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Abstract: A novel three products hydrocyclone screen (TPHS) has been successfully developed; it
consists of a cylindrical screen embedded in a conventional hydrocyclone (CH). In the new liquid
cyclone, the combination of centrifugal classification and screening was employed for particle
separation based on size. The aim of this study is to investigate the flow behaviour in TPHS using
numerical simulation and experimental validation. A computational fluid dynamics simulation with a
435 million grid scheme and linear pressure-strain RSM generated the economic and grid-
independence solution, which agreed well with the experiments of particle image velocimetry and
water split. The velocity vector profile reveals that TPHS represented similar flow patterns to CH,
wherein in addition to the outer downward swirl flow, inner upward swirl flow, central down-flow,
second circulatory flow, and mantle, a particular fluid flow named screen underflow was created in
TPHS owing to the presence of a cylindrical screen. The velocity distribution demonstrates that in TPHS,
relative to CH, with the increase in radius, the lower tangential and higher radial velocity first increased
to a peak and subsequently decreased, while the axial velocity primarily reduced to zero, increased in
the opposite direction, and finally decreased rapidly to zero again. In addition, a disadvantageous flow,
namely, screen backflow, was generated in TPHS, wherein the farther away the flow is from the feed
inlet, the earlier this flow behaviour occurred. However, the rational scheme of aperture size and screen
length can completely remove the screen backflow in TPHS.

Keywords: three products hydrocyclone screen, flow behaviour, Computational Fluid Dynamics,
particle image velocimetry, water split

1. Introduction

Hydrocyclones are well known as an essential group of equipment for solid-liquid separation in the
centrifugal force field (Svarovsky and Thew, 1992; Vieira et al., 2010). The conventional hydrocyclone
(CH) consists of one tangential inlet stream (feed) and two axial product streams, comprising a small
one at the bottom for discarding coarse particles (underflow) and a large one at the top for discarding
fine particles (overflow) (Bradley, 2013). Distinct advantages, such as simple design, flexible performance
index operation, high capacity, and low cost, render hydrocyclones as the preferred option in chemical
processing (Chu et al., 2004), mineral processing (Awais et al., 2017; Chen et al., 2017), environmental
(Li et al., 2016), and some other industries (Wasilewski, 2016). However, the device performance of CHs
is attenuated by not only some new tendencies (such as the reduction in the processed particle size
(Santana et al.,, 2008; Vieira and Barrozo, 2014)), but also by inherent disadvantages (such as the
unsatisfactory efficiency and sharpness (Chu et al., 2004) and the fish-hook effects (Dueck et al., 2014;
Roldan-Villasana et al., 1993)). Nevertheless, hydrocyclones failed to satisfy some requirements in
engineering applications (Mainza et al., 2006). Thus, the CH has undergone some alterations to obtain
better performances, for instance, the change in its original structure (Chu et al., 2000; Li et al., 2015;
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Motin and Bénard, 2017; Niazi et al., 2017; Yoshida et al., 2008) or the introduction of new structures
(Hwang et al., 2013; Obeng and Morrell, 2003; Vieira et al., 2016).

According to the aforesaid defects of hydrocyclones, a new three products hydrocyclone screen
(TPHS) (Chinese patent number: ZL.201020108608.3) has been designed at the Key Laboratory of Coal
Processing and Efficient Utilization, China. In this new liquid cyclone shown in Fig. 1, a cylindrical
screen was embedded in the CH. The operating principle of the new design can be considered as the
combination of centrifugal classification and screening. Three different separation processes, i.e.
cylinder stratification, cylinder classification, and cone classification were adopted to separate particles
depending on size. The operation of TPHS is analogous to that of CH; however, in addition to the
overflow and underflow, TPHS generates a new product stream, namely screen underflow owing to a
cylindrical screen addition. In TPHS, the fish-hook effect can be removed entirely, as the entrained and
trapped fines in underflow are reduced significantly. Both pilot-scale and industrial-scale experiments
indicated that TPHS yields better performances than CHs, such as higher classification efficiency, lower
imperfection, and more reasonable cut size. The successful application of TPHS replacing CHs in coal
preparation plants indicated its advantage and application potential (Jianzhong et al., 2016; Wang et al.,
2018; Zhu et al., 2012).
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Fig. 1. Schematic diagram of the three products hydrocyclone screen (TPHS)

