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A novel hydrocyclone with guide vanes, named as axial hydrocyclone (AHC), is designed to tackle the problem of
oil-water separation faced by most mature oilfields. Optimal design of the AHC is carried out by using numerical
methods. The effects of guide vanes, cone angle, tapered angle and overflow pipe on the oil-water separation are
discussed in this paper. The results show that a double swirling flow is generated in the tapered section where
oil-water separation occurs. Both the cylindrical and the tapered section have important influences on AHC
performance. On the basis of single factor results, response surface methodology is employed to optimize the
AHC design. The experimental results indicate that the novel AHC has an excellent performance for the oil-
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1. Introduction

With the large-scale development of deep-sea petroleum resources,
the water content of output fluids is ever-increasing so that most of
water treatment systems have reached their maximum capacity [1].
To overcome this problem, the technology of downhole oil-water
separation (DOWS) was proposed utilizing downhole installation of
hydrocyclones to pre-separate oil and water, after which the oil was
pumped to the surface and the water was re-injected back into the
well [2]. Hydrocyclones are devices which separate two phases of differ-
ent densities with the aid of the strong centrifugal force generated by
the swirling flow [3-5]. Deoiling hydrocyclones used for oily waste
water in offshore platforms, are the most common examples of
liquid-liquid hydrocyclones [6]. However, some disadvantages have
been found during the practical application of traditional deoiling
hydrocyclone which has tangential inlet for swirl generation [7,8]. The
vortex flow is easy to swing due to the non-axisymmetric inlet of
tangential hydrocyclone [9,10], which brings about oil droplet breakup
and high turbulent intensity and then reduces the separation efficiency
[11,12]. Moreover, the tangential inlet not only leads to large bulk but
also consumes high energy. In order to solve the above defects, axial
hydrocyclone has been developed [13,14].
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Compared to tangential hydrocyclone, axial hydrocyclone has
advantages of low-level turbulence, small pressure drop and high han-
dling capacity, which is more feasible for downhole oil-water separa-
tion [15-17]. The axial hydrocyclone for oil-water separation was first
proposed by Dirkzwager [18], which a guide vane was installed in a
straight pipe to generate swirling flow. The following studies showed
that the separation of oil and water was successfully carried out in the
strong swirling flow field generated by the guide vane [19,20]. Thereaf-
ter, different kinds of axial hydrocyclone were presented and studied [2,
21-23]. The research results show that axial hydrocyclone with small
size, straight-through flow and low pressure drop is an ideal candidate
for DOWS application. However, most of studies only present qualita-
tive information and the maximum capacity of the reported axial
hydrocyclone is 12 m®-h~ . The handling capacity needs to be further
increased.

Ever since the first efficient design of deoiling hydrocyclone
proposed by Thew [24], experimental method has been an effective
way to investigate the influence of operating parameters or geometry
parameters on the separation efficiency [25,26]. Recently, in view of
the high cost and time consumption of experimental investigation,
many attempts have been performed numerically for analysis of oil-
water flow through the hydrocyclones. Huang [24] simulated the multi-
phase flow behavior for the Colman-Thew hydrocyclone using the
Eulerian-Eulerian method, the separation curve of which agreed well
with measured ones. Maddahian et al. [27] also used the same approach
for the simulation of two-phase flow behavior within two typical
designs of hydrocyclones. Results showed that different swirl distribu-
tions of two configurations caused differences in velocity and volume
fraction. Noroozi et al. [28,29] analyzed the effect of inlet types and
inlet chamber body profiles on the separation efficiency of deoiling
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hydrocyclones by using algebraic slip mixture model. Their simulations
showed that the separation efficiency could be improved approximately
8%-10% by a suitable design. The Eulerian-Lagrangian approach was ap-
plied to study the performance of the de-oiling hydrocyclones as well
[8]. A complete review of hydrocyclones used for deoiling purpose
was summarized by Kharoua [30]. Moreover, with the progress of com-
puter technology and numerical analysis theory, several investigations
have also been reported for deep understanding of the fundamental
fluid mechanics, such as dynamic characteristics [31,32], droplet break-
up and coalescence [33-35], G force distribution [36] and rheological
behavior [37]. The above literature review reveals that numerical simu-
lation has provided another effective tool for investigation of
hydrocyclone.

The objective of this study is to present a novel axial hydrocyclone
with high handling capacity. The influences of the guide blades, the
cone angle of the reducing section as well as the tapered section and
the diameter of the overflow pipe on the oil-water separation efficiency
are studied using the numerical method. The optimum design of AHC is
carried out by using response surface methodology and the feasibility of
the optimum AHC is verified by experiments.

