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a b s t r a c t
This study adopted FLUENT, a computational fluid dynamics software program, for the three-phase 
flow simulation of a hydrocyclone. The flow field and air-core of a hydrocyclone were simulated 
through the large eddy simulation methodology and volume of the fluid multiphase flow model. 
The Reynolds stress model was used as the coupled turbulent model. The particle flow was then sim-
ulated using a discrete phase model for examining the influence of the wall thickness of the hydro-
cyclone overflow pipe on the short-circuit flow and particle grade efficiency. The results revealed 
that an appropriate thickness of the overflow pipe wall should be selected to avoid short-circuit flow.
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1. Introduction

A hydrocyclone is a favored classification device for 
conducting solid separation [1]. Hydrocyclones are pri-
marily applied in domains such as mineral processing [2], 
dewatering [3] (to a growing extent), environmental engi-
neering [4], and water treatment [5–8]. With the develop-
ment in science and technology, mathematical models based 
on computational fluid dynamics (CFD) have become highly 
desirable for solving flow fields in hydrocyclones [9].

Boysan et al. [10] adopted algebraic stress and random 
track models for the numerical calculation of two-phase 
turbulent flows within a hydrocyclone separator and pre-
dicted the fractional efficiency curve. Their calculation 
method provides a useful reference for the numerical simu-
lation of a two-phase flow field of a hydrocyclone separator. 
Dyakowski and Williams [11] applied the Reynolds stress 
equation and the k–ε model as a solution and replaced the air 
column with a cylindrical bar. The calculation results of their 

study were similar to the experimental results. However, the 
algebraic expression of Reynolds stress in the calculation 
model must still be improved, and the model calculation is 
very time- consuming. Pericleous and Rhodes [12] were the 
first to successfully predict the flow field of a hydrocyclone 
separator with a diameter of 200 mm. They found that the 
higher the granular concentration, the higher was the valid 
viscosity at the wall and underflow sections. This higher con-
centration and viscosity intensified the interaction between 
continuous and discontinuous phases and complicated the 
fluid pattern.

The flow pattern complexity of a hydrocyclone separa-
tor, changes in the air core patterns, and CFD of unsteady 
flows were examined in [13]. An effective method to predict 
the air core is to use an empirical equation. Matvienko [14] 
compared different turbulent flow models and used them 
in a hydrocyclone separator simulation. Olson and Ommen 
[15] adopted CFD for determining the optimum design of 
a hydrocyclone separator and selected a multiphase flow 
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model (algebraic mixture model), grain motion model, and 
turbulent flow model (Reynolds stress model (RSM)). The air 
core affects the flow split ratio and then the grade curve.

CFD investigations are also focused on the air core. 
Delgadillo and Rajamani [16] adopted a multiphase flow 
model (volume of fluid) for modeling the air core and com-
pared the CFD results of three turbulent models—the large 
eddy simulation (LES) model, RSM, and RNG k−ε model—by 
conducting experiments. The results revealed that the RNG 
k−ε model could not form an air core, whereas the remaining 
two models produced an air core. Moreover, the results of 
the LES model were the closest to the experimental values, 
and this model could approximate the flow characteristics 
of the internal flow field of a hydrocyclone separator better 
than the other models could. However, the disadvantage of 
LES models is that these models can only be applied to dilute 
solutions. Delgadillo and Rajamani [17] provided a more 
detailed description of the advantages and disadvantages of 
applying LES models to hydrocyclone separators.

Considerable efforts have been made to develop effi-
cient hydrocyclones with some new structures for chang-
ing the flow characteristics of conventional hydrocyclones. 
For example, a water-injected hydrocyclone [18] was desig-
ned to interrupt the boundary layer flow for reducing the 
fine particle content in the underflow. Mainza et al. [19] 
proposed a hydrocyclone with one underflow exit and two 
overflow exits. The main function of the dual vortex finders 
in a three-product cyclone is to prevent the short-circuiting 
of the coarse material in the overflow and to promote a pref-
erential separation of the material moving to the inner and 
outer overflow streams.

