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Abstract: The “entrainment of coarse particles in overflow” and the “entrainment of fine particles in
underflow” are two inevitable phenomena in the hydrocyclone separation process, which can result
in a wide product size distribution that does not meet the requirement of a precise classification.
Hence, this study proposed a two-stage (TS) hydrocyclone, and the effects of the inlet velocity on the
TS hydrocyclone were investigated using computational fluid dynamics (CFD). More specifically,
the influences of the first-stage inlet velocity on the second-stage swirling flow field and the separation
performance were studied. In addition, the particle size distribution of the product was analyzed.
It was found that the first-stage overflow contained few coarse particles above 40 um and that
the second-stage underflow contained few fine particles. The second-stage underflow was free of
particles smaller than 10 um and almost free of particles smaller than 20 um. The underflow product
contained few fine particles. Moreover, the median particle size of the second-stage overflow product
was similar to that of the feed. Inspired by this observation, we propose to recycle the second-stage
overflow to the feed for re-classification and to use only the first-stage overflow and the second-stage
underflow as products. In this way, fine particle products free of coarse particle entrainment, and
coarse particle products free of fine particle entrainment can be obtained, achieving the goal of
precise classification.

Keywords: two-stage (TS) hydrocyclone; computational fluid dynamics; separation performance;
particle size; inlet velocity

1. Introduction

A hydrocyclone is an effective device for multiphase separation, utilizing the principle of
centrifugal sedimentation. It is widely used in grading, desliming, concentration, clarification,
and sorting because of its simple design, convenient operation, high capacity, and high separation
efficiency [1-5]. Precise size classification is one of the main means to improve the separation efficiency
and sharpness of the beneficiation process. Currently, the hydrocyclone is the main device for particle
size classification [6-8]. Two products, overflow and underflow, can be obtained via a single separation
step in a conventional hydrocyclone. Particles with sizes smaller than the cut size fall into the overflow,
and particles with sizes larger than the cut size fall into the underflow. However, the “entrainment
of coarse particles in the overflow” and the “entrainment of fine particles in the underflow” are
two inevitable phenomena that occur because of the complexity of the hydrocyclone’s internal flow
field, and these phenomena can result in a wide product size distribution that does not meet the
requirement of precise classification [9-12]. Connecting multiple hydrocyclones in series is one way
to solve the problem of wide product size distribution and obtain a series of products with narrow
size distributions. Although this method can produce multiple products with different particle sizes,
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it requires additional feed pumps and pipelines, which causes problems such as a long process flow,
a large equipment investment, and high energy consumption.

Although a hydrocyclone has a simple structure, it has a complicated internal flow field
distribution and separation mechanism. It is difficult to design a hydrocyclone structure that can
be generally applied to various industrial fields. Hence, it is necessary to develop hydrocyclones
with different structures for different separation processes and different applications. For many years,
researchers worldwide studied the separation performance of hydrocyclones with different structures.
The work of structural improvement of hydrocyclones focused on how to improve the classification
efficiency and to achieve multi-functionality [13-17]. Restarick [18,19], Zhang [20], and others designed
a two-stage, three-product heavy—medium cyclone that consisted of a primary cylindrical cyclone
and a secondary cylindrical/conical cyclone. Three products can be obtained in a single separation
step. In the primary cylindrical cyclone, particles were mainly classified by size so that high-ash
fine coal can be discharged through the overflow. In the secondary cylindrical/conical cyclone,
particles were mainly classified by density, which can effectively separate the clean coal and the
gangue. Obeng [21,22] developed a Julius Kruttschnitt (JK) three-product cyclone. In their design,
a vortex finder with a smaller inner diameter was inserted coaxially into the conventional vortex finder.
This type of hydrocyclone can produce three products in a single separation step: a fine overflow
stream, a middling overflow stream, and a coarse underflow stream. This study also investigated the
effect of the insertion depth of the second vortex finder on the separation performance of the cyclone.
Ahmed [23] designed a three-product, solid-liquid separation hydrocyclone with one overflow and
two underflows by adding a tangential output opening in the middle of the conical section on the
same side as the feed inlet opening. Krokhina [24], Farghal [25], Golyk [26], and Dueck [27] installed a
water-injection system in the conical section of a conventional cylindrical/conical cyclone near the
apex so that the material was subjected to a secondary classification process to meet the classification
requirements for particles of different sizes. In this way, the fine particle fraction in the underflow
can be reduced effectively. The separation efficiency and separation sharpness can both be improved.
Although these studies improved the performance of the cyclone to a certain extent, many aspects
of the cyclone still need to be explored. Because of the influences of the number of outlets and the
cyclone structure, the pressure drop and separation performance of a multi-product cyclone during
operation are significantly different from those of a conventional single-stage cyclone. For two-stage
series cyclones, especially the underflow-fed series cyclones, the inlet velocity of the first stage has
a great influence on the second stage. If the inlet velocity of the first stage is too small, it is difficult
to form a sufficiently strong centrifugal force field in the second stage after the energy loss in the
first stage. Therefore, it is necessary to study the influence of inlet velocity on the flow field and the
separation performance of two-stage series cyclones.