Despite the simple structure and operation of CHs, the exhaustive mechanisms by which they work are
complicated (Chu et al., 2002; Chu et al., 2004; Svarovsky and Thew, 1992). In CHs, the fluid presents
complex flow characteristics, for instance, swirling turbulence, flow inversion, vortex breakdown, etc.
(Gupta et al., 2008; Hararah et al., 2010; Liu et al., 2014; Wang and Yu, 2006). Given the operational and
structural similarities between the conventional and new hydrocyclones, the internal flow in TPHS is
identically intricate and of complex mathematical calculation. The performance predictions of TPHS
generally depend on empirical models (Wang et al., 2018) that are limited by the restrictions of
experimental conditions. This results in the prohibitions of in-depth insight and further extension for
TPHS. Thus, given these disadvantages, mathematical models based on fluid dynamics are highly
required to explicitly describe the flow characteristics of TPHS.

Computational fluid dynamics (CFD) is a versatile tool to investigate the fluid mechanics of physical
systems (Anderson and Wendt, 1995; Hirsch, 2007; Karniadakis and Sherwin, 2013; Salem-Said et al.,
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2013). In recent years, owing to the prodigious advances in computational technology, CFD has been
used extensively in modelling fluid flows in hydrocyclones. Previous simulation studies (Bhaskar et al.,
2007; Cullivan et al., 2004; Narasimha et al., 2005; Schuetz et al., 2004) using the incompressible Navier-
Stokes (N-S) equations supplemented by apposite turbulence models have been established as
appropriate for modelling the fluid flows of hydrocyclones. Further, the preferred turbulence models
typically include the k-e model (Fredriksson, 1999; Griffiths and Boysan, 1996), Reynolds stress model
(RSM) (Ghodrat et al., 2016; Parvaz et al., 2017), and large eddy simulation (LES) (Ghadirian et al., 2015;
Vakamalla and Mangadoddy, 2017). Nevertheless, the k-¢ model demonstrates poor agreement with the
experimental results owing to its isotropic nature (Balestrin et al., 2017; Mousavian and Najafi, 2009),
while LES is limited by high-performance computing and resolution requirements (ANSYS, 2012). Thus,
the RSM is typically used to model the flow of hydrocyclones (Mousavian and Najafi, 2009; Swain and
Mohanty, 2013; Wang et al., 2007; Zhen-Bo et al., 2011). The application of CFD simulations significantly
enhances the comprehension of internal fluids and partly alleviates the applied restriction of empirical
models (Balestrin et al., 2017; Mainza et al., 2006; Vieira and Barrozo, 2014). Similar to other innovative
cyclones (Mainza et al., 2006; Xu et al., 2016), because TPSH is a derivative of hydrocyclones, the
numerical approach for CHs can be applied to TPHS.

However, because of the cylindrical screen addition, the fluid of TPHS demonstrates a distinct flow

pattern, i.e. screen underflow relative to CHs (Wang et al., 2018). Hence, the validation of numerical
results against experimental data is essential. Particle image velocimetry (PIV) (Hoque et al., 2016) as a
non-intrusive visualisation experimental technique has been employed gradually to validate the
turbulence model for hydrocyclones (Fan et al., 2015; Liu et al., 2006; Liu et al., 2007; Marins et al., 2010;
Wang et al., 2016). This technique creates the flow velocity using the instantaneous ‘snapshots’ of the
fluid flow to describe the unsteady motion of flows accurately. Additionally, a water split test can be
used for the numerical validation (Bhaskar et al., 2007), which is defined as the weight percentage of
water from the feed stream to product stream.
The discussion of previous works above indicates that some general understanding of TPHS is
available; however, the details of fluid flow in TPHS were not reported and remain unexplored. In view
of the aforesaid knowledge gap, new studies considering numerical simulation and experimental
validation were developed involving a laboratory-scale TPHS. To achieve this aim, PIV and water split
experiments were conducted to validate the turbulence models; subsequently, CFD simulations using
incompressible N-S equations were employed to investigate the flow behaviour of TPHS. Specifically,
the objectives of this work are as follows:

