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Abstract

Experimental studies have been carried out to assess the
effect of conical section length on the performance of particle
separation using an electrical hydro-cyclone. With the pre-
treatment of beads by milling process, the negative zeta potential
of particles increases with the increase of particle diameter.

Sub-micron particle classification was possible by use of the
special electrical hydro-cyclone under electrical potential of less
than 150V and an inlet flow rate of less than 0.31/min. Due to the
increase of particle residence time in the cyclone, the 50% cut
size decreases with the increase of conical section length. The
partial separation efficiency increases with the increase of
applied potential or the decrease of inlet flow rate.

The experimental data agreed with the proposed model

assuming constant surface charge density of particles.



1. Introduction

Hydro-cyclone separators have been widely used as solid-

liquid separation apparatus because they are simple in

construction, require low operating and maintenance costs and

can be wused under a wide range of operating conditions

[1,2].Recent interest in hydro-cyclone separation has focused on

separation of particles in the sub-micron region with a fairly

high degree of classification, since the particles with such a size

range (0.1 to lum) are required for various powder handling

processes. Several techniques of flow controlling method at the

outlet pipe of the hydro-cyclone were reported [3,4], and some

new methods of controlling the cut size of the hydro-cyclone by

modifying the inlet section have been developed [5,6].

Estimations for a 50% cut in size for hydro-cyclones have been

obtained via various approaches [7, 8, 9, 10].

In order to enhance the separation performance of gas

cyclones without increasing their pressure drop, the use of

additional applied potential has been examined, and the effect of

various operating conditions and dimensions on the separation



performance of electrically enhanced gas cyclones have been

reported [11,12,13]. Several models predicting the separation

performance of an electrically enhanced gas cyclone have been

built [14,15]. Compared with those of electrical gas cyclones,

fewer studies have been carried out regarding the effect of

applied external electrostatic potential on the separation

performance of the hydro-cyclone. Since the dimensions of most

hydro-cyclones are smaller than those of gas cyclones, and the

dielectric constants of liquids are much larger when compared

with those of gases, smaller applied electrostatic potential,

which leads to less energy consumption, can be applied in order

to increase the classification performance of fine particles. The

first work about electrical hydro-cyclones was reported by

Yoshida et al. [16]. The minimum cut size achieved by use of the

typical laboratory scale hydro-cyclone 1is about Sugm under

normal operating conditions and 3um under high pressure

conditions. By wusing multiple inlets, the cut size could be

reduced to about 2um[17]. However, the typical hydro-cyclone,

which depends only on the tangential force, is unable to separate



the sub-micron particles. In order to separate the sub-micron

particles, an additional force should be applied within the

apparatus. Our previous study indicates that by use of a special

electrical hydro-cyclone under low flow rates, the achieved cut

size was about 0.4um [18,19].

This paper describes the effect of conical section length of the

special electrical hydro-cyclone on the separation performance of

the sub-micron particles. A simple model based on the diffusive

mass transfer mechanism in the conical section is proposed in

order to estimate the separation performance. The new type of

outlet pipe, aimed to increase the separation performance, is also

proposed and the performance examined experimentally with

some interesting results obtained.

2 Experimental methods

The experimental apparatus of the electrical hydro-cyclone is

shown in Figure 1. The system in general, consists of a hydro-

cyclone with a 20% under-flow ratio and a suspension mixing

tank. Well-dispersed 0.5wt% of silica suspension was pumped

into the hydro-cyclone with low flow rates, since only the effect



of the electrostatic force on the separation performance of the
special electrical hydro-cyclone, not the inertial force, was
considered as the main driving force of separation in the hydro-
cyclone. The temperature of the feed suspension was controlled
to 30°C. The samples of both fine and coarse suspensions were
collected, and the mass of each sample was measured.

The Dynamic Light Scattering method (HORIBA Co. Ltd., LB-
550) was used as the particle size distribution analyzer, and the
zeta potential of the suspension was measured by use of a zeta
potential measuring device (Zetasizer 2000, Malvern Instrument

Co. Ltd.). The partial separation efficiency, 4n, was calculated

by:

mchADp

Ap =
g mchADp +msfSADp (1)

In the above equation, m., and m, represent the masses of the

dried collected particles, while f. and f; are the particle size

distributions of coarse and fine sides, respectively.

