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ABSTRACT 
 

This work numerically simulates the effect of the electrodynamic (EHD) flow on particle motion in a single-needle-plate 
electrode configuration. The interaction between the primary-secondary flow, and the trajectory of particles in a 3D environment 
is analyzed. In addition, the effects of the needle-shaped discharge electrode structure on the electric field and the flow field 
distribution are explored. The results show that the sharp tip of the needle emits a high-intensity discharge that generates a 
nearby high-speed ionic wind, which can reach a velocity of 9.028 m s–1 at an applied voltage and an inlet velocity of 
–60 kV and 1 m s–1, respectively. This ionic wind near the needle tip potentially increases the migration speed of particles. 
Moreover, 90% of the 1 µm particles penetrate the surface of the outlet, indicating that the EHD flow negatively affects the 
capture of fine particles. The relationships between the injection position, the residence time, and the escape velocity of the 
particles further confirm that the secondary flow significantly inhibits fine-particle capture. These findings can be applied to 
optimize an electrode design that efficiently uses high-speed ionic wind to capture particles, including the fine fraction.  
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NOMENCLATURE 
 
φ  Electric potential 
ε0  Permittivity of free space 
kion  Mobility of ion 
De  Diffusion coefficient 
J


 Current density 
ρion  Ion charge density 
𝐸𝐸�⃗   Electric field strength 

gu


 Gas velocity 
Es  Corona onset electric strength 
E0  Breakdown electric field strength 
m  Dimensionless surface parameter 
δ  Relative density 
r  Radius of discharge electrode 
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ρ  Mass density of the gas 
P  Absolute pressure 
μ  Dynamic viscosity of the gas 
mp  Particle mass 
𝑢𝑢𝑝𝑝����⃗   Particle velociuty 
Cd  Drag coefficient 
Rep  Particle Reynolds number 
Cc  Cunningham correction factor 
λ  Mean free path of the gas 
qs  Saturation charge 
εr  Relative permittivity of the particles 
𝜏𝜏  Time constant of particle charging  
kB  Boltzmann constant 
E  Unit electronic charge 
 
INTRODUCTION 
 

Electrostatic precipitators are used in various industries to 
remove fly ash from emissions (Jaworek et al., 2018; Zheng 
et al., 2019). Countries have raised the emission standards 
of particulate matter, such as strict PM2.5 ultralow emission 
standard, due to the deterioration of air pollution (Tang et 
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al., 2019). The mass collection efficiency of many types of 
electrostatic precipitators (ESPs) has exceeded 99% (Dong 
et al., 2018). As such, the capture efficiency of submicron 
particles may be further improved (Guo et al., 2014a; Guo 
et al., 2015; Jaworek et al., 2018; Zhu et al., 2019; Yang et 
al., 2020; Zheng et al., 2020a, b). The basic principle of the 
ESP operation is that particles are charged, and the particle-
laden gas flows through the region where an electric field is 
applied to make the particles migrate to the collection plate 
(Czech et al., 2012; Adamiak, 2013; Guo et al., 2013; Yang 
et al., 2019). In this process, the ionization of air molecules 
around the thinnest electrode can cause a corona discharge. 
These ions are subject to the Coulomb force due to the action 
of the electric field, causing them to move from the active 
electrode to the grounded collection plate. Therefore, many 
collisions in motion are present between ions and neutral air 
molecules, thereby leading to momentum transfer and airflow 
(also called electrohydrodynamic [EHD] flow) (Soldati, 2000; 
Wang et al., 2019). A phenomenon called ionic wind is 
found in some localized areas when a high-intensity voltage 
is applied to a sharp electrode surface (Park et al., 2018). 
Thus, observing how the flow field affects the movement of 
micron-sized particles in ESP is necessary. 

