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Abstract: This paper predicts the effects of variety parameters such as particles size, stream velocities and elbows diameter
on the erosion rate for an elbows in light crude oil-solid flow. A computational fluid dynamics (CFD) with commercially
available FLUENT code (ANSYS 14.0) was applied to numerically predict erosion rate in elbows. Three separate models were
used in CFD approach which are continuous flow modeling, Lagrangian particle tracking and empirical erosion equation. The
ranges of parameters tested are 100-500 µm particles size, 3-7 m/s stream velocities and 0.0762-0.1778 m elbows diameter.
From the results, maximum erosion rates increased with increasing size of particles and stream velocities and decreased with
increasing elbows diameter. However, the location of the maximum erosion rate in elbows region was independent on those
mentioned parameters.
Keywords: Computational fluid dynamics (CFD); Elbows diameter; Light crude oil-solid flow; Maximum erosion rate and
location; Particles size and stream velocities.

1. INTRODUCTION
Fluids transportation with entrained solid particles or known as liquid-solid flow is a common process involved in the oil and
gas industry. Normally, the fluids which are extracted from the reservoir and transported to the nearest processing plants or
refineries will carry along the solid particles across the streamlines of the pipeline. The pipeline systems in practice do not
consist an entirely straight length of pipe, but consists of entry length, elbows, valves, fittings as well as other fluids handling
equipment such as pumps, compressors, heat exchangers, heaters, boilers and etc. When there are changes in fluids flow
direction in the pipeline systems, the solid particle's inertia can cause it to deviate from streamlines of the carrying fluids,
resulting in particles impingement on the wall of the components in pipeline systems. This phenomenon is referred to erosion
because it involves metal removal process by solid particles impact [1-3]. The erosion damage may result in malfunction of
the pipeline systems in a relatively short amount of time and caused in loss of productivity, expensive maintenance cost and a
requirement to replace damaged components. Therefore, it is really important to minimise solid particles erosion effects as
much as possible by having better understanding in the physics of particulate flow.
As part of the pipeline systems, elbows are vulnerable to erosive environment. Many researchers have selected elbows as
their typical subject of erosion studies primarily because of its broad application and susceptibilities to erosion. Different
approaching methods for erosion prediction in elbows were applied by them such as by experimental [4-6], empirical
correlations and mechanistic models [7-10] and recently, the computational fluid dynamics (CFD) which has been widely used
[11-14]. The effects of the particle rebound model on the particle trajectories as well as erosion pattern in the elbow and
plugged tee was also investigated by Chen et al. [15] via both experimental and CFD approaches. They found that stream
velocity affects the erosion rate and the maximum erosion rate occurred at the centre area of the elbow section due to the
multiple impingements of one particle effects. Further results by them also shows that maximum erosion rate occurred almost
at the centre area of the elbow section when they varied the diameter of the particles and elbows in the air flows [16]. However,
different location of maximum erosion rate was observed when they replaced the air with the water flows. The location of the
maximum erosion region shift to the exit region of the elbow. This is due to the high drag and inertia forces exerted on the
particles by water. In addition, they concluded that for water/solid particles flow, the location of maximum erosion rate in the
elbow is weakly influenced by flow parameters including stream velocity, elbows diameter and size of particles. These
conclusions were also experimentally confirmed by previous researchers [17].
Copyright © 2019 ARQII Publication. All Rights Reserved.
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Erosion in elbows is a complex process and depends on a multitude factors such as the fluid and particles properties,
production rate of produced fluid and particles, concentration of particles, diameter of elbows and particles size. Increase in
stream velocity results in higher particles momentum produced and lead to the higher erosion rate [4,18-20]. Meanwhile, high
particles volume concentration cause in erosion reduction in elbows due to the strong particle to particle interactions [11,16].
The severity of erosion decreased with increasing elbows diameter. This occurs since the impinging particles must pass through
a larger stagnation region and thus allowing extra time for the particles to decelerate [21]. Smaller particles size results in less
erosion [22-24] and different fluid types may cause in different erosion effects.
Due to the many involvement of elbows in pipeline systems, erosion prediction for this component is really significant.
Despite a lot of research reported on the erosion prediction for the elbows component in pipeline [4-15], however, there is still
lack of information on the prediction based on the stream velocity less than 10 m/s. In addition, present work uses different
fluid type which is light crude oil (C19H30) as a liquid as compared to those reported works. In this research, CFD with
commercially available FLUENT code (ANSYS 14.0) was applied to numerically predict erosion rate in elbows for a broad
range of liquid/solid particles flow conditions. The elbows were tested under three different flow conditions named as stream
velocity (3-7 m/s), size of sand particles (100-500 µm) and elbows diameter (0.0762-0.1778 m). Each flow conditions consist
of five different sets of values and the results are presented in the form of maximum erosion rate graphs and visual illustration
of erosion rate surface contours.
2. SIMULATION
The erosion prediction was performed in three separate models called as continuous flow modeling, particle tracking and
application of empirical erosion equation. Continuous flow modeling was initiated by generating the computational grid and
followed by specified solution options such as inlet and boundary conditions, turbulence model, and operating conditions.
Particles were introduced into the flow after obtaining a flow solution at elbows. Lagrangian particles tracking approach was
used to numerically determine the trajectories of droplets and solid particles through the flow field. The trajectory of particles
were determined by considering the external forces acting on the particles. By using the information on particles impingement
on the wall of elbows, the mass loss or erosion rate resulting from impingement was determined by empirical erosion equation.
Table 1 listed all parameters and assumptions involved in CFD prediction modeling.
Table 1. Define parameters and assumptions in CFD simulator
Parameter
Turbulence modelling
Fluid system

