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ABSTRACT
Both hybrid electrostatic filtration and agglomeration technologies can effectively improve the
efficiency of fine particle collection. A hybrid electrostatic filtration system with a wire-tube
bipolar precharger was developed on the basis of bipolar transverse plate electrostatic precipitation
technology. Theoretical analyses of electric field and flow field distribution showed that a uniform
electric field and high turbulence intensity improve ion migration and particle agglomeration in
the novel wire-tube bipolar precharger. The influence of unipolar and bipolar prechargers on dust
removal was investigated. In the hybrid electrostatic filtration system with the bipolar
precharger, the corona current was 30% higher, the particles deposited on the surface of the
filter bag were 19% larger, and the pressure drop was 30% smaller than a filtration system with
a unipolar precharger. When silicon powder with a median diameter of 1.7 µm was used, the
mean penetration of the experimental device with the bipolar precharger was 45% lower than
that of the experimental device with the unipolar precharger.
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Hybrid electrostatic filtration systems are used in competitive approaches for achieving efficient
control of fine particle emissions to meet stringent emission standards (Chang et al., 2019; Jaworek
et al., 2019; Ni et al., 2018; Robert and Nallathambi, 2020). Typical examples of hybrid electrostatic
precipitators built at the industrial scale are the compact hybrid particulate collector and advanced
hybrid particulate collector (Chang, 1992; Miller, 1999). Higher collection efficiency, higher face
velocity, and lower pressure drops have been achieved by these hybrid electrostatic precipitators
(Feng et al., 2016; Wang et al., 2016; Tu et al., 2018; Xiang et al., 2018).
Another method of reducing fine particle emissions is to increase the particles’ size in an
agglomerator before precipitation (Jaworek et al., 2007). Many agglomeration technologies have
been proposed to promote the growth of fine particles. Acoustic coagulation, water vapor
condensation, chemical agglomeration, and electrostatic agglomeration are the most frequently
proposed methods (Deng et al., 2010; Hu et al., 2018; Liu and Li, 2020; Thonglek and Kiatsiriroat,
2014). Among these methods, electrostatic agglomeration has the highest energy efficiency.
However, because of the complexity of their structure, electrostatic agglomerators have rarely
been employed in hybrid electrostatic filtration systems.
In this study, a wire-tube bipolar precharger with an agglomeration function was designed and
fabricated for use in hybrid electrostatic filtration systems to improve their collection efficiency.
Electrohydrodynamic (EHD) parameter testing was conducted to determine the effect of electrode
parameters on corona discharge characteristics and flow field distribution. The corona current,
particle removal characteristics, and agglomeration characteristics of the hybrid electrostatic
filtration system with wire-tube bipolar precharger were explored experimentally.
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2 EXPERIMENTAL
The experimental platform of the hybrid electrostatic filtration system with the wire-tube
precharger is shown in Fig. 1. A centrifugal fan was mounted at the outlet of the channel to
control the air flow rate. Aerosol was produced by a dust generator and injected into the channel
via its inlet. Particle concentration was measured at the inlet and outlet of the channel by using
particle measurement devices. The air flow velocity in the channel was measured with a hot-wire
anemometer. Particle charging and agglomeration were performed in the precharger, and particle
collection was accomplished in the bag filter.
The precharger is made of a polymethyl methacrylate (PMMA) channel with a rectangular cross
section of 120 × 150 mm2 and a length of 180 mm. The precharger contained no dust hopper, so
it can be installed in the tunnel. The outlet of the precharger was placed at the bottom of the bag
filter. Tungsten wire and stainless-steel tube electrodes were used. The diameter of the tungsten
wire electrode was 0.4 mm, and the diameter of the stainless-steel tube electrode was 10 mm.
To reduce the pressure drop, tube electrodes were used in place of traditional plate electrodes.
Both a unipolar precharger and bipolar precharger were tested, the geometries of which are
shown in Fig. 2.
In the unipolar precharger, the wire electrodes were placed equidistant from the parallel tube
electrodes. The tubes were grounded, and the wires were set at a high voltage. Both the wire-towire distance and tube-to-tube distance were 40 mm, and the spacing between the wire and
tube electrodes was 20 mm. The electric field area was 116 × 140 mm2. Eight corona wires and
12 grounded tubes were used.
In the bipolar precharger, each parallel electrodes configuration consisted of one wire and two
tubes electrodes, and both the wire-to-tube distance and tube-to-tube distance were 40 mm.
The negative electrodes were set at a high voltage, and adjacent electrodes were grounded. The
negative electrodes were placed equidistant from the grounded electrodes. The distance
between the negative electrode and the grounded electrode was 20 mm. Eight corona wires (four
negative wires and four grounded wires) and 16 tubes (eight negative tubes and eight grounded
tubes) were placed in the same electric field area. Thus, the bipolar precharger contained four
more tubes than the unipolar precharger.
The bag filter consisted of a PMMA channel with a square cross section of 450 × 450 mm2. A
dust hopper was located at the bottom of the bag filter. Filtration was conducted in four
cylindrical acetate fiber bags, which were 130 mm in diameter and 1 000 mm in length and had
a total filter surface area of 1.68 m2. For optimization of surface area and ease of bag cleaning,
the bags were configured to have the dust gas flow from the outside of the bag to the inside.
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Fig. 1. Schematic of experimental setup.
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Fig. 2 Geometries of (a) unipolar precharger and (b) bipolar precharger.