Many studies on EHD flow have been published. Niewulis 
et al. (2009), Podlinski et al. (2009) and Niewulis et al. 
(2013) have established a particle image velocimetry (PIV) 
experiment to observe the flow velocity fields in narrow 
electrostatic precipitators, but this experiment shows the 
distribution of field flow and streamlines at different voltages 
and does not explain how EHD flow affects particle motion. 
Another EHD experimental study has been conducted to collect 
low-resistive diesel particulates in different orientations of 
discharge electrodes (Kawakami et al., 2013). The dust 
collection efficiency under different particles is measured 
experimentally, and the influence of the special electrode 
structure on the flow field is not described in detail. A previous 
report has indicated that the geometry of the discharge electrode 
is one of the important factors of ionic wind distribution, but 
the analysis of how the electrode structure affects the efficiency 
is lacking (Wang et al., 2017). Recently, Moreau et al. (2018) 
have built a PIV experiment with fast-gateable intensified-
CCD (ICCD) camera and proposed that the ionic wind 
produced by negative and positive corona discharges is 
different in air without added particles. Nevertheless, showing 
the particle motion behavior after being affected by EHD 
flow in these experiments remains difficult. In addition, 
experimental studies require a huge cost and a long time 
especially when a large-scale platform needs to be built. 

Some numerical simulation studies have investigated the 
effect of EHD flow on ESP performance. In the early reports, 
a 2D wire-plate-type electrostatic precipitator is modeled 
numerically by Chun et al. (2006, 2007) to simulate the flow 
velocity fields close to the discharge electrode. In this work, 
the computational fluid dynamics method with the k–ε 
turbulent model is involved. Some simulation results show 
that the influence of the geometry of discharge electrode and 
collection plate on the distribution of EHD flow field is 
different (Feng et al., 2018; Shen et al., 2018). However, 
these studies have only investigated the flow field with the 

sample structure of electrodes (such as wire electrode) in a 
2D environment. The analysis of particle motion behavior 
has not been proposed in a spatial state. The 3D numerical 
analysis of EHD flow in a spiked electrode-plate ESP has 
been conducted by some research groups (Fujishima et al., 
2004, 2006; Farnoosh et al., 2010, 2011; Dong et al., 2019). 
Fujishima et al. (2006) have described flow interaction by 
using the dimensionless number NEHD and the relative distance 
between the spike point spacing and the wire-to-plate spacing 
(Sz/d). The EHD secondary flow pattern and its interaction 
with the inlet flow in different planes with various applied 
voltages have been observed by Farnoosh et al. (2011). 
Although the above studies have improved the understanding 
of the flow field in the ESP, most of them are limited to the 
single geometry of the spike-plate-type discharge electrode. 
In addition, the influence of ionic wind on the process of 
particle capture (e.g., particle trajectory and particle size) 
has not been considered in detail. 

The needle discharge electrode presented in our previous 
work can contribute to the complexity of the corona 
electrostatic and flow fields (Guo et al., 2013, 2014b; Wang 
et al., 2019). In the present study, a single-needle corona 
wire with flat collection plate is established to determine the 
effect of EHD flow on the particle motion behavior with 
different particle sizes. For the first time, the results of 
numerical simulation show the multiple relationships among 
the particle injection position, escape velocity, and residence 
time. The findings can provide the basis for the optimal design 
of ESP and the reasonable utilization of vortex generated by 
EHD to improve the efficiency of particle collection. 
 
NUMERICAL METHOD 
 
Numerical Algorithm 

In this study, the computational model of the needle 
electrode-plate ESP involves corona discharge, gas flow, 
particle charge, and particle motion, which are all calculated 
using computational fluid dynamics. The major governing 
equations for simulated electric field, gas flow, particle 
trajectory, and particle charging process are also provided 
(Guo et al., 2014b; Gao et al., 2020a, b). 

