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IMPORTANT NOTICE
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proprietary information removed. Portions of the document that have been removed are
indicated by an open and closed bracket as shown here [[ 1.

IMPORTANT NOTICE REGARDING
CONTENTS OF THIS REPORT
PLEASE READ CAREFULLY

The only undertakings of the General Electric Company (GE) respecting information in
this document are contained in the contract between Detroit Edison and GE, Fermi 2
Energy Center Extended Power .Uprate Project, WIN #8 P/T Curves, effective
5/18/04, as amended to the date of transmittal of this document, and nothing contained
in this document shall be construed as changing the contract. The use of this
information by anyone other than Detroit Edison, or for any purpose other than that for
which it is furnished by GE, is not authorized; and with respect to any unauthorized use,
GE makes no representation or warranty, express or implied, and assumes no liability as
to the completeness, accuracy, or usefulness of the information contained in this
document, or that its use may not infringe privately owned rights. :

Copyright, General Electric Company, 2005
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EXECUTIVE SUMMARY

This report provides the pressure-temperature curves (P-T curves) developed to present
steam dome pressure versbs minimum vessel metal terhperature incorporating
appropriate non-beltline limits and irradiation embrittiement effects in the beltline.
Fermi2is currently licensed to P-T curves for 32 EFPY [1]; the P-T curves in this report
represent 24 and 32 effective full power yéars (EFPY), where 32 EFPY represents the
end of the 40 year license, and 24 EFPY is provided as an intermediate point between '
the current EFPY and 32 EFPY. The 1998 Edition of the ASME Boiler and Pressure
Vessel Code including 2000 Addenda was used in this evaluation. The P-T curve
methodology includes the following: 1) the use of Kc from Figure A-4200-1 of Appendix
A to determine T-RTnor, @nd 2) the use of the M. calculation in the ASME Code
paragraph G-2214.1 for a postulated defect normal to the direction of maximum stress.
This report incorporates a fluence [4] calculated in accordance with the GE Licensing
Topical Report NEDC-32983P, which has been approved by the NRC in a SER [14], and
is in compliance with Regulatory Guide 1.190. This fluence was based u-pon‘a projection
for the planned implementation of power uprate that provides additional conservatism.
“The latest information from the BWRVIP Integrated Surveillance Program that is
applicable to Fermi Unit 2 has been utilized.

The P-T curves presented in this report reflect changes from those currently licensed [1].
These P-T curves have been geherated to incorporate a revised fluence [4].

CONCLUSIONS

The ope_zrating 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) non-nuclear heatup/cooldown and low-level physics tests, referred to as Curve B;

and (c) core critical operation, referred to as Curve C.
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There are four vessel regions that should be monitored against the P-T curve operating
limits; these regions are defined on the thermal cycle diagram [2]:

o Closure flange region ' (Region A)

o Core beltline region (Region B)
o Upper vessel (Regions A & B)
e Lower vessel (Regions B & C)

For the core not critical anq the core critical curvés, the P-T curves specify a coolant
heatup and cooldown temperature rate of 100°F/hr or less for which the curves are
applicable. However, the core not critical and the core critical curve~s‘were also
develobed to bound transients defined on the RPV thermal cycle diagram [2] and the
nozzle thermal cycle diagrams [3]. The bounding transients used to develop the curves
are described in this report. For the hydrostatic pressure and leak test curve, a coolant
heatup and cooldown temperature rate of 20°F/hr or less must be maintained at all times
(see Appendix C for additional guidance).

The P-T curves apply for both heatup and cooldown and for both the 1/4T and 3/4T
locations because the maximum tensile stress for either heatup or cooldown is applied at
the 1/4T location. For beltiine curves this approach has added conservatism because
irradiation effects cause the allowable toughness, Ky, at 1/4T to be less than that at 3/4T

“for a given metal temperature.

Composite P-T curves were generated for each of the Pressure Test, Core Not Critical
and Core Critical conditions at 24 ahd 32 EFPY. The composite curves were generated
by -enveloping the most restrictive P-T limits from the separate bottom head, beltliné,
upper vessel and closure assembly P-T limits. Separate P-T curves were developed for
the upper vessel, beltline (at 24 and 32 EFPY}, and bottom head for the Pressure Test
and Core Not Critical conditions. |
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1.0 INTRODUCTION

The pressure-temperature (P-T) curves included in this report have been developed to
present steam dome pressure versus minimum vessel metal temperature incorporating
appropriate non-beltline limits and irradiation embrittlement effects in the beltline.
Complete P-T curves were developed for 24 and 32 effective full power years (EFPY),
where 32 EFPY represents the end of the 40-year license, and 24 EFPY is provided as
an intermediate point between the curent EFPY and 32 EFPY. The P-T curves are
provided in Section 5.0 and a tabulation of the curves is included in Appendix B. This
report incorporates a fluence calculated in accordance with the GE Licensing Topical
Report NEDC-32983P, which has been approved by the NRC in a SER [14], and is in
compliance with Regulatory Guide 1.190. This fluence was based upon a projection for
the planned implementation of power uprate that provides additional conservatism. The
latest information from the BWRVIP Integrated Surveillance Program that is applicable to
- Fermi Unit 2 has been utilized.

The P-T curves presented in this report reflect changes from those currently licensed [1].
These P-T curves have been generated to incorporate a revised fluence [4].

The methodology used to generate the P-T curves in this report is.presented in
Section 4.3. The 1998 Edition of the ASME Boiler and Pressure Vessel Code including
2000 Addenda was used in this evaluation. The P-T curve methodology includes the
following: 1) the use of K¢ from Figure A-4200-1 of Appendix A to determine T-RTypr,
and 2) the use of the M, calculation in the ASME Code paragraph G-2214.1 [6] for a
postulated defect normal to the direction of maximum stress. P-T curves are developed
using geometry of the RPV shells and discontinuities, the initial RTyor of the RPV
materials, and the adjusted reference te'mperature (ART) for the beltline materials.

The initial RTyor is the reference temperature for the unirradiated material as defined in
Paragraph NB-2331 of Section Ill of the ASME Boiler and Pressure Vessel Code. The
Charpy energy data used to determine the initial RTypr values are tabulated from the
Certified Material Test Report (CMTRs). The data and methodology used to determine
initial RTypr are documented in Section 4.1.

-1-
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.

Adjusted Reference Temperature (ART) is the reference temperature when including
“irradiation shift and a margin term. Regulatory Guide 1.99, Rev. 2 {7] provides the
methods for calculating ART. The value of ART is a function of RPV 1/4T fluence and
beltiine material chemistry. The ART calculation, methodology, and ART tables for 24
and 32EFPY are included in Section 4.2. The peak ID fluence values of
7.13e17 nlcm? (24 EFPY) and 9.68e17 n/cm? (32 EFPY) used in this report are
discussed in Section 4.2.1.2. Beltline chemistry vvalues are discussed in Section 4.2.1.1.

Appendix A includes comprehensive documentation of the RPV \discontinuities
considered in this evaluation. This appendix also documents the non-beitline
discontinuity curves that are used to protect each discontinuity.

Guidelines and requirements for operating and temperature monitoring are included in
Appendix C. Temperature monitoring requi'rements and methods are available in GE
Services Information Letter (SIL) 430 contained in Appendix D. Appendix E
demonstrates that all reactor vessel nozzles requiring fracture toughness evaluation are
either included in the development of the P-T curves or are outside the beltline region.
Appendix F provides the calculation for equivalent margin énalysis (EMA) for upper shelf
. energy (USE). Appendix G contains an evaluation of the vessel wall thickness
discontinuities in the beltline and bottom head regions. Appendix H provides a core-not-
critical calculation for the bottom head (CRD penetration). Upjohn welds occur in
various welds in the Fermi Unit 2 vessel; these welds are known to contain flaws. The
limiting flaw, which exists in the beltline region, has been evaluated and is discussed in
Appendix | of this report.
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2.0 SCOPE OF THE ANALYSIS

A detailed description of the P-T curve bases is included in Section 4.3. The 1998
Edition of the ASME Boiler and Pressure Vessel Code including 2000 Addenda was
used in this evaluation. The P-T curve methbdology includes the following: 1.) the use of
Kic from Figure A-4200-1 of Appendix A to determine T-RTnort, @and 2) the use of the M,
calcﬁléﬁon in the ASME Code paragraph G-2214.1 for a postulated defect normal to the
direction of maximum stress. Other features presented are: -
» Generation of separate curves for the upper vessel in addition to those
generated for the beltline, and bottom head.
» Comprehensive description of discontinuities used to develop the non-beltline
curves (see Appendix A).
. The pressure-temperature (P-T) curves are established to the requirements of
“10CFR50, Appendix G [8] to assure that brittle fracture of the reactor vessel is
prevented. Part of the analysis involved in developing the P-T curves is to account for
irradiation embrittlement effects in the core region, or beltline. The method used to
account for irradiation embrittlement is described in Regulatory Guide 1.99, Rev. 2 [7].

The beltline region in the Fermi Unit 2 vessel includes a thickness discontinuity between
the lower and lower-intermediate shells. This discontinuity is noted in Appendix A and
evaluated in Appendix G. In addition to.beltline considerations, there are non-beltline
discontinuity limits such as nozzles, penetrations, and flanges that influence the
Aconstruction of P-T curves. The non-beltline limits are based on generic analyses that
are adjusted to the maximum reference temperature of nil ductility transition (RTNDT) for
the applicable Fermi 2 vessel components. The non-beltline limits are discussed in
Section 4.3 and are also governed by requirements in [8]. In addition, there are
thickness discontinuities in the bottom head, which are also noted in Appendix A and
evaluated in Appendix G.

Furthermore, curves are included to allow monitoring of the vessel bottom head and
upper vessel regions separate from the beltline region. This refinement could minimize
héating requirements prior to pressure testing. Operating and temperature monitoring
requirements are found in Appendix C. Temperature monitoring requirements and

-3-
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methods are available in GE Services Information Letter (SIL) 430 contained in
Appendix D. Appendix E demonstrates that all reactor vessel nozzles requiring fracture
toughness evaluation are either included in the development of the P-T curves or are
outside the beltline region. Appendix F provides the calculation for equivalent margin
analysis (EMA) for upper shelf energy (USE). Appendix G contains an evaluation of the
vessel wall thickness discontinuities in the beltline and bottom head regions.
Appendix H provides a core-not-critical calculation for the bottom ‘head (CRD
penetration). Upjohn welds occur in various welds in the Fermi Unit 2 vessel; these
welds are known to contain flaws. The limiting flaw, which exists in the beltline region,
has been evaluated and is discussed in Appendix | of this report.




GE Nuclear Energy NEDO-33133
Non-Proprietary Version

3.0 ANALYSIS ASSUMPTIONS

The following assumptions are made for this analysis:

The hydrostatic pressure test will be conducted at a maximum pressure of
1055 psig [13]. '

The shutdown margin, provided in the Definitions Section of the Fermi 2 Technical
Specification [13], is calculated for a water temperature of 68°F. o
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4.0 ANALYSIS

4.1 INITIAL REFERENCE TEMPERATURE

4.1.1 Background

The initial RTypr values for all low alloy steel vessel components are needed to develop
the vessel P-T limits. The applicable ASME Code for the Fermi 2 RPV is 1968 Edition
with Summer 1969 Addenda. The requirements for establishing the vessel component
toughness prior to 1972 were per the ASME Code Section lll, Subsection NB-2300 and
are summarized as follows: '
a. Test specimens shall be longitudinally oriented CVN specimens.
b. At the qualification test temperature (specified in the vessel purchase
specification), no impact test result shall be less than 25 ft-Ib, and the
average of three test results shall be at least 30 ft-Ib. .
c. Pressure tests shall be conducted at a temperature at least 60°F above
the qualification test temperature for the vessel materials.

The current requirements used to establish an initial RTypr value are significantly
different. For plants constructed according to the ASME Code after Summer 1972, the
requirements per the ASME Code Section lll, Subsection NB-2300 are as foliows:

a. Test specimens shall be transversely oriented (normal to the rolling
direction) CVN specimens. | »

b. RTwnor is defined as the higher of the dropweight NDT or 60°F below the
temperature at which Charpy V-Notch 50 ft-Ib energy and 35 mils lateral
expansion are met.

c. Bolt-up in preparation for a pressure test or normai operation shall be
performed at or above the Highest RTnot Of the materials in the closure
flange region or lowest service temperature (LST) of the bolting material,

whichever is greater.

10CFR50 Appendix G [8] states that for vessels constructed to a version of the ASME
Code prior to the Summer 1972 Addendum, fracture toughness data and data analyses

-6-
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must be supplemented in an approved manner. Additional details are contained in the
Fermi 2 UFSAR, Sécﬁons 3.1.2.42 and 5.2.4. GE devéloped methods for analytically
converting fracture toughness data for vessels constructed beforé 1972 to comply with
current requirements.  These methods were developed from data in WRC
Bulletin 217 [9] and from data collected to respond to NRC questions on FSAR
submittals in the late 1970s. In 1994,. these methods of estimating RTypr were
submitted for Qeneric approval by the BWR Owners’ Group [10], and approved by the
NRC for generic use [11]. '

4.1.2 Values of Initial RTxpr and Lowest Service Temperéture (LST)

To establish the initial RTnor temperatures for the Fermi 2 vessel per the current
requirements, calculations were performed in accordance with the GE method for
determining RTypr. Example RTyor calculations for vessel plate, forging, and for bolting
material LST are summarized in the remainder of this section. The initial RTypr for all
materials remain unchanged from values previdusly reported for Fermi 2 with one
exception. Lower-intermediate shell plate heat C4564-1 was prev'iously reported to have
an initial RTypy of ~12°F. As demonstrated in Table 4-1 and in the calculation shown
below, using the methods mentioned above and documented in [10] and [11], the initial
RTnor for heat C4564-1 is determined to be —10°F.

For vessel plate material, the first step in calculating RTyor is to establish the 50 ft-Ib
transverse test temperature from longitudinal test specimen data (obtained from certified
material test reports, CMTRs [12]). For Fermi 2 CMTRs, typically six energy values
were listed at a given test témperature, corresponding to two sets of Charpy tests. The
lowest energy Charpy value is adjustéd by adding 2°F per ft-Ib energy difference from
50 ft-Ib.

For example, for the Fermi 2 beltfine plate-heat C4564-1 in the lower-intermediate shell
course; the lowest Charpy energy and test temperature from the CMTRs is 45 ft-Ib at
10°F. The estimated 50 ft-Ib longitudinal test temperature is:

TeoL = 10°F + [ (50 - 45) ft-Ib * 2°F/ft-Ib ] = 20°F
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The transition from longitudinal data to transverse data is made by adding 30°F to the
50 ft-Ib longitudinal test temperature; thus, for this case above,

Tsor = 20°F + 30°F = 50°F.

“The initial RTpr is the greater of nil-ductility transition temperéture (NDT) or (Tsor- 60°F).
Dropweight testing to establish NDT for plate material is listed in the CMTR; the NDT for
the case above is —20°F. Thus, the initial RTnpr for plate heat C4564-1 is —10°F.

For the Fermi 2 beltiine weld heat 12008 Linde 1092 with flux lot 3833 (contained in the
lower shell course), the CVN results are used to calculate the initial RTyor. The 50 ft-Ib
test temperature is applicable to the weld material, but the 30°F adjustment to convert
longitudinal data to transverse data is not applicable to weld material. Heat 12008 Linde
1092 has a lowest Charpy energy of 47 ft-Ib at 10°F as recorded in weld qualification
records. Therefore,

Tsor = 10°F +[(50 ~ 47) * 2°F/ft-Ib] = 16°F

The initial RTyor is the greater of nil-ductility transition temperature (NDT) .or
(Tsor - 60°bF). For Fermi 2, the dropweight testing to establish NDT was not available
and -50°F was assumed. The value of (Tsor - 60°F) in this example is —44°F; therefore,
the initial RTyor was -44°F.

For the vessel HAZ material, the RTypr is assumed to be the same as for the base
material, since ASME Code weld procedure qualification test requirements and post-
weld heat treat data indicate this assumption is valid.

For vessel forging material, such as nozzles and closure flanges, the method for
~ establishing RTypr is the same as fbr vessel plate material. For the limiting heat in the?
feedwater nozzle at Fermi 2 (Heat AV3504 9B-9202), the NDT is -10°F and the lowest
CVN data is 34 ft-Ib at 10°F. The corresponding value of (Tsor — 60°F) is:

(Tsor — 60°F) = {[10 + (50 — 34) ft-Ib * 2°F/ft-Ib] + 30°F} — 60°F = 12°F.
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Therefore, the initial RTor is the greater of nil-ductility transition temperature (NDT) or
(Tsor 60°F), which is 12°F.

In the bottom head region of the vessel, the vessel plate method is applied for estimating

" RTnor. For the bottom head dollar plate heat of Fermi 2 (Heat C4504-2), the NDT is
10°F and the lowest CVN data was 40 ft-Ib at 40°F. The corresponding value of (Tsor —
60°F) was: '

(Tsor — 60°F) = { [ 40 + (50 - 40) ft-Ib * 2°F/ft-Ib ] + 30°F } — 60°F = 30°F.

Therefore, the initial RTyor was 30°F.

For bolting material, the current ASME Code requirements define the lowest service
temperature (LST) as the temperature at which transverse CVN energy of 45 ft-lb and
25 mils lateral expansion (MLE) were achieved. If the required Charpy results are not
met, or are not reported, but the CVN energy reported is above 30 ft-Ib, the requirements
of the ASME Code Section Ill, Subsection NB-2300 at construction are applied, namely
that the 30 ft-Ib test temperature plus 60°F is the LST for the bolting materials. All of the
available reported Charpy data for the Fermi 2 closure studs met the 45 ft-Ib
requirements at 10°F. However, MLE data was not reported and information for all stud
materials was not available. Therefore, the Iimitihg LST for the bolting material is 70°F,
The highest RTnor in the closure flange region is 12°F, for the upper shell. Thus, the
higher of the LST and the RTypr +60°F is 72°F, the bolt-up limit in the closure flange
region.

The initial RTnor values for the Fermi 2 reactor vessel (refer to Figure 4-1 for thé Fermi 2
Schematic) materials are listed in Tables 4-1, 4-2, 4-3 and 4-4. This tabulation includes
beltline, closure ‘flange, feedwater nozzie, and bottom head materials " that are
considered in generating the P-T curves. The values presented in these tables and
used to determine the initial RTyor were obtained from the Fermi 2 vessel CMTRs [12).
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Figure 4-1: Schematlc of the Fermi 2 RPV Showing Arrangement of
Vessel Plates and Welds
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Table 4-1: RTnp7 Values for Fermi 2 Plate and Flange Materials

' ‘ L Test | coorovE (Tm-GO) 'vx? nt | RTw
Co; . : R ; arpy Energy elg NOT
Component . - et JTERR L (b cn | noTl R
- - ) (F) D ('F) L -
op Head & Flange
Shell Flange
G3701 AWH 113 2V-708 10 8318 | 90 -20 10 10
Top Head Flange . i
G3702 ACR 108 10 196|191} 101 -20 10 10
Top Head Doflar
C3732 . C5445-1 10 79]1 8§ 79 -20 -10 -10
Top Head Lower Torus Plates :

- |G3731-1 C5445-2 10 95191 97 -20 -10 -10
G3731-2 C5445-2 10 97 | 96 | 101 -20 " =10 -10
Top Head Upper Torus Plates .
G3730 C5445-1 10 107 | 85 | 102 -20 -10 -10
Shell Courses
Upper Shell Plates
5370341 C4568-1 40 681 65] 56 10 -10 10
G3703-2 C4564-2 40 64| 49| 54 12 -10 12
G3703-3 C4560-2 10 53163} 62 -20 -10 -10
G37034 C4554-2 40 74| 751 87 10 -10 10
Upper Intermediate Plates .
G3704-1 C4574-1 10 70| 68| 66 -20 -10 -10
G3704-2 C4578-2 10 59145} 52 -10 -10 -10
G3704-3 C4578-1 10 44 | 56 ] €8 -8 -10 -8
Lower-Intermediate Plates .

G3703-5 C4564-1 10 60| 45| 59 -10 -20 -10
G3705-1 B8614-1 10 62164} 56 -20 -20 -20
G3705-2 C4574-2 10 48 1 49 | 60 -16 -30 -16
G3705-3 C4568-2 10 46 | 67 | 63 -12 -30 -12
Lower Shell Piates

G3706-1 C4540-2 10 64176) 74 =20 - -10 -10 |
G3706-2 C4560-1 10 85 791 99 -20 -10 -10
G3706-3 C4554-1 10 591 65 ] 68 -20 -10 -10
Bottom Head R
Bottom Head Dollar

53708 C3424-1 10 41 1 48 | 57 -2 -10 -2
Bottom Head Upper Torus Plates .

G3711-1 C4526-1 . -40 57160 | 55 =70 -10 -10
G3712-1 C4504-3 -40 701 641 56 =70 -10 " -10
Bottom Head Lower Torus Plates .

C3705-1 C5050-2 10 58| 70| 83 -20 -10 -10
C3710-1 C4504-1 10 74170} 74 -20 -10 -10
C3710-2 C4504-2 40 40 | 48 | 42 30 10 30

NOTE: These are minimum Charpy values. 4
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- Table 4-2: RTypr Values for Fermi 2 Nozzle Materials

: * - Heat Jest CharpyEnergy | (Tsor60) ‘wDr'oi( RT
Component - or ) Temp ‘Tbe) o . ?‘F) I:EI?T ("’F‘)” :
] _ . ‘Heat/Flux/ Lot (°F) . ) F) -
Recircutation Outlet Nozle
G3717-1 AJF 181 10 77 96 89 -20 -20 -20
G3717-2 AJF 193 10 91.5 89 85 -20 -30 -20
Recirculation Infet Nozzle °
G3718-1 AV3505 SA-9239 10 54 45 38 4 -0 4
G3718-2 AV3505 9A-9240 10 34 32 36 16 -10 16
G37183 AV3502 9A-9365 10 35 32 36 16 20 20
G3718-5 AV3503 9A-9368 10 42 36 60 8 -30 8
G3718-6 AV3503 9A-9369 10 49 40 49 0 -30 0
G3718-7 AV3504 9A-9371 - 10 58 28 37 . 24 40 24
G3718-8 AV3857 9D-9407 10 48 32 46 16 20 20
G3718-9 AV3857 9D-9406 10 47 64 58 -14 10 10
G3718-10 AV3857 8D-9408 10 82 46 55 -12 10 10
G5218-4 AV3934 9E-9011 10 47 60 88 -14 40 40
Steam Outlet Nozzle
G3714-1 AV3496 9A-9234 10 66 35 85 .8 10 10
G3714-2 AV3507 9A-9235 10 74 75 36 8 0 8
G3714-3 AV3510 SA-9236 10 36 34 32 16 10 16
G37144 AV3511 9A-9237 10 52 32 42 16 10 16
Feedwater Nozzle
G371S-1 AV3508 9A-9228 10 82 91 58 -20 0 0
G3715-2 AV3508 9A-9229 10 68 58 50 =20 0 0
G3715-3 AV3508 9A-9230 10 62 67 76 =20 =30 -20
G3715-4 AV3509 9A-9232 10 60 42 64 -4 -10 -4
G3715-5 AV3509 9A-9231 10 38 54 50 4 0 4
G3715-6 AV3304 9B-9202 10 39 45 34 12 -10 12
Core Spray Nozzle . .
G3720-1 AV2997 SA-9363 10 67 52 96 -20 -10 -10
- |G3720-2 AV2997 9A-9364 10 70 99 84 -20 -10 -10
Instrumentation Nozzle
G3811-1 Q2Q14W 969C-1 10 54 59 73 -20 10 10.
G3811-2 Q2Q14W 869C-2 - 10 54 59 73 -20 10 10
Top Head Vent Nozzle
G3810 Q2Q6W 986C 10 92 95 88 -20 10 10
Jet Pump Nozzle
G3719-1 EV-9806 8L-9211A 10 99 124 105 -20 -20 <20
G3718-2 EV-9806 8L-9211B 10 99 124 105 -20 -20 -20
CRO HYD Return Nozzie
G3716 AV3138 8L-9104 10 42 40 48 0 10 10
Core AP Nozzle Alloy 600 :
G3738 NX9492 )
Replacement Instrument Nozzles
G3806 2127273 10 36 43 30 20 40 40
G3806R 6397860 10 250 230 247 -20 40 40
High Pressure Leak Detector Nozzle
G45486 ) 10 (1)
Drain Nozzle
G3739 Q1Q1VW 738T 10 39 25 32 30 40 40
CRD Stub Tubes
G3736-1 through -5 Alloy 600 (2)

(1) Information for this heat is not available; the purchase specification requirements are used for evaluation of this component.
(2) Alloy 600 components do not require fracture toughness evaluation; see Appendix A for addtiona!l information.

