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Abstract

The flow behaviour in hydro-cyclone is quite complex. The complexity of fluid flow in the
cyclone is due to the fact that flow in a cyclone is a swirling turbulent multiphase flow. This
paper presents a numerical investigation on the effect of volume fraction (% of phase 2-oil-
to the total inlet flow-water + oil-, by volume) on the liquid–liquid hydro-cyclone
performance. A mathematical model for the two components of flow is developed using the
RNG k-ε model, and employing the Eulerian– Eulerian approach. The flow features were
examined in terms of flow field velocity (axial, radial and tangential), pressure drop and
separation efficiency. Results indicate that on increasing the volume fraction the static
pressure increases, the axial velocity decreases, the radial velocity decreases, and the
tangential velocity has almost unaltered. In addition, the separation efficiency is affected by
the volume fraction. The increase of volume fraction increases the separation efficiency.
However, increasing the volume fraction leads to increase in the separated part of phase 1
(water) and decrease the separated part of phase 2 (oil).
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1. Introduction

A hydrocyclone is a device to classify, separate or sort particles in a liquid suspension based on the
ratio of their centripetal force to fluid resistance. This ratio is high for dense (where separation by
density is required) and coarse (where separation by size is required) particles, and low for light and
fine particles. Hydrocyclones also find application in the separation of liquids of different densities.
The theory and principles of a cyclone is simply that the fluid under pressure is administrated at a
tangential inlet to the cyclonic body. The fluid develops a vortex system; an outer vortex moving in
the underflow direction and an inner reversed vortex, moving in the overflow direction, [1,2]. The
vortex is formed physically in a hydrocyclone due to the swirling motion of the tangentially inlet
liquid velocity and resulted in low pressure regime within the cyclone. Thus an air-core is formed.
The air comes through the underflow of the hydrocyclone from atmosphere [3]. The swirl intensity
is related, by definition, to the local axial and tangential velocities. Therefore, it is assumed that
once the swirl intensity is predicted for a specific axial location, it can be used to determine the
velocity profiles [4]. On reviewing previous research on hydrocyclones, one may cite Husveg et al.
[1] who described the performance of a de-oiling hydrocyclone during variable flow rates, and
found that increasing flow rates reduce the pressure drop ratio (PDR). If the PDR reduction is too
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large, hydrocyclone efficiency drops off. On the other hand, reducing flow rates leads to increase in
PDR. An increase in PDR increases the flow split and may marginally increase hydrocyclone
efficiency. Hai-fei et al. [5] studied experimentally the oil/water separation in a liquid-liquid
cylindrical cyclone. The separation efficiency increases with increasing the flow split-ratio. An
appropriate increase of the inlet flow rate can improve the oil/water separation. Through a
dimensional analysis, the separation efficiency is a function of the Reynolds number and the flow
split-ratio. Hwang et al. [6] studied the improvement of particle separation efficiency in a 20-mm
hydrocyclone by installing a conical top-plate. Particle trajectories were simulated based on a
Lagrangian frame by considering the interactions with continuous phase, once the fluid velocity
distributions become known. Increasing the cone angle decreased the circulation flow and therefore
increased the tangential velocity and centrifugal effect near the hydrocyclone wall. The optimum
design of the cone angle is 30°. Wang L. and Wang J. [7] saved energy by the so called Reducing
Pressure Drop Stick (REPDS), installed in a new hydrocyclone to reduce the pressure drop. The
drag reduction of the REPDS increases with increasing the radial position of the REPDS. Amini et
al. [8] developed a new mathematical approach for the evaluation of de-oiling hydrocyclone
efficiency. The proposed model considered the effects of size distribution of oil droplets,
hydrocyclone geometry and flow rate on separation efficiency. Honaker et al. [9] evaluated the
benefits of tangential water injection into the apex portion of a classification cyclone for the
removal or minimization of the ultrafine by-pass. Parametric effects were studied using empirical
models derived from some test data. Quadratic models were used to describe the by-pass and
imperfection as a function of two operating and three geometric parameters. The accuracy of
predictions were found to be reasonable, as indicated by coefficient of determination values greater
than 90%. Swain et al.[10] used the Eulerian–Eulerian CFD simulation approach of a solid–liquid
hydrocyclone to study two solid phases and one liquid phase. Two turbulent models, the Reynolds
stress model (RSM) and the standard k-ε model were used and they noted that with increase in flow
rate, the separation efficiency increased and the separation efficiency predicted by the k-ε model
found to be close to that predicted by the RSM model for the low flow rates at which the
simulations were carried out. Very fine mesh could not be used as the Eulerian–Eulerian model is
computationally intensive and for multiphase systems, it becomes still difficult. Narasimha et al.
[11], predicted the flow velocities and air-core diameters using the DRSM (differential Reynolds
stress model), LES(large eddy simulation) model and the VOF (volume of fluid) model, for the air
