
Research Article
Computational and Experimental Study of the Effect of
Operating Parameters on Classification Performance of
Compound Hydrocyclone

Jin Jiang,1 Rui Ying ,1 Jingan Feng,2 andWeibingWang2

1Key Lab of Hydraulic Machinery Transient, MOE, Wuhan University, Wuhan 430072, China
2College of Mechanical & Electrical Engineering, Shihezi University, Shihezi 832003, China

Correspondence should be addressed to Rui Ying; yrfhtd@126.com

Received 3 January 2018; Revised 3 March 2018; Accepted 15 March 2018; Published 29 April 2018

Academic Editor: Xesús Nogueira
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Compound hydrocyclone is a kind of dynamic hydrocyclone also with the advantages of static hydrocyclone. In this investigation,
the effect of operating parameters on separation performance of compound hydrocyclone is studied using both CFD technique and
experimental method. The flow field of compound hydrocyclone was simulated by the RSM turbulence model; the particles with
different size were simplified to 6 phases and simulated by themixturemultiphasemodel.The central composite designmethodwas
used to conduct the separation experiment of compound hydrocyclone. The results indicated that compound hydrocyclone can be
used for finer particles separation and the flow field of compound hydrocyclone can still achieve a higher centrifugal force in lower
inlet velocity. When the minimum partition size is required, the optimized operating condition of the compound hydrocyclone is
k = 2.5m/s, n = 1865 rpm, and c = 7.5%, while when the maximum partition size is required, the optimized operating condition is
k = 2.5m/s, n = 905 rpm, and c = 24.5%.

1. Introduction

Hydrocyclones are widely used for particle separation and
classification in chemical, mineral, and power industries,
mainly due to their simple structure, high capacity, low
operating and maintenance, and small space occupation. For
normal static hydrocyclones, there are still many problems
and limitations [1], such that (1) the kinetic energy of the flow
field is converted by pressure; thus a higher inlet pressure
is required to ensure the centrifugal intensity of the flow
field; (2) the short-circuit flow in flow field can result in
the overflow with more coarse particles, which seriously
impact the separation accuracy; (3) for differentmaterials and
requirements, the application scope of static hydrocyclone is
limited. A great number of improvements on static hydro-
cyclone have been proposed and the corresponding research
works have been carried out by the investigators. Boadway [2]
has improved the vortex finder pipe to a gradual expansion
pipe, so that the discharge ability of vortex finder pipe was

enhanced and the energy consumption was reduced by 20%.
Larsson [3] has proposed the 3D spiral inlet. This inlet struc-
ture can effectively reduce the turbulence andfluctuationnear
the inlet region of hydrocyclone. Chu et al. [4] have invented
the hydrocyclone which is the vortex finder pipe with annular
teeth. This improvement can effectively restrain the short-
circuit flow and improve the separation accuracy. Evans et
al. [5] and Sripriya et al. [6] have designed a hydrocyclone
with insertion solid rod to eliminate the air core. The solid
rod can greatly reduce the kinetic energy dissipation and
stabilizing the flow field. Ghodrat et al. [7, 8] proposed
a hydrocyclone with convex conical section. Compared to
the conventional design, the new hydrocyclone has larger
separation region and smaller pressure drop. Ghodrat et al.
[7, 8] also analyzed the performance of hydrocyclone with
different vortex finder, and a compromised optimum con-
figuration has been proposed. The structure improvements
of hydrocyclones can reduce the energy consumption of the
flow field to a certain extent and improve the efficiency.
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But these improvements have failed to break through the
limitations which are the hydrocyclone without energy input,
while the dynamic hydrocyclone is a good solution to this
problem. Compared to the conventional static hydrocyclone,
the dynamic hydrocyclone can also get a higher separation
efficiency and a variable capacity.

Compound hydrocyclone is a new form of dynamic
hydrocyclones, which has structure characteristics of the
normal static hydrocyclone. Because of the acceleration effect
of rotating blades, higher separation efficiency can still be
obtained in compound hydrocyclone at lower inlet pressure.
Liu et al. [9] carried out a test research on oil-water separation
of compound hydrocyclone. They found that higher rotating
speed will result in seriously emulsification of oil phase.
Jiang et al. [10] experimentally optimized the rotating blade
structure of deoiling compound hydrocyclone and raised the
separation performance. They suggested that the advantages
of compound hydrocyclone in terms of flow field energy
consumption, separation efficiency, and application scope
are that the static hydrocyclone cannot be achieved. Wang
[11] investigated the influence of geometric and operation
parameters of compound hydrocyclone to deoiling perfor-
mance and suggested that appropriate rotating speed ranges
from 1700 rpm to 2400 rpm. Li et al. [12] investigated the
effect of vibration behavior on the flow field and separation
performance. They found that the flow rate and the electric
motor running not only cause the vibration but also affect
the separation accuracy. Liu et al. [13] investigated the radial
pressure distribution of compound hydrocyclone flow field
and determined the general equation of the unit production
ability of compound hydrocyclones. Ying et al. [14] made
an experimental prototype of compound hydrocyclone for
particle separation, of which experimental result indicated
that the compound hydrocyclone has a good performance for
finer particle separation. So far the compound hydrocyclone
ismainly used for oil-water separation in petroleum industry,
while the investigation of the compound hydrocyclones
applied in the field of particle separation are relatively few.
In this investigation, the effect of operating condition on
compound hydrocyclone performance is studied using both
CFD technique and experimental method. The compound
hydrocyclone with different operating parameters was sim-
ulated by RSM turbulence model, and the particle phase in
the flow field is simulated by mixture multiphase model. The
central composite designwas used for the experiment and the
mathematical models of evaluation indexes were established
by nonlinear regression method.