1) explicitly utilise the economical grid-independence scheme and the exact numerical model for
TPHS by the comparison of the PIV experiment, water split test, and CFD simulation.

2) comprehensively describe the fluid flow including the vector and distribution of velocity in TPHS
using the numerical result.

3) critically analyse the profile and adjustment of the potentially disadvantageous flow pattern in
TPHS according to the simulation.

2. Methodology
2.1. Experimental

Figure 2 shows the (a) schematic diagram and (b) photograph of the experimental rig used for the PIV
experiments. It comprises two subsystems, i.e. the measured TPHS subsystem and the PIV measuring
subsystem. In a measured subsystem, a laboratory-scale TPHS (see Table 1 for details) was conducted
in the present work. A 0-12 m3/h variable speed pump driven by a 3-kW motor and a frequency
converter was used to adjust the feed flow, while a flowmeter and a manometer were used to measure
the inlet mass flow rate and pressure, respectively. It is noteworthy that a water-filled cube shell
surrounds the TPHS to eliminate the light refraction from the cylindrical column. Plexiglas with good
optical transparency was fabricated for the TPHS and cube shell. The PIV measuring subsystem (Dantec
Dynamics 2D3C DC) includes a double-pulsed laser, a charge-coupled device (CCD) camera, a
synchroniser, and a workstation. The double-pulsed laser was used to generate a laser light sheet that
was projected onto the measured plane of the TPHS. White seeding particles made of fluorescent
polymer (10 pm diameter and 1.05 g/cm? density) were illuminated by the laser light sheet, and the
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flow field was captured by the CCD camera. A synchroniser was employed to acquire the synchronous
image of the CCD camera and double-pulse laser.

Table 1. Structure parameters of laboratory-scale TPHS

Items PIV test
Diameter of cylindrical screen 75 mm
Aperture size 0.7 mm
Thickness of screen bar 5 mm
Width of screen bar 3.25 mm
Length x Width of inlet 29 mm x 8§ mm
Length of feed chamber 70 mm
Length of cylindrical envelope 185 mm
Length of vortex finder 300 mm
Diameter of vortex finder 25 mm
Diameter of screen underflow outlet 30 mm
Angle of cone 20°
Diameter of spigot 10 mm

The experimental procedure of PIV was designed as a step-by-step implementation. In step 1,
deionised water was transported to the TPHS at an appropriate inlet velocity of 5+ 0.2 m/s considering
the safety of the Plexiglas TPHS; subsequently, three-product streams namely overflow, screen
underflow, and underflow were generated. The duration of the measured operating TPHS subsystem
was approximately 20 min to achieve steady-state conditions; thereafter, all the outlets were sampled
simultaneously to estimate the water split.

In step 2, amounts of seeding particles were blended into the feed tank and dispersed
homogeneously. Subsequently, a laser light sheet capable of carrying a 300 m]/pulse at a trigger rate of
10 Hz was used for the camera shooting. To provide the accurate velocity value, 50 image pairs were
captured at the trigger time of 60 ps for the laser and the exposure time of 6000 ps for the camera. It is
noteworthy that owing to the screen, while the horizontal plane in the cylindrical section was
illuminated, the light in this area could be divided into two parts, i.e. some laser directly passing
through the aperture and the remainder refracted by the screen bar. This led to different refractions in
this region, which could increase the experimental errors. Thus, the measured area was covered by the
CCD camera from x = -37.5 mm to 37.5 mm in the z = 0 plane (see the red area in Fig. 2) in this study,
which allowed the laser light sheet to merely pass through the aperture. This demonstrates that only
the radial and axial velocities could be detected in the present PIV experiments.

