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3.6 PROTECTION AGAINST DYNAMIC
EFFECTS ASSOCIATED WITH THE
POSTULATED RUPTURE OF PIPING

This Section deals with the structures,
sysiems, components and equipment in the ABWR
Standard Nuclear Island.

Subsections 3.6.1 and 3.6.2 describe the
design bases and protective measures which ensure
that the containment; essential systems, compo-
nents and equipment; and other essential struc-
tures are adequately protected from the conse-
quences associated with » postulated rupture of
high-energy piping or crack of moderate-energy
piping both inside and outside the containment.

Before delineating the criteria and assump-
tions used to evaluste the consequences of pip-
ing failures inside and outside of containment,
it is mecessary to define a pipe break event and
a postulated piping failure:

Pipe break event: Any single postulated
pipiog failure occurring during normal plant
operation and any subsequent piping failure
and/or equipment failure that occurs as a direct
consequence of the postulated piping failure

Postulated Piping Failure: Loagitudina! or
circumferential break or rupture postulated in
high-energy fluid system piping or throughwall
leakage crack postulated io moderate-energy fluid
system piping. The terms used in this definition
are explained in Subsection 3.6.2.

Structures, systems, components and equipment
that are required to shut down the reactor and
mitigate the consequences of a postulated piping
failure, without offsite power, are defined as
cssential and are designed to Seismic Category 1
requirements.

The dynamic effects that may result from »
postulated rupture of high-energy piping include
wissile generation; pipe whipping; pipe break
reaction forces; jet impingement forces; compart-
ment, subcompartment and cavity pressurizations;
decompression waves within the ruptured pipes and
seven types of loads identified with loss of
coolant accident (LOCA) on Table 3.9-2,
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{ the leak-before-break (LBB) evaluation proce:
ures as permitted by the broad scope dmen)
o General Design Criterion 4 (GDC-4) published
o Reference 3. The piping systems that ar

ices 3E and 3F) are
ot postulated to break in the design and evaly:
tion that are required to be performed, in
ccordance with Subsections 3.6.1 and 3.6.2, for
be potential dysamic effects from postulated
iping breaks. However, such piping systems arg
valuated for pipe crack effects in accordrace
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3.6.1 Postulated Piping Fallures
In Fluid Systems Inside and
Outside of Containment

This subsection sets forth the design bases,
description, and safety evaluation for determin-
ing the effects of postulated piping failures in
fluid systems botb inside and outside the con-
tainment, and for including necessary protective
measures

3610 Design Bases
36.1.1.1 Criteria

Pipe break event protection conforms to 10CFR S0
Appendix A, General Design Criterion 4, Eaviron-
mental and Missile Design Bases, The overall
design for this protection is in general complii-
ance with NRC Branch Techaical Positions (BTP)
ASB 3-1 and MEB 3-1 included in Subsections
36.1 and 3.6.2, respectively, of NUREG-0800
(Standard Review Plan).

MEB 3-1 describes an acceptable basis for
selecting the design locations and orientations
of postulated breaks and cracks in fluid systems
piping. Standard Review Plan Sections 3.6.1 and
3.6.2 describe acceptable measures that could be
taken for protection against the breaks and
cracks and for restraint against pipe whip tha
may result from breaks

The design of the containment structure, com-

poonent arrangement, pipe ruas, pipe whip re-
straints and compartmentalization are dooe in
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Subsection 3.6.3 and Appendix 3E describe the implementation of the
leak-before-break (LBB) evaluation procedures as permitted by the broad scope
amendment to General Design Criterion 4 (GDC-4) published in Reference 1. It is
anticipated, as mentioned in Subsection 3.6.4.2, that a COL applicant will apply
to the NRC for approval of LBB qualification of selected piping by submitting a
technical justification report. The approved piping, referred to in this SSAR as
the LBB-qualified piping, will be excluded from pipe breaks, which are required to
be postulated by Subsections 3.6.1 and 3.6 2, for design against thelr potential
dynamic effects. However, such piping are included in postulation of pipe cracks
for their effects as described in Subsections 3.6.1.3.1, 3.6.2.1.5 and
3.6.2.1.6.2. 1t is emphasized that an LBB qualification submittal is not a
mandatory requirement; a COL applicant has an option to select from none to all
technically feasible piping systems for the benefits of the LBB approach. The
decision may be made based upon a cost-benefit evaluation (Reference 6).

3.6-la
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standards such as AISC, ACL 20d ASME Code
Section 111, Division 11, along with
appropriate requiremeats imposed for sumilar
loading events. These components are also
desigoed for other operational and accident
loadings, seismic loadings, wind loadings,
and tornado loadings.

The design basis approach of categorizing
components is consistent in allowing less
stringent inspection requirements for those
components subject to lower stresses,
Considerable strength margins exist in Type 1l
through IV components up to the limit of load

capacity (fracture) of a Type | component. Opersting License Review
Impact properties in all componenis are
considered since brittle type failures could  See Subsection 364.1
reduce the restraint system effectiveness.
3.6.3 Leak-Before-Break
In addition to the desige considerations, Evaluation Procedures / Newmeer 1978,

strain rate effects and other material property
variations have been cousidered in the design of
the pipe whip restraiots. The material
properties utilized in the design have included
ooe or more of the following methods:

(1) Code minimum or specification yield and
ultimate strength values for the »ffected
components and structures are used for both
the dynamic and steady-state events;

(2) Not more than & 10% increase in miaimum code

2IAC 0AE
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3624 Guard Pipe Assembly Design

The ABWR primary containment does oot require
guard pipes.

3625 Material to be Supplied for the

Per Regulatory Guide 1.70, Revision 3.Im
safety analysis Seciion 3.6 has traditionally
addressed the protection measures against
dynamic effects associated with the noa-
mechanistic or postulated ruptures of piping.
The dynamic effects are defined in introduction
1o Section 3.6. Three forms of piping failure
(full flow area circumferential and longitudinal
breaks, and througbwall leakage crack) are
postulated io accordance with Subsection 36.2
and Branch Technical Position MEB 3-1 of NUREG -

or specification strength values is used 0800 (Standard Review Plan) for ¢re v dymear (@1 vl

when designing components or structures for ©° EnYirenmental v lfoers .

the dynamic event, and code minimum or pz‘.}.\m.

specification yield and vitimate streagth ral Design Criterion 4 (GDC-4). 4 td it

values are used for the steady-state loads: wlic leak-before-break approach (LBE) L ozacd
appropriate fracturg. echuncJ

(3) Representative or actual test data values
are used in the design of components and  procedure to nclu
structures including justifiably elevated pffects from the postulation of breaks in high
strain rate-affected stress limits in excess rner‘y piping. De d 't _this subsection aré¢
of 10%; or he criteria and procedures for\i( LBB approaca

bich are wtilized to qualify~piping fo
xclusiof from postulation of breaks. Thi

uhncuon is based on proposed (Refere 4

363 o NUREG - 0800.

lechaiques, is

w (Reference 1) an acceptabl A =~
design against the dynamig ¢+ # 3632

(4) Representative or actual test data are used
for any affected component(s) and the
minimum code or specification values are
used for the structures for the dynamic and
the steady-state events

TheLBE - I l
-postulation of cracks and associaied eliecinsn

Amendment 7 o2
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However, in accordance with the modified General Design Criterion & (GDC-4),
effective November 27, 1987, (Reference 1), the mechanistic leak-before-break
(LBB) approach, justified by appropriate fracture mechanics techniques, is
recognized as an acceptable procedure under certain conditions to exclude design
against the dynamic effects from postulation of breaks in high energy piping. The
LBB approach is not used to exclude postulation of cracks and associated effects
as required by Subsections 3.6.2.1.5 and 3.6.2.1.6.2. It is anticipated, as
mentioned in Subsection 3.6.4.2, that a COL applicant will apply to the NRC for
approval of LBB qualification of selected piping. These approved piping, referred
to in this SSAR as the LBB.qualified piping, will be excluded from pipe breaks,
which are required to be postulated by Subsections 3.6.1 and 3.6.2, for design
against their potential dynamic effects.

The following subsections describe (1) certain design bases where the LBB
approach is net recognized by the NRC as applicable for exclusion of pipe breaks,
and (2) certain conditions which limit the LBB applicability. Appendix 3E
provides guidelines for LBBR applications describing in detail the following
necessary elements of an LBB report to be submitted by a COL applicant for NRC
approval: fracture mechanics methods, leak rate prediction methods, leak detection
capabilities and typical cpecial considerations for LBB applicability. Also
included in Appendix 3E is a list of candidate piping systems for LBB
qualification. The LBB application approach described in this subsection and
Appendix 3E is consistent with that documented in Draft SRP 3.6.3 (Reference 4)
and NUREG-1061 (Reference 5).

3.6-23a
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" The LBB Aﬁnqg is ot nnﬁéablf to pipin

fysiems where operatingexperience bas indicate
articular susceptibility vofailure from (b
ffects of anlergranular strety.gorrosio
racking (TGSCC), water hammer, thmfﬂiwj

Tbe LBB epprosch it 8ot & roplacement
‘%w' regulations or criteria pertaining?

Subsbq;on 6.3), contaioment system (Subsectio
2) or'equipwent qualification (Sybsectio
B.11). However, benefits of the LBB procedure
0 these arede will be taken and the subsection
ill be revised as the regulstions will b
claxed by the KRC For clarity, it is note
bat the LBB approach is 96t used to relax th
esign requirements of the primary containmen
ystem (hat includes the primary conlainmen
essel (PCV), veot Aystems (vertical flo
¢hannels and borizoatal vedt discharges), drywe
ones, suppression chamber twetwell), vacuu
reakers, PCV penetrations, abd drywell hea
owever, in designing for loads pex Table 3.9
bich does fot apply to these PCV ‘o\b;yr tem
be seven types of design loads identNied wit
OCAsinduced dynamics of suppression’pool o
shield wall annulus pressurization are exc
f sbey are a result of LOCA postulated ia thes

roparties of piping materials and analys

bods ioelyding leakage calculation motfiods, a
equired b¥the criteria of this"subsection,
ollowing NRC's Pexiew and approval, this appen
dix will become approve methodology for ap
ication (o ABWR Siandard Plag!t piping  Appendis
F applies these properties »nd methods l‘%
pecific_piping to demonstrate thew eligibi

it exclusion under the LBB appro}b& Sej
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(1) Degradation by erosion, erosion/corrosion
and erosion/cavitation due to unfavorable
flow conditions and water chemistry 13
examined. The evaluation is based on the
industry experience and guidelines Add:
tiooally, fabrication wall thinning of el
bows and other fittings i1s considered in the
purchase specification to assure that the
code minimum wall requirements sre met
These evaluations demonstrate that these me.
chanisms are not poitential sources of pipe
rupture

The ABWR plant design involves operation
below TO0°F in ferritic steel piping and
below BOOOF in austenitic steel piping
This assures that creep and creep-fatigue
are not potestial sources of pipe rupture
(3) The design also assures that the piping
material is not susceptible to brittle
cleavage-type failure over the full range of
system operating temperatures (that is, the
material is oo the upper shelg. B ’

the Peoma
/S end bece nde

t /
rabhent y) S Cunea nwnend

(4) The ABWR plant design specifies us. of
sustenitic stainless steel pipiog mad. of
material (e.g, nuclear grafe or low{tlr‘\on

type) that is recognized/as resisfan: o

IGSCC. The material of]p:pm in"reacior -

covlabi-prossure-bovbdaiy 1y fernitic steel,

LY Tl abdem .o ¢ 478 mirig
Y Ths qr Pl &

water Cﬁt;'\:&h. “ Lol

Asystems evdly (fonr potential wate

bammer is made to assure that pipe rupture
due to this mechanism is unlikely. Water
bammer is a generic term includiag various
unanticipated high frequency hydrodynam i«
events such as steawm hammer and water
slugging. To demonstrate that water hammer
is not a significant contributor to pipe
rupture, rehiance on historical frequency of
waler hammer events in specific piping
systems coupled with a review of operating
procedures and conditions is used for this
evaluation, The ABWR design includes
features such as vacuum breakers and jockey
pumps coupled with improved operational
procedures to reduce or eliminate the pot-
ential for water hammer identified by past
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3.6.3.1 Scope of LBB Applicability

The LBB approach is not used to replace existing regulations or criteria
pertaining to the design bases of emergency core cooling syste (Subsection 6.3),
containment system (Subsection 6.2) or environmental qualification (Subsection
3.11). However, consistent with modified GDC-4, the design bases for dynamic
qualification of mechanical and electrical equipment (Subsection 3.10) may exclude
the dynamic load or vibration effects resulting from postulation of breaks in the
LBB-qualified piping. This is also reflected in a note to Table 3.9-2 for ASME
components. The LBB-qualified piping may not be excluded from the design bases
for environmental gqualification unless the regulation permits it at the time of
LBB qualification. For clarification, it is noted that the LBB approach is not
used to relax the design requirements of the primary containment system that
includes the primary containment vessel (PCV), vent systems (vertical flow
channels and horizontal vent discharges), drywell zones, suppression chamber
(wetwell), vacuum breakers, PCV penetrations, and drywell head.

