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The characteristics of the packing material under an alternating electric field are an important factor in
the removal of FCCS particles. In this study, the electric field distribution of a separation unit consisting of
packed spheres under an alternating electric field is simulated, and the movement mechanism of catalyst
particles is analysed. An "effective contact point" model is derived to predict the adsorption of filler
contact points on catalyst particles under the alternating electric field, and the model is validated by
simulations and experiments. The numerical calculation and experimental results indicate that the
electrical properties of the filler spheres, the filler angle q, and the frequency f of the alternating electric
field affect the adsorption of catalyst particles. As the frequency of the electric field increases, the particle
removal efficiency of the high-conductivity filler (silicon carbide) increases and then settles, and the
separation efficiency of the low-conductivity filler (glass, zirconia) is not sensitive to the change in
electric field frequency.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

FCCS (fluid catalytic cracking slurry) is a major byproduct of FCC
and can be used for secondary processing to produce products such
as carbon black, petroleum coke and carbon fibre (Guo et al., 2014;
Li et al., 2016; Lou et al., 2021) upon removal of the contained
catalyst particles which constrain the subsequent utilization of the
slurry (Cui et al., 2020). These catalyst particles are particularly
suitable for separation using DEP (dieelectrophoresis) due to their
micron diameter, low concentration, and favourable liquid phase
insulation (Lin and Benguigui, 1982; Mazumder et al., 2005; Wu
et al., 2020). DEP technology makes use of a nonuniform electric
field to polarize neutral particles, and particles move under the
action of dielectric electrophoresis force in the direction of electric
field strength change, thus achieving the effect of manipulating
particles (Aldaeus et al., 2006; Adekanmbi et al., 2020; Murugesan
and Park, 2017). The electrorheological (ER) effect produced by an
applied electric field on a soft material also alters its rheological
properties (viscosity, shear stress, etc.), thus affecting the manip-
ulation of the particles (Kuznetsov et al., 2022; Liang et al., 2022).
y Elsevier B.V. on behalf of KeAi Co
Xie et al. (2023a, 2023b, 2023c) found that applying an electric field
to crude oil causes colloidal particles to move, collide with wax
particles and adhere to the surface, which reduces the mutual
attraction of the wax particles and significantly improves their cold
flowability. They further found that shear destroys the connections
between colloidal particles and wax particles and promotes colli-
sions of free colloidal particles and wax particles and that the
competing results of the two opposing effects determine the effect
of shear on the viscosity of crude oil.

DEP separators for solid-liquid separation usually require the
addition of fillers polarized under an electric field to create areas of
high electric field strength, thereby moving the particles to specific
areas to achieve separation (Lewpiriyawong et al., 2017; Sano et al.,
2012). DEP can be divided into DC-DEP and AC-DEP according to the
applied electric field. There are many studies on the characteristics
of the filler for particle removal of FCCS under a DC electric field.
Petrolite Corporation (1980) found that under a direct current field,
the filler adsorbed metal residues in the FCCS, increasing the cur-
rent in the device and causing a short circuit. Gulf Research &
Development Company (1975) found that the composition of the
glass filler affected the separation efficiency, with glass fillers
containing a small amount of potassium oxide outperforming those
containing only sodium oxide. Fang et al. (1998) conducted exper-
iments on the removal of FCCS particles under a DC electric field
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Table 1
Catalyst parameters.

Average diameter, mm Mid-diameter, mm Relative dielectric constants

5.07 3.02 6.22
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using a DEP separator and proposed a corresponding "point
adsorption" theory, finding that the main adsorption area of the
particles being the packing contact point. Li et al. (2020a, 2020b)
found that the relationship between the included angle of the
filler and the electric field strength at the contact point of the filler
is nonlinear and inverse and calculated the model of the size of the
filler adsorption area.