In step 3, the cross correlation between every pair was analysed using the Dynamic Studio software
(DYNAMICS, 2011) to generate an instantaneous velocity. Finally, the final velocity was obtained using
the average velocity of 50 image pairs.

2.2. Numerical

In this work, the dimensions of the TPHS in the CFD simulation were the same as those in the PIV test.
Figure 3 presents the three-dimensional structure grid scheme: (a) side view, and (b) prepared by the
hexahedral meshing tool ICEM for the laboratory-scale TPHS, which was divided into three blocks, i.e.
cylindrical envelope, cylindrical screen, and CH. The overlaps between the adjacent blocks were merged
using the method of mesh interfaces in Fluent. It is clear that the grid was finer in the vicinity of the wall
and screen than in the remainder of the TPHS. The maximum cell skewness was below 0.8, and is an
excellent grid quality. Three different grid schemes, namely coarse, medium, and fine grids were
performed to verify the grid independence (see section 3.1 for details).
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In all the present simulations, two-phase flows using water and air as fluid were modelled by the
volume of fluid (VOF) method (Hirt and Nichols, 1981), while the fluid flow was described by the RSM
(Gibson and Launder, 1978; Launder et al., 1975, Launder, 1989a). The standard wall function was
conducted to model the mean velocity in the near-wall region. The details of the numerical models are
shown in Table 2.

Table 2. Multiphase and turbulence models for TPHS simulation

Items Models
1 a T n 3 3
VOF equation: _{8_(0[410‘] ) +V -(aqpquq) = Z(mpq— Mmyp j} (1)
pq t p=1
Turbulence model
Velocity: u, = LTI +ui' )
Continuity op + op =0
equation: ot Ox, (pul) ®)
Moti i a(,OM)+ 0 (puu) P9 au"+au’ + ( ,Ou_u) @)
tion tion: — )+ U |l=——+— —t— — | —puu.
cromeuatons G VP o PR T oy T | Ml ax, |, UMY
)+
o pulU; ox, pU UMY,
O e e —ou, — ou,
RSM models: ——E[Puz%“ﬁp( i, + 8, ) | = P ™ 5)
[ ou, 5u} ou, ou,
+p'| —L+—L |-2u—L—L
ox; O ox, Ox,
Standard wall U,0.09"k} U (9703 £0.09" k% y, "
function T, /p 0.4187 7

In the simulation for TPHS, the boundary condition of the inlet and outlets were defined as the
velocity inlet and pressure outlet, respectively. The inlet velocity with the magnitude of 5-15 m/s was
normal to the inlet boundary, and the pressure at each outlet was equal to the ambient atmospheric
pressure, i.e. 1 atm. The SIMPLEC algorithm was employed as the pressure-velocity coupling scheme
for an accurate solution. The schemes of the PRESTO! and second-order upwind was used for the
pressure and momentum discretisation, respectively. The standard initialisation was initialised with the
air volume fraction of one for all zones. The simulations were conducted by the unsteady solver with a
0.001-s time step in the commercial software ANSYS Fluent 14.5 at the High-Performance Computing
Cluster in University of Newcastle, Australia. Sixteen CPUs were assigned to each simulation. Each case
was performed for approximately 120 h to consider the physical time of 20 s. All the simulation results
shown were averaged over the last 5 s (i.e. 15-20 s), when the simulated fluid flow obtained a steady
state, and hence the macroscopic flow characteristics remained stable with time.

