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INTRODUCTION AND EXECUTIVE SupmARY*o

,

On September li and 2, 1983, the CSNI subcommittee 'on primary system
t

integrity held a special meeting in Monterey, California, on the subject of
,

: leak-before-break in nuclear reactor piping systems. The purpose of the
'

meeting was to provide an international forum for the exchange of ideas,,

; positions, and research . results; to identify areas - requiring additional
{: research and development; and to determine the p'eneral attitude towardit acceptance of the . leak-before-break concept. he importance of the

leak-before-break. issue was -evidenced by excellent attendance at thei meeting and through active participation by the meeting attendees.
Approximately 125 -people representing fifteen different nations attended.

1 the meeting.: The meeting was divided into four. technical sessions
addressing the following areas: ,

o. Application of Piping Fracture Mechanics to Leak-Before-Break
i

; o Leak Rate and Leak Detection,

Leak-Before-Break Studies, Methods and Results,o.

,

o Current and Proposed Positions on Leak-Before-Break
,

l

! The keynote speaker for the meeting was Mr. Richard Vollmer, Director of
the Division of Engineering, U.S. Nuclear Regulatory Commission. His4

i opening presentation entitled, "U.S. Nuclear Regulatory Commission Position
! on Leak-Before-Break" dealt with the issue of BWR pipe cracking in the
i United States and the role of Isak-before-break in the NRC evaluation ofj this issue. A total of twenty-nine presentations were made by authors from

Japan, the United States, the Federal ' Republic of Germany, the United
; Kingdom. Italy, and Canada. Each technical session was concluded with anopen discussion period. The highlights of the technical sessions are
'

j summarized below.

b- SESSION I:
i

Application of Piping Fracture Mechanics to Leak-Before-Break

( A variety of analysis techniques have been developed for evaluating the i

| fracture behavior of cracked piping. . These techniques range from
simplified, closed form models to three dimensional, elastic-plastic finite!

;' element codes. Comparisons of the analytic techniques with experiments
which have been conducted to date, have demonstrated the validity ofl ;

'

; analytic techniques. such 'as net-section-collapse, critical crack tip
opening angle, and tearing instability. However, the available relevant:

! experimental data are limited and some questions still exist
practical applicat 'n of the analyses techniques. For example, garding

re;

it was
! generally agreed thax the conce

in small scale tests, however,pt of tearing instability has been validatedi difficulties such as choosing the correct
J-resistance curve or calculating the pising system compliance still existL

| when applying the method to an actual nuclear reactor piping system.
Several large scale test programs are under development to experimentally

| validate the fracture mechanics analyses.
'

*This summary was prepared by J. Strosnider of the U.S. Nuclear Regulatory
| Commission based on input from the session chairmen.
'

i

'
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New analyses and experimental data presented during this session indicate that
the tearing resistance of stainless steel as characterized by the J-resistance
curve may be much lower than previously assumed. Specifically, a complex crack
geometry consisting of a throughwall flaw with a part through surface flaw
around the remainder of the cross section was shown to reduce the value of JIc ]by a factor of 7 to 8 and to reduce the tearing modulus value by a factor of
approximately 5 as compared to J-resistance curves generated from pipe specimens
with simple through wall flaws. This reduction in tearing resistance is consistent
with the observations in side grooved versus nonside grooved compact tension

In addition to the effects of complex crack geometry on tearingspecimens.
resistance, data were presented which indicated that the tearing modulus values
for stainless steel could be 50 or less at large crack extentons (2 to 3 inches).
Data showing reduced fracture toughness in stainless steel weldments
also was presented and discussions focused on the reduced fracture toughness
of cost and aged cost stainless steels.

Another significant issue raised during this session was related to the factors
of safety associated with the new flaw evaluation procedures for austenitic
stainless steel piping to be incorporated in Section XI of the ASME Code.
Infomation was presented which indicated that use of a lower value of flow
stress than that assumed in developing the code act.eptance criteria together
with application of a correction factor for pipe ovalization resulted in lower
factors of safety on load than reported in the code. Furthermore, for emergency
and faulted conditions it was reported that a factor of safety less than 1.0
could exist for high stress ratios. A philosophical point that was raised relative
to this issue dealt with the question of whether the factor of safety should be
applied on load or on crack size. There seemed to be a consensus that the factor
of safety was most appropriately applied on load. However, it was also pointed
out that factors of safety based on crack size highlight the need for accurate
nondestructive flaw sizing capabilities. The question of the adequacy of the
Section XI flaw evaluation procedures is being evaluated by an ASME Section XI
task force.

The final issue raised in Session I dealt with the type of loads which should be
postulated for piping integrity assessments. In one suggested approach, it was
assumed that all piping and equipment supports fail and the loads are displacement
governed. The second approach was to define conservative but perhaps more realistic
loads and displacements based on design conditions. Although either approach
can be used, the fomer approach presents a more challenging set of conditions
than the later and may make it more difficult to demonstrate piping integrity.
This is particularly true in light of some of the data presented on low tearing
resistance for stainless steel.

Specific recommendations and conclusions resulting from this session include:

1.1 Cooperation between various organizations in conducting large scale experimental
programs is encouraged. This cooperation should be directed at minimizing
duplication of effort and utilizing available resources throughout the
world to conduct the most comprehensive program.

2
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1.2 Cooperative efforts should be established to benchmark and validate analytic
techniques against planned pipe fracture experiments.

1.3 ' A reevaluation of the ASME Section XI allowable flaw size criteria
for stainless steel piping should be perfomed.

1.4 Additional efforts are necessary to better define the tearing resistance of
piping materials in pipe geometries with real flaw configuratims.
Experimental and analytical efforts shall be closely coupled
quantify the crack tip constraint and its influence on crack
growth resistance. Environmental and aging effects on fracture
toughness also need further evaluation.

1.5 Previous piping integrity analyses perfomed using tearing instability
analysis should be reevaluated in light of the data presented on
low tearing resistance for stainless steel pipes with complex crack geometries
or postulated large crack extensions.

SESSION II: Leak Rate ar.d Leak Detection

The conference developers found this area to be the most difficult to develop
suggesting that a much lower level of effort currently exist in this field relative
to that in piping fracture mechanics. This session consisted of five papers
dealing with experimental measurements, analytic predictions of the leak rate
from cracked pipes, and the ability to detect such leaks. Two of the papers
dealt explicitly with the experimental leak rate testing results; one paper
discussed the development of an analytic model based on experimental results;
and two papers dealt with fracture mechanics calculations to predict crack
opening arecs. Two of the papers also addressed the use of acoustic emission
monitoring to detect pipe leakage. Most of the work reported was completed
some time ago and there is apparently very little ongoing effort in this
area.

Experiments to detemine leak rates through various foms of cracks are
limited to date. Some discussions focused on the design of leak rate experiments'

with particular emphasis on the need for realistic cracks and water
purity during the tests. Discussions suggested that the tightness of the
cracks and impurities in the water which could clog the cracks could reduced
predicted or measured leak rates by a factor of two to five. Parametric studies
of these parameters have not been conducted.

Extensive discussions focused on the validity of the assumptions made in analytic
leak rate models. Existing models assume homogeneous, nonequilibrium two phase
critical flow based on a extension of Henry's two-phase critical flow model and
on a modified !!oody flow model. Simplifying assumptions regarding the crack
shapes had to be made to apply the models.

The ability of acoustic emission to reliably detect small leakage under laboratory
conditions was reported by two researchers. In addition, a demonstration
program in which an acoustic emission monitoring system has been installed in an
operating BWR was described.

3
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Specific conclusions and recommendations resulting from this session included:
i

2.1 More experimental data on leak rates through various types of cracks,
including stress corrision cracks and multiple cracks, and
using various water purity levels are needed.

2.2 Analytic models for predicting crack opening areas and leak rates
require additional validation against experimental leak rate test data.

2.3 Acoustic emission has been successfully demonstrated as a leak detection
and monitoring technique under laboratory conditions and may be promising
for field application.

2.4 Work is required on evaluating the reliability of leak detection systems as
they exist in operating power plants.

SESSION III: Leak-Before-Break Studies, Methods, and Results

This session dealt with the integration of fracture mechanics, leak rate calculations,
and leak detection, and loading assumptions in perfonning leak-before-break
evaluations of real piping systems. Deterministic limit load and tearing instability
analyses were used to demonstrate that postulated cracks detectable by leakage
were subcritical. Piping systems considered included the primary reactor coolant
system and secondary system piping. A model for estimating the ' probability of
piping leaks and breaks was also presented. Calculations perfonned using the
probabilistic code showed low probabilities of leak or break as a result of
fatigue crack growth and nonnal operating and earthquake loads. Studies regarding
leak-before-break in CANDU pressurized water reactors were discussed and a
recent pressure tube failure in a CANDU reactor was described. Fractu re
m:chanics arguments for elimination of postulated double-ended guillotine
breaks was also presented.

Most of the studies presented were relatively straightforward utilizing generally
accepted state-of-the-art fracture mechanics techniques. In general, the issues
of leak rates, leak rate detection, and load definition, received much less
attention than the fracture mechanics analyses. Reliably detectable leak
rates were generally accepted as those established in plant's technical
speci fications. Similarly, loads were generally taken as the design
basis loads with little attention given to loads outside tha design
basis envelope.

A significant amount of discussion was directed toward probabilistic modeling
and its limitations. Items of particular interest were the initial crack size
distribution and the time dependent nature of some of the random variables. The

uncertainties related to these issues significantly reduce the confidence associated
with the estimated failure probabilities.

Additional items which received attention during the discussion period included 1
'

the need to take a second look at some of the analyses that were presented

1

4 l
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;

; in. light of issues _ raisedi n Session .I. These issues included reports ofi
L - much lower tearing resistance for stainless steel than was 'previously

believed, -metHs of computing piping system compliance when multiple
cracks exist u. the piping system, comparison '' of analyses : with actual,

| : experience, and whether the need for_ further experimenta1' verification of
fracture mechanics- techniques, s.articularly tearing ' instability analysis,
is necessary. Regarding - the last issue it was generally agreed that the.

tearing instability concept _ was on firm ' ground and that future
experimentation should not be directed so much 'at verifying the theory as

= at determining how to effectively apply it to large piping systems.

Specific' conclusions and reconnendations _ resulting from this session
included:

.

7 3.1 Investigations to date indicate 'large margins-against failure and low
probabilities of leak or break in the primary coolant system piping of |

'

pressurized water reactors.

3.2 Existing analyses rely on current estimates of leak rates which could
be improved. In addition, the reliability of leak detection systems

>

,

should be explicitly addressed.

3.3. Greater consideration of loads and stresses outside the design basis
envelope, such as water hammer and residual stresses, is appropriate

.
"

in conducting piping integrity analyses. !

,
- :

: 3.4 ' Probabilistic evaluations are useful but current uncertainties in !
)

input distributions and their time dependence suggest cautious use of
f the results.
t

3.5 - A better job of integrating the elements of the leak-before-break
. analysis including identification of-limitations and uncertainties in
j the analyses could be and should be done.
.

i 3.6 Additional experimental testing programs should be directed at t

, demonstrating and developing the application of fracture mechanics
i techniques to piping systems rather than validating the analytic
: theory.
.

SESSION IV: Current and Proposed Positions on Leak-Before-Break

[ This session was intended to deal with statements of positions or
i philosophies on leak-before-break in nuclear reactor piping systems.

Presentations were made 'on the safety significance of pipe cracking, thei

i financial impact: of postulated design basis ~ pipe breaks, approaches for
i le iminating postulated guillotine breaks, and existing positions on-
j leak-before-break and postulated pipe break criteria,

e

The results of a risk assess'nent performed on pipe breaks provided a very
interesting insight into the safety significance of pipe cracking. The

;
'

conclusion of the study was that small to intermediate size pipe breaks
dominate the risk from piping failures. This implies that demonstration of

! leak-before-break does not resolve all safety concerns; the magnitude ofj. the leak is critical. Less than full guillotine' breaks in pipes could
; result in leak rates of the magnitude that contribute most to the overall
i risk.
; 5

:

i
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The financial impact of postulating and designing to accommodate double-ended
guillotine breaks are enonnous. A typical pressurized water reactor plant in
the United States can have approximately. 300 pipe whip restraints and the estimated*

cost for design and construction work associated with pipe break effects is 304

to 50 million dollars per plant. Studies which have concluded that these postulated
i

pipe breaks are not necessary were referenced. Reference was also made to
actual operating data which do not support the need for postulating pipe break

; at intemediate -locations. Current pipe break' design criteria in the United
States was also stated to have adverse effects on' personnel exposure and on the<-

reliability of inservice inspection. Positions on this issue taken by other
countries, specifically the Federal Republic of Gennany, were reviewed. The ,

f . Gemans have adopted ~ a basic safety concept in which they rely on, among other
things, improved design,' materials selection, and inservice inspection to assure
piping integrity and less stringent pipe break criteria have been established'

for new plants designed, built, and operated in acconiance with the basic safety;

concept. |

'

The Sessior IV discussion period was opened to any subject covered during the
2-day meeting and conclusions and recommendations were solicited. Issues which

.

continued to be brought up throughout the meeting and which resurfaced during-

the-final discussion period included accurate detennination of material properties, ;
; '

' particularly tearing resistance data for specific piping geometries and
for thennally aged cast stainless steel; accurate detemination of inads ,

and stresses to be used in the fracture mechanics anlaysis; the need for
4

| improved distributions of random variables for probabilistic assessments;
improved leak rate models; and evaluation of leak detection reliability.

-

4 '

There appeared to be a concensus that leak-before-break evaluations: '

were more acceptable in piping systems for which fatigue crack growth
! is the dominant mode of degradation. There seemed to be less confidence

in leak-before-break arguments for piping systems subject to corrosive
mechanisms of degradation. The issue of the postulated crack shape and the>

potential for a unifom surface crack penetrating nearly through wall was raised. |

It was also pointed out that piping failures may be dominated by indirect causes
.

!

! such as design or fabrication errors. In general, it was concluded that leak-
before-break is an important line of defgnse in the defense in depth concept but
that there does not currently exist enough confidence in the leak-before-break t

argument to use it as a sole line of defense.
4

1

Specific conclusions and recommendations from this session include: |

| 4.1 Risk to the public may be dominated by small and intennediate size breaks .

'

; and that demonstration of leak-before-break is not a panacea.
i *

4.2 Traditionally postulated design basis pipe breaks and resulting plant
designs adversely affect personnel radiation exposure and reliability of1

piping inservice inspection and result in enonnous financial costs.
.

1

|
.

,

6
f
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,

4.3 iThez technology exists to design and Lbuild plants to less stringent
*

: pipe break criteria and to operate these plants without undue risk to ,

{: the public health and safety.
1

^

4.4 Leak-before-break arguments are less convincing for piping systems 1
. '

subject to corrosive degradation mechanisms (e.g. intergranular stress
corrosion cracking) ~ than they are for systems- where fatigue crack
growth is the dominant degradation mechanism.

4 4.5 Piping failures may be dominated. by errors in design or fabrication
i and these areas are difficult to treat analytically.

4.6 Leak-before-break is an -important part of the defense in depth concept
..

- but not a panacea.

In sery, the subject meeting was very productive. There was a great
!

.

deal of interaction between the meeting attendees and several critical i.

issues and recomendations were identified. It is hopeful that the i

.

. exchange of infomation and discussions sparked some new ideas and energies
that will be brought to ' bear on the issues of evaluating and ensuring
piping integrity.

k

On a final note, it seems appropriate to reiterate the benefits which could
|be derived from more extensive international cooperative efforts. A,

4

meeting of the type described herein brings attention to the large number
: of independent efforts planned or underway .in the subject area. Well

planned and organized cooperation between these efforts could avoid
L duplication and perhaps utilize resources in a more productive manner.~

Unfortunately, no well established vehicle for accomplishing such
coordination exists. Development of such cooperation should be a principal
objective of the laternational comunity.

I

!
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KEYNOTE ADDRESS

U.S. NUCLEAR REGULATORY COPNISSION POSITION ON LEAK-BEFORE-BREAK

\

Richard H. Vollmer, Director
Division of Engineering

U.S. Nuclear Regulatory Commission

Ladies and Gentlemen:

It's an honor for me to present the opening remarks at this CSNI Conference

on leak-before-break. The object of my presentation is to give you the

current NPC thinking and direction on leak-before-break for nuclear

piping systems and place these in perspective by describing a number of

current issues and initiatives affecting nuclear piping systems and the

integrity of the primary coolant pressure boundary. I do this with no

pretences since I am by trade a reactor physisist who was knee deep in

Three Mlle Island and issues such as equipment qualification a few years

ago. More recently, however, I have been heavily involved with steam

generator problems, BWR pipe i. racks, and of course leak-before-break.

defore I get into the primary topic of the day, I'd like to describe to

you a recent initiative taken by the NRC's Executive Director for Operations.

He has formed a Piping Review Committee with the' following objective:

To review and evaluate the current regulatory requirements on piping

systems for light water reactor designs, using currently available

8
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- domestic and ' foreign information, to provide recomendations on where and

how ' current NRC requirements should be modified. In addition, this

comittee would give direction for work needed to respond to issues not

currently amenable to resolution. The scope of the review covers all

safety-related piping systems needed to assure the integrity of the reactor

coolant system pressure boundary, to shut down the reactor and maintain it

in a safe shutdown condition, and to mitigate the consequences of an

accident. Finally, this effort is not to impact ongoing regulatory actions

prior to acceptance of the connittee's final report nor impede the
resolution of specific piping problems. Dr. Larry Shao of NRC's Research

Office and I will Co-Chair this activity and Dr. Spencer Bush will provide
-

guidance as Vice Chairman.

He will form Task Groups composed of NRC staff and consultants to deal with

these regulatory issues:
4

A. Pipe Cracking,

IGSCC-

NDEj -

4

! Repair methodology-

IHSI-

Operation with existing cracks-

Fatigue cracks and other cracking mechanisms-

B. Seismic Design

Damping-

Spectral broadening-

Definition of OBE-

I Multiple supports-

9
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.C. Pipe Break

Leak-before-break and related issues which will be described-

shortly -

D. Load Combinations

LOCA plus SSE loads-

Water h'ammer-

SRV discharge loads-

Vibration loads-

The above items are included to be representative but not all inclusive of

the topics that will be covered. The charter of this connittee is quite

broad.

Although all of these issues are quite importar.t to the design of nuclear

piping systems, some of this work will have to take the back seat to

resolution of the current BWR cracking problems. You are all aware of

the large number of cracks being found next to welds in austinetic stain-

less steal piping in the U.S. BWRs. On the average, about 25 percent of

the welds have crack indications. Some plants are clear of indications

but some plants have a 50 per cent crack frequency. Because of this

we have an immedirte menu dealing with:

10
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I
e

- Resolution of cracks, repair or don't repair

=. Inspection'of remaining welds-

. How .long'to operate with known cracks or. temporary repairs-

Long term solutions including piping replacement.-
.

,.

~

Although we believe that leak-before-break has a place in our regulatory.

philosophy and criteria, we believe that the BWR pipe cracks represent

a safety issue upon which we cannot rely on leak-before-break alone.

Rather strong actions on a number of fronts will be required to put this

issue behind us.

9
Turning now to what the NRC is doing on leak-before-break, we are seriously

pursuing the concept of leak-before-break (LBB), both technically and

. administrative 1y, for any pipe or piping system for which it can be dem-
i
'.

onstrated by analysis, experimental evidence, operational experience or

.other means that this concept is viable and that the benefits to be gained,

clearly outweigh any possible increases in risk.
I
i,

j The Commission's regulations, as currently interpreted in the applicable'
.

Standard Review Plans and Regulatory Guides, postulate piping ruptures

j in.high energy fluid systems, both inside and outside of containment as

j part of the design bases for structures, systems and components important

to safety. These ruptures include circumferential and longitudinal,

i

f' s

i

11
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breaks up to and including double-ended guillotine breaks (DEGB).in

piping which also encompasses the largest pipe in the reactor coolant
|

system. The direct result of such postulated piping ruptures led to the

establishment of the Unresolved Safety Issue A-2, "Asymetric Blowdown
'

1.oads on PWR Primary Systems," and criteria to protect items important

to safety against the consequences of pipe breaks in all other high energy

fluid systems. Protective measures include physical isolation from.

postulated pipe rupture locations if feasible or the installation of pipe

Whip restraints, jet impingement shields or compartments.

Since these criteria were established, however, the fracture mechanics

technology regarding the potential rupture of tough piping such as used

in PWR primary coolant systems, has advanced considerably. The crack

growth behavior in piping with flaws under normal and accident loads is

now reasonably well understood.

In addition, we have recognized the various negative impacts of these

criteria on plant design and inservice inspection. Therefore, we were

receptive when advanced fracture mechanics technology was applied recently

in topical reports submitted to the NRC on behalf of 11 licensees belonging

to the A-2 Owners Group. The topical reports were intended to resolve

the issue of asymetric blowdown loads on the PWR primary systems for

12
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.those licensees' plants. In its evaluation of the topical reports, the

NRC staff has concluded that large margins against unstable crack extension ,

exist for certain stainless steel PWR primary coolant piping postulated

to have Isrge flaws and subject to the safe shutdown earthquake (SSE)

in combination with the loads associated with normal plant conditions.

However, as specified in the staff's evaluation of the topical report,

the resolution of this issue is contingent upon satisfying the NRC staff's

leakage detection criteria and, for two licensees under the Systematic

Evaluation Program, the results of seismic reanalysis.

Without the application of the LBB concept, the 11 affected licensees

of16plantswouldhavetomeettheprovisionsofNUREG-0609resoJution

of generic task action plan A-2. This would involve postulating DEG8s

at discrete pipe locations, performing analyses of resultant dynamic,

loads, and for each PWR, in varying degrees, adding piping restraints

to prevent postulated large pipe ruptures from resulting in full double

ended pipe break areas thus reducing the blowdown asymmetric pressure
,

loads. This would also involve modifying component supports to withstand

those loads as determined in plant specific analyses.
;

:

We have prepared a value/ impact analysis supporting our technical review.

In suninary, the values (public risk and occupational exposure) show that

the estimated reduction in public risk for installing additional pipe
I

13
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restraints and modifying equipment supports as necessary to mitigate or

tithstand asy metric pressure blowdown loads is only about 3 1/2 man-rem ,

I

total for all 16 plants considered. Similarly, the reduction in occupa- |

tional exposure associated with accident avoidance due to modifying the|

plants is estimated to total less than 1 man-rem. These small changes

result from the small reduction in core-melt frequency that would result
|
| from modifying the plants. However, the occupational exposure estimated

; for installing and maintaining the plant modifications would increase

i by 11,000 man-rem.

|
(

f The impacts are that the estimated industry costs to install plant modifications

f to withstand asymetric pressure loads is about $50 million without even

considering power replacement costs from excess downtime. Consequently thel

savings, both in terms of occupational radiation exposure and costs, far
1

outweigh any potential benefits (e.g., decrease in public risk and avoided

|
accidentexposure)fromplantmodifications.

,

|
|

|

| The value/ impact, both in terms of costs and occupational radiation exposure

discussed above, applies only to the primary coolant loop piping of a

| limited number of PWRs. However, significant cost and occupational

radiation exposure benefits could accrue from elimination of pips whip

l restraints and other protective measures against dynamic pipe break effects
1

14
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in other high energy fluid piping systems. Removal and replacement of

pipe whip restraints for inservice inspection purposes entail consider:ble

accumulation of occupational radiation exposure plus the risks associated

with either improper reinstallation of the restraints or damage to the

restraints or adjacent components during reinstallation. Many restraints

are massive and must be handled in severely restricted areas. An ex-

tension of evaluation criteria to other high energy fluid system piping,

both within and outside of containment, is currently under further develop-
ment by the staff.

e

The development and application of such ciriteria will take time. Ultimately,

Rule changes will probably be necessary to put such changes fully into
effect. Until then, we will consider case-by-case applications of LL8--

where clear benefits can be shown--and where safety is clearly not affected.

There are limitations to keep in mind, however, in any application of
LLB:

,

1) for pGeposespofospecifyingidesign: criteria.for:. emergency core

cooling system, containments, other engineered safety features, and

for the evaluation of environmental effects on equipment, loss of

coolant shall be assumed in accordance with existing regulations. '

That is, loss of coolant is based on an opening equivalent to twice

the flow area of the largest diameter pipe in the system or that

pipe which will result in the most limiting accident conditions.

15
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I

2) For"the present, these criteria.shall'not be considered applicable

to high energy fluid system piping, or portions _thereof, that

soperating experience has indicated particu ar susceptibility tol
'

f ailure from the effects of corrosion.. For example, we will not
apply these criteria to piping that has experienced intergranular
stress corrosion cracking, water hanmer or thermal fatigue.

,

In conclusion, our-initial application of LBB is to the main PWR piping'

because sufficient info,mation.is, or can be, available for our reviews.-

I Dur immediate objective is to issue our safety evaluation for the. facilities

I already reviewed. In the future,.we plan to expand the leak-before-break

concept to other piping systems and other facilities.'-

:

f We will also propose to make appropriate changes to current Commission
: criteria to more clearly define our position, to put this activity on

We

|
a generic basis, and to achieve public comment on revised criteria.

.

would also modify and/or augment the appropriate Standard Review Plans'

and Regulatory Guides to provide specific guidance to the industry and
,

the staff reviewers.4

>

I-

!
The overall NRC leak-before-break program will require considerable time

!

and effort. Continued support from the nuclear industry is needed to
'

i
i

meet our mutual objectives. We also look for the experience and expertise
;

L
of our foreign friends in the further development of leak-before-break

technology. This conference and the activities of CSNI are key to the

16
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overall success of these initiatives.

Thank you.

1

1

4
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Theoretical Analysis of Unstable Fracture in Type 304 Stainless Steel Pipe !
: t

with a Circumferential Part-Through Crack under Tensile Loading

'

t

!'

K.Kashima & Y.Tetrah==hi

Central Research Institute of Electric Power Industry (CRIEPI)
'

'

11-1, Iwato'Kita 2-chose Eomme-shi, Tokyo, Japan
t

I!

ABSTRACT

This paper presents the theoretical analysis of circumferential
crack propagation in Type 304 stainless steel pipe under tensile loading.
Finite element codes and a simplified analysis method are developed to

i predict the stable and unstable crack propagations. Leak-before-break
condition of the pipe with a circumferential part-through crack is
estimated based on the not stress criterion. The reistively good agree-
ments are obtained between the numerical solutions and the experimental

! results.

4

i

|

i
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1. DrfR000CT10N |
1

The structural integrity of a nuclear power plant must be ensured |

by evaluating the margins of safety in the reactor components with
respect to failure. In particular, studies on the structural strengen of i

the nuclear piping systems'in the presence of flaws have gained much

importance since the discoveries of circumferential Intergranular stress
corrosion crackings (IGSCC) in several BWRs [1]. Most of the piping

systems in nuclear power plants are made of ductile materials such as
Type 304 stainless steel that has a high resistance to crack growth and
is not normally vulnerable to fast fracture, being characterised rather
by stable crack growth. Therefore, even if a flaw does exist in the
piping system, structural safety can be maintained by leak before break
(LBs). behavior, which permits coolant leakage to be detectable before a

catastrophic pipe failure. It is important to demonstrate experiaantally
and theoretically that us. stable pipe failure (tearing instability) can
fully be prevented in the nuclear piping systems with IGSCC and that LBB
behavior can be assured under the operating conditions of nuclear power

plants.

As the theoretical investigations, a tearing instability criterion
was proposed based on the'J-integral approach in ductile material by
paris et al. [2] and Hutchinson and paris (3] save some conditions for
J-controlled crack growth. Based on this criterion, some theoretical
analyses were conducted for reactor piping systems (4, $1 In order to

study the applicability of the tearing instability criterion based on
the J-integral approach, Wilkowski et al. [4] conducted bending tests on
unstable fracture using circumferential1y cracked stainless steel pipes.
In relation to the flaw evaluation procedures in the ASME Boiler and pres-
sure Vessel Code, Section XI [7], acceptance criteria were proposed for
the circumferential cracks in stainless steel piping by Norris et al. [8].

20
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la Japes, a research project on the tearing instability for center-
creaked plates and aircumferentially cracked pipes subjected to tensile

, leading and leak before break for circumferential1y cracked pipes under
i

the eyelia tensile leadias and the BWR environment is under way at
the theelear power Engineering Test Center under the sponsorship of
the Nimistry of International Trade and Industry (MITI) (9 4 12j.

; This paper presamte the numerical analysis of crack propagation in
Type 304 statalees steel pipe. Two- and three- dimensional finite

I
element eodes are developed to study the criterion for stable crack growth.

; A staplified analysis model is slee developed to predict the tearing
j ' instability for aircumfereatially cracked pipe. Lug condition in the pipe
i

with a circumfereettal part-through crack is estiasted by applying the
theorettaal results obtained in the simplified analysis. The numerical

j
solutions are compared with seen of the emperimental results (9 % 12]
ob*aimad in the i n n ;tioned project to examine the validity of the

! analyets method.
!
i

i
i

2 FINITE ELEMENT ANALYSIS OF THROUCN-WALL CRACK p20pAGATION
J
i

h prediction of circumferential crack propagation in a piping
systen requires the accurate evaluation of strees, strain and displacement

} in the vicinity of the crack. Estensive development of the plastic sone
occurs near the crack tip because of the high ductility of Type 304 stain-

; less steel pipe in which 108CC have been discovered. Stress conditions
;

during crack propagatten can be obtained from elastic-plastic analysis.
I

N finite element method (FEN) is considered to be one of the most
;

powerful techniques applicable to this type of stress analysis in two-
! or thr.*-dimensiemal complex strueture.
I
!

:

J

!
I

:
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1'

Two-dimensional elastic-plastic finite element code,' PLASTAN-II ,
is developed to establish the analysis meth'd of crack propagation ino

Type 304 stainless _ steel' plate as a preliminary study for three-
e. dimensional analysis in the pipe structure.

. . ,

three-dimensional finite element code, PIPE-6, is developedNext,

to predict the propagation behavior of circumferential through-wall crack
' in' Type 304 stainless' steel pipe, based on the criterion obtained by two-~

-

Numerical solutions by PLASTAN-II ~ and PIPE-6 aredimensional' analysis.

compared with the experimental results for plate and pipe specimens under
room temperature [9, 10]. A. good agreement is obtained between the numerical

and the. experimental'results.
;

2.1 Analysis of Plate Specimen with a Center Crack

2.1.1 Description of the Problem

Figure 2-1 shows the shape and dimensions'of the center-cracked plate
f

specimen to be analyzed. The ratio of the original crack length (2a.) to
the specimen width (2W) takes three.different values, a./W=0.3, 0.5 and

0.7. The width (2W) and thickness (B) of the specimen are 300 mm and 10 mm,
J

respectively. As the boundary conditions, uniform displacement (V./2) is
given at.the top and the bottom of the specimen. Numerical solutions are
compared with experimental results with respect to the crack opening dis-
placement (COD) at|the' midpoint of the crack or the gauge point displace-
ment (V ) between two gauge points A and B, shown in the figure. Due to.

g
the geometrical symmetry, one-quarter partion of the specimen is cut out

[
and modeled by the co'nstant strain triangular element. Figure 2-2 shows

'

s..

one example of:the finite element.' mesh pattern of a specimen with the

original crack le'ngth of mi/W=0.5 and the five integration paths for the
.s .

J-integral calcIsiatio'ns. Thematerialpropertiesof' Type 304 stainless
)

stee1 at room' tem'p'eraturelused in the calculations ~ are, as follows:~ ~~

:_ f .p - ''
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!

Young's modulus E = 185.1 GPa
- - Poisson's ratio- V = 0.3

Yield stress c = 234.2 MPa Iy

Based on the experimental results, the relationship between the
equivalent stress (c) and the equivalent plastic strain (c ) can be

p.
represented as a bilinear expression. Hence, the strain hardening ratio
(H'= 5/ d ) is given as follows:p

'2695 MPa for c <4%
H'=, p-

,2058 MPa for C >4% ^

P

2.1.2 Calculation Methods

Table 2-1 describes some characteristics of the calculation method
employed in the finite element code PLASTAN-II. Elastic-plastic calculation,
being based on the J flow theory, is performed by solving the elastic-2 '

plastic stiffness equations using the tangent udelas approach (13,14].
The theory of small strain is assumed for geometric nonlinearity. A

plane stress condition is adopted because the specimen is thin (10 mm).
Using the elastic-plastic stress conditions, J-integral values are obtained
by the. path integral method [15].

As the crack extension method, the node releasing technique is
adopted in the present analysis. As shown in Fig. 2-3, the reaction force
(R ) is calculated at the crack tip node. To cancel the reaction force2

at this node, a nodal force (-R ) is applied in the reverse direction andt

the other reaction forces (R , R , .....) at the restrained nodes are2 3

redistributed under the equilibrium condition that the sum of the newly
distributed nodal forces (R ', R ', .....) is equal to the externally .

)
2 3

|applied load (P'). Crack extension is simulated by cancelling the reaction |

force and releasing the nodal restraint at the crack tip when the crack

.

23
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.

. ~ Thisopening (displacement _(COD) -becomes equal' to .the critical value.

- critical ~ value of C0D for crack extension can be determined from the
I' ' experimental relationships between the crack opening displacement and

the crack' extension' amount for 'three types of the plate specimens
~

.(a./W = 0.3, 0.5, 0.7).

2.1.3 Numerical Results'
,

,

Figure 2-4 shows the' calculated and experimental relationships
betv' en the load (P)' end the gauge point displacement (V ). The numericale

solutions agree well'over a wide range of-displacement with the experi-~

mental results for three specimens having different crack'lengeha ,

(a./W . = 0.3, 0.5, 0.7) - [9, 10] . . The validity of the numerical solutions
has been checked using these comparisons.

Next, several conditions for stable crack growth are examined by.
means of various parameters used in elastic plastic fracture mechanics

'

[16, 17). These were the J-integral and the crack tip opening angle
(CTOA) . Of the'two, the J-integral approach assumes the resistance curve.
as the criterion for stable crack extension. Figure 2-5 shows,the .

s

calcula'ted relationship between the J-integral and crack extension, i.e.,
j-

the J-integral resistance curve obtained for three specimens (a./W = 0.3,
j
I 0.5, 0.7). The crack extension property is well approximated by a single

resistance curve without dependency on the original crack length (a.).
It can be predicted that the crack begins propagating at the J-integral
value of about 1000-1500 N/mm and continues.co extend stably in accordance

f with the single resistance curve shown in the figure.
I
,

The crack tip opening angle (CTOA) is proposed as the parameter

describing the stable crack extension. In the criterion using CTOA,
the crack is assumed to extend stably with the constant angle determined

|-
| by the crack opening displacement. Figure 2-6 shows the calculated crack ,

opening profiles for the specimen with the crack length of a./W = 0.3.

i

1 \
t 1
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.It can be observed that the crack angle denoted by "S" is almost
constant during crack extension. From this fact, the constant crack

opening angle can be considered as an effective criterion for stable crack

extension.

Figure 2-7 shows the relationship between the crack tip opening
angle (CTOA) and the crack extension amount (Aa) . The CTOA is calculated
as follows:

CTOA = 21/s (~}

where s is a small fixed distance and 2g is the crack opening displacement
defined at the point of distance s behind the current crack tip. The value
of CTOA becomes nearly equal to 0.2 with an increase in the crack exten-
sion amount. The CTQA criterion is represented as a single resistance
curve because the CTOA is nearly independent of the original crack length
(a.). The CTOA is, therefore, considered to be an effective criterion

for stable crack extension. It should be noted that this approach can be
easily applied also to the analysis of stable crack extension in three-
dimensional pipe structure.

2.2 Analysis of Pipe Specimen with a Circumferential Crack

2.2.1 Description of the Problem

The object of the present analysis is a Type 304 stainless steel
pipe with a circumferential through-wall crack. Figure 2-8 shows the
shape and dirsnsion of a pipe to be analyzed. The initial crack length
is 2a. = 2R p, where R, is the mean radius of the pipe and 2a (=30*) they

initial crack angle. The axial tensile load (P) is applied through a
compliance attached to the end of the specimen.

!
l

{
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As shown in the figure, the axial length (2L) of the pipe specimen
|
: is too great -(750'am) to use the calculation model in its present form.

A part of the' pipe specimen is therefore taken with'the length of
.2L. = 250 mm equal to the axial gauge length AB (A'B'), where A (A') and
B (B') denote the gauge points in the experiment. Figure 2-9 shows a
schematic generation of this partial-length model from the total-length. -

model of the pipe specimen. Compared with the total-length model, the
partial-length model shortens the calculation time by greatly reducing
the number of the elements required in the analysis.

Due to its geometrical symmetry, only one-fourth of the pipe model is
. analyzed with three-dimensional finite elements. Figure 2-10 shows the
6-node isoparametric curved element used in the analysis. The finite
element mesh is drawn in Figure 2-11 with 63 elements and 456 nodes.

1

As for the loading conditions, the measured gauge point displacements
F

are applied on the edge plane of the partial-length model of the pipe
specimen as the forced displacements in the axial direction.

4

The material properties ased.in the calculation are the same as those
described in the case of two-dimensional analysis.

,

,

2.2.2 Calculation Methods
;

Caleclation methods employed in Pl?E-6 are described in Table 2-1.
!

Stable crack extension is simulated by releasing the nodal constraints
at the crack tip and reducing the reaction force at the crack tip to'zero'

through several iterative computations (Fig. 2-12). A constant crack tip
opening angle (CTQA criterion) is assumed as the condition for stable

,

crack growth. The CTOA valusa in the plate specimen approach about 0.2
with increases in the crack extension (Fig. 2-7) . This tendency is nearly

.
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independent of_ the : initial crack length (a.). : A constant CTOA value of -
J0.2 is therefore adopted as the critical value.for stable-crack exten--

sion in the pipe specimen as well. An experimental load at crack initia-

tion of P = 1240 kN is used in the present analysis as the condition
for crack initiation. !

2.2.3 Numerical Results

Crack propagation in a pipe is analyzed based on the numerical4

methods described in the preceding section. Numerical solutions are
obtained as a relationship between the applied load and the crack opening
-displacement, as shown in Fig. 2-13. The applied load takes a maximum

value after a given amount of stable crack growth. This maximum load was
1274 kN and 1392 kN, respectively,'for the experiment and the numerical
analysis. . The applied load calculated by FEM is somewhat higher than that
measured in. the experiment, as shown in the figure.

1

Figure 2-14 and 2-15 show the variations in the applied load and
displacement with crack extension. A maximum load value is cbtained at
small crack extensions of Aa=20 to 40 mm. This can be observed in both,

the experiments and numerical analysis (Fig. 2-14). The gauge point displace-
i ment (di) between A' and B' in Fig. 2-9 increases almost linearly with crack

extension amount in both the experiment and the analysis, as shown in Fig. 2-13.
; Numerical solutions during crack extension show a relatively good agree-

ment with the experimental results [9,_11]. These indicate the validity
of the constant CTOA value employed in this analysis as the criterion for

i stable crack extension.
'

.

-

| .
'

Figure 2-16 shows the variance of crack opening profiles for
several crack extensions ranging from Aa=0 to 91 mm. Crack opening !

profiles after crack initiation are similar to that before crack initi-
- ation -(Aa=0 mm) within initially cracked parts, 2a 130* or x 120 mm,

i
I

!

!

|

27 ,

, .
.

, ,,-,y y , . - - - ~ ~ 3,-y-, r -- w - , e,- .,,w , , ~ , . , . . , + - - , - + - , - r,- m,-,w+,----------,--..--.m,..--,-----,,-e- .,--%-....-.w-r.



. _.. - - - . _ .

!
,

i

l. where x-der.otes the circumferential distance from the center of the
crack. Conversely, the' erack opening profiles in a newly cracked part
(x > 20 mm) can be approximated as straight lines,,the gradients of !

which are determined by the CTOA criterion..
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Table 21 Calculation Mithods

Program PLASTAN-II PIPE-6

2-D, Constant 3-D, 6-nodelemen yPe
Strain Triangle Isoparametric

Plasticity Flow Theory

Elastic-Plastic |Tangent Modulus
Calculation .

Hardening Law Isotropic

* **
Small StrainNonlmeanty

tugts Bilinear- Relation

Crack Extension
Node ReleaseMethod

Path Integral
,

I
,
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3. SIMPLIFIED ANALYSIS OF TEARING INSTABILITY FOR CRACKED PIPE
L

A simplified analysis model is developed to predict the unstable,

crack propagation in Type 304 stainless steel pipe. The criterion for
,

stable crack growth is employe'd based on the numerical solutions by
the finite element method. The crack instability is estimated using

the-load and deformation values calculated by the simplified analysis
method. The theoretical solutions are then compared with the experimental
results under high temperature (285'C) to examine the validity of the
method. The effects of various parameters such as compliance and load-

,
ing conditions on the crack instability are also discussed.

!

3.1 Stable Crack Propagation
i

Using the stable crack propagation condition (CTOA criterion)
obtained from the finite element analysis, a simplified analysis method
is developed to study the circumferential crack propagation. The shape'

;

of the pipe specimen with a circumferential through-wall crack to be
analyzed is the same as that shown in Fig. 2-8.i

: ,

Figure 3-1 shows a technique for estimating the load and deformation

) at crack propagation from the relationship between the load and the
I crack opening displacement obtained for two specimens having different;

) crack length of 2a and 2(a+da). The load P(2a, COD) can be represented
as a function of the crack length (2a) and the crack opening displacement

(COD) by curve @ . The load P(2a+2da, COD) following the crack propaga--

tion is assumed to be approximated by curve @ with an initial crack
i length of 2(a+da). At crack propagation, the load is assumed to take

j the values at points @ through @ because unloading (-dP1) occurs at

f points @ + @ and loading (dP ) occurs at points @ + @ due to2

i redistribution of the stress at the crack tip. Point @ denotes the
! value after loading (dP ) and is located on curve @ . Curve @ is2

f obtained by moving curve @ leftwards by the distance d in order to continue
|

|
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|
the displacement-(COD) at Point @ after unloading. The variations of the-

f load and displacement with the crack propagation ( @ + @ ) are formulate'd
i-
; by assuming the load equilibrium and using the criterion for the stable

crack propagation.

The following equation represents the equilibrium between the load
~

~ and the reaction force at the uncracked ligament for the unloading process

(-dPg) at crack propagation:

P - dPg = aN.( ~( * +U **
N

where the first term on the right side represents the reaction force<

at the ligament {2W-2(a+da)} after crack propagation, and the second term
represents the equivalent reaction force at the crack tip. The net stress

.

at the ligament before crack propagation, o ' I*
N

!

U = P/(2W-2a)t (3-2)
N

where 2W and t are the pipe circumference ( = 2 nrm, Rm: mean radium of pipe)

; and the wall thickness, respectively. .From Eqs. (3-1) and (3-2), the

decrease in the load with crack propagation can be represented as follows:
.

dPg = da.P/(2W-2a) (3-3)

Figure 3-2 shows a schematic deformation model at crack propagation,

based on the CTOA criterion. Assuming from Fig. 3-2, that

:
!

CTOA = 2 tang = 2.(t/s) = 2(i'/s') = const (3-4)
|
;

holds during stable crack propagation, the increase in the crack

opening displacement with the crack propagation can be represented as:
t

d(COD) = 2(i' - t) = CTOA(s'-s)=CTOA*da (3-5)

|
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Thus, assuming the gradient of the tangent at point @ on curve @ in
Figure 3-1 to be a, the increase in the load, dP , can be represented2

as follows:

dP2 = md(COD) = m.CTOA.da (3-6)

| -- Deriving'the total load increment dP.at the crack propagation from

- Eqs . (3-3) and - (3-6) , .

dP = -dP2 + dP2 = { -P/(2W-2a)' + m*CTOA } da (3-7)

To obtain the gradient m, the relationship between the load (P) and de-
formation (COD) in the circumferential1y cracked pipe is formulated as
follows:

' COD /(2W-2a) = f(c ) (3-8)y

This assumes that the displacement (COD) is dependent only on the length
of the uncracked ligament (2W-2a) and the function f of the net stress
a. To define the shape of function f(c t e eXPedmental resultsg Ne
of the net stress (c ), and the ratio of the crack opening displacementy

to the ligament (COD /(2W-2a)) at the load level before crack initiation
in the case of 2a =60* are used [9). The function f(a ) can be approximated

N

by the power law for the net stress (a) as follows:
j

f(c ) = A.0" ( A. = 2.07 x 10-13 (MPa)-n, n = 4.56) (3-9)N

Although constants A. and n in Eq. (3-9) are derived from the
results for the cracked specimen with 2a=60*, the function f is assumed

. - to represent a " Key Curve" [18] independent of the initial crack angle (2a).
Using Eqs. (3-8) and (3-9) to obtain the gradient m:
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A.nP"-1
'

n-1'

1g g 1+ d(2a) (3-10)m-1 '= =

,P-dP1 tn(2W-2a)n-1 2(2W-2a)6

2(a+da)

i-
~

' Substituting Eq. (3-10).into Eq. (3-7),
J

2(2W-2a) + (CTOA)tn I W-2a\ *~ .

P 2'dP ~
-

2A.n- P
_

d(2a) j

Solving this differential equation (3-11),

P= t / 2W-2a C. -(2W-2a)n/
1/nA (2a 3 2a'.),

(3-12)
4

The constant C. is defined using the load P at crack initiation .(2a=2a.):g

+(2W-2a.)"! (3-13)*C. =-
0A ( t / 2W-2a. /;

Figure 3-3 shows the results obtained by using these equations as2

the relationship between.the load and the crack opening displacement for
initial crack angle of 2a = 60*. As the criterion for stable crack
propagation, CTOA value of 0.2 is selected for use, based on the results of

j the finite element analysis. In the analysis, a net stress of (c }i"1( **
N

= 256 (MPa) obtained from measurements is used as the crack initiation
condition. The result of the simplified analysis is found to be in
relatively good agreement with the experimental results for the load and
deformation during stable crack propagation (9, 12].

|-

|
t
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:3.2 -Tearing Instability of-Cracked Pipa'

3.2.1 Crack Instability Condition

ittia section describes the analysis of crack instability using theJ

As the crackload .nd deformation values during stable crack propagation.
instaoility criteria, we adopt the stationary condition of the- total

>

dispacement of the loading system including the effect of compliance (C )*M

Total displacement (V ) of the loading system is represented by the
(V )sum of the displacement (V,) of the pipe specimen and the displacement e

, ,,.

of the testing machine, as shown in Fig. 2-8. Approximating the dis-
(COD),placement (V,) of the pipe with the crack opening displacement

and using the product of the compliance (C ) and the load (P) to repre-g

sent the displacement (V ) of the testing machine, the total displacement'

(V ) is obtained:

(3-14)V = V, + VgECOD+Cf

The instability condition is
,

dV /d(2a) = d(COD)/d(2a) + C dP/d(2a) = 0 (3-15)g

|
Substituting Eqs. (3-5) and (3-12) into Eq. (3-15), we get the following

equation about the crack length (2ahsc) at the onset of the crack instability:

g(x) = x-2-K(x-1)1-1/n *=0

x = C./(2W-2a )n/2 (3-16),

^ ^""
K = .

tCg (CTOA j

Assuming that the amount of stable crack extension at instability is
.

: aag g (=a -a.) , we get

:
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(A.n/CTOA) (c ) + 1' 2/n#

N (3-17)Aa = (nR - a.) 1- >

inst a
,

,

s -

Using this result, the critical amount of crack extension at instability
(Aa ) can be obtained as a function of the compliance (C ) and theg
initial crack angle (2a).

The specimen displacement (V,) and testing machine displacement (V )
are calculated for the specimen with an initial crack of 2a = 60*, and
the critical amount of crack extension at instability is estimated from

the stationary condition of the total displacement of the loading system
(dv /d(2a) = 0). Those results are shown in Fig. 3-4. The critical amount

of crack extension at instability (Aa ,,t) is caledated to be the valueg

of 78 mm (CTOA= 0.2) under a compliance of 10 ' mm/N, which is in fairly
good agreement with the measured result of 70 mm (9).

3.2.2 Effects of Various Parameters on Crack Instability

This section studies some effects on the crack instability of various

parameters, such as the compliance (C ) and the net stress (a ).g g

Figure 3-5 shows the effect of the compliance (C ) on the criticalg
crack extension amount at instability (Aa ). Eq. (3-17) indicated that

the non-dimensional critical crack extension amount, Aa / (nR,-a.) , canbt
be expressed as a function of the complian e and the CTOA for constantc

values of A., n, ( N)1 and t. As shown in the Mgure, th larger comp hance

makes the critical crack extension smaller. When the compliance is as small

as 10 ' am/N, for example, the corresponding critical crack extension amount-

becomes nearly equal to (WR,-a.), which means that the crack remains stable
almost all through the uncracked ligament. On the other hand, when the

*-#compliance is as large as 10 en/N, we may expect that Aa ~ 0.13(nR ,-a.).

!
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r

b :This indicates that the' crack propagation becomes unstable after the

b ' stable crack-growth by only a very small length under the large compliance.
~

I

i- The experimental result is obtained for. the. compliance (C )' of 10 ' am/N,g

[. agreeing ncenably well with the result of the simplified analysis.
,

,

Next, we shall examine the loading conditions that affect unstable
cracking. Assuming the net section stress of'the piping at crack,

instability to be (c )g,,g, from Eq. (3-12), we getj y
>

,

!(* ~ II (3-18)(# ) inst
*

N a
J*

i Figure 3-6 shews the estimated relationships between.the nominal ,

applied stress (a ) and the crack length (2a) (CTOA=0.2). This plot- -
,

g '

shows that when a load is applied to the specimens having initial cracks

(2a) of various sizes, stable crack propagation begins at the net stress (0,)g
j of 0.87 (c.: flow stress), and the crack becomes unstable at the net

stress (a )g,,t of 1.240 in the case of C = 10-"~mm/N. The net stressg g
at crack instability is calculated from Eq. (3-18) as 0.95a. under an

infinite compliance (Cg = = ) and 1.850 under a small compliance (Cg

= 5 x 10-8 mm/N).
*

Figure 3-7 shows the values of the net stress at crack instability ,

(a ) inst as a functi n f the compliance (C ) and pipe diameter (2R,). As! N g
~ he compliance increases, the net stress at the onset of unstable crackt

{ propagatiog.i (c } inst, decreases , making unstable pipe fracture takeN

place more easity. The net stress at crack instability, (a } inst' "" ***
N

f constant indepnWiently of pipe diameter and approaches to 0.950. under

a larga complwaace (C3 > 10# um/N). Employing the compliance condition
of the safest side, C =a, the lowest limit of the net stress forg
unstable fracture of the cracked pipe can be estimated to be 0.950..

|
3

f

i
i
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4. LEAK BEFORE BREAK FOR CIRCUHFERENTIALLY CRACKED PIPE

i
In the preceding chapter, the fracture condition of the pipe with a'

, circumferential through-wall crack was estimated using the net stress
criterion, c = 0.95c., where a. is the flow stress of Type 304 stainlessy
steel at high temperature (285*C). This net stress criterion can be
. applied to obtain the condition for unstable fracture of the pipe with a
circumferential part-through crack.

:
!

j Figure 4-1 shows the schematic variation of a crack shape during
;

,

the propagation in the direction of pipe thickness from the stage of the
initial part-through crack to the stage of the onset of pipe leakage
under the constant applied stress (a ). The maximum depth of a part-

3 -

through crack (c) is assumed to increase from the initial crack depth,

! (c.) to' pipe thickness (t) with a constant crack angle (2tz). The shape :
,

of a circumferential part-through crack is approximated by an arc of a j

circle. Pipe leakage is assumed to occur when the maximum crack j

| depth becomes equal to pipe thickness (c/t = 1). Therefore, leak before

! break for the cracked pipe can be evaluated, as follows:
:

a /a. < 0.95 (at c/t = 1) .......... LBB fy
i a /a. > 0.95 (at c/t = 1)........... NON LBBy
i

i

Figure 4-2 shows the prediction of leak before break by the net ,

; stress criterion using the calculated relationships between the maximum f

| crack depth (c)/ pipe thickness (t) and the net stress (c )/the flow stressy
(a.) for 4-inch diameter pipes with the various initial crack angles (22). j

i Experimental results about leak-before-break tests are obtained for the
'

f pipes with the crack angles of 2a = 150' and 240' and the initial crack ,

! depth of c. = 0.5t, subjected to the cyclic applied stress equal to ay (179
:

MPa), the 0.2% proof stress of the pipe at high temperature (285'C) and the {
internal pressure p (9 MPa) [9,12]. In the experiments, leak before bri.ak !

'

is confirmed in the specimen of 2a = 150'. On the contrary, fast fracture
,

.
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is' observed in the specimen of 2a = 240'. The axial applied stress o ,
is calculated as the sum of the tensile' applied stress (a ) and they
aMal stress (pt,/2t) generated by the internal pressure (p). The analysis

. res'ults corresponding to these experiments show that leak before break is

established in the case of 2a = 150' because the not stress at the time of
pipe leakage (c/t =1) is less than the critical value of 0.95a.. On the

'

other hand, the net stress at pipe leakage is greater than the critical value
and leak before break may not be established under this applied stress in
the case of 2a = 240'. These numerical results agree well with the experi-
mental ones described above.

| Next, leak before break for the pipes with various crack angles
C2a = 60* N 360') and small initial crack depth (c./t = 0)' is estimated*

under the constant applied stress equal to the allowable design stress;

j (S,) for primary membrane stress (19]. It can be seen from the figure 4

j that the not stresses at. pipe leakage (c/t = 1) are less than the
i critical value of 0.95a.. Therefore, leak before break may be maintained, !

| if a crack shape during the propagation in the direction of pipe thickness
j varies as shown in Fig. 4-1 under the constant applied strese equal to
j the allowable design stress (5 ,).

:
!
<

! >

i

I

;

i

!
l

4 |

5
:

t
t :

4

f

;

i

|
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- 5. CONCLUSIONS

In this paper, some numerical methods for the analysis of crack
propagation in Type 304 stainless steel pipe under the' axial tensile
-load _were presented and applied to estimate the criteria of stable /
unstable crack propagation and the'1eak before break condition for the

circumferentially cracked pipe.-+

;
,

1) PLASTAN-II, an elastic plastic. finite. element code, was developed
for the analysis of ductile crack extension 'in two-dimensional,

plate specimen.

Using this code, the onset of stable crack propagation could.be
predicted under the constant J-integral values (1000-1500 N/mm),

for the center cracked plate specimen of. Type 304 stainless steel.
Crack propagation 'following the onset of stable crack extension was -

estimated in accordance with the resistance curve for the J-integral
i or the crack tip opening angle (CTOA) . _ During stable crack propagation,

a nearly ' constant CTOA (=0.2) was estimated.

The three-dimensional' finite element code PIPE-6 was developed
i to evaluate the fracture behavior of circumferential1y cracked Type

304 stainless steel pipe. Through-wall crack propagation under the
'

axial tensile load could be simulated by the release of the nodal
constraint at the crack tip while maintaining a constant crack tip1

opening angle (CTOA=0.2).

Numerieel solutions for the applied load and displacement during
crack propagation showed relatively good agreements with the
experimental results.

!
i

i 11) A simplified analysis model for the circumferential through-wall crack
i

{
propagation was developed based on the CTOA criterion and the load-

; deformation relationship in the cracked pipe.
<

[ Using these- conditions, the load and deformation during crack propa-
1

| gation were formulated. The crack instability condition was
!
!
!-

i
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estimated as the critical value of the net stress, (c } inst (=0. W .).N

.Some of the analysis results were in good agreements with the

experimental ones.

ftL) Leak before break condition for.the pipe with a circumferential
part-through crack was evaluated, based on the net stress at the time

-of pipe leakage. Leak before break may be maintained for the
circumferential1y cracked pipe subjected to the constant applied stress

equal to the allowable design stress (S,), if a crack shape was approxi-
i

mated by an arc of a circle with the constant crack angle during the
propagation.
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. 1. Introduction
L-

Since the discovery of the intergranular stress corrosion cracking
I

(IGSCC) at the Dresden 11 reactor in 1974, the similar cracks have been found
in the recirculation bypass lines as well as in the core spray lines of many
Boiling Water Reactor (BWR) plants [1]. The IGSCCs have been found in the
heat-affected zones of girth weld in Type 304 stainless steel pipes. No
double-ended pipe rupture has occurred in BWR plants because these crackc
have been detected by small steam leakage during operation or ultrasonic
signals at the in-service inspection before they lead to the complete
fracture of piping.

Type 304 stainless steel, which is used commonly as the pipe material,
has so enough ductility and toughness that even when a flaw initiates and
grows in a piping system, structural safety may be maintained by the leak-
before-break (LBB) behavior, by which the unstable pipe rupture can be
prevented. It is necesrary, however, to demonstrate experimentally and
theoretically that unstable pipe break without detectable leak of the coolant
can thoroughly be prevented under all the conditions expected in the plants.

With this necessity, the researches on the fracture behavior of
stainless steel pipes with cracks have been carried out in several countries.
Since the linear elastic fracture mechanics can not be applied to this kind
of problem because of high ductility of the material, the developments of new
methodologies were required.

One of these methodologies is the so called net-section stress criterion

proposed by the researchers at Battelle Columbus Laboratories [2]. This
criterion with the assumption of fully plastic condition of cracked section
was applied to plates as well as pipes subjected to tension and bending
loads. It has an advantage that it requires no detailed numerical analysis
but has some disadvantages. One of them is that it can not take into account
the effect of system compliance on the pipe fracture instability.

On the other hand, Paris et al.[3] proposed the so called tearing
instability criterion based on the J-integral resistance curve , which can
take the effect of system compliance on fracture in s t ab il i ty into
consideration. Hutchinson and Paris [4] discussed the theoretical basis for
the use of the J-integral in crack growth and gave some conditions for the J-
controlled crack growth. Applications of the tearing instability criterion
to circumferentially cracked pipes under the bending load were also made [5-
6].