Few studies have been conducted on particle removal in FCCS
under an alternating electric field. Chevron Research Company
(1979) connected AC power to the separator and found that the
oscillating electric field can reduce the viscosity of the oil slurry,
thus improving the subsequent separation efficiency. Lin and
Benguigui (1981) found that the particle removal of FCCS under
an alternating electric field can effectively avoid the short circuit of
the device caused by the bridging of particles in the separation area.
Therefore, it is important to investigate the effect of packing char-
acteristics on FCCS particle removal under an alternating electric
field. Here, the electrostatic (es) module and the fluid-particle
tracking (fpt) module in COMSOL Multiphysics are used to obtain
the electric field strength, the motion of the particles, and the
dielectric swimming force applied to a separation cell. Macroscopic
and microscopic experiments considering the removal of particles
from FCCS under an alternating electric field were conducted using
a homemade separator. An “effective contact point” model is
developed as a mathematical description of the above experi-
mental and simulation results. The model is dominated by the
electrical properties of the filler, the angle of the filler and the
frequency of the electric field. This model enables the guidance of
filler type selection for the removal of particles from the FCCS under
an alternating electric field.

2. Experimental setup and model description

2.1. Experimental device and setup

To conduct the macroscopic experiments, equipment is used as
shown in Fig. 1 including an AC power supply, separator, and
transformer. The outer shell of the separator is made of transparent
organic glass with favourable insulating properties. The outer cyl-
inder of the separator is inserted with a copper strip as the outer
electrode; the inner electrode of the device is a copper rod of 8 mm
diameter threaded into the upper-end cap of the electrostatic
separator. In the annular column space between the inner and
outer electrodes, spherical fillers with a diameter of 3 mm are used
Fig. 1. (a) Separator; (b) Sk
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to fill the space to a certain height. These fillers can form mutual
contact points to adsorb catalyst particles and shorten the distance
of particle movement.

Heat-conducting oil homogeneously mixed with catalyst parti-
cles was used instead of FCCS because of their similar dielectric
constants, conductivity, and favourable flow and insulation prop-
erties at room temperature (Cao et al., 2011). In addition, the
transparent color of the heat transfer oil makes it easy to observe
the adsorption of particles during microscopic experiments. The
main component of the catalyst is aluminum silicate (Al2O3$SiO2)
with the appearance of black powder and the parameters are
shown in Table 1.

Macroscopic experiments on particle removal from FCCS were
conducted in three steps.

(1) The batching module, consisting mainly of an analytical
balance and an electric stirrer for mixing heat transfer oil and
catalyst particles for 30min to prepare amixturewith amass
concentration of c0.

(2) The separation module, consisting mainly of an AC power
supply, separator and transformer, all three connected by
wires. The glass fillers are polarized to produce a local high
electric field intensity electric field to drive the solid particles
in the mixture. The mass of the mixture obtained after
30 min of separation is m1.

(3) The analysis module, consisting mainly of a sand core
filtration unit, a Soxhlet extraction unit and a vacuum drying
chamber. The sand core filter device is used to extract the
mixed liquid to obtain the filter paper containing particles,
and the Soxhlet extraction device is used to remove the oil
phase impurities of the filter paper containing particles. The
weight of the filter paper containing particles is m2.

This experiment uses the mass method to determine the sepa-
ration efficiency h, as shown in Eq. (1)
etch of the equipment.
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h¼ c0 � ðm2 �m3Þ=m1

c0
�100% (1)

where m3 is the mass of empty filter paper.
The microscopic experiments for catalyst particle removal were

performed using a homemade micro separator and microscope. As
shown in Fig. 2, the micro separator was placed on the stage of the
microscope to observe the adsorption of particles.
Fig. 3. Schematic diagram of the geometric model and boundary conditions. (U0 is the
applied AC power excitation, and its amplitude is chosen as half of the actual voltage
value; Q is the initial charge; q is the angle between the centre of the two filler balls
and the x-axis. During the change in q, the position of the contact point O (origin of
coordinates) of the two fillers remains unchanged.).
2.2. Model description

Because the separation area of the DEP separator is a symmet-
rical structure, only a fan ring-shaped calculation area is considered
to simplify the calculation. The calculation model and boundary
conditions are shown in Fig. 3.