In recent years, with the development of computer technology, computational fluid dynamics
(CFD) became an effective technique for fluid research and it is widely used in the study of the flow
field and the separation characteristics of cyclones [28-30]. Delgadillo and Rajamina [31] designed and
simulated six 75-mm hydrocyclones with various cylindrical geometries and cone angles. They studied
the variation law of the air core using the Reynolds stress model (RSM) and the large eddy simulation
(LES) model coupled with the volume of fluid (VOF) model, and they studied the particle trajectory
law with the aid of the discrete phase model (DPM). Compared with the standard hydrocyclone design,
their novel designs had smaller cut sizes and better separation efficiencies. Narasimha [32] found that
both the RSM and LES models could accurately predict the velocity field in hydrocyclones. Brennan [33]
predicted the tangential velocity, axial velocity, and radial pressure profiles in a hydrocyclone and
compared the simulation results with the laser Doppler velocimetry (LDV) test results on a 75-mm
hydrocyclone. The results showed that the velocity and pressure profiles of the simulation results
were consistent with the test results in the upper conical section and the cylindrical section. Slack [34]
simulated the turbulence field in a 205-mm hydrocyclone using the RSM and LES models. The obtained
axial and tangential velocity profiles were compared with the LDV test data. The RSM turbulence
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model-generated predictions agreed well with the LDV test data and had lower requirements for
computational cost and mesh quality than the LES model. Conversely, the LES model required refined
meshes and smaller time steps, making it much more computationally expensive than the RSM model.
Therefore, the RSM model is generally preferred for simulations, and its accuracy was successfully
proven in recent studies. To study multiphase flow in a hydrocyclone, the VOF model is widely
adopted to investigate the air core inside a hydrocyclone. A particle image velocimetry (PIV) test and
other flow field tests verified that the VOF model can accurately predict the distribution characteristics
of the gas-liquid two-phase flow in the hydrocyclones [35]. Lagrangian particle tracking (LPT) and the
two-fluid model (TFM) are widely used to study particle separation. The former traces the motion of a
single particle but ignores the influence of inter-particle interactions and the reactions of particles on
the fluid [36]. The TFM model, treating both liquid and solid phases as interpenetrating continuous
media, incorporates the interaction between particles and between the particles and the fluids. This
model is increasingly used to study the effect of concentration on the separation performance of
hydrocyclones [37]. In this study, the effects of inlet velocity on the TS hydrocyclone were investigated
using CFD. More specifically, the influences of the first-stage inlet velocity on the second-stage swirling
flow field and the separation performance were studied.

2. Numerical Methods

2.1. Structure Geometry

An underflow-fed series TS hydrocyclone was designed to study the influence of inlet velocity on
flow field and separation performance. The schematic diagram of the TS hydrocyclone is shown in
Figure 1, and its specific structural parameters are given in Table 1. When slurry tangentially enters the
first stage of the hydrocyclone at a certain speed, the fluid is forced to spiral along the hydrocyclone
wall at a high speed, and a centrifugal force field is formed. The centrifugal force that fine particles
are subjected to cannot overcome the fluid resistance. Thus, fine particles follow the fluid toward the
center of the hydrocyclone and then exit the vortex finder to form a first-stage overflow stream. Coarse
particles and some fine particles can overcome the fluid resistance and move outward to the sidewalls,
before continuing to spiral downward under the influence of the subsequent fluid flow until they exit
the tangential opening of the first stage and enter the second stage for secondary separation. Fluid
that enters the second stage of the hydrocyclone is still able to form a centrifugal force field under the
residual pressure. When particles enter the second stage, coarse particles are quickly separated and
discharged from the underflow to form a second-stage underflow stream. The remaining fine particles
are discharged from the vortex finder to form a second-stage overflow. Three grades of products can
be obtained by a single TS hydrocyclone separation operation.