NOTE: These are minimum Charpy values.
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Table 4-3: RTypt Values for Fermi 2 Weld Materials

] . " Heat Test Lo O . v?':"; -m,A‘
Component or Temp Chaq:‘ylinergy (T,.,,-SOJ - ’:D%. t ot
. Heat/Flux/Llot . | (*A) () L e ]
{Beitline - Axial
Lower Shell
13253 Linde 1092
2-307A,B,C Lot 3833 . 10 79 79 82 -50 - -50
12008 Linde 1092
Lot 3833 10 62 47 62 44 - -44
Lower-Intermeaciate Shell
33A277 Linde 124
15-308 A.B.C.D Lot 3878 10 83 S4 87 -50 - -50
Beltline - Girth .
Lower-Intermeaiate Shell to Lower Shell
: 10137 Linde 0091 .
1313 Lot 3999 10 101 108 107 -50 - -50
Non-Beltline - Axial
Upper-intermediate Shell
: 20291 & 12008 Linde 1092
2-308 A through C Lot 3833 10 62 47 62 44 - -44
. HADH 10 112 110 114 -50 - -50
- EOAG 10 173 133 135 -50 - -50
Upper Shell .
1-308 A through D 348009 Linde 124 Lot 3687 10 85 €5 57 -50 - -50
348009 Linde 124 Lot 3688 10 69 70 63 <50 - -50
Bottom Heaad Upper Torus Menaional VWelds .
1-306 A through K " HADH 10 112 110 114 -50 - -50
Bottom Head Lower Torus Mendional Welds - .
2-306 A through G LACH-2 10 125 119 119 -50 - -50
HADH 10 112 110 114 -50 - -50
Top Head Upper Torus Mendional Welds .
2-319 A throuah E EOEJ 10 136 | 170 150 -50 - -50
Top Head Lower Torus Mendional Welds .
1319 Athrough H ’ DOAJ 10 166 145 158 -50 - -50
ACFJ 10 112 105 115 -50 - -50
EOEJ 10 136 170 150 -50 - -50
Non-Beltiine - Girth .
Top Head Assembdly .
3-319, 4319, 5-319 33A277 Linde 0091 Lot 3977] 10 111 106 113 -50 - -50
90099 Linde 0091 Lot 3977 10 56 30 52 +10 - =10
Shell Flange to Upper Shell
13-308 21935 Linde 1092 Lot 3889 10 51 70 74 -50 - -50
Upper Shell to Upper-Intermediate Shell
305424 Linde 1092
4-308-A Lot 3889 10 82 87 92 -50 - -50
Upper-Intermediate Shell to Lower-intermediate .
Shell
1P3571 Linde 1092 Lot 3958
4-308-B Tandem 10 79 €8 64 -50 - -50
1P3571 Linde 1092 Lot 3958
Single 10 40 45 45 -30 - -30
Lower Shell to Bottom Head
3-307 90099 Linde 0091 Lot 3977 10 5 30 52 -10 - -10
90136 Linde 0091 Lot 3998 10 110 109 107 -50 - -50
Bottom Head Assembly ; -
1P2809 Linde 1092 )
3-3086, 5-306. 6-306 Lot 3854 10 102 102 103 -50 - -50
Support Skirt to Bottom Head !
4-309 59 €0 -50 - -50

21935 Linde 1092 Lot 3863 f 10 62

Note: These are minimum Charpy values. .
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Table 4-3: RTypr Values for Fermi 2 Weld Materials, Continued

: . ‘ o Drop T
Component o | emp | cremyEnesy | (s | eight | R
L_ S Heat/Flux/Lot - | (F) reio) L o |7
Noz2zle Weilds .
Recircutation Outlet Losi 10 123 | 104 115 -50 - -50
5-314A8B CBA| 10
GBAI 10 120 | 105 128 -50 - -50
Recirculation Iniet .
13-314 A through K LCEH 10 113 123 140 50 - -50
13-314D (Replacement) BBAI 10 97 100 77 <50 - -50
LACH 10 125 | 118 119 -50 - -50
HOGI 10 91 a3 94 -50 - -50
1AG! 10 142 | 157 170 50 - -50
Steam Outlet FAGI 10 135 | 11 136 50 - -50
8-316 A through D LACH 10 125 § 119 | 118 ~50 - -50
Feeuwater No2zle FACI 10
4-316 A through F HOG! 10 91 a3 94 50 - -50
- LOEH 10 | 113 | 123 | 140 -50 - -50
COF| 10 96 97 89 -50 - -50
Core Spray Nozzles 1AG) 10 142 157 170 - <60 - 50
14316 A& B BBA| 10 97 100 77 -50 - -50
Top Head Instrumert Nozzle
14318 A& B ABEA . 10
BOIA 10 09 110 113 -50 - -50
Top Head Vent Nozzle ABEA 10
2-318 BOIA 10 99 110 113 -50 - -50
Jet Pump Nozzle LACH 10 125 | 119 | 119 50 - -50
19-314A& B LOEH 10 113 123 140 -50 - -50
CRD HYD Return Nozzle .
15-315 1AG! 10 | 142 | 157 170 -50 - -50
Core aF Nozzie
9-315 Incone! 182
Instrument Nozzles
4-315 A through F Inconel 182
Orain Nozzle .
17-315 CAFJ 10 85 101 108 50 - -50
Stud Tubes
1-310 Inconel 182
Appurtenance Welds .
Statiizer Brackets ICJ 10 121 120 128 -50 - -50
10-324 Athrough H DBl 10 129 | 117 122 -50 - -850
HOCJ 10 165 | 174 140 -50 - -50
GBCJ 10 126 | 143 121 -50 - -50
Steam Dryer Holc Down Brackets to Top Head
10-319 KAHJ - 10 108 | 116 107 -50 - -50
Basin Seal Skirt
6-324 A through D IBEJ 10 160 | 151 145 -50 - -50
LOAJ 10 152 125 104 -50 - -50
7-324 A through D; 8-324 HOKJ 10 110 | 177 154 50 - -50
KACJ 10 102 81 108 . -50 - -50
Thermocoupie Pads . .
1325 GBJ 10 203 | 160 | 239 -£0 - -50
2325 COEJ . 10 129 95 81 -60 - -50
3-325; 4-325; 6-325 FCJJ 10 180 | 224 7 50 - -50
BBJJ 10 107 | 102 83 -50 - -50
COCA 10 120 | 139 137 50 - -50
HOKJ 10 110 | 177 154 -50 - -50
FOIA . 10 182 | 24 | 218 -50 - -50
7-325; 8-325 BOLH 10 159 138 123 -50 - -50
Top Head Litting Lugs GBCY - 10 126 143 121 -50 - -50
8-319 A through D DB 10 129 | 117 | 122 -50 - -50

NOTE: These are minimum Charpy values.

-14 -




GE Nuclear Energy

Non-Proprietary Version

NEDO-33133

Bolting Materials

Table 4-4: RTypr Values for Fermi 2 Appurtenance and

e Test [ araror gnaray | ere st | (o
. . » Charpy Energy | (Tsor60) ] Weight | RTypy
COmppnent ) - Hé,a‘t‘ e J'((-:r:)p (ft-ib) e | wor F)
: o s ) ) (°F) -
[Misc Appurtenances:
Support Skirt Forging .
S8530 AHC 178 10 81 | 100} 102 -20 30 30
Shroud Support Alloy 600
" 1G3726 580608-1X (1)
Stabilizer Brackets
C-6-1 A4516-1 40 581 49| 53 12 10 12
C-6-2 C5313-2 10 57| 45 52 -10 -30 -10
Guide Rod Brackets
33772 . Stainless Steel (1)
Steam Dryer Support Lugs
G3775 Stainless Steel (1)
Steam Dryer Hold Down Brackets
G4871 €2588-2D 10 |122]1129]} 107 -20 - -20
D5591 C61954 10 83| 69| 61 -20 - -20
Core Spray Brackets
G3774 Stainless Stee! )
Basin Seal Skirt
G3818 C2588-2B 10(2)
G3819 22A459 10 (2)
Surveillance Specimen Brackets
G3776 Stainless Steel (1)
G3777 Stainless Steel 1)
Feedwater Sparger Brackets
G3773 Stainless Steel 1)
Top Head Lifting Lugs . .
G3732 490 (2)
“Test ' _ IMinLat]. .
Component Heat -~ - [ Temp Char(;;i( Jir)\grgy Exp ::i.;‘
B . . CF) . (mils)”
Closure Studs .
G3778-1 14677 10 50 | 50| 52 - 70
G3778-2 67156 10 55| 54| 55 - 70
G3778-3 (3) 10 - - - - 70
Closure Nuts
G3779-1 48192 10 58| 59 54 - 70
G3779-2 (3) 10 - - - - 70
Closure Washers
Closure Washers ’
35252 (3) 10 - - - - 70
Bushings
G4853 (3) 10 - - - - 70

(1) Information for this heat is not available; the purchase specification requirements are used for evaluation of this component.
(2) Alioy 600 and Stainless Steel components do not require fracture toughness evaluation; see Appendix A for additiona! informatior
(3) Information for this component is not available; ASME Code requirements are applied as defined in Section 4.1.2 of this report.

NOTE: These are minimum Charpy values.
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4.2 ADJUSTED REFERENCE TEMPERATURE FOR BELTLINE

The adjusted reference temperature (ART) of the limiting, beltline material is used to
adjust the beltline P-T curves to account for irradiation éffects. Regulatory Guide 1.99,
Revision 2 (RG1.99) provides the methods for determining the ART. The RG1.99
methods for determining the limiting material and adjusting the P-T curves using ART
are discussed in this section. An evaluation of ART for all beltline plates and welds was
performed and is summarized in Tables 4-5 and 4-6 for 24 and 32 EFPY, respectively.

4.2.1 Regulatory Guide 1.99, Revision 2 (RG1.99) Methods

The value of ART is computed by adding the SHIFT term for a given value of effective
full power years (EFPY) to the initial RTnor. For RG1.99, the SHIFT equation consists of
two terms:

SHIFT = ARTypr + Margin
where, ARTnor = [CF] * f©28-010kgh
Margin = 2(c? + 0,2) °®

CF = chemistry factor from Tables 1 or 2
of RG1.99

f= %T fluence / 10"

Margin =. 2(c2 + ,%) %°

ol = standard deviation on initial RTnor,
which is taken to be 0°F.
Oa = standard deviation on ARTnpt, 28°F

for welds and 17°F for base material,
except that o, need not exceed 0.50
times the ARTnpT Value.

ART = Initial RTypr + SHIFT

The margin term o, has constant values of 17°F for plate and 28°F for weld as defined in
RG1.99. However, o, need not be greater than 0.5 - ARTyor. Since the GE/BWROG
method of estimating RTnor operates on the lowest Charpy energy value (as described
in Section 4.1.2) and provides a ponservative adjustment to the 50 ft-lb level, the value

of o, is taken to be 0°F for the vessel plate and weld materials.
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4211 Chemistry

The vessel beltline chemistries were obtained from [13] and are consistent with all
known available sources of data for the beltline materials, including the Certified Material
'Tes't.Reports (CMTR) [12], and the 1991 P-T curve report [1]. Chemistries for the
surveillance matérials evaluated in Tables 4-5 and 4-6 were obtained from the Integrated
Surveillance Program [13]." |

_ The copper (Cu) and nickel (Ni) values were used with Tables 1 and 2 of RG1.99, to
determine a chemistry factor (CF) per Paragraph 1.1 of RG1.99 for welds and plates,
respectively.

For weld heat 13253, 12008, both the chemistry for the Fermi 2 vessel weld and the
chemistry from the Integrated Surveillance Program (ISP) are presented.
Heat CE-2(WM), which has been determined to be Heat 13253, 12008, is the
surveillance weld material as’ defined by the Integrated Surveillance Program (ISP);
chemistry and adjusted CF information defined by this program were provided by [13].
For this material, an adjusted CF used in calculating the adjustéd reference temperature
for 24 and 32 EFPY was obtained by multiplying the ISP least-squares fit CF developed
in accordance with RG1.99 as defined by BWRVIP-102 [5] by the ratio of the RG1.99 CF
for the vessel weld chemistry to the RG1.99 CF for the ISP surveillance chemistry. This
results in an adjusted CF of. 326.96 ~ (224 / 206.6) = 354.5. '

4212  Fluence

The fluence used in this evaluation reflects implementation of power uprate for Cycle 11.
Delay of implementation of the power uprate will increase the conservatism for the
beltline P-T curves. The peak fluence for the RPV inner éurface, used for determination
~ of the P-T curves, is 9.68e17 n/cm? for 32 EFPY. For 24 EFPY, the peak fluence for the
RPV inner surface is 7.13e17 n/cm?. The basis for all fluence values used in this report
is contained in [4]. Calculations for 1/4T fluence are performed in accordance with
RG1.99 [7]. The fluence used in developing the P-T curves is conservatively based
upon operation at 3430 MWt for 12.04 EFPY and 3952 MWh for 19.96 EFPY.
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The peak filuence for the elevation of the girth weld between the lower and lower-
intermediate shell plates is also provided in [4]. This fluence is applied to this girth weld
and all 'plates anci welds in the lower shell. Axial fluence distribution factors of 0.64 and
0.65 are applied for the 32 and 24 EFPY fluences, respectively. The slight difference is
. due to the amount of time that Fermi Unit 2 will operate at the EPU power level.

4.2.2 Limiting Beltline Material

The limiting beltline material signifies the material that is estimated to receive the
greatest embrittlement due to irradiation effects combined with initial RTypr. Using initial
RTwnor, chemistry, and fluence as inputs, RG1.99 was applied to compute ART.
Tables 4-5 and 4-6 list values of beltline ART for 24 and 32 EFPY, respectively.

Surveillance capsule material data is available from the Integrated Surveillance
Program (ISP) to represent the Fermi Unit 2 vessel. These materials are included in the
ART calculations provided in Tables 4-5 and 4-6, and in the determination of the limiting
. material that is represented in the beltline P-T curves.
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Table 4-5: Fermi 2 Beltline ART Values (24 EFPY)

Lower-dntermediate Shell Plates and Axial Welds

Thickness in inches= 6.125 24 EFPY Peak 1.D. fiuence = 7.132+17 nem*2
24 EFPY Peak 174 Tfluence = 4.94E+17 nicm*2
24 EFPY Peak 1/4 Tfluence= 4.94E+17  nemt2
Lower Shell Plates and Axial Welds & Lower to Lower-ntermediate Girth Weld
Thickness in inches= 7.125 . 24 EFPY Peak1.D. fluence = 4.66E+17  n/cm*2
Axiat Distnbution Factor at Elevation 24 EFPY Peak 174 T fluence = 3.04E+17  nicm*2
of Girth Weld = 065 24 EFPY Peak 174 T fluence =  3.04E+17 nem'2
e . : . Adusted] Inital | 14T 24 EFPY . {24 EFPY |24 EFPY
COMPONENT HEAT OR HEATALOT - |%Cu|%Ni| CF ] CF(1) | RTnat} Fluence | & RTnct |- o, A Margin ‘| shit | ART
) - : ) B : °F n/cm*2 °F °F °F - F
PLATES:
Lower Shell .
G3706-1 C4540-2 0.08|062] 51 -10 | 3.04E+17 1 0 6 11 23 13
G3706-2 C4560-1 0.11j0571 74 -10 | 3.04E+17 16 0 8 16 33 23
G3706-3 C4554-1 0.12]10.56] 82 10 ]|3.04E+17 18 0 9 18 36 26
Lowerdntermediate She!l .
G3703-5 C4564-1 0.09]0.55] 58 10 | 4.94E+17 17 0 8 17 k7] 24
G3705-1 B8614-1 0.12]0.61] 83 20 ]| A.94E+17 24 0 12 24 48 28
G3705-2 C4574-2 010]0.55] 65 -16 | 4.94E+17 19 0 S 19 38 22
G3705-3 C4568-2 0.12}0.61] 83 «12 | 4.94E+17 24 0 12 24 48 35
WELDS:
Lower Shell Axia!
Tandem 13253, 12008 - i
2307A,B,C 1092 Lot 3833 0.26]087] 224 24 |3.04E+17 50 0 25 50 99 55
Lower-ntermediate Shell Axial -
15-308A,B8,C,D 33A277,124 L0t 3878 | 0.320.50] 188.5 50 |4.94E+17 55 0 27 55 - 110 60
Lower to Lower-intermediate Girth
1-313 10137, 0091 Lot 3999 }0.23{1.00] 236 50 | 3.04E+17 52 0 26 52 104 54
INTEGRATED SURVEILLANCE "
PROGRAM(2): .
Plate (3) C4114-2 0.12|0.63] 84 -12 | 4.94E+17 24 0 12 24 49 37
Wed (4) CE-2 (WM){13253,12008) | 0.21 }0.86] 207 354 44 |3.04E+17 78 [ 28 28 106 €2

(1) Adpsted CF cakutated per RG1.99 Posktion 2.1 as shown In Section 4.2.1.1 of this report.
(2) Procedures gefined in BWRVIP-102 are appiied to determine the ART considering the Integrated Surveiltance Program.

(3) The ISP plate is not the identical heat and is presented using te ISP chemistry and CF and appled © the §miting Fermi 2 plate, which is Heat C4568-2. 1SP indicates that C4554-1 is also a limting plate,

however due t0 the reduced fluence at the ower ghell, thes matenal is no longer kmitng.

(4) The ISP weld is the identcal heat and is presented using the ISP chemistry and aciusted CF with the vessel weld Intial RT,cr and fluence. o, is presented as calculated, but is muttiphed by 0.5 tor the

Margm caicutation 2s defined in RG1.99, Positon 2.1.
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Table 4-6: Fermi 2 Beltline ART Values (32 EFPY)

Lower-ntermediate Shell Plates and Axial Welds
Thickness in inches= 6 125 32EFPY Peak 1.D. fluence = 9.68E+17 nicm*2
32EFPY Peak 1/4 T fluence = 6.70E+17 nemA2
32PY Peak 1/4 T fluence = 6.70E+17 nema2

Lower Shell Plates and Axial Welds & Lower to Lower-Intermediate Girth Weld

Thickness in inches= 7.125 32 EFPY Peak |.D. fluence = 6.23Z+17 nfem*2
. Axia! Distribution Factor at Elevation 32 EFPY Peak 1/ T fluence= 4 065+17 nfcmA2
of Girth Weld=  0.64 32PY Peak 1/4 Tfluence = 406E+17  n/cm*2
o . o .| - |Adusted] Inibat} 14T |32EFPY{ : . |32 EFPY|32 EFPY
COMPONENT HEAT ORHEATAOT | %Cu ] %N | CF | CF 1) | RTnat Fluence | & RTndt| o, G Margin | . Shift ART:
: 1 o 1 : F | wem2 | - oF °F *F F
PLATES:
Lower Shell
G3706-1 C4540-2 0.08 { 062 | 5%, -10 | 4.06E+17 13 0 7 13 7 17
G3706-2 C4560-1 011 J 057 | 74 -10 | 4.06E+17 19 0| 10 19 38 28
G3706-3 C4554-1 012 | 056 | 82 -10 | 4.06E+17 21 0 1" 21 43 33
Lowerdntermediate Shell
G3703-5 C4564-1 009 | 055 58 <10 | 6.70E+17 20 0| 10 20 40 30
G3705-1 B8614-1 012 ] 061§ 83 <20 ) 6.70E417 28 0] 14 28 57 37
G3705-2 C4574-2 010 | 055 | 65 -16 | 6.70E+17 2 0| u n 44 28
G3705-3 C4568-2 042 ]| 061 ] 83 12 | 6.70E+17 28 0| 14 28 57 45
WELDS:
Lower Shell Axlal
Tandem 13253, 12008
2-307A.8.C 1092 Lot 3833 026 | 087 | 224 -44 | 4.06E+17 59 0| 28 56 115 7
Lower-ntermediate Shell Axial
15-308 A, B.C,D . 33A277,124 Lot 3878 | 0.32 | 0.50 | 1885 50 | 6.70E+17 64 0|28 56 120 70
Lower to Lower-Intermediate Girth
1313 10137, 00S1Lot3939 | 0.23 | 100 | 236 -50 4.06E?17 62 0} 28 56 118 €8
INTEGRATED SURVEILLANCE
PROGRAM (2):
Plate (3) C4114-2 012 ] 069 | 84 12 | 6.70E+17 29 0] 14 29 57 45
Weld (4) CE-2 (WM)(13263,12008)] 0.21 | 0.86 | 207 354 -44 | 406E+17 83 0] 28 28 121 'y

(1) Adusted CF caicutated per RG1.99 Postion 2.1 as shown in Secton 4.2.1.1 of this report.

(2) Procedures defined in BWRVIP-102 are applied to ine the ART X g the Integ S i Program.

(3) The ISP plate is not the identical heat and Is presented using the ISP chemistry and CF and applied 1o the limiting Fermi 2 plate, which ks Heat C4568-2. ISP ndicates that C4554-1 is aiso a
fimiting plate, however due o the reduced fluence at the fower shel, this material i no fonger Emiting

{4) The ISP weld i the identical heat and Is presented using the ISP chemistry and adjusted CF with the vessel weid Int2! RT,or and fluence. o, is p as d, but is multped by 0.5 for

the Margm cakcutation as defined in RG1.99, Poston 2.1.
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4.3 PRESSURE-TEMPERATURE CURVE METHODOLOGY

4.3.1 Background

Nuclear Regulatory Commission (NRC) 10CFR50 Appendii G [8] specifies frécture
toughness requirements to provide adequate margins of safety during the operating
conditions to which a pressure-retaining component may be subjected over its service
lifetime. The ASME Code (Appendix G of Section Xi [6]) forms the basis for the
requirements of 10CFR50 Appendix G. 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) non-nuclear heatup/cooldown and low-level physics
tests, referred to as Curve B; and (c) core critical operation, referred to as Curve C. .

There are four vessel regions that should be monitored against the P-T curve operating
limits; these regions are defined on the thermal cycle diagram [2]:

« Closure flange region (Region A)’
o Core beltline region. . (Region B)
* Upper vessel ‘ (Regions A & B)
e Lower vessel (Regions B & C)

The closure flange region includes the bolts, top head flange, and adjacent plates and
welas. The core beltline is the vessel location adjacent to the active fuel, such that the
neutron fluence is sufficient to cause a significant shift of RTyor. The remaining portions
of the vessel (i.e.,, upper vessel, lower vessel) include shells, componerits like the
nozzles, the support skirt, and stabilizer brackets; these regions will also be called the
non-beltline region. '

For the core not critical and the core critical curves, the P-T curves specify a coolant
heatup and cooldown temperature rate of 100°F/hr or less for which the curves are
applicable. However, the core not critical and the core critical curves were also
developed to bound transients defined on the RPV thermal cycle diagram [2] and the
" nozzle thermal cycie diagrams [3]. The bounding transients used to develop the_curves
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are described in the sections below. For the hydrostatic pressure and leak test curve, a
coolant heatup and cooldown temperature rate of 20°F/hr or less must be maintained at
all times (see Appendix C for additional guidance).

The P-T curves for the heatup and cooldown operating condition 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 stressés 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, Ky, 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 conditions during normal operation, well above the

heatup/cooldown curve limits.

The applicable temperature is the greater of the 10CFR50 Appendix G minimum
temperature requirement or the ASME Appendix G limits. A summary of the requirements
is provided in Table 4-7.
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Table 4-7. Summary of the 10CFR50 Appendix G Requirements

‘Minimum Temperature Requirement .

I. Hydrostatic Pressure Test & Leak Test
(Core is Not Critical) - Curve A

1. At < 20% of preservice hydrotest

Larger of ASME Limits or of highest

pressure closure flange region initial RTnpr + 60°F*
2. At> 20% of preservice hydrotest Larger of ASME Limits or of highest
pressure closure flange region initial RTyor + 90°F

1. Normal operation (heatup and cooldown),
including anticipated operational occurrences

a. Core not critical - Curve B

1. At < 20% of preservice hydrotest

Larger of ASME Limits or of highest

pressure closure flange region initial RTnpr + 60°F*
2. At > 20% of preservice hydrotest Larger of ASME Limits or of highest
pressure closure flange region initial RTypr + 120°F

b. Core critical - Curve C

1. At < 20% of preservice hydrotest
pressure, with the water level within the
normal range for power operation

Larger of ASME Limits + 40°F or of a.1

2. At > 20% of preservice hydrotest
pressure

Larger of ASME Limits + 40°F or of
a.2 + 40°F or the minimum permissible
temperature for the inservice system’
“hydrostatic pressure test

* B0°F adder is included by GE as an additional conservatism.as discussed in
Section 4.3.2.3.

There are four vessel regions that affect the operating limits: the closure flange region,
the core beltline region, and the two regioﬁs in the remainder of the vessel (i.e., the upper
vessel and lower vessel non-beltline regions). The closure flange region limits are
controlling at lower pressures primarily because of 10CFR50 Appendix G [8]
requirements. The non-beltline and beltline region operating limits are evaluated
according to procedures in 10CFR50 Appendix G [8], ASME Code Appendix G [6], and
Welding Research Council (WRC) Bulletin 175 [15].

temperature limits are adjusted to account for vessel irradiation.

The beltline region minimum

I
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4.3.2 P-T Curve Methodology

4.3.2.1 Non-Beltline Regions

Non-beltline regions are defined as the vessel locations that are remote from the active
. fuel and where the neutron fluence is not sufficient (<1.0e17 n/cm?) to cause any
significant shift of RTypr. Non-beltiine components include nozzles (see Appendix E), the
closure flanges, some shell plates, the {op and boftom head plates and the control rod
drive (CRD) penetrations.