phase made analysis for various inlet water velocities and compared their finding with experimental
results. The LES turbulence model led to an improved turbulence field prediction and thereby to
more accurate pressure and velocity fields. An increase in the viscosity of the liquid reduces the air-
core diameter at constant feed velocity by lowering the pressure drop over the cyclone. Bhaskar et
al. [12] developed a methodology for simulating the performance of hydrocyclone. Initial work
included comparison of experimental and simulated results generated using different turbulence
models i.e., standard k-ε, RNG k-ε and RSM in terms of water throughput and split with the help of
suitably designed experiments. The simulation results adopting RSM model were found to have
better agreement of predictions with experimental results. Parametric results have indicated that the
feed inlet pressure has a major influence on mass flow through the cyclone and spigot opening on
percent split into the over flow. Yaojun et al. [13] used the Reynolds stress transport equation model
to predict the strongly swirling turbulent flows in a liquid-liquid hydrocyclone, and the predictions
are compared with LDV measurements. Puprasert et al. [15] investigated the hybrid hydrocyclone
process, involving micro-bubbles injection generated by the dissolved air flotation technique.
Efficiencies of 61 ± 4% for turbidity decrease and 77 ± 20% for suspended solids removal were
obtained. The separation efficiency between the clarified water and the flocs reached 95 ± 10%.
This process achieved continuous operation with 1000 L/h inlet flow. Zhao et al. [16] considered
the effect of structural type, geometric parameters, and operation parameters on the performance of
hydrocyclones. They focused on gas–liquid separation, and numerical simulation of the typical
hydrocyclone was carried out. As a 3-phase hydrocyclone, Topcu [17] studied numerically the case
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of gas-liquid-solid flow in the cyclone. The turbulent flow of the gas and the liquid modeled using
the realizable k-ε model. The air-core development is observed to be a transport effect due to the
velocity of surrounding fluid rather than a pressure effect. Shi-Ying et al. [18] reported
experimental results on a new vane-type pipe separator (VTPS). The experiments were conducted
for the possible application in the well bore for oil–water separation and reinjection. Amini et al. [4]
mathematically predicted the efficiency of a down-hole oil–water separation hydrocyclone. In the
proposed model, the separation efficiency was determined based on droplet trajectory of a single oil
droplet through the continuous-phase. The droplet trajectory model was developed using a
Lagrangian approach in which single droplets traced in the continuous-phase. Hualin et al. [19]
mentioned the techniques and industrial applications of the reinforced cyclonic separation process.
Murthy and Bhaskar [20] investigated numerically and validated with experiments a range of
process conditions and provided further understanding on the parametric design and operating
conditions. Shu-ling et al. [21] studied numerically the simulation of flow velocity of hydrocyclone
conducted with different structural and operational parameters. Distribution characteristics and
influencing mechanism were Delgadillo and Rajamani [22] used CFD to numerically predict the
hydrodynamic performance for different geometries for the sake of finding the desired
classification. Bergström et al. [2] surveyed an overview of the contributions and found that fewer
experimental studies investigate the internal flow field and only one study treated the flow as three-
dimensional flow. Sripriya et al. [23] studied the separation performance characteristics of the
hydrocyclone. They considered the effect of flow rate, vortex finder depths, air core and particle
interaction and described the performance of a deoiling hydrocyclone for variable flow rates.
Neesse and Dueck [24] studied air core formation in the hydrocyclone and reported that air is often
the neglected third phase of the 3-phase flow in the hydrocyclone. Martignoni et al. [25] studied the
effect of cyclone geometry through the creation of a symmetrical inlet and a volute scroll outlet
section experimentally and made comparisons with ordinary single tangential inlet cyclone. Ovalle
et al. [26] studied the role of some wavelike motion observed in the interior of a conical
hydrocyclone used in mineral processing operations and obtained a stable numerical solution of the
equations of motion, using a stream function-vorticity formulation on a non-structured mesh.
Cullivan et al. [27] studied numerically and validated experimentally the flow field of a 2 in.
hydrocyclone shown to be significantly asymmetric without precession. Streamline expansion over
the vortex-finder tip combined with existing secondary flow structure, established a globally static
asymmetry throughout the hydrocyclone. Hence, the air-core predicted to exhibit a static asymmetry
without precession, as was observed through high-speed video and radiography. Chinéand Concha
[28] used a Laser Doppler Velocimeter, to determine the tangential and axial velocity fields for the
water flow in a 102-mm modular hydrocyclone. R. Gupta et al. [3] studied experimentally the effect
of air-core on the pressure across the hydrocyclone geometry. Due to the low pressure at the
hydrocyclone axis, a back-flow of gas can occur then forms a gas-core. This gas-core affects the
separation efficiency.
The objective of this paper is to numerically demonstrate the performance of a deoiling
hydrocyclone and detect the effect of volume fraction of the two (liquid) phases on the cyclone
separation efficiency.