Several experiments were conducted to confirm the theoretical
predictions. Paris et al. [7] performed the fracture experiments in which
they employed three point bend specimens of rotor steels with various
compliances to observe the behavior of stable or unstable crack growth.

I

Wilkowski et al.[8] made the fracture experiments ou Type 304 stainless steel
pipes subjected to four point bending load through compliance to evaluate the
applicability of the tearing instability criterion to the circumferentially
cracked pipe. They predic ted the instability points accurately with the
criterion, but the geometry dependency of J-integral resistance curve was
shown.

Besides, many numerical investigations were made using the elastic-
plastic finite element methods and the validity of several parameters was
studied [9-12]. Among others, the researchers in General Electric Company
developed a simplified method of instability analysis using the fully plastic
finite element solutions and gave the good estimates of crack propagation
behaviors using the method [13].
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; In Japan, in order to demonstrate the structural integrity of the
[,| - cracked " pipes , Crack Behavior Verification Test Group at Nuclear Power
: Engineering. Test Center (NUPEC) . has conducted the extensive research on the

fracture behaviors as well as leak-before-break behaviors of flawed pipesg
| . under the sponsorship of Ministry of International Trade and Industry. This
| paper' is intended to give an overview of the results obtained so far,

|' - although some of them were published elsewhere [14-17].
The' various . experiments have been performed using the tension-type high-

. compliance -apparatus specially developed for this projec t. .The experiments
'

consist of the following 'four tests.
1) Plate experiments under static' or dynamic tension loading with 'and

,.

. without " compliance" set in series (20 specimens tested).
2) Pipe experiments under static or dynamic tension loading with and without

" compliance" set in series (20. specimens tested) .
~

.

3) Pipe experiments. under cyclic tension ' loading with " compliance" set in
series superposed on constant internal pressure by the corrosive water of
about 280*C with 0 f 8 ppe (5 specimens tested).

2
4) Pipe experiments under transient thermal loading superposed on tension

loading with and without " compliance" (4 specimens tested). . ,

- Moreover, the detailed analyses by' the finite element method have been

; carried out .regarding some of the _ experiments'. Additionally, a simplified
analytical method for the analysis of stable and unstable fractures has been
applied to some pipes.

;
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:- 2 '. Plate' Fracture Test under Tensile Load (14]

! :In this . section, we present Lthe result of the plate tests. As test
,

; - s'pecimens, we used twenty center cracked plates of Type 304 stainless steel !
~

_

[ with' width of 300 ma'and thickness of 10 or:5 mm. Using the high-compliance
l' apparatus as ;well as the standard low-compliance: machine, three types of l
; " loading were applied to these specimens.
! L 1heoretical analyses were also carried out for several. specimens to
,- . investigate'the fracture behavior and the validity of Paris $s tearing

instability criterion.[3]. At-first, the J-integral resistance curve was''

| generated from the experimental' data of the low compliar.ce tests. Then, with
the tearing: instability criterion based on the'J-resistance' curve, the points!

.of fracture instability in the static high-compliance tests were predicted.
In the analysis,:three independent methods were employed.- Finally,
predictions of these analyses were compared with the-experimental results.

,i

2.1. Experiments
2

, 2._1. l' Specimens'
,

LThe austenitic stainless steel (AISI Type 304) plates of 10 or 5 na

| thickness.were-used for the test. The chemical composition and the
_ mechanical properties are shown in Tables 2.1 and 2.2, respectively. Plate<

geometry and initial notch configuration are shown in Fig. 2.1. . Twenty.

plates with a through-wall or surface notch were prepared. Notch geometry
and test condition of these plates are summarized in Table 2.3.

The initial. notches with width of 0.3 mm were introduced by electron
discharge machining in the heat-affected zone of three plates with weld or in

r the plain base metal of the rest. The maximum depth of the surface notch
denoted by c in Fig. 2.1 was 0.3t or 0.7t, where t represents'the plate'

thickness.
'

2.1.2 Test Conditions and Measurements

As shown in Table 2.3, three types of loading were applied in order to4

study the compliance and the dynamic effects on fracture behavior. The first'

wcs the static low-compliance tes t in which the plates were loaded quasi-,

| statically with the ' standard low-compliance testing apparatus. The second i

was the static high-compliance test using the high-compliance testing<

apparatus specially made for this project. The sketch of the apparatus is,

shown in Fig. 2.2. Here, the test plates were quasi-statically loaded
i through the compliance device, which is composed of many disk springs and has
' -4

the compliance of 10 mm/N. Finally, in the third type of the experiment,;
' six plates were-loaded dynamically with the high-compliance apparatus, where

the impact load was applied by releasing the stopper.
! ' Applied load, gross elongation (gauge length : 160 mm) and crack opening

displacement were continuously recorded in the test. Stable crack growth,

i amount'was measured by observing'the plate surfaces in the static low-

| compliance test. Since unstable crack extension was' expected in the high-
| compliance tests, crack gauges were attached on the specimen surfaces to
j obtain the crack propagation velocity.
!

!

i-

a
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'2.1.3 Test)Results

The fracture behaviors'of:the specimens were completely. dependent on the
loading types. . In ' the statiic flow'-compliance tes cs , . cracks . never became

- unstable until they penetrated ' through . the -whole specimen width. In the
: static high-compliance' tests, crack extension became unstable after some slow
; crack ~ extension in all the' cases.

From the fracture surf ace J observation af ter the tes ts , the fracture-:

surface.of'the low compliance testmspecimens was found to have'

sacroscopically plane appearance,- while in the surface of the static high-
compliance' test specimens, = the changes from plane to slanting surfaces were

: observed. It became ~ clear' from the high speed photographs that the changes
(from plane to' slanting surfaces were roughly corresponding to-the transition
from stable to unstable ~ crack extensions. In the case .of the ' dynamic high- -
compliance tests, negligible or very small plane surface was observed and
almost'all of the fracture surface was of slanting type.

The . values of the maximum load for all the- specimens are summarized in
'

Table 2.3. 'It should be noted that these for the dynamic high-compliance
F test:are the values ~of. pre-load applied to the compliance device and set such

that its displacement by pre-loading became to be about the maximum total
displacement observed in the corresponding static high-compliance test.

It was. observed from the break 1 times of the. crack gauges that the

{- velocity of unstable crack growth increased with the crack extension and
i reached'about 10 m/sec at penetration.
J As for the-surface notched specimens, the d,uctile' crack seemed to

penetrate first the plate wall, then extends in the~ direction of the plate
width. . Comparing with the specimens without weld, these with . weld exhibited'

' little difference concerning the fracture behavior including the instability,

i point.

i
2.2 Theoretical Lualyses

2.2.1 Catline of the Tearing Instability
4

| We consider here a center. cracked plate connected in series with a
' spring which has compliance C Per' unit thickness of.the plate (see Fig.M
j 2. 3) . - The instability. condition can be defined as follows ;

i dA
T

; g j0 (1)
where A is the total displacement and a is the half crack length.- A can be

T T
.

written as follows

Ag= A +PC
M

where Piis the load per unit thickness of.the plate and A is its
displacement. Using eqs.(1) and (2), the instability condition can be
rewritten as follows

C 3*dPy

where dP g 0 is used as a necessary condition for instability. Therefore, if
I the relation of load and load point displacement ' of. the cracked body is

known,'the point of instability will be estimated easily from eq.(3).
,

i.
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IT On the other hand, when we need to analyze the stability of crack
extension in the structure whose deformation behavior is unknown, the

i material resistance curve is required. As the parameter characterizing the
crack extension in the presence of:large-scale plasticity, the J-integral and
the crack tip opening angle are considered by many investigators to be most
: promising. If the J-controlled crack growth conditions [4]'are satisfied, |
then the stable crack extension is controlled by the J-resistance curve as
follows

J(a,P) J mat ( *
=

where J is the applied J-integral (crack driving force), J * ** ** *
aat

the material J -resistance curve which represents the material resistance
against the crack extension and Aa 'is the crack extension. In this

3

equilibrium state, the Paris's instability criterion (3) is represented by
dJ

( )gT ) g, W
,

j In the present work, the J-controlled crack growth was assumed and the
|- stability of crack extension was analyzed based on eq.($).
-!

2.2.2 Numerical Analyses

(a) Three Parameter Method

At first, the J-resistance curves were generated from the record of the
| low compliance tests. Rice et al. [18] derived a formula to calculate the J-

integral for center cracked specimens which is given by
'A

'

P gJ=G+1( dA -

,0 p 2 p
,

=G+f( -fPA) ( * P d a, = P A,) (6)P da
i where G is the linear elastic energy re' lease rate, e is the remaining

ligament length at each side, and A, and A are respectively the elastic and;

| the plastic contributions of the load point displacement. g uation (6) mayq i

be correct only for nongrowing cracks since the change of ligament length is
; not considered. Garwood et al. [19] proposed a formula for the J-integral

value of growing cracks in bending specimens. Similarly as Garwood-et al., a
recurrence equation for a center cracked specimen is obtained as follows

(J,c,,y+G,,g,,g-G,c,+fP,A,,g-fP,,g,)U +1 e A (7)=
in

,

where subscripts * indicate the incremental step. Using eq.(7), the J-integral,

value can be calculated only from the relation of the load, the load point
displacement and the ligament length. Thus the technique is often called as
the three parameter method.

The J-resistance curves obtained from experimental data of the static
low-complicace tests together with eq.(7) are shown in Fig. 2.4. From the,

figure, it can be seen that little difference exists between the four curves

!,
and the initial notch ratio and the plate thickness give relatively small

|influence on the relation within this test range. It should be noted that
; the crack length was measured at the surface of specimens so that no
'

consideration for the crack tunneling was given. From the figure, the value
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of J-integral at the crack initiation was found to be .0.95 - 1.63 MJ/m and
dJ

that of 110 - 147 MJ/m with- the least square approximation. Thus, inda
| dJ

the stability analysis described shortly, the' values of were assumed toda

:be 136 MJ/m and 110 MJ/m for t = 10 mm and t = 5 ass, respectively.
For the applied under the condition A = c notant, we used the j

T

equation derived by Hutchinson and Paris [4). The variations of (h)3 with

crack extension for the static high-compliance tests are plotted in Figs. 2.5

dJ *" are also shown." In these figures,- 2.8. In these figures, those of

the instability points are predicted as the intersection of two curves, which
are indicated by the vertical lines in the figures. The lengths of the
stable crack growth estimated from the fracture surfaces are also shown for
comparison in these figures.

(b) Fully Plastic Solution Method
,

i

Shih and Batchinson [20] proposed a simple estimation scheme for the J-
integral value for plane stress center cracked plates using the fully plastic

| solutions together with the linear solutions. In the application of this
method, the kamberg-Osgood type uniaxial stress-strain relation are assumed-

as follows4

1 = 1 + r(1 )" (8)
: c. a. c.

where c, c. ,o and c are the total strain, the reference strain, the
i

; uniaxial stress and the reference stress, respectively. r and n are the

[ material constants. For the material whose stress-strain relation is given

I by eq.(8), the J-integral and the residual load point displacement A* are,
repectively, given by,

linear ( '*} * nonlinear '" }*

A A inear(''*} * Anonlinear ''

! where subscripts ' linear' and ' nonlinear' represent the contributions of the
elastic and plastic deformations to the total value, respectively. The
nonlinear parts ,of these values were calculated using the fully plastic
finite element solutions obtained by Shih and Hutchinson [20).

j Using eqs.(9) and (10) with these solutions, (
),T

is calculated as
|

| (N),T=(N)p-(h),($),/(c r(h),) (11)g
,

'

In applying this method to the present material (Type 304 stainless
steel), the material constants 'in eq.(8) are estimated as follows

e =234MPs, c =0.00126, r=3.15, n=5e
,

E

!~

l
i
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|

' which give the_best fit stress-strain relation in the range of 0<c<0.1.

Calculatedvaluesof(h) for high compliance tests are shown in Figs.

! 2.5, 2.6 and 2.4 to compare with ' the results of the three parameter method.
L It can be seen from these figures that the values obtained by both methods

: are in good agreements with each other.
;

1

! (c) Full Finite glement Analysis i

!
. 1,

1 Thirdly, the crack growth analysis by the full. finite element method was |
made and the stability of crack growth was analysed as well. The analysis '.

j was made for a rectangular panel shown in Fig. 2.9, which was modeled using |i' the configuration of the specimen CS-3. Because of the geometrical symmetry, j

| only a quarter part of the specimen was analysed using 56 plane stress 3- j
: noded isoparametric elements as shown in Fig. 2.10. As the boundary

1

j condition at the end of the specimen, untform displacement in the direction I

j of tension was given. [
! In the elastic plastic calculation, von Mises yield condition. Prandtl- '

; Reuse equation and the isotropic hardening rule were employed. As the j

| algorithm of the elastic plastic solution, partial stiffness method proposed i

j - by Marcal and King [21] was used.
i The modulus of elasticity and Poisson's ratio were assumed to be 185.1 ;

! gps and 0.3, respectively. In the yielded region, the multi-linear stress- i

4 strain approximation was used. As the criterion for crack extension.
| experimental relationship between the gauge displacement and crack extension

,

i amount was utilised. t

| The J-integral value was calculated according to the path integral !
Idefinition at four contours as shown in Fig. 2.10. The variation of the J-

. integral calculated at each path with the crack extension is shown in Fig.
! 2.11. From this figure, it can be seen that the path dependency of the J-
j integral is increasing as the crack extends. One of the reasons for this may I

j be due to the unloading accompanied with the crack extension. The J- |
! resistance curve obtained by the three parameter technique explained above is i

also shown in this figure, which is seen to be somewhat higher than those by
the full finite element method.

i Next, the stability analysis of crack extension was made with the i

),T defined in eq.(11). Figure 2.12 fpresent finite element method with (
:

|

| :shows the predicted points of instability for various compliance values which !
'

are given by the vertical arrow. I

2.2.3 Comparison with the superimental Data {

Stability analysis of center cracked specimens was made by the above |
methods. Table 2.4 shows the comparison for the stable crack extension (i.e. !

the distance from the initial location of notch tip to the point of (1

l instability) between experimental and theoretical values. As the i
'

experimental date, two independent values are obtained for fracture i

; instability; one is the length of crack extension up to the changing point of |
| fracture surface (measured at the surface of specimens), and the other is the !
i value estimated from the load-load point displacement relation using eq.(3). |From this table, it can be seen that the predicted values given by the three i

1 ,

t i
t
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theories are closer to the experimental values estimated by eq.(3), than to
ithose obtained from the observation of fracture surface.
;

2.3 Conclusions

Ductile crack extension experiment and stability analysis for center
cracked plates of Type 304 stainless steel were made. From these, the !

,

following conclusions were obtained.
1) In the static high-compliance tests, unstable ductile crack growth was

realised using the high-compliance testing machine.
2) With the record of static low-compliance tests, the J-integral resistance

curves were calculated. The influences of initial nasch ratio and
thickness on.the resistance curve were found to be rather small.

3) The points of fracture instability in the static high-compliance tests
were estimated using the three independent methods. The predicted values
coincided well with the experimental values, especially with those
obtained from the load - load point displacement curves.

,

i
,

i
i

I
,

l

|
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TABLE 2.1 CHEMICAL COMPOSITION - (CHECK ANALYSIS)'

(WT.%)

C Si Mn P S Ni- Cr
4

0.06 0.63 0.92 0.028 0.006 9.00 18.27

E
TABLE 2.2 MECHANICAL PROPERTIES

ROOM TEMPERATURE

0.2% PROOF TENSILE ELONGATION
STRENGTH STRENGTH

(MPa) (MPa) (%)

254 568 58

_ - _ . J



TABLE 2.3 TEST CONDITION AND MAXIMUM LOAD

TEST PLATE PLATE NOTCH GEOMETRY MAXIMUM
. 1TST TYPE THICKNESS LOAD,y,

*2 *3
(mm) 2a/2w c/t (kN)

*

CB-1 10 ' O. 5 1 593

5 0.5 1STATIC - 303-

' LOW-
CB-5 10 0.7 1 374COMPLIANCE

. TEST
| CB-7 10 0.3 1 818
|

CB-17 10 0.5- 0.7 765

CB-2 10 0.5 1 646

CB-4 5 0.5 1 337

CB-6 10 0.7 1 457STATIC
HIGH-

CB-8 10 0.3 1 890COMPLIANCE

CB-15 10 0.5 0.7 862

CB-16 10 0.5 0.3 12944

CBW-1 10 0.5 1 627
_

CB-9 10 0.5 0.7 1119

CB-10 10 0.5 0.3 1862

CB-11 10 0.5 1 851

f) CB-12 5 0.5 1 540
" CB-13 10 0.7 1 699E

) CB-14 10 0.3 1 1217

CBW-2 10 0.5 1 846

CBW-3 5 0.5 1 491

-

*1 W INDICATES WELD SPECIMEN'

*2 2a: NOTCH LENGTH, 2w: PLATE WIDTH

*3 c: NOTCH DEPTH, t: PLATE THICKNESS

00

. _ - - _ - . - _ , _ _ -- -
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TABLE 2.'4 COMPARISON BETWEEN EXPERIMENTAL AND THEORETICAL
VALUES OF STABLE CRACK EXTENSION

STABLE CRACK EXTENSION (mm)

EXPERIMENTAL THEORETICAL.

EST THREE FULL FINITE

PLATE FROM-FRACTURE FROM EQ. (3) PARAMETER ELEMENT
SURFACE METHOD METHOD

CB-2 25 17.0 .21.4 18.3 15.8

O
CB-4 30 21.6 20.0 23.0 24.2

CB-6 10 7.6 5.6 - -

CB-8 30 17.6 20.5 20.5 -

,

|
- _ _ _ _ _ - _ _ _ _ _ - _ _ _
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COMPLIANCE DEVICE |
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FIGURE 2.2 OUTLINE OF HIGH COMPLIANCE TEST APPARATUS
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3. Pipe Fracture Test under 'lensile Load [16]

The results of the pipe fracture experiment under the low and high-
compliance tensile loadings are given here. Twenty pipes with a through-wall (
or part-through initial notch were tested under three dif ferent types of |

loadings . |
Theoretical considerations on stable crack growth and instability of the

tested pipes are also shown in this section. Theoretical analyses utiliz'ed
the three-dimensional finite element method as well as a simplified method.

3.1. Experiments

3.1.1 Specimens

The austenitic stainless steel ( AISI Type 304) pipes of 6 inen and

schedule 80 were used for the test. The chemical composition an.1 the
mechanical properties of the material are shown in Tables 3.1 and 3.2,
respectively. Pipe geometry and initial notch configuration are shown in
Fig. 3.1. Twenty pipes with an inner-surface or through-wall notch in the
circumferential direction were prepared. Notch geometries and test
conditions are summarized in Table 3.3.

The initial notches of 0.3 mm width were introduced by
electron discharge machining in the heat-af fected zone (HAZ) of three pipes
with weld or in the plain base metal of the rest. The maximum depth of
inner-surface notch, denoted by c in Fig. 3.1, is 0.3t or 0.7t, where t is
the pipe thickness.

3.1.2 Test Conditions and Measurements

As shown in Table 3.3, three types of experiments were carried out in
order to study the influence of compliance and dynamic effect on the fracture ,

behaviors. The first was the static low-compliance test in which tensile
load was applied quasi-statically with a standard low-compliance testing

The second was the static high-compliance test using the high-apparatus .

compliance apparatus shown in Fig. 2.2, in which the test pipes were quasi-
statically loaded thcough a spring with the compliance of 10 san / N. Finally,

in the third type of the experiment, six pipes were loaded dynamically with
the high compliance apparatus (the dynamic high-compliance test). These
tests are conducted at room temperature or 285*C in air.

Applied load, gross elongations (gauge length : 250 mm) and crack
opening displacement were continuously measured in the tests. Stabic crack
growth was measured by observing the pipe surface in the low-compliance test.
Since unstable crack extension was expec ted in the high-compliance tests ,~

crack gauges we're attached on the pipe surface to measure the crack
propagation velocity by their break time.

3.1.3 Test Results

Maximum loads for all the specimens are summarized in Table 3. 3. The
fracture behaviors of the specimens were found to he dependent on the loading
types, typical schematic drawings of the fracture surfaces for the three
loading types are shown in Fig, s.2
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In the static low-compliance tests, cracks never became unstable and
fracture surfaces were flat in the entire regions In the static high-.

compliance tests, both ductile flat and 45 degree shear parts were observed
in the fracture surfaces. Af ter stabic ductile flat cracks of 50 to 70 mm )length, the pipen exhibited rapid double-ended fracture. The reductions of |

vall thickpeas in the stable flat cracked area were about 50 % and those in
the unstable a. hear cracked area were 25 %. In the case of the dynamic high-
compliance tests, negligible or very small flat cracked surface was observed
and almost all of the fracture surface was of shear fracture type.

The lengths o't ductile flat crack for through-wall notched specimens are
summarized in Fig._3.3, which-involves the static low-compliance test, the
static high-compliance test and the dynamic high-compliance test, denoted
respectively as ST, CM a'nd DY. It can be seen frcm the figure that the
difference between the non-veld and the weld type sperimens is negligible.

Figure 3.4 shows the crack propagation velocity va crack length in two
pipes subjected to the static high-compliance loading which contain the
through wall initial notches with circumferential angle of 30 and 120 degrees
,respec tively.. In this figure, CH-1 and CH-2 correspond to both sides of
crack tip. Crack propagation velocities are seen to increase rapidly with
the crack extension until about 10 m/sec.

,

3.2. Theoretical Analyses
, . .

3.2.1 Finite Element Analysis

Two three-dimensi.onal elastic-plastle fin.{ t.1 el ment codes named PIPE-6
and PIPE-16 have been developed to study the fracture behavior of the
circumferentio1.1y cracked pipes tested.

(a) Models for Analysis [ '

,

Taken as an example of calculation was'the static high-compliance test
specimen with a through-wall initial notch of 30 Jegrees. Figure 3.5 shows
the finite element model for the calculation. To economise the computer
cost, we modeled only the 1/12 part of the pipe, where the gross alongations
between the points A and C and between A' and C' bed be'un measured. Linearly
interpolated along the circumferential direction.,thase elongation data were
used to prescribe the displacement at the end of the model'atructure. The 6-
noded and 16-noded isoparametric elements were used in PIPE-6 and PIPE-16,
respectively. The finite element subdivisions for the both codes were,
respectively, shown in Figs. 3.5(B) and 3.5(C).

The material properties used in the plate analyses were also utilised in
this analysis.

'

(b) Methods for Analysis

Table 3.4 describes the theoretical backgrounds employed in the both
codes. As can be seen in the table, the J-integral van calculated based on
the virtual crack extension technique [22] in PIPE-16.

As a criterion for crack uxtension, the experimental, relation between
the gross elongations along the lines AE and A'B' indicated in Fig. 3.5 and
the crack extension amount was utilised in PIPE-16 (l.a. Generation phase
simulation). In PIPE-6, on the other hand, the constant Crack Tip Opening
Angle (CTOA) criterion was used and the critica1 'CTOA o f. 0.2 radian, which

.

16

,
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| had been obtained from the analysis for the center cracked plates, was
employed (i.e. Application phase simulation). In the both calculations, the
value of C10A was evaluated from the crack opening displacement at the corner
node nearest to the crack tip. he crack extension was realised by the nodal
releasing technique in.the both codes, in which the nodal reaction force was
eliminated in several increments with the removal of nodal restraint.

(c) Ihamerical Results

Figure 3.6 shows the variations of the applied load and the crack
opening displacement-(COD) at the point 10 se apart from the initial notch
tip with the crack extension As. De applied load reached the maximum value
after some stable c* rack growth and then deeressed gradually with the stable
crack growth. his maximum load was calculated to be 1303 kN (P1FE-16) or
1392 km (FIFE-6), while the value of 1274 km was obtained in the experiment.
De values of the C00, increasing almost linearly with the crack extension,
are shown in the figure with the emperimental values.

ho fracture mechanics parameters, the J-integral and the CT0A, were
obtained from the numerical solutions by FIPE-16, the code for generation
phase simulation. he J-integral value, being about 1 MN/a at the crack
initiation, increases remarkably with the stable crack growth as shown in
Fig. 3.7. These characteristics in the J-resistance value for the pipe
specimen are nearly the same as those of the. center cracked plate specimens
plotted in the figure. Figure 3.3 shows the CTOA resistance curve calculated
using P1PE-16. As shown in the figure, the CTOA obtained by the present
analysis is relatively close to the CT0A scattered band calculated for the
center cracked plate specimens.

From these results, the J-integral and the CTOA approaches are
considered to be effective criteria which can describe the crack initiation
and stable crack extension, rather independent of the configuration of
cracked specimens, within the scope of notched pipe and center notched plate
under tension load.

heat, the instability point of the circumferential crack in the pipe
specimen is predicted from the condition that the total displacement reaches
the maximum value during the crack extension (see eq.(1)). The total
displacement A is represented as the sua of the displacement of the pipeg

specimen & and that of the spring for high compliance itself 4,. Assuming

the pipe displacement & to be nearly equal to the C00 and using the relation
A,=C.P with C being the compliance and P being the load, the total
displacement A is obtained as a function of the crack extension enount Aa.g

Figure 3.9 shows the variations of A , & ad 4, wM th cred extensbng

obtained using the codes PIPE-6 and F1PE-16, respectively. Employing the
instability condition of eq.(1), the stable crack extension amount up to the
instability ea was predicted *.o be 43.9 and 51.3 mm by PIPE-6 and FIPE-gg
16, respectively. Emperimental measurement on the fracture surface showed
thac the unstable crack propagation began af ter the stable crack extension of
So to 60 mm. Rus, the finite element solutions sees to predict the crack
instability point with comparably good agreement with the experimental
result, although the theories gave somewhat shorter stable crack extensions
than the experiment.

77



_ _ _ _ , , . __ _ _

j;

|

.

3.2.2 Tearing-Instability Analysis by the Simplified Method( ,

, ,

Nest, the fracture instabiN h forJthe pipe _ with a circumferential
through-wall' crack was ' studied' by the ' simplified method. This method
utilises ;the. experimental relation between the net-sec tion stress and the
crack opening 'displ'acement.?;The net-section stress is used for the criterion
of onset of the stable crack growth.- The constancy of the CTOA and the !

~

stationarinessi of the. ! otal displacement are employed as the criteria of the lt

stable _cra'ck propagation and the-onset of the crack instabil ity , )1

respectively. The stable crack' extension amount at the instability aa
i t

can be obtained as a function of the pipe dimensions (radius; R,,_ thickness;

t), the initial (crack angle 2a or length 2a * * * * * ** "" *" *
0''

-compliance C . The detail of the analysis method was given in the referenceg

423].
Figure 3.10 shows the effects of the compliance on the nondimensional

stable crack extension secunt at the instability aa /(wR,-a0** " *

not dependent on the initial crack angle in this theory. As shown in the
figure, the value of asinst becomes smaller with the increase of the

-6compliance. When the compliance is'as small as C =10 mm/N, the crackg
propagation is almost stable within the whole region of the remaining
ligament, i.e. Aaint =(wR,-s ). On the other hand, the crack instability0

occurs after some amount of stable crack growth under the large compliance.4

' For example, as can be estimated to be about 12mm for the initial crack
-

angle 2a=60' under the compliance of 10 sun /N. Experimental value of aainst

under the compliance of 10 mm/N is in good agreement with the calculated
result. This figure also shows the accumulated frequency of compliance in*

the recirculation piping systems of a 1100 MWe BWR plant. The compliance of
;-4

10 mm/N used in the present pipe tests can be regarded as a relatively
conservative value as compared with the compliances in the BWR piping system
because about 80 per cent of the BWR piping system have the compliance less

~

than 10 um/N as shown in the figure.
'

3.3 Conclusions

The fracture behaviors of Type 304 stainless steel pipes with a
circumferential crack were attidied with the experiments and the numerical
analyses. The following _ conclusions were obtained:
1) In the static low-compliance test, cracks extend stably showing the flat.

fracture surfaces.. The changes -from stable to unstable crack extension,
which is characterized by the 45* shear fracture surfaces, are observed
in the static high-compliance test as well as in the dynamic high-
compliance test.

2) Maximum crack velocity in the unstable fracture region of ten exceeds 10
m/sec.

3) From.the application and generation phase simulations by the finite
element methods, it is found that the J-integral and the CTOA are

,

T
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effective parameters for the crack initiation and.the stable crack
| extension.

4) Crack instability is predicted from the stationariness condition of the
controlled displacement, taking the ef fect of the compliance .of the j

. loading system into account, with either the detailed finite element
analysis or the simplified method.
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TABLE 3.1 CHEMICAL COMPOSITION (CHECK ANALYSIS)

(WT.4)-
,

, C Si Mn P. S 'Ni Cr

0.05 0.50 1.51 0.026 0.003 9.30 18.30

4

8
.

TABLE 3.2 MECIIANICAL PROPERTIES
4

ROOM TEMPERATURE 285*C

,

0.2% PROOF TENSILE 0.2%~ PROOF TENSILE
ELONGATION ELONGATION

STRENGTH STRENGTH STRENGTH STRENGTH

(MPa) (MAa } (%) (MPa) (MPa) (%)
__

284 588 67 167 431 38
,

f

i
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TABLE'3.3 TEST CONDITION AND MAXIMUM LOAD

. TEST PIPE NOTCH GEOMETRY
MAXIMUM

TEST TYPE *2 LOADNo 2a *3cA(DEG) (kN)

CP-1 30 1 1176
8'

CP-2 60 1 1039- LO
COMPLIANCE CP-3 90 1 909TEST

CP-12 60 0.7 1044

CP-4 30 1 1278

CP-5 60 1 1084

CP-6 90 1 977

CP-7 120 1 852

CPW-1 60 1 1004H H
COMPLIANCE

CP-9H 60 1 725TEST

CP-10 60 0.7 1071

CP-ll 60 0.3

CP-14H 60 0.7 840

CPW-3H 60 1 753

CP-8 60 1 1115

CPW-2 60 1 1107
D NA IC CP-13H 60 1 765
COMPLIANCE

CP-15 90 1 959TEST

CP-16 60 0.7 1143

CP-17 60 0.3 1656

*1 .W INDICATES WELD SPECIMEN

H INDICATES HIGH TEMPERATURE TEST (285*C)

*2 NOTCH ANGLE

*3 c: NOTCH DEPTH, t: PIPE THICKNESS

81
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TABLE 3.4 METHOD FOR SOLUTION

COMPUTER CODE PIPE-6 PIPE-16
.

ELEMENT TYPE 6-NODED ISOPARAMETRIC 16-NODED ISOPARAMETRIC
_

NUMBER OF NODES 330 456

NUMBER OF ELEMENTS 280- 63
2

PLASTICITY THEORY FLOW THEORY (ISOPARAMETRIC HARDENING)

GEOMETRICAL
SMALL STRAIN,

NONLINEARITY
SS

CALCULATION SCHEME TANGENT MODULUS (PARTIAL STIFFNESS)
.

STRAIN HARDENING BILINEAR APPROXIMATIONPROPERTY

J-INTEGRAL VIRTUAL CRACK
CALCULATION EXTENSION METHOD

CRACK EXTENSION NODAL RELEASING
TECHNIQUE

CRACK EXTENSION CRACK TIP OPENING
GAUGE DISPLACEMENTSCRITERION ANGLE (CTOA)

^ ^O CRAC EX EN O
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'4. Imak-Before-Break Test under High-compliance Loading Condition

In the preceding two sections, we presented the instability tests under,

| the tensile load. However, to assess the leak before break condition with
r; : reality, the process of suberitical crack growth due to stress corrosion

I: cracking-combined with cyclic load must be considered. From this
| consideration, we performed the leak-before-break test for the part-through
| notched pipes under the presences of internal pressurized water . and cyclic
,
' tensile load. From the tests, the bound for leak-before-break is clarified.

-In addition, the test results are used for the evaluation of margin for
unstable fracture in the piping of various diameters.

|
x

4.1 Experiments

4.~ 1.1 Specimens

-The austenitic stainless steel (AISI Type 304) pipes of 4-inch schedule
80 were used as the test material. The chemical composition and mechanical
properties of the steel are shown in Tables 4.1 and 4.2, respectively. Five
test pipes with artificial inner-surface notches in the circumferential,

! direction were prepared. A circular notch of 0.3 mm width was introduced
in the heat af fected zone of each welded pipe by electron discharge
machining. Figure 4.1 shows the shape and dimensions of the test pipe in
~ detail. The sizes of the initial notches are tabulated in Table 4.3.

4.1.2 Test Conditions and Measurements

Each pipe was set in the high-compliance testing machine shown in Fig.
2.2. - The cyclic axial load shown in Fig. 4.2 was applied to the pipe in the
BWR environment (the high temperature pure water of 285'C with 8 ppa
dissolved oxygen and the internal pressure of 8.7 MPa). The axial load was
cyclically applied until the leak was detected by the moisture detector
installed near the test pipe or until the pipe fractured. The applied load
and the oil pressure of the cylinder were monitored through the load cell and

3 the pressure transformer, respectively. The nominal strains on the test pipe
! . were measured with the high temperature strain gauges as shown in Fig. 4.1.

~

| Additionally, two crack gauges were used to estimate the time of crack
penetration through the pipe wall.

.

4.1.3 Test Results
|

The leak-before-break behaviors were observed in the test pipes with the
initial circumferential crack angles of 36*,150* and 180*, i.e. the specimen,

i numbers CPI-1, CPI-2 and CPI-3. The crack lengths alocg the outer surfaces
were 4.5, 56 and 7 uma when the cracks penetrated through the pipe walls in4

'

the ' test pipes CPI-1, CPI-2 and CPI-3, respectively. The total load cycle
numbers required before the leaks for these pipes were 187, 52 and 99,
respectively. The steam leakages were detected at the increasing stage of
the load for all these pipes.

On the other hand, in the test pipes with the initial circumferential
' crack angles of 240* and 360*, i.e. the specimen numbers CPR-1 and CPR-2,

fast fracture occurred during the load holding. In other words, the leak-
: before-break was not realized in these pipes. The total load cycle numbers

until fast fractures were 8 and 7 in the test pipes CPR-1 and CPR-2,
respec tively. Figure 4.3 shows the typical time records for the cases of the

t
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d

leak-before-break _andtof fastLfracture. As shown in Fig. 4.3(B),'the-

-instabilit'y was observed during the. load holding.
' After the- test, dye' penetrant examinations were performed to examine the'

crack growth along .the inner surf aces of the pipes. In CPI-1, cracks of

. about -1 aus long were detec ted 'at the both initial notch tips in the. pipe
inner. surface along the ' direction of notches. . Another crack of about 6.5 mm'

long was also found near ; the notch tip region. A crack _of about12 mm was
~

obserbed at one crack tip in~the' pipe inner _ surface of the3 test pipe CPI-3.
- No cracks were seen on -the inner surface of the other pipes. . .

., _ The cracked regions of all the test- pipes were cut into small samples in-'

order |to assess the cracking mechanism._ : The macroscopic aspects of fracture
L- surfaces are shown in' Fig. 4.4. The-IGSCC was observed throughout the

initial crack front lines in the test pipes CPI-l and CPI-2, while in -th'e
tsat pipe CPI-3 the IGSCC was partially seen at two. isolated regions _along
the initial crack front line. This is maybe due to the nonuniformity of .the
degree of sensitization by welding along the notch front line.

_ Optical ~ microscopic observations were carried out for small samples at,

the' initial notch tip region of these pipes. Figure 4.5 shows.the results 1
'

for the_ test pipe CPI-3. _ Fracture surfaces of the-test pipes CPR-1 and CPR-2
which fractured in unstable manner were examined by a scanning. electron

3

microscope. Figure 4.6 shows. the results on the test pipe CPR-1.i

- These fractographic examinations revealed that the fracture surfaces of
i 'the test pipes CPI-1, CPI-2 and CPI-3 were of typical intergranular mode due '

to the'IGSCC. As for the test pipes CPR-1 and CPR-2,- dimple patterns due to
the fast fractures were observed ~in - the region near the outer' surface , while
the fracture surfaces between the initial notch and the ductile tearing crack

-

seemed to be those of the IGSCC. -
,

4.2 Theoretical Considerations on Leak-Before-Break
:

i Of five specimens tested here, the test pipes CPI-1, CPI-2 and CPI-3
showed steam leakage from the cracks, while the test pipes CPR-1 and CPR-2

4

exhibited the unstable double-ended breaks . The experimental-net-section
stresses at the leaks or the breaks for all the specimens are shown in Fig.;.

i
4.7 as the function of the cracked area which includes both the initially

{~ notched area A . and the cracked area by the IGSCC A . Here A indicates the
2 3 1

'

uncracked area.
|. Figure 4.7 also contains.the results of the static high-compliance tests
i of the pipe specimens described in Section 3. Plotted in the figure are the

; net-section stress values at the crack initiatious, collapses - (i.e. maximum
at the

! load points) and instabilities for the through-wall notches and those
crack penetrations, collapses and instabilities for the part-through notches.'

The open marks indicate the crack initiations or the crack penetrations,
while the half and full solid marks indicate the collapses and instabilities, ,

respectively. In the calculation of the net stresses, the crack-induced

bending moment was not-taken into account. It can be seen in the figure that

the leak occurred -at the nondimensional net-section stress c / I "**~y 0 N

section stress, 00; fl w stress) being less than 0.92, while the collapse or
* *#8** "" '9 ' *** taken to beinstability occurred when o,40 O

- the average value of 0.2 % proof strength and tensile strength.
The net-section stress under the tensile load condition corresponding to

the design stress S of the ASME Code Section III is drawn by a broken line
|*
|
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i
in'the figure. Similarly the net-section stress calculated from the internal I

L pressure of 7-MPa as the- typical loading condition in BWR piping is drawn' by I

a solid line. From these, it is very unlikely that a cracked pipe breaks
only by the working internal pressure. Moreover, it should be noted that the
quite~large initial cracked area'is required until the pipe breaks satisfying
'c /o =0.92.under the design' stress condition of:S,.| y O

-In order to demonstrate the leak-before-break, .it is necessary to show
.that the crack with leak does not cause the sub1equent unstable pipe break. !
Regarding this, it is assumed from the above consideration that if the
nondimensional net-section stress a /o reac es t e va ue 0.92, the pipey O

!. break takes place..
As for the critical crack lengths for the detectable leak, we assume

that the leakage of five gallons per minute (5 spa) can be detected and that
the leak rate from the through-wall crack -is estimated from the crack opening
' area A approximately given by

22sa o so

sec(2a ) (12)A=
E

0
2Multiplying the leak rate of 55 lb/sec.in for the saturated water at the

internal pressure of 7 MPa by the area calculated by eq.(12)~, the length of'

through-wall crack which gives the leak rate of 5 gym can be calculated.
In Fig. 4.8, the variations of the critical crack lengths .for detectable

| leak and break with the pipe diameter are shown. This figure also contains
the critical crack lengths for instability for some finite compliance values,
which were obtained by the simplified method described in Section 3. It
should be emphasized frca this figure that the crack length for 5 gpa leakage
is considerebly smaller than the crack lengths for collapse or instability
and that large diameter pipes have more margin for break than small diameter.

'

pipes.
;

4.3 -Conclusions

The fracture behaviors of Type 304 stainless steel pipes with
circumferential part-through cracks were studied with the pipe experiments

| performed in the BWR environments under the cyclic tension loading with high
J' coaliance. The following results were obtained from these experiments and
1 the theoretical considerations.

1) The leak-before-breaks were confirmed in the test pipes with small
initial notch angles of 30*, 150* and 180*. On the other hand, the fast
fractures were observed in the specimens with the large initial notch~

angles of 24.0* and 360*.-
| 2) Based on the net-section stress approach, the critical condition was

obtained to determine the failure mode, i.e. leak or break, in the
circumferentially cracked pipe.

13) It was. found that the critical crack length for pipe break was much !

larger than that required for the leak detection at the applied load S . I
&

a
4) Large diameter pipes have more margin for break than small diameter

pipes.
.
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TABLE 4.3 TEST CONDITION AND RESULTS

NOTCH-GEOMETRY

TEST PIPE *1 *3 ~ o *5 TEST'

2a *2 LTS Max
No. c/t RESULTS

(DEG)

*0
CPI-l 36 0.5 YES o LEAK

Y

CPI-2 150 0.5 NO a LEAK

*4CPI-3 180 0.5 YES o LEAK

CPR-1 240 0.5 YES o BREAK

CPR-2 360 0.5 YES 0.70 BREAK
Y

*1 NOTCH ANGLE

*2 c: NOTCH DEPTH, t: PIPE THICKNESS

*3 LOW TEMPERATURE SENSITIZATION (550*C x 24h)

*4 APPLIED AFTER 198TH LOADING CYCLE

*5 MAXIMUM APPLIED GROSS STRESS

t *6 0.2% PROOF STRENGTH AT 285'C (=179 MPa)
i

;

i

>
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5. Thermal Shock TestLfor1Circumferentially Cracked Pipes
.

~ In . core. spray and recirculation piping systems of BWRs , the thermal j

~

transient might occur on the emergency core cooling. Type 304 stainless
'

-steel, .which is used as' the :saterial' of these piping sys tem, has so enough .
~ ductility and toughness that' crack sopagation in this material is presumed
to be| stable. 3

Bowever,11t has never been demonstrated experimentally so far that the-

: crack propagation and unstable pipe fracture can thoroughly be prevented in-1

- nuclear piping with quite large intergranular stress corrosion cracking'

(IGSCC).when the. thermal transient such as the emergency core cooling occurs.
For this purpose, we conducted the experiments on the crack propagstion

from circumferential part-through notches in Type. 304 stainless steel pipes
to investigate crack behaviors under the thermal transient. This'section

~

describes the results of these experiments and the related preliminary-
theoretical considerations'.

'5.1 Experiments.
,.

5.1.1 Specimens !

! The austenitic. stainless steel (AISI Type 304) pipes of 8-inch schedule
i 80 were used as the test specimens. The chemical composition and mechanical3

properties of the steel . are shown in Table 5.1 and Table 5.2, respectively.
Four test pipes, which were welded by tungsten are welding (Heat input: 10
kJ/cm for lat _ to 3rd layers and 23 k'J/cm for 4th to 7th layers), were
prepared as shown in Fig. 5.1. >

A part-through circumfereAtial. crtificial notch of maximum 3mm width was
introduced into the heat affected zone of each welded pipe by electron
discharge machining. Table 5.3 shows the notch depth and its circumferential
angle for each pipe. As can be seen in the table, two types of cracks, which
have circumferential angles of 180 and 360 degrees respec tively, were

,

machined in this tests.-
1

5.1.2 Test conditions and Measurements

,
Tho kinds of loading conditions were considered in the experiments. The

I first was the high compliance test using the high compliance apparatus shown
in Fig. 2.2. The second was the low compliance test using the same testing
machine but without the compliance device.

Figures 5.2 and 5.3 show the overall view of the test pipe set in the
apparatus and the outline -of the cooling water loop system for applying the
thermal shock to.the pipes, respectively. The temperature, the pressure and

2
| the flow. rate of the cooling water were 20*C, 4kgf/cm and 6.7m/s,

( respectively.
LIn all the tests, mechanical pre-load in the axial direction whose value

is shown in Table 5.3 was applied to the specimen before the thermal shock.
The ' values. of the pre-load are determined such that the net-section stress at

c is the 0.2%the cracked section of pipes were equal to 1.400.2, where 0.2
proof stress of the material at 285*C.

The test' procedure was as follows.
1) Set the test pipe'in~the apparatus.
2) Heat the pipe -up to nearly 285'C by using electric heater surrounding

the pipe.
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3) ' Apply the axial. tensile- pre-load up to the specified value shown in
Table 5.3.

;4)~ Shut the valve A and open the valves B and C.
5) ~ Immediately after removing the air from the loop, open the valve D with

shutting the valve C.
6) Then the cooling water rapidly flows into the test pipe and causes the

~ thermal shock in the pipe.
'Ihe_ change in tensile . load was monitored by using the strain gauges

mounted on the loading arm. The temperature distribution' through the pipe
thickness was also measured by the thermocouples which were attached at 0.5,
8,10 cad 11.7am depths from the outer surface near the notch in the pipe.

5.1.3 Test Results *

Figure 5.4 shows the typical example of the time variations of the
temperature at-various denths and the tensile load measured in the low
compliance test. . From the figure, it can be observed that the temperature at
the inner surface became below 30*C at about five seconds after the injection
of cooling water, and that it took more than one minute for the outer surface
to be cooled below 50*C.

Figure 5.5 illustrates the temperature distributions along the pipe wall
for each pipe. From these tempetature distributions in the pipe thickness,
it was expected that the-thermal stress which occurred in the pipe changed
from the bending type to the tensile type with time.

Shown in Table 5.3 are the total loads and the thermal loads occurred in
the . three pipes in the pipe longitudinal direction in the steady condition
af ter the thermal transients, where the latters are obtained by subtracting
the pre-loads from the total loads. Because of the rigid constraint, the
higher thermal loads appeared in the zero compliance tests than in the high
compliance tests.

In all the tests, no pipe fracture was observed. By the macroscopic
observation af ter the tests, it was found that no ductile crack growth took
place in all the pipes. As an example, Fig. 5.6 shows the photograph of the
neighborhood of the notch af ter the thermal shock loading for CPII-3, which
was the highest of all the tests. Although the notch seems to be blunted by
the thermal loading to some extent, no ductile crack growth can be seen as
shown in the photogragh.

5.2 Theoretical Analyses

5. 2.1 Conditions of Analysis
4

The axisymmetrical elastic plastic analyses for pipes with the high and
the low compliances were conducted using the finite element program with the
consideration of the large deformation effects. Here, CPII-2 and CPII-4
with a full circumferencial notch were analyzed.

Mesh breakdowns for these pipes are shown in Figs. 5.7 and 5.8. Due to
the symmetry half lengths of the pipes were modeled as axisymmetrical bodies.
The conditions of the calculations for both pipes are tabulated in Table 5.4.

For the analysis of CPII-2, the high compliance was replaced by the
dead load condition for simplicity. In other words, the mechanical pre-load,

. was applied at the end of the pipe, and then it was kept constant during the
period of the thermal shock.

On the other hand, the specimen CPII-4 with the r.ero compliance was
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. simulated by:the' displacement; constant c ond ition'. The pipe end.after
applying thef specified pre-load ;was fixed during the~ thermal transient.

Table 5.5 gives the mat'erial - properfies for the present calculations.
' ' The. values between 25*C and 300*C were approximated by linear interpolation.

To:model the stress-strain relation, the multilinear and the' bilinear

! - approximations f were used for CPII-2 'and CPII-4, respec tively.' ' Von Mises's
; criterion and - the associat'ed . flow rule was employed as the plasticity theory.'

The temperature' distributions -in the wall thickness of the pipes _ vere.

obtained experimentally as shown in Fig. 5.5. - At' the ' time of eight seconds
,

after injecting' cold water, the' temperatures at the outer'' surface were '

,

unchanged, while the tempetatures at the inner surface were decreased nearlyc
.

to the temperature of the inj ec'ted' cold ' water. The d i f f e r e n c e s - i.n
temperatures between the inner and the outer . surfaces are the largest at the
time of about eight - seconds. . Therefore, the temperature distributions in the
thickness direction at the time of eight seconds were utilizediin the
calculations for' conservatism.

.

~

5.2.2 Calculated Results

Crack: opening profiles under the dead load and the fixed displacement
conditions.are compared in Fig. 5.9. The profiles at t=0 are the values due-
to the mechanical pre-load. .,

far from the cracksThe axial stress distributions at the pipe section
'

'

at the time of eight seconds are shown in Fig 5.10. It should' be noted that
the stress distributions at this time are about the same for both dead load
and displacement constant conditions.

5.3 Discussions

' As mentioned above, no ductile crack growth was observed in all- the
tests. This was; confirmed also by the finite element analyses. In other

'
words, the maximum crack tip opening displacement obtained by the finite
element analyses was 0.17mm, which is considerebly smaller than the.value

! required for the ductile crack initiation in Type '304 stainless steel, i.e'.

! about I am [25].
Also found from the analyses was that no large difference appeared in!

the transient- thermal stresses between with and without compliance loading'

conditions in the earlier stage of transient.

j It should be noted that the pre-loading and the thermal transient
I conditions taken 'in the present experiments are much severer than those

|- expected in the actual piping system. Moreover, considerebly large initial
| notches whose ' areas were nearly half of the pipe section 'were introduced in

the present experiments.
Taking these factors into consideration, it can be considered that it is :

'very unlikely' for pipe rupture-to occur under the possible thermal transient
condition in 'the actual piping of Type 304 stainless steel.

5.4 Conclusions

The following conclusions were obtained from _ the present thermal shock
tests ' for cracked pipes and the related finite element analyses.

,

1) Although initial notches were expanded by the thermal shock loading to
.some extent,'neither stable nor unstable ductile crack growth was
observed in the' tests.

!
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2) From the finite element analyses, it was found that the compliance does
not have much. influence on the thermal' stress in the pipe under the
thermal transient condition. The value of-CTOD was found to be
considerebly smaller than^that required for the ductile crack
initiation.

3) ' Considering the fact that no ductile crack growth took place -and the
severity of the experimental conditions employed in this tests, it can<

. be concluded that the unstable rupture of Type 304 stainless steel pipe
is very unlikely to occur under the thermal transient condition

; anticipated in the actual piping system.
t

)

|

J
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-TABLE 5'.1 ' CHEMICAL COMPOSITION - (CHECK ANALYSIS)-

(WT.%)

C Si Mn -P S Ni- Cr

0.069 0.48' l.50 0.026 0.001' 9'.60 18.20

' TABLE 5.2 MECHANICAL PROPERTIES'

ROOM TEMPERATURE. 285*C

!. 0.2%' PROOF TENSILE 0.2% PROOF TENSILE
ELONGATION ELONGATION

STRENGTH STRENGTH STRENGTH STRENGTH

(MPa) (MPa) % (MPa) (MPa) %

275 -608 66 171 482 44

.

;

!

I'

,
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TABLE'5.3 TEST CONDITION:AND.RESULTS
:

1

! TEST PIPE TEMPERATURE COMPLIANCE

No* 2a*1
PRE-LOAD THERMAL. TOTAL

(DEG) c/t *2
0F DEVICE LOAD . LOAD

(*C)' (mm /N) (KN)- (KN) (KN)
.

|

| 2 CPII-1 180 0.53 -276 10-4 1458 35 1493

j. CPII-2 360 0.35 ~ 276 10-4 1174 -- -

|
1

CPII-3 180 0.49 294 0 1485 .383 .1868.

;

;

CPII-4 .360 0.34 288 0 1152 282 -1434
!

! *1 NOTCH ANGLE
'

.

*2 c: NOTCH DEPTH, t: PIPE THICKNESS
'

:

, i

i ,

_ _. -
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TABLE 5.4 TWO DIMENSIONAL EIASTIC-PLASTIC FINITE
ELEMENT CONDITIONS

MODEL CPH-2 CPH-4

COMPLIANCE HIGH LOW

^
C D T ON

4 NODE ISPORAMETRIC 8 NODE ISOPARAMETRIC
ELEMENT TYPE

AND TRIANGLE ELEMENTS ELEMENT

NUMBER OF 223 30
ELEMENT

NUMBER OF 253 113
NODE

,

.I

TABLE 5.5 MATERIAL CONSTANTS FOR FINITE ELEMENT ANALYSIS

TEMPERATURE 25'C 300'C

YIELD STRESS 274 MPa 147 MPa

5 5
. YOUNG'S MODULUS 1.94 x 10 MPa 1.75 x 10 MPa

POISSOU'S RATIO 0.260 0.284
)

COEFFICIENT OF 1.64 x 10-' /*C 18. 6 x 10~ ' /*C .

THERMAL EXPANSION
|'

|

'
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6. General Conclusions

From the above studies, the following general conclusions were derived.
'1) The unstable fractures of the plates and pipes of Type 304 stainless

steel were realized with the use of the tensile-type high-compliance
testing device. The changes of the fracture surface were observed near
the instability points.

2) With the finite element analyses, the stable crack growth was found to
,

be well-characterized by the J-integral or the crack tip opening angle. '

,

> The onset of the unstable crack growth was predicted by the T-criterion
| or the stationariness of the total displacement.

3) Under the cyclic high-compliance loading condition superposed on the
interal pressure by the corrosive water, the two pipes with a part-
through crack of circumferential angle larger than 180' exhibited
unstable breaking, while the other three pipes showed the leak-before-
break behavior. The boundary between the unstable breaking and the
leak-before-break-was found to be well represented by the net-section
stress.

4) In the thermal shock testo under both with and without compliance
loadings, no crack growth was observed in all the four pipes. It was
found from the tests that the unstable fracture due to the thermal
transient is very unlikely to occur in the actual pipes made of Type 304
stainless steel.
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| A85 TRACT '

The analysis of the' experimental data of 304 stainless steel pipes

| using Zahoor and Kanninen's estimation scheme has shown that the J resistance
! curve of a circumferential1y cracked pipe with a simulated internal surface

crack around the remaining net section is much lower than the J resistance
; curve of pipes with a idealized through-wall crack (without a simulated .

internalsurfacecrack). The implications of the low J at initiation and

} tearing modulus on the stability analysis of typical BWR piping systems are
j discussed on the condition that an internal circumferential surface crack is

assumed to occur along with a circumferential through-wall crack due to stress
j

; corrosion. The results presented here show that the margin of safety is !

! reduced and in some cases inst' ability is predicted due to the low J resistance

,

curve and tearing modulus. t

!

j 1. INTRODUCTION
:

|
; Ductile materials such as Type 304 stainless steel used in nuclear
j pipings exhibit high resistance to unstable crack growth even when structures

| contain large flaws. The global instability of the cracked structures can be
j analyzed via the tearing instability analysis proposed by Paris et a1 [1,2]
} under J-controlled crack growth conditions [3]. Within the context of the
] tearing instability analysis, the applied J, denoted as Japp, which can be
*

expressed as a function of the load and the crack length a, is assumed to

] follow a material curve, Jaat, which is a function of the crack extension Aa
i cnly. It is

1

Japp=Jmat(Aa) (1-1)
.

;

; and unstable crac.k growth occurs when '

# ADD mat (1-2)3
{ da da .

.
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I

Paris et a1 [1,2] introduced the nondimensional parameters which are i

,

0#aon
, app , ,E2 da,

o

and (1-3)

E d#aat
T
mat " ,o2 da,

where Tapp is the applied tearing modulus, Tmat is the material tearing'

modulus, E is Young's modulus, and oo is the flow stress. The instability
criterionofequation(1-2)becomes

.

.
i

i Tapp > Tmat (1-4)

i
It should be noted that the J resistance curve of the material

;

I concerned is rever measured. It can be obtained either by finite element

j computations or by estimation techniques using the experimental records of

|
load, displacement, and crack length. Figure 1 shows the J resistance curves

j of Type 304 stainless steel obtained from different methods and test '

i geometries. Curves 1 and 2 are obtained using Zahoor and Kanninen's

| estimation method [4] for four-inch diameter pipes with the idealized

| circumferential through-wall crack subjected to four-point bending [5]. Curves
e 3 and 4 are obtained from finite element computations using the experimental;

1

data as the input for the center-cracked panel and three-point bend specimen,

|
respectively [6]. Curve 5 is obtained using Zahoor and Kanninen's estimation

'

; method for a four-inch diameter pipe with a circumferential through-wall crack

f and an internal side-groove around the remaining net section [7]. Curves 3 and

f 4 show the geometric dependent of the J resistance curve verified by the
i finite element computations. This might be due to the inherent different

| plastic flow patterns for center cracked panel and three-point bend specimen ,

'

[ under large scale yielding conditions. However, the reasons for higher J
I resistance curves for pipes with the idealized circumferential through-wall

f crack are not clear since the estimation method are used to construct the

i
i

(
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curves. It might be due to the inaccuracies of the J estimation method.
Further verifications by finite element computations are needed.

Curve 5 represents the J resistance curve for the circumferential1y
cracked pipe with the internal side-groove around the remaining net section,
and is much 'ower than curves 1 and 2 which represent the J resistance curve
f;r the circumferentially cracked pipe without side-groove. The internal
side-groove was used to simulate an internal surface crack. The circumferen-
tial crack length for curves 1, 2 and 5 are 22.9, 37.1 and 25 percent of the
pipe circumference, respectively. The pipe corresponding to curve 5 had an
internal side-groove of 75 percent of the pipe wall thickness completely
around the circumference. The same estimation method are used to construct
curves 1, 2 and 5. However, the values of J at initiation are 11330 in-lb/in2

fcr curve 1 and 2750 in-lb/in2 for curve 5. Note that the circumferential
crack lengths corresponding to curves 1 and 5 are approximately same.
This will give an approximate factor of 4 reduction of J at initiation due to
tha thickness reduction from the internal side-groove. Furthermore, the slope
of the J resistance for the crack growth less than 0.4 inch also is reduced
approximately by the same factor due to the existence of the side-groove. The

d matimplications of the reduction of J at initiation and due to the internal
side-groove on the stability analysis of nuclear piping systems when the
internal surface flaw around the circumference is assumed to accompany with
the circumferential through-wall crack will be discussed below.

1

; 2. NET THICKNESS EFFECTS
,

! Tada et a1 [8] made a stability analysis of circumferential1y cracked
pipes subjected to pure bending. As shown in Figure 2, t represents the
remaining thickness of the pipe wall, to represents the wall thickness of the

| pipe, R is the mean radius of the remaining wall thickness, 20 represents the
total circumferential crack angle. In the analysis of Tada et al, the cross
section containing the crack is assumed to be fully yielded while the other

; part of the pipe is elastic. The material is assumed to be perfectly plastic.
Therefore, as shown in Figure 2, &cp represents the plastic rotation of the
pipe due to crack and $t represents the total rotation of the pipe.

