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FOREWORD

The prin_ciple objective of this report is to ptovide, for submittal to the NRC, the current

, Sfructural Integrity Associates, Inc. methodology for developihg reactor coolant system (RCS)
pressure test, core not critical, and core critical curves for BWRs at the request of the BWR
‘Owners’ Group (BWROG) Pressure-Temperature Curve Committee. When approved ‘by the
NRC, this mefhodology may be referenced by licensées to implement the Pressure Temperature
Limits Report (PTLR). This report does not provide all of the methodologies which can be used
to develop RCS presSure test, core not critical, and core critical curves, but rather methodologies
that can be referenced by licensees when approved by the NRC to license the PTLR cohcept. |
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LEGAL NOTICE

IMPORTANT NOTICE REGARDING THE CONTENTS OF THIS REPORT
Please Read Carefully

The only undertakings of Structural Integrity Associates, Inc. (SI) respecting information in this
document are contained in the contract between SI and the General Electric Company (GE), as
agent for the Boiling Water Reactor Owners’ Group (BWROG), as identified in the Purchase
Order for the performance of the work described herein, and nothing in this document shall be
construed as changing that contract. The use of this information, except as defined by said
contract, or for any purpose other than that for which it is intended, is not authorized; and with
respect to any unauthorized use, SI nor any of the contributors to this document, makes any
representation or warranty, expressed or implied, and assumes no liability as to the completeness,
-accuracy, or usefulness of the information contained in this document.

QUALITY ASSURANCE

This report was prepared by Structural Integrity Associates, Inc. (SI) for the BWROG Pressure-
'Temperature Curve Committee in accordance with the SI Quality Assurance Program, which is
- in compliance with the requirements of 10CFRS50, Appendix B and ANSI/ASME NQA-1-1989,

and meets the intent of applicable portions of ANSI N45.2. Since the work associated with this
report is classified as safety-related, the provisions of 10 CFR 21 and 10 CFR 50, Appendix B
‘apply. However, users are reminded that, prior to application of any information contained in
this document to any safety-related application at a specific nuclear plant, the generic
information contained in this document must also be verified as applicable to a specific nuclear
plant through the user’s own Quality Assurance Program.
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PARTICIPATING UTILITIES

The utilities listed below contributed to the development of this report. However, while this
report has been endorsed by a substantial number of the members of the BWR Owners’ Group, it
should not be interpreted as a commitment of any individual member to a specific course of
action. Each member must formally endorse any BWROG position in order for that position to
become the member’s position.

UTILITY PLANT
AmerGen | . Clinton
‘ Opyster Creek
Energy Northwest Columbia
Entergy Pilgrim
FitzPatrick
: Vermont Yankee
Exelon | Dresden
LaSalle
Quad Cities
Limerick
Peach Bottom
FENOC Perry
NMC Duane Arnold
' Monticello
NPPD | - Cooper
PPL Susquehanna
Progress Energy Brunswick
PSEG Nuclear Hope Creek
SNC Hatch
- TVA Browns Ferry
DOCUMENT DISTRIBUTION

. This BWROG report, and any associated products, are proprietary to the BWROG and the
utilities that financially participated in their development. Recipients of this document have no

- authority or rights to release this product or any information contained herein to anyone or any

organization outside their utility, restricted to the specific plants identified in “Participating

- Utilities” above. This product can, however, be shared with contractors performing related work

directly for a participating plant, conditional upon appropriate proprietary agreements being in

place with the contractor protecting this BWROG product or any mfonnatlon contained herein

‘against unauthorized distribution or use. '
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1.0 INTRODUCTION
1.1 Background

Nuclear Regulatory Commission (NRC) Generic Letter (GL) 96-03 [1] allows plants to relocate
their pressure-temperature (P-T) curves and numerical values of other P-T limits (such as
Ah.eatup/cooldown rates) from the plant Technical Specifications to a Pressure Temperature Limits
Report (PTLR), which is a licensee-controlled document. As stated in GL 96-03, during the
development of the improved standérd technical speciﬁcations (STS), a change was proposed to
relocate the P-T limits Currently contained in the plant Technical Specifications to a PTLR. As
one of the improvements to the STS, the NRC staff agreed with the industry that the curves may
be relocated outside the plant Technical Specifications to a PTLR so that the licensee could
maintain these limits efficiently and at a lower cost. One of the prerequisites for having the
PTLR option is that all of the methods used to develop the P-T curves and limits be NRC
approved, and that the associated Licensing Topical Report (LTR) for such approval is
referenced in the plant Technical Specifications. Based on this prerequisite, the purpose of this
‘report is to provide boiling water reactors (BWRs) with an NRC-approved LTR that can be
referenced in plant Technical Specifications to establish BWR fracture mechanics methods for
generating P-T curves/limits thét allows BWR plants to adopt the PTLR option.

Historically, utilities who own BWRs have submitted license amendment requests to update their
P-T curvés. Lack of an NRC-approved methodqiogy intréduces regulatory uncertainty into the
l_icense'amendment process. This uncertainty hé,s created hardships on licensees in the past when
ﬁpdatcs to the limits were needed by specific détes. In addiﬁdn, the current situation causes both
 the regulator and licensees to expend resources that could otherwise be devoted to other
activities. The objective of thlS report is to avoid these situations by providing P-T curve
methods that are geneﬁcally approved by the NRC so that P-T curves can be docuxhented ina
PTLR.

‘Because many BWR utilities have used Structural Integrity Associates, Inc. (SI) to 'develop their

P-T curves, this report documents the SI P-T curve fracture mechanics methodology in an LTR
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for NRC review and accéptance. ‘This LTR documents the SI fracture mechanics methods and
allows for a “plug and play” approach fo reactor pressure vessel (RPV) P-T curve development
and approval. Once accepted by the NRC, this LTR cari be referenced by any BWR licensee
who desires to use the SI methddology for their P-T curve development in a license amendment

request to adbpt GL 96-03 requirements for a PTLR.

It is noted that this report does not include development or licensing' of vessel fluence methods,
which are already covered by other LTRs. It is assumed that such fluence methods would be
utilized to develop the necessary and appropriate inputs for use in the P-T curve development

methodology outlined in this report.

1.2  Purpose of Topical Report

‘In order to implement the PTLR, the analytical methods used to develop the P-T limits must be
consistent with those previously reviewed and approved by the NRC and must be referenced in
the Administrative Controls section of the plant Technical Specifications. The purpose of this
report is to provide the current SI methodology for déveloping reactor coolant system (RCS)
pressure test, core not critical, and core critical P-T curves for BWRs. When approved by the
NRC, this methodology may be referenced by licensees to implement the PTLR.

This LTR does not provide all of the methodologies which can be used to develop RCS pressure
test, core not critical, and core critical P-T curves, but rather methodologies that can be
referenced by licensees when approved by the NRC to license the PTLR concept. It is also noted
that the contents of this report are only intended to license how P-T curves are generated and not

how the curves are applied in plant operation.
13  Content of Topical Report

This report contains the methodblogy_ used to develop the RCS pressure test, core not critical,
and core critical P-T curves in Section 2.0. A simplified, step-by-step procedure for

implementing the methodology is outlined in Section 3.0. Appropriate references are provided

SIR-05-044, Rev. 0 1-2



in Section 4.0. Appendix A provides guidance for application of the BWR Vessel and Internals
Project (BWRVIP) Integrated Surveillance Program (ISP) data to P-T curve development. A
.sample PTLR is provided in Appendix B, which has been appi'oved for inclusion by PPL for
 their Susquehanna Steam Electric Station. The sample PTLR in Appendix B is intended tobea

tempiate for licensees to follow for development of their own plant-specific PTLRs.

SIR-05-044, Rev. 0 1-3



20  PRESSURE-TEMPERATURE LIMIT CURVES
2.1 Introduction

Pressure test, core not critical, and core cﬁﬁcal P-T limit curves are calculated using the most -
limiting value of RTnpr (reference nil-ductility transition témperature) corresponding to the
limiting material in the RPV, including the effects of neutron irradiation. | Normally, the limiting
RPV material is located in the RPV beltline region (the region adjacent to the core that is most
affected by fast neutron irradiation). The most limiting RTnpr of the material in the beltline
region of the RPV is determined by using the unirradiated RPV material fracture toughness
properties and estimating the irradiation-induced shift (ARTNDT). 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 fi-Ib of impact energy and 35 mils of lateral

‘expansion (both normal to the m'ajorl working direction) minus 60°F.

The RTypr increases as the material is exposed to fast-neutron irradiation. 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 original unirradiated RTnpr. The
extent of the shift in RTxpr is enhanced by certain chemical elements-(such as copper and nickel)
present in RPV steels. The NRC has published a method for predicting radiation embrittiement
in Regulatory Guide (RG) 1.99, Revision 2 [2]. RG 1.99, Revision 2 is used Ifor the calculation
of adjusted reference temperature (ART) values (irradiated RTypr with margins for
uncertainties) at 1/4t and 3/4t locations, where “t” is the thicknese of the vessel at the beltline
region measured from the clad/base metal interface'. Using the ART values, P-T limit curves are
determined in accordance with the requirements of Title | 10, Part 50 of the U. S. Code of Federal
Regulatidns‘(IOCFR_SO)} Appendix G [4], as augmented by American_Seciety of Mechanical
Engineers (ASME) Boiler and Pressure Vessel Code, Section XI, Nonmarrdatory Appendix G
[5). The -procedure,for‘es'tablishing'P-T limits is entirely'deterministic. The conservatisms
included in the limits are (but not limited to): |

! The thickness of the cladding is neglected as speeiﬁed in the ASME Code, Section III, Paragraph NB-3122.3 [3].
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¢ An assumed flaw in the wall of the RPV-that has a depth equal to 1/4 of the thickness of
the RPV wall and a length equal to 1.5 times the vessel Wall thickness (6-to-1 length-to-
depth aspect ratio, a/f).

’ . A safety factor of 1.5 (for pressure test conditions) or 2.0 (for core not critical and core
critical conditions) is applied to the primary membrane stress intensity factor (Kin) and
the primary bending stress intensity factor (Kyp).

e Two standard deviation (25) margins are applied in determining the ART.

¢ The limiting toughness is based upon a reference value (Ki,, which is a lower bound of
the dynamic crack initiation or arrest toughnesses, and/or K., which is a loWer bound of
§tatic fracture toughness).

This section describes the methodology used by SI to develop allowable P-T relationships for
pressure test, core not critical, and core critical conditions that are included in the PTLR.
Separate subsections describing fracture toughness properties, ART calculation, criteria for

“allowable P-T relationships, and P-T curve generation are provided.

22 | 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 10 CFR Part 50 Aiapendix G [4], as
augmented by the additional requirements in Subsection NB-2331 of Section III of the ASME
Code [3]. These fracture toughness requirements are also summaﬁzed in Branch Technical
Position MTEB 5-2 [6] of the NRC Regulatory Standard Review Plan. -

These requirements are used to determine the value of the (RTnpr) for unirradiated material
 (defined as initial RTxpr, or IRTxpr) and to calculate the ART as described in Section 2.3. Two
types of tests are required to determine a material’s value.of IRTwor: (1) Charpy V-notch impact
(C,) tests, and (ii) drop-weight tests. The procedure for détermining RTnor is as follows:

- SIR-05-044, Rev. 0 2-2



1. Determine a temperature, Tnpr, that is at or above the nil-ductility transition temperature
by drop weight tests. '

2. At a temperature not greater than Tnpr + 60°F, each specimen of the C‘, test shall exhibit
at least 35 mils of lateral expansion and not less than 50 fi-Ib of absorbed energy. When

these requirements are met, Twpr is the reference temperature, or RTNDT

3. If the requirements of (2) above are not met, conduct addmonal C, tests in groups of
three specimens to determme the temperature, Tcy, at which they are met. .In this case,
the RTwpr is (Tcy - 60°F). Thus, the RTnpr is the higher of Tnpr and (Tcy - 60°F).

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

- minimum data points of all of the C, tests performed, as shown in Figure 2-1.

Licensees that do not follow the fracture toughness requirements 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) [7] must be provided
for an exemption from the regulations to be granted by the NRC. ’

23  Calculation of Adjusted Reference Temperature

The ART for each material in the beltline region is calculated in accordance with RG 1.99,
Revision 2 [2]. The most limiting ART value (i.e., highest value at the 1/4t location) is used in
__determining the P-T limit curves. ART is calculated by the following equation:

ART = IR Typr + ARTypr + Margin - @.3-1)
where: ART = the adjusted reference temperature (°F)
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IRTnpr =  the reference temperature for the unirradiated material (°F)

ARTwpr =  the mean value of the shift in réference temperature (°F)

Margin =  the temperature value thét is included in the ART
calculations to obtain conservative, upper-bound values of
ART (°F)

IRTnpr is defined in Paragraph NB-2331 of Section III of the ASME Code [3], and determined
as described in Section 2.2. If measured values of IRTnpr are not available for the material in
question, generic mean values for each 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:
ARTNDT =CF * f(0.28 ~0.10log f) (2'3_2)
where: ARTnpr = - the mean value of the shift in reference temperature (°F)
CF = the chemistry factor (°F) -
f = calculated fluence at depth, x (10'° n/cm?, E > | MeV)

The CF is a function of copper (Cu) and nickel (Ni) content, and is given in Table 1 of RG 1.99,
Revision 2 for weld metal, émd in Table 2 of RG 1.99, Revision 2 for base metal (i.e., Position
1.1 of RG 199, Revision 2). In Tables 1 and 2 of RG 1.9, Revision 2, “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 surveil‘l'énce"data sets (as defined in RG 1.99, Revision
2, Paragraph B.4) become a\?ailablc, they may be used to calcuiate CF per Position 2.1 of RG

1.99, Revision 2, as follows:
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where:

CF

A;

i[ A £ (028-0.10kg1,))

CF = | (2.3-3)

z":[fi(o.zs-o.wlog £) ]z '

i=l

the chemistry factor (°F)

the number of surveillance data points

the measured value of ARTNDT for each surveillance data
point, i (°F)

the fluence for each surveillance data point, i

(10" n/cm?, E > 1 MeV)

If Position 2.1 of RG 1.99, Revision 2 results in a highcr value of ART than Position 1.1 of RG
1.99, Revision 2, the ART calculated per Position 2.1 must be used. However, if Position 2.1 of
RG 1.99, Revision 2 results in a lower value of ART than Position 1.1 of RG 1.99, Revision 2,

either value of ART may be used.

To calculate ARTypr at any depth (e.g., at 1/4t), the following formula is used to attenuate the
fast neutron fluence (E > 1 MeV) at the specified depth:

where:

f

fsurface

f=fourficc * € O o (2.3-4)

calculated fluence at depth, x (1 Olgln/cmz, E>1MeV)

the value of neutron fluence at the base metal surface of the
RPV at the location of the postulated defect

(10" n/cm?, E > 1 MeV) -

the depth into the vessel wall measured from the vessel

clad/base metal interface (inches)

The resultant fluence is then put into Equation (2.3-2) to calculate ARTivpr at the specified dépth.

