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FOREWORD

This document conteins Westinghouse £lectric Corporation proprietary
information and data which has been igentified by brackets. Cocing associates
with the brackets sets forth the basis on which the information is coneidered
proprietary. These codes are listed with their meanings in WCAP-7211,

The proprietary information and date contained in this report were obta‘res at
considerable westinghouse expense anc its release could serious'y affect our
competitive position. This information is to be withheld from public
disclosure in accordance with the Rules of Practice 10 CFR 2,780 and the
information presented herein be safeguarded in accordance with 10 CFR 2,803,
withholding of this information does not adverse'y affect the pub)ic interest.

This information has been provided for your internal use only and should net
be released to persons or organizations outside the Directorate of Regulation
and the ACRS without the express written approval of Westinghouse £lectric
Corporation. Should it become necessary to release this information to such
persons as part of the review procedure, please contact Westinghouse Electric
Corporation, which will make the necessary arrangements reguired to protect
the Corporation's proprietary interests.

The preprietary information is deleted in the unclassified version of this
report (WCAP-12826).
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EXECUTIVE SUmMaRY

The existing structura) design basis for the reactor coolant systems of tre
Joseph M, Farley Units 1 ang 2 nuclear reactor power plants resuires that the
dynamic effects of pipe breas ve evaluated and that protective measures for
such breaks be incorporated into the design., However, within the 'ast decace,
such breaks have been shown to be highly unlikely and should not be ‘ne'uded.
in geners!, in the structural design basis of Westinghouse type pressurzed
water reactors, for example. 7o eliminate primary loop pipe treaks from the
design basis, 1t must be demonstrated to the satisfaction of the V.S, Nutlear
Regulatory Commission that a leak-before-dreak situation exists, This report
provides such & demonstration for the Joseph M. Farley Units 1 ang 2 nuclesr
power plants,

In this report i1 is shown that the primary 'oops are highly resistant to
stress corrosion cracking and high and low cycle fatigue. Water hammer is
mitigated by system design and operating procedures.

The primary loops were extensively examined. The as-built geometries for the
pipe and elbows and loadings were obtained. The materials were evaluated
using the Certified Materia's Test Reports. Mechanica) properties were
determined at operating temperatures. Since the piping systems are fabricated
from cast stainless steel, fracture tuughnesses consigering therma! aging were
determined for each neat of material,

Based on loading, pipe geometry and fracture toughness considerations,
enveloping critical locations were determined at which leak-before-break crack
stability evaluations were made. Through-wa!l flaw sizes were foung which
would leak at a rate of ten times the leakage detection system capabilities of
the plants. Large margins in such flaw sizes were shown against flaw
instability, Finally, fatigue crack growth was shown not to be an issue for

the primary loops.
It is concluded that dynamic effects of reactor coolant system primary loop

pipe breaks need not be considered n the structura) design basis of the
Joseph M, Farley Units 1 and 2 nuclear power plants,
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SECTION 1.0
INTRODUCT!

1.1 Purpose

This report applies to the Joseph M, Farley Nuclear Power Plant Units 1 and 2
(Farley) Reactor Coolent System (RCS) primery loop piping. It i3 intended to
demonstrate that for the specific parameters of the Farley plants, RCS primary
100D Dipe breaks neec not be consicered in the structura) design basis. The
approach taken has been accepted by the Nuclear Regulatory Commission (NRC)
(reference 1-1).

1.2 Scope

The existing structura) design basis for the RCS primery loop reguires that
dynamic effects of pipe breaks be evaluated. Specifically, the LOCA design
basis for the Farley plants includes eleven breaks postulated in the RLS
primary loop pioing: the six terminal ends in the cold, hot, and Crossovar
legs; & split in the steam generator inlet elbow, the loop closure we'ld in the
crossover leg; end the nozzle welds for the three large branch lines
(accumulator, resicual heat removal, and surge )ines). However, wWestinghouse
has demonstrated on a generic basis that RCS primary loop pipe breaks are
highly unlikely and should not be included in the structural design basis of
westinghouse plants (ses reference 1-2). In order to demonstrate this
appiicability of the generic evaluations to the Farley plants, Westinghouse
hes performed a fracture mecnanics evaluation, a determination of leak rates
from a through-wal) crack, & fatigue crack growth evaluation, and an
assessment of margins against crack instability consistent with the
leak-before-break (LBE) methodelogy. Through this successful application of

the LBE methodology, the wight break locations in the RCS primary loop piping

(the branch lines have not been included in this evaluation) are eliminated
from Farley's structural design basis,

1.3 Objectives

In order to validate the elimiration of RCS primary Toop pipe breaks for the
Fariey p'ants, the following objectives must be acnieved:
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8. Demonstrate that margin exists between the critical crack size and @
postulated crack which yie'ds & detectable leak rate.

b, Demonstrate that there is sufficient margin between the 'eakage
through & postulated crack and the leak detection capability of the
Farley plants,

¢. Demonstrate margin on applied load.

d. Demonstrate that fatigue crack growth is negligible.