1

12)

___



The analysis of Tada et al will be summarized here. Since the
material is assumed to be perfectly plastic, the limit moment Mo is

Mo = 4a R2 tF(0) (2-1)o

Iwhere ao is the flow stress, and F(0) is

(2-2)
h - h sin 6F(0) = cos

The J integral is

J = -2a R F'(0) +cp (2-3)o

where

F'(0) =-hsinh-hcose (2-*)

The total rotation $t consists of the plastic rotation due to crack, $cp, and
the elastic rotation of. the pipe without crack, $nce-

+t " &nce + &cp (2-5)

The elastic rotation has the form

$nce = Cnc M (2-6)

where Cnc representstheelastgcomplianceofthepipe,andMisequaltothe
limit moment Mo. The applied can be evaluated under constant total

da
rotation conditions. It can be obtained as

2

F'(0))2 (~}Bih , 4 F"(0)_ , o
C

as / (t R F'(0) 2 F(0) nc
2R t

130
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where a represents RO, and F"(0) is

(2-8)F"(0) =-fcosf+fsine

Substitutingequation(2-1)intoequation(2-7)gives

d1% ,1 F"(0) 2 2 (2-9)R F'(0) , g,o R t F' (0) C
Ba/ $t nc

Some simple calculations using the data given in (9] reveal that the
compliance in the typical piping system is large enough so that the see
term on the right hand side of equatio 9) is the dominant term for g,) .

InFigure3,F(0),F'(0),F'2(0)and are plotted as a function of the
F'(0)

h*alf crack angle 8. The figure shows that F"(0) is zero at 0 = 290 There-
. fCre for a fixed &cp, the J value will be maximum at 0 = 290 The maximumj

will occur in the neighborhood of and less than 290; the exact angle
,

will depend upon the system compliance. Accordingly to the above analysis, it
is recommended that the half crack angle e for the worst case study should be

y around 250 300

The applied tearing modulus Tapp 15

E 9J h

app " ,o2 H)$ t

E d F"(0) ( -10)+8ER t F' (0) C.
,

2RF (0) nc,o
>

Cotter et a1 [9] made a stability analysis of piping systems in BWR and PWR
with the assumption that a circumferential through-wall crack with different
crack angles occurs at various locations in the piping systems. They found

that, at least for 304 stainless steel pipe in BWR piping systems, the margin
of safety is acceptable using Tada et al's approach. Their results are

'

summarized in Table 1. In this table, a simple parameter which measures the

margin of safety is defined as Tmat/Tapp. These values for the worst

1 31
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1 locations._are larger than unity. It should be noted that in the analysis of
Cotter et al a maximum plastic rotation due to crack is assumed to be 10

b Here, we examino the case of a through-wall-crack and an internal
surface crack completely around the circumference. The assumed crack geometry
is as shown in Figure 2 with the remaining thickness t equal to one quarter of
the wall thickness to. From the table in (9], the flow stress c , and theo

compliance Cnc can be calculated based on the information provided in (s).

Then, equation (2-10),canbeusedtocalculateTappwhichisreduced |
approximately by a factor of,4 due to the reduction of net thickness which can
carry the load by a' factor of 4. However, Japp increases slightly due to the
slight increase of the mean radius R of the remaining thickness for 10 of,

plastic rotation. ThevalyesofJappandTapp for various worst locations are'

j tabulated in Table 1. ;,

According to curve 5 as shown in Figure 1 and accounting for the
! differences in flow stress, the estimated Tmat at 5500F is 32. (Theflow

stress used is 52.95 ksi which corresponds to the ASME Code minimum
anticipated yield and ultimate strength at 5500F. The flow stress [6] is, ,

} definedas1.15timestheaverageofyieldandultimatestrength.) If

Tmat = 32 is adopted for stability analysis, two of the piping system are
I predicted to have tearing instability fe,r the circumferential through-wall ;

! crack with the internal surface crack.
1 !

i The other concern on the circumferentially cracked pipe with
I internal surface flaw is the reduction of the loading capacity due to the !

'

j' reduction of the net wall thickness which can support the load. Figure 4
shows the load-displacement curves corresponding to curves 1 and 5 in

Figure 1. The upper curve is for the pipe with the idealized circumferential
,

through-wall crack and the lower one h for the pipe with the circumferential i

through-wall crack and the internal side.-groove. The cracked pipes have !

approximately same circumferential through-wall crack lengths. For the lower ,
r

curve, the net thickness 4. hat can carry |the Icad b reduced by a factor of 4
| due to the internal side-grcove. The experfaental data show that the

reduction *cfthamaximumloadisalsoJythyapproximatesamefactor. The i

plastic displacemesit due to crack, however, ' is reduced by the same factor.
This was reflected in the reductJon of t,ftetor of'4 on the estimation of the

'
, , ,,

\
'
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J values at initiation. If the low J resistance curve can apply to the large
diameter pipe, the calculations for the 28 inch diameter pipe in Table 1 are

unrealistic since Japp = 12,386 in-lb/in2 is beyond being described by curve 5
in Figure 1.

3. DISCUSSION

The implications of the low J resistance curve for the circumferen-

tially cracked pipe with the simulated internal surface crack on the tearing
instability analysis of the piping system are discussed. These calculations
predict that instability is possible at a few worst locations, whereas the
prior analysis indicates the pipes were fracture proof. The lack of a
rigorous analysis of the J resistance curve for cracked pipes leaves
speculations on the validity of the J resistance curve obtained by estimation
methods. Therefore, a finite element computation together with a well-
designed experiment is needed to investigate the validity of the J estimation
scheme for these more realistic flaw geometries.

A well-defined Tmat is also needed for tearing instability analysis
of nuclear pipings at different temperatures. The variation of the flow
stress and J resistance curve as a function of temperature is hence needed to
be determined. Furthermore, the strain hardening effects should be included
in the analysis. As in [5), the strain 'ardening analysis give a conservative
prediction of instability compared to that of the limit load analysis with a
high value of the flow stress. But, the limit load analysis with a low flow
stress will predict no instability as shown in [5]. Therefore, the strain
hardening effect is necessary to be included in the tearing instability
ar.alysis.

Another practical concern is the behavior of a surface crack in or
close to the girth weld. The J resistance curves for stainless steel weld

metals have been found to be lower (10) than these for the 304 stainless steel
base metal examined in this paper. The combined effects of the lower tough-
ness of the weld metal and of the constraint due to the complex crack geometry
could result in even lower Tmat values than that presented in this work.
These effects should be investigated further.
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' TABLE 1. COMPARISON OF INSTABILITY ANALYSES FOR THE BWR PIPING SYSTEM

Outside Complex Crack (Through-Wall Crack
8WR Diameter Thickness Idealized Through-Wall Crack and Internal Surface Crack)

System Inch . Inch Leff/R Japp Tapp Tmat Teat /Tapp Japp Tapp Tsat Teat /Tapp

Isolation
gCondenser

Supply L e 12.75 0.688 131 5352 10F 230 2.19 5581 28 32 1.14
Supply Lii~ 12.75 0.688 119 5352 i. 230 2.40 5581 26 32 1.23

Return Line 8.63 0.500 203 4102 163 240 1.47 4291 44 32 0.73
Return Line 8.63 0.500 194 4102 156 240 1.54 4291 43 32 0.74

Core Spray 10.75 0.594 150 4102 120 240 2.00 4281 33 32 0.97

Recirculation 28.00 1.317 95 11944 75 210 2.80 12386 20 32 1.60

_ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ .
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FIGURE 1. C0f1 PARIS 0N OF THE J RESISTANCE CURVES OBTAINED FROM DIFFERENT
METHODS AND TEST GE0METRIES FOR 304 STAINLESS STEEL

136

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ - _ _ _ _ _ . - _ - _ . . . _ _ _ - _ _ _ _ _ _ _ _ _ . . . . . _ . _ _ _ _ _ _ _ _ , _ . _



_ __- ____
.

--

W hep"

C7 rack

[ '

x | i.

i .-

X '

M, 7 X
\ eidedYl

Crack

( 29

R

t

O

FIGURE 2. A CIRCUHFERENTIALLY CRACKED PIPE SUBJECTED TO BENDING

137

_ _ . . - - . _ _ _ . . _ _ _ . _ - . _ _ _ . _ . _ - _ . - - - - . - - - . _ - . -



- _.

1.0

F(6)

0.5 q
\ F' (6 )

%

0
F"(6) i

F'(6) |

.

- 0.5 s

F'(6)

I I \ l I
| _ i,o

| 0 30 60 90 12 0 15 0 18 0

8, degrees

|

.

FIGURE 3. A PLOT OF THE FUNCTIONS USED FOR STABILITY ANALYSIS

138

__ _ _ _ . _ - _ .. _ . , _ _ _ _ - _- _ _ - _ . _ . .-



_ _ _ _ _ _ _ _ - _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - .

o

t

110 , . . . .
i i i i i.

.

j' 50100 --

go,o
,

idealized
90 -

T.W. C. Crack initiation 20.0-

' ~-

25.0
: 80 --

j 30.0 ._

70i 35.0 --

4 40.0 --

I 2 60 -

45.0-

g -.

o 50 -

$ . 50.0-
"

.

40 --
3

~

i 2.5 -Crock Growth per Crack Tip, mm -
~

50; 30 _-

9,9
~~

15.0
; 20 Crack 20.04- -

:
' Initintion -

T.W.C. with Internal S.C.10 ._

,
'' ' ''

' ' '' ' ''0
i 0 20 40 60 80 100 120

LOAD-LINE DISLACEMENT, mm

FIGURE 4. LOAD VERSUS LOAD-LINE DISPLACEMENT AND CRACK GROWTH RECORDS FOR 4-INCH*

SCHEDULE 80 TYPE 304 STAINLESS STEEL PIPE SUBJECTED TO FOUR-POINT BENDING
'

l

- _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



_ - _ _ _ _ _ _ _ _

. . - .

THE EFFECT OF LARGE GACK EITENSION

ON THE TEARING RESISTANCE

OF STAINLESS STEEL PIPING MATERIALS

|

|

by Paul C. Paris ***, James V. Brunetti" and Keyron H. Cotter *

Presented at the CSNI Specialist Meeting

on

" Leak-Before-Break in Nuclear Reactor Piping Systems"

September 1-2, 19 83

Monterey, CA

* Fracture Proof Design Corporation, St. Louis, MO
* New York Power Authority, White Plains, NY

Professor of Mechanics, Washington University, St. Louis, MO:

140

_ . - . - _ -. . _ . . ._ .. _. .__- _ _ _ _ _ - -, . - - - . - - _ . . .



_ _ _ - _ - _ _ _ _ _ -. .. , _ _ _ _ _ _ _ _ _ _ _ .

ABSIRAct

For the past decade, tough materials have been characterized by the use
of the J-integral crack growth resistance curve or J-R curve. Early J-R
curve tests were limited to small crack extensions because the usual purpose
of the tests was to determine the fracture toughness of the meterial, i.e.. a

J , value. -Such tests were valid for their intended purposes. After they
development 'of plastf c tearing stability concepts, the need for material

J,characterization at values of J and crack extension, Aa, above wasy
obylous. In order to apply tearing stability methods to the analysis of

,

I
Icracks in nuclear reactor piping, data for very high values of J and large As

are required. Furthermore, the tests must meet J-controlled growth criteria
i which was absent in a number of earlier tests.

In this paper, tests of typical stainless steels used in primary coolant
system piping of PWR and BWR reactors are presented. The parameters

considered in the test program included: temperature, 70F vs. 550F; side
grooving; Inconel vs. stainless weld metal; cast vs. wrought product form;
and, the location of the crack in either the base metal or in the weld metal.

|
These parameters were evaluated in tests for values of J up to 50,000
in-1b/in* and An up to 5 inches.

|

The results are presented in the form of J vs. T stability curves. It
;

i was shown that the heretofore use of wrought stainless stesi data based on

small crack extensions and low J values is unconservative. The development
of this new data suggests that certain of the analyses of nuclear piping that
have been performed to date must be re-evaluated and, specifically, that the
strorg dependence of the material tearing resistance on the magnitude of the
applied J must be taken into account.

INTRODUCTION

The objective of this study was to develop material property data in the
or J vs. T Imat. values in theresistancefona of tearing

in-Ib/in, curves mat mat
Furthermore, the material property data hadvicinity of 50-60,000 .

to be representative of forged stainless pipe, cast stainless elbows and
several weld types over a temperature range from 70F to 550F as is found in
typical BWR and PWR piping.

SPECIMEN DESIGN

Prior to the initiation of this program, the typical approach to
developing J-R curves was to use a 1T or 2T compact tension (CIS) type of

specimen design. The limitation in the utilization of a IT or 2T specimen is
that the maximum obtainable value of the J-integral tends to be considerably
less than is required by this project. A further limitation stems from the
requirement that the test data be within the allowable limits for

-J-controlled growth which is typically governed by the value of w. The
physical limitation imposed by the u limits is that the crack extension, Aa,
that is permitted for the IT or 2T type specimen tends to be small. This
follows from the ratio of the As to the remaining ligament, b. In order to

,
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circumvent this problem, a modified CIS design was used with dimensions
B = 1.0 and W = 20.0 inches. This specimen is basically a modification of
the standard CIS design that permits achieving large crack extension An and
high values of J.

, Another feature of the specimen design was that the specirca could be
' reused for developing J-R curves for welds. This eliminated the need to

fabricate additional specimens for weld material thereby keeping the test
program costs as low as possible. The initial specimen design assumed that
the test parameters would require the use of a/W = .6 to .7. Although it was
not originally intended, it was decided early in the test program that
buckling guides would be required because the deformation of the specimen
induced out-of-plane bending moments that could result =in buckling and|

! thereby invalidate the test. The specimen was also selected so that the
| compliance me thod for determining Aa, that is used for the smaller CIS
'

specimens, could be directly extended to this size spec 3 men.

| MATERIALS

A number of the PWR and BWR nuclear reactor primary cooling system (RCS)
,

| piping systems are fabricated from A376, TP316 forged sections and A351,
Grade CF8N cast elbows. Thus, these materials were identified as being
representative and could serve as the basis for this project. As no piping
or elbow sections of actual piping were readily available at reasonable cost,
suitable substitutes were required.

|

AMD. Plate

Typical piping sizes range up to 36 inches in diameter with wall
thickness up to 2.5 inches. Upon review of the material specifications for'

A376, TP316 piping, it was determined that a suitable substitute would be
A240, TP316 plate. The one-inch thickne s s was selected based on cost
considerations and to facilitate ease in handling the specimens. Based on a

j review of the existing (through 1981) literature, it was determined that data

! based on one-inch thick material would not be significantly different from
i the actual wall thicknesses found in the piping.

| gig Call P1ato

The actual elbows found in the in RCS are cast CF8M, TP316 stainless
steel. The ID's of the elbows range from 27.5 to 31 inches and have wall
thicknesses that range from 2.56 to 2.88 inches. As with the piping, there
were no elbows available at af fordable prices and it was necessary to develop
representative material for use in the specimens. One approach considered
was that of making centrifuga11y or statically cast pipe sections, slitting

,

the sections, and then rolling them flat to make a specimen suitable for
| testing. This was rej ected in favor of a static cast flat plate. This
I casting design used simulated cooling rates that might be expected in the

actual elbow castings.

I
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The soundness requiremen't used for casting of the plate was that one of
~

the four quadraats of the plate had to meet the radiography requirements of
ASTM E-446, Severity Level 2. It was further mandated that the best quadrant
testing Level 2 or better should be identified as that would be the quadrant
that would be used for developing material property data.

Wolds

After testing the base meta 1' specimens, the specimens were cut into two
~ pieces along the plane of fracture. Thus, the specimens for velding were

! cbtained by re-using these A240 and CF8M brace metal test specimens. .Then,
'

the outside edges of the plate (the edges parallel to the fracture plane) .

vere bevelled in preparation for welding. Wolds were then made using both |

E316L electrode s and. Inconel weld metal. The following welds were made:
E316L weld of A240 plate, E316L weld of CF8M cast plate, and Inconel weld of
A240 plate.

It is important to note that the actual welding of the specimens was
performed by welders that are qualified for fabrication at a nuclear plant;

construction site. Thus, the conditions surrounding the fabrication of thet

specimens were as close as possible to the typical conditions existing during'

,

the fabrication of a plant rather than that of a laboratory environment.
1

.

IEST PROCEDURE

The specimens were finish-nachined followed by saw cutting to a
pre-determined length to facilitate pre-cracking. A pre-cracking procedure
following ASTM E813-81(1) was utilized to produce a crack having the desired
initial length. The test was conducted following the Trocedures of ASTM
E813-81(1) and periodic unloading slopes were produced following the usual
procedures. The load was measured by a load cell and recorded both digitally
cad graphically. The displacement was computed based on the measured ran
stroke and was recorded both digitally and graphically. Verification of
crack extension, Aa, was achieved using optical observation of crack
extension and fatigue marker bands. In addition, the final crack length was
compared with the predicted crack length.

DATA REDUCTION

Preliminary data in the . form of J vs. As was derived. dat, data, in the
form of J-Aa curves, cannot be readily adapted for use in analytical studies

i,

'
of crack stability. Accordingly, development of J-T curves is required. I

Because the preliminary data contained some scatter, smoothing was required. )The procedures for smoothing of the data, plotting. correcting for errors in
'

As based on observed vs. computed and correcting for displacement effects on -

I and As follow below.

i
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Smoothina-

As mentioned above, the raw laboratory data contained varying degret. of
scatter, that is normally found, along with .crrors due to large displactment

i . effects. The effects of large displacement were accounted for by introdu..ing
a correction due to Tada(2) . Then, using a conservative procedure, the 4ata.
was smoothed. The conservatisms in the approach included the developing of
an adjusted or smoothed J-Aa curve wherein the value of J, as adjusted, and
the slope of the smoothed J-Aa curve are always less than what is evident
from the actual corrected experimental data. It must be emphasized that the

purpose for this smoothing is simply to facilitate the numerical computation

of dI/da from the data by the computer codes. That is, data containing the )
usual amount of scatter does- not lend itself readily to development of |

|tearing modulus values.

.

Development of J -T Curvesaat aat

The J-Aa curves, af ter smoothing, were used to develop Jaat-Taat cu rve s
for each of the test conditions. The method used relied on fitting a second
order polynanial through five points and taking the slope at the mid point.

IThis procedure and plotting cf the data was achieved using the JIPLOT(i)
progrma.

:

4 FRACTURE SURFACE NORPH(LOGY

Figure 1 compares the fracture surfaces of A240 plate tests. The

specimens are ntabered from left to right, starting with specimens SS4 and
SS6 which were tested at 70F and followed by specimens SS3, SS7 and SS8 which
were all tested at 550F. It is noted that there is considerably more shear

on the specimens at 550F compared with those at 70F. However, this is not
true for the specimen with side grooving, SS8, where a very flat fracture

i surface is noted.
.

The cast CF8M material at the two temperatures is shown in Figure 2. On

the left side of the figure, the 550F specimens C2 and C4 are shown followed
by C3 and C1 at 70F. In comparing the cast fracture surfaces with those of
the A240 plate, it is noted that the fracture surface is much more granular
in appearance and that there is considerable deformation evident on the side
of the specimen. It is further noted that the elevated temperature specimens

tend to have slightly more shear on the fracture surf ace than at 70F.

The pronounced difference between the cast vs. wrought fracture surfaces
can be seen in Figure 3.. The specimens on the left are cast specimens C4 and
C2 followed by wrought specimens SS3 and SS7 and all were tested at 550F.

The welded cast specimens are shown in Figure 4 wherein we read from
.left to right as follows: the first specimen is WC1, followed by WC4, WC3,
WC2, then followed by the unwelded specimens, C4 and C2. All of these

specimens were tested at 550F. We further note chat specimen WC1 had been
side grooved and shows a much flatter fracture surface than the other
specimens. As might be expected, the fracture surfaces of the welds are
quite si.milar to that of the cast specimens.

.
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Tis celdad piste spacinens, again from 550F tests, cre shewn in Figure
5. The side grooved specimen, on the far left, is WSS4 and it shows a very,
flat fracture surface. This is followed inr three other welded specimens,
WSS7, WSS6 and WSS3. Lastly, the unwelded specimens SS3 and SS7 are shown on
the right-hand side of Figure 5. It is noted that the fracture surface of
welded plate specimens tends to be quite similar to that of the unwelded
specimens. It is also noted, by comparing Figures 4 and 5, that the
appearance. of the fracture surface of the welded cast plate shows
considerable' difference from the welded plate.

Finally, in Figure 6 we compare the Inconel weld with the E316L weld.
Reading from lef t to right, we have specimen WSS7 followed by WSS2, WSS4 and
finally WSSI. ' The two specimens on the right are side-grooved and show a
such flatter fracture surface than those which are not. Specimens WSS1 and
TSS2 are from an Inconel weld while the others are from the E316L weld and
all were tested at 550F.

TEARING RESISTANCE RESULTS

|

R111 Netal

Figure 7 shows the crack growth resistance data ~ developed for A240
plate. No predominant temperature effect can be seen upon comparing the 70F
and $50F tests. However, the side grooving naturally lowers the value of the
tearing modulus for corresponding values of J.

On the contrary, e pronounced temperature effect is found to exist for
casc CF8M as seen in Figure 8. This effect is consistent with the results of
Bamford and Bush (3) and other investigators (1:1). In comparing the
difference between cast and wrought type 316 stainless steel, as shown in
Figures 9, it is noted that the cast material has lower tearing resistance at
550F than that for the A240 plate.

The actual effect of the side groove can be idealized as follows. Since
the actual pipe does not contain a side groove, rather it is either smooth or
has a weld, there is no need to use test data based on the side groove for an
application that does not involve a side groove. It is noted that
side grooving may be a reasonable idealization of the behavior of cracks in
the presence of IGSCC such as tha t found in BWR recirculation piping.
However, PWR primary systems are not prone to IGSCC. Thus, it is felt that
utilization of data based on side grooving may be unduly conservative for
applications not prone to IGSCC. Side grooving, however, does serve to keep
the crack growth along a well-defined plane as can be noted by observing the
fracture surfaces. Therein it is readily apparent that the side grooved
specimens result in a very flat crack plane whereas the others tend to seek
the path of least resistance.

I)14 Metal

In Fign;s 1.0, welded A240 plate is compared with base metal. Therein it
is readily apparent that the welds have properties that tend to be quite
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similar to those of the base metal. This is noted by comparing specimens SS3

and SS7 with WSS3 and WSS7. We note that specimens SS8 and WSS4 are
side grooved which accounts for their lower tearing resistanco. The results

for . specimen ISS6 were considered an anomaly. This conclusion can be drawn
by observing Figure 5 wherein the. crack surface morphology of specimon WSS6

is characteristically different from those of the othat welded A240

specimens. Specimen WSS6 will be subjected to fractography and metallurgical
evaluation in th e future to attempt to isolate the causative metallurgical
f actors. The similarity of the crack surf ace morphology of the base metal

specimens SS3 and SS7 with the welded specimens WSS3 and WSS7 should be
noted. It 'i s reasonable to use the same argument to disregard the

side grooved TSS4 data as was used for the SS8 side grooved specimens.

In Figure 4, the similarity of the crack surface morphology of the
welded CF8M with the base metal CF8M can be noted. This would lead to the
expectation of similar resistance curves for the welded CF8M compared with
the CF8M base metal. How ev e r, some noticeable difference occurs upon

examining the values of the tearing modulus. The results shown in Figure 11
indicate that the tearing resistance of the weld specimens is less than the
base metal. This can be attributed to the difference in flow stress between
the weld and base metals.

Finally, in Figure 12, the results of the Inconel weld tests on
specimens WSS1 and WSS2 are compared with those of the E316L welds. It is

noted that very little difference exists between the two types of welds. The
specimens without the side grooves, WSS2, WSS3 and WSS7, have similar tearing
resistance. For the specimens with the side grooves, WSS1 and WS S4, the
tearing resistances are quite similar with the Inconel data showing slightly
greater resistance.

Lower Bound Data

The development of lower bound crack growth resistance data must be
and the value of the tearingbased on both th e crack driving force, Jmat,

modulus, T A complete set of all tests is shown in Figure 13. It is
mat.immediately apparent that the side grooved welded specimens WSS4 and WC1 have

the lowest values. As stated before, it is not felt Chat this data is

representative of th e conditions that are present in FWR's not prone to

IGSCC. Upon further exadination, the data evidenced by specimens WC4 and
WSS7 appear to represent valid lower bounds for the cast ani! wrought material
respectively in non-IGSCC environments.

CONCLUSIONS

It was shown that a definite temperature dependence exists for a wide
range of J values for cast CF8M stainless steel. It was also shown that

ustvelds have lower tearing resistance than base metal and tha t side-grooving

can reduce the apparent crack growth resistance properties of both base metal
and weld metal material. It was concluded that use of tearing modulus data

based on cast CF8M at $50F is a reasonable lower bound for most stainless
steel piping applications. This lower bound is ' strictly applicable only to
welds of cast sections. Stability can be demonstrated for higher values of
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cpplied tscring cedults in wremght than in cest TP316 stainless steels andi

! similarly in base than in weld metals.

| Based on the above results, we find an overs 11 minimum expected value
' for tearing modulus to be approximately 20 at 550F in a CF8M weldsent and at

a value of J equal to 28,000. Somewhat higher values of T are foundaat matfor other materials.
l

Such results suggest.that previous analyses of stainless steel piping
th at were based on values of Tmat = 200 must be re-evaluated to insure
structural safety is not impaired.

,

i

!
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Table 1, SUMBIARY OF TEST PARAMETERS

Side
Spec. No. Material ag/W Temp (F) Grooved

SS4 A240 plate .693 70 N
.604 70 NSS6 "

| SS3 .696 550 N"

a .603 550 N. SS7
" .675 550 YSS8

C1 CF8M cast .601 70 Ni

.602 70 N."C3

.606 550 N"C2
" .603 550 NC4

WSS1 Inconel weld (A240) .600 550 Y
WSS2 .590 550 N"

WSS3 E316 weld (A240) .590 550 N
WSS4 .600 550 Y"

i WSS6 .600 550 N"

WSS7 .5 85 550 N"

WC1 E316L weld (CF8M) .595 550 Y
WC2 .595 550 N"

WC3 .600 550 N"

WC4 .590 550 N"
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Assessments of Imak and- Break Margins in Stainless

-Steel Power Plant Piping
. , .
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Tsutomu Hayashi**

' Abstract

-

.
Leak and break loads-for Type 304 stainless steel pipes containing-

circumferential part-through cracks are predicted by simple methods-

. based on the net-section' stress approach. ' Evaluation of critical sizes

of'the-cracks is studied, and-the allowable. flaw sizes for pressurized

pipes.were discussed.from the viewpoint of leaks and breaks.
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.
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' ' 1.,' Introduction

s , ;

.

Austenitic. stainless steel is the principal. structural material for
.. ;

111ght water reactor piping. The steel is a . tough ductile material ttatr- |

; exhibits considerable. strength even when flaws such as stress corrosion

-cracks exist.,

} _However,1an accurate quantitative safety margin for the piping is
' required both'to set inspection requirements and to guide replacement /

repair' decisions when: cracks are actually detected. To assess the margin
R .of'enfety for~ degraded' piping,-three items must be considered; the size

- of _ the load at which coolant leaks from a part-through crack, the size
of the break load which is~the maximum load following coolant leakage,

I and the-possibility of unstable. crack growth.
, Attempts to account'for.the leak and break loads'for pipes preceding

' fracture instability has led to the development of several. fracture-
'approaches. The. net-section stress approach is convenient for estimating

, leak and break loads [1%3). The J-integral' tearing-modulus criterion'[4),
which' takes the~effect of piping system compliance into account, can4

; detennine ' the point of an unstable fracture.

This paper is concerned with pipe leak and-break criteria leading4

'

to the evolution of critical size of circumferential cracks in Type 304
stainless steel piping.

2. Leak and Break Criteria for Cracked Pipe:

i
;

!

2.1. Crack Growth Behavier'

,

|'

| ~ It is importanc to ascertain a realistic mode of fracture in order

;to asses, '.he safety margin for piping containing a crack. A schematic
. flow dit;. c.n. of a pipe containing a circumferential part-through crack

i '

is illustrated in Fig. 1. As an applied load progressively increases,
w
| the crack begins to gradually open and to propagate stably in the

-thickness direction of the pipe. Local necking simultaneously grows on

the outer surface of the pipe corresponding to the location of the part-
through crack. When the part-through crack penetrates the wall thickness,

it is called a " leak load". Crack penetration accompanies a drop in

load, when the load drops until the crack penetrates the wall thickness

completely, as shown in Fig. 1.
I. \
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.

' Afber" crack penatration occurs, tha applihd load incrsasna egiin,
-reaching " collapse" or " break load", which is the maximum. load following,

fcrack penetration. 'Ihe onset of stable crack growth in the circumferen-.

tial direction is in the. vicinity of the break load. - Finally,.the pipe

experiences a double-ended fracture.

-The transition from stable to unstable crack growth may occur during

- double-ended ' fracturing'. Such a transition is controlled by varying the

- stiffness.of the testing machine and the loading fixture. The occurrence-

.

of the-manner of' instability-for a degraded pipe is evaluated by the

- tearing modulus criterion.,

Circumferential part-through cracks in pipes grow in the wall-
-

thickness direction prior to the circumferential direction. The sizes

of the loads for pipe. leaks and breaks depend on the initial. crack depthes
,

and lengths. Break loads.can be, estimated by the traditional Plastic.

. Limit Load concept which -is sometimes prone to be overly conservative.

The Net-section Collapse Failure Criterion proposed by Kanninen, et al.

[5] also estimatas leak and break loads for stainless steel pipes. In
,

relation to this method, a sbnple method for predicting leak and break
i

loads for cracked pipes has been developed [6] based on the Net-section
Collapse Failure Criterion. This newly developed method is.briefly

explained in the next section.

.i ' 2.2 Prediction of Leak Load

-Models of stress distributions at the leaks for circumferentially
,

part-through cracked pipes subjected to tensile load and bending moment.

are assumed as shown in Fig. 2.

The external tensile load for the pipe leak shown in Fig. 2(1) is
,

given by

PL*UP. A + II - dI U AL-Pgf
(

i "U A+Uef AL-PS (1) sp

with

o =O '(OU-Uy)d/t (2),p U

A= (D - t) (w - 0) t (3),,

Ag = (D - t + d) (t - d) 0 (4).

4
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In Eq. 1, PL is the leak load, d is the reduction of j.:a obtained from

a smooth specimen, of is the true fracture stress, and o g is.thee
'

engineering fracture stress which is equal to (1-d)og.
Equation 2 was determined. experimentally, and the stress op is

obtained from the ultimate tensile strength og and the yield stress o y

of the pipe material. The meanings of Eqs. I and 2 are as follows.

For d/t=0.0, indicating an uncracked pipe, a pipe break occurs when the
nominal stress reaches o ._ For a deeply cracked pipe, where d/t=1.0,g

the crack penetrates the pipe. wall thickness whop the net-stress reaches

o.y
Pipes utilized in actual plant situations receive service loading

such as internal pressure, dead weight, thermal expansion, vibration

and so on. In Eq. 1, P is an axial force which depends on plant3
operating conditions, such that when axial force P is a force due tog

internal pressure Pr, Ps is expressed as
f

Pg = n( - t) 2Pr (5).

The external bending moment at the leak for circumferentially part-

through cracked pipe is calculated, assuming the stress distribution as

is shown in Fig. 2 (2) . From the equilibrium of axial forces and that of

the bending moments, the leak moment ML is given as

2 2ML = 20egR t(1-x) sine + 2cpR t(2sinB -sin 0) (6),L

" *#* 0(1-x)oef , n-0 , n RPrgL, 20p 2 4 top

for B sn-0, andn

2ML = 2R t((1-x)c g + op]sinBL (8),e

where

BL= [(1-x)o g - 3 (9),y e

for B >n-0. The neutral angle is expressed as B , the ratio of crackL L

depth d/t by x, and op is given by Eq. 2. For B >n-0, ML is independentL

of crack angle G.
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2.3 Pr1 diction of Brc'k Load

The break load depends on the initial crack' depth. Stress distribu-

tion models at the pipe breaks are shown in Fig. 3. The external tensile

load at break PB is expressed as

PB"Ob A - Ps (10),

where ob is

b " (0.9) 2 (OU-Oo)(1 - ) +0 (11)o c

for 0.lsd/ts1.0, and

(12)ob " 0U

for 05d/t<0.1, where a is the flow stress given by (og + o )/2.o y

Equations 11 and 12 were obtained from tensile tests of stainless

steel. Through-wall cracked pipe, i.e. , d/t=1.0, breaks when the net-

stress reaches the flow stress a of the pipe material. The break loado

PB of the . pipe coincides as a matter of course with that given by the

Plastic Limit Load criterion [1] . For a shallow crack of less than
d/t=0.1 depth, Equation 12 implies that the static tensile strength for
high ductile material such as stainless steel is hardly influenced by
the existence of the crack. Moreover, in accordance with ASME Code

Section XI, small defects with less than an approximately 12% wall

thickness depth are judged to be allowable defects not requiring flaw

evaluation, if they were detected during an in-service examination.

Such small defects are not considered to compromise nuclear components.
In order to predict the size of the moment at the instant of break

for a cracked pipe subjected to a bending load, the internal stress

distribution in the cracked section of the pipe wall is assumed to be as

that shown in Fig. 3(2). The external bending moment MB at the break is
determined as

2
MB = 2cbR t(2sinB -sin 0) (13),B

where
*~ " #

B (14)B 2 4to b
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Ths leak r.nd brrak loads- for circumferentially cracked pipes can
be pr:dictzd simply by the above equations which represent the mechanical
properties of the pipe materials.

|

2.4 Comparison with Experiments

Tensile and bending tests were performed on 2-inch diameter Type 304
stainless steel pipe containing circumferential part-through cracks at

ambient temperature, with no internal pressure in the pipes. Leak and

break loads obtained from the experiments are compared with those of the
calculations designated above.

Nominal tensile stresses at the leaks and breaks for 2-inch diameter
Type 304 stainless steel pipes are shown in Fig. 4, and bending stresses
at these same leaks and breaks are shown in Fig. 5. Experiments and

calculations excluded the effect of internal pressure. The stress

of the ordinate in Fig. 5 is calculated from the bending moments at leak

ML and break MB divided by the Section Modulus Z for a hollow cylinder.
It can be seen from these figures that the experimental data are in

good agreement with the results of the calculations and that the stresses

at the leaks and breaks for pipes decrease with an increasing crack
angle. It is also to be noted that the stress at the breaks becomes
smaller than at the leaks when the crack angle of the pipe becomes
larger.

3. Flaw Sizes for Leaks and Breaks

Flaw sizes requiring the occurrence of leaks and breaks can be

expressed as a parameter of stress. The equilibrium flaw ctzes for leaks

or breaks at the same stress are illustrated in Figs. 6 and 7, where the

pipes are 2-inch diameter Type 304 stainless steel. The calculations

of these figures as indicated took the effect of an 7.8 MPa internal

pressure into account. The design stress defined by ASME Code Section

III is represented as Sm.

Figure 6 shows the equilibrium flaw sizes for leaks and breaks of

the tensile stresses at Sm and 2Sm. The flaw sizes become smaller for

leaks and breaks indicating that they occur under large tensile stress

such as 2Sm. The flaw sizes at the same leak and break load values are
shown as a solid line of P =P . The reason the solid line is discontin-L B
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uous Lt th2 d/t=0.1 w211 thickn::s stems dir:ctly from stress ob, b cause

ob io ind; pen' dint of tha crack depth of th2 pipe, as was shown in Eq.12.
+

In the region above the PL=PB solid line, the break load is larger
than the leak load, indicating that a larger load is necessary to break

the pipe when leaking. On the contrary, in the area below the P =PB jL

line, the break load ic less than the leak load, such that the pipe |
breaks easily following a pipe leak.

The equilibrium flaws sizes at the leak and break stresses of 1.5Sm
and 3Sm are illustrated in Fig. 7. The line indicating flaw sizes at the

same leak and break loads is shown as M =M , which is discontinuous atL B

d/t=0.1. In the area above the solid line of M =M , the moment at theL B
leak is less than that for the break for a circumferentially part-through

cracked pipe. The leak moment is smaller than the break moment when the
crack is deeper and exhibits a smaller angle.

Acceptance standards for defects are provided in ASME Code Section
XI for austenitic piping. The allowable flaw depth is approximately 12%
of the wall thickness, but essentially depends on the wall thickness and

aspect ratio of the flaw. The flaw depth as seen in Figs. 6 and 7 may
therefore be considered a quite conservative standard.

4. Allowable Flaw Considerations

Components that receive tensile load employ the design stress of

1.0Sm, i.e. Pm s 1.0Sm. For the bending moment, the components are

designed such that Pm + Pb s 1.SSm, where Pm is primary membrane stress

and Pb is primary bending stress. Hereinafter, let 2Sm for pipe tension

and 3Sm for pipe bending apply as critical safety values. Based on the

2Sm value in Fig. 6, allowable resultant flaw sizes in tensile loading

are then shown in Fig. 8.

As bending stress in piping is a more general occurrence than

tensile stress, acceptable flaw sizes are explained using Fig. 9.

Allowable flaw sizes as illustrated for circumferentially part-through

cracked pipe use the results of Fig. 7. The crack angle 20/2n and its

depth d/t at the leak and break 3Sm cross-point are approximately 0.15

and 0.56, respectively, as shown in Fig. 7. Pipe with crack sizes less

than 20/2n=0.15 (20=54*) and d/t=0.56 never leak or break at a stress
less than 3Sm. When a crack of a less than 0.15 angle becomes deeper,

although the leak and break stresses are reduced below 3Sm, the break
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P

isflargar 'than ths. leak mom:nt M ,, requiring a greater: external 1moment,MB 1
~

- : moment.:to break the leaking pipe. For such'a cracked' pipe,-leaks can be 1_

I detectied prior to the pipe breaking. Allowable flaw sizes'for-leaks~

'

'

_. prior to breaking are shown'as the: solid line.in Fig. 9, and crack depth-

-is truncated as d/t=0.75 as indicated in Reference (7).
.When'the' depth of.a circumferential'part-through crack is defined

'

: by non-destructive' examinations,: the allowable flaw size area 'is bounded

^

by the broken line'.at the lower left of the 3Sm leak stress-curve.
.

.Although break stress is'less:than 3Sm for'a crack angle greater than

20/2n=0.15, the! pipe does not break' because a leak prior to the break
does not occur.

For more commen cases of combined tensile and bending stresses,-

the allowable bending stress flaw sizes shown.in Fig. 9 are used, as

these flaw sizes are, included in the tensile loading'of Fig'. 8 as well,

also because they represent conservative evaluation.

5. Conclusion-

Simple methods-for predicting leak and break loads for pipes

containing circumferential part-through cracks have been introduced.

The methods are applied to ductile materials such as Type 304 stainless

steel. Based on the calculated results from these methods, allowable

flaw sizes for ductile pipes are determined.from the viewpoint of leaks

and breaks.
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Lh k-B2fera-Brock Diegrins Using Sinple Plastic Limit Lo d

Critaris for Pip 3s with Circunforential Cracks

F. G5rner, D. Munz*

4

1. Introduction

For the evalurtion of the leak-before-break behaviour of pres-

surized compenents two critical loads have to be known:

- the critical load for wall penetration of a surface or an

embedded flaw (local instability),

- the critical load -for complete . fracture (global instability) .

These critical loads are dependent on the geometry of the compo-
nent, the geometry of the crack, the material properties and the
loading conditions.

In this paper simple criteria are used for circumferential cracks

which can only be applied to very tough materials, for. instance

austenitic stainless steels. The criteria used are

- net section yielding, assuming an ideal plastic material.

For strain hardening materials a mean flow stress has to

be defined;

- relations proposed by Kiefner et al./1/ using the linear-

clastic Foliasfactor. These relations had been proposed origi-

nally for longitudinal cracks. Later they were also used for

circumferential cracks;

- relations proposed by liasegawa et al. /2,3/.

All these relations are very simple. They may be too simpic;

however, they were used successfully in the past. At 1 cast trends
in the leak-before-break behaviour can be deduced from these
relations.

,

*) Kernforschungszentrum Karlsruhe
und Schadenskunde, P.O. Box 364d,rbeitsgruppe ZuverlussigkeitInstitut fur Reakto.rbauelemente A

D-7500 Karlsruhe (West-Germany)
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All'cciculstiens c*da in this-prpar cro valid for lord control-
led conditions. It'is assumed that at the calculated stress, if
sustained, the crack will grow through the wall for local insta-
bility or through the cross section of the pipe for global insta-
bility. For displacement-controlled deformation the crack exten-
sion under decreasing load has to be considered. Then the compli-
ance of the whole systems is an important factor for global insta-,

bility. A component,which for a given crack does not show leak-
before-break behaviour under conditions of load control,may leak
before break in displacement control. Therefore, the relations
given in this paper for load-controlled conditions are conser-

.vative for displacement-controlled loading.

The geometry of the considered crack is shown in fig. 1.
It is an internal surface flaw characterized by the crack angle
2 a and the crack length 2c, respectively. The crack depth is a,
the wall thickness t and the pipe radii are R and R . All relationsa g

given in this paper are for thin-walled pipes with

RI+RaR=
2 (I)

c = aR (2)

2. Internal pressure

2.1 Global instability

For longitudinal cracks it was shown that plastic instability of
tough materials can be described using the linear-clastic stress
intensity correction factor Mpg /1,4/. For circumferential cracks
the same approach can be applied /5/. The stress intensity factor
for a through-the-wall crack is given by

K = h /fii a M (3)pg

ht is a function of the shell parameterFC

(12 (1 - v )]I/4 (12 0 - v )]I/4
8A 2= =

(4)

Instead of \ a reduced shell parameter l' is used
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AA o . c_, , (5)
de [12 (1 - v )]I/4

~

2

For v = 1/3 there is .* 0.533A.\ =

Results of Delale and. Erdogan /6/ for c/t < 10 can be described
by a polynomial expression

MFC = 1+ 0.0237A * + O.1449 A .2 - 0.0344A . 3 + 0.00255\*4 (6)'

Failure by plastic instability is assumed to occur for

(7)g = f .oP f ,q
FC

or

b=I (8)
'

"f M
FC

of is the flow stress and o
the instability stress in the longi-g

tudinal direction.

Alternatively to eq. (8) it can be assumed that plastic instability
occurs, if the stress exceeds the flow stress in the net section.

If one assumes a pipe which is prevented from bending and therefore
the stress in the net section is constant, the critical stress is
given by

a /t71P \*O
L=1- =J- (9)

,

For a pipe without constraints compressive deformation will occur
opposite to the crack. From the requirements of equilibrium for
load and moment the critical pressure and tensile stress, respec-
tively, are given by

(cos-I(h sina ) - ( (10)=

t/R '

~I(f sin /t/R A * )-=2 cos 2
|
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- A c~ paris n of cqs.- (8), (9) and -(10) is shown in fig.2
For'the net-section yield criteria - eqs. (9) and (10) - the '

critical stress depends on the shell parameter and on t/R.
It is interesting that the net-section yield criterion for the
pipe without constraints leads to a considerably lower failure
stress than the application of eq. (8) using the Folias factor M

FC*

2.2 Local instability

.

For the critical pressure in a pipe with a longitudinal surface

crack Kiefner et al. /1/ presented an empirical relation which
was verified also in further investigations /4/. A similar rela-
tion for circumferential cracks was applied by /5/:

2agt 3,,jt ()j)_p ,

R 1M tFc

For the surface crack shown in fig.1 the shell parameter A has to
be calculated according to eq. (4). For semi-elliptical surface
cracks .the crack length parameter c has to replaced by /1/

c,q={c (12)

2.3 Leak-before-break-diagrams

A leak-before-break-diagrams is a crack depth (a/t) versus crack
length (a)-diagram. A given point in such a diagram characterizes
a given crack of length a (or 2c) and depth a. In an increasing
pressure test the diagram has two regions- leak or fracture

,

separated by a leak-before-break boundary curve. For a given pres-
sure the diagram has three regions: no failure, leak and fracture.
The leak-before-break boundary curve is calculated on the assump-
tion that during the break-through of a surface crack (local
instability) the crack angle and crack length 2c, respectively,
do not change. Then, in an increasing pressure test, the leak-
before-break boundary curve is given by:

PL, local (a,a) = PLglobal ") (l3)E
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,

or
_

..

. ByJcombinaticn.c.f1ths;thres relations'foriglobal^ instability'

.. . ;

!#' eqs.- f (8) , L (9) ~, ~ (10) - with eq. (11)' describing' local instabi-4 -

[' lity, the curves in" fig.3''are obtained. There is a small effect
;_ 'ofJ the' t/R-ratio and, . as can| be expected from fig.2, a ' larger.

effect of'the. relation. chosen:for-global instabilitiy. For a given'
,

b. :crackf(a/t,a) fracture is expected if its location is below the
relevant: curve in~ fig.3.~For'a crack depth above the curve a leak
L efore'a!compl$te fracture should. occur.b

'

s.

" .More;important are diagrams whichLinclude the failure line for
local" instability at-a given pressure. This failure line'is

: implicitly described by eq. . (11)E and 'is t shown in fig.4 for . a pres-
,

Lsure corresponding to a. longitudinal stress o/cg = 0.6. All cracks,

on this curve extend through the wall at this stress. The inter-'' ~

! ~ section of-the leak-before-break' boundary curve and.the failure~ ' -
,

line for local instability define a critical. crack angle a andc
the three regions: no failure, leak and. fracture. For a < ac" .

.

failure can occur, only a-leak if a/t'is above the boundary curve.
j In fig.5 the relation between a and the longitudinal stress is.c
i- given for.the three. criteria governing global instability.
:

If the' hoop stress is.less than the' flow stress,..the longitudinal;

: stress is less than 0.'5 of. Under this assumption no failure is.
expected for a < 47 , if the global fracture relation eq.. (10)

[ (net section yielding for a pipe without: constraint) is correct ;

U
j or for a < 90 if. relations eq(8)or (9) is' correct.
:
!

! 3. Combined tension and bending

I
!-
! Tensile loading may be caused by internal pressure or by an exter-

f
nal force F. It is characterized here by the stress in the-

unflawed pipe:-
1

i

+ P' (14)o,= 2nRt.
'

;,

j -The bending. moment is characterized by the linear elastic outer

{
fibre bending stress o . It is assumed that the crack is located

b

! on the tensile side of the bending stress.
t

!

l
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3.1 Globel-instebility

For.the global ~ instability;of.the through-wall crack it is assumed
that the net sectionihas~ completely yielded. The assumed stress
distribution is shown in fig.6. From the equilibrium of load and
moment a relation between obL'"mL and th'e crack . angle a is obtained

(2 cosS - sin'a) (15)=

I S is the angle of-the neutra'l axis and'is given by

s .'7 + ofmL . 7 (16)
a a w

,

Figures 7, 8 and 9 show the relation between obL'"mL and a.

3.2: Local instability

For the calculation of local instability simple assumptions have
to be made. Figure 10 shows one-possibility. It is assumed that3

the ligament area has yielded and that in the remaining cross-
; section th'e stress is elastic provided that the stress on the
i compressive side o , is less than the flow stress.u
; For o #

u "f the stress distribution is given by
,

c(y) - of for y > R cosa (17)
:

,

a(y) = of +(o '

f) 1 + cosa
-O for y < Rcosau

i
- a(p) = af + (o - of) c sa - sin 4 fY- x# w

u 1+ cosa 7 Y<7-G
i- The equilibrium requirement of the force and moment leads to
'

o") - a (,
..

.

w(?- 1+cosa2,,

f
~

*

3- -

(n - a) cosa A sinao
f,

'

(18)

!
'

2 oobL sina cosa + y sin 2a ,

u ,
" 7 I C I q)

! sina)1+ cosa t (19)
-o g
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' 'A

"f. leads to a critical angle a* which.isThe restriction o #u-
a function'of a/t and o,/o :f

;

a oo '

-

cosa* . w -2a* +
"e" + +2sina* - r + 7 a' + w=0 (20)~r. g

In fig.11'a* is plotted versus'a/t with o,/of as the parameter.
'

~

For-a > a* the stress distribution is given by

*j . a < JP < j (21)fora = of

2 sinV + siny - cosa *
for - y < f<7-ao = af Cosa + siny

o = -af for - y < V <- y
!

From the equilibrium of forces the angle y(fig.10) can be obtained
.

as.a function of a/t and a;

2(cosy - sina) +(j - a+y)(siny - cosa) (22)
~I ~7 COsa + siny

; .

Om=w-
*f

IUFrom the equilibrium of moment the relation between obL f'

o,g/of, a/t and a is obtained
,

=j (1- j) sina + cosy (23)
,

, j - a + y - h(sin 2a+ sin 2y) + (cosa - siny)(sina- cosy)
cosa + siny J

\

In fig. 12 the relation between o,g, obL, a and a/t is shown.

|

>.

!
T

|

|
|
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3.3 Lock-bofora brcek-diagrams

The leak-before-break boundary curves for combined tension and
bending loading are shown in fig.13, with o,/of as the parameter.
If the. tensile stress is constant and the bending moment increases,
'a leak before. break is expected, if the crack is located above the
boundary curve for this tensile stress. For 0 < o,g/of < 0.5 all
boundary. curves are close together.

Figure 14 shows boundary curves for fixed bending stresses and
increasing tensile stresses. The curve for obL = 0 is similar to
the curves in fig. 3. The difference results from a different

criterion for local instability.

"

In fig. 15 the leak-before break boundary curves are shown for
three different tensile stresses and the ligament' failure curves
for different bending stresses. From these diagrams for given
obL/O and o,g/of the three regions "no failure", " leak" andf

" fracture" can be obtained. The angle a below which no fracture
c

can occur, is shown in fig.16.

3.4 Calculation according to Kanninen et al. /7/.

In an investigation by the Battelle, Columbus Laboratories on
stainless steel pipes with circumferential cracks leak-before-
break boundary curves were calculated. It was assumed that in case
of local instability not only the ligament of the surface crack
but also the whole cross-section has yielded. Based on experimental
results for plates with surface cracks,different flow stresses
for local and global instabilities were assumed. For the investi-
gated austenitic stainless steel the ratio of the flow stress og
for local instability to the flow stress o for global instabilityf
f was found to be 0.85-. The local instability is given byo

obt 2 aa w-

{=7 2 cos (3 + 7 o,)-ysina
,

,
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Using cq.15.for: gicbs1 instability. th yak-bafore-break boundary
,

F curvo is -givsn by a:
.y

.

.;N s .s) '

' +

- as s a g- 3 c5p 7 [a2cos7+[a -2[o
.a y-

- sina g sinc =0 (25)cos .-

7 f| i-f2 --
;

> ,. /
w

;,7

Results are shown in-fig. 17 The,gundaycurveis.nearlyindepen-g

dent of the tensile stress. Thhan'gle, ,a belowwhichnopracture
~

c
is possible is sbown in flg.18 together with the results of fig.16.
Thegeneralbese-iourissimilar,t'hediscr'ep,ang,psarelargest ]

''
.for small crack angles. 's ( y 9

'

,

d ~
,.

'
3.5 Calculations accordint to Hasegawa c_t al. /2,3/

\ ,

Hasegawa et al. developed also simple rels tions' for local and glo- -

3bal instabilities based on results for surf /.ce cracks $n plates.
-

-

The stress distribution as(s,umed in case of local, instability for a c

plate is pl}own in fig.19. It,is assumed that the stress at failure
inthelisamentisequai%gtheengineeringifracturestressina
tensile test a,f. In tSe tremaining cross-se> tion a consthnt stresss

dependent on,the strain hardening capacity is assumed. Fromop
' '

experimental results,
,

; '<
s gg ,

,
' - <

3 %, ;
,

"p * "UTS ~ (CUTS 7O)f ),''*9
'

(26)-

y
4

%, ;
s ',A

was found,. For pipes'usdergoing pure bor. ding the stress distribu-
tionisSQwninfig49.Froit this diagram the, critical bending
stressogfollows:' s -

,

- ,

(1 3) sina + (2 Cos6 - sina) (27)8 '

r .n
O 0o 0 o ,',

,

' '

with

a(1-a'/t)o t (28)a e
0"7~ 20

~

p<. ,
. . .

,

a is the average flow stress !

o

i

((cVTS 'Uy)-
~. o =

g

,

;
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'In-tOcts of spccia:ns with surfcco crccks, wharsLgicbc1 instability
followed local. instability a slight effect of the depth a/t of the
-surface crack.on the stress was found for_ global instability.
This effect was described by a net flow stress of given by

1 a2

f = (0,9) 2 (#UTS'~ 'o) ( I ~ ~) * "oo
t

for0.11{$_1.0 (30)

of= outs f r 0 1 a/t 1 0.1

Frma these relations a leak-before-crack boundary. curve can be cal-
culated, which is dependent on the stress-strain curve of a tensile
test. For the material properties obtained by Hasegawa et al. for
the stainless steel investigated

o = 255 MPa', outs = 578 MPa, o,f = 471 MPay

the curve shown in fig.20 is obtained. The relation between a
cand bL is shown in fig.18. It is interesting to see the good

agreement with the curves following from the different assumptions
made in 3.3 and 3.4.

.

Conclusion

Simple criteria for local and global instabilities were used to
calculate leak-before-break-diagrams for load-controlled deforma-
tions. Relations between the tension and bending stresses in the
uncracked pipe and the critical crack angle a ,below which completecfracture cannot occur, were developed for combined loading by
internal pressure and external tension and bending. The different
assumptions made for local and global instability lead to similar
conclusions about the allowable crack length for leak-before-break
behaviour.

It has not been the intention of this paper to compare the con-
clusions with experimental results available. This will be done in
a separate study.
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Fig. 1 Geometry of the cracked pipe
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Fig. 2 Comparison of the calculated failure stresses for
| global instability under internal pressure

191

. .

- _ _ _ _ _ _ _ _ _ _ _ _ __



W
1.0-

02

%(%
'./f

/ %,0.2
0.8- /-

\\ / .1

0.6- \
g o,1

- y 0.2

0.4 - ,

Eq. (8)' |
1

0.2 --- Eq. (9) e for global Instobility
- - Eq. (10),i

, , , , ,

20 40 60 80 100
m
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Fig. 4 Leak-before-break diagrams for pressurized pipes
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Fig. 13 Leak-before-break boundary curves for combined
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ABSTRACT

This paper involves an evaluation of the safety factors in the
proposed ASME Section XI criterion (IWB 3640) for flaw acceotance in
austenitic piping. In developing the end-of-life flaw sizes in IWB 3640
several simplifying assumptions were made in using the net-section collapse
criterion. Safety factors on stress were used in developing the IWB 3640
end-of-life flaw' sizes. This paper examines not only the safety factors on
stress, but also the safety factors on flaw depth of the IWB 3640 values
relative to a detailed net-section collapse analysis. Prior to making these
comparisons, a review of the development of the net-section collapse
analysis for circumferential cracks is given.

.

205

-- _ - _ -



J

DEVELOPMENT OF THE NET-SECTION
COLLAPSE ANALYSES

The net-section collapse concept for predicting the failure of a 1

circumferentially cracked pipe was initially developed in EPRI Project
RP585(1)* One major assumption was that the material toughness is suffi-.

ciently-high so that failure 'is governed by the stren~ th of the materialg

(i.e., flow stress or collaps'e stress) and is not sensitive to the materials
toughness. The flow stress is a value between the material's yield strength
and the ultimate strength and represents an average critical net-section
stress reached throughout the flawed ligament of the structure, see Figure

1. Hence, for small cracks, the structure must be subjected to large
plastic stresses in order for the crack to initiate. The following sections
describe experimental results in verifying the net-section coilapse analy-
sis for center-cracked flat plates, through-wall 'circumferential cracks in
pipes, and circumferential surface cracks in pipes.

Results of Center Cracked
Flat Plate Experiments

In the initial developmental efforts (1) , Type 304 stainless steel

center cracked flat plate and circumferential through-wall cracked pipe
experiments were conducted. The flat plate experiments were 12 inches wide
and 0.35 inch thick. Experiments were conducted under a variety of condi-
tions. Some of these conditions were; the cracks were located in either the
base metal or sensitize base metal or HAZ of welds, the cracks were either
sharp machine notches or fatigue precracked notches, loading was either
monotonic load-controlled or displacement-controlled load or with simulated
seismic loading (2) In all cases, the crack initiation and maximum load.

stresses were consistent. Figure 2 shows an example of a few of the
experiments showing the stresses at crack initiation and maximum load were

|
independent of initial crack size. Here a net-section stress of 63 ksi (436

! MPa) corresponded to crack initiation, and 73 ksi (498 MPa) corresponded to
I

!

i Numbers in parentheses denote references listed at the end of the*

[ paper.
!

|
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a

maximum load, as well . as ; the net-section- stress during subsequent crack
- growth. These flat plate results provided the initial incentive for the

~

. development of. the net-section collapse analysis.

Through-Wall Circumferential Cracked Pipe.

Initiil Net-Section Collap'se Formulation -
Through-Wall Cjrcumferential Cracks

A pressurized pipe ' under pure bending was considered in - the
*- '

initial. net-section coll' apse formulation (II. An' idealized bending stress:

was assumed in the plane of the crack as shown in Figure 3. At crack
' initiation or, maximum load, thist stress was assumed to reach a critical
constant value of o or o , respectively. A free body analysis shows thatg f

the point of the stress inversion (angle S in Figure 3) is defined in.

Equation-(l). (Nomenclature.is-defined in Figure 3.).4

2'

R9,
B * w-a w

gT (1)j-

- The bending moment can be determined by using Equation (2).

