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SYNTHESE:

Cette note décrit l'application de l'approche probabiliste à une section d'étude
déterminée dont les caractéristiques sont connues. La méthode est basée sur le modèle
physico-chimique d'érosion-corrosion dont les variables d'entrée sont probabilisées.
Les trois principaux aspects du modèle, à savoir les conditions thermo-hydrauliques de
l'écoulement, la chimie du fluide et la géométrie de l'installation sont décrits. L'étude
permet finalement de déterminer :

- l'évolution de la distribution des pertes d'épaisseur à l'aide des données de
l'exploitant ;

- les principaux paramètres d'influence sur la cinétique des pertes d'épaisseur ;
- l'évolution de la probabilité de rupture de la tuyauterie considérée.
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EXECUTIVE SUMMARY :

This paper describes the application of the probabilistic approach to a selected
study section having known characteristics. The method is based on the
physico-chemical model of erosion-corrosion, the variables of which are probabilized.
The three main aspects of the model, namely the thermohydraulic flow conditions, the
chemistry of the fluid, and the geometry of the installation, are described. The study
ultimately makes it possible to determine :

-the evolution of wall thinning distribution, using the power station's
measurements ;

- the main parameters of influence on the kinetics of wall thinning ;
- the evolution of the fracture probabilistic of the pipe in question.
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1. INTRODUCTION

The first measurements of erosion-corrosion wall thinning on steel pipes date
back to 1972. With the ageing of the units, the phenomenon spread to the point of
enforcing the replacement of some pipes and causing some accidents, like the one on
the SURRY 2 unit in the USA in 1986. This caused the sudden failure of a feedwater
pipe, all the more alarming in that it was not preceded by a leak and occurred in a
single-phase pipe; it had harmful consequences on the personnel of the power station,
causing some deaths. The operators developed an approach based on three types of
action:

. evaluation by calculation of the potential wall thinning and residual life of the
installations, for reasons of operating reliability;

. campaigns of inspections generalized to most sensitive units and pipes, with
periodic measurements of the residual thicknesses using a variety of
techniques;

. improvement of the physico-chemical model and its statement in equations on
the basis of the feedback from inspections and the monitoring loops set up.

To situate these three aspects of the problem, Electricité de France (EDF)
initially used a classical deterministic approach. The aim was to establish a univocal
relation between specified conditions and the resulting damage, with the determination
of bounding and most probable values, and to perform an arithmetic analysis of the
inspections conducted. The successes of this approach include:

. the constitution of a database including an inventory of Unes and a
determination of initial margins;

. the evaluation of possible wall thinning kinetics using the CICERO [1] and
CAOLIN [2] programs, available on the PC since April 1993 and soon to be
supplied to all sites;

. the establishment beginning in 1989 of an inspection programme calling for
inspections of a set of control units every three years.

In view of the success of probabilistic methods, it was decided, in order to
improve the reliability of the forecasts and optimize the inspection programmes and
maintenance operations, to apply a probabilistic approach to erosion-corrosion. This
is a medium-term approach that takes advantage both of the rather advanced maturity
of the physico-chemical model, feedback from the operator's experience, and the fact
that the precautions taken hi the last fifteen years, in both operation and maintenance,
have eliminated all risk of a serious accident. It is therefore a matter of operating
reliability.

To assume concrete form, it had to be applied to a study section about which
enough data were available, and one of some interest in terms of erosion-corrosion.
This is the case of the ANG 16KD (1) section of the Fessenheim power plant's second
unit, which this study covers.

(1) ANG = main feedwater system on 900 MW PWR



Finally, this study made it possible to determine:

- the evolution of the wall thinning distribution, using the power plant's
measurements;

- the main parameters of influence on the kinetics of wall thinning;
- the fracture probabilities of the pipe in question.

It also suggested the utility of an even broader approach combining the two-
phase model, which is more significant with respect to the phenomenon, future
improvements in theory, and databases recording feedback from experience.

