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flow field in a meaningful way, which also causes the formation of ‘U'-shaped high-speed zones within the near-
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can be significantly accelerated with ionic wind propulsion, while it also introduces an uneven distribution of
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flow field, and the collection efficiency and dust layer shape are both significantly improved.
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1. Introduction

The various resulting problems due to environmental pollution have
become a global concern [1]. Among them, particulate matter (PM)
pollution has a detrimental effect on the environment, which is closely
related to people's lives and has become an essential obstacle to global
development [2]. Decades of research have shown that ambient pollu-
tion by PM, especially fine particulate matter (PMjys), increases the
amount and seriousness of lung and heart disease and other health
problems [3]. Meanwhile, PM is the main cause of reduced visibility
(haze) around the world [4]. Although this atmospheric environment
may be affected by natural factors, anthropogenic activities account for
the vast majority of negatively influencing factors, such as industrial
emissions, automobile exhaust, and garbage incineration [5].

How to minimize PM emission at the source has been one of the
paramount topics. Various methods have been deployed to control
pollutant emissions over the past years, with electrostatic precipitation
as one of the highly promising and widespread technologies in flue gas
purification [6]. This method has been extensively applied to remove
particulate and heavy metals from flue gas in many industries, such as
coal-fired power plants, biomass power plants, and metallurgical plants
[7,8]. It is also used for the removal of multiple pollutants in indoor air
[9,10]. Moreover, this method is considered to be one of the potential
dust mitigation technologies for future lunar exploration [11]. However,
challenges still exist in practical applications, especially when the inlet
PM concentration is high or particle resistivity is low, which may
introduce the occurrence of dust re-entrainment and hinder ultralow PM
emission [12]. The core and focus of solving this problem is how to
optimize the flow field and take into account its impacts between par-
ticle transport and dust layer stability. Significantly, the vital role of
ionic wind (also called electric wind or electrohydrodynamic (EHD)
flow) in this process cannot be ignored, which can further contribute to
the complexity of the flow field [13].

Understanding charged particle migration and deposition with ionic
wind propulsion is closely linked to enhancing fine particle removal in
the electric field [14,15]. Ionic wind is created by the EHD propulsive
force in electrically charged fluids, which includes the exchange of mass,
momentum, and energy [16]. In principle, ionization near the discharge
electrode produces electrons that drift toward the grounded plates,
which are accelerated by the electric field and collide with neutral air
molecules. These high-frequency collisions and the momentum ex-
change produce a body force that leads to the generation of ionic wind,
which consists of ionized and neutral air molecules (see Fig. Sla)
[17,18]. In addition to particle removal, ionic wind has also been
extensively applied in many fields, as shown in Figs. S1b-S1j.

Recently, many efforts have been made toward discovering the flow
field disturbance associated with ionic wind in terms of power supply
[19,201, electrode configuration [21,22], flue gas composition [23,24],
etc. Among them, particle image velocimetry (PIV) is a typical method
to investigate the particle flow field, which indicates that particle
migration is significantly affected by the disturbance induced by the
ionic wind [25]. The charged particles reciprocate in the electrostatic
field because of the formation of local reverse flow instead of direct
transport to the grounded plates [26,27]. However, this method also has
limitations. For example, it is difficult to observe the microscopic flow
field near the needle tips and to match the flow field in situ with the
electric field.

