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Abstract

In this research, the Reitema’s optimum design hydrocyclone with a diameter
of 8 mm was adopted to classify the size of rubber particles from NR latex. The feed
pressure affected an efficiency of the separation, and the effective size separation
occurred over the range of feed pressure approximately from 0.3-0.6 MPa. With a
feed concentration of 0.05%, the maximum effective separation interval was 200 nm
occurred at the feed pressure of 0.5 MPa. The feed concentration of the rubber latex
did not significantly affect the separation performance. However, the estimated
reduced cut size from the flow simulation and the semi-empirical model suggested
that the operating feed pressure should be very high whereas the feed concentration
should be very low in order to compensate the fact that the sizes of rubber particle are
in a submicron range. This may also mean the pre-treatment of the rubber particles
prior to the feeding into the hydrocyclone system is necessary. From the simulation
using a finite element method (COMSOL Multiphysics), flow topology illustrated a
distinct variation within the same range of feed pressure operated in this study. The
flow patterns within series configurations i.e., the overflow-to-feed (OTF) and the
underflow-to-feed (UTF) were also numerically studied for the first time. The flow
field within the OTF was distinct from that of the UTF. A particle tracing showed the
trend of very small particles reporting to the overflow, while relatively large particles
reporting to the underflow.

Keywords: natural rubber, size separation, hydrocyclone, reduced cut size, particle
tracing

1. Introduction

Traditionally, hydrocyclones have been widely used in mineral processing
industry to separate solid particles from liquids by a force field induced by swirl flow
of tangentially fed slurry mixture (Lynch et al., 1974, 1975; Trawinski, 1995). The
hydrocyclone applications can be categorized as suspension concentration, liquid
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clarification, thickening, classification, sorting of solid by size and density, liquid-
liquid separation, and liquid-gas separation. In the past, many researchers investigated
working principles of hydrocyclones in order to improve their capacity. Even though,
originally, hydrocyclones have been designed to operate in solid-liquid separation,
they are used in conventional solid-solid (Klima and Kim, 1998), liquid-liquid
(Moraes et al., 1996) and gas-liquid separations (Marti et al., 1996) nowadays.

In the last two decades, the use of hydrocyclones in solid-liquid separations
involving biology materials has been investigated. They have been used in food
industry for starch refining, and as multi-stage separator systems for soluble coffee
production (Ortega-Rivas, 2004). In addition, hydrocyclones have been used to
separate yeast cells in continuous yeast cell cultivation and in beer industry
(Seccombe, 1991; Yuan et al., 1996). Cillers and Harrison (1997) investigated the
several parameters such as pressure, temperature affecting the performance of mini-
hydrocyclones, namely, the recovery and concentration of yeast cells.

Many industries have had increasingly adopted mini-hydrocyclones e.g., 10
mm diameter in performing difficult phase separations. Furthermore, these
hydrocyclones also have the potential to be applied to fine particle (< loym)
suspensions classification especially to collect the sub-micron fraction. The important
parameters affecting the dewatering and classification performance of 10 mm
hydrocyclones are the operating pressure and feed solids concentration, both of which
have previously been investigated in detail (Cilliers et al., 2004). The separation
efficiency can be determined primarily by the cut size, the bypass and the water
recovery to underflow.

Recently, the powerful computational fluid dynamics or CFD provides
insights of fluid flow inside hydrocyclones, and the separation mechanism and
performance (Dai et al., 1999; Nowakowski et al., 2004; Narasimha et al., 2005).
Medronho et al. (2005) conducted the computation study to investigate the separation
of microorganisms and mammalian cells. In that study, the presence of a cylindrical
air core caused by the low pressure central portion occupying the whole length of
hydrocyclone was observed.

