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Abstract: In order to further reduce the number of particles in the overflow port of a cyclone clarifier, a
cone-plate structure with an equiproportionally varying cone-plate radius is proposed. This includes
two structures, namely, an equal–proportional gradually shrinking cone-plate radius and an equal–
proportional gradually expanding cone-plate radius. In this paper, numerical simulation is used
to comparatively study the flow field characteristics and particle separation inside the traditional
equal radius, the gradually shrinking radius, and the gradually expanding radius cone-plate cyclone
clarifier. The simulation results show that compared with the traditional equal radius cone-plate
structure, the gradual shrinking of the cone-plate structure, due to the bottom of the cone-plate
radius being small, can better give full play to the cone-plate settling capacity. The gradually
expanding cone-plate cyclone clarifier, due to the bottom of the cone-plate radius being large, results
in more fine particles entering the overflow pipe and being discharged from the overflow port.
Compared with the traditional cone-plate cyclone clarifier, the gradually shrinking cone-plate cyclone
clarifier has a significant increase in the removal efficiency of particles of different sizes than the
traditional cyclone clarifier overflow port. The removal efficiency of all particles at the overflow
of the gradually shrinking cyclone clarifier was increased by 10.32% compared to the conventional
cone-plate cyclone clarifier.

Keywords: cyclone clarifier; coal water treatment; cyclone separation; cone-plate settlement

1. Introduction

Coal mines generate a large amount of mine water during development, construc-
tion, and production [1]. The suspended particles contained in mine water are small
in particle size and light in specific gravity, which makes them difficult to settle under
natural sedimentation methods. Direct discharge of mine water without treatment will
cause serious damage to the mining area and the surrounding ecological environment [2,3].
Commonly used methods for removing suspended particles from water include inclined
plate sedimentation and centrifugal sedimentation.

Wang Keyuan et al. [4] conducted an in-depth study on the sedimentation process of an
inclined tube gravity sedimentation tank with a high fine particle removal rate in practical
applications. It was found that the suitable height of the inclined tube was 70~90 cm, and
the removal rate of fine sediment in the inclined tube gravity sedimentation tank was
64.7~69.7%, which was higher than that in the gravity sedimentation tank without an
inclined tube by 20.7~32%.

Kirpa Hirom et al. [5] investigated the effect of inlet bias, outlet bias, and center bias
of inclined plates on settling efficiency using numerical simulation. It was found that the
location of outlet bias was most effective in improving the settling efficiency of the settling
tank. It was also observed that the settling efficiency increased with the number of inclined
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plates within a certain range, after which the settling efficiency decreased rapidly. The
highest total efficiency was achieved when only 39 inclined plates with outlet bias positions
were installed.

In a study by Peng Yaoli et al. [6], in order to reduce the ash content of the concentrate,
inclined plates were also incorporated in the froth zone of the cyclone microbubble flotation
column. The inclination angle and spacing of the inclined plate were discussed. The ash
content of the concentrate was lowest when the inclination angle of the inclined plate was
70◦ and the spacing was 15 mm. It was found that the inclined plates and the form in which
they were present had a significant effect on both concentrate yield and ash content.

Coal mine underground space is limited, but the settling pond covers a large area,
so it is difficult to build in the coal mine underground space, the mine water needs to be
lifted from the underground to the surface for treatment, and the process increases the cost
of pipeline laying and mine water lifting; the untreated mine water being lifted directly
will cause serious wear and tear on the pipeline, reducing the service life of the equipment.
Therefore, there is a need for equipment with a small footprint to treat mine water.

Cyclone clarifier is a kind of equipment that can effectively separate the insoluble
particles in wastewater under the action of the centrifugal sedimentation principle [7–9]. It
is widely used due to its small size, simple structure, and absence of moving parts [10–12].
However, the cyclone clarifier cyclone separation speed is fast and the settling area of
the particles is small. Fine particles will be discharged from the overflow port under the
entrainment of the inner vortex flow, resulting in poor water quality.

Cone-plate cyclone clarifier is a new type of solid–liquid separation equipment that
synthesizes the principle of inclined plate settling and centrifugal settling. Figure 1 is the
working principle diagram of the cone-plate cyclone clarifier. Extend the overflow pipe
of the cyclone downward, and add a series of cone-plate structures on the outside of the
overflow pipe to obtain the traditional cone-plate cyclone clarifier [13]. The role of the
cone-plate is to increase the settling area of the particles. Cone-plate cyclone clarifiers not
only have a small footprint but also have a large settling area for particles. Therefore, they
are suitable for installation in coal mine underground.
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Figure 1. Cone-plate cyclone clarifier working principle diagram.

