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Abstract: Aiming at the problem of “entrainment fine particles in underflow” of hydrocyclone in
grinding and classification process, a hydrocyclone with spiral vanes (the SV hydrocyclone) was
proposed. The CFD techniques were used to study the pressure field, velocity field, turbulence field,
particle field and classification efficiency of hydrocyclones with spiral vanes of different widths. The
results show that the pressure drop, axial velocity, tangential velocity, turbulence intensity of SV
hydrocyclone are reduced in different degrees compared with conventional hydrocyclone, and the
reduction becomes more obvious with the increase of vane width. In the case of a vane width of 0.04D,
the underflow recovery rate of 5.m and 10l m fine particles was reduced by 16.2% and 15.7%. The
selection of spiral vanes with small widths is beneficial to improve the separation accuracy of fine
particles and reduce the cut particle size.
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1. Introduction

Hydrocyclone is a device that uses the principle of centrifugal sedimentation to separate the non-
uniform phase mixture, with a simple structure, small footprint, and high separation efficiency has been
widely used in mineral sorting, metallurgical engineering, petrochemical and sewage treatment
industry and many other fields (Song et al., 2020; Xie et al., 2020; Lie et al., 2021; Zhou et al., 2023).
However, due to the phenomenon of “entrainment fine particles in underflow” in the hydrocyclone
itself, there is the phenomenon of ore over-grinding (Jiang et al., 2020) in the application of grinding
and classifying operation, which 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, the reduction of the “entrainment fine particles in underflow” of hydrocyclone can
help save the production cost of coal processing plants to a certain extent.

In response to the problem of reducing underflow entrapment fines in hydrocyclones, many scholars
have conducted a lot of research on the structure and performance of the hydrocyclone. Jiang et al.
(2022) studied a compound curve cone hydrocyclone, which increases the downward resistance of the
fluid and forces the upward migration of the outer vortex fine particles, thus enhancing the quality of
the underflow product. Hou et al. (2021) studied a cylindrical-conical hydrocyclone with a flat-bottom
conical structure and found that the wide flat-bottom structure increased the cut particle size and
reduced the misplacement of fine particles in the underflow. Liu et al. (2023) found that adding a helical
structure to the overflow pipe of a hydrocyclone can reduce the pressure drop and explored the optimal
location of the helical structure within the hydrocyclone. Qiu et al. (2023) investigated the effects of
spiral blade pitch, number of turns and number of heads on the hydrocyclone and obtained an efficiency
of 90% and a pressure drop of 0.05 MPa for the hydrocyclone with optimal parameters. Wang et al.
(2023) proposed a spiral-wall hydrocyclone, which utilizes the inflow effect of the spiral wall and the
enrichment of mineral particles to achieve rapid separation of lead and zinc tailings, in which the
recovery of heavy concentrate Pb0 was increased from 55.55% to 85.25%, which is an increase of nearly
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30%. Vysyaraju et al. (2022) designed a new type of hydrocyclone in which a certain number of thin
concentric rings were added to the hydrocyclone column and cone sections to reduce the fines bypass.
Zhou et al. (2018) examined the effect of the number of guide vane turns on the flow field inside the
hydrocyclone separator and showed that increasing the number of turns improved the stability within
the hydrocyclone field, resulting in a decrease in both turbulence intensity and pressure drop. Patra et
al. (2017) compared spiral rib hydrocyclones with conventional hydrocyclones through experiments
and simulations, showing that spiral rib hydrocyclones have lower pressure drop and smaller cut
particle size at high inlet velocity conditions. Patra et al. (2018) applied the ribbed hydrocyclone to the
process of removing methyl orange from an aqueous solution using fly ash as an adsorbent and
analyzed the particle separation performance and dye removal efficiency of this hydrocyclone through
experiments. Jung et al. (2019) added a concave and a convex helical configuration to the inner wall of
the hydrocyclone, and the classification efficiency of the hydrocyclone being used for asphalt particle
separation was investigated by numerical simulation. The classification efficiency of the hydrocyclone
with a concave spiral structure was 92.51%, which was 7.41% higher than that of the conventional
hydrocyclone.

