
Separation and Purification Technology 353 (2025) 128459

Available online 21 June 2024
1383-5866/© 2024 Published by Elsevier B.V.

Enhancing fine particle removal by electrostatic precipitation from flue gas 
with a high PM concentration: Effect of various electrode configurations 

Yifan Wang a,b, Meng Yang a, Lingyu Shao a, Zhicheng Wu a, Wenju Liu d, Yaoji Chen d, 
Chenghang Zheng a,b,c,*, Xiang Gao a,b,c 

a State Key Laboratory of Clean Energy Utilization, State Environmental Protection Engineering Center for Coal-Fired Air Pollution Control, Zhejiang University, 
Hangzhou 310027, People’s Republic of China 
b Institute of Carbon Neutrality, Zhejiang University, Hangzhou 310027, People’s Republic of China 
c Zhejiang Baima Lake Laboratory Co., Ltd., Hangzhou 310051, People’s Republic of China 
d Zhejiang Tiandi Environmental Protection Technology Co., Ltd., Hangzhou 311121, People’s Republic of China   

A R T I C L E  I N F O   

Editor: Luo Guangsheng  

Keywords: 
Electrostatic precipitator 
Fine particle 
Collection efficiency 
Ionic wind 
PIV 

A B S T R A C T   

Particle pollution has hazardous effects on air quality and human health, especially fine particle. However, the 
highly efficient removal of fine particles is an unsolved problem in electrostatic precipitators (ESPs). In this 
study, a transparent ESP was designed to investigate the effect of fine particles on the corona discharge per
formance and the role of ionic wind in particle migration. And five types of typical discharge electrodes were 
applied. The results showed that the presence of fine particles could weaken the corona current produced by 
electrode discharge. Among these electrodes, the spike electrode can reduce the adverse effect of the particle 
space charge. The maximum ionic wind velocity around the electrode tips and within the near-plate region could 
reached 5.67 m/s and 5.00 m/s under an applied voltage of 30 kV, respectively. Combining the effects of corona 
discharge and ionic wind, the collection efficiencies of fine particles decreased in the following order: spike 
electrode (medium needle) > spike electrode (longest needle) > arista electrode > spike electrode (shortest 
needle) > sawtooth electrode. In general, spike electrode discharge has better performance for particle charging 
and particle collection efficiency and is suitable for fine particle removal in ESPs. In addition, electrode 
configuration/arrangement optimization methods were proposed to enhance fine particle removal in ESPs.   

1. Introduction 

PM pollution has attracted widespread attention in recent decades 
due to its hazardous effects on air quality and human health [1–3]. 
Electrostatic precipitators (ESPs) are an effective means of controlling 
particle emissions in coal-fired power plants [4], steel sintering [5] and 
other industries [6]. However, ESPs have relatively low collection effi
ciency for 0.1–1.0 μm particles [7–9]. The presence of fine particles 
could severely reduce the corona current and particle collection effi
ciency [10,11], even at low mass concentrations [12]. Moreover, fine 
particles can enter human lungs through breathing, thus damaging the 
respiratory system and even the cardiovascular system [13–15]. 
Therefore, increasing attention is paid on the fine particle removal 
characteristics through ESPs [16]. 

Corona discharge is the fundamental process for ESPs and is closely 

related to the removal efficiency [17–19]. To enhance the removal of 
particles, corona discharge processes with various electrode configura
tions have been studied in recent decades [20,21]. Jędrusik et al. 
[22,23] investigated the current–voltage characteristics and the 
discharge current distribution with diffident discharge electrodes to 
enhance the particles removal. The results showed that the design of 
configuration electrodes had a strong influence on particles removal 
performance of ESPs [24]. Rezinkina et al. [25] indicated that the 
discharge characteristics and electric field distribution in ESPs with 
different electrode configurations were closely related to the radius of 
curvature of the discharge electrode tips and the length of the needles. 
Andrade et al. [26] summarized the effects of the discharge electrode 
parameters such as number, diameter and spacing on the electric char
acteristics and the nanoparticle collection efficiency of a wire-plate ESP. 
Wang et al. [27] reported that increasing the symmetry of the electrode 
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needle tip arrangement can increase the uniformity of the current dis
tribution, which contributes to increasing the efficiency of the particle. 
However, the presence of fine particles would significantly affect the 
discharge characteristics of ESPs, which was called corona quenching or 
corona suppression [28,29]. This phenomenon was first discussed by 
Deutsch et al. [30] and further investigated by Sproull et al. [31], 
Elmoursi et al. [32], Awad et al. [33], and others. Our previous work 
also found that the current of a 660 MW coal-fired power plant 
decreased from 2170 mA to 100 mA when high concentration fine- 
particles was introduced, and the breakdown frequency increased by 
more than 2 times [34]. Unfortunately, the effect of fine particle on 
corona discharge and electrostatic precipitator is usually neglected in 
numerous investigations, and remain unclear. 

