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In this study, separating water from oil is studied numerically. In this simulation, the Reynolds Stress Model and the mixture
multiphase model are used for coupling the velocity and pressure equations using the SIMPLE algorithm.�e simulated geometry
is taken from an experimental setup. It results that, in the case of the crude oil as the discrete phase, by increasing the diameter of
the discrete phase (crude oil) droplets, the separation e�ciency increases. If the diameter of the oil droplets is greater than 100
microns, the percentage of oil output from the spillway reaches 99.5%. In the case of the water phase as the discrete phase, if the
water droplets size is considered equal to 200 microns, the water separation e�ciency in the spillway reaches 69%.

1. Introduction

Today’s re�nery operations are very complex, and for a
person unfamiliar with the industry, it seems impossible to
reduce this complexity and present the operation as a co-
ordinated set of simple processes. �e re�nery aims to
convert more crude oil into transportation fuels with
practical economic aspects. Although re�neries produce
such useable products, a large proportion of their useable
products are transport fuels such as gasoline, diesel, turbine
(jet) fuels, and light heating oils.�e quality of crude oil used
for processing in re�neries is not quanti�ed. �ey determine
what is in it. Crude oil received fromwells is accompanied by
some water. In the water that comes out of the wells with oil,
some salts are dissolved, such as magnesium and calcium
salts.�e amount of this solution is alternating. For example,
in Middle Eastern oils, it is about 12 grams per ton, and in
Egypt oils, it is about 3 kg per ton. If the amount of salt in
crude oil exceeds 38 grams per cubic meter, it should be
desalinated. Another important parameter is the percentage
of salt and water sediments associated with oil, which is

determined by the BS&W parameter. �erefore, many re-
�neries desalinated for less than this amount [1, 2]. Excessive
saltwater in oil causes four major problems and frequent
�nancial losses because of the following:

(i) Water becomes highly corrosive due to the presence
of soluble salts and causes perforation and per-
manent destruction of expensive devices and
equipment such as pipes, valves, tanks, and oil
tankers.

(ii) �e presence of solute deposits on the inner surface
of the devices and equipment of re�neries causes
clogging and increases pressure drop, and disrupts
their performance. Blocks the pipes of oil heaters,
causing heat and pressure to rise and rupture,
leading to catastrophic explosions and �res.

(iii) It pierces the inner parts of the distillation towers,
causing them to shut down and require repair,
which yields heavy costs. �erefore, water should be
prevented from entering the re�nery equipment as
much as possible.
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(iv) If water is not separated from the oil, in addition to
the mentioned losses, it will occupy a part of the
volume of oil reservoirs and pipes, and as a result,
the volume of sent oil will be reduced, and water
transportation that has no value will have costs
equal to oil transportation costs.

Crude oil contains different amounts of inorganic salts
(NaCl, CaCl2, MgCl2, etc.).'e presence of these salts during
the processing of crude oil causes some problems, such as
corrosion, connection and deposition of equipment, and
poisoning of catalysts in the processing units. 'e desali-
nation process is done by washing the crude oil with clean
water and then removing the water to separate the salt from
the crude oil [3]. 'e process of desalination and effective
separation of the dispersed phase of brine from the con-
tinuous oil phase is a desirable process that has a variety of
methods. For example, gravity, suspension, thermal per-
formance, and electrostatic coagulation are methods used to
separate brine from crude oil. Each of these methods has
advantages and disadvantages. One of the most common
methods in the desalination process is the electric method,
but the operational complexity and high operating costs are
many disadvantages of electrical desalination. Many re-
search institutes have developed desalination methods and
have recently made great strides, including the centrifuge
method, the filtrationmethod, the magnetic control method,
the microwave irradiation method, and so on. However,
these methods are less used in industrial production due to
the complexity of equipment and low reliability [4]. 'e
principle of operation of hydrocyclone is similar to that of a
centrifuge, except that the body of a hydrocyclone is fixed
and the fluid inside it rotates. A hydrocyclone includes an
inlet, cylindrical, reduction, conical, tailpipe, bottom pipe,
and overflow sections. 'e flow is injected tangentially into
the cylindrical section of the hydrocyclone. As a result of the
rotation of the fluid inside the body, two internal and ex-
ternal vortices are formed.

Hsieh and Rajamani [5] 1991 developed a mathematical
model of a hydrocyclone based on fluid flow physics. 'eir
model equations were solved using a computer code that
considered the dimensions of the hydrocyclone and the
properties of the feed slurry as input. 'e Navier-Stokes
governing equations for the hydrocyclone geometry were
successfully solved. 'e output of their computer code was
the fluid velocity profile and the separation efficiency curve.
'e predictions of their model were validated using the
measured velocity profile inside a 75mmhydrocyclone. Pure
water and glycerol-water mixture were used as a working
fluid to simulate the increment of the slurry viscosity in the
presence of solid particles. In 2001, Gomez et al. [6] nu-
merically modeled and experimentally experimented with
the separation of an oil-water mixer in a 2-inch hydro-
cyclone. 'eir goal was to develop mechanical modeling for
oil removal. 'e inputs required for their model included
fluid properties, inlet droplet size distribution, and operating
conditions.'is model was able to predict the hydraulic flow
field. Obtained data included flow rate and droplet size

distribution at the inlet and downstream and oil concen-
tration at the spillway and separation efficiency. 'ey ob-
served excellent agreement between model prediction and
experimental data concerning separation efficiency and
pressure drop. In 2002, Jiang et al. [7] investigated the effect
of geometric and operational parameters on pressure drop
and oil-water separation performance in hydrocyclones.
Several hydrocyclone prototypes were investigated to obtain
the effects of geometric parameters, including vortex cavity
length and conical cross-section, and practical parameters.
'eir results showed that different geometric parameters of
hydrocyclones should be selected in different conditions.

