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Abstract

Air core is inherent to the solid-liquid hydrocyclone, the air core dimension plays a significant role in the separation efficiency.
However, the formation mechanism of the air core in hydrocyclone has not arrived at an agreement. To further understand the flow
behaviour of air core in hydrocyclones, in this paper, the volume of fluid (VOF) multiphase model and the Reynolds Stress Model
(RSM) were adopted in this study to simulate the flow fields inside a hydrocyclone. The effect of the varying vortex finder diameter
on the formation and development of air core was analysed, and the generation and development of the air core were investigated. The
results showed that air core could be generated in shorter time and more stable state with larger vortex finder diameter. In addition, the
diameter of the air core increased with the vortex finder diameter.
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1 Introduction

The hydrocyclone is widely used in the mineral, chemical,
oil processing industries, because of its high capacity, low
maintenance, low operating costs, the design and opera-
tional simplicity, and the small physical size of the device.
Since 1950, a large number of literatures about the hydro-
cyclone have been published, including empirical and semi-
empirical equations for predicting the equipment perfor-
mance, mathematical models describing flow distributions
[1-5]. After many years of application, the outstanding me-
rits of hydrocyclone have been well acknowledged in in-
creasing application areas. With the development of com-
putational fluid dynamics (CFD), simulation of the flow
field inside hydrocyclone has been widely promoted. By
using Reynolds stress model (RSM) and volume of fluid
(VOF) model, Wang B [6] numerically simulated the gas-
liquid two-phase flow inside hydrocyclone. Gupta R et al.
[7] studied the development of air core and its influences on
the flow filed in hydrocyclone. S. M. Mousavian et al. [8]
compared the k-¢ model, the Reynolds stress model, and the
Reynolds stress model with the VOF model for simulating
the air core flow fields. Air core is inherent to the solid-
liquid hydrocyclone, plays a significant part in the classi-
fication efficiency in the hydrocyclone. Till now, the forma-
tion mechanism of the air core in hydrocyclone has not
arrived at an agreement [9]. To further understand the flow
behavior of air core in hydrocyclone, multiphase flow model
and RSM model were adopted in this study to predict the
flow distribution and formation mechanism of air core in-
side a hydrocyclone. In this paper, the effect of the varying
vortex finder diameter on the formation and development of
air core was analysed, and the generation and development
of the air core were investigated. The results showed that air
core could be generated in shorter time and more stable state
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with larger vortex finder diameter. In addition, the diameter
of the air core increased with the vortex finder diameter.

2 Numerical model and its boundary conditions
2.1 GEOMETRY AND MESH

The structural parameters and diagram of the geometrical
model are as shown in Table 1 and Figure 1. The diameters of
tubes for the feed inlet, overflow, underflow and main body
of the hydrocyclone arel6.7, (25, 35, 40, 50), 20, 100mm,
respectively. Mesh independence analysis were discussed
with mesh size 75000, 10000,125000 and 200000. The results
showed that numerical results were independent of the total
number of computational cells. In the rest of this paper, we
took into account the accuracy of numerical results and the
computational time, the total computational domain used
hexahedron structure grids, including about 125000 cells for
computational domain, and the grids at the centre axis and the
surrounding surface were refined (Figure 2).

2.2 BOUNDARY CONDITIONS AND CONTROL
PARAMETERS

RSM turbulence model was used in consideration of the
turbulence characteristics of high-speed rotation inside the
hydrocyclone. Meanwhile, taking the hydrocyclone’s inhe-
rent multi-phase flow feature into consideration, VOF mo-
del was used due to its suitability regarding to gas-liquid
two-phase flow. The principal phase was set as water in the
VOF model, and the secondary phase was air. The hydro-
cyclone inlet was set as velocity inlet, and the feeding velo-
city was assumed to be constant with a magnitude of 6 m/s.
The volume fractions of water and air were set as 1 and 0,
respectively. The fluid velocity was set perpendicularity to
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the entry section and pointing to internal side. Both the over-
flow and the underflow outlets were defined based on pres-
sure, and they connect to the atmosphere (zero gauge pres-
sure). The air backflow ratios at both the overflow and
underflow ports were set as 1, i.e. air was the only reverse
current. No-slip boundary conditions were applied on all
walls, and near-wall treatment was applied to the wall using
standard wall functions. The computational CFD code
FLUENT 6.3 (Fluent Inc., USA) was utilized to solve the
continuity equation and Navier-Stokes equation and boun-
dary conditions. This model adopted pressure-based implicit
transient three-dimensional solvers. The control parameters
were solved by using pressure-velocity coupling SIMPLE
method. A pressure-discretization set of simulations was

TABLE 1 Main structural parameters of the hydrocyclone
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performed with the pressure staggered option (PRESTO),
which works well for high-speed rotation flows. The mom-
entum discretization format was carried out with a higher-
order quadratic upwind interpolation (QUICK) spatial sche-
me. Geometric reconstructive discretization format was
used for determining the two-phase volume fractions. First-
order upwind format was used for determining the turbu-
lence energy, turbulence dissipation rate and Reynolds
stress discretization scheme. Initially, the hydrocyclone was
filled with air, i.e. the air volume fraction inside the hydro-
cyclone was 1. The termination criterion for the computa-
tional accuracy was set as maximum relative residual errors
of 10’5, unsteady computational method was used, and time
increment was defined as 0.0001 s.