2. EROSION-CORROSION

2.1. General aspects

Erosion-corrosion affects the carbon-steel secondary-system pipes of pressurized
water reactors. It concerns primarily two-phase flows, but the accident at SUKRY
was on a single-phase pipe. The observations recorded show that the phenomenon
occurs in very many places in the secondary circuit, but the only elements important to
safety are the steam generator feedwater lines and their blowdown lines.

It is a physico-chemical damage process that involves two mechanisms:

- a chemical oxidation-reduction equilibrium between a fluid and the
component material of an equipment wall;

- the removal of one of the chemicals participating in this equilibrium, because
of its solubility, aided by the conditions of convective mass transfer towards
the flow scavenging the wall.

The following figure illustrates the phenomenon:

Steel Oxide (Fe3O4) Water
(A) Formation of Fe11 and H2 by
Fe -J- 2 H2O — > Fe(OEQ2 +H2

(B) Formation of magnetite by :
3 Fe + 4 H2O — > Fe3O4 + 4 H2

(C) Diffusion of FEE through, the layer
of onde

(D) Dissolution or precipitation of the
magnetite at the oxide/water interface
by the equilibrium:
1/3 FeO4 + (2-b) H1- + 1/3 H2 «» Fc

Metal/oxide
interface

Oxide/water
interface

+ (4/3-b)H2O
b = 0,1,2,3,4

(E) Transport of Fe2 by the flow.

Figure 1: The physico-chemical mechanisms



2.2. Parameters of influence

The equations giving the kinetics of wall thinning in explicit form are not described in
this paper.But it is wise to state the notion of sensitive parameters qualitatively. For
further explanation see [3].

2.2.1. Effect of the chemistry of water

Chemical treatment is currently a large factor in the kinetics of wall thinning. It is the
only way for the operator to manage the phenomenon; the other ways depend either
on the builder or on the overall operation of the unit.

- Effect of pH

For an interval covering the low-temperature pH values commonly found hi
the flows investigated, i.e. between 8.5 and 10, there forms a
thermodynamically stable vein of magnetite Fe3(^ between the wall and the
flow. At lower values, it is the Fe2+ ion that predominates. Since its
production tends to raise the pH, an equilibrium point is reached at the
coexistence of the two forms Fe^+ and Fe3O4, towards a pH of 8.5.

-Role of oxygen

The presence of oxygen in the water has an inhibiting effect on the erosion-
corrosion mechanism. However, oxygen in solution is undesirable because it
endangers the operation of the steam generators. Moreover, its role is not
yet included in the equations of the model.

- Composition of the steels

The steels used are often alloyed with chromium Cr, copper Cu, and
Molybdenum. The presence of these metals in solution has a considerable
effect on the kinetics. It is included in the form of a phenomenological
equation.



2.2.2. Influence of mass transfer in single-phase flow

Mass transfer is the limiting condition of the kinetics of removal of the metal, since the
chemical reactions are faster. It is included in the form of a dimensionless Sherwood
number:

d: characteristic dimension
D : diffusivity of ferrous ions in water
k: mass transfer coefficient.

A second dimensionless number characteristic of thinning is formed:

W=
Vc* d

D * Ceq

Vc: corrosion rate
Ceq: FeW concentration at equilibrium

2.2.3. Influence of temperature

The temperature acts on the kinetics of the reactions, on the pH at high temperature,
and on the thermohydraulic conditions characterizing the mass transfer.

2.2.4. Geometry

The measurements made hi fact show that W = A Sh (cf. [ 3 ]). Proportionality
coefficient A illustrates the influence of the geometry of the installation, i.e. of the type
of singularity. For a given geometry, its value is known numerically or analytically as
a function of the characteristic dimensions.

The flow chart below shows the structure of the approach.

