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Abstract: A traditional hydrocyclone can only generate two products with different size fractions after
one classification, which does not meet the fine classification requirements for narrow size fractions.
In order to achieve the fine classification, a multi-product hydrocyclone with double-overflow-pipe
structure was designed in this study. In this work, numerical simulation and experimental test
methods were used to study the internal flow field characteristics and distribution characteristics of
the product size fraction. The simulation results showed that in contrast with the traditional single
overflow pipe, there were two turns in the internal axial velocity direction of the hydrocyclone with
the double-overflow-pipe structure. Meanwhile, the influence rule of the diameter of the underflow
outlet on the flow field characteristics was obtained through numerical simulation. From the test,
five products with different size fractions were obtained after one classification and the influence
rule of the diameter of the underflow outlet on the size fraction distribution of multi-products was
also obtained. This work provides a feasible research idea for obtaining the fine classification of
multiple products.

Keywords: multi-product hydrocyclone; flow field characteristics; numerical simulation;
experimental test

1. Introduction

A hydrocyclone is a representative device that utilizes the principle of centrifugal sedimentation to
effectively separate two-phase or multi-phase liquid-liquid, liquid-solid, and liquid-gas mixtures having
components of different densities [1,2]. It has many applications such as separation [3], sorting [4], liquid
concentration [5], and liquid clarification [6]. The greatest advantage of the hydrocyclone is that unlike
other centrifugal separation devices, no moving components are required. The separation process is
completed by the fluid itself, which forms a vortex within the hydrocyclone. Hydrocyclones have
the characteristics of high separation efficiency, low space requirements, large processing capacity,
low separation cost, and continuous operation. Therefore, among the various solid-liquid separation
technologies and equipment, the hydrocyclone is currently one of the most widely used equipment in
industry. So far, the hydrocyclone is widely used in many industries such as mineral processing [7],
petroleum [8], chemical industry [9], coal, mining [10], metallurgy [11], and tailings disposal [12].

In the rotating flow field of the hydrocyclone, under the condition of force balance, the bigger the
particle diameter, the larger the radius of gyration. Thus, under the influence of the centrifugal force
field, particles with different diameters follow a certain distribution rule along the radial direction
inside the hydrocyclone. The coarse particles will be discharged from the underflow outlet with the
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external swirl, and the fine particles will be discharged from the overflow outlet with the internal swirl,
thereby completing the classification of the coarse and fine particles.

From the perspective of practical application, the flow field study of the hydrocyclone does
not seem important, because normally the focus is on the properties of the product obtained after
hydrocyclone separation. As stated in the black-box theory, what matters in this case is usually
the result, and not the process. However, in order to achieve greater separation efficiency and
classification accuracy, it is necessary to improve the separation process, and the internal flow field of
the hydrocyclone is an important factor that affects the separation process. Therefore, the importance
of flow field research is self-evident. The flow field research, on the one hand, helps to understand the
internal black-box theory inside the hydrocyclone and the separation mechanism of the hydrocyclone.
On the other hand, the internal structure of the hydrocyclone can be improved and the influence rule
of the structural parameters on the separation performance can be obtained.

The separation performance of the hydrocyclone can be improved by efficiently augmenting the
structural parameters and form of the hydrocyclone [13]. Both experimental and theoretical studies by
domestic and foreign scholars have generated a series of landmark research results in terms of research
methods and content. In terms of the optimization of the structural parameters of the hydrocyclone,
the representative studies include experimental studies on the hydrocyclone column height and
diameter [14,15], feed inlet type and size [16,17], overflow pipe diameter, length, and shape, overflow
pipe thickness [18-20], underflow outlet diameter, and shape, ratio relationship between the underflow
outlet and overflow outlet [21-23]. A series of new hydrocyclone types have been designed, such as the
built-in structural hydrocyclone [24,25], underflow outlet filled with flushing water [26], multi-stage
series or parallel hydrocyclone [27-29], and three-product cyclone [30,31]. Mainza is one of the earliest
researchers who put forward the three-product hydrocyclone, and the three-product hydrocyclone has
been successfully tested in the Platinum industry for classifying UG2 ore which contains a high density
chromite and a low density PGM carrying silica component. The emergence of these new technologies
has promoted the further application of hydrocyclones in separation, however, all the aforementioned
studies did not consider the influence of structural parameters on the separation efficiency.