Structural parameter of the hydrocyclone

Structural dimensions

Hydrocyclone diameter D (mm)

Vortex finder diameter of the hydrocyclone do (mm)
Underflow port diameter of the hydrocyclone du (mm)
Feed inlet dimensions of the hydrocyclone axb (mm)
Feed inlet equivalent diameter of the hydrocyclone di (mm)
Overflow pipe insertion depth of the hydrocyclone H4 (mm)
Thickness of the overflow pipe of the hydrocyclone S (mm)
Extension length of the overflow pipe of the hydrocyclone H5 (mm)
Cylinder height of the hydrocyclone H1 (mm)

Cone section height of the hydrocyclone H2 (mm)
Underflow pipe height of the hydrocyclone H3 (mm)
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Fig.1. Structural diagram of the hydrocyclone
3 Simulation results and discussion

Simulation completed when all physical parameters in the
flow field remained stable. Figure 3 shows the formation
and development of the air core in the hydrocyclone during
the startup process obtained from CFD simulations. The
blue area in Figure 3 represents air, red represents water. In
the initial stage, the hydrocyclone was filled with air, i.e. air
volume fraction was 1. This value gradually decreased over
time, correspondingly, the fluid volume fraction increased.
Along with the development of the flow field, negative pres-
sure was generated near the centre axis of the hydrocyclone.
Since the outlet of the hydrocyclone was connected to atmo-
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Fig.2. Mesh structure of the hydrocyclone

sphere, air intake occurred at both the overflow and under-
flow ports, and air core firstly appeared at the bottom of the
overflow outlet. Subsequently, air core at underflow and
overflow outlets developed toward each other and finally
interconnected.

According to Figure 3, the diameter of the overflow pipe
affects the air core significantly. Figure 3(a) shows the air
core generating process when the diameter of the overflow
pipe was set as 25 mm. It is observed that air core structure
was formed in about 2.0 s, when it was still unstable at the
moment. Gradually developing with its separating process,
the air core reached a pseudo-stable state after about 2.6 s of
operation and appeared to be in very regular shape with
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minimal oscillations. Figure 3(b) shows the transient deve-
lopment of the air core structure in the hydrocyclone when
the diameter of the overflow outlet was set as 35 mm. It was
observed that the air core structure stabilized after about 2.4
s of simulation, which is obviously shorter in time compared
to the 25 mm-diameter-overflow hydrocyclone. Figure 3(c)
shows the changing process of the air core structure when
the diameter of the overflow outlet was increased to 40 mm.
From this figure it can be seen that the air core structure is
formed in about 1.4 s, and soon reached a steady state itself.
Figure 3(d) shows the changing process of the air core
structure when the diameter of the overflow pipe was set as
50 mm. It is obvious that the air core stabilized within the
shortest time, which was only 1.7 s.

Overall, the diameter of the stabilized air core increased
with the diameter of the overflow outlet. The results also
showed that the diameter of the overflow outlet affected the
air core to some extent, from its generation to stabilization:
the larger diameter of the overflow pipe, the shorter time the
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air core needed to develop. The air core stabilized itself after
about 2.6 s for a 25 mm-diameter-overflow pipe, while for
the 50 mm one it stabilized after only about 1.7 s. From the
perspective of the air core regularity degree, the smaller dia-
meter of the overflow outlet, the more regular shape the air
core had.

To verify that the generation of the air core is indeed
contributed by both the overflow and the underflow outlets,
the hydrocyclone with 35 mm-diameter-overflow was set as
example as shown in Figure 4. All the parameters and setups
remained the same, because the underflow port was blocked
by water rather than being connected to atmosphere, and the
iteration continued after the air core stabilized. Figure 4
shows that the air core exhibited instability with time, and
disconnected after about 2.8s. After that, it gradually disap-
peared till after about 3.0s, when the air core around the
underflow port totally vanished. This phenomenon was due
to the disconnection to atmosphere and negative pressure in
the hydrocyclone is the prerequisite of forming air core.
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Fig.3. Effect s of overflow pipe diameter on air core
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Fig.4. Efects of water-blocked underflow port on air core
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Fig. 5.Static pressure distributions in the hydrocyclone for different diameter of overflow outlet diameters

