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1. INTRODUCTION

Current practice in the design of high energy piping in nuclear power

plants is to assume that instantaneous, double-ended pipe ruptures can

occur and to design for the dynamic effects associated with these

postulated pipe breaks. Such effects include pipe whip and leakage jet
impingement on nearby equipment. In some specific applications, the

unrealistic assumption of a double-ended guillotine pipe break results

in the need for pipe supports and/or jet impingement barriers which may

not be practical or advisable. For these reasons, Pennsylvania Power

and Light (PP8 L) requested that MPR evaluate the reasonableness of the

double-ended pipe break assumption for postulated breaks in the

recirculation system piping at and near its connections to the reactor

pressure vessel nozzles. The purpose of this report is to present the

results of an evaluation performed in accordance with the recoIINIended

criteria of NUREG 1061, Volume 3, "Report of the U.S. Nuclear Regulatory

Commission Piping Review Committee, Evaluation of Potential for Pipe

Breaks". The evaluation was. performed to determine if postulated

through-wall flaws in the recirculation piping which are readily
detectable by existing leak detection equipment can be accommodated with

substantial safety margin against unstable rupture or plastic collapse

of the piping. Demonstration of adequate margin against unstable pipe

rupture in the presence of detectable size flaws provides assurance that

any such flaws would be detected and corrective action taken well before

there is any risk of an instantaneous, double-ended pipe rupture.

The methodology used to evaluate the potential of the recirculation

piping to fail unstably in the presence of large through-wall flaws is

well established and is outlined in NUREG 1061. This "leak-before-

break" analysis approach has been utilized in the case of numerous

oper ating BWR and PWR nuclear power plants and provides a realistic
approach for the evaluation of failure mechanisms in such piping.
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The specific portions of concern in the recirculation piping system at

the Susquehanna Steam Electric Station (SSES) Units 1 8 2 are the pipe-
to-safe end welds at the following reactor vessel inlet and outlet
nozzles.

Unit 1

N1A

N2A

N2B

N2E

N2K

Unit 2

NlA

N2A

N2E

N2J

N2K

The leak-before-break (LBB) approach consists of determining postulated
through-wall flaw sizes which result in leak rates substantially greater
than the existing leak detection capability and to evaluate the capa-

bility of the piping to accommodate these flaws without catastrophic
rupture for severe loadings (normal operating pressure, deadweight, and

thermal loads in combination with the maximum calculated loads for the

design safe shutdown earthquake). The specific steps in the evaluation
and the recoranended acceptance criteria given in NUREG 1061 are as

follows:

Evaluate the plant leakage detection capabilities for leakage
from the postulated flaws to determine the detectable leak
rate.

Calculate the expected leakage from through-wall flaws under
normal operating pressure and determine the crack size which
leaks at a rate ten times that detectable by the leakage
detection system. This is the postulated flaw for fracture
mechanics analyses.

Identify and calculate the applied loads on the piping system
for normal operating conditions plus safe shutdown earthquake
(SSE) loads.

For the calculated applied loading, show that the postulated
flaw is stable and calculated crack growth is minimal.
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Demonstrate that a margin of safety in terms of postulated
crack length exists which is at least 2.0. That is, show that
the crack .size which corresponds to unstable pipe failure for
the applied loads is at least twice as long as the postulated
flaw.

Demonstrate that a margin of safety in terms of applied load
exists which is at least 1.41. That is, show that the load
which corresponds to unstable pipe failure for the postulated
crack size is at least 1.41 times the applied load.

As an alternative, if the above mentioned crack length and applied load

margin acceptance criteria cannot be satisfied, NUREG 1061 allows a

limit load evaluation in which it must be shown that the limit load for
the postulated cracked section is, as a minimum, three times the applied
load.

The analyses described in this report are based upon the method

described above for demonstrating margin against unstable pipe

rupture. Input used in the analyses which was received from PPEL

included descriptions of the SSES leakage detection systems and their
capabilities, the original General Electric Co. design stress analyses

for the recirculation system piping, piping and nozzle. safe end

drawings, and descripitions of the In-Service Inspection (ISI) history
for all welds in question.

The remainder of this report contains the following main sections:

Sumnary 5 Conclusions - a summary of the results and
conclusions of the LBB evaluation.

Leak Detection Capability - describes the leakage detection
capability of SSES Units 1 8 2.

Leak Rate Modeling - describes the model used for predicting
the leakage rate from through-wall pipe cracks.

Applicability of Leak-Before Break Methodology - addresses the
applicability of limitations imposed upon LBB analyses by
NUREG 1061.
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Fracture Mechanics Analyses - describes methodology and
results of analyses performed as part of the evaluation.

References.

Appendices - include detailed methods and calculations used as
part of the evaluation.
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i 2. SUMMARY 5 CONCLUSIONS

Analyses have been performed to determine if large through-wall flaws

which would leak at a rate well beyond the limit of existing detection

capability can be accomodated in the Susquehanna Steam Electric Station

(SSES) recirculation system piping without significant growth, unstable

growth or tearing, or plastic section collapse with safety margins

greater than those recommended in NUREG 1061, Volume 3 (Reference 1).

Specifically, evaluations have been performed in accordance with the

recommended criter ia of NUREG 1061 to determine the leak detection

capability of the SSES leak detection systems, to establish postulated

circumferential through-wall flaw sizes which can be readily detected by

these systems, and to determine whether such postulated flaws can result
in an unstable double-ended pipe rupture. Results of these evaluations

and analyses are summarized below. The analyses were performed for
postulated cracks at the pipe-to-safe end welds at the following reactor

vessel nozzles.

Unit 1

NlA

N2A

N2B

N2E

N2K

Unit 2

N1A

N2A

N2E

N2J

N2K

2.1 Leak Detection Capability

The primary method used to monitor and detect unidentified leakage

inside the primary containment at SSES is an operator log of sump pump

run times and level recorders. There are two 150 gallon sumps in each

containment. Every four hours, the operators log the percent change in

sump level during the previous four hours. If the sump pump was

activated during the four hour period, this information is also
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logged. With knowledge of the sump capacity, the level change is used

to calculate the net flow into and/or out of the sump'uring the

period.

Over the four hour surveillance period required by SSES Technical

Specifications, the containment leak detection sensitivity is at least
0.5 gallons per minute (gpm). This leakage rate, 0.5 gpm, is the

assumed detectable leakage rate for fracture mechanics analyses. This

value is considered very conservative because actual operational data

indicates a sensitivity significantly better than 0.5 gpm.

2.2 Determination of Detectable Flaw Sizes

The leakage rate of high energy reactor coolant from postulated through-

wall cracks in the recirculation system piping was predicted using a

specialized computer program developed specifically for this purpose.

The flow model uses an fL/D loss mechanism through the crack to predict
pressure drop and a homogeneous choking model based on the crack exit
,plane stagnation pressure to evaluate critical flow. The crack opening

area due to internal pressure is determined using formulae presented in
Reference 6. Conservative estimates of flow from the cracks are

obtained by the use of an appropriate friction factor which is based on

comparisons of model predictions to measurements of leakage through

representative through-wall cracks.

There are two pipe-to-safe end geometries of interest in this
evaluation, those for the 28" recirculation discharge nozzles

(designated Nl), and those for the 12" recirculation inlet nozzles

(designated N2). The relationship between crack size and leakage rate
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for each nozzle type is shown in Figure 2.1. Although cracks are

postulated at the weld heat affected zone of each side of the pipe-to-
safe end weld (in the safe end and in the pipe), conservative crack

size-leakage correlations were determined by using only the thicker safe

end cro'ss sections in the leakage calculation. A thicker pipe wall
results in lower leakage rates for a particular crack size, requiring a

'larger crack to obtain a particular detectable leak rate. Consequently,
use of a thicker pipe wall is conservative for a leak-before-break
ana lysis.

NUREG 1061 recommends that the leakage rate for the postulated flaw
sizes for fracture mechanics analyses be ten times the detectable
rate. For SSES, this corresponds to a five gpm leak rate. In addition,
as specified in the SSES Technical Specifications, this also is the
largest unidentified leakage rate which can exist at SSES without
forcing the unit to shut down. Based on the results of the crack size-
leakage analyses, the postulated circumferential, through-wall flaw
sizes chosen for fracture mechanics analyses were 9.8 inches for the Nl

type nozzle safe ends and 10.1 inches for the N2 type nozzle safe
ends. These crack lengths correspond to approximately 39 degree and 85

degree circumferential cracks, respectively.

2.3 Applicability of Analysis Method

The guidelines presented in NUREG l061 do not recommend the application
of leak-before-break analyses to piping susceptible to failure from

intergranular stress corrosion cracking ( IGSCC), waterhamner or fatigue.
Pennsylvania Power 5 Light (PPKL) has already taken measures to mitigate
any IGSCC at the recirculation system welds. These actions include
induction heating stress improvement {IHSI) of the N1 nozzle safe end to
pipe welds and replacement of the N2 nozzle safe ends with those

fabricated from IGSCC resistant material, in combination with applying
corrosion resistant cladding on the inside diameter of the attached

piping near the N2 safe ends. Further, in-service inspections {ISI) of
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the N1 safe end to pipe welds shows that at the present time, no cracks

are present in the Nl welds. Preservice inspections of the N2 safe end

to pipe welds indicate that these welds are also defect free. Further,

IGSCC is not expected in the N2 safe end to pipe welds because of the

use of low carbon 316L safe end material and the presence of corrosion

resistant cladding on the pipe ID near the safe end to pipe weld.

It is concluded that, because of the results of these inspections and

the mitigating actions taken by PP8L, there is reasonable assurance that

the pipe-to-safe end welds at the N1 and N2 nozzles will not be subject

to significant IGSCC. Planned future in-service inspections of these

areas will provide an additional check on this conclusion.

A review of waterhamner loadings and fatigue usage for the recirculation
system indicates that these areas are not significant concerns for the

SSES recirculation piping. For these ~easons, the leak-before-break

analysis approach described in NUREG 1061 is applicable and valid for
the portions of the SSES recirculation piping evaluated in this report.

2.4 Fracture Mechanics Analyses

The objectives of fracture mechanics analyses were to determine if the

postulated flaws whose size is determined by leak detection capabilities
will grow significantly or result in unstable failure under normal

operating condition plus design safe shutdown earthquake (SSE) loads.

The margins to unstable failure in terms of crack length should be at

least 2.0 and the margins to unstable failure in terms of load should be

at least 1.41. These acceptance criteria are recommended in NUREG

1061.

The applied loads at the safe end locations evaluated in this report

were obtained from the original General Electric'Co. design stress

analyses for the SESS recirculation piping system. The forces and

moments on the postulated crack locations due to deadweight, thermal
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expansion and SSE loading were obtained from these stress analyses. The

stress due to internal pressure was determined by hand calculation.

The recirculation system piping and nozzle safe ends are forged

austenitic (300-series) stainless steel. The pertinent material

properties selected for fracture mechanics analyses are values based on

conservative data obtained for stainless steel casting material at

operating temperature (550- F). A considerable amount of published

research has demonstrated that some forms of stainless steel weld metal

or casting material have lower crack initiation and tearing resistance

than forged stainless steel base metal. Accordingly, such lower bound

data were used in this analysis.

The results of crack extension analyses are shown in Table 2.1. This

table lists the calculated J-integral (crack driving potential) for each

nozzle safe end location. The initiation of cr ack growth is predicted
if the calculated value of J reaches the crack growth initiation point,

J~c. As can be seen, the calculated J for each location is less than

J~c, predicting no growth of cracks even under normal operating plus

safe shutdown earthquake loads.

The results of tearing stability analyses are shown in Table 2.2. This

table lists the calculated tearing modulus, T, for each nozzle safe end

1 ocati on. Unstable crack growth (tearing) is predi cted if the

calculated value of T is greater than the material tearing resistance,

THAT. As can be seen, the calculated T for each location is less than

THAT, predicting no unstable tearing. The margins to unstable crack

growth or tearing in terms of applied load and postulated crack length

are all well over 1.41 and 2.0, respectively, and therefore satisfy the

criteria recommended in NUREG 1061.

The criteria presented in NUREG 1061 allow for a limit load analysis to
be performed if the recomnended fracture mechanics acceptance criteria
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described above cannot be met. The objective of the limit load analysis

is to demonstrate that the load required for plastic collapse of the

postulated cracked section is at least three times the applied load.

This factor provides substantial margin against failure. Although not

required, limit load analyses were performed as part of this evaluation
to further demonstrate the safety margins present against unstable crack

growth leading to failure. The results of these analyses, shown in
Table 2.3, indicate that the margin against plastic collapse is
approximately three or greater in all cases.

Conc lu s ion s

It is concluded that sufficient mitigating actions have been taken at

SSES to eliminate concerns with IGSCC at the safe end to pipe welds

covered in this analysis. Further, since no waterhammer or fatigue
concern exists for these welds, use of NUREG-1061 methods for leak-
before-break analysis is appropriate and valid.

Fracture mechanics analyses were performed that included the following
conservatisms: (1) use of lower bound material properties, (2) use of
maximum section thickness and a conservative roughness factor to predict
lower bound leak rates, (3) use of pipe minimum wall geometry for
fracture mechanics analyses, (4) use of larger than recommended through-

wall crack sizes, and (5) use of conservative EPRI estimates of J-

integral values. Results of the analyses show that, even with these

conservatisms, there is still considerable margin against double-ended

ruptures of the recirculation piping at the reactor inlet and outlet
nozzle areas. Therefore, jet loads resulting from double-ended breaks

are extremely unlikely to occur and need not be postulated at these

locations.
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Unit Nozzle

N1A
N2A
N2B
N2E
N2K
NlA
N2A
N2E
N2J
N2K

Crack
~An 1e

45'O'oo

goo

45'oo

9O'oo
9O'7

217
224
103

90
80

235
89

363
83

TABLE 2.1
CRACK EXTENSION RESULTS

J(l)
in-1b/in

(2)
in-lb/in

992
992
992
992
992
992
992
992
992
992

(1) Calculated value of J-integral.

(2) The value of the J-integral at which the crack would start to grow.

(NOK: This does not imply unstable growth of the crack.)
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TABLE 2.2
UNSTABLE CRACK GROWTH OR TEARING RESULTS

Unit Nozzle

1 N1A
1 N2A
1 N2B
1 N2E
1 N2K
2 N1A
2 N2A
2 N2E
2 N2J
2 N2K

Crack
~An le

45o
9oo
90o
90o
9oo
45o
90o
90o
90o

90'/R

53
35
35
35
35
53
35
35
35
35

T(1)

0.2
2.0
2.1
0.8
0.7
0.3
2.2
0;7
3.5
0.6

MLLT ()
182
182
182
182
182
182
182
182
182
182

Load( ~

~Mar in

7.37
3.57
3.53
4.92
5.23
6.30
3.46
5.27
2.95
5.43

1.41
1.41
1.41
1.41
1.41
1.41
1.41
1.41
1.41
1.41

> 4.0
> 2.0
> 2.0
> 2.0
> 2.0
> 4.0
> 2.0
> 2.0
> 2.0
> 2.0

Recoranended Crack Length(4)
~LdN i ~M

Recommended
Crack Length

Mar in

2.0
2.0
2.0
2.0
2.0
2.0
2;0
2.0
2.0
2.0

(1) Calculated applied tearing modulus.

(2) The value of T corresponding to unstable crack growth or tearing.

(3) The load corresponding to unstable crack growth or tearing for the postulated crack length divided by
the applied load.

(4) The crack length corresponding to unstable cr ack growth or tear ing for the applied load divided by the
postulated crack length.

(5) For the given system compliance and crack length, failure is controlled by plastic collapse rather than
unstable crack growth or tearing. Load margin is plastic collapse load for postulated crack length
divided by applied load.
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TABLE 2.3
MARGINS TO PLASTIC COLLAPSE

Unit Nozzle Applied
No Crack

Collapse Margin
Moment

~in-Ki

Postulated Crack( )

Collapse Margin
Moment

~in-Ki

1 N1A

1 N2A

1 N2B

1 N2E

1 N2K

2 N1A

2 N2E

2 N2A

2 N2E

2 N2K

4979.6

701.5

711.4

509.6

479.4

5830.5

724.0

467.0

851.6

461.5

46496.6

4396.0

4396.0

4396.0

4396.0

46496.6

4396.0

4396.0

4396.0

4396.0

9.34

6.27

6.18

8.63

9.17

7.97

6.07

9.24

5.16

9.53

26518.3

2507.2

2507.2

2507.2

2507.2

26518.3

2507.2

2507.2

2507.2

2507.2

7.37

3.57

3.53

4.92

5.23

,

6.30
3.46

5.27
2.95(2)

5.93

(1) 45 circumferential through-wall cracks in Nl nozzle safe ends

90 circumferential through-wall cracks in N2 nozzle safe ends

(2) For a 85o, five gpm leakage through-wall crack, margin = 3.07
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3. LEAK DETECTION CAPABILITY

There are two containment sump pumps for each unit at SSES that collect
unidentified leakage inside containment. Each sump has a capacity of
150 gallons. Currently, the total level change of each sump is logged

by an operator every four hours. From this level change and the sump

capacity, the total flow pumped out of the sump (and thus an estimate of
the leakage into the sump) during the four hour period can be

calculated. This total flow and average flow rate during the period are

also logged every four hours. A leak inside containment, such as is
postulated at the reactor vessel nozzle safe ends, would cause a

noticeable change in the run times of the pumps and the sump level.

Leakage from any single source inside containment can collect in either
or both sumps. Since leakage measurement is based on rate of change in
sump level, the measurement sensitivity is worst when leakage is equally
divided between the two sumps, generating the slowest change in sump

level. Using this worst case assumption, the average leakage detection
sensitivity inside containment over the four hour surveillance period
required by SSES Technical Specifications is at le'ast 0.5 gallons per
minute (gpm). A review of actual operational data indicates a

sensitivity significantly better than 0.5 gpm. For purposes of this
analysis, however, the detectable containment leakage rate was

conservatively assumed to be 0.5 gpm.

