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Abstract: To address the misplacement of fine particles in the underflow caused by structural defects in
conventional hydrocyclones, a composite column-cone hydrocyclone (C-C hydrocyclone) was
proposed, featuring a cone-column-cone structure. Computational Fluid Dynamics (CFD) techniques
were employed to study the diameter ratio and various configurations of C-C hydrocyclone, assessing
the impact on separation performance. Results indicated that increasing the column section diameter
ratio from 0.5 to 0.7 reduced the cutting size by 22.96 %, enhanced sharpness by 9.87 %, and improved
separation efficiency. These findings offer valuable insights for the design and application of C-C
hydrocyclones based on specific requirements such as grinding classification and flotation operations.
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1. Introduction

Hydrocyclone is a kind of equipment that utilizes centrifugaal force to realize solid-liquid or liquid-
liquid separation, which is widely used in petroleum, chemical, mining and other industries (Song et
al., 2020; Xie et al., 2020; Li et al., 2021; Zhou et al., 2023). However, due to the inherent defects in the
structure of the conventional hydrocyclone, the internal flow field is unstable, which affects the particle
trajectory, resulting in difficult control of its separation sharpness and cutting size. These factors often
lead to the misplacement of fine particles in the underflow. The phenomenon of ore over-grinding (Jiang
et al., 2020) in the application of grinding and classifying operation often causes the problems of lower
product throughput (Lee et al., 2020) and higher energy consumption (Dundar, 2020), thus increasing
the production cost of the coal processing plant. Therefore, in order to optimize the structure design,
many works have been carried out to study the relationship between structure and separation
performance.

Changing the boundary structure of the cone section will directly affect its internal flow field and
particle motion characteristics. It is now recognized that the cone angle and cone cross-section shape
are the key parameters of the cone structure. The numerical results of single cone hydrocyclone show
that increasing the cone angle can improve the tangential velocity and pressure gradient, but it will
reduce the separation efficiency. Fu (2022) investigated the influence law of cone angle size on the
separation performance of hydrocyclone, and found that the cutting size is gradually increased as the
cone angle increases. The hydrocyclone with small cone angle is more conducive to the separation of
fine particles, while large cone angle is more suitable for the separation of high concentration with
coarse particles. When the cone angle is close to 180°, the flat-bottom hydrocyclone is created. Hou et al.
(2023) found that an appropriate increase in the diameter of the top of the spigot can improve the
separation sharpness and reduce the misplacement of fine particles in the underflow. Compared with
single-cone hydrocyclone, composite cone hydrocyclone consisting of multiple tandem cones exhibits
different performance with the change of cone angle. However, the effect of the combination form of
composite cone hydrocyclone on classification performance has not been uniformly recognized. Yang
et al. (2010) found that with a constant second cone angle, the first cone with a larger angle has a higher
separation efficiency but leads to more micrometer-sized fine particles into the underflow, contrary to
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the effect of the angle change on the separation efficiency in the single-cone hydrocyclone. They also
concluded that a smaller cone difference between two conical section is favorable to obtain higher
separation accuracy. Ye et al. (2019) designed four types of biconical hydrocyclone, according to the
numerical calculation results, the cone segment design of biconical classification hydrocyclone should
be composed of a long upper cone with small cone angle and a short lower cone with large cone angle.
Jiang et al. (2023) simulated the biconical hydrocyclone with different combinations of conical segments,
and analyzed the effects of the combination form and structural parameters on the internal multiphase
flow motion and separation efficiency. Their results showed that the total separation efficiency
decreased with the increase of the upper cone angle, which contradicted Yang's conclusion (2010). In
addition, to mitigate the adverse effects of sudden changes in the cone angle at the intersection of linear
composite cones, Motin et al. (2017) designed a hyperbolic cone structure with the concave inward
toward the axis, which significantly improved the quality of the overflow product but increased the
problem of fine particles in the underflow as compared to linear cones. Liu et al. (2023) developed a
parabolic cone structure protruding outward from the axis, found that the effect is opposite to the
hyperbolic cone structure. In addition, Jiang et al. (2022) combined the advantages of hyperbolic and
parabolic cone structures and designed a composite curved cone structure, which can simultaneously
alleviate the problems of coarse particle misplacement in the overflow and fine particle misplacement
in the underflow. Different curved cone structures of composite cone hydrocyclone have been widely
studied, but due to the difficulty of equipment manufacturing, the linear cone structure is still the main
cone form.

