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ABSTRACT 
 

Electrical forces can be applied to enhance fabric filters’ ability to remove fine particles. To this end, we developed an 
experimental apparatus consisting of a conventional wire-tube particle precharger and fibrous filters positioned in a 
generated reversed external electric field. The charging and collection processes were separately accomplished in two stages, 
and we evaluated the device’s ability to filter filtration-charged particles with a diameter of ≤ 2.5 µm. This device exhibited 
a higher electric field strength, higher collection efficiency, lower pressure drop, and lower electric potential than 
conventional devices due to the positioning of the wire and grounded electrodes close to the bag and the repulsion of the 
charged particles by the reversed electric field. When the face velocity was 2.5 m min–1, the collection efficiency for the 
charged particles with the reversed electric field was 8.4% and 64.4% higher than the efficiencies for the charged and 
uncharged particles, respectively, without the field. The charged particles also displayed a pressure drop when the field was 
applied that was 10% lower and 5% higher than those of the uncharged and charged particles, respectively, when the field 
was absent. A negative direct current supply was necessary to direct the deposition of the charged particles, and neither a 
spark discharge nor a back corona was observed while using the reversed-electric-field apparatus, which, according to our 
results, enables the removal of filtration-charged particles at face velocities beyond the usual range. 
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INTRODUCTION 
 

Particulate matter (PM), occurring mainly from power 
plants and industrial processes, has become the dominant 
pollutant in most major cities of China (Ni et al., 2018; Yao 
et al., 2009). In particular, PM with a diameter of ≤ 2.5 µm 
potential threats both for human health and for the 
atmospheric environment (Dockery, 2009; Xie et al., 2016). 
New and rigorous ambient air quality standards have been 
devised and have necessitating novel and effective methods 
(Noh et al., 2001; Peukert and Wadenpohl, 2001; Deng et 
al., 2010; Sheng and Shen, 2017; Sobczyk et al., 2017; 
Chang et al., 2018; Sirignano and Danna, 2018) to remove 
fine particles from air to meet these standards. 

Bag filters (BFs) and electrostatic precipitators (ESPs) are 
widely used due to their high collection efficiency; their total 
mass collection efficiency is typically > 99% (Goryachev, 
1981; Mizuno, 2000; Deng et al., 2010; Zhang et al., 2018; 
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Boudhan et al., 2019). However, a single BF or ESP has little 
ability to capture fine particulates; for fine particle removal, 
combinations of conventional BFs and ESPs have received 
considerable attention (Kanaoka et al., 2001; Christofides et 
al., 2007; Bologa et al., 2009; Park et al., 2012; Boudhan et 
al., 2018; Wang et al., 2018). Over 1996–2006, the compact 
hybrid particulate collector and the advanced hybrid particulate 
collector have been developed as typical representatives of 
this hybrid approach (Chang, 1996; Hrdlicka and Swanson, 
2006; Miller and Schelkoph, 2001). Electrically energized 
fibrous filters constitute the theoretical basis of the hybrid 
BF-ESP technology. Electrostatic force can be applied on 
fibrous filters by precharging the particles, by collecting the 
particles in an electric field, or by using a combination of 
both (Jaworek et al., 2007). 

For high collection efficiency, high electric potential can 
be applied on electrodes in an electric field maintained at a 
high level; such devices tend to exhibit sparking discharges 
and back coronas. Several remedies have been proposed and 
tested to minimize sparking discharge and back corona 
(Ivancsy et al., 2009; Krupa et al., 2019). 

This paper describes the development of a laboratory-
scale, electrically energized, fibrous-filter device, which 
includes particle precharger and fibrous filters in a reversed 
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electric field. The collection principle and collection 
efficiency of this system was investigated. 
 
THEORY 

 
Conventional External Electric Field 

When a fibrous filter was placed between the inner 
elements and an external electric field, notable filtration 
results were obtained for the wire electrodes located on the 
dusty side of the filter (Long et al., 2009), as shown in Fig. 1. 
The ionic current was generated similarly to the flowing gas, 
which was defined as conventional external electric field. 

For optimization of surface area and bag cleaning, the 
dusty gas usually flows from the outside of the bag to the 
inside of the bag in industrial applications, as depicted in 
Case 2. The wire electrodes are typically located far away 
from the bag to prevent sparking and back corona. The 
longer the distance between the wire electrode and the bag, 
the lower is the electric field on the bag surface; thus, 
electrodes are placed far away to prevent sparking and back 
corona tend to produce devices with poor electrostatic 
effects (Mermelstein et al., 2002; Podgórski and Balazy, 
2008; Sanchez, 2013; Tu et al., 2016). 

