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Abstract: In this paper the influence of a porous
Corrosion Product Layer (CPL) on the internal
corrosion of carbon steels pipeline in a de-aerated and
carbonated medium is studied. Based on the
literature, a 1D numerical model taking into account
a porous CPL is built with COMSOL Multiphysics®.

Results show that the diffusion of species through the
CPL and a bilayer structure of the CPL influence in
large extend the corrosion process. Favorable
conditions for further corrosion product precipitation
are highlighted indicating that the precipitation
process should be included for complete
understanding of the CPL’s protectivity.
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1. Introduction

Assessing the severity of the internal corrosion of
structures is of paramount importance in the oil & gas
industry. Modelling and simulation of this process
proved to be key techniques to understand its
mechanism and the main factors influencing its
severity [1-4].

Considerable effort has been deployed to implement
an adequate electrochemical process of the corrosion
phenomenon [5-12]. However, to our knowledge,
except [13-15], the influence of transport
phenomenon through a porous corrosion product
layer (CPL) on the corrosion rate has not been studied
extensively yet. The transport phenomenon can
influence the corrosion rate significantly by either
limiting or accelerating the cathodic contribution. In

this paper the general corrosion of a carbon steel
under a porous CPL of siderite is studied and the
influence of the transport phenomenon is examined
using COMSOL Multiphysics®. A diagram of the
process is presented in Figure 1.
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Figure 1: Schematic representation of a porous
corrosion product layer (CPL) formed on a carbon steel
pipeline

In this paper, it is assumed that the CPL is composed
solely of siderite (FeCOs()) and that the very nature
of the CPL does not play a role on the corrosion rate.
A 1D numerical model studying general corrosion
under a porous CPL and accounting for chemical
evolution in the electrolyte is presented. The
electrochemical processes and the corresponding
kinetics data implemented are the same as detailed in
Nesic et al. [3, 5-6]. Then, it is shown that the CPL’s
porosity and effective diffusion through the CPL play
an important role on the evolution of the chemistry
near to the metal surface and consequently on the
corrosion rate of the carbon steel.

This model constitutes a first step and can be used for
further development to assess the effects of either, a
competitive diffusion trough a CPL or a conductive
CPL, on the corrosion phenomenon. In fact, the
transport phenomenon can play a fundamental role
beyond the simple fact of limiting or accelerating the
cathodic contribution. It is suggested that the
transport from and/or to the steel bare to and/or from
the bulk solution could greatly influence the



protectiveness of a corrosion product layer and
consequently the corrosion rate of carbon steels [13-
15]. Finally, the electrochemical behavior of the CPL
[16-17] could also increase the delocalization of the
cathodic reaction all along the CPL leading to a
significant increase of the corrosion rate [17].
Although the necessary basis to the development of
this last point is presented and built in this study, this
last point will not be developed in this paper.

2. Theory

The model developed in this paper is based on the
transport and reactive phenomena. For a non-porous
and non-convective media, the Nernst-Planck
equation accounting for the diffusion and migration
transport phenomena is given by Eg-1:

% + V. (i(=D;Ve; — zu;Fe;Vep,)) = R; (EQ-1)
with:
- Dj: the diffusion coefficient (m?.s™);
-z : the number of charge;
- Ui : the mobility given by Di/(R.T), with R
the gas constant (8,314 J.mol*.K?') and T
the temperature (25°C);
- F: Faraday constant (96485 C.mol?) ;
- ¢ : concentration (mol.m3);
- Ri : reaction rate, considered at equilibrium
(mol.m3.s1);
- ¢, . the electrostatic potential of the
solution (V);

The electrostatic potential (¢,) satisfies the Poisson
equation (Eg-2):

Vi, = —SZiZiCi (Eg-2)
where e is the dielectric permittivity of the medium
(7.08.10™* F.m™ at 25°C). It is worth noting that the

ratio Fle is sufficiently large to assume the
electroneutrality condition given by Eq-3:

2:7ic; =0 (Eg-3)
Thus, the system given by Eg-1 to EQ-3, describes
the conservation of the species in an electrically

neutral medium.

Electrochemical process

The corrosion of metal implies an electrochemical
reaction, namely the oxidation and the reduction. The
first is called the anodic process (Eg-4) and the
second the cathodic process (Eg-5 to EQ-7)
corresponding respectively to the dissolution of the
metal and the reduction on the metal surface of
species characterizing a de-aerated and carbonated
medium.

Iron oxidation:

Feiy — Fe?* +2e” (Eg-4)
Water reduction:

2H,0 + 2e~ - H, + 20H" (Eg-5)
Proton reduction:

2H* +2e” - H, (Eg-6)
Carbonic acid reduction:

2H,C0;+2e~ —» H,+2HCO; (EQ-7)

The electrochemical process considered here has
been largely discussed in the domain of oil & gas
production facilities [5-12]. This electrochemical
process is expressed as current density accounted
positively for the anodic process and negatively for
the cathodic process. These current densities depend
on the mass transport limitations and charge transfer
resistances.