The Poisson equation for electrical potential (φ) and the 
current continuity equation are as follows: 
 

2

0

ionρϕ
ε

∇ = −  (1) 

 

( )( ) 0ion ion g e ionk E u Dρ ρ∇ + − ∇ =
 

 (2) 
 
and 
 
E ϕ= −∇


 (3) 
 

The corona current can be calculated as follows: 
 

( )ion ion g e ionJ k E u Dρ ρ= + − ∇
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The corona onset electric strength (Es) is calculated in 
accordance with Peek’s law on the surface of discharge 
electrode: 
 

0 0.0308sE E m
r
δδ

 
= + 

 
 (5) 

 
The particle flow in the ESP can be considered as state 

turbulence, and the RNG k-ε model can be used to describe the 
steady-state turbulent flow. The conservation of mass (Eq. (6)) 
and momentum (Eq. (7)) for the gas flow are as follows: 
 

( ) 0guρ∇ ⋅ =


 (6) 
 
and 
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g g g ion

u
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ρ µ ρ
 ∂
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In the Lagrange framework, the discrete element method 

is used to track the suspended particles entrained in the gas 
phase. The equation of particle motion can be described as:  
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where 
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and 
 

( )1.1 /221 1.257 0.4 pd
c
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d
λλ −= + +   (10) 

 
Particle charging is an important process that determines 

the particle behavior. The dimensionless and lawless charging 
equations are used as follows: 
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The number of dimensionless charging in the above 

equations are defined as: 
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MODEL DESCRIPTION 
 

The investigated ESP model consists of two flat and 
parallel collecting plates, which are electrically conducting 
and grounded, and a single-needle-type corona wire installed 
in the front of the channel (Fig. 1). The ESP channel is 960 
mm long, 400 mm wide, and 200 mm high (same as the 
discharge electrode). The appearance of the corona wire is 
shown in Fig. 1(b), and the detailed dimensions of the needle 
body and needle tip are shown in Figs. 1(c) and 1(d). The 
whole geometry is discretized using a structured mesh, and 
refined grids are applied around the needles to improve the 
computational accuracy during the discharge process. The 
other conditions are as follows: 
• Gas: inlet velocity, 1 m s–1; gas density, 1.093 kg m–3; 

and temperature, 323.15 K. 
• Molecules and gaseous ions: molecular mean free path, 

6.8 × 10–8 m; electronic charge, 1.6 × 10–19 C; and ion 
mobility, 2.1 × 10–4 m2 (V·s)–1. 

• Particles: particle inlet velocity, 1 m s–1; mass density, 
2100 kg m–3; diameter, 1–30 µm; and relative permittivity, 
10. 

• The applied voltage on the needle electrode is –60 kV, 
and the plate side is electrically grounded with zero 
voltage. 

The needle structure electrode is widely used in ESP 
because of its high-intensity partial discharge characteristics 
and high flow velocity. Some studies prove these phenomena, 
and their simulation results agree well with our experimental 
data (Guo et al., 2014b; Wang et al., 2019). For example, 
the important quantitative analysis is conducted using 
numerical experiments in terms of some significant electric 
characteristics on the plate as the applied voltage changes. 
Also, the numerical data are compared with experimental 
data from our industrial-scale ESP to prove the accuracy. In 
addition, the investigated model has been validated in previous 
studies, and the discharge performance of the needle electrode 
is shown in detail, where the current density generated 
around the blunt electrode is much lower than that of the 
sharp electrode (Guo et al., 2013, 2014a, b, 2015, 2017; 
Yang et al., 2019). The present study aims to observe the 
effect of secondary flow on particle motion in electrostatic 
field. However, the simulation process only involves a single 
corona wire because the focus is the trajectory of particles  
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Fig. 1. Schematic of simulation domain and dimensions. 

 
passing through the discharge electrode. Thus, the simulated 
collection efficiency of particles is not high compared with 
that of multiple-discharge electrode configurations. 
 
