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Featured Application: By implementing optimized interventions, erosion wear can be effectively
mitigated, ensuring the long-term structural integrity of piping systems in non-conventional oil
plants and promoting safe overall plant operation. These interventions represent a significant
leap forward in erosion wear management, fostering a culture of continuous improvement and
innovation within the realm of oil plant operations.

Abstract: Erosion in piping structures poses a significant challenge for oil industries as the conveyance
of solid particles leads to operational malfunctions and structural failures affecting the overall oil
plant operation. Conventional oil recovery methods have historically dominated, while in response
to the challenges imposed by declining conventional oil production, the global shift towards non-
conventional methods necessitates a reevaluation of erosion mitigation strategies due to increased
piping infrastructure. Therefore, in this study research has been conducted to reduce erosion and
optimize the piping structure. Variables impacting the erosion in piping were investigated from the
literature, and simulation cases were made based on the impacted variables. Computational Fluid
Dynamics (CFDs) analysis was performed using the Discrete Phase Model (DPM) to determine the
erosion wear rate in each simulation case; based on the CFD results, variables with low Turbulent
Dissipation Rates (TDRs) and Erosion Rates (ERs) were determined, and the optimized piping
structure was designed. As a result, the optimized piping structure showed an 80% reduction in the
turbulent dissipation rate and a 99.2% decrease in the erosion wear rate. These findings highlight a
substantial improvement in erosion control, ensuring the safety and longevity of piping structures in
oil plant operations.

Keywords: piping structure; erosion wear; CFD; DPM; optimization; erosion control

1. Introduction

Conventional crude oil, which can be found underground or on the seabed mainly
in Canada, Middle East, Central Asia, and East Asia, has the disadvantage of a high
exploration risk [1–3]. Therefore, many methods are being developed to extract oil from
non-conventional oil rather than pure crude oil. Non-conventional energy resources, includ-
ing oil, have attracted attention since oil prices started rising in 2003 and are deposited over
a larger area than pure conventional crude oil [4–6]. Nasr and Ayodele investigated non-
conventional oil production methods and concluded that among other methods, Expanding
Solvent-Steam Assisted Gravity Drainage (ES-SAGD) is an innovative oil extraction tech-
nology, which has a lot of potential for in-situ development of bitumen resources, which
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is a black, sticky, extra-heavy crude oil and is recovered by injecting steam, as shown in
Figure 1 [7]. However, if a defect occurs in the piping that transports bitumen, a major
economic and safety problem arises. These defects include cracks, plastic deformations,
brittle failure, containment loss, and equipment malfunction and even failure, resulting
in an oil leak and other environmental calamities due to fatigue and erosion [8–10]. The
continuous challenge of erosion in piping is encountered across various industrial sectors
whenever solid particles are transported [11–14]. A non-conventional oil plant, shown in
Figure 1, was constructed in Yeoncheon, South Korea for research purposes and the same
is taken as a baseline in the current study of erosion in piping structure. The inside of
the piping that transports non-conventional oil contains bitumen, which contains a large
amount of solid substances such as sand. When solid substances pass inside the piping
structure, the solid substances may scratch the surface of the piping, act as abrasive, and
cause wear and erosion, which can negatively impact the quality of the final products.
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Figure 1. Non-traditional oil plant and bitumen extraction method.

Y. I. Oka defines erosion as the progressive loss of material by repetitive deformation
and cutting action [15]. L.L. Parent and D.Y. Li stated that by changing the piping design
layout, erosion wear can be minimized [16]. Following an in-depth examination of the
existing literature, numerous variables were identified as direct contributors to piping
erosion. For this study the focus narrowed down to four key variables: piping material,
piping thickness, elbow angle, and fluid velocity. Based on each variable, multiple simu-
lation cases were made to encounter erosion rates by altering each variable. M. Sharma
highlighted in his research that CFD based modeling is highly recommended for assessing
and solving problems that include fluid flow [17–19]. It was employed by many researchers
as an erosion prediction tool in oil field piping structures, as CFD can handle complex
fluid flows involving turbulence, heat transfer, and chemical reactions. This makes it
suitable for studying a wide range of engineering problems, including those of multiphase
interactions contains solid particles in fluid. Also, in the present study, for analyzing each
case, simulations were performed using CFD-based erosion modeling with the commercial
software Ansys Fluent 2022, which was utilized in various past research for investigating
fluid flows [20–22]. In the present study, CFD-based erosion modeling was employed using
the Euler–Lagrange model together with the standard k-ε model and then the Discrete
Phase Model (DPM) was utilized [23–25]. The primary goal of this research was to make an
optimized piping structure. This paper will present the TDRs and ERs in piping structure,
which already used in Yeoncheon Oil Plant and will be optimized after performing multiple
simulation cases of different variables, which affect the erosion wear.

