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Foreword

This Workshop was sponsored by the Principal Working Group 3 (PWG-3) on Reactor Component
Integrity of the NEA CSNI, and hosted by the Gesellschaft fiir Anlagen- und Reaktorsicherheit, KOIn The
acuviues of PWG-3 fall into three main areas: Non-Destrucuve Examination (NDE), fracture analysis and
agemgAnatenals degradation. In NDE, the main activity has been the Programme for the Inspecdon of
Steel Components (PISC), jointly with the CEC. In fracture analysis, the activities are organised by the
Fracture Analysis Group, and include the round robins on Fracture Analysis of Large Scale International
Reference Experiments (FALSIRE). In the area of ageingAnaterials degradauon, PWG-3 considers case
studies of operational experience, and sponsors Specialists Meetings and Workshops.

The topic of the workshop falls across these three areas, and has links also with the work of Principal
Working Group 1 on Operating Experience and Principal Working Group 5 on Risk Assessment The
results of these considerations feed into wider Probabilisuc Risk Assessments. Another aspect of the topic
is Leak Before Break. In several meetings organised by the CSNI, probabilistic arguments in favour of
leak-before-break have been used, so it has become necessary to incorporate a large variety of
information into the estimation of leak and break frequencies.

This document is published under the responsibility of the Secretary-General of the OECD.
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Table 2.2.3 Relative Contributions (%) ol Important Initiating Event Groups to Core Damage Frequency

Initiating Event

Loss ol Offsite Power

ATWS

Transients

Loss of Coolant

Containment-Bypass

Under High Pressure

Surry

69

3.3

4.2

15

0.5

3%

Sequoyah

24.7

3.7

4.2

63

4.4

6%

REP 900

Power
Generation

<1

8.6

22

29

4.8

18%

Shut Down
and Low
Powor
States

<1

-

11.5

17

< 1

REP 1300

Power
Generation

<1

11

13

14

4.3

Shut Down
and Low
Power
States

< 1

-

7

49

-

Biblis B

1.1

1.7

7

84.5

5

9%

Japanese
PWR

4

<1

7

82

5

18%

Ringhals 3/4

66

-

17.5

62

12

12%
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EVENT GROUP, INITIATING

EVENT8

LEAK8 IN REACTOR COOLANT LOOP

1. LARGE AND MEDIUM LEAK8

2. 8MALL LEAK 1

3. SMALL LEAK 2

4. 8MALL LEAK 3

5. 8MALL LEAK 4

6. 8MALL LEAK 6

OiSSPLfl 10.0

EXPECTED

EVENT FREQUENCY

>200 CM*

80 - 200 CM*

50 - 80 CM*

26 - 80 CM*

12 - 66 CM*

2 - 1 2 CM*

PRE88URIZER LEAKS DUE TO TRAN8IENT8

7. 8MALL LEAK 20 CM*

IND. BY LO88 OF MAIN FEEDWATER

6. 8MALL LEAK 20 CM*

IND. BY LO88 OF MAIN HEAT 8INK

9. 8MALL LEAK 20 CM*

IND. BY OTHER TRAN8IENT8

10. 8MALL LEAK 40 CM*

<

9.0

7.5

7.5

1.4

2,8

3.2

S.3

1.2

8.6

DUE TO INADVERTENT OPENING OF PRE88URIZER 8AFETY

/ A

E-7

E-5

E-5

E-5

E-4

E-3

E-5

E-6

E-4

E-4

VALVE

INITIATING EVENTS
DUE TO LOSS OF COOLANT WITHIN CONTAINMENT

German Risk Study, Phase B

14



Frequency of plant damage states: 2.9 • 10"5/a

60% internal
transients

25% small leaks

15% others

Core melt frequency: 3.6 • 10"6 /a

4% internal
transients

80% small leaks

16% others

Principal contributors to the frequency of plant
damage states and core melt

German Risk Study, Phase B

15
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Tablu 2.2.1 Core Damage Frequencies (1/a)

Initialing Event

Large Dreak PCL

Intermediate Dreak PCL

Small Leak PCL

Very Small Leak PCL

Pressurtter Valve Leak
during Transients
through Inadvertent open
Safety Valves

SG Tube Rupture
1 Tubn
2 In '

V Soquencu

Loss ol Ollsite Power

Loss ol Main Feed Water

Loss ol Ultimalu 1 tool Sink

Inadvertent Dilution

Steam
Line

Dreak

Inside Containment.
Large t Intermediate
Small

outside Containment.
Large • Intermediate

_ Small

(lupine ol Feed Water Line

ATWS

Fire (Loss ol Secured DC Bus)

Flooding ol Hie Annulus

Total

Under High Pressure

Surry

I.8E-6

3.2 E-6

4.4 E-7

63 E 7

1}

1.9 E 6

1.2 E-6

2.7 E-5

1.7 E 6

14 E-6

4.0 E-5

3%

Sequoyah

2 6 E 6

6.8 E-6

6.7 E-6

2 0 E-5

1)

2 0 E 6

6.5 E-7

1.5 E-5

1.9 E 6

-

1.6 E-6

-

5.7 E-S

6%

REP 900

Power
Generation

1.2 E-6

4 1 E6

8.9E6

9 0 E 8

1.7 E-7

1.4 E-6
4.2 E-7

1.0 E-B

3.1 E-7

5.8 E 7

9.4 EC

1 OE 7
1.7 E-7

1.2 E-B
30E-7

3 3 E 7

4 3 E 6

3 4 E 5

18%"

Shut Down
and Low
Powor Slates

1 1 E 6

I I E 6

6.4 E-6

1.4 E-6

15 E 0
20 E 8

1.0 E-7

4.6 E-7

1.9 E-6

26 EO

3 1 E-6

c
c

e
c

c

1.7 E-5

--

REP 1300

Powor
Generation

1.0 E-7

5 3 E-7

8 3 E-7

6 5 E - 8

3.7 E-7
< E-8

< EO

1.7 E-B

2.6 E-7

1 2 E-7

3.7 E 8
1.0 E-7

< E-8
1.0 E-7

5 O C - 7

I .2E6

4.7 E-6

Shut Down
and Low
Power Statos

5.0 E-7

7.5 E-7

2.7 E-6

1.8 E-6

C
D

 
C

O

uj U
J

V
 

V

c

1.0 E-8

c

4 8 E-7

e

c

c
c

t

6 1 E-6

Biblis B

< E-8

< E-8

1.4 E6

t

3.3 E-7
8 5 E-7

1.0 E-8
1.0 E-B

< E-7

2.6 E 8

1.2 E-7

13 E-B

1.2 E-B

4 0 E-B

10 E-7

29E-7

2.9 E-6

9%

Japanese PWR

1.2 E-8

2 8 E-8

9.1 E-B

it

7.7 E-9

6.6 E 9

< E-9

11 E 8

< E-9

1 6 E-7

18%

Ringlials 3/4

4 5 E-6

30E-6

5 6 E-6
I)

I I

2 6 E 6

1 4 E 6

2 2 E 6

2 3 E 8

J 8 O E 9

74 E 8
1 7 E 9

2 0 E-5

12%

1) included among Small leak PCL

2) wiilioui accounlig for milgntive bleed



Table 1.1 Important Initiating Events Considered in the Studies and their Expected Frequencies of Occurrence

Initiating Event

Large Break PCL (LLOCA)

Intermediate Break PCL
(MLOCA)

Small Leak PCL (SLOCA)

Very Small Leak PCL

Pressurizer Valve Leak
during Transients
through Inadvertent open
Salety Valves

SG-Tube Rupture (STGR)
1 Tube
2 Tubes

V-Sequence

Loss ol Ottsite Power (LOSP)

Loss of Main Feed Water (LFW)

Loss ot Ultimate Heat Sink

Inadvertent Dilution

inside Containment,
Steam Large + Intermediate
Line Small

Break (SLB) outside Containment.
Large + Intermediate
Small

Rupture of Feed Water Line

ATWS

Fire (Loss of Secured DC-Bus)

Flooding of the Annulus

Suny

5.0 E-4

1.0 E-3

1.0 E-3

1.3 E-2

I)

1.0 E-2

1.6 E-6

7.7 E-2

9.4 E-1

-

-

-

•

-

Sequoyah

5.0 E-4

1.0 E-3

1.0 E-3

1.3 E-2

0

1.0 E-2

6.5 E-7

5.0 E-2

7.2 E-1

-

-

-

-

-

REP 900

Power
Generation

1.0 E-4

3.0 E-4

2.0 E-3

3.0 E-1

} 5.0 E-5

6.0 E-3
5.0 E-4

1.0 E-B

2.5 E-2

1.95

2.0 E-2

1.0 E-4
1.0 E-3

1.0 E-3
6.0 E-3

1.0 E-3

3.0 E-5

Shut Down
and Low
Power States

4.0 E-6

1.2 E-5

2.6 E-4

•

} 4.7 E-4

4.8 E-4
2.0 E-5

1.0 E-7

3.0 E-3

9.0 E-5

1.6 E-2

-

.

c

-

REP 1300

Power
Generation

1.0 E-4

3.0 E-4

2.0 E-3

) 1.0 E-4

5.1 E-3
8.6 E-7

2.5 E-2

4.5 E-1

1.4 E-4

6.0 E-4

9.0 E-5
9.0 E-4

9.0 E-4
6.0 E-3

1.0 E-3

Shut Down
and Low
Power States

4.0 E-6

4.0 E-5

9.0 E-4

} 8.7 E-4

9.4 E-5
1.6 E-8

3.0 E-3

2.0 E-3

-

5.0 E-3

5.0 E-6

•

Blblls B

< E-7

< E-7

3.0 E-3

-

1.8 E-4
8.5 E-4

6.5 E-3
1.0 E-5

< E-7

1.3 E-1

4.5 E-1

-

1.8 E-4

6.0 E-4

-

3.7 E-5

4.0 E-6

4.9 E-6

Japanese
PWR

1100MWe

4.8 E-5

1.5 E-4

4.8 E-4

1)

) 2.5 E-3

-

1.0 E-2

4.2 E-2

2.4 E-3

-

1.8 E-6

-

Ringhals 3/4

4.0 E-4

8.1 E-4

] 1.1 E-2

I)

'9.4 E-3

1.4 E-5

5.0 E-1

8.5 E-1

3.6 E-2

4.0 E-5

4.0 E-4
3.0 E-3

I) Included in Small Leak PCL



Table 1.0 Characteristics of Recent PSAs for PWRs.

Plant

Country

MWe

Vendor

Nr. of Loops

Containment
Design

Analysis Level

Plant
Conditions

Types of Simulators

State of
the Plant

Surry

US

790

Sequojah

US

1 150

Westinghouse

3

subatmos-
pheric

3

4

ice condenser

3

full power generation

internal, some
external

August 1988

internal

August 1988

REP 900

France

900

REP 1300

France

1 300

Framatome

3

large dry

1

4

large dry

1

full power generation, low
power, shut down

internal

January 1990

internal

January 1989

Biblis B

Germany

1 300

Siemens

4

large dry

2

full power
generation

internal,
external

August 1988

Japenese PWR

Japan

1 100

4

large dry

1

full power
generation

internal

March 1988

Ringhals 3/4

Sweden

915

Westinghouse

3

large dry

1

full power
generation

internal

January 1992



Table 3.2.3 Relative Contribution (%) of Important Initiating Event Groups to Core Damage
Frequency (Sw(?J

Initiating Event Group

Loss of Offsite Power

ATWS

Transients

Loss of Coolant

Under High Pressure

Peach Bot-
tom

49

41

5

5

65

Grand Gulf

97,5

2,5

-

-

97

Forsmark
1/2

2,6

4,4 1>

84

13

80

Gundrem-
mingen

21

14

53

12

41

Japan 1100
MWe

26,5

?

67,5

3,5

20



G e n e r i c i s s u e s f r o m a p r o b a b i l i s t i c p o i n t o f v i e w .

St. Beliczey

Gesellschaft fur Anlagen- und Reaktorsicherheit (GRS) Cologne, Germany

Presented at the OECD/CSNI- Workshop on "The reactor coolant system leakage and

failure probabilities" held at the GRS on Dec. 9.-11. 1992.

l n t r o c J w t i o n XN9500212

In the course of progress of several PRAs the need came up to differentiate leaks with

respect to their location and size and to determine the frequencies of their occurrence.

Calculations of frequencies of leaks in pipework of primary systems that have been

performed in early PRAs [1] had not met the needs of an improved PRA.

So we began in the mid 80 ies a more sophisticated way to determine the frequencies

of a great variety of leaks, (e.g. [2,3]). In the licensing procedures and in the course of

actions taken for the backfitting of existing NPPs the issue of break exclusion came

up.

In several meetings organised by the CSNI, probabilistic arguments in favour of the

LBB situation in the primary system had been used (e.g. [4]). So it became necessary

to incorporate a large variety of information into the estimation of leak and break fre-

quencies.

I am beginning with a classification of information that is at our disposal for such a

task. The three types of information that I am going to describe will constitute the fra-

mework that enables us to discuss possibilities but also problems on the way to achie-

ve our goal, i.e. to get the desired set of frequencies. Finally some remarks will be ma-

de on the issue, which kind of information is dominating in our method to estimate the

leak frequencies.

Details of the methodology we are using will be presented in Session IV.

Different types of information and their evaluation

It is a mathematical point of view that should be at the beginning. I am following the

procedure as it has been established in the last decades and especially by Stan Ka-
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plan and others in the early 1980 ies [5,6]. It has been devised for analyzing failure

data. After having introduced this method, for some problems the need will arise to di-

scuss the necessity of a change in the interpretation of frequency he uses.

From the mathematical point of view there is 3 types of information available that can

be used to calculate the frequency of leaks in nuclear power plant piping:

1. Information of type E, encompasses knowledge of various kind

" 'plant specifically:

the design

the manufacturing process

the materials properties

the quality assurance,

including the specifications and rules for these items, and finally

the loadings at different operating conditions

"'generally:

the results of former PRAs with respect to the leak considered.

Often the question arises, how the" failure frequency reduction caused by an im-

proved quality assurance program can be quantified without having statistical evi-

dence of this frequency reduction. The mathematical treatment of such a question

would be performed here.

2. Information of type E2 ....past performance of similar systems of similar nuclear

power plants.

Similarity of systems can only be asserted with respect to the possibility of well de-

fined failure mechanisms. E.g. if we consider leaks resulting from corrosion, two

systems are similar only if they are manufactured from the same material and ope-

rated by maintaining the same water chemistry. Or if failures caused by mainte-

nance errors or accidents are conceivable, the maintenance management of an

other system should be very similar if we be justified to utilize the experience with

it as generic information at the treatment of the system being analysed.

3. Information of type E3 ....past performance of the plant being considered.
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The two types of information E, and E2 are called generic information, E3 is the plant

specific information. Each of these three types is to be treated mathematically in a dif-

ferent manner. This is what I am going to describe now briefly. I think some of you are

familiar with this procedure.

First of all the question arises why it shouldn't be sufficient to use information of the

kind E3 alone.

We are talking about very rare phenomena, especially if breaks of piping of a large

bore in the primary system are investigated. So it won't be sufficient to confine oneself

to the evaluation of the information of type E3 because we can often prove that a fai-

lure rate is by orders of magnitude less than is demonstrated by a zero failure stati-

stics of the system being considered. So it becomes necessary to incorporate as

much of additional information on the performance of similar systems as possible. At

the end of my talk there will be some more comments on this.

The uncertainty of the frequency of a failure caused by a particular mechanism, i.e/

the distribution of this frequency has two different causes.

First, there is a population variability of the frequency. Each member of the population

has a somewhat different value. This value is a property of the member of the popula-

tion. This kind of distribution exists even if our knowledge of the phenomenon were

perfect. This distribution is always to be expected if we know that the system is a

member of the population.

The second cause of the uncertainty is the deficiencies of our knowledge about the

phenomena involved in deteriorating the system. Our knowledge may be no more

than a collection of expert opinions, or we may have a piping at hand for which it may

be accepted that a given very small frequency of leakage be assigned to it due to the

fact that it has been manufactured to a well specified high standard. But even this in-

adequate information is not useless. It can be incorporated into the process to deter-

mine the kind of function that can describe the population variability.

Now let us summarize the mathematics. First we can select a class of functions with

some parameters that will encompass the effective population variability function. The
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choice out of the various distributions existing depends on the mechanism that is

being considered.

For example let us take in accordance with Kaplan the two parameters functions

xexp

These are lognormal distributions

Let the parameters take the range |!j = \li, \i\, andCJj = G\ G j .

X is the frequency of failure. Full consideration of the primary information E, means to
make assumptions about the values

p f ^ i j / E ! j i=1,..l, j=1,..J, subject to the condition Z p f O j / E i j = 1

This is a probability distribution of the functions Oy under the condition E i . If we had
no more information available, the best estimation for the population variability of the

failure rate would be the mean value of this distribution i.e.

Now let us tum to the information of the kind E2. It can improve considerably our esti-

mation of failure frequency. E2 is of the character <kn,Tn>, n= 1....N. That means, the

relevant data of N plants are available, k,, is the number of occurrences in plant n, Tn

is the time of operating experience with that plant. Later on it will tum out, what we ha-

ve to consider as occurrences.

According to Bayes theorem the estimation of the population variability of the failure

frequency can be improved by calculating new discrete probability density values for

the functions Oy under the condition of a-priori E1 and the operating experience E2 •
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-r , p <X>jj/Ei being the a-priori know-
,E1] V )

p(ayE,,E2) =

ledge.

The so called likelihood terms are calculated by assuming a Poisson model for the

probability of a certain number k of occurrences given their frequency \

.E, =n

To get the population variability pf X / E 1 , E2 I itself, we must of course - as descri-

bed before - calculate the mean of the distribution of the class of functions

(1)

Now as a final step the information of kind E3 - if available - should be incorporated.

The estimated value of the population variability taken from information E, and E2 is to

be converted into an estimate of X for the system analysed, by including the opera-

ting experience E3 of this system.We use again Bayes theorem , but now not applied

any longer to a set of distributions , but to a set of M discrete values of X, Xm.

, E2, E =

The likelihood function is again calculated by assuming a Poisson model, so finally we

get.

p Xm/E1lE2,E3 U

where k is the number of occurrences in the system (plant) being analyzed, T is the

operating experience with the system, pf X m / E i , E 2 I can be calculated for the dis-

crete values Xm from equ. (1).

25



Now the quantities have been collected that are to be discussed in connection with

the analysis of the frequency of piping breaks (leaks)

Data pertaining to the frequency of structural failures

Let us have a look at "k first. Its usual interpretation is that of a frequency, i.e. the

number of occurrences related to a time interval. Often it is regarded to be indepen-

dent of the progress of time. A typical example would be the frequency of a collision of

birds with an aircraft. It does not depend on the age of the aircraft.

The question arises whether the frequency of a leak (break) of a pipework can be re-

garded as being independent of the age of the piping. If we consider e.g. the mecha-

nism fatigue, and a section of the piping experiences fatigue loading that has not

been taken into account at the design, the probability density of a leak with respect to

time will probably be growing with the age of the piping.

There is however a way out of the necessity to decide whether the frequency of a leSk

is time dependent. We can look for the spacial density of features that lead to a leak

or a break within the planned operation time of the system. These features incorpora-

te such circumstances as having a section, not designed for its purpose or having a

flaw that is bound to grow to a wall penetrating crack within the planned operation ti-

me.

The probability of the existing of such features can be determined from their spacial

density multiplied by the volume of the system. About the spots where certain features

are to be expected we shall talk later on.

If we can find the probability of the existing of features of this kind, then we assume

that the frequency of failures can be identified as the quotient of this probability and

the planned operation time. It does not seem to be very important if the probability of

a failure due to such a feature is uniformly distributed over the planned operation time

or not. The risk related to the entire operation time of the system is not affected.

How can the probability of the existence of a feature that is bound to cause a leak or

break during the lifetime of the system be determined from the operating experience ?

For simplicity, further on let us call such features simply flaws.
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We can collect the number of occurrences k,,, that have happened at the individual

plants and equate them to the number of the flaws that caused these occurrences.

But these are now not directly to be related to the operating time Tm of the plant. We

can have different attitudes to these occurrences. If we have met several of them du-

ring an operating time Tm that is a fraction only of the designed operating time TD, we

can suppose that existing flaws had only one TJTD-\h of their chance to manifest their

existence. In this case the number of flaws that manifested their existence in time Tm

should be multiplied by the factor Tp/Tm to get an estimation of the real number of

flaws with the potential to cause a leak or break in the time TD.

Expressed in mathematics: Apart from statistical operations the conventional method

to determine a frequency X of a failure would be

Considering the second interpretation X would be calculated as

v la v|. v km

/ . j—XKm 2 —
™— = - M

v
/ . j m 2^1 T—

"k — M™j— = - M
m M being the number of plants considered.

