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a b s t r a c t

Catalytic cracking is the main method to lighten heavy crude oil, this process can produce high quality oil
products such as gasoline and diesel, but also produces a large amount of fluid catalytic cracking slurry
(FCCS). The catalyst particles in FCCS seriously restrict the secondary processing of FCCS and need to be
removed, and the properties of FCCS is an important factor that affects the removal efficiency of the
catalyst particles. Based on the “effective contact point” model proposed by the research group, this
study further proposed the “electrostatic separation efficiency calculation” model. In this model, since
FCCS has a uniform distribution of catalyst particles, the ratio of the number of catalyst particles can be
expressed as the ratio of area to achieve the calculation of separation efficiency. Then the catalyst
removal efficiency under different viscosity was analyzed, thus verifying the feasibility of this model. The
effects of temperature and mass ratio of four components on the viscosity of FCCS were investigated
respectively, then the effects of temperature and four components’ mass ratio on the electrostatic sep-
aration can be directly converted into the effect of viscosity on the electrostatic separation efficiency. All
the results show the electrostatic separation efficiency decreases with increasing viscosity, and the best
separation temperature is 120 �C.
© 2022 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

Catalytic cracking is one of the most important processes for
lightning heavy crude oil. The process takes place in a “riser-
regenerator” conjugate system, allowing heavy oils to undergo
cracking, isomerization, dealkylation and other reactions for the
production of lighter oils, olefins, aromatics and other basic
chemical raw materials (Ivashkina et al., 2017; Zhou et al., 2021).
FCCS (Fluid catalytic cracking slurry) is a by-product in the catalytic
cracking process (Zhang et al., 2019). Because of its high content of
2e5 ring short chain aromatics, FCCS can be processed to produce
additional products for different applications, such as needle coke,
carbon fiber, carbon black, industrial rubber softener, heat transfer
oil, etc. (Dong et al., 2005; Eser and Wang, 2007; Lin et al., 2017a;
Zhang et al., 2018). Catalyst particles reduce the quality of high
value-added products produced from FCCS, so they need to be
removed from the FCCS. Sedimentation, filtration, centrifugation
and electrostatic separation are the main methods for removing
y Elsevier B.V. on behalf of KeAi Co
solid particles from FCCS (Fritsche, 1977; Fing et al., 2012; Lin et al.,
2017b; Li et al., 2019a). Among them, the electrostatic separation
method has a broad application prospect in the FCCS des-
olidification with its characteristics of small pressure drop, large
processing capacity, and suitable for the removal of fine particles
(Mazumder et al., 2005). The electrostatic separator for FCCS pu-
rification was designed by Gulf Science Technology Company and
put into production in 1979 (Fritsche and Stegelman, 1980). Sub-
sequently, various forms of electrostatic separators have emerged,
generally containing internal and outer electrodes, with fillers be-
tween the two electrodes. When the device operates, the high
voltage electric field between the two electrodes will polarize the
packing and produce a high electric field intensity gradient near the
contact point of the packing, and the catalyst particles will be
adsorbed on the surface of the packing due to the positive dielec-
trophoretic force to purify the slurry.

There was some literature on the electrostatic adsorption pro-
cess of catalyst particles. Lin and Benguigui (1981) analyzed the
effects of different parameters on the solid particles' forces in the
non-uniform electric field. Benguigui and Lin (1982) found that the
electrostatic separation method is suitable for FCCS, when the FCCS
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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has a low concentration solid phase and the high resistivity liquid
phase. Fang et al. discovered the phenomenon of “point adsorption”
when they conducted experiments on FCCS purification with a
transparent electrostatic separator (Fang et al., 1998). In the au-
thor's previous studies (Li et al., 2019a, 2020a, 2020b), the rela-
tionship between the angle of the filler contact point and the
electric field distribution was fully discussed, then the “effective
contact point” model was proposed and verified. Li et al. found the
“effective adsorption region” throughmicroscopic experiments and
obtained the model to calculate the size of the region through
numerical simulation (Li et al., 2020b). In previous research, the
electrostatic separation efficiency was expressed in two methods:
one method is that the separation efficiency was expressed as the
change in catalyst concentration of FCCS before and after electro-
static separation in the experiment; in the other method is that the
separation efficiency was expressed by the change in the number of
particles adhering to the boundary before and after electrostatic
separation in the simulation. There were less models to calculate
the electrostatic separation efficiency. Therefore, this study pro-
posed the electrostatic separation efficiency calculation model
based on the author's previous models.