When the mine water flows tangentially into the cyclone clarifier cylinder from the
inlet, the pressure energy is converted into kinetic energy, forming a rotating flow field.
Coarse particles and fine particles have different particle sizes and are subjected to different
forces such as gravity, centrifugal force, fluid drag force, etc., in the cyclone [14–16]. Fine
particles are subject to less centrifugal force. A part of the mine water flows through
the cone-plate into the overflow pipe and is discharged from the overflow port. Most of
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the fine particles will be entrained by the mine water and settle on the cone-plate. The
centrifugal force acting on the coarse particles is large. The coarse particles are separated
by centrifugal force into the outside vortex flow of the cyclone clarifier. Among them, the
coarser particles are discharged from the bottom flow outlet under the effect of gravity,
and the smaller particles flow into the overflow pipe with the inner vortex flow and are
discharged from the overflow port [17,18]. Due to the complex flow field environment
inside the cyclone clarifier, it is easy to cause excessive fine particles in the inner vortex
flow to overflow [19]. Conventional cone-plate cyclone clarifiers have cone-plate radii of
the same size from top to bottom, which does not give full play to the role of the cone-plate.
Therefore, equiproportionally varying cone-plate structures are proposed to investigate the
effect of cone-plate structure on the effluent quality of the cyclone clarifier.

In this paper, a cyclone clarifier with a gradually shrinking and gradually expanding
cone-plate is proposed. The COMSOL turbulence module is used to compare the distribu-
tion of streamlines and velocity fields of mine water at different locations in conventional,
gradually shrinking, and gradually expanding cone-plate cyclone clarifiers, and theoreti-
cally analyze the motion behavior of mine water inside the cyclone clarifier. By coupling the
turbulence module with the fluid flow particle tracking module, the motion and separation
rows of the particles in three kinds of cyclone clarifiers are visually described. Thus, by
further reducing the particle content in the cyclone clarifier overflow and improving the
quality of the effluent at the overflow, this paper also provides a new method for improving
the cone disc structure of the cyclone clarifier.

2. Numerical Methods
2.1. Geometric Structure

The three-dimensional model of the cone-plate cyclone clarifier is established with the
help of SOLIDWORKS 2020 software. Take the center of the bottom flow opening of the
cone-plate cyclone clarifier as the coordinate origin. The X-axis points to the direction of
the inlet. The Z-axis points to the direction of the overflow pipe.

The gradually shrinking cone-plate cyclone clarifier is an improvement over the cone-
plate structure of the traditional cone-plate cyclone clarifier. The cone-plate group adopts
an upper large and lower small structure in order to ensure a sufficiently large area of
settlement on the basis of a certain proportion of the cone-plate radius being gradually
reduced. The purpose is to reduce the number of fine particles inside the cyclone into the
overflow pipe, forcing more fine particles for secondary separation.

The gradually expanding cone-plate cyclone clarifier is an inversion of the top and
bottom of the cone-plate structure of the gradually shrinking cone-plate cyclone clarifier,
and the cone-plate group adopts the top small and bottom large cone-plate structure. The
purpose is to verify the effect of the radius of the bottom cone-plate on the separation
performance of the cyclone clarifier under the condition that the volume of the cone-plate
remains unchanged.

Figure 2 shows the three-dimensional diagrams of three types of cone-plate. Type A
is a traditional cone-plate cyclone clarifier. Type B is a gradually expanding cone-plate
cyclone clarifier, and Type C is a gradually shrinking cone-plate cyclone clarifier. The
dimensional parameters of the different cone-plate configurations are shown schematically
in Figure 3. The dimensional parameters are shown in Table 1.

2.2. Model Description

The cone-plate cyclone clarifier has a simple structure, but the internal flow field
contains an unpredictable inner and outside vortex flow, etc. The extremely complex flow
field poses a serious challenge in predicting particle separation [20–22].

With the development of computer technology, computational fluid dynamics is
widely used in the study of cyclones [23]. Firstly, the k-ε model is used to simulate the
liquid phase, and the flow field of the liquid phase is obtained, which is combined with the
theoretical knowledge to predict the cyclone separation. Then, the particle tracking module
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of the fluid flow is used to obtain the results of the separation of the particles in the liquid
phase. For space reasons, only the key equations involved in the model are listed.
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Table 1. Overall structural parameters of the cyclone clarifiers.