1.4 !!gugrg!ng Information

Westinghouse has performed considerable testing and analysis to demonstrate
that RCS primary loop pipe breaks can be eliminated from the structura) design
basis of al] Westinghouse plants. The concept of eliminating pipe breaks in
the RCS primary loop was first presented to tne NRC in 1878 in WCAP-9283
(reference 1-3). That topical report employed a deterministic fracture
mechanics evaluation and a probabilistic analysis to support the elimination
of RCS primary loop pipe breaks. That approach was then used as a means of
addressing Generic lssue A-2 and Asymmetric LOCA Loads.

westinghouse performed additional testing and analysis to justify the
elimination of RCS primary loop pipe breaks. This material was provided to
the NRC along with Letter Report NS-EPR-2518 (reference 1-4),

The NRC funded research through Lawrence Livermore Nationa) Laboratory (LLNL)
to address this same issue using a probabilistic approach. As part of the
LLNL research effort, Westinghouse performed extensive evaluations of specific
plant loads, material properties, transients, and system geometries to
demonstrate that the analysis and testing previously performed by Westinghouse
and the research performed by LUNL applied to all Westinghouse plants
(references !5 and 1-6). The results from the LLNL study were released at a
March 28, 1983 ACRS Subcommittee meeting. These studies which are applicable
to all Westinghouse plants east of the Rocky Mountains determined the mean
probability of a direct LOCA (RCS primary loop pipe break) to be 4.4 x 10'12

LV 17 PRLART " 1_2



. o7
Per reactor year and the mesn probability of an indirect LOCA to be 10 ' per
resctor year. Thus, the results previously sbteined by Westinghouse
(reference 1-3) were confirmed by an independent NR( research study.

Based on the studies by Westinghouse, LLNL, the ACRS, and the AIF, the NRC
completed a safety review of the westinghouse reports submitted to address
asymmetric blowdown loads that result from a number of discrete break
locatfons on the PWR primary systems. The NRC Staff evaluation (reference
1=1) contludes that an acceptable technical basis has been provided so that
asymmetric blowgown loads need not be considered for those plants that can
demonstrate the epplicability of the modeling and conclusions contained in the
westinghouse response or can Jrovide an equiva'ent fracture mechanics
demonstration of the primary coolant 'oop integrity. In & more forma'
recognition of LBB methodology applicability for PWRs, the NRC appropriately
modified 10 CFR 50, Genera! Design Criterion 4, "Requirements for Protection
Against Dynamic Effects for Postulated Pipe upture’ (reference 1-7),

This report provides a fracture mechanics demonstration of primary loop
integrity for the Farley plants consistent with the NRC position for exemption
from consideration of dynamic effects.

Several computer codes are used in the evaluations. The main-frame computer
programs are under Configuration Control which has requirements conforming to
Standard Review Plan 3.9.1, The fracture mechanics calculations are
independent!y verified (benchmarked).

1.5 References

1=1 USNRC Generic letter 84-04, Subject: “Safety Evaluation of Westinghouse

Topical Reports Dealing with Elimination of Postulated Pipe Breaks in PR
Primary Main Loope," February 1, 1984,

12 Letter from Westinghouse (E. P, Rahe) to NRC (R, M. Volimer),
NS-EPR-2768, dated May 11, 1983,

1*3 WCAP-3283, "The Integrity of Primary Piping Systems of westinghouse
Nuclear Power Plants During Postulated Seismic Events," March, 1978,
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1+%

Letter Report NS-EPR-251%, westinghouse (E. P, Rahe) to NRC (D, 6.
Eisenhut), westinghouse Proprietary Class 2, November 10, 1961,

Letter from Westinghouse (E. P. Rahe) to NRC (W. V., Johnston) cated Apri)
25, 1983,

Letter from Westinghouse (E. P. Rahe) to NRC (W. V. Johnston) dated July
25, 1983,

Nuclear Regulatory Commission, 10 CFR 50, Modification of General Design
Criteria 4 Recuirements for Protection Against Dynamic Effects of
Postulated Pipe Ruptures, Final Rule, Federal Register/Vel. 52, Ne,
207/Tuescay, October 27, 1587/Rules anc Ragulations, pp. 41288-4128%,
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SECTION 2.0
OPERATION AND STAZILITY OF THE REACTOR COOLANT SYSTEM

2.1 3tress Corropion Cracking

The Westinghouse reactor coolant system primary loops have an operating
history that demonstrates the inherent cporating stability craracteristics of
the design. This includes & Tow susceptibility to cracking failure from the
offects of corrosion (e.9., intergranular stress corrosion cracking), This
operating history totals over 450 reactor-years, incluging five plants each
having over 17 years of cperation and 15 other plants each with over 12 years

of operstion,

In 1978, the United States Nuclear Regulatory Commission (USNRC) formed the
second Pipe Crack Study Group. (The first Pipe Crack Study Group estad)ished
in 1975 adaressed cracking in boiling water reactors only.) One of the
objectives of the second Pipe Crack Study Group (PCSG) was to include & review
of the potential for stress corrosion cracking in Pressurized wWater Reactors
(PWR's). The results of the stucy performed by the PCSG were presented in
NUREG-0531 (reference 2+1) entitlec "Investigation and Evaluation of Stress
Corrosion Cracking in Piping of Light water Reactor Plants.” In that report

the PCSC stated:

