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SYNTHÈSE :

Cette note décrit le code COMPROMIS développé par Electricité de France
(EDF) pour optimiser la maintenance des faisceaux de tubes des générateurs de vapeur
(GV). Le modèle, qui repose sur la mécanique probabiliste de la rupture, permet de
quantifier l'influence des inspections en service et des travaux de maintenance sur le
risque de rupture d'un tube de GV, en prenant en compte, sous la forme de variables
aléatoires, tous les paramètres importants (distribution initiale des dimensions des
défauts, fiabilité de la détection par les méthodes non destructives, apparition et
propagation des fissures, dimensions critiques, fuite avant risque de rupture, etc.).
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EXECUTIVE SUMMARY :

This paper describes the COMPROMIS code developed by Electricité 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 nondestructive detection and sizing, crack
initiation and propagation, critical sizes, leak before risk of break, etc).
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1. Introduction

Of the main components of the primary coolant
system of a pressurized water reactor (PWR), the tube
bundles of the steam generators (SG) are undoubtedly
the most sensitive to damage and premature ageing [I].
As in almost all heat exchangers, the boundary be-
tween the "hot" and "cold" fluids is exposed to severe
thermal and mechanical stresses, in an environment
that is often hostile.

On SGs of the type used in French power stations,
the main cause of tube damage is corrosion: stress
corrosion cracking in the roll transition region, suess
corrosion cracking in the small radius U-bends, and, to
a lesser extent, corrosion on the secondary side in the
roll transition region or at the support plates.

Mechanically induced damage may also be caused
by vibration, fretting and wean tube against anti-vibra-
tion bars, tube against foreign objects, etc

The availability of the units depends, of course, on
their condition but these degradations could also cause
the release of radioactive materials to the secondary
coolant system if tfiere were a sudden tube failure.

To gain insight into the influence of in-service in-
spection and uncertainties on the reliability of SG, a
probabilistic analysis has been performed and a com-
puter code called COMPROMIS has been developpcd.
This paper gives a description of the theory the code is

based on and the application to an operating SG.
Additionally a few sensitivities studies will be pre-
sented.

2. The aims of SG tube maintenance

SG tube maintenance has two main objectives:
(i) For reasons of safety, to keep the probability of a

tube rupture at a very low level. It should be borne
in mind that an incident of this type is considered
in the design and that the probability of occurrence
must be less than 10"2 to 10~" per reactor-year
(third-category event). This therefore entails defin-
ing actions capable of offsetting the increased risk
caused by damage of the tubes,

(ii) For reasons of availability, to limit the number of
shutdowns caused by out-of-specification primary-
to-secondary leakage.

The need for a high level of reliability has led to
growing use of in-service inspections as a means of
detecting and monitoring defects before they reach
critical size, and (o the plugging of more and more
tubes. However, since the total number of tubes con-
cerned is very large (170 SGs in operation, each having
from 3300 to 5300 lubes), the nondestructive examina-
tions and corrective actions must not be allowed to add
prohibitively to maintenance costs or to shorten SG life



excessively: replacing a sicam generator is a difficult
and expensive operation.

3. The probabilistic maintenance study and the COM'
PROMIS code

These considerations led EDF in 1988 to undertake
a probabilistic maintenance study (the project was
named "EPMGV") with a view to developing a code of
the probabilistic mechanics type for use in analyzing
the influence of in-service inspections and mainte-
nance actions on the risk of SG tube failure [2]. The
development of the COMPROMIS code required the
skills of teams attached to about ten different depart-
ments of EDF, both to determine the methodology and
implementation of the code and to model the various
input data.

The first version of the COMPROMIS code can
now deal with longitudinal stress corrosion cracking in
the roll transition region, the commonest form of dam-
age, about which we have considerable feedback from
experience.

4. Overview of the probabilistic approach

While "statistical" approaches are used to estimate
the probability of occurrence of an event by simple
extrapolation from credible existing data (generally :
from similar devices), these approaches are totally use-
less in the case of rare events like tube failures, and
are especially unsuited to examining the influence of
certain key parameters (for example, what is the effect
of changing from 20% to 100% inspection of the
tubes?). -7-'-;-

The probabilistic fracture mechanics approach, on
the other hand, is based on an understanding of the
mechanisms of failure (highly deterministic base) and
can be used to simulate, a priori, the behaviour of the
tube bundle by taking all parameters into account in
the form of probability distribution functions.