3 SIMULATION AND DISCUSSION
3.1 Governing Equations for EHD Flow

The following equations describe EHD flow in electrostatic precipitation, which is caused by
electrostatic forces and aerodynamics.
The electric potential V is governed by Poisson’s equation
∇2V = –q/ε0

(1)

E = –∇V

(2)

where q is the space charge density (C m–3) and ε0 is the dielectric permittivity of free space (F m–1).
The electric potential can also be defined as

where E is the electric field intensity (V m–1).
The electric current in the drifting zone is a combination of conduction, convection, and
diffusion. The current density J is given by
J = kEq + uq – D∇q

(3)

where k is the mobility of air ions in an electric field (m s–1), u is the velocity vector of gas flow
(m s–1), and D is the diffusivity coefficient of the ions (m2 s–1). The current continuity condition
gives the equation for current density:
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∇J = 0

(4)

ρu∇u = –∇p + μ∇2u + FEHD

(5)

The fluid dynamics part of the problem is described by the Navier-Stokes equation

and the continuity equation for steady-tate incompressible air flow
∇u = 0

(6)

FEHD = qE

(7)

where ρ is the gas density (kg m–3), p is the pressure (Pa), µ is the dynamic viscosity (kg m–1 s–1),
and FEHD is the EHD force (N m–3), which is defined as

3.2 Simulation and Discussion

The geometries shown in Fig. 2 were used for numerical simulation models. A single domain
was used for the entire simulation space, which consisted of the inside of the rectangular channel
with an area of 116 × 146 mm2. Numerical simulation revealed the electric field distribution, charge
distribution, and gas velocity distribution of the unipolar precharger and bipolar prechargers. The
plots are shown in Figs. 3 and 4 for the unipolar and bipolar prechargers, respectively, where the
electric potential is –12 kV and the gas velocity is 4.94 m s–1.

(a)

(b)

(c)
Fig. 3. Numerical simulation results as surface maps for unipolar precharger: (a) electric potential, (b) space charge density, and
(c) gas velocity.
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(a)

(b)