INSERT "B" FOR PAGE 3.6:23
3.6.3.2 Conditions for LBB Applicebility

The LBB approach {s not applicable to piping systems where operating experience
has indicated particular susceptibility to failure from the effects of
intergranular stress corrosion cracking (IGSCC), water hammer, thermal fatigue, or
erosion. Necessary preventive or mitigation measures are used and necessary
analyses are performed, as discussed below, to avoid concerns for these effects.
Other concerns, such as creep, brittle cleavage-type fallure, potential iIndirect
source of plpe failure, and deviation of as-built piping configuration, are also
addressed

36-A3a
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experience. Certain anticipated water
bammer cvents, such as a closure of a valve,
are accounted for in the Code design and
analysis of the piping
(6) The systems evaluation also addresses a po-
tential for fatigue cracking or failure from
thermal and mechavical induced fatigue.
Based oo past experience, the piping design
avoids potestial for sigeificant mixiog of
bigh- and low- temperature fluids or
mechanical vibration. The startup and
preoperational monitoring assures avoidance
of detrimental mechanical vibration,
(7) Based on expericnce and studies by Lawrence
Livermore Laboratory, potential indirect
sources of indirect pipe rupture are remote
causes of pipe rupture. Compliance with the
soubber surveillance requirements of the
techoical specifications assures that
snubber failure rates are accepiably low.

Initial LBB evaluation is based oo the
design configuration and stress levels that
are acceptably bigher than those ideotified
by the initial analysis. This evaluation is
reconciled when the as-built cosfiguration
is documented and the Code stress evaluation
is reconciled. It is assured that the
as-built configuration does not deviate
significantly from the design configuration
to invalidate the initial LBB evaluation, or
& new evaluation coupled with necessary
configuration modifications is made to
assure applicability of the LBB procedure.

(8)

s liabl fund
‘qau\?::c leak detection systems ar
monitoring of leak.~The syste

¢t the through
rmigistic fractur

IALI00AE
PETT—
[/
W the [racture mechanics and the

te computational methods that are acce
b4 by the NRC staff, or are demonstra
beturate with respect 1o other accept

tomputational procedures or
h;\nncnul data. /

‘2‘» Identify the types of materials & 4 mar
ferials specifications wsed for base metal,
weldments and safe ends, and provide the,
materials properties including teughnes
pod tensle data, long-term effegts such at
fhct-al aging, and other limitagions |

0{ kpccity the type and magnitude /of the lcady
spplied (forces, bending and torsionsl
moments), their source(s) apd method of
;oubiutiou.‘- For cach pipe size in the .
unctional system, identify the |ounoa(.§ '
which have the Yeast favorable combination
pf stress and material properties for base
metal, weldments and sale ends

3

it

Postulate o throughwall flaw at the
locatioa(s) specified in (3) above. The
pize of the flaw should be large enough %o
that the leakage is assured detection with
pufficient margio wsing the installed leak
detection capability when the pipes are!
pubjected to normal operating loads If
muxiliary leak detection systems are refied
on, they should be described. For the
estimation of leakage, the normal operating
loads (i.e., deadweight, thermal expansion,
and pressure) Are to be combined based o9
the algebraic fum of individual values.

Usiog fracture mechanics stability analysis
pr limit logd analysis based on (11) below,
tnd sormal plus SSE loads, determioe the
ritical grack size for the pduuluet{-
throughwall crack. Determine drack size
argin by comparing the selected \leakage
Eze ¢rack to the critical crack size
emonstrate (hat there is a margip of 2
between the leakage and critical crack
pizes. The same load combination merhod
pelected in (5) below is used to determin
he critical crack size.
\
elermine margin in terms of applied loa ' ¢

-4 crack stabrity stabyns -

(%)

7 A v S e iy e st s
'_‘_E‘.'-'-_’_C_'. o R.&6.%.a S e Subiec o )
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\bﬂ the leakage size cracks will not sxpe-
ypience unstable crack growth if 1.4 times
the pormal plus SSE loads are applied De-
monsrate that crack growth is stable and
the final crack is limited such that &
double-ended pipe break will not occur. The
dead-weight, thermal expansion, pressure,

ATSSE (inertial), and seismic anchor motion
(SAM) loads ar¢ combined based on the same
method used for the primary stress evalu-
ation by the ASME Code. The SSE (inertial)
and SAM loads are combined by square-root.
of-the-sum-of-the squaces (SRSS) method.

¥} The piping material toughness (J-R curves)
and teosile (stress-strain curves)
properties are determined &t temperatures

Joerr the upper range of normal plant
operation.

%) The specimen used (o generate J-R gurves is

assured large enough to provide crack
extensions up (0 an amount consistent with
1/T coodition determined by analysis for'the
application. Because practical specimen

size limitations exist, the ability to\

,,)’obmu the desired amount of experimental
crack extension may be restricted. In this
case, extrapolation technigues is used as
described in NUREG-1061, Volume 3, or in
NUREG /CR-4575. Other techniques can be used
 adequately justified.

98) The stress-strain curves are obtained over

he range from the proportional limit to
““maximum load

Preferably, the materiajs tests should be
conducted using archivpd materials for the
pipe being evaluated,” If archival material
i not available, pl/.{il specific or industry
J:xdc generic material data bases are
assembled and used to define the required
material teasi)e and toughness properties.
Test material includes base and weld metals,

) To provide an acceptable level of reli-
ability, generic data bases are reasonable

t bounds for compatible sets of material
ensile and toughness properties associated
wih materials at the plant. To assure that

Abe-plant specific genoric data base s

Amendment |
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adequate, a determination is made to dema
strate that the generic data base up.'mpz
the range of plant materials to be evplu.
ated. This determination is based on a‘com-
parison of the plant material properties
identified 1n (2) above with those of the
materials used to develop the geoeric date
base. The number of material heats and
procedures tested are adequate to cover the
strength and toughness range of the actual
plant materials. Reasonable lower bound
tensile and toughness properties from the
plant specific generic data base are to he
used for the stabily analysis of indiv,-
dual materials, unless otherwire justified

Industry generio data bases are reviewed to
provide a reasonable lower bound for the
population of material tensile and toughnesy
properties associated with any individual
specificapion (e.g, A106, Grade B), material
type (£.g., austenitic steel) or welding
procedures

The number of material beats and weld proce-
dures tested should be adequate to cover the

x_range of the strength and tensile propertiegy
expected for specific material specitita:

tions or types. Reasonable lower bound
tensile and toughoess properties from the
industry generic data base are used for the
stability analysis of individual materials

If the data are being developed from an
archival heat of material, three stress:
strain curves and three J-resistance curves
from that one heat of material is sufficient
The tests should be conducted at temperaturey =
near the upper range of normal plant
operztion. Tests shoyld also be conducted al
2 lower te-penlutco.\\hich may represent &
plant condition (e.g., hob standby) where pipe
break would present safety'concerns similar to
normal operation. These tests are intended
only to determine if there is\any significant
dependence of toughness on temperature over
the temperature range of interest’, The lower
toughness should be used in (hh\fuc(ur

mechanics evaluation. Oune J-R curve'and on

stress-strain curve for one base me
weld metal are considered adequa

delermine lempeiaiuis dependence.
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(M) There are certain limitations that currently When the masies curve is-eonstructed

preclude generic use of limit load analyses
. W evaluate leak-before-break conditions
- dbjerministically, However, & modificd
limit-load apalysis can be used for
austéapitic steel piping to demonstrate
acceptable margins as indicated below:
Construct a master Curve where a stress index,
SI, given by
SI =S +« M Py (1)
is plotted as a?uacu‘on of postulated total
circumferential thronghwall flaw length, L,
defined by

L =2@&R (2)

where .,\\‘
§ =2g([2sing - sin @) ‘ 3
L

B =05((x-8)-x(Pg/op)] NG

L) = halfl angle in radians of ibe pos‘tu-
lated throughwall circumferential
flaw.

R = pipe mean radius, that is, the aver.

’ age between the inuer and outer
radius,

P =the combined membrane siress,

including pressure, deadweight, and
se1Smic components,

M = 1.4, the margin associated with the
! load combination method selected for
| the analysis, per item (5).

|

py =flow stress for austenitic steel

pipe mateérial categories.

;
? .
Ife + g from £qs. (2) and (4) 1s greater

than «, then

§ =2l sinf] (5)
”

hi
/
w(Pep /g — (6)

Amendment |

Eqs. (1), (2), and (3) or (5), the allowapie
circumferential throughwall flaw length cad be
determined by entering the master curyé at &
stress index (S1) value determined from the
loads and austenitic steel piping waterial of
interest. The allowable flaw size determined
from the master curve at the ,p'pvoptinte Si
value can then be used to derermine if the
required margins are mel. AHowable values of
€ are those that result ig S being greatet
than zero from Eqs. (3)and (5). The flow
stress used (o construcy’the master curve and
the definition of SI ySed to enter the master
curve are defined f/w each material category
as follows:

The Mlow s<ress used to construct the mastel
curve is / '

of ,/ = 05 (oy + 0y l

when the yield strength, o, and the ulty
mate strength, o, at temperature ar¢

“known. |

If the yield and ultimate strengths at temper-
ature are not known, then Code minumum values
&t temperature can be used, or alternatively
if

(SL « 2.5, then

1™

of = S1ks\ or
u \

(S > 2.5, then

1™

of = 45 ksi.

N
\

The value of SI used to enter the master curvg
for base metal and TIG welds is

Sl « M (Py + Pp) (7)!
|
|

where \

\ |

Py, - =the combined + vary beading %

626
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The flow stress used to construct the /mu'
curve is 51 ksi /

The value of S1 used to enter tye master
curve for SMAW and SAW s /

j
S« M (Pp+ P+ P)Z (8)

where /

= (he combined primuyjf‘budiu stress,
including deadweight and seismic componen:s i

= combined uplnuon stress at normal
| operation.

/

;z * 115 [1.0 + 0.013 (OD-4)] for SMAW,
9) /

= 1.30 (1.0 + 0010 (00-4)1 for SAW,
um
and

oD =
pipe outer diameter in inches.

When the allowable flaw length is determined

from the master curve at the appropriate S
| value, it can be used to determine if the
| uired margins on load and flaw size are
| m t using the following procedure. |

For the method of load combiaation deseribed
Jin item (5), let M = 1.4, and if ¥b
" allowable flaw length from the master curv

" is at least equal to the leakage size fla

1.6.4 Interfaces

36.4.1 Detals of Pipe Break Analysis Results
sod Protection Metbods

The following shall be provided by the
applicant refesrsaen 2 ibe-ABWR design. (See
Subsection 3.6.2.5): j

Amendment 17

l(

(1) A summary of the dynamic analyses
applicable to bigh-energy piping systems
in accordance with Subsection 362.5 of
Regulatory Guide 1.70. This shall
include:

(a)
Sketches of applicable pipiog systems showing
the location, size and orientation of postulated
pipe breaks and the location of pipe whip
restraints and jet impingement barriers,

(b)
A summary of the data developed to select
postulated break locations including calculated
stress intensities, cumulative usage factors and
stress ranges as delineated in BTP MEB 3.1

(2 For failure in the moderate-energy
piping systems listed in Table 3.6-6,
descriptions showing bow safety-related
systems are protected from the resulting
jets, flooding and other adverse
environmental effects

/ of

(3) Identification ol protectiye measures
provided against the feflects of
postulated pipe failures 8 each of the
systems listed in Tables 3. 6.1, 3.6-2,

S and-db-4 Cand

{(4) The details of how the MSIV functional
capability is protected against the
effects of postulated pipe (zilures.

