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Abstract: Wet electrostatic precipitators have problems such as uneven water distribution and poor
economy in applying ultra-clean particulate matter emissions from coal-fired boilers. Upgrading
the droplets in wet dust removal to charged mobile collectors can effectively compensate for these
shortcomings. In this paper, the effects of particle sphericity, particle size, and charge on the capture
efficiency of a single droplet for capturing micron and submicron particles are qualitatively studied
by simulating the process of particle capture by charged droplets in a turbulent flow field. The
simulation results show that the trapping efficiency of charged droplets is positively correlated with
the sphericity and the amount of charge. The particle size significantly impacts the capture efficiency,
and the increase in size increases the capture efficiency, and the capture efficiency of 5.49 µm particles
reaches 100%. The effect of particle movement speed on the capture efficiency needs to be considered
in combination with particle size. For micron particles, the capture efficiency is close to 100% when
the movement speed is 0.3 m/s and 0.5 m/s. For submicron particles, the aggregation morphology is
lower at lower speeds. Simple non-spherical particles have greater capture efficiency.

Keywords: charged droplets; sphericity; numerical simulation; trapping efficiency

1. Introduction

With the massive consumption of coal, particulate matter emission severely impacts
the environment. However, in recent years, China has experienced rapid industrialization
and the electricity demand is still in the increasing stage. In particular, the production and
operation of coal-fired power plants generate a large amount of particulate emissions. A
large amount of particulate matter in their soot emissions can cause serious pollution to the
environment and affect people’s health. To control the environmental damage of particulate
matter, waste gas generated in the industrial production process must be purified before
being discharged into the atmosphere. The wet dust collector has a better effect than
various dust removal technologies [1]. Wet electrocoagulation technology is widely used
due to its advantages of low energy consumption, pressure reduction, and the ability to
remove soluble gas, but it also has some shortcomings, such as serious corrosion and the
easy formation of corona inhibition [2,3]. The study of particle capture by single droplet is
the basis for improving wet electrocoagulation. Studying the capture of particles by single
droplet can deeply understand and use the wet deposition mechanism in the atmospheric
environment to remove particles [2].

At present, scholars have studied the particle capture process of charged single
droplets, most of which are based on the assumption of spherical particles, and the research
on non-spherical particles is still in the qualitative research stage. However, Jiang [4] and
Yao [5] and other studies found that the shape of the particles affects the humidity and thus
the charging capacity. If the particle shape is not considered, the charged single droplet
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captures the particles with a large deviation, so the particle shape affects the capture. The
effect of efficiency cannot be ignored, and the “sphericity” of the particles is proposed as
an important characteristic parameter [6]. Wadell [7] defined, by the ratio of the spherical
particle surface area Av to the non-spherical surface area Ap with the same volume of
non-spherical particles, a highly accurate relationship between sphericity and drag force
established through experimental measurements.

According to the current research progress, the factors affecting the capture efficiency
in the process of capturing particles by a single charged droplet are not only particle
sphericity but also particle size, particle and droplet charge amount, and particle motion
speed [8]. Zuo Ziwen [9] and others designed an experimental device for particle capture
by charged droplets and found that the particle capture capacity of charged droplets was
more than an order of magnitude higher than that of non-charged droplets, and the capture
capacity of droplets was similar to that of non-charged droplets. The amount of charge
is linearly proportional. Li Lin [10] conducted an experimental study on the process of
electrostatic spraying to remove particulate matter from flue gas. The results show that
electrostatic spraying has a significant effect on agglomerating particulate matter and small
particles can aggregate to form larger particles, which improves the capture efficiency.
Wang Junfeng and others [11] carried out an experiment of trapping particles by charged
droplets. The research results show that charged droplets can capture more particles,
and particles stay on the surface of the droplets due to surface tension, which affects the
capture of the particles’ set efficiency. Zuo and others [12] developed an experimental setup
for trapping particles by charged droplets and studied the entire trapping process. The
experimental results show that the number of particles captured by charged droplets is
much larger than that of non-charged droplets, and the particles on the surface of charged
droplets obviously aggregate together. Zhang Yaowen [13] developed an electrostatic spray
cyclone dust removal system and carried out research on the influence of various factors on
the dust reduction rate under different dust concentrations. The experimental results show
that the increase in electric field strength is beneficial to improve the dust reduction rate
of the device. In the thermo-dynamic characterization of free water and surface water of
colloidal monomolecular polymeric particles using DSC, Peng Geng et al. [14] found that
the effect of Manning condensation occurs when the charge on the surface of the particles
is very high, and the effective charge density decreases, reducing the effective charge on
its surface.