This idea however meets difficulties at very young plants (Tm«T0), without any occur-

rence of a leak (k,,, = 0).

I do not wish to follow this idea further, though some implications of it are very intere-

sting. What I wanted to show here is that age dependence of failure frequencies can

be dealt with to some extent.

What is to be kept in mind is, that we can in principle consider randomly occurring

leaks or breaks having quite different causes:

design deficiencies or faulty welds - using the interpretation just described

age independent phenomena such as maintenance errors - using the conventio-

nal interpretation for the estimation of frequencies.

Another crucial question comes up. What kind of occurrences are to be considered if

we evaluate the experience with similar plants or with the plant investigated. The oc-

currences, the frequencies of which we are looking for are well defined. They are
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breaks. But are they directly to be found in the experience with the reference plants ?

In most cases - fortunately for the sake of safety - not. In the data sets < km , T m >

(<„ is usually zero.

If we confined our information to this, the zero faults statistics would give too pessimi-

stic values for the frequency X to be estimated. It cannot prove frequencies, that we

believe to be much lower. What can be done in this situation ?

We proceed analogously to the method of fault-trees. We must look for early stages

(precursors) of a failure. The frequency of such early stages is usually much higher

than that of the failure considered. If we evaluate the operational experience with re-

spect to such precursors the reliability of the estimation of the frequency of the failure

can be improved considerably.

Unfortunately, by this resoning the problem is anything but settled. Some publications

have reported on work of this kind, but we have not been able so far to develop a

complete fault-tree for the evolution of a leak or a break, applicable to at least the

most important geometries and loadings occurring in a piping system.

We know that only a small fraction of all leak occurrences develops to a break. To get

forward, we postulate that the ratio XR/X,L is known and that the the frequency of a

break XB can be calculated by putting XB = X\_ x XB/XI i.e. taking the frequency of

a leak Xi, interpreting it as a precursor and multiply it by the probability that this leak

develops to a break. I admit, this is a crude distortion of the idea of a fault-tree.

The estimation of the fraction ^ R / ^ L is difficult since even the occurrence of a leak

regarded as a precursor is a very rare event. However there are some circumstances

that lead to the conclusion that the numerical value of this fraction ^,RA<L becomes

smaller with increasing diameter of the piping.

Some of these circumstances are:

the ratio of the probabilities of non-detection of a large flaw causing a break

r) to that of a small flaw causing a leak p^fl.le) is decreasing

loadings due to vibrations not taken into account at the construction or at the de-

sign are of decreasing influence
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the number of layers of weld-beads is increasing, thus the influence of faults of a

single weld-bead is decreasing.

the reliability of leak detection in an early phase is increasing due to the larger

amount of leak

Someone could be arguing, why we do not make some probabilistic fracture mecha-

nics calculations entering a distribution of flaw sizes into the program.

The answer is, there are no such distributions known that are satisfactory. Admittedly

some evaluations of ultrasonic inspections have been made and the distribution of

flaw sizes has been approximated by mathematically tractable functions, but these

evaluations suffer from two deficiencies.

First, only flaws as a result of the manufacturing process of a limited number of welds

have been investigated. The distribution of flaw sizes resulting from other mechanisms

conceivable could not have been taken into account due to the sample size being too

little.

Secondly, there is no physical reasoning known in favour of a definite approximation

function of a distribution of this sort. The far end tails, which play a decisive role in the

estimation of XQ/XL become quite arbitrary.

being a probability, its population variability should be modelled by a set of be-

ta distributions. However any indication for the determination of the range of its para-

meters is still lacking.

So what we have done for the primary system is to postulate a function

^ B / ^ - L = 2 . 5 / D N being valid in the range of nominal bore of 25<=DN<=250, and

satisfying the requirement of a decreasing value with increasing diameter.

Operating experience shows so far that for DN=25 mm X B A - L 'S ' e s s than 0.1, so it

has been taken conservatively 0.1. For the estimation of A ,B/XL all leaks, however

small (even dropping leaks) have been taken into account. Due to no occurrences of

even small leaks in piping >DN 100 mm and to only a very few leaks in piping of the

diameter range 25<DN<100 mm, further values of this functional relationship could

not be verified.
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Finally let us talk about the importance of the three kinds of information we were tal-

king about.

Let us assume no a-priori-knowledge at all about the frequency of the break of a given

kind of piping. This state of knowledge, combined with a zero faults statistic, if fed into

the Bayesian methodology described before results in a yf— distribution of the esti-

mated frequency equivalent to the idea of half an occurrence in the course of the ope-

rating life of the system. The functions i(k) used in this case as a-priori-functions are

usually X = const or 1A 1 / 2 (noninformative priors). In this situation informations of

the kind E2 and E3 are the dominating factors in the estimation of the frequency X.

As long as there are no occurrences it can be an unrealistic overestimation.

In contrast with the situation just mentioned, if we had reliable information on the dis-

tribution of flaws and knew the loadings to be taken into account, we could get an a-

priori distribution of X that is much below anything that would be suggested by the in-

formation E2 and E3 combined with a noninformative prior. In this case the operating

experience essentially gives no more information than the statement, that the expe-

rience is not in contradiction to the frequency estimated without this experience.

Now let us come to the reason of these considerations. I am taking an example that

we in the GRS are familiar with. If we have a look at the operating experience with

KWU manufactured PWR-plants, it shows that for piping in the diameter range <DN

50 (<2") there are sufficient precursor leaks which set us into the position to estimate

the break frequencies in these plants in this size range without a need for a sophisti-

cated a-priori-knowledge. If however we had to estimate the break frequencies of the

same piping size in a plant of another manufacturer, having other materials or water

chemistry involved, and not having enough operating experience available it would be

necessary to devise an a-priori-frequency distribution.

This could be generated perhaps from the experience in well documented systems

and modified by the effects of phenomena that we consider being different in the sy-

stem analysed from those in the "reference system".

For a piping of larger diameters the need gradually comes up to use an a-priori-

frequency distribution. Again talking about our own experiences with power plants we

know better, in piping of size >DN150 (>6") no phenomena have occurred that can
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be considered as precursors of a break. Of course plants may exist in the world, ma-

nufactured from other materials that have experienced cracks that could be conside-

red as potential precursors of a break.

Conclusions.

There is a well established methodology available to utilize informations of very diffe-

rent origin and quality to estimate break frequencies for all sorts of piping in a NPP.

In several cases operating experience is by orders of magnitude too little to be suffi-

cient to estimate frequencies for breaks. However some precursor events for breaks

can be found in this situation that occur more frequently than the break itself. They

provide us with more relevant experience from a system that would not otherwise yield

enough information.

Moreover these precursor events enable us to mitigate effects of time dependency in

our considerations.

Recommendation.

To improve the estimation of break frequencies, the development of fault trees for a

break in different piping systems should be promoted.

Such fault trees could improve the possibilities of the evaluation of operating experien-

ce with piping systems as well as the determination of a-priori frequency distributions.
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STEPS OF THE RELIABILITY ANALYSIS OF

NPP-PIPING

1. Definition and Classification of Safety-Related

Leakages

• system accident analysis

• damage mechanism in accordance with step 2

2. Determination of Damage Mechanism

• gathering existing system loadings

• analyzing resulting stresses

• analyzing component quality

• considering acceptance criteria for precluding certain

damage mechanisms

3. Definition of Leak Classes

• define limits of the leak areas

• evaluating the influence of time
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4. Subdivision of the System

• same kind of operation

• same kind for the environment

5. Definition of relevant elements with respect to the

damage mechanisms acting and their population by

using general as well as special operating experi-

ence and by differentiating in

• pipe elements, e.g. elbows, branches and installation

parts

• pipe connections, e.g. welding or bolting and supports

6. Determination of the plants and systems which are

relevant for the evaluation of operating experience.

Criteria are e.g.:

• comparability in material, design, manufacturing

• comparability in fluid chemistry

• quality of incident documentation

• evaluation of operational experience for the systems

• critical review with respect to design improvements and

back-fitting for the systems and determination of their

relevance for the calculated damage statistics
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7. Determination of leak areas and their frequencies by

referring to the leak-related locations - by

• additionally using experts judgements

• registering the different incident causes in a very detailed

manner

• using probabilistic models for the crack and failure growth

• considering repair or compensation strategies for inci-

dents in similar systems

8. Determination of the frequency for different leak

areas in the systems under investigation by using

the data and informations collected in the working

steps 2 to 7.
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s Boundary Conditions for Evaluation of Population
I of Risk Relevant Areas and Leak Sizes for

Primary Coolant Circuit and Connecting Piping

X
u

•M

P

• Degree of Isolatablllty of Leaks
- Primary Circuit: Leaks cannot be shut off

- Connected Piping:
ECC- and RHR-System ) { Leaks can be shut off once
Volume-Control-System ; ( Leaks can be shut off twice

RRA have to be counted Into 3 classes

1 Leakage Areas Defined by Minimum Requirements
for the Availability of Systems for ECC and RHR

small leaks : l< 2 AL [cm2]
2-25

25-50
50-80

80-200
- midsize leaks : I 200-400 i

- large leaks : I > 400 I

| small leaks of small pipes up to large leaks of large
5 pipes from wall penetrating cracks and breaks of small
I pipes up to breaks of large pipes (severences, ruptures)

have to be attached to these leakage classes
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leak area I cause of leakage

Crack
(2% of pipe x-sectn.)

mm

$sm&&±Li^ii&\i^
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Leak Size

Potential Location of Leakage

Component 1

Leak Sizes

-> Leak 1 e.g. seals and gaskets
( wear, assemblage failure )

-> Leak 2 wall penetration
( e.g. corrosion/erosion attack from
Inside, outside; fatigue )

> Leak 3 e.g. failure by malfunction
( overpressure, assemblage failure )

-> Leak 4 e.g. failure due to external events
( seismic, handling, transport, etc.)

Component 2 Component I
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Development of Leakage

Leak 1

Leak 2

Leak3

Leak 4

Seals

Corrosion/Erosion Attack

Failure by Malfunction

Failure due to External Events

Special Cases Leaks potentially causing additional

failures ( e.g. fire, deflagration, etc.)

Leak Detection:

Instrumentation

• Sensitivity

• Spatial Location

• Redundancy

Administrative Means

• Sensitivity

• Frequency of Inspection
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QCB-

o

— can be shut off doublefold
— can be shut off once
— cannot be shut off

ECCS AND RHR SYSTEM
CD
O
CM

u IUI
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A list of leak relevant structures of NPP-piping

(not complete)

seals (lids, manholes, flanges, shafts)

sections of fluid temperature fluctuations and strati-
fications

the vicinity of welds at

• structural discontinuities

• wall thickness changes

• branchings

• junctions

• turns

43



Risk Relevant Areas
Number of Spots of Potential Leak N (DN)

nom.
dla.
DN

800
400
350
300
250
250
150
125
100
100
80
80
50
50
25
25
15
15

operation
conditions

POWER
RHRS
POWER
RHRS
POWER
RHRS
POWER
RHRS
POWER
RHRS
POWER
RHRS
POWER
RHRS
POWER
RHRS
POWER
RHRS

within
containment

leak can not
be shut off

1A

0

10
-

28
-

18

12
-

(16)
-

32
-

435
-

74
-

2A

64

0
mm

0
mm

0
-
0
-

(16)
-

16
-
0
-
0
-

out of
containm

leak can be shut off
once

1A

-
-
mm

148

32
38
64
4
-
-
-

24
-

12
92

twice
1A

.
mm

-

64
-

40
•

84
-
-

24
24
-
-
-

48
6
-

1A

48
-

115
1

40
-

20
34
28
36
-

12
48
20
48
18
80

DN...
RHRS...

( ).-
1A...
2A...

Fig. 6

In mm
residual heat removal system ( during refuelling )
depending on valve opening condition
leak from one side
leak from both sides
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s Compilation of Leakage Events and their Cause
§ In Primary Circuit Connected Piping Systems

tsl
Ul

omoa>

System

pressurizer and
blow-down system

steamgenerators
connecting piping

volume control
system

primary coolant
purification

ECCS and
RHR-System

nom.
dla.

30

25
20

15
25
50
80
25
50
50

80

ro
 ro

O
l 

O
l

cause of
failure

MO

MO
O(corros.)

MO
MO
MO
MO
O
O
U

MO

MO
O

kind of
failure

break

crack
punctures

cracks
crack
crack
crack
cracks
crack
crack

crack

crack
cracks

number
of events

(D

2
, 1

3
1
1
1
5
1
1

1

1
2

MO... manufacturing and operation
O... operation
U... unknown status 12/67
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PRIMARY CIRCUIT PIPING
three different sets of conditions and corresponding
approaches to the determination of leak frequencies.
DN<50
0 operating experience used:

rj statistics of leaks from cracks
n statistics of leaks from breaks

® determination of leak frequencies:
• statistical inference

50<DN<150
m operating experience used:

El statistics of leaks from cracks
• determination of leak frequencies:

m overall statistics, specified by
formulas for the dependence of crack and break
frequencies on nominal bore, and
ratios of frequencies of breaks to those of wall-
penetrating cracks in dependence of nominal bore

DN > 250
© operating experience does not yield more than the

statement:
"no contradiction to results drawn from fracture
mechanics considerations"

® determination of leak frequencies:
consideration of results of fracture-mechanics-based
probabilistic analyses performed on piping of high
quality standards
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Leak frequency vs. piping size
(same stress level, same material)

\o-O

LD length of the piping with diameter D
or number of "risk relevant" spots

D diameter

t0 wall thickness

x exponent, 2 £ x £ 3.5

T operating time

N number of occurrences
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Conclusions

10

t )

omo

Operating Experience With German Class 1,2 Components

- leaks with safety significance are rare events,
with almost no visible effect of plant age

- In-service Inspections of PWR primary piping
have not shown any crack due to service

- deficiencies In design fabrication or operating procedures,
leading to fatigue or waterhammer loads, have been
Identified and remedied prior to operation of plants
In many cases

- water chemistry has large Impact on failure mechanisms

- use of time Independent values for failure rates seem
Justified by experience accumulated and by the very low
probability of large leaks calculated with fracture
mechanics

Statistics

- German operating experience with leakage events Is small,
| so large scattering ranges result

s
5 - worldwide experience Is only of limited use because several
? failure mechanism occur In certain reactor systems only

•° - chosen working hypothesis lead to consistent results;
r further development Is necessary to reduce range of scatter
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INTRODUCTION

PIPING SYSTEMS ARE PART OF THE MOST

SENSITIVE STRUCTURAL EQUIPMENT OF

POWER PLANTS

MODELING OF THE ENTIRE SYSTEM

INCLUDING SOIL-STRUCTURE INTERACTION

COMBINATION OF INTERNAL AND EXTERNAL

LOADING

CONSIDERATION OF THE DETERIORATION

PROCESSES OF FATIGUE AND CORROSION

UNCERTAINTIES INHERENT IN THE MATERIAL,

THE INITIAL STATE OF THE STRUCTURE AND

THE LOADING

On the Failure Probability of Pipings 28/89/131

Introduction GIS
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STRUCTURAL MODELING

PRIMARY PIPING OF A PWR

LOOP 1

LOOP 3

Finite Element Analysis

/ N

Nonlinear Soil-Structure Interaction Including

the Entire Building

~W J[jf " 1 % i f r On the Failure Probability of Pipings 28/89/132

J^JL JL i fJ lL Structural Modeling CIS
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LOADING CONDITIONS

- INTERNAL LOADING

NORMAL OPERATION

• start up

• load ramp, etc.

INTERNAL HAZARDS

• malfunction of electronic or mechanical

systems

- EXTERNAL LOADING

MAN MADE HAZARDS

• explosion

• airplane impact

NATURAL HAZARDS
• floods

• earthquakes

On the Failure Probability of Pipings 28/89/133

Loading Conditions GIS
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ELIABILITY ANALYSIS

FAILURE CRITERIA

- NET SECTION CRITERION

(Ap -Ac) of S Ap o,

Ap Cross Sectional Area of the Wall of the Pipe
Ac CrossSectional Area of the Crack
of Flow Stress of the Material
o\ Loading Stress

Kanninen et al, 1978

TWO CRITERIA APPROACH

S.xr =
-%lnsec(f Sr)
71 ^

K|K - L Q -
^ ~ K ' r" o, .

^IC f a

Burdekin/Stone, 1966

LIMIT STATE FUNCTION

On the Failure Probability of Pipings 28/89/134

Reliability Analysis GIS
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- FAILURE ANALYSIS

TWO CRITERIA APPROACH

BURDEKIN / STONE

V

no

3

Foilire

\ - - Fclure

c
^\

1 Sr

0

= brittle failure

Sr £ ductile failure

FEDDERSEN - SCHEME

"2

fc

1

1

' \

\ ^

^ \

X2 '

a

1

i
c

\ .
X. 1

K Critical stress intensity factor

Univ

M t c k l l i l

TIME VARIANT RELIABILITY ANALYSIS

FAILL'RE ANALYSIS

9 /88 /57

JN
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UNCERTAINTIES INHERENT IN

- LOADING (e.g. EARTHQUAKE)

- MATERIAL (e.g. STRENGTH PROPERTIES)

DUE TO MANUFACTURING PROCESSES

INITIAL STATE OF THE STRUCTURE (e.g.

INITIAL CRACK LENGTH) DUE TO FABRI-

CATION OR INSTALLATION PROCESSES
r

FAILURE PROBABILITY pf

X € D

Vector of the Random Variables
J o i n t Probability Density Function

Df Failure Domain

£ " R ^ " On the Failure Probability of Pipings 28/89/135

JL iW=f i= Failure Probability GIS
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SYSTEM CHARACTERISTICS :

- LARGE NUMBER OF RANDOM VARIABLES

WITH NON-NORMAL PROPERTIES

- HIGHLY NONLINEAR LIMIT STATE

FUNCTION

APPLICATION OF SIMULATION METHODS

ADVANCED SIMULATION METHODS:

• IMPORTANCE SAMPLING

• ADAPTIVE SAMPLING

SCHU&LLER/STIX, 1987

SCHUELLER et al, 1989

£W~ On the Failure Probability of Pipings 28/89/136

1- Simulation Methods GIS
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#METHODS OF ANALYSIS

- RELIABILITY CONCEPT

HAZARD RATE

fT(t)

RELIABILITY ESTIMATE

LT(t) = exp •

I 0

CONTINUOUS FUNCTION

Univ. Innsbruck

I/M
M c c h a n i k

TIME VARIANT RELIABILITY ANALYSIS

RELIABILITY CONCEPT

9/88/50

JN
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DETERMINATION OF THE HAZARD RATE
AT TIME t

IMPORTANCE SAMPLING PROCEDURE

©SING ©ESIGNPOINT

TWO DIMENSIONAL CASE

FAILURE PROBABILITY

where

1 for X E failure domain

. 0 otherwise

Univ. Innsbruck

I/M
M c c h a n i k

TIME VARIANT RELIABILITY ANALYSIS

I S P U D

9 / 8 8 / 5 1

JN
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• DETERIORATION PROCESSES

- FATIGUE

CRACK GROWTH MODEL:

• ELASTIC MATERIAL BEHAVIOR
Paris Erdogan Law
Forman Equation

• PLASTIC MATERIAL BEHAVIOR

Coffin Manson Relation

DESCRIPTION OF CRACK GROWTH BEHAVIOR BY

- SIMULATION AND NUMERICAL INTEGRATION
OSWALD/SCHUELLER, 1984

- SOLVING THE DIFFUSION EQUATION ,
TSURUI/ISHIKAWA, 1986

CRACK GROWTH DISTRIBUTION

w(x, n)

0.2

0.0,

n = 20000 cycles

100000 cycles

\\ ^ - 2 0 0 0 0 0 cycles

0.5 20.0
x [ m m ] TSURUIetal, 1989

= = f s _ s^~ On the Failure Probability of Pipings 28/89/137

JL iWJL Deterioration Processes GIS
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LIMIT - STATE FUNCTION

( 2 + X 3

where

K1C =

Univ. Innsbruck

I/M
M c c h a n i I

• f ( X 2

X i

x2

x3

x4

6

X W n ^a Y % (n 2 X ,
KIC V n 2 l n " e C ( 2 X 2 + X3

) =0

. x4, x5)

LOADING STRESS

YIELD STRENGTH

TENSILE STRESS

FRACTURE TOUGHNESS

INITIAL CRACK LENGTH

CRACK GROWTH

TIME VARIANT RELIABILITY ANALYSIS

LIMIT-STATE FUNCTION

9 / 8 8 / 5 6

JN
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- DATA USED

U

VARIABLE

LOADING STRESS
AMPLITUDE

YIELD STRENGTH

TENSILE STRESS

FRACTURE
TOUGHNESS

INITIAL CRACK
LENGTH

CRACK LENGTH

TYPE OF
DISTRIBUTION

SHIFTED RAYLEIGH

WEIBULL

WEIBULL

WEIBULL

SHIFTED EXP.