In separation process, two important stages can be distinguished, i.e.,
separation of particles from the main swirling flow and their migration to the
boundary layer on the hydrocyclone wall, and the removal of the separated particles
from the wall into the apex and out of the hydrocyclone; most of particles will go
through the outer vortex under the influence of centrifugal forces provided that the
centrifugal forces must be greater than the drag forces, otherwise they tend to move
inward in the radial direction. The separation performance of the hydrocyclones can
be strongly dependent on the particle size because centrifugal and drag forces are
proportional to particle volume and size, respectively.

To date, two major theories applied for the particle separation process within
the hydrocyclones, i.e., the equilibrium orbit and the residence time theories.

Equilibrium Orbit Theory This theory is based on the concept of equilibrium
radius of the particle, since the motion inside the hydrocyclone is developed by the
swirling liquid flow itself. The radial fluid velocity toward the center and the
tangential velocity are both assumed to vary exponentially with radius:
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and d is a diameter of particle, and x is the dynamic viscosity of carrier fluid. The

equations can be combined to give, at equilibrium d? =r**"™ . Since the exponent
1+2n—m> 0 therefore larger particles will be found close to the wall and entrained
to the outer vortex swirling downwards toward the underflow outlet. Smaller
particles, on the other hand, will be found toward the center and entered the inner
fluid core swirling upward (Cilliers and Harrison, 1997). Nevertheless, since the
residence time of most particles inside the hydrocyclones is typically short normally
in millisecond, the equilibrium orbit theory has been criticized due to lack of
consideration of the residence time of particles inside the hydrocyclones, i.e., it is
unlikely will reach its equilibrium position. Moreover, the theory takes no account of
the turbulences, which evidently affect the separation process (Svarovsky, 1984).
Residence Time Theory As proposed by Rietema (1965), it takes into account
non-equilibrium conditions considering whether a specific size particle, d, will reach
the hydrocyclone wall within its residence time, T , and report to the underflow, i.e.,

2L
vz D¢

dt=

dr (5)
For the inlet diameter, D, , the necessary velocity, v, is expressed as:
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Based on Stokes’ analysis, the radial velocity in a centrifugal field of particles of the

cut size is:
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Based upon these bases, Cilliers and Harrison (1997) established the relationship
between solid recovery, cut size, and viscosity for a single particle size as in equation
(8); they also applied to mono-disperse particle in 10-mm hydrocyclones, and
determined the feed pressure changes on solids recovery. For poly-disperse feed size
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distribution, d is some representative size (Cilliers and Harrison, 1997). Nevertheless,
the residence time theory does not take into account the so-called hindered settling,
and neglect inertial effects and radial fluid flow.

Both theories were developed under the assumption that the feed suspension is
diluted (excluding hindered settling). They led to the conclusion that the product of
the Stokes number and the Euler number, Stk.,Eu, is constant for geometrically
similar hydrocyclones. However, recently, Coelho and Medronho (2001) reported that
the product Stk,,Eu can be expected as a function of water flow ratio R, and

volumetric feed concentration C,, since the feed concentration reduces the terminal
settling velocities of the particles. Also, it is expected to vary with D, or of an
operational variable greatly affected by parameters D, , such as the water flow ratio
R, - Based on experimental works of Coelho and Medronho (2001), a semi-empirical

model based on dimensionless groups for Reitema’s optimum design given by
equations (12) — (14) was adopted in this study for analysis and verification purposes.

2. Experiments and FEM Simulations

The dimensions of Reitema’s optimum design hydrocyclone is illustrated in
Figure 1(a). A preliminary test was performed to observe the operating range that air
core could occur as observed in Figure 1(b). The test rig used in the present study is
shown in Figure 2. This rig was used for both in a single hydrocyclone arrangement
and the Underflow-to-Feed and Overflow-to-Feed arrangements, i.e., two possibilities
as seen in Figures 3(a, b). The samples of rubber solution collected from the overflow
and the underflow outlets will be tested to determine the average particle size by Zeta
Particle Analyzer.