In terms of simulation, the core is the construction of the model and the definition of
the capture efficiency. From the 2D model to the 3D model, the definition of the capture
efficiency needs to be rewritten. In terms of numerical simulation, Wang [15], Shapiro
and Laufer [16], and others found that if the droplets and particles are not charged or
the charge is low, the particles can be driven to collide with the droplets by adding an
electric field, but if the droplets and particles are two, all of them are charged, and the
addition of an electric field weakens the capture of the particles by the droplets. Wang
Junfeng [17] and Xie Liyu [18] carried out numerical simulation research on particles
trapped by charged droplets. The research results show that when the direction of airflow
movement and the direction of droplet deformation and projection are the same, although
the collision efficiency is reduced, it can be improved and improve capture efficiency.
Zhao Haibo and Zheng Chuguang [19–21] numerically simulated the process of removing
boiler flue gas by electrostatic spraying, and discussed the effects of inertial collision,
interception, Brownian diffusion, and electrostatic force on the capture efficiency. Wang
Ao [22] used a three-dimensional model to study and considered the combined effect of
inertial and thermophoretic mechanisms. The study found that in the range of the Reynolds
number involved in spraying, the flow boundary layer near the droplets was separated
and showed non-steady state and non-axisymmetric morphology. Based on the study
of particle inertial motion behavior, Slinn and Davenport [23–26] established an inertial
capture efficiency formula.
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Weber et al. [27] studied the inertial trapping efficiency of droplets flowing around
particles under the assumptions of the Stokes flow model and the potential flow model and
estimated the inertial trapping efficiency at each Reynolds number (Re) between the two
flow assumptions using the interpolation method, and the calculated results have a large
deviation from the experimental and numerical simulation results. Bauer and others [28]
assumed a steady-state axisymmetric flow field around the flow droplet and numerically
simulated the inertial trapping of particles with St = 0.1 to 100 by the droplet at Re = 1
to 400. Slinn and others [25] fitted this numerical simulation result to obtain a formula
for calculating inertial trapping efficiency at different Reynolds numbers (Re) and Stokes
numbers (St), which is widely used to calculate inertial collision kernels to predict The
removal coefficient of particulate matter during rainfall. The formula fitted by Slinn is in
good agreement with the experimentally obtained efficiency in the range of Re < 300, but
the relative deviation from the experimental data at higher Reynolds number (Re), such as
in the study by Horn [29], is more than 20%.

To sum up, the research on wet electrocoagulation technology is extremely important,
but the related analysis methods are not yet mature, and more in-depth research is needed.
Therefore, a single droplet captures spherical and non-spherical particles under the action
of an electrostatic field, which is simulated and studied to establish a numerical model and
a physical model of the particle and study the particle size, particle charge, droplet charge,
particle velocity, and particle size. Due to the effects of aggregation behavior and other
factors on the capture efficiency, the research results are of great significance for improving
the wet electrocoagulation technology and improving the particle capture efficiency.

2. Numerical Model
2.1. Force Analysis Equation

The main forces on the particles during their motion are shown in Table 1.

Table 1. Force analysis equations for particle motion.

