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FOREWORD

This document contains Westinghouse Electric Corporation proprietary
information and data which has beer identified by brackets. Coding associated
with the brackets sets forth the pasis on which the information is considered
proprietary. These codes are listed with their meanings in WCAP-7211,

The proprietary information and data contained in this report were obtained at
considerable Westinghouse expense and its release could seriously affect our
competitive position. This information is to be withheld from public
disclosure in accordance with the Rules of Practice 10 CFR 2.790 and the
information presented herein be safequarded in accordance with 10 CFR 2.903.
Withholding of this information does not adversely affect the public interest.

This information has; been provided for your internal use only and should not
be released to persons or organizations outside the Directorate of Regulation
and the ACRS without the express written approval of Westinghouse Electric
Corporation. Should it become necessary to release this information to such
persons as part of the review procedure, please contact Westinghouse Electric
Corporation, which will make the necessary arrangements required to protect
the Corporation's proprietary interests.

The proprietary information is deleted in the unclassified version of this
report (WCAP-10976, Revision 2).

Revision 1 of this report was dated March 1986. Since that time significant
revisions were made to the prime reference document WCAP-10931 (now
WCAP-10931, Revision 1 and Reference 21 of this document) wherefrom revised
end-of-service 1ife toughness criteria were established. These new criteria
required that additicnal analyses be performed and avaluations made, hence
prompting the revision of this report. The revisions are identified by
vertical lines in the margin,
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1.0 SUMMARY AND INTRODUCTION

1.1 Summary

The structural design ba..> for the reactor coolant system primary loop
requires that pipe breaks be postulated. However such breaks have been shown
to be highly unlikely on a generic basis and the Nuclear Regulatory Commission
is receptive to exemption requests for considering breaks on a plant specific
basis. In this report the applicability of the generic evaluations to the
Indian Point Unit 2 piping system is demcnstrated by presenting a fracture
mechanics evaluation, a determination of leak rates from a through-wall crack,
a fatigue crack growth evaluation and an assessment of margins.

Major emphasis is on the cast fittings which are 1imiting. Geometries,
loadings and heat chemistries are summarized. Fracture toughness values are
established for each fitting using the alternate toughness criteria approach.
Fracture mechanics and leak rate calculations showed that acceptable margins
exist between cracks which are stable and those for which detectable leak
rates are demonstrated.

The major conclusions is that reactor coolant system primary loop pipe breaks
need not be considered in the structural design basis of the Indian Point Unit
2 plant.

1.2 Introduction

1.2.1 Purpose

This report applies to the Indian Point Unit 2 Reactor Coolant System (RCS)
primary loop piping. It is intended to demonstrate that for the specific
parameters of the Indian Point plant, RCS primary loop pipe breaks need not be

considered in the structural design basis. The approach taken has been
accepted by the Nuclear Regulatory Commission (NRC) (Reference 1).
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1.2.2 Scope

The structural design basis for the RCS primary loop requires that pipe breaks
be postulated. In addition, protective measures for the dynamic effects
associated with RCS primary loop pipe breaks have been incorporated in the
Indian Point Unit 2 plant design. However, Westinghouse has demonstrated on a
generic basis that RCS primary loop pipe breaks are highly unlikely and should
not be included in the structural design basis of Westir~aouse plants (see
Reference 2). In order to demonstrate this applicability of the generic
evaluations to the Indian Point plant, Westinghouse has performed a fracture
mechanics evaluation, a determination of leak rates from a through-wall crack,
a fatigue crack growth evaluation, and an assessment of margins.

1.2.3 Objectives

In order to validate the elimination of RCS primary loop pipe breaks for the
Indian Point Unit 2 plant, the following objectives must be achieved:

a. Demonstrate that margin exists between the "critical" crack size and a
postulated crack which yields a detectable leak rate.

b. Demonstrate that there is sufficient margin between the leakage through a
postulaied crack and the leak detection capability of the Indian Point
plant.

¢c. Demonstrate that fatigue crack growch is negligible.
1.2.4 Background Information

Westinghouse has performed considerable testing and analysis to demonstrate
that RCS primary loop pipe breaks can be eliminated from the structural design
basis of all Westinghouse plants. The concept of eliminating pipe breaks in
the RCS primary loop was first presented to the NRC in 1978 in WCAP-9283
(Reference 3). That Topical Report employed a deterministic fracture
mechanics evaluation and a probabilistic analysis to support the elimination
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of RCS primary loop pipe breaks. That approach was then used as a means of
addressing Generic Issue A-2 and Asymmetric LOCA Loa1s.

Westinghouse performed additional testing and analysis tc justify the
elimination of RCS primary loop pipe breaks. This materia) was provided to
the NRC along with Letter Report NS-EPR-2519 (Reference 4).