In this study, the effect of the interaction forces between the
particles was neglected due to the low catalyst concentration in the
mixture. The channel gap formed between fillers is at the milli-
metre level, AC electroosmosis is neglected, the electrode spacing is
large, and there is no electrode array, so the travelling wave
dielectric electrophoresis force is neglected. The forces in the final
calculation include dielectrophoretic forces FDEP, effective gravity
FG, and Stokes resistance FSD, as shown in Eq. (2).
Fig. 2. (a) Microscopic separator for catalyst particle removal; (b) Microscopic experiments; (c) Dry-type power transformer; (d) AC programmable power supply.
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mp
du
dt

¼ FSD þ FG þ FDEP (2)

where mp is the mass of the particle and u is the velocity of the
particle.

Assuming a uniform spherical shape with a diameter dp of the
catalyst particles, the expression for the dipole moment in an AC
field is Eq. (3).

P¼1
2
pεf

 
ε
*
p � ε

*
f

ε
*
pþ2ε*f

!
d3pE (3)

The dielectrophoretic force on the catalyst particles in the heat
conducting oil under the action of the electric field can be
expressed as Eq. (4).

FDEP ¼ p
4
d3pεfRe½fCMðwÞ �VjEj2 (4)

where εf is the dielectric constant of the heat conducting oil. fCM(w)
is the polarization factor (Clausius-Mossotti factor), which can be
used to represent the degree of polarization of the particles in the
electric field or the magnitude of the dipole moment generated by
the polarization of the particles, as shown in Eq. (5).

fCMðwÞ¼ ε
*
p � ε

*
f

ε
*
pþ2ε*f

(5)

In an alternating electric field, the dielectric constant of a substance
is shown as Eq. (6).

ε
* ¼ ε�i

s

w
(6)

where ε* and ε denote the composite dielectric constant and
dielectric constant of the substance, respectively, and the subscripts
p and f denote the catalyst particles and thermal oil, respectively, F/
m; s denotes the electrical conductivity of the substance, S/m; w
denotes the angular frequency of the applied alternating electric
field, w¼2pf, Hz; and i denotes the imaginary units, i ¼

ffiffiffiffiffiffiffi
�1

p
.

In Eq. (4), Re½fCMðwÞ � denotes the real part of the CM factor, and
substituting Eq. (6) yields Eq. (7).

Re½fCMðwÞ � ¼ Re

 
ε
*
p � ε

*
f

ε
*
p þ 2ε*f

!

¼
w2
�
εp � εf

��
εp þ 2εf

�
þ
�
sp � sf

��
sp þ 2sf

�
w2
�
εp þ 2εf

�2 þ �sp þ 2sf
�2

(7)

The effective gravity expression is shown in Eq. (8).

FG ¼
pd3p

�
rp � rf

�
g

6rp
(8)

where g is the gravitational constant, rp is the particle density with
a value of 1030 kg/m3, and rf is the density of the heat conducting
oil with a value of 890 kg/m3.

The expression for the drag force on a particle of diameter dp
moving under the action of dielectrophoresis and gravity is shown
as Eq. (9).
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FSD ¼pd2prp
6tp

mpðu� vÞ (9)

where v is the velocity of the fluid and tp is the particle velocity
response time. As the mixture is almost stationary in the separator,
the Reynolds number is very low, vz 0, tp ¼ rpd

2
p=18m, and m is the

fluid dynamic viscosity, which is influenced by the frequency of the
electric field and is approximately 0.07 Pa,S. Substituting into Eq.
(9) gives Eq. (10).

FSD¼ 3pmdpu (10)

As the particle is subject to gravity only in the y direction,
substituting Eqs. (4) and (10) into Eq. (2) gives Eq. (11).

pd3p
4

εfRe½fCMðwÞ �,vjEj
2

vn
� 3pmdpun ¼ mp

dun
dt

(11)

where n denotes the x or z direction. Solve Eq. (11) to obtain Eq.
(12).

un ¼ εfd
2
p

12m
Re½fCMðwÞ �,vjEj

2

vn

 
1� e

�18m

d2prf
t
!

