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SECTION 1.0

INTRODUCTION

1.1 Background

The current structural design basis for the accumulator line* requires
postulating non-mechanistic circumferential and longitudinal pipe breaks.
This results in additional plant hardware (e.g. pipe whip restraints and jet
shields) which would mitigate the dynamic consequences of the pipe breaks. It

is, therefore, highly desirable to be realistic in the postulation of pipe
breaks for the accumulator line. Presented in this report are the
descriptions of a mechanistic pipe break evaluation method and the analytical
results that can be used for establishing that a circumferential type break
will not occur within the Class 1 portions of the accumulator lines. The
evaluations considering circumferentially oriented flaws cover longitudinal
cases, and thereby eliminate the need for some of the plant hardware.

1.2 Scoce and Objective

The general purpose of this investigation is to demonstrate leak-before-break
for the accumulator line. Schematic drawings of the piping system are shown

in Section 5.0. The recommendation and criteria proposed in NUREG 1061 Volume

3 (1-1) are used in this evaluation. These criteria and resulting steps of
the evaluation procedure can be briefly summarized as follows:

1) Calculate the applied loads. ' Identify the location at which the
highest stress occurs.

2) Identify the materials and the associated material properties.

* The scope of this work covers that Class 1 portion of the Emergency Core
Cooling System from the RCS cold leg injection points to the first check valve.

m.4m. ioamer 11
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3) Postulate a surface flaw at the governing location. Determine
fatigue crack growth. Show that a through wall crack will not
result.

4) Postulate a through-wall flaw at the governing location. The size
of the flaw should be large enough so that the leakage is assured of
detection with margin using the installed leak detection equipment
when the pipe is subjected to normal operating loads. Typical
plants are equipped with leak detection systems capable of detecting
a leakage of 1 gpm as required by the Regulatory Guide 1.45. If a
margin of 10 is retained between the calculated leak rate and the
leak detection capability, the pcstulated flaw is required to yield
at least 10 gallons per minute leakage when subjected to normal
operating loads.

'
5) Using normal plus SSE loads, demcnstrate that there is a margin of

at least 2 between the leakage size flaw and the critical size flaw.

6) Review the operating history to ascertain that cperating experience
has indicated no particular susceptibility to failure from the
effects of corrosion, water hammer or low and high cycle fatigue.

7) For the base and weld metals actually in the plant provide the
material prcperties including toughness anc tensile test data.
Justify that the properties used in the evaluation are
representative of the plant specific material. Evaluate long term
effects such as thermal aging where applicable.

8) Demonstrate margin on acclied lead.

The flaw stability criteria proposed for the analysis will examine both the
global and local stability for a costulated through wall circumferential
flaw. The glebal analysis is carried out using the [ Ja,c,e

method, based on traditional plastic limit lead concepts, but accounting for
[ Ja,c.e and taking into acccunt the presence of a flaw. The

vvvcm womu 1.g
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local stability analysis can be carried out using the method described in
NUREG/CR 3464 (1-2). This method is based on linear elastic fracture
mechanics and it can be used up to load levels producing stresses near the
yield point. For higher leads, the local stability analysis is carried out by
performing a static elastic plastic [

Ja,c.e of a straight piece of the accumulator line pipe
containing a through wall circumferential flaw.

The leak rate is calculated for the normal cperating condition. The leak rate
prediction model used in this evaluation is an [-

Ja,c,e The crack cpening area
required for calculating the leak rates is cbtained by subjecting the
postulated through wall flaw to normal cperating leads. Surface .oughness is
accounted for in determining the leak rate through the postulated flaw.

As stated earlier, the evaluations described above considering
circumferentially oriented flaws cover longitudinal cases in pices and
elbows. The likelihood of a split in the elbows is very low because of the

fact that the elbows are [ ]a,c,e and no flaws are actually
anticipated. The predicticn methcds for failure in elbows are virtually the

same as those for [

Ja,c.e However, the elbows are [ Ja,c.e and, therefore, the
probability of any longitudinal flaw existing in the accumulator line is much
smaller when compared with the circumferential direction. Based on the above,

it is judged that circumferential flaws are more limiting than longitudinal
flaws in elbows and throughout the system.

The computer codes used in this evaluation for leak rate and fracture

mechanics calculations have been validated (bench marked) as described in

References (1-4) and (1-5).

mr. cm. iezon4 7 13
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SECTION 2.0

FAILURE CRITERIA FOR FLAWED PIPES

2.1 General Considerations

Active research is being carried out in industry and universities as well as
other research organizations to establish fracture criteria for ductile
materials. Criteria being investigated include those based on J-integral
initiation toughness, equivalent energy, crack opening displacement, crack
opening stretch, crack opening angle, net-section yield, tearing modulus and
void nucleation. Several of these criteria are discussed in an ASTM
publication (2-1).

A practical aaproach based on the ability to obtain material properties and to
make calculations using the available tools was used in selecting the criteria
for this investigation. The ultimate objective is to show that the
accumulator line containing a conservatively assumed circumferential
through-wall flaw is stable under the worst combination of postulated faulted
and cperating condition loads within acceptable engineering accuracy. With
this viewpoint, two mechanisms of failure, namely, local and global failure
mechanisms are considered.

2.2 Global Failure Mechanism

For a tough ductile material which is notch insensitive the global failure
will be governed by plastic collapse. Extensive literature is available on
this subject. A PVRC study (2-2), reviews the literature as well as data from
several tests on piping components, and discusses the details of analytical
methods, assumptions and methods of correlating experiments and analysis.

A schematic description of the plastic behavior and the definition of plastic
load is shown in Figure 2-1. For a given geometry and loading, the plastic
load is defined to be the peak load reached in a generalized load versus
displacement plot and corresponds to the point of instability,

mr,iom, scio,sw g.1



A simplified version of this criterion, namely, net section yield criterion
has been successfully used in the prediction of the load carrying capacity of
pipes containing gross size through wall flaws (2-3) and was found to
correlate well with experiment. This criterion can be summarized by the
following relationship:

Wa < Wp (2-1)
where Wa = applied generalized load

Wp = calculated generalized plastic load

Wp represents the load carrying capacity of the cracked structure and it can
be obtained by an elastic plastic finite element analysis or by empirical
correlation which is based on the material flow properties as discussed in
Section 6.1

2.3 Local Failure Mechanism

The local mechanism of failure is primarily dominated by the crack tip
behavior in terms of crack-tip blunting, initiation, extension and finally
crack instability. The material prcperties and geometry of the pipe, flaw
size, shape and loadings are parameters used in the evaluation of local
failure.

The stability will be assumed if the crack does not initiate at all. It has
been demonstrated that the initiation toughness, measured in terms of J

IN
from a J-integral resistance curve, is a material parameter defining the crack
initiation. If, for a given load, the calculated J-integral value is shown to
be less than J of the material, then the crack will not initiate.gg

If the initiation criterion is not met, one can calculate the tearing modulus
as defined by the following relation:

T (2-2)=
app

v v. om. io.c""' 2-2
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where T,pp applied tearing modulus=

modulus of elasticityE =

of flow stress = [ ]a,c.e=

crack lengtha =

o, yield and ultimate strength of the material=
u

respectively.

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

J<J r (2-3)- IN,

I2' )T,p <Tmat' " l IN

2.4 References

2-1 J.D. Landes, et al . , Editors, Elastic-Plastic Fracture, STP-668, ASTM,
Philadelphia, PA 19109, November 1977.