Meanwhile, the ionic wind generated by corona discharge also in
fluences electrostatic precipitation. Particle image velocimetry (PIV) is a 
typical method for investigating the flow field distribution [35,36]. 
Podlinski et al. [37–39] systemically studied the flow velocity distri
bution of the spike-plate type ESPs by PIV methods and concluded that 
change of the electrohydrodynamic secondary flow influenced ESP 
collection efficiency. Krupa et al. [40] investigated the velocity field of 
ionic wind flow with a needle discharge electrode by PIV measurements 
and found that back corona discharge can reduce the collection effi
ciency of particles in ESPs. Moreau et al. [41] concluded that the ionic 
wind generated by negative corona discharge was more stable. More
over, various numerical models have been used to study the role of ionic 
wind in the flow field distribution and particle collection. Li et al. [42] 
considered the influence of temperature on the ionic wind and particle 
migration in the model, and found that the increase in temperature 
would aggravate the disturbance of ionic wind on the flow field. 
Shangguan et al. [43] established a corrugated plate ESP model to 
investigate the ionic wind evolution, and expecting to eliminate ionic 
wind vortex. Nevertheless, the influence of ionic wind on particle 
migration with various electrode configurations has not been investi
gated systematically, especially when high concentration fine-particles 
contained. 

In recent years, various methods have been conducted to improve 
fine-particle removal performance in electrostatic fields, such as elec
trode configuration optimization [44], development of pulse power 
supply [45]. In addition, the removal efficiency of fine particles could 
also be improved by enlarging particle size, such as electrical agglom
eration [46–48], chemical agglomeration [49], acoustic agglomeration 
[50]. Among them, electrode configuration optimization is an effective 
and recommended method [51–53]. Tong et al. [54] studied the corona 
discharge and collection efficiency of a honeycomb tube ESP equipped 
with arista electrodes and reported that improving the uniformity of the 
electric field strength can enhance particle removal. Niewulis et al. [55] 
found that the position of the discharge electrode could affect particle 
removal by measuring the collection efficiency of narrow ESPs with a 
longitudinal wire electrode. Arif et al. [56] studied the corona discharge 
characteristics of round rod electrodes and sawtooth electrodes and 
reported that sawtooth electrodes can significantly enhance the space 
ion density field, thereby improving the particle collection efficiency. 
However, fine particle removal in ESPs is a complex process, and in
teractions among corona discharge, gas flow and particle migration are 
still not clearly understood. Thus, having fundamental knowledge about 
corona discharge and ionic wind performance under flue gas with a high 
PM concentration is crucial in the promotion of ESP development with 
increasingly expectation of high-efficiency fine particle removal. 

In this study, a transparent ESP was designed to investigate the effect 
of fine particles on the corona discharge performance and the role of 
ionic wind in particle migration, under simulated flue gas with a high 
PM concentration. Moreover, the maximum particle charge and particle 
collection efficiency of fine particles were systematically discussed to 
determine the effect of electrode configuration optimization on 
enhancing fine particle removal. The results provide a valuable refer
ence for the effective removal of fine particles in ESPs. 

2. Experimental setup and methods 

2.1. Experimental system 

A schematic of the experimental system is illustrated in Fig. 1. The 
system mainly consisted of a transparent ESP, a high-voltage power 
supply, particle image velocimetry (PIV) measurements, and an elec
trostatic low-pressure particle impactor (ELPI+). 