Reyes et al. [8] investigated in 2006 whether the com-
putational fluid dynamics (CFD) method was able to sim-
ulate the liquid-liquid hydrocyclone behavior. 'e mixture
of oil and water entering the hydrocyclone was divided into a
high output (rich in oil) and a low output (rich in water) due
to centrifugal and buoyancy forces. Separation efficiency was
determined as the maximum amount of water discharged
from the bottom of the minimum amount of oil at the
bottom outlet or vice versa. 'eir experiments were per-
formed in a transparent liquid-liquid separator, which al-
lows the mixture to be visualized and the amount of oil to be
measured. 'e experiments were performed on three vari-
ables mixing speed, water content at the inlet, and split ratio.
'eir results showed that the CFD tool was able to analyze
the oil content obtained from the experiments for all con-
ditions. 'is study confirmed the capacity of CFD instru-
ments to analyze the multiphase flow of liquid-liquid
separators. Bhaskar et al. [9] 2007 simulated a hydrocyclone
with CFD and experimentally validated its results. In this
research, an attempt was made to develop a method to
simulate the performance of a hydrocyclone.'ey compared
the experimental and simulated results using different
turbulence models, namely the k-ε and Reynolds Stress
Models (RSM). Among these modeling methods, the pre-
diction using the RSM was found to agree with the exper-
imental results with an acceptable final error. In 2007,
Husveg et al. [10] studied the performance of hydrocyclones
during variable flow rates and found that hydrocyclones are
one of the newest technologies for treating offshore water. In
the acceleration field inside the hydrocyclone, the oil was
transferred to the center of the cyclone because the water was
forced to stick to the wall. 'e separation depended on the
structure of the double vortex flow within the hydrocyclone.

Bai and Wang [11] 2007 designed a desalination process
of crude oil based on hydrocyclone technology. In this
hydrocyclone, the salt concentration was reduced from
8mg/l to 3mg/l, and the dehydration efficiency was from 86
to 99%, with a feed flow rate from 27 to 30m3/hr. In 2010,
Shi et al. [12] studied the liquid-liquid hydrocyclone cyl-
inders and investigated the effect of design parameters, such
as different diameters, different shapes, and the size of the
vortex diameter at the top of the hydrocyclone, on the
separation efficiency through experimental and simulation
methods. 'e results showed that the diameter and angle of
the vortex affect the rotational flow and the separation ef-
ficiency. Finally, they concluded that the size of oil droplets
had a significant effect on separation. Increasing the average
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droplet diameter or trying to prevent droplets from breaking
into very small droplets was a practical way to improve the
hydrocyclone separation efficiency. In 2011, Zang et al. [13]
simulated the flow field inside a hydrocyclone with CFD
according to the RNG k-ε model and the Eulerian method.
'e fluid flows in the cylindrical section and the conical
section were very different. In the hydrocyclone separation
process, the dispersed phase affects the continuous phase
flow and complicates the turbulent flow field.'ere were still
some shortcomings and errors in this model in multiphase
hydrocyclone simulation. In 2012, Amini et al. [14] proposed
a mathematical model to predict the efficiency of a low-
cavity oil and water separation hydrocyclone. 'is separa-
tion efficiency was determined based on the droplet path of a
continuous oil drop. 'e droplet path model is developed
using the Lagrangian approach in which individual droplets
are tracked in a continuous phase. 'is model uses a con-
tinuous phase rotation flow to track oil droplets, and the trial
and error method is used to determine the size of the oil
droplets that reach the reverse flow region. 'e inputs re-
quired for their model were the hydrocyclone geometry,
fluid properties, inlet droplet size distribution, and operating
conditions at the lower output. 'is model was able to
predict the hydrodynamic flow field of the hydrocyclone, i.e.,
the distribution of axial, tangential, and radial velocities of
the continuous phase. 'eir results showed that the pro-
posed model can well predict the ratio and separation ef-
ficiency of the hydrocyclone.

Narasimha et al. [15] 2012 predicted the particle sepa-
ration in a rotating flow inside a 75mm hydrocyclone. To
simulate the performance of hydrocyclones, they used dif-
ferent turbulent multiphase CFDmodels.'ey found that in
the two-phase simulations, the mean and turbulent stresses
predicted by the Large Eddy Simulation model were in good
agreement with the previously validated data. Hosseini et al.
[16] 2015 investigated the parameters affecting the perfor-
mance of oil remover hydrocyclones. In this study, the ef-
fects of inlet flow, inlet oil volume fraction, and diameter of
oil droplets on separation efficiency and pressure drop ratio
along the body of the hydrocyclone have been investigated.
All simulations were performed using CFD techniques, in
which the Eulerian multiphase model and the Reynolds
turbulent stress model were used to predict the multiphase
and turbulent flow parameters in hydrocyclone. 'eir
simulation results showed a good agreement with the re-
ported experimental data. Vakamalla and Mangaddodi [17]
modeled turbulent flow inside an industrial hydrocyclone in
2017. Flow in industrial hydrocyclones is always turbulent.
'erefore, choosing the right turbulent model for accurate
prediction is one of the most important parts of the sim-
ulation. 'e goal of these two scientists was to find a suitable
turbulent model for predicting rotational flow in industrial
hydrocyclones. Two-phase and multiphase simulations in
hydrocyclones of various industrial sizes are performed
using fluidized-volume models modified with RSM, isolated
vortex simulations, and LES. 'e simulated flow field ve-
locities in the 75 and 250mm hydrocyclones were measured
using the laser Doppler measurement method. 'ey con-
cluded that the prediction of the turbulent RSM in larger

hydrocyclones with low turbulence levels is reasonably good.
But at the smaller sizes of hydrocyclones, the LES prediction
is superior to other turbulent models. And the results they
obtained suggested that the RSM could be used in larger
hydrocyclones due to low turbulence levels. However, in
smaller hydrocyclones, the LES turbulence model needs to
be used for accurate prediction.