Separation space is another important parameter that determines the separation performance of the
hydrocyclone. Chu et al. (2004) pointed out that the increase of the space within the conical cross-section
will improve the separation performance. In addition, Ghodrat et al. (2016) investigated several
different curved cone configurations and found that there exists an optimum point for convex cones, so
that either too large or too small an internal space is not reasonable. Vega-Garcia et al. (2018) reported
that their design of parabolic walls in a 3D-printed 10 mm hydrocyclone obtained higher solids
recoveries than the conventional single cones, which seems to not entirely be consistent with the
Ghodrat et al. (2016). Kinetic analyses have shown that the separation performance is the result of a
combination of force, residence time and separation space.

However, relatively few studies have examined the effects of column-cone section combination
hydrocyclones on the internal flow field and separation efficiency, and their mechanism of action
remains unclear. More importantly, there is no quantitative design basis for selecting and matching the
structural parameters of the column-cone combination hydrocyclone, which serves as the basis for this
study. Given these complexities, this study employs numerical simulations to systematically investigate
the effects of different lower column diameters and their combinations on the flow characteristics and
separation performance of column-cone (C-C) hydrocyclones. The results are significant for reducing
the misplacement of fine particles in the underflow and for designing C-C hydrocyclones for special
applications.

2. Mathematical model
2.1. Geometric structure

As shown in Fig. 1, compared with conventional hydrocyclone, C-C hydrocyclone is able to reduce the
accumulation of particles at the bottom of the cone section. The coercion of coarse particles to fine
particles has also been reduced, and the distribution of coarse and fine particles in the radial direction
is more reasonable.

The diameter ratio refers to the ratio of the diameter of the lower column section to the diameter of
the upper column section. The radial settling distance of particles in C-C hydrocyclone is significantly
affected by the diameter of the lower column section. It is directly related to the trajectory of particles
and the separation space. Since too small a diameter ratio will block the flow field and too large a
diameter ratio will make the flow field unstable, the range of diameter ratios proposed in this paper is
0.4 - 0.7. Changes in the diameter ratio are accompanied by alterations in the upper and lower cone
angles. When the cone angle of a hydrocyclone is modified, its separation performance undergoes
significant changes. The reasons for this are varied. On one hand, the radial travel distance of particles
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becomes shorter, facilitating their settlement on the wall. On the other hand, the overall separation space
of the hydrocyclone decreases, leading to a reduced effective residence time. However, it remains
unclear which factor predominates. Therefore, for C-C hydrocyclone, the separation performance is
regulated by the upper conical section, lower column section and lower conical section together.
Therefore, it is necessary to study the diameter ratio in many different combinations of forms

Fig. 1. Separation principle
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Fig. 2. Structural parameters of C-C hydrocyclone

Structural design based on the laboratory ® 75 mm hydrocyclone is shown in Fig. 2. The specific
structural parameters are shown in Table. 1. The structure is divided into 8 types according to the
different combination methods and diameter ratios of C-C hydrocyclone, as shown in Fig. 3. The specific
conical cross-section parameters are shown in Table. 2. According to the different diameter ratios, it can
be divided into four types: I, II, IIl and IV. The minimum diameter ratio of type I is 0.5, and the
maximum diameter ratio of type IV is 0.8. Meanwhile, on the basis of keeping the total height
unchanged, the upper and lower cone angles of type A structure remain unchanged, but with the
increase of the diameter ratio, the upper cone section gradually becomes shorter and the lower cone
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section gradually becomes longer. Type B structure ensures that the axial position of the lower column
section remains unchanged, which leads to a gradual decrease in the upper cone angle and a gradual
increase in the lower cone angle with the increase of the diameter ratio.

Table 1. Structural dimensions of C-C hydrocyclone

Structure parameters Size

Body diameter D/mm 75
Size of inlet axb/mm 15%25
Height of upper column H/mm 75
Height of lower column H/mm 60
Diameter of lower column d/mm 375 ;45 ;525 ;60

Diameter of spigot Du/mm 12.5
Diameter of overflow Do/mm 25
Height of vortex finder Ho/ mm 50
Height of spigot /mm 25

Table 2. Structural parameters of the conical section

Hydrocyclone Diameter of lower cylinder section d[mm] Upper cone 01[°] ~ Lower cone 02[°]
A-l 37.5 35 35
Al 45 35 35
A-III 52.5 35 35
A1V 60 35 35
B-1 375 43 27
B-II 45 35 35
B-III 52.5 26.5 425
B-IV 60 18 495

A-III

B-1I B-1IT B-1V

Fig. 3. The C-C hydrocyclone with different structures
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In order to accurately analyze the structure, four cross-sections are selected for analysis: cross-
section Z; is the interface between the upper column section and the upper conical section; cross-section
7> is the interface between the upper conical section and the lower column section; cross-section Zs is
the interface between the lower column section and the lower conical section; cross-section Z4 is 10mm
below the intersection of the lower conical section and the lower column section.