Computational fluid dynamics can be considered a complementary
method to obtain some other data, which are difficult to measure by
experimental methods [28]. An understanding of how the electric field
and flow field detailed distributions contributed to further evaluation of
particle migration performance under the disturbance of ionic wind.
Previously, various dedicated efforts and models have been carried out
to investigate the role of ionic wind in the space flow field and particle
collection with different flue gas components [29,30] and electrode
configurations [14,31]. However, these studies mainly focus on wire
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electrodes rather than spike electrodes, which demonstrate stronger
corona-discharge characteristics and can generate stronger ionic wind.
Recently, some researchers have tried to evaluate particle removal
performance with complicated electrodes by numerical methods
[22,32]. On this basis, high gas velocity and strong flow-field distur-
bance were visualized to change people's perception of ionic wind in the
electrostatic field [33]. Nevertheless, these works are limited to the
comparison between the applied voltage and total particle collection
efficiency. In fact, particle transport performance and detailed deposi-
tion distribution are also important parameters in practical applications,
which can also be influenced by ionic wind [34]. Thus, having funda-
mental knowledge about particle migration and deposition performance
under ionic wind propulsion is crucial in the promotion of electrostatic
precipitator (ESP) development with increasingly stringent PM emission
levels [13].

Herein, the roles of ionic wind in flow field disturbance and charged
particle removal are thoroughly investigated by a comprehensive model.
The flow field is visualized through different presentations to evaluate
ionic wind performance within the space. Meanwhile, due to the
disturbance of high-speed ionic wind, apart from the electric force,
particle transportation also be acted by ionic wind propulsion, which
will eventually reflect the uneven distribution of deposited particles.
Based on these findings, a novel ESP is proposed to optimize the space
flow field and particle removal performance. This research is of
considerable significance in the development of multiphase flow models
and the innovation of PM emission control technology.

2. Methods

The physical model of ionic wind generation and particle deposition
in the electric field is established by the theoretical analysis of multi-
process coupling (corona discharge, gas flow, particle charging, and
particle transport). These sub-processes are described by the relevant
governing equations and interact with each other. Herein, the compre-
hensive model is applied to investigate the vital role of ionic wind
propulsion in the space flow field and charged particle migration. In
addition, this model can serve as a reference for investigations of
charged micro- to nano-scale particles, such as electrodeposition, elec-
trostatic manipulation, and nano 3D printing.

2.1. Corona discharge

The foundations of electric field and ionic wind generation are laid
by corona discharge. In this study, the distributions of the electric field
and ion density field are described by Poisson's equation and the current
continuity equation, respectively.

Poisson's equation is described by the formula:

V2 = — /0 M

The current continuity equation is as follows:

V=V [pm (k,”,,E+ ﬁ) - D,,,,,me] -0 @

E= V¢ 3)

where ¢ represents the electric potential, p;,, represents the space ion
density, ¢y represents the gas permittivity, J represents the current
density, kijon represents the ion mobility, E represents the electric field
strength, u represents the gas velocity, and Dj,, represents the ion
diffusion coefficient.

The electric field strength on the discharge electrode surface (Es) can
be calculated by Peek's law:

8
Es = Eym (5+0.0308\/r:> “4)
0
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where E, represents the constant of the breakdown electric field
strength, and 3.1 x 10® V/m was used in this simulation. m represents
the dimensionless surface parameter, and 0.25 was used in this simu-
lation. 6 represents the relative gas density, and ry represents the cur-
vature radius of the discharge electrode.

2.2. Gas flow

The mixture airflow passing through the electric field can be
assumed to be a steady-state and incompressible turbulent flow and is
described by the RNG k-epsilon model. The governing equations are
described below.

The conservation of momentum is defined as:

o . -
Pgas (;L;erW) = —VP+(u+u)Vu+p,E (5)

The conservation of mass is defined as:
V~(pga‘j) =0 (6)

where pg,s represents the gas mass density, P represents the absolute
pressure, u represents the dynamic viscosity, and y; represents the tur-
bulent eddy viscosity.