The flow field inside the hydrocyclone is more complex when it is in operation, so the numerical
simulation can provide a more comprehensive understanding and obtain the flow field data (Liu et al.,
2020). CFD techniques have been widely used and have gained the recognition of the majority of
researchers (Murthy and Bhaskar, 2012; Vega-Garcia et al., 2018; Jing et al., 2021). However, accurate
flow field prediction requires the selection of appropriate turbulence models and multiphase flow
models, and currently, the more used turbulence models are the Reynolds stress model (RSM) (Ishak
and Ayoub, 2019) and the large eddy model (LES) (Padhi et al., 2020). Multi-phase flow models are
widely used, such as the Volume of Fluid (VOF) model (Mokni et al., 2015), Mixture model (Su and
Zhang, 2022), and Euler model (Zhang and Ni, 2022). Yang et al. (2022) applied RSM and VOF models
to simulate the flow field of continuous hydrocyclones, introduced the DPM model to track the particle
trajectories, and conducted experimental investigations. Ye et al. (2022) and Hou et al. (2021) used RSM
and two-fluid model (TFM) to simulate the flow field and classification efficiency inside the
hydrocyclone, and verified the feasibility of the method. Xing et al. (2022) apply the population balance
model (PBM) to the continuity equation for hydrocyclone simulation based on the Euler-Euler method
and verifies the correctness of the simulation by particle image velocimetry. Je et al. (2022) adopted
Mixture and RSM models for numerical calculations of axial flow separators, and the neural network
model for predicting separation performance showed better variance than the multilinear regression
model (MLR). Vakamalla and Mangadoddy (2019) used Mixture model and LES to explore the
development of 250 mm hydrocyclone air core and particle distribution, and the flow field was verified
by laser Doppler velocimetry, and the predicted particle distribution curves were in good agreement
with the experimental data. Zhao et al. (2022) used the Mixture multiphase flow model to simulate the
flow field and separation efficiency inside the hydrocyclone, and verified the accuracy of the numerical
calculation results through experiments. Padhi et al. (2019) used the Mixture model to simulate the
classification efficiency of multiple components within the hydrocyclone and showed that the
simulation and the test were in general agreement. Su and Zhang (2022) adopted RSM, VOF, and
Mixture models to predict the hydrocyclone separation process, and explored the effects of vortex finder
and feed parameters on short-circuit flow and classification efficiency using experiments and
simulations. Kou et al. (2022) used a combination of RSM and Mixture to simulate the two-phase flow,
and the simulation results were in good agreement with the experimental results. However, in the
selection of the turbulence model, the LES model requires higher computer performance, which can
lead to longer computation time, so the RSM turbulence model was selected for the hydrocyclone
simulation.

From the research of experts and scholars, it is revealed that spiral vanes can improve the flow field
of hydrocyclone to a certain extent, but the influence law of spiral vanes width on hydrocyclone flow
field and separation performance is not clear.

Therefore, in this paper, a hydrocyclone with spiral vanes is studied, and six types of spiral vanes
with different widths are designed, and the width of these spiral vanes is proportional to the diameter
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of the hydrocyclone. CFD technology is used to investigate the effect of the width of the spiral vanes on
the flow field and separation performance in the hydrocyclone by numerical simulation.

2. Model and method geometry

2.1. Geometric structure

The spiral vanes are fixed on the inner wall of the hydrocyclone, and under the action of the centrifugal
force field of the hydrocyclone, the mixed fluid is thrown to the wall along the direction of the spiral
vane movement. To investigate the influence of the width of the spiral vanes on the hydrocyclone, a
hydrocyclone model is established as shown in Fig. 1. The center of the spigot is determined as the
origin, the inlet port is along the positive direction of the Y-axis, and the overflow pipe is along the
positive direction of the Z-axis. The characteristic height Z=233mm and Z=170mm were selected as the
cross sections for comparative analysis. In this paper, considering that the spiral vanes are mainly added
at the position of the column section of the hydrocyclone, the selection of the width of the vanes is based
on the radial distance between the inner wall surface of the hydrocyclone and the outer wall of the
vortex finder. The ratio of vane width to hydrocyclone diameter (C/D) was defined as x. Six different
widths of spiral vanes were designed with ratios (C/D) of 0.04, 0.08, 0.12, 0.16, 0.20, and 0.24. The
structural parameters of the hydrocyclone are shown in Table 1, because of the spiral vanes fixed on the
wall of the hydrocyclone, it is named as hydrocyclone with spiral vanes, abbreviated as SV
hydrocyclone.
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Fig. 1. Structural parameters of hydrocyclones