The SSES Technical Specifications require a unit to shut down if the

unidentified leakage rate, as detected by the sump pump level
indicators, increases over a four hour span by greater than two gpm or
if the total unidentified leakage at any time is greater than five
gpm. Thus, if a through-wall cr ack develops which leaks greater than

five gpm or increases in leakage more than two gpm in four hours, the

3.1
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unit must shut down. This analysis conservatively assumed the flawed

piping leak rate is five gpm, a value which is at least ten times the

actual sensitivity and is also the largest flaw which can exist without

the unit shutting down. Fracture Mechanics analyses were performed for
through-wall crack sizes corresponding to five gpm leak rates. This is
consistent with the guidelines presented in NUREG 1061.

3.2
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4. LEAK RATE MODELING

The correlation between pipe through-wall crack size and leak rate was

calculated using CIRFLO, a specialized computer code developed

specifically for this purpose. The computer model assumes that the
pressure loss through the crack can be described by a typical fL/D loss

mechanism. Choking (critical flow) is evaluated using a homogeneous

choking model which depends on local stagnation pressure and stagnation
enthalpy at the choke point. Conservative, i.e., lower bound, estimates
of flow through tight cracks were obtained by using a friction factor
based on a relative roughness of O.l. The crack opening flow area as a

function of internal pressure was determined from formulae given in
Reference 6. 'IRFLO results compare favorably to measured flows through
small slits reported in Reference 13 and the LEAKS 01 model developed

for EPRI in Reference 14. A more detailed description of CIRFLO and its
technical basis is provided in Appendix A.

There are two pipe-to-safe end geometries of concern as part of this
evaluation, those on Nl designated nozzles and N2 designated nozzles.
Cracks are postulated on either side of the pipe-to-safe end weld. In
each instance, the safe end cross section has a larger diameter and

thicker wall than the pipe. Thus, for a given internal pressure and

crack length, the flow out of a safe end crack will be less than a pipe
crack. To determine the crack lengths required for detectable leaks as

part of this evaluation, the cross section properties of the safe end

were conservatively assumed for both safe end cracks and pipe cracks.

The relationship between through-wall crack length and safe end leakage

is shown in Table 4.1 and also in Figure 4.1. These data were used to
interpolate the crack sizes required for a ')eakage rate of 5 gpm. As

recornnended in NUREG 1061, the postulated flaw for fracture mechanics

evaluations was chosen to be the crack size which leaks at a rate ten

4.1
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times the detectable leakage rate of 0.5 gpm. For the N1 nozzle safe

ends, a 5 gpm leakage rate corresponds to a 9.8" through-wa11 crack

(approximately a 39 circumferential crack). The five gpm leakage rate
for the N2 nozzles is 10.1" (approximately an 85 circumferential
crack).

TABLE 4.1
CRACK LEAKAGE RATES

Nl Nozzles N2 Nozzles
Crack len th Crack Angle Leaka e( ) Crack Angle Leakage( )

inches GPM GPM

4.0
5.0
6.0
7.0

8.0
9.0

10.0

11.0
12.0

13.0
14.0

2O.2o

24.2'S.3o

32.3o

36.4o

4O.4o

48.5o

52.5o

56.5o

0.8
1.3

2.0
2.9
4.0
5.3
7.0
9.0

11.3

14.1

33.9'2.4o

5o.s'9.3o

67.So

S4.7o

101.6o

11O.1o

0.3
0.6
1.0

1.6

2.5

3.5

4.9
6.5

8.6
11.1

(1) Equivalent leak rate of condensed water in the containment sump.

4.2



I

I
I
I



MPA ASSOCIATES
F-1D9-14-1

9/3/88

15

12

Nl. Nozzles

N2 Nozzles

0

Crack Size
(in)

12

CALCULATEO SAFE END LEAKAGE RATES

FIG URE 4.1



I

I

I



MPR ASSOCIATES, 1NC.

5. APPLICABILITY OF LEAK-BEFORE-BREAK METHODOLOGY

NUREG 1061 recormends that leak-before-break (LBB) analyses of high

energy piping be subject to several limitations. These limitations do

not recoIImIend the application of a LBB evaluation for piping systems

which are susceptible to failure from the effects of intergranular
stress corrosion cracking (IGSCC), waterhamIer or fatigue. The

susceptibility of the Susquehanna Units 1 E 2 recirculation piping and

associated welds to each of these failure mechanisms is discussed below.

5.1. INTERGRANULAR STRESS CORROSION CRACKING

The Susquehanna Units 1 5 2 recirculation piping is Type 304 stainless
steel; This type of stainless steel in the sensitized as-welded

condition in a typical BWR environment is susceptible to degradation due

to IGSCC. However, at Susquehanna steps have been taken to greatly
reduce the possibility of IGSCC at the reactor vessel nozzle safe ends

in the recirculation system.

Induction Heating Stress Improvement (IHSI) has been performed on the 28

inch Nl nozzle pipe-to-safe end welds (see Figure 5.1). The effect of
IHSI is to cause a redistribution of the residual stresses in.the weld

(or pipe) wall. Prior to IHSI, the residual stresses near the inside
diameter are predominently tensile, contributing to the possibility of
crack initiation and growth. This is a result of the original welding
process. During IHSI, the outside diameter of the pipe is heated while
the inside diameter is kept relatively cool by reactor coolant inside
the pipe. When the pipe cools, the outer thickness of the pipe wall
compresses in against the inner wall material. The effect of this
procedure is to cause. residual compressive stresses on the pipe inside
diameter and residual tensile on the pipe outside diameter. Extensive

experimental data and field experience at other utilities both in the

U.S. and abroad using IHSI on BWR recirculation system piping welds

5.1
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supports the expected result that these residual compressive stresses

preclude. flaw growth. Recent in-service inspection (ISI) of these welds

using EPRI qualified ultrasonic test procedures and personnel indicates

no flaws are present in the NIA safe end to pipe welds.

The measures taken to eliminate IGSCC at the N2 nozzle safe ends include

the application of corrosion resistant cladding on the pipe inside
diameter and safe end replacement. The original design N2 nozzle safe

ends were Type 304 stainless steel. Like the recirculation system

piping, the original safe ends were susceptible to IGSCC in the high

purity BWR reactor coolant environment. This design was changed and new

nozzle safe ends, made of Type 316L stainless steel, were installed.
This new material has a very low carbon content which reduces the amount

of excess carbon available to form chromium carbides at the material

grain boundaries. Without chromium carbides at the grain boundaries the
material cannot be sensitized, thereby eliminating the possibility of
IGSCC. In order to protect the piping side of the pipe to safe end

weld, the pipe inside diameter was overlayed with a corrosion resistant
cladding. This arrangement can be sech in Figure 5.2. The cladding is
used to eliminate the possibility of corrosive reactor coolant

contacting the sensitized weld heat affected zone in the pipe. As an

additional precaution, when the safe ends were replaced, the nozzle

thermal sleeves were also replaced with a new design. Originally, the

nozzle thermal sleeves were welded to the nozzle safe ends near the safe

end-pipe weld, creating another potential site for crack initiation.
The new design includes a "tuning fork" design in which the thermal

sleeve and safe end are one piece, eliminating the additional weld.

Pre-service ultrasonic and radiographic inspections of the N2 pipe to
safe end welds indicated that these joints are defect free.

As a result of the protective measures described above, crack develop-

ment and crack growth due to the effects of IGSCC are not expected at

the recirculation system safe ends. IHSI at the Nl nozzles and the
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combination cladding/low carbon material at the N2 nozzles are expected

to adequately protect the material in the weld heat affected zones.

-5.2. MATERHAMMER

BN's, in general, report no evidence or history of waterhammer events

in the recirculation system piping. The design of the recirculation
piping is relatively simple, with very few valves, elbows or complicated

pipe runs. This simple geometry is typically not susceptible to
waterhammer, which usually occurs in piping systems containing many

elbows and long lengths of pipe. For these reasons, no waterhaomer

events are expected to occur in the recirculation system piping.

5.3. FATIGUE

The recirculation system is designated as Class 1 piping and has been

analyzed for fatigue usage as part of the design stress analysis of the

system. A review of the design stress analyses for the recirculation
piping performed by General Electric (References 2-5) was made to
determine the fatigue usage factors calculated for the system. These

stress analyses calculated fatigue life usage factors for the piping
system including all expected operational transients (start-ups, shut-

downs, scrams, etc.) for the design life of the unit. For the

recirculation piping at the reactor vessel nozzle safe ends, the piping
stress analyses show the fatigue usage factors listed in Table 5.1. As

can be seen, all usage factors are less than 0.0002.
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TABLE 5.1
DESIGN FATIGUE USAGE FACTORS

Unit
1

1

1

1

1

2

2

2

2

2

Nozzle

NlA

N2A

N2B

N2E

N2K

N1A

N2A

N2E

N2J

N2K

Usa e Factor
0.0002

0.0
0.0
0.0
0.0
0.0001

0.0
0.0
0.0
0.0

As a result of these very low usage factors, piping degradation due to
the effects of fatigue or fatigue crack growth is not expected in the

SSES recircul ation piping.

As descibed above, it can be seen that IGSCC, waterhammer and fatigue
are not concerns in the Susquehanna recirculation system. Thus, the LBB

analysis of the reactor vessel pipe-to-safe end welds is applicable to
evaluate the probability of unstable ruptures.
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6. FRACTURE MECHANICS ANALYSES

Analyses have been performed to evaluate the likelihood of unstable
double-ended rupture at the recirculation system pipe-to-safe end welds

which have been identified by PAL. This section describes the Leak-

Before-Break (LBB) fracture mechanics analyses performed to show that
postulated double-ended breaks at the pipe-to-safe end welds are not
credible. The guidelines used for this analysis are taken from NUREG

1061, Vol. 3 (Reference 1).

A total of ten pipe-to-safe end welds specified by PPEL were

evaluated. All analyses performed as part of this evaluation were

performed for each safe end at the reactor vessel nozzles listed below.

Unit 1

NlA

N2A

N2B

N2E

N2K

Unit 2

N1A

N2A

N2E

N2J

N2K

The objective of the fracture mechanics evaluations, using the
guidelines presented in NUREG 1061 are:

Identify the applied loads at the postulated crack
locations. The loading combination considered is normal
operating condition plus safe shutdown earthquake (SSE) loads.

For the postulated flaw size determined from leak detection
capabilities, show that no unstable failure or significant
growth is predicted for the assumed loadin'g conditions.

Demonstrate that a margin of safety in terms of crack length
exists against unstable crack growth or tearing which is at
least 2.0. That is, show that the critical crack length
corresponding to unstable crack growth or tearing of the
cracked pipe cross section for the applied load is at least 2
times, the postulated crack length.
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Demonstrate that a margin of safety in terms of load exists
against unstable crack growth or tearing which is at least
1.41. That is, show that the load corresponding to unstable
crack growth or tearing of the cracked pipe cross section for
the postulated flaw is at least 1.41 times the applied load.

If the above mentioned margins cannot be met, NUREG 1061
allows for a limit load analysis. It must be shown that the
limit load for the postulated cracked cross section is at
least three times the applied load.

6.1 SAFE END LOADS

As recommended in NUREG'1061, fracture mechanics analyses were performed

using normal operating condition loads (deadweight, pressure and thermal

expansion) plus loads due to the design safe shutdown earthquake

(SSE). The loads at the pipe-to-safe end welds for deadweight, thermal
'nd SSE conditions were obtained from the design stress analyses for the

recirculation piping performed by General Electric (References 2-5).
These finite element analyses were performed as part of the original
design analyses of the recirculation piping for both units. The

pressure stress was determined by a hand calculation using the normal

reactor operating pressure.

The fracture mechanics methodology described below requires the cracked

section load to be expressed in terms of an equivalent applied moment

rather than individual stress components. This moment (detailed in

Appendix 8) was obtained by combining the axial str esses and bending

stresses resulting from deadweight, thermal and safe shutdown earthquake

loads along with the longitudinal pressure stress to obtain a total
stress at the cracked section. The equivalent moment used in fracture
mechanics evaluations was chosen as the bending moment which would

result in this total stress if only bending stresses were present.
Table 6.1 lists the nozzle safe ends included in this analysis, the

total applied stress and the calculated equivalent moments for each.
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Although cracks can be postulated on each side of the pipe-to-safe end

weld, the fracture mechanics analyses of the leak-before-break evalua-

tion,'ncluding the determination of applied loads, were performed using

the minimum pipe cross section properties. This is conservative since

minimum pipe cross section properties will lead to less margin in the

fracture mechanics analyses.

TABLE 6.1
APPLIED LOAD E(UIVALENT MOMENTS

Unit
1

1

1

1

1

2

2

2

2

2

NlA

N2A

N2B

N2E

N2K

N1A

N2A

N2E

N2J

N2K

7.2

10.8

10.9

7.8
7.4

8.5
11.1

7.3
13.1

7.1

Nozzle Stress ksi
Equivalent

Moment in-ki s

4979.6

701.5

711.4

509.6

479.4

5830.5

724.0

476.0

851.6

461. 5

6.2 FRACTURE MECHANICS METHODOLOGY

Elastic and elastic-plastic fracture mechanics analyses were performed

for normal operating conditions plus SSE loading conditions to evaluate
'the margin available both for crack extension and for unstable cr ack

growth or tearing at each nozzle safe end. The methodologies used are

discussed below and are described in more detail in Appendix C.

6.2.1 Crack Extension

Using the NUREG 1061 guidelines, it should be shown that the postulated
crack (determined from leakage detection capabilities) will not grow

significantly as a result of the applied loading conditions. The
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determination of whether cracks will grow is evaluated by comparing the
crack driving potential, or J-integral, for a particular flaw size and a

particular load combination to JIC, the value of J where cracks will
start to grow as recommended in NUREG 1061. Calculated values of J

greater than JIC indicate that crack growth will occur. If the

calculated J is less than JIC, the crack tip may blunt, but crack

extension will not occur. If the value of 3 exceeds JIC, crack
extension is expected and a tearing stability analysis would be required
to determine whether the crack will grow in a stable or unstable manner.

When stresses are low, the value of J is related to the more traditional
linear -elastic fracture mechanics stress intensity factor by the

relation

J=Y/E

Traditional elastic KI solutions are available in Reference 6. Suitable
plastic zone corrections for ductile materials were applied to calculate
an effective crack length as outlined in Reference 7.

As the loading at the postulated cracked section increases, the
uncracked net section can become plastic before JIC is reached. In this
case, the more generalized expression for J was used

J = Je + Jp

where Je is the elastic value of J discussed above (with a plastic zone

correction) and J is the purely plastic contribution to J. The plastic
contribution to J has been studied in detail by General Electric Co. for
EPRI (Reference 8) and can be expressed in the form

M
n+1

J = u e g — c h (a/b, n, R/t) (—)
p o o b I Mo

6.4



l

l

l



where

a,n are the strain hardening fitting coefficient
and exponent for the material

a, is the material yield strength

c, is the material yield strain

c is half the remaining uncracked length on the
pipe circumference

a is half the crack length

b is half the pipe circumference (c=b-a)

hl is a tabulated function of a/b,n and R/t given in
Reference 8

M is half the effective applied moment on the
cracked section

Mo is half the moment at which the remaining
uncracked section becomes fully plastic

~ Due to the applied load and the presence of a crack, the pipe tends to
"kink" at the cracked section, forming a hinge angle. The plastic
contribution to the cracked section hinge angle, <, is calculated in a

P
similar manner to J.

M
n

o
h

4 ( a /b n R/t ) (
M

)

where
h4 is a tabulated function of a/b, n and R/t given

in Reference 8

This function is needed for tearing stability analyses described below.

6.2.2 Tearing Stability

An important criteria of the NUREG 1061 guidelines is that the

postulated cracked section should not tear unstably under the applied
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load. The cracked section resistance to unstable growth or tearing is
determined by examining the moment carried by the crack and

mathematically perturbing the assumed flaw size. Paris, in Reference 9,
states that stability is assured if the moment lost from the cracked

section due to an increase in crack length is less than the moment that
is picked up by the piping system via the increase in cracked section

hinge angle. A stable condition is represented by:

dM dM

cree> I Q system

The expression on the right is a function of the piping geometry and can

be evaluated directly from stiffness calculations of the piping system

or by a finite element model of the piping system by inserting a ball
and socket joint at the crack location, applying a moment couple on the

joint, and determining the resulting rotations. In Paris notation,
this is the piping system compliance. This system compliance is often
equated to the stiffness of a cantilever beam of length L with the same

area moment of inertia, I, and radius, R, of the pipe. The ratio, L/R,

of the equivalent cantilevered pipe is used to report system compliances

in this analysis.

The expression on the left is evaluated in terms of the partial
derivatives of J and g with respect to crack size, a, and applied
moment, M, and a material property called the tearing modulus which is
defined as

E dJ
mat F da

Qo

TMAT is determined directly from the slope of J vs aa obtained from test
data for the material of interest. In terms of these parameters, the

stability criterion becomes (see Appendix C)

> —( —) - t~) [c+~)]E 3J O'J ad
mat 2 Ba

M
M, s M

a
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Since the expressions on the right side of the above inequality are all
functions of the ratio M/Mo, actual margins to tearing instability can

be directly calculated in terms of applied moment.

6.3 MATERIAL PROPERTIES

The nozzle safe ends are Type 304 and Type 316L stainless steel and the

recirculation system piping is Type 304 stainless steel. For this
analysis, lower bound tensile properties applicable to both Type 304 and

316L stainless steel were used.

Large strain stress-strain data for Type 304 stainless steel at elevated

temperatures are available in Reference 10. The material strain
hardening exponent and coefficient for a Ramberg-Osgood power law strain
hardening model, a and n, were determined from these data. The data

base used to define JIC and TMAT was obtained from cast stainless steel
material test data at 550 F in Reference 11. This cast material, which

is similar to stainless steel weld metal, has lower crack initiation and

growth resistance than base material, thus providing a conservative

lower bound estimate for material properties. Appendix D describes in
greater detail the determination of material properties.

