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Abstract—~Erosion in a pipe bends caused by particles is a major
concern in the oil and gas fields and might cause breakdown to
production equipment. This work investigates the effect of sand
particle transport in an elbow using computational fluid dynamics
(CFD) approach. Two-way coupled Euler-Lagrange and discrete phase
model is employed to calculate the air/solid particle flow in the elbow.
Generic erosion model in Ansys fluent and three particle rebound
models are used to predict the erosion rate on the 90° elbows. The
model result is compared with experimental data from the open
literature validating the CFD-based predictions which reveals that due
to the sand particles impinging on the wall of the elbow at high
velocity, a point on the pipe elbow were observed to have started
turning red due to velocity increase and the maximum erosion
locations occur at 48°.

Keywords—Erosion, prediction, elbow, computational fluid
dynamics, CFD.

1. INTRODUCTION

AND production in oil and gas pipeline is a significant

concern to the industry, which may jeopardise equipment
performance leading to failure. As a prevalent component in
pipeline infrastructure, 90°elbows are used to change flow
direction in pipelines. Rapid deviation in direction of flow can
produce huge change in distribution of sand particles.
Reference [1] has shown that erosion on a pipeline with high
pressure usually occur in an elbow and the mass loss rate due to
particle impingement may be fifty times higher than mass loss
in straight pipe [1]. In recent time, numerous erosion
mechanism and theoretical model have been recommended [2];
an equation for erosional calculation of elbow was given by
American Petroleum Institute (API-14E) criterion which
examines particle velocity and quantities, [3] and [4] examine
material density and recommended a method for erosion rate
calculation. Reference [5] recommended a modify equation for
calculating erosion rate on particle size and mixture density.
Reference [6] consider the flow field during computing of
particle erosion in air and water flow, and [7] suggested a
technique to assess erosion rate in multiphase flow which is
centred on numerical simulation and mechanistic evaluation.
Therefore, it is essential to obtain an effective method of
predicting the erosion distribution around an elbow which is
important for the integrity of pipeline management.
Furthermore, the accurate prediction of erosion rate makes it
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simpler to find erosion hotspot and allow for the evaluation of
service life of pipe. A lot of experimental work has been done
previously to investigate particle erosion in elbows [8]-[12];
most of the experiments were conducted to examine the
maximum erosion rate of an elbow and the continuous erosion
profile about the elbow. This paper will address the use of a
CFD methodology to predict the location of erosion hotspots in
a 90° elbow. The Eulerian-Lagrangian approach for continuous
and discrete phase calculations with different turbulence
models has been implemented to investigate the importance of
erosion mechanisms in pipe elbows.

II. SIMULATION

A. Modelling

Three main steps in CFD-based erosion modelling are: the
continuous phase simulation flow field, tracking of particle and
calculation of erosion rate. In present work, the fluid phase is
treated as a continuous phase and is solved by the Navier-
Stokes governing equation. The sand particles are treated as
discrete phase and are solved by Newton's second law motion.
In addition, two-way coupling is employed between the
continuous phase and discrete phase.

B. The Continuous Phase Models

The Navier-Stokes equations are employed here. The general
equations of continuity and momentum are given as:

a —
a—f+V(pu) =0 (1)

2 (p) + V- (pll ) =—VP+V-(T)+pg +Sm ()
where p is fluid density, & is instantaneous velocity vector of
fluid, P is the static pressure, T is the stress tensor, pg is the

body force, S'M is the additional momentum due to discrete
phase. The stress tensor is given as:
= — oy 29—
T—u[(Vu + Vu )—;V-ul] €))
where p is viscosity of fluid, I is unit tensor. The turbulence
model standard k-omega-shear stress transport (SST) is used in

this work to calculate the flow turbulence, equations are given
as:
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where Gy, is the generation of turbulence kinetic energy due to
mean velocity gradients, u; is the velocity component in the i
direction, x; and x; are the spatial coordinates, oy and o, are
turbulent Prandtl numbers for k and &, C;, and C,, are

2
constants, S, and S, are source terms, U, = pC#k?,ak =
1.0,0, = 1.3,C;, = 1.44, (3, = 1.92,C, = 0.09.

C. Discrete/Dispersed Phase Model

The discrete/dispersed phase model is employed, in which
particle trajectories are acquired by integrating the motion
equation of particles under the Lagrangian coordinates. The
governing equation of particle motion of the fluid according to
Newton's second law is:

—

e Pm = Fo

—

Fp+Fg+F, (6)
From the first term on the right hand to the last term of (6):
ﬁD denotes drag force, ﬁp pressure gradient force, ﬁM mass

force and 1336 buoyancy force. The main hydrodynamic force
that acts on particles is the drag force:

C
— 18 d R,
FD= =

(7

e — —
ppd}% 24p (u - up)

where U'p is particle velocity vector, d,, is particle diameter, p,,
is density of particles, Rey, is particle Reynolds number:

pap [wp — |

Re, = 222 (8)
C, the coefficient of drag
= Az 4 A3
Ca=a; + Rep + ReZ 9

where a; a, a are constants for smooth spherical particles, and
the three particle parameters differs with the Reynolds number.
The pressure gradient force is caused by the pressure change in
the flow

Fp= (i) VP (10)
Pp
The virtual mass force is given as:
v _1 pd(u'—up)
Fa=; 0w (11)
The buoyancy force is given as:
- Pp—P)—
7, =g (12)

Pp
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In this work the particles are small, pressure change over
distance of particle diameter is negligible. Consequently, the
density of fluid is much lower than the density of the particles,
the pressure gradient force can be neglected. As the virtual mass
force is important only when the fluid density is larger than the
particles density, the virtual mass force can also be neglected.

