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https://doi.org/10.18280/ria.380314 ABSTRACT

Cathodic protection is a significant approach utilized to avoid the electrochemical corrosion
of pipelines. This is accomplished by supplying an electric current to the structure that
requires protection, such as a pipeline, from an external source. study aims to enhance the
cathodic protection system by minimizing potential fluctuations along the pipeline hence
preventing corrosion. It also aims to achieve economic feasibility by decreasing the number
of anodes utilized. These objectives were accomplished by employing meta-heuristic
optimization techniques. The present study involves formulating a mathematical model for
a pipeline that provides fuel to the Al-Hilla 2 power plant in Iraq to assess the effectiveness
of cathodic protection. Utilizing numerical simulation techniques, Multiphysics COMSOL,
diverse scenarios are examined, resulting in the acquisition of substantial data.
Subsequently, a neural network model is constructed using MATLAB. The primary factors
influencing the distribution of cathodic protection potential are the numbers and positioning
of the anodes and the output current. Subsequently, the optimization objectives involve
determining the optimal anode number, position, and output current value by utilizing the
Particle swarm organization (PSO) algorithm. The obtained results provide evidence that
the proposed method holds a certain level of significance in guiding the design of cathodic
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protection systems.

1. INTRODUCTION

The issue of metal corrosion carries significant economic
impacts since information shows that industrialized nations
allocate roughly 5% of their income towards corrosion
prevention, maintenance, and replacement of damaged and
polluted products resulting from corrosive reactions.

The corrosion of underground metal pipelines, storage tanks,
and different metallic structures is a natural and inherent
phenomenon that arises from an electrochemical reaction,
wherein a flow of current occurs between anodic regions
where corrosion is taking place and cathodic regions where it
is not. The cathodic protection system serves to reverse the
process, which functions by designating the metallic structure
to be protected as the cathode and the sacrificial component as
the anode. This arrangement effectively prevents the process
of metallic structure corrosion [1]. There are two techniques
for cathodic protection: sacrificial anode cathodic protection
(SACP) and Impressed Current Cathodic Protection (ICCP).
ICCP is the main technique to prevent the corrosion of metallic
structures buried in soil. ICCP is a technique employed to
mitigate the corrosion of a structure by designating it as the
cathode within an electrochemical cell. The technique of
corrosion prevention involves the establishment of a
connection between the metallic structure that requires
protection and a sacrificial metal that is more susceptible to
corrosion, serving as the anode. ICCP systems are commonly
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employed to mitigate corrosion in underground storage tanks
and their associated metal pipeline systems [2].

An effectively designed ICCP system as shown in Figure 1
can mitigate these issues, hence ensuring the structural
stability of the metallic structures and substantially
minimizing maintenance expenses over its operational
lifespan. Metallic corrosion refers to an electrochemical
process wherein a metal undergoes a chemical reaction with a
non-metal, such as oxygen, resulting in the formation of a
metal oxide or another compound. The response to the
corrosion process is based on the characteristics of the given
context. Various metals exhibit varying propensities for
corrosion, activity, or potential. The potentials mentioned
above can be organized and compiled into a comprehensive
electrochemical series [3]. A more practical methodology is to
evaluate the ability of specific metals to undergo corrosion in
a specific electrolyte, such as soil [4].

The utilization of numerical simulation methods has gained
importance as one of the main fields of research due to the
rapid advancements in computer technology and
electrochemical technology [5, 6]. The utilization of
calculating programs or established software can facilitate the
simulation of complicated influencing aspects, hence offering
a robust safeguard against corrosion.

Numerical approaches, such as the boundary element
method (BEM) [7], have gained significant traction among
researchers and corrosion engineers for modeling and
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resolving diverse corrosion issues [8-10]. The mathematical
model for the cathodic protection of pipelines utilizing a
typical anode arrangement was constructed, incorporating
non-uniform current distributions [11]. The authors of
reference [12] conducted a study on the various elements that
influence interference in cathodic protection. They analyzed
these issues using the BEASY program, specifically the
Boundary Element Method (BEM). The analysis of the
optimal electrode position for the cathodic protection
sacrificial anode system in pipelines was conducted by
utilizing the Boundary Element Method (BEM) with the aid of
MATLAB® software, as described in reference [13].

