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Abstract: For the flow field in a d50 mm hydrocyclone, numerical studies based on computational fluid dynamics (CFD) simulation 
and experimental studies based on particle image velocimetry (PIV) measurement were carried out respectively. The results of two 
methods show that air core generally forms after 0.7 s, the similar characteristics of air core can be observed. Vortexes and axial 
velocity distributions obtained by numerical and experimental methods are also in good agreement. Studies of different parameters 
based on CFD simulation show that tangential velocity distribution inside the hydrocyclone can be regarded as a combined vortex. 
Axial and tangential velocities increase as the feed rate increases. The enlargement of cone angle and overflow outlet diameter can 
speed up the overflow discharge rate. The change of underflow outlet diameter has no significant effect on axial and tangential 
velocities. 
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1 Introduction 
 

Hydrocyclone has been widely used in many areas 
of separation due to the advantages of its low operating 
cost and maintenance, high throughput, low floor space 
requirement etc [1,2]. Multiple investigations on 
hydrocyclones have been carried out by several 
researchers since the 1950s [3]. Now, a commonly 
accepted wisdom is that the separation characteristics of 
the hydrocyclone including classification efficiency and 
cut size depend on the flow field, which has been a hot 
area of hydrocyclone research in recent years [1−4]. 

The flow field in a hydrocyclone, which is 
characterized by a complex three dimensional swirling 
flow with an air core, is decided by various operational 
and structural parameters. Operational parameters mainly 
include feed rate and slurry concentration; whilst 
structural parameters are composed of feed inlet form, 
vortex finder form, overflow outlet diameter, underflow 
outlet diameter and cone angle, etc. The detailed velocity 
profiles in a hydrocyclone were measured first by 
KELSALL using a stroboscope [3]. With the 
development of laser and high-speed camera 
technologies, laser Doppler velocimetry (LDV) and 

particle image velocimetry (PIV) were utilized to 
investigate the flow field inside hydrocyclones [5,6]. 
DABIR and PETTY [7] measured the tangential and 
axial velocities in hydrocyclones using LDV as early as 
1984, and the tangential and axial velocities were 
detected by RAJAMANI, FISHER, ELDIN et al 
individually using LDV or PIV [8−11]. CFD simulation 
becomes an important numerical method for the detailed 
study of the flow field of hydrocyclones due to the rapid 
development of computer technology and mathematical 
models [12,13]. The first successful CFD predicting 
work on hydrocyclones was reported by RODES et al in 
1987 [14]. Nowadays, the CFD modeling software 
packages, including ANSYS/Fluent, have shown 
sufficient accuracy in modeling the flow field in a 
hydrocyclone, and the simulation results have been 
compared with the LDV or PIV experimental 
measurement with good agreement [12−15]. 

However, most of the related numerical and 
experimental studies were about the flow velocities of 
the hydrocyclone with constant structural parameters. 
The air core, as an inevitable phenomenon of the flow 
field inside hydrocyclones, was involved rarely in similar 
literatures. Additionally, there are no general rules that 
can be used to quantitatively predict the performance for  
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a specific hydrocyclone. Numerical simulation and 
validation experiment are still required to assess the 
relative performance of a new designed hydrocyclone. In 
this work, a d50 mm hydrocyclone was studied. 
Numerical studies on the flow field with an air core 
inside the hydrocyclone were carried out by the use of 
ANSYS/Fluent with the Reynolds stress model (RSM) 
for the turbulence calculation and the volume of fluid 
(VOF) model for capturing the air-liquid interface. PIV 
measurements were conducted at the same condition to 
validate the simulation results. Numerical simulation 
results were compared with the experiments in terms of 
the forming process and characteristics of the air core, 
the flow velocities characteristics. Following model 
validation, the numerical method was extended to study 
the effect of different operational and structural 
parameters on flow field inside the hydrocyclone. 
 
