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PREFACE

This report has been technically reviewed and verified by:

ke ]

P. L Strauch E, Lw t. ren pPLS.




TABLE OF CONTENTS

Secuon  Title Page
LIST OF TABLES . . . e i
LISTOFFIOURES .. ......c.cc0ciivnivaotassrcransinsnnarsnssnsasssa in

1.0 IORETIEIRPLITRIRINE - . .o < o i 5 ks i A RS S A a R R e R KT SR 1

20 PRESSURIZED THERMAL SHOCK . . . ... . . . . . i 2

30 METHOD PFORCALCULATION OF RT g - - - -« -0 cvvviviivasssncsainsanan 4

40 VERIFICATION OF PLANT-SPECIFIC MATERIAL PROPERTIES ... .......... 5

50 NEUTRON FLUENCE VALUES . . ... . .. i ianne s 8

6L DETERMINATION OF RT,, VALUES FOR ALL BELTLINE REGION
7 N o 9

70 TR IUTIURIENR : + 5 ¢ o v 500 5 A 46w 3 Mm% 0 3B N A bR Tk e S E e S 12

80 REFERENCES . 13



Table

l"

LIST OF TABLES

Tutle Page

Braidwood Unit | Reactor Vessel Beltline Region Material Properties Used in

Calculations . .. .. .. ... ... ... .. ..... e B e o e 7

Neutron Exposure (n/cm’, E>1.0 MeV) Projections at Peak Location on the
Braidwood Unit 1 Pressure Vessel Clad/Base Metal Interface . . ... ... .. ... .. .. .. 8

Calculation of Chemistry Factors Using Braidwood Unit 1 Surveillance Capsule

R 10
PTS Calculations for Braidwood Unit 1 . . .. .. . ... i 11

LIST OF FIGURES

Title Page

Identification and Location of Beltline Region Matena! for the Braidwood Unit 1

REROIOF WEBEBBBL . . . . v o s it vv s ovn sie i se ma st e mnie o s s s kr e sls s e 6

RT,, versus Fluence Curves for Braidwood Unit 1 Limiting Material - Weld
R e o 12

in



SECTION 1.0
INTRODUCTION

A hmiting condition on reactor vessel integrity known as Pressurized Thermal Shock (PTS) may occur
during a severe system transient such as a Loss-Of-Coolant-Accident (LOCA) or a steam line break.

Such transients may challenge the integrity of a reactor vessel under the following conditions:

- severe overcooling of the inside surface of the vessel wall followed by high

repressurization,

- sigmificant degradation of vessel material toughness caused by radiation embrittiement;

and

- the presence of a critical-size defect in the vessel wall.

In 1985 the Nuclear Regulatory Commission (NRC) issued a formal ruling on PTS. It established
screening criteria on pressunized water reactor (PWR) vessel embrittlement as measured by the
nil-ductility reference temperature, termed RT,.'". RT, screening values were set for beltline axial
welds, forgings or plates and for beitline circumferential weld seams for the end-of-license plant
operation. The screening criteria were determined using conservative fracture mechanics analysis
techniques. All PWR vessels in the United States have been required to evaluate vessel embnttlement
in accordance with the critenia through end of license. The NRC recently amended its regulations for
light water nuclear power plants to change the procedure for calculating radiation embrittlement. The
revised PTS Rule was published in the Federal Register, May 15, 1991 with an effective date of June
14, 1991 This amendment makes the procedure for calculating RT,, values consistent with the

methods given in Regulatory Guide 1.99, Revision 2.

The purpose of this report is to determine the RT,, values for the Braidwood Unit | reactor vessel to
address the revised PTS Rule. Section 2.0 discusses the Rule and its requirements. Section 3.0
provides the methodology for calculating RT,  Section 4.0 provides the reactor vessel beltline region
matenial properties for the Brasdwood Unit | reactor vessel. The neutron fluence values used in this
analysis are presented in Section 5.9 The results of the RT,, calculations are presented in Section
6.0. The conclusions and references for the PTS evaluation follow in Sections 7.0 and 8.0,

respectively



SECTION 2.0
PRESSURIZED THERMAL SHOCK

The PTS Rule requires that the PTS submittal be updated whenever there are changes in core loadings,
surveillance measurements or other information that indicates a significant change in projected RT
values. The Rule outlines regulations to address the potentiai for PTS events on pressurized water
reactor vessels in nuclear power plants that are operated with a license from the United States Nuclear
Regulatory Commission (USNRC). PTS events have been shown from operating experience to be
transients that result in a rapid and severe cooldown in the primary system coincident with a high or
increasing primary system pressure. The PTS concern arises if one of these transients acts on the
beltline region of a reactor vessel where a reduced fracture resistance exists because of neutron
irradiation. Such an event may result in the propagation of flaws postulated to exist near the inner

wall surface, thereby potentially affecting the integrity of the vessel.