D.Mechanism of Coupling between Two Phases

To achieve precise particle trajectories and erosion
distributions, the coupling of continuous phase and the
dispersed phase need to be considered, especially in the
conditions that the particle mass loading rate is high or the
particle collision is intense.

E. Coupling of Momentum
The momentum exchange is computed by examining the
change of the particle momentum when it passes through each
control volume, which is expressed as
Su = X(Fp + Fy) MpVt (13)
where M, is referred to as mass flow rate of particles, Vt is
referred to as the time step.

F. Coupling of Turbulence

Stochastic is a tracking method used to predict the effect of
turbulent flow fluctuations on particle trajectories. The
dispersion of particles in the fluid phase turbulence is calculated
using discrete random walk (DRW) model, which uses the

instantaneous fluid velocity to incorporate the trajectory given
by:
u=1u+u'(t) (14)

The turbulent fluctuating velocity that retains Gaussian
probability distribution is as follows:

!

u' = ¢Ju'? (15)
where ¢ referred to random number which obeys normal
distribution. And if the local turbulence is isotropic, then the
local root mean square (RMS) value of the velocity fluctuation

is calculated by:

—5 2k
Vur= [ (16)

Production of turbulent eddies causes particle damping and
this turbulence eddies can alter the turbulent quantities.
Equations (4) and (5) added particle source terms effect into
account and the fluid phase turbulent kinetic energy has been
modified by the formulation expressed in [9] and [10].

III. PARTICLE-PARTICLE-WALL/RESTITUTION COEFFICIENT
BEHAVIOR

In CFD code, particle-wall restitution coefficient rebound
model is used with erosion model to predict the dynamic
particle movement, erosion rate and erosion location. However,
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several restitution coefficients have been suggested to describe
the effect of restitution coefficient and particle rebound
behaviour [11]-[13]. In this study, three models are used which
are derived experimentally, Forder et al. [13] particle-wall
rebound model, Grant and Tabakoff [11] particle-wall rebound
model and Sommerfeld and Huber [12] restitution coefficient
model with the erosion prediction models to track particles and
predict erosion. The restitution coefficients are divided into two
elements namely, restitution coefficient in the normal direction
e, and restitution coefficient in the tangential direction e,
which represent change in particle velocity after impacting the
wall. Forder et al. [13] suggested the following coefficient
correlation for perpendicular and parallel velocity of the
components for AISI 4130:

ec = 0.988 — 0.78x + 0.19a% — 0.024a> +0.0027a* (17)
epar = 1 —0.78a + 0.84a% — 0.21a® + 0.028a* — 0.0220°
(18)

where a is angle of particle incidence. Suggested model
coefficient developed by Grant and Tabakoff [11] is as follows:

e. = 0.993 — 1.76a + 1.560% — 0.4903 19)

epar = 0.998 — 1.66a + 2.11a?% — 0.67a3 (20)

Sommerfeld and Huber [12] suggested a model for the
normal restitution of coefficient. The relationship for normal
coefficient of restitution is as follows:

e, = max(1 — 0.013¢,0.7) (21)

IV. EROSION MODEL

In predicting erosion in an elbow, several factors need to be
considered such as impact angle and impact speed, particle size
and shapes. These are considered as the factors causing erosion
damage on the geometry of the elbow. Using these factors, the
rate of erosion is then calculated. The rate of erosion can be
described as mass loss of pipe wall by erosion divided by mass
of impinging particle on the wall. Consequently, erosion rate is
dependent on the particle impact angle and impact velocity and
mass flow rate. However, in this work the generic model is used
to calculate the erosion rate in the 90° elbow and the model is
embedded in Ansys fluent given as follows:

Ntraj mpC(dp)f(@)vy

ER = ) 5

(22)
where C stands for the material wall constant, n stands for the
particle shape, which is considered with exponent values of 0.2,
0.53 and 1 for semi-rounded, rounded, and sharp particles,
respectively. V, stands for the impact velocity and f(a) stands
for the impact angle function. Impact velocity exponent is an
empirical constant
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a0? + b; 0<0,

23
xcos?(8)sin(wB) + ysin208 +z 6 >0, (23)

f(a) = {

V.CFD MODELLING

A. Description of Test Case

A commercial software was adopted (Ansys Fluent) to
perform a numerical simulation. The data of the experiment
carried out by [8] are employed in this study to examine the
performed erosion models. The adopted experiment in [8]
examined the erosion rate of long radius elbows of a pneumatic
transport system. A 90-degree elbow was used as test piece with
254 mm diameter and a curvature radius of 38.1 mm,
connected to a straight pipe length connecting upstream and
downstream to an elbow were evaluated for a better way of
representing the flow at the test specimen location. The
simulation was run trying to replicate the same conditions as the
one under which the experiment was done, see Table I.
Consequently, in this study, a 20D = 810 mm vertical pipe
upstream and a 10D = 410 mm horizontal pipe downstream of
the elbow were used, which can be seen in Fig. 1.

