VIRGINIA ELECTRIC AND POWER COMPANY
RICHMOND, VIRGINIA 23261

May 18, 2020 10 CFR 50 Appendix H
U.S. Nuclear Regulatory Commission Serial No.: 20-182
Attention: Document Control Desk NRA/GDM: R1
Washington, DC 20555-0001 Docket Nos.: 50-338/339

License Nos.: NPF-4/7

VIRGINIA ELECTRIC AND POWER COMPANY (DOMINION ENERGY VIRGINIA)
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REVISED REACTOR VESSEL MATERIALS SURVEILLANCE CAPSULE
WITHDRAWAL SCHEDULES

RESPONSE TO REQUEST FOR ADDITIONAL INFORMATION

By letter dated November 25, 2019, Dominion Energy Virginia submitted a request to
revise the surveillance capsule withdrawal schedules for North Anna Power Station
Units 1 and 2. The request would, in part, revise projected fluence values for the standby
capsules beyond end of life and update the fluence values for capsules removed to
date. The NRC staff has reviewed the request and determined that additional information
is required to complete its review regarding the provided fluence values. The Dominion
Energy Virginia response to the NRC request is provided in Attachment 1. Attachments
2 through 4 provide supporting documents used in determining the revised and updated
fluence values.

Should you have any questions or require additional information, please contact
Mr. Gary D. Miller at (804) 273-2771.

Sincerely,

il g 2 —

Mark D. Sartain
Vice President — Nuclear Engineering and Fleet Support

Commitment made in this letter: None

Attachments:
1. Response to NRC Request for Additional Information

2. WCAP-18015-NP, “Extended Beltline Pressure Vessel Fluence Evaluations
Applicable to North Anna 1 & 2”

3. WCAP-14040-NP-A, Revision 4, “Methodology Used to Develop Cold Overpressure
Mitigating System Setpoints and RCS Heatup and Cooldown Limit Curves”

4. WCAP-18363-NP, Revision 1, “North Anna Units 1 and 2 Heatup and Cooldown Limit
Curves for Normal Operation”
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RESPONSE TO REQUEST FOR ADDITIONAL INFORMATION
REACTOR VESSEL MATERIAL SURVEILLANCE CAPSULE WITHDRAWAL SCHEDULE

NORTH ANNA POWER STATION UNITS 1 AND 2

NRC Comment:

By letter dated November 25, 2019, Dominion Energy Virginia, the licensee for the North
Anna Power Station, Units 1 and 2 (NAPS 1 and 2), submitted a request to revise the
surveillance capsule withdrawal schedules for both units. Among other things, the
request would revise projected fluence values for the standby capsules beyond end of life
and update the fluence values for capsules removed to date. The NRC staff has reviewed
the request and determined that additional information is required to complete its review,
regarding the fluence values.

Requlatory Basis

The NRC staff review of the revised fluence projections was performed in consideration
of the requirements contained in the General Design Criteria (GDCs) located in Appendix
A, “General Design Criteria for Nuclear Power Plants,” of Part 50, “Domestic Licensing of
Production and Utilization Facilities,” to Title 10, “Energy” of the US Code of Federal
Regulations (10 CFR 50). Specifically, GDCs 14, “Reactor Coolant Pressure Boundary,”
30, “Quality of Reactor Coolant Pressure Boundary,” and 31, “Fracture Prevention of
Reactor Coolant Pressure Boundary,” apply. These GDC require the design, fabrication,
and maintenance of the reactor coolant pressure boundary with adequate margin to
assure that the probability of rapidly propagating failure of the boundary is minimized. In
particutar, GDC 31 explicitly requires consideration of the effects of irradiation on material
properties. :

NRC Regulatory Guide 1.190, “Calculational and Dosimetry Methods for Determining
Pressure Vessel Neutron Fluence,” provides guidance on methods for determining
reactor pressure vessel fluence that are acceptable to the NRC staff, based on the
requirements identified above (ML010890301).

Request

The request stated that revised fluence values were generated and documented in
WCAP-18105-NP, Revision 2, “Extended Beltline Pressure Vessel Fluence Evaluations
Applicable to NAPS 1 & 2.” Please provide this document, as well as any additional detail
required fo evaluate the acceptability of the fluence estimates in accordance with
RG 1.190. If the fluence evaluations do not adhere to RG 1.190, provide additional
Jjustification that the fluence calculations address the requirement to consider the effects
of irradiation on vessel material properties, consistent with the GDCs identified above.
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Dominion Energy Response

In response to the NRC request for additional information, a copy of WCAP-18015-NP,
" Revision 2, “Extended Beltline Pressure Vessel Fluence Evaluations Applicable to North
Anna 1 & 2,7 is provided in Attachment 2. The fluence calculations outlined in
WCAP-18015-NP meet the requirements outlined in Regulatory Guide (RG) 1.190. The
methodology used to perform the fluence caiculations in WCAP-18015-NP is outlined in
WCAP-14040-NP-A, Revision 4, “Methodology Used to Develop Cold Overpressure
Mitigating System Setpoints and RCS Heatup and Cooldown Limit Curves,” which was
approved by the NRC on February 27, 2004 [ADAMS Accession No. ML050120209]. The
methodology outlined in WCAP-14040-NP-A, Revision 4, fully meets RG 1.190. A copy
of WCAP-14040-NP-A, Revision 4, is provided in Attachment 3 for your reference. The
credibility analysis of the NAPS 1 and 2 surveillance capsule program is documented in
Appendix E of WCAP-18363-NP, Revision 1, “North Anna Units 1 and 2 Heatup and
Cooldown Limit Curves for Normal Operation.” The credibility analysis uses updated
fluence values. A copy of WCAP-18363-NP is provided in Attachment 4.
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Attachment 2

WCAP-18015-NP, REVISION 2, “EXTENDED BELTLINE PRESSURE VESSEL
FLUENCE EVALUATIONS APPLICABLE TO NORTH ANNA 1 & 2”

Virginia Electric and Power Company
(Dominion Energy Virginia)
North Anna Power Station Units 1 and 2
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Record of Revisions

Rev.

Revision Description

Completed

Original Issue

November 2015

In support of the North Anna Time Limited Aging Analysis (TLAA) on
reactor vessel integrity for subsequent License Renewal project, fluence
results at the surveillance capsules have been extracted, as well as additional
vessel fluence projections. Additional formatting changes have been made.

CAP IR-2018-8334 identified an error in the power level used for Unit 2 in
several of the cycles in Revision 0 of this document; including the projection
cycle. This error has been corrected in Revision 1. See Section 1.1 for more
information.

May 2018

CAP IR-2018-15270 identified an inconsistency between Table 2-2 and
Table 2-6 for the fluence reported at the pressure vessel cladding / base metal
interface at the end-of-cycle 24. Table 2-6 has been updated to the correct
value. No other changes have been made.

Changes are indicated by change bars in the left margin.

September 2018

WCAP-18015-NP

September 2018
Revision 2
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1 INTRODUCTION

In the assessment of the state of embrittlement of light water reactor (LWR) pressure vessels, an accurate
evaluation of the neutron exposure of each of the materials comprising the beltline region of the vessel is
required. In Section II F of 10 CFR 50 Appendix G [Ref. 2], the beltline region is defined as:

“the region of the reactor vessel shell material (including welds, heat affected zones, and
plates or forgings) that directly surrounds the effective height of the reactor core and
adjacent regions of the reactor vessel that are predicted to experience sufficient neutron
radiation damage to be considered in the selection of the most limiting material with regard

to radiation damage”.

In Section III A of 10 CFR 50 Appendix H [Ref. 2], the lower limit of neutron exposure for consideration
of radiation induced material damage is specified by a neutron fluence (E > 1.0 MeV) threshold of
1.0E+17 n/cm® Each of the materials that is anticipated to experience a neutron exposure that exceeds
this fluence threshold must be considered in the overall embrittlement assessments for the pressure vessel.

The existing fluence analysis of the North Anna Units 1 and 2 pressure vessels [Refs. 3 and 4] was limited
to an axial range that extended approximately 1.5 foot above and 1 foot below the active fuel stack. This
model did not include all the pressure vessel materials that could potentially exceed the 1.0E+17 n/cm?
(E > 1.0 MeV) fluence threshold defined in 10 CFR 50 Appendix H [Ref. 2]. The purpose of this extended
beltline fluence evaluation is to define which materials in the North Anna Units 1 and 2 pressure vessels
are projected to exceed the 1.0E+17 n/cm? threshold neutron fluence before the End of License Extension
(EOLE); and, to project the neutron fluence for each of these specific materials. This will help Dominion
to fulfill its commitment with respect to the USNRC Request for Additional Information (RAI)
Docket Nos.: 50-338/339 [Ref. 8] in determining whether the neutron fluence exposure (E > 1.0 MeV) of
the inlet and outlet nozzle materials would be greater than 1.0E+17 n/cm?.

In subsequent sections of this report, the methodologies used to perform neutron transport calculations are
described in some detail and the results of the plant-specific transport calculations are given for each of
the materials located in the traditional and extended beltline regions of the North Anna Units 1 and 2
pressure vessels.

WCAP-18015-NP September 2018
Revision 2
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1.1 ERROR IN WCAP-18015-NP, REV. 0

Corrective Action Program (CAP) Issue number [R-2018-8334 [Ref. 13] has identified an issue with the
power level used for Unit 2 Cycles 21-23. Revision 0 of this document used a pre-uprate power level of
2893 MWt for Unit 2 Cycles 21-23; however, a power uprate to 2940 MWt has been authorized at North
Anna Unit 2 (ADAMS Accession Number ML092250616) and implemented prior to Cycle 21.

This error has been corrected in Revision 1. The impact of this error was limited—the largest change in
Table 2-3 is 1.3%, which occurs at the 72 effective-full-power-years (EFPY) projection for the “Inlet
Nozzle Forging to Vessel Shell Welds — Lowest Extent: Nozzle 17. At 54 EFPY the error is bounded by
1.0% which occurs at the “% T Flaw in Inlet Nozzle 2”.

WCAP-18015-NP September 2018
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2 CALCULATED NEUTRON FLUENCE

2.1 INTRODUCTION

A discrete ordinates Sy transport analysis was performed for the North Anna Units 1 and 2 reactors to
determine the neutron radiation environment within the extended beltline of the reactor pressure vessel. In
this analysis, radiation exposure parameters were established on a plant- and fuel-cycle-specific basis.

All of the calculations described in this report were based on nuclear cross-section data derived from
ENDE/B-VI. Furthermore, the neutron transport evaluation methodologies follow the guidance of
Regulatory Guide 1.190 [Ref. 5]. Additionally, the methods used to develop the calculated pressure vessel
fluence are consistent with the NRC-approved methodology described in WCAP-14040-A, Revision 4
[Ref. 1].

Regulatory Guide 1.190, “Calculational and Dosimetry Methods for Determining Pressure Vessel Neutron
Fluence” [Ref. 5], describes state-of-the-art calculation and measurement procedures that are acceptable
to the USNRC staff for determining pressure vessel fluence. Also included in Regulatory Guide 1.190 is a
discussion of the steps required to qualify and validate the methodology used to determine the neutron
exposure of the pressure vessel wall. One important step in the validation process is the comparison of
plant-specific neutron calculations with available measurements. An evaluation of the dosimetry sensor
sets from three surveillance capsules withdrawn from North Anna Unit 1 is provided in Reference 3; the
evaluation for the three surveillance capsules withdrawn from North Anna Unit 2 is provided in Reference
4, The dosimetry analyses documented in References 3 and 4 showed that the +20% (1o) acceptance
criteria specified in Regulatory Guide 1.190 [Ref. 5] is met.

The results of the present extended beltline analysis are consistent with those of References 3 and 4.
Therefore, the Regulatory Guide 1.190 acceptance criteria continue to be met. The validated calculations
form the basis for providing future projections of the neutron exposure of the reactor pressure vessel. In
line with References 3 and 4, projections up to 54 EFPY are provided in Section 2.2.4. Extended
projections up to 72 EFPY are also provided. In addition, as per Dominion’s request, projections
corresponding to 80 years of life are provided based on 18-month cycles with an average outage time of
25 days. This was determined to correspond to 70.7 EFPY for North Anna Unit 1 and to 71.9 for North
Anna Unit 2.

WCAP-18015-NP September 2018
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2.2  DISCRETE ORDINATES ANALYSIS

2.2.1 Method Discussion

In performing the fast neutron exposure evaluations for the North Anna Units 1 and 2 reactor vessels, a
series of fuel-cycle-specific forward transport calculations were carried out using the following three-
dimensional flux synthesis technique:

0(1.6,2) = o(z,0)x 222
o)

where ¢(r,0,z) is the synthesized three-dimensional neutron flux distribution, @(r,0) is the transport
solution in 1,0 geometry, @(r,z) is the two-dimensional solution for a cylindrical reactor model using the
actual axial core power distribution, and o(r) is the one-dimensional solution for a cylindrical reactor

model using the same source per unit height as that used in the [r,0] two-dimensional calculation. This
synthesis procedure was carried out for each operating cycle at North Anna Units 1 and 2.

All of the transport calculations supporting this analysis were carried out using the DORT discrete
ordinates code [Ref. 6] and the BUGLE-96 cross-section library [Ref. 7]. The BUGLE-96 library
provides a 67-group coupled neutron-gamma ray cross-section data set produced specifically for light-
water reactor (LWR) applications. In these analyses, anisotropic scattering was treated with a Ps Legendre
expansion and angular discretization was modeled with an S;s order of angular quadrature. Energy- and
space-dependent core power distributions, as well as system operating temperatures, were treated on a

fuel-cycle-specific basis.

2.2.2 Reactor Geometry

The analyses documented in References 3 and 4 formed the basis for the current extended beltline
evaluation. In completing the current analysis, the [r,0] and [r] models from Reference 3 and 4 were
retained as is while the [1,z] model was expanded to encompass all axial elevations that were anticipated
to experience a neutron fluence greater than 1.0E+17 n/cm® The [r,z] model was expanded by about
4.5 feet in the +Z direction (relative to the core midplane) to encompass these axial elevations.

For the North Anna Units 1 and 2 transport calculations, the [r,8] model depicted in Figure 2-1 was
utilized because the reactor is octant symmetric. This [r,6] model includes the core, the reactor internals,
the thermal shield — including explicit representations of the surveillance capsules at 15°, 25°, 35°, and
45° — the pressure vessel cladding and vessel wall, the insulation external to the pressure vessel, and the
water-filled shield tank. The symmetric [r,0] model was utilized to perform both the surveillance capsule
dosimetry evaluations with subsequent comparisons with calculated results [Refs. 3 and 4], and to
generate the maximum fluence levels at the pressure vessel wall. In developing this analytical model,
nominal design dimensions were employed for the various structural components. Likewise, water
temperatures, and hence, coolant densities in the reactor core, bypass and downcomer regions of the
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reactor were taken to be representative of full-power operating conditions. The coolant densities were
treated on a fuel-cycle-specific basis (see Section 2.2.3). The reactor core itself was treated as a
homogeneous mixture of fuel, cladding, water, and miscellaneous core structures such as fuel assembly
grids, guide tubes, etc. The geometric mesh description of the [r,0] reactor model consisted of 156 radial
by 83 azimuthal intervals. Mesh sizes were chosen to assure that proper convergence of the inner
iterations was achieved on a pointwise basis. The pointwise inner iteration flux convergence criterion
utilized in the [r,0] calculations was set at a value of 0.001.

The [r,z] model used for the North Anna Units 1 and 2 calculations is shown in Figure 2-2. The model
extends radially from the centerline of the reactor core out to a location interior to the water filled shield
tank and over an axial span from an elevation approximately 1 foot below to 4 feet above the active fuel.
As in the case of the [r,0] models, nominal design dimensions and full-power coolant densities were
employed in the calculations. In this case, the homogenous core region was treated as an equivalent
cylinder with a volume equal to that of the active core zone. The stainless steel former plates located
between the core baffle and core barrel regions were also explicitly included in the model. The [r,z]
geometric mesh description of these reactor models consisted of 148 radial by 148 axial intervals. As in
the case of the [r,0] calculations, mesh sizes were chosen to assure that proper convergence of the inner
iterations was achieved on a pointwise basis. The pointwise inner iteration flux convergence criterion
utilized in the [r,z] calculations was also set at a value of 0.001.

The one-dimensional radial model used in the synthesis procedure consisted of the same 148 radial mesh
intervals included in the [r,z] model. Thus, radial synthesis factors could be determined on a meshwise
basis throughout the entire geometry.

WCAP-18015-NP September 2018
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Figure 2-1: North Anna [r,0] Reactor Geometry at Core Midplane
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Figure 2-2: North Anna [r,z] Reactor Geometry
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2.2.3 Cycle-Specific Information

Because the analyses presented in References 3 and 4 represent the basis for the current evaluation, most
of the core design data and operating parameters were taken directly from those analyses. In particular,
Reference 3 used Unit 1 cycle-specific core design information for Cycles 1 through 19, whereas
Reference 4 used Unit 2 cycle-specific core design information for Cycles 1 through 18. Projections were
used beyond that point. Since then, Cycles 20 through 24 were implemented at Unit 1 and Cycles 19
through 23 at Unit 2. The cycle-specific core design data for these latter cycles were taken from
Reference 9.

The future projections were based on the assumption that the core power distribution and associated plant
operating characteristics from the latest implemented cycle were representative of future plant operation.
Therefore, for Unit 1, projections for Cycles 25 and beyond were based on Cycle 24 while for Unit 2,
projections for Cycles 24 and beyond were based on Cycle 23.

The data utilized for the core power distributions in plant-specific transport analyses included cycle-
dependent fuel assembly initial enrichments, burnups, and axial power distributions. This information was
used to develop spatial- and energy-dependent core source distributions averaged over each individual
fuel cycle for use in the [1,0], [1,z], and [r] discrete ordinates transport calculations. Therefore, the results
from the neutron transport calculations provided data in terms of fuel cycle-averaged neutron flux, which
when multiplied by the appropriate fuel cycle length, generated the incremental fast neutron exposure for
each fuel cycle. The cycle length was taken from References 3 and 4 up until Unit 1 Cycle 20 and Unit 2
Cycle 19.

In constructing these core source distributions, the Westinghouse generic approach was used. In this
approach, the source term originates from the fission of six nuclides: 235y, 28y, #°pu, *°Pu, *'Pu and
>2py, Generic values are used including the fission spectra, fission sharing, energy released per fission
and average number of neutrons per fission. The relative pin power distributions are taken from the
Westinghouse Core Radiation Source Data (CRSD).

Water densities in the core, bypass, and downcomer regions as well as in the upper and lower core plena
regions were determined on a fuel cycle-specific basis consistent with the average temperature rise in the
36 fuel assemblies located on the periphery of the reactor core. Because the neutron fluence at the
pressure vessel is dominated by leakage from the peripheral fuel assemblies, the use of the peripheral
water density in the analytical models is justified. The normal operating condition temperatures were
taken from References 3 and 4 up until Unit 1 Cycle 19 and Unit 2 Cycle 18. Beyond that point, the data
were taken from Reference 9.
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2.2.4 Results

In Table 2-1, locations of the North Anna Units 1 and 2 vessel welds and plates are provided. The axial
position of each material is indexed to z = 0.0 cm, which corresponds to the mid-plane of the active fuel

stack.

Selected results from the neutron transport analyses are provided in Table 2-2 and Table 2-3 for Units 1
and 2 respectively. Calculated fast neutron (E > 1.0 MeV) fluence for reactor vessel materials, on the
pressure vessel clad/base metal interface, is provided for the nominal end of Cycle 24 for Unit 1
(29.7 EFPY) and nominal end of Cycle 23 for Unit 2 (28.1 EFPY). In line with References 3 and 4,
projections up to 54 EFPY are provided. Extended projections up to 72 EFPY are also provided. In
addition, in Revision 0, as per Dominion’s request, projections corresponding to 80 years of life are
provided based on 18-month cycles with an average outage time of 25 days. North Anna Unit 1 will reach
its 80-years EOLE on April 1, 2058, whereas Unit 2 will reach it on December 14, 2060. Assuming that
Unit 1 Cycle 25 started on March 30, 2015 and that Unit 2 Cycle 24 started on October 10, 2014, it was
determined that 80-years of life correspond to 70.7 EFPY for Unit 1 and 71.9 EFPY for Unit 2. In
Revision 1, Dominion requested that 72 EFPY be used for the 80-years EOLE [Ref. 12].

Figure 2-3 and Figure 2-4 show the relevant weld locations. For the regions beyond the upper
circumferential weld, Figure 2-3 shows the axial boundary of the 1.0E+17 n/ecm” fluence threshold (at
50.3 and 72 EFPY) as a function of azimuthal position (Z versus 0) for Unit 1, whereas Figure 2-4 shows
the information (at 52.3 and 72 EFPY) for Unit 2. It is noted that the nozzle materials located above the
nozzle centerline remain below 1.0E+17 n/cm? through EOLE. Likewise, the lower shell to lower head
circumferential weld remains out of the beltline region through EOLE. The data used to generate Figure
2-3 and Figure 2-4 is tabulated in Appendix A and Appendix B, respectively.

The capsule lead factors for the in-vessel surveillance capsules are provided in Table 2-4 and Table 2-5
for Units 1 and 2, respectively. The fast neutron (E > 1.0 MeV) fluence at the clad/base-metal interface
and for each position corresponding to the surveillance capsules is provided in Table 2-6 and Table 2-7 for
North Anna Units 1 and 2, respectively. :
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Table 2-1 North Anna 1 & 2 - Pressure Vessel Material Locations

Axial Azimuthal
Material Location” Location
[em] [degrees]
1/4 T Flaw in Outlet Nozzle
Nozzle 1 276.54 25
Nozzle 2 276.54 145
Nozzle 3 276.54 265
1/4 T Flaw in Inlet Nozzle
Nozzle 1 268.31 95
Nozzle 2 268.31 215
Nozzle 3 268.31 335
Outlet Nozzle Forging to Vessel
Shell Welds — Lowest Extent
Nozzle 1 264.82 25
Nozzle 2 264.82 145
Nozzle 3 264.82 265
Inlet Nozzle Forging to Vessel Shell
Welds — Lowest Extent
Nozzle 1 254.52 95
Nozzle 2 254.52 215
Nozzle 3 254.52 335
Nozzle Shell to Intermediate Shell
Ciroumferential Weld 217.42 t0219.42 0 to 360
Intermediate Shell -42.78t0217.42 0 to 360
Intermediate Shell to Lower Shell
Circumferential Weld -44.78 t0 -42.78 0 to 360
Lower Shell 307.78 to -44.78 0 to 360
Lower Shell to Lower Vessel Head
Circumferential Weld -307.78 0 to 360

* Axial elevations are indexed to Z = 0.0 at the midplane of the active fuel stack.
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Table 2-2 North Anna Unit 1 - Maximum Fast Neutron (E > 1.0 MeV) Fluence Experienced by
Pressure Vessel Materials in the Extended Beltline

Material

Neutron Fluence [n/cm’]

29.7 EFPY | 50.3 EFPY 54 EFPY 70.7 EFPY | 72 EFPY®

1/4 T Flaw in Outlet Nozzle

Nozzle 1 1.35E+16 2.33E+16 2.50E+16 3.29E+16 3.35E+16

Nozzle 2 9.74E+15 1.72E+16 1.86E+16 2.46E+16 2.51E+16

Nozzle 3 3.62E+16 6.12E+16 6.57E+16 8.60E+16 8.75E+16
1/4 T Flaw in Inlet Nozzle

Nozzle 1® 6.13E+16 1.04E+17 1.11E+17 1.46E+17 1.48E+17

Nozzle 2 1.65E+16 2.92E+16 3.15E+16 4.17E+16 4.25E+16

Nozzle 3 2.29E+16 3.94E+16 4.24E+16 5.57E+16 5.68E+16
Outlet Nozzle Forging to Vessel
Shell Welds — Lowest Extent

Nozzle 1 2.82E+16 4.84E+16 5.20E+16 6.84E+16 6.97E+16

Nozzle 2 2.03E+16 3.59E+16 3.87E+16 5.12E+16 5.22E+16

Nozzle 3© 7.53E+16 127E+17 1.37E+17 1.79E+17 1.82E+17
Inlet Nozzle Forging to Vessel
Shell Welds — Lowest Extent

Nozzle 19 1.30E+17 2.19E+17 2.35E+17 3.07E+17 3.13E+17

Nozzle 2 3.50E+16 6.17E+16 6.65E+16 8.81E+16 8.98E+16

Nozzle 3© 4.85E+16 8.33E+16 8.95E+16 1.18E+17 1.20E+17
Nozzle Shell 1.30E+18 2.15E+18 2.30E+18 2.99E+18 3.04E+18
g}?ﬁéuﬁﬁaéﬁ tiaﬁ“{;:}:ledlate 1508418 | 248B+18 | 2.66E+18 | 3458418 | 3.51E+18
Intermediate shell 3.11E+19 5.03E+19 5.39E+19 6.95E+19 7.07E+19
é‘g:ﬁnéfﬁg fefiftlilal %c:]elgower 3.00E+19 | 5.02E+19 | S536E+19 | 6.92E+19 | 7.04E+19
Lower Shell _ 3.16E+19 5.13E+19 5.48E+19 7.07E+19 7.20E+19
Lower Shell to Lower Vessel <1E417 <1E117 <1E+17 <117 < 1E+17

Head Circumferential Weld

(a) Corresponds to 80 years of life

(b) 1/4 T Flaw in Inlet Nozzle Inlet 1 is projected to reach 1.0E+17 n/cm? at approximately 48.5 EFPY; which corresponds

to December 26, 20349,

(¢) Outlet Nozzle 3 is projected to reach 1.0E+17 n/cm? at approximately 39.5 EFPY; which corresponds to June 6, 20259,

(d) Inlet Nozzle 1 reached 1.0E+17 n/em? at approximately 22.4 EFPY, which occurred during Cycle 19.

(e) Inlet Nozzle 3 is projected to reach 1.0E+17 n/om? at approximately 60.3 EFPY; which corresponds to May 1, 20479,
(f) Note these dates are crude approximations based on an 18 month cycle an average outage time of 25 days.

WCAP-18015-NP

September 2018
Revision 2

*** This record was final approved on 9/11/2018 9:22:58 PM. (This statement was added by the PRIME system upon its validation)



Westinghouse Non-Proprietary Class 3

2-10

Table 2-3 North Anna Unit 2 - Maximum Fast Neutron (E > 1.0 MeV) Fluence Experienced by
Pressure Vessel Materials in the Extended Beltline

Neutron Fluence [n/cm’|

Material
28.1 EFPY | 52.3 EFPY 54 EFPY 71.9 EFPY | 72 EFPY®

1/4 T Flaw in Outlet Nozzle®

Nozzle 1 1.28E+16 2.39E+16 2.47E+16 3.29E+16 3.30E+16

Nozzle 2 9.18E+15 1.68E+16 1.73E+16 2.30E+16 230E+16

Nozzle 3 3.36E+16 6.33E+16 6.54E+16 8.73E+16 8.75E+16
1/4 T Flaw in Inlet Nozzle®

Nozzle 1® 5.69E+16 1.07E+17 1.11E+17 1.48E+17 1.48E+17

Nozzle 2 1.56E+16 2.85E+16 2.94E+16 3.89E+16 3.90E+16

Nozzle 3 2.17E+16 4.05E+16 4.19E+16 5.58E+16 5.59E+16
Outlet Nozzle Forging to Vessel
Shell Welds — Lowest Extent'®

Nozzle 1 2.67E+16 4.98E+16 5.14E+16 6.86E+16 6.87E+16

Nozzle 2 1.91E+16 3.50E+16 3.61E+16 4.79E+16 4.79E+16

Nozzle 3© 6.99E+16 1.32E+17 1.36E+17 1.82E+17 1.82E+17
Inlet Nozzle Forging to Vessel
Shell Welds — Lowest Extent®

Nozzle 19 1.21E+17 2.27E+17 2.35E+17 3.13E+17 3.14E+17

Nozzle 2 3.29E+16 6.03E+16 6.22E+16 8.24E+16 8.26E+16

Nozzle 3@ 4.60E+16 8.58E+16 8.86E-+16 1.18E+17 1.18E+17
Nozzle Shell® 1.20E+18 2.23E+18 2.30E+18 3.07E+18 3.07E+18
I;}‘l’:lflgirfli‘nil;eretzﬁalln;g‘é?glate 1.38B+18 | 258B+18 | 2.66E+18 | 3.55E+18 | 3.55E+18
Intermediate Shell® 2.87E+19 5.25E+19 5.42E+19 7.19E+19 7.20E+19
Isr;f:gnc"’l‘:it; fe?e}:lrftlilal \t;elji%gwef 286E+19 | 524E+19 | 541E+19 | 7.17E+19 | 7.18E+19
Lower Shell® 2.92E+19 5.36E+19 5.53E+19 7.33E+19 7.34E+19
Lower Shell to Lower Vessel | _, jop117 | <100E417 | <1.00B+17 | <1.00B+17 | <1.00E+17

Head Circumferential Weld

(a) Corresponds to 80 years of life

) 1/4 T Flaw in Inlet Nozzle Inlet 1 is projected to reach 1.0E+17 n/cm? at approximately 48.8 EFPY; which corresponds to
pp i

May 27, 2036% 1),

(c) Outlet Nozzle 3 is projected to reach 1.0E+17 n/em” at approximately 39.8 EFPY®; which corresponds to

February 4, 2027%.

(d) Inlet Nozzle 1 reached 1.0E+17 n/cm? at approximately 23.1 EFPY®, which occurred during Cycle 20.

(e) Inlet Nozzle 3 is projected to reach 1.0E+17 n/cm? at approximately 60.9 EFPY®; which corresponds to

February 12, 20499,

(f) Note these dates are crude approximations based on an 18 month cycle an average outage time of 25 days.
(g) Several values have changed in Rev. 1 due to the use of the pre-uprate power for the projection cycles in Rev. 0.
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Figure 2-3 North Anna Unit 1 - Axial Boundary of the 1.0E+17 n/cm’ Fluence Threshold

in the +Z Direction (at 50.3 and 72 EFPY)
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Figure 2-4 North Anna Unit 2 - Axial Boundary of the 1.0E+17 n/cm” Fluence Threshold

in the +Z Direction (at 52.3 and 72 EFPY)
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Table 2-4 Surveillance Capsule Lead Factors for North Anna Unit 1

Capsules
Cumulative (position in first octant)
Time A\ U w Z T Y S X
Cycle [EFPY] (15°) (25%) 25° (35°/15°)*  (35°/25°)* 259 (45 (15°)
1 1.1 1.61 1.05 1.05 0.72 0.72 1.05 0.56 1.61
2 1.9 - 1.04 1.04 0.70 0.70 1.04 0.54 1.61
3 2.9 --- 1.05 1.05 0.70 0.70 1.05 0.54 1.60
4 3.8 - 1.01 1.01 0.67 0.67 1.01 0.51 1.59
5 4.8 - 1.02 1.02 0.68 0.68 1.02 0.53 1.59
6 59 --- 1.04 1.04 0.69 0.69 1.04 0.54 1.61
7 7.1 -- - 1.07 0.72 0.72 1.07 0.56 1.63
8 8.4 - - 1.10 0.74 0.74 1.10 0.57 1.65
9 9.8 -—- - 1.11 0.75 0.75 1.11 0.58 1.66
10 11.1 --- - 1.13 0.76 0.76 1.13 0.60 1.68
11 12.4 - - 1.14 0.78 0.78 1.14 0.61 1.68
12 13.5 - - 1.15 0.78 0.78 1.15 0.61 1.69
13 14.8 --- - 1.16 0.79 0.79 1.16 0.62 1.70
14 16.2 - - - 0.80 0.80 1.17 0.63 1.71
15 17.5 - -—- - 0.87 0.84 1.19 0.63 1.72
16 18.9 --- - - 0.93 0.87 1.20 0.64 1.73
17 20.2 - - - 0.98 0.90 1.21 0.65 1.74
18 21.6 -—- - - 1.03 0.92 1.22 0.66 1.75
19 23.0 - - - 1.07 0.94 1.22 0.66 1.75
20 24.4 -—- - - 1.11 0.96 1.23 0.66 1.76
21 25.8 - - - 1.15 0.98 124 0.67 1.76
22 26.9 - - - 1.17 1.00 1.24 0.68 1.77
23 28.3 -—- - - 1.19 1.00 1.24 0.68 1.76
24 29.7 --- - - 1.22 1.02 1.24 0.68 1.77
Projected 50.3 - - - 1.44 1.13 1.26 0.73 1.78
Projected 51.6 - - - 1.44 1.13 1.26 0.73 1.78
Projected 54.0 - - - 1.46 - 1.14 1.27 0.73 1.78
Projected 70.7 - - - 1.53 1.17 1.27 0.75 1.78
Projected 72.0 - - - 1.54 1.18 1.27 0.75 1.78

* Capsules Z and T were moved from the 35° equivalent positions at end-of-cycle 14 [Ref. 10].
e Capsule Z moved from 305° to 165° (first octant equivalent: 35° to 15°)
e Capsule T moved from 55° to 245° (first octant equivalent: 35° to 25°)
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Table 2-5 Surveillance Capsule Lead Factors for North Anna Unit 2

Capsules
Cumulative (position in first octant)
Time A\ U w VA T* Y S X
Cycle [EFPY] (15°) (25% 25°) (35°/15°) (35°/25°) (25°) (45°) (15°)
1 1.0 1.61 1.05 1.05 0.72 0.72 1.05 0.56 1.61
2 1.6 = 1.04 1.04 0.71 0.71 1.04 0.55 1.60
3 2.7 - 1.16 1.16 0.79 0.79 1.16 0.62 1.66
4 3.8 - 1.15 1.15 0.79 0.79 1.15 0.63 1.66
5 5.0 e 1.16 1.16 0.80 0.80 1.16 0.63 1.68
6 6.2 - 1.17 1.17 0.81 0.81 1.17 0.63 1.69
7 7.5 - --- 1.17 0.81 0.81 1.17 0.64 1.70
8 8.7 - -—- 1.18 0.82 0.82 1.18 0.64 1.71
9 9.9 - - 1.19 0.83 0.83 1.19 0.65 1.71
10 11.3 - - 1.20 0.84 0.84 1.20 0.67 1.72
11 12.5 - -—- 1.20 0.84 0.84 1.20 0.67 1.73
12 13.8 - --- 1.20 0.84 0.84 1.20 0.66 1.73
13 15.1 - e 1.21 0.85 0.85 1.21 0.67 1.74
14 16.5 - ——— - 0.92 0.88 1.22 0.67 1.75
15 17.7 -- - - 0.97 0.91 1.23 0.68 1.76
16 19.0 - --- --- 1.14 0.93 1.24 0.68 1.77
17 20.3 - --- - 1.18 0.96 1.25 0.68 1.77
18 21.6 - - --- 1.22 0.99 1.26 0.68 1.78
19 22.9 --- -—- - 1.25 1.01 1.27 0.69 1.79
20 243 - --- - 1.28 1.02 1.27 0.69 1.79
21 25.5 == - - 1.31 1.04 1.27 0.69 1.79
22 26.8 - -—- - 1.33 1.05 1.28 0.70 1.80
23 28.1 - - - 1.35 1.06 1.28 0.69 1.80
Projected 52.3 - - - 1.58 1.15 1.27 0.67 1.82
Projected 54.0 - - - 1.58 1.16 1.27 0.67 1.82
Projected 71.9 - --- - 1.65 1.19 1.27 0.66 1.82
Projected 72.0 --- - - 1.65 1.19 1.27 0.66 1.82
* Capsules Z and T were moved from the 35° equivalent positions at end-of-cycle 13 [Ref. 10].
e Capsule Z moved from 305° to 165° (first octant equivalent: 35° to 15°)
e Capsule T moved from 55° to 65° (first octant equivalent: 35° to 25°)
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Table 2-6 Calculated Neutron Fluence (E > 1.0 MeV) [n/cm?] at the Surveillance Capsule Center
and Maximum at the Pressure Vessel Clad/Base Metal interface for North Anna Unit 1

Pressure
Surveillance Capsules Vessel
Cumulative Clad/Base
Time Metal
Cycle [EFPY] 15° 25° 350 45° 350/15°@ | 35°/25°® | Interface
1 11 3.06E+18® | 2.01E+18 1.37E+18 1.07E+18 1.37E+18 1.37E+18 1.90E+18
2 1.9 5.45E+18 3.54E+18 2.38E+18 1.84E+18 2.38E+18 2.38E+18 3.39E+18
3 2.9 7.65E+18 5.01E+18 3.34E+18 2.58E+18 3.34E+18 3.34E+18 4.78E+18
4 3.8 1.00E+19 6.39E+18 4.20E+18 3.24E+18 420E+18 4.20E+18 6.31E+18
5 4.8 1.18E+19 7.59E+18 5.03E+18 3.91E+18 5.03E+18 5.03E+18 7.42E+18
6 5.9 1.40E+19 | 9.14E+18® | 6.06E+18 | 4.70E+18 | 6.06E+18 | 6.06E+18 | 8.75E+18
7 7.1 1.64E+19 1.08E+19 7.19E+18 5.58E+18 7.19E+18 7.19E+18 1.01E+19
8 8.4 1.89E+19 1.25E+19 8.41E+18 6.54E+18 8.41E+18 8.41E+18 1.14E+19
9 9.8 2.14E+19 1.42E+19 9.59E+18 7.46E+18 9.59E+18 9.59E+18 1.29E+19
10 11.1 2.37E+19 1.59E+19 1.08E+19 8.40E+18 1.08E+19 1.08E+19 1.41E+19
11 12.4 2.59E+19 1.75E+19 1.19E+19 9.33E+18 1.19E+19 1.19E+19 1.54E+19
12 13.5 2.79E+19 1.90E+19 1.29E+19 1.01E+19 1.29E+19 1.29E+19 1.65E+19
13 14.8 3.02E+19 | 2.05E+19° | 1.40E+19 1.09E+19 1.40E+19 1.40E+19 1.77E+19
14 16.2 3.26E+19 2.23E+19 1.52E+19 1.19E+19 1.52E+19 1.52E+19 1.90E+19
15 17.5 3.50E+19 2.41E+19 1.65E+19 1.29E+19 1.76E+19 1.70E+19 2.03E+19
16 18.9 3.74E+19 2.58E+19 1.77E+19 1.38E+19 2.01E+19 1.88E+19 2.16E+19
17 20.2 3.98E+19 2.76E+19 1.89E+19 1.48E+19 2.24E+19 2.05E+19 2.28E+19
18 21.6 4.22E+19 2.94E+19 2.02E+19 1.58E+19 2.49E+19 2.23E+19 2.41E+19
19 23.0 4.47E+19 3.11E+19 2.14E+19 1.68E+19 2.73E+19 2.41E+19 2.55E+19
20 24.4 4.71E+19 3.29E+19 2.27E+19 1.78E+19 2.98E+19 2.58E+19 2.68E+19
21 25.8 4.95E+19 3.47E+19 2.39E+19 1.88E+19 3.21E+19 2.76E+19 2.81E+19
22 26.9 5.13E+19 3.60E+19 2.49E+19 1.96E+19 3.39E+19 2.89E+19 2.90E+19
23 28.3 5.36E+19 3.75E+19 2.60E+19 2.05E+19 3.62E+19 3.04E+19 3.03E+19
24 29.7 5.59E+19 3.92E+19 2.73E+19 2.16E+19 3.86E+19 3.22E+19 3.16E+19
Projected 50.3 9.11E+19 6.48E+19 4.64E+19 3.74E+19 7.37E+19 5.77E+19 5.13E+19
Projected 54.0 9.74E+19 6.94E+19 4.98E+19 4.03E+19 8.00E+19 6.23E+19 5.48E+19
Projected 70.7 1.26E+20 9.01E+19 6.53E+19 5.31E+19 1.08E+20 8.30E+19 7.07E+19
Projected 72.0 1.28E+20 9.17E+19 6.65E+19 5.41E+19 1.11E+20 8.46E+19 7.20E+19
(a) Capsule V was withdrawn at the end-of-cycle 1.
(b) Capsule U was withdrawn at the end-of-cycle 6.
(c) Capsule W was withdrawn at the end-of-cycle 13.
(d) Capsule Z was moved at the end-of-cycle 14.
(e) Capsule T was moved at the end-of-cycle 14.
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Table 2-7 Calculated Neutron Fluence (E > 1.0 MeV) [n/cm’] at the Surveillance Capsule Center
and Maximum at the Pressure Vessel Clad/Base Metal interface for North Anna Unit 2

Pressure
Surveillance Capsules Vessel
Cumulative Clad/Base
Time Metal
Cycle [EFPY] 15° 25° 350 45° 350/15°@ | 35°125°C@ | Interface
1 1.0 2.86E+18® | 1.87E+18 1.27E+18 9.96E+17 1.27E+18 1.27E+18 1.78E+18
2 1.6 4.68E+18 3.05E+18 2.06E+18 1.61E+18 2.06E+18 2.06E+18 2.92E+18
3 2.7 6.99E+18 4.86E+18 3.34E+18 2.62E+18 3.34E+18 3.34E+18 4.20E+18
4 3.8 9.44E+18 6.53E+18 4.51E+18 3.57E+18 4.51E+18 4.51E+18 5.68E+18
5 5.0 1.19E+19 8.20E+18 5.68E+18 4.48E+18 5.68E+18 5.68E+18 7.07E+18
6 6.2 1.42E+19 | 9.85E+18® | 6.80E+18 | 5.35E+18 | 6.80E+18 | 6.80E+18 | 8.43E+I8
7 7.5 1.65E+19 1.14E+19 7.88E+18 6.21E+18 7.88E+18 7.88E+18 9.71E+18
8 8.7 1.87E+19 1.30E+19 8.97E+18 7.06E+18 8.97E+18 8.97E+18 1.10E+19
9 9.9 2.09E+19 1.45E+19 1.01E+19 8.00E+18 1.01E+19 1.01E+19 1.22E+19
10 11.3 2.30E+19 1.60E+19 1.12E+19 8.91E+18 1.12E+19 1.12E+19 1.34E+19
11 12.5 2.52E+19 1.75E+19 1.23E+19 9.71E+18 1.23E+19 1.23E+19 1.46E+19
12 13.8 2.75E+19 1.91E+19 1.33E+19 1.06E+19 1.33E+19 1.33E+19 1.59E+19
13 15.1 2.99E+19 | 2.08E+19© | 1.45E+19 1.15E+19 1.45E+19 1.45E+19 1.71E+19
14 16.5 3.22E+19 2.25E+19 1.57E+19 1.24E+19 1.68E+19 1.62E+19 1.84E+19
15 17.7 3.44E+19 2.41E+19 1.68E+19 1.32E+19 1.91E+19 1.78E+19 1.96E+19
16 19.0 3.65E+19 2.56E+19 1.78E+19 1.41E+19 2.35E+19 1.93E+19 2.07E+19
17 203 3.90E+19 2.75E+19 1.91E+19 1.50E+19 2.60E+19 2.12E+19 2.20E+19
18 21.6 4.15E+19 2.93E+19 2.03E+19 1.59E+19 2.85E+19 2.30E+19 2.33E+19
19 22.9 4.37E+19 3.09E+19 2.14E+19 1.68E+19 3.06E+19 2.46E+19 2.44E+19
20 243 4.59E+19 3.25E+19 2.26E+19 1.77E+19 3.29E+19 2.62E+19 2.56E+19
21 25.5 4.80E+19 | 3.41E+19 2.36E+19 1.86E+19 3.50E+19 2.78E+19 2.67E+19
22 26.8 5.03E+19 3.57E+19 2.48E+19 1.95E+19 3.72E+19 2.94E+19 2.80E+19
23 28.1 5.26E+19 3.73E+19 2.59E+19 2.03E+19 3.96E+19 3.10E+19 2.92E+19
Projected 52.3 9.75E+19 6.82E+19 4.63E+19 3.59E+19 8.44E+19 6.19E+19 5.36E+19
Projected 54.0 1.01E+20 7.04E+19 4.78E+19 3.70E+19 8.76E+19 6.41E+19 5.53E+19
Projected 71.9 1.34E+20 9.32E+19 6.29E+19 4.85E+19 1.21E+20 8.69E+19 7.33E+19
Projected 72.0 1.34E+20 9.33E+19 6.30E+19 4.85E+19 1.21E+20 8.70E+19 7.34E+19
(a) Capsule V was withdrawn at the end-of-cycle 1.
(b) Capsule U was withdrawn at the end-of-cycle 6.
(c) Capsule W was withdrawn at the end-of-cycle 13.
(d) Capsule Z was moved at the end-of-cycle 13.
(e) Capsule T was moved at the end-of-cycle 13.
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2.2.5 Recommendations

Table 2-2 and Table 2-3 report the maximum fast neutron (E > 1.0 MeV) fluence at specific pressure
vessel materials in the extended beltline for North Anna 1 & 2, respectively. The nozzle shell, nozzle shell
to intermediate shell circumferential weld, intermediate shell to lower shell circumferential weld, and the
lower shell to lower vessel head circumferential weld have a single set of neutron fluence values for each
unit. These neutron fluence values would be appropriate for use for P-T limit analyses for these materials.
Regarding the inlet and outlet nozzles, two separate fast neutron fluence values are given at two locations
for each nozzle. One location represents the lowest extent of the nozzle forging to vessel shell welds,
whereas the second location conservatively represents the 1/4 T flaw in the nozzles. Although the fluence
results at the nozzle forging to vessel shell welds are more limiting, the 1/4T flaw location is more
representative of the fluence for the nozzle at the peak stress location. Therefore, fluence at either location
(lowest extent of the nozzle forging to vessel shell welds or at the 1/4T flaw) can be used for the P-T limit
analyses for the inlet and outlet nozzles for each unit.

A full three-dimensional discrete ordinates model provides a more geometrically: detailed analysis. This
more detailed representation can be utilized as a next step for further analysis of the maximum fast
neutron fluence analyses for each unit if needed.

WCAP-18015-NP September 2018
Revision 2

*** This record was final approved on 9/11/2018 9:22:58 PM. (This statement was added by the PRIME system upon its validation)



Westinghouse Non-Proprietary Class 3 3-1

10.

11.

13.

REFERENCES

Westinghouse Report WCAP-14040-A, Revision 4, “Methodology Used to Develop Cold
Overpressure Mitigating System Setpoints and RCS Heatup and Cooldown Limit Curves,” May 2004.

Code of Federal Regulations, 10 CFR Part 50, Appendix G, “Fracture Toughness Requirements,” and
Appendix H, “Reactor Vessel Materials Surveillance Program Requirements.”

Westinghouse Calculation Note CN-REA-08-33, Rev. 1, “Pressure Vessel Neutron Fluence
Evaluation to Support the MUR for North Anna Unit 1,” May 2009.

Westinghouse Calculation Note CN-REA-08-34, Rev. 1, “Pressure Vessel Neutron Fluence
Evaluation to Support the MUR for North Anna Unit 2,” May 2009.

Regulatory Guide 1.190, “Calculational and Dosimetry Methods for Determining Pressure Vessel
Neutron Fluence,” U.S. Nuclear Regulatory Commission, March 2001.

RSICC Computer Code Collection CCC-650, “DOORS 3.2: One-, Two-, and Three Dimensional
Discrete Ordinates Neutron/Photon Transport Code System,” April 1998.

RSICC Data Library Collection DLC-185, “BUGLE-96: Coupled 47 Neutron, 20 Gamma-Ray Group
Cross-Section Library Derived from ENDF/B-VI for LWR Shielding and Pressure Vessel Dosimetry
Applications,” March 1996.

Virginia Electric and Power Company Letter to USNRC, “Virginia Electric And Power Company
North Anna Power Station Units 1 And 2 Response To Request For Additional Information,”
February 16, 2015 (http://pbadupws.nre.gov/docs/ML1505/ML15051A368.pdf).

Dominion Letter MEMO-NCD-20150014, “Dominion Purchase order 70288650 and Transmittal of
Core Power Information for North Anna Power Station,” June 16, 2015

Dominion Engineering Transmittal, ET-NAF-08-035, “Measurement Uncertainty Recapture (MUR)
Project: Input Request for Neutron Fluence Analysis,” May 18, 2008.

North Anna Power Station Updated Final Safety Analysis Report, Rev. 53, “North Anna Power
Station Updated Final Safety Analysis Report”, Chapter 5, September 28, 2017.

. Dominion-Westinghouse Correspondence, VRA-WEC-SLR-18-004, “Response to Dominion SLR -

VRA-18-20 - Design Input Confirmation for Fluence Work for North Anna,” March 29, 2018.

Westinghouse Corrective Action Program (CAP), IR-2018-8334, “Power uprate not accounted for in
fluence analysis,” April 6, 2018.

WCAP-18015-NP September 2018

Revision 2

*** This record was final approved on 9/11/2018 9:22:58 PM. (This statement was added by the PRIME system upon its validation)



Westinghouse Non-Proprietary Class 3 A-1

APPENDIX A _
DATA USED IN THE GENERATION OF FIGURE 2-3

The table below contains the data used to plot Figure 2-3. All values in this table are Z elevations (in centimeters) indexed by the angle (in
degrees).

. “Weld C1” is the Nozzle Shell to Intermediate Shell Circumferential Weld.
. “Weld C2” is the Intermediate Shell to Lower Shell Circumferential Weld.
. “Weld C3” is the Lower Shell to Lower vessel Head Circumferential Weld.
. “Outlet” is the Outlet Nozzle Forging to Vessel Shell Welds-Lowest Extent.
o “Inlet” is the Inlet Nozzle Forging to Vessel Shell Welds-Lowest Extent.

. “1/4 Outlet” is the Outlet Nozzle ¥% T Flaw.

. “1/4 Inlet” is the Inlet Nozzle ¥4 T Flaw.

The threshold elevations were obtained by linearly interpolating the synthesis output.

1E17 n/em” Fluence Top Of Core Bottom Nozzle Weld Weld  Weld 1/4 1/4
Threshold, Z (cm) Core  Midplane of Core Centerline Cl 2 C3 Outlet  Inlet  Outlet  Inlet
Angle 503 EFPY 72 EFPY (cm) (cm) (em) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)

268.911 274.519 328.524

258.074 264.708 328.524

250.669 258.155 328.524

35 244.754 252.254 182.88 0 -182.88 328.524 218.42 -43.78 -309.78
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1E17 n/em” Fluence Top Of Core Bottom Nozzle Weld Weld  Weld 1/4 1/4
Threshold, Z (cm) Core Midplane of Core Centerline C1 C2 c3 Outlet Inlet Outlet Inlet
Angle 503 EFPY 72 EFPY (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (em) (cm) (cm)

45 241.725 248.669 182.88 0 -182.88 328.524 218.42 43.78 -309.78

55 244.754 252.254 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

65 250.669 258.155 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

75 258.074 264.708 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

328.524

95 268.911 274.519 182.88 0 -182.88 328.524 218.42 -43.78 -309.78 ‘ 253.52

105 258.074 264.708 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

115 250.669 258.155 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

125 244.754 252.254 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

135 241.725 248.669 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

145 244.754 252.254 182.88 0 -182.88 328.524 218.42 -43.78 -309.78  263.82 276.54

155 250.669 258.155 182.88 0 -182.88 328.524 218.42 -43.78 309.78

165 258.074 264.708 182.88 0 -182.88 328.524 218.42 -43.78 ~309.78
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1E17 n/cm” Fluence Top Of Core Bottom  Nozzle Weld Weld  Weld 14 1/4
Threshold, Z (cm) Core  Midplane of Core Centerline  C1 C2 C3 Outlet Inlet  Outlet  Inlet
Angle 50.3 EFPY 72 EFPY (cm) (cm) (cm) (cm) (em) (cm) (cm) (cm) (cm)

175 268.911 274.519 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

185 268.911 274.519 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

195 258.074 264.708 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

205

182.88 0 -182.88

215 244.754 252.254 182.88 0 -182.88 328.524 218.42 -43.78 -309.78 253.52 268.31

225 241.725 248.669 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

235 244.754 252.254 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

245

-309.78

0 -182.88

255 258.074 264.708 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

265 268.911 274.519 182.88 0 -182.88 328.524 218.42 -43.78 -309.78  263.82 276.54

275 268.911 274519 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

285

264.708 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

295 250.669 258.155 182.88 0 -182.88 328.524 218.42 -43.78 -309.78
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1E17 n/em” Fluence Top Of Core Bottom Nozzle Weld Weld  Weld 1/4 1/4
Threshold, Z (cm) Core  Midplane of Core Centerline C1 C2 C3 Outlet  Inlet  Outlet  Inlet
Angle 50.3 EFPY 72 EFPY (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)

244.754 252.254 182.88 328.524
241.725 248.669 328.524

244.754 252.254 328.524

258.074 264.708 328.524

268.911 274.519 328.524
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APPENDIX B
DATA USED IN THE GENERATION OF FIGURE 2-4

The table below contains the data used to plot Figure 2-4. All values in this table are Z elevations (in centimeters) indexed by the angle (in
degrees).

) “Weld C1” is the Nozzle Shell to Intermediate Shell Circumferential Weld.
. “Weld C2” is the Intermediate Shell to Lower Shell Circumferential Weld.
. “Weld C3” is the Lower Shell to Lower vessel Head Circumferential Weld.
. “Outlet” is the Outlet Nozzle Forging to Vessel Shell Welds-Lowest Extent.
) “Inlet” is the Inlet Nozzle Forging to Vessel Shell Welds-Lowest Extent.

o “1/4 Outlet” is the Outlet Nozzle % T Flaw.

. “1/4 Inlet” is the Inlet Nozzle % T Flaw.

The threshold elevations were obtained by linearly interpolating the synthesis output.

1E17 n/cm® Fluence Top Of Core Bottom Nozzle "‘Weld 1/4 1/4
Threshold, Z (cm) Core  Midplane of Core Centerline  C1 Outlet  Inlet
Angle 52.3 EFPY 72 EFPY (cm) (cm) (cm) (cm) (cm)

45 240.778 245.467 182.88 0 -182.88 328.524 218.42 -43.78 -309.78
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1E17 n/em” Fluence Top Of Core Bottom  Nozzle Weld 1/4 1/4
Threshold, Z (cm) Core Midplane of Core Centerline C1 Outlet Inlet Outlet Inlet
An l 523 EFPY 72 EFPY (em) (cm) (cm) (cm) (cm) (cm) (cm) (c (cm)
244.39
251.325 257.172 A | | | 8.524 ‘
259.023 264.348 328.524
269 445 » 73‘7 1 328.524
269.445 273.781
259.023 264.348 | | N 328.524A
251.325 257172 328.524
244.397 249.290 328.524
240.778 245.467
244.397 249.290 328.524
251.325 257.172 328.524
259.023 264.48 328.524
175 269.445 273.781 182.88 0 -182.88 328.524 218.42 -43.78 -309.78
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1E17 n/cm” Fluence Top Of Core Bottom Nozzle Weld Weld  Weld 1/4 1/4
Threshold, Z (cm) Core  Midplane of Core Centerline C1 2 C3 Outlet  Inlet  Outlet  Inlet
Angle 523 EFPY 72 EFPY (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)

185

195 259.023 264.348 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

251.325 257172 . 328.524

215 244.397 249.290

253.52 268.31

328.524 218.42

225

245.467 182.88 0 182.88 328.524 218.42

235 244.397 249.290 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

245 251.325 257.172 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

255 259.023

265 269.445 273.781 182.88 0 -182.88 328.524 218.42 -43.78 -309.78  263.82 276.54

275 269.445 273.781 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

285 259.023 264.348 182.88 0 -182.88 328.524 218.42 -43.78 -309.78

295

328.524 218.42 -43.78

305 244.397 249.290 182.88 0 -182.88 328.524 218.42 -43.78 -309.78
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1E17 n/cm” Fluence Top Of Core Bottom Nozzle 1/4 1/4
Threshold, Z (cm) Core Midplane of Core Centerline Outlet Inlet Outlet  Inlet

Angle 52.3 EFPY 72 EFPY (cm) (cm) (cm) (cm) (cm) (cm) (cm)

328.524 218.42

244397 249.290 . . 328.524

251.325 257.172 . . 328.524

269.445 273.781 . 328.524
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UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D.C. 20555-0001

February 27, 2004

Mr. Gordon Bischoff, Manager o A RECEIVED
Owners Group Program Manageﬁ{ant Office AR 0 5 2004
Westinghouse Electric Company ) M

P.O. Box 355 -
Pittsburgh, PA 15230-0355 - WOG PROJECT Ci%

SUBJECT:  FINAL SAFETY EVALUATION FOR TOPICAL REPORT WCAP-14040,
REVISION 3, "METHODOLOGY USED TO DEVELOP COLD OVERPRESSURE
MITIGATING SYSTEM SETPOINTS AND RCS HEATUP AND COOLDOWN
LIMIT CURVES" (TAC NO. MB5754)

Dear Mr. Bischoff:

On May 23, 2002, the Westinghouse Owners Group (WOG) submitted Topical Report (TR) -
WCAP-14040, Revision 3, "Methodology Used to Develop Cold Overpressure Mitigating
System Setpoints and RCS Heatup and Cooldown Limit Curves,” to the staff for review. On
February 2, 2004, an NRC draft safety evaluation (SE) regarding our approval of WCAP-14040,
Revision 3, was provided for your review and comments. By letter dated February 18, 2004,
the WOG commented on the draft SE by indicating that the actual provision number of GL
96-03 should be provided in Sections 3.0 and 4.0 of the SE. in addition, minor editorial
comments were provided by the WOG. The staff has incorporated the WOG's suggested
comments into the final SE enclosed with this letter.

.. The staff has found that WCAP-14040, Revision 3, is acceptable for referencing in licensing
applications for Westinghouse-designed pressurized water reactors to the extent specified and
" under the limitations délineated in thie report and in the enclosed SE. The SE defines the basis’
for acceptance of the report.

Our acceptance applies only to material provided in the subject TR. We do not intend to repeat
our review of the acceptable material described in the TR. When the TR appears as a
reference in license applications, our review will ensure that the material presented applies to

-- the specific plant involved:--License amendment requests that deviate from this TR willbe ... ..
subject to a plant-specific review in accordance with applicable review standards.

In accordance with the guidance provided on the NRC website, we request that the WOG
publish an accepted version of this TR within three months of receipt of this letter. The
accepted version shall incorporate this letter and the enclosed SE between the title page and
the abstract. It must be well indexed such that information is readily located. Also, it must
contain in appendices historical review information, such as questions and accepted responses,
draft SE comments, and original report pages that were replaced. The accepted version shall
include a "-A" (designating accepted) following the report identification symbol. '
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If the NRC's criteria or regulations change so that its conclusions in this letter, that the TR is
acceptable, is invalidated, the WOG and/or the licensees referencing the TR will be expected to
revise and resubmit its respective documentation, or submit justification for the continued
applicability of the TR without revision of the respective documenitation.

Sincerely,

"otk A Rroman @,/
Herbert N. Berkow, Director
Project Directorate 1V

Division of Licensing Project Management
Office of Nuclear Reactor Regulation

Project No. 694
Enclosure: Safety Evaluation

cc wiencl:

Mr. James A. Gresham, Manager
Regulatory Compliance and Plant Licensing
Westinghouse Electric Company

P.O. Box 355

Pittsburgh, PA 15230-0355
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SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION

WCAP-14040, REVISION 3, "METHODOLOGY USED TO DEVELOP COLD

OVERPRESSURE MITIGATING SYSTEM SETPOINTS AND REACTOR COOLANT

SYSTEM HEATUP AND COOLDOWN LIMIT CURVES"

WESTINGHOUSE OWNERS GROUP

PROJECT NO. 694

1.0  INTRODUCTION

By letter dated May 23, 2002, the Westinghouse Owners Group (WOG) submitted Topical
Report (TR) WCAP-14040, Revision 3, "Methodology Used to Develop Cold Overpressure
Mitigating System Setpoints and RCS Heatup and Cooldown Limit Curves,” for NRC staff
review and approval. This TR was developed to define a methodology for reactor pressure
vessel (RPV) pressure-temperature (P-T) limit curve development and, consistent with the
guidance provided in NRC Generic Letter (GL) 96-03, "Relocation of the Pressure Temperature
Limit Curves and Low Temperature Overpressure Protection System Limits,"” for the
development of plant-specific Pressure-Temperature Limit Reports (PTLRs). A prior revision,
WCAP-14040, Revision 2, had been approved as a PTLR methodology by the NRC staff's
safety evaluation dated October 16, 1995. WCAP-14040, Revision 3, was submitted for NRC
staff approval to reflect recent changes in the WOG methodology. Given the scope of the
changes incorporated in WCAP-14040, Revision 3, and a significant amount of rewriting which

__was done to improve. clarity of some sections, the NRC staff reviewed the TR in its entirety. _

Based on questions posed by the NRC staff necessitating clarification of statements or editorial

changes, the WOG revised WCAP-14040, Revision 3, and submitted revisions to the TR for
NRC staff review and approvai by letter dated October 20, 2003.

On February 2, 2004, an NRC draft safety evaluation (SE) regarding our approval of
WCAP-14040, Revision 3, was provided for your review and comments. By letter dated

-February -18;-2004,-the WOG commented on the draft SE by indicating that the actual provision. . ..

number of GL 96-03 should be provided in Sections 3.0 and 4.0 of the SE. In addition, minor
editorial comments were provided by the WOG. The staff has incorporated the WOG'’s
comments.

2.0 REGULATORY EVALUATION

Four specific topics are addressed in the context of the development of a PTLR methodology:
(1) the calculation of neutron fiuences for the RPV and RPV surveillance capsules; (2) the
evaluation of RPV material properties due to changes caused by neutron radiation; (3) the
development of appropriate P-T limit curves based on these RPV material properties and the
establishment of cold overpressure mitigating system (COMS) setpoints to protect the RPV
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from brittle failure; arid (4) the development of an RPV material surveillance program to monitor
changes in RPV material properties due to radiation. Regulatory requirements related to the
four topics noted above are addressed in Appendices G and H to Title 10 of the Code of
Federal Regulations Part 50 (10 CFR Part 50). Appendix G to 10 CFR Part 50 provides
requirements related to RPV P-T limit development anhd directly or indirectly addresses topics
(1) through (3) above. Appendix H to 10 CFR Part 50 defines regulatory requirements related
to RPV material surveillance programs and addresses topic (4) above.

