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Abstract: Corrosion in pipelines poses major operational challenges in industrial facilities world-
wide, often resulting in human casualties, service disruptions, and significant environmental and
economic impacts. This study aimed to determine the corrosion rate of N80 steel coated with a CrSiN
layer by combining experimental techniques with hydrodynamic simulations. The corrosion rate of
API-5CT-N80 steel, coated with CrSiN and exposed to an aggressive fluid, was measured using the
Electrochemical Resistance (ECRr) technique. In parallel, hydrodynamic modeling was conducted with
OpenFOAM software, applying a RANS-type approach, a realizable k-€ turbulence model, and the
Navier-Stokes equations. From this, an expression was derived to estimate the corrosion rate of
the steel as a function of flow velocity, temperature, particle size, and fractional volume. The results
indicate that the corrosion rate is strongly influenced by system rotation speed in the presence of
small- and medium-sized solid particles. However, this relationship does not hold for flows containing
larger particles, where the increase in particle mass reduces their velocity and, consequently, their
impact energy.
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Aplicacion de modelos de turbulencia para el cdlculo de la tasa de erosion-
corrosion en acero N80 con recubrimiento de CrSiN

Resumen: La corrosion en tuberfas genera importantes problemas operativos en instalaciones in-
dustriales de todo el mundo, provocando victimas humanas, interrupciones del servicio y conside-
rables consecuencias medioambientales y econdmicas. Este estudio tenia como objetivo establecer
la velocidad de corrosion en acero N80 recubierto con CrSiN, empleando tanto técnicas experimen-
tales como simulaciones hidrodindmicas. La velocidad de corrosion del acero API-5CT-N80, recu-
bierto con CrSiN y expuesto a un fluido agresivo, se determiné mediante la técnica de Resistencia
Electroquimica (ECR). Simultaneamente, se realizé un modelado hidrodindmico utilizando el software
OpenFOAM, aplicando un modelo de tipo RANS, un modelo de turbulencia k-€ realizable y las ecua-
ciones de Navier-Stokes. Como resultado, se derivd una expresion para determinar la velocidad de
corrosion del acero en funcion de la velocidad de flujo, la temperatura, el tamafio de particula y el
volumen fraccionario. Los resultados indican que la velocidad de corrosion esta influida por la velo-
cidad de rotacion del sistema cuando se trata de particulas sélidas de tamafio pequefio y mediano.
Sin embargo, esta relaciéon no se mantiene para los flujos que contienen particulas de mayor tamafio,
en los que el aumento del peso de las particulas provoca una reduccion de su velocidad y, en conse-
cuencia, una disminucion de la energia de impacto.

Palabras clave: velocidad de corrosidon; modelacion hidrodindmica; ECR

Aplicagdo de modelos de turbuléncia para o cdlculo da taxa de erosao-
corrosdo em aco N8O com revestimento de CrSIN

Resumo: A corrosdo em tubulagdes causa sérios problemas operacionais em instalacées industriais
em todo o mundo, resultando em vitimas humanas, interrupc¢des de servico e consideraveis impactos
ambientais e econémicos. Este estudo teve como objetivo determinar a velocidade de corrosdao emaco
N80 revestido com CrSiN, utilizando tanto técnicas experimentais quanto simulagdes hidrodinamicas.
A taxa de corrosdo do ago API-5CT-N80 revestido com CrSiN e exposto a um fluido agressivo foi de-
terminada por meio da técnica de Resisténcia Eletroquimica (ECR). Simultaneamente, foi realizado um
modelamento hidrodinamico utilizando o software Openroam, aplicando um modelo do tipo RANS,
um modelo de turbuléncia k-¢ realizavel e as equa¢Bes de Navier-Stokes. Como resultado, foi de-
rivada uma expressdo para determinar a velocidade de corrosdo do aco em funcao da velocidade
de fluxo, temperatura, tamanho das particulas e fragao volumétrica. Os resultados indicam que a
velocidade de corrosao é influenciada pela velocidade de rotacdo do sistema quando se trata de
particulas sélidas de tamanho pequeno e médio. No entanto, essa relacdo ndo se mantém em fluxos
que contém particulas de maior tamanho, nas quais o0 aumento do peso das particulas provoca uma
reducdo em sua velocidade e, consequentemente, uma diminui¢do na energia de impacto.

