Int. J. Mod. Phys. C 2015.26. Downloaded from www.worldscientific.com
by FUNDACAO OSWALDO CRUZ on 06/01/16. For personal use only.

International Journal of Modern Physics C ) L
Vol. 26, No. 10 (2015) 1550119 (10 pages) \\e World Scientific
© World Scientific Publishing Company M" www.worldscientific.com
DOI: 10.1142/50129183115501193

Non-Markovian model for the study of pitting corrosion
in a water pipe system

A. C. P. Rosa Jr*™ P. Vaveliuk**!l and M. A. Moret*$**
*Programa de Modelagem Computacional
SENAI Cimatec, Salvador, Bahia, Brazil
TUniversidade Federal do Oeste da Bahia
Barreiras, Bahia, Brazil
¥Centro de Investigaciones Opticas (CIOp)
CONICET, CICBA La Plata, Argentina

8 Universidade do Estado da Bahia
Salvador, Bahia, Brazil
Yacpri2@yahoo.com.br

Ipablovaveliuk@yahoo.com.br
**mamoret@gmail.com

Received 4 November 2014
Accepted 4 February 2015
Published 18 March 2015

The main studies on pitting consist in proposing Markovian stochastic models, based on the
statistics of extreme values and focused on growing the depth of wells, especially the deepest
one. We show that a non-Markovian model, described by a nonlinear Fokker—Planck (nFP)
equation, properly depicts the time evolution of a distribution of depth values of pits that were
experimentally obtained. The solution of this equation in a steady-state regime is a g-Gaussian
distribution, i.e. a long-tail probability distribution that is the main characteristic of a non-
extensive statistical mechanics. The proposed model, that is applied to data from four inspec-
tions conducted on a section of a line of regular water service in power water reactor (PWR)
nuclear power plants, is in agreement with experimental results.

Keywords: Pitting; non-Markovian; nonlinear Fokker—Planck equation; Tsallis statistics; long-
tail distributions.

1. Introduction

Corrosive processes are the main sources of failures in equipment and structures that
make up an industrial plant and, for these reasons, the study of such processes is a
central research issue for reliability engineering.! Specifically, it has been of great
interest to analyze corrosion in pipelines since, in any industrial plant, they form a
network to transport different types of fluids that meet the most varied purposes:
transportation of fuels, raw materials and chemical waste, cooling or heating sys-
tems, among others. Over time, corrosive processes of different types were detected
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both on its inner surface by the influence of the fluid transported, as well as on the
external surface due to the action of the chemical environment in which the pipeline
is immersed. Thus, there is a significant reduction in the thickness increasing the risk
of collapse due to possible cracks. Therefore, knowing the dynamics of corrosion
allows the adoption of security policies and more effective maintenance, minimizing
the risk of accidents and avoiding production downtime.

According to Burstein et al.,> the main source of ruptures in pipelines is the
pitting. Besides, according to Valor et al.,® a stochastic phenomenon characterized
by an initial metastable state was associated with the initial formation of the well,
followed by a stable state due to the growth of the depth of the well over time. In
order to explain these phenomena®* based on the statistics of extreme values,’
Markovian models are commonly proposed. These models are focused on growing
deeper wells and the depth values obey the Gumbel distribution of type.’ Recently,
Camacho et al.” proposes a Markovian model based on the Fokker—Planck equation
that studies the degradation of corroded pipes at nuclear plants. These Markovian
models do not fully explain the experimental data due to presence of long-tail in the
correspondent distributions.

In this paper, we propose a nonlinear Fokker—Planck (nFP) equation as an al-
ternative procedure to the analysis of pitting corrosion. The nFP provides a sto-
chastic distribution compatible with the experimental data of Ref. 7. In steady-state
regime, nFP has as a solution a ¢-Gaussian distribution of probability that is a
watermark of the nonextensive statistical mechanics proposed by Tsallis.®° The
modeling that we propose in this paper, in addition to characterizing a non-Mar-
kovian stochastic process, also provides a best-fit to the experimental data.

In the next section, the data set to be analyzed is presented and the experimental
conditions are described. The main results obtained from the statistical analysis are
discussed in Sec. 3. A description and interpretation of the proposed model is done in
Sec. 4. The final conclusions are discussed in Sec. 5.

