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ABSTRACT

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 prebabilistic fracture mechanics, makes it possible to
quantify the influence of in-service inspections and maintenance work on the
risk of an 5C tube rupture, taking all significant parameters intc account as
random varlables (initial defect size distribution, reliability of non-
destructive detection and sizing, Initiation and propagation, critical sizes,
leak before risk of break, etc.),

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 [1l]. 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 te the plugging of a larger and larger number of tubes,

Two main objectives are asecribed in SG tube maintenance. From the stand-
point of safety, keeping the probability of a tube rupture at a very low
level imposed by the design rules. From the standpoint of availabilitcy,
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 Electricité de France to develop a probabi-
listic mechanical code, "COMPROMIS", of which the main objective is to make
it possible to quantify the effects of in-service inspections and mainte-
nance work on the safety and availability of an SG.

2 DESCRIPTIGN OF THE GENERAL MODEL

The model developed uses probabilistic fracture mechanics to asssss the risk
of failure of a tube, hecause 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 mainte-
nance and inspection operations on the estimated risk of failure.
Schematically, if a tubz rupture is caused by a crack type defect, the
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failure condition can be expressed by a > a_, where a is the defect size and
a_ 1s the critical size causing a sudden break.

Many factors contribute to the uncertainty on a and a_. 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) inicilation and growth of defects;

(3) the failure and leak before hreak analysis.

Each input parameter is treated as a random variable characterized by a
probability distribution. These distributions produce the uncertainties or
variabilities of all facters of influence taken into account in assessing the
risk of a tube rupture.

2.1 Estimate of the initial distribution of true defect sizes

It should be recalled that the inspection program may include the following
inspections [2}:

(1) Inspection by eddy current testing of a main sample of tubes corres-
ponding to a random mesh cf one tube inspected in K. The sampling fraction
generally ranges from 1/8 to 100% of tubes inspected,

(2) A further sample of tubes that will be monitered and inspected because
they have already been ldentified in previous inspections as defective or
doubcful. 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 be examined by eddy current testing to locate the defect and
determine its size.

The ability of the inspections to detect and mezsure defects i1s taken into
account in the form of probabilistic detection distributions and measuring
errors that depend on the size of the defect.

The COMPROMIS code is specifically adapted to the problems of S¢ tube
maintenance. One of the original features of the code, then, is that it can
manage all components of an in-service inspection te give the user an
estimate of the initizl distribution of the true sizes of the defects left in
service after the inspection. 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 varicus informaticn useful to forming judgments,
covering both the quality of fit and, mest important of all, major defects
indlcated by extrapolation to the tail of the distribucion. An example of a
tit is given in figure 2. By diversifying his choices using the library of
available statistical distributions (cf. table 1), the user can conduct
sensitivity studies (preponderant 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.

2.2 Evolution of initial distribution of defects versus time

The purpose of the second module is te simulate, over time, the evolution of
the initial defect size distribution. It takes account of the crack initia-
tion prediction and of defect growth. In its current version, the code covers
the case of stress corrosion cracking:

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

- the growth kinetics model is derived from a model develeoped by Ford for
stainless steels [3], adapted to Inconel 600 en the basis of laboratory
experiments and feedback from operating experience. It i1s a model based cn a

— 302 —



correlation with stress intensity factor X of the type C{K}". Major develop-
ments have been undesrtaken for the precise evaluation of K as a function of
crack size (evaluation of local residual and operating stresses).

A simulation is i1lustrated in figure 3, which shows the calculated
evelution at the end of 4,000 and 8,000 hours’operation.

2.3 Analysis of failure

This last stage serves to deduce, for each time step, the probability of a
tube rupture based on an evaluation of the critical sizes, with the leaks
that can be detected in service taken inte accouat.

2.3.1 Leak before risk of break

Each degradation may cause a detectable primery-to-secondary leakage before
leading to a risk of a break of the tube affected. The activity of the
secondary fluid is therefore continuously monitored to detect and quantify
leaks, the rate of which is compared to the maximum allowable leak under the
specifications. Tt has heen possible to use a stochastic method to obtain rhe
probabllity distribution of a detectable leak, using the random aspects of
the uncertainties and varisbilities in the solving of the analytical leak
rate models. When the dispersions of the various parameters taken into
account in the calculation had been probabilized, a Monte Carlo simulatcion
was used to estimate the uncertainties on the calculztion of leak rate as a
tunction of crack size. This yielded an estimate of the probability of
detectable leaks abave the threshold fized (5 1/h or 72 1/h).