2 Model description 
 
2.1 Hydrocyclone geometry 

The geometry of the hydrocyclone used for 
numerical and experimental models in this study is 
presented in Fig. 1, which is a typical hydrocyclone type 
with the specific dimensions for separating mineral 
particles. 
 

 
Fig. 1 Geometry of hydrocyclone of base case (unit: mm) 
 

Table 1 lists the parameters investigated in this 
study, of which air core investigation and flow structures 
are conducted based on base case; the variable 
parameters, including the feed rate, cone angle, 
underflow outlet diameter and overflow outlet diameter, 
are investigated to study the influence of different 
parameters on flow field inside the hydrocyclone. For 
experimental model, due to the cost to change the 
structural parameters, the investigation was focused on 
one set of structural parameter, referred as base case. For 
model validation purpose and for convenience of 

measurement, the study was conducted using an 
air−water system. As an initial phase of study, no 
particles are injected. Influence of particles on the flow 
field will be discussed in the other paper. 
 
Table 1 Parameters investigated in this study 

Parameter Base case Variable

Feed rate/(L·min−1) 35 30, 40, 45

Cone angle/(°) 15 11, 19, 23

Underflow outlet diameter/mm 8 4, 6, 10 

Overflow outlet diameter/mm 15 12, 18 

 
2.2 Numerical model 

Simulation of complex hydrodynamics in a 
hydrocyclone requires accounting for the irregular 
interface between air core and surrounding liquid, as well 
as the turbulence induced by the strong swirling flow. 
This has been a challenging task in the numerical 
modeling of multiphase flow over the past few decades. 

In this study, details of the modeling approach are 
well documented in literature and recently widely used in 
the study of hydrocyclones [12−14,16]. Here, only the 
key governing equations are briefly provided. 

For incompressible fluid, the equations for mass (or 
continuity) and the momentum in a general form are as 
follows [16]: 
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The RSM model uses the following transport 

equation for the Reynolds stress: 
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For VOF model, the governing equation for the 

phase i can be written as 
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Mass flow inlet is set and assumed to be constant 
with a specified feed rate. The volume fraction of water 
fed from inlet is 1. Pressure outlets are set for overflow 
and underflow and assumed to be at atmospheric or zero 
gauge pressure. No-slip boundary conditions are applied 
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to all walls. Initially, the whole fluid domain is assumed 
to be filled with air representing a startup condition of an 
actual operation. 

ANSYS Meshing is used for meshing the 
geometries into hexahedral meshes. Grid dependency 
studies are carried out with mesh quantities: 300000, 
350000, 400000 and 450000. It is observed that the 
400000 cells are optimal for a compromised 
consideration of simulation accuracy and computing time. 
The mesh for the numerical simulation is shown in   
Fig. 2. 
 

 
Fig. 2 Mesh structure of hydrocyclone for numerical simulation 
 
2.3 Experimental model 

Physical experiments were constructed using the 
base case structural parameters. Figure 3(a) shows a 
photo of the experimental model setup. Transparent 
plexiglass was used as the wall materials. In order to 
reduce errors caused by laser scattering, a couple of 
orthogonal planes were processed in the outside of the 
transparent model. Two measurement technologies were 
applied: CCD camera to record the air core forming 
process and PIV measurement to obtain the detailed flow 
field over a vertical plane crossing the hydrocyclone 
center. Figure 3(b) shows the PIV measurement system, 
which consists of a fluid circulation system and a PIV 
system. 

Polystyrene powder (5−10 μm, 1050 kg/m3) was 
used as tracer particle in the tests. The phenomenon was 
captured by CCD camera from the beginning to 
investigate the forming process and characteristics of the 
air core. After the air core was fully developed, PIV 
measurement was carried out to obtain the flow 
velocities over a vertical plane passing the hydrocyclone 
centre axis. A total of 200 transient velocity frames were 
recorded to obtain a time averaged value. 
 