The Rule establishes the following requirements for all domestic, operating PWRs:

*  All plants must submit projected values of RT,, for reactor vessel beltline material by
giving values for time of submuttal, the expiration date of the operating license, and the
projected expiration date if a change in the operating license or renewal has been
requested. This assessment must be submitted within six months after the effective date
of this Rule if the value of RT, for any matenal is projected to exceed the screening
criteria. Otherwise, it must be submitted with the next update of the pressure-temperature
limits, or the next reactor vessel surveillance capsule report, or within 5 years from the
effective date of this Rule change, whichever comes first. These values must be
calculated based on the methodology specified in this rule. The submittal must include

the following:

1) the bases for the projection (including any assumptions regarding core loading

patterns), and

2)  copper and nickel content and fluence values used in the calculations for each
beltline material. (If these values differ from those previously submitted to the

NRC, justification must be provided.)

2



The RT,,, (measure of fracture resistance) screening criteria for the reactor vessel beltline
region is:
270°F for plates, forgings, axial welds; and

300°F for circumferential weld material.

The following equations must be used to calculate the RT,, values for each weld, plate
or forging in the reactor vessel beltline:

Equation I:© RT, =1+ M+ ART,

Equation 2: ART,, = CF * { 02 010lxb

All values of RT,,, must be verified to be bounding values for the specific reactor vessel.
In doing this each plant should consider plant-specific information that could affect the

level of embnittlement.

Plant-specific PTS safety analyses are required before a plant is within 3 years of reaching

the screening cnteria, including analyses of alternatives to minimize the PTS concem.

NRC approval for operation beyond the screening criteria 1s required.



SECTION 3.0
METHOD FOR CALCULATION OF RT,

In the PTS Rule, the NRC Staff has selected a conservative and uniform method for determining
plant-specific values of RT,,¢ at a given time. For the purpose of comparison with the screening
criteria, the value of RT,, for the reactor vessel must be calculated for each weld and plate or forging

in the beltline region a: follows.
RTps = I+M + ART,,,, where ART,,, = CF * FF
I= Initial reference temperature (RTy,,,) in °F of the unirradiated material

M= Margin to be added to cover uncertainties in the values of initial RT,,,, copper and nickel
contents, fluence and calculational procedures, per Regulatory Guide 1.99, Revision 2, in °F.
M = margin = 2 V‘a,,2 + 0% °F

0, = 0°F when I 1s a measured value
o, = 17°F when | 1s a generic value
For plates and forgings:
0, = 17°F when surveillance capsule data is not used
0, = 8.5°F when surveillance capsule data is used
For welds:
0, = 28°F when surveillance capsule data is not used
0, = 14°F when surveillance capsule data is used
0, not to exceed 0.5*ART

f D200 g N

FF = fluence factor = , where

f= Neutron fluence (E>1.0 MeV) at the clad/base metal interface divided by 10" n/em’

CF

Chemustry Factor in °F from the tables”’ for welds and base metals (plates and forgings). If
plant-specific surveillance data from the surveillance program'® has been deemed credible per
Regulatory Guide 1.99, Revision 2, it may be considered in the calculation of the chemistry

factor



SECTION 4.0
VERIFICATION OF PLANT-SPECIFIC MATERIAL PROPERTIES

Before performing the pressurized thermal shock evaluation, a review of the latest plant-specific
matenal properties for the Braidwood Unit | vessel was performed. The beltline region is defined by
the PTS Rule”™ to be "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 irradiation damage to
be considered in the selection of the most limiting material with regard to radiation damage.” Figure 1
dentifies and indicates the location of all beltline region material for the Braidwood Unit 1 reactor

vessel.

Matenal property values were obtained from material test certifications from the original fabrication as
well as the additional matenial chemistry tests performed as part of the surveillance capsule testing

program'*

. The copper and nickel values used in the calculations were obtained from Reference 5. A
summary of the pertinent chemical and mechanical properties of the beltline region forgings and weld

material of the Braidwood Unit 1 reactor vessel are given in Table 1.
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TABLE 1|

Braidwood Unit | Reactor Vessel Beltline Region Material Properties Used in Calculations

| Material ] 1% Chemistry Factor Initial RT " }

Intermedhate Shell Forging 0.05 073 31.0% -30
Lower Shell Forging 004 074 260" 20
using S/C data 188 -20
Weld Metal 0.03 067 41.0™ 40
20.6*' 40

using $/C data

(a) Initial RT, values are measured values
{h) Chemustry Factor calculated per Regulatory Guide 1.99, Revision 2, Position 1.1
(¢) Chemustry Factor calculated per Regulatory Guide | 99, Revision 2, Position 2.1



SECTION 5.0
NEUTRON FLUENCE VALUES

The calculated peak fast neutron fluence (E>1.0 MeV) values at the inner surface of the Braidwood
Unit 1 reactor vessel are shown in Table 2. These values were projected using the results of the
Capsule X radiation surveillance program™. The RT, calculations were performed using peak

fluence values, which occur at the 25 azimuthal angle of the Braidwood Unit 1 reactor vessel.