2-2 J. C. Gerdeen, "A Critical Evaluation of Plastic Behavior Data and a
Unified Definition of Plastic Leads for Pressure Components," Welding

Research Council Bulletin No. 254.

2-3 Mechanical fracture Predictions for Sensitized Stainless Steel Piping
with Circumferential Cracks, EPRI-NP-192, September 1976.
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SECTION 3.0

OPERATION AND STABILITY OF THE ACCUMULATOR LINES
,

( AND THE REACTOR COOLANT SYSTEM

3.1 Stress Corrosion Crackino

The Westinghouse reactor coolant system primary loop and connecting Class 1
lines have an operating history that demonstrates the inherent operating
stability characteristics of the design. This includes a low susceptibility
to cracking failure from the effects of corrosion (e.g., intergranular stress
corrosion cracking). This operating history totals over 400 reactor years,
including five plants each having over 15 years of cperation and 15 other
plants each with over 10 years of operation.

In 1978, the United States Nuclear Regulatory Commission (USNRC) formed the
second Pipe Crack Study Group. (The first Pipe Crack Study Group established
in 1975 addressed cracking in boiling water reactors only.) One of the
cbjectives of the second Pipe Crack Study Group (PCSG) was to include a review
of the potential for stress corrosion cracking in Pressurized Water Reactors
(PWR's). The results of the study performed by the PCSG were presented in
NUREG-0531 (Reference 3-1) entitled " Investigation and Evaluation of Stress
Corrosion Cracking in Piping of Light Water Reactor Plants." In that report
the PCSG stated:

"The PCSG has determined that the potential for stress corrosion cracking
in PWR primary system piping is extremely low because the ingredients
that produce IGSCC are not all present. The use of hydrazine additives
and a hydrogen overpressure limit the oxygen in the coolant to very low
levels. Other impurities that might cause stress corrosion cracking,

mr.mn. iod""' 3-1
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such as halides or caustic, are also rigidly controlled. Only for brief a
periods during reactor shutdown when the coolant is exposed to the air
and during the subsequent startup are conditions even marginally capable
of producing stress-corrosion cracking in the primary systems of PWRs. ,,

,

Operating experience in PWRs supports this determination. To date, no
stress-corrosion cracking has been reported in the primary piping or safe

,

ends of any PWR."
.

During 1979, several instances of cracking in PWR feedwater piping led to the
establishment of the third PCSG. The investigations of the PCSG reported in'
NUREG-0691 (Reference 3-2) further confirmed that no occurrences of IGSCC have ,

been reported for PWR primary coolant systems. ;

As stated above, for the Westinghouse plants there is no history of cracking
failure in the reactor coolant system loop or connecting Class 1 piping. The '

,

discussion below further qualifies the PCSG's findings.

For stress corrosion cracking (SCC) to occur in piping, the following three y
conditions must oxist simultaneously: high tensile stresses, susceptible
material, and a corrosive environment. Since some residual stresses and some ?

i I
| degree of material susceptibility exist in any stainless steel piping, the

potential for stress corrosion is minimized by properly selecting a material
immune to SCC as well as preventing the occurrence of a corrosive
environment. The material specifications consider compatibility with the
system's operating environment (both internal and external) as well as other
material in the system, applicable ASME Code rules, fracture toughness,
welding, fabrication, and processing.

The elements of a water environment known to increase the susceptibility of -

.

austenitic stainless steel to stress corrosion are: oxygen, fluorides,
chlorides, hydroxides, hydrogen peroxide, and reduced forms of sulfur (e.g.,
sulfides, sulfites, and thionates). Strict pipe cleaning standards prior tc
operation and careful control of water chemistry during plant operation are
used to prevent the occurrence of a corrosive environment. Prior to being put

.

~

w,mm. ivo"'''
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into service, the piping is cleaned internally and externally. During flushes
! and preoperational testing, water chemistry is controlled in accordance with

written specifications. Requirements on chlorides, fluorides, conductivity,
and pH are included in the acceptance criteria for the piping,

i

During plant operation, the reactor coolant water chemistry is monitored and
maintained within very specific limits. Contaminant concentrations are kept
below the thcesnolds 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 clant operation. For example, during
normal power cperation, oxygen concentration in the RCS and connecting Class i
lines is expected to be in the p;b range by controlling charging flow chem-
istry and maintaining hydrogen in the reactor coolant at s;ecified concentra-

h tions. Halogen concentrations are also stringently controlled by maintaining
concentrations of chlorides and flucrices within the specified limits. This

is assured by centrolling charging ficw chemistry. Thus during plant coera-
tion, the likelihood of stress cerrosion cracking is minimized.

3.2 Water H omer

Overall, there is a low potential for water hammer in the RCS and connecting
accumulator lin?s since they are designed and operated to preclude the voiding
condition in ny.nally filled lines. The RCS and connecting accumulator lines

including piping ud ccmpenents, are designed for normal, upset, emergency,
and faulted condi cn 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 cpening 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 during normal cperatien is maintained
within a narrow range by control red position; pressure is controlled by
pressurizer heaters and pressurizer spray also within a narrow range for
steady-state conditions. The fica characteristics of the system remain

m r,,em, i eza""' 3-3
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constant during a fuel cycle because the only governing parameters, namely
system resistance and the reactor co' lant pump characteristics are controlled ino

the design process. Additionally, Westinghouse has instrumented typical reactor
coolant systems to verify the flow and vibration characteristics of the system
and connecting accumulator lines. Preoperational testing and operating
experience have verified the Westinghouse approach. The operating transients of
the RCS primary piping and connected accumulator lines are such that no
significant water hammer can occur.

3.3 Low Cycle and High Cycle Fatigue

Low cycle fa'tigue 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 loading is discussed in Chapter 7 as part of this study in the form of a
fatigue crack growth analysis.

High cycle fatigue loads in the system would result primarily from pump
vibrations during operation. During operation, an alarm signals the exceedance
of the RC pump shaft vibration limits. Field measurements have been made on the

reactor coolant loop piping of a number of plants during hot functional
testing. Stresses in the elbow below the RC pump have-been found to be very
small, between 2 and 3 ksi at the highest. When translated to the connecting
accumulator lines, these stresses are even lower, well below the fatigue
endurance limit for the accumulator line material and would result in an applied
stress intensity factor below the threshold for fatigue crack growth.

3.4 References

3-1 Investigation and Evaluation of Stress-Corrosion Cracking in Piping of
Light Water Reactor Plants, NUREG-0531, U.S. Nuclear Regulatory Commission,

February 1979.

3-2 Investigation and Evaluatien of Cracking Incidents in Piping in Pressurized
Water Reactors, NUREG-0691, U.S. Nuclear Regulatory Commission, September

1980.
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SECTION 4.0
'

MATERIAL CHARACTERIZA' ION

4.1 Pipe, Fittings and Weld Materials
.

.The pipe material of the 12-inch high energy accumulator lines is SA 376-TP316,
a wrought product form of the type used for the primary loop piping of several
PWR plants. The fittings are SA403-WP316 which is wrought and formed pipe of

. SA182 F316. The weld wire used in the shop fabrication is generally low carbon
: 316L; in some instances the weld wire has low carbon with high silicon

(316LSi). The welding processes used were gas tungsten arc (GTAW), submerged
arc (SAW), gas metal arc (GMAW) and shielded metal arc (SMAW). The field welds
used 308L weld wire. For each line there is a 45 degree nozzle intersecting the
cold leg of the primary loop. The material of these nozzles is SA351 CF8A, a
cast product form.