Structural Parameter Value

Cylinder diameter D0/mm 200
Cylinder height H0/mm 600

Cone-plate diameter D1/mm 145
Cone-plate insertion depth H1/mm 150
Underflow port diameter D2/mm 30
Overflow port diameter D3/mm 40

Underflow height h/mm 30
Inlet size X1 × X2/mm 20 × 30

Cone-plate dip angle α/◦ 60
Cone segment angle β/◦ 60

Angle of change in cone–plate set θ/◦ 3.3

The k-epsilon model is a two-equation model under RANS (Reynolds-Averaged
Navier–Stokes) that solves two independent transport equations to solve the COMSOl
“Turbulence, k-ε” interface which is used to simulate high Reynolds number single-phase
flows for both incompressible and low Mach number (typically, <0.3 k-ε) compressible
flows. The interface solves the momentum-conserving Navier–Stokes equations and the
mass-conserving continuity equations, and turbulence effects are modeled by a standard
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k-ε two-equation model with realizability constraints. Near-wall flow is modeled using
wall functions. It has the advantages of model stability, a fast convergence rate, low memory
requirement, and an easy solution, and is widely used in industrial generation.

The turbulent kinetic energy k transport equation is shown below.

ρ
∂k
∂t

+ pu·∇k = ∇·
((

µ +
µt

σk

)
∇k

)
+ Pk − ρε (1)

The formula for the turbulent viscosity µt is as follows:

µt = ρCµ
k2

ε
(2)

The formula for the generating term Pk is as follows:

Pk = µt

(
∇u :

(
∇u + (∇u)T

)
− 2

3
(∇·u)2

)
− 2

3
ρk∇·u (3)

The turbulent kinetic energy dissipation rate ε transport equation is as follows:

ρ
∂k
∂t

+ pu·∇ε = ∇·
((

µ +
µt

σε

)
∇ε

)
+ Cε1

ε

k
Pk − Cε2ρ

ε2

k
(4)

Here, σk and σε are the turbulent Prandtl numbers for the turbulent kinetic energy
and turbulent kinetic energy dissipation rate, respectively. The constants in the transport
equations as well as in the turbulent viscosity formulation are semi-empirical, and the
empirical values derived from the experiments have a good accuracy.Cµ = 0.09, Cε1 = 1.44,
Cε2 = 1.92, σk = 1.0, and σε = 1.3.

2.3. Simulation Conditions

An unstructured grid was used to delineate the cone-plate cyclone clarifier. Grid
generation is a prerequisite for simulation to ensure the accuracy of the simulation results
while making full use of computational resources, so it is necessary to verify the grid
independence [24]. The tangential velocity is selected to verify the grid independence,
and the results are shown in Figure 4 The tangential velocity of the mine water increases
with the increase in the number of grids, and when the number of grids reaches 4.6 × 105,
the tangential velocity does not change with the increase in grids, which proves that
continuing to increase the number of grids will not have an effect on the results of the
numerical simulation. Therefore, in this study, 4.6 × 105 grids are used as the cells of the
computational domain. It contains 273,171 tetrahedral meshes, 16,260 pyramidal meshes,
162,296 prismatic meshes, 46,964 triangular meshes, 160 quadrilateral meshes, 4089 edge
cells, and 191 vertex cells.

Set boundary conditions in COMSOL for three types of cone-plate cyclone clarifiers.
In the steady state study, the inlet condition of the cyclone clarifier is velocity inlet, which
flows along the normal direction, where inlet velocity is 2 m/s. The fluid is incompressible,
the material is water, and the density and viscosity of the fluid properties come from the
material. The overflow port and the underflow port are pressure outlets; the outlet pressure
is 0 MPa, and the wall condition is no slip.

Coal dust in mine water has a small particle size and low content, so only the effect of
fluids on solid particles is considered. In the transient simulation, the “fluid flow particle
tracking” is coupled to the “k-ε” model, the particle density is set to 1500 kg/m3, the
particle sizes are set to 5 µm, 10 µm, 15 µm, and 20 µm, and the particle type is solid. The
release starts from moment 0, and the release time is 10 s. Particles with particle sizes
from large to small release 5, 10, 15, and 20 particles per second, respectively, and the inlet
velocity is based on the velocity field. The overflow and underflow port wall conditions
are defined as freezing, and the other wall conditions are defined as rebounding. The drag
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force is chosen to obey Stokes’ law, the kinetic viscosity and density are according to the
material, the velocity is based on the velocity field, the gravity is defined as the Z-axis
vertically downward, and the gravitational acceleration is g.
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3. Results and Discussion

The three-dimensional model in this paper is based on the original traditional cone-
plate cyclone clarifier with an improved cone-plate structure. Due to the unavailability of
all post-processing information of the original model, the comparison and discussion of the
results will be based on the existing three cone-plate structure cyclone clarifiers.