2. Experimental Data

The studied setup corresponds to water flowing in laminar regime through a stainless
steel pipe of thickness of 6 mm. We recall that the measured data set is the same as
used in Ref. 7 and it corresponds to four sets of measurements of depth for 246
corrosion points distributed along a section of 150 m. Each series was obtained by a
Pipeline Inspection Gauge (PIG) inspection tool applying the technique of Magnetic
Flux Leakage (MFL). The inspected section corresponds to a range of typical water
service in nuclear power plants Power Water Reactor (PWR) and the inspections
occurred at regular intervals of three years. The distribution of the depths along the
length of the section, for each series is illustrated in Fig. 1.

According to Ref. 7, the used data refer to one of the examples described in the
report produced by the Electric Power Research Institute, EPRI Final Report
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Fig. 1. (Color online) Distribution of depths of corrosion points along a 150 m section of a water service
line. Each level observed in the graph corresponds to an inspection by MFL PIG. The four inspections were
conducted over 12 years.

2005,'° whose content presents a series of methods and applications for managing the
life cycle of water service lines in the U.S. nuclear power systems.

3. Pitting Model Based on Tsallis Generalized Statistical Mechanics
3.1. Foundations of generalized statistical mechanics

The generalized statistical mechanics arose in 1988 from the formalism proposed by
Tsallis® that is based on a nonadditive entropic term as a central postulate, i.e.

W pq
1-Y WP

S, = 14

q

: (1)

where W is the number of microstates accessible to the system, P is the probability
associated with the i-th microstate and g is the so-called entropic index. Equation (1)
defines a physical nonextensive entropy for g # 1, paving the way for a generalization
of the Boltzmann—Gibbs statistical mechanics, since for ¢ — 1 the Shannon entropy
is recovered. A probability distribution that maximizes the Tsallis’s entropy corre-
sponds to a generalized Gaussian one, commonly called ¢g-Gaussian distribution,” and
is given by

P(x) = Al = B — g)(z — z,))7, (2)

where A is a normalization constant, B is a scaling factor associated with the
standard deviation of the distribution, and z; is the average value of the variable x
that characterizes the studied system. The limit ¢ — 1 in Eq. (2) recovers the
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conventional Gaussian distribution. Currently, the statistical mechanics of Tsallis
consists in a wide field of research in increasing development, being applied to the
modeling of astrophysical phenomena,!™? among others
complex systems.'%2" In particular, we highlight the modeling of anomalous diffu-
sion processes from nonlinear equations which are generalizations of the standard
Fokker—Planck equation.?! Basically, a Fokker—Planck-like equation governs the
dynamical evolution of the probability density that is associated with the charac-
teristic phase space of a stochastic process.

5

sunspots,'* proteins,’

3.2. Proposed pitting model

As illustrated in Fig. 2, the average depths of corrosion points, measured for each of
the four series, describe a linear increase in the time for that the rate was
0.392 £ 0.003 mm/year (mm per year). The Pearson’s correlation coefficient was
R = 0.999 indicating a robust adjustment.

The next step was to characterize the distribution of the depth values as a
function of time, from the analysis of the histograms corresponding to the series.
Figure 3 shows the distribution of depths to the first inspection carried out after
three years of service. The linear fit suggests that the distribution of depths corre-
sponds to a power law. This result implies that shallow wells are quite common at
this stage but deep wells are rare events. For other inspections carried out at 6, 9
and 12 years of service, the distributions of the measured depths are not in agree-
ment with power laws. As illustrated in Fig. 4, the Gaussian distribution (grey line)
does not fit well the experimental data. It is important to emphasize that the

2 4 6 8 10 12
years

Fig. 2. Temporal evolution of the average depth of the wells. The symbols represent the average

(squared) calculated for each of the inspections. The continuous curve is a linear fit whose Pearson’s
correlation coefficient is R = 0.999.
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Fig. 3. Depth distribution of corrosion pits in the pipeline after three years of service. The dots represent
the experimental data, with the continuum line being a linear fit. The fitting suggests that the distribution
is characterized by a power law with Pearson’s correlation coefficient R = 0.98, F ., = 155.12 and
Prob > F = 5.92107°.