The FLUENT software program (ANSYS Inc., Pennsy-
lvania, USA) has been widely applied in many engineering 
fields, such as drying [20], drinking water treatments [21], 
filtration [22,23], and hydrocyclone separation [24,25]. The 
objectives of this study were to investigate the flow pattern 
by using the LES methodology and RSM turbulent model 
through FLUENT. Moreover, the influence of the wall thick-
ness of the hydrocyclone overflow pipe on the short-circuit 
flow and particle grade efficiency was analyzed. Narasimha 
et al. [26] found that although LES is time-consuming, it 
provides the descriptions of a vortex structure and air core, 
which are similar to the descriptions presented in the exper-
imental results. After obtaining a solution for the fluid flow, 
particulate flow simulation was conducted by numerically 
tracking the motion of the particles in a Lagrangian frame 
of reference by using a discrete phase model [27]. The effect 
of the thickness of an overflow pipe wall on separation was 
examined.

2. Numerical methods

2.1. Geometry and meshes

The geometry of the hydrocyclone is displayed in Fig. 1. 
The diameters of the feed, overflow, underflow, and hydro-
cyclone were 10, 15, 8, and 45 mm, respectively. The length 
of the cylindrical part of the hydrocyclone was 65 mm and 
that of the cone part was 75 mm. Thus, an overall cone angle 
of 14° was obtained. The number of hybrid mesh volumes 
used in this study was approximately 100,000 (Fig. 2).

2.2. Methodology

LES was conducted for simulating the flow patterns in 
the hydrocyclone separator system. The fluid velocity was 
decomposed using a filtering function into a larger-scale 
component and a residual component [28]. The filtering pro-
cess effectively filtered out eddies whose values were smaller 
than the filter width or grid spacing used in the computa-
tions. A filtered variable, denoted by an overbar, was defined 
as follows:

φ φX X G X X dX
D

( ) = ′( ) ′( ) ′∫ , �  (1)

where D is the fluid domain and G is the filter function that 
determines the scale of the resolved eddies. In the commercial 
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Fig. 1. The geometry of the hydrocyclone separator system used 
for CFD simulations.
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CFD code FLUENT, the filtering operation is implicitly 
embedded within the finite-volume discretization process.

φ φX
V

X dX X V
V

( ) = ′( ) ′ ′∈∫
1 ,  (2)

where V is the volume of a computational cell. The filter 
function G(X, X′) can be expressed as follows:

G X X V
X V
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0 otherwise
 (3)

The following equations are obtained by filtering the 
Navier–Stokes equations:
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where σij is the stress tensor due to the molecular viscosity 
and is defined as follows:
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Moreover, τij is the subgrid-scale stress defined as follows:

τ ρ ρij i j i ju u u u≡ −  (7)

2.3. Initial and boundary conditions

In this study, the inlet fluid was considered to move at a 
constant speed and the boundary condition was as follows:

v = constant  for the inlet pipe (8)

Moreover, the maximum inlet fluid velocity was 8.4 m/s. 
Starch powder particles with a density of 1,450 kg/m3 were 
used as the simulated particles. Therefore, the flow Reynolds 
number based on the inlet diameter was approximately 
44,000–1,20,000. The outlet fluid was moving under an abso-
lute pressure of 1 atm; therefore, the gauge pressures for the 
underflow or overflow were zero. The boundary conditions 
were as follows:

P = 0  for the underflow (9)

P = 0  for the overflow (10)

No-slip boundary conditions were applied on all the 
hydrocyclone walls. A CFD program (FLUENT 6.1, ANSYS 
Inc., Pennsylvania, USA) was used to solve the governing 
equations (Eqs. (4)–(7)) with the associated initial and bound-
ary condition equations (Eqs. (8)–(10)). This study adopted 
a pressure-staggered option scheme, which is a pressure 
interpolation scheme considered useful for predicting the 
high swirl flow characteristics inside the hydrocyclone body. 
Moreover, the SIMPLE algorithm was applied, which uses 
a combination of continuity and momentum equations to 
derive a pressure equation. This study then used the higher- 
order quadratic upwind interpolation convective kinematics 
spatial discretization scheme for the interpolation of field 
variables from the cell centers to the faces of the control vol-
umes. The calculations were conducted for approximately 
20,000-time steps, with a maximum relative error of 10−4 for 
fluid velocity evaluations at a time step of 10−4 s.