2.2. Model description

Considering the complexity of the multiphase flow field inside C-C hydrocyclone, the simulation
process is divided into two steps. The first step is to use the RSM turbulence model and Volume of Fluid
(VOF) model to obtain a stable gas-liquid two phase flow field and a stable air column, and to analyze
its pressure field and velocity field. The second step is to change the VOF model to Mixture model to
calculate the gas-liquid-solid three phase flow field to predict the separation performance of C-C
hydrocyclone after the flow field is stabilized. The solid particles with different size distributions will
be addded aiming to study the effect of different column section diameter ratios on the particle
classification effect.

2.2.1. RSM model

The RSM model removes the assumption of isotropic turbulent viscosity, comprehensively considers
the rapid changes of fluid vortices, rotations and other rapid changes. The accuracy will be higher in
the prediction of the complex flow field. Meanwhile, comprehensively takes into account the anisotropy
of turbulent flow, which is more suitable for the numerical simulation of the hydrocyclone. This model
is able to take into account complex interactions in the turbulent field, such as directional effects, but
this also means that it is computationally more complex and time-consuming. The RSM is chosen to
carry out the solution calculations, taking into account the advantages of RSM in the efficiency of the
calculations and the compatibility with Mixture.
The RSM turbulence model control equations is:
(o)  o(ouati)
ot + 0xy

= DT,ij + DL,ij + Pl] + Gl] + (pl] + Sij + Fl] (1)

where, puju; is the mean Reynolds stress; Dy ; is the turbulent kinetic energy dispersion term; D ;; is the
molecular viscous diffusion term; P; is the shear generation term; G;; is the buoyancy generation term;
@;; is the pressure strain term; g;; is the viscous dissipation term; F;; is the rotational generation term of
the fluid; p. uy is the density and viscosity of the fluid. Note that the RSM mixed turbulence option is
used in this study, where the phases share the same turbulent field.

2.2.2. VOF model

The VOF model is suitable for the solution of two-phase or multiphase fluids that are immiscible. Based

on this property, this simulation study of gas-liquid two-phase flow inside the hydrocyclone, the
velocity field characteristics obtained are in good agreement with the LDV measurement results. But
in some cases, the VOF method has difficulties in providing mesh convergence of the interfacial area,
which may affect the accuracy of multiphase flow simulations. The simulated fluid domain is filled by
each phase fluid. The control volume occupied by each phase fluid is the volume fraction of the
simulated fluid domain, which sums up to 1.

23=1 a =1 ()
where a,is the volume fraction of the phase qth within the fluid microelement.

2.2.3. Mixture model

The Mixture model predicts the discrete phases by mixing the term momentum equation and the
continuity equation, which belongs to one of the simplified models of Eulerian multiphase flow. It is
suitable for cases where the distribution of the dispersed phases is more centralized or where the inter-
phase tracing law is not known, but if accuracy is required, the TFM model is a better choice. It has
strongly coupled and can simulate multiphase flow with different velocities between the phases. It can
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describe the flow field distribution of multiphase fluid mixing, and the accuracy of the model has been
verified by many scholars.
Multiphase flow modeling continuity equations:

d -
where: py, is the mixed-phase density; tis the time; V is the Laplace operator; and Vy,, is the mixed-phase

average velocity.
Its momentum conservation equation is:

a - > - - - - = > T
a(pmvm) + V(pmvmvm) =-r- p+ V- [.um(VVm + VVmT)] +pmg + F+V- (leg=1 akpkvava) (4)

where P is the pressure; F is the volume force; i, is the mixed phase density; py is the kth phase density;
N is the total number of phases; and vy " is the relative slip velocity of the kth phase and the mixed phase.