2. Experimental Aspects

2.1. Experimental Equipment. The internal structure of com-
pound hydrocyclone is displayed in Figure 1(a). It can be
seen that a driving device (rotation blade) is installed in the
compound hydrocyclone, which is the main difference with
static hydrocyclone. The shaft of rotation blade is attached to
an electricmotor, so that the fluid in compoundhydrocyclone
can be accelerated. Meanwhile, the shaft of rotation blade is
also used as the vortex finder pipe of hydrocyclone, so that the
fluid can flow into the overflow chamber through the shaft.

Table 1: Structure parameters of hydrocyclone.

Parameters Symbols Value
Inlet diameter Di 14mm
Vortex finder diameter Do 20mm
Apex diameter Du 10mm
Cylindrical diameter D 75mm
Rotating blade diameter d 65mm
Cylindrical length L 40mm
Rotating blade length l 55mm
Cone angle 𝜃 6∘

In this investigation, the experimental system is a circu-
lation loop mainly composed of water tank, slurry pump,
and compound hydrocyclone. The details of experimental
system can be seen from Figures 1(c) and 1(d). A branch
pipe is set before the inlet of compound hydrocyclone such
that the inlet velocity can be regulated by changing the valve
opening of branch pipe. Electromagnetic flowmeters (EMF)
and pressure gauges are installed on the inlet pipe and the
overflow pipe, so that the data of flow rate and pressure can
be collected. Rotating speed of electric motor is regulated by
the variable-frequency drive (VFD) and the value of rotating
speed is measured by a laser tachometer. In order to make
the liquid and solid in the water tank mix evenly, a mixing
machine is installed above the water tank.

Structure parameters of compound hydrocyclone used
in this investigation were determined in the literature [14].
Details of structure parameters can be seen from Table 1
and the symbols of structure parameters can be seen from
Figure 1(b). The main body of compound hydrocyclone is
made of wear-resistant polyurethane. The rotating blade is
made of nylon and blades number is six. Solid particles
used in this experiment are Ca(OH)2 particles which are
slightly soluble in water (1.65 g/L) and the vacuum density
of particles is 2234 kg/m3. Before mixture preparation, few
Ca(OH)2 particles should be added to water to make the
liquid saturated. Particle size is normal distribution and
ranges from 6∼498 𝜇m (measured after mixing with water).
The distribution of particle size is presented in Figure 2.

2.2. Operating Parameters and Indexes. Operating parame-
ters are themain factors that affect the classification and sepa-
ration performance of hydrocyclone, including temperature,
solid density, particle size distribution, inlet velocity, feed
concentration, and setting angle [15]. The previous studies
of static hydrocyclone show that inlet velocity and feed
concentration (in mass) are the two most influential factors;
therefore, the effect of these two parameters on compound
hydrocyclone needs to be considered in this paper. On the
other hand, rotating blade is the important component of
compound hydrocyclone and has a great influence on the
flow field. Thus the effect of rotating speed also needs to be
considered.

In order to reflect the effects of the operating condi-
tions on the performance of compound hydrocyclone, three
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Figure 1: Experimental device and system. (a) Internal structure view of compound hydrocyclone ((1) inlet pipe; (2) vertex finder pipe; (3)
apex pipe; (4) rotating blade; (5) overflow outlet; (6) holes; (7) overflow chamber). (b) The symbols of structure parameters. (c) Diagram
of experimental system ((1) slurry pump; (2) split-flow valve; (3) and (7) electromagnetic flowmeter; (4) and (6) pressure gauge; (5)
compound hydrocyclone; (8) water tank; (9)mixing machine; (10) variable-frequency drive; (11) electric motor; (12) laser tachometer). (d)
The photo of experimental system.
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Figure 2: Distribution of particle size.

evaluation indexes were selected according to the literature
[16]; the indexes are as follows:

(a) Partition size (D50; the particle size which has 50%
grade efficiency): this is an important index to eval-
uate the classification and separation performance of
compound hydrocyclone. This index was calculated
from the particle distribution of overflow, and the par-
ticle distribution was measured by the Laser Particle
Size Analyzer.

(b) Split ratio (S; the ratio of volume flow of overflow to
volume flow of inlet): this index directly reflects the

situation of flow distribution of compound hydrocy-
clone.

(c) Total efficiency (E; the ratio of particle mass in the
underflow to the inlet): this is an important index
to evaluate the production capacity and efficiency of
compound hydrocyclone.

2.3. Experimental Method. Central composite design is a
statistical mathematical method widely used in engineering
problem analysis and modeling. It can be used for the
nonlinear evaluation of between operating parameters and
indexes, and then operating conditions can be optimized
by the response surface [17]. In this paper, the classification
experiment of compound hydrocyclone was carried out by
central composite designmethod.Themathematical relation-
ship between operating parameters and evaluation indexes
was modeled by multivariate nonlinear regression analysis.
Based on the mathematical models, the effect of operating
parameters and their interactions on the indexes can be
analyzed.

The experiment scheme was designed by the commer-
cial software Design-Expert. According to the experimental
requirements, fifteen groups of the experiments should be
carried out at least and the experiment matrix is comprised
of 4 factorial points, 6 axial points, and 5 center points. For
this compound hydrocyclone, the inlet velocity range is from
0.5 to 2.5m/s; the rotating speed range is 450 to 2950 rpm;
the feed concentration (in mass) range is 7.5 to 24.5%. Each
experimental factor was set to five levels and the details are
presented in Table 2.
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Table 2: List of factors and different levels.