2.3. Particle charging

When the free ions are captured by particles in the electric field, the
phenomenon is called particle charging. The charging process can be
expressed by the two mechanisms of field charging and diffusion
charging. Field charging requires the presence of an electrical field to
drive the free movable charge carriers, whereas diffusion is based on the
random movement of gas ions caused by temperature and described by
the kinetic gas theory. Many attempts have been made by scholars
worldwide to reasonably combine these two mechanisms. After
comparing various charging models [35,36], the one proposed by
Lawless [37] is adopted, as it offers a better compromise between ac-
curacy and simplicity. The dimensionless form of this model is presented
as follows:
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where g, represents the particle charge, gs represents the particle satu-
ration charge, kp represents the Boltzmann constant, d, represents the
particle diameter, 7 represents the time constant, e represents the unit
charge, T represents the gas temperature, and ¢, represents the particle
relative permittivity.
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2.4. Particle transport

In a gas-solid two-phase flow, the forces acting on a particle include
drag, electric, Brownian, Saffman lift, buoyancy, virtual mass, thermo-
phoresis, and pressure gradient forces [38]. Among them, the Saffman
lift, buoyancy, and virtual mass can be ignored since they are orders of
magnitude smaller than the inertial force. Thermophoresis is related to
the temperature difference, which is small in this electric field. The
pressure gradient force is only considered when the particle density is
small, which is not applicable in this case. Therefore, the force balance
of particles in this electric field is mainly satisfied among the drag,
electric, and Brownian forces. The charged particle trajectory can be
described with the following Newton differential equation:

@ - - -
ny, d; =Fp +Fg +Fp 12)

The drag force (P?D ) is expressed as:

— 1 N
Fp :§ferpgmdp2{u—u,, |(u—u,) (13)
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The electric force (P?E) is defined as:

Fr = gq,E (16)

The Brownian force (FB ) is expressed as:

_ ¢ 12T

Fp =—=1|— 1
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D= 18
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where m,, represents the particle mass, u, represents the particle veloc-
ity, Cq represents the drag coefficient, C, represents the Cunningham
correction factor, Re, represents the Reynolds number of the particle, 1
represents the mean free path of air, ¢ is a random number from a zero-
mean unit-variance-independent Gaussian probability density function,
D represents the Brownian diffusion coefficient, and At denotes the time
step.

3. Results and discussion
3.1. Generation of ionic wind in the electric field

A schematic of the ESP model applied in this study is shown in Fig. 1a
(i). The investigated model consists of two parallel collection plates and
three groups of needle-type discharge electrodes. The collection plates
are electrically grounded. Meanwhile, the discharge electrode is evenly
arranged in the channel, and the negative voltage is selected as 40, 50, or
60 kV. The discharge channel is 720 mm long, 720 mm wide, and 400
mm high. The distance between the needle tip and the collection plate is
160 mm. The dimensions of the needle body and needle tip are displayed
in Figs. la(ii) and 1a(iii), respectively. The detailed parameters of gas
flow, injection particles, and boundary conditions are listed in the
Supplementary Materials (Tables S1 and S2).

As a high voltage is applied to the discharge electrode, an electric
field is established in the space. Once the applied voltage rises above a
critical value, which is called the corona onset voltage, the air sur-
rounding the discharge electrode is ionized, and the ionization region
subsequently forms. The produced electrons are accelerated by the
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Fig. 1. Generation of ionic wind in the electric field.a, Schematic of the typical ESP and dimensions. The emitter is capped with a hemispherical tip of 50 ym in
radius. The line distributions of the b electric field and ¢ ion density are presented under different applied voltages. Both the electric field strength and ion density
reach their maximum around the tip of needles, and d ionic wind is simultaneously generated in the ionization region. The ionic wind velocity is sharply decreased in
regions I and II. The 2D distributions of the electric field, ion density, and flow field at position 1 are shown in the inset of b, ¢, and d, respectively. A typical applied

voltage of 60 kV is selected as an example.