 
Reversed External Electric Field 

In a typical two-stage electrostatic precipitator with 
electrically energized fibrous filters, the charging and 
collection processes can be separated; these two types of 
processes are accomplished in two stages (Jaworek et al., 
2017; Jaworek et al., 2018). Regardless of whether the wire 
electrode is located in dusty or clean gas, the main function 
of the collection stage can be maintained at high potential; 
accelerated charged particles are deposited on the surface of 
the bag. A model of filtration-charged particles in a reversed 
electric field was developed, as illustrated in Fig. 2. The 
ionic current was generated in opposition to the flowing gas, 
which was defined as reversed external electric field. 

Fig. 2 illustrates the stainless-steel wire cage, which was 
comprised of framework and ring clamps to fix the bag, was 

maintained at high potential; the outside surface of the bag 
was grounded. The dusty gas flowed from the outside to the 
inside of the bag to maximize surface area. The wire 
electrodes were located in clean gas to optimize cleaning. 

 
Theoretical Velocity of Charged Particles 

The Coulomb force of a charged particle in an electric 
field is: 
 
F = qE (1) 
 
where F is the Coulomb force (N), q the particle charge (C), 
and E the electric field (V m–1). 

The viscous force on a moving particle in the gas flow 
was given by: 
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where µ is the viscosity (Paꞏs), dp the diameter of particle (m), 

 

 
Fig. 2. Schematic of reversed electric field (Case 3).

 

  
(a) (b) 

Fig. 1. Schematic of wire electrodes located at the dusty side: gas flow from (a) inside to outside (Case 1) and (b) outside to 
inside (Case 2). 
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u0 was the velocity of gas flow (m s–1), ω the velocity of 
particle (m s–1), and Cm the Cunningham correction factor. 

In Fig. 1, the charged particles are moved toward the filter 
bag by Coulomb force, so the velocity of a charged particle 
in the conventional external electric field can be written as: 
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However, in Fig. 2, the charged particles are moved 

against the filter bag by Coulomb force, and the velocity of 
a charged particle in the reversed external electric field can 
be written as: 
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It is empirically true that: 

 
ωr < ωe (5) 

 
In a BF, the lower the velocity of a charged particle, the 

higher is the collection efficiency. 
 

Distribution of the Electric Field 
It is difficult to get the distributions of the electric fields 

directly. Therefore, commercial software COMSOL 
Multiphysics 5.2 was used for the solution of electric field 
based on Poisson equation. 

The distributions of the electric fields at different types of 
electrodes are depicted in Fig. 3, and the distribution of the 
electric field strength on middle section of the filter bag is 
shown in Fig. 4, where the diameter of the filter bag is 120 mm, 
the electric potential of Case 1 and Case 2 is –10 kV, and the 
electric potential of Case 3 is –1.0 kV. 

Fig. 4 illustrates experiments in which a high electric field 
strength was achieved on the filter bag in a reversed electric 
field, although the applied potential was 1/10 that of the 
conventional electric field. In addition to energy saving, this 
apparatus avoided sparking discharge because of its low 
electric potential. 
 
EXPERIMENTAL 
 

The measurements were carried out with the experimental 
setup shown schematically in Fig. 5. The experimental setup 
was composed of a conventional wire-tube particle precharger 
and fibrous filters in a reversed electric field. The stainless-
steel tube had a diameter of 100 mm, and the stainless-steel 

 

(a) Case 1 (b) Case 2 

 
(c) Case 3 

Fig. 3. Distributions of the electric fields at different types of electrodes: Cases (a) 1, (b) 2, and (c) 3. 
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Fig. 4. Comparison of electric field strength at different electrodes (middle section of the filter bag). 

 

 
Fig. 5. Schematic of experimental setup. 

 

corona wire was 2 mm in diameter and 1,000 mm in length. 
The collection stage consisted of a polymethyl methacrylate 
(PMMA) channel of square cross section, of 450 × 450 mm2, 
and dust hopper was located at the bottom. An exhaust fan 
was mounted at the outlet of the channel to control the air 
flow rate. The aerosol, which produced by dust generator, 
was injected to the channel at its inlet. Particle concentration 
was measured at the outlet of the channel by using a particle 
measurement device. The air flow velocity in the channel 
was measured by a hot-wire anemometer.  

The precharger consisted of a wire-tube electrode and a 
DC supply. The space between the wire and the stainless-
steel tube was 50 mm. The DC supply connected the wire 
electrode to a high-voltage power supply, and the tube was 
grounded. 