Table 1. Structural parameters of hydrocyclones.

Structural Parameters Size
Diameter of first cylinder section D1 (mm) 75
Diameter of second cylinder section D2 (mm) 50
Height of first-stage cylinder section H1 (mm) 150
Height of first-stage body H2 (mm) 180
Height of first-stage vortex finder Hol (mm) 50
Diameter of inlet a x b (mm) 15 x 20
Height of second stage body H3 (mm) 281
Height of second-stage cylinder section H4 (mm) 85
Height of second-stage cone section H5 (mm) 150
Height of second-stage outer vortex finder H6 (mm) 30
Height of second-stage inner vortex finder Ho2 (mm) 50
Diameter of apex Du2 (mm) 7
Diameter of second vortex finder Do2 (mm) 15

Diameter of first vortex finder Dol (mm) 25
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Figure 1. Two-stage (TS) hydrocyclone.

2.2. Model Description
(1) RSM Model

The RSM model was used, and its transport equation is as follows:

o) o(pui)

ot axk

= Dr,ij + Dpij + Pij + Gij + ®jj + € + Fj, @

where D7 j; is the turbulent energy diffusion, Dy ;; is the molecular viscous diffusion, P;; is the shear
stress generation, G;; is the buoyancy generation, ¢;; is the pressure strain, ¢;; is the viscous discrete
term, and F;; is the system rotation generation. The equations for each are as follows:
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In this paper, the internal flow field of the hydrocyclone was numerically simulated using
ANSYS Fluent software (ANSYS Inc, Canonsburg, PA, USA), and the turbulent energy diffusion DT,ij,
stress—strain ¢;;, buoyancy generation G;;, and dissipative tensor ¢;; used in Fluent are as follows:
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In the equations, yt = pCy (k*/¢), 0 = 0.82, $ij1 is the slow term, ¢;; » is the fast term, cpw is the
wall reflection, and Yy, = 2p£Mt , where M; is the Mach number.

(2) TEM Model

at !

where p, is the mixed phase density, m is the mass transfer, and U is the average velocity of the
mixed phase.
The average velocity of the mixed phase is as follows:

n —
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where ay is the volume fraction of the kth phase, and Zk is the velocity of the kth phase.
The momentum conservation equation is as follows:

— n
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where 7 is the total number of phases, Um is the VlSCOSlty of the mixed phase, p is the pressure, py is

the density of the kth phase, F is the volume force, v k is the relative sliding velocity between the kth
>
phase and the mixed phase, and v K =0r— .

The volume fraction equation for the kth phase is as follows:

%(“kPk) +V- (vckpk?m) =-V. (akpkgi)- (16)
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2.3. Simulation Conditions

To study the influence of inlet velocity on the flow field and the separation performance of
the TS hydrocyclone, a Cartesian coordinate system was constructed, with its origin defined as the
center of the second-stage apex. The x-axis points in the feed direction of the first stage of the
hydrocyclone. The z-axis points in the vortex finder direction of the second stage of the hydrocyclone.
The mathematical model of the hydrocyclone was established and meshed using block-structured
hexahedral mesh generation techniques, as shown in Figure 2a; the total number of mesh elements was
approximately 353,500. Mesh division is the most important step in the pre-processing of a numerical
simulation. The number, quality, and type of mesh have great influence on the accuracy and speed
of simulation calculation. Meanwhile, in order to ensure the calculating accuracy and improve the
computational efficiency, mesh independence detection was carried out. Tangential velocity is an
important performance index of hydrocyclone; thus, the influence of grid on simulation precision
was evaluated by the change of tangential velocity, and the results are shown in Figure 2b. When
the number of meshes is greater than 300,000, the tangential velocity of the hydrocyclone is basically
unchanged with the increase in the number of meshes. The orthogonality of grid lines, the aspect ratio,
and the connectivity of grids were auto-checked after the mesh creation.
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Figure 2. The mesh of TS hydrocyclone: (a) mesh; (b) mesh independence detection.