2
M = 20 R t.(2 sin S - sin a) (2)7 .

i
!

'This relation was developed by integrating the forces around the
pipe circumference and assuming the pipe retains a circular cross-section,,

p The : assumption of a circular cross-section within the fully plastic net
'

section was a good, first approximation. The effects of pipe ovalization
were subsequently investigated in Reference (2), and are discussed below.

L
,

Pipe Ovalization Corrections--Through-
- Wall Circumferential Cracks-

Experimental observations in Reference (2) showed that pipes with
'

short through-wall cracks under bending will ovalize in a similar manner to

that of an uncracked pipe. Whereas, for long through-wall cracks, the pipe
7
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OF THE NET-SECTION COLLAPSE CRITERION TO A PIPE WITH
A CIRCUMFERENTIAL CRACK

i

210

_ _ - . _:_ . _ _ - . . _ _. -. . . .. . _ _ - - . . . - _ _ _ - _



will ovalize in the opposite plane, see Figure 4. At some crack length the,

cross-section of the pipe would remain essentially circular. The short
crack length ovalization effect reduces the moment carrying capacity the
pipe can sustain relative to the circular cross-section predictions.
Whereas, the ovalization for the long crack length increases the moment
capacity of the pipe relative to the circular cross-section capacity. This
is illustrated in comparing the net-section collapse predictions to the
experimental through-wall cracked 4-inch (101.6-m) diameter pipe data, see
Figure 5.

A simple analysis was carried out to evaluate the effect of pipe
ovalization to determine if the pipe diameter, or the pipe diameter-to-
thickness ratio, was a significant factor. The calculations involved
comparing the moment of inertia of a pipe with a circular cross-section to a
pipe with an' elliptical cross-section. These calculations involved the
elliptical integral to relate the circular pipe diameter to the ma,jor and
minor diameter of the elliptical pipe so that both pipes have the same
circumference. Pipes with diameter-to-thickness ratios of 5,10, 20, and 40
were evaluated. Within the degree of ovalization observed in these experi-
ments, there is no significant effect of the pipe diameter-to-thickness
ratio on the ratio of the moment at inertia of the circular to elliptical
pipes, see Figure 6. Although this calculation was only performed on an
uncracked pipe, the results imply that there is an ovalization correction
factor that is independent of the pipe diameter-to-thickness ratio.

The ovalization function for the through-wall cracked pipe is,
therefore, a function of the through-wall crack length and load applied to
the pipe. Since stainless steel piping fails at a collapse stress slightly
higher than the average of the yield and ultimate strength, the strain or

,

deformation of the pipe will also be relatively constant. Hence, an i

ovalizat' ion function can be derived from the experiments for either crack
initiation or maximum load conditions. These could also be analytically
defined by 3-dimensional finite element calculations, but such calculations
with large plasticity are very expensive. It is not expected that this
function would be the same for lower toughness materials which fail at
stresses below the net-section collapse condition, and hence would exhibit
less ovalization.
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FIGURE 4. OVALIZATION OF 4-INCH (101.6-MM) DIAMETER PIPES
WITH DIFFERENT INITIAL THROUGH-WALL CRACK LENGTHS
FROM REFERENCE 2
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The experimentally derived ovalization correction function for
through-wall circumferential cracks is given in Equation (3). This func-
tion was based on the difference of the results from Experiments 1T, 2T, 3T,
and '4T (see Table 1) and the original net-section collapse predictions.
These four experiments were performed on 4-inch (101.6-mm) diameter
Schedule 80 Type 304 stainless steel pipe at room temperature.

V(4)={[1+0.134a+0.00152a2 + 0.0696a . (3)
3"

.

The modified net-section collapse analysis for through-wall flaws
including this ovalization function is given in Equation (4).

2M = 2R to [2 sin (B)-sin (a) V(a) (4)a f ,

t

where;

M = bending moment
,

R = average pipe thicknessa
t = pipe thickness

f = flow stress = 1.15(o + o )/2o
y u

2a = total crack angle, radians
6 = included angle for section of pipe in

compression = (n - a)/2.

To verify this through-wall crack net-section collapse formula-
tion with the ovalization corrections, the calculated failure stresses were

~

compared to all experimental pipe data. The comparisons using values calcu-
lated from Equation (4) and the experimental data included two experiments
on 2-inch (50.8-nin) diameter pipe, .one experiment on 16-inch (406.4-mm)
diameter pipe, and one experiment on a 4-inch (101.6-mm) diameter Schedule
80 pipe having a 90 degree through-wall circumferential crack and a surface
crack 75 percent of the depth around the remaining circumference. As seen
in Figure 7, the through-wall crack experimental data points are within + 5
percent of the calculated value from Equation (4). The flow stress used was
1.15 times the average of the yield plus ultimate. This flow stress rela-
tion for circumferentially cracked pipe was also observed in other circum-
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TABLE 1. CIRCUMFERENTIAL THROUGH-WALL CRACKED PIPE FRACTURE
DATA FROM REFRENCE (2)
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FIGURE 7 COMPARISON OF QUASI-STATICALLY LOADED THROUGH-WALL
CIRCUMFERENTIALLY CRACKED TYPE 304 STAINLESS STEEL
PIPE EXPERIMENTS TO THE PREDICTION OF THE NET-SECTION-
STRESS-FAILURE CRITERION FROM REFERENCE 2
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ferentiallyacracked pipe experiments conducted at Battelle(5) , see Figure

'8.

.

Effect of Pipe Diameter on |

Through-Wall Circumferential Crack

The net-section collap approach was compared (3,4,5) to a we 1

~ IO)rigorous analysis using the GE-CRDC J-integral estimation technique .

Smith (3) used the estimation' technique for flat plates, and then used the

flat plate analysis as being similar to a through-wall circumferential1y
cracked pipe under a uniform axial load. The flat plate analysis showed j
that for a fixed crack-length to plate-width'-ratio, the failure stress i

should decrease with increasing plate width. This effect has not yet been

demonstrated in plate experiments.
Using this analysis and assuming that the pipe circumference is

equal to the plate width, the failure stress ratio (collapse stress / yield
strength) was evaluated as a function of the pipe diameter for a 90 degree
crack length. (The induced bending moment in the pipe due to the presence

of the crack was neglected.) As shown in'Figura 9, the! predicted failure
stress of a 16-inch (406.4-mm) 'diazeter pipe is 80 percent'of the 4-inchJ

(101.6-m) diameter pipe. The failure stress of the 2-inch (50.8-m)
diameter pipe is 113 percent of the 4-inch (101.6- m) diameter pipe. This

trend was not evident in the through-wall cracked pipe bending experiments.
The experimental data indicated that the collapse stress from Equation (4)
for through-wall cracks was approximately 1.15 times'the average of the
yield and ultimate strengths. Furthermore, for the 2-inch (50.8-m)
diameter pipe material, the yield strength.was 38.6 hsi (266 MPa) and the
ultimate strength was 90.2 ksi (621 MPa). However, the predicted collapse
stress from Figure 9 would be 95.7 ksi (659:HPa), which is greater than the
ultimate strength. Hence, the flat plate representation of a pipe using the
estimation scheme is in error for pipes with through-wall circumferential:

cracks..
,

. ,

,

'
t
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Circumferential Surface Cracked Pipe

I
L

' Initial Net-Section Collapse Formulation -

Circumferential Surface Cracks

The net-section collapse relation for surface cracks from Refer-
II) was developed from experimental observations during flat plateence

experiments. The hypothesis was that the exact shape of the surface crack
was _less important than knowing the area of the crack. From the flat plate
results, a load-controlled leak-before-break criteria was developed. The

center-cracked flat plate results showed that there was a critical collapse
stress, o , where the surface crack grew in a slow stable manner (throughj
the thickness). Depending on the shape of the crack, the surface crack
could penetrate the thickness prior to maximum load (a leak) or coincide
with maximum load -(a load-controlled break). This load-controlled leak-
before-break behavior is illustrated in Figure 10.

For a surface flawed pipe, the analysis assumed a constant depth
surface crack with a depth of "d". The crack is also assumed to be sym-
metrically oriented with respect to the bending plane. The stress inversion
point S for plastic collapse is defined in Equation (5).

2
R9p

B " w-(d/t)a
2 % (5).

This assumes the circumferential crack is short enough so that it does not
extend into the compressively stressed side of the pipe. The bending moment
is then determined from Equation (6).

2

[2 sin 8-(d/t)sina[ (6)M=2a Rtg .

Although Reference (1) develops a parallel solution for surface
cracks extending below the neutral axis, intuition suggests that the
compressively loaded tight crack faces can transmit the compressive load.
Hence, the long surface crack will behave the same as a circumferential
crack length extending just to the neutral axis. Figure 11 shows a graph of
the normalized bending moment at initiation versus circumferential crack
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length for various surface crack depth to thickness ratios as calculated
from Equation (6), and keeping the failure stress constant for crack lengths
extending below the neutral axis.

Circumferential Surface Cracked |
Pipe Experimental Observations |

The through-wall cracked pipe experiments conducted in Reference
(2) showed that there was a significant ovalization effect for short or long
through-wall circumferential cracks in pipes. Similarly, there should be

an ovalization effect for surface cracks. However, the circumferential

surface crack ovalization function may differ from the through-wall circum-
ferential crack ovalization relationship given in Equation (3). The

following points relative to surface cracks will be discussed: (1) ovaliza-
tion effect on the failure stresses compared to the predicted net-section
collapse values, (2) effect of a variable depth surface crack versus a
constant depth surface crack, (3) effect of the pipe diameter, and (4)
instability behavior of surface cracks. Ten experiments were conducted and

these data are in Table 2.
The typical data recorded were load versus displacement, crack

mouth opening versus d-c electric potential across the crack, and load
versus crack mouth opening. Figure 12 shows a typical load versus load-line

displacement record for a displacement-controlled internal circumferential
surface cracked pipe experiment. Crack initiation was detected by the crack
mouth opening versus d-c electric potential record ( ) in Figure 13. Several

of the pipe specimens were heat-tinted to document the e.p. crack growth
calibration, and the shape of the crack growth. Note in Table 2 that for
the non-compliant long surface cracked pipe experiments, there were limited

instabil.ities. These resulted in finite length through-wall flaws, or a
l displacement-controlled leak-before-break condition. !

Comparisons of Net-Section-Collapse Predictions
to Experimental Data and Ovalization Effects

|

The constant depth internal circumferential surface crack data

were first compared to the net-section collapse predictions for the 4-inch |

224 !

,

e - - - - . - -n-- w-, - --n - - , , - ,



TABLE 2. CIRCUMFERENTIAL SURFACE CRACKED
PIPE FRACTURE DATA

|

|
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-(101.6-m) diameter pipe experiments, see Figure 14. The electric
potential data ( ) for all the 4-inch (101.6-m) di; meter pipe experiments
showed that the load at crack initiation was 98 percent (11 percent) of the
maximum load. Hence, the value of o , which arises in the RP-585 net-j
section collapse analysis, is approximately equal to o . Consequently,

f

leak-before-break behavior as predicted by the existing surface flaw net-
section collapse analysis under load-controlled conditions would occur for
surface cracks with extremely short lengths and large depths. All surface
flawed pipe experiments had the surface crack break through the thickness,
slightly past maximum load. Hence, under load-controlled conditions they
would have been breaks. No surface cracks with extremely short lengths and

large depths were tested. Therefore, load-controlled leak-before-break
criteria were not experimentally determined for Type 304 stainless steel
pipe within this program. Prior research at Battelle(8) on carbon steel
pipes has shown that load-controlled leak-before-break conditions for
circumferential surface cracks in carbon steel pipes 'under bending can
occur, but only for short, deep surface cracks.

Figure 15 shows the experimental bending moments at crack initia-
tion versus the predicted moments using Equation (4) for the 4-inch (101.6-
m) diameter Schedule 80 surface flawed pipe experiments. This figure shows
the degree of conservatism (or nonconservatism) in the circumferential
surface flawed pipe data. The agreement for the constant depth 4-inch
(101.6-m) diameter pipe surface flaw experiments was found to be within i
12 percent. This shows a much larger scatter in the surface flaw data than
in the through-wall flaw data, but may be satisfactory for conservative
estimates of critical crack sizes. Note that the nonconservative data
points are for shorter circumferential crack lengths. Figure 16 presents

10 f the experiment 1 bend ng mo nt to the predicted bendi g me

(using Equation 6) versus the circumferential crack length (normalized by
the pipe circumference). A definite trend between the ratio of the experi-

|
mental and the predicted moments is seen as a function of crack length. A

| curve is drawn through the data points so that for 2c/wD up to 0.5. For the

long circumferential crack lengths, an upper limit is indicated. This is |
|
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because at long circumferential surface crack lengths, part of the surface
crdck is below the neutral axis of the pipe in bending. The neutral axis
for a surface crack with depth to thickness ratios of 0.4 to 0.6 is approxi-
mately at 2c/wD = 0.5 (see Figure 14). Hence, the indicated limiting value
occurs at approximately a crack length of c/wD. This is in good agreement
with all but one of the data points which would be conservative by 9 |

percent. The zero crack length value is 0.8 which equals the difference due
to ovalization in the through-wall circumferential crack relation (i.e.,
Equation 3).

Variable Depth Internal Circumferential Surface
Crack on a 4-Inch (101.6-m) Diameter Pipe

In Reference (2), a variable depth internal circumferential
surface crack experiment, 111RS, was conducted on a 4-inch (101.6-m)<

diameter pipe, see Table 2. The maximum depth was 60 percent of the
thickness and the length was 50 percent of the circumference. The objective
of the experiment was to assess the effect of variable surface' crack shape,
specifically, whether the failure stresses are governed by the cross-
sectional area of the flaw, or by the depth of the flaw. This flaw geometry
was designed such that the average depth of the flaw was 40 percent of the
thickness.

The result of the experiment showed that crack initiation was

96.7 percent of the maximum load. This is consistent with the other 4-inch
,

(101.6-m) diameter pipe fracture data. The failure stress of this flaw was
in close agreement with the experimental data from the 60-percent deep
constant depth surface cracked pipes. Hence, the failure stress was

governed by the maximum depth of the surface cracks, not the average depth.s

4

Behavior of a Circumferential Surface
Cracked Large Diameter Pipe

!

In Reference (2), one experiment was conducted on 16-inch (406.4-
;

m) Schedule 100 Type 304 stainless steel pipe to evaluate the effect of
I larger diameter and thicker pipe, see Table 2. The pipe had a constant

.
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depth internal circumferential surface crack with a depth of 66 percent of
the thickness and a circumferential length of 47.5 percent of the circum-

-ference. The pipe was tested in four-point bending at 70 F (21 C). The

details of the experiment are given in Reference (2).
One of the significant points observed during the experiment was

that the crack initiated at 76.5 percent of the maximum bending moment.
This is a significantly lower percent of the maximum load than in any other
experiment.

The nominal bending moment at crack initiation was 7,987,000 in-
lb (903 kN-m), which corresponded to an outer fiber bending stress of 43.1

ksi (297.2 MPa). This was 94 percent of the yield strength. The bending

moment at the maximum load was 10,441,000 in-lb (1,180 kN-m) which corre-
sponds to a nominal outer fiber bending stress of 56.3 ksi (388 MPa). This
stress was 1.23 times the yield strength. The depth of the surface crack at
the center was 85 percent of the thickness at the maximum moment.

The calculated bending moment was 11,956,000 in-lb (1,350 kN-m),
using Equation (6) with o * = 79.7 ksi (549 MPa), and with the initial flaw

f

size. This was 50 percent greater than the experimental moment at crack
initiation. With the initial flaw depth, the calculated moment is 14.5

percent greater than the maximum moment from the experiment. If the actual
flaw depth at the maximum moment is used, then the predicted maximum moment

is 8,112,000 in-lb (917 kN-m) which is conservative.
Figure 17 shows the ratio of the experimental bending moments to

the net-section collapse calculated bending moment versus the surface crack
depth. If no crack growth is assumed for the calculated moment, then the
moment at crack initiation and the maximum moment are in the nonconservative
area. The similar 4-inch (101.6-mm) diameter surface flawed pipe experi-
ments were conservative by 5 to 11 percent. This indicates a slightly

greater deviation in the fracture behavior during this experiment compared
to the smaller pipe experiments. However, if the actual crack depth (from
the experimental measurements) is used for the calculated bending moment,
the bending moment at crack initiation is in the nonconservative region. As

f = 1.15 (a + o )/2.
* o y u
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the crack grows, the moment increases into the conservatively predicted
region before the maximum moment is reached. This conservative prediction,
however, can only be made if the crack growth can be predicted.

The results of this experiment as shown in Figure 17 indicate that
net-section collapse conditions did not occur until there was significant

'

crack growth. The violation of the net-section collapse condition may be
due to the greater constraint of the surface flaw in the larger pipe, i.e.,

a lowering of the materials crack growth resistance. Further efforts on
surface cracks in thick walled stainless steel pipe are needed to answer
this concern.

J

1

4

i

!
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EVALUATION OF- SAFETY FACTORS
IN IWB 3640

|

|The safety factors for the IWB 3640 criteria were calculated both on |
stress level and on flaw depth. The safety factor on stress level, Nh' IS j

defined in Equation (7).

"Sm " (3 ) net-section collapse /I3 )IWB 3640' (7)m m

where d/t is constant.

The safety factor on flaw size, Nd/t, is defined in Equation (8).

d/t = (d/t) net-section collapse /(d/t)IWB 3640, (8)N

where S,is constant.
A brief review of the IWB 3640 criteriaI9) is first presented,

followed by the safety factors on stress level, safety factors on flaw size,
and then considerations of worst case conditions.

. IWB 3640 End-of-Life Flaw Limits
1

The IWB 3640 end-of-life flaw limits for circumferentially crack
pipe under normal conditions, Table I, and under faulted an[ emergency condi-

'

tions, Table II, were based on allowable stress (P, and P ) where P, = S,/2b

and the flow stress = 3 S,. The allowable P,+ Pb values in Tables I and II
were then calculated using Equation (9).

2a
f

. '

2 sin 8 - (d/t) sin a (9)Pb" w ,
,

where

8= "w-a(d/t) - (P,/o )w /2
'

f,

2a = total crack angle.
The safety factor on the allowable stress, P, + P , at normalb

"

operating conditions was 2.77. This was the average of that for bending, ,

:

|
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2.55, and axial tension, 3.00. For faulted conditions, the safety margin was
said to be half of that at normal stresses, which would be 1.39.

-Two additional modifications were made to these calculations.
These are: (1) the maximum d/t is limited to 0.75, and (2) for flaws greater
than 50 percent of the circumference, the d/t of a 50 percent long crack was
used. Tables 3 and 4 of this text correspond to the IWB 3640 Tables I and II.

Safety Factors on Stress Level

The safety factors on stress levels first involved calculating the
detailed net-section collapse relation in terms of 5,, and then making

comparisons to the IWB 3640 S, values for the same flaw sizes.
For Type 304 stainless steel pipe and centrifugally cast CF8m pipe,

the code anticipated minimum yield and ultimate strengths * at 500 F were used.
These values are given in Table 5. The S, values were 0.9 Sy which were lower
than Su/3. The flow stress was calculated using Equation (10).

(10)f = 1.15(o +"y)/28 .

u

Note that for these two materials that (of/S,) was very close to 2.8
S,. Hence, 2.8 S, was used as flow stress for the net-section collcpse
analysis. Figure 18 shows the circumferential crack relation in terms of 5,
as well as stress normalized to flow stress. In this analysis the pipe

ovalization was accounted for using the w/4 factor in Equation (4), hence the,

net-section stress is equal to the nominal bending stress used in the code.

Note that for any stress level above 2.8 S,, any size of flaw would cause the
,

pipe to fail.

Another way of graphically illustrating the same relation is to
plot d/t versus normalized circumferential crack length (2c/nD) as a function

of stress. This is shown in Figure 19 where stresses are given in terms of S,.
Note that for a stress of 2.8 S,, the curves degenerate to the origin, i.e.,

no flaw sizes are safe.
A comparison of the net-section collapse analysis to the IWB 3640

Table I values for a stress of 1.0 S, is shown in Figure 20. Note that the IWB

| * 1983 ASME Boiler and Pressure Vessel Code, Section III, Division 1
Appendices, Tables I-2.2 and I-3.2.

,
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(IWB3640 TATABLE 3.
FLAW DEPTHlKE 1) ALLOWABLE END-0F-EVALUATION PERIOD1-T0-THICKNESS RATIO FOR CIRCUMFERENTIAL
FLAWS, NORMAL OPERATING (INCLUDING UPSET AND TEST)
CONDITIONS

P, + P ( } Ratio of Raw Length (ty) to Circunference(2)b
....................................................

,m 0.0 0.1 0.2 0.3 0.4 0.5 or more
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1.5 (4) (4) (4) }(4) (4) (4)
1.4 0.75 0.40 0.21 0.15 (+) (4)
1.3 0.75 0.75 0.39 0.27 0.22 0.19
1.2 0.75 0.75 0.56 0.40 0.32 0.27
1.1 0.75 0.75 0.73 0.51 0.42 0.34

'

1.0 0.75 0.75 0.75 0.63 0.51 0.41
0.9 0.75 0.75 0.75 0.73 0.59 0.47
0.8 0.75 0.75 0.75 0.75 0.68 0.53
0.7 0.75 0.75 0.75 0.75 0.75 0.58i

< 0.6 0.75 0.75 0.75 0.75 0.75 0.63
.................................................................

Notes:

(1) M aw depth = a for a surface flawn
= 2a for a subsurface flawn

t = nominal thickness
linear interpolation is permisible

(2) Circunference based on nominal pipe diameter;

(3) P, = Primary Membrane Stress
P Primary Bending Stress
S,b = ASME Code Allowable Design Intensity=

(4) IW8 3514.3 allowable flaw standards shall be used

1

|
,
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1
1

FLAW DEPTHtg(1-TO-THICKNESS RATIO FOR CIRCUMFERENTIAL(IWB3640 TS E II) ALLOWABLE END-OF-EVALUATION PERIODTABLE 4.

FLAWS - EMERGENCY AND FAULTED CONDITIONS

!*!'s + '=''' ......!'!'.! !'.''"!!".!'!)..!!.''.:'":'':'"'* ......
.
' *a 0.0 0.1 0.2 0.3 0.4 0.5 or more
: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

(W (4)3.0 (4) (4) (4)
1(4)2.8 0.75 0.40 0.21 0.15 65) (4)

2.6 0.75 0.75 0.39 0.27 0.22 0.19
2.4 0.75 0.66 0.56 0.40 0.32 0.27
2.2 0.75 0.73 0.73 0.51 0.42 0.34
2.0 0.75 0.75 0.75 0.63 0.51 0.41
1.8 0.75 0.75 0.75 0.73 0.59 0.47
1.6 0.75 0.75 0.75 0.75 0.68 0.53
1.4 0.75 0.75 0.75 0.75 0.75 0.58

< 1.2 0.75 0.75 0.75 0.75 0.75 0.63
.................................................................

Notes:

for a surface flaw(1) Flaw depth = gsurface flaw= 2a for a si

n
t = nominal thickness
linear interpolation is permisible

.

(2) Circunference based on nominal pipe diameter

(3) P, = Primary Membrane Stress
P Primary Sending Stress
S,b = ASME Code Allowable Design Intensity=

,

| (4) IWB.3514.3 allowable flaw standards shall be used
!

i

I
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|

TABLE 5. PIPE PROPERTIES AT 500 F FOR NET-SECTION
COLLAPSE ANALYSIS-

t

Material
Material Type 304- CF8m Stainless

Properties Stainless Steel Pipe Steel Pipe

o , ksi 20.9 19.9y

a , ksi 71.2 ~67.0
u

Sm, ksi 18.81 17.91

of, ksi 52.95 49.97
,

o /Sm 2.82 2.79
f

.

:

!
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3640 values have a maximum depth of 75' percent of the thickness, and the d/t
ratio is constant for crack-length's greiter than half the pipe circumference. |#

The safety factors on striss were calculated as a function of
circumferential crack length for a stress level of 1.0 5, in IWB 3640 Table I,
see Figure 2'1. This s'afety factor was very close to 2.0 for crack lengths
greater than 30 percent of the pipe circumference. For shorter crack lengths,
the safety f actor increased due to the 0.75 d/t limit in the IWB 3640 tables.
Since there was so little dffference in the safety factor for long crack

,

lengths, the subsequest safety facgrs calculated were only for circumfer-
etialsurfacecracks'completOyaround;thecircumference.

The safety f actors on stress le|cels are shown in Figure 22. These
\
are all for 360 degree circumferential crack lengths. The normal operation

,

(inpluding test and upset) conditions corresp'onc to:IWB 3640 Table I, and the

emergency and faulted, condition curve co7esponds to Table II. The first
observation is that the safety factor is not constant with' stress. At normal

'

conditions the safety factor varied from 2.6 to 1.9 'as the stress increased

fro'm 0.6 to 1.4 S,. These are slightly lower than the 2.77 values cited for
IWB 3640. For stress levels below 0.6 S,, the safety factors would continue

to increase.
At emergency and faulted conditions the safety factors are much'

lower, and at stresses above 2.8 S,, there is no safety factor. At a stress of
2.0 S, the safety factor is 1.0.

,

Safety Factors on Flaw Size
,

The safety factors on flaw size were calculated using the values in
~

Table 5 and the relationship shown in Figure 18. Here the procedure involved

selecting a stress level and flaw geometry from IWB 3640 Tables I and II.
Then the d/t can be aMtermined from Figure 18 for the same stress level. The

safety factor is the (d/t) from Figure 18 to the (d/t) from the IWB 3640
tailes._

Tha initial calculations examined the change in the safety factor
,

o'n the flew depth to thickness ratio as a function of crack length. This was

done for a stresdevel of 1.0 S,, and is shown in Figure 23. Here leak-
,

r

9
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before-break is predicted on a~ basis of circumferential crack length, where

the critical through-wall crack length at a stress of 1.0 S, is equal to 0.38
,

times the circumference, see 1.0 S, curve in Figure 19. Secondly, the minimum
safety factor is for very long cracks, but there is very_-little difference
from 0.4 < 2c/wD < 1.0. Subsequent calculations therefore, only considered
circumferential cracks completely around the circumference.

The safety factors on flaw depth-to-thickness ratio are shown in>

Figure 24 for normal conditions and emergency conditions. For normal condi- I

tions the safety' factor on d/t -increases from 1.3 to 5 as stress increased
from 0.6 to 1.4 S,. These are quite good safety f actors, especially for

stress from 1.0 to 1.4 S,.
,

At emergency and faulted conditions, however, the safety factors- j

are 1.1 to 0 as stress increases from 1.2 to 2.8 S,. The safety factor is |

approximately 1.0 at a stress of 2.0 S,. At 2.8 S, or higher stresses, the'

stresses are equal to or larger than flow stress, so no flaws can be toler-
ated, hence the zero safety factor. As with the safety factors on stress |'

level, the safety _ factors on d/t at emergency and faulted conditions are lower

than desired.
,

Considerations of Worst Case Conditions
! |

t
'

,

Two effects could cause the above calculated safety factors to'

decrease. First, limited data on thick-walled circumferential surface-,

cracked Type 304' stainless steel pipe showed the actual failure stresses were
,

; 14 percent below the net-section collapse stress. As noted in a prior section
in this paper, this effect is believed to be due to constraint effects from
the surface crack on reducing the toughness. This would affect the safety

j

factors at normal as well as at emergency. conditions.
Secondly, limited existing data has shown that sustained loads can

~

reduce the maximum load in pipe fracture experiments, as well as in laboratory

specimens. The limited supporting technical data are discussed.below.

|
-Experimental Data on Sustained Loads

i Sustained load effects have been evaluated for axially crack pipe

| for the gas and oil industries at Battelle(10) Flaw growth during hydro-.

'
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static testing was the practical concern here(11) In one series of experi-.

ments(10) 36-inch diameter by 0.390-inch API SLX60 pipe with axial cracks was

held at pressure levels below the failure pressure under monotonic pres-
surization to failure. The reduction of the failure pressure with time

reached a low plateau, see Figure 25. This lower plateau varied from 7.9 to

9.5 percent of the monotonically increasing failure pressure. These experi-

ments, however, were on carbcn steel pipe at anbient tenperature. Additional
studies by Tsuru and Garwood(12) examined time dependent ductile tearing
failure in three-point-bend-bar carbon steel specimens at room temperature.
These results showed that the maximum load decreased by 15 percent. Finally,

there are unpublished studies at JAERI which have evaluated the effect of slow
strain rates and water at 98 C on the J curve of Type 304 stainless steel. At

R

low strain rates J was found to decrease by a factor of ten, and dJ/da
Ic

decreased by a factor of three. At 550 F local crack tip creep fracture

interaction may be significant; however, no studies have been conducted to
date. Consequently, a potential reduction in maximum loads of 15 percent
below the net-section collapse stress was used in the following calculations.
Only the normal operating condition values would be effected by sustained load

effects.

Worst Case Safety Factors

The effect of a 14 percent decrease on stress due to thick-wall pipe
constraint, and a 15 percent decrease in stresses due to constraint on the
calculated safety factors are shown in Figures 26 and 27. For the safety

factors on stress in Figure 26, the worst case condition at normal operating
conditions is when both sustained load and thick-wall pipa constraint is
assumed. Here the safety factors vary from 1.8 to 1.4 as the stress changes

|
from 0.6 to 1.4 S,. Table 6 sumarizes the range of safety factors on stress

| levels as well as on flaw depth.

At emergency and faulted conditions, the thick-walled pipe correc-
tion decreased the safety factor on stress to a range of 1.1 to 0.8 for stress

levels from 1.2 to 2.8 S,. The safety factors for stress levels above 2.8 S,
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TABLE 6. SU MARY OF CALCULATED SAFETY FACTORS

*

.

I
. SRFETY FACTOR

CRITERIA NORMAL OPER. EMERGENCY.

i

NCSm) N(d/t) N(Sm) N(d/t)
.

1.39IWB 3640 2.78 ----
1-

E

Net Section 1.9-2.6. 1.3-4.9 0-1.3 0-1.1

i Collapse

Thick Wal1 1.6-2.2- 1.2-4,2 0-1.1 0-0.9

Correction

i

! Sustained Load 1.3-1.8 1.1-3.0 -- --

,

1

:

1
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are zero since these stresses are above flow stress and cracks of any size
: would cause failure.

Safety factors on flaw depth to pipe thickness ratio are shown in
Figure 27. At normal operating conditions, combined thick pipe anc sustained
load correction, the worst case safety- factors vary from 1.1 ta 3.0. At
emergency and faulted conditions, the worst case safety factors vary from 0.9
to_0. The-safety factor of zero applied for stress levels above 2.4 S,.

!

!
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4 - DISCUSSION

1

?The safety factors at emergency and faulted conditions appear to be

of greatest concern; however, there are several factors which make the real
~

life situation better than shown'. in -the calculations previously presented.
- These points are discussed below.

(1) Stresses seldom get above 2.4 S,, and in fact, the code limits'

the maximum stress to the lower of either 3.0 S, or 2.0 Sy. A
value of 2.0 Sy for the austenitic piping of concern in IWB'

3640-is equal to a stress of approximately 2.7.2 S,.
(2) The stresses in emergency and faulted conditions are short in

duration, so that unloading would occur during the fracture
event. This would promote leak-before-brdak behavior for
ductile materials. This is a significant effect. In a past'

program conducted for EPRI at Batte11e,(2) the safety factor
~

for 'a single transient dynamic load was a factor of two over-

) the static analysis for crack initiation.
(3) Dynamic loads are perhaps too conservatively calculated since

plasticity is not accounted for. This effect is even larger

when plasticity at the crack is considered in the dynamic
calculations; however, such calculations are difficult to

I make.

(4) Dynamic loading increases the material's flow stress and
e

toughness; however, from existing experimental data, these-
beneficial effects on the failure loads are relatively small.

(5) Actual pipe thickness and strengths will generally be greater
than code minimum values.;

,

However, there are-also several points that may make the calculated

safety factors appear non-conservative. These are:
!

(1) Sustained load' effects at 550 F may be more significant than
the 15 percent load decrease used. The higher temperature
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,would increase the crack tip ' creep : interaction with ductile
tearing.

(2) Thick pipe with IGSCC surface cracks extending into the weld
metal may have lower ~ failure stresses than the 14 percent

i ~ reduction used.

(3) Cracks in the HAZ of centrifuga11y cast sta'inless steel pipe
-may be in a region of thermal degradation of the material as
. ell as inducing constraint in heavy-wall pipe. Thermal agingw

'in base metal of CF8m pipe have received little attention, and
the degradation from conbined welding and long term thermal

| aging from service tenperatures, to ~ our knowledge, has not
| been investigated to date.

A final point of issue is whether safety factors on flaw size should
be inccrporated into a code allowable defect tolerance criteria. On one hand

' it is-~ extremely important to ensure that the NDE technique accurately sizes
the flaw dimensions of concern. Techniques that are not sufficiently accurate

,

on defect sizing, obviously are of concern especially if the accuracy of the
technique is not accounted for in the code analysis of the defect acceptance.
In accounting for the accuracy of the NDE technique, the potential error'needs
to be known in terms of either depth-to-thickness ratio, or if the accuracy

depends on absolute flaw depth dimensions. For instance, for the case of
,

circumferential1y cracked austenitic pipes in benting, the safety factor on
flaw depth can be easily determined sing 360 degree crack length. Figure 28
shows the 360 degree crack depth-to-thickness ratio versus normalized stress,'

as a function of the' safety factor on flaw depth (Nd/t). The lower level of ,

: d/t = 0.125 corresponds to IWB 3514.3 limits.

! If the accuracy of the NDE technique was a function of the pipe

; thickness, then a different relation on allowable d/t would exist. Figure 29
shows such a relation, based on the assumption that the NDE accuracy is 0.1
times the pipe thickness. Here the maximum allowable stress at the IWB 3514.3

' L11mit corresponds to that using a safety factor of 1.9 on depth-to-thickness
-

ratio.

3
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Arguements for not including safety factors on flaw depth-to-
thickness are that the accuracy of the technique varies with different tech-

- niques and is material sensitive. Furthermore, future improvements in NDE

techniques could significantly igrove upon the accuracy of current tech-
niques, requiring continuous updating of the code allowable flaw dimensions.
Hence, engineering prudence would suggest that safety factors on stress level
would be appropriate for a code criteria as long as the accuracy of the NDE
method is accounted in the flaw dimensions of the code analysis.

?
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CONCLUSIONS

The safety factors on the end-of-life flaw sizes in the IWB 3640
criteria for continued temporary operation was reviewed in detail. It was
found that the safety factors on stress were not constant and varied with
applied. stress when pipe ovalization is accounted for. At normal conditions,
the safety factors, although less than desired, were still close to or above
2.0.

The safety factors on stress for emergency and faulted conditions
were significantly below the 1.39 value cited for IWB 3640 due to ovalization
and the method of calculating the flow stress. The corresponding safety
factors on flaw depth to pipe thickness ratio, hence, were also low at emer-
gency and faulted conditions. These calculations imply that the values in IWB
3640 Table II should be reconsidered. Although the calculated safety factors
were low, in reality the transient dynamic loading conditions would tend to
promote leak-before-break behavior, hence the real safety factors will be
much larger.

The use of safety factors on flaw depth for code application is
complicated by the variability of different techniques used, sensitivity of
the methods for different materials, and improv?ments of future NDE methods.
Engineering prudence should be used in allowing for the accuracy of the NDE
meth'od used, and the subsequent flaw size used in engineering assessments.

|

,

I

|
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IMPLICIT SAFETY MARGINS

IN THE ASME CODE ACCEFIANCE CRITERIA

FOR FLAWS IN AUSTENITIC PIPING

S. Manganath

General Electric Company

San Jose, California

Introauction

The kain Committee of the ASME Code [1] recently approven evaluation

procedures ano acceptance criteria f or flaws in austenitic piptag. These

revisions will appear in the Winter 1983 Addenda to Section II of the ASME

Code. The allowable flaw sizes were specified in IWB-364-1 as a function of

applied stress and loading category (e.g., normal and upset, emergency and
'

faulted conoitions). The allowable flaw sizes were intended to provide a

minimum satety margin of 2.77 for normal ana upset conditions and 1.39 tor

emergency and f aulted conaitions. Recently, concerns [2] have been expressed

on whether the Code allowable 11aw sizes do indeed provide the intended safety
margins. The purpose of this is to demonstrate the technical basis f or the

acceptance criteria and confion the Code margins by considering selectea

examples.

Safety Marains tor Circumferenttal Cracks

The use of the limit load concept to predict the losa capability of austenitic

piping has been Justified by comparing the predictea f ailure loan with

experimental data as well as plastic fracture predictions based on the

material J-R curve [3]. Using this method, the critical load corresponding to

plastic instability can be calculated for a given combination of flaw depth

and length. The allowable stress can then be determined by applying the

appropriate safety factors. For a circumferential crack of length I and depth

264
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l

n (Figure 1) subj ected to primary membrane stress P,, the bending stress Pb
corresponains to limit load is given by the f ollowing equations:

Case 1: Neutral axis located such enat a+n <n

(n a d/t) - (P,/c )ng

E" 2

I (2 Sin p - d/t Sin a) (1)P =
b n

Case 2: Neutral axis located such tnat_a + e > n (assume crack takes
compressson)

n (1 - a/t - P,/o )f
U"

2 - d/t

b (2 - d/t)P Sin p (2)=
b n

Where o = 110w stress of the materialg

t = pipe thickne s s,

a = half the crack angle, and

p define s the location of the neutral axis as shown in Figure 1.

Tnese equations assume thin shell approximation which is rea sonabic f or most

piping contigurations.

In determining the allowable flaw, the f ollowing assumptions are made:

(i) the flow stress is assumed to equal to 3S, where S, is the ASNE Coce
design stress intensity for the material. This is close to

experimentally measured data and is based on code minimum properties.

265
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(ii) In computing the stress levels corresponding to limit load it is assumed
that f or normal conditions the membrane stress P, = S,/2. This is

rea sonable in pipes vnich are sized such that the hoop stress is close

to S ,. Parametric studies have shown that f or a giv en P, + P, v alue , |

the allowable flaw sizes are not significantly affected by the assumed

membrane stress.

(iii) The safety tactor of 2.77 for normal concitions is applied on the total
stress P,+ P '

b

(iv) The procedure described abo e determinas the allowable stress for a
given flaw size. This was .nverted to determine the allowable flaw size
for a given stress level using linear interpolation.

Table 1 shows the Code allowable size for circumferential flaws. The safety

margin in the Code allowable flaw sizes can be illustrated by considering two
cAewgass.

Case 1

P +Pb"Sm (n rmal and upse t c naiti ns). For a 360s circumferential
crack the allowable depth is 0.41t. Substituting in Equation 2, the angle

p defining the neutral axis is given by

,n (1 - 0.41 - 0.5/3)
(2 - 0.41)

= 0.84

266
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The manimum bending stress is given by

P
b (35,)(2 .41) Sin (0.84) --

=

= 2.26 S,

P, + Pb Corresponding to f ailure = (2.26 + 0.5) S, = 2. 7 6 S,

Comparing this with the applied stress of 1.0 S,, it is seen that the

safety margin is 2.76. The minor difference between this and the stated
Code margin of 2.77 is due to the roundoff in the allowable flaw size .to

two decimal places,

s

-

_

Case 2

:
P, + Pb = 0.8 S,

1/2nR = 0.2

d/t = 0.75

Substituting in Equation 1

, n - (0.2n)(0.75) - 0.5/3n
2

= 1.073

Pb" (3S )(2 Sin (1.073) - 0.75 Sin (0.2n))a

= 2.515 S,

P, + Pb corresponding to f ailure = (2.515 + 0.5) = 3 . 015 S,

.

S
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- Ca ;* ring this with the applied stress of 0.8 S,, the safety margin is

3.76. In this case the safety margin is higher than the Code atinimum

value of 2.77 because of the cutoff in d/t values at 0.75.

The examples 111aatrated here confirm that the allowable flaw sizes in
i

IVB-3674 do assure a minimum safety margin of 2.77 for normal and upset

conditions. Similar analysis can be perf ormed to show a safety margin of 1.39
for emergency and faulted conditions. In most realistic cases the criteria

for normal conditions govern.

Discussion

The allowable flaw sizes for austenitic piping are based on providing saf ety
. .

f actors on stress to f ailure predicted using limit load concepts. Failure is

predicted using a flow stress equal to 3S,. This is close to experimentally

mea sured values of flow stress and is conveniently expressed in terms of the

design stress intensity S,. Conservatism is provided by the fact that this is

hased an Code minimum properties. Also, actual mechanical strength near veld

locations (vaere cracks are likely to occur) is likely to be higher than that

of the base material due to work hardening. It should be noted that the

saf ety margins apply for the final flaw size at the end of the inspection

interval.

Safety margins based on flaw size [2] are not meaningful, since failure is

governed by the remaining cross section, not the flaw size in itself. In

fact. if one were to determine the saf ety margin on flaw size, it would be

high for hi L stresses and low for low stre s se s. Since safety margin is of&

less concern for low stress conditions, the saf ety f actor on flaw size is not

a relevant parameter. A more important measure of saf ety factor is the margin
on the remaining ligament area which is equivalent to the factor on stress.

Finally, the tables on allowable flaw sizes for faulted conditions included

s t r e s se s up to P, + Pb"30. Since the Winter 1981 Addenda, the allowable
m

stress for f aulted conditions has been revised to 3S or 2S , whichever is
a y
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lesser. For stainless steel piping the 2S, limit is controlling. In any

80se, this does not affect evaluations since actual stresses in piping are

0011 below this limit; therefore, the allowable flaw sizes for normal

ocaditions are more limiting.

i

!
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Table I

Al
DEPTHgnWABLE END_OF-EVALUATION PERIOD FLAW-TO-THICKNESS RATIO FOR CIRCUMFERENTIAL

FLAWS, NORMAL OPERATING (INCLUDING UPSET AND TEST) CONDITIONS

.

Ratio of Flaw Length (i ) to Circunference(2)P, + Pb f
....................................................

,
m 0.0 0.1 0.2 0.3 0.4 0.5 or more

...........................__.................____........__ ....

1.5 (4) (4) (4) (4) .(d4 (4) I

1.4 0.75 0.40 0.21 0.15 (4) (4)
|1.3 0.75 0.75 0.39 0.27 0.22 0.19

1.2 0.75 0.75 0.56 0.40- 0.32 0.27
1.1 0.75 0.75 0.73 0.51 0.42 0.34

' 1.0 0.75 0.75 0.75 0.63 0.51 0.41 -

0.9 0.75 0.75 0.75 0.73 0.59 0.47
1

0.8 0.75 0.75 0.75 0.75 0.68 0.53 '

O.7 0.75 0.75 0.75 0.75 0.75 0.58
< 0.6 0.75 0.75 0.75 0.75 0.75 0.63
..._____......___.............___...........___...__.........__..

Note s:

(1) Fl aw depth = a for a surface flawn
= 2a for a subsurface flawn

t = nominal thickness
linear interpolation is permisible

(2) Circumference based on nominal pipe diameter

(3) P, = Primary Membrane Stress

S,b = Primary Bending Stress
P

= ASME Code A11cwable Design Intensity

(4) IWS-3514.3 allowable flaw standards shall be used
t
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TWO-PHASE FLOW EXPERIMENTS THROUGH j

INTERGRANULAR STRESS CORROSION CRACKS
~

,

R. P. Collier
Battelle's Columbus Laboratories

'

Columbus, Ohio

and

D. M. Norris
Electric Power Research Institute

Palo Alto, California

ABSTRACT

Experimental studies of critical two-phase water flow, through
simulated and actual intergranular stress corrosion cracks, were performed
to obtain data to evaluate a leak flow rate model and investigate acoustic
transducer effectiveness in detecting and sizing leaks. The experimental
program included a parametric study of the effects of crack geometry, fluid
stagnation pressure and temperature, and crack surface roughness on leak
flow rate.

In addition, leak detection, location, and leak size estimation
.

. capabilities of several different acoustic transducers were evaluated as
functions of leak rate and transducer position.

This paper presents flow rate data for several different cracks
and fluid conditions. It also presents the minimum flow rate detected
with the acoustic sensors and a relationship between acoustic signal strength
and leak flow rate.

.

; INTRODUCTION

The presence of cracks in reactor piping has attracted considerable
attention over the past several years. In particular, intergranular stress,

corrosion cracks (IGSCC's) in heat-affected zones near welds in Type 304
'

stainless steel piping have been the subject of considerable study. In the
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mid-1970's,- a number of cracks of this type were found in small diameter
core spray and recirculation bypass lines in, Boiling Water Reactors (BWR's).
Recently, similar cracks have been found in larger diameter piping, including
BWR main recirculation Ifnes. The occurrence of these cracks is of concern
because of their effect on plant availability and plant reliability, as well
as their potential effect on safe plant operation.

In responsq to the problem, the Electric Power Research Institute
and the BWR Owners Group' have jointly sponsored an extensive research program' s

designed to understand the resolve IGSCC problems in BWR's. This investigation
is a part of that research effort.

One area of interest in the overalt program has been the evaluation
~

|of acoustic emission (AE) techniques for leak detection, location, and sizing.
In particular, determination of the minimum sensitivity of AE detection of
very small two-phase leaks through IGSCC's has been given high priority. In

,

this project, we evaluated the minimum leak detecticn, leak location, and
leak size estimation capabilities of several AE systems. This was done by
mounting several AE transducers on a test vessel with a leak through an IGSCC
of known length. AE s Qnals were measured for a variety of leak rates. A
brief summary of key results is presented in this paper.

,

A second area.of interest has bee'n in relating the sizi of a
through-wall crack to the critical two-phase leak rate through that crack. *

,

An analytical flow model has been developed to predict crack size if flow'
'

rate and fluid conditions are known. This information.could be used in'

.

conjunction with a crack growth model to determine the maximum safe operating
time before shutdown when a crack is discovered; and it could be used to

evaluate the validity of the measurable leak-before-break philosophy for
'

I a range of pipe size 3, materials, and fluid operating conditions.
In this project, we carried out experimental studies of critical,

1 t

two-phase water flow through simulated and actual IGSCC's. The influencess
of crack geometry, fluid stagnation conditions, and crack surface roughness' '

,
,

on lea 4 flow rate were measured. This paper concentrates on the results of
[the flow ' rate experiments. The flow model and application to reactor piping'

'

are discussed in two related papers (1,2).>

,

le
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Review of Recent Work

Several recent reviews are available which summarize much of
the important theoretical and experimental work in the field of critical
two-phase flow (3-8). However, this research has concentrated on flow
in pipes, nozzles and orifices, and there is little direct information
.available on the flow rate of two-phase fluids through tight cracks.
Recently, Button, et al (9) investigated nitrogen gas flow through
idealized cracks. They found that the surface roughness and crack geometry
m.ay play important roles in determining the flow rate. However, non-
equilibrium critical two-phase flow would be very different from and more
complex than single phase gas flow, which is generally regarded as in
thermodynamic equilibrium. For example, the composition and phase distri-
bution of the two-phase fluid would be determined, in part, by the flow
rate. The flow rate, in turn, is a function of the fluid composition and
phase distribution.

Agostinelli and Salemann (10) investigated flows of flashing
water and steam through smooth annuli of fine clearance experimentally.
Test data were obtained with stagnation conditions to 315 C and 20.7 MPa
(600 F abd 3000 psia). Ryley and Parker (11) used a transparent test
section 3.56 cm (140 in.) deep, 2.54 cm (1.0 in.) long, and 0.127 cm (0.05
in.) wide, and observed steam flow W.h water injection at the inlet. They
found visual evidence of a free liquid jet at the inlet and separated flow
throughout the channel. Simoneau (12) carried out an experimental study
of two-phase nitrogen flow through a slit. He concluded that a uniform
two-phase flow pattern existed in most of the test runs and that vapori-
zation was occurring at or near the exit plane. He also compared his
results with th.: 'bnry (13) model for critical flow of initially subcooled
or saturated liquid through a long tube. In general, the agreement
between the model and his experimental data was reasonably good. However,
Simoneau suggested that frictional effects should be accounted for in the
analysis.
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We recently developed an analytical approach based on the theory

- _
suggested by Henry (13,14), to predict two-phase flow through cracks (1,15,
16). This model accounts for wall friction and flow area change.

EXPERIMENTAL STUDY

The experimental program was carried out in two phases. In the
first phase, we used simulated cracks, or slots, in which the critical
geometric parameters and surface roughness could be controlled easily.
In the second phase, we used actual IGSCC's in stainless steel pipe. The
geometry was characterized by the crack depth-over-hydraulic diameter
ratio, L/D . For tight cracks, Dg is approximately equal to twice theh
crack opening displacement, COD.

Phase I - Simulated Cracks

Figure 1 is a schematic sketch of the facility used in the Phase
I experiments. Briefly, the facility consisted of a supply vessel and
three test vessels. Each test vessel contained a different simulated
crack in which the L/D and surface roughness could be varied. The supply

h
vessel was large enough so that several experiments could be conducted
without refilling the vessel. The water was heated using electrical
immersion heaters. The supply temperature was measured with thermocouples.

System pressure was controlled with a high-pressure, high-flow capacity
gas regulator and a nitrogen supply. The pressure could be pre-set or
adjusted during each experiment.4

The simulated cracks were machined from blind flanges attached
to the top of the test vessels. The flanges were split and " crack faces"
were machined in the center of each half. Various surface roughnesses were
obtained by shot blasting the faces. The crack length dimension, 2C, was
fixed at 6.35 cm (2.5 in.) and the crack depth dimension, L, was fixed at
5.72 cm (2.25 in.). The L/D ratio was set at the desired value by adjusting

h
the crack opening displacement, COD, with spacer blocks between the halves.
These blocks also provided a seal at the ends of the crack faces. Thus, the
flow cross-section was rectangular, with fixed dimensions. Measurements
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made during the shakedown tests indicated that the C0D did not change during
the tests. The surface roughness was varied by machining the crack faces
to the desired roughness. ,The crack faces were initially ground to an

-5
average surface roughness of 0.3 um (1.18 x 10 in.), as measumd by a sur-

face profilometer. After completing the " smooth" tests, the test blocks
were removed, disassembled, and the crack surfaces were roughened by shot
blasting to an average roughness of 5.2 pm (2.05 x 10-4 in.). For the final
set of tests, the crack faces were roughened to 10.2 pm (4.02 x 10-4 in.)

average roughness. Figure 2 shows a simulated crack flange with instrumen-

tation attached.
Test measurements included supply vessel temperature and pressure,

liquid level in the supply vessel, flow rate from the supply vessel to the
test vessel, pressure and temperature just upstream of the simulated crack,
the pressure and temperature at three locations along the simulated crack
flow path, and the acoustic emission spectra.

A test was initiated by opening the flow control valve for about
30 seconds to pre-heat the piping and test vessel. The valve was then
closed, the water level in the supply vessel was measured, the data acqui-
sition system was started, and the flow valve was re-opened for typically
30 to 120 seconds. At that time, the flow valve was closed and the supply
vessel water level was again measured. The pre-heat flow allowed the test
pressure to be set more accurately and allowed more nearly steady-state

,

conditions. Thus, the change in liquid level served as a relatively accurate
check on the flow rate determined from the orifice flow meters.

Phase II - Actual Cracks

The basic facility used in the Phase II experiments was similar
to that used in the Phase I program. However, tl.e simulated crack test
vesself were replaced by a vessel containing an intergranular stress-corrosion
crack.

Two test vessels were fabricated, using concentric pipes as
shown in Figure 3. The outer pipe included a 61 cm (24 in.) length of
stainless steel pipe with an outside diameter of 32.4 cm (12 in. Schedule
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100) supplied to the program by EPRI. Each of these sections contained a
i girth butt weld at mid-length, with full circumferential stress-corrosion

cracks in the vicinity of the welds.
To provide a longer vessel for acoustic attenuation measurements,

the test pipe length was increased by welding another 61 cm (24 in.) length
of carbon steel pipe to the cracked sections. The inner pipe was fabricated
from both carbon and stainless steel so that the axial thermal expansion
of the inner and outer pipes were matched. The inner pipe provided a
mechanical restraint in the unlikely event that the cracked section fa' led.

The annular space between the two pipes provided a reservoir of
water at the desired test conditions. A propane burner firing into the
inner pipe was used to maintain the test temperatures. This was necessary
due to the heat loss during the low flow rate experiments.

Figure 4 illustrates the way in which through cracks of varying
lengths were obtained. The initial circumferential cracks were about 90
percent of the wall thickness. The pipe surface in the vicinity of the crack
was carefully machined away until the tip of the resulting through crack
could be identified using a microscope. The cutter was moved axially along
the pipe so that varying the width of the cutter varied the crack length.
The smallest crack length attained was about 0.74 mm (0.029 in.), and
the longest crack length was 27.89 mm (1.098 in.). For longer crack
lengths, the cutter width was increased, however, the depth of cut was
maintained. Thus, the flow path length, L, was held constant.

As in Phase I, a number of measurements were made during each test.
The Phase II measurements included supply vessel pressure and temperature,
flow rate from the supply vessel to the test vessel, test vessel pressure
and water temperature just upstream of the crack, crack-opening displace-
ment, and a variety of acoustic emission signals from several transducers
mounted on the pipe.
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EXPERIMENTAL RESULTS j

Acoustic Emission Leak Detection

,The first priority of'a leak detection system is reliable'

' etection of. the signal produced by a leak in the presence of backgroundd'

noise. The determining factor for detection of the smallest possible
1

-leak is the signal-to-background-noise ratio. - For the reasonably quiet
!- facility used in these experimc.-i.s-(no pumps running during testing),
i we were able to detect leak flow rates of about 1 x 10-4 kg/s (about

0.02-gpm at 1000 psia and 500 F) with signal-to-noise ratio of about 2,
i with commercially-available AE transducers located about 180 mm (about.

7 in.) from a 0.74 mm (0.029-in.) long IGSCC.
| We found the transmission of the acoustic emission from a
! leaking crack was strongly directional, with signal strength strongest

directly along the axis from the crack and weakest directly around the
pipe circumference from the crack. This result could complicate the use
of AE systems for detailed leak location since most leak location schemes
depend on comparison of signals received at two or more transducers.

A key result of this study was the delineation of two types
of behavior for AE signal as a function of leak rate. Figure 5 illustrates

] the difference in the two types. When the crack length was fixed and the
j leak flow rate was controlled by varying the fluid stagnation pressure and

temperature, the AE signal strength varied by about an order of magnitude
as the leak flow rate varied by an order of magnitude. When the leak
flow rate was varied by maintaining' fluid conditions and changing crack
length, the AE signal varied about one order of magnitude, while the leak,

flow rate varied over approximately four orders of magnitude.

| Flow Rate Results - Phase I

The flow rate data obtained during the Phase I experiments are
sumarized in Table 1. Tabulated data include the stagnation pressure
and temperature, P and T ; the initial subcooling, AT; the surfaceg n

i
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TABLE 1. -SUP9%RY OF PHASE I FLOW RATE DATA

Test o o AT r C00 "I"'''I ( ' $}E T
L/0 2So. We C C pm un h kg/s 10 kg/m ,,

_

1 8.36 N5.06 32.98 .3 1.12 30 2.03 2.86
2 9.27 106.10 119.35 .3 .25 115 .84 5.21

3 9.00 197.20 106.10 .3 .25 115 .82 5.06
4 8.35 180.12 117.05 6.2 .23 128 .90 6.21
5 8.77 199.14 102.31 6.2 .36 80 .74 3.26
6 8.51 N1.56 37.74 6.2 1.09 27 3.60 5.19
7 11.53 251.23 70.37 6.2 1.09 27 ~ 3.93 5.67
8 5.81 199.17 74.25 6.2 .36 to .43 1.91
9 5.00 178.40 85.48 6.2 .23 128 .40 2.79

10 3.96 199.97 49.78 6.2 .36 80 46 2.05
11 3.5 227.79 10.64 6.2 1.09 27 1.35 1.95
12 10.80 234.19 82.49 6.2 .23 128 .52 3.60
13 10.65 249.01 66.62 6.2 .23 128 .48 3.30
14 9.91 212.46 97.81 6.2 .33 87 .62 2.95
15 8.68 217.92 82.82 6.2 .33 87 .49 2.34
16 9.33 234.80 71.13 4.2 .33 87 .52 2.50
17 8.80 205.80 95.88 6.2 .23 128 .51 3.53
18 8.89 230.08 72.38 6.2 .23 128 .49 3.35
19 8.52 236.0! 63.35 6.2 .23 128 .46 3.16
20 8.65 192.14 108.32 6.2 .33 87 .71 3.38
21 8.M 206.54 96.28 6.2 .33 87 .86 4.10
22 4.72 195.32 65.05 6.2 1.09 27 2.16 3.11
23 8.90 205.97 96.50 10.2 .20 144 .39 3.03
24 9.02 218.85 84.61 10.2 .20 144 .40 3.11
25 8.92 223.73 78.92 10.2 .20 144 .39 3.03
5 9.46 57.83 39.12 6.2 1.09 27 3.14 4.53
27 10.31 256.14 57.09 6.2 1.09 27 3.03 4.37
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roughness, x; the crack-opening displacement, COD; the measured leak flow

rate, W (meas); and the measured mass flux, Gc(meas).
Figure 6 indicates the effect of stagnation pressure with

subcooling as a parameter. For a fixed geometry and surface roughness,
the critical mass flux increases as stagnation pressure or subcooling
increases. We note that the effect of subcooling on critical mass flux
is more prcnounced at high stagnation pressures. The model of Reference
1 was used to calculate the trend lines shown in this and subsequent

fi gures . ;

The influence of crack depth-over-hydraulic-diameter ratio is |

demonstrated by Figure 7 for two different stagnation conditions. The
critical mass flux decreases uniformly with increasing crack depth-over-
hydraulic-diameter ratios.