2. CFD Modeling

In pipes subjected to solid particles, the near-wall regions with high TDRs experience
enhanced particle–wall interactions. This is particularly critical in areas where erosion is a
concern. High TDR regions lead to increased energy and frequency of particle impacts on
the pipe walls, which, in turn, increases the erosion wear rate. Therefore, both the TDRs
and ERs were investigated to understand their interdependence and impact on pipe wear.
Fluids can be modeled through various approaches, including Eulerian–Eulerian or Euler–
Lagrange [26]. The Eulerian–Eulerian method treats all phases as a continuous flow and
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solves equations for each phase simultaneously, while the Euler–Lagrange method tracks
individual particles or droplets within a fluid flow. In this study, to determine TDRs and
ERs in the piping structure due to solid particles of bitumen, CFD analysis was conducted
utilizing the Euler–Lagrange model because of the particle tracking combined with the k-ε
turbulence in the model [27]. The Euler–Lagrange model applies the time-averaged Navier–
Stokes equations to solve the governing equations for both the liquid (l) and particle (p)
phases [28]. To access the turbulent kinetic energy and turbulence dissipation rate, the
standard k-ε turbulence model was utilized, and for the erosion rate prediction, the DPM
was employed to monitor the bitumen particles [29]. This approach allowed for a detailed
analysis of the fluid–particle interaction and the resulting erosion wear effects, enhancing
the accuracy of TDR and ER predictions.

2.1. Modeling of Flow

Flow modeling is the initial step in predicting the erosion wear rate using the Navier–
Stokes equation. The general equations of continuity and momentum were employed in
Navier–Stokes equations for flow modeling, as follows in Equations (1) and (2) [11,30].

∂ρ

∂t
+∇

(
ρ
→
u
)
= 0 (1)

∂

∂t

(
p
→
u
)
+∇.

(
ρ
→
u
→
u
)
= −∇P +∇.

(
=
τ
)
+ ρ

→
g + SM (2)

Fluid inside piping contains 99.97% oily water, 0.02% bitumen, and 0.01%. This should
be deleted as its carbon dioxide and its formula is CO2. Given that water constitutes the
majority of the fluid, it was taken as the flow modeling medium, where ρ is the water
density,

→
u is the velocity vector of the water, P is the pressure,

=
τ is the stress tensor, ρ

→
g is

the force acting on the body, and SM is the momentum added due to the discrete phase and
the stress tensor is as follows, as in Equation (3) [11,30]:

=
τ = µ

[(
∇→

u +∇→
u

T
)
− 2

3
∇.

→
u I

]
(3)

where µ is the water viscosity, and I is the unit tensor.

2.2. Turbulence Model

In this study, due to the presence of bitumen particles in the fluid, the flow was
inherently turbulent. While many methods exist, for CFD analysis, k-ε and k-ω are the
common models. The turbulence epsilon model differs from the k-ω with its focus on
predicting the dissipation rate of turbulent kinetic energy through the solution of transport
equations and provides a more detailed representation of turbulence. Therefore, the
standard k-ε turbulence model was employed to characterize the behavior of the particulate
phase throughout the flow domain. The TDR, which denotes the scale of turbulence
intensity, was also a focal point of this investigation as it is closely related to erosion wear;
higher TDR values signify increased turbulence intensity, consequently augmenting the
kinetic energy of particles suspended in the fluid. This elevated kinetic energy results in
more vigorous impacts on the pipe walls, leading to escalated erosion wear. To monitor
turbulence during the transit of the particle phase, the dissipation rate (ε) and turbulent
kinetic energy (k) equations were utilized. The turbulent kinetic energy (K) quantifies the
energy within turbulence owing to mean velocity gradients and the effect of buoyancy.
The standard k-ε model effectively captures flow conditions, especially in the near-wall
region of a particulate-liquid medium, with enhanced accuracy, rendering it an appropriate
choice for the DPM in erosion wear prediction. To compute both the TDR and turbulent
kinetic energy (k), the following equations, as expressed in Equations (4) and (5), were
employed [11,29,31]:
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In Equation (4), YM represents the contribution of fluctuating turbulence to the overall
dissipation rate, and C1ε and C2ε are constants, as shown in Equation (6), and are the
turbulent Prandtl numbers for k and epsilon, respectively. Sk and S are user-defined source
terms. The model constants have been calculated to ensure that the model works properly
for undisputed flows. The Prandtl numbers σk and σε serve the purpose of linking the
diffusivities of turbulence kinetic energy (k) and TDR (ε) to the eddy viscosity (µt), as shown
in Equation (7). This connection is essential as it ensures that the impact of eddy viscosity
on these turbulent transport processes is appropriately considered in the gradient diffusion
term of the turbulence equations. Eddy viscosity are calculated by the equations shown
below [11,29,31]:

C1ε= 1.44, C2ε= 1.92, σk= 1.0, σε = 1.2 (6)

µt = ρC
µ K2

ε

(7)

2.3. Discrete Phase Model

The DPM was used in CFD simulations to track the motion of bitumen and CO2 in a
fluid flow. The DPM takes a Lagrangian approach, which means that it tracks the motion of
individual particles as they go through the fluid. The particle trajectories were acquired by
integrating the motion equation of the particles under Lagrangian coordinates [29,32,33].
The governing equation for linear and angular particle motion is proposed according to
Newton’s second law, considering drag force, pressure gradient force, virtual mass force,
and buoyancy force, as follows in Equation (8) [11]:

d
→
Up

dt
=

→
FD +

→
FP +

→
FG +

→
FVM (8)

The drag force, denoted as
→
FD, is the force produced by the contact between the solid

particles and adjacent fluid. Among all the forces operating on particles as shown in

Equation (9), the drag force
→
FD is the most significant force acting on particles. The equation

of
→
FD is shown in Equation (9):

FD =
18µ

ρpdp
2

CdRep

24

(→
u − →

up

)
(9)

where
→
up signifies the velocity vector of the particle, dp represents the particle diameter,

ρp is the particles density, and Rep is the Reynolds number of particles, as follows in
Equation (10):

Rep =
ρdp

∣∣∣→up −
→
u
∣∣∣

µ
(10)

Whereas in Equation (9), Cd signifies the drag coefficient, as follows in Equation (11):

Cd = a1 +
a2

Rep
+

a3

Re2
p

(11)

where a1, a2, and a3 are the particles constants. The particle’s pressure gradient force
→
FP, as

follows in Equation (8), measures the pressure changes across the particles, as follows in
Equation (12):
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→
FP =

(
ρ

ρP

)
∇P (12)

The buoyancy force exerted on a particle, denoted as FG, follows below in Equation (13):

FG =

(
ρp − ρ f

ρp

)
(13)

2.4. Erosion Rate

To determine the erosion rate, the fluid dynamics model in Ansys Fluent takes the
following general form to predict erosion rates based on Equation (14) [31]:

ER =

Ntrajct

∑
P=1

.
mpC

(
dp

)
f (α)vp

n

A f ace
(14)

In the above equation,
.

mp represents the mass flow rate of particles, f (α) represents
the impact angle function, C

(
dp

)
is the particle diameter function, and vp represents the

particle impact velocity, while n is the exponent of velocity.

3. Piping Structure Design and Case Formation

The piping structure sourced from the 300 BPD oil sand onshore facility situated in
Yeoncheon, Gyeonggi-do, South Korea is set as the standard piping structure, as depicted
in Figure 2. This facility uses pipes composed of carbon steel SCH80. This piping structure
employed in bitumen processing transfers a mixture of water, bitumen, and CO2 from
the skim tank to the Induced Gas Flotation (IGF). The dimensions of the standard piping
structure are as follows: an outer pipe diameter of 73 mm, an inner diameter of 58.98 mm,
a piping wall thickness of 7.01 mm, an elbow angle of 90◦, horizontal pipe length was set
as 750 mm, and vertical pipe length as 350 mm, while the radius of curvature was 265 mm.
The fluid velocity of 0.688 m/s and pipe material of carbon steel was used. The erosion
inside the pipes occurs due to solid particles of bitumen and not due to the impact of pipe
weights. Therefore, to see the effect of piping variable on erosion wear, simulation cases
were made based on variables such as piping material, piping thickness, elbow angle, and
fluid velocity.
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Figure 2. Modeling of standard piping structure taken from oil facility.

3.1. Piping Material

One of the variables that affects the erosion wear rate in piping structures is piping
material [34]. To see the effect of material on the erosion wear rate, simulation cases were
made by changing the material from carbon steel to two alternative materials: AISI 304
stainless steel and Inconel 617 alloy. Both materials are widely used for manufacturing
piping structures in the oil industry due to their excellent mechanical properties and
resistance to erosion wear [35]. These cases allowed for an exploration of erosion wear
rates in piping under different material conditions. Properties of the materials used in the
simulation cases are shown in Table 1.
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Table 1. Material properties used in simulations.

