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Abstract

Erosion caused by solid particles in curve pipes is one of the major concerns in the oil and gas
industries. Small solid particles flow with a carrier liquid fluid and impact the inner wall of the
piping, valves, and other equipment. These components face a high risk of solid particle erosion
due to the constant collision, which may result in equipment malfunctioning and even failure. In
this study, the two-way coupled Eulerian-Lagrangian method with the Oka erosion and Grant and
Tabakoff particle-wall rebound models approach is employed to simulate the liquid-solid flow in
U-bend and helical pipes using computational fluid dynamics. The effects of operating parameters
(inlet fluid velocity and temperature, particle density and diameter, and mass flow rate) and
design parameters (mean curvature radius/pipe diameter ratio) are investigated on the erosion of
these tubes walls. It is concluded that increasing the fluid velocity and temperature, particle mass
flow and particle density increase the penetration rate, particle diameter affects the rate of
penetration, and increasing mean curvature radius/pipe diameter ratio decreases the rate of
penetration.
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1. Introduction

Existing of solid particles in the fluid flows inside the pipes of gas and oil industries is inevitable.
These particles cause several problems. One of the most important problems is the erosion of
inside walls of pipelines, valves, and other equipment. Such unforeseen and uncontrolled flows
decay the performance of this equipment and may destroy a component causing an unwanted
shutdown in the production process (Solnordal and Wong 2015). Predicting this erosion is very
complicated in multi-fluid flows due to the effects of various factors, such as the impact velocity
and angle and also the particle size and physical properties, on this phenomenon (Pereira et al.
2014).

Researchers have investigated this type of erosion in different industries, such as navy, gas
and oil, mineral, nuclear processes, and even in dental science. These studies improved the h-
index of the issue to 46 in January 2016 (Burson-Thomas and Wood 2017). A wide range of
erosion equations has been developed for various problems (Morsi and Alexander 1972; Gosman
and loannides 1983) because, erosion is a complex phenomenon depending on several factors.
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Meng and Ludema (1995) concluded that there are four different mechanisms for this
phenomenon. In addition to these mechanisms, it is observed that the particle velocity and impact
angle are important factors in this area (Zhang et al. 2007). Finnie (1960) has presented one of
the first equations for predicting the erosion rate of solid particles in fluid flows. Ahlert (1994)
and McLaury (1996) obtained empirical constants of the Finnie equation (Finnie 1960) for
stainless steel and aluminum walls, respectively. Salama (2000) presented an empirical model for
a multi-phase fluid, which assumed the particles impact velocity equal to the fluid flow velocity
for estimating the erosion rate. Mazumder et al. (2005) presented a numerical model for
predicting the erosion in the multi-phase flows in elbow joints. They considered different
velocities for the solid particles and gas and liquid flows. Fan et al. (2001) had a set of
experimental and numerical studies on the erosion of solid particles in gas flows inside curved
pipes. Chen et al. (2004) had a similar study for the multi-phase flows inside the elbow and tee
joints. These studies presented an overall view of the erosion of solid particles inside the curved
pipes. Zhang et al. (2007) used a laser Doppler velocimetry method to investigate the erosion of
solid particles in water and air flows. They compared their observed results with the predictions
of numerical simulations and concluded that the erosion/corrosion research center and Oka
erosion models have suitable accordance with the empirical observations. Bozzini et al. (2003)
developed a numerical simulation for the erosion of solid particles in a four-phase flow (two
liquid phases, a gas phase, and solid particles). They investigated the effects of various factors,
such as the fluid flow velocity and gas and particle volume fractions, on the erosion ratio of these
particles on the stainless steel pipes. Zhang et al. (2012) had a numerical study for obtaining the
location with maximum erosion for liquid-solid particles flow inside the elbow. They resulted
that the fluid velocity is an important factor in the maximum erosion position inside this elbow.
Jukai Chen et al. (2015) used the finite element method for computational fluid dynamics
modeling of liquid-solid particles flows inside the 900, 600, and 450 elbows. They resulted that
the fluid velocity and also the elbow angle are important factors in the erosion rate of the walls
of these joints. Duarte et al. (2015) investigated the effects of solid particles on erosion inside
elbows, numerically.

In this study, a numerical model for simulating the erosion and penetration rates of solid
particles in two different geometry of pipes, i.e. U-bend and helical pipes, has been developed.
The Oka model has been utilized for investigating the erosion effects in different operating
conditions of inlet fluid velocity and temperature, and inlet particles flowrate, size, and density.
The effects of mean curvature radius/pipe diameter ratio (R/D) on the erosion and penetration
rates of solid particles have been also investigated. These investigations identify the effective
factors on the erosion rate of solid particles in the solid-liquid flows inside the curved pipes.