3. Results and Discussion

Prior to the CFD simulation to investigate the fluid flow in the TPHS, the validations of the grid scheme
and mathematical model were performed. Following this, the flow characteristics including the vector
and distribution of velocity were described comprehensively. Subsequently, the potential disadvantage
was analysed critically. Despite containing no particles, valuable flow information was obtained. The
details are described as follows.
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3.1. Validation

The aforesaid grid schemes were utilised to verify the grid independence at the inlet velocity of 5m/s,
wherein the numbers of hexahedral grids were fine = 4.35 million, medium ~ 2.36 million, and coarse ~
0.72 million. All the grid verification simulations were performed using the linear pressure-strain RSM
(L_RSM), which is detailed and compared with the stress-Omega RSM (S_RSM) in the next paragraph.
Figure 4 shows the distribution of the (a) tangential, (b) axial, and (c) radial velocity at z = -100 mm in
the y = 0 plane (see the middle region of the cylindrical section in Fig. 2a). It is noteworthy that the radial
position (r) was normalised by the radius of the cylindrical screen (R = 37.5 mm). Further, two gaps
occurred in the range of approximately 0.33 < r/R < 0.47 and -0.33 < /R < -0.47 in each figure, which
can be ascribed to the wall of the vortex finder. It is clear that the fine and medium grid schemes present
the close distribution of the tangential, axial, and radial velocities, while the obvious divergence can be
observed in the coarse grid. This reveals that both the fine and medium grid schemes created the grid-
independence solution. However, the finer the grid, the more expensive is the calculation; thus, the
medium grid scheme was adopted for the following simulations.
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In the present study, the validation of a turbulence model against the experimental data are conducted,
and two different types of RSMs are compared, i.e. the L_RSM (Fu et al., 1987; Gibson and Launder,
1978; Launder, 1989b) and S_RSM (Wilcox, 1998) that are based on the dissipation rate (£) and the
specific dissipation rate (@) equation, respectively. Figure 5 shows the experimental and numerical
comparisons of the (a) axial and (b) radial velocity profiles at z = -100 mm (near the middle of cylindrical
screen) in the y = 0 plane, and the (c) water split. In Figs. 5a and 5b, the radial and axial velocities
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obtained from the simulation demonstrate good agreement with those obtained from the PIV
experiment. Additionally, the numerical water split of each product stream (namely underflow,
overflow, and screen underflow) is close to the experimental results in Fig. 5c. From Figs. 5a-c, it is
evident that a slight difference exists in the flow prediction between L_RSM and S_RSM, probably
owing to the sufficient refined grid. This result demonstrates that both L_RSM and S_RSM can predict
the characteristic of fluid flows in TPHS well. However, owing to the higher computational stability
and lower numerical cost (Balestrin et al., 2017), L_RSM was utilised in the following investigation.
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3.2. Flow characteristic in TPHS

3.2.1. Velocity vector

Figure 6 shows the velocity vector of the TPHS in the y = 0 plane at the inlet velocity of 10 m/s.
Compared to CHs (Bergstrom and Vombhoff, 2007; Bradley, 2013; Svarovsky and Thew, 1992), the TPHS
presents partially similar flow patterns, i.e. outer downward swirl flow, inner upward swirl flow,
secondary circulatory flow, and central down-flow. These flow behaviours are attributed to the
structural and operational similarity between the TPHS and CHs. It is evident that particles are
separated by the centrifugal classification, namely the outer and inner swirl flows create the opposite
outward centrifugal and inward drag forces, respectively. The outward centrifugal force governs the
coarse particles; thus, they tend to move along the cyclone periphery, join the outer down spiral, and
discharge via the underflow outlet. Conversely, the inner drag force dominates the fine particles; hence,
they move towards the axial centre, join the inner upward spiral, and flow through the overflow outlet.
Additionally, the TPHS presents a particular flow pattern termed screen underflow, as shown in Fig. 6,
according to the embedded cylindrical screen. The new pattern demonstrates that the fluid flows via
the screen, which creates the outward drag force. Therefore, screening is conducted for the particle
classification, i.e. particles smaller than the aperture size could pass across the screen and move to the
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screen underflow outlet. The aforesaid outer swirl, inner swirl, and screen underflow indicate the
combination of centrifugal classification and screening to separate particles in the TPHS.