2. Numerical details
2.1. Grid Generation and Meshing

In the present work numerical solution will be used for presenting the effect of variable
volume fractions on the static pressure, axial, radial, tangential velocities and separation
efficiency by using the RNG k-ε model for 2-phase liquid-liquid hydrocyclone. Water
liquid was used as phase 1 and Crude oil was used as phase 2. The hydrocyclone was
modelled by the commercial CFD code Fluent 6.3.26. This code uses the finite volume
method. Mesh was structured by Gambit 2.3.16 with grid number of cells is 111373 and all
cells were only hexahedral elements as shown in Figure (1-a, b).
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TABLE1: SOLVER AND MESHING FEATURES USED IN THE CASE STUDY

Component of the hydrocyclone Measurements (cm)
Internal diameter of the cylinder
Length of cylindrical portion
Length of the conical portion
Diameter of the underflow pipe
Diameter of the vortex finder pipe
The feed inlet dimensions
Vortex finder depth

10.0
21.6
36.5
2.5
1.8
2.5 × 2.5
12.5

(a) (b)
Figure 1. Mesh shape.

2.2. Governing equations
The volume fraction of each phase is calculated from the continuity equation:

(1)
The solution of this equation for each phase, along with the condition that the volume fractions sum
to one, allows for the calculation of the primary-phase volume fraction. This treatment is common
to fluid-fluid and granular flows. Also the conservation of momentum for a fluid phase q reads:

(2)

In the Euler-Euler approach, the different phases are treated mathematically as
interpenetrating continua. For fluid-fluid multiphase flows, the transport equations for the present
model are:

(3)
And

(4)
The RNG K- model is derived using a rigorous statistical technique (called renormalization group
theory). It is similar in form to the standard K- model, but includes the following refinements:
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The RNG model has an additional term more than the standard model in its  equation that
significantly improves the accuracy for rapidly strained flows. The effect of swirl on turbulence is
included in the RNG model, enhancing accuracy for swirling flows. The RNG theory provides an
analytical formula for turbulent Prandtl numbers, while the standard K- model uses user-specified,
constant values. While the standard K-  model is a high-Reynolds-number model. The RNG theory
provides an analytically-derived differential formula for effective viscosity that accounts for low-
Reynolds-number effects. Effective use of this feature depends on an appropriate treatment of the
near-wall region.