Liu et al. [18] 2018 presented an axial hydrocyclone for
water separation from oil and investigated the effects of
structure parameters on oil-oil separation using CFD
methods. Narrowing the blade height and increasing the
blade deflection angle effectively increased the rotation
speed in the hydrocyclone. 'erefore, increasing the blade
deflection angle and decreasing the blade height can sig-
nificantly increase the oil-oil separation efficiency. 'e small
tapered angle keeps the oil droplets in the separation space
for a long time, so the separation efficiency increases as the
tapered angle decreases. Relatively, the reduction section of
the overflow pipe had less effect on water-oil separation.
However, there was a strong interaction between the re-
duction section and the separation efficiency. At the same
time, Huang et al. [19] designed and tested the development
of a high-performance dynamic hydrocyclone for water and
oil separation. Dynamic hydrocyclone is a high-efficiency
separator, but the oil core dispersion phenomenon was
observed when the splitting ratio was small.'e separated oil
was mixed with water again and the separation failed. To
overcome these shortcomings and improve performance, a
new dynamic hydrocyclone reverse flow is derived from the
conventional hydrocyclones. 'e results showed that in this
modified dynamic hydrocyclone, air bubbles, and oil
droplets were evaporated quickly from the oil outlet and the
effect of interference was reduced. 'erefore, the dispersion
of the oil core was prevented and the separation perfor-
mance was improved.

Liu et al. [20] presented research in 2019 on the inno-
vative design and study of magnetic hydrocyclones for water
and oil separation and believed that the traditional water-oil
separation hydrocyclone has mainly fast separation due to
the different centrifugal forces between oil and water.
However, with the gradual expansion of oilfield polymers,
inundation of alkaline surfactant polymer, and other oil
transfer technologies, the viscosity of the fluid produced
increases, and emulsification is severe, so the separation
efficiency is greatly affected. 'erefore, it is envisaged to add
another field based on the centrifugal force field to separate
the oil-water in a stronger connection field. Subsequently,
the concept of a magnetic field enters the hydrocyclone.
High-efficiency separation of a hydrocyclone can be
achieved by bonding a centrifugal force field and a magnetic
field, and they have designed a kind of magnetic hydro-
cyclone. In 2020, Kou and Chen [21] studied numerical
fluid-fluid flow inside the hydrocyclone cylinders with guide
vanes using CFD. 'e biphasic rotation was combined with
the RSM and the mixed numerical simulation model and the
results were well consistent with the experimental data. After
that, more studies on the effects of the velocity field, pressure
field, and separation performance under different conical
angles have been studied, which shows that the intensity of
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rotation and residence time has an important effect on the
performance of the hydrocyclone. At the same time, Tian
et al. [22] studied the decomposition of turbulent droplets by
a modified concentric two-cylinder rotating device. First,
according to the classical Hinze-Kolmogorov theory, the
problem of droplet decomposition in a modified device was
simplified. 'e circular flow field in the modified device was
a local isotropic perturbation. 'en, the high-precision
turbulent RSM was used to simulate a concentric cylindrical
rotating device.'eir main conclusions were that the droplet
size distribution corresponded to the normal input distri-
bution when the input oil concentration was low, the in-
tegration of oil droplets was ignorable, and a new nonviscous
dimensionless value was proposed.

In 2021, Wojtowicz et al. [23] analyzed the numerical and
experimental analysis of the flow pattern, pressure drop, and
separation efficiency in a cyclone with a square inlet and
different dimensions of the rotational flow.'e use of constant
temperature flowmetry was confirmed. Similarly, the pressure
distribution, pressure drop, and collection efficiency for cy-
clones were determined numerically and by measurement. In
high-speed rotational flow, the rotational flow geometry affects
their performance. It affects both the pressure drop and the
separation efficiency for the flow model. 'ese numerical
simulations of the flow obtained the position, scale, range, and
intensity of the external and internal rotational flows inside the
cyclones. Increasing the length of the vortex and decreasing its
diameter increased the outlet gas flow rate. Razmi et al. [24]
used CFD simulation to improve the separation of hydro-
cyclones to decrease the biodiesel impurities. In this work, they
prepared a hydrocyclone with a diameter of 10mm. Experi-
mental results showed a maximum impurity separation of
82.2%. Operating conditions including inlet mixture tem-
perature, pressure drop across the hydrocyclone, and per-
centage of inlet impurities were optimized using the Taguchi
method. 'en, the hydrocyclone was modeled using CFD and
the Eulerian-Eulerian computational model, and its results
were confirmed using the experimental data. Zang et al. [25]
increased the water flow from 3 to 7m3/hr and the oil fraction
from 1 to 10% in an axial separator with static rotation for the
oil-water mixture. 'e separation performance and pressure
drop on the inlet flow rate and different oil fractions were
studied. 'ey found that the separation chamber using a
conical tube created a greater tangential velocity than a tube
with an equal diameter. Inlet flow and oil fraction were two
serious operational parameters that affect the separator per-
formance. In addition, the splitting ratio increased first and
then decreased with increasing the inlet oil fraction, mainly
due to a change in central pressure in the separation chamber.