The RSM and TFM models were employed to simulate the internal flow field and to calculate
the particle classification efficiency of the TS hydrocyclone. In all simulations, the “velocity-inlet”
boundary condition was applied at the hydrocyclone inlet. The water and solid particles had the same
speed, which was in the range of 3-6 m/s. The “pressure-outlet” boundary condition was applied at
the outlet. The outlet pressure was set to standard atmospheric pressure. The solid particles used in the
TFM model were SiO, particles with a density of 2650 kg/m?3. The particle size distribution is given
in Table 2. The total solid volume fraction in the feed was 3.5%. A no-slip boundary condition was
applied to the hydrocyclone walls. The SIMPLE algorithm was used for the pressure-velocity coupling.
The PRESRO discretization scheme was used for the pressure equations, and the QUICK discretization
scheme was used for other control equations. The time-averaged equilibrium of the flow rate of each
phase at both the inlet and the outlet was used as the convergence criterion. The simulation time step
was set to 1.0 x 107 s.
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Table 2. The size distribution of particles in the feed.

Size Interval (um) Mean Size (um) Yield (%) Volume Fraction (%)

0-2.5 1 4.88 0.1708
2.5-75 5 7.21 0.2524
7.5-15 10 9.55 0.3343

15-25 20 15.33 0.5366

25-35 30 20.88 0.7308

3545 40 16.59 0.5807

45-55 50 11.38 0.3983

55-65 60 8.31 0.2909

65-80 75 5.87 0.2055

3. Results and Discussion

3.1. Model Validation

It is critical to firstly validate the mathematical model with accurate test data before it is applied in
numerical experiments. In 1998, Hsieh [38] obtained the velocity profile on the cross-section of a $75
hydrocyclone using LDV. This test result was used by many researchers to validate their simulation
results. Therefore, in this work, we firstly compared the simulation results with Hsieh’s experimental
data. As shown in Figure 3, the calculated axial and tangential velocity profiles are in good agreement
with the experimental data, which indicates that the selected mathematical model can effectively
predict the velocity profiles in the hydrocyclones.
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Figure 3. Comparisons between the simulation and the classic experiment: (a) tangential velocity
(with Hsieh’s results [38]); (b) axial velocity (with Hsieh’s results); (¢) comparison of separation
behaviours (with Delgadillo’s results [3]).
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The TFM model was validated based on the experimental work of Delgadillo [3]. The solid
content of the feed in Delgadillo’s work was 10.47% by weight. The same particle size distribution
of the feed was used in the present study as in Delgadillo’s work. The classification efficiency was
characterized by measuring the recoveries of particles with different size classes in the underflow.
Figure 3c shows that the measured and simulated partition curves are in good agreement and that the
overall trends are similar for the two approaches. Therefore, we conclude that the TFM model used in
the present study can accurately predict the separation behavior of the hydrocyclone.

3.2. Flow Pattern

The inlet velocity directly affects the strength of the centrifugal force field in the hydrocyclone
and is an important indicator of the hydrocyclone’s performance. If the inlet velocity is too small,
a sufficient centrifugal force field that is required for particle separation cannot be formed. If the inlet
velocity is too large, the high flow rate shortens the residence time of the particles in the hydrocyclone,
which may hinder the complete separation of the particles and unnecessarily increase the energy
consumption. Therefore, it is necessary to analyze the influence of the inlet velocity on the separation
performance of the hydrocyclone.

3.2.1. Pressure

Figure 4 shows the relationship between the pressure drop and the inlet velocity in the
hydrocyclone. As the inlet velocity increases, the pressure drop in the hydrocyclone increases linearly.
When the inlet velocity increases from 3 m/s to 6 m/s, the pressure drop of the first stage of the
hydrocyclone increases from 27.81 kPa to 116.21 kPa, and the pressure drop of the second stage of the
hydrocyclone increases from 26.14 kPa to 111.17 kPa. To ensure the basic separation performance of
a hydrocyclone, its pressure drop generally needs to be greater than 50 kPa. For a TS hydrocyclone,
sufficient pressure in the first stage of the hydrocyclone must be maintained to ensure the separation
performance of the second stage of the hydrocyclone. Therefore, it is necessary to keep the inlet velocity
greater than 4 m/s to maintain the performance of the TS hydrocyclone.

140
120 R*=0.9907 =
é\ 100 -
N 2:
E g | R’ =0.9903
<
L
Z 60
g
o 40
= " first stage
20 A second stage
0
2 3 4 5 6 7

Inlet velocity(m/s)

Figure 4. Relationship between pressure drop and inlet velocity.