The material property values used in the fracture mechanics analyses are

presented in Table 6.2. The tensile properties are based upon ASME Code

minimum values except for yield s'trength, where the value taken is that
of the material in Reference 10 whose'strain hardening behavior was

quantified. The flow stress used in limit load analyses was.chosen as

three times the materia1 design stress intensity value from the ASME

Code as recommended in Reference 12.
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TABLE 6.2
MATERIAL PROPERTIES*

Elastic Modulus, E

Yield Stress, a,
Flow Stress, a<

~IC

TMAT

25600.0

23.0

50.7

992.0

182.0

2.13

3.79

ks'i

ksi
ksi
in-lb/in

+Values taken at 550 F.

6.4 SYSTEM COMPLIANCE

The methodology developed above to evaluate the stability of postulated

pipe cracks requires the knowledge of the piping system compliance at
the cracked section. The compliance is a measure of how much load is
picked up by the piping system as the cracked section sheds moment. In
a very compliant system, as the crack grows, the system picks up very
little of the moment on the cracked section, so the load on the section
changes very little. In a very noncompliant system, the system can pick

up a large portion of the monent, so as the crack grows, the load on the
cracked section reduces.

The compliance of the piping system at the safe ends was determined

using a finite element model of the piping'arrangement. The transla-
tional degrees of freedom at the safe end location of the model were

fixed and the rotational degrees of freedom allowed to change. A moment.

was then applied at this location and the resulting rotations
determined. This procedure represents the insertion of half a ball and

socket joint into the model at the postulated crack location. The other
"half" of the joint is not modeled because the nozzle is assumed rigid
compared to the system piping so the resulting rotations would be

zero. A second analysis was also performed, applying a moment about an
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axis perpendicular to the first moment. These analyses are used to
obtain the compliance at the safe ends about two axes. The maximum

(conservative) compliance about any axis was obtained using these

compliances and a Mohr's Circle approach as recomnended in Reference

9. The calculated system compliance at the nozzle safe ends for the two

cases being examined are L/R = 53 for N1 nozzles and L/R = 35 for the N2

nozzles. These compliance values describe a piping system which is
fair ly rigi d.

It is conservative to assume the cracked section is dead loaded, that

is, it is infinitely compliant, and as the crack grows, the applied load

on the section never reduces. This corresponds to a pipe length which

is infinitely long, or L/R = . In.addition to analyses performed for
the calculated system compliance, fracture mechanics analyses were also-

performed for the conservative infinite system compliance to determine

the sensitivity of the analysis results to the system compliance.

6.5 FRACTURE MECHANICS RESULTS

6.5.1 Fracture Mechanics Analyses Assumed Flaws

Fracture mechanics analyses were performed to determine if assumed

initial flaws are likely to grow or fail unstably under the normal

operating condition plus SSE loads calculated for the safe end

locations. Analyses were performed for initial crack sizes for each

nozzle safe end location corresponding to a five gpm leakage rate. The

five gpm leak rate is ten times the detectable leak rate and is also the

largest crack which can exist without the unit having to shut down due

to Technical Specification requirements.

It should be noted that all fracture mechanics analyses were performed

using the conservative minimum cross section pipe properties. Analyses

were not performed for the safe end cross sections because those

analyses would be bounded by the results of analyses on the thinner pipe

cross section.
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The methods used to calculate the applied J integral require the

knowledge of tabular functions from Reference 8. These functions are

only specified for discrete points, so interpolation may be required.
For convenience, rather than interpolating these tabular functions, the
crack lengths used for fracture mechanics analyses were conservatively
rounded up to a 45 circumferential crack for the Nl nozzles and a 90

circumferential crack for the N2 nozzles. These flaws correspond to
leakage rates of 7.0 gpm at the N1 nozzles and 5.9 gpm at the N2

nozzles.

6.5.2 Crack Extension Calculations

Crack extension analyses were performed to demonstrate that the
calculated J-integral for the applied loads and assumed flaw size is
less than J>C, the value corresponding to initiation of crack growth.
The results of these analyses are shown in Table 6.3. As can be seen in
Table 6.3, all calculated values of J are less than J~C for the normal

operating condition plus SSE loads assumed. These results demonstrate

that no crack growth will occur .

Although not explicity required by the NUREG 1061 guidelines, Table 6.3

also includes margins to the point where crack growth would begin in
terms of both applied load and postulated crack size to demonstrate the

large margins calculated for this analysis. The margin to initiation of
crack growth in terms of applied load was determined by holding const'ant

the postulated flaw size and finding that load at which the crack would

start to grow. As shown in Table 6.3, in the worst case, the load

required for the initiation of crack growth is 1.5 times the applied
load, with most margins greater than 2.5. The margin to the initiation
of crack growth in terms of crack length was determined by holding
constant the applied load and finding the crack length at which the

crack wold start to grow. Table 6.3 shows that the worst case margin in
terms of crack length is 1.49. The method used to calculate J requires
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the knowledge of tabular functions which are a function of crack size.
However, these functions have not been tabulated and published for crack

lengths greater than 180 . When determing margins in terms of crack
il

length, there were instances in which a crack size of 180 still did not

correspond to the initiation of crack growth. In these instances, the

margin is specified as being greater than the margin appropriate for the
180o flaw.

6.5.3 Tear ing Stability Calculati ons

Tearing stability calculations were performed to demonstrate sufficient
margin against unstable growth or tearing of the postulated cracks under

the applied loads. Calculations were carried out using two values of
piping system compliance, the actual calculated L/R for the piping
arrangements and also, for comparison, a conservative L/R of infinity.
The results of these analyses, shown in Tables 6.4 and 6.5, show that
all assumed cracks under the applied load are stable, even for the very

conservative infinite L/R. All calculated values of TApp are less than
N

TNT

As recommended by NUREG 1061, the margins to instability in terms of
crack length and applied load were determined for each crack length and

L/R combination. The margin to instability in terms of crack length is
the ratio of the crack size corresponding to T~,T for the applied load

to the postulated crack length and must be at least 2.0. The margin in
terms of load is the ratio of the load corresponding to T~T for the

postulated crack length to the applied load and must be at least 1.41.

As can be seen in Tables'.4 and 6.5, the margins in terms of load are.

all greater than 2.1 even for the conservative L/R of infinity. It
should be noted that in some instances, as the applied load is
increased, pl asti c co 1 1 apse of the cr acked pipe section i s control ling
rather than unstable growth or tearing. In these cases, which are noted

in Table 6.4, the margin to instability in terms of applied load is
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simply the ratio of the limit moment corresponding to plastic collapse

for the cracked section to the applied moment.

Due to the method used to perform the fracture mechanics analyses, crack

lengths greater than 180 are not solvable at this time. The method

requires tabular functions based on crack size which have only been

calculated and published for crack lengths up to 180 . In determining

the margins to instability in terms of crack length, if the crack size

corresponding to unstable growth or tearing was greater than 180 , the

margin was conservatively specified as greater than the mar gin

corresponding to the 180 flaw. As shown in Table 6.4, for the actual

system compliance calculated for the recirculation system piping, the

margins in terms of crack length are all greater than the recommended

criteria of 2.0. Even if a very conser vative system compliance is
assumed (L/R = infinity), only one postulated flaw with a margin of 1.84

does not meet the recommended criteria demonstrating that significant
margin against unstable growth or tearing exists.

6.6 PLASTIC SECTION COLLAPSE

Because the fracture mechanics evaluations described above meet all of
the specified acceptance criteria, NUREG 1061 does not require
evaluation of margins against net section plastic collapse.
Nevertheless, these evaluations have been performed to verify that all
margins to plastic collapse (the ratio of limit load to applied load)
were greater the 3.0, the reconmended criteria in NUREG 1061.

The margin to plastic collapse of the postulated cracked section was

evaluated by calculating the plastic collapse moment for the cracked

cross section for the postulated crack size and comparing this value to
the applied load (The equivalent applied rqoment described in 6.1 was

used for the applied moment). Plastic collapse of the cross section

occurs when the stress across the entire section reaches the material
flow stress, a value typically three times the material design stress
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intensity value. The expression used for plastic collapse moment was

taken from NUREG 1061 and the material properties in 6.3 were used. The

limit moment, ML, is calculated as

ML 4afR t [cos (y/2) - 1/2 sin (>)~
2

where a<is the flow stress, R is the average radius, t is the wall

thickness, and Y is half the crack angle.

Table 6.6 summarizes the plastic collapse analysis results . The applied

moment, plastic collapse moment and margin to plastic collapse for both

no cr ack and the postulated cracks used in the fracture mechanics

analyses (45 for Nl nozzles and 90 for N2 nozzles) are presented. The

calculated margins to plastic collapse are approximately three or

greater for all cases.
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Unit Nozzle
Crack

~An le

TABLE 6.3
CRACK EXTENSION RESULTS

J(l) (2)
in-lb/in2 in-lb in

Load( )

~Mer in
Crack Length( )

Mar in

1 N1A 45o
1 N2A 90o
1 N2B 90o
1 N2E 90'

N2K — 90o
2 N1A 45o
2 N2A 90o
2 N2E 90'

N2J 90o
2 N2K 90o

57
217
224
103

90
80

235
89

363
83

992
992
992
992
992
992
992
992
992
992

3.33
1.82
1.80
2.51
2.67
2.85
1.77
2.69
1.50
2.77

3.84
1.70
1.69
>2;0
> 2.0
3.51
1.67

> 2.0
1.49

> 2.0

(1) Calculated value of J-integral.

(2) The value of the J-integral corresponding to the initiation of crack growth.

(3) The load corresponding to the initiation of crack growth for the postulated crack length divided by the
applied load.

(4) The crack length corresponding to the initiation of crack growth for the applied load divided by the
postulated crack length.

(NOTE: The initiation of crack growth does not indicate unstable crack growth or tearing.)





TABLE 6.4
UNSTABLE CRACK GROWTH OR TEARING RESULTS

Recommended
Crack Load( ) Recomended Crack Length( ) Crack Length

II it II I ~II I LIM T(l) ~TMT(t) ~ll I ~Ld M I ~Mi ~ll
.1
1

1

1

1
2
2
2
2
2

N1A
N2A
N2B

N2E
N2K

N1A
N2A

N2E
N2J
N2K

45o
9Oo

9Oo
9Oo
45o
9Oo
9Oo
9Oo

9O'3

0.2 182 7.37
35 2.0 182 3.57
35 2.1 182 3.53
35 0.8 182 4.92
35 0.7 182 5.23
53 0.3 182 6.30
35 2.2 182 3.46
35 0.7 182 5.27
35 3.5 182 2.95
35 0.6 - 182 5.43

1.41
1.41
1.41
1.41
1.41
1.41
1.41
1.41
1.41
1.41

>4.0
>2.0
>2.0
>2.0
> 2.0
>4.0
>2.0
> 2.0
>2.0
>2.0

2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

(1) Calcul ated applied tearing modulus.

(2) The value of T corresponding to unstable crack growth or tearing.

(3) The load corresponding to unstable crack growth or tearing for the postulated crack length divided by
the applied load.

(4) The crack length corresponding to unstable cr ack growth or tearing for the applied load divided by the
postulated crack length.

(5) For the given system compliance and crack length, failure is controlled by plastic collapse rather than
unstable cr ack growth or tearing. Load margin is plastic collapse load for postulated crack length
divided by applied load.
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TABLE 6.5
UNSTABLE CRACK GROWTH OR TEARING RESULTS

FOR CONSERVATIVE ASSUMPTION OF INFINITE SYSTEM COMPLIANCE

Crack
~An 1eUnit Nozzle

1 N1A 45o ~ 0.2
1 N2A 90o ~ 2.8
1 N2B 90o ~ 3.0
1 N2E 90o ~ 1.0
1 N2K 90o ~ 0.8
2 N1A 45o ~ 0. 4
2 N2A 90o ~ 3.2
2 N2E 90o ~ 0.8
2 N2J 90 ~ 5.9
2 N2K 90o ~ 0.7

(1) Calculated applied tearing modulus.

182
182
182
182
182
182
182
182
182
182

Load( )

~Mar in

5.62
2..64
2.60
3.63
3.86
4.80
2.56
3.89
2.17
4.01

Recormended
Load Mar in

l. 41
1.41
1.41
.1.41
1.41
1.41
1.41
1.41
1.41
1.41

Crack Length( )

Mar in-

> 4.0
> 2.0
> 2.0
> 2.0
> 2.0
> 4.0

2.0
> 2.0

1.84
> 2.0

Recormended
Crack Length

Mar in

2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

(2) The value of T corresponding to unstable crack growth or tearing.

(3) The load corresponding to unstable crack growth or tearing for the postulated crack length divided by
the applied load.

(4) The crack length corresponding to unstable crack growth or tearing for the applied load divided by the
postul ated crack length.
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TABLE 6.6
MARGINS TO PLASTIC COLLAPSE

1 NlA

1 N2A

1 N2B

1 N2E

1 N2K

2 N1A

2 N2E

2 N2A

2 N2E

2 N2K

Unit Nozzle Applied
Moment

~in-Ki
4979.6

701.5

711.4

509.6

479.4

5830.5

724.0

467.0

851.6

461.5

46496.6

4396.0

4396.0

4396.0

4396.0

46496.6

4396.0

4396.0

4396.0

4396.0

9.34

6.27

6.18

8.63

9.17

7.97

6.07

9.24

5.16

9.53

No Crack
Collapse Margin

Moment
~in-Ki

26518.3

2507.2

2507.2

2507.2

2507.2

26518.3

2507.2

2507.2

2507.2

2507.2

7.37

3.57

3.53

4.92

5.23

6.30

3.46

5.27
2.95(2)

5.93

Postulated Crack( )

Collapse Margin
Moment

~in-Ki

(1) 45 circumferential through-wall cracks in N1 nozzle safe ends

90 circumferential through-wall cracks in N2 nozzle safe ends

(2) For a 85 , five gpm leakage through-wall crack, margin = 3.07
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CALCULATION OF LEAKAGE FLOW THROUGH PIPE CRACKS

This appendix describes the method used to calculate the leakage rate
from through-wall circumferential pipe cracks. It is conservatively
assumed that the only force acting to open the crack is the pipe
internal pressure. The crack opening flow area is defined (from
Reference 1) as

A = a(2mRt)G/E

where,
A is the flow area.

a

R

E

is the
is the

is the
is the

a is the

G=X +

G = 0.02

stress across the crack tip = PR/2t

pipe inside radius

pipe wall thickness
pipe material modulus of elasticity defining,
crack length

0.16 Z
4 forO<X< 1

+ 0.81 X + 0.30 X + 0.03 X for 1 < X < S
2 3 4

~ = a/(2~Re)

To determine the leakage flow through the crack, the crack is divided
into a number of control volumes through the wall thickness of the pipe,
as shown in Figure 1, and an initial guess for the mass flow rate
through the crack is assumed. The pressure loss through the crack is
described by an fL/D loss model and the stagnation pressure drop between

control volumes in the crack is

.~P = - (—+K)fhL W

0 AF (2)

A.1
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where,

Po is the stagnation pressure

f is the friction factor
6 L is the length of pipe wall thickness between the two

control volumes

K is the K factor describing entrance or exit losses

for the control volumes at the inside and outside of
the wall thickness

D is the cr ack hydraulic diameter

D=2A/L (L is crack length)
W is the crack leakage mass flow rate

p is the local density at the control volume

A. is the crack flow area

The stagnation enthalpy is assumed constant through the crack,

ho = constant

where ho is the stagnation enthalpy.

From the known conditions inside the pipe and the assumed mass flow
rate, equations 2 and 3 are used to define the stagnation pressure and

enthalpy at the center of each control volume assuming homogeneous

equilibrium flow. For each control volume, the assumed mass flow out of
the control volume (note that the mass flow out of each control volume

is constant through the crack) is compared to the critical mass flow
rate for the control volume stagnation conditions. The critical flow is
expressed as

Wc A Gc(Poncho

where,

Wc is the critical mass flow
A is the flow area

Gc is the critical mass flux as a function of stagnation
pressure and enthalpy

A.2
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If the assumed flow is greater than the critical flow for any control
volume conditions, the assumed flow is too great and must be reduced.

If the assumed flow is less than the critical flow for all control
volumes, the calculated exit static pressure (leaving the crack) is
compared to the pressure outside the pipe. If the exit static pressure

is greater than the outside pressure, the assumed flow was too low (the
pressure losses were not great enough) and the flow is increased. If
the exit static pressure is less than the outside pressure, the assumed

flow was too great (pressure losses were too high) and the flow is
decreased.

" This iterative procedure (assume flow, calculate pressures,
assume flow, calculate pressures....) is continued until one of two

conditions is reached; the critical flow out of the last control volume

which chokes is equal to the assumed flow or, with no critical flow, the

calculated exit static pressur e is equal to the outside pressure.

As described in Reference 2, this method yields satisfactory, conserva-

tive results for the fluid conditions of interest (approximately 1000

psia up to approximately 60 F subcooling) when a relative surface

roughnesses of 0.1 is used. It should be noted that for leak-before-
break analyses, it is conservative to underpredict the mass flow rate,
thus overpredicting the crack size for a given leakage rate. Figure 2

compares results obtained using the procedure described above to test
data obtained fr om References 3 and 4 and demonstrates that the method

used provides conservative predictions of leakage flow.

A computer program, CIRFLO, is used to perform the iterative procedure

detailed above. A listing of this program is attached as Listing l.