Table 1. Structural dimensions of the hydrocyclone

Structure parameters Size
Body diameter D/mm 75
Size of inlet axb/mm 20x15
Height of cylinder section H;/mm 110
Height of cone section Hy/mm 185
Height of inner vortex finder H3/mm 75
Diameter of overflow D,/mm 25
Diameter of spigot Dy/mm 12.5
Height of vanes h/mm 3
Width of vanes C/mm xD

Pitch of vanes P/mm 20
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2.2. Model description

The RSM turbulence model accurately predicts the Reynolds stress and anisotropy of the complex flow
field. Due to the fast flow velocity and high turbulence intensity in the internal flow field of the
hydrocyclone, the RSM model is often used in the numerical simulation of the hydrocyclone. In this
study, firstly, the flow field data of the hydrocyclone are obtained by VOF model and RSM model, and
the pressure field, velocity field, and turbulence field are analyzed. Then the Mixture model combined
with RSM model was used to obtain particle phase data and compare the results of the effect of spiral
vanes with different sizes and widths on particle classification.
The Reynolds stress transport equation can be written as:
a pu{u'- a puku{u'-
(), o)

=DT,l]+DL,l]+Plj+Gl]+(pl]+gl]+Fl] (1)

where puju; denotes the average Reynolds stress; Dr;; denotes the turbulent diffusion term; Dy ;;
denotes the molecular viscosity diffusion term; P;; denotes stress-generating term; G;; denotes
Buoyancy-generating term; ¢;; denotes the Stress-strain term; ¢;; denotes the viscosity dissipation term;
F;; denotes the fluid rotation-generating term; p. w, denotes the density and viscosity of the fluid.

The VOF model is suitable for the solution of two-phase or multi-phase fluids that are mutually
immiscible. Based on this property, the simulated gas-liquid two-phase flow inside the hydrocyclone is
studied, and the velocity field characteristics obtained are in good agreement with the LDV
measurement results (Zhang et al., 2016). The simulated fluid domain is filled with each phase of fluid
and the size of the control volume occupied by each phase of fluid is the volume fraction of this
simulated fluid domain and the sum is 1.

Y1 =1 @)
where q,is the volume fraction of the g-phase fluid.

The Mixture model predicts the discrete phase through the mixed-term momentum equation with
the continuity equation. It can describe the flow field distribution of the mixing action of multiphase
fluids, and the accuracy of the model has been verified by many scholars (Zhao et al., 2022; Padhi et al.,
2019).

The continuous equation is expressed as follows:

2 (pm) + Y (Pr¥m) = 0 ©)

The momentum equation of the Mixture model is expressed as follows:
a - > - - > T - = > T
at (pmvm) + V(pmeVm) =-V: p+ V- [/“lm(vvm + v.Vm )] +pmg + F+V- (211¥=1 akpkvkrvkr) (4)
where p,, is the density of the mixed phase; v, is the average mass velocity; p is the pressure; F is the
volume force; ., is the viscosity of the mixed phase; p,, is the density of the k-phase; N is the number
of phases; v,,” represents the slip velocity of the phase k relative to the mixed phase.
The particle motion equation can be written in the following form:

dﬁ _ — — E(pp_p) d
?—fD(u—up)+T+F (5)
where F is an additional force; f; (i - u_p’) is the drag force per unit particle mass.
__ 184 CpRe
fo = ot (6)

where u,, is particle velocity; i is fluid velocity; p, is particle density; p is fluid density; g, is the
acceleration of gravity in the x-direction; u is molecular viscosity of the fluid;d,, is particle size; Cp is
drag coefficient; R, is relative Reynolds number, which can be written as

Re — pdp(z_ﬁ;) (7)

2.3. Simulation conditions

As shown in Fig. 1, the model structure of the SV hydrocyclone is relatively complex, and the tetrahedral
mesh has better adaptability to the more complex geometry structure (Duczek et al., 2016; Zhang and
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Qian, 2012). Therefore, tetrahedral meshing is used to mesh the model in this simulation. The number
of grids will have an impact on the model prediction results; too small several grids will affect the
calculation accuracy, and too many will prolong the simulation calculation time. Therefore, the number
of grids should be controlled within a suitable range under the condition of maintaining computational
accuracy. When the width of the spiral vane is 0.04D, the grid number of hydrocyclone is divided into
163824, 243259, 318294, 389596, and 481254, and the tangential velocity value at the axial height
Z=230mm is used as the basis of grid independence verification. As seen in Fig. 2(a), the tangential
velocity of the hydrocyclone remains constant after the number of grids is greater than 318294.