Detailed stress analyses of the non-beltline components were performed for the BWR/6
specifically for the purpose of fracture toughness analysis. The BWR/6 stress analysis
bounds for BWR/2 through BWR/5 designs, 'and will be demonstrated in the following
evaluation. The analyseé took into account mechanical loading and anticipated thermal
transients that bound BWR/2 through BWR/5 designs. Transients considered include
100°F/hr start-up and shutdown, SCRAM, loss of feedwater heaters or flow, and loss of
recirculation pump flow. Primary membrane and bending stresses and secondary
membrane and bending stresses due to the most severe of these transients were used
according to the ASME Code [6] io develop plots of allowable pressure (P) versus
temperature relative to the reference temperature (T - RTnnr). Plots were developed for
the limiting BWR/6 components: the feedwater nozzles (FW) and the CRD penetrations
(bottom head). All other components in the non-beltline regions are categorized under
one of these two components as described in Tables 4-8 and 4-9.
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Table 4-8: Applicable BWR/4 Discontinuity Components
for Use With FW (Upper Vessel) Curves A & B

N

Discontinulty Identification

* FW Nozzle
CRD HYD System Retumn
Core Spray Nozzle
Recirculation Inlet Nozzle
Steam Outlet Nozzle
Main Closure Flange
Support Skirt
Stabilizer Brackets
Shroud Support Attachments
Core AP and Liquid Control Nozzle
Steam Water Interface
Water Level Instrumentation Nozzle
Jet Pump Instrumentation Nozzle
Shell
CRD and Bottom Head
Top Head Nozzles
Recirculation Outlet Nozzle

Table 4-9: Applicable BWR/4 Discontinuity Components

- Discontinuity Identification

CRD and Bottom Head
Top Head Nozzles
Recirculation Outlet Nozzle
Shell*™*

Support Skirt**

Shroud Support Attachments**
Core AP and Liquid Contro! Nozzle**
** These discontinuities are added to the bottom head
curve discontinuity list to assure that the entire
bottom head is covered, because separate bottom

head P-T curves are provided to monitor the bottom
head.

The P-T curves for the non-beltline region were conservatively developed for a large
BWR/6 (nominal inside diameter of 251 inches). The analysis is considered appropriate
for Fermi Unit 2 as the plant specific geometric values are comparable to the generic
analysis for a large BWR/6, as determined in Section 4.3.2.1.1 through Section 4.3.2.1.4.
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The generic value was adapted to the conditions at Fermi Unit 2 by using plant specific
RTnor values for the reactor'pressure. vessel (RPV). The presence of nozzles and CRD
penetration holes in the upper vessel and bottom head, respectively, has made the
analysis different from a shell analysis such as the beltline. This was the result of the
stress concentrations and higher thermal stress for certain. transient conditions
experienced by the upper vessel and the bottom head.

1

1

An evaluation was performed for the bottom head wall thickness transition discontinuities
located between the bottom head lower torus and upper torus and also between the
bottom head torus and Shell #1. Appendix G of this report contains a detailed description
of this evaluation. It was concluded that the discontinuities are bounded by the bottom
head P-T curve developed in the following sectidns, and no further adjustrhent was
requireAd. Upjohn welds occur in various welds in the Fermi Unit 2 vessel; these welds are
known to contain flaws. The limiting flaw, which exists in the beltline region, has been
evaluated as discussed in Appendix | of this report.

4.3.2.1.1 Pressure Test - Non-Beltline, Curve A (Using Bottom Head)

In a [[ " ]] finite element analysis [[. ], the CRD penetration region was
modeled to compute the local stresses for determination of the stress intensity factor, K.
The [[ ]] evaluation was modiﬁed to consider the new requirement for M,
as discussed in ASME Code Section XI Appendix G [6] and shown below. The results 6f
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that computation were K; = 143.6 ksi-in'” for an applied preséure of 1593 psig (1563 psig
preservice hydrotest preésure at the top of the vessel plus 30 psig hydrostatic pressure at
~ the bottom of the vessel). The computed value of (T - RTnor) was 84°F. [[ '

1]

The limit for the coolant temperature change rate is 20°F/hr or less.

(

I

The value of My, for an inside axial postulated surface flaw from Paragraph G-2214.1 [6]
was based on a thickness of 8.0 inches; hence, t'* = 2.83. The resulting value obtained
was:

Mpm = 1.85 for /<2 -
M = 0.926 /t for 2<+/t <3.464 = 2.6206
M, =3.21for Jt>3.464
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Kim is calculated from the eduation in Paragraph G-2214.1 [6] and K|, is calculated from
. the equation in Paragraph G-2214.2 [6]: '
Kim=Mn - Cpm = [[ ]] ksi-in'?
Kip =(2/3) Mm o = [ 11 ksi-in'”?

The total K; is therefore:

K =1.5 (Kt Ki) + M * (Gem + (2/3) * Gep) = 143.6 ksi-in'?

This equation includes a safety factor of 1.5 on primary stress. The method to solve for
(T - RTwor) for a specific K is based on the K. equation of Paragraph A-4200 in ASME
Appendix A [17]:

(T-RTnor) = In[(K/—33.2) /20.734] / 0.02
(T - RTypr) = In[(144 —33.2) / 20.734] / 0.02
(T - RTnor) = 84°F

The genéric curve was generated by scaling 143.6 ksi-in'” by the nominal pressures and

calculating the associated (T - RTnpr) @s shown in Table 4-10.
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. )
The highest RTnor for the bottom head plates and welds is 30°F, as shown in Tables 4-1

and 4-3. [[
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Second, the P-T curve is dependent on the calculated K, value, and the K, value is
proportional to the stress and the crack depth as shown below:

K <o (ra)'? (4-1)

The stress is‘proportional to R/t and, for the P-T curves, crack depth, a, is /4. Thus, K, is
proportional to R/(t)'*. The generic curve value of R/(t)'”, based on the generic BWR/6
bottom head dimensions, is: '

" Generic: R/(t)'?= 138/(8) '® = 49inch'® 4-2)

The Fermi Unit 2-specific bottom head dimensions are R = 127.38 inches and

t =7.38 inches minimum [19], resulting in:_
Fermi Unit 2-specific. R/ (t) 12 = 127.38/(7.38)'* =47 inch'” (4-3)

Since'the_generic value of R/(t) ' is larger, the generic P-T curve is conservative when
applied to the Fermi Unit 2 bottom head.’

4.3.2.1.2 Core Not Critical Heatup/CobIdown - Non-Beltline Curve B
(Using Bottom Head)

As discussed previously, the CRD penetration region limits were established primarily for
consideration of bottom head discontinuity stresses during pressure testing.
Heatup/cooldown limits were calculated by increasing thé safety factor in the pressure
testing stresses (Section 4.3.2.1.1) from 1.5 t0 2.0. [[ ' ‘
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The calculated value of K, for pressure test is rhultiplied by a safety factor (SF) of 1.5, per
ASME Appendix G [6] for comparison with Kig, the material fracture toughness. A safety
factor of 2.0 is used for the core not critical. Therefore, the K, value for the core not
critical condition is (143.6 / 1.5) - 2.0 = 191.5 ksi-in'~, |
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Therefore, the method to solve for (T - RTyor) for a specific K is based on the K. equation
of Paragraph A-4200 in ASME Appendix A [17] for the core not critical curve:

(T - RTnor) = In[(Ki—33.2) /20.734] / 0.02
(T - RTnor) = In [(191.5 - 33.2) / 20.734] / 0.02
(T - RTNDT) = 102°F

The generic curve was generated by scaling 192 ksi-in'? by the nominal ’pressures and
calculating the associated (T - RTypr) @s shown in Table 4-11.

Table 4-11: Core Not Critical CRD Penetration K, and (T - RTNDT) as a
Function of Pressure

Nomma! Pressire .| K T RTNDT
L psig) E-é'f:»}“(l'(s;'i'-i‘ri"f)".: ey
1563 - 192 102
1400 . 172 ' 95
1200 ' 147 85
1000 123 73
800 ° 98 | 57
600 74 e 33
400 49 -14

The highest RTyor for the bottom head plates and welds is 30°F as shown in Tables 4-1
and 4-3. [{

|

As discussed in Section 4.3.2.1.1 an evaluation is performed tb assure that the CRD
discontinuity bounds the other discontinuities that are to be protected by the CRD curve
with respect to pressure stresses (see Table 4-9 and Appendix A). With respect to

thermal stresses, the transients evaluated for the CRD are similar to or more severe than
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those of the other components being bounded. Therefore, for heatup/cooldown
conditions, the CRD penetration provides bounding limits.
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4.3.2.1.3 Pressure Test - Non-Beltline Curve A (Using Feedwater
Nozzle/Upper Vessel Region)

" The stress intensity factor, K,, for the feedwater nozzle was compu_ted using the methods
from WRC 175 [15] together with the nozzle dimension for a generic 251-inch BWR/6
feedwater nozzle. The result of that computation was K; = 200 ksi- m"2 for an applied
pressure of 1563 psig preservice hydrotest pressure. [[

1 The
respective ﬂéw depth and’ orientation used in this calculation is perpendicular to the
maximum stress (hoop) at a depth of 1/4T through the corner thickness.

To evaluate the results, K, is calculated for the upper vessel nominal stresé, PRA#,
according to the methods in ASME Code Apbendix G (Section (Il or Xi). The result is
compared to that determined by CBIN in order to quantify the K magnification associated
with the stress concentration created by the feedwater ﬁozzles. A calculation of K, is
shown below using the BWR/6, 251-inch dimensions:

Vessel Radius, Ry 126.7 inches
Vessel Thickness, t, 6.1875 inches

Vessel Pressure, P, 1563 psig

Pressure stress: o = PR / t = 1563 psig - 126.7 inches / (6.1875 inches) = 32,005 psi.
The dead weight and thermal RFE stress of 2.967 ksi is conservatively added yielding
o = 34.97 ksi. The factor F (a)'r,,) from Figure A5-1 of WRC-175 is 1.4 where:

a= Yi(t?+ 437 =2.36 inches

t, = thickness of nozzle E =7.125 inches

t, = thickness of vessel : = 6.1875 inches
r, = apparent radius of nozzle =+ 0.29r~=7.09 inches - -
r, = actual inner radius of nozzle '=6.0inches

ro = nozzle radius (nozzle corner radius) =375 inches
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Thus, alr, = 2.36 / 7.09 = 0.33. The value F(alr,), taken from Figure A5-1 of WRC
Bulletin 175 for an afr, of 0.33, is 1.4. Including the safety factor of 1.5, the stress
intensity factor, Ki, is 1.5 o (za) '* - F(a/r,): '

. Nominal K = 1.5 - 34.97 - (r - 2.36) '? - 1.4 = 200 ksi-in'?*

The method to solve for (T - RTnpy) for @ specific K; is based on the K. equation of
Paragraph A-4200 in ASME Appendix A [17] for the pressure test condition:

(T- RTrot) = In [(K —33.2) /20.734] / 0.02
* (T - RTnor) = In [(200 ~33.2) / 20.734] / 0.02
(T- RTnor) = 104.2°F

i

1

“The generic pressure test P-T curve was generated by scaling 200 ksi-in'? by the nomihal
pressures and calculating the associated (T - RTwpr), [[

1
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The highest RTnot for the feedwater. nozzle materials is 12°F as shown in Table 4-2.
However, the RTypr was increased to 25°F to consider the stresses in the bottom
head/CRD and recirculation inlet nozzle together with the initial RTypr as described
below. The generic pressure test P-T curve is applied to the Fermi Unit 2‘feedwater
nozzle curve by shifting the P vs. (T - RTyor) values above to reflect the RTNDf value of
25°F. '

(t

-37-



GE Nuclear Energy ‘ NEDO-33133
Non-Proprietary Version

1

Second, the P-T curve is dependeht on the K| value calculated. The Fermi Unit 2 specific
vessel shell and nozzle dimensions applicable to the feedwater nozzle location [19] and K|

are shown below:
_ Vessel Radius to base metal, R, 127 .inches

Vessel Thickness, t, . 6.69 inches
Vessel Pressure, P, 1563 psig

Pressure stress: ¢ = PR/t = 1563 psig - 127 inches / (6.69 inches) = 29;671 psi. The
dead weight and thermal RFE stress of 2.967 ksi is conservatively added yielding
o =32.64 ksi. The factor F (alr,) from Figure A5-1 of WRC-175 is determined where:

as= %(t, 2+ t, " . =2.31 inches

t, = thickness of nozzle ' = 6.38 inches

t, = thickness of vessel = 6.69 inches
r. = apparent radius of nozzle =+ 0.29 r.=7.29 inches
r = actual inner radius of nozzle . = 6.13 inches

ro = nozzle radius (nozzle corner radius) = 4.0inches
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Thus, alr, = 2.31/ 7.29 = 0.32. The value F(alr,;), taken from Figure A5-1 of WRC
Bulletin 175 for an a/r, of 0.32, is 1.5. Including the safety factor of 1.5, the stress

intensity factor, K, is 1.5 o (ra) ' - F(alry):
" Nominal K = 1.5 - 32.64 - (x - 2.31) "2- 1.5 = 197.9 ksi-in'?

1
)

4.3.2.1.4 Core Not Critical Heatup/Cooldown - Non-Beltline Curve B
(Using Feedwater Nozzle/Upper Vessel Region)

The feedwater nozzle was selected to represent non-beltline components for fracture
toughness analyses because the stress conditions are the most severe expérienced in .
the vessel. In addition to the pressure and piping load stresses resulting from the nozzle
discontinuity, the feedwater nozzle region experiences feedwater flow that is colder
relative‘to the vessel coolant.

Stresses were taken from a [[ ]] finite element analysis done speciﬁcally
for the purpose of fracture toughness analysis [[ ']]. Analyses were performed for all
feedwater nozzle transients that involved rapid temperature changes. The most severe of
these was normal operation with cold 40°F feedwater injection, which is equivalent to hot
standby, as seen in Figure 4-3.

The non-beltline curves based on feedwater nozzle limits were calculated according to
the methods for nozzles in Appendix 5 of the Welding Research Council (WRC)

Bulletin 175 [15].

The stress intensity factor for a nozzle flaw undéy primary stress conditions (K.p) is given
in WRC Bulletin 175 Appendix 5 by the expression for a flaw at a hole in a flat plate:

Ke = SF - o (ra)" - F(alr,) (4-4)
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where SF is the safety factor applied per WRC Bulletin 175 recommended ranges, and
F(a/r,) is the shape correction factor.
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Finite element analysis of a nozzle comer flaw was performed to determjne appropriate
values of F(alr,) for Equation 4-4. These values are shown in Figure A5-1 of
WRC Bulletin 175 [15].

The stresses used in Equation 4-4 were taken from [[ ]] design stress reports for
the feedwater nozzle. The stresses considered are primary membrane, opm, and primary
bending, op,,. Secondary membrane, os,, and secondary ben.ding, cep, Stresses are
included in the total K, by using ASME Appehdix G [6] methods for secondary portion, Kis:

Kis = Mm (Usm + (2/ 3) - o'sb) _ (4'5)
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In the case where the total stress exceeded yield stress, a plasticity correction factor was
applied based on the recommendations of WRC Bulletin 175 Section 5.C.3[15).
However, the correction was not applied to primary membrane stresses because primary
stresses satisfy the laws of equilibrium and are not self-limiting. Kir and K are added to -
obtain the total value of ‘stress intensity factor, K. A safety factor of 2.0 is applied to
primary stresses for core not critical heatup/cooldown conditions.

Once K, was calculated, the following relationship was used to determine (T - RTypr).
The method to solve for (T - RTNDTj for a specific K is based o'n the K. equation of
Paragraph A-4200 in ASME Appendix A [17]. The highest RTypr for the appropriate non-
beltline components was then used to establish the P-T curves.

(T - RTnor) = In [(Ki — 33.2) /20.734] 1 0.02 (4-6)

Exémple Core Not Critical Heatup/Cooldown Calculation
for Feedwater Nozzle/Upper Vessel Region

The non-beltline core not critical heatup/cooldown curve was based on the [[ 1]
feedwater nozzle [ 1] analysis, whe'r.e feedwater injection of 40°F into the vessel
while at operating conditions (551.4°F and 1050 psig) was the limiting normal or upset
condition from a brittle fracture perspective. The feedwater nozzle corner stresses were .
obtained from finite element analysis [[ 1. To produce conservative thermal stresses,
a vessel and nozzle thickness of 7.5 inches was used in the evaluation. However, a
thickness of 7.5 inches is not conservative for the pressure stress evaluation. Therefore,
the pressure stress (o,m) was adjusted for the actual [[' ']] vessel thickness of
6.1875 inchés (i.e., opm = 20.49 ksi was revised to:
.20.49 ksn 7.5 inches/6.1875 inches = 24.84 ksi). These stresses, and other inputs used
| in the genenc calculations, are shown below:

Opm = 24.84 Kksi Osm = 16.19 ksi =450ksi t, =6.1875inches

opp = 0.22 ksi. o = 19.04 ksi a= 2.36 inches - p=7.09 inches
t.=7.125 inches

-42-



GE Nuclear Energy NEDO-33133
Non-Proprietary Version

In this case the total stress, 60.29 ksi, exceeds the yield stress, oy, so the correction
factor, R, is calculated to consider the nonlinear effects in the plastic region according to
the following equation based on the assumptions and recommendation of
WRC Bulletin 175 [15]. (The value of specified yield stress is for the material at the
temperature under consideration. For conservatism, thé'inside surface temperature is
used.)

R = [Cys = Gpm + ((ctotal - cys) / 30)] / (Utotal - cpm) (4'7)

For the stresses given, the ratio, R = 0.583. Therefore, all the stresses are adjusted by

the factor 0.583, except for opm. The resulting stresses are:

Gom = 24.84 ksi Gsm = 9.44 ksi
G = 0.13 ksi 6w = 11.10 ksi

The value of My, for an inside axial postulated surface flaw from Paragraph G-2214.1 [6]

was based on the 4a thickness; hence, t'* =

3.072. The resulting value obtained was:
Mn=1.85for V<2
M =0.926 +/ for 2<+/t <3.464 = 2.845

M, = 3.21 for 4/t >3.464

The value F(a/r,), taken from Figure A5-1 of WRC Bulletin 175 for an a/r, of 0.33, is -
therefore,

F(a/r,) =14
Kip is calculated from Equation 4-4:

Kp=2.0-(24.84+0.13) - (x-2.36)'%- 1.4
Kie = 190.4 ksi-in'”?

Kis is calculated from Equation 4-5;
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Kis =2.845-(9.44 + 2/3 - 11.10)
Kis = 47.9 ksi-in'?

‘The total K, is, therefore, 238.3 ksi-in'”.
The total K is substituted into Equation 4-6 to solve for (T - RTnor):

(T - RTaor) = In [(238.3- 33.2) / 20.734] / 0.02 .
(T’- RTNOT) = 115°F

The [[ ]J] curve was generated by scaling the stresses used to determine the K;
this scaling was performed after the adjustment to stresses above yield. The primary
stresses were scaled by the nominal pressures, while the secondary stresses were
scaled by the temperature difference of the 40°F water injected into the hot reactor vessel
nozzle. lh the base case that yielded a K; value of 238 ksi-in'?, the pressure is 1050 psig
and the hot reactor vessel temperature is 551.4°F. Since the reactor vessel temperature

follows the saturation temperature curve, the secondary stresses are scaled by
(Tsalumlion - 40) / (551 4 - 40).

From K the associated (T - RTnpr) can be calculated as shown in Table 4-13.
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Table 4-13: Core Not Critical Feedwater Nozzle K; and (T - RTnpr) as
a Function of Pressure

Nominal Pressure | Saturation Temp. | & |7 T K | (T-RTyor)
Coesig) R T | sk L R
1563 : 604 0.23 303 128
1400 . 588 0.34 283 124
1200 557 0.48 257 119
1050 ~ 551 0.58 . 238 115
1000 546 0.62 232 113
800 520 .0.79 206 106
600 489 _ 1.0 181 o8
400 448 ) 1.0 138 81

*Note: For each change in stress for each pressure and saturation temperature
condition, there is a corresponding change to R that influences the determination of

Ki.

The highest non-beltline RTypr for the feedwater nozzle at Fermi Unit 2 is 12°F as sh'own
in Table 4-2. However, the RTypt Was increased to 25°F to consider the stresses in the
bottom head/CRD and recirculation inlet nozzle as previously discussed. The generic
curve is applied to the Fermi Unit 2 upper vessel by shifting the P vs. (T - RTyor) values
above to reflect the RTyor value of 25°F as discussed in Section 4.3.2.1.3.

[l

1
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4.3.2.2 CORE BELTLINE REGION

The pressure-temperature (P-T) operating limits for the beltline region are determined
according to the ASME Code [6]. As the beltline fluence increases with the increase in
operating life, the P-T curves shift to a higher temperature. ’

The stress intensity factors (K)), calculated for the beltline region according to ASME
Code Appendix G procedures [6], were based on a combination of pressure and thermal
stresses for a 1/4T flaw in a flat plate. The pressure stresses were éalculatéd using thin~
walled cylinder equations. Thermal stresses were calculated assuming the through-wall
temperature distribution of a flat plate; values were calculated for 100°F/hr coolant
thermal gradient. The shift value of the most limiting ART material was used to adjust the
RTnor values for the P-T limits. Due to the existencé of a flaw in one of the Shell #2 axial
welds, an evaluation was performed to determine requirements necessary to protect this
flaw, és discussed in Appendix | and Section 4.3.2.2.2 below. Thermal stresses are
calculated including clad thickness as defined by the ASME Code. As demonstrated in
Tables 4-5 and 4-6, the ART is éonservatively calculated using minimum wall thickness
exéluding clad thickness.

An evaluation was performed for the vessel wall thickness transition discontinuity located
between the lower and lower-intermediate shells in the beltline region. Appendix G of this
report contains a detailed description of this evaluation. [t was concluded that the
discontinuity is bounded by the beltline P-T curve developed in the following sectibns, and
no further adjustment was required. '

4.3.2.2.1 Beltline Region - Pressure Test

The methods of ASME Code Section Xl, Appendix G [6] are used to calculate the
pressure test beltline limits. The vessel shell, with an inside radius (R) to minimum
thickn‘ess (tmin) ratio of 15, is treated as a thin-walled cylinder. The maximum stress is the
hoop stress, given as: '

Om = PR/ tmin (4-8)
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The stress intensity factor, Ky, is calculated using Paragraph G-2214.1 of the ASME
Code.

The calculated value of K.m'for pressure test is multiplied by a safety factor (SF) of 1.5,
per ASME Appendix G [6] for comparison with K¢, the material fracture toughness. A
safety factor of 2.0 is used for the core not critical and core critical conditions.

The relationship between K and temperature relative to reference temperature
(T - RTnot) is based on the K¢ equation of Paragraph A-4200 in ASME Appendix A [17]
for the pressure test condition:

Kim* SF = K = 20.734 exp[0.02 (T - RTnor )] + 33.2 (4-9)

This relationship provides values of pressure versus temperature (from Kic and (T-RTno1),

respectively).

GE'’s current practice for the pressure test curve is to add a stress intensity factor, Ky, for
a coolant heatup/cooldown rate, specified as 20°F/hr for Fermi Unit 2, to provide
operating flexibility. For the core not critical and core critical condition curves, a stress
intensity factor is added for a coolant heatup/cooldown rate of 100°F/hr. The Ki
calculation for a coolant heatup/cooldown rate of 100°F/hr is described in
Section 4.3.2.2.3 below.
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4.3.2.2.2 Calculations for the Beltline Region - Pressure Test

This samplé calculation is for a pressure test pressure of 1055 psig at 32 EFPY. The
following inputs were used in the beltline limit calculation:

A = -44+121+5=82°F

. . . (Based on ART values in Table 4-6 and
Adjusted RTnot = Initial RTnpt + Shift o . o
adjusted to protect the existing flaw

discussed below)

Vessel Height H = 861.6 inches
Bottom of Active Fuel Height B =216.3 inches
Vessel Radius (to base metal) R =127 inches
Minimum Vessel Thickness (without clad) t=6.125 inches

Pressure is calculated to include hydrostatic pressure for a full vessel:

P = 1055 psi + (H - B) 0.0361 psifinch = P psig (4-10)
= 1055 + (861.6 — 216.3) 0.0361 = 1078 psig

Pressure stress:

o = PR/t ' (4-11)
= 1.078 - 127/ 6.125 = 22.35 ksi

The value of M, for an ihside axial postulated surface flaw from Paragraph G-2214.1 (6]

was based on a thickness of 6.125 inches (the minimum thickness without cladding);

tl’:

hence, t'? = 2.47. The resulting value obtained was:

M = 1.85 for /t <2
Mem = 0.926 4/t for 2</t <3.464 = 2.29
M, = 3.21 for /t >3.464
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The stress intensity factor for the pressure stress is Kin =Mn - 0. The stress intensity
factor for the thermal stress, Ky, is calculated as described in Section 43224 except that
the value of "G" is 20°F/hr instead of 100°F/hr.

Equation 4-9 can be rearranged, and 1.5 K, substituted for K, to solve for (T - RTnor).
Using the Kic equation of Paragraph A-4200 in ASME Appendix A [17], Kin = 51.2, and
Ky= 2.39 for a 20°F/r coolant heatup/cooldown rate with a vessel thickness, t, that

includes cladding:

(T-RTwor) = IN[(1.5 - Kim + Ky — 33.2) / 20.734] / 0.02 (4-12)
= In[(1.5 - 51.2 + 2.39 — 33.2) / 20.734] / 0.02
= 39.8°F ' ‘

T can be calculated by adding the adjusted RTvor:
T=39.8+77=116.8°F for P = 1055 psig at 32 EFPY

As previously mentioned, a flaw exists in Weld 15-308B that is located at the upper
boundary of the extended beltline region, at 374.6 inches above vessel ‘0’. An evaluation
was performed, as detailed in Appendix I, to determine the impact of this flaw on the P-T
curves, as its dimensions exceed the postulated 1/4T flaw upon which fhis evaluation is
based. This evaluation was conservatively performed using the parameters for the
minimum hydrotest pressure of 1030 psig. It was found that for 32 EFPY, the beltline
hydrotest pressure test curve (Curve A) must Be shifted 5°F in addition to the 77°F shift -
defined in Table 4-6. Similarly, for 24 EFPY, the curve must be shifted such that the
Curve A temperature at 1030 psig is 113°F. Because Curve A is bounded by 10CFR50
Appendix G requirements at 1030 psig, a shift of 13°F is required in order to accorﬁplish
this and protect the beltline flaw. ’

Therefore, T is further adjusted by 5°F to protect the flaw:

T ='116.8°F + 5°F = 121.8°F for P = 1055 psig at 32 EFPY.
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4.3.2.2.3  Beltline Region - Core Not Critical Heatup/Cooldown

The beltiine curves for core not critical heatup/cooldown conditions are influenced by
preséure stresses and thermal stresses, according to the relationship in ASME Section X|
Appendix G [6]: ‘

Kic = 2.0 - K +Kat : -(4-13)

where Ky, is primary membrane K due to pressure and K, is radial thermal gradiént K due
to heatup/cooldown.

