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Numerical Simulation and Structural Optimization of Electrostatic

Precipitators for Particle Purification in Space Capsules

Lingzi Meng!, Hao Wang'®, Nan Su', Mengdie He', Fan Mo?, Cheng Liu®

To address the demand for performance optimization of electrostatic precipitators (ESPs) for space applications, this study
numerically solves and analyzes the electric field characteristics and microparticle flow behaviors of ESP structures by coupling
the discrete phase model (DPM) with the user-defined scalar (UDS) transport equation. Taking the structural optimization of
electrodes and dust collection plates as the core entry point, four types of ESP structures were established for comparative
research, namely the conventional Flat-type, W-type, Wl-type (wave plate-auxiliary electrode composite type) and Single-type
(horizontal single-electrode type). The research focuses on investigating the synergistic effect of the pre-installed filter screen,
the flow field distribution inside the ESP structure, the characteristics of electric field and charge density, as well as the
correlation between particle motion trajectories and dust collection efficiency.The results show that after adopting strategies
including expanding the area of dust collection plates, optimizing electric field distribution and extending the corona discharge
region, the dust collection efficiency of particles with sizes ranging from 0.2 to 1.0 pm in the W1-type and Single-type structures
both exceeds 92%. Compared with the Flat-type structure, the dust collection efficiency of the W1-type and Single-type
structures for 0.5 pm particles is increased to over 90%, representing an improvement of approximately 40% relative to the
conventional structure. In addition, the pre-installed filter screen enables the synergistic purification of mechanical interception
and electrostatic collection, further enhancing the dust removal efficiency, which verifies the feasibility of the multi-stage
purification mode. This study provides a theoretical basis for the design and optimization of electrostatic precipitators in the

aerospace field.

Keywords Electrostatic precipitator; Structural optimization; Collection efficiency; Pre-filter
1.Introduction

With the continuous advancement of space resource exploration and development, the significance of ensuring
the safety of crewed space missions and the reliable operation of spacecraft has become increasingly prominent.
Spacecraft cabin particulate dust removal technology has thus emerged as a core component of the space station's
environmental control and life support systems [1]. Complex particulates that remain suspended for extended periods
in microgravity environments present multidimensional and high-risk potential hazards [2]. First, studies have
demonstrated that fine particles with a diameter of less than 10 pm can penetrate the barriers of the human respiratory
system, leading to severe respiratory diseases, cancer, and other health issues [3]. Second, certain conductive metal

debris with sharp edges are highly likely to cause short circuits in precision instruments and electronic equipment,
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block heat dissipation systems, or contaminate optical systems. In extreme cases, such debris may even trigger
catastrophic on-orbit failures. However, cabin particulates derive from diverse sources and exhibit significant
variations in physical and chemical properties, with complex and variable spatiotemporal distribution and evolution
patterns. Moreover, these particulates lose their natural sedimentation capability under microgravity conditions,
remaining suspended in the cabin air for long durations, which substantially increases the difficulty of accurate
assessment and effective control of cabin air quality [4]. In conclusion, for the unique environment of spacecraft
cabins, the development of efficient, reliable, and autonomously operable particulate dust removal and control
technologies has become one of the key core technologies to ensure the smooth implementation of crewed space
missions, support the long-term on-orbit operation of space stations, and enable future deep-space exploration.

The electrostatic dust removal technology is regarded as a highly promising technology for treating particulate
matter in spacecraft cabins due to its high efficiency, low energy consumption, and long service life [5, 6]. This
technology first charges the dust particles through a high-voltage electric field, then uses the electric field force to
direct the charged dust to be adsorbed onto the dust collection plate, ultimately achieving gas-solid separation and
realizing the separation of gas and solid [7, 8]. Compared with traditional mechanical dust removal technologies, the
electrostatic dust removal technology operates based on the mechanism of Coulomb force and is independent of
gravity, and has been proven to maintain a dust removal efficiency of over 98% in microgravity conditions [9]. To
further enhance the ability of electrostatic dust removal for tiny particles, especially to strengthen the capture
efficiency of submicron particles, optimizing the complex electrode structure and studying the synergistic effect
between the dust collection plate and the high-voltage electrode have become the main methods to improve the dust
removal efficiency [10]. For example, changing the traditional flat dust collection plate to a corrugated plate structure
[11] not only enables it to adapt to uneven electric field distribution to capture more particles, but also forms a
relatively stable airflow within the channel, promoting particle deposition. Additionally, using needle-shaped, star-
shaped, or thorn-shaped discharge electrodes with pointed structures can generate a strong local electric field
concentration effect, significantly enhancing the corona discharge intensity and expanding the ionization area range,
thereby ensuring the efficient charging of submicron particles that are difficult to capture [12].