For the staff's review of WCAP-14040, Revision 3, several additional guidance documents were
used. NRC Standard Review Plan (SRP) Sections 5.2.2, "Overpressure Protection,” 5.3.1,
"Reactor Vessel Materials,"” and 5.3.2, "Pressure-Temperature Limits," provide specific review
guidance related to RPV material property determination, P-T limit development, and COMS
performance. Regulatory Guide (RG) 1.99, Revision 2, "Radiation Embrittlement of Reactor
Vessel Materials,” describes analysis procedures acceptable to the NRC staff for the purpose of
assessing RPV material property changes due to radiation. RG 1.190, "Calculational and
Dosimetry Methods for Determining Pressure Vessel Neutron Fluence,” addresses NRC staff
expectations for an acceptable fluence calculation methodology. American Society for Testing
and Materials (ASTM) Standard Practice E 185, "Standard Practice for Conducting Surveillance
Tests for Light-Water Cooled Nuclear Power Reactor Vessels,” provides guidance on the
establishment of RPV material surveillance programs and editions of ASTM E 185 are
incorporated by reference into Appendix H to 10 CFR Part 50. American Society of Mechanical
Engineers (ASME) Boiler and Pressure Vessel Code Section XI, Appendix G provides specific
requirements regarding the development of P-T limit curves.

Finally, specific guidance regarding topics and the level of detail to which they must be
addressed as part of an acceptable PTLR methodology is given in GL 98-03.

3.0 TECHNICAL EVALUATION

The technical requirements to be addressed in an acceptable PTLR methodology are provided

 entitled "Requirements for Methodology and PTLR" in Attachment 1 to GL 96-03. Summarized
" versions of the seven requirements are given below, along with the staff’s technical evaluation
of information in WCAP-14040, Revision 3, related to each requirement. '

Requirement 1: Regarding the reactor vessel material surveillance program, the
methodology should briefly describe the surveillance program. The
methodology should clearly reference the requirements of Appendix H to

The provisions of the methodology described in WCAP-14040, Revision 3, do not specify how
the plant-specific RPV surveillance programs should be maintained in order to be in compliance
with Appendix H to 10 CFR Part 50. Licensees who wish to use WCAP-14040, Revision 3, as
their PTLR methodology must submit additional information to address the methodology
requirements discussed in provision 2 in the table of Attachment 1 to GL 96-03 related to the
RPV material surveillance program.
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Requirement 2: Regarding the calculation of RPV materials’ adjusted reference .
temperatures (ART) values, the methodology should describe the method
for calculating material ART values using RG 1.99, Revision 2.

Information regarding how material ARTs are to be determined within the WCAP-14040,

Revision 3, PTLR methodology is provided in Sections 2.3 and 2.4 of the TR. In Section 2.3, .

the determination of initial, unirradiated material properties from Charpy V-notch impact tests

~ and/or nil-ductility drop weight tests is clearly defined. The methodology specified in Section
2.3 accurately incorporates the guidance found in ASME Code Section lll, paragraph NB-2331

and additional information in SRP Section 5.3.1.

in Section 2.4 of the TR, the determination of changes in material properties due to irradiation is
addressed, along with the determination of margins necessary to account for uncertainties in
initial properties and irradiation damage assessment. The methodology specified in Section 2.4
accurately incorporates the guidance found in RG 1.99, Revision 2.

The NRC staff, therefore, determined that the methodology described for determining material
ART values in WCAP-14040, Revision 3, was consistent with the guidance provided in the
ASME Code, SRP Section 5.3.1, and RG 1.99, Revision 2, and was, therefore, acceptable.

Requirement 3: Regarding the development of RPV P-T limit curves, the methodology
should describe the application of fracture mechanics-based calculations
in constructing P-T limit curves based on the provisions of Appendix G to
Section X! of the ASME Code and SRP Section 5.3.2.

Basic and optional elements of the methodology for RPV P-T limit curve development in
WCAP-14040, Revision 3, are given in Sections 2.5, 2.6, 2.7, 2.8, and Appendix A of the TR.

In Section 2.5 of the TR, the fracture toughness-based guidelines from Appendix G to Section
Xl of the ASME Code are specified (based on the 1995 Edition through 1996 Addenda of the
"ASME Code). Notably, specific reference is made to the use of: (1) the ASME Code lower
--bound dynamic-crack-initiation/crack arrest (K,) fracture toughness curve; (2) the use of a
postulated flaw that has a depth of one-quarter of the wall thickness and a 6:1 aspect ratio; and
(3) the use of a structural factor of 2 on primary membrane stress intensities (K,,) when
evaluating normal heatup and cooldown and a structural factor of 1.5 on K, when evaluating
hydrostatic/leak test conditions. '

--QOptional guidelines for-P-T limit curve development are also.addressed in WCAP-14040,
Revision 3. The option of using the ASME Code static crack initiation fracture toughness curve
(Kic), as given in ASME Code Case N-640, is addressed in Sections 2.5 and 2.8. The option of
using ASME Code Case N-588, which enables the postulation of a circumferentially-oriented
flaw (with appropriate stress magnification factors) when evaluating a circumferential weld, is
addressed in Section 2.8. WCAP-14040, Revision 3, notes, however, that licensee use of the
provisions of either ASME Code Case N-640 or N-588 requires, in accordance with 10 CFR
50.60(b), an exemption if the provisions of the Code Case are not contained in the edition of the
ASME Code included in a facility’s licensing basis. Appendix A to WCAP-14040, Revision 3,
provides additional details regarding the application of optional ASME Code Cases and includes
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copies of ASME Code Case N-588, N-640, and N-641 (which effectively combines the
provisions of N-588 and N-640 into a single Code Case).

A detailed discussion of the calculational methodology for P-T limit curve generation is given in
Section 2.6 of the TR. Specific equations are given for the determination of primary membrane
stresses due to internal pressure and membrane and bending stresses due to thermal
gradients. Equations related to the generation of P-T limit curves for steady-state conditions,
finite heatup rates, finite.cooldown rates, and hydrostatic/leak test conditions are given. The
equations given in WCAP-14040, Revision 3, are equivalent to those provided in Section XI of
the ASME Code and consistent with the guidance given in SRP Section 5.3.2.

Therefore, the NRC staff has concluded that the basic methodology specified in WCAP-14040,
Revision 3, for establishing P-T limit curves meets the regulatory requirements of Appendix G
to 10 CFR Part 50 and the guidance provided in SRP Section 5.3.2. However, the NRC staff
has concluded that the discussion provided in WCAP-14040, Revision 3, regarding the use of
optional guidelines for the development of P-T limit curves, including the use of ASME Code
Cases N-588, N-640, and N-641 is not acceptable. The NRC staff has concluded, based on
guidance provided by the NRC’s Office of the General Counsel, that licensees do not need to
obtain exemptions to use the provisions of ASME Code Case N-588, N-640, or N-641. The
basis for this decision is as follows. Appendix G to 10 CFR Part 50 references the use of
ASME Code Section Xl, Appendix G and defines the acceptable Editions and Addenda of the
Code by reference to those endorsed in 10 CFR 50.55a. The 2003 Edition of 10 CFR Part 50,
10 CFR 50.55a, endorses editions and addenda of ASME Section XI up through the 1998
Edition and 2000 Addenda. The provisions of N-588, N-640, and N-641 have been directly
incorporated into the Code in the 2000 Addenda version of ASME Section XI, Appendix G.
Therefore, licensees may freely make use of the provisions in Code Cases N-588, N-640, and
N-841 by using the methodology in the 2000 Addenda version of ASME Section Xl without the
need for an exemption. When published, the approved revision of TR WCAP-14040 should be
modified to reflect this NRC staff conclusion.

 Requirement4:  Regarding the development of RPV P-T limit curves, the methodology

" should describe how the minimum temperature requirements in" Appendix
G to 10 CFR Part 50 are applied when constructing P-T limit curves.

Minimum temperature requirements regarding the material in the highly stressed region of the
RPV flange are given.in Appendix G to 10 CFR Part 50. Information provided in Sections 2.9
and 2.10 of the TR addresses the incorporation of minimum temperature requirements into the
"~ developimerit of P-T limit curves. In Section 2.9, the 10 CFR Part 50, Appendix G requirements
are cited. WCAP-14040, Revision 3, goes on to note that there is an effort underway to revise
or eliminate these requirements based on information contained in WCAP-15315, "Reactor
Vessel Closure Head/Vessel Flange Requirements Evaluation for Operating PWR and BWR
Plants.” However, WCAP-14040, Revision 3, states that until Appendix G to 10 CFR Part 50 is
revised to modify/eliminate the existing RPV flange minimum temperature requirements or an
exemption request to modify/eliminate these requirements is approved by the NRC for a
specific facility, the stated minimum temperature must be incorporated into a facility’s P-T limit
curves.
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WCAP-14040, Revision 3, provides supplemental information in Section 2.10 regarding the
establishment of RPV boltup temperature, specifically that the minimum boltup temperature
should be 60 °F or equal to the highest material reference temperature in the highly stressed
RPV flange region, whichever is higher (i.e., more conservative). Although no specific
requirements related to boltup temperature are provided in Appendix G to 10 CFR Part 50, the
information in WCAP-14040, Revision 3, is consistent with other, related requirements in
Appendix G to 10 CFR Part 50 and in Appendix G to Section XI of the ASME Code.

The NRC staff concludes that the methodology specified in WCAP-14040, Revision 3,
addresses RPV minimum temperature requirements in a way which is consistent with
Appendix G to 10 CFR Part 50 and Appendix G to Section Xl of the ASME Code and is,
therefore, acceptable.

Requirement 5: Regarding the calculation of RPV materials’ ARTs, the methodology
should describe how the data from multiple surveillance capsules may be
used in ART calculations.

Requirement 2 of Section 2.4 of WCAP-14040, Revision 3, addresses the determination of
changes in material properties due to irradiation. This information includes a description of how
surveillance capsule test results may be used to calculate RPV material properties in a manner
which is consistent with Section C.2.1 of RG 1.99, Revision 2, and other NRC staff guidance.

The NRC staff has reviewed the information in Section 2.4 of the TR and determined that it is
consistent with NRC staff guidance, including RG 1.99, Revision 2, and is, therefore,
acceptable.

Requirement 6: Regarding the calculation of the neutron fluence, the methodololgy
should describe how the neutron fluence is calculated.

Neutron Fluence Methodology

WCAP-14040, Revision 3, includes a revised Section 2.2. The revised section includes plant-

‘$pecific transport calculations and the validity of the calculations. For the neutron transport -
calculations, the applicant is using the two-dimensional discrete ordinates code, DORT
(Reference 1) with the BUGLE-96 cross section library (Reference 2). Approximations include
a P, Legendre expansion for anisotropic scattering and a S, order of angular quadrature.
Space and energy dependent core power (neutron source) distributions and associated core
parameters are treated on a fuel cycle specific basis. Two dimensional flux solutions &(r, 6, z)

--are -constructed- using (r;8)-and (r;z) distributions. -Extreme cases, with respect.to power. - ...
distribution arising from part-length fuel assemblies, use the three-dimensional TORT Code
(Reference 1) with the BUGLE-96 cross section library. Source distribution is obtained from a
burn-up weighted average of the power distributions of individual fuel cycles. The method
accounts for source energy spectral effects and neutrons/fission due to burnup by tracking the
concentration of U-235, U-238, Pu-239, Pu-240, and Pu-241. Mesh spacing accounts for flux
gradients and material interfaces.

The proposed methodology, as outlined above, adheres to the guidance of RG 1.190, and
therefore, is acceptable.



Validation of Transport Calculations

The Westinghouse validation is structured in four parts:

. comparison to pool critical assembly (PCA) simulator results (Reference 3),
. comparison to calculations in the H. B. Robinson benchmark (Reference 4),
. cémpan’son to a measurement database from pressurized wéter reactor (PWR)

surveillance capsules, and

. an analytical sensitivity study addressing the uncertainty components of the transport
calculations.

Comparisons of calculated results to the corresponding PCA measured quantities establish the
adequacy of the basic transport calculation and the associated cross sections. Comparison to
the H.B. Robinson benchmark addresses uncertainties related to the method and generally to
the neutron exposure. Comparisons to the PWR database provide an indication of the
presence of a bias and of the uncertainty of the calculated value with respect to the
corresponding measured values. Finally, the analytical sensitivity study validates the overaii
uncertainties whether from the methodology or the lack of precise knowledge of the input
parameters.

Comparison of the measured data to the calculations was performed on the basis of
measured/calculated (M/C) ratios, and with best estimate values calculated using least squares
adjusted measured values. The least squares adjustment is based on weighing individual
measurements based on spectral coverage. Comparisons are done before and after spectral
adjustments. This method is addressed in RG 1.190, as well as in the ASTM Standard
E944-96.

. The NRC staff requested that the WOG address the completeness of its database.. By letter .
dated October 20, 2003, the WOG responded by indicating that all of the surveillance capsules
analyzed with the proposed methodology (DORT and BUGLE-96) are included in the database.
The NRC staff found the response acceptable.

The NRC staff concludes that the proposed benchmarking methodology adheres to the
guidance in RG 1.190 and to ASTM standards, and therefore, is acceptable. -

Requirement 7: Regarding the low temperature overpressure protection/cold
overpressure mitigating system, the lift setting limits for the power
operated relief valves should be developed using NRC-approved
methodologies.

The method in this section is identical to the existing method in the approved Revision 2 of
WCAP-14040. The thermal hydraulics analysis for the mass and heat input transients is using
the same specialized version of LOFTRAN, which was approved in Revision 2.
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The cold overpressure mitigating system is the same as in the approved version, and therefore,
the NRC staff finds it acceptable.

4.0

CONCLUSION

The NRC staff has reviewed the information provided in WCAP-14040, Revision 3, related to
the requirements of GL 96-03, as cited in Section 3.0 of this SE, and finds WCAP-14040,
Revision 3, to be acceptable for referencing as a PTLR methodology, subject to the following
conditions:

a.

5.0

g

Licensees who wish to use WCAP-14040, Revision 3, as their PTLR methodology must
provide additional information to address the methodology requirements discussed in
provision 2 in the table of Attachment 1 to GL 96-03 related to the RPV material
surveillance program.

Contrary to the information in WCAP-14040, Revision 3, licensee use of the provisions
of ASME Code Cases N-588, N-640, or N-641 in conjunction with the basic
methodology in WCAP-14040, Revision 3, does not require an exemption since the
provisions of these Code Cases are contained in the edition and addenda of the ASME
Code incorporated by reference in 10 CFR 50.55a. When published, the approved
revision (Revision 4) of TR WCAP-14040 should be modified to reflect this NRC staff
conclusion.

As stated in WCAP-14040, Revision 3, until Appendix G to 10 CFR Part 50 is revised to
modify/eliminate the existing RPV flange minimum temperature requirements or an
exemption request to modify/eliminate these requirements is approved by the NRC

for a specific facility, the stated minimum temperature must be incorporated into a
facility’s P-T limit curves.
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apparatus, method, process, or similar item disclosed in this report.”

WCAP-14040-A May 2004
5461.doc-061004 Revision 4



iii

COPYRIGHT NOTICE

This report has been prepared by Westinghouse Electric Company LLC, for the members of the
Westinghouse Owners Group. Information in this report is the property of and contains copyright
information owned by Westinghouse Electric Company LLC and/or its subcontractors and suppliers. It is
transmitted to you in confidence and trust, and you agree to treat this document and the information
contained therein in strict accordance with the terms and conditions of the agreement under which it was

provided to you.

As a participating member of this Westinghouse Owners Group task, you are permitted to make the
number of copies of the information contained in this report which are necessary for your internal use in
connection with your implementation of the report results for your plant(s) in your normal conduct of
business. Should implementation of this report involve a third party, you are permitted to make the
number of copies of the information contained in this report which are necessary for the third party’s use
in supporting your implementation at your plant(s) in your normal conduct of business if you have
received the prior, written consent of Westinghouse Electric Company LLC to transmit this information to
a third party or parties. All copies made by you must include the copyright notice in all instances.

WCAP-14040-A May 2004
5461.doc-061004 Revision 4



iv

TABLE OF CONTENTS
TABLE OF CONTENTS ..ottt ettt sttt ettt et ettt sbe st s s et e st et et ebeereesmtsnesesaesaens iv
LIST OF TABLES ...ttt sttt et ettt ettt sh sttt e e e et et et et entesteseaseneeneeneosessestensennen vi
LIST OF FIGURES ...ttt sttt ettt et he s h e st ettt et s s et et et e e e snenbennens vi
1.0 INTRODUGCTTION ...ttt st eees et s b s et sttt ee s et sae st e sbe s e ssessesasseseenesneeneenessens 1-1
1.1 BACKGROUND ......octttitrienireeiteteree st sesiestesestses et stssesesesseesestssestssentssesesseseneesesessensens 1-1
1.2 PURPOSE OF TOPICAL REPORT .....ocuvotiiiteetetietesieeieiee e e et assessebee e saeen 1-1
1.3 CONTENT OF TOPICAL REPORT ......oooiiiiinieieiecrtrtete ettt seene s 1-1
2.0 PRESSURE-TEMPERATURE LIMIT CURVES .....ccooitiiiiinicercreseeeeetscsie et 2-1
2.1 INTRODUCTION ......cocenereieminenen ettt st h R st bttt n e e r e enes 2-1
2.2 NEUTRON FLUENCE METHODOLOGY ....oovvevieieeteinereesesreninseieneseesseesessenseseeneesens 2-2
2.2.1 Plant Specific Transport Calculations.........cccceeceereerrereeienieneernenieeeecr s 2-2
2.2.2  Validation of the Transport Calculations.......ccoerercrereereereniensiisieneeresesseesennens 2-4
2.3 FRACTURE TOUGHNESS PROPERTIES .......coctotetetererenenenenieieeeessessreseneseeneeenne 2-7
24 CALCULATION OF ADJUSTED REFERENCE TEMPERATURE ........coccevininnrnnn. 2-8
2.5 CRITERIA FOR ALLOWABLE PRESSURE-TEMPERATURE
RELATIONSHIPS ...ttt ettt ettt et s bes et ee et et et se e ss e s e e e s s esnemnenens 2-9
2.6 PRESSURE-TEMPERATURE CURVE GENERATION METHODOLOGY ............. 2-12
2.6.1 Thermal and Stress ANALYSES ..cccevververrrerceriecreerrenientesiesesiesieseereassesseessesseensens 2-12
2.6.2  Steady-State ANALYSES....cicceriiiririeriirrireiteee et est e e st e iesia e e sra st e neesneeseeseene 2-14
2.6.3  Finite Cooldown Rate ANalySes......ccooeeerrrerrercnenicniinieneeteseeseeeeee e eceseneene 2-16
2.6.4  Finite Heatup Rate ANalYSeS......ccvieeerinirieceniinieneereeseerenrectesvecreees s sseeeens 2-17
2.6.5 Hydrostatic and Leak Test CUIrve ANALYSES ....vvvreurenrerrseresssenssnssessemsessessessenes 2-17
2.7 1996 ADDENDA TO ASME SECTION XI, APPENDIX G METHODOLOGY ......... 2-18
2.8 CODE CASES N-640 FOR K;, AND N-588 FOR CIRCUMFERENTIAL
WELD FLAWS ettt ettt s e e bbbttt et n e nemnene 2-21
2.8.1 ASME Code Case N-040......cccceerereriniiniinirenererentesresieieseeeserseste e neenens 2-21
2.8.2  ASME Code Case N-588.....oiiiirieeierieneiintiieneecetrteeresreeeese e sseseeseeeas 2-21
2.9 CLOSURE HEAD/VESSEL FLANGE REQUIREMENTS............... eerereneeens ceeenenes n2-22
2.10  MINIMUM BOLTUP TEMPERATURE ......cooiiiitririnentrentee et esee e 2-23
3.0 COLD OVERPRESSURE MITIGATING SYSTEM (COMS)....conreeririrerierierienenesireeeeceerenennens 3-1
3.1 INTRODUCTION ..ottt seenienreie sttt et ase s eseesaesaesaeseestes et esesbesmreneseesseneenensen 3-1
32 COMS SETPOINT DETERMINATION .......cotiiiiieeeerenierieeieniesiesteetesessseesseseeneeseeneenens 3-1
3.2.1 Parameters Considered ......coveviieeeienieriiiniirieee ettt et 3-2
3.2.2  Pressure Limits SElECtION. c..civuirtierirriirienieninee ettt 3-2
3.2.3  Mass Input Consideration ........cceeeererierieerereenteneeeie e eeeeeeteresrae e seesseeseesaeeneenns 3-3
3.2.4 Heat Input Consideration .....c.ceeeeveereirnieneriieceerieneeeeneeeereetesee e e eeseeenees 33
3.2.5 Final Setpoint SeleCtion......ocveriererreriienieierieeeeeneererseese st ee e s saeen e ens 3-4
33 APPLICATION OF ASME CODE CASE N-514....ootieiiineercnenieeeeeeneneceneeenresseneceas 3-4
3.4 ENABLE TEMPERATURE FOR COMS ......ccviieieeerteeiteteetennree e ssnssaevessessesseneeneeses 3-5
WCAP-14040-A May 2004

5461.doc-061004

Revision 4



TABLE OF CONTENTS (cont.)

4.0 R B Tl 0 R A A L 2 SN 4-1

APPENDIX A RELEVANT ASME NUCLEAR CODE CASES ..o oottt ecvterreeeseeeseenanreeeees A-1

APPENDIX B CORRESPONDENCE WITH THE NRC ...ttt eeeeseeenvansanens ..B-1
WCAP-14040-A May 2004
Revision 4

5461.doc-061004



vi

LIST OF TABLES
Table A-1 Status of ASME Nuclear Code Cases Associated with the P-T Limit
Curve/COMS MethOdOIOZY ......coverieeiirieierrierreteeeetesree et s et ss e reene e b sneeneenee A-2
LIST OF FIGURES
Figure 2.1 Example of a Charpy Impact Energy Curve Used to Determine IRTnpr
(Note: 35 mils lateral expansion is required at indicated temperature) ...........cocceuvnnee. 2-24
Figure 2.2 Heatup Pressure-Temperature Limit Curve For Heatup Rates up to 60°F/Hr ............... 2-25
Figure 2.3 Cooldown Pressure-Temperature Limit Curves or Cooldown Rates up
10 LOOTE/HI ettt ettt ettt n e 2-26
Figure 2.4 Membrane Stress Correction Factor (Mx) vs. a/t Ratio for Flaws Having
Length to Depth Ratio of 6 (Welding Research Bulletin 175 Method) .......c.cceeverueennee 2-27
Figure 2.5 Bending Stress Correction Factor (Mp) vs. a/t Ratio for Flaws Having
Length to Depth Ratio of 6 (Welding Research Bulletin 175 Method) .......ccccccveeueeeenee. 2-28
Figure 3.1 Typical Appendix G P/T CharacteriStiCs.....ceeeeereirreeereerteeenienteste e ecerceee e e sseenenees 3-6
Figure 3.2 Typical Pressure Transient (1 Relief Valve Cycle) ..c..coceveririenirnennieninereecneeeeeeenen 3-7
Figure 3.3 Setpoint Determination (IMass INPUL)......c.coevririrreiereesenreeieieniteieieeie e eceeseessnesvneseens 3-8
Figure 3.4 Setpoint Determination (Heat INPUL) «..coovvvirviririereeceeee e 39
WCAP-14040-A May 2004
5461.doc-061004 Revision 4



1-1

1.0 INTRODUCTION
1.1 BACKGROUND

The concept of a Pressure and Temperature Limits Report (PTLR) was introduced into the Technical
Specifications during the development of NUREG 1431, Standard Technical Specifications for
Westinghouse PWRs and is consistent with the philosophy of NRC Generic Letter 88-16%. The PTLR is
similar to the Core Operating Limits Report (COLR), which is currently licensed for several plants and
also contained in NUREG 1431. The COLR contains core related limit values which may change from
cycle to cycle as they are related to a cycle specific core design. In the same way, a PTLR contains
reactor vessel material related limits which may change every fluence cycle as they are related to reactor
vessel material and strength. Implementation of the PTLR will allow licensees to relocate their RCS
heatup and cooldown curves and COMS setpoints currently contained in the Technical Specifications to
the PTLR. Additionally, the Vessel Fluence and Materials tables contained in the Technical Specifications
or Bases can be relocated to licensee controlled documents. This process will allow changes to these
tables, figures and values to be made without making a License Amendment Request (LAR). These
figures are typically revised due to changes in the nil ductility reference temperature (RTnpr), regulations
and surveillance capsule withdrawal.

1.2  PURPOSE OF TOPICAL REPORT

In order to implement the PTLR, the analytical methods used to develop the pressure and temperature
limits must be consistent with those previously reviewed and approved by the NRC and must be
referenced in the Administrative Controls section of the Technical Specifications. The purpose of this
report is to provide the current Westinghouse methodology for developing the RCS heatup and cooldown
curves and COMS setpoints. When approved by the NRC, this methodology may be referenced by
licensees to implement the PTLR.

This topical report does not provide all of the methodologies which can be used to develop RCS heatup
and cooldown curves and COMS setpoints, but rather methodologies that can be referenced by licensees
when approved by the NRC to license the PTLR concept.

1.3 CONTENT OF TOPICAL REPORT
This report contains the methodology used to develop the RCS heatup and cooldown curves in

Section 2.0 and the methodology used to develop the COMS setpoints in Section 3.0. The methodology
used to develop the COMS enable temperature is also discussed in Section 3.0.

WCAP-14040-A May 2004
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2.0 PRESSURE-TEMPERATURE LIMIT CURVES
2.1 INTRODUCTION

Heatup and cooldown limit curves are calculated using the most limiting value of RTypr (reference
nil-ductility transition temperature) corresponding to the limiting material in the beltline region of the
reactor vessel. The most limiting RTypr of the material in the core (beltline) region of the reactor vessel
is determined by using the unirradiated reactor vessel material fracture toughness properties and
estimating the irradiation-induced shift (ARTnpr). The unirradiated RTnpr is defined as the higher of
either the drop weight nil-ductility transition temperature (NDTT) or the temperature at which the
material exhibits at least 50 ft-1b of impact energy and 35-mil lateral expansion (both normal to the major
working direction) minus 60°F.

RTypr increases as the material is exposed to fast-neutron irradiation. Therefore, to find the most limiting
RTypr at any time period in the reactor’s life, ARTypr due to the radiation exposure associated with that
time period must be added to the original unirradiated RTnpr. The extent of the shift in RTypr is
enhanced by certain chemical elements (such as copper and nickel) present in reactor vessel steels. The
Nuclear Regulatory Commission (NRC) has published a method for predicting radiation embrittlement in
Regulatory Guide 1.99, Revision 2 (Radiation Embrittlement of Reactor Vessel Materials)®. Regulatory
Guide 1.99, Revision 2, is used for the calculation of adjusted reference temperature (ART) values
(irradiated RTnpr with margins for uncertainties) at 1/4t and 3/4t locations. “t” is the thickness of the
vessel at the beltline region measured from the clad/base metal interface (Note, thickness of cladding is
neglected as specified in the ASME Code, Section III, paragraph NB-3122.3). Using the adjusted
reference temperature values, pressure-temperature limit curves are determined in accordance with the
requirements of Appendix G, 10 CFR Part 50%, as augmented by Appendix G, Section XI of the American
Society of Mechanical Engineers Boiler and Pressure Vessel (ASME B&PV) Code®. The procedure for
establishing the pressure-temperature limits is entirely deterministic. The conservatisms included in the
limits are (but not limited to):

. An assumed flaw in the wall of the reactor vessel has a depth equal to 1/4 of the thickness of the
vessel wall and a length equal to 1-1/2 times the vessel wall thickness,

. A factor of 2 is applied to the membrane stress intensity factor (Kpy),

. 2-sigma margins are applied in determining the adjusted reference temperature (ART), and

. The limiting toughness is based upon a reference value [Ky,, which is a lower bound of the
dynamic crack initiation or arrest toughnesses, or Ky, which is a lower bound of static feature
toughness].

This section describes the methodology used by Westinghouse to develop the allowable pressure-
temperature relationships for normal plant heatup and cooldown rates that are included in the Pressure-
Temperature Limits Report (PTLR). First, the methodology describing how the neutron fluence is
calculated for the reactor vessel beltline materials is provided. Next, sections describing fracture
toughness properties, adjusted reference temperature calculation, criteria for allowable pressure-
temperature relationships, and pressure-temperature curve generation are provided.

WCAP-14040-A May 2004
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2.2 NEUTRON FLUENCE METHODOLOGY

The methodology used to provide neutron exposure evaluations for the reactor pressure vessel is based on
the requirements provided in Regulatory Guide 1.190, “Calculational and Dosimetry Methods for
Determining Pressure Vessel Neutron Fluence.”®. The vessel exposure projections are based on the
results of plant specific neutron transport calculations that are validated by benchmarking of the analytical
approach, comparison with industry wide power reactor data bases, and finally, by comparison to plant
specific surveillance capsule and reactor cavity dosimetry data. In the validation process, the
measurement data are used solely to confirm the accuracy of the transport calculations. The
measurements are not used in any way to modify the results of the transport calculations.

2.2.1 Plant Specific Transport Calculations

In the application of the methodology to the fast neutron exposure evaluations for the surveillance
capsules and reactor vessel, plant specific forward transport calculations are carried out on a fuel cycle
specific basis using the following three-dimensional flux synthesis technique:

0(1,0,2) = [6(1,0)] * [¢(r,2)]/[o(x)]

where:

0(1,0,7) is the synthesized three-dimensional neutron flux distribution,
o(1,0) is the transport solution in r,0 geometry,

¢(1,z) is the two-dimensional solution for a cylindrical reactor model using the actual axial core
power distribution, and

¢(r) is the one-dimensional solution for a cylindrical reactor model using the same source per unit
height as that used in the 1, two-dimensional calculation.

All of the transport calculations are carried out using the DORT discrete ordinates code Version 3.17 and
the BUGLE-96 cross-section library!""l. The BUGLE-96 library provides a 67 group coupled
neutron-gamma ray cross-section data set produced specifically for light water reactor application. In
these analyses, anisotropic scattering is treated with a Ps legendre expansion and the angular
discretization is modeled with an S;¢ order of angular quadrature. Energy and space dependent core
power distributions as well as system operating temperatures are treated on a fuel cycle specific basis.
The synthesis procedure combining the ¢(z,0), ¢(r,z), and ¢(r) transport solutions into the three-
dimensional flux/fluence maps within the reactor geometry is accomplished by post-processing the output
files generated by the [r,0], [r,z], and [r] DORT calculations.

In some extreme cases where part length poisons or shielded fuel assemblies have been inserted into the
reactor core to reduce the fluence locally in the vicinity of key vessel materials, the calculational approach
may be modified to use either a multi-channel synthesis approach or a fully three-dimensional technique.
For the full three-dimensional analysis, the TORT'” three-dimensional discrete ordinates transport code is
used in conjunction with either the BUGLE-96 ENDF/B-VI based library to provide a complete solution
without recourse to the use of flux synthesis techniques.
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In developing an analytical model of the reactor geometry, nominal design dimensions are normally
employed for the various structural components. In some cases as-built dimensions are available; and, in
those instances, the more accurate as-built data are used for model development. However, for the most
part, as built dimensions of the components in the beltline region of the reactor are not available, thus,
dictating the use of design dimensions. Likewise, water temperatures and, hence, coolant density in the
reactor core and downcomer regions of the reactor are normally taken to be representative of full power
operating conditions. The reactor core itself is treated as a homogeneous mixture of fuel, cladding, water,
and miscellaneous core structures such as fuel assembly grids, guide tubes, etc.

The spatial mesh description used in the transport models depends on the overall size of the reactor and
on the complexity required to model the core periphery, the in-vessel surveillance capsules, and the
details of the reactor cavity. Mesh sizes are chosen to assure that proper convergence of the inner
iterations is achieved on a pointwise basis. The pointwise inner iteration flux convergence criterion
utilized in the 1,0 calculations is set at a value of 0.001.

The mesh selection process results in a smaller spatial mesh in regions exhibiting steep gradients, in
material zones of high cross-section (Z,), and at material interfaces. In the modeling of in~vessel
surveillance capsules, a minimum set of 3 radial by 3 azimuthal mesh are employed within the test
specimen array to assure that sufficient information is produced for use in the assessment of fluence
gradients within the materials test specimens, as well as in the determination of gradient corrections for
neutron sensors. Additional radial and azimuthal mesh are employed to model the capsule structure
surrounding the materials test specimen array. In modeling the stainless steel baffle region at the
periphery of the core, a relatively fine spatial mesh is required to adequately describe this rectilinear
component in 1,0 geometry. In performing this x,y to 1,0 transition, care is taken to preserve both the
thickness and volume of the steel region in order to accurately address the shielding effectiveness of the
component.

The spatial variation of the neutron source is generally obtained from a burnup weighted average of the
respective power distributions from individual fuel cycles. These spatial distributions include pinwise
gradients for all fuel assemblies located at the periphery of the core and typically include a uniform or flat
distribution for fuel assemblies interior to the core. The spatial component of the neutron source is
transposed from x,y to [1,0], [r,z], and [r] geometry by overlaying the mesh schematic to be used in the
transport calculation on the pin by pin array and then computing the appropriate relative source applicable
to each spatial interval within the reactor core.

These x,y to [1,0], [r,z], and [r] transpositions are accomplished by first defining a fine mesh working
array. The sizes of the fine mesh are usually chosen so that there is at least a 10x10 array of fine mesh
over the area of each fuel pin at the core periphery. The coordinates of the center of each fine mesh
interval and its associated relative source strength are assigned to the fine mesh based on the pin that is
coincident with the center of the fine mesh. In the limit as the sizes of the fine mesh approach zero, this
technique becomes an exact transformation.
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Each space mesh in the transport geometry is checked to determine if it lies totally within the area of a

particular fine working mesh. If it does, the relative source of that fine mesh is assigned to the transport
space mesh. If, on the other hand, the transport space mesh covers a part of one or more fine mesh, then
the relative source assigned to the transport mesh is determined by an area weighting process as follows:

2 AP

where:

P = the relative source assigned to transport mesh m.

A; = the area of fine working mesh i within transport mesh m.

A
I

= the relative source within fine working mesh i.

The energy distribution of the source is determined on a fuel assembly specific basis by selecting a fuel
assembly burnup representative of conditions averaged over each fuel cycle and an initial enrichment
characteristic for each assembly. From this average burnup and initial enrichment, a fission split by
isotope including 2851y, 28y, 238py, 2py, %Py, and **'Pu is derived; and, from that fission split,
composite values of energy release per fission, neutron yield per fission, and fission spectrum are
determined for each fuel assembly. These composite values are then combined with the spatial
distribution to produce the overall absolute neutron source for use in the transport calculations.

2.2.2 Validation of the Transport Calculations

The validation of the methodology described in Section 2.2.1 is based on the guidance provided in
Regulatory Guide 1.190. In particular, the validation consists of the following stages:

1. Comparisons of calculations with benchmark measurements from the Pool Critical Assembly
(PCA) simulator at the Oak Ridge National Laboratory (ORNL)!"?,

2. Comparisons of calculations with surveillance capsule and reactor cavity measurements from the
H. B. Robinson power reactor benchmark experiment®?.

3. An analytical sensitivity study addressing the uncertainty components resulting from important
input parameters applicable to the plant specific transport calculations used in the exposure
assessments.

4. Comparisons of calculations with a measurements data base obtained from a large number of

surveillance capsules withdrawn from a variety of pressurized water reactors.

At each subsequent application of the methodology, comparisons are made with plant specific dosimetry
results to demonstrate that the plant specific transport calculations are consistent with the uncertainties
derived from the methods qualification.
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The first stage of the methods validation addresses the adequacy of basic transport calculation and
dosimetry evaluation techniques and associated cross-sections. This stage, however, does not test the
accuracy of commercial core neutron source calculations nor does it address uncertainties in operational
or geometric variables that impact power reactor calculations. The second stage of the validation
addresses uncertainties that are primarily methods related and would tend to apply generically to all fast
neutron exposure evaluations. The third stage of the validation identifies the potential uncertainties
introduced into the overall evaluation due to calculational methods approximations, as well as to a lack of
knowledge relative to various plant specific parameters. The overall calculational uncertainty is
established from the results of these three stages of the validation process.

The following summarizes the uncertainties determined from the results of the first three stages of the
validation process:

PCA Benchmark Comparisons 3%

H. B. Robinson Benchmark Comparisons 3%

Analytical Sensitivity Studies 11%
Internals Dimensions 3%
Vessel Inner Radius 5%
Water Temperature 4%
Peripheral Assembly Source Strength 5%
Axial Power Distribution 5%
Peripheral Assembly Burnup 2%
Spatial Distribution of the Source 4%

Other Factors 5%

The category designated “Other Factors” is intended to attribute an additional uncertainty to other
geometrical or operational variables that individually have an insignificant impact on the overall
uncertainty, but collectively should be accounted for in the assessment.

The uncertainty components tabulated above represent percent uncertainty at the 1o level. In the
tabulation, the net uncertainty of 11% from the analytical sensitivity studies has been broken down into its
individual components. When the four uncertainty values listed above (3%, 3%, 11%, and 5%) are
combined in quadrature, the resultant overall 1c calculational uncertainty is estimated to be 13%.

To date the methodology described in Section 2.2.1 coupled with the BUGLE-96 cross-section library has
been used in the evaluation of dosimetry sets from 82 surveillance capsules from 23 pressurized water
reactors. These capsule withdrawals included 2-5 capsules from individual reactors. The comparisons of
the plant specific calculations with the results of the capsule dosimetry are used to further validate the
calculational methodology within the context of a 1o calculational uncertainty of 13%.

This 82 capsule data base includes all surveillance capsule dosimetry sets analyzed by Westinghouse
using the Bugle-96 cross-section library and the synthesis approach described in Section 2.2.1. No
surveillance capsule dosimetry sets were excluded from the M/C data base. As additional capsules are
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analyzed using the synthesis approach with the BUGLE-96 cross-section library the M/C comparisons
will be added to the database.

The comparisons between the plant specific calculations and the data base measurements are provided on
two levels. In the first instance, measurement to calculation (M/C) ratios for each fast neutron sensor
reaction rate from the surveillance capsule irradiations are listed. This tabulation provides a direct
comparison, on an absolute basis, of measurement and calculation. The results of this comparison for the
surveillance capsule data base are as follows:

REACTION M/C STD DEV
8Cu(na)*®Co 1.09 7.9%
*Fe(n,p)™*Mn 0.99 8.4%
*¥Ni(n,p)**Co. 0.99 8.9%
ZU(n,H""Cs 1.01 11.8%
ZNp(n,£)*’Cs 1.06 11.3%
Linear Average 1.03 9.8%

These comparisons show that the calculations and measurements for the surveillance capsule data base
fall well within the 13% calculational uncertainty for all of the fast neutron reactions.

The second comparison of calculations with the data base is based on the least squares adjustment of the
individual surveillance capsule data sets. The least squares adjustment procedure provides a weighting of
the individual sensor measurements based on spectral coverage and allows a comparison of the neutron
flux (E > 1.0 MeV) before and after adjustment. The neutron flux/fluence (E > 1.0 MeV) is the primary
parameter of interest in the overall pressure vessel exposure evaluations.

The least squares evaluations of the 82 surveillance capsule dosimetry sets followed the guidance
provided in Section 1.4.2 of Regulatory Guide 1.190 and in ASTM Standard E944-96, “Standard Guide
for Application of Neutron Spectrum Adjustment Methods in Reactor Surveillance.”

The application of the least squares methodology requires the following input:

1. The calculated neutron energy spectrum and associated uncertainties at the measurement location.

2. The measured reaction rates and associated uncertainty for each sensor contained in the multiple
foil set.

3. The energy dependent dosimetry reaction cross-sections and associated uncertainties for each

sensor contained in the multiple foil sensor set.

For the data base comparisons, the calculated neutron spectra were obtained from the results of plant
specific neutron transport calculations applicable to each of the 82 surveillance capsules. The sensor
reaction rates and dosimetry cross-sections were the same as those used in the direct M/C comparisons
noted above.
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The results of this latter comparison expressed in terms of the ratio of adjusted flux to calculated flux
(A/C) are summarized as follows for the 82 capsule data base:

PARAMETER A/C STD DEV
O(E > 1.0 MeV) 1.00 7.3%

As with the comparisons based on the linear average of reaction rate M/C ratios, the comparisons of the
least squares adjusted results with the plant specific transport calculations demonstrate that the calculated
results are essentially unbiased with an uncertainty well within the 20% criterion established in
Regulatory Guide 1.190.

2.3 FRACTURE TOUGHNESS PROPERTIES

The fracture toughness properties of the ferritic material in the reactor coolant pressure boundary are
determined in accordance with the requirements of Appendix G, 10 CFR Part 50, as augmented by the
additional requirements in subsection NB-2331 of Section III of the ASME B&PV Code®. These
fracture toughness requirements are also summarized in Branch Technical Position MTEB 5-2
(“Fracture Toughness Requirements”)® of the NRC Regulatory Standard Review Plan.

These requirements are used to determine the value of the reference nil-ductility transition temperature
(RTnpr) for unirradiated material (defined as initial RTnpt, IRTnpr) and to calculate the adjusted reference
temperature (ART) as described in Section 2.4. Two types of tests are required to determine a material’s
value of IRTynpr: Charpy V-notch impact (C,) tests and drop-weight tests. The procedure is as follows:

1. Determine a temperature Typr that is at or above the nil-ductility transition temperature by drop
weight tests. '
2. At a temperature not greater than Typr + 60°F, each specimen of the C, test shall exhibit at least

35 mils lateral expansion and not less than 50 ft-1b absorbed energy. When these requirements
are met, Tnpr is the reference temperature RTnpr-

3. If the requirements of (2) above are not met, conduct additional C, tests in groups of three
specimens to determine the temperature Tc, at which they are met. In this case the reference
temperature RTxpr = Tcy - 60°F. Thus, the reference temperature RTypr is the higher of Typr and
(Tey - 60°F).

4. If the C, test has not been performed at Typr + 60°F, or when the C, test at Typr + 60°F does not
exhibit a minimum of 50 ft-1b and 35 mils lateral expansion, a temperature representing a
minimum of 50 ft-Ib and 35 mils lateral expansion may be obtained from a full C, impact curve
developed from the minimum data points of all the C, tests performed as shown in Figure 2.1.

Plants that do not follow the fracture toughness guidelines in Branch Technical Position MTEB 5-2 to
determine IRTypr can use alternative procedures. However, sufficient technical justification and special
circumstances per the criteria of 10CFR50.12(2)(2) must be provided for an exemption from the
regulations to be granted by the NRC.
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24  CALCULATION OF ADJUSTED REFERENCE TEMPERATURE

The adjusted reference temperature (ART) for each material in the beltline region is calculated in
accordance with Regulatory Guide 1.99, Revision 2©). The most limiting ART values (i.e., highest value
at 1/4t and 3/4t locations) are used in determining the pressure-temperature limit curves. ART is
calculated by the following equation:

ART = IRTypr + ARTxpr + Margin (2.4-1)

IRTypr is the reference temperature for the unirradiated material as defined in paragraph NB-2331 of
Section III of the ASME Boiler and Pressure Vessel Code® and calculated per Section 2.3. If measured
values of IRTypr are not available for the material in question, generic mean values for that class of
material can be used if there are sufficient test results to establish a mean and standard deviation for the
class.

ARTypr is the mean value of the shift in reference temperature caused by irradiation and is calculated as
follows:

ARTypr = CF f 028 -010%eD (2.4-2)

CF (°F) is the chemistry factor and is a function of copper and nickel content. CF is given in Table 1 of
Reference 3 for weld metal and in Table 2 in Reference 3 for base metal (Position 1.1 of Regulatory
Guide 1.99, Revision 2). In Tables 1 and 2 of Reference 3 “weight-percent copper” and “weight-percent
nickel” are the best-estimate values for the material and linear interpolation is permitted. When two or
more credible surveillance data sets (as defined in Regulatory Guide 1.99, Revision 2, Paragraph B.4)
become available they may be used to calculate the chemistry factor per Position 2.1 of Regulatory
Guide 1.99, Revision 2, as follows:

i [A, fi(0.28—0.1010gfi)]

CF=—— (2.4-3)
z i (0.28-0‘1010gfi)]2
i=1

Where “n” is the number of surveillance data points, “A;” is the measured shift in the Charpy V-notch
30 ft-1b energy level between the unirradiated condition and the irradiated condition, “f.” Where “f;” is
the fluence for each surveillance data point.

If Position 2.1 of Regulatory Guide 1.99, Revision 2, results in a higher value of ART than Position 1.1 of
Regulatory Guide 1.99, Revision 2, the ART calculated per Position 2.1 must be used. However, if
Position 2.1 of Regulatory Guide 1.99, Revision 2, results in a lower value of ART than Position 1.1 of
Regulatory Guide 1.99, Revision 2, either value of ART may be used.

To calculate ARTypr at any depth (e.g., at 1/4t or 3/4t), the following formula is used to attenuate the fast
neutron fluence (E> 1 MeV) at the specified depth.
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£= frace € 02 (2.4-4)

where fupee 10° n/cm?, E > 1 MeV) is the value, calculated per Section 2.2, of the neutron fluence at the
base metal surface of the vessel at the location of the postulated defect, and x (in inches) is the depth into
the vessel wall measured from the vessel clad/base metal interface. The resultant fluence is then put into
equation (2.4-2) to calculate ARTypr at the specified depth.

When two or more credible surveillance capsules have been removed, the measured increase in reference
temperature (ARTxpr) must be compared to the predicted increase in RTypt for each surveillance
material. The predicted increase in RTypr is the mean shift in RTypr calculated by equation (2.4-2) plus
two standard deviations (2c,) specified in Regulatory Guide 1.99, Revision 2. If the measured value
exceeds the predicted value (ARTypr + 26,), a supplement to the PTLR must be submitted for NRC
review and approval to demonstrate how the results affect the approved methodology.

Margin is the temperature value that is included in the ART calculations to obtain conservative, upper-
bound values of ART for the calculations required by Appendix G to 10 CFR Part 50%. Margin is
calculated by the following equation:

Margin = 2 [(of +6,D)]%° (2.4-5)

oy, is the standard deviation for IRTypt and o, is the standard deviation for ARTypr. If IRTxpr IS @
measured value, oy, is estimated from the precision of the test method (o7 = 0 for a measured IRTypr of 2
single material). If IRTypr is not a measured value and generic mean values for that class of material are
used, o is the standard deviation obtained from the set of data used to establish the mean. Per Regulatory
Guide 1.99, o, is 28°F for welds and 17°F for base metal. When surveillance data is used to calculate
ARTxpr, 04 values may be reduced by one-half. In all cases, o, need not exceed half of the mean value of
ARTypr.

2.5 CRITERIA FOR ALLOWABLE PRESSURE-TEMPERATURE RELATIONSHIPS

The ASME Code requirements® for calculating the allowable pressure-temperature limit curves for
various heatup and cooldown rates specify that the total stress intensity factor, K;, for the combined
thermal and pressure stresses at any time during heatup or cooldown cannot be greater than the reference
stress intensity factor, the fracture toughness for the metal temperature at that time. Two values of
fracture toughness may be used, Ky, or K.

K. is obtained from the reference fracture toughness curve, defined in Appendix G, to Section XI of the
ASME Code (1995 Edition through the 1996 Addenda). (Note that in Appendix G, to Section III of the
ASME Code, the reference fracture toughness is denoted as Kz, whereas in Appendix G of Section XI,
the reference fracture toughness is denoted as Kj,. However, the Kjg and Ky, curves are identical and are
defined with the identical functional form.) The K;, curve is given by the following equation:

Kis = 26.78 + 1.223 exp [0.0145 (T-RTypr + 160)] (2.5-1)
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where,

Kn = lower bound of dynamic and crack arrest toughness as a function of the metal
temperature T and the metal reference nil-ductility transition temperature RTxpr,
(ksi \/-1;1_ ). The value of RTypr is the adjusted reference temperature (ART) of
Section 2.4.

K is also obtained from Section XI of the ASME Code, for example in Appendix A, and is a lower bound
of static fracture toughness. Since heatup and cooldown is a slow process, static properties are
appropriate. The K. curve is given by the following expression:

Kjo = 33.20 + 20.734 exp [0.0200 (T — RTxp1)] (2.5-2)

The use of the Ky, curve (Section XI, Appendix A) as a basis for developing P-T limit curves is currently
contained in ASME Code Case N640. Use of the Ky, fracture toughness will yield less limiting P-T
curves, which is clearly a benefit.

However, the use of Code Case 640 presently includes a restriction on the setpoints for the Cold
Overpressure Mitigation System (COMS). This maximum pressure for the COMS system is 100% of the
pressure allowed by the P-T limit curves. This essentially disallows the use of Code Case N514 in these
circumstances, meaning that the COMS system must protect to the actual P-T limit curve, rather than

110 percent, as allowed by Code Case N514.

The governing equation for generating pressure-temperature limit curves is defined in Appendix G of the
ASME Code® as follows:

C K + Ky < Reference Fracture Toughness (2.5-3)
where,
Km = stress intensity factor caused by membrane (pressure) stress,
Ky = stress intensity factor caused by the thermal gradients through the vessel wall,
C = 2.0 for Level A and Level B service limits (for heatup and cooldown),
C = 1.5 for hydrostatic and leak test conditions when the reactor core is not critical

Reference Fracture Toughness = Ky, or K, as discussed above

(Note: Ky, is set to zero for hydrostatic and leak test calculations since these tests are performed
at isothermal conditions).

At specific times during the heatup or cooldown transient, the reference fracture toughness is determined
by the metal temperature at the tip of the postulated flaw (the postulated flaw has a depth of one-fourth of
the section thickness and a length of 1.5 times the section thickness per ASME Code, Section XI,
paragraph G-2120), the appropriate value for RTxpr at the same location, and the reference fracture
toughness equation (2.5-1 or 2.5-2). The thermal stresses resulting from the temperature gradients
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through the vessel wall and the corresponding (thermal) stress intensity factor, Ky, for the reference flaw
are calculated as described in Section 2.6. From Equation (2.5-3), the limiting pressure stress intensity
factors are obtained and, from these, the allowable pressures are calculated as described in Section 2.6.

For the calculation of the allowable pressure versus coolant temperature during cooldown, the reference
1/4t (t = reactor vessel wall thickness) flaw of Appendix G, Section XI to the ASME Code is assumed to
exist at the inside of the vessel wall. During cooldown, the controlling location of the flaw is always at
the inside of the vessel wall because the thermal gradients that increase with increasing cooldown rates
produce tensile stresses at the inside surface that would tend to open (propagate) the existing flaw.
Allowable pressure-temperature curves are generated for steady-state (zero rate) and each finite cooldown
rate specified. From these curves, composite limit curves are constructed as the minimum of the steady-
state or finite rate curve for each cooldown rate specified.

The use of the composite curve in the cooldown analysis is necessary because control of the cooldown
procedure is based on the measurement of reactor coolant temperature, whereas the limiting pressure is
actually dependent on the material temperature at the tip of the assumed flaw. During cooldown, the 1/4t
vessel location is at a higher temperature than the fluid adjacent to the vessel inner diameter. This
condition, of course, is not true for the steady-state situation. It follows that, at any given reactor coolant
temperature, the temperature difference across the wall developed during cooldown results in a higher
value of reference fracture toughness at the 1/4t location for finite cooldown rates than for steady-state
operation. Furthermore, if conditions exist so that the increase in reference fracture toughness exceeds
Ky, the calculated allowable pressure during cooldown will be greater than the steady-state value.

The above procedures are needed because there is no direct control on temperature at the 1/4t location
and, therefore, allowable pressures could be lower if the rate of cooling is decreased at various intervals
along a cooldown ramp. The use of the composite curve eliminates this problem and ensures
conservative operation of the system for the entire cooldown period.

Three separate calculations are required to determine the limit curves for finite heatup rates. As is done in
the cooldown analysis, allowable pressure-temperature relationships are developed for steady-state
conditions as well as finite heatup rate conditions assuming the presence of a 1/4t flaw at the inside of the
wall. The heatup results in compressive stresses at the inside surface that alleviate the tensile stresses
produced by internal pressure. The metal temperature at the crack tip lags the coolant temperature;
therefore, the reference fracture toughness for the inside 1/4t flaw during heatup is lower than the
reference fracture toughness for the same flaw during steady-state conditions at the same coolant
temperature. However, conditions may exist so that the effects of compressive thermal stresses and lower
reference fracture toughness do not offset each other and the pressure-temperature curve based on finite
heatup rates could become limiting. Therefore, both cases have to be analyzed in order to ensure that at
any coolant temperature, the lower value of the allowable pressure calculated for steady-state and finite
heatup rates is obtained for the inside 1/4t flaw.

The third portion of the heatup analysis concerns the calculation of the pressure-temperature limitations
for the case of a 1/4t outside surface flaw. Unlike the situation at the vessel inside surface, the thermal
gradients established at the outside surface during heatup produce stresses which are tensile in nature and
therefore tend to reinforce any pressure stresses present. These thermal stresses are dependent on both the
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rate of heatup and coolant temperature during the heatup ramp. Since the thermal stresses at the outside
are tensile and increase with increasing heatup rates, each heatup rate is analyzed on an individual basis.

Following the generation of the three pressure-temperature curves, the final limit curves are produced by
constructing a composite curve based on a point-by-point comparison of the steady-state data and finite
heatup rate data for both inside and outside surface flaws. At any given temperature, the allowable
pressure is taken to be the lesser of the three values taken from the curves under consideration. The use
of the composite curve is necessary to set conservative heatup limitations because it is not possible to
predict which condition is most limiting because of local differences in irradiation (RTxpr), metal
temperature and thermal stresses. With the composite curve, the pressure limit is at all times based on
analysis of the most critical situation.

Finally, the 1983 Amendment to 10CFR50% has a rule which addresses the metal temperature of the
closure head flange and vessel flange regions. This rule states that the metal temperature of the closure
flange regions must exceed the material unirradiated RTypr by at least 120°F for normal operation and
90°F for hydrostatic pressure tests and leak tests when the pressure exceeds 20 percent of the preservice
hydrostatic test pressure. In addition, when the core is critical, the pressure-temperature limits for core
operation (except for low power physics tests) require that the reactor vessel be at a temperature equal to
or higher than the minimum temperature required for the inservice hydrostatic test, and at least 40°F
higher than the minimum permissible temperature in the corresponding pressure-temperature curve for
heatup and cooldown. These limits are incorporated into the pressure-temperature limit curves wherever
applicable.

A petition for rulemaking to eliminate the flange requirement contained in 10CFR50 Appendix G was
submitted to the NRC by Westinghouse in November 1999. Until 10CFRS50 Appendix G is revised to
eliminate the flange requirement, it must be included in the P-T limits, unless an exemption request is
submitted and approved by the NRC.

Figure 2.2 shows an example of a heatup curve using a heatup rate of 60°F/Hr applicable for the first
16 EFPY. Figure 2.3 shows an example of cooldown curves using rates of 0°, 20°, 40°, 60°, and
100°F/Hr applicable for the first 16 EFPY. Allowable combinations of temperature and pressure for
specific temperature change rates are below and to the right of the limit lines shown in Figures 2.2 and
2.3. Note that the step in these curves are due to the previously described flange requirements [4].

2.6 PRESSURE-TEMPERATURE CURVE GENERATION METHODOLOGY
2.6.1 Thermal and Stress Analyses

The time-dependent temperature solution utilized in both the heatup and cooldown analysis is based on
the one-dimensional transient heat conduction equation:

aT o*T 14T
C—=K|—+— 2.6.1-1
i { o ror } ( )
with the following boundary conditions applied at the inner and outer radii of the reactor vessel,
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atr=r;, —K% =h(T-T,) (2.6.1-2)
atr =1, %=0 (2.6.1-3)
where,
r; =  reactor vessel inner radius
I, =  reactor vessel outer radius
p = material density
C = material specific heat
K = material thermal conductivity
T = local temperature
r = radial location
t = time
= heat transfer coefficient between the coolant and the vessel wall
T, = coolant temperature

These equations are solved numerically to generate the position and time-dependent temperature
distributions, T(r,t), for all heatup and cooldown rates of interest.

With the results of the heat transfer analysis as input, position and time-dependent distributions of hoop

thermal stress are calculated using the formula for the thermal stress in a hollow cylinder given by
Timoshenko".

Ea 1 |r*+1f

T, T
Go (1, 1) =— — [T orde+ [ TG, tr dr - T(r, )’ (2.6.1-4)
1-v r2 r2 '—I‘-2 5 ' 5 :
o 1
where,
og(r,t) = hoop stress at location and time t
E = modulus of elasticity
o = coefficient of linear expansion
\' = Poisson's ratio
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The quantities E and o are temperature-dependent properties. However, to simplify the analysis, E and o
are evaluated at an equivalent wall temperature at a given time:

2 _[ K T(r)r dr
Ty =—

eqv 2 2
L, =1

(2.6.1-5)

E and a are calculated as a function of this equivalent temperature and the Ea product in equation
(2.6.1-4) is treated as a constant in the computation of hoop thermal stress.

The linear bending (cy) and constant membrane (o) stress components of the thermal hoop stress profile
are approximated by the linearization technique presented in Appendix A, to Section XI of the ASME
Code™. These stress components are used for determining the thermal stress intensity factors, Ky, as
described in subsections 2.6.3 and 2.6.4.

2.6.2 Steady-State Analyses

Using the calculated beltline metal temperature and the metal reference nil-ductility transition
temperature, the reference stress intensity factor (Ky,) is determined in Equation (2.5-1) at the 1/4t
location where “t” represents the vessel wall thickness. At the 1/4t location, a 1/4 thickness flaw is
assumed to originate at the vessel inside radius.

The allowable pressure P(T,) is a function of coolant temperature, and the pressure temperature curve is
calculated for the steady state case at the assumed 1/4t inside surface flaw. First, the maximum allowable
membrane (pressure) stress intensity factor is determined using the factor of 2.0 from equation (2.5-2) and
the following equation:

KI * (T - RTNDT )1/4t

K ivmasy = m (2.6.2-1)

where,

Kn(T-RTypr) =  allowable reference stress intensity factor as a function of T-RTnpr at 1/4t.
(See Sections 2.7 and 2.8 for the new approach using Code Cases N640
and N588.)

Next, the maximum allowable pressure stress is determined using an iterative process and the following
three equations:

2
Q=¢%-0212 {G—PJ (2.6.2-2)
G

y
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K
M (2.6.2-3)

ia
1.1M, fa
K, =1.1IM,0, /% (2.6.2-4)

Cp =

where,

Q = flaw shape factor modified for plastic zone size'®,

) | = is the elliptical integral of the 2nd kind (¢ = 1.11376 for the fixed aspect ratio of 3 of
the code reference flaw)'®,

0.212 = plastic zone size correction factor!®,

Cp = pressure stress,

oy = vyield stress,

1.1 = correction factor for surface breaking flaws,

Mk = correction factor for constant membrane stress (16), Mk as function of relativeflaw
depth (a/t) is shown in Figure 2.4,

a = crack depth of 1/4t,

Kip = pressure stress intensity factor.

The maximum allowable pressure stress is determined by incrementing o, from an initial value of 0.0 psi
until a pressure stress is found that computes a Kjp value within 1.0001 of the Kpmax) value. After the
maximum allowable o, is found, the maximum allowable internal pressure is determined by

2 —r’
P(T,) =0, | ‘2 (2.6.2-5)
r, +r
where,
P(T;) = calculated allowable pressure as a function of coolant temperature.
WCAP-14040-A May 2004
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2.6.3 Finite Cooldown Rate Analyses

For each cooldown rate the pressure-temperature curve is calculated at the inside 1/4t location. First, the
thermal stress intensity factor is calculated for a coolant temperature at a given time using the following
equation from the Welding Research Council®:

ma
K, =[o, 1.1M, +o, M| [— (2.6.3-1)
Q
where,
om = constant membrane stress component from the linearized thermal hoop stress
distribution,

o, = linear bending stress component from the linearized thermal hoop stress distribution,

Mg = correction factor for membrane stress"® (see Figure 2.4),

Mg = correction factor for bending stress’®, Mg as a function of relative flaw depth (a/t) is

shown in Figure 2.5.

The flaw shape factor Q in equation (2.6.2-6) is calculated from®®

Oy

2
Q=¢%-0212 [M—Gl’—} (2.63-2)
Once Ky is computed, the maximum allowable membrane (pressure) stress intensity factor is determined
using the factor of 2.0 from equation (2.5-2) and the following equation:

K _ Ky *(T=RTypr )y =Ky (1) e
N IM(max) T 20

(2.6.3-3)

From Kpvmax), the maximum allowable pressure is determined using the iterative process described above
and equations (2.6.2-2) through (2.6.2-5).

The steady-state pressure-temperature curve of Section 2.6.2 is compared to the cooldown curves for the
1/4t inside surface flaw at each cooldown rate. At any time, the allowable pressure is the lesser of the two
values, and the resulting curve is called the composite cooldown limit curve.

Finally, the 10 CFR Part 50 requirement for the closure flange region is incorporated into the cooldown
composite curve as described in Section 2.5.

WCAP-14040-A May 2004
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2.6.4 Finite Heatup Rate Analyses

Using the calculated beltline metal temperature and the metal reference nil-ductility transition
temperature, the reference stress intensity factor (Ky,) is determined in Equation (2.5-1) or (2.5-2) at both
the 1/4t and 3/4t locations where “t” represents the vessel wall thickness. At the 1/4t location, a

1/4 thickness flaw is assumed to originate at the vessel inside radius. At the 3/4t location, a 1/4t flaw is
assumed to originate on the outside of the vessel.