Because the experiment is subject to different conditions, the numerical simulation method based
on computational fluid dynamics (CFD) is getting more and more attention in the study of the internal
flow field of the hydrocyclone. During the research, most scholars agree to use the Reynolds stress
model (RSM) [32-36] to deal with the turbulence inside the hydrocyclone. For two-phase flow or
multi-phase flow, most scholars prefer the discrete particle model (DPM) [37] to process the particle
flow and use the volume of fluid (VOF) [38] model to process the gas-liquid contact surface, with the
result that the simulation is consistent with the experiment is obtained.

Summarizing the latest domestic and foreign research progress on hydrocyclone structure, the
consistent conclusion is that the structural parameters, especially the diameter of the underflow
outlet, are the main factors that affect the separation performance of the flow field. However, most
of the previous research focused on the separation performance, which could not overcome the
shortcomings of existing hydrocyclones in which one classification cannot satisfy the requirements
for fine classification with narrow size fraction. The conventional hydrocyclone can only obtain two
products through the overflow of the fine particles and underflow of the coarse particles. However,
in addition to these two products, there must be an intermediate product between the fine particles
and the coarse particles. If the intermediate product enters the underflow, it will cause a loss in
concentration. And if the intermediate product enters the overflow, it will cause the concentrate
pollution. Therefore, effectively processing the intermediate material to obtain multiple products with
narrow size fractions through a single classification that further meets the requirement for the fine
classification of the feeding materials in the following sorting operation is key to improving concentrate
yield and grade. Thus, a two-stage multi-product hydrocyclone that operates in series was designed
in this work. The first stage of the hydrocyclone was designed as a coaxial double-overflow-pipe
structure. The finest particle is discharged from the internal overflow pipe and the particle with the
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intermediate size is discharged from the external overflow pipe, which then relies on the residual
pressure to enter the second stage of the hydrocyclone for subsequent fine grading. Thus, a single
classification can obtain multiple products with different size fractions resulting from the first stage
underflow, first stage overflow, second stage underflow, and second stage overflow. However, due
to the special structure of the double-overflow-pipe, the vortex domain, boundary layer and flow
regime change. Therefore, it is necessary to study the flow field performance. In this study, numerical
analysis and experimental methods were used to study the internal flow field characteristics of the
double-overflow-pipe hydrocyclone and the particle size distribution characteristics of the different
products. The influence rule of the diameter of the underflow outlet on the flow field and particle size
fraction distribution was also studied in this work.

2. Materials and Methods

2.1. Multi-Product Hydrocyclone

In this study, a two-stage series multi-product hydrocyclone shown in Figure 1 was designed.
The first stage of the hydrocyclone is designed as a coaxial double-overflow-pipe structure with
different diameters, that is, a smaller diameter overflow pipe is coaxially inserted into the overflow pipe
of the conventional hydrocyclone. The second stage of the hydrocyclone is designed as a conventional
structure with the upper part as the column section and the lower part as the cone section. The external
overflow pipe of the first stage is connected to the feed inlet of the second stage through a pipeline.
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Figure 1. Schematic diagram of multi-product hydrocyclone.