electric field and gain sufficient energy to release more electrons and
ions when they collide with other air atoms of the medium. A chain
reaction occurs, which is called the electron avalanche. Meanwhile, the
electric field pulls electrons and ions in opposite directions to prevent
recombination. Beyond a certain distance from the discharge electrode
(drift region), sufficient energy can no longer be provided by the electric
field to sustain the kinetic energy of electrons for gas ionization. In this
region, electrons and ions migrate freely toward the grounded plate, and
some are captured by colliding with suspended particles. The distribu-
tions of the electric field and ion density field are critical to describing
the discharge space, and are depicted in Fig. 1b and c, respectively. The
increase in the applied voltage also leads to elevated electric field
strength and ion density. The strength of the electric field reaches the
maximum around the needles, and rises from 1.78 x 10° V/m to 2.02 x
10% V/m when the applied voltage is raised from 40 kV to 60 kV. The
electric field strength dramatically decreases by more than five times
compared with the maximum at only 20 mm from the emitter, and then
rises slowly along the direction from the needle toward the grounded
plate (Y > 80 mm). The inset selects the 2D distribution of 60 kV as an
example. As seen in the figure, a low-strength electric field region exists
between the needles because of the repulsion effect of the adjacent
discharge. Compared with the electric field distribution, the ion density

varies more considerably in different positions. For example, the ion
density continuously decreases from 1.83 x 107! C/m? at the needle to
2.01 x 107° C/m® at Y = 200 mm when the applied voltage is 60 kV.
Meanwhile, the ion density appears to be discrete with a regular pattern
corresponding to the needles, and ion charges may not exist in some
regions (e.g., near the cylinder surface or between the needles). For fine
particle removal, especially submicron particles, diffusion charging is
one of the efficiency-determining steps, which is closely related to the
ion density. Therefore, how to improve the uniformity of the ion density
distribution by optimizing the electrode geometry or configuration may
be an interesting topic to enhance particle charging and precipitation.
The line distribution of the ion wind velocity along the direction
from the needle to the collection plate is shown in Fig. 1d, with an inlet
velocity of 0.1 m/s. The maximum ion wind velocity appears around the
needles because of ionization, and the ionic wind velocity can reach
7.91, 7.20, and 6.39 m/s when negative voltages of 60, 50, and 40 kV are
applied to the emitter, respectively. The ionic wind rapidly weakens to
approximately 2 m/s due to turbulent dissipation with increasing dis-
tance from the needles, as shown in region 1. Although the velocity of
ionic wind is reduced, it is still faster than other regions, and disturbs the
space flow field in a meaningful way, as depicted in the inset of Fig. 1d. A
detailed investigation of the role of ionic wind in the space flow field is
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discussed in Section 3.2. Meanwhile, the ionic wind is sharply decreased
again in the near-plate region because of the boundary layer effect, as
shown in region II. The ionic wind will also affect the ion convection; the
relationship between the electrostatic field and flow field is a two-way
streak.

0.1 m/s

-]

Volume rendering

0.5 m/s
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3.2. Effect of ionic wind on the space flow field

To further investigate the role of ionic wind in the charged flow field,
we describe the spatial distribution of the flow field with different pre-
sentations. An applied voltage of 60 kV is used as the basic condition to
clearly express the effect of ionic wind on the space flow field. The
volume renderings of the flow field under different inlet velocities are
presented in Fig. 2a. The ionic wind velocity around the needle tip is