(5) Typical examples, if any, where
protection for safety-related systems
and components against the dynamic
effects of pipe failures include their
enclosure in suitably designed
structures or compartments (including
any additiopal drainage system or
equipment environmental qualification
needs).

(6) The details of how the feedwater line
check and feedwater isolation valves
functional capabilities are protected
against the effects of postulated pipe
failures.

1642 Leak-Before-Break Analysis Report

As required by Reference 1, an LBB analysis
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report shall bcéupucd for the piping systems
proposed for from the analyses for the
dynamic effects due to their failure. The report

shall imetude-only-the-pipiag stressenalyss be Foe pared N
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JE.1 INTRODUCTION

fee P BE 15

As discussed nn Subsection 3.6.3, this
appendix the fracture mechanics
properties of ABWR piping materials and analysis
method., inc'uding the leak rate calculation
methods e Appender 3b these propertres and

*‘MMW—
o e LRE
uatediaaisen: (1onhe b PoBE

Piping qualified by LBB would be excluded from
the non-mechanistic postul.tion requiremen's of
double-ended guillotice bregk (DEGB) specified in
Subsection 3.6.3. The LBB qualification means
that the through-wall flaw lengths that are
detectable by leakage monitoring systems (see
Subsection 5.2.5) are significantly smaller than
the flaw lengths that could lead to pipe rupture
or instability,

Section 2E.2 addresses the fraciure mechanics
properties aspects required for evaluation in
accordance with Subsection 3.6.3. Section 3E3
describes the fracture mechanics techniques and
methods for the determination of critical flaw
lengths and evaluation of flaw stability.
Explained in Section 3E 4 is the determination of
flaw lengths for deteciable leakages with

margin, ‘Wtiel discussion on the leak
detection capabilities is presented in Section

3E.S. @ See p. AE. )ik dnvu €
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..provides detailed guidelines for applicant's use in applying for NRC's
approval of LBB for specific piping systems. Also included in this appendix

are

dnsert B

Table 3E.1-1 gives a list of piping systems inside and outside the containment
that are preliminary candidates for LBB application. As noted on Table 3E 1-1,
most candidate piping systems are carbon steel plping Therefore, this

appendix deals extensively with the evaluation of carbon steel piping

PE: =\
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Finally, Section 3E.6 provides general guidelines for the preparation of LEB
justification reports by providing two examples.

Material selection and the deterministic LBB evaluation procedure are

discussed in this section.

3E.1.1 Material Selection Guidelines

The LBB approach is applicable to piping systems for which the materials
meet the following criteria: (1) low probability of failure from the rffects of
corrosion (e.g., Intergranular stress corrosion cracking) and (2) adequate
margin before susceptibility to cleavage type fracture over the full range of
systems operating temperatures where pipe rupture could have significant

consequences .

The ABWR plant design specifies use of austenitic stainless steel piping
made of material (e.g., nuclear grade or low carbon type) that is recognized as
res‘stant to 1CGSCC. The carbon steel or ferritic steels specified for the
reactor pressure boundary are described in 3E.2.2. These steels are assured to
have adequate toughness to preclude a fracture at opesating temperatures. A
COL applicant is expected to supply a detailed justification in the LBB
evaluation report considering syst.m temperature, fluid velocity and

environmental conditions.

A 1= lb



36.1.2 Deterministic Evaluation Procedure

The following deterministic analysis and
evalualion are performed as an NRC-approved
method herthe-ABWR-Stonderd-Nuosicardalend |0

justify applicability of the LBB concept.

(1) Use the fracture mechanics and the leak
rate computational methods that ' accept-
ed by the NRC stafl, or are demcastrated
accurate with respect to other acceptable
computational procedures or with
exgerimental data,

(2) Identify the types of materials and ma-
terials specifications used for base metal,
weldments apd safe ends, and provide the
materials properties inrluding toughness
and tensile data, long-term effects sv ° as
thermal aging, and other limitations.

(3) Specify the type and magnitude of the loads
applied (forces, bendieg and torsiosal
moments), their source(s) and method of
combination. For each pipe size in the
functional system, ideatify the location(s)
which have the least favorable combination
of stress and material properties for base

‘ metal, weldments and safe ends.

(4) Postulate a throughwall flaw at the
location(s) specifiea in (3) above. The
size of the flaw should be large esough so
that the leakage is assured detection with
sufficient margin using the installed leak
detection capability when the pipes are
subjected to normal operating lozds. If
auxiliary leak detection systems are relied
on, they should be described. For the
estimation of leakage, the normal operating
loads (i.e., deadweight, thermal expansion,
and pressure) are to be combined based on
the algebraic sum of individual values.

Using fracture mechanics stability analysis __ c4et
or limit 1oad 2analysis based emimsaias
and normal plus SSE loads, determine the
critical crack sice for the pouu!ued
throughwall crack. Determine crack size
margio by comparing the selected leakage
size crack to the critical crack size.
Demonstrate that there is a margin of 2
between the leakage and critical crack
sizes, The same load combination metbod

. selected ip (5) below is used to determine

the critica! -ack size.

(5) Determine margin in terms of applied loads
by a crack stability analysis. Demonstraie

—Cont nued nexr P‘J’- 3€E . 4-1lc



(6)

(M)

(8

)

that the leakage size cracks will not expe.
rience unstable crack growth if 1.4 times
the normal plus SSE locds wre applied. De
monstrate that crach growth is stable and
the fional crack is limited such that &
double-ended pipe break will not oocur. The
dead-weight, thermal expansion, pressure,
SSE (inertial), and seismic anchor motion
(SAM) loads are combined based oo the same
method used for the primary stress evalu:
ation by the ASME Code. The SSE (inertial)
snd SAM loads are combined by square -rool-
of -the-sum-of -the- squares (SRSS) method

The piping material toughoess (J-R curves)
and tensile (stress-atrain curves)
propertias are determioed at tzmperatures
near the upper range of sormal plant
operation.

The specimen used t¢ generate J-R curves is
assured large enough to provide crack
extensions up 1o ab amount consistent with
1/T condition determined by analysis for the
spplication, Because practical specimen
size Jimitations exist, the ability to
obisia the desired amount of exrerimental
ctats - ension may be restricted. o this
case, . Arapolation techniques is used as
dessribed in NUREG-1061, Volume 3, or in
NUREG/CR 4575 Other techniques can be used
if adequately justified.

The stress-strain curves are obtained over
the range from the proportiossl limit to
maximum load.

Prefesably. the materials tests should be
conducted usion archival materials for the
pipe being evaluated. If archival material
is not available, plant specific or industry
wide generic material data bases are
assembled and used 10 define the required
material tensile and toughness properties.
Test material includes base and weld metals.

(10) To provide an acceptable level of reli-

ability, generic data bases are reasc=able
jower bounds for compatible sets of material
tensile and toughness properties associated
with materials st the plant. To assure that
the plant specific generic dats base s

sdequate, & determination 4 made 1o demon.
strate that the geoeric data base represenis
the range of plant materials to be evaly:
sted. This determinatiou is based oo & com-
patison of the plant material properiies
identified in (2) sbove with those of the
waterials used to develop the generic data
base. The sumber of material heats and weld
proceseces tested are adequate 1o cover the
strength and toughoess range of the actual
pleat materinls. Reasonable lower bound
tensile and toughoess properties from the
plant specific generic date base are (o be
used for the stability analysis of indivi
dusl materials, unless otherwise justified

Industry generic data bases are reviewed (o
provide » reasoaable lower bound for the
population of material tensile and toughness
properties associated with any individual
specification (e.g., A106, Grade B), material
type (€ g, sustenitic steel) or welding
procedures

The sumber of material beats and weld proce.
dures tested should be adequate 1o cover the
range of the strength and tensile properties
expected for specific material specilica
tions or types. Reasonable lower bound
tvasile and toughness properties from the
industry generic data base are used for the
stability analysis of individual materials

If the data are being developed from an
archival heat of material, three stresc:
strain curves and three Joresistance curves
from that one heat of material is sufficient
The tests skould be conducted at temperatures
aear the upper 1ange of normal plani
operation. Tests should also be conducied al
s lower tewmperature, which may represent a
plant condition (e.g., bot standby) where pipe
break would yresent safety concerns similar 1o
pormal operation. These tests are intended
only to determine if there is any significant
dependence of toughnes: >o temperature over
the temperature range of interest. The lower
toughness should be used in the fracture
mechanics evaluation. One J-R curve and one
stress-strain curve for one base me.al and
weld mets! are considered adequate 10
deternine (emperature dependence

- e mh ﬁu(& 2l B B L
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(11) Théve are certain limitations that currestly
preclude generic use of limit load analyses
to evaluate leak-before-break conditions
deterministically. Mowever, s modified
Hmit-load soalysis can b used for
Surisuiiie sieel piping 1o dunouuntﬁ
scceptable margios ag described in M

3¢



TABLE 3E.1-1

LEAK BEFORE BREAK CANDIDATE
PIPINC SYSTEMS

System Location Description Diameter
(mm)
Main Steam PC RPV to RCCV 700
(4 Lines)
Feedwater PCc RPV to RCCV 550/300
(2 Lines/6 Risers)
RCIC Steam PC M8 to RCCV 150
HPCF PC RPV to first check valve 200
RHR/LPFL PC RFV to first check valve 250
RHR SBuctien PC RPV to first closed gate valve 150
cuw pC RHR suction to RCCV 200
Main Stean Steanm RCCV to turbine building 700
(4 Lines) Tunnel
Feedwater Steam RCCV to turbines building 550
(2 Lines) Tunnel
RHR Div., A Steam FW line A to check valve 250
Suction Tunnel
RCIC Steam sC RCCV to turbine shutoff valve 150
RCIC Supply 8C FW to first check valve 200
CUW Suction sC RCCV to heat exchanger discharge 200
CUW Discharge 8C Heat exchanger discharge to 200/150

FW suction

Note: (1) All piping in primary and secondary containment (including
steam tunnel) are carbon steel piping, except the
in-containment CUW piping which is stainless steel.

Legend: PC: Primary Containment
S8C: Secondary Containment
FW: Feedvater

3g . 1- 1 ¥
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ME2 MATERIAL FRACTURE TOUGH-
NESS CHARACTERIZATION

This subsection describes the fracture
tougboess properties and Mow stress evaluation
for the ferritic materials used in ABWR plant
pipiog, as required for evaluation according lo

Section una.,u A8,

JE2.1 Fracture Toughness
Characterization

When the elastic-plastic fracture mechanics
(EFFM) of the J-T methodology s used
to evaluate the leak-before-break conditions with
postulated through-wall flaws, the material
toughoess property is characterized in the form
of J-integral resistance curve (or J-R curve) [1,
2, 3] The J-R curve, schematically shown in
Figure 3E.2-1a, represents the material’s
resistance to crack extension. The onset of
crack extension is assumed (o occur &l & critical
value of J. Where the plane sirain conditions
sre satisfied, initiation J 1s denoted by Ji¢
Plane straio crack conditions, achieved in test
specimen by side grooving, generally provide a
lower bound behavior for material resistance to
stable crack growth.