Elbows system
Operating temperature
Particles system

Assumptions



















Description
Standard k-epsilon model
Light crude oil (C19H30)
Density (960 kg/m3)
Viscosity (0.048 kg/m.s)
Material (carbon steel)
Constant curvature ratio (1.5)
90° elbows
Room temperature (25 °C)
Material (sand)
Number of particles (10000)
Shape (spherical)
Density (2600 kg/m3) [4,11,25]
The flow in the elbows are turbulence flow
Incompressible and constant properties of fluid
Spherical shape of particles in the particle tracking approach
Constant radius curvature of elbows (𝑅/𝐷 = 1.5)
Interaction between solid particles and the effect of particles motion on the fluid flow
are small and can be neglected
Flow
conditions

Tested flow conditions

1
2
3

Manipulated parameters
Size of particles (µm) - 100,
200, 300, 400, 500
Stream velocity (m/s) - 3, 4, 5,
6, 7
Elbows diameter (m) - 0.0762,
0.1016, 0.1270, 0.1524,
0.1778

Stream (fluid
and particles)
velocity (m/s)

Elbows
diameter
(m)

Size of
particles
(µm)

4

0.1016

-

-

0.1016

200

4

-

200
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2.1 The Continuous Phase Model
The conservation equations for mass and momentum in addition to the equations representing the turbulence model were used
to predict the flow pattern of the continuous flow phase. Descriptions of the symbols used in this paper are given in Appendix.
The equations used are as follows [26]:
Mass conservation equation:
(∂/∂𝑥𝑗 )(𝜌Ū𝑗 ) = 0

(1)

Momentum conservation equation:
(∂/∂𝑥𝑗 ) (𝜌Ū𝑖 Ū𝑗 ) = − (∂𝑃/∂𝑥𝑖 ) + (∂/∂𝑥𝑗 )(𝜇∂Ū𝑖 /∂𝑥𝑗 )(∂/∂𝑥𝑗 )(𝜌𝑢𝑖 𝑢𝑗 )

(2)

where 𝑃 is the static pressure and the stress tensor 𝜌𝑢𝑖 𝑢𝑗 is given by
𝜌𝑢𝑖 𝑢𝑗 = 𝜇 (∂Ū𝑖 /∂𝑥𝑗 + ∂Ū𝑗 /∂𝑥𝑗 ) – 2/3 𝜌𝑘𝛿𝑖𝑗

(3)

The 𝛿𝑖𝑗 is equal to 0 if 𝑖 ≠ 𝑗, equals to 1 if 𝑖 = 𝑗 and effective viscosity, 𝜇𝑒𝑓𝑓 = 𝜇 𝑇 + 𝜇
where 𝛿𝑖𝑗 is Kronecker delta and turbulence viscosity, 𝜇 𝑇 is given by
𝜇 𝑇 = 𝜌 𝐶𝜇 (𝑘 2 /𝜀)

(4)

with 𝐶𝜇 = 0.0845
Equation (4) was obtained by solving both turbulence modeling equations (Equations (5) and (6)). The kinetic energy of
turbulence:
(∂/∂𝑥𝑗 )(𝜌Ū𝑗 𝑘) = (∂/∂𝑥𝑗 ) (𝜇𝑒𝑓𝑓 /𝜎𝑘 − ∂𝑘/∂𝑥𝑗 ) + 𝐺𝑘 − 𝜌𝜀