SPECIAL

MEAN
VALUE

50.0

520.0

670.0

3500.0

2.5-7.5

•

[N/mm2]

[N/mm2]

[N/mm2l

[N/mm15]

1mm]

[mm]

COEFFICIENT
OF VARIATION

0.5

0.04

0.04

0.1

0.8

-

(O

Univ. Innibrock

I/M
M c c h a n i k

TIME VARIANT RELIABILITY ANALYSIS

NUMERICAL EXAMPLE

9/88/59
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INFLUENCE OF THE INITIAL CRACK
LENGTH

RELIABILITY ESTIMATE

10, 1^

1

-10.0

n]

il
0 WO 000

= 2.5 mm
~ 6.25 mm
- 7.5 mm

^ - — •

ZOO 000 n Icycles)

HAZARD RATE

Umv Innsbruck

I/M
M c c h a n i k

TIME VARIANT RELIABILITY ANALYSIS

PARAMETER STUDIES

9 / 8 5 63

JN
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FAILURE ANALYSIS

PIPE FAILURE

BREAK RF.FORF T.FAK(BBL^

NET SECTION CRITERION

g(X) = — 2 — 1U " 2 j4^sj " x i [u 2

f(n)

LIMIT - STATE FUNCTION

1 CIRCUMFERENCE
t THICKNESS

LEAK BEFORE BREAK (LBB)

LIMIT - STATE FUNCTION

g(X) = t - XA = 0 [

X! LOADING STRESS AMPLITUDE
X2 YIELD STRENGTH
X a TENSILE STRESS
X* CRACK DEPTH
X 5 CRACK LENGTH /

CRACK DEPTH RATIO
X6 INITIAL CRACK DEPTH
X7 INITIAL CRACK LENGTH /

CRACK DEPTH RATIO

Univ. Innsbruck

I/M
W c c h i n i k

TIME VARIANT RELIABILITY ANALYSIS

FAILURE ANALYSIS

63

9/88/75
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en

NUMERICAL EXAMPLE - DATA USED

VARIABLE

LOADING STRESS
AMPLITUDE

YIELD STRENGTH

TENSILE STRESS

CRACK DEPTH

CRACK LENGTH/
CRACK DEPTH RATIO

INITIAL CRACK
DEPTH

INITIAL CRACK
LENGTH/CRACK
DEPTH RATIO

JCVE: icoo^^+t
TYPE OF
DISTRIBUTION

SHIFTED RAYLEIGH

WEIBULL

WEIBULL

SPECIAL

SPECIAL

SHIFTED EXP.

SHIFTED EXP.

• • 3 o <*••«*«.

MEAN
VALUE

50.0

520.0

670.0

-

-

1.25

IN/mm2]

[N/mm2]

lN/mm2l

(nun]

H

(mm]

2.6505 [-1

COEFFICIENT
OF VARIATION

0.5

0.04

0.04

-

-

0.3

0.62

Univ Innsbruck

I/M
TIME VARIANT RELIABILITY ANALYSIS 9/88/76

NUMERICAL EXAMPLE



IMFLUEMCE OF THE INITIAL
CRACK DEPTH

RELIABILITY ESTIMATE

1.0

0,5--

o.o

I \

\
\

m = 1,25 mm
— — m = 2,5 mm

m = 6.25 mm

\
\

\

\
\

\

50000

cycles n

100000

BREAK BEFORE LEAK FAILURE

Lhn,

I/M
U l t c t m i l

TIME VARIANT RELIABILITY ANALYSIS

PARAMETER STUDIES

9/88/80

JN
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APPLICATION TO

- ONE DIMENSIONAL CRACK SHAPE

- TWO DIMENSIONAL CRACK SHAPE

RELIABILITY ESTIMATE OF A PIPE

TWO DIMENSIONAL CRACK SHAPE

FAILURE CRITERIA
- BREAK BEFORE LEAK (BBL)
- LEAK BEFORE BREAK (LBB)

BBL

LBB

cycles n

25000 50000

NIENSTEDTetal, 1988

On the Failure Probability of Pipings 28/89/138
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- CORROSION

IN COMBINATION WITH FATIGUE
INTRODUCTION OF MULTIPLICATION FACTOR

= CC c o r r AK m Y

a Crack Length
C Crack Growth Resistance
AK Stress Intensity Factor
Y Geometry Factor

C c o r r GENERALLY IS A FUNCTION OF

FREQUENCY,
STRESS RATIO and
STRESS AMPLITUDE of LOADING

R=0.1,f=1.7 Hz

- R=0.6,f= 1.7 Hz

- R=0.1,f=0.17 Hz

- R=o.6, f=0.17 Hz

cycles n-104

2 4 6 8 10 NIENSTEDT, 1989

On the Failure Probability of Pipings 28/89/139

Deterioration Processes GIS

67



PRESENTED METHODS ARE EFFICIENT

TOOLS TO ESTIMATE THE RELIABILITY

OF PIPINGS

THE VARIOUS INFLUENCES AFFECTING

THE STRUCTURAL RELIABILITY CAN BE

QUANTIFIED

THE MOST CRITICAL PARAMETERS

INFLUENCING THE FAILURE RATES OF

THE SYSTEM CAN BE IDENTIFIED

j§~ On the Failure Probability of Pipings 28/89/140

" 1L Conclusions GIS
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Probabilistic Pipe Fracture Evaluations for Applications to Leak-Rate Detection

by

S. Rahman, G. Wilkowski, N. Ghadiali
Engineering Mechanics Department

Battelle Memorial Institute
Columbus, OH 43201

Abstract

Regulatory Guide 1.45, "Reactor Coolant Pressure Boundary Leakage Detection Systems" was
published by Nuclear Regulatory Commission in May 1973, and its update is being considered.
Updating this procedure can involve accounting for the current leak-detection instrumentation
capabilities, experience from the accuracy of leak-detection systems in the past, and current analysis
methods to assess the significance of the detectable leakage relative to the structural integrity of the
plant. In this paper, a probabilistic approach was undertaken to conduct circumferentiaUy cracked
pipe fracture evaluations for application to leak-rate detection requirement. This evaluation was
accomplished here in three distinct phases. First, a state-of-the-art review was conducted to evaluate
the adequacy of current deterministic models for thermo-hydraulic analysis and elastic-plastic fracture
mechanics of nuclear piping. Second, a new analytical model based on advanced methods of
structural reliability theory was developed to compute conditional failure probability of degraded
piping systems under combined stresses from bending and tension. It also involved statistical analyses
to characterize various input variables such as, crack morphology parameters, pipe and weld, material
properties, and crack location. Third, the proposed probabilistic model was applied for computing
conditional probability of failure for various nuclear piping systems in Boiling Water Reactor (BWR)
and Pressurized Water Reactor (PWR) plants. In our probabilistic analysis, the computer code
PRAISE was not used to calculate the failure probabilities. This is due to more sophisticated thermo-
hydraulic and fracture mechanics models that were considered in our analysis. In addition, our
probabilistic model is based on modern methods of stochastic mehanics, which is computationally far
superior to the Monte Carlo simulation methods used in PRAISE and other similar codes. The
modern methods were required to complete the large number of probabilistic analyses involved in the
study. Results from these probabilistic analyses can be used as a technical basis for future changes to
leak-rate detection criterion. Finally, the adequacy of current safety margin of 10 used for leak rates
in leak-before-break analyses was evaluated by explicitly considering the statistical variability of crack
morphology variables.
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1. Introduction

Regulatory Guide 1.45, "Reactor Coolant Pressure Boundary Leakage Detection Systems" was
published in May 1973, and updating it is being considered. The Nuclear Regulatory Commission
(NRC) currently wants to update this procedure taking into account the current leak-detection
instrumentation capabilities, experience from the accuracy of leak-detection systems in the past, and
current analysis methods to assess the significance of the detectable leakage relative to the structural
integrity of the plant. Of the different potential sources of leakage that challenge the structural
integrity of the pressure boundary in containment, circumferential cracks in piping have been of much
greater significance than any other source. Cracks in steam generator tubing were excluded due to
other leakage detection requirements for them. Furthermore, few axial cracks occur in piping, but
numerous cases of circumferential crack have been reported. Consequently, the analysis in this paper
keyed on circumferential cracks in pipe to evaluate potential changes in NRC Regulatory Guide 1.45.

Leak-before-break (LBB) analyses are currently being conducted in the nuclear industry to justify
elimination of dynamic effects during pipe rupture. Traditionally, LBB had been based on
deterministic principles of fracture mechanics and thermo-hydraulic analyses by selecting worst-case
values of uncertain parameters. However, fluctuation of loads, variability of crack morphology
parameters and material properties, uncertainty in analytical models all contribute to a probability that
a relevant performance criterion (e.g., pipe break) may indeed be violated. Quantitative assessment
of this failure probability then becomes the essence of structural reliability analysis. For licensing
purposes, NRC has currently included several safety margins on leak-rate detection, initial through-
wall crack (TWC) size, and normal plus safe-shutdown earthquake (N + SSE) stresses tor,account for
these uncertainties qualitatively. These margins are derived arbitrarily and do not include any explicit
correlation with failure probability. Hence, the probability of double-ended guillotine break (DEGB),
conditional on the event that the pipe is leaking, is seldom quantified.

The objective of this paper is to conduct stochastic pipe fracture evaluations for applications to leak-
rate detection. A three-phase effort was undertaken to reach this goal. In Phase 1, a state-of-the-art
review was conducted to evaluate the adequacy of current deterministic models for thermo-hydraulic
and elastic-plastic fracture analyses. In Phase 2, a new probabilistic model was developed with the
deterministic models from Phase 1 for structural reliability analysis of cracked piping systems. It also
involved statistical characterization of various input variables such as, crack morphology parameters,
material properties of pipe, and crack location. In Phase 3, the proposed models from previous
phases were applied for computing conditional probability of failure for various nuclear piping
systems in Boiling Water Reactor (BWR) and Pressurized Water Reactor (PWR) plants. In our
probabilistic analysis, the computer code PRAISE [1] was not used to calculate the failure
probabilities. This is due to more sophisticated thermo-hydrualic and fracture mechanics models that
were considered in our analysis. In addition, our probabilistic model is based on modern methods of
stochastic mehanics, which is computationally far superior to the simulation methods such as Monte
Carlo and Stratified Sampling used in PRAISE. These modern methods were essential to completing
the large number of probabilistic analyses within the time frame of this project. Results from this
study can be used as a technical basis for potential future changes to leak-rate detection criterion.
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2. Review of Deterministic Models

A state-of-the-art review was conducted to evaluate the adequacy of current deterministic models. It
includes (1) thermal-hydraulic models for estimation of leak rates, (2) crack-opening models for
determination of crack geometry (flow area), and (3) elastic-plastic fracture mechanics models for
prediction of maximum load-carrying capacity of a piping system. The results predicted from the
above deterministic models were compared with experimental data obtained from the past research
programs, such as the Degraded Piping Program [2], International Piping Integrity Research Group
(IPIRG) [3], and others [4]. These comparisons provided a basis for choosing appropriate
deterministic models for further development of novel probabilistic models. Details of this review are
available in Reference 4. Only a brief summary of the results will be presented here.

2.1 Thermal-Hydraulic Model

The review of existing thermal-hydraulic models indicated that the Henry-Fauske model provides best
representation of fluid flow through tight cracks in a pipe. This model allows for nonequilibrium
vapor generation rates as the fluid flows through the crack. The rate at which vapor is formed
approaches the equilibrium value using an exponential relaxation coefficient that can be calculated
from experiments. The Henry-Fauske model was chosen in this study to model the two-phase critical
flow of water through cracks. Figure 1 compares the thermal-hydraulic predictions by Henry-Fauske
model with the data of Collier et al. [5] for flow through a crack in pipe. This model was the basis
of the PICEP code [6] developed by EPRI, and later the SQUIRT code [7] was developed at Battelle
in the IPIRG program [3]. Figure 1 provides a plot between calculation error and the measured flow
rate, where the calculation error is the predicted minus measured flow rate divided by measured flow
rate times 100. Good agreement is obtained between the model and the experiments.

2.2 Crack Opening Model

The review of the area of crack opening models indicated that the GE/EPRI estimation method [8],
combined with the assumptions of elliptical crack-opening profile, provides accurate estimates of
crack geometry in pipe. The estimation method involves empirical f2- and h2-functions, which are
tabulated in Reference 8 for various geometric and material properties of pipe. Figure 2 shows the
results of the crack-opening displacement (COD) for Experiment 4111-1 conducted in Reference 2.
The experiment was performed on 114-mm (4.5-inch) diameter SA-333, Grade 6, carbon steel TWC
pipe, which is subject to four-point bending. The solid line in this figure represents the measured
COD as a function of applied load up to the load at crack initiation. It is seen that the linear
regression fit of the stress-strain data over the whole strain range leads to the best estimate of COD.
Note that in practical applications, the crack opening is linear elastic under normal operating stresses.

2.3 Elastic-Plastic Fracture Model

In applications of nonlinear fracture mechanics, particularly for nuclear power plants, the J-tearing
theory is a very prominent concept for calculating maximum load-carrying capacity of a pipe. It is
based on the fact that fracture instability can occur after some amount of stable crack growth in tough
and ductile materials with an attendant higher applied load level at fracture. Figure 3 shows the plots
of applied load versus load-line displacement of a 6-inch-diameter (nominal) stainless steel pipe with
37 percent circumferential TWC flaw, which is subject to four-point bending and tension due to
internal pressure of 17.24 MPa (2500 psi) at 288C degrees. They are obtained from several
estimation methods such as LBB.ENG2, GE/EPRI, Paris/Tada, LBB.NRC [2-4] and laboratory data
from the Degraded Piping Program Experiment 4131-3 [2], These plots clearly show that the
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LBB.ENG2 method gives reasonable predictions of load and displacement when compared with the
test data. In this study, LBB.ENG2 method was selected because of its computational efficiency and
it was found to be slightly conservative yet reasonably accurate when compared with experimental
data.

3. Development of Probabilistic Models

3.1 Statistical Characterization

Material Properties. In conducting statistical characterization of material properties, various analytic
idealizations were considered. For example, it was assumed that the constitutive law characterizing
material's stress-strain response can be represented by the Ramberg-Osgood model. Also, the J-
resistance from the C(T) specimen was deemed to be adequately characterized by a power-law
equation. In this way, the material property can be defined by a finite-dimensional vector Y = {ay,
au, a, n, JIe, C, m}, where ay is the yield stress, au is the ultimate stress, a and n are Ramberg-
Osgood parameters, J]c is the J-resistance at crack initiation, and C and m are power-law parameters
of the J-resistance curve. Samples of raw data obtained from NRC's PIFRAC database [9], the
Degraded Piping Program [2], IPIRG Program [3], and others [4] were used to generate independent
samples of random vector Y. Following standard statistical analysis, the mean and covariance of Y
were estimated. Details of these results obtained for typical nuclear piping materials such as stainless
steel (TP304), carbon steel (A106B), cast stainless steel (CF8M) are available in Reference 4.

Crack Morphology Variables. The key crack morphology variables, which were considered in leak-
rate analyses, are surface roughness, number of turns in the leakage path, and etttrance loss
coefficients. However, examination of service cracks also show that cracks frequently do not grow
radially through the pipe thickness. Hence, a fourth parameter "actual crack path/thickness"
representing deviation from straightness was also considered here. It has been ignored in the past. In
Reference 4, a survey was conducted to evaluate statistical properties of these variables. An
additional aspect considered was the effect of the crack opening on the surface roughness, number of
turns, and straightness of flow path, details of which are also given in Reference 4. The sample
values reported in the same reference were used to determine their means and standard deviations for
corrosion fatigue, thermal fatigue, and inter-granular stress-corrosion cracking (IGSCC) types of
mechanisms.

Crack Location. Cracks in nuclear power plants can occur in various locations of piping systems,
such as base metal, weld metal, fusion line, and heat affected zone. In this study, the crack location
was modeled as a discrete random variable. The probabilistic characteristics of this variable can be
obtained from some limited amount of information available in the existing literature [4]. The
statistics showed that the probability of cracks in base and weld metals are approximately 2/3 and 1/3,
respectively, for both corrosion fatigue and IGSCC type of cracking mechanisms [4].

3.2 Probabilistic LBB Methodology

A probabilistic LBB methodology was developed based on the general guidelines proposed in
Reference 10. First, a piping system was identified with known probability density of material
properties and crack morphology variables. Second, using leak-rate analyses, the probability density
was determined for the leakage size TWC flaw that is large enough to assure leak detection by
installed equipment when the pipe is subjected to normal operating loads. Third, using advanced
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reliability techniques, the conditional probability of failure, defined as the probability of the moment-
carrying capacity of the pipe being smaller than the applied normal plus SSE moment, was calculated.

Structural Reliability Analysis. Consider a TWC pipe under combined stresses from bending and
tension. Let Mmax denote the maximum moment-carrying capacity of the pipe with the constant
internal pressure. Let M N + S S E denote the applied moment from N + SSE stresses in the pipe. The
performance of this pipe can be evaluated by the conditional probability of failure, PF defined by

P F =Pr[g(X) < 0 ]= f fx(x)dx (1)

where g(X) = Mmax - MN+SSE = - f(ffy,ffu,a,n,JIc,C,m,2a) - MN<SSE (2)

is the performance function, X = {Y,2a,p} = {ay, au, a, n, JIc, C, m, 2a, p} is an augmented vector
of input random parameters characterizing uncertainty in all system parameters, and fx(x) is the
known joint probability density of X. It was assumed that Y follows correlated lognormal distribution
with its mean and covariance obtained from previous statistical analysis of actual test data. Also, the
LBB detectable flaw size, 2a was found to be lognormally distributed, which was verified from
simulation by the computer code PSQUIRT (Probabilistic Seepage Quantification of Upsets in Reactor
Tubes). Note that PF is defined here as the probability of failure with the conditions that (1) the pipe
is leaking at a given leakage rate and (2) an earthquake occurs with induced stresses that gives rise to
the applied bending moment MN + S S E . In Equation (2), M m is shown to be a generic (implicit)
response function of various input variables and p is a random correction factor for modeling
uncertainty of the predictive J-estimation formula from LBB.ENG2. From Reference 2, it was found
that the mean and coefficient of variation of p is 0.92 and 0.13, respectively. It is assumed that p
follows Gaussian probability. In general, the multi-dimensional integral in Equation (1) cannot be
determined analytically. As an alternative, numerical integration can be performed; however, it
becomes impractical and the computational effort becomes prohibitive when the dimension becomes
greater than two, and, in this case, we have nine dimensions.

First- and Second-Order Reliability Methods (FORM/SORM). In this study, general state-of-the-art
structural reliability methods known as First- and Second-Order Reliability Methods (FORM/SORM)
were used to compute the above failure probability. These methods are based on linear (first-order)
and quadratic (second-order) approximations of the limit state surface g(x) = 0 tangent to the closest
point (design point) of the surface to the origin of the space. The determination of this point involves
nonlinear constrained optimization and is performed in the standard Gaussian image of the original
space. The first-order and second-order estimates PF>i and PF 2 are given by [4]

Pp.l = *(-0H L ) a n d PF,2 = * ( " 0 H L ) I I i1 - *i V ) ~2 ( 3 )

where /3HL is the reliability index, $(u) = (1/V2TT) \ ".„ exp(-£2/2) d£ is the distribution function of
a standard Gaussian variable, N is the generic dimension of X, and *;'s are the principal curvatures of
the limit state at the design point. These FORM/SORM methodologies along with Monte Carlo
Simulation (MCS) and Importance Sampling were coded into a computer program titled SACPIS,
which stands for Stochastic Analysis of Cracked Piping Systems. It was developed to evaluate failure
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probability of flawed nuclear piping subject to combined bending and tension for various definitions
of failure criteria based on the exceedance of initiation load or maximum load.

4. Applications to BWR and PWR Piping

The probabilistic model developed in the previous section was applied to various nuclear piping in
BWR's and PWR's for calculating the conditional probability of failure. Pipe sizes with large,
intermediate, and small diameter typically used in reactor containment were selected. Two pipes of
each size were considered with austenitic and ferritic materials. The piping systems included side
riser, main steam, recirculation branch line, feedwater, bypass line, and reactor water clean-up line,
main coolant, surge line, spray line, and steam generator blowdown line. Several cracking
mechanisms such as corrosion fatigue and IGSCC were also considered. Both simple circumferential
through-wall-cracked (TWC) pipes and complex-cracked (CC) pipes were analyzed. The complex
crack is a long circumferential surface crack that penetrates the thickness of the pipe for a short
length. This is more likely to occur for IGSCC type of cracking mechanisms. Table 1 shows the
characteristics of BWR and PWR piping systems for probabilistic pipe fracture evaluations conducted
in this study.