The electrostatic dust removal process involves complex physical behaviors such as electric field, flow field,
and particle charging-migration-deposition [13]. In recent years, related research has mainly focused on revealing
the process mechanism, optimizing structural design, etc., based on the improvement of dust removal efficiency. In
terms of mechanism exploration, Kim et al. [14] successfully analyzed the electric field distribution, spatial charge
density, and ion convection laws using characteristic line method, finite difference method, and lattice Boltzmann

method, and verified the effectiveness of the coupling method in the analysis of complex physical processes. Dastoori



et al. [15] clarified the significant influence of the presence of particulate matter and its particle size on the uniformity
of the airflow through simulation. Aiswarya et al. [16] designed a micro single-stage wire mesh square section based
on computational fluid dynamics (CFD), demonstrating a capture efficiency of up to 99.99% for various pollution
sources, with advantages of low energy consumption and low by-product emissions. Zhang et al. [17] revealed that
the influence of diffusion charging on dust removal efficiency increases as the particle diameter decreases and the
applied voltage decreases, and is crucial for capturing sub-micron particles; Song et al. [18] found that particles
within the concentration range of 3-20 mg/m*® do not affect the capture efficiency, and particles exhibit periodic
fluctuations within the channel; Gao et al. [19] established a two-stage electrostatic dust removal numerical model,
clearly showing that the dust removal length is proportional to the square of the dust collection plate spacing and
inversely proportional to the discharge voltage, and large particle diameters are mainly charged by spatial charge,
with the dust removal length being proportional to the particle diameter and inversely proportional to the inlet air
velocity.

In terms of the design and optimization of electrostatic structures, Shen et al. [20] designed various new types
of dust collection plate structures such as flat plates, C-shaped, triangular, and W-shaped ones. After combining them
with the discharge electrodes, they systematically explored the electrodynamic (EHD) flow characteristics and
particle transport laws within the electrostatic dust collector, and further revealed the mechanism of the effects of
different dust collection electrode shapes on the EHD flow pattern and electrical properties. Zhu et al. [21] compared
and evaluated the dust collection processes of ESP under the two dust collection plate structures of corrugated plates
and parallel plates. The results confirmed that structural optimization could effectively weaken the adverse effects of
the EHD channel flow on the dust removal efficiency. Abdel-salam et al. [22] used numerical simulation methods to
analyze the electric field distribution, initial discharge voltage, and discharge current characteristics in the tip region
of the needle-shaped lines under two configurations of parallel plates and grid plates. They found that the combination
of grid plates and needle-shaped lines could significantly reduce the initial discharge voltage. Brocilo et al. [23]
further explored the matching effects of I-type, C-type, U-type, etc. dust collection plates with different discharge
electrodes, clarified the regulatory laws of electrode geometric structures on ion density, electric field distribution,
and particle dust collection efficiency, and the results showed that compared with traditional circular discharge
electrodes, the peak-shaped discharge electrodes had a significant advantage in dust collection efficiency for fine
particles. Neimarlija et al. [24] constructed an advanced fully coupled numerical simulation method, relying on which
they quantitatively analyzed the electric field and flow field characteristics of the C-shaped special-shaped dust
collection plate electrostatic dust collector, providing theoretical support for the optimization design of electrode

structures.