In the following section the tensile and fracture toughness properties of these
materials are presented and criteria for use in the leak-before-break analyses
are defined.

| 4.2 Tensile Properties

| The material certifications for the 12-inch high energy lines were used to
establish the tensile properties for the piping, fittings and welds. Thei

properties are given in Table 4-1 and 4-2 for Units 1 and 2, respectively.
Tensile properties for the 45' cast nozzle are given in Table 4-3.,

|
|

| The properties in Table 4-1 through 4-3 are those at room temperature. In the
~1eak-before-break evaluations presented later, the code minimum properties at

,

| operating temperatures .are used. The viability cf using such properties for the
i 12-inch high energy accumulator lines is presented below.

[
|

ga,c.e
i
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]**C'' All the properties
presented are seen to exceed the code minimum properties. Larger margins are
noted when comparing the experimental yield stress data with the code minimum
properties.

Based on this discussion it is concluded that the use of code minimum
properties is justified. [

,
ja,c e

4.3 Fracture Toughness Prc::erties

[

ja,c.e

Lower bound estimates for the fracture toughness of welds, taking thermal
aging into account, are discussed in Reference 4-4. [.

ja.c,e

Forged stainless steel is considered not stsceptible to thermal aging for the
applications at hand; however, thermal aging embrittlement must be considered
for the cast 45' nozzle.

[

.]a,c,e By the

criteria established in Reference 4-5, the fracture toughness is at least as
great as the toughness of ( .]a,c,e ,

w,iam, ,oion au 42
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, [ ]a,c.e is the same heat which serves as'a lower bound for welds as
|
; seen in Table 4-6. (
!

Ja,c.e The fracture criteria are
thus

.

- _ a,c.e

|

|
|

_. .
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TABLE 4-1

ROOM TEMPERATURE MECHANICAL PROPERTIES
OF THE HIGH PRESSURE ACCUMULA10R LINE MATERIALS

AND WELDS OF THE SOUTH TEXAS PROJECT UNIT 1 PLANT

2% % %
* Loop Product Heat Offset Ultimate Flow Elongation Reduction

No. Form Number Material Yield Stress Strength Stress Per Inch In Area

1 Pipe HT SA376-TP316 43,300 85,600 64,450 58.5 71.7
P8608

'

1 Pipe ili SA376-TP316 42,700 88,200 65,450 53.2 64.1
L5093

1 Pipe llT SA316-lP316 38,100 82,600 60,350 60.5 71.2
L5091

,

a 1 Fitting itT SA403-WP316 49,000 81,500 65,250 62.0 75.5
: A 55893
,

1 Fitting lli SA403-WP316 50,000 82,000 66,000 56.0 73.5
55896

1 Weld ilT SFAS.9-ER316L 67,200 83,600 75,400 50.0 65.5
17138

1 Weld itT SFAS.9-ER316L 65,400 88,700 77,050 48.0 65.9 *

17138

1 Weld HT SFAS.4-E316L 57,400 80,400 68,900 45.0 63.8
0575

'

i .

2t l6s 10/861222
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TABLE 4-1 (Continued)

ROOM TEMPERATURE MECliANICAL PROPERTIES
OF Tile HIGH PRESSURE ACCUMULATOR LINE MATERIALS

AND WELDS OF THE SOUTli TEXAS PROJECT UNIT 1 PLANT

2% % %
Loop Product lleat Offset Ultimate Flow Elongation Reduction
No. Form Number Material Yield Stress Strength Stress Per Inch In Area

2 Pipe HT SA376-TP316 43,300 85,600 64,450 58.5 71.7
P8608

2 Pipe ili SA376-TP316 42,700 88,200 65,450 53.2 64.1
L5093

2 Pipe llT SA376-TP316 38,100 82,600 60,350 60.5 71.2
L5091

2 Fitting IIT SA403-WP316 50,000 82,000 66,000 56 73.5y 55896

2 Fitting HT SA403-WP316 50,500 79,000 64,750 45 70.5
55894

2 Fitting itT SA403-WP316 51,000 81,500 66,250 56.0 74.5
55896

2 Weld ilT SFAS.9-ER316L 67,200 83,600 75,400 50.0 65.5
17138

2 Weld HT SFAS.9-ER316L 65,400 88,700 77,050 48.0 65.9
17138

2 Weld itT SFA.5.4-E316L 58,600 79,700 69,150 40.0 66.2
0683A

2 B I6s 10/861222
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TABLE 4-1 (Continued)
'

ROOM TEMPERATURE MECHANICAL PROPERTIES
0F THE HIGH PRESSURE ACCUMULATOR LINE MATERIALS

AND WELDS OF THE SOUTil TEXAS PROJECT UNIT 1 PLANT

2% % %
Loop Product Heat Offset Ultimate Flow Elongation Reduction
No. Form Number Material Yield Stress Strength Stress Per Inch In Area

3 Pipe HT SA376-TP316 40,100 83,000 61,550 59 67.9
L5093

3 Fitting HT SA403-WP316 50,500 79,000 64,750 45 70.5
55894

3 Weld HT SFA5.9-ER316L 67,000 90,000 78,500 30.0 48.0
306402

4, 3 Weld HT SFA5.9-ER316L 64,400 86,400 75,400 35.0 41.6
& 19759

i

JII6s 10/861222
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TABLE 4-2 -

ROOM TEMPERATURE MECilANICAL PROPERTIES .

OF Tile HIGH PRESSURE ACCUMULATOR LINE MATERIALS
AND WELDS OF THE SOUTH TEXAS PROJECT UNIT 2 PLANT

2% % %
Loop Product Heat

.
Offset Ultimate Flow Elongation Reduction

No. Form Number Material Yield Stress Strength Stress Per Inch In Area

1 Pipe HT SA376-TP316 38,100 82,600 60,350 60.5 71.2
L5091

1 Pipe HT SA376-TP316 43,300 87,800 65,550 56.0 66.0
L5091

1 Pipe HT SA376-TP316 44,100 88,600 66,'350 52.0 67.3-

L5091

? 1 Pipe HT SA376-TP316 40,100 83,000 61,550 59.0 67.9
''

L5093-

1 Pipe HT SA376-TP316 40,500 84,600 62,550 59.5 68.2
L5093

1 Pipe ill SA376-TP316 44,500 81,400 62,950 El 77.3
L5093

1 Fitting ilT SA403-WP316 51,000 81,500 66,250 56.0 74.5
55895

1 Fitting IIT SA403-WP316 43,000 77,500 60,250 65 76.5
53894

1 Fitting Ilf SA403-WP316 49,000 81,500 65,250 62.0 75.0
'

55893

1 Weld itT SFA5.9-ER316L 67,200 83,600 75,400 50.0 65.5
17138

2116s 10/861222
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TABLE 4-2 (Continued)

ROOM TEMPERATURE MECllANICAL PROPERTIES
OF THE HIGH PRESSURE ACCUMULATOR LINE MATERIALS

AND WELDS OF THE SOUTH TEXAS PROJECT UNIT 2 PLANT

2% % %
Loop Product Heat Offset Ultimate Flow Elongation Reduction

; No. Form Number Material Yield Stress Strength Stress Per Inch In Area
.