Figure 8 presents the effect on critical mass flux of surface
roughness, with the subcooling as a parameter. The critical mass flux
decreases smoothly with increasing surface roughness.

The effect of subcooling is illustrated as a parameter in
Figures 6 and 8, and directly in Figure 9. In the latter figure, the

effect of low subcooling at pressures similar to BWR operating conditions

is shown.
;

Flow Rate Results - Phase II
!
l

The flow rate data from the Phase II experiments are tabulated

in Table 2. Data include the stagnation pressure and temperature, P andg

T ; the initial subcooling AT; crack length, 2C; crack-opening displace-g

,

ment, COD; crack-opening area, C0A; and the measured leak flow rate, W

(meas).
Figure 10 compares measured leak flow rates for Phase II with

predicted values using the model of Reference 1. Measured flow rates
varied over more than four orders of magnitude, from a measured low of
1.34 x 10-5 kg/s (2.86 x 10-4 gpm at 1000 psia and 500 F) to a measured high
of 0.199 kg/s (4.24 gpm). Overall agreement between predicted and measured
values is reasonable, but there is substantial scatter in the data for a
given crack length.
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TABLE 2. SUMMARY OF PHASE II FLOW RATE DATA
T

4-

T
- Run o o LaT 2C. C0D C0A W (meas)

2
:No. MPa C C m mm m kg/s

1 7.417 272.8 18.4 3.63 0.074 0.268 1.02 x 10-3
-" " " "

z2~ 7.417 272.8 18.4
1.10 x 10-3" " "

3. 8.768 267.2 34.2
" " " "

4 9.513 260.6 46.8
" " " "-

5- 9.513 260.6 46.8
6 9.423 267.8 38.8 - "" " '"

7 9.402 284.4 22.1 0.74 0.0220 0.0162 5.49 x 10-5
8 9.547. 281.7 25.9 0.0218 0.0161 6.66 x 10-5"

.9 9.568 278.3 29.4 0.0216 0.0159 5.67 x 10-5"

10 5.803 273.3 .1 0.0208 -0.0153 1.08 x 10-5"

11 6.072 262.8 13.6 0.0201 0.0148 1.34 x 10-5"

12 5.969 260.0 15.2 0.0199- 0.0146 1.09 x 10-4"

13 5.955 268.3 6.7 0.0205 0.0151 -1.51 x 10-'"

14 5.969 272.8 2.4 0.0208 0.0153 1.01 x 10-4"

. 15 3.624 251.7 -7.1 0.0190 0.0140 9.30 x 10-5"

i - 16 3.480 241.1 1.1 0.0183 0.0135 1.05 x 10-4"

17 5.782 278.9 -5.7 0.0212 0.0156 1.01 x 10-4,' "

18 7.182 260.0 27.6 6.21 x 10-5" --- --

i

19 7.410 273.9 15.8 9.53 0.108 1.026 3.04 x 10-2'

20 7.410 282.2 7.4 2.90 x 10-2" " "

4.85 x 10-21 21 9.106 280.0 24.2 " " "

| 22 9.106 273.3 30.8 4.62 x 10-2" " "

4.52 x 10-223 9.065 256.7 39.3 " "- "-

4.44 x 10-2i 24 8.989 256.7 36.3 " " "

3.67 x 10-2i . 25 7.265 256.1 32.2 " " "

3.59 x 10-226 7.265 256.7 31.7 " " "

2.51 x 10-2; 27 5.672 260.6 11.4 " " "

2.35 x 10-228 5.727 267.8 4.8 " " "

3.01 x 10-229 5.693 241.7 30.5 " " "

2.98 x 10-2-30 5.693 243.9 28.3 -

"" "

31 7.320 242.8 46.1 3.96 x 10-2" " "

32 7.320 238.3 46.6 3.94 x 10-2" " "

i 33 8.913 241.7 60.9 4.51 x 10-2" " "
'

34 8.913 235.0 67.6 4.73 x 10-2 -" " "
,

3.84 x 10-2!35 7.230 226.1 61.9 " " "

36 7.230 222.8 65.2 3.92 x 10-2" " "

37 5.693 220.0 52.2 3.84 x 10-2" " "

38 5.541 223.2 47.1 2.97 x 10-2" " "

39 4.038 230.6' 20.3 2.62 x 10-2" " "

40 4.038 232.8 18.1 1.57 x 10-2" " "
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TABLE 2. SUMMARY OF PHASE II FLOW RATE DATA
(CONTINUED)

P T
Run o o AT 2C C0D C0A W (meas)

2No. MPa C C mm mm mm kg/s

41 7.410 278.9 10.8 1.59 0.0535 0.0849 1.81 x 10-3
42 8.161 277.2 19.2 0.0534 0.0848 1.98 x 10-3"

43 8.823 276.7 25.2 0.0535 0.0850 2.19 x 10-3"

44 -9.478 274.4 32.6 0.0533 0.0847 2.37 x 10-3"

45 7.451 278.3 11.9 0.0534 0.0848 3.62 x 10-""

46 8.168 275.0 21.4 0.0530 0.0842 5.26 x 10-'"

47 8.858 275.0 27.2- 0.0533 0.0845 3.91 x 10-3"

48 9.533 272.2 35.3 0.0530 0.0841 4.37 x 10-3"

49 7.451 276.1 13.9 0.0530 0.0841 3.22 x 10-3"

50 8.168 274.4 20.3 0.0529 0.0840 3.59 x 10-3"

51 5,314 258.3 9.4 0.0490 0.0778 2.51 x 10-3"

52 7.024 253.9 32.1 0.0487 0.0773 3.54 x 10-3"

53 8.747 252.8 48.5 0.0491 0.0779 4.11 x 10-3"

54 5.314 256.7 11.1 0.0487 0.0773 2.20 x 10-3"

55 7.003 254.4 31.4 0.0488 0.0775 2.61 x 10-3"

56 8.747 253.3 47.9 0.0492 0.0781 3.17 x 10-3"

57 3.514 233.9 8.9 0.0438 0.0696 7.57 x 10-'"

58 5.272 232.8 34.5 0.0442 0.0711 9.03 x 10-4"

59 7.024 231.1 54.9 0.0445 0.0706 1.50 x 10-3"

60 8.747 228.9 72.4 0.0446 0.0708 1.85 x 10-3"

61 8.747 211.7 69.6 0.0451 0.0717 1.75 x 10-3"

62 7.134 228.3 58.0 0.0440 0.0698 1.76 x 10-3"

63 5.307 225.0 42.7 0.0428 0.0679 1.53 x 10-3"

64 3.549 222.8 20.6 0.0415 0.0663 1.33 x 10-3"

65 3.562 235.0 8.6 0.0441 0.0700 1.84 x 10-3"

66 5.286 232.2 35.3 0.0441 0.0700 2.32 x 10-3"

67 6.996 230.0 55.8 0.0443 0.0703 2.69 x 10-3"

68 8.747 228.3 71.8 0.0445 0.0707 2.69 x 10-3"

69 8.727 241.7 59.4 27.89 0.235 6.547 1.51 x 10-1
70 7.037 236.8 49.5 0.227 6.338 1.39 x 10-1"

71 6.962 236.7 48.8 0.227 6.334 1.57 x 10-1"

72 8.637 241.1 59.3 0.234 6.528 1.75 x 10-1"

73 5.210 252.8 13.7 0.178 4.952 1.41 x 10-1"

74 6.962 253.9 31.6 0.243 6.787 1.69 x 10-1"

75 8.706 254.4 46.5 0.247 6.882 1.91 x 10-1"

76 8.699 250.6 50.3 0.243 6.779 2.00 x 10-1"

77 6.962 248.3 37.1 0.238 6.641 1.78 x 10-1"

78 5.293 246.1 21.4 0.173 4.828 1.51 x 10-1"

79 4.038 240.6 10.3 0.144 4.024 1.28 x 10-1"

80 5.190 236.1 30.2 0.166 4.633 1.55 x 10-1"

81 6.872 237.2 47.3 0.228 6.345 1.76 x 10-1"

82 8.678 234.4 66.3 0.228 6.355 1.99 x 10-1"
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The flow model requires flow area, number of equivalent bends
in the flow path, surface roughness of the crack, and inlet area / outlet
area ratio as input. In all cases shown in Figure 10, we assumed the
exit flow area, C0A, to be equal to the product of the crack length, 2C,
and the crack-opening displacement, COD. The surface roughness was as-
sumed to be 1.78 pm (7 x 10-5 in.), and six 45-degree turns in the flow
path were assumed. The included convergence angle of the flow was assumed
to be 90 degrees. These assumptions were consistent with the objective
of developing a model which could be used in the reverse direction, that
is to estimate flow area if leak flow rate were known. In such a case,
simple, empirically validated relationships between 2C, COD, typical
surface roughness, and area rctio for IGSCC's would have to be assumed.

Figure 11 presents i sow rate data from run numbers 41-62 in
more detail. This figure shows that the data tend to fall into groups,
depending on test sequence. Within any one group, the data tend to show
a linear relation between predicted and measured flow rate. One possible
cause for this behavior would be partial plugging of the flow area' by
particulate, with a change in the amount of blockage between sequences.
Thus, the flow area assumed in predicting the flow rate would be incorrect.
To test this hypothesis, we adjusted the flow area for one point in each
sequence to match predicted and measured leak flow rates. This area was

'

then used to calculate a revised prediction for the other data points
in the test sequence. .The revised predictions for run numbers 41-62 are
compared with measured results in Figure 12. Substantial improvement in
agreement and reduction in data scatter is seen. Maximum reduction in
flow area was by about 50 percent.

| A Comment on Plugging

|

j We believe partial plugging of cracks with particulate and the
consequent reduction in leak flow rate for a given size crack should be

( considered for application of these data or the analytical model to reactor'

| conditions.

!
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In this study, we used a commercial water supply system which
delivered the equivalent of doubly-distilled water to the supply vessel.
The water quality specifications for this purification system were
similar to those typical of BWR's. The test facility was fabricated from
both carbon and stainless steels and was purged with nitrogen, both during
shutdown and operation. In addition to the variation in flow rate under
otherwise fixed conditions, which suggested the possibility of partial
plugging, we observed dark red, dark brown, and black deposits on the
crack surfaces when we broke open one of the test vessels.

The effect of this partial plugging would be to reduce the
flow area, and hence, leak flow rate for a given crack size. The
' calculations above indicate that a reduction in flow area of up to 50
percent, in a few instances, may have occurred in these experiments.

NOMENCLATURE

A Flow area

C Half crack length
C0A Crack Opening Area

C0D Crack Opening Displacement

Dh Hydraulic diameter
f Friction factor
G Mass flux
L Flow path length, or crack depth
P Pressure

T Temperature

W Mass flow rate
Roughness grain heightx

Subscripts |

c Critical or choked
e Exit
o Entrance or stagnation

w |
!

.-. . . - . _ --
!
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ABSTRACT -

3

The critical flow model developed at Battelle Columbus Laboratories, Ref.
1, and the computer program, LEAK, written to utilize this model were
used to predict leak rates through simulated and actual iittergranular

i stress corrosion cracks (IGSCC). .

Following a review of the theoretical basis and the method of solution
in LEAK, a set of modifications were suggested, and it was shown that the
new model (LEAK-01) resulted in better agreement with experimental data.

simple model, based on homogenedas equilibrium assump-In addition, a

tions, was developed which resulted in a closed ' form relation for the
critical mass flux. The predictions using'this simplifpd model, which'

is applicable for subcooled upstream conditions, were cl'ose to the pre-
dictions by the LEAK-01 code,
c.- ,

The critical flow model developed in this study 15.yecommended' for pre-

[ldic, ting the., leak rates through IGSCC's. The s9plified homogeneous
,

equilibr$9m kadel is recomended for quick calculation if the upstream*

conditions' are expected to remain in a subcooled state during the

depressurization transient.

.
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1. INTRODUCTION

The presence of cracks in BWR piping has attracted considerable attention

because of safety considerations = and the impact of cracks - on plant
availability. As part of the EPRI/BWR Owners Group sponsored program to

!' study Intergranular Stress Corrosion Cracking ~ (IGSCC) in BWRs, an experi-

| . mental and analytical effort was carried - out by Battelle Columbus
Laboratories (BCL). The general objective of this program was~ the eva-

,

j luation of acoustic emission (AE) techniques in leak detection and deve- ;

lopment of a relation between crack . size and the flow rate through a - !

tight crack. The experimental. program consisted 'of testing simulated and

|' actual cracks and measuring the leak rates and the acoustic spectra asso-

j ciated with the two-phase. critical flow. An analytical critical flow

I model was used to predict the measured flow rates. The detail of the
j experimental facility and the results of this study can be found in Refs.

| 1, 2.
,

|
The objectives of the present study were to evaluate the BCL critical

{ flow model and suggest recommendations for improving the modeling assump-

j tions or calculational scheme. The original model was first used to
i reproduce BCL Phase I and Phase 11 predictions. The suggested improve-
1

j ments to this critical flow model are given in the next section.- Due to
! the particular geometry and expected flow evolution .in tight cracks, cer-

tain simplifying assumptions are justified. These assumptions were used

to develop a simplified homogeneous equilibrium model as a quick check,

'
for the leak rates under subcooled upstream conditions..

!

For a given set of stagnation conditions, there is a maximum for the rate4

{ of flow of a compressible fluid through a. pipe or an aperture which is [
9enerally called critical or choked flow rate. The flow through a crack

,

,

connecting a high pressure reservoir to a low pressure environment is
f expected to be choked except for highly subcooled upstream conditions.
.

| The problem of critical flow for a single-phase fluid has been studied
1

i

!
'

l
t

{
i
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extensively and flow rate can be predicted using single-phase compress-
ible flow relations. For liquid upstream conditions, flow will be choked
if liquid flashes within the flow path and a two-phase critical flow
model should be used. The two-phase critical flow is different from its

' single-phase counterpart due to the influence of two characteristics,
namely, slip and thermal non-equilibrium between the phases. The degree

1

of3 slip and non-equilibrium is dictated by the thermodynamic stagnation

con,ditions and geometry of the fluid flow path. Generally, these pheno-
men 6 a e introduced in the critical flow models through empirical rela-

,.

'

tions developed for specific geometries and fluid cond'itions. Therefore,
there are numerous models each of which is applicable to a particular ]
geometry. Their range of applicability to different conditions depend on
the detail of the governing equations used fo,r development of the model

~

and the degree of empiricism used for the interf acial transfer terms.

Selection of an appropriate model for prediction of critical flow through
a crack depends on the fluid conditions and size of the crack. For tight
cracks, where the pipe wall thickness is of the same order of magnitude
or larger than the crack opening size, the detail of the flow within the
pipe wall has to be studied. Generally, the ratio of flow path length to
a characteristic opening dimension, L/D, is used to specify the degree of
slip and thermal non-equilibrium. Except for the recent studies at

Battelle Columbus Laboratories, Refs. 1, 2, no experimental or analy-
tical work for critical flow through such tight cracks (crack width of

lets than 1 mm) was found in the literature. Due to the complicated

geometry within the flow path, some approximations and empirical factors
enter the model which can only be confirmed by comparison against test
data.

The experimental program carried out at BCL was aimed at generating a
data base for confirming the critical flow models in predicting the leek
rates through cracks. These tests included simulated cracks in which the
major parameters, namely, crack size, L/D, upstream conditions and sur-

|
l

!
!
,-
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face roughness were varied in a controlled manner. The BCL Phase II
experiments were performed on two stainless steel pipes which contained
approximately 90% through-the-wall circumferential cracks. In these
tests a portion of the pipe surface was removed to expose the tip of the
IGSCC and progressively wider cuts resulted in the variation of the L/D
parameter.

In the present study, the LEAK model developed at BCL was used to repro-
duce the predictions for the above data. A collection of steam property
subroutines was attached to the program; corrections to coding and method
of solution was made; and the revised predictions were compared to the
test results. The version of LEAK used to generate the reported predict-
ions, the modifications made to the method of solution, and the predic-
tions are presented in the next sections.

2. DESCRIPTION OF THE CRITICAL FLOW MODEL IN LEAK AND COMPARIS0N WITH
DATA

Henry's homogeneous non-equilibrium critical flow model (3) was developed
for subcooled and saturated liquid discharge through sharp-edged ducts.
The flow is assumed to be homogeneous and the non-equilibrium effects are
introduced through one parameter, N, which is a function of equilibrium
quality and the flow path length to diameter ratio. The critical flow
model in the LEAK code uses' the same assumptions but includes friction
and acceleration pressure drops within the flow path. The detail of this
model is given in Refs.1 and 4 and following is a brief description of
the modeling assumptions.

The general features of the discharge of initially subcooled or saturated
liquid through a crack are shown in Figure 1 and the configuration of a
convergent crack is shown in Figure 2. For this type of geometry a
hydraulic diameter, D, is defined as

i
I

,
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AD=4
Pe

A = Crack opening area = 2c6

Pe = Opening perimeter = 2 (2c + 6)

In the region 0 < L/D < 3, a liquid jet surrounded by a vapor annulus is
formed. For lengths between L/D = 3 and L/D = 12,. the liquid jet breaks
up into droplets at the surface, and small bubbles are entrained within
the jet. It is assumed that no mass or heat transfer takes place between
entrance and L/D = 12, and also the friction pressure drop in this region
is negligble.

The one dimensional mixture mass and momentum conservation equations are
used to evaluate the pressure drop components as follows:

Continuity:

+ =0 (1)

Momentum:

2 2

pP,,1[A d [ G A)3 , f G1

(2)
_

dZ g dz p' 2D p,c
.

p' is the momennum density which is equal to mixture density, p, for

homogeneous flow assumption. The first term on the right hand side or
the momentum equation is the acceleration pressure drop and the second
term is the friction pressure drop. The acceleration pressure can be
expanded into the component due to area changes and the component due to
phase change.

1 A - (G A) , [ A A- (1) + G p,_ (L)2

A dZ p, p, dZ A dZ p
m

Equation -2 can be integrated along the flow path to evaluate the overall

pressure drop across the crack as the sum of pressure drop components.

305
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(3)APtotal = AP, + AP,, + AP,, + APf

AP, = Entrance pressure loss
2

io ( Ac )2 (4)Vc
AP' = 2

2C Ao

I
where C is the orifice contraction coefficient, assumed to be 0.61.

AP , = Acceleration pressure drop due to phase change,3 f

(5)AP , = 7 [xe (v io)]-V
3 gc

where F is the average mass fiux defined beiow

2 2 2

7=i c,h{1,(g23
2 2 A

9

AP,, = Acceleration pressure drop due to area change

2 2 2

gg) (1 - )] (6)[vgg (1 - )+x(v -vAP,3 = g

i i

where the average quality and vapor specific volume are defined as:

!

L gc + Vgiv
I 1120 x dZ ,_

v =-

x= 9 2
i

L - 120
,

|

APf = Friction pressure drop

306
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f=f(h-12) [(1-x7vg + x v )] (7)AP
g

f is .the friction factor and is calculated from the modified Von Karman
relation given below where K is the average roughness. height.

,

,

1
f =

(2 log E.- + 1.74)2
2K

Th'e pressure at the exit is a function of the critical mass flux, Gg

P =P --AP = f (G ) (8)c n total c

The critical mass flow relation developed ' by Henry (3) for homogenous
flow is used here. This relation was developed from liquid and vapor
mass conservation and mixture momentum equation and is given below

'
2 dy

v ) $.*.]c-1
9G =-[x + (v (9)-

c g
dP 9 dP

The subscript c indicates'that~all the enclosed parameters are evaluated
at the critical section. The vapor compressibility term is calculated
from ideal gas relation with isentropic assumption

dV
9 J_ .y.1

dP y P

The nonequilibrium mass transfer rate is calculated from the correlation

developed by Henry for consta'it area ducts

Y *. = N dxE (10)'

dP dP

'

N = 20 xE iI *E < 0.05
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N = 1.2 if xE > 0.05

x is the equilibrium quality calculated from
E

S -So g

xE " E "E
b -S jg t

|
IThe quality relation given by equation (10) and the assumption of isentro-

pic expansion for vapor are used to simplify the mass flux relation to

2- y dx 1

G =[x d - (v gg) N 3 (II)v-

cge
dPYP

The quality for a long tube is given by xLT = N xE and it is assumed
that within the length of the crack the quality approaches the long tube
value in an exponential manner correlated as

dX = 0.0523 (xLT - x) d ( -12)

=xLT{l-exP[-0.0523(L/D-12)]} (12)x c

For given stagnation conditions and crack geometry, the leak rate and
exit pressure can be evaluated by iterative solution of equation 8 and
11.

l For situations where the flow is not choked, the leak rate is calculated

from single phase relations with friction included:

G = 2g B
-

c

va
i

The LEAK code which contained the critical flow model described above was
used to predict the flow rates for the BCL experiments. A set of steami

,

,
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property subrc tines which consisted of RETRAN-02 Ref. 6, fits to 1967

ASME tables Ref. 7 and other exact fits to the steam tables were added to
the code. Predicted versus measured flow rates for simulated cracks are,

shown in Figure 3.

For the IGSCC's an exit to entrance area ratio had been approximated by
measuring the slope of crack covergence following the phase II tests.
The surface roughness used for IGSCC's was 1.78 um which actually
corresponds to a relatively smooth surface but the flow path was assumed
to contain six 45 degree turns. The predictions using LEAK are compared
to the Phase II experimental flow rates in Figures 4 and 5. The large
deviations from measured values as shown in Figure 4 are better presented
in Figure 5 where the ratio of predicted to measured flow rates for
IGSCC's are shown against the measured leak rates. The variation of this
ratio demonstrates that for the complicated flow path geometries of
actual IGSCC's the model can best predict the order of magnitude of the
experimental results.

Study of the reported leak rates for phase II tests showed trends
contrary to those expected under critical flow conditions. Partial
plugging of the cracks has been reported in Ref. 2 which can be the
reason for the erroneous trends of mass flow rate and the deviations
shown in Figures 4 and 5.

3. MODIFICATIONS TO THE LEAK CODE

Following a review of the assumption in the LEAK Code and the charac-

- teristics of flow through tight cracks, several areas which required
improvements were recognized. Modifications were made to improve both
the theoretical basis and the method of solution in the code. These

modifications are listed below and incorporated in LEAK-01 computer code.

1. Isenthalpic rather than isentropic flow evolution should be used
| for the pressure drop calculations. Since the non-equilibrium

.
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i

parameter in Henry's model was developed en:pirically based on
-isentropic equilibrium quality, the same quality was 'used in the
mass flux equation. All the other terms needed. for pressure

drop, evaluations were calculated based on isenthalpic assump-
'

tion.

2. The average mass flux between sections 1 and 2 was defined in

LEAK as

'

.

2 +'G| = Gf [1 + ()2]
'T G A.

G =

1 1

This average aass flux was used to simplify the integration of
differential pressure loss terms.

Since a linear area variation along the flow path is assumed, it
is more appropriate to derive an average mass flux consistent
with this assumption as follows:

2 2
G i 2 2

J G dZ=

! 22-Z1 Z y

i

i

Gf k A
2 1 dZ~

7 dA22-Z3
i

dA_ ,A2-Al
dZ Z2-Z1

. T 2 A 2 A' 2 iG =G 0"2- 1
-

1 2
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1

3. The single phase friction pressure drop in LEAK is neglerted and
the two pnase pressure drop is calculated by assuming a constant
specific volume for liquid. - The overall friction pressure drop
is modified as follows:-

dP, f 2g v,

dZ 2D m

120 f 2 L
g J G [vr + x(v -v )] dZf= J G. V dZ +AP g g

o 2D o 120 2D

I2 f (L/D-12) + 7 (7 .7 )3f v +-

2 g 2o

2 2
2

G and G2 are'the averages of G between entrance and L-12D, and3

L=12D and exit respectively. According to the averaging method

described above they became:

7 7A c
G O"

{2 c

2
7 2 Aj G A 2 A Ae c c c

GG G = ==

jg 4 A A
c

g g 1., .A Aj g

(1_ h)3 h
ib = [1_ 12

A_ L/D A Ac g c

|
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i

g.and v are the average specific volumes evaluated at anv

average pressure

P - AP, + Pg c
P

AVG 2

where AP, is the entrance pressure loss. The average quality,
x, is calculated from isenthalpic assumptions as follows

h - (h )po f
AVG-

,

(hfg)p

4. The acceleration pressure drop is calculated from the following
relation

L dv
2 m

AP j G dZ=
ae

o dZ

7 i 7 c
AP "G EV1 + x(v -v )], + G2 EVE + *(V 'V1)31ae 1 g g g

..

T .

=G EVic + *c (Vgc'Vic) ~ V22 3
' '

5. The acceleration pressure drop due to area changes is evaluated
as given below:

A
c

AP,, = - J g2 y
m

A Ag
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1

2 2 A v 2 2 A Yj ro c m
dA=-G A I A- A l 7c c 3 c c

A A A Ag j

V )
[( ) -( )J+ Ev, + x(7 -v )] (1 -c=

9 t2

6. The method of solution in LEAK consisted of an iterative search
for a critical pressure to satisfy equations 8 and 11. The

iteration started from back pressure and the no choke situation
was encountered when no solution was found or in case of abnor-
mal program termination. The method of solution was changed to
start the iteration from saturation pressure corresponding to
the upstream temperature. The no choke situation was encoun-
tered when the critical pressure was lowered to the back pres-
sure without finding a solution for the critical mass flux.

The equation used for calculating the leak rate with no choking
was changed to account for entrance and single phase friction
losses as follows:

(P -P)o B
Gc" 29c

Vo (1 + +f l)
D

In view of the experimental trends observed fir the BCL phase 11 test
results, it is more appropriate to evaluate the predictive capability of
the critical flow models against the controlled experiments of phase I.
The selected model can then be used to approximate the flow rates through

IGSCC's. The leak rate predictions for the simulated cracks using the ;

above model are shown in Figure 6. In comparison to LEAK predictions,

Figure 3, the new model results in better agreement with data and it is
recommended for calculating the flow rates through IGSCC's.
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As mentioned earlier, the model requires the detail of flow path geometry
for calculating the pressure losses. During the BCL phase II tests, the
pipes were destructively tested and the flow path was approximated to
contain six 45 degree turns. A very smooth surface was assumed for the
crack walls to calculate the friction pressure drop. In LEAK-01, a crack

wall surface roughness of K=0.0002 in was used and the flow path was
assumed to contain twenty 45 degree turns. The number of turns was
selected to give the best agreement for phase II results and can be used
as a guideline for predicting leak rates through IGSCC's when using

LEAK-01. Figure 7 shows that LEAK-01 results in good agreement with
measured leak rates for tests 19 to 81. The leak rates for very narrow

cracks (tests 7 to 18, 6 = .02 mm) are overpredicted. In view of the
possibility of partial plugging (Ref. 2) which is more probable for

narrower cracks this overprediction is plausible.

4. A SIMPLIFIED MODEL FOR SUBC00 LED UPSTREAM CONDITIONS

It is known that the two-phase flow, following a sudden depressurization,
will approach the homogeneous and equilibrium conditions if the channel
is long enough. Generally, the ratio of flow path length to hydraulic

diameter (L/D) is used as the parameter to specify the degree of slip and
thermal non-equilibrium. Different values for the characteristic L/D
beyond which homogeneous equilibrium assumptions can be made have been
reported in the literature. These values vary from 1.5 for reactor scale

pipe breaks (Ref. 5) to 25 for 4 mm diameter tubes with sharp entrance
geometry. The length to diameter ratio for tight cracks is expected to

be larger than 25 and the flow can be assumed to be homogeneous and in
I equilibrium condition.

An attempt was made to use homogeneous equilibrium critical flow model
(HEM) with both isentropic and isenthalpic assumptions for the flow evo-

( lution. In both cases the predicted critical pressure for subcooled
|

upstream conditions was very close to saturation pressure corresponding
to upstream temperature. Assuming

319
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P =Psat (T )c g

and considering only entrance and friction losses, the critical mass flux
can be obtained from the following relations

2
G g v G Vc cPg-P =P -Psat (T ) = f m+ 2 2 l

+
c o g

D 2C

' '

1/2-

2[P -Psat(T)]gco gg ,, ,

c v i

L I's, + y , f +f
D C. ,

where

C = 0.61

v,= 7 + x (v -v)g g g

v and v are the liquid and vapor specific volumes atg g

Po+PSAT(T)p g
. AVG ,

2

[

!_ and x is the isenthalpic quality at P 1.e.,
, gyg

h -hf(PAVG)o' x =
l- h fg (PAVG)

# The predictions using this simplified homogeneous equilibrium model for
phase I Battelle tests are shown in Figure 8 where very good agreement

,,

with data is obtained. This is a simplified closed form relation and

does not require detail of flow path geometry. It can be used for quick
calculation of leak rates under subcooled upstream conditions. The pre-
dictions for phase II BCL tests using a friction factor calculated for a

D
very rough surface (2k = 5) are shown in Fig. 9.
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| 5. CONCLUSIONS

The critical flow model used in the LEAK code was reviewed and the pre-
dictions of flow rate for Battelle test results were compared to the

reported predictions. Study of the IGSCC data showed some inconsisten--

cies which could have been a result cf flow blockage during the tests.
The critical flow models can at best predict an order of magnitude for
this type of data. Several modifications, to the theoretical basis and
the method of solution in LEAK were made and the new model, LEAK-01,

showed better agreement with leak rates through simulated cracks. A

simplified homogeneous equilibrium model which reduced to a closed form
relation applicable for subcooled upstream conditions was developed.
This model resulted in very good agreement with Battelle test results.

The critical flow model contained in LEAK-01 is recommended for pre-

dicting the leak rates through IGSCC's. When the detail of flow path is
not known the surface roughness of a ccwnercial steel pipe with a flow

path containing 15 turns can be used. If the upstream conditions during,

depressurization transient is expected to remain in subcooled state, the -

simplified HEM relation can be use for predicting the leak rates.
-

@
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NOMENCLATURE

A Crack Opening Area, Cross Sectional Area

C Entrance Loss Coefficient
|

D Hydraulic Diameter

i
f' Friction Factor I

1

!

9 Gravitational Acceleration '

c

G Mass Flux |

h Enthalpy

k Average Roughness Height
.

L Length

N Non-Equilibrium Parameter

Pe Perimeter

P Pressure

P Back Pressure
B

AP, Entrance Pressure Loss

| AP Acceleration Pressure Lossae
.

AP,3 Area Change Pressure Loss

AP Friction pressure Loss
f

|

S Entropy

T Temperature

324

_.- _ _ _ _ . . . .- . . _ - -. --



. - .. .- ..

!

.'y Specific Volume,

'

x Quality

Z Axial Length

p Density

y.- Isentropic Exponent

6 Width

Subscripts

o Stagnation, Entrance

c Critical Section
;

l i Section of L-12D

A Liquid

g Vapor

m Mixturb

AVG Average

Sat Saturation

k

r
!-

(

.
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INTROD CTION

Early detection of leaks in nuclear reactors is desirable in order to
'

detect deteriorating or f, lawed components and to minimize the release of
. ,

radioactive materials. The installation of leak detectice systems in accordance

with USNRC Regulatory Guida 1.45 is necessary before a nuclear power facility
,

can be placed into operation. However. currently available systems provide

little capability for leak location or for source discrimination so that leakage

from, say, valve packing can be distinguished from leakage from a crack.

A research program is under way at the Argonne National Laboratory under

the sponsorship of the USNkC Office of Nuclear Regulatory Research to evaluate

and develop improved leak detection systems. The primary focus of the work has

been on acoustic emission detection of leaks. Leaks from artificial flaws,

laboratory-generated IGSCCs and thermal fatigue cracks, and field-induced

intergranular stress corrosion cracks (IGSCCs) from reactor piping have been

examined. The effects of pressure, temperature, and leak rate and geometry on

the acoustic signature are under study. The use of cross-correlation techniques

for leak location and pattern recognition and autocorrelation for source

discrimination is also being considered.

* Work supported by the USNRC Office of Nuclear Regulatory Research (FIN NO.
A2212, Program Manager, J. Muscara).

** Components Technology Division Argonne National Laboratory.
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TEST FACILITY AND LEAK RATE MEASUREMENTS

A schematic of the leak test facility is'shown in Fig. 1. It contains a

thirty foot run of 10-in. Schedule 80 piping formed in a "U" shape. The IGSCCs

or other flaws are welded into the piping. Water at high temperature and

pressure is supplied to a small pressure vessel which is welded to the inner

surface of the pipe behind the crack or flaw. Hydraulic jacks are used to load

the pipe and vary the crack opening.

Leak rates through two IGSCC and a thermal fatigue crack are shown as a

function of applied stress in Figs. 2-4. As expected from fracture mechanics,

the flow rate is in most cases proportional to the applied stress. This linear

dependence breaks down for low stresses. We speculate that the residual

stresses produced when the crack is welded into the piping system may tend to

hold the crack shut until a certain threshold level of stress is reached. In

the case of IGSCC No. 1, the crack was subjected to very high applied loads and

the residual stresses were relieved. The two-phase flow model developed by

Henry (1) and modified at Battelle (2) to include the effects of area change and

friction was used to calculate flows through the flaws and cracks. The

" averaging" used in the Battelle model to account for the effects of friction

and area change was replaced by direct numerical integration of the one-

dimensional flow equations. However, the uncertainties in flow geometry and

friction factors involved in flow through real cracks overshadow any differences

between the two models. The crack length on the inner and outer surfaces is

fairly well known. The size of the crack opening is difficult to determine.

Direct measurement of the crack opening on the outer surface using an optical

microscope is possible, but it is clear that the size of the crack opening is a

strong function of the crack depth (it is typically much wider at the outer'

surface), and the choice of an appropriate value based on the observed outer-
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,durface values is unclear. An indirect-aporoach was used to obtain values for

fluid-flux / unit-crack-opening-area'to compare with the values predicted by the'

. modelt. The area of the crack _ opening.was calculated using the measured crack
1

length.and a fracture mechanics estimate of the crack opening displacement 6:
'

i

26 = 2aL(1 - v )/E

where a is the' applied stress,'L is the crack length, v is Poisson's ratio and E-

is Young's modulus. .The fluid flux through the crack then was determined using

' - the measured leak rate Q and the calculated area of the crack opening. The
,

'

resulting flux was then compared to the flux predicted'by the Henry model for'

frictionless flow. For the three cracks considered the comparison indicates:

that the actual flux is approximately 1/6 that of the frictionless flux.

'Similar calculations for the' data obtained by Collier et al. (3,4)' on an 1GSCC

ind simulated flaws indicate'that the real' flux in most cases is from 1-1/10 of.
.

the corresponding frictionless flux predicted-by the Henry model. The limited-

'

data base and.the uncertainty about crack length, opening, crud deposition and

roughness make it difficult to make more refined predictions of the flow through
,

an IGSCC.
!

This uncertainty has surprisingly little effect on the assessment of the

leak-before-break margin in piping with IGSCCs. Figure 5 shows a typical case

for a 10-in, pipe. It is assumed that the crack can grow completely around the

| pipe circumference before a throughwall crack occurs. The largest combined 360-

dsgree part-through crack and throughwall crack that the pipe can sustain under

the applied stress can be determined from a net section flow stress criterion.

(The collapse curve shown in Fig. 5 was obtained with the . assumption that the
'

flow stress equals 3 S,). The crack cpening area is'obtained from a simple

calculation using Jinear fracture mechanics. The observed variations in-flux
|

are used to estimate upper and lower bounds on the crack sizes necessary to-
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cbtcin'a 5 gal / min leak rate. There is a significant leak-before-break margin

utlass the circumferential crack is quite deep. Because of the steep nature of

th2 collapse curve for deep circumferential cracks, the size of the crack that

can be postulated before violation of the leak-before-break margin is not very

d: pendent on the value chosen for the fluid flux.

ACOUSTIC EMISSIONS FROM IGSCC

The basic nature of the acoustic emission signals from IGSCCs has been

studied using standard resonant transducers and a very broadband transducer

dsveloped by NBS. As'shown in Fig. 6, acoustic signals are generated by the

crcck primarily over the frequency range of 0-400 kHz. Although the strongest

signals are at relatively low frequencies, the available data on background

noise in reactors suggests that the most practical range for leak detection is

200-400 kHz. In most cases the transducers will have to be mounted on wave-

guides, owing to the relatively high temperature of the piping system.

This produces some signal loss, but, as shown in Fig. 7, a 0.004 gal / min

(0.014 L/ min) leak from a field-induced ICSCC can produce a signal 10 dB above

the electronic background noise.

A local leak detection system is currently installed at the Hatch reactor.

Maasurements were made on the system at the plant to determine the background

noise levels at full reactor power. A similar system was then installed on our

itboratory test facility, and electronic noise designed to mimic the background

noise v.easured at the plant was added to the signal. With this background noise

level the system was able to detect a 0.002 gal / min leak from an IGSCC at a

distance of about 50 cm from the crack. This type of system is quite sensitive

co: pared to other leak detection methods. However, because the system is not

capable of locating or discriminating between leak sources in other ways, it is

censidered likely that local leak detection systems which are sensitive at such
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distances may be prone to false alarms triggered by leakage from valve packing,

etc., located relatively far from the leak detector. The particular system

installed at the Hatch reactor also has a very low dynamic range, and tests

indicate it would become saturated at a leak rate of 0.006 gal / min. Thus, it ,

I

would be inespable of detecting any increase in leakage as a crack grows, and a

similar system installed at a noisy location, such as near a recirculation pump

(as is the case at Watts Bar, where we are currently making background noise

measurements) would simply become saturated.

To overcome such. problems, the use of cross-correlation techniques for leak

location and pattern recognition and autocorrelation techniques for source

discrimination are being investigated. The cross-correlation as a function of

time lag t is defined as

T

A,y(T) = lim x(t)y(t + T)dt,
T*

O

'

where x(t) and y(t) are the input time domain signals over record length T. If

x(t) and y(t) are nominally the same signal differing only in phase and

amplitude, the cross-correlation enables one to determine the time delay (or

phase difference) between signals. Since in the leak detection case the two

signals emanate from the same leak, the phase difference is proportional to the

difference in distance of the leak from the two detectors. Thus the

cross-correlation can be used to locate the leak. The cross-correlation of

signals from an artificial leak located midway between two detectors is shown in

Fig. 8. As expected the peak in the cross-correlation occurs at a sli6 t shifth

from zero; this is consistent with the relative position of the source and the
'

detectors.

|
| '

'

'
|
|
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The above techniques have not yet been successfully applied to actual

1saks. A sequence of cross-correlations of signals from a leak is shown in

Fig. 9. In each case a peak corresponding to the actual leak can be seen.

However, spurious peaks are also present. It appears that signal averaging over

a sequence of cross-correlations may yet yield the desired result, since the

p;ak corresponding to the leak always occurs at the same phase shift, while the

psaks corresponding to the noise occur at random and should average to zero.

The sof tware for the actual implementation of the averaging scheme is beting

-d;veloped.
'

The autocorrelation function of a signal is defined in a some.I,at similar

manner:

T

R (T) = lim f X(t)X(t + T)dt.
T+=

0

Praliminary investigations of the autocorrelation function show that different

leck sources exhibit quite different autocorrelations, as shown in Fig. 10.

Thus, this may be a promising approach for source discrimination.
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ABSTRAcr

A simple theoretical analysis gives an estimate of the opening

area associated with a through-wall crack in a pipe when this is

j subject to an imposed rotation at its ends. Se crack-opening area
i

l is expressed in terms of the crack size, and the plastic zotation
f
[ at the cracked cross-section, where plastic deformation is assumed to

be confined. We results are relevant to the integrity of Boiling
! Water Reactor coolant systems during accident conditions.

.
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NOENCLATURE

A Crack Area.

R Pipe radius.

t Pipe thickness.

L Pipe length.

O Cra d angle.

6, Initial 'areck angle.

O Flow stress.

a Defines neutral axis position.

x Crack tip opening angle.

$g Plastic rotation'.

6 Crack tip opening displacement at onset of crack extension.

$ Plastic rotation at onset of crad extension.

M Plastic limit moment.p

E Yotzig's modulus.
,

I Second moment of area.

$ Total rotation.

!
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I. -INTRODUCTION

-Intergranular stress corrosion cracking of Type 304 stainlass

. steel-Boiling Water Reactor (BWR) coolant piping is a major technological

problem, because of the inspection and repair costs involved, and also

concerns that there might be large radioactive coolant releases due

to a loss of piping integrity. Most of the cracks have been observed

in the heat-affected zones of girth welds, with the crads forming at

the inner surface of a pipe, and being oriented circumferentially. he

cracks are able to grow slowly through the pipe thickness by an

environmentally assisted mechanism, and a central question is whether

unforeseen' loads that might arise, for example, frem an exceptionally

severe earthquake, will convert a part-through stress corrosion crack

into a through-wall crack. His might then open so that there'is a

significant loss of coolant or, worse still, extend unstably and cause

complete pipe severance.

Against this background, Tada, Paris and Gamble , in their

pioneering study of this type of situation, showed that circumferential

growth of a through-wall crack in a pipe subject to bending loads should

be stable for pipe run lengths that are typical of BWR reactor systems,

in the sense that an increasing pipe deflection is required for a crack

to grow at the onset of crack extension. his result demonstrates the

essential stability of cracks in 304 stainless steel pipes, and strongly

suggests that complete pipe severance should not occur. Nevertheless

there is the possibility that a pipe might be subjected to sufficiently

large deformations during an accident that a crack will open and

maybe grow sufficiently that there will be a major loss of coolant.

An earlier paper , hereafter referred to 'as I, has addressed this

problem using the general model approach employed by Tada, Paris and

Gamble ( '. Wus the material is elastic-perfectly plastic, with the

plastic deformation being confined to the fully yielded cross-section
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which contain3 th3 through-wall cr:ck. Cr ck growth 13 cccumed to be

governed by the material's tearing modulus, i.e. the rate of increase

of the J integral with crack extension is prestaned to have a constant

value which is independent of geometrical parameters. With this model

approach Part I investf. gated the behaviour of a 28 in. (%70cm) dirmeter

pipe, containing through-wall cracks with subtended angles of 50 or 100 ,

and clearly showed that increasing the pipe deflection leads to an increase

in the crack opening area, and that this area increases with the crack1

length for a given pipe deflection.

The present paper extends the earlier study in several respects.

Firstly it is not assumed that the J-crack growth resistance curve

is ladependent of geometrical parameters; e.g. cradc size and pipe

diameters instead crack growth is presumed to proceed with a constant

crack tip opening angle, which is in accord with experitantal results .

Secondly, whereas in I the crack-opening area was regarded as being

equal to the product of the crack tip displacement and the crack length,

account is now taken of the fact that the displacement discontinuity

across the crack is always greater than the crack tip opening displacement.

Wirdly, and most importantly, the present paper's approach is sufficiently

simple that the crack opening area results are expressed in a more

general and more usable way than in I.

II. 'DIEORETICAL ANALYSIS

':'ho geometry of the cracked section of the pipe is shown in

Figure la the section contains a through-wall crack with contained angle

20, the pipe radius as measured to the middle of the wall is R, and the

pipe thickness is t. It is asstuned that plastic deformation is confined

to the cracked cross-section which is presumed to be fully yielded;

the yielded material is perfectly plastic while the remainder of the

pipe behaves elastically. Se cracked cross-section is t' erefore subjecta
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to th3 plcatic limit moment M , and the ctr=0 distribution ceroesp

this section can be described by a tensile stress o acting within

the region above the neutral axis, while a compressive stress of similar

magnitude acts in the region below the neutral axis. o, is the
material's tensile yield stress with a non-hardening material, but

if the model is applied to a work-hardening material, with plasticity

still being confined to the cracked cross-section, then a more

appropriate value for e, would be the average of the yield and ultimate

stresses. With t/R << 1, the location of the neutral axis, defined

'

by the angle a (Figure 1), is readily shown by balancing forces to be

given by a = 0/2 if there are no tensile forces acting perpendicular

to the cracked cross-saction.,

It has been shown experimentally ( ' that cir umferential growth

of a through-wall crack proceeds in such a way that a constant crack

tip opening angle (CTOA) is maintained at the growing cradt tip.

A value of 4 20 (% 0.3 radians) has been measured for different sized

cracks in 4 in. (% loem) diameter pipes, and for one crack in a 16 in.
,

2

(% 40cm) diameter pipes this angle is maintained even after- substantial

amouats of stable crack grcwth. With the present model, the pipe ratates
i about the neutral axis, which moves as the crack grows. In accord with

a CTOA growth criterion, it is then argued that circumferential growth

proceeds in such a way that as a crack tip moves an incremental distance

6s, the opening at the position of the crack tip at the beginning of
,

this increment increases by an anount x6s where x is the CICA. Thus
,

if the crack angle increases from 20 to 2 (0 + 60) with the neutral

axis changing correspondingly, and if the plastic rotation about this

axin increases from $p to ($p + 6(p ) , simple trigonometry gives the

growth condition as

f =xcose + sin + cos (1)

347

t

!

- . - __ _ _ _ _ . _ _ . . _ , . _ , _ ,



- - _ _ - _

Again, on ' th3 basic th t tho plastic deferinaticn of the pipe in ~due to

' a rotation about the neutral axis, it follows that the crack opening' '

area A when the crack angle is 20 and the plastic rotation is $p ,

is given by simple trigenometry as

A = 4R $ 1 - cos + sin 0 (2)2

Equations (1) and (2), -taken together, give the crack opening area

when a cred grows from an initial angle 20, to an angle 20 due to a

plastic rotation ( , noting that growth commences at a plastic
~

rotation (y, given W 2e reladon

g--.

6 * *IC " o IN
,

with 6 being the crad tip opening displacement at the onset of
IC

(gy, the crad opening area iscrack extension. Of course if $p <

given by re.tation (2) with 0 = 0,, assuming that the elastic contribution

to the crack opening area can be neglected (this is an assumption

thoughout this paper) .

Determination of the crack opening area A is very simple if

the plastic rotation is sufficiently small that the crack extension

produced by this rotation can be disregarded, for equatien (2) may

then be used to give A with 20 replaced by the initial crack angle

20,. Thus, if it can be demonstrated that the crack extension is

indeed small, one can proceed in this manner. To make this demonstration,

ths plastic rotation $ g is expressed in terms of the cred growth

increment by the Taylor series expansion

(4)$pg = (g + A (0-0,)

where A is a constant. Substitution for $ in the differential equation

. (1), and equating terus that are independent of A0 = (0-0,) , then gives A as

348

, .



. . - - - - - - - -
-.

. . . . ... ... . . . .

A'= x'-' cos.8,+ oin (5).

co3

Y

whereupon relations (3) and (4) give

($g --(gy) 8, --

-A0 = cos 0, % 7. (6)*

6 (0 /2)- -

IC cos o -

X 2R 6,*

cos 0,+ sin 3
2

, s

. .

Since 6 is t # cally 10 h. (2.5 x 10 W and the N A X is3g

O.3( ', for a wide range of crack sizes, i.e. O<0,<120 , and for

pipe diameters in excess of 4 in. (% loca), the second term in the

denominator is small in cogarison with the first term x and any be

neglected. It follows that AG<( /x, and since x = 0.3, then

A0<0.3 if (g<0.1, i.e. if the plastic rotation is less than 4 6 .
Rus, provided the initial crack size is not too small, e.g. not less

than 0 = 30 , and provided the plastic rotation is less than 6 , it is

reasonable to use the zero growth formulation.

It therefore follows that, provided the plastic rotation $

is less than 0.1 (6 ), then for a wide range of initial crack sizes,

i.e. 30 <0,<120 , a usable expression for the crack opening area is

obtained by taking the final plastic rotation and using the initial

crack angle, i.e. relation (2) with 0=0,. We estimate for the crack

opening area is then

0-

[+ sin 8, (7)
2A = 4R (g 1-cos

this expression being valid both before and after the onset of crack

extenalont Figure 2 shows a plot of A against O . Relation (7) and
g

Figure 2 are useful if the plastic rotation is specified; for example

in the BWR piping system instability analysis of Ootter, Otang and

Zahoor( ', 4, is given a bounding value of 1. %us if a consideration

of piping systers, taking into account the presence of supports etc.,
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reveals a marintaa vrlue far the plastic rott.tien, then cubstitution cf thic

maxianan value for $g in relation (7) gives an upper bound to the crack

opening area.

Expression (7) is in terms of the plastic rotation (, , but to

put the situation in persp,ective, it is instructive to relate the

crack opening area to the total rotation. H is can be done by considering

the case where a pipe of length L is s@jact to an imposed rotation at

its ends (Figure 3) . Itument equilibrium provides the relations

b 1 0 1
O

40 R't " **~2*" """I~2*
o

. and since the elastic component (g of the total rotation ( = ((g + (g)~

is given by the relation

Y
EL " El

3where I is the second moment of area ( =wR t), the elastic contribution
,e

is therefore

" ~

o 0 1
o 8 y y sin 6 (10)

$EL " WER ..

To be consistentwith the earlier development of the A-(, relation (7) ,

8 in relation (10) should be given the initial value 0,. hus

equations (7) and (10) give the crack opening area as
-.

1
'

6 do ,L 0, 7y
1- cos y,- + 7 sin 8, $- WER ' *I~2 oA= 4R2 * *

L
' '

..,.

a relation that gives the crack opening area A when the total rotation

( is specified.- (In this case it should be noted that A depends on the

pipe length L). Results for a 28 in. (% 70cm) diameter pipe und a crack

angle 20 , = 100 are shwn h Figure 3 for de case UR = 103 m stdn
3

these values it has been assumed that o, = 50 x 10 poi (345 lea) and
5E = 30 x lo psi (2 x 10 MPa). He results are compared with those in
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L
0

1, which concentr;ted cpecific lly on th3 casa 20, = 100 and alOo

the case 20, = 50 (for which the present paper's simple analysis

is not strictly applicable) . Se two sets of results are in excellent

accord. Se earlier approad (I) , though accounting for crack growth,

regarded the crack opening area as being the product of the crack tip

opening displacement and the crack length; these factors act in opposite

directions when related to the present paper's estimate, and is prcbably

the reason why there is su& good agreement between the two sets of

results. He present paper's results are not compared with those obtained

(for the case of 26, = 45 ) by German and Kumar( ', since this crack
.

angle is again beyond the scope of the present analysis. Rey combined

a fully plastic solution, obtained by modifying the fully plastic

solution for a single edge-cracked tension panel, with the elastic

solution, to obtain an estimate of the crack opening area.

III. DISCUSSION

The present paper has developed a very simple analysis which

gives an estimate of the crack opening area produced when a pipe

containing a through-wall crack is subject to bending deformation.

he dependence of the crack opening area on both the plastic rotatim

and the initial crack angle has been clearly demonstrated (Figure 2) .

Wese results are valid for a wide range of initial crack angles

(20, = 60 to 240 ) , and for plastic rotations up to % 0.16 (6 ) ; within

these ranges the crack-opening area can be estimated to a sufficient

acc1 racy without accounting for crack growth, and this enables a simple

expression to be obtained for the crack opening area. To give a

quantitative idea of the crack opening areas with a '28 in. (70cm) dia2 noter

pipe, the area produced by a plastic rotation of 0.1 (6 ) , is 40 sq. in.

(% 250 sq. cm) when the initial crack angle is 120 .
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Important consequences follow from the result that the crack

opening area is a linearly increasing function of the plastic rotation,

and an increasing function of the initial crack angle. If a piping

system has more than one crack, and is subject to excessive loadings,

an upper bound for the total crack-opening area, which governs the

amount of coolant emitted, can be obtained by assuming .that the

plastic rotation is confined entirely to the cross-section centaining

the largest crack. In other words, as far as the crack-opening area

is concerned, the presence of multiple cracks does not have an

adverse offect.
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FIGURE CAPTIONS
,

FICURE 1 he geonstry of. the cracked section of the pipes the section

|
contains a through-wall crack with contained angle 20, the i

1
1

pipe radius as measured to the middle of the wall is R, l

and the pipe thickness is t.

FIGURE 2 he crack opening area A expressed in terms of the

initial crack angle 20,.

FIGURE 3 A pipe of. length L is subject to an imposed rotation

at its ends, and contains a crack of initial angle 20,.

FIGURE 4 he crack opening area A expressed in terms of the

'

total rotation ( for 20, = 100 , a pipe diameter 28 in.
(70cm) , and L/R = 10. The results are shown by the full.,

line and are compared with the results (crosses) obtained

in I.

.
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ABSTRACT

This review paper presents the results of a deterministic assessment

P

of the margin of safety against a large break in ti e. cold leg piping

system of Pressurized Water Reactors. The paper focuses on the~computa-

tion of leak rates resulting from fatigue cracks that penetrate the

full wall thickness.

Results are presented that ' illustrate the sensitivity of the leak

rate to stress level, crack shape and crack orientation. Further, the

leak rates for specific conditions are contrasted to detection levels,

shutdown criteria, make-up capacity and the leak rate associated with

final failure of the piping system.
.

The results of these computations indicate that, in general, leaks

far in excess of the present detection sensitivities would result at

crack sizes well below the critical crack sizes for the upset loadings on

the cold leg piping system.

I
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. INTRODUCTION

Structural integrity assessments for light water reactor (LWR) piping

systems typically concentrate on the size of crack that would result in a

large break' if subjected to opset loading (earthquake for example). In a

1979 study, Mayfield, et al., (Ref.1) performed a deterministic study of

the margin of safety against large breaks in the cold leg piping sys*em of

three pressurized water reactors (PWRs). As part of that study, a mathema-

tical n.odel was derived for predicting the two phase flow rate through

tight cracks. The flow rate model was coupled with fracture mechanics

models for predicting crack shape and crack . opening areas, and, in turn,

the leak rates were computed for all through-wall cracks considered in

the integrity analysis.

At the time the original study results were reported, the leak rate

model had not been experimentally verified and conclusions based on the

model were considered tentative. Subsequent experimental verification

of the model (Ref. 2) lends credence to the results presented in Ref.1.

This paper outlines the fracture mechanics and leak rate models and

then reviews the results of the leak rate computations for a gencric PWR

cold leg piping system.

Review of the Cold Leg Analysis

The following review is provided to illustrate the analysis methodol-

ogy. No attempt has been made to provide a comprehensive review. The read-

er is referred to Ref. I for a complete description of the work. The origi-

nal study addressed the need to postulate a large break of the cold leg

piping system of a pressurized water reactor. It was assumed that cracks

existed in the piping system at various locations and that fatigue crack

growth was the dominant damage mechanism. The analysis employed Linear

361



, . . - . . .-

.

.

~

Elastic Fracture Mechanics .(LEFM) technology in predicting the crack exten-
|

~sion per reactor design lifetime.
'

_It was assumed that the inital defect size was the largest crack that

,
could be missed by non-destructive examination. Cracks were assumed in both

the axial and circumferential orientations. Thtse depth-to-length ratios
.

| (a/2C) were considered, i.e., 0.1, 0.3 and 0.5. These ratios were chosen
.

based on review of service cracking coupled with the " worst case analysis"'

philosophy that was adepted throughout the study.:

The stress spectrum used.in the analysis was based on a review of the

stress report and design specification for the three plante considered.
,

It was assumed that the postulated transients occurred with a uniform dis-
I

tribution throughout the design life. Beyond the vendor postulated trans-

ients, the analysis assumed a continuous stress variation of 1000 psi range
,

(axial and hoop directions) at a frequency of 1000 cycles per minute

(2.1 x 1010 cycles during a 40 year plant life) which was also uniformly
I _ distributed throughout the design life.

The stress cycle for each transient was composed of global terms
.

(pressure and moment) and local terms which included temperature gradient
i

stresses, out-of-roundness induced stresses and various other displace-

ment related stresses. This stress cycle was used in the fatigue crack

i growth analyses. However, owing to the ductile nature of the cold ' leg
!

f materiale, significant plastic deformation would occur as the cracks
t

approached critical size, and the differential displacements (thermal'

gradient, out-of-roundness, etc.) would be accomodated. Thus, only the

pressore and moment terms were included in evaluating the failure criteria.

Tie material properties needed in the analysis were obtained from the

| technical literature. When appropriate properties could not be found,

i

j
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values were assumed based on engineering ju'gment coupled with the " worst

; case analysis" philosophy.
1

As noted earlier, the fatigue crack growth analysis employed LEFM-

' based technology. The analysis . predicted the number of plant design lives

for the assumed initial surface cracks to propagate through the wall thick-

ness. It was assumed that the depth-to-length ratio was a constant. The

analysis was conducted on a cycle-by-cycle basis and various failure cri-

teria were checked on each cycle to determine breakthrough. Once a flaw

was calculated to penetrate the wall thickness, the leak-versus-rupture

criteria were examined. If she resulting through-wall crack was stable,

the analysis was continued and the cracks were " grown" until they reached

a critical size. This assessment was again made on a cycle-by-cycle basis.

As a separate yet related effort, leak rates were computed for

each of the through-wall cracks from the point of breakthrough to the-

point of instability. It was necessary to develop a mathematical model

to describe the two phase flow through the cracks. The model coupled

the fluid mechanics aspects and the fracture mechanics aspects such that

leak rate could be determined as a function of fluid condittens, crack

size and shape, crack face roughness and structural loading.

Two-Phase Flow mdel

The two phase flow model derivation and model assumptions have been

discussed in Ref. 1 and 2 and in another paper presented at this conference

(Ref. 3) and will not be repeated here. There are, however, some features

of the model that bear directly on its application and warrant discussion

here.