2.3.2 Distribution of critical sizes

The analytical equations defining the instability criteria are entered
directly in a sub-module and the main parameters are probabilized, in
particular the mechanical and geometrical characteristics of the tube [4]. A
stratified Monte Carlo simulation then estimates the probability of a break
as a function of defect size. Figure 4 shows the dispersions so evaluated on
the calculation of critical sizes, in normal and postulated accident condi-
ticns.

Finally, the calculation of the risk of 2 tube rupture, simulated for
various alternatives, is illustrated in comparative form in figure 5.

3 INPUT DATA

It is essential, for the valid use of such a probabilistic model, to have a
sufficient quantity of data for statlstical characterization of the various
random input variables. EDF has therefore done considerable work to correctly
model each of the input data, on the basis of the variocus sources: feedback
from operating experience, fabrication data, and test resulis.

For each of the probabilized key factors, entered in the form of a proba-
bility distribution, the user can call on an extensive set of distributions
so ag to be able to adapt to the largest possible number of conflgurations
and conduct sensitivity studies.

The options available in the COMPROMIS computer code are listed in
table 1.

4 EXPECTED BENEFITS

The use of the global probabilistic model makes it possible to compare the
impact of various inspection programs on the quantification of the risk of
failure and on the prediction of the In-service leak rate.

In the maintenance policy, what is tested are mainly the sampling frac-
tion, the frequency of systematic inspections by the eddy current test, the
influence of the helium leak testing and the plugging criteria.
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The code is also a powerful tool for investigation and for dynamic repre-
sentation. The sensitivity studies, in particular, can be used:

- to assess the vulnerability of the result to the various sources of
uncercainty;

- to identify the greatest weaknesses and so suide research:

- to guantify che Impact o an improvement or an uncertainty on safety,
availability, and lifetime.

In addition, certain parts of the model, combining only some distribu-
tions, can be used to fit end validate the input quantities of the model. For
example, it can be checked that the defect size distribution at a time t is
compatible with the initiation distributien and growth kinetics law entered.
It is alsoc possible to simulate an in-service leak rate to validate the racte
calculations by comparison with the values actually observed in the field.,

Finally, specific medules have been developed to help the operator
cptimize the choice of plugging limit, based on maximum acceptable dafect
gize. The calculations combine the varicus sources of probabilized
uncertainties: measurement errors, anticipated defect growch between two
inspections, failure criteria.

5 NUMERICAL SOLUTION METHODS

The order of magnitude of the estimated SGTR risk may in all likelihood
assume small values, of the order of 1072 to 1078, and will be evaluated
numerically by solving multiple integrals,

The solutions may be obtained either by conventional numerical integration
or by Monte Carle simulation.

The simulation metheds have the disadvantage of requiring a very large
number of runs, and so a long computing time, to estimate small probabilities
with sufficient precision.

However, they have the advantage that such complicated effects as failure
analysis (analytical equation with probabilized parameters) can be introduced
directly imto the simulation, which would be impossible with numerical
integration.

& compromise has therefore been adopted. It consistes of performing as many
analytical integrations as possible and using a stratified Monte Carlo
gimulation technique to solve the failure analysis.

In this way, an SGTR simulation can be run in a fairly short time (10 to
150 seconds CPU), making it possible to have the result immediately and work
in the interactive mode.

6 CONCLUSION

The models presented here, the result of joint work by several departments of
EDF, is the culmination of the first stage in the development of & probabi-
listic fracture mechenics code specifically adapted to steam generator tube
maintenance.

The software has been operational since the end of 1990, and is currently
capable of dealing with longitudinal stress corrosion cracking defects in the
roll transition region, which account for nearly 80% of the defects Found
today.
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Fig. L. Schematic diagram'of various steps in the COMPROMITS model
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Table 1, Statistical options for the ipput data of the COMPROMIS code

Input quantity Options

Initial defect size distribution
Detection probability
Measurement srrors

Defect initiavion probability
Defect growth characteristics

Length distribution of initiated defects
In-service leak detection probabilicy

Probability distributions

. weibull, exponential, normal, log normal, uniform, gamma,

beta, gumbel extreme value

log-odds, log normal®, weibull, exponential, uniform;
with residual non-detectien probability &

Systematic: calibration function or discrete values,
as function of size

Random: standard deviation as function of size
weibull, log normal, gamma

da/dt = ¢(K{&)]"™ + €; with ¢, m, or € probabilized
K(a): continuous oxr diserete function

. normal, uniform

same options as for detection probability

normal, log normal, uniform, exponential, weibull, gamma,
beta, gumbel, with any truncation values, for all random

* log normal model based on complementary error function erfe.
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