3.1. Flow Field

The flow field is the carrier of particle movement; changes in the structure of the
cone-plate of the cyclone clarifier will inevitably cause changes in the behavior of the flow
field, thus affecting cyclone separation of the particles [25,26]. Therefore, the effect of
structural changes in the cone-plate of the cyclone clarifier on the flow field is first analyzed.
This study will be based on the variation in the flow field in a cyclonic clarifier to predict
the trajectory of particles.

3.1.1. Streamline Analysis

The streamline is a curve tangent to the fluid vector field at an arbitrary position at a
certain moment, which applies to the analysis of the results of the fluid flow and can be
used with the help of streamlining tools to describe the trajectory of the fluid in the cyclone
clarifier. Take the inlet as the positioning boundary of the streamlines and the number of
streamlines to be set at 15. The streamline diagrams of fluid in the conventional cone-plate
cyclone clarifier, the gradually shrinking cone-plate cyclone clarifier, and the gradually
expanding cone-plate cyclone clarifier are shown in Figure 5.

The fluid enters the cyclone clarifier and rotates downwards. A portion of the fluid
flows through the cone-plate and is discharged through the overflow port. A portion of
the fluid flows downwards after forming an outside vortex flow. A portion of the outside
vortex flow is discharged from the underflow port. The rest of the outside vortex flow
is restricted by the smaller space in the cone segment of the cyclone clarifier and rotates
upwards to form an inner vortex flow, which is discharged from the overflow port. The
flow line of the type A cyclone clarifier becomes gradually denser from the top to the
bottom. The flow lines are densest at the bottom of the cone-plate group (V zone), which
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results in most of the fluid in the inner vortex flow flowing directly into the overflow pipe
and discharging from the overflow port. Type B cyclone clarifiers have a small upper and
large lower cone-plate structure, which intensifies the denseness of the flow lines. There
will be more inner vortex flow directly into the overflow pipe and discharging from the
overflow port. The type C cyclone clarifier cone-plate adopts the upper large and lower
small cone-plate structure so as to make the distribution of the flow line of the fluid in the
cyclone clarifier more uniform. In particular, the flow line under the type C cyclone clarifier
cone-plate group (V zone) is relatively sparse, indicating that more fluid from the inner
vortex flow is able to flow between the cone-plates. Increasing the effective settling area of
fine particles in the fluid promotes the secondary settling of fine particles on the cone-plate,
reduces the possibility of fine particles entering the overflow pipe, and improves the quality
of the effluent.
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3.1.2. Analysis of Tangential Velocity

Fluid enters the inlet along the normal direction and then flows tangentially into the
cylinder of the cyclone clarifier. The pressure energy possessed by the fluid is transformed
into the kinetic energy to support the rotation of the fluid, so the fluid has a certain
tangential velocity. The tangential velocity is the largest one among the velocity components
of the fluid [27,28]. The centrifugal force acting on the particles is the main driving force for
the radial migration of the particles, and the centrifugal force Fc can be expressed as follows:

Fc =
πd3

6
ρs

ut
2

r
(5)

where d is the particle size of the particles, ρs is the density of the particles, and ut is the
tangential velocity of the particles. It can be seen that the centrifugal force on the particles is
proportional to the square of the tangential velocity, and the larger the size of the particles
and the tangential velocity are, the easier the particles migrate to the outside wall of the
cyclone clarifier [29,30].