For each heatup rate a pressure-temperature curve is calculated at the 1/4t and 3/4t locations. First, the
thermal stress intensity factor is calculated at the 1/4t and 3/4t locations for a coolant temperature at a
given time using Option 1 or 2 from Section 2.6.3.

Once Ky, is computed, the maximum allowable membrane (pressure) stress intensity factors at the 1/4t and
3/4t locations are determined using the following equations:

K; *(T-RTypr )i — K (T,)
At1/4t, K ymaoua = L ND’I:‘Z g4t It 1/4t

(2.6.4-1)

KI * (T_RTNDT )3/4t - KIt (Tc )3/4t
2.0

At3/4t, Ky = (2.6.4-2)

From Kivmax)1/4t and Kpvmaxyz/4, the maximum allowable pressure at both the 1/4t and 3/4t locations is
determined using the iterative process described in Section 2.6.2 and equations (2.6.2-2) through
(2.6.2-5).

As was done with the cooldown case, the steady state pressure-temperature curve of Section 2.6.2 is
compared with the 1/4t and 3/4t location heatup curves for each heatup rate, with the lowest of the three
being used to generate the composite heatup limit curve. The composite curve is then adjusted for the
10 CFR Part 50 rule for closure flange requirements, as discussed in Section 2.5.

2.6.5 Hydrostatic and Leak Test Curve Analyses

The minimum inservice hydrostatic leak test curve is determined by calculating the minimum allowable
temperature at two pressure values (pressure values of 2000 psig and 2485 psig, approximately 110% of
operating pressure, are generally used). The curve is generated by drawing a line between the two
pressure-temperature data points. The governing equation for generating the hydrostatic leak test
pressure-temperature limit curve is defined in Appendix G, Section X1, of the ASME Code® as follows:

1.5 K <Kp (2.6.5-1)
where, Ky is the stress intensity factor caused by the membrane (pressure) stress and Ky, is the reference

stress intensity factor as defined in equation (2.5-1). Note that the thermal stress intensity factor is
neglected (i.e., Ky, = 0) since the hydrostatic leak test is performed at isothermal conditions.
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The pressure stress is determined by,
2,2
ry +1;
op = {-92——‘2:] P (2.6.5-2)

where,
P = the input pressure (generally 2000 and 2485 psig)

Next, the pressure stress intensity factor is calculated for a 1/4t flaw by,

Ky = {l.lMK \/%T‘} o, (2.6.5-3)

The Ky result is multiplied by the 1.5 factor of equation (2.5-2) and divided by 1000,

15Ky

= 2.6.5-4
HYD 1000 ( )

Finally, the minimum allowable temperature is determined by setting Kyyp to Ky, in equation (2.5-1) and
solving for temperature T:

1.223
0.0145

" {(KHYD — 26.78)}
T +RTypy —160.0 (2.6.5-5)

The 1983 Amendment to 10CFR50™ has a rule which addresses the test temperature for hydrostatic
pressure tests. This rule states that, when there is no fuel in the reactor vessel during hydrostatic pressure
tests or leak tests, the minimum allowable test temperature must be 60°F above the adjusted reference
temperature of the beltline region material that is controlling. If fuel is present in the reactor vessel
during hydrostatic pressure tests or leak tests, the requirements of this section and Section 2.5 must be
met.

2.7 1996 ADDENDA TO ASME SECTION XI, APPENDIX G METHODOLOGY

ASME Section XI, Appendix G was updated in 1996 to incorporate the most recent elastic solutions for
K due to pressure and radial thermal gradients. The new solutions are based on finite element analyses
for inside surface flaws performed at Oak Ridge National Laboratories and sponsored by the NRC, and
work published for outside surface flaws. These solutions provide results that are very similar to those

obtained by using solutions previously developed by Raju and Newman.

This revision provides consistent computational methods for pressure and thermal K, for thermal
gradients through the vessel wall at any time during the transient. Consistent with the original version of
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Appendix G, no contribution for crack face pressure is included in the K; due to pressure, and cladding
effects are neglected.

Using these elastic solutions in the low temperature region will provide some relief to restrictions
associated with reactor operation at relatively low temperatures. Although the relief is relatively small in
terms of the absolute allowable pressure, the benefits are substantial, because even a small increase in the
allowable pressure can be a significant percentage increase in the operating window at relatively low
temperatures. Implementing this revision results in a safety benefit (reduced likelihood of lifting COMS
relief valves), with no reduction in vessel integrity.

The following revisions were made to ASME Section XI, Appendix G:
G-2214.1 Membrane Tension:

K 1m=Mnx (pRi/1) 2.7-1)

where, M, for an inside surface flaw is given by:

M, = 1.85 for \/; <2,
M, = 0926+t for 2<+t <3464,
M, =  3.21for«/t >3.464

Similarly, My, for an outside surface flaw is given by:

M, = 1.77forf <2,
M, = 0893+t for 2<+/t <3464,
M, =  3.09for vt >3.464

where,

p = internal pressure,
Ri = vessel inner radius, and

t = vessel wall thickness.
For Bending Stress, the K; corresponding to bending stress for the postulated defect is:
Kp =M, * maximum bending stress, where M= 0.667 M,

For the Radial Thermal Gradient, the maximum K; produced by radial thermal gradient for the postulated
inside surface defect is:

Ky =0.953 x 10° CR t*° (2.7-2)
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where:
CR = the cooldown rate in °F/hr.

For the Radial Thermal Gradient, the maximum K; produced by radial thermal gradient for the postulated
outside surface defect is:

Ky =0.753 x 10° HU t*° (2.7-3)
where:
HU = the heatup rate in °F/hr.
The through-wall temperature difference associated with the maximum thermal K; can be determined
from ASME Section XI, Appendix G, Figure G-2214-1. The temperature at any radial distance from the

vessel surface can be determined from ASME Section X1, Appendix G, Figure G-2214-2 for the
maximum thermal K; .

1. The maximum thermal Kj relationship and the temperature relationship in Figure G-2214-1 are
applicable only for the conditions given in G-2214.3(a)(1) and (2) of Appendix G to ASME
Section XI.

2. Alternatively, the K; for radial thermal gradient can be calculated for any thermal stress

distribution and at any specified time during cooldown for a Y4-thickness inside surface defect
using the relationship:

K = (1.0359C0 + 0.6322C1+ 04753C2 + 0.3855C3) *+/ ma 2.7-4)

or similarly, Ky, during heatup for a Yi-thickness outside surface defect using the relationship:

Kir = (1.043Co + 0.630C1 + 0.481C2 + 0.401C3) */7a (2.7-5)

where the coefficients Co, C;, C, and Cs are determined from the thermal stress distribution at any
specified time during the heatup or cooldown using the equation:

o(x) = Co+ Ci(x/ a) + Ca(x/ a)* + Cs(x/ a)’ (2.7-6)

where x is a variable that represents the radial distance from the appropriate (i.e., inside or
outside) surface to any point on the crack front and a is the maximum crack depth.

Once Ky, (As calculated via Equation 2.5-1) is known, the pressure can be solved using Equation 2.5-3
with the newly calculated K}, and new equation for Kpy.

C*[Mmx (pRi/t)H Kt < Kna
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where:

2.0 for Level A and Level B service limits (for heatup and cooldown),

Il

1.5 for hydrostatic and leak test conditions when the reactor core is not critical

This results in a pressure equation as follows:

[Ki — Kia]

p=—r——— 2.7-7)

C*Mn*(Ri/t)
Note that K, is equal to zero for steady state and hydrostatic leak test conditions. In addition, Ky, and Ky
must be calculated individually for inside and outside flaw locations (i.e., the %T and %T wall locations)
and the minimum pressure must be used from these two locations. [Note: Ky, for ¥4 T steady state is not
the same as Kj, for T thermal conditions since the wall temperature is equal to the water temperature in
steady state, but is not the case under thermal conditions.]

2.8 CODE CASES N-640 FOR KIC AND N-588 FOR CIRCUMFERENTIAL WELD
FLAWS

2.8.1 ASME Code Case N-640

In February of 1999, the ASME Code approved Code Case N-640 which allows the use of the reference
fracture toughness curve Ky, as found in Appendix A of Section XI, in lieu of Figure G-2110-1 in
Appendix G for the development of pressure-temperature limit curves. (This is also described in
Section 2.5 herein). Thus, when developing pressure-temperature limit curves, it is acceptable to
calculate the reference stress intensity via Equation 2.5-2, in lieu of Equation 2.5-1. In addition, the K,
can be substituted for Ky, in Equations 2.5-3, 2.6.2-1, 2.6.3-3, 2.6.4-1, 2.6.4-2, 2.6.5-1 and 2.7-7.

2.8.2 ASME Code Case N-588

In 1997, ASME Section XI, Appendix G was revised to add a methodology for the use of circumferential
flaws when considering circumferential welds in developing pressure-temperature limit curves. ThIS
change was also implemented in a separate Code Case, N-588.

The original ASME Section X1, Appendix G approach mandated the postulation of an axial flaw in
circumferential welds for the purposes of calculating pressure-temperature limits. Postulating the
Appendix G reference flaw in a circumferential weld is physically unrealistic because the length of the
reference flaw is 1.5 times the vessel thickness and is much longer than the width of the vessel girth
welds. In addition, historical experience, with repair weld indications found during pre-service inspection
and data taken from destructive examination of actual vessel welds, confirms that any flaws are small,
laminar in nature and are not oriented transverse to the weld bead orientation. Because of this, any
defects potentially introduced during fabrication process (and not detected during subsequent
non-destructive examinations) should only be oriented along the direction of the weld fabrication. Thus,
for circumferential welds, any postulated defect should be in the circumferential orientation.
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The revision to Section XI, Appendix G now eliminates additional conservatism in the assumed flaw
orientation for circumferential welds. The following revisions were made to ASME Section XI,
Appendix G:

G-2214.1 Membrane Tension...

The K| corresponding to membrane tension for the postulated circumferential defect of G-2120 is
Km = Mp, x (PR#/1)

Where, M,, for an inside surface flaw is given by:

M, =  0.89for Jt<2,
0.443 Wt for2 < Jt <3.464,

<
B
I

M, =  1.53for«/t >3.464

Similarly, My, for an outside surface flaw is given by:

M, =  0.89for Jt<2,
M, = 0443t for2 <t <3.464,
M, =  1.53for«t >3.464

Note, that the only change relative to the OPERLIM computer code was the addition of the constants for
My, in a circumferential weld limited condition. No other changes were made to the OPERLIM computer
code with regard to P-T calculation methodology.

2.9 CLOSURE HEAD/VESSEL FLANGE REQUIREMENTS

10 CFR Part 50, Appendix G contains the requirements for the metal temperature of the closure head
flange and vessel flange regions. This rule states that the metal temperature of the closure flange regions
must exceed the material unirradiated RTypr by at least 120°F for normal operation when the pressure
exceeds 20 percent of the pre-service hydrostatic test pressure (3106 psig), which is 621 psig for a typical
Westinghouse reactor vessel design.

This requirement was originally based on concerns about the fracture margin in the closure flange region.
During the boltup process, stresses in this region typically reach over 70 percent of the steady-state stress,
without being at steady-state temperature. The margin of 120°F and the pressure limitation of 20 percent
of hydrotest pressure were developed using the K, fracture toughness, in the mid 1970s.

Improved knowledge of fracture toughness and other issues which affect the integrity of the reactor vessel
have led to the recent change to allow the use of Ky, in the development of pressure-temperature curves,
as contained in Code Case N-640, “Alternative Reference Fracture Toughness for Development of P-T
Limit Curves for Section XI, Division 1.”
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The discussion given in WCAP-15315, “Reactor Vessel Closure Head/Vessel Flange Requirements
Evaluation for Operating PWR and BWR Plants,” concluded that the integrity of the closure head/vessel
flange region is not a concern for any of the operating plants using the K;, toughness. Furthermore, there
are no known mechanisms of degradation for this region, other than fatigue. The calculated design
fatigue usage for this region is less than 0.1, so it may be concluded that flaws are unlikely to initiate in
this region. It is therefore clear that no additional boltup requirements are necessary, and therefore the
requirement of 10 CFR Part 50, Appendix G, can be eliminated from the Pressure-Temperature Curves,
once the requirements of 10CFR50 Appendix G are changed. However, until I0CFR50 Appendix G is
revised to eliminate the flange requirement, it must be included in the P-T limits, unless an exemption
request is submitted and approved by the NRC.

2.10 MINIMUM BOLTUP TEMPERATURE

The minimum boltup temperature is equal to the material RTxypr of the stressed region. The RTypr is
calculated in accordance with the methods described in Branch Technical Position MTEB 5-2. The
Westinghouse position is that the minimum boltup temperature be no lower than 60°F. Thus, the
minimum boltup temperature should be 60°F or the material RT\ypr whichever is higher.
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Figure 2.1  Example of a Charpy Impact Energy Curve Used to Determine IRTxpr
(Note: 35 mils lateral expansion is required at indicated temperature)
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Figure 2.4 Membrane Stress Correction Factor (My) vs. a/t Ratio for Flaws Having Length to
Depth Ratio of 6 (Welding Research Bulletin 175 Method)
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Figure 2.5 Bending Stress Correction Factor (Mp) vs. a/t Ratio for Flaws Having Length to
Depth Ratio of 6 (Welding Research Bulletin 175 Method)
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3.0 COLD OVERPRESSURE MITIGATING SYSTEM (COMS)
31 INTRODUCTION

The purpose of the COMS is to supplement the normal plant operational administrative controls and the
water relief valves in the Residual Heat Removal System (RHRS) when they are unavailable to protect
the reactor vessel from being exposed to conditions of fast propagating brittle fracture. This has been
achieved by conservatively choosing COMS setpoints which prevent exceeding the pressure/temperature
limits established by 10 CFR Part 50 Appendix G® requirements. The COMS is designed to provide the
capability, during relatively low temperature operation (typically less than 350°F), to automatically
prevent the RCS pressure from exceeding the applicable limits. Once the system is enabled, no operator
action is involved for the COMS to perform its intended pressure mitigation function. Thus, no operator
action is modelled in the analyses supporting the setpoint selection, although operator action may be
initiated to ultimately terminate the cause of the overpressure event.

The PORVs located near the top of the pressurizer, together with additional actuation logic from the wide-
range pressure channels, are utilized to mitigate potential RCS overpressure transients defined below if
the RHRS water relief valves are inadvertently isolated from the RCS. The COMS provides the
supplemental relief capacity for specific transients which would not be mitigated by the RHRS relief
valves. In addition, a limit on the PORYV piping is accommodated due to the potential for water hammer
effects to be developed in the piping associated with these valves as a result of the cyclic opening and
closing characteristics during mitigation of an overpressure transient. Thus, a pressure limit more
restrictive than the 10CFR50, Appendix G allowable is imposed above a certain temperature so that the
loads on the piping from a COMS event would not affect the piping integrity.

Two specific transients have been defined, with the RCS in a water-solid condition, as the design basis for
COMS. Each of these scenarios assumes as an initial condition that the RHRS is isolated from the RCS,
and thus the relief capability of the RHRS relief valves is not available. The first transient consists of a
heat injection scenario in which a reactor coolant pump in a single loop is started with the RCS
temperature as much as S0°F lower than the steam generator secondary side temperature and the RHRS
has been inadvertently isolated. This results in a sudden heat input to a water-solid RCS from the steam
generators, creating an increasing pressure transient. The second transient has been defined as a mass
injection scenario into a water-solid RCS caused by the simultaneous isolation of the RHRS isolation of
letdown and failure of the normal charging flow controls to the full flow condition. Various combinations
of charging and safety injection flows may also be evaluated on a plant-specific basis; however, the mass
injection transient used as a design basis should encompass the limiting pump(s) operability configuration
permitted per the plant-specific Technical Specifications during the Modes when COMS is required to be
in operation. The resulting mass injection/letdown mismatch causes an increasing pressure transient.

3.2 COMS SETPOINT DETERMINATION

Westinghouse has developed the following methodology which is employed to determine PORV setpoints
for mitigation of the COMS design basis cold overpressurization transients. This methodology
maximizes the available operating margin for setpoint selection while maintaining an appropriate level of
protection in support of reactor vessel integrity.
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3.2.1 Parameters Considered

The selection of proper COMS setpoints for actuating the PORVs requires the consideration of numerous
system parameters including:

a. Volume of reactor coolant involved in transient

b. RCS pressure signal transmission delay

c. Volumetric capacity of the relief valves versus opening position
d. Stroke time of the relief valves (open & close)

e. Initial temperature and pressure of the RCS
f. Mass input rate into RCS

g. Temperature of injected fluid

h. Heat transfer characteristics of the steam generators
i Initial temperature asymmetry between RCS and steam generator secondary water
j- Mass of steam generator secondary water

k. RCP startup dynamics
1. 10CFR50, Appendix G pressure/temperature characteristics of the reactor vessel
m.  Pressurizer PORV piping/structural analysis limitations

n. Dynamic and static pressure difference between reactor vessel midplane and location of wide range
pressure transmitter

These parameters are input to a specialized version of the LOFTRAN computer code which calculates the
maximum and minimum system pressures.

3.2.2 Pressure Limits Selection

The function of the COMS is to protect the reactor vessel from fast propagating brittle fracture. This has
been implemented by choosing COMS setpoints which prevent exceeding the limits prescribed by the
applicable pressure/temperature characteristic for the specific reactor vessel material in accordance with
rules given in Appendix G to 10CFR50®. The COMS design basis takes credit for the fact that
overpressure events most likely occur during isothermal conditions in the RCS. Therefore, it is
appropriate to utilize the steady-state Appendix G limit. In addition, the COMS also provides for an
operational consideration to maintain the integrity of the PORV piping. A typical characteristic 10CFR50
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Appendix G curve is shown by Figure 3.1 where the allowable system pressure increases with increasing
temperature. This type of curve sets the nominal upper limit on the pressure which should not be
exceeded during RCS increasing pressure transients based on reactor vessel material properties.
Superimposed on this curve is the PORV piping limit which is conservatively used, for setpoint
development, as the maximum allowable pressure above the temperature at which it intersects with the
10CFR50 Appendix G curve.

‘When a relief valve is actuated to mitigate an increasing pressure transient, the release of a volume of
coolant through the valve will cause the pressure increase to be slowed and reversed as described by
Figure 3.2. The system pressure then decreases, as the relief valve releases coolant, until a reset pressure
is reached where the valve is signalled to close. Note that the pressure continues to decrease below the
reset pressure as the valve recloses. The nominal lower limit on the pressure during the transient is
typically established based solely on an operational consideration for the reactor coolant pump #1 seal to
maintain a nominal differential pressure across the seal faces for proper film-riding performance.

. The nominal upper limit (based on the minimum of the steady-state 10CFR50 Appendix G requirement
and the PORYV piping limitations) and the nominal RCP #1 seal performance criteria create a pressure
range from which the setpoints for both PORVs may be selected as shown on Figures 3.3 and 3.4.

Where there is insufficient range between the upper and lower pressure limits to select PORV setpoints to
provide protection against violation of both limits, setpoint selection to provide protection against the
upper pressure limit violation shall take precedence.

3.2.3 Mass Input Consideration

For a particular mass input transient to the RCS, the relief valve will be signalled to open at a specific
pressure setpoint. However, as shown on Figure 3.2, there will be a pressure overshoot during the delay
time before the valve starts to move and during the time the valve is moving to the full open position.
This overshoot is dependent on the dynamics of the system and the input parameters, and results in a
maximum system pressure somewhat higher than the set pressure. Similarly there will be a pressure
undershoot, while the valve is relieving, both due to the reset pressure being below the setpoint and to the
delay in stroking the valve closed. The maximum and minimum pressures reached (Pyax and Pypy) in the
transient are a function of the selected setpoint (P;) as shown on Figure 3.3. The shaded area represents
an optimum range from which to select the setpoint based on the particular mass input case. Several mass
input cases may be run at various input flow rates to bound the allowable setpoint range.

3.2.4 Heat Input Consideration

The heat input case is done similarly to the mass input case except that the locus of transient pressure
values versus selected setpoints may be determined for several values of the initial RCS temperature.
This heat input evaluation provides a range of acceptable setpoints dependent on the reactor coolant
temperature, whereas the mass input case is limited to the most restrictive low temperature condition only
(i.e., the mass injection transient is not sensitive to temperature). The shaded area on Figure 3.4 describes
the acceptable band for a heat input transient from which to select the setpoint for a particular initial
reactor coolant temperature.
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3.2.5 Final Setpoint Selection

By superimposing the results of multiple mass input and heat input cases evaluated, (from a series of
figures such as 3.3 and 3.4) a range of allowable PORV setpoints to satisfy both conditions can be
determined. Each of the two PORVs may have a different pressure setpoint versus temperature
specification such that only one valve will open at a time and mitigate the transient (i.e., staggered
setpoints). The second valve operates only if the first fails to open on command. This design supports a
single failure assumption as well as minimizing the potential for both PORVSs to open simultaneously, a
condition which may create excessive pressure undershoot and challenge the RCP #1 seal performance
criteria. However, each of the sets of staggered setpoints must result in the system pressure staying below
the Pyax pressure limit shown on Figures 3.3 and 3.4 when either valve is utilized to mitigate the
transient.

The function generator used to program the pressure versus setpoint curves for each valve has a limited
number of programmable break points (typically 9). These are strategically defined in the final selection
process, with consideration given to the slope of any line segment, which is limited to approximately

24 psi/°F.

The selection of the setpoints for the PORVSs considers the use of nominal upper and lower pressure
limits. The upper limits are specified by the minimum of the steady-state cooldown curve as calculated in
accordance with Appendix G to 10CFR50® or the peak RCS pressure based upon piping/structural
analysis loads. The lower pressure extreme is specified by the reactor coolant pump #1 seal minimum
differential pressure performance criteria. The upper pressure limits are already based on conservative
assumptions (such as a safety factor of 2 on pressure stress, use of a lower bound Kz curve and an
assumed 1/4T flaw depth with a length equal to 1 1/2 times the vessel wall thickness) as discussed in
section 2 of this report. However, uncertainties associated with instrumentation utilized by COMS will be
determined using a process described by ISA Standard S67.04-1994. These uncertainties will be
accounted for in the selection of COMS PORYV setpoints.

While the RHR relief valves also provide overpressure protection for certain transients, these transients
are not the same as the design basis transients for COMS. The RHR relief valve design basis precedes the
development of the COMS design basis, and therefore the RHR relief valves may not provide protection
against the COMS design basis events. The design basis described herein should be considered as
applicable only when the pressurizer PORVs are used for COMS.

3.3  APPLICATION OF ASME CODE CASE N-514

ASME Code Case N-514%7 allows low temperature overpressure protection systems (LTOPS, as the code
case refers to COMS) to limit the maximum pressure in the reactor vessel to 110% of the pressure
determined to satisfy Appendix G, paragraph G-2215, of Section XI of the ASME Code®. (Note, that the
setpoint selection methodology as discussed in Section 3.2.5 specifically utilizes the steady-state curve.)
The application of ASME Code Case N-514 increases the operating margin in the region of the pressure-
temperature limit curves where the COMS system is enabled. Code Case N-514 requires LTOPS to be
effective at coolant temperatures less than 200°F or at coolant temperatures corresponding to a reactor
vessel metal temperature less than RTypr + 50°F, whichever is greater. RTypr is the highest adjusted
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reference temperature for weld or base metal in the beltline region at a distance one-fourth of the vessel
section thickness from the vessel inside surface, as determined by Regulatory Guide 1.99, Revision 2.

3.4  ENABLE TEMPERATURE FOR COMS

The enable temperature is the temperature below which the COMS system is required to be operable. The
definition of the enabling temperature currently approved and supported by the NRC is described in
Branch Technical Position RSB 5-2"®1. This position defines the enable temperature for LTOP systems as
the water temperature corresponding to a metal temperature of at least RTypr + 90°F at the beltline
location (1/4t or 3/4t) that is controlling in the Appendix G limit calculations. This definition is very
conservative, and is mostly based on material properties and fracture mechanics, with the understanding
that material temperatures of RTypr + 90°F at the critical location will be well up the transition curve
from brittle to ductile properties, and therefore brittle fracture of the vessel is not expected.

The ASME Code Case N-514 supports an enable temperature of RTypr + 50°F or 200°F, whichever is
greater as described in Section 3.3.

A significant improvement in the enable temperature can be obtained by application of code case N641.
This code case incorporates the benefits of code cases N588, and N640. The resulting enable
temperatures for the Westinghouse designs obtained using code case N641 are listed below.

Vessel Type Axial Flaw Circumferential Flaw
2 —loop RTnpr + 23F Any temperature
3 —loop RTwpt + 30F . RTnpr — 174F
4 —loop RTnpr + 34F RTypr — 110F

The RCS cold leg temperature limitation for starting an RCP is the same value as the COMS enable
temperature to ensure that the basis of the heat injection transient is not violated. The Standard Technical
Specifications (STS) prohibit starting an RCP when any RCS cold leg temperatures is less than or equal to
the COMS enable temperature unless the secondary side water temperature of each steam generator is less
than or equal to 50°F above each of the RCS cold leg temperatures.
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Table A-1 Status of ASME Nuclear Code Cases Associated with the P-T Limit
Curve/COMS Methodology
Approved by Section XI of
Code Case Title ASME the ASME Code
514 Low Temperature Overpressure Protection 2/12/92 1995 Edition
through the 1996
Addenda
588 Alternative to Reference Flaw Orientation of Appendix G 12/12/97 1998 Edition
for Circumferential Welds in Reactor Vessel through the 2000
Addenda
640 Alternative Reference Fracture Toughness for 2/26/99 1998 Edition
Development of P-T Limit Curves through the 2000
Addenda
641 Alternative Pressure Temperature Relationship and Low 1/17/00 1998 Edition
Temperature Overpressure Protection System through the 2000
Requirement Addenda
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- -staff review and approval by letter dated October 20, 2003

UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D.C. 20555-0001

DRAFT SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION °

WCAP-14040, REVISION 3, "METHODOLOGY USED TO DEVELOP COLD

OVERPRESSURE MITIGATING SYSTEM SETPOINTS AND REACTOR COOLANT

SYSTEM HEATUP AND COOLDOWN LIMIT CURVES"

WESTINGHOUSE OWNERS GROUP

PROJECT NO. 694

10  INTRODUCTION

By letter dated May 23, 2002, the Westinghouse Owners Group (WOG) submitted Topicat
Report (TR) WCAP-14040, Revision 3, "Methodology Used to Develop Cold Overpressure
Mitigating System Setpoints and RCS Heatup and Cooldown Limit Curves,” for NRC staff
review and approval. This TR was developed to define a methodology for reactor pressure
vessel (RPV) pressure-temperature (P-T) iimit curve development and, consistent with the
guidance provided in NRC Generic Letter (GL) 96-03, "Relocation of the Pressure Temperature
Limit Curves and Low Temperature Overpressure Protection System Limits,” for the
development of plant-specific Pressure-Temperature Limit Reports (PTLRs). A prior revision,
WCAP-14040, Revision 2, had been approved as a PTLR methodology by the NRC staff's
safety evaluation dated October 16, 1995. WCAP-14040, Revision 3, was submitted for NRC
staff approval to reflect recent changes in the WOG methodology. Given the scope of the
changes incorporated in WCAP-14040, Revision 3, and a significant amount of rewriting which
was done to improve clarity of some sections, the NRC staff reviewed the TR in its entirety.
Based on questions posed by the NRC staff necessitating clarification of statements or editorial
changes, the WOG revised WCAP-14040, Revision 3, and submitted Wed—TR for NRC

pevisieas Yo the

2.0 REGULATORY EVALUATION

Four specific topics are addressed in the context of the development of a PTLR methodology:
(1) the calculation of neutron fluences for the RPV and RPV surveillance capsules; (2) the
evaluation of RPV material properties due to changes caused by neutron radiation; (3) the

"~ development of appropriate P-T limit curves based on these RPV miaterial properties aridthe

establishment of cold overpressure mitigating system (COMS) setpoints to protect the RPV
from brittle failure; and (4) the development of an RPV material surveillance program to monitor
changes in RPV material properties due to radiation. Regulatory requirements related to the
four topics noted above are addressed in Appendices G and H to Title 10 of the Code of
Federal Regulations Part 50 (10 CFR Part 50). Appendix G to 10 CFR Part 50 provides
requirements related to RPV P-T limit development and directly or indirectly addresses topics
(1) through (3) above. Appendix H to 10 CFR Part 50 defines regulatory requirements related
to RPV material surveillance programs and addresses topic (4) above.
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For the staff’s review of WCAP-14040, Revision 3, several additional guidance documents were
used. NRC Standard Review Plan (SRP) Sections 5.2.2, "Overpressure Protection,” 5.3.1,
"Reactor Vessel Materials,” and 5.3.2, "Pressure-Temperature Limits,” provide specific review
guidance related to RPV material property determination, P-T limit development, and COMS
performance. Regulatory Guide (RG) 1.99, Revision 2, "Radiation Embrittlement of Reactor
Vessel Materials,” describes analysis procedures acceptable to the NRC staff for the purpose of
assessing RPV material property changes due to radiation. RG 1.190, "Calculational and
Dosimetry Methods for Determining Pressure Vessel Neutron Fluence," addresses NRC staff
expectations for an acceptable fluence calculation methodology. American Society for Testing
and Materials (ASTM) Standard Practice E 185, "Standard Practice for Conducting Surveillance
Tests for Light-Water Cooled Nuclear Power Reactor Vessels,” provides guidance on the
establishment of RPV material surveillance programs and editions of ASTM E 185 are
incorporated by reference into Appendix H to 10 CFR Part 50. American Society of Mechanical
Engineers (ASME) Boiler and Pressure Vessel Code Section X, Appendix G provides specific
requirements regarding the development of P-T limit curves.

Finally, specific guidance regarding topics and the level of detail to which they must be
addressed as part of an acceptable PTLR methodology is given in GL 96-03.

30 TECHNICAL EVALUATION

The technical requiréments to be addressed in an acceptable PTLR methodology are provided
under the column heading "Minimum Requirements to be Included in Methodology” in the table
entitled "Requirements for Methodology and PTLR" in Attachment 1 to GL 96-03. Summarized -
versions of the seven requirements are given below, along with the staff’s technical evaluation
of information in WCAP-14040, Revision 3, related to each requirement.

Requirement 1: Regarding the reactor vessel material surveillance program, the
methodology should briefly describe the surveillance program. The
methodology should clearly reference the requirements of Appendix H to
10 GFR Part 50.

- the plant-specmc RPV surveillance programs should be mamtalned in order to bein compllance
with Appendix H to 10 CFR Part 50. Licensees who wish to use WCAP-14040, Revision 3, as
their PTLR methodology must submit additional information to address the methodology
requirements in GL. 96-03 related totRPV material surveillance program isstes—g—

discussed 4 the
Requirement 2: Regarding the calculation of RPV materials’ ad]usted reference

e e d - Apmiperatures - (ART)-values;-the methodo!ogy should describe the method

for calculatmg material ART values using RG 1.99, Rewslon 2.
pRovIsion & jn the tebie of N\ HM\\mcnt 14
Information regarding how material ARTs are to be determined within the WCAP-1 4040,
Revision 3, PTLR methodology is provided in Section 2.3 and 2.4 of the TR. In Section 2.3, the
determination of initial, unirradiated material properties from Charpy V-notch impact tests
and/or nil-ductility drop weight tests is clearly defined. The methodology specified in Section
2.3 accurately lncorporates the guidance found in ASME Code Section I, paragraph NB-2331
and additional information in SRP Section 5.3.1.
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In Section 2.4 of the TR, the determination of changes in material properties due to irradiation is
addressed, along with the determination of margins necessary to account for uncertainties in
initial properties and irradiation damage assessment. The methodology specified in Section 2.4
“accurately incorporates the guidance found in RG 1.99, Revision 2.

The NRC staff, therefore, determined that the methodology described for determining material
ART values in WCAP-14040, Revision 3, was consistent with the guidance provided in the
ASME Code, SRP Section 5.3.1, and RG 1.99, Revision 2, and was, therefore, acceptable.

Requirement 3: Regarding the development of RPV P-T limit curves, the methodology
should describe the application of fracture mechanics-based calculatioris
in constructing P-T limit curves based on the provisions of Appendix G to
Section Xl of the ASME Code and SRP Section 5.3.2.

Basic and optional elements of the methodology for RPV P-T limit curve development in
WCAP-14040, Revision 3, are given in Sections 2.5, 2.6, 2.7, 2.8, and Appendix A of the TR.

In Section 2.5 of the TR, the fracture toughness-based guidelines from Appendix G to Section
Xi of the ASME Code are specified (based on the 1995 Edition through 1996 Addenda of the
ASME Code). Notably, specific reference is made to the use of: (1) the ASME Code lower
bound dynamic crack initiation/crack arrest (K,,) fracture toughness curve; (2) .the use of a -
postulated flaw that has a depth of one-quarter of the wall thickness and a 6:1 aspect ratio; and
(3) the use of a structural factor of 2 on primary membrane stress intensities (K,,) when
evaluating normal heatup and cooldown and a structural factor of 1.5 on K, when evaluating
hydrostatic/leak test conditions. .

Optional guidelines for P-T limit curve development are also addressed in WCAP-14040,
Revision 3. The option of using the ASME Code static crack initiation fracture toughness curve
(Kio), as given in ASME Code Case N-640, is addressed in Sections 2.5 and 2.8. The option of
using ASME Code Case N-588, which enables the postulation of a circumferentially-oriented
flaw (with appropriate stress magnification factors) when evaluating a circumferential weld, is

-addressed in Section 2.8. WCAP-14040, Revision 3, notes, however, that licensee use of the

. ... provisions of either ASME Code Case N-640 or N-588 requires, in accordance with 10 CFR .

50.60(b), an exemption if the provisions of the Code Case are not contained in the edition of the
ASME Code included in a facility’s licensing basis. Appendix A to WCAP-14040, Revision 3,
provides additional details regarding the application of optionai ASME Code Cases and includes
copies of ASME Code Case N-588, N-640, and N-641 (which effecuvely combines the
provisions of N-588 and N-840 into a single Code Case).

A detailed discussion of the calculational methodology for P-T iimit curve generation is given in
Section 2.6 of the TR. Specific equations are given for the determination of primary membrane
stresses due to internal pressure and membrane and bending stresses due to thermal
gradients. Equations related to the generation of P-T limit curves for steady-state conditions,
finite heatup rates, finite cooldown rates, and hydrostatic/leak test conditions are given. The
equations given in WCAP-14040, Revision 3, are equivalent to those provided in Section Xi of
the ASME Code and consistent with the guidance given in SRP Section 5.3.2.
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Therefore, the NRC staff has concluded that the basic methodology specified in WCAP-14040,
Revision 3, for establishing P-T limit curves meets the regulatory requirements of Appendix G
to 10 CFR Part 50 and the guidance provided in SRP Section 5.3.2. However, the NRC staff
has concluded that the discussion provided in WCAP-14040, Revision 3, regarding the use of
optional guidelines for the development of P-T limit cusves, including the use of ASME Code
Cases N-588, N-640, and N-641 is not acceptable. The NRC staff has concluded, based on
guidance provided by the NRC’s Office of the General Counsel, that licensees do not need to
obtain exemptions to use the provisions of ASME Code Case N-588, N-640, or N-641. The
basis for this decision is as follows. Appendix G to 10 CFR Part 50 references the use of
ASME Code Section XI, Appendix G and defines the acceptable Editions and Addenda of the
Code by reference to those endorsed in 10 CFR 50.55a. The 2003 Edition of 10 CFR Part 50,
10 CFR 50.55a, endorses editions and addenda of ASME Section Xl up through the 1998
Edition and 2000 Addenda. The provisions of N-588, N-640, and N-641 have been directly
incorporated into the Code in the 2000 Addenda version of ASME Section X|, Appendix G.
Therefore, licensees may freely make use of the provisions in Code Cases N-588, N-640, and
N-641 by using the methodology in the 2000 Addenda version of ASME Section XI without the
need for an exemption. When published, the approved revision of TR WCAP-14040 should be
modified to reflect this NRC staff conclusion.

Réquirement 4: Regarding the development of RPV P-T limit curves, the methodology
should describe how the minimum temperature requirements in Appendix
G to 10 CFR Part 50 are ‘applied when constructing P-T limit curves.

Minimum temperature requirements regarding the material in the highly stressed region of the
RPV flange are given in Appendix G to 10 CFR Part 50. Information provided in Sections 2.9
and 2.10 of the TR addresses the incorporation of minimum temperature requirements into the
development of P-T limit curves. In Section 2.9, the 10 CFR Part 50, Appendix G requirements
are cited. WCAP-14040, Revision 3, goes on to note that there is an effort underway to revise
or eliminate these requirements based on information contained in WCAP-15315, *Reactor
Vessel Closure Head/Vessel Flange Requirements Evaluation for Operating PWR and BWR
Plants." However, WCAP-14040, Revision 3, states that until Appendix G to 10 CFR Part 50 is
revised to modify/eliminate the existing RPV flange minimum temperature requirements or an
exemption request to modify/eliminate these requirements is approved by the NRC for a
specific facility, the stated minimum temperature must be incorporated into a facility’s P-T limit
CQUIVES, - - o e ST T T

WCAP-14040, Revision 3, provides supplemental information in Section 2.10 regarding the
establishment of RPV boltup temperature, specifically that the minimum boltup temperature
should be 60 °F or equal to the highest material reference temperature in the highly stressed
RPYV flange region, whichever is higher (i.e., more conservative). Although no specific

..-requirements related to boitup temperature are provided.in Appendix G to 10 CER Part 50, the ...
information in WCAP-14040, Revision 3, is consistent with other, related requirements in
Appendix G to 10 CFR Part 50 and in Appendix G to Section Xl of the ASME Code.

The NRC staff concludes that the methodology specified in WCAP-14040, Revision 3,
addresses RPV minimum temperature requirements in a way which is consistent with

Appendix G to 10 CFR Part 50 and Appendix G to Section Xl of the ASME Code and is,
therefore, acceptable.

WCAP-14040-A May 2004
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Requirement 5: Regarding the calculation of RPV materials’ ARTs, the methodology

should describe how the data from multiple surveillance capsules may be
used in ART calculations.

Requirement 2 of Section 2.4 of WCAP-14040, Revision 3, addresses the determination of
changes in material properties due to irradiation. This information includes a description of how
surveillance capsule test results may be used to calculate RPV material properties in a manner
which is consistent with Section C.2.1 of RG 1.99, Revision 2, and other NRC staff guidance.

The NRC staff has reviewed the information in Section 2.4 of the TR and determined that itis
consistent with NRC staff guidance, including RG 1.99, Revision 2, and is, therefore,

acceptable.

Requirement 6: Regarding the calculation of the neutron fluence, the methodololgy
should describe how the neutron fluence is calculated.

Neutron Fluence Methodology

WCAP-14040, Revision 3, includes a revised Section 2.2. The revised section includes plant-
specific transport calculations and the validity of the calculations. For the neutron transport
calculations, the applicant is using the two-dimensional discrete ordinates code, DORT
(Reference 1) with the BUGLE-96 cross sectioh library (Reference 2). Approximations include
a P Legendre expansion for anisotropic scattering and a S, order of angular quadrature.
Space and energy dependent core power (neutron source) distributions and associated core
parameters are treated on a fuel cycle specific basis. Two dimensional flux solutions ®(r, 6, z)
are constructed using (r,8) and (r,2) distributions. Extreme cases, with respect to power .
distribution arising from part-length fuel assemblies, use the three-dimensional TORT Code
(Reference 1) with the BUGLE-96 cross section library. Source distribution is obtained from a
bum-up weighted average of the power distributions of individual fuel cycles. The method
accounts for source energy spectral effects and neutronsffission due to burnup by tracking the
concentration of U-235, U-238, Pu-239, Pu-240, and Pu-241. Mesh spacing accounts for flux
gradients and material interfaces.

" The proposed methodology, as outlined above, adherestothe guidance of RG 1:190,and -~ -
therefore, is acceptable.

Validation of Transport Calculations

The Westmghouse vahdanon is structured in four parts

* comparison to pool crmcal assembly (PCA) sumulator results (Reference 3)
. comparison to calculations in the H. B. Robinson benchmark (Reference 4),
° comparison to a measurement database from pressurized water reactor (PWR)

surveillance capsules, and
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. an anatlytical sensitivity study addressing the uncertainty components of the transport
calculations.

Comparisons of calculated results to the corresponding PCA measured quantities establish the
adequacy of the basic transport calculation and the associated cross sections. Comparison to
the H.B. Robinson benchmark addresses uncertainties related to the method and generally to
the neutron exposure. Comparisons to the PWR database provide@an indication of the
presence of a bias and of the uncertainty of the calculated value with respect to the
corresponding measured values. Finally, the analytical sensitivity study validates the overall

uncertainties whether from the methodology or the lack of precise knowledge of the input
parameters.

Comparison of the measured data to the calculations was performed on the basis of

measured/calculated (M/C}) ratios, and with best estimate values calculated using least squares
_adjusted measured values. The least squares adjustment is based on weighing individual

measurements based on spectral coverage. Comparisons are done before and after spectral

adjustments. This method is addressed in RG 1.190, as well as in the ASTM Standard
E944-96.

The NRC staff requested that the WOG address the completeness of its database. By letter
dated October 20, 2003, the WOG responded by indicating that all of the surveillance capsules

analyzed with the proposed methodology (DORT and BUGLE—QB) are included in the database.
The NRC staff found the response acceptable.

The NRC staff concludes that the proposed benchmarking methodology adheres to the
guidance in RG 1.190 and to ASTM standards, and therefore, is acceptable.

Requirement 7: Regarding the low temperature overpressure protection/cold
overpressure mitigating system, the lift setting limits for the power
operated relief valves should be developed using NRC-approved
methodologies.

The method in this section is identical to the existing method in the approved Revision2of
WCAP-14040. The thermal hydraulics analysis for the mass and heat input transients is using
the same specialized version of LOFTRAN, which was approved in Revision 2.

"The cold overpressure mitigating system is the same as in the approved version, and therefore,
..the NRC staff finds it acceptable.

40  CONCLUSION

The NRC staff has reviewed the information provided in WCAP-14040, Revision 3, related to
the requirements of GL 96-03, as cited in Section 3.0 of this SE, and finds WCAP-14040,

Revision 3, to be acceptable for referencmg as a PTLR methodology, subject to the following
conditions:
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Licensees who wish to use WCAP-14040, Revision 3, as their PTLR methodology must

provide additional information te address the methodology requirements én- L 96-03

related to ARPV material surveillance program issues—g~ hzcusse d
he '

Contrary $ the information in WCAP-14040, Revision 3, licensee use of the provisions

of ASME Code Cases N-588, N-640, or N-641 in conjunction with the basic

methodology in WCAP-14040, Revision 3, does not require an exemption since the

provisions of these Code Cases are contained in the edition and addenda of the ASME

Code incorporated by reference in 10 CFR 50.55a. When published, the approved

revisionlbcif TR WCAP-14040 should be modified to reflect this NRC staff conclusion.

g%ve ViSign ‘f& N , i

As stated i CAP-14%40, evision 3, untit Appendix G to 10 CFR Part 50 is revised to
modify/eliminate the existing RPV flange minimum temperature requirements or an
exemption request to modify/eliminate these requirements is approved by the NRC for a

specific facility, the stated minimum temperature must be incorporated into a facility’s
P-T limit curves.
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UNITED STATES
NUCEEAR REGULATORY COMMISSION
WASHINGTON, D.C. 20555-000;
February 2, 2004
s

Mr. Gordon Bischoff, Manager RECEIVED
Owners Group Program Management Office

Westinghouse Electric Company FEB 0 4 2004
P.O. Box 355 WOG PROJECT OFFICE

Pittsburgh, PA 15230-0355

o
SUBJECT:  DRAFT SAFETY EVALUATION OF TOPICAL REPORT WCAP-14040, 2.
REVISION 3, "METHODOLOGY USED TO DEVELOFP COLD OVERPRESSURE
MITIGATING SYSTEM SETPOINTS AND RCS HEATUP AND COOLDOWN
LIMIT CURVES" (TAC NO. MB5754)

Dear Mr. Bischoff:

On May 23, 2002, the Westinghouse Owners Group (WOG) submitted Topical Report (TR)
WCAP-14040, Revision 3, "Methodology Used to Develop Cold Overpressure Mitigating
System Setpoints and RCS Heatup and Cooldown Limit Curves" to the staff for review. Based
on questions posed by the NRC staff necessitating clarification of statements or editorial
changes, the WOG revised WCAP-14040, Revision 3, and submitted the revised TR for staff
review by letter dated October 20, 2003. Enclosed for the WOG's review and comment is a
copy of the staff's draft safety evaluation (SE) for TR WCAP-14040, Revision 3.

Twenty working days are provided to you to comment on any factual errors or clarity concerns
contained in the SE. The final SE will be issued after making any necessary changes, and will
be made publicly available. The staff's disposition of your comments on the draft SE will be
discussed in the final SE.

To facilitate the staff's review of your comments, please provide a marked-up copy of the draft
SE showing proposed changes. Number the hnes in the marked-up SE sequentlally and
-provide a summary table of the proposed changes. - - -

A lf you have any questions, please contact Drew Holland'eiﬂ(:imvj 415-1436 A

Sinceyely,

Stephén Dembek, Chief, Sectlon 2
T coo e Project Directorate tV o
Diviston of Licensing Project Management
Office of Nuclear Reactor Regulation
Project No. 694
Enclosure: Draft Safety Evaluation

cc wlencl: See next page
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UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D.C. 20555-0001

DRAFT SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION

WCAP-14040, REVISION 3, "METHODOLOGY USED TO DEVELOP COLD

OVERPRESSURE MITIGATING SYSTEM SETPOINTS AND REACTOR COOLANT

SYSTEM HEATUP AND COOLDOWN LIMIT CURVES"

WESTINGHOUSE OWNERS GROUP

PROJECT NO. 694

1.0  INTRODUCTION

By letter dated May 23, 2002, the Westinghouse Owners Group (WOG) submitted Topical
Report (TR) WCAP-14040, Revision 3, "Methodology Used to Develop Cold Overpressure
Mitigating System Setpoints and RCS Heatup and Cooldown Limit Curves," for NRC staff
review and approval. This TR was developed to define a methodology for reactor pressure
vessel (RPV) pressure-temperature (P-T) limit curve development and, consistent with the
guidance provided in NRC Generic Letter (GL) 96-03, "Relocation of the Pressure Temperature
Limit Curves and Low Temperature Overpressure Protection System Limits," for the
development of plant-specific Pressure-Temperature Limit Reports (PTLRs). A prior revision,
WCAP-14040, Revision 2, had been approved as a PTLR methodology by the NRC staff's
safety evaluation dated October 16, 1995. WCAP-14040, Revision 3, was submitted for NRC
staff approval to reflect recent changes in the WOG methodology. Given the scope of the
changes incorporated in WCAP-14040, Revision 3, and a significant amount of rewriting which
was done to i improve clarity of some sections, the NRC staff reVIeWed the TR inits entlrety
changes, the WOG revised WCAP-14040, Revision 3, and submxtted the revxsed TR fbr'NR”C ’
- staff review and approval by letter dated October 20;2003. B

20 REGULATORY EVALUATION

Four specific topics are addressed in the context of the development of a PTLR methodology:
(1) the caiculation of neutron fluences for the RPV and RPV surveillance capsules; (2) the

____ evaluation of RPV material properties due to changes caused by neutron radiation; (3) the
development of appropriate P-T limit curves based on these RPV material propeities andthe
establishment of cold overpressure mitigating system (COMS) setpoints to protect the RPV
from brittle failure; and (4) the development of an RPV material surveillance program to monitor
changes in RPV material properties due to radiation. Regulatory requirements related to the
four topics noted above are addressed in Appendices G and H to Title 10 of the Code of
Federal Regulations Part 50 (10 CFR Part 50). Appendix G to 10 CFR Part 50 provides
requirements related to RPV P-T limit development and directly or indirectly addresses topics
(1) through (3) above. Appendix H to 10 CFR Part 50 defines regulatory requirements related
to RPV material surveillance programs and addresses topic (4) above.

WCAP-14040-A May 2004
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For the staff's review of WCAP-14040, Revision 3, several additional guidance documents were
used. NRC Standard Review Plan (SRP) Sections 5.2.2, "Overpressure Protection,” 5.3.1,
*Reactor Vessel Materials," and 5.3.2, "Pressure-Temperature Limits,” provide specific review
guidance refated to RPV material property determination, P-T limit development, and COMS
performance. Regulatory Guide (RG) 1.99, Revision 2, "Radiation Embrittlement of Reactor
Vessel Materials,” describes analysis procedures acceptable to the NRC staff for the purpose of
assessing RPV material property changes due to radiation. RG 1.190, "Calculational and
Dosimetry Methods for Determining Pressure Vessel Neutron Fluence,” addresses NRC staff
expectations for an acceptable fluence calculation methodology. American Society for Testing
and Materials (ASTM) Standard Practice E 185, "Standard Practice for Conducting Surveillance
Tests for Light-Water Cooled Nuclear Power Reactor Vessels," provides guidance on the
establishment of RPV material surveillance programs and editions of ASTM E 185 are
incorporated by reference into Appendix H to 10 CFR Part 50. American Society of Mechanical
Engineers {ASME) Boiler and Pressure Vessel Code Section Xl, Appendix G provides specific
requirements regarding the development of P-T limit curves.

Finally, specific guidance regarding topics and the level of detail to which they must be
addressed as part of an acceptable PTLR methodology is given in GL 96-03.

3.0 TECHNICAL EVALUATION

The technical requirements to be addressed in an acceptable PTLR methodology are provided
under the column heading "Minimum Requirements to be Included in Methodology" in the table
entitled "Regquirements for Methodology and PTLR" in Attachment 1 to GL 96-03. Summarized
versions of the seven requirements are given below, along with the staff’s technical evaluation
of information in WCAP-14040, Revision 3, related to each requirement.

Requirement 1: Regarding the reactor vessel material surveillance program, the
methodology should briefly describe the surveillance program. The
methodology should clearly reference the requirements of Appendix H to
10 CFR Part 50.

The provisions of the methodology described in WCAP-14040, Revision 3, do not spécify how

the plant-specific RPV surveillance programs should be maintained in order to be in compliance - -
with Appendix H to 10 CFR Part 50. Licensees who wish to use WCAP-14040, Revision 3, as

their PTLR methodology must submit additional information to address the methodology
requirements in GL 96-03 related to RPV material surveillance program issues.

Requirement 2: Regarding the calculation of RPV materials’ adjusted reference
_temperatures (ART) values, the methodology should describe the method ... . ...
for calculating material ART values using RG 1.99, Revision 2.

Information regarding how material ARTs are to be determined within the WCAP-14040,
Revision 3, PTLR methodology is provided in Section 2.3 and 2.4 of the TR. In Section 2.3, the
determination of initial, unirradiated material properties from Charpy V-notch impact tests
and/or nil-ductility drop weight tests is clearly defined. The methodology specified in Section
2.3 accurately mcorporates the guidance found in ASME Code Section IH, paragraph NB-2331
and additional information in SRP Section 5.3.1.

WCAP-14040-A May ;004
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In Section 2.4 of.the TR, the determination of changes in material properties due to irradiation is
addressed, along with the determination of margins necessary to account for uncertainties in
initial properties and irradiation damage assessment. The methodology specified in Section 2.4
“accurately incorporates the guidance found in RG 1.99, Revision 2.

The NRC staff, thereforé, determined that the methodology described for determining material
ART values in WCAP-14040, Revision 3, was consistent with the guidance provided in the
ASME Code, SRP Section 5.3.1, and RG 1.99, Revision 2, and was, therefore, acceptable.

Requirement 3: Regarding the development of RPV P-T limit curves, the methodology
should describe the application of fracture mechanics-based calculations
in constructing P-T limit curves based on the provisions of Appendix G to
Section X! of the ASME Code and SRP Section 5.3.2.

Basic and optional elements of the methodology for RPV P-T limit curve development in
WCAP-14040, Revision 3, are given in Sections 2.5, 2.6, 2.7, 2.8, and Appendix A of the TR.

In Section 2.5 of the TR, the fracture toughness-based guidelines from Appendix G to Section
Xl of the ASME Code are specified (based on the 1995 Edition through 1996 Addenda of the
ASME Code). Notably, specific reference is made to the use of: (1) the ASME Code lower
bound dynamic crack initiation/crack arrest (K,,) fracture toughness curve; (2) the use of a
postulated flaw that has a depth of one-quarter of the wall thickness and a 6:1 aspect ratio; and
(3) the use of a structural factor of 2 on primary membrane stress intensities (K,,) when
evaluating normal heatup and cooldown and a structural factor of 1.5 on K, when evaluating
hydrostatic/leak test conditions.

Optional guidelines for P-T limit curve development are also addressed in WCAP-14040,
Revision 3. The option of using the ASME Code static crack initiation fracture toughness curve
{Kc), as given in ASME Code Case N-640, is addressed in Sections 2.5 and 2.8. The option of
using ASME Code Case N-588, which enables the postulation of a circumferentially-oriented
flaw (with appropriate stress magnification factors) when evaluating a circumferential weld, is
addressed in Section 2.8. WCAP-14040, Revision 3, notes, however, that licensee use of the
“provisions of either ASME Code Case N-640 or N-588 requires, in accordance with 10 CFR~
50.60(b), an exemption if the provisions of the Code Case are not contained in the edition of the
ASME Code included in a facility’s licensing basis. Appendix A to WCAP-14040, Revision 3,
provides additional details regarding the application of optional ASME Code Cases and includes
copies of ASME Code Case N-588, N-640, and N-641 (which effectively combines the -
provisions of N-588 and N-640 into a single Code Case).

A detailed discussion of the calculational methodology for P-T limit curve generation is given in
Section 2.6 of the TR. Specific equations are given for the determination of primary membrane
stresses due to internal pressure and membrane and bending stresses due to thermal
gradients. Equations related to the generation of P-T limit curves for steady-state conditions,
finite heatup rates, finite cooldown rates, and hydrostatic/leak test conditions are given. The
equations given in WCAP-14040, Revision 3, are equivalent to those provided in Section XI of
the ASME Code and consistent with the guidance given in SRP Section 5.3.2.
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Therefore, the NRC staff has concluded that the basic methodology specified in WCAP-14040,
Revision 3, for establishing P-T #imit curves meets the regulatory requirements of Appendix G
to 10 CFR Part 50 and the guidance provided in SRP Section 5.3.2. However, the NRC staff
has concluded that the discussion provided in WCAP-14040, Revision 3, regarding the use of
optional guidelines for the development of P-T limit curves, including the use of ASME Code
Cases N-588, N-640, and N-641 is not acceptable. The NRC staff has concluded, based on
guidance provided by the NRC’s Office of the General Counsel, that licensees do not need to
obtain exemptions to use the provisions of ASME Code Case N-588, N-640, or N-641. The
basis for this decision is as follows. Appendix G to 10 CFR Part 50 references the use of -
ASME Code Section X1, Appendix G and defines the acceptable Editions and Addenda of the
Code by reference to those endorsed in 10 CFR 50.55a. The 2003 Edition of 10 CFR Part 50,
10 CFR 50.55a, endorses editions and addenda of ASME Section XI up through the 1998
Edition and 2000 Addenda. The provisions of N-588, N-640, and N-641 have been directly
incorporated into the Code in the 2000 Addenda version of ASME Section XI, Appendix G.
Therefore, licensees may freely make use of the provisions in Code Cases N-588, N-640, and
N-641 by using the methodology in the 2000 Addenda version of ASME Section Xl without the
need for an exemption. When published, the approved revision of TR WCAP-14040 should be
modified to reflect this NRC staff conclusion.

Requirement 4: Regarding the development of RPV P-T limit curves, the methodology
should describe how the minimum temperature requirements in Appendix
G to 10 CFR Part 50 are applied when constructing P-T limit curves.

Minimum temperature requirements regarding the material in the highly stressed region of the
RPV flange are given in Appendix G to 10 CFR Part 50. Information provided in Sections 2.9
and 2.10 of the TR addresses the incorporation of minimum temperature requirements into the
development of P-T limit curves. In Section 2.9, the 10 CFR Part 50, Appendix G requirements
are cited. WCAP-14040, Revision 3, goes on to note that there is an effort underway to revise
or eliminate these requirements based on information contained in WCAP-15315, "Reactor
Vessel Closure Head/Vessel Flange Requirements Evaluation for Operating PWR and BWR
Plants.” However, WCAP-14040, Revision 3, states that until Appendix G to 10 CFR Part 50 is
revised to modify/eliminate the existing RPV flange minimum temperature requirements or an

- exemption-request to modify/eliminate these requirements is-approved by the NRC for a
specific facility, the stated minimum temperature must be incorporated into-a facility’s P-T limit
curves.

WCAP-14040, Revision 3, provides supplemental information in Section 2.10 regarding the
establishment of RPV boltup temperature, specifically that the minimum boltup temperature
should be 60 °F or equal to the highest material reference temperature in the highly stressed
RPYV flange region, whichever is higher (i.e., more conservative). Although no specific

requirements related to boltup temperature are provided in Appendix G to 10 CFR Part 50 the
information in WCAP-14040, Revision 3, is consistent with other, related requirements in
Appendix G to 10 CFR Part 50 and in Appendix G to Section XI of the ASME Code.

The NRC staff concludes that the methodology specified in WCAP-14040, Revision 3,
addresses RPV minimum temperature requirements in a way which is consistent with
Appendix G to 10 CFR Part 50 and Appendix G to Section X| of the ASME Code and is,
therefore, acceptable.
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Requirement 5: Regarding the calculation of RPV materials’ ARTs, the methodology
should describe how the data from multiple surveillance capsules may be
used in ART calculations.

Requirement 2 of Section 2.4 of WCAP-14040, Revision 3, addresses the determination of
changes in material properties due to irradiation. This information includes a description of how
surveillance capsule test results may be used to calculate RPV material properties in a manner
which is consistent with Section C.2.1 of RG 1.99, Revision 2, and other NRC staff guidance.

The NRC staff has reviewed the information in Section 2.4 of the TR and determined that it is
consistent with NRC staff guidance, including RG 1.99, Revision 2, and is, therefore,
acceptable.

Requirement 6: Regarding the calculation of the neutron fluence, the methodololgy
should describe how the neutron fluence is calculated.

Neutron Fluence Methodology

WCAP-14040, Revision 3, includes a revised Section 2.2. The revised section includes plant-
specific transport calculations and the validity of the calculations. For the neutron transport
calculations, the applicant is using the two-dimensional discrete ordinates code, DORT
(Reference 1) with the BUGLE-96 cross section library (Reference 2). Approximations include
a P5 Legendre expansion for anisotropic scattering and a S, order of angular quadrature.
Space and energy dependent core power {(neutron source) distributions and associated core
parameters are treated on a fuel cycie specific basis. Two dimensional flux solutions ®{r, 8, z)
are constructed using {r,8) and (r,z) distributions. Extreme cases, with respect to power
distribution arising from part-length fuel assemblies, use the three-dimensional TORT Code
(Reference 1) with the BUGLE-96 cross section library. Source distribution is obtained from a
burn-up weighted average of the power distributions of individual fuel cycles. The method
accounts for source energy spectral effects and neutrons/fission due to burnup by tracking the
concentration of U-235, U-238, Pu-239, Pu-240, and Pu-241. Mesh spacing accounts for flux
‘gradients and material interfaces.

The proposed methodology, as outlined above, adheres to the guidance of RG 1.190, and
therefore, is acceptable.

Validation of Transport Calculations

--The Westinghouse validation is structured in fourparts:

. comparison to pool critical assembly (PCA) simulator results (Reference 3),
. comparison to calculations in the H. B. Robinson benchmark (Reference 4),
. comparison to a measurement database from pressurized water reactor (PWR)

surveillance capsules, and
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. an analytical sensitivity study addressing the uncertainty components of the transport
calculations.

Comparisons of calculated results to the corresponding PCA measured quantities establish the
adequacy of the basic transport calculation and the associated cross sections. Comparison to
the H.B. Robinson benchmark addresses uncertainties related to the method and generally to
the neutron exposure. Comparisons to the PWR database provides an indication of the
presence of a bias and of the uncertainty of the calculated value with respect to the
corresponding measured values. Finally, the analytical sensitivity study validates the overall
uncertainties whether from the methodology or the lack of precise knowledge of the input
parameters.

Comparison of the measured data to the calculations was performed on the basis of
measured/calculated (M/C) ratios, and with best estimate values caiculated using least squares

_adjusted measured values. The least squares adjustment is based on weighing individual
measurements based on spectral coverage. Comparisons are done before and after spectral
adjustments. This method is addressed in RG 1.190, as well as in the ASTM Standard
E944-96.

The NRC staff requested that the WOG address the completeness of its database. By letter
dated October 20, 2003, the WOG responded by indicating that all of the surveillance capsules
analyzed with the proposed methodology (DORT and BUGLE-96) are included in the database.
The NRC staff found the response acceptable.

The NRC staff concludes that the proposed benchmarking methodology adheres to the
guidance in RG 1.190 and to ASTM standards, and therefore, is acceptable.

Requirement 7: Regarding the low temperature overpressure protection/coid
overpressure mitigating system, the lift setting limits for the power
operated relief valves should be deve!oped using NRC -approved
methodologies:

The method in this section is identical to the existing method in the approved Revisibn 2 of
WCAP-14040. The thermal hydraulics analysis for the mass and heat input transients is using
the same specialized version of LOFTRAN, which was approved in Revision 2.

The cold overpressure mitigating system is the same as in the approved version, and therefore,
-..the NRC stalff finds it acceptable.. e USRS

4.0 CONCLUSION

The NRC staff has reviewed the information provided in WCAP-14040, Revision 3, related to
the requirements of GL 96-03, as cited in Section 3.0 of this SE, and finds WCAP-14040,
Revision 3, to be acceptable for referencing as a PTLR methodology, subject to the following
conditions:
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Licensees who wish to use WCAP-14040, Revision 3, as their PTLR methodology must
provide additional information to address the methodology requirements in GL. 96-03
related to RPV material surveillance program issues.