NUMERICAL RESULTS 
 
Electrical Characteristics 

The distribution of electric field and potential on different 
direction plates is shown in Fig. 2. The applied voltage has 
remained constant at –60 kV in the whole simulation process. 
Different Peek’s formulas are applied on four different 
discharge surfaces, namely, wire surface, needle body, tip 
body, and needle tip, because the discharge electrode is not 
a simple circular wire, and the curvature radius of the faces 
is not consistent. Results show that the highest field strength 
of 4.095 × 106 V m–1 is observed at the needle tip, which has 
a radius of only 50 µm. In these three planes, the electric field 
strength and φ along the direction of discharge electrode 
decrease sharply. The results of the electric field distribution 
in the YZ plane demonstrate that the electric field strength 
decreases in the special region near where the angle is 
formed by the main part of the electrode wire and needle 
body due to corona suppression. The electric potential near 
the collecting plate is lower than that in other regions. Thus, 
the distribution of electrical characteristics demonstrates 
that the particles being injected far away from the discharge 
electrode or entering the corona suppression area may be 
unfavorable for collection. 
 
Flow Velocity Distribution of Needle-plate ESP in 3D 
Space  

Gas flow direction and velocity play crucial roles in 
particle trapping. On the one hand, a suitable inlet velocity 
needs to be set for injecting dust flow. If the inlet velocity is 
too fast, the particles become insufficiently charged, and the 
slow velocity causes dust deposition in the ESP channel. In 

this study, the inlet velocity is set to three different flow rates 
(0.5, 0.75, and 1 m s–1). On the other hand, the effect of EHD 
flow generated during the discharge process on particle 
movement cannot be avoided. Therefore, the analysis should 
be performed in 3D when studying the internal flow field of 
ESP. 

The flow velocity distributions in XY, XZ, and YZ direction 
planes under different inlet velocities are shown in Fig. 3. 
The results in Fig. 2 show that the electric field strength 
around the needle tip of the electrode is stronger than those 
in other areas. Moreover, the maximum velocity of ionic wind 
can reach 9.028 m s–1 under the applied voltage of –60 kV 
at 1 m s–1 inlet speed and rapidly decreases with increased 
distance away from the needle tip, as shown in the enlarged 
drawing. Two high-speed areas are created on both sides of the 
needle electrode due to the vertical relationship between the 
gas flow direction and the needle tip direction, as shown in 
the XY plane. As the inlet velocity increases from 0.5 m s–1 
to 1 m s–1, the position of the two high-speed regions also 
shifts inward. Besides, the velocity distribution is likely to 
be uniform on the YZ plane with the increase in inlet 
velocity. Finally, a low-speed zone is found clearly at the 
rear end of the main body of the discharge electrode in the 
XY and the XZ planes at a velocity close to 0 m s–1 because 
the movement of the airflow is blocked by the electrode 
body. The range of the low-speed area increases as the inlet 
flow rate decreases from 1 m s–1 to 0.5 m s–1. This result 
demonstrates that the distribution of flow field velocity is 
significantly affected by the high-speed ionic wind and that 
the direction of the EHD flow depends on the direction of 
the strongest discharge point. The high-speed ionic wind 
pushes the particles moving near the tip of the needle to the 
collecting plate, which is conducive to collecting dust. The 
particle movement may become unpredictable as the particles 
pass through the low-speed zone behind the discharge 
electrode. After the comparison of the 3D flow field distribution  
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Fig. 2. Distribution of electric field and electric potential in three direction planes. 

 

 
Fig. 3. Flow velocity distributions in XY, YZ, and XZ direction planes under different inlet velocities. 

 
under different inlet velocities, an inlet velocity of 1 m s–1 is 
used as the basic simulation condition because the position 
of the high-speed region at the needle tip may help the 
particles move easily toward the collection plate at an inlet 
flow velocity of 0.5 m s–1. However, the low-velocity zone 
formed by the low inlet velocity has large size and complex 
distribution, which are not conducive to particle capture 
especially when dealing with high-concentration flue gas. 

Results show that the velocity distribution is perpendicular 
to the ESP channel in Planes A–I with an applied voltage of 
–60 kV and spaced uniformly from 0 mm in the middle of 
the needle discharge electrode (x = 0 mm) to 36 mm at the 
end of the ESP channel (x = +36 mm), as shown in Fig. 4. 