4.1 Estimation of Applied Stresses

For the piping systems being evaluated, the normal operating stresses are needed to determine the
crack size for a given leak rate, and the normal plus safe shutdown earthquake (N + SSE) stresses are
needed to evaluate the stability of the cracked pipe. The actual normal and N + SSE stresses and their
probabilities occurring for all plants in the U.S. are difficult to quantify. To simplify tfiis effort, it
was assumed that the ASME Section III Code stress level limits apply, even though actual stresses
might be lower. For the normal operating stresses, some percentages such as 50 and 100 percent of
the Class 1 piping, Service Level A limits were used. For the N+SSE stresses, 100 percent of the
Class 1 piping, Service Level B limits were used. These conservative assumptions were made based
on statistical analyses of actual stresses reported for 29 different piping systems [4]. Initially it was
thought that Service Level D limits might be applicable for defining N + SSE stresses, but analysis of
actual N + SSE stresses showed the stresses to be much lower [4].

4.2 Conditional Probability of Failure for BWR and PWR Piping

Figure 4 shows the histogram of LBB detectable flaw size, 2a, obtained by PSQUIRT from simulating
1000 samples. This histogram was obtained for the case BWR-1 with a 1 gpm leak rate and 100
percent of Service Level A stresses under normal operating conditions. It was observed that the
histogram fits the lognormal probability density function quite well. Figure 5 shows the plots of
conditional failure probability (PF) versus leak rate obtained by several methods (FORM, SORM, and
MCS) for various percentage of Service Level A stresses. They were calculated for a large diameter
BWR-1 piping (side riser) with a crack in the base metal. Several interesting features can be
observed from this figure. First, it indicates that as leak rate increases the failure probability
increases because of larger initial crack size for a given normal operating stresses. Second, for a
given leak rate, the probability of failure also increases because of the larger initial flaw size due to
smaller percentage of Service Level A stresses. Third, the probability estimates by FORM and
SORM provide accurate estimates when compared with those by MCS. All these failure probabilities
were obtained by using the program SACPIS.

Figure 6 exhibits the relative effort and computational expenses required to determine above solutions
by analytical and simulation methods. The computational times were determined in terms of Central
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Processing Units (CPU) required by these methods in a 486-33MHz Personal Computer. The plots in
the figure show how the ratio of CPU time for MCS and FORM/SORM varies with the range of
probability estimates made in this study. It was found that the above ratio can vary between 3 to
more than 109 depending on the probability level being estimated. Clearly, the FORM/SORM
algorithms are more efficient than MCS and become far superior particularly when the failure
probabilities are in the lower range.

Figures 7 and 8 show the variation of conditional failure probability of various BWR and PWR
piping, which were obtained by SORM using the program SACPIS for various leak rates and normal
operating stresses. The above probabilities were calculated when the crack was assumed to be
randomly located in the base or weld metals. Results showed that

• The reliability of austenitic pipes are much higher than that for ferritic pipes in both BWR and
PWR plants;

• The conditional failure probability of both BWR and PWR piping systems decreases with
increasing values of pipe diameter; and

• The reliability of complex-cracked pipes are lower than that for through-wall-cracked pipes and
the conditional failure probability increases with increasing values of the surface crack depth.

As an end-product, various plots of conditional failure probability versus leak-rate were generated for
the piping systems in Table 1. This will provide a technical basis for any changes in the maximum
unidentified leak-rates allowed by Regulatory Guide 1.45 with reference to NRC's LBB procedures.

4.3 Potential Applications of Results

When the actual normal operating stresses and the leak-rate equipment detection capabilities are
known, Figures 7 and 8 can be used to calculate the conditional probability of DEGB for the piping
systems considered in this study. An inverse problem is to determine the required leak-rate detection
capability for an acceptable (target) value of conditional probability of failure. For example, a
frequently used value of lO^/year could be used to determine the leak-rate requirements. If the plant
life is 40 years, this will amount to acceptable failure probability of 4 x 10"5 per plant lifetime.
Using this value, the required leak rates for BWR-1 pipe from Figure 7 are about 3 gpm and greater
than 100 gpm when the normal operating stresses are 50 and 100 percent of Service Level A stress
limit, respectively.

In our analysis, it was assumed that the N + SSE stress at Service Level B occurred with absolute
certainty (i.e., a probability of 1). Considerable time was spent assessing if a more realistic
probability of the N + SSE stresses could be used in a generic sense. To do so would involve the
following considerations: (1) determination of the frequency of earthquakes occurring at a specific
site, (2) determination of the probability distribution of the magnitude of an earthquake, (3)
comparisions of the frequency of occurrence relative to the time from leakage to plant shutdown, and
(4) assessment for all U.S. plants either accounting for plant-to-plant variations by using variability or
using worst-case plant. These were not considered in this study, but if known, the probability of the
seismic event occurring could be simply multiplied with our conditional failure probability to get a
probability in more absolute terms.
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4.4 Assessment of Current Margins for Leak Rates

Current deterministic methods for incorporating conservatism in LBB methodology are based on
several safety margins. For example, safety margins of 2, *J2, and 10 are being used on LBB
detectable flaw size, N+SSE stresses, and leak-rate detection, respectively. These margins, which
are established arbitrarily, do not provide any explicit correlation with the failure probability of piping
systems. In this study, the adequacy of current margin of 10 used for leak rates was evaluated by
explicitly considering the statistical variability of crack morphology variables.

Consider the stainless steel pipe BWR-1 with IGSCC under normal operating stresses. Using
PSQUIRT, the crack morphology variables were randomly generated according to their probability
distributions and the corresponding leak rates were calculated under a given a normal operating stress.
Figure 9 shows the histograms of the leak rate obtained from 1000 realizations when the normal
operating stress is 50 and 100 percent of the Service Level A limit. The mean and standard deviation
of leak rate for the case of 50 percent of Service Limit A are 1.21 gpm and 0.41 gpm, respectively.
Thus, when a safety margin of 10 is used, it appears that the leak rate with the above margin is more
than 20 times the standard deviation away from the mean value. Similar conclusions can also be
drawn for the case of 100 percent of Service Limit A. Hence, the safety margin of 10 is deemed to
be adequate to account for crack morphology variability. In examining these histograms, it appears
that a margin of approximately 2.5 may be assumed to be sufficient to account for the variability of
crack morphology parameters. This means that a factor of up to 4 remains to account for the
variability in leak detection equipment and actual stresses, if the total margin of 10 is to remain fixed.

5. Conclusions '

The objective of this paper was to conduct stochastic pipe fracture evaluations for application to leak-
rate detection requirements. This was accomplished here in three distinct phases. First, a state-of-
the-art review was conducted to evaluate the adequacy of current deterministic models for thermo-
hydraulic and elastic-plastic fracture mechanics analyses of circumferentially cracked pipes. The
results predicted from the above models were compared with the experimental data available in the
current literature. Based on these comparisons, it was found that the underlying deterministic models
considered in this paper provide reasonably accurate estimates of leak rates, area of crack opening,
and maximum load-carrying capacity of pipes. Second, a new analytical model was developed to
evaluate stochastic performance of piping systems subject to normal operating plus safe shutdown
earthquake loads. The model was based on probabilistic extension of leak-before-break (LBB)
methodology described in NUREG 1061 Volume 3 and state-of-the-art methods of modern structural
reliability theory. It also involved statistical analyses to characterize various input variables such as
crack morphology parameters, pipe material properties, and crack location. Third, the probabilistic
model was applied to various nuclear piping in BWR and PWR plants for calculating conditional
probability of failure. Several pipe sizes (such as small, intermediate, and large) and several pipe
materials and their weldments (such as stainless steel, carbon steel, and cast stainless steel) were
considered for generating conditional probability of failure. A comparison of the above conditional
failure probability plots will provide a technical basis for any changes in the maximum allowable
unidentified leak rates allowed by Regulatory Guide 1.45 with reference to the NRC's LBB
procedures. Based on the merits of the proposed analytical formulation, the results showed that
FORM/SORM can provide accurate estimates of piping reliability with much less computational effort
when compared with those obtained by direct Monte Carlo simulation. Based on pipe fracture
evaluations of BWR and PWR piping, the results showed that (1) the reliability of austenitic pipes is
much higher than that for ferritic pipes in BWRs and PWRs, (2) the conditional failure probability of
both BWR and PWR piping systems decreases with pipe diameter, and (3) the reliability of complex-
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cracked pipes are lower than that for through-wall-cracked pipes and the conditional probability of
failure increases with the depth of surface crack.

Finally, the adequacy of current margin of 10 used for leak rates in LBB applications was evaluated
by examining their histograms thus explicitly considering the statistical variability of crack
morphology variables. Results indicated that the safety margin of 10 is more than adequate to
account for crack morphology variability, and effectively allows for a margin of 4 for uncertainties on
normal operating stresses, leak-detection equipment variability, and other factors that may affect the
crack opening.
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Table I. BWR and PWR piping systems for probabilistic fracture evaluations

Nominal Thickness, Assumed
Piping(a) Dia. mm Base Weld01' Cracking

Cases System (inches) (inches) Metal Metal Mechanism

BWR-1

BWR-2

BWR-3

BWR-4

BWR-5

BWR-6

BWR-7

BWR-8

BWR-9

BWR-10

PWR-1

PWR-2

PWR-3

PWR-4

PWR-5

PWR-6

TWC Side
Riser

TWC
MainSteam

TWC Recircula-
tion Branch

TWC
Feedwater

TWC Bypass
Line

TWC Reactor
Water Clean-up

CC Side Riser
(d/t=0.25)

CC MainSteam
(d/t=0.50)

CC Side Riser
(d/t=0.25)

CC MainSteam
(d/t=0.50)

TWC Main
Coolant

TWC Main
Coolant

TWC Surge
Line

TWC
Feedwater

TWC Spray
Line

TWC Steam
Generator
Blowdown

28

28

18

18

4

4

28

28

18

18

32

32

14

14

4

4

35.8

35.8

23.9

39.4

8.51

8.51

35.8

35.8

23.9

23.9

76.2

76.2

35.8

35.8

13.5

13.5

(1.41)

(1.41)

(0.94)

(1.55)

(0.34)

(0.34)

(1.41)

(1.41)

(0.94)

(0.94)

(3.00)

(3.00)

(1.41)

(1.41)

(0.53)

(0.53)

TP304

A516
Gr70

TP304

A106B

TP304

A106B

TP304

TP304

TP304

TP304

CF8M

A516
Gr70

CF8M

A106B

TP304

A106B

SS

cs

SS

cs

SS

cs

SS

SS

SS

SS

SS

cs

SS

cs

SS

cs

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

SAW

IGSCC

Corrosion
Fatigue

IGSCC

Corrosion
Fatigue

IGSCC

Corrosion
Fatigue

IGSCC

r

IGSCC

IGSCC

IGSCC

Fatigue

Corrosion
Fatigue

Fatigue

Corrosion
Fatigue

IGSCC

Corrosion
Fatigue

(a) TWC = through-wall-cracked, CC = complex-cracked, d/t = depth of surface crack/thickness
(b) SS = stainless steel, CS = carbon steel, SAW = submerged arc weld
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General remarks

In Risk studies and PSA's partial and total losses of
the pressure boundaries of primary and secondary
circuits are very important events

• primary systems

• pipe breaks

• open failed relief and safety valves

• secondary systems

• pipe breaks

• open failed safety valves
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General remarks

Post operating experience and succeeding evaluation
show necessity to deal with additional types of events,
which are to be analysed in the possible consequences
and the connected frequencies

causes of leaks:

leaks through sealings of flanges,

pumps-shafts, valve stems, etc.

leaks through maintenance errors

leaks through operator errors
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General remarks

Types of Consequences

flooding of rooms or buildings with consequent

failures of process- and safety systems

loss of coolant inside containment

loss of coolant outside containment with

temperatur and pressure buildup with following

consequences on safety systems
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Evaluation of events and frequencies

The estimation of frequencies of initialising event
'Leak' is based on evaluation of circumstances
connected with frequencies of events evaluated from
operating experience.

Some examples:
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Evaluation of events and frequencies

1. Example

Flooding of the torus of the reactor building Risk study
Phase B

• leaks in which systems are leading to loss of

safety and process-systems for instance by

short circuits, mechanical loads

• questions:

• installed, connected systems in the building

• maximum possible flow

• fluid content or maximum resources

• leak detection or flooding detection
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Evaluation of events and frequencies

exclusion of systems with low resources or

contents or small flow from further evaluation

estimation of probability for breaks of service

water pipes depending on pipe quality,

frequencies of inspections
p = 8E-4

estimation of frequencies for leaks resulting

from other causes

operating experience shows several events

with two leakage rates

• events with leakages < 300 t/h;

because of the long available times for leak

detection and the possible recovery actions

these events were not of importance

89



Evaluation of events and frequencies

events with leakages > 1000 t/h.

In the operating experience there have been

events which were caused by maintenance

errors. The Procedure in german power

plants require safety measures during

maintenance action to prevent leakage

through open components.

The events show that there is a probability

for errors left.

The events have been in different building.

For the reactor building torus probabilities of

p = 4E-3 in power operation

p = 1E-3 reactor pressure vessel open

has been estimated for large leaks in the

service water system.
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Evaluation of events and frequencies

2. Example

VVer-reactor leakage outside Confinement

leakage of a filling nozzle

primary cleanup system filter

failure of the sealing

maintenance error

12 tons release outside
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Evaluation of events and frequencies

3. Example

leakage from a filter housing of the primary system

• filter in the sealwater system of a primary

recirculation pump

• double filter was opened in one side, whilst

pressurized

• operator/maintenance error

• leakage up to 80 t/h
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Conclusions

Operating experience show

failures of flange sealings are of importance

leakage rates up to 40 t/h

pumps shaft sealings can reach 150 t/h under

special circumstances

the frequencies sometimes higher than

leakages from cracks

especially maintenance and operator error are

important
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Abstract

During the last years a number of calculations of leak opening and leak rate for through

cracks in piping components have been performed. Our analyses are pre- or mostly

post-calculations to experiments performed at the HDR facility under PWR operating

conditions. Piping components under consideration were small diameter straight pipes

with circumferential cracks, pipe bends with longitudinal or circumferential cracks and

pipe branches with weldment cracks. The components were loaded by internal pressu-

re and opening as well as closing bending moment. The finite element method and

two-phase flow leak rate programs were used for the calculations. Results of the analy-

ses are presented as J-integral values, crack opening displacements and areas and

teak rates as well as comparisons to the experimental results.
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1 Introduction

To evaluate leakage areas and leak rates for through cracks in pressurized compo-

nents as exact as possible reliable analytical tools are necessary. The qualification of

such tools is performed by means of suitable leak rate experiments. Thereby the crack

opening or closing effect of transient bending moments and the influence of rough

crack surfaces should be included. With respect to a "conservative" evaluation of the

leak rate its twofold character has to be addressed.

At first the evaluation of realistic minimum leak rates (or reliable lower bounds) is impor-

tant for the lay-out of leak detection systems. The safe detection of wall penetrating

cracks is of special significance for the application of the leak-before-break concept.

Furthermore the evaluation of realistic maximum leak rates (or of reliable upper

bounds) is important for the calculation of jet or reaction forces and of possible loads

on the piping systems or other components.

Leak rate studies in connection with leak-before-break considerations were or are per-

formed especially in USA, Canada, Japan, France and Germany. To investigate the

crack opening behaviour and the resulting leak rates of cracked austenitic piping com-

ponents of smaller diameter (less than 200 mm) experiments were carried out during

phase 3 of the German HDR-Safety-Program [1].

The experiments have been accompanied by a number of pre- and post-calculations

performed at GRS. Besides a short description of the experiments some examples of

the calculations are presented in this paper.

2 Leak rate experiments

As shown in Table 1 several leak rate experiments were performed during the years

1988 to 1991. The components considered were straight pipes with circumferential

crack, branches with weldment crack and bends with longitudinal or circumferential

crack. The cracks were either artificial (eroded slits) or grown by fatigue from notches.

The leak rate experiments were carried out at a temperature of 300°C with internal

pressure (10.5 MPa) and a stepwise changing bending moment. The experimental ar-
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rangement at the HDR - facility (operated by Nuclear Research Center Karlsruhe KfK)

is schematically shown in Fig. 1 for a case with two straight pipe experiments. The

cracked pipe pieces are displaced by means of a hydraulic cylinder to generate the ap-

propriate moment at the crack location. Fig. 2 gives a schematic view of the measuring

devices used in the experiments for an experiment on a pipe branch as example. The

condensation device for leak rate measurements was not used in all experiments. Also

the measuring of the crack opening displacement was not successful in all cases.

Some typical results of several experiments (straight pipe E22.01, branch E22.12 and

bend E22.21) are shown in Figs. 3 to 5.

A problem which more or less occured in all experiments may clearly be recognized in

the force measurement plot in Fig. 3. While the displacement is kept constant, changes

(drifts) in the force measurement take place at several time intervalls. These drifts are

most probably due to temperature effects. At present the effects are not fully clarified,

but there are some studies on the way to gain further insight.

Similar but less accentuated effects may be seen in Figs. 4 and 5.

3 Methods of calculation

Usually the calculations to the experiments consist of separate evaluations of the lea-

kage area and the leak rate.

The calculation of the leakage area is either performed by estimation schemes known

from literature as for instance the "fracture mechanics handbook" [2] or by the finite ele-

ment method. For the elastic-plastic finite element analyses the program ADINA [3] is

used with models consisting of isoparametric elements with 20 nodes. The GRS-

version of ADINA contains some fracture mechanics subroutines including the possibili-

ty of evaluating J-integral results according to the proposal by De Lorenzi [4].

In agreement with the conditions in PWR's the experiments were performed with initial-

ly subcooled water. For the calculation of the two-phase mixture (water/steam) strea-

ming through a crack in this case programs from EPRI [5] and according to Pana [6]

are available. As input parameters to these programs the crack geometry, thermohy-
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draulic conditions and the crack surface roughness are necessary. According to mea-

surements of the MPA Stuttgart a value of 10 urn was chosen for the calculations as a

reasonable approach. An increase of the roughness up to 50 urn as an upper bound

for the applied fatigue cracks will typically decrease the calculated leak rate by about

20 to 30%.

4 Results of the calculations

A survey of the experiments and of the calculations performed up to now may be gai-

ned from Table 1. In the following the calculations to the experiments E22.01, E22.12

and E22.21 are discussed further.

In every case the finite element method is used for the evaluation of leakage areas.

The piping components under consideration are fabricated of an austenitic steel with

the German notation X 10 CrNiMoTi 18 10. Stress-strain data used for the calculations

are given in Table 2.

4.1 Straight pipe

Results of calculations to the straight pipe experiment E22.01 are presented as first ex-

ample. In this case a circumferential slit with the same angle of circumference at the in-

side and outside of the pipe was considered. In the experiment this slit was generated

by spark erosion and thus had a small opening also in the unloaded state of the pipe,

varying between 0.2 and 0.3 mm. For the calculations constant values of 0.2 or 0.3 mm

were assumed.

The pipe was loaded by internal pressure (10.5 MPa) and by a crack opening as well

as a crack closing bending moment.

Fig. 6 presents the finite element model used in the calculations. For symmetry reasons

only a quarter of the pipe piece considered has to be modelled. Results of the calcula-

tions are shown in Figs. 7 to 9. Fig. 7 shows leakage area and J-integral values for a

crack opening moment. The maximum J-value is sufficiently below the initiation value of

stable crack growth of the austenitic stee! under consideration.
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Fig. 8 presents the development of the leakage area under internal pressure and a

crack closing moment. In this case additional nonlinear truss elements are arranged at

the crack surface to prevent a penetration of the two crack surfaces in the calculation.

Finally Fig. 9 gives a comparison of measured and calculated leak rates with the EPRI

as well as the Pana leak rate model used. The Pana model delivers higher values than

the EPRI model. Considering the whole range of moments Pana with an initial crack

opening of 0.2 mm gives the best agreement with the experiment, while for small leak

rates the EPRI model for 0.2 mm opening fits the experimental values better.

4.2 Pipe branch

As second example a calculation to the branch experiment E22.12 is presented. In this

case a 180° crack in the weldment between nozzle and large pipe is considered. Again

the crack was generated by spark erosion. The crack location and main dimensions are

given in Fig. 10.

The component is loaded by internal pressure (10.5 MPa) and by a crack opening ben-

ding moment in the case of the calculation.

The finite element model used is shown in Fig. 11. The half of the component has to be

modelled in this case. Results of the calculation are presented in Figs. 12 and 13. Whi-

le Fig. 12 shows tne deformation of the model, in Fig. 13 a comparison between mea-

sured and calculated crack opening displacements is given. The scatterband in the nu-

merical results comes from the assumption that an initial crack opening of 0.10 or 0.15

mm may have existed due to fabrication of the crack. The experimental values corres-

pond with two loading cycles with increasing and again decreasing moment. At step 9

piastification obviously occurred. The unloading in step 10 is not directly comparable to

the calculation. The results indicate that even a larger initial crack opening would be

plausible.