1 Weld HT SFA5.4-ER316L 57,400 80,400 68 900 45.0 63.8
-

g
0575 _

1 Weld HT SFA5.9-ER316L 62,600 86,700 74,650 36 65.4 !17138
2 Pipe HT SA376-TP316 50,250 87,400 68,825 46 N/A

1281-48

2 Pipe HT SA376-TP316 42,400 84,900 63,650 54 N/A
5-329,

2 Pipe HT SA376-IP316 42,100 89,000 65,550 62.3 66.4
L5736

2 Pipe HT SA376-TP316 39,700 86,200 62,950 62. 0 66.0
L5736

2 Pipe HT SA376-TP316 44,500 81,400 62,900 61 77.3
L5093

2 Fitting HT SA403-WP316 43,400 83,800 63,600 64.7 81.0
989AN

2 Fitting HT SA403-WP316 43,100 82,800 62,95C 59 81.0
102BN

2 Fitting HT SA403-WP316 43,000 77,500 60,250 65.0 76.5
53894

2616s 10/861222
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TABLE 4-2 (Continued)

ROOM TEMPERATURE MECHANICAL PROPERTIES
OF THE HIGH PRESSURE ACCUMULATOR LINE MATERIALS

AND WELDS OF THE SOUTH TEXAS PROJECT UNIT 2 PLANT

2% % %
loop Product Heat Offset Ultimate Flow Elongation Reduction
No. Form Number Material Yield Stress Strength Stress Per Inch In Area

2 Fitting HT SA403-WP316 37,500 78,000 57,750 60 80.0
610AN

2 Weld 306402 SFA5.9-ER316L 67,000 90,000 78,500 30.0 48.0

2 Weld 2383B SFA5.4-E316L N/A 81,400 - 54.0 N/A

2 Weld 10300 SFA5.4-E316L N/A 86,374 - 51.8 60.5

2 Weld 19759 SFA5.4-E316L 64,400 86,400 75,400 35.0 41.6

2 Weld X-4329 SFA5.9 ER316L 70,600 92,500 81,550 38.0 59.6

3 Pipe HT SA376-TP316 44,500 81,400 62,950 61 77.3
L5093

3 Fitting HT SA403-WP316 43,000 77,500 60,250 65.0 76.5
53894

3 Weld 306402 SFA5;9-ER316L 67,000 90,000 78,500 30.0 48.0
1

3 Weld 19759 SFAS.9-ER316L 64,400 86,400 75,400 35.0 41.6

.

.

'2166s 10/86l222
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TABLE 4-3

'

ROOM TEMPERATURE TENSILE PROPERTIES

OF THE SA351 CF8A CAST 45 DEGREE N0ZZLE

Yield Stress Ultimate Strength Elongation Reduction
Unit Loop (ksi) (ksi) (%) in Area %

1 1 41.35 86.2 58 70
'

1 2 41.35 86.2 58 70

1 3 39.10 83.2 59 71,

2 1 42.38 86.3 62 69

2 2 38.05 84.8 58 75

2 3 39.15 83.0 62 74

i

,

1

4

mr.4m. ioan=7 4 10
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TABLE 4-4 -

TYPICAL TENSILE PROPEPTIES OF SA376 TP316, SA351 CF8A and WELOS OF

SUCH MATERIAL FOR THE PRIMARY LOOP

Test Temperature Average Tensile Properties
Plant Material (*F) Yield (psi) Ultimate (psi)

A SA376 TP316 70 40,900(48)^ 83,200 (48)
650 23,500(19) 67,900 (19)

'

,

E 308 Weld 70 63,900(3) 87,600 (3)

B SA376 TP316 70 47,100 (40) 88,300 (40)'
650- 26,900 (22) 69,100 (25)

E 308 Weld 70 59,600 (8). 87,200 (8)
650 31,500(1) 68,800 (1)

C SA376 TP316 70 46,600(36) 87,300 (36)
650 24,200 (18) 66,800 (19)

E 308 Weld 70 61,900(4) 85,400 (4)

D SA351 CF8A 70 47,300 (14) 84,500 (14)
650 26,000 (4) 'i0,500 (4)

i
! Weld 70 61,200(31) 84,500 (32)

,

a. ( ) indicates the number of test results averaged.

!

I
i 4-11
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TABLE 4-5

COMPARISON OF TENSILE PROPERTIES OF Tile 12-INCil
HIGil ENERGY ACCUMULATOR LINES WITH Ti10SE OF

TYPICAL WROUGilT PRIMARY LOOPS.

Properties (ksi)'

Room Temperature 650 F
Line/ Component Material Yield Ultimate Yield Ultimate

8 8Acc/ Pipe SA376-TP316 38.1 to 50.3 81.4 to 89.0b b a bLoop / Pipe SA376-TP316 40.9 to 47.l 83.2 to 88.3 23.5 to 26.9 67.9 to 69.l
8 aAcc/ Fitting SA403-TP316 37.5 to 51.0 77.5 to 83.8
8 8Acc/ Nozzle SA351-CF8A 38.l t 42.4 83.0 t 86.2b b b bLoop / Pipe SA351-CF8A 47.3 84.5 26.0 70.5
8 aAcc/ Weld E316L,E316 LSi 57.4 to 67.2 79.7 to 90

Loop / Weld E308 59.9 to 63.9 85.4 to 87.6 31.5 68.8c cLoop / Weld E316 54.0 67.6
i

ASME Code Minimum Requirements

17.9to18.5j 64.5to71.8jPipe SA376 TP316 30.0 75.0
'

Fittings SA403-WP316 30.0 75.0 17.9 to 18.5 64.5 to 71.8
Fitting SA351-CF8A 35.0 77.0 21.0 65.2
Welds E316L, E316LSi 70.0
Wolds E308 80.0
Welds E308L 75.0

a. Range of material certification data
b. Range of averages or average
c. The results are for 600 F
d. Depending on edition of ASME Code

,

t

218?s/0333$ 10/011887
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TABLE 4-6

FRACTURE TOUGHNESS PROPERTIES TYPICAL OF Tile SURGE LINE

Test Temp, Tensile Properties (psi) J
. Ic

2Material (*F) Yield Ultimate (in-lb/in ) T
mat

SA376 TP316 600 21,700 65,500
. a,c.e- -

SA376 TP316 600 20,500 60,100

b b
Weld (E308 and E316) 600 45,000 61,200

7
Weld 600 -- --

h
SA251 CF8A 600 -- --

_ _

i
C - j ,c.eag

b. Lowest of 6 tests. !
~

-

a,c.e

j -

,

2181s/0133s 10/015481
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TABLE 4-7 |

CHEMISTRY AND ENDS OF SERVICE LIFE RCU TOUGHNESS

FOR THE SIX 45' N0ZZLES

a,c,e
_

-

M

M
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SECTION 5.0.

LOADS FOR FRACTURE MECHANICS ANALYSIS

Figures 5-1, 5-2 and 5-3 show schematic layout of the three accumulator
lines. Note that only the high pressure region is included in the scope of
this work.

.

The stresses due to axial loads and bending moments were calculated by the.

following equation:

o=k~f (5.1)

where,

o = stress

axial loadF =

bending momentM =

metal cross-sectional areaA =

section modulusZ =

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

i

M = fM 2 g 2
y (5.2)

where,

M bending moment for required loading=

M Y component of bending moment=
y

Z
Z component of bending momentM =

t

'

The axial load and bending moments for crack stability analysis and leak rate
predictions were computed by the mathods explained in Sections 5.1 and 5.2.

!

|

|

| im.msn. ioan ' 5-1
i

__



.