Action Force Force Analysis Equation Serial Number

Gravity Fg = 1
6πdp

3ρpg (1)
Buoyancy Fg = 1

6πdp
3ρg (2)

Inertial force Fg = − 1
6πdp

3ρp
dup
dt

(3)

Resistance force CD =
Fγ

πrp2[ 1
2 ρ(u−up2)]

(4)

Fr =
π2

2 CD

∣∣∣u− uγ

∣∣∣(u− uγ) (5)

Basset force FB = 3
2 dγ

2√πρµ
t∫
−∞

du
dt −

duγ
dt√

t−τ
dτ (6)

Saffman lift force Fs = 1.61(µρ)
1
2 d2

ρ

(
u− uρ

)∣∣∣ du
dy

∣∣∣ 1
2 (7)

Additional mass force FVM = 1
2 ρV

(
du
dt −

duρ

dt

)
(8)

Magnus lift force F1 = 1
3 πd3

pρuv (9)

In addition to the main forces mentioned above, the traction forces on the particles
should not be neglected. For the traction of spherical particles, the particle velocity (v) is
the translational velocity of the particle center of mass, and the continuous fluid velocity
(u) is usually defined in the region without particles. The continuous fluid velocity can also
be extrapolated to the particle center of mass and expressed as u@p, called the “unimpeded
velocity.” The relative velocity of particles (w) based on the “unobstructed velocity” can be
expressed as [30]:

w(t) = v(t)− u@p(t) (10)
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Assuming that the particle and fluid velocities are stable and uniformly distributed
over the space away from the particles, ∇ − u@p = 0 [31]. At this point, the magnitude of
the trapping force is mainly determined by the particle Reynolds number (Rep).

Reρ =
ρ f

∣∣∣w∣∣∣d
µg

(11)

where d denotes the particle diameter, ρf denotes the fluid density, and µf denotes the fluid
viscosity. Nedelcu [32] derived the trajectory of spherical particles under the condition that
the convection term (Rep� 1) can be neglected:

FD = −3πdµ f w (12)

When the particle Reynolds number increases, the flow behind the particle is initially
an attached laminar flow with Rep < 22, then a separate laminar flow zone, which becomes
an unstable transition zone at 22 < Rep < 130, and then a turbulent zone at 130 < Rep <
1000 [31–35]. At 2000 < Rep < 300,000, the boundary layer starting in front of the particles
(θ = 0◦) is laminar and separates at about 80◦ [35], creating a fully turbulent wake behind
the particles. The total drag force is defined according to the drag coefficient (CD) as:

FD = −π

8
d2ρ f CDww (13)

For smaller values of Rep, the Stokes traction equation is appropriate. The traction
coefficient (CD) measured in the range 2000 < Rep < 300,000 is almost constant, from about
0.4 to 0.45, which is also commonly referred to as the “Newtonian zone” [36]. The Stokes
correction can be obtained by normalizing the traction by the creep flow solution.

fRe =
FD(Reγ)

FD(Reγ → 0)
=

CD(Reγ)

24/Reγ
(14)

Equation (14) is uniform for Rep� 1 and is proportional to Newton’s law for Rep
(about 3000 < Rep < 200,000). A transition occurs in between due to the appearance and
growth of the wake separation bubble [35].

An empirical formula including a traction coefficient can be derived from a series
of assumptions. An empirical curve consisting of 10 components was given by Clift
et al. [37] for extending the study of spheres to Rep as 106. The Stokes correction in this
calculation gives

fRe = 1 + 0.15Reγ
0.687 for Rer < 800 (15)

Regularly shaped non-spherical particles do not have an analytical solution for the
trajectory even in creeping flows with large flow velocities; their shape and the correspond-
ing correction for the trajectory can be approximated as ellipsoids by determining the
effective aspect ratio (E). As shown in Figure 1, the cylinder can also be corrected for shape
(fshape) to maintain sufficient accuracy [38–40]. As with the sphere shape factor, fshape is
inversely proportional to the change in terminal velocity (for d = constant), as the trajectory
correlation is linear in creeping flows.

fshape =
CD,shape

CD,shaere

∣∣∣∣∣Re� 1&const.wol =
Wterm,sphere

Wterm,sphape
(16)
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In order to estimate the shape factor of non-spherical regular particles, two dimen-
sionless area parameters, the surface area ratio and the projected area ratio, are usually
considered [30]:

A∗sur f =
Asur f

πl2 , A∗proj =
Aproj
1
4 πl2

(17)

The surface area ratio and the projected area ratio are usually considered. The surface
area ratio is always greater than 1, i.e., A*surf ≥ 1. The reciprocal of the surface area ratio is
more commonly defined as the “sphericity ratio” [7], “sphericity” [24] or “shape factor”.
For cylinders with length-to-diameter ratio (Acyl), ratio (Acyl), the surface area ratio and
equivalent volume diameter can be determined from geometric relationships [30]:

Ecyl =
Lcyl

dcyl
, A∗sur f =

2Ecyl + 1

(18E2
cyl)

1
3

, d = dcyl

(3Ecyl

2

) 1
3

(18)

The projection area ratio depends mainly on the direction of projection of the particles
and their shape. Under non-isometric conditions, Clift et al. [38] gave the A*surf and
A*proj equations for biconical and rectangular equations. Although there are other ways to
describe the non-spherical properties of particles, these are the two most commonly used
parameters for symmetric particles, and both are also the most effective in correlating the
traction [25,37].

Leith [41] proposed a correlation between the Stokes shape correction factor and these
two area ratios:

fshape =
1
3

√
A∗porj +

2
3

√
A∗sur f for Rep � 1 (19)

From Equation (19), 1/3 of the sphere resistance is shape resistance (related to the
projected area), 2/3 is friction resistance (related to the surface area), and the shape resis-
tance and friction resistance are proportional to the particle size. A review by Ganser [39]
shows that if the surface area ratio of a particle can be reasonably made to approach that of
a sphere, the following relation can be used for a given aspect ratio.

A∗sur f =
E
−2
3

2 + E
4
3

4
√

1−E2 ln
(

1+
√

1−E2

1−
√

1−E2

)
A∗sur f =

1

2E
2
3
+ E

1
3

2
√

1−E−2 sin−1
(

1+
√

1−E2

1−
√

1−E2

) (20)
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2.2. Governing Equation
2.2.1. Drag Equation

The trajectory of the particles in the vicinity of the adsorbed droplet is determined by
Newton’s equation [42].

m
d
→
w

dt
=

CdRep

24

→
Fr +

→
Fτ +

→
Fg (21)

where w represents particle velocity, m represents particle mass, Cd represents traction
coefficient, Rep represents particle Reynolds number, Fr represents drag, Fg represents
gravity, and Fε represents electrostatic force.

Although the forces on the particles change during their motion and their trajectory
changes, the whole physical process still follows the conservation of mass, momentum,
and energy. The conservation of mass equation [43]:

∂ρ

∂t
+

∂(ρvx)

∂x
+

∂
(
ρvy
)

∂y
+

∂(ρvz)

∂z
= 0 (22)

Conservation of momentum equation.

∂(ρvx)

∂t
+ div(ρvxv) =

∂ρ

∂t
+

∂τxx

∂x
+

∂τyx

∂y
+

∂τzx

∂z
+ Fx (23)

∂
(
ρvy
)

∂t
+ div

(
ρvyv

)
=

∂ρ

∂y
+

∂τxy

∂x
+

∂τyy

∂y
+

∂τzy

∂z
+ Fy (24)

∂(ρvz)

∂t
+ div(ρvzv) =

∂ρ

∂z
+

∂τxz

∂x
+

∂τyz

∂y
+

∂τzz

∂z
+ Fz (25)

Conservation of energy equation.

∂

∂t
(ρh) + div(phu) = div[(k + ki)divT] + Sk (26)

2.2.2. Capture Efficiency

The trapping efficiency of a moving particle in a laminar flow varies depending on
the position of release. Here, by denoting y0 as the maximum value of the trajectory of the
trapped particles, the trapping efficiency can be defined as [44]:

ET
(
dd, dp

)
=

N
N0

=

(
2y0

dd

)2
(27)

where dd denotes droplet diameter, dp denotes particle diameter, N denotes the number of
particles trapped and N0 denotes the number of particles released over the projected area
of the droplet.