The NRC funded research through Lawrence Livermore National Laboratory (LLNL)
to address this same issue using a probabilistic approach. As part of the
LLNL research effort, Westinghouse performed extensive evaluations of specific
plant loac., material properties, transients, and system geometries to
demonstrate that the analysis and testing previously performed by Westinghouse
and the research performed by LLNL applied to all Westinghouse plants
including Indian Point (References 5 and 6). The results from the LLNL study
were released at a March 28, 1983 ACRS Subcommittee meeting. These studies
which are applicable to all Westinghouse piants east of the Rocky Mountains
determined the mean probability of a direct LOCA (RCS primary loop pipe break)
to be 10'10 per reactor year and the mean yrobability of an indirect LOCA to
be 10'7 per reactor year. Thus, the results previously obtained by
Westinghouse (Reference 3) were confirmed by an independent NRC research study.

Based on the studies by Westinghouse, LLNL, the ACRS, and the AIF, the NRC
completed a safety review of the Westinghouse reports submitted to address
asymmetric blowdown loads that result from a number of discrete break
locations on the PWR primary systems. The RC Staff evaluation (Reference 1)
concludes that an acceptable technical basis has been provided so that
asymmetric blowdown loads need not be considered for those plants that can
demonstrate the applicability of the modeling and conclusions contained in the
westinghouse response or can provide an equivalent fracture mechanics
demonstration of the primary coolant loop integrity.

This report provides a fracture mechanics demonstration of primary loop

integrity for the Indian Point Unit 2 plant consistent with the NR( pasition
for not considering asymmetric blowdown.

1-3



2.0 OPERATION AND STABILITY OF THE REACTOR COOLANT SYSTEM

The Westinghouse reactor roolant system crimary loop has an operating history
which demonstrates the inherent stability characteristics of the design. This
includes a low susceptibility to cracking failure from the effects of
corrosion (e.g., intergranular siress corrosion cracking), water hammer, or
fatigue (low and high cycle). This operating history totals over 450
reactor-years, including five plants each having 16 years of operation and 15
other plants each with over 11 years of operation,

2.1 Stress Corrosion Cracking

For the Westinghouse plants, there is no histo-y of cracking failure in the
reactor coolant system loop piping. For stress corrosion cracking (SCC) to
occur in piping, the following three conditions must exist simultaneously:
high tensile stresses, a susceptible material, and a corrosive environment
(Reference 7). Since some residual stresses and some degree of meterial
susceptibility exist in any stainless steel piping, the potential for stress
corrosion is minimized by proper material selection immune to SCC as well as
preventing the occurrence of a corrosive environment. The materia)
specifications consider compatibility with the system's operating environment
(both internal and external) as well as other materials in the system,
applicable ASME Code rules, fracture toughness, welding, fabrication, and
processing.

The environments known to increase the susceptibility of austenitic stainless
steel to stress corrosfon are (Reference 7): oxygen, fluorides, chlorides,
hydroxides, hydrogen peroxide, and reduced forms of sulfur (e.g., sulfides,
sulfites, and thionates). Strict pipe cleaning standards prior to operation
anc careful control of water chemistry during plant operation are used to
prevent the occurrence of a corrosive environment., Prior to being put into
service, the piping is cleaned internally and externally. Ouring flushes and
preoperational testing, water chemistry is controlled in accordance with
written specifications. External cleaning for Class 1 stainless steel piping
includes patch tests to monitor and control chloride and fluoride levels. For

2-1



preoperational flushes, influent water chemistry is controlled. Requirements
on chlorides, fluorides, conductivity, and pH are included in the acceptance
criteria for the piping.

During plant operation, the reactor coolant water chemistry is monitored and
maintained within very specific limits. Contaminant concentrations are kept
below the thresholds known to be conducive to stress corrosion cracking with
the major water chemistry control standards being included in the plant
operating procedures as a condition for plant operation, For example, during
normal power operation, oxygen concentration in the RCS is expected to be less
than 0.005 ppm by controlling charging flow chemistry and maintaining hydrogen
in the reactor coolant at specified concentrations. Halogen concentrations
are also stringently controlled by maintaining concentrations of chlorides and
fluorides within the specified 1imits. This is assured by controlling
charging flow chemistry and specifying proper wetted surface materials.

2.2 Water Hammer

Overall, there is a low potential for water hammer in the RCS since it is
designed and operated to preclude the voiding condition in normally filled
lines. The reactor coolant system, including piping and primary components,
s designed for normal, upset, emergency, and faulted condition transients.
The design requirements are conservative relative to both the number of
transients and their severity. Relief valve actuation and the associated
hydraulic transients following valve opening are considered in the system
design. Other valve and pump actuations are relatively slow transients with
no significant effect on the system dynamic loads. To ensure dynamic system
stability, reactor coolant parameters are stringently controlled. Temperature
curing normal operation is maintained within a narrow range by control rod
position; pressure is controlled by pressurizer heaters and pressurizer spray
also within a narrow range for steady-state conditions. The flow
characteristics of the system remain constant during a fuel cycle because the
only governing parameters, namely system resistance and the reactor coolant
pump characteristics, are controlled in the design process. Additionally,
Westinghouse has instrumented typical reactor coolant systems to verify the
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flow and vibration characteristic: of the system. Preoperational testing and
operating experience have verified the Westinghouse approach. The operating
transients of the RCS primary piping are such that no significant water hammer
can occur,

2.3 Low Cycle and KHigh Cycle Fatigue

Low cycle fatigue considerations are accounted for in the design of the piping
system through the fatigue usage factor evaluation to show compliance with the
rules of Section III of the ASME Code. A further evaluation of the low cycle
fatigue loadings was carried out as part of this study in the form of a
fatigue crack growth analysis, as discussed in Section 6.