The pressure distributions inside the TS hydrocyclone are shown in Figure 5, which shows that
the pressure distributions in the first and second stages are essentially the same and are both in
accordance with the pressure distributions of the semi-free vortex and the forced vortex. The pressure
is axisymmetrically distributed with its highest value at the wall surface, and gradually decreases from
the wall toward the axial center with decreasing radius. However, near the center of the hydrocyclone,
the first stage is 5.5 mm away from the center (about 0.44 of the diameter of the vortex finder), and
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the second stage is 2.5 mm away from the center (about 0.33 of the diameter of the vortex finder), the
pressure becomes negative, and the pressure at the axial center is also negative. This central negative
pressure region is the cause of the air core at the center of the hydrocyclone. Figure 5 also shows that
the radial pressure gradient gradually increases as the inlet velocity increases. To further analyze
the radial pressure distribution, the radial pressure distributions were simulated at the cros- sections
of Z = 300 mm (in the first stage of the hydrocyclone) and Z = 150 mm (in the second stage of the
hydrocyclone). The results are shown in Figure 6.
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Figure 5. Pressure distribution contours.
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Figure 6. Radial pressure distributions: (a) Z = 300 mm (first stage); (b) Z = 150 mm (second stage).

The radial pressure gradient force fa; is the main driving force that governs particle movement
in the radial direction.

d
fapi = EVi = BpVy a7)

where V), ; is the particle volume, Ap is the radial pressure gradient, and r is the radial distance from the
center. Figure 6 shows that, as the inlet velocity increases, the absolute value of the negative pressure
in the center of the hydrocyclone gradually increases, and the pressure near the walls also gradually
increases. This is because the radial pressure in the semi-free vortex is proportional to the square of the
tangential velocity at the position. The greater the inlet velocity of the hydrocyclone is, the faster the
internal fluid flow velocity will be, and the higher the tangential velocity will be. Therefore, the radial
pressure increases with the increase of the inlet velocity. In the forced vortex region, the centrifugal
force field becomes stronger as the tangential velocity increases, such that lower negative pressure
is generated in the center of the hydrocyclone. With the increase of tangential velocity, the strength
of the centrifugal force field increases, and then the radial pressure gradient in the first stage of the
hydrocyclone increases gradually with increasing inlet velocity. Equation (17) implies that the larger
the radial pressure gradient is, the larger the force applied to the particles in the radial direction is,
the easier it is for the particles to settle to the wall surface, and the easier it is for particles of the same
size to enter the second stage of the hydrocyclone. The radial pressure gradient distribution law of
the second stage of the hydrocyclone is the same as that of the first stage of the hydrocyclone. This
is because, when the underflow of the first stage enters the second-stage hydrocyclone, it forms a
similar rotational flow field. Meanwhile, as the inlet velocity increases, the velocity of the fluid entering
the second stage increases accordingly. Therefore, the pressure distribution rule in the second-stage
hydrocyclone is similar to that of the first-stage hydrocyclone. That is, the radial pressure gradient
increases gradually with increasing inlet velocity.

3.2.2. Tangential Velocity

For the fluid flow in the hydrocyclone, the tangential velocity directly determines the strength of
the centrifugal force field f. ;, which is the main driving force for phase separation and is an important
factor for evaluating separation performance.

2
u
foi = AVpipi——, (18)

where p; is the particle density. Equation (18) indicates that the centrifugal force is proportional to the
tangential velocity. Analyses of tangential velocity were also performed at the Z = 300 mm cross-section
and the Z = 150 mm cross-section, shown in Figure 7. The tangential velocity conforms to the radial
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symmetric Rankin vortex distribution. From the axial center to the walls, the tangential velocity firstly
increases sharply along the radius, which is in accordance with the tangential velocity distribution
of the forced vortex with a large velocity gradient. After reaching its maximum value, the tangential
velocity begins decreasing with increasing radius and rapidly decreases to zero near the walls, which
is in accordance with the tangential velocity distribution of the free vortex.
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Figure 7. Comparison of tangential velocities: (a) Z = 300 mm (first stage); (b) Z = 150 mm
(second stage).

It can also be found that the inlet velocity has great influence on the tangential velocity. When the
inlet velocity increases from 3 m/s to 6 m/s, the maximum tangential velocity of the first stage of the
hydrocyclone increases from 4.23 m/s to 8.70 m/s, and the maximum tangential velocity of the second
stage of the hydrocyclone increases from 3.49 m/s to 7.07 m/s. This can be attributed to the fact that,
as a velocity component, the tangential velocity increases inevitably with the increasing inlet velocity.
The maximum tangential velocity in the first stage of the hydrocyclone is approximately 1.43 times the
inlet velocity, while the maximum tangential velocity in the second stage of the hydrocyclone is only
approximately 0.83 times the first-stage inlet velocity.