1.0 m/s
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Fig. 2. Disturbance of ionic wind on the space flow field.a volume rendering and b streamlines are presented to describe the space flow field disturbed by the
ionic wind, and the inlet velocities are set as 0.1, 0.5, or 1.0 m/s. The flow fields in the plane X = 120 mm at ¢ low inlet velocity and d high inlet velocity are
displayed with different characteristics. The left and right graphs show the distributions of the velocity vector and dimensionless parameter X, respectively. The red
zone (X > 1) indicates the regions of EHD-dominated flow. Planar gas flow distribution in the planes of e X = 120 mm, f X = 180 mm, g X = 240 mm, and h X = 300
mm. The color of the arrows represents the magnitude of the gas flow velocity. The red arrows in these figures represent the direction and the trajectory of high-speed
ionic wind. i, Contours of gas velocity in the X direction within the near-plate region. The applied voltage is selected as 60 kV for all images.
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higher than that in other regions, and the maximum velocity can reach
7.91, 8.05, and 8.54 m/s at inlet velocities of 0.1, 0.5, and 1.0 m/s,
respectively. Meanwhile, high-speed regions are formed on both sides of
the needles because of the vertical relationship between the generated
ionic wind and inlet gas flow. These high-speed regions also shift inward
with increasing inlet velocity, and the ends gradually fork to resemble a
‘crab claw’ shape when the inlet velocity is 1 m/s. This result indicates
that the space flow field is significantly disturbed by the high-speed ionic
wind (Movies S1 and S2), and the pattern of the space flow field is
simultaneously dependent on the applied voltage and initial velocity. To
further investigate the disturbance effect of ionic wind on the space flow
field, the streamlines under different inlet velocities are visualized in
Fig. 2b. At a low inlet velocity (0.1 m/s), the high-speed ionic wind
pushes the gas flow moving from near the needle to the grounded plate,
creating a shape similar to ‘a flower in full bloom’ (Movie S3), which is
consistent with the EHD structures measured by PIV [26]. This flow field
may be conducive to particle transport near the needles. However, the
migration of particles also becomes unpredictable as they pass through
this ionized flow field. As the inlet velocity increases to 1 m/s, the ionic
wind primarily disturbs the downstream flow field near the needles,
while the streamlines of the 1 m/s inlet velocity are relatively smooth
compared with those of 0.1 m/s.

The above result indicates that the ionic wind drives local flow ac-
celerations. To rationalize these observations, the EHD equation is
presented with a dimensionless form to provide further insight into the
development of ionic wind in the space electric field [39,40].

St%+ u-Vyu=-vp +$§ +év“ﬁ - {%}pm*vw
gas

(19)

where St represents the Strouhal number, Fr represents the Froude
number, and the asterisk superscript denotes dimensionless variables

[41]. Among them, X = (p;,,¢)/ (/)gmﬁz) is the ratio of electric and in-
ertial terms, which is called the electro-inertial number.

The flow field in the plane where the needles are located (X = 120
mm) at low inlet velocity and high inlet velocity are displayed in Fig. 2c
and d, respectively. The left graph shows the velocity vector in the
selected plane, with the background as the velocity distribution. The
right graph displays the distribution of dimensionless parameter X,
which is shown using a blue-to-red contour. In the red zone, which is the
EHD-dominated region, the electro-inertial number is greater than the
unit, which indicates the region where the electric force is more
powerful than the inertial force. At low inlet velocity, the vortices that
are indirectly induced by the disturbance of high-speed ionic wind are
located at nearly the same plane as the emitters. Meanwhile, the EHD-
dominated flow is located on two sides of needles where both the elec-
tric field strength and the ion density are high. Notably, although the
main flow region of ionic wind also retains the high intensity of electric
field strength and ion density, the inertial flow component is higher
because of high velocity, which explains why the electro-inertial number
is <1 for this region. At high inlet velocity, the ionic wind moves
downstream with the main flow, and the velocity distribution is likely to
be uniform. The EHD-dominated region is located around the needles in
a regular pattern, and the electro-inertial number decreases with the
distance from the emitter.