Once the crack begins to extend, the increase
of J with crack growth is measured in terms of
slope  or the nondimensionsl tearing modulus,
T, expressed as

t.E d (E2:1)
of? da

The flow stress, ey, is o function of the
yield and ultimate strength, and E is the clastic
modnlus. Generally, of is assumed as the
average of the yield aod ultimate strength. The
slope §¢ of the material J-R curve iy » function
of cra i extension Aa Ocuully.%} decrea-
ses with crack extension thereby givibg a convex
upward appearance to the material J-R curve in
Figure JE 2:1a

To evaluate the stebility of crack growth, it
is convenient 1o represent the material J-R curve
in the J-T space as shown in Figure 3E2-1b. The
resulting curve is labeled as J-T material.
Crack instability is predicted at the intersec:
tion point of the J/T material and J/T applied
curves

Amendmeni |
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The crack growih invariably lavolves some
elastic unloading and distinctly nosproportional
plastic deformation pear the crachk tip ).
integral is based oo the deformation theory of
plasticity (4, §) which inadequately models boih
of these aspects of plastic behavior. In order
to use J-integral to characterize crack growth
(i.e 1o assure J.controlled crack growth), the
following sufficiency condition 1o terms of »
pondimensional parameter proposed by Hulchinson
and Paris (6, & used

we b &l (E2:2)
]

Where b is the remainiog ligament. Reference
7 suggesis that w>10 would satisfly the
J-controlled growth requirements. However, if
the requirements of this criteria are strictly
followed, the amount of crack growth allowed
would be very small in most test specimen
geometries. Use of such » material J-R curve 1o
1/T evaluation would result in grossly
uoderpredicting the instability loads for large
diameter pipes where considerable stable crack
growth is expected to occus before reaching the
instability poist. To overcome this difliculty,
Ernst [8) proposed & modified J-integral,
Jinod which was shown to be effective even
when limits on w were grossly violated. The
Ernst correction essentially factois-in the
effect of crack extension in the calculaied
value of J. This correction can be determined
experimentally by measuring the usval
parameters: load, displacement and crack lengih

The definition of Jgyq is:
Jmod = 1 ¢ I. £0.Q)| da
(E2-3)
Where
J is based on deformation theory of
plasticity
G is the linear elastic Griffith
energy release rate or elasiic J,
Jel

Epl is the norlinear part of the
load-point displacement, (1
simply the total minus the elastic

3F 341
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duplacement)

are the initial and current crack
lengths respectively

oo

For the particulas case of the compact tension
specimen geometry, the preceding Equation and the
corresponding rate take the form

lmod OJ*I;,A‘eh

where Jp) is the nonlinear part of the
delormation theory J, b is the remainiog ligament
and v 8

(E24)

v « (14076 b/W) (E2:5)
Consequently the modified material tearing

modulus Ty g can be defined an

Tmod * T * B 32 Jpl
of? » (E26)

Sioce io most of the test J-R curves the
w» 10 limit was violated, all of the material
J-T data were recalculated in the Jgod Tmod
format. The Jgod, Tmod calevlations were
performed up to crack extension of sa=10% of
the original ligament in the test specimen. The
J-T curves were then extrapolated to larger J
values using the method recommended in NUREG
1061, Vol. 3 [9).

IE22 Carbon Steels and Associated
Welds

The carbon steels used in the ABWR reactor
coolant pressure boundary piping are: SA 106 Gr
B, SA 333 Gr. 6 and SA 672, Gr. C70. The firsl
specification covers seamless pipe and the second
oue pertains to both seamless and seam-welded
pipe. The last one pertains to seam-welded pipe
for which plate stock is specified as SA 516, Gr.
70. The corresponding material specifications

witdfor carbon steel fManges, fittings sod forgings

lt‘(

While the chemical composition requirements
for & pipe per SA 106 Gr. B and SA 333 Gr. 6 are
identical, the Jatter is subjected to two
additioval requirements: (1) a normalizing heat

Amendment 7
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treatment which refines the graio structure and,
(2) & charpy test at S0“F with o specified
winimuw absorbed energy of 13 Tt lbs

The electrodes and filler metal requirements
for welding carbon steel 1o carbon or low alloy
steel are as specified io Table 3E 2.1 A
comprebensive test program was undertaken to
characterize the carbon steel base and weld
material tougbness properties. The next section
describes the scope and the resulis of this
program,

JE22.0 Fracture Toughoess Test Program

The test program consisted of generating true
stress-true strain curves, J-Resistance curves
and the charpy Vonoteh tesis. Two materinhs
were selected @ (1) SAXID Gr. 6, 16 inch
diameter Schedule 80 pipe and (2) SASI6, Gr 70,
1 1/4 ioch thickoess plate. Table 3E 2.2 shows
the chemical composition and mechanical property
test information provided by the material
supplier. The materials were purchased to the
same specifications as those (o be used in the
ABWR applications.

To produce a circumlerential butt weld, the
pipe was cut ip two pieces along @
circumferential plane and welded back using the
shielded metal are process. The weld prep was
of single V design with » bl.ctiu ring The
prebeat temperature was 200 F

The plate material was cut along the
longitudinal axis and welded back using the SAW
process. The weld prep was of a single V type
with one side as vertical and the other side at
45° A backing plate was used during the
welding with & clearance of 1/4 inch at the
bottom of the V. The hmrm temperature was
maintained at less than 500 F.

Both the plate and the pipe welds were
X-rayed according to Code [11) requirements and
were found to be satisfactory.

It is well-known that carbon steel base
materials show considerable anisotropy 10
fracture toughness properties. The toughness
depends on the orientation and direction of
propagation of the crack in relation to the
principal direction of mechanical working or

1 3 B
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goin Now. Thus, the selection of proper orien:
tation of charpy snd J R curve test specimen s
important. Figure 3E 2.2 shows the orientation
code for rolled plate and pipe specimen as giveo
0 ASTM Standard EX99 (12] Sioce o through wall
circumferential crack configuration i of most
interest from the DEGB point of view, the LT
specimen io & plate and the L-C specimen in »
pipe provide (be appropriaie toughoess properties
for that case. On the other band, T-L and C.L
specimen are appropriate for the amal flaw case.

Charpy test data are reviewed first since they
provide & qualitative measure of the fraciure
toughness

JE22.00 Charpy Tests

The absorbed energy or its complement, the
Iateral expansion messured during & Charpy V.
potch test provides » qualitative messure of the
material toughness. For example, in the case of
sustenitic stainless steel Mlux weldments, the
observed lower Charpy energy relative to the base
metal was consistent with the similar trend
observed in the J-Resistance curves. The Charpy
tests in this program were used as preliminary
indicators of relstive tougheess of welds, HAZ»
and the base metal

The carbon steel base materials exhibit
considerable anisotropy in the Charpy energy s
illustrated by Figure 3E.2.3 from Reference 13
This snisotropy s associated with development of
pain flow due to mechanical working. The Charpy
orientation C in Figure 3E.2-3 (orientations LC
snd LT io Figure 3E.2:2) is the approprisie one
for evaluatiag the fracture resistance to the
extension of a through-wall circumferential
flaw. The upper shell Charpy energy sssociated
with axial flaw extension (orientation A in
Figure 3E.2:3) is considerably lower than that
for tbe circumferential crack extension.

A similar trend in the base metal charpy
energies was also soted in this test program,
Figures 3E.2-4a and b show the pipe and plate
material Charpy energies for the two orientations
as & function of temperature. The tests were
conducted at six temperatures ranging from room
temperature to S50°F. From the trend of the
Charpy energies as » function of temperature in
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Figures JE 240 and b it is clenr that even a1
room temperature the upper sbell conditions have
been reached for both the materiels

No such snisotropy is expecied io the weld
metal since it does pol undergo any wechanical
working after ity deposition. This conclurion
it 8180 supporied by the available dats i (be
techoical Jiterature. The weld metal charpy
specimen in this test program were orievied the
same way a8 the LC or LT orientations in Figure
3E 22 The HAZ charpy specimens were also
oriented similarly.

Figure JE. 2.5 shows & comparison of the
charpy energies from the 333 Gr 6 base metal,
the weld metal and the HAZ o most cases two
specimens were used. Considerable scatter in
the weld and HAZ charpy eoergy values s seen
Nevertheless, the average energies fro the weld
meial and the HAZ seem 1o fall ot or above the
sverage base metal values. This indicates that,
unlike the stainless steel Mux weldments, the
fracture toughness of carbon steel weld and HAZ,
as measured by the charpy tests, is ot least
equal to the carbon steel base metal

The preceding results and the results of the
ploess-strnin tests discupsed in the next
section
the base and the weld metal properties for use
io the J. T methodology evaluation

SE22.10 Stress-Straln Tests

The stress-strain terts were pnfomcdw
three temperatures: Roum temperature, 350°F
and 5507F. Base and weld metal from both
the pipe and the plate were tested The weld
specimens were in the as-welded condition The
standard test dats obtained from these tesis are
summarized in Table 3E 2.3

An examination of Table 3E 2-3 shows that the
measured yield streogth of the weld metal, as
expected, is considerably bigher than thalyp!
the base metal. For example, the S50°F

yieid strength of the weld metal in Table 3E 2.3 °

ranges from 53 10 59 ksi, whereas the base metal
yield strength is only 34 ksi. The impact of
this observation in the selection of appropriate
material (J/T) curve is discussed in later

ML)
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Figures 3E.2-6 o through d show the plots of
the SS0°F and 350°F siress-stain curves
for both the pipe and the plate used in the
test As expecied, the weld melal stress-sirale
CUrve (o every case is bigher thae the correspon
ding base melal curve. The Ramberg Osgood forma
characterization of these stress-strain curves is
given in Section JE D2 where appropriate values
of & and o is also provided.

JE22103 JRCurve Testa

The test temperstures selected for t!o IR
curve tests were: room tempersture, 350 F sod
S50°F. Boih the weld and the base metal were
included. Due to the curvature, only the 17T plas
compact tension (CT) specimens were obtaned from
the 16 inch diameter test pipe. Both 1T and 2T
plan test specimens were prepared from the test
plate. All of the CT specimens were side-grooved
(o produce pluoe strain conditions.

Table JE 2.4 shows some details of the J-R
curve (ests performed io this test program. The
J-R curve in the LC orientation of the pipe base
wetal and in the LT orientation of the plate base
metal represent the material's resistarce to
crack extension in the circumfesential direc:
tion. Thus, the test results of these orienta-
tions were used in the LBB evaluations, The
oriestation effects are not present in the weld
metal. As an example of the J-R curve obisined
in the test program, Figure 3E.2.7 shows the piot
of J-R curve obtained from specimen OWLC-A,

JE222 Material (J/T) Curve Selection

The normal operating temperatures for most of
the carbon steel pipiog in the reactor coolant
pressure boundary in the A’WI .cnul‘y fall into
two categories: 528-550°F and 420°F. The
latier temperature corresponds to the operating
temperature of the feedwater piping system. The
stlections of the appropriste material (J/7T)
curves for these two categories are discussed
next

SE222.1 Material J/T curve for $80°F

A review of the test matrix in Table 3E 2.4

Amendmen: ¥
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shows that § tests were conducted at $50°F
Two tests were on the weld metal, two were on
Ihe base metal and one was on the beat-affecied
tooe. Figure JE 2.8 shows the plot of material
Jmod Tmod velues caleulated lwl the )44
values obtained from the S50 F tesin  The
value of flow stress, of, wsed ino the
tearing modulus calculation (Equation E.2:1) was
S20 ksl based on data shown in Table JE 2 )
To convert the deformation J and values
obtained from the J-R curve into )il Tomod
Equations E d4 and E 26 were used Oanly the
data from the pipe weld (Specimen D OWLC-A) and
the plate base metal (Specimen 1D BMLI12) are
shows in Figure JE 2.8 A few unreliable data
poinis were obtained in the pipe base melal
(Specimen 1D OBLC-2) J-R curve test due (0 »
malfunction in the instrumentation. Therefore,
the data from this test were not included in the
evaluation. The J-R curves from the other two
SS507F tests were evalunted as described 1o
the vexi paragraph. For comparison purposes,
Figure 3E 2-8 also shows the SA106 carbon steel
J-T data obtained from the J-R curve reporied by
CGudas [14). The curve also includes
extrapolation 1o bigher J values based on the
method recommended o NUREG 1061, Vol 3 |9

The Jmod ‘Tmod dota for the plate weld
metal and the plate HAZ were evalusied A
comparison shows that these data fall slightly
below those for the plate base metal shown in
Figure 3JE.2-8. On the other hand, as noted in
Subsection 3E.2.2.1.2, the yield strength of the
weld metal and the HAZ is consicerably bighe:
than that of the base metal. The material
stress-strain and J-T curves are the two key
inputs in determining the instability load snd
flaw values by the (J/T) methodology
Calculations performed for representative
through-wall flaw sizes showed that the higher
yield streogth of the weld metal more than com-
pensates for the slightly lower J-R curve and,
consequently, the instability load and flaw
predictions based on base metal properties are
smaller (e, conservative). Accordiogly, it
was concluded that the material (J-T) curve
shown in Figure 3E.2-8 is the appropriate one 1o
use io the LBB evaluations for carbon steel
pipiog al §50°F,

24



ABWR
Standard Plant

SE2222 Muterial J/T Curve For 420°F

Since the test temperature of 350°F can be
considered reasonably close to the 420°F, the
test J-R curves for 350°F were used in this
case. A review of the test matrin in Table
3!.2;4 shows that (hree tests were conducted at
A50°F. The Jmod Tamod data for all three
tests were reviewed The ?low stress value used
in the tearing modulus calculation was 54 ksi
based on Table 3E 2.3 Also mmxa were the
data on SAL06 carbon steel at 300" F reported
by Gudas [14)

Consistent with the trend of (he $50°F
data, the 350°F weld metal (J.T) data fell
below the plate and pipe base metal data. This
probably reflects the slightly lower toughness of
the SAW weld in the plate. The (J/T) data for
the pipe base metal fell between the plate base
metal and the plate weld metal. Based on the
considerations similar to those presented in the
previous section, the pipe base metal J-T data,
although they may lie above the weld )-T data,
were used for selecting the appropriate (J-T)
curve, Accordingly, the curve shown in Figure
3E 2.9 was developed for using "b' (J:T)

methodology in evaluations at 420 F,
c Euﬁ‘k >lu F 8% a ba
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362.3 Stainless Steels and Associated Welds

The stainless steels used in the ABWR reactor coolant pressure boundary
piping are efther Nuclear grade or low carbon Type 304 or 316, These materials
and the associated welds are highly ductile and therefore, undergo considerable
plastic deformation before failure can occur. Toughness properties of Type 304
and 316 stainless steels have been extensively reported in the open technical
1iterature and are, thus, not discussed in detail in this section. Due to high
ductility and toughness, modified 1imit load methods can be used to determine
eritical crack lengths and instability loads (see Section 3E£.3.3).