The properties of FCCS were influenced by many factors such as
the feedstock and the FCC process. Sun et al. found that the sepa-
ration efficiency of heavy FCCS was lower than that of wax oil FCCS
under the same separation conditions when using a standard
electrostatic separator (Sun et al., 2016). According to China's heavy
oil classification standard, petroleum with viscosity in the range of
100e10000 mPa s at 50 �C will be classified as heavy oil. The vis-
cosity range of FCCS in this experiment is 200e400 mPa s at 50 �C,
so the FCCS can also be considered as heavy oil. By regression
analysis of the viscosity-temperature curve of heavy oil, Zhao et al.
found that the trend is in accordance with the Arrhenius equation,
from which it is obvious that the viscosity of heavy oil increases
exponentially with increasing temperature (Zhao et al., 2016). Peng
and Gu (2007) found that the viscosity of heavy oil increases
exponentially with the content of asphaltene but ignored the effect
of saturated fraction, aromatic fraction and asphaltene through
experimental research. Zhao et al. defined the ratio of the mass of
resins and asphaltenes as the colloidal stability coefficient and
found that the viscosity of heavy oil decreases as it increases (Zhao
et al., 2016).

In summary, the viscosity of FCCS is mainly influenced by two
factors: temperature and the mass ratio of the four components.
Therefore, this study investigated the effect of temperature and
four-component mass ratio on the electrostatic separation effi-
ciency by the experiments and numerical simulation. Firstly, the
effect of temperature and four-component mass ratio on the vis-
cosity of FCCS was investigated, then the relationship between
separation efficiency and viscosity can be expressed by the elec-
trostatic separation efficiency calculation model. The results of this
study can establish an approximate expression for the accurate
calculation of separation efficiency, which can be beneficial to
obtain the highest value of the electrostatic separator for different
FCCS in industry theoretically.
2. Experimental setup and model description

2.1. Experimental setup of electrostatic separation

The electrostatic separation device for this experiment is shown
in Fig. 1, and its internal structure is shown in Fig. 2. The device
includes a high-voltage DC power supply, a cylindrical electrostatic
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separator and a temperature control and regulation section. The
cylindrical electrostatic separator is made of three layers of stain-
less steel welded together, the inner layer is the reaction part of the
FCCS, the middle layer is filled with thermal conductive oil for
heating the FCCS, and the outer layer is filled with insulation ma-
terial for the insulation of this electrostatic separator. The di-
ameters of the inner layer and inner electrode are 65 mm and
10 mm respectively, and the inner electrode serves as the anode
and is connected to a high-voltage DC power supply. The cylinder
wall is connected to a ground wire as the cathode. The inner cyl-
inder wall and the center electrode are filled with 4 mm diameter
glass bead filler. The temperature control and regulation system
consist of a temperature controller, a heating rod and a thermo-
couple sensor.

In this experiment, the solid content of the FCCS before and after
electrostatic separation was measured by the weight method with
the following equation.

hE¼
�
1�u0

u

�
(1)

In Eq. (1), hE is the separation efficiency in the experiments, u0 is
the solid content of the FCCS after separation, u is the solid content
of the FCCS before separating.

The effect of parameters such as applied voltage, separation
time and packing diameter on the electrostatic separation effi-
ciency has been investigated in the authors' previous research (Li
et al., 2019a). In this experiment, only the effect of temperature
and components of FCCS on the electrostatic separation were
studied. So, the voltage of 8 kV DC was applied to the internal
electrode, the separation time was 40 min, and the packing diam-
eter was 4 mm.