Figure 6 shows the principle of shallow pool sedimentation in a cyclone clarifier. Va,
Vg, and Vt denote the velocities generated by trailing force, gravity, and centrifugal force
on the particles, respectively. V0 is the combined velocity of the particles. β is the angle
between the combined velocity of the particles and the horizontal direction. α is the angle
between the cone-plate and the horizontal direction. When β is less than α, the particles can
settle on the cone-plate. All other conditions being equal, the smaller the tangential velocity
of the fluid between the cone-plates, the smaller the centrifugal force on the particles, and
the more favorable it is for the particles to settle.
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Figure 7 shows the tangential velocity contour of three kinds of cone-plate structure
cyclone clarifiers. It can be seen that the tangential velocity contour of the three kinds
of cone-plate structure cyclone clarifiers is roughly about the axis in an axisymmetric
distribution, and the tangential velocity near the inlet of the column section is the largest.
The tangential velocity decreases gradually from the top to the bottom. The larger tangential
velocity above the column section near the outer wall of the cyclone clarifier favors particle
separation in the radial direction into the outside vortex flow. Smaller tangential velocities
between the cone-plates favor particles settling on the cone-plates.
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In order to describe in more detail the trend of the velocity change in fluid inside the
cyclone clarifiers with different cone-plate structures, the cross-section Z = 500 mm and the
cross-section Z = 200 mm were selected to analyze the velocity of the fluid. The location of
the cross-sections is shown in Figure 8.

The tangential velocities at the cross-sections are shown in Figure 9. The tangential
velocity of the fluid in the cyclone clarifiers with three kinds of cone-plate structures
increases rapidly with the decrease in the radius from the wall surface and then decreases
gradually. Section Z = 500 mm, due to the existence of the cone-plate, will make the
tangential velocity fluctuate within a certain range, but the tangential velocity generally
shows a trend of gradually becoming smaller. The tangential velocity in the overflow pipe
also increases, then decreases, and reaches the minimum at the center of the axis. The
tangential velocities between the plates of the three cone-plate configurations are smallest
for the type C cyclone clarifiers and largest for the type B cyclone clarifiers at the cross-
section of Z = 500 mm. The small tangential velocity between the cone-plates of the type C
cyclone clarifier facilitates the settling of particles on the cone-plates. At the cross-section
of Z = 200 mm, the tangential velocity of the fluid in the type C cyclone clarifier is slightly
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greater than that in the type A cyclone clarifier, and the tangential velocity is the smallest in
the type B cyclone clarifier. The larger tangential velocity outside the cone-plate favors the
radial separation of particles. Taken together, the cyclone clarifier type C has the strongest
cyclone separation ability.
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3.1.3. Analysis of Axial Velocity

Axial velocity directly affects the movement direction of particles and the separation
time within the cyclone clarifier. The size of the axial velocity determines the settling
performance of the particles; smaller axial velocities can prolong the time that the fluid
stays in the cyclone clarifier and promote the separation of particles in the fluid [31,32].

Figure 10 shows the axial flow velocity plots for three cyclone clarifiers of cone-plate
construction. The axial velocity plots are also roughly axisymmetrically distributed around
the axis, with maximum axial velocities near the overflow and underflow ports. Near the
outer wall of the cyclone clarifier, the axial flow velocity is negative and the fluid moves
downwards. It is outside of the vortex flow and discharges from the underflow port. The
axial velocity is positive near the center of the shaft, and the fluid moves upwards. It
is inside of the vortex flow and discharges from the overflow port. By the law of fluid
continuity, the mass of fluid flowing through a horizontal cross-section remains the same
while the inlet flow remains the same, so the larger the cross-section area, the lower the
axial velocity. Type C cyclone clarifier in the cone-plate group in the lower position of the
cone-plate radius is the smallest, resulting in the maximum cross-sectional area between
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the cone-plate and the outer wall of the cyclone clarifier; so, the type C cyclone clarifier in
the cone-plate group in the lower position of the axial velocity of the fluid is the smallest.
This prolongs the separation time of the particles in the clarifier and promotes the full
separation of the particles.
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Figure 10. Axial velocity contours of fluid in cyclone clarifiers with three cone-plate configurations.

Two cross-sections Z = 500 mm and Z = 200 mm were selected to analyze the axial
velocity of fluid in three types of cyclone clarifiers with cone-plate structures, as shown in
Figure 11. Near the outer wall of the cyclone clarifier with the cross-section Z = 500 mm
and cross-section Z = 200 mm, the axial velocity of the fluid in the type C cyclone clarifier
is the lowest. This can prolong the separation time of the particles and reduce the number
of particles in the overflow port. At the axial position of the cross-section Z = 200 mm, the
area where the axial velocity of the fluid in the type C cyclone clarifier is close to 0 is wider.
Lower axial velocities allow for adequate separation of particles and improved effluent
quality at the overflow port.
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The surface formed by connecting points where the axial velocity is zero is known as
the zero-speed envelope surface [33]. Figure 12 shows the zero-speed envelope surfaces of
three different cone-plate structures for cyclone clarifiers. Inside the zero-speed envelope
surface is the inner vortex flow, and outside the zero-speed envelope surface to the outer
wall of the cyclone clarifier is the outside vortex flow.