2.3. Simulation condition

During the simulation process, the transient pressure solver in Fluent 2021R1 software was employed
to evaluate and compare the separation performance and flow field characteristics of column-cone
hydrocyclones with different structures under identical working conditions. Mesh generation was
conducted using ICEM 18.0 software. The numerical simulations utilized approximately 2.0x105 mesh
elements, with a maximum mesh size of 2.6 mm. The inlet boundary condition is set as “velocity inlet”,
with an velocity of 4.5 m/s. The spigot and vortex finder are set as “pressure outlet”. The air-phase
return volume fraction is set as 1. The boundary condition of hydrocyclone wall is “No-slip”. The
pressure-velocity coupling is performed by the “SIMPLE” algorithm. The pressure discretization format
is “PRESTO!”. The momentum discretization format is “QUICK”. The time step is set to 1.0x105, and
the balance of mass flow in each phase at the inlet and outlet is taken as the convergence condition. In
order to simulate the actual hydrocyclone conditions, the main phase in the Mixture model is set to be
water phase, and the air phase is added at the same time. The solid particles are quartz particles with
the density of 2650 kg/m?. The particles are continuously distributed. In the simulation, the total solid
phase concentration is 10 % by mass ratio, which is converted to get the total volume fraction of solids
as 4 %. The material used in the experiment is divided into 9 particle size segments, as shown in Table
3.

Table 3. Particle size distribution

Mean size/pum 1 5 10 15 22 30 44 60 80 Total
Yield/ % 435 847 995 1235 1817 158 1432 982 673  99.96

Volume fraction/ % 0174 0339 0398 0494 0727 0632 0573 0393 0271 4.001

2.4. Model validation

The simulation models are validated by comparing the velocity distribution and separation behavior of
the hydrocyclone between our lab and Hsieh's (1998) work. The comparison of tangential and axial
velocities for the 60 mm section below the top cover of the @ 75 mm hydrocyclone is shown in Fig. 4(a)
and 4(b). From the comparative analysis of the figures, it can be seen that the simulation results obtained
are basically consistent with the experimental results. The difference shown at the maximum value of
tangential velocity is mainly caused by the practical application of model and experimental errors. The
RSM model is validated by the work of Hsieh at a feed solids concentration of 4.01% by volume as well
as the home-measured data under the same conditions as the simulation (20° single cone). Fig. 4(c)
displays the comparison of the grading efficiency curves of the experiment and simulation, which has
the same trend of change with an error of less than 5 %. However, the measured recovery of fine
particles (<4 pm) is zero in Fig. 4(c), whereas the predicted recovery is close to the water split ratio. Due
to the strong following behaviors of fine particles, the predicted results should be more reasonable.
Overall, it can be concluded that current models can adequately predict the flow field and separation
performance of the hydrocyclone.
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Fig. 4. Validation of the model

3. Results and discussion
3.1. Pressure

Fig. 5 shows the cloud diagram of pressure distribution in the cross-section of C-C hydrocyclone with
different diameter ratio. It can be seen that the pressure distribution on the centre section still maintains
a good symmetry, indicating that the radial pressure distribution law within the flow field of C-C
hydrocyclone is not affected by the change of the diameter ratio. Combined with Fig. 7, in the Z, ~ Z3
section where the lower column section is located, the pressure of A-III type hydrocyclone decreases
from 105.57 K to 104.15 K from top to bottom, which is a decrease of 1.3 %. The maximum pressure on
the wall surface does not change much, which indicates that the lower column section has the effect of
stabilizing the flow field. But a small diameter ratio of the lower column section is bad for the stability
of the flow field, such as B-I type, from 97.04 kPa at the Z, cross-section to 91.02 kPa at the Z3 cross-
section, a reduction of 6.2 %. The degree of change in pressure along the axial direction is much larger
than the structure of type IlI, indicating that too small diameter ratio will produce the role of blocking
the flow field, which is not conducive to the stabilisation of the flow field.