A 20mm diameter hydro-cyclone was employed in this study, a

center rod with a 2mm diameter was inserted vertically inside the

conical part, and the test section was electrically insulated from



both the «circular 1inlet and under-flow box sections. The
electrical hydro-cyclones with different conical lengths, 120,180
and 240 mm, were used in the experiments.

Since the silica particles in the suspension are negatively
charged inside an electrostatic field, in order to achieve
separation by use of electrostatic force, the center rod should be
controlled as the negative electrode and the conical wall as the
positive one. Both the center electrode and the wall of the
conical section were connected to a DC power generator. The
generated electrostatic field caused by the potential difference
between the wall of conical section and center electrode enables
the movement of negatively charged silica particles toward the
wall of the conical section.

Sub-micron silica particles with a 0.2um median diameter and
specific surface area of 22.7m?/g were used as the test powder.
The true density of the particles is 2.2g/cm’, and their size
distribution is shown in Figure 2.

A beads mill (UAM-015, Kotobuki Industries Co. Ltd.) was used

as the method of particle dispersing before the separation



experiment. Beads milling method was selected because it is

effective in dispersing the sub-micron particles, and can increase

the =zeta potential of the particles. The sub-micron silica

particles suspended in the ion exchanged water were supplied

into the vessel under a closed loop beads mill system. In the

milling vessel, the agglomerated fine particles were dispersed

into their primary sizes by the beads. The beads and the

remaining agglomerated particles were removed from the

suspension in the upper part of vessel by centrifugal force. The

well-dispersed suspension was then recycled back into the

suspension tank. The milling process was carried out within

30min. After the process was finished, the suspension was

immediately used for separation experiments. After the beads

mill process, the suspension was supplied to the slurry tank and

flow control was carried out in about 5min without applying the

electrical potential. Then, the separation experiment with the

electrical potential was started and the samples of over-flow and

under-flow were collected into the different vessels.

3 Experimental Results and Discussion




3-1 Preparation of feed slurry solution

In order to carry out sub-micron particle classification, it is

important to disperse the agglomerated particles into their

primary particles. Before the separation experiment, the particle

dispersion state was examined by use of SEM observation. The

two kinds of silica beads of 100 and 150 x m were used in the

beads milling process. The milling time was 30min. and a

tangential velocity of 6.65m/s was selected for the beads milling

condition. Figure 3. shows the particles after the treatment of

beads milling. It is found that some particles are broken in the

case of the 150 x m beads. Due to the strong centrifugal field, the

sub-micron silica particles were affected more by the centrifugal

force for the 150 x m beads. However, the broken particles are

not observed in the case of 100 u m silica beads. The particle

size distribution with 100 x m beads is smaller than that of the

150 t m beads. Then the 100 o m silica beads were selected for

the beads milling process.

The relationship between the median particle diameter and zeta

potential is shown in Figure 4. The data was obtained by use of



the forced centrifugal separator, under the different rotational

speeds of 10000-15000rpm. Larger particles are subjected to a

greater negative charging, compared with the smaller ones. An

increase in the particle diameter means an increase in the

interfacial area between suspended particles and the bulk liquid.

Higher interfacial area implies a larger number of ions attached

to the surface of the particles. Consequently, the larger particles

have greater electrical mobility compared to the smaller ones in

an electrostatic field. In the electrical hydro-cyclone, the larger

particles might be collected at the positive electrode (the conical

wall) and then move down through the lower outlet orifice. The

drag force from the liquid would exceed the electrostatic force

of smaller particles, and they would move through the upper

outlet pipe. Hence, the separation of the sub-micron particles in

the electrical hydro-cyclone can be achieved only by use of

electrostatic force.

3-2 Experimental data of different length of conical section

In order to examine the length of conical section on the

separation performance of the electrical hydro-cyclone, the
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experiments were carried out wusing conical sections with

differing lengths of 120,180 and 240mm, respectively. For the

feed particle size distribution shown in Fig.2, it is very difficult

to separate the sub-micron particles without applying the

electrical potential in the hydro-cyclone.