The collection stage was consisted of a filter bag, wire 
cage (inside), metal net (outside), and DC supply. Filtration 

was in four circular acetate fiber bags, which were 120 mm 
in diameter, 1000 mm in length, and 1.55 m2 in total filter 
surface area. The stainless-steel wire cage consisted of eight 
cylindrical skeletons and several 8-mm-diameter rings. 
Stainless-steel netting, which was used to replace the bags 
with conductive yarns in the experiment, was fixed on the 
outside surface of every fiber bag. The space between the 
stainless-steel wire cage and the stainless-steel net was 
approximately 2 mm, which was the thickness of the circular 
acetate fiber bags. By DC supply, the wire cage was connected 
to high-voltage power supply model –60 kV/5 mA and 
+60 kV/5 mA, and the metal net was grounded. The collection 
efficiency of filtration-charged particles in the reversed 
electric field was measured at four filter face velocities, 
namely 1.0, 1.5, 2.0, and 2.5 m min–1. 

Total collection efficiency of fibrous filters in a reversed 
electric field was determined from the measurements of 
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particle concentration in the ith class when the voltages were 
switched ON. The fibrous filters were loaded at a value of c1 
when the voltages were switched OFF. The fibrous filters 
were unloaded at a value of c0. The particles were sampled 
only at the outlet of the channel. 
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If any relevant collection efficiency is close to unity, the 

performance can be accurately characterized with the outlet 
dust loading by penetration λ, which can be defined as: 
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Three filtration models were tested in the experimental 

setup: 
1) Filtration-uncharged particles: The voltages of both the 

precharger and collection stage were OFF. 

2) Filtration-charged particles: Precharger voltage was ON 
and collection-stage voltage was OFF. 

3) Filtration-charged particles in reversed electric field: 
The voltages of both the precharger and collection stage 
were ON. 

 
RESULTS AND DISCUSSION 
 
Particle Size Distribution 

The particle size distribution of the dust in the laboratory 
was measured using a laser particle size analyzer. As shown 
in Fig. 6, the median particle size was approximately 1.49 µm, 
and the particles with diameters of ≤ 1.92 µm contributed 
approximately 90%. 
 
V–I Characteristics of Particle Precharger and Collection 
Stage 

The results of the V–I characteristics of particle precharger 
and collection stage are given in Fig. 7. 

The results indicated that the inception voltage value of 
the particle precharger was approximately 10 kV and that of 
the collection stage was approximately 200 V, regardless of  

 

 
Fig. 6. Particle size distribution of the dust. 

 

  
(a) (b) 

Fig. 7. V–I characteristics of the experimental setup: (a) particle precharger and (b) collection stage. 
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whether negative or positive DC was applied. When negative 
DC was applied on the collection stage, the corona current 
was approximately 25–30% higher than that of the positive 
DC supply. The radius of cylindrical skeletons, which were 
used discharge electrodes in collection stage, was greater 
than that of the discharge electrodes in particle precharger. 
Therefore, the V–I characteristic curve of the collection 
stage was gentler than that of the particle precharger. 

Based on our previous work, the DC supply voltage of the 
particle precharger was 18 kV and the mean electric field 
strength was approximately 3.6 kV cm–1. The DC supply 
voltage of the collection stage was set as 400–600 V, and the 
mean electric field strength was approximately 2.0–
3.0 kV cm–1. 

 
Effect of Different Electrostatics Added to Fibrous Filters 
on Collection Efficiency 

When the DC supply voltage of collection stage was –400 
V, the collection efficiency of filtration-charged particles in 
the reversed electric field was measured, relative to that of 
filtration-uncharged and -charged particles, as shown in 
Fig. 8. 

Fig. 8 illustrates an experiment in which the collection 
efficiency of charged particles in the reversed electric field 
was higher than that of filtration-charged particles and that 
of filtration-uncharged particles. The lower the face velocity, 
the higher were the collection efficiency values of different 
kinds of fibrous filters. The decline rate of charged particles 
in a reversed electric field was slower than that of filtration-
charged particles and that of filtration-uncharged particles. 
When the face velocity increased from 1.0 to 2.5 m min–1, 
the collection efficiency of charged particles in a reversed 
electric field decreases by approximately 7.9%; however, 
that of filtration-charged particles and that of filtration-
uncharged particles decrease by approximately 11.7% and 
39.9% respectively. 