Pipeline Material Carbon Steel AISI 304 Stainless Steel Inconel 617 Alloy

Density (g/cm3) 7.85 8.00 8.36
Brinell Hardness Number 120 123 170
Specific Heat J/(kg·k) 480 500 419
Thermal Conductivity(w/m-k) 47.6 16.2 13.6
Modulus of Elasticity (Gpa) 200 193 173
Poison’s Ratio (v) 0.29 0.29 0.30

3.2. Piping Thickness

Piping thickness is another variable which affects the erosion wear rate in piping
structures, as erosion directly occurs on the pipe wall and causes degradation [36]. To
observe the performance of piping with different thicknesses, simulation cases were made
by varying the piping thickness to piping outer diameter (t/D). This variation in piping
thickness helped assess the impact of t/D of the piping on erosion wear rates [37]. In these
cases, adjustments were made to the piping thickness from 7.01/73 mm to 5.16/69.3 mm
and 14.02/87.02 mm, as depicted in Figure 3a,b. The inner diameter was fixed at 58.98 mm
because the flow rate may change if the inner diameter changes, while wall thicknesses
were taken from ASME B36.10M-2015 [38].
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3.3. Elbow Angle

From a literature review, the elbow angle was found to be an another variable that
effects the erosion wear in the piping structure [39–41]. To investigate elbow angle on the
erosion wear rate in piping, the elbow angle was varied from 90

◦
to 45

◦
and 25

◦
, as shown

in Figure 4a,b. This variation aimed to evaluate the erosion wear rate under different elbow
angles. In the elbow angle cases, the original 90

◦
elbow was modified by cutting it down to

45
◦

and 25
◦
. As a result of these modifications, the overall length of the piping structure

was reduced. To maintain equal piping structure lengths for the 45
◦

and 25
◦

elbows, the
lengths of the vertical piping section were increased accordingly to keep the whole piping
length the same, as the purpose of this piping was to transfer the fluid from a skim tank to
an IGF, so it was necessary to have the same overall length.
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3.4. Fluid Velocity

Higher particle velocity leads to more material loss from the surface, as seen in
prior erosion wear rate investigations [42]. This is because increased particle velocity
directly relates with more kinetic energy, resulting in greater material removal [43]. In the
Yeoncheon oil plant, a 0.688 m/s velocity was used as fluid and a particle velocities. To
investigate which fluid velocity can reduce the erosion wear rate in piping, simulation cases
were made by changing the velocity from 0.688 m/s to 1.38 m/s and 0.344 m/s. These
variations allowed for the examination of the erosion wear rate at different fluid velocities.

3.5. Summary of Simulation Cases

The FEA simulation cases for all affecting variables are summarized in Table 2, which
illustrates the Case ID and design variable details, according to the piping material, piping
thickness, elbow angle, and fluid velocity. The standard piping structure set is Case ID C90.
For the Case ID’s, C is the initial of the material, which is carbon steel and 90 means elbow
angle. In cases of material variables, AISI 304 stainless steel and Inconel 617 alloy were
used instead of carbon steel, and Case IDs are set to A90 and I90 based on the initials of the
materials. For the piping thickness variable, piping structures with the thickness/diameter
(t/D) of 5.16/69.3 mm, which is thinner than C90, are set to C90-tn, and piping structures
with the t/D of 14.02/87.02, which is thicker than C90, are set to C90-tk. For the elbow
angle variable, 45

◦
and 25

◦
, which are less than 90

◦
, Case IDs are set as C45 and C25. For

the fluid velocity variable, a fluid velocity of 1.38 m/s, which is higher than the velocity
of C90, was set as a Case ID of C90-hv, while a fluid velocity of 0.344 m/s, which is lower
than the velocity of C90, is set to C90-lv.

Table 2. Simulation cases with design variable details.

Case ID Variables Pipe Material
Pipe Outer

Diameter (D)
(mm)

Pipe Inner
Diameter

(mm)

Pipe Wall
Thickness (t)

(mm)

Elbow Angle
(Degree)

Velocity
(m/s)

C90 Standard pipe Carbon Steel SCH80 73 58.98 7.01 90 0.688

A90 Pipe material AISI 304 Stainless Steel 73 58.98 7.01 90 0.688
I90 Inconel 617 Alloy 73 58.98 7.01 90 0.688

C90-tn Pipe size (t/D) Carbon Steel 69.3 58.98 5.16 90 0.688
C90-tk Carbon Steel 87.02 58.98 14.02 90 0.688

C45 Elbow angle Carbon Steel 73 58.98 7.01 45 0.688
C25 Carbon Steel 73 58.98 7.01 25 0.688

C90-hv Velocity Carbon Steel 73 58.98 7.01 90 1.38
C90-lv Carbon Steel 73 58.98 7.01 90 0.344

Throughout the various simulation case analyses, the overall length of the piping
structure, the inner diameter, and the radius of curvature were maintained as constants.
Only the factors discussed previously were altered in each case, and each case was ana-
lyzed separately.

4. CFD Analysis

For evaluating the TDRs and erosion wear rates, FEA was performed in Ansys Fluent
2022 by employing CFD modeling equations. The following steps were performed in each
simulation case analysis.