The principle of the method is as follows: Schemati-
cally, if tube failure is caused by a cracklike flaw, the
failure condition may be written a > ae, where a is the
crack size at a given time and ae is the critical crack
size causing failure.

There are many factors contributing to the uncer-
tainties on sizes a and oe . Among them are (fig. 1):
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Fig. 1. Flowchart of the probabilistic model implemented in the COMPROMIS computer code.
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Table 1
Statistical options for the input data of the COMPROMIS code

Input quantity Options

Initial defect size distribution

Detection probability

Measurement errors

Defect initiation probability
Defect growth characteristics

Length distribution of initiated defects
In-service leak detection probability
Probability distribution for all random variables

Weibull, exponential, normal, log normal, uniform, gamma, beta,
gumbel extreme value
log-odds, log normala, Weibull, exponential, uniform; with residual
non-detection probability e
Systematic: calibration function or discrete values, as function of size
Random : standard deviation as function of size
Weibull, log normal, gamma
da /At - CI/C(o)r + e; with C, m or e probabilized
K{a): continuous or discrete function
normal, uniform
same options as for detection probability
normal, log normal, uniform, exponential, Weibull, gamma, beta,
gumbel, with any truncation values

1 log normal model based on complementary error function erfc

- the statistical distribution of crack sizes found in the
last inspection,

- the capability of the inspections to detect and mea-
sure the flaws,

— the dispersions in the laws of crack initiation and
propagation,

— the detectability of leaks in service and the calcula-
tion of leakage flowrates,

Table 2
Summary of parameters values and distributions of basic variables used in calculation

Input quantity Options

Number of tubes
Sample size
Number of cracked tubes
Hours of operation at t o

Initial crack see distribution
Detection probability

Plugging limit
Measurement errors
Crack initiation probability

Length distribution of initiated cracks

Crack growth law

In-service leak detection probability

3388 tubes
100% inspection
2062 tubes
72 985 hours
Weibull distribution with shape parameter

-(l-0|l-"pf-(^y) IL wi*
1.5 and scale parameter = 5.2

Criteria = 13 mm, risk of error = 10~3

Bias: —0.6 to 1.1 mm; Random: 03 to 1.8 mm; as a function of crack size

P(x)=l-exp -

Normal distribution, mean=3 mm, standard deviation = 1.5 mm
da
— -C[KOO]"1 W W i K(a) = -23.96 log(a)+3.8a+28.4;

Kpbiciu=35 MPa^JT; m = 1.07 and C has. a lognormal distribution with
mean =—12.06, standard deviation = 0.84, upper bound = 0.15 x I0~4 mm/h

.au»3.46(a/l5V

l+3.46(a/15)a = 10, - 2



- the variability of the parameters used in calculating
the failure criteria.

This type of approach has three major advantages in
such a case:
(1) it makes it possible to take all factors of influence

into account as random variables, rather than pil-
ing one conservative assumptions on another;

(2) it is intrinsically capable of quantifying the influ-
ence of inspection and maintenance actions on the
estimated risk of failure;

(3) it allows sensitivity studies to assess the impacts of
all sources of uncertainty modelled.

S. Basic features of the COMPROMIS code

5.1. General organization of the model

The COMPROMIS code will assess the probability
of occurrence of an SG tube rupture (SGTR) by com-
bining the laws of probability of the various input data
of the model. They are shown schematically in the
diagram of fig. 2. It is possible to distinguish three
main stages in the series of actions that leads from
knowledge of the level of damage of the tube bundle,
estimated at the beginning of the simulation on the
basis of the latest nondestructive examinations, to pre-
diction of the risk of tube failure during the subse-
quent operating cycle:
(1) reconstruction of the initial crack size distribution,
(2) evolution of crack size distribution versus time,
(3) analysis of failures and of leak before risk of break.

5.2. Statistical options of input quantities

For valid use of such a probabilistic model, it is
essential to have enough data for statistical characteri-
zation of the various random input variables. EDF
therefore did considerable work to ensure correct mod-
elling of each of the input data on the basis of the
various sources constituted by feedback from operating
experience, fabrication data, and test and calculation
results.