(c)
Fig. 4. Numerical simulation results as surface maps for bipolar precharger: (a) electric potential, (b) space charge density, and
(c) gas velocity.
In Fig. 3, the electric potential map shows the greatest magnitude of negative electric potential
at the surface of the corona electrode, with the magnitude decreasing from the edge of the
corona electrode to the channel walls and grounded tube. Space charge density is highest near
the corona electrode and decreases in all directions, with lower charge density near the inlet
than at the outlet. The gas velocity along the airflow direction is more than 6 m s–1 in the area
between wires, and less than 2 m s–1 in the area between tubes. These results illustrate that high
gas velocity can accelerate the diffusion of corona ions from the corona zone. In the unipolar
precharger, only negative corona discharge occurs. Consequently, turbulent agglomeration,
rather than electrostatic agglomeration, can occur in the unipolar precharger.
As illustrated in Fig. 4, electric potential increases from the negative electrodes to the grounded
electrodes. The magnitude of the negative electric potential in the area between the negative
tube electrodes and the channel walls is the greatest. The gas velocity in the airflow direction is
more than 7 m s–1 in the area between wires and less than 1.5 m s–1 in the area between tubes.
Higher gas velocity around the wire electrodes can be useful for corona ions escaping from the
wires to the gas flow, and larger velocity gradient between wire electrodes and tube electrodes
favors turbulence agglomeration.
The greatest magnitude of negative space charge density is near the negative wire electrodes,
and the highest positive density is near the grounded wire electrodes. Space charge density
decreases in all directions from the wire electrodes. High negative and positive space charge
density occurs simultaneously in the bipolar precharger, which can be diffuse to the entire space
under the action of turbulence. Consequently, both turbulent agglomeration and electrostatic
agglomeration were occurred in the bipolar precharger.
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Fig. 5. Comparison of gas velocity in unipolar and bipolar prechargers.
The coupled gas velocity profile of the middle section between the negative electrodes and
the grounded electrodes is shown in Fig. 5.
Strong turbulent motion occurs in both prechargers. The turbulence intensity along the y-axis
in the bipolar precharger is higher than that in the unipolar precharger.
The charging rather than the collection process is emphasized for a precharger; therefore, a
higher gas velocity is desirable. To visualize the relationship between electric field parameters
and gas flow, the EHD parameters Ehd and Re are introduced to evaluate the influence of EHD
flow on primary flow (Feng et al., 2018; IEEE-DEIS-EHD Technical Committee, 2003; Krupa et al.,
2019); these parameters are defined as

Ehd =

Re =

ρ IL3
µ 2 kA

(8)

ρuL
µ

(9)

where I is the current density (A), L is the characteristic length (m), and A is the surface area of
the collection electrodes (m2). When Ehd ≫ Re2, the EHD induced secondary flow becomes
important for primary flow.
Substituting the characteristic parameters into Eqs. (8) and (9) yields
Ehd-U = 3.03 × 108, Ehd-B = 3.15 × 108, Re = 5.93 × 104,
and
Ehd −U
Re

2

≈

Ehd −B
Re2

=
0.09

where Ehd-U and Ehd-B are the EHD parameters for the unipolar precharger and bipolar precharger,
respectively.
Because of the higher gas velocity, EHD-induced secondary flow has no significant effect on
primary flow in either precharger. The influence of EHD flow on primary flow in the unipolar
precharger is 4% lower than that in the bipolar precharger. This indicates that the turbulence
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intensity in the bipolar precharger is slightly higher than that in the unipolar precharger. This also
contributes to greater ion migration velocity and turbulence agglomeration for the bipolar
precharger. High face velocity can be useful for agglomeration in the bipolar precharger in industrial
applications. The dust removal device can be made smaller to allow for a reduction in investment
costs and required construction space.

4 EXPERIMENTAL RESULTS AND DISCUSSION
The experiments were carried out in the laboratory condition. The temperature was about 20
to 25°C, and the relative humidity was 60% to 80%. The concentration of dried dust at the inlet
was about 2 500 mg m–3.

4.1 Voltage-Current Characteristics

A 60 kV/5.0 mA negative voltage generator was used for voltage supply. The output of the
voltage and the current can be read directly from the meters on the voltage generator. The
voltage-current (V-I) characteristics of the experimental devices are presented in Fig. 6.
The results indicate that the inception voltage was approximately 3 kV for the bipolar precharger
and approximately 5 kV for the unipolar precharger. The corona current of the bipolar precharger
was approximately 30% higher than that of the unipolar precharger at DC supply voltages between
11 and 13 kV. These results were attribute to the 1.33-fold number of tube electrodes in the same
area in the bipolar charger compared with the unipolar precharger. A lower inception voltage and
higher corona current result in favorable corona discharge characteristics for the bipolar
precharger (Chang et al., 2018).