The transparent ESP mainly consisted of a discharge electrode, 
collection plate and flow channel. The schematic diagram of the flow 
channel was shown in Fig. 2(a), which was made of PTFE and silica glass 
(Hengyang Optical Technology, China). The internal flow channel was 
600 mm in length, 150 mm in width and 100 mm in height. The resi
dence time of the flue gas in the electric field was 0.2–2.0 s (gas flow was 
1–0.1 m/s). Both the discharge electrode and collection plate were made 
from 316L stainless steel. The width and length of the collection plate 
were 150 mm and 200 mm, respectively. The symmetry axis of the 
discharge electrode was parallel to the collection plate, and placed in the 
center of the length and height of the flow channel. Five types of 
discharge electrodes used in this study is shown in Fig. 2(b) − (f). Among 
them, the tip cone angle of the spike electrodes was 30 ◦and the radius of 
the top tip was about 25 μm. The high-voltage power supply (SL60N600, 
Spellman, USA) had a maximum output voltage of 60 kV for corona 
discharge. A high-voltage resistor (R2 = 5 MΩ) was connected to the 
system to prevent high-voltage breakdown. In addition, the corona 
current was converted by measuring the voltage across a constant value 
resistor (R1 = 5 KΩ) with a voltage probe (TPP0500, Tektronix, USA). To 
ensure the accuracy of the experiment, the voltage outputted by high- 
voltage power supply was directly measured by a high-voltage probe 
(P150-G, Finechem, Japan). 

The PIV measurements consisted of a high-speed camera (X150, 
Thousand Eyes Wolf, China) with a resolution of up to 2560 × 1920 
pixels and a double-pulse Nd:YAG laser (SOLO PIV, New Wave, USA), 
which was used for the investigation of the flow field in the ESPs. The 
flow field was determined from two positions of the particles recorded 
with two consecutive laser pulses generated at 50 μs time intervals and 
with a 30 Hz repetition rate. The laser pulse energy was set as 120 mJ. 
For each measurement, instantaneous velocity fields were computed by 
an adaptive cross-correlation algorithm. From these instantaneous ve
locity fields, the time-averaged velocity field could be determined by the 
measuring system. 

Due to its rapid response and high accuracy, ELPI+ was appropriate 
for investigating the concentration and charges of particles with 
different diameters. Therefore, the charging characteristics of the par
ticles were measured by an electrostatic low-pressure particle impinger 
(ELPI+, Dekati, Finland), and connected with a vacuum pump (SV25B, 
Ernst Leybold, Ltd., Germany) in this study. 

The simulated flue gas was provided by a fan with a maximum flow 
rate of 8.9 L/s. The fine particles of the simulated flue gas came from 
moxa-stick combustion. The mass concentration of the particles in the 
flue gas was maintained at 260.0 mg/m3. The particle size distribution 
of the flue gas is presented in Fig. 3, and the median diameter of the 
particles was 0.29 μm. 

2.2. Analytical methods 

In this study, a voltage probe and a high-voltage probe were used to 
measure the voltage across the constant value resistor and the system, 
respectively. The voltage across the constant value resistor (R1 = 5 kΩ) 
was measured as U1 by the voltage probe, and the corona current 
generated between discharge electrode and collection plate was 
expressed as: 

I = U1/R1 (1) 

The voltage between the discharge electrode and collection plate was 
calculated through U2 measured by the high-voltage probe (the high- 
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voltage probe divider ratio was 3000:1). The actual applied voltage of 
the ESP is shown as follows: 

U = U2 − (R1 + R2) × I = U2 − U1 × (R1 + R2)/R1 (2) 

where R2 is the protection resistor, R2 = 5MΩ. 
The charging characteristics, number concentration, and mass con

centration of the particles were measured by ELPI+. During particle 
charge measurements, the relationship between the particle charge (qp) 
and the fractional current is shown as follows: 

qp = I*
/

η*QNoutlet(i) (3) 

where I* is the fractional current measured by ELPI+,η* is the 
charging efficiency of the particles in ELPI+, which is 100 % in this study 
[57], and Q is the sampling volume flow rate of ELPI+ (10 L/min), 
Noutlet(i) is fractional particle number concentrations (cm− 3) at the 
channel outlet with corona discharge. 

The performance for particle collection in ESPs was evaluated by the 
collection efficiency (η) calculated using the following equation: 

η =

(
∑n

i=1
cinlet(i) −

∑n

i=1
coutlet(i)

)/
∑n

i=1
cinlet(i) × 100% (4) 

where cinlet(i) and coutlet(i) are the fractional particle mass concentra
tions (mg/cm3) at the channel outlet without and with corona discharge, 
respectively. 

The index of specific energy density (SED) was defined to reflect 
energy input and economic benefit during corona discharge with various 
electrode configuration [58]: 

SED = (UI)/QESP (5) 

where U is the applied voltage (kV), I is the corona current (mA), and 
QESP is the gas flow rate (m3/s). 

The error bar is determined by standard error (SE), which is the 
quotient of the standard deviation (SD) and the square root of the sample 
numbers. 