(12)

The experimental and simulation times used here are much

greater than 10�6 s, such that e
�18m

d2prf
t
z0 and the particle in the xz

plane of the velocity expression is shown in Eq. (13).

un ¼ εfd
2
p

12m
Re½fCMðwÞ �,vjEj

2

vn
(13)

Similarly, the expression for the velocity of a particle in the y
direction under an alternating electric field can be obtained as Eq.
(14).

uy ¼ �
2
4rfg

�
rp � rf

�
18rp

±
εf
12

Re½fCMðwÞ �,vjEj
2

vy

3
5,d2p

m
(14)
3. Analysis of the experiments and simulations

3.1. Characterization of AC-DEP behaviour of particles

The electrical performance parameters of each substance at
room temperature are shown in Table 2.

The dielectric constant ε and the relative dielectric constant εr
meet ε ¼ ε0$εr, where ε0 is the vacuum dielectric constant, which
has a value of approximately 8.854� 10�12 F/m. Re½fCMðwÞ � directly
determines the direction of the dielectrophoretic force on the
particles. The frequency response characteristic curves of catalyst
particles in the thermal oil and FCCS oil phases calculated by Eq. (7)
are shown in Fig. 4, Re½fCMðwÞ �>0, so the particles are more
strongly polarized and are always subject to positive dielec-
trophoretic forces (pDEP) in the separator. The catalyst particles
will move in the direction of increasing electric field strength. For
the two different oil phase systems, the calculated results of
Re½fCMðwÞ � are close because the conductivity of the catalyst par-
ticles is much greater than that of the two oil phases. Although the
oil phase media of the two systems are different, the influence of
the electrophoretic force on the particles is minimal, which verifies
the reliability of the cold model experiment using thermal oil
preparation to simulate FCCS for particle removal.



Table 2
Electrical properties of each substance.

Items Glass fillers Zirconia fillers Silicon carbide fillers Heat conducting oil FCCS oil phase Catalyst particles

εr 5.82 19.50 8.60 1.46 1.43 6.22
s, S= m 1 � 10�16 1 � 10�17 1 � 10�7 1.59 � 10�11 1.90 � 10�11 3.27 � 10�7
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Simulations using COMSOL provide results on the electric field
intensity distribution and catalyst particle motion within the sep-
aration cell. The filler angle q is chosen as 0� and 90�, and the
excitation parameters for the applied square wave power supply
are as follows: peak voltage Vpp ¼ 8 kV, frequency f ¼ 10 Hz, and
duty cycle q¼ 0.5. The results obtained from the simulations for the
xoz cross section at the moment of high and low level (t ¼ 4.3 T and
t¼ 4.8 T, respectively, T is the period of the alternating electric field)
are shown in Fig. 5. For a more visual representation of the particle
motion, the arrow tails are used to indicate the position of the
particle in the separation cell, where the direction of the arrow
indicates the direction of motion of the catalyst particles, and the
color of the arrow indicates the potential value at the spatial point.
Because the catalyst particles are mainly driven by the dielec-
trophoretic force, the arrow direction can also approximate the
direction of the dielectrophoretic force. Under an alternating elec-
tric field, the electric field strength distribution within the sepa-
ration cell remains constant as time changes, although the direction
of the potential continues to change.

Regarding the contact point of the fillers at q ¼ 0�, the nearby
area is always a region of high electric field strength, and the par-
ticles move towards the contact point because of the pDEP. For
comparison, the region near the contact point of the fillers with
q ¼ 90� is a region of low electric field strength, where the particles
move away from. The filler also has a relatively high electric field
strength in the region near the positive and negative electrodes and
can adsorb some of the particles, which is consistent with the
experimental result that the inner electrodewill adsorb some of the
catalyst particles (Fig. 6).

Regarding the square wave power supply with peak voltage
Vpp ¼ 8 kV, f ¼ 40 Hz, and q ¼ 0.5, Fig. 7 shows the curve of the
dielectrophoretic force on several particles over time at q ¼ 0�. Due
to the short simulation time and the small distance through which
the particles move, the position of the particle in the space point is
almost unchanged, and the field intensity gradient value of the
Fig. 4. Frequency response characteristics of catalyst particles.
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particle in the space point can be approximately regarded as the
whole process value in this period. The dielectrophoretic force on
the particles is always positive. In each half cycle, the direction of
the potential changes, and there is a peak in the dielectric elec-
trophoresis force of the particles. The dielectrophoretic force of the
No.1 and No.2 particles is significantly greater than that of the No.3
and No.4 particles. This occurs because fCM(w) is constant under the
condition of the same frequency electric field. At this time, the
electric field gradient will directly affect the dielectrophoretic force.
Fig. 5 shows that the electric field gradient near the contact point of
the two fillers is significantly greater than that at other positions, so
the particles will be subject to greater dielectrophoretic force.
3.2. “Effective contact points” under an alternating electric field