Currently, electrostatic dust removal technology has been extensively studied and applied in laboratory and
production workshop settings. However, there are few reports on the electrostatic collection of ultrafine particles (0.1
- 1 pm) in microgravity environments [25]. Particularly, there is a lack of systematic exploration of the mechanism
and evolution law of improving the collection efficiency by optimizing the electrostatic dust removal structure.
Therefore, this paper proposes a new electrostatic dust removal scheme integrating a filter screen structure, and
constructs a coupling model of filter screen and porous medium: on the one hand, the porous medium model is used
to accurately represent the pressure drop characteristics of fluid flowing through the filter screen; on the other hand,
the filtering function of the discrete phase model (DPM) is used to achieve pre-capture of large particle dust,
effectively enhancing the adaptability of the dust removal system to particles of various sizes. At the same time, this
paper further improves the numerical characterization methods of the discharge and mass transfer processes, using
user-defined functions (UDF) to accurately solve the high-speed ion jet caused by the electron avalanche effect, and
combining custom scalars (UDS) to quantitatively characterize key parameters such as electric field strength, charge
density, and Coulomb force; by correcting the current density model with a power law function, ensuring that the
numerical simulation results are highly consistent with the classical experimental conditions. Finally, by optimizing
the configuration of the collection plate and the electrode arrangement, the improved design of the electrostatic dust
removal structure is completed, providing theoretical basis and technical support for the structural design and
performance optimization of electrostatic dust removal devices in microgravity scenarios such as space stations.

2. Numerical method

In the numerical simulation of the electrostatic dust removal process under microgravity conditions, the particle-
laden gas flow driven by the electric field force exhibits turbulent characteristics, and its flow behavior is highly
complex [26]. To address this challenge, the present study systematically investigates the coupling mechanisms
among multiple physical processes, including gas-phase turbulence, porous-media filtration, corona discharge, and
particle charging. A multi-physics coupled model is consequently established within the Euler—Lagrange framework,
which consistently integrates the electric field, flow field, and particle dynamic field.

2.1. Gas flow model

Owing to the airflow disturbance induced by the ion wind effect, the majority of the flow within the electrostatic
active region exhibits turbulent characteristics. Accordingly, the incompressible Reynolds-averaged Navier - Stokes
(RANS) turbulence model is employed in this study to numerically simulate the flow-field distribution inside the
dust removal structure, thereby satisfying the fundamental conservation requirements of the mass and momentum

equations.
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where, u—g the gas velocity, o the gas density,  the gas dynamic viscosity, P the absolute pressure, p,
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the space charge density, p, . E indicates the ion wind effect of the electric field on the flow field [27].

2.2. Porous medium model

To accurately characterize the flow resistance behavior within the filter-screen region, a porous medium model
is constructed in this paper by introducing appropriate source terms into the momentum equation, thereby
equivalently representing the resistive effect of the porous structure on the fluid. The source term is formulated based
on the Darcy — Forchheimer law, which concurrently accounts for both viscous resistance and inertial resistance [28].

The governing expression is given as follows:
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where, «a represents the permeability, C, represents the inertial resistance coefficient, o represents the density

of the fluid.
2.3. Electric field model

In the context of fluid dynamics, gas ionization occurs in the vicinity of the high-voltage electrode surface,
generating ions that are subsequently driven by the electric field force and migrate directionally toward the dust
collection plate [25]. The electrodynamic behavior of charged particles within both the corona discharge zone and
the dust collection zone is governed jointly by the electric field Poisson equation and the current continuity equation.
Specifically, the Poisson equation establishes the quantitative relationship between the electric potential distribution

and the spatial charge density, and is expressed as follows:
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where, ¢ represents electric potential, &, is the vacuum dielectric constant, 8.854 x 10%F/m ; Pion 18 the

ion charge density. The continuity equation of current characterizes the flow and accumulation of charges:
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where, E represents the electric field intensity, J represents the ion current density, k,,

represents the ion
mobility, u, represents the gas velocity and D, represents the ion diffusion coefficient.

Calculate the charge distribution and electric field intensity in the space using user-defined scalar quantities, and

convert equations (4) to (7) into transport equations:
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where, @ represents the target scalar (electric potential or ion charge density), F

1

represents the flow rate, I'y

represents the diffusion coefficient, and S, represents the source term.

Table 1. Parameters of the transport equation

Equation () F r, So
Electric potential ) 0 & P,
Charge density Lo ok, E+ Z) pD, 0

The parameters governing the scalar transport equations for electric potential and charge density are summarized
in Table 1. These equations are solved iteratively in conjunction with Equation (7). Specifically, the charge density
is determined by solving the Poisson equation for electric potential (Equation (4)), while the electric field intensity
distribution is obtained from the electric field equation (Equation (7)). The convergence and physical consistency of
the solution are subsequently verified by checking whether the current continuity equation (Equation (6)) and the

numerical error criterion (Equation (11)) are satisfied.
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where, p, and E represent the average values of the space charge density and electric field intensity on the
surface of the high-voltage electrode respectively, # is the number of iterations, F£ Deck is the electric field intensity

in the peek semi-empirical formula, J is the relative density of the gas, which is 1 when is 0.1 Mpa .

