D)
Journal of Mechanical Engineering and Sciences i
ISSN (Print): 2289-4659; e-ISSN: 2231-8380
Volume 12, Issue 4, pp. 3988-4000, December 2018

PUBLISHER

© Universiti Malaysia Pahang, Malaysia
DOI: https://doi.org/10.15282/jmes.12.4.2018.01.0347

Numerical predictions of sand erosion in a choke valve
N. H. Saeid

Mechanical Engineering Programme, Universiti Teknologi Brunei,
Jalan Tungku Link, Gadong BE 1410
Brunei Darussalam
E-mail: nawaf.saeid@utb.edu.bn
Phone: +6732461020; Fax: +673-2461035

ABSTRACT

Two-phase turbulent flow of crude oil and sand in a choke valve is analysed in the present
article using 3D computational fluid dynamics simulations. The discrete phase mathematical
model is used to simulate the sand flow and its interaction with the oil flow in the system.
Parametric study is done to identify the governing parameters to minimize the sand erosion
in the system. The valve geometry and dimensions are taken from an industrial oil production
project. The parameter considered in the present study are the percentage valve opening, flow
rate of the sand and the pressure difference between the inlet and outlet pipes. The simulation
results are presented to show the erosion rate variation with the valve opening, sand flow rate
and the pressure difference. It is found that the erosion rate is high for small valve opening
as well as large valve opening. Minimum erosion rate is found when the valve opening is
between 20-30% for all the cases with various pressure differences. Locations of maximum
erosion rate are predicted in the simulations.

Keywords: Sand erosion; choke valve; CFD simulations; discrete phase model; turbulent
flow.

INTRODUCTION

Sand erosion, due to the impact of sand particles carried by crude oil on the system walls,
leads to considerable damage to the critical components of transport and processing
equipment, such as valves. Sand entrained in the crude oil impinge the surfaces of piping and
control valves causing in removal of surface material. It is important in risk management of
the oil production/processing equipment to predict the rate of erosion damages accurately.
Similar to corrosion [1,2], sand erosion is a complicated process, depends on many
parameters, such as: sand properties and particle tracks, fluid flow, surface conditioning and
multi-phase effects among others.

The literature review shows a vast use of computational fluid dynamics (CFD)
techniques in predicting sand erosion in the oil and gas applications. CFD modeling can
predict the detailed information on the location and the rate of erosion. The results of the
CFD modeling have the potential to optimize the design prior to fabrication and testing. The
literature shows many erosion models using either single phase or multi-phase modeling. The
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simple and easy to employ sand erosion model is using the Discrete Phase Model (DPM),
which applicable for sand volume fractions < 10 %. Meng and Ludema [3] reviewed of the
erosion models developed to predict the erosion rate. They identified the parameters affecting
the eroded material of a surface and the erosion process. The review showed that each model
was the result of a specific and individual method, and reliance on experimental data will
always be necessary in the erosion modeling. More recently, Paul and Mohamed [4]
presented a review on the erosion-corrosion in oil and gas applications. The study highlighted
that dominant mechanisms that occur in the erosion-corrosion process is significantly
influenced by the operating parameters and environmental conditions. Parsi et. al. [5]
presented a detailed review of sand particle erosion for oil and gas applications. The authors
described the important factors affecting erosion and reviews the recent erosion models. The
erosion modeling using CFD is discussed as well. Wang and Shirazi [6] investigated
numerically the sand erosion for elbows and bends. Their results proved that a large elbow
curvature has smaller angles of impingement than those in a shorter radius bend. Therefore,
the erosion rate is observed to be lower in the case of a large elbow compare to the short
radius bends. Mazumder et al [7] developed a model that predicts solid particle wear of
elbows due to erosion with annular flow of three phases (gas—liquid-solid). A CFD study
based on DPM is performed by Elsaadawy et al. [8] for black powder erosion of a gas pipeline
ball control valve. Their results show that the erosion rate critical areas, were on the inside
wall of the ball directly downstream of the inlet, and on the wall just before the outlet on the
body. They recommended to use Stellite 12 instead of A-105 carbon steel and A-505 carbon
steels to reduce the erosion rate of the valve. Forder et al. [9] used CFD to investigate the
sand erosion problem in a choke valve. The study concluded that reduction in erosion rate
could be achieved by changing the design of the choke valve. Wallace et al. [10] simulated a
simplified model of a choke valve and then considered a more complex geometry model.
Their results for the erosion rates were 60% lower than experimental data for the simplified
model; in case of the complex valve geometry, the calculated erosion rates were 10-15 times
lower than the experimental measurements. Paggiaro et al. [11] used CFD method to study
the sand erosion in choke valves. The simulation results presented and compared with
experimental measurements with good agreement for the flow characteristics and hot spots
of sand erosion. However, the erosion rates result from the simulations were underestimated.
The aims of the current study are to simulate the crude oil flow in a real plug and cage choke
valve used in the oil production project. The study will include parametric study to identify
the governing parameters effecting the sand erosion in the valve in order to minimize the
damage in the system.

