet the requirements of ASTM E185-82 to the extent
practicable for the configuration of specimens in the capsule.

ASTM E 185, “Standard Practice for Conducting Surveillance Tests for Light Water Cooled
Nuclear Power Reactor Vessels,” provides for the monitoring and periodic evaluation of
neutron radiation-induced changes in the mechanical properties of the vessel beltline
materials. The ASTM standard provides procedures for the selection of materials, the
design and quantity of test specimens, the design and placement in the RV of the test
specimen compartments, and the means for measuring neutron fluence and irradiation
temperature. These are aspects pertaining to the design of the program. ASTM E 185
also provides the guidelines for a schedule for the withdrawal of capsules for testing and a
procedure for the pre- and post-irradiation testing of the surveillance program materials,
neutron fluence monitors and temperature monitors. '

The RV material surveillance program for the CE NSSS design was to meet or exceed the
requirements of the version of ASTM E 185 in effect at the time that the vessel was

_purchased. For each vessel, base metal was selected from one of the beltline plates and

used to fabricate test specimens for pre-irradiation testing and for inclusion in the
surveillance capsule compartments. Similarly, a weldment was fabricated using portions of
the beltiine plates and the same welding process as used for one or more of the beltline
welds; both weld metal and heat-affected-zone (HAZ) specimens were fabricated from the
weldment for pre-irradiation testing and for inclusion in the surveillance capsule
compartments. A section from the surveillance plate and weld was retained as archive
material. Neutron flux and temperature monitors, and test specimens from the surveillance
plate, weld and HAZ together with specimens from & correlation monitor material were
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loaded into compartments and assembled into surveillance capsules. A minimum of six
surveillance capsules were originally provided for each plant. Records were compiled that
documented the source of the materials, including fabrication history, the location and
orientation of test specimens in the original material, the design of the specimen
compartments, and the location of individual specimens in the compartments for each
capsule assembly.

The six surveillance wall capsules were installed in holders on the inside surface of the RV
and within the region surrounded by the effective height of the active reactor core. The
vessel wall location provides for irradiation of the surveillance materials under conditions
closely approximating the neutron fluence rate, temperature, and variations thereof, over
time of the RV that is being monitored'.

The surveillance capsule withdrawal schedule was originally established following the
requirements of the version of E 185 in effect at the time of vessel design/fabrication; the .
schedule may have been originally established based on the requirements of 10CFR50,
Appendix H, “Reactor Vessel Material Surveillance Program Requirements”. The schedule
called for at least three capsules to be removed and tested during the design life of the
RV. The remaining capsules were available to provide a higher frequency of testing if
required or retained to provide supplemental information in the future. The surveillance
capsule withdrawal schedule may be modified. If the surveillance capsule withdrawal
schedule is located within the TSs such proposed modifications will be submitted to the
NRC with a technical justification for approval and require a license amendment (pursuant
to 10 CFR 50.90). For those plants not having the surveillance capsule removal schedule
located in the TSs, the proposed modifications may be done using the 10CRF50.59
process if the proposed changes are consistent with the licensesa’s ASTM E-185 procedure
of record, or with one of the more recent editions of the Standard Procedurs listed in the
rule (i.e., E185-73, E185-79, or E185-82).

! See plant-specific details for azimuthal location of the wall capsules and, if applicable, for additional
surveillance or dosimetry capsule locations. In some cases, additional capsules wera installed in holders
attached to the core barrel for accelerated irradiation or in the upper plenum region away from the beltline
where the fast neutron fluenca is negfigible. in other cases, replacement surveillance capsules have been
installed in empty capsule holders to obtain additional vessel material or neutron fluence data. Examples of
the latter are dosimetry capsules installed inside the vessel and outside in the annulus between the vessel
and the biological shield.
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Post-irradiation testing is presently performed on the specimens from the withdrawn
capsule in accordance with the requirements of ASTM E 185-82 (or later versions, as
specified in Appendix H) and 10CFR50, Appendix H. The test data and evaluation results
are compiled and presented in a report to the NRC within one year of the date of capsule
withdrawal (unless an extension is requested and then granted by the Director, Office of
Nuclear Regulation). Application of the data for the PTLR are discussed in Sections 4.0
and 7.0.

The initial properties of the RV beltline plates and welds were established in parallel to the
establishment of the RV surveillance program. For each of the beltline plates, Charpy
impact tests and/or drop weight tests were performed to demonstrate compliance with
applicable ASME Code and vessel specification requirements. The welding procedures
used for beltline welds were qualified and the welding materials certified to applicable
AWS, ASME Code and vessel specification requirements. Chemical analyses of the
plates and weld deposits were obtained in accordance with the vessel specification. The
data were processed to obtain a value of the initial reference temperature, RTnor, and of
the copper and nickel content. [Note: The data that are available for a specific vessel will
vary because of differences in the requirements for testing and certification.] For beltline
plates and welds, the initial RTyor was determined in accordance with the ASME Code,
Section lll, NB-2331, for which drop weight tests and Charpy impact tests (complete
transition curve) were performed. For the earlier CE NSSS RV designs for which test
requirements were different, the initial RTnor was determined using BTP MTEB 5-2,
“Fracture Toughness Requirements (for Older Plants)”, or a generic value of initial RTypr
was determined based on measurements for a specific set of materials. Some CEOG
sponsored efforts which are pertinent are topical report CEN-189, December 1981,
“Evaluation of Pressurized Therma! Shock Effects due to Small Break LOCAs with Loss of
Feedwater for the Combustion Engineering NSSS”, CE NPSD-1039, Revision 02, June
1997, CEOG Task 902, “Best Estimate Copper and Nickel Values in CE Fabricated
Reactor Ve.gsel Welds”, and CE NPSD-1119, Revision 1, July 1998, CEOG Task 1054,
“Updated Ahalysis for Combustion Engineering Fabricated Reactor Vessel Welds Best
Estimate Copper and Nicke! Contents.”
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3.0

3.1

3.1.1

LOW TEMPERATURE OVERPRESSURE PROTECTION REQUIREMENTS
INTRODUCTION
SCOPE

This section addresses Provision 3 of Attachment 1 to GL 96-03 (Reference 3) that
allows LTOP limits developed using NRC-approved methodologies and contained in
TSs to be relocated to a plant-specific PTLR. The methods described are those
utilized by CE in the analyses supporting LTOP to ensure adequate protection of the
RCPB and, especially, of the RV, against brittle fracture during heatup, cocldown, and
shutdown operations. These methods must be followed by the participating CEOG ’
utilities for CE NSSS designs in the calculation of the plant-specif"sc LTOP limits in

their original PTLRs and revisions thereto.

As agreed upon with the NRC (Reference 21, pg. 1), no other methodologies beyond
those currently used for CE NSSS designs are included herein, since anytime a licensee
changes methodology, a license amendment is required.

The relationship between LTOP setpoints and limitations and RCS P-T limits is also
discussed.

The two kinds of P-T limits that are used as a basis for the LTOP setpoints and limitations
for CE NSSS designs are considered herein. These are Appendix G P-T limits and LTOP
P-T limits as defined in Section 3.4.2. Both are based upon the NRC-approved
methodology of Appendix G to Section Xl of the 1995 Edition and addenda through the
1996 Addenda of the ASME Code (Reference 10} as currently specified in 10 CFR 50,
Appendix G {Reference 1).

Appendix G P-T limits developed using ASME Cods Case N-640 (Reference 11) can also
serve as a basis for the LTOP setpoints and limitations. An exemption must be obtained to
use the Code Case via 10 CFR 50.60 paragraph (b) pertaining to proposed alternatives to
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3.1.2

the discussed requirements in appendices G and H on fracture toughness. Section 3.4.2
provides specifics related to the use of the Code Case.