“The PLSG has cetermined that the potential for stress-corrosion cracking
in PR primary system piping is extremely low because the ingredients
that produce IGSCC are not 2!l present. The use of hydrazing additives
and a hydrogen overpressure limit the oxygen in the coolant to very low
'evels. Other impurities that might ceuse stress-corrosion crecking,
such as halides or caustic, are also rigidly controlled, Only for brief
periods during reactor shutdown when the toolant is exposed to the air
&nd during the subsequent startup are conditions even marginally capadble
of producing stress-corrosion cracking in the primary systems of PwRs.
Operating experience in PWRs supports this determimation. To dute, no
stress- corrosion cracking has been reported in the primary piping or
safe ends of any PWR,"
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During 1878, several instances of cracking in PWR feecwater piping led to the
establishment of the thirg PCSG. The investigations of the PCSG reported in
NUREG-069]1 (reference 2-2) further confirmed that no occurrences of [GSCC have
been reported for PWR primary coo'ant systems,

As stated above, for the westinghouse plants there is no history of cracking
fatlure in the reactor coolant system 'oop. The discussion below further
gualifies the PCSG's findings.

For stress corrosion cracking (SCC) to occur in piping, the following three
conditions must exist simultaneously: high tensile stresses, susceptid'e
material, and a corrosive environment, Since some residue! stresser and some
degree of material susceptibility exist in any stainless stee! piping, the
potential for stress corrosion is minimized by properly selecting a materia’
immune to SCC as we!l as preventing the occurrence of 2 corrosive
environment, The material specifications consider compatibility with the
system's operating environment (both internal and external) as we'!) as other
material in the system, applicable ASME Code rules, fracture toughness,
welging, fabrication, and processing.

The elements of a water environment known to increase the susceptibility of
austenitic stainless stee! 2 stress corrosion are: oxygen, fluorides,
chlorides, hydroxides, hydrogen percxide, ang reduced forms of sulfur (e.g.,
sulfiges, sulfites, and thionates). Strict pipe cleaning standards prior to
operation and careful control of water chemistry during plant operation are
Jsed to prevent the occurrence of a corrosive environment., Prior to being put
into service, the piping is cleaned internally and externally. During flushes
and preoperational testing, water chemistry is controlled in accordance with
writton specifications. Requirements on chlorides, fluorides, conductivity,
‘and pH are included in the acceptance criteria for the piping,

Ouring plant cperation, the reactor coclant water chemistry is monitored and
maintained within very specific 1imits., Contaminant concentrations are kept
low the thresho'ds known to be conducive to stress corrosion cracking with
the major water chemistry control standards being included in the plant
operating procedures as a concition for plant operation. For example, during
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2.3 Low ] ngd High Cyele Fat)

Low cycla fatigue considerations are acceunted for in the design of the piping
system through the fatigue usage factor evaluation to show compliance with the
rules of Section 11l of the ASME Code. A further evaluation of the low cycle
fatigue 1oadings was carried out as part of this study in the form of a
fatigue crack growth analysis, as discussed in section 8.0

Moy cycle fatigue loads in the system would result primarily from pump
vibrations. These are minimized by restrictions placed on shaft vibrations
during hot functional testing and operation. During operation, an alarm
signals the exceedenze of the vibration limits. Field measurements have been
made on a number of plants during hot functional testing, including plants
similar to the Farley Units 1 and 2. Stresses in the elbow below the reactor
¢oolant pump resuiting from system vibration have been found to be very small,
between 2 and I ksi at the nighest. These stresses are we!l below the fatigue
endurance 1imit for the material and would also result in an applied stress
intensity factor below the threshold for fatigue crack growth,

2.4 R,f!r!nc’!

¢*1 Investigation and Evaluation of Stress-Corrosion Cracking in Piping of
Light Water Reactor Plants, NUREG-0531, U.S. Nuclear Regulatory
Commission, February 1879,

2+2 Investigation and Evaluation of Cracking Incidents in Piping in

Pressurized Water Reactors, NUREG-CE31, U.S. Nuclear Regulatory
Commission, September 1580.
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SECTION 3.0
PIPE GEOMETRY AND LOADING

3.1 1"5'22!5}120 e !25?12921231

The genera’ approach 1 discussed first. As an example & segment of the
primary coolant hot Teg pipe of Farley Unit | 48 shown in figure 3+, The
as-built outsice ciameter ang minimum wal' thizkness of the pipe are 31,78 in,
and 2.28 in., respectively, as seen ‘n the figure. Norma) stresses at the
weld Tocations result from the Toad combination procecure discussed in section
3.3 while fau'ted Toac are deve'oped as sutlined in section 3.4. The
comporents for normal Toads are pressure, cead weight and therma’ exm

An agditional component, Safe Shutdown Earthauake (SSE), 4s consie

faulted loads. As seen later the highest stressed ‘ocation in tha /Op
s at the reactor vesse! outlet nozz'e to pipe weld, This location ag
the loag critical location and is one of the Tocations at which, as an
enveloping location, leak-before-breek ‘s to be estad)ished, Essentrally o
circumferential flaw is postulated to exist at this location thus the

'oads and faulted loads must be aveilable to assess leakage ang stapility,
respectively. The Toads (developed pelow) et this location for Farley Unit 1
are also given in Figure 3-1.