SIR-05-044, Rev. 0
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When two or more credible surveillance capsules have been removed, the measured increase in
reference temperature (AR Tnpr) must be compared to the predicted increase in RTypr for each
-surveillance material. The predicted increase in RTnpr is the mean shift in RTnpr calculated by
Equa’uon (2.3-2) plus two standard devxatlons (20,) specified in RG 1.99, Revision 2. If the .
measured value exceeds the predicted value (ARTnpr + 204), a supplement to the PTLR must be
provided 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 10CFR50 Appendix G [4]. Margin
is calculated by the following equation: '

Margin =20’ +6,” (2.3-5)

where: Margin =  the temperature value that is included in the ART |
calculations to obtain conservative, upper-bound values of
ART (°F)
0 = the standard deviation for IRTnpr (°F)
OA = the standard deviation for ARTnpr (°F)

If IR Typr is 2 measured value, oy is estimated from the prec1s1on of the test method (67 =0 fora
measured IRTxpr of a single material). If IRTipr 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 RG 1.99, Revision 2, 6, is 28°F for welds and 17°F for base
metal. When surveillance data is used to calculate ARTnpr, Ga values Ihay be reduced by one-
half, In all cases, 6, need not exceed half of the mean value of ARTypr.

Consistent with the above methodology, the BWRVIP has established the ISP that allows sharing

of survelllance program results among participating BWR plants. Appendlx A of this report
provides gmdance on how to apply the BWRVIP ISP results in the determination of ART.
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24  Criteria for Allowable Pressure-Temperature Relationships

The ASME Code requirements [5] for calculating the allowable P-T limit curves for pressure
test, core not critical, and core critical conditions specify that the total stress intensity factor, K,
for the combined thermal and pressure stresses at any time during plant heatup or cooldown
conditions cannot be greater than the reference stress intensity factor, Ky, or Ky, the fracture
toughness for the metal temperature at that time. Two values of _fraéture toughnnss may be used,
K;a or Ky, depending upon the ASME Code Edition employed in the calculations. Ki, is
obtained from the reference fracture toughness curve, deﬁned in edxtlons of ASME Code,
Section XI, Nonmandatory Appendix G prior to 1999,

The Ky, and Ky curves are given by the following equations:

Kjp=26.78 + 1.223 * exp [0.0145 (T - ART + 160)] (2.4-1)°
Kjc = 33.20 + 20.734 * exp [0.0200 (T - ART)] (2.4-2) |
where: Kn = the reference stress intensity factor for lower bound of
dynamic and crack arrest toughness (ksi Jinch )
Kie = the lower bound of static fracture toughness (ksxm )
T = the metal temperature at the postulated 1/4t crack tip (°F) .
ART = the ART value calculated as shown in Section 2.3 for the

limiting material for the RPV region under consideration
cH |

? In ASME Code, Section I, Nonmandatory Appendix G, the reference fracture toughness is denoted as K,
whereas in pre-l999 editions of ASME Code, Section XI Nonmandatory Appendlx G, the reference fracture
toughness is denoted as K. However, the Ky and K, curves are identical and are defined with the identical
_functional form. '
* In some past editions of ASME Code, Section XI, Nonmandatory Appendix G, the equation for Ky, yielded a
slightly higher (0.8%) valuc than the value shown by Equation 2.4-1 due to a printing error that specified a constant
of 1.233 instead of 1.223. The value of 1.223 is correct and consistent with Welding Research Council Bulletin 175
[8], and NRC Standard Review Plan 532 (6).
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As documented in the Technical Basis Document [9] for ASME Code Case N-640 th], Ky is
the preferred fracture toughness value for use in P-T curve deVelopment since heatup and
cooldown are slow pi'ocesses, so static properties are appropriate. ASME Code Case N-640 was
approVed in February 1999 (and related Code Case N-641 [11] was approved in January 2000),
and formed the basis for the change from Kj, to Ky in editions of ASME Code, Section XI,
Nonméndatory Appendix G starting with the 1999 Addenda. Based on this, all subsequent
equations in this report utilize the K| fracture toughness value. For P-T curve submittals where
reference to Kj, may be necessary, Kj, can be substituted for Ky in the equations that follow.

Whereas the fracture toughness expressions are based on the metal temperature at the postulated
1/4t flaw tip, the coolant temperature should be used (i.e._, the temperature increase between the
RPV coolant and the 1/4t crack tip should be neglected). Use of the coolant temperature is
conservative for the limiting cooldown condition described below because the metal temperature
“lags”, or is warmer than, the coolant temperature. Thus, the use of the coolant temperature will
yield a lower (more limiting) value of fracture toughness than the crack tip metal temperature.

" _The use of the coolant temj:e’rature is considered to be a necessary conservatism in P-T curve

development to ensure that all design margins and safety factors are maintained.

The governing equation for generating P-T limit curves is defined in ASME Code, Section XI,
Nonmandatory Appendix G [5] as follows: '

SF * Kym + K1 <Ky o (2.4-3)
- where: Kim = the stress intensity factor caused by membrane (pressure)
stress (ksi+/inch ) _
Ki = the stress intensity factor caused by thermal gradients

through the RPV wall for Level A and Level B service

limits (i.e., core not critical Curve B and core critical Curve .

C) (ksi+inch ) Note: K is set to zero for hydrostatic and leak test
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calculations since these tests are performed at or near isothermal |
conditions (typically 25°F/hr or less).
SF = safety factor |
= 2.0 for Level A and Level B service limits (i.e., core not
critical Curve B and core critical Curve C) _
= 1.5 for hydrostatic and leak test conditions when the reactor
éore is not critical (i.e., Curve A) v
Ke = the lower bound of static fracture foughness as a function of

the coolant temperature, T, and the ART (ksi+finch )

At specific times during the limiting cooldown transient, Ky is determined by the meté,l
temperature at the tip of the postulated 1/4t flaw (consers}atively assumed to be the same as the
coolant temperature), the appropriate value for ART at the same location, and the Ky fracture
touglmesé equation (Equation 2. 4-2) The thermal stresses resulting from the temperature

~ gradients through the vessel wall and the corresponding thermal stress intensity factor, Ky, for
the reference flaw are calculated as described in Section 2.5. From Equatlon (2.4-3), the limiting
_ pressure stress mtens:ty factor is obtained and, from this, the allowable pressure is calculated as

described in Section 2.5.

For "t_he calculation of the allowable pressﬁre versus coolant temperature during core not cﬁtical
and core critical conditions, the reference l/4t flaw of ASME Code, Section XI, Nonmandatory
Appendix G is assumed to exist at the inside of the RPV wall P-T curves developed with this
flaw assumption are bounding because the controlling locatlon of the flaw is always at the msxde
of the vessel wall. This is due to two reasons: (1) 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, an'dv(2) the ART for an inside surface (1/4t) flaw is more limiting
~ than an outside (3/4t) flaw due to fluence attenuation effects through the RPV wall. 'I'hereforé,
P-T curves developed for an inside surface (1/4t) postulated flaw under cooldown conditions
“bound the case of an outside surface (3/4%) 'pdStuléted flaw under heatup conditions, P-T curves
developed on this basis are valid for use under both heatup and cooldown conditions.
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In addition to the above, it is also recognized that P-T limits generated for the RPV also are
considered to cover all portions of the RCS piping. There are at least four reasons why the RPV
P-T limits are considered to adequately bound fracture toughnéss requirements for the RCS
piping: (1) the RPV is irradiated (thereby experiencing material degradation due to neutron

E embrittlement) whereas the RCS piping is not, (2) the philosophy behind the design codes used
to evaluate the design of the RPV and piping generally recognize that the RPV is more limiting
than the RCS piping from a structural standpoint, (3) much of the RCS piping is austenitic
stainless steel, which has ductile behavior and does not experience the fracture concerns that
ferritic material experiences, and (4) stresses are typically higher in the thicker-walled RPV than
in the thin-walled RCS piping.

Allowable P-T curves are typically generated for a 100°F/hr4 cooldown rate, which is the
limiting cooldown rate typically specified in plant Technical Specifications. However, curves
for other cooldown rates can also be generated to provide a basis for acceptability when
Technical Specification cooldown rates may be exceeded (i.e., bottom head stratified
conditions), or to help support cases where it is desirable to change plant Technical Specification

.cooldown rate limits.

~ Finally, the 1983 Amendment to 10CFR50 Appendix G has rules which address the metal
temperature of the closure head flange and vessel flange regions. ‘These rules state that the metal

temperature of the closure flange region_s must exceed the material unirradiated R'_I‘NDT by at least
120°F for normal operation and 90°F for hydrostatic pressure tests and leak tests when the.

pressure exceeds 20% of the preservice hydrostatic test pressure. In addition, when the core is
critical, the P-T 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

, 4 In the context of P-T curve development, a linear 100°F/hr cooldown rate is typically assumed. Due to other.
conServatisms inherent in the methodology defined in this réport, this rate is considered to cover all cases of “a
'100°F change in temperature in any 1-hour period.” In other words, as long as the temperature change in any 1-hour
period is less than or equal to 100°F, the curves developed using a rate of 100°F/hr remain valid for use.
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in the corresponding P-T curve for core not critical conditions. These limits must be

incorporated into the P-T limit curves wherever applicable.

A petition to revise the 10CFR50 Appendix G flange requiremvents was submitted by the
Westinghouse Owners Group (WOG) in November 1999 [12], which would eliminate the flange
requirement completely. That petition has been suspended due to additional requirements
requested by the NRC. Some licensees have since élected to pur_sueéliminatidn of these
reéuitements on a plant-specific basis. Therefore, until the text of 10CFR50, Appendix G is
changed, the flange requirements remain in force, but can potentially be eliminated through a
plant-specific exemption request. ' '

Figure 2-2 shows an example of a set of pressure test curves applicable for the first 32 effective
full power years (EFPY) of plant operation, Separate curves are defined for the beltline, non-
beltline, and bottom head regions. Figure 2-3 shows an example of core not critical P-T curves
using a rate of 100°F/hr applicable for 32 EFPY of plant operation. 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 steps in these curves are due to the

previously described flange requirements [4].
25 Pressure-Temperature Curve Generation Methodology

251 Therinal Stress Intensity Factor Calculations for Shell Regions

For shell regions remote from disconfinuities, there are several methods available for computing
“the thérmal stress intensity factor, Ky, for use in establishing P-T limits. Three methods
- routinely employed by SI are described in this section: (1) the Closed Form Solution Method,
| (2) the Section XI Nonmandatory Appendix G Method, and (3) the Welding Research Council
(WRC) Bulletin No. 175 [8] Method. Each of these three methods is described next.
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Closed Form Solution Method .

For this method, the thermal stress intensity factor, Ky, may be calculated using a closed form
- solution using conventional heat transfer and thermal stress méfhodology. The time-dependent

temperature solution utilized in the cooldown analysis may be based on the following one-

dimensional transient heat conduction equation [17]:

pC—=K|—

aT _[&T 1eT
- [ar’ ?Ta?'] (2.5.1-1)

with the following boundary conditions applied at the inner and outer radii of the RPV:

atr=r; K< =KT-T.) | (2.5.1-2)

|y

2|3
g

atr=ro: (2.5.1-3)

where: I = the reactor vessel inner radius (inches)

st
il

the reactor vessel outer radius (inches)

= the material density (Ib/in*)

the material specific heat (BTU/1b-°F)

the material thermal conductivity (BTU/sec-in-°F)

the local metal temperature (°F)

the radiél location (inches)

time (sec) 4

the heat transfer coefficient between the coolant and the
vessel wall (BTU/sec-in2-°F )

the coolant temperature (°F)

[ M i i

]

Te

These équaﬁons are solved numerically to generate the position and time-dependent temperature
"distributions, T(r.t), for all cooldown rates of interest. '
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With the results of the heat transfer analysis as input, position and time-dependent distributions

' of thermal hoop stress are calculated using the formula for the thermal stress in a hollow cylinder

given by Timoshenko [13].
2 25 r .
ooty =& _12_[‘ 251, rdr+ [T(trdr - T, t)rz] (2.5.1-4)
l=vr®fir =z /] : ' |
where: oo(r,t) = the hoop stress at location, r, and time, t (psi)

E = the modulus of elasticity (psi) |

o = the mean coefficient of linear expansion (in/in-°F)

v = Poisson's ratio = 0.3

The quantities E and o are temperature-dependent properties. However, to simplify the analysis,

E and o may be evaluated at an equivalent wall temperature at a given time:

2r]T(r)fdr

T, =t 2.5.1-5
w = Cesy)

E and a. are calculated as a function of this equivalent temperature and the Ea product in
Equation (2.5.1-4) is treated as a constant in the computation of thermal hoop stress.

-The. secondary linear bending (o) and constaht secondary membtane (Gsy) stress components of
the thermal hoop stress proﬁle‘are approximated by the lineérization technique presented in
~ ASME Code, Section XI, Nonmimdatory Appendix A [14]. These stress componénts are used

- for determining the thermal stress intensity factor, Ky, based on Paragraph_ G-2200 of ASME
_Code, Section XI, Nonmandatory Appendix G [5]_ as follows: |

Kit = M Gsm + M 63 = M (Gun + 0.667 64t) (25.1-6)
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where: | the thermal stress intensity factor (ksi+/inch )

Oun = the secondary membrane hoop stress (psi)
" ow = the secondary bending hoop stress (psi)
Mn = the membrane correction factor for an inside axial surface

flaw, per Paragraph G-2214.1, as follows
1.85 for Jt<2 |
0.926 t for2 < vt <3.464
3.21 for V/t >3.464

In the above expression, the bending correction factor, M, has been set equal to (2/3)M, in

accordam_:e with Paragraph G-2214.2 of ASME Code, Section XI, Nonmandatory Appendix G [5].

Section XI'Nonmandatory Appendix G Method
For this method, the thermal stress intensity factor, Ky, may be calculated using the stress

“intensity factor expression from ASME Code, Section XI, Nonmandatory Appendix G [S].

The maximum Ky, produced by a radial thermal gradient for a postulated inside surface defect is:

Ky = 0.953x103 (CR) (#%) (2.5.1-7)
‘where: CR = the cooldown rate (°F/hr)
t = the RPV wall thickness (inches)
Ky = the thermal stress intensity factor (ksivinch )

The through-wall temperature difference associated with the maximum thermal stress intensity

- factor, Ky, is determined from Figure G-2214-1 of ASME Code, Section X1, Nonmandatory

Appendix G. The temperature at any radial distance from the vessel surface can be determined
- from Figure G-2214-2 of ASME Code, Section XI, Nonmandatory Appendix G for the
maximum thermal stress intensity factor, Ky, with the following restrictions:
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(2) The maximum thermal stress intensity factor, Ky, relationship and the temperature
relationship in Figure G-2214-1 are applicable only for the conditic_ms given in
Paragraph G-2214.3(aX1) and (2) of ASME Cdde, Section XI, Nonmandatory
Appendix G.

