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Abstract

Hydrocyclone separation technique recently has been used in an increasing number of
applications. Reynolds Stress Turbulence Model (RSM) and Discrete Phase Model (DPM) were
employed in Computational Fluid Dynamics (CFD) 3D simulation to draw the motion trace of single

particle of different particle size and density in hydrocyclone separator. It is known that, smaller size

particles flow out from overflow, larger size particles flow out from underflow, and there is a

characteristic size of particles having longer residence time in hydrocyclone separator. Particle size

influences separation efficiency more significantly than particle density. Simulation of particle cluster

separation efficiency in hydrocyclone separator has some discrepancy from experimental result. It is

because air core influence is not considered in this study.
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1. Introduction

Hydrocyclones have been used for mineral process-
ing for more than 100 years. Nowadays hydrocyclones
are extensively used in the industry to remove or classify
particles, and to separate particles by density or size
[1-5]. Hydraulic residence times for hydrocyclones are
about 1-2 s, compared to several minutes for traditional
gravity separators [6]. The fluid flows into hydrocyclone
and develops an outer vortex and a reversed inner vortex,
where particles move in the underflow and in the over-
flow direction, respectively. In such vortex systems cen-
trifugal fields as strong as 2000-3000 g are created [7].
Therefore an air core forms due to high centrifugal forces
and an open overflow [8]. The air core in hydrocyclone
will arise turbulence fluctuation, and decrease separation
efficiency [9].

The velocity profiles of hydrocyclones were first
measured by Kelsall [10], he found that the tangential
velocity increased to a maximum from hydrocyclone
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wall towards the center, and then decreased rapidly.
Some studies agree on the same qualitative flow be-
havior [11,12]. Owing to a strong air core in the center,
tangential and axial velocities become difficult to mea-
sure. However, with the development of science and
technology, researchers focus on simulations by Com-
putational Fluid Dynamics (CFD) techniques [13].

The first work in predicting the fluid flow in hydro-
cyclones was successfully achieved by Pericleous and
Rhodes [14]. They applied the improved Prandtl mixing
length model to simulate the hydrocyclone separator of
200-mm diameter, and compared the velocity distribu-
tion acquired with Laser Doppler Velocimeter (LDV)
measured velocity distribution. Later, Hsieh and Rajamani
[15] solved the equation of turbulent flow motion, and
compared the solutions with LDV measured flow pattern
of 75-mm hydrocyclone separator.

Recently, Medronho et al. [16] used CFD studies to
simulate the separation of microorganisms and mam-
malian cells with hydrocyclones. Some works on the
simulation of hydrocyclones using the incompressible
Navier-Stokes equations, supplemented by a suitable
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turbulence model, have proven to be appropriate for
modeling the flow in a hydrocyclone [17,18]. Xu et al.
[19] investigated numerical methods for simulating a
hydrocyclone, including RNG k-g, RSM, LES etc. They
concluded that RNG k-¢ is not suitable for modeling
hydrocyclone, while the performances of RSM and LES
models are close to each other and the experimental
results.

A CFD study is presented for the calculation of the
three-dimensional flow and separation efficiency for par-
ticles with low concentrations in a hydrocyclone. The
particles tracks and flow pattern of a hydrocyclone were
compared with experimental results.

2. Numerical Methods

2.1 Geometry and Meshes
The geometry of the hydrocyclone is displayed in
Figure 1. The diameters of feed, overflow, underflow,
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Figure 1. Geometry of the 30-mm hydrocyclone.

and hydrocyclone are 8, 10, 5, and 30 mm, respectively.
The length of the cylindrical part is 65 mm, while the
length of the cone part is 75 mm, making an overall 19°
cone angle.

A grid independence study was carried out with
three different mesh densities with mesh sizes varying
from 50,000, 75,000 to 250,000. A mesh density of
75,000 cells was optimal for good simulations and rea-
sonable computational time and was shown as Figure
2.