SE = SD
/ ̅̅̅̅

N
√

(6) 

Fig. 1. Schematic of the experimental system: (a) schematic and (b) photograph.  

Fig. 2. Schematic diagram of (a) the flow channel and (b) − (f) discharge electrodes.  

Fig. 3. Particle size distribution of the flue gas.  
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SD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(Xi − X)2

(N − 1)

√

(7) 

where X is the mean of the samples, and Xi is the value of the i-th 
sample; N is the number of repetitive experiments. 

3. Results and discussion 

3.1. Effect of fine particles on the corona discharge performance 

In practical applications, the presence of particles can contribute to 
the complexity of coupled processes in ESPs. Particles can collide with 
ions to form the particle space charge, which resulting in a weakening of 
the corona discharge performance. This effect could be more obvious for 
fine particles even at much lower mass concentrations, and cannot be 
neglected in electrostatic precipitation. 

Fig. 4(a) shows the effect of the needle length on the V-I character
istic with and without fine particles. Under air conditions, the break
down voltage decreased with the length of the needle. The maximum 
corona currents of spike electrodes with various needle lengths were in 
the following sequence: shortest needle > medium needle > longest 
needle. With the injection of the high concentration fine-particles, both 
the corona current and breakdown voltage were decreased. The adverse 
effect of the particle space charge decreased with the length of the 
needles, with the maximum corona current decreasing by only 17.1 % 
for the longest needle and by 50.8 % for the shortest electrode. However, 
the increase in electrode needle length also reduced the breakdown 
voltage during the electrostatic precipitation process. Under the com
bined effects, the medium needle had the best performance for corona 
discharge when treating flue gas with high concentration fine particles. 

The corona discharge performances of the sawtooth electrode and 
the arista electrode are shown in Fig. 4(b). The arista electrode was also 
strongly affected by the effect of the particle space charge, and the 
maximum corona current decreased by more than 30 %. The sawtooth 
electrode was almost unaffected by the effect of the particle space 
charge, which can be attributed to the presence of more electrode tips, 
which dispersed the influence of the particle space charge. However, the 
corona current of the sawtooth electrode were both low under air and 
fine particle injection conditions, which was not favorable for particle 
removal. Ultimately, the maximum corona current of the various elec
trodes in the presence of fine particles decreased in the following 
sequence: spike electrode (medium needle) > spike electrode (shortest 
needle) > arista electrode > spike electrode (longest needle) > sawtooth 
electrode. The above experimental results showed that the spike elec
trode can reduce the adverse effect of the particle space charge, which is 

beneficial for the removal of fine particles. In practical applications, if 
the flue gas contains high concentration fine-particles, it is recom
mended to use a spike electrode. And appropriate increasing in needle 
length and number was suggested. 

The presence of fine particles also influenced the corona onset 
voltage of the ESP. The variations in the corona onset voltage of the five 
discharge electrodes under air and fine particle injection conditions 
were studied comparatively, as shown in Fig. 5. The corona onset 
voltage of the spike electrode was significantly lower than that of the 
arista electrode and the sawtooth electrode. In addition, the corona 
onset voltage of the spike electrode decreased with the needle length. 
With the injection of flue gas, electrons released from needle tips were 
trapped by the fine particles, which led to an increase in the corona onset 
voltage. However, for the arista electrode and sawtooth electrode, the 
injection of fine particles decreased the corona onset voltage. The phe
nomenon could be attributed to the higher corona-onset voltage of the 
arista electrode and sawtooth electrode. In this moment, particle po
larization made higher electric field strength near the discharge elec
trode. When the electric force exceeds the surface tension of the 
particles, particles breakage will occur, which may promote the occur
rence of corona discharge [59]. This phenomenon may also be affected 

Fig. 4. Effect of discharge electrode on corona discharge characteristics.  

Fig. 5. Effect of the fine particle injection on the corona onset voltage.  
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by particle size, particle dielectric constant, particle concentration, etc. 
As a result, the corona onset voltage of the sawtooth electrode decreased 
from 23.30 kV to 19.50 kV when fine particles were injected. And the 
corona onset voltage of the arista electrode only decreased 1.24 kV. 