(b) Alternatively, the Ky, for a radial thermal gradient can be cglculated for any

‘thermal stress distribution and at any specified time during the cooldown for a

1/4t inside surface defect using the following relationship:

Ky = (1.0359C, + 0.6322C, + 0.4753C, + 0.3855C3) vra (25.1-8)

where the coefficients Co, 'Cl, C,, and C; are determined from the thermal stress

distribution at any specified time during the cooldown using the fdllowing form:
o(x) = Co + Cy(x/2) + Co(x/a)’ + C3(x/a)’ | (2.5.1-9)

the radial distance from the inside surface to any

where: X
point on the crack front (inches)

a = the maximum crack depth (inches)

Welding Research Council Bulletin No. 175 Method
For this method, the thermal stress intensity factor, Ky, may be calculated using the stress
intensity factor expression from WRC Bulletin 175 [8]:

K, =[5 1.IM, +06,M,] -’-‘QE | (2.5.1-10)

where: ‘Kg = the thermal stress ixitensity factor (ks1 JJinch )
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Osm = the constant secondary membrane stress component from
the linearized‘ thermal hoop stress distribution (psi)

c;b = the linear secondary bending stress component from the

| linearized thermal hoop stress distribution (psi)

My = | the correction factor for membrane stress as a function of
relative flaw depth, a/t (see Figure 2-4)

Mg = the correction factor for bending stress as a function of
relative flaw depth, a/t (see Figuie 2-5)

a = crack depth (inches) |

Q = the flaw shape factor modified for plastic zone size,
interpolated from the following: ‘

oloy 0.1 0.3 0.5 0.7 1.0
Q 1.235 | 1.215 | 1.190 | 1.135 | 1.030
c = the total thermal stress (psi) =0sm + Gsb
Oy = the material yield stress (psi)

2.5.2 Allowable Pressure Stress Intensity Factor Calculations for Shell Regions

The minimum allowable pressure is calculated as a function of coolant temperature using the
allowable fracture toughness, K., the épplied thermal stress intensity factor, Ky, and the required
safety factor. ' :

For shell reglons remote from discontinuities, smce BWR RPVs are classxﬁed as thin-walled
cylmdncal pressure vessels (R/t > 10), the stress due to ‘applied pressure may be consxdered as

' 'entn'ely membrane in nature. Thus, for membrane tension, the membrane tension stress intensity
+ factor, Kim, for a postulated 1/4t defect is defined in ASME Code, Section XI, Nonmandatory
Appendix G [5] as follows:

Kim = (K - Ky) / SF. (2.5.1-11)
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where;

K[m'

KIc

Kk

SF

the allowable stress intensity factor caused by membrane

(pressure) stress (ksi+/inch )

the lower bound of static fracture toughness as a function of
the coolant temperature, T, and fhe limiting ART for all
beltline weld and plate materials from Equation 2.4-2

(ksi+/inch )

the thermal stress intensity factor (ksi+/inch )

Note that the thermal stress intensity factor is neglected (i.e., Ky = 0)
Jor developing the inservice hydrostatic and leak test P-T curve since
the hydrostatic leak test is performed at or near isothermal conditions

(typically 25°F/hr or less).
safety factor

2.0 for Level A and Level B service limits (i.e., for core not

critical Curve B and core critical Curve C)

1.5 for hydrostatic and leak test conditions when the reactor

core is not critical (i.e., for Curve A)

Thé allowable pressure for a 1/4t postulated limiting (axial) defect is defined based on membrane
pressure stress in ASME Code, Section XI, Nonmandatory Appendix G [5] as follows:

where:

SIR-05-044, Rev. 0

Pallow

Kim

M,

Patow = (Kim t) / (M R)) (2.5.1-12)

the allowable internal pressure (psi)

the allowable stress intensity factor caused by the
membrane (pressure) stress (ksn/—uE )

the RPV wall thickness (inches)

the membrane cbrrection factor for an inside axial surface

flaw: ,
1.85 for Jt<2 |
0.926+/t for2 < ft <3.464
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3.21 for +Jt >3.464

R; = the vessel inner radius (inches)

Note in the above expression, since the pressure stress is treated entirely as a membrane stress,

the stress intensity factor due to primary (pressure) bending has been neglected.

_2.5.3 Thermal and Pressure Stress Intensity Factor Calculations for Discontinuity Regions

In more recent years, in addition to P-T liinits established for the RPV beltline shell region,
separate P-T limits have typically also been developed for two discontinuity regions: (1) the
RPV bottom head, and (2) the RPV non-beltline region, which is typically controlled by the
feedwater nozzle and flange regions. Separate P-T limit curves for the beltline, non-beltline, and
bottom head regions allows greater operational flexibility during transient conditions where
temperatures experienced in these other regions can be significantly different than in the beltline
region. For these discontinuity regions, the same general procedures as those described in
Sections 2.5.1 and 2.5.2 for shell regions apply, except that certain modifications are made to
develop appropriate stresses for determining the thermal stress intensity factor, Ky, and the
pressure stress intensity factor, Ky,, under the presence of discontinuity stresses. Methods for
- calculating thermal and pressure stress intensity factors for each of these typical discontinuity
regions is described in this section. For cases where there is a desire to establish P-T limits for
discontinuity regions other than those described herein, the same general methods as those
‘.descr‘ibed below may be applied. '

Bottom Head Region _

For the thermal stress intensity factor, Ky, the methodology described in Section 2.5.1 may be

used for the bottom head region. Although the methdc_lology described in Section 2.5.1 is based

* on one-dimensional heat transfer and stress solutions for a cylindrical structure, the solution
closely approximates the thermal stress solutions for a sphere or a flat plate due to the large
diameter of the BWR RPV (on the order of 200 inches). Therefore, the Ky, solution contained in

Section 2.5.1 is deemed appropriate for use in the bottom head region for normal héatup and

cooldown transients. Available thermal stresses from existing stress reports may also be used, as
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well as other solution techniques (such as finite element analysis) to develop the bottom head

region thermal stresses.

The minimum allowable pressure is different for the bottom head region compared to the béltline

shell region due to the épherical bottom head configuration, as well as the presence of bottom

head penetrations. Therefore, methodology is provided below for the calculation of allowable

pressure for the bottom head region that properly accounts for these differences.

For the bottom head region, the stress due to applied pressure is considered as 'entirely membrane

in nature, with a conservative stress concentration factor applied to account for the bottom head

penetrations. Thus, the membrane tension stress intensity factor, Kim, for a postulated 1/4t defect
is defined in ASME Code, Section XI, Nonmandatory Appendix G [5] as follows:

where:

SIR-05-044, Rev. 0

Kim

K

- SF

Kim = Kic - Ky) / SF . (2.5.1-13)

the allowable stress intensity factor caused by the
membrane (préSsure) stress (ksi+/inch ) »
the lower bound of static fracture toughness as a function of
the coolant temperature, T, and the limiting RTnpr for all

bottom head plate and weld materials from Equation 2.4-2

(ksi+/inch )

the thermal stress intensity factor (ksi+/inch )

Note that the thermal stress intensity factor is neglected (i.e., Ky = 0)
Jor developing the inservice hydrostatic and leak test P-T curve since
the hydrostatic leak test is performed at or near isothermal conditions
(typically 25°F/hr or less).

safety factor

2.0 for Level A and Level B service limits (i.e., for cbre_not

_ critical Curve B and core critical Curve C)
1.5 for hydrostatic and leak test conditions when the reactor

core is not critical (i.e., for Curve A)
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The allowable pressure for a 1/4t postulated limiting (axial) defect is defined based on spherical

membrane pressure stress as follows:

Paiiow = (2Kim t) / (SCF M R)) (2.5.1-14)
where: Patow = the allowable internal pressure (psi)
Km = the allowable stress intensity factor caused by membrane
(pressure) stress (ksi \/_uE )
t. = the bottom head wall thickness (inches)
SCF = conservative stress concentration factor to account for-

bottom head penetration discontinuities = 3.0
Mn = the membrane correction factor for an inside axial surface
flaw:
1.85 for vt <2
0926+t for2 < Vt <3.464

3.21 for \t >3.464
R; = the bottom head inner radius (inches)

Note in the above expression, since the pressure stress is treated entirely as a membrane stress,
~ the strcss mtensny factor due to primary (pressure) bending has been neglected.

: ﬂon—BeItlme Region
P-T limits for the non-beltline region are mtended to encompass and bound all locations outside

of the beltline region (excluding the bottom head, if it is evaluated separately). The non-beltline
regions are defined as all RPV locations with fluence values less than 1x10" n/em? (E > 1 MeV).
Typlcally, the limiting location outside of the beltline reg:on is the feedwater nozzle, where
stresses are highest due to the most severe thermal trans1ents However, determination of the
limiting location must also consider the material RTNDT. In many cases, a worst-case assumption -
.of feedwater nozzle stresses and the highest RTynpr of all locations outside of the beltline region
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' (excluding the bottom head region, if it is evaluated separately) is used. In addition, the ﬂangev
requirements discussed in Sections 2.7 and 2.8 are also applied to the non-beltline region P-T'

limits. Based on this reasomng, the d1scus51on that follows is based on stresses determined for
the feedwater nozzle

The stress intensity factors for the feedwater nozzle may be calculated using the results of a
detailed finite element model of the nozzle. In many cases, such results are already available
from the governing design basis stress report for the feedwater nozzle. The details of the finite
element process are not included here; rathér, the extraction of the appropriate finite element

results and their use in developing P-T limit curves is discussed.

Fora path through the limiting nozzle inner blend radius corner, the following stresses should be
extracted from the finite element model usiqg the linearization technique presented in ASME
‘Code, Section XI, Nonmandatory Appendix A [14] at a depth of 1/4t for the section selected:

° anary membrane hoop stress due to operating pressure c,,m
e Primary bendmg hoop stress due to operatmg pressure, Gpp
e Secondary membrane hoop stress due to limiting normal/upset transient, osm

e Secondary bending hdop stress due to limiting normal/upset transient, oy, .

The thermal stress intensity factor, Ky, is computed Sased on Paragraph G-2220 of ASME Code,
Section X1, Nonmandatory Appendix G [5] as follows: :

Kyt = R My Gym + R My Gy = R My (Gsn + 0.667 02t)  @5.1-19)

the thermal stress intenéity factor (ksifinch )

R = correction factor, calculated to consider the nonlinear

where: Kx

effects in the plastic region based on the assumptions and
recommendation of WRC Bulletin 175 [8]: |
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Opb,

Ototal

Osm

Osh

it

(om,-c,)]

[cy g + T
R=": :
'(o'total ‘cpm)

the material yield stress (psi)

the primary membrane hoop stress due to operating
pressure (psi) | |
the primary bending hoop stress due to 6perating pressure
(si) | |
the total stress (psi) = Opm + Opy + Osm + O
the secondary membrane hoop stress due to the limiting
normal/upset transient (psi) '
the secondary bending hoop stress due to the limiting
normal/upset transient (psi) | _
the membrane correction factor for an inside axial surface
flaw: , _

1.85 for Jt <2

0.926+t for2 <t <3.464

3.21 for /t > 3.464

In the above éxpression, the bending correction factor, My, has been set equal to (2/3)Mp, in
- accordance with Paragraph G-2214.2 of ASME Code, Section XI, Nonmandatory Appendix G

[5].

- The allowable pressure stress intensity factor, Ky, for a postulated 1/4t defect is defined in
ASME Code, Section XI, Nonmandatory Appendix G [5] as follows: '

where: Kip

SIR-05-044, Rev. 0

Kip = (Kic - Ky) /SF | (2.5.1-16)

the allowable stress intensity factor caused by pressure

stress (ksi+/inch )
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[

ch

A
I

SF =

the lower bound of static fracture toughness as a function of
the coolant temperature, T, and the limiting RTnpr for all
non-beltline locations (excluding the bottom head region, if

it is addressed separately) from Equation 2.4-2 (ksi Jfinch )
the thermal stress intensity factor (ksi+/inch ) |

Note that»the thermal stress intensity factor is neglected (i.e., Ky = 0)
for developing the inservice hydrostatic and leak test P-T curve since
the hydrostatic leak test is performed at or near isothermal conditions
(typically 25°F/hr or less). '

safety factor
2.0 for Level A and Level B service limits (i.e., for core not
critical Curve B and core critical Curve C)

1.5 for hydrostatic and leak test conditions when the reactor

‘core is not critical (i.e., for Curve A)

The applied pressure stress intensity factor, Kip-appticd, is computed as follows:

where:

SIR-05-044, Rev. 0

K ip—eopics = F@&,T,) 0, VT2 (2.5.1-17)
Kipspptiea =  the applied pressure stress intensity factor (ksi Jinch)
F(a,r,) = nozzle stress faétor for “Proposed Nozzle Cofner Flaws” line

from Figure AS-1 of WRC Bulletin 175 (see Figure 2-6)

In = the apparent radius of nozzle (inches) |
| = 1+02%,
Ti = the inner radius of the nozzle (inches) |
Ie = the nozzle inner corner radius (inches)
Gpm = _the primary membrane hoop stress due to operating -

‘ pressure; P (psi) | ,
a = the 1/4t postulated crack depth (inches)
t =

the nozzle corner section thickness (inches) |

2-23



. The allowa_ble pressure, Paiiow, for a 1/4t postulated limiting (axial) defect is defined as follows:

Pattow = (Kip P) / Kip-applied | (2.5.1-18)

P

Klp-applied =

the allowable internal pressure (psi)

the allowable pressure stress intensity factor (ksi+/inch )
the operating pressure (psi)

the applied pressure stress intensity factor (ksi+/inch )

2.6  Final P-T Limits and Instrument Uncertainties

Once the allowable pressure versus coolant temperature relationship has been calculated in
accordance with one of the methods described in Section 2.5, final P-T limits are calculated as

follows:

where : Tpy =
U‘r =

" Ppr =

©
i

Up =

‘SIR-05-044, Rev. 0

Ter=T+Ur (2.6-1)
' Pp.’r =P - PH - Up (2.6-2)

the allowable coolant (metal) temperature (°F)

the temperature instrument uncertainty (°F)

the allowable reactor pressure (psig)

the pressure head to account for the column of water in the
RPV (psig) = pAh

water weight density at ambient temperature (Ib/in%)
elevation between the reactor pressure instrument and the
elevation of the RPV bottom head inside surface (inches)
the pressure instrument uncertainty (psig)
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Témperature and pressure instrument uncertainties shall be determinéd using appropriate
techniques and good engineering practice. The signs applied to the uncertainties in the above

expressions cause the most conservative shift in P-T limits (i.e., downward and to the right).

2.7  Closure Head/Vessel Flange Requirements

10 CFR Part 50, Appendix G [4] contains the requirements for the mlmmum xfxetal temperature
of the closure head flange and vessel flange regions. These requirements state that the metal

temperature of the closure flange regions must meet the following requirements:
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Curve 4 (Hydrostatic Pressure and Leak Tests)
The following additional minimum temperature requirements apply to the non-beltline P-T limits
for Curve A (core is not critical and with fuel in the vessel), per Table 1 of 10CFR50, Appendix
G [4]:

o Ifthe pressure is greater than 20% of the pre-service-hydro test pressure’, the temperature
must be greater than the RTypr of the limiting flange material + 90°F.
o  If the pressure is less than or equal to 20% of the pre-service hydro test pressure, the
minimum temperature must be greater than or equal to the RTxpr of the limiting flange

- material. .

The above fequirements cause a temperature shift in Curve A at 20% of the pre-service system

hydrotest pressure.