Number Factors Levels
Min (−1.68) Low (−1) Center (0) High (+1) Max (+1.68)

1 Inlet velocity, m/s (k) 0.5 0.8 1.5 2.2 2.5
2 Rotating speed, rpm (n) 450 800 1700 2600 2950
3 Feed concentration, % (c) 7.5 10 16 22 24.5

3. Numerical Simulation Method

3.1. Numerical Model. With the development of com-
puter technology, the computational fluid dynamics (CFD)
approach is widely used in the investigation of the flow
field in hydrocyclone, and the accurate predictions can be
obtained. In this investigation, the mixture model is adopted
to simulate the solid-liquid multiphase flow in compound
hydrocyclone. Mixture model is a simplified TFM model,
which allows the interpenetrating and the relative sliding
between solid phase and liquid phase [18]. This multiphase
model is applicable to simulating the flow flied with an
extensive particle distribution. The equations of continuity
and momentum for mixture model as follows:

𝜕𝜌𝑚𝜕𝑡 + 𝜕 (𝜌𝑚𝑢𝑚𝑖)𝜕𝑥𝑖 = 0 (1)

𝜕 (𝜌𝑚𝑢𝑚𝑖)𝜕𝑡 + 𝜕 (𝜌𝑚𝑢𝑚𝑖𝑢𝑚𝑗)𝜕𝑥𝑗
= − 𝜕𝑃𝜕𝑥𝑖 +

𝜕𝑃𝑠𝜕𝑥𝑖 +
𝜕𝜏𝑚𝑖𝑗𝜕𝑥𝑗 +

𝜕 (−𝜌𝑚𝑢𝑚𝑖𝑢𝑚𝑗)
𝜕𝑥𝑗

+ 𝜕𝜕𝑥𝑗 (
𝑛∑
𝑘=1

𝜌𝑘𝑢dr,𝑘𝑖𝑢dr,𝑘𝑗) + 𝑔𝜌𝑚,

(2)

where 𝜌𝑚, 𝑢𝑚, 𝜇𝑚, and 𝑃𝑠 represent the density, velocity, and
viscosity of the mixture and the pressure of total solid phase,
respectively.

In (2), the viscous stress of mixture 𝜏𝑚 and the drift
velocity of the 𝑘th phase 𝑢dr,𝑘 are, respectively, given by

𝜏𝑚,𝑖𝑗 = 𝜇𝑚 (𝜕𝑢𝑚𝑗𝜕𝑥𝑖 +
𝜕𝑢𝑚𝑖𝜕𝑥𝑗 )

𝑢dr,𝑘𝑖 = (𝜌𝑘 − 𝜌𝑚) 𝑑
2
𝑘18𝜇𝑤𝑓 𝑎𝑘𝑖 − 4𝜂𝑡3 (∇𝛼𝑘𝛼𝑘 −

∇𝛼𝑤𝛼𝑤 )
− 𝑛∑
𝑘=1

(𝛼𝑘𝜌𝑘𝑢𝑤𝑘,𝑖𝜌𝑚 ) ,
(3)

where 𝜇𝑤, 𝛼𝑤 represent the viscosity and volume fraction of
the primary phase (water). 𝜌𝑘, 𝛼𝑘, 𝑑𝑘, and 𝑎𝑘 represent the
density, volume fraction, diameter, and acceleration of phase
k. 𝑢𝑤𝑘,𝑖 is the velocity of water phase relative to the velocity of
phase k. 𝜂𝑡 is the turbulent diffusivity.

When the volume fraction of solid phase is under 0.8, the
drag force onparticles𝑓 is determined byErgun [19] andWen
and Yu [20], given by following equation:

𝑓 = 𝐶𝐷24𝜇𝑤𝛼
−1.65
𝑤 𝜌𝑤𝑑𝑘 𝑢𝑤 − 𝑢𝑘 . (4)

In previous studies of hydrocyclone, Reynolds stress
model (RSM) and large eddy simulation (LES) are widely
used in the turbulence simulation of hydrocyclone [21]. For
LES method, a sufficient number of boundary layer grids
needs to be meshed to ensure the 𝑌+ ≤ 1 in the near wall
area, which is the necessary condition for LES [22]. However,
the LES needs a large number of meshes to produce valid
results. More importantly, in Fluent software, the mixture
model cannot be adopted for LES simulation [23].

In this investigation, the turbulence flow in compound
hydrocyclone is modeled by RSM model; thus the stress
term −𝜌𝑢𝑖𝑢𝑗 in (2) is closed by the Reynolds stress transport
equation in

𝜕 (𝜌𝑢𝑖𝑢𝑗)
𝜕𝑡 + 𝜕 (𝜌𝑢𝑘𝑢𝑖𝑢𝑗)𝜕𝑥𝑘
= 𝐷𝑇,𝑖𝑗 + 𝐺𝑖𝑗 + 𝜙𝑖𝑗 − 𝜀𝑖𝑗 + 𝑃𝑖𝑗,

(5)

where 𝐷𝑇,𝑖𝑗, 𝐺𝑖𝑗, 𝜙𝑖𝑗, 𝜀𝑖𝑗, and 𝑃𝑖𝑗, respectively, represent the
turbulent diffusion term, the buoyancy production term,
the pressure strain term, the dissipation term, and stress
production term.