2.4. Particle charging
The charge quantity of particle corona discharge mainly depends on the size of the particle. The combined

charging model proposed by Lawless [29] can be used to calculate the corona charge quantity of ultrafine particulate
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where ¢, is the saturation charge, &, is the permittivity of free space, &, is the relative permittivity of the particles,

T is the time constant of particle charging (the time taken to reach half of the saturation charge), k&, is the

Boltzmann constant.
3. Model parameters and boundary conditions

As shown in Figure 1, the micro-particle electrostatic dust removal structure mainly consists of the air intake
pipe, the filter screen, and the electrostatic dust collection area. Among them, the core configuration of the
electrostatic dust collection area is two grounded dust collection plates and multiple groups of equally spaced high-
voltage electrodes, and the high-voltage electrodes are symmetrically arranged in the middle area of the dust
collection plates. Given that the geometric configuration of the dust collection plates and the arrangement of the
electrodes are the key factors determining the dust collection efficiency, this paper designs four differentiated
electrostatic dust collection area structures: Flat-type, W-type, W1-type, and Single-type. The specific size parameters
of each structure are shown in Table 2. Figure 1 (a) is the traditional flat structure of Flat-type, where the dust
collection plate is a parallel straight plate, and the high-voltage electrodes are evenly distributed at the center axis of
the two dust collection plates; Figure 1 (b) shows the W-type structure based on Flat-type, which optimizes the dust
collection plate into a zigzag configuration. This not only effectively increases the dust collection area, but also its
wavy structure can induce the formation of vortex effects in the flow field, prolonging the residence time of micro-
particles in the dust collection area, and theoretically significantly improving the capture efficiency of micro-particles;
Figure 1 (c) shows the W1-type structure, which adds auxiliary electrode plates on the basis of W-type, further

strengthening the regional electric field intensity and enhancing the driving effect on charged particles; Figure 1 (d)



shows the Single-type structure, which optimizes the traditional vertically discrete high-voltage electrodes into a

horizontal arrangement to achieve the design goal of expanding the corona discharge area.
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Figure 1. Schematic of the four precipitator designs

Table 2. Geometric Dimensions of the Electrostatic Precipitation Section (mm)

S, S, S, L L, L, X, X, D J

5.25 90 15 17.4 10 0.1 17.6 54 3.7 130°

The boundary condition parameters for the numerical simulation of this article are shown in Table 3. Among
them, the potential of the high-voltage electrode is set to the system working voltage; the ion wind field induced by
the high-voltage corona discharge presents a typical double-spiral distribution characteristic within the electric field
space. The potentials of the dust collection plate, gas inlet and outlet, as well as the space charge density, are all set
to 0. The filter screen adopts a mesh filtering structure [30], and its porosity value is set to 0.346; the viscous
resistance coefficient and inertial resistance coefficient can be quantitatively calculated based on the flow rate-
pressure drop correlation curve shown in Figure 2, combined with fluid dynamic viscosity, porous medium thickness
and medium density, etc. parameters.

Table 3. Boundary conditions for the simulation
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4. Results and discussion
4.1. Model validation

To verify the reliability and accuracy of the established simulation model, this paper constructed a geometric
model that was exactly the same as the Kallio experiment, and applied the same key parameters such as gas flow rate,
high-voltage electrode voltage, and particle size. The simulation results were compared and verified with the
experimental data [31]. The geometric configuration of the electrostatic dust collection area in the Kallio experiment
is shown in Figure 3. By correcting the model coefficients, the current density - electric field strength function
relationship obtained from the simulation was made to match the experimental law shown in Figure 4; within the
experimental voltage range of 15 kV - 17 kV, the maximum deviation between the simulation results and the
experimental data was less than 7%, and the two showed good consistency. On this basis, this paper further used the
experimental data of Penney and Matick, etc., to verify the calculation results of the potential distribution of the
corrected model; the simulation and experimental comparison curves of the potential distribution along the x-axis
under different y values are shown in Figure 5 [32], and the deviation between the two is small. Figure 6 shows the
simulation and experimental comparison results of the dust removal efficiency of particles of different diameters, and
this result indicates that under the same operating conditions, the simulation dust removal efficiency of different

particle diameters has good consistency with the measured values from the Kallio experiment.
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4.2. Effects of Filter Screen