Curve B (Core Not Critical) .
The following additional minimum temperature requirements apply to the ‘non-beltline P-T limits
-for Curve B, per Table 1 of 10CFR50, Appendix G [4]:

o Ifthe pressure. is greater than 20% of the pre-service hydro test pressure, the temperature
must be greater than the RTypr of the limiting flange material + 120°F.

o If the pressure is less than or equal to 20% of the pre-service hydro test pressure, the
minimum temperature must be greater than or equal to the RTipr of the limiting flange

‘material.

The above requlrements cause a temperature shift in Curve B at 20% of the pre-servxce system
hydrotest pressure.

3 Typically, the pre-service system hydrotest pressure is 1,563 psig, which corresponds to 1.25 times the typical GE
'BWR design pressure of 1,250 psig. Thus, 20% of the pre-service system hydrotest pressure corresponds to
312 psig.
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~ Curve C (Core Critical)
Curve C is generated from the requirements of 10CFR50, Appendix G [4]. The following

additional minimum temperature requireménts apply to the non-beltline P-T limits for Curve C,
per Table'1 of 10CFR50, Appendix G: ’ '

¢ The Curve C P-T limits shall be 40°F above any Curve A or B limits. Curve B is more
limiting than Curve A (due;to a higher safety factor and the presence of thermal stresses),
'so Curve C values are at least Curve B plus 40°F. |
¢ For a BWR with water level within the normal range for power opération, the allowed
| teinperature for initial criticality at the closure ﬂange region is (RTnpr + 60°F) at
pressures below 20% (_Sf the pre-service system hydrotest pressure. In addition, above
2()% of the pre-service system hydrotest pressure, the Curve C temperature must be at
least the greater of the RTnpr of the limiting closure region + 160°F, or the temperature
required for the hydrostatic pressure test (Curve A at the test pressure).

The above requirements cause a temperature shift in Curve C at 20% of the pre-service system

~ hydrotest pressure.

The above flange requirements were originally based on concerns about the fracture margin in
the closure flange region. Durmg the boltup process, stresses in this region typically reach over
70% of the steady-state stress, without being at steady-state temperature. The temperature
margins and the pressure limitation of 20% of pre-service hydrotest pressure were developed
using .the K frﬁcture toughness in the mid-1970s.. Ixnproved knowledge of fracture toughness
‘and other issues which affect the intégrity of the reactor vessel have led to a more recent change
to allow thé use of Ky in the development of P-T curves, as discussed previbusly (ie., ASME
Code Cases N-640 and N-641). - | |

As discussed in Section 2.4, a petition was inade by the WOG in Novembgr 1999 [12] to
eliminate the flange requirements contained in 10CFRS50, Appendix G. Ffoni that pétition,the
discussion given in WCAP-15315 [15] concludes that the integrity of the closure head/vessel
flange region is not a concern for any of the operating plants using the K, fracture toughness. In
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addiﬁoh, there are no known mechanisms of degradation for this region, other than fatigue.
However, the calculated design fatigue usage for this region is typically high for most BWR

' _plants (i.e., greater than 0.8) due to the high bolt preload stresses, so it cannot be necessarily
concluded that fatigue flaws are unlikely to initiate in this region. Therefore, the boltup
requifements contained in 10CFR50, Appendix G should be used until a revision to 10CFRS50,
Appendix G is made, or unless a plant-speciﬁc exemption is performed to demonstrate that the

flange requirements can be eliminated from the P-T curves.

2.8 Minimum Boltup Temperature

For conditions where the core is not critical, the minimum boltup temperature is equal to the
material RTnpr of the limiting region affected by boltup stresses per Table 1 of 10CFRS0,
Appendix G [4]. The RTnpr is calculated in accordance with the methods described in Branch
Technical Position MTEB 5-2 [6]. Consistent with the Westinghouse position [16], the
minimum boltup temperature shall not be lower than 60°F. Thus, the minimum boltup

~ temperature should be 60°F or the material RTxpr, whichever is higher.

As discussed in Section 2.7, for conditions where the core is critical, the minimum boltup

temperature is equal to the material RTnpr of the limiting region affected by boltup stresses +
60°F.
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Figure 2-1. Example of a Charpy Impact Energy Curve Used to Determine IRTxnpt
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Figure 2-2, Sample Pressure Test P-T Limit Curves for 32 EFPY
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Figure 2-3. Sample Core Not Critical P-T Limit Curves for 32 EFPY
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Fi'gure 2-4, Membrane Stress Correction Factor (M) (WRC Bulletih No. 175 Methed)
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Figure 2-5. Bending Stress Correction Factor (M) (WRC Bulletin No. 175 Method) |
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Figure 2-6. Nozzle Stress Intensity Factors (Figure AS-1 of WRC Bulletin No. 175)
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3.0 STEP-BY-STEP PROCEDURE FOR CALCULATING P-T LIMIT CURVES

A step-by-step procedure for developing P-T limits using the methodology described in Section
2.5 is provided in this section.

‘There are typically three RPV regions that are evaluated with respect to P-T limits: (1) the
beltline region, (2) the bottom head region, gmd (3) the non-beltline fegion inéluding the flanges.
Most typically, the non-beltline region is controlled by the feedwater nozzle, where thermal
stresses are highest. The non-beltline region should account for the worst ‘RTQDT of all RPV
materials outside of the beltline region, as well as minimum flange temperature requirements
(see Sections 2.7 and 2.8). P-T limit curves may also be developed for other RPV regions to

_ provide additional operating flexibility. '

“The approach used for calculating the pressure test (Curve A); core not critical (Curve B), and

~ core critical (Curve C) P-T limit curves for each of these regions is summarized as follows:

a. Assume a coolant temperature, T. The teinperature drop from the fluid to the metal
temperature at the assumed flaw tip (i.e., T at 1/4¢) is conservatively assumed to be

zero and metal temperature is assumed equivalent to coolant temperature.

b. Calculate the allowable stress intensity faétor, K}, using Equation 2.4-2 for the
assumed fluid temperature, T, and the limiting ART for the region being evaluated.

c. Calculate the thermal stress intensity factor, Ky, using one of the methdds described
in Sections 2.5.1 or 2.5.3. - |

d. | Calculate the’ allQWable pressure stress intensity factor, Kim or Ky, using the methods
described in Sections 2.5.2 or 2.5.3. ’

e. Calculate the allowable préssure, Paitow, using the methods described in Sections 2.5.2
or 2.5.3. |
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" f. Repeat steps (2) through (f) for other temperatures to generate a series of P-T points.
The resulting pressure and temperature series constitutes the P-T curve. The P-T
_curve relates the minimum required coolant temperature to the allowable measured

reactor pressure.

g For the non-beltline P-T limits, apply the additional minimum temperature

requirements described in Sections 2.7 and 2.8.

h. Apply any applicable adjustments to the final temperatures and pressures, as

described in Section 2.6.

Typical P-T limit Curves A and B generated from the above procedure are shown in Figures 2-2
and 2-3. '

A template PTLR is included in Appendix B Qf this report. The supporting documents

- referenced by the PTLR contain all calculations necessary for the development of the P-T curves

contained in the PTLR in accordance with the above steps and the methodology provided in this
report.
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. APPENDIXA:
GUIDANCE FOR THE USE OF BWRVIP ISP SURVEILLANCE DATA

This appendix provides guidance for the use of BWR surveillance data for developmg pressure-

temperature limit curves and other vessel integrity evaluations.
A.l1 Imtroduction

The BWRVIP Integrated Surveillance Program (ISP) replaces individual plant reactor pressure
vessel surveillance capsule programs with representative weld and base materials data from host
reactors [A-1]. A representative material is a plate or weld material that is selected from arriong
all the existing plant surveillance programs or the Supplemental Surveillance Program (SSP)

| [A42] to represent one or more limiting plate or weld materials in a plant. The BWRVIP ISP is
responsible to provide each BWR plant with surveillance data for the materials assigned to
represent that plant’s limiting vessel weld and base materials. Plant owners, in turn are
responsible to evaluate the data using the methods in Regulatory Guide 1.99, Revision 2 [A-3],
in accordance with 10CFR50, Appendix G, for determination of Ad_;usted Reference
Temperature (ART) values ‘

Surveillance and chemistry data for all representative materials in the ISP have been 'eveluated
by the BWRVIP. For each material that has been designated as an ISP representative material, a -

comprehensive material sumrnary has been developed. All baseline and irradiated Charpy data
for ISP surveillance materials have been obtained from past surveillance program and capsule
reports The data were reanalyzed, using consrstent analysis standards and protocols Best
estimate chemistry values were also calculated in a manner consistent with USNRC guidance
[A-4]. '

“The BWRVIP ISP has been generically approved by the NRC and is documented in a safety

evaluation [A-5]. Owners incorporate the ISP on a plant-specific basis via a license amendment.
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A2 Guidance for Processing Surveillance Data

The following process is recommended for evaluating surveillance data:

| 1. If there is new surveillance data for any heat which is located in the vessel beltline
(e.g., heat numbers match), then Procedure #1 can be used as a guide for evaluating
the new information. A new ART should be calculated for the vessel material to

determine whether plant vessel integrity evaluations are affected.

2. If there is new information but that same heat number is not contained in the vessel

beltline, then Procédﬁre #2 can be used as a guide for evaluating the new information.

A3  Reporting

The following information should be reported to the BWRVIP following the evaluation of

surveillance data.

1. After vessel integrity evaluations (e.g., ART tables) are updated, the plant should
provide an informational copy of the revised ART tables for the beltline materials to
the BWRVIP ISP Project Manager. This will assist the BWRVIP during its annual
ISP pfogram review to revalidate the ISP Test Matrix.

2. Asanongoing “maintenance” actiVity-, all plants should inform the BWRVIP ISP
| Project Manager whenever its fluence calculations are updated. It is essential that the
o following information be promptly reported to the BWRVIP ISP Project Manager:

a. Updatéd fluence values for the beltline region inside surface and 1/4t pbsitions;
b. Revised capsule fluence estimates; - o
c. Revised ART calculations for beltline materials resulting from the revised

» fluence, with fluence, CF, and margin clearly specified for each material.
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This information is particularly vital to the BWRVIP ISP, because any revisions to |
capsule fluence estimates can affect RTnpr shift calculations for that material — with a
direct effect on any other plants using that data for CF.
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Procedure #1
'Recommended Guidance for the Use of ISP Surveillance Data when

Vessel Material and Surveillance Material Heat Numbers Are Identical

Prerequisites
This procedure provides recommended guidance for the use of BWRVIP ISP surveillance
data only when the following condition is met:

1. The heat number of the vessel beltline material being evaluated and the heat number
of the surveillancé material (e.g., the ISP Representative Material or other material)

are identical.

Objective . _
The objective of this procedure is to determine the Adjusted Reference Temperature (ART)

for the vessel material as determined by the following expression:
ART = Initial RTnpr + ARTnpT + Margin (1)

This procedure is designed to determine the “ARTnpr” and “Margin” terms of the ART
equation. The “Initial RTnpr” is established by the plant according to the definition below.

Detmitiéns and Background ' | .
“The guidance provided by this procedure is based on Regulatory Guide 1.99, Rev. 2, with

'_ clarifications as noted by References [A-4] (1998 NRC Presentation) and [A-6)
'(10CFR50.61, PTS Rule). '

. Initial RTypr 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. Some
plants have measured values of Initial RTpr; other plants use generic values. For generic

values of weld metal, the following generic mean values must be used unless justification for
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different values is provided: 0°F for welds made with Linde 80 flux, and -56°F for welds
made with Linde 0091, 1092, and 124 and ARCOS B-5 weld fluxes [A-6].

ARTnpr is the mean value of the adjustment in reference temperature caused by irradiation,

as calculatedv by the equation:
ARTypr = (CF) f02-01keD | @

where CF (°F) is the chemistry factor. Thé CF can either be a function of copper and nickel
content, as given in Reg. Guide 1.99 Rev. 2, Table 1 (welds) or Table 2 (base metal), which
are repeated in this appendix as Table A-1 and Table A-2, respectively, or a factor based on
the “best fit” of two or more surveillance test data. ' '

The neutron fluence at any depth in the vessel wali, f (10l9 n/em? E> 1 MéV), is determined
as follows: ‘ .

f= fsurf (e -0.24)() . (3)
Where fourr (10" n/cm?, E >1 MeV) is the calculated value of the neutron fluence at the

vessel inner surface, and x (in inches) is the depth into the vessel wall measured from the

vessel inner surface. The depth of interest for this calculation is the 1/4t positidn in the
vessel wall.

The fluence factor, f (028-0.10gD i< determined by calculation from the 'ﬂuence.

"Margin" is the quantity, °F, that is to be added to obtain conservative upper-bbund values of
vadjusted reference temperature required by Appendix G to 10CFR, Part 50,

Margin ;2‘/012 +a§. - @
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where o is the standard deviation fof the initial RTypr. If 2 measured value of initial RTnpr
for the material in question is available, oy is to be estimatéd from the precision of the test
method (and it is normally takexi to be 0°F). If not, and generic mean values for the class of

' material are used, o is the standard deviation obtained from the set of data used to establish
‘the meaxi. If the generic mean Initial RTnpr value of a Linde 80, 0091, 1092 and 124 or

* ARCOS B-5 weld is used, then oy is 17°F [A-6]. The standard deviation for ARTypr, Oa, is
28°F for welds and 17°F for base metal, except that o4 need not exceed 0.50 times the mean
value of ARTnpr. | |

Procedural Steps

1. Verify Heat Number Match |
This recommended procedure is applicable only in the case that the heat number of the
vessel beltline material being evaluated and the heat numbser of the sgrveillance material
(e.g., the ISP Representative Material or other material) are identical. If not, then’
Procedure #2, “Recommended Guidance for the Use of ISP Surveillance Data When the
Vessel Material and Surveillance Material Heat Numbers Do Not Match,” should be

used.

2. Identify Available Surveillancg Data for this Heat
Review the ISP surveillance data for this heat. Are there two or more reported
surveillance data points for this material? If YES, proceed to Step 3. If NO, then skip to
Step 5.

3. Determine Credzbiltty of Survedlance Data
The objective of this step is to verify that there are two or more vahd, credlble

~ surveillance data points for this heat.

The BWRVIP analysis of the surveillance data for this heat should be révieWed.
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‘a. Confirm that the vessel wall temperature at the cladding/base metal interface (ixi . |
the beltline region) is within +/- 25°F of the BWR capsule irradiation temperature
range of 525°F to 535°F. |

b. If the vessel wall temperature is an outlier, appfopriate temperature adjustments to
the surveillance data may be required.

c. Ifthe vessel temperature credibility criterion is confirmed, then the plant should
declare the surveillance data to be “credible” or “not credible” for its vessel,
depending on the BWRVIP evaluation of the data scatter criterion.

Note: Classification of the surveillance data as “credible” or “not
credible” does not determine whether or not the data will be used. Under
certain circumstances, the NRC requires the Chemistry Factor to be based
on non-credible surveillance data, if the Table CF is non-conservative in
comparison [A-4]. Those circumstances will be explained in detail in the

JSollowing steps.

4. Determine Chemistry Factor (Two or more Surveillance Data)
'This step applies only when there are two or more surveillance data points available. If
there is only one surveillance data point, or no data, then skip to Step 5.