Palavras-chave: velocidade de corrosdo; modelagem hidrodinamica; ECR
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Introduction

The evolution of industrial facilities has enhanced
hydrocarbon production technologies, which in
turn has created severe operating conditions for
pipelines due to the influence of variables such as
temperature, pressure, load, and flow velocity [1].
Combined with the need to transport multiphase
flows containing entrained solids, these conditions
promote the occurrence of both corrosive and
erosive phenomena [2]. Such factors lead to pipe-
line failures caused by material loss [3], which are
directly associated with operational problems in
industrial facilities worldwide [4], [5].

Hydrocarbon production involves the extrac-
tion of large quantities of water [6], along with
sands [7], organic acids, and salts [8], [9], typi-
cally transported through carbon steel pipes [8],
[10]. Although carbon steel is highly susceptible
to corrosion, it remains widely used in industry
due to its low cost, availability, and high durabil-
ity [11]. This situation highlights the need for cor-
rosion inhibitors to extend pipeline service life,
among which CrSiN coatings have demonstrated
strong corrosion resistance across different envi-
ronments [12], [13], [14].

To evaluate the performance of CrSiN-coated
N80 steel, it is essential to reproduce the fluid trans-
port conditions found in the field under controlled
laboratory settings. Hydrodynamic techniques
provide a means of assessing the steel’s corrosion
rate in relation to flow variables such as tempera-
ture, velocity, and the size of suspended solids.

In this study, pipeline operating conditions
were simulated using a Rotating Cylinder Elec-
trode (RCE), a method widely employed to inves-
tigate corrosive and erosive processes in pipelines
characterized by turbulent flows. The RCE tech-
nique generates a uniform flow with constant veloc-
ity and controlled mass transport rates [15], [16].

Simulating the hydrodynamic behavior of such
flows requires solving the Navier-Stokes equa-
tions, whose complexity necessitates the use of
simplification approaches such as turbulence mod-
els within computational fluid dynamics (CFD)
(17], (18], [19]. Through numerical methods, crp
makes it possible to predict the hydraulic response

of different variables [20]. In this study, Reynolds-
averaged Navier-Stokes (RANS) turbulence mod-
els were used, as they provide a balance between
accuracy and computational efficiency [21], [22],
making them more practical than Direct Numeri-
cal Simulation (pNs) or Large Eddy Simulation
(LES) models [23]. RANS models are appropriate in
this case, as the system replicates the macroscopic
behavior of the flow [21].

Considering the geometry and operation of the
RCE, the system produces a curvilinear turbulent
flow, for which the realizable k-e model was selected
[24]. This model employs a modified transport
equation for the dissipation rate (¢) and defines
turbulent viscosity through an alternative formu-
lation compared to the standard k-e model [25].

By combining experimental techniques with
this
enables the establishment of service-life criteria
and maintenance schedules for pipelines made of
N80 steel exposed to aggressive multiphase fluids.
These fluids are typically characterized by granular
materials of varying sizes and temperatures; con-
ditions commonly found in hydrocarbon extrac-
tion industries. The results contribute to ensuring
both operational reliability and the safety of indus-
trial and environmental systems.

computational modeling, methodology

Methodology

The research was conducted using computational
fluid dynamics (cFp) with a realizable k-¢ turbu-
lence model implemented in Openroam software.
The objective was to simulate the hydrodynamic
behavior of a multiphase flow composed of water at
different temperatures and granular material. This
flow was experimentally reproduced in the labo-
ratory with a Rotating Cylinder Electrode (RCE),
providing tools to support preventive maintenance
planning for hydraulic installations constructed
with N8O steel pipelines coated with CrSiN.
Cylindrical specimens of ap1 5CT N80 steel
pipelines, commonly used for water injection
and extraction in hydrocarbon production sys-
tems, were coated with CrSiN by Physical Vapor
Deposition (pvD) to improve their tribological
properties and corrosion resistance [12], [26]. To

Application of Turbulence Models for Calculating the Erosion-Corrosion Rate in N80 Steel with CrSiN Coating



The hydraulic system was configured as a
multi-fluid system, requiring the definition of
phases and interaction elements. The fluid at dif-
ferent temperatures served as the primary phase,
sand as the secondary phase, and the steel speci-
mens together with the glass container as the
interaction elements.