However, the local screen underflow in the TPHS exhibits different flow behaviours. From Fig. 6,
the left velocity vector directs downward, while the converse direction is observed on the right side. It
reveals that the left screen underflow spirals downwards to the right side, merges with the right screen
underflow, and moves upwards via the screen underflow outlet. This trend is ascribed to the structural
asymmetry caused by the right screen underflow outlet. Further, with the increase in axial depth, the
screen underflow exhibits the opposite velocity vector along the radius. For example, in Fig. 6, the
velocity vector near z = -20 mm (see the red circle line) directs towards the envelope, while the opposite
direction of the velocity vector is obtained near z = -165 mm (see the right green circle line). This implies
that the screen underflow flows back to the inside of the screen at the cylindrical bottom. This flow
behaviour is named as screen backflow; it allows the fine particles that have been passed through the
screen to be dragged by the screen backflow, join the outer spiral, and discharge through the underflow
outlet. This not only attenuates the classification efficiency but also consumes energy. It is noteworthy
that the initial position of the screen backflow in the left was higher than that in the right (see the green
circle line in Fig. 6). More details of the screen backflow are discussed in section 3.3.
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3.2.2. Velocity distribution

The (a) tangential, (b) axial, and (c) radial velocity distributions of fluid flow along the radius in the
TPHS are shown in Figs. 7a-c. The inspection region in the plane y = 0 mm begins at z = 35 mm and



888 Physicochem. Probl. Miner. Process., 55(4), 2019, 879-895

extends deep into the conical vessel to z = -350 mm before the underflow outlet. The lines z = 35 mm
and -20 mm are located in the middle of the feed chamber and screen underflow outlet, respectively,
while the lines z = -165 mm and -220 mm are located near the interface between the cylindrical and
conical sections. The positions z = -100 mm and z = -300 mm are the middle of the cylindrical envelope
and conical sections, respectively. It is noteworthy that the position of the zero velocity represents the
wall of the vortex finder.

The tangential velocity dominates the fluid flow in a hydrocyclone, and generates the centrifugal
force for particle classification (Bergstrom and Vombhoff, 2007; Bhaskar et al., 2007). Figure 7a shows the
tangential velocity in the TPHS. According to the right-hand rule, the clockwise flow in the TPHS (see
Figs. 6b-c) results in the negative magnitude. From Fig. 7a, it is evident that the tangential velocity in
each horizontal plane presents the similar trend, i.e., with the increase in the radial distance from the
axis, the magnitude of the tangential velocity increases to a maximum value at some radial position and
subsequently decreases to near 0 m/s. However, the value of the local velocity is significantly different.
In detail, as the radius increased, the tangential velocity above the bottom of the vortex finder (see z =
35 and -100 mm in Fig. 7a) increases gradually and decreases rapidly, while below the vortex finder (z
= -165 to -350 mm), it increases quickly and decreases steadily. Moreover, with the increase in the
vertical depth, the maximum value of the tangential velocity is ~ -2.5 to -0.6 m/s (reduced by ~400%)
in the cylindrical section and ~ -0.2 to -0.7 m/s (increased by ~300%) in the conical section. The fluid
flow between the cylindrical screen and cylindrical envelope, i.e. the screen backflow, exhibits both
positive and negative values that represent the different flow rotations. Compared to CHs (Bhaskar et
al., 2007), the TPHS exhibits a lower tangential velocity and can promote fines passing through the
screen (Dong and Yu, 2012), but may attenuate the conical classification (Mainza et al., 2006). The
characteristic of tangential velocity above reveals the similar trend presented in the TPSH with the
exception of the velocity distribution between the cylindrical screen and envelope, which is absent in
CHs (Bhaskar et al., 2007; Mainza et al., 2006; Slack and Wraith, 1997).