The pressure stress intensity factor Kin is calculated by the method described above, the
only difference being the larger safety factor applied. The thermal gradient stress
intensity factor calculation is described below.

The thermal stresses in the vessel wall are caused by a radial thermal gradient that is

created by changes in the adjacent reactor coolant temperature in heatup or cooldown

conditions. The stress intensity factor is computed by multiplying the coefficient M; from

Figure G-2214-1 of ASME Appendix G [6] by the through-wall temperature gradient AT,

given that the temperature gradient has a through-wall shape similar to that shown in

Figure G-2214-2 of ASME Appendix G [6]. The relafionship used to compute the through- .
wall AT,, is based on one-dimensional heat conduction through an insulated flat plate:

o T(xH) /62 =1/p (a'f(x,t)/at) | » (4-14)

where T(x,t) is temperature of the plate at depth x and time t, and B is 'the‘thermal
diffusivity.

The maximum stress will occur when the radial thermal gradient reaches a quasi-steady
state distribution, so that 6T(xt) / &t = dT(t) / dt = G, where G is the coolant
heatup/cooldown rate, normally 100°F/hr. The differential equation is integrated over x for
‘the following boundary conditions: ' |
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1. Vessel inside surface (x = 0) temperature is the same as coolant temperature, To.
2. Vessel outside surface (x = C) is perfectly insulated; the thermal gradient dT/dx = 0.

The integrated solution results in the following relationship for wall temperature:
T=Gx/2p-GCx/B+To ' (4-15)
This equation is normalized to plot (T - To) / ATy versus x/C.

,Thé resulting through-wall gradient compares very closely with Figure G-2214-2 of ASME
Appendix G [6]. Therefore, AT, calculated from Equation 4-15 is used. with the
appropriaie M, of Figure G-2214-1 of ASME Appendix G [6] to compute K for heatup and
cooldown.

The M; relationships were derived. in the Welding Research Council (WRC)
Bulletin 175 [15] for infinitely long cracks of 1/4T. For the flat plate geometry and radial
thermal gradient, orientation of the crack is not important.

4.3.2.2.4 . Calculations for the Beltline Region Core Not Critical
Heatup/Cooldown

This Fermi Unit 2 sample calculation is for a pressure of 1055 psig for 32 EFPY.. The
core not critical heatup/cooldown curve at 1055 psig uses the same Ky, calculation as the
pressure test curve, but with a safety factor of 2.0 instead of 1.5. The increased Safety
factor is used because the heatup/cooldown cycle represents an operational condition
rather than test condition; the operational condition necessitates the use of a higher
safety factor. In addition, there ié a Ky term for the thermal stress. The additional inputs
used to calculate K, are: ' A
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Coolant heatup/cooldown rate, normally 100°F/hr G =100 °F/hr

Minimum vessel thickness, including clad thickness C=0.5365ft

(6.125" + 0.3125" = 6.4375")
Thermail diffusivity at 550°F (most conservative value) | B = 0.354 ft*/ hr [21]

Equation 4-15 can be solved for the through-wall teﬁperature (x =0, résulting in the

absolute value of AT for heatup or cooldown of:

AT

]

GC?/2B (4-16)
100 - (0.5365)/ (2 - 0.354) = 41°F :

The analyzed case for thermal stress is a 1/4T flaw depth with wall thickness of C. The
corresponding value of M. (=0.2942) can be interpolated from ASME Appendix G,
Figure G-2214-2 [6]. Thus the thermal stress intensity factor, Ky = M, - AT = 11.96, can bei
calculated. The conservative value for thermal diffusivity at 550°F is used for all
calculations; therefore, Ky is constant for all pressures. . K;;, has the same value as that
calculated in Section 4.3.2.2.2. o |

The pressure and thermal stress terms are substituted into Equation 4-9 to solve for
(T - RTnor): .

In[((2 - Kim + Ky) = 33.2) / 20.734] /0.02 (4-17)

(T-RTnor) =
= In[(2- ‘51.2'*' 11.96 —33.2) / 20.734) /0.02
= 68.2°F

T can be calculated by adding the adjusted RTnor:
T=682+77=1452°F forP= 1055 psig at 32 EFPY

As previously mentioned, a flaw exists in Weld 15-308B that is located at the upper
boundary of the extended beltline region, at 374.6 inches above vessel ‘0’. An evaluation,
as detailed in Appendix l; was performed to determine the impact of this flaw on the P-T
curves, as its dimensions exceed the postulated 1/4T flaw upon which this evaluation is
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based. It was determined that the core not critical beltline curve calculated above bounds
the requirements for protecting this flaw.

It is noted that the 32 EFPY core not critical beltline curve is bounded by upper vessel
requirements at 1055 psig as can be seen in Figure 5-10 and Appendix B.

4.3.2.3 CLOSURE FLANGE REGION

10CFR50 Appendix G [8] sets several minimum requirements for pressure and
temperature in addition to those outlined in the ASME Code, based on the closure flange
region RTypr. Similar to the evaluations performed for the bottom head and upper vessel,
é BWR/6 finite element analysis [{ ]} was used to model! the flange region. The local
stresses were computed for determination of the stress intensity' factor, K,. Using a 14T
flaw size and the Kic formulation to determine T - RTypr, for pressures above 312 psig the
P-T limits for all ﬂ.arige regions are bounded by the 10CFR50 Appendix G requirement of
RTnor + 90°F (the largest T-RTwor for the flange at 1563 psig is 73°F). For pressures
below 312 psig, the flange curve is bounded by RTypr + 60 (the largest T - RTypr for the
flange at 312 psig is 54°F), therefore, instead of determining a T (temperature) versus
pressure curve for the flange (i.e., T - RTypr) the value RTypr + 60 is used for the closure
flange limits.

In some cases, the results of analysis for other regions exceed these requirements and
closure flange limits do not affect the shape of the P-T curves. However, some closure
flange requirements do impact the curves, as is true with Fermi Unit 2 at low pressures.

The approach used for Fermi Unit 2 for the bolt-up temperature was based on the
conservative value of (RTnor+ 60), or the LST of the bolting materials, whichever is
greater. The 60°F adder is included by GE for two reasons: 1)the pre-1971
requirements of the ASME Code Section [li, Subsection NA, Appendix G included the
60°F adder, and 2) inclusion of the additional 60°F requirement above the RTNQT provides
the additional assurance that a 1/4T flaw size is acceptable. As shown in Tables 4-1, 4-2,

and 4-3, the limiting initial RTynpr for the closure flange region is represented by Shell #4
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at 12°F, and the LST of the closure studs is 70°F; therefore, the bolt-up temperature value
used is the more conservative value of 72°F. This conservatism is appropriéte because
bolt-up is one of the more limiting operating conditions (high stress and low temperature)
for brittle fracture. '

10CFR50 Appendix G, paragraph IV.A.2 [8] including Table 1, sets minimum temperature
requirements for pressure above 20% hydrotest pressure based on the RTypr of the
closure region. Curve A temperature must be no less than (RTnpr + 90°F) and Curve B
temperature no less than (RTypr + 120°F).

For pressures below 20% of preservice hydrostatic test pressure (312 psig) and with full
bolt preload, the closure flange region metal temperature is required to be at RTyor or
greater as described above. At low pressure, the ASME que [6] allows the bottom head
regions to experience even lower metal temperatures than the flange region RTyor-
" However, temperatures should not be permitted to be lower than 68°F for the reason

discussed below.

The shutdown margin, provided in the Fermi Unit 2 Technical Specification, is calculated.
for a water temperaturé of 68°F. Shutdown margin is the qdaniity of reaciivity needed for
a reactor core to reach criticality with the strongest-worth control rod fully withdrawn and
all other control rods fully inserted. Although it may be possible to safely allow the water
temperature to fall below this 68°F limit, further extensive calculations would be required
to justifyAa lower temperature. The 72°F limit for the upper vessel and beltline region and
the 68°F limit for the bottom head curve apply when the head is on and tensioned and
when the head is off while fuel is in the vessel. When the head is not tensioned and fuel
is not in the vessel, the requirements of 10CFR50 Appendix G [8] do not apply, and there
are no limits on the vessel temperatures. |

4.32.4 CORE CRITICAL OPERATION REQUIREMENTS OF
- 10CFR50, APPENDIX G

Curve C, the core critical operation curve, is generated from the requiréments of
10CFR50 Appendix G [8], Table 1. Table 1 of [8] requires that core critical P-T limits be
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40°F above any Curve A or B limits when preésure exceeds 20% of the pre-service
system hydrotest pressure. Curve B is more limiting than Curve A, so limiting Curve C
values are at least Curve B plus 40°F for pressures above 312 psig.

Table 1 of 10CFR50 Appendix G [8] indicates that for a BWR with water level within
normal range.'for power operation, the allowed temperature for initial criticality at the
closure flange region is (RTnor + 60°F) at pressures below 312 psig. This requirement
makes the minimum criticality temperature 72°F, based on an RTnpr of 12°F. In addition,
above 312 psig the Curve C temperature must be at least the greater of RTnoy of the
closure région + 160°F or the temperature required for the hydrostatic pressure
test (Curve A at 1055 psig). The requirement of closure region RTypr + 160°F causes a
temperature shift in Curve C at 312 psig.
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50 CONCLUSIONS AND RECOMMENDATIONS

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) non-nuclear heatup/cooldown and low-level physics_ tests, referred to as Curve B, and
-(c) core critical operation, referred to as Curve C.

There are four vessel regidns that should be monitored against the P-T curve operating
limits; these regions are defined on the thermal cycle diagram [2]:

e Closure flange region (Region A)
¢ Core beltline region (Region B)
e Upper vessel (Regions A & B)
» [Lower vessel | (Regions B & C)

For the core not critical and the core critical curve, the P-T curves specify a coolant
heatup and cooldown temperature rate of 100°F/hr or less for which the curves are
applicable. However, the core not critical and the core critical curves were élso
developed to bound transients defined on the RPV thermal cycle diagram [2] and the
nozzle thermal cycle diagrams [3]. For the hydrostatic pressure and leak test curve, a
- coolant heatup and cooldown temperature rate of 20°F/hr or less must be maintained at
all times (see Appendix C for additional guidance).

The P-T curves apply for both heatup/cooldown and for both the 1/4T and 3/4T locations
because the maximum tensile stress for either heatup or cooldown is applied at the 1/4T
location. For beltline curves this approach has added conservatism because irradiation
effects cause the allowable toughness, Ky, at 1/4T to be less than that at 3/4T for a given
metal temperature. ‘ | ‘

-56-



"~ GE Nuclear Energy : ' NEDO-33133
Non-Proprietary Version

The following P-T curves were generated for Fermi Unit 2:

e Composite P-T curves were generated for each of the Pressure Test and Core Not
" Critical conditions at 24 and 32 effective full power years (EFPY). The composite
curves were generated by enveloping the most restrictive P-T limits from the separate
beltline, upper vessel and closure assembly P-T limits. A separate Bottom Head
Limits (CRD Nozzle) curve is also individually included with the composite curve for

the Préssure Test and Core Not Critical condition.

e Separate P-T curves were developed for the upper vessel, beltline (at 24 and
32 EFPY), and bottom head for the Pressure Test and Core Not Critical conditions.

e A composite P-T curve was also generated for the Core Critical condition at 24 and
32 EFPY. The composite curves were generated by enveloping the most restrictive
P-T limits from the separate beltline, -upper vessel, bottom head, and closure
assembly P-T limits. '

Using the fluence from Section 4.2.1.2, the P-T curves are beltline limited above 900 psig
for Curve A and above 820 psig for Curve B for 24 EFPY. The 32 EFPY P-T curves are
beltline limited above 840 psig for Curve A and upper vessel limited between 820 and
890 psig and beltline limited above 890 psig for Curve B.

Table 5-1 shows the figure numbers for each P-T curve. A tabulation of the curves is
presented in Appendix B.
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Table 5-1: Composite and Individual Curves Used To Construct

Composite P-T Curves

BT N .- Figure Table Numbersf_
‘Curve Description Numbers for ; for o
il Presentatlor!‘ ijresentatlon of;
’i_of the P-T ’ jthe P-T Curves
AT P S R A T . ‘. curves:: RAPRHI MY
A Bottom Head Limits (CRD Nozzle) Figure 5-1 Tables B-1 & B 3
A Upper Vessel Limits (FW Nozzle) Figure 5.2 Tables B-1 & B-3
A Beltline Limits - 24 EFPY Figure 5-3 Table B-1
A Beltline Limits ~ 32 EFPY Figure 5-4 Table B-3
A Bottom Head and Composite Curve A — 24 EFPY* Figure 5-5 Table B-2
A Bottom Head and Composite Curve A - 32 EFPY* Figure 5-6 - Table B4
B Bottom Head Limits (CRD Nozzle) Figure 5-7 Tables B-1 & B-3
B Upper Vessel Limits (FW Nozzle) Figure 5-8 Tables B-1 & B-3
B Beltline Limits - 24 EFPY Figure 5-9 Table B-1
B Beltline Limits — 32 EFPY Figure 5-10 Table B-3
B Bottom Head and Composite Curve B — 24 EFPY* Figure 5-11 Table B-2
B Bottom Head and Composite Curve B - 32 EFPY* Figure 5-12 Table B4
c Composite Curve C — 24 EFPY** Figure 5-13 Table B-2
Cc Composite Curve C —- 32 EFPY** Figure 5-14 Table B-4
ABC Limiting Curves ~ 24 EFPY*** Figure 5-15 Table B-2
ABC Limiting Curves —~ 32 EFPY*** Figure 5-16 Table B-4

*

ke

. The Composite Curve A & B curve is the more limiting of three limits: 10CFRS50 Bolt-up Limits,

Upper Vessel Limits (FW Nozzle), and Beltline Limits. A separate Bottom Head Limits (CRD

Nozzle) curve is individually included on this figure.

The Composite Curve C curve is the more limiting of four limits; 10CFR50 Bolt-up Limits,
Bottom Head Limits (CRD Nozzle), Upper Vessel Limits (FW Nozzle), and Beltline Limits.
*** The Limiting curves are the more limiting of four limits: 10CFR50 Bolt-up Limits, Bottom Head

Limits (CRD Nozzle), Upper Vessel Limits (FW Nozzle), and Beltline Limits.
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Figure 5-1: Bottom Head P-T Curve for Pressure Test [Curve A)

[20°F/hr or less coolant heatup/cooldown)
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Figure 5-2: Upper Vessel P-T Curve for Pressure Test [Curve A]

[20°F/hr or less coolant heatup/cooldown]
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Figure 5-3: Beltline P-T Curve for Pressure Test [Curve A} up to 24 EFPY

[20°F/hr or less coolant heatup/cooldown]
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Figure 5-4: Beltline P-T Curve for Pressure Test [Curve A] up to 32 EFPY

[20°F/hr or less coolant héatup/cooldown]
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Figure 5-5: Composite Pressure Test P-T Curves [Curve A] up to 24 EFPY

[20°F/hr or less coolant heatup/cooldown)
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Figure 5-6: Composite Pressure Test P-T Curves [Curve A] up to 32 EFPY
[20°F/hr or less coolant heatup/cooldown]
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Figuré 5-9: Beltline P-T Curve for Core Not Critical [Curve B] up to 24 EFPY
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Figure 5-10: Beltline P-T Curve for Core Not Critical [Curve B} up to 32 EFPY
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Figure 5-11: Composite Core Not Critical P-T Curves [Curve B} up to 24 EFPY
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Figure 5-12: Composite Core Not Critical P-T Curves [Curve B] up to 32 EFPY
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Table A-2 - Geometric Discontinuities Not Requiring Fracture Toughness Evaluations

Per ASME Code Appendix G, Section G2223 (c), fracture toughness analysis to demonstrate
protection against non-ductile failure is not required for portions of nozzles and appurtenances
having a thickness of 2.5" or less provided the lowest service temperature is not lower than
RTnor plus 60°F. Inconel (or Alloy 600) and stainless steel discontinuities requiré no fracture

toughness evaluations.

Remarks

Nozzle or Appurtenance Material Reference
MK 321-05 High Pressure Seal
Leak Detector Nozzle (attached to Nozzles less than 2.5" require no
Shell Flange) SA106 GrB 1,27 fracture toughness evaluation.
MK 315-04 Core AP and Liquid
Control Nozzle (See Table A-1 for
Penetration in the Bottom Head Nozzles made from Inconel require
Dollar Plate) Inconel 1,8,20 no fracture toughness evaluation.
' Nozzles less than 2.5 in thickness
MK 315-01 Instrumentation _ require no fracture toughness
Nozzles SA 508 CL 1 1,20, 28 evaluation.
Nozzles less than 2.5 in thickness
) require no fracture toughness
MK 315-14 Drain Nozzle SA 508 CL1 1,8,20 evaluation.
Components made from Inconel
SB-166 require no fracture toughness
MK 327-01 Shroud Support Inconel 1,23,29 evaluation.
Not a pressure boundary
component; therefore requires no
‘MK 324-03 Basin Seal Skirt SA 515 GR 70 1,26 fracture toughness evaluation.
Not a pressure boundary
MK 325-02 and 325-03 A 36 Carbon component; therefore requires no
Thermocouple Pad Steel 1,30, 31 fracture toughness evaluation.
MK 310-02 through 310-29 CRD Components made from Alloy 600
Stub Tubes (in Bottom Head Dollar | SB-167 _ and less than 2.5" require no
Plate and Lower Torus) Alloy 600 1, 22,23, 24 | fracture toughness evaluation.
Appurtenances made from
MK 323-10 and 323-11 SA351 Gr ‘ _ | Stainless Steel require no fracture
CF8M 1,32,33 toughness evaluation. :

Surveillance Brackets
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Table A-2 - Geometric Discontinuities Not Requiring Fracture Toughness Evaluations,

Continued
Nozzle or Appurtenance Material Reference ‘'Remarks
) Appurtenances made from
SA351 Gr Stainless Steel require no fracture
MK 323-06 Core Spray Brackets CF8M 1,32, 33 toughness evaluation.
- ' Appurtenances made from
MK 323-07 Feedwater Sparger SA351 Gr Stainless Steel require no fracture
Brackets CF8M 1,32,33 toughness evaluation.
' Appurtenances made from
MK 323-05 Steam Dryer Support SA351 Gr Stainless Steel require no fracture
 Lug ' CF8M 1,32,33 toughness evaluation.
‘ Appurtenances made from
SA351 Gr Stainless Steel require no fracture
MK 323-02 Guide Rod Bracket CF8M - 1,32 toughness evaluation
Loading only occurs during
outages. Not a pressure boundary
SA533GrB component; therefore requires no
MK 319-06 Top Head Lifting Lugs CL 1 1,5,6,17 fracture toughness evaluation.
Not a pressure boundary
MK 319-15 Steam Dryer Hold SA533GrB component; therefore requires no
Down Bracket CL1 1,5 fracture toughness evaluation.
Upjohn welds do not require
fracture foughness evaluation. ltis,
however, noted that any Upjohn
welds within the beltline region are
Upjohn Welds N/A N/A covered by the beltline curves.
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Drawing Number E232-903, Revision 7, “Vessel Support Skirt Assy and Details”,
Combustion Engineering, Inc., Chattanooga, Tenn. (VPF #1976-065).

Drawihg Number E232-918, Revision 4, “Vessel External Attachments”,
Combustion Engineering, Inc., Chattanooga, Tenn. (VPF #1976-111).

Drawing Number E232-915, Revision 2, “Miscellaneous Details”, Combustion
Engineering, Inc., Chattanooga, Tenn. (VPF #1976-082).

Drawing Number SB-2667-37, Revision 0, “Instrumentation Nozzie Forging”,
Combustion Engineering, Inc., Windsor, Conn. (VPF #1976-129). A

Drawing Number E232-921, Revision 5, “Shroud Support Details and Assembly”,
Combustion Engineering, Inc., Chattanooga, Tenn. (VPF #1976-083).

Drawing Number E232-919, Revision 7, “Vessel External 'Attachments”,
Combustion Engineering, Inc., Chattanooga, Tenn. (VPF #19876-107).

Drawing Number E233-309, Revision 3, “Thermocouple Arrangement — Upper
Vessel”,' Combustion Engineering, Inc., Chattanooga, Tenn. (VPF #1976-219).

AT
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32. Drawing Number E232-917, Revision 8, “Vessel Internal Attachments”, Combustion
Engineering, Inc., Chattanooga, Tenn. (VPF #1976-103).

33. Drawing Number E233-305, Revision 1, ‘“Internal Bracket Removal and
Replacement’, Combustion Engineering, Inc., Chattanooga, Tenn.
(VPF #1976-215). '

Note: As-built drawings for the top head flange and vessel flange are not available.
Design sketches in References 4 and 7 have been used in lieu of the as-built drawings.
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APPENDIX B

PRESSURE TEMPERATURE CURVE DATA TABULATION

B-1



GE Nuclear Energy NEDQO-33133
Non-Proprietary Version

TABLE B-1. Fermi Unit 2 P-T Curve Values for 24 EFPY

Required Metal Temperature with Required Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 20 °F/tr for Curve A
for Figures 5-1, 5-2, 5-3, 5-7, 5-8 & 5-9

. BOTTOM ~ UPPER.. 24EFPY = BOTTOM ~ UPPER  : 24 EFPY

07 . HEAD  'VESSEL _BELTLINE . HEAD . VESSEL . BELTLINE
' PRESSURE = 'CURVEA  CURVEA ~ CURVEA - CURVEB: CURVEB: CURVEB
LPSIG) f . R R R R R R

0 68.0 72.0 72.0 68.0 72.0 72.0
10 68.0 720 72.0 68.0 720 720
20 . 68.0 72.0 72.0 68.0 72.0 72.0
30 68.0 72.0 72.0 68.0 72.0 72.0
40 68.0 72.0 72.0 68.0 72.0 72.0
50 68.0 72.0 720 680 72.0 72.0
60 68.0 72.0 720 . 680 720 72.0
70 . 68.0 72.0 72.0 68.0 720 72.0

80 68.0 72.0 72.0 68.0 72.0 72.0

90 - 68.0 720 720 68.0 720 720
100 68.0 72.0 720 68.0 72.0 . 720
110 68.0 72.0 72.0 68.0 72.0 72.0
120 68.0 72.0 72.0 68.0 72.0 72.0
130 - 68.0 72.0 72.0 68.0 72.0 72.0
140 68.0 72.0 72.0 68.0 72.0 72.0
150 68.0 72.0 72.0 68.0 72.0 72.0
160 680 72.0 72.0 68.0 72.0 720
170 680 720 . 720 68.0 72.0 72.0
180 68.0 . 72.0 720 68.0 72.9 72.0
190 © 68.0 72.0 72.0 68.0 75.2 720
200 68.0 72.0 72.0 68.0- 77.3 72.0
210 68.0 72.0 72.0 68.0 793 72.0
220 - 680 72.0 72.0 68.0 81.3 72.0
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TABLE B-1. Fermi Unit 2 P-T Curve Values for 24 EFPY

Required Metal Temperature with Required Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 20 °F/hr for Curve A
for Figures 5-1, 5-2, 5-3, 5-7, 5-8 & 5-9

" BOTTOM' UPPER  24EFPY  BOTTOM . UPPER ~  24EFPY '

.'... HEAD  VESSEL ~ BELTLNE  .HEAD' - VESSEL  BELTLINE
- PRESSURE CURVEA -CURVEA -CURVEA '~ CURVEB ,CURVEB - CURVEB

PSI®) A A A . A P em
230 68.0 72.0 72.0 68.0 831 720
240 68.0 72.0 72.0 68.0 84.9 72.0
250 680 720 72.0 68.0 86.6 72.0
260 68.0 . 72.0 720 680 88.2 72,0
270 68.0 72.0 72.0 68.0 89.8 72.0
280 68.0 72.0 72.0 68.0 91.3 72.0
290 68.0 72.0 72.0 680 . 928 72,0
300 68.0 72.0 72.0 68.0 94.2 72,0
310 68.0 720 . 72.0 68.0 95.5 72.0
3125 68.0 72.0 72.0 © 68.0 95.9 72.0
312.5 68.0 102.0 " 1020 68.0 132.0 132.0
320 680 . 102.0 102.0 68.0 132.0 132.0
330 - 68.0 102.0 102.0 68.0 132.0 132.0
340 68.0 102.0 102.0 68.0 132.0 1320
350 68.0 102.0 102.0 68.0 1320 1320
360 68.0 102.0 102.0 68.0 132.0 132.0
370 . 680 1020 . 1020 68.0 132.0 132.0
380 68.0 102.0 102.0 68.0 132.0 132.0
390 68.0 102.0 102.0 68.0 132.0 132.0
400 68.0 102.0 1102.0 68.0 132.0 - 1320
410 68.0 102.0 1020 68.0 132.0 132.0
420 68.0 102.0 102.0 68.0 132.0 132.0
430 68.0 102.0 102.0. 68.0 132.0 132.0
440 68.0 102.0 102.0 68.0 132.0 132.0
450 68.0 1020 . 102.0 68.0 132.0 132.0
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TABLE B-1. Fermi Unit 2 P-T Curve Values for 24 EFPY