To better explain the effect of the overflow outlet onthe  the overflow diameter increased to 50 mm. Estimated from
air core, the pressure distributions inside the hydrocyclone  these results, the larger overflow pipe diameter, the shorter
with varying overflow outlet diameters were compared as  time during, which negative pressure exists, i.e. the shorter
shown in Figure 5. It is shown clearly in Figure 5 that the  time air core appears. It can also be noticed in Figure 5 that
pressure inside the hydrocyclone was about 165000 Pa  as the overflow diameter increased, larger radial area was
when the overflow pipe diameter is 25 mm. The pressure  featured by negative pressure, further proving the conc-
gradually decreased with increasing overflow pipe diameter;  lusion above: the air column diameter increases with the
for example, the pressure dropped to only 53000 Pa when  overflow diameter.
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Fig.6 Diameter of air core in the hydrocyclone at z axis

In order to study the effect on the air core with different
diameter of vortex finder, Figure 6 showed comparisons of
the value of air core diameter with different vortex finder at
various axial positions of the hydrocyclone obtained from
CFD simulations. It is observed that movement rule of air
core inside hydrocyclone could be divided into four parts:
the first one is the underflow pipe (from z=0 to z=50mm),
the air core in this part remain relatively stable, the air core
diameter remain basically unchanged at z axis. At vertical
position z=50mm, when the vortex finder diameter is
d0=25, 35, 40, 50mm, respectively, the corresponding
value of air core diameter in the hydrocyclone is 15.50,
18.57, 18.68, 18.98mm, respectively; The second part is
conical section (from z=50mm to z=277mm), the results
showed that the diameter of air core there are abrupt
changes at the junction of the cylindrical section and conical
section of the hydrocyclone. And it is also found that there
is a couple of small fluctuation of the air core diameter
within conical section. But the change in the rules of air
core within this section was not similar. At vertical position
z=227mm, when the vortex finder diameter is d0=25, 35,
40, 50mm, respectively, the corresponding diameter of air
core in the hydrocyclone is 12.74, 18.89, 20.38, 28.96mm,
respectively; The third part is cylindrical section (from
z=227mm to z=317mm), from the Fig.6 above mentioned
we can see with the z axis increasing, the diameter of the air
core in various vortex finder of the hydrocyclone was
increasing trend, and the tendency towards increasing in
value was obvious. This phenomenon indicated that the air
core movement in this section was not stable. At vertical
position z=317mm, when the vortex finder diameter is
d0=25, 35, 40, 50mm, respectively, the corresponding
diameter of air core in the hydrocyclone is 14.92, 21.65,
25.55, 35.94mm, respectively; The fourth section is above
the vortex finder insertion depth, it was found that with the
z axis increasing, the diameter of the air core in various
vortex finder of the hydrocyclone was increasing trend, but
increased indistinctively with the increasing of z axis. At
the top of vortex finder (z=380mm), the diameter of air core
reached the maximum value. when the vortex finder
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diameter is d0=25, 35, 40, 50mm, respectively, the
corresponding diameter of air core in the hydrocyclone is
16.25, 25.00, 27.61, 37.17mm, respectively

4 Conclusions

In this paper, the computational fluid dynamics (CFD)
method was used to simulate the flow fields in a ®100 mm
hydrocyclone. The flow filed patterns inside the hydrocyc-
lone was revealed and the generation and development of
the air core inside the hydrocyclone were discussed. In
addition, the simulation helped to improve the understan-
ding of how the vortex finder diameter affects the air core,
and the results could be used as a theoretical basis to opti-
mize hydrocyclone design.

(1) The vortex finder diameter significantly affects the
dimension and shape of the air core. As the diameter of the
vortex finder increased, the diameter of the produced air
core increased, and the time for the air core to stabilize
became shorter.

(2) As the air core increased in diameter, the pressure-
drop and the split ratio inside the hydrocyclone decreased,
thus improving the separation performance.

(3) Negative pressure in the hydrocyclone is the
prerequisite of air core. The axis of the air core almost
superposed the hydrocyclone’s. The dimension and shape
of the air core changed with the flow field. Even in a stable
flow field, the air core still had different dimensions at
different positions of the axis. Analysis showed that this
could partially because of the unstable flow field, and
partially because the structure variation of the hydrocyclone
itself.

Acknowledges

This work is supported by the National Natural Science
Foundation of China (N0.21276145) and guiding program
for scientific and technological research of China National
Coal Association (No. MTKJ2013-365).