Dg=2.72 mm.—n-l ’4—

Dy =224 mmT T
D, =8 mm.”
L =40 mm.
0=20"
D,=1.60 mm. I——
(a) (b)

Figure 1: (a) 8-mm diameter Reitema’s optimum design hydrocyclones made from
acrylic adopted in the present investigation, (b) occurrence of air core.
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Figure 2: Test rig.
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Figure 3: Hydrocyclones in (a) Underflow-to-Feed (OTF),
and, (b) Overflow-to-Feed (OTF) arrangements.

The simulation conducted in this investigation used COMSOL Multiphysics,
which utilized the Finite Element Scheme to carry out coupled governing non-linear
partial differential equations in fluid mechanics. The CFD simulation was performed
with an Intel (R) Pentium (R) 4 CPU 2.93 GHz HP workstation XW8000 with 512
cache-memory, 1.00 GB RAM, and 110 GB hard disc memory. The major steps
involved are explained in Figure 4, and the geometries of hydrocyclone and sets of
hydrocyclones are shown in Figure 5. The underlying flow physics was also explored
by the finite element method. The steady Navier-Stokes’” and continuity equations are
the governing equations:

p o= ol +utva+ u) [+ p@-vyi+vp=F ©

V.0=0 (10)
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where T =ofl = I— pl +puva+va) ]_ﬁ, and K == IU(VU-F(VU)T}_T are the total
boundary and the viscous boundary force per unit area, respectively. With the
governing equations, the following boundary conditions were applied: (i) normal

flow/pressure -G =0, §,-0=0, and A-T =—p, at the inlet; (ii) outflow/pressure
T =—p,,0 at the overflow and the underflow outlets; (iii) neutral T =0 between the
sub-domains; and (iv) slip/symmetry n-a =0, §,-K =0, and f,-K =0 at the walls.

A particle tracing was conducted employing the Khan-Richardson force model i.e.,

8.
F=nr’p@-0,} .84Re, **+0.293Re " * (11)

where Re, =‘U—Up‘2rpp/u. As the results, in the mean, a very small particle

reported to the overflow, while a rather large particle reported to the underflow but
the effective range of size separation was smaller compared to the experiments.

Geometry

v

Material Properties
(Subdomain Settings)
v
Boundary Conditions
(Boundary Settings)

v

Mesh Parameters

v

Solve Problem

v

Postprocessing
(a) (b) (©)
Figure 4: Procedures in flow simulation  Figure 5: Geometrical models employed in the
by COMSOL Multiphysics (FEM). computational study: (a) Single hydrocyclone,

(b) Overflow-to-Feed (OTF) arrangement,
(c) Underflow-to-Feed (UTF) arrangement.

For analysis and qualitative verification purposes, the estimated cut size from
the present CFD simulation was compared with that obtained from the semi-empirical
correlations of Coelho and Medronho (2001). Based on experimental works and
literature reviews of Coelho and Medronho (2001), a semi-empirical model based on
dimensionless groups for Reitema’s optimal design given by equations (12) — (14):
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where the product Stk.,Eu, the Euler number Eu, the Reynolds number Re, and the
water flow ratio R, can be found from equations (15) — (18), respectively.

stk Eu = 710 ;gﬁgwég (15)
Esi% (16)
Re = % (17)
Ry = %ﬁ:“)) (18)

The reduced grade efficiency curve G'as expressed in equation (19) was given by a
modification of the Rosin-Rammler distribution function as proposed by Plitt (1976).
The reduced grade efficiency and the particle size distribution of the feed as
cumulative undersize fraction y as expressed in equation (20) will describe the

performance of hydrocyclone (Castilho and Medronho, 2000).

Gf:1—exp[—0.693[di') } (19)
d m
y=1—exp(—(Ij j (20)

Furthermore, the reduced total efficiency E; and the total efficiency E; can be
determined from equations (21) — (22).

1
E/ = j G'dy (21)
0
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El = Er-Ry (22)
1-R,

By considering equations (12) and (15), the reduced cut size as expressed in equation
(23) will be calculated.