Figure 5 shows the experimental data for the conical length of

120mm. The 50% cut size decreases as the inlet flow rate

decreases. The particle residence time increases as the inlet flow

rate decreases, affecting the particles for ar longer time during

the electric classification process. It is also found that the 50%

cut size decreases as the electric potential increases. The radial

particle velocity 1increases with the increase of electrical

potential, so that the collection efficiency of under-flow side

increases as the electrical potential increases. Figure 6 shows

the experimental data for the conical length of 180mm. Compared

to the data shown in Fig.5, the 50% cut size changes are smaller

than those for the conical length of 120mm. For example, the

50% cut size changes from 0.28 to 0.38 u m under electrical

potential of 100V and conical length of 180mm. But the 50% cut
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size changes from 0.32 to 0.42 u m for the data shown in Fig.5.

Because particle residence time increases with an increase in the

conical length, particles are affected more chance of electrical

classification process. Therefore, a decrease of the 50% cut size

is obtained in the case of the longer conical length.

Figure 7 shows the data for the conical length of 240mm.

Compared to the previous Figs.5 and 6, the 50% cut size changes

are smaller than those in the other two cases. The 50% cut size

changes from 0.23 to 0.36 x m under each of the three kinds of

flow rate with electrical potential of 100V. Comparing Figs.5 to

7, it is generally found that the 50% cut size decreases as the

inlet flow rate decreases or the electrical potential increases.

3-3 Improvement of separation performance

In order to decrease the 50% cut size, the experimental

conditions of low flow rate and longer conical length are

recommended. However for the case of conical length of 240mm,

the low inlet flow rate may be considered as the driving force of

its directional change from downward to upward in the region of

12



conical section. In order to overcome this difficulty, the newly

developed special ring shown in Fig.8 was wused for the

experiments of the cyclone with conical length of 240mm. The

entire inlet flow tends to move to the lower conical section with

the use of the ring shown in Fig.8, compared to the case without

the ring. Two types of ring of differing sizes were used in the

separation experiments.

Figure 8 shows the experimental data of particle separation

both with and without the special ring under the applied

electrical potential of 100V, inlet flow rate of 0.11/min and

conical length of 240mm. The 50% cut size change is smaller and

classification accuracy increases for the case of the type B ring.

The length of h in the type B ring is longer than that in the type

A ring, then the inlet flow tends to move to the lower conical

section for the type B ring. The effect of the ring on particle

separation performance was clearly found for the cyclone with

conical length of 240mm, and this effect decreased for the

cyclones with shorter conical length.

13



4 Proposed model

The experimental results without electrical potential indicated

particle classification is difficult in low flow rate region, then

hydrodynamic effect is not included in the proposed model.

In order to predict the partial separation efficiency of the

electrical hydro-cyclone when considering particle collection

mechanisms of the electrical and diffusion phenomena, a

simplified model shown in Fig.9 is applied. The following

assumptions are used in the proposed model.

(1) The conical section of the hydro-cyclone is simplified to

the coaxial cylindrical section with the inside electrode

radius of R; and outer wall radius of R.

(2) In the axial direction, the particle velocity is equal to

the fluid velocity and radial mixing of particles is

considered.

(3) Particle surface charge density is assumed to be constant

for various particle diameters.

4-1 Collection efficiency by electrical force

14



As shown in Fig.4, the zeta potential decreases with the
increase of particle diameter, then the negative particle charge
of a particle increases as the particle diameter increases. The

particle electrical mobility u . is defined as follows:

q 7er20 Dpa
3zuD, 3mubD, 3u

M,

where o indicates surface charge density of particles.

The radial velocity of particle v, is obtained by the following

equation:

7
:DPGIO

E
P (3)

The value of E, indicates electrical field strength in the radial

direction and is calculated by the following equation:

p__ 0V ___ AV

" or R
rin(—
(R.)

1

(4)

Substituting Eq.(4) into Eq.(3), and r equal to R/2, the radial

particle velocity is obtained by the following equation:
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Considering radial mixing of particle, where S and Q* are area
of particle collection and volume flow rate respectively, the
partial separation efficiency of the electrical force is derived as

follows:

Sv
Q*) (6)

An, =1-exp (-

The values of S and Q* are calculated by the following

equations:
S=27RAz  p-BR*R) (7)
2
B,
Q*=(Q+2Q ) (8)

Then the dimensionless parameter (Sv:/Q") in Eq.(6) 1is

simplified as follows:

Sv, :27rRAz D, o10f (—AV):47zA2107 Dpa(—AV):Kl D, o(-AV)
0 0 3u%m® ‘iR o )
pu-1In() 3pu0Q In(-))
2 R R