The velocity at the rear end of the corona wire is lower than 
that in other regions, and the interference of the discharge 
electrode is significantly reduced as the plane moves from B 
to I. Planes B–I evidently show that the distribution of the 
low-speed region depends on the structure of the discharge 
electrode. In Plane A, the flow velocity around the electrode 
is apparently higher than that in other areas far from the 
corona wire, especially at the two needle tips. This finding 
may be because the strength of ionic wind depends on ion 
charge density and electric field strength. Thus, the corona 
discharge around the needle tip is an important element for 
generating ionic wind with high velocity. After the gas flow 
passes through the needle electrode, the velocity distribution  
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Fig. 4. Velocity distributions in Planes A–I with –60 kV applied voltage and 1 m s–1 inlet velocity. 

 
in Plane B shows that the two spherical flows are emitted 
from the tip of the needle and that the evolution of EHD flow 
is similar to that of two mushroom clouds moving toward 
the collection plate, as shown in Plane C. The result from 
Planes D–I reveals that the high-speed ionic wind is divided 
into two small flows after hitting the collection surface and 
then induced back to the middle and back ends of the ESP 
channel. The red arrows in these figures indicate the direction 
and the trajectory of the high-speed ionic wind. This 
important result highlights the effect of primary inlet flow 
and needle electrode structure on the secondary EHD flow. 
This high-speed swirling motion of the secondary flow may 
adversely affect the collection efficiency due to the particles 
being entrapped to the EHD flow. 

Fig. 5 illustrates the pronounced effect of the ionic wind 
on the velocity streamlines. The six planes are named A–F, 
where Planes A, B, and C are perpendicular to the ESP 
channel and spaced uniformly from 0 mm in the middle of 
the needle discharge electrode (x = 0 mm) to 360 mm at the 
end of the ESP channel (x = 360 mm). Two pairs of vortices 
located in the upper and the lower areas of the needle tip are 
generated in Plane A due to the strong interaction between 
the inlet flow and the secondary EHD flow. When the inlet 
flow passes through the needle electrode, most of the space 
that the main airflow passes through is blocked by these four 
vortices. The streamline clearly shows that the airflow 

produces high-speed ionic wind at the tip of the needle and 
leads back to the center of the channel by colliding with the 
collection surface. These four vortices do not debilitate as 
airflows pass through Planes B and C. A low-speed region 
exists at the back of the discharge electrode in Planes A–C. 
Thus, Planes D–F are horizontal to the flow direction and 
spaced uniformly from 0 mm in the middle of the corona 
wire (y = 0 mm) to 40 mm at the left side of the wire to 
observe the airflow movement at the rear end of the discharge 
wire (Fig. 6). In Planes D and E, the number of vortices 
increases from one to two as the distance from the center of 
the electrode becomes shorter. In Plane F, the airflow behind 
the wire is very chaotic and has several vortices, but its size 
is far less than those of four large vortices presented in 
Planes A–C. This result demonstrates that vortex formation 
is closely related to the geometry of the discharge electrode 
and collection plate. In this case, the phenomenon of four 
symmetrical vortices formed by the needle structure electrode 
and the high-intensity electric strength may change the 
movement behavior of particles. A nonflat dust-collecting 
plate may help reduce vortex generation when high-speed 
ionic wind hits the dust-collecting pole. Aside from the four 
large-sized vortices, the influence of small-sized eddy 
currents existing behind the cylindrical shape of the corona 
wire and needle body on particle motion should be the focus 
when determining the effect of the particle trajectory. 
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Fig. 5. Secondary EHD flow streamlines in Planes A–F at applied voltage of –60 kV. 

 

 
Fig. 6. Line distributions. 

