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CFD numerical simulation of flow velocity characteristics of hydrocyclone
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Abstract: A CFD based numerical simulation of flow velocity of hydrocyclone was conducted with different structural and
operational parameters to investigate its distribution characteristics and influencing mechanism. The results show there exist several
unsymmetrical envelopes of equal vertical velocities in both upward inner flows and downward outer flows in the hydrocyclone, and
the cone angle and apex diameter have remarkable influence on the vertical location of the cone bottom of the envelope of zero
vertical velocity. It is also found that the tangential velocity isolines exist in the horizontal planes located in the effective separation
region of hydrocyclone. The increase of feed pressure has almost no effect on the distribution characteristics of both vertical velocity
and tangential velocity in hydrocyclone, but the magnitude and gradient of tangential velocity are increased obviously to make the
motion velocity of high density particles to the wall increased and to make the cyclonic separation effect improved.
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1 Introduction

Hydrocyclone is a classical equipment utilizing
compound field of centrifugal force and gravity. It is
applied to series of separating processes such as solid—
solid [1], solid—liquid [2], liquid—liquid [3], solid—gas [4],
which are treated frequently in many industrial fields
such as mining, chemistry, petrol, biology, medicine. The
studies with regard to its separation characteristics are
usually carried out by experimental methods, and are
investigated by changing the structural and operational
parameters accordingly [5]. Actually, the motion
behaviors of particles in the hydrocyclone depend on the
flow field, and it is by the means of changing the flow
characteristics in the hydrocyclone that these parameters
influence the motion behaviors of solid particles and
their ~ separation results. Therefore, the flow
characteristics of the hydrocyclone are the key points
which decide the actual separation result of particles.

With the developments of computer technology and
numerical arithmetic, numerical simulation becomes a
forceful approach to scientific research in recent years, as
well as theory study and experimental research. The
numerical simulation of flow field utilizing the method

of computational fluid dynamics (CFD) have been
accepted broadly, which have also been adopted
successfully in classification [6], thickening [7], dense
medium separation [8-9], jigging concentration [10],
flotation [11-12] and other minerals processing
technologies. The numerical simulation based on CFD
has become an effective approach to investigate the
dynamical characteristics of flow and particles, which
have been validated to accord with the experimental data
nearly [13—14].

However, the numerical simulations on flow field of
dense medium and hydrocyclone were almost conducted
in some fixed structural and operational conditions,
while how these parameters influence the flow field has
not been investigated clearly. Therefore, the flow
velocities in hydrocyclone were simulated systematically
with different structural and operational parameters in
the present study, so as to investigate the velocity
characteristics and the influencing mechanism.

2 Experimental
2.1 Model of numerical simulation

FLUENT is a kind of popular and commercial
software based on the computational fluid dynamics
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(CFD) and it provides lots of turbulent models. It has
been reported that ~—¢ model can usually obtain more
according simulation results, so it was chosen to perform
the simulation.

2.2 Boundary conditions and structural parameters

The boundary conditions are set as follows:

1) Velocity inlet is set at the flow velocity
magnitude measured;

2) Pressure outlet is set at zero, which is expressed
with relative pressure;

3) The no slipping boundary condition is put on all
walls, where every velocity component is zero.

All the structural parameters used in the simulation
are listed in Table 1.

Table 1 Structural parameters used in simulation

Structural parameter Value
Diameter of hydrocyclone/mm 75
Diameter of feed inlet/mm 13
Diameter of overflow pipe/mm 17
Depth of overflow pipe/mm 69.6
Height of cylindrical section/mm 84.5
Height of conical section/mm 2535((17;2;,2??;(111;25)
Diameter of apex/mm 6,10, 16
2.3 Simulation procedure
The  simulations  were  conducted  using

computational fluid dynamic code Fluent 6.3, which
includes pre-processing (Gambit) and solving (Fluent).
Physical geometry, mesh generating and boundary
conditions were treated through Gambit. Furthermore,
Fluent was used to perform computation and analyses.
The computational mesh was generated with
hexahedron and tetrahedron, accordingly, and the four
hydrocyclones with cone angle of 7°, 11°,15° and 19°
were split to 63394, 57955, 55162 and 54721 grids,
respectively.

3 Results and discussion

3.1 Vertical velocity characteristics
3.1.1 Distribution of vertical velocity with different
structural parameters

The distributions
hydrocyclone with different apex diameters and cone
angles are shown in Fig. 1.