Contrary to the information in WCAP-14040, Revision 3, licensee use of the provisions
of ASME Code Cases N-588, N-640, or N-641 in conjunction with the basic
methodology in WCAP-14040, Revision 3, does nhot require an exemption since the
provisions of these Code Cases are contained in the edition and addenda of the ASME
Code incorporated by reference in 10 CFR 50.55a. When published, the approved
revision of TR WCAP-14040 should be modified to reflect this NRC staff conclusion.

As stated in WCAP-14040, Revision 3, until Appendix G to 10 CFR Part 50 is revised to
modify/eliminate the existing RPV flange minimum temperature requirements or an
exemption request to modify/eliminate these requirements is approved by the NRC for a
specific facility, the stated minimum temperature must be incorporated into a facility’s
P-T limit curves.

REFERENCES

"DOORS 3.1, One-, Two- and Three-Dimensional Discrete Ordinates Neutron/Photon
Transport Code System,” Radiation Shielding Information Center (RSIC) Computer
Code Collection CCC-650, Oak Ridge National Laboratory, August 1996.

"Bugle-96, Coupled 47 Neutron, 20 Gamma-Ray Group Cross-Section Library Derived
from ENDF/B-VI for LWR Shielding and Pressure Vessel Dosimetry Applications,"” RSIC
Data Library Collection DLC-185, Oak Ridge National Laboratory, March 1996.

NUREG/CR-6454 (ORNL/TM-13204), "Pool Critical Assembly Pressure Vessel
Benchmark," by I. Remek and F.B.K. Kam, Oak Ridge National Laboratory, July 1997.

NUREG/CR-6453 (ORNL/TM-13204), "H.B. Robinson Pressure Vessel Benchmark,” by
I. Remek and F.B.K. Kam, Oak Ridge National Laboratory, February 1998.
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October 20, 2003
WOG-03-550

e Revise the text to reflect that consistent with the guidance of Regulatory Guide 1.190, the final results
for the pressure vessel fluence projections are based on the plant specific transport calculations, and
that the dosimetry data is only used to validate the calculated results.

The approved version of WCAP-14040 that will be issued following receipt of the NRC Safety
Evaluation will incorporate the changes contained in Attachments 2 and 3.

If you require further information, feel free to contact Mr. Ken Vavrek, Westinghouse Owners Group
Project Office at 412-374-4302.

Sincerely,

A

Frederick P. “Ted” Schiffley, 11
Chairman, Westinghouse Owners Group

Attachments

ce: ‘WOG Management Committee
WOG Materials Subcommittee

‘WOG Licensing Subcommittee
‘WOG Project Management Office
S.L. Anderson
" J.D. Andrachek
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T.J. Laubham
J. Perock
H. A. Sepp
D. Holland, USNRC OWFN 07 E1 (1L, 1E) (via Federal Express)

WCAP-14040-A May 2004

5461.doc-061004

Revision 4



B-22

Attachment 1

Responses to NRC Request For Additional Information on WCAP-14040, Rev. 3, “Methodology
Used to Develop Cold Overpressure Mitigating System Setpoints and RCS Heatup and Cooldown
Limit Curves”

1. Section 2.3, page 2-5, Branch Technical Position MTEB 5-2 does not give fracture toughness
“requirements.” Revise WCAP-14040, Revision 3, to refer to the information in MTEB 5-2 as
“guidelines” rather than “requirements.”

Response to RAI 1:

The first sentence in the last paragraph of Section 2.3 on page 2-5 will be revised to “fracture
toughness guidelines™ rather than “fracture toughness requirements.”

2. Section 2.4, page 2-6, when referring to the “Ai” term in Equation 2.4-3, revise your definition which
refers to it as the “measured value of ARTNDT” - instead call it the “measured shift in the Charpy V-
notch 30 fi-1b energy level between the unirradiated condition and the irradiated condition, fi.”

Response to RAT 2:

The fifth paragraph in Section 2.4 on page 2-6 will be revised to “the measured shift in the
Charpy V-notch 30 fi-1b energy level between the unirradiated condition and the irradiated
condition, f;.”

3. Section 2.4, page 2-7, revise the sentence which reads, “If the measured value exceeds the predicted
value (ARTNDT + 26A), a supplement to the PTLR must be provided to demonstrate how the resuits
affect the approved methodology,” to state “If the measured value exceeds the predicted value
(ARTNDT + 20A), a supplement to the PTLR methodology must be provided for NRC staff review
and approval to demonstrate how the results affect the approved methodology.”

Response to RAI 3:

The last sentence in the second paragraph on page 2-7 will be revised to state that “a supplement
to the PTLR must be submitted for NRC review and approval...”

4. Section 2.5, page 2-7, it is stated that Kia is the reference fracture toughness curve in Appendix G to
Section X1 of the ASME Code. Clarify this to note that this refers to Editions of the Code through the -
- 1995 Edition/1996 Addenda. The most recent Edition and Addenda of the Code (1998 Edition- -~ -
through 2000 Addenda) incorporated by reference into 10 CFR 50.55a, however, uses Kic as the
reference fracture toughness curve.

Response to RAI 4:
The reference to Appendix G, to Section XI of the ASME Code will be clarified that it is

" referring to the 1995 Edition through the 1996 Addenda in the first senterice of the second
paragraph of Section 2.5 on page 2-7.
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S.

Section 2.5, page 2-8, the “note” regarding the use of a 1.223 vs. 1.233 coefficient in the Kia equation
is meaningless and confusing unless one also explains that there was a typographical error in the 1989
Edition of Section X1, Appendix G (i.e., where the 1.233 was used). Revise WCAP-14040, Revision
3, to either eliminate this note or revise the note to offer additional explanation regarding the
historical basis for the 1.223 vs. 1.233 issue.

Response to RAI 5:

The Note in the first paragraph on page 2-8 discussing the historical basis of 1.223 versus 1.233
will be deleted. .

Section 2.5, page 2-8, when discussing ASME Code Case N-640, it is not correct to say that an
exemption is required to implement N-640 because the NRC has not “endorsed” the Code Case.
“Endorsement” implies that it has been included in Regulatory Guide 1.147, “Inservice Inspection
Code Case Acceptability -- ASME Section X1, Division 1.” Code Case N-640 would have to be
included in the edition of the ASME Code which the licensee has adopted in their facility’s licensing
basis in order to comply with 10 CFR 50.55a before an exemption is no longer required.

Response to RAI 6:

The fifth paragraph on page 2-8 will be revised to delete the text “has not yet been endorsed by
the NRC, and therefore use of this Code Case will” and to add the statement “if it is not contained
in the edition of the ASME Code included in the unit licensing basis.”

The statement in Section 2.5, page 2-10, regarding need for an exemption relative to
modifying existing 10 CFR Part 50, Appendix G flange requirements should, for consistency
be repeated in Section 2.8. )

Response to RAI 7:

A statement that the flange requirement must be included in the P-T limits unless an exemption
request is submitted and approved by the NRC will be added to the fourth paragraph in Section
2.8 on page 2-20.

Section 2.6.1, page 2-12, it is stated “[t]hese stress components are used for determining the thermal
stress intensity factors, Kit, as described in the following subsection.” The following subsection is
2.6.2, “Steady-State Analyses,” and it does not address the calculation of Kit. Revise WCAP-14040,

. Revision 3, to address this apparent inconsistency.

Response to RAI 8:

The last sentence in the last paragraph of Subsection 2.6.1 on page 2-12 will be revised to “in
subsections 2.6.3 and 2.6.4.”
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10.

Section 2.6.2, page 2-14, and Section 2.6.5, page 2-15, Mm factors of 1.84, 0.918, and 3.18 are given
for various reactor pressure vessel wall thickness ranges to be used when steady-state analyses are
performed. It is unclear as to where these Mm factors come from (unable to locate them in any edition
of ASME Section X1, Appendix G). Further, they are not consistent with what should be the same
Mm factors cited on page 2-15. Revise WCAP-14040, Revision 3, to address this apparent
inconsistency in the cited Mm factors.

Response to RAL9:

The My, factors discussed in Subsection 2.6.2 on page 2—14, and in Subsection 2.6.5 on page 2-15
will be deleted.

Section 2.7, page 2-19, it should be noted that an exemption is required when a licensee wishes to
make use of ASME Code Case N-588. Revise WCAP-14040, Revision 3, accordingly.

Response to RAI 10:
A sentence will be added to the first paragraph in Section 2.7 on page 2-19 that states “An

exemption request must be submitted and approved by the NRC if Code Case N-588 is not
contained in the edition of the ASME Code included in the unit licensing basis.”
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Attachment 2

Revised WCAP-14040, Revision 3 Pages Incorporating NRC RAIs
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The results of this latter comparison expressed in terms of the ratio of adjusted flux to calculated flux
(AJC) are summarized as follows for the 82 capsule data base:

PARAMETER AIC STD DEV
E > 1.0 MeV) 1.00 7.3%

As with the comparisons based on the linear average of reaction rate M/C ratios, the comparisons of the
least squares adjusted results with the plant specific transport calculations demonstrate that the calculated
results are essentially unbiased with an uncertainty well within the 20% criterion established in
Regulatory Guide 1.190.

2.3  FRACTURE TOUGHNESS PROPERTIES

The fracture toughness propesties of the ferritic material in the reactor coolant pressure boundary are
determined in accordance with the requirements of Appendix G 10 CFR Part 50, as augmented by the
additional requirements in subsection NB-2331 of Section III of the ASME B&PV Code®. These
fracture toughness requirements are also summarized in Branch Technical Position MTEB 5-2
(“Fracture Toughness Requirements”)® of the NRC Regulatory Standard Review Plan.

These requirements are used to determine the value of the reference nil-ductility transition temperature
(RTxpr) for unirmadiated material (defined as initial RTypt, IRTNp7) and to calculate the adjusted reference
temnperature (ART) as described in Section 2.4. Two types of tests are required to determine a material’s
value of IRTypr: Charpy V-notch impact (C,) tests and drop-weight tests. The procedure is as follows:

1. Determine a temperature Tnpy that is at or above the nil-ductility transition temperature by drop
weight tests.
2. At a temperature not greater than Typr + 60°F, each specimen of the C, test shall exhibit at Ieast

35 mils lateral expansion and not less than 50 ft-Ib absorbed energy. When these requirements
are met, Tnpr is the reference temperature RTnpy-

3. If the requirements of (2) above are not met, conduct additional C, tests in groups of three
* specimens to determine the temperature Tc, at which they are met. In this case the reference
... -temperature RTypr = T¢y ~ 60%F.-Thus, the reference temperature RTwpr 1s the higher of Tnpyand -+ -
(Tey - 60°F).

4. If the C, test has not been performed at Typr + 60°F, or when the C, test at Tpy + 60°F does not
exhibit a minimum of 50 ft-1b and 35 mils lateral expansion, a temperature representing a
minimum of 50 ft-1b and 35 mils lateral expansion may be obtained from a full C, impact curve

. .developed from the minimuvm data points of all the C, tests performed-as shown in Figure 2.1.—

l Plants that do not follow the fracture toughness guidelines in Branch Technical Position MTEB 5-2 to
determine IRTxpy can use alternative procedures. However, sufficient technical justification and special
circumstances per the criteria of 10CFR50.12(a)(2) must be provided for an exemption from the
regulations to be granted by the NRC.
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24  CALCULATION OF ADJUSTED REFERENCE TEMPERATURE

The adjusted reference temperature (ART) for each material in the beltline region is calculated in
accordance with Regulatory Guide 1.99, Revision 2. The most limiting ART values (i.e., highest value
at 1/4t and 3/4t Jocations) are used in determining the pressure-temperature limit curves. ART is
calculated by the following equation:

ART = IRTypr + ARTxpr + Margin QA1)

IRTnpr is the reference temperature for the unirradiated material as defined in paragraph NB-2331 of
Section I of the ASME Boiler and Pressure Vessel Code™ and calculated per Section 2.3. If measured
values of IRTypr are not available for the material in question, generic mean values for that class of
material can be used if there are sufficient test results to establish a mean and standard deviation for the
class.

ARTypr is the mean value of the shift in reference ternperature caused by irradiation and is calculated as
follows:

AR’rNDT =CFf (0.28-0.2030g ) (2_4_2)

CF (°F) is the chemistry factor and is a function of copper and nickel content. CF is given in Table 1 of
Reference 3 for weld metal and in Table 2 in Reference 3 for base metal (Position 1.1 of Regulatory
Guide 1.99, Revision 2). In Tables 1 and 2 of Reference 3 “weight-percent copper” and “weight-percent
nickel” are the best-estimate values for the material and linear interpolation is permitted. When two or
more credible surveillance data sets (as defined in Regulatory Guide 1.99, Revision 2, Paragraph B.4)
become available they may be used to calculate the chemistry factor per Position 2.1 of Regulatory
Guide 1.99, Revision 2, as follows:

i [A, . (0.28-0.10)05(;)]
CF=-2 243)
Z [f. (OKZS-O.IDbgl})]Z

Where “n”is the number of surveillance data points, “A " is the measured shift in the Charpy 2 notch
30 ft-Ib energy level between the unirradiated condition and the irradiated condition, “f.” Where “f” is
the fluence for each surveillance data point.

If Position 2.1 of Regulatory Guide 1.99, Revision 2, results in a higher value of ART than Position 1.1 of
Regulatory Guide 1.99, Revision 2, the ART calculated per Position 2.1 must be used. However, if
Position 2.1 of Regulatory Guide 1.99, Revision 2, results in a lower value of ART than Posmon 1. 1 of

Regulatory Guide 1.99, Revision 2, either value of ART may be nsed.

To calculate ARTypy at any depth (e.g., at 1/4t or 3/4t), the following formula is used to attenuate the fast
neutron fluence (E> 1 MeV) at the specified depth.
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fe=fope e 02 2.4-4)

where funee 10” n/cm®, E > 1 MeV) is the value, calculated per Section 2.2, of the neutron fluence at the
base metal surface of the vessel at the location of the postulated defect, and x (in inches) is the depth into
the vessel wall measured from the vessel clad/base metal interface. The resultant fluence is then put into
equation (2.4-2) to calculate ARTxpr at the specified depth.

‘When two or more credible surveillance capsules have been removed, the measured increase in reference
temperature (ARTxpr) must be compared to the predicted increase in RTnpy for each surveillance
material. The predicted increase in RTypr is the mean shift in RTxpr calculated by equation (2.4-2) plus
two standard deviations (20,) specified in Regulatory Guide 1.99, Revision 2. If the measured value
exceeds the predicted value (ARTxpr + 20,), a supplement to the PTLR must be submitted for NRC
review and approval to demonstrate how the results affect the approved methodology.

Margin is the temperature vahie that is included in the ART calculations to obtain conservative, upper-
bound values of ART for the calculations required by Appendix G to 10 CFR Part 50®. Margin is
calculated by the following equation:

Margin = 2 [(62 +0a)1>° 24-5)

Oy, is the standard deviation for IRTnpr and O is the standard deviation for ARTnpr. If IRTnprisa
measured value, oy, is estimated from the precision of the test method (0y = 0 for a measured IRTypy of 2
single material). If IRTypr is not a measured value and generic mean values for that class of material are
used, oy is the standard deviation obtained from the set of data used to establish the mean. Per Regulatory
Guide 1.99, 6, is 28°F for welds and 17°F for base metal. When surveillance data js used to calculate

ARTnpr, Oa values may be reduced by one-half. In all cases, & need not exceed half of the mean value of
AR’I‘ NDT-

2.5  CRITERIA FOR ALLOWABLE PRESSURE-TEMPERATURE RELATIONSHIPS

The ASME Code requirements™ for calculating the allowable pressure-temperature limit curves for
various heatup and cooldown rates specify that the total stress intensity factor, K;, for the combined
thermal and pressure stresses at any time during heatup or cooldown cannot be greater than the reference
stress intensity factor, the fracture tonghness for the metal temperature at that time. Two values of -

_ fracture toughness may be used, Kj, or Ky

K, is obtained from the reference fracture toughness curve, defined in Appendix G, to Section X1 of the
ASME Code (1995 Edition through the 1996 Addenda). (Note that in Appendix G, to Section III of the
ASME Code, the reference fracture toughness is denoted as Ky, whereas in Appendix G of Section XI,
the reference fracture toughness is denoted as Kj,. However, the K and Ky, curves are identical and are

. defined with the identical functional form.) The K, curve is given by the following equation:

Ky, =26.78 + 1.223 exp [0.0145 (T-RTnpr + 160)) (2.5-1)
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where,

Ky = lower bound of dynamic and crack arrest toughness as a function of the metal
temperature T and the metal reference nil-ductility transition temperature RTnpr,

(ksi JE ). The value of RTxpr is the adjusted reference temperature (ART) of
Section 2.4.

I' K} is also obtained from Section XI of the ASME Code, for example in Appendix A, and is a Jower bound
of static fracture toughness. Since heatup and cooldown is a slow process, static properties are
appropriate. The K. curve is given by the following expression: T

Kie = 33.20 + 20.734 exp [0.0200 (T — RTnpr)] (2:5—2)

The use of the K. curve (Section XTI, Appendix A) as a basis for developing P-T limit curves is currently
contained in ASME Code Case N640. Use of the K. fracture toughness will yield less limiting P-T
curves, which is clearly a benefit.

However, the use of Code Case 640 presently includes a restriction on the setpoints for the Cold
Overpressure Mitigation System (COMS). This maximum pressure for the COMS system is 100% of the
pressure allowed by the P-T limit curves. This essentially disallows the use of Code Case N514 in these
circumstances, meaning that the COMS system must protect to the actual P-T limit curve, rather than

110 percent, as allowed by Code Case N514.

The use of Code Case N640 requires an exemption under 10CFR50.60 paragraph (b), pertaining to
proposed alternatives to the requirements of Appendices G and H, if it is not contained in the edition of
the ASME Code included in the unit hicensing basis.

The goveming equation for generating pressure-temperature limit curves is defined in Appendix G of the

ASME Code® as follows:
C Kpy + Ky, < Reference Fracture Toughness (2.5-3)
“where,
Kp = stress intensity factor caused by membrane (pressure) stress,
Ky = stress intensity factor caused by the thermal gradients through the vessel wall,
C = 2.0 for Level A and Level B service limits (for heatup and cooldown),

C = 1.5 for hydrostatic and leak test conditions when the reactor core is not critical

Reference Fracture Toughness = K, or Ky, as discussed above

(Note: Ky is set to zero for hydrostatic and leak test calculations since these tests are performed
at 1sothermal conditions).
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The quantities E and o are temperature-dependent properties. However, to simplify the analysis, E and o
are evaluated at an equivalent wall temperature at a given time:

, 2]"' T@r dr
Ty =—

<. S (2.6.1-5)
eqv e

E and o are calculated as a function of this equivalent temperature and the Eet product in equation
(2.6.1-4) is treated as a constant in the computation of hoop thermal stress.

The linear bending (o) and constant membrane (0,) stress components of the thermal hoop stress profile
are approximated by the linearization technique presented in Appendix A, to Section X1 of the ASME
Code®™ . These stress components are used for determining the thermal stress intensity factors, Ky, as
described in subsections 2.6.3 and 2.6 4.

2.6.2 Steady-State Analyses

Using the calculated beltline metal temperature and the metal reference nil-ductility transjtion
temperature, the reference stress intensity factor (Xj,) is determined in Equation (2.5-1) at the 1/4t-
Jocation where “t” represents the vessel wall thickness: At the 1/4t location, a 1/4 thickness flaw is
assumoed to originateat the vessel inside radius.

The allowable pressure P(T.) is a function of coolant temperature, and the pressure temperature curve is
calculated for the steady state case at the assumed 1/4t inside surface flaw. First, the maximum allowable
membrane (pressure) stress intensity factor is determined using the factor of 2.0 from equation (2.5-2) and
the following equation:

Ky *(T=RTpr )y

2.6.2-1
70 ( )

K]M(m) =
where,
Kn(T-RTxpy) =  allowable reference stress intensity factor as a function of T-RTnpy at 1/4t.
’ ’ (See Sections 2.7 and 2.8 for the new approach using Code Cases N640
and N588.)- - - : S R

Next, the maximum allowable pressure stress is determined using an iterative process and the following
three equations:

y

2
e Q=lpz—0212(%’—] @62
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Op = S 2.6.2-3)
Ta
LIM, Jg .
Ky =1LIM 0, JE (2.6.24)
Q
where,
Q = flaw shape factor modified for plastic zone size®"®,
¢ = is the elliptical integral of the 2nd kind (¢ = 1.11376 for the fixed aspect ratio of 3 of
the code reference flaw)*®,
0212 = plastic zone size correction factor®,
Op = pressure stress,
oy = yield stress,
1.1 = correction factor for surface breaking flaws,
Mk = correction factor for constant membrane stress ®, Mg as function of relativeflaw
depth (a/t) is shown in Figure 2.4,
a = crack depth of 1/4t,
Kp = pressure stress intensity factor.

l The maximum allowable pressure stress is determined by incrementing o, from an initial value of 0.0 psi
until a pressure stress is found that computes a Kyp value within 1.0001 of the Kpyus) value. After the
maximum allowable o, is found, the maximum allowable internal pressure is determined by

T 2 _ I'~2
P(T)=0, [r’ " r}] (2.6.2-5)
where,
" P(T) = calculated allowable pressure as a function of coolant temperature.
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——

2.6.3 Finite Cooldown Rate Analyses

For each cooldown rate the pressure-temperature curve is calculated at the inside 1/4t location. First, the
thermal stress intensity factor is calculated for a coolant temperature at a given time using the following
equation from the Welding Research Council®®:

T
K, =lo_ 1.1M, + 0o, M,] ’6— (2.6.3-1)
where,
On = constant membrane stress component from the linearized thermal hoop stress
distribution,
Gy, = linear bending stress component from the linearized thermal hoop stress distribution,
Mg = correction factor for membrape stress®® (see Figure 2.4),
Mg = correction factor for bending stress"®, Mp as a function of relative flaw depth (aft) is
shown in Figure 2.5.

The flaw shape factor Q in equation (2.6.2-6) is calculated from®®

2
Q=¢*-0212 (M—G—"} (2632)
Oy

Once Ky, is computed, the maximum allowable membrane (pressure) stress intensity factor is determined
using the factor of 2.0 from equation (2.5-2) and the following equation:

K *T-RTpr )y — Ky (T
K pomn = 7o : (2.6.3-3)

From Kpigman, the maximum allowable pressure is determined using the iterative process described above

"and equations (2.6.2-2) through (2.6.2-5).”

The steady-state pressure-temperature curve of Section 2.6.2 is compared to the cooldown curves for the
1/4t inside surface flaw at each cooldown rate. At any time, the allowable pressure is the lesser of the two
values, and the resulting curve is called the composite cooldown limit curve.

Finally; the 10°CFR Part 50" requirement for the closure flange region is incorporated into the cooldown -

composite curve as described in Section 2.5.
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2.64 Finite Heatup Rate Analyses

Using the-calculated beltline metal ternperature and the metal reference nil-ductility transition

l temperature, the reference stress intensity factor (K;,) is determined in Equation (2.5-1) or (2.5-2) at both
the 174t and 3/4t locations where “t”” represents the vessel wall thickness. At the 1/4t location, a
1/4 thickness flaw is assumed to originate at the vessel inside radius. At the 3/4t Jocation, a 1/4t flaw is
assumed to originate on the outside of the vessel. )

For each heatup rate a pressure-temperature curve is calculated at the 1/4t and 3/4t locations. First, the
thermal stress intensity factor is calculated at the 1/4t and 3/4t locations for a coolant temperature at a
given time using Option 1 or 2 from Section 2.6.3.

Onece Ky, is computed, the maximum allowable membrane (pressure) stress intensity factors at the 1/4t and
3/4t locations are determined using the following equations: '

* — —
AL, Koy =T RTNMZ)I(;* Ko e Jum (2.64-1)

K1 *CT“RTNDI )3/4; - Kn (Tc )3/4:

At 3/4t,
2.0

K paoza = (2.6.4-2)

From Kpagmsyar a0 Kpmaxyza, the maximum allowable pressure at both the 1/4t and 3/4t locations is
determined using the iterative process described in Section 2.6.2 and equations (2.6.2-2) through
(2.6.2-5).

As was done with the cooldown case, the steady state pressure-temperature curve of Section 2.6.2 is
compared with the 1/4t and 3/4t location heatup curves for each heatup rate, with the lowest of the three
being used to generate the composite heatup limit curve. The composite curve is then adjusted for the
10 CFR Part 50“” rule for closure flange requirements, as discussed in Section 2.5.

2.6.5 Hydrostatic and Leak Test Curve Analyses

_. The minimum inservice hydrostatic leak test curve is determined by calculating the minimum allowable =
temperature at two pressure values (pressure values of 2000 psig and 2485 psig, approximately 110% of
operating pressure, are generally nsed). The curve is generated by drawing a line between the two
pressure-temperature data points. The governing equation for generating the hydrostatic leak test
pressure-temperature limit curve is defined in Appendix G, Section X1, of the ASME Code® as follows:

e 15Kpg<Kyy (2651
where, Kpy is the stress intensity factor caused by the membrane (pressure) stress and K, is the reference

stress intensity factor as defined in equation (2.5-1). Note that the thermal stress intensity factor is
neglected (i.e., Ky, = 0) since the hydrostatic leak test is performed at isothermal conditions.
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The pressure stress is determined by,

2,.2
op {’g “;]P (2.6.5-2)
I, - %
where,
P = the input pressure (generally 2000 and 2485 psig)

I Next, the pressure stress intensity factor is calculated for a 1/4t flaw by,

Kpu =[1.1MX J%] op 2.6.5-3)

I The Kpy result is multiplied by the 1.5 factor of equation (2.5-2) and divided by 1000,

1.5Kpy
1000

HYD = (2.6.54)

Finally, the minimum allowable temperature is determined by setting Kuyp to Kj, in equation (2.5-1) and
solving for temperature T:

n [(Km ~26.78)

1223 ]
+RT,ur —160.0 2.6.5-5
0.0145 NpT : ( )

—

The 1983 Amendment to 10CFR50® has a rule which addresses the test temperature for hydrostatic
pressure tests. This rule states that, when there is no fuel in the reactor vessel during hydrostatic pressure
tests or leak tests, the minimum allowable test temperature must be 60°F above the adjusted reference
temperature of the beltline region material that is controlling. If fuel is present in the reactor vessel

- during hydrostatic pressure tests or leak tests, the requirements of this section and Section 2.5 must be
met.

2.7 1996 ADDENDA TO ASME SECTION XI, APPENDIX G METHODOLOGY

ASME Section X1, Appendix G was updated in 1996 to incorporate the most recent elastic solutions for
K, due to pressure and radial thermal gradients. The new solutions are based on finite element analyses
..} ..for inside surface flaws performed at Oak Ridge National Laboratories and sponsored by the NRC, and
work published for outside surface flaws. These solutions provide results that are very similar to those
obtained by using solutions previously developed by Raju and Newman.

This revision provides consistent computational methods for pressure and thermal X, for thermal
gradients through the vessel wall at any time during the transient. Consistent with the original version of

WCAP-14040-A May 2004
5461.doc-061004 Revision 4



B-35

Appendix G, no contribution for crack face pressure is included in the K; due to pressure, and cladding
effects are neglected.

Using these elastic solutions in the low temperature region will provide some relief to restrictions
associated with reactor operation at relatively low temperatures. Although the relief is relatively small in
terms of the absolute allowable pressure, the benefits are substantial, because even a small increase in the
allowable pressure can be a significant percentage increase in the operating window at relatively low
temperatures. Implementing this revision results in a safety benefit (reduced likelihood of hftmg COMS
relief valves), with no reduction in vessel integrity.

The following revisions were made to ASME Section X1, Appendix G:
G-2214.1 Membrane Tension:

Kn=MnX(pRi/t) ' (2.7-1)
where, M, for an inside surface flaw is given by:

M. = 185for+f <2,

M, 0926+t for 2< 7 < 3464,

M. 321 for V1 >3.464

1l

Similarly, M, for an outside surface flaw is given by:

M. = 177for+Jt <2,
M, = 0893+t for 2<f <3464,
M. =  3.09for 1 >3.464

where,

p =internal pressure, . ..
Ri = vessel inner radius, and

t = vessel wall thickness.
For Bending Stress, the K correspondmg to bendmg stress for the postu]ated defect is:
Kn, M., mnaximum bendmg stress, where Mb 0. 667 M,

For the Radial Thermal Gradient, the maximum K; produced by radial thermal gradient for the postulated
inside surface defect is: -

K, =0.953x 10° CR t*° 2.7-2)
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where:
CR = the cooldown rate in °F/br.

For the Radial Thermal Gradient, the maximum K; produced by radial thermal gradient for the postulated
outside surface defect is:

Ky =0.753x 10° HU *° (2.7-3)
where:
HU =the heatup rate in °F/hr.

The through-wall temperature difference associated with the maximum thermal K; can be determined
from ASME Section X, Appendix G, Figure G-2214-1. The temperature at any radial distance from the
vessel surface can be determined from ASME Section X1, Appendix G, Figure G-2214-2 for the
maximum thermal K; .

1. The maximum thermal K| relationship and the temperature relationship in Figure G-2214-1 are
applicable only for the conditions given in G-2214.3(aX1) and (2) of Appendix G to ASME
Section X1.

2. Alternatively, the K; for radial thermal gradient can be calculated for any thermal stress

distribution and at any specified time during cooldown for a Y%-thickness inside surface defect
using the relationship:

K = (1.0359Co+ 06322C1+ 04753C2+ 03855C3) *~/ 2.74)
or similarly, Ky, during heatup for a ¥-thickness outside surface defect using the relationship:

K = (1043Co+ 0.630C1 + 0481C2 + 0401C3) *~/m (2.7-5)

where the coefficients Cp, C;, C; and Cs are determined from the thermal stress distribution at any
specified time during the heatup or cooldown using the equation: .

ox)= Cot Ci(x/a)+ Cax/a) + Cs(x/a)* (@27

where x is a variable that represents the radial distance from the appropriate (i.e., inside or
outside) surface to any point on the crack front and a is the maximum crack depth.

Once K, (As calculated via Equation 2.5-1) is known, the pressure can be solved using Equation 2.5-3
“with the newly calculated X}, and new equation for Knu. o T

C*[Ma X (pRi/ t)}+ K < Kin
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where:
C
C

2.0 for Level A and Level B service limits (for heatup and cooldown),

1.5 for hydrostatic and leak test conditions when the reactor core is not critical '
This results in a pressure equation as follows:

p=—Ru—Ku] @77
C*Mn*(Ri/t)

Note that K, is equal to zero for steady state and hydrostatic leak test conditions. In addition, Ky, and Ky

must be calculated individually for inside and outside flaw locations (i.e., the T and 4T wall locations)

and the minimum pressure must be used from these two locations. [Note: Ky, for Y4 T steady state is not

the same as Ky, for 4T thermal conditions since the wall temperature is equal to the water temperature in

steady state, but is not the case under thermal conditions.}

2.7  CODE CASES N-640 FOR K. and N-588 FOR CIRCUMFERENTIAL WELD
FLAWS

28.1 ASME Code Case N-640

In February of 1999, the ASME Code approved Code Case N-640 which allows the use of the reference
fracture toughness curve Ky, as found in Appendix A of Section X1, in lieu of Figure G-2110-1 in
Appendix G for the development of pressure-temperature limit curves. (This is also described in
Section 2.5 herein). Thus, when developing pressure-temperature limit curves, it is acceptable to
calculate the reference stress intensity via Equation 2.5-2, in }ien of Equation 2.5-1. In addition, the K;
can be substituted for Kj, in Equations 2.5-3, 2.6.2-1, 2.6.3-3, 2.6.4-1, 2.6.4-2,2.6.5-1 and 2.7-7. An
exemption request must be submitted and approved by the NRC if ASME Code Case N-640 is not
contained in the edition of the ASME Code included in the unit licensing basis.

282 ASME Code Case N-588

"In 1997, ASME Section X1, Appendix G was revised to add a methodology for the use of circumferential ~
flaws when considering circumferential welds in developing pressure-temperature limit curves. This
change was also implemented in a separate Code Case, N-588. An exemption request must be submitted
and approved by the NRC if Code Case N-588 is not contained in the edition of the ASME Code included
in the unit licensing basis. -

" “I'he oniginal ASME Section XI, Appendix G approach mandated the postulation of an axial flaw in
circumferential welds for the purposes of calculating pressure-temperature limits. Postulating the
Appendix G reference flaw in a circomferential weld is physically unrealistic because the length of the
reference flaw is 1.5 times the vessel thickness and is much longer than the width of the vessel girth
welds. In addition, historical experience, with repair weld indications found during pre-service inspection
and data taken from destructive examination of actual vessel welds, confirms that any flaws are small,
laminar In nature and are not oriented transverse to the weld bead orientation. Because of this, any
defects potentially introduced during fabrication process (and not detected during subsequent
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non-destructive examinations) should only be oriented along the direction of the weld fabrication. Thus,
for circumferential welds, any postulated defect should be in the circumferential onientation.

The revision to Section X1, Af)peridix G now eliminates additional conservatism in the assumed flaw
orientation for circumferential welds. The following revisions were made to ASME Section X1,
Appendix G:
G-2214.1 Membrane Tension...
The K corresponding to membrane tension for the postulated circumferential defect of G-2120 is .
Ko =My x (PR
Where; M, for an inside surface flaw is given by:
M, = 089forJI<2,
0.443 VI for2 < Jt <3.464,
1.53 for f >3.464

g5
I i

Similarly, M,, for an outside surface flaw is given by:

M, = 089forJt<2,
M, = 0443 I for2< Jt <3.464,
M, = 153for T >3.464

Note, that the only change relative to the OPERLIM computer code was the addition of the constants for
M, in a circumferential weld limited condition. No other changes were made to the OPERLIM computer
code with regard to P-T calculation methodology.

2.9.. . CLOSURE HEAD/VESSEL FLANGE REQUIREMENTS

10 CFR Part 50, Appendix G contains the requirements for the metal temperature of the closure head
flange and vessel flange regions. This rule states that the metal temperature of the closure flange regions
must exceed the material unirradiated RTnpr by at least 120°F for nonmal operation when the pressure
exceeds 20 percent of the pre-service hydrostatic test pressure (3106 psig), which is 621 psig for a typical
‘Westinghouse reactor vessel design.

This requirement was originally based on concerns about the fracture margin in the closure flange region.
During the boltup process, stresses in this region typically reach over 70 percent of the steady-state stress,
without being at steady-state temperature. The margin of 120°F and the pressure limitation of 20 percent
of hydrotest pressure were developed using the K, fracture toughness, in the mid 1970s.

Improved knowledge of fracture toughness and other issues which affect the integrity of the reactor vessel
have led to the recent change to allow the use of K in the development of pressure-temperature curves,
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as contained in Code Case N-640, “Alternative Reference Fracture Toughness for Development of P-T
Limit Curves for Section XI, Division 1.”

The discussion given in WCAP-15315, “Reactor Vessel Closure Head/Vesse] Flange Requirements
Evaluation for Operating PWR and BWR Plants,” concluded that the integrity of the closure head/vessel
flange region is not a concern for any of the operating plants using the Ky toughness. Furthermore, there
are no known mechanisms of degradation for this region, other than fatigue. The calculated design
fatigue usage for this region is less than 0.1, so it may be concluded that flaws are unlikely to initiate in
this region. It is therefore clear that no additional boltup requirements are necessary, and therefore the
requirement of 10 CFR Part 50, Appendix G, can be eliminated from the Pressure-Temperature Carves,
once the requirements of 10CFR50 Appendix G are changed. However, until 10CFR50 Appendix G is
revised to eliminate the flange requirement, it must be included in the P-T limits, unless an exemption
request is submitted and approved by the NRC.

210 MINIMUM BOLTUP TEMPERATURE

The minimum boltup temperature is equal to the material RTypr of the stressed region. The RInpr is
calculated in accordance with the methods described in Branch Technical Position MTEB 5-2. The
‘Westinghouse position is that the minimum boltup temperatuore be no lower than 60°F. Thus, the
minimum boltup temperature should be 60°F or the material RTypy whichever is higher.
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reference temperature for weld or base metal in the beltline region at a distance one-fourth of the vessel
section thickness from the vessel inside surface, as determined by Regulatory Guide 1.99, Revision 2.
34 ENABLE TEMPERATURE FOR COMS

The enable temperature is the temperature below which the COMS system is required to be operable. The
definition of the enabling temperature currently approved and supported by the NRC is described in
Branch Technical Position RSB 528 This position defines the enable temperature for LTOP systems as
the water temperature corresponding to a metal temperature of at least RInpy + 90°F at the beltline
location (1/4t or 3/4t) that is controlling in the Appendix G limit calculations. This definition is very
conservative, and is mostly based on material properties and fracture mechanics, with the understanding
that materjal temperatures of RTypy + 90°F at the critical location will be well up the transition curve
from brittle to ductile properties, and therefore brittle fracture of the vessel is not expected.

The ASME Code Case N-514 supports an enable temperature of RTypr + S50°F or 200°F, whichever is
greater as described in Section 3.3.

A significant improvement in the enable temperature can be obtained by application of code case N641.
This code case incorporates the benefits of code cases N588, and N640. The resulting enable
temperatures for the Westinghouse designs obtained using code case N641 are listed below.

The use of Code Case N641 has not yet been approved by the NRC, and therefore the use of this Code
Case will require approval of an exemption request, as discussed in under 10CFR50.60 paragraph (b),
pertaining to proposed alternatives to the requirements of Appendices G and H.

Vessel Type Axial Flaw Circumferential Flaw
2 —loop RT@T +23F Any temperature
3 - loop RTnpr + 30F RTypr— 174F
4 —loop RTnpr + 34F RTnpr — 110F

_ temperature to ensure that the basis of the heat injection transient s not violated. The Standard Technical
Specifications (STS) prohibit starting an RCP when any RCS cold leg temperatures is less than or equal to

the COMS enable temperature unless the secondary side water temperature of each steam generator is less
than or equal to 50°F above each of the RCS cold leg temnperatures.
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Table A-1 Status of ASME Nuclear Code Cases Associated with the P-T Limit
Curve/COMS Methodology
Exemption
Approved by Section X1 of Request
Code Case Title ASME the ASME Code Granted
514 Low Temperature Overpressure Protection 2/12/92 1995 Edition Yes
through the 1996
Addenda
588 Altemative to Reference Flaw Orientation 12/12/97 1998 Edition Yes
of Appendix G for Circumferential Welds through the 2000
in Reactor Vessel Addenda
640 Alternative Reference Fracture Toughness 2/26/99 1998 Edition Yes
for Development of P-T Limit Curves through the 2000
Addenda
641 Alternative Pressure Temperature 1/17/00 1998 Edition Yes
Relationship and Low Temperature through the 2000
Overpressure Protection System Addenda
Requirement
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Attachment 3

Revisions to Section 2.2 “Neutron Fluence Methodology” of WCAP-14040, Revision 3
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22 NEUTRONFLUENCE METHODOLOGY

1 The methodology used to provide neutron exposure evaluations for the reactor pressure vessel is based on
the requirements provided in Regulatory Guide 1.190, “Calculational and Dosimetry Methods for
Determining Pressure Vessel Neutron Fluence.™®. The vessel exposure projections are based on the
results of plant specific neutron transport calculations that are validated by benchmarking of the analytical
approach, comparison with industry wide power reactor data bases, and finally, by comparison to plant
specific surveillance capsule and reactor cavity dosimetry data. In the validation process, the
measurement data are used solely to confirm the accuracy of the transport caiculations. The
measurements are not used in any way to modify the results of the transport calculations.

2.2.1 Plant Specific Transport Calculations

In the application of the methodology to the fast neutron exposure evaluations for the surveillance
capsules and reactor vessel, plant specific forward transport calculations are carried out on a fuel cycle
specific basis using the following three-dimensional flux synthesis technique:

¥r.8,2) = [¢(50)] * [$(r2)V[$G)]

where:

(1,8,z) is the synthesized three-dimensional neutron flux distribution,
$(r,6) is the transport solution in r,0 geometry,

$(1,2) is the two-dimensional solution for a cylindrica] reactor model using the actual axial core
power distribution, and

¢(r) is the one-dimensional solution for a cylindrical reactor model using the same source per unit
height as that used in the 1,0 two-dimensional calculation.

All of the transport calculations are carried out using the DORT discrete ordinates code Version 3.17 and
the BUGLE-96 cross-section library™). The BUGLE-96 library provides a 67 group coupled
neutron-gamima ray cross-section data set produced specifically for light water reactor application. In
these analyses, énisotropic,scattering is treated with a Ps legendre expansion and the angular . . . .. .
discretization is modeled with an S, order of angular quadrature. Energy and space dependent core
power distributions as well as system operating temperatures are treated on a fuel cycle specific basis.
The synthesis procedure combining the ¢{r,6), ¢(r,z), and ¢(r) transport solutions into the three-
dimensional flux/fluence maps within the reactor geometry is accomplished by post-processing the output
files generated by the [1,0}, [r,z], and [r] DORT calculations..

In some extreme cases where part length poisons or shielded fuel assemblies have been inserted into the
reactor core to reduce the fluence locally in the vicinity of key vessel materials, the calculational approach
may be modified to use either a multi-channel synthesis approach or a fully three-dimensional technique.
For the full three-dimensional analysis, the TORT™ three-dimensional discrete ordinates transport code is
used in conjunction with either the BUGLE-96 ENDF/B-VI based library to provide a complete solution
without recourse to the use of flux synthesis techniques.
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1o each spatial interval within the reactor core._

In developing an analytical model of the reactor geometry, nominal design dimensions are normally
employed for the various structural components. In some cases as-built dimensions are available; and, in
those instances, the more accurate as-built data are used for model development. Bowever, for the most
part, as built dimensions of the components in the beltline region of the reactor are not available, thus,
dictating the use of design dimensions. Likewise, water temperatures and, hence, coolant density in the
reactor core and downcomer regions of the reactor are normally taken to be representative of full power
operating conditions. The reactor core itself is treated as a homogeneous mixture of fuel, claddmg, water,
and miscellaneous core structures such as fuel assembly grids, guide tubes, etc.

The spatial mesh description used in the transport models depends on the overall size of the reactor and
on the complexity required to model the core periphery, the in-vessel surveillance capsules, and the
details of the reactor cavity. Mesh sizes are chosen to assure that proper convergence of the inner
iterations is achieved on a pointwise basis. The pointwise inner iteration flux convergence criterion
utilized in the 1,0 calculations is set at a value of 0.001.

The mesh selection process resnlts in a smaller spatial mesh in regions exhibiting steep gradients, in
materjal zones of high cross-section (2,), and at material interfaces. In the modeling of in-vessel
surveillance capsules, a minimum set of 3 radial by 3 azimuthal mesh are employed within the test
specimen array to assure that sufficient information is produced for use in the assessment of fluence
gradients within the materials test specimens, as well as in the determination of gradient corrections for
neutron sensors. Additional radial and azirnuthal mesh are employed to model the capsule structure
surrounding the materials test specimen array. In modeling the stainless steel baffle region at the
periphery of the core, a relatively fine spatial mesh is required to adequately describe this rectilinear
component in 1,0 geometry. In performing this X,y to 1,0 transition, care is taken to preserve both the
thickness and volume of the steel region in order to accurately address the shielding effectiveness of the
component.

The spatial variation of the neutron source is generally obtained from a burnup weighted average of the
respective power distributions from individual fuel cycles. These spatial distributions include pinwise
gradients for all fuel assemblies located at the periphery of the core and typically include a uniform or flat
distribution for fuel assemblies interior to the core. The spatial component of the neutron source is
transposed from x,y to [r,6], [r,z], and {r] geometry by overlaying the mesh schematic to be used in the
transport calculation on the pin by pin array and then computing the appropriate relative source applicable

These x,y to [1,0], [r,z], and [r] transpositions are accomplished by first defining a fine mesh working
array. The sizes of the fine mesh are usually chosen so that there is at least a 10x10 array of fine mesh
over the area of each fuel pin at the core periphery. The coordinates of the center of each fine mesh
interval and its associated relative source strength are assigned to the fine mesh based on the pin that is

_coincident with the center of the fine mesh. In the limit as the sizes of the fine mesh approach zero, this

technique becomes an exact transformation.
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Each space mesh in the transport geometry is checked to determine if it lies totally within the area of a

particular fine working mesh. If it does, the relative source of that fine mesh is assigned to the transport
space mesh. If, on the other hand, the transport space mesh covers a part of one or more fine mesh, then
the relative source assigned to the transport mesh is determined by an area weighting process as follows:

where:

v
1]

the relative source assigned to transport mesh m.

A; = the area of fine working mesh i within transport mesh m.

o
I

the relative source within fine working mesh i.

The energy distribution of the source is determined on a fuel assembly specific basis by selecting a fuel
assembly burnup representative of conditions averaged over each fuel cycle and an initial enrichment

. characteristic for each assembly. From this average burnup and initial enrichment, a fission split by
isotope including 53, B8, ¥y, 2°Pu, Py, and *'Puis derived; and, from that fission split,
composite values of energy release per fission, neutron yield per fission, and fission spectrum are
determined for each fuel assembly. These composite values are then combined with the spatial
distribution to produce the overall absolute neutron source for use in the transport calculations.

2.2.2 Validation of the Transport Calculations

The validation of the methodology described in Section 2.2.1 is based on the guidance provided in
Regulatory Guide 1.190. In particular, the validation consists of the following stages:

1. Comparisons of calculations with benchmark measurements from the Pool Critical Assembly
(PCA) simulator at the Oak Ridge National Laboratory (ORNL)"?.

2. - Comparisons of calculations with surveillance capsule and reactor cavity measurements from the
H. B. Robinson power reactor benchmark experiment™.

3. An analytical sensitivity study addressing the uncertainty components resulting from important
input parameters applicable to the plant specific transport calculations used in the exposure
assessments.

4. Comparisons of calculations with a measurements data base obtained from a large number of

surveillance capsules withdrawn from a variety of pressurized water reactors.

At each subsequent application of the methodology, comparisons are made with plant specific dosimetry
results to demonstrate that the plant specific transport calculations are consistent with the uncertainties
derived from the methods gualification.
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The first stage of the methods validation addresses the adeguacy of basic transport calculation and

. dosimetry evalnation techniques and associated cross-sections. This stage, however, does not test the
_accuracy of commercial core neutron source calculations nor does it address uncertainties in opgrational
or geometric variables that impact power reactor calculations. The second stage of the validation
addresses uncertainties that are primarily methods related and would tend to apply generically to all fast
neutron exposure evaluations. The third stage of the validation identifies the potential uncertainties
introduced into the overall evaluation due to calculational methods approximations, as well as to a lack of
knowledge relative to various plant specific parameters. The overall calculational uncertainty is
established from the results of these three stages of the validation process.

The followin g summarizes the uncertainties determined from the results of the first three stages of the

validation process:
PCA Benchmark Comparisons 3%
H. B. Robinson Benchmark Comparisons 3%
Analytical Sensitivity Studies 11%
Internals Dimensions 3%
Vessel Inner Radius 5%
‘Water Temperature 4%
Peripheral Assembly Source Strength 5%
Axial Power Distribution 5%
Peripheral Assembly Burnup 2%
- Spatial Distribution of the Source 4%
Other Factors 5%

The category designated “Other Factors” is intended to attribute an additional uncertainty to other .
geometrical or operational variables that individually bave an insignificant impact on the overall
uncertainty, but collectively should be accounted for in the assessment.

} The uncertainty components tabulated above represent percent uncertainty at the 1o level. Inthe . o

tabulation, the net uncertainty of 11% from the apalytical sensitivity studies has been broken down into 1ts By
“individual components. When the four uncertainty values listed above (3%, 3%, 11%, and 5%) are
combined in quadrature, the resultant overall 10 calculational uncertainty is estimated to be 13%.

To date the methodology described in Section 2.2.1 coupled with the BUGLE-96 cross-section library has
been used in the evaluation of dosimetry sets from 82 surveillance capsules from 23 pressurized water
reactors. These capsule withdrawals included 2-5 capsules from individual reactors. The comparisons of

the plant specific calculations with the results of the capsule dosimetry are used to further validate the
calculational methodology within the context of a 16 calculational uncertainty of 13%.

This 82 capsule data base includes all surveillance capsule dosimetry sets analyzed by Westinghouse
using the Bugle-96 cross-section library and the synthesis approach described in Section 2.2.1. No
surveillance capsule dosimetry sets were excluded from the M/C data base. As additional capsules are
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analyzed using the synthesis approach with the BUGLE-96 cross-section library the M/C comparisons
will be added to the database.

The comparisons between the plant specific calculations and the data base measurements are provided on
two levels. In the first instance, measurement to calculation (M/C) ratios for each fast neutron sensor
reaction rate from the surveillance capsule irradiations are listed. This tabulation provides a direct
comparison, on an absolute basis, of measurement and calculation. The results of this comparison for the
surveillance capsule data base are as follows:

REACTION M/IC STD DEV
S3Cu(no)*°Co 1.09 7.9%
>*Fe(n,p)**Mn 0.99 8.4%
*Ni(n,p)**Co 0.99 8.9%
25(n, 07 Cs 1.01 11.8%
BINp,H)'Cs 1.06 113%
Linear Average 1.03 9.8%

These comparisons show that the calculations and measurements for the surveillance capsule data base
fall well within the 13% calculational uncertainty for all of the fast neutron reactions.

The second comparison of calculations with the data base is based on the least squares adjustment of the
individval surveillance capsule data sets. The least squares adjustment procedure provides a weighting of
the individual sensor measurements based on spectral coverage and allows a comparison of the neutron
flux (E > 1.0 MeV) before and after adjustment. The neutron flux/fluence (E > 1.0 MeV) is the primary
parameter of interest in the overall pressure vessel exposure evaluations.

The Jeast squares evaluations of the 82 surveillance capsule dosimetry sets followed the guidance
provided in Section 1.4.2 of Regulatory Guide 1.190 and in ASTM Standard E944-96, “Standard Guide
for Application of Neutron Spectrum Adjustment Methods in Reactor Surveillance.”

The application of the least squares methodology requires the following input:

1. The calculated neutron energy spectrum and associated uncertainties at the measurement location.

2. The measured reaction rates and associated uncertainty for each sensor contained in the multiple
foil set.

3. The energy dependent dosimetry reaction cross-sections and associated uncertainties for each

. sensor contained in the multiple foil sensor set.
For the data base comparisons, the calculated neutron spectra were obtained from the results of plant
specific neutron transport calculations applicable to each of the 82 surveillance capsules. The sensor
reaction rates and dosimetry cross-sections were the same as those used in the direct M/C comparisons
noted above.
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The results of this latter comparison expressed in terms of the ratio of adjusted flux to calculated flox
(A/C) are summarized as follows for the 82 capsule data base:

PARAMETER AIC STD DEV

HE> 1.0 MeV) 1.00 7.3%

As with the comparisons based on the linear average of reaction rate M/C ratios, the comparisons of the
Teast squares adjusted results with the plant specific transport calculations demonstrate that the calculated
results are essentially unbiased with an uncertainty well within the 20% criterion established in
Regulatory Guide 1.190. :

2.3  FRACTURE TOUGHNESS PROPERTIES

The fracture toughness properties of the ferritic material in the reactor coolant pressure boundary are
determined in accordance with the requirements of Appendix G, 10 CFR Part 50, as angmented by the
additional requirements in subsection NB-2331 of Section IIf of the ASME B&PV Code®. These
fracture toughness requirernents are also summarized in Branch Technical Position MTEB 5-2
(*Fracture Toughness Requirements”)® of the NRC Regulatory Standard Review Plan.

These requirements are used to determine the value of the reference nil-ductility transition temperature
(RTnpy) for unirradiated material (defined as initial RTypy, IRTNpy) and to calculate the adjusted reference
temperature (ART) as described in Section 2.4. Two types of tests are required to determine a material’s
value of IRTypi: Charpy V-notch impact (C,) tests and drop-weight tests. The procedure is as follows:

1. Determine a temperature Typr that is at or above the nil-ductility transition temperature by drop
© weight tests. '
2. At a temperature not greater than Typr + 60°F, each specimen of the C, test shall exhibit at least

35 mils lateral expansion and not less than 50 ft-Ib absorbed energy. When these requirements
are met, Tnpr is the reference temperature RTnpr.

3. If the requirements of (2) above are not met, conduct additional C, tests in groups of three
specimens to determine the temperature Tc, at which they are met. In this case the reference
temperature RTypr =Tcy - 60°F. Thus, the reference temperature Rlypr is the higher of Typy and

4. If the C, test has not been performed at Typr + 60°F, or when the C, test at Tipr + 60°F does not
exhibit a minimum of 50 ft-1b and 35 mils lateral expansion, a temperature representing a
minimum of 50 ft-1b and 35 mils lateral expansion may be obtained from a full C, impact curve
developed from the minimum data points of all the C, tests performed as shown in Figure 2.1.

i Plants that do not follow the fracture toughness guidelines in Branch Technical Position MTEB 5-2 to
determine IRTnpr can use alternative procedures. However, sufficient technical justification and special
circumstances per the criteria of 10CFR50.12(a)}(2) must be provided for an exemption from the
regulations to be granted by the NRC.
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UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D.C. 20555-0001

. June 18, 2003

Mr. Gordon Bischoff, Project Manager
Westinghouse Owners Group
Westinghouse Electric Company

Mait Stop ECE 5-16

P.O. Box 355

Pittsburgh, PA 15230-0355

SUBJECT: REQUEST FOR ADDITIONAL INFORMATION - WCAP-14040, REVISION 3,
"METHODOLOGY USED TO DEVELOP COLD OVERPRESSURE MITIGATING
SYSTEM SETPOINTS AND RCS HEATUP AND COOLDOWN CURVES”
(TAC NO. MB5754)

Dear Mr. Bischoff:

By letter dated May 23, 2002, the Westinghouse Owners Group submitted for staff review
Topical Report WCAP-14040, Revision 3, "Methodology Used to Develop Cold Overpressure
Mitigating System Setpoints and RCS Heatup and Cooldown Curves." The staff has completed
its preliminary review of WCAP-14040, Revision 3, and has identified a number of items for
which additional information is needed to continue its review. This was discussed in a
telephone conversation with Mr. Ken Vavrek of your staff on June 5, 2003, and it was agreed
that a response would be provided within 30 days of receipt of this letter.

If you have any questions, please call me at (301) 415-1436.
Sincerely,
Drew Holland, Project Manager, Section2
Project Directorate IV

Division of Licensing Project Management
Office of Nuclear Reactor Regulation

Project No. 694
‘Enclosure: Request for Additional information
cc wlencl: See next page

ECEIVE

JUK 24 208 D
H. A. SEPP JR.
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Westinghouse Owners Group

cc:

Mr. H. A. Sepp, Manager

Regulatory and Licensing Engineering
Westinghouse Electric Company

P.O. Box 355

Pittsburgh, PA 15230-0355

Project No. 694
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REQUEST FOR ADDITIONAL INFORMATION

WCAP-14040, REVISION 3, "METHODOLOGY USED TO DEVELOP COLD
OVERPRESSURE MITIGATING SYSTEM SETPOINTS AND RCS HEATUP
AND COOLDOWN CURVES"”

WESTINGHOUSE OWNERS GROUP

PROJECT NO. 694

Please address the following NRC staff issues pertaining to the review of this topical report.

1. Section 2.3, page 2-5, Branch Technical Position MTEB 5-2 does not give fracture
toughness "requirements.” Revise WCAP-14040, Revision 3, to refer to the information
in MTEB 5-2 as "guidelines"” rather than "requirements."

2. Section 2.4, page 2-6, when referring to the "A" term in Equation 2.4-3, revise your
definition which refers to it as the "measured value of ART ;" — instead call it the
"measured shift in the Charpy V-notch 30 ft-lb energy level between the unirradiated
condition and the irradiated condition, f."

3. Section 2.4, page 2-7, revise the sentence which reads, "[i]f the measured value
exceeds the predicted value (ARTyy; + 20,), a supplement to the PTLR must be
provided to demonstrate how the results affect the approved methodology,” to state "[i}f
the measured value exceeds the predicted value (ART,,r + 20,), a supplement to the
PTLR methodology must be provided for NRC staff review and approval to demonstrate
how the results affect the approved methodology."

4. Section 2.5, page 2-7, it is stated that K, is the reference fracture toughness curve in
Appendix G to Section XI of the ASME Code. Clarify this to note that this refers to
Editions of the Code through the 1995 Edition/1996 Addenda. The most recent Edition
and Addenda of the Code (1998 Edition through 2000 Addenda) incorporated by
reference into 10 CFR 50.55a, however, uses K, as the reference fracture toughness
curve,

5. Section 2.5, page 2-8, the "note" regarding the use of a 1.223 vs. 1.233 coefficient in the
K, equation is meaningless and confusing unless one also explains that there was a
typographical error in the 1989 Edition of Section XI, Appendix G (i.e., where the 1.233
was used). Revise WCAP-14040, Revision 3, to either eliminate this note or revise the
note to offer additional explanation regarding the historical basis for the 1.223 vs. 1.233

issue.

6. Section 2.5, page 2-8, when discussing ASME Code Case N-640, it is not correct to say
_.1hat an exemption is required to implement N-640 because the NRC has not "endorsed”
the Code Case. "Endorsement" implies that it has been included in Regulatory
Guide 1.147, "Inservice Inspection Code Case Acceptability -- ASME Section Xi,
Division 1." Code Case N-640 would have to be included in the edition of the
ASME Code which the licensee has adopted in their facility’s licensing basis in order to
comply with 10 CFR 50.55a before an exemption is no longer required.

WCAP-14040-A May 2004
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10.

-2-

The statement in Section 2.5, page 2-10, regarding need for an exemption relative to
modifying existing 10 CFR Part 50, Appendix G flange requirements should, for
consistency be repeated in Section 2.8.

Section 2.6.1, page 2-12, it is stated "[t]hese stress components are used for
determining the thermail stress intensity factors, K;, as described in the following
subsection.” The following subsection is 2.6.2, "Steady-State Analyses," and it does not
address the calculation of K,. Revise WCAP-14040, Revision 3, to address this
apparent inconsistency.

Section 2.6.2, page 2-14, and Section 2.6.5, page 2-15, M, factors of 1.84, 0.918, and
3.18 are given for various reactor pressure vessel wall thickness ranges to be used
when steady-state analyses are performed. It is unclear as to where these M, factors
come from (unable to locate them in any edition of ASME Section XI, Appendix G).
Further, they are not consistent with what should be the same M, factors cited on page
2-15. Revise WCAP-14040, Revision 3, to address this apparent inconsistency in the
cited M, factors.

Section 2.7, page 2-19, it should be noted that an exemption is required when a
licensee wishes to make use of ASME Code Case N-588. Revise WCAP-14040,

Revision 3, accordingly.
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May 23, 2002

WCAP-14040, Rev. 3
Project Number 694

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

Attention: Chief, Information Management Branch,
Division of Inspection and Support Programs

Subject:  Westinghouse Owners Group
Transmittal of WCAP-14040, Rev. 3, “Methodology Used to
Develop Cold Overpressure Mitigating System Setpoints and RCS

Heatup and Cooldown Limit Curves,” (MUHP-3073)

Reference: 1) Westinghouse Owners Group Letter, R. Bryan to Document Control
Desk, “Transmittal of WCAP-15315, Rev. 1, ‘Reactor Vessel
Closure Head/Vessel Flange Requirements Evaluation for Operating
PWR and BWR Plants’,” 0G-02-019, May 23, 2002.

This letter transmits five copies of the WCAP-14040, Rev. 3, “Methodology Used
to Develop Cold Overpressure Mitigating System Setpoints and RCS Heatup and
Cooldown Limit Curves,” for NRC review and approval. WCAP-14040-A, Rev. 2,
was approved by the NRC on October 16, 1995, and contains a methodology for
developing Reactor Coolant System (RCS) Pressure-Temperature (P-T) limit curves
and Cold Overpressure Mitigation System (COMS) setpoints and enable
temperature that can be referenced by licensees in the Administrative Controls
Section of the Technical Specifications when relocating P-T limit curves, COMS
setpoints and COMS enable temperature to a Pressure and Temperature Limits

" Report (PTLR).

Several ASME Nuclear Code Cases (N-588, N-640, and N-641) associated with the
development of P-T limit curves and the COMS enable temperature have been
approved by the. ASME subsequent to the approval of WCAP-14040-NP-A, Rev. 2
in October 1995. Exemption requests have been approved by the NRC to allow the
use of these ASME Nuclear Code Caseés in the development of P-T Limit curves.

WCAP-14040, Rev. 3 has been revised to incorporate these approved ASME
Nuclear Code Cases into the methodology used to develop the P-T limit curves and
COMS enable temperature that is contained in WCAP-NP-A, Rev. 2.
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May 23, 2002

WCAP-14040, Rev. 3 also contains an option to develop the P-T limit curves without the flange
requirement, currently required by 10CFR50 Appendix G. The option to develop P-T limit
curves without the flange requirement would require NRC approval of an exemption request, or
rutemaking to eliminate the requirement. A Petition for Rulemaking to eliminate the flange
requirement of 10CFR50 Appendix G from the P-T limit curves was submitted by Westinghouse
Electric Co. in November 1999. .

The technical justification for eliminating the flange requirement is contained in WCAP-15315,
"Reactor Vessel Closure Head/Vessel Flange Requirements Evaluation for Operating PWR and
BWR Plants," Rev. 0. WCAP-15315, Rev. 0 was submitted to the NRC with the Petition for
Rulemaking to eliminate the flange requirement of 10CFR50 Appendix G by Westinghouse
Electric Co., in November 1999. WCAP-15315, Rev. 1 contains the additional information for
eliminating the flange requirement as requested by the NRC during a meeting between
Westinghouse and the NRC on August 28, 2001, WCAP-15315, Rev. 1 is also being submitted
for NRC review as justification for eliminating the flange requirement of 10CFR50 Appendix G
(Reference 1).