The auxiliary experimental equipment included electronic bal-
ance, constant temperature water tank, constant temperature oil
bath, vacuum drying box, motor stirrer and vacuum pump, the
device and instrument model are shown in Table 1.
2.2. FCCS property testing devices

In this research, the SARA method was employed to measure
four components (saturate, aromatic, resin and asphaltene) mass
ratios in the FCCS of the experiments, and the detection devices are
shown in Fig. 3. Thermostatic oil baths, evaporative reflux units,
and distillation units are shown in Fig. 3a, vacuum drying oven is
shown in Fig. 3b, vacuum pump is shown in Fig. 3c, glass adsorption
columns and super thermostat baths are shown in Fig. 3d. The
specific experimental steps are as follows: The slurry was first
refluxed and precipitated with n-heptane to separate asphaltenes
and soluble matter. After that, the soluble matter was separated
from the four components on activated neutral alumina: the
chromatographic column was flushed with a 1:1 mixture of n-
heptane, toluene, ethanol and toluene-ethanol in the order of n-
heptane, toluene, ethanol and toluene-ethanol, so that each
component alternately underwent the adsorption-desorption pro-
cess in the stationary phase and was continuously exchanged and
recombined in the mobile phase to finally achieve the complete
separation of the four components.
2.3. Model description

The catalyst particles are subjected to dielectrophoretic force,
the effective gravitational force, the Stokes drag force, Brownian
and electrostatic interaction forces during the electrostatic



Fig. 1. Schematic diagram of the electrostatic separation device.

Fig. 2. Internal structure of the electrostatic separator.

Table 1
Auxiliary experimental equipment and instruments.

Devices and equipment Model

Electronic balance BSA224S
Motor Stirrer JJ-1A
Vacuum drying box DZF-50
Vacuum pump 2ZX-1
Vacuum drying oven DZF-50
Soxhlet extractor e

Sand core filter e
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adsorption process. Due to the small size of the catalyst particles,
the effect of Brownian motion on the particles is ignored. Because
the solid phase concentration of FCCS is low, and the distance be-
tween the particles is much larger than the particle size, the effect
of electrostatic interaction is ignored. Therefore, the forces on the
catalyst particles are shown in Eq. (2).

X
F ¼ FDEP þ FSD þ FEG (2)

In Eq. (2), FDEP is the dielectrophoretic force; FSD is the Stokes
drag force; FEG is the effective gravitational force.

The catalyst particles are polarized by the high voltage elec-
trostatic field, then the particles are adsorbed onto the packing
surface by the dielectrophoretic force. The dielectrophoretic force
1887
plays a driving role in the process of particles adsorption, and it is
shown in Eq. (3).

FDEP ¼2pεf r
3
p

 
εp � εf
εp þ 2εf

!
VjEj2 (3)

In Eq. (3), rp is the particle radius, mm; εf and εp are the
dielectric constant of the oil slurry and the particle respectively, F/
m; E is the root-mean-square electric field, V/m.

The catalyst particles are subject to the resistance of the oil
slurry during themovement of the electrostatic separation, and this
force is called Stokes drag force. The Stokes drag force is shown in
Eq. (4).

FSD ¼ � 4pr3prp
3tp

�
up �uf

�
(4)

In Eq. (4), rp is the density of particles, kg/m3; tp is the particle
velocity response time, s; up and uf are the velocities of particles
and oil slurry, m/s. Because the Reynolds number is low and is in

the Stokes zone, tp ¼ 2rpr
2
p

9m . Therefore, the Stokes drag force on the

particles can be expressed by Eq. (5).

FSD ¼ �6pmrp
�
up � uf

�
(5)

In Eq. (5), m is the dynamic viscosity of the FCCS, Pa$s.



Fig. 3. FCCS property testing devices.
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The gravitational force on the particles is expressed as Eq. (6).

FG ¼ 4
3
rpgpr

3
p (6)

In Eq. (6), g is the gravitational acceleration, 9.8 m/s2.
The buoyancy force on the particles is expressed as Eq. (7).