The CF is based either on the Reg. Gulde 1.99 Rev. 2 tables, or on the best ﬁt of the
surveillance data, according to the guidance below.

~ If the material being evaluated is a plate;' determine the Chemistry Factor accordihg to
Step 4.a. If the material is a weld, determine Chemistry Factor accbrding to Step 4.b.

4a. Determine CF for a Plate Material
1) Determine the Table CF (that is, the CF glven in Table 2 of Reg. Guide 1 99
Rev. 2, duplicated in this appendix as Table A-2) for the best estimate
~ chemistry of the vessel plate.
2) Compare this Table CF to the surveillance CF (e.g., the CF determmed bya
best fit to the surveillance data) reported by the BWRVIP.
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3) If the fitted data give a higher value of CF than the tables, then surveillance |
data CF should be used. This is true even if the surveillance data were not
credlble (Reference [A-4] Case 3).

4) If the fitted results give a lower value, and the surveillance data are credible,
then either the Table CF or the surveillance CF value may be used. If the
fitted results give a lower value, and the surveillance data are not credible,
then the thher (e.g., Table CF) must be used (Reference [A-4] Case 2).

5) Skip to Step 6.

4.b. Determine CF for a Weld Material
If the measured copper or nickel content of the surveillance weld dlffers from that
of the vessel weld of the same heat, (i.e., the surveillance weld best estimate -
chemistry differs from the vessel weid best estimate chemistry), the fitted CF
from the surveillance data should be adjusted by multiplying it by the ratio of the
Reg. Guide 1.99 Rev. 2 table chemistry factor for the vessel Weld to that for the

surveillance weld. The following steps incorporate this adjustment:

1) Determine the Table CF (that is, the CF given in Table 1 of Reg. Guide 1.99
Rev. 2, duplicated in this appendix as Table A-l) for the best estimate
chemistry of the vessel weld.

Note: Revised best estimate chemistries for selected BWR welds and
plates have been calculated by the BWRVIP. Calculation of the best

estimate chemistries for all other vessel materials is the responsibility of
the plant. | |
2) Determme the Table CF for the best estlmate chemlstry of the suxvelllance
weld (Table CFs“,v Chem)-
' 3) Calculate an Adjusted Surveillance CF by the followmg equation:

Adjusted Surv.CF = MM * CFFitted Data - ®)
' Table CFgyry. chem. _

4) Compare the AdjuSted Surveillance CF to the Table CFvessel Chem.-
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5) If the Adjusted Surveillance CF is higher than the Table CFyessei chem, then the
Adjusted Surveillance CF should be used as the CF in Step 5 (calculation of
ARTnpr). This is true even if the Surveillarice data were not credible because
of excessive scatter. |

6) If the Adjusted Surveillance CF is less than the Table CFyessl chems and the
surveillance data are credible, then either the Table CF or the Adjusted Surv.
CF value may be used. If the Adjusted Surveillance CF is less than the Table
CFvessel Chems and the surveillance data are not credible, then the higher (e.g.,
Table CFvesscl chem) must be used.

7) Skip to Step 6.

5. Determine Chemistry Factor (No Surveillance Data, or One Data Point)
This step applies only when there is only one, or less, surveillance data points available.
If there are two or more surveillance data points, do not use Step 5; go back to Step 4.

The CF for the vessel material should be determined from the Reg. Guide 1.99 Rev. 2
tables (duplicated in this appendix as Tables A-1 and A-2), based on the best estimate

chemistry of the vessel material.

Note: Revised best estimate chemistries for selected BWR welds and plates have
been calculated by the BWR VIP. Calculation of the best estimate chemistries for
all other vessel materials is the responsibility of the plant.

After the CF associated with the best estimate chemistry of the vessel heat is determined

- from Reg. Guide 1.99 Rev. 2, Table 1 (Welds) or Table 2 (Plates), duplicated in this
appendix as Tables A-1 and A-2, respecﬁvely, proceed to Step 6.
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6. Calculate ARTypr
Calculate the transition temperature shift at the 1/4t position in the vessei, ARTnDT 1147,
| using the appropriate CF value determined in Step 4 or 5 and the projected fluence at the
1/4t location, f41, using equation (6):

ARTNDTI4r = CF (£yqr ) O350 oBfusar) . | (6

7. Determine Margin
The margin term is calculated by Equation (4). If the surveillance data are credible, the
: Vﬂues given there for o, may be cut in half. Therefore:

a) For credible surveillance data, 6, is the lower of the following: .
a) 14°F for welds, 8.5°F for base metal, or
b) 0.50 times the mean value of ARTnpr.

b) If the surveillance data are g_é_t_ credible, then o, is the lower of the following:
a) 28°F for welds, 17°F for base metal, or
'b) 0.50 times the mean value of ARTnpr.

'8, Calculate the ART for the Vessel Material

- Calculate the ART for the vessel material using Equation (1) and the values for ARTNDT

and Margm determined above.
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Procedure #2

Recommended Guidance for the Use of ISP Surveillance Data when

Vessel Material and Surveillance Material Heat Numbers Do Not Match

 Prerequisites
This procedure provides recommended guidance for the use of BWRVIP ISP surveillance

data only when the heat number of the vessel beltline material being evaluated and the heat
number of the surve_illance material (e.g., the ISP Representative Material) do not match.

Objective _
The objective of this procedure is to determine the Adjusted Reference Temperature (ART)

for the vessel material as determined by the following expression:
ART = Initial RTnpr + AR Typr + Margin | )

This procedure is designed to assist the plants in using the ISP surveillance data to determine
the “ARTypr” and “Margin” terms of the ART equation. The “Initial RTxpr” is established
by the plant according to the definition below.

Definitions and Background

Initial RTNDT is the reference vtemper‘ature for the unirradiated material as defined in
Paragraph NB-2331 of Section III of the ASME Boiler and Pressure Vessel Code. Some
plants have measured values of Initial RTwpr; other plants use generic values. For generic
values of weld metal, the following generic mean values must be used unless justification for
~ different values is provided: 0°F for welds made with Linde 80 flux, and -56°F for welds
~ made with Linde 0091, 1092; and 124 and ARCOS B-5 weld fluxes.

ARTypr is the mean value of the adjustment in reference temperature caused by irradiation,

as calculated by the equation:
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ARTypr = (CF) £028-0.1l0g ) ._ o :

where CF (°F) is the chemistry factor. The CF can either bea function of copper and nickel
content, as given in Reg. Guide 1.99 Rev. 2, Table 1 (welds) or Table 2 (base metal),
duplicated m this appendix as Tables A-1 and A-2, respectively, or a factor based on the
“best fit” of two or more surveillance test data. For the materials being evaluated by this
procedure, only the Reg. Guidé tables will be used. | |

The bneutr‘on fluence at any depth in the vessel wall, f (1019 n/em?, E> 1 MéV), is determined

as follows: .

where £ (10" n/em?, E > 1 MeV) is the calculated value of the neutron fluence at the
vessel inner surface, and x (in inches) is the depth into the vesse] wall measured from the
vessel inner surface. The depth of interest for this calculation is the 1/4t position in the

vessel wall.
The fluence factor, £ ©28-%1189 is determined by calculation from the fiuence.

"Margin" is the quantity, °F, that is to be added to obtain conservative upper-bound values of
adjusted reference temperature required by Appendix G to 10CFR, Part 50,

Margin #2,}0‘?‘ +a‘§ - @

where oy is the standard deviation for the initial RTnpr. If 2 measured value of initial RTypr
for the material in quéstion is available, oy is to be estimated from the precision of the tesf
method (é.nd it is normally téken to be 0°F). If not, and generic mean values fof the ;:lass of
material are'used, o is the standard devia_tion obtained from the set of data used to establish
the mean. If the generic mean Initial RTNDT value of a Linde 80, 0091, 1092, and 124 or
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ARCOS B-5 weld is used, then oy is 17°F. The standard deviation for ARTnpr, 04 , is 28°F
for welds and 17°F for base metal, except that 64 need not exceed 0.50 times the mean value

of ARTNUr.

Procedural Steps

" 1. Verify Heat Numbers Do Not Match _
This recommended procedure is applicable only in the case that the heat number of the
vessel beltline material being evaluated and the heat number of the surveillance material
(e.g., the ISP Representative Material or other matérial) do not match. If they do match,
then Procedure #1, “Recommended Guidance for the Use of ISP Surveillance Data When
Vessel Material and Surveillance Material Heat Numbers Are Identical” should be used.

2. Reviéw Surveillance Data for the Assigned ISP Representative Material
All surveillance data for the ISP representative materials have been analyzed by the
BWRVIP.

3. Determine Chemistry Factor
The CF for the vessel material should be determined from the Reg. Guide 1.99 Rev. 2
Table 1 (Welds) or Table 2 (Plates), duplicated in this appendix as Tables A-1 and AA-2,
respectively, based on the best estimate chemistry of the vessel material.
~ Note: Revised best esﬁmate chemistries for selected BWR welds and plates have
been calculated by the BWRVIP. Cdlculatioh of the best estimate chemistries Jor

_ all other vessel materials is the responsibility of the plant.

~ SIR-05-044, Rev. 0 | : A-13



4. Calculate ARTNm-
Calculate the transition temperature shift at the 1/4T posmon in the vessel, ARTnpr 14T,
usmg the CF value determined in Step 3 and the pro;ected ﬂuence at the 1/4T locatlon,

fiur, using equation (6):

ART\DTIAT = CF (f1/41')(°‘28’°-"°8f1m) C®

5. Determine Margin
The margin term is calculated by Equation (4). o, is the lower of the followmg
a. 28°F for welds, 17°F for base metal, or
b. 0.50 times the mean value of ARTnpr.

6. Calculate the ART for the Vessel Material

Calculate the ART for the vessel material usmg Equatlon (1) and the values for AR Tnpr
and Margin determined above.
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Table A-1
Chemistry Factor for Welds, °F

SIR-05-044, Rev. 0

A-15

Copper Nickel, Wt-% .
Wt-% 0 0.20 0.40 -~ 0.60 0.80 1.00 1.20
0 20 20 20 20 20 20 20
- 0.01 20 20 20 20 20 20 20
0.02 21 26 27 27 27 27 27
10.03 22 35 3 | 41 41 41 4]
0.04 24 43 54 54 54 54 54
0.05 26 49 67 - 68 68 68 68
0.06 29 52 77 - 82 - 82 82 82
0.07 32 55 85 95 95 95 95
0.08 36 58 90 106 108 108 108
0.09 40 61 94 115 122 122 122
0.10 44 65 97 122 133 135 135
0.11 49 68 101 130 144 148 148
0.12 52 72 103 135 153 161 161
0.13 58 76 106 139 162 172 176
0.14 . 61 79 109 142 168 182 188
0.15 66 84 112 146 175 191 200
0.16 70 88 115 149 178 199 211
0.17 75 92 - 119 151 184 207 221
0.18 79 95 122 154 187 214 230
0.19 83 100 - 126 157 191 220 238
0.20 88 104 129 160 194 223 245
0.21 92 108 133 164 197 229 252
0.22 97 112 137 167 200 232 257
. 0.23 101 117 140 169 203 236 263
0.24 105 121 144 173 206 239 268
0.25 110 126 148 176 209 243 272
6.26 113 130 151 180 212 246 - 276
0.27 119 134 155 184 216 249 280
0.28 122 138 160 187 218 251 284
0.29 128 142 164 191 222 254 287
0.30 131 146 167 . . 194 225 257 290
0.31 136 151 172 - 198 228 260 293
-0.32 140 158 17 202 . 231 263 296
. 033 144 160 180 205 234 266 299
- 0,34 149 164 184 - 209 238 269 302
0.35 153 1638 187 212 241 - 272 - 305
0.36 158 172 191 216 245 275 308
0.37 162 177 196 220 248 278 311
0.38 166 182 200 223 250 281 314 .
0.39 171 185 203 227 254 285 317
0.40 175 189 207 231 257 . 288 320



Chemistry Factor for Base Metal, °F -

Table A-2

Copper : Nickel, Wt-%
Wt-% 0 0.20 0.40 0.60 0.80 - 1.00 1.20
0 20 20 20 20 20 20 20
0.01 20 20 20 20 20 20 20
0.02 20 20 20 20 20 20 - 20
0.03 20 20 20 20 20 - 20 20
0.04 22 26 26 26 26 - 26 26
0.05 25 31 31 31 31 31 31
0.06 28 37 37 37 37 37 37
0.07 31 43 44 44 44 44 44
0.08 34 48 51 51 51 51 51
0.09 37 53 S8 58 58 -1 58
0.10 41 S8 65 65 67 67 67
0.11 45 62 72 74 77 77 71
0.12 49 67 79 83 86 86 86
0.13 53 71 85 91 96 -96 96
0.14 57 75 91 100 105 106 106
0.15 61 80 99 110 115 117 117
0.16 65 84 104 118 123 125 - 125
0.17 69 88 110 127 132 135 135
0.18 73 92 115 134 141 144 144
0.19 78 97 120 142 150 154 154
0.20 82 102 - 125 149 159 164 165
0.21 86 107 129 15§ 167 172 174
0.22 91 112 134 161 176 181 184
0.23 95 117 138 167 184 190 194
10.24 100 121 143 172 191 - 199 204
0.25 104 126 148 176 199 208 214
0.26 109 130 151 180 205 216 221
0.27 114 134 155 184 211 225 230
0.28 119 138 160 187 216 233 239
0.29 124 142 164 191 221 241 248
- 030 129 146 167 194 225 249 257
0.31 134 151 172 198 228 255 266
0.32 139 155 175 202 231 260 274
0.33 144 160 180 205 234 264 282
0.34 149 - 164 184 209 - 238 268 290
0.35 153 168 187 212 241 272 298
- 036 158 173 191 216 245 275 303
0.37 162 - 177 196 220 248 278 308
0.38 166 182 200 223 250 - 281 313
0.39 I 185 203 - 227 254 - 285 317
0.40 - 175 189. 207 231 257 288 320
A-16
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1.0 Purgosé

' The purpose of the Susquehanna Steam Electric Station (SSES) Pressure and Temperature
Limits Report (PTLR) is to present operating limits relating to:

1) Reactor Coolant System (RCS) Pressure versus Temperature limits during Heatup,

Cooldown and Hydrostatic/Class 1 Leak Testing; |
- 2) RCS Heatup and Cooldown rates;

3) Reactor Pressure Vessel (RPV) to RCS coolant AT requirements during Recirculation
Pump startups; '

4) RPV bottom head coolant temperature to RPV coolant temperature AT requirements
during Recirculation Pump startups;

5) RPV head flange boltup temperature limits.

This report has been prepared in accordance with the requirements of Technical Speciﬁéation
(TS) 5.6.6, “Reactor Coolant System (RCS) PRESSURE AND TEMPERATURE LIMITS
REPORT (PTLR).” '

2.0 Applicability

. 'This report is applicable to the SSES Units 1 and 2 RPVs up to 32 Effective Full-Power
Years (EFPY).