Table 1 and Table 2 give the electrochemical process
considered in this paper and the corresponding
current density. All the kinetics data related to the
electrochemical process are taken from Nesic et al.
[3]. Though the validity of the electrochemical
process nor the associated current density are
discussed in the paper herein since it is not the
objective of this study, it may be noted that there is
no consensus on the exact electrochemical
mechanism to be adopted. Interested readers can refer
to [18-23] in order to figure out the discussions being
still open concerning the electrochemical process.

Table 1: Electrochemical process and current density.
With 7 = @n — @, — Eirey - @m cOrresponds to the
metal potential and g; is the porosity of the CPL.
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Table 2: Apparent current density given at T=25°C.

Expression of the apparent current
density (mol.m)
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Finally, the unknown electrical potential at the metal
surface, called corrosion potential or rest potential, is
obtained from the charge balance equation at the
metal surface: >i.=|>i¢|.
Equilibrium reaction
In addition to the electrochemical reaction, species
created and/or consumed at the metal surface and
those present at the initial stage will evolve within the
solution. It is considered that all species will evolve
at equilibrium. Four equilibriums are considered:
Autoprotolysis of Water: K,=10-%

H,0 =H*+ OH~ (Eg-8)
Hydration of CO,: Kco2=2,580.103

COZ + H20 = H2C03 (Eq'g)
First dissociation of H,COs: Kizcos=1,251.10~4

H,CO; = HCO; + H* (Eg-10)
Second dissociation of H,COs: Kncos=1,382.101°

HCO; = CO2~ + H* (Eq-11)

The thermodynamic data are those used by Nesic et
al. [3, 5-6].

Transport through porous layer

The scope of this paper is not the study of the
electrochemical process but rather to examine the
transport of species through a porous corrosion
product layer and its effect on the corrosion process.

The transport of species through a porous corrosion
layer (CPL) will affect the corrosion process because
of two phenomena; the covering of the metal surface
by the CPL and the limitation of the transport of the
species through the CPL.

A porous corrosion product layer of thickness (L) and
porosity () is considered. Later, the porosity of the
CPL will be addressed in a parametric study.

Thus, in this case, for a porous medium, the Nernst-
Planck equation, within the CPL will be given by :

9(eLc)
‘;Ltc + V. (Zi(_Di,effVCi - Ziui,efchiV(pL)) =
Ri-&, (Eq-12)

where the effective diffusion (Di ) follows the well-
known Bruggeman correlation for the transport
phenomena in porous medium:

_ 1,5.
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Within the CPL the diffusion and the migration of
chemical species are affected by the porosity of the
layer expressing the less and/or more tortuous path
from and to the metal surface. In Table 3, the
diffusion coefficient of each chemical species
considered in this work are presented.

Table 3: Diffusion coefficient of species considered in
the present study

Species Diffusion coefficient
10 -° (m2s?)

Fe?* 0,72
H* 9,30
OH 5,26
CO; 1,96
H,COs 2,00
HCOs 1,10
COs* 0,92




Na* 1,33
Cr 2,03

In equation (Eg-12), the reaction terms, R;, takes into
account the reduction of the volume and the
electrochemical process will be altered to reflect the
effective area being corroded. This will be detailed in
section 4.

3. Governing Equations / Numerical Model

In this section, initial and boundary conditions are
detailed and the use of COMSOL Multiphysics® is
described in order to facilitate an eventual
development for the interested readers.

Numerical Model

A 1D numerical model is built in which the metal
surface is represented by a node and the electrolyte is
represented by an interval as large as the diffusion
layer (8) as depicted in Figure 2.
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Figure 2: Schematic representation of the simulated
domain.

At the metal surface (N1x=0) the following boundary
conditions are set:

- zero flux for non-electroactive species;
- fluxes depending on the current density for
electroactive species, Ni=f(iac) :

0 Npggz+t = i;f:;

o Ny+= —@;

© Nuyyco, = _—|iCHi,COB|;
o Nyco, = M;

o Noy-= @

At the diffusion boundary layer (N2x=s) a condition
of concentration modelling an open boundary is
fixed.

Finally, the initial composition of the medium, given
hereafter in Table 4, is a calculated composition
verifying the equilibrium specified in Eg-8 to Eg-11
for pH=5. The concentration of Na* is calculated in
order to respect the electroneutrality of the solution.