The overall mesh and the spiral vanes mesh are shown in Fig. 2(b), and the spiral vanes are mesh
encrypted to improve the calculation accuracy. The Y+ values of the hydrocyclone wall in Fig. 2(c) are
between 20 and 254, which ensures the accuracy of the model simulation. Finally, the number of grids
for the six SV hydrocyclones was determined as 389596, 385369, 379759, 372805, 366795, and 358775.
The minor changes in the number of grids were mainly caused by changes in the structure of the spiral
vanes.
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Fig. 2. Hydrocyclone grid validation

In the simulation process using the VOF model, the hydrocyclone inlet boundary condition was set
to “velocity inlet” with an inlet velocity of 5m/s; the boundary conditions of the underflow and
overflow ports were set to “pressure outlet”; the air phase return volume fraction is set to 1, and the
transient solution is used. In the Mixture model, quartz sand with a 2650 kg/m3 density was used as
the material. Eight different particle sizes were selected, and the particle sizes are shown in Table 3, and
the total volume fraction of solids was converted to 3.17% according to the mass concentration of 8%,
while the air phase was added to simulate the actual hydrocyclone working conditions. The boundary
condition of the hydrocyclone wall is “No Slip”. The pressure-velocity coupling is performed using the
“SIMPLE” algorithm, with the pressure discretization in the format “PRESTO!” (Tian et al., 2020) and
the momentum discretization in the format “QUICK” (Tian et al., 2020)0. The time step is set to 1.0x10-
4 and the equilibrium of the mass flow of each phase at the inlet and outlet is used as the convergence
condition (Kuang et al., 2012).

Table 2. Particle size distribution

Mean size/['m Yield /% Volume fraction /%
5 9.80 0.310
10 5.48 0.174
20 12.60 0.399
30 12.54 0.398
40 13.23 0.419
60 21.28 0.675
80 16.48 0.523

90 8.59 0.272
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3. Results and discussion
3.1. Model validation

In 1988, Hsieh and Rajamani (1988) analyzed the velocity distribution in the characteristic height section
of a 75 mm hydrocyclone using LDV. Therefore, before applying to the numerical research work, a
three-dimensional model of the 75 mm hydrocyclone was built and the simulation results of the VOF
model flow field were compared with the experimental results of Hsieh. Fig. 3 shows the simulated and
experimental comparison of tangential and axial velocities in the hydrocyclone flow field with the
hydrocyclone classification efficiency. As shown in Fig. 3(a) and Fig. 3(b), the air core is shown in the
figure, while the characteristic position is selected as the axial velocity and tangential velocity at 60 mm
downward of the hydrocyclone top cover as the evaluation basis, and the simulation results obtained
from the gas-liquid two-phase flow inside the hydrocyclone simulated by the VOF model are in basic
agreement with the experimental results. The differences revealed at the maximum value of the
tangential velocity are mainly caused by the practical application of the model and experimental errors.
Figure 3(c) shows the comparison of the grade efficiency curves of the simulated and experimental
results, both of which have the same variation trend. Therefore, the comparative analysis of the data
can verify the reliability of the turbulence model and multiphase flow model selected for this simulation.
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Fig. 3. Validation of the model

3.2. Fluid flow field
3.2.1. Pressure

Static pressure is one of the important parameters for hydrocyclone operation. Fig. 4(a) and Fig. 4(b)
shows the cross-sectional pressure distribution clouds and air core distribution clouds of conventional
hydrocyclone and SV hydrocyclone of different widths. In Fig. 4(a) can be obtained in the center section
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of the pressure distribution still maintains a good symmetry, indicating that the radial pressure
distribution pattern within the flow field of hydrocyclone is not affected by the width of the spiral vanes,
and the pressure distribution along the axial position of the same hydrocyclone does not change
significantly. The blue column-shaped inner area at the center of Fig. 4(a) is the negative pressure area
within the hydrocyclone flow field. The underflow and overflow port of the hydrocyclone are connected
with the atmosphere to form the air return flow, and through the negative pressure area to form the air

core, which is as shown in the air core contours diagram of Fig. 4(b).