During operation of the designed hydrocyclone, the slurry enters the first stage of the hydrocyclone
at a certain tangential speed and the particle classification occurs under the influence of the centrifugal
force. The coarsest particle is discharged from the underflow outlet, and the finest particle is discharged
from the internal overflow pipe. The intermediate-sized particle is discharged from the external
overflow pipe and then enters the second stage of the hydrocyclone where the fine classification
continues under the influence of the residual pressure. Through this classification process, which
involve the first stage underflow, first stage overflow, second stage underflow, and second stage
overflow, multiple products with different size fractions are obtained. The structural dimensions of the
hydrocyclone used in this paper are shown in Table 1.
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Table 1. Specifications of the hydrocyclone used in this study.

Structural Parameter Structural Dimensions (mm)
Hydrocyclone body diameter D; 50
Inner vortex finder diameter 4’1, 6
Outer vortex finder diameter d, 20

Underflow port diameter dy, 6,8,10,12,14

Feed inlet equivalent diameter dy; 12
Outer overflow pipe insertion depth h; 85
Hydrocyclone body diameter D, 25
Vortex finder diameter d,, 6
Underflow port diameter dy,, 4
Feed inlet equivalent diameter dy; 5

Cylinder height H; 116

Cylinder height H; 35

2.2. Numerical Analysis Method

In this work, considering the double-overflow-pipe hydrocyclone as the research object, the
fluid dynamics analysis software FLUENT 6.3 is used to simulate the flow field characteristics of the
hydrocyclone to study the influence rule of the diameter of the underflow outlet on the velocity field
and pressure field. We use the ICEM 14.5 software for structural meshing. The result of the meshing
is shown in Figure 2 and the total number of nodes of the entire flow field in the calculation field
is 140,577.

Figure 2. Mesh system used in the simulation.

The VOF two-phase flow model is used to represent the interface between air and water inside
the hydrocyclone. The main phase is set as water and air is assumed to be the secondary phase.
The Reynolds stress model (RSM) is used to represent the turbulence. A pressure-velocity coupling
SIMPLE numerical method is used to calculate the control parameters. The pressure discretization
format of the governing equation is the QUICK format. The fluid velocity at the inlet is 5 m/s, and
it enters the hydrocyclone tangentially in a direction vertical to the inlet section. Set the overflow
and underflow outlets as pressure outlets, and the wall of the hydrocyclone is represented by the
standard wall function method. A pressure-based implicit transient 3D solver is used for the solution.
The pressure gradient uses the Green Gaussian method to calculate the derivative term in the governing
equation. The two-phase volume fraction uses the geo-reconstruct discrete format. The transient
analysis uses explicit time discretization. The first order upwind scheme is adopted for modeling the
turbulence kinetic energy, turbulence dissipation rate, and Reynolds stress discrete format.
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2.3. Experiment Test Method

2.3.1. Experiment System

The experimental setup for testing the multi-product hydrocyclone is shown in Figure 3 and the
schematic of the experiment is shown in Figure 4.
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Figure 3. Schematic of the experimental apparatus. 1—Agitator; 2, 4, 6, 11—Valves; 3—Slurry pump;
5—Motor; 7, 9—Pressure gage; 8—I stage hycrocyclone; 10—II stage hydrocyclone; 12—Receiving vat.
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Figure 4. Schematic of the experimental site.

It is mainly composed of a slurry tank, stirrer, frequency conversion slurry pump, flow metering
unit, and pressure measuring unit. Rotor flowmeters are installed at the feed inlet and overflow outlet
of the system to obtain the feed and overflow discharges. The underflow discharge is calculated
indirectly from the feed discharge and the overflow discharge. Pointer-type precision pressure gauges
are installed at the feed inlet, underflow outlet, and overflow outlet to measure the pressure values at
each portion of the hydrocyclone. The flow and pressure in the experiment system are controlled and
regulated by the valves installed in the pump and pipe. Sampling ports are arranged at the inlet and
outlet of the hydrocyclone, and the material property analysis can be done at any instance during the
experiment process.