Chemistry of fluid

Concentration of, ,
ferrous ion at equilibrium

Ceq

ph

fflaicnai

composition/singularity
rhennohydraulic conditions

Geometrical factor

APBF

Content function

Reynolds

RE

DiSusivity

DIH?

WAU, THINNING DISTRIBUTION

Sherwood Number

Sh

Figure 2: Overall flow chart



2.3. Geometry

The study section is in the main feedwater system of the Fessenheim plant's second
unit, on line 054, between the moisture separator-reheater (MSR) drain pump and the
common section upstream of the turbine-driven feedwater pump. It receives single-
phase flow from the MSR drain transfer tank. The MSR drain transfer tank is
supplied by three water inlets:

- two inlets are single-phase flow pipes and come from the heaters upstream
and downstream of the turbine-driven feedwater pump;

- the third is a two-phase flow pipe directly from the MSR.

Its general situation and particular shape are shown in the figure below.

MOtSTOEE SEPARATOR-REHEATER

LP TURBECE

Q
DRAINTRANSFER
TANK

Figure 3: The study section, ANG16KD.

This section is interesting in many respects:

. the pipes in which the flows are single-phase, while not in principle the
most vulnerable to erosion-corrosion, sometimes give rise to special
manifestations; . the drain lines contain impurities that promote erosion-

• corrosion;

. data are available concerning all the input variables of the model.

As can be seen in the figure, two points are liable to the phenomenon: the
downstream side of the diaphragm and the elbow. • The geometrical coefficients
assigned to them are 2.9 and 2.1, respectively. The thinning distributions of the two
locations are accordingly proportional, and only the results for the downstream side of
the diaphragm, which are the worst, are given.



3. RESULTS OF ANALYSIS

3.1. Choice of distributions

The numerical choices were made according to the values measured on the unit hi
campaign 11 (13 August 1990 to 26 April 1991). For the chemical treatment, the
mean concentrations of the three bases, ammonia, hydrazine, and morpholine, are the
measured mean values. The standard deviations reflect the dispersion of the monthly
readings and measurement uncertainties. The concentration distributions are given in
the table below. It should be noted that the presence of ammonia is due to the
decomposition of the other two compounds, not any addition of ammonia. The
distributions are assumed to be lognormal, with lower bound O.

Cb i (ammonia)

Q>2 (hydrazine)

Cb3 (morpholine)

Mean

165.1 (ppb)

11.3 (ppb)

3.92 (ppm)

Standard-deviation

53.9

2.3

0.75

. The temperature distribution is that of the operating conditions of the unit or
cycle considered. The temperature of file section is directly related to the
power of the unit, the daily values of which are contained in the databases.
Similarly, the flowrate is related to the power and thus to the temperature. It
is obtained by regression hi the form of a second-order polynomial. A beta-
distribution has been chosen for T:

T(0C) = P (184; 0.6; 153; 185). The parameters are, hi order: mean, standard
deviation, lower bound, upper bound. The distribution has the following shape:

Density function for T
tentpcntorc(*C) Mean 184.0

SuruJ-Dcv: .6
Lower-Bound: 153.0
Upper-Bound: 185.0

Figure 4: Distribution of the operating temperature T (0C)



. The pressure is assigned a fixed value of 42 bars. It has very little influence
on the thermodynamic quantities.

. The chromium content (in %) takes two forms:

- normal distribution having a small standard deviation, centered on a fixed
value;

- histogram of values measured on 200 different pipes selected from the,
whole French nuclear power plant population (cf. [5]).

The inside diameter (DI)5 in m, follows a normal lawN (0.381, 2.10"3).