Since the pipe ana fittings are cast stainless stee!, therma! aging must de
considered (see section 4.0), Therma) aging results in lower fracture
toughness criteria; thus, other locations than the highest stressed 'ocation
must De examined taking into consideration doth fracture toughness and
stress. The enveloping locations so determined are ca)led tougrness critical
ocatisns, The single most critical location is apparent only after the ful
anelyses is completed. Once loads (this section) and fracture toughnesses
(section 4.0) are available, the load critical and toughness critica)
locaticns are determined (see section 5.0). At these locations, leak rate
evaluations (see section 6.0) and fracture mechanics evaluations (see section
7.0) are performec per the guidance of reference 3-1. Fatigue crack growth
(see section 8.0) and stability margins are a'so evaluated (see section $.0).
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The lozations for evaluation are those shown in figure 3-2.

3.2 EI’SB’!NE” 21 Loeds ang §tr!;!!!

The stresses due to axial loads and bending moments are calculated b, the
following egquation:

segey 3+1
where,

0 * o stress

F . axia) loag

L ’ bending moment

A o pipe cross-sectiona) area

i . section mogulus

The bending moments for the desired loading combinations are calculated by the
following equation:

Moe Myz . Mzz (3=2)
where,

M ’ bending moment for required loading

“Y s Y component of bending moment

My ® I component of bending moment

The axial load and bending moments for leak rate predictions and crack
stability analysis are computed by the methods to be explained in sections 3.3
and 3.4,

3.3 s for Leak R valyation

The norma! operating loads for leak rate predictions are caltulated by the
following equations:
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F . FDH * FTH » FP
My = (Mylpy * (My)yy
Mo ¢ (Malpy * (My)ey

* (Mylp
™
-

'p
The subscripts of the above equations represant the following loading cases:
W » deadweight
T = norma! therma! expansion
P . load due to internal pressure

This method of combining loads is often referred as the algebraic sum method.

The loads based on this method of combination are provided in tables 3-1 and

3+2 for Farley Units 1 and 2, respectively, at all the locations identified ‘n

figure 3-2. The as-built dimensions are alsc given,
3.4 ination for Crack Stability Analysi

In accordance with standard review plan 3.6.3 the absolute sum of loading
components can be applied which results in higher magnitude of combined
loads. [f crack stability is demonstrated using these 1~ius, the LBB margin
on loads can be reduced from v 2 to 1.0. The absolute summation of

loads results in the following equations:

* Fespam (3-6)

'sSEINERTIA| * | (Mylgsgan! (3°7)

F o IFpyl ¢ (Fryl ¢ 1Fpl * IFegerupprsa
"
(Mgl = Mplsseinerrial * |(Mp)gsgay! (3°8)

My © Myipy! & [(Mydgyl * [(Ny)pi <
- (~2)7H| .

Mg ¢ I(Maloy .
where s:bscripts SSE, INERTIA and AM mean safe shutdown earthquake, inertia
‘and anchor motion, respactively.

The Toads so J~termined are used in the fracture mechanics evaluations
(section 7.0) to demonstrate the LBB margins at the locations established to
be the governing locations. The loads at all the locations of interest (see
figure 3-2) are summarized in tables 3-3 and 3-4 for Farley Units | and 2,
respectively.

AAP8e-01 121 10 3.
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TABLE 3-}
DIMENSIONS, NORMAL LOADS AND NORMAL STRESSES FOR
FARLEY UNIT )

Outside Axial Bending
Location® °2::f§" Th2§:77" %::St) (?:T:?;s) S}:::?
)\ 33.78 2.28 1458 25150 ¢l.6
2 33.78 2.28 1456 12519 14.0
3 36.96 2.88 1519 208385 13.4
a 36.76 2.88 1644 6412 8.0
) 36.08 2.42 1830 5168 8.9
6 36.08 2.42 1625 4928 8.8
7 26,08 2. 42 1711 7406 7.3
8 36.08 2.42 1711 3091 8.2
5 37.16 2.98 1819 8586 9.1
10 32.03 2.18 1369 447 9.9
i1 32.03 2.16 1370 4389 9.9
12 32,03 .56 1365 4314 8.1

& See figure 3-2

Includes pressure

a6y 22800 0 3.5



TABLE 3-2
DIMENSIONS, NORMAL LOADS AND NORMAL STRESSES FOR
FARLEY UNIT 2

Outside Axial Bending

g Uiemeter Thickness woad Moment Stress
wocation (1n.) (4n.) (kips)  (in=kips) (ksi)
l 33.81 ¢.30 1456 28150 el.é
2 3.8 2.30 14%6 12619 13.8
3 36.20 2.5 1819 20635 18,6
- 35.20 ¢.50 184 6412 $.3
$ 3.11 2.48 1630 sie8 8.8
6 36.11 2,45 L1628 4529 8.7
? 36.11 2,48 1l 7408 7.9
8 36.11 2.48 171 3081 8.1
9 37.82 3.16 1819 8586 8.%
10 32.07 2.18 1369 4427 8.8
1l 2.0 2.18 1369 4388 9.8
iz 3.1 .22 1368 4314 9.5

