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Abstract: In this study, through simulation and experimental verification, we proposed a novel
hydrocyclone in which a tubular ceramic membrane passed through the overflow outlet to the
underflow outlet. The centers of overflow and underflow outlets were tubular membranes equipped
with an exit of outside-in filtration, and the overflow the underflow outlets were shaped into annular
(donut shape) exits. Thus, this novel hydrocyclone has three outlets, namely the overflow dilute
liquid, the underflow concentrated liquid, and clear filtrate. This system enabled higher dilution of
hydrocyclone overflow concentration than that in the traditional system. Furthermore, underflow
was more concentrated, and we obtained a clear filtrate. Therefore, this device can simultaneously
perform classification and filtration, which is valuable for special liquid recycling. For instance,
in wafer cutting fluid recovery in solar energy processes, the fluid with more silicon can function as
the overflow, the fluid with more silicon carbide can function as the underflow, and the polyethylene
glycol (PEG) organic solvent can function as the clear filtrate.
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1. Introduction

Among the classifying equipment [1,2] currently available, hydrocyclones are one of the most
popular pieces of equipment [3-5] and can be applied in minering [6] and bio-engineering [7,8]
processes and slurry treatment [9] (an emerging field). Based on previous studies, hydrocyclones have
proven to be universal devices with various advantages such as its compact size, no moving parts,
simple and inexpensive manufacturing, and minimal maintenance.

In the past, several attempts have been made to design hydrocyclones with different structures and
changing fluid characteristics, with special emphasis on the development of high separation efficiency
hydrocyclones. For example, Yoshida et al. [10] developed an electric field-assisted cyclone capable of
removing ultrafine particles (0.3 pm) with enhanced efficiency. Hwang and Chou [11] designed a vortex
finder structure for improving hydrocyclone particle separation efficiency. Vieira et al. [12,13] proposed
a filtering hydrocyclone, in which the conical portion was replaced by the filter material, which
enhanced classification efficiency. Because of advances in computing technology [14], computational
fluid dynamics (CFD) is being increasingly used in multiphase flow fields [11,15-18]. Hydrocyclone
separator flow pattern complexity, changing hydrocyclone air core patterns, and unsteady flow have
been discussed in previous studies. Large-eddy simulation (LES) has been used to simulate cyclone
swirls [19-21]. LES is a dynamic simulation, and under the same structure and size, LES requires finer
grid than any other simulation model. As long as the grid is sufficiently fine, the disturbance within
the hydrocyclone flow field coordination can be clearly calculated through LES. Slack et al. [22] used
LES to simulate cyclones and observed excellent velocity prediction. The LES turbulence model is
an extension of the multiphase flow CFD model that includes the stream of hydrocyclone particles;
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this model may be a very effective tool to study the effect of the structure size on separation. Most
importantly, the hydrocyclones that are replaced by various structures and sizes can be promptly
examined. Today, not only does the overall behavior of the flow pattern inside the hydrocyclone
prompt the universal application of the technology, but so do many numerical, CFD calculation,
and experimental verification research [23-25]. Furthermore, the particle—fluid interaction force
has been studied [26]. Relatively fewer studies have mentioned the effect of particle concentration.
Two fluid numerical simulation models developed recently have shown the influence of particle
concentration on hydrocyclone size; in smaller hydrocyclones, more fine particles flow out from the
underflow, whereas in larger hydrocyclones, more coarse particles flow out from the overflow [15].
Velocity profiles demonstrated that the turbulence intensity in the vicinity of the air core and in the
hydrocyclone inner wall was the highest and those in other locations were diminished [27]. At the
spiral flow area under the overflow pipe, the radial pressure gradient, pressure disturbances, as well
as the relative pressure disturbance were considerable. That is, the energy loss and turbulent energy
dissipation in this region is severe [28]. Thus, controlling the central region of the hydrocyclone or
controlling the turbulent structure at the spiral flow area is a highly effective method to improve
performance [29].