Equation (18) shows that the centrifugal force on a particle is proportional to the tangential
velocity at the particle’s position. The greater the tangential velocity is, the stronger the centrifugal
force field is, and the greater the centrifugal force applied to the particles is. The separation of the
particles is mainly affected by the radial centrifugal force. Hence, the larger the tangential velocity is,
the easier it is for the particles to overcome the fluid resistance to move toward the walls. In the first
stage of the hydrocyclone, the particles are subjected to the strongest centrifugal force. Most of the
particles can overcome the centrifugal force and enter the second stage of the hydrocyclone. Only a
small subset of the finest particles are contained in the first-stage overflow. After entering the second
stage of the hydrocyclone, the particles are separated again. Under the relatively weak centrifugal force,
coarse particles directly enter the second-stage underflow, while the remaining middling particles are
discharged from the second-stage overflow.

3.2.3. Axial Velocity

The fluid velocity in the hydrocyclone can be divided into axial velocity, tangential velocity, and
radial velocity. The radial velocity reflects the motion of the fluid along the radial direction and the
tangential velocity reflects the rotation of the fluid, while the axial velocity reflects the motion along the
axial direction. The fluid inside the hydrocyclone enters the underflow from top to bottom or enters the
overflow from bottom to top. If the structural dimensions of the hydrocyclone are unchanged, the axial
velocity will determine the total time from entry to exit of the fluid. In other words, the axial velocity
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affects the residence time of the fluid and the split ratio, which in turn influences the hydrocyclone’s
separation performance.

Axial velocity can also reflect the direction of fluid flow in the hydrocyclone. Figure 8 shows
the axial velocity at the Z = 300 mm cross-section and the Z = 150 mm cross-section; it can be found
that, in the first stage of the hydrocyclone, the fluid is divided into three regions based on the axial
velocities. Near the sidewall, the axial velocity is negative, and the fluid flows downward to the
underflow. This region is referred to as the outer vortex region. Near the center of the hydrocyclone,
the axial velocity is positive and the fluid flows upward to the overflow. This region is referred to as
the inner vortex region. In the central region of the hydrocyclone, the axial velocity is negative. This is
because the pressure in the central region is lower than the external atmospheric pressure. Outside air
tends to flow into the hydrocyclone since the first-stage vortex finder is open to the atmosphere.
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Figure 8. Axial velocity profiles: (a) Z = 300 mm (first stage); (b) Z = 150 mm (second stage).

Moreover, as the inlet velocity increases, the axial velocity in the central negative pressure region
of the first stage of the hydrocyclone gradually increases, and the negative pressure region gradually
extends downward. In the first stage of the hydrocyclone, the axial velocities of the outer vortex and
inner vortex both increase as the inlet velocity increases. In the second stage of the hydrocyclone, when
the inlet velocity increases, the axial velocity of the outer vortex gradually increases while the axial
velocity of the inner vortex remains substantially unchanged. The axial velocity in the central region of
the second stage of the hydrocyclone increases significantly with increasing inlet velocity.

3.2.4. Radial Velocity

Compared to the tangential and axial velocities, the radial velocity is relatively small, but its
distribution is complex. During the separation process, the radial velocity has a relatively small effect
on the centrifugal force field, but it can affect the radial movement of the particles. Figure 9 shows
the radial velocity contours at the Z = 300 mm and Z = 150 mm cross-sections of the TS hydrocyclone.
The radial velocity gradient increases as the inlet velocity increases, which is beneficial to the radial
separation of the particles. The radial velocity in the first stage of the hydrocyclone is distributed
with high symmetry. The velocities are all directed from the wall to the axial center. As the radius
decreases, the radial velocity first increases gradually, and then decreases rapidly after reaching its
maximum value near the axial center, which conforms to the radial velocity distribution of the sink
flow. The second stage of the hydrocyclone has the conditions for forming the air core because of the
decrease in velocity and the interconnection between the vortex finder and the apex, which results in
the radial velocity’s poor symmetry.
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Figure 9. Radial velocity profiles: (a) Z = 300 mm (first stage); (b) Z = 150 mm (second stage).