3 Results and discussion 
 
3.1 Air core investigation 

Figure 4 shows the air core forming process from 
both CFD simulation (upper) and physical experiment 
(lower). As liquid water is introduced into the initially 
empty hydrocyclone, the hydrocyclone cavity is filled 
with a gradual development of a liquid layer due to the 
centrifugal forces and solid walls, and then air continues 
to be extruded. The interface between the air core and the 

 

 
Fig. 3 Experimental model setup: (a) Photo of hydrocyclone;  
(b) PIV measurement system (1—Hydrocyclone; 2—Mixing 
tank; 3—Pump; 4—Flowmeter; 5—Laser; 6—Laser generator; 
7 — Laser controller; 8 — Computer; 9 — PIV processor;      
10—CCD camera) 
 
surrounding liquid is very unstable at the beginning. The 
air core is generally formed at about 0.7 s, the flow field 
reaches a pseudo-steady state after about 1.7 s in which  
the air outside of the air core is eliminated completely. 
Note that both simulation and experiment are plotted at 
the same time. In general, the numerical simulation 
results are in good agreement with those of the physical 
experiment conducted at the same condition. 

Figure 5 shows the axial velocity on centerline at 
different times obtained by CFD simulation. It can be 
found that in the initial stages (before 0.3 s) the axial 
velocity on centerline is fully upward, in other words, the 
air is extruded through overflow outlet. Then, air 
backflow occurs at overflow outlet because of the 
negative pressure caused by high speed rotating flow. 
The fully developed air core is like a twisted rope, the air 
enters the hydrocyclone from underflow outlet and 
exhausts through overflow outlet, but there is downward 
air backflow in the center of overflow tube. Two obvious 
characteristics are the largest swing on the top of 
underflow tube and the protuberance resembling the 
Adam’s apple at the bottom of the vortex finder. Both the 
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Fig. 4 Forming process and characteristics of air core: (a) t=0.1 s; (b) t=0.3 s; (c) t=0.5 s; (d) t=0.7 s; (e) t=0.9 s; (f) t=1.1 s;       
(g) t=1.3 s; (h) t=1.5 s; (i) t=1.7 s 
 

 

Fig. 5 Axial velocity on centerline at different times obtained 
by CFD simulation: (a) Underflow tube section; (b) Conical 
section; (c) Cylindrical section (under vortex finder);        
(d) Overflow tube section 
 
swing and the protuberance can be seen clearly from  
Fig. 4 at 1.7 s. The reasons for the two characteristics of 
the air core can be seen easily from Fig. 5. The swing is 
caused by the derivative vortex of forced vortex and free 
vortex, the axial velocity here begins to decline (between 
sections (a) and (b) in Fig. 5. The reason for the 
protuberance is the collision of the primary air from 
underflow outlet and the backflow air from overflow 

outlet, the axial velocity translates into radial velocity, 
and the former reduces to proximate zero (between 
sections (c) and (d) in Fig. 5). 

The locus of zero axial velocity (LZVV) is one of 
the important characteristics of the flow field inside 
hydrocyclones. Solid particles with diameters equal to 
the cut size of d50 exist in the surrounding of LZVV, and 
these particles have a 50% chance of exiting the 
hydrocyclone either through the overflow or underflow 
outlets. The white line in Fig. 4 at 1.7 s represents the 
LZVV, which is consistent with theoretical prediction. 
 
3.2 Flow structures 

The solid separation characters are closely related to 
the flow structures. Figure 6 shows the flow structures in 
terms of streamlines and pressure distribution, which 
may indicate the separation process. As shown in     
Fig. 6(a), started from the inlet, the liquid mainly flows 
helically downward at the region close to the outside 
walls. Some liquids change their direction at the region 
close to the air core and move upward. Figure 6(b) plots 
the pressure distribution over a vertical plane crossing 
the vertical axis. The strong swirling flow leads to higher 
pressure gradient along the radius direction. Negative 
pressure occurs in the air core region. Particles with 
different size and/or density will have different response 
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to the flow velocity and pressure gradient, which 
achieves particles’ separation. In general, the separation 
mechanisms can be reasonably explained based on the 
flow dynamics. As this study is based on liquid flow only, 
the detailed solid separation is not investigated. Further 
work with the consideration of solid flow, as reported in 
Ref. [17], is required to quantitatively assess the 
separation characteristics, which represents our ongoing 
research. 
 