Dos Anjos et al. [26] evaluated turbulent models for
simulating single-phase liquid-liquid hydrocyclones. Be-
cause turbulent RSM, which is computationally expensive
and difficult to converge, is more recommended in this form
of computation. 'ey selected a hydrocyclone whose ex-
perimental tangential and axial fluid flow velocity profiles
were available. 'ey resulted that the shear flow field inside
the hydrocyclone may be predominant, and normal Rey-
nolds stresses do not play an important role in predicting
tangential velocities. Raeesi et al. [27] presented a three-

dimensional simulation to evaluate the performance of a
hydrocyclone. Due to the high-velocity rotating fluid flow,
the RSM was used to model this turbulent flow. 'e mixed
model was used to simulate multiphase flow within this
hydrocyclone. 'e separation efficiency of the hydrocyclone
was confirmed using the results of experimental data. 'e
effect of hydrocyclone geometry and operating parameters
were investigated. Finally, they provide an optimal design for
high separation. 'ey resulted that increasing the diameter
of the reducing (conical) section increases the separation
efficiency and the cyclone pressure drop ratio. Increasing the
diameter of the conical section (cylinder) increases the
separation efficiency and also the cyclone pressure drop
ratio. It was also obtained that, in addition to the densities of
the fluids that cause their separation based on their different
flow velocities, directions, and entered centrifugal force.
Consequently, other special factors, such as the wall’s hy-
drophobic or oleophobic properties, may affect the oil-water
separation efficiency of these hydrocyclones.

In the present study, the goal is to use a hydrocyclone in
the oil industry to separate the liquid-liquid phases from each
other. In this research, we seek to be able to separate the two
fluid phases by using hydrocyclone simulation. Attending to
the obtained result in our previous relevant study [27], the
fluid flow inside such hydrocyclones is turbulent and the RSM
and the mixture multiphase model are suitable for numerical
simulation of these hydrocyclones. In this simulation, the RSM
and the mixture multiphase model are used for coupling the
velocity and pressure equations using the SIMPLE algorithm.
'e simulated geometry is taken from an experimental setup.

2. Methodology

2.1. Principles. When two liquids are mixed, they do not
always become homogeneous as a solution, like water in oil.
Such solutions have a common structure, such as droplets of
a phase dispersed in another continuous phase, such as water
in oil (W/O) or oil dispersion in water (O/W); see Figure 1.
Dispersions are unstable and settle in a state of stagnation.
'e deposition and smoothing of the dispersions depend on
the diameter of the droplets [7]. Most crude oils contain
sodium and magnesium chloride, some sulfate, silica, and
iron oxides. 'e formation of salt deposits in such a way that
the phase change of water to steam occurs and the formation
of hydrochloric acid causes corrosion. Hydrochloric acid is
formed by the decomposition of calcium chloride and
magnesium chloride at high temperatures, see equations (1)
and (2). Chlorides and sulfates are soluble in small droplets
of suspended water in crude oil [28]. Some of the industrial
problems caused by the presence of salt solution in crude oil
include corrosion in pipelines and equipment, perforation
inside distillation towers, occupation of a part of tanks and
fluid transmission lines, and formation of sediment and
clogging of equipment.

CaCl2 + 2H2O⟶ Ca(OH)2 + 2HCl, (1)

MgCl2 + 2H2O⟶ Mg(OH)2 + 2HCl. (2)
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When the brine is in the form of coarse droplets, it is
called dispersion, which can be separated by settling in the
oil tanks. But, an emulsionmay have a droplet size of about 1
micron. 'e separation of the phases of this emulsion is
difficult because the dispersed clay particles act as a natural
colloidal protector. 'erefore, removing the emulsion is a
basic condition for removing the brine to achieve the per-
missible level of 0.05% by weight. For this purpose, the
chemical demulsifier, which is one of the active substances
on the common surface, is used. 'ese substances are added
to crude oil in very small quantities, causing small particles
to accumulate and coalesce, resulting in easy separation.
Large oxygenated, sulfuric, and nitrogenous molecules in oil
can also act as effective demulsifiers. Centrifugal force can
also be used to increase the separation speed. Surface-active
agents include fatty acid soaps, naphthenic acid, sulfonates,
and even sulfonic acids. 'e effect of these agents can be
increased by changing the pH value and increasing the
temperature. 'e amount of required agent is about 100 to
200 grams per ton of crude oil. Here the uniform and
complete distribution of the demolition solution in oil is
important [29]. In recent years, the removal of salt and water
from crude oil using electrical methods has become very
important. Despite the different methods, their operation is
based on the same principles. Also, if the salt is present in the
form of fine suspended crystals in crude oil, adding enough
water in the amount of 2 to 10% by volume to the oil
provides the solution of microcrystalline salts at 90 to 150°C,
depending on the density of crude oil [30]. Water and oil are
then separated in a separate tank. 'is separation is either
due to adding brittle emulsion chemicals or by creating a
high potential electric field to accelerate the adhesion of the
water droplets. In this case, alternating or direct current can
be used. 'e required potential is between 16000 and 25000
volts [31].