4.2 Particle Agglomeration

To achieve a fine particle size, silicon powder was selected as the experimental dust. The
particle diameter distribution of the initial dust in the laboratory was measured with a laser
particle size analyzer. Particle size was calculated by measuring the angle of light scattered by the
particles as they pass through the laser beam. As shown in Fig. 7, the median particle diameter
was 1.73 µm, and particles with diameters of at least 2.5 µm accounted for less than 30% of the
total volume. The experimental dust can well characterize fine particles (He et al., 2018).
The particle diameter distribution of the dust deposited on the surface of the filter bag was
measured after the experiment; these results are shown in Fig. 8.
350
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Fig. 6. V-I characteristics of experimental devices.
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Fig. 7. Particle diameter distribution of test dust.
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Fig. 8. Particle diameter distribution on the surface of filter bag for (a) unipolar precharger and (b) bipolar precharger.
The median particle diameter was larger than that of the initial dust in both cases, and the
particle diameter distribution was bimodal. The dust on the surface of the bag filter with the
unipolar precharger had a median diameter of 1.98 µm, which was 14% larger than that of the
initial dust, and particles with diameters of at least 2.5 µm accounted for less than 40% of the
total volume. The dust on surface of the bag filter with the bipolar precharger had a median
diameter of 2.35 µm, which was 36% larger than that of the initial dust, and particles with
diameters of at least 2.5 µm accounted for approximately 45% of the total volume. The median
particle diameter was 19% larger for the device with the bipolar precharger than for the device with
unipolar precharger. These results show that the bipolar precharger can promote agglomeration of
charged particles (Chen et al., 2017; Sobczyk et al., 2017).

4.3 Pressure Drop

The pressure drops of the experimental devices are shown in Fig. 9.
The results illustrate that the pressure drop of the device with the bipolar precharger was 30%
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Fig. 9. Pressure drops of experimental devices.
smaller than that of device with the unipolar precharger. Because of electrostatic agglomeration
in the device with the bipolar precharger, the charged particles deposited on the surface of the
bag filter were larger in diameter and higher in porosity than those in the device with unipolar
precharger. The porous structure of the dust cake is conducive to a smaller pressure drop across
the filter and allows for longer filter regeneration cycles. Then, the costs of fan, compressed air,
bag filters and maintenance were reduced in the system (Noh et al., 2011).

4.4 Collection Efficiency

An experiment was conducted in which the DC supply voltage of the collection stage was varied
from –9 to –12 kV, the results of which are presented in Fig. 10. The vertical axis corresponds to
the collection efficiency at a specific face velocity of 0.05 m s–1. The corresponding mean electric
field strength in each precharger ranged from 4.5 to 6.0 kV cm–1.
100

Collection efficiency (%)

unipolar device
bipolar device

99

98

97

9

10

11

12
-1

Applied voltage (kV cm )
Fig. 10. Collection efficiency of experimental devices.
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As illustrated in Fig. 10, the collection efficiency increased with voltage in both prechargers.
The mean penetration of the device with the bipolar precharger was 45% lower than that of the
device with the unipolar precharger under an applied voltage of –9 to –12 kV. The larger the
applied voltage is, the lower is the penetration of particles through the filter.

5 CONCLUSIONS
In this study, a bipolar wire-tube precharger was designed to enhance particle removal efficiency
in electrostatic filtration systems. The bipolar wire-tube precharger considerably improves dust
removal efficiency.
1) The configuration of the bipolar precharger’s wire-tube electrodes generated negative and
positive space charge density simultaneously, which is beneficial for corona discharge and
electrostatic agglomeration. The EHD induced secondary flow has no significant effect on
primary flow. The EHD parameter of the bipolar precharger is 4% higher than that of the
unipolar precharger.
2) Compared to the unipolar precharger, the corona current was 30% higher, the particle at the
outlet was 19% larger, pressure drop was 30% smaller, and the penetration was 45% lower
in the bipolar precharger. So, the bipolar precharger is therefore proposed for coagulating
fine particles with higher energy efficiency.
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