»
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GEAP-5620, April 1968,

Gudas, J.P., and Andersos DR, "J/.R
Curve Charateristics of Piping Matenal and
Welds," NUREG/CP-0024, Vol. 3, March 1982
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Base Material

Carbon Steel to
Carbon Steel or

Low Alloy Steel

DABIAE
REN. A

TABLE JE2-1
ELECTRODES AND FILLER METAL REQUIREMENTS
FOR CARBON STEEL WELDS
Electrode or  Filler Metal
P-No. Process Specification Classification
P-1t0 SMAW SFA 51 E7018
P-1,P3
P4 or GTAW SFA 5.18 E708-2, E708-3
P-5 PAW
GMAW  SFA 518 E708-2,E708.3 E70S.6
SFA 5.20 ET-1
SAW SFA 517 F2EMLZK FT2EL12
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SUPPLIER PROVIDED CHEMICAL COMPOSITION AND MECHANICAL PROPERTIES

Material

SA 3 Gre
Heat #5230

SA 516 Gr . 0

Heat #E158767

Note:

Amendment |

TABLE ME2:2
INFORMATION
Product Chemical Composition
Form
C Ma P S
16 la. 012 118 01 0%
Sch.&0
Pipe
101n 018 098 0017 00022
Plate

(1) Pipe was normalized at 1650°F. Held for 2 hrs. and air cooled

(2) Plate was normalized at 1700°°F for one hour and still air cooled

Mech. Property
Si Sytkal)  Suiksh  Elongation
(%)
027 Mo 675 420
0.2 6.5 05 M0
JE24
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TABLE }E2.)

STANDARD TENSION TEST DATA AT TEMPERATURE
Elong. RA

SPEC.
NO.

Owl
ow2

ITwi2

IBL1
IBL2
IBLA

OBl
0B2
OB}

MATERIAL  TEST
TEMP (habl

PIPE WELD RT
PIPE WELD SSOF

PLATE WELD $50F

PLATE BASE RT
PLATE BASE 350F
PLATE BASE S50F

PIFE BASE  RT
PIPE BASE  3S0F
PIPE BASE  SSOF

03%YS
hal)

6.1
90

530

LERY
39
Ml

436
Q22
M6

Urs
%

816
99

914

77
64 2
o9

686
749
72

na
56.7

513

513
XY
594

678
554
554

FARNBITIVN §

B2
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TABLE JE24

No.  Specimen ID Sl Rescription Lema
(n OWLC.A 1T Pipe Weld §S0°F
(2) OBCL 1T Pipe Base C-L Orientation RT
(3) OBLC2 T Pipe Base L-C Orient. ion SSOOF
(4) OBLC}MR T Pipe Base L-C Orientation ASOOF
(% BML 1T Pla.e Base Metal, L-T Orientation RT
(6) BML44 2T Plate Base Metal, L-T Ornientation RT
) BML26 T Plate Base Metal, L-T Orientation ASOOF
(%) BML112 2T Plate Base Metal, L-T Orientation SSOOF
(%) WML9 i Plate Weld Metal RT
(10) XwMinll 2T Plate Weld Metal ASOVF
(11)  WM25 a4 Plate Weld Metal S50°F
(12) HAZ (Non- Heat-Affected Zone, Plate RT

standard)

Width = 2793
(13, OowLc.r 1T Pipe Weld RT
Notes:

1 Pipe base metal, SA3Y Gr 6

2. Plate base metal, SAS16 Gr. 70

3 Pipe weld made by shiclded metal arc welding.
4. Plate weld made by submerged arc welding.

Amendment | B2 10
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v
874820302

SCHEMATIC
REPRESENTATION

OF MATERIAL
J-INTEGRAL R CURVE

v
87.862-00

Figure 3E.2-1b SCHEMATIC
REPRESENTATION
OF MATERIAL
J-T CURVE
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CRACK PLANE ORIENTATION CODE FOR BAR AND MOLLOW CYLINDER

CRACK PLANE ORIENTATION CODE FOR RECTANGULAR SECTIONS
"1892.04

| . Figure 3E.2-2 CARBON STEEL TEST SPECIMEN ORIENTATION CODE
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250

i SPECIMEN ORIENTATION

g
|

CHARPY ENERGY #1-1b)

%
1
0

=200 =100 0 100 200 300

TEMPERATURE (“F)
87.992.08

Figure 3E.2-3 TOUGHNESS ANISOTROPY OF ASTM 106 PIPE (6 in, Sch. B0)
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260 poe
$AB16 GR. 70 BASE MATERIAL
O ORIENTATION LY
0 ORIENTATION TL
200 e
£
»
i 160 p=
b3
Y
§ A § A
Fal
100 o= 5 %
80 poer O 0 ) Q ﬁ Q
4 | l J | |
0 100 200 300 400 800
TEST TEMPERATURE (“F)
87 59208

Figure 3E.2-4¢ CHARPY ENERGIES FOR PIPE TEST MATERIAL AS A FUNCTION OF
ORIENTATION AND TEMPERATURE
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260
200 =
SAJIIGR 6 BASE MATERIAL
A ORIENTATION LC
3 0 ORIENTATION CL
& 160 =
»
;
i 100 o=
A a &, A A
80 p==
o o 0 o o -
) | L | | |
0 100 200 300 400 500 600

TEST TEMPERATURE (*F)
8 LT'H b

Figure 3E.2-4b CHARPY ENERGIES FON PLATE TEST MATERIAL AS A FUNCTION OF
ORIENTATION AND TEMPERATURE
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4 BASE METAL 0

260 b O WELDMETAL
0 HAZ

I %

g
|

CHARPY ENERGY i)

g
|
, D
e
>
Hed

0 |
MATERIAL: SA33IGR & SPECIMEN ORIENTATION LC

o L | | 1 |

0 100 400 00 «00 500 600
TEST TEMPERATURE (°F)
87 89208
. Figure 3E.2-5  COMPARISON OF BASE METAL, WELD AND HAZ CHARPY ENERGIES
FOR SA 333 GR. 6
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SAJ33GR 6 PIPE

WELD METAL

-
-
-
"

TEMPERATURE §50°F

TRUE STRESS fss)

o TR Y (S RN G WARY TN
002 004 008 008 010 012 0w 016 018 00
TRUE STRAIN

8769209

Figure 36.2-6s PLOT OF 550°F TRUE STRESS-TRUE STRAIN CURVES
FOR SA 333 GR. 6 CARBON STEEL

AT
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Figure 3E . 2-6b PLOTOF 650°F TRUE STRESS-TRUE STRAIN CURVES
FORSABI6GR. TO CARRBON STEEL
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100 poe

TRUE STRESS fsi
3

40
20
", [Tl e HAN I R DY AR IR AR
002 Q04 Q08 008 010 012 014 016 0.8
TRUE STRAIN
878021
. Figure 3E.2-6c  PLOT OF 350°F TRUE STRESS-TRUE STRAIN CURVES

FOR SA 333 GR 6 CARBON STEEL
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Figure 3E.2.6d PLOTNF 3650°F TRUE STRESS-TRUE STRAIN CURVES
FOR SA 616 GR. 70 CARBON STEEL
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Figure 3€.2-7 PLOT OF 650°F TEST J-R CURVE FOR PIPE WELD
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2000
1000
LOWER BOUND MATERIAL J-T CURVE
FOR CARBON STEEL AT 880°F
-
. | 1 s ol | | |

0 100 200 300 400 500 600 700
TEARING MODULUS, T
8768214

Figure 3E2-8 PLOTOF 880°F J . T ¢ DATA FROM TEST J-R CURVE
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TEARING MODULUS, T
87-5¢2.18

Figure 3E.2-9 CARBON STEEL J-T CURVE FOR 420°F
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3E.3 FRACTURE MECHANIL”ME'!HODS

This subsection deals with the (racture
mechanics techniques and methods for the
determination of critical flaw leagths and
instability loads for materials used in ABWR.
These techniques and methods comply with Criteria
(5) through (11) described in Section l.bﬂ,)u A,

3E.J.1 Elastic-Plastic Fracture
Mechanics or (J/T) Methodology

Failure in ductile materials such as highly
tough ferritic materials is characterized by
considerable plastic deformation and significant
amount of stable crack growth. The EPFM approach
outlined io this subsection considers these
aspects. Two key concepts in this approach ere:
(1) J-integral [1, 2] which characterizes the
intensity of the plastic stress-strain field
surrounding the crack tip and (2) the tearing
instability theory [3, 4) which examines the
stability of ductile crack growth. A key
advantage of this approach is that the material
fracture toughness characteristic is explicitly
factored into the evaluation.

JE3.L1 Basic (J/T) Methodulogy

Figure 3E.3-1 schematically illustrates the
J/T methodology for stability evaluation. The
material (J/T) curve in Figure 3E.3-1 repre-
sents the material's resistance to ductile crack
extension, Any value of J falling oo the mate-
rial R-curve is denoted as Jyp, and is a func:
ticn solely of the increase i1n crack lengthda,
Also defined in Figure 3E.3-1 is the ‘applied’ J,
which for given stress-strain properties and
overall component geometry, is a function of the
applied load P and the current crack length, a.
Hutchinson and Paris [4] also define the
following two nondimensional parameters:

E . 2applied
Tuppled * 30 8a "
(E3-1)
T E_ . dpa
mat "og? 4a

where E is Young' modulus and o § is an
appropriate flow stress.
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Intersection poitt of the material and
applied (J/T) curves denotes the instability

point. This is mathematically stated as
follows:
Tapplied (aP) = Jpq (2) (3E3-2)
Tapplied < Tgat (stable) (3E3-3)
Tapplied > Tmat (unstable)

The load at instability is determined from
the J versus load plot also shown schematically
in Figure 3E3-1. Thus, the three key curves in
the tearing stability evaluation are: Jupp)ied
versus Topplied: Jmar versus Tyy and
Japplied versus load. The determination of
appropriate Jup oy versus Tpay or the material
(J/T) curve bas been already discussed in
subsection SE2.1. The Japolied “Tapplied
or the (J/T) applied curve can be casily
generated through perturbation in the crack
length once the Japplied versus loud
information is available for different crack
lengths. Thereiore, only the methodology for
the generation of Jyppljeq versus load
information is discassed in detail

JEJ.12 J Estimation Scheme Procedure

The Jypnlied ©r J as a function of load was
calculated using the GE/EPRI estimation scheme
procedure [5, 6). The J in this scheme is
obtained as sum of the elastic and fully plastic
contributions:

J = Je + Jp (353'4)

The material true stress-strain curve in the
estimation scheme is assumed to be in the
Ramberg-Osgood format:

(FE)e ()

where, %0 is the material yield stress,
€0 o ?o , and a and o are obtained
by fitting the preceding equation to the
material true stress-strain curve.

n (3E.3-5)

The estimaiion scheme formulas to evaluate

JE3-1
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the J-integral for a pipe with a through-wall
circumferential flaw subjected to pure tension or
pure bending are as follows

Tcnsion

B, p? (3E.3-6)
1 = fy(ag,
e ()E : n+l
O o c(B) by (8 n B[R
i B ‘(bn'l)[l’,l
where,
(8 oB) 2FasB
1(bn.() (bn.‘)
wRrt?
Po=2% Rt[n-y-2arcsin
(dsiny))
2
Reoding
g M (3E3-7)
1 = fy(ae,
1% I)E i n+l
9o toc(B)hy (B o B
a% ‘e 1%*9[%.’,]

where,
{, (4 0B  na(B?F?
x(bu.‘) "l(l
3o R
(b.n.()

M, « M, [co.('.;)-gmm

The nondimensional functions F and b are given
in Reference €

While the calculation of J for given a, &,
% and load type is reasonably straight-
forward, ouve issue that needs to be addressed is
the tearing instability evaluation when the
loading includes both the membrane and the
bending stresses. The estimation scheme is
capable of evaluating only one type of stress at
a time,

*mendment |
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This aspect s addressed next.