4.3 Pipe bend

As third example a calculation to the pipe bend experiment E22.21 is presented. In this

experiment a thin-walled 90° pipe bend with a longitudinal through crack at the flank

was studied. The crack was fabricated at MPA Stuttgart by fatigue crack growth, star-
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ting from a notch at the inside. During the experiment crack growth occurred especially

at the outside, where the crack length increased by about 400 %. This was the reason

for much larger leak rates than expected, whereby even the measuring capabilities of

the diaphragm were exeeded.

The pipe bend was loaded by internal pressure (10.5 MPa) and by an in-plane, ope-

ning bending moment. The finite element model used is shown in Fig. 14. The final

shape of the crack (after the experiment) with an crack length of about 100 mm at the

outside is modelled. Results of the calculation are shown in Figs. 15 and 16. The J-

values indicate that even a further growth of the crack in longitudinal direction would

have been possible. The leak rates evaluated lie well beyond the capacity of the mea-

suring device.

5 Summary

In the paper calculations to leak rate experiments are presented. The experiments on

leak opening and leak rates of cracked piping components were performed during pha-

se 3 of the HDR-Safety-Prog ram in the years 1988 to 1991.

The calculation of crack opening and J-integral values was performed by the finite ele-

met method. Leak rates were evaluated by separate computer programs, using two-

phase flow models.

As far as possible comparisons were made between numerical and experimental re-

sults, but at present the agreement is not satisfying in every case.

In view of the crack opening the calculational tools used were sufficiently checked by

experimental results taken from literature or from the HDR-Program and may be consi-

dered as verified.

The results of the two leak models used are in satisfying agreement. The comparison

to the HDR experimental values shows that the models describe the leak rate qualitati-

vely correct also for crack closing or opening moments. But especially for small leak

rates there are still major deviations. An extensive qualification of the leak rate models

was not possible up to now due to the limited data from the experiments and the large
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uncertainty of the experimental values. An improvement might be possible by the ongo-

ing more detailed evaluation and analysis of the HDR-experiments and by further labo-

ratory experiments with improved measuring devices.

In comparison to pure internal pressure loading crack opening or closing bending mo-

ments may cause remarkable changes of leakage area or leak rate. For instance a clo-

sing moment of 1 kNm leads to a decrease of the leakage area by a factor of 15 for a

circumferential crack in a pipe DN 80. For the same pipe an opening moment of about

4 kNm gives an increase of the leak rate by a factor of 50.
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Table 1 HDR leak rate experiments

HDR-ExpV
Date

E22.01
Sept. 88

E22.02
Sept. 88

E22.03
Sept. 88

E22.04
March 89

E22.05
Sept. 90

Component
Size

Straight Pipe
DN80

Straight Pipe
DN80

Straight Pipe
DN80

Straight Pipe
DN80

Straight Pipe
DN80

Crack/
Preparation

Slit,
90 Degrees

Notch Inside,
90 Degrees,
a/t = 0.5,
Through Crack
at HDR

As E22.02
"Cold"
Experiment

Notch Inside,
90 Degrees,
a/t = 0.1,
Through Crack
at Laboratory

Notch Inside,
130 Degrees,
a/t = 0.5,
Through Crack
at Laboratory

Aims

Test of
Experimental
Set Up,
Measure-
ment1'
CC.FM.CG

As Above
(without CC)

Measurement
CG

Measurement
CC, FM, CG

As Above
(without CC)

Calculations

FH2), 3D-FE-
Shell Model

FH, 3D-FE-
Model

FH,
3D-FE-Model

3D-FE-Model

3D-FE-Model
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Table 1 HDR leak rate experiments (continued)

HDR-Exp./
Date

E22.06/06
1
/062
July 91

E22.11
March 89

E22.12
Sept. 90

E22.21
July 91

E22.22
July 91

Component/
Size

Straight Pipe
DN80

Nozzle
DN 100/DN25

Nozzle
DN 100/DN25

90 Degrees
Bend
DN80
Thin Walled

90 Degrees
Bend
DN80
Thick Walled

Crack/
Preparation

Notch Inside,
90 Degrees,
a/t = 0.5,
Through Crack
at Laboratory

Slit, 90 Degrees at
Inside,
110 Degrees at
Outside

Slit,
180 Degrees

Axial Notch Inside,
a/t = 0.5,
Through Crack
at Laboratory

Circumferential
Notch Outside,
a/t = 0.5,
Through Crack
at Laboratory

Aims

As Above
(with CC),
Intensive
Measurement
of
Temperatu-
res

As Above
(without CC
and CG)

As Above
(with CC)

As Above
(without CC)

As Above
(without CC)

Calculations

3D-FE-Model

3D-FE-Model

3D-FE-Model

3D-FE-Model

3D-FE-Model

1) CG = Clip Gage for COD-Measurement,

CC = Condensation chamber, FM = Flow Meter

2) FH = EPRI Fracture Handbook
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Table 2 Material data of austenitic steel X 10 CrNiMoTi 18 10

(at 300°C)

E =157700 MPa, v= 0.3
ay=152MPa

c/MPa
e/-

160.3

0.004

178.1

0.008

258.1

0.029

364.8

0.077

469

0.139

1000

1
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Test
Pipes

Heating Line

Room 1̂ 603

Piping for E 22

Fig. 1 Test facility for leak opening experiments (schematically)
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\
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Fig. 2 Arrangement of measuring devices for leak experiments (schematically)
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Fig. 6 Finite element model for calculations to E22.01
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Fig. 7 Leakage area and J-integral for crack opening moment - calculations to E22.01

(straight pipe with circumferential crack)
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Fig. 8 Leakage area for internal pressure and crack closing moment, initial crack ope-

ning 0.2 mm, E22.01 (straight pipe with circumferential crack)
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Leak Rate G (kg/e)
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0
D

EPRI 0.3
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-
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Fig. 9 Measured and calculated leak rates, E22.01 (straight pipe with circumferential

crack)

Eroded Crack
Circumferential Angle 180c

Crack Width 0.1 mm

Fig. 10 Dimensions of the pipe branch of experiment E22.12 and crack location
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Crack

114

Detail

Fig. 11 Finite element model (complete and crack region) for calculations to E22.12

COD,
Outside

"-H-1.53mm

Fig. 12 Deformation of pipe branch (contour plot) for MB= 0.8 kNm, E22.12
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Fig. 13 Comparison of measured and numerical results of crack opening, E22.12 (pipe

branch; numerical values for initial crack opening of 0.1 or 0.15 mm)

Crack

Fig. 14 Finite element model of pipe bend for calculation to E22.21
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Fig. 15 J-integral values for calculation to E22.21 (thin-walled pipe bend)
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Fig. 16 Leak rates for calculation to E22.21 (thin-walled pipe bend)
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Leak Rate Models and Leak Detection

Leak detection systems installed in NPP's are essential for the early detection of leaks

in the primary and connected systems from wall penetrating cracks or flanges and

seals and for the application of the break preclusion or Ibb concept.

Therefore a series of detection systems have been developed, e.g.

moisture condensation measurement, global, local, differential,

acoustic emission system,

measurement of the pressure in the containment,

activity measurement of the air in the reactor building,

water level measurements (e.g. sump height).

At least one system besides the regular visual inspection (walkdown) has to be real-

ized in German reactors.

During start-up, full power operation or shut down of a pressurized water reactor the

fluid in the primary reactor coolant system undergoes different system states, ranging

from cold to hot subcooled water. The amount of fluid streaming out through a wall

penetrating crack strongly depends on the fluid state, besides other relevant data as

leakage area, wall thickness, crack surface roughness, loading conditions like internal

pressure and opening or closing bending moment and at last corrosion products and

insulation which can reduce the leak rate.

Moreover, it depends from the fluid state by which type of leak detection system a

special leakage will be detected with the highest probability. For instance will a cold

water leakage rather be detected by a measurement of the height of water in the

sump or of the filling level in a vessel than by moisture measurement, because it is not

expected that such a leak changes significantly the humidity in the room, where it is

located. The place, where a leak is located in the reactor, is also of importance for the

time which is needed until a leak is detected. For instance a steam leak with a rate of

0.1 kg/s may be detected by humidity measurement within a few seconds in a small

compartment (100 m3) or within minutes or even hours in large compartments.
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The computer programs for the calculation of leak rates contain different models to

take into account the fluid state before its entrance iriio the crack. For a one-phase

flow (water or steam) a modified Bernoulli-model may be used, while for subcooled

water a two-phase flow in the crack may occur, which must be taken into account by a

suitable model.

The leak rate programs have to be verified by experiments. Most of them are per-

formed in laboratories using specimens as plates with artificial rectangular slit geome-

tries. Although this has the advantage of an exactly known leakage area, it is not a

real crack in a pipe. Neither the crack shape nor the crack surface nor a realistic load-

ing of the cracked pipe is simulated sufficiently in this case.

Besides this type of experiment a limited number of experiments on cracked pipe

components under operational conditions (temperature about 300 °C, internal pres-

sure and bending moment) were performed, mainly in USA, Japan and Germany. Al-

together the experiments show that the measurement of the crack opening (with

clip-gauges) is very difficult for the conditions prevailing and also the measurement of

very low (0,001 to 0,1 kg/s) or very high (for leakage areas of 0,1 to 1F) leak-rates.

The agreement between leak rate experiment and calculation for leak rates above

about 0.1 kg/s and for slit experiments is in general satisfactory, with deviations of less

than + 50 percent. In the case of leak rate experiments on real pipe components and

for very small leak rates resulting form narrow cracks (fatigue or sec) or from a closing

bending moment the agreement is generally not satisfactory.

Finally some further aspects of leak detection shall be mentioned. A loading which is

varying in time, for instance a transient bending moment with crack opening and clos-

ing regimes, may cause a delay in time, until the leak is detected. For instance a cyclic

thermal loaded system branch is thinkable in which a wall penetrating crack will be

closed by a closing bending moment in the hot subcooled fluid state and only opened

in the cold fluid state. By the way, especially small leaks are often detected by visual

inspection rather than by leak detection systems. In addition the insulation of the

pipes may be able to condensate small amounts of steam leakage and may cause

problems in detecting a leak early or in localizing it very precisely.
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CRACK ARREST BEHAVIOUR IN PRESSURE VESSELS

K. Kussmaul, D. Sturm, P. Juiisch, W. Stoppler and K. Hippelein

Staatliche Materialpruefungsanstalt (MPA), University of Stuttgart

Federal Republic of Germany

ABSTRACT

For this paper, crack arrest wil l be interpreted as the stopping of a running crack, initiating

.n a defective part and propagating along the entire thickness of the wall of a vessel under inter-

nal pressure. Further, i t wil l be assumed, that the presure relief and the initial length of the flaw

are decisive for crack arrest. Other parameters include strength, toughness and the geometry of

the component.

Internal pressure tests were performed to investigate these assumptions. The tests were con-

ducted on two large vessels of 3 m O.D., 21 mm wall thickness and 14 m length made of StE43

steel. The critical length of a longitudinal through-wall flaw, defined as that causing rupture, was

first determined and thus the leak before rupture diagramme for the base material of the vessel

was established by experiment and calculation. This diagramme gives the l imit which of two modes

of failure "leakage" or "rupture" (catastrophic failure), wil l occur depending on crack length and

loading conditions.

Tests under pneumatic pressure were then carried out to investigate crack arrest. For these

tests notched discs, made of low upper shelf material, Charpy energy about 10 J, were welded in

the cylindrical portion of the vessel whose upper shelf Charpy energy at room temperature is

about 120 J. Crack initiation at the desired internal pressure was triggered by means of a small

shaped charge ignited over the notch. In the case of discs of a diameter smaller than the "crit ical

slit length" crack arrest occurred when the crack entered the tough material, while a disc corres-

ponding to the critical crack length of the vessel led to rupture.
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1. INTROCXJCTION AND STATEMENT OF O8JECTIVE

G/F No. 4/10

Within the scope of a research project / I , 2/ sponsored by the Federal Ministry for Research

and Technology, the conditions for crack arrest should be proved by tests with full size vessels at

room temperature. In this paper by crack arrest is meant the stopping of a running crack, initiat-

ing at a flaw and propagating along the entire thickness of the wall of a vessel subjected to in-

ternal pressure. In this case the cause of crack initiation has no significance. In addition to the

strength, toughness and component geometries, the pressure relief caused by the crack opening and

the initial defect length are of primary significance for the crack arrest behaviour.

In the first part of the programme the critical length of a longitudinal through-wall flaw and

thus the leak before rupture curve was determined hydro-statically with the first tank SI (see sec-

tion 3). Corresponding to the geometrical and material properties, this diagramme gives a l imit

between the two modes of failure, "leakage" or "rupture" (catastrophic failure), depending on slit

length and loading conditions. The critical slit length is that length associated with a specified

pressure at which instability of the slit occurs (spontaneous crack extension).

In the second part of the programme, section 4, a pneumatic system (and thus considerably

more stored energy) is used to investigate the validity of the critical crack length concept under

more pronounced dynamic conditions than the first part of the investigation. For this purpose,

notched discs made of a britt le material and of different diameters were successively welded into

a tank of a tougher material. The disc diameter thus corresponds to the crack length. Tests were

carried out starting with low stress levels and small disc diameters. These were progressively in-

creased until tank rupture occurred.

2. TEST VESSELS AND MATERIAL PROPERTIES

For the tests two large feed-water tanks were available, Fig. 1.

•SL ,
MKSSME INPUT
HtESSUtf

V
<D

m m r DISC •
flED-HOlE* U B SI

uuciruoiui sura
UK si

. I too T .
0

ocun-r

Dimensions of feed-water tanks 51 and 52, material StE 43 with position of the crack
initiation
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Their specifications are as

G/F No. 4/11

Outer diameter:
Length:
Material:
Service Temperature:

3 m
14 mm
StE43 (BH43W)
220 °C

Wall thickness:
Volume:
Allowable Pressure:
MPA-Designation-

21 mm
95 m?
2.5 MPa
SI and S2

Both tanks were made of weldable fine

grain structural steel. The mechanical

properties were determined, Table I, and

were within specifications. The circumferen-

tial direction of the tanks corresponds with

the rolling direction of their plates. As both

feed-water tanks contained artificial axial

flaws for crack initiation, the material cha-

racteristics of specimens with their long axis

orientated along the rolling direction are of

greater significance for the fracture process.

For the tests performed at room temperature upper shelf Charpy energy was at least 90 J.

transition temperature was determined to be about -20 C.

Table I:
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3. CRITICAL SUT LENGTH OF FEED-WATER TANK SI

An estimation of the relationship between loading and critical slit length can be made

semi-empirical methods /3 / . For the service pressure of 2.5 MPa (the nominal hoop stress Q

180 MPa) a critical slit length > 600 mm can be determined. A slit of 594 mm in length was V

cut with a 4 mm thick grinding wheel in the centre area of shell IV. The ends were extended

3 mm each in the slit plane by means of a 0.2 mm thick jeweler's saw blade to a total length

600 mm, Fig. 1. The slit was sealed against leakage by means of a 8 mm thick plate and rubt

mat.

The testing equipment was set up in a bunker

of the MPA. Hydraulic pressure was used in this

test and was created by two parallel plunger pumps

with a total discharge of 240 1/min. In a separate

line, the internal pressures were measured with two

precision measuring manometers and electronic

instruments. Three camera systems were provided

to record the events in the area of the slit: a

high-speed camera, a TV-camera and a Super 8-ca-

mera. For measuring of crack opening displacement

5 clip gauges were used, Fig. 2. At the slit ends,

insulated timing wires were fixed on the tank to

measure the crack speed. All signals were recorded

on a computer tape.

FEED-WATER TANK SI

DIMENSIONS O.0xT = 3QO0i21mm

LENGTH I t 0 0 0 m m

MATERIAL ST E t ]

SLIT LENGTH 600mm

F i g . 2 ;

10NGITU0INAL OIRECTIDN Df VESSEL

Through-wall flaw in feed-water lank SI
with instrumentation
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3.1. TEST RESULTS

fEEO-WAlER UNKS1

OIMEKSIGKS CD i l =30Q0«Ilmr.

LENG1H 11000 mm

MATERIAL S H U

SLIT LENGTH 600mm

INTERNAL PRESSURE } 5 M P o ( v 2 5 5 M P a )

PRESSURE MEDIUM WATER. A,/A, = 0,07

MIS 7193

Fig. 3: Fracture of feed-

water tank SI

The internal pressure could be increased at a rate of about

G.3 MPa/'s until staoie crack growth began at the slit ends at about

2.5 MPa ( o n ~ 1 8 0 MPa). At maximum output of pumps, the interne-'

pressure could be raised to 3.6 MPa within 35 s, whereby at each end of

the slit a crack extension of 40 mm was detected which increased the

slit to a total length of 680 mm. During further 5 s stable crack growth

continued but the internal pressure could not be increased. Instability

was obtained at a length of about 900 mm. Thereby the crack turned

into the circumferential direction and arrested at a total length (slit-

and crack length) of about 2 575 mm, Fig. 3. The area of the crack was

deformed and bulged to the outside. These deformation included an area

of about 1 700 mm circumferentially. Turning of the crack into circum-

ferential direction can be explained by the strong bulging. During bulging

a bending stress superimposed on the longitudinal stress of the vessel an

the sum of both stresses, as well as the weaker toughness in circumfer-

ential direction contributed to the crack turning round. According to the

provided testing conditions and the characteristics of the vessel material,

failure occurred in the pure shear fracture mode as expected frio britt le

fracture).
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a.
D
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A HIGH SPEED FLM

D TIMING WIRES

• VIDEO FRAMES

CRACK INITIATION

FEED-WATER TANK SI
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DIMENSIONS Q D i T. 3000 x 21 mm
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r .30D0i21mm
UOOOmm c

. ,

EED FLM
VIRES
RAMES

SO I D SCO

CRACK S P E E O v

1000

Fig. 5: Crack speed at feed-water tank SI under

internal pressure loading

MOO aooo

M O 7197

nm 1250sco m noo
(CRACK-) SLIT LENGTH t

Fig. 4: Crack growth in feed-water tank SI under

internal pressure loading

By means of high-speed and video records as

well as of timing wires, i t was possible to measure

the slit length as a function of time and internal

pressure during load phase, Fig. 4, and to calculate

the crack speed, Fig. 5. A crack speed of about

1 mm/s was determined at the beginning of stable

crack growth, and increased with crack length, reach-

ing about 1 m/s at critical slit length.

3.2. DUCTILE FRACTURE MECHANICS ANALYSIS

Using the J-Integral, the strength behaviour of a vessel with a through-wall flaw was esti-

mated using the equations for the centre-cracked £late (CCP) under tensile stress (bending neg-
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lected) M/ . The tensile stress was chosen corresponding to the hoop stress of the vessel. For

J-Integral approximation the plastic zone correction was disregarded and the parameters fron.

following Ramberg-Osgood equation were used,

0.236 523 523
(1)

WATER TAm S.
ATERIAL V E t3

T. JOE > 21 p
LENGTH UOQOmm

where

MPa.

is the strain in m/m and is the stress in

The ductile fracture properties were determined to

be J. = 161 N/mm for initiation with the method of par-

tial unloading. An unstable crack growth criterion was

estimated by means of J^Q method proposed by the MPA

/5/ to be J [ n s t . = 320 N/mm, Fig. 6.

MPa

H IP
2

PLAIN STRAIN EDZ
PLAIN STRESS ES2

CENTER-CRACKED PLATE
TENSION LOADED

-CORRESPONDING TO
FEED-WATER TANK SI

MATERIAL St E43
DIMENSIONS QD. «T.3000x21 mm

LENGTH 14003mm

250

200
Fig . 6: Crack resistance of material St£ 43 com-

parea with oOier MPA-results

150

100

soon tamo

P L A T E WIDTH B

0.120 0.060

1 0
15000

The J-Integral has been calculated "depending <,i

stress and slit length for different plate widths f̂

plane strain as well as for plane stress. Based on tr-..̂

J-values for initiation and instability, the resulting

stresses can be converted to internal pressures for tr.*

vessel, Fig. 7. Noting that the influence of the width

B i 5 000 mm is small, initiation occurs at about

2.5 MPa, which was verified by the experiment. For

crit ical crack length of 600 mm, the calculated max, -

mum pressure lies between 3.2 and 3.5 MPa or it l ie.

between 2.7 and 3 MPa if the experimentally detei- -

mined critical slit length at instability of 900 mm

the basis. Using the method given by Kiefner et. al / ;

an internal pressure of about 3 MPa can be assigned to a slit length of 600 mm and one of aboL*:

2 MPa can be assigned to 900 mm slit length.

4. CRACK ARREST BEHAVIOUR OF FEED-WATER TANK S2

For the initiation of the cracks brit t le discs were welded in feed-water tank S2. Crack prc

pagation was triggered at a specific pressure. By successive extension of the disc-diameter and ir

crease of the stresses the conditions for crack arrest were tested in several experiments until fin .

ally a catastrophic failure occurred.