In turbulent flow, the flow field is unstable and the trajectory of motion is not unique.
For this reason, the collision probability e(dd,dp,Y) is proposed to characterize the collision
of particles with droplets under turbulent conditions. For simple micron spherical particle
capture, the effect of each factor on the capture efficiency can be obtained by modelling the
probability of collision for a given position.

The complexity of turbulent pulsations can be found from Figure 2, the previously
defined trapping efficiency Equation (27) is not applicable to turbulent flows [45]. As the
relative position of the particles, Y, affects the collision efficiency, the trapping efficiency
can be synthesized by fitting the collision probability, as shown in Figure 3.
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We can define the trapping efficiency ηs of droplet trapping particles as [44]

ηs =
R∫
0

e
(
dd, dp, Y

)[
π(y + dy)2 − πy2

]
/πR2

=
R∫
0

2πe
(
dd, dp, Y

)
ydy/πR2

(28)

For ease of fitting, the above equation can be expanded as

ηs =
n
∑

n−1
enπ

(
y2

n − y2
n−1
)
/πR2

=
[
y2

1e1 +
(
y2

2 − y2
1
)
e2 + . . . +

(
y2

n − y2
n−1
)
en
]
/R2

(29)

where y1, y2 . . . yn are the 1st, 2nd . . . n outer circle radii of the micro-element circle,
e1, e2 . . . en are the collision efficiencies of the released particles at the corresponding
positions mentioned above, respectively. Using this equation in combination with numerical
simulations at different locations, the capture efficiency of a single charged droplet can be
fitted to calculate the capture of particulate matter.

The effect of particle sphericity on the capture efficiency is investigated by fitting
the collision probability to the capture efficiency, using a model of spherical particles and
non-spherical particles of different sphericity of the same volume and varying parameters
such as particle size, particle charge, droplet charge, and particle motion velocity to investi-
gate their effect on the capture efficiency and the positive and negative correlation with
particle shape.

2.3. Solving Algorithm

Simulation studies are carried out to validate the computational models by building
them and determining the physical parameters and boundary conditions. Simulation
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studies are then carried out first to investigate the collision probability of trapped micron
particles. The trapping efficiency of submicron particles is then explored. The effects of
particle size, droplet charge, and particle motion velocity are also discussed, and methods
to improve the trapping efficiency are analyzed.

The fluid in the simulation is air, the simulation temperature is room temperature, The
physical parameters are shown in Table 2 and the particle density is set to 2200 kg/m3.
The model inlet condition is a velocity–inlet boundary. The flow at the outlet is assumed
to be fully developed and the model outlet boundary condition is the outflow boundary.
A standard k-ω turbulence model is selected and the SIMPLE algorithm is chosen as the
method for coupling pressure and velocity.

Table 2. Simulated air physical properties parameters [44].

Materials Pressure (Mpa) Temperature
(◦C) Density (kg/m3)

Viscosity Factor
(Pa·s)

(air) 0 26.75 1.225 1.79 × 10−5

2.4. Model Building and Validation

The commercial finite volume software ANSYS FLUENT 18.0 was used to solve
the 3D Navier–Stokes equations and the particle equations of motion directly, with the
computational domain shown in Figure 4. The single spherical droplet is fixed in the
computational domain, and the droplet boundary is a wall boundary condition without
considering the variation of the physical and chemical properties of the droplet. The air is
fed from the left side of the computational domain in the plane (y–z), and the flow direction
is the same as the x-axis. The particles are fed uniformly from the projection of the droplet
on the inlet plane. Three hundred particles are fed at once, and the droplet diameter is
taken to be 250 µm. The particle charge is set to 7.89E–17C, the particle velocity is set
to 1.1 m/s, the electrostatic force is compiled and imported using UDF, and the particle
motion and position are tracked using the DPM model. After each particle is tracked, the
number of particles deposited onto the droplet (divided by the number of particles flowing
since it is the capture efficiency) and the deposition position are counted.
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Considering the characteristics of the droplet boundary layer and the influence on the
trajectory of the particles, the grid around the droplet was treated in an encrypted manner
when dividing the grid, with a minimum grid of 9.4 × 10−13 m3; see Figure 5.
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3. Results and Discussion
3.1. Effect of Particle Sphericity on Trapping Efficiency