Crack Face Roughness

To illustrate the effect of crack face roughness it is convenient to

consider the behavior of two phase flow through a long, narrow crack.
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Figure 1 schematically illustrates the flow behavior. It has been assumed

_that the flow behavior would be dictated primarily by the crack - path
_

length-to-hydraulic diameter ratio (L/D ). With reference to Fig. 1,h

for the region 0 < L/Dh < 3, a liquid jet is formed, surrounded by a

vapor layer. For the region 3 < L/Dg < 12, the liquid jet breaks up by

shedding large globules at the surface and by forming vapor bubbles in the

middle of the jet. In the vicinity of L/Dh ~ 12, the mixture takes on a

thoroughly dispersed configuration.
;

The crack face roughness contributes to the two phase flow behavior'

in terms of a pressure drop across the two-phase regime. This pressure
, ,

drop is related to the height of protrusion of the fracture surface from

a mean surface.
i

Figure 2 illustrates the effect of crack face roughness by plotting

mass flux (leak rate per unit area) versus L/Dh with the friction factor

(related to surface roughness) as a parameter. For a crack in a given

pipe, L is fixed as the wall thickness. As the crack opening (length,

width or both) increases, L/Dh decreases, resulting in higher mass flux

for a given roughness. For small cracks (large L/D ), the effect of an'

h

| order.of magnitude increase in the friction factor results in approximately

a 40% decrease in the mass flux. The relative effact becomes very small

as the crack opening increases (small L/D )*h

Fracture surface morphology is strongly governed by the micro-mechan-

isms that controllai the cracking. For example, Intergranular Stress

Corrosion Cracking (It,3CC) results in a macroscopically very rough surf ace.
i
'

However, on a microscopic scale the surface of individual grain facets is
.

often very smooth. Fatigue cracks, on the other hand, produce a relatively

,
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smooth macroscopic surface while on the microscopic scale ~ individual fea-

tures tend-to be rougher than the IGSCC' grain-facets.

The microscopic roughness would be a factor for crack openings in the

, micro-inch range. However, the openings of interest to this application

were.in t.he thousandths of an inch range. Thus, macroscopic roughness

measurements were more pertinent.

In determining the appropriate roughness values, the surface roughness

of a fatigue crack in A 106B carbon steel. pipe material was measured using

a surface profilometer. The average value of 366 micro-inches was used in

all of the leak rate calculations.

Crack opening Geometry

Figure 1 illustrates an assumed crack with constant flow cross-section.

In the original model development it was assumed that the crack was long

relative to its opening width and that the ends were parallel. The geone-

try was ideslized as a tectangular slit of constant length and width.

While this idealization was convenient for the initial development

work, it is not a very realistic description of a typical f atigue crack.

Figure 3 shows the shape for an axially oriented crack that was allowed to

propagate through the wall of a test pipe (Ref. 4). The ends of the crack

are clearly not parallel nor are they straight. The actual shape at break-

through is dependent on initial shape, the micro-mechanisme controlling

the crack growth, the material behavior and the applied loading. Consider-

ing only the initial shape, the flaws that are long compared to the depth

and wall thickness will generally result in a relatively sharp taper at

the ends. Flaws that are short will have less taper, coming closer to the

rectangular slit approximation.

The flow model was modified to account for what was described as
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convergent - crack geometry. Figure 4 illustrates the assumed crack geome-

try. The long crack faces were still assumed to be parallel to each other. I

.However, the length of the crack was forced to linearly vary through the

wall thickness.

The convergent flow was described in terms of the- n._to of exit area

to inlet area ( A,/A ) . Figure 5. illustrates the effect of area ' ratio ono

exit . mass flux. In this figure the exit area was fixed and the inlet area

was adjusted to achieve _the desired ratios. Note that as the area ratio

decreases (inlet area increases) the mass flux increases. The relative

effect is essentially constant over a wide range of L/D *h

Determination of Crack Opening Areas and Area Ratio

In determining crack opening area and the area ratio it was necessary

to approximate the crack length on the outer surface just after break-

through. The approach chosen was to use the surface crack area M prior .

to breakthrough to compute an equivalent through crack length. Mathemati-

cally this becomes

2C Surface Crack Area .*eq .

Wall Thickness

Recalling that the fracture mechanics analysis assumed the crack

depth to length ratio (a/20) was a constant, the final inner surface

crack length could be determined from

2C Wall Thicknesso . .

(a/2C)

In determining the distance between the crack faces it was necessary

to employ fracture mechanics concepts of crack opening displacement (COD)

* The total length for a crack is 2C or 2C,q for the equivalent crack.
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and crack tip opening displacement (CTOD) along with - an understanding of~

i
~

the intent of the ' analysis. The intent was to provide ~ a conservative

assessment of the leak rate, where, in this case, conservative implies under-
'

predicting the actual leak rates. Figure 6 illustrates the intent of the

analysis. It was assumed that plant leak detection and sizing systems
I would result in a shutoown once specific leak rate levels were reached. As

such, a conservative analysis would underpredict the actual leak rate so that,

larger crack sizes than would actually be present in service would bei

associated with the shutdown criteria in the analysis.

Recognizing the intent, the COD calculations ' for pipe would result in

larger openings than for flat plate. Further, COD calculations in general

reflect the opening at the ' center of the crack which is larger than the
!

"tip" opening. - Therefore,, the ' analysis employed a calculation of the CTOD

for a centrally cracked flat plate in determining the distance between the

crack faces. The CTOD computation used the same stress as used in evaluating

the failure criteria, i.e., only the pressure and moment terms.

The area ratio (A /A ) is computed as; e o

! A /Ao- [(2 ceq)(CTOD )) / [(20,3)(cTODo)] .e e

; Applications of the Leak Rate Analysis

There are two leak rate ranges of particular interest in the context
,

of structural integrity analysis for LWR systems. The first is the 1 - 5 gpm

leak rate range. Leak rates in this range would attract the operator's
.

attention but would not necessarily result in a shutdown. It is possible
f

for relatively large cracks to result in leak rates in this range. For
i

example, the now famous 1978 Duane Arnold pipe cracking incident resulted in,

!

! 3 gpm leakage for a through wall crack extending one quarter of the~

circumference.
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The second range is for leak rates above the 5 gym rate but less than
-

the_"nor'*1" make-up ' capac'ity of the PWR systems. The exact upper limit
.

- on make-up capacity is system dependent but is typically - on ~ the order of

50 -~100 gym. '

2

There are .two aspects of' leak rates in this range that are particularly

important. The first is the margin of safety against ' catastrophic failure

for crack sizes' resulting in leak rates in this range, i.e. , ' if an earth-

quake occurred would the leaking cracks'become unstable.

The second important aspect of leak rates' .in the 5 - 100 spa range
t

relates to the time rate at which the leak rate increases. The fundamental4

assumption here is that the through-wall fatigue cracks will continue to

i propagate and - will eventually result in catastrophic failure. As a crack
j

propagates the leak rate increases and the question becomes how much time

does the operator have to bring the plant. to a safe shutdown condition.
4

i

Results of the Integrity Evaluation

The results of the Ref. 1 integrity evaluation were presented in'

:
rather large and complex figures and tables. For the sake of brevity

| the results for only one location from one of the three plants are pre-

i
j. sented here. The results for all three plants are similiar to those

'' presented.

Figure 7 presents the analysis results for an axially oriented crack

with an initial depth of 10% of the wall thickness and a length ten times

i its depth (a/2C = 0.1). The analysis predicted a leak in less than one
i '

'
design life. The flaw was stable at breakthrough, i.e., leak-before-

i

break. The leak rate at breakthrough was ~ 200 gpe. The flaw was calcu-

lated to propagate for an additional ~ 2 inches before becoming unstable.

Just prior to failure the leak rate was computed as ~ 300 gpa.
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It is important to note that variation of the axial crack analysis
!

|assumptions for this plant produces calculated life times ranging from
)

virtually zero to nearly three design lifetimes. However, in all . cases

exatained for all three plants, the flaws were stable at breakthrough (leak-
|

before-break was confirmed) and the initial leak rates were in the 50 -

200 gpm range. Further, there was an appreciable amount of crack extension

prior to failure with corresponding increases in leak rate.

Figure 8 presents the analysis results for circumferential1y oriented

cracks with initial depths at 25% of the wall thickness. Three different

a/2C ratios were examined, i.e., 0.1, 0.3 and 0.5. For the a/2C = 0.1

flaw the analysis predicted just over 1 design life before a leak developed.

The a/2C = 0.5 flaw analysis predicted over 26 design live.s before a leak

developed. The three cracks were stable at breakthrough, i.e., leak-before-

break. The leak rate predicted for the a/2C = 0 .1 crack was ~ 50 gpa

while the predicted leak rate for the a/2C = 0.5 crack was ~ 1 gpe.

The a/2C = 0.1 flaw propagated an additional 45 inches before becoming

unstable. After the flaw had propagated ~ 33 inches beyond the break

through length an SSE would have resulted in catastrophic failure. The
,

final predicted leak rate and the leak rate at the safe shutdown earthquake4

(SSE) critical size were the same as for the a/2C = 0.1 flaw. However,

due to the extensive crack growth, the leak rate had increased by a factor

of ~ 500 over the leak rate at breakthrough before the SSE could have
,

caused failure.
'

On the basis of these results it appears that leak-before-break is
!

credible. Further, there is an appreciable margin between the leak initia-

tion condition and final failure. The leak rates at breakthrough for the3

axial cracks are at or slightly above the make-up capacity of the plants.

The leak rates at breakthrough for the circumferential cracks range from ~ 1
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spa to ~ 50 spo depending on the a/2C ratio. The leak rates are be discussed
t

again below. ,

~ Figure 9 presents detailed results of the crack growth and leak rate

j analyses for the' through-ws11 crack growth of . the s/2C = 0.1. crack shown

in' Fig. 8. Recall.that a vibratory - stress of 1 kei~. range and 1000 - cpm
,.

frequency was assumed. The analysis results indicated that this vibration
1-

loading dominated the crack growth. . In terms of time, the a/2C = 0.1 flaw<

!' would propagate from its breakthrough eine to failure in slightly over 1
).
;

- day. Note that the time between the SSE critical size and the final fail -

j ure is quite short .(less than 1 hour).
.

I While detailed results are not available for the a/2C = 0.5 flaw, we
,

i estimate'the time between breakthrough and the SSg critical size to be in
:

!

j the 5 - 10 day . range, again assuming that the vibration experienced during
i

! steady state operation is the only. loading.
1

i In connidering the through-wall crack extension for the axial crack
)
j of Fig. 7, we have assumed that the steady-state vibration was the only

! loading. This assumption results in a time between leak and break of ~1

day. However, the predicted leak rates were at or above the make-up

| capacity which would have initiated a reactor scram at breakthrough or

j shortly thereafter.
I

; We emphasise that the time estimates are based solely on the assumed
4

vibration loading. . In the event that the vibration does not occur, occurs

at a different range and/or frequency, or the plant experiences other trans-

j ients , the time estimates may be completely erroneous. Essed on the conser- s

i vative nature of the analysis, we believe that the time estimates represent

the minimum time available between leak and break.
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Discussion

The original' integrity evaluation (Ref. 1) indicated disturbingly

short " lives" to failure. Depending - on the choice of assumptions, the-

predicted lives range from virtually zero to almost 30 design lives.

Review of the results indicates that the vibration loading assumption has

an "all or nothing" effect. Once a crack had grown to a critical depth

(determined by the threshold stress intensity factor, AKth), where the

initial growth was due to the other loading transients, the vibrational

stress produced very rapid crack growth, resulting in failure of the pipe.

Simonen, Mayfield, Forte and Jones (Ref. 5) re-evaluated many of

the plants and locations considered in the original study. They based

their study on "best estimate" assumptions and removed the vibration

loading assumptions. Depending on the particular location being considered,

the re-evaluation predicted design lives to leakage ranging from over 4

design lives to over 100 design lives. Clearly, the predicted life is
.

strongly dependent on the analysis assumptions.

The analysis supported the concept of leak-before-break in every case

studied. However, in some cases the predicted leak rates were very large,

exceeding the make-up ccpacity of the systems. This was observed for

through-wall cracks resulting from long surface cracks (a/2C 0.1).=

For shorter initial surface cracks (a/2C = 0.5), the breakthrough leak

rates were above the detectable limit of I gpe, yet below the shutdown limit

of 5 gre. The time rate at which the leak rate increases is dependent on

the time rate at which the crack size increases and the stress level. Figure

10 illustrates the dependence of leak rate on crack size and stress level. (,*,,

It is apparont that the absolute leak rate is dependent on stress level,

i.e., larger stresses result in larger leak rates. It is also apparent
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that the leak rate increases with increasing crack length and that the in-

crease per unit crack length increase is higher for higher stresses.

If one assumes a constant time rate of crack length increase, the

leak rate will increase exponen*ially in time with the rate of increase

dependent on stress level and absolute crack size. For the a/2C = 0.5

curve in Fig. 8, the inital leak rate is ~ 1 gpm. The leak rate increases

to 5 gpm by the time the crack has doubled in size, whereupon shutdown pro-

cedures would be implemented. At this point, the crack is ~ 6 inches long

while the SSE critical crack length is ~ 37 inches. For this particular

example, the crack length at which the leak rate exceeds an assumed make-

up capacity of 100 gpm is ~ 20 inches. Clearly, there is an appreciable

margin of safety between leak and break in terms of both crack size and leak

rate.

Based on the crack growth analyses discussed in Ref.1 and 5, it appears

that the margin of safety against a large break in the cold leg piping system

is appreciable. In every case examined a leak was predicted to form before

a large break. Further, the predicted leak rates were significantly greater

than the shutdown limit (5 gpm) prior to reaching critical crack sizes.

The results indicate that requirements to postulate an instantaneous

guillotine break in the cold leg are overly conservative, i.e., there is a

significant margin of safety against such a break. Ilowever, the results

also indicate that when long surface cracks break through, the leak rates

can be in excess of the make-up flow capacity even though the crack is

stable. Thus, while it appears unnecessary to postulate an instantaneous
/

large break, one must consider the possibility of a large Icak.

Commentary

The analyses discussed here were intentionally very conservative. As

such, crack sizes, crack growth races, material properties and stresses were
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!used which ' represent worst case assessments. The conservatises included !

.

. I
in each of : the analysis . inputs interact such that the results are cer-

tainly conservative but.by an unknown margin. I

l
'

The assumption of long surface cracks was made in an attempt to include.

\
j the largest crack size that might be missed by pre-service and in-service

inspections. The assumption that the inital erack shape did not change was

chosen for conservatism and computational convenience. Actual fatigue crack

growth tests using long axial cracks in pipe (Ref.'4) indicates that. while

limited axial growth was observed, the through thickness growth dominated.
, ,

'

The assumption that the crack shape did not change caused the result-
s

ing predicted through crack lengths to be artificially high compared to

j what we believe to be more realistic crack sizes. This in turn caused the
:

. predicted leak rates at breakthrough to be significantly higher than what
{

might be reasonably expected. Figure 10 illustrates the dependence of-

leak rate on crack size. It is clear that even relatively modest over-

estimates of through crack length drastically increase the predicted leak i

; rate. I
! !,
'

The need to postulate a leak in LWR piping systems is evident from f
i

| both the analysis results and service experience. However, the magnitude
&

of the leak rates and the rate at which they increase should be considered I,

j
t

i open issues. The leak rate and rate of change of leak rate depend strongly

1 on crack geometry and structural loadings. The geometries and loadings f,J

[ assumed in' this study force the predicted leak rates and rate of increase of I
:

i leak rate to be higher than what might be realistically expected. Improve-

ments in crack geometry and structural loading descriptions would allow
i

i prediction of more realistic leak rates and increases in the leak rate.i
.

f

i

|

373 i

j

:

i

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _



,
- - -_ _ - - - _ _ _ _ - - - _ - - - - - . - - - - - _ _ - - - - _ _ _ _ _ _ - - - - _ _ - - - - - - - - _ _ - - - _ - . - . - - - - - _ - - - -

.

.

References

1. M. E. Mayfield, et al., " Cold Leg Integrity Evaluation," USNRC Report
NUREG/CR-1319,'U. S. Nuclear Regulatory Commission Feb. 1980.

2. R. P. . Collier, F. B. Stulen, M. E. Mayfield, and P. M. Scott, " Study
of Critical Two-Phase Flow Through Intergranular Stress Corrosion i

'

Cracks," EPRI Final Report in preparation. See also R. P. Collier,

et al., " Study of Two-Phase Flow Through Simulated Cracks," Interim -

Report BCL-EPRI-80-1, Battelle Columbus Laboratories, Nov.1980.

3. D. Abollahaian and D. M. Norris, " Prediction of Leak Rates Through
Intergranular Stress Corrosion Cracks," CSNI Special Meeting on Leak-
Before-Break, Monterey, CA, Sep. 1983. See also R. P. Collier and D.
M. Norris, "Two-Phase Flow Experiments Through Intergranular Stress
Corrosion Cracks, CSNI Special Meeting on Leak-Before-Break, hnterey, |
CA Sep. 1983.

4. M. E. Mayfield and W. A. Maxey, "ERW Weld Zone Characteristics," NC-18
Report No. 130, A.G.A. Catalog No. LS1427, American Gas Association,
Jun. 1982.s

5. F. A. Simonen, M. E. Mayfield, T. P. Forte, and D. Jones, " Crack Growth
Evaluation for Small Cracks in Reactor Coolant Piping," USNRC Report
NUREG/CR-3176, U. S. Nuclear Regulatory Commission, Apr. 1983.

l

t

!

i

.I

!
i

!

MHilh/j p:32-9

374



i

i 1

,
Um W n
@ N N
u \ O.

s

\
s s = -
N s E d|
N N D IE
\ \ u

. w
f N \ $

s s E $% s e *
N \ E *

, N g
N'

: N om d
i d \
! CU \

l 6
.

! 2 Ns** afs' 8
2 -

S" s )* '
,.q B

N E g'
N f
N ''' '

. s b5s g,w
\ * 6 g\

.,' i

N \ $g g
\ \

.
s s e
\ t

\\ s s
N O$s .

s a, -
\4

\ 3N -

N gg
N s ma
\ -

e g "
d I

!

|

|
|
>

375

'

-.



- . -- ._ - . _ - . . - - .. - - - _. . .-. . . -

15

f = 0.001
3, _

.

,

13 -

N f = 0.005|

C.
t V, 12 -

C
.5

1 II f = 0.01~

i

I 7
* o

O.
R 10 -

o -
.i

|
*

,a
; -9 -

< ,

I 5
: a

P = 2250 psia'
! 8 -

Oj m
Mi

j y T,= 550*F
1 7 -

6 -

5 I I i l i I I I I I I I I i

O 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
;

L/0h

:

! FIGURE 2. VARIATION OF MASS FLUX AS A FUNCTION OF L/Dh
WITH FRICTION FACTOR AS A PARAMETER (Ref. I) :

-

i

!
I

_. . . - . - - - _ _ _ - ._



, _ _ _ , - - _ , - ,_ _ - , , - - - - - - - _ _ , - a _aa,_ ____w._. ,,-, , _ -_.+ ga__e- .,,,_m_ , ._a_ a _a , _ _ _ _ _ , m.s-_a+,s ---- -. -

|

|

|
i

.ft' Y 4 4 4, ''

9,
- ,N' I *f ' \ _, + % f,', , ?-

#

- k. ? . i;;[> ; : r s
-~

y??'3 .. . } ' ,'' * ijy *
,

.

w ,
:;,

!

, ,Y.; [ i s, ' j ' $ .,N h. . - - . . .
I ch.4 :'

.a ; , v. ~

,.; .g'g- [-(, .7 ) .,,h',~ ,

#
.

. 1
,

a, - .g, . v ~ - . _ .. . ,,an _.
,

,

i
*

|
,i

!,
i
1

|

I !
I I
i .

|

| h

| 2X
.

,

!

1

i FIGURE 3. FRACTURE SURFACE FROM THIRD
!

CYCLIC PRESSURE TEST (Ref. 4):

l
i

1

|

1

I
I

|,

2
.

!
'

,

i
,

i
.

,

I

'
|

377

;
,

'
I

I

- - - - _ _



1i i .

9
%

_

_

_

, _
.

_.
.

.

-

-

,

'v'o
,

.

)
_- 2
- 1 )

1
=

.
. h- f
- D e/

L R
(

T -

A S
K

.

A C
' E 8L

. R R
A C.

(
T.

N1
- EA/ - C

R
E

.

|.
V
N

. A O
. C

F
. j & O.

.

/ Y
R

/ T
- E

M
O
E.

/ G
'

! / H .T.

G 4
_ / / N W EE O R *

L L
. /
. U_ F G.

I
- F F

/ O

f. N- O
I

# T
C4 c E

-

9 b R
-

I
- ' D

.

-

H
T
D

.

I
. W
.
.

-
-

-
-

-

.

-
.
.

.

dco
- -

'
-

. . .

...



_ __ .. __ _ . _. . - _ __ __ __ . _ - - - _ _ -

< :.

20

19 -

18 -

"a
Y 17 -

E
*

.5 16 -

-

#
'o 15 -

A /A = 0.5~

5 e o
*

u 14 -

O

ca
13- -y g A /A 0,75,

. 4
! g 12 -

d
| $ 11 -

A /A = 1.0
Q e o '

i

'l 10 -

P, = 2250 psia:

i T = 550*F
! 9 o-

! f = 0.01

; I I I l i I I I I I I | l' I3
; O 20 40 60 80 100 120 14 0 160 180 200 220 240 260 280 300

L/D
h

FIGURE 5. VARIATION OF MASS FLUX AS A FUNCTION OF *

| L/Dh WITH AREA RATIO AS A PARAMETER (Ref. 1)
4
a

- - _ . _ _ ~ - - - _ - - -- _ _ _ _ _ -



I
i

.

.

.

c Actual
e
~5
j Calculated

Initial 2C
i
I

t'

i
I

i
1

Through-Crack Length
_

FIGURE 6. SCHEMATIC REPRESENTATION OF CALCULATED
LEAK RATE CONTRASTED TO ACTUAL LEAK RATE
FOR A CONSERVATIVE ANALYSIS (Ref. 1)

.

*
.

380

. .



. . _ _ . _ . _ _ _ _ _ . _ _ . _ _ . __ ._ _ _ _ _ __ -
_

1

1

E

Iu 15 -

_

- soo

$
I'o - f R

| != 2c -| 5*

I e , r,
- im a

i ' - 50$g5 -

| t I
,

+ h E
| hO a

e
i ? Through Wall Crack Z

o i |
_ ,

2 O
t-

,

| t = 2. 50", OD = 33. 50",.

2 Iu <
>

k
-

|c20 4
-

I i |m
3 $ 15 - | h 2c M -

I $ I Surf ace Crack, x,

i o 10 -

O
-

i 8
| 05 -

-

&
| I lo

O I 2 3
! 40 Year Blocks
1

f FIGURE 7. RESULTS OF SENSITIVITY STUDY ON VIBRATION,
THRESHOLD, GROWTH RATE AND INITIAL FLAW SIZE
FOR AXIAL CRACKS WITH a/2c = 0.1 (Ref. 1)

,

.

.!
i

;
*

. - .
- _ _ _ _ _ _ _ _ _ _ _ _ _ .



_ _ - - _ _ _ _ _ _ _ _ - _ _ _ _ . ._ .__

d "O ~ c/2c=
-

F x OI x 0.3 x O.5
2c :| 5S * 40 -

xE } c
- 500 K

b 2oE t O
*- 'u - 4 - iOO ,

e
r y 20 -

'

ThroughWcli Crack - 50 og
= Q5$2 |

, , , , , , , ,, I , , ii,,o , ,- i
. , , , , , , , , I;c o

..

k -

2. 5 - i = 2 50", OD = 33.50"*

It t '
E 2.0 -

x ' ~
,.

[ (
, oa
;

i5 - 2C M -

jg O Surf ace Crack
N

-

8.0 _

| y
'

^f ; M- C
u

$ O5 ~
~

t

a
|' m

,I
|

I , . , , , , , , , , , , , , , , ,
, , , , , , , , ,

g
O 10 20 30

40 Year Blocks

FIGURE 8. RESULTS OF SENSITIVITY STUDY ON
i a/2c FOR CIRCUMFERENTIAL CRACKS (Ref. 1)

f

!
I

i

4

I
_ _ _ _ _ . _ _ . _ _ _ _ _ _



- _ -

md6 'esos Moo 1

$ 8 2 o._
0

| | | || |

*
u

D-

5 W |!:
9 - g

a.
8 b$$
k 9f,

I t ||m 9- g_

.

u ga

}0 11g
-

'Q T - f hE.

h 3 4

8M E 9
0 $-

.-
9 *
y _o_ _

#
_. ~

r%

o S 9 o

sayout 'o2 '446ue 1 Mooja 4 noJy16

383



I
l

i

1

1000 |

-

-

o = 28.1 kat
-

:

_

f

100 o = 9.11 kni
-

-

-

~
a
S

10
J -

.w

-

- .

! l
i

.i'

I
~

a/2c = 0.1
-

-

'

.

O.I
10 20 30 40

Tnrough Crack I.engtli, 2c. inchow |-

I

FIGURE 10. EFFECT OF THE AFFLIED STRESS ON THE
LEAK RATE THA000N A FATICUE CRACK UNDER
PWR CON 01T10NS (Ref. 1)

384 !

. _____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - - _ - _ _______ _ _ _ ____ _--___



- _ _ _ _ _ _ _ _ _ _ .

|
|

9

SESSION III

LEAK-BEFORE-BREAK STUDIES, METHODS AND RESULTS

SESSION CHAIRMEN

Dr. Douglas M. Norris Dr. Johann Blauel
= Electric Power Research Fraunhofer-Institut Fur

Institute, U.S.A. Werkstoffmechanic, FRG

~

I

t,

. s
1

%

% %

s ,

.N

;r

3'

~

-- , -. M' _- , _ - . . . . , __ . . . . __ ..



_ _ _ _ _ _ - . - - . ._ - -

|
1

I

SOME RESEARCH IN THE FIELD OF LEAK BEFORE

BREAK CRITERIA FOR PIPING

>

by

' L. LAZZERI

ANSALDO IMPIANTI SPA4

CSNI MEETING, HONTEREY (CAL').

Sept. 1983

l.
r

! s

|

l

386
|.
i

I'
. _ . ._. . _ , , , . , _ , _ . . _ . . - _ . _ . _ _ . . . . ~ , . . - . _ . . _ _ . . _ . . . . _ . . _ _ _ . . _ ~ _ , _ . . . . . . _ , - . _ ..



- .. - . . . . - , - , _ - . - - .. .- - -

:

i 1

|- |
i:

| Abstract

|

Ansaldo Impianti has begun a research activity in the field of
leak before break, which should be applied to the reactors of new design.

' The activity has lead to 'the' following basic results:

a) From an extensive analysis of the available experimental
data it is concluded that the concept of " net section collapse" is a !

. simple, reliable, valid tool in the case of very ductile materials. ;

Elaborations of the data has lead to correlations to predict the collapse l

of ciremferential and langitudinal through cracks, based on flow theory. |
Such correlations are a modification of existing ones for longitudinal
cracks and a strain hardening approach for the collapse of
ciremferential cracks (SHA).

. b) The analysis of some experimental data has lead to the
conclusion that for partially ductile materials mixed d'uctile, fragile,

{ conditions may be present. A critical ex ..ination of the existing
formulations (R6 and EPRI reelaborations) has lead to a simplified
formulation of the fracture assessment diagram, however for very ductile
material the use of such techniques is considered pleonastic,

c) From the analyses at a), b) criteria have been established
in order to compute collapse conditions for through cracked pipes as a,

function of the applied load (morent and axial load) in term of net
section collapse. Typical cases have been analyzed and are presented
leading to the conclusions that e'ven for incredibly long cracks the
actual loads give still a reasonable safety margin.,

The formulation favourably compares with experimental data and4
'

other available sources mainly of German origin. A special computer code
(DUPIC) has been elaborated and it is intended as a postprocessor of

; standard pipe stress analysis codes.
d) The role of the ' thermal and secondary self equilibrating4

loads is discussed; while in the computations, which are referred to in
' c) the secondary loads are considered as equal to primary loads, the

problem is considered in terms of overall instability of the piping.
.

This method originally suggested as a basic tool in the field of
tearing instability, is revisited in terms of alternative parameters J,
and collapse load. In order to perform such analyses a finite element

i model of the cracked pipe is analyzed in the elasto-plastic field by
i means of PAULAS code. The stiffness and overall J integral value at the-

crack tip are then computed and considered together with the overall!

model of the piping.
e) The'1eak areas are often evaluated on the basis of the 9.1

Aflow criterion, i.e. somewhat arbitrarily assming a leak area equal to,

10% the pipe flow area. However such an assumption is excessively*

conservative in most of the cases, as it corresponds to an excessively
long crack (many times the thickness), alternative criteria are proposed,
which correspond to much more realistic assm ptions.

.
They are based on classical fracture mechanics criteria with

| plasticity corrections and a large safety factor equal to 19.
f) The 9.1 Aflow criteria is ~ applied to typical lines, and it

is concluded that such loads can be taken without using the classical-
; pipe whip restraints, even if some increase in the size of the snubbers

might be necessary, particularly if the peak loads due to the postulated
break and seismic loads are directly cunned, what is overly conservative.
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1. INTRODUCTION

The design of piping systems in nuclear power stations

is currently done in Italy postulating the double

guillotine type of break in the primary circuits, namely

R.G. 1.46 and the associated SRP rules are followed.However

while it may be possible to license a plant according

to these procedures, some new trends and possibilities

have been envisaged in the last few months as a consequence

of the increasing concern about the presence of the

massive structures necessary to cope with the postulated

pipe whip loads. It is the aim of this paper to give

a brief description of a new design procedures for

the analysis of piping under the extreme loading conditions

consequent to a postulated pipe break; this procedure

is applicable for the design of, new plants. Basically

the procedure is based on the " leak before break" criterion

i.e. on the assumption that in no case a break can

propagate in a catastrophic manner, as local stress

relieve consequent to leak can forbid a large crack

extension.

I

I

I
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: 2. MATERIALS REQUISITES

The basic assumption about the material is that it

is ductile in all- the conditions; similar assumptions
have been made in the German rules /1/ and it is expected

that the requisites for the material properties, inspection
should be quite similar. Basically the material should
have

a) upper shelf energy larger than 100 J as measured

in Charpy tests

b) transition temperature below room temperature

c) energy at tr0nsition temperature plus 60*F not

less than 68 J

Such requisites should be applied to the basic material

(in both rolling and transverse direction), welds and
HAZ Extensive volumetric ultrasonic tests must be
performed on the material prior and during serivces.

While the duct.lity requirements do not generally present
a problem for auctenitic steels (which however may
have some difficulties in terms of reproducibility

as far as inspection are concerned), the ferritic steels

might present the necessity of some changes (in general

A333 gr.6 should replace A 106). However even for ferritic

steels such requirements can be met without difficulties,
as shown by preliminary analyses of the Italian vendor

|

| data.

|
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3. APPLICATION OF THE NET SECTION COLLAPSE THEORY

3.1 General Criterion

As a consequence of the postulated high degree

of ductility of the material, the failure of the pipe

does not occur as a consequence of instability at the

crack tip, as postulated in the classical fracture

mechanics theory, but rather as a consequence of section

collapse . Under these conditions the collapse can

be described by the simple correlation :

(1) 7=E N

where 7 = nominal gross stress

M = local magnification factor, a function

of geometry

T = flow stress, as described by Hahn et

a1 /2/-

The flow stress is somewhat intermediate between yield

Tys and ultimate Wult stresses

i (2) ( b5 * "O=

n is a numerical factor, which was originally postulated

2.4; subsequent studies have shown that suchto be n =

value may be very conservative if crack propagation

is taken into consideration, being somewhat characteristic

of the mechanism of crack initiation.

391
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However it is envisaged to - use n ' 2.4, even if it=

is explicitly recognized that the procedure may be )

too conservative, hence

= ( f s + Tult)/2.4(l') M y

3.2 Axial cracks

Many correlations have been proposed for axial

through cracks in order to compute the M factor (/2,6/)
generally in terms of the h factor

(3) h=C/(Rt)

where C = half crack length

R = pipe radius

t = pipe thickness

The following correlation is proposed, based on a conser-

vative evaluation of the experimental data

(4) M = 1+ 0.50 h + 0.16 h

For partial cracks a correlation has been proposed

| /6/ in terms of h factor and remaining ligament dimension,

however in this analysis the crack will always be supposed

to be a through crack.

Experimental data on the behaviour of axial partial

cracks have been reported by Kussmaul et al /7,8/,who
.

|

have proposed a correlation for the transition between

leakage and catastrophic failure. However the use of

392
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formulae (l',4) has been demonstrated to prevent always

.

|

catastrophic failure with large margin particularly

in the case of very ductile material and short cracks.

3.3 Circumferential cracks

The case of circumferential cracks is somewhat

more difficult due to the presence of moments, which

are generally far more important than pressure loads.Three

different approaches have been considered :

a) a quasi elastic stress distributio QESP has been

suggested by Kastner et al /9/ and extensively used

in the German letterature (see as an example ref./lO,11).

t

b) a fully plastic approach FPA, where it is - assumed

7+in the net sectionthat the axial stress is equal to 7

c) the strain hardening approach (SHA), which assumes

linear strain distribution in the section, Ramber-Osgood

correlation between stress and strain and maximum stress

in the section equal to 7*

Data 'have been reviewed in ref./9/,/lO/ showing that

the QESD is generally very conservative particularly

in the case of pressure only loads, additional data

-on superimposed pressure and bending load can be found

in ref./12/. An independent review of the experimental

data has'shown that :
,

393.

.. ._ . _ _ _ . - _ . .- - . . , . . _ . - . - .- - .. - . - - - . . . _ . .



.

|

|

|. ' -

t

|

|

|

|

a) QESD approach is generally very conservative |

b) SHA approach is generally somewhat conservative

particularly in the case of pressure only data

c) FPA procedure may be slightly unconservative

particularly for the case of bending.

Even if it is recognized that FPA may represent, as

an overall, a consistent picture of available experimental

data it is suggested to use the SHA procedure for,

design purposes.
1

+

I
,

!

I.
,
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4. BRITTLE-DUCTILE INTERACTION DIAGRAM

An examination of experimental data clearly shows that
,

the correlations in paragraph 3 are unconservative

if the behaviour of the material is not fully ductile;

mixed brittle ductile conditions are taken into considera-

tion by means of the so called R6 diagram, first introduced

by Dowling and Townley /13/ and subsequently modified

by Bloom /14/ to account for the effect of strain hardening

In- this case a simplified interaction formula has

-been considered :

(5) (1/Sd) + (1/Sb) =1

where Sd = G" /(M G")

Sb = Kgc/K

where Kic and K are the critical and current value

of the frac are toughness factor. This formulation

is a simplified, somewhat conservative, evaluation

of R6 diagram. It should be stressed however that

in the practical cases, as fully ductile behaviour
!

is postulated, the use of R6 diagram is somewhat pleona-

stic.

|

|
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| S. TEARING INSTABILITY AND RELATED CONCEPTS
t

In Usa many analyses about piping are performed according'

to the concept of tearing instability as introduced

by Paris and coworkers /15,16/. Basically the method

recognizis the fact that in ductile materiale,even

after fracture initiation,the crack may not propagate

as a consequence of local stress relieving, in turn

caused by local stiffness reduction consequent to

the crack propagation itself. The material properties

under consideration is the J. T diagram.

It should be stressed that the method strongly relies

on the fact that in piping most of the stresses are

due to thermal . restrained movements and to incompatible

displacements of the restraints.

Even if the methods outlined in paragraph 3 do not

explicitly recognize the need for this type of analysis

it is felt that some investigation in this area may

be useful particularly in order to clarify the me::harism

of superposition between displacement controlled an:1

loads controlled stresses. In this connection however,

; other basic parameters. different from J.T diagram

might be used as an example the collapse load as a

function of crr.ck size.

A limited research program is under way to study the

! instability conditions for a pipe by means of the

non linear pipe and shell code PAULA /17/ to ascertain l

safety margins and load combination rules,

t
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6. LEAK AREAS |

As it has been widely mentioned a leak before break

criterion may be insufficient for an evaluation of

the safety of the pipeline, if some evaluation is

not made about the crack area and crack locations.

While the problem is still under discussion, it is

envisaged that the leak , areas should be evaluated

as follows :

- fitting and high stress regions :

(6) Aleak = 0.1 Aflow
.

where Aflow is the flow area of the pipe

- circumferential welds

(7) Aleak 10 A=
m

where Aleak is equal to 10 times the area evaluated

on the basis of fracture mechanics cogutations /18/;
actual computations show that :

a) formula (7) generally 1eads to areas seldom

in excess of 1-2% of the pipe flow area, if the crack

length is not larger than 2-3 times the thickness

b) comparisons with actual data /8,9,19/ show that such

formulations is ' conservative by at least a factor

3 as compared with tests results.
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7. DESIGN PROCEDURE

While some justifications and confirmations are under

way, which might slightly effect the results, the

following design procedure is envisaged :

a) assume a reference crack size equal to three

times the pipe thickness

b) evaluate the safety coefficients for axial and

circumferential cracks according to (1), (4) formulae

and SHA procedure respectively

c) in the analysis in b) the maximum pressure and

total sum of the gross moments should be considered;

it is stressed that a direct sum of the load controlledj

and displacement controlled moments may be overly

conservative and that a reduction factor for displacement

controlled quantities should be applied.

If the safety factor is larger than one, then no crack

should be postulated, however in accordance with the

principle of defense in depth, an analysis of the

pipe and restraints behaviour should be done, postulating

a leak area as discussed in section 6.

In practice a postprocessor to a stress analysis computer

code, named DUPIC /20/ has been written, which automati-

cally performs all the mentioned checks and evaluations.
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8. EVALUATIONS

The procedure outlined in section 7 has been applied
,

to some BWR 6 piping, the basic results are as follows:

a) if one considers the direct sum of the gross

moments on a piping (i.e. direct sum of the load control-

led and displacement controlled quantities), the minimum
,

safety factor found is larger than 1.4 in tems of

applied load and around 3 in terms of crack length

b) the leak areas evaluated according to the precedent

procedures are less than 1% of the total flow area

c) assuming that a sudden force equal to

F = 0.1 P Aflow

where P is pressure, is dynamically applied to the

pipe (in this case MS line of a BWR 6) the following

results are found

ca) stresses on the lines are low so that no

secondary break needs be postulated

cb) anubbers loads are within allowables, even

if direct superposition with seismic may

present some problems

cc) pipe whip restraints are not necessary
,
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9. CONCLUSION

The elimination of the hypothesis of a double end

guillotine type break is presently considered in Italy.

A design procedure (still under discussion) has been

. presented in the hypothesis of a fully ductile behaviour
of the material and leak before break assumptions.

Preliminary results would indicate that the elimination

of pipe whip restraints is feasible under the conditions

mentioned herein.

4

.

,

!
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A PROBABILISTIC STUDY OF LEAK-BEFORE-BREAK CONCEPTl

H.H. Woo
Lawrence Livermore National Laboratory

Livermore, California

Prepared for:
Specialist Meeting on Leak-Before-Break in Nuclear Piping Systems

Monterey, California

ABSTRACT

2
The purpose of this presentation is to assess the leak-before-break

concept for nuclear piping systems from the standpoint of the probabilistic

.

approach. The approach is based on the probabilistic fracture mechanics
theory. The models used to assess the piping reliability in the analyses have
been tested against two real failure incidents. The incidents were (1) PWR

,

feedwater lir.e steam generator nozzle cracking incident, and (2) BWR recircu-
lation safe end cracking incident. The predicted leak results showed high
probabilities for' leaking (order of 10"I) for both lines. Analyses on three
other piping lines, (1) PWR reactor coolant loops, (2) PWR pressurizer surge
lines, and (3) PWR main steam line inside containment subjected to design
fatigue loading, were also made. All the results indicated that the probabil-
ities for leak are several orders of magnitude higher than those for DEGB.
This finding agrees with the experience that no pipe " break" incident has ever.

happened in nuclear operating history,

I This work was supported by the United States Nuclear Regulatory Commis-i
sion under a Memorandum of Understanding with the U.S. Department of Energy.

2 Break refers to double-ended guillotine break. 1
;
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PRESENTATION OUTLINE

:

|

.

!

PROBABILISTIC VIEW ON " LEAK BEFORE BREAK" CONCEPT-

METHODOLOGY DESCRIPTIONSi *

EXAMPLES AND RESULTS*

3

8
SUMMARY AND CONCLUSIONS' -

:

)
)

i

:

i

)
'

i
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INITIAL FLAWS HAVE SIX CRACK PROPAGATI0ti SCENARIOS TO FOLLOW DURING PLANT LIFE

i

DEGB i

DETECTED LEAK4

i
NO DEGB 4

LEAK'

DEGB 2
i UNDETECTED LEAK -

NO DEGB 5

: FLAWS DEGB 3

$
i

FLAWS 6

r

w

f DEGB: DOUBLE-ENDED GUILLOTINE BREAK
:
,

!
'

.
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WE CAN STUDY " LEAK BEFORE BREAK" CONCEPT FROM PROBABILISTIC STANDP0 INT'

i

LET
,

P[ DETECTED LEAK I DEGB] - P[ ]
P[ UNDETECTED LEAK l DEGB] - PC ]

PCN0LEAKPROCEEDINGDEGB|DEGB]=P[@]

| THEN.
8

" LEAK BEFORE BREAK" CONCEPT APPLICABLE TO A NUCLEAR PIPING SYSTEM

'

IF .

P[@] >> P[@] + P[@)

;
>

1

i
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PRAISE * COMPUTER CODE CAN BE USED TO ASSESS THE " LEAK BEFORE BREAK" CONCEPT

WAS BASED ON PROBABILISTIC FRACTURE MECHANICS THEORY*

;

HAS BEEN VALIDATED BY COMPARING THE PREDICTIONS WITH REAL FAILURE DATA*

-- PWR FEEDWATER STEAM GENERATOR N0ZZLE CRACKING INCIDENT
-- BWR RECIRCULATION SAFE END CRACKING. INCIDENT

'84

HAS BEEN USED TO ASSESS THE RELIABILITY OF VARIOUS PIPING SYSTEMS* *

-- WESTINGHOUSE PWR REACTOR COOLANT LOOP
-- COMBUSTION ENGINEERING PWR REACTOR COOLANT LOOP
-- PWR PRESSURIZER SURGE LINE
-- PWR MAIN STEAM LINE

,

* PIPING RELIABILITY ANALYSIS INCLUDING SEISMIC EVENTS
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PRAISE IS BASED ON PROBABILISTIC FRACTURE MECHANICS CONCEPT
.

Inst.at cvack 1 !

I'
s.,e a

distributeoa T TWO DIMENSIONAL CRACK" 6' -

i r--
1 x=-
o,2 Z,a

a/b Nondetection |b

siem *>stor, ,cobab.i.,v CRACK GROWTH l
'

- cyci.c si,m .
i

FATIGUE--
- -ean si,ess

o y_ - no. of cycles 2
STRESS CORROSIONCrack sire destribut.on +- --

operat.ng trans.
arm ,re-se.s e ,mmte,t

~ b/a = 10se.. .c e.er,ts
and hydrostat c proof test

a

Ceack geowth Crach site ditts.bution Leak detect.on CYCLIC LOADS
characteristics as a funct on of time peobabei.ty

a -- OPERATING TRANSIENTS

i, / [ }\ SEISMIC & VIBRATORY; ----

. .

STRESSESo.

'wn . s 4a,b

.\

Stress coreos.on
c,-6.ng cwar-m.st.cs PRE-SERVICE AND IN-SERVICE, , , , , , , , , , , ,a,c,,,,,,,,,,,,,,,,,,, ,

_
a;ies' INSPECTIONSm in.ser. ice .m,ect.on .

,,

3
_ _

LOCAe

[ Double-end break*

( large slot

K

** LEAK DETECTION
e==p+'= +

v .
,

e

LEAK AND DEGB PROBABILITIESi
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WE CONSIDER A SEMI-ELLIPTICAL CRACK IN TUBE INTERIOR SURFACE

pn

'
26 " h h

=
a

CRACK ORIENTATION< -ja y

,L | o

LONGITUDINAL|
--

R
3

CIRCUMFERENTIAL--

.

a. Tube longitudinal direction,,

CRACK GROWTH-

.
: DIRECTION

f

i DEPTH--
,

i

LONGITUDINAL OR7p 7
--

i a CIRCUMFERENTIAL
! \ |

1

. |
,

i

i
R'.

I

I

I

I

b. Tube circumferential direction
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DISTRIBUTIONS FOR INITIAL CRACK DEPTH AND CRACK ASPECT RATIO
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STATISTICAL FATIGUE CRACK GROWTH LAW AND CRACK NON-DETECTION PROBABILITY
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MANY PARAMETERS ARE REQUIRED FOR " PRAISE" INPUTS

!

1

CRACK DEPTH PRE-SERVICE AND IN-SERVICE. INSPECTION- -

CRACK ASPECT RATIO FATIGUE CRACK GROWTH LAW- -

SEISMIC LOADS FLOW STRESS- -

THERMAL EXPANSION LOAD LOADINGS- -

-- DEAD WEIGHT, PRESSURE

$ SEISMIC HAZARD CURVE-

-- EARTHOUAKE OCCURRENCE RATE TRANSIENT CONDITIONS-

-- EARTHQUAKE INTENSITY -- TEMPERATURE AND PRESSURE VARIATIONS,

-- OCCURRENCE RATES
CRACK EXISTING PROBABILITY-

PIPE GEOMETRY-

CRACK NON-DETECTION PROBABILITY-

NUMBER OF LOOPS-

NUMBER OF GIRTH BUTT WELDS --

;
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ESTIMATED LEAK AND DEGB PROBABILITIES FOR WELD JOINTS AT THE PWR REACTOR COOLANT

LOOPS OVER 40-YEAR PLANT LIFE

PROBABILITY OVER PLANT LIFE

WELD JOINT LEAK DEGB

-8 -13
1 6.4 x 10 7.9 x 10

-8 -16
2 1.6 x 10 1.9 x 10

-9 -15
3 1.7 x 10 5.1 x 10

-9 -14
4 1.9 x 10 5.3 x 10

-9 -142 5 1.5 x 10 1.5 x 10
-8 -17

6 1.1 x 10 7.1 x 10
-8 -17

7 1.3 x 10 5.1 x 10
-8

8 1.1 x 10 0.
-8 -15

9 1.1 x 10 2.9 x 10
-9 -14

10 1.7 x 10 1.1 x 10
-10 9.4 x 10-1511 1.0 x 10

-13
12 2.1 x 10-8 1.2 x 10

-8 -14
13 2.1 x 10 7.1 x 10
14 3.0 x 10-8 1,7 x 10-14

0 . D .. : 32" - 38" THK: 13.7" - 15.5"
MAT'L: SA-376 TYPE 316

-_ _ _ _ _ _ ____ _ _ - _ _ _
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ESTIMATED LEAK AND DEGB PROBABILITIES FOR A PWR PRESSURIZER SURGE LINE OVER 40-YEAR
PLANT LIFE

PROBABILITIES OVER PLANT LIFE
WELD JOINT LEAK DEGB

-81 5.0 x 10 5.6 x 10-13
-72 2.6 x 10 3.5 x 10-12
-7e 3 5.4 x 10 2.4 x 10-10*
-74 2.4 x 10 8.5 x 10-12

i 5 4.9 x 10-7 1.8 x 10-10
6 4.8 x 10-8 1,1 x 10-12

0.D.: 12.75" THK - 1.312"
MAT'L: SA-376 TYPE 304.

,

e
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ESTIMATED LEAK AND DEGB PROBABILITY FOR A PWR MAIN STEAM LINE INSIDE CONTAINMENT

OVER 40-YEAR PLANT LIFE

PROBABILITIES OVER PLANT LIFE

WELD JOINT LEAK DEGB

i 1.6 x 10-8 5.9 x 10-16
-8 8.1 x 10-162 1.6 x 10
-8 -16

3 1.4 x 10 4.3 x 10
.

f: 4 1.9 x'10-8 9.4 x 10-16
-8 5.4 x 10-16"

5 1.4 x 10
-8 2.8 x 10-156 1.6 x 10

;
7 6.1 x 10-8 1.1 x 10-14

:

0.D.: 28" THK - 1.75"
MAT'L: SA-155 GR. KCF 70

,

6
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ALL RESULTS INDICATED THAT PROBABILITIES FOR LEAK ARE SEVERAL ORDERS OF MAGNITUDE
HIGHER THAN THOSE FOR DEGB

PROBABILITIES OVER PLANT LIFE,

TYPE OF LINES LEAK DEGB,

>

RCL 10-10 - 10-8 10-17 ~ 10-12

$
PRESSURIZER

10-8 - 10-7 10-10 ~ 10-12SURGE LINE,

MAIN STEAM
INSIDE 10-8 10-16 ~ 10-14

CONTAINMENT

!

1

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ ___ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



une s w smw -
S83-236/0353G

SUMMARY AND CONCLUSIONS

DETERMINISTIC ANALYSIS RESULTS ARE THE FOUNDATION OF PROBABILISTIC-

APPROACH

DEGB IS AN EXTREMELY LOW PROBABILITY EVENT UNDER FATIGUE LOADING FOR-

THREE LINES STUDIED

WE SHOULD POSTULATE LEAK IN THE DESIGN INSTEAD OF DEGB-

NO DEGB FAILURE INCIDENTS--

$:

" LEAK BEFORE BREAK" IS NOT AN ISSUE FOR PIPING SYSTEMS WHOSE LEAK-

PROBABILITIES ARE VERY LOW

" LEAK BEFORE BREAK" CONCEPT CANNOT STAND ALONE WITHOUT RELIABLE LEAK-

DETECTION DEVICES4

OUR RESULTS OF LEAK AND DEGB PROBABILITIES FOR WESTINGHOUSE RCL BASED ON-

PROBABILISTIC APPROACH HAVE BEEN ACCEPTED BY ACRS IN JUNE 1983
,

WESTINGHOUSE DEGB DESIGN REQUIREMENT WILL BE RELAXED--

_ _ -__-____ _
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CURRENT AND FUTURE WORK

WE WILL MCDIFY PRAISE COMPUTER CODE TO GAIN MORE INFORMATION FOR " LEAK
-

BEFORE BREAK" STUDY

IMPLEMENTING " LEAK BEFORE BREAK" CONCEPT IN PIPING RELIABILITY ASSESSMENT
-

g -- COMBUSTION ENGINEERING RCL SYSTEM
-- GENERAL ELECTRIC BWR PRIMARY PIPING SYSTEM
-- BABC0CK & WILC0X RCL SYSTEM

'

-- ASME CLASS 2 AND 3 PIPING
,

PLANNING TO STUDY THE RELIABILITY OF VARIOUS LEAK DETECTION DEVICES
*
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NUREG REPORTS AND DOCUMENTS GENERATED BY LLNL IN THE AREA 0F PIPING RELIABILITY

STUDY

PROBABILITY OF PIPE FRACTURE IN THE PRIMARY COOLANT LOOP 0F A PWR PL' ANT*

(9 VOLUMES) NUREG/CR-2189

FRACTURE MECHANICS MODELS DEVELOPED FOR PIPING RELIABILITY ASSESSMENT IN LIGHT-

WATER REACTORS NUREG/CR-2301

PIPING RELIABILITY MODEL VALIDATION AND P0TENTIAL USE FOR LICENSING REGULATION-

DEVELOPMENT NUREG/CR-2801
PIPING RELIABILITY ANALYSIS FOR PRESSURIZED WATER REACTOR FEEDWATER LINES,-

RELIABILITY AND SAFETY OF PRESSURE COMPONENTS, ASME, PVP-62, 1982
,,

2 A PROBABILISTIC ASSESSMENT OF THE PRIMARY COOLANT LOOP PIPE FRACTURE DUE TO-

FATIGUE CRACK GROWTH FOR A TYPICAL COMBUSTION ENGINEERING PLANT, 7TH SMIRT,

CHICAGO. IL, AUGUST 1983
DUANE ARNOLD STRESS CORROSION CRACKING ANALYSIS, 7TH SMIRT , CHICAGO. IL,-

AUGUST 1983
PIPING RELIABILITY MODEL DEVELOPMENT, VALIDATIONS, AND ITS APPLICATIONS TO-

LIGHT WATER REACTORS, 4TH NATIONAL CONGRESS ON PRESSURE VESSEL AND PIPING

TECHNOLOGY, PORTLAND, OREGON, JUNE 1983
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LEAK-BEFORE-BREAK DEMONSTRATION FOR A TYPICAL

PWR MAIN STEAM PIPE
.

S. A. Swamy

Westinghouse Electric Corporation
Nuclear Energy Systems

. Pittsburgh, Pennsylvania 15230

.

'

ABSTRACT

Currently the main steam line break (MSLB) evaluations of pressurized water
reactor (PWR) coolant systems are performed for postulated circumferential
(guillotine) breaks . This results in overly conservative loading condi-
tions. The objective of this paper is to study the local and global stability,

of a postulated through wall circumferential flaw in the main steam pipe of
a typical pressurized water reactor. Steam leak rates are estimated and are
examined in light of currently available leak rate criteria to demonstrate
the leak-before-break condition. The need for additional criteria for de-

'

taction of steam leaks is identified.
,

|

g.
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.l .0 INTRODUCTION

Presently, the Main Steam Line Break (MSLB) evaluation of the Pressurized
Water Reactor (PWR) system is carried out by postulating non-mechanistic
circumferential~ guillotine breaks in which the pipe is assumed to rupture
along the full circumference of the pipe. This can result in 'averly con-
servative support loads. It' is therefore, high,1y desirable to be realis-
tic in the postulation of main steam line breaks. Presented .in this
report are the results of an analytical study carried out toward estab-
lishing that a non-mechanistic type break will 'not occur within the main
steam -line inside containment.,

!

The general purpose of this' investigation is to show that a circumferential
~

flaw which is very much larger than any flaw that could be present .in the
' main steam line is stable under the worst combination of plant loadings. The

fracture criteria proposed for the analysis will examine the local and global
stability. A static elastic-plastic finite element analysis of a straight

piece of the main steam line pipe containing a circumferential flaw and
subjected to internal pressure and external loading is performed. Global

stability is demonstrated by using the finite element results and by per-
forming a limit load evaluation. Leak rate through the crack is estimated
for normal operating pressure loading. The leak rate prediction is made for

a crack of length equal to half of the postulated crack length used in the
crack stability evaluation. Figure 1 describes the different steps involved

i in the leak-before-break demonstration.
,

A necessary ingredient in the concept of fracture mechanics is knowledge

i of the present crack size. A fatigue crack growth evaluation will determine
the growth of a surface flaw (either postulated or discovered during in-ser-i

vice inspection) through end-of-life from the initial state.

| Crack stability analyses and leak rate estimates are performed by postulating,

i

: large through wall cracks.
I

;

I

f

|

423'
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2.0 FATI.GUE CRACK' GROWTH EVALUATION i

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

'

initial flaw exists at some point and predicting the growth of that flaw
due to an imposed series of stress transients. The growth of a crack per
loading cycle _is dependent on the range of applied stress intensity factor
AK , by the following relation:g .

h=C(aK)" (1):
g g .

where "C " and the exponent "n" are functions of material properties.g

.

The input required for a fatigue crack growth analysis is basically
the information necessary to calculate the parameter aK , which de-g

pends on crack and structure geometry and the range of applied
stresses in the area where the crack exists. Once AK; is calculated,

; the growth due to that particular cycle can be calculated by equation
(1). This increment of growth is then added to the original crack
size, anc the analysis proceeds to the next transient. The precedure4

1

is continued in this manner until all the transients known to occur>

in the period of evaluation have been analyzed.

i

| Crack tip stress intensity factors are calculated using semi-elliptic
surface flaw expressions. Mechanical stresses and the thermal stress
distribution through the thickness of the pipe are used in the calcu-
lation of the stress intensity factor K .g

2.1 Thennal Stress Analysis

| The heat transfer analysis for each of the transients was carried out by an!

! cxplicit finite difference heat transfer analysis [2] The temperature profiles.

generated by this analysis were then used to calculate thermal stresses. The

equations for thermal stress in a hollow cylinder from Timoshenko and Goodier[3]
'

were used:

424

_ . _ . . _ . _ . . _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ , . . _ _ _ _ _ . . _ . . _ _ _ . . . _ . _ _ . _ _ . . _ _ _



. . _ _ - . - _

radial stress o o ( (" f Trdr - Trdr) (2)r v Z
r b -a a a

2+ 2 b r

tangential stress = e,=(hy)h(# / Trdr + f Trdr - Tr ) (3)2
2 2

r b -a a a

b

y=(hv)(b /Trdr-T) (4)axial stress = o
2 2-a a

where r = radial position
'

T = temperature as function of r; T+T(r)
a = inner radius of the pipe
b = outer radius of the pipe
v = Poisson ratio

aE = the product of the coefficient of themal expansion and the
modulus of Elasticity

The integrals in equations (2) through (4) were evaluated numerically to
provide the necessary themal stresses for each of the transients analyzed.

2.2 Mechanical Stress Analysis

The mechancial loading for the pipe results only from internal pressure,
.

and since this is not a discontinuity region, the resulting stresses in the
steam line were calculated in closed form:

.

=P( +a ) (5)oh i (b -a)

2
2a (6), .p

(b2 _ ,2)*

2
a

"ai " 'a = P (b2 2 (7);
o -a)

where
P = internal pressure
a = inner wall radius
b = outer wall radius

ah = hoop stress

o, = axial stress
,

i = inside surface

f o = outside surface 425

E_ _ - - - - - - _ _ _ _ _ _ _ _ _ - _ - - - - - - - - - -



Tha thermal and mechanical stresses are combined, and then linearized
through the steam lin thickn:ss to allow for calculation of the ap- i

plied stress intensity factor at any given tirx in a transient. j

|

2.3 Stress Intensity Factor |

The stress intensity factor K at the point of maximum depth is calculatedg

from the membrane and bending stresses using the following equation
from Section XI of the ASME CodeU:

g =[f (o, M, + b"b)K

The symbols have their usual meaning (see Reference 1 for details).