2. Methodology

First, two three-dimensional geometries, i.e. U-bend and helical pipes, have been defined as
shown in Figure 1. Certain lengths of tubes have been considered at the inlet and outlet sections
of these pipes for developing the fluid flow and removing the entrance and exit effects. The U-
bend pipe has a 5 cm diameter, 1 m inlet and 60 cm outlet lengths, and a 75 mm curvature radius.
The helical pipe has 45 mm diameter, 50 cm outlet and inlet lengths, 15 cm curvature radius, and
78 mm pitch length (the distance between the axial lines of the inlet and outlet tubes). The liquid
water with 20°C as initial temperature, spherical solid particles with 2650 kg/m? density, and the
Rosin-Rammler size distribution (with 10 different particles sizes with 100, 250, and 400 um
diameters for minimum, average, and maximum diameter sizes, respectively) have been entered
into steel pipes (with 7800 kg/m?® density). For enhancing the convergence rate in the numerical
solution, structured grids have been used to produce mesh configuration for relevant geometries.
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To overcome complexity issues in the curved sections of pipes, the local densities of adopted
meshes have been increased smoothly.

U-bend '

Fig. 1. Defined U-bend and helical pipes geometries.

The Euler-Lagrangian method has been used for steady-state simulation of the fluid and
particle flows in this model. The continuous phase, i.e. liquid fluid, the flow has been simulated
by solving the continuity, Navier-Stokes and Realizable k-¢ equations and the motions of the
particles, as the discrete phase, have been simulated using Newton’s second's law, as follows
(Ansys I. FLUENT 19 User’s Guide 2018, Shih 1995):
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where P, g, x;, Ui, Up, p, I, v and i are static pressure, gravitational acceleration, a component of
the direction vector in the Cartesian system, a component of the fluid velocity vector, particle

velocity vector, fluid density, fluid static viscosity, fluid dynamic viscosity and flow turbulent
2

L k . —
viscosity (u=0.09p—), respectively. Gx and Gy, are the turbulence and kinetic energy
u
generation rates due to the mean of the fluid velocity gradient (G = 24, S;;S;; , where S is the strain
oT

tensor) and buoyancy (G, = _ Gt (0p) T , Where T is the fluid temperature), respectively.
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3pC, |u u |
4p,d,
density and diameter, respectively, and Cp is the drag force that has been calculated using the

Fo, Fp, Fym, and Fg are the drag (IED = )), where p, and d, are the particle

Morsi and Alexander correlation for spherical particles, C, a1+—+?, which is a

pdp‘up.—u.‘

function of Re, = ——

and has triple constants, i.e. ai;, a; and as (Morsi and Alexander

o L Ao
1972)), pressure gradient (F, = p%%), virtual mass (F,,, = %% ) and buoyance forces
i p

(F, = pip(pp - p)), respectively.

The continuous phase affects the discrete phase by the mentioned forces and the particles
also affect the fluid flow by reducing the turbulence of this liquid flow. The two-way coupling
method has been used for considering this fluid-particle interaction. The fluid momentum changes

due to the particle’s effects (S, = > (F, +F, + R,y + F; )M At where M, is the mass transfer
of the solid particles and At is the time step of the calculations). It is assumed that the local
fluctuations of the fluid flow velocity (i.e. u, ) be isotropic and the particle-eddy interaction model

. : ,2k . .
(discrete random walk model, u, =¢,|— , where ¢ is a random value with a normal
&

distribution) (Gosman and loannides 1983) has been used for considering the effects of the
fluctuations of the fluid velocity on the motion of the particles. The two-way coupling between
the eddies and particles has been considered using the defined source terms in the k-g equations
(i.e. S and S;). The particle-wall rebound model (Grant and Tabakofft 1975) has been used to
calculate the reflect angle (90°) and velocity of particles after impacting the tube wall (

out uOUt i
- =0.993-1.76a +1.56a° —0.49°and —- = 0.988-1.66 +2.11a* —0.67a° , where U
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after impacting the tube wall, and a is the impact angle). The Oka erosion model (Banakermani
et al. 2018; Vieira et al. 2016) has been used for calculating the erosion ratio of the tube wall due
to the particles impactions (

and u are a normal and tangential component of particles velocity vector before and

104 326

pw is the wall density and Hy is the Vicker’s hardness, which is 1.8 GPa for steel). The near-wall
fluid flow has been modeled using the scalable wall function of the k-¢ model. Different regions
of the boundary layer (i.e. viscous sublayer, the buffer layer, and fully turbulent region) of this

. . . . . . Y[
turbulent fluid flow have been classified using the dimension wall distance (Y = \F , Where

7w IS the shear stress of the fluid on the tube wall). For numerical solving of the presented
equations, the SIMPLEC algorithm has been used. Constant fluid flow velocity at the inlet,
constant pressure at the outlet, and no-slip condition at the tube wall were the defined boundary
conditions for the continuous phase. The escape boundary condition at both of the inlet and outlet
and reflect conditions at the tube wall were defined for the discrete phase.