Membrane filtration and centrifugal driving force have been demonstrated as efficient separation
techniques to obtain valuable materials [30,31]. Thus, in this study, we inserted a tubular ceramic
membrane in the central region of the hydrocyclone to offset the air core and change the turbulence
structure for enhancing separation efficiency; when the tubular membrane was used, this hydrocyclone
had one inlet and three outlets [32]. The three outlets are overflow, underflow, and filtrate, which
satisfy classification and filtration requirements. The numerical solution can be implemented using
commercial CFD FLUENT 6.1 software. The previously mentioned LES model implements turbulence
simulation. After the flow field within the hydrocyclone was solved, the motion of the particle flow was
tracked using the discrete phase model (DPM) in a Lagrangian reference frame. The CFD method can
predict hydrocyclone performance under various operating conditions, and this has been confirmed in
the literature [20,33,34]. In addition, the tubular membrane was compared by replacing it with a solid
cylindrical tube. Traditional hydrocyclone is labeled THC; the hydrocyclone in which a solid cylinder
is inserted in the center is labeled SHC; and the hydrocyclone with a tubular ceramic membrane
inserted in the center is labeled MHC.

2. Results and Discussion

2.1. Volume Fraction of Air and Velocity Distribution

Many studies have indicated that the central air core and the adjacent part of the flow are a forced
vortex [28]; the main vortex turbulence energy consumption within the vortex occurs because of energy
transfer and friction losses. When the diameter of the overflow increases, the diameter of air core
increases, therefore, large eddy crushing devices [29] can reduce energy loss. Between the inner wall
of the hydrocyclone and the overflow pipe, more than one area exists at which the direction of the
fluid motion is reversed [35]. The maximum tangential direction speed is usually located inside the
diameter position of the overflow pipe.

Figure 1 depicts an overtime air core development chart of the three hydrocyclone patterns in this
study. From the chart SHC, because of a solid cylinder, the amount of air volume should be minimal.
However, some air still exists around the solid cylinder, which results in an overall maximum diameter
of the air core. The THC air core is relatively unstable compared to the MHC air core. Therefore, MHC
should be able to offset turbulent energy consumption of the central air core.
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Figure 1. Transient development of air core structure in the hydrocyclone separator system obtained from CFD simulations.
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Figure 2 depicts an XY plane below the overflow pipe bottom (z = 0.125 m, the position of the
overflow entrance) and the distribution liquid volume in the radial direction. The diameter of the air
core was approximately 14-15 mm. SHC and MHC centers contain a metal tube and a ceramic tubular
membrane to block the original air core area. However, an air core is still generated. In addition, the
MHC air core was in the range between 6 and —6 mm. Our inference from the figure was that when
the MHC performed outside-in filtration, it functioned not only as a simple cross-flow filtration but

also as a doping sweep gas-liquid filtration. As a result, the filtration rate was enhanced. In the future,
this filtration should be studied further.
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Figure 2. Water volume fraction at Z = 0.125 m.

Figure 3 depicts the Z-axis speed distribution of the XY plane below the overflow pipe bottom
(z=0.125 m). The figure shows that the flow rate of the THC at the air core region was considerably
higher than those of SHC and MHC. Cilliers and Harrison [36] indicated that reducing the flow vicinity
of the overflow outlet reduced the short circuit flow. Because the central location of the tubular

ceramic membrane can offset turbulence energy consumption, MHC should be able to reduce the short
circuit flow.
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Figure 3. Vertical velocity at Z = 0.125 m.
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2.2. The Concentration and the Filtering Effect of the MHC

MHC is effective in filtration. Figure 4 depicts the filtration rate of MHC at various pressures.
The average filtrate can be obtained at approximately 400-450 L/m?-h-bar. Because of the MHC
material’s effect of reducing turbulent flow and filtering, the concentration difference between overflow
and underflow is the largest and benefits the subsequent drying process. As presented in Table 1,
the raw material concentration was 0.35%. For THC, the concentrations from overflow and underflow
were 0.30% and 0.42%, respectively; For SHC, the concentrations from overflow and underflow
were 0.24% and 0.59%, respectively; however, by using MHC, the concentrations from overflow and
underflow were 0.21% and 1.31%, respectively.
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Figure 4. Filtrate obtained for MHC.
Table 1. Outlet concentration of various hydrocyclones.
Origin = 0.35 wt %
Pressure (Bar) Over (wt %)  Under (wt %) Filtration (wt %)
2 0.324 0.405
THC 4 0.301 0.416
2 0.295 0.423
SHC 4 0.236 0.590
2 0.321 0.821 0.004
MHC 4 0211 1305 0.008