The effect of the electrode arrangement on the corona discharge 
characteristics is illustrated in Fig. 6. When the electrode tip was ar
ranged vertical to the collection plate, it exhibited a higher corona 
discharge and electric field strength. This mainly arose from the shorter 
interelectrode distance in the vertical arrangement, which reduced 
losses during ion migration. Moreover, it was found that the vertical 
spike electrode was better at weakening the adverse effect of the particle 
space charge. The maximum corona current for vertical spike electrode 
decreased by 17.1 %, whereas the corona current reduction for the 
horizontal spike electrode reached 45.9 %. Consequently, in practical 
applications, arranging the discharge electrode tips vertically to the 
collection plate was recommended to enhance the corona current, 
particularly for the flue gas containing high concentration fine particles. 

3.2. Insight into the role of ionic wind in particle migration 

The effect of fine particles on the corona discharge performance is 
analyzed in the above sections, while the ionic wind generated by 
corona discharge also influences electrostatic precipitation. Ionic wind 
is created by the electrohydrodynamic propulsive force in electrically 
charged fluids, which consists of ionized and neutral air molecules. 
High-speed ionic wind can disturb the flow field distribution, which also 
influences the migration and collection of charged particles. Therefore, 
it is also essential to further investigate the effect of ionic wind on 
particle migration. The initial flow rate at the inlet was set as 0.1 m/s. 

3.2.1. Effect of applied voltages 
Fig. 7 illustrates the ionic wind distribution under different applied 

voltages, and spike electrode (longest needle) was selected as discharge 
electrode. It was obvious that under a low applied voltage (10 kV), the 
ionic wind produced a slight disturbance to the inlet flue gas and 
generated a large-scale vortex in the region upstream of the electrode. 
With the increasing in applied voltage, the disturbance effect of the ionic 
wind was more obvious, and the area of the influence region gradually 
broadened. Notably, obvious vortices were observed in both the up
stream and downstream regions of the electrode in this moment. 

3.2.2. Effect of discharge electrodes 
The difference in corona discharge characteristics among various 

discharge electrodes inevitably results in the change of ionic wind dis
tributions, as shown in Fig. 8. To clearly illustrate the variations in the 
ionic wind distribution generated by the corona discharge of different 
electrodes, and the applied voltage was maintained at 30 kV. As shown 
in Fig. 8a-c, high-speed ionic wind drove the flue gas spread on both 
sides of the discharge electrode, which became increasingly obvious as 
the needle length of discharge electrode. When the needle length 
reached 10 mm (medium needle), a clear vortex appeared in the up
stream region of the discharge electrode. With the needle length further 
increased to 15 mm (longest needle), the vortex further expanded and 
collided with the incoming flow. Although the ionic wind generated by 
one electrode tip of the sawtooth electrode was weak, the sawtooth 
electrode has numerous electrode tips, and the ionic wind produced by 
the nearby tips interacted with each other to form many vortices in ESP, 
as shown in Fig. 8d. The disturbance of the flue gas generated by the 
arista electrode differed from that of the above electrode types. There 
were two high-velocity regions of ionic wind, as displayed in Fig. 8e. The 
weaker ionic wind region in the upstream region was generated by 
nearby electrode tip, whereas the stronger ionic wind region in the 
downstream region originated from the indicated electrode tip. These 
two components of ionic wind both promote fine particle migration 
toward the collection plate. 

To further investigate the effect of ionic wind on particle migration, 
the flow field distributions around the needle tip and within the near- 
plate region were studied. The flow field distribution around the elec
trode tip was measured at 1 mm below the needle tip, and the flow field 
distribution within the near-plate region was measured at 1 mm above 
the collection plate. Fig. 9 displays the flow field distribution around the 
needle tip with different discharge electrodes. The velocity distribution 
near the tips of all discharge electrodes exhibited a ‘V’-shape, with the 
highest velocity occurring near the electrode tips, which can drive the 
migration of surrounding particles. The maximum velocities of the ionic 
wind near the electrode tips were in the following sequence: spike 
electrode (longest needle) > spike electrode (medium needle) > arista 
electrode > spike electrode (shortest needle) > sawtooth electrode. The 
maximum ionic wind velocity of spike electrode could reach 5.67 m/s. 
Notably, the sawtooth electrode had the lowest intensity of corona 
discharge, but the velocity of the ionic wind could still reach 2.71 m/s. 