; See figure -2

Includes pressure
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TABLE 3-4
FAULTED LOADS AND STRESSES FOR FARLEY UNIT 2

Axia) Load® Bending Moment Stress
Location®? (kips) (n=kips) (kst)
! 1767 30130 25.7
y 176% 16101 17.3
3 2072 26018 20.3
4 1937 19498 16.7
o 1898 1307 14,1
8 1880 688y 10.7
7 1840 7274 10.7
8 1834 206 12.1
9 1896 16486 117
10 1576 10665 15.1
13 1580 8615 13.7
12 1538 8689 13.3
f See Figure 3-2
: See table 3-2 fir d mensions

Includes pressure
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For leak-before-break fracture evaluations the true stress-true strain curves
must be available. Such curves were obtained using the Nuclear Systems
Meterials Handbook (reference 4-1). The average and lower bound true
siress-true strain curves are given for Farley Unit 1 in Figures 4-1 through
4-8, Similar curves for Farley Unit 2 are given in figures 4-9 through §-12.
Curves at both 544°F and 611°F are presented.

4,3 Fracture Tvughness Properties

The pre-service fracture toughness of cast materials in terms of J have been
found to be vaéy high at 600°F., Typical results for a cast material are given
in figure 4-13 taken from reference 4-2, ch is observed to be over 5000
in-‘bs/inz. However cast stainless steels are subject to thermal aging
during service. This thermal aging causes an elevation in the yield strength
of the material and a degradation of the fracture toughness, the degree of
degradation being somewhat proportional to the level of ferrite in the

material,

To determine the effects of thermal aging on piping integrity, a detailed
stuCy was carriad out in reference 4-3, In that report, fracture toughness
results wore presented for a material |

12:C® The effects of the

aging process on the end-of-service life fracture toughness are further
discussed in Appendix B.
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End-of-service 1ife toughness for the heats are established using the alter-
nate toughness criteria methodology of reference 4-6 (appendix 8)., By that
methodology & heat of material is said to be as good as | 19+€4® 4 42
can be demonstrated that its end-of-service fracture toughnesses equal or
exceed those of |

1Q.C..
P .

The worst case fracture toughness values for a)l the Toops of each plant at
each location (see figure 3-2), as taken from Appencix B, are given in table
4-5. A1l locations for Furley Unit 2 qualify for the highest assignable
toughness values as discussed above. Only four locations so qualify for
Farley Unit 1, The lowest fracture toughness values for Farley Unit 1 occur
at locations 2 and 3.

Available data on aged stainless stee! welds (references 4-3 and 4-4) indicate
that ch values for the worst case welds are of the same order as the aged
material, However, the slope of the J-R curve is steecer, and nigher J-values
have been obtained from fracture tests (in excess of 3000 1n-1b/in2). The
applied value of the J-integral for a flaw in the weld regions will be lower
than that in the base metal because the yield stress for the weld materials is
much higher at temperature’. Therefore, weld regions are less limiting than

the cast material.

It is thus conservative to choose the end-of-service 'ife toughness properties
of [ J31€+€ a5 representative of those of the welds. Also, such pipes
and fittings having an end-of-service life calculated room temperature charpy
U=notch energy, (KCU), greater than that of | J3%® are also conserva-
tively assumed to have the properties of | 18:C.0

In the fracture mechanics analyses that follow, the fracture toughness
properties given in table 4-5 will be used as the criteria against which the
applied fracture toughness values will be compared.

1

[n the report all Vanp]ied values were conservatively determined by
using base metal strength properties.

4398401048 10 4_3
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TABLE 41
MEASURED TENSILE PROPERTIES FOR FARLEY UNIT 1
PRIGARY 1O0P PIPING AMD FITTINGS

Yielg Stress {pst)
Heat No Barerial Room emp 850°F

PIPE

Ultimate Strength i{pst)

Room Temp

650" F

1.(.0




S-¢

1aBig 4-2
MEASURED FENSHIE PROPERTIZS FOR THE PRIMARY (DOFP PIPING
AND FITTINGS (ALL SAISY CFBA) OF FARLEY UNIT 2

1L OOP Yield Stress {pst) Uit imate Strength (ps1)
Component LS Heat No Hoom Temp G507 F at Room l1emp
PiPe
—— i e
a.c.e
&

S

4896/ 122690 YW




TABLE 4-3
MECHANICAL PROPERTIES FOR FARLEY UNIT 1
MATERIALS AT 544°F AND 611°F

— HAverage S . ltower Bownd
lemperature Yield Stress Uitimale Strength Yield Stress Ultimate Strergth
Material {°F) {psi) {ps1) {psi) (psi)

SA351 CEBA

SA3S1 ChBM

Modulus of Flasticity for Poth Materials:
o o 6 ,
at S44%F , £ - 25.6 x 107 psa

at 611°F, £ = 25.2 = 10° psi

Forsson’'s Ratrw 0.3

S09%0 V1260 o




TABLE 4-4
MECHANICAL PROPERTIES FOR FARLEY UNIT 2
MATERIAL (SA351 CFBA) AT S544°F AND 611°F

Average Lower Bound
Temperature Yield Stress Ultimate Strength Yield Stress Ultimate Strength
(°F) (psi) (psi) (psi) (psi)
o= e
544 0,88