2.3. Particle Trajectories

To further understand the particle trajectory in the hydrocyclone, particularly when the particles
are released in the vicinity of the overflow, and to determine whether they ultimately left from overflow
or underflow, Figure 5 presents the six release positions of the particles in the study. The horizontal
position shows intermediate (X = £0.0115 m) between the water cyclone overflow tube and the wall.
The vertical position shows Z = 0.135, 0.145, 0.155 m. The particle density was set to 3200 kg/m?,
and the particle sizes were set separately at 1, 5, 10, and 15 pm. According to the simulation result,
position 3 of the particle track was slightly different, and those at other positions were similar. Thus,
Figure 6 presents the particle trajectory of THC, SHC, and MHC at position 3. For THC, particles of
1,5, and 10 um flowed to the overflow outlet, and only 15 um particles flowed to underflow, which
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indicates short circuit flow at position 3. Figure 7 indicates that the ds for the three hydrocyclones
is 8.5 um. For SHC, only 1 um particles exited from the overflow. This can be attributed to the solid
cylinder inside the hydrocyclone, which causes boundary layer variance. For MHC, particles larger
than 10 um flowed to the underflow.

@
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x=0.0115
\_\
T
P4
I N 1 Lo . ..... 7=0.155
‘ N . Lo ‘ ..... z=0.145
:=:§\

. ................... | . ..... z=0.135

Figure 5. Six release positions in the hydrocyclone.



Molecules 2019, 24, 1116 7 of 17

(y=0, plane x-z)

302002 5126-02 436002
287e02 THC (a) 486e-02 SHC (b) p. 41302 MHC (C) =
27202 461e-02 391202 /B'
257e-02 y 435602 S 370002 NS
241002 ) 410602 348202
226002 = 384602 < 326002
211602 I 358602 = 3.04e-02
196202 333002 oz 283002
181e-02 307e02 /@‘) 261e-02
1666-02 2826-02 N 238002
151e-02 256e-02 <D 217602
138e-02 230e-02 [ 1.96e.02
121602 205602 174002
10602 179602 (= 152602
9.05e-03 1546-02 o 130002 N
o S :
453603 1ozeoz O 870203
302008 768e-03 o 65203
151603 v_y}f 512e3 A/Z 435603 j B
0008400 256e-03 y 217e.03 y.

0.00e-00 1 um 0.00e+00
492602 752602 64102
468e-02 7.14e-02 % 6.09e-02
443002 6.77e-02 o 577002
419e-02 6.39e-02 5 45002
394602 601602 513202
369602 564602 481002
3456-02 5266-02 449002
320002 489e-02 417002
295602 451e-02 3.860.02
271202 414802 353002
245e-02 376002 321002
222602 3385-02 289202
197e-02 301e-02 256002
172e-02 263e-02 224002 .
148002 226602 1.920.02 N
123602 188602 ~
2856-03 15002 1.60e-02 =
739003 113e-02 1.282:02 =
492603 752¢-03 36203 -
245003 yj 376003 v_’\/z 641603 j =
000600 0.00e+00 321203 v

5 um 0.00e+00
553e-02 757e-02 7.10e-02 -
5.26e-02 7.19e-02 6.742-02
493602 681602 639¢-02 =
470e-02 6.43e-02 6.03e-02
442002 606602 568002 -
4.15e-02 5.68e-02 5.32e-02
387e-02 5.30e-02 497e-02
359e-02 492e-02 461e-02
332e-02 454e-02 426e-02
304e-02 . 416002 290802
2766-02 37902 355602
249e-02 ’ 341e-02 3.19e-02
221602 30302 284e-02
194e-02 285e-02 248e-02 = 7
166e-02 227802 213e-02 -
138202 189e-02 177e-02 —
141e-02 151602 1426-02 <
8.292-03 1148-02 1.08e-02
553e-03 757603 7.10e-03 Af
276e-03 yj 379203 yi\f 355603 . —
0.00e+00 0.00e+00 1 0 0.002+00
pum

6.28e-02 7.87e-02 7.13e-02 -
5.97e-02 748e-02 6.77e-02 —
5668-02 7.09e-02 6.42e02 =
5.34e-02 6.69e-02 6.06e-02
503e-02 6.306-02 570002
471e-02 591e-02 5.35e-02
440202 551602 499602
40802 512602 453e-02
377e-02 472802 4.28e-02
3.46e-02 433e-02 3.92e-02
314e-02 3.94e-02 3.57e-02
28302 A 358002 ! 321e-02 —
251e-02 315002 = { 285602 =<t
220e-02 276e-02 G/ 4 250802 =
189e-02 236802 214802 -
1578-02 SaV 1976-02 < 178202 -
126e-02 / 157e-02 ~ 143202
943003 X 11802 §1‘< 1.07e-02 =/
628e-03 _)_Qf 787603 Af ) 713e-03 Jj “,7/
314603 y. 394603 y 357803 Y-
0.00e+00 0.00e+00 1 5 |J-m 0.00e+00

Figure 6. Particle trajectory of size 1, 5, 10, and 15 um in three hydrocyclones. (a) THC; (b) SHC; and
(c) MHC.
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Figure 7. Separation efficiency curve for three hydrocyclones under an inlet pressure of 4 bar.