It can be found clearly from Fig. 1 that upward
inner flows appear in the whole region of cylindrical and
conical sections. In the inner flows there exist several
envelopes of equal vertical velocity. The shapes of these
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Fig. 1 Distribution of vertical velocity with different structural
parameters: (a) Cone angle of 7°, apex diameter of 6 mm;
(b) Cone angle of 7°, apex diameter of 10 mm; (c) Cone angle
of 7°, apex diameter of 16 mm; (d) Cone angle of 11°, apex
diameter of 6 mm; (e) Cone angle of 15°, apex diameter of 6
mm; (f) Cone angle of 19°, apex diameter of 6 mm
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envelopes seem like the hydrocyclone to a certain extent,
but they are not symmetrical actually. Furthermore, the
closer the envelope to the overflow pipe is, the higher the
vertical velocity is. In another aspect, the spacial locality
where the envelope of zero vertical velocity (it is also
called LZVV) reaches the lowest point (it is also named
cone bottom of LZVV) in the conical section moves
upward along the vertical axis with the increase of apex
diameter, by which the experimental phenomenon [15]
that the flow ratio of overflow reduces with the enlarging
of apex diameter could be explained logically. In the
meantime, it also shows the reduction of effective
separation regions so that particles could pass promptly
through LZVYV and then cannot be separated any more.
In the outside of LZVV where are occupied by outer
flows, the closer the distance to the bottom of the conical
is, the higher the vertical velocity is. However, the region
of outer flows does not have any separation function to
particles, it works merely as an exit of underflow. In
addition, the wvertical velocity in the whole region
decreases when the diameter of apex is increased. While
the size of LZVV changes accordingly when the cone
angle is increased.
3.1.2 Changing trends of centerline vertical velocity with
different structural parameters

For the sake of investigating the detailed locality of

cone bottom of LZVV and the numerical changing trend
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of vertical velocity, the centerline vertical velocity with
different apex diameters and cone angles were simulated
respectively, which are shown in Fig. 2.

It can be seen from Fig. 2 that the flow vertical
velocity is downward in the conical section downside, in
which the velocity increases more rapidly when the
locality is closer to the apex (except when the cone angel
is 7° and the diameter of apex is 16 mm, the flow vertical
velocity decreases in the apex region because the
diameter of apex top is 12 mm). It could also be found
that the flow velocity increases more slowly with the
rising of the height of conical section and turns to
upward gradually. The upward flow velocity also
increases in little with it, but increases in an extremely
rapid degree at the interface of cylindrical section and
conical section, then keeps at a relatively high velocity
steadily in the overflow pipe.

Generally speaking, when the cone angle is fixed,
the larger the apex diameter is, the lower the flow
vertical velocity is. The trends described above are
obvious in the conical section downside and the overflow
pipe section. The velocities at the three different apex
diameters are similar at the same height in the inside
region of LZVV, which is usually considered the
effective separation region in hydrocyclone. However,
the similar degrees of the three velocities are distinct
slightly when the cone angles are different, which shows
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Fig. 2 Changing trends of centerline vertical velocity with different structural parameters: (a) 7°; (b) 11°; (¢) 15°; (d) 19°
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that the smaller the cone angle is, the more similar the
three velocities are. According to the analysis above, it
can be inferred that the smaller the cone angle is, the less
the influence of apex diameter on the flow velocity is,
and the more unobvious the effect of apex diameter on
the improvement of separation results, which accord well
with the results of beneficiation of diasporic bauxite by
hydrocyclone [16].

The detailed vertical locations of the cone bottom of
LZVV with different structural parameters are listed in
Table 2, by which its changing trends are judged to be
distinct.

Table 2 Vertical location of cone bottom of LZVV with
different structural parameters

Vertical location/m

Cone
angle/(°) Apex Apex Apex
diameter 6 mm diameter 10 mm diameter 16 mm
7 -0.36 -0.29 -0.24
11 -0.30 -0.26 -0.22
15 -0.25 -0.20 -0.17
19 -0.23 -0.20 -0.17

3.1.3 Vertical velocity characteristics with different feed
pressures

The distributions of vertical velocity and the
changing trends of centerline vertical velocity with
different feed pressures are shown in Fig. 3 and Fig. 4
respectively. It should be mentioned that the numerical
simulation is carried out with the same structural
parameters that the cone angle is 11° and the apex
diameter is 6 mm.