5.1 Loads for Crack Stability Analysis

The faulted loads for the crack stability analysis were calculated by the
following equations:

|F0W+FTH1 + F l + |FSSEF l (5.3)=
p

|(M )0W + (M )TH1 1 + |(M )SSEl (5.4)M =
y y y y

z |(M )0W + (M )TH1 ! * IIM )SSEI (5.5)M =
2 Z Z .

Where, the subscripts of the above equations represent the following loading
Cases,

.

DW deadweight=

TH1 maximum thermal expansion including applicable thermal anchor=

motion

SSE SSE loading including seismic anchor motion=

P load due to internal pressure=

5.2 Loads for Leak Rate Evaluation
1

The normal operating loads for leak rate predictions were calculated by the
following equations:

F FDW+FTH2 + F (5.6)=
p

(M )DW + (M )TH2 (5.7)
M =

y y y

(M )DW * (M )TH2 (5.8)"Z
=

Z Z

Where, the subscript TH2 represents normal operating thermal expansion
loading. All other parameters and subscripts are the same as those explained
in Section 5.1.

4

varieen inn.a7 5-2
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i

5.4 Summary of Loads, Geometry and Materials

Table 5-1 provides a summary of envelope loads computed for fracture mechanics
evaluations in accordance with the methods described in Section 5.1, 5.2 and

5.3. The cross-sectional dimensions and materials are also summarized. Lead

data is tabulated at the [
~

Ja,c.e The loading
components are provided in Table 5-2. [ . .

,

ja,c,e

sier..<2:3. iozo""' 5-3
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TABLE 5-1
SUMMARY OF ENVELOPE LOADS

NOMINAL MINIMUM
OUTSIDE WALL WALL INSIDE

NODE DIA THICK THICK DIA F M
LOCATION CONDITION NO LOOP MATERIAL (inches) SCllEDULE (inches) (inches) (inches) (kips)(in-kips)

.

Highest faulted 104E 1 SA376 12.75 140 1.125 1.005 10.74 194 1006

Load -TP316

Location Normal
Operating 104E 1 SA376 12.75 140 1.125 1.005 10.74 193 978.2

-TP316

Next faulted 796 3 SA376 12.75 140 1.125 1.005 10.74 200 975

Highest -TP316

4 Load

Location Normal 796 3 SA376 12.75 140 1.125 1.005 10.74 197 610.5
Operating -IP316

-

<

2181s/0333s 10/011487
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TABLE 5-2

LOADING COMPONENTS ~AT GOVERNING LOCATIONS,

liighest Load .Next liighest Load
(Location - 104E, Loop-1) (Location - 796, Loop-3)

Load Axial Bending Bending Axial Bending Bending
Type Force (lb) Moment MY (ft-lb) Moment MZ (ft-lb) Force (1b) Moment NY (ft-lb) Moment MZ (ft-lb)

Dead 279 55 3867 -615 1785 2422

Weight

!

:| Thermal -6521 612 77649 -1913 15583 -50244
|

m Pressure 199526 - - 199526 - -

w

SSE + 709 2833 2266 3013 25520 21179

Anch. Mot.

,

t

2187s/03)h 10/011467
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104E

<

P = 2304 psia

T = 560"F

Figure 5-1: Schematic Layout of Accumulator Line Loop 1

ver. em. to.5n. ' 5-6
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| P = 2304 psi

T = 560*F

Figure 5-2: Schematic Layout of Accumulator Line Loop 2

3147s/0333s 10/011447 5-7
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/

P = 2304 psi

T = 560*F

Figure 5-3: Schematic Layout of Accumulator Lines Loop 3,

no.a m io4"'" 5-8
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SECTION 6.0

FRACTURE MECHANICS EVALUATION

6.1 Global Failure Mechanism

Determination of the conditions which lead to failure 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 limit 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 pre' dict the critical flaw
size in the accumulator line. The failure criterion has-been obtained by
requiring equilibrium of the section containing the flaw (Figure 6-1) when
loadt 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 limit moment for such a pipe is given

| by:

a,c.e
[ ] (6.1)

where:

i

I (

|
| j a.c.e

w.mn. io*"* 6-1
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,

[

,

Ja,c.e (6.2)
'

The analytical model described above accurately accounts for the piping
; internal pressure as well as imposed axial force as they affect the limit

moment. Good agreement was found between the analytical predictions and the
experimental results (Reference 6-1).;

;

A typical segment of the accumulator pipe under maximum loads of axial force F
and bending moment M is schematically illustrated as shown in Figure 6-2. In

order to calculate the critical flaw size, a plot of the limit moment versus
,

crack length is generated as shown in Figure 6-3. The critical flaw size
corresponds to the intersection of this curve and the maximum load line.

) The critical flaw size is calculated to be [ Ja,c.e using ASME Code
.

(6-2) minimum tensile properties for SA376TP316 (wrought) stainless steel.
I

[ 3a,c e

|

Since W > 1006 in-kips for cracks smaller than [ ] and W, =p

i 1006 in-kips, the global stability criterion of Section 2.2 is satisfied.

; If IWB 3640 approach is used and if the material strength properties are 1

conservatively assumed to be the same as the base metal properties, the4

critical flaw size for the weld metal would be about [ la,c,e.

I
'

,

l

i

4
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6.2 Leak Rate Predictions

Fracture mechanics analysis shows that postulated through-wall cracks in the
accumulator line 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 tha,t 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.

6.2.1 General Considerations

The flow of hot pressurized water through an opening to a lower back pressure
causes flashing which can result in choking. For long channels where the
ratio of the channel length, L, to hydraulic diameter, D , R/D is

H

greater than [ Ja,c.e, both [ -Ja, ,e 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 [ ]a,c.e
However, for large L/D values, friction pressure drop will become important

H

and must be considered along with the momentum losses due to flashing.

6.2.2 Calculation Method
.

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

I

,)a,c.e

The flow rate through a crack was calculated in the following manner. Figure
6-4 from Reference 6-3 was used to estimate the critical pressure, Pc, for the
accum. line enthalpy condition and an assumed flow. Once Pc was found for a
given mass flow, the [ Ja,c.e

was found from Figure 6-5 taken from Reference 6-3. For all cases' considered,

since [ la,c,e Therefore, this method will yield

l
i

; mr.mn. me""' 6-3
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.

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

6-6. Now using the assumed flow rate, G, the frictional pressure drop can be
calculated using

aPf=[ Ja,c.e (6.3)

,

where the friction factor f is determined using the [ ]a,c.e
The crack relative roughness, c, was obtained from fatigue crack data on
stainless steel samples. The relative roughness value used in these
calculations was [ Ja,c,e pg3,

The fricti,onal pressure drop using Equation 6.3 is then calculated for the
assumed flow and added to the [ momentum pressure drop calculated using the
Fauske model]a,c.e to obtain the total pressure drop from the primary system
to the atmosphere. That is, for the primary loop

_

(6.4)
Absolute Pressure - 14.7 = [. Ja,c,e

for a given assumed flow G. If the right-hand side of Equation 6.4 does not e

agree with the pressure difference between the accumulator line and the $
atmosphere, then the procedure is repeated until Equation 6.4 is satisfied to
within an acceptable tolerance and this results in the flow value through the
crack. This calculational procedure has been recommended by [,

' Ja,c.e for this type of [.
Ja,c.e calculation.