For each of the probabilized key factors, entered in
the form of a probability distribution, the user can call
on a large number of input distribution functions so as
to be able to adapt to as many configurations as
possible and to conduct sensitivity studies.

The options available in the COMPROMIS code
are listed in table 1. Table 2 groups the input data used
for the typical simulation described. This example is
based on one of the French SG most affected by this
type of degradation.

6. Estimate of initial crack size distribution

6.1. Reminder of in-service inspections performed

The examination programme may include the fol-
lowing inspections [3]:
(1) Eddy current testing of a main tube sample consist-

ing of a random. array of Ï/K of the tubes in-
spected. This sampling percentage is generally be-
tween 1/8 and 100% of the tubes tested.

(2) An additional sample of tubes that are monitored
and inspected because they have been duly identi-
fied in earlier inspections as affected by or sus-
pected of flaws. Tubes exposed to some special risk
may also be included.

(3) A helium tightness test to detect leaks that are still
small, in tubes that will then undergo eddy current
testing to locate the flaws and determine their
sizes.

All of these inspections serve to identify tubes that are
required to be removed from service by plugging when
the measured crack size exceeds the plugging criterion.

And so, the inspection programme, the sampling
percentage, and the periodicity of inspection, together
with the choice of plugging criterion, are the parame-
ters to be taken into account in justifying the appropri-
ateness of the monitoring programme to the desired
level of safety.

6.2. Reconstruction of the initial true crack size distribu-
tion

The initial crack size distribution is one of the most
influential factors in these risk analyses. The estimated
probability of failure is, in fact, rather sensitive to the
probability distribution chosen. The main problem, an
inverse problem, is reconstructing the exact distribu-
tion of true crack sizes from what is detected and
measured, which is partial and biased information
about reality.

One of the original features of the code is, then,
that it can handle all components of an inservice in-
spection to give the user, after the raw inspection data
have been entered, an estimate of the probability dis-
tribution describing the true crack sizes at the time of
the inspection. An example of an estimate is given in
fig. 3, which shows the histogram of raw data, the
"true" size probability distribution, and the probability
distribution 'of "measured" and "detected" crack sizes.

The solving method used is based on Bayesian ap-
proaches, used to calculate the "a priori" distribution
of true sizes from knowledge of the "a posteriori"
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distribution of observed sizes and a "likelihood" func-
tion expressing the reliability of the inspections. The
interested reader may consult reference [41 fortails of
the methodology developed and a study of sensitivity to
the choice of distribution model.

The ability of the inspections to detect and size
flaws is taken into account in the form of probability
distributions of detection and of measurement errors
(systematic and random), which depend on crack size.
It will be noted in figure 3 that talcing measurement
errors into account makes it possible to fit the his-
togram, and that the low detectability of small cracks
naturally entails a larger number of cracks than is
observed.

The probability distribution used for the various
input data are stated in table 2. To assess the probabil-
ity of detection and measurement errors by eddy cur-
rent testing, the results of inservice inspections have
been combined with destructive metallurgical examina-
tions performed on nearly ISO pulled tubes.

6.3- Allowance for maintenance: plugging

When a criterion is set (for example, 13 mm), the
probability of a tube being plugged will depend on the
probability that the tube is inspected, that the flaw is
detected, and that its size is above the plugging limit.
Thus, after plugging, the previously estimated initial
distribution is altered according to the maintenance
strategy chosen (criterion, sampling percentage, addi-
tional inspections).

This is the end of the first stage, in which the code
reconstructs the "post-inspection" distribution of flaws
left in service at the time of restarting.

The result of this operation is shown in fig. 4. We
may note first of all, the effectiveness of this operation,
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Rg. 3. Reconstruction of the initial distribution of true crack
sizes.

B 10 12 14 16
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Fig. 4. Truncation of the crack size distribution after plugging
defective tubes (plugging limit = 13 mm).

which eliminates almost all large flaws in this example,
because 100% of the tubes were inspected. It will also
be noted that, because of the measurement errors,
there is no sudden cutoff at 13 mm.