2.3.2. Experiment Material

The material used in the experiment is fly ash, which is tested and analyzed by the laser particle
size analyzer (Malvern Mastersizer 2000, Malvern, Worcestershire, UK). The particle size component is
shown in Table 2. The proportion of the particles with diameters less than 10 um (1250 mesh) is 44.13%.
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The proportion of the particles with diameter less than 15 um (800 mesh) is 53.11%. The proportion of
the particles with diameter less than 44 um (325 mesh) is 81.23%.

Table 2. Particle size composition of coal ash.

Mesh Number Particle Size (um) Weight (%) Cumulative Weight (%)

=70 + 100 —251 + 147 0.15 100

—-100 + 200 —147 + 74 7.24 99.85
—200 + 270 -74 + 53 7.44 92.61
-270 + 325 -53 +44 3.94 85.17
—325 + 450 —44 + 32 8.56 81.23
—450 + 800 -32+15 19.56 72.67
—800 + 1250 -15+10 8.98 53.11

—-1250 + 2500 -10+5 15.03 44.13

—2500 + 6250 -5+2 14 29.1

—6250 -2+1 15.1 15.1

2.3.3. Experiment Design

The mass concentration of the fly ash slurry is taken to be 15%. During the experiment, the
pressure gauge is adjusted through valves installed in the pump and pipe so that the feed pressure
of the hydrocyclone is 0.16 MPa. The diameter of the internal overflow pipe of the hydrocyclone is
9 mm. The inserted depth of the internal overflow pipe is 85 mm. The diameter of the underflow
outlet can be varied as 6 mm, 8 mm, 10 mm, 12 mm, and 14 mm. At the end of the experiment, the first
stage internal overflow, first stage external overflow, first stage underflow, second stage overflow, and
second stage underflow are sampled for the component analysis of the particle size fraction.

3. Results and Discussions
3.1. Numerical Simulation Results Analysis

3.1.1. Distribution Characteristics of Velocity Field and Influence of Underflow Outlet Diameter on
Flow Field Performance

Figure 5 shows the tangential velocity distribution inside the hydrocyclone corresponding to
different diameters of the underflow outlet. As shown in Figure 5, we can see that the tangential velocity
at the center of the hydrocyclone is very small, and it increases with the radius of the hydrocyclone.
When the diameter of the underflow outlet is reduced, the tangential velocity increases. This is because
the smaller the diameter of the underflow outlet, the greater the resistance to the downward flow of the
fluid and the lower the axial velocity. Therefore, when the feed pressure is kept constant, the tangential
velocity is increased. From Figure 5, we can also conclude that the smaller the underflow outlet
diameter, the closer the location of the maximum tangential velocity is to the center of the hydrocyclone;
therefore, the greater the internal swirl centrifugal force, the better the separation performance and
higher the classification accuracy.
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Figure 5. Tangential velocity profiles at several spigot diameters.

Figure 6 shows the axial velocity field distribution. It can be seen that the axial velocity is in the
shape of a broken line wave. Near the wall of the hydrocyclone, the axial velocity is downward. As the
radius of the hydrocyclone decreases, the axial velocity shows an upward trend and traverses the zero
point. After reaching a maximum value, the axial velocity begins to show a downward trend and again
passes the zero point. Thus, along the radial direction, the axial velocity passes through the zero point
twice, that is, the direction changes twice. This is due to the special double-overflow-pipe structure.
Because there are two coaxial overflow pipes, two upward internal swirls exist in the internal and
external overflow pipes, causing the direction of the axial velocity to change twice. This is different
from the traditional hydrocyclone with a single overflow pipe where the distribution of the axial
velocity is the inverted “W”.