J

6.2.3 Leak Rate Calculations

Leak rate calculations were made as a function of postulated through-wall
crack length for the critical location previously identified. The crack
cpening area was estimated using the method of Reference 6-5 and the leak rate
was calculated using the two phase flow formulation described above. The leak

6-4 dmr.<c222. ia,o""'
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rates are calculated using the normal operating loads of axial force, F =
193 kips an'd bending moment, M = 978 in-kips. The leak rates for various
postulated crack lengths are shown in Figure 6-7. In this figure, the crack
length yielding, a leak rate of 10 gpm (10 times the leak detection capability
of 1 ghn per Reg. Guide 1.45) is found to be [ ]a,c.e long. Thus,
the " reference" flaw size of ( Ja,c.e is established.

j,' 6.3 'Lo:al Failure Mechanism
,

In this section the local stability analysis is performed to show that
unstable crack extension will not result for a flaw two times as long as the
" reference" flaw.

At the critical location, the outer surface axial stress, o,, is seen to
be 15.2 ksi. Circumferential and radial stresses due to internal pressure of
2304 psi are as follows (see Reference 6-6):

c (circumferential stress): 11.26 ksic
2

radial stress: 0
r

The von Mises effective stress, c,ff, (see Reference 6-7) is given by

o,ff* h (o,- r) *I ~ r) ^(a- c) '

'
'

c

and.is 13.7 ksi.

|

Thus the effective stress is less than the yield stress and by the Von Mises
plasticity theory yielding does not occur. Hence, linear elastic fracture
mechanics is applicable for analyzing the pipes with hypothesized flaws. The
analytical method used for the local stability evaluation at this location is
summarized below.

t

)'

j' The stress intensity factors corresponding to tension and bending are
.

expressed, respectively, by (see Reference 6-5)
<

4

| ,3 g_5mwow, ,amsr
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T

/ wa F I*)K *
t t t

Kb* b ( wa F I")b

where F (a) and F (a) are stress intensity calibration factors corresponding
t b

to tension and bending, respectively -a is the half crack length, a is the
half-crack angle, is the remote uniform tensile stress, and is the

t b
remote fiber stress due to pure bending. Data for F (a) and F (a) are

t b
given in. Reference 6-5. The'effect of the yielding near the crack tip can be
incorporated by Irwin's plastic zone correction method (see Reference 6-8) in which
the half-crack length, a, in these formulas is replaced by the effective crack

'
length, a,ff, defined by

'
2

'

1 g
a,ff = a + - q ,

2n oy
,

) for plane stress plastic corrections, where o is the yield strength of the
~3 y

, b. material and K is the total stress intensity factor due to combined tensile and
bending loads (i.e., =Kt+K). Finally, the J,pp-value is determined byb

the relation J,pp = K /E, where E is Young's Modulus.

J,pp was calculated for a [ ]''C'' long postulated through wall

crack (which is 2 times the reference flaw size) and was found to be
[

' ]a,c.e', In addition, for a leakage size flaw i.e. the
reference flaw of ( .]a,c.e long. the normai plus SSE load was

increased by 6. The J-T analysis gave an applied J c' ,

^

.ja,c.e Clearly, the applied J is 1ew - tt n J;c of[
j' [ Ja,c,e for both the above cases ard r4 g ., e unstable crack

propagation will not result.,

i
'

. ,
1
t

^
2

,f * - .,

'

,

'.

,

$

i
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SECTION 7.0

ASSESSMENT OF FATIGUE CRACK GROWTH

The fatigue crack growth on the South Texas accumulator line was determined by
comparison with a generic fatigue crack growth analysis of a similar piping
system. The details of the generic fatigue crack growth analysis are
presented in Appendix B. By comparing all parameters critical to the fatigue
crack growth analysis, between South Texas and generic, it was concluded that
the generic analysis would envelop the fatigue crack growth of the South Texas
accumulator line.

Due to similarities in Westinghouse PWR designs it was possible to perform a
generic fatigue crack growth calculation which would be applicable to many
projects. A comparison was made of stresses and number of cycles, material,

,

geometry, and types of discontinuities.

A review of all thermal transient and steady-state stresses indicated a
significant margin in the generic analysis. This was caused primarily by a

'

reduced number of safety injection transients for South Texas because of the
4XL design. Geometry was essentially identical with the ' South Texas pipe
being 12 inch schedule 140 versus the generic of 10 inch schedule 140. Both
generic and South Texas had the same materials for the piping, SA376-TP316

4

austenitic stainless steel. Although the nozzle materials are slightly
different, SA-351-CF8A versus SA-182-304N or SA-182-316N for the generic case,
the lower yield strength of the piping was still controlling.

.

In conclusion, the fatigue crack growth calculated for the generic case, as
,

summarized in section B.2.2, is applicable to the South Texas accumulator
lines. These results demonstrate that no significant fatigue crack growth
will occur over the 40 year plant design life even for the largest postulated

i flaw.

I

!
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7.1 Acceptability Fatigue Crack Growth

| A detailed discussion pertaining to the fatigue crack growth law used in the
analysis described in Appendix B and the data used in defining the law are
provided in Reference (7-1). For the assessment of crack growth
acceptability, the crack growth results of the generic analysis presented in
Appendix B are used conservatively and are considered applicable to the South
Texas Project Accumulator lines. Detailed discussion in support of this
assumption has been provided in the previous section.

i

The maximum allowable preservice indication may have a depth of 0.09 in, per
IWB-3514.3, Allowable Indication Standard for Austenitic Piping, ASME Code,
Section XI - Division 1, 1986 edition. Typical fatigue crack growth results
for various initial flaw depths are given in Table B-4 in the appendix to this,

; report. [
^ '

.a,c.e is
,

; conservatively chosen as a basis for examining'the NRC criteria (7-1)
pertaining to allowable fatigue crack growth. [,

I

]a,c.e Thus, the first criterion on flaw depth is
i satisfied.

.

The worst case transient t.K value for the maximum crack depth is [ ]a,c e
i.

; The flow stress for the base metal at 560*F is 45.5 ksi which can be used to
I

obtain a conservative estimate of the plastic zone size.
.

| The expression for plastic zone size, r , calculation is: [ ] a, g e
p

i

= E (ofjo,)2
" AK

r
p

;

Thus, the plastic zone size is calculated to be [ Ja,c.e The

remaining ligament for the 0.186 in, deep end-of-fatigue-life flaw is 0.819
;

in. (i.e. 1.005 - 0.186). Thus, the plastic zone size is less than the'

! remaining ligament.

i

i

21SFs/0333s 10/011847 J.g
I
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Based on the above, it is concluded that for the South Texas Project
Accumulator Lines, the fatigue crack growth during service will not be
significant.

7.2 References

7-1 Swamy, S. A., et. al., " Additional Information in Support of the
Elimination of Postulated Pipe Ruptures in the Pressurizer Surge Lines of
South Texas Project Units 1 and 2" WCAP-11256, September 1986,

(Westinghouse Proprietary Class 2).

'7-2 Swamy, S. A., et. al., " Technical Bases for Eliminating Pressurizer Surge
Line Ruptures as the Structural Design Basis for South Texas Project
Units 1 and 2" WCAP-11256 Supplement 1, November 1986 (Westinghouse
Proprietary Class 2).
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'SECTION 8.0

'

ASSESSMENT OF MARGINS

In the preceding sections, the leak rate calculations, fracture mechanics
analysis and fatigue crack growth assessments were performed. Margins are
discussed below.