(5)

The dissipation rate of kinetic energy in turbulence:
(∂/∂𝑥𝑗 ) (𝜌Ū𝑗 𝜀) = (∂/∂𝑥𝑖 ) (𝜇𝑒𝑓𝑓 ∂𝜀 /𝜎𝜀 ∂𝑥𝑖 ) + 𝐶𝜀1 𝐺𝑘 (𝜀/𝑘) – (𝐶𝜀2 − 𝐶𝜀3 )𝜌(𝜀 2 /𝑘)

(6)

where 𝐺𝑘 represents the generation of turbulent kinetic energy due to the mean velocity gradients and it is given by
𝐺𝑘 = − 𝜌𝑢𝑖 𝑢𝑗 (∂𝑢𝑗 /∂𝑥𝑖 )

(7)

The quantities of 𝜎𝑘 and 𝜎𝜀 are the effective Prandtl numbers for 𝑘 and 𝜀 respectively and 𝐶𝜀3 as a function of the 𝑘/𝜀 are
given by previous researchers [27]. The model values for 𝐶𝜀1 and 𝐶𝜀2 are 1.42 and 1.68.
2.2 Particle Tracking
Basically, previous researchers use Eulerian and Lagrangian approaches to numerically determine the trajectories of droplets
and solid particles through the flow field [28-30]. Durst et al. [28] compared both approaches in predicting particulate two
phase flows and concluded that the Lagrangian approach has some distinct advantages for predicting the particulate flows with
large acceleration. In addition, it could also handle particulate two phase flows consisting of poly dispersed particle size
distribution. In this research, Lagrangian particles tracking approach has been selected in determining the velocity of the
particles as well as its trajectory before any impact towards elbows wall. Solid surface erosion and determination of particle
trajectory during the motion of following impact have been calculated by using this impact velocity data. Based on Newton’s
second law, governing equations of particles motion proposed by Clift et al. [31] have been applied in this research and it is
described as follow:
𝑚𝑝 (𝑑𝑉𝑝 /𝑑𝑡) = 𝐹𝐷 + 𝐹𝑃 + 𝐹𝐵 + 𝐹𝐴

(8)

The above equation consists of drag force, pressure gradient force, buoyancy force and added mass force:
 Drag force (𝐹𝐷 ) = 𝐶𝐷 𝜌𝑓 𝜋 𝜙𝑝2 |𝑉𝑓 – 𝑉𝑝 |(𝑉𝑓 – 𝑉𝑝 )/8

(9)

where 𝐶𝐷 is the drag coefficient and it is given by
𝐶𝐷 = (24/𝑅𝑒𝑠 ) (1 + 0.15𝑅𝑒𝑠0.687 )

(10)
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and particle relative Reynold number 𝑅𝑒𝑠 is defined by
𝑅𝑒𝑠 = [𝜌𝑓 |𝑉𝑝 – 𝑉𝑓 | 𝜙𝑝 ]/µ𝑓

(11)

 Pressure gradient force (𝐹𝑃 ) = 𝜋 𝜙𝑝3 𝛻 𝑃/4

(12)

 Buoyancy force (𝐹𝐵 ) = 𝜋 𝜙𝑝3 (𝜌𝑝 – 𝜌𝑓 )𝑔/6

(13)

 Added mass force (𝐹𝐴 ) = − (𝜋 𝜙𝑝3 𝜌𝑝 𝑑𝑉𝑝 )/12𝑑𝑡

(14)

2.3 Erosion Rate (ER) Prediction
The model available in the FLUENT code for the calculation of the ER has been selected by taking into consideration the
parameters such as mass flow rate of the particles (ṁp), function of particles diameter (𝐶(𝜙𝑝 )), function of the impact angle
(𝑓(𝛼)), relative particles velocity (𝑉𝑝 ), function of relative particles velocity (𝑏(𝑉𝑝 )) and the area of the wall face where the
particles strikes the boundary (𝐴𝑓𝑎𝑐𝑒 ). The empirical erosion equation used is as follows:
𝑏(Ѵ𝑝)
𝑁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝐸𝑅 = ∑𝑖=1
ṁp 𝐶(𝜙𝑝 ) 𝑓(𝛼)Ѵ𝑝 /𝐴𝑓𝑎𝑐𝑒

(15)