Recently, hydrocyclone has been developed as a new type
of water-oil separation device. It has many advantages, such
as less volume, more efficiency, simpler structure, shorter

residence time, high centrifugal forces (100 to 1000 times
more than the gravitational acceleration), and extra. It has
been shown that small changes in geometric parameters can
greatly affect the separation efficiency, although the structure
of the hydrocyclone is relatively simple. A hydrocyclone with
a standard structure designed by experts can achieve good
results for the separation of liquid water from a water-oil
mixture [32]. 'e hydrocyclone has the characteristics of
simple structure, low volume, lightweight, no moving parts,
and short processing time.'erefore, it has been widely used
in recent years. 'ere is an urgent need for efficient and
comprehensive water and oil separators in limited oil rigs
[33, 34]. Due to the different densities of oil and water, the
centrifugal force received in the hydrocyclone is different.
'e oil phase is less centrifugal by the centrifugal force and
accumulates in the central region of the separator, while the
water phase is strongly influenced by the centrifugal force
and is distributed on the wall between the separators and
finally achieves the separation of the mixture. Due to the
small difference in density, oil and water are difficult to
separate and are much harder to use in liquid-liquid cy-
clones than in liquid-solid cyclones.

2.2. Governing Equations. In this research, due to the high
volume fraction of the discrete phase at the input, the
Mixture model was used to solve the governing equations.
'e Mixture multiphase model is designed for two or more
phases (fluid or particle). According to the Huang study
[35], considering more than 10% of the volumetric fraction
of desecrated phase of the water-oil mixture in the hydro-
cyclone, we used the Eulerian-Eulerian flow method in
solving this simulation. Similar to the Eulerian multiphase
model, the phases are considered intertwined chains. In the
Mixture model, the momentum equation of the dissolved
mixture and the relative velocities are determined to describe
the dispersed phase behavior. 'e Mixture multiphase
model, like the VOF multiphase model, uses a single-fluid

Figure 1: Dispersion of water droplets in oil and oil in water [7].
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approach, but, in the Mixture model, the phases can be
mixed. In the Mixture model, phases can move at different
speeds using the concept of sliding velocity. In the Mixture
multiphase model, the momentum, continuity, and energy
equations for the mixed-phase and the volume fraction
equation for the second phase are solved, such as algebraic
equations for obtaining relative velocities. In this model,
droplet relaxation time (drt) is calculated as follows:

drt �
ρm − ρp d

2
p

18μf

. (3)

Attending to the fluid densities and concentration of oil-
water in the inlet mixture and also low values of the droplet
sizes, in this study, the value of this parameter is about
1.2×10−4 sec which is smaller than 0.001 sec, which is the
maximum acceptable value for drt in the mixture model [36].
In this mode, the continuity equation is presented below [36]:

z

zt
ρm(  + ∇ · ρm vm

�→
(  � 0, (4)

where t is the time, ρm is the density of the mixture, and vm
�→ is

the average velocity vector of a mass calculated from the
following equations:

vm
�→

�


n
k�1 αkρkvk

ρm

, (5)

ρm � 
n

k�1
αkρk, (6)

where ρk is the density and αk is the volume fraction of phase
k. 'e volume fraction of this phase is obtained from the
following equation:

z

zt
αkρk(  + ∇ · αkρk vm

�→
(  � −∇ · αkρkvdr,k

���→
 , (7)

where vdr,k
���→

� vk
→

− vm
�→ is the drift velocity vector of the phase

k that can be calculated as follows:

vdr,p
���→

� vpq
��→
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n
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αkρk

ρm

vqk
�→

, (8)

where vpq
��→

� vp
→

− vq
→ is the relative velocity of p and q phases

that is calculated as below:

vpq
��→

�
ρp − ρm d

2
p

18μqfdrag
a
→

, (9)

where dp is the droplet diameter, fdrag is the drag function,
and a

→ is the acceleration vector of the droplet, which have
been calculated using the following equations:

fdrag �
1 + 0.15Re0.687

, Re≤ 1000,

0.0183Re, Re> 1000,

⎧⎪⎨

⎪⎩
(10)

a
→

� g
→

− vm
�→

· ∇
→

 vm
�→

−
zvm

�→

zt
, (11)

where g
→ is the gravitational acceleration vector. 'e mo-

mentum equation for the mixture can be obtained by
summing the momentum equations of the individual phases
for all phases. It can be expressed as follows [36]:

z

zt
ρm vm

�→
(  + ∇ · ρm vm

�→
vm
�→

(  � −∇P + ∇ · μm ∇vm
�→

+ ∇v
T
m

�→
  

+ ρm g
→

+ F
→

+ ∇ · 
n

k�1
αkρkvdr,k

���→
vdr,k
���→⎛⎝ ⎞⎠.

(12)

Here n is the number of phases, P is the pressure, F
→

is the
vector of external forces, and μm is the viscosity of the
mixture.

μm � 
n

k�1
αkμk. (13)

To model turbulent fluid flows, there are many turbulent
flow models, ranging from k-ε models to more complex
Reynolds Stress Models. 'e choice of a suitable model for
highly rotational flow within a hydrocyclone has been studied
by many researchers [37, 38]. 'e turbulent Reynolds Stress
Model is able to accurately predict rotational flow behavior at
high velocities, and its results are near to the actual results. For
this model, it is necessary to solve the transfer equations for
each of the Reynolds stresses, which allows the turbulent flow
pattern, axial velocity, tangential velocity, shear diameter, and
pressure drop in rotational flows to be properly simulated.
Because this model calculates the effects of flow line curva-
ture, rotation, and rapid changes in strain rate in a more
difficult way than other turbulence models, it has a higher
potential for accurately predicting complex flows [39, 40]. In
this model, the transfer equation is written as follows [41]:

z

zt
ρui
′uj
′  +

z

zxk

ρukui
′uj
′  � Dij + Pij −Φij + εij. (14)

'e two sentences on the left side of this equation
represent the local derivative of stress with respect to the
time and the sentence related to convective transfer, re-
spectively. If the fluid flow is stable, the stress derivative with
respect to the time will be zero. 'e four terms on the right
side of this equation have been presented in equations
(15)–(18).