The hydraulic modeling was based on sol-
ving the Navier-Stokes partial differential equa-
tions (1) to (3).

u_ _ap, (o, o, o 1
Poc = 6x+#(ax2+6y2+ )+5Mx ()
bv_ _0p 9% % 2
Poe = ay+“(ax2+ayz+ )+SMy 2
DW__a_p aZW 92w

bt az+'u(ax2+ay2+azz)+SMz (3)

For this purpose, the following fundamental
aspects of the modeling process were considered:

Spatial Discretization

The process was defined by establishing the mesh
for both the boundaries and the polyfluid. In
this case, an unstructured triangular mesh was
employed due to the system’s complexity [29]. The
mesh was generated independently for the poly-
fluid phases (water and sand) as well as for the
interaction elements (glass and steel).

Temporal Discretization

This was carried out using an implicit methodology
developed for both steady and unsteady flows, con-
sidering that the system’s experimental hydraulics
include a hydrostatic phase followed by a hydrody-
namic phase. The latter generates the movement of
the multiphase fluid around the specimens under
analysis, initially in an accelerated manner until
equilibrium is reached at a constant velocity.

Discretization of the equations

This approach enables the algebraic formulation
of the differential equations governing the flow,
primarily the momentum and continuity equa-
tions, whose solution requires sequential deve-
lopment. The SIMPLE algorithm was employed to

Ciencia e Ingenieria Neogranadina m Vol. 35(2)

couple pressure and velocity, allowing the simul-
taneous resolution of the momentum and conti-
nuity equations.

Turbulent flow calculation

Given the strong small-scale fluctuation’s charac-
teristic of turbulent flows and the requirement to
solve the Navier-Stokes equations, the hydraulic
modeling was carried out using a RANS turbulence
model. This approach is based on Reynolds decom-
position and the time-averaged formulation of the
Navier-Stokes equations [30], as outlined below:

Equation 4 represents the mass con-
servation average:
T 6v aw

— = 4

V.U = ox E)y a9z 0 ( )

Equations 5-7 present the x, y, and z com-
ponents of the averaged momentum conser-
vation equation:

_ou _ou _odu 10p
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The application of these equations introduces
additional unknowns that must be resolved,
necessitating the use of a turbulence model. In
this study, the realizable k—-¢ model was employed,
which determines the turbulence length and time
scales through two transport equations [31]. This
model, a variation of the standard k-¢ formula-
tion, is based on the Boussinesq hypothesis and
incorporates turbulent viscosity as an additional
flow property, defined as follows [32]:

Uy = pC £ ®)
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In this formulation, equations for k (turbulent
kinetic energy) and ¢ (dissipation rate) are incor-
porated [31], with a modification to the k equation
to prevent normal stresses from becoming nega-
tive in flows characterized by high mean strain
rates. This condition is ensured by defining CuC_\
muCy as a variable, which can be calculated using
Equation (9) [33]

C” =1 _ T )

- kU
Ap +AsT

Here, the value of U* is defined in Equation (10).

U* = ’Sijsij+.(2:;!f2:/] (10)
Equation (11) provides the calculation

of the variable (3;

Qij = Qyj = 23w (1

The values of the constants defined in Equation
9 can be determined as follows:

and Ag = /6 cos ¢
being ¢ = %cos_l(\/W)

SijSjkSki
w = JupSi
¥ 5

The application of the realizable k-¢ method
is well-suited for flows with curvilinear behavior
[34], such as that represented in the simulated RCE
model. This turbulence model was solved using the
finite volume method, which ensures that the equa-
tions are addressed under a conservation principle
[35]. Finally, the simpLE algorithm was selected for
pressure-velocity coupling because it adapts effec-
tively to different geometries, is suitable for both
incompressible and compressible flows, and avoids
excessive computational costs due to its high sta-
bility and numerical efficiency [35].