2.2 Water Flow and Turbulence Model

The simulation of the high-turbulent flow in hydro-
cyclone requires the basic equations of fluid dynamics
combined with an adequate turbulence model. The flow
pattern in hydrocyclone was modeled by Newtonian
water flow and by Reynolds Stress turbulence Model
(RSM). The Reynolds-averagred Navier-Stokes equa-
tions are described as follows:
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Figure 2. Meshes of the hydrocyclone.
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The exact transport equations for the transport of the
Reynolds stresses, pv;v’, may be written as follows:

a I !IV
E(WW) (pvkpv )———[pv Vi + P8V +8,v))]
o av"'v;] G 22737 22~ (g 7B+, )
+—[p—]- v.v.—+v.v— vO+g.v
axk “’ axk p ivj xk ka p gl J g] i
o ov! v

€)

(e 20y 2y
ox, Ox 0Ox, Ox,

where the left-hand side are local time derivative and

convection terms, The right-hand side are turbulent dif-

fusion, molecular diffusion, stress production, buoy-

ancy production, pressure strain, and dissipation terms,

respectively.

2.3 Boundary Conditions
A velocity inlet boundary condition was applied at
the inlet:

U =const. (@ inlet pipe @)

The overflow and underflow used pressure outlet
boundary conditions. The outlet fluid is moving under
absolute pressure 1 atm therefore the gauge pressure at
the overflow and underflow are zero. The boundary con-
ditions are:

P=0 @ underflow 5)
P=0 @ overflow (6)

The computational fluid dynamics program FLU-
ENT 6.2 (Fluent Inc., USA) solved the governing equa-
tions, Eqns. (1)—(3), together with the associated bound-
ary conditions Eqns. (4)—(6).

The pressure staggered option (PRESTO), which is a
pressure interpolation scheme reported as useful for pre-
dicting the high swirl flow characteristics that prevail in-
side the hydrocyclone body, was adopted. The SIMPLE

algorithm scheme, which uses a combination of continu-
ity and momentum equations to derive an equation for
pressure, was applied. Simulations were carried out for
about 50,000 incremental steps where in general a preset
value of convergence criteria 1 x 10 was achieved.

2.4 Discrete Particle Model

The dispersion of particles due to turbulence can be
predicted using the stochastic tracking model, which in-
cludes the effect of instantaneous turbulent velocity fluc-
tuations on the particle trajectory. FLUENT predicts the
trajectory of a discrete phase particle by integrating the
force balance on the particle. This force balance can be
written as (for x direction):

du 2P, —p)
TP=FD(u—uP)+; (7)
t P

where Fpp (4 — u,) is the drag force per unit particle mass
and
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where u is the fluid phase velocity, u,, is the particle ve-
locity, p is the molecular viscosity of the fluid, p is the
fluid density, p, is the density of the particle, and d,, is
the particle diameter. Re is the relative Reynolds num-
ber, which is defined as

_ pd, |”P _u|
Re = u 9)

3. Experiments

Potato starch powders with average diameter 47.4
um and density density 1450 kg/m’® were used as sample
particles. Particle size distribution analyses of samples
and underflow/overflow received in collection tanks
were carried out using Coulter LS 230, a device working
on Laser diffraction principles. The parameters used in
the simulation are the same with experiments and listed
in Table 1.

Figure 3 shows all devices for experiment, including
pump, tank, agitator, pressure gauge and hydrocyclone
separator. The liquid is pumped to the cyclone by a cen-
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Table 1. Parameters in the experiment and simulation

Operating Pressure (bar) 0.5 1.0 1.5 2.0

Inlet velocity (m/s) 0.04 0.05 0.07 0.08
Particle density (kg/m’) 1450
Volume percentage (%) 3.62

trifugal pump (P). There is a gate valve (V1) between the
tank and the centrifugal pump. The volumetric flow rate
of feed slurry can be maintained by regulating the flow
through a gate valve (V1) between tank and centrifugal
pump and by regulating the gate valve (V2) through the
bypass line. The flow through apex and split chamber
can be controlled by valve (V3) and valve (V4).

4. Results and Discussion

4.1 Performance of the Hydrocyclone

The parameters used in this study are the same with
experiments and listed in Table 1. Grad-efficiency curves
are obtained by means of a stochastic particle tracking
technique and shown as Figure 4.

The larger the operation pressure, the higher the effi-
ciency curve, which indicates that the more possibility
small particles flow out through underflow.