As mentioned above, the downstream flow field will be disturbed by
the ionic wind at high inlet velocity. Moreover, the inlet velocity at 1 m/
s is the typical condition in the practical application of particle precip-
itation. Therefore, the planar gas flow distributions perpendicular to the
discharge channel in planes e-h with an applied voltage of 60 kV and an
inlet velocity of 1 m/s are investigated, as shown in Figs. 2e-2h,
respectively. These planes are uniformly spaced from X = 120 mm (the
middle of the first discharge electrode) to X = 300 mm with a constant
value of 60 mm. In plane e, the gas velocity around the needles is higher
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than that of other positions because of the generation of ionic wind. Due
to ionic wind entrainment, a couple of recirculation eddies are simul-
taneously induced in the neighboring region around the needles. After
the gas flow has passed through the discharge electrode, spherical flows
are emitted from needle tips, and the evolution of this EHD flow re-
sembles that of mushroom clouds moving toward the grounded plates,
as shown in Fig. 2f and g. The gas flow distribution in plan d indicates
that the main flow of high-speed ionic wind is divided into two atten-
uated gas flows after hitting the plates, and then induced back to the
middle and back ends of the discharge channel (see Fig. 2h). Meanwhile,
since the movement of the gas flow is blocked by the generated ionic
wind, a low-speed zone (with a velocity close to 0 m/s) is detected at the
rear end of the needles. The interference then gradually decreases as the
plane moves from f to h.

The space flow field is disturbed by the high-speed ionic wind, which
also causes the inhomogeneous gas flow distribution on the grounded
plates. The gas velocity distribution in the X direction (corresponding to
the inlet velocity direction) within the near-plate region is presented to
lay the foundation for the next analysis of particle deposition, as shown
in Fig. 2i. The main flow of ionic wind moves with the airflow to the
downstream region of the discharge electrode, and collides with the
grounded plates to form ‘U'-shaped high-speed zones. The maximum X-
velocity in this zone can reach 1.47 m/s, which is detrimental to the
particle deposition process. This high-speed collision may also adversely
affect the stability of the formed dust layer, which may be a potential
inducer of dust re-entrainment. Therefore, avoiding scouring on the
grounded plate by high-speed ionic wind is also an effective method to
further improve the efficiency of ESPs, especially when the inlet PM
concentration is high.

3.3. Multiple effects of ionic wind on particle transport

Particle migration and deposition are difficult to demonstrate in
detail by tracking the trajectory of a single particle. Therefore, a group of
electrically neutral particles are uniformly injected into the electric field
to investigate the multiple effects of ionic wind on particle transport.
The particle trajectories, color scaled according to particle charge, are
presented considering different independent variables (i.e., applied
voltage, inlet velocity, and particle size), as shown in Fig. S2. After
passing through the first discharge electrode, the particles, especially
those close to the needles, are all fleetly charged and move toward the
grounded plates with the accelerative effects of ionic wind propulsion
and electric force.

To further investigate this topic, the particle transport around the
needles and the particle deposition are discussed in detail (Fig. 3a). The
data in Fig. 3b and Movie S4 indicate that the particle velocity in the Y
direction (the velocity component toward the grounded plates) rises
rapidly with the acceleration of ionic wind propulsion and electric force,
especially when passing through the needles. Selecting a 1 pm particle as
an example, the maximum particle velocity in the Y direction can reach
197.50 cm/s, which is significantly higher than its typical migration
velocity. Meanwhile, the particle deflection — introduced by drag and
electric forces — is gradually increased as the particle size increases
from 1 pm to 30 pm. The effect of ionic wind propulsion and electric
force on particle migration will eventually be reflected in the distribu-
tion of particle deposition. As shown in Fig. 3c, for nano-scale particles
(100 nm, such as sulfuric acid aerosol or virus), the distribution of
deposited particles is relatively uniform, and the particle deposition is
slightly enhanced downstream of the electrode. Figs. 3d-3f indicate that
the micron-scale particle deposition is greatly affected by the ionic wind,
and exhibits more obvious changes with particle size. The number
concentration of deposited particles is significantly increased upstream,
owing to the vortex generated by the ionic wind disturbance dragging
the particles upstream, and the maximum number concentration can
reach 59 mm 2 when 2 x 107 particles are injected into the electric field.
Furthermore, the particle deposition is enhanced again around the third
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discharge electrode. Simultaneously, the particle deposition is obviously
weakened in the high-speed region of the near-plate region, causing the
‘unoccupied areas’. This phenomenon can be attributed to the fact that
the accelerated gas velocity reduces the particle deposition time, which
further deteriorates with particle size. Particle deposition on the
grounded plates increases with the applied voltage. Meanwhile, the
unoccupied areas, although they still persist, will be further reduced and
moved forward by the enhanced ionic wind propulsion (Fig. S3).
Eventually, ‘every coin has two sides’.