3.2. Meshing and Boundary Conditions. In this study, the
commercial softwareGAMBITwas used formeshing the flow
field model of compound hydrocyclone. The computational
domain of compound hydrocyclone consists of the “stable
zone” and the “dynamic zone” where the rotation blades
are located, as shown in Figure 3. Block-structured grid
generation method was applied to mesh the computational
domain, and the grids near the central region were refined
to capture the evolution of pressure and velocity gradient;
in addition, the grid size of the conical part was gradually
reduced in a certain ratio, which can avoid a larger residual of
continuity equation caused by higher grids aspect ratio. Since
the grid nodes of dynamic and stable zone cannot bematched,
these two zones were connected by “interface boundary.”

The quality and number of CFD meshes are very impor-
tant for obtaining meaningful numerical results. Therefore,
the entire flow field of compound hydrocyclone was dis-
cretized by hexahedral grids, so that the grid quality can
get a higher level. Meanwhile, the grid-independent test was
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Figure 3: Mesh representation of compound hydrocyclone.

performed by gradually decreasing the grid size, which can
exclude the impact of grids number on simulation results.
Taking into account the length of calculation time, the
number of grids was eventually set to 1.5 million.

3.3. Simulation Strategy. The simulation model in this work
was developed by Kuang et al. [18]. A two-step work was
conducted in this simulation. In step 1, only air and water
were considered, the turbulent flow in compound hydrocy-
clone was modeled by RSMmodel, and the interface between
water and air core was modeled by Volume of Fluid (VOF)
model. The primary air core shape and velocity distribution
can be gained in this step. In step 2, the simulation starts
with the results from step 1 and the multiphase model was
changed fromVOF tomixture, so that the liquid-particle flow
in compoundhydrocyclone can be simulated.This simulation
model has already been proved to be valid for hydrocyclone
[18, 24].

In the setting of boundary conditions, the “velocity inlet”
was used for hydrocyclone’s inlet, and the inlet velocity was
0.5, 1.5, and 2.5m/s, respectively; the “pressure outlet” was
used for hydrocyclone’s overflow and underflow and the
pressure at the two outlets was 1 atm (standard atmospheric
pressure); the “Moving mesh” model was used to simulate
the rotation of dynamic zone, and the rotating speed was
450, 1700, and 2950 rpm, respectively; the inlet speed of
solid phase is the same as that of liquid phase, and the
concentration of solid phase was 7.5%, 16%, and 24.5%,
respectively. In order to ensure the numerical stability, the
number of solid phase sizes was simplified to 6 types (10,
25, 50, 100, 150, and 250𝜇m; the proportion is 25, 15, 22, 12,
14, and 12%, resp.). In the setting of solution controls, the
SIMPLE-Consistent (SIMPLEC) algorithm was used for the

A
B

Figure 4: Two representative positions.

pressure-velocity coupling; the PRESTO! scheme was taken
for spatial discretization of the pressure term; the quadratic
upwind interpolation (QUICK) scheme was taken for spatial
discretization of the advection terms. The convergence strat-
egy uses the unsteady solver and the time step is 10−3 s.

4. Results and Discussion

For better describing the effect of each operating parameters
on the flow field of compound hydrocyclone, two represen-
tative positions in compound hydrocyclone were selected to
illustrate the evolution of flow field. As shown in Figure 4,
“position A” is the interface between the cylindrical part and
the conical part and “position B” is the middle cross-section
of the conical part.

4.1. CFD Model Validation. It is necessary to validate the
accuracy and rationality of the CFD model. At present, the
velocity distribution of multiphase flow field in hydrocyclone
is difficult to be obtained by experiment. So that, only split
ratio and total efficiency were discussed here for model
validation. Figure 5(a) compares the split ratio observed
in classification experiment and CFD simulation results, in
different inlet velocities. It can be seen that the split ratio of
simulation is higher than experiment results. In the condition
of lower inlet velocity, a bigger prediction error is observed
and the maximum error is 11%. However, the split ratio
variation trend of CFD simulation is basically the same
with classification experiment. Figure 5(b) compares the
experimental results and simulation results of total efficiency
at different rotating speeds. It can be seen that the total
efficiency of simulation is lower than experiment results,
while the variation trend of total efficiency can be correctly
predicted by simulation. The maximum error is observed at
the rotating speed of 2950 rpm and the value of maximum
error is about 7%. The above results indicate that this CFD
model can at least make a qualitative analysis of compound
hydrocyclone’s performance. However, the solid phase was
simplified by mixture model and the particle distribution
cannot be presented exactly. Therefore, an accurate quantita-
tive analysis of compoundhydrocyclone is difficult to achieve.

4.2.TheEffect of Inlet Velocity (v) on Flow Field. Theevolution
of tangential velocity in different inlet velocities is shown in
Figures 6(a) and 6(b). It can be seen that, with the increase of
inlet velocity, the tangential velocity of inner vortex (forced
vortex) is gradually increased, while the tangential velocity
of outer vortex (free vortex) has no obvious changes. This
indicates that the outer vortex is accelerated to the same speed
as the rotating blade and is not affected by inlet velocity.
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Figure 5: Comparison of experimental results and simulation results.