611

Modulus of Elasticity: at 544°F, E = 25.6 x 106 psi
at 611°F, E = 25.2 x 10° psi

Poisson's Ratio: 0.3

4898 122980 0 4-8
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Figure 4-] Average True Stress-True Strain Curve for the SA351 CFBA

Material of Farley Unit 1 at 544°F
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Figure 4-2: Lower Bound True Stress-True Strain Curve for the 5A2S]
CFBA Materia! of Farley Unit 1 at 544°F

48984 1 22680 © d.1l
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Figure 4-3 Average True Stress-True Strain Curve for the SA351 CFB8A

Material of Farley Unit | at E11°F
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Figure 4-4: Lower Bound True Stress-True Strain Curve for the SA3S!
CFBA Material of Farley Unit 1 at B11°F
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Figure 4-5:

40885 122880 10

Average True Stress-True Strain Curve for the SA35] CFBM
Material of Farley Unit 1 at 544°F
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Figure 4-6 Lower Bound True Stress-True Strain Curve for the SA3S1
CFBM Material of Farley Unit | at S44°F
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Figure 4-7 Average True Stress-True Strain Curve for the SA351 CF8M

Material of Farley Unit 1 at 611°F
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Figure 4-9: Average True Stress-True Strain Curve for the SA35. (FB8A

-

Material of Farley Unit 2 at 544°F

4808y 22880 0 4'18




Figure 4-10:

48804 12180 0

Lower Bound True Stress-True Strain Curve for the SA3S1
CFBA Material of Farley Unit 2 at 544°F
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Figure 4-11; Average True Stress-True Strain Curve for the SA35]1 CFBA

Material of Farley Unit 2 at 611°F
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Figure 4-12. Lower Bound True Stress-True Strain Curve for the SA35]
CFBA Material of Farley Unit 2 at 811°F
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Figure 4-

4808y 122880 2
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¥S.

sa for SA3S

.
-

ro

CFBM Cast Stainless Stee! at 600°F
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Figure 4-14 J Vs, sa at Different Temperatures for Aged Material
( 19:€+€ (7500 Hours at 400°C
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: Now using the assumed flow rate, G, the ¢ tiona) pressure drop carn be
) -“‘, 5 C
4 (3
; ™ §
4
a ¢

where the v " $arntnr 4 etarmined ting the
e ack relative hnes was obtained from fatigue K gats

| stainiess stee! samples 'he relative roughness value used in these

& *
» | 8 el ’
A\
nE ¥y L A nress 3 -y ¢ . ne B At v » ! . ’ @ A "!—' ' v tre
2 me f w and added 1 the
)
8 &
q\ \:0"» he t‘~;‘ pressure rot fvan t he rImar, tysten
’ ) - T 4 § ’ ~
e aLmHsphere nat ! 4 ne primwary 0L
K
r r -~ -
Abs te Pressure 14 ¥ (8-
{

ragiven assumed flow G, [f the right-hand side of eauation § o[

agree wiih the pressure difference between the primary loc

-~
o
”
LA
-
T

aAlmosphare then the procecure S repeated unt equatior

-
o»
*

A
h_{ QAL ¥ B L At ne
9 . oAk ate ale at ng were made as a funet - § rark é":.. At the f I,
a t $ previously identified in section §.2 I'e norma perating ads of
’ tabies J=i and J+¢ were applied as appropriate, in these calculations The
ACk 0Dening areas were estimated using the method of reference ¢ And the
@Ak rates were ca atlec using the two-phase flow formulation described
AbOvVe "he average material properties of section 4 were used for these
2 A .
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Figure 6-1. Ana'vtical Predictions of Critica) Flow Rates
of Steam-wWater Mixtures
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As discussed in Section 5.2 the local crack stability will be extab)ished by
the two-step criteria:

(1) 1f Ky

o © ch. then the crack is stable.

P

- 3
(¢) 1If J‘pp 2 Ve then, 1f Tapo < Ymat

and J.pp « J__ . the crack is stable.

max

7.2 Globa! Failure Mechanism

Vetermination of the conditions which lead to failure in stainless stee!
should be done with plastic fracture methedology because of the large amount
of deformation accompanying fracture. One method for predicting the failyre
of ductile material is the plastic instability methed, based on traditional
plastic 1imit load concepts, but accounting for strain hardening and taking
into accoun: the presence of a flaw, Tha flawed pipe is predicted to fai)
when the remaining net section reaches & stress leve! at which a plastic hinge
is formed. The stress leve! at which this occurs is termed as the flow
strass. The flow stress is generally taken as the average of the yield and
ultimate tensile strength of the matarial at the temperature of interest.