The area near the contact points between the fillers is the main
area for the adsorption of catalyst particles. For the partition
interface between the heat conducting oil and the filler, the electric
flux density D ¼ ε$E. Assuming that there is no free surface charge
density at the partition interface, the normal component of the
electric flux density is continuous, thus giving Eqs. (13) and (14)

Dn;f ¼Dn;g (13)

εf ,En;f ¼ εg,En;g (14)

where Dn,f and Dn,g represent the electric flux densities near the
heat conducting oil and near the filler at the partition, respectively.
En,f and En,g denote the electric field intensity in the normal di-
rection at the boundary between the adjacent mixture and the
adjacent filler, respectively.

The electric field intensity at the partition interface meets Eq.
(15) in the tangential component (Li et al., 2019).

Et;f ¼Et;g (15)

where Et,f and Et,g represent the electric field intensity in the
tangential direction near the boundary between the mixture and
the filler, respectively.

Therefore, the electric field strength on the filler side at the
intersection of the filler and themixture can be derived as shown in
Eq. (16).

Eg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2t;f þ

 
En;f � εg

εf

!2
vuut (16)

Based on the basic principle of dielectric polarization, the
expression for the depolarized electric field E′ is given by Eq. (17)

E0 ¼ P
3εr;f

(17)

where P represents the intensity of polarization. Assuming that the
packed sphere is an isotropic dielectric, the expression for P is
shown in Eq. (18).



Fig. 5. Electric field strength at xoz cross and catalyst particle motion. (a) q ¼ 0� , t ¼ 4.3 T, electric field strength distribution; (b) q ¼ 0� , t ¼ 4.8 T, electric field strength distribution;
(c) q ¼ 0� , t ¼ 4.3 T, movement of the particles; (d) q ¼ 0� , t ¼ 4.8 T, movement of the particles; (e) q ¼ 90� , t ¼ 4.3 T, electric field strength distribution; (f) q ¼ 90� , t ¼ 4.8 T, electric
field strength distribution; (g) q ¼ 90� , t ¼ 4.3 T, movement of the particles; (h) q ¼ 90� , t ¼ 4.8 T, movement of the particles; (i) Electrical potential diagram of the separator and
internal packing; (j) Particle trajectory diagram.
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P¼cεr;fE (18)

where c denotes the effective polarization rate and E denotes the
strength of the electric field in the separation device. When
spherical fillers with conductivity sg and dielectric constant εg are
submerged in a liquid medium with conductivity sf and dielectric
constant εf, the effective polarization rate of the spherical fillers
under the action of an alternating electric field with frequency f is
shown in Eq. (19).

c¼ a,
2pf

�
εg � εf

�
�i
�
sg � sf

�
2pf

�
εgþ2εf

�
�i
�
sgþ2sf

� (19)

where a is a correction factor. The real part of c is calculated as Eq.
(20).
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ReðcÞ ¼ a,
w2
�
εg � εf

��
εg þ 2εf

�
þ
�
sg � sf

��
sg þ 2sf

�
w2
�
εg þ 2εf

�2 þ �sg þ 2sf
�2 (20)

We set the electric field generated by the power supply as E0 and
the depolarization electric field as E′. Because the fillers are
isotropic linear dielectric and the directions of E0 and E′ inside the
fillers are opposite, the electric field intensity E in the separation
device satisfies Eq. (21).

E¼E0 � E0 (21)

The tangential component En and the normal component Et of
the electric field intensity inside the fillers can be obtained by
simultaneous Eqs. (17), (18) and (21).



Fig. 6. Adsorption of catalytic particles by the inner electrode (the electrode surface is
in contact with fillers at locations of high electric field strength, and the particle
adsorption amount is large).