7. Evolution of initial crack size distribution versus
time

The aim of this second stage is to simulate the
changes in time of the initial crack size distribution
with allowance for crack initiation and propagation.
The current version of the code can deal with stress
corrosion cracking [5].

7.1. Crack initiation model

The laws of crack initiation are based on feedback
from experience. They are modelled by statistical dis-
tributions capable of describing the appearance of flaws
in the course of time. The many statistical processing
operations performed show that Weibull distributions
give a good fit to the feedback data [6] and can be used
to predict the initiation of new cracks in sound tubes.

7.Z Crack propagation model ,

The model of kinetics of propagation is derived
from a model developed by Ford for stainless steels [7]
and adapted to Inconel 600 on the basis of laboratory
tests and operating experience. This* model is based on

' a correlation between the propagation rate da/dt and
the stress intensity factor KIa) (which depends on
crack size a, among other things) having the form
da/dt = C[K(.a))m, where one of the three parame-
ters, C, K(a\ or m, can be probabilized.
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Evolution of the initial crack size distribution as à
function of time.

When factor K(a) is probabilized, if K(a) reaches a
K threshold, propagation stops. If K(a) reaches a K
plateau, the propagation rate becomes constant.

Major developments have been undertaken for the
precise evaluation of K as a function of crack size
(evaluation of local residual and operating stresses).

7.3. Evolution of initial crack size distribution

Figure S below shows the result of the simulation at
the end of 4,000 and 8,000 hours after restarting. The
initial crack size distribution is the one estimated ear-
lier, in stage 1, and the values of the parameters and
the distributions of the basic variables of initiation and
propagation models are given in table 2. As an illustra-
tion, the dispersion so modelled on the kinetics of
propagation, in nun/cycle, versus crack size, is plotted
in fig. 6.

S. Analysis of failure and leak before risk of break

This last stage serves to calculate, for each time
step, the probability of tube failure based on an evalua-

I 5 {
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Rg- 6. Resulting crack growth rate as a function of crack size.

lion of the critical sizes and information about leaks
detected in service.

5.7. Leak before risk of break

Each degradation may cause a detectable primary-
to-secondary leakage before entailing a risk of break of
the affected tube [8]. 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 Io ihe
specifications. To obtain the law of probability of a
detectable leak, a stochastic method was used, intro-
ducing random factors, uncertainties and variabilities
in the solutions of the analytical leakage flov/rate mod-
els. After the dispersions of the" various parameters
taken into account in the calculation had been random-
ized, a Monte Carlo simulation was performed to esti-
mate 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). The law of probability so obtained is given
in table 2.

8.2. Distribution of critical sizes

The analytical equations defining the instability cri-
teria [9] are entered directly in a submodule and the
main parameters are probabilized. They consist pri-
marily of the mechanical and geometrical characteris-
tics of the tube:
t tube thickness,
D0 outer diameter of tube,
<7y yield strength,
(T11 ultimate tensile strength,
S position of last tube-tube plate contact point,
k dimensionless factor relating the mechanical prop-

erties to the yield stress.
The probability distributions of these parameters are
summed up in table 3. A stratified Monte Carlo simu-
lation then evaluates the probability of a tube rupture
versus the crack size. Figure 7 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 exam-
ple, is 17 mm under postulated accident conditions.

8.3. Prediction of in-service leak flow rale

The cade also predicts the leakage flowratc in ser-
vice. It is assessed on the basis of a probabilistic
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Table 3
Tube rupture criteria,
ters

Parameter

; (mm)
O0 (mm)

"(MPa)
Jt
S (mm)

Distri-
bution

Normal
Normal

Normal
Normal
Normal

Probability distribution of key parame-

Mean

1.27
22.22

95S
0.58
0

Standard
deviation

0.04
0.06

50.3
0.01

Lower
bound

- 3 S D
- 3 S D

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

Upper
bound

+3SD
2.2SD

+ 3SD
+3SD
+3SD

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 ver-
sus time with the probabilistic leakage flowrate model
makes it possible to estimate the predicted leakage
flowrate in service at any time.