Water 2024, 16, 216 11 of 16

Water 2024, 16, x FOR PEER REVIEW  11  of  16 
 

 

The surface formed by connecting points where the axial velocity is zero is known as 

the zero‐speed envelope surface  [33]. Figure 12 shows the zero‐speed envelope surfaces 

of three different cone‐plate structures for cyclone clarifiers. Inside the zero‐speed enve‐

lope surface is the inner vortex flow, and outside the zero‐speed envelope surface to the 

outer wall of the cyclone clarifier is the outside vortex flow. 

The  spacing  between  the  zero‐velocity  envelope  surface  of  the  fluid  and  the 

cone‐plate in the type A cyclone clarifier is relatively uniform. Fluid enters between the 

cone‐plate and flows upwards, while the fluid near the cone‐plate flows downwards. At 

this time, the direction of axial velocity changes from downwards to upwards, where the 

formation of zero‐velocity envelope surfaces. 

The zero‐velocity envelope surface of the fluid in the type B cyclone clarifier is more 

widely spaced  from  the upper portion of  the cone‐plate  (F zone). This results  in  larger 

particles that have not been adequately cyclonically separated flowing into the cone‐plate 

and out of the overflow port. The zero‐velocity envelope surface of the fluid in the B cy‐

clone clarifier is less spaced from the lower part of the cone‐plate (E zone). The particles 

in the fluid are sufficiently separated in the vicinity of the E zone, and less fluid flows into 

the cone‐plate (E zone) and is discharged through the overflow port. At the same time, 

the vast majority of fluids in the inner vortex flow directly to the overflow port without 

secondary separation, so the quality of the water out of the overflow port is poor. 

The spacing between the zero‐velocity envelope surface of the fluid and the upper 

portion of the cone‐plate (zone F) is smaller in the type C cyclone clarifier, reducing the 

likelihood that particles not adequately separated by the cyclone clarifier will enter the 

cone‐plate from the overflow. The spacing between the zero‐velocity envelope surface of 

the fluid and the lower portion of the cone‐plate (zone E) is larger in the type C cyclone 

clarifier. More fluid flows into the cone‐plate (Zone E). Here, the particles in the fluid are 

fully separated. As a result, more fluid enters the overflow pipe, but the number of par‐

ticles decreases. At the same time, the inner vortex flow portion of the fluid can enter the 

inside  of  the  cone‐plate  along  the  outer  edge  of  the  cone‐plate,  allowing  for  further 

settling of the particles  in the fluid. The quality of the water discharged from the over‐

flow is greatly improved. 

     
Type A  Type B  Type C 

Figure  12.  Clouds  of  zero‐velocity  envelope  surfaces  of  fluid  in  cyclone  clarifiers  with  three 

cone‐plate configurations. 

3.1.4. Analysis of Velocity Vector 

In order to analyze the reasons for the variation in tangential and axial velocities in 

cyclonic clarifiers with different cone‐plate constructions, velocity vectors are introduced, 

as shown in Figure 13. 

After the fluid enters the column section of the cone‐plate cyclone clarifier, the fluid 

will form a circulating flow between the first cone‐plate and the top of the cyclone clari‐

fier (H area) due to the cone‐plate’s restriction of the fluid’s movement. The fluid rotates 

downwards under the action of gravity and centrifugal force. As can be seen in the figure, 

Figure 12. Clouds of zero-velocity envelope surfaces of fluid in cyclone clarifiers with three cone-
plate configurations.

The spacing between the zero-velocity envelope surface of the fluid and the cone-plate
in the type A cyclone clarifier is relatively uniform. Fluid enters between the cone-plate
and flows upwards, while the fluid near the cone-plate flows downwards. At this time, the
direction of axial velocity changes from downwards to upwards, where the formation of
zero-velocity envelope surfaces.

The zero-velocity envelope surface of the fluid in the type B cyclone clarifier is more
widely spaced from the upper portion of the cone-plate (F zone). This results in larger
particles that have not been adequately cyclonically separated flowing into the cone-plate
and out of the overflow port. The zero-velocity envelope surface of the fluid in the B
cyclone clarifier is less spaced from the lower part of the cone-plate (E zone). The particles
in the fluid are sufficiently separated in the vicinity of the E zone, and less fluid flows into
the cone-plate (E zone) and is discharged through the overflow port. At the same time,
the vast majority of fluids in the inner vortex flow directly to the overflow port without
secondary separation, so the quality of the water out of the overflow port is poor.