Boundary Conditions of the Model
and Standard Wall Functions

The boundary conditions of the model are deter-
mined by the simulation setup. The outer boun-
dary corresponds to the external wall of the beaker
containing the fluid, composed of two phases:
water with NaCl and sand. The inner boundary is
defined by the central rotating axis of the equip-
ment, which holds the CrSiN-coated steel samples.

The interaction between the fluid phases and
the system boundaries is modeled using wall
functions, which are essential for the mathema-
tical simulation of turbulent flow. The boundary
conditions, phases, and wall functions are illus-
trated in Figure 1.

Figure 1. Phases and walls

Source: Own elaboration.

The relationship between the experimental
reproduction of the fluid’s hydrodynamic behavior
and its numerical modeling enables the establish-
ment of correlations between the corrosion rate in
N80 steel pipes and key process variables, including
particulate matter size, flow velocity, and tempera-
ture. This correlation is expressed through mathe-
matical models that support the prediction of cor-
rosion rates, providing designers and operators
of hydraulic infrastructure with a tool to antici-
pate and prevent failures caused by corrosion.

Application of Turbulence Models for Calculating the Erosion-Corrosion Rate in N80 Steel with CrSiN Coating



Results

The first stage of the hydrodynamic modeling anal-
ysis focused on verifying that the simulated fluid
velocity matched the velocity at the axis of the RCE,
where the steel specimen was located. The results
demonstrated that, regardless of the rotational
speed of the equipment, the flow temperature, or
the average diameter of the solid phase within the
flow, the flow lines near the axis exhibited velo-
cities consistent with the rotational speed of the
equipment. This validation confirmed the reliabili-
ty of the modeling, enabling further analysis of the
modeled mass volume on the specimen and the
velocity of the particulate material in its vicinity.

Once the fluid velocity was established, the
modeling facilitated the characterization of the
particulate phase under different fluid configu-
rations (axis rotational speed, fluid temperature,
and particle size). First, the trajectories of the sus-
pended particles within the fluid were determined
(see Figure 2). Next, the velocity of these particles
and the mass volume in contact with the analyzed
N80 steel were quantified.

Figure 2. Simulation of the solid phase of the flow (V:
2000 rpm, Diameter: 0.05 mm, and Temperature: 25°C)

Source: Own elaboration.

Corrosion Rate

The measurement of this variable was carried
out using an RCE, employing a 3*x 2' parametric
model. This process required N80 steel samples
coated with a CrSiN layer, resulting in a total of
18 tests (with corresponding replicas). To evaluate

Ciencia e Ingenieria Neogranadina m Vol. 35(2)

the effectiveness of the coating, an equal number
of uncoated N80 steel samples were also analyzed
to establish the baseline corrosion rate of the steel.

The RCE measurements demonstrated that
applying a CrSiN layer to N80 steel is highly effec-
tive in reducing the corrosion rate, achieving a
reduction of two orders of magnitude compared to
uncoated N80 steel. Additionally, the flow rotation
speed was found to directly influence the corro-
sion rate, particularly in fluids containing parti-
cles of 0.1 and 0.15 mm. This effect is associated
with the impact force on the specimens, which
is determined by both the size of the particu-
late matter and its kinetic energy upon reaching
the steel surface.

The corrosion rate of steel increases with the
diameter of the particulate matter; however, for
0.15 mm particles, the rate decreases. This reduc-
tion may be attributed to the inability of the
flow’s drag force to transport heavier particles
efficiently. Furthermore, as the temperature of
the multiphase flow rises, the corrosion rate also
increases, a behavior linked to the acceleration of
oxidation reactions.