JEJ)3 Tearing lnstability Evaluation
Considering Both the Membrane and Beoding
Stresses

Based on the estimation scheme formulas and
the tearing instability methodology just
outlined, the instability bending and tension
stresses can be calcuiated for various
through-wall ¢circumferential flaw lengths
Figure 3E.2.2 shows a schematic plot of the
instability stresses as 4 function of flaw
length. For the same stress level, the
allowable flaw lergth for the bending is
expected to be larger “"an the tension case

When the applicd stress is a combination of
the tension and bending, a linear interaction
rule is used to determine the instabiliy stress
or conversely the critical flaw length. The
application of Linecar interaction rule is
certainly conservative when the instability load
is close to the limit load.

The interaction formulas are following: (See
Figure 3E.3-2)

~vitical Flaw 1 gnmi

= (%) age+(Zbrag,
- ’l*ob'c’ alﬁobc

(3E 3-%)

where:

ay = applicd membrane stress

oh = applied bending stress

acy  =critical flaw length for a teasion
stress of (9t+9b)
acp ~critical flew length for a bending

stress of (7t+7b)
lastabiliey Beadios §

- LOp
Sp=(1 a:)a b

(3E3-9a)

JE2
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where:

Sk =instability bending stress for flaw
length, a, in the presence of membrane
stress, oy

oy = applied membrane stress

o =instability tension s'ress for flaw
length, a.

oh =instability beuding stress for flaw
length, a.

Ounce the instability bending stress, Sy, in
the presence of membrane stress, oy, is
determined, the instability load margin
corresponding to the detectable leak-size crack
(as required by LBB criterion in Section 36.3)
ran be calculated as follows:

Instability Load Margin o, + SE (3E.3-9b)

t

It is assumed in the preceding equation that
the uncertainty in the calculated applied stress

DIALI0AE
REV A

that a limit load approach is feasible
However, test data at high temperatures
specially iovolving large diameter pipes are
currently not available. Therefore, a (J/T)

based approach is used in the evaluation, ;

JE321 Deuminuou of Ramberg-Osgood
Parameters for £50° F Evaluation

Figure 3E.2-6a shows the true stress-true
straio curves for the carbon steels at
550°F. The same data is plotted here in
Figure 3E.3-3 in the Ramberg-Osgood format. It
is seen that, unlike the stainless steel case,
cach set for stress-strain data (i.e. data
derived from one stress-strain curve) follow
approximately ¢ singie slope line. Based on the
visual obhservation, 2 line representing a = 2,
n = 5 in Figure 3E.3-3 was drawn as representing
a reasonable upper bound to the data shown.

The third parameter in the Ramberg-Osgood
format stress-stain curve is 0, the .
vield stress. Based on the several internal GE
data on carbon steels such as SA 333 Gr.6, and
SA 106 Gr.B, a reasonable value of $50°F

is essentially associated with the stress due to
epplied bending loads and that the membrane
stress, which is generally due to the pressure

yield streogth was judged as 34600 psi. 10 ,¢ A milat
summarize, the following values wese used in Aave mey
this report for the (J/T o) methodology evaluation ®e

loading, is known with greater certainty This
method of calculating the margin agaiast loads is
also consistent with the definition of load
margin employed in Paragraph IWB-3640 of Section
Xl 7.

JEJ2

lication of (J/T)
Methodo

to Carbon Steel Piping

From Figure 3E.2-3, it is evident that carbon
steels exhibit transition temperature behavior
marked by three distinct stages: lower shelf,
transition and upper shelf. The carbon steels
geonerally exhibit ductile failure mode at or
ubove upper shelf temperatures. This would
suggest that a net-section collapse approach may
be feasible for the evaluation of postulated
flaws in carbon steel piping. Such a suggestion
was also made in a review report prepared by the
Naval Ruearch Lab [8]. Low temperature (i.e.
less than 125° F) pipe tests conducted by GE
{9] and by Vassilaros [10] which iavclved
circumferentially cracked pipes subjected to
bending and/or pressure loading, also indicate

Amendment |

of carbon steels as 550 F:

a =20
n =50
%0 = 34600 psi
E « 26x10° psi

IE322 Danr-tuuol of Ramberg-Osgood
Parameters for 420° F Evaluation

Figure 3E.3-4 shows the Ramberg-Osgood (R-0)
format plot of the 350°F true stress-stain
data on the carbon steel base metal. Also shown
in Figure JE 3-4 are the CE data a SA 106 Grade
B at 400°F. Since the difference between -
the ASME Code Specified mmmum yvield strengtl
at 350°F and 420°F is small, the
350°F stress-strain data were coonsidered
applicable io the determination of R-Q
parameters for evaluation at 420°F
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A review of Figure 3E . 3-4 indicates that the
majority of the data associated with any one tes|
can be approximated by one straght line.

It is seen that some of the data points
associated with the yield point behavior fall
along 'he y- axis, However, these data points at
low stein leve! were not considered significant
and, therefore, were not included in the R-O fit

The 350°F yield stress for the base
material is given in Table 3E.2-3 as 37.9 kel
Since the difference between the ASME Code
specified minimum yield urenglhs of p: pe and
plate carbon steels at 420 °F and 350°F is
roughly 0.9 ¥si, the ?o value for use at
420°F are chosen as (37.9 - 0.9) or 37 ksi.
In summary, the following values of R-O
parameters are oscd for evaluation of 420" F,

% = 1,000 psi
a = 50
= 40
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. Insert A for Paac 3. 3-4
JE.3.3 Modified Limit Load Methodology for Austenitic Stainless Steel Piping

Reference 16 describes a modified 1imit load methodology that may be used
to calculate the critical flaw lengths and instability loads for austenitic
stainless steel piping and associated welds. 1f appropriate, this or an
equivalent methodology may be used in lieu of the (J/T) methodology described
in 3€.3.1.

2E 3-4a



ABWR
Standard Plant

14

15.

16

Steels in Simulated BWR Water Environmnent,”
General Electric Report No. GEAP. 24008,
Jauuary 1978,

Hale, DA, C.W, Jewett and J.N. Kass,
*Fatigue Crack Growth Behavior of Four
Structural Alloys in High Temperature High
Purity Oxygenated Water," Journal of
Engineering Materials and Technology, Vol.
101, July 1979,

Hale, D.A, et al, “Fatigue Crack Growth in
Piping and RPV Steels in Simulated BWR Water
Environment « Update 198],' General Electric
Proprictary Report NEDE-24351, July 1981,

Standard Review Plan; Public Comments
Solicited, Federal Register, Volume 52, No
167, Notices, Pages 32626 to 32633, August
oK, 1987.

Amendment 1

2IABLCAT
REV A

iE. 3§



INSTABILITY POINT

L

——————— - e -

NST2SILITY \ /
§. A 2Z UR LOAD < N ’

|
4 I
|
i (Jope: Tope!
!

STRESS OR LOAD T

(Jrmar, Tm.t )

Figure 3E.3-1 SCHEMATIC ILLUSTRATION OF TEARING STABILITY EVALUATION

Amendment | JE M6



ABWR

23A6100AE

b=nR

TENSION
BENDING

! | |

& LI LI
FLAW LENGTH

87.882.17

Figure 3E.3-2 A SCHEMATIC REPRESENTATION OF INSTABILITY TENSION AND

Amendment |

BENDING STRESSES AS A FUNCTION OF FLAW STRENGTH

JE3?



ABWR

DALI0AE
REV A

S DN (A I S I R R N B

0 01 02 03 04 05 06 07 08 09 10 11

LOGE ()

\"o/

87.59218

Figure 3E 3-3 SA 333 GR. 6 STRESS-STRAIN DATA AT 550°F
IN THE RAMBERG-0SGOO0OD FORMAT

Amendment |

JE 3-8



ABWR BN AE
Standard Plant AEY 5

STRESS-STRAIN DATA AT 350°F
PIPE SA 333 GR6
PLATE SAS16GR 70
PIPE SA 106 GR B (CE DATA)
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Figure 3E.3-4 CARBON STEEL STRESS-STRAIN DATA AT 350°F
IN THE RAMBERG-0SGOOD FORMAT
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JE4 LEAK RATE CALCULATION
METHODS

Leak rates of high pressure fluids through
cracks 1o pipes are a complex function of crack
geometry, crack surface roughness, appiied
stresses, and inlet fluid thermodynamic state.
Analytical predictions of leak rates essentially
consist of two separate tasks: calculation of the
crack opening arca, and the estimation of the
fluid flow rate per unit area. The first task
requires the fracture mechanics evaluations based
on the piping system stress state. The second
task involves the Muid mechanics considerations
in addition to the crack geometry and its surface
roughness information. Each of these tasks are
now discussed separately considering the type of
fluid state in BWR piping.

JE.4.1 Lzak Rate Estimation for
Pipes Carrying Water
be

Qarey

EPRI-developed computer code PICEP [1) et
used in the leak rate calculations. The basis
for this code and comparison of its leak rate
predictions with the experimental data is
described in References 2 and 3. This code wes

L B slsoseeontty used in the successful application

of LBB to primary piping system of a PWR. The
basis for flow rate and crack opening area
calculations in PICEP is briefly described
first, A comparison with experimental data is
shown next,

JEA.L] Description of Basis ".r Flow Rate
Calculation

The thermodynamic model umplemented in PICEP
computer program assumes the leakage flow through
pipe cracks to be isenthalpic and homogeneous,
but it accounts for non-equilibrium “flashing®
transfer process between the liquid and vapor
phases.

Fluid frictioa due to surface roughness of the
walls and curved flow paths has been incorporated
in the model. Flows through both paralle! and
convergent cracks can be treated. Due to the
complicated geometry within the flow path, the
model uses some approximations and empirical
factors which were confirmed by comparison
against test data,

i

!

(ther methods (e

«
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For given stagoation conditions and crack
geometries, the leak rate and exit pressure are
calculated using an iterative search for the
exil pressure starting from the saturation
pressure corresponding to the upsiream
temperature and allowing for friction,
gravitational, acceleration and area change
pressure drops.. The inertial flow calculation
is performed when the critical pressure is
lowered to the back pressure without finding a
solution for the critical mass flux.

A conservative methodology was developed to
handle the flow of two-phase mixture or
superheated steam through a crack. To make the
model continuous, a correction factor was
applied to adjust the mass fiow rate of a
saturated mixture to be equal to that of a
slightly subcooled liquid. Similarly, a
correction factor was developed to ensure
continuity as the steam became superheated. The
superheated model was developed by applying
thermodynamic principles to an isentropic
expansion of the single phase steam.

The code can calculate flow rates through
fatigue or IGSCC cracks and has been verified
against data from both types. The crack surface
roughness and the number of bends account for
the difference in geometry of the two types of
cracks. The guideline for predicting leak rates
through 1GSCCs when using this model was based
on obtaining the number of turns that give the
best agreememt for Battelle Phase 11 test data
of Collier et al. [#.7 For fatigue cracks, it
is assumed that the crack path bas no bends.

JEA12 Basis fer Crack Opening Area
Calculation

The crack opening area in PICEP code is
calculated using the estimation scheme
formulas. The plastic contribution to the
displacent is computed by summing the
contributions of bending and tension alone, a
procedure that underestimates the displacent
from combined teasion and bending. However, the
plastic contribution is expected to be
insigoificant because the applied stresses at
normal operation are generally such that they do
not produce significant plasticity at the
cracked location.

may be used for :f‘{” rate estimat
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JEA13 Comparison Verification with
Experimental Data

Figure 3E 4.1 from Reference 3 shows a
comparison PICEP prediction with measured leak
rate data. It is seen that PICEP predictions are
virtually always conservative (i.e., the leak
flow rate is underpredicted).