 
Influence of Vortex on the Motion Behavior of a Single 
Particle with Different Injection Positions 

Fig. 6 shows the line setting position, where the lines are 
in different colors at the vertical direction of the needle tip 
from Y = 0.05–0.19 m and the back end of the polar line from 
X = 0.14–0.38 m. The velocity and the turbulence intensity 
of each line at different positions are obtained via the 

postprocessing of the simulation results. 
Fig. 7 shows the distributions of velocity and turbulence 

intensity at different positions. Graphs (a) and (b) show that 
when X ≤ 0.12 m, the speed does not change much in most 
positions, which is almost the same as the set inlet velocity 
(1 m s–1), except the velocity near the edge of the dust 
collector has decreased slightly. When the distance of X is  
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Fig. 7. Distributions of (a) velocity and (b) turbulence intensity at different positions and vertical direction of the (c) needle 
tip and (d) back end of the corona wire. 
 
similar to the position of the needle tip (equal to 0.12 m), the 
velocity closest to the needle tip dramatically increases from 
1 m s–1 to 5.707 m s–1, and the velocity begins to drop 
significantly to 0.636 m s–1 after passing the discharge 
electrode. The same trend appears in all positions from Lines 
2 to 5, indicating that the rise and the fall of velocity occur 
as the distance from the tip of needle increases. Moreover, 
the maximum speed of each line decreases as its distance from 
the electrode increases. The turbulence intensity presents a 
similar trend with velocity (Fig. 7(b)) and does not drop 
immediately to the lowest point from the maximum value 
but decreases after some fluctuations. Unlike velocity, the 
turbulence intensity at the inlet position is not the same as 
the outlet in Figs. 7(a) and 7(b). These line distributions of 
velocity and turbulence intensity clearly point out that the 
ionic wind generated at the tip of needle greatly affects the 
flow field in almost half of the ESP channel.  

Figs. 7(c) and 7(d) illustrate the velocity and turbulence 
intensity at the rear end of the needle corona wire to further 
understand the flow field characteristics behind the discharge 
electrode. A low-speed region is found just behind the 
electrode, where the position from Y is between –0.05 and 

0.05 m. Within this region, the velocity decreases to the 
minimum value (0.253 m s–1) when the position is close to 
the electrode, and the area with high velocity is reasonably 
found at the extended area behind the needle tip. These 
results clearly show an opposite trend to that of turbulence 
intensity, which increases sharply in the low-velocity region 
at the rear end of the corona wire, indicating that the needle-
shaped discharge electrode interferes with the gas flow. 
Therefore, the EHD flow generated in the ESP working 
process probably affects the particle capture. 

The effect of EHD flow on the distribution of flow field 
and the formation of vortices is revealed in our previous work. 
However, the effect of EHD flow on particle trajectories is 
not involved. Therefore, in the present work, the trajectories 
of single particles with different particle sizes at two 
injection points are traced (Fig. 8). Large-sized particles (5, 
10, 20, and 30 µm) are collected successfully when injected 
near the tip of the needle except for 1 µm particles that escaped 
in a spiral path. These results indicate that when large-sized 
particles pass through the high-intensity discharge area, they 
are fully charged and driven quickly toward the dust 
collection plate due to the high-speed ionic wind generated  
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Fig. 8. Trajectories of a single particle with various particle diameters at different injection positions. 

 
at the tip of the needle. Small particles are easily entrained 
by the vortex because of the spiral vortex generated by the 
collision of ionic wind and the collection wall surface. The 
movement trajectory of 5 and 10 µm particles is also slightly 
deflected before reaching the dust collector. When the 
particles are injected in the middle position of the electrode, 
1, 5, and 10 µm particles escape, and only the 20 and 30 µm 
particles are collected. Moreover, 5 µm particles escape in a 
nearly straight trajectory without being affected by electrostatic 
precipitators. The movement trajectory of 1 µm particles is 
very complex when passing around the electrode wire. The 
particles first move forward to a short distance, move backward 
to the electrode wire, and finally escape from the outlet. 
These phenomena may be caused by the low velocity and 
some vortices existing behind the electrode wire. Therefore, 
some meaningful suggestions are proposed. For example, 
the electrode geometry can be changed to make the discharge 
around the electrode uniform, reduce the dust collection 
blind area or optimize needle arrangement and pole distance, 
and reduce the formation of large-scale vortices. The staggered 
needle electrode can also be arranged. Results reveal that the 
trajectories of differently sized particles at different injection 
positions are affected by secondary flow, thereby helping to 
further understand the effect of EHD flow on particle capture. 