2. Novel Hydrocyclone

The AHC consists of four axisymmetric sections, which are named
cylindrical section, reducing section, tapered section and tail pipe sec-
tion, as shown in Fig. 1. The mixture of oil and water enters into the an-
nular geometry of the cylindrical section, where curved blades used as
guide vanes are located, replacing of the tangential inlet used by con-
ventional hydrocyclones. By deflecting it over an angle, the cascade of
vanes imposes a tangential velocity on the mixture, establishing a sym-
metric flow field with a low level of turbulence. Moreover, the built-in
vane can reduce the outer dimensions of the apparatus.

The reducing section, which is also an annular space, is designed to
achieve higher tangential acceleration by conservation of angular mo-
mentum, while reducing the pressure drop and the shear stress to an ac-
ceptable level to avoid droplet breakup. A tube named overflow pipe is
mounted on the bottom of the reduction section, via which the reversed
flow in the central body exits the hydrocyclone.

The tapered section with low angle is where most of the separation
occurs, because this segment retains high swirl intensity and long
residence time. The oil droplets migrate towards the center and form
an oil rich core by the action of centrifugal force. Meanwhile, the oil
rich core drifts to the overflow pipe under the suction of the adverse
pressure gradient in the centerline.

The last part of the design is a long tail pipe with cylindrical cross
section. This configuration gives a stable flow for the smallest droplets
migrate to the reverse flow while the separated water continues to
move upward and is discharged from the underflow out.

3. Numerical Methods

Currently, there are two approaches for the numerical simulation of
multiphase flows: the Eulerian-Lagrangian approach and the Eulerian-

Li . Ly L3

Eulerian approach. It depends on the concentration of the dispersed
phase in the continuous phase using which approach to perform multi-
phase simulations. The Eulerian-Lagrangian approach models primary
and dispersed phase separately. A low volume fraction usually less
than 10% is appropriate for this approach [24,30,32]. Therefore, the
model is unsuitable for liquid-liquid hydrocyclones in the current
case. The Eulerian-Eulerian approach is an alternate of the Lagrangian
approach and indispensable when simulation with high loading (more
than 10%) of dispersed phase is desired. This approach treats the
different phases as interpenetrating continua and can completely
capture the multiphase nature of flows in deoiling hydrocyclones by
solving conservation equations for each phase [24,30]. A full Eulerian
approach is used in this paper, which permits simulating the effects of
turbulence on dispersed phase and the interaction of dispersed phase
with primary phase.

3.1. Governing equations

Water is considered as continuous phase, while oil droplets are
considered as dispersed phase. For each phase, the model consists of
continuity, momentum and turbulence equations. The continuity and
momentum equation is expressed as Egs. (1) and (2).

hl .
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where k denotes water (w) or oil (0), arefers to the volume fraction

(o + @, = 1), pis the density, v is the velocity, g is the acceleration
due to gravity and T, is the kth phase stress—strain tensor which is
calculated by Eq. (3).

_ _ T 2 _
Ty = Ol <VV1< + VVk) + oy <)\k_ §#k> Vvl 3)

Here py, and A, are the shear and bulk viscosity of phase k. The term of

Fin Eq. (2) represents the interaction between dispersed and contin-
uous phase, including the drag force, the lift force and the virtual
mass force. In this work, the lift force is discounted because of the
small diameter of droplets and the virtual mass force is also ignored
due to the low density differences between the two liquids. There-
fore, only the drag force is considered in the interphase momentum
exchange term via Eq. (4):

. 3ou0p, Cp
F=

Vo—Vuw|(Vo—Vw

where d, is droplet diameter and Cp is drag coefficient.
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Fig. 1. Dimensions and parameters of the hydrocyclone.
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3.2. Turbulence model

The turbulence closure model is a key component in the description
of the fluid dynamics of the hydrocyclone. Previous numerical simula-
tions show applicability of Reynolds stress model (RSM) for swirling
flow in hydrocyclones, which can predict anisotropic turbulence and
capture fluctuations of highly swirling flow bounded by curved surface
[38,39]. A Large Eddy Simulations (LES) also provides good prediction of
turbulence encountered in hydrocyclones [31,40], however, it requires
much higher computational resources when compared with RSM. So
RSM model has been used for simulations of the momentum transport
induced by turbulence.

3.3. Geometry and mesh generation

AHC with a capacity of 30 m>-h ™" is adopted in the simulation, and
its geometry size is given in Table 1. In order to keep consistent with ac-
tual operation process, the hydrocyclone is located in a cylindrical vessel
with a diameter of 200 mm, as shown in Fig. 2. Four non-uniform struc-
tured hexahedron grids are used for three-dimensional simulations in
order to take into account of mesh independency. A mesh refinement
is done in the region with high gradient of phase volume fraction and
velocity, such as areas near the wall and the central core. Fig. 2 shows
the generated mesh. A cylindrical coordinate is used in the simulation
and the origin of the coordinate is set at the bottom end of reducing
section.