On the other hand, the centrifugal intensity of the inner
vortex is enhanced, which is beneficial to coarse and heavy
particles in inner vortex move toward to outer vortex, so that
the partition size will be decreased. Tangential velocity of
hydrocyclone flowfield is the basis for classification and sepa-
rationwork, and the effect of tangential velocity on separation
efficiency is significant [25]. For static hydrocyclone, a higher
inlet velocity is usually required to achieve a better separation
work. However, in the flow field of compound hydrocyclone,
the outer vortex can still achieve a higher centrifugal force at
lower inlet velocity, which ismore favorable for the heavy and
coarse particles which accumulate near the cyclone wall.

Figures 6(c) and 6(d) show the evolution of axial velocity
in different inlet velocities. It is observed that the axial
velocity of inner vortex is gradually increased as the inlet
velocity rising, while the axial velocity of outer vortex and
the relative space of inner and outer vortex have no obvious
changes. This indicates that increasing the inlet velocity
can make the discharge of the overflow increase, while the
discharge of the underflow is essentially unchanged.The axial
velocity directly determines the residence time of the fluid
in hydrocyclone, and higher axial velocity will reduce the
residence time, which results in the insufficient separation
[26]. Therefore, an excessive inlet velocity should not be
adopted in compound hydrocyclone.

Figures 6(e) and 6(f) show the evolution of radial velocity
in different inlet velocities. It is observed that with the
increase of inlet velocity, the radial velocity of inner vortex
is increased significantly, while the radial velocity of outer
vortex has no obvious regular varieties. This indicates that
increasing the inlet velocity can enhance the movement of
particles in inner vortex toward the wall.

4.3. The Effect of Rotating Speed (n) on Flow Field. The
evolution of tangential velocity in different rotating speeds

is shown in Figures 7(a) and 7(b). It can be seen that, with
the increase of rotating speed, the tangential velocity of
both inner and outer vortex are gradually increased and the
tangential velocity increment of outer vortex is significantly
larger than that of inner vortex.This indicates that increasing
the rotating speed can enhance the centrifugal intensity of
both inner and outer vortex. Furthermore, the accelerating
effect of rotating blade on the outer vortex is obvious more.
In the flow field of hydrocyclone, a stronger centrifugal force
in outer vortex is favorable for heavy and coarse particles to be
confined in the outer vortex, which can avoidmore heavy and
coarse particles flowing into inner vortex, while a stronger
centrifugal force in inner vortex is favorable for heavy and
coarse particles which move toward outer vortex, which
can decreases the partition size and increases the separation
efficiency. Therefore, a higher rotating speed is necessary to
improve the performance of compound hydrocyclone. It also
can be seen that the tangential velocity is increasing from
the wall to the center of hydrocyclone in the rotating speed
of 450 rpm. This phenomenon can be explained as the inlet
velocity larger than the rotating speed, so that the rotation
of outer vortex is hindered by the rotating blade. Thus the
rotating speed should reach a certain level to ensure the
classification performance of compound hydrocyclone.

Figures 7(c) and 7(d) show the evolution of axial velocity
in different rotating speeds. It is observed that the axial
velocity of inner vortex is gradually increased as the rotating
speed increasing, and the boundary between inner and outer
vortex moves toward the cyclone wall. This indicates that the
space volume of inner vortex is expanded by increasing the
rotating speed and the discharge of overflow is increased.
It is also observed that increasing the rotating speed can
also improve the axial velocity of outer vortex. This can be
explained as the radial compression of outer vortex in a
higher rotating speed, which enhances the axial movement
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Figure 6: Evolution of velocity-field in different inlet velocities (𝑛 = 1700 rpm; 𝑐 = 16%).
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Figure 7: Evolution of velocity-field in different rotating speed (V = 1.5m/s; 𝑐 = 16%).
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Table 3: Experimental conditions and results.

Number Factors D50 (𝜇m) S E (%)
k n c Observed Predicted Observed Predicted Observed Predicted

1 +1 +1 −1 17.6 17.8 0.875 0.877 65.2 64.9
2 +1 −1 +1 29.1 29.5 0.712 0.710 51.4 51.6
3 −1 +1 +1 23.8 24.2 0.711 0.707 59.9 59.6
4 −1 −1 −1 21.7 21.9 0.338 0.336 79.9 80.1
5 −1.68 0 0 24.2 23.8 0.538 0.534 77.4 77.5
6 +1.68 0 0 19.5 19.1 0.795 0.798 68.3 68.4
7 0 −1.68 0 26.8 26.4 0.607 0.607 63.0 62.8
8 0 +1.68 0 23.8 23.5 0.830 0.822 57.5 58.0
9 0 0 −1.68 17.2 16.5 0.838 0.841 65.4 65.6
10 0 0 +1.68 27.4 26.5 0.772 0.775 44.9 45.1
11 0 0 0 21.4 21.5 0.815 0.808 61.4 60.4
12 0 0 0 20.7 21.5 0.801 0.808 60.5 60.4
13 0 0 0 21.5 21.5 0.806 0.808 61.7 60.4
14 0 0 0 20.9 21.5 0.813 0.808 59.1 60.4
15 0 0 0 21.6 21.5 0.812 0.808 59.9 60.4

of the fluid in outer vortex. Due to the decrease of flow area
in outer vortex, the increase of axial velocity cannot indicate
that the discharge of underflow is increased.

Figures 7(e) and 7(f) show the evolution of radial velocity
in different rotating speeds. It is observed that, with the
increase of rotating, the radial velocity of both inner and
outer vortex is increased. This indicates that increasing the
rotating speed can enhance themovement of particles toward
the cyclone wall.