Fig. 10 shows the flow field distribution within the near-plate region 
with different discharge electrodes. The ionic wind generated by spike 
electrode exhibited a stronger scouring effect on the collection plate. 
The ionic wind velocities of spike electrode with longest needle, medium 
needle, and shortest needle within the near-plate region could reach 
5.00 m/s, 4.23 m/s, and 3.77 m/s, respectively. Additionally, the loca
tions of the strongest ionic winds were closely related to the positions of 
the electrode tips. The flow field distribution of the arista electrode 
within the near-plate region displayed two obvious peaks, with the 
downstream region exhibiting higher velocities (up to 3.00 m/s). The 
sawtooth electrode induced relatively uniform disturbances within the 
near-plate region. Due to the influence of backflow, the upstream region 
had higher velocities (up to 2.39 m/s). The maximum velocity of the 
arista electrode was weaker than that of the shortest needle electrode 
within the near-plate region, which was reversed from the sequence of 
ionic wind distributions near the electrode tip. This was mainly attrib
uted to the more concentrated ion beam produced by corona discharge 
of the spike electrode, resulting in less dissipation during its migration to 
the collection plate. Ultimately, the maximum ionic wind velocities 
within the near-plate region were in the following sequence: spike 
electrode (longest needle) > spike electrode (medium needle) > spike 
electrode (shortest needle) > arista electrode > sawtooth electrode. 

3.2.3. Effect of electrode arrangement 
Fig. 11 shows the ionic wind distribution of the spike electrode when 

the electrode tip was arranged horizontally. And there are two types of 
electrode tips horizontal arrangement, which was faced same or oppo
site direction to the inlet flue gas. The ionic wind of both arrangements Fig. 6. Effect of electrode arrangement on corona discharge characteristics.  
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disturbed the inlet flue gas and created vortices, but the effect on particle 
migration was differential. When the electrode tips faced to the inlet flue 
gas, the ionic wind generated by the electrode promoted particles to
ward the collection plate, which is beneficial to particle removal. 
Conversely, when the electrode tips are in same direction to the inlet flue 
gas, the ionic wind can accelerate the movement of flue gas, further 
reducing the residence time of the particles in the electrostatic field, 
which is unfavorable for particle removal. Consequently, in practical 
applications, when electrode tips are arranged horizontal to the collec
tion plates, the electrode tips should be installed facing to flue gas, 
which can promote particle migration through the transport of ionic 
wind. 

A comparison of the flow field distribution around the electrode tip 
when the electrode was in a horizontal/vertical arrangement is shown in 
Fig. 12. Compared with the horizontal arrangement, the maximum ve
locity of ionic wind near the electrode tips in the vertical arrangement 
was obviously enhanced. However, the difference in the maximum ve
locity of the ionic wind between the two horizontal arrangement types 
(left or right) was not significant, with only a 0.02 m/s in difference. This 
indicated that the direction of inlet flue gas did not significantly impact 
the ionic wind formation. 

Fig. 13 illustrates the influence of electrode tip arrangement on the 
flow field distribution within the near-plate region. Compared with the 
vertical arrangement, the scouring effect of the ionic wind on the 
collection plate surface was significantly weakened when the electrode 
tips were arranged horizontally. And obvious high-velocity regions of 
the ionic wind were not appeared in the electrode horizontal arrange
ment. Therefore, the horizontal arrangement of the electrode tip was 
suitable for the removal of large-size particles. For this electrode 
arrangement, a higher applied voltage could be reached, which in
troduces the higher particle charge and promotes the migration towards 
collection plates. Moreover, this electrode arrangement could weaken 

the scouring effect of ionic wind on deposited particles, which prevented 
particle re-entrainment. 

3.3. Enhancing fine particle removal by electrode configuration 
optimization 

The above discussion indicates that the presence of a high concen
tration fine-particles weakened the corona discharge process within 
ESPs, and ionic wind could also influence particle migration. In this 
section, particle charging and removal performance were investigated 
with different electrode configurations, and the initial flow rate at the 
inlet was set as 0.6 m/s. Moreover, some methods for enhancing fine 
particle removal by electrode configuration optimization were 
proposed. 

Fig. 14 displays the effect of the electrode configuration on the 
maximum particle charge. Notably, the maximum particle charge was 
normalized, where the baseline (Qref) was the maximum particle charge 
of the spike electrode (shortest needle) with different particle sizes. 
Typically, there are two mechanisms within particle charging process 
(diffusion charging and field charging), which are closely related to the 
corona current and applied voltage, respectively. Under the combined 
action of two charging mechanisms, the maximum particle charge of 
various sizes decreased in the following sequence: spike electrode 
(medium needle) > spike electrode (longest needle, vertical arrange
ment) > arista electrode > spike electrode (shortest needle) > spike 
electrode (longest needle, horizontal arrangement) > sawtooth elec
trode. Moreover, with the increasing in particle size, the role of electrode 
configuration optimization in particle charge enhancement was gradu
ally weakened. In terms of spike electrode, when the shortest needle was 
replaced by the medium needle electrode, the maximum charge of 9.67 
nm particles was increased by 1.79 times. With the particle size 
increased to 199.59 nm, this increase in the maximum particle charge 

Fig. 7. Ionic wind distribution of the spike electrode under different applied voltages.  