This study examines the optimal distance between the
pipeline and sets of anodes, as well as the impact of varying
key parameters on the potential distribution on the pipeline
surface that is safeguarded through cathodic protection
utilizing mixed metal oxidation (MMO) sacrificial anode.
Mixed Metal Oxide (MMO) anodes are effective in various
conditions such as soil, freshwater, mud, and marine
environments. The anodes' coatings exhibit great chemical
stability and remain unaffected by chlorination. Moreover, the
anode's small size, measuring approximately one inch in
diameter, facilitates the installation procedure as compared to
alternative anode varieties. MMO anodes offer a cost-effective
solution for any project due to their constantly low resistance,
which is attributed to their low consumption rate.

To accomplish this analysis, the utilization of a approach
involving the finite element method (FEM) and particle swarm
optimization algorithm (PSO) is implemented.

Structure metal,
coating

design

¥

Location Environment condition

v

C.P. criteria Potential for cathodic protection
v

C. P. Current Demand Initial, mean, final
v

C. P. type Impressed current, sacrificial anode

v

Anode and hardware Current output, design
life, placement

life, dimensions,

v

Cost and Implementation

Figure 1. Cathodic protection design

2. MODEL SETUP

Out of the many computer simulation software options
available, COMSOL is widely recognized as the most popular
platform. It enables users to model and simulate physical fields
using advanced digital techniques. In addition, the COMSOL
program encompasses over 30 modules, one of which is the
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corrosion module. This module enhances the modeling
capabilities for a wide range of physical fields.

The modeling program utilized in this work is COMSOL
Multiphysics® version 5.6, which employs FEM as the
numerical method. The utilization of the FEM in this study
was preferred over alternative methods like the Finite
Difference Method (FDM) or the Boundary Element Method
(BEM) due to the inclusion of spatially variable governing
characteristics, such as the number and location of anodes, as
well as the injected current. The Finite Difference Method
(FDM) exhibits limited resolution capabilities and encounters
challenges when dealing with irregular meshes and nonlinear
effects. On the other hand, BEM is unable to effectively
address the spatially variable properties of the soil medium
being represented in this particular context [5]. Finite Element
Method (FEM) study considers both the primary current
distribution associated with the resistivity of the electrolyte
and the secondary current distribution associated with
electrode reactions. Protection conditions are met at every
location of the pipeline when the cathodic current density
matches the protection current density and the potential falls
within the appropriate protection range. The correlation
between current density and potential at the metal-electrolyte
interface is dependent upon electrode reactions and generally
exhibits non-linear behavior. The Finite Element Method is a
computational approach used to solve boundary value
problems. It optimizes a function that measures error, resulting
in a stable solution. The software solves elementary equations
within limited subdomains, known as finite elements, to
provide an approximation of a more complicated equation
across a broader domain.

Boundary conditions are determined by taking into account
the electrochemical properties of the metal surface and its
protection, which can be achieved by employing the Tafel
equations. The solution to the electrical field is obtained by
analyzing the Laplace equation [14].

The boundary conditions in the cathodic protection system
are typically non-linear due to the absence of linear functional
relationships between the protection current density and the
associated potential, caused by the electrochemical processes.
It is necessary to include certain boundary requirements to
restrict and reflect the current conditions. There exist three
distinct categories of boundary conditions for cathodic
protection systems:

The first boundary condition: soil boundary T.

(p|le, = 0)
(1 = - 22 =0) »

The second type of boundary condition: ground boundary

I,

2)

The third type of boundary conditions: the boundary
conditions of the pipeline surface Tp.

Ip=f (1~ Ueq) 3)

Consider the following as the polarization curve for the
cathode:



V-¢—-EFe 1
i = 10 Bre — -
(1 = %) Liimyo,
V-@-E5,\ 1 -(V-¢-Eq,
) — 10

03 ﬂHZ

4)
-10 ]

v represents the potential of the pipeline. ®@ represents the
potential of the soil close to the pipeline. The symbol B,
denotes the Tafel slope, which characterizes the rate of change
of the corrosion reaction. On the other hand, E, represents the
equilibrium potential, which indicates the balance point of the
corrosion reaction.

The utilization of Finite Element Method (FEM) enables the
accurate representation of complex structural geometries and
facilitates the examination of numerous influential factors.
The aforementioned tool serves as a valuable asset in the field
of CP design, as it enables an evaluation of the effects and
consequences of design choices on pre-existing systems and
the ability to anticipate various potential outcomes [15]. Figure
2 displays a graphical representation of an underground CP-
pipeline system that has been sectioned to show its three-
dimensional (3D) structure.