Required Metal Temperature with Réqdired Coolant Temperature Rate
at 100 °F/r for Curves B & C and 20 °F/hr for Curve A
for Figures 5-1, 5-2, 5-3, 5-7,5-8 & 5-9

'BOTTOM . UPPER . 24EFPY  BOTTOM  UPPER - 24EFPY -

: . HEAD ° VESSEL: : BELTLINE ~ HEAD ~ VESSEL -~ BELTLINE °
' PRESSURE  CURVEA ' CURVEA ' CURVEA ' CURVEB CURVEB CURVEB
S psie) (R CH - ch- P 4 R > I
450 68.0 1020~ 1020 68.0 132.0 132.0
470 68.0 102.0 102.0 68.0 132.0 132.0
480 68.0 102.0 102.0 168.0 132.0 132.0
490 68.0 102.0 102.0 68.0 132.0 132.0
500 68.0 102.0 102.0 68.0 132.0 132.0
510 68.0 102.0 102.0 68.0 132.0 132.0
520 68.0 102.0 102.0 68.0 132.0 - 1320
530 68.0 102.0 1020 - 68.0 132.0 132.0
540 68.0 102.0 1020 680 1320 - 1320
550 68.0 102.0 '102.0 69.5 132.0 132.0
560 68.0 102.0 1020 . 71.3 132.0 132.0
570 68.0 102.0 102.0 73.0 132.0 132.0
580 68.0 1020 1020 74.6 132.0 132.0
590 680  102.0 102.0 762. 1320 132.0
600 68.0 102.0 1102.0 '77.8 132.0 132.0
610 68.0 102.0 102.0 79.3 132.0 132.0
620 68.0 102.0 102.0 80.7 132.0 132.0
630 68.0 102.0 102.0 821 1320 132.0
640 68.0 102.0 102.0 83.5 132.0 132.0
650 68.0 102.0 102.0 848 1320 132.0
660 68.0 102.0 102.0 - 86.1 132.0 132.0
670 68.0 102.0 102.0 87.4 132.0 132.0
680 68.0 102.0 102.0 88.7 132.0 132.0
690 68.0 102.0 102.0 89.9 132.0 132.0
700 68.0 102.0 102.0 91.0 132.0 132.0
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TABLE B-1. Fermi Unit 2 P-T Curve Values for 24 EFPY

Required Metal Temperature with Required Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 20 °F/hr for Curve A
for Figures 5-1, 5-2, 5-3, 5-7, 5-8 & 5-9

'BOTTOM 'UPPER '244EFPY. ." BOTTOM UPPER | 24 EFPY

. HEAD . VESSEL BELTLINE . HEAD  ~ VESSEL .- BELTLINE
'PRESSURE ~ CURVEA = CURVEA - CURVEA . CURVEB CURVEB- CURVEB
(TIN5 R W o » TN o » JANCON o » TR ¢ 5 BN
710 660 102.0 102.0 922 1320 132.0
720 68.0 102.0 1020 . 93.3 132.0 132.0
730 68.0 102.0 102.0 94.4 132.0 132.0
740 680 1020 ° 1020 955 - 1320 132.0
750 68.0 102.0 ©102.0 96.6 132.0 132.0
760 68.0 102.0 102.0 97.6 132.0 132.0
770 68.0 102.0 1020 = 986 132.0 132.0
780 - 68.0 102.0 1020 = 996 1320 132.0
790 68.0 102.0 1020 100.6 132.0 132.0
800 68.0 102.0 102.0 101.5 132.0 132.0
810 68.0 102.0 £ 102.0 102.5 132.0 132.0
820 68.0 102.0 102.0 103.4 1320 132.0
830 68.0 1020 - 1020 104.3 132.2 132.0
840 68.0 102.0 . 102.0 105.2 132.6 132.0
850 . 68.6 102.0 102.0 106.0 132.9 132.0
860 69.6 102.0 102.0 106.9 133.3 132.0
870 70.6 102.0 1020 107.7 1336 132.0
880 71.5 102.0 102.0 108.6 134.0 132.0
890 725 102.0 102.0 109.4 134.3 132.0
900 73.4 1020 - 1020 110.2 134.7 132.0
910 74.4 102.0 102.2 111.0 135.0 132.0
920 75.3 1020 1032 1117 135.4 132.0
930 76.1 1020 1041 112.5 1357 - - 1320
940 77.0 1025 1051 113.3 136.0 132.0

950 77.9 103.1 106.0 114.0 136.4 132.0
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"TABLE B-1. Fermi Unit 2 P-T Curve Values for 24 EFPY

Required Metal Temperature with Required Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 20 °F/hr for Curve A
for Figures 5-1, 5-2, 5-3, 5-7, 5-8 & 5-9

BOTTOM . -UPPER  24EFPY. BOTTOM  UPPER '~ 24EFPY

_ HEAD ' VESSEL  BELTLINE ~~ HEAD  VESSEL.. BELTLINE

'PRESSURE CURVEA CURVEA CURVEA - CURVEB CURVEB  CURVEB

Gl T e - W - B ¢ » TR U o - WU o - B o o
960 787 103.7 106.9 147 136.7 1320
970 796 104.3 107.8 115.5 137.0 132.0
980 804 104.9 108.7 116.2 137.4 132.0
990 81.2 105.5 100.6 116.9 137.7 132.0
1000 82.0 106.1 110.4 1176 138.0 132.0
1010 82.7 106.7 111.3 118.2 1383~ 1320
1020 83.5 107.2 112.1 118.9 1386 1320
1030 84.3 107.8 1129 1196 139.0 132.0
1040 85.0 108.4 137 120.2 139.3 132.0
1050 85.7 108.9 114.5 1209 139.6 132,0
1055 86.1 100.2 114.9 121.2 130.7 132,0
1060 ~ 86.4 109.5 1153 1215 139.9 - 132.0
1070 872 110.0 116.0 122.1 140.2 132.0
1080 87.9 110.5 116.8 122.8 140.5 132.0
1090 88.6 111:1 117.5 123.4 140.8 1323
1100 89.2 111.6 118.3 124.0 141.1 132.8
1105 . 896 111.8 1186 - 1243 1413 133.1
1110 80.9 . 1121 119.0 1246 141.4 1334
1120 90.6 1126 119.7 125.2 1417 133.9
1130 91.2 113.1 1204 1258 1420 134.5
1140 91.9 11136 121.1 126.3 1423 135.0
1150 92.5 1141 1218 1269 1426 135.5
1160 931 1146 122.4 127.5 142.9 136.1
1170 93.8 115.1 123.1 128.0 1432 © 1366
1180 94.4 115.6 1123.7 1286 1435 137.1
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TABLE B-1. Fermi Unit 2 P-T Curve Values for 24 EFPY

Required Metal Temperature with Required Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 20 °F/hr for Curve A
for Figures 5-1, 5-2, 5-3, 5-7, 5-8 & 5-9

. 'BOTTOM  UPPER = 24EFPY- ~ BOTTOM  UPPER.  24EFPY .
: . 'HEAD  VESSEL  BELTLINE. . HEAD - VESSEL. . BELTLINE
PRESSURE CURVEA CURVEA CURVEA CURVEB CURVEB = CURVEB.

®PsSlG) . .(A A - A A R . R
1190 950 116.1 124.4 129.1 1437 137.6
1200 95.6 116.5 125.0 129.7 1440 138.1
1210 96.2 117.0 125.7 130.2 1443 - 1386
1220 96.8 117.5 126.3 130.8 144.6 139.1
1230 97.3 117.9 126.9 131.3 144.9 ~ 1396
1240 97.9 118.4 127.5 131.8 145.2 140.1
1250 " 985 118.8 1281 132.3 145.4 140.6
1260 99.0 119.3 128.7 132.8 1457 141.0
1270 99.6 119.7 129.3 133.3 146.0 1415
1280 100.1 120.2 129.8" 133.8 146.2 142.0
1290 100.7 120.6 130.4 134.3 146.5 142.4
1300 101.2 121.0 131.0 134.8 146.8 142.9
1310 101.7 121.5 131.5 135.3 147.1 1433
1320 102.3 121.9 132.1 135.8 147.3 143.8
1330 102.8 122.3 132.6 136.2 147.6 144.2
1340 103.3 122.7 133.2 136.7 147.8 144.7
1350 103.8 123.1 133.7 137.2 148.1 145.1
1360 104.3 123.6 1342 - 1376 148.4 145.5
1370 104.8 124.0 134.8 138.1 148.6 146.0
1380 1053 124.4 135.3 138.5 148.9 "146.4
1390 1058 1248 135.8 139.0 149.1 146.8

1400 106.3 125.2 136.3 139.4 149.4 147.2
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TABLE B-2. Fermi Unit 2 Compoéite P-T Curve Values for 24 EFPY

Required Metal Temperature with Required Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 20 °F/hr for Curve A

for Figures 5-5, 5-11, 5-13 & 5-15
BOTTOM "UPPERRPV & " BOTTOM  UPPERRPV & -

HEAD = BELTLINEAT = HEAD  BELTLINEAT  LIMITING

o g  24EFPY . 24EFPY.  24EFPY

' PRESSURE CURVEA  CURVEA *° CURVEB ~CURVEB  CURVEC

(PSIG) R R G . (eF)" Coen
0 68.0 72.0 68.0 72.0 72.0
10 68.0 72.0 68.0 72.0 72.0
20 68.0 72.0 68.0 72.0 72.0
30 68.0 72.0 68.0 72.0 72.0
40 . 68.0 72.0 68.0 720 72.0
50 68.0 72.0 68.0 72.0 720
60 68.0 72.0 68.0 72.0 72.0
70 68.0 72.0 68.0 72.0 72.2
80 68.0 72.0 68.0 720 78.2
90 68.0 72.0 68.0 720 83.3
100 68.0 72.0 68.0 - 72.0 87.8
110 68.0 72.0 68.0 72.0 91.9
120 68.0 72.0 68.0 72.0 05.7
130 68.0 720 68.0 72.0 99.2
140 68.0 72.0 68.0 72.0 102.4
150 68.0- 72.0 68.0 72.0 105.2
160 68.0 72.0 68.0 72.0 107.9
170 68.0 72.0 68.0 72.0 110.5
180 68.0 72.0 68.0 72.9 112.9
190 68.0 72.0 68.0 75.2 115.2
200 68.0 72.0 68.0 77.3 117.3
210 68.0 72.0 68.0 79.3 119.3
220 68.0 72.0 68.0 81.3 121.3
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TABLE B-2. Fermi Unit 2 Composite P-T Curve Values for 24 EFPY

Required Metal Temperature with Required Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 20 °F/hr for Curve A
for Figures 5-5, 5-11, 5-13 & 5-15
' BOTTOM UPPERRPV& BOTTOM . UPPERRPV& 5
'HEAD  BELTLINEAT . HEAD  BELTLINEAT . LIMITING .

| o 24EFPY - ' 24EFPY  24EFPY.
PRESSURE CURVEA - CURVEA = CURVEB CURVEB & CURVEC
®sle) A A .. A - A (P
230 68.0 72.0 66.0 831 1231
240 68.0 72.0 68.0 84.9 124.9
250 68.0 72.0 68.0 86.6 1266
260 68.0 72.0 68.0 88.2 128.2
270 - 68.0 72.0 68.0 . 89.8 129.8
280 68.0 720 68.0 91.3 1313
290 68.0 72.0 68.0 92.8 132.8
300 68.0 72.0 68.0 04.2 134.2
310 68.0 72.0 68.0 95.5 1355
3125 68.0 72.0 68.0 95.9 135.9
312.5 68.0 102.0 68.0 132.0 172.0
320 68.0 1020 680 132.0 172.0
330 68.0 102.0 68.0 132.0 1720
340 68.0 102.0 68.0 132.0 172.0
350 68.0 102.0 680 1320 172.0
360 68.0 . 102.0 68.0 132.0 172.0
370 68.0 - 102.0 68.0 132.0 172.0-
380 68.0 102.0 66.0 132.0 172.0
390 68.0 102.0 68.0 132.0 172.0
400 68.0 102.0 68.0 132.0 1720
410 68.0 102.0 880 - 1320 172.0
420 68.0 102.0 68.0 132.0 172.0
430 68.0 102.0 68.0 132.0 172.0
440 68.0 102.0 . 68.0 132.0 172.0
450 68.0 102.0 '68.0 132.0 172.0
460 68.0 102.0 68.0 132.0 172.0
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TABLE B-2. Fermi Unit 2 Composite P-T Curve Values for 24 EFPY

Required Metal Temperature with Reqhired Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 20 °F/hr for Curve A
for Figures 5-5, 5-11, 5-13 & 5-15
BOTTOM UPPERRPV& . BOTTOM UPPERRPV&: ' ,
'HEAD _ .BELTLINEAT ~ HEAD . BELTLINEAT LIMITING

o 24EFPY . 24EFPY 24 EFPY-
PRESSURE CURVEA _ CURVEA ~ CURVEB  CURVEB : CURVEC.
Fsie) A (AP ch. P
70 68.0 1020 680 1320 1720
480 - 68.0 1020’ '68.0 132.0 172.0
490 . 680 102.0 68.0 132.0 172.0
500 68.0 102.0 68.0 132.0 172.0
510 68.0 102.0 -~ 68.0 132.0 172.0
- 520 68.0 102.0 68.0 132.0 172.0
530 68.0 102.0 680 1320 172.0
540 68.0 1020 . 680 132.0 172.0
550 68.0 102.0 69.5 132.0 172.0
560 68.0 1020 - 713 132.0 172.0
570 68.0 102.0 730 132.0 172.0
580 68.0 102.0 74.6 132.0 172.0
590 68.0 102.0 76.2 132.0 172.0
600 68.0° 102.0 77.8 132.0 172.0
610 68.0 102.0 79.3 132.0 172.0
620 68.0 102.0 80.7 132.0 172.0°
630 68.0 102.0 82.1 132.0 172.0
640 68.0 102.0 83.5 132.0 172.0
650 68.0 102.0 84.8 132.0 172.0
660 68.0 1020 . 86.1 132.0 172.0
670 68.0 102.0 87.4 132.0 172.0
680 68.0 102.0 88.7 132.0 172.0
690 68.0 1020 89.9 132.0 172.0
700 68.0 102.0 91.0 132.0 172.0
710 68.0 102.0 92.2 132.0 172.0
720 68.0 102.0 93.3 132.0 172.0
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TABLE B-2. Fermi Unit 2 Composite P-T Curve Values for 24 EFPY

Required Metal Temperature with Required Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 20 °F/hr for Curve A
for Figures 5-5, 5-11, 5-13 & 5-15
".BOTTOM 'UPPERRPV & BOTTOM - UPPERRPV & _
HEAD = BELTLINEAT® -HEAD  BELTLINEAT LIMITING

A . 24EFPY ' . . 24EFPY  24EFPY.
'PRESSURE 'CURVEA ~ CURVEA ~CURVEB  CURVEB  CURVEC
PsIe) . (A cHh A A P
730 . 68.0 1020 944 T132.0 172.0
740 68.0 102.0 95.5 132.0 172.0
750 68.0 102.0 96.6 132.0 172.0
760 68.0 102.0 976 1320 - 172.0
770 68.0 102.0 98.6 132.0 172.0
780 68.0 102.0 99.6 132.0 172.0
790 68.0 102.0 100.6 132.0 172.0
800 68.0 102.0 101.5 1320 172.0
810 68.0 102.0 1025 - 1320 172.0
820 68.0 102.0 103.4 132.0 172.0
830 68.0 102.0 104.3 132.2 172.2
840 68.0 102.0 105.2 1326 1726
850 68.6 102.0 106.0 132.9 172.9
860 69.6 1020 106.9 1333 173.3
870 706 102.0 107.7 1336 1736
880 715 102.0 108.6 134.0 174.0
890 725 102.0 109.4 1343 - 1743
900 73.4 102.0 1102 1347 174.7
910 74.4 102.2 111.0 135.0 175.0
920 753 103.2 1M1.7° 135.4 175.4
930 76.1 104.1 1125 135.7 175.7
940 770 105.1 113.3 136.0 176.0
950 . 779 106.0 114.0 136.4 - 176.4
960 78.7 106.9 114.7 136.7 176.7
970 79.6 1078 1155 1370 . 177.0
980 80.4 108.7 116.2 137.4 177.4
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TABLE B-2. Fermi Unit 2 Con‘iposite P-T Curve Values for 24 EFPY

Required Metal Temperature with Required Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 20 °F/hr for Curve A
for Figures 5-5, 5-11, 5-13 & 5-15 '
BOTTOM UPPERRPV& BOTTOM . 'UPPER RPV& o
 HEAD  BELTLINEAT = HEAD _ BELTLINEAT: LIMITING

C 24EFPY . .. 24EFPY  24EFPY

'PRESSURE CURVEA ~ CURVEA. CURVEB ~ CURVEB  CURVEC

B S e T - T 7 R o7 I « > W '
950 812 1096 116.8 . 137.7 77,7
1000 82.0 1104 117.6 138.0 178.0
1010 82.7 111.3 118.2 138.3 178.3
1020 835 1121 118.9 138.6 178.6
1030 843 112.9 119.6 139.0 179.0
1040 85.0 113.7 120.2 139.3 179.3
1050 85.7 1145 120.9 139.6 179.6
1055 86.1 114.9 121.2 139.7 179.7
1060 86.4 115.3 121.5 139.9 179.9
1070 87.2 116.0 122.1 140.2 180.2
1080 87.9 " 1168 1228 140.5 180.5
1090 88.6 117.5 1234 140.8 180.8
1100 89.2 118.3 124.0 141.1 181.1
1105 89.6 118.6 124.3 1413 181.3
1110 89.9 119.0 1246 1414 181.4
1120 90.6 119.7 125.2 141.7 181.7
1130 91.2 1204 125.8 142.0 182.0
1140 91.9 121.1 126.3 142.3 182.3
1150 92.5 1218 . 1269 142.6 182.6
1160 93.1 122.4 127.5 1429 . 1829
1170 93.8 123.1 128.0 143.2 183.2
1180 94.4 123.7 1286 143.5 183.5
1190 95.0 1244 1291 143.7 183.7
1200 956 1250 129.7 144.0 184.0
1210 96.2 1257 1302 144.3 184.3

1220 96.8 1263 130.8 144.6 184.6
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TABLE B-2. Fermi Unit 2 Composite P-T Curve Values for 24 EFPY

Required Metal Temperature with Required Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 20 °F/hr for Curve A
for Figures 5-5, 5-11, 5-13 & 5-15
"BOTTOM | UPPERRPV & BOTTOM - UPPER RPVE&
HEAD  BELTLINEAT = HEAD . BELTLINEAT : LIMITING

, | | 24EFPY . - . 24EFPY  24EFPY
 PRESSURE 'CURVEA . CURVEA - CURVEB  CURVEB. ' CURVEG
LPSIG). - A (A A R (P

1230 573 1269 - 1313 1449 184.9
1240 97.9 127.5 131.8 1452 185.2
1250 98.5 1281 . 132.3 145.4 185.4
1260 99.0 128.7 132.8 145.7 185.7
1270 99.6 1203 . 1333 146.0 186.0
1280 1001 120.8 133.8 146.2 186.2
1290 100.7 130.4 134.3 146.5 186.5
1300 101.2 131.0 134.8 146.8 186.8
1310 1017 1315 135.3 147.1 187.1
1320 102.3 132.1 135.8 1473 187.3
1330 102.8 1326 136.2 147.6 187.6
1340 1033 133.2 136.7 1478 1878
1350 103.8 1337 137.2 148.1 188.1
1360 104.3 1342 1376 - 148.4 188.4
1370 104.8 134.8 138.1 148.6 188.6
1380 105.3 135.3 138.5 148.9 - 188.9
1390 105.8 1358 1390 149.1 189.1

1400 106.3 136.3 139.4 148.4 189.4.

it @
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TABLE B-3. Fermi Unit 2 P-T Curve Valués for 32 EFPY

Required Metal Temperature with Required Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 20 °F/hr for Curve A
for Figures 5-1,.5-2, 5-4, 5-7, 5-8 & 5-10

BOTTOM ' ‘UPPER . . 32EFPY - BOTTOM - UPPER .. 32 EFPY

, : HEAD  VESSEL = BELTLINE - HEAD . VESSEL  BELTLINE

PRESSURE - .CURVEA = CURVEA. CURVEA  CURVEB - CURVEB ~ CURVEB

PsIG) R &7 T > DEER ¢ - N« RN o I
0 66.0 720 720 68.0 720 720
10 68.0 72.0 72.0 68.0 '72.0 720
20 68.0 72.0 72.0 68.0 72.0 72,0
30 68.0 72.0 72.0 68.0 72.0 72.0
40 680 ' 720 720 © 680 720 72.0
50 68.0 72.0 72.0 68.0 720 720
60 68.0 72.0 720 - 680 720 720
70 - 68.0 720 720 68.0 72.0 72,0
80 68.0 72.0 720 680 720 720
90 68.0 72.0 72.0 . 68.0 72.0 72,0
100 68.0 72,0 72.0 68.0 72.0 72.0
110 68.0 72.0 720 68.0 72.0 720
120 68.0 720 72.0 68.0 72.0 72.0
130 680 - 720 72.0 68.0 . 72.0 72,0
140 680 72.0 72.0 68.0 72,0 72.0
150 68.0 72.0 72.0 68.0 720 720
160 68.0 72.0 72.0 68.0 72.0 72,0
170 68.0 72.0 72.0 680 . 720 72.0
180 68.0 72,0 72.0 68.0 72.9 72,0
190 68.0 72.0 72.0 68.0 75.2 72.0
200 68.0 72.0 720 . 680 773 72.0
210 68.0 72.0 72.0 68.0 793 720

220 68.0 72.0 72.0 68.0 81.3 720
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TABLE B-3. Fermi Unit 2 P-T Curve Values for 32 EFPY

Required Metal Temperature with Required Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 20 °F/hr for Curve A
for Figures 5-1\/. 5-2,5-4,5-7,5-8 & 5-10

BOTTOM  UPPER . 32EFPY . ~BOTTOM  UPPER  32EFPY’
_ . . “HEAD = VESSEL  BELTLINE ~ = HEAD ~  VESSEL  BELTLINE
'PRESSURE CURVEA = CURVEA CURVEA'® CURVEB - CURVEB ' -CURVEB -

G U - N - SN o > I o » N« » By O
230 68.0 72.0 720 68.0 831 72.0
240 68.0 72.0 72.0 68.0 849 72.0
250 68.0 72.0 72.0 68.0 866 - 72.0
260 68.0 72.0 72.0 68.0 88.2 72.0
270 68.0 72.0 .72.0 68.0 89.8 72.0
280 68.0 72.0 72.0 68.0 91.3 720
290 680 720 72.0 68.0 92.8 72.0

" 300 68.0 72.0 72.0 68.0 94.2 72.0
310 680 720 72.0 © 68.0 95.5 72.0
3125 68.0 72.0 720 . 68.0 95.9 72.0
3125 68.0 102.0 102.0 68.0 132.0 1320
320 68.0 102.0 102.0 -. 68.0 1320 132.0
- 330 68.0 102.0 102.0 68.0 132.0 1320
340 680 - 1020 1020 68.0 132.0 132.0
350 68.0 102.0 102.0 68.0 132.0 132.0
360 68.0 102.0 102.0 68.0 132.0 132.0
370 680 1020 102.0 68.0 132.0 " 1320
380 68.0 102.0 102.0 68.0 132.0 132.0
390 - 68.0 102.0 102.0 68.0 132.0 132.0
400 68.0 102.0 102.0 68.0 132.0 132.0
410 68.0 102.0 102.0 68.0 132.0 132.0
420 68.0 ©102.0 102.0 68.0 132.0 132.0
430 © 68.0 102.0 102.0 68.0 132.0 132.0
440 68.0 1020 1020 68.0 132.0 132.0

450 68.0 102.0 102.0 68.0 1320 132.0
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TABLE B-3. Fermi Unit 2 P-T Curve Values for 32 EFPY

Required Metal Temperature with Required Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 20 °F/hr for Curve A
for Figures 5-1, 5-2, 5-4, 5-7, 5-8 & 5-10

BOTTOM  UPPER - '32EFPY . BOTTOM. ‘UPPER - 32EFPY
S HEAD . VESSEL .BELTLINE'  HEAD ~ - VESSEL .BELTLINE
' PRESSURE CURVEA . CURVEA - CURVEA CURVEB 'CURVEB = CURVEB
NG NI o> B & I o 5 IR  » DR o N 4 N
460 680 102.0 102.0 68.0 132.0 132.0
470 68.0 102.0 102.0 68.0 132.0 132.0
480 680 102.0 102.0 68.0 132.0 132.0
490 68.0 102.0 102.0 68.0 132.0 132.0
500 68.0 102.0 102.0 68.0 1320 132.0
510 68.0 102.0 1020 - 68.0 1320 132.0
520 68.0 1020 - 1020 660 1320 132.0
530 68.0 102.0 102.0 68.0 132.0 132.0
540 68.0 102.0 102.0 68.0 132.0 132.0
550 68.0 102.0 102.0 69.5 132.0 132.0
560 68.0 102.0 102.0 713 132.0 132.0
570 68.0 102.0 102.0 73.0 132.0 132.0
580 680 1020 102.0 74.6 132.0 1320
590 68.0 102.0 102.0 76.2 132.0 1320
600 68.0 1020 1020 718 1320 132.0
610 68.0 102.0 102.0 793 132.0 132.0
620 68.0 102.0 102.0 80.7 132.0 132.0
630 68.0 102.0 102.0 82.1 132.0 1320
640 68.0 1020 - 1020 83.5 132.0 132.0.
650 68.0 102.0 102.0 84.8 132.0 132.0
660 68.0 102.0 102.0 86.1 132.0 1320
670 68.0 102.0 102.0 87.4 132.0 1320
680 68.0 1020 1020 887 . 1320 132.0
690 68.0 102.0 1020 - 899 132.0 132.0
700 68.0 102.0 102.0 91.0 132.0 132.0
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TABLE B-3. Fermi Unit 2 P-T Curve Values for 32 EFPY |

Required Metal Temperaturé with Required Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 2.0 °F/hr for Curve A
for Figures 5-1, 5-2, 5-4, 5-7, 5-8 & 5-10

. BOTTOM : UPPER'  32EFPY  'BOTTOM : UPPER - 32EFPY
. HEAD  'VESSEL = BELTLINE .  HEAD: - VESSEL  BELTLINE
PRESSURE' CURVEA CURVEA ~.CURVEA - CURVEB - CURVEB _ CURVEB

S R 5 CH- " A A AP
710 68.0 102.0 ~102.0 922 1320 - 1320
720 68.0 102.0 102.0 93.3 132.0 132.0
730 68.0 102.0 102.0 94.4 132.0 132.0
740 68.0 102.0 102.0 95.5 132.0 132.0
750 660 1020 102.0 96.6 132.0 132.0
760 68.0 102.0 102.0 . 97.6 132.0 132.0
770 68.0 102.0 102.0 98.6 132.0 132.0
780 68.0 102.0 102.0 99.6 132.0 132.0
790 68.0 102.0 102.0 100.6 132.0 132.0
800 68.0 102.0 102.0 101.5 132.0 132.0
810 68.0 102.0 102.0 1025 1320 132.0
820 68.0 1020 . 1020 103.4 1320 132.0
830 68.0 102.0 102.0 104.3 132.2 132.0
840 68.0 102.0 102.0 105.2 132.6 © 1320
850 68.6 102.0 102.8 106.0 132.9 132.0
860 69.6 102.0 103.9 106.9 1333 1323
870 706 1020 105.0 107.7 1336 133.1
880 715 102.0 106.1 108.6 134.0 133.8
890 725 102.0 107.2 109.4 134.3 134.6
900 73.4 102.0 1082 . 1102 134.7 135.3
910 744 102.0 109.2 111.0 135.0 136.0
920 75.3 102.0 110.2 11.7 135.4 136.7
930 76.1. . 102.0 111 1125 135.7 137.4
940 77.0 102.5 1121 1133 . 1360 138.1

950 77.9 103.1 - 113.0 114.0 136.4 138.7
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TABLE B-3. Fermi Unit 2 P-T Curve Values for 32 EFPY

Required Metal Temperature with Required Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 20 °F/hr for Curve A
for Figures 5-1, 5-2, 5-4, 5-7,5-8 & 5-10

 BOTTOM . UPPER  -32EFPY *  BOTTOM _ UPPER - 32EFPY.