Fb ¼ 4
3
rfgpr

3
p (7)

In Eq. (7), rf is the density of oil slurry, kg/m
3. The resultant force

of gravity and buoyancy are the effective gravity, which is shown in
Eq. (8).

FEG ¼ 4
3
pr3p

�
rp � rf

�
g (8)
3. The model of electrostatic separation efficiency calculation

Separation efficiency is an important parameter to measure the
separation performance of electrostatic separators. The represen-
tation of electrostatic separation efficiency in the experimental
research is shown in Eq. (1), and the simulation is shown in Eq. (9).

hS ¼
N0

N
(9)

In Eq. (9), hS is the separation efficiency in the simulation, N is
the total number of particles released in the simulation, N0 is the
number of particles adsorbed to the packing surface.

There was no literature on the theoretical calculation of
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electrostatic separation efficiency, so this section proposed the
electrostatic separation efficiency calculation model based on the
authors' “the effective contact point” and “effective adsorption
area” model (Li et al., 2019b, 2020b). The “the effective contact
point” theory is shown in Eq. (10), which shows that the electric
field strength at the contact point is affected by the angle between
the line connecting the centers of the two packed spheres and the
direction of the applied electric field. When this angle increases
gradually, the adsorption capacity for particles at the contact point
gradually decreases.

E¼
3aU

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ε
2
g � ε

2
f

�
cos2 qþ ε

2
f

r
r
�
2þ εg

�
εf lnðRout=RinÞ

(10)

where, the correction factor is expressed as a; the angle between
the line connecting the centers of the two packed spheres and the
direction of the applied electric field is expressed as q; the radial
position of the contact point is expressed as r, mm; the radius of the
inner electrodes is expressed as Rin, mm; the radius of the outer
electrodes is expressed as Rout, mm.

Dong et al. concluded that when rigid spheres of equal diameter
were poured into a cylindrical container in the natural state, the
hexagonal densest pile-up form accounted for more of the pile-up
pattern of the spheres (Dong et al., 2009). So, in this section, the
effects of viscosity on the separation were investigated in the
hexagonal stacking condition. Fig. 4a below shows the stacking
state of the filler in a flat state, and Fig. 4b shows the enlarged view
of the gap between the fillers, with the three contact points marked
as A, B and C. The contact points between the fillers divide the area
inside the electrostatic separator into connected tiny adsorption



Fig. 4. Schematic diagram of packing plane hexagonal dense accumulation.

Fig. 5. Electric field strength distribution and isopleth diagram.
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areas. The potential difference generated by the original electric
field in the direction of the packing diameter can be expressed by
Eq. (11).
Fig. 6. Particles adsorption motion trajectory.
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DU ¼ Ua

lnðRout=RinÞ
� ln

�
R1 þ dg
Rin

�
� Ua

lnðRout=RinÞ
� ln

�
R1
Rin

�
(11)

¼ Ua

lnðRout=RinÞ
� ln

�
R1 þ dg

R1

�

In Eq. (11), DU is the potential difference between the two ends
of a single packing, Rin and Rout are the radius of the inner and outer
electrodes of the electrostatic separation device respectively, dg is
the diameter of a single packing, R1 is the shortest distance from the
packing surface to the inner electrode. From Eq. (11), it can be found

that when dg is much smaller than R1,
R1þdg

R1
z1, then DUz0, so the

electric field generated by the original electric field in the direction
of the packing diameter can be approximated as a uniform electric
field.

The electric field applied in the separation area of Fig. 5 can be
regarded as a uniform electric field, and the direction of the electric
field is along the X-axis. At the A and B points, both angles between
the direction of the original electric field strength and the line
through the filler center are 60�. At the C points, the angle is 0�.
Fig. 5 shows that the electric field strength at point C is higher than
the electric field strength near it, while the electric field strength at
points A and B is closer to the electric field strength near them.
When the polarization of the particles is greater than that of the
medium, the particles move in the direction of increasing electric
field strength, because the relative permittivity of the FCCS is
smaller than that of the solid particles, only the C point is the
adsorption point of the solid particles. The motion adsorption tra-
jectory of the particle is shown in Fig. 6, the particles move in the
direction of the C contact point, which is in accordance with “the
effective contact point” theory.