proposed model in Ref. 7 consists of Gaussian distributions of depths, i.e. a
Markovian process. This proposal does not fully agree with the experimental results.
Markovian processes are not well represented by long-tail distributions. It is not
possible to obtain long-tail distributions by only using random processes. The
results shown in Fig. 4 imply that a depth distribution is not characterized as a
random event. In fact, there are long-range correlations in time for the pitting
depths so that the depth-distribution shape behaves as a long-tail distribution.
Therefore, the adoption of a stochastic Markovian model for the study of pitting
could not provide an accurate result. In this context, we propose a formalism from
the Tsallis statistics” based on a non-Markovian model that is able to describe the
experimental data. The black curves in Fig. 4 show adjustments of Eq. (2) applied
to the inspections.

We briefly describe the fitting procedure used in Fig. 4. We optimized the
x>-value and we use analysis of variance (ANOVA) to validate the hypothesis
testing. Despite the fact that ANOVA test favors the average values (central ones),
the obtained results show that ¢-Gaussian distributions, i.e. long-tail ones, exhibit
higher F, .. When compared to Gaussian distributions. Besides, the fitting using a
g-Gaussian distribution presents better x2-value and the Pearson correlation coeffi-
cient. These results indicate a high reliability in the fittings using ¢-Gaussian dis-
tribution. Clearly, in this case, these are much more proper than the fittings using the
current Gaussian distribution.

From Fig. 4, it is also observed that the time evolution of the distribution of
depths elapses slowly over time. In this case, it is possible to characterize the pitting
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Fig. 4. Distribution of depths of pits after (a) 6, (b) 9 and (c) 12 years of service. The dots represent the
experimental data, the grey line accounts the fit of the Gaussian distribution curve and, in black, the
g-Gaussian distribution fit. We recall that the entropic indexes (g), Pearson correlation coefficient and
ANOVA parameters to ¢-Gaussian distributions are (a) ¢ = 1.90 & 0.05, R = 0.999, F\ ... = 5348.12 and
Prob> F =0, (b) ¢=183+£0.06, R=0.999, F,.=4780.17 and Prob > F =5.97 x 1072, (c)
¢=2.16+0.11, R =0.995, Fy. = 2584.03 and 5.13 x 107!, On the other hand, the Gaussian best
fitting presents R = 0.982 and F,,. = 355.64.

as a quasi-stationary process. On the other hand, the results obtained from the fitting
indicate that a long-tail distribution of depths is the proper distribution. We remark
that a ¢-Gaussian distribution is the long-tail one proposed by our model.

3.3. nFP equation

The Fokker—Planck equation is a continuity equation consisting in a drift term and a
diffusive term. The drift term statistically weighs the action of inhibitory mechan-
isms of the stochastic process and it is coupled up to the emergence of systematic
trends. On the other hand, the diffusive term measures the evolution of the dispersion
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around the mean value. Plastino and Plastino®” introduced the following one-di-
mensional equation:

op 0 Q &,

B = gp BE@P+5 o5 [P, (3)
where P(x,t) is the probability density. The first term is the drift term that accounts
for systematic tendencies present in the process. The parameter K (x) is called “drift
coefficient”. The ) parameter is called “diffusion coefficient” that is constant and
defined positive with the exponent g being the entropic index. The choice of a
nonlinear diffusive term aims to produce P(z,t) solutions whose time dependence is
conditioned to this term in a clear reference to anomalous diffusion. The steady-state
regime corresponds to a system of dynamic equilibrium reached for long times, and
induces a probability distribution independent on time. The condition P(z) — 0 for
x — to0, imposed on Eq. (3), provides a generalized exponential as a natural so-
lution for the steady-state regime. Even more, if we consider K (z) = —vx that is the
well-known Ornstein—Uhlenbeck process,?® the solution obtained is the g-Gaussian
distribution. According to Schwimmle et al.,”* Eq. (3) is a particular case of a large
class of nonlinear equations of the Fokker—Planck type whose steady-state solutions
maximize the Tsallis entropy. Such a connection is established from the Boltzmann

2526 The nFP can be reformulated to contain a nonlinear drift term. In

H theorem.
this context, the g-Gaussian distribution also is a stationary solution for such an
equation:
oP 0 &P
=~ [K(@)P] +

Z i 4
ot Ox 2 0z’ (%)

This equation is not associated with anomalous diffusion since the nonlinearity is not
related to the diffusion term.