Additionally, two methods of calculating the LTOP enable temperatures are
addressed: one, per BTP RSB 5-2 (Reference 12) and another, as prescribed by
Appendix G to Section X1 of the 1995 Edition and Addenda through the 1996
Addenda of the ASME Code (Reference 10).

BACKGROUND

‘ Current requirements defined in Section Ill, Article NB-7000 of the ASME Boiler and

Pressure Vessel Code provide for overpressure protection of the RCPB during power
operation. Additional requirements are also given by 10 CFR 50, Appendix A,
General Design Criteria 15 and 31. These criteria require that the RCS be designed
with sufficient margin to ensure that the design conditions of the RCPB are not
exceeded during normal operation including anticipated operational occurrences, and
the RCPB be designed with sufficient margin to ensure that when stressed under
operating, maintenance, testing, and postulated accident conditions, it behaves in a
nonbrittle manner and the probability of rapid propagating fracture is minimized and
very low. '

Consequently, the NRC has provided guidance to ensure overpressure protection for
normal operation and anticipated operational occurrences at conditions other than
power operation. This guidance, originally published in NUREG-75/087 (currently
NUREG-O_BOO), is provided in Standard Review Plan 5.2.2, "Overpressure Protection®
(Reference 2), which includes BTP RSB 5-2 (Reference 12).

The primary concern of BTP RSB 5-2 pertains to operation at low temperatures,
especially i lna water-solid condition. The applicable operating limits in the low
temperature region are based on an Appendix G evaluation which provides much
lower allowable pressures than the design limit considered at normal operation (power
operation) pressure and temperature. The consequences resulting from an
overpressurization event at low temperatures are clearly threatening to the integrity of
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the RCPB. Therefore, BTP RSB 5-2 requires protection of the Appendix G limits to
meet the criteria established in 10 CFR 50, Appendix A.

The LTOP system is required to protect the P-T limits that constitute a basis for the LTOP
setpoints and other limitations at the plant. In the plants using P-T limits generated via
Appendix G to ASME Codae Section Xl (Reference 10) as a basis for LTOP, the plant’s
LTOP system is required to protect these Appendix G P-T limits. Conversely, if the plant
has chosen to use LTOP P-T limits, as a basis for LTOP, developed via the ASME Code
Case N-640 (Reference 11) methodology (with prior NRC approval), the plant’s LTOP
system is required to protect these LTOP P-T limits.

LTOP is a combination of measures that ensure that the applicable P-T limits will not
be exceeded during heatup, cooldown, and shutdown operations. The LTOP range is
the operating condition when any RCS cold leg temperature is less than the
applicable LTOP enable temperature and the RCS has pressure boundary integrity.
The RCS does not have pressure boundary integrity when it is open to containment
with a minimum area of the opening greater than, or equal to, a value specified in TS
for a vent. The vent must be capable of mitigating the limiting LTOP events and the
vent area must be justified by analysis. The LTOP enable temperatura is a
temperature under which the LTOP relief valves must be aligned to the RCS for
automatic protection.

As a minimum, an LTOP system may include relief valves with a single setpoint that
must be aligned below the enable temperature, and restrictions on RCS heatup and
cooldown rates. Such a system would resuit when the P-T limits are not overly
restrictive,'the LTOP relief valves are of high capacity, and the relief valve setpoint
allows for an acceptable operating window. Conversely, if the P-T limits are
restrictive, the LTOP relief valves are small, and/or the operating window is
challenged, the LTOP system may include a combination of vaives, power-operated
relief valves (PORV) with multiple setpoints, or with a variable setpoint controlled as a
function of reactor coolant temperature. Other restrictions may bs added to make the
LTOP system adequate.
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The LTOP-related limitations are usually contained in TSs, along with the applicable
Appendix G P-T limit figures. P-T limits, except those for the RV, do not typically
change, as these apply to the RCPB components that are not subject to irradiation.
P-T limits based upon the RV bettline do change with time due to irradiation. As a
result, every time P-T limits change, the TSs may need to be changed to incorporate
these new P-T limits and/or LTOP requirements. The TS LTOP requirements may
also be affected by plant modifications; if these adversely impact LTOP analyses.

GL 96-03 gives utilities the opportunity to avoid TS revisions due to changes in P-T
limits by relocating the appropriate limits to plant-specific PTLRs. GL 96-03 also
establishes the conditions under which LTOP system limits can be relocated from TS
to a plant-specific PTLR. Attachment 1 to GL 96-03 specifies the requirements for the
methodology that must be provided in a methodology report, which is a prerequisite
for a PTLR. According to Provision 3 of Attachment 1, the LTOP methodology must
include a description of how the LTOP system limits are calculated applying
system/thermal hydraulics and fracture mechanics and must reference SRP 5.2.2,
ASME Code Case N-640, and ASME Code Appendix G, Section Xl, as applied in
accordance with 10 CFR 50.55.

GL 96-03 specifies that only the TSs that contain the P-T limits, LTOP setpoints and
limits, and LTOP enable temperatures can be controlled in the PTLR, rather than in
the TSs. Other LTOP-driven limitations, such as the limits on RCP starts, limitations
on high pressure safety injection (HPS!) and/or charging pump operation, Pressurizer
level, etc., must remain and be controlled in the TSs. These TS limits must be used
in the future as analysis inputs to identify changes to the parameters that will be
controlled }n the PTLR. If a change to the LTOP-related TSs is required to recapture
operating margin that may disappear due to changes to the P-T limits, this change
must first be implemented via a license amendmenf and only then can this change be
credited in analyses.

The following sections describe the LTOP methodology for CE NSSS designs that
has been used to develop and analyze LTOP systems and that must be adhered to in
the plant-specific PTLRs and revisions thereto. Based on GL 96-03, following the
initial NRC approval of this topical report and any plant-specific PTLR that has this
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32.1

32.2

topical report as its basis, future changes to LTOP-specific operating restrictions,
modifications to the approved LTOP analysis methods, and/or LTOP system
redesigns will require NRC approval prior to implementation.

GENERAL METHODOLOGY
DESCRIPTION

The LTOP methodology for CE NSSS deéigns makes use of an iterative process in
the determination of LTOP limitations, which balances the adequacy of the LTOP
system with acceptable operating restrictions. The methodology is based upon a
supposition that an adequate LTOP system can be designed in more than one way by
varying assumptions and setpoints/parameters such that the resulting operational
restrictions are optimized. As an examplé, keeping the existing relief valve setpoint '
but further restricting the RCS heatup and cooldown rates may be more beneficial
than keeping the rates but reducing the setpoint, which, in tum, reduces the operating
window. Each utility decides on the optimal approach itseif.

Since it protects the RCPB integrity, LTOP is a safety related function. Consequently,
any analysis supporting of LTOP must be duality assured. NRC guidance on
performing LTOP related analysis is documented in BTP 5-2 (Reference 12). Itis
important to refer to BTP RSB 5-2 while doing LTOP-refated analyses.

LTOP EVALUATION COMPONENTS

Analyses that support the determination of LTOP requirements generally fall into
three major analytical areas:

1) Ahalysis of P-T limits for use as operating guidelines and as a basis of
LTOP requirements. The methodology for P-T limits is detailed in Section
5.0.
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2) Analyses of postulated overpressure events in the RCS, including
energy addition (RCP start) and mass addition events. These
analyses yield peak transient pressures which are compared with the
P-T limits to identify LTOP-related limitations. The sources for the
transients most often remain unchanged. However, changes in
operational practices and plant configuration may cause changes in
the applicable transients and/or temperatures.

8) LTOP evaluation, which compares the applicable P-T limits and peak
transient pressures to identify the LTOP-related limitations. LTOP
evaluations may have different objectives, depending on:

a) Whether a new LTOP system is designed, or

b) The current LTOP limitations need to be verified due to new P-T
limits and/or revised pressure transient analysis, or

c¢) The existing limitations need to be relaxed.