A preliminary investigation was first carried out to obtain the effect of sphericity on
droplet trapping micron particle trapping efficiency by investigating the effect of different
particle sphericity on particle collision probability. Particles with sphericity of 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1 were taken to simulate the collision probability of particles
with different sphericity. The particle motion velocity was set at 1.1 m/s. Two particle
sizes, 1.37 µm and 3.50 µm, were chosen for the simulations, and the results are shown in
Figure 6.
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Analysis of Figure 6 shows that for particles of 1.37 µm, the collision probability is
similar for sphericity of 0.6–1, with a significant reduction in particle impact on droplets
occurring below 0.5. For particles of 3.50 µm, the difference in collision probability is slight.
It overlaps more for sphericity of 0.5–1. Still, the difference in collision probability occurs at
a sphericity of 0.4 or less, and particles of size 3.50 µm have a greater collision probability
than particles of 1.37 µm under the same conditions. The analysis shows that particle
sphericity affects the collision probability, and the effect is more significant for smaller
particles. For both the 1.37 µm and 3.50 µm particle sizes, the probability of collision with a
droplet decreases as the particle sphericity decreases. It can be assumed that particle shape
affects the capture efficiency and that the more complex the particle shape, the lower the
capture efficiency of single droplet capture particles.

3.2. Effect of Particle Size on Trapping Efficiency

For simple spherical micron particles, different particle sizes mainly affect their col-
lision behavior, so the effect of particle size on collision probability is explored. Thus its
effect on the trapping efficiency is analyzed. From the results in Figure 7a, it can be seen
that particle size has a significant effect on the collision probability. As the particle size in-
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creases, the collision probability between the particle and the droplet also increases, and the
collision efficiency for the 5.49 µm particles can reach 100%. As the particle release position
gradually moves away from the droplet center, the particle–droplet collision probability
decreases, reducing the capture efficiency.
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For more complex, non-spherical particles, there is a positive correlation between size,
charge, and capture efficiency. The four-micron particles of 1.37 µm, 2.16 µm, 3.50 µm,
and 5.49 µm and seven submicron particles of 0.02 µm, 0.04 µm, 0.08 µm, 0.20 µm, 0.32
µm, 0.53 µm, and 0.86 µm given above were used to form linearly arranged aggregates
of sphericity 1, 0.79, 0.69, and 0.63, respectively. The aggregates were formed with the
sphericity of 1, 0.79, 0.69, and 0.63, respectively. The results in Figure 7b show that the
trapping efficiency of the smaller non-spherical particles aggregated at 1.37 µm is less
affected by aggregation behavior and mainly by electrostatic force. The larger non-spherical
particles aggregated at 5.49 µm do not clearly show the effect of aggregation behavior
because the non-spherical particles have a more significant inertial force and the trapping
force affected by the particle shape is more diminutive. The electrostatic force mainly affects
the non-spherical particles aggregated at 2.16 µm and 3.50 µm. The aggregation behavior
of spherical particles with a size of 2.16 µm had the most significant effect on the capture
efficiency, with an increase of around 25% at a sphericity of 0.79 and around 62.5% at a
sphericity of 0.63. Although non-sphericality reduces the capture efficiency, the charge and
size of the particles increase as they aggregate, which contributes to the increase in capture
efficiency. The results in Figure 7c show that the capture efficiency of submicron spherical
particles decreases as the particle size increases. The trapping efficiency is high for smaller-
sized submicron particles, which are subject to less traction, and the non-spherical particles
under this condition are mainly subject to electrostatic forces. At this point, the particles
are primarily deposited towards the droplet surface, so the trapping efficiency is high. As
the degree of particle aggregation increases, the effect of traction is more pronounced than
the effect of inertia, and the trapping efficiency decreases.
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3.3. Effect of Droplet Charge on Trapping Efficiency