The maximum pressure drop of the hydrocyclone is directly proportional to its energy consumption.
Reducing the pressure drop can improve the processing capacity of the hydrocyclone to a certain extent.
Fig. 6 illustrates the pressure drop comparison between Type A and Type B hydrocyclones. When the
diameter ratio is 0.7, the pressure drop difference between the two hydrocyclone configurations is
significant. The pressure drop in Type B is reduced by 15.52 % compared to Type A, attributed to
alterations in the upper and lower cone angles resulting from a change in configuration. This indicates
that the cone angle significantly influences the pressure change. Generally, the pressure drop decreases
with an increasing diameter ratio. However, when the diameter ratio for the Type B structure reaches
0.8, the pressure drop increases by 8.92 % compared to a diameter ratio of 0.7, and the stability of the
flow field decreases. This may be due to an increase in the lower cone angle. Thus, the diameter ratio
should not be excessively large.
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Fig. 5. Contour of the pressure distributions
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Fig. 6. Pressure drop

In order to accurately analyse the effect of the diameter ratio on the static pressure within the flow
field of C-C hydrocyclone, the static pressures at each cross-section are considered. In Fig. 7, the static
pressure shows a decreasing trend along the radial direction from the wall to the centre position, and
the pressure gradient decreases sharply near the air core due to the transformation of the pressure
energy into kinetic energy. The internal pressure continues to decrease until the formation of a negative
pressure, which manifests itself as a negative value at the forced vortex. The observed phenomenon
may be attributed to changes in the hydrocyclone's internal fluid space when the diameter ratio is
altered. The maximum static pressure at the wall is inversely proportional to the size of this space: the
smaller the space, the higher the static pressure at the wall. For instance, in the Type A structure, as the
diameter ratio increases from 0.5 to 0.8, the maximum wall pressure at section Z; decreases from 117.59
kPa to 109.21 kPa, a reduction of 7.12 %.

Altering the combination significantly affects the static pressure at the wall of a C-C hydrocyclone
when the diameter ratio is 0.7. The maximum pressure drop decreases from 113.34 kPa to 96.14 kPa, a
reduction of 15.18 %, due to a decrease in the upper cone angle from 35° in Type A to 26.5° in Type B.
This indicates that reducing the upper cone angle helps decrease pressure. In conventional
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hydrocyclones, the maximum pressure drop typically decreases with an increase in separation space.
However, in C-C hydrocyclones, pressure is determined by the combined regulation of the upper and
lower cone angles and the separation space. As the parameter variations in this study primarily involve
the diameter ratio, the radial pressure gradient is more significantly influenced by the diameter of the
lower column section. The pressure drop and radial pressure gradient are smallest in the B-III structure
and largest in the B-I structure.
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Fig. 7. Comparison of the radial pressure distributions

3.2. Tangential velocity

Fig. 8 shows the effect of different diameter ratios on the tangential velocity distribution for the two
combined forms. The tangential velocity inside C-C hydrocyclone also shows a symmetric distribution,
which first increases sharply along the radial direction from the centre point and reaches the maximum
value near the radial position r = 7.5 mm. Then it decreases gradually along the increase of radial
position and finally decreases rapidly to zero near the wall, which obeys the velocity distribution law
of the combined vortex.

It can be found that with the increase of diameter ratio, the tangential velocity of type A structure
shows an overall trend of decreasing, while type B structure shows an overall trend of decreasing first
and then increasing. When the diameter ratio is 0.5 and 0.6, the magnitude and trend of tangential
velocity of type A structure and type B structure are almost the same at each section, which indicates
that when the diameter ratio is too small, the change of the combination form does not have a significant
effect on the tangential velocity. When the diameter ratio is too large, such as the tangential velocity of
type IV hydrocyclone shows a trend of increasing again. Using the Z; cross-section of type B structure
as an example, when the diameter ratio increases from 0.5 to 0.7, the maximum tangential velocity
decreases from 10.56 m/s to 9.33 m/s, with a decrease of 11.64 %. When the diameter ratio increases
from 0.7 to 0.8, the tangential velocity increases from 9.33 m/s to 10.26 m/s, with an increase of 9.97 %.

However, when the diameter ratio is 0.7 (type III structure), from type A to type B, at Z; cross-section,
the tangential velocity decreases from 10.59 m/s to 9.33 m/s, with a decrease of 11.9 %. At Z, cross-
section, it decreases from 10.99 m/s to 9.33 m/s, with a decrease of 10 %. At Z3 cross-section, it decreases
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from 10.94 m/s to 9.91 m/s, with a decrease of 9.41 %. At Z4 cross-section, it decreases from 10.78 m/s
to 10 m/s, a decrease of 7.23 %. It can be found that the tangential velocity reduction decreases as the
cross-section position goes down, indicating that the tangential velocity is more influenced by the

regulation of the upper cone section at this diameter ratio.