The following sections describe the methods to be used in the various analyses that
comprise the LTOP evaluations.

3.3 TRANSIENT ANALYSIS METHODOLOGY
3.3.1 LIMITING EVENT DETERMINATION

The determination of LTOP-driven restrictions is based upon the consideration of
multiple requirements. Cusrently, 10 CFR 50-Appendix A requires that the initiating
event be established considering any condition that may occur during normal
operation, including anticipated operational occurrences (AOOs). AOOs are defined
therein as those conditions of normal operation which are expected to occur one or
more times in the life of the nuclear power unit.
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According to BTP RSB 5-2, “All potential overpressurization events should be
considered when establishing the worst-case event”. Potential causes (sources) of
RCS overpressurization at low temperatures in CE NSSS designé have been
considered at the time LTOP systems were being designed. Out of those causes, two
types of events were determined to most challenge LTOP systems. They are:

(1) Energy addition to the RCS during an RCP start with the secondary SG
inventory at a higher temperature than reactor coolant, and

(2) mass addition to the RCS during operation of HPSI pumps and/or
charging pumps that results from an inadvertent Safsty Injection
Actuation Signal (SIAS).

Presently, the RCP start continues to be the most limiting energy addition event. With
respect to mass addition, the most limiting svent is mass addition from a
HPSI/charging pump combination with the highest flow rate, as allowed by TSs. The
applicability of the most limiting mass addition event may extend over the entire LTOP
range, or may be restricted to a certain temperature range, in accordance with the
TSs. If the applicability of the most limiting event is restricted, then other mass
addition events, with a smaller number of operating pumps and/or flow rate
restrictions (as allowed the TSs) become the limiting events at other temperatures.

An additional qualifier for the limiting events is Pressurizer water level. This is one of the
design bases for LTOP limitations. Each energy addition and mass addition event’s
definition must be supplemented by this parameter as “under water-solid conditions” or
“with a Pressurizer steam volume of... % (or cu ff).” The LTOP setpoints and limitations
can be based on the transient analyses that assums a steam volumsa in the Pressurizer
only if a limit on Pressurizer steam volume is in the TSs. To take credit for a restriction for
transient mitigation in the pressure transient analyses, this restriction must be in the TSs.
If there is no TS controlling the restriction (e.g., limitations on HPSI and charging pump
operation or Pressurizer level), then the restriction cannot be credited in the analysis or put
in the PTLR. The analysis must also account for Pressurizer lsvel (volume)
instrumentation uncertainty. The uncertainty must be determined using the guidance
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contained in Regulatory Guide 1.105 (Reference 20) and ISA Standard S67.04-1994
(Reference 13).

3.3.2 APPROACH AND MAJOR ASSUMPTIONS

The limiting events must be analyzed for each pump combination (mass addition),
with each applicable means for transient mitigation, and for the most limiting fluid
conditions in the RCS and Pressurizer. If an LTOP system is comprised of two or
more PORYV setpoints or a variable PORV setpoint, and water-solid conditions in the
Pressurizer may exist during PORV discharge for transient mitigation, the transient
analyses must assume water-solid conditions and must be performed for each fixed
setpoint or for a number of setpoints for a variable setpoint arrangement. In the latter
case, the setpoints for the analyses are selected from the existing, or preliminary,
PORV setpoint vs. temperature curve, from the lowest setpoint at the boltup
temperature to the highest setpoint at the LTOP enable temperature, at 50 — 200 psi
increments. The smaller setpoint increments must be used at the lower temperatures
to provide more peak pressure data points where the operating window is most
restricted.

Similarly, if several HPSI and/or charging pump combinations may be operable within
the LTOP temperature range, each must be analyzed with each applicable setpoint
and water-solid conditions.

The transient analyses must assume the most limiting allowable operating conditions
and systems configuration at the time of the postulated cause of the overpressure
event, as r-equired by BTP RSB 5-2. Consequently, unacceptable peak pressures
may result if only bounding analyses are performed, as these analyses typically
assume the most limiting fluid conditions and plant configurations over the entire
LTOP range As an alternative, a transient analysis can be performed in a parametric
manner for two or more Initia! reactor coolant temperatures Pressurizer water levels,
RCS pressures, decay heat rates, etc. Such an approach yields lower peak
pressures at the less limiting fiuid conditions (where these apply), while producing the
bounding peak pressure values at the most limiting conditions that would only be
applicable in & narrower temperature range. This eppmach also benefits the LTOP
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evaluation, since a peak pressure database will be generated that can facilitate
meeting the ultimate goal - protection of the P-T limits with minimum operational
limitations, a sufficient operating window, and best possible heatup and cooldown

rates.
Both energy and mass transient analyses will use the following major assumptions:

»  When rolief valves mitigate the transient, only one valve must be used in the
transient analysis.

This assumption meets the single failure criterion of BTP RSB 5-2. Past
studies demonstrated that unavailability of one relief valve is the most
limiting single failure with respect to the peak transient pressures. Relief
valve discharge characteristics must be selected as indicated in Section
3.3.3.

» A Pressurizer steam volume can be credited in transient mitigation.

This assumption can be used if the TSs ensure operation with a steam
volume. As the energy addition and mass addition transient analysis methods
differ, discussions on the application of the steam volume ars provided in the
appropriate sections of this report (see Sections 3.3.4 and 3.3.5).

s Credit must not be taken for letdown, RCPB expansion, and heat absorption
by the RCPB for transient mitigation.

This assumption places the entire burden for transient mitigation on a single
relief valve or Pressurizer steam volume.

» A water-solid Pressurizer must be assumed, with water at saturation at the
initial pressure.

This assumption must be used for bounding analyses. The assumpﬁon
expedites the transient response and reduces discharge flow rates for the
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- PORVSs and relief valves on the Pressurizer, as it reduces water subcooling at
the inlet. If analyses are performed for other conditions as well, less limiting
fiuid conditions in the Pressurizer may be justified, such as subcooled water or
steam. Subcooled water in the Pressurizer exists at the low reactor coolant
temperatures, when the Pressurizer is filled but is not at saturation. A steam
volume in the Pressurizer can be assumed if the TSs contain a limitation on a
maximum Pressurizer water level or volume (or minimum steam volume)
requirement for the LTOP temperature region, or a portion thereof.

s Heat input from Pressurizer heaters’ full capacity must be assumed.
This input increases transient pressure.

= Decay heat must be assumed as an additional input to maximize reactor
coolant expansion.

This assumnption increases the peak pressure and is the result of an assumed
loss of SDC heat removal capability. The most conservative method for
calculating decay heat rate must account for cooldown at the maximum rates
allowed by the TSs to reach the LTOP enable temperature or another
temperature point in the LTOP region after reactor shutdown. These decay
heat rates must then apply to the transients occurring during both heatup and
cooldown. An acceptable alternate method is to determine decay heat rates
separately for heatup and cooldown, recognizing the fact that the times after
reactor shutdown to reach the same temperature during cooldown and heatup
differ. Decay heét input may not have to be included at all during cooldown or
isothermal conditions, if decay heat removal either by the secondary system or
by SDC can be relied upon. In all cases, except for the use of the most
“conservative method, a justification for lower decay heat input must be
provided.

= Operator action (actually inaction) time is 10 minutes.
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Generally, operator action for transient mitigation or termination can be
credited 10 minutes after being alerted to the problem. If the licensee can
demonstrate that it would take less than 10 minutes for the operator to
recognize and mitigate (terminate) the transient, less time can be used. The
NRC must approve the justification.

* PORYV setpoint for the analyses must be greater than the Aominal setpoint to
account for the actuation loop uncertainty and pressure accumulation due to
finite PORYV opening time.