3E.4.2 Flow Rate Estimation for
Saturated Steam

JEA42.1 Evrluation Method

The calculations for this case were based on
the maximum two.pbase flow model developed by
Moody [Referenc&l[. This model predicts the
flow rate of steam-water mixtures in vessel
blowdown from pipes (see Figure 3E.4-2). A key
parameter that characterized the flow passage in
the Moody analysis is fL/Dy, where, [ is the
coefficient of friction, L, the length of the
flow passage and Dy, the bydraulic diameter.
The hydraulic diameter for the case of flow
through a crack is 26 where § is the crack
opening displacement and the length of the flow
passage is t, the thickness of the pipe. Thus,
the parameter fL/Dy in the Moody analysis was
interpreted as ft/28 for the purpose of this
evaluation,

Figure 3E 4-3 shows the predicted mass flow
rates by Moody for fL/Dy of § and 1. Similar
plots are given in Referencé"d for additional
fL/Dy values of 2 through 100. Since the steam
io the ABWR main steam lines would be essentially
saturated, the mass flow rate corresponding to
the upper saturation envelope line is the
appropriate one to use. Table 3E.4-1 shows the
mass flow rates for a range of fL/Dy values for
a stagnation pressure of 1000 psi which is
roughly equal to the pressure in an ABWR piping
system carrying steam.

A major uncertainty in calculating the leakage
rate is the value of f. This is discussed next.

JEA22 Selection of Appropriste Friction
Factor

Typical relati.nships between Reynclds’ Number
and relative ro ghness ¢ /Dy, the ratio of

Amendment |

23A610AE
REV A

effective surface protrusion height to hydraulic
diameter, were relied upgp in this case. Figure
3E 4-4, from Reference & fraphically shows such
a relationship for pipes. The « /Dy ratio
for pipes generally ranges from 0 to 0.50
However, for a fatigue crack coasisting of rough
fracture surfaces represented by a few muls, the
roughness height ¢ at some location may be
almost as much as §. In such cases, ¢ /Dy
would seem to approach 1/2. There are no data
or any analytical mode! for such cases, but a
crude estimate based on the extrapolation of the
results in Figure 3E . 4-4 would indicate that f
may be of the order of 0.1 to 0.2. For this
evaluation an average value of 0.15 was used
with the modificatioa as discussed next.

For blowdown of saturated vapor, with no
liquid present, Moody states that the friction
factor should be modified according to

(3E4-1)
/3
fg = lgsp [f:
where
g = modified friction factor
fgsp = factor for single phase

o = liqud /vapor specific volume
Y8 ratio evaluated at an average
static pressure in the flow path

This correction is necessary because the
absence of a liquid film on the walls of the
flow channel at high quality makes the two-phase
flow mode! invalid as it stands. The average
static pressure in the flow path is going to be
something in excess of 500 psia if the initial
pressure is 1000 psia; this depends on the
amount of flow chzking and can be determined
from Reference J.®However, a fair estimate of
(vf/vg) /3 is = 0.3, so the friction
factor for saturated steam blowdown may be taken
as 0.3 of that for mixed flow.

Based on this discussion, a coefficient of
friction of 0.15 x 0.3 = 0.045 was used in the
flow rate estimation. Currentiy experimental
data are unavailable to validate this assumed
value of coefficient of friction.
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JEA23 Crack Opening Ares Formulation
() (JE4-4)
The crack opening areas were calculated using Ay » b n . R? (1 ggu) Iy
LEFM procedures with the customary plastic zone E
correction. The loadings included in the crack
opening area calculations were: pressure, weight  where,
and thermal expansion.
Th =bending stress due to weight and
The mathegnatica! expressions givea by Paris thermal expansion loads
and Tada [#T%re used in this case. The crack
openiog areas for pressure (Ap) and bending ¢ is half crack angle
stresses (Ap) were separately calculated and
theo added together to obtain the total area, (3EA4.5)

Ae: 2 s /2
() = 20 [1 4(1)/
For simplicity, the calculated membrane .

stresses from weight and thermal expansion loads ta.o- U.3(1)+ 24 (( y

were combined with the axial membrane stress, " ”

op, due to the pressure,

The formulas are summarized below: '('!")' ‘ Bs-744)* s "(5)2

] zns({)’ + w2 g'”

Ap B ? (2nR1) Gp (2) (3E4-2)

(0 < 6 <100°%)
where,
The plastic zone correction was incorporated
7p = axial membrane stress due to by replaciog a and # in these formulas by a,
pressurg, weight and thermal and #, which are given by
expansion loads.

E = Young's modulus 2
'eﬂ - ' + K (35."())
R = pipe radius z"E"Y2
t = pipe thickness =, . R
A = shell parameter = a//Rt The yield stress, Yy, was conservatively
assumed as the average of the code specified
a = half crack length yield and ultimate strength. The stress

intensity factor, Kygal, includes
(3E4.3) contribution due to both the membrane and
bending stress and is determined as follows:
Gp(A) =22 +0162% (0 g))

=002 +0812+03023
oAt (1gags) Kiotal * Km + Kp (3E47)

Amendment | JEAD



I— N

. where,

Daughterly, R.L. and Franziai, J B, "Fluid
Mechanics with Engineering Applicationd,”

Kg = %0 /2 . Fp (3) McGraw-Hill Book Company, New York 1965,

Fp () = (1403225 ST . P.C. Paris aand H. Tada, ""ke Application
of Fracture Proof Design Fosiulating

=09+ 025 (oxgircl) Circumferential Through-Wall Cracks,* U .S
(1g259) Nuclear Regulatory Commission Report
NUREG /CR-3464, Washiogion, DC, April 1983

Kp = % Jra Fb(‘)

Fp (6) =1+ 6.8(%)'/’
! 13.6(%)'/’ + 20(%)'/’
(0510

The steam mass flow rate, M, shown in Table
3E.4-1 is a function of parameter, ft/26. Once
the mass flow rate is determined corresponding to
the calculated value of this parameter, the leak
rate in gpm can then be caltulated.
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JE.S LEAK DETECTION CAPABILITIES

A complete description of various leak
detection systems is provided in Subsection
$.25 The leakage detection system gives
separate cousiderations to: leakage within the
drywell and leakage external to the drywell. The
limits for reactor coolant leakage are described
in Subsection 5.2.5.4,

i the degwel)

The total leakage,consists of the identified
leakage and the unid:otified leakage. The
dentified leakage is that from pumps, valve stem
packings, reactor vessel head seal and other
seals, which ail discharge to the equipment draio
sump. The technical specification limit on the
total reactor coolant leakage rate is 25 gpm.

he total leakage received in the drywell [
hat is not identified as previouslydescribed
he licensing (technical specification) limit o
nidentified leak rate is’1 gpm. To cove
ncertainties in leak detection capability, lea
ates of § and 30 gpm are used in the leakag
aw size calculations performed in Appendix 3

uate the margins against unstable .ﬂ_l\L

The unidentified leak rate in the drywell is
the portion of the total leakage received in the
drywell sumps that is not identified as
previously described. The licensing (technical
specification) limit on unidentified leak rate is
1 gpm. To cover uncertainties in leak detection
capability, although it meets Regulatory Guide
1.45 requirements, a wergin factor of 10 is
required per Reference 16 of Subsection 3E.3.4 to
determine a reference leak rate. A reduced
margin factor may be used if accounts can be made
of effects of sources of uncertainties such as
plugging of the leakage crack with particulate
material over time, leakage prediction,
measurement techniques, personnel and frequency
of monitoring. For the piping in drywell, a
reference leak rate of 10 gpm may be used, unless
a smaller rate can be justified.

The sensitivity and reliability of leakage
detection systems used outside the drywell must
be demonstrated to be equivalent to Regulatory
Guide 1.45 systems. Methods that have been shown
to be acceptable include local leak detection,
for example, visual observation or
instrumentation. Outside the drywell, the
leakage rate detection and the margin factor
depend upon the design of the leakage detection
systems.

23ALI0AE
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3E.6 GUIDELINES FOR PREPARATION
OF AKX LBB REPORT

Some of the key elements of an LBB evaluation
report for a high energy piping system are:
system description, evaluation of susceptibility
to water hammer and thermal fatigue, material
specification, piping geometry, stresses and th-
LBB margin evaluation results., Two examples are
presented in the following subsections to provide
guidelines and illustration for preparing an LBB
evaluation report,

32.6.1 Main Steam Piping Example
3E.6.1.1 Bystem Description

-« Continued next page =~
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3E 6.1

3F2 MAIN STEAM PIPING EXAMFLE
RE 6.1

1 System Description

JaBimek (o0 ™) \

The four;main steam (MS) lines carry steam
from the reactor to the turbine and auxiliary
systems. The reactor coolant pressure boundary
\lortéga of each line beiog evaluated ip this

section a flow restrictor, Fhed—i4
l designed to limit the rate of escaping steam from
the postulated break in the downstream steam
line. The restrictor is also used for flow
measurements during plant operation. The safety
reliel valves (SRVs) discharge into the pressure
suppression pool through SRV discharge piping.
The SRV safety function includes protection
against over pressure of the reactor primary
system. The main steam line A bas & branch
connection to supply steam to the reactor core
isclation cooling (RCIC) system turbine
reacter bullding
kis section addresses the MS piping system in
which is desigoed and
constructed (o the requirements of the ASME Code,
Section 111, Class 1 pipiog (within outermost
isolation valve) and Class 2 piping. It is
clagsified as Seismic Category 1. It is
wspected according to ASME Code Section X1
3E 612
3F22 Susceptibuity to Water Hammer

Significant pressure pulsation of water hammer
effect in the pipe may occur as a result of
opening of SRVs or closing of the turbine stop
valve. A brief description of these phenomena
follows. These two transients are cc (sidered in
the main steam piping system design and fatigue
analysis. Thesc events are more severe thao the
opening or closing of & main steam isolation

l valve or water carry over through wain steam and
SRV piping. Moreover, the probability of water
carry over durisg core flooding in case of an
accident is low.

&
I = = o }nmy Relief Valve Lift Transient
Description

SRV produces momentary unbalanced forces
acting on the discharge piping system for the
period from the opening of the SRV until a steady
discharge flow from the reactor pressure vessel
to the suppression pool is established. This

' period includes clearing of the water slug at the
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end of the discharge piping submerged in the

suppression pool. Pressure waves traveling

through the discharge piping following the

relatively rapid opening of the SRVs causes the
\ discharge piping to vibrate. This in ture
\producu time dependent forces that act on the
L]

maib sicam piping segments.

There are a pumber of events/transients/
postulated accideats that result in SRV Lift

8. Automatic opening sioal when main steam
sysiem pressure exceeds the set point
for a given valve (tbere are different
set points for different valves io a
given plant).

b. Automatic opening signal for all valves
assigoed to the sutomatic
depressurization system function on
receipt of proper actuation signal

Manual opening signel to valve selected
by plant operator,

The SRVs close when the main steam system
pressure reaches the relief mode reseat pressure
or when the plant operator manually releases the
opening signals

It is assumed (for conservatism) that all
SRVs are activated at the same time, which
produces simultaneous forces on the main steam

piping system,

g
S3F223 Turbine Stop Vaive Closure Transient
Description

Prior to turbine stop valve closure, saturated
steam flows through each main steam line at nuc
lear boiler rated pressure and mass flow rate
U'pon signal, the turbine stop valves close rap-
idly and the steam flow stops at the upstream
side of these valves. A pressure wave is crea
ted and travels at sonic velocity toward the re-
actor vessel through cach main stream line. The
flow of steam into each main steam line from the
reactor vessel continues until the fluid ¢ ompres.
sion wave reaches the reactor vessel nozzle
Repeated reflection of the pressure wave at the
reactor vessel and siop valve eods of the main
steam lines produces time varying pressures and
velocities at each point along the main steam
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Liees. The combination of {ivid momenlum
changes, shear forces, and pressure differences
cause forcing functions which vary wilh position
aad time (o act op the main steam piping system
The fluid trsoriont loads due to turbioe stop
valve closure is considered as desigo load for
ups* condition

F 234 Baske Fluid Travsient Concept

Despite the fuct that the SRV discharge and
the turbioe stop valve closure are Mlow staciing
194 flow-stopping processes, respeciively, the
concepis of mass, momentum, and energ) conserve:
tion aod the differential equations which
represent these concepts are similar for both
problems. The particular solution for either of
the problems is obiaived by incorporating the
sppropriste initial conditions and bovedary
couditions into the basic equations. Thus,
relief valve dischirge and turbine stop valve
closure are seen (o be specific solutions of the
more general problem of compressible, poo-steady
fluid flow & pipe.