As can be seen from Figure 6, in the double-overflow-pipe hydrocyclone, an area is formed between
two zero axial velocity points. In this area, the axial velocity is small, which indicates that the position
is not conducive to the separation of materials. Therefore, when designing a double-overflow-pipe
hydrocyclone, we should try to avoid or reduce the range of this area by changing the structural
parameters which will reduce the influence of this area on the separation efficiency of the hydrocyclone.
From the influence rule of the diameter of the underflow outlet on the axial velocity, it can be seen that
the axial velocity increases with the diameter of the underflow outlet. This indicates that increasing the
diameter of the underflow outlet appropriately is beneficial to improving the classification efficiency.
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Figure 6. Axial velocity profiles at several underflow pipe diameters.
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Figure 7 shows the radial velocity distribution inside the hydrocyclone. We can see that the
radial velocity of the fluid is the smallest at the wall which is close to zero. As the radius decreases,
the absolute value of the radial velocity gradually increases. After reaching the maximum value, it
gradually shrinks with the decrease in the radius. This is, in essence, consistent with the conclusion of
the research by Ji et al. [39]. The diameter of the underflow outlet has little effect on the radial velocity
field, which demonstrates that there is no essential difference between the double-overflow-pipe
structure and the traditional single-overflow-pipe structure in terms of the radial velocity distribution.
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—a— du=10mm
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—¥— du=14mm

Radial velocity(m/s)
T
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Figure 7. Radial velocity profiles at several underflow pipe diameters.

3.1.2. Distribution Characteristics of Pressure Field and Influence of Underflow Outlet Diameter on
Pressure Field Performance

Figure 8 shows the internal pressure field distribution of the hydrocyclone with
double-overflow-pipe structure. The internal pressure decreases gradually from the wall to the
axis, and it is symmetrically distributed at the center. The pressure near the axial direction is zero,
and the nearer the point considered is to the central axis, the greater the negative pressure. From the
simulation results, we can see that the hydrocyclone with double-overflow-pipe structure is very
similar to the traditional hydrocyclone with a single-overflow-pipe structure in terms of the pressure
distribution. We can also observe that the diameter of the underflow outlet has little effect on the
pressure field. As the diameter of the underflow outlet increases, the pressure decreases slightly, but
the change is not obvious.
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Figure 8. Static pressure profiles at several underflow pipe diameters.
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3.2. Experiment Results Analysis

3.2.1. Influence of Underflow Outlet Diameter on Particle Size Fraction Component of First Stage
Internal Overflow

Table 3 shows the particle size fraction component of the first stage internal overflow for different
diameters of the underflow outlet, which are 6 mm, 8 mm, 10 mm, 12 mm, and 14 mm. From the Table 3,
we can see that the internal overflow particle size decreases when the diameter of the underflow outlet
decreases. When the diameter of the underflow outlet is 14 mm, D98 = 44.13 um. When the diameter
is 6 mm, D98 = 36.91 um. The results show that proper reduction of the diameter of the underflow
outlet is beneficial to obtain the first stage internal overflow product with finer particle size fraction.

Table 3. Particle size of I inner overflow.

Underflow Diameter (mm) 6 8 10 12 14 Content (%)
0.512 0.521 0.532 0.53 0.562 3
0.821 0.865 0.86 0.888 0.974 10
Particle size (um) 3.523 3.896 4.105 4.266 5.378 50
16.35 16.98 18.65 18.65 23.83 90
36.91 37.14 37.9 38.14 4413 98

3.2.2. Influence of Underflow Outlet Diameter on the Particle Size Fraction Component of First Stage
External Overflow

Table 4 shows the particle size fraction component of the first stage external overflow with different
diameters of the underflow outlet, which are 6 mm, 8 mm, 10 mm, 12 mm, and 14 mm. We can see
from the Table 4 that the particle size of the first stage external overflow has a tendency to become
thinner when the diameter of the underflow outlet increases. When the diameter of the underflow
outlet is 6 mm, D98 = 51.23 um. When the diameter is 14mm, D98 = 45.05 um. This indicates that, for a
multi-product hydrocyclone with the same specification, a proper reduction in the diameter of the
underflow outlet is beneficial to obtain the first stage external overflow product with coarser particle
size fraction.