 

Fig. 6 Flow hydrodynamics simulation at pseudo-steady state: 
(a) Streamlines; (b) Pressure distribution over a vertical plane 
crossing vertical axis 
 

Figure 7 shows the velocity vector field of middle 
region over a vertical plane crossing the vertical axis in 
the hydrocyclone. Figure 7(a) is obtained from CFD 
simulation, and Fig. 7(b) is obtained from PIV 
measurement. It can be seen that the flow direction of 
external flow is downward and that of internal flow is 
opposite. The comparison of the two plots shows that the 
vortexes are captured almost at the same position. 
 

 
Fig. 7 Velocity vector field obtained from CFD simulation (a) 
and PIV measurement (b) 

Axial velocity distributions over a diameter line in 
z=0 and z=18 mm planes are also compared respectively, 
and the results are shown in Fig. 8. It can be found that 
the axial velocity distributions obtained by the both 
methods are in very good agreement. 
 

 
Fig. 8 Comparison of axial velocity distribution over diameter 
lines in z=0 (a) and z=18 mm (b) planes 
 

The good agreement between the experimental 
measurement and CFD simulation demonstrates the 
validity of using the numerical method to study the likely 
effect of different parameters on the hydrocylone 
hydrodynamics. 
 
3.3 Influence of operational and structural 

parameters 
Following model validation, the numerical method 

is extended to study the likely effect of different 
parameters, the feed rate as operational parameter, cone 
angle, underflow outlet diameter and overflow outlet 
diameter as structural parameters. The distributions of 
tangential and axial velocities over a diameter line in z=0 
mm plane are investigated under different parameters. 
Influence of parameters on flow field can be learnt by 
analyzing the distributions of these flow velocities. 

For the three-dimensional flow inside the 
hydrocyclone, tangential velocity is the most important 
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velocity component, which decides the magnitude of 
centrifugal force, hence controls the particle separation 
characteristics. Figure 9 shows the distributions of 
tangential velocities under different investigated 
parameters. Two vertical lines are plotted to identify the 
boundary of forced vortex of the base case. As can be 
seen from Fig. 9, for all the simulated cases, the 
maximum tangential velocities occur near the boundary 
of forced vortex. Inside the forced vortex, the tangential 
velocity, ut, is proportional to hydrocyclone radius, r, i.e., 
ut=rC, where C is a constant. Outside the forced vortex, 
the tangential velocity, ut, is approximately inversely 
proportional to the radius, r, i.e., utr0.52−0.63=C. Therefore, 
the relationship between ut and r can be written as utrn=C, 
where n is an exponent and is an important parameter of 
hydrocyclone. Inside the forced vortex, n=−1. Outside 
the forced vortex, n=0.52−0.63, indicating a quasi-free 
vortex motion. In Fig. 9(a), the tangential velocities 
increase with the increase of feed rate, but the exponent n 
and the positions of peak values are almost the same, 
which means that the feed rate only impacts the 
tangential velocities magnitude. In Fig. 9(b), the 
tangential velocities increase with the increase of the 
cone angle, and the exponent n has the same trend, and 
changes from 0.52 to 0.63 when the cone angle of the 

hydrocyclone changes from 11° to 23°. Figure 9(c) 
shows that the underflow outlet diameter has little effect 
on the tangential velocities at the selected location. 
Possibly the investigated location is far away from the 
underflow outlet. Further investigation will be conducted 
to check its effect on the regions close to the outlet. 
Figure 9(d) shows the effect of overflow outlet diameter. 
It is interesting to see that the maximum effect occurs in 
the region near the interface between the forced vortex 
and quasi-free vortex, while there is little effect on the 
quasi-free vortex region close to the walls. 