3.2. A few distributions

The probabilistic approach yields a more accurate picture of the dispersion of the
quantities characteristic of the phenomenon investigated. The distributions were
obtained by Monte Carlo simulations covering 10,000 independent configurations, in
the form of a density histogram. The probabilistic analysis is performed in the
PROBAN environment (cf. [6]). This software can analyze the distributions and
probabilities of rare events by numerical approximation methods derived from the
reliability of the structures. The output variables are produced by calculations
programmed in FORTRAN source files structured in libraries linked with PROBAN.
For the chemistry, we give below the densities of the pH at 250C (measurement value)
and of the pH at the operating temperature of the section (figure 5).
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Distribution of hot pH
Mean: 6.44. Standard-deviation: 0.04

Distribution of pH at 25'C
Mom: 9.OS. Standard-deviation: 0.043

Figure 5: Distribution of pH at 250C and hot pH

The distribution of the chromium content takes the following shapes (figure 6).



Chromium Content Disuibrnion
Mean: 0.076% Standard-deviation: 0.057%

Ctromuttn content (%)

Figure 6: distribution of the chromium content

The figures below give the histogram of the distribution of thinning on the
downstream side of the diaphragm, in mm, for a period of 10,000 hours. The left-
hand figure has a bimodal appearance: this is the distribution taking into account the
variability of chromium content in the samples from the reactor population. The other
figure is plotted for a fixed chromium content having a value such that the means of
the two distributions are the same (0.43 mm). The corresponding fixed content is
0.054 %. This value, given the initial peak in the density, is rather far from the mean
value of the distribution (0.076 %). It has a Gaussian shape and a much smaller
standard deviation (reduced from 0.19mm to 0.05mm ).

Tlicfaicss loss (mro/10.000 houn)
Wall Thinning Distribution
Mean: 0.43 nun. Standard-deviation: 0.19 mm
The chromium content a variable

&*1

Thickness loss (mm/10.000 hours
Wall Thinning Distribution
Mean: 0.43 mm. Standard-deviation: 0.05 mm
Tflechromiarn content is fixed

Figure 7: Distribution of thinning on the downstream side of the diaphragm
Chromium content is fixed (right) or variable (left).
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3.3. Parameters of influence

We have seen that the parameter influencing the shape of the thinning distribution is
the chromium content. We now consider the influence of the input distributions on
the variability and on the mean of the thinning.

- Influence on mean

To investigate the influence on the mean, parametric studies are performed on the
means of the distributions of the input variables. As was to be expected, the
chromium content plays a large role: the mean of the calculated thinnings for the
maximum chromium content is four times smaller than the mean without chromium.
The variation versus the mean of the concentration of ammonia and of the
concentration of morpholine, in the range of concentrations used, is also given. This
makes it possible to compare the various chemical treatments used. It should be
recalled first that for each of the two bases two types of chemical treatment are used
according to whether or not the secondary system contains copper (for example if the
condenser or the low pressure feedwater heaters contain brass).

Morpholine

Ammonia

Hydrazuie

Cu

4-6 ppm

0.1 - 0.5 ppm

5 - 10 ppb

no Cu

6-8 ppm

2-4 ppm

60 - 80 ppb

It should be noted that these chemical treatments correspond to different pH at 250C:

Cu no Cu

Morpholine 9.1-9.3 9.2 - 9.3

Ammonia 8.7-9.1 9.5 - 9.7

11



Mean ofMoipholinc content (ppm)

Figure 8: Influence of ammonia (left) and morpholine (right) concentration
on the mean of kinetics

Iu the case of Fessenheim, the condenser contains brass. 'It is therefore possible to
compare the morpholine-Cu and ammonia-Cu treatments.

When the ammonia increases from 0.1 to 0.5 ppm, the kinetics is almost divided by
two, but still remains high. It should be noted that the corresponding pH is low.

Ih the case of morpholine without Cu, the kinetics is much slower than in the previous
case: at the same pH (250C) « 9.07, the kinetics is twice as slow with morpholin& as
with ammonia. It is clearly advantageous to use morpholine in this case.