The scale elimination procedure in RNG theory results in a differential equation for the turbulent
viscosity as:

(5)

Where . (6),
For accurate description of how the effective turbulent transport varies with the effective Reynolds
number (or eddy scale), allowing the model to better handle low-Reynolds-number and near-wall
flows.
In the high-Reynolds-number limit, Equation (5) gives

(7)
These features make the RNG K- model more accurate and reliable for a wider range of flows than
the standard K-model.

The description of multiphase flow as interpenetrating continua incorporates the concept of phase
volume fractions, denoted here by αq. Volume fractions represent the space occupied by each phase,
and the laws of conservation of mass and momentum are satisfied by each phase individually. The
derivation of the conservation equations can be done by collective averaging the local instantaneous
balance for each of the phases or by using the mixture theory approach.

The volume of phase q, Vq, is defined by

(8)
Where

(9)
The effective density of phase q is given by

(10)

(11)

(12)
The separation efficiency, η, is defined by:

(13)

3. Results and discussion
The results simulating the pressure and velocity fields inside the cyclone for different volume
fractions (0.2, 0.4, 0.6, and 0.8) at different test runs are given below. The simulation studies are
carried out using RNG k–ε model, Eulerian–Eulerian approach model by using Fluent 6.3.26
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commercial software. These simulations were done at a constant velocity feed equals 2 m/s., for
water as phase1 and crude oil as phase2.

TABLE2: CHARECTERISTICS OF FLOW AT DIFFERENT VOLUME FRACTIONS

Vf 0.2 0.4 0.6 0.8
ρ          ( kg/m3) 972 944 916 888
μ ×10-3 (kg/m.s) 2.42 3.84 5.26 6.68
Re 20082.64 12291.67 8707.224 6646.707

Level 1

Level 2

Level 3

Level 5

Level 6

10 cm from the apex

20 cm from the apex

40 cm from the apex

50 cm from the apex

57 cm from the apex

Level 4 45.6 cm from the apex

Figure 2. Computation levels.

Six levels in the hydrocyclone are considered as shown in Figure (2). Results will be focused on
levels 2, 3, 5.The following legend signs are used:
(■) For volume fraction 0.2, (♦) for volume fraction 0.4, (▲) for volume fraction 0.6, and (●) for
volume fraction 0.8. Also; (        ) for phase 1 and (        ) for phase 2.The axial coordinate
represents the dimensionless radius r/R and the vertical coordinate represents the dimensionless
parameter.

Simulated general flow patterns in the cyclone in terms of static pressures and axial, radial
and tangential velocities are shown in Figure 3 (a, b, c, d, respectively). Figure 4 (a, b, c)
demonstrates computational results of non-dimensional static pressure variation with radial distance
at levels 2, 3 and 5, respectively. The corresponding non-dimensional variation of axial, radial and
tangential velocity components are shown in Figs. 5(a,b,c), 6(a,b,c) and 7(a,b,c), respectively.

Figure3-a illustrates the variation of static pressure through the hydrocyclone. The pressure
decreases through the finder because of fluid suction; also it increased at the hydrocyclone sides
because of high swirl, and in (figure 3-b) shows the direction of flow across the hydrocyclone
according to axial velocity which is down at the sides and up for the interior.

In (figure 3-c) the flow has zero velocity at the sides and max. at the centre and different
direction because of rotation. From (figure 3-d) the tangential velocities get its max. value in the
conical section and increases during the cylindrical part.