Table 4. Particle size of I outer overflow.

Underflow Diameter (mm) 6 8 10 12 14 Content (%)
0.554 0.554 0.557 0.557 0.547 3
0.974 0.967 0.95 0.97 0.935 10
Particle size (um) 5.842 5.476 5.209 5.083 4.969 50
27.2 24.46 22.95 22.35 22.25 90
51.23 47.64 46.05 45.45 45.05 98

Comparing Table 4 with Table 3, we can conclude that for the same diameter of the underflow
outlet, the first stage external overflow particle size is slightly coarser than the first stage internal
overflow particle size. This indicates that for a double-overflow-pipe hydrocyclone, we can obtain
internal and external overflow products with two different particle size fractions. Meanwhile, we
can see that the diameter of the underflow outlet has an opposite effect on the internal and external
overflow particle sizes. That is, as the diameter of the underflow outlet increases, the first stage internal
overflow particle size becomes coarser and the first stage external overflow particle size becomes finer.
Based on this, we can adjust the diameter of the underflow outlet to obtain the internal and external
overflow products having different particle sizes, which can further meet the requirements of the
subsequent sorting operations on the particle size of the feeding materials.
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3.2.3. The Influence of the Diameter of the Underflow Outlet on the Particle Size Fraction Component
of the First Stage Underflow

Table 5 shows the particle size fraction component of the first stage underflow with different
diameters of the underflow outlet, which are 6 mm, 8 mm, 10 mm, 12 mm, and 14 mm. From Table 5, we
can see that the first stage underflow particle becomes finer when the diameter of the underflow outlet
increases. When the diameter of the underflow outlet is 6 mm, D98 = 137.1 um. When the diameter is
14 mm, D98 = 127 um. This indicates that the proper reduction of the diameter of the underflow outlet
is beneficial to obtain the first stage underflow product with coarser particle size fractions.

Table 5. Particle size of I underflow.

Underflow Diameter (mm) 6 8 10 12 14 Content (%)
0.854 0.86 0.748 0.723 0.679 3
3.334 2.807 2.206 2.02 1.814 10
Particle size (um) 32.22 29.61 27 24.34 21.88 50
94.8 90.56 90.15 86.01 83.36 90
137.1 132.4 132.8 128.6 127 98

3.2.4. Influence of the Underflow Outlet Diameter on the Particle Size Fraction Component of Second
Stage Overflow

Table 6 shows the particle size fraction component of the second stage overflow with different
diameters of the underflow outlet which are 6 mm, 8 mm, 10 mm, 12 mm, and 14 mm. It can be seen
from Table 6 that the change in the diameter of the underflow outlet has little effect on the particle size
of the second stage overflow. When the diameter of the underflow outlet is increased from 6 mm to
8 mm, the particle size gradually becomes fine. On the other hand, when the diameter of the underflow
outlet is increased from 10 mm to 14 mm, as the diameter increases, the particle gradually becomes
coarse. This is because the first stage external overflow, which is the second stage feed material,
becomes finer with the increase in the underflow outlet diameter. Generally speaking, the second stage
overflow should show the same trend. However, in the practical experiment test, the second stage
pressure decreases with the increase of the diameter of the underflow outlet, and the decrease of the
pressure makes the second stage overflow become coarser. So, we can conclude that it is the result of
the combination of these two factors.

Table 6. Particle size of II overflow.