4.4. The Effect of Feed Concentration (c) on Flow Field. The
evolution of tangential velocity in different feed concen-
trations is shown in Figures 8(a) and 8(b). It can be seen
that increasing the feed concentration has a certain level
of decelerating effect on tangential velocity. This indicates
that the centrifugal intensity of flow field is decreased with
the feed concentration increasing, so that the movement
of particles toward the hydrocyclone wall is weakened. On
the other hand, with the increasing of feed concentration,
the particle spacing in the flow field is decreased and the
interacting between particles is increased. This may hinder
the centrifugal sedimentation of particles and reduce the
separation efficiency. Literature [27] suggested that there
is a critical value for the effect of feed concentration on
separation efficiency. When the feed concentration is less
than the critical value, the interaction between particles can
be ignored, so that the separation efficiency can be increased
with the increasing of feed concentration. However, when
the feed concentration is greater than the critical value, the
interaction between particles is significant. This seriously
hinders the centrifugal sedimentation and results in a sharp
decrease of separation efficiency.

Figures 8(c) and 8(d) show the evolution of axial velocity
in different feed concentrations. It is observed that, with
the increasing of feed concentration, the axial velocity of
outer vortex is increased, while the axial velocity of inner

vortex is decreased. In addition, the boundary between inner
and outer vortex moves toward the center line slightly. This
indicates that, in the condition of higher feed concentration,
a lower discharge of overflow and a higher discharge of
underflow can be obtained.

Figures 8(e) and 8(f) show the evolution of radial velocity
in different feed concentrations. It is observed that, with the
increase of feed concentration, the radial velocity of inner
vortex is gradually decreased, while the radial velocity of
outer vortex has no obvious regular varieties. This indicates
that increasing the feed concentration will hinder the cen-
trifugal sedimentation of particles which are in inner vortex.

4.5. Regression Model. The results of the observation and
prediction for each evaluation index in different operating
parameters are summarized in Table 3. Nonlinear regression
analysis was used to establish the prediction models to
express the partition size (D50), split ratio (S), and total
efficiency (E) as function of inlet velocity, rotating speed, and
feed concentration. In order to investigate the validity and
significance of the predictionmodels, the analysis of variance
(ANOVA) was carried out.

The prediction model of partition size (D50) obtained by
nonlinear regression analysis is as follows:

D50 = 21.58 − 7.21V − 2.93 ∗ 10−3𝑛 + 0.75𝑐 − 0.31V𝑐
− 3.63 ∗ 10−4𝑛𝑐 + 2.22 ∗ 10−6𝑛2. (6)

The analysis of variance results for partition size (D50)
prediction model are shown in Table 4. It can be seen that
the “Model 𝐹-value” is 69.31 and “Model 𝑝 value” is less than
0.0001. This implies that the model is very significant and
there is only a 0.01% chance that a “Model 𝐹-value” of this
large may occur due to noise. On the other hand, the “Lack
of Fit 𝐹-value” is 2.45 and “Lack of Fit 𝑝 value” is 0.1081. This
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Figure 8: Evolution of velocity-field in different feed concentration (V = 1.5m/s; 𝑛 = 1700 rpm).



Mathematical Problems in Engineering 11

Table 4: Variance analyses for partition size (D50) prediction model.

Term Sum of squares Mean square 𝐹-value 𝑝 value
Model 159.81 26.63 69.31 <0.0001
k 11.04 11.04 28.74 0.0007
n 4.50 4.50 11.71 0.0091
c 98.17 98.17 255.47 <0.0001
kc 3.17 3.17 8.24 0.0208
nc 7.70 7.70 20.03 0.0021
n2 23.64 23.64 61.52 <0.0001
Residual 3.07 0.38
Lack of fit 2.45 0.61 3.90 0.1081
Pure error 0.63 0.16

Table 5: Variance analyses for split ratio (S) prediction model.

Term Sum of squares Mean square 𝐹-value 𝑝 value
Model 0.29 0.032 822.08 <0.0001
k 0.033 0.033 856.19 <0.0001
n 0.025 0.025 644.64 <0.0001
c 0.002 0.002 56.47 0.0007
kn 0.012 0.012 298.19 <0.0001
kc 0.006 0.006 146.93 <0.0001
nc 0.004 0.004 98.73 0.0002
k2 0.031 0.031 805.85 <0.0001
n2 0.012 0.012 322.02 <0.0001
knc 0.002 0.002 51.65 0.0008
Residual 0.001 0.001
Lack of fit 0.001 0.001 0.54 0.5040
Pure error 0.001 0.001

implies the lack of fit term is not significant relative to the pure
error and there is a 10.81% chance that a “Lack of Fit 𝐹-value”
of this largemay occur due to noise. All these results indicated
that the model described in (6) is effective for partition size
(D50) prediction.

If the 𝑝 value is <0.05, the corresponding term of the
model is significant at 5% level. While the 𝑝 value > 0.1
means that the model term is not significant. Therefore,
the main factors such as inlet velocity, rotating speed, and
feed concentration as well as square of rotating speed have
significant effects on the partition size. Among the interac-
tional effects, the interaction between inlet velocity and feed
concentration and the interaction between rotating speed and
feed concentration have significant effects on partition size.
Other effects which are lack of fit terms (kn, k2, c2, knc) have
negligible effect on partition size.

The prediction model of split ratio (S) is expressed as
follows:

S = −1.16 + 1.22V + 7.98 ∗ 10−4𝑛 + 0.05𝑐 − 2.63
∗ 10−4V𝑛 − 0.03V𝑐 − 2.14 ∗ 10−5𝑛𝑐 − 0.14V2
− 5.52 ∗ 10−8𝑛2 + 8.95 ∗ 10−6V𝑛𝑐.