This analysis agrees with the operators' empirical findings: NH3-Cu treatment is not
used today. It is therefore necessary to compare the treatment using morpholine to
the TSIH3 - no Cu treatment, used in similar pipes in other power plants. Ammonia
gives better results, but the corresponding pH is higher.
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- Influence on variability

Use is made of the technique of importance factors available in PROBAN, described
in [6]. An event reflecting the problem investigated is defined, here "thinning in
10,000 hours > x mm", to characterize large thinning values. This technique then
indicates the relative importance of each input variable of the model, in the form of an
importance factor a in %. It is based on FORM/SORM reliability methods. The
event in question corresponds to a semi-space bounded by the failure surface. The
space used is constructed from variables that are transformed from the initial input
variables. The distance from the origin to the nearest point on the failure surface, or
"reliability index", gives an approximation of the probability of the event. This point is
called the design point. Its direction determines the influence factor of each variable.
Refer to figure 9 .

cafe eet failure act

Ji-space

Figure 9: FORM/SORM approximation to failure surface

Let Pnew be the new reliability index, for the same event but with the variable of which
the importance factor is being determined fixed at the 50 % fractile:

If a is close to O, the variable tells us little about the probability of the event, and can
therefore be assigned a fixed value.

If a is close to 100, the importance of the variable is large and its variability must be
known precisely, and if possible reduced.

For further information about importance factors, cf. [7].
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For the study in question, the event "Thinning in 10,000 h > 0.7 mm" was chosen.
The factor Cr has an importance of more than 99 %! This makes it important to know
precisely the distribution of the chromium content. If a fixed value is assigned to Cr,
the next factor is the morpholine concentration, then the ammonia concentration. It
is normal for ammonia to play a smaller role, because its values are ten times as small
as those of the morpholine concentration.

This technique confirms the conclusions of the parametric studies: the chromium
content and then the morpholine concentration have an important role in kinetics.

3.4. Evaluation of fracture probability

Fracture occurs when:

M-PEP <Em i n

E^: initial pipe thickness,, centered on the nominal thickness, with allowance
for the production tolerance;

PEP: thinning calculated according to the assumptions of the model;

minimum design thickness, distribution calculated from the characteristics
of the material. E111Jn is supposed to be the lowest value of the pipe thickness
before the fracture. Therefore the higher En^ is, the quicker you can reach its
value, and the higher the fracture probability is.

. Currently, the calculation of the minimum thickness is rudimentary and needs
to be improved : EnJ1n is the minimum thickness used in the calculation, but is
bound to be overestimated. Moreover, the tolerances on the initial
thicknesses are probably overestimated. So the fracture probability found is
not realistic. A parametric study is therefore presented: fracture probability
according to the mean of E1nJn, probabilistic variable having a constant
standard deviation. For instance if the value of E1nJn

1S mean is 9 mm, the
probability is 1O*6. This is the fracture probability after 10,000 hours'
operation, since the thinning values are calculated for 10,000 hours. The
value of this probability depends to a large degree on the production
tolerance, which is greater than the thinning value.

14
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Minimum Wall Thickness (mm

Figure 10: Fracture probability

4. CONCLUSION

The study presented has validated the probabilistic approach oh a realistic case for
which the necessary data were available. It took advantage of the rather advanced
maturity of the physico-chemical model. It made possible:

- knowledge of the distribution of thinning values for any duration;
- identification of the main parameters of influence on the kinetics ,namely in

decreasing order Chromium content, chemistry of the fluid, temperature.
- evaluation of the fracture probability of the pipe concerned. :

The PROBAN code, a general-purpose tool for probabilistic analysis, proved to be
suited to the problem. It displayed the relevant numerical methods for probability and
distribution analysis, and enabled the implementation of the analytical model's
algorithms.

It remains to:

- continue improving the model, especially the mechanical parts: a study of the
constructors' data must give more accuracy to the tolerances on the initial
pipe sign thickness, the fracture criteria and the calculation of the minimui?
design thickness must be improved;

- perform a more global study including other variables in the model, two-
phase pipes, and other types of lines.
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