LES is a transient simulation that requires three dimen-
sions and a fine grid. Therefore, grid independence studies 
were conducted. The results indicated that once the number 
of elements was halved and doubled, the solutions of the 
total separation efficiency had a maximum difference of 5.1% 
between the consecutive grids. The total separation efficiency 
Et was calculated using the following equation:

E
G C
G Ct
u u

e e

=
( )
( )  (11)

Fig. 2. Meshes of the hydrocyclone separator system used for 
CFD simulations.
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where Gu and Ge are the mass flows of the underflow and 
feed, respectively, and Cu and Ce are the solid weight concen-
trations of the underflow and feed, respectively. Our previ-
ous work can be referred to for the calculation method [25].

3. Results and discussion

3.1. Volume fraction of air, pressure, and velocity distribution

Figs. 3–5 present the air volume fraction, pressure, and 
absolute velocity distribution maps of the different hydrocy-
clones. In the simulation, the air-core formation was verified 
in four studied hydrocyclones with different overflow pipe 
thicknesses. When the inlet flow speed and overflow pipe 
diameter increased, the diameter of the air core increased. 
From a macroscopic viewpoint, Figs. 3–5 indicate that the 
wall thickness had no remarkable influence on the size and 
shape of the generated air core. Fig. 4 indicates that the static 
pressure was the largest at the wall and the lowest at the 
center, which is the air core area. Conversely, the absolute 
velocity was the lowest at the wall and the largest at the 
center (Fig. 5).

Fig. 6 displays the axial velocity distribution diagram 
presenting the X and Y cross-sectional views of a hydrocy-
clone with various overflow wall thicknesses. In the diagram, 
the colored section represents the axial velocity values of 
the upward flow in the z-direction, whereas the blank sec-
tion represents the downward movement of the flow. As can 
be seen from the diagram, the hydrocyclone cannot simply 
be divided into the upward and downward speed regions. 
The division is a more complex situation that involves 
cross-doping.

3.2. Particle separation

Fig. 7 illustrates the trajectory of a particle released at 
different positions corresponding to Fig. 6. When the thick-
ness of the overflow pipe wall was 1.5 mm, as at points  

A and B in Fig. 6a, the axial velocity closest to the overflow 
was upward. This suggested that upward particle transpor-
tation occurred in the fluid near the overflow pipe entrance, 
which led to short-circuit flow. Thus, the separation effi-
ciency may deteriorate. Figs. 7a and b correspond to Fig. 6a 
at points A and B, respectively. The particles released at these 
two points exhibited outward overflow. Fig. 6 indicates that 
when the wall thickness is small, the liquid can easily move 
to the overflow end from the outside wall of the overflow 
pipe. This may cause large-size particles to flow out from the 
overflow end without separation, which is the short-circuit 
flow effect. A pipe with a wall thickness of 1.5 mm produces 
short-circuit flow; thus, the grade efficiency of small-size 
particles is considerably reduced at this thickness value.

The overflow pipe wall thickness was 2.5 mm, as at points 
C and D in Fig. 6b. The downward movement regions of fluid 
velocity near the entrance of the overflow were almost linked 
together. This caused particles to be carried away by the 
downward movement of the fluid upon reaching the under-
flow. Thus, superior separation efficiency was obtained. Figs. 
7c and d correspond to Fig. 6b at points C and D, respectively. 
The particles released at these locations were carried away by 
the underflow.

Fig. 7e corresponds to Fig. 6c at point E. The thickness 
of the overflow pipe wall was 4.5 mm, as shown in Fig. 6c at 
point E. The downward movement regions of the fluid veloc-
ity were already linked together into one block. This caused 
particles to be carried away by the downward movement of 
the fluid upon reaching the underflow. Therefore, increased 
separation efficiency was attained. The particle released at 
point E was carried away by the underflow.