This methodology has been shown to be applicable to ductile piping through a
large number of experiments and will be used here to predict the critical flaw
size in the primary coolant piping. The failure criterion has been obtained
by requiring equilibrium of the section containing the flaw (figure 7-1) when
loads are app'ied. The detailed development is provided in appendix A for a
through=wa!l circumferential flaw in a pipe with interna) pressure, axial
ferce, and imposed bending moments. The limit moment for such a pipe is given
by:

( ] 4,C,@

where

AR08 L28R0 0 1.2






given in table 7+1, It is seen that the fracture criteria are met at a') the
locations. Specifically a margin of 2 on flaw size is demonstrated. Since
the faulted 'oad combination method used in this calculation is based on the
absolute sum method, the regquired margin on 1oad of 1.0 is alsc accomplished
es discussed in SRP 3.8.3.

At the four critical locations identified in section 5.1 stability analyses
based on 1imit load were also performed as described in section 7.2, The weld
at these 'ocations are efther SMAW with GTAW root passes or SAW, Therefore,
"I factor corrections for the SMAW welds were app'ied (reference 7-3) as
follows:

Z+1.,18 (1.0« 0.013 (00-4))

where OD is the outer diameter of the pipe in inches.

The I-factor for SAW we'ds is as follows (reference 7-3):
2+ 1,30 (1 +0.010 (0D-4))

The Z-factors were calculated for the four critical locations using the
dimensions given in tables 3-1 and 3-2. These factors are given in tadble
72, The applied loads were increased by the I factor and a plot of Iimit
load versus crack length was generatod as shown in figures 7-2 through 7-5.
The critical flaw sizes at the four critical locations are given in table 7-2
along with the leakage flaw sizes. A margin well in excess of 2 is
demonstrated st each location, The lower bound bass meta! properties
established in section 4.0 were usec for this purpose.

7.4 g_!f.r_._nsn

7-1. Kanninen, M, F., et. al., "Mechanical Fracture Predictions for
Sensitized Stainless Steel Piping with Circumferential Cracks," EPRI
NP-152, September 1576.
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TABLE 71

STABILITY RESULTS FOR FARLEY UNITS 1 AND 2
BASED ON ELASTIC-PLASTIC
J=INTEGRAL EVALUATIONS

—iracture Criterda __ Colculated Velues
[}
Flaw Size ch : Ymat Jm.l N Jcaa : lec
Location (in) (in=1b/4n"%) (in=1b/1n%) (in=1b/1n"%)
Far) nit
p 6.5
2 10.0
3 11.0 L_

Farley Unit 2

8 Twice the 10 gom leakage size flaw established in section 6.0

® N.A, = Not applicable; J ‘JI

app o
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TABLE 7+2

STABILITY RESULTS BASED ON LIMIT LDAD ANALYSES

Location we'd
] SMAW
b4 SAw
3 SMAW
1 SMAW

LLLLTERE B T

Leanage law
I Facter Size (in)

.

Farley Unit i

Farley Unit 2

Critica) Flaw
$ige (in) Margin

- ]




a,C,0

—NGULEM A aiy

}"C" Stress Distribution

Figure 7-1. |
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Figure 7-2. Critical Flaw Size Prediction - Mot Leg at

~

Location 1 for Farley Unit 1
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Figure 7-3 Critical Flaw Size Prediction - Mot Leg at
Location 2 for Farley Unit 1
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For stainless stee!, the fatigue crack growth formyla is:
«12. 4,
g% * (5.4 x 10 ‘2) Kets ‘Binchcs/Cycﬂo

(1_“)005

where K.ff * Km“

R=K . /K

min’ "max

]C.C..

a,c,e

where: | it

The calculated fatigue crack growth for semi-elliptic surface flaws of
circumferential orientation and various depths is summarized in table B-2, and

shows that the crack growth is very small, |
)‘)c|.

8.1 References

8-1 Bamford, W. H., "Fatigue Crack Growth of Stainless Stee) Piping in a
Pressurized water Reactor Environment,” Trans, ASME Journal of Pressure
Vesse! Technology, Vol. 101, Feb. 1878.
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SECTION 8.0
ASSESSMENT OF MARGIN:

The results of the leak rates of ssction .4 and the corresponding fracture
toughness evalvations of section 7.3 are used in performing the assessment of
marging.,

Leskage flaws were established at the four critical lorations bazed on & leak
rate of 10 gom. A margin of at least two on the leakage flaw size way
estabiished using both elasticeplastic fracture mechanics and Timit loag
enalysis (with the I-factor correction). The faulted 1ods were determined
using the absolute sum method thus a margin on load of 1.0 for the leakage
flaw is adequate per SRP 3.6.3.. It follows, of course, that the Teakage
flaw 15 stable since & flaw twice as lurge wus shown to be stable. In
summary, at all the critical locations rélative to:

1. Flaw Size - Using faulted loads obtaines by the absolute sum method, a
mergin of at least 2 exists betwaen the critical flaw and the flaw having
a leak rate of 10 gpm (the leakage flaw),

Leak Rate - A margin of 10 exists between the calculated leak rate fram
the Teakage flaw and the leak detectior capability of 1 gonm,

n~3

3. Loads - At the critical locations the leakage flaw was shown to be stable
vsing the faulted lcads obtained by the absolute sum method.