2.4 Design Transients

The transient conditions selected for this evaluation are based on con-
servative estimates of the magnitude and frequency of the temperature
and pressure transients resulting from various operating conditions
in the plant. These are representative of transient conditions which
are considered to occur during plant operation and are sufficiently

severe or frequent to be of si,gnificance to component cyclic behavior.
Further, these are regarded as a conservative representation of transients
which, when used as a basis for component fatigue evaluation, provide con-
fidence that the component is appropriate for its application over the de-
sign life of the plant. The total number of cycles for each operating
transient exclusive of the preoperational test cycles has been assumed to
be evenly divided over the 40-year operating life of the plant.

2.5 Crack Growth Results

The reference crack growth curve for water reactor environment (ASME Section
XI) was considered applicable. The postulated initial crack depths ranged
from 0.125 in, to 0.375 in, and were considered to realistically encompass
the range of flaws that could be present. Results of the analysis indicated
negligible crack growth by fatigue.

426
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3.0 MECHANISTIC PIPE BREAK EVALUATION

l

A through wall crack 3.35" long (4 times the wall thickness) was postulated
for crack stability analysis even though the results of fatigue crack1

= growth indicate that such a flaw cannot result. Both global and local
failure criteria were employed to study the crack stability.

3.1 - Global Failure Mechanism
:

A schematic description of the plastic behavior and the definition of
;

plastic load is shown in Figure 2. For a given geometry and loading, the t

plastic load is defined to be the peak load reached in a generalized load

j versus displacement plot and corresponds to the point of instability. A
j simplified version of this criterion, namely, net section yield criterion
| has been successfully used in the prediction of the load carrying capacity
j of pipes containi.ng gross size through-wall flaws and was found to corre-

late well with experiment. This criterion can be summarized by the fol-
j lowing relationship:
:

I W, < W (9)p

'

| where W, = applied generalized load

1 W = calculated generalized plastic load
p

I 3.2 Local Failure Mechanism
!

| The local mechanism of failure is primarily dominated by the crack tip be-

| havior in terms of crack-tip blunting, initiation, extension and finally
j crack instability. Depending on the material properties and geometry of

j the pipe, flaw size, shape and loading, the local failure mechanisms may
j or may not govern the ul.timate failure.

*

i

| The stability will be assured if the. crack does not initiate at all. It has

been accepted that the initiation toughness, measured in tenns of JIN I" "
'

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

IN

;

l-
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If initiation criterion is not met, one can calculate ~the tearing modu-
lus as defined by the following relation.

d
T,pp = g,J ( ,E 7) (10

f

where T,pp = applied tearing modulus-

E = modulus of elasticity
o = flow stress = (o + o )/2f y u

a = crack length

c,o = yield and ultimate strength of the material,y u
respectively.

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

J < J )
IN

'' d (I }< Tmat' dT,pp IN

3.3 Finite Element Analysis of Main Steam Pipe

Thehbjectiveofthefiniteelementanalysiswastocomputetheresponsedue
to applied load on the main steam line pipe. The geometry of the pipe and
the loadings are shown in Figure 3. The loadings consisted of internal pressure,
external bending moment and axial force due to internal pressure acting on the
closed end of the pipe.

,

A circumferential through wall 3.35 inches long crack was postulated and used
in the model. Taking advantage of the symmetry, one quarter of the pipe was
modeled. Three dimensional variable node isoparametric shell elements were
used to model the pipe. Elements were defined by the mid surface node

specification. Figure 4 shows the finite element model used in the analysis.
The material representing the model pipe was assumed to obey von Mises yield

E4 computer code was usedcondition and isotropic hardening law. The ADINA

for this analysis.
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The finite element elastic-plastic calculations show that the moment carrying
capacity of the main steam line pipe containing a 4T through wall circumferential
flaw is greater than 16400 in-kips. The generalized plastic load W is then*

p

at least 16400 in-kips. The maximum applied generalized load W is 10450 in-kips.
a ;

Therefore the global criterion given by equation 9 is satisfied. The local l'

stability criteria require that J < J Sased on available data [5] the lowerIN.
IN is 1320 in-lb/in2 for the temperature of interest.- The finitebound value of J#

; element elastic-plastic solution was post processed to ccmpute the J-integral
corresponding to each load step. The method of computing the J-distribution
used in this analysis is based on the Virtual Crack Extension method introduced
by Parks [6] In this method the energy perturbation associated with a specified.

geometric perturbation is evaluated for a giv'en loading. Since the J-integral
value is related to the energy perturbation, it can be calculated once energy
perturbation resulting from an applied loading is evaluated. A J-integral
value of 260 in-lb/in2 was calculated corresponding to the maximum applied

2load of 10450 in-kips. Since this calculated J value (260 in-lb/in ) is lower
than JIN (1320 in-lb/in2) the local stability criterion defined by equation 11
is satisfied.

1

3.4 Critical Flaw Size Calculation

! The cr!tical flaw size can be calculated using the net-section collapse
) techn4 lue. This technique has been applied successfully to predict the

behavior of stainless steel pipes.

I

Based on this method the limit moment is calculated to be:

M = 2af R,2t (2 Coss - Sina) (13)b

; and the angle 8, which identifies the point of stress inversion (see Figure 5)
is given by:

2

a 9 P ,p)
Y * (1rR

,

0*
4af Rtm

i
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I
;

half-angle of crack, in radiansWhere: a =

internal pressure-P =

R, mean pipe radius, inches=

.

pipe thickness, inchest ='

.5 (o + 'u) (flow stress); of
=

ys

yield stresso =
ys

ultimate tensile strengtho =
u

pipe inner radius, inchesR =
$

Limit moment predicted by this approach has been shown to be in good agreement'

with the experimental results of 304 stainless steel pipe tests .

r

The pipe limit moment for several postulated flaw lengths could be calculated
using equations 13 and 14. A plot of the limit moment versus postulated
through wall circumferential flaw length was generated as shown in Figure 6.
Based on the maximum load on the main steam pipe, the critical flaw size was
calculated to be greater than 27 inches using Figure 6.

4.0 LEAK RATE PREDICTION

The NRC has given guidelines on mechanistic fracture requirements for Systematic
'

Evaluation Program plants (Cf. SEP Topic III-5.A). In accordance with these
guidelines, the crack opening area was calculated for the steam pipe subjected
to the normal operating pressure load. An initial through wall circumferential
crack of length equal to two times the wall thickness was postulated for the

2leak rate calculation. The calculated crack opening area was 0.001 in . The

following assumptions were made for detennining the steam * flow rate:

430
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(i) Flow is ID

(ii) Adiabatic flow condition exists

(iii) Flow is steady.

.(iv) The flow is single phase and can be treated as an ideal gas

(v) No irreversible effects present

(vi) Flow is choked

Based on these assumptions, the steam leak rate was calculated as 5.4 gpm.

5.0 CONCLUSIONS

A mechanistic fracture evaluation of a typical PWR main steam pipe containing
a postulated circumferential flaw was performed. A circumferential flaw of
length equal to four times the wall thickness was postulated for stability
calculations. Both local and global stabilities were addressed. The results
indicated that a 4T circumferential flaw is stable when subjected to maximum
loading conditions. Limit moment calculations were perfomed to determine
the critical flaw size based on net section collapse criterion. Results
indicated large critical flaw size (27 inches). Leak rate was estimated for
a through-wall flaw of length equal to two times the wall thickness.

The steam leak rate was calculated t be 5.4 gpm. The equivalent condensed

water resulting from this leak is very small compared to the leak detection
criterion of 1 gpm (Reg. Guide 1.45). Therefore, a local detection system
may be required to detect such a leak. Alternately, since the critical flaw

size is very large, one may calculate the leak rate through a larger flaw
and show that it is detectable (using Regulatory Guide criteria) while
maintaining a safety margin between the size of flaw for which the leak rate
is detectable and the critical flaw size. A fatigue crack growth evaluation

of the pipe with postulated surface flaws indicated negligible crack growth.
Thus, no known mechanism exists that could cause the large through-wall flaws

,

of the size assumed in the mechanistic pipe break calculations.
,
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FIG. 6 CRITICAL FLAW SIZE FOR MAIN SiLAM PIPE.
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THE CASE FOR ELIMINATING INSTANTANEOUS PIPE BREAK
AS A DESIGN BASIS FOR WESTINGHOUSE MAIN COOLANT PIPING

BY

W. H. Bamford S. A. Swamy and E. R. Johnson

Westinghouse Electric Corporation
Pittsburgh, Pennsylvania

Abstract

A detailed series of studies were carried out to demonstratea

the structural integrity of the stainless steel main coolant piping
for Westinghouse Pressurized Water Reactors. The purpose of the
work was to demonstrate that the primary coolant piping was
extremely unlikely to fall due to any of the conditions for which
it was designed, and that therefore the design postulate that the
pipe fail instantaneously is unrealistic and unnecessary. This
paper will present the details of the investigation.
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THE CASE FOR ELIMINATING INSTANTANE0US PIPE BREAK AS A |

DESIGN BASIS FOR WESTINGHOUSE MAIN COOLANT PIPING

~

. W.i H. Bamford

'S. A. Swamy
%

''
INTRODUCTION

,

Primary coolant piping for Westinghouse pressurized water reactors is fabricated
of stainless steel, either forged or cast. These materials provide superior
fracture resistance throughout tise entire temperature range of operation of
the plant, and the purpose of this presentation is to document that conclusion
for all Westinghouse plants.

An extensive survey has been conducted of all Westinghouse plants to determine
the range of piping geometry and materials used, and to document the worst case
piping loads for each plant. These loads were then compared, to develop a
set of umbrella piping loads for all plants and these loads were in turn used
to calculate the critical flaw size for the piping system, using a plastic
instability calculation method. Both elbows and straight pipe sections were
included.

The primary goal of the work reported here is to support the elimination of
the large loss of coolant accident as a structural design basis. This
includes the postulation of both longitudinal and circumferential breaks. -
This report documents a presentation made to an ACRS meeting held on
March 29, 1983.

MATERIAL PROPERTIES

An in-depth survey was carried out to detemine the range of materials
in all Westinghouse main coolant loops. All the piping and fittings were
fabricated of eith'er Type 316 or Type 304 stainless steel, and the
specific materials are listed below:

SA 376-316
SA 376-304N
SA 351-CF8A
SA 351-CF8M

'
SA 430-316

441
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Although there are a number of different designations here, the actual materials
-are very similar in both quality and material properties. For example, the survey
revealed a range of yield stress for the plants of 32 to 39.6 ksi, and a range of
ultimate strength of 75 to 84.7 ksi. The ASME Code specified minimum values are
yield stress equal 30 ksi and ultimate strength equal 75 ksi, at room temperature.
At 600F the specified minimum values are 17 ksi and 71.8 ksi, and these values
were used in the plastic instability analysis. The tensile properties of the
walds in the system are required to be greater than or equal to those of the base
metal.

An extensive series of fracture toughness tests have been conducted on these
materials,[1,2] and results are available for all the material types listed above,
including six different weld types. Tests were conducted with both static and
dynamicloadingrates[2]andresultsshowedexcellentfracturetoughnessvalues
for all heats tested, in terms of both the J values and the P.-curves which wereIc
obtained. Examples of the J results obtained for the base metal are shown inIc

2Table 1, where the lowest value of J at 600F was found to be 2400 in-lb/in ,Ic
The toughness properties for the six weld types tested are also very good, and
are within the scatterband of the base metal properties.

,

ENVELOPING PIPE LOADS

The survey of piping for Westinghouse plants included consideration of the
dimensions as well as the loads imposed on each of the segments of the main
coolant system. The piping dimensions showed some variations in thickness from
plant to plant, but the inside diameter was constant for each segment. The
detailed results are shown below:

Inside Diameter Wall Thickness

!

| Hot Leg 29 in. 2.43 - 2.80 in.
Crossover Leg 31 2.6 - 3.0

Cold Leg 27.5 2.31 - 2.7

Piping loads were available for 56 of the 59 Westinghouse plants, and results
cover the range of. plants from coast to coast.

The loads tabulated for these plants, and the enveloping loads used in the
analysis, included thermal, deadweight and SSE loads.

i
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The three plants for which results were not available are in the eastern region of l

! the United States, in relatively low seismic areas, so the umbrella loads are ex-
pected to be applicable to all plants. The umbrella laods are summarized below,
and have been provided in two sets, the first applicable to all the pipe-to-vessel
connections and elbow connections and the second for the mid-elbow region at the
steam generator inlet. This second region was singled out for attention because -

it is the only location where a longitudinal split pipe break is postulated in
the design process. Critical flaw sizes will be calculated and presented for both
cases, and the umbrella loads are provided below:

Umbrella loads - Pipe-to-vessel connections and Elbow connections
Axial force 2910 kips

Bending moment 48425 in-kips

Umbrella loads - Mid-elbow location for Steam Generator inlet elbow
;

Axial force 2840 kips
Bending moment 37920 in-kips

FRACTURE ASSESSMENT METHODOLOGY AND EXPERIMENTAL BASIS

Determination of the conditions which lead to failure in stainless steel must be
done with plastic fracture methodology because of the large amount of deforma-
tion accompanying fracture. The state of the art in plastic fracture prediction
is such'that several viable methods are available, including:

o Tearing instability
o R-6 failure assessment method
o Direct application of J-R curves

All of these methods include some method of dealing with the stable crack;

growth which precedes final failure in ductile materials. This sub-critical
extension of the crack is accomplished by an increasing toughness of the
material, as displayed graphically in the J-integral R curves discussed in the
previous section.

A conservative method for predicting the failure of ductile material is the
plastic instability method, based on traditional plastic limit load concepts,
but accounting for strain hardening and.takinn into account the presence of a
flaw. The flawed pipe is predicted to fail when the remaining net section
reaches a stress level at which a plastic hinge is formed. The stress level
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at which this occurs has com2 to be called the flow strass, tenn:d of.
Th2 ficw stress is g:narally taken as tha average of the yield and ultimate
tensile strength of the material at the temperature of interest. This ;

methodology has been shown to be applicable to ductile piping through a large
,

I

number of experiments, and will be used herein to predict the critical flaw
size in the primary coolant piping, to be discussed in the following section.

!

The failure criterion has been obtained by requiring force and moment
equilibrium of a flawed pipe, as shown in Figure 1, using an adaption of the
plastic analysis of an unflawed pipe given recently by Gerdeen (3]. The

detailed development is provided in the appendix, for through-wall
circumferential flaw in a pipe with internal pressure, axial force, and
imposed bending moments. The limit moment for such a pipe is given by:

R t (2 cos s - sin a) - 2PR,3M =2o cos a
b f

where

= half-angle of crack in radians (refer to Figure A-1, Appendix)a

P = internal pressure

R, = mean pipe radius inches

t = pipe thickness, inches

f = 0.5 (a , + a ) (flow stress)a

= yield stressa ys
a, = ultimate tensile strength

F = axial force
s = angular location of neutral axis (refer to Figure A-1)

ta + 0. 5 F/g,,of
8" 4 t - PR,f

i

|

|
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; Several experiments were completed recently at Battelle Memorial Institute to
i

| consider this type of loading, and a prediction method similar in fonn to the

| above equation was used. The above method accurately accounts for the piping
! internal pressure as well as imposed axial force as they affect the limit

moment. The results of the Battelle experiments E43 are plotted along with
the predicted limit moments using this method for 304 stainless steel forged

. pipe in Figure 2. Good agreement was found in this case, as well as in a
second set of experiments conducted by Watanabe, et. al. [5], as shown in
Figure 3.

The prediction equation for a uniform circumferential flaw at the inside dia-
meter is a simplication of the above equation where the flaw length a is set
at zero, and the thickness is adjusted for the presence of the flaw.

The equivalent prediction for a through wall longitudinally oriented flaw was
suggested by Eiber et. al. [6], and shown to be applicable to a number of
piping geometries and materials in a sizeable number of tests. Similar pre-
dictions have been developed more recently by Paris 3 and others. Axially

flawed pipes are largely unaffected by imposed bending moments and the limit
pressure is given by:

! ' LIM " 'Lt/(

where

2

3 + 0.0217x ] of(curve-fit from ref. [6])
4

el = [1.28 - 1.4x + 0.8091 - 0. 21 91

x = a/ 4 Rmt

a = crack length

This prediction method was applied to experimental data obtained by Zeibig and Fortman
[8] as an illustration, and the results are very good, as shown in Figure 4. Another

example of the accuracy of the methodology is seen in its application to the tests
of Reynolds [9] on flawed carbon steel pipes, as shown in Figure 5.
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A large number of experimental results could be citsd to demonstrate the
utility of the plastic instability approach in predicting the critical flaw
size for ductile piping material. However, for purposes of brevity here reference
can be made to previous publications such as references 003 and [11].

The experimental work of_ D1] was particularly noteworthy in that it showed
that crack initiation in the four inch stainless steel pipes tested occurred.

.
consistently at maximum load, or slightly below it. Thus it may be seen that-

more margin could be shown by use of the more complex and rigorous methods
-mentioned at the beginning of this section. From the comparisons with'

experimental results which have been cited, however, it hardly seems worth the
.

extensive effort required.
!

'

A measure of the conservatism in this prediction method was obtained in the
recent work of Zahoor-[12]. Postulating an initial surface flaw in the
circumferential direction, Zahoor set out to answer the question of whether
such a surface crack would continue to propagate once it broke through the
wall, leading to a guillotine break. His calculations showed that such large
rotations would be required for instability, that the piping would have to be
unsupported for very long distances, and free to displace (and rotate)
tremendous amounts to achieve a complete break. Piping support systems now in
use in light water reactors would not allow such displacements. Therefore, the
prcbability of achieving a full burst, even should the loading be high enough,
i s very low.

The plastic instability methodology has been shown to be applicable for stain-
less steel piping in general, because of its extreme ductility. The impact of
thermal aging on the cast stainless steel is to reduce the material ductility,'

and so the question arises as to whether thermal aging will cause a change in
the_ failure mode of this material. This subject was investigated through several;

experimental programs to be summarized below.
,

,

THERMAL AGING EFFECTS ON CAST PIPING MATERIALS AND WELD _S_;

I

'

Cast stainless steels have long been known to be sensitive to
thermal aging as a result of long time service at temperatures around 885 F. Re-

;

| cent experimental work has shown that thermal aging can occur at temperatures as
low as 550F.
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Recent experimental work [13, 14] has been conducted to study the effects of
long time thermal service on the properties of cast stainless steel reactor
soolant piping. Results of these studies show that the flow properties are
not strongly affected at all; the ultimate strength is slightly elevated and
the yield strength is unchanged. The ductility is slightly reduced, as measured
by the elongation and reduction in area from Tensile tests. The Charpy impact
energy and J properties of the steel are measureably changed, however, andIc
this information elicits the question of impact of this effect on the integrity
of the piping. This question has been addressed in some detail in a recent
paper [15], whose results are summarized here.

As reported in detail in [15], a heat of cast stainless steel piping was aged
for 2000 hours at a temperature of 800F to study the aging effect. Charpy,
tensile, and compact specimens were cut from the pipe to characterize the pro-
perties before and after aging, and whole pipe sections were tested with cir-

| cumferential flaws to characterize the impact of aging on piping integrity.

The Charpy impact energy of the material was reduced t,y approximately 45% due-
to the aging process, but the other properties were not strongly affected.

,

Tests of the 4 inch schedule 80 flawed pipe sections before and after aging
i showed essentially no effect of the aging process on the failure mode of the
I pipe, and the results are summarized in Figure 6, along with plas-

tic instability predictions using the method described earlier. Two different
prediction curves were developed for the aged and unaged pipes, due primarily
to a slight difference in internal pressure for the test of the aged piece.
Agreement with the predictions was excellent, and the results confirm the con-
clusion that there is no direct relationship between Charpy energy and failure
mode or load for . stainless steel, where the flow properties govern failure.

,

The question which then arises is what level of degradation would be enough to
cause concern that the flow properties would no longer govern failure. This
question has been adores:;ed in the liquid metal breeder reactor design, where

I both irradiation and thermal aging are of concern, and the measure of ductility
which has been imposed as a design limit is 10 percent total elongation. The
use of. this threshold level is supported by the work of Fish et. al. [16] on
highly irradiated stainless steel.
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' Results to date for thermal aging of cast stainless steels have shown that the
: differences between the yield strength and tensile strength have been main-
tained, i.e. the uniform elongation is essentially not' degraded. A summary of
available data is given in' Table 2, and shows a minimum total elongation of
'25 percent after 10,000 hours at 752*F (400*C). This value is clearly far
away from the level of. engineering concern.

'

The discussions here h' ave centered on base metal properties. The effect of
th;rmal aging on-stainless steel pipe welds has also been studied in reference 14,
and results show there is little or no effect. This conclusion holds for virtually
all the properties, including tensile.as well as charpy energy, which as been seen
previously to be the most sensitive indicator. Aging times have exceeded 10000 hours.

Thus .it can be seen that the impact of thermal aging on the integrity of primary
coolant piping is not of significant engineering concern, based on presently available
data.

RESULTS OF CRITICAL FLAW SIZE CALCULATIONS

Th2 plastic instaiblity methodology was used in conjunction with the umbrella
loads obtained from the survey of individual plants to develop a prediction of
the critical flaw size for a circumferential flaw in the main coolant loop. ,

Both the straight pipe connections and elbows were considered, and separate
' consideration was given to longitudinal flaws in the steam generator inlet

'
i elbow, since that is the only place where a longitudinal split break is postu-

lated in the Westinghouse main coolant loop.'

Circumferential Flaws in Straight Pipe- and Connections
,

|
'

| Figure 7 shows a plot of the plastic limit moment as a function of through-wall
circumferential flaw length in main coolant piping of nominal dimensions. j
This limit :noment was calculated for a pressurized pipe at 2250 psi with an aixal'

force of 2910 kips, operating at 600F with code minimum tensile properties. The |
umbrella moment for all Westinghouse plants, 48425 in-kips can be plotted _on this

figure, and used to determine the critical flaw length, which is shown to be
approximately 25 inches.

|
|
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, Longitudinal Flaws in Elbows

" A longitudinal split break is postulated in the steam generator inlet elbow,
and this is the only location in the main coolant loop where a longitudinal
break is postulated. The steam generator inlet elbow is a 50 degree elbow,
and the likelihood of a split there is very low, for a number of reasons, one
of which is the fact that it is seamless. The break is postulated in the elbow
b:cause it is the most highly stressed elbow. Even though the loads in this
elbow are the highest of all elbows, they are still below the governing terminal
connection, as shown earlier in the section on enveloping pipe loads.

The prediction methods for failure in elbows are virtually the same as those
for straight pipes; that is the plastic instability predictions for straight
pipes are directly applicable to elbows of the same nominal pipe size.

Over 20 experiments have been carried out to study the failure of stainless
steel pipe elbows, and the results have confirmed the applicability of straight
pipe limit load predictions for longitudinal flaws [17]. It will be useful to
examine some of the results shown in reference 17 in more detail . Tests were
run on scale model elbows of Type 304 stainless steel, with flaws located
at the crown of the elbow as well as the intrados and extrados locations.
Results for the longitudinally orienced flaws are suninarized in Figure 8.

Recalling that piping bending moments have little or no influence on the
failure of longitudinally flawed piping, it is somewhat intuitive that the
additional moments which result in the elbow because of its geometry do not
affect longitudinal flaws there. Figure 4 shows a plot of hoop stress at
. failure n n-dimensionalized with the flow stress, and this may be visualized

H
as a dimensionless failure pressure. This parameter is plotted aginst a dimen-
sionless measure of the through-wall flaw length, a. The parameters r = mid-radius

of the pipe, and t = wall thickness of the pipe.

This figure shows that the plastic instability model for limit pressure discussed
carlier does an excellent job of predicting the failures of all of these elbows.
The elbows tested had a ratio of diameter to bend radius of between 0.67 and 0.75
which compares to a ratio of about 0.70 for Westinghouse primary coolant piping.
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a

This is the key parameter for comparing elbow behavior, and so the test results
'

sh uld be directly applicable to the Westinghouse primary coolant sys. tem. The
second parameter of interest is.the radiu's to thickness ratio, and here we find |
the primary coo.lant elbows to be somewhat stiffer than the model elbows, having
a- ratio ~of about 7 compared with the value of 15-16 for the test elbows. This
difference-is probably not significant, but would indicate that the main coolant

.

'

elbows would be slightly more resistant to failure, if there were any effect at
all.

Limit pressure predictions were carried out for the Westinghouse steam generator inlet.

albows in the presence of longitudinal flaws, and the results are shown 'in
Figure 9. As discussed earlier these. predictions-also apply to longitudinal
flaws in straight pipes, and indicate a critical flaw length of about 26 inches
.for a through-wall flaw.

SU MARY AND CONCLUSIONS

An extensive study of Westinghouse main coolant piping materials has been_ carried
out, and confinned excellent fracture resistance. Enveloping pipe loads
were determined from detailed study of 56 of the 59 plants. (The others are,

expected to fall within the envelope obtained).

Analytical methods were presented for prediction of piping failure in the pre-
s:nce of- either axial or circumferential flaws. These methods, based on plastic
instability, were shown to be applicable to both straight piping and elbows
through presentation of extensive experimental results.

Application of these methods to Westinghouse primary coolant piping showed that'

the critical length of a through-wall flaw is at least 25 inches, so the likeli-
hood of a pipe rupture is very remote. Flaws smaller than 25 inches will be stable,
because the materials fracture resistance is greater than the driving force. Flaws

less than one third this length will preduce detectable leakage, and so leak before
br:ak can be demonstrated. Therefore the postulation of instantaneous full area
pipe breaks is unrealistic, and should be eliminated for the main loop.

!-
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TABLE 1

FRACTURE TOUGFfESS TEST RESULTS

(All TESTS AT 600F)

FEAT f%TERIAL CONDITION J Ic
TYPE STATIC DYNAMIC

'

C1488 A351-CF8M CENT. CAST 4500 @0

C2375 A351-CF8M CENT. CAST 3500 4500

154581 A351-CF8M CENT. CAST 5200 8500

D8770 A37blF1L6 WWxart 2@ 5000

D8771 A37blF316 WROUGHT 9300 6000

156576 A351-CF&% CENT. CAST 5998 -

1

i

> .

I

!

!

!
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TABLE 2 SuletARY OF AGING DATA FOR CASTINGS STUDIED IN DETAIL [1,2]

Material RT Yield Strength RT-Tensile Strength RT-Elongation - 1 RT - CV(Water Quenched) As Rec'd 10,000 hrs. As Rec'd 10,000 hrs. As Rec'd 10,000 hrs Ferrite Carbon As Rec'd 10,000 hrs.
__ at 400*C at 400*C at 400*C at 400*C

(wa) (wa) (da/cm 3
2

CF8 4738C 225 250 510 550 62 47 5.5 .021 25 17.5
CF8M 472V 275 300 550 660 53 36 10.6 .026 27 6
CF8 167 260 275 530 620 45 44 16.2 .041 27 7-
CF8M 166CN 250 287* 525 643 40 28 12 .050 24 4
CF8M 166CN 250 313** 550 750 43 30/25
:F8M 1488 2g0 390*** 571 691 52 52 17.5 .08 27 5

*S000 hours4

**7500 hours
***3000 hours, at 427'C

.c.n

i

)

$

1
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APPENDIX A

DETERMINATION OF THE. MOMENT CAPACITY OF PRESSURIZED !

PIPING WITH CIRCUMFERENTIALLY-0RIENTED FLAWS

A straight section of pipe with a circumferentially-oriented through-wall
flaw; as shown in Figure A-1, is considered. It is assumed that plane

sections remain plane during deformation, and that the flaw is not too large
in comparison with the pipe circumference. For flaw lengths which approach
one-half of the circumference, the present method is not accurate.

The pipe is loaded by internal pressure, P,-an axial force, F, and a bending
moment, M. Because of the bending moment the axial stress will be compressive
somewhere in the cross section. The point of demarcation between tensile and
compressive stresses is the neutral axis, as shown in Figure A-1. To

determine the location of the neutral axis, the axial force on the pipe from
the internal pressure and other loads, N, is equated to the integrated
stresses over the cross-sectional area of the pipe. On the top part the pipe

y, according to the Tresca maximum shearyields with e , - a =ex
stress criterion. The strain hardening is accounted for by replacing the

yield stress o with the flow stress of. The axial force can then bey
expressed as

N = Pr R2+F (A-1)
'

wh'.re

P = internal pressure

j R = mean radius of the pipe
F = other axial force (if any)

|

| W

7-a g!

e

Rt de + 2 ( e ~ f) Rt de (A-2)N= 2 of

464
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, . --

where
|

e, = PR/t
t = pipe thickness

o f = flow stress = 0.4 (a +o u)y3
= crack angle as shown in Figure A-1a

a = angle to located neutral axis, Figure A-1

Equating the quantities in (A-1) and (A-2) leads to the definition of the
neutral axis which is:

F
af ta+g

a= (A-3)
2 aft - PR

Figure A-1 also illustrates that the angles a and s are related at the
limit moment; therefore, equating areas above and below the neutral axis
results in the following:

a = 2s (A-4)

The fully-plastic limit moment capacity, M,, is obtained by taking moments
about the neutral axis as follows:

(90 - a) -s
2 2M=2 R t of sin e de + 2 (a, - of) R T sin e de

T

where o f = 0.5 (o + 'u), that is, of is the flow stress.ys

o = pressure stress = PR/t
s

,
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After integration and subsitution of the limits, the moment capacity of the
pressurized pipe 'is found to 'be:

2 3
M = 2af R t (2 cos s - sin a) - 2PR cos s (A-6)

This expressions is valid for.through wall cracks in pressurized pipes, with
or without axial loads (F). The axial loadings are accounted for in
calculation of the angle 3 l

|

.

I
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THE APPLICATION OF FRACTURE MECHANICS

LEAK-BEFORE-BREAK ANALYSES FOR PROTECTION

AGAINST PIPE RUPTURE IN SEP PLANTS
:
i

l

Presented at the CSNI Specialist Meeting

September 1-2, 1983
|

Monterey, CA

by

J. F. Copeland

P. C. Riccardella

structural Integrity Associates

San Jose, CA
1

INTRODUCTION-

;

) Current designs protect engineered safety features against the1

i consequences of high energy line breaks (BELBs) through the use of

pipe whip restraints, jet impingement shields, physical separation and

; other methods. However, plants designed before the existence of
a

current requirements generally do not have such features.
i Furthermore, in many cases modifications to incorporate these features'

4 may be impractical due to physical plant configurations or other
i

considerations. Therefore, the NRC has given guidance on other ;

cceeptable methods for the resolution of this Systematic Evaluation
i

i Program (SEP) Topic III-5.A, for High Energy Line Breaks Inside
:

Containment.
',.

'
,

|
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'

.

One approach which has gained acceptance for protecting against~

1

postulated pipe rupturesris' leak-before-break analysis, as shown in
Figure 1. It is based on a comb! ation of augmented inservice

inspection (ISI) and local leak detection, to detect the presence of
' cracks, and a fracture mechanics analysis to assure that pipe rupture

{

will not occur for cracks smaller than those detectable by these
methods. In this way, crack detection and corrective actions will i

!

precede any chance of HELB and its subsequent postulated effects on

engineered safety features.

These detection methods complement each other, since ISI is especially

guited to finding long cracks, and leak monitors detect short,

through-thickness cracks, shown schematically in Figure 2. Crack

cpening areas and the resultant leak rates are computed for comparison
with detection limits. The augmented ISI involves volumetric

inspection in accordance with ASME Section XI for a Class 1 system,
regardless of actual system classification. The goal is to detect and

limit any service induced flaws to allowable sizes prescribed-by the

ASME Code, Section XI (crack depth limited to less than approximately
10% of pipe wall thickness). Fracture mechanics subcritical crack

growth analyses are employed to assure that this goal for limiting
crack growth is met. These limits on crack size imposed by leak

monitors and ISI are compared to the critical crack ~ sizes predicted
for instability and pipe rupture. Adequate margin between crack

datection and the crack size for rupture must exist.
| !

'

!-

1

0
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5

RESULTS

In accordance with the latest NRC guidance, the leak-before-break

. technique was evaluated for~high energy piping systems in a nuclear.

: power plant. The elements of this evaluation (Figure 3) include the

determination of the following:

a) Largest crack size which will remain stable

b) Leak rate resulting from a crack of length 2t (twice

the pipe wall thickness)

-

c) Size of crack which will leak at a rate greater than 1

gpm, if.b) results in less than 1 gpm.
.

d) Analysis of part-through-thickness cracks for,

subcritical crack growth rates to establish ISI'

intervals.
|

i
Conservative analyses were performed to predict the largest stable'

crack sizes, by using-ASME Code maximum allowable stresses. In this

way, one set of analyses was performed to envelope all locations in
these lines, as well as to compensate for potential future load

increases. The subcritical crack growth rate analyses were also f

enveloped in a similar manner, by using a conservative load cycling
,

spectrum based on design transients and the most severe transient

loads in the stress reports. The loads considered for each evaluation

470
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|

|

|
'

are shown in Figure 4.

|

The leak-before-break approach is shown to be practical and effective.

Large critical crack sizes are computed for the stainless steel piping

studied, using the methods of fracture mechanics from NRC guidance,'

net section plastic collapse, and tearing modulus analysis (Figures 5,
6, and 7). Furthermore, a very-large effective unsupported piping

length, L, is required for plastic instability, even with large

through wall flaws (Figure-8). Conservative leak rates are computed

as shown in Figure 9, for normal operating pressure stresses. The

minimum crack lengths resulting in leak rates of 1 gpm (Figure 10) are,

shown to be significantly smaller than the critical crack sizes for

! both circumferential and longitudinal cracks. Subcritical crack

growth rate analyses (Figure 11) show that ISI intervals of 10 years

are appropriate to detect part-through-thickness cracks before they
approach instability (rupture). Thus, ISI and leak detection give

substantial margins against pipe rupture, even for these conservative

analyses, and are an effective means to resolve the HELB issue for the

; piping lines investigated.

SUMMARY,

:

1. The fracture mechanics leak-before-break approach is shown as a

viable option to prevent pipe rupture.
4

2. Austenitic stainless steel pipes possess significant toughness,
i

; and large cracks are required for rupture, based on tearing )
modulus and net section plastic collapse evaluation.

|
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i
!

3. .The nat osction plastic co11cpmo analycis is coro conservativa j
l

than tearing modulus evaluations. !
l

4. Leak rates are large enough to assure detection well before

cracks reach a critical size.

5. In the case studied, suberitical crack growth is slow enough

to require inservice inspection intervals of about 10 years to

detect part-through-wall cracks.

|

l

k
I

|
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UPGRADE TO PIPING
SEISMIC = LOADS <>

CLASSIFICATION

- FIELD SURVEY - FROM ANALYSIS
- ADD SUPPORTS
- ANALYSIS
- DOCUMENTATION

,

:
|

LEAK FRACTURE LEAK-BEFORE-BREAK
.

'

DETECTION MECHANICS RESOLUTION OF-

2
SYSTEM ANALYSIS HELB TOPIC

!

I- - DEFINE LOCATIONS - CRITICAL CRACK SIZE -' LICENSING: - MULTIPLEX - LEAK RATESs>

{ E$ - CONDUIT INSTALLATION ISI INTERVALS-

- SENSOR INSTALLATION
- TESTING & CHECK-0UT

,

AUGMENTED
: ISI' PROGRAM
4

;
'

- ORGANIZATION
- IMPLEMENTATION

.

:
Figure 1

LEAK-BEFORE-BREAK APPROACH BASED ON FRACTUREi

MECHANICS ANALYSIS WITH AUGMENTED INSERVICE
.

INSPECTION (ISI) AND LEAK DETECTION'

i
!
i

r

i

:

j
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Figure 2

ILLUSTRATION OF PROPOSED ISI/ LEAK DETECTION
APPROACH TO PROTECTION AGAINST PIPE RUPTURE
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Figure 3
,

LEAK-BEFORE-BREAK

FRACTURE MECHANICS APPROACH

0 DEMONSTRATE NO SUBSTANTIAL CRACK GROWTH (J s JIc) OR
PLASTIC INSTABILITY UNDER THE FOLLOWING CONDITIONS:

e FAULTED (LEVEL D) SERVICE CONDITION

e THROUGH-WALL CRACK OF LENGTH EQUAL TO FOUR

TIMES WALL THICKNESS

8 ADDRESS SUBCRITICAL CRACK GROWTH DEVELOPMENT IN SERVICE,

TO SHOW:

e TENDENCY IS TO DEVELOP THROUGH-WALL CRACKS

e IF LONG CRACKS D0 DEVELOP, THEY WILL REMAIN

i SHALLOW (OPTIMIZE ISI INTERVALS)

e DEMONSTRATE THE CIRCUMFERENTIAL THROUGH-WALL CRACKS

WILL REMAIN STABLE FOR LOADS APPROACHING GROSS PLASTIC

COLLAPSE CONDITIONS FOR PIPING SYSTEM

e COMPUTE LEAK RATE RESULTING FROM A CRACK 0F LENGTH

EQUAL TO TWICE THE PIPE WALL THICKNESS

e ADDRESS ABILITY TO DETECT LEAK RATE

475
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Figure 4

LOADINGS CONSIDERED-

0 PLASTIC INSTABILITY OF CRACK

e PRIMARY MEMBRANE AND BENDING LOADS (PRESSURE,

SEISMIC, WEIGHT)

:

O SUBCRITICAL CRACK GROWTH
;

e ALL PRIMARY AND SECONDARY LOADS, AND WELD

RESIDUAL STRESSES

i

0 LEAK RATES (CRACK OPENING AREA)<

,

e PRESSURE STRESS (CONSERVATIVE)4

|

|
|
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2a

29
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I

a) THROUGH-THICKNESS CIRCUMFERENTIAL
AND LONGITUDINAL CRACKS OF LENGTH 2a.

I

/,,

R

+ -_ _

t

i

b) PART-THROUGH THICKNESS CIRCUMFERENTIAL
CRACK OF DEPTH a.

i

!

Figure 5

REPRESENTATION OF POSTULATED CRACKS IN PIPES

FOR FRACTURE MECHANICS LEAK-BEFORE-BREAK ANALYSIS
1

l
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280-
AL LONG.
CRACK, 4 AL CIRC. TP304 J-T
e = 30,133 MATERIALCRACK

240- a = 3.'5" CURVE (ref.7)
/ AL LONG.
/ CRACK'

/ a = 3.5"'
200-

/ UNSTABLE
j' /

"o |
,

/
/ /m

160- / #
* a = 8" / / o = 50,000

/ PSI/ /
N # A o = 55,000

: 0 120- ' '
f f PSI

# 'AL CIRC / / STABLE
CRACK, / /
a= J /~

80 30,133 t' /'

PSI / /
/

#
f CONSTANT STRESS

40- ,/ a = 10 " kRIESC I,

d ----CONSTANT CRACK SIZE.

(a = 3.5"),
STRESS VARIES

0 4'O 8'O 120 160 2$0 240
T

i

!

Figure 6

J-INTEGRAL / TEARING MODULUS STABILITY DIAGRAM FOR

ACCUMULATOR LINE WITH THROUGH-WALL CRACKS

|
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- CRACK
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AN - -- - -v
i

1.0

3
h
E
$ 0.8-
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C
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yz Pm + Pb = 30,133 PSI
m2 (ACTUAL WORST CASES

$ $ 0.6- FROM STRESS REPORT)
n=
Oz
5"
'UO<
z@ 0.4-

"=
g$

(m + P
P b = 56,400 PSIo

A5 ASME SCT III CL 2
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S \

^0.0 , , , , ,

0.0 0.2 0.4 0.6 0.8 1.0
FRACTION OF CIRCUMFERENCE, v/ir

(THROUGH-WALL CRACK)

Figure 7

FAILURE ANALYSIS DIAGRAM FOR POSTULATED COMPOUND CRACK IN

ACCUMULATOR LINE. BASED ON NET SECTION PLASTIC COLLAPSE CRITERION

:
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Figure 8

. TEARING STABILITY OF CIRCUMFERENTIAL

THROUGH-WALL FLAWS IN STAINLESS STEEL PIPES

(REFERENCE NUREG / CR-0830, TADA, PARIS, GAMBLE)

e FOR A 10" DIAMETER LINE:
!

Ti = % (y) kR = 5"

1 = 1" = 0.15

CRACK LENGTH = 7.8" (20 = 90*) E = a/A = 0

a = 50,000 Ps!
o

6
E = 27.5 x 10 Ps!

e FROM THE REFERENCE NUREG / CR-0838:

L (h)T =F / + F3pp i R 2

F = 0.668
1

F = -0.1982

LT = 0.688 /R - 0.00044 J3pp

I L
TAPP = 0.67 /

R

e FOR PREDICTED INSTABILITY:

FOR T = 200g7

LCRICITAL f 3300p

b 3 125 FEETCRIT ,
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Figure 9

LEAKAGE VERSUS CRACK OPENING

PIPING COMPONENT

GE0 METRY

:

CRACK OPENING / LEAKAGE

LENGTH RATE

LOADING

CONDITIONS

1

EXAMPLE:

14" SCHEDULE 80 ChRCUMFERENTIAL LEAKAGE RATE
WATER LINE = CRACK OPENING =

5 GPM
1200 PSI DESIGN 0.006" CRACK

PRESSURE LENGTH 5.9",

f
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Figure 10,

CRACK LENGTH FOR 1GPM LEAKAGE l

!

CRACK LENGTH
CRACK PRESSURE STRESS FOR 1GPM LEAK ;

ORIENTATION (S ~= 16.7 KSI) (IN.)g
,

; CIRCUMFERENTIAL .3 S 2.5g
LONGITUDINAL .6 S 1.8g

:
h

CIRCUMFERENTIAL .1 S 3.5g
LONGITUDINAL .2 S 2.5

<

g
;

e

|

[ \

:

!

<
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Figure.11

SUBCRITICAL CRACK GROWTH

OF PART-THROUGH-WALL CRACKS

8 PREDICTED GROWTH DEPENDS ON ASSUMED INITIAL FLAW SIZE
,

e INITIAL FLAW 0F DEPTH EQUAL TO 2% OF PIPE

WALL GIVES INSIGNIFICANT GROWTH FOR PLANT

LIFE FOR THE CASE CONSIDERED

e INITIAL FLAW 0F DEPTH EQUAL TO 10% OF PIPE

WALL INDICATES ISI INTERVAL SHOULD BE 10

YEARS FOR THE CASE CONSIDERED

.

1

0 ISI INTERVAL OF 10 YEARS GIVES AMPLE MARGIN AGAINST

REACHING THE CRITICAL CRACK DEPTH IN THIS CASE

!

!
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INTRODUCTION ~

One of the most _likely causes of a loss of coolant accident in a

nuilear _ power plant is a rupture in the piping system caused by stress
corrosion. Many. incidents of stress -corrosion cracking have been
reportede particularly in smaller diameter stainless steel pipes; e.g.,

see ref erence [1]. Consequentlyr there is a great'need for a quantitative

understanding of the behavior of cracked pipes under normal operating and
postulated accident conditions such as seismic events. In most. instances,

concern is for surface cracks that initiate at the inner surface of the
pipe in the heat af f ected zone around a girth weld. Assisted by the weld-

induced residual stress, these cracks tend to grow circumferentially and
r ad iallyr sometimes attaining a size that is a significant fraction of

the pipe wall area.

; A prime consideration in analyzing cracked nuclear plant pipes is to

determine, if failure actually occurse whether it will lead to a " leak-

before-break" condition. The leak-before-break concept generally refers
to a pressure containment system failure event in which a part-through-wall
crack extends to become a through-wall crack, thus allowing the contained
fluid to escaper but with no further crack growth. Thens the loss of fluid,

can presumably bc detected in one way or another in time for the system to
be shut down safely. The alternative- where the through-wall crack does

not arrest upon break-through but instead continues to propagate along the

: wall-is likely to lead to a catastrophic event thate cbviously, must be

avo id ed . Hencer if failure occurs, it is essential that it will be of the

] leak-before-break type. Indeeds in nuclear power plant applications it is

legally necessary to show that the leak-before-break concept is applicable.

In critical piping systems where cracking has occurreds or even could occurs

it must be established that a pipe crack Will be revealed by leak detection

techniques before it reaches a condition where fracture could occur under

normal operating or postulated accident conditions.
,

486

. - _ - _ _ _ _ _ _ _ _ - _ _ _ _ - - _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ _ -



. . . .. . - _ ._ ._

-

);
4

n

Its is-also important to be able to anticipate how cracking will occurg

' . in connection with subsequent- events that would be triggered 'by a pipe

failure. The design basis-accident used in nuclear plant ' regulation
around the world is the so-called full guillotine off set break; i.e.,

c | an instantaneous c ircumf erential f racture. This extreme condition has
_ resulted in the incorporation of massive pipe whip restraints into the

piping' system.f These are not only very expensive to design and install,
,

but they can reduce the reliability of inservice inspection:while increas-

ing the. radiation hazard in the inspection process. The necessity for such
.

devices in the design stage and as modifications in operating plants would

be substantially relieved if; leak-before-break conditions could be demon-
,

st ra t ed. Consequently, there is currently a great deal of research inter-;

I est in developing more precise fracture mechanics analysis' methods for this

j purpose.-

i In applying fracture mechanics techniques for leak-before-break

assessments, it should be recognized that the entire range of crack
enlargement processes can be involved. These range f rom suberitical crack
growth by f atigue and/or stress corrosions through slow stable ductile

! crack growth, to rapid unstable crack propagation and arrest. Fracture in
i a pressure containment component very of ten emanates from def ects in or

I around welds. Yeti the presence of the residual stress and deformation

) fields induced by the welding process are nearly always treated in a

[' simplist ic ways if not ignor ede in applying fracture mechanics analysis of

! crack growth processes. This paper presents computational results
contrasting crack growth predictions in which residual stresses are. ,

[ included with those in which they have been ignored. Both f atigue and
dynamic crack propagation are addressed. The impligations of the signi-,

ficant dif ferences that are found on leak-before-break assessments are'

i ex am ined.

;
,

.

4

,

e
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FACTORS AFFECTING LEAK-0EFORE-BREAK j

Leak-before-break can be simply viewed as one possible outcome of a
i

sequence of crack extension events. For a ductile material, a general

sequence of events might be one in which a weld defect or other intrinsic

flaw enlarges in service through the following series of events:
*

;
1. Subcritical crack growth by fatigue and/or corrosion,

- to a critical crack depth

;

2. Stable crack growth under operating or accident loads

3. Fracture instability and subsequent rapid crack growth
through the wall

,

4. Arrest of the through-thickness crack (leak)i

,

5. Reinitation of the through-thic! - ss crack and subsequent
,

stable growth along the wall

6. Fracture instability and rapid crack growth (break)
t

Leak-before-break occurs when events 4 and 5 are well separated in time or

ehen events 5 and 6 are precluded.
,

j It can be seen f rom the above list that several f actors will af f ect the ;

| occurrence of leak-before-break. These includes (1) the orientation of the ,

| initial flaw, (2) the size and shape of the crack at the onset of stable

| crack growth, (3) the type, intensity and duration of the applied loads,
j (4) the distribution of any residual stresses that might be present, and

(5) the mechanical and fracture properties of the pressure boundary material.

] Two particular cases are of most interest for nuclear plant piping appli-

cations. Table 1 summarizes these.

: Of the two sets of conditions displayed in Table 1, owing to the stress

f corrosion cracking problems experienced in BWR plants, circumf erentially-

| cracked stainless steel piping has received by f ar the most attention in
; leak-before-break assessments. Kanninen et al. C2, 33 were among the first

| to address this problem area. They developed a net-section collapse load

|
approach that permitted the applied loads required for leak and break to be

calculated explicity. The boundary between the " leak" and " break" regimes
'could then be portrayed in the form of a leak-before-break assessment diagram.

( A typical result is shown in' Figure 1. While this approach was subsequently
:

488

;>

.___ . _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - -



-

TABLE 1. TYPICAL CONDITIONS FOR LEAK-BEFORE BREAK
ASSESSMENTS IN NUCLEAR PLANT PIPING SYSTEMS

Pipe Material

Stainless Carbon
.

Steel Steet
!

|

| Crack Location Girth Weld Longitudinal
weld

Crack Orientation Circumferential Axial
!

Suberitial Crack Stress Fatigue
Growth Mechanism Corrosion

Critical Applied Loading Bending Pressure
Type

Condition At Fracture Net Section Small Scale
Yielding Yielding

i
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,
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E
"i
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__
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U
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U

0 0.5 1.0
CRACK DEPTH AS FRACTION OF WALL THICKNESS

FIGURE 1. LEAK-BEFORE-BREAK ASSESSMENT DIAGRAM
FOR CIRCUMFERENTIALLY-CRACKED 28-INCH
DIAMETER STAINLESS STEEL PIPES IN BENDING
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advanced by many others - for exampler see -ef erence [4] - the type of,
results shown in Figure 1 remains one of the more useful ways to delineate this

condition.
Because stainless steel is highly ductile and tough, nonlinear fracture

mechanics approaches generally must be applied. Kanninen et at C5] later
developed and applied a tearing . instability theory, for example. Hcwever,

this technology is complex and has not yet been developed to the point whers

routine assessments can be made of leak-before-break in a realistic manner.
To help illuminate -the basic considerations involved in leak-before-break,

it might therefore be useful to turn to the second of the two sets of

conditions displayed in Table 1. This case can be treated in a simple way

j for heuristic purposes, as follows.

! Consider that a part-through wall axial crack exists in a pressurized
l

pipe under conditions such that a linear elastic fracture mechanics approach

is applicable. Fur thers suppose that the length of the crack along the ,

surf ace :is long in comparison to the crack depth; N8, this will lead to a

conservative prediction for all crack aspect ratios. Then, the initiation

of unstable crack propagation will occur in the radial direction when

f na sec( 7 g) b
(1 } '

P 7 a~y y2
KIc=h

|
. .

where p, is the internal pressure, KIC is the plane strain f racture toughness,

while a, c, R and b are the geometric parameters shown in Figure 2.

! It is likely that the nature of the unstable crack propagation event

that follows the satisf action of equation (1) will result in a through-wall

crack of length equal to the surf ace length of the original part-through

crack. It can be assumed that this state will exist, momentarily at least,

before the crack continues to grow along the wall. The critical condition

for reinitiation of crack growth to occur is given by

g)bc2 - (2)"P:R
n c (1 + 1.61 Kc=

h
| .

-

l~ where p is the internal pressure at the onset of longitudinal crack|

g

instability and K is the fracture toughness that corresponds to the wall
C

thickness.

,
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Assumed border of part-through wall crack

ders of thrcugh wall crack
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/ A/

t
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R

)

pipe
. . .

FIGURE 2. AXIAL SURFACE CRACK IN A PIPE

1
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A relation that provides the boundary between leak and break behavior

in an analogous fashion to that shown in Fiqure 1 can be obtained by
combining equations (1) and (2). This is

'(1+1.61 )2)'[=1.25( ) ) (. sec } g)-
(3)

,

h

which provides a leak-before-break delimitation for axial cracks in pressu-
rized pipes. Equation (3) can be solved numerically (e.g., by Newton's,

method) for c/h as a function of a/hr provided the remaining parameters are
spec i f ied. To illustrater by taking K *K 8 Po " Pj, equation (3) canC IC
be solved for dif ferent pipe geometries. The results are shown in Figure 3.

A useful connection between K and K is the semi-empirical relation
C IC

; developed by Irwin and subsequently given a theoretical basis by Merkte C63.
This is

3

2'.

Kc = K c 1 + l 4 (h (4)I
y -.

where o is the material yield stress. It can be seen from equation (3) thaty
K will generally dif f er from K Of equal importance to this discussions
C IC.

| pg also can dif fer from p . In the case of fluid leakager it would be expected
that pg < p,.. f the fracture is caused by a waterhammer or otherHowevers i

dynamic loadings it is entirely conceivable that p > po. Thus, it is ofg

; interest to explore the effect of variations in these parameters. Figure 4

shows the set of results obtained for R/h = 10.
,

4

Figure 4 reveals the important (albeit intuitive) conclusion that the

dif f erences in the fracture properties and the change in applied stress;

I during the fracture event can have a significant ef f ect on the leak-before-
'

break delimitation. For exampler accounting for the greater toughness that

generally confronts a through-wall crack and admitting a reduction of the

pressure due to fluid -leakage would shif t the boundary so as to enlarge the :

" leak" zone. But, in contrast, should an escalation in the pressure over-
1

come the increased touahnesse it would be the " break" region which enlarges. '

Cleartyr considerations of this kind should enter into any leak-before-

break assessment procedure.
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. THE EFFECT OF RESIDUAL STRESSES !

'For the purpose of illuminating some key aspects of Leak-before-break
!

behaviors the preceding discussion was presented in terms of linear elastic *

f racture mechanics. Howevers nuclear plant piping materials are generally '

| very ductile and tough. In the materials selected for such service, crack
'

growth is generally preceded by substantial crack tip blunting with signi-
L ficant amounts of stable crack growth occurring prior .to fracture instabi-

! Lity. Linear elastic fracture mechanics techniques can lead to predictions

that are very conservative in such instances; conservatism that could prompt
unnecessary remedial action.

|
This f act has motivated the development of elastic plastic fracture

mechanics techniques. While these have indeed improved the accuracy of the
predictive methods, one complexity of the problem has not yet been fully
addressed. This is due to the f act that pipe cracks tend to be located
within weld-induced residual stress and deformation fields. The importance

I of this fact wiLL be briefly examined in two areas - f atigue and rapid
as follows.

Kanninen, et at C73 studied the ef fect of weld-induced residual stresses ;

on f atigue crack propagation through a two part computation. In the first -

part, the pass-by pass welding process was simulated with an elastic-thermo-
plastic finite element model. The weld geometry and the residual stresses
acting on the prospective crack Line that resulted from this computation are
shown in Figure 5. These residual stresses then formed the initial conditions
for an elastic plastic fatigue crack growth analysis. In this analysis the ;

crack advance criterion was taken as the local crack opening displacement. |
The fatigue " Law" then took the form of a generalized Paris law. This is

h = C (6h - 6h
min) (5)max

,

|
t

'To compare with the elastic plastic prediction, a linear elastic analaysis
wes also obtained. The two resutts are shown in Figure 6. ,
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It can be seen in Figure 6 that there is a significant dif f erence

between the elastic and the elastic plastic results. In particular, the

israer is found to give anti-conservative predictions. Thise of courser

may depend upong the nature of the residual stress distribJtion that is
being considered. Regardlessi it' appears that weld-induced residual
stresses have a definite aff ect on fatigue crack growth predictions.

Turning to dynamic crack propagation and crack arrest in the presence I

aof weld-induced residual stress fieldsr the work of Barnes et al.[8] may I
|

be of- interest. They also used a local C00 criterion for crack growth.
'

But, they were able to show that .such a criterion has a basis. Their

key- results which stems from a generation phase computation on 4340 steel, j

' is shown in Figure 7.

To establish the initial conditions for their computstionse Barnes

et al.- first computed the residual stress field by a computational simu-

Lation of the multi pass welding process. A comparison with the experi-

mentally-measured values (obtained by trepanning) is shown in Figure 8.
It.can be seen that the agreement is entirely reasonable. A more basic

dif ficulty was that the' precise numerical value of the critical CTOA for

unstable crack propagation in an HY80 weldment was not known. As their

In order to compare computational techniques to ascertain
the importance_ of residual stracses, they adopted an expedient. This was
to choose a (CTOA) v lue such that the computation that including residual

c
stresses predicted crack ar.*est correctly. As shown in Figure 9, the

parallel computations (i.e.s without residual stresses) predicted complete
,

penetration of the specimen. Note that, in their experimental work, crack

arrest occurred af ter approximately 14 mm of crack growth (blast loading

ex per iment) . It rnight be noted that the (CTOA) selected in this way
c

corresponds roughly to K = 84 MPa/~m; a value that is in reasonable
ID

accord with the limited data available for HY80 weldments reported by Hahn

l' and Kanninen [93.
:

L Taken togethere these two sets of results clearly indicate that resi--

dual stresses can exert a strong influence on crack growth in welds. They

further indicate that, although uncertainties do exist (e.g., in regard

to the crack advance criterion), the computational methods needed for treat-

ing residual stresses exist. Ho4evers these techniques have not generally

j been used in leak-before-break assessments as yet.
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CONCLUSIONS
!

The determin:-tion of precise delimitations of leak-before-break I

conditions is of vital importance for nuclear plant piping systems.
Because the manner in which pipe fracture occurs is influenced by sub-
critical and rapid crack propagationi_ fracture mechanics applications must
- be made to quantify both aspects. The' intial flaws that trigger fracture
- in nuclear piping systems generally occur in or near a weld. Among other
considerations, weld-induced residual stresses are present. Residual
stresses have been shown to affect crack growth in all its stages.,

Consequently, there would appear to be a definite need for more rigourous
elastic plastic fracture mechanics techniques to treat residual stresses
in order to provide more realistic leak-before-break assessments.

!

:

I
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ABSTRACT

In the updating of the Guidelines for PWR's of the "Reaktorsicher-heitskommission"

(RSK)'/1/ in 1981 the requirements on the ' design have been changed with respect to

the postulated leaks and breaks in' the primary pressure bounday. The najor change

is a revision in the requirements for pipe whip protection. As a logical con-

sequence of the " concept of basic safety" /2/ a guillotine type break or any other -,

break type resulting in a large opening is not postulated any longer for the
calculation of reaction and jet forces.

As an upper limit for a leak an area of 0,1 f (F = open cross section of the pipe)
-

is postulated. This decision is based on a general assessment of the present PWR

system design in Germany.
.