4.1. Geometry Modeling and Mesh Generation

The geometry was modeled using Ansys Workbench 2022, specifically in Ansys Space
Claim. After making the geometry, the fluid volume was created inside the piping structure,
as shown in Figure 5a. After creating the volume, the inside of the piping, as shown in
Figure 5b, was taken for CFD analysis. Named selections were created in which fluid was
entering into the skim tank from a longer pipe, so it was named as inlet, as displayed in
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Figure 5c, while fluid along with solid particles of bitumen and CO2 was transferring to
IGF from the shorter pipe, so it was named as the outlet, as shown in Figure 5c, while the
wall of the piping was named as pipe wall, as depicted in Figure 5d. After the named
selection, inflation meshing was generated with maximum layers of five and an element
size of 61.431 mm, as shown in Figure 5e. Inflation was provided to better encounter the
erosion wear near the walls, as shown in Figure 5f. Furthermore, the meshing in the elbows
is shown in Figure 5g,h, and the meshing details are shown in Table 3, whereas inflation
details are shown in Table 4.
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Figure 5. Modeling and meshing.

Table 3. Detail of Meshing.

Element size 61.431

Growth rate 1.2

Sizing

Growth rate 1.2

Max size 122.86 mm

Mesh Defeaturing

Defeature size 0.30715

Capture Curvature yes

Curvature in size 0.61431 mm

Curvature normal Angle 18.0 degree

Capture Proximity No

Bounding box diagonal 1228.6 mm

Average surface area 57,194 mm2

Minimum edge length 92.653 mm
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Table 4. Inflation.

Inflation Option Smooth Transition

Transition ratio 0.272
Maximum layers 5
Growth rate 1.2
Inflation algorithm Pre

4.2. Grid Independency Analysis

To ensure the independence of the mesh, a qualitative grid independence analysis was
conducted for the C90 pipe case. In the CFD analysis of C90, the mesh size, mesh nodes,
and mesh elements were set as output parameters P1, P2, and P3. Subsequently, in the
CFD results the TDRs and ERs were also set as output parameters P4 and P5. To assess the
impact of mesh size on the results, design points were established by varying the mesh
sizes, and a grid independence analysis was executed. The analysis revealed that the TDRs
and ERs remained consistent across different mesh sizes, as shown in Table 5, indicating
that the results were mesh independent. This consistency confirms the reliability of the
CFD analysis; therefore, the same meshing size was used for all FEA cases.

Table 5. The defined parameters in design point.

P1—Mesh
Element Size [mm] P2—Mesh Nodes P3—Mesh

Elements
P4—Turbulent

Dissipation Rate [m2/s3]
P5—Erosion Rate

(kg/(m−2 s)

Name P1 P2 P3 P5 P4
DP 0 61.431 14,469 12,956 9.29 × 10−2 1.24 × 10−8

DP 1 50 14,628 13,114 9.29 × 10−2 1.24 × 10−8

DP 2 40 17,368 15,770 9.29 × 10−2 1.24 × 10−8

4.3. Material Properties

After importing the meshing into the Ansys Fluent setup, the material properties were
specified. Initially for the C90, piping material properties of carbon steel were provided
along with the inert particle properties of bitumen and CO2, while for material cases, carbon
steel was replaced by properties of AISI 304 stainless steel and Inconel 617 alloy as shown
in Table 1, along with same inert particles properties in all cases, as shown in Table 6.

Table 6. Properties of water, bitumen, and CO2.

Fluid Type Oily Water
(99.97%)

Bitumen
(0.02%)

CO2
(0.01%)

Density (g/cm3) 9.561 10.15 1.7878 × 10−3

Specific Heat J/(kg·k) 4186.8 1850 840.37
Thermal Conductivity (w/m-k) 0.6 160 0.0145
Viscosity (kg/m s) 0.001003 240 1.37 × 10−5

Fluid Temperature (◦C) 90 90 90

4.4. Boundary Conditions

In each case, inlet and outlet conditions were specified with velocity and gauge
pressure values at the boundary conditions for the moment, as shown in Table 4. When
the turbulence intensity was 5%, a turbulent viscosity ratio of 10 and a fluid temperature
of 90 ◦C was set for thermal conditions. The pipe wall conditions were set to a stationary
wall with no-slip boundary conditions for shear. A standard roughness model was used
with a roughness height of zero and a roughness constant of 0.5. Additionally, thermal
conditions were provided in the boundary condition of pipe wall, providing the fluid
temperature of 90 ◦C and the environmental temperature of −10 ◦C. This environment
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temperature was considered for assessing the future performance of piping structure under
low environmental temperature.

4.5. Injection of Solid Particles Using DPM

Bitumen and CO2 injections were inserted from the inlet, and the injection type was
specified as “Surface”, where, “Scale flow rate by face area” and “Inject using face normal
direction” options were chosen. The particle characteristics were provided, including
diameter, velocity magnitude, temperature, and flow rates for both bitumen and CO2
particles, as detailed in Table 7. Moreover, particle interactions with the continuous water
phase were considered in the tracking process. The DPM iteration interval was set to 10,
and a maximum of 50,000 steps was used for tracking and the step length factor was set
at 5.