1

y

12

@ Al B-1 @ Al B-1
- Al p @ B-1I - Al B-1I
10 - oAl #Y  IW Ban| 10F-e- A B-11I
@ e ALY P W SN \ -~ BV —e = AV = B-IV
£ P T A —
z 5 «;;(: ? '*'%. Bl
‘S 84 T 4 0y -
< g 11 % z 5
26k E 17 b ! 2 6k ) o257
I R ¥ . N
g o il Hay g B i
2aF 4 4% -y Eaf ! ! i
g 1) OB ¢ :
B ; B j < ] 4
i aF i = § i
Foy Y i Y i
/A ¥ :
| ¥ { | i
® i i '
oLt T S L oL : : : i i
-40 0 =20 -10 0 10 20 30 40 -30 =20 -10 0 10 20 30
Radius(mm) Radius(mm)
(@) Zy (b) Z2
12 12
o Al B-I
ol "coAd 8? ‘% B-11 10k
[ oo A-I 74 B-III
; b 3 ¥ —_
% RSN S T N BV |2
E st & 4 a% E 5l
z i b4 E1 Y z
g t‘ §l @ 8
2, O 3 |
=0T @ 9 o Z
= 4 B ., |
E a8 { g
N o ¢ HEE B ah 4 |
4 i T * 4 g
g : % 3§ &
[ i it
4 & g
ooy 2% 2+
i %y
i : ¢ .
P By \ 2 \ B! 0
-30 -20 -10 0 10 20 30 -30 30
Radius(mm) Radius(mm)
©) Zs (d) Zs

Fig. 8. Comparison of the tangential velocity distributions

3.3. Axial velocity

The fluid distribution within a hydrocyclone is closely linked to axial motion. As illustrated in Figure 9,
the influence of the diameter ratio on the axial velocity distribution and fluid motion trajectory is more
clearly observed. Arrows indicate the direction of fluid movement. The zero-velocity envelope divides
the axial motion into an upward inner swirl (red area) and a downward outer swirl (blue area). The
figure shows that while an increase in the diameter ratio does not alter the distribution pattern of the
zero-velocity envelope, it does increase the area of the internal swirl. The closed area beneath the lid
indicates the presence of circulating flow within the flow field. Some researchers suggest that this
circulating flow facilitates secondary separation, aiding in the re-separation of coarse particles
misplaced in the internal cyclonic flow and reducing the content of particles in the short-circuit flow.

Combined with Fig. 10, it can be found that the zero-velocity envelope at the Z; section is less affected
by the structural changes, and the radius of zero-velocity envelope fluctuates in the range of 40 mm ~
45 mm. The diameter of zero-velocity envelope at the Z, and Z; sections is mainly affected by the
diameter ratio, in combination with the corresponding wall radius of each section of the lower column
section, it can be found that the radial position of the zero velocity envelope is about 65 % ~ 70 % of the
radius of each section.

The magnitude of the axial velocity determines the residence time of the particles in the
hydrocyclone, which is one of the important indexes for evaluating the separation performance of the
hydrocyclone. The axial velocities distributed along the radial direction of C-C hydrocyclone were
analyzed separately. The results are shown in Fig. 10. It can be found that the change rule of type A and
type B structure in the outer swirl region is almost the same, indicating that the change of combination
mode has no significant effect on the axial velocity in the outer swirl region.
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The changes of diameter ratio and combination method have limited influence on the axial velocity
distribution along the Z; axis. In contrast, the diameter ratio significantly affects the axial velocity
distribution along the Z,, Z3 and Z4 axes. The axial velocity in the outer swirl region decreases with
increasing diameter ratio. The axial velocity in the inner swirl region increases with increasing diameter
ratio along the Z, axis, but decreases with increasing diameter ratio at Z; and Z;. The magnitude of
change in axial velocity is greater for type A structure than type B.

B-II B-III

Fig.9. Contours of the axial velocity distributions

3.4. Separation efficiency

Fig. 11 shows the comparison of separation efficiency curves of conventional hydrocyclone and different
C-C hydrocyclones. Each point on the efficiency curve represents the recovery rate of the corresponding
particle size in the underflow. Therefore, the efficiency curve reflects the relationship between the
distribution of various types of particles, which is a key indicator for evaluating the separation
performance of hydrocyclone.