The value of K; is defined by the following equation:
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1

K (10)

Substituting Eq.(9) into Eq.(6), the collection efficiency by

electrical force can be calculated:

K, D, o (—AV)) .
Q*

An, =1-exp (-

4-2 Collection efficiency by particle diffusion

The partial separation efficiency due to particle diffusion is

derived as follows in our previous paper [19]:

K, D
An, =1-exp (- é ) (12)

where the parameter K, is defined as follows:

81 Az
K, = (13)

(Rl.2+R2)+ 1
(R*-R*) 1, &
(R)

In Eq.(12), D is the Brownian diffusion coefficient defined by

the following equation:

kT

:37zpr (14)
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4-3 Total collection efficiency due to electrostatic force and

particle diffusion mechanisms

To combine the ©partial separation efficiency of Dboth

mechanisms, the following equation is derived:

An, =An,+(-An,) An, (15)

Substituting Eqs.(6),(9),(12) into Eq.(15), the total partial
separation efficiency considering the electrostatic and diffusion

mechanisms is derived as follows:

K, D,o (-AV)+K, D
o ) (16)

An,=1-exp (-

For the particles with both mechanisms ignored, the total partial
separation efficiency approaches to the constant value Bc. Then
corrected partial separation efficiency is finally obtained in the

following equation:

K, D, o(-AV)+K, D
An, =B +(1-B,)An, =B, +(1-B,) (I1-exp(- o ) (17)

In Eq.(17), the only unknown parameter is the surface charge

density o . The value of o can be found by fitting the calculated

18



results to the experimental data, with the value of o as a fitting

parameter. The least square method was used to find out the

optimum specific charge density of particle.

5 Effect of applied potential on separation performance

In order to examine the effect of electrostatic potential on the
separation performance of electrical hydro-cyclone, experiments
under various electrostatic potential conditions, ranging from 50
to 150V, were carried out. , Figure 10-1 shows the experimental
results for the <conical length of 120mm. The separation
performance increases under the higher applied potential. The
100% cut size is shifted to the smaller particle diameter under
the applied potential of 150V, compared to the conditions of 50V
and 100V. The strength of the electrostatic field between the
center rod and the conical wall increases with rising applied
electrostatic potential. The increase of the electrostatic field
causes an increase in the radial migration velocity of particles,
and finally the increase of particle collection efficiency. The
lines shown in the figure indicate the calculated results under
the specific surface charge density of -2.9x10°C/cm”®. The
experimental results agree well with the calculated results.
Figures 10-2 and 10-3 show the experimental results for the
conical length of 180mm and 240mm, respectively. In these cases,
the 50% cut size decreases as electrical potential increases and

the experimental results agree with the calculated ones. Under
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the same electrical potential, the 50% cut size decreases with the
increase of the conical length. Because the particles are affected
by more chance of the separation for the conical length of

240mm, the 50% cut size is the lowest of the three cases.

6 Effect of inlet flow rate on the separation performance

In order to examine the effect of inlet flow rate on the
separation performance of the -electrical hydro-cyclone, the
experiments were carried out for a flow rate of 0.1,0.2 and 0.3
I/min, respectively. The experimental results are shown in
Fig.11-1 under the conical length of 120mm and electrical
potential of 100V. The separation performance increases with the
decrease of inlet flow rate. This phenomenon is different from
the typical hydro-cyclone, in which the separation performance
increases as the inlet flow rate increases. The 50% cut size
corresponding to the inlet flow rate of 0.1,0.2 and 0.31/min were
about 0.32,0.36 and 0.41 u m, respectively. The lower inlet flow
rate means longer residence time of particles, and results in a
higher particle separation performance. The lines shown in the
Figures indicate the calculated results assuming the specific
surface charge density of -2.9x10°C/cm?. The experimental
results agree with the calculated ones. Figures 11-2 and 11-3
show the data for the conical length of 180 and 240mm,
respectively. The same trends as shown in Fig.11-1 are observed
in these two cases. Due to the increase in particle residence time

in the cyclone, a 50% cut size of about 0.23 x m was obtained

20



under the inlet flow rate of 0.1l/min and conical length of
240mm. However, deviations between the calculated results and
experimental ones are found for the conical length of 240mm. In
spite of the special ring attached to the outlet pipe for this
cyclone, some parts of inlet flow changes its direction from
downward to upward direction and the assumption used to obtain

the theoretical equation might not be suitable in this case.