P—
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Figure A-1 Pipe with a Through-wall Crack in Bending
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APPENDIX &
ALTERNATE TOUGHNESS ERIA FOR THE
FARLEY UNITS 1 AND 2 CAST PRIMARY LOOP COMPONENTS

R 1
Not a f the individua Ast piping components of the Farley prima .
D1t satisfy the 1ina . teria (reference 4 t
append il a ternate ¢ JQnnes c™Ster rnr nerma ’;i’: act *

tee! deve'oped in reference 4-6 w bDe used to categorize the var §
ng A st piping components thus establishing criteria based upon w
the leak-before-ureak evaluations may be performed Reference 4-6 has be
eviewed Dy the NRL wherein the NR( concluded that reference 4-8 may be

t zed for tablishing the fracture criteria for therma aged cast
stainiess piping applicable for the leak-before-bdreak analy gference
8.2 Chemistiry and KCU Toughnes:

AL LK R A |

- ’ v - ¢ »
rer ne | cedure Of referenrce 4-¢ ne rreiat ns Of reteren =4 wh
naSs - . the chemistr o | the ac eram - e vt - - - - +
Oas : emis y € ess Sleel PIPINg wa I5eC
3 b 4 2 & T
a J g ne 4 C Ated AL JE ne chem { ingd eng-or" 2 o
" touahne:s ylues are ar n table 81 for P AR n tabkle B- ¢
n 44
R & A ternate gnNress “ritaria far tha Fay - Prima ¢ 1
ujel 39 \ - & a - £ ivie ary L00p materia
r 2

.-\ » " m t L
@ alternate toughnes riteria tor the fFarile nit 1 and cast primar
.Y b e . . -
e A A ‘ - S trl * 4~ -~ - - - 4 ’
3 oe tained Dy ag g f NOGO 10Qy OF reterence 4-bH t¢
X 2 " * » ' £ o '« B 4 (4
) U8 abies B8+~1 and ¢ rst ¢ 1S observed that 44 of the ¢
2 " Ate ¥ *he AVEe 5 r Baet e - -~ P>
) v i ) : € «NE e 4t eas a oy as
3 L -
no ama - » ¢ » - 2 Y
- & 3 A r Ateqor ¢ YT a Loughness
. - na the mott 4 ~¢ rafarancre ol aw - an ha ¢
' ogy ¢ prTere @ 470 are gve Je | OWw QY
) ¢ g 2 heat
L 1LY Lt L
- ) .
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For example, | 18€® (the reducing 2lbow at the steam

generator inlet nozzle of Farley Unit 1) nas the calculated end-of-service
14fe KCU at room temperature of | yhi®ee deJ/cm2 which falls below that
of | 1858 The t-ferrite content is ! 12:54® By reference
4-6, the |

)."c" Since the end-of-service !ife KCU exceeds the
fully aged KCU, the heat falls into category 2. Thus:

3y 'l
Ic : ].lc'.
= a,c,@
Toat * ! ]
and
J = |
max }G.C.l

The fracture toughness values for each heat of materia) was calculated as
formulated in references 4-6, These values are also given in tables B-l and
8-2.

8.4 References

B-1 Letter: Dominic C., Dilanni, NRC to 0. M. Musolf, Northern States Power
Company, datec December 22, 1986, Docket Nos. 50-282 and 50-306.
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TABLE B-1 (Cont'a)
CHEMISTRY AND FRACTURE TOUGHNESS PROPERTIES
OF THE MATERIAL MEATS OF FARLEY UNIT 1
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TABLE B-1 (Cont'd)
CHEMISTRY AND FRACTURE TOUGHNESS PROPERTIES
OF THE MATERIAL HEATS OF FARLEY UNIT 1

Q,C..
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TABLE B-1 (Cont'd)
CHEMISTRY AND FRACTURE TOUGHNESS PROPERTIES
OF THE MATERIAL HEATS OF FARLEY UNIT 1
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TABLE B~1 (Cont'd)
CHEMISTRY AND FRACTURE TOUGHNESS PROPERTIES
OF THE MATERIAL MEATS OF FARLEY UNIT 1

8-3
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TABLE B-1 (Cont'd)
CHEMISTRY AND FRACTURE TOUGHNESS PROPERTIES
OF THE MATERIAL HEATS OF FARLEY UNIT 1
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TABLE B-2
CHEMISTRY AND FRACTURE TOUGHNESS PROPERTIES
OF THE MATERIAL HEATS OF FARLEY UNIT 2
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TABLE B-2 (Cont'd)
CHEMISTRY AND FRACTURE TOUGHNESS PROPERTIES
OF THE MATERIAL HEATS OF FARLEY UNIT 2







48984 22820 10

g TABLE B-2 (Cont'd)
CHEMISTRY AND FRACTURE TOUGHNESS PROPERTIES
OF THE MATERIAL HEATS OF FARLEY UNIT 2
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TABLE B-2 (Cont'd)
CHEMISTRY AND FRACTURE TOUGHNESS PROPERTIES
OF THE MATERIAL HEATS OF FARLEY UNIT 2
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TABLE B-2 (Cont'd)
CHEMISTRY AND FRACTURE TOUGHNESS PROPERTIES
OF THE MATERIAL WEATS OF FARLEY UNIT 2
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