, 1.173D2%

) IupQ 05 i 0.395
d50 - D8_475 (L _|)0.665 {(ps _ p)AP} {In[ R, ﬂ exp(6.0Cv) (23)

3. Results and Discussion

Flow structures and flow physics within a single 8-mm hydrocyclone was
explored using the COMSOL Multiphysics. Insights can be obtained from physics of
the simulated flow. From the flow simulation, the performance parameters, e.g.,
reduced cut size, pressure drop, flow rates could be determined.

3.1. Performance of a Single Hydrocyclone

In Figure 6, the instantaneous velocity filed at the operating feed
pressure of 0.7 MPa, and the corresponding streamline around the inlet of vortex
finder close to the overflow outlet were displayed. The absence of short circuit of the
flow and so the rubber particles passing through the vortex finder without
experiencing the centrifugal separation was confirmed. As the feed tangentially enter
the hydrocyclone, the axial component velocity directed the flow downward, and with
a proper penetration of vortex finder used (I) thus the short circuit is avoided. Figure

7 showed the flow topology and Reynolds cell within a single 8-mm hydrocyclone at the
same feed pressure. Obviously, the indication of the reverse swirling flow near the core
(asymmetric axis) of flow field in the hydrocyclone is obvious. With a proper design cut
size, the particles those are larger than the cut size are expected to be forced toward to the
hydrocyclone wall and directed downward to the underflow exit. On the other hand, the
particles smaller than the cut size are expected to flow along with the inner swirl in the core
and out thru the overflow outlet.

Figure 6: Instantaneous velocity vectors and corresponding streamlines in the vicinity of
the vortex finder indicating no short cut is taking place (at the feed pressure of 0.7 MPa).
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in: -0.0500

(a) (b)

Figure 7: Streamlines and Reynolds cell within a single 8 mm hydrocyclone at the
feed pressure of 0.7 MPa.
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Figure 8: Velocity components within the cylindrical and conic portions of 8-mm
hydrocyclone as a function the feed pressure (1 kg/cm? = 0.1 MPa).
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Figure 9: Averaged velocity and flow topology at various operating feed pressure.
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Figure 10: (a) Concentration, and (b) size separation of rubber particle fed through
the hydrocyclone at various feed pressure.
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The flow structure simulated exhibited organized swirl pattern within the
hydrocyclone but it also exhibited a rather strong dependence on the feed pressure.
Figure 8 and 9 illustrated the complex relation among the feed pressure, the velocity
components, and related flow field. Both flow structures within the cylindrical and
conic sections displayed a similar characteristics even though with different value of
the velocity components especially the tangential velocity component. Although, the
feed pressure mildly affected the performance of the hydrocyclone, and the most
effective size separation occurred over the range of feed pressure approximately from
0.3-0.6 MPa, with a feed concentration of 0.05%, the maximum effective separation
interval was 200 nm occurred at 0.5 MPa. Figure 10(a) showed the concentration and the
size separation of rubber particles fed through the hydrocyclone at different feed pressure.
It seems that the rubber particles could not be effectively separated via a single stage
hydrocyclone because of their relatively very small size compared to the design
reduced cut size (See section 3.2).

Similarly, the resulting concentration as shown in Figure 10(b) was not
affected by the feed pressure as well. Either the force field induced by the swirling
flow is not strong enough to promote the separation or the particle size is
unreasonably small, the improvement of hydrocyclone system only by rearranging
many hydrocyclones in series configurations seems not adequate. However, the
estimated cut size from the flow simulation and the semi-empirical model (see section
3.2) suggested that the operating feed pressure should be high, whereas the feed
concentration should be very low in order to compensate the fact that the sizes of
rubber particle are in a submicron range. This may also mean the pre-treatment of the
rubber particles prior to the feeding into the hydrocyclone system is still necessary. In
addition, the feed concentration of the rubber latex did not significantly affect the
separation performance as well.