The spacing between the zero-velocity envelope surface of the fluid and the upper
portion of the cone-plate (zone F) is smaller in the type C cyclone clarifier, reducing the
likelihood that particles not adequately separated by the cyclone clarifier will enter the
cone-plate from the overflow. The spacing between the zero-velocity envelope surface of
the fluid and the lower portion of the cone-plate (zone E) is larger in the type C cyclone
clarifier. More fluid flows into the cone-plate (Zone E). Here, the particles in the fluid
are fully separated. As a result, more fluid enters the overflow pipe, but the number of
particles decreases. At the same time, the inner vortex flow portion of the fluid can enter
the inside of the cone-plate along the outer edge of the cone-plate, allowing for further
settling of the particles in the fluid. The quality of the water discharged from the overflow
is greatly improved.

3.1.4. Analysis of Velocity Vector

In order to analyze the reasons for the variation in tangential and axial velocities in
cyclonic clarifiers with different cone-plate constructions, velocity vectors are introduced,
as shown in Figure 13.

After the fluid enters the column section of the cone-plate cyclone clarifier, the fluid
will form a circulating flow between the first cone-plate and the top of the cyclone clarifier
(H area) due to the cone-plate’s restriction of the fluid’s movement. The fluid rotates
downwards under the action of gravity and centrifugal force. As can be seen in the figure, a
small amount of fluid flows upwards near the cone-plate at the bottom (G area) of the type
A cyclone clarifier and flows into between the two cone-plates. The fluid flowing between
the two cone-plates of the downside position of the cone-plate group is mainly from the
inner vortex flow, while the fluid flowing between the two cone-plates of the upper portion
of the cone-plate group is mainly from the outside vortex flow. The cone-plate at the
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bottom of the type B cyclone clarifier has a large radius, and the inner vortex flow basically
flows to the overflow pipe. The fluid flowing between the cone-plates is mainly from the
outside vortex flow. The type C cone-plate cyclone clarifier has the smallest radius of the
cone-plate at the bottom. More inner vortex fluid is able to flow between the middle and
lower portions of the cone-plate set for particle settling. Fluid flowing into the cone-plates
of the upper portion of the cone-plate group is mainly from the outside vortex flow. The
larger tangential velocity in the type C cyclone clarifier at the following positions of the
cone-plate group also results in a larger centrifugal force on the particles in the inner vortex
flow. This causes more particles to flow between the two cone-plates (G zone) and promotes
the secondary settling of fine particles. The greater inner vortex flow on both sides of the
cone-plate of the type C cyclone clarifier generates a higher energy loss by interacting with
the outside vortex flow. This reduces the tangential velocity of the type C cyclone clarifier
in the vicinity of the cone-plate. It also reduces the axial velocity near the outer wall of the
cyclone clarifier. This is consistent with the previous analysis.
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3.2. Particle Tracking

Simulation of the flow field only qualitatively analyzes the movement of particles in
the cyclone clarifier. In order to visualize the number, position, and velocity of the particles
in the cyclone clarifiers with different cone-plate structures at each moment, transient
simulations of fluid were carried out with the aid of the COMSOL particle tracking module.

In the post-processing work, the optimization of the structural parameters of the
cyclone clarifier was greatly assisted by the addition of particle counters to count the
number of particles flowing through the bottom of the cone-plate and the bottom of
overflow tube to the overflow port. Figure 14 shows the velocity distributions of particles
of 10 µm size in the three cone-plate cyclone clarifiers in the transient simulation.
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The particles in the type A cyclone clarifier are mainly settled between the two cone-
plates of the lower half of the cone-plate group, and the upper half of the cone-plate group
is not fully utilized, thus not giving full play to the settling performance of all of the
cone-plates. At the same time, the fine particles that fail to settle enter the inner vortex
flow in the W zone with a higher number of particles, resulting in a higher number of
fine particles flowing out through the overflow pipe. The particles in the type B cyclone
clarifier are mainly settled between the two cone-plates of the lowest three cone-plates;
these cone-plates cannot be fully utilized, further aggravating the phenomenon. The W area
of the inner vortex flow into the overflow pipe and through the overflow port discharge of
the number of particles is further increased. The number of particles settling between the
cone-plates in the type C cyclone clarifier are more uniform, and the settling performance
of each cone-plate can be fully utilized. The number of particles entering the overflow pipe
in W area of the cyclone are reduced, which improves the quality of the water discharged
from the overflow.