High cycle fatigue loads in the system would result primarily from pump
vibrations. These are minimized by restrictions piaced on shaft vibrations
during hot functional testing and ope-ation. Ouring operation, an alarm
signals the exceedance of the vibration l1imits, Field measurements have been
made on a number of plants during hot functional testing, including plants
similar to Indian Point Unit 2. Stresses in the elbow below the reactor
coolant pump have been found to be very small, between 2 and 3 ksi at the
highest. These stresses are well below the fatigue endurance limit for the
material and would also result in an applied stress intensity factor below the
threshold for fatigue crack growth.
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3.5 PIPE GEOMETRY AND LOADING

The general analytica) approach is discussed first. A segment of the primary
coolant hot leg pipe shown below to be Timiting in terms of stresses is
sketched in Figure 3-1. This segment is postulated to contain a
circumferential through-wall flaw. The inside diameter and wall thickness of
the pipe are 29.2 and 2.69 inches, respectively. The pipe is subjected to a
normal operating pressure of 2235 psi. Figure 3-2 identifies the loop weld
locations. The material properties and the loads at these locations resulting
from deadweight, thermal expansion, and Safe Shutdown Earthquake are indicated
in Table 3-1. As seen from this table, the junction of the hot leg and the
reactor vessel outlet nozzle is the worst location for crack stability
analysis based on the highest stress due to combined pressure, dead weight,
thermal expansion, and SSE (Safe Shutdown Earthquake) loadings. At this
location, the axial load (F,) and the bending moment (Mp) are 1768 kips
(including axial force due to pressure) and 38,913 in-kips, respectively. This
location will be referred to as the load critical location. However, as seen
later, significant degradation of end-of-service life fracture toughnesses due
to therma® aging occurs in several pipe fittings. The highest stressed weld
location for which a pipe fitting suffers such degradation will be referred to
as a toughness critical location. The associated heat of material will be
called the toughness critical material. As seen in Table 3-1, the toughness
critical locations are 3, 4, 9, and 12 (ses Figure 3-2).

The loads of Table 3-1 are calculated as follows: The ixial force F and
transverse bending moments, My and M;, are chosen for each static load
(pressure, deadweight, and thermal) based on elastic-static analyses for each
of these load cases. These pipe load components are combined algebraically to
define the equivalent pipe static loads Fg, Mys, and M;¢. Based on

elastic SSE response spectra analyses, amplified pipe seismic loads, Ffy4,

Myd» Mz2q, are obtained. The maximum pipe loads are obtained by combining

the static and dynamic load components as follows:
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2 2
Hb = Hy + Mz
where:
Ny | Mas |t | M2d '

The normal operating loads (i.e., algebraic sum of pressure, deadweight, and
100 percent power therma) expansion loading) at the locations identified in
Figure 3-2 are given in Table 3-2. The loads were determined as described
above.

The calculated and allowable stresses for ASME [I] NB-3600 equation 9 (faulted
f.e., pressure, deadweight, and SSE) and equation 12 (normal operating therma)
stress) at load critical location 1 are as follows:

Calculated Allowable Ratio of
Equation Stress Stress Calculated/
Number (ksiz (ks1) Allowable
9F 12.3 50.1 0.25
12 15.8 50.1 0.32

At the other locations, the calculated stresses and ratios are even less.

3-2



£t

TABLE 3-1
INDIAN POINT UNIT 2 PRIMARY LOOP DATA INCLUDING FAULTED LOADING CONDITIONS

Faulted Loads?

Inside Wall Yield Ultimate Bending Direct Stress
We 1d Radius Thickness Stress Stress Flow Stress Axial Load Moment (kst)
Locations (in) (in) ) o a,c,e (Kips) (in-Kips) F M
y u [ ] F g
(ks1) (ksi) (ks1) x " . Tl pEES ¢
1b 14.6 2.69 18.7 71.8 £5.2 1768 38913 26.0
2 14.6 2.69 18.7 67.0 42.8 1767 14511 13.8
3¢ 15.6 2.88 18.7 67.0 a2.8 1724 23661 15.3
q¢ 15.6 2.88 19.4 67.0 43.2 1715 24896 15.8
5 15.6 2.88 19.4 67.0 43.2 1591 10725 9.6
6 15.6 2.88 19.4 67.0 a3.2 1589 6844 8.0
7 15.6 2.88 19.4 67.0 43.2 1841 12131 1'.0
8 15.6 2.88 19.4 67.0 43.2 1836 17292 13 1
9c 15.6 2.88 19.4 67.0 43.2 1940 29460 18 4
10 13.85  2.55 19.4 71.8 45.6 1690 16381 16.6
11 13.85  2.5% 19.4 67.0 43.2 1693 8883 12.2
12¢ 13.85  2.5% 19.4 67.0 43.2 1664 9627 12.5