Pressure
Z=320mm
=0 C=0.04D C=0.08D C=0.12D C=0.16D C=0.20D C=0.24D

Z=280mm
7=233mm
Z=200mm
Z=170mm
Z=130mm
Z=90mm

Z=50mm

[Pa]
1.00e+05
9.00e+04
8.00e+04
7.00e+04
6.00e+04
5.00e+04
4.00e+04
3.00e+04
2.00e+04
1.00e+04
0.00e+00
-1 .00e+04

(a) Contours of the pressure distributions

Air-Vof
9.00e-01
8.00e-01
7.00e-01
6.00e-01
5.00e-01
4.00¢-01
3.00e-01
2.00e-01
1.00e-01
Al
C=0.04D C=0.08D C=0.12D C=0.16D C=0.20D C=0.24D
(b) Air core
Fig. 4. Contours of the pressure distributions and air core
100 100
——0 ——0
—4—0.04D —4—0.04D
80 —e—0.08D 80 —e—0.08D
—v—0.12D —v—0.12D
= 60 0.16D =60} 0.16D
2 0.20D = 0.20D
% —e—0.24D % ——0.24D
2401 Zaor
& &
20 20
O i 1 1 1 O i
-40 -20 0 20 40 -40 -20 0 20 40
Radius (mm) Radius (mm)
(@) Z=170mm (b) Z=233mm

Fig. 5. Comparison of the radial pressure distributions



8 Physicochem. Probl. Miner. Process., 59(6), 2023, 173563

360

Axial height (mm)
—_ — [\e} (o8]
I~ % = S
(=) (=) (=) (=)

[oN]
(=]
T

1 #I h, T 1 1
0 3 6 9 12 15 18
Air Core Diameter (mm)

Fig. 6. Comparison of air core diameters

To accurately analyze the effect of the spiral vanes on the static pressure within the flow field of the
hydrocyclone, two characteristic heights of axial height Z=170 and Z=233mm were selected for analysis.
As in Fig. 5(a) and Fig. 5(b), the hydrocyclone static pressure from the wall to the center of the radial
decreasing trend, in the vicinity of the air core due to the transformation of pressure energy into kinetic
energy resulting in a sharp decrease in pressure gradient, the internal pressure continues to decrease
until the formation of negative pressure. In addition, the static pressure inside the hydrocyclone
increases with the increase of the spiral vane width. At the vane width C=0.04D, the wall static pressure
value of SV hydrocyclone decreases by 1.95% and 2.04% respectively compared with the conventional
hydrocyclone at two characteristic heights. The main reason is that the hydrocyclone vanes guide the
vortex motion of the fluid in the hydrocyclone and reduce the disturbance of secondary vortices in the
flow field. Fig. 6 shows the comparison of air core diameter. The air column is the area where the volume
fraction of gas in the flow field of the hydrocyclone is greater than 0.9. The air core has a protuberance
resembling the Adam's apple that appeared in the overflow pipe area, which is caused by the gas
returning from the overflow pipe intersecting with the working fluid here, causing the air core to
expand outward. And as the width of the spiral vane increases, the diameter of the air core in the
hydrocyclone decreases, and this result is conducive to increasing the hydrocyclone separation area and
improving the hydrocyclone processing capacity.

The operation process of hydrocyclone is accompanied by a certain pressure loss, pressure drop
refers to the pressure difference between the hydrocyclone inlet pressure and the overflow pipe outlet,
which is an important indicator reflecting the energy consumption of hydrocyclone. Fig. 7 shows the
hydrocyclone pressure drop diagram, and the scale factor shown is the ratio of the spiral vane width
(C) to the hydrocyclone cylinder diameter (D). In the figure, the pressure drop of the hydrocyclone tends
to decrease with the increase of the spiral vane width. When the width of spiral vane is C=0.04D, the
pressure drop of SV hydrocyclone is reduced by 4.04% compared with conventional hydrocyclone, and
the pressure drop is the smallest when the width of vane C=0.24D, which is reduced by 38.44%. This is
due to the addition of a spiral vane makes the diameter of the air core in the hydrocyclone reduced,
reducing the kinetic energy required to lose gas in the air core, thus reducing the hydrocyclone energy
loss, which can be derived from the introduction of a certain width of the spiral vane can reduce the
pressure drop of the hydrocyclone.