Table 7. DPM properties of simulation cases.

Velocity and Inert Particles Properties Case 1–7 Case-8 Case-9

Fluid Velocity (m/s) 0.688 1.38 0.344
Fluid Temperature 90 90 90
Environment Temperature −10 −10 −10
Bitumen and CO2 Velocity (m/s) 0.688 1.38 0.344
Gauge Pressure (kg f/m2) 5000 10,000 2500
Flow rate of water (m3/h) 6.77 13.57 3.38
Mass Flow rate of water (99.97%) (kg/s) 1.79 3.6 0.898
Bitumen Particle Size (mm) 2.5 × 10−3 2.5 × 10−3 2.5 × 10−3

Mass Flow rate of Bitumen (0.02%) (kg/s) 3.58 × 10−4 7.2 × 10−4 1.796 × 10−4

CO2 Particle Size (mm) 3.3 × 10−7 3.3 × 10−7 3.3 × 10−7

Mass Flow rate of CO2 (0.01%) (kg/s) 1.79 × 10−4 3.6 × 10−4 8.98 × 10−5

4.6. CFD Analysis Setup

The flux report for the mass flow rate at the outlet was generated in the report def-
inition. The report plot was created with frequency of one. Furthermore, the residual
convergence criteria were set to be 0.0001. Hybrid initialization was conducted in solution
and the number of iterations before running the calculations were set to 210 iterations, with
a reporting and profile update interval of one. The simulation solver runs for calculations
where the Ansys Fluent used the naiver stokes k-ε turbulence model, DPM model, and
erosion rate equations, as each equation was explained before.

5. Results and Discussions

The ER and TDR results were extracted for C90 and each case of pipe material, pipe
wall thickness, elbow angle, and velocity. In C90, TDR was found to be 9.29 × 10−2 m2/s3,
as shown in Figure 6a, while the ER came out to be 1.24 × 10−8 kg/m2s, as shown in
Figure 6b. To see the effect of different factors on TDR and ER results for each case are
discussed below and are compared with the standard pipe model.
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5.1. Effect of Pipe Material on TDR and ER

After analyzing the pipe material cases A90 and I90 by changing the pipeline material,
the TDR in A90 was observed to be 9.29 × 10−2 m2/s3, as shown in Figure 7a, and the
ER was determined to be 2.12 × 10−10 kg/m2s, as depicted in Figure 7b. Both rates were
observed to be lower than those of C90. Furthermore, in the case of I90, TDR came out to be
8.72 × 10−2 m2/s3, as shown by simulation results in Figure 7c, and the ER was observed
to be 1.64 × 10−10 kg/m2s, as shown in Figure 7d. Upon comparing the results, the TDR
and ER in I90 were found to be lower than those in A90 and C90, as shown in Figure 7e.
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5.2. Effect of Pipe Thickness on TDR and ER

After performing the CFD analysis of C90-tn and C90-tk cases by altering the pipe
thickness (t/D). In C90-tn when the pipe wall thickness was reduced to 5.16 mm and the
outer diameter to 69.3 mm, the TDR increased to 9.41 × 10−2 m2/s3, as shown in Figure 8a
and the ER increased to 2.04 × 10−7 kg/m2s, as shown in Figure 8b, while in C90-tk when
pipeline wall thickness was increased to 14.02 mm and the pipe outer diameter to 87.02 mm,
the TDR decreased to 8.71 × 10−2 m2/s3, as shown in Figure 8c and the ER decreased to
1.87 × 10−10 kg/m2s, as shown in Figure 8d. Upon comparing the results, the TDR and ER
in C90-tk were found to be lower than those in C90-tn and C90, as shown in Figure 8e.
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5.3. Effect of Elbow Angle on TDR and ER

For C45 and C25, the CFD analyses were performed by changing the elbow an-
gles. In C45 when elbow angle was decreased from 90

◦
to 45

◦
, the TDR decreased to

8.94 × 10−2 m2/s3, as shown in Figure 9a, and the ER decreased to 1.59 × 10−10 kg/m2s,
as shown in Figure 9b. In C25 when the elbow angle decreased from 90

◦
to 25

◦
, the TDR

further decreased to 8.27 × 10−2 m2/s3, as shown in Figure 9c and the ER decreased
to 1.17 × 10−10 kg/m2s, as shown in Figure 9d. After comparing the simulation results,
the TDR and ER in C25 were found to be lower than those in C45 and C90, as shown in
Figure 9e.