Multiple Effects of Ionic Wind on Particle Trapping 
The effect of EHD on particle capture is difficult to 

demonstrate in detail by only tracking the motion trajectory 
of a single particle. Thus, Fig. 9 clearly illustrates the top 
view of the distribution of particle velocity under different 
particle sizes and 5000 particles of each size from the 
entrance of ESP to further demonstrate the effect of secondary 
flow on particle motion. The distribution graphs reveal that 
the trajectory and the velocity of the particles have little 
change under different particle sizes when the particles do not 
pass the discharge electrode. After the particles pass through 
the discharge electrode, the particle velocity distribution 
shows that the particle velocities are accelerated under all 
particle sizes as the particles are close to the electrode. Two 
intuitive phenomena are observed on the particle trajectories 
under different particle sizes. (1) As the particle size decreases, 
the interspace at the back of the electrode decreases in size 
because the fine particles are easily affected by the low-velocity 
region at the rear end of the corona wire. (2) The spiral 
trajectory of the particles under all particle sizes is at the back 
part of the ESP channel because of the effect of secondary 
flow on particle movement. In particular, the trajectory of spiral 
motion becomes clear under small particle size. A heart-shaped 
pattern composed of particle trajectories is coincidentally  
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Fig. 9. Top view of the distribution of particle velocity under different particle sizes. 

 
found in 1 µm particles, indicating that the effect of EHD 
flow on particle motion varies with particle size. 

The number of deposited particles on the collection 
surface significantly increases in front of the ESP channel 
and sharply decreases at the back of the ESP channel at an inlet 
velocity of 1 m s–1 (Fig. 10). Various surfaces with changed X 
positions are presented to display the effect of EHD flow on 
particle collection performance under different particle 
sizes. Additional particles are deposited on the collection 
plate as the particle size increases from 1 µm to 30 µm 
because large particles are easily trapped with strong drag 
and electric forces, in which the penetration rate in the outlet 
surface decreases from 90.5% to 31.58%. The distribution 
of the particle settling point on the collection and outlet 
surface shows that the ionic wind affects particle collection. 
In the collection surface, most particles are captured at the 
front of the ESP channel when the particles are accelerated 
forward to the collection plate by the high-speed ionic wind 
generated at the tip of the needle. However, the back end of 
the collection plate does not capture many particles under 
the whole particle size range, which may be because the 
vortex generated by the ionic wind drags the particles to 
escape from the back end of the ESP channel. The influence 
of EHD flow on particle collection can be explained in detail 
by observing the particle concentration in three surfaces 
with different X positions. The distribution of the deposited 
particles on the surface with increased X distance shows that 
the geometry of the needle electrode significantly affects the 
sedimentation distribution of the particles. The effect becomes 
clear as the particle size increases from 1 µm to 30 µm 
because the fine particles are easily trapped in the collection 
blind area at the rear end of the discharge electrode. The 
number of deposited particles is also mostly concentrated in 
four corners of the outlet surface, in which the positions are the 
same as those of the four large vortices found in the streamline 
distribution. This phenomenon becomes apparent with 
decreasing particle size. Moreover, the number of deposited 
particles in the middle of the outlet surface increases when 
the particle size decreases due to the movement of fine 
particles. This movement is easily affected by the regions 
with low velocity and high turbulence intensity at the rear 
end of the discharge electrode, as observed in our previous 
results. These results reveal that the effect of EHD flow on 

particle collection efficiency should not be underestimated, 
especially as the particle size decreases further. 