Table 1

Geometrical dimensions of AHC (mm)
D Do Dy D, Ly Ly Ly Ly H
130 24 32 16 100 120 1200 800 13

3.4. Boundary conditions

The inlet of the cylindrical vessel is defined as velocity inlet, where
the velocity magnitude is calculated according to the inflow-rates and
the oil volume fraction is set to be 15%. The density and viscosity of
the oil are set to be 890 kg-m~> and 0.00332 Pa-s, respectively. The
mean diameter of oil is 60 um. The hydraulic diameter method is used

for specification of turbulence at inflow boundaries. The outlet flow is
assumed to be fully developed, and the mass flow rate is given by spec-
ifying the flow rate weighting. The walls are regarded as the no-slip
boundary conditions, where the standard wall function is applied to de-
termine the flow near walls.

3.5. Solution methodology

The governing equations mentioned in the section of Governing
Equations are discretized with the QUICK scheme and solved by using
the commercial CFD code FLUENT 15.0. The coupling between velocity
and pressure is dealt with the phase-coupled SIMPLE algorithm. The so-
lution is considered to be converged when the scaled residual of the
continuity is below 1 x 1074,

4. Results and Discussions
4.1. Grid dependence

Fig. 3 shows the tangential and the axial velocity at a location of the
tapered section. It is evident that the velocity profiles obtained by differ-
ent meshes are mostly overlapping with each other when the grid num-
ber exceeds 238065. To ensure the reliability, the mesh density of
423525 is chosen for the subsequent study.

4.2. Flow characteristics

Fig. 4 shows the velocity contours for a longitudinal section and the
velocity vectors for different cross sections. As can be found from Fig,. 4,
the flow in the outer cylindrical vessel is close to a plug-flow and the ve-
locity magnitude is relatively small. When the flow moves through the
cylindrical section, the fluid gains a rotating momentum under the ac-
tion of guide vanes, resulting in a little increase of the velocity magni-
tude. As the flow moves into the reducing section, in order to remain
the same angular momentum, a gradual increase of the rotating velocity
is observable. The above rotating flow generates a double swirling flow
in the tapered section. The outer flow near the wall spirals to the tail
pipe with a large diameter, whereas the inner flow spirals towards the
overflow pipe with a relatively small diameter. The rotation intensity
decays along with the fluid moves into the tail pipe. Obviously, the de-
signed axial hydrocyclone produces a symmetry swirling flow being
suitable for oil-water separation [8,18,28].

Fig. 5 shows the variation of oil concentration over time, that is,
the formation of the oil core. In the early stage, the amount of fluid
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Fig. 2. The schematic diagram of the mesh topology.
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Fig. 3. Comparison of (a) tangential and (b) axial velocity simulated with different grids.

Velocity magnitude

1234567 89101112

Fig. 4. Velocity contours in longitudinal section and velocity vectors in different cross sections.

flows into AHC is so small that the swirl intensity is too low to be
effective, as seen in Fig. 5(a) and (b). As the time progresses, the
gradual stability of the rotating flow makes the oil concentrate
towards the axis, forming an oil core near the overflow pipe, as
shown in Fig. 5(¢), (d) and (e). When the double swirling flow goes
steady, the oil-water separation in the tapered section becomes
predominant, bringing about a stable oil core with highly concen-
trated oil in the AHC center, as shown in Fig. 5(f). The above condi-
tion certifies the feasibility of the AHC design.

4.3. Influence of structure parameters

Alarge of research shows that the oil-water separating process is in-
fluenced significantly by the separator structure [28,29,31]. Therefore,

cylindrical section, reducing section, tapered section and overflow
pipe are investigated in the following work. The separation efficiency
is calculated by Eq. (5):

m
= 2 (5)
My
where m, represents mass flow rate of oil in the overflow and i, rep-
resents mass flow rate of oil in the inflow.

4.3.1. Effect of cylindrical section

The effect of cylindrical section on the AHC performance is largely
caused by the blades located in cylindrical section. Therefore, the
influence of the blade structure on the separation performance is
investigated, as shown in Fig. 6. With the blade height increase, the
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50s.
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Fig. 5. Variation of oil concentration over time.
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Fig. 6. Effect on the AHC performance of cylindrical section (a) with different blade heights and (b) with different blade deflecting angles.

flow area increases, resulting in a decrease of flow velocity and available
rotational energy. It is well known that the high rotating velocity is
conducive to oil-water separation whilst inducing high-energy
consumption. So the separation efficiency and the pressure drop
decrease as the blade height increases, as shown in Fig. 6(a). This indi-
cates that the diminution of blade height can effectively improve the
separation efficiency. However, a small flow area induces huge energy
consumption. Therefore, the blade height should be controlled in a rea-
sonable range. Fig. 6(b) shows that the separation efficiency raises with
the increase of blade deflecting angle. That because the rotating velocity
can be enlarged by increasing blade deflecting angle. Meanwhile, the
pressure drop increases due to the energy consumption caused by the
change of the flow direction. Even more importantly, droplet breakup
is likely to occur if the rotation intensity is large enough. So, the blade
deflecting angle should also be controlled in a reasonable range.