2.4. Classification Efficiency

The classification efficiency curve is the rate of a particle of a certain size flowing from the
feeding inlet of the hydrocyclone and leaving from underflow of the hydrocyclone. Figure 7 depicts the
classification efficiency curve of the three separators under the 4-bar operation. Under the same feeding
conditions, although three hydrocyclones dsy values were approximately 8.5 pm, the result indicates
that a fish hook effect occurs in SHCs and THCs, which indicates that placing a solid cylinder cannot
effectively solve the fish hook effect problem. However, for MHCs, the membrane’s permeability
eliminates excessive turbulence. Thus, the fish hook effect does not occur and effective separation is
obtained. Approximately 80% of >10 um particles flow out from the underflow outlet. As for THC and
SHC, 80% particles flowing from the underflow are approximately larger than 15 and 20 pum. Overall
separation efficiency was E; = (QuCy)/(QfCy), and we can see from Figure 8 that irrespective of 4
or 2 bar pressure, the overall separation efficiency of MHC was considerably higher than the other
two hydrocyclones.
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06 o .
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Figure 8. Overall separation efficiency for three hydrocyclones under different inlet pressures.
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3. Materials and Methods

3.1. Materials

Silicon carbide powder of 13-23 um diameter was used in this study. The particle size distribution
is presented in Figure 9. The average particle diameter was 16.5 pm, and the specific gravity of particles
was 3.2. The adopted composite ceramic tubular membrane was made by TAMI Industries (Nyons,
Drome, France) [http:/ /www.tami-industries.com/en/enadvanced-ceramic-filtration/]. The support
layer of the tubular membrane was made of titania, and the filter layer was made of titania and zirconia,
with a pore size of 0.8 um. The tubular membrane diameter and length were 10 mm and 600 mm,
respectively. Furthermore, the membrane was single-channel with a surface area of 0.008 m?. Laser
particle size distribution analyzer model No. Horibala LA-30 (Horiba, Kyoto, Japan) was used to
measure particle size distribution from 0.1-600 pm. Based on the light scattering theory, a 405 nm
helium-neon LED light source was used to measure the sample particle size distribution on the
overflow and underflow.

100
80 |
. 60r
5
=
2
[
40
20 |
O 1 1 1 1 1 1
0 5 10 15 20 25 30 35

dp (um)
Figure 9. Silicon carbide powder cumulative size distribution used in the experiments.
3.2. Experimental Setups and Operation

The experimental apparatus in this study is presented in Figure 10. First, the bypass valve
(V3) was fully opened. Then, the overflow valve (V4) and underflow valve (V2) were fully opened,
the feeding end valve (V1) was adjusted, and the feeding gauge pressure was observed (P1) until
the pressure reached the desired level. The inlet pressure, overflow pressure (P2), and underflow
pressure (P3) were recorded. The diluted liquid from overflow and the concentrated liquid stream
from underflow were measured and sampled, and the amount of clear liquid filtrate was recorded at
the outlet end of the outside-in filtration. Particle distribution, concentration, and separation efficiency
were then obtained.


http://www.tami-industries.com/en/enadvanced-ceramic-filtration/

Molecules 2019, 24, 1116 10 of 17

V4

Vi IX

v X

| - O

Figure 10. Hydrocyclone separator system experimental setup. The various components include a
centrifugal pump, storage tank, agitator, pressure gauges (P1, P2, P3), recycle valve (V3), inlet valve
(V1), overflow valve (V4), underflow valve (V2), and the hydrocyclone separator.

3.3. Geometry and Meshes

The three hydrocyclones types used in this study are presented in Figure 11. Figure 11a presents
a THC. In Figure 11b, we used a 1 cm diameter solid cylinder inside the hydrocyclone to replace
the original air core (SHC). The comparison of Figure 11c with Figure 11b indicates a 1 cm diameter
solid cylinder and a 1 cm diameter tubular ceramic membrane (MHC). The conical section length
of the hydrocyclone was 110 mm, and the angle between the vertical line was 2.6°; the diameter
of the cylindrical section was 25 mm, with a length of 40 mm; the inlet size of hydrocyclone was
5 mm x 5 mm; and the overflow and underflow outlet diameters were 18 and 15 mm, respectively.