The WOG is submitting WCAP-14040, Rev. 3 under the NRC licensing topical report program
for review and acceptance for referencing in licensing actions. The objective is that once
approved, each WOG member can reference a single methodology in the Administrative Controls
Section of the Technical Specifications when relocating or revising P-T limit curves and COMS
setpoints and enable temperature in a PTLR.

The WOG requests that the NRC complete the review of WCAP-14040, Rev. 3, by September
30, 2002. Consistent with the Office of Nuclear Reactor Regulation, Office Instruction LIC-500,
“Processing Request for Reviews of Topical Reports,” the WOG requests that the NRC provide
an estimate of the review hours, and target dates for any Request(s) for Additional Information
and for completion of the Safety Evaluation for WCAP-14040, Rev. 3.

The report transmitted herewith bears a Westinghouse copyright notice. The NRC is permitted to
make the number of copies of the information contained in these reports which are necessary for

" its internal use in connection with generic and plant-specific reviews and approvals as well as the
issuance, denial, amendment, transfer, renewal, modification, suspension, revocation, or violation
of a license, permit, order, or regulation subject to the requirements of 10 CFR 2.790 regarding
restrictions on public disclosure to the extent such information has been identified as proprietary
by Westinghouse, copyright protection notwithstanding. With respect to the non-proprietary
versions of this report, the NRC is permitted to make the number of copies beyond those
necessary for its iriteinal use which dre nécessary in order to have one copy available for public
viewing in the appropriate docket files in the public document rooms as may be required by NRC
regulations if the number of copies submitted is insufficient for this purpose. Copies made by the
NRC must include the copyright notice in all instances and the proprietary notice if the original
was identified as proprietary.
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Invoices associated with the review of this WCAP should be addressed to-

Mr. Gordon Bischoff

Owners Group Program Manager
Westinghouse Electric Company
(Mail Stop ECE 5-16)

P.O.Box 355

Pittsburgh, PA 15230-0355

Ifyou require further information, please contact Mr. Ken Vavrek in the Westinghouse Owners
Group Project Office at 412-374-4302.

Very truly yours,

AL A Lo

Robert H. Bryan, Chairman
Westinghouse Owners Group

enclosures
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cC:

Westinghouse Owners Group Steering Committee (1L)
B. Barron, Duke Energy (1L)

WOG Primary Representatives (1L)

WOG Licensing Subcommittee Representatives (1L)
‘WOG Materials Subcommittee Representatives (1L)
G. Shukla, USNRC OWEFN 07 E1 (1L, 3E)

A. L. Hiser Jr., USNRC OWFN 09 H6 (1L, 1E)

H.A. Sepp, Westinghouse, ECE 4-15 (1L)
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bee:

J. D. Andrachek
S.L. Anderson
‘W H. Bamford
S.M DiTommaso
M.C. Rood
S.A. Swamy
S.R. Bemis
S.A. Binger
P.V.Pyle

K. J. Vavrek

S. Dederer
V.A. Paggen

J. Ghergurovich
P.J. Hijeck
S.W. Lurie

J P. Molkenthin

(1L)
(L)
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ECE 5-16
ECE 5-16
ECE 5-16
ECE 5-16
ECE 428
Windsor
Windsor
‘Windsor
Windsor
‘Windsor

WCAP-14040-A

5461.doc-061004

May 2004
Revision 4



Serial No. 20-182
Docket Nos. 50-338/339

Attachment 4

WCAP-18363-NP, REVISION 1, “NORTH ANNA UNITS 1 AND 2 HEATUP AND
COOLDOWN LIMIT CURVES FOR NORMAL OPERATION”

Virginia Electric and Power Company
(Dominion Energy Virginia)
North Anna Power Station Units 1 and 2



Westinghouse Non-Proprietary Class 3

WCAP-18363-NP March 2020
Revision 1

North Anna Units 1 and 2
Heatup and Cooldown Limit Curves
for Normal Operation

@ Westinghouse

*** This record was final approved on 3/31/2020 8:40:08 AM. (This statement was added by the PRIME system upon its validation)



Westinghouse Non-Proprietary Class 3 ii

WCAP-18363-NP
Revision 1

North Anna Units 1 and 2
Heatup and Cooldown Limit Curves
for Normal Operation

D. Brett Lynch*
RV/CV Design & Analysis

Jared L. Geer*
Nuclear Operations & Radiation Analysis

Geoffrey M. Loy*
RV/CV Design & Analysis

March 2020

Reviewers: Benjamin E. Mays*
License Renewal, Radiation Analysis, and Nuclear Operations

Benjamin W. Amiri*
Nuclear Operations & Radiation Analysis

Louis W. Turicik*

Materials & Aging Management
Approved: Lynn A. Patterson*, Manager

RV/CV Design & Analysis

Laurent P. Houssay*, Manager
Nuclear Operations & Radiation Analysis

*Electronically approved records are authenticated in the electronic document management system.

Westinghouse Electric Company LLC
1000 Westinghouse Drive
Cranberry Township, PA 16066, USA

© 2020 Westinghouse Electric Company LLC
All Rights Reserved

*** This record was final approved on 3/31/2020 8:40:08 AM. (This statement was added by the PRIME system upon its validation)



Westinghouse Non-Proprietary Class 3 iii

RECORD OF REVISION

Revision 0: Original Issue

Revision 1: Section 7 was revised to address the reevaluation of the instrument uncertainties and
pressure corrections. Appendix K was added to provide justification for the use of
PWROG-17090-NP-A, consistent with the NRC Safety Evaluation.
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EXECUTIVE SUMMARY

This report provides the methodology and results of the generation of heatup and cooldown pressure-
temperature (P-T) limit curves for normal operation of the North Anna Units 1 and 2 reactor vessels through
the Subsequent License Renewal (SLR) period of operation, also known as the Subsequent Period of
Extended Operation (SPEO). The heatup and cooldown P-T limit curves were generated using the limiting
Adjusted Reference Temperature (ART) values for North Anna Units 1 and 2. The limiting ART values
were those of the North Anna Unit 2 Lower Shell Forging 03 at both the 1/4 thickness (1/4T) and 3/4
thickness (3/4T) locations. Note that the limiting material for the current EOLE P-T limit curves contained
in the Technical Specifications is also North Anna Unit 2 Lower Shell Forging 03.

The P-T limit curves were generated for 72 effective full-power years (EFPY) using the Ki. methodology
detailed in the 1998 Edition through 2000 Addenda of the ASME Code, Section XI, Appendix G. The P-T
limit curve generation methodology is consistent with the NRC-approved methodology documented in
WCAP-14040-A, Revision 4. Heatup rates of 20, 40, and 60°F/hr, and cooldown rates of -100, -60, -40, -20,
and 0°F/hr (steady-state) were used to generate the P-T limit curves, with the flange requirements and
without margins for instrumentation errors. The North Anna Units 1 and 2 SLR period of operation
corresponding to 80 years of operation is 72 EFPY. The SLR P-T limit curves can be found in Figures 6-1
and 6-2. As concluded in Section 7, the new 72 EFPY P-T limit curves are bounded by the current North
Anna Power Station P-T limit curves. Thus, continued use of the current North Anna Power Station P-T
limit curves is justified through 72 EFPY.

Appendix A contains the thermal stress intensity factors for the maximum heatup and cooldown rates at
72 EFPY based on the Section 6 P-T limit curves.

Appendix B contains a P-T limit evaluation of the reactor vessel inlet and outlet nozzles based on a 1/4T
flaw postulated at the inside surface of the reactor vessel nozzle corner, where T is the thickness of the
nozzle corner region. As discussed in Appendix B, the P-T limit curves, generated based on the limiting
cylindrical beltline materials, bound the P-T limit curves for the reactor vessel inlet and outlet nozzles for
North Anna Units 1 and 2 at EOLE and SLR period of operation.

Appendix C contains discussion of the other ferritic Reactor Coolant Pressure Boundary (RCPB)
components relative to P-T limits. As discussed in Appendix C, all of the other ferritic RCPB components
meet or are reconciled to the applicable requirements of Section III of the ASME Code.

Appendix D contains the determination of the Low Temperature Overpressure Protection (LTOP) system
minimum enable temperature at 72 EFPY.

Appendix E contains an evaluation of the North Anna Units 1 and 2 surveillance data credibility.
Appendix F contains an evaluation of the North Anna Units 1 and 2 Upper-Shelf Energy (USE) at 72 EFPY.

Appendix G contains a comparison of the material property input values used in this evaluation and those
used in the Updated Final Safety Analysis Report (UFSAR) as well as past evaluations.
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Appendix H contains an evaluation of Master Curve data relevant to North Anna Unit 1 Lower Shell
Forging 03.

Appendix I contains a summary of the North Anna licensing basis related to selection of chemistry factors
(CFs) when surveillance data is available.

Appendix J contains the current Technical Specifications P-T limit curves (referred to herein as the
“current” P-T limits).

Appendix K contains the justification for the use of PWROG-17090-NP-A per the stipulations in the NRC’s
Safety Evaluation.
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1 INTRODUCTION

The purpose of this report is to present the calculations and the development of the North Anna Units 1
and 2 heatup and cooldown P-T limit curves for 72 EFPY. This report documents the calculated Adjusted
Reference Temperature (ART) values and the development of the P-T limit curves for normal operation
through 80 years of operation.

Heatup and cooldown P-T limit curves are calculated using the adjusted RTnpr (reference nil-ductility
temperature) corresponding to the limiting beltline region material of the reactor vessel. The adjusted
RTwpr of the limiting material in the core region of the reactor vessel is determined by using the unirradiated
reactor vessel material fracture toughness properties, estimating the radiation-induced ARTnpT, and adding
a margin. The unirradiated RTypr (RTnorw)) values were redefined in PWROG-18005-NP (Reference 9)
to take advantage of the most up-to-date methodologies and data available; therefore, the values utilized
herein supersede those utilized in the previous P-T limit curves developed in WCAP-15112 (Reference 17).
The redefined RTwpr) is designated as the higher of either the drop weight nil-ductility transition
temperature (NDTT) or the temperature at which the material exhibits at least 50 ft-1b of impact energy and
35-mil lateral expansion (normal to the major working direction) minus 60°F. In instances where
insufficient data is available to determine RTnprw) using ASME Code methods, alternate estimation
methods such as Branch Technical Position (BTP) 5-3 are applied.

RTwnpr increases as the material is exposed to fast-neutron radiation. Therefore, to find the most limiting
RTnpr at any time period in the reactor's life, ARTnpr due to the radiation exposure associated with that
time period must be added to the unirradiated RTnpr. The extent of the shift in RTnpr is enhanced by certain
chemical elements (such as copper and nickel) present in reactor vessel steel. The U.S. Nuclear Regulatory
Commission (NRC) has published a method for predicting radiation embrittlement in Regulatory Guide
1.99, Revision 2 (Reference 1). Regulatory Guide 1.99, Revision 2 is used for the calculation of ART values
(RTxprwy + ARTnpr + margins for uncertainties) at the 1/4T and 3/4T locations, where T is the thickness of
the vessel at the beltline region measured from the clad/base metal interface. The calculated ART values
for 72 EFPY are documented in Section 5 of this report. The fluence projections used in calculation of the
ART values are taken from WCAP-18015-NP (Reference 8) which identifies the materials projected to
exceed a neutron fluence of 1.0E+17 n/cm? (E > 1.0 MeV) including the inlet and outlet nozzle forgings,
as applicable. A description of the fluence analysis is provided in Section 2 of this report.

The heatup and cooldown P-T limit curves documented in this report were generated using the most limiting
ART values and the NRC-approved methodology documented in WCAP-14040-A, Revision 4 (Reference
2). Specifically, the “Axial Flaw” methodology of the 1998 Edition through 2000 Addenda of ASME Code,
Section XI, Appendix G (Reference 3) was used, which makes use of the K;. methodology. The K. curve
is a lower bound static fracture toughness curve obtained from test data gathered from several different
heats of pressure vessel steel. The limiting material is indexed to the Ky, curve so that allowable stress
intensity factors can be obtained for the material as a function of temperature. Allowable operating limits
are then determined using the allowable stress intensity factors.

The P-T limit curves presented herein were generated without instrumentation errors. The North Anna
Power Station Technical Specifications (Reference 18) P-T limit curves are currently provided with
instrumentation errors as discussed in Appendix J. The reactor vessel flange requirements of 10 CFR 50,
Appendix G (Reference 4) have been incorporated in the P-T limit curves. The P-T limit curves generated
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in Section 6 are compared to the current North Anna Units 1 and 2 P-T limit curves, contained in the North
Anna Power Station Technical Specifications (Reference 18), in Section 7 to determine if adequate margin
exists to justify continued use of the North Anna Units 1 and 2 current P-T limits through the Subsequent
License Renewal (SLR) period of operation.

The P-T limit curves generated in Section 6 bound the P-T limit curves for the reactor vessel inlet and outlet
nozzles generated in Appendix B for North Anna Units 1 and 2 at 72 EFPY. Discussion of the other ferritic
RCPB components relative to P-T limits is contained in Appendix C. Appendix D contains a calculation of
the Low Temperature Overpressure Protection (LTOP) system enable temperature. Appendix E provides a
credibility evaluation of the North Anna Units 1 and 2 surveillance data. Appendix F contains an evaluation
of the North Anna Units 1 and 2 Upper-Shelf Energy (USE) values at 72 EFPY. Appendix G contains a
comparison of the material property input values used in this evaluation and those used in past evaluations
as well as the Updated Final Safety Analysis Report (UFSAR). Appendix H contains an evaluation of
Master Curve data relevant to North Anna Unit 1 Lower Shell Forging 03. Appendix I contains a summary
of the North Anna licensing basis related to selection of CFs when surveillance data is available. Appendix J
contains the current Technical Specifications P-T limit curves (referred to herein as the “current” P-T
limits). Appendix K contains the justification for the use of PWROG-17090-NP-A per the stipulations in
the NRC’s Safety Evaluation.
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2 CALCULATED NEUTRON FLUENCE

For the initial 60-year end of license extension (EOLE) term, the North Anna Units 1 and 2 fracture
toughness properties provide adequate margins of safety against vessel failure. However, as the reactor
operates, neutron irradiation (fluence) reduces material fracture toughness. Reactor Pressure Vessel (RPV)
integrity is assured by demonstrating that RPV material fracture toughness will remain at levels that resist
brittle fracture throughout the period of SLR operation. The first step in the analysis of vessel embrittlement
is calculation of the neutron fluence that causes increased embrittlement.

Estimated RPV beltline and extended beltline fast neutron (E > 1.0 MeV) fluences at the end of 80 years of
operation were calculated for North Anna Units 1 and 2. The analyses methodologies used to calculate the
North Anna Units 1 and 2 RPV fluences satisfy the guidance set forth in Regulatory Guide 1.190,
“Calculational and Dosimetry Methods for Determining Pressure Vessel Neutron Fluence” (Reference 5).
These methodologies have been approved by the U.S. NRC for the beltline region, i.e. materials directly
surrounding the core and adjacent materials per 10 CFR 50, Appendix G (Reference 4), which are projected
to experience the highest fluence. The methodologies, along with the NRC safety evaluation, are contained
in detail in WCAP-14040-A (Reference 2). For North Anna Units 1 and 2, the beltline region has
traditionally included the upper, intermediate, and lower shell forgings, and the circumferential welds
between these components. Note that while a consistent approach is applied to the extended beltline, there
is, at present, no generically-approved methodology for performing neutron fluence evaluations of the
reactor vessel extended beltline. The traditional beltline and extended beltline materials are identified by
heat numbers in Tables 2-3 and 2-4 and Figures 2-1 and 2-2.

Materials exceeding a fast neutron (E > 1.0 MeV) fluence of 1.0 x 10 n/cm? at the end of the SLR period
are evaluated for changes in fracture toughness. RPV materials that are not traditionally plant-limiting
because of low levels of neutron radiation must now be evaluated to determine the accumulated fluence at
SLR. Therefore, fast neutron (E > 1.0 MeV) fluence calculations were performed for the North Anna
Units 1 and 2 RPV circumferential welds (lower shell to lower vessel head, intermediate shell to lower
shell, and upper shell to intermediate shell), centerline of the inlet and outlet nozzle forging to vessel shell
welds at the lowest extent, 1/4T flaw location in the inlet and outlet nozzie, and forgings (lower shell,
intermediate shell, and upper shell), to determine if they will exceed a fast neutron (E > 1.0 MeV) fluence
of 1.0 x 10" n/cm? at SLR. The materials that exceed the 1.0 x 10'7 n/cm? fast neutron (E > 1.0 MeV)
fluence threshold, and were not evaluated in past analyses of record as part of the traditional beltline, are
referred to as extended beltline materials in this report and are evaluated to determine the effect of neutron
irradiation embrittlement during the SLR period. The need to evaluate these extended beltline material was
previously identified during Dominion submittal and NRC review of the P-T limit curves with vacuum
refill (Reference 19).

In performing the fast neutron exposure evaluations for the North Anna Units 1 and 2 reactor vessels, a
series of fuel-cycle-specific forward transport calculations were carried out using the following two-
dimensional/one-dimensional fluence rate synthesis technique:

@(r,z)
o)
where ¢ (7, 6, z) is the synthesized 3D neutron fluence rate distribution, ¢(r, 8) is the transport solution in

1,0 geometry, @(r, z) is the two-dimensional solution for a cylindrical reactor model using the actual axial
core power distribution, and ¢ () is the one-dimensional solution for a cylindrical reactor model using the

o(r,0,2) = @o(r,0) X
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same source per unit height as that used in the 7,8 two-dimensional calculation. This synthesis procedure
was carried out for each operating cycle at North Anna Units 1 and 2.

All of the transport calculations were carried out using the DORT discrete ordinates code (Reference 6)
with the BUGLE-96 cross-section library (Reference 7). The BUGLE-96 library provides a coupled 47-
neutron-, 20-gamma-ray-group cross-section data set produced specifically for light water reactor
applications. In these analyses, anisotropic scattering was treated with a Ps Legendre expansion and the
angular discretization was modeled with an S order of angular quadrature. Energy- and space-dependent
core power distributions, as well as system operating temperatures, were treated on a fuel-cycle-specific
basis. '

The calculations for fuel Cycles 1 through 24 for North Anna Unit 1 and fuel Cycles 1 through 23 for North
Anna Unit 2 determine the neutron exposure of the pressure vessel and surveillance capsules based on
completed fuel cycles. For North Anna Unit 1, projections for Cycle 25 and beyond, up to and including
EOLE (50.3 EFPY) and SLR (conservatively set to 72 EFPY), were based on the uprated core power level
of 2940 MWt and the uprated Cycle 24. For North Anna Unit 2, projections for Cycle 24 and beyond, up
to and including EOLE (52.3 EFPY) and SLR (conservatively set to 72 EFPY), were based on the uprated
core power level of 2940 MWt and the uprated Cycle 23. These projections are used to perform the reactor
vessel integrity evaluation contained herein. Projected results will remain valid as long as future plant
operation is consistent with these conservative inputs.

Table 2-1 gives the North Anna Unit 1 calculated fast neutron (E > 1.0 MeV) fluences at the capsule
locations including all withdrawn surveillance capsules (Capsules V, U, and W). Table 2-2 gives the North
Anna Unit 2 calculated fast neutron (E > 1.0 MeV) fluences at the capsule locations including all withdrawn
surveillance capsules (Capsules V, U, and W). These fast neutron (E > 1.0 MeV) fluences were calculated
using methodologies that follow the guidance of Regulatory Guide 1.190.

Selected results for the pressure vessel from the neutron transport analyses are provided in Tables 2-3 and
2-4 for North Anna Units 1 and 2, respectively. Calculated fast neutron (E > 1.0 MeV) fluence results for
reactor vessel materials, on the pressure vessel clad/base metal interface, are provided for the nominal end
of cycle (EOC) 24 for North Anna Unit 1 (29.7 EFPY) and nominal EOC 23 for North Anna Unit 2 (28.1
EFPY), as well as projected fluence results up to 72 EFPY, which corresponds to the North Anna Units 1
and 2 80-year plant life.

From Table 2-3 it is observed that one outlet nozzle and two inlet nozzles have fast neutron (E > 1.0 MeV)
fluence greater than 1.0 x 10'7 n/cm? at the nozzle forging to vessel shell weld centerline and one inlet
nozzle has a fast neutron (E > 1.0 MeV) fluence greater than 1.0 x 10'7 n/cm? at the postulated 1/4T nozzle
flaw location at 72 EFPY for North Anna Unit 1. From Table 2-4, it is observed that one outlet nozzle and
two inlet nozzles have fast neutron (E > 1.0 MeV) fluence greater than 1.0 x 10'7 n/cm? at the nozzle forging
to vessel shell weld centerline and one inlet nozzle has a fast neutron (E > 1.0 MeV) fluence greater than
1.0 x 10'7 n/cm? at the postulated 1/4T nozzle flaw location at 72 EFPY for North Anna Unit 2. Tables 2-3
and 2-4 indicate that the lower shell to lower vessel head circumferential weld will remain below 1.0 x 1017
n/cm? through SLR for both North Anna Units 1 and 2.

Figure 2-1 shows the axial boundary of the 1.0 x 107 n/cm? fluence threshold (at 50.3 EFPY and 72 EFPY)
as a function of azimuthal position (Z versus 6) for North Anna Unit 1, whereas Figure 2-2 shows the same
information (at 52.3 EFPY and 72 EFPY) for North Anna Unit 2. It is noted that the nozzle materials
Jocated above the nozzle centerline remain below 1.0 x 107 n/cm? through 72 EFPY. Likewise, the lower
shell to lower head circumferential weld remains out of the beltline region through 72 EFPY. The data used
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to generate Figures 2-1 and 2-2 are tabulated in Appendices A and B of WCAP-18015-NP (Reference 8),

respectively.
Table 2-1 Calculated Fast Neutron Fluence (E > 1.0 MeV) at the Surveillance Capsule Center
for North Anna Unit 1®
Cumulative Surveillance Capsules [n/cm?] Clad/Base
Time Metal
Cycle [EFPY] 15° 25° 35¢° 45° 35°/15°©@ | 35°/25°® | Interface
1 1.1 3.06E+18® | 2.01E+18 1.37E+18 1.07E+18 1.37E+18 1.37E+18 1.90E+18
2 1.9 5.45E+18 | 3.54E+18 2.38E+18 1.84E+18 2.38E+18 2.38E+18 3.39E+18
3 2.9 7.65E+18 | 5.01E+18 3.34E+18 2.58E+18 3.34E+18 3.34E+18 4.78E+18
4 3.8 1.00E+19 | 6.39E+18 4.20E+18 3.24E+18 4.20E+18 4.20E+18 6.31E+18
5 4.8 1.18E+19 | 7.59E+18 5.03E+18 3.91E+18 5.03E+18 5.03E+18 7.42E+18
6 5.9 1.40E+19 | 9.14E+18©@ | 6.06E+18 4.70E+18 6.06E+18 6.06E+18 8.75E+18
7 7.1 1.64E+19 | 1.08E+19 7.19E+18 5.58E+18 7.19E+18 7.19E+18 1.01E+19
8 8.4 1.89E+19 1.25E+19 8.41E+18 6.54E+18 8.41E+18 8.41E+18 1.14E+19
9 9.8 2.14E+19 | 1.42E+19 9.59E+18 7.46E+18 9.59E+18 9.59E+18 1.29E+19
10 11.1 2.37E+19 | 1.59E+19 1.08E+19 8.40E+18 1.08E+19 1.08E+19 1.41E+19
11 124 2.59E+19 1.75E+19 1.19E+19 9.33E+18 1.19E+19 1.19E+19 1.54E+19
12 13.5 2.79E+19 | 1.90E+19 1.29E+19 1.01E+19 1.29E+19 1.29E+19 1.65E+19
13 14.8 3.02E+19 | 2.05E+199 | 1.40E+19 1.09E+19 1.40E+19 1.40E+19 1.77E+19
14 16.2 3.26E+19 | 2.23E+19 1.52E+19 1.19E+19 1.52E+19 1.52E+19 1.90E+19
15 17.5 3.50E+19 | 2.41E+19 1.65E+19 1.29E+19 1.76E+19 1.70E+19 2.03E+19
16 18.9 3.74E+19 | 2.58E+19 1.77E+19 1.38E+19 2.01E+19 1.88E+19 2.16E+19
17 20.2 3.98E+19 | 2.76E+19 1.89E+19 1.48E+19 2.24E+19 2.05E+19 2.28E+19
18 21.6 4.22E+19 | 2.94E+19 2.02E+19 1.58E+19 2.49E+19 2.23E+19 2.41E+19
19 23.0 447E+19 | 3.11E+19 2.14E+19 1.68E+19 2.73E+19 2.41E+19 2.55E+19
20 24.4 471E+19 | 3.29E+19 2.27E+19 1.78E+19 2.98E+19 2.58E+19 2.68E+19
21 25.8 4.95E+19 | 3.47E+19 2.39E+19 1.88E+19 3.21E+19 2.76E+19 2.81E+19
22 26.9 5.13E+19 | 3.60E+19 2.49E+19 1.96E+19 3.39E+19 2.89E+19 2.90E+19
23 28.3 5.36E+19 | 3.75E+19 2.60E+19 2.05E+19 3.62E+19 3.04E+19 3.03E+19
24 29.7 5.59E+19 | 3.92E+19 2.73E+19 2.16E+19 3.86E+19 3.22E+19 3.16E+19
Projected 50.3 9.11E+19 | 6.48E+19 4.64E+19 3.74E+19 7.37E+19 5.77E+19 5.13E+19
Projected 54.0 9.74E+19 | 6.94E+19 . 4.98E+19 4.03E+19 8.00E+19 6.23E+19 5.48E+19
Projected 72.0 1.28E+20 | 9.17E+19 6.65E+19 5.41E+19 1.11E+20 8.46E+19 7.20E+19
Notes:
(a) Information taken from WCAP-18015-NP (Reference 8).
(b) Capsule V was withdrawn at the end-of-cycle 1.
(¢) Capsule U was withdrawn at the end-of-cycle 6.
(d) Capsule W was withdrawn at the end-of-cycle 13.
(e) Capsule Z was moved at the end-of-cycle 14.
(f) Capsule T was moved at the end-of-cycle 14.
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Table 2-2 Calculated Fast Neutron Fluence (E > 1.0 MeV) at the Surveillance Capsule Center
for North Anna Unit 2®
Cumulative Surveillance Capsules [n/cm?] Clad/Base
Time Metal
Cycle [EFPY] 15° 25° 35° 45° 35°/15°©@ | 35°/25°® | Interface
1 1.0 2.86E+18® | 1.87E+18 1.27E+18 | 9.96E+17 1.27E+18 1.27E+18 1.78E+18
2 1.6 4.68E+18 | 3.05E+18 2.06E+18 1.61E+18 2.06E+18 2.06E+18 2.92E+18
3 2.7 6.99E+18 | 4.86E+18 3.34E+18 | 2.62E+18 3.34E+18 3.34E+18 4.20E+18
4 3.8 9.44E+18 | 6.53E+18 4.51E+18 | 3.57E+18 4.51E+18 4.51E+18 5.68E+18
5 5.0 1.19E+19 | 8.20E+18 5.68E+18 | 4.48E+18 | 5.68E+18 5.68E+18 7.07E+18
6 6.2 1.42E+19 | 9.85E+18© | 6.80E+18 | 5.35E+18 6.80E+18 6.80E+18 8.43E+18
7 7.5 1.65E+19 1.14E+19 7.88E+18 | 6.21E+18 7.88E+18 7.88E+18 9.71E+18
8 8.7 1.87E+19 1.30E+19 897E+18 | 7.06E+18 8.97E+18 8.97E+18 1.10E+19
9 9.9 2.09E+19 1.45E+19 1.01E+19 | 8.00E+18 1.01E+19 1.01E+19 1.22E+19
10 11.3 2.30E+19 1.60E+19 1.12E+19 | 8.91E+18 1.12E+19 1.12E+19 1.34E+19
11 12.5 2.52E+19 1.75E+19 1.23E+19 | 9.71E+18 1.23E+19 1.23E+19 1.46E+19
12 13.8 2.75E+19 1.91E+19 1.33E+19 1.06E+19 1.33E+19 1.33E+19 1.59E+19
13 15.1 2.99E+19 | 2.08E+199 | 1.45E+19 1.15E+19 1.45E+19 1.45E+19 1.71E+19
14 16.5 3.22E+19 | 2.25E+19 1.57E+19 1.24E+19 1.68E+19 1.62E+19 1.84E+19
15 17.7 3.44E+19 | 2.41E+19 1.68E+19 1.32E+19 1.91E+19 1.78E+19 1.96E+19
16 19.0 3.65E+19 | 2.56E+19 1.78E+19 1.41E+19 | 2.35E+19 1.93E+19 2.07E+19
17 20.3 3.90E+19 | 2.75E+19 1.91E+19 1.50E+19 2.60E+19 2.12E+19 2.20E+19
18 21.6 4.15E+19 | 2.93E+19 2.03E+19 1.59E+19 2.85E+19 2.30E+19 2.33E+19
19 22.9 4.37E+19 | 3.09E+19 2.14E+19 1.68E+19 3.06E+19 2.46E+19 2.44E+19
20 243 4.59E+19 | 3.25E+19 2.26E+19 1.77E+19 3.29E+19 2.62E+19 2.56E+19
21 255 4.80E+19 | 3.41E+19 2.36E+19 1.86E+19 3.50E+19 2.78E+19 2.67E+19
22 26.8 5.03E+19 | 3.57E+19 2.48E+19 1.95E+19 3.72E+19 2.94E+19 2.80E+19
23 28.1 5.26E+19 | 3.73E+19 2.59E+19 | 2.03E+19 3.96E+19 3.10E+19 2.92E+19
Projected 52.3 9.75E+19 | 6.82E+19 4.63E+19 | 3.59E+19 8.44E+19 6.19E+19 5.36E+19
Projected 54.0 1.01E+20 | 7.04E+19 4.78E+19 | 3.70E+19 8.76E+19 6.41E+19 5.53E+19
Projected 72.0 1.34E+20 | 9.33E+19 6.30E+19 | 4.85E+19 1.21E+20 8.70E+19 7.34E+19
Notes:
(a) Information taken from WCAP-18015-NP (Reference 8).
(b) Capsule V was withdrawn at the end-of-cycle 1.
(c) Capsule U was withdrawn at the end-of-cycle 6.
(d) Capsule W was withdrawn at the end-of-cycle 13.
(e) Capsule Z was moved at the end-of-cycle 13.
(f) Capsule T was moved at the end-of-cycle 13.
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Table 2-3 North Anna Unit 1 — Maximum Fast Neutron Fluence (E > 1.0 MeV) Experienced by
the Pressure Vessel Materials in the Beltline and Extended Beltline Regions
. . Neutron Fluence [n/cm?]
Material Region 29.7 EFPY | 50.3 EFPY | 54 EFPY | 72 EFPY®
Postulated 1/4T Flaw in Inlet Nozzle
Nozzle 09 (Ht. # 990290-11) Extended Beltline® 1.65E+16 2.92E+16 3.15E+16 425E+16
Nozzle 10® (Ht. # 990290-12) Extended Beltline 6.13E+16 1.04E+17 1.11E+17 1.48E+17
Nozzle 11 (Ht. # 990268-11) Extended Beltline® 2.29E+16 3.94E+16 4.24E+16 5.68E+16
Postulated 1/4T Flaw in Outlet Nozzle
Nozzle 12 (Ht. # 990290-31) Extended Beltline®™ 3.62E+16 6.12E+16 6.57E+16 8.75E+16
Nozzle 13 (Ht. # 990290-22) Extended Beltline® 9.74E+15 1.72E+16 1.86E+16 2.51E+16
Nozzle 14 (Ht. # 990290-21) Extended Beltline® 1.35E+16 2.33E+16 2.50E+16 3.35E+16
Centerline of the Inlet Nozzle Forging
to Vessel Shell Welds — Lowest
Extent®
Nozzle 09 Extended Beltline® 3.50E+16 6.17E+16 6.65E+16 8.98E+16
Nozzle 10@ Extended Beltline 1.30E+17 2.19E+17 2.35E+17 3.13E+17
Nozzle 11® Extended Beltline 4.85E+16 8.33E+16 8.95E+16 1.20E+17
Centerline of the Outlet Nozzle
Forging to Vessel Shell Welds —
Lowest Extent®
Nozzle 12© Extended Beltline 7.53E+16 1.27E+17 1.37E+17 1.82E+17
Nozzle 13 Extended Beltline®™ 2.03E+16 3.59E+16 3.87E+16 5.22E+16
Nozzle 14 Extended Beltline® 2.82E+16 4.84E+16 5.20E+16 6.97E+16
Upper Shell (Ht. # 990286 / 295213) Beltline 1.30E+18 2.15E+18 2.30E+18 3.04E+18
Upper Shell to Intermediate Shell
Circumferential Weld Beltline 1.50E+18 2.48E+18 2.66E+18 3.51E+18
(Ht. # 25295 & 4278)
}H‘“ﬁ‘;“égiﬁf 15}‘;19182 i) Beltline 3.11E+19 | 5.03E+19 | 539E+19 | 7.07E+19
gﬁfgfgfetﬁnsa};e\%gd]‘(‘l’{‘ﬁ 315“;‘1311) Beltline 3.09E+19 | 5.02E+19 | 536E+19 | 7.04E+19
Lower Shell (Ht. # 990400 / 292332) Beltline 3.16E+19 5.13E+19 5.48E+19 7.20E+19
Lower Shell to Lower Vessel Head Outside Beltline | <1.00E+17 | <1.00E+17 | <1.00E+17 | <1.00E+17
Circumferential Weld®®

Notes:
(a) Corresponds to 80 years of life.

(b) 1/4 T Flaw in Inlet Nozzle Inlet 10 is projected to reach 1.0E+17 n/cm? at approximately 48.5 EFPY; which corresponds to

December 26, 20349,

(¢) Outlet Nozzle 12 is projected to reach 1.0E+17 n/cm? at approximately 39.5 EFPY; which corresponds to June 6, 20259,

(d) Inlet Nozzle 10 reached 1.0E+17 n/cm? at approximately 22.4 EFPY, which occurred during Cycle 19.

e) Inlet Nozzle 11 is projected to reach 1.0E+17 n/cm? at approximately 60.3 EFPY; which corresponds to May 1, 20479,
proj

®
(®

(0

(@

Note, the dates provided in notes b, ¢, and e are approximations based on an 18 month cycle and average outage time of 25 days.

The lower shell to lower vessel head circumferential weld is not modeled, it is known to be below the 1E+17 n/cm? fast neutron
fluence threshold due to the fact that: it is 32 cm further from the core midplane than the above-core threshold location at 72 EFPY,
and that the coolant below the core is cooler than the coolant above the core, which increases the density and shielding effects,
reducing the fluence below the core relative to above the core.

Component is conservatively included in the “Extended Beltline” even though its projected SLR fluence is less than 1E+17 n/cm?
(E > 1.0 MeV) because, either a component at the same axial elevation meets the “Extended Beltline” fluence criterion, or the same
component meets the fluence criterion at a lower elevation.

The specific heat numbers of these welds could not be identified in the available information.
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Figure 2-1  North Anna Unit 1 - Axial Boundary of the 1.0E+17 n/cm? Fast Neutron
(E > 1.0 MeV) Fluence Threshold in the +Z Direction (at 50.3 EFPY and 72 EFPY)
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Table 2-4 North Anna Unit 2 — Maximum Fast Neutron Fluence (E > 1.0 MeV) Experienced by
the Pressure Vessel Materials in the Beltline and Extended Beltline Regions
) . Neutron Fluence [n/cm?]
. Material Region 28.1 EFPY | 523 EFPY | 54 EFPY | 72 EFPY®
Postulated 1/4T Flaw in Inlet Nozzle
Nozzle 09 (Ht. # 990426) Extended Beltline® 1.56E+16 2.85E+16 2.94E+16 3.90E+16
Nozzle 10® (Ht. # 54567-2) Extended Beltline 5.69E+16 1.07E+17 1.11E+17 1.48E+17
Nozzle 11 (Ht. # 54590-2) Extended Beltline®™ 2.17E+16 4.05E+16 4.19E+16 5.59E+16
Postulated 1/4T Flaw in Outlet Nozzle '
Nozzle 12 (Ht. # 990426-22) Extended Beltline® 3.36E+16 6.33E+16 6.54E+16 8.75E+16
Nozzle 13 (Ht. # 990426-31) Extended Beltline® 9.18E+15 1.68E+16 1.73E+16 2.30E+16
Nozzle 14 (Ht. # 791291) Extended Beltline® 1.28E+16 2.39E+16 2.47E+16 3.30E+16
Centerline of the Inlet Nozzle Forging to
Vessel Shell Welds — Lowest Extent
(Ht. # 8816, 20459, & 27622)
Nozzle 09 Extended Beltline®™ 3.29E+16 6.03E+16 6.22E+16 8.26E+16
Nozzle 109 Extended Beltline 1.21E+17 2.27E+17 | 2.35E+17 3.14E+17
Nozzle 11© Extended Beltline 4,60E+16 8.58E+16 8.86E+16 1.18E+17
Centerline of the Outlet Nozzle Forging
to Vessel Shell Welds — Lowest Extent
(Ht. # 8816, 20459, & 27622)
Nozzle 12© Extended Beltline 6.99E+16 1.32E+17 1.36E+17 1.82E+17
Nozzle 13 Extended Beltline®™ 1.91E+16 3.50E+16 3.61E+16 4.79E+16
Nozzle 14 Extended Beltline®™ 2.67E+16 4.98E+16 5.14E+16 6.87E+16
Upper Shell (Ht. # 990598 / 291396) Beltline 1.20E+18 2.23E+18 2.30E+18 3.07E+18
Upper Shell to Intermediate Shell
Circumferential Weld Beltline 1.38E+18 2.58E+18 2.66E+18 3.55E+18
(Ht. # 4278 & 801)
gﬁ?;gﬁg 65}131912 104) Beltline 2.87E+19 | 525E+19 | 5.42E+19 | 7.20E+19
Intermediate Shell to Lower Shell
Circumferential Weld Beltline 2.86E+19 5.24E+19 541E+19 7.18E+19
(Ht. #716126)
Lower Shell (Ht. # 990533 / 297355) Beltline 292E+19 | 536E+19 | 5.53E+19 | 7.34E+19
ower fsrhe‘;ltlialtﬂyézg%ﬁsjfé1;{6‘;3‘1 Outside Beltline | <1.00E+17 | <1.00E+17 | <1.00E+17 | <1.00E+17

Notes:

@
(®)

©
@
O]
®
®

()

Corresponds to 80 years of life.

Postulated 1/4T Flaw in Inlet Nozzle Inlet 10 is projected to reach 1.0E+17 n/cm? at approximately 48.8 EFPY; which corresponds
to May 27, 2036®.

Outlet Nozzle 12 is projected to reach 1.0E+17 n/cm? at approximately 39.8 EFPY; which corresponds to February 4, 20270,
Inlet Nozzle 10 reached 1.0E+17 n/cm? at approximately 23.1 EFPY, which occurred during Cycle 20.

Inlet Nozzle 11 is projected to reach 1.0E+17 n/ecm? at approximately 60.9 EFPY; which corresponds to February 12, 20499,
Note, the dates provided in notes b, ¢, and e are approximations based on an 18 month cycle and average outage time of 25 days.

The lower shell to lower vessel head circumferential weld is not modeled, it is known to be below the 1E+17 n/cm? fast neutron
fluence threshold due to the fact that: it is 32 cm further from the core midplane than the above-core threshold location at 72 EFPY,
and that the coolant below the core is cooler than the coolant above the core, which increases the density and shielding effects,
reducing the fluence below the core relative to above the core.

Component is conservatively included in the “Extended Beltline” even though its projected SLR fluence is less than 1E+17 n/cm?
(E > 1.0 MeV) because, either a component at the same axial elevation meets the “Extended Beltline” fluence criterion, or the same
component meets the fluence criterion at a lower elevation.
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Figure 2-2  North Anna Unit 2 - Axial Boundary of the 1.0E+17 n/cm?* Fast Neutron
(E > 1.0 MeV) Fluence Threshold in the +Z Direction (at 52.3 EFPY and 72 EFPY)
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3 MATERJAL PROPERTY INPUT

The requirements for P-T limit curve development are specified in 10 CFR 50, Appendix G (Reference 4).
The beltline region of the reactor vessel is defined as the following in 10 CFR 50, Appendix G:

“the region of the reactor vessel (shell material including welds, heat affected zones and

plates or forgings) that directly surrounds the effective height of the active core and
adjacent regions of the reactor vessel that are predicted to experience sufficient neutron
radiation damage to be considered in the selection of the most limiting material with regard
to radiation damage.”

Materials which are predicted to experience neutron fluence greater than 1 x 10'7 n/em? (E > 1 MeV) at the
end of the licensed operating period should also be evaluated for neutron embrittlement effects. Materials
which have not previously been considered in the beltline region, but are predicted to experience neutron
fluence greater than 1 x 10'7 n/cm? are termed “extended beltline” materials.

The North Anna Units 1 and 2 beltline materials consist of one (1) Intermediate Shell (IS) Forging, one (1)
Lower Shell (L.S) Forging, one (1) Upper Shell (US) Forging (also termed nozzle shell forging), and two
(2) circumferential welds: the IS to LS Circumferential Weld and the US to IS Circumferential Weld. The
reactor vessel (RV) forgings and weld materials are shown in Figure 3-1 for North Anna Units 1 and 2.
Used in conjunction with the fluence data in Tables 2-3 and 2-4, and Figures 2-1 and 2-2, the beltline and
extended beltline materials are identified as shown in Tables 3-1 and 3-2.

The North Anna Unit 1 surveillance forging material was made from reactor vessel Lower Shell Forging
03, Heat # 990400 / 292332. The North Anna Unit 1 reactor vessel beltline IS to LS Circumferential Weld
was fabricated using weld wire Heat # 25531, Flux Type SMIT 89, Flux Lot Number 1211. The weld
material in the North Anna Unit 1 surveillance program was fabricated with the same material heat, flux
type, and flux lot number as reactor vessel beltline IS to LS Circumferential Weld. The outer diameter
(OD) 94% of the US to IS Circumferential Weld was fabricated with weld wire Heat # 25295, Flux Type
SMIT 89, Flux Lot Number 1170 and the inner diameter (ID) 6% was fabricated with weld wire Heat #
4278, Flux Type SMIT 89, Flux Lot Number 1211. Surveillance data does not exist for Heat # 25295 or
Heat # 4278 in the North Anna Unit 1 reactor vessel surveillance program; however weld wire Heat # 25295
or Heat # 4278 were included in the surveillance programs of other plants as summarized in Table 3-5.

The North Anna Unit 2 surveillance forging material was made from reactor vessel Intermediate Shell
Forging 04, Heat # 990496/ 292424, The North Anna Unit 2 reactor vessel beltline IS to LS Circumferential
Weld was fabricated using weld wire Heat # 716126, LW320 Flux Type, Flux Lot Number 26. The weld
material in the North Anna Unit 2 surveillance program was fabricated with the same material heat, flux
type, and flux lot number as reactor vessel beltline IS to LS Circumferential Weld. The OD 94% of US to
IS Circumferential Weld was fabricated with weld wire Heat # 4278, Flux Type SMIT 89, Flux Lot Number
1211. Surveillance data does not exist for Heat # 4278 in the North Anna Unit 2 reactor vessel surveillance
program; however, as previously stated, it was included in the surveillance programs of other plants, as
summarized in Table 3-5. The remaining 6% of the US to IS Circumferential Weld was fabricated from
weld wire Heat # 801, SMIT 89 Flux Type, Flux Lot Number 1211. Surveillance data does not exist for
Heat # 801.
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Based on the results of Section 2 of this report, the materials that exceed the 1 x 107 n/cm? (E > 1.0 MeV)
threshold at 72 EFPY are considered to be the North Anna Units 1 and 2 extended beltline materials and
are evaluated to determine their impact on the proposed SLR period of operation. The North Anna Units 1
and 2 reactor vessels contain three (3) Inlet Nozzles, three (3) Outlet Nozzles, three (3) Inlet Nozzle to US
Welds, and three (3) Outlet Nozzle to US Welds per Unit. Only the forgings and welds corresponding to
the North Anna Units 1 and 2 Inlet Nozzles 10, Inlet Nozzles 11, and Outlet Nozzles 12 are predicted to
experience neutron fluence greater than 1.0 x 10'” n/cm? at SLR. Only those materials with a fluence greater
than 1 x 107 n/ecm? (E > 1.0 MeV) at SLR require the effects of embrittlement to be included when
evaluating the reactor vessel integrity.

For the Unit 1 Inlet/Outlet Nozzle to US Welds, the heat numbers, flux type, and flux lot numbers of these
welds could not be identified in the available information; however, these welds were fabricated at the
Rotterdam Dockyard Company (Rotterdam). Therefore, conservative generic/bounding properties from
PWROG-17090-NP-A (Reference 12) are used. The Unit 2 Inlet/Outlet Nozzle to US Welds were
fabricated using Heat # 8816, Flux Type LW320, Lot Number 28; Heat # 20459, Flux Type LW320, Lot
Number 26; and Heat # 27622, Flux Type LW320, Lot Numbers 26 & 28. The records do not identify
which weld heats are associated with which specific nozzles. Therefore, the bounding material properties
(which consider all available data, as documented in PWROG-18005-NP [Reference 9]) will be
conservatively associated with all North Anna Unit 2 nozzle welds. Justification for the use of PWROG-
17090-NP-A, consistent with the NRC Safety Evaluation, is presented in Appendix K.

The unirradiated material property inputs used for the RV integrity evaluations herein are contained in
PWROG-18005-NP (Reference 9). PWROG-18005-NP defined or redefined many of the material
properties and chemistry values using the most up-to-date methodologies and all available data; therefore,
the values utilized herein supersede previously documented values. The sources and methods used in the
determination of the chemistry factors and the fracture toughness properties are summarized below.

Chemical Compositions

The best-estimate copper (Cu) and nickel (Ni) chemical compositions for the North Anna Units 1 and 2
beltline and extended beltline materials are presented in Tables 3-1 and 3-2. The best-estimate weight
percent copper and nickel values for the beltline and extended beltline materials were previously reported
in PWROG-18005-NP.

Fracture Toughness Properties

The initial fracture toughness properties (initial RTnpr and initial USE) of most of the beltline and extended
beltline forging materials were originally determined using NUREG-0800, BTP 5-3 Position 1.1 (Reference
10) methodology. The exceptions are the North Anna Units 1 and 2 IS Forging 04, and LS Forging 03
which were determined using the ASME Code, Section III (Reference 11) methods. Many of the beltline
and extended beltline fracture toughness properties were updated per ASME Section IIT and NUREG-0800,
BTP 5-3 Position 1.1 methodologies, as described in PWROG-18005-NP. The most up-to-date initial RTnpr
and initial USE values are documented in PWROG-18005-NP for North Anna Units 1 and 2. The beltline
and extended beltline material properties of the North Anna Units 1 and 2 reactor vessels are presented in
Tables 3-1 and 3-2 herein.
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The initial RTnpr values of the reactor vessel flange and closure head serve as input to the P-T limit curves
“flange-notch” per 10 CFR 50, Appendix G (Reference 4). Since North Anna Units 1 and 2 share P-T Limit
curves for operation, materials for both plants must be considered concerning input acceptability. The
closure heads at both North Anna Units 1 and 2 have been replaced, and the initial RTnpr values of the
North Anna Units 1 and 2 flange materials were confirmed in PWROG-18005-NP (Reference 9). The
North Anna Unit 1 replacement closure head flange has an initial RTnpr value of -76°F, determined per
ASME Code Section 111, NB-2300. The North Anna Unit 1 reactor vessel flange has an initial RTnpr of -
22°F, calculated using the BTP 5-3 methodology. The North Anna Unit 2 replacement head flange has an
initial RTnpr value of -49°F, determined per ASME Code Section ITI, NB-2300. The North Anna Unit 2
reactor vessel flange has an initial RTypr of -22°F, calculated using the BTP 5-3 methodology. See
Table 3-3 for a summary of the initial RTnpr values for these two components at each plant.

It is also noted that direct fracture toughness Master Curve data is available for North Anna Unit 1 Lower
Shell Forging 03, as described in Appendix H.

Chemistry Factor Values

The chemistry factor (CF) values were calculated using Positions 1.1 and 2.1 of Regulatory Guide 1.99,
Revision 2 (Reference 1). Position 1.1 uses Tables 1 and 2 from the Regulatory Guide along with the best-
estimate copper and nickel weight percent values (contained in Tables 3-1 and 3-2). Position 2.1 uses the
surveillance capsule data from all capsules tested to date and surveillance data from other plants, as
applicable. Credibility evaluations of the North Anna Units 1 and 2 surveillance data are provided in
Appendix E of this report. The calculated capsule fluence values are provided in Tables 2-1 and 2-2 and
are used to determine the Position 2.1 CFs as shown in Tables 3-4 and 3-6 for North Anna Units 1 and 2,
respectively. In addition, North Anna Units 1 and 2 utilize weld materials which are included in the
Sequoyah Units 1 and 2 surveillance programs. Table 3-5 calculates the Position 2.1 CFs from the Sequoyah
Units 1 and 2 surveillance weld materials for use in North Anna Units 1 and 2 calculations. The credibility
evaluations of the Sequoyah Units 1 and 2 surveillance data are contained in WCAP-17539-NP (Reference
15). Tables 3-7 and 3-8 summarize the Positions 1.1 and 2.1 CF values determined for the North Anna
Units 1 and 2 RPV beltline and extended beltline materials, respectively. Appendix I contains a description
of the North Anna licensing basis relative to selection of CFs when surveillance data is available.
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Figure 3-1 RPYV Base Metal Material Identifications for North Anna Units 1 and 2
*Note: This figure is representative of the RPV with the original RPV closure heads.
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Table 3-1

Best-Estimate Cu and Ni Weight Percent Values, Initial RTnpr Values, and Initial USE

Values for the North Anna Unit 1 RPV Beltline and Extended Beltline Materials®

. . Heat Flux Type Wt. % Wt. % RTnpry® | Imitial USE
Material Description |  Number (Lof) Cu Ni CF) (ft-Ibs)
Reactor Vessel Beltline Materials
. 990286 /
Upper Shell Forging 05 295913 - 0.16 0.74 1 72
Upper to Intermediate
Shell Circumferential 25295 Szjgo’? 0.352 0.125 .40 12
Weld (94% OD)
Upper to Intermediate
Shell Circumferential 4278 S(IMES 0.12 0.11 4 105
Weld (6% ID)
Intermediate Shell 990311/
Forging 04 298244 - 0.12 0.82 6 o1
Intermediate to Lower
Shell Circumferential 25531 SMIT 89 0.098 0.124 2 95
Weld (1211)
. 990400 /
Lower Shell Forging 03 292332 - 0.156 0.817 33 85
Reactor Vessel Extended Beltline Materials
Inlet/Outlet Nozzle to ) © © (d ©
Upper Shell Welds Rotterdam 0.35 1.13 30 72
Inlet Nozzle Forging 09 990290-11 - 0.13 0.80 -14 =71
Inlet Nozzle Forging 10 990290-12 - 0.13 0.79 -10 >58
Inlet Nozzle Forging 11 990268-21 - 0.18 0.78 8 56©
Outlet Nozzle Forging 12 990290-31 - 0.13 0.80 -6 > 66
Outlet Nozzle Forging 13 990290-22 - 0.13 0.81 -7 >59
Outlet Nozzle Forging 14 990290-21 - 0.13 0.81 8 >59

Reactor Vessel Surveillance Program Materials®

. 990400 /
Lower Shell Forging 03 192332 - 0.158 0.823 - -
Intermediate to Lower
Shell Circumferential 25531 5(11\4%:;9 0.098 0.124 - -
Weld
Notes:

(a) Unless otherwise noted, the information is extracted from PWROG-18005-NP (Reference 9). Dashes indicate when a category
is not applicable to the material.
(b) All RTnpr(u) values are based on measured data which are used in conjunction with ASME Code Section III (Reference 11)
and/or BTP 5-3 (Reference 10) methods; thus, a o1 value of 0°F can be used with these RTnpr) values per WCAP-14040-A,
Revision 4 (Reference 2).
(¢) Generic value developed in PWROG-17090-NP-A (Reference 12). Justification for the use of these values, consistent with

the NRC Safety Evaluation, are presented in Appendix K.

(d) The specific heat, flux type, and flux lot numbers of these welds could not be identified in the available information; therefore,
conservative generic numbers will be used to describe these welds. The RTnpr(u) value was determined using ASME Code
Section ITI minimum criteria at the time of fabrication and BTP 5-3 (Reference 10), Position 1.1(4) guidance. Since this is a
maximum possible value based on measured data that satisfied the ASME requirements, the o1 associated with this RTnor(u)

is zero.

(e) The reactor vessel surveillance material data is taken from Dominion Energy calculation SM-1008 (Reference 16).
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Table 3-2 Best-Estimate Cu and Ni Weight Percent Values, Initial RTnpr Values, and Initial USE
Values for the North Anna Unit 2 RPV Beltline and Extended Beltline Materials®
. . Heat Flux Type Wt. % Wt. % RTnxory® | Initial USE
Material Description | oy (Lot) Cu Ni (°F) (ft-bs)
Reactor Vessel Beltline Materials
. 990598 /
Upper Shell Forging 05 291396 - 0.08 0.77 8 72
Upper to Intermediate
Shell Circumferential 4278 S(lMgfl? 0.12 0.11 -4 105
Weld (94% OD)
Upper to Intermediate
Shell Circumferential 801 S(ll\gi? 0.18 0.11 10 75©
Weld (6% ID)
Intermediate Shell 990496 /
Intermediate to Lower LW320
Shell Circumferential 716126 0.066 0.046 -67 109
(26)
Weld
. 990533/
Lower Shell Forging 03 297355 - 0.13 0.83 37 80
Reactor Vessel Extended Beltline Materials
LW320
8816 (28)
LW320
20459
Upper Shell Welds LW320 ’ '
27622
(26)
LWw320
27622 (28)
Inlet Nozzle Forging 09 990426 - 0.19 0.82 11 56()
Inlet Nozzle Forging 10 54567-2 - 0.14 0.79 5 >77
Inlet Nozzle Forging 11 54590-2 - 0.155 0.77 -31 >175
Outlet Nozzle Forging 12 990426-22 - 0.19 0.80 8 > 60
Outlet Nozzle Forging 13 990426-31 - 0.19 0.79 1 56©
Outlet Nozzle Forging 14 791291 - 0.12 0.82 -22 >74
Reactor Vessel Surveillance Program Materials®
Intermediate Shell 990496 /
Forging 04 292424 ) 0.116 0.886 ) )
Intermediate to Lower
Shell Circumferential 716126 ng)zo 0.067 0.052 ; ;
Weld
Notes contained on the following page.
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Notes:

(a) Unless otherwise noted, the information is extracted from PWROG-18005-NP (Reference 9). Dashes indicate when a category
is not applicable to the material.

(b) All RTnp1(u) values are based on measured data which are used in conjunction with ASME Code Section III (Reference 11)
and/or BTP 5-3 (Reference 10) methods; thus, a o1 value of 0°F can be used with these RTxpru) values per WCAP-14040-A,
Revision 4 (Reference 2).

(c) Generic value developed in PWROG-17090-NP-A (Reference 12). Justification for the use of these values, consistent with
the NRC Safety Evaluation, are presented in Appendix K.

(d) The records do not identify which weld heats are associated with which specific nozzle welds. Therefore, the bounding
material properties will be conservatively associated with all Unit 2 nozzle welds. The RTnpr) value was determined using
ASME Code Section III minimum criteria at the time of fabrication and BTP 5-3 (Reference 10), Position 1.1(4) guidance.
Since this is a maximum possible value based on measured data that satisfied the ASME requirements, the o1 associated with
this RTnp1(U) is zero.

(e) The reactor vessel surveillance material data is taken from Dominion Energy calculation SM-1008 (Reference 16).
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Table 3-3 Initial RTnpr Values for the North Anna Units 1 and 2 Replacement Reactor Vessel
Closure Head and Vessel Flange Materials®
Unit 1 Unit 2
Reactor Vessel Material Initial RTnpr Initial RTnpr
(°F) (°F) "
Replacement Closure Head -76 -49
Vessel Flange =22 -22

Note:
(a) The information is extracted from PWROG-18005-NP (Reference 9).

Table 3-4 Calculation of Position 2.1 CF Values for North Anna Unit 1 Surveillance Materials
Capsule
. Fluence® o) ARTxpr® | FF*ARTnpr 2
Material Capsule (x 10" n/em?, FF F) F) FF
E > 1.0 MeV)
Lower Shell A 0.306 0.675 51 34.44 0.456
Forging 03 U 0.914 0.975 116 113.08 0.950
(Tangential) W 2.05 1.196 93 111.19 1.429
Lower Shell v 0.306 0.675 29 19.59 0.456
Forging 03 U 0.914 0.975 72 70.19 0.950
(Axial) W 2.05 1.196 9% 114.77 1.429
SUM: 463.25 5.671
CF surveillance Forging — E(FF * ARTNDT) +X (FF)Z = (463.25) =+ (5671) = 81.68°F
Surveillance Y 0.306 0.675 88 59.43 0.456
Weld Metal U 0.914 0.975 30 29.24 0.950
(Heat # 25531) W 2.05 1.196 86 102.82 1.429
' ' ’ SUM: 191.50 2.836
CFsurveiliance weid = = (FF * ARTxpr) + E (FF)? = (191.50) + (2.836) = 67.53°F
Notes:

(a) The fluence values are taken from Table 2-1 of this report.
(b) FF = fluence factor = (028~ 0.10%og (B),

(¢) ARTwnpr values are extracted from BAW-2356 (Reference 13). Chemistry adjustments are not performed because the beltline
and surveillance materials are identical and/or not adjusting for chemical composition is conservative.
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Table 3-5 Calculation of Position 2.1 CF Values for North Anna Units 1 and 2 Welds with Data
from Other Plant Surveillance Programs

Capsule
. Fluence® ARTrxpt®© | FF*ARTnpT
FF® FF?
Material Capsule (x 10 n/em?, F CF) F) F
E > 1.0 MeV)

T 0.241 0.615 (3;';3) 76.11 0.378
U 0.693 0.897 (}j?t'g;) 126.43 0.805

Sequoyah 1 155.02
Surveillance X 1.16 1.041 (159.02) 161.44 1.085

Weld Material 159.80
(Heat # 25295) Y 1.97 1.185 (163.80) 189.39 1.405
SUM: 553.37 3.672

CFsurveillance weld = Z(FF * ARTnpr) + X (FF)? = (553.37) + (3.672) = 150.69°F
T 0.244 0.618 (Zggg) 43.60 0.382
U 0.654 0.881 (gggg) 111.34 0.776
Sequoyah 2 40.22
Surveillance X 1.16 1.041 (44.22) 41.89 1.085
Weld Material 82.91
(Heat # 4278)@ Y 2.02 1.192 (86.91) 98.81 1.420
SUM: 295.63 3.663
CFsurveitiance weld = = (FF * ARTpr) + Z (FF)? = (295.63) + (3.663) = 80.71°F¥
Notes:

(2) Sequoyah Units 1 and 2 surveillance data are taken from WCAP-17539-NP (Reference 15).
(b) FF = fluence factor = f(0-28-0.10%og (9)

(c) The surveillance weld ARTnpr values have been decreased by 4°F (547°F - 551°F) to account for the difference in the
operating temperature between the Sequoyah and North Anna units. Pre-adjusted values are listed in parentheses. Chemistry
adjustments are not performed since the Sequoyah Units 1 and 2 surveillance weld CF values are 178.7°F and 67.9°F,.
respectively. This results in Position 1.1 CF ratios less than 1; therefore, not adjusting for chemical composition is
conservative. '

(d) Since North Anna Units 1 and 2 have same vessel weld CF and inlet temperature, the results apply to both units.
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Table 3-6 Calculation of Position 2.1 CF Values for North Anna Unit 2 Surveillance Materials
Capsule
. Fluence(a) (b) ARTNDT(C) FF*ARTN])T 2
Material Capsule (x 10 n/em?, E FF °F) °F) FF
> 1.0 MeV)
Intermediate Vv 0.286 0.658 19 12.50 0.433
Shell Forging 04 U 0.985 0.996 33 32.86 0.992
(Tangential) w 2.08 1.199 86 103.14 1.438
Intermediate A\ 0.286 0.658 21 13.82 0.433
Shell Forging 04 U 0.985 0.996 66 65.72 0.992
(Axial) w 2.08 1.199 65 77.96 1.438
SUM: 306.00 5.726
CFSurveillance Forging — E(FF * ARTNDT) +Z (FF)2 = (306.00) + (5726) = 53.44°F
Surveillance Y 0.286 0.658 18 11.84 0.433
Weld Metal U 0.985 0.996 8 7.97 0.992
(Heat # 716126) W 2.08 1.199 47 56.37 1.438
SUM: 76.18 2.863
CFsurveiliance weld = Z (FF * ARTxpr) + T (FF)? = (76.18) + (2.863) = 26.61°F
Notes:

(a) The fluence values are taken from Table 2-2 of this report.