Fig. 7. Dielectrophoretic force on catalyst particles (No.1 and No.2 catalyst particles are
released near the contact point of the filler, and the release coordinates are (0, 0.001,
0), (0, 0.001, 0.001); No.3 and No.4 catalyst particles are released far away from the
contact point, and the release coordinates are (�0.001, 0, 0.004) and (�0.002,
0.001, �0.0035), respectively. The yellow area is the time period of high potential
values.).

Fig. 8. Calculation results for Re(c) at different f.
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En ¼E cos q ¼ 3E0
3þ ReðcÞ cos q (22)

Et ¼E sin q ¼ 3E0
3þ ReðcÞ sin q (23)

The simultaneous Eqs. (16), (22) and (23) give the relation be-
tween Eg and E0, as shown in Eq. (24).

Eg ¼
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
r;f þ

�
ε
2
r;g � ε

2
r;f

�
cos2 q

r
ð3þ ReðcÞÞεr;f

E0 (24)
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The dimensionless number a is defined to characterize the
expansion of the original electric field after the polarization of the
separated region. The expression of a is expressed as Eq. (25).

a¼ Eg
E0

¼
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
r;f þ

�
ε
2
r;g � ε

2
r;f

�
cos2 q

r
ð3þ ReðcÞÞεr;f

(25)

The effective contact point model under an alternating electric
field suggests that the electrical properties of the filler, the filler
angle q, and the electric field frequency f affect the electric field
strength and the direction of the electric field gradient at the
contact point of the filler, which in turn affects the adsorption of the
catalyst particles at the contact point of the filler. To verify the ac-
curacy of Eq. (25), the correction factor a was neglected, and the
separation unit of Fig. 3 was selected for calculation. Taking a
square wave power excitation with a voltage amplitude of 8 kV as
an example, the materials of the filler were selected as glass, zir-
conia and silicon carbide, and the calculated Re(c)-f curve is shown
in Fig. 8. The difference in the Re(c) between silicon carbide and the
other two fillers is due to its high conductivity. The calculated re-
sults for a are shown in Fig. 9.

From the results of the effective contact point model in Fig. 9,
the value of a decreases as the angle q increases, which will be
detrimental to the adsorption of catalyst particles at the contact
point. q affects the magnitude of the contact point to the original
electric field, which in turn affects the direction of the electric field
intensity gradient and FDEP. When a ¼ 1, the field strength of the
contact point is essentially unaffected by the polarization of the
filler. When the filler angle q is small and a > 1, the contact point is a
region of high electric field strength and can adsorb catalyst par-
ticles, i.e., the "effective contact point." The frequency of the electric
field also affects the value of a. When using fillers with very low
conductivity (glass and zirconia), the electric field frequency has
almost no effect on the value of a, but when using fillers with a
larger electrical conductivity (silicon carbide), with the increase of f,
a first increases and then remains constant, it is clear for the contact
points with a smaller q and makes the electric field strength
gradient at the contact points have the same trend. At the same
time, it can be seen from Eq. (4) that the catalyst particles will be
subject to greater dielectrophoretic force, and the contact points
have a better adsorption effect on the particles.

To verify the variation in a with q in the effective contact point
model under an alternating electric field, microscopic experiments



Fig. 9. Effective contact point model calculation. (a) Glass fillers; (b) Zirconia fillers; (c)
Silicon carbide fillers.

Fig. 10. Particle adsorption. (a) Glass fillers; (b) Zirconia fillers; (c) Silicon carbide
fillers.

Table 3
q-values for contact points.

Items A B C D E F G H I

q, � 15.6 71.3 43.2 34.3 23.5 86.2 53.2 4.8 59.5

Q. Li, H.-Z. Yang, C. Yang et al. Petroleum Science 21 (2024) 2102e2111
on the adsorption of catalyst particles were carried out. The
adsorption of catalyst particles under a square electric field of
Vpp ¼ 8 kV, q ¼ 0.5, and f ¼ 50 Hz for 120 min was observed
microscopically, as shown in Fig. 10. In Fig. 10, the direction of the
alternating electric field is along the x-axis, and the q values of the
2109
contact points are indicated in Table 3. The data show that there is
very little adsorption at locations other than the contact points,
which is consistent with the analysis of particle motion in Section
3.1 and indicates that the filler adsorbed particles retain "point
adsorption" under alternating electric fields. Because the dielec-
trophoretic force is the main driving force for particle adsorption
and the dielectrophoretic force on the particles is positively
correlated with a, the adsorption of catalyst particles at the contact