FCCS is a stable colloid, with uniform distribution of catalyst
particles and relatively stable solid content. So, the number of
catalyst particles is expressed as the product of the area occupied
by the particles and the particle surface density, shown in Eq. (12).

N¼ rS (12)

In Eq. (12), N is the number of particles; r is the density of
particles per unit area; S is the area occupied by the particles, m2.

From Fig. 6, the particles are connected along the X-axis direc-
tion as shown by the red line during the adsorptionmotion, and the
X-axis direction lines between the particles remain parallel. So, the
catalyst particles moving in this region can be regarded as parallel
lines, as shown in Fig. 7, the area of the region can be expressed as
Eq. (13).



Fig. 7. Differential diagram of adsorption area.

Fig. 8. Schematic diagram of geometric model and boundary conditions.

Fig. 9. The variation of separation efficiency with the viscosity.
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S¼
ðl
0

f ðlÞdl (13)

In Eq. (13), l is the distance between the particle connection line
and the contact point, since sin q ¼ l

R, Eq. (13) can be expressed as
Eq. (14).

S¼
�
2R�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � l2

p �
l� R2 arcsin

l
R

(14)

According to the “effective adsorption area” theory, maximum
adsorption distance l0 exists between particles and contact points,
which is shown in Eq. (15).

l0 ¼ 8:26� U�0:014 � q�0:026 � 12:5 (15)

In Eq. (15), U is the applied voltage, V; q is charge density, C/m3.
When the particles located at a distance l0 from the contact

point C move to the position l away from the contact point C, the
reduction of the area occupied by the particles is shown in Eq. (16).
The number of particles adsorbed on the packing surface is shown
in Eq. (17). Therefore, the separation efficiency can be expressed by
Eq. (18).

DS¼ S0 � S¼
�
2R�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � l0

2
q �

l0 �R2 arcsin
l0
R

�
�
2R�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � l2

p �
lþ R2 arcsin

l
R

(16)

N0 ¼ rDS (17)

h¼N0

N
¼ rDS

rS0
¼ S0 � S

S0
¼ 1� S

S0
(18)

The velocity of particles in motion from l0 to l can be expressed
by Eq. (19).

u¼dðl0 � lÞ
dt

(19)

In the two-dimensional interface, the particles are only subject
to the action of the dielectrophoretic force and the drag force.
Therefore, the momentum equation of catalyst particles can be
expressed as Eq. (20).

p
4
d3p

εf

�
εp � εf

�
εp þ 2εf

VjEj2 � 1
tp

mpun ¼ mp
dun
dt

(20)

The slurry was stationary during the electrostatic separation
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process, so v ¼ 0. And the solution of Eq. (20) is shown in Eq. (21).
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u¼
εf

�
εp � εf

�
d2p

12m
�
εp þ 2εf

�,VjEj2
 
1� e

�18m

d2prf
t
!

(21)

From Eq. (21), when t >10�6 s, e
�18m

d2prf
t
z0. When t ¼ 0 s, the

particles have no motion displacement, then the motion displace-
ment of the particles can be expressed by Eq. (22).

l0 � l¼
ð
udt¼

εf

�
εp � εf

�
d2pt

12m
�
εp þ 2εf

�,VjEj2 (22)

Finally, the model of electrostatic separation efficiency calcula-
tion can be expressed by Eq. (23).

h ¼ 1�

�
2R�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � l2

p �
l� R2 arcsin

l
R�

2R�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � l0

2
q �

l0 � R2 arcsin
l0
R

l0 � l ¼
εf

�
εp � εf

�
d2pt

12m
�
εp þ 2εf

�,VjEj2

l0 ¼ 8:26� U�0:014 � q�0:026 � 12:5

(23)

To verify the accuracy of the electrostatic separation efficiency
calculation model, the simulation model was built as shown in
Fig. 8. The front side of the geometric model serves as an anode and
is connected to the power supply, the voltage is expressed as U0;
the back side of the geometric model serves as the cathode and its
voltage is 0 V the remaining surfaces are insulated.