This assumption recognizes that due to loop instrumentation uncertainties, the
PORV may start its opening at a higher Pressurizer pressura than the nominal
setpoint (if the loop “reads” low). Additicnally, it accounts for pressure
accumulation above the opening pressure during the time delay between the
signal initiation and the valve plug reaching the full flow position. See Section
3.3.3 for further discussion.

3.3.3 LTOP RELIEF VALVES
3.3.3.1 General Description

Current CE NSSS designs incorporats LTOP relief capability during low temperature
operation of the RCS. This is done in one of several ways. LTOP is provided by
either two PORVs on top of the Pressurizer, two dedicated relief valves on top of the
Pressurizer, relief valves in the SDC suction line, or a combination of the PORVs and
SDC relief valves.

The PORVs and the relief valves on the Pressurizer are the only LTOP relief valves
with a setpoint that can be adjusted with relative ease. A change in the PORV or relief
valve setpoiﬁt can be factored into the LTOP transient analyses if needed, as these
setpoints are for LTOP only. The SDC relief valves, on the other hand, are spring
loaded relief valves with a fixed setpoint, whose main function is to protect the SDC
system. A setpoint change is not typically an option in the LTOP transient analyses
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involving these valves. The specifics of each type with respect to transient analyses
are discussed below.

3.3.3.2 Power-Operated Relief Valves

The PORVs at CE NSSS designs are fast acting pilot operated valves, with stroke
times of the order of milliseconds®. | '

The PORVs may pass subcooled water, saturated water, and/or steam, depending on
the Pressurizer conditions during transient mitigation. PORV discharge characteristics
for these fluids must be developed using appropriate correlation’s and a conservative
back pressure, as applicable. Especially important is accounting for discharge fiow
reduction due to fiashing at the valve outlet when the discharged water has a low
degree of subcooling. The characteristics, in the form of curves, must relate valve
discharge flow rate with either PORV inlet pressure or Pressurizer pressure, cover the
anticipated pressure range, and not be related to a setpoint. PORV inlet piping
pressure drop must be taken into account in the curves in terms of Pressurizer
pressure. The curves must be used in the transient analyses.

PORYV actuation loop instrumentation uncertainty and PORV opening time must be
accounted for in the determination of a conservative value for the PORV opening
pressure at the rated flow position. The addition of the uncertainty to the nominal
setpoint determines pressure at the beginning of opening, whereas addition of
pressure accumulation during the opening time determines the highest pressure at
opening.

The actuation loop instrumentation uncertainty must be determined using guidance
contained in Regulatory Guide 1.105 (Reference 20) and ISA Standard S67.04-1994
(Reference 13). For development of & PORV setpoint curve for a continuously

‘variable setpoint program, a conservative adjustment for uncertainty must be applied

to the entire curve. Alternatively, the curve can be divided into segments and an

3 A slower opening time is assumed in the analyses for consistency with the acceptance criteria during PORV

testing.
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uncertainty for each segment must then be determined, based on the slope of each
segment.

The PORYV opening time must be consistent with the acceptanca criteria during in-
service testing of the subject PORV (see footnote 4 on previous page). The transient
analyses must assume a conservative PORV opening characteristic, which can ba
simplified by the assumption that during the opening time period, the PORV remains
closed and then opens instantaneously. Pressure accumulation during this time must
be added to the opening pressure (which is the nominal setpoint corrected for
uncertainty) to obtain the maximum pressure at the opening which must be used in
the transient analyses. The pressure accumulation is a product of the transient
pressurization rate and the valve opening time. Pressurization rate, in psi/sec, is
determined for each applicable transient via an analysis that produces a pressure vs.
time function for discharge from a water-solid Pressurizer. The function must extend
to include all anticipated PORV opening pressures, such that pressurization rate can
be determined at the moment just prior to the opening pressurs.

Should a setpoint change be contemplated, one or more new setpoints can be
assumed and analyzed to provide a peak pressure vs. setpoint function for the LTOP
evaluation. This function couid be developed from the resuit of an energy addition
transient analysis performed for a number of setpeints. The curve would allow the
determination of an optimal PORV setpoint that yields the peak pressure below the
applicable P-T limit.

3.3.3.3 SDC Relief Valves

The SDC relief valves pass subcooled water, due to their location in the SDC system
piping inside containment. The opening and discharge characteristic for these valves
must be consistent with the ASME standards for spring loaded safety relief valves
and/or manufacturer’s recommendations, whichaver is mora conservative. Typically,
these valves start opening at 3% accumulation above the set pressure and reach
rated flow position at 10% accumulation. The pressure drop in tha inlet piping must
be considered for its effect on the peak transient pressure. A setpoint change is not
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typically contemplated in LTOP transient analyses involving these valves, because of
their function to also support SDC system operation.

3.3.3.4 Pressurizer Relief Valves

3.34

A pair of dedicated safety relief valves connected to the top of the Pressurizer are the
sole means for LTOP in one of the CEOG member plants. These valves may pass
subcooled water, saturated water, and/or steam, depending on the Pressurizer
conditions during transient mitigation. The opening and discharge characteristic for
these valves must be consistent with the ASME standards for spring loaded safety
relief valves and/or manufacturer’s recommendations, whichever is more
conservative. The pressure drop in the inlet piping must be considered for its effect
on the peak transient pressure. Similar to the SDC relief valves, these valves are
spring loaded safety relief valves with a fixed setpoint. Due to their dedicated use, a
setpoint change can be considered in the LTOP analyses involving these valves.

ENERGY ADDITION EVENT

An energy addition event can take place when the RCS is cooled via SDC, while the
SGs remain at a higher temperature. A temperature difference between the
secondary side of the SG and reactor coolant will transfer heat in the SG tubes to the
reactor coolant, thus raising coolant temperature and pressure. With a water-solid
Pressurizer, pressure quickly reaches the relief valve opening pressure, the valve
then opens and starts to discharge.

If the relief valve is a PORV and its capacity at the opening exceeds the flow rate
equivalent to the resulting coolant expansion, the transient will be mitigated at the
opening pressure and the valve may reclose at the reseat pressure only to open again
as pressure rises to repeat the cycle. This valve cycling continues until the cause of
the transient is eliminated. The peak pressure in this case will be the maximum
opening pressure. |
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If PORV capacity at the opening is less than the transient input, pressure rises until
equilibrium is reached, at which point discharge matches input. That equilibrium
pressure will be the peak pressure in the transient.

In the case of a SDC relief valve or a Pressurizer relief valve, the peak pressure at the
inlet, which will also be the equilibrium pressure, will either be maintained below 10%
accumulation, if valve capacity exceeds the input, or above 10% accumulation if a
higher inlet pressure is needed to mitigate the transient. In case of the Pressurizer
relief valve, the pressure obtained at the valve inlet needs to be adjusted to the
Pressurizer by adding the inlet piping pressure drop.

In the case with a steam volume in the Pressurizer, the maximum pressure can be
reached either prior to the valve opening, or after the opening during steam |
discharge, or after the opening but during water discharge.

The analytical model for analysis of this event under water-solid conditions that CE
uses includes equations for calculating heat transfer in the heated portions of the SG
tubes from the secondary SG inventory to the reactor coolant. For a reverse
temperature gradient to occur, the reactor coolant has been circulated through, and
cooled down by, the SDC system, whereas the SGs remain at the SDC initiation
temperature.

The medel assumes that the primary coolant “inside” the SDC nozzle(s) (this includes
the RV and portions of the hot and cold legs), that has been circulated through the
SDC system is initially at a lower (called ‘primary’) temperature. Similarly, the primary
coolant “outside” of the SDC nozzles, which has not been circulated, is initially ata
higher temperature, which is assumed to equal the SG secondary temperature. In
addition to the primary volumes in the SGs, the “outside” primary volume includes that
in the RCP suction legs, RCPs, and the portions of the hot and cold legs not
accounted for in the “inside” volume.