2.3HJ0%8 0.19
-0.94 u
ER = 65x10° p, (sina)" ™" [1+H, (1-sina) "™ H,*¥ {_pJ {—”) . where




Journal of the Serbian Society for Computational Mechanics / VVol. 14 / No. 2, 2020 5

3. Results and Discussions

First, the grid study has been presented to show the mesh independency of this numerical solution
illustrated in Figure 2. For this purpose, the U-bend pipe has meshed with 380000, 720000, and
910000 calculation cells. Furthermore, 400000, 980000, and 1110000 calculation cells have been
used for the helical pipe. As seen in Figure 2, 720000 and 980000 cells have suitable accuracies
and calculation times. Therefore, these meshes were used for this simulation because the
maximum difference value of results between selected mesh cell numbers and the higher one is
around 4%. In the second step, the predictions of the developed model have been compared with
the experimental and numerical calculation results of the previous study of Vieira et al. (2016)
for validating the accuracy of these predictions. They measured the erosion rate in a 900 elbow
with 76.2 mm diameter, 1 m entrance length, and 0.6 m outlet length using the ultrasonic tests.
Figure 3 shows contours of the model predictions for erosion rate and Table 1 presents the results
of this comparison. These cases had similar gas flow velocities and also particles diameter, but,
had different particles mass flowrates. This comparison approves the ability of this model to
simulate the erosion of solid particles in such fluid flows.
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Fig. 2. Mesh study for the a) U-bend and b) helical pipes.
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Fig. 3. Contours of the model predictions for erosion in the presented cases in Table 1
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which had similar gas flow velocities and also particles diameter (gas velocity 15 m.s*, particle
diameter 300 um), but, had different particles mass flowrates.( a) Particles mass flowrate 154
kg.day? , maximum penetration rate 22.1 mm.day* . b) Particles mass flowrate 192 kg.day? ,
maximum penetration rate 19.3 mm.day*. c) Particles mass flowrate 452 kg.day*, maximum
penetration rate 58.5 mm.day?)

Case Gas Particle Particles Maximum Vieira Present
velocity diameter mass penetration | simulation | simulation
(m.s?) (um) flowrate rate (mm.day?) | (mm.day?)
(kg.day?) | (mm.day?)
a 15 300 154 22.1 30.3 30.95
b 15 300 192 19.3 375 38.28
c 15 300 452 58.5 87.4 87.6

Table 1. Comparing the predictions of the presented model with the obtained results by Vieira
et al. (2016).

The redirection of liquid flow inside the U-bend pipe has an essential effect on the motion of
solid particles. As shown in Figure 4, for small particles with 50 pm diameter, the strong
secondary liquid flow in the bend leads these particles toward the bend's inside curvature and
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causes severe erosion in this area. For larger particles (300 um diameter), the importance of this
secondary liquid flow on the particles' motion has been decreased because of the importance of
the inertial force of these particles. The mentioned force causes a direct motion for these particles
in the U-bend, and any erosion of this pipe's outside curvature wall by these particles. It is also
clear that the large particles' extent of the tube wall's impact was more significant than the small
particles. Fore middle sizes of solid particles, i.e. with 150 um average diameter, a combination
of these effects have been observed in this bend. Therefore, this particle size has a width scale
and low penetrated erosion on both sides of this bend. It is also observed that solid particles with
a regular size distribution between 50 to 400 um diameters have a width erosion area inside this
U-bend due to the different forces affecting these particles. The reflected particles impact the tube
wall at the mentioned area in this Figure with lower inertia due to the reduction of their velocities
in the first impaction.
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Fig. 4. The particles tracing and erosion areas of particles with a) 50 um, b) 150 pum, ¢) 300 pm
and d) Rosin-Rammler size distribution, in the U-bend pipe.
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In the helical pipe, attending to the fluid flows around a central axis, a centrifugal force leads
the fluid flow and also solid particles toward the outside curvature of this pipe and causes more
erosion on the wall of this tube in these areas. Figure 5 shows the particle tracing and also the
erosion areas in this pipe. As seen in this Figure, there is no erosion on the inside curvature wall
of this pipe. A high erosion rate of solid particles inside the first section of the outlet length of
this tube, due to the mentioned circular flow in the previous section of this pipe, has been
observed. It is also observed that gravity has no important effect on the fluid flow and also the
erosion of solid particles inside this pipe.
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Fig. 5. The particle tracing and erosion areas of particles with Rosin-Rammler size distribution
in the helical pipe.