Figure 10 shows the axial velocity distribution over 
a horizontal line at the same location as selected in Fig 9. 
The zero velocity indicates the boundaries of LZVV, a 
horizontal line is plotted to help identifying the LZVV 
point. Two vertical lines are plotted as well to identify 
the boundary of forced vortex of the base case. The axial 
velocities in quasi-free vortex are useful for particle 
separation. It can be seen from Fig. 10(a) that, the axial 
velocities rise with the increase of feed rate because of 
the increase of feed velocity. In Fig. 10(b), with the 
increase of cone angle, the downward velocities of 
external flow decrease, and the upward velocities of 
internal flow increase. The reason is that the counterforce 
against the fluid by the hydrocyclone walls increases. 

  

 
Fig. 9 Distributions of tangential velocities under different parameters obtained from numerical method: (a) Feed rate; (b) Cone angle; 
(c) Underflow outlet diameter; (d) Overflow outlet diameter 
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Fig. 10 Distributions of axial velocities under different parameters obtained from numerical method: (a) Feed rate; (b) Cone angle;  
(c) Underflow outlet diameter; (d) Overflow outlet diameter 
 
Figure 10(d) shows that bigger overflow outlet diameter 
can strengthen the upward velocities clearly. Axial 
velocities inside forced vortex in Fig. 10 show that the 
feed rate has no obvious effect on air core, and too small 
underflow and overflow outlet diameters will prevent the 
forming of air core. Similar to the effect on the tangential 
velocity (Fig. 9(c)), the underflow outlet diameter has 
little effect on the axial velocity in this region either. 

Different flow fields are needed for different 
purposes or different mineral particles. But appropriate 
flow field can be estimated according to Figs. 9 and 10. 
 
4 Conclusions 
 

1) Both CFD simulation and physical experiment 
show that the air core forms after 0.7 s. The air of the air 
core enters the hydrocyclone from the underflow outlet 
and exhausts through the overflow outlet. The largest 
swing of the air core occurs in the region close to the 
underflow tube, and a protuberance resembling the 
Adam’s apple appears when the air core enters the 
overflow tube. 

2) The vortexes are captured almost at the same 
position by the two methods. Axial velocity distributions 
over diameter lines in z=0 and z=18 mm obtained by the 

both methods are also in very good agreement. 
3) Tangential velocity distribution can be regarded 

as a combined vortex, i.e., utr=C. Inside air core, n=−1, 
indicating a forced vortex motion. While outside air core, 
n=0.52−0.63, demonstrating a quasi-free vortex motion. 
For the important parameter ‘n’ of the hydrocyclone, 
numerical simulation is a feasible method. 

4) Both axial and tangential velocities rise with the 
increase of feed rate. The enlargement of cone angle can 
also increase the upward axial and tangential velocities, 
but reduce the downward axial velocity. The change of 
underflow outlet diameter has no significant effect on 
axial and tangential velocities. Axial velocity rises with 
the increase of overflow outlet diameter, but there is no 
significant change in tangential velocity. 
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带空气柱的旋流器内流场的数值和试验研究 
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2. CSIRO Computational Informatics, VIC 3169, Australia 

 
摘  要：针对 d50 mm 水力旋流器内流场，分别进行了基于 CFD 模拟的数值研究和基于 PIV 流场测试的试验研究。

两种方法对空气柱的研究结果均表明，空气柱在 0.7 s 左右大致成形，且二者所得空气柱具有相似的特征。流场

速度特性研究结果显示，在流场矢量图中，涡流被两种研究方法几乎在同一位置捕捉到；CFD 模拟和 PIV 测试所

得轴向速度分布结果也高度一致。用 CFD 数值研究的方法考察不同参数对流场切向速度和轴向速度的影响结果

表明，旋流器内切向速度分布符合组合涡特征；给矿流量增大会使流速增大；增大锥角或者溢流口直径，会加快

溢流的排出速度；而沉砂口的变化对流速的影响则很小。 

关键词：水力旋流器；CFD 模拟；PIV；流场；空气柱 
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