In this study, the applied voltage is 8 kV and the charge density
is 4e�11 C/m3, from Eq. (15), l0 is 1.07 mm. The applied voltage is
the same in the simulation and the electrostatic separation exper-
iment, and adsorption behavior of solid particles is simulated by the
fluid flow particle tracking module. The particles were released by
using the random release. The electrostatic separation efficiency in
the numerical simulation and calculated by Eq. (23) with the ve-
locity changes as shown in Fig. 9, the trend of both is basically
consistent and shows a decreasing trend. The maximum value of
relative error is 16.1%. Thus, the accuracy of electrostatic separation
Fig. 10. The variation of viscosity with temperature.
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efficiency calculation model can be verified.

4. Result and analysis

In the previous section, the electrostatic separation efficiency
calculationmodel was proposed and simulated for FCCS of different
viscosity. In this section, the effect of the temperature and the four
components' mass ratio on electrostatic separation efficiency was
divided into two parts: the first part is the effect of the temperature
and the four components’ mass ratio on the viscosity, the second
part is the effect of viscosity on the electrostatic separation
efficiency.

4.1. Effect of the temperature on electrostatic separation efficiency

The viscosity of FCCS is high at normal temperature, which has a
great adverse effect on the removal of solid particles. The viscosity
of FCCS is usually reduced by heating FCCS or adding viscosity-
reducing agents. Therefore, this section investigates the effect of
the temperature of FCCS on the electrostatic separation efficiency.
The mass ratio of saturated, aromatic, resin fraction and asphaltene
fraction of the FCCS used in this section is 23.48:64.91:9.28:2.33. In
the experiment, the heat transfer oil’ temperature in the middle
layer of the electrostatic separator is controlled by an automatic
temperature control device. As shown in Fig. 10, the variation of
viscosity with temperature is shown schematically, the viscosity of
catalytic slurry decreases exponentially with temperature.

FCCS is a heavy oil system, and the relationship between vis-
cosity and temperature of heavy oil has been studied by scholars.
Zhu et al. obtained exponential viscosity-temperature curves by
experimentally fitting multiple groups of heavy oil viscosities from
different fields, and these curves all satisfy the form of the Arrhe-
nius equation, which is shown in Eq. (24).

m ¼ AeEa=RT (24)

In Eq. (24), T is the thermodynamic temperature, K; A is a con-
stant; R is the universal gas constant (J/K mol); Ea is the activation
energy, J/mol; and m is the viscosity of the heavy oil at the absolute
temperature T. Peng and Gu (2007) carried out the experiment of
the viscosity and activation energy Ea of heavy oil containing
different volume fractions of asphaltene, then Peng Luo concluded
Fig. 11. The variation of viscosity with temperature.



Fig. 12. The variation of electrostatic separation efficiency with temperature.

Table 2
Mass fraction of four components of catalytic oil slurry with different viscosities.

Viscosity, mPa$s ws, % wa, % wr , % was, % wr=was

12165 19.32 33.54 25.64 21.50 1.19
17331 23.44 29.38 23.11 24.07 0.96
18797 23.98 29.05 23.80 23.17 1.03
22773 25.24 30.01 21.10 23.65 0.89
22936 23.17 29.55 23.69 23.58 1.00
23148 21.78 33.05 22.85 22.32 1.02
23971 22.97 31.59 22.87 22.57 1.01

Table 3
Mass fraction of four components of FCCS with different plants.

ws, % wa , % wr, % was, % Viscosity, mPa$s

A 30.7 62.61 1.43 5.26 13.2
B 4.99 82.69 5.87 3.5 52
C 19 75.3 4.42 2.28 57.8
D 26.39 63.88 7.47 2.25 218
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that the activation energy Ea of heavy oil increases essentially lin-
early with the volume fraction of asphaltene. Therefore, the per-
centage of asphaltene does not change abruptly when the FCCS
type is constant, and the activation energy Ea is also constant. Eq.
(24) can be transformed into Eq. (25).