4.3.2. Effect of reducing section

Fig. 7 shows the effect of reducing section on the AHC performance.
Variation of the cone angle « has only influence on the rate of change in
the flow field but not on the final distribution of the velocity in the ta-
pered section. However, a larger cone angle brings lower turbulence in-
tensity in the vortex. Therefore, the separation efficiency and the
pressure drop increase slightly when the cone angle rises from 10° to
30°, as shown in Fig. 7.

4.3.3. Effect of tapered section

The flow with high swirl intensity in tapered section is the main role
for oil-water separation. Researches indicate smaller tapered angle
equate to better performance [31,41,42]. Hence, the tapered angle is
controlled to be less than 10°. Fig. 8 shows the effect of tapered section
on the AHC performance. The separation efficiency decreases with the
increasing tapered angle. As revealed in researches, the smaller the
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tapered angle is, the longer the residence time is, resulting in enhanced
oil-water separation. Meanwhile, the pressure drop increases with the
increasing tapered angle. Hence, small tapered angle is recommend in
the case of footprint allows.

4.3.4. Effect of overflow pipe

In order to keep smooth discharge of concentrated oil, the results of
orthogonal test show that the diameter of overflow pipe should be con-
trolled at least 20 mm. Fig. 9 shows the effect of overflow pipe on the
AHC performance. The separation efficiency increases regularly with
overflow pipe diameter increasing from 20 to 26 mm, and then de-
creases abruptly when the overflow pipe diameter rises from 26 to
28 mm. This indicates that a low velocity of oil discharge is not allowed
due to its weak suction effect on the inner oil core.

4.4. Optimum structural design

On the basis of above single factor experiments, response surface
methodology is employed to investigate the interaction effect and to ob-
tain optimum matching relations between structures, the results of
which are shown in Fig. 10. The tapered section has strongest interac-
tion with the reducing section and has moderate interaction with the
cylindrical section. In accordance with results of single factor, large ta-
pered angle with the combination of small cone angle is the last choice.
However, smallest tapered angle with largest cone angle cannot acquire
the highest efficiency, as shown in Fig. 10(a) and (b). It can be seen from
Fig. 10(b) and (c) that large blade deflecting angle combined with small
tapered angle and moderate cone angle will gain high separation effi-
ciency. Optimum structure parameters are obtained on the base of re-
sults of response surface methodology.
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Fig. 7. Effect of reducing section on (a) separation performance and (b) turbulence intensity at the bottom of reducing section.
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4.5. Performance validation by laboratory experiment

In order to validate the feasibility of the AHC design, an experimental
device with the capacity of 1 m*-h™ ' is set up according to the principle
of similitude. Due to the restriction in university labs, the maximum oil
volume fraction at the AHC inlet is 10%. The numerical and experimental
results of the AHC are shown in Fig. 11. The separation efficiency in-
creases with the increasing split ratio as well as the increasing inlet vol-
ume fraction. Simulation results agree well with experimental data, the
maximum deviation of which is 3.3%. Therefore, the comparison results
shown in Fig. 11 indicate excellent performance of the designed AHC as
well as reliability of the simulation method.
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Fig. 11. Comparison of separation efficiency between experiment and simulation.

5. Conclusions

Numerous oil fields are encountering the problem of high water con-
tent. In order to overcome the above problem, an axial hydrocyclone
with the capacity of 30 m>-h™! is proposed to separate water from
crude oil. The effect of structure parameters on the oil-water separation
is discussed by using CFD methods. Narrowing the blade height and in-
creasing the blade deflecting angle will effectively increase the rotating
velocity in hydrocyclone. Therefore, increasing the blade deflecting
angle and reducing the blade height can significantly enhance the oil-
water separation efficiency. Small tapered angle will keep oil droplets
in separation space for a long time, so separation efficiency increases
with the decreasing tapered angle. Relatively, reducing section and
overflow pipe have less influence on the oil-water separation. However,
the strong interaction between reducing section and tapered section
cannot be ignored in AHC design. An optimum design of AHC is obtained
by using response surface methodology. Laboratory experiments exhib-
it that the designed AHC has an excellent performance for oil-water
separation.
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