Fig. 7:

B 0.010

ME»7(.95

Failure conditions for feed-water tank 51
on the basis of a plastic fracture analysis
conducted for plates
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4.1. TEST SETUP AND PERFORMANCE OF THE CRACK ARREST EXPERIMENTS

BLAST WALL

FEED-WATER TANK S2
0.0 »S = 3000121 mm
LENGTH = UO0O mm
MATERIAL S I E 1 3

Fig. 8: Internal pressure test on feed-water tank S2
(Erprobungsstelle 91 of the Bundeswehr in Meppen)

The material of the discs was a modi-

fied fine grain steel with a Charpy energy of

10 J and K. of ~ 60 MPa.m at room

temperature. Welded in the centre area of

shell III, longitudinal notches were machined

in i t to initiate the crack. To trigger failure,

a small shaped charge was fixed over the 52

notch. Crack initiation occurred on the one

hand by cutting the remaining ligament and

on the other hand by pressure on the notch

flanks. The electric triggering of the shaped

charge also provided a precise timing point

for all measurements. In order that a suffi-

cient amount of energy is stored in the

pressure medium, compressed air was used. For purpose of safety the experiments were performed

at the outdoor substation of the Erprobungsstelle 91 of the Bundeswehr in Meppen.

The feed-water tank was positioned in front of a blast wall and orientated to take "advantage

of the early afternoon light for optimum photographic conditions, Fig. 8. The vessel was connected

to parallel high-pressure compressors which made possible a pressure increase rate of about

0.4 MPa/h. Additional to the instruments used with vessel SI (see section 3) piezo-electric pressure

and acceleration transducers, strain gauges as well as thermocouples were instrumented. The dyna-

mic events were recorded by a Pulse-Code-Mpdulated (PCM)-System and other instrumentation.

Three cameras were employed to f i lm events: a Hitachi high-speed camera capable of recording

5 000 frames/s, a 16 mm- and a Super 8-camera. All three cameras were triggered by an electric

impulse preceeding that used to ignite the shaped charge.

4.2. TEST RESULTS

The main results are listed in Table I I .

Because of the test with feed-water tank SI the quasi-static failure conditions and thus the l imit

for leak- before rupture was known for the test stresses, Fig. 9 (shaded section).

At disc diameters which lay below the calculated slit length for the disc material, the cracks

were always arrested in the circumferential seam or in the vessel, whereby leakages occurred.

When the compressed air flowed out of the vessel (expansion) the areas around the crack opening

cooled to the extent that local icing occurred after some time, Fig. 10.
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TaoJe II: Main results of internal pressure Lest; with feed-water Unk 52, Dimensions

O.O. x wall thickness = 3 GCu x 21 mm

POS. !..
Crack Opening

CATASTROPHIC FAKUrtl

c .:
rack o^vninq a r t *

600

MPQ

100

200

LEAK-

BEFORE

SUTOffi CURVE

g . . . croi» ««ction of V M M J I 6 .87- 10 w>

S T E U FEED-WATER TANKS
0 0 A T r 3 000«21mm,U000mm LENGTH
CRACK INITIATION "|
STABLE GRACK GROWTH J '
KSTA8IUTY J t u u

O CRACK ARREST \ S2. PRESSURE
• CATASTROPHIC FAILURE J MEDIUM AIR

DIMENSIONS OUiS< 3000121 mm

LEIG1H 11000 mm

MAUIIAL S H U
OlSCS.OOiT . UII/600i!2mn
MATEHIAl 22 *MoC/ 37 moil

LONGITUOIKAI. DIRECUOH Of VESSEL

V E S E L

MPQ

6 '

100 600
SUTUKGTH 1,

BOO mm 1000
MU26 6 5 U

Fig . 9: Stresses on feed-water tanks SI ana 52 at
crack init iat ion or instability

TEST 7 tlMIIG WIRES

HOrCH ifUCIK KOmm.lOTCK 0EMH Umm
IITEKIAt MESSUHE 1.2Mftilo.^ 2?7MPO|
c u a intunoi WITH SHALL SJUKU aumz

MCS553O

10: Outflow of the pressure meoium air of
feed-water tank S2 after leakage at
internal pressure test V7
(Ej-probungMteiie 91 of the Sundeswenr rn Mecpen.
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Only at test V9 which was expected to cause rupture because of the flaw length correspond-

ing to a diameter of 850 mm and a nominal stress of about 255 MPa also under quasistatic load,

a "catastrophic failure" occurred and the voss?! burst open but no parts separated, Fig. 11.
MATERIAL: S l E t 3 ( 8 H W U ) DIMENSIONS OF DISC: Qfl'T =lSO/t50i71mm VESSEL DIMENSIONS: QQiT ;3000i21mm
BURST PRESSl ' inSMPn PIIESSHEO AIS L£NGTH = UOOOmm

0ISCMATEKIAL:22N,MoCr37mod,A,-10J] VESSEL MATER!AL:StEl3(BHWi3|

VESSEL DIMENSIONS:
0 0 1 1 = 3 0 0 0 1 2 1 mm. UKGTH UOOOmm

RUPTURE OF FEED-WiTER VESSa S2 DURINGTEST V9 AT TEST RANGE 91 OF THE
BUNDESWEHR/MEPPEN

Fig. 11:

DISC 7

CRACK INITIATION IN DISC 7 OURING TEST V9 AT TEST RANGE 91 OF THE
8UN0ESWEHR/MEPPEN

MES7013

Fig. 12: Crack initation in disc 7 at internal
pressure test V9 in feed-water tank S2

Catastrohpic failure at internal pressure
test V9 on feed-water tank S2
(Erprobungsstelle 91 of the Bundeswehr in Meppen)

The crack extended according to its initiation at first on both ends of the disc in longitudi-

nal direction to the circumferential bottom seams and then it separated pretty symmetrically in

circumferential direction. In the areas of the disc, a pure brittle fracture occurred perpendicular

to the main stress direction which changed to shear crack in the circumferential seam of the disc,

Fig. 12, and held this mode over the whole crack length of about 35 m.

The pressure drop after crack initiation measured at test VI to V7 shows that the maximum

internal pressure in the vessel is maintained for several seconds, and therefore at the time of

crack arrest - which took place within a few milliseconds - the stress is at its initial value,

Fig. 13. In comparison, the internal pressure in test V9 (catastrophic failure) remained at its initial

value for only 10 ms after crack initiation, dropping to atmospheric pressure after 80 ms. From

the pressure drop the flow rates can be calculated point by point, Fig. 14. The almost instan-

taneous release of the whole energy stored in the vessel at "catastrophic failure" compared with

the stable conditions at crack arrest can be seen clearly. The analysis of the high-speed films of

NFl

10

jtciusnmtc FIIUKI
ivTT- • ' '

j FEED-WATER TANK S 2
; Kin.HU SI [O

•nooiTin
wen uo

Fig. 13: Pressure arop on internal pressure tests on
feed-water tank 52, relation crack arrest/
catastrophic failure

Fig. 14: Flow rate of internal pressure tests witn
feed-water tank S2, relation crack arrest/
catastrophic failure
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test V9 terminating the series with a "catastrophic failure" shows average crack velocities of

190 m/s for the longitudinal crack, Fig. 15, and the time dependence for the assigned crack open-

ing areas according to Fig. 16.

1 -

I

FEED-WATER TANK S2
MATERIAL St E 43
DIMENSIONS 0.0. xT. 3000 x 21 mm

LENGTH 14000mm
TEST V9/CATASTROPHIC FAILURE 7

RESULTS FROM HIGH SPEED FILM j f <
HITACHI 5000 FPS

o
,°/ l ^ A V E

t-

?
/

RAGE CRACK SPEED
•ni'190 in/1

< n
UJa.

0 5 10 15 20 25 30 35 mj 10

INITIATION CRACK START ^ M E '

F i g . 15: T ime-dependent course of the longitudinal M C f i 7199

FEED-
MATEF
OIMEN

TES1
RESUL

WATER TANKS 2

SONSO.DxT«3000x21r
LENGTH UOOOrrn

V9 /CATASTROPHIC
TS FROM HIGH SPEED

-AILURE
FILM

HITACHI 5000 FPS

<r

\

>

I
7

-

°0 5 W

INITIATION CRACK START

20
TIME t

35 ns (0

crack at internal pressure test V9 on feed-
water tank S2

5. SUMMARY

Fig. 16: Time-dependent course j f the crack open-
ing area at internal pressure test V9 on
feed-water tank 52

M » 71.91

The conditions for crack arrest were to be examined on two feed-water tar^ks of material

StE43 (BH43W), of the dimensions 3 m outer diameter, 21 mm wall thickness and 14 m in length.

First the l imit for "leak before rupture" was determined quasi-statically on one vessel, then crack

arrest experiments were performed on the second one. For these tests discs of different sizes of a

material with low upper shelf Charpy energy were welded into the undisturbed centre shell of the

tank whose toughness is essentially higher in order to initiate brittle cracks. At comparable loading

conditions, crack were initiated in the discs. The diameters of the discs had been elongated suc-

cessively as long until crack arrest happened no more and a "catastrophic failure" occurred in the

vessel. The diameter of the disc corresponded thereby with the critical slit length of the vessel of

the quasi-static test. The vessel bursted completely within 80 milliseconds and an average velocity

of the longitudinal crack of about 190 m/s. Without exception brittle fractures appeared in the

discs which changed to shear fractures in the circumferential seams of the discs and maintained

this kind of ductile fracture until they arrested.

With the maintained result taken as a basis, the evaluation of the crack arrest behaviour for

other application and parameters has to proceed from a comparably small importance of the dyna-

mic effect of a running crack, whereas the stopping is obviously decided from the parameters

destinating the quasi-static leak before rupture diagramme.
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CAPTIONS FOR TABLES

Table I: Mechanical properties of feed-water tanks SI and S2 at room temperature

Table II : Main results of internal pressure tests with feed-water tank S2, Dimensions
O.D. x wall thickness = 3 000 x 21 mm

CAPTIONS FOR FIGURES

Fig. 1: Dimensions of feed-water tanks SI and S2, material StE43 with position of the crack

initiation

Fig. 2: Through-wall flaw in feed-water tank SI with instrumentation

Fig. 3: Fracture of feed-water tank SI

Fig. h: Crack growth in feed-water tank SI under internal pressure loading

Fig. 5: Crack speed at feed-water tank SI under internal pressure loading

Fig. 6: Crack resistance of material StE43 compared with other MPA-results

Fig. 7: Failure conditions for feed-water tank SI on the basis of a plastic fracture analysis
conducted for plates

Fig. 8: Internal pressure test on feed-water tank S2
(Erprobungsstelle 91 of the Bundeswehr in Meppen)

Fig. 9: Stresses on feed-water tanks SI and S2 at crack initiation or instability

Fig. 10: Outflow of the pressure medium air of feed-water tank S2 after leakage at internal
pressure test V7
(Erprobungsstelle 91 of the Bundeswehr in Meppen)

Fig. 11: Catastrophic failure at internal pressure test V9 on feed-water tank S2
(Erprobungsstelle 91 of the Bundeswehr in Meppen)

Fig. 12: Crack initiation in disc 7 at internal pressure test V9 in feed-water tank S2

Fig. 13: Pressure drop on internal pressure tests on feed-water tank S2, relation crack arrest/
catastrophic failure

Fig. 14: Flow rate of internal pressure tests with feed-water tank S2, relation crack arrest/
catastrophic failure

Fig. 15: Time-dependent course of the longitudinal crack at internal pressure test V9 on feed-
water tank S2

Fig. 16: Time-dependent course of the crack opening area at internal pressure test V9 on
feed-water tank S2
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STEAM GENERATOR TUBES RUPTURE PROBABILITY
ESTIMATION -

STUDY OF THE AXIALLY CRACKED TUBE CASE

B.Mavko, L.Cizelj
"Jozef Stefan" Institute, Jamova 39, 61111 Ljubljana, Slovenia

G.Roussel
AIB-Vingotte Nucleaire, 157 Avenue du Roi, B-1060 Brussels, Belgium

ABSTRACT

The objective of the present study is to estimate the probability of a steam generator
tube rupture due to the unstable propagation of axial through-wall cracks during a
hypothetical accident. For this purpose the probabilistic fracture mechanics model was
developed taking into account statistical distributions of influencing parameters. The
numerical example presented indicates the change of rupture probability with different
assumptions focusing mostly on tubesheet reinforcing factor, crack propagation rate and
crack detection probability.
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1 INTRODUCTION

Primary Water Stress Corrosion Cracking (PWSCC) is one of the main degradation
mechanisms affecting mill annealed Inconel 600 steam generator tubes. This corrosion
mechanism is observed in regions with high tensile, residual or operational, stresses.
Typically affected region is the roll transition zone where multiple axial cracks are
initiated from the primary side. They grow further in length and propagate out of the
transition zone as through-wall (or close to) cracks.

Bursting tests of axially cracked tubes have shown that no crack growth precedes the
bursting but large ductile deformation (bulging) is observed before the axial crack
becomes unstable [1]. Therefore, the failure mode of tubes with axial cracks is not
crack propagation but plastic collapse. This also demonstrates that the crack length
rather than crack depth is the relevant parameter for tube rupture.

The bulging phenomenon also prevents tube rupture when the cracked section is located
in a confined space. More precisely axial cracks in a confined space remain stable at
pressures where unstability should occur. This is the case for axial PWSCC at the roll
transition zone when the mechanical rolling is partial (i.e. the rolling is limited to a part
of the tubesheet). On the other hand when the tube is fully rolled along the tubesheet
thickness, PWSCC axial cracks in the roll transition zone propagate outside the top of
the tubesheet in a free span region. In the later case, tube rupture is a safety concern.

To continue safe reactor operation with known (axial) through-wall cracks above the
tubesheet, utilities in some countries rely on adapted plugging criteria and extensive use
of advanced NDE techniques. Criteria based on crack length recognize that cracked tube
has a margin against bursting and requires that all tubes with cracks greater than
allowable length be detected and plugged (repaired).

The goal of the crack length criteria is to ensure with adequate safety margin that the
loadings during operation will not initiate unstable crack propagation. These criteria
derive from an analytical deterministic model taking into account the mean or extreme
values of statistically distributed parameters, thus implicitly assuming that variabilities
and uncertainties contribute to a small (but not evaluated) probability of tube rupture.

When plants are operating with a large number of through-wall cracked tubes, the
concern of Steam Generator Tube Rupture (SGTR) is raised. More specifically, the
probability of a SGTR during hypothetical accidental conditions should be assessed. The
results of the analysis may be used at the later stage to evaluate if the expected SGTR
probability may be tolerated and to validate the crack length criteria.

The method used to evaluate failure probability of cracked tubes is based on the
probabilistic fracture mechanics model proposed in [2].
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2 MATHEMATICAL MODEL

Assuming that the steam generator tube failure can be described by a Poisson's process,
the probability Q of having one or more tubes failed in a steam generator tube bundle
containing M cracks is given, for large values of M, by:

Q = 1 - expC-M-Qj) (1)

Qj being failure probability of a tube containing only one crack. Qj can be obtained by
solving:

<?, = / / ( a ) / / e (2-a e ) d(2-ae) da (2)

f(a) and fc(2aj being probability densities of observed and critical crack lengths,
respectively. Probability density f(a) is defined by the in-service inspection of the tube
bundle while fc(2aj is determined through semi-empirical rupture model, from the
probability density of different parameters, as described below. Equation (2) can be
solved numerically using known techniques [3].

2.1 Critical Crack Length

The critical axial through-wall crack length calculation is based on the ductile fracture
mechanics model, originally proposed in [4] and experimentally verified in [5].
By inverting the bulging factor correlation [4] and assuming the Poisson ratio to be 0.3,
the critical crack length is obtained from:

ac = [-0.709 + 1.155-in - 7.056 exp(-2.966•m)]- sp^i (3>

where the bulging factor m is given by:

m = _«/ =
 K(°Y

 + O (4)

The probability density fc(2aj is then easily determined from probability densities of
influencing parameters, considered as statistically independent variables (eq. (4)).

2.2 Tubesheet Reinforcement Effect

The tubesheet provides additional circumferential rigidity in the transition zone. This
effect was observed in [1] and later quantified in [5] proposing the Tube Sheet
Reinforcing Factor, defined as correction coefficient to the flow stress factor K (see eq.
(4):

RF(ac) = 1 + 10-exp

RF is effective for very short cracks and is vanishing with the crack length.
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Unfortunately, its use is restricted only to the cracks tangent to the tube sheet [5] which
may not be true for the numerous cracks propagating from the tube sheet.

2.3 Observed Crack Length

When in-service inspection of the full population of the tube transition zones is
completed, the probability density of measured crack lengths can be estimated [5],
[6], Tubes with cracks equal or exceeding the plugging limit (PL) are removed from
service.

Plugging limits [5] are based on the observed mean or extreme values of the parameters
including sizing accuracy and crack length propagation rate. The use of such limits
should ensure that at the end of is-service inspection interval there is no crack longer
or equal to PL. However there is a non-zero probability of having these parameters
exceeding the observed values. Another consideration is the possibility of missing some
cracks during in-service inspection. As a consequence, some of the cracks might be left
in operation after the in-service inspection and actually exceed the plugging limit before
the end of cycle. The model describing this behaviour is summarized in:

a = ag * \am + ae, aM + ae * PL and £ > P^ (b)

0 otherwise

where P^ represents the probability of crack detection.

3 NUMERICAL EXAMPLE

Application of the proposed model is illustrated by a numerical example considering a
typical steam generator seriously affected by axial stress corrosion cracking in the roll
transition area. The probability of a steam generator tube rupture is calculated for the
most unfavourable hypothetical conditions (Feedwater line break).

Two cases are considered. In case A, the parameters defining the assumed probability
densities are calculated from the samples of the available test data [7]. They are
coherent with the values used to define the plugging criteria [8]. This should give a
point estimate of the probability Q, (see eq. (2)) consistent with the assumptions of the
bases for plugging criteria [8].

For case B, a statistical re-analysis of data was performed in order to estimate with a
given confidence level (95% in most cases) the most unfavourable values of parameters.
Such choice of parameters should result in an upper bound for the probability Q, (see
eq. (2)) consistent with the available data.

For each of the two cases, the effect of the tubesheet reinforcing factor RF (see eq. (5))
is studied by performing two analyses, differing only by considering the RF or not.
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3.1 Data Summary

The statistical properties of data used in analyses were summarized in Table I for case
A and Table II for case B. The parameters which were taken as deterministic are given
in Table III. In both cases, the same initial (as measured) crack length distribution was
assumed (see Fig. 1).

Crack propagation law, used in case A does not consider the effect of initial crack
length, although such dependence was observed in [5]. However, it predicted greater
propagation rate than model used in case B for all propagation rates greater than 2mm
(see Fig. 2).

3.2 Solution Method

A direct Monte Carlo method was used to solve eq. (2). To obtain Qt with a resolution
of the order of magnitude 10"*, it was necessary to perform 107 numerical experiments.
Qj is then obtained by:

Q, = -5". (7)
1 N

3.3 Results

The single tube failure probabilities Q} for all four cases considered are presented in
Table IV. Consideration of the number of cracks in the tube bundle is shown in Fig.
3, as expressed by eq. (1).

As expected, case B gives higher rupture probabilities than case A. However the ratio
between them remains below 1.17 and 2.31 with or without RF, respectively. This may
be due to the fact that case B was more conservative than case A in treating flow stress
coefficient and probability of crack detection but less in describing crack propagation
rate.

The reinforcing factor RF decreases rupture probability by approximately an order of
magnitude for both cases.

Following the curves on Fig. 3 and assuming case B without tubesheet reinforcement
the rupture probability will exceed 50% (5%) if 730 (54) cracks were detected.
Assuming case A with tubesheet reinforcement the same number of cracks will yield
probability below 4.7% or 0.36%, respectively. At this point it should be noted again
that above mentioned rupture probabilities are conditional. A hypothetical Feedwater
line break accident was assumed as an initial event.

3.4 Single versus Multiple tube rupture

An interesting application of the above results is to compare the probability Qs of
having single to the probability Qm of having simultaneous multiple steam generator
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tube rupture. The probability Q is basically given by Poisson's cumulative distribution:

O = e > y°>

which results in eq. (1) for large M.