A five-node system is used to model the RCS:

1) SG in the operating RCP loop;
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2) SG in the non-operating RCP loop;
3) RV annulus region;
4) Reactor core; and

5) RV upper plenum.
Further details regarding this methodology are provided in Appendix D.

Subsequent to calculating the initial conditions and constants, a time dependent
technique is used to model the primary coolant temperature throughout the RCS
resulting from the RCP start. At the first time increment, average property values at
each of the nodes are recalculated, using appropriate energy balances, to
compensate for the displaced volume elements.

Heat transferred in the SGs is calculated. The SG heat transfer area includes the
surface area of the active portions of the tubes, with no tubes plugged. The heat
transfer rate is a function of the average bulk AT (secondary-to-primary temperature
differehce). The overall heat transfer coefficient for each SG is invariant with time

and is based on the initia! flow through the respective SG. All energy transferred from
the secondary side is absorbed totally by the primary coolant, with the metal masses
of the RCPB neglected as heat sinks.

The total system energy content is updated to include Pressurizer heaters, decay
heat, and RCP heat, in addition to the heat input from the SGs. Finally, RCS
pressure is computed as a function of total system energy content and specific
volume. Each time increment’s calculation concludes with a check on convergence of
the primary and secondary temperatures in SG.

At the beginning of each time increment RCS pressure is compared to the relief valve
set pressure. When the RCS is a closed syétem (no mass fiux), the specific volume
remainé constant and the analysis proceeds és described above. If the set pressure
has been exceeded,. then the relief valve discharges mass from the system and the
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computed RCS pressure after each time increment accounts for the mass release
and energy convection. Liquid relief capacities are dependent on system pressure
and temperature.

The model calculates fluid temperatures, specific volumes, relief valve discharge flow
rates (after the valve opens), and other transient parameters every time increment.

Computer codes or hand calculations can be utilized for analyses of this event under
other initial conditions, provided that the initial conditions are controlled as LTOP
limitations in the TS. If analysis methods change, they must be approved by the NRC
prior to use.

A number of conservative assumptions are used in the analyseé of this e»;ent to
maximize peak pressures, in addition to those described in Section 3.3.2. These
include: 1) additional heat input from the RCP, 2) fluid properties and heat transfer
coefficients determined at the highest reactor coolant temperature, and 3)
instantaneous RCP start.

The analysis of the energy addition transient for water-solid conditions must consider
the entire LTOP temperature range, even though water-solid operations may
procedurally be limited. The highest temperature in the range must be assumed to
obtain a conservative peak pressure. The analysis could consider several narrower
temperature spans, even if the relief valve setpoint remains unchanged, to obtain a
less limiting peak pressure at these temperatures. If the LTOP system includes two
or more relief vaive setpoints, the analysis must be performed either for each setpoint,
or for a number of setpoints sufficient to generate a peak pressure vs. setpoint
function.

A steam volume in the Pressurizer can be credited in an analysis that determines the
conditions under which the LTOP relief valve would not be challenged in the energy
addition event. The analysis must be based on the existing CE method for CE NSSS
designs that assumes that reactor coolant expansion during the transient is absorbed
by the steam, which is compressed in a reversible adiabatic process. A maximum
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3.3.5

potential secondary-to-primary temperature difference must be assumed. The
method assumes that at the end, the entire system reaches an equilibrium
temperature, which depends on the initial conditions. The peak pressure must be
determined at that temperature. No time factor is involved. When crediting a steam
volume, the analysis must determine at least one combination of the initial Pressurizer
pressure and Pressurizer level for each relief valve setpoint that would yield a peak
pressure below the relief valve setpoint. As the basis for such an énalysis is to
prevent reaching the relief valve setpoint, this event (RCP start with a steam bubble)
must not be considered among the design basis overpressure events. Transient -
mitigation by the Pressurizer steam volume must not be the only means for LTOP in
any temperature range below the LTOP enable temperature. Two LTOP relief vaives
must always remain operable and capable of mitigating the overpressure transient
within the LTOP region even when credit is taken for a steam bubble.

MASS ADDITION EVENT

A mass addition event can take place whenever a HPS! and/or charging pump is
gligned to the RCS. An inadvertent SIAS is assumed to initiate mass injection to the
RCS from all the aligned pumps. The relief valve behavior in & mass addition event is
similar to that described for an energy addition event (Section 3.3.4). As a different
number of HPS! pumps and/or charging pumps may be operable in a particular
temperature region, each pump combination represents an analytica! case and should
be analyzed, rather than postulating the worst possible combination over the entire
LTOP temperature range. Mass addition is assumed to take place at the cold leg
centerline and adjustments can be made to the Pressurizer. The HPSI pump inputs
must be maximized by addition of a conservative margin of 3-10% of the nominal
values. The charging pump input must be the maximum fiow measured at the plant.
For both pumps maximized performance is typically based on inservice test
acceptance priteﬁa.

The combined delivery of all operating pumps for a case is developed in the form of a
delivery curve representing flow to the cold legs as a function of Pressurizer pressure.
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For analysis of this event on CE NSSS designs, CE uses a method of equilibrium
pressures. The method consists of a superposition of the relief valve discharge curve
on the mass addition curve, both in terms of flow rate as a function of Pressurizer
pressure. The mass addition curve includes not only pump flow rates, but also energy
inputs from decay heat, Pressurizer heaters, and RCP (if operating) converted into
equivalent flow rate. These additional flow rates are determined by calculating reactor
coolant temperature rise over an assumed period of time (10 minutes or as justified)
resulting from these energy additions, which, in tum, determines reactor coolant
eipansion. The expansion is converted into the equivalent flow rate. That flow rate
will have to ba discharged by the relief valve. The pump delivery curve is shifted to
the right by this additional flow rate value, which effectively increases the equilibrium
pressure. The equilibrium pressure is determined at the intersection of the two
curves. It signifies the pressure at which the mass input matches the relief valve
diécharge flow rate. The equilibrium pressure is determined for liquid input and
discharge.

The equilibrium pressure is then compared with the maximum pressure at the valve
opening (see Section 3.3.3) to identify the peak transient pressura.

The equilibrium pressure is the greatest peak pressure that could be reached during
this transient if it is higher than the maximum pressure at the opening. No time factor
nor operator action are involved. As a result, this equilibrium pressure applies to both
water-solid and steam volume initial conditions in the Pressurizer.

A Pressurizer steam volume is only credited in establishing pressurization rate prior to
reliet valvé opening, which is then used in the calculation of the pressure
accumulation. The latter is added to the nominal setpoint to determine the maximum
opening pressure (see Section 3.3.3). Depending on the assumed PORYV opening
time, a significant reduction in the maximum opening pressure on liquid can be
realized, asbresSurization rate on steam is much lower than on water.

Pressurization rate, in ps/sec, is determined for each HPSl/charging pump
combination considered, based on an analysis that produces a pressure vs. time
function for a defined initial Pressurizer steam volume. Mass input from the pumps
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3.4.1

into the RCS determines the decrease in the Pressurizer steam volume each time
increment. Then steam volume compression is calculated assuming & reversible
adiabatic process. The resultant pressure rise is calculated assuming that steam
behaves &as an ideal gas.

The pressure vs. time function must extend to include all potential relief valve opening

pressures, such that pressurization rate can be determined over the last second or
two just prior to the opening pressure.

The requirements for the alignment of the Safety Injection Tanks (SIT) to the RCS
while in the LTOP temperature range must be evaluated to ensure that the SiTs are
either at an operating pressure below the LTOP setpoint or securely isolated and thus
do not constitute an additional mass addition source.

