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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:
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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.

146



REFERENCES

[]] P. Berge and P. Saint-Paul, An overview of R and D Support of PWR Steam
generators, Steam generator and Heat exchanger Conference, Toronto, (1990).

[2] P. Pitner, T. Riffard, H. Procaccia, B. Granger, C. Faidy and B. Flesch, Probabilistic
Fracture Mechanics Code for PWR Steam Generator Tube Maintenance, SMIRT 11,
Tokyo, (1991).

[3] M. Barnier, P. Pitner and T. Riffard, Estimation of crack size distribution from in-
service inspection data for the calculation of failure probabilities, European Safety
and Reliability Conference, Copenhagen, (1992).

[4] B. Granger, P. Pitner, D. Crouzet and B. Flesch, A practical study of IGSCC in
operating PWR steam generators with the help of a probabilistic mechanics code for
maintenance, EURO CORR'92, (1992).

[5] P. Pitner, T. Riffard and B. Flesch, Failure Analysis Module for the Probabilistic
Fracture Mechanics Code for PWR Steam Generator Tube Maintenance, SMIRT 11,
Tokyo, (1991).

147



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 3. Truncation of the crack size after plugging defective tubes (plugging limit: 13 mm)
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Figure 4. Evolution of the initial crack size distribution as a function of time
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Figure 5. Distribution of critical crack size during normal and under postulated accident
conditions.
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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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Figure 7. Risk of rupture as a function of time for different plugging criteria and
under postulated accident conditions
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Figure 8. Relative benefit of the probabilistic approach applied to the evaluation of critical
crack size for normal operating conditions
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