For non-spherical particles, the droplet charge also affects the efficiency of droplet cap-
ture of particles. Droplets with charges of 3.95E–13C, 2.36E–13C, 1.38E–13C, and 6.78E–14C
and non-spherical micron particles with the sphericity of 0.79 and 0.69, respectively, were
selected for the simulations, and the results are shown in Figure 8a. The efficiency of
droplet trapping of particles varies significantly with the droplet charge when the particle
charge is a certain amount. As the droplet charge increases, the electrostatic force on
the particles increases, the particles are pulled towards the droplet, and the efficiency of
trapping non-spherical particles increases significantly. As the electrostatic forces on the
particles are relatively smaller than the inertial and traction forces on the particles, the main
parameter influencing the capture efficiency, in this case, is the particle size. For the same
“equivalent diameter,” the efficiency of trapping non-spherical particles is smaller than
that of trapping spherical particles. For non-spherical particles formed by aggregation of
submicron particles, the electrostatic force on the particles increases as the droplet charge
increases for a given particle charge, making it easier for a droplet with a higher charge to
trap more particles. When the droplet charge is 0C and 3.95E–13C, the capture efficiency
is not affected by the aggregation behavior of the particles because the electrostatic force
on the particles is 0. At a droplet charge of 3.95E–13C, the submicron particles are mainly
affected by the electrostatic force and are less affected by the aggregation behavior of the
particles. Analysis of Figure 8b, for the non-spherical particles formed by the aggregation
of 0.20 µm spherical particles, shows a different trend when the non-spherical particles
are four-particle aggregates, which is due to the larger particle inertial forces at this point
coming into play. Analysis of Figure 8c shows that when the particle size is large enough,
the particle traction force plays a significant role in trapping. The particle aggregation
behavior still affects the trapping efficiency. In contrast, at a droplet charge of 0C, the
submicron particles do not affect the trapping efficiency during aggregation due to their
small size and low inertial forces. For submicron particles, the trapping efficiency decreases
as the degree of particle aggregation increases.

3.4. Effect of Particle Motion Velocity on Trapping Efficiency

For spherical micron particles, the velocities of the above four different sizes of particles
were selected as 0.3 m/s, 0.5 m/s, 0.8 m/s, 1.0 m/s, 1.1 m/s, 1.2 m/s, 1.5 m/s, 1.8 m/s, etc.
The droplet charge was taken as 3.95E–13C, and the particle charge was taken as 7.89E–17C
for the effect of particle motion velocity on the collision efficiency. In turn, its effect on the
trapping efficiency was obtained, and the results are shown in Figure 9. When the particle
velocity is small, the time the particle spends impacting the droplet is also long. At this
time, the particle is subjected to less traction, accompanied by electrostatic force attraction,
inertia force, and impact on the droplet. As can be seen from Figure 9a, the probability of
collision for particles of size 1.37 µm is close to 100% when the velocity of motion is 0.3 m/s
and 0.5 m/s. The impact of particle release position on the collision efficiency is almost
non-existent. In contrast, for particles of larger size 5.49 µm, the analysis in Figure 9b shows
that the collision probability changes as the particle release position changes.
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For non-spherical particles, four different sizes and shapes of micron particles and
submicron particle aggregates were selected above, and the velocities were set to 0.3 m/s,
0.5 m/s, 0.8 m/s, 1.0 m/s, 1.1 m/s, 1.2 m/s, 1.5 m/s, 1.8 m/s, etc. The droplet charge
was set to 3.95E–13C, and the particle charge was set to 7.89E–17C for the simulation,
and the results are shown in Figure 9c. For smaller micron particles of size 1.37 µm, the
electrostatic force plays a dominant role when the velocity is small, and the droplets mostly
trap the particles along with the electrostatic attraction, so their trapping efficiency is high.
When the velocity of particle movement increases, the traction force also increases, which
makes the particles deviate from the trajectory, and the trapping efficiency of non-spherical
particles decreases. As seen from Figure 9d, for larger particles such as 5.49 µm, the effect