As shown in Figure 4, fish hook effect can be clearly
observed in experimental result, 17.4 um particle has the
lowest separation efficiency. Simulation has similar result
(18.2 um). As to larger particle size (> 30 um), experiment
result fits in with simulation generally. Small particle size
part (< 30 um) can be further divided into 2 intervals,
6-30 pm particles flow out from underflow more easily in
simulation than in practice, while < 6 pum particles flow
out from underflow not so easily in simulation than in
practice. In experiment, there is a steady, cylindrical-like
air core formed in the center of hydrocyclone. Such dif-
ferences between experiments and simulations might be
because air core impact is not considered in simulation.

Though there still has difference compared with ex-
perimental data, the authors believe the methods in this
study is a good tool to investigate hydrocyclone. In order
to eliminate effect of particle-particle interaction, single
particle injection and particle track in a hydrocyclone is
discussed below.

4.2 Particle Track in a Hydrocyclone
In Figure 5, simulation method is used to track trace
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Figure 3. Experiment setup.

and residence time of single particle of different particle
size and density in hydrocyclone separator. As shown in
Figures 5(a), (b), (c), when particle size is smaller (10
pm), particles of three densities flow out from overflow,
residence time is 0.56 s, 0.57 s, and 0.61 s respectively.
With greater density, the residence time is longer. More-
over, particle flowing scope is confined in the upper half
of hydrocyclone separator-cylinder part.

As shown in Figures 5(d), (e), (f), when particle size
increases to 100 um, particles of three densities flow out
from underflow, residence time is 0.84 s, 0.78 s, and 0.77 s
respectively. With greater density, the residence time is
shorter. Moreover, particles flow directly from upper cy-
lindrical part of hydrocyclone to lower cone part.

As shown in Figures 5(g), (h), (i), when particle size
is a characteristic value, d., the residence time is the lon-
gest among the same kind of particles, e.g., for 1500
kg/m’ particle, d, is 25 pm, residence time is 1.15 s; for
3000 kg/m” particle, d, is 13 pm, residence time is 1.34 s.
The greater the density, the smaller the characteristic



Particles Separation and Tracks in a Hydrocyclone

110

[CTT | T T T T T TT1T T T T T T 1717 ‘ ]

100 o

90 | —

80 |— —

S - 7
> 70 / —
2 & |
2 F v .
g 60 —
w = J
% - -
S 50— —
0] - ]
40 | — CFD experiment —]

F —-o0—- 20bar B

01— @ - 15bar —=— 1.5bar —

= —-A—- 1.0 bar —4A— 1.0 bar a

0 e 05bar —v— 0.5 bar —

10 \:J | | | | | | | | | L Ll J .

-l

10 100
Particle Size (um)

Figure 4. Grad-efficiency curves.

particle size d., and the longer the residence time.

In Figures 5(g), (h), (i), particles flow downward to
lower cone part of hydrocyclone, then flow upward to
upper cylindrical part of hydrocyclone, leading to longer
residence time, hence, proper design of joint of upper
cylinder and lower cone of hydrocyclone separator may
improve separation efficiency.

5. Conclusion

The total separation efficiency obtained from DPM
still had a disparity when compared with experiment. Im-
provements for hydrocyclone to obtain a smaller charac-
teristic size, d., have continuously been studied. An in-
creased knowledge of how a certain change of the flow
field influences the overall separation process would be
of great benefit for the continued development of hydro-
cyclones.

The residence time of particles in a hydrocyclone is
longest for certain characteristic particle size, and den-
sity variation influence on such characteristic particle
size is insignificant. Particle size influences separation
efficiency more significantly than particle density.

Nomenclature

Cp drag coefficient, -

(a) 1500 kg/m’
10 um, 0.56 sec.

(d) 1500 kg/m’
100 um, 0.84 sec.

() 1500 kg/m’
25 um, 1.15 sec.

(b) 2000 kg/m’
10 um, 0.57 sec.

(e) 2000 kg/m’

100 um, 0.78 sec.

(h) 2000 kg/m®
19 um, 1.26 sec.
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(¢) 3000 kg/m’
10 pm, 0.61 sec.

() 3000 kg/m’
100 pm, 0.77 sec.

(i) 3000 kg/m®
13 pm, 1.34 sec.

Figure 5. Particles tracks.



70 Chih-Yuan Hsu et al.

d. characteristic size, m
d, diameter of particle, m
Fp drag force, N

pressure, N/m?
u  velocity of fluid, m/s
u, velocity of particle, m/s
w  viscosity of fluid, kg/m-s
p  density of fluid, kg/m’
p, density of particle, kg/m’
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