The following T8 is affected by the information contained in this report:

TS 3.4.10  RCS Pressure and Temperature (P/T) Limits;
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3.0 Methodology

The limits in this report were der';?ed from the NRC-approved methods listed in TS 5.6.6,
using the specific revisions listed below:

1) The neutron fluence was calculated per the DORT computer code, approw)e_d in
Reference 6.1.

2) The pressure and temperature limits were calculated per Structural Integrity
Associates, Inc. Report No. SIR-05-044, Revision C, “Pressure-Temperature Limits
Report Methodology for Boiling Water Reactors,” October 2005. The methodology

used was previously approved in Reference 6.2.

3) This revision of the pressure and temperature limits is to incorporate the following
changes:

o Initial issue of PTLR.

Changes to the curves, limits, or parameters within this PTLR, based upon new irradiation
fiuence data of the RPV,.or other plant design assumptions in the Updated Final Safety
: Ahalysis Report (UFSAR), can be made pursuant to 10 CFR 50.59, provided the above
- methodologies are utilized. The revised PTLR shall be submitted to the NRC 'upon issuance.

Changes to the curves, limits, or parameters within this PTLR, based upon new surveillance
capsule data of the RPV, cannot be made without prior NRC approval. Such analysis and

revisions shall be submitted to the NRC for review prior to incorporation into the PTLR.
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40  Operating Limits

The pressure-temperature (P-T) curves included in this report represent steam dome pressure
versus minimum vessel metal temperature and incorporate the appropriate non-beltline limits
and irradiation embrittlement effects in the beltline region.

The operating limits for pressure and temperature are required for three categories of _
operation: (a) hydrostatic pressure tests and leak tests, referred to as Curve A; (b) core not

critical operation, referred to as Curve B; and (c) core critical operation, referred to as Curve
C.

Complete P-T curves were developed for 32 EFPY for SSES Units 1 and 2, as documented in
Reference 6.3. The SSES Unit 1 P-T curves are provided in Figures 1 through 3,and a
tabulation of the curves is included in Tables 1 through 3. The SSES Unit 2 P-T curves are

provided in Figures 4 through 6, and a tabulation of the curves is included in Tables 4
through 6. '

Heatup and Cooldown rate limit during Hydrostatic and Class 1 Leak Testing (Figﬁrcs 1 and
~4: Curve A) < 25°F/hour';
~ Normal Operating Heatup and Cooldown rate limit (Figures 2 and S: Curve B - non-nuclear
heating, and Figures 3 and 6: Curve C - nuclear heating): < 100°F/hour®.

! Interpreted as the temperature change in any 1-hour period is less than or equal to 25°F.
2 Interpreted as the temperature change in any 1-hour period is less than or equal to 100°F.



Susquehanna Steam Elécttic Station, Units 1 and 2 PTLR
Rev. 0
December 12, 2005

RPV bottom head coolant temperature to RPV coolant temperature AT limit during
Recirculation Pump startup: < 145°F.

Recirculation loop coolant temperature to RPV coolant temperature AT limit during
Recirculation Pump startup: < S0°F.

RPV flange and adjacent shell temperature limit: 2 70°F.

5.0  Discussion

The adjusted reference temperature (ART) of the limiting beltline material is used to adjust
the beltline P-T curves to account for irradiation effects. Regulatory Guide 1.99, Revision 2
(RG 1.99) provides the methods for determining the ART. The RG 1.99 methods for
determining the limiting material and adjusﬁng the P-T curves using ART are discussed in

this section.

The vessel beltline copper and nickel values were obtained from the evaluation of the SSES
Surveillance Capsules (References 6.4 and 6.5). The copper (Cu) and nickel (Ni) values
were used with Tables 1 and 2 of RG 1.9 to determine a chemistry factor (CF) per
Paragraph 1.1 of RG 1 99 for welds and plates, respectlvely

“The peak RPV ID fluence used in the P-T curve evaluation for 32 EFPY is 9.2x10"” n/cm®
for SSES Unit 1, and 7.8x10"” n/em? for SSES Unit 2/ which were calculated using methods
that comply with the guidelines of RG 1.190 (Reference 6.1) — Editorial Note: It is
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recognized that this clause does not apply for the example given in this template, but this is a

mandatory réquirement for any PTLR submittals].

These fluence values apply to the limiting lower-intermediate plates for both SSES units.
The fluence values were adjusted for the lower intermediate plates based upon an attenuation
- factor of 0.691 for a postulated 1/4t flaw. Asa result, the 1/4t fluence for the limiting lower-
intermediate plates is 6.4x10' n/em® for SSES Unit 1, and 5.4x10"” n/cm? for SSES Unit 2.

The P-T curves for the core not critical and core critical operaﬁng conditions at a given
EFPY apply for both the 1/4t and 3/4t locations. When combining pressure and thermal
stresses, it is usually necessary to evaluate stresses at the 1/4t location (inside surface flaw)
and the 3/4t location (outside surface flaw). This is because the thermal gradient tensile
stress of interest is in the inner wall during cooldown and is in the outer wall during heatup.
However, as a conservative simplification, the thermal gradient stress at the 1/4t location is
assumed to be tensile for both heatup and cooldown. This results in the approach of applying
the maximum tensile stress at the 1/4t location. This approach is conservative because
‘irradiation effects cause the allowable toughness at 1/4t to be less than that at 3/4t for a given
metal temperature. This approach causes no operational difficulties, since the BWR is at
steam saturation éonditibns during non’nalI qperation, which is well above the P-T curve

limits.

For the core not critical curve (Curve B) and the core critical curve (Curve C), the P-T curves
specify & coolant heatup and cooldown temperature rate of < 100°F/hr for which the curves
are app]icable. However, the core not critical and the core critical curves were also
developed to bound transients defined on the RPV thermal cycle diagram and the nozzle
thermal cycle diagrams. For the hydrostatic pressure and leak test curve (Curve A), a coolant

| heatup and cooldown temperature rate of < 25°F/hr must be maintained. The P-T limits and

5
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corresponding limits of either Curve A or B may be applied, if necessary, while achieving or
recovering from test conditions. So, although Curve A applies during pressure testing, the
limits of Curve B may be conservatively used during pressure testing if the pressure test

heatup/cooldown rate limits cannot be maintained.
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SSES FSAR, Section 4.1.5.

NRC approval letter for Structural Integrity Associates, Inc. Report No. SIR-05-044,
Revision 0, “Pressure-Temperature Limits Report Methodology for Boilihg Water
Reactors,” December 2005 — LATER.

Structural Integrity Associates, Inc. Report No. SIR-00-167, Revision 0, “Revised
Pressure-Temperature Curves for Susquehanna Units 1 and 2,” February 20, 2001.

General Electric Report No. GE-NE-523-169-1292, DRF B13-01666, “Susquehanna
Steam Electric Station Unit 1 Vessel Surveillance Materials Testing and Fracture
Toughness Analysis,” March 1993. ’

General Electric Report No. GE-NE-523-107-0893, DRF 137-0010-6, Revision 14,
“Susquehanna Steam Electric Station Unit 2 Vessel Su;veillance,Matérials' Testing and
Fracture Toughness Analysisf’ November 20,2002.
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Figure 1: SSES Unit 1 Pressure Test (Curve A) P-T Curves
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Figure 2: SSES Unit 1 Core Not Critical (Curve B) P-T Curves

1300

o o
1200 | . _ //J' ,
1100 : /
RE
800 / : .‘
800 _ P,
.7oo / .

y
600 % :

§

Pressure Limit In Reactor Vessel Top Head (psig)

§00
4 | ]
. .
: ]
400 s
]
{
K AT -l
300 - y .
¢
-, £ wms = PBaltline
200 ’ : = = = Upper Vesse!
e’ : | e B ottom Head
100
(] - :
60 - 80 : 100 120 140 160 . 180 200 -

Miminum Reactor Vessel Meta! Temperature (degrées F)



Susquehanna Steam Electric Station, Units 1 and 2 PTLR
: Rev.0
December 12, 2005

Figure 3: SSES Unit 1 Core Critical (Curve C) P-T Curve
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Figure 4: SSES Unit 2 Pressure Test (Curve A) P-T Curves

1300

1200 ;
/,
AT

1100 /
1000 : ; 7
/ !

800 [

[ ]
8
T~

700

€00

§00

Pressure in Reactor Vessel Top Head (psig)

300

= = = {pper Vessel
100 $— : == = Bottom Head |~
. : . amm— B altline

0 .
60 80 100 120 140 160 1680 200

~ Minlmum Reactor Véssel Metal Temperature (degrees' F)

10



Susquehanna Steam Electric Station, Units 1 and 2 PTLR

Rev.0 -

December 12, 2005

Figure S5: SSES Unit 2 Core Not Critical (Curve B) P-T Curves
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Figure 6: SSES Unit 2 Core Critical (Curve C) P-T Curve
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Table 1: SSES Unit 1 Pressure Test (Curve A) P-T Curves

Beltline Region

evised sure-Temperature Cu leulation
(Pressure Test = Curve A)
nputs: Plant= Susduehanna

. Component= - Beltline
Vesse! thickness, t = 6.1875 inches, soVt: 2487 “inch
Vessel Radius, R=  126.6876  inches °

ARTy\or = 61.4 °F ==x==z==> 32 EFFY
Ky = 0.0 ksi*inch'?
. ATy = 0.0 °F {no therma! for pressure test)
Safety Factor = 15 (for pressure test)
My = 2303 _
Temperature Adjustment = 0.0 °F
Pressure Adjustment = 30 psig (hydrostatic pressure for a full vessel)
Hydro Test Pressure = 1,863 psig
Flange RTyor = 10.0 °F
Flutd Calculated Adjusted Adjusted
Temperature 14t Pressure Temperature Pressure for
T Temperature Kic . Kip P . forP-TCurve P.TCurve
{°F)__ {*F) ksi*inch*®) _ (ksi"inch*?) {ps! {°F) (psig)
- - - - - 70 0
70 70 §7.83 38.55 | 817 70 787
75 75 60.42 40.28 854 75 824
80 80 63,28 42,18 894 80 864
85 85 €68.44 44.28 938 85 908
80 80 €9.84 48.62 889 80 959
95 85 73.80 49.20 1043 95 1,013
100 100 78.07 §2.05 1104 : 100 1,074
105 105 82.79 8518 .- 1170 105 1,140
110 110 88.00 58.67 1244 110 1,214
118 118 93.77 62.51 1325 15 1,205
120 120 100.14 - €s.76 1416 120 1,386
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Table 1: SSES Unit 1 Pressure Test (Curve A) P-T Curves (continued)

Feedwater Nozzle/Upper Vessel Region

Inputs: Plant= Susquehanna
Component= Upper Vessel (based on FW nozzle)
ARTyor = 400 *F ======> AllEFPYs
Vessel thickness, t = 6.5 inches, so ¥t 2.55 ~inch
Vessel Radius, R = 126.7 inches .
Flaim)= 1.6 nozzle stress factor
Crack Depth, a = 1.63 inches
Safety Faclor = 1.5
Temperature Adjustment = 0.0 °F
Pressure Adjustment = 0.0 psig
"Unit Pressure = 1,563 psig
Flange RTyg; = 10.0 F
Fluld Calculated  Adjusted Adjusted
Temperature 1/4¢ Pressure Temperature Pressure for
T Temperature Kic Kip P for P-T Curve P-T Curve
F) CF)___ (ksPinch'?) (ksiinch'?)  (psig) (*F) (psig)
. - - - - 70 0
- - - - - 70 3125
. - . . - 100 3128
0 0 42,52 2834 402 100 402
10 10 44.58 28.72 421 © 100 421
20 20 47.10 31.40 445 100 445
30 30 §0.18 33.45 474 100 474
40 40 53.93 35,96 509 100 509
50 50 58.52 39.02 5§53 100 . 8§53
60 60 64.13 42,75 606 100 606
70 70 70.98 471.32 " 870 100 670
80 80 79.34 52.90 750 100 750
80 - 90 89.56 §8.71 846 100 ‘846
100 100 102.04 68.03 964 100 864
110 110 117.28 78.18 1108 110 - 1108
120 120 135.90 90.60 1284 120 1284
130 130 158.63 105.76 130 1498

14
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Table 1: SSES Unit 1 Pressure Test (Curve A) P-T Curves (concluded)

Bottom Head Region

Reyised Pressure-Temperature Curve Calculation
(Pressure Test = Curve A)

Inputs: : Plant= Susquehanna
nt= - Bottom Head
Vessel thickness, t= 6.1875 inches, 8o Vt+ 2487 “inch
VesselRadius, R=  126.6876  inches

ART oy = 34.0 *F szza==> 32 EFPY
K= 0.0 ksiinch'?
ATyn= 0.0 *F {no thermal for pressure test)
Safety Factor = - 1.8 (for pressure test)
Stress Concentration Factor = 3.0 Bottom head penetrations
: M= 2.303
Temperature Adjustment = 0.0 °F :
Height of Water for a Full Vessel = * 8820 inches i
Pressure Adjustment s 31.85 psig (hydrostatic prassure at bottom head for @ full vesse! st 70°F)
Hydro Test Pressure = 1,663 psig
Flange RTyor ® 10.0 °F
Fluid Calculated  Adjusted Adjusted
Temperature - 1/4t Pressure Temperature Pressure for

T Temperature Kic Kip P for P-T Curve P-T Curve
CF) (F) __(kslinch'®) (kstinch'®)  (psig) CF) —{psig)

- - - - - 70 0

70 70 75.80 50.53 714 70 €82

7% 75 80.28 §3.52 757 75 725

80 80 85.23 56.82 803 80 771

85 85 90.70 60.47 858 85 823
90 80 98.75 64.50 812 90 880

05 05 103.43 68.95 978 85 943
100 100 110.82 73.88 1044 100 1,012
105 106 118.98 70.32 1121 105 1,088
110 110 128.00 85.33 1208 110 1,174
115 115 137.67 01.88 1300 11§ 1,268

120 120 148.00 9933 - 1404 120 1372
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Susquehanna Steam Electric Station, Units 1 and 2 PTLR
Rev. 0
December 12, 2005

Table 2: SSES Unit 1 Core Not Critical (Curve B) P-T Curves

Beltline Region

- Inputs: . ~ Plant= Susquechanna
Component = Beltline
Vessel thickness, t = 6.1875 inches, sovt 2487 Yinch
VesselRadlus, R=  126.6876  inches
ARTyor= 61.4 °F s=xmux> 32 EFPY
Cooldown Rate = 100.0 *Fhr
Ke=  9.08  kstinch'?