COMPUTER MODELLING & NEW TECHNOLOGIES 2014 18(8) 57-62
References

(1]

[2]
(3]

(4]

[5]

Kelsall D F 1952 A study of the motion of solid particles in a
hydraulic cyclone Trans. Inst. Chem. Eng. 30 87-108

Bradley D 1965 The Hydrocyclone. Pergamon, London

Bloor M | G, Ingham D B 1972 On the efficiency of the industrial
cyclone Trans. Inst. Chem. Eng. 51 173-6

Svarovsky L 1984 Hydrocyclones 1st edn. Holt, Rinehart, and
Winston, London

Barrientos A, Sampaio R, Concha F 1993 Effect of the air core on
the performance of a hydrocyclone In: Proceedings XVIII
International Mineral Processing Congress 267—70

[6]
[71

(8]

[°]

Zhang Yuekan, Liu Peikun, Xiao Linjing, Yang Xinghua, Yang Junru

Wang B, Chu K W, Yu A B 2007 Numerical study of particle-fluid
flow in a hydrocyclone Ind. Eng. chem. Res. 46(13) 4695-705
Gupat R, Kaulaskar M D, Kumar V, et al. 2008 Studies on the
understanding mechanism of air core and vortex formation in a
hydrocyclone Chen Eng J. 144 153-66

Mousavian S M, Najafi A F 2009 Numerical simulation of gas-
liqudi-solid flows in a hydrocyclone separator Arch Appl Mech 79
395-409

Xu jirun, Luo gian 1988 Flow fields theory of the hydrocyclone
Bijing (China) Science Press

Publications: 25 papers

Yuekan Zhang, born on March 13, 1970, Xinji, Hebei province, China

Current position, grades: Instructor of College of Mechanical & Electronic Engineering Shandong University of Science and Technology.
University studies: College of Mechanical & Electronic Engineering Shandong University of Science and Technology.
Scientific interest: Computational Fluid Dynamics, Solid-liquid separation technology and equipment

Experience: | attended the Beijing university of Science and Technology, China from 1988 to 1992. | earned BS degree in mining machinery in
1992, and the M. degree in mechanical design and theory from Shandong University of Science and Technology, China in 2007. Since 2011 |
have been working towards the Ph.D. degree in mineral process engineering at the Shandong University of Science and Technology, China. My
research interests concentrate on the Computational Fluid Dynamics and solid-liquid separation technology and equipment.

Publications: 30 papers

Peikan Liu, born on January 28, 1971, Wenshang, Shandong province, China

Current position, grades: Professor of Shandong University of Science and Technology.
University studies: College of Mechanical & Electronic Engineering Shandong University of Science and Technology.
Scientific interest: Computational Fluid Dynamics, Solid-liquid separation technology and equipment

Experience: | attended the Chengdu university of Science and Technology, China from 1989 to 1993. | earned BS degree in 1993 and M. degree
in 1996 in chemical machinery from Sichuan University, and | earned D. degree in mineral processing from Wuhan University of Science and
Technology China in 2008. | was with the College of Mechanical & Electronic Engineering Shandong University of Science and Technology,
China. My research interests concentrate on the Computational Fluid Dynamics and solid-liquid separation technology and equipment.

Publications: 55 papers

Linjing Xiao, born on January 18, 1966, Yishui, Shandong province, China

Current position, grades: Proffesor of College of Mechanical & Electronic Engineering Shandong University of Science and Technology.
University studies: College of Mechanical & Electronic Engineering Shandong University of Science and Technology.
Scientific interest: virtual prototype and CAD/CAE/CAE

Experience: Linjing Xiao, born in 1966, is currently a professor at Shandong University of Science and Technology, China. He received his PhD
degree from Beijing University of Science and Technology, China, in 2001. His research interests include virtual prototype and CAD/CAE/CAE.

Publications: 28 papers

and equipment

Xinghua Yang, born on October 25, 1978, Luoshan, Henan province, China

Current position, grades: Instructor of College of Mechanical & Electronic Engineering Shandong University of Science and Technology.
University studies: College of Mechanical & Electronic Engineering Shandong University of Science and Technology.
Scientific interest: Computational Fluid Dynamics, Solid-liquid separation technology and equipment

Experience: Yang xinghua, born in 1978, is currently Instructor at Shandong University of Science and Technology, China. She received her M.
degree from Shandong University, China, in 2001. Her research interests in Computational Fluid Dynamics, Solid-liquid separation technology

Scientific interest: Cladding part design and CAD/CAE
Publications: 40 papers.

Junru Yang, born on October 4, 1969, Leting, Hebei province, China

Current position, grades: associate Proffessor of College of Mechanical & Electronic Engineering Shandong University of Science and Technology.
University studies: College of Mechanical & Electronic Engineering Shandong University of Science and Technology.

Experience: Yang Junru, born in 1969, is currently an associate professor at Shandong University of Science and Technology, China. She
received her PhD degree from Shandong University, China, in 2006. Her research interests include cladding part design and CAD/CAE.

62



app:ds:%20%20mineral%20process%20engineering
javascript:void(0);
javascript:void(0);
javascript:void(0);