The axial velocity is an important component responsible for particle separation (Hsieh and
Rajamani, 1991; Mainza et al., 2006; Solero and Coghe, 2002). Figure 7b presents the axial velocity in the
TPHS. It is clear that reverse vertical flows exist in the TPHS - one traveling upward represented by the
positive axial velocity while the other moving downward represented by the negative axial velocity.
Furthermore, with increasing radius, the upward axial velocity reduces gradually, and the downward
increases to a local maximum and subsequently declines to 0 m/s as the radial distance approaches the
wall. The loci of the zero vertical velocity (LZVV) of the TPHS is obtained by lining the point with the
vertical velocity of 0 m/s at different vertical heights, which is similar to CHs (Dai et al., 1999). This
indicates that the fluid inside the LZVV flowed upward, while the fluid outside the LZVV moved
downwards.

A radial displacement gradient is always required for the particle separation; thus, the radial velocity
may be the most significant parameter for the separation mechanisms (Bergstrém and Vomhoft, 2007).
The radial velocity component is described in Fig. 6c. It is evident that the radial velocity in the TPHS
exhibits the similar trend to the tangential velocity, i.e. the radial velocity increases to a peak and
subsequently decreases to 0 m/s near the wall with increasing radius. Moreover, the converse fluid flow
along the radial direction is created in a different axial depth. In general, the positive and negative radial
velocities are generated, implying the outward and inward fluid flows in the top and bottom,
respectively. Relative to the CH (Quian et al., 1989), the TPHS with the converse flow in the top of the
cylindrical section exhibits a higher radial velocity, which is attributed to the cylindrical screen. This
flow characteristic can result in the distinct outward drag force to promote fines passing through screen
in the top, and the inward drag force to govern the fines to join in the inner swirl flow. In addition, the
direction change of the radial velocity from outward to inward with increasing axial depth reveals the
screen backflow mentioned above (see section 3.2.1).

3.3. Screen backflow

As mentioned above, because the screen backflow is a potential disadvantage of the TPHS, it needs to
be removed for better device performance. Thus, more CFD simulations at different boundary
conditions and geometry structure were performed to investigate the regularity of screen backflow. To
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quantify this flow behaviour, the initial position of the screen backflow (hereinafter referred to as initial
position) was defined, thus implying that the backflow merely exists below this position. The smaller
the absolute value, the shallower is the initial position, namely the earlier the screen backflow appears.
Figure 8 shows the distribution of the initial position with the increasing position angles (0-360°) in the
TPHS at different inlet velocities of 5, 8, 10, 12, and 15 m/s. The 0° position angle directs the right
direction of the X-axis and rotates clockwise. It is evident that TPHSs with different inlet velocities
display the similar trend of the initial position, i.e. the initial position fluctuates with the position angle
following the shape of sine curve. Particularly, with the increase in the position angle, the absolute value
of the initial position increases. After achieving the maximum value (~140 + 10 mm), it decreases
gradually to a minimum value (~80 + 10 mm) and subsequently increases again. The deepest and
shallowest initial positions are approximately 90° and 270°, respectively. This result represents that the
farther away from the feed inlet, the sooner the screen backflow occurs, and vice versa. Further, in Fig.
8, each distribution of the initial position overlaps with the others, thus revealing the insignificant effect
of the inlet velocity on the screen backflow.
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Fig. 7. Velocity distribution in the plane y = 0 mm at different z positions in TPHS: (a) tangential, (b) axial, and
(c) radial velocity

Moreover, it is clear that the cylindrical screen is responsible for the flow behaviour of the screen
backflow. Thus, different lengths and aperture sizes of the cylindrical screen were considered to analyse
their effects on the screen backflow. The maximum backflow ratio was employed for the quantification
of the impact, and is defined as the length percentage of backflow accounting for the height of the
cylindrical screen at the position angle of 270°. Figure 9 shows the numerical profiles of the maximum
backflow ratio with the inlet velocity of 10 m/s: Case 1, where the aperture size changes from 0.4 mm
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to 0.8 mm at the screen length of 185 mm; Case 2, where the screen length changes from 75 mm to 185
mm at the aperture size of 0.7 mm. As shown in Fig.9, the maximum backflow ratio reduces until it
approaches 0% as the aperture size and length of the cylindrical screen decrease. It is noteworthy that
the aperture size of the cylindrical screen is closely related to the target cut size of the particle separation
(Wang et al., 2018); thus, the reduction in aperture size to remove the screen backflow should be
considered carefully. This result indicates that the rational structural scheme of the aperture size and
screen length can attenuate the screen backflow in the TPHS.
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wherein the aperture size changes at the screen length of 185 mm in Case 1, and the screen length changes at the
aperture size of 0.7 mm in Case 2.