LTOP EVALUATION METHODOLOGY
CRITERIA FOR ADEQUATE LTOP SYSTEM

An adequate LTOP system ensures that the applicable P-T limits are protected from
being exceeded during postulated overpressure events with a minimal impact on plant
operating flexibility. After the most limiting peak pressures from both thé energy
addition and mass addition transient analyses have been identified and linked to
specific reactor coolant temperature range, these pressures are compared with the
applicable P-T limits. As each LTOP limitation is temperature related, for it to be
valid, the applicable P-T limit pressure value must be demonstrated to be above the
applicable controlling pressure at a given temperature. A confrolling pressure is the
most limiting (greatest) transient pressure of all events postulated for the subject
temperature range.

The LTOP methodology for CE NSSS designs is consistent with BTP RSB 5-2
(Reference 12). The primary concem of BTP RSB 5-2 is that during startup and
shutdown conditions &t low temperature, especially in water-solid conditions, the RCS
pressure might exceed the P-T limits established for protection against brittle fracture
of the RV. Accordingly, BTP RSB 5-2 requires, in part, that LTOP transient analyses
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determine the greatest system pressure that may challenge the P-T limits. No
consideration is given in BTP RSB 5-2 to the lowest transient pressure that might
occur at the re-closure of the LTOP relief valve following discharge to mitigate the
pressure transient. Consistent with BTP RSB 5-2, the methodology for CE NSSS
designs does not include the minimum transient pressure considerations.

3.4.1.1 Affect of Minimum Transient RCS Pressure on RCP Shaft Seal Integrity

The LTOP methodology for CE NSSS designs does not consider the consequential effects
of minimum transient pressure on RCP shaft seals because the seal design in use at CE
NSSS designs is not susceptible to catastrophic failure dus to operation at low system
pressure®. The robust design and the operating experience of seals in use allow operation
at low system pressure for a reasonable period of time without resulting in excessive
coolant leakage or catastrophic failure. For example, the RCP seals would not be
adversely affected by conservatively assuming no operator action to recognize or respond
to the transient for one hour. It is anticipated that the RCP seals will operate at a
considerably longer period of time at low pressure without excessive leakage or
catastrophic failure.

The RCP seals in use in CE NSSS designs are from one of three manufacturers, but are
of equivalent hydrodynamic design and specification. The design specifies multiple stages
of either two or three rotating stages plus a final vapor stage. Each stage, including' the
vapor stage, is capable of sustaining full system differential pressure. The RCP seal
manufacturers specify minimum recommended operating pressure limits for the RCP seals
based upon desired seal operating life. The recommended operating pressure limit is not
based on failure limitations. The typical minimum operating pressure is 200 to 250 psig at
the RCP suction. Extended operation of these RCP seals at a pressure below the
recommended minimum limit may result in earlier seal replacement due to accelerated
wear. Low pressure operation (even at zero pressure) will not promote a failure
mechanism other than accelerated seal face wear. The accelerated wear on the RCP seal
faces can occur when hydraulic pressure is less than the mechanical pressure exerted on
the faces. For the duration of the LTOP transient, the RCP seals may experience some
prerhature wear. But such operation will not result in a complete seal failure. Evenin the

4 Low system pressure is considered to be less than 100 psig.
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unlikely event a single stage were to fail, the remaining stages in the multiple stage design
would prevent a loss of RCP seal pressure retention function and thereby prevent
excessive leakage. This minimum operating pressure is factored into the RCP operating
limits maintained in the plant operating procedures. Since an LTOP transient would be of
limited duration, the minimum pressure associated with relief valve re-closure does not

pose a challenge to seal integrity.

APPLICABLE P-T LIVMITS

CE utilizes two kinds of P-T limits: 1) Appendix G P-T limits and 2) LTOP P-T limits.
The Appendix G P-T limits are used at each plant as operating restrictions and are
developed via the NRC-approved methodology of Appendix G to Section Xl of the
1995 ASME Code Edition and Addenda through the 1996 Addenda (Reference 10) as
currently specified in 10 CFR 50, Appendix G (Reference 1). Currently, these limits
are found in the TSs and operating procedures and are also used as & basis for
establishing the LTOP relief valve setpoints and other limitations in most of the CEOG
member plants.

Those CEOG member plants, for which the use of the Appendix G P-T limits as a
basis for LTOP would adversely impact operating flexibility, may choose an altemate
methodology for generating the P-T limits to be utilized as a basis for the LTOP
setpoints. This methodology is also contained in Appendix G to Section X! of the
1995 ASME Code Edition and addenda through the 1996 Addenda (Reference 10),
where it is described as the one applicable to the plants with LTOP systems. It
effectively increases the Appendix G limits by 10%, which allows for higher LTOP
setpoints and is operationally less restrictive. CE uses the term “LTOP P-T limits” to
distinguish them from the Appendix G P-T limits. For the CEOG member plants
choosing this altefnate methodology, the LTOP P-T limits are used only as a basis for
the LTOP setpoints and other LTOP limitations, whereas the Appendix G P-T limits in
the existing TSs and operating procedures continue providing operating restrictions.

If the applicant utility has been approved to use ASME Code Case N-640 (Reference
11) via exemption granted under 10 CFR 50.60 paragraph (b) pertaining to proposed
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alternatives to the described requirements in Appendix G and H on fracture toughness,
then the Appendix G P-T limits based on the Code Case cannot be adjusted up by 10%
to obtain LTOP P-T Limits as described above; they shall be used as both the
operating restrictions and the basis for the LTOP setpoints and limits.

The P-T limits that are protected by LTOP ars mostly those for the RV beltline (and flange,
as applicable) and apply to RCS heatup, cooldown, and isothermal conditions. The P-T
limits at the beltline are adjusted to the Pressurizer using pressure correction factors. A
pressure correction factor is a pressure differential between the reference location in the
RV beltline and the Pressurizer pressure instrument tap. It includes, in part, a flow induced
pressure drop between the RV inlet nozzle and the surge line nozzle in the hot leg. The
pressure drop depends on the RV flow rate, which is a function of the number of operating
RCPs. The maximum number of RCPs allowed by the TSs to operate within a
temperature range must be accounted for in determining the pressure drop.

For the existing TSs, the P-T limits in terms of Pressurizer pressure may or may not
include prassure and temperature indication instrumentation uncertainties. As a basis for
the LTOP evaluation, these adjusted P-T limits should not include pressure indication
uncertainties, but may include temperature indication uncertainty. Pressure
instrumentation uncertainty is accounted for in the determination of the PORV opening
pressure, as described in Section 3.3.3.2. If temperature indication uncertainty is not part
of the P-T limits, it needs to be considered in the LTOP evaluation that determines LTOP-
driven limitations such as the enable temperature, heatup and cooldown rate limitations,
reference temperatures for LTOP setpoints, and all cases where temperature-related
operating restrictions are applied. The temperature instrumentation uncertainty must be
determined using guidance contained in Regulatory Guide 1.105 (Reference 20) and ISA
Standard $67.04-1994 (Reference 13). Temperature instrumentation uncertainty is
included in all cases whers temperature related operating restrictions are applied. The
plant-specific PTLR must address this issue. The P-T limits are developed and applied
down to the RCS temperature associated with the calculated boltup temperaturs.

For the LTOP systems that use large capacity (over 1500 gpm) relief valves connected to
the Pressurizer, an adjustment must be made to account for the pressure differential
between the RV and the Pressurizer due to flow induced losses in the surge line. That
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3.4.3

pressure differential can either be included in the pressure correction factors for the P-T
limits (see Section 5.3.1.7), or be added to the peak transient pressures. As this pressure
differential is not present when the relief valve is closed (i. e., most of the time) using it for
the adjustment of the P-T limits would unnecessarily restrict them at other times.

Independent of which P-T limits are used as a basis for LTOP setpoints, the criterion
for not exceeding these limits during postulated pressure transient$ remains valid.

LTOP ENABLE TEMPERATURES

" The LTOP system must be aligned and capable of mitigating any postulated

overpressure event between the RV minimum boltup temperature and the LTOP
enable temperature. Exceptions to this requirement would be if the RCS were
incapable of being pressurized by establishing a sufficient vent area.