Y. Wang et al.                                                                                                                                                                                                                                   



Separation and Purification Technology 353 (2025) 128459

7

was only 0.66 times. Moreover, the horizontal arrangement of the 
electrode tips was not beneficial for the particle charging process, 
especially for fine particles. 

Fig. 15(a) shows the particle collection efficiency of various 
discharge electrodes under different applied voltages. The particle 
collection efficiencies of the spike electrode with longest needle or 

medium needle, and sawtooth electrode all increased with applied 
voltage. However, the particle collection efficiency of the spike elec
trode with shortest needle and the arista electrode initially increased 
and then decreased with the increasing in applied voltage. This may be 
attributed to gas ionization occurring on the charged particle surface 
under high applied voltage, especially near the discharge electrode and 

Fig. 8. Ionic wind distribution with different discharge electrodes.  
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the collection plate. In this moment, high-voltage breakdown between 
the gap of particles was occurred. Meanwhile, the ionic wind was weak 
for this discharge electrode. Under the comprehensive effect of break
down and ionic wind, the particle charge could not increase or even 
decreased with applied voltage, and result in the decreasing of collection 
efficiency. 

Additionally, increasing the needle length could both increase the 
corona current and particle collection efficiency, but it also decreased 
the maximum applied voltage. The particle collection efficiency of the 
spike electrode with longest, medium and shortest needle electrodes 
were 76.2 %, 72.4 % and 60.2 % at an applied voltage of 30 kV, 
respectively. In this applied voltage, the spike electrode with longest 
needle had a better particle removal performance. With the applied 
voltage further increased, the spike electrode with longest needle 
quickly reached breakdown voltage and failed to stable operation. 
However, the spike electrode with medium needle or shortest needle 
electrodes could still discharge normally, and the particle collection 
efficiencies continued to increase with applied voltage. Ultimately, the 
particle collection efficiency of the spike electrode with medium needle 
could reach 82.3 %. Although the spike electrode with shortest needle 
could apply higher voltages without breakdown, the maximum collec
tion efficiency was only 64.4 % due to the weak discharge strength. 

In conclusion, the maximum particle collection efficiencies of the 
various discharge electrodes were in the following sequence: spike 
electrode with medium needle (82.3 %) > spike electrode with longest 
needle (76.2 %) > arista electrode (70.6 %) > spike electrode with 
shortest needle (64.4 %) > sawtooth electrode (33.1 %), which is in 
consistent order with the maximum particle charge with different 
electrodes. In practical applications, ESPs often applied highest voltage 
to ensure excellent particle collection performance. Therefore, it was 

crucial to consider both the particle removal efficiency at same voltage 
and the breakdown voltage when selecting the discharge electrode. For 
the fine particle removal, the spike electrode was more suitable than the 
arista electrode and sawtooth electrode due to combined effect of the 
higher corona-discharge intensity and the stronger ionic wind. And the 
needle length of discharge electrodes should be chosen within an 
appropriate range, rather than aiming excessively for a high corona 
discharge intensity. 

Fig. 15(b) illustrates particle collection efficiency under different 
specific energy densities with various discharge electrodes. As the spe
cific energy density increased, the collection efficiency of all discharge 
electrodes increased continuously. Among them, the increase in specific 
energy density had a relatively weak influence on particle collection 
efficiency of sawtooth electrodes. For example, the collection efficiency 
of spike electrode with medium needle increased from 23.7 % to 82.3 % 
when the specific energy density increased from 18.8 to 2593.3 J/m3. 
But the collection efficiency of sawtooth electrodes only increased from 
13.2 % to 33.1 % when the specific energy density increased from 51.0 
to 940.3 J/m3. At the same collection efficiency, the required specific 
energy density of spike electrode with medium or longest needle was 
obviously smaller than that of the sawtooth electrode and the arista 
electrode, especially for spike electrode with longest needle. Therefore, 
the spike electrodes have better economic benefits and collection effi
ciencies when treating flue gas with a high fine particle concentration in 
practical application. 