A.3
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Typical control
"'olume

Direction
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Flow
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Flow

Losses
between
volumes
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PIPE
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SCHEMATIC OF CRAC'C DIVIDED
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70000

TEST
DATA

g 60~C Subcooled (Ref 3)

.0 30'C Subcooled (Ref 3)

0 15'C Subcooled (Ref 3)
)c O'C Subcooled (Ref 3)
~ 30'C Subcooled (Ref 4)

60000
65'ubcooledi60'ubcooled

'L%

50000

30'ubcooled

40000

l5'ubcooled
Subcooled

30000
O'ubcooled

20000

rr
r e+

O'ubcooled
~e+r

l0000

calculated c/D=0.1

calculated smooth pipe

10 15 20 25

Crack Width (Mils)

FIGURE 2

COMPARISON OF LEAK RATE CALCULATIONS WITH TEST DATA
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PROGRAM CIRFLO
C t 1 1 0 0 0 1 0 O'l 1 f0 0 1 0 0 0 0 I4 I 0 0 4 4 0 0 II4 1t 0 t 0 0 l t % 0 0 4 4 0 0 ~ ~ t 0 0 0 0 % 4 I 0 0 0 t I 0 ~ t 4 l 4 4 i t t ~

C CALCULATES FLOW THROUGH CZRCUMFERENT)AL CRACKS IN ) 1)):s
C% t t t 0 It 1 0 0 0 % 0 0 0 f %% 0 % 0 0 0 0 0 0 0 0 0 ~ 4 0 0 0 I 0 4 f 0 0 0 4 0 0 '»» 0 0 5 t t 0 0 0 t 0 0 0 % t ~ 0 0 0» ~ t ~ ~ ~ ~

CHARACTER<1 FF, DASH
CHARACTER+5 BLNK
CHARACTER+18 TITLE
COMMON/TZTE/. TITLE(8)
COMMON/FRICR/ROUGH
DIMENSION PSC(28), TSC(2$ ), VQIDC(2$ )
DATA PI, DEG, FACT, GRAV, GALPP/3. 1415926, lcm. 8» 144. 8, 32. 2, 448. 831/
DATA DASH, BLNK/'-','/
DATA PEX/14.7/
DATA RHOW/62.4/
DATA'PP/68/
DATA IFT/8/
FF~CHAR(12)
OPEN ( 5» FILE CIRFLO INP» STATUS~ OLD )
OPEN (6, FILE= 'ZRFLO. OUT»» STATUS-" 'EW '
WRITE(+, 3888)
WRITE(6, 1588) FF
READ(5, 1888) TITLE
WRITE(6, 2888) TITLE
READ(5, 1818) NITER ~ NUMEL, NCRAK, ROUGH
NN~NITER
WRITE(6, 2818) NITER,NUMEL,NCRAK,ROUGH

C
C
C

C
C
C

READ INPUT DATA FOR NEXT PIPE CONFIGURATION

READ(5, 1828, END=268) DO, THICK, PO, TO, V01DO, GALMIN,GALMhX,E
CRLMZN=GALMIN
CRLMAX-"GALMAX
R=DO/2, 8
ROTOR/THICK

DETERMINE'NLET THERMODYNAMIC PROPERTIES

88

18$

128

XO=VOIDO
HSSAT=HSV(PO, TSAT, SS, VSSAT)
HLSAT-"HSL(TSAT)

.VLSAT»»VSL(TSAT)
IF ( VOIDO. LE. 8 8) GO TQ 88
IF(VQIDQ. GE. 1. 8) GO TO 188
TO=TSAT
V0~1. 8/(VQIDO/VSSAT~ (l. 8-VQI
XO»VO+VOIDO/VSSAT
HO=XO+HSSAT+(1. 8-XO)+HLSAT
GO TO 12$
CONTINUE
IF (TO. GT. TSAT) TO"-TSAT
HO=HCL(PO» TQ, SO)
VO"-VCL<PO, TO)
GO TO 128
CONTINUE
IF(TO. LT. TSAT) TO=TSAT
HO HSS ( PO» TO» SO» VQ )
CONTINUE
GO=GCTAB<PO, HO, PCRIT)
POM=PO/145. 8
TSP=<TO-TSL(PQ))/1.8

DO)/VLSAT)
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C
C
C

154

GOG=GO«(39. 37/12. 8)««2/2; 2
MRITE(6, 2128)
IF(HCRAK~ EQ. 8) WRITE(6, 2838)
IF(HCRAK. EQ. 8) WRITE(6, 2848)
ZF.(NCRAK. EQ. 1) MRITE(6, 2835)
IF(HCRAK. EQ, 1) MRITE(6,2845)
WRITE(6, 2135) (DASH ~ K=1, 79)
WRITE(6J 2858) DO~ THICK~ PO~ TO~ VOIDQ~ GALMIH~GALMAXJE
WRITE<6,2128)

DETERMINE APPROXIMATE CRACK LENGTH RANGE

SZGC=PO«R/(2. 8«THICK)
CAREA=CRACKC(1. 8, R, THICK~ SIGC, E)
IF(HCRAK. EQ. 1) GOTO 154
GALC=GALPP«CAREA«GO/<RHQW«FACT)
CCL1=SQRT ( GALMIH/GALC)
CCL2~SQRT<GALMAX/GALC)
GOTO 158
CCL1-"CRLMIH
CCL2~CRLMAX

DETERMINE FLQM THROUGH CRACK

158 CONTINUE
WRITE<6, 2868)
WRITE(6, 2878)
MRITE(6, 2138) (DASH, K=1, 69)
WRITE ( «, 3838)
DQ 248 I~1 ~ NH
CCL~CCLli(CCL2-CCL1)«FLOAT(Z-1)/FLOAT(HH-1)
CANGLE=CCL/(PI«DO)«368. 8
CAREA~CRACKC(CCL, H, TH1CK ~ SIGC, E)
WC FLOW(PO, HQ, VO, CCL, CAREA, THICK, f'EX, HUMEL, PSC, TSC, VQLUC, WC( )
GC=S. 8
IF(CAREA ONE. 8. 8) GC=FACT«WC/CAREA

C«««'«««« NOTE GPM IS BASED ON ATMOSPHERIC WATER FQH MAKE(JI QF'UMI'LOW

248

268

GALC-"GALPP«WC/RHOM
GCG=GC«(39. 37/12. 8)««2/2. 2
MRITE(«, 3828) CCL, GANGLE, GALC
WRITE<6, 2888) I, CCL, GANGLE, CAREA ~ MC, PSC(HUMEL), GCG, GALC
CONTINUE
WRITE(«, «)
WRITE(6, 2128)
GO TO 48
CONTINUE
CLOSE(5)
CLOSE(6)
STOP

C
C FORMATS
C

1888 FORMAT(8A18)
1818 FORMAT(315, F18. 2)
1828 FORMAT<8F18. 2)
1588 FORMAT(A1, 51HCIRFLO- CALCULATIOH OF'LQW THI(OUGH ('1)<CUMFEI<&NT1 AL,

1 12H PIPE CRACKS, /)
2888 FORMAT(8A18)
2818 FORMAT(/1X, 38HHUMBER OF CRACI(S EACH CASE ---, Ih, /1X.

1 38HNUMBER OF ELEMENTS 1H CRACK --,15,/1X,
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2 3$ HCRACK FLOW (8) QR LEHU'l'H (1) -, 15, /1X,
3 38HRELATIVE ROUGHNESS» P1 8 5 ~ / )

2828 FORMAT(A1)
2838 FORMAT(BX,2HDO, SX, SHTHICK» BX, 2HPQ, BX, 2H'l'Q, SX, 4HVQlD, 2X,

18HMIH LEAK,2X, BHMAX LEAK, 9X,1HE)
2835 FORMAT(BX»2HDO» 5X ~ SHTHICK» BX ~ 2HPO» BX» 2HTQ» SX ~ 4HVOZD» 2X ~

18HMIN CRAK, 2X, BHMAX CRAK, 9X, 1HE)
2848 FORMAT ( 2X ~ BH ( INCHES )» 2X ~ BH ( INCHES ) ~ 4X» 6H ( PSIA ) ~ 3X» /H ( UL'U V ) ~ 1 QX ~

19H(GAL/MZN),1X, 9H(GAL/MIN),SX, 5H(PSI))
2845 FORMAT(2X, BH(INCHES), 2X, BH<IHCHES), 4X, EH(l SlA), UX, 7H(UEU V), 1)X

18H(INCHES), 2X, BH(ZNCHES), SX, SH(PS1))
2858 FORMAT(F18» 4 ~ F18 6, 2F18. 2» F9 4» 2F18. 4, F18. 8» 1<tIX F18. 4 V1$ . 2» V1$ . 1)
2868 PORMAT ( 2X» 4HITER» 5X» 5HCRACK» 5X» 5HAHGLE» bX ~ 4HAREA ~ 6X ~ 4HF LQW» 4X»

1 6HEXIT P» 6X 4HPLUX» 6X 4HFLOW )
2878 FORMAT(6X, 2X, BH<IHCHES), 2X, BH(DEUREE), 3X, 7H(SQ IH), 2X, BH(LB/Sh'C),

1 4X» 6H(PSIA) 1X» 9H< KG/S/'M2) 1X 9H(GAL/MIH))
2888 FORMAT ( Z6» 2F18 2» F18 3» 2F18 2 F18 1» l 1$ 2)
2128 FORMAT(1X)
2138 FORMAT(6X,78A1)
2135 FORMAT(79A1)
3888 FORMAT(52H CIRFLO- CALCULATZQH OF FLOW THROUGH CIRCUMFERENTIAL,

1 12H PIPE CRACKS, /)
3828 FORMAT<F18. 2, 6X, F18. 2,'BX, F18. 2)
383$ FORMAT(47H CRACK LENGTH CRACK ANGLE LEAKAGE (UPM))

EHD
FUNCTION CRACKC ( CL» R» T» SIG» E)Ctttklllkkktkt««111«ftfftttkf1«tkffttff««««fktttkffffktftftttff 1 ttfff1 ~

C DETERMINES CRACK AREA FROM GEOMETRY AHD STRESS
. C CIRCUMFERENTIAL CRACK

Cf «««1«tkltlllttf«f1 f1 « ttf««« ktfk«f1« f1 fit~ f f1 kttf1 1 kftffftf1 1 1 1 tf ~ 1 IfI
DATA PZ/3. 1415926/
XL=CL/SQRT ( R 1 T) /2. 8
IF(XL.LE. 1. 8) GP=XL«2+8. 16«XL« 1 4
IF(XLa GTa 1 ~ 8) GP Sa 82+Sa 81 «XL« 1 2+Sa 3«XL« 1 3+Qa $ 3« XL« 1 4
CRACKC"-SIG«<2. 8«PItR«T)«GP/E
RETURN
END
FUNCTION FLOW (PO, HO, VQ, CL, CAREA, THICK, PEX, HUMEL» F'S» TS, VOIDS» W(.')C«1111«ftllttftlttff«f11« it««f1«1 ~ ffffttfttlfttft«lftf f tffffftkftffttfI

C DETERMINES THE PLOW THROUGH CRACK INCLUD1NG h'RICTIQN EVVh-'CTS
Cf 1 1«1111111«1*tktlf tttf«litt«f1ttttttftf1 1 ~ tttffff1ttttttlf1 1 tf 1 f f ff1 f

COMMON/FRICR/ROUGH
DIMENSION PS(1)» TS(1)» VOIDS(1)
DATA GRAY, FACT, FTI/32.2, 144. 8, 12. 8/
DATA CRIT/1. QE-3/
ZF (CAREA, EQ. 8. 8) GO TO 188
DX=THICK/(FTI«FLOAT(NUMEL))
DH=2.8«CAREA/(CLtFTI)
A=CAREA/FACT
FIN=8. 5/ (2. 8«BRAV 1 FACT« Af«2)
POUT=1. 8/(2. 8«GRAV«FACT«A«12)
FINT-"DX/(2. 81 GRAV «FACT« At1 2« DH)

C
C
C

C
C

SET LIMITS AHD SUPPLY FIRST FLOW GUESS

WMIH=S. 8
WMAX"-A«GCTAB(PO,HQ, PCRIT)
W= ( WMZHfWMAX) /2. 8

BEGIN ITERATIVE LOOP TO OBTAIN FLOW
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C
C
C

DO 148 ZTER= 1, 28
P=PO-FIN«VO«W««2

DETERMINE FRICTION PRESSURE DROP ON NODE BY NODE BASIS

68
C«««««

DO 88 I=1, NUMEL
HS»» HSV ( P, TSAT, S, VS )
IF(HQ.GT.HS) GO TO 48
HL"-HSL(TSAT)
IF(HO. LT. HL) GO TO 28
T=TSAT
HL=HSL(TSAT)
VL=VSL(TSAT)
XK(HO-HL)/(HS-HL)
V=X«VS«(1. 8-X)«VL
VOID=X«VS/V
VISC=VOID«VISV(P>T) «(1.
GO TO 68
S-"SSSZCL('P> HQ, T)
V-"VCL(P,T)
VOID=8. 8
VZSC"-VISL(P, T)
GO TO 68
S SSSISS(P» HQ> T> V» X)
VOID»-1 8
VISC&VISV(P,T)
RE=DH«ABS(W)/(A«VISC)

NOTE FOR SMALL CRACK
F~FRZCTF(RE» 1. 8, ROUGH)
P<P-F«FINT«V«W««2
PS(I)~P
TS(I)~T
VOIDS(I)=VOID
IF(P. LT. PEX) GO TO 128
CONTINUE

8-VOID)«VISL(P,T)

USE RELATIVE ROUGHNESS QF g.3 %«««« ~ ««« ~ «« ~

CHECK FQR NARROW WMZN TQ WMAX

C
C
C

188

IF(WMIN.EQ. $ . 8) GO TO 18$
IF(ABS((WMAX-WMIN)/WMIN).LT. CRIT) GO TO 168

CHECK FOR CRITICAL FLOW QR CRITICAL FLOW CONVERGENCE

WC=A«GCTAB(P, HO, PCRIT)
ZF(ABS((WC-W)/WC). LT. CRIT) GO TO 16$
ZF(WC, LT. W) GO TQ 12$

CHECK FQR NON-CRITICAL OUTLET

P~P-FQUT«V«W««2
IF(ABS((P-PEX)/PEX). LT. CRIT) GO TO 168
IF(P. LT. PEX) GO TO 12$

FLOW IS TOO LOW - ADJUST ACCORDINGLY

WMIN~W
W=(W«WMAX)/2.8
GO TO 148
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C
C

C
C
C

C
C
C

FLOW TOO HIGH — AMUST ACCORDINGLY

128 WMAX=W
W= ( W+WMIN)/2. 8

148 CONTINUE

TQO MANY ITERATIONS WITHOUT CQNVERGENCE - l HINT ENROBE AND STQl

WRITE(6p 1888) W, WMIN,WMAX>P
STOP

CONVERGED SOLUTION

168 FLOW~W
RETURN

188 FLOW~8. 8
RETURN

C
C FORMATS
,C

1888 FORMAT(//1X,45HNO CONVERGENCE IN FLOW - EXECUTION TL'RMINAl'ED,/1X,
111X, 1HW, 8X, 4HWMIN,GX, 4HWMAX, 11X, 1HP, /1X, 4E12. S)

END
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APPLIED LOADS FOR FRACTURE MECHANICS ANALYSES

The applied load on the postulated cracked cross section must be known

to perform fracture mechanics analyses to evaluate the potential for
through-wall cracks to fail unstably. In particular, the applied load

must be specified as an applied moment. This appendix documents the

method used to calculate the equivalent applied moment on the
Susquehanna Steam Electric Station (SSES) recirculation system reactor
vessel nozzle pipe-to-safe end welds. A total of ten nozzle safe ends

are evaluated in fracture mechanics evaluations. These nozzle safe ends

are listed below.

Unit 1

N1A

N2A

N2B

N2E

N2K

Unit 2

N1A

N2A

N2E

N2J

N2K

The applied load was determined for the loading conditions resulting
from normal plant operation plus the loads due to the design safe shut-
down earthquake (SSE). The loads on the pipe-to-safe end weld locations
for deadweight, thermal expansion, and SSE were obtained from the
original system design stress analyses performed by General Electric Co.

These finite element analyses (References 1 through 4) were performed as

part of the plant licensing. The information in these stress analysis
reports includes the forces and moments on each finite element node

point for each loading condition and were used to calculate the

equivalent applied moment for fracture mechanics analyses. The loads on

the piping due to the normal internal pressure of 1050 psig were

determined by a hand calculation.
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A review of the node point locations used in the finite element analyses

revealed that in each model, the locations of the pipe-to-safe end welds

did not exactly coincide with node point locations. For this reason,

the node point closest to the pipe-to-safe end weld was chosen as repre-
sentative of the load on the pipe-to-safe end weld. This assumption is
considered acceptable for two reasons. First, in each instance, the

location difference is small, and second, in each instance, the node

chosen was the terminal node of the piping model. During the stress

analyses, the 'nodal displacements of the terminal nodes were fixed in
all degrees of freedom. The result of this procedure is usually to
produce higher loads and stresses at the terminal end. Listed below are

the finite element model node points used to obtain applied loads at the
pipe-to-safe end weld locations.

Unit
1

Nozzl e,
N1A

N2A

N2B

N2E

N2K

N1A

N2A

N2E

N2J

N2K

Node Ref~ ~

005 1

224 2

254 2

164 2

164 1

001 3

350 4

250 4

330 3

350 3

(1) Reference number of finite element stress analyses.

The resultant forces and moments at the node points identified above for
the different loading conditions are listed in Table C2-1 of References

1 through 4. The axial force and all three bending moments are used to
calculate the equivalent moment. In the coordinate system used in
References 1 through 4, the 'A'irection is the pipe axial direction
and the 'B'nd 'C'irections are perpendicular to 'A'. Thus, the

B.2
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following values are needed (using nomenclature from References 1

through 4) FA, MA, MB, MC.

A review of References 1 through 4 shows that the load cases of interest
are labeled as follows:

THERMAL 1 - normal operating thermal expansion loads

HEIGHT 1 - normal deadweight loads

SSEI 1 - inerti al loads due to SSE in global
'X'irection

SSEI 2 - inertial loads due to SSE in global
'Y'irection

SSEI 3 - inertial loads due to SSE in global
'Z'irection

The forces and moments for each node and each loading were read from the

appropri ate reference table.

The procedure used to calculate a total stress and equivalent moment for
each pipe-to-safe end weld location is described below.

1. The equivalent total moments and axial force due to the design

SSE were obtained by a square root sum of the squares (SRSS)

combination of the three coordinate direction (X, Y, and Z)

results.

2. The forces and moments due to deadweight, thermal expansion

and SSE were absolute summed to obtain the total axial force
and bending moment in each local system direction (A, B,

and C).

3. The three coordinate direction moments (torsion and two

perpendicular ) were SRSS combined to yield a total moment,Mtot'.3
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4. The applied stress was calculated as the absolute sum of the

axial force stress, the bending stress and the axial pressure

stress.