The enable temperatures must be determined by the guidance provided in BTP RSB
5-2 (Reference 12), or Appendix G to Section Xl of the 1995 ASME Code Edition and
addenda through 1996 Addenda (Reference 10). Per BTP RSB 5-2, the LTOP enable
temperature is defined as the water temperature corresponding to a metal
temperature of at least RTyor + 80°F at the beltline location (1/4t or 3/4t) which is
controlling in the Appendix G limit calculation. The LTOP enable temperature must
account for the temperature gradient between the reactor coolant and metal at the
controliing location. This is accomplished by performing a heat transfer analysis of
the specific transient on the RV (i.e., a finite element thermal énalysis of the metal
wall is performed). The results from this analysis yield the temperature differential
between the metal temperature and the reactor coolant. This information is used in
the determination of the LTOP enable temperature for each transient. The overall
LTOP enable temperature is developed from these individual results.

In accordance with ASME Code (Reference 10) guidance, the LTOP enable
temperature is at the greater of 200°F or the reactor coolant in[et temperature
corresponding to a RV metal temperature less than RTypy + 50°F. The RV metal

temperature is the temperature at 1/4t at the beltline location.
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A single LTOP enable temperature value is typically determined for cooldown based
upon isothermal conditions. With respect to heatup, however, LTOP enable
temperature is a function of heatup rate. The selected LTOP enable temperature for
heatup must be that for the highest applicable heatup rate within the LTOP region.
The resulting enable temperatures are then corrected for instrumentation uncertainty,
as applicable. A single value, equal to the greater of the two, may be used, if desired.
Use of two values, one for heatup and another for cooldown, is also acceptable.

3.4.4 LTOP-RELATED LIMITING CONDITIONS FOR OPERATION

As the RV gets irradiated with time, the Appendix G limits become more restrictive
and additional limitations may be placed on operation of the plant. These operational
restrictions must be placed into TS, in accordance with BTP RSB 5-2.

Typical restrictions that are placed on plant operations are listed below. These
restrictions are in addition to P-T limits and relief valve setpoints and are always
included in TS. This list is not intended to be complete or be applicable to every plant
but is provided as an overview of possible restrictions.

1.  RCS heatup and cooldown rates are restricted to rates lower than the RCS
design rates.

2. HPSI flow is restricted by locking out power to the pumps or closing
header isolation valves and locking out power to the valves while in the
_ LTOP region.

3. Charging pump operation is limited by locking out power to the pumps and

either closing an appropriate valve, or using another means that will result
in at least two actions/failures that would be required to start a pump.

4.  The number of operating RCPs is limited.

5.  Water solid operation is restricted to a temperature region.
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6. Limitations on start of the first RCP are specified that may include the
secondary-to-primary temperature differential, Pressurizer leve!, and/or
initial pressure.

In accordance with GL 96-03, only the P-T limits and LTOP setpoints may be relocated
into the plant-specific PTLR.

The TSs must be modified to include the approved version (i.e., “-A”) of this topical report
in the Administrative Controls Section.
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40 METHOD FOR CALCULATING BELTLINE MATERIAL ADJUSTED REFERENCE
TEMPERATURE (ART)

This section addresses provision 4 of Attachment 1 to GL 96-03 (Reference 3) for the
calculation of the ART. The ART is determined in accordance with Regulatory Guide 1.99,
Revision 2 (Reference 16), “Radiation Embrittiement of Reactor Vessel Materials”. The
ART is determined as follows: - .

ART = Initial RTnpr + A RTnpr + Margin

“Initial RTnpr” is the reference temperature for the beltline plate or weld material as
described in Section 2.0. A RTyor is the shift in reference temperature calculated using a
chemistry factor (from Table 1 or 2, as applicable, of Regulatory Guide 1.99, Revision 02
based on the copper and nickel content) and a neutron fluence factor (using the neutron
fluence at the vessel depth of interest). The margin is the root mean squared value using
the uncertainty in the initial RTypr, o;, and the uncertainty in the reference temperature
shift, 6,. The uncertainty in the initial RTnor, 0;, for a measured value of RTypr is based on
the precision of the test method; the uncertainty for a generic value is the standard
deviation of the data used to obtain the generic value®. The reference temperature shift
uncertainty, o,, for base material (e.g., plates) is 17°F and for welds is 28°F.

When credible surveillance data, as defined by Regulatory Guide 1.99, Revision 2, are
available, the chemistry factor may be modified and the uncertainty in the shift in reference
temperature may be reduced in accordance with Position 2.1. The process is as described
in the Regulatory Guide and is discussed further in Section 7.0°.

 When using the generic value for welds made using Linde 0091, 1092 and 124 and ARCOS B-5 weld
fluxes, RTygr = -56°F, and 6; =17°F.

¢ Upon issuance of a new revision of Regulatory Guide 1.99, the ART calculation methodology will be
evaluated and, if applicable, the new methodology will be cited in subsequent revisions of the PTLR.
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5.0

5.1

APPLICATION OF FRACTURE MECHANICS IN CONSTRUCTING P-T CURVES

This section addresses Provision 5 of Attachment 1 to GL 96-03 (Reference 3), on
calculation of pressure and temperature limit curves. It presents the analytical techniques
and methodology for developing beltline P-T limits that are utilized in the composite RCS
operating limits. The method is directly applicable to heatup, cooldown and inservice
hydrostatic tests.

GENERAL

The analytical procedure for developing operational P-T limits for the RV beltline utilizes
the methods of Linear Elastic Fracture Mechanics (LEFM) found in the ASME Boiler and
Pressure Vessel Code Section X|, Appendix G (Reference 10), in accordance with the
requirements of 10 CFR Part 50 Appendix G (Reference 1). Forthese analyses, the Mode
I (opening mode) stress intensity factors are used for the solution basis.

The genera! method utilizes Linear Elastic Fracture Mechanics procedures, which relates
the size of a flaw with the allowable loading that precludes crack initiation. This relation is
based upon a mathematical stress analysis of the beltline material fracture toughness
properties as prescribed in Appendix G to Section Xl of the ASME Code.

The RV beltiine is analyzed assuming a semi-elliptical surface fiaw oriented in the axial
direction with & depth of one quarter of the RV beltline thickness and an aspect ratio of one
to six. This postulated flaw is analyzed at both the inside diameter location (referred to as
the 1/4t location) and the outside diameter location (referred to as the 3/4t location) to
assure the most limiting condition is recognized. The above flaw geometry and orientation
is the postulated defect size (reference flaw) described in Appendix G to Section Xl of the
ASME Code.

At each of the postulated fiaw locations, the Mode | stress intensity factor, K, produced by
each of the specified loadings is calculated and the summation of the K) values is
compared to a reference stress intensity, Kjg. Kg is the critical value of K for the

material and temperature involved. The result of this method is a relation of pressure
versus temperature for each RV operating period that precludes brittle fracture. K| is
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obtained from a reference fracture toughness curve for low alloy reactor pressure vessel
steels as defined in Appendix G to Section X| of the ASME Code. This governing curve is
defined by the following expression:

Kig = 26.78 + 1.223 exp[0.0145(T-ART + 160)] ksivin

where,
KR = reference stress intensity factor, Ksivin
T = temperature at the postulated crack tip, °F
ART = adjusted reference temperature at the postulated crack tip, °F

(determined in accordance with Section 4.0)

For any instant during the postulated heatup or cooldown, K|R is calculated at the metal

temperature at the tip of the flaw, and the value of ART at that flaw location. Also, for any
instant during the heatup or cooldown the temperature gradients across the RV wall are
calculated (see Section 5.3) and the corresponding thermal stress intensity factor, KT, is

determined. Through the use of superposition, the thermal stress intensity is subtracted
from the available KR to determine the allowable pressure stress intensity factor and

consequently the allowable pressure.