5.4. Effect of Velocity on TDR and ER

In C90-hv and C90-lv, the CFD simulations were performed by altering the fluid and
particles velocity. In C90-hv, when the velocity increased from 0.688 to 1.38 m/s, which is
two times the C90 velocity, it was observed that the TDR increased to 5.81 × 10−1 m2/s3, as
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displayed in Figure 10a, and the erosion rate increased to 2.28 × 10−8 kg/m2s, as shown in
Figure 10b. While in C90-lv, when the velocity was decreased from 0.688 m/s to 0.344 m/s,
which is half of the C90 velocity, the TDR decreased to 1.50 × 10−2 m2/s3, as shown in
Figure 10c, and the erosion rate decreased to 7.11 × 10−9 kg/m2s, as shown in Figure 10d.
After thorough comparison of the simulation results, the TDR and ER in C90-lv were found
to be lower than those in C90-hv and C90, as shown in Figure 10e.
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5.5. Optimize Model

For designing an optimize piping structure (OP), the simulation results of TDR and ER
for all cases were compared, as shown in Figure 11a,b. This comparison aimed to identify
the best material choice, optimal pipeline wall thickness, suitable elbow angle, and the
most appropriate velocity for the design. Among the material cases for A90 and I90, the I90,
where the Inconel 617 alloy was utilized, exhibited the lowest TDR and ER compared with
C90. Similarly, in the context of pipeline wall thickness cases for C90-tn and C90-tk, the
C90-tk, in which pipeline wall thickness of 14.02 mm and an outer diameter of 87.02 mm
were employed in pipeline design, displayed a TDR and ER comparable to C90. Moreover,
in the CFD analysis of elbow angle cases C45 and C25, the C25, in which the elbow angle
of 25◦ was used, demonstrated the least TDR and ER. Furthermore, in the investigation
of fluid velocity cases for C90-hv and C90-lv, the C90-lv, in which the fluid velocity was
reduced to half of the C90, exhibited a lower TDR and ER when compared with C90.



Appl. Sci. 2024, 14, 5234 14 of 18Appl. Sci. 2024, 14, x FOR PEER REVIEW 15 of 20 
 

  
(a) TDR contour of C90-hv (b) ER contour of C90-hv 

 
(c) TDR contour of C90-lv 

 
0.015

0.0929

0.581

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.00

4.30×10−9

8.60×10−9

1.29×10−8

1.72×10−8

2.15×10−8

2.58×10−8

E
ro

si
o

n
 R

at
e 

(k
g
/(

m
2
s)

)

Simulation cases of velocity (m/s)

C90-lv C90 C90-hv

T
u
rb

u
le

n
t 

D
is

si
p

at
io

n
 R

at
e 

(m
2
 /

 s
3
)

ERTDR C90-TDR C90-ER

7.11x10-9

1.24x10-8

2.28x10-8

 
(d) ER contour of C90-lv (e) Comparison of TDR and ER between C90, C90-hv and C90-lv 

Figure 10. Simulation results of C90-hv and C90-lv and their comparison with simulation results of 

C90. 

5.5. Optimize Model 

For designing an optimize piping structure (OP), the simulation results of TDR and 

ER for all cases were compared, as shown in Figure 11a,b. This comparison aimed to iden-

tify the best material choice, optimal pipeline wall thickness, suitable elbow angle, and the 

most appropriate velocity for the design. Among the material cases for A90 and I90, the 

I90, where the Inconel 617 alloy was utilized, exhibited the lowest TDR and ER compared 

with C90. Similarly, in the context of pipeline wall thickness cases for C90-tn and C90-tk, 

the C90-tk, in which pipeline wall thickness of 14.02 mm and an outer diameter of 87.02 

mm were employed in pipeline design, displayed a TDR and ER comparable to C90. More-

over, in the CFD analysis of elbow angle cases C45 and C25, the C25, in which the elbow 

angle of 25° was used, demonstrated the least TDR and ER. Furthermore, in the investi-

gation of fluid velocity cases for C90-hv and C90-lv, the C90-lv, in which the fluid velocity 

was reduced to half of the C90, exhibited a lower TDR and ER when compared with C90. 

Figure 10. Simulation results of C90-hv and C90-lv and their comparison with simulation results of C90.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 16 of 20 
 

 
 

(a) Comparison b/w TDR results of all cases (b) Comparison between ER results of all cases 

Figure 11. Comparison b/w TDR and ER among all simulation cases. 

In light of the above findings, a pipe wall material of I90, pipeline thickness (t/D) of 

C90-tk, elbow angle of C25, and velocity of C90-lv were employed for designing OP, as 

shown Figure 12a, and the same inflation meshing size was used as employed in C90 and 

is displayed in Figure 12b. 

  

(a) Geometry of OP (b) Meshing of OP 

Figure 12. Design and Meshing of OP pipeline. 