The relationship among the injection position, residence 
time, and escape velocity of the particles under different 
sizes is shown in Fig. 11. The escape speed of the particles 
deposited onto the dust-collecting plate is set to 0 m s–1 
(purple area) to determine the influence of different injection 
positions on particle collection. The particles are also 
uniformly injected from the ESP inlet at the same time. 

First, 30 µm particles are successfully captured when 
injected in most parts of the injected surface except for 
particles injected in the middle surface, which may be because 
the particles are too far away from the needle tip when 
passing through the electrode, thereby resulting in insufficient 
charge and escape from the ESP. At the same time, the particle 
residence time distribution of 30 µm particles demonstrates 
that a long residence time has a high escape probability of 
particles. The maximum residence time of 30 µm particles is 
0.724 s. Second, the escape velocity distributions of the 
particles in different injection positions show that the particles 
escape from the ESP when injected in most positions as the 
particle size decreases from 30 µm to 1 µm. With the decrease 
in particle size, the longest particle residence time and the 
fastest particle escape velocity increase from 0.724 s to 
0.92 s and from 1.51 m s–1 to 1.62 m s–1, respectively, 
because fine particles are more susceptible to secondary flow. 
Finally, the relationship among the injection position of 1 µm 
particles, residence time, and escape velocity distribution 
shows the following interferences of secondary flow on fine 
particle capture. (1) After 1 µm particles are injected in a 
horizontal position with the discharge electrode, a relatively 
slow particle escape velocity and the longest particle residence 
time are observed because of the complex turbulence behind 
the discharge electrode. (2) When fine particles are injected 
near the needle tip, the particles escape rapidly and stay for 
a short time because of the high-speed ionic wind near the 
needle tip and the four large spiral vortices generated by the 
interaction with the collection wall. Both phenomena are not 
conducive to fine-particle capture. The relationship among 
the injection position, residence time, and escape velocity of 
the particles is not observed in previous research. The 
present study helps in understanding the effect of ionic wind 
on particle motion behavior. 
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Fig. 10. Distribution of 5000 deposited particles on various surfaces under different particle sizes at an inlet velocity of 
1 m s–1. 
 
CONCLUSION 
 

This research modeled a 3D single-needle–plate ESP and 
analyzed its flow field in detail, including the influence of 
the secondary flow on particle collection for various particle 
sizes. Our results indicate that numerical simulation shows 
great potential as a tool for examining the effect of complex 
flow fields on particle behavior in ESPs. The main conclusions 
are as follows. 
1. The velocity of the ionic wind along the needle tip with 

the highest discharge intensity reached 9.028 m s–1 with 
an applied voltage of –60 kV and an inlet velocity of 
1 m s–1. Flow field and streamline distribution analyses 
revealed that four large spiral ellipses were generated 
from the interaction between the high-speed ionic wind 
and the dust-collecting plate. A low-velocity blind area 
for dust collection was also observed to the rear of the 
discharge electrode. 

2. When particles of different sizes were injected into the 
ESP, the ionic wind enhanced the collection of large 
particles by accelerating their migration to the dust 
collector. However, this wind adversely affected the 
collection of 1 µm particles, which exhibited a penetration 
rate of 90.5% (versus 31.58% for 30 µm particles). The 
distribution of the single-particle motion trajectories and 
the particle deposition points in the outlet and on the 
collection surface, which varied by particle size, illustrates 
the effect of the four large vortices and the low-velocity 
region to the rear of the corona wire on the fine fraction. 

3. The relationship between the injection position, the 
residence time, and the escape velocity of the particles, 
demonstrated for the first time, further proves that the 
EHD flow significantly influences fine-particle collection. 
Our findings, which provide new insights into the effects 
of this factor, may assist the optimization of ESP design 
and operation. 
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Fig. 11. Relationship among the injection position, residence time, and escape velocity of the particles under different sizes 
at an inlet velocity of 1 m s–1. 
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