The first term of the summation is Qs and Qm is given by the sum of the other terms.
For large value of M, the ratio of QJQS is given by:

Q 1 - (1 •

Figure 4 shows the ratio QJQS for all cases considered. Assuming case B with
tubesheet reinforcement, it can be seen that if 2000 cracks are detected, Qm is only 8%
of Qs. If tubesheet reinforcement effect is not considered, Qm is two times larger than

4 CONCLUSIONS

Rupture probabilities of axially cracked steam generator tubes can be estimated by
means of probabilistic fracture mechanics model. Point and upper bound estimates have
been calculated for a typical steam generator seriously affected by primary water stress
corrosion cracking in the roll transition zone.

Additionally, the effects of tubesheet reinforcing factor and number of cracks on failure
probability were studied. The results showed great safety significance of both
parameters.

5 NOMENCLATURE

a predicted end of inspection interval crack length
ac critical crack half-length (theoretical prediction)
ae crack sizing error
ag crack propagation between two consecutive inspections
am measured (in-service inspection) crack length
fc(2aj probability density of end of inspection interval crack lengths
K flow stress factor
M number of cracks in the tube bundle
Nefper number of numerical experiments (Monte Carlo)
Nfan number of numerical tube ruptures (Monte Carlo)
p differentia] pressure
PL plugging limit
P^ probability of crack detection
Q probability of tube bundle failure (at least one tube rupture)
Qx probability of rupture per tube
Qm probability of having a multiple tube rupture in tube bundle
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Qs probabil i ty of having a single tube rupture in tube bundle
R tube mean radius (RM - 0 .5 /)
RF(a,.) tubesheet reinforcing factor
R^, tube outer radius
t tube wall thickness

f uniformly distributed random variable
of flow stress
am membrane stress
oM ultimate tensile stress
aY yield stress
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Table I Summary of data for case A

Variable

Tube outside
radius

tx

am

ae

at

K

<rY+oM

Distribution

Type

Normal

Normal

Gamma

Normal

Gamma

Normal

Normal

Parameters

p = 11.11
a = 0.0313

H = 1.195
a = 0.0423

a = 11.4
fi = 1.5

H = 0
a = 0.75

a = 1.0
fi = 0.8

H = 0.51
o = 0.03

It = 945
a = 50

Unit

mm

mm

mm

mm

mm

-

MPa

Comment

tolerance
± 3a

tolerance
± 3a

assumed

accuracy
± la

Prediction
model [5]

Experimental
data [7]

-

Uniform thinning of 0.075 mm assumed.

Figure 1 Measured crack length distribution

0.20

0.00

Crack Length [mm]
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Table II Summary of data for case B

Variable

Tube outside
radius

tl

am

at

K

oY+oM

Distribution

Type

Normal

Normal

Gamma

Normal

One - sided
normal

Normal

Normal

Parameters

pi = 11.11
a = 0.0313

M = 1.195
a = 0.0423

a = 11.4
0 = 1.5
M = 0
a = 0.75

a.d.5
a = 3.37

1.5 < a m ( 2 . 5
a = 2.36

2.5 < a,, ( 3.5
a= 1.84

3.5 < ^ ( 4 . 5
a = 1.47
4.5 < a,,,
a = 1.16

ju = 0.47
a = 0.04

H = 945
a = 50

Unit

mm

mm

mm

mm

mm

_

MPa

Comment

tolerance
± 3a

tolerance
± 3<T

assumed

accuracy

operational
data

Experimental
data [7]

-

Uniform thinning of 0.075 mm assumed.

Table III Deterministic data

Parameter

Differential
pressure

P*

RF

PL

Case A
Value

178.5 bar

1

See eq. (5)

14 mm

Comment

assumed

assumed

Case B

Value

178.5 bar

1 - exp( -0.45 a j

a,. < 18mm;
RF = 1.128
a, ) 18mm;
RF = 1.0

14 mm

Comment

assumed

Experimental
data

Experimental
data [7]
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Figure 2 Comparison of crack propagation laws
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Table IV Probability of single tube rupture (Q,)

With Reinforcing
Factor

Without Reinforcing
Factor

Case A
Point Estimate

6.62 -10-5

4.11-Kr1

Case B
Upper Bound Estimate

7.74-10-5

9.51 -10^
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Figure 3 Number of cracks and tube rupture probability
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ABSTRACT

This paper describes the COMPROMIS code developed by Electricite de France (EDF) to
optimize the tube bundle maintenance of steam generators (SG). The model, based on
probabilistic fracture mechanics, makes it possible to quantify the influence of in-service
inspections and maintenance work on the risk of an SG tube rupture, taking all significant
parameters into account as random variables (initial defect size distribution, reliability of non-
destructive detection and sizing, crack initiation and propagation, critical sizes, leak before
risk of break, etc.).
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1 INTRODUCTION

The steam generators (SG) of pressurized water reactors (PWR) in all parts of the world have
experienced various types of degradation of their tubes, the main causes of which are
corrosion and mechanical mechanisms [1]. The need for a very high degree of reliability has
led to growing use of in-service inspections as a means of detecting and tracking defects
before they reach a critical size, and to the plugging of a larger and larger number of tubes.

Two main objectives are ascribed to SG tube maintenance: from the standpoint of safety,
keeping the probability of a tube rupture at a very low level imposed by the design rules; from
the standpoint of availability, limiting the number of shutdowns caused by primary-to-
secondary leakages in excess of specifications. However, since the total number of tubes
involved is very large, the non-destructive examinations and remedial actions must neither
increase costs prohibitively nor excessively shorten SG life.

These considerations have led Electricite de France to develop a probabilistic mechanical
code, «COMPROMIS», of which the main objective is to make it possible to quantify the
effects of in-service inspections and maintenance work on the safety and availability of an SG.

The first development phase focused on the most commun sort of degradation on the oldest
SG in France, i.e., primary water stress corrosion cracking (PWSCC) in the roll transition
zone. The examples below concern this type of degradation.

2. DESCRIPTION OF THE GENERAL MODEL

The model developed [2] uses probabilistic fracture mechanics to assess the risk of failure of a
tube, because this approach has two significant advantages:

1) It makes it possible to take all factors of influence into account as random variables, rather
than using pessimistic, conservative assumptions.

2) It is intrinsically capable of quantifying the influence of maintenance and inspection
operations on the estimated risk of failure.

Schematically, if a tube rupture is caused by a crack type defect, the failure condition can be
expressed by a > ac, where a is the defect size and ac is the critical size causing a sudden
break. Many factors contribute to the uncertainty on a and ac. They are shown schematically
in figure 1, which describes the overall architecture of the model.

Three main steps may be distinguished in the sequence of events that leads from knowledge
of the state of degradation of an SG tube bundle, assessed at a given time on the basis of the
last inspections conducted, to prediction of the risks of failure of a tube in the course of the
operating cycles that follow the in-service inspection:
1) defect detection and size determination;
2) initiation and growth of defects;
3) leak before risk of break and failure analysis.
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Each input parameter is treated as a random variable characterized by a probability
distribution. These distributions produce the uncertainties or variabilities of all factors of
influence taken into account in assessing the risk of a tube rupture.

2.1. Estimate of the initial distribution of true defect sizes

The data used to estimate this distribution are the results of an inspection by eddy current of a
random mesh of one tube inspected in K (K generally ranges from 1 to 8).

The ability of the inspections to detect and measure defects is taken into account in the form
of probabilistic detection distributions and measuring errors that depend on the size of the
defect [3].

After the raw inspection data have been entered directly and a type of distribution has been
chosen for the true sizes of the defects, the code provides the most likely estimated
parameters of the distribution, together with various information useful to forming judgments,
covering both the quality of fit and, most important of all, major defects indicated by
extrapolation to the tail of the distribution. An example of a fit is given in figure 2. By
diversifying his choices using the library of available statistical distributions (cf. table I), the
user can conduct sensitivity studies (specially to analyse the weight of the tails of the
distribution).

The distribution is then truncated by plugging those tubes in which the measured defect size
exceeds the plugging limit taking into account an eventual further sample of tubes that are
inspected. The result of this operation is shown figure 3.

2.2. Evolution of initial distribution of defects versus time

The purpose of the second module is to simulate, over time, the evolution of the initial defect
size distribution. It takes account of the crack initiation prediction and of defect growth [4]:

• the initiation distributions are based on feedback from experience; they are modelled by
statistical distributions capable of describing the appearance of defects as a function of
time;

• the growth kinetics model is derived from a model developed by Ford for stainless steel,
adapted to Inconel 600 on the basis of laboratory experiments and feedback from operating
experience. It is a model based on a correlation with stress intensity factor K of the type
CK".

A simulation is illustrated in figure 4 which shows the calculated evolution at the end of 4,000
and 8,000 hours' operation.
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2.3. Analysis of failure

This last stage serves to calculate for each time step the probability of tube failure based on
an evaluation of the critical sizes and information about leaks detected in service. This
analysis can be run for normal operating conditions (AP = 100 bar) and under postulated
accident conditions (AP = 172 bar).

2.3.1. Leak before risk of break

As this kind of crack is proved to become quickly a through wall crack, each degradation may
cause a detectable primary-to-secondary leakage before entailing a risk of break of the
affected tube. The activity of the secondary fluid is therefore continuously monitored to detect
and quantify leaks, the flowrate of which is compared to the maximum leakage permissible
according to the specifications. To obtain the law of probability of a detectable leak, a
stochastic method was used, introducing random factors, uncertainties and variabilities in the
solutions of the analytical leakage flowrate models. After the dispersions of the various
parameters taken into account in the calculation had been ramdomized, a Monte Carlo
simulation was performed to estimate the uncertainties in the calculation of the leakage
flowrates versus crack size. This yielded an estimate of the probability of detectable leaks
above the threshold set (5 1/h).

23.2. Distribution of critical sizes

The analytical equations defining the instability criteria [5] are entered directly in a
submodule and the main parameters are probabilized. They consist primarily of the
mechanical and geometrical characteristics of the tube:

t
D

°y
o
S
k

o

u

tube thickness
outer diameter of tube
yield strength
ultimate tensile strength
position of last tube-tube plate contact point
dimensionless factor relating the mechanical properties to the yield stress

The probability distributions of these parameters are summed up in table II below. A
stratified Monte Carlo simulation then evaluates the probability of a tube rupture versus the
crack size. Figure 5 shows the dispersions so found on the critical size calculation in the
normal and accidental operating situations. These distributions should be compared to the
worst-case assumption used in the deterministic calculations, which, in our example, is 17 mm
under postulated accident conditions.
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2.3.3. Prediction of in-service leak flow rate

The code also predicts the leakage flowrate in service. It is assessed on the basis of a
probabilistic calculation of opening areas, which can be used to assess the expected leakage
flowrate from the size of a flaw.

Combining the crack size distribution simulated versus time with the probabilistic leakage
flowrate model makes it possible to estimate the predicted leakage flowrate in service at any
time.

This predictive model has been tested and fitted on the basis of measures on test loop and of
evaluation of SG leakage flowrate during decenial hydro stest.

3. EXAMPLES OF RISK ANALYSIS AND SENSITIVITY STUDY RESULTS

3.1. Effect of in-service inspection

The code has been first applied to one of the most affected steam generator (the SG n° 1 from
Bugey 5) using data from the last in-service inspection after 72,000 hours' operation. An in-
service inspection (eddy current testing of all the tubes and plugging of tubes having a flow
exceeding the criterion of 13 mm) was simulated at the end of each subsequent operating
cycle. The evolution of the probability of S.G. tube rupture (SGTR) under postulated accident
condition is shown in figure 6.

It can be seen that the risk increases naturally in operation, but falls after each shutdown with
the elimination of large cracks by plugging of the tubes. These results may be used to quantify
the effect of an inspection and maintenance strategy on the safety level.

It will also be noted that the starting point is 72,000 h, the date of the last inspection
performed, and that, during the first operating cycles following restarting, the maximum risk
reached at the end of each cycle decreases. This is because successive inspections of the same
tube decrease the risk of leaving large critical flaws in service.

3.2. Influence of the plugging criterion

Three plugging criteria between 11 mm and 15 mm were tested using the previous inspection
data and the calculations were done for accidental operating conditions. The results of the
simulation are given in figure 7. The curves show the relative impact of the preventive
maintenance on the safety level. It will be noted that during the first operating cycle following
restarting (one operating cycle = 8,000 h), the curves are identical. After three operating
cycles, the most severe criterion, 11 mm, substantially reduces the risk of failure with respect
to the usual plugging criterion, 13 mm but leads to overconservative probabilities of failure,
while the more relaxed 15 mm criterion does not increase the maximum SGTR risk at the end
of each cycle.
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On the basis of the foregoing simulation, it is possible to estimate the number of tubes that
will be plugged at the end of each cycle according to the plugging criterion chosen. It is then
possible to predict the cycle from which the number of tubes plugged becomes too large and
forces replacement of the SG.

Table III below sums up, for the three plugging criteria applied, the number of tubes plugged
during the four cycles after the last inspection performed.

The code is now systematically used to analyse the most affected SG and this tool proves to be
helpful for lifetime evaluation and SG replacement planification.

3.3. Impact of the probabilistic concept in the evaluation of critical sizes

Another illustration of the utility of these sensitivity studies is given in figure 3, which shows
the degree of conservatism in the evaluation of the safety level when worst-case values
(deterministic approach) are used for the key parameters of the failure analysis. Between the
two simulations, the probabilities of failure differ by an order of four decades (normal
operating conditions).

4. CONCLUSION

The model presented herein, which is the outcome of joint research by several EDF services,
is the final result of the first stage in the development of a code specifically tailored to steam
generator maintenance.

It is used to:

• test and compare various maintenance scenarios,

• investigate the sensitivity of the result to various uncertainty,

• predict the life of an S.G.,

• validate the consistency of the input data of the model.

EDF is continuing its work to introduce other types of damage such as circonferential stress
corrosion cracking or secondary-side corrosion flaws.
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Table I. Statistical options for the input data of the COMPROMIS code

Input quantity Options

Initial defect size distribution • Weibull, exponential, normal, log normal, uniform,
gamma, beta, gumbel extreme value

Detection probability • log-odds, log normal*, Weibull, exponential, uniform;
with residual non-detection probability £

Measurement errors • Systematic: calibration function or discrete values,
as function of size

• Random: standard deviation as function of size

Defect initiation probability • Weibull, log normal, gamma

Defect growth characteristics • da/dt = C[K(a)]m + f; with C, m or f probabilizcd

• K(a): continuous or discrete function

Length distribution of initiated defects • normal, uniform

In-service leak detection probability • same options as for detection probability

Probability distribution for all random variables • normal, log normal, uniform, exponential, Weibull,
gamma, beta, gumbel, with any truncation values

* log normal model based on complementary error function erfc

Table II. Tube rupture criteria. Probability distribution of key parameters

Parameter

t (mm)
D o (mm)

a + au (MPa)
y k

8 (mm)

Distribution

Normal
Normal
Normal
Normal
Normal

Mean

1.27
22.22
956
0.58

0

Standard deviation

0.04
0.06
503
0.01
0.5

Lower bound

- 3 S D
- 3 S D
- 3 S D
- 3 S D
- 3 S D

Upper bound

+ 3SD
2.2 SD
+ 3SD
+ 3SD
+ 3SD

Table III. Remaining lifetime calculated for different plugging criteria. At the beginning of the simulation
No = 72985 h and 127 tubes are already plugged

Operating cycle

Prediction of the number of tubes plugged
as a function of the plugging criteria

11 mm 13mm 15 mm

No
No +
No +
No +
No +

1
2
3
4

124
89
110
139
175

47 20
38 22
53 33
73 49
98 69
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Figure 1- Schematic diagram of various steps in the COMPROMIS model
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Figure 2. Reconstruction of the initial distribution of true crack sizes
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Figure 4. Evolution of the initial crack size distribution as a function of time
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Figure 6. Effect of periodic in-service inspection on the risk of tube rupture
under postulated accident conditions
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Abstract

Operating experience of steam generator tubes in German pressurised water reactors

has shown that so far there have only relatively few cases of damage been registered.

The only steam generators with a high failure rate were exchanged in 1983. The

material of the affected tubes was Inconel 600. The types of failure that occurred in

the late 70s and early 80s were mainly wastage corrosion, which was thought to be

the result of phosphate operating as it was common practice at the time. After

optimising the water chemistry and changing to "high AVT" operating, the failure rate

decreased considerably. In total, about 973 of the 193,335 tubes that were in

operation were plugged because of wall-thinning or leaks. So far, there have been 6

leaks, with the highest leakage volume being 40 litres per hour. This paper does not

include the plants of the former GDR which in the meantime have been shut down.

1 Introduction

Steam generator tubes are the link between the primary and secondary systems and

are responsible for the heat exchange between both circuits. Wall-penetrating cracks,

openings or breaks of steam generator tubes go together with leakages of primary

coolant and thus have safety-related relevance.

This paper will deal with the following topics:

design and materials,

- water chemistry,
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number of damaged tubes, causes for damages and plugging criteria,

number of leaks and leakage volume,

estimation of the frequency of leaks.

2 Design and materials

In the Federal Republic of Germany there are at present 51 built-in steam generators;

49 of them are of the U-tube design, and two of the straight-tube design. All U-tube

steam generators are built into pressurised water reactors constructed by Siemens

KWU. The Siemens-KWU-design steam generators make up two categories:

- steam generators without economiser (Figure 1),

steam generators with economiser (Figure 2).

All steam generator tubes of these types are made of the material Incoloy 800. Tables

1 and 2 show the chemical composition and the mechanical characteristics. This

material is known to be relatively resistant against stress corrosion cracking.

With U-tube steam generators, the tubes are mechanically rolled into the tube sheet

and welded to the cladding (Figure 3). The horizontal supports in the straight-tube

areas are latticed and are made of fiat stainless-steel rods. The vertical and horizontal

supports in the bend areas are also made of stainless steel (Figure 4). Reference:

/BOU 85/.

The straight-tube steam generatores are fitted into the Mulheim-Karlich nuclear power

plant. The tubes are made of the material Inconel 600TT and were manufactured

according to the Babcock & Wilcox design. Until now, this pressurised water reactor

was only in operation for about a year.

3 Water chemistry

The steam generator tube damages, which in general occurred only in the older

plants, were mainly localised on the secondary side. For this reason, this paper is

going to concentrate on the description of the secondary side chemistry.
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In principle, conditioning of the secondary system is performed by volatile akaline

treatment (with hydrazine or ammonium hydroxide). Figure 5 shows the historical

development of the secondary side chemistry in German plants. After initial start-up,

older plants were operated almost exclusively with phosphate operation (pH > 8.8). In

addition to the already mentioned volatile alkaline treatment, the solid alkaline PO4

was added to the steam generator feedwater. After the occurrance of wastage

corrosion mainly in the tube sheet areas and on the insides of the tube bends, the

water chemistry was optimised. In the course of this optimisation, operating was

changed to "AVT" operating (AJI Volatile T/eatment, - pH < 9.2 -). In an intermediate

step, phosphate operating with an increased pH value (pH < 9.5) was kept being used

for some plants until at the end of the 1980s all older plants were converted to "high

AVT" operating (pH > 9.8). Newer plants have from their first day of operation

exclusively been operated at "high AVT" operating. This kind of operating requires a

copper-free secondary system. Reference: /DOR 86/, /HEI 84/, /SCT 83/.

The other requirements to the coolant (e.g. limitation of chloride, oxygene, silicic acid,

iron) are laid down in the "VGB Richtlinie fur das Wasser in Kernkraftwerken mit

Leichtwasserreaktoren" (VGB guideline for the water in nuclear power plants with light

water reactors) /VGB 88/.

4 Number of the steam generator tubes plugged so far;
causes for damages and plugging criterion

Table 3 lists the number of all the plugged steam generator tubes in German

pressurised water reactors. It demonstrates clearly that ft is mainly the older plants

which are affected, whereas newer plants have a very small or no failure rate at all. Of

the total of 193.335 tubes in operation, 973 (=0.5%) had to be plugged during the

continuing operation as a precautionary measure due to wall-thinning. During the

manufacturing of the steam generators, 340 tubes were plugged. Thus, a total of 1313

(=0.68%) tubes were plugged.

Table 4 lists the number of plugged steam generator tubes according to the different

causes for the damage. This shows that the majority of tubes were plugged due to

wastage corrosion. There follows fretting corrosion and, in some particular cases,

pitting corrosion. Wastage corrosion was found just above the tube sheets in the

areas where corrosion products had settled, and, in one plant, on the inside of a tube
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bend area. Fretting corrosion was mainly found in two plants, in the bend area of the

outer tube configuration.

Figure 6 shows on the examples of the plants Stade and Biblis A that wastage

corrosion occurred mainly at the beginning of the 1980s. After optimised operating -

essentially through the annual cleaning of the tube sheets from corrosion products

and a change in the water chemistry - the failure rate was significantly reduced.

For the plugging of tubes due to damage, a plugging criterion has been defined. This

plugging criterion prescribes which degree of wall-thinning requires plugging.