MATHEMATICAL MODEL

The inlet and outlet pipes are 6 in diameters and normal to each other in the system. The
choke valve is located in-between. The choke valve used in the present investigations is
shown in Figure 1. The piston is the main part of the valve which is used to control the flow
by closing/opening the holes on the valve cage.
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The inlet pipe length is extended to be 12dpipe in order to eliminate the effects of the
boundary layers entrance region and ensure the fully developed flow at the valve inlet.
Similarly, the outlet pipe is extended to be 6dpipe to eliminate the effects of the reversed flow
to the solution domain. The valve holes are generated with centre to centre distance of 0.5 in
and each line of holes is rotated 30° from the neighbour line of holes.
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(@) Real crude oil choke valve (b) physical model

Figure 1. Flow geometry (D = 8 in; dpipe = 6 in; dholes = 0.3 in).

In the present analysis, the fluid phase is treated as continuous phase and the governing
equations are based on the mass and momentum balance. The sand particles are treated as
the dispersed phase, which can be modelled using the Discrete Phase Model (DPM). In DPM
the solid particles must be at a low volume fraction (10-12%). DPM computation starts with
fluid flow field, after which the trajectories of sand particles are computed and finally the
solution strategy will update the equations of the fluid phase for exchange mass and
momentum between the two phases.

Continuous phase

The flow of the continuous phase (crude oil) is selected in the turbulent regime. The mass
conservation (continuity) and the Reynolds-averaged (momentum conservation) Navier-
Stokes (RANS) equations in Cartesian tensor form are [12]:

0
a—xi(Pui) =0 €y
0 _op 0 ou; Jdu; 2 _ Jy 0 __
a—x](pulu]) ——a—xl+a{ﬂ<a—x]+a—x1—§aua—x1 +a—x](—pulu])+5 (2)

where u; and u; are the average and fluctuating components of the velocity vector (i =1, 2,
3) and the overbar represents the average value of the fluid velocity. The delta §;; = 1 if i =
J and otherwise it is zero. S is the momentum source term. The Reynolds-averaged method
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requires that the Reynolds stresses in Equation (2) be modelled. A popular method uses the
Boussinesq approximation to relate the Reynolds stresses to the average velocity gradients:

— 6u1+6u] 2(k+ 8uk)6 3
pulu] = U ax] axi 3 p Ut axk ij ( )

where the eddy viscosity (u.) calculation depends on the turbulence model and k is the
turbulent kinetic energy of the flow. In the present study, two turbulence models are used.
They are the realizable k — ¢ with scalable wall functions [13] and the SST k — w with near
surface wall corrections model [14]. The effects of the turbulence models are tested and the
results are discussed in the validation section.