5. The equivalent applied moment for fracture mechanics analyses,

Meq was cal cul ated as the moment whi ch would produce the

applied stress if only bending stresses were present.

In each instance the applied stresses and equivalent bending moments

were calculated using minimum specified cross section properties for the

recirculation piping at the nozzle safe end. This procedure yields
conservative stresses and-moments. The pipe cr oss section properties
used in this analysis are (from reference 5)

nozzle safe
end t e outside diameter wall thickness

N1

N2

28.0"
12.75"

1.285"

0.586"

The results of the calculation of applied stresses and equivalent

bending moments are tabulated below for each safe end location.

Oni t Nozz1 e

NlA

N2A

N2B

N2E

N2K

N1A

N2A

N2E

N2J

N2K

FA
~ki~

4.2
2.1

0.5
1.6

1.2

6.0
2.3
1.6

0.5
1.3

1546.7

374.0

388.6
183. 6

154.5

2386.1

395.9

150.0

528.8

136.4

Stress
~ksi

7.2
10.8

10.9
7.8

7.4
8.5

11.1

7.3

13.1

7.1

M
g~in-4

4979.6

701. 5

711.4

509.6

479.4

5830.5

724.0

476.0

851.6

461.5

B.4
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MPR ASSOCIATES, (NC.

FRACTURE MECHANICS METHODOLOGIES

C.l Calculation of J-Integr al

C.2 Tearing Stability Theory





CALCULATION OF J-INTEGRAL

The recommended leak-before-break (LBB) analysis guidelines presented in
NUREG 1061, Volume 3 contain the criteria that postulated through-wall
flaws should not experience unstable growth when subject to normal

operating condition loads (pressure, deadweight and thermal expansion)

plus the loads resulting from the design safe shutdown earthquake

(SSE). The onset of flaw growth is calculated by means of the crack

driving potential, or J-integral. The calculated value of J for the
postulated cracked section is compared to the critical value of J for
the material, JIC. JIC corresponds to the value of J at which crack

growth initiation occurs.

If the calculated J is less than JIC, crack extension is not

predicted. If the calculated value of J is greater than JIC, the crack

will grow. During J controlled crack growth, the slope of the J vs ha

curve (dJ/da) for a cracked section is a straight line. Thus, if the
calculated J is greater than JIC, the amount of crack growth can be

determined from

APP IC da

'dJ

Described below are two methodologies used to calculate the applied J-
integral for circumferential through-wall cracks. One method is
appropriate when stresses at the cracked section are low and is based

upon linear-elastic fracture mechanics methods. The other method is
appropriate when the stresses at the cracked section are high,
approaching plastic loads. In this instance, a method based upon

elastic-plastic fracture mechanics is used.





Elastic Loads

In the linear elastic, range, the calculated J-integral, Japp is related
to K, the stress intensity factor from linear-elastic fracture mechanics

(LEFM), by the relation, J= K /E, where E is the material elastic
modulus. The stress intensity factor for circumferential through-wall

flaws is expressed as

K=Zgf. ma+r
1 1

where the summation is over all stresses acting 'on the cracked section

(tension, bending and pressure) and f; is a geometry factor dependent

upon the type of stress. These values for f; are available from

Reference l. In the expression for K above, ry is a plastic zone

correction used to account for plasticity near the crack tip. For large
loads on the cracked section, the plastic zone near the crack tip may no

longer be negligible compared to the crack size. The plastic zone

correction used in this methodology is one which accounts realisticly
for large scale plasticity effects. This correction factor model is
taken from Reference 2 and can be expressed as

K
I 2

Sms

where a is the material yield stress and 8 varies according to the

initial crack length. In this approach, ry is no longer an estimate of
the actual plastic zone size, but rather it can be thought of as an

index representing the compliance of the cracked section. It is
possible to adjust 8 so that the point of- 'compliance

instability'ccurs

at the limit load of the pipe, that is, the load required to make

the entire cross-section plastic. This determination of ry allows

calculation of K (and thus J) up to the limit moment. The calculation
of 0 using this method was expedited by using the computer program

ELASTIC, attached as Listing 1.
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Plastic Loads

When applied loads exceed the limit moment load discussed above, no

solution for 3 is possible using plastic zone corrected LEFM methods.

In this case, it is necessary to use elastic-plastic fracture mechanics

(EPFM) methods which are developed specifically for plastic cross-

sections. The method used to calculate Japp is taken from Reference

3. Using this approach, the calculated J-integr al is expressed as the

sum of an elastic contribution and a plastic contribution, J=Je+Jp.

These contributions to the J-integral are expressed as

m R2F2 M2 n+1
J= + neo — ch (a/b, n, R/t) (—)

I E
oob 1 ' Mo

where the following are defined for the pipe cross-section,

ae =

M

F

e,n=

GotCo

c

hI

Mo

pseudo-plastic zone corrected crack length determined

using the methods presented in Reference 3.

one-half the moment applied to the pipe.
a tabulated geometry correction factor .

strain hardening coefficients for a Ramberg-Osgood fit of
the material stress-strain curve.
material yield stress and yield strain.
one-half the circumferential cr ack length.
one-half the pipe circumference.
b-a

a tabulated function based on detailed finite element

J-integral modeling of cracked bodies.
one-half the moment required to make the cracked cross-

section fully plastic assuming elastic-perfectly plastic
behavior.
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The calculation of J using this elastic-plastic approach was performed

using the computer program JGE, attached as Listing 2.

References

1. H. Tada, "The Effects of Shell Corrections on Stress Intensity
Factors and the Crack Opening Area of a Circumferential and a
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3. EPRI NP-3607, "Advances in Elastic-Plastic Fracture Analysis,"
August 1984.
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Listing 1

Computer Program ELASTIC



)
g

~

I



5 OPEN "ELASJC, OUT" FOR OUTPUT AS ¹1
7 KEY OFF
18 DEF FNF<T)=1+0~(T/PI)"2 5
28 DEF FNG<T)=T FNF(T)"2
38 DEF FNGP(T)"-(FNG(T~1. $1)-FNG(T))/(. 81~T)
188 GOSUB 6888
258 GOSUB 3888
26$ GOSUB 4888
265 IF CONVERG=1 THEN 28$
278 GOSUB 5888
288 GOSUB 7888
298 GOSUB 8888
295 IF Q=i OR Ql=l THEN 188
388 CLOSE ¹1
3$ 5 PRINT s PRINT t PRINT: PRINT
386 PRINT "More complete printout is contained in file ELASJC.OUT"
388 SYSTEM
318 END
3888 REM
3818 REM
3828 REM
383$ DELTA~PI/8
3848 THETAE=THETA$~DELTA
3858 IF ABS(THETAE-THETAE$)<.8881 THEN GOTO 3898
3868 DELTA"-FNG(THETAE)/FNGP(THETAE)
3878 THETAE8=THETAE
3888 GOTO 384$
3898 SP=(COS(THETA$ /2)-SIN(THETA8)/2)+4/PI
3188 ALPHA=FNGP(THETAE)~SP"2
3118 RETURN
4888 REM
4818 REM
4828 THETA-"THETA8
4838 SIGMA-"SIGB~SIGT~SIGP
4848 KP=SIGMA~FNF<THETA)~SQR(PI~R~THETA)
4858 IF ABS(KP-KP8)< 18 THEN RETURN
4868 THETA=THETA$iKP"2/(PI~R~ALPHAiSIGY*2)
4865 IF THETA>2~PI THEN CONVERG~ltHETURN
4878 KP8=KP
4888 GOTO 4848
5888 REM
5818 REM
5828 REM
5838 REM
584$ TP=THETA/PI
585$ FT-"1v7. 5~TP*1. 5-15~TP"2. 5~33~TP"3+ 5
586$ FB=ii6. 8+TP*1. 5-13. 6+TP"2. 5+28+TP"3. 5
5865 LAMBDA=R+THETA/SQR(R+T)
5878 IF LAMBDA<1 THEN FP=SQR(1+. 3225~LAMBDA"2) ELSE FP=. 9~. 25~LAMBDA
5888 K=(SIGB~FBiSIGT<FT+SIGP<FP)~SQR(R~PI~THETA)
5898 J=K+K/E
5188 RETURN
6888 REM
6881 CLS
6882 IF Q=1 THEN 6128
6883 IF Q1=1 THEN 6865
6885 PRINT "This proqram will solve for the J-5.nteqral for cir cumber enti al"
6886 PRINT "flaws in pipe. The necessary inputs vill appear on t)ie screen"
6887 PRINT "and simply need to be input. The results vill appear on the scx «c"n
6888 PRINT "for J for .each crack lenqth analyzed. More complete printout"
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6889
6818
6811
6812
68l 3
6819
6828
6838
6848
6868
6865
6866
6867
6878
6888
6898
6188
6118
6114
6115
6116
6117
612$
6168
6188
7888
7818
7828
7825
7838
784$
7858
7868
7878
7888
7898
7188
7118
'7128
7123
7124
7125
7138
7148
7148
7149
7158
7155
7168
7178
7188
7185
7198
7195

. 7288
888$
8818
8828
8838
8833

PRINT "information is written onto file ELASJC. OUT and r«ay be «xamined"
PRINT "after completion of-the proqram. ":PRINT:F'BINT (PB1NT
FRIHT « press any key to continue...."
TS=IHKEYS
IF TS="" THEN 6812
THETAE8=8
KP8=8
PI~3. 1415
BS ««
CLS
INPUT "TITLE: ";TITLES:PRINT
TITLES=TITLES«« (CIRCUM FLAW)"
INPUT "PIPE MATERlAL: «;MSrPRIHT
INPUT "PIPE DIAMETER (IN) : ")DrPRIHT
INPUT "WALL THICKNESS (IH) r ";T:PRINT
INPUT "BENDING STRESS (PSI)' ";SIGB:PBIHT
INPUT "AXIAL STRESS (PSI ): " 'IGT: I'B1NT
INPUT "SYSTEM PRESSURE (PSI) : «)PrPRIHT
IF LEFTS(MS, 1) "-"C" THEN SIGY=27188) E=2. 7E+87r MS= "CARBON STEEL":GQ'I'0 611
SIGY=23888: E=2. 56E+87 r MS"- «STAINLESS STEEL"
R=(D-T)/2
SIGP"-P«(R-T/2)"2/(2«R«T)
IHPUT "INITIALCRACK LENGTH (1H) : ";A8rPBlNT
THETA8"-A$/(2«R)
RETURN
REM
REM
CLS
PRINT ¹1, CHRS(12)
PRINT ¹1, TITLES:PRINT ¹1, BS
PRINT ¹1, MS r PRINT ¹1, BS
PRINT ¹1, "PIPE DIAMET~ER"- "~ ~ PBINT ¹1, USING "«¹. ¹¹¹ "~ Dl rk B1N'I'1, " in"
PRINT ¹1, "WALL THICKNESS= "~ PBIHT ¹1, USlHG " ¹ ~ ¹¹¹ "~ T' l ~ B1NT «) . " i ri"
PRINT ¹1, BS
PRINT ¹1, "BEHDIHG STRESS= ";:PRINT ¹1, USING "¹¹¹¹¹. ¹" ~ SIGH; rl'F(1NT
PRINT ¹1, "AXIAL STRESS= ";:PRINT ¹1, USlNG "¹¹¹¹¹. «";SIGT;rl'F(1HT «1, "
PRINT ¹1, "PRESSURE STRESS= ") r PRINT ¹1, USING "¹¹¹¹¹. ¹";SIGl'; rl klNT «1, "
PRINT ¹1, BS:A=2«R«THETA
PRINT ¹1, "IHITAL CRACK LENGTH= «;rPRIHT ¹1 ~ USING "¹¹.¹¹";A$;:l B1HT ¹
PRINT "INZTAL '"

CRACK LENGTH= "; rPBINT USING "¹¹. ¹¹";AH; rF'B)N'l' in"
PRINT
IF CONVERG=1 THEN 7178
PRINT ¹1, "EFFECTIVE CRACK LENGTH= ")rPRIHT ¹1, USING "¹¹. «¹" A;rPB1 NT «1
PRINT ¹1, BS
PRINT "J= ";:PRINT USXHG "¹¹¹¹¹. ¹"; J;:PRINT " in-lb/in*2"
PRINT ¹1> "J< "; rPRZNT ¹1, USING "¹¹¹¹¹. ¹" ~ J;:PBIH'l'1, " in-lb/in"2"
FOR I=1 TO 5 :PRINT ¹1, BS :NEXT I
PRINT :PRINT :PRINT :PRINT
RETURN
PRINT ¹1, BS:PRINT ¹1, BS:PRINT ¹1, BS
PRINT ¹1, "For the above conditions, this problem has no solutiorr"
PRINT "This initial crack length does not'onverqe for this situation"
PRINT rPRIHT :PRINT:COHVERG=8
FOR Z=1 TO 5 :PRINT ¹1,BS :NEXT I
RETURN „

REM
REM
INPUT "another crack length")QS
ZF QS=«Y« THEN 0-"1rRETURH
Q=8

ps:1
psi
p s.'r
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8835 PRINT:PRINT:INPUT "start aqain iratn begianiaq";410
8848 IF Q19="Y" THEN Q1~1tELSE 81=8
8858 RETURN
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Listing 2

Computer Program JGE
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OSTORAGE(2
PROGRAM JGE

C««««
C
C««««

«t««««««««««««««««««««««««««f«««««««««%««1«««f««««««««««««te«« ~ « ~ «

«««««««««««««««« f ««««««««««««««««««««««««« f «««««««««««««««««««««««

C «««

) ««2.8

2. 8«A, 2. 8«AE)

CHARACTER«58 TITLE
CHARACTER«35 MLABEL
DATA PI/3.14159/
CONTINUE
WRITE(«, «)
WRITE( «, 2888)
WRITE(«, «)
WRITE ( «, 2828 )
READ(«,1888) TITLE
WRITE(», «)
CALL GETMAT(MLABEL,E, SIGQ, EQ» SIGFLO, AL, XN)
CALL GEOM(R, T)
ROTOR/T
D~2«R
WRITE(«» «)
WRITE( «, 2848)
READ(, 1828) AOB
WRITE(», «)
WRITE( «, 2888)
READ(«, 1828) XM
CONTINUE
XI=PI«(R««4-(R-T)««4)/4. 8
B-"PI«R
A=B«AOB
C=B-A
GAMMA=PI«AOB
CALL GEPROP(AOB, XN, ROT, Hl, H4, Fl, V3)
TRIG~COS ( GAMMA/2.8) -SIN ( GAMMA) /2. 8
XMQ"-2. 8«SIGQ«R«R«T«TRIG
IF(XM.LT. 8. 8) THEN

XMMQ"--XM
XM"-XMMQ«XMQ

ELSE
XMMQ-"XM/XMQ

ENDIF
cole J

XJE=PZ A R R Fl Fl XM XM/(XI XI E)
XKE=SQRT(XJE«E)
PHI<1. 8/(l. 8+XMMQ«XMMQ)
RY"-l.8/(2. 8«PZ)«(XN-1. 8)/(XN+1. 8)«(XKE/SZGQ
AE=A+PHI «RY
XJE=PI«AE«R«R«F1«Fl«XM«XM/(XI«XI«E)
XJP=AL«SIGQ«EQ«C«A«H1«XMMQ««(XN+1 ) /8
XJ-"XJE«XJP
CALL OUTPUT ( TITLE» MLABEL»AOB D T» XM» XMMQ» XJ ~

WRITE(+, «)
WRZTE( «, 2188)
READ(+,1848) NCH
ZF (NCH. EQ. 8) STOP
ZF(NCH. EQ. 1) THEN

WRITE( «, 2848)
READ( «, 1828) AOB
GOTO 48

ENDIF
IF ( NCH. EQ. 2) THEN
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WRITE ( 1, 2888 )

READ(1, 1828) XM
GOTO 48

ENDIF
GOTO 28
STOP

1888 FORMAT(A)
1828 FORMAT(F12. 4)
1848 FORMAT<I2)
2888 FORMAT('GE- Program to Calculate J')
2828 FORMAT( 'nter Problem Title:
2848 FORMAT('nter Crack Length (a/b): ', X)
2888 FORMAT('nter Applied Moment (in-lb)! '> X)
218$ FORMAT('nters',/,

1 8 to quit', /,
2 1 to change a/b',/,

2 to change M ', X)

Ctf«11«111111111«t«111111«l«1««ffttff ttttttffftf«1 « 1

C
Ctttttttt«111111«1111«tt«11«11«11111««tf 1 ttf1 ~ tf 1 «f1

CHARACTER«58 TITLE

1«1 «iffftftftf1111 1

1««f 1 f tf 1 tf1 1 1 1 1 tf 1

EHD
SUBROUTINE OUTPUT(TITLEtMLABELfAQB ~ Df Tt XM~ XMM$e XJt A ~ AE)

48

1588
2888
2828
2848
2858
2855
2868
2888
211$
212$
2168

CHARACTER«35 MLABEL
DO 48 I-"1~ 24

WRITE( 1, 1 )
CONTINUE

WRITE< 1, 1588)
WRITE(t, 2888) TITLE
WRITE( 1, 1 )
WRITE(«, 2828) MLABEL
WRITE(1, 2848) AOB
WRITE<1, 2858) A
WRITE< 1, 2855) AE
WRITE(1, 1)
WRITE(1, 2868) D
WRITE( 1, 2888) T
WRITE(t, 1)
WRITE(1, 2118) XM
WRITE(1, 212$ ) XMM8
WRITE(1, 1)
WRITE(, 2168) XJ
WRITE<1, 1)
RETURN
FORMAT('GE: Calculation of J', /)
FORMAT(A58)
FORMAT(A35)
FORMAT('rack Length (a/b): ', F5. 3)
FORMAT('rack Length (in) : ', F7. 3)
FORMAT('ffective Crack Length (in) : ', F7. 3)
FORMAT('ipe Diameter: ', F6. 3, 'nches')
FORMAT ( 'ipe rWall Thickness 1 V6. 3, 'nches