4. Conclusion

In the present study, a novel TPHS was successfully developed; it included a cylindrical screen
embedded in a CH. A simulation and an experiment were utilised to determine the flow behaviour in
the new liquid cyclone. The comparison between numerical and experimental results was used to
validate the grid scheme and mathematical model. Based on this, a simulation was performed to
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comprehensively investigate the fluid characteristics and critically explore the potentially
disadvantageous flow pattern in the TPHS. According to the results and discussion above, the following
conclusions were achieved:

1) Comparison of CFD simulations using different gird schemes indicated that the fine (~4.35
million hexahedral grids) or medium (+2.36 million hexahedral grids) grids, relative to the coarse grid
(=0.72 million hexahedral grids), could generate the grid-independence solution. However, for the
economy of simulation, the medium grid scheme was adopted for the TPHS.

2) Numerical simulations using neither the L_RSM nor the S_RMS could agree well with the
experiments of PIV and water spilt. However, the L_RSM was utilised to model the fluid flow in the
TPHS owing to its higher computational stability and lower numerical cost.

3) From the profile of velocity vector, the TPHS exhibited similar flow patterns to the CH. In
addition to the outer downward swirl flow, inner upward swirl flow, central down-flow, second
circulatory flow, and mantle, the TPHS presents a particular flow pattern termed screen underflow
owing to the cylindrical screen.

4) Compared to CHs, the lower tangential and higher radial velocity were generated in the TPHS
to direct the fine particles passing through screen that first increased to a peak and subsequently
decreased as the radius increased. In addition, with the increasing radius, the axial velocity reduced to
zero, increased towards the opposite direction, and decreased rapidly to zero again, thus generating the
LZVV.

5) At the bottom of the cylindrical screen, the TPHS demonstrated a deficient fluid flow, named
screen backflow, whose initial position fluctuated with the position angle following a sine curve. The
deepest and shallowest initial positions were approximately 90° and 270°, respectively, indicating that
that the farther away from the feed inlet, the sooner the screen backflow occurred, and vice versa. The
screen backflow attenuated with the decreasing aperture size and length of the cylindrical screen, except
for the weak effect of inlet velocity on this flow behaviour.

In future, based on the present work, attempts to investigate the particle motion in the TPHS will be
conducted using the CFD-DEM method.
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Appendix A

Nomenclature

1

Ug Velocity vector (m/s)

u Mean velocity component (m/s)

u Fluctuation velocity component (m/s)
i,J X, i Or z components

p.q Phase in fluid

a the qth fluid’s volume fraction in the cell

Mpg (Myp)  the mass transfer from phase p (g ) to phase g (p)

kp turbulence kinetic energy at the wall-adjacent cell centroid, P
t time (s)

U, mean velocity of the fluid at the wall-adjacent cell centroid, P
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X, X, X position (m)

Vp distance from the centroid of the wall-adjacent cell to the wall, P
o Kronecker delta function

Yol density (kg/m?3)

T, wall shear stress

Abbreviations

CCD charge-coupled device

CFD computational fluid dynamics

CH conventional hydrocyclone

LES Large Eddy Simulation

|VA'AY loci of zero vertical velocity

L_RSM linear pressure-strain RSM
Navier-Stokes N-S

PIV particle image velocimetry

RSM Reynolds stress model

TPHS three products hydrocyclone screen
S_RSM stress—Omega RSM

VOF volume of fluid
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