Tangential velocity is an important factor to measure the separation performance of hydrocyclones
and determines the strength of the centrifugal force field inside the hydrocyclone. Fig. 8 shows the
tangential velocity distribution contours of conventional hydrocyclones and SV hydrocyclones of
different widths. It can be seen that the tangential velocity in the hydrocyclone also shows a symmetric
distribution, from the center point along the radial direction first increases sharply, reaching a
maximum near the radial position r = 12.5 mm. After that, it gradually decreases with the increase of
radial position, and finally drops to zero rapidly near the wall, which obeys the velocity distribution
law of the combined vortex.



9 Physicochem. Probl. Miner. Process., 59(6), 2023, 173563

40

30 -

Pressure drop (kPa)
S
T

10 -

0 0.04 008 0.12 0.16 020 024
Proportionality coefficient (C/D)
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3.2.2. Tangential velocity

As shown in Fig. 9(a) and Fig. 9(b), the tangential velocity distribution curves at the position of section
height Z=170 and Z=233 are shown. Compared with the conventional hydrocyclone, the effect on the
tangential velocity in the hydrocyclone is not obvious when the width of the spiral vane is C=0.04D. As
shown in Fig. 9, the overall tangential velocity of the hydrocyclone gradually decreases with the increase
of the width of the spiral vanes. The smaller tangential velocity will help to reduce the wall friction and
reduce the wear of the inner wall of the hydrocyclone, but it will reduce the centrifugal force field in the
flow field of the hydrocyclone and affect the separation efficiency. Because when the width of the spiral
vane is too large, the friction generated by the mixed fluid and the spiral vane will be non-negligible,
resulting in the loss of fluid kinetic energy. However, the separation of particles is mainly affected by
the radial centrifugal force, when the tangential velocity is too low, it will also lead to the coarser
particles in the hydrocyclone still located in the inner swirling flow of hydrocyclone, discharged from
the vortex finder, resulting in misplaced particles overflow, reducing the separation accuracy.
Therefore, the width of the spiral vane should not be too large.
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3.2.3. Axial velocity

The axial velocity determines the residence time of particles in the hydrocyclone, which is one of the
important indicators to evaluate the separation performance of hydrocyclone. Fig. 10 shows the axial
velocity distribution contours of SV hydrocyclone with different widths. The solid black line in the
figure represents the line with zero axial velocity in the cross-section (LZVV), which is more seriously
distorted in the hydrocyclone column section due to the existence of short-circuit flow and circulating
flow, and is not symmetrical in the radial direction and has an inverted cone shape in the cone section.
At the same time, LZVV divides the flow field into two regions: the dividing line between the inner and
outer swirling flow in the radial direction. The closed black solid line under the cover in the figure
indicates the presence of circulating flow in the flow field.

Fig. 11(a) and Fig. 11(b) show the cross-section's velocity distribution at two characteristic height
positions. The axial velocity has a clear turn from the wall surface to the central axis, and the axial
velocity in the outer swirling flow area of the hydrocyclone gradually decreases as the width of the
spiral vanes increases. The reason is that the guide vane has a certain support effect on the fluid in the
hydrocyclone, so that the outer swirling flow area working fluid flow along the specified trajectory,
smaller axial velocity is conducive to extending the separation time of the particles in the hydrocyclone
so that the separation is more adequate. However, increasing the width of the spiral vane causes the
flow of outer swirling flow of the hydrocyclone to increase, and this increase will be more likely to
aggravate the “entrainment fine particles in underflow” phenomenon.
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Fig. 11. Comparison of the axial velocity distributions

According to Fig. 12, it can be seen that the variation in the width of the spiral vanes affects the
underflow product concentration. At the vane width of C=0.04D, the underflow split ratio of SV
hydrocyclone increases by 6% and the underflow product concentration decreases by 5.74% compared
with the conventional hydrocyclone. Moreover, the increase of the spiral vane width improves the
inflow effect, leading to the further increase of the underflow split ratio and the continuous decrease of
the underflow product concentration. There are two main reasons to explain this, on the one hand, the
spiral vanes make the vortex motion in the hydrocyclone smoother, reducing the turbulence intensity
in the flow field, and leading to an increase in the underflow split ratio. On the other hand, the spiral
vanes affect the tangential velocity in the hydrocyclone flow field, resulting in a change in the
centrifugal force field, which may make the migration of coarse particles in the hydrocyclone to the
overflow, resulting in a decrease in the underflow product concentration.
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Fig. 12. The underflow split ratio and underflow concentration