3. RESULTS AND DISCUSSION
Three parameters were changed to demonstrate their influence on erosion rate of the elbows component. The three parameters
were size of particles (100-500 µm), stream velocity (3-7 m/s) and elbows diameter (0.0762-0.1778 m). The Reynolds number
was range from 4572 to 24892. During the simulation, another two parameters were kept constant for each tested flow
conditions as mentioned in Table 1. The effects of flow conditions viz. size of particles, stream velocity and elbows diameter
on erosion rate of the elbows component are presented in the form of maximum erosion rate graphs and visual illustration of
erosion rate surface contours.
3.1 Effects of Particles Size Towards Elbows (Erosion Rate at Flow Condition 1)
Erosion rate surface contours for the particles diameter ranging from 100 to 500 µm are depicted in Figure 1 to Figure 5.
Overall, there is no specific trend for the location of maximum erosion rate when the size of particles varied. Particles size of
100 µm, 300 µm, 400 µm and 500 µm show maximum erosion rate occurred towards exit region of the elbows. Meanwhile
for 200 µm, there are two locations of maximum erosion rate observed and it is located almost at the centre area of the elbow
section and towards exit region of the elbows. No specific trend in the location of maximum erosion rate shows similarity with
previous works conducted [16-17]. The possible explanation for the similarity might be due to the density of carrier fluid used.
Only slightly different in value between the density of water (997 kg/m3) and light crude oil (960 kg/m3) at 25 °C. Thus, the
drag force exerted on particles by carrier fluid more less have the same magnitude for both water and light crude oil system.
In addition, particle with 100 µm indicates clear impingement at the inlet section of elbows compared to other size of particles.
This might be due to the smaller size of particles which is lightweight and easier to deviate from streamline at the entrance
region of the elbow. After multiple impingements at the entrance region of the elbow, the deviated particles then follow the
streamline again and strikes the exit region of the elbow.

Figure 1. Erosion rate surface contour (kg/m2.s) for 100 µm particles size
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Figure 2. Erosion rate surface contour (kg/m2.s) for 200 µm particles size

Figure 3. Erosion rate surface contour (kg/m2.s) for 300 µm particles size

Figure 4. Erosion rate surface contour (kg/m2.s) for 400 µm particles size

Figure 5. Erosion rate surface contour (kg/m2.s) for 500 µm particles size
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Figure 6. Maximum erosion rate (kg/m2.s) × 10-7 for various particles diameter (µm)

Figure 6 shows maximum erosion rate occurred for the elbow with flow condition 1. Maximum erosion rate was affected
by the size of particles and increased in particles size will lead to the increased in maximum erosion rate. Particle size of 500
µm results in the highest maximum erosion rate which is 2.98 × 10-7 kg/m2.s. Larger particles size leads to higher kinetic
energy and therefore, results in larger or deeper indentations on the wall of elbows. The larger or deeper indentation, the greater
the amount of material removed or in another word, the higher maximum erosion rate. However, there is a limitation to the
size of the larger particles of which they tend to move slowly or settle the carrying fluid and therefore they are not likely to
cause severe erosion. For this research, only particles size range from 100 to 500 µm were selected since it is common size
found in oil and gas industry [25].
3.2 Effects of Stream Velocity Towards Elbows (Erosion Rate at Flow Condition 2)
Figure 7 to Figure 11 illustrate erosion rate surface contours for the tested elbows at different stream velocities. All the
velocities show similarity in term of the location of the maximum erosion rate which occurred towards exit region of the
elbows. This probably due to the gravity effects as the flow moves in upward direction of the elbow. In horizontal area of the
elbow (inlet to near the centre), the gravity effects are negligible. In vertical area of the elbow (exit region), the flow against
the gravity direction and as a consequences, the particles tends to impinge at the exit region of the elbow. Increased in stream
velocity causes in increase in erosion severity. At high stream velocity, the momentum and inertia of the particles and fluid
will increase and as a consequences, the collision between particles and the wall of the elbows also will increase. This is the
reason why stream velocity of 7 m/s as shown in Figure 11 results in severe erosion rate surface contours compared to other
stream velocities.