3.3. Separation Performance

3.3.1. Classification Efficiency

The classification efficiency is defined as the ratio of particles with a certain size discharged
through the underflow to the total particles with that size in the feed, i.e., the separation efficiency
for a specific particle grade. The classification efficiency for particles of different sizes was firstly
determined. Then, the grade efficiency curves were obtained by plotting the relationship curves
between the particle size and the classification efficiency. The classification effect of the hydrocyclone
can be directly reflected by the grade efficiency curves. Figure 10 shows the influence of the inlet
velocity on the grade efficiency curves of the TS hydrocyclone. The grade efficiency curves all gradually
shift to the left as the inlet velocity increases. This is because the first-stage tangential velocity increases
and the centrifugal force field strengthens as the inlet velocity increases. Under the influence of the
high-intensity centrifugal force field, more particles move toward the sidewall and enter the second
stage of the hydrocyclone. The tangential velocity in the second stage of the hydrocyclone also increases
with the increasing inlet velocity. The centrifugal force in the second stage of the hydrocyclone also
becomes stronger, which causes particle recoveries to increase.

Figure 10 also shows that the classification efficiency of particles smaller than 10 um is not affected
by the inlet velocity within the scope of this study. This is because particles smaller than 10 um
are affected less by the centrifugal force field. It is difficult for these particles to overcome the fluid
resistance. Therefore, the separation efficiency of fine particles that smaller than 10 pm does not change
significantly with increases in inlet velocity. Further analysis shows that the first-stage hydrocyclone
has little separation effect for fine particles, and only 50% of particles smaller than 10 um can be
separated to the underflow. However, it has obvious separation efficiency for coarse particles, and
almost all the particles larger than 50 um can be separated to the underflow. It can be concluded that
the main function of the first-stage hydrocyclone is to separate most coarse particles to the second-stage
hydrocyclone and guarantee that no coarse particles mixed in the overflow product of the first stage.
From Figure 10b, the second-stage hydrocyclone has obvious separation effect for fine particles. Only
2% of particles smaller than 10 pm enter the underflow of the second-stage hydrocyclone. However,
it cannot completely recover coarse particles larger than 50 um. Therefore, the main function of the
second-stage hydrocyclone is to separate most fine particles to the overflow and guarantee that no fine
particles mixed in the underflow product.
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Figure 10. Separation efficiency: (a) first stage; (b) second stage; (c) TS hydrocyclone.

The separation performance of the TS hydrocyclone can be visually evaluated by analyzing
the efficiency curves. The cut size dsg, the overall separation efficiency, the split ratio, and the
possible deviation Ep, of the TS hydrocyclone are shown in Figure 11. As the inlet velocity increases
from 3 m/s to 6 m/s, the cut size dsg is reduced linearly from 39.5 pm to 30.5 um, and the overall
separation efficiencies of the first- and second-stage overflows are both reduced as the inlet velocity
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increases. This is because, as the velocity increases, the centrifugal force field becomes stronger and
more particles can overcome the fluid resistance and enter the underflow. As shown in Figure 11b,
the overall separation efficiency of the particles is reduced by 39.99% for the first-stage overflow and
by 18.56% for the second-stage overflow. In contrast, the overall recovery efficiency of the second-stage
underflow is increased by 56.54%. The results are consistent with those obtained from the efficiency
curve analysis. Figure 11c presents the relationship between the inlet velocity and the liquid flow at
each outlet of the TS hydrocyclone. As the inlet velocity increases, the first-stage and second-stage
overflows are both reduced slightly, while the second-stage underflow is slightly increased; however,
the magnitudes of the changes are all small. This is because, when the inlet velocity increases, the axial
velocity of the external swirl of the first-stage cyclone and the second-stage cyclone both increase
slightly. Therefore, the inflow into the underflow increases and the overflow flow decreases. However,
since the axial velocity is less affected by the inlet velocity, the change is not obvious. Figure 11d reflects
the change of the possible deviation E;, of the TS hydrocyclone after the inlet velocity is increased.
Within the scope of this study, the larger the inlet velocity is, the smaller the possible deviation E;, is,
and the higher the separation sharpness is.
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Figure 11. Comparison of separation performance: (a) cut size dsg; (b) total separation efficiency;
(c) split ratio; (d) Ep.