In the engineering design of electrostatic precipitation systems, the pre-filter screen has become a mainstream
pretreatment scheme for dust removal. Relying on physical interception, it can trap large-size particulate matters in
advance, thereby effectively reducing the dust treatment load of the subsequent electrostatic precipitation unit. Figure
7 compares the dust removal performance of mixed dust airflow with and without the filter screen. The test condition
was set at an air flow velocity of 1.5 m/s, and the mixed dust airflow consisted of equal proportions of particles with
four particle sizes: 0.7 pm, 1 um, 2 pum, and 4 um. Figure 7(a) presents the working condition without a filter screen:
particles larger than 2 um directly enter the electrostatic precipitation channel and are fully captured on the surface
of the collecting plate under the electric field, whereas a small amount of fine particles of 1 pm and 0.7 pm cannot
be collected effectively. Figure 7(b) shows the case equipped with a pre-filter screen. After pretreatment, all particles
larger than 2 um are efficiently intercepted, and the treatment efficiency of the subsequent electrostatic precipitation
unit is remarkably improved. The simulation results reveal that installing a pre-filter screen increases the overall
particle collection efficiency of the system by approximately 10%, while greatly alleviating the operating load of the

electrostatic precipitation channel.
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Figure 7. Effect of pre-filter installation on the collection efficiency of particulate-laden flow

Figure 8 compares the pressure distribution characteristics at 3 mm from the central line of the dust removal
channel (z=3mm) with and without the pre-filter screen. In the case without the pre-filter screen, the relative air
pressure decreases gently from 4.5 Pa at the inlet to 0 Pa at the outlet, showing a uniformly decaying trend highly
consistent with the typical characteristics of frictional resistance. Meanwhile, the total pressure drop of the system is
extremely low and exerts no obvious adverse effect on airflow driving. After installing the pre-filter screen, the inlet
air pressure surges to 76.967 kPa. A sharp pressure drop occurs as the airflow passes through the filter screen region.
Once entering the electrostatic precipitation zone, the pressure decline becomes mild again and stabilizes at
approximately 39 kPa. When the airflow flows through the filter structure a second time, a second steep pressure
drop takes place, reducing the pressure to 4.672 kPa, followed by a gradual smooth decay toward the outlet
pressure.The above results demonstrate that although the pre-filter screen can markedly improve the dust removal
performance of the system, it greatly increases the fluid flow resistance. Consequently, airflow driving requires power
equipment with higher rated power, which conflicts with the power-saving requirements of microgravity

environments such as space cabins.

5 80
~ -~ Filter
Mo ==Y 0 VT e -
i - ~ 60 \
- \ -
AN ilter
3F N 50 \ screen
B \
LN R l——l—-l—-l—l-—‘ﬂ
T 2r g
& . £ wp \
= b = ~ 20 \
1+ N \
. ~ 10 F Filter \
- -~ screen Filter
0r 0L screen ~
Y-line:
Ak & Yyt = 7 Z=0.003 =10} & & &
L L 3 L L =2

0 . . . . .
0.045 0030 0015 0000 -0.015 -0030 0045 0045 0030 0015 0000 0015 0030 —0.045

¥ (m) ¥y (m)

Figure 8. Pressure distribution at 3 mm from the centerline: effect of the pre-filter(Left: without pre-filter; Right: with pre-filter)



4.3. Effects on Flow Field Distribution

Figure 9 presents the flow field distribution patterns of four electrostatic dust removal structures under different
air intake speeds. As can be seen from the figure, the Flat-type structure has a simple and regular geometric
configuration, resulting in a uniformly stable overall flow field. However, the movement behavior of charged particles
within this structure is mainly dominated by fluid inertia forces, and the directional driving effect of the electric field
on the particles is relatively weak, which leads to a relatively low electrostatic collection efficiency. In contrast, the
W-type structure's zigzag-shaped dust collection plates will significantly disturb the airflow movement, and the
uniformity of the flow velocity and streamline distribution in the flow field significantly decreases. The concave-
convex configuration of the dust collection plates is the core factor in regulating the flow field characteristics: the
inward-contracting peak and valley areas reduce the cross-sectional area of the channel, and the flow velocity at this
position significantly increases; the outward-projecting wave peak areas increase the cross-sectional area of the flow
channel, and connect with the contracting area to form an expansion-type flow channel structure. When the high-
speed airflow passes through the contracting section and enters the expansion section, it is pulled by the fluid viscosity,
and the high-speed mainstream will drive the low-speed fluid in the wave peak area to move synchronously, thereby
forming a significant vortex effect. For charged particles, the existence of the vortex significantly prolongs their
residence time in the wave peak area of the dust collection plate, significantly increasing the probability of particle
contact with the dust collection plate, thus the dust removal efficiency of the W-type structure is superior to that of
the Flat-type structure.