For nano-scale particles, the distribution of deposited particles is
relatively uniform. However, the deposition of micron-scale particles is
greatly affected by the ionic wind, and exhibits more obvious changes
with particle size. This result gives a fundamental principle for the
design and efficiency improvement of gas purification equipment. In
indoor air purification, the possible means to inactivate airborne in-
fectious agents have been intensively investigated and have been subject
to intense debates [42]. Viruses and bacteria can be charged and
partially inactivated after entering the electric field, and are transported
to the grounded plates with ionic wind propulsion and electric force
[43]. Further scouring of the grounded plates with disinfectants is a
possible approach to further improve the bactericidal effect, and it
should be strengthened downstream according to the distribution of
deposition.
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Meanwhile, particle electrostatic precipitation is also extensively
used to remove dust in various fields of industrial application, such as
coal-fired power plants and metallurgical industries. The mean particle
size of these flue gases is approximately 20 pm [44,45]. The increase in
upstream particle deposition will induce the spark within the dust layer
(back corona), while dust re-entrainment occurs more easily with the
accelerative airflow. The careful design of the grounded plate according
to the particle deposition performance may be a potential means to
further improve particle electrostatic precipitation.

3.4. Countermeasures for optimizing the flow field and particle removal
enhancement

As mentioned above, particle migration is enhanced with the accel-
eration of ionic wind, but also causes the formation of ‘U'-shaped high-
speed zones within the near-plate region, which will aggravate the
occurrence of back corona and dust re-entrainment. Therefore, a novel
electrode configuration is proposed to overcome the above disadvan-
tages by optimizing the space flow field and particle precipitation
performance.

The design of this ESP is uncomplicated but useful. The addition of
perforated plates at a distance of 40 mm from the grounded plate is
shown in Fig. S4. The perforated plates are grounded, and the particles
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colliding with perforated plates are considered to be deposited. The
distributions of the electric field, ion density, and current density indi-
cate that the electrostatic characteristics of the region between the
grounded and perforated plates are weak, which contributes to avoiding
the spark within the dust layer (Figs. S5 and S6). Apart from the opti-
mization of electrostatic characteristics, the improvement of the space
flow field by adding perforated plates should not be underestimated. The
high-speed ionic wind is diluted when passing through the perforated
plate, as shown in Figs. 4a-4c. Meanwhile, the corona discharge per-
formance of ESP is enhanced because of the shorter distance between the
electrodes. This is also reflected in the ionic wind velocity. As illustrated
in Fig. 4d, the maximum ionic wind velocity is increased from 7.91 m/s
to 9.61 m/s compared with the typical ESP. On the one hand, the higher
ionic wind velocity, in the region between the discharge electrode and
the perforated plate, promotes particle migration toward the grounded
plates. On the other hand, the ionic wind velocity is decreased near the
perforated plate, which obviously reduces the scouring of ionic wind on
grounding plates (Figs. 4e-4f). For instance, the maximum and average
velocities in the X direction within the near-plate region are reduced
from 1.48 m/s and 0.95 m/s to 1.12 m/s and 0.27 m/s, respectively,
under an applied voltage of 60 kV (Fig. 4g). The probability of re-
entrainment will be significantly reduced. Meanwhile, the presence of
perforated plates increases the turbulence intensity of flue gas, which
contributes to the particle deposition process.