The number of particles in the overflow are a direct reflection of the capacity of the
cyclone clarifier to treat mine water. Figure 15 is a graph of the number of particles in the
overflow port as a function of time. The number of particles in the overflow port of the
type A cyclone clarifier basically remained unchanged after about 31 s. The number of
particles in the overflow port of the type B cyclone clarifier remained unchanged until 34 s.
The number of particles in the overflow of the type C cyclone clarifier remained unchanged
after about 25 s. The number of particles in the overflow of the type C cyclone clarifier are
much smaller than those of the type B cyclone clarifier, and the number of particles in the
overflow of the type A cyclone clarifier are in between type B and type C.
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The fluid contains particles with four particle sizes of 5 µm, 10 µm, 15 µm, and 20 µm.
Figure 16 shows the number of particles of different particle sizes at the overflow port
in three cone-plate configurations of cyclone clarifiers. In the three cone-plate structure
cyclone clarifiers, the number of small particles at the overflow are the highest, and the
number of particles decrease as the particle size increases. This indicates that large particles
are more easily separated and settled by centrifugal force and gravity. The type B cyclone
clarifier has the highest number of 5 µm particles in the overflow port, the type A cyclone
clarifier has the middle number of 5 µm particles in the overflow port, and the type C
cyclone clarifier has the lowest number of 5 µm particles in the overflow port. The removal
efficiency of 5 µm particles at the overflow of the type C cyclone clarifier is 11.51% higher
than that of the type A cyclone clarifier. This is due to the small tangential velocity of the
fluid between the cone-plates in the type C cone-plate cyclone clarifier, which is conducive
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to the settling of particles on the cone-plate. In the cyclone clarifier outer wall and near
the axis, the type C cone-plate cyclone clarifier in the fluid axial velocity is small and is
conducive to the full separation of particles. At the same time, the type C cyclone clarifier
adopts the cone-plate structure which is gradually becoming smaller from the top to the
bottom, forcing the inner vortex flow particles to flow into the cone-plate for secondary
settlement. The number of 20 µm particles at the overflow port of the cyclone clarifiers
with the three cone-plate configurations were similar. This is due to the fact that large-sized
particles receive high centrifugal force and flow directly out of the underflow port with the
outside vortex flow. The cone-plate structure has little effect on the large-sized particles.
Type C has increased the removal efficiency of 5 µm, 10 µm, 15 µm, and 20 µm particles by
11.51%, 9.99%, 9.83%, and 7.62%, respectively, compared with that of the overflow of the
Type A cyclone clarifier. The removal efficiency of all particles at the overflow of the type C
cyclone clarifier was increased by 10.32% compared to the type A cyclone clarifier.
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4. Conclusions

In this paper, CFD numerical simulation has been used to study the cone-plate cy-
clone clarifier. The effect of cone-plate radius on the flow field and particle separation
performance was analyzed. The following conclusions are drawn:

(1) The change in cone-plate structure has a significant effect on the flow field of
the cyclone clarifier. There is poor effluent quality in gradually expanding cone-plate
cyclone clarifiers compared to traditional cone-plate cyclone clarifiers. The effluent quality
is improved in the gradually shrinking cone-plate cyclone clarifier where particles settle in
large numbers on the cone-plate.

(2) The gradually shrinking cone-plate cyclone has a small tangential velocity be-tween
the cone-plates, which is favorable for particles to settle on the cone-plates. The gradually
shrinking cone-plate cyclone clarifier has a small axial velocity near the outer wall and at
the bottom of the cylinder section, which can prolong the time that the mine water stays in
the cyclone clarifier and promote the full separation of particles.

(3) The zero-velocity envelope surface and velocity vectors of the three types of cone-
plate cyclone clarifiers were analyzed in comparison. Particles in the gradually shrinking
cone-plate cyclone clarifier were able to enter between the cone plates for secondary settling.

(4) The gradually shrinking cone-plate cyclone clarifier has the highest removal effi-
ciency for particles. The removal efficiency of all particles at the overflow of the gradually
shrinking cone-plate cyclone clarifier was increased by 10.32% compared to the traditional
cone–plate cyclone clarifier. The gradually shrinking cone-plate cyclone clarifier, rather than
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the traditional cone-plate cyclone clarifier, overflow port increased removal efficiency of the
5 µm, 10 µm, 15 µm, and 20 µm particles by 11.51%, 9.99%, 9.83%, and 7.62%, respectively.
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