7 Relation between 50% cut size and inlet flow rate

In order to obtain the relationship between the 50% cut size
and inlet flow rate, the all data under the electrical potential of
100V are plotted in Fig.12. The 50% cut size increases as the
inlet flow rate increases or the conical length decreases. The
solid lines corresponding to the three different conical length
indicate the calculated results based on Eq.(17). It is found that
the experimental results nearly agree with the calculated ones.
By selecting a suitable operating condition, it is possible and
quite effective to classify sub-micron particle by use of the

special electrical cyclone proposed in this study.

Conclusions

Experimental studies about the separation performance of the
special electrical hydro-cyclone have been conducted and

conclusions obtained are as follows:

(1) With the use of beads milling treatment, the negative zeta

potential of sub-micron silica particle increases with the

21



increase of particle diameter. Sub-micron  particle
classification is possible with use of the special electrical

hydro-cyclone.

(2) The 50% cut size decreases with the increase of the conical
length.

(3) The partial separation efficiency increases with the increase
of applied potential or the decrease of inlet flow rate.

(4) The experimental data agree with the proposed model
assuming constant surface charge density of particles.

Nomenclature

B4 : under-flow ratio (-)

B. : constant value (-)

Dp : particle diameter (um)

D : diffusion coefficient of particle (cmz/s)

Er : strength of electrostatic field (V/cm)

fc, fs : particle size distribution of coarse and fine sides,

respectively (-/ um)

22



k : Boltzman constant (erg/K)
Ki: constant defined by Eq.(10) (cm?/sCV)
K, : constant defined by Eq.(13) (cm)

m., mg : mass flow rate of particles for coarse and fine sides,

respectively (g/s)
q : particle charge (C)
Q.Q* :inlet flow rate and average flow rate, respectively (cm?/s)
r,z : radial and axial coordinates, respectively (cm)
Ri,R; : radius of cylindrical part and bottom of conical part,
respectively (cm)

Ri, R : radius of center electrode and cylindrical pipe,

respectively (cm)
S : area of particle collection (cm?)
T : temperature (K)
v : radial particle velocity (cm/s)
Az : length of conical section (cm)

An, Any: partial separation efficiency and total partial

separation efficiency, respectively (-)

Ane Ang: partial separation efficiency due to electrical and

diffusion mechanisms, respectively (-)
AV : potential difference (V)
w : fluid viscosity (Pa -« s)
ue : electrical mobility (cm?/sV)
 : zeta potential (mV)

23



o : surface charge density (C/cm?)
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Figs. & Tab. Caption

Fig.1 Experimental apparatus and electrical hydro-cyclone

Fig.2 Particle size distribution of test powder and experimental conditions
Fig.3 Particle size distribution under different dispersion conditions

Fig.4 Relationship between median size and zeta potential of particle

Fig.5 Effect of inlet flow rate and electrical potential on partial separation

efficiency (Az=120 mm)

Fig.6 Effect of inlet flow rate and electrical potential on partial separation

efficiency (Az=180 mm)

Fig.7 Effect of inlet flow rate and electrical potential on partial separation

efficiency (A z=240 mm)

Fig.8 Effect of special ring attached on upper plate on partial separation
efficiency

Fig.9 Particle collection model of electrical hydro-cyclone and notations used
in the proposed model

Fig.10-1 Effect of applied potential on partial separation efficiency
(A z=120 mm)

Fig.10-2 Effect of applied potential on partial separation efficiency
(A z=180 mm)

Fig.10-3 Effect of applied potential on partial separation efficiency

(A z=240 mm)
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Fig.11-1 Effect of inlet flow rate on partial separation efficiency
(Az=120 mm)

Fig.11-2 Effect of inlet flow rate on partial separation efficiency
(A z=180 mm)

Fig.11-3 Effect of inlet flow rate on partial separation efficiency
( A z=240 mm)

Fig.12 Relation between 50% cut size and inlet flow rate for various conical

lengths
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Frequency [-/-]

0.05

0.1

Particle diameter D, [um]

0.5

1

Experimental condition

Tested powder Silica
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Fig.2 Particle size distribution of test powder

and experimental conditions



Beads mill condition
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Beads mill condition
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Milling time 30 min
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