%Includes internal pressure
bLoad critical location

“Toughness critical location




TABLE 3-2

NORMAL CONDITION (DEAD WEIGHT + PRESSURE + THERMAL )
LOADS FOR INDIAN POINT UNIT 2

Weld Axial Load Bending Moment
Location Fxi (Kips)® _Mp_(in-Kips)
10 1392 32588
2 1392 9090
3¢ 1456 16632
4¢ 1546 5671
5 1542 4230
6 1539 4582
7 1682 3654
8 1682 12125
9c 1878 22369
10 1375 6065
11 1375 4988
12¢ 1381 5483

81ncludes internal pressure
bLcncl critical location
CToughness critical locations
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2,235 psi
1,768 kips
38,913 in-kips

FIGURE 3-1

Reactor Coolant Pipe
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REACTOR
PRESSURE
VESSEL

REACTOR COOLANT PUMP

\__ STEAM GENERATOR
CROSSOVER LEG

HOT LEG
Temperature: 613°F; Pressure: 2235 psig

CROSSOVER LEG
Temperature: 555°F; Pressure: 2200 psig

COLD LEG
Temperature: 555°F; Pressure: 2290 Psig

3% or Loop 3, this location is designated 9A.

Figure 3-2 Schematic Diagram of Primary Loop Showing Weld Locations -
Indian Point Unit 2
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4.0 FRACTURE MECHANICS EVALUATION

4.1 Global Failure Mechanism

Determination of the conditions which lead to fafilure in stainless steel
should be done with plastic fracture methodology because of the large amount
of deformation accompanying fracture. One method for predicting the failure
of ductile material is the plastic instability method, based on traditional
plastic 1imit load concepts, but accounting for strain hardening and taking
into account the presence of a flaw. The flawed pipe is predicted to fail
when the remaining net section reaches a stress level at which a plastic hinge
is formed. The stress level at which this occurs is termed as the flow
stress. The flow stress is generally taken as the average of the yield and
ultimate tensile strength of the material at the temperature of interest.

This methodology has been shown to be applicable to ductile piping through a
large number of experiments and will be used here to predict the critical flaw
size in the primary coolant piping. The failure criterion has been obtained
by requiring equilibrium of the section containing the flaw (Figure 4-1) when
loads are applied. The detailed development is provided in appendix A for a
through-wall circumferential flaw in a pipe with internal pressure, axial
force, and imposed bending moments. The 1imit moment fcr such a pipe is given
by:

[ ] 4,C,e

where:

]a.c.e



]l.C.Q

The analytical modei described above accurately accounts for the piping
interna) pressure as well as imposed axial force as they affect the 1imit
moment. 6Good agreement was found between the analytica)l predictions and the
experimental results (Reference 8).

4.2 Local Failyre Mechanism

The local mechanism of failure 1s primarily dominated by the crack tip
behavior in terms of crack-tip Hlunting, initiation, extension and finally
crack instability. Depending on the material properties and geometry of the
pipe, flaw size, shape and loxding, the locs) failure mechanisms may or may
not govern the ultimate failure.

The stedility will be assumed 1f the crack does not initiate at all. It has
been accepted that the initiation toughness measured in terms of JIc from a
J-integra) resistance curve is & material parameter defining the crack
fnitiation. 1If, for a given load, the calculated J-integ-al value is shown to
be less than the ch of the material, then the crack wil) not {nitiate. If
the initfation criterion 1s not met, one can calculate the tearing modulus as
defined by the following relation:



where:

Tapp = applied tearing modulus
£ = modulus of elasticity
of = [ 123:C4® (Flow stress)

Cruck length
( ]a.c.e

In summary, the local crack stability will be established by the two-step
criteria:

J < JIc

or

Tapp < Tmat 'f 92 3¢

4.3 Material Properties

The primary loop pip‘ng material for Indian Point Unit 2 is SA376-TP316, a
wrought product form. The material for the primary loop fittings is
SA351-CF8M, a cast product form. Welds exist as indicated in Figure 3-2. The
minimun yield stress for t=ese materials given in the ASME Code Section I,
Division 1 are the same. The ultimate stress for the cast product form is
somewhat Tess and is used in the analyses discussed in this report.

The tensiie and flow properties of the load critical location and the
toughness critical locations are given in Table 3-1.