ln m¼ Ea
R
,
1
T
þ ln a (25)

From Eq. (25), the relationship between ln m and 1
T varies line-

arly, and a linear fit yields: Ea
R ¼ 10032, ln a ¼ �22.674, and the

squared difference R2 ¼ 0.9815. Fig. 11 shows the comparison be-
tween the experimental values of the measured viscosity-
temperature curves and the calculated values calculated by Eq.
(25). Eq. (25) can basically represent the change of the viscosity of
the FCCS with the increase in temperature, and the calculated value
is closer to the actual viscosity as the temperature increases.
Therefore, the effect of temperature on the electrostatic separation
efficiency can be directly converted into the effect of viscosity on
the electrostatic separation efficiency.

The applied voltage and separation time in the simulation are
uniformly consistent with the experimental conditions, and since
there is a clear correspondence between the temperature and the
viscosity of the FCCS, the viscosity of the FCCS is directly controlled
in the simulation to realize the effect of temperature on the elec-
trostatic separation efficiency. As shown in Fig. 12, the electrostatic
separation efficiency in the experiment, simulation and calculation
gradually increases with the increase of temperature; the change
trend of them remains basically the same. Because of gravity in the
experiment, the particles undergo a settling behavior, so the results
of separation efficiency obtained from simulation and experiment
for different temperature cannot be completely consistent. The
relationship between the viscosity of FCCS and temperature is
shown in Eq. (25), viscosity decreases exponentially with temper-
ature. And according to electrostatic separation efficiency calcula-
tion model in Eq. (23), the separation efficiency decreases with
increasing viscosity. And the result further proves the feasibility
and accuracy of the electrostatic separation efficiency calculation
model.
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4.2. Effect of the four components’ mass ratio on electrostatic
separation efficiency

After studying the effect of temperature on the electrostatic
separation of FCCS, the effect of the components of FCCS on the
electrostatic separation is investigated. FCCS is an extremely com-
plex mixture of components and can generally be divided into
saturated, aromatic, resin and asphaltene. The FCCS is a dispersed
systemwith asphaltene as the core, where saturated, aromatic and
resin are used as dispersed phases.

The viscosity of heavy oil increases exponentially with the in-
crease of asphaltene component and decreases exponentially with
the increase of saturated and aromatic, and the contribution of
asphaltene, saturated fraction and aromatic fraction to the viscosity
of heavy oil is 0.95:0.42:0.48 after fitting a large amount of data
(Wang et al., 2010). The contribution of asphaltenes to the viscosity
of heavy oil is positive, the saturated and aromatic fractions are
negative to the viscosity of heavy oil. Resin plays an important role
in the stability of colloids, and the increase of gum content de-
creases the viscosity of FCCS. Therefore, the viscosity of different
FCCS can be expressed as Eq. (26).

m¼ a exp
	
b1ð0:51was �0:23ws � 0:26waÞ� b2

wr

was



(26)

was is the mass fraction of asphaltene, ws is the mass fraction of
saturated fraction,wa is the mass fraction of aromatic fraction,wr is
the mass fraction of resin fraction, and wr

was
is the colloidal stability.

The parameters a, b1 and b2 are constants. The ratio of different
FCCS's viscosities related to the components is established by Eq.
(27).

b¼ m

m0
¼ exp

	
b1Dð0:51was � 0:23ws �0:26waÞ� b2D

wr

was



(27)

In Eq. (27), b is the ratio of the viscosity of different FCCS.
Table 2 shows the four-component mass fractions and colloidal

stability parameters of catalytic slurries with different viscosities
measured during the experiment of the research.

The regression analysis was used to derive: b1 ¼ 0.0359,
b2 ¼ �0.8728, the constant is 0.0867, regression coefficient
R2 ¼ 0.8873, and finally the ratio of viscosity of different FCCS is
shown in Eq. (28).