(7)

According to the variance analysis results shown in
Table 5, it can be seen that the model is very significant and
the lack of fit term is not significant relative to the pure error.
Therefore, the model described in (7) is very effective for split
ratio (S) prediction. It also can be seen from Table 5 that the
main factors such as inlet velocity, rotating speed, and feed
concentration as well as square of inlet velocity and square of
rotating speed have significant effects on split ratio. Among
the interactional effects, the interaction between any two
factors and the interaction of the three factors have significant
effect on split ratio. Only the square of feed concentration has
negligible effect on split ratio.

The prediction model of total efficiency (E) is expressed
as follows:

E = 117.83 − 45.97V − 0.01𝑛 + 0.31𝑐 + 1.91 ∗ 10−3V𝑛
+ 4.78 ∗ 10−4𝑛𝑐 + 12.71V2 − 0.07𝑐2. (8)

According to the variance analysis results shown in
Table 6, it can be seen that the model is very significant and
the lack of fit term is not significant relative to the pure error.
Therefore, themodel described in (8) is very effective for total
efficiency (E) prediction. It also can be seen from Table 6
that the main factors such as inlet velocity, rotating speed,
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Table 6: Variance analyses for total efficiency (E) prediction model.

Term Sum of squares Mean square 𝐹-value 𝑝 value
Model 1057.94 151.13 209.27 <0.0001
k 41.40 41.40 57.33 0.0001
n 24.37 24.37 33.75 0.0007
c 210.13 210.13 290.96 <0.0001
kn 2.89 2.89 4.00 0.0855
nc 13.34 13.34 18.47 0.0036
k2 299.66 299.66 414.94 <0.0001
c2 53.08 53.08 73.50 <0.0001
Residual 5.06 0.72
Lack of fit 0.49 0.16 0.14 0.9295
Pure error 4.57 1.14

and feed concentration as well as square of inlet velocity and
square of feed concentration have significant effects on total
efficiency. Among the interactional effects, the interaction
between rotating speed and feed concentration has significant
effect on total efficiency. Other effects which are lack of
fit terms (kc, n2, and knc) have negligible effect on total
efficiency.

4.6. The Effect of Operating Parameters on Partition Size
(D50 ). For better understanding, the prediction models of
each evaluation index are described by 2D response surface
plots which show the significant interaction of different
combination factors. The effect of inlet velocity and feed
concentration on D50 of compound hydrocyclone is shown
in Figure 9(a). It is observed that, finer particles can be
obtained from the vertex finder at higher level of inlet velocity
and lower level of feed concentration. This can be explained
as the centrifugal intensity of flow field is enhanced, so
that the quantity of coarse particles suspended in the inner
vortex is decreased. On the other hand, decreasing the feed
concentration can make the particle spacing in the flow field
increased and the interaction between particles decreased;
these lead to the decreasing resistance during the particles
centrifugal sedimentation and the quantity reducing of the
particles in axial central region. It also can be seen from
Figure 9(a), the effect of inlet velocity on D50 is gradually
weakened with the feed concentration increasing. This is
due to the fact that, in the higher concentration flow field,
the effect of sedimentation resistance on particles is more
obvious.

The effect of rotating speed and feed concentration on
D50 of compound hydrocyclone is shown in Figure 9(b). It is
observed that the partition size of compound hydrocyclone
will be decreased with the increasing of rotating speed.
This is also due to the enhancement of centrifugal intensity
in the flow field. However, in the condition of lower feed
concentration, an excessive high rotating speed can make
the overflow particles coarser. This can be explained as the
turbulence and fluctuation of the flow field is enhanced,
which seriously disturb the centrifugal sedimentation of par-
ticles and finally result in the overflow with coarse particles.
With the increasing of feed concentration, the coarsening

phenomenon in overflow caused by excessive high rotating
speed is gradually eliminated.This can be explained as higher
feed concentration increases the fluid viscosity of flow field,
which has suppression effect on the unstable flow caused by
the rotating blade with high speed.

According to the response surfaces of partition size (D50),
it can be concluded that, in the condition of k = 0.5m/s, n =
450 rpm, and c=24.5%, this compoundhydrocyclone gets the
maximum partition size of 35.5 𝜇m, while in the condition
of k = 2.5m/s, n = 1275 rpm, and c = 7.5%, this compound
hydrocyclone gets the minimum partition size of 11.3 𝜇m.

4.7. The Effect of Operating Parameters on Split Ratio (S). The
effect of inlet velocity and rotating speed on S of compound
hydrocyclone is shown in Figure 10(a). It is observed that
greater split ratio can be obtained at higher level of inlet
velocity and higher level of rotating speed, so that a bigger
discharge of overflow can be achieved. This can be explained
as the pressure energy of the flow field is increased with
inlet velocity and rotating speed increasing, which enhance
the resistance of the cyclone’s conical part to outer vortex
and expand the volume of inner vortex. However, the split
ratio of compound hydrocyclone is decreased slightly in the
condition of excessive high inlet velocity and rotating speed.
This is due to the fact that the axial velocity of outer vortex is
increased significantly, which enhances the discharge ability
of the apex pipe.