The pre-service fracture toughness of cast materials in terms of J have been
found to be very high at 600"¢, Typica) results are given in Figures 4-2

and 4-3 taken from References 9 and 10. Jy. is observed to be over 2000
1n-1bs/1n2. However, cast stiinless steels are subject to therma) aging
during service. This thermal aging causes an elevation in the yield strength
of the material and a degradation of the fracture toughness, the gegree of
degradation being proportional to the level of ferrite in the material,
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(locations 2 and 3 with 3 having the highest lnads). Location 6 and
H

not specifically analyzed since the toughness is higher and the
than either of the other crossover leg critical locations (
fracture toughness criteria to be used in the fracture mechanics evaluatio

on the alternate toughness methodology of Appendix B, are given in Tabl

These toughness values are the lowest of all heats occurring at that

data on aged stainless steel welds (References 10 and
the Jj. values for the worst case welds are of the same order as the aged
material. However, the slope of the J-R curve is
have been obtained from fracture tests (1n excess
applied value of the J-integral for a flaw in the
than that in the base metal because the yield stress for the weld material
much higher at temperature?, Therefore, weld regions are less

the cast material.,

)$ conservative

J2+1C+® as representative of

Also, it ‘ . 11fe KCU greater than
to have

of |
In the fracture mechanics analyses that follow, the fracture toughness
properties given in Table 4-1 will be used as the criteria against which th
applied fracture values will be compared.

timm

-

it noment as

\

(a) In this report
using base metal
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Point Unit 2 from data for a pressurized pipe at 2235 psi with an axial force
of 1768 kips, operating at 613°F with ASME Code minimum tensile

properties. The maximum applied bending moment of 38913 in-kips can be
plotted on this figure and used to determine a critical flaw length, which is
shown to be [ 13:C4® nches.

In Figures 4-6 through 4-9 plots of the plastic 1imit moment as a function of
through-wall circumferential flaw length at the toughness critical locations
of the main coolant pipe are given. These limit moments were calculated as
above using the appropriate pressure, forces, and dimensions as given either
in Table 3-1 or Figure 3-2 with bending moment as a parameter. The ASME Code
minimum properties at 535°F were used. Critical flaw lergihs were

determined as in Figure 4-5 by use of the maximum applied bending moment. The
critical flaw length in Figures 4-6 through 4-9 are all seen to exceec the

[ )%S+® inches established for load critical location l.

At the load critical location a series of through-wall circumferential cracks
were assumed to exist. Finite element elastic plastic fracture mechanics
analyses were used applying faulted conditions loads to determine Japp for
each flaw size, For a 7.5-inch through-wall circumferential flaw, Japp was
found to be [ J3C+® 4n-1b/in? which exceeds Jic but is less than

Jmax. Thence, the applied tearing modulus, Tapp, was calculated and found

to be [ 13+C+® ynich is a factor of over 6 below Tt defined for this
location in Section 4.3. Thus the flaw under consideration will remain stable
and the critical flaw size exceeds 7.5 inches. Smalier flaw sizes were also
examined. Significantly, a ( 18+C+8 §nch through-wall flaw yielded a

Japp of ( 18:C48 in-1b/in% which is less than Jjc.

The toughness critical locations were evaluated as follows. In Table 3-1, the
outer surface axial stress (o,) at toughness critical location 9

(highest loads) is seen to be 18.4 ksi. Stresses due to the internal pressure
of 2235 psi are as follows (see Reference 12):
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are given in Reference 14. The effect of the yielding near the crack tip can
be incorporated by Irwin's plastic zone correction method (see Reference 195)
in which the half-crack length, a, in these formulas is replaced by the
effective crack length, LT defined by

2

>

= a4 ¢+

ar
Q

qeff
y

for plane stress plastic corrections, where o is the yield strength of
the material and K is the total stress intensity factor due to combined
tensile and bending loads (i.e., K = Kf + Kb). Finally, the Japp-va]ue
is determined by the relation Japp = K°/E, where E is Young's Modulus.

Japp was calculated for the five toughness critical locations using crack
length as a parameter. The results are presented in Table 7-1 of Chapter 7
wherein Japp values and leak rates are examined in assessing margin,
For J‘pp less than the local crack stability criterion given in Section 4.2,
the critical circumferential flaw lengths are at least 7.5 inches, |

182%0® at Joad critica)
location 1 and toughness critical locations 3, 4, 9, and 12, respectively. At
toughness critical location 9A (one-half 90-degres pump inlet elbow on loop
3), the critical flaw length is [ j:6.8,

]a'c.e inches at

In summary, the critical flaw size has been shown to be [
tovghness critical location 9A while for all other locations the critical flaw

size exceeds 7. 5 inches.






a,c,e
FIGURE 4.) 1 _STRESS DISTRIBUTION




q a,c,e

o

Figure 4-2 J vs sa for SA376 TP316 Wrought Stainless Stee) at 600°F
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B a,c,e

Figure 4-3 J vs sa for SA351-CF8M Cast Stainless Steel at 60°°F
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Figure 4-5 “Critical" Flaw Size Prediction - Hot Leg at Load Critical
Location 1
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5.0 LEAK RATE PREDICTIONS

5.1 Introduct:on

Fracture mechanics analysis has shown that postulated through-wall cracks in
the primary loop would remain stable and not cause a gross failure of this
component. If such a through-wall crack did exist, it would be desirable to
detect the leakage such that the plant could be brought to a safe shutdown
condition. The purpose of this section is to discuss the method which will be
used to predict the flow through such a postulated crack and present the leak
rate calculation results for through-wall circumferential cracks.