(b) FF = fluence factor = f0-28~0.10%og (),

(¢) ARTnpr values are extracted from BAW-2376 (Reference 14). Chemistry adjustments are not performed because the beltline
and surveillance materials are identical and/or not adjusting for chemical composition is conservative.
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Table 3-7 Summary of the North Anna Unit 1 RPV Beltline, Extended Beltline, and Surveillance
Material CF Values based on Regulatory Guide 1.99, Revision 2, Position 1.1 and
Position 2.1
Chemistry Factor
Material Heat Number Fh(li;lgpe Position 1.1® Position 2.1®
(K CF)
Reactor Vessel Beltline Materials
- 990286 / .
Upper Shell Forging 05 295213 - 121.50 -
Upper to Intermediate Shell SMIT 89
Circumferential Weld (OD 94%) 25295 (1170) 163.25 150.69
Upper to Intermediate Shell SMIT 89
Circumferential Weld (ID 6%) - 4278 (1211) 63.00 80.71
. . 990311/
Intermediate Shell Forging 04 298244 - 86.00 -
Intermediate to Lower Shell SMIT 89
Circumferential Weld 25531 (1211) 26.22 67.53
. 990400 / '
Lower Shell Forging 03 292332 - 119.97 81.68
Reactor Vessel Extended Beltline Materials
Inlet/Outlet Nozzle to
Upper Shell Welds Rotterdam - 293.45 -
Inlet Nozzle Forging 09 990290-11 - 96.00 -
Inlet Nozzle Forging 10 990290-12 - 95.75 -
Inlet Nozzle Forging 11 990268-21 - 140.30 -
Outlet Nozzle Forging 12 990290-31 - 96.00 -
Outlet Nozzle Forging 13 990290-22 - 96.00 -
Outlet Nozzle Forging 14 990290-21 - 96.00 -
Reactor Vessel Surveillance Program Materials
. 990400 /
Lower Shell Forging 03 292332 - 121.63 -
Intermediate to Lower Shell SMIT 89
Circumferential Weld 25331 (1211) 36.22 i

Notes:

(a) Allvalues are based on Tables 1 and 2 of Regulatory Guide 1.99, Revision 2 (Position 1.1) using the Cu and Ni weight percent
values given in Table 3-1 of this report. Dashes indicate when a category is not applicable to the material.

(b) Values are from Tables 3-4 and 3-5 of this report.
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Table 3-8 Summary of the North Anna Unit 2 RPV Beltline, Extended Beltline, and Surveillance
Material CF Values based on Regulatory Guide 1.99, Revision 2, Position 1.1 and
Position 2.1
Chemistry Factor
Material Heat Number Fh;i:;})’pe Position 1.1® Position 2.1®
CF) CF)
Reactor Vessel Beltline Materials
. 990598 /
Upper Shell Forging 05 291396 - 51.00 -
Upper to Intermediate Shell SMIT 89
Circumferential Weld (OD 94%) 4278 (1211) 63.00 80.71
Upper to Intermediate Shell 801 SMIT 89 87.80 )
Circumferential Weld (ID 6%) (1211) ’
. . 990496 /
Intermediate Shell Forging 04 292494 - 74.00 53.44
Intermediate to Lower Shell LW320
Circumferential Weld 716126 (26) 36.09 26.61
. 990533/
Lower Shell Forging 03 297355 - 96.00 -
Reactor Vessel Extended Beltline Materials
Inlet/Outlet Nozzle to 280%11569 LW320 163.20 i
Upper Shell Welds 27622 (26 & 28)
Inlet Nozzle Forging 09 990426 - 150.40 -
Inlet Nozzle Forging 10 54567-2 - 104.75 -
Inlet Nozzle Forging 11 54590-2 - 118.25 -
Outlet Nozzle Forging 12 990426-22 - 150.00 -
Outlet Nozzle Forging 13 990426-31 - 149.60 -
Outlet Nozzle Forging 14 791291 - 86.00 -
Reactor Vessel Surveillance Program Materials
. . 990496 /
Intermediate Shell Forging 04 292424 - 82.40 -
Intermediate to Lower Shell LW320
Circumferential Weld 716126 (26) 37.08 )

Notes:

(a) All values are based on Tables 1 and 2 of Regulatory Guide 1.99, Revision 2 (Position 1.1) using the Cu and Ni weight percent
values given in Table 3-2 of this report. Dashes indicate when a category is not applicable to the material.

(b) Values are from Tables 3-5 and

3-6 of this report.
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4 CRITERIA FOR ALLOWABLE PRESSURE-TEMPERATURE
RELATIONSHIPS

41  OVERALLAPPROACH

The ASME (American Society of Mechanical Engineers) approach for calculating the allowable limit
curves for various heatup and cooldown rates specifies that the total stress intensity factor, Ki, for the
combined thermal and pressure stresses at any time during heatup or cooldown cannot be greater than the
reference stress intensity factor, Ky, for the metal temperature at that time. Ky is obtained from the reference
fracture toughness curve, defined in the 1998 Edition through 2000 Addenda of Section XI, Appendix G of
the ASME Code (Reference 3). The Ky curve is given by the following equation:

Kje = 33.2 + 20.734 % e[0-02T-RTnp1)] (D

where,

K (ksivin.) = reference stress intensity factor as a function of the metal temperature T and the
metal reference nil-ductility temperature RTnpr

This Ky curve is based on the lower bound of static critical K values measured as a function of temperature
on specimens of SA-533 Grade B Class 1, SA-508-1, SA-508-2, and SA-508-3 steel.

42 METHODOLOGY FOR PRESSURE-TEMPERATURE LIMIT CURVE
DEVELOPMENT

The governing equation for the heatup-cooldown analysis is defined in Appendix G of the ASME Code as
follows:

C* Kim + K <Kpe 2)
where,
Km = stress intensity factor caused by membrane (pressure) stress
Kr = stress intensity factor caused by the thermal gradients
Ki. = reference stress intensity factor as a function of the metal temperature T and the metal
reference nil-ductility temperature RT'npr
= 2.0 for Level A and Level B service limits
= 1.5 for hydrostatic and leak test conditions during which the reactor core is not critical
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For membrane tension, the corresponding K for the postulated defect is:

K, = Mnx(pRi/t) (3)

where, M, for an inside axial surface flaw is given by:

Mn 1.85 for </t <2,
Mn = 09264/t for2 </t <3464,
M 3.21 for /t > 3.464

Il

and, My, for an outside axial surface flaw is given by:

Mn = 1.77for«t <2,
Mn = 0.8934/¢ for2 <7 <3.464,
Mn = 3.09 for /7 > 3.464

Similarly, M, for an inside or an outside circumferential surface flaw is given by:

M 0.89 for /¢ <2,
Mn = 0.4434¢ for2 <z <3.464,
Mn 1.53 for /¢t > 3.464

Il

where,
p = internal pressure (ksi),
R; = vessel inner radius (in), and
t = vessel wall thickness (in).
For bending stress, the corresponding K; for the postulated axial or circumferential defect is:

Kp = M, * Maximum Bending Stress, where My is two-thirds of Mn )

The maximum K; produced by radial thermal gradient for the postulated axial or circumferential inside
surface defect of G-2120 is:

K= 0.953 x 103 x CR x 123 5)

where CR is the cooldown rate in °F/hr., or for a postulated axial or circumferential outside surface defect

Ki=0.753 x 103 x HU x t*3 6)

where HU is the heatup rate in °F/hr.
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The through-wall temperature difference associated with the maximum thermal Ky can be determined from
ASME Code, Section X1, Appendix G, Figure G-2214-1. The temperature at any radial distance from the
vessel surface can be determined from ASME Code, Section XI, Appendix G, Figure G-2214-2 for the
maximum thermal K.

(a) The maximum thermal K; relationship and the temperature relationship in Figure G-2214-1 are
applicable only for the conditions given in G-2214.3(a)(1) and (2).

(b) Alternatively, the K; for radial thermal gradient can be calculated for any thermal stress distribution
and at any specified time during cooldown for a Y-thickness axial or circumferential inside surface
defect using the relationship:

Kz = (1.0359C0 + 0.6322C1+ 0.4753C2 + 0.3855C5) *+/7a
Q)

or similarly, Ky during heatup for a Y-thickness outside axial or circumferential surface defect
using the relationship:

Kin = (1.043Co+0.630C1 + 0.481C2 + 0.401C3) * /7
®

where the coefficients Cy, Ci, Cz, and Cs are determined from the thermal stress distribution at any
specified time during the heatup or cooldown using the form:

o(x) = Co+ Ci(x/ a)+ Ca(x/ a)* + Cs(x/ a)’ )

and x is a variable that represents the radial distance (in) from the appropriate (i.e., inside or outside)
surface to any point on the crack front, and a is the maximum crack depth (in).

Note that Equations 3, 7, and 8 were implemented in the OPERLIM computer code, which is the program
used to generate the pressure-temperature (P-T) limit curves. The P-T curve methodology is the same as
that described in WCAP-14040-A, Revision 4, “Methodology Used to Develop Cold Overpressure
Mitigating System Setpoints and RCS Heatup and Cooldown Limit Curves” (Reference 2) Section 2.6
(equations 2.6.2-4 and 2.6.3-1). Finally, the reactor vessel metal temperature at the crack tip of a postulated
flaw is determined based on the methodology contained in Section 2.6.1 of WCAP-14040-A, Revision 4
(equation 2.6.1-1). This equation is solved utilizing values for thermal diffusivity of 0.518 ft/hr at 70°F
and 0.379 ft*/hr at 550°F and a constant convective heat-transfer coefficient value of 7000 Btw/hr-ft2-°F.

At any time during the heatup or cooldown transient, Ki. is determined by the metal temperature at the tip
of a postulated flaw (the postulated flaw has a depth of 1/4 of the section thickness and a length of 1.5 times
the section thickness per ASME Code, Section XI, Paragraph G-2120), the appropriate value for RTnpr,
and the reference fracture toughness curve (Equation 1). The thermal stresses resulting from the
temperature gradients through the vessel wall are calculated, and then the corresponding (thermal) stress
intensity factors, Ky, for the reference flaw are computed. From Equation 2, the pressure stress intensity
factors are obtained, and from these the allowable pressures are calculated.
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For the calculation of the allowable pressure versus coolant temperature during cooldown, the reference
1/4T flaw of Appendix G to Section XI of the ASME Code is assumed to exist at the inside of the vessel
wall. During cooldown, the controlling location of the flaw is always at the inside of the vessel wall because
the thermal gradients, which increase with increasing cooldown rates, produce tensile stresses at the inside
surface that would tend to open (propagate) the existing flaw. Allowable pressure-temperature curves are
generated for steady-state (zero-rate) and each finite cooldown rate specified. From these curves, composite
limit curves are constructed as the minimum of the steady-state or finite rate curve for each cooldown rate
specified.

The use of the composite curve in the cooldown analysis is necessary because control of the cooldown
procedure is based on the measurement of reactor coolant temperature, whereas the limiting pressure is
actually dependent on the material temperature at the tip of the assumed flaw. During cooldown, the 1/4T
vessel location is at a higher temperature than the fluid adjacent to the vessel inner diameter. This condition,
of course, is not true for the steady-state situation. It follows that, at any given reactor coolant temperature,
the AT (temperature) across the vessel wall developed during cooldown results in a higher value of K. at
the 1/4T location for finite cooldown rates than for steady-state operation. Furthermore, if conditions exist
so that the increase in Ki exceeds Ky, the calculated allowable pressure during cooldown will be greater
than the steady-state value.

The above procedures are needed because there is no direct control on temperature at the 1/4T location, and
therefore allowable pressures could be lower if the rate of cooling is decreased at various intervals along a
cooldown ramp. The use of the composite curve eliminates this problem and ensures conservative operation
of the system for the entire cooldown period.

Three separate calculations are required to determine the limit curves for finite heatup rates. As is done in
the cooldown analysis, allowable pressure-temperature relationships are developed for steady-state
conditions as well as finite heatup rate conditions assuming the presence of a 1/4T defect at the inside of
the wall. The heatup results in compressive stresses at the inside surface that alleviate the tensile stresses
produced by internal pressure. The metal temperature at the crack tip lags the coolant temperature;
therefore, the K. for the inside 1/4T flaw during heatup is lower than the Kic for the flaw during steady-
state conditions at the same coolant temperature. During heatup, especially at the end of the transient,
conditions may exist so that the effects of compressive thermal stresses and lower Ky, values do not offset
each other, and the pressure-temperature curve based on steady-state conditions no longer represents a lower
bound of all similar curves for finite heatup rates when the 1/4T flaw is considered. Therefore, both cases
have to be analyzed in order to ensure that at any coolant temperature the lower value of the allowable
pressure calculated for steady-state and finite heatup rates is obtained.

The third portion of the heatup analysis concerns the calculation of the pressure-temperature limitations for
the case in which a 1/4T flaw located at the 1/4T location from the outside surface is assumed. Unlike the
situation at the vessel inside surface, the thermal gradients established at the outside surface during heatup
produce stresses which are tensile in nature and therefore tend to reinforce any pressure stresses present.
These thermal stresses are dependent on both the rate of heatup and the time (or coolant temperature) along
the heatup ramp. Since the thermal stresses at the outside are tensile and increase with increasing heatup
rates, each heatup rate must be analyzed on an individual basis.

Following the generation of pressure-temperature curves for the steady-state and finite heatup rate
situations, the final limit curves are produced by constructing a composite curve based on a point-by-point
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comparison of the steady-state and finite heatup rate data. At any given temperature, the allowable pressure
is taken to be the least of the three values taken from the curves under consideration. The use of the
composite curve is necessary to set conservative heatup limitations because it is possible for conditions to
exist wherein, over the course of the heatup ramp, the controlling condition switches from the inside to the
outside, and the pressure limit must at all times be based on analysis of the most critical criterion.

43  LOWEST SERVICE TEMPERATURE REQUIREMENTS

North Anna Units 1 and 2 are Westinghouse-designed plants; thus, the primary Reactor Coolant System
(RCS) piping is stainless steel. Therefore, the lowest service temperature requirements of Paragraph
NB-2332 of ASME Code Section III (Reference 11) do not apply to the North Anna Units 1 and 2 reactor
vessels. See Appendix C for additional details.

44  CLOSURE HEAD/VESSEL FLANGE REQUIREMENTS

10 CFR Part 50, Appendix G (Reference 4) addresses the metal temperature of the closure head flange and
vessel flange regions. This rule states that the metal temperature of the closure head regions must exceed
the material unirradiated RTnpt by at least 120°F for normal operation when the pressure exceeds 20 percent
of the preservice hydrostatic test pressure, which is calculated to be 621 psig. The initial RTnpr values of
the reactor vessel closure head and vessel flange are documented in Table 3-3. The limiting unirradiated
RTnpr of -22°F is associated with the North Anna Units 1 and 2 reactor vessel flange materials, so the
minimum allowable temperature of this region is 98°F at pressures greater than 621 psig (without margins
for instrument uncertainties). This limit is shown in Tables 6-1 and 6-3, as well as Figures 6-1 and 6-2.

4.5 BOLTUP TEMPERATURE REQUIREMENTS

The minimum boltup temperature is the minimum allowable temperature at which the reactor vessel closure
head bolts can be preloaded. It is determined by the highest reference temperature, RTnpr, in the closure
flange region. This requirement is established in Appendix G to 10 CFR 50 (Reference 4). Per the NRC-
approved methodology in WCAP-14040-A, Revision 4 (Reference 2), the minimum boltup temperature is
60°F or the limiting unirradiated RTnpr of the closure flange region, whichever is higher. Since the limiting
unirradiated RTwpr of this region is below 60°F per Table 3-3, the recommended minimum boltup
temperature for the North Anna Units 1 and 2 reactor vessel is 60°F (without margins for instrument
uncertainties). It is noted that the boltup temperature is controlled administratively at North Anna Units 1
and 2.
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5 CALCULATION OF ADJUSTED REFERENCE TEMPERATURE

The current P-T limit curves implemented in the North Anna Units 1 and 2 Technical Specifications
(Reference 18) 3.4.3 control plant operation through EOLE, 50.3 EFPY and 52.3 EFPY for Units 1 and 2,
respectively. SLR will extend the operation of North Anna Units 1 and 2 to 72 EFPY. In order develop P-T
limit curves for SLR, new adjusted reference temperature (ART) values are calculated herein using the
NRC methodology in Regulatory Guide 1.99, Revision 2 (Reference 1).

From Regulatory Guide 1.99, Revision 2 (Reference 1), the ART for each material in the beltline region is
given by the following expression:

ART = Initial RTnxpr + ARTnpT + Margin (10)

Initial RTnpr is the reference temperature for the unirradiated material as defined in Paragraph NB-2331 of
Section III of the ASME Boiler and Pressure Vessel Code (Reference 11). If measured values of the initial
RTnpr for the material in question are not available, generic mean values for that class of material may be
used, provided there are sufficient test results to establish a mean and standard deviation for the class.

ARTwpr is the mean value of the adjustment in reference temperature caused by irradiation and should be
calculated as follows:

ARTNDT =CF*f (0.28 - 0.10 log f) (1 1)

To calculate ARTnpr at any depth (e.g., at 1/4T or 3/4T), the following formula must first be used to
attenuate the fluence at the specific depth:

f(depthx) = fouface ¥ € (0240) (12)

where x inches (reactor vessel cylindrical shell beltline thickness is 7.677 inches) is the depth into the vessel
wall measured from the vessel clad/base metal interface. The resultant fluence is then placed in Equation
11 to calculate the ARTwpr at the specific depth. It is noted that the previous P-T limits analysis in WCAP-
15112 (Reference 17) utilized a thickness of 7.705 inches. This difference in thickness is negligible, and
therefore the design dimension of 7.677 inches is utilized herein.

The projected reactor vessel neutron fluence was updated for this analysis and documented in Section 2 of
this report. The evaluation methods used in Section 2 are consistent with the methods presented in WCAP-
14040-A, Revision 4, “Methodology Used to Develop Cold Overpressure Mitigating System Setpoints and
RCS Heatup and Cooldown Limit Curves” (Reference 2).

Tables 5-2 and 5-3 contain the surface fluence values at 72 EFPY, which were used for the development of
the P-T limit curves contained in this report. Tables 5-2 and 5-3 also contain the 1/4T and 3/4T calculated
fluence values and fluence factors (FFs), per Regulatory Guide 1.99, Revision 2, as applicable. The values
in this table will be used to calculate the 72 EFPY ART values for the North Anna Units 1 and 2 reactor
vessel materials.
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Margin is calculated as M =2 /52 52 . The standard deviation for the initial RTxpr margin term (o7) is

0°F when the initial RTnpr is a measured value and 17°F when a generic value is available, unless a
material-specific oy is calculated. The standard deviation for the ARTnpt margin term, o4, is 17°F for plates
or forgings when surveillance data is not used or is non-credible, and 8.5°F (half the value) for plates or
forgings when credible surveillance data is used. For welds, ca is equal to 28°F when surveillance capsule
data is not used or is non-credible, and is 14°F (half the value) when credible surveillance capsule data is
used. The value for oa need not exceed 0.5 times the mean value of ARTnpr.

The 1/4T and 3/4T ART calculations for North Anna Unit 1 are shown in Tables 5-4 and 5-5, respectively.
The 1/4T and 3/4T ART calculations for North Anna Unit 2 are shown in Tables 5-7 and 5-8, respectively.

The ART values for the extended beltline are conservatively calculated using surface fluence values.
Therefore, the 1/4T and 3/4T ART calculations for the North Anna Units 1 and 2 exclude the inlet and outlet
nozzle forging and weld materials. Instead the ART values for the nozzle forging and weld materials are
contained in Tables 5-6 and 5-9. North Anna Units 1 and 2 Inlet Nozzle 10 have projected fluence values
that exceed the 1 x 10'7 n/cm? (E > 1.0 MeV) fluence threshold at the postulated 1/4T flaw location at
72 EFPY per Tables 2-3 and 2-4. Therefore, neutron radiation embrittlement should be considered herein
for these nozzle forging materials. For all other forging and weld materials with a fluence value less than
1 x 107 n/cm? (E > 1.0 MeV) the embrittlement effects can be neglected and the FF is reduced to 0.

The limiting ART values for North Anna Units 1 and 2 are summarized in Table 5-1 as well as those ART
values used in the current North Anna Units 1 and 2 Technical Specifications P-T limit curves. The 1/4T
and 3/4T limiting ART values at 72 EFPY are less than the 1/4T and 3/4T ART values used in the current
Technical Specifications. This decrease is driven by the reduction in the initial RTnpr of the limiting
material, i.e. the Unit 2 Lower Shell Forging 03 initial RTnpr reduced from 56°F to 37°F. A comparison of
the material property input values is provided in Appendix G.

Table 5-1
Summary of the Limiting ART Values Used in Generation of the North Anna Units 1 and 2
Reactor Vessel Heatup and Cooldown Curves at 72 EFPY

1/4T Location 3/4T Location
205® 184®
Limiting ART®
°F) Limiting Material: Unit 2 Lower Shell Forging 03
(developed using Position 1.1 data)
ART in 218.5 195.6
Current Technioc;l Specifications Limiting Material: Unit 2 Lower Shell Forging 03
CF) (developed using Position 1.1 data)

Notes:

() The ART values to be used for P-T limit curve development are the limiting 72 EFPY ART values from Tables 5-4
through 5-9. The values have been rounded up for conservatism.

(b) Note that the ART values calculated for Unit 1 Lower Shell Forging 03 and Unit 2 Intermediate Shell Forging 04
per Regulatory Guide 1.99, Revision 2, Position 1.1, are higher. However, the use of the lesser of the Regulatory
Guide 1.99, Revision 2, Position 1.1 and 2.1 CFs with non-credible data and a full margin term is justified since
none of the surveillance data are more than two times sigma-delta above the Position 1.1 CF trend line. This
determination is documented in Appendix I.
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Table 5-2 Fluence Values and Fluence Factors for the Vessel Surface, 1/4T, and 3/4T Locations
for the North Anna Unit 1 Reactor Vessel Materials at 72 EFPY
Surface 1/4T 3/4T
Material Fluence® Surface Fluence® 1/4T Fluence® 3/4T
(x 10¥ n/cm?, FF® (x 10 n/cm?, FF® (x 10¥ n/em?, FF®
E> 1.0 MeV) E> 1.0 MeV) E> 1.0 MeV)
Reactor Vessel Beltline Materials
Upper Shell Forging 05 0.304 0.674 0.192 0.559 0.0763 0.365
Upper to Intermediate Shell
Circumferential Weld 0.351 0.711 0.221 0.594 0.0881 0.392
Intermediate Shell 7.07 1.464 4.46 1379 1.78 1.158
Forging 04
Intermediate to Lower
Shell Circumferential Weld 7.04 1.464 4.44 1.378 1.77 1.157
Lower Shell Forging 03 7.20 1.467 4.54 1.383 1.81 1.163
Reactor Vessel Extended Beltline Materials
Inlet Nozzle Forging 09 to @
Upper Shell Weld 0.00898 0
Inlet Nozzle Forging 10 to
Upper Shell Weld 0.0313 0.225
Inlet Nozzle Forging 11 to
Upper Shell Weld 0.0120 0.124
Outlet Nozzle Forging 12
to Upper Shell Weld 0.0182 0.162
Outlet Nozzle Forging 13 @
to Upper Shell Weld 0.00522 0
: See Note (¢)
Outlet Nozzle Forging 14 i
0.00697 0@
to Upper Shell Weld
Inlet Nozzle Forging 09 0.00425 0@
Inlet Nozzle Forging 10 0.0148 0.142
Inlet Nozzle Forging 11 0.00568 0@
Outlet Nozzle Forging 12 0.00875 0@
Outlet Nozzle Forging 13 0.00251 0@
Outlet Nozzle Forging 14 0.00335 0@

Notes:

(a) 72 EFPY surface fluence values for the reactor vessel materials were taken from Table 2-3 of this report. 1/4T and 3/4T
fluence values were calculated from the surface fluence, the reactor vessel beltline thickness (7.677 inches), and equation f=
fout * €024 from Regulatory Guide 1.99, Revision 2, where x = the depth into the vessel wall (inches).

(b) FF = fluence factor = f(0-28-0.10%og (),

(¢) The fluence values for the nozzle forgings are taken at the postulated 1/4T flaw axial location. The fluence values for the
inlet/outlet nozzle to upper shell welds are taken at the lowest extent of the nozzle weld centerline. Analysis of the nozzle
forgings and associated welds are conservatively performed using the surface fluence, neglecting attenuation through the

reactor vessel wall.

(d) Because the fluence is less than 10'7 n/em? (E > 1.0 MeV), the FF is reduced to 0. Embrittlement effects only need to be
considered if the fluence is greater than 107 n/em? (E > 1.0 MeV).
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Table 5-3 Fluence Values and Fluence Factors for the Vessel Surface, 1/4T, and 3/4T Locations
for the North Anna Unit 2 Reactor Vessel Materials at 72 EFPY
Surface 1/4T 3/4T
Material Fluence® Surface Fluence® 1/4T Fluence® 3/4T
(x 10%° n/cm?, FF® (x 10Y n/em?, FF® (x 10" n/em?, FF®
E> 1.0 MeV) E> 1.0 MeV) E> 1.0 MeV)
Reactor Vessel Beltline Materials
Upper Shell Forging 05 0.307 0.676 0.194 0.562 0.0771 0.367
Upper to Intermediate Shell
Circumferential Weld 0.355 0.714 0.224 0.597 0.0891 0.394
Intermediate Shell 7.20 1.467 4.54 1383 1.81 1.163
Forging 04
Intermediate to Lower
Shell Circumferential Weld 7.18 1.467 4.53 1.382 1.80 1.162
Lower Shell Forging 03 7.34 1.470 4.63 1.387 1.84 1.168
Reactor Vessel Extended Beltline Materials
Inlet Nozzle Forging 09 to @
Upper Shell Weld 0.00826 0
Inlet Nozzle Forging 10 to
Upper Shell Weld 0.0314 0.226
Inlet Nozzle Forging 11 to
Upper Shell Weld 0.0118 0.123
Outlet Nozzle Forging 12
to Upper Shell Weld 0.0182 0.162
Outlet Nozzle Forging 13 @
to Upper Shell Weld 0.00479 0
: See Note (c)
Outlet Nozzle Forging 14 0.00687 0@
to Upper Shell Weld )
Inlet Nozzle Forging 09 0.00390 0@
Inlet Nozzle Forging 10 0.0148 0.142
Inlet Nozzle Forging 11 0.00559 0@
Outlet Nozzle Forging 12 0.00875 0@
Outlet Nozzle Forging 13 0.00230 0@
Outlet Nozzle Forging 14 0.00330 0@

Notes:

(a) 72 EFPY surface fluence values for the reactor vessel materials were taken from Table 2-4 of this report. 1/4T and 3/4T
fluence values were calculated from the surface fluence, the reactor vessel beltline thickness (7.677 inches), and equation f =
fourt * €024 ® from Regulatory Guide 1.99, Revision 2, where x = the depth into the vessel wall (inches).

(b) FF = fluence factor = f(0-28 - 0.10%log ()

(c) The fluence values for the nozzle forgings are taken at the postulated 1/4T flaw axial location. The fluence values for the
inlet/outlet nozzle to upper shell welds are taken at the lowest extent of the nozzle weld centerline. Analysis of the nozzle
forgings and associated welds are conservatively performed using the surface fluence, neglecting attenuation through the

reactor vessel wall.

(d) Because the fluence is less than 10'7 n/cm? (E > 1.0 MeV), the FF is reduced to 0. Embrittlement effects only need to be
considered if the fluence is greater than 10'7 n/cm? (E > 1.0 MeV).
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Table 5-4 Calculation of the North Anna Unit 1 ART Values at the 1/4T Location for the Reactor Vessel Beltline Materials at 72 EFPY®
R.G. 1/4T .
Predicted
Material Heat Flux Type | 1.99, CF® Fluence® 1/4T | RTapry@ AR’II‘ o1 6x® M ART
Number (Lot) Rev. 2 (x 10 n/em?, | FF© (°F) (OFI;DT CF) | CF) | CF) | (°F)
Position E > 1.0 MeV)
Upper Shell Forging 05 929905228163/ - 1.1 121.50 0.192 0.559 1 68.0 0.0 17.0 34.0 103.0
Upper to Intermediate SMIT 89
Shell Circumferential 25295 (1170) 1.1 163.25 0.221 0.594 -40 97.0 0.0 28.0 56.0 113.0
Weld (OD 94%)
Using credible surveillance data® 2.1 150.69 0.221 0.594 -40 89.5 0.0 14.0 28.0 77.5
Upper to Intermediate SMIT 89
Shell Circumferential 4278 (1211 1.1 63.00 0.221 0.594 -4 37.4 0.0 18.7 374 70.8
Weld (ID 6%)0 )
Using non-credible surveillance data® 2.1 80.71 0.221 0.594 -4 47.9 0.0 24.0 479 91.9
Intermediate Shell 990311/
Forging 04 298244 - 1.1 86.00 4.46 1.379 -6 118.6 0.0 17.0 34.0 146.6
Intermediate to Lower SMIT 89
Shell Circumferential 25531 1.1 56.22 4.44 1.378 2 77.5 0.0 28.0 56.0 131.5
(1211)
Weld
Using non-credible surveillance data™ 2.1 67.53 4.44 1.378 -2 93.1 0.0 28.0 56.0 | 147.1
Lower Shell Forging 03 9299();30302/ - 1.1 119.97 4.54 1.383 33 165.9 0.0 17.0 34.0 232.9
Using non-credible surveillance data™ 2.1 81.68 4.54 1.383 33 113.0 0.0 17.0 34.0 180.0
Notes contained on the following page.
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Notes:

@

The Regulatory Guide 1.99, Revision 2 (Reference 1) methodology was utilized in the calculation of the ART values. Dashes indicate when a category is not applicable to the
material.

(b) Chemistry factors are taken from Table 3-7 of this report.

(c¢) TFluence and Fluence Factors are taken from Table 5-2 of this report.

(d) RTworu) values are taken from Table 3-1 of this report.

(e) Per the guidance of Regulatory Guide 1.99, Revision 2 (Reference 1), the base metal oa = 17°F for Position 1.1 and Position 2.1 with non-credible surveillance data, and oa =
8.5°F for Position 2.1 with credible surveillance data. Also, per Regulatory Guide 1.99, Revision 2, the weld metal oa =28°F for Position 1.1 and Position 2.1 with non-credible
surveillance data, and oa = 14°F for Position 2.1 with credible surveillance data. However, oa need not exceed 0.5*ARTnpr for either forgings or welds with or without
surveillance data.

() The surveillance data for weld Heat # 25295 from the Sequoyah Unit 1 surveillance program were deemed credible per WCAP-17539-NP (Reference 15), Appendix A.

(g) The surveillance data for weld Heat # 4278 from the Sequoyah Unit 2 surveillance program were deemed non-credible per WCAP-17539-NP (Reference 15), Appendix A.

(h) The credibility evaluation for the North Anna Unit 1 surveillance data in Appendix E of this report determined that the Lower Shell Forging 03 and weld Heat # 25531
surveillance data are deemed non-credible.

(i) Since this inner diameter (ID) weld is only 6% of the vessel thickness, the weld is not present at the 1/4T location; hence, it is not applicable to this calculation. It is presented
for information only.
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Table 5-5 Calculation of the North Anna Unit 1 ART Values at the 3/4T Location for the Reactor Vessel Beltline Materials at 72 EFPY®
R.G. 3/4T .
Predicted
Material Heat Flux Type | 199, | ~po) Fluence® 3/4T | RTnor@)® ART' o1 cA® M | ART
Number (Lot) Rev. 2 (x 10" n/cm?, | FF© (°F) (OFI;DT CF) | CF) | CF) | (°F)
Position E> 1.0 MeV)
Upper Shell Forging 05 929905228163/ - 11 | 12150 0.0763 0.365 1 44.4 0.0 | 170 | 340 | 794
Upper to Intermediate SMIT 89
Shell Circumferential 25295 (1170) 1.1 163.25 0.0881 0.392 -40 64.0 0.0 28.0 56.0 80.0
Weld (OD 94%)
Using credible surveillance data® 2.1 150.69 0.0881 0.392 -40 59.1 0.0 14.0 28.0 47.1
Upper to Intermediate SMIT 89
Shell Circumferential 4278 (1211 1.1 63.00 0.0881 0.392 -4 24.7 0.0 12.4 24.7 454
Weld (ID 6%) )
Using non-credible surveillance data'® 2.1 80.71 0.0881 0.392 -4 31.6 0.0 15.8 31.6 59.3
Intermediate Shell 990311/
Forging 04 298244 - 1.1 86.00 1.78 1.158 -6 99.6 0.0 17.0 34.0 127.6
Intermediate to Lower SMIT 89
Shell Circumferential 25531 1.1 56.22 1.77 1.157 -2 65.0 0.0 28.0 56.0 119.0
Weld (1211)
Using non-credible surveillance data™ 2.1 67.53 1.77 1.157 -2 78.1 0.0 28.0 56.0 | 132.1
Lower Shell Forging 03 929902430302/ - 1.1 119.97 1.81 1.163 33 139.5 0.0 17.0 34.0 206.5
Using non-credible surveillance data™ 2.1 81.68 1.81 1.163 33 95.0 0.0 17.0 34.0 | 162.0
Notes contained on the following page.
WCAP-18363-NP March 2020
Revision 1

*** This record was final approved on 3/31/2020 8:40:08 AM. (This statement was added by the PRIME system upon its validation)




Westinghouse Non-Proprietary Class 3 5-8

Notes:

@

®
©
@
©

The Regulatory Guide 1.99, Revision 2 (Reference 1) methodology was utilized in the calculation of the ART values. Dashes indicate when a category is not applicable to the
material.

Chemistry factors are taken from Table 3-7 of this report.
Fluence and Fluence Factors are taken from Table 5-2 of this report.
RTnp1(U) values are taken from Table 3-1 of this report.

Per the guidance of Regulatory Guide 1.99, Revision 2 (Reference 1), the base metal oa = 17°F for Position 1.1 and Position 2.1 with non-credible surveillance data, and oa =
8.5°F for Position 2.1 with credible surveillance data. Also, per Regulatory Guide 1.99, Revision 2, the weld metal oa = 28°F for Position 1.1 and Position 2.1 with non-credible

surveillance data, and oa = 14°F for Position 2.1 with credible surveiltance data. However, oa need not exceed 0.5*ARTnpr for either forgings or welds with or without
surveillance data.

(f) The surveillance data for weld Heat # 25295 from the Sequoyah Unit 1 surveillance program were deemed credible per WCAP-17539-NP (Reference 15), Appendix A.

(g) The surveillance data for weld Heat # 4278 from the Sequoyah Unit 2 surveillance program were deemed non-credible per WCAP-17539-NP (Reference 15), Appendix A.

(b) The credibility evaluation for the North Anna Unit 1 surveillance data in Appendix E of this report determined that the Lower Shell Forging 03 and weld Heat # 25531
surveillance data are deemed non-credible.

(i) Since this inner diameter (ID) weld is only 6% of the vessel thickness, the weld is not present at the 1/4T location; hence, it is not applicable to this calculation. It is presented
for information only.
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Table 5-6 Calculation of the North Anna Unit 1 ART Values for the Reactor Vessel Extended Beltline Materials at 72 EFPY®
R.G. Surface Predicted
Material Heat Flux Type | 1.99, CF® Fluence® Surf. | RTnxpra)@ ART o1 A M | ART
Number (Lot) Rev. 2 (x 10 n/ecm?, | FF© (°F) (OF‘;DT CF) | CF) | CF) | (°F)
Position E > 1.0 MeV)
Inlet Nozzle Forging 09
to Upper Shell Weld Rotterdam - 1.1 293.45 0.00898 0 30 0.0 0.0 0.0 0.0 30.0
Inlet Nozzle Forging 10
to Upper Shell Weld Rotterdam - 1.1 293.45 0.0313 0.225 30 66.1 0.0 28.0 56.0 152.1
Inlet Nozzle Forging 11
to Upper Shell Weld Rotterdam - 1.1 293.45 0.0120 0.124 30 36.4 0.0 18.2 36.4 102.7
Outlet Nozzle Forging 12
to Upper Shell Weld Rotterdam - 1.1 293.45 0.0182 0.162 30 47.6 0.0 23.8 47.6 125.2
Outlet Nozzle Forging 13
to Upper Shell Weld Rotterdam - 1.1 293.45 0.00522 0 30 0.0 0.0 0.0 0.0 30.0
Outlet Nozzle Forging 14
to Upper Shell Weld Rotterdam - 1.1 293.45 0.00697 0 30 0.0 0.0 0.0 0.0 30.0
Inlet Nozzle Forging 09 990290-11 - 1.1 96.00 0.00425 0 -14 0.0 0.0 0.0 0.0 -14.0
Inlet Nozzle Forging 10 990290-12 - 1.1 95.75 0.0148 0.142 -10 13.6 0.0 6.8 13.6 17.2
Inlet Nozzle Forging 11 990268-21 - 1.1 140.30 0.00568 0 8 0.0 0.0 0.0 0.0 8.0
Outlet Nozzle Forging 12 |  990290-31 - 1.1 96.00 0.00875 0 -6 0.0 0.0 0.0 0.0 -6.0
Outlet Nozzle Forging 13 990290-22 - 1.1 96.00 0.00251 0 -7 0.0 0.0 0.0 0.0 -7.0
Outlet Nozzle Forging 14 |  990290-21 - 1.1 96.00 0.00335 0 8 0.0 0.0 0.0 0.0 8.0
Notes contained on the following page.
WCAP-18363-NP March 2020
Revision 1

*** This record was final approved on 3/31/2020 8:40:08 AM. (This statement was added by the PRIME system upon its validation)



Westinghouse Non-Proprietary Class 3 5-10

Notes:

(a) The Regulatory Guide 1.99, Revision 2 (Reference 1) methodology was utilized in the calculation of the ART values. Dashes indicate when a category is not applicable to the
material.

(b) Chemistry factors are taken from Table 3-7 of this report.

(¢) Fluence and Fluence Factors are taken from Table 5-2 of this report. The fluence values for the nozzle forgings are taken at the postulated 1/4T flaw axial location. The fluence
values for the inlet/outlet nozzle to upper shell welds are taken at the lowest extent of the nozzle weld centerline. Analysis of the nozzle forgings and associated welds are
conservatively performed using the surface fluence, neglecting attenuation through the reactor vessel wall. Embrittlement effects are considered only if the fluence is greater
than 107 n/em?. For materials with fluence less than 107 n/cm? the FF is set equal to 0.

(d) RTwnor) values are taken from Table 3-1 of this report.

(e) Per the guidance of Regulatory Guide 1.99, Revision 2 (Reference 1), the base metal oa = 17°F for Position 1.1. Also, per Regulatory Guide 1.99, Revision 2, the weld metal
oa = 28°F for Position 1.1. However, oa need not exceed 0.5*ARTnpr for either forgings or welds with or without surveillance data.
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Table 5-7 Calculation of the North Anna Unit 2 ART Values at the 1/4T Location for the Reactor Vessel Beltline Materials at 72 EFPY®
R.G. 1/4T .
’ Predicted
Material Heat | FluxType | 199, | (pey | Fluence® | 14T | RTwro® | o | o | o® | M | ART
Number (Lot) Rev. 2 (x 10 n/cm?, | FF© (°F) (OF‘;DT C°F) | C°F) | (°F) | (°F)
Position E> 1.0 MeV)
Upper Shell Forging 05 92990153?986/ - 1.1 51.00 0.194 0.562 8 28.7 0.0 14.3 28.7 65.3
Upper to Intermediate SMIT 89
Shell Circumferential 4278 (1211) 1.1 63.00 0.224 0.597 -4 37.6 0.0 18.8 37.6 71.2
Weld (OD 94%)
Using non-credible surveillance data® 2.1 80.71 0.224 0.597 -4 48.2 0.0 24.1 48.2 923
Upper to Intermediate SMIT 89
Shell Circumferential 801 (1211 1.1 87.80 0.224 0.597 10 52.4 0.0 26.2 52.4 114.8
Weld (ID 6%)®
Intermediate Shell 990496 /
Forging 04 292424 - 1.1 74.00 4.54 1.383 69 102.3 0.0 17.0 34.0 | 2053
Using non-credible surveillance data® 2.1 53.44 4.54 1.383 69 73.9 0.0 17.0 34.0 176.9
Intermediate to Lower LW320
Shell Circumferential 716126 1.1 36.09 4.53 1.382 -67 49.9 0.0 24.9 49.9 32.8
Weld (26)
Using credible surveillance data® 2.1 26.61 4.53 1.382 -67 36.8 0.0 14.0 28.0 2.2
. 990533/
Lower Shell Forging 03 297355 - 1.1 96.00 4.63 1.387 37 133.2 0.0 17.0 34.0 | 204.2
Notes contained on the following page.
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Notes:

@

The Regulatory Guide 1.99, Revision 2 (Reference 1) methodology was utilized in the calculation of the ART values. Dashes indicate when a category is not applicable to the
material.

(b) Chemistry factors are taken from Table 3-8 of this report.

(¢) Fluence and Fluence Factors are taken from Table 5-3 of this report.

(d) RTnpr) values are taken from Table 3-2 of this report.

(e) Per the guidance of Regulatory Guide 1.99, Revision 2 (Reference 1), the base metal oa = 17°F for Position 1.1 and Position 2.1 with non-credible surveillance data, and oa =
8.5°F for Position 2.1 with credible surveillance data. Also, per Regulatory Guide 1.99, Revision 2, the weld metal oa = 28°F for Position 1.1 and Position 2.1 with non-credible
surveillance data, and oa = 14°F for Position 2.1 with credible surveillance data. However, oa need not exceed 0.5*ARTnpr for either forgings or welds with or without
surveillance data.

() The surveillance data for weld Heat # 4278 from the Sequoyah Unit 2 surveillance program were deemed non-credible per WCAP-17539-NP (Reference 15), Appendix A.

(g) The credibility evaluation for the North Anna Unit 2 surveillance data in Appendix E of this report determined that the Intermediate Shell Forging 04 surveillance data are
deemed non-credible; however, the weld Heat # 716126 surveillance data are deemed credible.

(h) Since this inner diameter (ID) weld is only 6% of the vessel thickness, the weld is not present at the 1/4T location; hence, it is not applicable to this calculation. It is presented
for information only.
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Table 5-8 Calculation of the North Anna Unit 2 ART Values at the 3/4T Location for the Reactor Vessel Beltline Materials at 72 EFPY®
R.G. 3/4T Predicted
Material Heat Flux Type | 1.99, CF® Fluence®© 3/4T | RTxprm@ ART o1 6A© M ART
Number (Lot) Rev. 2 (x 10 n/ecm?, | FF© (°F) (OFN)DT CF) | CF) | CF | (°F)
Position E>1.0 MeV)
Upper Shell Forging 05 9299()1539;6/ - 1.1 51.00 0.0771 0.367 8 18.7 0.0 94 18.7 454
Upper to Intermediate SMIT 89
Shell Circumferential 4278 (1211) 1.1 63.00 0.0891 0.394 -4 24.8 0.0 12.4 24.8 45.7
Weld (OD 94%)
Using non-credible surveillance data® 2.1 80.71 0.0891 0.394 -4 31.8 0.0 15.9 31.8 59.6
Upper to Intermediate SMIT 89
Shell Circumferential 801 (1211 1.1 87.80 0.0891 0.394 10 34.6 0.0 17.3 34.6 79.2
Weld (ID 6%)® )
Intermediate Shell 990496 /
Forging 04 292424 - 1.1 74.00 1.81 1.163 69 86.0 0.0 17.0 34.0 189.0
Using non-credible surveillance data® 2.1 53.44 1.81 1:163 69 62.1 0.0 17.0 34.0 165.1
Intermediate to Lower LW320
Shell Circumferential 716126 1.1 36.09 1.80 1.162 -67 41.9 0.0 21.0 41.9 16.9
(26)
Weld
Using credible surveillance data® 2.1 26.61 1.80 1.162 -67 30.9 0.0 14.0 28.0 -8.1
Lower Shell Forging 03 929907533535/ ] 11| 96.00 .84 1.168 37 112.1 00 | 170 | 340 | 183.1
Notes contained on the following page.
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Notes:

(@

The Regulatory Guide 1.99, Revision 2 (Reference 1) methodology was utilized in the calculation of the ART values. Dashes indicate when a category is not applicable to the
material.

(b) Chemistry factors are taken from Table 3-8 of this report.

(c) Fluence and Fluence Factors are taken from Table 5-3 of this report.

(d) RTnpr(u) values are taken from Table 3-2 of this report.

(e) Per the guidance of Regulatory Guide 1.99, Revision 2 (Reference 1), the base metal ca = 17°F for Position 1.1 and Position 2.1 with non-credible surveillance data, and ca =
8.5°F for Position 2.1 with credible surveillance data. Also, per Regulatory Guide 1.99, Revision 2, the weld metal oa = 28°F for Position 1.1 and Position 2.1 with non-credible
surveillance data, and ca = 14°F for Position 2.1 with credible surveillance data. However, oa need not exceed 0.5*ARTnpr for either forgings or welds with or without
surveillance data.

(f) The surveillance data for weld Heat # 4278 from the Sequoyah Unit 2 surveillance program were deemed non-credible per WCAP-17539-NP (Reference 15), Appendix A.

(g) The credibility evaluation for the North Anna Unit 2 surveillance data in Appendix E of this report determined that the Intermediate Shell Forging 04 surveillance data are
deemed non-credible; however, the weld Heat # 716126 surveillance data are deemed credible.

(h) Since this inner diameter (ID) weld is only 6% of the vessel thickness, the weld is not present at the 1/4T location; hence, it is not applicable to this calculation. It is presented
for information only.
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Table 5-9 Calculation of the North Anna Unit 2 ART Values for the Reactor Vessel Extended Beltline Materials at 72 EFPY®
Material Heat Flux Type $9G9, CE® Fsl:ll:fli(;?c) Surf. | RTnpra)@ ng{i,;iiid o1 6a® M | ART
Number (Lot) Rev. 2 (x 10¥ n/cm?, | FF© (°F) o CF) | CF) | °F) | (°F)

Position E > 1.0 MeV) CF)
I‘ifﬁ;fg:;’{g&‘fl? 1.1 163.20 0.00826 0 30 0.0 0.0 0.0 00 | 300
Irfgﬁ;fgf;{%‘egléo 1.1 163.20 0.0314 0.226 30 36.8 00 | 184 | 368 | 103.6
Iﬁfﬁ;ﬁf‘gﬁﬁ%jl 8316 Wizt 1.1 163.20 0.0118 0.123 30 20.0 0.0 | 100 | 200 | 700
Outlet Nozzle Forging 12 g%gg (26 & 28)

o Upper Shell Weld 1.1 163.20 0.0182 0.162 30 26.5 00 | 132 | 265 | 829
O“tgeé?;:rzg‘ilzﬁr%gfd”’ 1.1 163.20 0.00479 0 30 0.0 0.0 0.0 0.0 | 300
O‘ﬁe{f:;:rﬂs?: ﬁr{%gigd” 1.1 163.20 0.00687 0 30 0.0 0.0 0.0 0.0 | 300
Inlet Nozzle Forging 09 990426 - 1.1 150.40 0.00390 0 11 0.0 0.0 0.0 00 | 110
Inlet Nozzle Forging 10 54567-2 - 1.1 104.75 0.0148 0.142 5 14.9 0.0 74 | 149 | 348
Tnlet Nozzle Forging 11 54590-2 - 1.1 118.25 0.00559 0 31 0.0 0.0 0.0 0.0 | -31.0
Outlet Nozzle Forging 12 | 990426-22 - 1.1 150.00 0.00875 0 8 0.0 0.0 0.0 0.0 8.0
Outlet Nozzle Forging 13 |  990426-31 - 1.1 149.60 0.00230 0 1 0.0 0.0 0.0 0.0 1.0
Outlet Nozzle Forging 14 791291 - 1.1 86.00 0.00330 0 =22 0.0 0.0 0.0 0.0 -22.0

Notes contained on the following page.
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Notes:

(a) The Regulatory Guide 1.99, Revision 2 (Reference 1) methodology was utilized in the calculation of the ART values. Dashes indicate when a category is not applicable to the
material.

(b) Chemistry factors are taken from Table 3-8 of this report.
(c) Fluence and Fluence Factors are taken from Table 5-3 of this report. The fluence values for the nozzle forgings are taken at the postulated 1/4T flaw axial location. The fluence

values for the inlet/outlet nozzle to upper shell welds are taken at the lowest extent of the nozzle weld centerline. Analysis of the nozzle forgings and associated welds are

conservatively performed using the surface fluence, neglecting attenuation through the reactor vessel wall. Embrittlement effects are considered only if the fluence is greater
than 107 n/em?. For materials with fluence less than 107 n/cm? the FF is set equal to 0.

(d) RTwnpr(u) values are taken from Table 3-2 of this report.

(e) Per the guidance of Regulatory Guide 1.99, Revision 2 (Reference 1), the base metal oa = 17°F for Position 1.1. Also, per Regulatory Guide 1.99, Revision 2, the weld metal
oa = 28°F for Position 1.1. However, oa need not exceed 0.5*ARTnpr for either forgings or welds with or without surveillance data.
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6 HEATUP AND COOLDOWN PRESSURE-TEMPERATURE LIMIT
CURVES

Table 5-1 shows that the SLR ART values at the 1/4T and 3/4T locations remain bounded by the ART values
used in the current P-T limit curves. Therefore, the P-T limit curves implemented in the North Anna Units 1
and 2 Technical Specifications will remain valid through SLR (72.0 EFPY) for the cylindrical shell
materials. Appendix B demonstrates that the current P-T limits for the cylindrical beltline region bound the
P-T limits for the reactor vessel inlet and outlet nozzles for North Anna Units 1 and 2 at 72 EFPY.

However, in order to evaluate the amount of margin inherent to the current Technical Specifications P-T
limit curves, the pressure-temperature limit curves for normal heatup and cooldown of the primary reactor
coolant system have been calculated in the reactor vessel cylindrical beltline region using the methods
discussed in Sections 4 and 5 of this report and the material conditions projected at SLR presented in Table
5-1. The approved methodology is also presented in WCAP-14040-A, Revision 4 (Reference 2).

Figure 6-1 presents the limiting heatup curves without margins for possible instrumentation errors using
heatup rates of 20, 40, and 60°F/hr applicable for 72 EFPY, with the flange requirements. Figure 6-2
presents the limiting cooldown curves without margins for possible instrumentation errors using cooldown
rates of -100, -60, -40, -20, and 0°F/hr (steady-state) applicable for 72 EFPY, with the flange requirements.
Both Figure 6-1 and Figure 6-2 use the “Axial Flaw” methodology and the limiting “Axial Flaw” ART
values summarized in Table 5-1. The heatup and cooldown curves were generated using the 1998 Edition
through the 2000 Addenda ASME Code Section XI, Appendix G.

Allowable combinations of temperature and pressure for specific temperature change rates are below and
to the right of the limit lines shown in Figures 6-1 and 6-2. This is in addition to other criteria, which must
be met before the reactor is made critical, as discussed in the following paragraphs.

The reactor must not be made critical until pressure-temperature combinations are to the right of the
criticality limit line shown in Figure 6-1 (heatup curve only). The straight-line portion of the criticality
limit is at the minimum permissible temperature for the 2485 psig in-service hydrostatic test as required by
Appendix G to 10 CFR Part 50. The governing equation for the hydrostatic test is defined in the 1998
Edition through the 2000 Addenda ASME Code Section X1, Appendix G as follows.

1.5 Kim < Kre (13)
where,
Kmm = stress intensity factor covered by membrane (pressure) stress
[see page 4-2, Equation (3)],
K = 33.2+20.734 ¢ 02(T-RInor) [gee page 4-1 Equation (1)],
T = the minimum permissible metal temperature, and

RTwpr = metal reference nil-ductility temperature.

The criticality limit curve specifies pressure-temperature limits for core operation in order to provide
additional margin during actual power production. The pressure-temperature limits for core operation
(except for low power physics tests) are that: 1) the reactor vessel must be at a temperature equal to or
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higher than the minimum temperature required for the in-service hydrostatic test, and 2) the reactor vessel
must be at least 40°F higher than the minimum permissible temperature in the corresponding pressure-
temperature curve for heatup and cooldown calculated as described in Section 4 of this report. For the
heatup and cooldown curves without margins for instrumentation errors, the minimum temperature for the
in-service hydrostatic leak tests for the North Anna Units 1 and 2 reactor vessel at 72 EFPY is 262°F. This
temperature is the minimum permissible temperature at which design pressure can be reached during a
hydrostatic test per Equation (13). The vertical line drawn from these points on the pressure-temperature
curve, intersecting a curve 40°F higher than the pressure-temperature limit curve, constitutes the limit for
core operation for the reactor vessel.

Figures 6-1 and 6-2 define all of the preceding limits for ensuring prevention of non-ductile failure for the
North Anna Units 1 and 2 reactor vessel for 72 EFPY with the flange requirements and without
instrumentation uncertainties. The data points used for developing the heatup and cooldown P-T limit
curves shown in Figures 6-1 and 6-2 are presented in Tables 6-1 through 6-3. The P-T limit curves shown
in Figures 6-1 and 6-2 were generated based on the limiting “Axial Flaw” ART values for the cylindrical
beltline and extended beltline reactor vessel materials.
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MATERIAL PROPERTY BASIS

LIMITING MATERIAL: North Anna Unit 2 Lower Shell Forging 03 (Position 1.1)
LIMITING ART VALUES AT 72 EFPY: 1/4T, 205°F (Axial Flaw)

: 3/4T, 184°F (Axial Flaw)
Limiting Flange RTnpr = -22°F.
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MATERIAL PROPERTY BASIS

LIMITING MATERIAL: North Anna Unit 2 Lower Shell Forging 03 (Position 1.1)
LIMITING ART VALUES AT 72 EFPY: 1/4T, 205°F (Axial Flaw)
3/4T, 184°F (Axial Flaw)
Limiting Flange RTnpt = -22°F.
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Table 6-1 North Anna Units 1 and 2 72 EFPY Heatup Curves Data Points using the 1998 Edition through the 2000 Addenda App. G Methodology
(w/ Ki., w/ Flange Requirements, and w/o Margins for Instrumentation Errors or Pressure Correction)
20°F/hr Heatup 20°F/hr Criticality 40°F/hr Heatup 40°F/hr Criticality 60°F/hr Heatup 60°F/hr Criticality
T CF) P (psig) T CF) P (psig) T (CF) P (psig) T CF) P (psig) T (°F) P (psig) T CF) P (psig)
60 621 262 -14.7 60 621 262 -14.7 60 619 262 -14.7
65 621 262 1186 65 621 262 1186 65 619 262 1079
70 621 265 1220 70 621 265 1220 70 619 265 1110
75 621 270 1277 75 621 270 1276 75 619 270 1168
80 621 275 1340 80 621 275 1334 80 619 275 1232
85 621 280 1409 85 621 280 1398 85 619 280 1302
90 621 285 1486 90 621 285 1469 90 619 285 1379
95 621 290 1571 95 621 290 1547 95 619 290 1465
98 621 295 1665 98 621 295 1634 100 620 295 1560
98 678 300 1769 98 647 300 1729 105 621 300 1664
100 680 305 1883 100 649 305 1835 110 624 305 1779
105 685 310 2010 105 653 310 1951 115 628 310 1901
110 690 315 2150 110 659 315 2080 120 633 315 2020
115 697 320 2304 115 665 320 2222 125 639 320 2150
120 703 325 2474 120 673 325 2378 130 646 325 2295
125 711 - - 125 681 - - 135 654 330 2454
130 719 - - 130 690 - - 140 663 - -
135 729 - - 135 700 - - 145 673 - -
140 739 - - 140 711 - - 150 685 - -
145 750 - - 145 724 - - 155 697 - -
150 763 - - 150 738 - - 160 711 - -
155 776 - - 155 753 - - 165 727 - -
160 792 - - 160 770 - - 170 744 - -
165 809 - - 165 789 - - 175 763 - -
170 827 - - 170 809 - - 180 784 - -
175 848 - - 175 832 - - 185 808 - -
180 871 - - 180 858 - - 190 834 - -
185 896 - - 185 886 - - 195 863 - -
190 924 - - 190 916 - - 200 894 - -
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Table 6-1 North Anna Units 1 and 2 72 EFPY Heatup Curves Data Points using the 1998 Edition through the 2000 Addenda App. G Methodology
(w/ Ki, w/ Flange Requirements, and w/o Margins for Instrumentation Errors or Pressure Correction)
20°E/hr Heatup 20°F/hr Criticality 40°F/hr Heatup 40°F/hr Criticality 60°F/hr Heatup 60°F/hr Criticality
T CF) P (psig) T CF) P (psig) T CF) P (psig) T CF) P (psig) T CF) P (psig) T CF) P (psig)
195 954 - - 195 951 - - 205 929 - -
200 988 - - 200 988 - - 210 968 - -
205 1026 - - 205 1026 - - 215 1011 - -
210 1067 - - 210 1067 - - 220 1058 - -
215 1113 - - 215 1113 - - 225 1110 - -
220 1164 - - 220 1164 - - 230 1168 - -
225 1220 - - 225 1220 - - 235 1232 - -
230 1277 - - 230 1276 - - 240 1302 - -
235 1340 - - 235 1334 - - 245 1379 - -
240 1409 - - 240 1398 - - 250 1465 - -
245 1486 - - 245 1469 - - 255 1560 - -
250 1571 - - 250 1547 - - 260 1664 - -
255 1665 - - 255 1634 - - 265 1779 - -
260 1769 - - 260 1729 - - 270 1901 - -
265 1883 - - 265 1835 - - 275 2020 - -
270 2010 - - 270 1951 - - 280 2150 - -
275 2150 - - 275 2080 - - 285 2295 - -
280 2304 - - 280 2222 - - 290 2454 - -
285 2474 - - 285 2378 - - - - - -
Table 6-2 North Anna Units 1 and 2 72 EFPY Leak Test Data Points using the 1998 Edition through
the 2000 Addenda Appendix G Methodology (W/ Ky, w/ Flange Requirements, and
w/o Margins for Instrumentation Errors or Pressure Correction)
Temperature Pressure

(°KF) (psig)

244.5 2000

262 2485
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Table 6-3 North Anna Units 1 and 2 72 EFPY Cooldown Curves Data Points using the 1998 Edition through the 2000 Addenda App. G
Methodology (w/ Ki., w/ Flange Requirements, and w/o Margins for Instrumentation Errors or Pressure Correction)
Steady-State -20°F/hr -40°F/hr -60°F/hr -100°F/hr
T P T P T P T P T P
CE) (psig) CF) (psig) CF) (psig) CF) (psig) CF) (psig)
60 621 60 614 60 575 60 535 60 452
65 621 65 617 65 577 65 537 65 455
70 621 70 619 70 580 70 540 70 458
75 621 75 621 75 583 75 543 75 461
80 621 80 621 80 586 80 546 80 464
85 621 85 621 85 590 85 550 85 469
90 621 90 621 90 594 90 554 90 473
95 621 95 621 95 598 95 559 95 478
98 621 98 621 100 603 100 564 100 484
98 678 98 640 105 609 105 570 105 491
100 680 100 642 110 615 110 577 110 499
105 685 105 647 115 622 115 584 115 507
110 690 110 653 120 630 120 592 120 516
115 697 115 659 125 638 125 601 125 527
120 703 120 667 130 648 130 611 130 539
125 711 125 675 135 658 135 623 135 552
130 719 130 684 140 670 140 635 140 566
135 729 135 693 145 683 145 649 145 582
140 739 140 704 150 697 150 664 150 601
145 750 145 716 155 713 155 682 155 621
150 763 150 730 160 731 160 701 160 643
155 776 155 745 165 750 165 722 165 668
160 792 160 761 170 772 170 745 170 695
165 809 165 779 175 796 175 771 175 726
170 827 170 799 180 822 180 800 180 760
175 848 175 821 185 852 185 832 185 798
180 871 180 846 190 884 190 867 190 - 840
185 896 185 873 195 920 195 906 195 886
190 924 190 903 200 960 200 949 200 938
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Table 6-3 North Anna Units 1 and 2 72 EFPY Cooldown Curves Data Points using the 1998 Edition through the 2000 Addenda App. G
Methodology (w/ Ki., w/ Flange Requirements, and w/o Margins for Instrumentation Errors or Pressure Correction)
Steady-State -20°FE/hr -40°F/hr -60°F/hr -100°F/hr
T P T P T P T P T P
_(CF) (psig) CF) (psig) (F) (psig) CF) (psig) CF) (psig)
195 954 195 936 205 1004 205 997 205 995
200 988 200 973 210 1053 210 1051 210 1051
205 1026 205 1014 215 1107 215 1107 215 1107
210 1067 210 1059 220 1163 220 1163 220 1163
215 1113 215 1108 225 1220 225 1220 225 1220
220 1164 220 1163 230 1282 230 1282 230 1282
225 1220 225 1220 235 1350 235 1350 235 1350
230 1282 230 1282 240 1426 240 1426 240 1426
235 1350 235 1350 245 1509 245 1509 245 1509
240 1426 240 1426 250 1601 250 1601 250 1601
245 1509 245 1509 255 1703 255 1703 255 1703
250 1601 250 1601 260 1816 260 1816 260 1816
255 1703 255 1703 265 1941 265 1941 265 1941
260 1816 260 1816 270 2078 270 2078 270 2078
265 1941 265 1941 275 2231 275 2231 275 2231
270 2078 270 2078 280 2399 280 2399 280 2399
275 2231 275 2231 - - - - - -
280 2399 280 2399 - - - - - -
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7 HEATUP AND COOLDOWN LIMITS APPLICABILITY AND
MARGIN ASSESSMENT

This section provides a comparison of the Heatup and Cooldown P-T limit curves currently implemented
in the North Anna Units 1 and 2 Technical Specifications (Reference 18) and the Heatup and Cooldown
P-T limit curves generated within this report.

The curves developed in this report (through 72 EFPY; without margins for instrumentation errors) are
shown as solid lines in Figures 7-1 through 7-4, while the curves developed from the data points (through
EOLE; without margins for instrumentation errors) are shown as dashed lines in Figures 7-1 through 7-4.
Data from WCAP-15112 (Reference 17) was chosen for comparison because it represents the basis for the
current Technical Specifications P-T limit curves (without adjustments for uncertainties or pressure
correction). The color scheme in Figures 7-1 through 7-4 correlates so that the solid and dashed lines have
an identical colors for each corresponding heatup or cooldown rate.

Figure 7-1 provides a side-by-side comparison of the heatup curves, with Table 7-2 providing the
quantification of the margin between the two curves. Figure 7-2 shows a magnified version of Figure 7-1
in the lower pressure and temperature region. Table 7-4 contains a summary of the available margin.