Dij � −
z

zxk

ui
′uj
′uk
′ + P′ δkjuj

′ + δikuj
′   +

z

zxk

μm

z

zxk

ui
′uj
′  .

(15)

'is equation is related to the stress penetration, where
P′ and u′ are the fluctuations of the pressure and velocity and
δ is the Kronecker delta. 'e first term of this equation
represents the penetration of the turbulent and the second
term represents the molecular penetration.

Pij � −ρm ui
′uk
′
zuj

zxk

+ ui
′uk
′ zui

zxk

 . (16)
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'is equation is related to the Reynolds stress
generation.

Φij � P′
zui
′

zxj

+
zuj
′

zxi

 . (17)

'is equation is related to stress pressure.

εij � −2μm

zui
′

zxj

zuj
′

zxi

. (18)

'is equation is about the loss of disturbed kinetic
energy.

2.3. Numerical Method. In the CFD method, by converting
the governing fluid differential equations to algebraic
equations, it is possible to solve these equations numerically.
By dividing the desired area of analysis into smaller elements
and applying boundary conditions to the boundary nodes,
by considering approximations, a system of linear equations
is obtained, which with solving the algebraic equations
obtains the field of velocity, pressure, and temperature in the
desired area. To model a system, we must first generate the
geometry we want to use.'e generated geometry must then
have meshed. Meshing has an important role in solving the
problem. According to Figure 2 and Table 1, the geometry of
the hydrocyclone is defined.

To solve a CFD problem, a fundamental step is taken in
the preprocessing, processing, and postprocessing sectors.
Mesh generation is in the preprocessing part. In this re-
search, according to Figure 2, after producing a suitable and
accurate geometry of the problem, the existing geometry
was divided into a series of grids or discrete elements. 'e
choice of an approach in mesh generation depends on three
factors: accuracy, efficiency, and ease of generation. Ac-
curacy means the desired quality of the mesh, which is
defined by various standards and criteria. 'e most famous
of them is the unevenness or skewness of the mesh, the
criterion of orthogonal quality and aspect ratio, in which all
three parameters are in a good area. Efficiency refers to the
efficiency of the desired number of cells. Due to the
knowledge of flow in this problem, in the sections where the
changes are more severe, the network has become smaller.
Ease of mesh generation is the basic parameter in this
section. In general, the production of disorganized mesh is
faster and in contrast to the generation of meshes with an
organization or a combination is time-consuming. In this
case, we have used a hybrid hexagonal mesh. 'e advantage
of the hexagonal mesh is that while our cell number is low,
this network is generated in the shortest time, and the
accuracy of calculations in this type of mesh structure is
high.

'e boundary conditions for this geometry are in three
areas: input, output, and wall. In the inlet area where the
fluid is injected tangentially into the hydrocyclone, the
velocity of the fluid entering this area is known and the flow
rate is determined by the hydraulic diameter and the inlet
velocity, and the intensity of the turbulence. 'e volume

fraction of the discrete phase is determined based on ex-
perimental data. In hydrocyclone geometry, there are two
areas for the fluid exit, one at the top of the hydrocyclone and
the other at the bottom. Because in the hydrocyclone, a
rotational fluid flow is generated in the direction of the
radius and causes changes in pressure, the pressure is im-
portant. 'e no-slip condition has been defined for the wall
boundary condition. In this simulation, a combination of
two phases of water and oil solution (with the presented
properties in Table 2) is injected into the inlet section of the
mentioned hydrocyclone.

To find the velocity distribution, the Navier-Stokes
equations are solved together with the RSM equations. 'e
QUICK scheme is used to obtain the momentum equations
and the quadratic discretization method is used to obtain the
kinetic energy of the turbulence and the turbulence rate. Due
to the fact that a rotating fluid flow is generated inside the
hydrocyclone, the PRESTO method has been used for
pressure discretization and the SIMPLE method has been
used for the relationship between pressure and velocity. 'e
acceptable accuracy for the calculated values in this numerical
solution was considered equal to 10−6 (according to Figure 3).

3. Results and Discussion

3.1.Mesh Independency. One of the important parameters in
the simulation process is the independence of the obtained

L

D

DoDi

Ls

LU

Du

I

Figure 2: Hydrocyclon geometry.
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results from the number of mesh elements. 'e results
obtained should not depend on the number of cells in the
computing grid. In this research, different numbers of grids
(681546, 992280, and 1045811) have been analyzed. Tan-
gential velocity parameters at different radiuses and sepa-
ration efficiencies have been obtained in these meshes, and
the obtained data have been presented in Figure 4 and
Table 3. 'e results obtained from the defined mesh with
681546 calculation nodes are far from the two other cases
and the experimental data. On the other hand, attending to
the high computation cost of the mesh with 1045811 cal-
culation nodes, the defined mesh with 992280 nodes has
been accepted for a suitable simulation in this hydrocyclone.