3.3.2. Particle Size

The particle size distribution of the classified product is a direct indicator for evaluating the
hydrocyclone’s separation performance. Therefore, the particle size of each product was analyzed, and
the results are shown in Figure 12. The particle size of the first-stage overflow product is significantly
different from that of the feed. Particles larger than 40 um in the feed are all discharged to the second
stage. The first-stage overflow is substantially free of coarse particles, which indicates an obvious
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classification effect. After the two-stage hydrocyclone separation, the second-stage underflow is free
of particles smaller than 10 um and almost free of particles smaller than 20 um. The second-stage
underflow contains few fine particles. The second-stage overflow product consists of middling
particles, but still includes some fine particles and a small number of coarse particles. The particle

sizes in the second-stage overflow product are similar to those in the feed.
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Figure 12. Particle size distribution of the product: (a) the overflow of first stage; (b) the overflow of
second stage; (c) the underflow of second stage.

As the inlet velocity increases, the particle size of each product becomes smaller gradually.
The reason is that the centrifugal force field is strengthened with the increasing tangential velocity
of the fluid inside both stage hydrocyclones. As a result, some 20—40-um particles which stay in the
overflow of the first stage originally can overcome resistance and enter the second-stage hydrocyclone.
Therefore, the particle size of the overflow product of the first stage becomes smaller due to loss
of these particles. Then, these particles enter the second-stage hydrocyclone and discharge into the
underflow. Compared to most particles inside the underflow product, these particles can be regarded
as fine particles; therefore, the overall particle size of the underflow also becomes smaller.

In addition to the particle size distribution, a representative particle size can also be used to
characterize the particle size in each product. One of the commonly used indicators is the median
particle size, which is the particle size at the point corresponding to 50% on the cumulative particle
size distribution curve of each product. The median particle size of each product is shown in
Figure 13. As the inlet velocity increases from 3 m/s to 6 m/s, the median particle size in the
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first-stage overflow decreases from 11 um to 6.5 pm, with a reduction of 40.91%. The median particle
size in the second-stage overflow decreases from 21.5 um to 16.5 pm, with a reduction of 23.26%.
The median particle size in the second-stage overflow decreases from 44.75 pm to 39.5 um, with a
reduction of 11.73%. Moreover, the median particle size of the second-stage overflow product is
close to that of the feed (26 um). Inspired by this observation, we propose recycling the second-stage
overflow to the feed for re-classification and using only the first-stage overflow and the second-stage
underflow as products. In this way, products free of particle entrainments can be obtained, and the
goal of precise classification can be achieved.
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Figure 13. Variation of the medium particle size of the product.

4. Conclusions

In this study, a two-stage series double efficiency hydrocyclone was designed. The effects of inlet
velocity on the internal flow field and on the separation characteristics of the TS hydrocyclone were
investigated by CFD. The major conclusions are summarized as follows:

(1) The pressure drop of the TS hydrocyclone increases linearly as the inlet velocity increases.
When the inlet velocity increases from 3 m/s to 6 m/s, the pressure drop of the first stage of the
hydrocyclone increases from 27.81 kPa to 116.21 kPa, and the pressure drop of the second stage of the
hydrocyclone increases from 26.14 kPa to 111.17 kPa.

(2) When the inlet velocity increases from 3 m/s to 6 m/s, the maximum tangential velocity of
the first stage of the hydrocyclone increases from 4.23 m/s to 8.7 m/s, and the maximum tangential
velocity of the second stage of the hydrocyclone increases from 3.49 m/s to 7.07 m/s. The maximum
tangential velocity in the first stage of the hydrocyclone is approximately 1.43 times the inlet velocity,
while the maximum tangential velocity in the second stage of the hydrocyclone is only approximately
0.83 times the first-stage inlet velocity.

(3) The overall separation efficiencies of the first- and second-stage overflows both decrease as
the inlet velocity increases. The overall separation efficiency of the particles is reduced by 39.99% for
the first-stage overflow and by 18.56% for the second-stage overflow. In contrast, the overall recovery
efficiency of the second-stage underflow increases by 56.54%.

(4) In the scope of this study, the larger the inlet velocity is, the smaller the cut size dsj is, the
smaller the possible deviation Ej, is, and the higher the separation sharpness of the TS hydrocyclone is.

(5) After the two-stage separation, the first-stage overflow contains few coarse particles above
40 pm and the second-stage underflow contains few fine particles. The second-stage underflow is
free of particles smaller than 10 um and almost free of particles smaller than 20 pm. The underflow
product contains few fine particles.
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