When face velocity was 2.5 m min–1, the collection 
efficiency of charged particles in a reversed electric field 
was 8.4% and 64.4% higher than that of filtration-charged 

and -uncharged particles, respectively. The advantage of the 
reversed electric field was significant for high face velocities. 
The higher the face velocity is, the smaller is the size and the 
smaller is the number of the BF. High face velocity can be 
useful for collecting charged particles in a reversed electric 
field in industrial applications. 

 
Effect of the Polarity of External Electric Field on 
Collection Efficiency 

Fig. 9 presents reversed-field charged-particle collection 
efficiency curves for DC supply voltage values of –400 and 
+400 V in the collection stage. 

Fig. 9 illustrates that when a negative DC supply was 
applied on collection stage, the collection efficiency was 5–
15% higher than that of the positive DC supply. Therefore, 
in the setup of charged particles in a reversed electric field, 
one of the highest priorities was the negative DC supply, 
which was consistent with the conventional electrically 
energized fibrous filters. 

The particles, negatively charged in the precharger stage, 
flowed through the collection stage. When negative DC 
supply was applied on the collection stage, a negative polarity 
electric field was generated. The negatively charged particles 
were rejected by the electrostatic force from the filter layer. 
The dust was deposited on the surface of the fabric rather 
than on the fibers. Thus, regeneration of BFs was simple and 
efficient. 

When a positive DC supply was applied, a positive 
polarity electric field was generated. The negatively charged 
particles were accelerated by electrostatic force into the filter 
layer. A positive result was that large particles were captured 
in the collection stage due to electrostatic agglomeration. A 
negative result was that the dust cake in the filter was 
difficult to remove. 

 
Effect of Electric Field Strength on Collection Efficiency 

Fig. 10 illustrates an experiment in which the DC supply 
voltage of collection stage was from –400 V to –600 V; the 
vertical axis corresponds to the collection efficiency of charged  

 

 
Fig. 8. Collection efficiency of different electrostatic materials added to fibrous filters. 
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Fig. 9. Collection efficiency of different polarity DC supply added to collection stage. 

 

 
Fig. 10. Collection efficiency of different electric field strength of collection stage. 

 

particles in a reversed electric field for a specific face velocity 
of 1.0 m min–1. The corresponding mean electric field strength 
of collection stage was from 2.0 to 3.0 kV cm–1. 

In Fig. 10, the higher the collection-stage electric field 
strength is, the higher the collection efficiency is. When the 
DC supply voltage of collection stage was from –400 V to 
–600 V, the collection efficiency of charged particles in a 
reversed electric field was 3.8–8.3% higher than that of 
filtration-charged particles. A positive result was that the 
penetration of charged particles in the reversed electric field 
was 21.7–46.7% lower than that of filtration-charged particles. 

High collection efficiency and low corona energy 
consumption were achieved by these charged particles in 
this reversed electric field. 

 
Pressure Drop 

The measuring results of pressure drop are indicated in 
Fig. 11. 

Fig. 11 illustrates an experiment in which the pressure 
drop of charged particles in a reversed electric field was 10% 

lower than that of filtration-uncharged particles and 5% 
higher than that of filtration-charged particles. The pressure 
drop declined when electrostatic materials were added to 
fibrous filters because charged particles tend to form a 
notably porous dust cake on the surface of the filter bag 
(Amiri et al., 2016). The negative polarity electric field of 
the collection stage rejected the negatively charged particles; 
thus, the pressure drop of charged particles in that reversed 
electric field was higher than that of filtration-charged 
particles. 
 
CONCLUSIONS 
 

In this study, the collection efficiency of a laboratory-
scale apparatus generating a reversed electric field to enhance 
the removal of filtration-charged particles was determined 
for different configurations. The following conclusions can 
be drawn: 
1) Because the wire and grounded electrodes were positioned 

close to the bag of charged particles, high electric field  
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Fig. 11. Pressure drop of different electrostatic materials added to fibrous filters. 

 

strength and collection efficiency were achieved 
without modifying the surface area or the bag cleaning 
mode. Furthermore, to eliminate spark discharges and 
back coronas, a low electric potential was used. 

2) The collection efficiency slowly declined as the face 
velocity increased. The gas flow rate can be increased 
without changing the collection efficiency, which allows 
the size or the number of bags used for filtration to be 
reduced. 

3) Because the negatively charged particles were rejected 
by the electrostatic force of the filter layer, a negative 
DC supply was crucial for directing the deposition of 
the particles. The collection efficiency increased with 
the electric field strength during the collection stage. 

4) The action of the electric field caused the deposited dust 
to become flocculent. Thus, the pressure drop declined 
when electrostatic materials were added to the fibrous 
filters. 
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