To further identify the mechanisms contribu-
ting to corrosion in N80 steel, each sample exposed
to the aggressive flow in the RCE was examined
using SEM imaging. The analyses revealed irregu-
larities and defects in the CrSiN coating, including
scratch marks, impact sites, and localized areas
of material detachment showing evidence of cor-
rosion. The presence of silicon oxides, originating
from the solid particles in the multiphase fluid,
was also detected. These findings confirm that
the wear of the coating is primarily caused by the
abrasive action of sand particles.

Particulate Material Velocity

The conducted simulations indicate that, regard-
less of flow velocity, temperature, or mean particle
diameter, the average velocity of suspended particles
remains lower than that of the flow. This phenome-
non occurs consistently, with minimal changes
in particle velocity as fluid temperature increases.
Although temperature variations alter the fluid’s
physical properties (such as density and viscosity),

J.J. Villate Corredor ® D.F. Gualdron Alfonso ® A.P. Rodriguez
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the observed behavior suggests that, despite changes
in electrolyte characteristics, the impact of the flow’s
drag force on the solid phase is primarily influenced
by the solid phase’s weight and flow velocity.

As previously mentioned, the drag force
exerted by the fluid is directly related to rotational
speed and the specific weight of the solid phase,
affecting the velocity of the particulate material.
Thus, in fluids subjected to speeds of 250 and 1250
RPM, an increase in particle diameter and weight
results in a velocity decrease, with this effect
being more pronounced for larger particles (0.15
mm). Likewise, at 2000 rRpM, while the same trend
persists, the increased drag force prevents the
velocity of larger particles from decreasing as sig-
nificantly as in the previous cases.

This behavior is explained by the increase in
the specific weight of the materials, which requires
greater force for transport at higher speeds. The
described trend is illustrated in Figure 4.

There is a direct relationship between the simu-
lated solid-phase velocity values and the observed

Figure 3. Velocity of the solid phase as a function of its size

steel corrosion rates. This relationship arises from
the deterioration caused by the impact of solid
particles on the CrSiN coating, which exposes
the underlying steel and compromises its corro-
sion resistance.

The results indicate that, for a given particle
size, an increase in flow velocity leads to higher cor-
rosion rates. This behavior is driven by the greater
kinetic energy exerted on the coating by both the
fluid and the solid phase. Across all flow velocities,
a consistent trend was observed: corrosion rates
increase when particle size rises from 0.05 mm to
0.1 mm but decrease for larger particles (0.15 mm).
This reduction is more pronounced at lower flow
velocities, a phenomenon linked to the hydrody-
namic response of the multiphase flow, as reflected
by the velocity of the solid phase. The behavior is
consistent with the inability of low-velocity flows
to effectively transport heavier particles [4].

The relationship between corrosion rate,
flow velocity, and particle diameter is illus-
trated in Figure 5.
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Figure 4. Corrosion rate in relation to flow velocity and particle diameter
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Fractional Volume

In this study, the fluid is characterized as a mul-
tiphase mixture that includes particulate mate-
rial. The determination of the fractional volume
requires analyzing, under different configurations
of fluid velocity, temperature, and particle size, the
proportion of the solid phase deposited on the sur-
faces of the N80 steel specimens tested in the ECR.

Figure 5. Mass volume as a function of velocity

Tamaido particula (mm)

Tamafio particula (mm)

The modeling of the fractional volume shows
that, similar to the behavior observed for silica sand
velocity, at a constant flow velocity, an increase in
particle diameter leads to a reduction in the propor-
tion of solid particles near the surface of the tested
specimens. This finding reinforces the observation
that the fluid lacks the capacity to effectively trans-
port heavier particles to the coated steel surfaces.
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The volume of solids reaching the walls of
the analyzed steel is influenced by temperature
increases under low-velocity flow conditions.
For the same particle size, higher temperatures
result in a reduced amount of particulate material
deposited on the test specimen. This behavior is
attributed to the decrease in fluid density caused
by temperature rise.