. HEAD =~ VESSEL BELTLINE  HEAD  VESSEL  BELTLINE

PRESSURE - CURVEA ' CURVEA CURVEA .~ CURVEB ~CURVEB _ CURVEB
PSIG) - CF) T G I 2. G > I o I
960 78.7 1037 1139 14,7 136.7 1394
970 79.6 104.3 114.8 115.5 137.0 - 140.0
980 804 . 1049 115.7 116.2 137.4 140.7
990 81.2 105.5 116.6 116.9 137.7 1413
1000 82.0 1061 - 1174 117.6 138.0 142.0
1010 - 827 106.7 118.3 118.2 138.3 1426
1020 83.5 107.2 119.1 118.9 138.6 1432
1030 84.3 107.8 119.9 119.6 139.0 143.8
1040 850 - 108.4 1207 1202 139.3 144.4
1050 85.7 108.9 121.5 120.9 139.6 145.0
1055 86.1 109.2 121.9 121.2 139.7 1453
1060 86.4 109.5 1223 121.5 139.9 1456
1070 87.2 110.0 - 123.0 122.1 140.2 146.2
1080 87.9 1105 1238 122.8 140.5 146.7
1090 88.6 1114 1245 123.4 140.8 147.3
1100 89.2 111.6 1253 124.0 141.1 " 147.8
1105 89.6 111.8 125.6 124.3 141.3 148.1
1110 89.9 112.1 126.0 1246 141.4 148.4
1120 90.6 1126 126.7 1252 1417 148.9
1130 91.2 113.1 127.4 125.8 142.0 149.5
1140 91.9 1136 | 128.1 126.3 1423 150.0
1150 92.5 1141 1288 126.9 142.6 150.5
1160 93.1 1146 129.4 127.5 142.9 151.1
1170 93.8 115.1 130.1 128.0 143.2 151.6
1180 94.4 1156 130.7 128.6 1435 152.1
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TABLE B-3. Fermi Unit 2 P-T Curve Values for 32 EFPY

Required Metal Temperature with Required Coolant Temperature Rate
at 100 °F/hr for Curves B & C and 20 °F/hr for Curve A
for Figures 5-1, 5-2, 5-4, 5-7, 5-8 & 5-10

"-BOTTOM . UPPER  32EFPY.  BOTTOM = UPPER -  32EFPY .
_ ~ ~HEAD ° 'VESSEL - BELTLINE . * HEAD ' [VESSEL  BELTLINE
 PRESSURE ~CURVEA CURVEA CURVEA CURVEB CURVEB . .CURVEB -

(PSIG) . - ICR . P 2 T & » T ¢ & T
1190 95.0 116.1 " 131.4 129.1 143.7 152.6‘
1200 95.6 116.5 132.0 - 129.7 " 1440 153.1
1210 . 96.2 117.0 132.7 130.2 1443 153.6
1220 96.8 117.5 133.’0; 130.8 144.6 154.1
1230 97.3 117.9 133.9 131.3 144 .9 154.6
1240 97.9 118.4 1345 131.8 145.2 155.1
1250 98.5 118.8 . 135.1 © 1323 145.4 1565.6
1260 99.0 119.3 135.7 132.8 145.7{ 156.0
1270 99.6 119.7 -136.3 . 133.3 146.0 156.5
1280 100.1 120.2 -136.8 133.8 146.2 - 157.0
1290 100.7 120.6 137.4 4 134.3 " 146.5 157.4
1300 101.2 121.0 138.0 . 134.8 146.8 . 157.9
1310 101.7 121.5 138.5 135.3 147.1 158.3
1320 1023 121.9 139.1 135.8 147.3 158.8
1330 102.8 1223 139.6 136.2 147.6 ' 159.2
1340 1033 122.7 140.2 - 136.7 - 147.8 159.7
1350 103.8 123.1 140.7 137.2 148.1 160.1
1360 104.3 123.6 141.2 137.6 1'48.'4 160.5
1370 104.8 ' 124.0 1418 _ - 138.1 1486 161.0
1380 . 10513' 124.4 ‘ 142.3 138.5 148.9 161.4
1390 105.8 124.8 142.8 139.0 1491 161.8
1400 106.3 125.2 - 143.3 1 39.4 149.4 162.2
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TABLE B-4. Fermi Unit 2 Composite P-T Curve Values for 32 EFPY

Required Metal Temperature with Required Coolant Temperature Rate at 100 °F/hr for
Curves B & C and 20 °F/hr for Curve A

PRESSURE  CURVEA

for Figures 5-6, 5-12, 5-14 & 5-16

BOTTOM UPPERRPV& < BOTTOM UPPERRPV& ~
BELTLINE AT LIMITING

~ HEAD

BELTLINEAT - -HEAD
32EFPY ..
CURVEA . -CURVEB = CURVEB CURVEC

32EFPY

32 EFPY

PSIG) (R NGE P CF) R
0 68.0 72.0 68.0 72.0 720

10 68.0 72.0 68.0 72.0 720
20 68.0 72.0 68.0 72.0 72.0
30 68.0 72.0 68.0 72.0 72.0
40 68.0 72.0 68.0 72.0 72.0
50 68.0 72.0 68.0 72.0 72,0
.60 68.0 72.0 68.0 72.0 72.0
70 68.0 72.0 68.0 72.0 722
80 68.0 72.0 68.0 72.0 . 78.2
90 68.0 72.0 68.0 72.0 83.3
100 68.0 72.0 68.0 72.0 87.8
110 68.0 72.0 68.0 72.0 91.9
120 68.0 72.0 68.0 72.0 957
130 68.0 72.0 68.0 72.0 99.2
140 68.0 72.0 68.0 72.0 102.4
150 68.0 72.0 68.0 72.0 105.2
160 68.0 72.0 68.0 72.0 107.9
170  68.0 72.0 68.0 72.0 110.5
180 68.0 72.0 68.0 72.9 112.9
190 68.0 72.0  68.0 75.2 115.2
200 68.0 72.0 68.0 77.3 117.3
210 68.0 72.0 68.0 79.3 119.3
220 68.0 72.0 68.0 81.3 121.3
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TABLE B-4. Fermi Unit 2 Composite P-T Curve Values for 32 EFPY

Required Metal Temperature with Required Coolant Temperature Rate at 100 °F/hr for
Curves B & C and 20 °F/hr for Curve A

for Figures 5-6, 5-12, 5-14 & 5-16

'BOTTOM  UPPERRPV&: BOTTOM UPPERRPV& . ,
HEAD - BELTLINEAT . HEAD  BELTLINEAT LIMITING

S 32 EFPY © .. % 32EFPY 32 EFPY -
'PRESSURE . CURVEA  CURVEA. CURVEB - CURVEB' 'CURVEC
Psie) - (A S N - ST« - S ¢ o'
230 68.0 72.0 68.0 83.1 1231
240 68.0 72.0 68.0 84.9 124.9
250 68.0 72.0 68.0 86.6 126.6
260 68.0 72.0 680 88.2 128.2
270 68.0 72.0 68.0 89.8 129.8
280 68.0 72.0 68.0 91.3 131.3
290 - "68.0 72.0 68.0 92.8 132.8
300 68.0 72.0 68.0 4.2 134.2
310 68.0 72.0 68.0 95.5 1355
3125 68.0 72.0 68.0 959 135.9
312.5 68.0 1020 68.0 132.0 172.0
320 68.0 102.0 68.0 132.0 172.0
330 68.0 102.0 68.0 132.0 172.0
340 68.0 102.0 68.0 132.0 172.0
350 68.0 102.0 680 - - 1320 172.0
360 68.0 102.0 68.0 © 132.0 172.0
370 68.0 102.0 © 68.0 132.0 172.0
380 68.0 102.0 68.0 132.0 172.0
390 68.0 102.0 68.0 132.0 172.0
400 68.0 102.0 68.0 132.0 172.0
410 - 68.0 102.0 68.0 © 1320 172.0
420 . 680 102.0 68.0 132.0 . 1720
430 68.0 102.0 68.0 132.0 172.0
440 68.0 102.0 68.0 132.0 172.0

450 - 68.0 102.0 68.0 132.0 172.0
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TABLE B-4. Fermi Unit 2 Composite P-T Curve Values for 32 EFPY

Required Metal Temperature with Required Coolant Temperature Rate at 100 °F/hr for
Curves B & C and 20 °F/hr for Curve A

for Figures 5-6, 5-12, 5-14 & 5-16

BOTTOM- UPPERRPV& -BOTTOM = UPPERRPV& " ,
HEAD . BELTLINEAT . HEAD BELTLINE AT LIMITING

. 32 EFPY o 32EFPY - 32EFPY
PRESSURE' CURVEA  CURVEA . CURVEB  CURVEB ' CURVEC
®PSIG) - A . - A A PP
460 66.0 1020 58.0 132.0 172.0
470 68.0 102.0 | 68.0 132.0 172.0
480 68.0 102.0 68.0 132.0 172.0
490 68.0 1020 . 680 132.0 172.0
500 68.0 102.0 680 1320 172.0
510 68.0 102.0 68.0 132.0 172.0°
520 68.0 1020 68.0 132.0 172.0
530 68.0 102.0 68.0 132.0 172.0
540 680 . 1020 68.0 132.0 172.0
550 680 1020 695 132.0 172.0
560 68.0 102.0 713 1320 172.0
570 . 680 102.0 73.0 132.0 172.0
580 68.0 102.0 746 132.0 172.0
590 68.0 1020 . 762 132.0 172.0
600 68.0 102.0 77.8 132.0 172.0
610 68.0 102.0 79.3 132.0 172.0
620 68.0 102.0 80.7 - 132.0 172.0
630 68.0 1020 82.1 132.0 172.0
640 68.0 102.0 83.5 1320 - 1720
650 68.0 102.0 84.8 132.0 172.0
660 68.0 102.0 86.1 132.0 172.0
670 68.0 102.0 87.4 . 1320 172.0
680 68.0 102.0 - 88.7 132.0 172.0
690 68.0 102.0 89.9 132.0 172.0
700 68.0 1020 91.0 1320 172.0
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TABLE B-4. Fermi Unit 2 Composite P-T Curve Values for 32 EFPY

Requifed Metal Temperature with Required Coolant Temperature Rate at 100 °F/hr for
Curves B & C and 20 °F/hr for Curve A

for Figures 5-6, 5-12, 5-14 & 5-16
- BOTTOM- UPPERRPV& '~ BOTTOM UPPERRPV& - _
'HEAD ~ BELTLINEAT ' HEAD BELTLINEAT  LIMITING
L S ~ 32EFPY. .. . ... 32EFPY . 32EFPY
_PRESSURE 'CURVEA . .CURVEA - 'CURVEB  CURVEB ' CURVEC

- (PSIG) B R I R R ¢ T '
710 68.0 102.0 92.2 132.0 ~172.0
720 68.0 102.0 93.3 132.0 172.0
730 68.0 102.0 94.4 132.0 172.0
740 680 102.0 95.5 132.0 172.0
750 68.0 102.0 96.6 132.0 172.0
760 68.0 102.0 97.6 132.0 172.0
770 68.0 102.0 98.6 132.0 172.0
780 68.0 102.0 99.6 132.0 172.0
790 68.0 102.0 1006 132.0 172.0
800 68.0 102.0 101.5 1320 1720
810 68.0 102.0 102.5 132.0 172.0
820 68.0 102.0 103.4 132.0 172.0
830 68.0 102.0 104.3 132.2 172.2
840 680 102.0 105.2 1326 172.6
850 686 - 1028 . 1060 1329 172.9
860 69.6 103.9 106.9 1333 173.3
870 706 105.0 107.7 133.6 173.6
880 71.5 106.1 108.6 134.0 174.0
890 72.5 107.2 109.4 134.6 174.6
900 734 108.2 110.2 1353 1753
910 744 109.2 " 111.0 136.0 176.0
920 753 . 1102 117 * 1367 176.7
930 76.1 111.1 1125 137.4 1774
940 77.0 112.1 113.3 138.1 178.1

950 779 113.0 114.0 138.7 178.7
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TABLE B-4. Fermi Unit 2 Composite P-T Curve Values for 32 EFPY

Required Metal Temperature with Required Coolant Temperature Rate at 100 °F/hr for
Curves B & C and 20 °F/hr for Curve A

for Figures 5-6, 5-12, 5-14 & 5-16

' BOTTOM UPPERRPV& . BOTTOM' UPPERRPV&

HEAD ~~ BELTLINEAT -~ HEAD . BELTLINEAT | LIMITING

S 32EFPY. ' 32EFPY  32EFPY

'PRESSURE.'CURVEA = CURVEA .. CURVEB . CURVEB CURVEC
- (PSI) . (P R 0P (F) NGE
950 787 138 1147 139.4 1794
970 796 114.8 1155 140.0 180.0
980 80.4 115.7 116.2 140.7 180.7
990 81.2 116.6 116.9 141.3 181.3
1000 82.0 117.4 1176 142.0 182.0
1010 82.7 1183 1182 142.6 182.6
1020 835 119.1 118.9 143.2 183.2
1030 843 119.9 119.6 1438 183.8
1040 85.0 1207 1202 144.4 184.4
1050 85.7 1215 120.9 145.0 185.0
1055 86.1 121.9 121.2 145.3 185.3
1060 86.4 122.3 121.5 145.6 185.6
1070 87.2 123.0 122.1 146.2 186.2
1080 87.9 123.8 122.8 146.7 186.7
1090 88.6 1245 123.4 147.3 1873
1100 89.2 125.3 1240 147.8 187.8
1105 89.6 12556 124.3 148.1 188.1
1110 89.9 126.0 1246 148.4 188.4
1120 90.6 126.7 125.2 148.9 188.9
1130 91.2 127.4 1258 149.5 189.5
1140 91.9 128.1 126.3 150.0 190.0
1150 925 128.8 126.9 150.5 190.5
1160 93.1 129.4 1275 151.1 191.1
1170 93.8 130.1 128.0 151.6 191.6
1180 944 1307 1286 152.1 192.1
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-TABLE B-4. Fermi Unit 2 Composite P-T Curve Values for 32 EFPY

Required Metal Temperature with Required Coolant Temperature Rate at 100 °F/hr for
Curves B & C and 20 °F/r for Curve A

for Figures 5-6, 5-12, 5-14 & 5-16

BOTTOM ~UPPERRPV& ' BOTTOM UPPERRPV& ‘ _
© HEAD  BELTLINEAT  HEAD . BELTLINEAT.: LIMITING

..o v 32EFPY - - 32EFPY-  32EFPY.
PRESSURE ~CURVEA - CURVEA - CURVEB ~ CURVEB ' CURVEC
®SIG) .- A (A R R R
1190 95.0 1314 129.1 1526 1926
1200 956 132.0 129.7 153.1 193.1
1210 96.2 132.7 130.2 1536 1936
1220 96.8 133.3 130.8 154.1 194.1
1230 . 973 133.9 1313 154.6 194.6
1240 979 1345 131.8 155.1 195.1
1250 98.5 135.1 1323 1556 195.6
1260 99.0 135.7 132.8 156.0 196.0
1270 99.6 136.3 1333 1565 196.5
1280 100.1 136.8 1338 157.0 197.0
1290 100.7 137.4 134.3 157.4 197.4
1300 101.2 1380 134.8 157.9 197.9
1310 101.7 1385 1353 158.3 198.3
1320 102.3 1391 - 135.8 158.8 198.8
1330 102.8 1396 1362 - 1592 1992
1340 103.3 1402 1367 159.7 199.7
1350 103.8 140.7 137.2 160.1 200.1
1360 1043 - 1412 137.6 160.5 200.5
1370 104.8 141.8 138.1 161.0 201.0
1380 105.3 142.3 1385 161.4 201.4
1390 105.8 142.8 139.0 161.8 201.8
1400 106.3 143.3 139.4 162.2 202.2
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C.1° NON-BELTLINE MONITORING DURING PRESSURE TESTS

It is likely that, during leak and hydrostatic pressure testing, the bottom head
temperature may be significantly cooler than the beltline. This condition can occur in the
bottom head when the recirculation pumps are operating at low speed, of are off, and
injection through the control rod drives is used to preséurize the vessel. By iJsing a
bottom head curve, the required test temperature at the bottom head could be lower
" than the required test temperature at the beltline, avoiding the necessity of heating the
bottom head to the same requirements of the vessel beltline. '

One condition on monitoring the bottom head separately is that it must be demonstrated
that the vessel beltline temperature can be accurately monitored dLlring pressure testing.
An experiment has been conducted at a BWR-4 that showed that thermocouples on the
vessel near the feedwater nozzles, or temperature measurements of water in the
recirculation loops provide good estimates of the beltline temperature during pressure
testing. Thermocouples on the RPV flange to shell junction outside surface should be
used to monitor compliance with upper vessel curve. Thermocouples on the bottom
head outside surface should be used to monitor compliance with bottom head curves. A
description of these measurements is given in GE SIL 430, attached in Appendix D.
First, however, it should be determined whether there are significant temperature
differences between the beltline region and the bottom heéd region.

C.2 DETERMINING WHICH CURVE TO FOLLOW

. The following subsections outline the criteria needed for. determining which curve is
governing during different situations. The application of the'P-T curves and some of the
assumptions inherent in the curves to plant operation is dependent on the proper
monitoring of vessel temperatures.

C-2
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C.2.1 Curve A: Pressure Test

Curve A should be used during pressure tests at times when the coolant temperature is
changing by <20°F per hour. [f the coolant is experiencing a higher heating or cooling
rate in preparation for or following a pressure test, Curve B applies. '

C.2.2 Curve B: Non-Nuclear Heatup/Cooldown

Curve B should be used whenever Curve A or Curve C do not apply. In other words, the
operator must follow this curve during times when the coolant is heating or cooling faster

than 20°F per hour during a hydrotest and when the core is not critical.
C.2.3 Curve C: Core Critical Operation

The operator must comply with this curve whenever the core is critical. An exception to
this principle is for low-level physics tests; Curve B must be followed during these
situations.

C.3 REACTOR OPERATION VERSUS OPERATING LIMITS

For most reactor operating conditions, coolant pressure and temperature are at
saturation conditions, which are well into the acceptable operating area (to the right of
the P-T curves). The operations where P-T curve compliance is typically monitored
closely are planned events, such as vessel bolt-up, leakage testing and
startup/shutdown operations, where operator actions can directly influence vessel

pressures and temperatures.

The mostvseveré unplanned transients relative to the P-T curves are those that result
from SCRAMs, which sometimes include recirculation pump trips. Depending on
operator responses following pump trip, there can be cases where stratification of colder
water in the bottom head occurs while the vessel pressure is still relatively high.
Experience with such events has shown ihat operator action is necessary to avoid P-T
curve exceedance, but there is adequate time for operators to respond.
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In summary, there are several operating conditions where careful monitoring of P-T
conditions against the curves is needed:

e Head flange bolt-up

Leakage test (Curve A compliance)

Startup (coolant temperature change of less than or equal to 100°F in one
hour period heatup) '

Shutdown (coolant temperature change of less than or equal to 100°F in one
hour period cooldown)

Recirculation pump trip, bottom head stratification (Curve B compliance)

C-4
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September 27, 1985 SIL No. 430

REACTOR PRESSURE VESSEL TEMPERATURE MONITORING
Recently, several BWR owners with plants in initial startup have -had questions
concerning primary and alternate reactor pressure vessel (RPV) temperature monitoring
measurements for complying with RPV brittle fracture and thermal stress requirements.
As such, the purpose of this Service Information Létter is to provide a summary of RPV
temperature monitoring measurements, their primary and alternate uses and their
limitations (See the attached table). Of basic concern is temperature monitoring to
comply with brittle fracture temperature limits and for vessel thermal‘ stresses during
RPV heatup and cooldown. General Eléctric recommends that BWR owners/operators
review this table against their current practices and evaluate any inconsistencies.

TABLE OF RPV TEMPERATURE MONITORING MEASUREMENTS (Typical)

Measurement Use Limitations °
Steam dome saturation Primary measurement Must convert saturated
temperature as determined above 212°F for Tech steam pressure to
from main steam instrument  Spec 100°F/hr heatup temperature.

line pressure

Recirc suction line
coolant temperature.

" and cooldown rate.

Primary measurement
below 212°F for Tech

Spec 100°F/hr heatup
and cooldown rate.

Alternate measurement
above 212°F.

Must have recirc flow.
Must comply with SIL 251
to avoid vessel stratification.

When above 212°F need to
allow for temperature
variations (up to 10-15°F
lower than steam dome
saturation temperature)
caused primarily by FW
flow variations.
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TABLE OF RPV TEMPERATURE MONITORING MEASUREMENTS (CONTINUED)

(Typical)
Measurement Use Limitations
Alternate measurement
for RPV drain line
temperature (can use to
comply with delta T limit
between steam dome
saturation temperature
and bottom head drain
line temperature).
RHR heat exchanger Alternate measurement Must have previously
inlet coolant for Tech Spec 100°F/hr correlated RHR inlet
temperature cooldown rate when in coolant temperature
shutdown cooling mode. versus RPV coolant
temperature.
RPV drain line Primary measurement to Must have drain line

coolant temperature

comply with Tech Spec
delta T limit between
steam dome saturated
temp and drain line
coolant temperature.

Primary measurement to
comply with Tech Spec
brittle fracture* -

limits during cooldown.

Altemate information
only measurement for
bottom head inside/
outside metal surface
temperatures.

flow. Otherwise,

lower than actual
temperature and higher
delta T's will be indicated
Delta T limit is

100°F for BWR/6s and
145°F for earlier BWRs.

Must have drain line
flow. Use to verify
compliance with Tech
Spec minimum metal
temperature/reactor
pressure curves (using
drain line temperature

to represent bottom

head metal temperature).

Must compensate for outside

metal temperature lag
during heatup/cooldown.
Should have drain line flow.
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TABLE OF RPV TEMPERATURE MONITORING MEASUREMENTS (CONTINUED)

Measurement

(Typical)
Use

Limitations

Closure head flanges
outside surface T/Cs

RPV flange-to-shell
junction outside
surface T/Cs

RPV shell outside
surface T/Cs

Top head outside
surface T/Cs

Primary measurement for
BWR/6s to comply with
Tech Spec brittie fracture
metal temperature limit
for head bolt-up.

One of two primary measure-
ments for BWR/6s for hydro
test. :

Primary measurement for
BWRs earlier than 6s to
comply with Tech Spec
brittle fracture metal
temperature limit for
head bolt-up.

One of two primary
measurements for BWRs
earlier than 6s for

hydro test. Preferred

in lieu of closure head
flange T/Cs if available.

Information only.

Information only.