Discrete phase

The discrete phase model is employed, in which the particle trajectories are calculated
through the solution domain. Along these trajectories, the real mass flow of particles is
accounted for. In this way, the momentum exchange between particles and continuous phase
can be made. However, the particles in DPM do not interact with each other. The calculation
of trajectories is done by solving the force balance for a single particle using Newton’s second
law as follows [15]:

gi(pp = p)
PR )+ )
where w,,; is the particle velocity vector in the i direction and p,, is the density of the particle.
The buoyancy force term gi(pp - p) is neglected in the present study as the sand particles
and crude oil have insignificant difference in densities. F; is an additional acceleration of the
fluid surrounding the particle, and Fj, is the drag force/ particle mass and F; is the force
needed to accelerate/decelerate the fluid around the particle. These terms are defined by [15]:

18u CpRe
Fr =
1p d(ui — upi)
FFe—— =7 6

where u is the dynamic viscosity of the continuous phase (fluid), dp is the diameter of the
particle, and Re is the Reynolds number, which is given by:

_ pdplupi - ui|
U

Re @)

The drag coefficient Cp in equation (5) for smooth spherical particles applicable for wide
ranges of Re given by [16]:
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az as
Re + Re?
The default values of the model constants (a1, a2 and as) are used in the present investigations
[16]. The discrete random walk model is implemented in the present study to model the
particle trajectories. The details of discrete random walk model can be found in FLUENT
documentation [15]. The rate of erosion is defined as the velocity of the mass removal of

material from a surface per unit area (kg/m?s). The aim of the current study is to monitor the
particle erosion rate at wall boundaries, which is given in the following correlation [15]:

Cp =a; + (8)

Np
r Oy C(dy) f ()P ®
erosion — Aface

)

p=1

where m,, = mass flow rate of a particle (kg/s), C (dp) = particle diameter function, f(a) =
impact angle function, v = relative solid particle velocity, b(v) = function of particle velocity
and Ar,4c. = area of the mesh face at the surface. Values of these functions for sand erosion

of carbon steel and aluminum are found by Edwards [17]. The default values of C(dp) =
1.8%x107%, f(a) = 1,and b(v) = 0 are used in the present study.

NUMERICAL SCHEME

The geometry of the present problem has a symmetry as shown in Figure 2. Therefore, half
of the geometry is considered as the computational domain. ANSYS software [16] is
employed to generate and mesh the computational domain as shown in Figure 2 for the case
of 50% valve opening. Curvature size function [18] is used to generate the mesh. Relatively
small size of the mesh cells is generated in the valve holes and walls where five inflation
layers are generated near walls. The mesh is then transferred to the solver, which is FLUENT
software [15].

(@) symmetry plane (b) valve holes (c) exterier walls

Figure 2. Mesh details for 50 % valve oppening (Total number of cells = 614 587).
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Crude oil with APl (American Petroleum Institute) gravity of 21.9 is used as the working
fluid and it is considered as incompressible Newtonian fluid with density p = 931.3 kg/m?3
and dynamic viscosity u = 0.0177 kg /ms [19]. For waxy crude oil, refer to reference [20].
The sand material is considered as inert anthracite spherical particles with uniform diameter
of 10 m with density of 1550 kg/m? injected from the inlet face with different mass flow
rates.

The no-slip boundary condition is selected at all the solid surfaces of the system. The
surfaces generated from the symmetry plane are set as symmetry plane. The boundary
condition at the inlet is selected to be high gage pressure in the range 1000 kPa to 3000 kPa
and the pressure at the outlet is set to atmospheric (zero gage). The boundary conditions for
particles are set as reflected by the walls and escape through the inlet and outlet boundaries.
In the present study, it is assumed that the turbulent intensity is 5% at the inlet and the
backflow at the outlet for all the cases. The turbulent viscosity ratio is selected to be the
default value of 10 for both the inlet flow and the backflow at the outlet [15].

The numerical solution of the governing equations is based on the second order
upwind scheme. SIMPLE algorithm (Patankar 1980 [21]) is employed to solve the
discretized equations. This is an iterative solution and needs under relaxation to control the
changes in the values during iteration. The values of the under relaxation factors of 0.3, 0.7
and 0.8 for pressure, momentum and turbulence model equations respectively are used. The
under relaxation factors of 0.5 is used for the interphase exchange of momentum during the
calculation. The maximum residual in continuity equation and all variables were lower than
107 at the end of the iterations. The numerical solution of the Discrete Phase Model is
computed by integrating equation (4) using the implicit Euler method [15].