3.2. Validation. In order to use the simulation results, the
simulation results must first be compared with the experi-
mental data for acceptance of the predictions of the developed
model. It is observed in Figure 5 that the calculated separation
efficiency (Seperation Efficiency � Mass flowrate of outlet oil
from top offload/Mass flowrate of inlet oil) by this simulation
has less than a ten percent difference from the experimental
data obtained by Prataran et al. [42]. Attending to the
complexity of this problem, this range of error of the validated
results is acceptable [35].We have calculated the mass balance
(for total flow and also water and oil components) for vali-
dating the model predictions. 'e maximum calculated value
for relative error between inlet and outlet flows was equal to
2.65×10−7, which is lower than our convergence condition
acceptance value (i.e., 10−6). 'erefore, the simulation results
are valid and the predicted results can be used.

3.3.2eEffect of theFluidFlowDirectionsand theForces on the
Hydrocyclone Efficiency. In a hydrocyclone, there are many
forces in which the centrifugal force and the fluid resistance
(drag) account for the largest share of the separation effi-
ciency. In this equipment, fluid directions are in two op-
posite directions, so that the centrifuge force directs the fluid
toward the wall, but the drag force directs the fluid toward
the core of the hydrocyclone. 'erefore, the lighter fluid has
a larger volume of drag force, and the heavier fluid has a
larger volume of centrifugal force.

Figure 6 shows the direction of flow inside the hydro-
cyclone. 'ere are two types of rotational flows inside the
hydrocyclone. 'e fluid enters the cylindrical part of the

Table 1: 'e size of different sections of the investigated hydrocyclone [42].

D (mm) I (mm) Do (mm) Di (mm) Ls (mm) L (mm) Lu (mm) Du (mm)
35 9.8 15.15 7 10.01 380.8 299.6 10.01

Table 2: Feed properties [42].

Phase % Density (kg/m3) Viscosity (kg/m/s)
Water 75 998.2 0.001
Oil 25 882 0.005

Figure 3: A view of the hydrocyclone mesh.
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Figure 4: Calculation of tangential velocity versus radiuses if the
hydrocyclone with different calculation meshes.
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hydrocyclone tangentially, and then it is divided into two
internal and external rotational flows. A large part of the
fluid, which includes the continuous phase of water and also
has a higher density than the discrete phase, moves toward
the wall of the hydrocyclone and exits the bottom, and thus
the discrete phase fluid, which has a lower density than the

continuous phase, enter the internal rotation, moves up-
wards and exits from the upper part of the hydrocyclone
(overflow).

3.4. Investigationof theFluidFlowVelocity andPressure inside
the Hydrocyclone. Figure 7 shows the static pressure inside
the hydrocyclone. Due to the rotational current created by
the tangential inlet flow, there are variations in the pressure,
in the radial and axial directions. According to this figure,
after entering the hydrocyclone, the fluid flow is divided into
two different flows with different pressures. In the yellow
area, the high pressure is formed by the heavier and denser
fluid, which moves toward the walls by the centrifugal force
because the pressure builds up near the wall. 'e dark blue
area has negative pressure, and the lighter fluid, which has a
lower density, moves toward the lower pressure hydro-
cyclone core by a rotational flow and has been separated
from the heavier phase, consequently.

As shown in Figure 8, the input fluid flow velocity plays an
important role in the separation efficiency process. It should be
noted that we tried to study a simple structure of hydrocyclones
for this separation, which has a minimum operating cost in
comparison with hydrocyclones with rotating impellers,
magnetic forces, or extra. 'erefore, no external force has been
considered for the simulated hydrocyclone. Since no external
dynamic force is used in the hydrocyclone, the flow velocity
fluctuation is the only parameter that affects the separation
efficiency. To make the best use of the hydrocyclone and get
more efficiency, we can increase the input fluid flow velocity.
However, according to the obtained results, after passing a
certain inlet velocity value, the efficiency has decreased. It
should be noted that the relative velocities among the fluid flow
layers within the circular flows inside these hydrocyclones have
a major role in the generation of eddies in the high intralayer
shear stress zones. Increasing the inlet fluid flow velocity (more
than a certain value), increases the velocity difference among
the fluid flow layers, increases the shear stresses among these
layers, increases the eddies generations zones, and increases the
mixing effects by these eddies, consequently.

3.5. Separation of Discrete Phase (Water) from Continuous
Phase (Oil). In this stage of the study, it is considered that the
inlet fluid flow consists of 25% oil and 75% water. Our goal in
this section is to separate the phases with the best efficiency.
Based on this research with a droplet size from 20 to 200 mi-
crons, it is founded that the lower density phase moves toward
the hydrocyclone core, and the denser phase moves toward the
wall. According to Figure 9, the oil phase separation has been
increased by increasing its droplet size from 20 to 100 microns,
and from 100 to 200 microns, the separation performance has
been almost constant, whichmeans that approximately 99.5% of
the oil has been separated from the water. 'erefore, it is better
to consider a series of processes to increase the diameter of the oil
droplets before entering the hydrocyclone.'e modeled sizes of
the droplet in this simulation are in the normal range of the
investigated droplets in different studies [12, 13, 22]. In industrial
applications, this size can be utilized, bypassing the discrete
phase from specially designed sieves.

Figure 6: Streamlines of the continuous phase (water).

Table 3: Hydrocyclone separation efficiencies in different calcu-
lation meshes.

Run Mesh type Size Separation efficiency (%)
1 Large 681546 59
2 Medium 992280 71
3 Small 1045811 73
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Figure 5: Comparison of simulation results with experimental data
[42].
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3.6. Separation of Discrete Phase (Water) from Continuous
Phase (Oil). In this part of the study, it is considered that the
inlet fluid flow to the hydrocyclone consists of 90% oil and
10% water. According to Table 4, in three different inlet
velocities with a certain diameter of water droplets (i.e., 75
microns), it is obtained that at 8m/sec, inlet velocity has the
highest separation efficiency.