Figure 7-3 provides a side-by-side comparison of the cooldown curves, with Table 7-3 providing the
quantification of the margin between the two curves. Figure 7-4 shows a magnified version of Figure 7-3
in the lower pressure and temperature region. Table 7-5 contains a summary of the available margin.

Per Tables 7-4 and 7-5, the minimum pressure difference (at constant temperature) between the current P-T
limit curves and the new curves developed herein is 0 psid. However, the 0 psid margin is driven by the 10
CFR 50, Appendix G flange requirements (minimum temperature = minimum flange RTNp1u) + 120°F at
> 20% of the hydrostatic test pressure) which are identical for both sets of curves since both curves use a
limiting RTnpr value of -22°F. The minimum margin associated with the ASME Section XI, Appendix G
calculation is 1 psid, which applies to the 60°F/hr heatup curves below 100°F. The pressure margin is much
larger in the higher temperature ranges, as demonstrated in Tables 7-3 and 7-4. Using visual comparison of
the current Technical Specifications P-T limit curves and the new curves, aminimum temperature difference
(at constant pressure) of no less than 10°F is identified. The curve comparisons demonstrate that the current
EOLE curves are equal to or bounding at all pressure/temperature combinations.

Additionally, the minimum temperature for criticality of 541°F from Technical Specifications 3.4.2 bounds
the criticality curves developed herein. Thus, no changes are required to the minimum criticality
temperature.

These comparisons are made without instrument uncertainties or pressure corrections. Dominion has
reevaluated the instrument uncertainties and pressure corrections. A comparison of the recalculated
correction factors with those used in the Technical Specifications P-T limit curves are identified in
Table 7-1.
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Table 7-1 North Anna Units 1 and 2 Pressure and Temperature Correction Factors
Current TS Revised .
Type Value® Value® Units
. 59.06 (= 180°F) .
(©)
Pressure adjustment for head loss. 57 56.1 (< 180°F) psid
Pressure correction for instrument uncertainty. 70.1 ' 68.58 psid
Temperature correction for instrument uncertainty. 13.5 11.2 °F
Notes:

(a) Values were taken from Reference 20.
(b) Values were taken from SM-908, Addendum E (Reference 21).
(c¢) This value considers one reactor coolant pump (RCP), two RCP, and three RCP operation.

These correction factor changes are generally in the conservative direction; therefore, the changes do not
need to be qualified. The exception is the pressure adjustment at high temperatures, i.e. > 180°F. This non-
conservative change is accounted for with the margin between the two sets of P-T limit curves. Per
Tables 7-4 and 7-5, at > 180°F, the margin is greater than 50 psid. Therefore, there is sufficient margin to
account for the 2.06 psid non-conservative increase in the pressure adjustment (59.06 psid - 57 psid).
Therefore, when the margin and adjustments are considered together, the current Technical Specifications
P-T limit curves remain conservative.

P-T Limit Curve Applicability Conclusion

In conclusion, the margins between the curves developed herein and the current Technical Specifications
P-T limit curves illustrate that the current Technical Specifications P-T limit curves remain applicable
through 72 EFPY for the beltline region. Since the P-T limits remain applicable, the current Technical
Specifications P-T limit curves remain valid through SLR.

Low Temperature Qverpressure Protection (LTOP) Applicability Conclusion

The maximum allowable Low Temperature Overpressure Protection System (LTOPS) pressurizer Power
Operated Relief Valve (PORV) setpoint was calculated to be <400 psig when any RCS cold leg temperature
is < 180°F and < 558 psig when any RCS cold leg temperature is < 280°F for the North Anna Units 1 and
2 SLR program. The calculation was performed in accordance with the WCAP-14040-A (Reference 2)
methodology using critical LTOPS input parameters provided by Dominion, updated results of the design
basis mass injection (MI) and heat injection (HI) transients, and the limiting axial flaw steady state
Appendix G limits from WCAP-15112 (Reference 17) that were determined to be applicable for SLR
through 72 EFPY for North Anna Units 1 and 2.

The evaluation showed that the current Technical Specifications value of <375 psig when any RCS cold
leg temperature is < 180°F and < 540 psig when any RCS cold leg temperature is <280°F maintain margin
to the maximum allowable settings calculated for SLR throughout the range of LTOP applicability.
Therefore, the current LTOPS settings are bounding and can be maintained for SLR through 72 EFPY for
North Anna Units 1 and 2.
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Summary of Conclusions
e The current P-T limit curves in the North Anna Power Station Technical Specifications (Reference 18)
remain valid through 72 EFPY.

e Thenozzle P-T limit curves (documented in Appendix B) are bounded by the current North Anna Power
Station Technical Specifications (Reference 18) P-T limit curves through 72 EFPY, and other Reactor
Coolant Pressure Boundary ferritic components have been addressed (see Appendix C).

e The current Technical Specifications PORV setpoints remain valid for SLR through 72 EFPY.
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Table 7-2 North Anna Units 1 and 2 Heatup P-T Limit Curve Pressure Margin Summary Between
the Current P-T Limit Curves and the New P-T Limit Curves to 72 EFPY
T 20°F/hr. Heatup 40°F/hr. Heatup 60°F/hr. Heatup
(e(g;) " | New® TS® | Margin©® | New® TS® | Margin® | New® TS® | Margin®
(psig) | (psig) (psid) (psig) | (psig) (psid) (psig) | (psig) (psid)

60 621 621 0 621 621 0 619 618 1
65 621 621 0 621 621 0 619 618 1
70 621 621 0 621 621 0 619 618 1
75 621 621 0 621 621 0 619 618 1
80 621 621 0 621 621 0 619 618 1
85 621 621 0 621 621 0 619 618 1
90 621 621 0 621 621 0 619 618 1
95 621 621 0 621 621 0 619 618 1
98 621 621 0 621 621 0 - 618 -
98 678 664 14 647 640 7 - 618 -
100 680 666 14 649 640 9 620 618 2
105 685 670 15 653 642 11 621 618 3
110 690 674 16 659 645 14 624 618 6
115 697 679 18 665 649 16 628 619 9
120 703 684 19 673 654 19 633 621 12
125 711 690 21 681 660 21 639 624 15
130 719 696 23 690 666 24 646 629 17
135 729 703 26 700 674 26 654 634 20
140 739 711 28 711 683 28 663 640 23
145 750 719 31 724 692 32 673 647 26
150 763 729 34 738 703 35 685 656 29
155 776 739 37 753 715 38 697 665 32
160 792 751 41 770 728 42 711 676 35
165 809 764 45 789 743 46 727 688 39
170 827 778 49 809 759 50 744 701 43
175 848 794 54 832 777 55 763 716 47
180 871 811 60 858 797 61 784 732 52
185 896 830 66 886 819 67 808 751 57
190 924 851 73 916 843 73 834 771 63
195 954 875 79 951 870 81 863 793 70
200 988 901 87 988 900 88 894 818 76
205 1026 929 97 1026 929 97 929 846 83
210 1067 961 106 1067 961 106 968 876 92
215 1113 995 118 1113 995 118 1011 910 101
220 1164 1034 130 1164 1034 130 1058 947 111
225 1220 1077 143 1220 1077 143 1110 988 122
230 1277 1124 153 1276 1124 152 1168 1033 135
235 1340 1176 164 1334 1176 158 1232 1083 149
240 1409 1233 176 1398 1233 165 1302 1138 164
245 1486 1291 195 1469 1289 180 1379 1199 180
250 1571 1356 215 1547 1349 198 1465 1266 199
255 1665 1427 238 1634 1415 219 1560 1340 220
260 1769 1506 263 1729 1487 242 1664 1422 242
265 1883 1593 290 1835 1567 268 1779 | Note (d) -
270 2010 1690 320 1951 1656 295 1901 1613 288
275 2150 1796 354 2080 1754 326 2020 1719 301
280 2304 1913 391 2222 1862 360 2150 1818 332
285 2474 2043 431 2378 1981 397 2295 1928 367
290 - 2187 - - 2113 - 2454 2049 405
295 - 2345 - - 2258 - - 2183 -
300 - - - - - - - 2330 -

Notes contained on following page. Dashes in the table indicate that a value is not applicable.
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Notes:
(a) Data points for the newly developed P-T limit curves are generated in Section 6 of this report.

(b) Data points for the current P-T limit curves were generated in WCAP-15112 (Reference 17), which forms the
basis of the current Technical Specifications (TS) P-T limit curves without uncertainties or adjustments.

(c) Margin equals New P-T limit curve data point minus WCAP-15112 P-T limit curve data point for each
temperature and rate.

(d) WCAP-15112 (Reference 17) does not provide a 60°F/hr heatup data point at 265°F.
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Table 7-3 North Anna Units 1 and 2 Cooldown P-T Limit Curve Pressure Margin Summary Between the Current P-T Limit Curves and the New P-T
Limit Curves to 72 EFPY
Temp Steady-State -20°F/hr. -40°F/hr. -60°F/hr. ~-100°F/hr.
F) " | New® | TS® | Margin® | New® | TS® | Margin® | New® | TS® | Margin® | New® | TS® | Margin® | New® | TS® | Margin®
(psig) | (psig) | (psid) | (psig) | (psig) | (psid) | (psig) | (psig) | (psid) | (psig) | (psig) | (psid) | (psig) | (psig) | (psid)
60 621 621 0 614 606 8 575 566 9 535 525 10 452 441 11
65 621 621 0 617 608 9 577 568 10 537 527 10 455 442 12
70 621 621 0 619 610 9 580 570 10 540 529 11 458 444 13
75 621 621 0 621 612 9 583 572 11 543 531 12 461 447 14
80 621 621 0 621 614 7 586 574 12 546 533 13 464 449 15
85 621 621 0 621 617 4 590 577 13 550 536 14 469 452 16
90 621 621 0 621 620 1 594 580 14 554 539 15 473 455 18
95 621 621 0 621 621 0 598 583 15 559 542 16 478 459 19
98 621 621 0 621 621 0 - - - - - - - - -
98 678 664 13 640 625 15 - - - - - - - - -
100 680 666 14 642 627 15 603 587 16 564 546 18 484 464 21
105 685 670 15 647 631 16 609 591 18 570 551 19 491 468 23
110 690 674 16 653 635 18 615 596 19 577 556 21 499 474 25
115 697 679 18 659 640 19 622 601 21 584 561 23 507 480 27
120 703 684 20 667 645 21 630 607 23 592 567 25 516 487 29
125 711 690 21 675 652 23 638 613 25 601 574 27 527 495 32
130 719 696 23 684 658 25 648 620 27 611 582 30 539 503. 35
135 729 703 26 693 666 28 658 628 30 623 590 33 552 513 38
140 739 711 28 704 674 30 670 637 33 635 599 36 566 524 42
145 750 719 31 716 683 33 683 647 36 649 610 39 582 536 46
150 763 729 34 730 693 37 697 657 40 664 622 43 601 550 51
155 776 739 37 745 704 40 713 669 43 682 634 47 621 565 56
160 792 751 41 761 717 44 731 683 48 701 649 52 643 582 61
165 809 764 45 779 731 48 750 698 53 722 665 57 668 600 67
170 827 778 49 799 746 53 772 714 58 745 682 63 695 621 74
175 848 794 54 821 763 59 796 732 64 771 702 69 726 644 82
180 871 811 60 846 781 65 822 752 70 800 724 76 760 670 90
185 896 830 66 873 802 71 852 775 77 832 748 84 798 699 99
190 924 851 72 903 825 78 884 799 85 867 775 92 840 730 109
195 954 875 80 936 850 86 920 827 94 906 804 102 886 766 120
200 988 901 88 973 878 95 960 857 103 949 837 112 938 805 133
205 1026 929 97 1014 909 105 1004 890 114 997 874 124 995 848 147
210 1067 961 107 1059 943 116 1053 927 126 1051 914 136 1051 896 154
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Table 7-3 North Anna Units 1 and 2 Cooldown P-T Limit Curve Pressure Margin Summary Between the Current P-T Limit Curves and the New P-T
Limit Curves to 72 EFPY
Temp Steady-State -20°F/hr. -40°F/hr. -60°F/hr. -100°F/hr.
(°F) " | New® | TS® | Margin® | New® | TS® | Margin® | New® | TS® | Margin® | New® | TS® | Margin® | New® | TS® | Margin®©
(psig) | (psig) | (psid) | (psig) | (psig) | (psid) | (psig) | (psig) | (psid) | (psig) | (psig) | (psid) | (psig) | (psig) | (psid)
215 1113 995 118 1108 981 128 1107 968 139 1107 959 148 1107 949 158
220 1164 1034 130 1163 1023 141 1163 1014 149 1163 1008 155 1163 1009 155
225 1220 1077 143 1220 1069 151 1220 1064 155 1220 1063 157 1220 1074 146
230 1282 1124 158 1282 1120 162 1282 1120 162 1282 1124 158 1282 1124 158
235 1350 1176 174 1350 1176 174 1350 1176 174 1350 1176 174 1350 1176 174
240 1426 1233 192 1426 1233 192 1426 1233 192 1426 1233 192 1426 1233 192
245 1509 1297 212 1509 1297 212 1509 1297 212 1509 1297 212 1509 1297 212
250 1601 1367 234 1601 1367 234 1601 1367 234 1601 1367 234 1601 1367 234
255 1703 1444 259 1703 1444 259 1703 1444 259 1703 1444 259 1703 1444 259
260 1816 1530 286 1816 1530 286 1816 1530 286 1816 1530 286 1816 1530 286
265 1941 1625 316 1941 1625 316 1941 1625 316 1941 1625 316 1941 1625 316
270 2078 1730 349 2078 1730 349 2078 1730 349 2078 1730 349 2078 1730 349
275 2231 1846 385 2231 1846 385 2231 1846 385 2231 1846 385 2231 1846 385
280 2399 1973 425 2399 1973 425 2399 1973 425 2399 1973 425 2399 1973 425
285 - 2115 - - 2115 - - 2115 - - 2115 - - 2115 -
290 - 2271 - - 2271 - - 2271 - - 2271 - - 2271 -
295 - 2444 - - 2444 - - 2444 - - 2444 - - 2444 -
Notes:

(a) Data points for the newly developed P-T limit curves are generated in Section 6 of this report. Dashes in the table indicate that a value is not applicable.

(b) Data points for the current P-T limit curves were generated in WCAP-15112 (Reference 17), which forms the basis of the current Technical Specifications
(TS) P-T limit curves without uncertainties or adjustments.

(c) Margin equals New P-T limit curve data point minus WCAP-15112 P-T limit curve data point for each temperature and rate. Dashes in the table indicate that
a value is not applicable.
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Table 7-4 North Anna Units 1 and 2 Heatup Margin Summary Between the Current
' P-T Limit Curves and the New P-T Limit Curves to 72 EFPY
20°F/hr. 40°F/hr. 60°F/hr.
Temperature | Pressure Margin | Pressure Margin | Pressure Margin
CF) (psig) (psig) (psig)
60 0 0 1
65 0 0 1
70 0 0 1
75 0 0 1
80 0 0 1
85 0 0 1
90 0 0 1
95 0 0 1
98 14 7 -
100 14 9 2
105 15 11 3
110 16 14 6
115 18 16 9
120 19 19 12
125 21 21 15
130 23 24 17
135 26 26 20
140 28 28 23
145 31 32 26
150 34 35 29
155 37 38 32
160 41 42 35
165 45 46 39
170 49 50 43
175 54 55 47
180 60 61 52
185 66 67 57
190 73 73 63
195 79 81 70
200 87 88 76
205 97 97 83
210 106 106 92
215 118 118 101
220 130 130 111
225 143 143 122
230 153 152 135
235 164 158 149
240 176 165 164
245 195 180 180
250 215 198 199
255 238 219 220
260 263 242 242
265 290 268 -
270 320 295 288
275 354 326 301
280 391 360 332
285 431 397 367
290 - - 405
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Table 7-5 North Anna Units 1 and 2 Cooldown Margin Summary Between the Current P-T Limit Curves
and the New P-T Limit Curves to 72 EFPY
Steady State -20°F/hr. -40°F/hr. -60°F/hr. -100°F/hr.
Temperature | Pressure Margin | Pressure Margin | Pressure Margin | Pressure Margin | Pressure Margin
(°F) (psig) (psig) (psig) (psig) (psig
60 0 8 9 10 11
65 0 9 10 10 12
70 0 9 10 11 13
75 0 9 11 12 14
80 0 7 12 13 15
85 0 4 13 14 16
90 0 1 14 15 18
95 0 0 15 16 19
98 13 15 - - -
100 14 15 16 18 21
105 15 16 18 19 23
110 16 18 19 21 25
115 18 19 21 23 27
120 20 21 23 25 29
125 21 23 25 27 32
130 23 25 27 30 35
135 26 28 30 33 38
140 28 30 33 36 42
145 31 33 36 39 46
150 34 37 40 43 51
155 37 40 43 47 56
160 41 44 48 52 61
165 45 48 53 57 67
170 49 53 58 63 74
175 54 59 64 69 82
180 60 65 70 76 90
185 66 71 77 84 99
190 72 78 85 92 109
195 80 86 94 102 120
200 88 95 103 112 133
205 97 105 114 124 147
210 107 116 126 136 154
215 118 128 139 148 158
220 130 141 149 155 155
225 143 151 155 157 146
230 158 162 162 158 158
235 174 174 174 174 174
240 192 192 192 192 192
245 212 212 212 212 212
250 234 234 234 234 234
255 259 259 259 259 259
260 286 286 286 286 286
265 316 316 316 316 316
270 349 349 349 349 349
275 385 385 385 385 385
280 425 425 425 425 425
285 470 - - - -
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APPENDIX A THERMAL STRESS INTENSITY FACTORS (K

Tables A-1 and A-2 contain the thermal stress intensity factors (Ky) for the maximum heatup and cooldown
rates at 72 EFPY for North Anna Units 1 and 2 based on the Section 6 P-T limit curves. The reactor vessel
cylindrical shell radii to the 1/4T and 3/4T locations are as follows:

e 1/4T Radius = 80.575 inches
e 3/4T Radius = 84.414 inches
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.

Table A-1 K¢ Values for North Anna Units 1 and 2 60°F/hr Heatup Curve at 72 EFPY
(w/o Margins for Instrument Errors)
Vessel
| gt | VT | Vot | 341 s
Temp. 1/4T Location for . o .
CF) 60°F/hr Heatup Inten51.tz'/ .Factor for 60 Fihr Heatup Intens1'tz'/ Factor
CF) (ksi Vin.) (°F) (ksi Vin.)

60 56.623 -1.062 55.200 0.608

65 60.067 -2.336 56.104 1.594

70 63.664 -3.196 57.938 2.314

75 67.622 -3.941 60.474 2.888

80 71.803 -4.472 63.543 3.327

85 76.142 -4.922 67.044 3.676

90 80.649 -5.251 70.866 3.945

95 85.231 -5.532 74.941 4.160

100 89.927 -5.739 79.204 4.330

105 94.656 -5.921 83.615 4.469

110 99.462 -6.056 88.140 4.581

115 104.281 -6.178 92.753 4.673

120 109.150 -6.270 97.434 4.749

125 114.024 -6.356 102.168 4.813

130 118.931 -6.422 106.944 4.867

135 123.838 -6.486 111.751 4.915

140 128.767 -6.536 116.583 4.956

145 133.695 -6.587 121.434 4.993

150 138.638 -6.628 126.301 5.027

155 143.579 -6.670 131.179 5.058

160 148.529 -6.706 136.066 5.087

165 153.477 -6.744 140.960 5.114

170 158.432 -6.776 145.859 5.140

175 163.386 -6.811 150.763 5.166

180 168.343 -6.841 155.670 5.190

185 173.299 -6.874 160.580 5.214

190 178.258 -6.903 165.492 5.237

195 183.216 -6.935 170.405 5.260
200 188.176 -6.964 175319 5.283
205 193.136 -6.995 180.235 5.306
210 198.095 -7.023 185.150 5.328
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Table A-2 Ki: Values for North Anna Units 1 and 2 -100°F/hr Cooldown Curve at 72 EFPY
(w/o Margins for Instrument Errors)

Water Vessel Tempe.rature at -100°F/hr Cooldown
Temp. 1/4;F Location for 1/4T Th(frmal Stress
F) -100°F/hr Cooldown IntenSI.ty Factor

(°F) (ksi Vin.)
210 231.258 12.630
205 226.188 12.577
200 221.117 12.525
195 216.047 12.473
190 210.977 12.420
185 205.907 12.368
180 200.837 12.316
175 195.766 12.263
170 190.697 12.212
165 185.627 12.159
160 180.557 12.108
155 175.487 12.056
150 170.418 12.004
145 165.348 11.952
140 160.279 11.901
135 155.209 11.849
130 150.140 11.798
125 145.071 11.747
120 140.002 11.696
115 134.933 11.645
110 129.865 11.594
105 124.796 11.543
100 119.728 11.493
95 114.659 11.442
90 109.591 11.392
85 104.523 11.342
80 99.455 11.292
75 94.387 11.241
70 89.319 11.192
65 84.252 11.142
60 79.186 11.091
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APPENDIX B REACTOR VESSEL INLET AND OUTLET NOZZLES
COOLDOWN PRESSURE-TEMPERATURE LIMITS

Reactor vessel non-beltline materials may define pressure-temperature (P-T) limit curves that are more
limiting than those calculated for the reactor vessel cylindrical shell beltline materials. Reactor vessel
nozzles, penetrations, and other discontinuities have complex geometries that can exhibit significantly
higher stresses than those for the reactor vessel beltline shell region. These higher stresses can potentially
result in more restrictive P-T limits, even if the reference temperatures (RTnpt) for these components are
not as high as those of the reactor vessel beltline shell materials that have simpler geometries.

The methodology contained in WCAP-14040-A, Revision 4 (Reference B-1) was used in the main body of
this report to develop P-T limit curves for the limiting North Anna Units 1 and 2 cylindrical shell beltline
material; however, WCAP-14040-A, Revision 4 does not consider ferritic materials in the non-cylindrical
area adjacent to the beltline, specifically the stressed inlet and outlet nozzles. Due to the geometric
discontinuity, the inside corner regions of these nozzles are the most highly stressed ferritic components
outside the beltline region of the reactor vessel; therefore, these components are analyzed in this Appendix.
P-T limit curves are determined for the reactor vessel nozzle corner region for North Anna Units 1 and 2
and compared to the P-T limit curves for the reactor vessel traditional beltline region in order to determine
if the nozzles can be more limiting than the reactor vessel beltline as the plant ages and the vessel
accumulates more neutron fluence. The increase in neutron fluence as the plant ages causes a concern for
embrittlement of the reactor vessel above the beltline region. Therefore, the P-T limit curves are developed
for the nozzle inside corner region since the geometric discontinuity results in high stresses due to internal
pressure and the cooldown transient. The cooldown transient is analyzed as it results in tensile stresses at
the inside surface of the nozzle corner.

A 1/4T axial flaw is postulated at the inside surface of the reactor vessel nozzle corner, and stress intensity
factors are determined based on the rounded curvature of the nozzle geometry. The allowable pressure is
then calculated based on the fracture toughness of the nozzle material and the stress intensity factors for the
1/4T flaw.

Allowable pressures are determined for a given temperature based on the fracture toughness of the limiting
nozzle material along with the appropriate pressure and thermal stress intensity factors. The North Anna
Units 1 and 2 nozzle fracture toughness used to determine the P-T limits is calculated using the Kic
methodology and limiting inlet and outlet nozzle ART values. The stress intensity factor correlations used
for the nozzle corners are provided in an Oak Ridge National Laboratory study, ORNL/TM-2010/246
(Reference B-2), and are consistent with those in ASME PVP2011-57015 (Reference B-3). The
methodology includes postulating an inside surface 1/4T nozzle corner flaw, and calculating through-wall
nozzle corner stresses for a cooldown rate of 100°F/hour.

The through-wall stresses at the nozzle corner location were fitted based on a third-order polynomial of the
form:

6= Agt+ A xtA, x> HA X3
where,

o = through-wall stress distribution
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x = through-wall distance from inside surface

Ao, A1, Az, Az = coefficients of polynomial fit for the third-order polynomial, used in the stress
intensity factor expression discussed below.

The stress intensity factors generated for a rounded nozzle corner for the pressure and thermal gradient

loads were calculated based on the methodology provided in ORNL/TM-2010/246. The stress intensity
factor expression for a rounded corner is:

2a a? 433
Ki=+/ma|0.706Ay+ 0.537 (;) Ayt 0.448( = | A+ 0393 e A;

where,
K; = stress intensity factor for a circular corner crack on a nozzle with a rounded inner radius
corner
a = crack depth at the nozzle corner, for use with 1/4T (25% of the wall thickness)

An outside surface flaw in the nozzle was not considered because the pressure stress is significantly lower
at the outside surface than the inside surface. A heatup nozzle P-T limit curve is also not provided since it
would be less limiting than the cooldown nozzle P-T limit curves shown in this section for an inside surface
flaw. Additionally, the cooldown transient is more limiting than the heatup transient since it results in
tensile stresses (rather than compressive stresses) at the inside surface of the nozzle corner.

Figures B-1 and B-2 show the most limiting 72 EFPY inlet and outlet nozzle P-T limit curves for North
Anna Units 1 and 2 based on limiting ART values of 34.8°F and 8.0°F for the inlet and outlet nozzles,
respectively, as determined from Tables 5-6 and 5-9 using surface fluence in the main body of this report.
The nozzle P-T limits are provided for a cooldown rate of 100°F/hr, along with a steady-state curve. Also
shown in Figures B-1 and B-2 are the North Anna Units 1 and 2 beltline EOLE cooldown P-T limit curves
from WCAP-15112 (Reference B-4). These beltline cooldown P-T limit curves are the basis for the
cooldown P-T limit curves currently implemented in the North Anna Power Station Technical
Specifications and were shown to be valid through SLR, i.e. 72 EFPY, in Section 7 of this report.

Conclusion

Based on the results shown in Figures B-1 and B-2, it is concluded that the nozzle P-T limits are bounded
by the traditional cylindrical beltline curves. Therefore, the P-T limits provided in WCAP-15112 remain
limiting for the beltline and non-beltline reactor vessel components.
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Figure B-1 Comparison of North Anna (72 EFPY for Units 1 and 2) Inlet Nozzle Cooldown P-T
Limits (Kjc) with the Beltline Cylindrical Shell P-T limits (Kic) Without Margins for
Instrument Error or Pressure Correction and With Flange Requirements
(ARTinlet nozzle = 34.80F)
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Figure B-2 Comparison of North Anna (72 EFPY for Units 1 and 2) Outlet Nozzle Cooldown P-T
Limits (Ki.) with Beltline Cylindrical Shell P-T limits (Ki;) Without Margins for
Instrument Error or Pressure Correction and With Flange Requirements
(ARToutlet nozzle = S-OOF)
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APPENDIX C OTHER RCPB FERRITIC COMPONENTS

10 CFR Part 50, Appendix G (Reference C-1), requires that all Reactor Coolant Pressure Boundary (RCPB)
components meet the requirements of Section III of the ASME Code. The lowest service temperature
requirement (L.ST) for all RCPB components, which is specified in NB-2332(b) and NB-3211 of Section
11T of the ASME Code, is the relevant requirement that would affect the pressure-temperature (P-T) limits.
This requirement is applicable to ferritic materials outside of the reactor vessel with a nominal wall
thickness greater than 2 % inches, such as piping, pumps and valves (Reference C-2).

The North Anna Units 1 and 2 reactor coolant systems do not contain ferritic materials in the Class 1 piping,
pumps and valves per Section 4.3 of this report. Therefore, the LST requirements of NB-2332(b) and NB-
3211 are not applicable to the North Anna Units 1 and 2 P-T limits. ‘

The other ferritic RCPB components that are not part of the reactor vessel beltline or extended beltline in
North Anna Units 1 and 2 consist of the replacement reactor vessel closure heads, repaired steam generators,
and pressurizers.

The replacement reactor vessel closure head materials do not affect the flange requirements considered in
the development of the North Anna Power Station Technical specifications P-T limits. Additionally, the
replacement reactor vessel closure heads for Units 1 and 2 were constructed to the French Construction
Code (RCC-M) 1993 Edition with 1st Addenda June 1994, 2nd Addenda June 1995, 3rd Addenda June
1996 and Modification Sheets FM 797, 798, 801, 802, 803, 804, 805, 806, and 807. The sizing calculations
and stress and fatigue analyses were performed to Section III of the ASME Code, 1995 Edition through
1996 Addenda. The Design Report and Report of Reconciliation certify that the closure head meets the
design requirements for the ASME Code Section III 1968 Edition through Winter 1968 Addenda (Reference
C-3).

The steam generators were designed and analyzed to the 1968 Edition through Winter 1968 Addenda of
Section III of the ASME Code, and met all applicable requirements at the time of construction. Portions of
the steam generators were repaired, and these portions were fabricated and manufactured in accordance
with the 1986 Edition of Section III of the ASME Code (Reference C-3). Therefore, no further
consideration is necessary for these components with regards to P-T limits.

The pressurizers were designed and analyzed to the 1968 Edition through Winter 1968 Addenda of Section
IIT of the ASME Code, and met all applicable requirements at the time of construction (Reference C-3). No
further consideration is necessary for these components with regards to P-T limits.

C.1 REFERENCES

C-1.  Code of Federal Regulations, 10 CFR Part 50, Appendix G, “Fracture Toughness Requirements,”
U.S. Nuclear Regulatory Commission, Federal Register, Volume 60, No. 243, dated December 19,
1995.

C-2.  ASME Boiler and Pressure Vessel (B&PV) Code, Section II1, Division 1, Subsection NB, “Class 1 -
Components.”

C-3.  North Anna Power Station (NAPS) Updated Final Safety Analysis Report (UFSAR), Amendment
No. 54, September 2018.
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APPENDIXD LTOP SYSTEM ENABLE TEMPERATURE

ASME Code Case N-641 (Reference D-1) presents alternative procedures for calculating pressure-
temperature relationships and low temperature overpressure protection (LTOP) system effective
temperatures, Te, and allowable pressures. The procedures provided in Code Case N-641 take into account
alternative fracture toughness properties, circumferential and axial reference flaws, and plant-specific
LTOP effective temperature calculations.

Per ASME Code Case N-641, the LTOP system shall be effective below the higher temperature determined
in accordance with (1) and (2) in the following list. Alternatively, LTOP systems shall be effective below
the higher temperature determined in accordance with (1) and (3) in the following list.

(1) acoolant temperature® of 200°F

(2) a coolant temperature® corresponding to a reactor vessel metal temperature®, for all vessel
beltline materials, where T, is defined for inside axial surface flaws as RTnpr + 40°F, and 7. is
defined for inside circumferential surface flaws as RTnpr - 85°F.

(3) a coolant temperature® corresponding to a reactor vessel metal temperature®, for all vessel
beltline materials, where T. is calculated on a plant-specific basis for axial and circumferential

reference flaws using the following equation:

T. =RTxpr + 50 In [((F * M (pRi / 1)) — 33.2) / 20.734]

Where,

F = 1.1, accumulation factor for safety relief valves

Mm = the value of My, determined in accordance with G-2214.1, Vin.
p = vessel design pressure, ksig

R; = vessel inner radius, in.

t = vessel wall thickness, in.

Notes:
(a) The coolant temperature is the reactor coolant inlet temperature.

(b) The vessel metal temperature is the temperature at a distance 1/4 of the vessel section thickness from the
clad/base metal interface in the vessel beltline region. RTwpr is the highest adjusted reference
temperature (for weld or base metal in the beltline region) at a distance 1/4 of the vessel section thickness
from the vessel clad/base metal interface as determined by Regulatory Guide 1.99, Revision 2 (Reference
D-2).

Using the ASME Code Case N-641 equations and the following inputs, the North Anna Units 1 and 2 LTOP
system minimum enable temperature using Cases 2 and 3 was determined.
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RTwpr =205°F for 72 EFPY (at 1/4T per Table 5-1)

F =1.1

Mmn =2.566 Vin. (See Section 4 for equations used to calculate My,)
p =2.485 ksig

R; =78.656 in.

t =7.677 in.

The LTOP system shall be effective below the higher temperature determined in accordance with (1) and
(2) in the preceding list, which results in a 7.= 245°F for 72 EFPY. Alternatively, LTOP systems shall be
effective below the higher temperature determined in accordance with (1) and (3) above, which results in a
T.=236.2°F for 72 EFPY. Since Item (3) is less than Item (2), the minimum enable temperature will be
based on 7,=236.2°F.

The enable temperature determined for the fastest heatup rate will result in the highest enable temperature
and will bound the enable temperature for all other heatup, cooldown, and isothermal conditions. During
a 60°F/hr heatup, the 1/4T metal temperature will reach 236.2°F when the coolant temperature is equal to
249°F. Since this temperature is also greater than 200°F [Item (1) above], the minimum required enable
temperature (without margins for instrument uncertainty) is a coolant temperature equal to 249°F for
72 EFPY.

D.1 REFERENCES

D-1. ASME Code Case N-641, “Alternative Pressure-Temperature Relationship and Low Temperature
Overpressure Protection System Requirements Section XI, Division 1,” ASME International,

January 17, 2000.

D-2.  U.S. Nuclear Regulatory Commission, Office of Nuclear Regulatory Research, Regulatory Guide
1.99, Revision 2, “Radiation Embrittlement of Reactor Vessel Materials,” May 1988.
[ADAMS Accession Number ML003740284]
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APPENDIX E CREDIBILITY EVALUATION OF THE NORTH ANNA
UNITS 1 AND 2 SURVEILLANCE PROGRAMS

Regulatory Guide 1.99, Revision 2 (Reference E-1) describes general procedures acceptable to the NRC
staff for calculating the effects of neutron radiation embrittlement of the low-alloy steels currently used for
light-water-cooled reactor vessels. Positions 2.1 and 2.2 of Regulatory Guide 1.99, Revision 2, describe
the method for calculating the adjusted reference temperature and Charpy upper-shelf energy of reactor
vessel beltline materials using surveillance capsule data. The methods of Positions 2.1 and 2.2 can only be
applied when two or more credible surveillance data sets become available from the reactor in question.

To date there have been three surveillance capsules removed and tested from each of the North Anna Units 1
and 2 reactor vessels. The Unit 1 forging and weld surveillance data are judged to be non-credible based
on the five criteria in Regulatory Guide 1.99, Revision 2. The Unit 2 weld surveillance data are judged to
be credible based on the five criteria in Regulatory Guide 1.99, Revision 2; however, the Unit 2 forging
surveillance data are judged to be non-credible. Appendix I contains an explanation of the North Anna
licensing basis for the use of credible / non-credible surveillance data.

Table E-1 reviews the five criteria in Regulatory Guide 1.99, Revision 2. The following subsections
evaluate each of these five criteria for North Anna Units 1 and 2 in order to determine the credibility of the
surveillance data for use in neutron radiation embrittlement calculations.

It should be noted that this report also uses surveillance data from Sequoyah Units 1 and 2 surveillance
programs. The credibility conclusions for the surveillance data from these programs are contained in
WCAP-17539-NP (Reference E-2), Appendix A. The conclusions in WCAP-17539-NP will not be
readdressed here as the use of surveillance data in this report does not affect the credibility conclusions.

Table E-1
Regulatory Guide 1.99, Revision 2, Credibility Criteria
Criterion o
No. Description
1 Materials in the capsules should be those judged most likely to be controlling with regard to

radiation embrittlement.

Scatter in the plots of Charpy energy versus temperature for the irradiated and unirradiated
2 conditions should be small enough to permit the determination.of the 30 ft-Ibs temperature and
upper-shelf energy unambiguously.

‘When there are two or more sets of surveillance data from one reactor, the scatter of ARTnpt
values about a best-fit line drawn as described in Regulatory Position 2.1 normally should be
less than 28°F for welds and 17°F for base metal. Even if the fluence range is large (two or
3 more orders of magnitude), the scatter should not exceed twice those values. Even if the data
fail this criterion for use in shift calculations, they may be credible for determining decrease in
upper-shelf energy if the upper shelf can be clearly determined, following the definition given
in ASTM E185-82.

The irradiation temperature of the Charpy specimens in the capsule should match the vessel

4 wall temperature at the cladding/base metal interface within +/- 25°F.
5 The surveillance data for the correlation monitor material in the capsule should fall within the
scatter band of the database for that material.
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E.1 NORTH ANNA UNIT 1 CREDIBILITY EVALUATION

Criterion 1: Materials in the capsules should be those judged most likely to be controlling with regard
to radiation embrittlement.

The North Anna Unit 1 reactor vessel consists of the following beltline region materials, which likely would
have been considered at the time the surveillance program was designed and licensed:

a) Upper Shell Forging

b) Intermediate Shell Forging

c) Lower Shell Forging

d) Intermediate to Lower Shell Circumferential Weld
e) Upper to Intermediate Shell Circumferential Weld

At the time that the North Anna Unit 1 surveillance program was designed and licensed, the materials
selected for use in the North Anna Unit 1 surveillance program (Lower Shell Forging 03 and the
Intermediate to Lower Shell Circumferential Weld) were those judged to be most likely controlling with
regard to radiation embrittlement according to the accepted methodology. These materials remain limiting

with respect to fluence and ART. Thus, the North Anna Unit 1 surveillance program meets the intent of this

Criterion 2: Scatter in the plots of Charpy energy versus temperature for the irradiated and
unirradiated conditions should be small enough to permit the determination of the
. 30 ft-1bs temperature and upper-shelf energy unambiguously.

The surveillance capsule analysis report, BAW-2356 (Reference E-3), which supports the Position 2.1
chemistry factor calculations, was reviewed and it was determined that this criterion is met.

Criterion 3: When there are two or more sets of surveillance data from one reactor, the scatter of
ARTnpr values about a best-fit line drawn as described in Regulatory Position 2.1
normally should be less than 28°F for welds and 17°F for base metal. Even if the fluence
range is large (two or more orders of magnitude), the scatter should not exceed twice
those values. Even if the data fail this criterion for use in shift calculations, they may be
credible for determining decrease in upper-shelf energy if the upper shelf can be clearly
determined, following the definition given in ASTM E185-82.

The functional form of the least squares method as described in Regulatory Position 2.1 will be utilized to
determine a best-fit line for this data and to determine if the scatter of these ARTxpt values about this line
is less than 28°F for welds and less than 17°F for the forgings.

Following is the calculation of the best-fit line as described in Regulatory Position 2.1 of Regulatory Guide
1.99, Revision 2. In addition, the recommended NRC methods for determining credibility will be followed.
The NRC methods were presented to the industry at a meeting held by the NRC on February 12 and 13,
1998 (Reference E-4). At this meeting the NRC presented five cases. Of the five cases, Case 1
(“Surveillance data available from plant but no other source”) most closely represents the situation for the
North Anna Unit 1 surveillance forging and weld material.
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Case 1: Lower Shell Forging 03 and Weld Heat # 25531
Following the NRC Case 1 guidelines, the North Anna Unit 1 surveillance forging and weld metal (Heat #

25531) will be evaluated using the North Anna Unit 1 data. Only North Anna Unit 1 data is being
considered; therefore, no temperature adjustment is required.

The scatter of ARTnpr values about the functional form of a best-fit line drawn as described in Regulatory
Position 2.1 is presented in Table E.1-1.

Table E.1-1
North Anna Unit 1 Surveillance Capsule Data Scatter about the Best-Fit Line
Using All Available Surveillance Data

0
CF® Capsule Measured | Predicted Scatter (Bazi 17\’IF tal)
Material Capsule | (Slopebest.t) | Fluence FF ARTxor® | ARTnor | ARTnpT® <28°]§‘
o 19 2 o o o
CF) | (x 10" n/em?) (°F) (°F) (°F) (Weld)
\" 81.68 0.306 0.675 51 55.2 4.2 Yes
Lower Shell
Forging 03 U 81.68 0.914 0.975 116 79.6 36.4 No
(Tangential)
W 81.68 2.05 1.196 93 97.7 4.7 Yes
A% 81.68 0.306 0.675 29 55.2 26.2 No
Lower Shell
Forging 03 18] 81.68 0914 0.975 72 79.6 7.6 Yes
(Axial)
W 81.68 2.05 1.196 96 97.7 1.7 Yes
\" 67.53 0.306 0.675 88 45.6 42.4 No
Surveillance
Weld Material 18) 67.53 0914 0.975 30 65.8 35.8 No
(Heat # 25531)
W 67.53 2.05 1.196 86 80.7 5.3 Yes
Notes:

(a) Since the Position 2.1 CFs in Table 3-4 did not consider chemistry or temperature adjustments the interim CFs are equal
to the Position 2.1 CFs calculated in Table 3-4 of this report.

(b) ARTnprT values are the measured 30 fi-Ibs shift values taken from BAW-2356 (Reference E-3).
(¢) Scatter ARTnpT = Absolute Value [Predicted AR Tnot — Measured ARTwpr].

For North Anna (see Appendix I), if one or more of the surveillance data fall outside +/- 1¢ scatter band of
the Position 2.1 CF trend line then the data is considered non-credible. Table E.1-1 indicates that only four
of the six surveillance data points fall inside the +/- 16 of 17°F scatter band for surveillance base metals.
Therefore, the forging data is deemed “non-credible” per the third criterion.

Table E.1-1 indicates that two of the three surveillance data points fall outside the +/- 1o of 28°F scatter
band for surveillance weld materials. Therefore, the surveillance weld data is deemed “non-credible” per
the third criterion. :
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Criterion 4: The irradiation temperature of the Charpy specimens in the capsule should match the
vessel wall temperature at the cladding/base metal interface within +/- 25°F.

The capsule specimens are located in the reactor between the thermal shield and the vessel wall and are
positioned opposite the center of the core. The test capsules are in guide tubes attached to the thermal
shield. The location of the specimens with respect to the reactor vessel beltline provides assurance that the
reactor vessel wall and the specimens experience equivalent operating conditions such that the temperatures
will not differ by more than 25°F. Hence, this criterion is met.

Criterion 5: The surveillance data for the correlation monitor material in the capsule should fall
within the scatter band of the database for that material.

The North Anna Unit 1 surveillance program does not contain correlation monitor material. Hence, this
criterion is not applicable to the North Anna Unit | surveillance program.

CONCLUSION:

Based on the preceding responses to the five criteria of Regulatory Guide 1.99, Revision 2, Section B, the
Lower Shell Forging 03 and weld Heat # 25531 surveillance data are deemed non-credible.
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E.2 NORTH ANNA UNIT 2 CREDIBILITY EVALUATION

Criterion 1: Materials in the capsules should be those judged most likely to be controlling with regard to
radiation embrittlement.

The North Anna Unit 2 reactor vessel consists of the following beltline region materials, which likely would
have been considered at the time the surveillance program was designed and licensed:

a) Upper Shell Forging

b) Intermediate Shell Forging

c¢) Lower Shell Forging

d) Intermediate to Lower Shell Circumferential Weld
e) Upper to Intermediate Shell Circumferential Weld

At the time that the North Anna Unit 2 surveillance program was designed and licensed, the materials
selected for use in the North Anna Unit 2 surveillance program (Intermediate Shell Forging 04 and the
Intermediate to Lower Shell Circumferential Weld) were those judged to be most likely controlling with
regard to radiation embrittlement according to the accepted methodology. These materials remain limiting

with respect to ART. Thus, the North Anna Unit 2 surveillance program meets the intent of this criterion.

Criterion 2: Scatter in the plots of Charpy energy versus temperature for the irradiated and
unirradiated conditions should be small enough to permit the determination of the
30 ft-1bs temperature and upper-shelf energy unambiguously.

The surveillance capsule analysis report, BAW-2376 (Reference E-5), which supports the Position 2.1
chemistry factor calculations, was reviewed and it was determined that this criterion is met.

Criterion 3: When there are two or more sets of surveillance data from one reactor, the scatter of
ARTnpr values about a best-fit line drawn as described in Regulatory Position 2.1
normally should be less than 28°F for welds and 17°F for base metal. Even if the fluence
range is large (two or more orders of magnitude), the scatter should not exceed twice
those values. Even if the data fail this criterion for use in shift calculations, they may be
credible for determining decrease in upper-shelf energy if the upper shelf can be clearly
determined, following the definition given in ASTM E185-82.

The functional form of the least squares method as described in Regulatory Position 2.1 will be utilized to
determine a best-fit line for this data and to determine if the scatter of these ARTnpr values about this line
is less than 28°F for welds and less than 17°F for the forgings.

Following is the calculation of the best-fit line as described in Regulatory Position 2.1 of Regulatory Guide
1.99, Revision 2. In addition, the recommended NRC methods for determining credibility will be followed.
The NRC methods were presented to the industry at a meeting held by the NRC on February 12 and 13,
1998 (Reference E-4). At this meeting the NRC presented five cases. Of the five cases, Case 1
(“Surveillance data available from plant but no other source”) most closely represents the situation for the
North Anna Unit 2 surveillance forging and weld material.
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Case 1: Intermediate Shell Forging 04 and Weld Heat # 716126

Following the NRC Case 1 guidelines, the North Anna Unit 2 surveillance forging and weld metal (Heat #
716126) will be evatuated using the North Anna Unit 2 data. Only North Anna Unit 2 data is being
considered; therefore, no temperature adjustment is required.

The scatter of ARTnpr values about the functional form of a best-fit line drawn as described in Regulatory
Position 2.1 is presented in Table E.2-1.

Table E.2-1
North Anna Unit 2 Surveillance Capsule Data Scatter about the Best-Fit Line
Using All Available Surveillance Data

(o)
CF® Capsule Measured | Predicted Scatter ('Ba::z\’lital)
Material Capsule | (Slopevestnit) |  Fluence FF ARTvor® | ARTnor | ARTNDT® 8°F
(¢) 19 2 (o) (¢] ()
(°F) (x 10¥ n/cm?) (°F) (°F) (°F) (Weld)
\" 53.44 0.286 0.658 19 35.2 16.2 Yes
Intermediate
Shell Forging 04 U 53.44 0.985 0.996 33 53.2 20.2 No
(Tangential)
w 53.44 2.08 1.199 86 64.1 21.9 No
v 53.44 0.286 0.658 21 352 14.2 Yes
Intermediate
Shell Forging 04 U 53.44 0.985 0.996 66 53.2 12.8 Yes
(Axial)
w 53.44 2.08 1.199 65 64.1 0.9 Yes
v 26.61 0.286 0.658 18 17.5 0.5 Yes
Surveillance
Weld Material 8] 26.61 0.985 0.996 8 26.5 18.5 Yes
(Heat # 716126)
w 26.61 2.08 1.199 47 31.9 15.1 Yes
Notes:

(a) Since the Position 2.1 CFs in Table 3-6 did not consider chemistry or temperature adjustments the interim CFs are equal
to the Position 2.1 CFs calculated in Table 3-6.

(b) ARTwnprt values are the measured 30 ft-1bs shift values taken from BAW-2376 (Reference E-5).
(c) Scatter ARTnpr = Absolute Value [Predicted ARTnpr — Measured ARTxpr].

For North Anna (see Appendix I), if one or more of the surveillance data fall outside +/- 1 scatter band of
the Position 2.1 CF trend line then the data is considered non-credible. Table E.2-1 indicates that only
four of the six surveillance data points fall inside the +/- 1o of 17°F scatter band for surveillance base
metals. Therefore, the forging data is deemed “non-credible” per the third criterion.

Table E.2-1 indicates that all three of the three surveillance data points for the surveillance weld materials
fall inside the +/- 1o of 28°F scatter band. Therefore, the surveillance weld data is deemed “credible” per
the third criterion.
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Criterion 4: The irradiation temperature of the Charpy specimens in the capsule should match the
vessel wall temperature at the cladding/base metal interface within +/- 25°F.

The capsule specimens are located in the reactor between the thermal shield and the vessel wall and are
positioned opposite the center of the core. The test capsules are in guide tubes attached to the thermal
shield. The location of the specimens with respect to the reactor vessel beltline provides assurance that the
reactor vessel wall and the specimens experience equivalent operating conditions such that the temperatures
will not differ by more than 25°F. Hence, this criterion is met.

Criterion 5: The surveillance data for the correlation monitor material in the capsule should fall
within the scatter band of the database for that material.

The North Anna Unit 2 surveillance program does not contain correlation monitor material. Hence, this

criterion is not applicable to the North Anna Unit 2 surveillance program.

CONCLUSION:

Based on the preceding responses to the criteria of Regulatory Guide 1.99, Revision 2, Section B, the
Intermediate Shell Forging 04 surveillance data are deemed non-credible; however, the weld Heat # 716126
surveillance data are deemed credible.

E.3 REFERENCES

E-1.  U.S. Nuclear Regulatory Commission, Office of Nuclear Regulatory Research, Regulatory Guide
1.99, Revision 2, “Radiation Embrittlement of Reactor Vessel Materials,” May 1988.
[ADAMS Accession Number ML003740284]

E-2.  Westinghouse Report WCAP-17539-NP, Revision 0, “Sequoyah Units 1 and 2 Time-Limited
Aging Analysis on Reactor Vessel Integrity,” March 2012. [ADAMS Accession Number
ML130324253]

E-3. BAW-2356, “Analysis of Capsule W Virginia Power North Anna Unit No. 1 Nuclear Power Plant,
Reactor Vessel Material Surveillance Program,” September.1999.

E-4. K. Wichman, M. Mitchell, and A. Hiser, US NRC, Generic Letter 92-01 and RPV Integrity
Workshop Handouts, “NRC/Industry Workshop on RPV Integrity Issues,” February 12, 1998.
[ADAMS Accession Number ML110070570]

E-5. BAW-2376, “Analysis of Capsule W Virginia Power North Anna Unit No. 2 Nuclear Power Plant,
Reactor Vessel Material Surveillance Program,” August 2000.
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APPENDIXF  NORTH ANNA UNITS 1 AND 2 UPPER-SHELF ENERGY
EVALUATION AT 72 EFPY

F.1  INTRODUCTION

The decrease in Charpy upper-shelf energy (USE) is associated with the determination of acceptable RPV
toughness during the license renewal period when the vessel is exposed to additional irradiation.

The requirements on USE are included in 10 CFR 50, Appendix G (Reference F-1). 10 CFR 50,
Appendix G requires utilities to submit an analysis at least 3 years prior to the time that the USE of any
RPV material is predicted to drop below 50 ft-Ib, as measured by Charpy V-notch specimen testing.

There are two methods that can be used to predict the decrease in USE with irradiation, depending on the
availability of credible surveillance capsule data as defined in Regulatory Guide 1.99, Revision 2
(Reference F-2). For vessel beltline materials that are not in the surveillance program or have non-credible
data, the Charpy USE (Position 1.2) is assumed to decrease as a function of fluence and copper content, as
indicated in Regulatory Guide 1.99, Revision 2. When two or more credible surveillance sets become
available from the reactor, they may be used to determine the Charpy USE of the surveillance material. The
surveillance data are then used in conjunction with the Regulatory Guide to predict the change in USE
(Position 2.2) of the RPV material due to irradiation. Per Regulatory Guide 1.99, Revision 2, when credible
data exist, the Position 2.2 projected USE value should be used in preference to the Position 1.2 projected
USE value. Note, if data from the surveillance materials is determined to be non-credible for determination
of ARTnpt by Credibility Criterion 3 of Regulatory Guide 1.99, Revision 2, then “they may be credible for
determining decrease in upper-shelf energy if the upper shelf can be clearly determined, following the
definition given in ASTM E 185-82.”

The 72 EFPY Position 1.2 USE values of the vessel materials can be predicted using the corresponding
1/4T fluence projections, the copper content of the materials, and Figure 2 in Regulatory Guide 1.99,
Revision 2 (see Figures F-1 and F-3 of this report).

The predicted Position 2.2 USE values are determined for the reactor vessel materials that are contained in
the surveillance program by using the reduced plant surveillance data along with the corresponding 1/4T
fluence projection. The reduced plant surveillance data was obtained from Table 7-6 of BAW-2356
(Reference F-3) for North Anna Unit 1. The reduced plant surveillance data was obtained from Table 7-6
of BAW-2376 (Reference F-4) for North Anna Unit 2. The surveillance data was plotted in Regulatory
Guide 1.99, Revision 2, Figure 2 (see Figures F-2 and F-4 of this report) using the surveillance capsule
fluence values documented in Table 2-1 of this report for North Anna Unit 1 and Table 2-2 of this report for
North Anna Unit 2. This data was fitted by drawing a line parallel to the existing lines as the upper bound
of all the surveillance data. These reduced lines were used instead of the existing lines to determine the
Position 2.2 SLR USE values.

The projected USE values were calculated to determine if the North Anna Units 1 and 2 beltline and
extended beltline materials remain above the 50 ft-1b criterion at 72 EFPY (SLR). These calculations are
summarized in Tables F-1 and F-2. Fluence values corresponding to the lowest extent of the nozzle welds
at the surface were used to conservatively calculate the projected USE values for the nozzle forgings.
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F.2  CONCLUSION

For North Anna Unit 1, the limiting USE value at 72 EFPY is 50.0 ft-Ib (see Table F-1); this value
corresponds to Inlet Nozzle Forging 11 using Position 1.2. The Unit 1 Inlet Nozzle 11 USE value set equal
to 50 ft-lbs results in a projected drop of 10.7%. A review of Regulatory Guide 1.99, Revision 2, Figure 2
resulted in a conservative estimate of approximately 11%, but the figure has limited precision. A decrease
of 10.7% is considered appropriate based on the following conservativism in the calculations. The
estimated % decrease is based on a fluence of 2 x 10" n/cm? (E > 1.0 MeV), which is the lowest fluence
line displayed in Regulatory Guide 1.99, Revision 2, Figure 2. The actual fluence is projected to be roughly
half this, i.e. 1.20 x 10'7 n/cm? (E > 1.0 MeV), at the lowest extent of the nozzle weld and would be even
lower at higher axial elevations. In addition, the fluence would be further decreased if attenuation to the
1/4T location were considered. These additional decreases in fluence would raise the projected USE of
Unit 1 Inlet Nozzle 11 above 50 ft-Ibs. As shown in Table F-1, all North Anna Unit 1 reactor vessel
materials are projected to remain at or above the USE screening criterion value of 50 ft-Ibs at 72 EFPY.

For North Anna Unit 2, the limiting USE value at 72 EFPY is 48.2 ft-Ib (see Table F-2); this value
corresponds to the Intermediate Shell Forging 04 using Position 2.2. Position 2.2 was used to determine
the Unit 2 Intermediate Shell Forging 04 USE value even though its surveillance data was deemed non-
credible per Appendix E. Per Regulatory Guide 1.99, Revision 2, this is appropriate since the upper shelf
can be clearly determined from the surveillance test results. As shown in Table F-2, all other North Anna
Unit 2 reactor vessel materials are projected to remain above the USE screening criterion value of 50 ft-1bs
at 72 EFPY.

The North Anna Unit 2 Intermediate Shell Forging 04 reactor vessel material, which is projected to drop
below 50 ft-Ibs USE at SLR, is addressed in the equivalent margins analysis (EMA) performed under
PWROG PA-MSC-1481. to qualify the material at 72 EFPY. The material-specific EMA in PA-MSC-1481
is underway, and must be submitted at least 3 years prior to the USE dropping below 50 ft-1bs. The Unit 2
Intermediate Shell Forging 04 is projected to drop below 50 ft-Ibs at 52.3 EFPY (EOLE), which is projected
to occur in 2040.

In addition to the material discussed above, PA-MSC-1481 includes EMAs for all of the following materials
at each Unit for conservativism.

e Upper Shell Forging

o Intermediate Shell Forging
e Inlet Nozzle Forgings
e Outlet Nozzle Forgings
o Inlet Nozzle Welds
e Outlet Nozzle Welds
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Table F-1 Predicted USE Values at 72 EFPY (SLR) for North Anna Unit 1

Wt % %‘llfinscg(l; Unirradiated Prggged Projected SLR
Reactor Vessel Material Heat # e - 2 USE® 9 USE
Cu® (x 10¥ n/em?, (ft-Ibs) Decrease! (fe-Ibs)
E > 1.0 MeV) (%)
Position 1.2
. 990286 /
Upper Shell Forging 05 295213 0.16 0.192 72 17.0 59.8
Upper to Intermediate Shell
Circumferential Weld 25295 0.352 0.221 112 34.0 73.9
(OD 94%)
Upper to Intermediate Shell
Circumferential Weld 4278 0.12 0.221 105 18.5 85.6
(ID 6%)®
Intermediate Shell 990311/
Forging 04 298244 0.12 4.46 91 30.0 63.7
Intermediate to Lower Shell
Circumferential Weld 25531 0.098 4.44 95 345 622
. 990400 /
Lower Shell Forging 03 299332 0.156 4.54 85 36.0 54.4
Inlet Nozzle Forging 09 to ©
Upper Shell Weld 0.00898 72 0.0 72.0
Inlet Nozzle Forging 10 to
Upper Shell Weld 0.0313 72 26.0 533
Inlet Nozzle Forging 11 to '
Upper Shell Weld 0.0120 72 24.0 54.7
Outlot Nozale Forene 12 Rotterdam 0.35
utlet Nozzle Forging 12 to
Upper Shell Weld 0.0182 72 24.0 54.7
Outlet Nozzle Forging 13 to ©
Upper Shell Weld 0.00522 72 0.0 72.0
Outlet Nozzle Forging 14 to ©
Upper Shell Weld 0.00697 72 0.0 72.0
Inlet Nozzle Forging 09 990290-11 0.13 0.00898 71 0.0© 71.0
Inlet Nozzle Forging 10 990290-12 0.13 0.0313 58 10.0 522
Inlet Nozzle Forging 11 990268-21 0.18 0.0120 56 10.7® 50.0@
Outlet Nozzle Forging 12 990290-31 0.13 0.0182 66 9.0 60.1
Outlet Nozzle Forging 13 990290-22 0.13 0.00522 59 0.0© 59.0
Outlet Nozzle Forging 14 990290-21 0.13 0.00697 59 0.0® 59.0
Position 2.2@
Intermediate to Lower Shell ®
Cireumferential Weld 25531 0.098 4.44 95 27.0 69.4
. 990400 /
(b)
Lower Shell Forging 03 292332 0.156 4.54 85 36.0 54.4
Notes on the following page.
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Notes:

@

Copper weight percent values and unirradiated USE values were taken from Table 3-1 of this report.

(b) Values taken from Table 5-2. The surface fluence at the lowest extent of the nozzle to upper shell weld centerline was used

©

(d)

©
®

(&

(h)

to represent the inlet and outlet nozzle forgings and associated welds. Fluence values above 1 x 10'7 n/cm? but below 2 x 1017
n/em? (E > 1.0 MeV) were rounded to 2 x 10'7 n/cm? (E > 1.0 MeV) when determining the % decrease because 2 x 10'7 n/cm?
is the lowest fluence displayed in Figure 2 of the Guide.

The Position 1.2 USE decrease values were calculated by plotting the 1/4T fluence values onto Figure 2 of Regulatory Guide
1.99, Revision 2 and using the material-specific Cu wt. % values. Base metal and weld Cu wt. % lines were extended into the
low fluence area of Regulatory Guide 1.99, Revision 2, Figure 2, i.e., below 10'® n/cm?, in order to determine the USE %
decrease as needed.

Calculated using surveillance capsule measured percent decrease in USE from BAW-2356 (Reference F-3) and Regulatory
Guide 1.99, Revision 2, Position 2.2; see Figure F-2. .

Embrittlement effects only need to be considered if the fluence is greater than 10'7 n/cm? (E > 1.0 MeV).

Since this inner diameter (ID) weld is only 6% of the vessel thickness, the weld is not present at the 1/4T location; hence, it is
not applicable to this calculation. It is presented for information only.

The Unit 1 Inlet Nozzle 11 USE value is set equal to 50 fi-Ibs which results in a projected drop of 10.7%. A review of
Regulatory Guide 1.99, Revision 2, Figure 2 resulted in a conservative estimate of approximately 11%, but the figure has
limited precision. A decrease of 10.7% is considered appropriate based on the following conservativism in the calculations.
The estimated % decrease is based on a fluence of 2 x 10'7 n/cm? (E > 1.0 MeV), which is the lowest fluence line displayed
in Regulatory Guide 1.99, Revision 2, Figure 2. The actual fluence is projected to be roughly half this, i.e. 1.20 x 10'7 n/cm?
(E > 1.0 MeV), at the lowest extent of the nozzle weld and would be even lower at higher axial elevations. In addition, the
fluence would be further decreased if attenuation to the 1/4T location were considered. These additional decreases in fluence
would raise the projected USE of Unit 1 Inlet Nozzle 11 above 50 ft-1bs.

Position 2.2 was used to determine the Unit 1 Lower Shell Forging 03 and the Intermediate to Lower Shell Weld USE value
even though the surveillance data were deemed non-credible per Appendix E. Per Regulatory Guide 1.99, Revision 2, this is
appropriate since the upper shelf can be clearly determined from the surveillance test results.
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Westinghouse Non-Proprietary Class 3 F-5
Table F-2 Predicted USE Values at 72 EFPY (SLR) for North Anna Unit 2
Wt. % :T/l‘:l:nsclt;(l; Unirradiated Pr%lse;:t ed Projected
Reactor Vessel Material Heat # "0 1 N USE® SLR USE
Cu®@ (x 10" n/cm?, (fe-Ibs) Decrease(® (ft-Ibs)
E > 1.0 MeV) (%)
Position 1.2
. 990598 /
Upper Shell Forging 05 291396 0.08 0.194 72 13.0 62.6
Upper to Intermediate Shell
Circumferential Weld 4278 0.12 0.224 105 18.5 85.6
(OD 94%)
Upper to Intermediate Shell
Circumferential Weld 801 0.18 0.224 75 23.0 57.8
(ID 6%)®
Intermediate Shell 990496 /
Forging 04 290494 0.107 4.54 72 28.0 51.8
Intermediate to Lower Shell
Ciroumferential Weld 716126 0.066 4.53 109 29.0 77.4
. 990533/
Lower Shell Forging 03 297355 0.13 4.63 80 32.0 544
Inlet Nozzle Forging 09 to ©
Upper Shell Weld 0.00826 75 0.0 75.0
Inlet Nozzle Forging 10 to
Upper Shell Weld 0.0314 75 17.0 62.3
Inlet Nozzle Forging 11 to
Upper Shell Weld 8816 0.0118 75 15.0 63.8
Outlet Nozale Foraing 12 20459 0.23
utlet Nozzle Forging 12 to 27622
Upper Shell Weld 0.0182 75 15.0 63.8
Outlet Nozzle Forging 13 to ©
Upper Shell Weld 0.00479 75 0.0 75.0
Outlet Nozzle Forging 14 to ©
Upper Shell Weld 0.00687 75 0.0 75.0
Inlet Nozzle Forging 09 990426 0.19 0.00826 56 0.0© 56.0
Inlet Nozzle Forging 10 54567-2 0.14 0.0314 77 10.5 68.9
Inlet Nozzle Forging 11 54590-2 0.155 0.0118 75 10.0 67.5
Outlet Nozzle Forging 12 990426-22 0.19 0.0182 60 11.5 53.1
Outlet Nozzle Forging 13 990426-31 0.19 0.00479 56 0.0® 56.0
Outlet Nozzle Forging 14 791291 0.12 0.00687 74 0.0© 74.0
Position 2.2
Intermediate Shell 990496 /
(]
Forging 04 292424 0.107 4.54 72 33.0 48.2(€
Intermediate to Lower Shell
Cireumferential Weld 716126 0.066 4.53 109 28.0 78.5
Notes on the following page.
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Westinghouse Non-Proprietary Class 3 F-6

Notes:

@
(®

©

d

©
®

@

Copper weight percent values and unirradiated USE values were taken from Table 3-2 of this report.