Compared with the typical ESP, the deposited particle distribution of
the optimized ESP is more uniform, as shown in Fig. 5a. The addition of
perforated plates significantly reduces the deposition of particles around
the discharge electrode, while compensating for the ‘unoccupied areas’
of the dust layer. The reduction in dust layer thickness around the
discharge electrode can effectively prevent the accumulation of charges
(Fig. 5b). Meanwhile, the electric field strength of the region between
the perforated and grounded plates is significantly lower than that of a
typical ESP, which introduces a reduction in the electric field strength
within the dust layer. Therefore, the occurrence of back corona can be
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efficiently avoided by using this optimized ESP. Moreover, the addition
of perforated plates can significantly reduce dust re-entrainment. As
shown in Fig. 5S¢, although the deposited particles are still blown up by
the high-speed ionic wind, they will continue to migrate onto perforated
or grounded plates under the action of electric force. The perforated
plate will also provide a restraint for particles that try to escape from the
region between perforated and grounded plates, which is beneficial for
the shaking process of ESPs. The improvement of the optimized ESP in
particle collection efficiency is illustrated in Fig. 5d. For particles with
diameters of 100 nm, 5 pm, 10 pm, and 20 pm, the collection efficiency
is enhanced by 57.6%, 41.3%, 30.4%, and 12.1%, respectively.

Ionic wind plays a vital role in charged particle removal during flue
gas purification due to flow field disturbance. Thus, rationally using
ionic wind should be specifically considered in the future-oriented
design of gas purification equipment to realize air quality improve-
ment. This research provides new thinking for the investigation of
charged particle behaviors and flue gas purification. The optimized ESP
mentioned above is just an example, and the application of ionic wind
can also be reflected in other aspects. In our previous research [46,47],
some results indicated that electrons can activate particle growth sub-
stantially. Therefore, collisional coupling between ionized gases (ionic
wind) and particles/droplets also seems to be a possible way to mitigate
pollutant emissions. Meanwhile, since the local velocity near the needles
is too high to be neglected compared with the ion drift velocity, its effect
on the electric field may be an interesting topic for future studies. In
addition, ionic wind can modify streamer generation and propagation,
which alters the efficient transport of long-lived species (e.g., particles,
viruses, ozone, and nitrogen oxides) with lifetimes ranging from milli-
seconds to minutes due to the enhanced airflow [48]. Further im-
provements in these two performance limitations of particle directional
transportation and overall efficiency could open up new design spaces
for ionic wind propulsion and explore its extraordinary application
fields.
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4. Conclusion

In summary, a comprehensive model is established to investigate the
effect of ionic wind on space flow field disturbance and charged particle
migration. Ions are generated at the tips of a conductor, and the mo-
mentum of these accelerated ions is coupled with that of the bulk fluid,
thus forming high-speed ionic wind. The ionic wind velocity can reach
7.91 m/s when a negative voltage of 60 kV is applied to the emitter,
which is significantly higher than the inlet velocity. The high-speed
ionic wind strongly disturbs the space flow field, and causes the for-
mation of ‘U'-shaped high-speed zones within the near-plate region. The
maximum X-velocity in this zone can reach 1.47 m/s, which is detri-
mental to the particle deposition process. After the dusty flue gas enters
the electrostatic field, the particle velocity rapidly increases with the
acceleration of ionic wind propulsion, especially when passing through
the needles, which is beneficial to particle removal. Meanwhile, the
uneven distribution of deposited particles, resulting from ionic wind
propulsion, will further induce the spark within the dust layer (back
corona) and re-entrainment. Based on these findings, a novel electro-
static precipitator is proposed to overcome the adverse effects of ionic
wind, and the collection efficiency and dust layer shape are both
significantly improved. The particle collection efficiency of 100 nm, 5
pm, 10 pm, and 20 pm could be enhanced by 57.6%, 41.3%, 30.4%, and
12.1%, respectively. This work provides the cornerstone for the future-
oriented design of flue gas purification by rationally using ionic wind to
achieve a lower pollutant emission level.
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