Compared with the conventional hydrocyclone, the content of fine particles below 20 pm in the
underflow of C-C hydrocyclone is significantly reduced. Compared with the fine particles and coarse
particles, the effect of the diameter ratio on the underflow recovery of particles with a particle size of 20
pm - 60 pm is much larger. When the diameter ratio increases, the efficiency curve moves upward,
indicating that the classification efficiency of each particle increases. However, the separation efficiency
will be lower when the diameter ratio increases to 0.8.

In the Type B structure, increasing the diameter ratio results in a decrease in the upper cone angle
and an increase in the lower cone angle. At a diameter ratio of 0.7, there is a significant misplacement
of fine particles. Additionally, when the diameter increases from 15 mm to 20 mm, the classification
efficiency for 30 pm particles drops from 54.54 % to 19.68 %. This indicates that a decrease in the upper
cone angle has a substantial impact on separation efficiency.
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The most important characteristic indexes for evaluating the efficiency curve are the cutting size dso
and the separation accuracy a. The classification accuracy a is obtained from the slope of the efficiency
curve (sharpness index) S.

das

S=2= )

d7s
The efficiency curve analysis results are presented in Fig. 12. As the diameter ratio increases from
0.5 to 0.7, the cutting size for the Type A structure decreases from 29.76 pm to 25.33 pm, while for Type
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B, it decreases from 30.44 pm to 23.45 pm, demonstrating an overall decreasing trend. However, when
the diameter ratio increases to 0.8, the cutting size increases, indicating that an excessively large
diameter ratio can increase the cutting size. The sharpness generally increases with the diameter ratio.
The most notable change is observed at a diameter ratio of 0.7, where the steepness index of the Type B
structure decreases by 12.78 % compared to Type A, resulting in poorer separation accuracy. It is
concluded that both excessively large and small diameter ratios decrease separation efficiency.
Additionally, the angle of the upper cone section significantly impacts separation efficiency.
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Fig. 12. Separation performance

For the hydrocyclone separation operation, more particles larger than dso and fewer particles smaller
than dso in the underflow indicate a better separation result. This expectation can be reflected in the
classification efficiency curve by that, in the case of ensuring that the dso meets the production
requirements, the greater slope of the curve (the sharpness closer to 1), the greater separation accuracy
of the hydrocyclone. From the above study, it can be seen that for C-C hydrocyclone, the small diameter
ratio has a large cutting size, a small steepness index, which result in a low separation efficiency. A large
diameter ratio has a large steepness index but also a large cutting size, which is prone to produce
misplacement of coarse particles in the overflow. Therefore, in this study, A-IIl structure (when the
upper and lower cone angles of C-C hydrocyclone are constant at 35° and the diameter of the lower
column section is 0.7) has the highest separation accuracy and the smallest separation size.

4. Conclusions

To enhance the separation accuracy of conventional hydrocyclones and reduce the misplacement of fine

particles in the underflow, this paper proposes a composite column-cone hydrocyclone. Numerical

simulations were conducted to investigate the effects of varying the diameter ratio of column segments
in two configurations (Type A and Type B) on the flow field characteristics and separation performance
within a C-C hydrocyclone. The main conclusions are as follows:

(1) Increasing the lower column section in C-C hydrocyclone results in minimal changes to the
pressure gradient, tangential velocity, and axial velocity in the lower sections, indicating that this
modification helps stabilize the flow field. Compared to conventional hydrocyclones, the content
of fine particles in the underflow is significantly reduced.

(2) As the diameter ratio increases, the separation space in C-C hydrocyclone expands, enhancing
particle separation and thus improving accuracy. The cutting size tends to decrease. The highest
separation efficiency, with a cutting size of 25.33 mm and sharpness of 0.71, is achieved when the
diameter ratio is 0.7 and the cone angle remains constant. However, a diameter ratio that is too
small can obstruct particle movement, while a ratio that is too large can cause flow field disorder,
hindering separation.

(3) The change in combination mode has little effect on C-C hydrocyclone with a small diameter ratio.
However, when the diameter ratio is 0.7, the pressure drop in the Type B structure is reduced by
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15.52 % compared to the Type A structure. The tangential velocity at the Z1 cross-section decreases
by 11.9 %, while the axial velocity remains largely unchanged. This results in the recovery of fine
particles in the Type B hydrocyclone being smaller than in Type A. It can be observed from the two
combination forms that the separation efficiency of C-C hydrocyclone can be improved by
appropriately increasing the upper cone angle and decreasing the lower cone angle at the optimal
diameter ratio.
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