Values taken from Table 5-3. The surface fluence at the lowest extent of the nozzle to upper shell weld centerline was used
to represent the inlet and outlet nozzle forgings and associated welds. Fluence values above 1 x 10'7 n/cm? but below 2 x 1017
n/cm? (E > 1.0 MeV) were rounded to 2 x 107 n/em? (E > 1.0 MeV) when determining the % decrease because 2 x 10!7 n/cm?
is the lowest fluence displayed in Figure 2 of the Guide.

The Position 1.2 USE decrease values were calculated by plotting the 1/4T fluence values onto Figure 2 of Regulatory Guide
1.99, Revision 2 and using the material-specific Cu wt. % values. Base metal and weld Cu wt. % lines were extended into the
low fluence area of Regulatory Guide 1.99, Revision 2, Figure 2, i.e., below 10!® n/cm?, in order to determine the USE %
decrease as needed.

Calculated using surveillance capsule measured percent decrease in USE from BAW-2376 (Reference F-4) and Regulatory
Guide 1.99, Revision 2, Position 2.2; see Figure F-4.

Embrittlement effects only need to be considered if the fluence is greater than 10! n/cm? (E > 1.0 MeV).

Since this inner diameter (ID) weld is only 6% of the vessel thickness, the weld is not present at the 1/4T location; hence, it is
not applicable to this calculation. It is presented for information only.

Position 2.2 was used to determine the Unit 2 Intermediate Shell Forging 04 USE value even though its surveillance data was
deemed non-credible per Appendix E. Per Regulatory Guide 1.99, Revision 2, this is appropriate since the upper shelf can be
clearly determined from the surveillance test results.

WCAP-18363-NP March 2020
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Figure F-1

Fluence for North Anna Unit 1 at SLR (72 EFPY)

Regulatory Guide 1.99, Revision 2, Position 1.2 Predicted Decrease in Upper-Shelf Energy as a Function of Copper and
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Figure F-2

Regulatory Guide 1.99, Revision 2, Position 2.2 Predicted Decrease in Upper-Shelf Energy as a Function of Copper and
Fluence for North Anna Unit 1 at SLR (72 EFPY)
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Figure F-3

Fluence for North Anna Unit 2 at SLR (72 EFPY)

Regulatory Guide 1.99, Revision 2, Position 1.2 Predicted Decrease in Upper-Shelf Energy as a Function of Copper and
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Regulatory Guide 1.99, Revision 2, Position 2.2 Predicted Decrease in Upper-Shelf Energy as a Function of Copper and
Fluence for North Anna Unit 2 at SLR (72 EFPY)
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APPENDIX G MATERIAL PROPERTY INPUT COMPARISON

This appendix provides tables which compare the material property input values utilized in this report, taken
from PWROG-18005-NP (Reference G-1), with those utilized in Dominion calculation SM-1008,
Addendum 00M (Reference G-2) and the North Anna Power Station Updated Final Safety Analysis Report
(UFSAR) (Reference G-3), as applicable.

As shown in Tables G-1 and G-2, several materials in North Anna Units 1 and 2 had initial RTxpr values
that increased as a result of using the material properties defined in PWROG-18005-NP (Reference G-1).
However, these increases do not result in changes to the North Anna Power Station EOLE P-T limit curves
or in violations of the 10 CFR 50.61 Pressurized Thermal Shock (PTS) limits. The materials with initial
RTwpr values that increased are not the limiting materials in the previous evaluations of the P-T limits from
WCAP-15112 and PTS analyses of record (AOR), nor are the initial RTnpr increases significant enough to
make the associated materials limiting. Therefore, these increases do not adversely affect the P-T limit
curves or PTS analyses of record (AOR) for EOLE.

As shown in Tables G-5 and G-6, several materials in North Anna Units 1 and 2 have initial USE values
that decreased as a result of using the material properties defined in PWROG-18005-NP (Reference G-1).
However, these decreases are not significant enough to cause the USE results in the AOR, SM-1008
(Reference G-2), to violate the USE screening criterion of 10 CFR 50, Appendix G (Reference G-6) for
EOLE.

WCAP-18363-NP March 2020
Revision 1

*** This record was final approved on 3/31/2020 8:40:08 AM. (This-statement was added by the PRIME system upon its validation)
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Table G-1 Comparison of Previous and Current Initial RTnpr Values for North Anna Unit 1

Previous Current
. . . Initial Initial
Material Identification RTnpr® RTxpr®
(°F) (°F)
Replacement Reactor Vessel Closure Head Flange 76 76
(Heat # E4483/E4484)
Reactor Vessel Flange 06
(Heat # 522582) -22 22
Inlet Nozzle 09 (Heat # 990290-11) -26 -14
Inlet Nozzle 10 (Heat # 990290-12) -22 -10
Inlet Nozzle 11 (Heat # 990268-21) 3 8
Outlet Nozzle 12 (Heat # 990290-31) -3 -6
Outlet Nozzle 13 (Heat # 990290-22) -22 -7
Outlet Nozzle 14 (Heat # 990290-21) -4 8
Inlet Nozzle to Upper Shell Welds --- 30
Outlet Nozzle to Upper Shell Welds --- 30
Upper Shell Forging 05 6 1
(Heat # 990286 / 295213)
Upper to Intermediate Shell Circumferential Weld (OD 94%) 0 -40
(Heat # 25295) ‘
Upper to Intermediate Shell Circumferential Weld (ID 6%) 0 4
(Heat # 4278)
Intermediate Shell Forging 04 17 6
(Heat # 990311 / 298244)
Intermediate to Lower Shell Circumferential Weld 19 2
(Heat # 25531) .
Lower Shell Forging 03 38 33
(Heat # 990400 / 292332)

Notes:

(a) The original initial RTnpt values were taken from the North Anna Power Station UFSAR, Table 5.2-26 (Reference G-3), as
available. These values are consistent with those documented in Dominion Calculation SM-1008 (Reference G-2); however,

some initial RTnpt values are only listed in the UFSAR or only listed in SM-1008. The UFSAR values are identified as
historic.

(b) Current initial RTnpt values correspond to the values utilized herein. In some cases, these values have been updated or defined
based on evaluation in PWROG-18005-NP (Reference G-1).
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G-3

Table G-2 Comparison of Previous and Current Initial RTnpr Values for North Anna Unit 2

Previous Current Initial
Material Identification Initial RTnpr® RTnpr®
(°F) (°F)
Replacement Reactor Vessel Closure Head Flange 49 49
(Heat # H1681/H1682)
Reactor Vessel Flange 06
(Heat # 523000) 22 22
Inlet Nozzle Forging 9 (Heat # 990426) 20 11
Inlet Nozzle Forging 10 (Heat # 54567-2) 13 5
Inlet Nozzle Forging 11 (Heat # 54590-2) -21 -31
Outlet Nozzle Forging 12 (Heat # 990426-22) 1 8
Outlet Nozzle Forging 13 (Heat # 990426-31) 3 1
Outlet Nozzle Forging 14 (Heat # 791291) -19 -22
Inlet Nozzle to Upper Shell Welds (Multiple Heats) --- 30
Outlet Nozzle to Upper Shell Welds (Multiple Heats) --- 30
Upper Shell Forging 05 9 8
(Heat # 990598 / 291396)
Upper to Intermediate Shell Circumferential Weld (OD 94%) 0 4
(Heat # 4278)
Upper to Intermediate Shell Circumferential Weld (ID 6%) 0 10
(Heat # 801)
Intermediate Shell Forging 04 75 69
(Heat # 990496 / 292424)
Intermediate to Lower Shell Circumferential Weld .48 67
(Heat # 716126)
Lower Shell Forging 03 56 37
(Heat # 990533 / 297355)

Notes:

(a) The original initial RTnoT values were taken from the North Anna Power Station UFSAR, Table 5.2-27 (Reference G-3), as
available. These values are consistent with those documented in Dominion Calculation SM-1008 (Reference G-2); however,
some initial RTxpr values are only listed in the UFSAR or only listed in SM-1008. The UFSAR values are identified as

historic.

(b) Current initial RTnpt values correspond to the values utilized herein. In some cases, these values have been updated or defined

based on evaluation in PWROG-18005-NP (Reference G-1).
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Table G-3 Comparison of Previous and Current o Values for North Anna Unit 1
. . . Previous 6/® | Current o;®
Material Identification (°F) (°F)
Replacement Reactor Vessel Closure Head Flange . 0
(Heat # E4483/E4484)
Reactor Vessel Flange 06 L 0
(Heat # 522582)
Inlet Nozzle 09 (Heat # 990290-11) --- 0
Inlet Nozzle 10 (Heat # 990290-12) - 0
Inlet Nozzle 11 (Heat # 990268-21) --- 0
Outlet Nozzle 12 (Heat # 990290-31) --- 0
Outlet Nozzle 13 (Heat # 990290-22) --- 0
Outlet Nozzle 14 (Heat # 990290-21) --- 0
Inlet Nozzle to Upper Shell Welds --- 0
Outlet Nozzle to Upper Shell Welds --- 0
Upper Shell Forging 05 30 0
(Heat # 990286 / 295213)
Upper to Intermediate Shell Circumferential Weld (OD 94%) 20 0
(Heat # 25295)
Upper to Intermediate Shell Circumferential Weld (ID 6%) 20 0
(Heat # 4278)
Intermediate Shell Forging 04 0 0
(Heat # 990311 / 298244)
Intermediate to Lower Shell Circumferential Weld 0 0
(Heat # 25531)
Lower Shell Forging 03 0 0
(Heat # 990400 / 292332)

Notes:

(a) The previous o1 values were taken from Dominion Calculation SM-1008 (Reference G-2), as applicable.

(b) Current o1 values correspond to the values utilized herein. In some cases, these values have been updated or defined based on

evaluation in PWROG-18005-NP (Reference G-1).
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Table G-4 Comparison of Previous and Current o; Values for North Anna Unit 2
. e s Previous 6/® | Current o/
Material Identification F) °F)
Replacement Reactor Vessel Closure Head Flange . 0
(Heat # H1681/H1682)
Reactor Vessel Flange 06 . 0
(Heat # 523000)
Inlet Nozzle Forging 9 (Heat # 990426) --- 0
Inlet Nozzle Forging 10 (Heat # 54567-2) --- 0
Inlet Nozzle Forging 11 (Heat # 54590-2) --- 0
Outlet Nozzle Forging 12 (Heat # 990426-22) --- 0
Outlet Nozzle Forging 13 (Heat # 990426-31) --- 0
Outlet Nozzle Forging 14 (Heat # 791291) --- 0
Inlet Nozzle to Upper Shell Welds (Multiple Heats) - 0
Outlet Nozzle to Upper Shell Welds (Multiple Heats) --- 0
Upper Shell Forging 05 30 0
(Heat # 990598 / 291396)
Upper to Intermediate Shell Circumferential Weld (OD 94%) 20 0
(Heat # 4278)
Upper to Intermediate Shell Circumferential Weld (ID 6%) 20 0
(Heat # 801)
Intermediate Shell Forging 04 0 0
(Heat # 990496 / 292424)
Intermediate to Lower Shell Circumferential Weld 0 0
(Heat # 716126)
Lower Shell Forging 03 0 0
(Heat # 990533 / 297355)

Notes:
(a) The previous o1 values were taken from Dominion Calculation SM-1008 (Reference G-2), as applicable.

(b) Current o1 values correspond to the values utilized herein. In some cases, these values have been updated or defined based on
evaluation in PWROG-18005-NP (Reference G-1).
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Table G-5 Comparison of Previous and Current Unirradiated USE Values

for North Anna Unit 1
Previous Current
. . . Unirradiated | Unirradiated
Material Identification USE® USE®
(ft-1bs) (ft-1bs)
Replacement Reactor Vessel L 187
Closure Head Flange (Heat # E4483/E4484)
Reactor Vessel Flange 06 (Heat # 522582) (}2; > 108
Inlet Nozzle 09 (Heat # 990290-11) (16096) >71
Inlet Nozzle 10 (Heat # 990290-12) (gg) >58
Inlet Nozzle 11 (Heat # 990268-21) (gg) 56
Outlet Nozzle 12 (Heat # 990290-31) (16050) > 66
Outlet Nozzle 13 (Heat # 990290-22) (gg) >59
Outlet Nozzle 14 (Heat # 990290-21) (gg) >59
Inlet Nozzle to Upper Shell Welds --- 72
Outlet Nozzle to Upper Shell Welds --- 72
Upper Shell Forging 05 39© 7
(Heat # 990286 / 295213) (60)
Upper to Intermediate Shell Circumferential Weld (OD 94%) 111 112
(Heat # 25295)
Ubpper to Intermediate Shell Circumferential Weld (ID 6%) 105 105
(Heat # 4278)
Intermediate Shell Forging 04 9 91
(Heat # 990311 /298244)
Intermediate to Lower Shell Circumferential Weld 102 05
(Heat # 25531)
Lower Shell Forging 03 85 85
(Heat # 990400 / 292332)
Notes contained on the following page.
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Notes:

() The original unirradiated USE values were taken from the North Anna Power Station UFSAR, Table 5.2-26
(Reference G-3). These values are consistent with those documented in Dominion Calculation SM-1008 (Reference G-2),
unless otherwise noted. Some unirradiated USE values are only listed in the UFSAR and reported in the strong direction, i.e.,
parallel to the major working direction. In this case, the strong direction USE is shown in parenthesis and the weak direction
USE is determined by multiplying the strong direction USE by 65% per BTP 5-3, Position 1.2 (Reference G-4). The UFSAR
values are identified as historic.

(b) Current Unirradiated USE values correspond to the values utilized herein. In some cases, these values have been updated or
defined based on evaluation in PWROG-18005-NP (Reference G-1). A greater than or equal to symbol, “>”, identifies a
material with no available upper shelf data; thus, the initial USE values for these materials were conservatively estimated
based on the highest recorded absorbed energy points. '

{(¢c) SM-1008 reports a USE value in the transverse direction of 74 fi-Ibs. Per BAW-2224 (Reference G-5), this value is equal to
the limiting USE of the North Anna Units 1 and 2 beltline forgings.
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Table G-6 Comparison of Previous and Current Unirradiated USE Values
for North Anna Unit 2
Previous Current
. . . Unirradiated | Unirradiated
Material Identification USE® USE®
(ft-1bs) (ft-1bs)
Replacement Reactor Vessel L 192
Closure Head Flange (Heat # H1681/H1682)
Reactor Vessel Flange 06 (Heat # 523000) (19456) >95
Inlet Nozzle Forging 9 (Heat # 990426) (L’Z) 56
Inlet Nozzle Forging 10 (Heat # 54567-2) (17178) =77
Inlet Nozzle Forging 11 (Heat # 54590-2) (gg) >75
Outlet Nozzle Forging 12 (Heat # 990426-22) (2(2)) =60
Outlet Nozzle Forging 13 (Heat # 990426-31) (gg) 56
Outlet Nozzle Forging 14 (Heat # 791291) (17155) >74
Inlet Nozzle to Upper Shell Welds L 75
(Multiple Heats)
Outlet Nozzle to Upper Shell Welds L 75
(Multiple Heats)
Upper Shell Forging 05 56 7
(Heat # 990598 / 291396) (86)
Upper to Intermediate Shell Circumferential Weld (OD 94%) 105 105
(Heat # 4278)
Upper to Intermediate Shell Circumferential Weld (ID 6%) 90 75
(Heat # 801)
Intermediate Shell Forging 04 74 7
(Heat # 990496 / 292424)
Intermediate to Lower Shell Circumferential Weld 107 109
(Heat # 716126)
Lower Shell Forging 03 80 30
(Heat # 990533 / 297355)
Notes contained on the following page.
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Notes:

(a) The original unirradiated USE values were taken from the North Anna Power Station UFSAR, Table 5.2-27
(Reference G-3). These values are consistent with those documented in Dominion Calculation SM-1008 (Reference G-2),
unless otherwise noted. Some unirradiated USE values are only listed in the UFSAR and reported in the strong direction, i.e.,
parallel to the major working direction. In this case, the strong direction USE is shown in parenthesis and the weak direction
USE is determined by multiplying the strong direction USE by 65% per BTP 5-3, Position 1.2 (Reference G-4). The UFSAR
values are identified as historic.

(b) Current Unirradiated USE values correspond to the values utilized herein. In some cases, these values-have been updated or
defined based on evaluation in PWROG-18005-NP (Reference G-1). A greater than or equal to symbol, “>”, identifies a
material with no available upper shelf data; thus, the initial USE values for these materials were conservatively estimated
based on the highest recorded absorbed energy points.

(c) SM-1008 reports a USE value in the transverse direction of 74 fi-lbs. Per BAW-2224 (Reference G-5), this value is equal to
the limiting USE of the North Anna Units 1 and 2 beltline forgings.
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G.1 REFERENCES

G-1.  Pressurized Water Reactor (PWR) Owners Group (PWROG) Report PWROG-18005-NP, Revision
2, “Determination of Unirradiated RTnpr and Upper-Shelf Energy Values of the North Anna Units
1 and 2 Reactor Vessel Materials,” September 2019.

G-2.  Dominion Calculation SM-~1008, Revision 0, Addendum M.

G-3.  North Anna Power Station (NAPS) Updated Final Safety Analysis Report (UFSAR), Amendment
No. 54, September 2018.

G-4. NUREG-0800, Standard Review Plan for the Review of Safety Analysis Reports for Nuclear Power
Plants, Chapter 5 of LWR Edition, Branch Technical Position 5-3, “Fracture Toughness
Requirements,” Revision 2, U.S. Nuclear Regulatory Commission, March 2007. [ADAMS
Accession Number ML070850035]

G-5. B&W Nuclear Technologies Report BAW-2224, “North Anna Units 1 and 2 Response to Closure
Letter for NRC Generic Letter 92-01, Revision 1,” July 1994.

G-6.  Code of Federal Regulations, 10 CFR Part 50, Appendix G, “Fracture Toughness Requirements,”
U.S. Nuclear Regulatory Commission, Federal Register, Volume 60, No. 243, dated December 19,
1995.
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APPENDIX H USE OF MASTER CURVE DATA FOR NORTH ANNA
UNIT 1 LOWER SHELL FORGING

In order to support future asset management considerations, Master Curve testing was performed to
determine the fracture toughness transition temperature (To) of the North Anna Unit 1 Lower Shell Forging
03. The Master Curve method provides a more realistic and appropriate reference temperature than the
American Society of Mechanical Engineers (ASME) Code Section III NB-2331 method, which is used to
determine initial R Txor. The Master Curve method is based on fracture toughness measurements per ASTM
E1921, as opposed to the Charpy impact and drop-weight measurements associated with ASME Section III
NB-2331. WCAP-18463-NP (Reference H-1) contains the methodology for performing embrittlement
calculation with Master Curve data. Note that the Master Curve data provided in this Appendix does not
represent the current design or licensing basis values, nor is it proposed to use it for SLR, but is only to
support future asset management considerations.

H.1 METHODOLOGY

WCAP-18463-NP (Reference H-1) describes the methodologies for the use of To results to determine a
reference temperature based on Master Curve testing data (RTto) and the use of RTr in reactor vessel
integrity analyses, for North Anna Unit 1 Lower Shell Forging 03 (e.g., ART calculations). The
methodology is similar to Regulatory Guide 1.99, Revision 2 with minor modifications as shown below to
account for differences between RTto and RTnpr. The methodology also accounts for the initial RTto of
North Anna Unit 1 Lower Shell Forging 03 being based on data from specimens irradiated in Capsule V
from the North Anna Unit 1 Reactor Vessel Surveillance Program.

Per Regulatory Guide 1.99, Revision 2, the ART is calculated as shown below:
ART =RTnpr + ARTnpr + Margin

However, there is a potential 10% bias when comparing ARTxpr and AT, values for plate and forging
materials. Therefore, a 10% bias should be applied to Regulatory Guide 1.99, Revision 2 methodology
calculations of AR Tnpr for North Anna Unit 1 Lower Shell Forging 03 when the initial RTo is used. This
bias is included as a part of an Adjustment term.

It is important to note that the Ty results for North Anna Unit 1 Lower Shell Forging 03 are based on
materials from North Anna Unit 1 Surveillance Capsule V, which were irradiated for 1 cycle of operation.
The Charpy V-notch tests, performed at the time of removal, exhibited a measured 30 ft-Ib shift of 29°F in
the axial (“weak”) direction. The irradiation induced shift can be credited in the determination of ART
values. Thus, it is appropriate to remove 29°F of calculated margin when analyzing the North Anna Unit
1 Lower Shell Forging 03. This 29°F is considered as a reduction in an Adjustment term.

Therefore, the method to be used in ART calculations which use an initial RTro for North Anna Unit 1
Lower Shell Forging 03 is as follows per WCAP-18463-NP:

ART =RTr + ARTnpr + Margin + Adjustment

Margin = 24/0;2 + 0,2

Adjustment =0.1*ARTxnpT - ATME
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Where:
RT1o = 10.1°F per WCAP-18463-NP
o1 = 0°F per WCAP-18463-NP(V
oa = o determined per Regulatory Guide 1.99, Revision 2
ARTnpr = ARTnpr determined per Regulatory Guide 1.99, Revision 2
ATwve = Measured Material Embrittlement = 29°F

The ART values calculated in this manner are appropriate for input to an ASME Section X1, Appendix G
analysis.

H.2 CALCULATION

This section utilizes the RTto in ART calculations, similar to those calculations performed in Section 5 of
the body of this report, in order to demonstrate the margin gained for the improved material condition.
Table H-1 presents the unirradiated RTto (RToww)) value, which is taken from WCAP-18463-NP (Reference
H-1) and was determined with Master Curve testing results and ASTM E1921-19. A or value of 0°F is
associated with this RTnorwy (RTtoy) value. This value is then used in Table H-2 to calculate the ART
values at the 1/4T and 3/4T locations at 72 EFPY. The results show significant reductions in the ART values
at the 1/4T and 3/4T locations at 72 EFPY.

Table H-1 North Anna Unit 1 Unirradiated RTnpr Values with and without Master Curve Data

. RTN])T(U)
o o
Mat?rl‘f‘l Heat Number Wt % | Wt . % or RTro) Method
Description Cu Ni F)
Lower Shell 33 ASME Code Section III, NB-2331
Forging 03 990400/292332 | 0.156 0.817
orging 10.1 Master Curve Method

M WCAP-18463-NP recommends a o1 = 14.2°F, but notes o; = 0°F is appropriate since RTro is based on material-
specific North Anna Unit 1 Lower Shell Forging 03 measured data.
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Table H-2 Calculation of ART Values Using Master Curve Data for North Anna Unit 1 Lower Shell Forging 03

Calculation of the North Anna Unit 1 Lower Shell Forging 03 ART Values at the 1/4T Location at 72 EFPY

1/4T RTno1w)
R.G. 1.99, Fluence® or Predicted
Heat Rev. 2 (X 1019 n/ cmz, 1/4T RTTO(U)(C) ARTNDT o1 GA(d) M ART
Material Number | Position CF® | E> 1.0 MeV) | FF® Method (°F) (°F) C°F) | °F) | (°F (°F)
Lower Shell 990400 / NB-2331 33 165.9 00 | 17.0 { 340 | 2329
Forging 03 292332 1.1 119.97 4.54 1.383
Master Curve 10.1 165.9 0.0 | 17.0 | 21.6® | 197.6
. , NB-2331 33 113.0 0.0 | 17.0 | 34.0 180.0
Using non-credible
surveillance daia™ 2.1 81.68 4.54 1.383
Master Curve 10.1 113.0 0.0 | 17.0 | 163D | 1394

Calculation of the North Anna Unit 1 Lower Shell Forging 03 ART Values at the 3/4T Location at 72 EFPY

Lower Shell 990400 / NB-2331 33 139.5 0.0 | 17.0 | 34.0 | 206.5
Forging 03 292332 1.1 119.97 1.81 1.383

Master Curve 10.1 139.5 0.0 | 17.0 | 18.9% | 168.5

NB-2331 33 95.0 0.0 | 17.0 | 34.0 162.0

Using non-credible 21 81.68 1.81 1.163

surveillance data®

Master Curve 10.1 95.0 0.0 | 17.0 | 1459 | 119.6

Notes:
(a) Chemistry factors are taken from Table 3-7 of this report.

(b) Fluence and Fluence Factors are taken from Tables 2-1 and 5-2 of this report.
(c) RTnprw) and RTTo) values are taken from Table H-1 of this calculation note.

(d) Per the guidance of Regulatory Guide 1.99, Revision 2 (Reference 1), the base metal 6a = 17°F for Position 1.1 and Position 2.1 with non-credible surveillance data. However,
ca need not exceed 0.5*ARTnpr for either forgings or welds with or without surveillance data.

(e) The credibility evaluation for the North Anna Unit 1 surveillance data in Appendix E of this report determined that the Lower Shell Forging 03 surveillance data are deemed
non-~credible.

(f) For this calculation, the value shown is “Margin + Adjustment” = 2./0;2 + 042 + 0.1*ARTxoT - ATME, Where ATvz = 29°F.

WCAP-18363-NP March 2020
Revision 1

*** This record was final approved on 3/31/2020 8:40:08 AM. (This statement was added by the PRIME system upon its validation)




Westinghouse Non-Proprietary Class 3 H-4

H.3 REFERENCES

H-1. Westinghouse Report WCAP-18463-NP, Revision 0, “Determination and Use of RTto for North
Anna Unit 1 Lower Shell Forging 03,” August 2019.

H-2.  U.S. Nuclear Regulatory Commission, Office of Nuclear Regulatory Research, Regulatory Guide
1.99, Revision 2, “Radiation Embrittlement of Reactor Vessel Materials,” May 1988.
[ADAMS Accession Number ML003740284]
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APPENDIX I NORTH ANNA UNITS 1 AND 2 LICENSING BASIS FOR
DETERMINING CHEMISTRY FACTOR WHEN
SURVEILANCE DATA IS AVAILABLE

Regulatory Guide (RG) 1.99, Revision 2 (Reference I-1), indicates the Position 2.1 CFs may be used with
a reduced margin term whenever the surveillance data has been deemed credible using the methodology
described in Appendix E. Regulatory Guide 1.99, Revision 2 is less prescriptive if the surveillance data is
deemed non-credible. However, additional guidance can be drawn from 10 CFR 50.61 (Reference I-2) and
the NRC Generic Letter (GL) 92-01 Guidance (Reference I-3).

10 CFR 50.61(c)(2) states that “licensees shall consider plant specific information that could affect the level
of embrittlement”. The plant specific information referred to in 10 CFR 50.61(c)(2) is data derived from
reactor vessel materials surveillance programs that must be considered in the determination of ARTxpr for
the beltline material. GL 92-01 Guidance, published by NRC on February 12, 1998, describes the treatment
of surveillance data for application to the corresponding reactor vessel beltline material, including: how to
apply data from different data sources; how to correct surveillance data (ARTnpr) values for differences in
irradiation temperature and chemical composition relative to the reactor vessel beltline material being
evaluated; how to evaluate the scatter of ARTnprdata around a best fit Position 2.1 CF ARTxpr trend line
to determine surveillance data credibility; and how to compare surveillance data against a Position 1.1 CF
trend line based on mean surveillance material chemical compositions to determine conservatism of the use
of a Position 1.1 CF. As described in the NRC GL 92-01 Guidance, individual surveillance data points are
not to be discarded on the basis of their deviation from a best fit Position 2.1 CF trend line alone; there must
also be a recorded deficiency or a physical basis for classifying the data point as atypical. The same logic
would apply to not discarding a data set.

When surveillance data is deemed non-credible per RG 1.99, NRC GL 92-01 Guidance considers the
surveillance data to still be applicable for characterizing the beltline material through the direction of its
use with a full margin term (c,) to establish the Position 2.1 RTnpr when the Position 1.1 CF is concluded
to be non-conservative based on that same data (See case 3 in the NRC GL 92-01 Guidance). Dominion
Energy proposed and licensed logically consistent application of surveillance data concluded to be non-
credible due only to data scatter for both non-conservative and conservative RG 1.99, Position 1.1 CFs.
The Dominion licensing position is as follows:

a. The greater of the RG 1.99 Revision 2 Position 1.1 CF and 2.1 CF is used with a full margin
term (oa = 17°F for base metal and 64 =28°F for welds) for evaluation of the reactor vessel
beltline material when one or more of the surveillance data fall outside of the Position 2.1
CF trend line by more than one times oa (data is non-credible), and one or more of the
surveillance data fall more than two times o4 above the Position 1.1 CF trend line (Position
1.1 CF is non-conservative)

b. The lesser of the RG 1.99 Revision 2 Position 1.1. and 2.1 CFs is used with a full margin
term (o = 17°F for base metal and o4 = 28°F for welds) for evaluation of the reactor vessel
beltline material when one or more of the surveillance data fall outside of the Position 2.1
CF trend line by more than one times 64 (data is non-credible), and none of the surveillance
data fall more than two times oa above the Position 1.1 CF trend line (Position 1.1 CF is
conservative).
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I-2

Table I-1 contains the list of correspondences applicable to the submittal and approval of this licensing basis
for North Anna Units 1 and 2. Appendixes 1.1 and 1.2 evaluate whether the RG 1.99, Position 1.1 CFs are
conservative based on the above licensing basis and the North Anna Units 1 and 2 surveillance data.

Table I-1 North Anna Units 1 and 2 Chemistry Factor Licensing Basis History
Subject Content Relevant to North Anna Units 1 and 2 Date Reference
Document(s) Chemistry Factor Licensing Basis Number(s)
Closure of the NRC review of the North Anna Units 1 and
2 GL 92-01 response.
Tligolrfiger This letter notes that for material with non-credible Tune 23
Correspon denfe No surveillance but with all measured ARTnpT data points 1999 ’ 14
59_3 61) | below the RG 1.99, Position 1.1 ARTnpr predictions +

204, the RG 1.99, Position 2.1 CFs were used with a full
margin value to calculate RTprs.
Response to the NRC on discrepancies between the
Reactor Vessel Integrity Database (RVID) and previously
provided data.

VEP;S 19';?36218 erial This letter reiterates the use of non-credible surveillance ngggl’ 1-5

’ data with a full margin value when all measured ARTxpr

data points are below the RG 1.99, Position 1.1 ARTnpr
predictions + 2ca.
Evaluation of the material properties based on the results
from North Anna Unit 1, Capsule W.

VEPCO Letter Serial | This letter reiterates the use of non-credible surveillance Now. 19, L6

No. 99-452A data with a full margin value when all measured ARTnpt 1999

data points are below the RG 1.99, Position 1.1 ARTnpr
predictions + 2c0,. It also includes portions of SM-1008.
Submittal of the 32.3 EFPY (Unit 1) and 34.3 EFPY
(Unit 2) heatup and cooldown curves and Low
Temperature Overpressure Protection System (LTOPS)

VEPCO Letter Serial | S*POIS: June 22, .

No. 00-306 This letter includes a detailed evaluation based on the 2000

latest reactor vessel materials surveillance data, i.e. North
Anna Unit 1, Capsule W. The North Anna Unit 1, Capsule
W report, BAW-2356, is also attached.

VEPCO Letters Nos. | Corrections and supplements to the above cited letters. I-8, 19,
01-020, 01-020A, No changes were made to the material property basis in Various 1-10, I-11,
01-0208B, 01-168, these letters. &1-12

01-168A
Revises the RVID for North Anna Unit 2 based on the
Sequoyah Unit 2 surveillance data.
This letter demonstrates that conservatism or non- .
Vﬁic(g _Iizt;er conservatism of the RG 1.99 ARTwpr prediction is Agg%?’ 1-13
’ determined by whether all measured ARTnpr data points

are below the RG 1.99, Position 1.1 ARTnpr predictions +
26A.
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Table I-1 North Anna Units 1 and 2 Chemistry Factor Licensing Basis History

Subject Content Relevant to North Anna Units 1 and 2 Date Reference
Document(s) Chemistry Factor Licensing Basis a Number(s)
Safety Evaluation (SE) for the 32.3 EFPY (Unit 1) and
34.3 EFPY (Unit 2) heatup and cooldown curves and
NRC Letter LTOPS setpoints.
Comet(ingggg;lfe No Reiterates that for material with non-credible surveillance 1\/2[33(;12 ’ I-14
(})) 1-293) " | data but all measured ARTnpr data points below the RG
1.99, Position 1.1 ARTnpt predictions + 204, the RG 1.99,
Position 2.1 CFs were used with a full margin value.
VEPCO Letter License Renewal Submittal May 29, I-15
No. 01-282 2001
License Renewal RAI Response on RV embrittlement
VEPCO Letter | 'S°U¢% Oct. 15, 116
No. 02-601 Reiterates that conservatism is defined as below RG 2002
Position 1.1 ARTxpr predictions +2ca.
Submittal of the 50.3 EFPY (Unit 1) and 52.3 EFPY
VEPCO Letter (Unit 2) heatup and cooldown curves and LTOPS July 1, I-17
No. 04-380 setpoints. 2004
VEPCO Letter Provides RAI responses related to the 50.3 EFPY / Oct. 28,
No. 04-380A 52.3 EFPY P-T curves submittal. 2004 I-18
VEPCO Letter Editorial correction for the 50.3 EFPY/52.3 EFPY P-T Nov. 16,
No. 04-380B curves submittal. 2004 19
NRC Letter
(Incoming SE for the 50.3 EFPY (Unit 1) and 52.3 EFPY (Unit 2) July 8,
Correspondence heatup and cooldown curves and LTOPS setpoints. 2005 [-20
No. 05-460)
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1.1 Regulatory Guide 1.99, Revision 2, Position 1.1 Conservativism Evaluation for
North Anna Unit 1 Surveillance Data

The purpose of this evaluation is to determine if the North Anna Unit 1 non-credible surveillance data is
less than 204 above of the RG 1.99, Position 1.1 prediction, thereby, determining whether the RG 1.99,
Position 1.1 CF is conservative. This evaluation is performed in Table I-2.

Table I-2 Conservatism Check for Position 1.1 for Non-Credible North Anna Unit 1
Surveillance Data
CF® Capsule Measured | Predicted | Scatter
Material Capsule | (Pos.1.1) Fluence® FF® | ARTror® | ARTnor® | ARTNDT® | <200
CF) (x 10" n/cm?) CF) C°F) CF)
Lower Shell v 121.63 0.306 0.675 51 82.1 311 | Yes
Forging 03 U 121.63 0.914 0.975 116 1186 26 Yes
(Tangential) w 121.63 2.05 1.196 93 145.4 524 Yes
L ower Shell v 121.63 0.306 0.675 29 82.1 531 | Yes
Forging 03 U 121.63 0914 0.975 72 118.6 -46.6 Yes
(Axial) w 121.63 2.05 1.196 96 145.4 -49.4 Yes
Material U 56.22 0.914 0.975 30 54.8 -24.8 Yes
(Heat # 25531) w 56.22 2.05 1.196 86 67.2 18.8 Yes
Notes:

(a) CF values are taken from Table 3-7.

(b) Fluence and Measured ARTnpr values are taken from Table 3-4.

(c) FF = fluence factor = f(0-28-0.10"og ()
(d) Predicted ARTnoT = CF * FF
(e) Scatter ARTnor = Measured AR Tnpr - Predicted ARTnpr
(f) oa=17°F for base metal and oa = 28°F for welds

All data points are no more than 26, above of the RG 1.99, Position 1.1 prediction. Therefore, the RG 1.99,
Position 1.1 CF is conservative, and the RG 1.99, Position 2.1 CF may be used with a full margin term for
North Anna Unit 1 Lower Shell Forging 03 and Heat # 25531 weld material.
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1.2 Regulatory Guide 1.99, Revision 2, Position 1.1 Conservativism Evaluation for
North Anna Unit 2 Surveillance Data

The purpose of this evaluation is to determine if the North Anna Unit 2 non-credible surveillance data is
less than 204 above of the RG 1.99, Position 1.1 prediction, thereby, determining whether the RG 1.99,
Position 1.1 CF is conservative. This evaluation is performed in Table I-3.

Note the North Anna Unit 2 surveillance weld Heat # 716126 was determined to be credible in Appendix E.
Therefore, the conservatism of the Position 1.1 CF does not need to be determined because the Position 2.1

CF with a reduced margin term will be used regardless.

Table I-3 Conservatism Check for Position 1.1 for Non-Credible North Anna Unit 2
Surveillance Data
CF® Capsule Measured | Predicted | Scatter
Material Capsule | (Pos. 1.1) Fluence® FFO® | ARTnor® | ARTnor@ | ARTNDT® | <260
(°F) (x 10* n/ecm?) (°F) (°F) (°F)
Intermediate Shell |V 82.40 0.286 0.658 19 54.2 352 | Yes
Forging 04 U 82.40 0.985 0.996 33 82.1 -49.1 Yes
(Tangential) w 82.40 2.08 1.199 86 98.8 12.8 Yes
Intermediate Shell |V 82.40 0.286 0.658 21 54.2 332 | Yes
Forging 04 U 82.40 0.985 0.996 66 82.1 -16.1 Yes
(Axial) w 82.40 - 2.08 1.199 65 98.8 338 Yes
Notes:

(a) CF values are taken from Table 3-8.

(b) Fluence and Measured ARTnpr values are taken from Table 3-6.

(c) FF = fluence factor = f(0-28-0.10%leg (),

(d) Predicted ARTnoT = CF * FF

(e) Scatter ARTnpr = Measured ARTwpr - Predicted ARTnoT
(f) oa=17°F for base metal and oa = 28°F for welds

All data points are no more than 26, above of the RG 1.99, Position 1.1 prediction. Therefore, the RG 1.99,
Position 1.1 CF is conservative, and the RG 1.99, Position 2.1 CF may be used with a full margin term for
North Anna Unit 2 Intermediate Shell Forging 04.

1.3 REFERENCES

I-1. U.S. Nuclear Regulatory Commission, Office of Nuclear Regulatory Research, Regulatory
Guide 1.99, Revision 2, “Radiation Embrittlement of Reactor Vessel Materials,” May 1988.
[Agencywide Documents Access and Management System (ADAMS) Accession Number
ML003740284]

I-2. Code of Federal Regulations 10 CFR 50.61, “Fracture Toughness Requirements for Protection
Against Pressurized Thermal Shock Events,” U.S. Nuclear Regulatory Commission, Federal
Register, Volume 60, No. 243, dated December 19, 1995, effective January 18, 1996.
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I-3.

1-4.

I-6.

1-8.

I-10.

I-13.

K. Wichman, M. Mitchell, and A. Hiser, US NRC, Generic Letter 92-01 and RPV Integrity
Workshop Handouts, “NRC/Industry Workshop on RPV Integrity Issues,” February 12, 1998.
[ADAMS Accession Number ML110070570]

NRC Letter “Closure of the Review of the Response to Generic Letter 92-01, Revision 1,
Supplement 1, ‘Reactor Vessel Structural Integrity,” the North Anna Nuclear Power Plant, Units 1
and 2 (TAC Nos. MA0555 and MA0556),” June 23, 1999. [Dominion Serial No. 99-361, Incoming
NRC Letter] :

VEPCO Letter 99-361, “Virginia Electric and Power Company, North Anna Power Station Units
1 and 2, Response to NRC Request for Comments Generic Letter 92-01, Revision 1,
Supplement 1,” September 1, 1999.

VEPCO Letter 99-452A, “Virginia Electric and Power Company, North Anna Power Station Units
1 and 2, Surry Power Station Units 1 and 2, Evaluation of Reactor Vessel Materials Surveillance
Data,” November 19, 1999.

VEPCO Letter 00-306, “Virginia Electric and Power Company, North Anna Power Station Units
1 and 2, Proposed Technical Specifications Changes Requests for Exemption per 10 CFR 50.60(b)
Reactor Coolant System Pressure/Temperature Limits, LTOPS Setpoints, and LTOPS Enable
Temperatures,” June 22, 2000. '

VEPCO Letter 01-020, “Virginia Electric and Power Company, North Anna Power Station Units
1 and 2, Response to Request for Additional Information, Proposed Technical Specifications
Changes, Reactor Coolant System Pressure/Temperature Limits, LTOPS Setpoints, and LTOPS
Enable Temperatures,” January 4, 2001.

VEPCO Letter 01-020A, “Virginia Electric and Power Company, North Anna Power Station Units
1 and 2, Response to Request for Additional Information, Proposed Technical Specifications
Changes, Reactor Coolant System Pressure/Temperature Limits, LTOPS Setpoints, and LTOPS
Enable Temperatures,” February 14, 2001.

VEPCO Letter 01-020B, “Virginia Electric and Power Company, North Anna Power Station Units
1 and 2, Response to Request for Additional Information and Clarification of Exemption Request
Regarding Proposed Technical Specifications Changes for Reactor Coolant System
Pressure/Temperature Limits, LTOPS Setpoints, and LTOPS Enable Temperatures,” March 13,
2001.

VEPCO Letter 01-168, “Virginia Electric and Power Company, North Anna Power Station Units
1 and 2, Response to Request for Additional Information, Proposed Technical Specifications
Changes, Reactor Coolant System Pressure/Temperature Limits, LTOPS Setpoints, and LTOPS
Enable Temperatures,” March 22, 2001.

VEPCO Letter 01-168A, “Virginia Electric and Power Company, North Anna Power Station Units
1 and 2, Proposed Technical Specifications Changes, Editorial Correction to Proposed Reactor
Coolant System Pressure/Temperature Limit Curves Applicable to Cooldown,” April 11, 2001.

VEPCO Letter 01-262, “Virginia Electric and Power Company, North Anna Power Station Unit 2,
Application of Sequoyah 2 Surveillance Data to North Anna Unit 2 Reactor Vessel Weld Material
Fabricated from Weld Wire Heat 4278,” April 27, 2001.
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1-14.

I-15.

I-16.

I-17.

1-18.

I-19.

1-20.

NRC Letter “North Anna Power Station, Units 1 and 2 - Issuance of Amendments and Exemption
from the Requirements of 10 CFR Part 50, Section 50.60(a) Re: Amended Pressure-Temperature
Limits (TAC Nos. MA9343, MA9344, MA9347, and MA9348),” May 2, 2001. [Dominion Serial
No. 01-293, Incoming NRC Letter]
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Westinghouse Non-Proprietary Class 3 J-1

APPENDIX J CURRENT TECHNICAL SPECIFICATIONS HEATUP AND

COOLDOWN CURVES FOR NORTH ANNA UNITS 1 AND 2

Figures J-1 and J-2 show the North Anna Units 1 and 2 heatup and cooldown curves, respectively, as
currently depicted in the North Anna Power Station Technical Specifications (Reference J-1). Tables J-2
and J-3 provide the data points corresponding to the heatup and cooldown curves, respectively, as currently
depicted in the North Anna Power Station Technical Specifications. The data points were calculated by
modifying the End of License Renewal data points in WCAP-15112 (Reference J-2) with the correction
factors in Table J-1 associated with the current Technical Specifications.

Table J-1 North Anna Units 1 and 2 Pressure and Temperature Correction Factors

Type Clg;eutt(gs Units
Pressure adjustment for head loss. 57® psid
Pressure correction for instrument uncertainty. 70.1 psid
Temperature correction for instrument uncertainty. 13.5 °F

Notes:
(a) Values were taken from Reference J-3.

(b) This value considers one reactor coolant pump (RCP), two RCP, and three RCP operation.

The corrections are made to the unadjusted P-T limits as follows:

(1) The pressure difference between the point of measurement (Narrow Range or Wide Range RCS
pressure measured in the RCS hot leg) and the point of interest (reactor vessel beltline) due to
head loss is subtracted from the pressure as calculated for the P-T limit curves;

(2) The uncertainty associated with the RCS pressure instrumentation is subtracted from the
pressure as calculated for the P-T limit curves; and

(3) The uncertainty associated with the RCS temperature instrumentation is added to the
temperature as calculated for the P-T limit curves.

These data points are consistent with those in VEPCO letter 04-380 (Reference J-3).

J.1 REFERENCES

J-1. North Anna Power Station Technical Specifications, Revised August 8, 2018.

J-2. Westinghouse Report WCAP-15112, Revision 2, “North Anna Units 1 and 2 WOG Reactor Vessel
60-Year Evaluation Minigroup Heatup and Cooldown Limit Curves for Normal Operation,” March
2001.

J-3. VEPCO Letter 04—380, “Virginia Electric and Power Company, North Anna Power Station Units 1
and 2, Proposed Technical Specifications Change Request, Reactor Coolant System
Pressure/Temperature Limits, LTOPS Setpoints and LTOPS Enable Temperatures,” July 1, 2004,

WCAP-18363-NP March 2020

Revision 1

*** This record was final approved on 3/31/2020 8:40:08 AM. (This statement was added by the PRIME system upon its validation)



Westinghouse Non-Proprietary Class 3

RCS P/T Limits
3.4.3

Material Property Basis ) .

Limiting ART Y47, 2.5 Deg. F
’ 3/4F; 195.6 Deg. F
Limifing Bettip Femparature Filiah R¥wor Closure Flange Region: - 22 Deg. F

2500 -
’ e
L=

IR H

i
H

i

R : !
t},. 14 § -t

{

H

* Wide Range Hot Leg Pressure (psig)

@ 50 100 150 200 250 300 350 400 450 508 550 600 650
Wide Range Cold Leg Temperature:(Deg. F)

-Figure 3.4,3-1 (page 1 of 1) »
North Anna Units 1 and 2 Reactor Coglant System ‘Heatup L1m1'tat%ons

(Heatup Rates up to 60°F/hr),

Applicable for the first 50.3 EFPY for Unit 1, and 52,3 EFPY for Unit 2

(Including Margins for Instrumentation Errors)

North Anna Units 1 and 2 3.4.3-3 Amendments 275, 257

Figure J-1  Current North Anna Units 1 and 2 Technical Specifications Heatup P-T Limit Curves
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Table J-2 Current North Anna Units 1 and 2 Technical Specifications EOLE Heatup
Curves Data Points (with Ky, with Flange Requirements, and with Margins
for Instrumentation Errors and Pressure Correction)

20°F/hr Heatup 40°F/hr Heatup 60°F/hr Heatup
T °F) P (psig) T (°F) P (psig) T °F) P (psig)
73.5 493.9 73.5 493.9 73.5 490.9
78.5 493.9 78.5 493.9 78.5 490.9
83.5 493.9 83.5 493.9 83.5 490.9
88.5 493.9 88.5 493.9 88.5 490.9
93.5 493.9 93.5 493.9 93.5 490.9
98.5 493.9 98.5 493.9 98.5 490.9
103.5 493.9 103.5 493.9 103.5 490.9
108.5 493.9 108.5 493.9 108.5 490.9
111.5 493.9 111.5 493.9 111.5 490.9
111.5 536.9 111.5 512.9 111.5 490.9
113.5 538.9 113.5 512.9 113.5 490.9
118.5 542.9 118.5 514.9 118.5 490.9
123.5 546.9 123.5 517.9 123.5 490.9
128.5 551.9 128.5 521.9 128.5 491.9
133.5 556.9 133.5 526.9 133.5 493.9
138.5 562.9 138.5 532.9 138.5 496.9
143.5 568.9 143.5 538.9 143.5 501.9
148.5 575.9 148.5 546.9 148.5 506.9
153.5 583.9 153.5 555.9 153.5 512.9
158.5 591.9 158.5 564.9 158.5 519.9
163.5 601.9 163.5 575.9 163.5 528.9
168.5 611.9 168.5 587.9 168.5 537.9
173.5 623.9 173.5 600.9 173.5 548.9
178.5 636.9 178.5 615.9 178.5 560.9
183.5 650.9 183.5 631.9 183.5 573.9
188.5 666.9 188.5 649.9 188.5 588.9
193.5 683.9 193.5 669.9 193.5 604.9
198.5 702.9 198.5 691.9 198.5 623.9
203.5 723.9 203.5 7159 | 203.5 643.9
208.5 747.9 208.5 742.9 208.5 665.9
213.5 773.9 213.5 772.9 213.5 690.9
218.5 801.9 218.5 801.9 218.5 718.9
223.5 833.9 223.5 833.9 223.5 748.9
228.5 867.9 228.5 867.9 228.5 782.9
233.5 906.9 233.5 906.9 233.5 819.9
238.5 949.9 238.5 949.9 238.5 860.9
243.5 996.9 243.5 996.9 243.5 905.9
248.5 1048.9 248.5 1048.9 248.5 955.9
253.5 1105.9 253.5 1105.9 253.5 1010.9
258.5 1163.9 258.5 1161.9 258.5 1071.9
263.5 1228.9 263.5 1221.9 263.5 1138.9
268.5 1299.9 268.5 1287.9 268.5 1212.9
273.5 1378.9 273.5 1359.9 273.5 12949
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Table J-2 Current North Anna Units 1 and 2 Technical Specifications EOLE Heatup
Curves Data Points (with Ky, with Flange Requirements, and with Margins
for Instrumentation Errors and Pressure Correction)

20°F/hr Heatup 40°F/hr Heatup 60°F/hr Heatup
T (°F) P (psig) T (°F) P (psig) T (°F) P (psig)
278.5 1465.9 278.5 1439.9 - -
283.5 1562.9 283.5 1528.9 283.5 1485.9
288.5 1668.9 288.5 1626.9 288.5 1591.9
293.5 1785.9 293.5 1734.9 293.5 1690.9
298.5 1915.9 298.5 1853.9 298.5 1800.9
303.5 2059.9 303.5 1985.9 303.5 1921.9
308.5 2217.9 308.5 2130.9 308.5 2055.9
- - - - 313.5 2202.9
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Figure J-2  Current North Anna Units 1 and 2 Technical Specifications
Cooldown P-T Limit Curves
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Table J-3 Current North Anna Units 1 and 2 Technical Specifications EOLE Cooldown Curves Data Points
(with Ki, with Flange Requirements, and with Margins for Instrumentation Errors and Pressure Correction)
Steady-State -20°F/hr -40°F/hr -60°F/hr -100°F/hr
T P T P T P T P T P
(°F) (psig) (°F) (psig) (F) (psig) (°F) (psig) (°F) (psig)
73.5 493.90 73.5 479.07 73.5 438.97 73.5 398.04 73.5 313.74
78.5 493.90 78.5 480.80 78.5 440.62 78.5 399.67 78.5 315.36
83.5 493.90 83.5 482.69 83.5 442.50 83.5 401.54 83.5 317.28
88.5 493.90 88.5 484.81 88.5 444.62 88.5 403.68 88.5 319.50
93.5 493.90 93.5 487.16 93.5 446.99 93.5 406.10 93.5 322.05
98.5 493.90 98.5 489.78 98.5 449.66 98.5 408.83 98.5 324.98
103.5 493.90 103.5 492.69 103.5 452.65 103.5 411.91 103.5 328.32
108.5 493.90 108.5 493.90 108.5 455.99 108.5 415.38 108.5 332.12
111.5 493.90 111.5 493.90 113.5 459.72 113.5 419.27 113.5 336.42
111.5 537.33 111.5 498.10 118.5 463.89 118.5 423.63 118.5 341.29
113.5 538.73 113.5 499.54 123.5 468.53 123.5 428.51 123.5 346.78
118.5 542.59 118.5 503.55 128.5 473.71 128.5 433.98 128.5 352.95
123.5 546.86 123.5 507.98 133.5 479.47 133.5 440.07 133.5 359.88
128.5 551.58 128.5 512.92 138.5 485.89 138.5 446.88 138.5 367.66
133.5 556.79 133.5 518.38 143.5 493.01 143.5 454.46 143.5 376.37
138.5 562.55 138.5 524.45 148.5 500.93 148.5 462.92 148.5 386.11
143.5 568.92 143.5 531.16 153.5 509.72 153.5 472.32 153.5 396.99
148.5 575.96 148.5 538.62 158.5 519.49 158.5 482.79 158.5 409.14
153.5 583.74 153.5 546.87 163.5 530.32 163.5 494.42 163.5 422.68
158.5 592.34 158.5 556.03 168.5 542.35 168.5 507.35 168.5 437.79
163.5 601.84 163.5 566.15 173.5 555.67 173.5 521.70 173.5 454.60
168.5 612.34 168.5 577.37 178.5 570.46 178.5 537.65 178.5 473.31
173.5 623.95 173.5 589.78 183.5 586.84 183.5 555.34 183.5 494.12
178.5 636.78 178.5 603.54 188.5 605.01 188.5 574.98 188.5 517.27
183.5 650.95 183.5 618.75 193.5 625.12 193.5 596.75 193.5 542.98
188.5 666.62 188.5 635.60 198.5 647.42 198.5 620.90 198.5 571.55
193.5 683.93 193.5 654.23 203.5 672.09 203.5 647.67 203.5 603.26
198.5 703.07 198.5 674.87 208.5 699.44 208.5 677.34 208.5 638.48
203.5 724.21 203.5 697.67 213.5 729.70 213.5 710.22 213.5 677.55
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Table J-3 Current North Anna Units 1 and 2 Technical Specifications EOLE Cooldown Curves Data Points
(with Ky, with Flange Requirements, and with Margins for Instrumentation Errors and Pressure Correction)
Steady-State -20°F/hr -40°F/hr -60°F/hr -100°F/hr

T P T P T P T P T P
CF) (psig) CF) (psig) CF) (psig) CF) (psig) ) (psig)
208.5 747.58 208.5 722.93 218.5 763.22 218.5 746.66 218.5 720.91
213.5 773.41 213.5 750.85 223.5 800.31 223.5 787.01 223.5 769.00
218.5 801.96 218.5 781.75 228.5 841.38 228.5 831.72 228.5 822.34
223.5 833.51 223.5 815.92 233.5 886.81 233.5 881.23 233.5 881.46
228.5 868.37 228.5 853.72 238.5 937.12 238.5 936.06 238.5 947.01
233.5 906.90 233.5 895.51 243.5 992.76 243.5 996.55 243.5 996.55
238.5 949.49 238.5 941.76 248.5 1048.57 248.5 1048.57 248.5 1048.57
243.5 996.55 243.5 992.88 253.5 1106.05 253.5 1106.05 253.5 1106.05
248.5 1048.57 248.5 1048.57 258.5 1169.58 258.5 1169.58 258.5 1169.58
253.5 1106.05 253.5 1106.05 263.5 1239.79 263.5 1239.79 263.5 1239.79
258.5 1169.58 258.5 1169.58 268.5 1317.38 268.5 1317.38 268.5 1317.38
263.5 1239.79 263.5 1239.79 273.5 1403.14 273.5 1403.14 273.5 1403.14
268.5 1317.38 268.5 1317.38 278.5 1497.91 278.5 1497.91 278.5 1497.91
273.5 1403.14 273.5 1403.14 283.5 1602.66 283.5 1602.66 283.5 1602.66
278.5 1497.91 278.5 1497.91 288.5 1718.41 288.5 1718.41 288.5 1718.41
283.5 1602.66 283.5 1602.66 293.5 1846.35 293.5 1846.35 293.5 1846.35
288.5 1718.41 288.5 1718.41 298.5 1987.73 298.5 1987.73 298.5 1987.73
293.5 1846.35 293.5 1846.35 303.5 2143.99 303.5 2143.99 303.5 2143.99
298.5 1987.73 298.5 1987.73 308.5 2316.68 308.5 2316.68 308.5 2316.68
303.5 2143.99 303.5 2143.99 - - - - - -
308.5 2316.68 308.5 2316.68 - - - - - -
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APPENDIX K JUSTIFICATION FOR THE USE OF PWROG-17090-NP-A

PWROG-17090-NP-A (Reference K-1) was approved to provide generic values of the unirradiated Charpy
Upper-Shelf Energy (USE) for American Society of Mechanical Engineers (ASME) SA508, Class 2 (or the
corresponding American Society for Testing and Materials [ASTM] A508, Class 2) RV forgings that were
fabricated by the Rotterdam Dockyard Company (Rotterdam) as well as generic values of unirradiated
Charpy USE, weight percentage copper (Cu) content, and weight percentage nickel (Ni) content for RV
Submerged Arc Welds (SAWs) and Shielded Metal Arc Welds (SMAWS).

In the NRC’s Safety Evaluation (Reference K-2) it is stipulated that plants citing the report must ensure
that their reactor vessel materials meet the criteria set forth below.

The generic properties provided in the TR are for implementation as conservative generic estimates

for the material classes identified below only if no measured values of unirradiated Charpy USE,
Cu content, and/or Ni content are available for the specific RV material under consideration. PWR
plants that implement these generic estimates must identify their RV materials as follows:

e A PWR plant with a Rotterdam RV proposing to use the generic unirradiated Charpy
USE value of 56 fi-1bs. for its RV forging(s) must identify that its forging(s) are of the
SA4508, Class 2 or A508, Class 2 specification and that the forging(s) were supplied by
Rheinstahl Huttenwerke AG.

e A PWR plant with a Rotterdam RV proposing to use the generic unirradiated Charpy
USE value 52 ft-1bs. for its RV forging(s) must identify that its forging(s) are of the
SA508, Class 2 or A508, Class 2 specification. This generic unirradiated Charpy USE
value may be used if the Rotterdam RV forging supplier is identified as Fried-Krupp
Huttenwerke AG or if the forging supplier is unknown.

e A PWR plant with a Rotterdam RV proposing to use the generic unirradiated Charpy
USE value of 75 fi-Ibs. for its RV weld(s) must identify that the weld(s) are of the SAW
type, that the SAWs are not of Linde 80 flux type, and that its SAW(s) were fabricated
by Rotterdam.

e A PWR plant with a Rotterdam RV proposing to use the generic Cu content of 0.23
percent and generic Ni content of 0.56 percent for its RV weld(s) must identify that the
weld(s) are of the SAW type, that the SAWs are not of Linde 80 flux type, and that its
SAW(s) were fabricated by Rotterdam.

e A PWR plant with a Rotterdam RV proposing to use the generic unirradiated Charpy
USE value of 72 fi-1bs. for its RV weld(s) must identify that the weld(s) were fabricated
by Rotterdam. This generic unirradiated Charpy USE value may be used if the
Rotterdam RV weld is identified as a SMAW or if the Rotterdam RV weld type is
unknown.

o A PWR plant with a Rotterdam RV proposing to use the RG 1.99, Rev. 2, default Cu
content of 0.35 percent and generic Ni content of 1.13 percent for its RV weld(s) must
identify that the weld(s) were fabricated by Rotterdam. These values may be used if the
Rotterdam RV weld is identified as a SMAW or if the Rotterdam RV weld type is
unknown.
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K-2

Table K-1 below demonstrates how the relevant North Anna Units 1 and 2 materials meet these stipulations;
thus, justifying the use of the listed generic values from PWROG-17090-NP-A for these materials.

Table K-1 North Anna Units 1 and 2 Reactor Vessel Materials which Use PWROG-17090-NP-A

Generic Values
Initial
0, 0,
Material Description Heat Flux Wt % | Wt . % USE Justification
Type Cu Ni
(ft-1bs)
Unit 1
The inlet/outlet nozzle to upper shell
Ir;llet/OutSl}elt ﬁl%ziz to Unknown 0.35 1.13 72 welds were fabricated by Rotterdam
pper she clds with an unknown weld type.
Forging was supplied by Rheinstahl
Inlet Nozzle Forging 11 990268-21 - - - 56 Huttenwerke AG and is ASTM
A508, Class 2 material.
Unit 2
Upper to Intermediate The weld was fabricated by
Shell Circumferential 801 SMIT 89 - - 75 Rotterdam with a SAW weld type
Weld (6% ID) without Linde 80 flux.
8816 The inlet/outlet nozzle to upper shell
Inlet/Outlet Nozzle to 20459 welds were fabricated by Rotterdam
Upper Shell Welds Lw320 0.23 0.56 7 with a SAW weld type without
27622 Linde 80 flux.
Inlet Nozzle Forging 09 990426 - - - 56 Forgings were supplied by
Rheinstahl Huttenwerke AG and are
Outlet Nozzle Forging 13 | 990426-31 - - - 56 ASTM A508, Class 2 material.
K.1 REFERENCES
K-1. PWROG Report PWROG-17090-NP-A, Revision 0, “Generic Rotterdam Forging and Weld Initial
Upper Shelf Energy Determination,” January 2020. [ADAMS Accession Number ML20024E238]
K-2.  NRC Safety Evaluation, “Final Safety Evaluation by the Office of Nuclear Reactor Regulation for

the Pressurized Water Reactor Owners Group Topical Report PWROG-17090-NP, Revision 0,
‘Generic Rotterdam Forging and Weld Initial Upper-Shelf Energy Determination’ (EPID L-2018-
[ADAMS Accession Numbers MLI19345F015 and

TOP-0017),” December 12, 2019.

ML19345F137]
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