In accordance with the ASME Code Section XI Appendix G requirements, the general
equations for determining the allowable pressure for any assumed rate of temperature
change during Service Level A and B operation are:

2Kim + KT <Kig (1)

1.5Kim + KT < KjR (Inservice Hydrostatic Test)

where,

Kim = Allowable pressure stress intensity factor, Ksi \in
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5.2

KT = Thermal stress intensity factor, Ksi Vin

Kir = Reference stress intensity factor, Ksi vin

The general approach described above is the basis for P-T limit development for most CE
NSSS designs.

DETERMINATION OF THE MAXIMUM STRESS INTENSITY VALUES

Practices, methodologies and techniques that are utilized in the development of the P-T
limits, along with justification of the aforementioned, are described briefly herein. Detailed
technical descriptions of the pertinent items are given in Sections 5.3 and 5.4. These limits

- have been developed to meet the requirements of 10 CFR 50 Appendix G.

A brief technical description of the procedures practiced by CE to develop brittle fracture
limits for the CE NSSS design is given for the required components of the RCPB. These
techniques are applicable to all CE NSSSs. These techniques have been applied to
nuclear power plants designed to ASME Code editions later than the Summer 1972
Addenda since the incorporation of Appendix G to 10 CFR 50 in 1973. These analytical
techniques are based partially on LEFM and provide appropriately conservative design
loadings for the ferritic components of the RCPB to preclude brittle fracture.

Currently, the ferritic components of the RCPB specifically addressed by Appendix G to
Section Xl of the ASME Code (Reference 10) are delineated as follows:

1. Vessels
2. Piping, Pumps and Valves
3. Bolting

The vessel is the only location for which & LEFM analysis is specifically required by 10
CFR 50 Appendix G. The test and acceptance standards to which the other components
are designed are considered to be adequate to protect against nonductile failure.
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The RV regions considered in the analysis to establish brittle fracture limits are as follows:

1a. Beltline

1b.  Vessel Wall Transition
1c. Bottom Head Juncture
1d.  Core Stabilizer Lugs
1le.  Flange Region

1f. Inlet Nozzle -

1g.  Outlet Nozzle

The “beltline” refers to the region of the RV that immediately surrounds the reactor core
and is exposed to the highest levels of fast neutron fluence. Typically, the beltline is
restricted to the large cylindrical shell section of the RV below the vessel wall transition.
For some plant designs, the beltline region may also include the vessel wall transition.
Typically, in either case, the material with the highest ART value falls within the cylindrical
shell region below the vessel waII transition.

These locations have been analyzed utilizing the principles of LEFM described by
Appendix G to Section X! of the ASME Code. These analyses considered plant heatup,
plant cooldown and an isothermal leak test. A brief description of the general criteria
follows.

5.2.1 GENERAL METHOD

In accordance with Appendix G, Section Xl of the ASME Code (Reference 10), the Mode |
(opening mode) stress intensity factor, K, is utilized and calculated at numerous intervals
throughout the transient. The K| is calculated at the crack tip of a postulated flaw. The
postulated flaw size for the considered locations, except the flange and nozzles, are
assumed to-have a depth equal to one-fourth of the section thickness and a length equal
to 1-1/2 times the depth. At each of thesa structural locations, flaws ars analyzed on the
inside surface for cooldown transient events and at both the inside and outside surfaces
for heatup transient events.
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The determination of the applied K| is based on the results of a two dimensional heat
transfer analysis and consideration of the primary membrane stress, Spmy primary bending
stress, Opb: secondary membrane stress, ogy,, and secondary bending stress, og,. The

resulting K for each component of stress can be calculated as follows:

Kim, = Mm X (membrane stress) ojy, wherei=por s
Kb, = Mp X (bending stress) oj, where i=por s

where M, and M,, are defined in Appendix G, Section X of the ASME Code (Reference

10). For computational simplicity, equations A3-4 and A3-6 of WRC Bulletin 175
(Reference 14) were utilized, where M; and M, is equivalent to M, and My, in Appendix G

of the ASME Code (Reference 10), as follows:

1.M VT

2yQ

\/—f- and

My

MgV
M, =
ey

WT

where:

Mg, Mg = correction factors dependent on the ratios of crack depth to section thickness
. and crack depth to crack length (Figures A3-1, A3-2, Reference 14)

Q = the flaw shape factor modified for plastic zone size
T = the section thickness (in).
: 1M, 1
K .
+ Ki.. =MtX © =——-—-——ﬁc. wherei=pors
Im = Tim T o g im P
K MBJ;J? wherei=pors
=Mp X0, = o, erei=por
Ib, Mo X 93 2Ja ib
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For each point in the transient analyzed, the allowable pressure is determined by

comparing the reference stress intensity, K|g, to the applied stress intensity with a
conservative factor of safety. The value of KR is obtained at the crack tip location based

-on the crack tip temperature for the specific time point in the transient and determined

based on the following equation:
K|R = 26.78 + 1.223 exp[0.0145(T-RTpT + 160)] ksi Vin

where,

T = crack tip temperature (°F) at 1/4T and 3/4T locations
RTNDT = reference nil ductility temperature at each cracktip location

For plant heatup and plant cooldown, the following expression is used to determine the
allowable pressure:

KlR >2.0 Klp + KlT

Substituting,

Kir>20 {Klmp + Klbp} + {Klms + Klbs}
PRIMARY SECONDARY

For leak tests, the expression utilized to calculate the K; due to test pressura is:

KlR >1.5 Klp + KlT

Copyright 1999-2000 CE Nuclear Power LLC. All Rights Reserved 64
CE NPSD-683, Rev. 05



Substituting,

KiR>15 {K'mp + Klbp} + {K|ms + Klbs}
PRIMARY SECONDARY

Table 1 of 10 CFR Part 50, Appendix G outlines the pressure and temperature
requirements for the reactor pressure vessel for the normal and hydrostatic pressure and
leak tests operating conditions. The table'provides specific guidance on P-T requirements
for critical and non-critical core conditions. The guidance is centered on P-T limits
developed using the fracture toughness methods of ASME Section XI, Appendix G. Table
1 of 10 CFR Part 50, Appendix G, also sets criteria to establish the minimum temperature
requirements for the RV. Composite P-T limit curves are normally generated by
calculating the most conservative P-T limit points established by using the methods of
ASME Section XI, Appendix G, and the methods for the minimum temperature
requirements.

The minimum temperature requirements for the RV, as required by Table 1 to 10 CFR Part
50, Appendix G, are as follows: :

°  For pressure testing conditions of the RCS, when the RCS pressure is less than or
equal to 20% of the preservice hydrostatic test pressure (PHTP), and the reactor core
is not critical, the minimum temperature requirement for the RV must be at least as
high as the ART limiting material in the closure flange region stressed by bolt preload.

° For préssure testing conditions of the RCS, when the RCS pfessure is greater than
20% of the PHTP and the reactor core js not critical, the minimum temperature
requirement for the RV must be at least as high as the ART for the limiting material in
the closure flange region plus 90 °F.

° For normal operations, when the RCS pressure is less or equal to 20% of the PHTP
and the reactor core is not critical, the minimum temperature requirement for the RV
must be at least as high as the ART for the limiting material in the closure flange region
stressed by bolt preload.
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°  For normal operations, when the RCS pressure is greater than 20% of the PHTP and
the reactor core is not critical, the minimum temperature requirement for the RV must
be at least as high as the ART for the limiting material in the closure flange region
stressed by bolt preload plus 120 °F.

° For normal operations, when the RCS pressure is less than or equal to 20% of the
PHTP and the reactor core is critical, the minimum temperature requirement for the RV
must be at least as high as the ART for the limiting material in the closure flange region
stressed by boit preload plus 40 °F, or the minimum permissible temperature for the
inservice hydrostatic pressure test, whichever is larger.