Itot(4)=2 A Line: Pipeline voltage (V)

V——; -1.5

Figure 2. Potential distribution of the dry gas pipeline

The numerical model utilized in this study was derived from
the physical model developed within the Multiphysics
COMSOL software platform. The Poisson distribution can be
used to represent the potential distribution of CP.
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Kk represents the electrolyte conductivity. The model
mentioned above can exhibit fluctuations in temperature,
which can subsequently impact the conductivity of the
electrolyte. In addition, the mathematical expression for the
potential field in a uniform electrolyte can be obtained by
employing Laplace's equation [16].
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The solution for the distribution of electric potentials can be
expressed in the following manner by utilizing Galerkin's
weighted residuals approach [17].

[H]EM. ()™M = (@)™ (7

The parameter [H]EM. denotes a two-dimensional matrix
consisting of coefficients, with the associated term being

specified by:
6Nl-e aIV]e
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(@)FEM_ The column vector matrix is utilized to denote the
unknown potentials present in the nodes of a finite element.
The ordinal value of the element is equal to ny X 1.

(Q)FEM _ The matrix in column vector form represents the
free terms associated with Neumann boundary conditions. The
ordinal value of the element is determined by:

Ne

¢FEM
FEM z Z(jo. Ne Ne J d) (9)
Nf - The utilization of shape functions is employed to

approximate the unknown potential function in the succeeding
way:

ng
(pFEM ZNJ .(pf (10)
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P Neumann boundary condition.

A pipeline provides dry gas to Al-Hilla 2 power plant
spanning a distance of 26 kilometres was a case study for this
research, the location in southern Baghdad, Irag. The pipeline
was installed at a depth of two meters below the surface. The
pipeline possesses a diameter measuring 24 inches and a wall
thickness measuring 11.13 mm. The material utilized for the
pipeline is carbon steel, specifically APl 5L Gr.X60. The
HDPE material follows a three-layer coating procedure and is
then surrounded by a one-meter layer of soil, which produces
a resistance of 50Qem. Regarding the cathodic protection
system, two cathodic protection stations are installed at
distances of 6.9 and 13.79 kilometres along the pipeline. Each
station has a T/R (transformer/rectifier) with 60 volts and 40
amperes of capacity. T/R provides the pipeline's direct current
(DC) voltage. Additionally, there are 20 test points distributed
along the pipeline to measure the potential profile for
protection. The auxiliary anode is partitioned into two groups,
with an output current of 2A. The anodes at each CP station
are located at the coordinates (6.9km, 13.79km). Every group
comprises 15 anodes composed of Mixed Metal Oxide
(MMO).

The calculated potential was derived from the mathematical
model of the dry gas pipeline using COMSOL computations
for, while the actual potential reading of the dry gas pipeline
was measured on-site. The current measured reading of the dry



gas pipeline was acquired from the test point located directly
on the pipeline, as depicted in Figure 3.

Readings

Figure 3. Charts of Potential measurement for the dry gas
pipeline

The Mean Squared Error (MSE) is considered fairly low
and acceptable when the calculated potential responses closely
match the actual potential responses.

where, MSE = 2=y’
1 n .

so MSE = 0.001523.

The initial parameters are inputted into the global definition
of COMSOL Multiphysics to compute the actual potential of
a specific segment of the pipeline. Modifying the quantity,
placement, and current output of a sets anodes was made, and
an examination of the potential distribution rules was
conducted based on the obtained computational outcomes.
Figure 4 illustrates the distribution curve of potential with a
constant output current, showing different sets of auxiliary
anodes. When the number of auxiliary anodes is increased,
there is a pattern for the protective potential to be evenly
distributed. However, this leads to greater expenses.

Figure 5 illustrates the potential distribution of a specific
group of auxiliary anodes at different levels of electrical
currents. When the quantity and placement of auxiliary anodes
remain consistent, it is discovered that a relatively uniform
potential distribution occurs at a current of 1 A. Nevertheless,
it is important to acknowledge that the effectiveness of the
protective measures is considerably reduced. When an
electrical current of 2A is supplied, the potential distribution
demonstrates a level of uniformity that is commonly referred
to as "second." However, the observed protective effect has
been considered to be superior. The potential distribution
demonstrates its most adverse conclusion at an applied current
of 4A, which has the potential to result in a hydrogen evolution
incident.