9. Numerical solution methods

Numerical resolution in the failure probability ex-
pression generally constitutes a key problem in the
generation of a code in probabilistic fracture mechan-
ics. The general problem which arises is to evaluate,
with good precision and low calculation time, very
small probabilities by solving multiple integrals involv-
ing a large number of influencing factors.

Among the varied available methods currently in
use in these approaches [10], our choice has been
motivated by the following considerations:

AP=VTZb

,AP=IOOb

too ISJ) 200 2SO 300 3SO 400 «SO SOD SSI)
Crack site (ran)

«g. 7. Distribution of critical crack sizes daring normal and
under postulated accident conditions.

(1) The general model brings into play a probabilistic
combination of several events, representative of the
evolution of the structure in service, which it is not
possible to summarize in a single expression.

(2) After each of the stages in the simulation, such as
described above, it is important to have intermedi-
ate results: initial crack size distribution, evolution
of this distribution with time, distribution of critical
sizes (see fig. 3 to fig: 7).

(3) Modelling involves mechanical models and com-
plex laws of behaviour. In particular, the function
describing failure analysis is not an explicit func-
tion of the relevant random variables.

(4) Functions involved in the calculation of integrals
can be known either in continuous analysis form,
or in discrete form. -

(5) It should be possible to carry out sensitivity studies
interactively, especially those relating to mainte-
nance programmes.

(6) It should be possible to use numeric?1, t !solution
methods fairly simply. When code is ;red, they
should not need any particular intervention in use.

The solution taken consists of performing the calcula-
tions either by conventional numerical integration
techniques or by Monte Carlo simulation methods.

Thus, for explicitly analytical functions, we have
taken the 21-point Gauss-Kronrod method of integra-
tion developed in the IMSL software QDAGS proce-
dure [H]. In the case where the functions are discrete,
known at certain points, the calculation method used
consists of interpolating this function by cubic splines
(ISML CSAKM procedure), and evaluating the inte-
gral from these spline functions (IMSL CSITG proce-
dure). For failure analysis and the distribution of criti-
cal sizes, such as those defined in Section 8.2, these
integration techniques no longer applying to the case
of non-explicit functions, we have used a method of
Monte Carlo simulation. In order to reduce calculation
time and increase precision in the lower tail of the
distribution, the technique of variance reduction by
stratified sampling [12] has been used. This method
consists simply of breaking the integration domain into
several pieces in order to increase the frequency of
rare events by forcing sampling a priori from each of
these pieces. The strata have been judiciously chosen,
after having carried out sensitivity studies on each of
the probabilistic parameters listed in table 3. Particular
attention is thus brought to bear on the two most
sensitive parameters: thickness and the mechanical
characteristics oy + <ro [9].

Finally, let us recommend that to facilitate studies
of sensitivity and comparison in various maintenance
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scenarios, the results of Monte Carlo simulation allow-
ing evaluation of the distribution of critical sizes are
stored in files so that they can be re-used. In this way,
an SGTR simulation can be run in a fairly short time
(10 to 150 CPU), making it possible to have the result
immediately and work in the interactive made.

10. A few examples of risk analysis and sensitivity
study results

10.1. Simulation of SGTR risk and effect of in-service
inspections

The results of the simulation, run using data from
in-service inspections on the SG of the example after
72,000 hours' operation, as estimated under postulated
accident condition, are shown in the plot of fig. 8. An
in-service inspection was simulated at the end of each
subsequent operating cycle and tubes having a flaw
exceeding the criterion (13 mm) were plugged. 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 restart-
ing, 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.

Another interesting result obtained from such a
simulation is an estimate of the residual life of the SG.
It is possible to estimate the number of tubes that will
be plugged after each inspection, and so realistically
predict the time at which the total number of tubes

plugged becomes too large and forces replacement of
the SG (see section 10.5).

10.2. Influence of the inspection strategy

Figure 9 shows the comparative evolution of SGTR
risks estimated for normal operating conditions with
different random sampling percentages from 2% to
100%. It can be seen that there is little difference
between inspection of one tube in eight (12.5%) and
one tube in two, for example. On the other hand, a
100% inspection is very effective at detecting and plug-
ging large critical flaws. The relative benefits of in-
service inspections appear very clearly in these curves.