Wall-thinnings are measured during tests by eddy-current or ultrasonic

measurements. The plugging criterion was fixed at 50% wall-thinning /SCT 81/.

5 Number of leaks and leakage volumes

Table 5 lists the number of leaks and the leakage volumes. According to these

figures, there have so far been six leaks, with two cases of leakage volumes of 25 and

40 litres per hour. The causes for the damage in these cases were wastage and

fretting corrosion. In the remaining cases, the leakage volume remained below 10

liters per hour.

6 Conclusion with regard to operating experience

Operating experience with steam generators in German pressurised water reactors

has so far been very good. After some difficulties at the beginning of the 1980s, the

failure rate could be decreased considerably through counter measures. After a

change in operating and the implementation of further counter measures in the older

plants, there has also been success in stopping the further progress of the damage of

affected tubes. In the newer plants, there have so far been no damages recorded.

Based on the relatively low number of damages and leakages it can be claimed that

there is a good combination of materials, design and manufacture, and water

chemistry.

The details about the number of damages and leakages were kindly provided by

Siemens KWU.
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7 Estimation of the frequency of leaks

The expexted frequencies of steam generator tube leaks with various dimensions has

been estimated on the basis of operating experience gained so far in German

pressurised water reactors. Table 6 shows the estimations for the expectation value

and the upper 95% confidence value. At the end of 1992 there will be a total of

approximately 540 years of operation of steam generators with tubes made of Incoloy

800. The total number of steam generators is 49.

The evaluation of operating experience shows that the current practice of recurring

service inspections of steam generators makes it possible to detect with great

reliability any continuing damage which might lead to leaks in a larger number of

tubes. The practice applied so far to plug tubes where wall-thinning of more than 50%

has been found has avoided the development of leaks.

Firstly, small leaks will have to be considered. The upper limit value that can be

deducted from photograhed damages and from experiments for a leak size that

constitutes the sum of several leaks from the already described mechanisms is

AL<=0.02 A (A: cross-sectional area of the tube). The frequency determined for the

development of leaks of this size is based on the statistics for all the leaks that have

developed during operation. The actual leak sizes that did develop were, however,

considerably below 0.02 A.

Furthermore, there is to be considered the case of one single wall-penetrating crack or

rupture (tearing-off) of a tube (2 A). The height of this frequency value was gained

from a zero-failure statistic. The operating experience is not sufficient for making finer

subdivisions for leak sizes between 0.02 and 2 A. The estimation of the frequency of

the "2-A break of a steam generator tube" is conservative.

For the estimation of the frequency of the break of two tubes (4 A), relevant

possibilities are considered, like the simultaneous failure of two tubes as a

consequence of a pressure transient, e.g. through the break of a main steam line, or

the break of a further tube as a consequence of the break of one tube (consequent

break).
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The great uncertainty about the probability that the break of one steam generator tube

may cause damage to a neighbouring tube and subsequently may lead to further

leaks was assumed as evenly logarithmically distributed within a scope of 10'1 and

1CT4. This takes into consideration the numerous imaginable break configurations of a

tube and the possible resulting loads acting on neighbouring tubes. Until now we have

not been able to give a conclusive reason for the approach of this area. The

observations of the interaction correlations have shown that consequent break

accounts for the majority of cases in the frequency of leaks with A^ > 2A /GRS 90/.

For the constructional, material-related, and operational framework conditions that are

to be considered no damage mechanisms can be deducted where as a consequence

the break of a larger number of tubes (> 4A) might occur.
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Table 1 Chemical Composition of Steam Generator Tube Material Incoloy 800 (X2 NiCrAITi 32 20)

Element

C

Ni

Cr

Fe

Cu

Co

Ti

Al

Mn

Si

P

S

others

Composition [%]

0.03 max.

32.0-35.0

20.0-23.0

Bal.

0.75 max.

0.10 max.

0.60 max.

0.15-0.45

0.40-1.0

0.30-0.70

0.020 max.

0.015 max.

Ti/C>12

TV(C+N) > 8

Table 2 Material Properties of Steam-Generator Tube-Material Incoloy 800 (X2 NiCrAITi 32 20)

Temperature

20

100

200

300

350

400

Material Properties

Rpo.2
{N/mm4}

335-470

325

315

305

295

285

fl\!/mm*J
570-700

550

525

505

495

485

A*
I%3
30

25

20

20

20

20
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Table 3 Number of Plugged Tubes in Steam Generators During Continuing Operation in German

PWRs

Plant

Stade

Biblis A

Neckarwestheim 1

Biblis B

Unterweser

Grafenrheinfeld

Obrigheim (new)

Grohnde

Philippsburg 2

Brokdorf

Isar2

Emsland

Neckarwestheim 2

Commercial

Operation

1972

1975

1976

1977

1979

1982

1983

1985

1985

1986

1988

1988

1989

No. of

Tubes

11.972

16.240

12.063

16.084

16.084

16.344

6.020

16.344

16.424

16.344

16.472

16.472

16.472

193.335

No. of

Plugged

Tubes

318

589

15

50

0

0

0

1

0

0

0

0

0

973

Status: 31.12.1991
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Table 4 Cause of Damaged Steam Generator-Tubes in German PWRs

a>

Biblis A

Neckarwestheim 1

Biblis B

Unterweser

Grafenrheinfeld

Obrigheim (new)

Grohnde

Philippsburg 2

Brokdorf

Isar2

Emsland

Neckarwestheim 2

589"

15

50

0

0

amsge Mechanism
trf Plugged Tubes

33/43521

8

48

4+35)

43 24) 14'

r\D-

10

PWSCC

W » Wastage SCC = Stress Corrosion Cracking
F • Fretting PP « Plugged Preventively
P - Pitting PWSCC = Primary Water Stress Corrosion Cracking
D = Denting

1)» 63 tubes plugged as preaudtional measure due to Installation of additional AVB's
2) - Wastage in he innermost U-bend
3)-Nottnspectabte
4) - Pulled Tubes

5) * Due to a foreign/loose part

Status: 31.12.1991



Table 5 Summary of Leaks of Incoloy 800 Tubed Steam Generators in German PWRs

Leak
Detection

{Month/Year)

8/'8O

9/'81

12/'83

9/"91

Plant/SG-
No.

Biblis B/01

Stade/03

Biblis A/01

Biblis A/03
Biblis A/04

GKN 1/02

Leak Rate
(I/h)

<1

25

3

2

40

at first 0,1
at last 2,5

Damaged
Region

in sludge pile
above tube

sheet

innermost tube
rows in U-bend

area

outer tube
rows in U-bend

area

outer tube
rows abov tube

sheet

Cause

Wastage with
simultaneous pitting

Wastage

Wastage

Fretting

Fretting

Fretting due to a
foreign/ loose part

Total: 6 Leaks

Status: 31.12.1991
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Table 6 Estimation of Leakages in Steam Generators caused by SG-Tubes

leakage area;
(cm2)

0 - 0.06
(0.02 A)

0.06 - 6
(2 A)

6-12
(4 A)

>12
(>4A)

method:

statistics of small leaks

zero failure statistics, no large leak occurred

zero failure statistics, no break occured,
assumption:
one break triggering an additional one

for leakage areas > 4 A no meaningful scenario
found

frequency:

1.2 E-2

(2.1 E-2)

1.0 E-3

(3.6 E-3)

1 E-5

(1 E-4)

—

XE .X^: mean value and 95% confidence limit of frequency/Steam Generator - year

cross section of tube

Status: End of 1992
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Steam outlet

Man opening

Tubes

Tube support grid
(eggcrate)

Hand opening

Tube sheet

Primary medium
inlet

Feedwater inlet

Primary chamber

Primary medium
outlet

Fig. 1: Steam Generator without Economizer
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20.1m

3.667m

Feed water
Supply:

10% Flow

50% Flow

40% Flow

Fig. 2: Steam Generator with Economizer
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Tube sheet

max. 3

Expanded
portions

Cladding

Tube to tube sheet
welding

Fig. 3: Steam Generator: Connection Tube to

Tube-Sheet
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Corrugated Strip

Vertical Strip

Horizontal Strip <$

Fig. 4: Steam Generator: Support of U-Tubes
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Fig. 5:
Historical Development of Secondary Water Chemistry in German PWRs



Fig. 6: Plugged Tubes due to Wastage-Corrosion

above the Tube Sheet
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A COMPARISON BETWEEN DIFFERENT METHODS USED FOR THE PHWR
PRIMARY SYSTEM LEAKAGE EVENT TREE SENSITIVITY ANALYSIS

Dan Serbanescu ,Ph.D.
National Commission for Nuclear Activities Control
Division of Nuclear Safety Regulations
Probabilistic Safety Assessment and Severe Accidents
Bucharest , Romania

This paper presents a comparison between the results from
[Ij,[2]andl3]from the point of view of the sensitivity and uncertainty
analyses errors,as a basic aspect of the PSA validation problem.

The use of the PSA results for regulatory purposes was limited so
far by the fact that both qualitative and quantitative results could not
be evaluated in a systematical way ,in accordance with a consistent
nuclear risk theory.

On the other hand the development of PSA methodology was not
accompanied by the corresponding research of the nuclear risk theory
itself .

The paper includs a comparison between two possible approaches
for PHWR primary heat transport system leakage event tree :

* The new approach proposed by the author in [1;2] ;
* The approach used by the author in [3] ,based on some

unexplored yet completely features of the existing PSA analyses.

The results are presented comparative in relative units and an
algorithm that is already implemented [4] on an IBM-PC compatible
computer is used as a tool to make decisions on the regulatory actions
to be taken in accordance with the specific results.

The paper includes also the theoretical basis of the two
proposed methods and the computer code presented by the author in 14J
and is an exemple of future analytical methods to be used for in order to
evaluate specific PSA and/or deterministic analyses results with their
regulatory applications . The chosen example was a PHWR primary heat
transport system leakage event tree .

REFERENCES
[1] Serbanescu,D. "ANew Approach in Decision - Making in different Phases

of the PSA studies ",IAEA - PSA '91 Symposium, Vienna, June 1991.
[2] Serbanescu,D. " New Aspects Concerning the PSA Studies for NPP"

National Conference on Physics , Romania,Nov.l991.
[3] Serbanescu,D. Reports on the fellowship at AECB,Canada,January-

July,1992.
[4] Serbanescu.D. " The Use of a New Method for INES Evaluation " IAEA

Advisory Technical Committee on INES , Vienna ,14-18 Oct. 1991.
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CSNI International Workshop on the Reactor Coolant System
Leakage and Failure Probabilities

Cologne, 9th-11th Dec, 1992

- Outline for the Discussion -

Design Basis:

Design rules for vessels and pipes are based on technical experience and general basic

knowledge in structural engineering and materials,

The nuclear codes being developed for vessels and piping are continuously improved to

take advantage of the experience gained,

The concept to define allowable stresses is very similar if one compares the different

codes, there are distinct differences of the materials used, in the details of the design,

the inspection methods applied and the water chemistry present,

The basic design of the primary system is very similar for PWR-plants, more differences

exist between BWR-plants,

To identify differences in the pipe work of the safety- and auxilliary-systems in- and ou;-

side of the containment detailed investigations would be necessary.

Operating Experience:

Generally the operating experience with reactor coolant systems are favorable. Breaks

of the primary piping have not occurred at all, leakages are in most cases related to

small bore piping. Beside the general experience there are distinct failure mechanisms,

e.g. intergranular stress corrosion cracking of sensitized sections of unstabelized stain-

less steels, stress corrosion cracking of steam generator tubes and pipes or penetra-

tions being fabricated out of inconel 600 material, corrosion in carbon steel feedwater

piping in plants where low ph-values are used for the water chemistry in combination

with plain carbon steel and high flow velocities.

PSA-Requirements:

For PSA studies a consistent set of input data describing the frequency of leaks of dif-

ferent sizes for the whole pipe work is needed.
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Review and Discussion of the Present Methods Applied to

Determine Frequency of Leaks

Observations and Questions:

• The methods applied in the different countries do vary considerably.

• The data used are difficult to trace back, more documentation is needed in this

area.

• A number of advanced fracture mechanic studies have been performed but their re-

sults are used only in single cases.

• In specific cases crack-initiation and crack-growth analysis is based on operating

experience for a certain damage mechanism.

• The information generated in the research programs to establish a better under-

standing of corrosion phenomena need to be incorporated into more complex mod-

els for prediction.

• Should statistical failure rates being based on so called leak relevant areas or dis-

tributed over the whole lengths of the piping?

• Is there a need to base data more on the nuclear experience up to now and not re-

laying any more on WASH 1400?

• Do we have models which could describe the influence of time and loading on fail-

ure rates?

• To what extend are generic data bases necessary to make use of worldwide experi-

ence?

• Do we need more precise definitions for leaks to differentiate root causes leading to

leaks?

• What is the accuracy necessary for leak rate models for the different pipe sizes?
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CSNI-lnternational Workshop on the Reactor Coolant System
Leakage and Failure Probabilities.

Cologne, 9th - 11th Dec. 1992

Conclusions and recommendations

1 General remarks

In a two and a half days meeting the present situation about the estimation of failure

probabilities of safety relevant piping in different countries has been reviewed and

discussed. 25 persons coming from 9 countries attended the workshop.

Interest has been focussed on items such as the design basis, the operating expe-

rience, insights from R & D programs related to the understanding of both damage

mechanisms and fracture behaviour and the requirements on the probabilistic analysis

of piping failure. The participants agreed on some statements about the state of the

art and on some recommendations for further actions.

The estimates of the relative contributions of loss of coolant accidents to the core da-

mage frequency in PWRs of different ages, vendors and in different countries range

between 15 and 85%. The frequencies estimated worldwide for a primary coolant lea-

kage differ in the range between

5.10"* - < 1.1 OV year-plant for a large LOCA

1.103 - < 1.107/year-plant for a medium sized LOCA and

3.103 - 5.10.-" /year-plant for a small LOCA.

There are some principal causes for these large ranges in the failure frequencies

established

Damage/deterioration mechanisms that may contribute to the leakage frequency

differ for the variety of materials used in the plants analysed. So the experiences

with steels are quite different depending on whether they are sensitive or not to

distinct failure mechanisms.
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If the experience with domestic NPPs is little compared to that worldwide, there is

a tendency to use frequency estimates that originate from WASH-1400 instead of

analysing worldwide experience that might not be readily accessible.

whether or not more sophisticated analysis methods e.g. probabilistic fracture me-

chanics analyses have been applied.

whether or not credit is taken for the quality of the piping of more recent design,

manufacture and strict operational surveillance.

2 On the design basis:

2.1 Present status

Design rules for vessels and pipes are based on technical experience and general ba-

sic knowledge in structural engineering and materials,

The nuclear codes being developed for vessels and piping are continuously improved

to take advantage of the experience gained,

The concept to define allowable stresses is very similar if one compares the different

codes, but there are distinct differences of the materials used, in the details of the de-

sign and the inspection methods applied,

The basic design of the primary system is very similar for PWR-plants, but more diffe-

rences exist between BWR-plants,

2.2 Recommendations

To identify differences in the pipework inside and outside the containment with

respect to probabilistic statements detailed investigations would be necessary. It

is recommended to perform such an exercise on selected areas of the safety and

auxiliary systems e.g. the volume control system of a PWR.
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3 On operating experience:

3.1 Present status

Generally the operating experience with reactor coolant systems is favourable. Breaks

of the primary piping have not occurred at all, leakages are in most cases related to

small bore piping. There have been some instances of rupture of single tubes in

steam generators.

Beside the general experience there are distinct failure mechanisms, e.g. intergranular

stress corrosion cracking of sensitized sections of unstabilised stainless steels, stress

corrosion cracking of steam generator tubes and pipes or penetrations fabricated out.

of Inconel 600 material, corrosion in carbon steel feedwater piping in plants where low

pH-values are used for the water chemistry in combination with plain carbon steel and

high flow velocities.

For SG-tubes plugging criteria have been or will be revised to address specific dama-

ge mechanisms acting on tubes manufactured from Inconel 600 material.

To follow the issue of enhanced fatigue due to thermal stratification and fluctuations

advanced monitoring systems have been or will be installed worldwide.

3.2 Recommendations

Results of inservice inspections need to be analysed to create a better input for proba-

bilistic estimation methods, e.g. the crack length to crack depth ratio for in-service in-

duced cracks.

4 On the methods for the estimation of the frequency of leaks
and breaks

4.1 Present status

The methods applied in the different countries vary considerably.
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The data used are difficult to trace back, and more documentation is needed in this

area.

A number of advanced fracture mechanic studies have been performed but their re-

sults are used only in singie cases.

in specific cases crack-initiation and crack-growth analysis is based on operating ex-

perience for a certain damage mechanism e.g. the IGSCC.

4.2 Issues of discussion

There is no uniform opinion about the question whether statistical failure rates should

be based on so called leak relevant areas or on the length of the piping. It may de-

pend on the damaging mechanism to be considered.

Some questions have been raised that need further consideration by the community

of experts:

• Degree of verification of the models that describe the influence of age and

loading on failure rates?

• To what extent can worldwide experience be used as a generic data base for

a plant specific analysis?

• Do we need more precise definitions for cracks and leaks to establish or diffe-

rentiate root causes leading to breaks?

• • What is the accuracy necessary for models to calculate leak rates for the diffe-

rent pipe sizes taking into account the need to quantify the reliability of leak

detection?

4.3 Recommendations

There is a need to base data more on the nuclear experience up to the present rather

than relying further on WASH 1400, which has been established in the early 70ies.
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For PSA studies a set of input data describing the frequency of leaks of different sizes

for the whole pipework is needed. Plant specific features are to be taken into account.

The data should be of similar quality for all systems of interest. A worldwide co-

operation on this issue should be started. Pessimistic estimations are easy to get, re-

alistic estimations for the frequency of a break may be less by some orders of magni-

tude but need more work for verification. To make a start effort could be concentrated

on a specific system e.g. the Residual Heat Removal System or the Volume Control

System.

The information generated in the research programs to establish a better understan-

ding of corrosion phenomena needs to be incorporated into more complex models for

leak prediction.
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CSNI International workshop on the reactor coolant system leakage

and failure probabilities. Dec 9.-11.1992 in Cologne.

The program

Wed. 9th Dec.

8:30 Registration

9:00 Opening address

Organisational matters

Session I. PSA-Requirements and general background.

9:30 The importance of leakages as initiating events in PSA-

Studies Hortner/ GRS

10:00 Review of the operating experience with piping systems

in NPPs Schulz/ GRS

10:30 Coffee break

11:00 Generic issues from a probabilistic point of view Beliczey/ GRS

11:30 On the failure probabilitiy of piping Schueller/ Univ. Innsbruck

12:00 Discussion to Session I.

12:30 Lunch

Session II. Probabilities of leaks in piping and system-related aspects.

14:00 Probabilistic pipe fracture evaluations for applications to

leak-rate-detection Rahman/ BMI

14:30 Contribution to leakage-events and -frequency caused by

maintenance errors Homke/ GRS

15:00 Discussion to Session II.
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15:15 Coffee break

Session IV. Presentation of and experiences with methodologies used for the estima-

tion of leak frequencies in Belgium. Finland. France. Germany. Sweden, the UK and

in the USA

15:30 First Part: Five presentations and their discussion

19:00 Dinner in the Pub of a Cologne brewery.

Thu. 10th Dec-

Session IV. Presentation of the methodologies used for the estimation of leak fre-

quencies in diferent countries.

9:00 Second Part: Two presentations and their discussion

10:00 Coffee break

Session III. Modelling for leak rates and reliability of leak detection.

10:15 Experiments and calculations to leak openings and leak rates on

typical piping components and systems.

Grebner/ GRS, Hunger/ KfK

11:00 Technical possibilities and reliability of leak detection

Wellein/ Siemens-KWU

11:30 Experimental investigations of flawed pipes with respect to fracture

behaviour and development of crack opening area

Stoppler/ MPA

12:00 Discussion to Session III.

12:15 Lunch

13:00 Guided tour in and around the Cologne Cathedral
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Session V, Discussion of the methods available and preparation of recommendations.

14:30 Working groups

17:00 Adjourn

Fri. 11th Dec.

Session VI. Evaluation of steam generator tube leakages.

9:00 Steam generator tubes rupture probability estimation

- study of the axially cracked tubes case

Roussel/ AIB - Vincotte, Cizely/ "Jozef Stefan Inst"

9:30 Application of probabilistic fracture mechanics to estimate the

risk of failure of PWR steam generator tubes Riffard/ EDF

10:00 Damage mechanisms and estimation of the frequency of leaks

of steam generator tubes in German PWRs. Reck/ GRS

10:20 Discussion to Session VI.

Closing Session.

10:40 Conclusions and presentation of the results elaborated by the different

working groups.

12:00 Adjourn
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