VALIDATION AND MESH SENSITIVITY ANALYSIS

To the best of knowledge of the author, there are no experimental data for this problem.
Therefore, the flow through this system can be used for validation by comparing the present
result with the simple pipe flow. The velocity profile of a single-phase flow (crude oil flow
without sand) in the inlet pipe (at 0.15 m from the valve centre with inlet pressure of 2000
kPa) is used for validation. The valve opening is selected in middle rage 50%. The best known
in the pipe flow is the power-law velocity profile express as [22]:

1/n

—=(1-2) (10)

umax R

where r is the radial distance from the centreline of the pipe and R is the total radius of the
pipe. The results are presented in Figure 3 for both numerical results generated using two
turbulence models and empirical profiles at the inlet pipe. The results show that prediction
using the realizable k — & with scalable wall functions is almost similar to that obtained using
SST k — w model. However, the solution is converged faster when the realizable k — ¢ with
scalable wall functions is used. Therefore the realizable k — ¢ with scalable wall functions it
is used for results generation in the present study.
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Different mesh sizes are used for grid independent study and the accuracy of the
results is verified by checking the velocity profiles and mass balance of the flow using the
realizable k — & with scalable wall functions. The total number of cells (control volumes) in
the fine mesh is 815 450 cell with 50% valve opening. The moderated mesh contains 614
587 cell and it is 487 765 cell for the coarse mesh for the same geometry. The results
presented in Figure 3 for the velocity profile in the inlet pipe show negligible difference using
moderated and fine mesh sizes with same trend as the power law profile. However, the results
generated using the coarse mesh show considerable difference with the power law profile.
Therefore, the moderated size of the mesh is used to generate the results in the present study.
The global mass balance is monitored and satisfied in the converged solution within + 0.01%
in all cases. For example, the mass balance is checked for crude oil flow enters the valve
under 2000 kPa with 50% valve opening. The results show that: mass flow rate at the inlet =
52.387 kg/s, while mass flow rate at the outlet = 52.391 kg/s.

LT YYYYYW
0.9 000000044
ey
S
g 07 ) )
= 0.6 ® equation (10) withn=7
E 0'5 A equation (10) withn=9
0'4 """"""" SST k-w model with moderate mesh
0-3 realizablek-e model with moderate mesh
0.2 = = =realizablek-e model with coarsemesh
01 } — —realizablek-e model with fine mesh i
0

0 01 02 03 04 05 06 07 08 09 1
r’'R
Figure 3. Velocity profiles with inlet pressure of 2000 kPa and 50% valve opening.

RESULTS AND DISCUSSION

To understand the flow structure and the particles-fluid interaction and its effect on the
surface erosion, the governing equations are solved and the erosion rate is calculated for
different conditions of valve operation. Simulation results are shown in Figure 4 for the
system with 50% valve opening under intermediateinlet pressure of 2000 kPa with sand flow
rate of 10 kg/s.

Figures 4a and 4b show the classical relationship between the crude oil pressure and
its velocity near the valve holes where the pressure dropping with increasing the velocity.
Maximum velocity and minimum pressure were found when the crude oil is forced through
the valve holes, where maximum velocity reaches to 70 m/s in this case. Figure 4c shows the
sand is dispersed and almost follow the crude oil streamlines with approximately similar
velocity range.
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The sand particles trajectory impingement on the walls leads to erosion of the walls
as shown in Figure 4d. The simulation results show high erosion rate when the flow changes
the direction and the sand impinging on the walls, which is also reported by Parsi et al [5]
and Mazumder [23] among others. Maximum sand erosion rate is observed in the zone where
the valve is connected with the inlet pipe. Figure 4d shows also that sand particles erodes the
regions near the valve holes and piston edge.
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Figure 4. Simulation results with 50% valve opening under inlet pressure of 2000 kPa and
sand flow rate of 10 kg/s.