Regarding the design of the emergency core cooling system (ECCS) and the contain-

ment the requirements are unchanged. For the design of the strength and stability

of the component support the requirements were simplified.

| The paper presents the

- details of the change in the RSK Guidelines

- the reasoning behind it
'

actual application in present PWR- and BWR licensing cases.
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|

1.. -INTRODUCTION
,

1[n the . design of nuclear power plants with light-water reactors a j

high quality standard:is. required /1, 3/ for the pressure retai- 1-

' ning walls of.the components of the primary pressure boundary.
This general recuirement, established first in the " General Design

~

Criteria" /4/-has been adopted by all countries. However.there
' is no common understanding what a "high quality standard" means

in terms of qualitative and quantitative requirements. Independent

of the high quality standard of the> primary pressure boundary a

failure of.the primary piping up to a " guillotine" type break

was postulated to design engineered. safeguards for all kinds

of loss-of-coolant accidents.
,

Historically the postulated piping failure was first the design basis

for the containment. Then the emergency core cooling systems where

designed according to this postulate. This development was followed

by a steadily increasing effort to analyse the system behaviour in

case of a pipe rupture with respect to the reaction forces and mecha-
' - nical damage due to pipe whip as well as the pressure differentials
I between the compart- ments of the containment internal structures.

This resulted in an enforcement of the internal structure of the
; containment as well as the internal structure of the primary pressure
1

j boundary. To avoid mechanical damage of the whipping pipe restraints
were designed and applied at several locations of the. primary piping.

i These engineered safeguards were extended to all high energy piping
wherever safety related items had to be protected.

Parallel to this development a huge amount of research and develop-
ment funds were devoted to the understanding of fracture phenomena.4

Most of them have been focused on thick-walled structures of ferritic
steels e.g. the "HSST-Program" and the German program on " component-
safety"/9/. The results of these research programs are applicable
to ferritic_ piping to some extend and have led to a better under-

i standing of material behaviour in general.

:

!
t

I
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Forfgerman light-water reactor. systems which use ferritic steels for

the vessels as: for the piping we found ourselves in' a situation'
_.

that we required an increasing amount of engineered safeguards..

against the postulated double-ended pipe rupture at a time where we

- have gained a better understanding and increasing knowledge of the

influencing factors to produce a high quality product and to analyse
,

the system'behaviour.

"

2.- DEVELOPMENTS IN REGULATORY REQUIREMENTS

Starting with the problems.of underclad cracking and reheat cracking

- in nuclear components /5,6/ a. continuous development has taken I
place to improve the requirements regarding the. quality of the com-

ponents of the primary pressure boundary. The first approach was

to strenghten the. requirements on fracture toughness of the heat-

affected-zones of welds, tighten up the manufacturing control and to

apply more sophisticated ultrasonic testing methods /7/. In the l

next development stages of the RSK-guidelines-/1,8/ and KTA-rules

/10-13/ the objective was.to give preference to all measures-
'

uhich increase.the quality of the product and'thus to become more

independent of the effectiveness of the administrative and control

measures of the quality assurance system. The supporting research

work sponsored by the Federal Ministry of Science and Technology,

the Federal Hinistry of the Interior, Industry and Utilities has

been presented mainly at the MPA-Seminars /9/ and elsewhere.
;
s

i With the 2nd edition of the RSK-guidelines /8/ the concept of basic

safety was' established which is determined by:

i

- high grade material properties;

major. emphasis is placed on chemical composition, fracture

toughness, processiblity and testability

- conservative limitation of stresses and reduction of peak

[- stresses;

| that means a sufficient load-bearing margin in relation to the

entirc'. of loads that may occur and a preference that must be

given to certain forms of design and construction so that stress

concentrations at welds are minimized

508
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'
1

l

l
I
'

assurance of the application of optimized manufauturing and-

testing technologies;

preference must be given to certain semi-finished products
(forged rings for vessels, seamless tubes and pipe elbows with
extended ends),

tight tolerances to achieve a small edge displacement

the ability of finding defects and assessing them properly;-

experience has shown that the improved testability of the
base material and the welds (less indications from nonmetallic
inclusions or geometrical imperfections) results in a higher
reliability of the results of the nondestructive testing,
advances in fracture mechanics as well as experimental investi-
gations have improved the understanding of fracture behaviour

control of the operating medium and system behaviour.-

For components which are designed and manufactured to these
principles a instantaneous failure is excluded.
For an adequate surveillance during the life-time of the plant
leak-detection systems as well as recurring inspections are
required /1,13/.

The detailed requirements on the primary pressure boundary are
laid down in the KTA-Rules (10,11,12,13/.

Fig. 1 gives an impressive example how the principles of basic
safety were applied to the primary circuit of a PWR. As far as the
primary coolant piping is concerned, the number of welds could
be reduced from about 250 to about 60 by using forged parts with
integrated nozzles /14/.

4

3. CURRENT POSITION ON LEAK-BEFORE-BREAK

The experimental and analytical work on leak-before-break in the
F.R.G. is summarized in /15,16/ to a certain extent. More work is
still going on devoted to a better understanding of fracture behaviour

.in ductile materials /17/. From the results of the research and
development work finished so far it can be concluded that leak-
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I

before-break behaviour is given for circumferential cracks as well
as for longitudinal cracks in pipes which are built to the quality
standard required by the basic safety concept /15,16/.
For a general application with respect to the exclusion of piping
failures-the following questions have to be taken into account:

1. possibility of multiple cracking
2. corrosive influence

3. validity of fatigue design curves

4. reliability of defect detection and sizing
5. applicability of fracture mechanics to degraded material

conditions

bf equal importance as these questions are is the need to evaluate
the operating experience also. Up to now the primary piping of the
PWR's using ferritic steel and stainless steel cladding show an
excellent performance.

'

Due to the~ improvements in the primary pressure boundary built to
,

the standard of the basic safety concept, instantaneous failure
of components can be excluded. The resistance of the weld connections

J

to fatigue cracking has been enhanced by applying optimized manu-
facturing technology and reduction of peak stress, this covers point
1 and 3. The testability has been improved and therefore reliability
of defect detection and sizing increased, point 4. A significant
degradation of the material over the lifetime ist not to be expected.
This judgement is based on the relatively low fatigue usage factor
calculated as well as the excellent operating record, so point 5 has
no importance. Ferritic steel piping in BWR-systems which had been
questioned with respect to their resistance to unstable crack growth

| have been replaced during the last 2 years by pipes of ferritic
steels to a comparable quality standard as the piping of the PWR's
/18, 19/. Corrosion problems (point 2) on stainless-steel clad ferri-

' tic piping have.not been detected in German PWRs.

.
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~For-these~ reasons it has been decided that engineered safeguards as
'

. pipe whip restraints:to protect-against a postulated pipe break

are not justified.-The abandonment of pipe whip restraints on the j

main primary' coolant. piping allows a simpler layout of the system
'

'with' easier access for inspection and surveillance..

|
,

' . If any crack growth ~ might occur only m'inor leakage is expected.' - j
For design purposes it has been decided that a leak area of 0,1 F

(F =.open cross section of.the pipe) is chosen as an upper value to.

' calculate reaction and jet forces.

The design requirement for the strength and stability of the component

support has been simplified, an~ equivalent static force is used.

The requirements for the. design of the containment and the emergency

core cooling systems have been maintained for.several' reasons.

A translation of the relevant chapter of the RSK guidelines is given

i in Appendix A.-

i
;

! 4.. PWR- AND BWR LICENSING DECISIONS WITH RESPECT

I TO BREAK ASSUMPTIONS.

With the revision of the RSK-guidelines-in 1981 all license applications

for construction of PWR's which abandoned the pipe whip restraints on'

{ the main primary coolant' piping have been accepted by the licensing

authorities.

For PWRs alrea'dy under construction where the license -part concerning
a the primary circuit was still under consideration the. abandonment of -

5 the pipe whip restraints was accepted if the applicant could demonstrate

I .that the achieved quality of the main primary coolant piping complied
} with' the requirement of the basic safety concept.

The exclusion of pipe break for pipes made of austenitic steel, like
i the surge-line of the German PWR-system, is not yet decided. There

~

are still questions if:a sufficient reliability of.the nondestructive4

testing and surveillance during operation can be achieved, in par-

ticular for the dissimilar metal welds (connections to the pressu-,

rizer and main coolant pipe).,

.

! For PWRs licence applications which abandoned the pipe whip
a restraints on the main steam and feedwater line inside-the contain-
j 1 ment up to;the first closure valve outside the containment have

:

i
'
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,_

also been' accepted if the applicant-had demonstrated that the-

principles of basic safety were met equally to the primary piping.
A corresponding amendment to the RSK guidelines has been published
in 1983./20/.
For BWR systems equivalent decisions are taken in some license applica-
tions concerning the replacement of ferritic piping in the main coolant
system.

I,
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E eaction and: jet' forces acting on pipes, components,.(1)- R
l)-component internals,and. buildings.

1'. Concerning the load assumptions'for reaction and jet
forces _on pipes, components,1 component internals,and'
buildings a spontaneously' opening' leak (linear opening
.behaviour, opening' time 15 ms) with a cross section
of O,1 F (F = open cross section)- shall be . postulated
for different break positions.

2. In order to cope with the consequences (pressure increase
of in the reactor pit, release-pressure-wave acting

on the reactor. pressure vessel internals) of a

postulated leak'with a cross section of O,1 F between
.the reactor pressure vessel and the biological shield,
measures shall be taken, e.g. double pipes :in the

. area of the main coolant pipe penetrations through the
biological shield.

(2) Presumptions .for the design and the safety demonstration
of the emergency core cooling systems, the containment vessel
and its internals .as well as the supports of the reactor coolant

system components.

For the design and examination by calculation the following-
postulates are relevant:

1. The analysis of the emergency core cooling ef ficiency.
(reference to Sec. 22.1.1)shall be based on leak cross
sections in the main coolant pipes up to 2 F. The

,

emergency' core cooling systems shall be designed
accordingly.

II This definition is relevant for the designNgtel
requirements in Sec.
3.3: (1) Reactor.pretsure vessel internals
5.1 (5) containment internals
5.2 (1 ) , ( 5) Electrical' equipment inside the

containment
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'4. The determination of the containment vessel' design*

pressure as well as the determination of pressure

differences inside the containment vessel shall be
based on leak cross sections up to 2 F.

The determination of design pressure and design
temperature for incident resistant electrical

equipment shall be based on leak cross sections of

2 F as well.

3. For the demonstration of stability of components reactor
pressure vessel, steam generators, main coolant pumps,
and pressuri2er the following assumtions shall be
made:

The stability of the components shall be assured for a

static force P,x with

magnitude: P,x =pxFx5

p = nominal operation pressure

F = open cross section

S =2 (safety margin)

origin middle of the pipe cross section in the

of force area of the nozzle circum ferential weld
,

; direction _ middle line of the nozzle acting towards
of force the component.

This force acts only on one nozzle for the time being.

The stability shall-be demonstrated for each nozzle

separately.

Notel with respect to the steam generator the stability

shall.be assured for the connection to the

secondary circuit in the same way.

.
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(3) Deterministic postulated leak cross section in the

reactor pressure vessel

1. In view of the restraints of the reactor pressure

vessel, the stresses acting on the reactor pressure

vessel internals .and the design of the emergency core

cooling system, a leak of about '20 cm (geometric

cross section: circular) shall be also postulated

below the reactor core upper edge. Prior defects of

the reactor pressure vessel which might lead to a
2leak size of more than 20 cm shall be detectable in

time by means of suitable monitoring measures.

2. The design shall also be based on the consequences

of the sudden break of a control assembly nozzle

involving the maximum possible' leak cross section as

well as the postulated leaks in the reactor pressure

vessel.

(4) Pressure barrier of the low-pressure system towards the

high-pressure system.

Provisions shall be made against pressurizing of the low-pressure

system as a result of a failure of the pressure barrier towards

the high-pressure system (pressure-retaining boundary). The

provisions may include recurrent tests of valve functions,

measurements of the pressure between two successive valves and

the indication of. leaks in the control room).

21.2 Postulated Leaks and Breaks in the Main Steam and/
or Feedwater Pipe

(1) The loads acting on the steam generator heating tubes as

a result of the static and transient stresses (pressure-surge,

flow forces, static pressure differences along the steam genera-

tor heating tubes) in case of a main steam and/or feedwater pipe,

break or remaining open of a secondary safety valve shall be -

f determined. It shall be demonstrated that the steam generator
I heating tubes will cope with these stresses. In principle,

I
i
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lhowever, in this incident analysis the failure of a few steam '

generator heating tubes shall be postulated as a single failure

wich shall be considered by the assumption of a total break

;(2F) of a steam generator heating tube in the concerned steam

generator comprehensively.'For the case of a main steam pipe

break outside the outer' isolating valve an additional

" isolating valve nonclosure" single failure, a steam generator

heating tube failure need not be postulated if the above de-

monstration has had a positive result.

(2) The ef fects of a main steam pipe break and of a cold water

transient on.the reactivity behavior and on the changes in

pressure and temperature in the reactor as well as the resulting

stresses on the reactor pressure vessel and its internals shall

be kept under control.

22. Systems for Post-Incident Heat Removal

22.1 Emergency Core Cooling and Residual Heat Removal

System

(1) A reliable and efficient redundant emergency core cooling

and residual heat removal system shall be available for the

removal of heat after loss-of-coolant accidents. The system

shall be capable of keeping core temperatures at long-term low

values in case of an occurrence of leaks and breaks in the

pressure-retaining boundary as specified in Sec. 21.1.

22.1.1 Requirements

(1) The cmergency core cooling system shall assure that

1..the calculated maximum fuel rod cladding temperature will

not exceed 1 200 C;
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-PROPOSED CHANGES ~IN INTERMEDIATE PIPE BREAK CRITERIA
,

,

i

R. P. SCHMITZ ,

j

CHIEF NUCLEAR ENGINEER

BECHTEL POWER CORPORATION
.
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PROPOSED CHANGES IN INTERMEDIATE PIPE BREAK CRITERIA
4

For Presectatina September 2, 1983
'

=0 g\ ) y, r
Commitr.ee pu the Safety of.Nucitar' Installations,

Meeting on Lea's Before Break in'Nucleah Reactor Pip'ing, Systems
, ; ,s 1 i

I h I 4,

f- . by R.P. Schditr,i Chief !!uclear Engineer \')
r

.

Eechtel lov v Cor'porati9n." '
'

,

,f (
' ' ''

, , ,

<
.

't(,,,

Progress' is being made in making the ovkNIU U.S c'riteri'a 'for. nuclear plants
,

more rational. ;Uopefully, this will lekJ t6 be'tcarIand safer plants for the
,

future. These Imrhvements are resulting 'froin tbOincrassed use and under-'

standing of risk' Asse'aement techniques anl'eafdy goahi as well as evalua-
I tion of the napress% pperating, expertence beitg accus.ulated,.

' 't s .3An important part of this' effort id, ihe review of criteria'for nuclear plant
piping systems and the develo'pment} vf more realistic ( safety-effective and

; cost-effective criteria for desigs., Ourorganizationhisgivingthis.subjecta
.

very high priority. Improvement 1 *i1 pipe break criteria, are a key part of
);; j ;!

'
this effort,' ' '

r,

w ,- , ; /
Pipe breaks have always Asen con'silett dto,Idaedegreeincommereial' nuclear

f power st'ationssin the tLE. At firstb there was(ronsideration only of
potential radioactiv releases. ,Wext, meergency dori cooling systems were
added ' to replace 'the' primary sy' stem coolant lost % rough the break. Later,

j criteria were develo' pea for pinghip restraints to)y[rctect ,against pipe move-
ment. . A detailed deLfinition of Weak iccations was repived.: Every year wa'

added some detail thite defin'ition of hipe\ reaks an'd |6aidsffectsb
3

including : jet inyingsvent loads, compkrtment prsseurization, asymmetric
i loading on the reactor' vessel, pump overspeed, effects on' equipment supports,
j pipe dynamic impact loads, potential effects of pipes impacting smaller or ,

larger pipes, formation of secondary missiles and formation of plastic hinges
;

; in the ruptured oipe. 1M ae effects are pdaetantly being etaluated in greater
andgreaterdeda)iandpresumablywith"steateraccuracy. This progression has

i resulted fro s the tendency of engineers to' achieve perfection, along with the
reaction of- dog'neers to the legalistic and adversarial atmosphere surrounding

! many projects. .he.tegulators have encouraged this entire process, but
industrymustmaskeresponsibilityalso.

L~.~
The impact o'@ese developments is just; now being fully appreciated. A

typical PWR acts,can have shout 300 pipe whip rentraints. The engineering
effort on thgpar7 of the architect engineer reqaired to deal with the entire

~

problem can rage bp to 250,000 person-hours, more,than was required for the
. entire balancep f-plant design work for many.operpting 500-600 MWe nuclear
plants. Estinsted costs' for the design and coutruction work ' associated with

.

pipe break effects for a typical unit are 30 t3 50 million dollars. The!
design features included to protect against pipe whip clearly, complicate the

i
f

- y . ,_,
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l.cverall plant design, make access for maintenance and inservice inspection*

ocre difficult, and add to the dose accumulated by the plant operators for the
life of the plant. These are real incentives to review, change and improve
the pipe break criteria and practices now being used.

' Regulatory criteria relating to piping design were essential for the design
i. ced construction of nuclear power plants but were promulgated prior to having

the experience, analysed data and detailed knowledge of the impact of the '
'

criteria that we have today.

Detailed analyses were recently completed to resolve NRC Generic Issue A-2 on
! coyametric loads on the reactor vessel resulting from PWR main coolant pipe

ruptures near the reactor vessel. Work by Westinghouse (WCAP No. 9570 -
" Mechanistic Fracture Mechanics Evaluation of Rasctor Coolant Pipe Coctaining4

; o Postulated Circumferential Through-Wall Crack"), Lawrence Livermore National
Laboratory (LLNL) under contract to the NRC, and others has provided
substantially convincing conclusions that, at least for the main cooling loop,

piping covered by these analyses, undetected defects that could cause
1 guillotine and full size longitudinal breaks are incredible. The Lawrence

Livermore work has also supported the argument that there is negligible safety
bsnefit in combining pipe break and seismic loads. Combustion Engineeringt

i also participated in this review and recently formally requested changes on
their docket for CESSAR Systems 80 to eliminate pipe breaks in the primary*

icop piping.
,

The NRC sponsored the LLNL work and closely monitored the work by others.
j They reviewed the results with the Advisory Committee on Reactor Safeguards

sub- committee on March 29, 1983 and with the full committee on June 10,

! 1983. The NRC staff reported that they are technically satisfied with the
j arguments presented and that they plan to recommend appropriate changes to the
i current NRC criteria to eliminate mechanistic treatment of PWR primary loop

b re aks . They also plan to allow use of these criteria before the formal
; changes are implemented on a case by case basis.
!

4 Although the discussions to date relate specifically to the PWR primary loop,
i the technology and principles obviously apply to many other piping systems.

There is a need to develop definitive criteria so that similar analyses can be;

made to attain the substantial benefits of this approach for other piping and1

locations.
,

These are important changes. However, there are a large number of other
dscuments and criteria related to pipe breaks, such as containment design,,

! Emergency core cooling systems, equipment qualification, load combination
I squations, flooding, shielding, and jet impingement protection. The Atomic

Industrial Forum's Subcommittee on Load Combinations is actively discussing,

proposed criteria changes for many of these subjects with the NRC. The NRC isi

censidering forming a task force to make recommendations for all resulting
change s . Hopefully, implementation of these changes can be completed in a ;

*

| year or less.

!

!
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In order to. attain a substantial and more .immediate benefit, Bechtel proposed
in a letter to the,NRC on April 25, 1983 that t.. FRC eliminate from their
criteria .all intermediate breaks. The basic criteria for determining high
energy line break ~1ocations are contained in Regulatory Guide 1.46 and Branch
Technical Positions MEB 3-1 and ASB 3-1. These documents requirs that breaks
be considered at terminal ends and at poiats where stresses or cumulative
usage factors exceed specified limits or at the two hishest intermediate |
stress points.- On a typical PWR, breaks required at the two highest stress
points represent more .then half of the 300 break points, compared with 10 to ,

I
20 primary loop restraints.

We believe that current knowledge and experience indicate that assuming
it'ermediate breaks at locations where stresses do not exceed ASME Code

~

allowables is not-justified and that, except 'for branch connections, this
-

requirement shoul'd be deleted. . There is now extensive operating experience |

with piping in over 80 operating U.S. P ants and a number of additionall

similar plants overseas. We are not aware of any failure which indicates that
designing for the intermediate breaks is necessary.

In addition, reason and logic indicate that postulating breaks based on the
highest stress is not justified. These intermediate breaks are most often at
locations where stresses are well below those susceptible to crack
propagation. The present approach requires protecting against breaks at
certain points but not at other points in the same system where stress levels
may be only a few percent,less. It also results in~ inconsistent approaches
from system to system. In' fact , the number of breaks in branched piping
systems depends more on. th'e capability of the computer program used to handle
all the branches in a single analysis than on the physical . conditions
occurring within the piping systems. j

While the restraints associated with intermediate breaks represent more than
half of the restraints, these :ese sints represent a disproportionately. high
percentage of the cost of th'e ,ove 11 restraint design and installation
effort. The location of ternint'. end breaks, and hence the location of their
associated pipe whip restraints, is known'as soon as piping layout and pre-
liminary stress analyses'are completed. 'Dris allows structural embeds to be
located and placed before pouring co.nc' rete ' space to be allocated forr
restraints and supporcing steel, and safety-related targets to be routed away
from the vicinity of the postulated' break. The'loestions of intermediate
breaks, on the other hand, are not known until J e detailed piping and hanger

,

i design and subsequent stress analyses are ecstlet d. Even then, the addition
of new piping system tie-ins or modificat bia tu iping or hanger details due

to field interferences and other reasons k a> tn change the stress at
difierent points in the line requiring ch.<tges' to the location.of intermediate
breaks. The impact that changes of this nature have on the construction
schedule during the latter stages of construction and startup is substantial.,

*

i

i

l

!

I
1
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Access during plant operation for maintenance and/or inservice inspection is
hampered due to the congestion created by these restraints and the supporting i

structural steel, and due to the need to remove some restraints to gain access
to welds. In addition to the increased work load, a significant increase in
man-rem exposure is involved. Also, the need to verify adequate cold and hot
clearances between pipe and restraint during initial heatup requires
additional hold points during this already critical startup phase.

Recovery from unusual plant conditions would also be hampered by this
congestion. In the event of a radioactive release or spill inside the plant,
decontamination operations would be much less effective due to the complex
shapes represented by the structural framework supporting the restraints.
These effects would work to increase man-res exposures associated with
decontamination and restoration activities. Access for control of fires
within these areas of the plant would be more difficult, especially under low
visibility conditions. Substantial overall benefits in these areas would be

- realized by reducing the number of whip restraints required.

By design, whip restraints fit closely around the high energy piping with gaps
typically on the order of half an inch. These restraints and their supporting
steel significantly increase the heat loss to containment. Also, since
thermal movement of the piping system during startup and shutdown could deform
the piping insulation against the fixed whip restraint, the insulation must be
cut back in these areas,' creating convection gaps adjacent to the restraint,
also increasing heat loss to containment. This effect is particularly
pronounced with metal reflective insulation. The heat loss from 1 foot of -

uninsulated pipe is equivalent to the heat loss' from approximately 200 feet of
completely insulated pipe. Thus, the addition of whip restraints yielding a
net increase in heat loss equivalent to 6 inches of uninsulated pipe per 100
feet of pipe would double the piping heat loss inside containment. This is a
major contributor to the tendency of many containments to operate at
temperatures very near technical specification limits. The elimination of
whip restraints associated with intermediate breaks would assist in control-
ling the containment temperatures.

There is a small but finite possibility that installation, inspection or
maintenance procedures involving whip restraints would not leave proper
clearances between the restraints and the pipe, thus causing higher stresses

i in the pipe. Reducing the number of restraints decreases the ' chances of this
j happening.

i Some consideration is being given to continuing the requirement for environ-
| mental qualification of equipment, protection against flooding and possibly
'

some other effects of leaks in place of these intermediate breaks.
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overall, we are extremely pleased with the progress being made on improving
the criteria for pipe breaks in light water plants. We have very actively |.

I

| supported this effort and will continue to work toward complete implementa-
!

tion of new criteria because we believe that substantially better future
.

plants will be the result.

:

528

i , .

. . . . . . . __- . . . - . _ ._,.-._ , _-. _ , _ , - _ . . . _ _ _ _ _ , _ - - - ,. .-



- .. - . .- . .

c -

i
*

A PROBASILISTIC-ASSESSMENT OF LEAK-BEFORE-BREAK

-S.-H. Bush,

.

INTRODUCTION --

:Probabilistic fracture mechanics can be used to assess both failure modes
and failure mechanisms of nuclear piping systems. In turn, such assessments

can be used in the decision process for. licensing and regulation. This paper
-

outlines one possible approach applicable to leak-before-break and asks thes

: questions that must be answered before leak-before-break'can become a viable.
,

alternative.
,

The follovrins, ~ questions need to be answered in ;)ursuing thc ;, obtbilistic
approach:-

Can pipes fail? 'e

What is connoted by failure?e

What are the probabilities of failure?e

What is the probability of catastrophic failure?e

Where does leak-before-break fit in between failure and catastrophic-e

tailurel
.

What factors contribute to failure, or to leak-before-break versuse

catastrophic failure?.

A system that is of current interest and amenable to probabilistic model-.

ing is the BWR recirculation piping using IGSCC as the failure mechanism.
'

Typical. parameters requiring evaluation in a probabilistic model are discussed
in the next section.

4

Parameters in the Probabilistic Model

Although the ASME Code deterministic approach establishes conservative>

load :imits and property levels, factors outside the-scope of both code and
' designer may lead to_ failures so that failure probability plays a role even in

,

i

|
l
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( the so-called deterministic approach.: The following paragraphs simplistically
. discuss -the key parameters of loads, material: properties, and flaw geometry as

'

they relate to. failure of structures.

. Figure 1 uses a: stress-strain diagram to portray load thresholds and fail-
: ure mechanisms. Zone ILfailures occur when the ultimate strength is exceeded.

' ~

. In this mode, if one assumes that' code' maximum loads remain the same, failure'

i- .will occur: through a loss of section such as may occur with gross cracking.
Zone 'II'. represents elastic-plastic or general yield . failure where the flaw con-;

tributes to failure at stresses below the ultimate. Zone III is the region

. where linear elastic-fracture mechanics controls and failure'will occur without-
perceptible deformation.

L
Factors outside the scope of. design rules or codes _ such,as ASME can lead

to failure. Also, probabilities of failure may vary widely even when a system
[' operates within the bounas of load and material properties set by the code.

The deterministic approach to such behavior as component failure has
proven satisfactory and relatively straightforward, given that the relevant
' data base is sufficiently large to permit meaningful predictions. ' Generally,

,

with a large data base, a direct relationship can be established with actual:

field experience. Unfortunately, the deterministic approach becomes less.'

effective as the data base decreases, or when one wishes.to extrapolate beyond
.,

I the data' base. For example, predicting failure behavior at higher stresses,

; _ prus and cons of modified nondestructive examination techniques, behavior near
.end of design life, etc.

j The probabilistic approach involves the development and application of
; engineering models based on an understanding of failure modes and on the sta-

tistical distribution of the various. controlling parameters. Basically, one
,

! analyzes failure by interrogation from the inside rather than from the outside
of the system. Even so one starts with a deterministic model of one or more-

;

system failure modes, then modifies them appropriately to the probability for-
'

mat.' Such physical models include fracture mechanics, fatigue life analyses,
static' stress strength analyses, etc. Probability is applied by combining
known, assumed or proposed statistical variations of the various controlling
parameters to predict the statistical variations in structural performance.

'
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ZONEI
__ _

LOAD = STRESS (a)
CROSS-SECTION (X)

FOR FlXED LOAD AS 4 DECREASES,

o INCREASES TO O
UTS

LIMIT LOAD

_

UPFER BOUND RARE EVENT (LEVEL D)m

$
h | |C

$ ZONE 11 J, . C

b f ,M
'*

f
~

J - MEASURE OF FRACTURE IN ELASTIC-PLASTICIC
OR PLASTIC REGION

J - STRESS INTENSITY FACTORg

UPPER BOUND DESIGN OPERATING LOAD K, > KIC

K, C
"'K - ASURE OF FRAGURE TOUGHNESS ,MiCZONE lil

a - FLAW DEPTH (OR HALF-DEPTH)

K - STRESS INTENSITY FACTOR
g

C - CONSTANT (MORE THAN ONE FOR FLAW, ETC. )

S1 RAIN

FIGURE 1. Simplified Stress-Strain Diagram Illustrating Failure
Regions for Net Section Failure (I); Elastic-Plastic
or General Yield (II); and Linear-Elastic (III);
Assumes Membrane (Tensile) Load
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The following sections will deal with the specific case of piping in the
context of flaw-size distribution, loads, and mechanical properties. Flaw dis- |

tribution at any time, transients affecting flaw growth, loads, stress intensi-
ties, and fracture toughness are tied together to yield failure probability.
Figure 2 is an excellent presentation of the parameters affecting probability
of failure.

One of the most critical input parameters, and the one we know the least
about, is the flaw-size distribution probability density function at any time

(T). Figure 3 is an attempt to represent schematically the time-dependent
effects relevant to piping fracture. The use of a population of cracks initi-

is justified on theated and grown exclusively during the operating life TOP
basis of observed plant behavior.

Table 1 gives some idea of the sensitivity of pipe size and fabricatien
conditions to failure rate in the case of IGSCC in BWR primary coolant systems.

1

Such defects in almost all cases are operationally initiated requiring no prior
fabrication crack.

The statement of the flaw-size distribution problem is relatively
straightforward; unfortunately, this is not true with the answer. Basically,
the problem is--how well can we define the shape and dimensions of the proba-
bility density function for the flaw-size distribution at any time (T)? The
answer depends on the following factors at a minimum:

original flaw-size distribution if anye

accuracy of the fatigue crack growth equation usede

correct definition and applications of all transients causing cracke

growth

effects leading to the initiation and propagation of new cracks bye
|

mechanisms such as IGSCC, corrosion-fatigue, thermal fatigue, etc.

(Such effects may include but not be limited to the environment seen
by the system, material properties, type of alloy, degree of sensi-
tization, condition.of surface, level of residual stress, existence
of crevices, etc.)
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FIGURE 2. General Procedure for Calculating Time-
Dependent Failure Probability
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PROBASILITY OF NOT DETECTING PROBABILITY OF INTRODUCING
A CRACK WITH NDE AS A FUNCTION A CRACK DURING FABRICATION |
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SIZE DISTRIBUTION OF CRACKS . STRESS TRANSIENT FATIGUE CRACK GROWTH

AFTER NDE AND REPAIR (TIME.0) HISTORY CHARACTERISTICS

'

.
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OF INITI AL FAMILY OF FLAWS ' 0F NEW CRACKS INITIATED . LEADING TO CRACK

A S FUNCTION OF NUMBER OF BY OPERATING CONDITIONS INITIATION: IGSSC,
'"

. FATIGUE CYCLES (OR TIME) AS FUNCil0N OF TIME CORROSION-FATIGUE, ETC
.

i

+ I

AND10R PROBABILITY OF NOT ANDOR
SYSTEM PROPERTIES PIPE

DECTM ACRACK ISIZE, LAYOUT, RESIDUAL
,

STRESS, E, MM
SI E IN CE.

CRACK INITIATION
j INSPECTION

&'

DEFECT SIZE DISTRIBUTION OF TOTAL

' ~ FLAW POPULATION AFTER NDE AND
-

'

REPAIR ITIME.Tl
< o

,

$ h 1P

DEFECT-SIZE DISTRIBUTION OF TOTAL FLAW LOADS ^$ ' " -
FfA & POPULATION PRIOR TO NDE AND REPAIR

S OF T
(TIME.T)

,

| STRESS INTENSITY FACTOR c

!.
! FRACTURE TOUGHNESS FAILURE PROBABILITY

AS fuzil 0N OF *lMF- PROPERTIES
-

; FIGURE 3. Schematic Diagram of Time-Dependent Effects
| Relevant to Piping Fracture
i !

..~ dequacy of NDE techniques.to detect both fabrication and operation-a.

ally initiated flaws. (This is better defined as the probability of i

detection as a function of flaw size, location and orientation.)

degree of corrective action taken to repair defectse

time since last.NDE permitting further growth of existing flaws ore

initiation and growth of new flaws.-,

L

L
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of BWRs:(Multiply.all values by 10 geat-Affected Zones
Failure-Rates Due to IGSCC in WeldTABLE'1.

)!.

Dresden 1 BWR Mark 1-and 2 BWR Mark'3 and 4-
? Per . Per ~Per Per Per -Per

' Failures Weld Weld-Year Weld Weld-Year Weld -Weld-Year-

(All welds 395 :25.1 '22.0 2.59- !60.3 15.1-

2-in. (51-mm)~line welds '30.5 3.59

4-in. (102-mm) line welds '845 53.9 50.5 5.94 251.6 62.9
~

6-in.-(152-mm)linewelds' 1684 106.8 40.7 4.79

8-in. (204-mm) line welds 909 57.7 40.2 4.73 141 35.3
- 10-in.'(254-mm) line welds- 125 31.2-

Presumably, if-one can' correctly define all of the above, one can define

the flaw-size distribution at time (T).

If we assume the existence of cracks, we need to assess the probability of-
detection and of sizing-such cracks. As an input into our fracture mechanics
model Figure 4 is a' generalized model while Figure 5 contains actual detection
probabilities for IGSCC, confirming the shape of and band width illustrated in
Figure 4.

Several factors influence the reliability of flaw detection. - Figure'6
presents those internal and external factors significant to such reliability.

i

The external and internal fac+. ors cited very in relative significance;
however, any- one of.them can reduce reliability to zero under a given set of
ci rcumstances. This is particularly true for -flaw characteristics. Several of
the factors are interactive. For example, varying the equipment may substan-
tially improve or reduce the reliability as . influenced by flaw characteristics.

. With data concerning the. probability of detection and of sizing of IGSCC,
it is possible to establish factors of improvement in failure probability -
assuming corrective actions or replacement. These factors are inputs leading
to overall reductions.in the probability of failure.

.

The significance of initial' flaw-size distribution in piping welds prob-
ably has been exaggerated, particularly when the flaws usually occur between
'l/4t and 3/4t (the' central half of section thickness). The driving forces for
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FIGURE 4. Hypothetical Curve of Probability of Rejection Versus
Imperfection Size. " False" signals and 95% confi-
dence levels shown.

cract propagation are relatively low for small deeply embedded flaws, not
exposed to the coolant. The situation is different for surface or near-surface

,

flaws, particularly those distributed around the inner surface. In such flaws

it may not be necessary to assume a prior flaw-size distribution. Under cer-
i tain circumstances, the driving forces are sufficiently high to result in both

crack initiation and crack growth with the cumulative time for bot.h stages less
than predicted for the growth of embedded fl6ws when the two processes are com-

pared against the same final flaw size.

|
Three mechanisms leading to crack initiation and growth are cited. The

( following are three mechanisms, all of which have resulted in piping failures
in operating BWRs and/or PWRs:
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LIMITATIONS TO FLAW DETECTION, SIZING, LOCATION WITH UT

INHERENT LIMITATIONS SET BY THEORETICAL CONSIDERATIONS (UT)

/ \
INTERNAL FACTORS EXTERNAL FACTORS

COMPONENT SURFACE
(FINISH IRREGULARITY,- _ REFERENCE
ACCESSIBILITY) STANDARDS

COMPONCNT GE0 METRY

(ONE VS TWO-SIDED EQUIPMENT

ACCESS) h AC0USTIC PROPERTIESh (VARIABILITY)

MATERIAL FACTORS

(CLADDING CRAIN
SIZE AND ORIENTATION,

MACR 0 STRUCTURE h CAllBRATION @
SPECIFIC MATERI AL)

- HUMAN ELEMENT

FLAW CHARACTERISTICS
(ORIENTATION, GEOMETRY,-
ROUGHNESS, STRESS

ON FLAW)

FfAURE 6. Limitations to Flaw Detection, Sizing, l.ocetion

1. stress corrosion cracking, primarily intergranular stress corrosion
cracking (IGSCC). (This is predominantly but not exclusively a BWR
problem occurring in austenitic weldments.)

2. fatigue cracking, initiated by thermal-transients and continued by
combined thermal and pressure loads.

3. corrosion-fatigue, where cracks initiate and grow from the inner,

f surface due to a combination of the environment and the cyclic
loads.

| Relatively little has been reported relevant to incorporating IGSCC into a
probability failure model. A recent study attempts to attack the problem;
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however, that study begins with the a priori assumption of a flaw population so
that the system is propagation controlled. In my opinion this introduces undue
restrictions into the model.

The crack growth by IGSCC can be divided into two stages--the initiation
or nucleation period, and the crack propagation period. While a microscopic
model probably is better for describing crack nucleation, a deliberate decision
was made to use a macroscopic model to be consistent with the crack-growth mod-
els used in most probability studies.

Extensive studies in BWRs and simulated BWR environments indicate that the
following parameters are controlling for austenitic weldments:

1. the environment (E) with the level of oxygen in the coolant (at tem-
perature) usually controlling

2. the degree of sensitization (S) in the wrought structure (heat

affected zone)

3. the level of stress (e) at the inner surface (ares' "D.W.' 'p, etc.)

4. the condition of the internal surface (y) in the region of stress
and sensitization

The time-to-crack nucleation or initiation will be a complex function of
these and possibly other paramaters. For example, the process has been arbi-
trarily limitad to rip'enitic all ws avan thni ch it is knnwa + h -t s.e.' L o i 'i aus-,

tenitic alloys are relatively insensitive to IGSCC while some of the high
nickel alloys are relatively susceptible. Times of initiation may range from
days to months, or even years, based both on experimental evidence and observa-
tions with operating reactors. We can define this initiation as

Tinit(hrs) = f (E. S, o, y)

where stress may be steady state plus transient, and may consist of residual,
dead weight, pressure, bending, etc. With regard to surface condition y, one
could argue that a rough surface corresponds to a population of small cracks,'

thus shortcutting the initiation stage.
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The preceding relationship could be defined in terms of a probability
relationship; however, no analytic procedure is known for quantifying the rela-
tionship, primarily because of the very limited data on initiation of IGSCC and
equally limited information concerning the interaction of E, S, e, y.- One can

infer that the presence of some level of oxygen in the water at 250 to 300*C
and a nominal level of sensitization both represent plateaus where further
increases of E or S are relatively~ unimportant. With this assumption, o and y
effectively control Tinit. The relative contributions of a and y are difficult
to assess.

The post-initiation step is followed by crack growth with the same parame-
ters controlling, or

Crack growth rate = a = f'(E, S, o, y),

where a is a rate function which probably is not uniform and may be discontinu-
ous. For example, the effective E will be th1t at the crack tip; however, that
E will be influenced by the macroscopic E, the level of oxygen in the coolant.
Typically BWR's start with fairly high levels of oxygen at startup with these
levels reduced markedly before reaching operating (P, T).

It has been postulated that the crack growth occurs primarily during
t + "t y,n and chutd0wn, The suagested mechanism particulary relevant to startup
is that oxygen is presenc, and loads during heatup may be substantial, particu-
larly bending loads that could open the cracks permitting access of coolant.
If such is true, one might hava 90 to 95% of the crack growth in <1% of the

|
time during a 300-day operating cycle.

The preceding is conjecture; it would be beneficial to have definitive

( data confirming or denying the postulate.
|

| The effect of loads is two-fold. They, in combination with other factors
such as the environment, are responsible for the propagation of cracks to a ;

| greater or lesser degree. Ultimately, a load is necessary to result in failure
either due to leakage, or catastrophically.
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In the crack. initiation and propagation stage,'the probability of crack
growth is: sensitive not only to f (E, S, o, y).for IGSCC, but also to piping
diameter and to piping subsystems. It is necessary- to examine a spectrum of

s

piping size to meaningfully predict crack growth as Figure 7 illustrates the
contribution of primary and secondary stresses to relative _ probability of
failure, and Figure 8 examines geometric and size factors influencing probabil-
ity of failure. Both support the significance of pipe size and of subsystem to
failure.

Another factor influencing probability of failure is the rate of loading
as well as the maximum load. For example, faulted loads predicted by one
mechanism may be quasi-static while-faulted loads predicted by another may be
dynamic. A specific example might be certain seismic loads where the ramp
approximates quasi-static conditions and a region of high-stress intensity such
ts a discoit'nuity . night yield but not fadl. A dynanic faulted lotd might be
the opening of safety relief valves or water slugging.

:

There has been substantial work in probabilistic modeling of structures;
however, the information available on the modeling of loads in piping systems

'

is quite limited.

Examples of factors to be considered are:

1. The designer or reviewer should only have to combine peak responses

from individual loads.

2. The response combinations in requirements in 1 should be specified

in simple deterministic terms.

3. Fo' mechanical components the ASME code stress limit and service

level (A, B, C, D) philosophy should be used.

Particular attention needs to be given to the specification of loads, load com-
J binations and load factors. The following questions were asked:

i
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. Loads

What are the sources of and uncertainties in the loads?-

What are the probabilities of occurrence of different load-

intensities?

543

_ _ - - ..



.
. . . . . . . . - - . - . . - -- . _ . - _ - . - - . - - .

''

_

' What are the' durations of the loads?

Is the leading function or displacement controlled?.

What are the dynamic characteristics of the loads?--

e load Combinations

What is the: probability of two or more concurrent loads?-

What consequences can be allowed due to concurrent loads? (Thisj~ -

'

determines the equipment-service-_ level or structural-load accep-

tance criteria.)

What is the probability that the specified consequences (deforma-.
-

tion, cracking, etc.) would be exceeded with the specified load

: combination?

What is the effe:t on safety fo; the specif'et load comtinations-
,

; (sensitivity of overall risk)?

What response combination criteria is to be associated with the-

i
.'

selected load combination criteria? I

,.

i e Load Factors

f What is the nature and mode of the load; i.e., is it static,-

! vibratory, pulsatory, load controlled, displacement controlled?
i
i What are the c;/namic ch.tracteristics of the strLcture?-

What factors for combined loads will result in the code intended-

;

| " safety margins?"

What effect do the factors have on the probability of failure! -

f (sensitivity of risk)? '

'All these issues must be addressed to develop a rational and uniform basis,

for conbining loads. *

Crack growth can be approximated by a fatigue model based on linear elas- [
| tic fracture mechanics. Loads for both crack growth and possible failure can
b
!
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be postulated. The third parameter influencing failure will be the relevant
mechanical properties. A simplistic approach would be to relate flaw size to

XIC; e.g.,

a = const
max

Since the failures of interest are after pressurization and heatup, the
meaningful fracture toughness properties for typical reactor piping more real-
istically are characteristic of elastic-plastic rather than linear-elastic
properties. If we had the relevant fracture toughness data (which rarely is
the case), we could evaluate

IC
a =C
max o

where this a should be substantially larger than the a as a function ofmmax max

K IC+

The third possibility is a general yield model where the remaining liga-
ment is assumed to fail by ductile tearing.

There are some experimental data relating flaw size to stress (usually
flor stress) and to toughness properties; however, the dita are rather limited
with regard to developing a probability model inter-relating flaw size, stress
and toughness properties. In terms of probability density functions, the fol-
lowing is my best estimate as to where the state of knowledge is:

! There is no meaningful model available for the PDF of flaw-size dis-.

tribution in typical nuclear piping.

Fracture toughness values are sensitive both to prior history and toe

| operational history; for example, there is evidence of long-term
reduction in upper shelf toughness in cast austenitics that could be
significant. Degradation mechanisms exist for ferritic materials so
time of operation could be significiant.

i
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Real versus postulated transients differ widely, as do postulated*

. faulted conditions versus the probability of their occurrence. .The
uncertainty in loads at any given time will be very high.

The failure load-temperature relationship is illustrated schematically in
Figure 9.

At this stage, we should have all the necessary inputs to permit the pre-
diction of failure. Given a system or subsystem made up of components having a
defined range of mechanical properties and operating under a defined set of
temperatures and loads, the problem is to determine the probability of failure
if- one or more of the components contain a spectrum of flaws. Basically the
solution is one of load versus strength with the flaws decreasing the effective
strength. We can define loads in terms of stress, stress intensity factor or
J, and strength in terms of strength, KIC, or JIC'

l. LINEAR ELASTIC FRACTURE MECHANICS

2. GROSS YlELD PLATEAU

3. ELASTIC-PLASTIC FRACTURE MECHANICS

3 4. UPPER SHELF PLASTIC INSTABILITY
U

--- PLASTIC ZONE CORRECTIONs
|

6 -J |E / |
|s / I I
Iw / I Ia ,/ I l

I
|

5 -
|-'

1 | 2 3 | 4

I I
|

1 I
I I |

TEMPERAT')RE

FIGURE 9.
|

Failure Load-Temperature Relationship Schematically
,

Displayed Illustrating Various Toughness Regions'

for a Typical Primary Pipe

!
i

546

L



|

1. The crack distribution in terms of shape, size, location and orien-
tation. This distribution may be modified by NDE and subsequent
repair as well as by growth through mechanisms such as fatigue.

2. The statistical distribution of strength. This might be the upper-
shelf fracture toughness such as f(KIC)d KIC, which will give the
probability that the toughness in any component in any location lies

-

between KIC and KIC + dKIC which can be normalized to this equation:

ff(KIC)d KIC*l

recognizing that the values of K will vary with time, so we are con-
sidering a three-dimensional diagram.

3. The design transients for normal, upset and test conditions (which
can be extended to emergency and faulted). These transients are
assumed to occur regularly in time at the design frequency. They4

will influence both flaw growth and ultimate failure probability.

,

t

$

|
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4

INPUTS INTO PROBABILISTIC MODEL

An analysis Lof the types and numbers' of various piping failures permits a
'

_ benchmarking'of our probabilistic model. The following represent somewhat ran-
dom examples of input information. If one uses non-nuclear failure data, there

J _is a problem in assessing its pertinence. An example is given in Table 2'on an
original analysis followed by a reanalysis, illustrating this subjectively.

An example of early failure data comparing pipe size failure. locations and;

failure causes is given in Table 3 for 1 year.
t

Water hammers represent one of the most severe loading conditions. Some
j data relevant to water hammer in BWRs is given as an example of potential

; inputs into our probabilistic model. Tables 4 to-7 contain such information.

; For example, Table 4 cites instances of cracking, oermitting a gross correla-
tion with water hammers cited in Tables 6, 7, and 8.

i

TABLE 2. Distribution of Failures for Piping During Service

Relevance to
Catastrophic Noncatastrophic (NC) Nuclear

Failures (C) Leak Nonleak C NC

Prior to service (a) 1(a) 2(a)
During service

| Fatigua 2 17 E4 1(1)(b) 14(12)_
I Corrosion 0 0 14 00 11 (4)
! Preexisting defect 1 1 7 1(0) 8 (3)
i Not determined 0 14 11 00 15 (4)
'

Miscellaneous 0 1 1 00 0 (0)
Maloperation 0 1 0 00 0 (0)

i Creep 0 1 0 00 0 (0)
Total 3 35 57 2(1) 48(23),

(a) Preservice failures; not considered of safety significance.
(b) Independent evaluation of nuclear relevance by Bush.

I

l
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TABLE 3. Distribution of Reported Licensing Event R ports in
Piping Systems (1976)

Pipe Size Location Causes

<1 (<25 mm) 28 Weld 22 Fatigue 25

Socket 10

31 <2 (125 <51 mm) 4 Socket-elbow 7 Fitup 1

Other 5

>2 <4 (>51 <102 mm) 3 Stress corrosion 10

HAZ 6 cracking~ ~

>4 <6 (>102 ' <152 m) 1
Tee 2 Erosion 4~ ~

>6 <8 (>152 <203 m) 1

Reducer 2 Wrong thickness 1
~~

>8 <10 (>203 <254 m) 1

Cold bend 1 Slag inclusion 1
~ ~

>10 <20 (>254 <508 m) 2
U-bend 1 Weld leak 1

120 (1508 mm) 0
Threaded connection 1 Leaking thread 1

Unknown 11
Elbow 3 Internal corrosion 2

-

Other 9 Other 5

Total 51 47 51

Materials

Stainless steel 23
Carbon steel 3

Unknown 25

At this time we somewhat superficially have the various pieces necessary

to conduct a probabilistic analyses. Table 8 is a distillation of results
yielding failure probabilities based on statistics as well as the most probable
mechanisms. Unfortunately, the message is that failure rates are reasonably
comparable, with the notable exception of failures due to IGSCC. These may not
be catastrophic in nature but they represent a much higher failure rate and one
cannot reject the possibility of pipe severance under certain conditions.

The factors contributing to failure cited in Table 8 appear to be gener-
ally applicable; however, they do not cover the environmental aspects leading
to rapid IGSCC.
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TABLE 4. Instances of Cracking and Leaking in LWR Safety-Related
Piping Systems Relevant'to BWRs (through 1980)

Nominal Pipe Size (s),
Piping System in. (mm) IGSCC Other

Feedwater 12-18 (305-457) 0 14 |

Recirculation 10-14 (305-356) 18 1

Recirculation bypass 4-6 (102-152) 42 4

Steam 26 (660) 6 0

Reactor water cleanup 3-10 (76-254) 45 4

Reactor heat removal 12-14 (305-356) 1 4

Core spray 6-12 (152-305) 7 5

Control rod drive 3-4 (76-102) 3 7

Isolation condenser 10-14 (254-356) 5 0

High pressure coolant injection 10-14 (254-356) 0 4

Low pressure coolant injection 16 (406) 1 0

Inspection techniques will be of value for many of the failure mechanisms

but are of little benefit for such events as water hammer or major design and
construction errors leading to abrupt failures. Inspection is beneficial in

cases of IGSCC but is not completely reliable; therefore, additional work is
required to improve inspection of stainless steel by ultrasonics.
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TABLE 5. BWR Water Hammers by Year and System

System 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 Total'
Steam 3 3 4 1 '3 2 1 17

Isolation condenser (IC) 1 1 2

Feedwater (FW) 3 6 3 2 14
,

RCIC 1 1 1 2 4 1 10
-

RHR 1 1 2 2 11 2 9 3 1 2 34
.

HPCI 2 2 2 1 4 7 5 3 2 4 32

Core spray 4 2 1 1 2 1 1 12
,

O
LPCI,

0Containment spray (CS)

| Service water (SW) 1 4 5 2 3 1 1 17

2 2-
ECCSm

m
1 1 2

; Miscellaneous"

i Total 1 5 12 10 8 21 26 20 19 6 5 9 142

| NOTE: Probably not a complete listing of incidents.
!
,

System 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980
;

BWR reactor-years 3.5 6.5 7.5 9 12.5 14.5 19 22.5 23.5 23.5 23.5 24'

per year
Frequency 0.28 0.76 1.46 1.11 0.64 1.44 1.26 0.88 0.80 0.25 0.17- 0.25

i

!
;

; NOTE: Domestic only.

,i
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_
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'
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-
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IFalled 2 1
< A

1 4 8- -
L' ,-.

h i
Smell Lines inst.,v7).[ ,

Fa l lg .' 'T t 2 3 5
-

,
- - -,.

*
s ,

'Yalve N' Q
i'

Operator demose/tallure 2 1 1 .I- -
5-

i 1 ,\
s

Yoke fet'vep- A

Body'errhe;d,
^

t 2 5
- - -

'

I 1
- - - 2

Body failure k
- -

'

1 i - --
1 q-

Stem broken / ejected 3 1 4{
- - -

,
-

-\ 4 1 10 'Dise failure \ 5- - -

Electrical failure I
' ''

4 l 't
1

- - - 6-

k *
. i )

Pump Nr
.\ ' .,'lepeller damage 1 1 g--

2- -

Body failure { ,i- - - | 1
,-

is1
'

Miscelleneous 1'N4

Broken sparger 1 - - - # 's - - 1
Demage to condenser /HK I 1 , 2

- - -
,,

Electrical failure 1 - - - - - ' 1
-

Rupture' disc failed *
3

- - - - 3, , -

Instrument damage '
2,- - - - - 2- -.,

Gasket failure N~~ '
1 I 2

- - -
.,e ..

Cracked concrete -i- 2 1 2 % 6.
- -

s

Total 19 22 6 13 44 35 22 161
i

'
~.. . .
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%
s, r,

\ |% 4 l%

%
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TABLE'7. Hierarchy of Damage to Systems Relevant to BWRs ;

'

System Reactor Date Mechanism- Damage

'
Feedwater Dresden 6/23/74 control Failed air and electric

malfunction; lines; piping supports;
valve partial cracked concrete; bent
closure pipe

|.

| Nine Mile Point 12/74- Valve Broken valve stem; damaged
: instability; pump impeller

vibration
:

Pil grim-1 1/6/76 Valve Failed valve yoke, ejected <

instability; steam; cracked valve body;
vibration damaged hangers4

Quad Cities-2 8/31/75 Valve Cracked / leaking pipe
instability;

!

Vermont Yankee 7/20/73 Valve- Broken / damaged hangers /
closure; snubbers; dented pipe

; vibration

| HPCI Browns Ferry-1 4/14/74 Valve opening Failed valve switch;
entrainment broken / damaged snubbers /

I supports; cracked con-
crete; bent pipe

Brunswick-1 3/28/81 Valve opening Damaged 29 snubbers /
entrainment? supports

| Brunswick-2 9/76 Valve opening Damaged snubbers / supports;
! ent.ainment cvetstressed pipe
..

| Dresden-2 5/29/70 Valve opening Broken / damaged snubbers /
| entrainment supports; dented pipe
;

i RHR Millstone-1 2/12/76 Bubble Damaged condenser; over-
! Collapse or stressed pipe

| Entrainment
,

t
i

Peach Bottom-2 11/75 Valve Cracked / leaking pipe;'

,

in::tability; cracked valve |

| vibration

i Service Fitzpatrick 4/10/74 Flow into Failed restraints; damaged
Water voided line snubbers; cracked c'on-

crete; overstressed pipe

|. 553
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TABLE 7. (contd)

System Reactor Date , Mechanism Damage

Cooling Peach Bottom-2 5/76 Column Cracked pipe; failed bolts
Water and 3 separation on pump casing

Feedwater Beaver Valley-1 11/5/76 Valve chatter Failed instrument lines,
12/17/76 fittings; snubbers;
1/5/77 damaged valves

Steam H. B. Robinson 4/70 Dynamic load Blew off valve
Line on valves;

design error

Turkey Point-3 1972 Dynamic load Blew off valve and header
on valves;
design error

RHR H. B. Robinson 5/8/79 Undefined Failed 6 of 10 supports in
water hammer 130 ft (39.7 m) line

TABLE 8. Comparison of Failure Rates, Failure Probabilities, and
Failure Mechanisms for Major Failures (large pipe only)

Rupture probabilities per year (basically per 10-4 to 10-6
component-year)

Rupture probability per year per foot (meter) 1.8 x 10-5 (5.9 x 10-0) .

of pipe

Failuie (r.ot rupcure.) rate per FS componer.t-year ~100 to 300 7. 10-4
(on iv 5ide)

Failure (not rupture) rate per weld-year (IGSCC) 6 to 60 x 10-4

Failure rates per year per foot (meter) of pipe 1.3 x 10-5 (4.3 x 10-5)
,

Factors and Their-Relevance
~

Inadequate flexibility Yes (IGSCC)
High incidence for nonstandard joints Not certain
Rate highest in small pipe sizes Yes
Axial cracking due to excessive flexibility Not certain
Secondary stresses,. control Yes
Stainless steel analogous to carbon steel Worse (IGSCC)
Fatigue significant in nuclear Yes (smaller sizes)
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CONCLUSIONS

A distillation of results illustrating what might be derived from a proba-

bilistic risk assessment (PRA) study follows

The failure probabilities for larger sizes of nuclear piping are.

considered to be in the range of 10-4 to 10-6 per reactor-year

(exclusive of IGSCC).

Smaller pipe sizes, of lesser safety significance, have much higher. ,

failure rates.

In BWRs, IGSCC can cause failure rates much higher than 10-4 (e.g.,.

10-2) in piping 4 to 10 in. (102 to 250 mm) in size.

Suggested failure mechanisms apply in most instances, exclusive of.
,

IGbCC.

Catastrophic failures would appear more likely from operator error.

or design and construction errors (water hammer, improper handling
of dynamic loads, and undetected fabrication defects) rather than

,

conventional flaw initiation and growth by f atigue.

|
>

.
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POSTLUDE

The preceding illustrates a probabilistic approach that might help in the
licensing and regulatory process. Obviously the interest here is the relevance
to leak-before-break. The somewhat out-of-date information does not appear to
support leak-before-break on probabilistic grounds. Possibly a more refined
model with up-to-date inputs might be more optimistic. There are straws in the
wind indicating that the PRA approach is becoming more acceptable and is an
element in relaxation of criteria on a case-by-case or a generic basis. These
apply to PWR piping more than BWR piping, at least for the present. Some exam-
ples are:

ACRS letter concerning fracture mechanics approach to postulated.

pipe failure

Executive Director of Operations response to ACRS letter.

relaxation of generic issue A-2 on asymmetric blowdown loads ande

some Westinghouse plants and one Combustion Engineering plant

positive response to LLNL piping study regarding failure probabili-.

ties in Westinghouse plants

PVRC/NRC programs on piping criteria emphasizing seismic and dynamic.

loads and leading to relaxation of criteria

German action regarding PWR leak-before-break.

planned NRC program at LLNL on probability of failure of Babcock and.

Wilcox and Combustion Engineering primary piping; also on BWR piping
with IGSCC failure mechanism. This latter program may or may not
resolve the concern of IGSCC in BWR recirculation lines.
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