When the overflow pipe wall was 6.5 mm thick, as at 
point F in Fig. 6d, the overly thick overflow pipe wall caused 
the inside of the overflow pipe to be completely covered by 
upward movement regions of fluid velocity. This caused par-
ticles to be carried away by the fluid moving upward upon 
reaching the overflow. In this case, the separation efficiency 

(a) (b) (c) (d)

Fig. 3. Transient development of air core structure in the hydrocyclone separator system obtained from CFD simulations. 
(a) W = 1.5 mm, (b) W = 2.5 mm, (c) W = 4.5 mm, and (d) W = 6.5 mm.
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was not high. Fig. 7f corresponds to Fig. 6d at point F. The 
particle released at this location was carried away by the 
overflow.

Fig. 8 displays the grade efficiency diagram of different 
wall thicknesses of the pipe when the simulated flow split 
ratio was 0.85. The grade efficiency for small-size particles at 
a wall thickness of 4.5 mm was lower than that at a wall thick-
ness of 2.5 mm. Moreover, the efficiency at a wall thickness 
of 1.5 mm was even lower than the aforementioned efficien-
cies. Thus, if the wall thickness is very small, the possibility 
of the occurrence of the short-circuit flow effect is high.

When the wall thickness was 6.5 mm, the grade separa-
tion curve was steep. A comparison between Fig. 6d suggests 
that small particles were carried away by the upward flow 
near the vicinity of the air column toward the entrance of 
the overflow, whereas large particles were carried away by 
the underflow when they were flung on the wall due to the 
centrifugal force. Therefore, the grade separation curve was 
steep. In summary, if a liquid has to be clarified or concen-
trated, the overflow pipe of a hydrocyclone should have a 
suitable wall thickness. The overflow pipe collects small-size 
particles, and the bottom pipe collects large-size particles. 

 (a) (b) (c) (d)

Fig. 4. Contour plots of pressure obtained from CFD simulations. (a) W = 1.5 mm, (b) W = 2.5 mm, (c) W = 4.5 mm, and (d)W = 6.5 mm.

 (a) (b) (c) (d)

Fig. 5. Contour plots of tangential velocity obtained from CFD simulations. (a) W = 1.5 mm, (b) W = 2.5 mm, (c) W = 4.5 mm, and 
(d) W = 6.5 mm.
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Thus, a pipe with a thick wall should be selected for a hydro-
cyclone when separating small and large-size particles.

4. Conclusions

The simulation conducted in this study reveals that when 
an overflow wall is very thin or very thick, particles are car-
ried away toward the overflow entrance. The overflow in the 
case of a very thin wall occurs due to a short-circuit flow, 
whereas the overflow in the case of a very thick wall occurs 
when the air column is covered by fluid that flows upward. 

When small particles are observed in this region due to an 
insufficient centrifugal force, the fluid carries the small par-
ticles away toward the overflow. The pipe wall thickness, 
which is crucial for the adjustment of short-circuit flow and 
the particle grade efficiency, can be used to achieve solid 
separation. If the overflow contains a supernatant liquid 
and the underflow contains a concentrated fluid, appro-
priate wall thickness should be used. If large-size particles 
must be separated from small-size particles, overflow pipes 
with thick walls are required. In practice, a rotating switch 
can be designed to alternate between various overflow pipe 
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Fig. 6. Contour plots of vertical velocity obtained from As. (a) W = 1.5 mm, (b) W = 2.5 mm, (c) W = 4.5 mm, and (d) W = 6.5 mm.
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 (a) (b)

(c) (d)

(e) (f )

Fig. 7. Release single particle from different positions. (a) W = 1.5 mm, (b) W = 1.5 mm, (c) W = 2.5 mm, (d) W = 2.5 mm, (e) W = 4.5 mm, 
and (f) W = 6.5 mm.
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wall thicknesses for accommodating various operation 
requirements.
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