'As shown in Section 5.4 the maximum axial stress at the outside surface of the
pipe is only 15.2 ksi. The ASME Code minimum yield strength at normal
operating temperature is 19.2 ksi. Thus the maximum faulted condition axial
stress including deadweight, thermal, pressure and SSE loads is less than 80
percent of the yield strength of the material.

!
,

~

In Section 6.1, the critical flaw size using limit load methods is calculated to
be [ la,c e If IWB-3640 approach is used the critical flaw size for.

the weld metal would be about [ Ja,c.e In Section 6.3 it is 'seen that
the J value at maximum load is ( Ja,c.e for a ( Ja,c.e

long postulated through wall flaw. This J value is significantly lower than the
lower bound J value of ( Ja,c e considering thermal agingIc
effects. The flaw size yielding a J value of ( Ja,c.e would be

j about [ la,c.e long. Based on the above, the critical flaw size will, of
course, exceed [ la,c.e

| In Section 6.2 it is shown that at the critical location, a flaw of
( la,c e would yield a leak rate of 10 gpm. Thus, there is a
margin of at least 2.5 on flaw size.

In Section 6.3 it was shown that the reference flaw Ja,c.e

yielding a leak rate of 10 gpm would be stable when subjected to a load equal

-to 5 (Normal + SSE).

|
1
|
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In_ summary, relative to:
,

i

1. - ' Loads

a. Maximum stress at the critical location is less than 80 percent of
the ASME code minimum yield strength at temperature.

4

.

b. The leakage-size crack will not experience unstable crack extension

|- even if larger loads of /lf (normal plus SSE) are applied.

2. Flaw Size
'

,

a. A margin of at least 2.5 exists between the critical flaw and the
. flaw yielding a leak rate of 10 gpm.

b. If limit load is used as the basis for critical flaw size the margin
for global stability would exceed 4.

:

|
3. Leak Rate<

A margin of 10 exists for the reference flaw ( Ja,c.e
between calculated leak rate and the criteria of Regulatory Guide 1.4.5.1

,

A summary comparison of criteria and analytical results is given in Table
1 8-1. The criteria are seen to be met.
!

i

!

,

,I

I

4

i
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TABLE 8-1

COMPARIS0N OF RESULTS VS. CRITERIA

!

| CRITERION RESULT
,

1. NUREG1061 Volume 3 Met

Section 5.2(h) - (Required margin of 2 demonstrated)

| Margin on Flaw Size

|
|

2. NUREG1061 Volume 3 Met.

Section 5.2(i) - (Required margin of /2 demonstrated)

Margin. on Load

i

3. NUREG 1061 Volume 3 Met

Section 5.7 - (Required margin of 10 on leak rate
Margin on Leak Rate demonstrated) -

4. NRC criteria on allowable Het

fatigue crack growth [ Ja c.e
j (af < 60% wall thickness)
5
!

5. NRC criteria on allowable Met
-

fatigue crack growth a,c.e

'

(Plastic zone size < remaining
,

: ligament)
_.

i

!

.

I

4

1

'

| 8-3
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SECTION 9.0

CONCLUSIONS

This report justifies the elimination of Accumulator line pipe breaks (high
pressure segment) for the South Texas Project Units 1 and 2 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 (primary loop and
the attached class 1 auxiliary lines) because of system design,

*testing, and operational considerations.
4

c. The effects of low ard high cycle fatigue on the integrity of the
accumulator line piping are negligible.

d. Ample margin exists between the leak rate of small stable flaws and
the criterion of Reg. Guide 1.45. '

.

e. Ample margin exists between the small stable flaw sizes of item d
and the critical flaw.

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

I

g. With respect to stability of the reference flaw, ample margin exists
between the maximum postulated loads and the plant specific faulted

loads (i.e. Normal + SSE).

The reference flaw will be stable throughout reactor life because of the ample
margins in d, e, f and g and will leak at a detectable rate which will assure
a safe plant shutdown.

m r,m n ,oion ,er 91
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Based on the above, it is concluded that Accumulator line (high pressure -

|
'segment) pipe breaks should not be considered in the structural design basis

of South Texas Project Units 1 and 2.

.

9
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LIMIT MOMENT
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FIGURE A-1
PIPE WITH A THRCUGH-WALL CRACK IN SENDING
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APPENDIX B

FATIGUE CRACK GROWTH CONSIDERATIONS

4

.
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B.1 Thermal Transient Stress Analysis

The thermal transient stress analysis was performed for a typical PWR plant to
obtain the through wall stress profiles for use in the fatigue crack growth
analysis of Section B.2. The through wall stress distribution for each
transient was calculated fer i) the time corresponding to the maximum inside
surface stress and, ii) the time corresponding to the minimum inside surface
stress. These two stress profiles are called the maximum and minimum through
wall stress distribution, respectively for convenience. The constant stresses
due to pressure, deadweight and thermal expansion (at normal operating
temperature, 550'F) loadings were superimposed on the through wall cyclical
stresses to obtain the total maximum and minimum stress profile for each
transient. Linear through wall stress distributions were calculated by
conservative simplified methods for all minor transients. More accurate ;

nonlinear through wall stress distributions were developed for severe
transients by [ la,c e

B.1.1 Critical Location for Fatioue Crack Growth Analysis

The accumulator line stress report design thermal transients (Section B.1.2),
1-0 analysis data on accumulator line thermal transient stresses (based on
ASME Section III NB3600 rules) and the geometry were reviewed to select the
worst location for the fatigue crack growth analysis. [

]a,c.e This location is selected as the worst location based on
the following considerations:

i) the fatigue usage factor is highest.
ii) the stress due to thermal expansion is high.
iii) the effect of discontinuity due to undercut at weld will tend to

increase the cyclical thermal transient loads.

iv) the review of data shows that the 1-0 thermal transient stresses in the
accumulator line piping section are generally higher near the [

ja,c.e
.

mr.,em. ioion..' B-2
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,B.1.2 Design Transients

The transient conditions selected for this evaluation are based on
I conservative estimates of the magnitude and the frequency of the temperature

fluctuations resulting from various operating conditions in the plant. These

are representative of the conditions which are considered to occur during
plant cperation. The fatigue evaluation based on these transients provides
confidence that the component is apprcpriate for its application over the

| design life of the plant. All the normal operating 'and upset thermal
transients, in accordance with design specification and the applicable system
design criteria document (B-1), were considered for this evaluation. Out of
these, only [ .

.]a,c.e These transients were selected on
the basis of the following criteria:

+a,c,e
-

(8.1)

(B.2)
- -

where,

-
-

+a,c e
.

-
-

B.1.3 Simolified Stress Analysis

The simplified analysis method was used to develop conservative maximum and
minimum linear through wall stress distributions due to thermal transients.
[

.

Ja.c,e The inside surface stress was calculated by the following
equation which is similar to the transient portion of ASME Section !!! NB3600,
Eq. 11:

Sj=( Ja,c,
(B.3)

w ,iam,,aiannr g.3
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a where.

-

_

+a,c

.

.

-

_

(-
.

Ja,c.e The maximum and minimum inside surface stresses were

searched from the S$ values calculated for each time step of the transient
solution.

The outside surface stresses corresponding to maximum and minimum inside stresses
were calculated by the following equations:

501 = ( ) (B.7)+a,c.e,

| 502 ' l 3 (B 8)^''''*'

|

|

| sier.<e m .io,o"''' B-4



where,

-
.

+a,c e,

.. *
_.