5.2 General Considerations

The flow of hot pressurized water through an opening to a iower back pressure
causes flashing which can result in choking. For long channels where the
ratio of the channel length, L, to hydraulic diameter, Dy, (L/Dy) fis

greater than [ )38 potn | 13:C4 must be
considered. In this situation the flow can be described as being single-phase
through the channel until the local pressure equals the saturation pressure of
the fluid. At this point, the flow begins to flash and choking occurs.
Pressure losses due to momentum changes will dominate for | 18+C.0
However, for large L/Dy values, friction pressure drop will become important
and must be considered along with the momentum losses due to flashing.

§.3 Calculation Method

The basic method used in the leak rate calculations is the method developed by

(

14,C,8

The flow rate through a crack was calculated in the following manner, Figure
5-1 from Reference 16 was used to estimate the critical pressure, Pc, for the
primary loop enthalpy condition and an assumed flow. Once Pc was found for a
given mass flow, the [ 1a.¢,e



was found from Figure 5-2 taken from Reference 16. For al) cases considered,
since [ 18+C+®  Therefore, this method will yield

the two-phase pressure drop due to momentum effects as illustrated in Figure

5-3. Now using the assumed flow rate, G, the frictiona) pressure drop can be
calculated using

b P = Jrans (5-1)

where the friction factor f is determined using the [ J8.C.8
The crack relative roughness, ¢, was obtained from fatigue crack data on
stainless steel samples. The relative roughness value used in these
calculations was [ 13+C0® pus,

The frictional pressure drop using Equation 5-1 is then calculated for the
assumed flow and added to the |

)28+€4€ o obtain the total pressure drop from the primary system
to the atmosphere. That is, for the primary loop

(5-2)

Absolute Pressure - 14.7 = | 18.,C,8

for a given assumed flow G. If the right-hand side of Equation 5-2 does not
agree with the pressure difference between the primary loop and the
atmosphere, then the procedure is repeated unti)l Equation 5-2 is satisfied to
within an acceptable tolerance and this results in the flow value through the
crack. This calculational procedure has been recommended by [
18+C+8 for this type of [
12+C4® catculation.

5.4 Leak Rate Calcu'ations

Leak rate calculations were made as a function of crack length for all the
critical locations previously identified. The normal operating ‘ocads of Table
3-2 were applied in these calculations. The crack opening area was estimated
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using the method of Reference 14 and the leak rate was calculated using the
two-phase flow formulation described above. The results are tabylated in
Table 7-1 of Chapter 7 wherein Japp values and leak rates are examined in
assessing margin,

The Indian Point Unit 2 plant has an RCS pressure boundary leak detection
system which is consistent with the guidelines of Regulatory Guide 1.45 for
detec.ing leakage of 1 gpm in one hour. For the critical flaw size at load
critica) location 1 in the hot-leg, a factor in excess of 120 exists between
the calculated leak rate and the 1 gpm criteria of Regulatory Guide 1.45.

For the worst toughness critical locatiun (9A), the largest stable flaw has a
factor of over 20 above the 1 gpm criteria of Regulatory Guide 1.45. For the
other toughness critical locations, the leak rate factors range from 43 to 195.
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Figure 5-1
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Figure 5-3 ldealized Pressure Drop Profile Through a Postulated Crack
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6.0 FATIGUE CRACK GROWTH ANALYSIS

To determine the sensitivity of the primary coolant system to the presence of
small cracks, a fatigue crack growth analysis was carried out for the |
J8:€+® region of a typical system (see Location
[ )3+C+® of Figure 3-2). This region was selected because crack growth
calculated here will be typical of that in the entire primary loop. Crack
growths calculated at other Tocations canm be expected to show less than 10%
variation. Thermal aging has been shown not to impact fatigue crack growth
(References 10 and 11).

A [
18:C4® of a plant typical in geometry and operationa)
characteristics to any Westinghouse PWR System, [

]C.C.!