Safety Factor = 2.0
My = 2.303
Temperature Adjustment = 0.0 °F
Pressure Adjustment = 30.0 " psig (hydrostatic pressure for a full vessel)
Flange RTypr = 10.0 *F .
Fluld Calculated  Adjusted  Adjusted
Temperature - 1/4t ) Pressure Temperature Pressure for

T Temperature Kie Kip P for P-T Curve P-T Curve
(*F) (F) ___ (ksPinch'™) (ksPinch'®)  (psig) (°F) (psig)

- - - - - 70 0

70 70.0 57.83 2437 617 70 487

75 75.0 60.42 25.67 - 544 : 75 514

80 80.0 63.28 27.10 575 80 545

85 85.0 66.44 26.68 608 85 578

80 00.0 €9.04 3043 645 90 615

95 5.0 - 73.80 32.36 686 a5 656
100 100.0 78.07 34.50 731 100 701
105 105.0 82.79 36.86 782 105 : 752
110 1100, 88.00 39.46 837 110 807
115 .115.0 93.77 42.35 898 115 868
120 120.0 100.14 45.53 965 " 120 936
125 125.0 107.18 49.05 1040 1286 1010
130 130.0 114.95 52.04 1123 130 - 1093
135 135.0 123.56 57.24 1214 135 1184
140 140.0 133.06 61.99 1314 140 1284

145 145.0 143.56 - 67.24 - 1426 - 145 1306
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Susquehanna Steam Electric Station, Units 1 and 2 PTLR
Rev. 0
- December 12, 2005

" Table2: SSES Unit 1 Core Not leitical. (Curve B) P-T Curves (continued)

Feedwater Nozzle/Upper Vessel Region

Inputs: Plant= Susquehanna
Component =, Upper Vessst
ARTyor = 40.0 ‘F

[ 2048 ksl @ 1050 psig
Op® 0.22 ksl @ 1050 psig Base Temp
Oom = 16.18 ks! @ 848 °F 90 °F
Ow® 19584 i@ 846 °F : 90 °F
= 450 ksl )
C L Mas .84
Safety Factors 0
Flal)= 18
Temperature Adjustment = 8.0

o

Pressure Adjustment = [ ] psig

Hydro Test Pressure = 1863 psig
Flange RTuor * 100 F

Calculated Adjusted Adjusted

Pressure  Saturation Yotal  Temp Temp P for
P Temperaturs Op Op  Tum  %a [ - Kit Kip Kic T for P-TCurve  P-TCurve
s} 1) (kst) (ks (ks {ksl) R__(ksiinch'?) (kst'inch'?) (kstinch®)  (*F) ) (pstg)
- - < - - - - - - - - - 70.0 0
50 2973 088 001 735 ‘865 17.00 1.00 333 38 a0 0.0 700 50
100 077 185 002 878 10.M 211 100 308 17 5.4 0.0 70.0 100
150 %58 263 003 079 11.82 2421 100 443 18 €73 840 70.0 150
1859 3734 324 003 1008 1183 2516 100 455 127 7.0 70.0 70.0 166
200 3|79 390 004 1058 1243 2696 100 479 153 785 0.1 %1 200
250 4082 483 005 1123 1320 2938 100 508 182 89.1 89.6 898 250
300 421 585 006 1170 13.88 31.57 100 533 230 604 8.0 98.0 200

125 4257 6.0 007 1192 1402 32.10 100 538 240 1018 8.8 99.9 3128
M28 4257 610 007 1182 4.02 2.10 100 539 240 1018 5.8 1300 25
350 4360 - 683 007 1228 1445 2363 100 858 28 1093 105.0 1300 350
400 4485 781 008 1273 14.97 3559 100 578 307 189 1190 130.0 400
450 4590 878 009 1343 1545 8745 1.0 854 us 1264 1162 130.0 450
800 4704 976 010 1351 1588 30.25 100 811 %83 1378 1209 1300 500
850 4301 10.73 042 1385 1620 4089 100 827 22 147.0 1254 1300 550
600 4881 1171 043 14.17 1667 4267 100 649 4.0 156.4 129.0 1300 €00
614 4916 1198 013 1426 1677  43.13 1.0 648 474 168.7 130.0 1300 614
€50 4576 1268 014 1447 1702 44N 1.00 835 489 1852 1325 1325 650
700 5056 1366 0.15 1476 17.35 4582 007 849 3.7 1723 135.2 1352 700
750 5132 1484 0.18 1803 17.87 47.49 0.83 63.0 67.5 176.0 1872 1372 750
800 - 5204 1661 0.47 1828 17.97 43.02 0.88 61.1 81.3 1836 136.1 136.1 800
850 8273 1650 0.8 1553 18.26 50.55 0% 8.t 5.1 189.3 140.8 140.6 850
900 §339  17.56 0.19 1578 18.53 5204 080 - 872 €588 105.0 1427 1427 $00
950 6404 9854 020 1568 18.80 53.52 ore 853 127 2006 1444 1444 950
1000 6452 1951 021 1620 10.05 8497 - 073 534 165 2083 148.9 " 4481 1000
1050 8520 2049 022 1640 19.20 56.40 063 514 0.3 2120 477 147.7 1050
1100 8576 2147 023 1860 10.52 §7.62 085 495 841 2178 1403 1453 1100
1150 5630 - 2244 024 1679 1075 $9.23 063 478 878 2233 1508 150.8 1150

1200 $682 2342 025 1698 1097 ~ €062 058 458 018 2289 1522 1622 1200

1250 §733 2439 026 1216 2048 6199 05 437 054 2348 153.7 1837 1250

. 1300

578.2 2537 0.27 17.33 2038 €2.36 0.63 418 - 992 240.2 1850 1550 1300

17



Susquehanna Steam Electric Station, Units 1 and 2 PTLR
Rev.0
December 12, 2005

Table 2: SSES Unit 1 Core Not Critical (Curve B) P-T Curves (concluded)

Bottom Head Region

-Inputs: ) Plant= Susquehanna v
Component= Bottom Head (Penetrations Portion)
Vesselthickness, t=  6.4876  inches,so¥t 2487 ~ Winch
Vesse! Radius, R=  126.6876 inches .
Cooldown Rate = 1000 *Fhr
Safety Factor = 20

Stress Concentration Factor = 30
ARTyor = 34.0 °F
My = 2.303

Ke® 9.08 ksi*inch'?
Temperature Adjustment = 0.00 °F
Height of full vessel = 882.0 inches
Pressure Adjustment = 3185 psig
Unit Pressure = 1563 psig
Flange RTypr = 10.0 F

Fluid ) Calculated  Adjusted Adjusted
Temperature 1/4t . Pressure Temperature Pressure for
T Temperature Kic Kip P for P-T Curve P-T Curve
(°F) (*F) (ksPinch'®)  (kslinch'?) (psig) CF) (psig)
- - - - - 70 0
70 70.0 75.80 3336 472 70 440
75 75.0 80.28 35.60 503 75 471
80 80.0 . 8523 38.08 538 80 506
85 85.0 80.70 40.81 ) 877 85 545
90 90.0 96.75 43.84 620 90 588
g5 95.0 103.43 47.18 667 95 635
100 1000 - 11082 50.87 718 100 687
105 105.0 118.98 54,95 777 105 745
110 1100 128.00 59.48 841 110 809
115 1150 137.97 64.45 g1 115 878
120 120.0 148.99 69.66 989 120 857
125 125.0 161.17 76.05° 1075 125 ' 1043
130 - 130.0 174.63 82.78 . 1170 130 1138
135 135.0 180.50 90.21 1275 - 138 1243

140 140.0 205.94 88.43 1391 140 1360
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Susquehanna Steam Electric Station, Units 1 and 2 PTLR
Rev.0
December 12, 2005

Table 3: SSES Unit 1 Core Critical (Curve C) P-T Curve

loputs; Plant= Susquehanna
Component = Upper Vessel
ARTyor® 400 °F
Gm® 2045 ki@ 1050 psig

[ 0.22 ksi @ 1050 psig Bass Temp
O ® 1699  ksi@ 545 °F : 80 °F
Oy 1904 Kksi@ S48 °F 90 °F
Op® 45.0 kst
My = 284
Safety Factor = 20
" Flaf)= 16
Temperature Adjustment = 0.0 °F

Pressure Adjustment = 0.0 psig
Hydro Test Pressure = 4583 psig
Flange RTypr = 10.0 F

Calculated Adjusted Adjusted
Pressure  Saturation : Total Temperature Temperature Pressure for
| 4 Temperature Cp, Op Owm Ow [ Kit - Kip Kic T for P-TCurve  P-YCurve

{psig) [\3) (ksi) (ksi} (ksi) (ks}} {ksl) R kslinchVksitinch®ksi'inch®®  (°F) fis) {p2a)
- - . - - - - - - - - - 700 0
80 257.3 098 001 7.35 865 17.00 100 333 38 410 - 70.0 50
814 247 159 002 833 880 19.73 100 97 62 §0.2 300 700 81
100 3377 195 002 879 1034 21141 100 398 7.7 851 428 828 100
150 . 8658 293 003 079 1152 2427 100 443 1.5 67.3 64.8 104.9 150
200 387.9 390 004 1058 1244 2696 100 479 153 785 79.4 118.4 200
250 406.2 488 005 1123 13.20 2836 100 508 192 891 836 1296 250

© 300 4221 685 006 11.79 13.85 31.57 100 533 | 230 99.4 88.0 138.0 300
3125 4257 610 007 1192 1402 3210 100 539 240 1019 $99 . 1308 3125

3125 57 610 007 11.62 14.02 3210 100 538 240 1019 83.9 170.0 3125
855 . 43680 €83 007 1228 1445 33.63 100 656 288 1093 105.0 - 170.0 a5
400 . 4488 7.81 008 1273 14.97 35,59 1.00 876 307 1189 1110 170.0 400
450 4599 878 002 13.13 1545 37.45 100 594 345 1284 1162 1700 - 450
500 4704 876 010 1351 1588 3925 100 611 383 1378 1209 170.0 500
850 4801 1073 0.42 13,85 1629 40.89 100 €27 22 1420 125.4 170.0 850

" 600 489.1 11.71 013 14.47 1667 4267 100 641 450 1564 120.0 170.0 600
614 4918 4198 043 14.26 1677 4313 100 845 474 168.7 1300 - 170.0 614
€50 4976 - 1268 014 14.47 17.02 4431 100 €55 498 - 1652 1325 1725 650
700 5056 13656 0.45 14.76 17.35 4582 087 648 837 1723 1352 175.2 700
750. 6132 1464 016 1503 17.67 47.49 083 630 575 1780 1372 177.2 750
800 . 5204 1561 0.17 1528 17.97 49.03 os8e 611 61.3 1838 1391 . 179.% 800
850 8273 1659 0.18 1553 1826 6065 084 891 65.1 189.3 1409 180.9 850
900 6339  17.86 0.19 1576 1853 5204 080 87.2 638 1850 1427 1827 900
950 _540.1 1854 020 15.98 18.80 5352 . 076 853 727 2008 1444 184.4 850
1000 5462 1851 021 16.20 18.05 64.87 073 534 765 2063 146.1 "486.1 1000
1050 8520 2045 022 16.40 19.28 $6.40 063 514 803 2120 1“7 ey 1080
1100 8576 2147 023 16.60 1952 s1.62 085 495 841 2178 - 1493 1893 1100
1150 8630 2244 024 16.79 19.75 58.23 063 476 878 2233 150.8 180.6 1150
1200 5682 2342 025 16.98 1087 60.62 059 456 $16 2288 162.2 192.2 1200
1250 6733 2439 026 17.16 2018 6199 066 437 854 2348 1837 1837 1250

-1300 6782 - 2537 027 17.33 20.38 6336 053 418 §92 2402 165.0 1850 1300
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Susquehanna Steam Electric Station, Units 1 and 2 PTLR
. : ‘Rev.0
December 12, 2005

Table 4: SSES Unit 2 Pressure Test (Curve A) P-T Curves

Beltline Region

Revised Piessure-zemgegtugg Curve Calculation
(Pressure Test = Curve A)

nputs: Plant= Susquehanna
Component= - Beltline . :
Vessel thickness, t= - 6.1875 Inches, so ¥t : 2.487 “inch
Vessel Radius, R = 1266876  inches
ARTypr = 48.7 °F wz=sz==> 32 EFPY

Ke = 00 ksiinch'? :
ATy = 00 *F (no thermal for pressure test)
Safety Factor= 1.5 (for pressure test)
My = - 2,303
Temperature Adjustment = 0.0 T -
Pressure Adjustment = 30 psig (hydrostatic pressure for & full vessel)

Hydro Test Pressure = 1,863 psig
Flange RTyor * 10.0 °F

Fluid . Calculated  Adjusted Adjusted
Temperature 1/4t - Pressure Temperature Pressure for
T Temperature Kic Kip P for P-T Curve P-T Curve
(F) (F)__(ksifinch'™) (kstinch'®)  (psig) (F) {psig)
- - - - - 70 ]
70 70 €6.24 44.16 936 70 806
75 75 69.72 48.48 986 75 856
80 80 73.56 49.04 - 1040 80 1,010
85 85 77.80 51.87 1100 85 1,070
80 80 82.48 55.00 1166 90 1,136
05 05 87.68 58.45 1239 85 1209
100 100 93.41 62.27 ' 1320 100 1,200
105 105 99.74 66.49 1410 105 1,380
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Susquehanna Steam Electric Station, Units 1 and 2 PTLR
- Rev. 0
December 12, 2005

Table 4: SSES Unit 2 Pressure Test (Curve A) P-T Curves (continued)

Feedwater Nozzle/Upper Vessel Region

Inputs: Plant= Susquehanna
- Component= Upper Vessel (based on FW nozzle)
ARTyor= 30.0 *F======> AN EFPYs
Vesse! thickness, t = 6.5 inches, so +t 2.55 “inch
Vessel Radius, R= 126.7 inches
F(a/m) = 1.6 nozzle stress factor
Crack Depth, a = 1.63 inches
Safety Factor = 15
Temperature Adjustment = 0.0 °F
Pressure Adjustment = 0.0 psig
-Unit Pressure = 1,563 psig
Flange RTyor = 10.0 *F
Fluid Calculated  Adjusted Adjusted
Temperature 14t Pressure Temperature Pressure for
T Temperature Kic Kip P forP-T Curve P-T Curve
CF) (F)___ (ksPinch'®) (kstinch'®)  (psig) CF) (psig)
- - - - - 70 0
- - . - - 70 312.5
- - - - . 100 31286
0 0 44.58 20.72 421 100 421
10 10 47.10 31.40 445 100 445
20 20 - 50.18 33.45 474 100 474
30 30 53.83 35.96 509 100 509
40 40 £8.52 39.02 553 100 553
50 50 64.13 42.75 606 100 606
60 €0 7098 47.32 670 100 670
70 70 79.34 52.90 750 100 750
80 80 89.56 §9.71 846 100 846
80 90 102.04 €8.03 964 100 964
100 100 117.28 78.19 1108 100 1108
110 110 135.80 ~ 8060 1264 110 1284
120 120 158.63 105.76 1498 120 1498,
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Susquehanna Steam Electric Station, Units 1 and 2 PTLR
Rev. 0
December 12, 2005 -

Table 4: SSES Unit 2 Pressure Test (Curve A) P-T Curves (concluded)

Bottom Head Region
Revised Pressure-Temperature Curve Calculation
(Pressure Test = Curve A)
Inputs: Plant= Susquehanna

~ Components Bottom Head
Vessel thickness, t=  6.1878 inches, s0 Vt« 2487 ~inch
Vessel Radius, R= 1266876  inches . .
ARTyor = 24.0 *F s=zzz=> 32 EFPY

Kp = 0.0 ksitinch '
. ATye= - 00 °F (no thermal for pressure test)
Safety Factor = 15 (for pressure test)
Stress Concentration Factor = 30 Bottom head penetrations
. M= 2.303 .
Temperature Adjustment = 0.0 °F
Height of Water for a Full Vessel = 882.0 Inches