The results are generated for different inlet pressure and percentage valve opening with

constant sand properties and sand flow rate of 10~ kg/s using same methodology. The flow
rate of the crude oil and the area-weighted average erosion rate of the valve walls and piston
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excluding the inlet and outlet pipes are calculated for various opening percentage of the valve.
The results of the oil mass flow rate and the erosion rate are presented in Figures 5 and 6
respectively.

The crude oil mass flow rate is increasing by either increasing the valve opening or
increasing the inlet pressure as shown in Figure 5. The simulation results show also the
erosion rate increases with increasing the inlet pressure. However, the erosion rate decreases
with increasing the valve opening from 10% to 20% or 30% as shown in Figure 6. This trend
Is obvious with high inlet pressure as the jets formed from the flow through the valve opening
are stronger (with higher velocities for both phases) when the inlet pressure is high. Opening
the valve 30% and above leads to increase the erosion rate with increasing the valve opening
due to higher velocities through the valve, which leads to increase the mass flow rate of the
crude oil.

120 p

inlet pressure = 3000 kPa

100 b ceeeeeeee inlet pressure = 2000 kPa

----- inlet pressure = 1000 kPa

80

60 -

-
-
-
-
-
-
-
-

-
——
-
-
-

ofF T

Mass flow rate (kg/s)

-
——‘
-

20 |~

0 M M M M M M M M M

10 20 30 40 50 60 70 80 90 100
Valve openning (%)
Figure 5. Variation of average mass flow rate with percentage valve openning with
sand flow rate of 10 kg/s.
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Figure 6. Variation of average erosion rate with percentage valve openning with
sand flow rate of 10 kg/s.
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To show the effect of the mass flow rate of the sand on the erosion rate, the results are
generated for different sand mass flow rate injected from the inlet face for the case of 60%
valve opening. The variation of average erosion rate with particles mass flow rate are shown
in Figure 7 with different values of the inlet pressure. The results presented in Figure 7 shows
the linear relationship between the erosion rate and the particles mass flow rate. This is
obvious as the model used in the present study (defined in equation (9)) assumes linear
relationship between the erosion rate and the mass flow rate of the sand particles.
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Figure 7. Variation of average erosion rate with particles mass flow rate for 60% valve
opening.

Finally the contours for the sand erosion rates are presented in Figure 8 for different
percentage of valve opening with inlet pressure of 3000 kPa and sand flow rate of 10 kg/s.
In order to compare the results, same rage for erosion rate is used for all cases as shown in
Figure 8a-8f. Again, maximum sand erosion rate is observed for different valve opening in
the zone where the valve is connected with the inlet pipe. All the cases presented in Figure 8
shows the regions near the valve holes and piston edge are effected by sand erosion where
the flow changes the direction sharply which leads to sand impingement on the walls.
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Figure 8. Erosion rate contours with inlet pressure of 3000 kPa and
sand flow rate of 10 kg/s.

CONCLUSIONS

The present study is carried out to investigate the effect of the governing parameters on the
sand erosion in a crude oil flow through choke valve. CFD analyses were performed for
different valve opening and operating conditions. The simulations in the present study were
performed by solving the fluid dynamics field followed by particle tracking and finally
erosion rate calculation. Parametric instigation is carried out to calculate the erosion rate for
different values of the valve opening, sand flow rate and the pressure difference. The
simulation results show that the erosion rate is relatively high value for small valve opening
as well as large valve opening. Minimum erosion rate is found when the valve opening is
between 20-30%, which is recommended for minimum erosion in the system. The present
results show that reduction of both crude oil velocity and sand flow rate results in a decrease
in the rate of erosion. Therefore, reduction of the crude oil flow is one way for reducing the
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sand erosion. It is observed that locations with high values of erosion rates are experienced
high particles impact velocity with high angle of impingement relative to the main flow
direction. Zones affected by sand erosion rate are observed near the valve holes and piston
edge. Maximum erosion rate is found in the zone where the valve is connected with the inlet
pipe. The current findings can be utilized by oil and gas production and processing companies
as a guide of sand erosion in choke valves design and operation.
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