Due to the better particle removal performance of the spike elec
trode, the spike electrode with longest needle was chosen here to 
investigate the effect of electrode arrangement on the particle collection 
efficiency, as shown in Fig. 16(a). For the vertical arrangement of 
discharge electrode, it both showed excellent collection performance of 
fine particles under the same applied voltage and maximum applied 
voltage. Although the horizontal arrangement of discharge electrode 
could maintain stable corona discharge at higher applied voltage, the 
particle collection efficiency was only reach 54.2 %. Fig. 16(b) shows 
particle collection efficiencies of various electrode arrangement under 
different specific energy densities. It indicates that the vertical 
arrangement of discharge electrode can combine higher collection effi
ciency and less energy input. Hence, for fine particle removal, it was 
advisable to arrange the discharge electrode vertical to the collection 
plate to enhance corona discharge and improve the particle collection 
efficiency. 

4. Conclusion 

In this study, a transparent ESP was designed to investigate the effect 
of fine particles on the corona discharge performance and the role of 
ionic wind in particle migration. Moreover, some methods for enhancing 
fine particle removal by electrode configuration optimization were 
proposed. The main conclusions are as follows:  

(1) The presence of fine particles can weaken the corona current 
generated by electrode discharge. The maximum corona current 
of each electrode in the presence of fine particles followed the 
sequence: spike electrode (medium needle) > spike electrode 
(shortest needle) > arista electrode > spike electrode (longest 
needle) > sawtooth electrode. The spike electrode can reduce the 
adverse effect of the particle space charge, which is beneficial for 
the removal of fine particles. The corona onset voltage of the 
spike electrode was increased with fine particle injection, but it 
was decreased for the arista electrode and sawtooth electrode.  

(2) The ionic wind generated by electrode discharge significantly 
disturbs the flow field distribution. The maximum ionic wind 
velocity of spike electrode could reach 5.67 m/s, and the ionic 
wind generated by sawtooth electrode could still reach 2.71 m/s. 
Meanwhile, the ionic wind exhibited a strong scouring effect on 
the collection plate. The ionic wind velocities of spike electrode 

Fig. 9. Flow field distribution around the needle tip with different 
discharge electrodes. 

Fig. 10. Flow field distribution within the near-plate region with different 
discharge electrodes. 
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within the near-plate region could reach 5.00 m/s. Moreover, 
electrode horizontal arrangement could weaken the scouring ef
fect of ionic wind on deposited particles, which prevented par
ticle re-entrainment.  

(3) The optimization of electrode configuration is an effective 
method for enhancing particle charging and improving particle 
collection efficiency. The maximum fine-particle collection effi
ciencies of the various discharge electrodes were in the following 
sequence: spike electrode with medium needle (82.3 %) > spike 
electrode with longest needle (76.2 %) > arista electrode (70.6 

%) > spike electrode with shortest needle (64.4 %) > sawtooth 
electrode (33.1 %), which is in consistent order with the 
maximum particle charge with different electrodes. Spike elec
trode has excellent performance for particle removal in ESPs, and 
the number and length of needles could be appropriately 
increased when treating flue gas with a high PM concentration in 
practical application. 

Fig. 11. Ionic wind distribution of the spike electrode when the electrode tip was arranged horizontally.  

Fig. 12. Comparison of the flow field distribution around the electrode tip 
when the electrode was in a horizontal/vertical arrangement. 

Fig. 13. Comparison of the flow field distribution within the near-plate region 
when the electrode is in a horizontal/vertical arrangement. 
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408 (1933) 588–612. 

[31] W.T. Sproull, Corona Quenching— Its Significance in Electrical Precipitation, J. Air 
Pollut. Control Assoc. 13 (1963) 617–621. 

[32] A.A. Elmoursi, G.S.P. Castle, The analysis of corona quenching in cylindrical 
precipitators using charge simulation, IEEE Trans. Ind. Appl. IA-22 (1986) 80–85. 

[33] M.B. Awad, G.S.P. Castle, The efficiency of electrostatic precipitators under 
conditions of corona quenching, J. Air Pollut. Control Assoc. 25 (1975) 172–176. 

[34] Z. Yang, P. Ji, Q. Li, Y. Jiang, C. Zheng, Y. Wang, X. Gao, R. Lin, Comprehensive 
understanding of SO3 effects on synergies among air pollution control devices in 
ultra-low emission power plants burning high-sulfur coal, J. Clean. Prod. 239 
(2019) 118096. 
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