In a non-Markovian stochastic processes, the proper use of nFP equations for
modeling is discussed by Frank.?® The proposed generalized form, that is not unique,
is given by,

0

Zaxakcz,kxtpw( t), (5)

(x,t, P)P(x,1)]

where z(t) is a multidimensional random variable P(z,t) is the probability density
function and the generalized coefficients D; and Q; ; have into account the drift and
the diffusion coeflicients, respectively. Equation (5) is linear and corresponds to drift
and diffusion processes. In this context, the corresponding coefficients do not depend
on the probability density distribution, P. When the generalized coefficients D; and
Q; ). explicitly depend on P(z,t), the solution of nFP equation will be the proper
solution for modeling stochastic non-Markovian processes. However, a licit way to
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establish the dependence of those coefficients with P(z,t) is the main task of this
approach. In this context, Egs. (3) and (4) are in correspondence to the conditions:

{D(:E,t,P) = K(z),

Q(z,t,P) = (Q/2)P'1,

{D(x,t,P) = —yzPi 1,
Q(x,t,P)=Q/2.

By considering an Ornstein—Uhlenbeck-type process in the Fokker—Planck equation,
Plastino and Plastino proposed the following time-dependent solution:

P(a,t) = D(#)[1 = B(t)(1 — g) (& — @ (1))*]77, (8)

that emerges from Eq. (3) when Eq. (8) is applied. The detailed development was
derived in Ref. 22. However, the analogy with an anomalous diffusion process is not
consistent since the standard deviation does not change significantly for the four
series. This restriction does not apply to Eq. (4). From numerical integration,
Schwiimmle et al.”* calculated the probability distribution for Eq. (4) analyzing their
second-order moments and varying the entropic index for values in the range
0.7<qg<1.5.

(6)

(7)

3.4. Non-Markovian model and corrosion by pites

A non-Markovian process is one for which future probabilities are not determined by
the most recently known value, and depend on the previous history. The proposed
model describes this type of process. Thus, let us consider the current probability
density j(x,t) given by:
. ,. Q0
(@) = = |v(@ — o) [P(x, 0)]" + — o= P(z,1) | (9)
2 Ox
Replacing Eq. (9) in Eq. (4), we recover the one-dimensional continuity equation in
its most usual form, i.e.:

) o
5 P, t) + () = 0. (10)

The current density must vanish for the stationary regime, which ensures the con-
dition P(z) — 0 as * — £oo. Thus, we have the equation:

dP 2y
And for q # 1, the proper solution is:
P(z) = A[L = B - q)(z — z)?]75, (12)

where B = (v/Q)[A'~9]. From the numerical calculations we obtained that the three
analyzed series have values for the entropic index within the range 1 < ¢ < 3. Under
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this condition it is easy to verify that the mean value is equal to x; and the nor-
malization constant A is given by:

_f[a= ) T T
A_{[ TQ }I‘(a—l)} ’ (13)

where a = ﬁ and I'(z) is the gamma function. The result given by Eq. (12) sup-

ports a non-Markovian model related to the long-tail distribution obtained for the
pitting corrosion.

4. Conclusion

In this paper, we have shown that a non-Markovian stochastic model can describe
the temporal evolution of the pit-depths distribution based on nonextensive statis-
tical mechanics. This model describes the dynamic development of pitting corrosion
with a nonlinear shape of the Fokker—Planck equation, whose ¢-Gaussian distribu-
tion is the solution for the steady-state regime. This class of distribution fits better
the experimental data than Markovian models. Besides, the proposed model has
better accuracy to map the experimental values that are in the tail of the distribution
curve. That said, the proposed model is able to model pitting corrosion in pipelines.
Finally, the Markovian model does not provide a good agreement with the experi-
mental data for the temporal evolution for quasi-stationary processes.
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