It can be found obviously from Fig. 3 that the flow
vertical velocity rises with the increase of feed pressure.
However, the distribution characteristics of the envelopes
of equal vertical velocity, including the spacial locality,
shape, and region size, do not change with it at all.
Therefore, it can be inferred that feed pressure almost
has no effect on the distribution characteristics of vertical
velocities in the hydrocyclone.

It can be seen from Fig. 4 that the changing trends
of centerline vertical velocity with the rising of vertical
height are just the situation described above. It can be
also found further that the vertical locations of the cone
bottom of LZVV with different feed pressures are at the
same point. These characteristics show this operating
parameter has no remarkable influence on the location
and region size of LZVV. Therefore, once the structural
parameters are fixed, the split ratio of inner flow to outer
flow is determined, as well as the ratio of overflow to
underflow.

3.2 Tangential velocity characteristics
For the sake of investigating the influence of feed
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Fig. 3 Distributions of vertical velocity with different feed
pressures: (a) 0.1 MPa; (b) 0.2 MPa; (c) 0.3 MPa; (d) 0.4 MPa
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Fig. 4 Changing trends of centerline vertical velocity with
different feed pressures
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pressure on the flow velocity and mineral separation
mechanism in hydrocyclone further, the tangential
velocity characteristics are simulated with feed pressures
of 0.1 MPa and 0.4 MPa, respectively. Two planes are
chosen for this simulation, which are located in the
effective separation region of hydrocyclone (cone angle
and apex diameter are 11° and 6 mm respectively). The
vertical heights of the two planes are —0.1 m and —0.27
m, respectively, and the former plane named plane I is
close to the cylinder section and the latter plane named
plane II is more close to the cone bottom of LZVV. The
origin of coordinates of the simulation is set at the centre
of the circle planes. And the tangential feed orientation is
the positive direction of x-coordinate axis. The
simulation results are displayed in Figs. 5 and 6.

Figure 5 shows that the tangential velocity isolines
in plane I appear like half-circular rings basically.
Among all the isolines, those paralleled to the feed
orientation occupy more regions than those like circular
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rings. The length of the main isolines is shortening from
the circle centre to the wall gradually. In the meanwhile,
the isolines are approximately symmetrical with
x-coordinate axis. However, the tangential velocities at
the positive direction of z-coordinate axis are lower
slightly than those at the negative direction of
z-coordinate. From the radial direction vertical to the
feed orientation, the highest tangential velocity exists in
the region close to the wall of the hydrocyclone.
Afterwards the tangential velocities reduce continuously
from the wall to the circle center along the radial
direction and finally reach zero, which might be
explained by the drag force among flows with different
tangential  velocities. 'When the feed pressure
increases from 0.1 MPa to 0.4 MPa, the distribution
characteristics of tangential velocity do not change
obviously; however, its magnitude and gradient both
increase, which results in the increase of centrifugal
force of mineral particles.

Fig. 5 Contour (left sides) and vector (right sides) diagrams of tangential velocity in plane I with feed pressure of 0.1 MPa (a) and

0.4 MPa (b)
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Fig. 6 Contour (left sides) and vector (right sides) diagrams of tangential velocity in plane II with feed pressure of 0.1 MPa (a) and

0.4 MPa (b)

It can also be found from Fig. 6 that the tangential
velocity distribution characteristics at plane II is similar
to that at plane I. The distinction is that the velocity
magnitude of plane II is reduced compared with that of
plane I, with a result that the centrifugal force is also
reduced. When the feed pressure is increased, the
tangential velocity magnitude and gradient both increase
accordingly, but the increased extent is not as remarkable
as that of plane 1. Therefore, the separation effect in the
region close to the cone bottom of LZVV is weakened
somehow.

The simulation results above show that the flow
tangential velocity increases with the increasing of the
feed pressure accordingly and leads to the increase of the
centrifugal force of solid particles, by which the motion

velocity of high density particles to the wall of
hydrocyclone could be increased. Therefore, the
probability of high density particles to the underflow is
increased accordingly and the cyclonic separation effect
is improved by the increase of feed pressure. It is also
worth mentioning that the simulation results are in
accordance with the test results with the same parameters
[16]. And the influence decreases along the vertical axis
of hydrocyclone from the top to the bottom of LZVV.

4 Conclusions
1) There exist several unsymmetrical envelopes of

equal vertical velocities among upward inner flows in
hydrocyclone, and the envelope closer to the overflow
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