3.2.4. Turbulent intensity

The flow field inside the hydrocyclone is a highly complex nonlinear flow field, and the turbulence
intensity is commonly used to characterise the strength of the turbulent motion, the size of which affects
the stability of the flow field. Fig. 13 shows a contour diagram of the turbulence intensity distribution
within the flow field of the SV hydrocyclone, which is mainly selected from the region where the spiral
vanes are added. The turbulence field in the figure has certain symmetrical characteristics, and the
turbulence intensity in the lower region of the overflow pipe decreases gradually with the increase of
the width of the spiral vane. The reason is that the addition of spiral vanes in the hydrocyclone has a
certain effect on the flow field, so the flow field in the hydrocyclone is more stable, and this result
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reduces the misalignment of particles overflow at the overflow. The maximum turbulence intensity in
the hydrocyclone occurs in the region of the overflow pipe, which is mainly caused by the convergence
of multiple flows due to the intake of air from the overflow.

C=0 C=0.04D C=0.08D C=0.12D C=0.16D C=0.2D

Turbulent intensity

0.1 0.2 0.3 0.4 0.5 0.6

0.7 0.8 0.9 1

Fig. 13. Contours of the turbulent intensity distributions

3.3. Particle size analysis
3.3.1. Particle volume fraction

Fig. 14 shows the volume distribution contours of different particle sizes, the distribution of different
particle sizes in the hydrocyclone flow field varies. Fig. 14(a) and Fig. 14(b) shows the volume
distribution contours of the relatively small 5 [m and 10 [m particles in the material, and the white area
not shown in the center of the figure represents the air core region. It can be found that the fine particles
are mainly distributed near the air core, and the larger the particle size is, the closer the distribution area
is to the hydrocyclone wall. The volume fraction content of fine particles in the inner swirling region of
SV hydrocyclone (C=0.04D) is higher than that of the conventional hydrocyclone, and the volume
fraction of fine particles near the bottom end of the cone section is even lower. With the increase of the
spiral vane width, the area of the high concentration region of the column section decreases, the position
gradually shifts downward, and the fine particles have a tendency to move toward the underflow,
increasing the fine particle content of the underflow products. This is because the working fluid in the
hydrocyclone and the spiral vane surface friction exists, producing a certain resistance, and the coarse
particles have a higher specific gravity, so the resistance effect on fine particles is more obvious.
However, the centrifugal force in the particle classification has been dominant in the hydrocyclone,
when the spiral blade width is too large, the tangential velocity in the hydrocyclone flow field is
obviously reduced, resulting in a weakening of the centrifugal force, so that coarse and fine particles
are discharged from the underflow port together.

As can be seen from Fig. 14(c), the 30 ['m particles in the hydrocyclone are mainly enriched near the
underflow port, and the addition of spiral vanes on the wall has a certain inflow effect on the particles,
which improves the underflow recovery performance of the hydrocyclone for coarse particles.
However. In the case of a vane width greater than 0.12D, 30Cm particles tend to gather to the overflow
port, especially obvious when the vane width is 0.24D, which leads to a reduction in the particle content
at the bottom of the hydrocyclone. On the one hand, because the vane width is too large, the spiral vane
in the bottom area of the vortex finder will cause the particles to directly enter the overflow, aggravating
the hydrocyclone “overflow with coarse particles”. On the other hand, the reduction of tangential
velocity in the hydrocyclone also causes the coarse particles to move towards the inner swirling flow
region. These are the reasons for the reduced recovery of the particle underflow in the hydrocyclone.

3.3.2. Separation performance

The classification efficiency curve is constructed by using the underflow recovery rate of different size
particles to reflect the influence of spiral vanes on the classification efficiency of hydrocyclone. Fig. 15
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shows the classification efficiency curves of conventional hydrocyclone and SV hydrocyclone. As can
be seen from the figure, the underflow recovery rate increases continuously with the increase of particle
size, and the classification efficiency curve shifts to the right with the increase of spiral vane width.
When the width of spiral vane is 0.04D, the underflow recovery rate of 50im and 10Lm fine particles
decreases by 16.2% and 15.7%. As the width of the spiral vane increases from 0.04D to 0.24D, the
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recovery rate of fine particles in the underflow decreases and then increases. At the width of the spiral
vane C=0.12D, the underflow recovery of fine particles of 50m and 10Lim is the smallest. The main
reason for this is explained in the particle volume fraction analysis, not to repeat. In addition, increasing
the spiral vane width will reduce the diameter of the air core in the hydrocyclone flow field, leading to
an increase in the flow of the inner cyclone, more particles from the overflow outflow, will also lead to
reduce the content of fine particles in the underflow. However, as the spiral vane width continues to
increase, the influence of the centrifugal force field in the hydrocyclone on the particle classification
performance gradually increases, too small tangential velocity can not provide sufficient centrifugal
force so the hydrocyclone separation performance is reduced.