TABLEI
SUMMARY OF FLOW CONDITIONS IN [8]
Names Value
Fluid Air
Velocity 25.24 m/s
Particle diameter 100 um
Mass flow rate (Particles) 0.0286 kg/m?
Density of Particles 2650 kg/s
Pipe Material density (Steel) 7800 kg /m3
Brinell Hardness (BH) Material 120
TABLE II
EXPERIMENTAL DATA IN [8]
Fitting . D U m
Fluid R/D 0 d,(um L4 ER (m/s
Type (mm) (mfs) E™ gy ER@S)
Eyler Air 41 325 2524 100 0.0286 2.86E-08
6=0
20D

INLET FLOW DIRECTION

Fig. 1 Elbow geometry for simulation

B. Computational Mesh

A 3-D computational hexahedral structured mesh was
adopted in this simulation. The mesh surface was generated
carefully due to the significant effect on quality of resulting
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mesh volume. A refinement near-wall region was done, in a
high velocity gradients region and boundary layer was present.
A structured hexahedral grid is used to mesh the surface of the
cross-section, See fig 2. The grid number used in this case is
approximately 12,60793.

Fig. 2 Structure mesh use for simulation

C.Boundary Condition Parameters

Sand particles were injected uniformly at the inlet of the
elbow at the same velocity as the fluid. The particles injected
are spherical in shape. Parameter of roughness position is 0; that
means the domain of the walls are smooth, and roughness
constant is in the default value of 0.5. In addition, turbulence
intensity position is 5%.

D. Numeric Method

Coupled procedures were used for velocity and pressure
coupling. Discretization strategy was employed for pressure
conditions and the second order discretization strategy was
employed for divergence and convection conditions, also
convergent benchmark used for calculations in the residual
control volume for each of the equation is placed as 0.0001,
energy equation is 107® and number of the iterations set is
2000 in a simulation of steady state. However, number of
iterations for discrete phase model (DPM) is placed as 10.

Outlet Flow

V-Shape Erosion Scar

Maximum Erosion Hotspot

Inlet Flow

Fig. 3 Elbow Erosion Contour for simulation
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Fig. 4 Particle Trajectories

VI. RESULTS AND DISCUSSION

In comparing the experimental data and predicted data in
Tables II and III, the severity to erosion determination is
characterized by the fluid characteristics, sand particle property
and other essential parameters. Most erosion models define
some few erosion rate calculation parameters, such as velocity
of particles, size of particle, pipe materials, properties of fluid,
etc. Impact angle function is one of the most critical parameters
among the factors influencing erosion. Since most of the
suggested impact angle functions are empirical and valid only
for some defined situations, obtaining proper impact angle is
important to predict accurate erosion rate. Therefore, the impact
angle of the erosion models in Ansys Fluent and three
restitution coefficient model were employed to track particles
and predict erosion rate and compared with the experimental
data to determine which is appropriate for this study. However,
the generic solid particle erosion models used in the CFD
prediction showed accurate predicted result. Fig. 3 shows
erosion contour and Fig. 4 shows particle trajectories with the
effect of velocity profile of the flow field in the elbows under
the inlet velocity of 25.24 m/s and the CFD result in Table I1I
shows the velocity impact angle effect due to the sand particles
impinging on the wall of the elbow at high velocity and a point
on the elbow were observed to have started turning red due to
velocity increase and the maximum erosion locations occur at
48’ which is in good agreement with the experimental data of

[8].
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TABLE III
PREDICTED DATA
g D(mm) R/D Uy(m/s) d,(um) my(kg/s) ER(m/s)
Air 508 1.5 25.24 100 0.0286  2.86E-08

VII. CONCLUSION

In this work, Euler-Lagrange with k—omega turbulent model
is applied to treat the air and solid particle as continuous phases
and the discrete phase was employed to simulate particles
trajectories. Then, analysis was conducted on the effects
imposed by flow velocity and impact of solid particles
diameter, the elbow erosion rate was verified with experimental
result in [8]. The conclusion is as follows:

1. The exponential increase of erosion rate is caused by the
increase of flow velocity and for small size particles,
erosion gravitate to occur inside the elbow wall under the
influence of inferior flow and

2. For large particle size, the erosion gravitates to occur in the
outer most part of elbow wall this is because of the inertial
force acting on it.
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