'ORMAT('pplied Moment: '> F12. 1> 'n-lb'
FORMAT('pplied Load/Yield Load: ', F4. 2)
FORMAT('-integralt '> F18. 1, 'n-lb/in')
END
SVBRQUTIHE GEOM(R,T)Cttttttttttttttfttttfttttf««« «« f1ttfffttffftftttf11 1 1 1 1 f1 1 «f1 fff1 1 ~ ff~ 1

CCffttftfftff«111111111~ 11«fffffffff«11111111111111«f f 1111111 ~ 1 f ~ ~ ~ ~ ~ ~ ~ ~
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WRITE(«, t)
WRITE( « ~ 2888)
READ(«, 1888) D
WRITE( f, 2828)
READ(«,1888)

T'=D/2.8
RETURN

1888 FORMAT(F12.4)
2888 FORMAT('nter Pipe Diameter: ', X)
282$ FORMAT('nter Pipe Wall Thickness< ', X)

EHD
SUBROUTIHE GETMAT(MLAB,E, SIGQ, EQ, SIGVLQ, AL> XH)

Ct«ttttttt««««««ttt««««««*««««««««««tttt«««««««««««kt
CCtt*tttttttttttttttt««ttt««««««««««««««tt«ttt«tttt««t

CHARACTER«35 MLABEL(3),MLAB
DATA MLABEL/'1$6 Gr B Carbon Steel Base Metal

1 384 Stainless Steel Weld Metal
2 GE EPRI Report Pipe Properties

«ttt«f«« «tftf«« «tk

'kttf«ttk«f f tt«k f f f

28

48

1888
2888
2828
2838

DATA NMAT/3/
CONTINUE
WRITE(k, 288$ )
DO 48 I=i,HMAT

WRITE(+,.2$2$ ) I,MLABEL(I)
CONTINUE

WRITE(t, t)
WRITE(+, 2838)
READ ( t,'188$ ) MAT
IF(MAT.LT 1. OR. MAT. GT. HMAT) GOTO 28
WRITE(t) «)
MLAB=MLABEL<MAT)
CALL MATPROP ( MAT> E~ SIGQJ EQJ SIGFLQ> ALJ XH )
RETURN
FORMAT(I1)
FORMAT('llowable Materials:')
FORMAT(I4,'. ',A35)
FORMAT('elect Pipe Material... ', X)
END
SUBROUTINE MATPROP<MAT, E, SIGQ, EQ, SIGFLO, AL, XH)

C*ttt«ttttttt«ttf'ttt««ft«t«k«t«tt«f«ttt«1«f kfkff tk f 0 tkkttf~ f ftff f f kf f f f
CCttttttf«« tf««« tttttf0 kfItft«fff«Ok« ftf fthm f 1« f fOff ~ f«f f f t f kf f f ~ kf ~ ~ ~ ~ 1 f

IF(MAT.EQ. 1) THEN
SIGQ-"2718$ . 8
SIGFL0=43688. 8
E=27. QE6
AL=1. 94
XH=4. 42
GOTO 188

EHDIF
IF < MAT. EQ. 2) THEN

SIGQ"-23888. 8
SIGFL0=42888. 8
E=25. 6E6
AL-"2. 13
XH"-3. 79
GOTO 188

ENDIF
IF (MAT. EQ. 3) THEN

SIGQ-"38888. 8
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SIGFLO=42888. 8
E=38. SE6
AL=1. 69
XH=5. 42
GOTO 1$ 8

ENDIF
18$ CONTINUE

ES=SIGS/E
RETURN
END
SUBROUTINE GEPROP ( AOB» XH ~ ROT» H 1 ~ H4 ~ Fl » V3 )

Ct1k 1 1 11*1111 111 1 1111 1 1 tf1 1 11 1 f1 f1 f1f111 1 11 1 1 11 11 1 1 1 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

C
C't t t 1 '1 1 1 1 '1 '1 'k 1 1 1' 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 t 1 1 1 1 t 1 1 1 1 1 1 1 1 1 1 t 1 1 1 1 1 1 1 1 1 f 1 1 t 1 1 1 1 k 1 ~

Hl=H1VAL(AQB»XH, ROT)
H4=H4VAL(AOB,XN, ROT)
Fl=F1VAL(AOB,ROT)
V3=V3VAL(AOB,ROT)
RETURN
EHD
FUHCTIOH H1VAL(AB»XN» ROT)Cttktftttkttttttttktf1 1111 111111111 1k ttff kf 1 1 1 1 1 f1 1 111 tk'tftf 1 ffkf kf ~ 1 1 1

C
Ct1111111111111 11111 1 ktf tk ~ t ~ 1 1 1 ktff1 1 1 1 1I 11 1 1 1 1 1 1 ~ 1 ~ ~ 1 1 1 1 1 1 1 k ~ 1 1 1 kf 1 1 ~

DIHEHSZON Hl(5, 4 ),, ABVAL(4),XNVAL(5),HOTVAL(3)
DATA Hl/4. 987, 6. 818, 6a 743, 7. 628» 7o 969»

1 5 361» 5 987» 6 281 ~ 6 311» 5 996»
2 5, 628, 5, 312, 4. 886, 3. 969, 3. 248,
3 3 646, 2. 682, 2. 185, 1. 424, 1. 835/

DATA hBVAL/S.QI625, 8. 125, $ . 25, 8 5/
DATA XNVAL/1~ 8, 2. 8, 3s 8, 5~ 8, 7 Ql/
DATA ROTVhL/5. 8, 18. 8, 28. Ql/
DATA HAB» HXH» NROT/4 ~ 5» 3/
AQB=AB
ZF(AOB. GT. ABVAL(HAB)) AOB=ABVAL(HAB)
DQ 48 I "-2, HAB

IF (AOB. LE. ABVAL(I ) ) THEN
Zi=I-1
Z2=I
GOTO 6$

ENDIF
48 CONTINUE
68 CONTINUE

DQ 88 J=2, HXH
IF ( XN. LE. XNVAL( J ) ) THEN

Jl=J-1
J2=J
GOTO 188

ENDIF
88 CONTINUE

1QIS CONTINUE
FRACA=(AQB-ABVAL(Z1))/(ABVAL(I2)-hBVAL(I1))
FRACH= (XH-XHVAL ( Ji ) ) / (XHVAL(J2) -XHVAL(Jl ) )

VAL1=H1(J1, Z1)+FRACHf (Hl(J2» Il)-H1(J1, Il) )

VAL2=H1(J1, I2)fFRACNt(H1(J2, Z2)-H1(J1, 12))
H1VAL=VAL1 FRACh (VAL2-VAL1)
RETURN
END
FUHCTIQH H4VAL(AB,XH, ROT)

C11 1 k 1 1 1k 1 1 f 1 tktfkf1 tf1 1 kf fkftktt 1 kf 1k f 1 1 1 1k 1 1 1 1 1 1 1 1 1 1 kf 1 f ~ ~ ~ 1 1 1 kf ~ ~ ~ f ~
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88
188

C»»»»
C
C»»»»

IF(AQB. LE. ABVAL(J)) T)(EH
Jl=J-1
J2= J
GOTO 188

EHDIF
CONTINUE

CONTINUE
FRACR=<RT-ROTVAL(I1))/(ROTVAL<I2)-RQTVAL(11))
FRACA=(AOB-ABVAL(Jl))/(ABVAL(J2)-ABVAL<Ji))
VAL1"-Fl<J1, Il)«FRACA»(Fl(J2i Ii)-F1<JliI1))
VAL2"-Fl(J1,Z2)«FRACA»(F1(J2, I2)-F1(J1, I2))
F1VAL=VAL1 FRACR <VAL2-VAL1)
RETURN
EHD
FUNCTION V3VAL ( AB> ROT )

»»»»» k»»»»»»»»»»»»»»»»»»»»»»»»»»»»» k»»»»»»»»»» f »»»»»» t »»» '» '»» '» '»»»» '»

»»»»»»»»»»»»»»»»»»»»»»f »»»»»»»»»»»tkt»»»»»» f »»»»»»»»»»»»»»»»»»»»»»

88
188

DIMENSION V3(4'), ABVAL(4),RQTVAL(3)
DATA V3/-. 865, 8. 883, 8, 389, 3. 925,

1 —.843, 8. 834 ~ 8. 584, 5. 117 ~

2 -. 878, 8. 828, 8. 626, 6. 795/
DATA ABVAL/8.8625, 8. 125, 8. 25, 8. 5/
DATA RQTVAL/5.8, 18. 8, 28. 8/
DATA HAB, NROT/4, 3/
AOB~AB
IF<AOB. GT. ABVAL(HAB)) AOB~ABVAL(NAB)
RT<ROT
RT"-18. 8
DO 48 I=2, NROT

IF ( RT. LE. ROTVAL( I ) ) THEN
Il=I-1
I2=I
GOTO 68

ENDIF
8 CONTINUE
8 CONTINUE

DO 88 J=2, HAB
IF(AOB. LE. ABVAL(J) ) THEN

J1=J-1
J2= J
GOTO 188

EHDIF
CONTINUE

CONTINUE
FRACR~(RT-RQTVAL(I1))/(ROTVAL(12)-RQTVAL(ll))
FRACA=(AQB-ABVAL(J1))/(ABVAL(J2)-ABVAL(J1))
VAL1=V3 ( Ji, Zi ) «FRACA» ( V3( J2, 11 ) -V3( J1, 11) )
VAL2 V3( Jl ~ I2) «FRACA» ( V3( J2J I2) V3( Ji ~ 12) )
V3VAL=VAL1«FRACR»(VAL2-VAL1)
RETURN
EHD
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TEARING STABILITY THEORY

The criteria for the stability of a cracked pipe under large loads were

discussed by Paris and Tada in Reference 1. These general criteria
involve only cgnsiderations of simple moment balance at the cracked

section of pipe and the concept of rebound compliance as defined by

Kaiser and Carlsson (2).

Consider the pipe system geometry in Figure l. A cracked pipe section

or plastic hinge is embedded in a statically indeterminant piping

system, actually a frame, and is carrying a moment, M, and has a hinge
'ngle,4 . The details of the piping system are unimportant here;

however, it is assumed to behave elastically to changes in moment at the

cracked section. That is, a change in moment at the cracked section

causes a proportional change in angle 4 due to the stiffness of the

attached piping system:

dM = K d(f>

The small, plastically deformed cracked section has its own compliance

properties, which are generally different from that of the piping'system

and may not even be linear. Under conditions of extreme loading, the

moment-carrying capability of the hinge decreases with increasing angle

due to crack growth and reduction of net moment- carrying section.

Figure 2 shows a hypothetical M - 4 curve for a short cracked section

loaded as illustrated. The rebound compliance, Cr, (2) is the non-

constant decending slope of the M - 4 curve. The rebound stiffness, Kr

(= 1/Cr), is a measure of the rate a which moment is shed from the

cracked section with increasing hinge angle:

dM
K„

d$

(2)



I

I

I

I
I
I
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In general, Kr is a function of < and is less than zero. The stability
condition developed by Paris (1) and Kaiser and Carlsson (2) states that

the moment shed by the cracked section during a perturbation or

variation in hinge angle can be picked up by the attached piping

system. That is

crack system

or

dM dM

I d0 < —
I

d$
crack dy system

From (1), this becomes

and

KdM
I crack s

dM
I K

crack s

(Stable)

(Unstable)

(5)

(6)

The quantity, Ks, can be calculated directly from the finite element

model of the piping system. However, short of actually obtaining

rebound stiffness data from full-sized cracked'ipe sections, the

criteria of equations 5 and 6 provide little practical use for
determining stability in a given case. 1Jhat is desired is a method for
determining fracture parameters from small test specimens and applying

these parameters to the pipe geometry of interest. One comnonly used

parameter is the (dimensionless) material tearing modulus, T~T, which

was proposed by Paris, et. al (3,4) to explain stable versus unstable

crack growth. In general, T~T has the form

E .dJ
mat o ~ da

C.2.2
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where E is Young's modulus, 2a is the crack length, o<

is the flow stress and J is the Rice J-integral (5).

The tearing modulus. can be determined from test data, such as J-R curves

developed from small specimens, and it is considered to be a material

property, at least under certain restrictions relating to the

applicability of J-controlled crack growth. The tearing modulus concept

has been extensively developed and applied to the stability of crack

growth of test specimens in relatively simple test machines (6).
Constant displacement boundary conditions are normally assumed in these

analyses (7), but these are not applicable to the pipe crack situation
discussed here. The material tearing modulus concept itself, however,

is useful, and will be used here to develop the stability conditions

equations 5 and 6 in terms of T~,T, rather than dM/dg
~

The following system equations will be used to transform Eqs 5 and 6:

M = M(a y) (8)

J(a,y ) (g)

2
dJ

mat
da E

(io)

C.2.3
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We let J have the usual deformation theory form (8), as

J = — J —' 4M =: j —') 44
M „ ~ a~

t . aa
M

t . aa
(11)

where t is the pipe wall thickness. In all equations we consider only

the crack growth and J integral at one crack front rather than both

crack fronts. On this basis, M is half the moment applied to the

pipe. See Figure 3.

From equations 5 and 6, it is apparent that the total derivative of M

with respect to g is desired:

dM = —) da + —) d>3M BM

aa a0 a

(12)

ol

3M da + Btl)
dy 3a )4 d4 34 a

(13)

The expression, da/d> , can be eliminated by using equations 9 and 11:

or

dJ
2

T
da E mat

—) - ——)
BJ j. aM d0
aa y t aa y a

C.2.4





Solving for da/dg

——) l —) - —' ]da 1 BM BJ
dp t Ba g Ba g E mat

(14)

Substituting equation 14 into equation 13, we find

(15)

The stability criterion, equation 5 can now be evaluated with equation

15

—) L
—

) - —'T t] BM)1 BM
~ BJ a '

t Ba 4 Ba p E ma
34 a s

or, in terms of TMAT

T > —— —) [K + —. ) ] + ——)
M ~

BM
-1

E BJ
mat o z t Ba g s Bg a a,~ Ba (16)

This expression is the general stability criterion equation 5 expressed

in terms of the material tearing modulus and system stiffness, Ks.

It is interesting to note that equation 16 is identical to the=tearing

modulus stability criterion developed by McCabe and Ernst (9) for a

cracked specimen embedded in a compliant structure under displacement

controlled boundary conditions. The'eometry for this case is shown in

Figure 4. Further, McCabe and Ernst point out that the stability
conditions equations 5 and 6 are implied by the Paris et al (3,4)

stability conditions

mat app
(Stable) (17)

C.2.5
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Tmat < T (Unstable) (17a)

where

T ——)
E dJ

app o 2 3a
0 (1S)

with

f + K M = constant (19)

The ability to derive equation 16 from equations 5 and 6 directly shows

that, rather than being only a consequence of equation 17, equations 5

and 6 are exactly equivalent to equation 17, and no assumption regarding

total displacements of the cr acked body and surrounding system, equation

19, are needed to perform the stability analysis.

Thus far, the stability condition equation 16 has been discussed in

terms of crack size, a, and hinge angle, < , as independent variables

(see equations 8 and 9). Useful expressions have been developed for J

and 4 as functions of a and M, however, (10), and in anticipation of
the use of these expressions, it is necessary to reformulate equation 16

in terms of J and g as functions of a and M. This can be done directly
with some algebraic manipulation and use of equation 11. The result is





8 5H SM
E BJ 3J a0

a
(20)

where

Equation 20 was initially derived from equations 17 and 18 by Hutchinson

and Paris (7) for displacement controlled boudary conditions in the "a,
M" independent variable system. However, it has been shown here that
this equation is also valid for the piping stability problem discussed

above, without references to constant displacement boudary conditions.

A lication of Tearin Stabilit Theor to Strain Hardenin Pi es

In order to apply the tearing stability expression, Equation 20, it is
necessary to evaluate in detail the various terms that appear in the

expression. Expressions for the J-integral and crack plastic'hinge
angle have been developed by General Electric Co. for the case of pure

moment loading on a pipe cross-section (11). These expressions are used

as the basis for the development of the necessary derivatives appearing

in the tearing instability expression. All derivatives are taken

explicitly to improve accuracy.

For strain hardening materials which obey a Ramberg-Osgood power

hardening law,

c/c, = a/a, + c( a /o,) "
, where

where a and n are material constants, the 0-integral and crack hinge

angle can be expressed as (11)

2
+ ~ c

b hl a/b, n, R/t)
Mo

mRF aM

I E
oob (21)
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where,

4RV3M
M

n
6 c

o
h

4 ( a /b, n, R/t ) (~)
(22)

F, V3

b

oo i<o
hy, h4

Mo

one-half the crack length.
one-half the applied moment on the cracked section.
tabulated geometry factors from Reference 11.

one-half the pipe circumference.
b-a

material yield stress and yield strain.
tabulated functions based on detailed finite element

0-integral modeling of cracked bodies.
one-half the moment required to make the cracked cross-
section fully plastic assuming elastic-perfectly plastic
behavior.

Mo
= 20fRM t [cos (p/2) p sin (y ) ]

2 1

Rm is the pipe mean radius.

a< is the material flow stress.
is one-half the crack angle.

Neglecting Cs, three other terms appearing in the tearing instability
expression must be evaluated. The evaluation of these terms is made

convenient if the expressions for the J-integral and hinge angle

presented above (equations 21 and 22) are rewritten as

J = Je + Jp

4 =
4e + 4p

where Je is the elastic contribution to the J-integral and corresponds

to the first term in equation 21 and Jp is the plastic contribution

C.2.8
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corresponding to the second term. The def initions of < and < aree p
similar. All derivatives can now be expressed as the sum of an elastic
part and a plastic par t. The necessary derivatives are taken

algebraically to yield the following expressions

—) = ~ [- —+ -]+ ~ [
3J 2 dF 1 n+1 dMo 1 1 1 1+ ——+ — - —]8a

M
e F da a p Mo da h> da a c

) = + J8 J e (n+1)
aM ~ M p

BM M

The derivatives of -tabular functions are obtained numerically from the

tables in Reference ll. The other expression needed is the derivative
of Mo with respect to crack length. This expression is

~fR t [ sin (v/2) + cos (Y) ]
dMo

The evaluation of piping system cracked section stability using equation
20 and the terms derived above was performed using the computer program

TEAR, attached as Listing 1.
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MPR ASSOCIATES
F-109-14" 5

9/12/86

APPLIED LOAD AND HINGE ANGLE FOR A CRACK
AND RESULTING PLASTIC HINGE IN A PIPING SYSTEM

FIGURE 1
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MPR ASSOCIATES
F-109-14-6

9/12/86

K.