Upon comparing the C90 model with the OP model, it can be clearly seen in Figure 

13a,b that the TDR decreased from 9.29 × 10−2 m2/s3 to 1.45 × 10−2 m2/s3 and the ER de-

creased from 1.24 × 10−8 kg/m2s to 9.91 × 10−11 kg/m2s, as shown in Figure 14. 

  
(a) TDR contour of OP (b) ER contour of OP 

Figure 13. TDR and ER result of OP. 

Figure 11. Comparison b/w TDR and ER among all simulation cases.



Appl. Sci. 2024, 14, 5234 15 of 18

In light of the above findings, a pipe wall material of I90, pipeline thickness (t/D) of
C90-tk, elbow angle of C25, and velocity of C90-lv were employed for designing OP, as
shown Figure 12a, and the same inflation meshing size was used as employed in C90 and
is displayed in Figure 12b.
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6. Conclusions

This study was conducted to reduce the erosion rate in piping structures utilized in
non-conventional oil plants and to optimize the design and material. The literature was
reviewed based on the piping structure variables affecting the TDRs and ERs, and four key
variables were selected to model the optimized piping structure that are piping material,
piping thickness (t/D), elbow angle, and fluid velocity. The conclusions drawn based on
this survey are as follows:

1. Upon comparing the simulation results of pipe material cases A90, and I90 with C90,
it is evident from the CFD results that I90, in which the Inconel 617 alloy material
was utilized, exhibited a significantly lower TDR and ER than A90 and C90. This
decrease of the TDR and ER in I90 is attributed to the distinctive material properties of
I90. Notably, I90 showcased a higher density and a superior Brinell hardness number
in comparison to the properties of A90 and C90. Additionally, I90 exhibited lower
thermal conductivity. These specific material characteristics played a crucial role in
significantly reducing the erosion rate within the piping structure. Consequently, I90
emerged as a resilient choice, offering notable resistance against erosion.

2. After a thorough comparison of pipe thickness cases, specifically C90-tn and C90-tk,
with the C90, the results revealed significant distinctions. C90-tk, characterized by a
substantial pipe thickness (t/D) of 14.02/87.02 mm, demonstrated superior resilience
against the impact of solid particles, owing to the provision of a more substantial
material barrier against erosion. Notably, it exhibited the lowest TDR and ER in
contrast to C90-tn and C90, in which thin pipe walls were used. This highlights
the effectiveness of a thicker wall in mitigating erosion-related damage, resulting in
decreased TDRs and ERs.

3. When comparing the outcomes of elbow angle cases C45 and C25, with the C90, it was
observed that C25, featuring a 25-degree elbow angle, exhibited the lowest TDR and
ER compared to C45 and C90, with 45

◦
and 90

◦
elbow angles. This attributes to the fact

that a 25
◦

elbow induces a less abrupt change in direction, reducing turbulence and
fluid velocity gradients, ultimately leading to a decrease in the ER. The smoother flow
transition in the 25

◦
elbow, as opposed to sharper angles like 45

◦
and 90

◦
, minimizes

flow separation thereby mitigates erosion. The favorable flow conditions resulting
from this smoother transition contribute to the observed reduction in TDR and ER
in C25.

4. Upon comparing the CFD results of fluid velocity cases C90-lv and C90-hv, with C90,
C90-lv, with a velocity of 0.344 m/s, demonstrated the least TDR and ER compared to
the C90, in which a fluid velocity of 0.688 m/s was used. The reduction in velocity
in C90-lv diminished the impingement force of solid particles on the piping surface,
thereby decreasing their kinetic energy and erosive potential. This deceleration in
fluid flow results in a reduction in erosion action, ultimately lowering the turbulence
and erosive forces exerted on the walls of piping structure.

5. The outcomes of the CFD analysis in this investigation suggested optimal configura-
tions for pipe material, pipe thickness, elbow angle, and fluid velocity. Employing
these refined parameters, an optimized piping structure (OP) was designed, and the
comparison with the standard piping structure (C90) showcased a notable 80% de-
crease in TDR and a remarkable 99.2% decrease in ER. This reaffirms the effectiveness
of utilizing Inconel 617 alloy, adopting a higher pipeline thickness, opting for a 25

◦

elbow angle, and employing a lower fluid velocity for enhancing piping structure
durability and effectively mitigating erosion.

6. Crude oil is critical, accounting for 34% of the global energy system and over 90% of
world transportation. Given the global increase in oil demand since 2004, research and
development on non-conventional oil plants are essential. This study highlights the
crucial role of pipelines in non-conventional oil plants and confirms the importance
of addressing pipeline erosion. Our work emphasizes the necessity for continued
research in the piping optimization area. In future studies, we aim to conduct in-depth
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fatigue and buckling analyses to enhance safety, extend pipeline life, and improve
reliability. Additionally, we plan to validate our numerical results with experiments
on actual pipelines, thereby proving the reliability of our findings.
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