The effect of inlet velocity and feed concentration on S
is shown in Figure 10(b). It is observed that greater split
ratio can be achieved at higher level of inlet velocity and
lower level of feed concentration. This can be explained as
the effect of gravity on outer vortex is weakened with the
decreasing of feed concentration. In addition, decreasing
the feed concentration reduces the flow viscosity, which can
decrease the kinetic energy loss and increase the pressure in
hydrocyclone, so that the flow resistance in cyclone’s conical
part is increased. It is also noted that, in the condition of lower
inlet velocity, raising the feed concentration can make the
split ratio increased slightly.This is due to the fact that higher
feed concentration causesmore particles to accumulate in the
apex zone of conical part and then impedes the discharge of
the overflow.
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Figure 9: Response surface plot showing the effect of operating parameters on D50.
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Figure 10: Response surface plot showing the effect of operating parameters on S.
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Figure 11: Response surface plot showing the effect of operating parameters on E.

The effect of rotating speed and feed concentration on S
is shown in Figure 10(c). It is observed that, in the condition
of higher rotating speed and lower feed concentration, higher
level of split ratio can be achieved. Moreover, the interaction
between rotating speed and feed concentration is similar to
that between inlet velocity and feed concentration.

The response surfaces of split ratio (S) show that the
maximum split ratio of compound hydrocyclone is 0.94 and
the corresponding operating condition is k = 2.0m/s, n
= 2200 rpm, and c = 7.5%, while the minimum split ratio
of compound hydrocyclone is 0.02 and the corresponding
operating condition is k=0.5m/s,n=450 rpm, and c= 10.5%.

4.8. The Effect of Operating Parameters on Total Efficiency
(E). The effect of inlet velocity and rotating speed on E
of compound hydrocyclone is shown in Figure 11(a). It is
observed that higher total efficiency can be obtained in the
condition of lower rotating speed and lower inlet velocity,
so that the underflow has a bigger discharge. This can be
explained as the space volume of inner vortex is in a lower
level, decreasing the quantity of the particles suspended in
inner vortex. Nevertheless, the effect of inlet velocity on
total efficiency has two sides. It can be seen that when the
inlet velocity is at a higher level, the total efficiency will
also be increased. This is because the centrifugal force on
particles is greater than the sedimentation resistance, so that
the radial equilibrium position of particles is closer to the
hydrocyclone’s wall.

The effect of rotating speed and feed concentration on
E is shown in Figure 11(b). It is observed that higher total
efficiency can be obtained at lower level of feed concentration.
This can be explained as the sedimentation resistance of
particles is weakened with the feed concentration decreasing,
so that the number of particles which radial equilibrium
positions in inner vortex is decreased. It also can be seen
that, in the condition of higher feed concentration, there is
a negligible effect on total efficiency as the rotating speed
changes.This is because the effect of sedimentation resistance
on particles is much greater than that of the centrifugal force.

The response surfaces of total efficiency (E) show that,
in the condition of k = 0.5m/s, n = 450 rpm, and c =
9.9%, this compound hydrocyclone gets the maximum total
efficiency of 90.8%, while in the condition of k = 1.7m/s, n =
1060 rpm, and c = 24.5%, this compound hydrocyclone gets
the minimum total efficiency of 42.9%.

5. Conclusion

The effect of operating parameters on compound hydrocy-
clone performance is studied using CFD numerical simula-
tion and experimental method. According to the response
surfaces of three performance indexes and the simulation
results of flow field, some conclusions can be obtained as
follows.

(1) As the key component of compound hydrocyclone,
rotating blade has significant effects on the flow field and
performance indexes. Because of the accelerating function of
rotating blade, the centrifugal intensity of hydrocyclone’s flow
field can get a higher level, so that compound hydrocyclone
can be used for separation of finer particles. On the other
hand, the flow field of compound hydrocyclone can still
achieve a higher centrifugal force in the condition of lower
inlet velocity. This is the advantage that static hydrocyclone
cannot be compared. However, an excessive higher speed of
rotating blade will cause strong fluctuations in the flow field,
which seriously disturb the particles centrifugal sedimenta-
tion. Therefore, excessive high level of rotating speed should
not be adopted.

(2) For this compound hydrocyclone, the results of
response surfaces indicate that the partition size range is
11.3∼35.5 𝜇m, the split ratio range is 0.02∼0.94, and the
total efficiency range is 42.9∼90.8%. In the application of
compound hydrocyclone, higher inlet velocity and feed
concentration should be adopted to achieve a greater yield
capacity; meanwhile, rotating speed should be set to a lower
level to reduce the energy consumption.On the other hand, in
order to get more particles from the overflow, the compound
hydrocyclone should be operated in the condition which
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can achieve higher level of split ratio and lower level of
total efficiency. According to the above requirements to
optimize the operating parameters, for partition size less than
12 𝜇m, the optimized operating condition is k = 2.5m/s, n =
1865 rpm, and c = 7.5%. The corresponding total efficiency
is 72.8% and split ratio is 0.928. For partition size less than
35 𝜇m, the optimized operating condition is k = 2.5m/s, n =
905 rpm, and c = 24.5%.The corresponding total efficiency is
49.8% and split ratio is 0.638.

Nomenclature

Di: Inlet diameter (mm)
Do: Vortex finder diameter (mm)
Du: Apex diameter (mm)
D: Cylindrical diameter (mm)
d: Rotating blade diameter (mm)
L: Cylindrical length (mm)
l: Rotating blade length (mm)
𝜃: Cone angle (∘)
k: Inlet velocity (m/s)
n: Rotating speed (rpm)
c: Feed concentration by mass (%)
DS: Partition size of overflow (𝜇m)
S: Split ratio of overflow
R: Recovery rate (%).
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