A LOAD DISPLACEMENT CURVE FOR A SHORT PIPE
WITH EMBEDDED THROUGH-WALL FLAW

UNDER CONDITIONS OF LARGE MOMENT LOADING.
THE STIFFNESS, KI, FOR THE CRACKED SECTION IS SHOWN

FIGURE 2





MPR ASSOCIATES
F-109»14-7

9/12/86

2N

THE MOMENT LOADING AND FLAW SIZE
FOR THE FULL PIPE SECTION

FIGURE 3 *
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MPR ASSOCIATES
F-109-14-8
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CRACK

YIELDED j
I

I

EQUIVALENT CRACKED PIPE SECTION
SHOWING CONSTANT DISPLACEMENT BOUNDARY CONDITIONS

FIGURE 4
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8STORAGE:2
PROGRAM TEAR

C« ~ « ~ «« ~ ««k««««««««««« ~ ««««««««««f«««««««««««
C
C ««««««««««««k ««««««««««««««« ~ «««««««««««««««

CHARACTER«58 TITLE

««««««««««««« ~ ««««« ~ « ~ ~ ~ « ~

««««««« ~ ««««««« ~ ««««««««« ~

CHARACTER«35 MLABEL
DATA PI /3. 14159/
CONTINUE
WRITE(», «)
WRITE( «, 2888)
WRITE(«, «)
WRITE( «, 2828)
READ(«, 1888) TITLE
WRITE(«, «)
CALL GETMAT(MLABEL,E, SIGQ, EQ, SIGFLOf ALf
CALL GEOM(R, T)
ROT-"R/T
D~2«R
WRITE(«.«)
WRITE( «, 2848)
READ(«, 1828) AOB
WRITE(«, «)
WRITE(+, 2868)
READ(«,1828) XLR
WRITE( «, 2888)
READ(«, 1828) XM
CONTINUE
XI=PI«(R««4-(R-T)««4)/4. 8
B=PI«R
A=B«AOB
C=B-A
GAMMA=PI«AOB
CALL GEPROP (AOB~ XN ~ ROT> Hl ~ H4~ Fl ~ V3» Hl) ~

DH1DA=H1P/B
DF1DA=F1P/B
DV3DA=V3P/B
TRIG=COS(GAMMA/2.8)-SIN(GAMMA)/2.8
XM8=2.8«SIGQ«R«R«T«TRIG
DMQDA=-SIGQ«R«T«(SIN(GAMMA/2.8) «COS(GAM
IF(XM.LT. 8. 8) THEN

XMMQ=-XM
XM=XMMQ«XMQ

ELSE
XMMQ~XM/XMQ

ENDIF

XN)

FlP, VQP)

MA))

C ««««Qa)Q J ««««
XJE=PI«A«R«R«F1«F1«XM«XM/(XI«XI«E)
XJP=Ak.«SIGQ«EQ«C«h«H1«XMMQ««(XNvl)/B
XJ-"XJE«XJP

C ««««gal~ FC ««« ~

FCE=4.8«R«XM«V3/(XI«E)
FCP=AL«EQ«H4«XMMQ««XN
FC=FCE«FCP

C «««« dada at m

DJEDA=XJE» (2. Q«DF1Dh/Fl«l. 8/A)
DJPDA=XJP«(-(XN+1.8)«DMQDA/XMQ«DH1DA/Hi
DJDA=DJEDA«DJPDA

C «««« dgdm at a
DJEDM"-2. 8«XJE/XM

«1. 8/A-1. 8/C)
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, XLR, XJ, TEARV» )'C)

ulua')

M, XMMQ. XL)(, XJ,

DJPDM=XJP«(XH+1. 8) /XM
DJDM=DJEDM«DJPDM

C «««« dfcda at m « ~ ~ «

DFCDA=T«DJUM 4

C *«««dfcdm at a
DFCEDM=FCE/XM
DFCPDM=XH«FCP/XM
DFCDM=DFCEDM+DFCPDM

C «««« calc TEAR
XLEFF<R«XLR
CEFF=„XLEFF/(E«XI)
TEARV"-(DJDA-DJDM«DFCDA/(CEFF+DFCDM))«E/S16$««2
CQLOAD-"SIGFLO/SIG8
FC=FC«188. 8/PI
CALL OUTPUT (TITLE» MLABEL»AOB» D» T» CQLQAD» XM~ XMM8
WRITE(«, «)
WRITE( ~, 2188)
READ(+,1848) HCH
IF(HCH. EQ. 8) STOP
IF ( HCH. EQ. 1 ) THEH

W R IT E (, 2868 )
READ(+,182$ ) XLR
GOTO 48

EHDIF
IF ( HCH. EQ. 2) THEH \

WRITE( , 2888)
READ(«, 1828) XM
GOTO 48

EHDIF
IF(HCH. EQ. 3) THEN

WRITE( «, 2848)
READ(«, 1828) AOB
GOTO 48

EHDIF
GOTO 28
STOP

1888 FORMAT(A)
1828 FORMAT(F12.4)
1848 FORMAT(I2)
2888 FORMAT('EAR- Proqram to Calculate Tearir»q Mod
2828 FORMAT( 'nter Problem Title: ', X )
2848 FORMAT('nter Crack Lenqth (a/b): ', X)
2868 FORMAT('nter System Compliance (L/R) ', X)
2888 FORMAT('nter Applied Moment (in-lb): ',X)
2188 FORMAT('nter:',/,

1 8 to quit', /,
2 ' to chanqe L/R'., /,
3 ' to chance M ',

/.',' to dhanqe a/b ', X)
EHD
SUBROUTIHE QU')'PUT(')'ITLE, MLABEL,AQB» D, T, COLUAD» X

1 TEARV, FC)
C«««««««««««««««««««««««««««««««««««««««««««««««««« ~ ««
C
'C « '«««««« '««««««««««««««««««««««««««««««««* «««««««««««««

CHARACTER«58 TITLE
CHARACTER«35 MLABEL
DO 48 I=1, 24

WRITE(«, «)
48 CONTIHUE



1588
2888
2828
2848
2868
2888
2188
2118
2128
2148
2168
2188
2288

WRITE(+, 1588)
WRITE(k, 2888) TITLE
WRITE(+, 1 )

WRITE( 1, 2828) MLABEL
WRITE(+, 2848) AOB
WRITE(1, 1)
WRITE( 1, 2868) D
WRITE( 1, 2888) T
WRITE(+, 1)
WRITE( t ~ 2118) XM
WRITE( 1, 2128) XMMS
WRITE( 1, 2188) COLOAD
WRITE( 1, 214$ ) XLR
WRITE(k, 1)
WRITE(+> 2168) XJ
WRITE( 1, 2188) TEARV
WRITE(+, 2288) FC
WRITE( 1, 1 )
RETURH
FORMAT('EAR: Calculation of Tearinq Modulus'. /
FORMAT(ASS)
FORMAT(A35)
FORMAT('rock Length (a/b): ', FS. 3)
FORMAT('ipe Diameter: ', F6. 3, 'nches')
FORMAT('ipe Wall Thickness: ', F6. 3, 'nches'
FORMAT('lastic Collapse/Yield Load: ', F4. 2)
FORMAT('pplied Moment: ', F12. 1, 'n-lb'),
FORMAT('pplied Load/Yield Load: ', F4. 2)
FORMAT('Ystem Compliance (L/R): ', F18. 8)
FORMAT('-inteqral: ', F18.1, 'n-lb/in» ')
FORMAT ( 'earinq Modulus: ', F18. 1 )

FORMAT( 'inge Angle) ', F6. 1, 'egrees'
EHD
SUBROUTINE GEOM(RIT)

Ctfkttt»1 1 11 1 1 1 1 1 1111 1111 1 f 1 1 ff1 1 tkf 1 f 1 ttf1 ktfkt ~ 1tf 1 1

C
Cktttktttff1'»1k» f11 111»ff 1 111 tf1 1 k» 1 1 1 1 1 1 »111k »11 1 1 111

ttf1 1 1 1 1 1 1 1 1 1 1 1

1 ~ 1 1 11 1 1 1 tfk»kf 1 t

1888
2888
2828

WRITE(k,k)
WRITE( 1, 288$ )

READ(», 1888) D
WRITE(+,2828)
READ(k, 1888) T
R=D/2. 8
RETURH
FORMAT(F12.4)
FORMAT('nter Pipe Diameter: ',X)
FORMAT('nter Pipe Wall Thickness:
EHD
SUBROUTINE GETMAT(MLAB,F., SIGS, ES, SIGFLU, AL, XH)

Ctkff1 11»ff 11»kt»11111 111 111 1 11111 1 1 1 1 1 ~ 111 111*1 1 f 1111
C

~ 1 1 1 1 1 1 f 1 1 1 1 f 1 1 ~

Ckkftkftttttttttttftt~ fff*tttf11 ttkff1 tff1f 1 11 f1 k»1 ff1
CHARACTER»35 MLABEL(3),MLAB
DATA MLABEL/'186 Gr B Carbon Steel Base Metal

'84Stainless Steel Weld Metal
2 GE EPRI Rcport Pipe Properties

DATA HMAT/3/
WRITE(1,.2888)
DQ 48 I"-1,HMAT

WRITE(+, 2828) I, MLABEL(I)

fkffkkttfkffkffkt
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48

1888
2888
2828
2838

CONTINUE
WRITE( I, I )
WRITE(k, 2838)
READ( I, 1888) MAT
WRITE(», I )
MLAB=MLABEL(MAT)
CALL MATPROP(MATIE~ SIG8I E$ > SIGFLO~ AL XH)
RETURN
FORMAT(I1)
FORMAT('llowable Materialat')
FORMAT(I4, '. ' A35)
FORMAT('elect Pipe Material... '> X)
END
SUBROUTINE MATPROP (MATr E, SIG$ , E$ , SIGFLU> AL» XH

Ct IIIItIk I*IIIIIIIIIIII I IIIIIIIIIIIII I III II I I I IIII I I k II I II I f I I IIIIII I I I
C
C It IIIIIIIIIIIIIIIIIIIt fIIIIIIIIIIIIIIIt t III It t I t IIIIIII I It t I III f I I I I I k

IF (MAT.EQ 1 ) THEN
SI 68=27188. 8
SIGFLO=43688. 8
E=27. 8E6
AL=1~ 94
XH"-4. 42
GOTO 188

EHDIF
IF (MAT. EQ. 2) THEN

SIG8=23888. 8
SIGFLO=42888.8
E=25. 6E6
AL-"2. 13
XH"-3. 79
GOTO 188

ENDIF
IF(MAT.EQ. 3) THEN

SIG8=38888.8
SIGFLO"-42888. 8
E"-3$ . 8E6
AL"-1.69
XH-"5. 42
GOTO 188

ENDIF
CONTINUE
E$ =SIG$ /E
RETURN
EHD
SUBROUTINE GEPROP(AOB, XN, RQT, H1, H4, F1, V3, M)l', F1l, V3I')CIIII'kttkkkkktktkt*IIIII»IIIIIf 1111 1111 1111»f IIffIf

C
Ckktkkkt'IIIIIktttfkkktkfI IkItfI Ikf I tkfI tfI I I I IO'IkfI

H1"- H1 VAL( AOB, XH, ROT )
H4=H4VAL(AOB,XN, ROT)

ftt~ tfffkf~ ktfff~ I

III~ I I I I I ~ I ~ I I I I I I I I

F1=F1VAL(AQB,ROT)
V3=V3VAL(AOB,RQT)
HlP"- DH 1 ( AOB, XN, ROT )
F1P=DF1(AOB,RQT)
V3P"-DV3(AOB,ROT)
RETURN
END
FUNCTION DH1 (AOB, XH, ROT)

Ckft» ~ ~ Ikf»I'kkkkffkfkftktff1IIIffkfIIIkfkttff~ Ifwffkf I I ~ ff~ I ~ If» ~ I I I I ~ I ~
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CCI*'tttkktttffttffttffftf1tff111111 Iftkfftkt ~ tftfttfI I I f1 1 tfIII I I I 1 I I III
DATA DEL/8.85/
IF(AQB. LT. 8. 125> THEN

A1=8. 8625
A2=8. 125

ENDIF
IF(AOB. GE. 8. 125. AHD.AOB.LT. 8 2S) THEN

A1=8. 12S
A2"-8s 25

ENDIF
IF(AOB. GE. 8. 25) THEN

A1=8. 25
A2"-8. 5

ENDIF
~ DH1 (H1VAL(A2,XH, ROT)-H1VAL(A1,XN, ROT) > I (A2-A1)
RETURN
EHD
FUNCTION DF1(AQB,RQT)

C III I' IIIIIIIIIIIIIIIIt IIIf IIIIIfIIIIt I t IIIII t I I I III I III I f I I I I I I I I I I ~ I I
CCktttkttttttkttftttf111111111 IIftfIttkIItIIIII11 I IIItftftft I I I I Itf I I f I I

, DATA DEL/8. 85/
IF(AQB, LT. 8. 125) THEN

A1=8. 8625
A2~8i 12S

ENDIF
IF(AOB. GE. 8. 125. AND. AOB. LT. 8. 25) THEN

A1=8. 125
A2~8. 25

ENDIF
IF (AOB. GE. 8. 25) THEN

A1=8. 25
A2"-8. 5

ENDIF
DF1= (F1VAL(A2,ROT) -F1VAL(A1,NOT) ) / (A2-Al )

RETURN
EHD
FUNCTION DV3(AOB, ROT>

CkfIIIIIIIII'IIIIIIIIIIIIIIIIIIIII I tffkfkkfkfffIIII~ 1111111 11111 ~ III IIII
C
CI ~ IktfkkkkkfIkt111111111111111kfk ~ kkkf111111 11111 ~ I ~ kk ~ ~ I ~ I I I ~ ~ ~ kf ~ ~ I<

DATA DEL/8. 85/
IF(AOB. LT. 8. 12S) THEN

A1=8. 8625
A2=8. 125

EHDIF
IF(AOB. GE. 8 125. AHD. AOB. LT. 8. 25) THEN

A1=8. 125
A2=8. 25

ENDIF
IF(AOB. GE. 8. 25) THEN

A1~8. 25
A2=8. 5

EHDIF
DV3=('V3VAL(A2,ROT)-V3VAL(A1,ROT))/(A2-A1)
RETURN
END
FUHCTIQH H1VAL(AB,XH, ROT)

Ckkkkkkkkkkkkf111111111111111 ~ I ~ I ~ I ~ ~ I 11111 ~ ~ I ~ ~ 1 I 111111111 ~ kf ~ 1 ~ ~ I tf I ~



I

I
I

I



C t t t t t t*»t k k t t t t k t t 1 t t t t t t t t t t t t t t » t t t » t k t t k t t t » t ~ » t t t k t k t t k ~ k 5 t » t t k k *t
DIMENSION Hl(5, 4), ABVAL(4)~ XHVAL(5),HUTVAL(3)
DATA Hl /4. 987, 6. Sle, 6. 743, 7. 42$ , 7. 9f 9,

1 5. 361, 5. 9e7, b. 281, 6. 311, 5. 996,
2 5. 628, 5. 312, 4. 886, 3. 969, 3. 248'

3a 646~ 2a 682» 2a 185a 1 ~ 424> 1 ~ 835/
DATA ABVAL/S.8625, S. 125, S. 25, S. 5/
DATA XNVAL/laSa 2. 8, 3. 8, 5. 8, 7. 8/
DATA ROTVAL/5a 8~ 18 8~ 28 8/
DATA NAB, HXHa NROT/4,5,3/

'AOB=AB
IF(AOB. GTa ABVAL(HAB)) AOB=ABVAL(HAB)
DO 48 Z=2, NAB

IF(AOB, LEahBVAL(I)) THEN
Il=I-1
Z2-"I
GOTO 68

ENDIF
48 CONTINUE
68 CONTINUE

DO 88 J=2, HXN
IF(XH. LE. XHVAL(J) ) THEN

Jl"-J-1
J2= J
GOTO 188

ENDIF
88 CONTINUE

188 CONTINUE
FRACA= (AOB-ABVAL(Zl ) ) /(ABVAL(12)-ABVAL(11) )
FRACN= (XH-XNVAL(Jl ) ) / (XNVAL(J2) -XNVAL(Jl ) )
VAL1=H1 ( Jl, Zl ) +FRACH» (Hl ( J2, Zl ) -Hl ( Jl, 11 ) )
VAL2=H1 ( Jl, Z2) »FRACH» (Hl ( J2, I2) -Hl ( Jl, 12) )

H1VAL=VAL1»FRACA»(VAL2-VAL1)
RETURN
EHD
FUNCTION H4VAL(AB,XH,ROT)

C t t t t t t t k t t t t k t k t t t k t t t t t t t t t t t t t t t k k t t k t f t 1 t t t k t f » t t k t t t k t k k t t t t t k t k t t
C
C t t t t t t t t t t t t t t t t » t t t ft t t t t » t t t t t t »» ~ t t t t » t k t ~ t f t t t k k t k t k t k % t t t k t t ~ » t k ~

DIMENSION H4 (5. 4), ABVAL(4), XHVAL(5). ROTVAL(3)
DATA H4/-. 194, 8. $78, 8. 144, 8. 2ee, S. 429,

1 S. 136, 8. 565, S. 7e3. 1. 119, 1. 317,
2 1. 459, 2. 898, 2. 334, 2. 38e, 2. 849,
3 5. 384, 4. 283, 3. 232, 2. 849, 1. 488/

DATA ABVAL/S.$ 625, 8. 125, S. 25, S. 5/
DATA XHVAL/1.8, 2. 8, 3. 8, 5. 8, 7. 8/
DATA ROTVAL/5. 8, 18. 8, 2$ . 8/
DATA NAB, HXH, HROT/4, 5, 3/
AOB=AB
IF(AOB.GT.ABVAL(HAB)) AOB=ABVAL(HAB)
DO 48 Z=2, NAB