Figure 6 shows the effects of inlet water velocity increment on the penetration rate of the
solid particles in the pipes inside the walls. Increasing the fluid velocity increases the inertial
force entered particles, increases the extents of their impacts on the wall, and increases their
penetration rate, consequently. It is observed that the non-uniform size distribution of solid
particles has a lower penetration rate and a wider erosion area than the uniform particles due to
the effects of different forces on these particles. Figure 7 shows the effects of the mass flow rate
of solid particles on the penetration rate of these particles on the inside walls of U-bend and
helical pipes. Increasing the mass flow rate of the particles increases the number of particles that
impact the walls of the pipe and increases their penetration rate, consequently.
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Fig. 6. Effects of inlet water velocity increment on the penetration rate of the solid particles in
the pipes inside walls of a) U-bend and b) helical pipes.
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Fig. 7. Effects of mass flowrate of solid particles on the penetration rate of solid particles on the
inside walls of a) U-bend and b) helical pipes.

The effects of particle size on their penetration rate have been investigated in Figure 8. As
previously mentioned, small particles experience different dominant forces in this flow. This is
the main reason for their different penetration rates in these pipes. Figure 9 shows the effects of
fluid temperature on the penetration rate of solid particles in these pipes. It is assumed that the
temperature profile in the fluid flow is uniform and the effects of this temperature on the density
and viscosity of liquid fluid have been considered in this comparison. As seen in this Figure, the
fluid temperature increment increases the penetration rate of particles due to the increment of the
liquid viscosity and density and increasing the energy of impactions of these particles to the walls,
consequently.
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Fig. 8. Effects of particle size on the penetration rate of these particles on the inside walls of a)
U-bend and b) helical pipes.
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Fig. 9. Effects of fluid temperature on the penetration rate of solid particles on the inside walls
of a) U-bend and b) helical pipes.

Figure 10 compares the penetration rate of solid particles with different densities on the U-
bend and helical pipes walls. It is clear that increasing the density of solid particles increases the
extent of their impactions to the walls of the pipe and increases their penetration rate, as a result.
Figure 11 shows the effects of the R/D ratio on the penetration rate of particles. Attending to the
constant diameter of the modeled pipes, a greater R/D ratio means a more length of the curved
section of these pipes and simpler flows of liquid fluid and solid particles inside these pipes. It is
the reason for the observed low erosion ratio of particles in the pipes with a high R/D ratio.
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Fig. 10. Comparing the penetration rate of solid particles with different densities on the a) U-
bend and b) helical pipes walls.
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Fig. 11. Effects of R/D ratio on the penetration rate of solid particles on the inside walls of a) U-
bend and b) helical pipes.

4. Conclusions

In this study, the computational fluid dynamic was used to simulate the liquid fluid flow and solid
particle motion inside U-bend and helical pipes, using the Euler-Lagrangian method, two-way
coupling interaction between the liquid flow and solid particle, and also Oka erosion model. The
accuracy of the predictions of this model was confirmed using the experimental results of a
previous study. Finally, the effects of different factors, such as temperature and velocity of liquid
flow, the mass flow rate of solid particles, density, and diameter of these particles, and the R/D
ratio were investigated using the developed model.

It has resulted in redirection of liquid flow inside the U-bend pipe having an important effect
on the motion of solid particles. Small particles experienced a strong secondary liquid flow in the
bend and moved toward the inside curvature of the bend and caused serious erosion in this area.
But, larger particles experienced a strong inertial force and moved on a direct path line in the U-
bend section and caused much erosion of the outside curvature wall of this pipe. It is also
concluded that the extent of impactions of large particles to the tube wall was greater than the
small particles. A centrifugal force leads the fluid flow and solid particles toward the outside
curvature of the helical pipe and caused more erosion on the wall of this tube in these areas.
Increasing the fluid velocity increased the inertial force entered particles, increased the extents of
their impacts to the wall, and increased their penetration rate, consequently. The results suggest
that the non-uniform size distribution of solid particles had a lower penetration rate and a wider
erosion area than the uniform particles due to the effects of different forces on these particles.
Increasing the mass flow rate of solid particles increased the number of particles that impacts the
walls of the pipe and increased their penetration rate, consequently. The fluid temperature
increment increased the penetration rate of particles due to the increment of the liquid viscosity
and density and increasing the energy of impactions of these particles to the walls, consequently.
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Increase in the density of solid particles increased the extent of their impactions to the walls of
the pipe and increased their penetration rate, as a result. In a constant diameter of the modeled
pipes, a greater R/D ratio had a more length of the curved section of these pipes and a simpler
flows of liquid fluid and solid particles inside these pipes. Therefore, particles had a low erosion
ratio in the pipes with a high R/D ratio.
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