In (figure 4- a, b, c)static pressure increases by increasing the volume fraction in all levels.
This occurs because of lowering of the overall density, which increases the velocity. These results
are largely in agreement with those reported by Bhaskar et al, 2006 [12].

Axial velocity generally increases by increasing the volume fraction in all levels (figure 5- a,
b, c). But it can be noticed that axial velocity of phase 1 is less than that of phase 2. The difference
decreases to become unnoticed for high levels at the top, due to high swirl velocity. Again, these
results are in line with those observed by Bhaskar et al, 2006 [12].
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Figure 3. Non-dimensional Variation of static pressure and velocity components
with radial distance at different levels inside cyclone.

(a) Level 2 (b) Level 3

(c) Level 5 (d) Bhaskar et al, 2007 [30]
Figure 4. Static pressure

Radial velocity, increases by increasing the volume fraction in all levels (figure 6- a, b, c).
But it can be noticed that radial velocity of phase 2 is less than phase 1.Results in fig 6-d represent
the tangential velocity; which resembles in behaviour, with some difference, the radial velocity.
This difference could be due to differences at coordinates.

For tangential velocity, the difference between the volume fraction values is very small as
shown in (figure 7- a, b, c).
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Finally, the efficiency of the presented hydrocyclone increases by increasing the volume
fraction. With the increase of volume fraction we see that the partial separation efficiency of phase-
1 increases but that of phase-2 decreases. This is believed to occur due to high radial forces that
make remixing at finder outlet.

(a) Level 2 (b) Level 3

(c) Level 5 (d) Bhaskar et al, 2007 [30]
Figure 5. Axial velocity

(a) Level 2 (b) Level 3

(c) Level 5 (d) Bergström and Vomhoff, 2007 [2]
Figure 6. Radial velocity
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(a) Level 2 (b) Level 3

(c) Level 5
Figure 7. Tangential velocity

4. Conclusions

In hydrocyclones used for separation of two liquid phases, with increase of volume fraction:
 The static pressure and both axial and radial velocities all increase upward in the conical

section up till the entrance of the cyclone finder.
 Relatively slight changes in the above parameters occur from the finder entrance to the top

of the hydrocyclone.
 Small changes are resulted in tangential velocity values across the hydrocyclone.
 The separation efficiency increases, although it has in general relatively small values.
 The partial separation efficiency of phase 1 increases whereas that of phase 2 decreases.
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Figure 8. Variation of separation efficiency
with volume fraction

Figure 9.Partial separation efficiency for
different volume fractions.

Nomenclature
A Area.
C Drag coefficient.
C1ε, C2ε and C3ε Constants.
Dh Hydraulic diameter (m).
FD Drag force, (N).

Lift Force, (N).

External body Force, (N).
Virtual mass force, (N).

Gravitational acceleration, (m/s2).
Gk Generation of turbulent kinetic energy due to the mean velocity gradient.
Gb Generation of turbulent kinetic energy due to buoyancy.
K Turbulent kinetic energy, (N.m).
P Perimeter, (m).
Re Reynolds Number.
Sk and Sε User-defined source terms.
t  Time, (s).

Phase stress – stress tensor, (Pa).
U Axial velocity, (m/s).
V Radial velocity, (m/s).
W Tangential velocity, (m/s).
YM Contribution of the fluctuating dilatation in compressible turbulence to the

overall dissipation rate
αk and αε The inverse effective Prandtl numbers for k and ε, respectively.
ε Dissipation rate of the turbulent kinetic energy, (m2/s3).
η Separation efficiency
μ Molecular viscosity of the fluid, (Pa.s).
μt Turbulent eddy viscosity, (Pa.s).
ρq Physical density of phase q, (kg/m3).
ρrq Phase reference density, (kg/m3).
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σk and σε Turbulent Prandtl numbers for k and ε.
Abbreviations:
CFD Computational Fluid Dynamics.
LES Large Eddy Simulation.
RNG Renormalization Group Method.
RSM Reynold’s Stress Model.
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