TABLE 2
Neutron Exposure (n/cm’, E>1.0 MeV) Projections at Peak Location on the
Braidwood Unit | Pressure Vessel Clad/Base Metal Interface

25°

Base & Weld Metal

4234 2963 x 10"

32 2.239 x 10"

48 3358 x 10"
S



SECTION 6.0
DETERMINATION OF RT,, VALUES FOR ALL BELTLINE REGION MATERIAL

Using the prescribed PTS Rule methodology, RT,, values were generated for all beltline region
material of the Braxdwood Unit 1 reactor vessel for fluence values at the present ime (4.234 EFPY per
Capsule X analysis), end-of-license (32 EFPY), and 48 EFPY. The PTS Rule requires that each plant

assess the RT,, values based on plant specific surveillance capsule data whenever:

Plant specific surveillance data has been deemed credible as defined in Regulatory Guide

1.99, Revision 2, and

RT, values change significantly. (Changes to RT,,¢ values are considered significant if the
value determined with RT, equations (1) and (2), or that using capsule data, or both, exceed
the screening criteria prior to the expiration of the operating license, including any renewed

term, if applicable, for the plant.)

Although the RT,,¢ value changes are not significant for Braidwood Unit 1, plant specific surveillance

capsule data for the lower shell forging and weld metal is provided because of the following reasons:

1) There have been two capsules removed from the reactor vessel, and the data is deemed

credible per Regulatory Guide 1.99, Revision 2.

2)  The surveillance capsule materials are representative of the actual vessel forging and weld

material.

The chemustry factors for the lower shell forging and weld metal were calculated using the surveillance
capsule data as shown in Table 3. The chemustry factors were also calculated using Tables 1 and 2
from 10 CFR 50.61"7" Table 4 provides a summary of the RT,, values for all beltline region material
for 4.234, 32, and 48 EFPY.



TABLE 3

Calculation of Chemstry Factors Using Braidwood Unit | Surveillance Capsule Data'™

Lower Shell Forging (Tangenual) 0.3814 0.733 0.538
1 144 1 038 30 31.127 1.077
Lower Shell Forging (Axial) 03814 0733 0 0.000 0.538
1144 1. 038 25 25939 1.077
Sum 60.733 3228
CF = Y(FF * RTy,;) = Y(FF) = 188
Weld Metal 03814 0.733 10 7.333 0.538 |l
1 144 1.038 25 25939 1.077
Sum 33.272 1614

e

f

FF = fluence factor = £ 03 -0 1!

Chemustry Factor for the Lower Shell Forging based on surveillance capsule data = 18.8°F

Chemistry Factor for the Weld Metal based on surveillance capsule data =

= Y (FF * RTyqy) =

10

Nuence « 10" n/em’, All values taken from Section 6.0 of Reference 5

Y(FFY = 20.6

20.6°F




TABLE 4
PTS Calculations for Braidwood Unit |

e o [ o [ oo | o T ] om ] akn, ] e

; 4.234 EFPY

|
?
|
1

Inter. Shell Forging 0.08 0.73 310 0.2963 0.6671 -30 2068 20.68 11.4

Lower Shell Forging 0.04 074 260 0.2963 06671 -20 17.34 17.34 147
using S/C data 188 02963 0667 -20 12.54 12.54 5.1

Weld Metal 0.03 0.67 41.0 0.2963 06671 40 2735 273§ 94 7
using $/C data 206 0.2963 0.667] 40 13.74 1374 675

Inter. Shell Forging 0.05 073 310 2.239 1.218 -30 34 31.17 418

Lower Shell Forging 004 074 260 2.239 1.218 -20 3168 31.68 434
using S/C data 188 2239 1.218 -20 17 2290 198

Weld Metal 0.03 067 410 2.239 1.218 40 4995 49 95 1399
using S/C data 206 2.239 1218 40 25.10 2510

I] 48 EFPY
*m

Inter. Shell Forging 0.05 073 310 31358 1.317 -30 34 4083

Lower Shell Forging 004 074 26.0 31358 1.317 -20 34 3425 483
using S/C data 188 3358 1.317 -20 17 2476 218

Weld Metal 003 0.67 410 3358 1.317 40 54 00 54.00 148.0

206

3358

40

using §/C data 1.317

Imuial RT,, values are measured values

All of the beitline matenal in the Brasxdwood Unit 1 reactor vessel is below the screening criteria at 32
g

and 48 EFPY. The following plot of RT, versus fluence (Figure 2) also illustrates the available

margin, where RT, ¢ = 1+ M + ART,




SECTION 7.0
CONCLUSIONS

As shown in Table 4, all RT,, values remain below the NRC PTS screening criteria values using
fluence values for the present ume (4.234 EFPY), end-of-license (32 EFPY), and 48 EFPY. A plot of
the RT,,, values versus fluence, shown in Figure 2, illustrates the available margin for the most

limiting matenal in the Braidwood Unit 1 reactor vessel belthine region, the weld metal WF-562

350
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300
250
<
E 200
[+
150 —
Weld
100 & .
Weld Metal u ; ule data
50 . 1
2.963E+18 2.239E+19 3.358E+19
Fluence (n/cm2)
Figure 2 RT,;, versus Fluence Curves for Braidwood Unit 1 Limiting Material - Weld Metal
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