The material properties for the accumulator pipe [

ja,c.e The values of E and a, at the normal operating
temperature, provide a conservative estimation of the through wall thermal
transient stresses as compared to room temperature properties. The following
values were conservatively used, which represent the highest of the (piping
and nozzle) materials:

_.

..

+a,c.e

-'

.._

The maximum and minimum 1inear through wall stress distribution for each
' thermal transient was obtained by [f *

Ja,c.e The simplified analysis
discussed in this section was performed for all minor thermal transients of
[' ,

Ja,c.e Nonlinear through wall stress
profiles were developed for the remaining severe transients as explained in
Section B.1.4. The inside and outside surface stresses calculated by

; simplified methods for the minor transients are shown in Table B-2. [

.

; tailed finite
.]a,c.e This figure shows that the, ,

simplified method provides more conservative crack growth.

. siar.,oin, iname'
B-5
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: B.1.4 Nonlinear Stress Distribution for Severe Transients

I^

4 .

|

,

4

4

4

.,

f

I

.

a,c.e
.

B.1.5 OBE Loadsj

j. The stresses due to OBE loads were neglected in the fatigue crack growth
'

analysis since these loads are not expected to contribute significantly to

) crack growth due to small number of cycles.

i

1
<

1

I

i

.
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B.1.6 Total Stress for Fatigue Crack Growth

The total through wall stress at a section was obtained by superimposing the *

pressure load stresses and the stresses due to deadweight and thermal s

expansion (normal operating case) on the thermal transient stresses (of Table f

B-2 or the nonlinear stress distributions discussed in Section B.I.4). Thus, '4
,i

Ythe total stress for fatigue crack growth at any point is given by the
following equation:

Total Thermal Stress Due Stress ,'
for Transient to Due to *

= + OW + Internal (B.9)Fatigue +
,

Crack Growth Thermal Pressure
'

Expansion

The envelope thermal expansion, deadweight and pressure loads for calculating
the total stresses of Equation B.9 are summarized in Table B-3.

B.2 Fatigue Crack Growth Analysis

The fatigue crack growth analysis was performed to determine the effect of the
,

design thermal transients, in Table B-1. The analysis was performed for the
critical cross section of the model which is identified in Figure B-2. A

range of crack depths was postulated, and each was subjected to the transients
in Table B-1.

B.2.1 Analysis Procedure

The fatigue crack growth analyses presented herein were conducted in the same
manner as suggested by Section XI, Appendix A of the ASME Boiler and Pressure
Vessel Code. The analysis procedure involves assuming an initial flaw exists

,

t

s,er,iosn, ,vemer g.7

t"



, j..

'y
] ''at some point and predicting the growth of that flaw due to an imposed series.

of stress transients. The growth of a crack per loading cycle is dependent on
the range of applied stress intensity factor AK , by the following'

y

[dation:
-,,

I J

h=CoaK" (8.2.1)
'

7
, .

wherojCo" and the exponent "n" are material properties, and AK is
7,

defined later, in Equation (B.2.3). For inert environments these material
properties are constants, but for some water environments they are dependent

/ on the leiel of mean stress present during the cycle. This can be accounted .

for by adjusting the value of "Co" and "n" by a function of the ratio ofs

minimum to maximum stress for any given transient, as will be discussed
later. Iatigue crack growth properties of stainless steel in a ,aressurized
water environment have been used in the analysis.

The input required for a fatigue crack growth analysis is basically the

information necessary to calculate the parameter AK;, which depends on
crack and structure geometry and the range of applied stresses in the area
where the crack exists. Once aK is calculated, the growth due to thaty

particular cycle can be calculated by Equation (B.2.1). This increment of

grcetn is then added to the original crack size, the aKg adjusted, and the
analysis proceeds to the next transient. The procedure is continued in this
manner until all the transients have been analyzed.

The crack tip stress intensity factors (K ) to be used in the crack growth,
y,

ana'ysis were calculated using an expression which applies for a semi-elliptic
" surface flaw in a cylindrical geometry (B-4).

The stress intensity factor expression was taken from Reference S4 and was
calculated using the actual stress profiles at the critical section. The

maximum and minimum stress profiles corresponding to each transient were

Jqput e and each profile was fit by a third order polynomial:

* # ( ) ^ ^3( ) (**}o (x) = A ' ^1O 2

mr.,em. rwnas' B-8
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The stress intensity factor K (o) was calculated at the deepest point ofg

the crack using the following expression:
_

-~ +a,c,e

(2.2.3)

__

,

i

__

__

Calculation of the fatigue crack growth for each cycle was then carried out
using the reference fatigue crack growth rate law determined from
consideration of the available data for stainless steel in a pressurized water
environment. This law allows for the effect of mean stress or R ratio
(KImin/KI ax) on the growth rates.

The reference crack growth law for stainless steel in a pressurized water

environment was taken from a collection of data (B-5) since no code curve is
available, and it is defined by the following equation:

fh={ ] a,c.e (B.2.4)

vers,cm, scionser g.9
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where K,ff = (KImu) (1-R)1/2

K
! minR=
Imax

da
g = crack growth rate in micro-inches / cycle

B.2.2 Results

Fatigue crack growth analyses were carried out for the critical cross
section. Analysis was completed for a range of postulated flaw sizes oriented
circumferentially, and the results are presented in Table B-4. The postulated
flaws are assumed to be six times as long as they are deep. Even for the
largest postulated flaw of (

]a,c.e the result shows that the flaw growth through the wall will''

not occur during the 40 year design life of the plant. For smaller flaws, the
flaw growth is significantly icwer. For example, a postulated ( la,c,e
inch deep flaw will grow to [. Ja,c.e which is less than ( Ja,c.e

the wall thickness. These results also confirm operating plant experience.
There have been no leaks observed in Westinghouse PWR accumulator lines in
over 400 reactor years of operation.
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mruom, mome'
B-10

a
__ _ - _ _ _ _ _ _ _ _ _ _ _



p.. . .- - - .- - -

.

B-4 McGowan, J. J. and Raymund, M., " Stress Intensity Factor Solutions for
Internal Longitudinal Semi-Elliptical Surface Flaws in a Cylinder Under
Arbitrary Loadings", Fracture Mechanics ASTM STP 677, 1979, pp. 365-380.

B-5 Bamford, W. H., " Fatigue Crack Growth of Stainless Steel Reactor Coolant
Piping in a Pressurized Water Reactor Environment", ASME Trans. Journal
of Pressure Vessel Technology, February 1979.

.

mr.4m. io*""' B-11

-_
d



_ _ . .

TABLE B-1

THERMAL TRANSIENTS CONSIDERED FOR FATIGUE CRACK GROWTH EVALUATION

Trans. No. of
No. Description Occurrences

_ +a,c.e

-

t

.
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TABLE B-3

ENVELOPE NORMAL LOADS
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TABLE B-4

ACCUMULATOR LINE FATIGUE CRACK GROWTH RESULTS

Wall Thickness = [ ] +a c e,,

INITIAL CRACK LENGTH AFTER YEAR

CR'ACK LENGTH 10 20 30 40
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Figure B-1 Comparison of Typical Maximum and Minimum Stress Profile
I Computed by Simplified [ :) +a,c.e
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Figure B-3 [ ] Maximum and Minimum Stress

Profile for Transient #10
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Figure B-4 [' ) Maximum and Minimum Stress Profile
for Transient #11
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Figure B-5 [. ] Maximum and Minimum Stress

Profile for Transient #12
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Figure B-6 [ ] Maximum and Minimum Stress

Profile for Transient #14
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