Table 4
The relative errors of the viscosity ratios b of the four slurries.

b Actual value Predicted values Relative errors

B/A 3.94 3.69 6.31%
C/A 4.38 4.33 1.17%
D/A 16.52 15.11 8.48%

Fig. 13. The variation of electrostatic separation efficiency with different FCCS.
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b¼ m

m0
¼ exp

	
0:0359Dð0:51was �0:23ws �0:26waÞ

þ0:8728D
wr

was
þ 0:0867


 (28)

The mass ratio of the four components of the four FCCS (A, B, C
and D represent the four catalytic cracking oil slurry plants
respectively) was analyzed using the property analysis instrument
of FCCS, the results are shown in Table 3. The relative errors of the
viscosity ratio b of the four slurries are shown in Table 4, and the
maximum value of relative error is 8.48%. So, Eq. (28) can basically
represent the effect of the components of FCCS on the viscosity of
FCCS. Therefore, the effect of four components on the electrostatic
separation efficiency can be directly converted into the effect of
viscosity on the electrostatic separation efficiency.

Fig. 13 illustrates the influence of the four components' mass
ratio on the electrostatic separation efficiency at a separation
temperature of 80 �C, and the rawmaterial for the FCCS comes from
four plants A, B, C and D, respectively. Because of the complex
composition of catalytic slurry, its viscosity is not entirely deter-
mined by the mass ratio of the four components. The results of
particle adsorption rates obtained from simulation and experiment
for different FCCS cannot be completely consistent, but the
changing trend of experimental value, analog value and calculated
value are the same. The result shows that the qualitative compar-
ison of the electrostatic separation efficiency of different FCCS can
be achieved by combining electrostatic separation efficiency
calculation model and Eq. (28).

According to the analysis in this paper, the following measures
can be taken to improve the separation efficiency.
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(1) Adding a viscosity reducer or ultrasonic treatment before
electrostatic separation operation to reduce the viscosity of
FCCS.

(2) Use packing with larger dielectric constant to increase the
squared gradient of electric field strength near the contact
point of the packing. In addition, the diameter of the packing
should be smaller to increase the number of packing contact
points per unit volume in the electrostatic separator.

(3) Appropriately increase the value of the power supply
voltage.

5. Conclusion

In this study, the influence of the properties of FCCS on the
adsorption of catalyst particles was studied by numerical simula-
tions and experimental investigation. Based on the “effective con-
tact point” and “effective adsorption regions” proposed by our
research group, this study proposed the “electrostatic separation
efficiency calculation” model. This model is shown as8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

h ¼ 1�
ð2R�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � l2

p
Þl� R2 arcsin

l
R

ð2R�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � l0

2
q

Þl0 � R2 arcsin
l0
R

l0 � l ¼ εf ðεp � εf Þd2pt
12mðεp þ 2εf Þ

,VjEj2

l0 ¼ 8:26� U�0:014 � q�0:026 � 12:5

.

The catalyst removal efficiency under different viscosity was
analyzed, thus verifying the feasibility of this model. This model
achieved the calculation of separation efficiency by transforming
the ratio of the number of catalyst particles to the ratio of area. In
order to put the model into practical production, parameters such
as viscosity of FCCS, dielectric constant, the ratio of four component
masses and particle size and dielectric constant of catalyst particles
need to be determined. The viscosity-temperature curve was
derived by fitting the experimental data, the viscosity decreases
exponentially with temperature. Then the relationship between
temperature and separation efficiency can be obtained by
combining the “electrostatic separation efficiency calculation”
model and viscosity-temperature curve. After further reference to
several sets of data on the four components' mass ratio of heavy oil,
the parameter bwhich indicates the viscosity ratio of different FCCS
was fitted. Therefore, the effects of the four components’mass ratio
on the electrostatic separation can be directly converted into the
effect of viscosity on the electrostatic separation efficiency. The
results of this study showed the electrostatic separation efficiency
decreases with increasing viscosity and the best separation tem-
perature is 120 �C.
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