Molecules 2019, 24, 1116 11 of 17

(a) THC

Tsmm™ >

Figure 11. Cont.



Molecules 2019, 24, 1116

(b) SHC

12 of 17

<« 20mm
« ._T_._
30 mm
— — i\
- x ==t T f
8 mim
« —p 30 mm
18 mm l
PETT [T Y. i
S ) 40 mm
<«—| |25 mMin —»
A
10 m|
S o -Ilj\
110 mm
v
104mm
I Yo

15 mm >

m

Figure 11. Cont.



Molecules 2019, 24, 1116 13 of 17

(c) MHC

Overflow

< 20mm >
(i - IS -

~—

77777777777
17777777777
(8]
(o)

N\
A
77

NI/

8 mx
¢ P
18 m

77777777777
1277 7T 727777

AN
A
A7

—

L

40 mm

25 nmmh ——»

JT77 7777 7V 777777

7777 7T 777 77T T 77777

10 m|

>

777777777777 7777777777777 7T777TTNT7

110 mm

77717 ////////////////////////////J_y

Underflow Filtrate

Figure 11. Hydrocyclone separator system geometry used for both computational fluid dynamics
(CFD) simulations and experiments. (a) THC; (b) SHC; (¢) MHC.
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3.4. Calculating Methods

The flow pattern within the hydrocyclone was a turbulent flow, and the simulation method was
LES. The air core was simulated using the volume of fluid model. Derivationally, the fluid volume
fraction is decided by av of each controlling body; the transport equation of air-water interface is
defined in Equations (1) and (2):

0 — L
&(D‘wpw?w) + v'(“wpwzwgw) = _ava + VeT, + ‘prwg:y> + Z (st + mswgsw) (1)
s=1

d _ n —
a(“sps;s) + V.(‘Xsps;szs) = —IXSVP + VeTs + ‘Xspsg + Z (Rws + mwsgws) )
w=1

The Lagrangian discrete phase model (DPM) follows the Euler-Lagrange approach. The fluid
phase is considered a continuous phase and is governed by the time-averaged Navier-Stokes equation.
However, the dispersed phase is solved by tracking trajectories of a large number of particles through
the calculated flow field velocity. The dispersed phase can exchange momentum, mass, and energy
with the continuous fluid phase.

As depicted in Figure 12, the density of the mesh cell number 1,500,000 is presented. Mesh
independence analysis indicates that it is suitable for simulating the optimum velocity value under
a reasonable prediction computation time. Feeding fluid velocity is constant, and the boundary
conditions are as follows:

¥ = constant @ inlet pipe (©)]
P=0 @ underflow 4)
P=0 @ overflow (5)

The outlet fluid was under atmospheric pressure, and therefore the overflow and underflow
pressures of the flow were set to zero.

The hydrocyclone inner wall setting follows the no-slip boundary condition. Using governing
Equations (1) and (2) as well as the relevant boundary condition Equations (3)-(5), CFD FLUENT 6.1
software (Fluent, NY, USA) calculates the flow field within the hydrocyclone. The pressure staggered
option effectively predicted the high swirl flow within the hydrocyclone. The SIMPLE algorithm
program, which uses a combination of continuous and momentum equations to derive pressure
equation, was used in this simulation method. Calculations were implemented under the maximum
relative error of 10~# of the estimated fluid velocity.
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Figure 12. Hydrocyclone separator system mesh structure. The total number of computational cells
was approximately 10°.
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4. Conclusions

In this study, silicon carbide particles were used to implement hydrocyclone experiments, and the
simulation verification was calculated by using Fluent CFD software. Air core areas with metal
cylinders and ceramic tubular membranes were compared, and the effects of the separation phenomena
of different hydrocyclones were explored.

By inserting a tubular membrane, the resultant hydrocyclone has three outlets, namely the
overflow dilute liquid, underflow concentrated liquid, and clear filtrate. This hydrocyclone can
accomplish classification and filtration. The proposed hydrocyclone had a classification function
equivalent to that of the conventional hydrocyclone. However, the overflow concentration was
relatively dilute, the underflow concentration was relatively concentrated, and a clear filtrate
was obtained.
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