IF(AOB. LE. ABVAL(I)) THEN
I1~I-1
I2=I
GOTO 68

EHDIF
48 CONTIHUE
68 CONTINUE

DO 88 J=2, HXH
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IF(XN. LE. XHVAL(J ) ) THEN
Jl=J-1
J2=J
GOTO 188

ENDZF
88 CONTINUE

188 CONTINUE
FRACA-"< AOB-ABVAL(I1)) /(ABVAL(I2) -ABVAL(I1)
FRACH= (XH-XHVAL(Jl ) ) /(XHVAL(J2) -XNVAL(J1 ) )
VAL1~H4(J1,Z1)+FRACN«<H4(J2,Il)-H4(J1,11))
VAL2~H4(J1,12)+FRACH«(H4(J2,Z2)-H4(J1, l2))
H4VAL=VAL1+FRACA«(VAL2-VAL1)
RETURN
END
FUNCTION F1VAL(AB,ROT)

C««««««««««««««««««««««««««*««««««««««««««««««««
C
C«««««««««««««««««««««««r«««««««««««««««««««««««

DIMENSION Fl(4,3),ABVAL(4),ROTVAL(3)
DATA Fl/1 ~ 846, l. 143, 1 ~ 423, 2. 555,

1 1 ~ 878' ~ 219t 1 ~ 599' 896/
2 l. 118, 1. 343, 1 836, 3. 337/
,DATA ABVAL/8.8625, 8. 125, 8. 25, 8. 5/
DATA ROTVAL/5. 8, 18. 8, 28. 8/
DATA NAB, NROT/4, 3/
AOB"-AB
ZF(AOB.GT.ABVAL(NAB)) AOB"-ABVhL(HAB)
RT=RQT
RT"-18. 8
DO 48 I-"2, NRQT

ZF<RT. LE. ROTVAL(I)) THEN
Il=?-1
12=I
GOTO 68

ENDIF
48 CONTINUE
68 CQHTIHUE

DO 88 J=2, NAB
IF (AOB. LE. ABVAL(J ) ) THEH

Jl=J-1
J2=J
GOTO 188

EHDIF
88 CONTZHUE

188 CONTINUE
FRACR=(RT-ROTVAL<I1))/(RQTVAL(12)-ROTVAL(1
FRACA-"(AOB-ABVAL(J1))/(ABVAL(J2)-ABVAL(J1)
VAL1=F1(Jl, Il) FRACA (Fl(J2. Il)-Fl(Jl.11))
VAL2=F1 < Jl, Z2) «FRACA«<Fl ( J2, 12)-F1( Jl, 12) )

F 1 VAL=V AL1+ FRACR«( VAL2-VAL1 )
RETURN
EHD
FUNCTION V3VAL(AB,ROT)

C««««««k««««««««««««««««««««««1«««««««««««tf««««
C
C«k «««««««*k «««««««««« t «««««««««««««« ~ ««««««««««

DIMENSIOH V3(4, 3), ABVAL(4), ROTVAL(3)
DATA V3/-. 865, 8. 883, 8. 389, 3. 925,

1 -. 843> 8. 834. 8. 584, 5. 117,
2 —.878, 8. 828, 8. 626, 6. 795/

«««««««««««««««««««««««

«««««««««««««««««««««««

t ««««««««««« t « ~ ««« ~ ~

«%«««««« ~ «« ~ ««tf «
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DATA ABVAL/S.8625, S. 125, S. 25, 8. 5/
DATA ROTVAL/5. 8, 18. 8, 28. 8/
DATA NAB, HROT/4, 3/
AOB»- A B

IF<AOB. GT. ABVAL(HAB)) AUB=ABVAL(NAB)
RT<ROT
RT"-18. 8
DO 48 I=2,NROT

IF < RT. LE. ROTVAL(I ) ) THEN
I1~ I-1
I2&I
GOTO 68

EHDIF
48 CONTINUE
68 CONTINUE

DO 88 J~2, HAB
IF(AOB. LE. ABVAL(J) ) THEN

J1=J-1
,J2~ J
GOTO 188

ENDIF
88 CONTINUE

188 CONTINUE
FRACR"- (RT-ROTVAL(I1)) /(ROTVAL(12)"ROTVAL(I1 ) )

FRACA=(AOB"ABVAL(J1))/<ABVAL(J2)-ABVAL(J1))
VAL1<V3(J1) 11)iFRACA~(V3(J2,11)-V3(J1,11))
VAL2-"V3(J1, I2)iFRACA~(V3(J2~12)-V3(Jl, 12))
V3VAL=VAL1iFRACR~(VAL2-VAL1)
RETURN
EHD
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DETERMINATION OF MATERIAL PROPERTIES

The Susquehanna Steam Electric Station (SSES) recirculation system

piping and outlet nozzle safe ends are Type 304 stainless steel. The

recirculation system reactor inlet nozzle safe ends are Type 316L

stainless steel. This latter material is low carbon compared to the
standard Type 304 stainless steel and has much greater resistance to
intergranular stress corrosion cracking (IGSCC).

Fracture mechanics analyses were performed for the recirculation piping
geometric cross section and nominal tensile properties for 304 stainless
steel at 550 F. Results of the analyses conservatively bound possible
fracture mechanics analyses of the thicker safe end cross section since
stresses are higher in the pipe side of the weld. Required material
properties for the analyses can be broken into three groups, as follows:

Stress-Strain Coefficients

The tear ing stability theory used in fracture mechanics analyses

accounts for strain hardening effects. Large strain stress-strain data

for Type 304 stainless steel was obtained from Reference 1. This data

was used to fit the strain hardening coefficients o and n as e = 2.13

and n = 3.79 at 550 F.

Tensile Pro erties

Material properties which fall under the grouping of tensile properties
include the material modulus. of elasticity, the yield stress, and the
flow stress. The modulus of elasticity was obtained as the ASME Boiler
and Pressure Vessel Code specified minimum value, E=25600 ksi. The

yield stress was chosen as the yield strength of the material used to
describe the material stress-strain curve, 23.0 ksi. The flow stress is
three times the material design stress intensity from the ASME Code as

recomnended in Reference 2, 50.7
ksi.'.1
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Fracture Pro erties

The fracture mechanics analysis methodology requires two material
fracture properties, the material crack initiation potential, JIC, and

the material tearing modulus, TMAT. Both JIC and TMAT can be obtained

from J-resistance curves available in the literature. JIC is the value

of the crack driving potential (the J-integral) at which crack

initiation is observed. The material tearing modulus is obtained from

the slope of the J resistance curve as

E dJT
mat 2 da

Go

The data used to define JIC and TMAT was obtained from Reference 3 for
cast stainless steel at 550 F. JIC and TMAT were determined for cast
stainless steel since this represents lower bound material performance

for these alloys and is representative of weld metal. JIC was obtained
from the lower bound J-R curves for cast stainless steel at 550 F. The

lower bound values for JIC was found to be 992 in-lb/m . Lower bound

material tearing resistance was obtained by measuring the slope of the
J-resistance curve at significant crack extensions (greater than 60

mils). The modulus of elasticity and yield stress listed above were

used to translate the material tearing resistance, dJ/da, to the
dimensionless form of TMAT=182.

References

l. Aerospace Structural Metals Handbook, Volume 2, Code 1303, p. 13.

2. EPRI NP-2472-SY, Volume 1, "The Growth and Stability of Stress
Corrosion Cracks in Large Diameter BWR Piping," July 1982.

3. J. P. Gudas and D. R. Anderson, "J-R Curve Characteristics of
Piping Material and Welds," 9th Hater Reactor Safety Research
Information Meeting, October 29, 1981.
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N~> TSO ROUND HARDCOPY >>ww PRINTED 86287.0938
DSNAHEMTRENK.DON1. DATA
VOL=DSK510

el

PSI/ZSZ EXAMINATIONHISTORY * ' " — \ " " -d

HELD ZD: VRRB311-FH-Al,
DESCRIPTION: N1A SAFE-END TO PIPE (UNIT «1)
MATERIAL UPSTREAM: SA336 CL FB
MATERIAL DOHNSTREAH: SA 358 TP304 CLl" IGSCC COUNTERMEASURES: ZHSZ (FIRST REFUEL - SPRING '1985)

EXAMINATION TYPE OF NDE EXAM
REQUIREMENT EXAMINATION PROCEDURE DATE

VRRB311-FH-Al —'""
ASHE "XZ ' SUR -SHRI-NDT-200-1 "" 04/85'EMARKS
80H80

ASHE XI VOL SHRI-NDT-600-31 04/85 INSPECTION PERSONNEL QUALIFIED TO EPRZ IGSCC
80H80 PROGRAM

NUREG " 'VOI '' ' 'SHRZ-NDT=600-31 '3/86" INSPECTION PERSONNEL QUALIFIED TO'PRI'GSCC
0313 PROGRAH

ASHE XI '

VOL NES 80A2771 09/81 INSPECTION PERSONNEL QUALIFIED TO ASNT"TC"lA
74S75

QUALIFICATION

REQUALIFICATION

ASHE 'IZ-" RT/PT CONSTRUCTION CODE NDE

HELD ID: VRRB311-FH-A19H
DESCRIPTION: PIPE TO N2K SAFE-'END (UNIT «1)
MATERIAL UPSTREAM: SA376 TP304 SHLS
HATERIAL DOHNSTREAH: SA-182 GR F316L FORGED==---IGSCC COUNTERHEASURES:- CORROSION RESISTANT CLADDING

EXAMINATION TYPE OF 'DE
REQUZREHENT EXAMINATION PROCEDURE

— —---:VRRB311-FH-A19M---"'- ASME"XZ"-----SUR-
80H80

ASHE XI 'OL '

80H80

EXAM
DATE REMARKS

TO BE'XAHZNED FOR SECTION XI CREDIT DURING'THE'IRST'INTERVAL

TO BE EXAMINED FOR SECTION XI CREDIT DURING THE FIRST INTERVAL

--ASHE-XZ ----'OL---—--—-- NES 80A2787 —=.—— '-- 06/82 —INSPECTION PERSONNEL QUALIFIED TO ASNT-TC-lA
74S75

ASHE IZI "' RT/PT' " ' '
"CONSTRUCTION CODE NDE
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PSZ/ISI EXAMINATIONHISTORY

HELD ID: VRRB312-FN-B15H
DESCRIPTION: PIPE TO N2A SAFE-END [UNIT 01)
MATERIAL UPSTREAM: SA376 TP304 SHLS
MATERIAL DOmTREAH: SA-182 GR F316L FORGED
IGSCC COUNTERMEASURES: CORROSION RESISTANT CLADDING

VRRB312-FN-B15H ASHE XI
80N80

ASHE XZ
80N80

VOL

EXAHINATZON TYPE OF NDE
REQUIREMENT EXAMINATION PROCEDURE

EXAM
DATE REMARKS

TO BE EXAHINED FOR SECTION XZ CREDIT DURING THE FIRST INTERVAL

TO BE EXAMINED FOR SECTION XI CREDIT DURING THE FIRST INTERVAL

ASHE XZ
74S75

ASHE ZIZ

VOL

RT/PT

NES 80A2787 06/82 INSPECTION PERSONNEL QUALIFIED TO ASNT-TC-lA

CONSTRUCTION CODE NDE

HELD ID: VRRB312-FN-B16H
DESCRIPTION: PIPE TO N2B SAFE-END (UNIT Cl)
MATERIAL UPSTREAM: SA376 TP304 SHLS
MATERIAL DDAlSTREAH: SA-182 GR F316L FORGED
IGSCC COUNTERMEASURES: CORROSION RESISTANT CLADDING

VRRB312-FH-B16H

EXAHINATION
REQUIREMENT

ASHE XI
80H80

TYPE OF NDE
EXAHINATZON PROCEDURE

SUR

EXAM
DATE REHARKS

NO EXAM SCHEDULED

ASHE XZ
80H80

ASHE XI
74S75

ASHE ZII

VOL

VOL

RT/PT

80A2787

NO EXAM SCHEDULED

06/82 INSPECTION PERSONNEL QUALIFIED TO ASNT-TC-1A

CONSTRUCTION CODE NDE
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PSI/ZSZ EXAMINATIONHISTORY

MELD ID: VRRB312-FN-B19M
DESCRIPTIOH: PIPE TO N2E SAFE"EHD (UNIT 01)
MATERIAL UPSTREAM: SA376 TP304 SMLS
MATERIAL DO'i0)STREAM: SA-182 GR F316L FORGED
IGSCC COUHTERMEASURES: CORROSION RESISTANT CLADDING

VRRB312-FH-B19M ASME XI
80M80

ASME XZ
80M80

ASME
74S75

ASME ZIZ

SUR

VOL

VOL

RT/PT

NES 80A2787

EXA)%NATION TYPE OF NDE
REQUIREMENT EXAMINATION PROCEDURE

EXAM
DATE REMARKS

ND EXAM SCHEDULED

HO EXAM SCNEDULED

06/82 ZNSPECTIOH PERSONNEL QUALIFIED TO ASNT-TC-lA

CONSTRUCTION CODE NDE

MELD ID: VRRB313-FN-A-1
DESCRIPTZOH: N1A SAFE-END TO PIPE (UNIT 02)
MATERIAL UPSTREAM: SA336 CL F8
MATERIAL DOXNSTREAM: SA 358 TP304 CL1
IGSCC COUNTERMEASURES: ZHSZ (PRE-COMMERCIAL OPERATION)

VRRB313-FN-A-1 ASME XI
80M81

ASME XI
80M81

NUREG
0313

ASME XI
74S75

ASME III

VOL

VOI.

VOL

RT/PT

NES 80A2771

EXAMINATION TYPE OF NDE
REQUIREMENT EXAMINATIO'H PROCEDURE

EXAM
DATE REMARKS

TO BE EXAMINED FOR SECTION XZ CREDIT DURING THE FIRST INTERVAL

TO BE EXAMINED FOR SECTIOH XZ CREDIT DURING THE FIRST INTERVAL

09/86 INSPECTIOH PERSONNEL QUALIFIED TO EPRZ IGSCC REQUALIFZCATZOH

06/83 ZHSPECTIOH PERSONNEL QUALIFIED TO ASNT"TC-lA

COHSTRUCTION CODE NDE
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PSI/ISI EXAMINATIONHISTORY

HELD ID: VRRB313-FH-A-18
DESCRIPTZOH: PIPE TO H2J SAFE-END (UNIT 02)
MATERIAL UPSTREAM: SA376 TP304 SMLS
MATERIAL DOHHSTREAM: SA-182 GR F316L FORGED
IGSCC COUHTERMEASURES: CORROSION RESISTANT CLADDING

VRRB313"FN"A-18

EXAMINATIOH
REQUIREMENT

ASME XZ
80H81

TYPE OF HDE
EXAMIHATIOH PROCEDURE

SUR

EXAM
DATE REMARKS

HO EXAM SCHEDULED

ASME XI
80N81

ASME XI
74S75

ASME III

VOL

VOL

RT/PT

HES 80A2787

ND EXAM SCHEDULED

04/83 IHSPECTIOH PERSOHNEL QUALIFIED TO ASNT-TC-1A

CONSTRUCTION CODE NDE

HELD ID: VRRB313-FN-A-19
DESCRIPTIOH: PIPE TO N2K SAFE-END (UNIT 02)
MATERIAL UPSTREAM: SA376 TP304 SMLS
MATERIAL 00h~TREAM: SA-182 GR F316L FORGED
ZGSCC COllHTERMEASURES: CORROSSIOH RESISTANT CLADDING

VRRB313-FN-A-19 ASME XI
80N81

ASME XI
80W81

ASME XI
74S75

ASME IZZ

VOL

VOL

RT/PT

NES BOA2787

EXAMINATIOH TYPE OF HDE
REQUIREMENT EXAMINATION PROCEDURE

EXAM
DATE REMARKS

TO BE EXAMIHED FOR SECTZOH XZ CREDIT DURIHG THE FIRST INTERVAL

TO BE EXAMINED FOR SECTION XI CREDIT DURING THE FIRST INTERVAL

04/83 IHSPECTZOH PERSONNEL QUALIFIED TO ASNT-TC-1A

COHSTRUCTIOH CODE NDE
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PSI/ISZ EXAHINATIOiVHISTORY

HELD ZD: VRRB314-FH-B-15
DESCRIPTION: PIPE TO N2A SAFE=END, (UNIT. OR).
HATERZAL UPSTREAM: SA376 TP304 SMLS
MATERIAL DOHNSTREAM: SA-182 GR F316L FORGED
IGSCC COUNTERMEASURES: CORROSION RESISTANT CLADDZNG—

EXAMINATION TYPE OF NDE . EXAM
REQUIREMENT EXAMINATION. PROCEDURE, - DATE- REMARKS

VRRB314"FM-8=15=-. ASME XZ = .,SUR.. ':, . - ~ '-
. NO-EXAM SCHEDULED-

80M81

ASHE XZ VOL NO EXAM SCHEDULED
80M81

ASME XZ .~ .VOL:: .. NES.80A2787, = '. = 04/83- INSPECTION-PERSONNEL'lUALI- FIED TO-ASNT-TC-lA-
74S75

ASME ZZZ RT/PT CONSTRUCTION CODE NDE

HELD ID: VRRB314-FN-B-19
'ESCRIPTION:PZPE TO N2E SAFE-END (UNIT. 02)

MATERIAL UPSTREAM: SA376 TP304 SHLS
HATERIAL DOMNSTREAM: SA-182 GR F316L FORGED
IGSCC COUNTERMEASURES: CORROSION RESISTANT CLADDING

EXAMINATION, TYPE OF ., NDE
REQUIREMENT EXAMINATION PROCEDURE

VRRB314-FH-B-19 ASHE XZ SUR
80N81

ASME XZ ,. VOL
80N81

EXAM ...
DATE REMARKS

NO EXAM SCHEDULED

NO EXAM SCHEDULED

ASHE XZ VOL
74875

r '... ASHE IZZ RT/

NES 80A2787 04/83 INSPECTION PERSONNEL QUALIFIED TO ASNT-TC-lA

CONSTRUCTION. CODE NDE
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