Figure 6 illustrates the distribution of protection potential that
arises from adjusting the horizontal distance between the auxiliary
anode and the pipeline while keeping all other variables constant. The
level of equal distribution in the potential profile reaches a good shape
when the auxiliary anode is situated at a distance of 200 meters from
the pipeline. The uniformity of the system is modest when the
auxiliary anode is positioned at a distance of 100 meters from the
pipeline. Nevertheless, the potential profile demonstrates the least
amount of consistency when the auxiliary anode is positioned at a
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distance of 50 meters from the pipeline. The largest magnitude of the
cathodic protection effect is observed at a distance of 100 meters from
the pipeline. Following this, it can be noted that the influence of
cathodic protection is marginally reduced at a distance of 200 meters.
It is worth mentioning that a considerable segment of the pipeline,
when anodes situated at a distance of 50 meters from the pipeline
itself, is presently experiencing elevated levels of cathodic.

One set of anodes

Two set of anodes

Piping potential (v)

Arc length (Km)

Figure 4. CPS potential distribution under different sets of
anodes
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A set of COMSOL outputs was used to train the neural
network. These outputs represent variables that affect the
potential distribution along the pipeline and the improvement
of cathodic protection. These variables (number of anodes,
anode current, and anode position) have a direct and
significant impact on the potential distribution, as
demonstrated in Figures 4, 5, and 6. The neural network model
closely approximated the COMSOL model, with an MSE of
0.0039. The neural network is a straightforward network
containing one hidden layer of 60 neurons. The network
receives the number of anodes, anode current, and anodes'
position as inputs and generates potential distributions as its
output as shown in Figure 7.

The neural network underwent training using various
instances of the outputs generated by the COMSOL program
as regression. Subsequently, more cases were employed to



examine these outputs. This can be observed in Figure 8,
which illustrates the utilization of three sets of anodes.
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3. PARTICLE SWARM OPTIMIZATION

The initial step of the PSO algorithm includes the
initialization of the swarm and its associated control settings.
In the context of the fundamental PSO algorithm, it is essential
to define the acceleration constants, denoted as C1 and C2, as
well as the initial velocities, particle positions, and individual
best positions. Furthermore, it is necessary to specify the size
of neighborhoods in the local best PSO algorithm [18].

Typically, the beginning placements of particles are equally
distributed across the search space. It is essential to
acknowledge that the efficiency of the PSO algorithm is
variable on the initial variety exhibited by the swarm. This
refers to the extent to which the search space is encompassed
and the degree to which particles are evenly dispersed
throughout the search area. The PSO algorithm may address
issues with finding the optimal solution if some areas of the
search space are not adequately explored by the first swarm.
The PSO algorithm will successfully identify an optimal
solution if the momentum of a particle leads it to explore
unexplored regions, given that the particle reaches a new
personal best or a position that becomes the new global best.
The velocities are initialized randomly, but they mustn't be too
large. If the initial velocities are large, they will result in a high
initial momentum and consequently, large updates in position.
These large position updates may cause the particles to go
beyond the boundaries of the search space and may require
more iterations for the swarm to converge on a single solution
[19].

By utilizing the particle swarm optimization algorithm, the
previously mentioned optimization model may be effectively
solved, resulting in the determination of the current value, set
of anodes, and the position of the auxiliary anode. This
solution ensures the achievement of an evenly distributed
protective potential. The optimization processes for the
auxiliary anode parameter in the particle swarm organization
algorithm are outlined below [20].

The fundamental PSO algorithm is affected by various
control parameters, including the problem's dimension, the
number of particles, the acceleration coefficients, the inertia
weight, the neighborhood size, and the number of iterations.
The initial diversity of the swarm has a greater impact on the
algorithm's performance, assuming that a reliable and uniform
initialization scheme is employed to initialize the particles. A
substantial aggregation enables more extensive coverage of
the search space throughout each iteration. However, an
increase in the number of particles leads to a higher
computational complexity every repetition. To fully utilize the
benefits of both small and big neighborhood sizes, it is
recommended to initiate the search process with small
neighborhoods and gradually raise the neighborhood size in
accordance to the number of iterations. The number of
iterations required to achieve an optimal solution is contingent
upon the specific situation at hand. An inadequate number of
iterations may result in an early end of the search.

The constants c1 and c2 are trust parameters, with cl
representing the self-confidence of a particle and c2
representing confidence in its neighbors. When ¢1 = ¢2 =0,
particles continue moving at their current velocity until they
reach the edge of the search space. However, in most
applications, c1 = ¢2 is commonly used.