The basic Nuid dynam.c equations which are
applicable to both i lief valve discharge and
turbine stop valve closure are used with (he
particular fluid boundary conditions of these
occurrences. Step-wise solution of these
equations generates a time-history of flvid
properties at sumerous locations along the pipe.
Simultaneously, reaction loads on the pipe are
determined at each location corresponding to the
position of an elbow,

The computer programs RVFOR and TSFOR
described in Appendix 3D are used to calculate
the fluid transieni forces on the piping system
due 10 safety relisf valve discharge and turbioe
stop valve closure. Both of the programs use
method of characteristics to calculate the Nuid
trapsients.

The results from the RVFOR program have been
verified with various inplant test measurements
such as from the Monticello tests and Caoroso
tests and the test sponsored by BWR owner for
NUREG-0737 at Wyle test facilities, Huntsvil'.
Alshama. Various data from the strain gages v
the pipes and the load cells on the supports were
compared with *he analytical data and found to be
in good corre,
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Evalustion of the eosuing effects are
considered as & pormal design process for the
maio steam piping system. The peak pressure
pulses are within the desige capability of a
typical pipiog design and the piping siresses
sod support loads remain within the ASME Code
sllowables

It is conciuded that, during these waler
bammer type events, the peak pressures and
segment loads would not cav.e oversiressed
conditions for the main steam piping system
3E 6.3
W23 Thermal Fatigue

iv¢ thermal stratification and thermal fatigue
are expecied in (he main sieam pipiog t.oce
there is 8o large sovrce of coid water in these
looil‘ A small amount of water may collect n
the near borizontai leg of the main ste = Lae
due 1o steam condensation However, & ».ope of
1,8 inch per foot ul main steata pip.ng is
provided i ench main steam line. Water drain
lioes are provided at the end of slope to drain
out the condensate. Thus, in thi- case oo
significant thermal cycling effects on (he main
steam pipitg are expected.
3E 6 ) &
3¥34 Piping, Fittings and Safe End
Materials

The material specified for the 28-loch main
steam pipe is SA1S5 KCF70. The corresponding
specification for the piping fittings and
forgings are given as SA420, WPLO and SAXS0,
LF2, respectively, The material for the sale
end forging welded between tue main steam piping
;.t‘ l:o \”5.'. nozzle s SASO8 Class 3.

SFZS LBB Margin Evalustion . »6 &~

'8
The Code stress avalysis ofAhe piping witt

Ao reviewed to obtain repreientative siress

luﬂw.du.

cossidesad. Table shows 1be example
stress magnitude due to pressure, weight,
ther.nal expansion and SSE loads.
men be
The leak rate calculations were performed
assuming saturated steam conditions at 1050
psi. The leak rate model for saturated sieam

developed in Section 3E 4.2 was used io this
may be

W
3E.6-3
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e.aluation "1!.:!\”! weight snd therma
EXPRDRIOD TEAN were inciuded In \|"\,.v.(,.‘
the crack opening area. A plot of leak rate a3 2
Ferack size was developed andeef showt
io Figure MF2+1" Leakage flaw lengths
corresponding L \‘000 O gpm vere delermined
wom this higure o el rama : .

fui

The caleulations for the critical flaw size
snd instability Joad corresponding |
lakage size crachks wers periornsed using the J.1
metbhodology Specilically, the S50°F J-R curve
shown o Figare 3E.2-8 and the Reamberg-Osgoos
prrameters given in Subsection 3E 3.2.1 were
ssed. A plot ol instability tession and bending
ptresses as o fTunction of crack length wes
developed. Table 327 shows the calculated
eritical crack size snd the margio along with The
instability load margin for the leakige size
cracks. AL is noted that the critical) eroack size
margin is greater than 2 and the instability load
margin also exceeds 5

3" 6 Conclusion

pebor all Jovr- loops ol sbe main slosm ssiiom
wakage rates of § and 10 gpm are used in the LES
gvaluation based on the limit of satisfpror)
fetection of the associated unidediified
leakage. Based vpon these leakagetates and
representative stress magnitudes deakage Maw
lengths are calculated for 284nch pipe and
tompared agaiost the critical flaw length. The
®wargin is shown to be grester than 2 for both
leakage rates. Also, 4he leak-size crack
".}.1‘ ity evalustion showed a wargin of st leas|
Je

I is also shown that other LBB criterin of
$ection 3.6.3 including immunity to failure from
¢llects ol AGSCC, water bammer and thermal
latigue, and capability for leak deteciion ard
gatislied. Therelore, all four loops of the wmain
$ipam piping qualify for the lesd-before broak
posiulation approseh i




JE.6.1.¢ Conclusion

For all main stesn lines, based upon the
reference leakage rates and assumed stress
magnitudes, leakage flaw lengths are calculated
and compared against the critical flav length
The margin is shown te be greater than 2 for the
leakage rates, Also, the lesk-size crack
stability evaluation is shown to hate & margin of
at least J2.

It is also shown that the conditions required
for applicability of LBB (sev Subsection
3.6.3.2), such as high resistance to failure from
effects of 1GSCC, water hammwer and thermal
fatigue, are satisfled, Therefore, all four of
the main steam lines qualify for LBB behavior,

AE . 6-5
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WA FEEDWATER SYSTEM PIPING .
3 e A

AF.3A System Description

The function of the feedwater (FW) system is
10 conduct water 1o the reactor vessel over the
full range of the reacior power operatian. The
feedwater piping consists of two 22-inch giameler
lines from the high-pressure feedwater heaters,

eseh conpecting 1o the reactor vessel through three

«

(Bep mwmre

“ehet

Each line bas one
valve inside the containment drywell snd
one positive closing check valve outside
containment. During shutdown cooling wode,
resctor water pumped through the RHR beat
exchanger ip one loop li returned to the vessel
by way of one "*edwater line

1N inchgrisers on each line.

This section addresses the feedwater piping in
the nuclear island, extending lrom the vessel out
1o the outboard isolation valve (ASME Class 1)
and further through the shutoff valve to and
including the seismic interface restraint (ASME
Class 2). This section of the feedwater piping
is classified as Sesmic Category |
2C ¢ A A
AF 32 Susceptibility to Water Hammer

There is no record of feedwater piping [ailure
due 10 waler hammer  Although there are several
check valves in the feedwater system, operating
procedure and the control systems bave been
devigned 1o li ait the magnitude of water hammer
load to the extent that & formal design is not
required.

W b2l

333 Thermal Fatigue

Thermal fatigue is not a concern in ABWR [eed-
water piping. The ASME Code evaluation includes
operating temperature transients, cold and bot
water mixiog and thermal siratification
A 6.2 e
3 34 Pipings, Fittings and Safe End
Material

The material for piping is either SA333, Gr
6, or SA-672, Gr. C70
3€ 6 2.6
334 Piping Sizes, Geometries and

S Representative Stresse o

Table 3F 31 shows the normal operating
ik 63
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temperatuies, pressures and thickness for
representative pipe siees in the Teedwates
ystem. The nominal thickoess for both pipe

f.'-v"l

izes correspond to schedule B0 Table M43 3¢ 64

shows/Fetapicientomwe siress magoitudes for ™y 0, Lopie

each pipe size due to pressure, weight, thermal
expansion and SSE loads Osnly the pressure
weight and thermal expansion stresses are vied
in the leak rate evaluation, where & sum of all
stresses (6 used io the iostability load and
eriticnl flaw evaluation

AF.26 LBB Margin Evalustion

The incoming water of the feedwater sysiem is
in & subcooled state. Accordingly, the leakage
flaw leagth calculations weet based on the
procedure ovtlioed (o Section SE 4.1 The
saturation pressure, Pygy,
wes colculated lrom t\e pormal operation
temperatures given in Table 3F3-4 he leak
rates ware calculated as o function of crack
lengtk. The ieakage Mlaw lengths corresponding
1o leak rates, weee Lhen determined

cave wleiemin

The calculations for the critical flaw size
and the instability load corresponding 1o leak
age size cracks woed performed using the )7
methodology. Specifically, the J-T curve shown
in Figure W'lll the Ramberg-Osgood para-
meters given in Subsection JE 3.2 2 were used
Table shows the calculated critical crach
sizes, and the margios along with the instabi
lity load margi. s for the leakage size cracks
Results are shown for both the 22-inch and
12-inch lines. It is noted that for the iwo
reference leak rates, the critical crack size
margin is greater than 2 and the instability

load margin also exceeds /2.
5 6 .M. 7

M%7 Conclusion

.
LBB evaluation bes been conducted using iwe

Based upon these leakage rates and represenia
tive stress magnitudes, leakage flaw lengihs

“were caleulated for 22-ioch and 12-inch hines

Comparison with critical crack lengths showed”
margin 10 be greater than 2 Leakage size crach
lghluy evaluation showv & margio of al least

V-

It hos-been also demonsirated in the

te

rraae by

for each pipe size =, be

LY S

('~L600 Seeb v ML B ave

winy be
0

3L L5

A waluen-of reference leak rates, Soand Hogpm,
ore
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precediog subsections that the feedwater line
meets other LBB Criteria of Section 3 63,2
includiog immusity to faiigre from e'fects of
IGSCC, water hammer and thermal fatigue

Amendment ¥ A
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TABLE 321 &,
A REPRESENTATIVE STRESSES IN THE MAIN STEAM LINE 5
(AssuUPAE L F PR EXAMILE)
Laong. Weight +
Nomins! Pipe Nominal Pressure Thermal SSE
Pipe oD Thickness Stress Expunsion  Stress
Size (ln) (ln) (ksi) Stress ksl
(in) (ksi)
2 W0 1.3 517 30 50
2 . ¢-A
TABLE 322 »

Pipe
Shie
(n)

38

ik

NOTES

CRITICAL CRACK LENGTH AND INSTABILITY LOAD MARGIN
EVALUATIONS FOR MAIN STEAM LINES (erarrie )

Referece
Lenk Rate

(gpm)

§

10

3

Reference
Leaksge
Crack
Length
(im)

Hd—

1345

1. Based on Equation 3E 3-9a
2 Based on Equation 3E 3-9b

D, 8et Subgecdien %68,

Amendment |

Margins on
Critical Instability!
Crack Bending Loud* at
Length Stress Sy, Critical Leahage
(ln) (ksl) Crack Crack
F7'X SIS, U v S T
X7 M4 23 2
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TABLE 3} A1 ~
PipiNG (EXAMPLE)

DATA FOR FEEDWATER SYSTEM REPRESENTATION PIPE SIZE

Nominal Pipe Nomios! Nominkl Operating
Pipe 0D Thickness Temperature Pressure
Sle (in) (o) r (psig)
(In)
12 12.78 0.687 &0 1100
2 220 1.031 420 1100
E 64
TABLE 332

S REPRESENTATIVE STRESSES IN FEEDWATER LINE ¢

(Acsuragr FOR ExAPAPLE)

Nominal Longitudingl  Welght + Safe Shut-down
Pipe Pressure Thermal Earthquake (55E)
Size Stress Expansion Stress
(ksl) Stress (ksl)
(ksi)
11 s 40 50
24 54 40 50
Amendment | wan
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TABLE 3

CRITICAL CRACK LENGTH AND INSTABILITY LOAD MARGIN
EVALUATIONS FOR FEEDWATER LINE - (£ xara bbb o

Margins on
Reference
Leshage Critical Instability! )
Pipe Reference Crack Crack Bending Load® ut
Siee Lask Rate Length Length Stress Sy, Critical Lenkage
(i) (gpm) tin) (im) (ksh) Crack Crack
N § 3 ah 131 33 PR 24
V4 10 §7 131 M0 23 el
= -5 £2 AR 276 1 R R 4
34 10 67 204 256 A 23
NOTES
1. Based on Equation 3E -9
2. Based on Equation 3E 3.9b
Ses Luiagt pnm 3 £
Amendment | WA Y
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LEAK RATE 1GPWY)
-

g RS o R S W P
B TE Lttt R |

[ 10 12 14 16
CRACK LENGTH (in)

A€ 6~
. Figure 3F- 2«4 LEAK RATE AS A FUNCTION OF CRACK LENGTH
IN MAIN STEAMPIPE (ExararL€)
Mook -

36 6 =1
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APPENDIX 3F

APPLICATION OF
LEAK-BEFORE-BREAK APPROACH TO

ABWR PIPING SYSTEMS