A1l normal, upset, and test conditions were considered and circumferentially
oriented surface flaws were postulated in the region, assuming the flaw was
located in three different locations, as shown in Figure 6-1. Specifically,
these were:

Cross Section A: | j8.C.8
Cross Section B: [
Cross Section C: [

]l.C.!
]l.C.C

Fatigue crack growth rate laws were uied |

18:Cv®  The law for stainless stee)
was derived from Reference 18, with a very conservative correction for the R
ratio, which 1s the ratio of minimum to maximum stress during a transient,
For stainless steel, the fatigue crack growth formula is:

g% . (5.4 x 10'12) xe',"‘ainches/Cyc1e
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0.5
where K'ff = Kuax (1-R)

R Klin/Kllx

]I.C.C

a,c,e

where: [ ) 8:C.0

The calculated fatigue crack growth for semi-elliptic surface flaws of
circumferential orientation and various depths is summarized in Table 6-1, and

shows that the crack growth is very small, regardless [
]..C.Q
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TABLE 6-1

FATIGUE CRACK GROWTH AT [ L J80C® (40 YEARS)

FINAL FLAW (in)

( ]l.c.l
INITIAL FLAW (IN) [ J8C,e ( ) ACATL | J8sC,80
0.292 0.31097 0.30107 0.30698
0.300 0.31943 0.30953 0.31626
0.375 0.39940 0.38948 0.40763
0.425 0.45271 0.4435 0.4742]
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= a,c,e

]‘.C.e
Figure 6-1 Typical Cross-Section of [
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CRACK GROWTH RATE. da/dN (MICRO-INCHES /CYCLE)

Figure 6-2 Reference Fatigue Craik Grguth Curves for [
l.C.
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Figure 6-3 Reference Fatigue Crack Growth Law for [ .o
in 8 Water Environment at 600°F



7.0 ASSESSMENT OF MARGINS

The results of the toughness and leak rate calculations for the five critical
locations examined are summarized in Table 7-1. Margins for these critical
locations are discussed below.

At load critical location ! a 7.5 inch long through-wall circumferential flaw
is seen to be stable exhibiting a J and a T.np less than

" Sapp J?‘E e . :
T by over a factor of s%«. For a [ ]°'"'F inch long Tlaw, J‘pp is

1::: than ch. For the toughness critical locations, the stable flaw sizes
exceed the size at location 1 by a minimum of [ ]a.c.o percent with one
exception. For cne-nalf ¢f the crossover leg elbow at the pump in loop 3,
tougnness critical location 9A, the stable flaw size is [ 14€+® 4nches.
At all toughness critical locations, the stable flaw leak rates are well in &

excess of that reguired by Regulatory Guide 1.45,

As shown in Section 3.0, a margin of a factor of not less than 3 erists
between calculated and ASME Code allowable faulted conditions and thermal
stresses.

In Section 4.4, the "maximum" flaw sizes at locad critical lecation 1 and the
toughness critical locations are calculated using the 1imit load method and
shown to be at least [ 1%°'® inches. Thus, based on the above, the
“maximum” flaw sizes at these locaticns will, of course, exceed the stable
crack lengths at their respective locatiens.

In Sectien 8, it is shown tnal at load critical location 1, a €law of 7.5
inches would yield a leak rate in excess of 120 gom, For a [ H©®
flaw, the leak rate is stil] adequate. Thus there is a margin of - . leas*

( }a,c,e on flaw size.

inch
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TA

SUMMARY OF Japp

BLE 7-)8

AND LEAK RATE RESULTS
AS A FUNCTION OF CRACK LENGTH
AT THE S1X CRITICAL LOCATIONS

Crack Leak

Location® Critica1c___ Length Rate
(Loops) JIc Tmat Tnax (Inch) Japp Tapp (GPM)
1 | 7.5 8¢ 128
(1-4) 22
1.5
3 195d
(1-4) 10

4

(1-4) 43
| 7.5 e 10
8 75d
(1,2,4) 10
d

SA 2l
153

(3 only) 5

(12 ) 5
1-4 0
10¢

a. J values have units of in-1b/in".

2

b. Lecation 1 is the load critical location, the remaining locations are
toughness critical locations.

c. Values are lowest of all heats in indicated coolant loops.

d. for these 1acations, the flaw sizas for the leak rates are 7.5 inches or

less.
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8.0 CONCLUSIONS

This report justifies the elimination of RCS primary loop pipe breaks for the
Indian Point Unit 2 plant as follows:

a. Stress corrosion cracking is precluded by use of fracture resistant
materials in the piping system and controls on reactor coolant
chemistry, temperature, pressure, and flow during normal operation,

b. Water hammer should not occur in the RCS piping because of system
design, testing, and operational considerations.

c. The effects of low and high cycle fatigue on the integrity of the
primary piping are negligible.

d. Adequate margins exist for ASME code allowable faulted and therma)
loads.

e. Adeguate margin exists between the leak rate of smal) stable flaws and
the criterion of Reg. Guide 1.45.

f. Ample margin exists between the small stable flaw sizes of item e and
larger stable tlaws,

g. Ample margin exists in the material properties used to demonstrate
end-of-service life (relative to aging) stability of the critical
flaws.