Energies 2022, 15, 8487 14 of 16

of the electrostatic force is not obvious. The inertia force plays a dominant role when the
particle motion speed is low, causing some particle motion trajectories to deviate from
the droplet direction, leading to a decrease in the capture efficiency. As the velocity of
particle motion increases, the trapping force on the particles increases, and the efficiency
of non-spherical particles hitting the droplet increases under the combined effect of the
forces on the particles. For particles of 1.37 µm size, the effect of particle shape is nearly
absent. However, for particles of 5.49 µm size, the efficiency of capturing non-spherical
particles is less than that of capturing spherical particles for the same “equivalent diameter.”
For non-spherical particles formed by aggregation of submicron particles of 0.08 µm, the
electrostatic force plays a dominant role when the velocity is small. The droplets mostly
trap the particles along with the electrostatic attraction. The trapping efficiency is not
affected by the aggregation behavior of the particles when the velocity is 0.3 m/s and
0.5 m/s.

When the velocity of particle movement gradually increases, the particle is subjected to
increased traction, making the particle gradually deviate from the trajectory. The efficiency
of trapping non-spherical particles decreases, and the higher the degree of aggregation,
the lower the trapping efficiency. The analysis in Figure 9e shows that the non-spherical
particles formed by the aggregation of spherical particles of 0.20 µm are not affected by
the aggregation behavior when the velocity is 0.3 m/s. However, as the velocity increases,
the traction force on the non-spherical particles increases, and the efficiency of the non-
spherical particles hitting the droplets decreases. The higher the degree of aggregation, the
lower the trapping efficiency. As can be seen from Figure 9f, the aggregation of spherical
particles of size 0.53 µm forms non-spherical particles because of the larger particle size,
and the particles are subject to greater inertial forces and traction forces, so the aggregation
behavior of particles has an impact on the capture efficiency, and the higher the degree of
aggregation, the lower the capture efficiency. At an enormous particle movement speed,
around 1.8 m/s, when the inertial force is more significant, particle aggregation behavior
does not affect the capture efficiency. For non-spherical particles formed by the aggregation
of 0.86 µm spherical particles, the effect on the trapping efficiency at 1.2 m/s is mainly
absent; with the higher the degree of aggregation, the lower the trapping efficiency until
then, after which the higher the degree of aggregation, the higher the trapping efficiency
is demonstrated. At lower velocities, the capture efficiency is more significant for non-
spherical particles with simpler aggregation patterns. When the velocity increases, the
capture efficiency is smaller for non-spherical particles with more complex aggregation
patterns, and the capture efficiency decreases as the particle aggregation increases.

4. Conclusions

(1) Using the standard k-ω turbulence model and SIMPLE algorithm, the trapping effi-
ciency of charged droplets is positively correlated with the sphericity and the amount
of charge. For micron particles, the efficiency of capturing spherical particles is greater
than that of capturing non-spherical particles of equal volume. The aggregation be-
havior of submicron particles with low gravity is not conducive to the improvement
of capture efficiency, and the capture efficiency can be reduced by up to 21.1% when
non-spherical particles with a sphericity of 0.636 are formed.

(2) Particle size has a significant effect on the capture efficiency, increasing size increases
the capture efficiency, and the effect of particle velocity on the capture efficiency needs
to be considered in conjunction with particle size. Particle size less than or equal to
2.16 µm has a higher capture efficiency in the range of particle motion velocity less
than 0.5 m/s. In comparison, particle size greater than or equal to 3.50 µm has a
higher capture efficiency in the range of particle motion velocity greater than 0.8/s.

(3) Increasing the charge of particles and droplets could increase the Coulomb force on
particles and improve the trapping efficiency of particles; as the gravity of submicron
particles is minimal, the aggregation behavior is not conducive to the improvement of
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trapping efficiency, and the trapping efficiency can be reduced by up to 21.1% when
tetramers are formed.
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