In this studying the following part provides a
comprehensive description of the PSO algorithm. Composing
the PSO mathematically within the continuous space



coordinate system is the following.

Consider the swarm size to be N = 50 (number of bird), bird
steps =50 (Maximum number of birds steps), the acceleration
coefficients (¢c; = 1.2 andc, =1.2) and w 0.5 (PSO
momentum).

The notation X;(t) is used to represent the position of
particle within the search space at a given time step, denoted
ast. It is important to remember that unless explicitly specified,
t refers to discrete time increments. The displacement of the
particle is altered by introducing a velocity, V;(t), to the
present position.

Particle fitness = absolute value (mean (model function)
+1.35) + absolute value (max (model function) - min (model
function)). Updating the position and velocity of particle as
below:

Xit+1) = X0+ Vi(®) (M
Viit+1) =w=V,(t) + ¢, *rand [ghest — X;(t)] 2
+ ¢, *rand [Lbest — X;(t)] ®)

The program's flow chart is depicted in Figure 9.

| Swarm initialization |
T
+-

Particle fitness evaluating |

v

Calculating the individual
historical optimal position

v

Calculating the swarm
historical optimal position

v

Updating particle velocity and
position according to the velocity
and position updating equation

No

Satisfying the
ending condition?

Yes

Figure 9. Particle swarm organization algorithm

4. RESULT AND DISCUSSION

The efficacy of the optimization method is demonstrated
through utilizing of the particle swarm optimization (PSO)
algorithm on a dry gas pipeline that supplies the AL Hilla 2
power station. When comparing optimized cathodic protection
design with the conventional approach in determining the
number and placement of anodes, as depicted in Figure 3, the
utilization of the optimization algorithm demonstrates evident
superiority in minimizing fluctuations. Consequently, it
effectively ensures that the pipeline potential remains within
the protected range, thereby mitigating the risks of both over
and under-protection.

The ultimate outcome of the optimization process shows
that the anode output current amounts to 1.91A. Additionally,
the anodes are three groups positioned at coordinates (3.91km,
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7km, 10.09km) for 14 km pipeline length, each group consist
of 5 anodes, with a horizontal distance of 196.6 m. The figure
presented in Figure 10 illustrates the optimum potential
distribution. The fluctuation of distribution of protection
potentials for all pipelines within the protection range is

reduced, with a majority of these potentials being.
o
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Figure 10. Protection potential after optimization

5. CONCLUSIONS

This study presents the development of a computational
model for calculating the potential of pipeline protection. The
model utilizes the Multiphysics COMSOL software to
determine the protection potential based on various anode
parameters. Based on the computed outcomes, the variables
influencing the protection potential distribution of pipeline
encompass the quantity of anodes, the positioning of the
anodes during installation, and the electrical current of sets of
anodes. The objective function is formulated based on the
placement of the auxiliary anode and the corresponding output
current value. The particle swarm optimization technique is
then employed to achieve the optimal solution. The case study
provides verification that the utilization of the PSO technique
for optimizing anode parameters can enhance the protection
potential distribution and the resulting protection effect. PSO
utilized the variables that affect the distribution of protection
potential along the pipeline's length to determine the optimal
variables values for minimizing fluctuation and reducing the
number of anodes. This methodology involves using fewer
anodes placed at different locations.

Optimization algorithms have a beneficial impact on
enhancing the design of cathodic protection systems. These
algorithms are capable of identifying the optimal values for the
variables that influence the system, resulting in a more precise
determination and estimation of the system's operational
behavior. Consequently, corrosion can be predicted with
greater accuracy in future scenarios.

The utilization of this technology yields economic
advantages by maintaining a consistent distribution of
potential along the whole length of the pipeline, hence
minimizing fluctuations. This results in an extended lifespan
of the cathodic protection system, leading to reduced anode
replacement intervals, maintenance periods, and excessive



current consumption. Furthermore, by an assessment of the
anode distribution, it is possible to reduce the number of
anodes required, which also proves to be economically viable.
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NOMENCLATURE

i current density

k electrolyte conductivity

represent API 5L requirements for high-

API5LGr.X60 quality pipe material for the transfer of oil

and gas

HDPE high density polyethylene

¢, and ¢, the acceleration coefficients for PSO

N number of birds

X;(t) and V;(¢)
gbest and /best

w

position and velocity of particle

best global position and best local position
inertia weight used to balance the global
exploration and local exploitation