3.2. Reduced Cut Size

The reduced cut size was estimated from the trajectory of particle of the size
that moving approximately on the Locus of Zero Vertical Velocity (LZVV) (example
of particle tracing was shown in Figure 11) and compared to that was determined
from the semi-empirical model proposed by Coelho and Medronho (2001). The
estimated reduced cut size from the CFD simulation and the semi-empirical formulae
obtained from the linear regression of the experimental data by Coelho and Medronho

]

Figure 11: Particle Tracing.
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(2001) were shown in Figures 12 and 13 as a function of feed pressure and feed
concentration, respectively. The difference between the predicted cut size base on the
semi-empirical model and the simulation may be caused by the turbulence of the
flow. Turbulence played an important role in the performance of hydrocyclone (or gas
cyclone) as reported in many studies (Gimbun et al., 2005; Coelho and Medronho,
2001; Ogawa, 1984). Due to the anisotropic characteristic of turbulence in
hydrocyclone, the Reynolds stress turbulence model seems to yield an accurate
prediction on swirl flow pattern, axial velocity, tangential velocity and pressure drop
on cyclone simulation (Gimbun et al., 2005). Beside the loss due to contraction or
expansion of the flow at inlet/out of the hydrocyclone, energy loss due to viscous
stress of the turbulent swirling flow is responsible for difference in cut size
estimation.

275

+ Semi-Empirical
o A Simulation

Reduced Cut Size (Microns)

0.29 0.39 0.49 0.59 0.69 0.79

Feed Pressure (MPa)

Figure 12: Reduced cut size estimated from the L\VVZZ as compared to the reduced cut size
predicted by the semi-empirical model as a function of feed pressure.
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10 T T T T T
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Figure 13: Reduced cut size estimated from the L\VVZZ as compared to the reduced cut size
predicted by the semi-empirical model as a function of feed concentration.
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Estimated cut size either by the flow simulation or the semi-empirical model
suggests that the operating feed pressure should be high whereas the feed
concentration should be kept very low to compensate the submicron size of the
natural rubber particle. In addition to varying the operating conditions or pretreatment
of the feed, the alternatives of arranging the hydrocyclones in series must be
investigated.

3.3. Overflow-to-Feed (OTF) and Underflow-to-Feed (UTF)
Hydrocyclones Arrangements
As possibilities to improve the performance of hydrocyclone, the
connection of hydrocyclones in the Overflow-to-Feed (OTF) and the Underflow-to-
Feed (UTF) arrangements were considered. The simulated streamlines of the OTF and
UTF arrangements were demonstrated in Figures 14 and 15, respectively. For both
cases, the operating feed pressures were 0.7 MPa and 1.2 MPa.

As compared to the UTF (Figure 15) arrangement, the OTF arrangement had
the streamline pattern equally distributed over both hydrocyclones. However, the
streamline pattern can mislead since the average energy in the followed hydrocyclone
is less than that in the first hydrocyclone according to the friction, the contraction, and
the expansion losses as previously mentioned. The higher power pump was required
to overcome more pressure drop across both hydrocyclones. The feed pump must also
be powerful enough to produce the necessary intense force field on the second
hydrocyclone.

Figure 14: Streamlines of the Overflow- Figure 15: Streamlines of the Underflow-
to-Feed (OTF) hydrocyclone arrangement at  to-Feed (UTF) hydrocyclone arrangement
the operating feed pressure (a) 0.7 MPa, and at the operating feed pressure (a) 0.7 MPa,
(b) 1.2 MPa. and (b) 1.2 MPa.

4. Conclusions

The performance of Reitema’s hydrocyclone in size separation of natural
rubber particles was not adequately effective since the average size of the rubber
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particle is much smaller than the design cut size as indicated by the simulation or the
semi-empirical formulae. Therefore, the size separation of natural rubber particles
may need a pre-treatment prior to be fed through the hydrocyclone systems. Further
work is required on this subject. However, the estimated cut size suggested that the
operating feed pressure should be high, whereas the feed concentration should be very
low in order to compensate the fact that the sizes of rubber particle are in a submicron
range.
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