Use for metal (not coolant)
temperature. Install
temporary T/Cs for
altemmate measurement, if
required.

Use for metal (not coolant)
temperature. Response
faster than closure head
flange T/Cs. :

Use RPV closure head flange
outside surface as altemnate
measurement.

Slow to respond to RPV
coolant changes. Not
available on BWR/6s.

Very slow to respond to RPV
coolant changes. Not avail-
able on BWR/6s.
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TABLE OF RPV TEMPERATURE MONITORING MEASUREMENTS (CONTINUED)

, (Typical)

Measurement - : Use Limitations
Bottom head outside 1 of 2 primary measurements  Should verify that vesse!
surface T/Cs to comply with stratification is not

Tech Spec brittle fracture present for vessel hydro.
metal temperature (see SIL No. 251).

limit for hydro test. " . |

Primary measurement to Use during heatup to vérify
comply with Tech Spec compliance with Tech Spec
brittle fracture metal metal temperature/reactor
temperature limits pressure curves.

during heatup.

Note: RPV vendor specified metal T limits for vessel heatup and cooldown should be
checked during initial plant startup tests when initial RPV vessel heatup and cooldown
tests are run.
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Product Reference: B21 Nuclear Boiler .
Prepared By: A.C. Tsang
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Notice:

. SlLs pertain only to GE BWRSs. GE prepares SlLs exclusively as a service to owners of GE
BWRs. GE does not consider or evaluate the applicability, if any, of information contained in SiLs
to any plant or facility other than GE BWRs as designed and furnished by GE. Determination of
applicability of information contained in any SIL to a specific GE BWR and implementation of
recommended action are responsibilities of the owner of that GE BWR.SILs are part of GE s

. continuing service to GE BWR owners. Each GE BWR is operated by and is under the control of
its owner. Such operation involves activities of Which GE has no knowledge and over which GE
has no control. Therefore, GE makes no wamranty or representation expressed or implied with
respect to the accuracy, completeness or usefulness of information contained in SiLs. GE
assumes no responsibility for liability or damage, which may result from the use of information
contained in SlLs. A
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IMPACT ON FRACTURE TOUGHNESS
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10CFR50, Appendix G defines the beltline region of the reactor vessel as follows:

“The region of the reactor vessel (shell material including welds, heat affected zones,
and plates or forgings) that directly surrounds the effective height of the active core and
adjacent regions of the reactor vessel that are predicted to experience sufficient neutron
radiation damage.” ' |

To establish the value of peak fluence for identification of beltliné matérials (as
discussed above), the 10CFR50 Appendix H fluence value used to determine the need
for a surveillance program was used; the value spéciﬁed is a peak fluence (E>1 MEV) of
1.0e17 n/em®. Theréfore, if it can be shown that no nozzles are located where the peak
neutron fluence is expected to .exce'ed or equal 1.0e17 n/em?, then it can be concluded
that all reactor vessel nozzles are outside the beltline region of the reactor vessel, and
do not need to be considered in the P-T curve evaluation. ‘

The following dimensions aré obtained from the referenced drawings and are specified
as the distance above vessel “0":

Shell # 2 - Top of Active Fuel (TAF)* . | 366.3" [1,2]

Shell # 1 - Bottom of Active Fuel (BAF) 216.3" [1,2]
Shell # 2 — Top of Extended Beltline Region - : 374.77 [2]
Shell #1 - Bottom of Extended Beltline Region _ . 210.5" [2]
Centerline of Recifculati;m:(')utlet Nozzle in Shell # 1 . . 161.5" [3,4]
Top of Recirculation Outlet Nozzle N1 in Shell # 1 . 193.7" [3.4]
Centerline of Recirculation Inlet Nozzle N2 in Shell # 1 181.0° [3,4]
Top of Recirculation Inlet Nozzle N2 in Shell # 1 197.5" [3,4]
Centerline of 2” Instrumentation Nozzle in Shell # 2 366.0" [4,5] -

From [4], it is obvious that the recirculation inlet and outlet nozzles are closest to the
beltline region (the top of the recirculation inlet nozzle is ~19” below BAF and the top of
the recirculation outiet nozzle is ~23" below BAF). As shown in [4], the
2" Instrumentation Nozzle (MK 315-01) is contained within the core beltline region;
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however, this nozzle has a thickness less than 2.5” and, as noted in Table A-2, requires
no fracture toughness. Therefore, if it can be shown that the peak fluence at these
locations is less than 1.0e17 n/em?, it can be safely conclﬁded that all nozzles and
welds, other than those included in Tables 4-5 and 4-6, ére outside the beltline regioh of
the reactor vessel.

Based on the axial fluence profile, the RPV filuence at 32 EFPY drops to less than
1.0e17 n/cm? at ~6” below the BAF and at ~9” above TAF [2]. The beltiine region
considered in the development of the P-T curves is adjusted to include the region from
210.5” to 374.7" above reactor vessel "0” for 32 EFPY.

Based on the above, it is concluded that none of the Fermi Unit 2 reactor vessel plates,
nozzles, or welds, other than those included in Tables 4-5 and 4-6, are in the beltline
region.
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Paragraph IV.B of 10CFR50 Appendix G [1] sets limits on the upper shelf energy of the
beltline materials. The USE must remain above 50 ft-lb at all times during plant
operatior{, assumed he}e to be 32 EFPY. Calculations of 32 EFPY USE, using
Regulatory Guide 1.99, Revision 2 (RG1.99) [2] methods are summarized in Table F-1.
A RG1.99 analysis is also provided for the weld materials where Position 2.2 is applied.

Surveillance capsules from the Fermi Unit 2 vessel have not been removed and tested.
Fermi Unit 2 has committed to participate in the BWRVIP Integrated Surveillance
-Program (ISP), and surveillance capsule data that is representative of the weld material
in this vessel is available from the ISP [3]. Test results for the weld materials from [3]
were applied to the USE evaluation as seen in Table F-1. '

When Fermi Unit 2 initially reported unirradiated USE values for weld heat 13253, 12008
1092 Lot 3833, insufﬁcient test resuits were available and a conservative value of
62 fi-lbs was used. The 62 ft-Ib value represents the lowest Charpy test result greater
than 50 ft-Ibs from the material certification report. The ISP has determined that the heat
of material tested and designated as_CE-2(WMj is the same heat of material. Sufficient
unirradiated test data exists for this heat of material; the initial USE has been determined
to be 119.3 ft-Ibs, and this value is used in the USE evéluation for Fermi Unit 2.

The ISP test results for the weld material heat 13253, 12008 1092 Lot 3833 demonstrate
that the measured % decrease in USE exceeds the RG1.99 predicted % decrease. In
order to assure that the weld materials meet all RG1.99 requirements for end of license
USE, Position 2.2 was applied to all beltline weld materials. Table F-2 provides the
detailed information regarding the ISP test results. '

Based on the results presented in Table F-1, the USE values for the Fermi Unit 2 reactor

vessel beltline materials remain within the limits of RG1.99 and 10CFR50 Appendix G
for 32 EFPY of operation. '
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Table F-1

Upper Shelf Energy Evaluation for Fermi Unit 2 at 32 EFPY

~ Inttial 2EFPY|. % . 32 EFPY
. Lo R B R Transverse . 14T Decrease | Transverse
- Material Heator HeatLot ~ |Initial Longitudinal USE| -. USE™ .| “%Cu | Fluence | USE® USE®
e R (f4b) " (R4b) L emd ) (f-Ib)
Plates:
Lower Shell :
G3706-1 C4540-2 145 94.3 0.08 | 4.06E+17 8 87
G3706-2 C4560-1 156 101.4 0.11__| 406E+17| 10 91
G3706-3 C4554-1 132 85.8 0.12 | 406E+17] - 105 77
‘Lower-intermediate Shell . .
G3703-5 C4564-1 115 74.8 009 |6.70E+17] 95 68
G3705-1 B8614-1 130 84.5 0.12 | 6.70E+17] 11.5 75
G3705-2 C4574-2 120 780 . 010 | 6.70E+17| 105 70
G3705-3 C4568-2 119 77.4 0.12 6.70E+17 115 68
Welds:
Vertical
Lower Shell
. Tandem 13253, 12008
2307 A.B,C 1092 Lot 3833 N/A 119 026 | 4.06E+17| 195 96
Tandem 13253, 12008 .
2307 ABCY 1092 Lot 3833 N/A 119 026 | 408E+17| 32 81
Lower-ntermediate Shell .
15308 A.B.C.D 33A277, 124 Lot 3378 N/A 94 032 | 6.70E+17] 25 71
15-308 A,B,C.D" 33A277, 124 Lot 3878 N/A 94 032 |670E+17] 36 60
Girth
1-313 10137, 0091 Lot 3999 N/A 108 023 | 4.06E+17] 18 89
1-313% 10137, 0091 Lot 3999 N/A 108 023 | 408E+17] 32 73
Notes:

1. Transverse USE for plate materials obtained using 65% of the longitudinal USE.

2. USE Decrease obtained from RG1.99 Figure 2.
3. 32 EFPY Transverse USE = Initial Transverse USE * [1 - (% Decrease USE /100)).
4. RG1.99 Position 2.2 applied to the weld materials.
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Table F-2

Detailed ISP Test Results for Weld Heat 13253,12008 1092 Lot 3833 [3]

ISP Surveillance Weld USE [Heat CE-2(WM)(13253,12008)]:

%Cu
Unirradiated USE

SSP Capsule E Measured USE
SSP Capsule E Fluence

'SSP Capsule G Measured USE
SSP Capsule G Fluence

SSP Capsule E Measured % Decrease
SSP Capsule E RG 1.99 Predicted % Decrease

SSP Capsule G Measured % Decrease
SSP Capsule G RG 1.99 Predicted % Decrease

F-4

nu

"

0.21

119.3 ft-Ib

67.7 ft-Ib

1.76E+18 nfcm?

70.1 ft-Ib

1.87E+18 n/cm*

433

23.6

41.2
23.9

(Charpy Curves)
(RG 1.99, Rev. 2, Figure 2)

(Charpy Curves)
(RG 1.99, Rev. 2, Figure 2)
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THICK_NESS TRANSITION DISCONTINUITY EVALUATION
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G.1 OBJECTIVE

The purpose of the following evaluation is to determine the hydrotest, heat-up/cool-down, and
transient temperatures (T) for the shell thicknéss transition discontinuities in the beltline, the
bottom head upper to lower torus, and the bottom head to lower shell, and to demonstrate that
these temperatures are bounded by the appropriate P-T curves. '

G.2 METHODS AND ASSUMPTIONS

ANSYS finite element analyses were performed for the thickness discontinuities in'the beltline
and 50ttom head regions of the Fermi Unit 2 vessel. The purpose of this evaluation was to
determine the RPV discontinuity stresses (hoop and axial)- that result from the thickness
transition discontinuity in the beltline region and the bottom head. The transition in the beltline )
is modeled as a transition from 7.125 inches minimum thickness (lower shell) to 6.125 inches
minimum thickness (lower-intermediate shell) [1]. The bottom head lower torus to upper torus is
modeled as a transition from 7.375 inches minimum thickness to 3.4375 inches minimum
thickness, respectively [2]. Similarly, the bottom head upper torus to lower shell is modeled as a
transition from 3.4375 inches minimum thickness to 7.125inches minimum thickness,
respectively [1, 2]. | '

Four (4) load cases defined on the Fermi Unit 2 vessel thermal cycle diagram [3] were
evaluated for the beltline and bottom head shell disconﬁnuity: ’

1) hydrostatic test préssure at 1055 psig,

2) cool-down transient of 100°F/hr, starting at 546°F and decreasing to 70°F on the inside
surface wall and with an initial operating pressure of 1000 psig, and 3) a heat-up
transient of 100°F/hr, starting at 70°F and increasing to 546°F on the inside surface wall
and with a final operating pressure of 1000 psig. For both transient cases it was
assumed that the outside RPV wall surface is insulated with a heat transfer coefficient of
0.2 BTU/hr-ft2 °F [4] and that the ambient temperature is 100°F.

These are the bounding beltline transients of those described in Region B of the Fermi Unit 2

vessel thermal cycle diagram at temperatures for which brittle fracture could occur.

G-2



GE Nuclear Energy . NEDO - 33133

Non-Proprietary Version

Additionally, the bottom head was analyzed for

3 [ _ 11, and

4) 1 - 113]. |
As discussed in Section 4.3.2.1.2 of this report, these transients represent [[

1

The Normal/Upset transient “Loss of AC Power Natural Circulation Restart” was also analyzed.
It was determined that the It : J] transients bound this operating
condition for the bottom head region; results for the bounding conditions are presented in this
_appendix.

Material properties were used from the Code of construction for the RPV Materials: Shell and
Bottom Head Plate Materials are ASME SA533, Grade B, Class 1 low alloy steel (LAS) and
Support Skirt Materials are ASME SA508 Class 2 [5].

Methods consistént with those described in Section 4.3 were used to calculate the T - RTnor for
the shell discontinuity for a hydrotest pressure of 1055 psig and the two transient cases. The
adjusted reference temperature values shown in Table 4-6 were added to the T - RTypr to
deteﬁnine the temperature"‘T". The value of “T" was compared to that of the beltline region for
the same condition as described in Sections 4.3.2.2.1 for the hydrotest pressure case and
4.3.2.2.4 for the transient cases.

The Control Rod Drive Penetrations in the bottom head were not evaluated as a part of this
d:scontmunty analysis; detalled analysxs of the penetrations is provided in Appendlx H. The stub -
tubes provide sufficient stiffness that the deletion of these penetrations from ‘this analysis is
acceptable. '

It is demonstrated in this analysis that Curve A for the bottom head (CRD) and beltline
regions (Figures 5-1 and 5-4) bofmd the temperatures found for thé hydrostatic test pressure
temperatures from the FEA analysis. Itis also shown that Curve B for the bottom head (CRD)
beltline regions (Figures 5-7 and 5-10) bound the temperatures found for transient pressures
from the stresses obtained in the FEA analysis. Therefore, the transition discontinuity stresses
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in the beltline, bottom head to lower shell, and bottom head upper to lower torus are bounded by
- the P-T curves.

The locations of maximum stress were evaluated in the beltline shell, bottom head to lower
shell, and bottom head torus locations as shown in Figure G-1.

The methods of ASME Code Section XI, Appendix G [6] are used to calculate the pressure test
and thermal limits. The membrane and bending stress were determined from the finite element
analysis and are shown below. The hoop stresses were more limiting than the axial stresses,
and are provided in Tables G-1 through G-5 of this appendix.

The stress intensity factors, Kim and Ky, are calculated using 1998 ASME Code with Addenda
through 2000 Section XI Appendix A [7] and Appendix G [6], as shown in Section 4.3.2.2.2 of
'this reportv Therefore, Kim= Mm*om and Ky, = Mp*c,. The values of M, and M, were determined
from the ASME Code Appendix G [6]. The stress intensity is based on a 1/4 T radial flaw with a
six-to-one aspect ratio (length of 1.5T). The flaw is oriented normal to the maximum stress
direction, in this case a vertically oriented flaw since the hoop stress was limiting.

The calculated value of Ky, + Ky, is multiplied by a safety factor (SF) (1.5 for pressufe test and
2.0 for the transient cases), per ASME Appendix G [6] for comparison with Kig, the material
fracture toughness expressed as Kic. '

The reiationship between K¢ and temperature relative to reference temperature (T - RTypr) is
provided in ASME Code Section XI Appendix A [7] Paragraph A-4200, represented by the
relationship (K; units ksi-in®®):
Kic =33.2 + 20.734 exp [ 0.02 (T - RTnpr) J; therefore,
T-RTnor = In [ (Kic-33.2) /20.734 1/ 0.02,
where Kic = SF* (Kim + Kp)  for the pressure test,

and Kic = (SF * Kip) + Kis  for transient cases.
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This relationship is derived in the Welding Researc.:h'CounciI (WRC) Bulietin 175 [8] as the
lower bound of all dynamic fracture toughness data. This relationship provides values of
pressure versus temperature (from Kir and (T - RTnor), respectively).

The RTyot is added to the (T - RTnor) to determine the hydrotest, heat-up, cool-down, and
additional transient temperatures,

Analysis Information:

Beltline

Thin Section Thickness: . tmn =6.125 inches
V(1) = 2.47 inch®

Thick Section Thickness: tmax = 7.125 inches
\(t) = 2.67 inch®®

Bottom Head to Lower Shell
Thin Section Thickness: tmin = 3.438 inches

_ V(t) = 1.85inch®™®
Thick Section Thickness: - tmax = 7.125 inches

' V(t) = 2.67 inch®®

Bottom Head Upper Torus to waer Torus
Thin Section Thickness: tmin = 3.438 inches
. V(t) = 1.85 inch®® A
Thick Section Thickness:  tma = 7.375 inches ) . -
V(t) = 2.72 inch®® -
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Lower to Lower-Intermediate Shell: 6.125" thick —IP

Scction 4

Lower Shell: 7.125" thick —

Section 3

Bottom Head Upper Torus: 3.438" thick A

Section 2

Bottom Head Lower Torus: 7.38" thick

Section 5

Figure G-1: Location and Wéll Thickness of Evaluation Discontinuities in the
| Beltline and Bottom Head Regions
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Table G-1: Analysis Results for Hydrostatic Pressure Test for the Beltline Shell Discontinuity

) Primary. | Primary K B . .

Pressure | - | Membrane | Bending| | - " | M= | | - " T-RTwor -

., ... |Surface | - | Mn | Mu'Prm . K | K- o
(psig) , Pm - Py |- e | 2B Mm ] -1 CF):

E : RO B “(psiin™) v .
e S psi) . | (psi) - . B . L
1OOQ Inside 19860 -24 12.29 45514 1.53 -36 | 68.22 26.20
1000 | Qutside 19860 24 2,29 45514 1.53 36 |68.32 26.36
1055 Inside 20952 -25 2.29 48017 1.53 -38 | 71.97. 31.29
1055 Qutside 20952 25 2.29 48017 1.53 38 | 72.08 31.44-
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Table G-2: Analysis Results for Hydrostatic Pressure Test for the Bottom Head Discontinuities

. B ' 1 Primgry" Primary va="‘ 1 S
,Pféssuré Svectfo.n‘ Surfacé vMe.mbr‘ane Benqing M,,, '.Mm‘Pb’ -Mb-'_- . Kbv : Ki - T-RTND-T
: o o Pme il P ) iy | 23 M o R
L sy | s LA N I B
1000 2 Inside 18000 -2363 |1.85| 33300 123 | -2914 | 45.58 | 25.79
1000 2. . Outside 18000 2363 | 1.85| 33300 1.23 | 2914 | 54.32 0.93
1055 2 Inside 18990 -2493 |1.85| 35132 1.23 | -3075 | 48.09 | -16.57
1055 .2 . | Outside | - 18990 2493 |1.85| 35132 1.23 | 3075 |.57.31 7.54
1000 3 Inside 22350 -2892 | 1.85| 41348 1.23 | -3567 | 56.67 6.20
1000 3 Outside | 22350 2892 |1.85}] 41348 1.23 | 3567 | 67.37 | 2498
1055 ‘3 Inside 23579 -3051 | 1.85| 43622 1.23 |-3763 | 59.79 | 12.43
1055 3 Outside | 23579 3051 | 1.85| 43622 1.23 | 3763 | 71.08-| 30.13
1000 5 Inside 5247 424 11.85] 9707 123 | 523 | 15.34 -
1000 5 Outside 5247 -424 | 1.85 9707 123 | -623 | 13.78 -
1055 5 Inside 5536 447 [ 1.85| 10247 1.23 | 551 | 16.19 -
1055 5 Outside 5536 -447 11.85] 10241 1.23 | -551 | 14.53 -
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G.3 Resuilts and Conclusions for Hydrostatic Pressure Test

The results of this analysis demonstrate that Curve A remains bounding for the bottom head to
lower shell and bottom head torus (Figure 5-1) and beltline shell (Figure 5-4) discontinuities.

Beltline

The maximum Fermi Unit 2 plant-specific T-RTnor calculated with the linearized stresses from
the Finite Elerheni Analysis (FEA) for the beltline thickness discontinuity is 31.44°F as shown in
Table G-1. The limiting beltline weld material RTyoy (ART) at the region of the discontinuity is
77°F (see Table 4-6) at 32 EFPY, resulting in T = 108.44°F. The limiting beltline plate RTnor
(ART) at the regior.n. of the discontinuity is 45°F (see Table 4-6) at 32 EFPY, resulting in
T =76.44°F.

At 1055 psig, representing the 32 EFPY Fermi Unit 2 hydrostatic pressure test, the T - RTnor for
the beltline region Curve A is 39.8°F (see Section4.3.22.2), and T = 116.8°F (see
Section 4.3.2.2.2).

Because the 32 EFPY beltline region hydrostatic pressure test temperature "T" of 116.8°F is
greater than the T = 108.44°F obtained with the FEA analysis results, the thickness discontinuity
remains bounded by the beltline curve.

Similarly, the limiting beltline material RTyor (ART) at the region of discdntinuity at 24 EFPY is
the beltline weld at 62°F (see Table 4-5), resulting in T = 93.44°F. At 1055 psig, the “T” for the
24 EFPY beltline region Curve A is 102°F. Because the 24 EFPY beltline region hydrostatic
pressure test curve is greater than the “T” obtained by FEA, the th_ickness discontinuity remains
bounded by the beltline curve. '
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‘Bottom Head to Lower Shell

The maximum T - RTnpr calculated with the Finite Element Analysis results for the bottom head
to lower shell region is 30.13°F, as shown for Section 3 (see Figure G-1 for location of this
section) in Table G-2. The maximum RTypy for the bottom head to lower shell is -10°F for the
plates (see Table 4-1) and welds (see Table 4-3). Thus a value of T = 20.13°F is obtained from
the linearized stresses obtained in the FEA analysis. From Tables B-1 and B-3, the bottom
head T (appropriate for this location) used in the analysis is 86.1°F at 1055 psig. This value
bounds the maximum value of T = 20.13°F, obtained usingj the. linearized stresses from the FEA
analysis.

Bottom Head Lower Torus to Upper Torus

The maximum T - RTnpr calculated with the Finite Element Analysis results for the bottom head
lower torus to upper torus region is 7.54°F, as shown for Sections 2 and 5 (see Figure G-1 for
location of these sections) in Table G-2. The maximum RTypr for the bottom head lower torus
to upper torus is 30°F for the plates (see Table 4-1) and —50°F for the welds (see Table 4-3).
Thus a limiting value of T = 37.54°F is obtained from the linearized stresses obtained in the FEA
analysis. From Tables B-1 and B-3, the bottom head T (appropriate for this location) used in the
analysis is 86.1°F at 1055 psig. This value bounds the maximum value of T = 37.54°F, obtained
using the linearized stresses from the FEA analysis.

G-10



GE Nuclear Energy

Non-Proprietary Version

NEDO - 33133

Table G-3: Beltline Analysis and Results for Heatup and Cooldown at 1030 psig

-Primary | Primary | Secondary | Secondary R L ‘
. ) éurface -Membrane ' .Benqing Merhbrane . Bve’ndi_rv\g M, Mp=-| Kp | Kis K; Total TTRTNBT
Case. | ' Pm TPy Snm Sy Tl 23Ma ] esiin'®) | (psiin'®) | (psiin®) | (F)
: sy | esd | sy | (esd B R 7

Heatup - Inside 20462 -25 -163 -6469 2.29 1.53 46819 -10248 83391 44.20
Heatup Outside 20462 25 -163 6469 2.29 1.53 46895 9504 103294 60.90
Cooldown | Inside 20462 -25 1 9785 2,29 1.53 46819 14940 108579 64.54
Cooldown | Outside 20462 25 1 -9633 229 | 1.53 . 46895 -14705 79086 39.72‘
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Table G-4: Bottom Head Analysis and Results for Heatup and Cooldown at 1030 psig

Primary Primary | Secondary | Secondary . o
Case .L'ocalion Surface Memb'ra.nq Bgnding 'Membrane_ ‘ Bendiﬁg M. Mp = : Kip“2 Ktssz Ky Tol‘:;l ‘ T-RTNDT
o 1 . Pm- " Py - Sm - - _ Sp A 2B3Mn | (psiin™) | (psiin™) | (psiin™) °F)
o . @sh | sy | (e (psD) | I
'Healup 2 Inside 18545 -2493 -5529 -4959 1.85 1.23 31234 -16345 46124 -23.63
Heatup 2 Outside 18990 2493 -5529 4959 1.85 1.23 38206 -4113 72300 31.72
Cooldown 2 Inside 18990 -2493 688 3255 1.85 1.23 32057 5287 69401 27.87
Cooldown 2 Outside 18890 2493 688 . -3255 1.85 1.23 38206 -2742 73671 33.44
Heatup -3 Inside 23027 -3051 -461 -3568 1.85 | 1.23 38837 -5253 72422 31.87
Heatup 3 Outside 23027 3051 -461 3568 185 | 1.23 46363 3548 96274 55.63
Cooldown 3 Inside 23027 -3051 -8 9153 1.85 1.23 38837 11274 88949 49.45
Cooldown 3 Outside 23027 3051 -8 -9072 1.85 1.23 46363 -11203 81523 42.31
Heatup 5 Inside 5406 447 27020 -14010 1.85 1.23 10553 32708 53813 -0.29
Heatup 5 Qutside 5406 -447 27020 14010 1.85 1.23 9450 67266 86165 46.89
Cooldown 5 Inside 5406 447 -49 -24810 1.85 1.23 10553 -30690 -9585 -
Cooldown 5 Outside 5406 -447 -49 24520 1.85 1.23 9450 30150 . 4904.9 -13.43
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Table G-5: Bottom Head Analysis and Results for [[ 11 at 1030 psig*
‘Primary - | Primary | Secondary | Secondary |. .
Case* «Location. Sﬁrfacel Mgmbrane Bendipg ‘Membrane . Bending - .Mm Mp = » K.pm Ktsm_ K Tolszl T-RTnor
: N P Py Sm - S, 23Mn | (psiin ) (psiin™) |- (psiin™) (°F)

, ®s) | Gsh | (ps) o) || | ‘ AR B
it n 2 Inside 18545 -2493 -410 -39260 1.85 1.23 .3v1234 -49180 13289 -
|| 2 Outside 18990 2493 -410 38890 1851 1.23 38206 47205 123617 73.63
I 1 2 Inside 18990 -2493 -3241 12120 1.85 1.23 32057 8952 _ 73066 32.69
1 1 2 Outside 18990 2493 -3241 -12120 1.85 1.23 38206 -20944 . 55468 3.57
it 1 3 Inside 23027 -3051 19 -36410 1.85 1.23 38837 -44870 32804 80.67
M 1 3 Outside 23027 3051 - 19 36090 1.85 1.23 46363 44546 137273 58.15
It )] 3 Inside 23027 -3051 -8 17740 1.85 1.23 38837 21865 99540 30.07
(I 1 3 Outside 23027 3051 -8 -17580 1.85 1.23 4636_3 -21696 71030 -

M 5 Inside 5406 - 447 -23 -10350 1.85 1.23 - 10553 -12807 8298 -
TR 5 Outside 5406 -447 23 10210 | 1.85 | 1.23 9450 12551 31450 -
Il 1l 5 Inside 5406 447 -55 -40660 185 1.23 10553 -50249 -29144 26.41
1) 1 5 Outside 5406 -447 -55 40190 1.85 1.23 9450 49466 68365

* See Section 4.3.2.1.2 and Appendix H for more information regardingAthese transients.
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G.4 Results and Conclusions for Transient Cases:

The results of the discontinuity analysis demonstrate that the linearized stresses in the
bottom head to lower shell and bottom head torus, and beltline regions are bounded by
the bottom head (CRD) Curve B, and the beltline Curve B (Figures 5-7 and 5-8,
respectively).