Fig. 11. Average dielectrophoretic force on particles at different q (4 particles released
near the contact point at different q with release coordinates (0, 0.001, 0), (0, 0.001, 0),
(0.001 sin q, 0, 0.001 cos q), (�0.001 sin q, 0, 0.001 cos q)).

Fig. 13. Variation of the dielectrophoretic force on the particles with f when using
different fillers.
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point is assumed to be positively correlated with a under the same
conditions. In Fig. 10, the adsorption of catalyst particles in the
region near the contact point satisfies an inverse relationship with
the angle q, which is consistent with the calculated results in Fig. 9.
Simulations were carried out to calculate the numerical magnitude
of the dielectrophoretic forces on the particles near the contact
points at different q under the same conditions, as shown in Fig. 11.
In the simulation results of Fig. 11, the average dielectrophoretic
force on the particles decreases with increasing q, which also ver-
ifies the calculation results of the effective contact point model in
Fig. 9.

To verify the effect of f on a in the effective contact point model,
separate macroscopic separation experiments were carried out
using the three fillers. The applied power excitation was a square
wave with Vpp ¼ 8 kV and q ¼ 0.5, and the experimental results
obtained for different f are shown in Fig. 12. The numerical
magnitude of the average dielectrophoretic force on the particles
near the contact point was simulated in different f (Fig. 13). In the
macroscopic separation experiments, the fillers dumped into the
separator exhibited mainly hexagonal close packing (hcp) (Guo
Fig. 12. The variation in h with f when using different fillers.
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et al., 2017) due to the same diameter of each packing, so it can
be assumed that the distribution of the number of various q was
fixed for each experiment. As shown in Fig. 12, when using glass
fillers and zirconia fillers, the particle adsorption effect is not sen-
sitive to the change in alternating electric field frequency
(maximum variation of 17.61%). However, when using silicon car-
bide fillers, increasing the electric field frequency in the low-
frequency band below approximately 2000 Hz resulted in a sig-
nificant increase in adsorption efficiency (maximum variation of
44.97%), and when the electric field frequency exceeded 2000 Hz,
the change in adsorption efficiency did not fluctuate significantly
(maximum variation of 9.08%). Since the adsorption effect of con-
tact points with large q values on particles is weak, the increase in
adsorption efficiency comes mainly from the low q contact points,
and the dielectrophoretic force is the main driving force in the
process of particles being adsorbed. The results in Figs. 12 and 13
validate the effect of f on a in Fig. 9.

4. Conclusion

In this study, the electric field distribution and particle motion
patterns in the separation unit of the FCCS particle removal process
under an alternating electric field were obtained. Microscopic and
macroscopic experiments were carried out to obtain the effects of
the electric field frequency and filler parameters on the particle
separation effect. An effective contact point model under an alter-

nating electric field is proposed as a ¼ 3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
r;fþðε2r;g�ε

2
r;f Þcos2 q

p
ð3þReðcÞÞεr;f , which

illustrates that the electrical properties of the fillers, the fillers’
angle q, and the electric field frequency f affect the adsorption effect
of the contact points, and the model is verified by corresponding
simulations and experiments. When q is approximately 0e75� and
a > 1, the contact point is a region of high electric field strength
where the catalyst particles can be adsorbed, i.e., the effective
contact point. When low conductivity fillers are selected (e.g., glass
and zirconia fillers), themaximum change in a is only 17.61%when f
increases from 40 to 5000 Hz. When a high-conductivity filler (e.g.,
silicon carbide filler) is selected, a increases significantly with
increasing f, the maximum change rate is 44.97%, and then a re-
mains stable. In a practical separation process, the electric field
frequency can be tuned to a specific electric field frequency to
achieve better adsorption by optimizing the combined effects of the
electric field frequency on a and the viscosity of FCCS.
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