Pressure Adjustment= 3185  paig (nydostatic pressure at bottom head for & full vessel at 70°F)
Hydro Test Pressure = 1,563 psig

Fiange RTyor = 10.0 °F

Fluid Calculated Adjusted Adjusted
Temperature 1/4t - Pressure Temperature Pressure for
T Temperature Kic . Kip : P for P-T Curve  P-T Curve
¢F (°F) ___(kstinch) (kslinch'?) (psig) (°F) (psig)
- - - - : . - 70 [}
70 70 85.23 56.82 803 70 77
76 75 $0.70 60.47 855 75 823
80 80 -96.78 64.50 e12 80 880
85 85 103.43 68.65 - o758 85 843
80 80 11082 73.88 1044 90 1,012
85 05 118.68 79.32 121 85 1,089
100 100 128.00 85.33 } 1208 100 1,174
105 105 137.67 91.08 1300 105 4,268
110 110 148.90 99.33 1404 110 1,372
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Susquehanna Steam Electric Station, Units 1 and 2 PTLR
Rev. 0
December 12, 2005

Table 5: SSES Unit 2 Core Not Critical (Curve B) P-T Curves

Beltline Region

{nputs: Plant= Susquehanna
Component= _ Beltline
‘Vessel thickness, t = 6.1875 inches, 8o Vt 2.487 vinch
VesselRadius, R=  126.6876 Inches
ARTypr = 46.7 °F s=xxxx> 32 EFPY
Cooldown Rate = 100.0 *Fr
. = 9.08 ksiinch'?
Safety Factor = 20 :
Mp = 2.303
Temperature Adjustment = 0.0 *F
Pressure Adjustment = 30.0 psig (hydrostatic pressure for a full vessel)

Flange RTyuor = 10.0 °F

Fluld = . Calculated  Adjusted Adjusted
Yemperature 1/4t Pressure Temperature Pressure for
T Temperature Klc Kip P for P-T Curve P-TCurve
(°F) (F) _ (kst'inch'®) (kstinch')  (psig) (*F) (psig)
. - - - - 70 0
70 70.0 66.24 28.58 606 70 576
75 750 69.72 30.32 643 75 813
80 80.0 73.56 32.24 . 884 80 654
85 85.0 . 77.80 34.36 720 85 © 699
90 0.0 8249 36.71 778 90 748
95 - 850 87.68 39.30 833 05 803
100 100.0 03.41 4217 894 100 864
105 1050 99.74 45.33 861 105 931
110 110.0 106.74 43.83 1035 110 1005
115 115.0 114.47 62,70 117 15 1087
120 120.0 123.02 56.97 1208 120 1178
125 125.0 13246 61.60 1308 125 1278

130 130.0 142.90 66.91 1419 - 130 1389
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Susquehanna Steam Electric Station, Units 1 and 2 PTLR
. Rev. 0
December 12, 2005

Table §: SSES Unit 2 Core Not Critical (Curve B) P-T Curves (continued)

Feedwater Nozzle/Upper Vessel Region

npuyts: Plants Susquehanna
Component= Uppsr Vessel
ARTypr = 30.0 °F

O ™ 2049 &IQ 1050 psig . -
[ a.22 ksl @ 1050 psig Bass Temp
Oy ™ 16.19 ksl @ 548 °F 80 °F
O™ 19.04 ksi @ 548 °F 80 °F
Op ™ 450 ksi -
My 25
Safety Factors 20
Flar) = 16

Temperature Adjustment = [ X.] F
Pressure Adjustment a 0.0 psig
Hydro Test Pressure = 1883 pslg

Flangs RTyor® 100 F

. : Calculated Adjusted Adjusted
Pressure  Saturation : Total T T P, for

P Temperaturs Gpw O O Oy st Kit Kip Kic T for P-TCurve P-TCurve
1 sl) {kal 1) {kat {kst) R__(kstinch*) (kaPinch'®) (kstineh™)  (F) (°F) (psig)
- - - - - - - . - - - - - 70.0 0
50 2073 088 001 7.35 685 17.00 100 333 ] “0 00 70.0 $0
100" 3377 195 002 870 1034 2119 100 398 7 554 0.0 700 100
150 3658 203 003 979 1182 2427 1000 443 15 €73 549 700 150
200 3876 390 004 1058 1244 2698 100 478 153 785 9.1 700 200
203.7 3894 308 004 1083 1250 27.15 100 481 158 703 700 70.0 204
250 4062 483 005 1123 13.20 2096 100 508 192 0.1 708 766 250
300 421 585 008 11.70 1386 3167 100 533 230 0.4 88.0 3.0 300°
3125 4257 €10 007 1192 14.02 22110 100 830 240 1018 898 100 325
3125 4257 810 007 1192 1402 3240 100 839 240 1019 8.8 1300 3125
350 4360 €83 007 1228 1445 3363 100 556 . 208 1093 85.0 1300 350
400 4485 781 008 1273 1497 3589 100 576 0.7 189 101.0 1300 400
450 4598 8T8 000 1343 1545 37.45 100 504 345 1284 1062 130.0 450
500 4704 676 010 1351 1588 39,25 100 611 383 1378 1109 1300 - 800
550 ° 4301 1073 042 1385 1620. 4069 1.00  ex7 422 1470 15,4 130.0 550
600 - 4359 1171 043 1447 1667 4267 100 849 450 186.1 139.0 1300 600
€50 4978 1288 014 1447 17.02 4431 100 655 499 1852 1225 1300 850
700 5058 1368 0.15 1476 17.35 4592 097 648 §3.7 1723 1252 1300 700
750 5132 1464 0.16 1503 17.687 4149 083 €30 §7.8 178.0 1272 . 1300 750
7 5143 14.77 016 1508 17.71 A7.71 0.92 a2.7 58.0 178.7 1274 130.0 757
800 6204 1561 017 1528 1797 48.03 0.88 81.1 613 1836 129.1 130.0 800
a5 5238 1610 047 1541 16.12 4879 085 - €03 (832 - 1885 . 1300 1300 825
50 6273 1650 018 1553 1626 50.85 084 589 5.1 1893 1309 1309 850
00 5339 1756 040 1576 1853 5204 oe0 672 858 1950 - 1327 1327 900
. 950 5404 1854 020 1598 18.80 6352 076 853 727 2006 1344 1344 850
1000 5462 1059 021 1820 19.05 84.67 073 834 765 2083 136.1 1361 1000
1050 6520 2049 022 1640 16.29 86.40 060 614 803 2120 1377 137.7 1050
1100 6578 2147 023 1660 10.82 57.82 066 495 841 2176 1303 1393 1100
1150 8330 2244 024 1676 1075 80.23 063 476 87.8 2233 1408 1408 1150
1200 8682 2342 025 16.98 19.97 60,62 059 . 458 918 2288 “22 - 1422 1200
1250 6733 2439 026 17.16 2018 6169 056 437 954 2348 1437 1437 1250
1300

1300 5782 2537 027 1733 2038 63.36 053 “e 99.2 2402 1450 1450
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Susquehanna Steam Electric Station, Units 1 and 2 PTLR
Rev.0
December 12, 2005

Table §: SSES Unit 2 Core Not Critical (Curve B) P-T Curves (concluded)

Bottom Head Region

Inputs: Plant= Susquehanna
Component= Bottom Head (Penetrations Portion)
Vessel thickness, t= ~ 6.4876  Inches,sovt 2487 Vinch
Vessel Radius, R=  126.6878 inches
Cooldown Rate = 100.0 *Fhr
. Safety Factor = 20
Stress Concentration Factor = 3.0
’ ARTynor = 24.0 °F
Mp= 2303
Ke=  9.08  ksifinch'™?

Temperature Adjustment = 0.00 °F
Helght of full vessel = 882.0 inches
Pressure Adjustment = 31.85 psig
Unit Pressure = 1563 psig
Flange RTypr = 10.0 *F

Fluid ) ) Calculated  Adjusted Adjusted
Temperature 1/4t Prossure Temperature Pressure for

T Temperature Kic Kip P for P-T Curve P-T Curve
(*F) CF)___ (kslinch'®) (kstinch'®) (pslg) (*F) (pslg)

- - - . - 70 0

70 70.0 85.23 36.08 538 70 506

75 75.0 80.70 40.81 577 75 545

80 80.0 86.75 43.84 620 - 80 588

85 85.0 103.43 47.18 667 85 635

90 90.0 110.82 §0.87 719 00 687

95 85.0 118.98 54.95 T 95 745
100 100.0 128.00 59.46 841 100 808
105 105.0 137.97 6445 811 105 . 879
110 1100 148.89 69.96 689 110 857
115 115.0 161.17 76.05 1075 . 118 i 1043
120 120.0 174.€3 82.78 1170 120 1138
125 125.0 189.50 90.21 1278 125 1243
130 1300 . 205.94 98.43 1391 - 130 1360
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Susquehanna Steam Electric Station, Units 1 and 2 PTLR
Rev.0
December 12, 2005

Table 6: SSES Unit 2 Core Critical (Curve C) P-T Curve

foputs: " Plants Susquehanna
- Component= Upper Vassel
‘ARTwor = 30.0 °F
O ® 2049 ki @ 1050 psig

o™ 0.22 ksl @ - 1030 psig Base Teamp
O ® 16.18 ksl @ 546 °F : 80 °F
Ou® 15.04 kel @ 548 °F - S0 °F"
O™ 45.0 ksl
M » 284
Safety Factors 20
Flah) = 1.8

Temperature Adjustment s o0 °F
Pressure Adjustment s [-X ] psig
Hydro Test Pressure = 1663 psig

Flange RTaor = 100 r

Catculated Adjusted Adjusted

Pressure  Saturation i . Total Temperatura Tempersture Pressure for.
P Yempenature Gy [ o [ [ Kit - Kip Kic T for P-Y Curve P-TCurve
{psig) °F) (ksl)  (ksD  gisl) (ks (ke) R__kstinch¥kstinch®isitinch® __ F) {F) {psig)
- ” - - . - - . - - . - 700 [
80 2073 . 098 001 736 868 17.00 1.00 333 38 410 . ’ 70.0 80
955 3347 188 002 669 1022 207¢ 100 303 73 840 30.0 70.0 26
100 3317 195 002 876 1034 21.11 1.00 398 77 85.4 e 72.8 100
150 - 3658 293 003 876 1182 2427 100 443 15 €73 - 549 4.9 150
200 3878 300 004 1058 1244 2696 100 478 153 788 9.4 100.1 200
280 408.2 488 005 1123 1320 20.36 1.00 50.8 182 88.9 76 108 250
'300 4221 885 006 1179 1388 31.57 100 833 23.0. 994 83.0 128.0 300
3RS 4257 6.10 007 1182 1402 2.10 1.00 538 240 1018 es.$ 1208 a2s
3128 425.7 810 007 1182 1402 32.10 1.00 538 240 101.8 85.9 470.0 3125
350 4360 683 007 1228 1445 3383 1.00 5568 268 100.3 95.0 170.0 s
400 4485 781 008 1273 1487 35.50 100 878 30.7 1189 1010 1700 400
450 459.9 878 008 1393 1545 3745 1.00 - 504 us 1284 108.2 170.0 450
8§00 470.4 876 010 13851 1588 3025 100 611 383 1378 1109 170.0 500
550 480.1 1073 012 13.85 18.20 40.98 1.00 627 422 1470 11814 1700 8§50
800 489.9 1474 013 1497 1887 4287 1.00 641 8.0 156.1 118.0 170.0 - 800
. 650 4978 1268 014 1447 1702 4431 1.00 55 489 165.2 1225 170.0 650
700 505.8 1368 045 1476 17.35 4582 - 087 649 837 1723 1282 1700 700
750 . $13.2 14684 016 1503 1767 47.49 0.83 830 87.5 176.0 127.2 170.0 750
77 514.3 1477 046 1306 1171 47.71 0.82 827 58.0 178.7 1274 170.0 757
800 520.4 1561 017 1528 17.07 49.03 - 0.83 81,1 613 1838 120.4 170.0 800
828 | 5239 1610 097 1541 18.92 49.78 0.88 60.1 83.2 186.5 130.0 170.0 as
850 5273 1658 098 15853 1826 50.55 084 801 - 651 169.3 130.9 1709 as0
900 533.8 1756 019 1876 1853 52.04 080 &§7.2 689 1850 1327 1727 800
950 8409 1854 020 1568 1880 §3.52 076 653 727 2006 1344 174.4 850
1000 846.2 1951 021 1620 10.05 84.07 0.73 534 768 2063 . 136.1 176.1 1000
.1050 552.0° 2048 022 1640 10.28 56.40 083 514 803 2120 1317 7 1050
1100 857.8 2147 023 1660 10.52 §7.82 065 488 841 2178 1383 1703 1100
1150 §63.0 2244 024 1679 1075 §9.23 0.e3 a7e 7.8 2233 140.8 1808 1150
1200 868.2 2342 025 1688 1097 €0.62 058 458 [ 1] 2288 1422 1822 1200
1250 8733 2439 026 1716 2048 61.88 0.56 437 054 2348 1437 1.7 1250
1300

1300 878.2 2537 027 1733 2038 8338 083 . 418 992 2402 1450 1850
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Appendix A
SSES Reactor Vessel Material Surveillance Programs

SSES Unit 1:

In accordance with 10 CFR 50, Appendix H,VReactor Vessel Material Surveillance Program
Requirements, the first surveillance capsule was removed from the SSES Unit 1 reactor vessel on
March 27,1992 asa part of refueling outage number 6 (RFO6) activities. The surveillance
capsule contained flux wires for neutron fluence nieasurement, Charpy V-Notch impact test
specimens and uniaxial tensile test specimens fabricated using materials from the vessel

- materials within the core beltline region. 'fhe flux wires and test specimens removed from the
capsule were tested according to ASTM E185-82. The methods and results of testing are
presented in Reference 6.5, as required by 10 CFR 50, Appendices G and H.

As described in the SSES Unit 1 Updated Final Safety Analysis Report (UF SAR) Section
5.3.1.6, Material Surveillance, and UFSAR Table 5.3-3, the second surveillance capsule is slated
~ to be removed at 15 EFPY. .

SSES Unit 2:

In accordance with 10 CFR 50, Appendix H, Reactor Vessel Material Surveillance Program
Reqﬁirements, the first surveillance capsule was removed from the SSES Unit 2 reactor vessel on
September 28, 1992 as a part of refueling outage number 5 (RFO5) activities. The surveillance
capsule éontained flux wires for neutron fluence measurement, Charpy V-Notch impact test
specimens and uniaxial tensile test specimens fabricated using materials from the vessel

materials within the core beltline region. The flux wires and test specimens removed from the
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capsule were tested according to ASTM E185-82. The methods and results of testing are
presented in Reference 6.6, as required by 10 CFR 50, Appendices G and H.

As described in the SSES Unit 2 Updéted Final Safety Analysis Report (UFSAR) Section

5.3.1.6, Material Surveillance, and UFSAR Table 5.3-3, the second surveillance capsule is slated
to be removed at 15 EFPY.
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