For each critical location a flaw is identified (see Table 7-1) that will be
stable throughout reactor 1ife because of the ample margins in e, f, and g
above and will leak at a detectable rate which will assure a safe plant
shutdown,

Based on the above, it is concluded that RCS primary loop pipe breaks need not
be considered in the structural design basis of the Indian Point Unit 2 plant,
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FIGURE A-1

PIPE WITH A THROUGH-WALL CRACK IN BENDING

A-2




APPENDIX B

ALTERNATE TOUGHNESS CRITERIA FOR THE
INDIAN POINT UNIT 2 CAST PRIMARY LOOP COMPONENTS

B.1 INTRODUCTION

Not a1l of the individua) cast piping components of the Indian Point Unit 2
18,C,8

primary loop piping satisfy the original | criteria (Reference
10). In this appendix, the alternate toughness criteria for thermally aged
cast stainless steel developed in Reference 21 will be used to categorize the
various individual cast piping components thus estiblishing criteria based
upon which the mecharistic pipe break evalua*tion may be performed. First the
chemistry and calculated KCU values are given followed by an identification of
each of the heats of material with a specific loop and location. The criteria
for the various individual loop components are tabulated.

8.2 CHEMISTRY AND KCU TOUGHNESS

The correlation of Reference 1l which is based on the chem¥stry of the cast
stainless steel piping was used to calculate the associated KCU value. The
chemistry and end-of-service 1ife KCU toughness values are given in Table

B-1. Of the twenty-eight heats of cast stainless steel, seventeen fail to
LILTL

meet the current | criteria. These heats occur in the fittings

of the hot, cold and crossover legs in each of the four reactor loops.
B.3 THE AS-BUILT INDIAN POINT UNIT 2 LOOPS

Indian Point Unit 2 is a four-loop Westinghouse type pressurized water reactor
plant. A typical four-loop primary system is sketched in Figure B-1. The
four loops are identified as Loops 1, 2, 3 and 4 in Indian Point Unit 2,
Sketches for associating piping component with specific locations and

given in Figures B-2 through B-4. The individual components are identified
heat numbers. The components which have toughnesses less than that of

8+C+€ are identified (see Figures B-2 to B-4).




B.4 ALTERNATE TOUGHNESS CRITERIA FOR THE INDIAN POINT UNIT 2 CAST
PRIMARY LOOP MATERIAL ON A COMPONENT-BY-COMPONENT BASIS

The alternate toughness criteria for the Indian Point Unit 2 cast primary loop
material may be obtained by applying the methodology of Reference 21 to Table
B-1. First, it is observed that eleven of the 28 heats fall into

J8:C18 {.e., they are as tough as [ ]3:C+® The remaining heats f-1

into [ 12+1C48 Lith one in [ 18+C+8  The toughness

criteria for all 28 heats are given in Table B-2.

Loop 3 cold leg Heat No. [ ]3+C+® has the lowest calculated
end-of -service 1ife KCU at room temperature of | 13:C48 433/cm? whi

v/

falls below that of | 13+C+8  The &-ferrite content is
[ ~a.c.e.

r

By Reference 21, the

11-embrittiement

KCU < [

Since the end-of-service 1ife KCJ value is less

:d.i,e is al

CU value, Heat No.
defined in Reference 21 and the end-of-service life fracture toughness is

J41C®  These
v 1 i s T 1 a,C,e
esults are given in Table J ‘




An exampie calculation for a | ]8+C+® pheat is given below. Similar
calculations for the remaining fifteen [ 18+C+8 neats were made.

JA+C4€ The ferrite

]a.c.e

The example calculation will be made for Heat |

14,C,8

content is [ and the end-of-service 1ife KCU is

dal/cme. The (

:a.:,e‘ Since the end-of-service 1ife KCU exceeds the

r

fully aged KCU, the heat falls into [ 18:Co€,

Thus:




WED/1SE WS - 714000y 000 Aubwiig IS8 2 JjUN IWI04 URIPU] 4O $311.2004g (®3y5hyg PuR (2 4edy)  1-@ 3Eel




TABLE B-2

FRACTURE TOUGHNESS CRITERIA FOR THE CAST PRIMARY PIPING
COMPONENTS OF THE INDIAN POINT UNIT NUCLEAR PLANT




COLD LEG

REACTOR
VESSEL

Figure B-1 Typical Layout of the Primary Loops for a westinghouse
Four-Loop Plant Without Isolation valves
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Figure B-3 Identification of Heats with Location for Hot Leg
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Figure B-4




Westinghouse Power Systems
Electric Corporation

IPP-88-788

May 18, 1988

Dear Mr. Sinha:

Two corrections to P 10977-Rev. 2, "Technical Basis for Eliminating

Primary Loop Pipe Rupture as the Design Basis for Indian Point 27,
have been made. Both corrections are of an editorial nature and are as
follows

Page 4-15, in the figure caption, Load should be replaced
by Toughness.

or both the Westinghou
2) and Westinghouse

]

e
ass

>

d you have any questions,
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