Underflow Diameter (mm) 6 8 10 12 14 Content (%)
0.55 0.553 0.534 0.544 0.546 3
0.975 0.932 0.89 0.89 0.928 10
Particle size (um) 5.352 5.016 4.476 4.671 4.677 50
25.57 22.31 20.29 21.02 22.01 90
46.3 45.26 43.81 43.98 44.95 98

3.2.5. Influence of Underflow Outlet Diameter on the Particle Size Fraction Component of Second
Stage Underflow

Table 7 shows the particle size fraction component of the second stage underflow with different
diameters of the underflow outlet which are 6 mm, 8 mm, 10 mm, 12 mm, and 14 mm. From Table 7 we
can see that the second stage underflow particle size becomes finer when the diameter of the underflow
outlet increases. When the diameter of the underflow outlet is 6 mm, D98 = 63.32 um. When the
diameter is 14 mm, D98 = 51.72 um.
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Table 7. Particle size of II underflow.

Underflow Diameter (mm) 6 8 10 12 14 Content (%)
0.558 0.555 0.549 0.539 0.54 3
1.198 1.05 1.1 1.025 1.017 10
Particle size (um) 8.213 7.684 6.721 6.709 6.66 50
32.76 29.55 29.2 28.94 27.61 90
63.32 58.26 55.16 53.69 51.72 98

The size distribution results have shown that five distinct products can be produced by
the two-stage series multi-product hydrocyclone, which is consistent with Mainza's results [30].
The difference is that we think that the diameter of first underflow port is an important factor affecting
the size distribution, while Mainza et al. believe that the depth of insertion of overflow pipe is an
important factor affecting the size distribution. The reason is that the pressure of the second stage of
the two-stage multi-product hydrocyclone comes from the residual pressure of the first stage, and the
diameter of the underflow port has a greater impact on the pressure.

3.2.6. Comparison of Particle Size Fraction Component of Different Products

Figure 9 shows the comparison of the maximum particle diameters of four products obtained
from the first stage overflow, first stage underflow, second stage overflow, and second stage underflow.
We can see that the proposed two-stage series multi-product hydrocyclone can obtain the products
with different particle diameters after the separation. The maximum particle diameter of the first stage
internal overflow is 44.13 pm. The maximum particle diameter of the first stage underflow is 127 um.
The maximum particle diameter of the second stage overflow is 44.95 um. The maximum particle
diameter of the second stage underflow is 51.72 um.
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Figure 9. Comparison of maximum grain size products of different underflow pipe.

4. Conclusions

In this study, a two-stage series multi-product hydrocyclone was designed so that different particle
size fractions could be obtained as the first stage internal overflow, first stage external overflow, first
stage underflow, second stage overflow, and second stage underflow after one classification.

The axial velocity of the double-overflow-pipe changed direction twice along the radial direction,
thus enclosing an area between the coaxial overflow pipes. The axial velocity was small in this area,
which was not conducive to the particle separation. The diameter of the underflow outlet had little
effect on the pressure field and radial velocity field, but had a greater influence on the tangential



Minerals 2019, 9, 300 12 of 14

velocity and axial velocity. The axial velocity increased with the diameter of the underflow, which
indicated that an optimal increase in the diameter of the underflow was beneficial to improving the
classification efficiency. The tangential velocity increased with the decrease in the diameter of the
underflow outlet, which was beneficial for increasing the centrifugal force of the internal swirl of the
hydrocyclone, reducing the separation granularity, and improving the classification accuracy of the
fine particles.

The first stage internal overflow was the finest while the first stage external overflow was the
coarsest. The particle size of the second stage overflow was between that of the first stage internal and
external overflows. The diameter of the underflow outlet had an opposite influence on the particle
size of the first stage internal and external overflows. When the diameter of the underflow outlet
increased, the particles of the first stage internal overflow became coarser and the particles of the first
stage external overflow became finer.

The results of this study have a certain guiding role in the study of the flow field characteristics of
the multi-product hydrocyclone. However, there are still many aspects that need to be addressed, such
as the influence rule of the overflow pipe diameter and depth of insertion of the overflow pipe on the
flow field and the distribution of the particle size fraction. In addition, the scale-up in engineering
application is also an important issue to be discussed and highlight in the next step. These can be used
to obtain the optimal structural parameters of the hydrocyclone for the best separation performance.
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