Conversely, at medium and high rotational
velocities, this variable becomes less significant.
Although fluid density decreases with increasing

Figure 6. Mass volume in relation to fluid temperature
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temperature, the higher velocities provide suffi-
cient energy to enhance the transport of suspended
material. This effect highlights the predominant
role of flow velocity in controlling particulate
transport in moving fluids.

Consistent with the behavior observed for
particulate velocity, the fractional volume reach-
ing the specimen walls is also affected by particle
weight. At constant fluid velocity, the proportion
of solids decreases as particle size increases. The
described trend is illustrated in Figure 6.
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Regression Models

A mathematical expression was developed to
determine the corrosion rate (Vc) of N80 steel
coated with a CrSiN layer, based on hydrodynamic
variables and the characteristics of the multiphase
fluid. The first approach considered the solid phase
velocity within the sample (Vp) as a hydrodynamic
response parameter, together with fluid properties
such as temperature (T) and silica sand particle
size (t). These three regressors were used to cons-
truct a multivariable linear regression model.
The resulting mathematical expression is pre-
sented as follows:

Ve =—-0.5699 + 0.5179 * V;, + 1.1341 %t + 0.0331« T (16)

To establish the relationship between the exper-
imental corrosion rate measurements obtained
from the ECrR and the results derived from the
regression models, the cross-correlation coeffi-
cient and the coefficient of determination (R?)
were calculated, yielding values of 0.94 and 0.88,

Y]
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v v - -
1] e e e €9 L8] ] o 0
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respectively. These results confirm both the accu-
racy and the reliability of the proposed mathemati-
cal expression.

In pursuit of achieving stronger correlations
between the experimental data and the outputs of
the mathematical models, the fractional volume
(VF), defined for each multiphase fluid configu-
ration through hydrodynamic simulation, was
incorporated. A linear regression model with four
regressors was thus developed, resulting in the fol-
lowing expression.

V. =—2.599 + 0.314 * V, +2.963 x t + 0.038 « T + 4.064 x VF (17)

For this model, a cross-correlation coefficient
of 0.95 and an R? value of 0.90 were obtained.
These results indicate that incorporating the frac-
tional volume into the multiple linear regression
models enhances the reliability of the mathema-
tical expression derived from the fluid configura-
tion and hydrodynamic results. The two derived
expressions are subject to the following appli-
cability limits:

Application of Turbulence Models for Calculating the Erosion-Corrosion Rate in N80 Steel with CrSiN Coating
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= Velocity of particulate material: 0.138 - 1.152
m/s

= Electrolyte temperature: 25 - 45°C

= Particle size: 0.05 - 0.15mm

These mathematical expressions can serve as
a tool for design engineers and operating person-
nel to anticipate the corrosion response of N80
steel piping systems exposed to hydrodynamic
conditions with aggressive flows. This approach
is particularly valuable for risk management in
hydrocarbon extraction facilities, as it integrates
pipeline operating condition simulations with
computational system modeling

Conclusions

The results of the hydrodynamic modeling indicate
that the simulated velocity of fluid particles near the
steel specimen corresponds to the values mea-
sured experimentally in the Ecr. Furthermore, the

Ciencia e Ingenieria Neogranadina m Vol. 35(2)

velocity of the silica sand and the fractional volume
of material reaching the specimen were quantified.
Based on these findings, it was established that the
corrosion rate is directly influenced by fluid velo-
cityand sand particle size (for diameters of 0.05 mm
and 0.1 mm). However, this relationship does not
hold for larger particles, where a reduction in the
fluid’s transport capacity and a decrease in the par-
ticles’ impact energy on the coating were observed.

Mathematical expressions were derived using
regression models with three and four predic-
tors to estimate the corrosion rate, considering
experimental system variables (fluid tempera-
ture and sand particle diameter) and simulated
hydrodynamic variables (particulate velocity and
fractional volume). The analysis revealed that the
four-predictor model achieved higher correlation
coefficients between measured and simulated data,
indicating that incorporating fractional volume
improves the prediction of the corrosion rate in
CrSiN-coated N8O steel.
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