Beltline

The maximum Fermi Unit 2 plant-specific T - RTyor calculated with the linearized
stresses from the Finite Element Analysis (FEA) for the beltline thickness discontinuity is
64.54°F as shown in Table G-3. The limiting beltline weld material RTyor (ART) at the -
region of the discontinuity is 77°F (see Table 4-6) at 32 EFPY, resulting in T = 141.54°F.
The limiting beltline plate RTnor (ART) at the region of the discontinuity is 45°F (see -
Table 4-6) at 32 EFPY, resulting in T = 109.54°F. .

At 10'30 psig, the 32 EFPY beltline Curve B temperature T = 143.8°F (see Table B-3).
Because the beltline region temperature "T" of 143.8°F is greater than the T = 109.54°F
obtained with the FEA analysis result, the thickness discontinuity remains bounded by
the beltline curve. '

Similarly, the limiting beltline material RTnor (ART) at the region of discontinuity at
24 EFPY is the beltline weld at 62°F (see Table 4-5), resdlting in T = 126.54°F. At
1030 psig, the “T" for the 24 EFPY beltline region Curve B is 132°F. Because the
24 EFPY beltline region Curve B is greater than the “T” obtained by FEA', the thickness
discontinuity remains bounded by'the beltline curve.

Bottom Head to Lower Shell

The maximum Fermi Unit 2 plant—speciﬁb T - RTnor for the thickness discontinuity in the
bottom head to lower shell region at 1030 psig is 80.67°F as shown for Section 3 (see
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Figure G-1 for location of this section) in Tables G-4 and G-5. 'The maximum RTyor for
this region is -10°F for the plates (see Table 4-1) and welds (see Table 4-3). This yields
a maximum value of T = 70.67°F.

From Tables B-1 and B-3, the bottom head T (appropriate for this location) used'in the

analysis for Curve B is 119.6°F at 1030 psig. This value bounds the maximum value of
T =70.67°F, obtained using the linearized stresses from the FEA analysis.

. Bottom Head Lower Torus to Upper Torus

The maximum Fermi Unit 2 plant-specific T - RTnor for the thickness discontinuity in the
bottom head lower to upper torus region at 1030 psig is 73.63°F as shown for Sections 2
and 5 (see Figure G-1 for location of these sections) in Tables G-4 and G-5. The
maximum RTypy for this region is 30°F for the plates (see Table 4-1) and —-50°F for the
welds (see Table 4-3). This yields a maximum value of T= 103.63°F.

From Tables B-1 and B-3, the bottom head T (appropriate for this location) used in the
analysis is 119.6°F at 1030 psig. This value bound; the maximum value of
T = 103.63°F, obtained using the linearized stresses from the FEA analysis.

It has been demonstrated in this analysis that Curve A for the bottom head (CRD) and
beltline regions (Figures 5-1 and 5-4, respectively) bound the temperatures found for the
hydrostatic test pressure temperatures from the FEA analysis. It has also been shown
that Curve B for the bottom head (CRD) beltline regions (Figures 5-7 and 5-10,
respectively) bound the temperatures found for the applicable transient‘pressures from
the stresses obtained in the FEA analysis. Therefore, the transition diséontinuity
stresses in the beltline, bottom head to lower shell, and bottom head upper to lower
torus are bounded by the P-T curves provided in Section 5 of this report.
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Appendix G References:

1. Vessel Drawings

a) Drawing Number E232-895, Rev. 4, “General Arrangement Elevation for
251" ID BWR”, Combustion Engineering, Inc., Chattanooga, Tenn.
(VPF # 1976-077). '

b) Drawing Number E232-901, Rev. 11, “Lower Vessel Shell Assembly —
Machining & Welding”, Combustion Engineering, Inc., Chattanooga,
Tenn. (VPF # 1976-011).

c). Drawing Number E232-902, Rev. 16, “Upper Vessel Shell Assembly -
Machining & Welding”, Combustion Engineering, Inc., Chattanooga,
Tenn. (VPF # 1976-012).

2. Drawing Number E232-900, Rev. 5, “Bottom Head Machining and Welding”,
Combustion Engineering, Chattanooga, Tenn., (VPF # 1976-014).

3. GE Drawing Number 761E246, “Reactor Vessel Thermal Cycles — Reactor
Vessel”, GE-APED, San Jose, CA, Revision 1 (GE Proprietary Information).

4. “Reactor Vessel Purchase Specification Data Sheet”, GE-APED, San Jose, CA,
November 1971 (21A9242AC, Revision 3).

5. QA Records and RPV CMTRs for Fermi 2, GE PO Number 205-H0399,
Contract Number 2667, Manufactured by Combustion Engineering, Inc.,

Chattanooga, Tenn.

6. “Fracture Toughness Criteria for Protectidn Against Failure”, Appendix G to
Section XI of the ASME Boiler and Pressure Vessel Code, 1998 Edition with
Addenda through 2000.

7. “Analysis of Flaws”, Appendix A to Section Xl of the ASME Boiler and Pressure
Vessel Code, 1998 Edition with Addenda through 2000.

8. “PVRC Recommendations on Toughness Requirements for Ferritic Materials”,
Welding Research Councilt Bulletin 175, August 1972,
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APPENDIX H

CORE NOT CRITICAL CALCULATION FOR THE BOTTOM HEAD
' (CRD PENETRATION)
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H.1 Executive Summary

This Appendix deécribes the analytical methods used to determine the T-RTypy value

applicable for the Bottom Head Core Not Critical P-T curves. This evaluation uses new

finite element fracture mechanics technology developed by the General Electric

‘Company, which is used to augment the methods described in the ASME Boiler and

Pressure Vessel Code [1]. [[

1 This method more

accurately predicts the expected stress intensity [[

]I The,peak stress intensities for the pressure and thermal load cases

evaluated are used as inputs into the ASME Code Appendix G evaluation methodology

" to calculate a T-RTnor [[
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1l

H.2 Scope

This Appendix describes the analytical methods used to determine the T-RTypy value
applicable for the Bottom Head Core Not Critical P-T curves. This evaluation uses new
finite element fracture mechanics technology developed by the General Electric
Company, which is used to augment the methods described in the ASME Boiler and
Pressure Vessel Code [1]. This Appendix' discusses the finite element analysis and the
ASME Appehdix G[1] calculatior;s separately below. o '

H.3 Analysis Methods

This section contains technical descriptions of the analytical methods used to perform
the BWR Bottom Head fracture mechanics evaluation. The applicability of the current
ASME Code, Section XI|, Appendix G methods [1]} considering the specific bottom head
geometry is discussed first, followed by a detailed discussion of the finite element
analysis and Appendix G evaluation [1].

H.3.1 Applicability of the ASME Code Appendix G Methods

The methods described in the ASME Code Section XI, Appendix G [1] for demonstrating
sufficient margin against brittle fracture in the RPV material are based upon flat plate
solutions, which consider uniform stress distributions along the crack tip. The method
also suggests that a % wall thickness serhi-ellipticial flaw with.an aspect ratio of
6:1 (length to depth) be considered in the evaluation. V\_/hen the bottom head specific
geometry is considered in more detail the following items become evident:

It

1

Noting these items, the applicability of the methods suggested in Appendix G [[
]l. The ASME Code does not preclude using other methods; therefore, a
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more detailed [{ 1] finite element fracture mechanics analysis [[

1]

was performed. The stress intensity obtained from this analysis is used in place of that
determined using the Appendix G methods [1].

H.3.2 Finite Element Fracture Mechanics Evaluation

An advanced [[ ] finite element analysis of a BWR bottom head geometry
[ : ' : 1
was performed to determine the mode | stress intensity at the tip of a % thickness
postuléted flaw. [{

Finite Elements [[ 1l

All Finite Element Analyses were performed using ANSYS Version 6.1 [2]. [[

)

Structural Boundary Conditions

The modeled geometry is one-fourth of the Bottom Head hemisphere, so symmetry
boundary conditions are used. [[ ’
]] The mesh is shown in Figure 1.
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[

)

Material Properties

Two materials are used as per the ASME Code. Material 1 is SA533, which is used to
model the vessel. Material 2 [{
]] The ANSYS listing of these materials in (pound-inch—secdﬁdﬁF) units are:
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[l

1 , -
EX is the Young's Modulus, NUXY is the Poisson’s Ratio, ALPX is the Thermal

.Expansion Coefficient, DENS is the Density, KXX is the Thermal Conductivity and C is
the Heat Capacity.

Loads

Two loads cases were indépendéntly analyzed.
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1.

Pressure Loading —
An internal pressure of 1250 psi is applied to the interior of the vessel [[

11 In addition, the thin cylindrical shell stress due to this pressure is
applied as a blowoff pressure [[ - ]] at the upper extremity of the
vertical wall of the BWR. Figure 2 shows these loads. [[

1l

Figure 2. Pressure Loads

[l 11 Thermal Transient

[l

1

Thermal loads are applied to the model as time-dependent convection
coefficients and bulk temperatures. Referring to the regions identified in
Figure 3, the corresponding values follow. Convection coefficients (h) are in

units of BTU/(hr-ft-°F) and temperatures (T) are in °F.
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he

Figure 3. Regions To Which Thermal Loads Are Applied

a. Region1: h=25 T=60
b. Regions 2 and 3:

Time (min) h, . hs T
0 496 413 T
1 1l 341 354 {l 1
[l 1 496 413 ([ 1l
([ 1 496 413 0 -1

(0

Temperature Plot vs. Time (min.)

c. Region 4: Adiabatic (exaggerated in size in drawing)
d. Region5:h=0.2, T=100 ' ‘
The peak thermal gradients were used to compute the thermal stresses based on

a uniform reference temperature of 70°F.
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Crack Configurations

The following four cracks were analyzed:

1. A part through crack, % of the vessel wall thickness deep, measured frorﬁ inside
the vessel, [{

1
2. Same as 1, but deptﬁ is measured from outside the vessel
3. Sameas 1, [[ . 0
4. Sameas?2, [[ . 1l
[
1

The cracks considered for this analysis [[

1l
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1l
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1
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Stress Intensity Factor Computation

il

1I
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1

Benchmarking [[ ]l Methodology
(l
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11 The results of these benchmarking studies have demonstrated
the accuracy of this method as used for this evaluation.

Pressure Loading Analysis Results

Il

1
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Benchmarking Of Pressure | oading Results

Pressure Loading‘analyses il

1l
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1
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Thermal Transients Analysis Results

For the thermal transient considered, the inner diameter of thg vessel is hotter than the
outer diameter; hence the I.D. cracks, [{ 1], close due to
the thermal gradient and result in negative Stress Intensity Factors, which is not critical.

However, the O.D. cracks open [[ ' 1 Al
results for the thermal transient will consequently be shown for the O.D. [[ 1l
crack.

In order to identify the peak gradient, three locations were chosen. [[

|

I[ J1 Thermal Gradients [[ 1

Figure 10a is a plot of these three gradients vs. time. Figure 10b is zoomed in to the
_peaking region.
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It can be seen that the peak times and values based on each gradient are: -

Gradient

Peak Time (Min.)

Peak Value (°F)

I

1]

Stress analyses were performed using the temperature distributions obtained from the

thermal analyses at each of these peak times and the Stress Intensity Factors are

shown in Figure 11.

Il

1

H.3.3 ASME Code Appendix G Evaluation

The peak stress intensities for the pressure and thermal load cases evaluated above are

used as inputs to the ASME Code Appendix G evaluation methodology [1] to calculate a

T-RTnor. The Core Not Critical Bottom Head P-T curve T-RTypr is calculated using the

formulas listed below:
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L‘I = S}'-'P-KIp + SFT-KI‘

SF =20
P
SF, =10
K -332)

T-RT,, . = In| ——— -——
NDT "( 20734 ) 002

- Where: Kl is the total mode | stress intensity,
’ Kip is the pressure load stress intensity,
Klt is the thermal load stress intensity,
SFp is the pressure safety factor,
SFtis the thermal safety factor,

Note that the stress intensity is defined in units of: ksi*in'?

H.4 Results

Review of the [{ ]] results above demonstrates that the OD [[ 1]
crack exhibits the highest stress intensity for the considered Ioading. The T-RTnpr to be
used in the Core Not Critical Bottom Head P-T curves shall be calculated using the
stress intensities obtained at this location. The calculations are shown below:

[l

Il
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[3

Note that the pressure stress intensity has been adjusted by the factor [ JJto .
account for the vessel pressure at which the maximum thermal stress occurred. The

finite element results summarized above were calculated using a vessel pressure [[

)

Comparing the T-RTnor calculated using the methods described above to that
determined using the previous GE methoddlogy, 1

1

H.5 Conclusions

For the [[ ]] transient, the appropriate T-RTnpy for use in determining the
Bottom Head Core Not Critical P-T curves [[ ]Jl. Existing Bottom Head Core
Not Critical curves developed using the previous GE methodology [[

|

H.6 References

1. American Society of Mechanical Engineers' Boiler and Pressure Vessel Code
(ASME B&PV Code), Section Xl, 1998 Edition with Addenda to 2000.

2. ANSYS User's Manual, Version 6.1.
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APPENDIX |
FRACTURE MECHANICS EVALUATIbN FOR
| FLAW INDICA;I'ION 124
CONTAINED IN RPV LOWER-INTERMEDIATE SHELL

VERTICAL WELD 15-308B
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Summary -

The purpose of this appendix is to provide a summary of the results of the fracture
mechanics evaluation performed to qualify flaw indicétion number 124 on the RPV
lower-intermediate shell in vertical weld 15-308B. . Analyses are performed to
demonstrate the impact on the beltline curves for both 24 and 32 EFPY.

The indication dimensions used in this evaluation were obtained from [1]. Based on the
results of this evaluation, it is concluded that continued operation in the as-is condition is
justified for the 40-year (32 EFPY) design life of the RPV, including Extended Power
Uprate (EPU). As this indication occurs within the beltline region of the RPV, fluence as
defined in [2] is considered in order to account for irradiation effects.

Backqground

Combustion Engineering Company (CE) used the Upjohn welding technique to fabricate
the longitudinal and meridional seams in a numbér of RPVs, including the Fermi 2 RPV.
The Upjohn welding process allows fabrication of heavy plate sections without the use of
positioning devices. With this welding technique, the major dimension of fabrication
flaws extends through the weld thickness rather than parallel to the thickness as with
other fabrication welding techniques. Other relevant details are:

e The initial inservice examination of the weld was performed in 1998. Fabrication
RT was performed in 1970. .

e The flaw being analyzed results from ASME Code required combination of two

Aco-planar flaws, #123 and #124. In the 2003 IS| data, the flaw location is at
374.6 inches elevation above vessel ‘0’, the flaw lehgth (combined) is 2.0 inches,
and the flaw depth (through-wall) is 4.24 inches.

» The initial (1998) inservice examination data was re-analyzed using the rules in
effect in 2003. The area encompassed the location of the 2003 flaw. A flaw is
present that corresponds with the 2003 flaw #124. The flaw elevation is
374.04 inches, the 'ﬂaw length is 1.0 inch, and the flaw depth is 4.24 inches. The
slight difference in elevation between thé two examinations is attributable to a shift
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in the weld ‘O’ location. This is a low amplitudé (<50% DAC) indication that did not
require recording under the rules in effect in 1998. The indication would have been
recorded and analyzed in 1998, had the current rules been in effect at that time.

e The flaw appears as an acceptable indication in the manufacturer's RT films. This
confirms that it is a fabrication, réther than service-induced, flaw. Evaluation of
preservice examination data is expected to provide further confirmation of this

conclusion.

Indication Characterization

Figure 1 shows the GERIS data sheet that gives the through-wall dimension of the
subject indication, along with its width and surface proximity informétion. The indication
length (through-wall) is 4.24 inches and the width is 2.0inches. The indication is
0.7 inches from the ID surface. The wall thickness at this location is 6.75 inches. Both
the surface distance and the thickness include a clad thickness of 0.3125 inches. For
the purposes of the fracture mechanics evaluation the indication was modeled as a
planar indication with an elliptical shape and the plane of the indication perpendicular to
the circumferential direction. " Figure 2 shows the indication geometry used in the
evaluation. The flaw characterization and surface proximity guidelines of
Paragraph IWA-3300 of [3] were not used since the fracture mechanics .evaluation
results described later in this appendix modéled the exact flaw geometry and clearly
showed that the indication is unlikely to become a surface flaw during future operation.

RPV Geometry, Material. and Loadinq Description

The vessel .inside diameter is 251 inches at the clad surface and the base material
thickness is 6.75 inches minus 0.3125 inches, or 6.44 inches. The leak test/operating
pressure was taken as 1030 ‘psig [1] and the leak test temperature as 120°F at this '
pressure as defined in Appendix B. The only other loading is the therrﬁal gradient stress
resulting from 100°F/hour heatup/cooldown during plant startup/shutdoWn. Upset and
Emergency/Faulted condition events were considered as not Iimitfng'based upon [4].
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The vessel material is SA-533, Gr B, Class 1. Since the indication is entirely located in
the weld metal, the material fracture toughness properties of the weld were used in the
fracture mechanics evaluation. The initial RTnor of the weld metal was determined to
be —50°F as seen in Section 4 of this report. The indication is located at the upper limit
of the beltline region, and there is consequently some effect from the attenuated fluence
level at this location. There is a shift in the RTypr @s a function of effective full power
years (EFPY). The adjusted reference temperature (ART) at this location was
determined to be ~14°F based upon a fluence calculation for 32 EFPY that includes
operation at EPU. Similarly, for 24 EFPY, the ART is —21°F.

Calculated Stresses

Stresses are the key inputsAih the fracture mechanics evaluation. The circumferential
stress due to internal pressure was calculated using the strength of materials
formula (o= PD; / 2t). With the internal pressure, P, as 1030 péig, vessel inside
diameter, D, as (251 + 2 * 0.3125) or 251.62 inches, and the thickness, t, as

6.44 inches, the circumferential stress, o, was calculated as 20.1 ksi.

The thermal gradient stress for the 100°F/hour cooldown rate was calculated usihg a
finite element model and a high heat transfer coefficient value, as 9.2 ksi at the vessel ID
surface and —4.3 ksi at the OD surface. This stress was resolved into a membrane and
a bending stress over the crack length for the purpose of fracture mechanics evaluation.
It is conservative to consider only the cooldown rate since it produces a tensile stress at
the ID surface. ’

A weld residual stress of 8 ksi with a cosine distribution through the thickness was
- assumed [5].

Fracture Mechanics Evaluation

The stress intensity factors at the end of the long and short axes for an elliptical flaw
contained in a plate of infinite dimension are given in standard fracture mechanics
handbooks such as [6} and [7]. The formulas in [7] cover both the membrane stress and
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be'nding stress loadings. However, due to the proximity of the indication to the ID
surface, an increase in the calculated value of the stress intensity factor (K) is expected.
This is called the “edge effect” due to surface proximity. A finite element analysis was
conducted to determiné the edge effect. Figure 3 shows a general view of the finite
element model in which the indication is modeled. Figure 4 shows a close-up of the
area where the indication is modeled. Crack tip elements were used at the periphery of
the elliptical geometry fepresenting the indication. Based on a comparison of the
calculated value of K at the end away from the edge and that near the edge, the edge
effect was determined to be 1.1. This means that the theoretical values of K based on
the infinite piate geometry need to be multiplied by 1.1 to account for the surface
proximity. ‘

The K values were calculated for both the pressure stress and the thermal gradient
stress. The K due to weld residual stress was determined to be 5 ksi-in'? at the long
end of the indication (location ‘a’ in Figure 2). K at the end of the short axis (location ‘b’
in Figure 2) was taken as zero since it is in the compressive region of the postulated

residual stress.

The calculated values of K are shown in Table 1. A fatigue crack grdwth evaluation was
also conducted using the largest value of calculated K (42.5 ksi-in'?) and assumed
390 cycles (equivalent to 15 cycles per EFPY for the remaining 21 EFPY in the 40-year
license period). . The calculated value of fatigue crack growth was 0.04 inches. This
projected fatigue crack growth has insignificant effect on the calculated value of K.
Therefore, the K values in Table 1 that were based on curreht indication dimensions

were not recalculated.

Table 2 shows a comparison of calculated and allowable values of K for the leak test
and the startup/shutdown conditions. It is seen that all of the calculated values of K
(applied K) are less than the corresponding allowable values. The leak test condition is
a more .Iimiting case. Note that the allowable values of K are based upon location ‘a’
and are conservative for location ‘b’, which is farther from the ID surface and therefore
sees a lower fluence.
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Since the values of applied K at location ‘a’ are less than the allowable values, it is also
concluded that the subject indication will not propagate and become a surface flaw
during future operation.

Summary of Results

A fracture mechanics evaluation was conducted using techniques consistent wit_h the
philosophy of Section XI of the ASME Code, The indication was modeled with length
equal to 4.24 inches (along the weld thickness direction) and width equal to 2 inches.
The long end of the indication ié located 0.7 inches from the ID surface, which includes a
clad thickness of 0.3125 inches. '

As demonstrated in Section 4.3.2.2.2 of this report, the hydrotest P-T curve is calculated, .
at 32 EFPY, to require a temperature of 116.8°F at 1055 psig; the corres}ponding'
temperature at 1030 psig is 114.9°F. For these conditions, the allowable value of K is

34,0 ksi-in'2 and does not bound the calculated value of K, which is 35.7 ksi-in"?,

Therefore, the beltiine hydrotest P-T curve must be shifted to the right in order to

increase the allowable value of K, resulting in a calculated value of K that is bounded by

the allowable value of K. For the 32 EFPY curve, an adjustment of 5°F was applied

such that Curve A requires a temperature of 119.9°F at 1030 psig; similarly for 24 EFPY,

an adjustment of 13°F was applied, resulting in a Curve A temperature of 112.9°F at

1030 psig.

Therefore, for the limiting leak test condition at both 24 and 32 EFPY, the highest
calculated value of applied stress intensity factor, K, was 35.7 ksi-in'? and the allowable
value of K was calculated to be 35.9 ksi-in'?. Note that the allowable value of K was
conservatively calculated for location ‘a’, and compared to the calculated value of K,
which is maximum at location ‘b’.

Because the calculated values of K are less than the allowable values of K, the
indication is not expected to become a surface indication during future operation.
Furthermore, the indication is acceptable .in the as-is condition for dperation over
32 EFPY/40 years including extended power uprate.
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Table 1
Applied Stress Intensity Factor (K) Values

K at Location ‘a’ K at Location ‘b’
ksi-in'? ksi-in'?
Plant ( ) ( )
. Pressure Pressure
Condition Weld : Weld
+ Total + Total
Residual ' Residual
Thermal Thermal _
Leak Test* 226 50 27.6 35.7 0.0 35.7
Startup/Shutdown 30.3 50 353 41.5 0.0 41.5
. *No thermal gradient stress for leak test
Table 2
Comparison with Allowable Values
Highest K, ART at
N . Temperature Allowable K*
Plant Condition Applied 32/24 EFPY .. 1R
.1 (°F) (ksi-in™)
(ksi-in'?) (°F)
Leak Test 35.7 -14/-21 120 35.9
Normal
Startup/Shutdown 41.5 -14/-21 Operating 63.3
. Temperature

*Based on a safety factor of ¥10
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Figure 1 :

GERIS 2000 Indication Evaluation Data Sheet fqr Weld 15-308B
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Figure 2 '
Idealized Flaw Geometry Used in the Analysis (Schematic)
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Figure 3
General View of Finite Element Model
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Figure 4 -

Close-up View of Finite Element Model
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