Table 4: Initial composition of the medium

Species Concentration
(mol.m™3)
Na* ->zi.Ci, i # Na*
Cl 10
Fe?* 1,79.102
OH" 9.107
H* 102
CO: 33,3
H2CO3 8,6.10?
HCOs 2,34
COs* 3,17.10°

Numerical tool

The Corrosion Module of COMSOL Multiphysics®
is used to solve a PDE system. For the physical
properties of the CPL, a separator generally used in
batteries is used. As for the metal surface, an
electrode surface is defined under which the four
electrochemical reactions presented in section 2 are
defined.

4. Results / Discussion
Influence of the porosity of the CPL

Firstly, five different porosities are assessed: 0,8; 0,3;
0,1; and 0,01.

In Figure 3 it is shown how the porosity of the CPL
affects the corrosion rate by covering the metal
surface. Obviously, a dense layer (low porosity)
involves high surface coverage and consequently a
low corrosion rate.



B 17
E
8
<
~ 087
=]
S
g 06
0.4
[
L s o T S 8 S | S
0 2 + 6 8 10
Time (days)

Figure 3: Evolution of the corrosion rate for four
CPL’s porosities.

As early mentioned, the study presented in this paper
is focused on the transport phenomena and it is worth
noting that a denser layer limits the transport within
the CPL and, as depicted in Figure 4, the pH
increases significantly. In other words, pH increase is
due to the limitation of the bicarbonate diffusion
through the CPL.
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Figure 4: pH distribution for four CPL's porosities

In this case, one may obtain a high saturation level of
the siderite. The saturation level is a thermodynamic
indication of either or not the siderite could
precipitate. In this case, as shown in Figure 5, the
saturation level is lead by the distribution of the pH.
Thus, the denser the layer the more protective it is for
at least two reasons:

- high metal surface coverage;

- limitation of the transport leading to high
pH, and consequently to conditions ensuring
the precipitation of corrosion products (the
precipitation phenomena is not taken into
account in this paper).
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Figure 5: Distribution of the saturation level of the
siderite for four CPL's porosities

The question to be posed is which of these two effects
influences most efficiently the corrosion process: the
covering effect or the transport limitation.

Influence of the bilayer structure of the CPL

The objective of this last study is to figure out which
of the covering effect or the transport limitation
influences most the corrosion process. To do so, a
bilayer structure is assumed, here an internal layer
and an external layer are considered, as schematically
represented in Figure 6.
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Figure 6: Schematic representation the CPL's bilayer
structure considered.

Two cases are considered, in the first case (Case A)
the internal layer is less dense than the external one,
and inversely, in the second case (Case B) the internal
layer is denser than the external part.

In Figure 7 it can be seen that the porosity of the
internal layer controls the corrosion rate. It is also
important to highlight that in the first case (Case A)
one can notice that the corrosion rate decreases from
1,5 mm/yr (Figure 3) to 1,2 mm/yr (Figure 7) which
means the transport phenomenon has a marginal
effect on the corrosion rate with respect to the effect
of the metal covering as highlighted in the second
case (Case B). Readers can refer to [24] for further
discussions on these types of configuration.
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Figure 7: Evolution of the corrosion rate

When it comes to the chemical evolution of the
medium, this marginal effect is no longer true. In
case B, where a denser layer at the external part is
considered, the pH (Figure 8) and the saturation level
(Figure 9) increase significantly indicating more
favorable conditions for the corrosion products to
precipitate.
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Figure 8: Distribution of the pH.

<10° [N

= L6

=5

Q 14

o 12}

s

B 1

5 08

g l
g 0.6 +
2 0.4+ \
w 0.2} \

0 100 200 300 400

x-coordinate (pm)

Figure 9: Distribution of the saturation level of the
siderite.

As already mentioned, the precipitation of the
corrosion product is not considered; however it is
obvious that if the precipitation phenomenon was
considered, results from Case B would lead to high
precipitation rate and perhaps to a more protective
CPL. This point will be addressed in another

following paper where the precipitation process will
be considered.

5. Conclusions

In this paper, a 1D numerical model designed to study
the effect of a porous corrosion product layer on the
corrosion rate in a de-aerated and carbonated medium
was presented with an emphasis on the effect of the
transport phenomenon on the corrosion process. It was
found that:

e the corrosion rate depends largely on the
porosity of the internal part of the CPL that
covers the metal surface;

e an external dense layer affects mainly the
chemical composition and thus the corrosion
process by limiting the transport at the external
part.

The first point corresponds to an obvious result since the
CPL covers the active metal surface, thus the corrosion
rate decreases. The second point indicates, from a
thermodynamic point of view, that the chemical
composition would allow the precipitation of a dense
corrosion product.

However, it is quite early at this stage to conclude on
this point as the precipitation of the corrosion product
layer could introduce other complexities that are not
supported by this study. Indeed, the saturation level of
the siderite indicates whether precipitation is
thermodynamically possible or not, but do not give any
indication on how fast precipitation can occur and how
the precipitation kinetics can influence the corrosion
process. This last point will be addressed in a future
publication.
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