Figure 7. Erosion rate surface contour (kg/m2.s) for 3 m/s stream velocity
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Figure 8. Erosion rate surface contour (kg/m2.s) for 4 m/s stream velocity

Figure 9. Erosion rate surface contour (kg/m2.s) for 5 m/s stream velocity

Figure 10. Erosion rate surface contour (kg/m2.s) for 6 m/s stream velocity

Figure 11. Erosion rate surface contour (kg/m2.s) for 7 m/s stream velocity
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Figure 12. Maximum erosion rate (kg/m2.s) for various stream velocity (m/s)
Further illustration on the severity values of the erosion rate due to the stream velocities is depicted in Figure 12. Maximum
erosion rate was increased from 0.286 × 10-6 kg/m2.s to 1.93 × 10-6 kg/m2.s when the stream velocity change from 3 m/s to 7
m/s. The trend obtained also shows a similar pattern with previous works done [15,21,26,32-33].
3.3 Effects of Elbows Diameter Towards Elbows (Erosion Rate at Flow Condition 3)
Erosion rate surface contours for five different size of elbows are shown in Figure 13 to Figure 17. Similar patterns produced
as the effects of stream velocity where maximum erosion rate occurred towards exit region of the elbows component. The plot
of maximum erosion rate versus elbows diameter is depicted in Figure 18. Smaller elbow diameter will cause in higher
maximum erosion rate and the trend reverses when bigger elbows diameter were used. As the elbow diameter increases, the
particles must pass through more fluid before impinging the wall. In other words, the stagnation length increases with
increasing elbows diameter. Therefore, the fluid has a greater chance to decelerate the particles approaching the wall of elbow.
This leads to a decrease in maximum erosion rate with an increase in elbows diameter. It was found that the stagnancy length
dependency on the elbow diameter larger than 0.1524 m is weak [1]. This possibly contributes to the insignificant changes in
maximum erosion rate exceeding 0.1524 m as depicted in Figure 18.

Figure 13. Erosion rate surface contour (kg/m2.s) for 0.0762 m elbows diameter

Figure 14. Erosion rate surface contour (kg/m2.s) for 0.1016 m elbows diameter
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Figure 15. Erosion rate surface contour (kg/m2.s) for 0.1270 m elbows diameter

Figure 16. Erosion rate surface contour (kg/m2.s) for 0.1524 m elbows diameter

Figure 17. Erosion rate surface contour (kg/m2.s) for 0.1778 m elbows diameter

Figure 18. Maximum erosion rate (kg/m2.s) for various elbows diameter (m)
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4. CONCLUSION
The following conclusions are drawn from the analyses:
1.
2.
3.

The location of maximum erosion rate in the elbow is weakly influenced by flow parameters including stream
velocity, elbows diameter and size of particles.
Larger stagnation region produced by bigger elbows diameter provide opportunities for the particles to decelerate
due to the longer travel time in fluids before they reach the wall of elbows.
Particles size and stream velocity are directly proportional to the maximum erosion rate. Higher velocity results in
rapid collision between particles and the wall of the elbows and bigger particles size will cause in deeper indentations
on the wall of elbows. As a consequence, higher maximum erosion rate will be produced.

The simulation results could possibly assist in design process for the real field which has the same condition and parameters.
By having a proper design, the cost of maintenance in terms of elbow replacement due to the erosion could be reduced.
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APPENDIX
𝑥

Ū
𝑃
𝑢
𝑘
𝐶𝜇 , 𝐶𝜀1 , 𝐶𝜀2
𝐺𝑘
𝐹
𝑚
𝑉
𝐶𝐷
𝑅𝑒𝑠
𝑡
𝑔

ṁ
𝐸𝑅
𝐶(𝜙)
𝑓(𝛼)
Ѵ
𝐴
𝑑

Nomenclature
space coordinate
time average velocity component
pressure
fluctuating component of velocity
kinetic energy of turbulence
empirical constants in k-epsilon turbulence model
production of turbulent kinetic energy due to mean
velocity gradients
force
mass
velocity
drag coefficient
particle relative Reynold number
time
gravity
mass flow rate
erosion rate
function of the diameter
function of the impact angle
relative velocity
area
derivative
Superscripts

_____
.
𝑏(Ѵ)

𝜌
𝜇
𝛿𝑖𝑗
σk
σε
𝜀
𝜙

Greek symbols
density
viscosity
Kronecker delta
effective Prandtl number for k
effective Prandtl number for ε
rate of dissipation of the kinetic energy
diameter

ṁ
∂

mass flow rate
partial derivative

𝑖, 𝑗
𝑒𝑓𝑓
𝑇
𝐷
𝑃
𝐵
𝐴
𝑡
𝑓
𝑝
𝑓𝑎𝑐𝑒

Subscripts
spatial coordinate indices
effective
turbulence
drag
pressure gradient
buoyancy
added mass
time
fluid
particle
wall face where the particles strikes the
boundary

time average
time rate
function of relative velocity
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