Fig. 16(a) and Fig. 16(b) show the particle size distribution curves of the overflow product and the
underflow product. With the increase of spiral vane width, the cumulative curve of overflow products
shifted to the right as a whole, indicating that the content of overflow fine particles gradually decreased.
The content of particles below 10Cm in the underflow product decreases first and then increases with
the increase of vane width, reaching the lowest at the vane width C=0.12D. From the analysis results,
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the width of the spiral vane is too large and is not conducive to the classification of fine particles, should
be based on the actual working conditions to choose the appropriate width of the spiral vane.

The classification efficiency of the corresponding particles was obtained according to the
classification efficiency curve in Fig. 14. The separation performance of the hydrocyclone is evaluated
by the indexes of imperfection I, separation sharpness S, and possible deviation E, which are calculated
by Equation (8), Equation (9), and Equation (10), respectively.

_ d7s5—dszs
I = Tde 8)
_ das
S= e )
E — d75—d3s (10)

2
where ds, dso (cut particle size) and d7s are defined as the particle sizes corresponding to recoveries of
25%,50% and 75% of the underflow on the efficiency curve.

In the evaluation of classification efficiency, the smaller the possible deviation E and imperfection I,
and the larger the separation sharpness S, the higher the classification accuracy of the hydrocyclone (Ye
et al., 2019; Liu et al., 2022). Table 3 shows the analysis results of the classification efficiency curve, the
imperfection decreases and then increases with the increase of vane width, the separation sharpness
shows the trend of increasing and then decreasing, and the vane width of 0.12D is the turning point of
change. The width of the spiral vane is 0.04D, the hydrocyclone cutting particle size is the smallest, and
the cutting particle size increases with the increase of the vane width. Moreover, with the width of the
spiral vanes less than 0.12D, there is only a small difference in separation sharpness. Therefore, at the
width of the spiral vane C=0.04D, the effect on fine particle classification is more favorable, and the
underflow recovery of fine particles of 5['m and 10[m is reduced by 16.2% and 15.7%.

Table 3. Separation performance

Width of spiral Cut size Imperfection Sharpness of Possible deviation
vanes/mm dso/‘m I Separation S E/[m

0 26.7 0.363 0.466 9.69

3 264 0.340 0.498 9.00

6 271 0.333 0.506 9.02

9 27.5 0.331 0.509 9.10

12 27.7 0.361 0.476 10.00

15 291 0.389 0.450 11.31

18 31.8 0.451 0.403 14.36

4. Conclusions

By studying the flow field and separation performance of the hydrocyclone with spiral vanes, the
appropriate width of the spiral vanes was determined to reduce the effect of entrainment fine particles
in underflow in the hydrocyclone. Simulations were performed using CFD techniques, and the author
drew the following conclusions from this study.

(1) The diameter of the air core in the flow field of SV hydrocyclone is smaller, which reduces the
kinetic energy loss of the gas during the operation of hydrocyclone, so SV hydrocyclone has lower
pressure drop, and its pressure drop decreases with the increase of the width of the spiral vane.

(2) Spiral vanes make the hydrocyclone working fluid flow along the specified trajectory, the fluid
has a certain support effect, so that the hydrocyclone outer swirling flow area fluid axial velocity is
reduced. And the greater the width of the vane, the axial velocity reduction is more obvious. This helps
to extend the effective residence time of particles in the hydrocyclone flow field.

(3) The spiral vanes of the SV hydrocyclone have a certain effect of inflow on the working fluid, and
increasing the width of the spiral vanes can reduce the turbulence intensity of the flow field and make
its internal flow field more stable. However, it will also lead to the increase of the hydrocyclone split
ratio thus reducing the underflow yield.
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(4) The downward resistance generated by the spiral vanes in the SV hydrocyclone has a more
pronounced effect on the fine particles. In the range of spiral vane width 0.04D to 0.12D, the
classification efficiency of 5im and 10 'm particles is not much different, but the classification efficiency
of coarse particles decreases with the increase of vane width.
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