At inlet velocity equal to 6m/sec, it is observed that the
lowest separation efficiency has been achieved because fewer
droplets of water move down the wall of the hydrocyclone,
and the forces have no important effects at this velocity.
'erefore, the rest of the water with the oil comes out from
the overflow and keeps the separation efficiency at the 40%
level. At an inlet velocity equal to 8m/sec, the maximum
efficiency has been achieved so that using this inlet velocity,

we can separate these two phases in the best possible way. In
this case, the internal and external flows work properly, so
that the effect of the forces is noticeable, according to
Figure 10. 'erefore, more water comes out from the bot-
tom, resulting in 48% separation efficiency. At 10m/sec inlet
velocity, the separation efficiency has been decreased be-
cause the effect of the forces on the phases has been de-
creased, so the separation efficiency of these two phases has
been reduced to 43%.

In this section, the results of simulations with water
droplets with sizes equal to 150, 75, and 200 microns have
been presented. As can be seen in Table 5, the separation
efficiency has been increased up to approximately 70% as the
droplet diameter was increased. According to the centrifugal
force equation, the higher the mass of the droplet, the larger
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Figure 8: (a) Diagram and (b) contour of velocity magnitude within the hydrocyclone.
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the centrifugal force. It causes water droplets to move toward
the wall of the hydrocyclone. Water droplets also move
downwards under the influence of gravity.

4. Conclusions

In this research, a homemade code has been developed to
simulate the separation of two fluids, water, and oil, using a
hydrocyclone device.'e three-dimensional geometry of the
hydrocyclone has first meshed. 'en, to solve the problem,

the Reynolds stress turbulence model and mixed multiphase
model were used, and then the governing equations were
solved, numerically. 'e results obtained from the simula-
tion model were compared with the existing experimental
data. 'e difference between the simulation results and the
experimental data was less than 10%. 'e Reynolds stress
perturbation model predicted the flow pattern stress in the
hydrocyclone, which was observed in two types of rotational
flow. 'e free rotational flow moves to the bottom and the
forced rotational flow moves to the overflow. 'e following
results have been obtained in this study:

(i) In the case where 25% of the inlet fluid flow to the
hydrocyclone consists of oil, as the droplet diameter
increases, the separation efficiency increases, and
when the droplet diameter exceeds 100 microns, the
separation efficiency increases to 99.5%, because the
affected drag and buoyancy forces to the oil droplets
increase and therefore the discrete phase moves
toward the hydrocyclone core.

(ii) Separation efficiency is directly related to inlet ve-
locity up to 8m/sec. 'is means that as the inlet
velocity increases, the separation efficiency also
increases, and from a certain velocity (i.e., 8m/sec),
the separation efficiency is inversely related to this
parameter. More than this value, the higher the inlet
velocity, the lower the separation efficiency. 'is is
because the higher the inlet velocity, the greater the
centrifugal force than the drag force, so it causes
some of the discrete phases to move toward the wall,
which reduces the separation efficiency.

(iii) In the case that the fluid entering the hydrocyclone
is 10% water and the rest is oil, more of the water
comes out from the bottom. It is concluded that the
larger the diameter of the water droplets, the larger
the percentage of water exiting from the bottom. In
this simulation, the diameter of the water droplets
was increased to 150 microns. In this case, 60% of
the water entering the hydrocyclone is discharged
from the bottom.

Nomenclature

a: Acceleration of droplet (m · s−2)

dp: Droplet diameter (m)
Dij: Stress penetration
fdrag: Drag function
F
→
: Vector of external forces

g: Acceleration caused by an external physical force
(m · s−2)

k: 'e turbulent kinetic energy (J · kg−1)

n: number of phase
P: Average pressure (Pa)

Pij: Reynolds stress generation
Pk: 'e rate of production of turbulence kinetic

energy [32]: Pk � −ui
′uj
′zui/zxj

Ret: Reynolds number of turbulence flow [9]:
Ret � k2/υε
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Figure 10: 'e fluid flows vectors inside the hydrocyclone.

Table 5: 'e effect of water droplet diameter on the separation
efficiency.

Run Water droplet
size (micron)

Water separation efficiency at the bottom
(%)

1 75 48
2 150 60
3 200 69
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Figure 9: Effect of droplet size on the separation efficiency.

Table 4: Efficiency of water separation in the bottom.

Run Inlet fluid flow velocity
(m/sec) Water separation efficiency (%)

1 6 40
2 8 48
3 10 42
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ui, uj: Components of the average velocity vector
(m · s− 1): u, v

ui
′, uj
′: Components of the turbulent velocity vector

(m · s− 1): u′, v′
v′2

ui
′uj
′:

Reynolds stress components (m2. s− 2): u′v′, u′
2

v: average velocity
t: time (s)

Greek Letters

α: Volume fraction
δij: Kronecker delta δij �

1 i � j

0 i≠ j
 

εij: Turbulent kinetic energy dissipation rate (J · kg−1)

μ: 'e viscosity of fluid (Pa · s)

μt: Turbulent viscosity of the flow based on the k-εmodel
(Pa · s) [2]: μt � Cμfμρk2/ε

υ: Kinematic viscosity of the fluid (m2 · s)

ρ: Density of the fluid (kg · m(−3))

Φij: Stress pressure
∇ · u: Divergence of u vector

Suscripts

k, p, q: related to the phases
m: mixture.
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