A random sampling of 12.5% therefore seems suffi-
cient to monitor the general condition of the steam
generator. (In the example described, it would be nec-
essary to wait four operating cycles without inspection
for the risk to reach the limits imposed by the design
rules; i.e. IO~2 to 10~4.)

Otherwise, with a highly damaged tube bundle, a
100% inspection has a significant influence, and can
substantially reduce the risk of failure.

10.3. Influence of helium leak testing

Figure 10 shows the result of a comparison of three
inspection strategies:
(1) Eddy current testing of a 12.5% random sample.
(2) Eddy current testing of a 12.5% random sample

plus helium testing.
(3) Eddy current testing of 100% of the tubes.
The simulation results show the gain contributed by a
helium test when random testing is of one tube in
eight. But, given the reliability of the helium test, this
combination does not yield results equivalent to in-
spection of 100% of the tubes.
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Fig. 10. Tube rupture probabilities as a function of time for
different inspection schemes (examination of a random sam-
ple by eddy current testing (ECT) and helium tightness test)

and for normal operating conditions.

10.4. Influence of the plugging criterion

Three plugging criteria between 11 mm and 15 mm
were tested using the inspection data of the test exam-
ple, and the calculations were done for accidental
operating conditions. The results of the simulation are
given in fig: 11. 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, while the more relaxed IS mm criterion does
not increase the maximum SGTR risk at the end of
each cycle.

10.5. Remaining lifetime prediction

On the basis of the foregoing simulation it is possi-
ble to estimate the number of tubes that will be plugged

Table 4
Remaining lifetime calculated for different plugging criteria.
At the beginning of the simulation W0 •= 72985 h and 127
tubes are already plugged

Operating
cycle

W0 + l
TV0+2
W0 +3
N0+4

Prediction of the number of tubes plugged
as a function of the plugging criteria

U mm

124
89

110
139
175

13 mm

• 4 7

38
53
73
98

15 mm

20
22
33
49
69

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

io 1
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70000 750D0 80000 8S000 90000 95000 100000 105000

Operating time (hours)
— case study — — maximum initiation — without initiation

Fig. 12. Risk of tube rupture as a function of time for
different crack initiation assumptions and under postulated

accident conditions (the three curves perfectly overlapped).
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Fig- U. Risk of tube rupture as a function of lime for
different plugging criteria and under postulated accident con-

ditions.
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Fig. 13. Sensitivity to crack growth rates for normal operating
conditions.
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Fie. 14. Relative benefit of the probabilistic approach applied to the evaluation of critical crack size for normal operating
conditions.

10.6. Sensitivity to laws of initiation and propagation

To reveal the sensitivities to these two constitutive
laws of stress corrosion, which are the object of major
research and development programmes, simulations in
which the parameters of these two laws were varied
were carried out.

For initiation, the calculations were done both with-
out initiation and with maximum initiation, corre-
sponding to the scenario in which all tubes crack just
before restarting. For the kinetics, the sensitivity study
was conducted by varying the velocity by factors of 1/2
and 2.

The results of these studies are given in figs. 12 and
13, respectively. The low sensitivity to the initiation
model can be seen. On the other hand, the crack
propagation model has a significative impact on the
estimated risk.

10.7. Impact of the probabilistic concept in the evalua-
tion of critical sizes

Another illustration of the utility of these sensitivity
studies is given in fig. 14, 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).

11. Conclusion

EDF now has the COMPROMIS software, which
turns out to be a powerful tool of investigation thut can

yield quantitative answers to questions operators ask
themselves about the PWR steam generator mainte-
nance and monitoring policy they should follow.

The code is used primarily to:
- test and compare various maintenance scenarios with

a view to cost/safety optimization (type of inspec-
tion, frequency, sampling strategy, plugging crite-
rion),

- investigate the sensitivity of the result to various
sources of uncertainty, making it possible to identify
the most influential weaknesses and guide research
into the most productive areas,

- predict the life of an SG by simulating the number
of tubes plugged versus time, and

- validate the consistency of the extensive input data
of the model by simulation (e.g. crack propagation
model, leakage flowrate model).

EDF is continuing its work to extend the model to
other types of damage, such as circumferential stress
corrosion cracking or secondary-side corrosion flaws.
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