As the intake flow velocity increases, the flow field disturbance caused by the boundary layer separation in the
electrode backwind area intensifies, and the pressure gradient within the area significantly increases. Under this
condition, the pressure difference resistance of charged particles flowing through this area in the resultant force
significantly increases, while the trend of particle directional migration towards the dust collection plate dominated
by Coulomb force is significantly weakened. To address this issue, this study proposes the W1-type structure with
additional auxiliary plates and the Single-type structure with single-line horizontal arrangement. These improved
structures not only effectively suppress the adverse effects of flow field disturbance in the electrode backwind area
on particle movement, but also expand the effective range of the corona discharge area, ensuring that Coulomb force
always occupies a dominant position in the particle force system, and ultimately achieving a significant improvement

in electrostatic dust removal efficiency.
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Figure 9. Flow field distribution under different inlet velocities for four ESP configurations (voltage: 10 kV)

4.4. Effects on Electric Field and Current Density

Electric field intensity is the core physical quantity that directly characterizes the strength of the Coulomb force's
effect on micro-particles. Figure 10 shows the distribution cloud of electric field intensity under the condition of an
airflow speed of 0.5 m/s and an electrode potential of 10 kV. From the figure, it can be seen that the electrode, as the
potential source term, has a relatively high potential in the surrounding area, and the potential value decreases
gradually with the increase of the distance from the electrode. The potential distribution of the Flat-type structure
shows an elliptical characteristic, and the area between the electrodes forms a distinct low potential zone. When the
particle flow passes through this low potential zone, the Coulomb force acting on it significantly weakens, and the
dominant proportion of fluid inertia force increases accordingly, thereby having an adverse effect on the overall dust
removal efficiency. The potential and electric field intensity distribution pattern of the W-type structure is similar to
that of the Flat-type structure, and there is also a low potential area between the electrodes; however, thanks to the
concave-convex configuration of the electrodes in the flow cross-section direction, when charged particles flow
through the channel contraction area, they will be driven by a stronger Coulomb force.

In response to the inherent defect of the above structure, which has low potential areas, the potential distribution
along the flow direction of the W1-type structure is more uniform compared to the W-type structure. The range of
the low potential area is significantly compressed, and the electric field intensity can cover the entire dust collection
area, allowing the Coulomb force acting on the particles to have a longer duration and a more sufficient effect. As a
result, the dust removal efficiency of this structure is superior to that of the W-type structure. For the Single-type
structure, which optimizes the traditional vertical electrodes into a single-line horizontal arrangement, the potential
along the flow direction shows a long elliptical distribution, and there are no obvious low potential areas along the
air flow path. The electric field intensity of this structure can cover the entire dust collection area, and its cross-

sectional distribution characteristics are similar to those of the W1-type model, with the advantage of uniform



distribution. On this basis, the range and duration of the action of the corona discharge region on the particles are
further improved, which is more conducive to the directional migration of charged particles towards the dust

collection plate, and ultimately achieves the optimization and improvement of the dust removal effect.
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Figure 10. Electric field distribution

In the analysis of electrostatic dust removal performance, the current density distribution near the dust collection
plate is the core indicator for evaluating the efficiency of charge transport and particle collection. Figure 11 shows
the Y-line current density curve and the cross-sectional current density distribution cloud map under the working
conditions of an airflow speed of 0.5 m/s and an electric potential of 10 kV. The distribution characteristics of current
density are significantly different from the distribution of electric potential. For the Flat-type dust removal structure,
the current density distribution patterns around the three electrode lines are different: the current density around the
central electrode is distributed in an elliptical shape, while the current density distribution patterns of the two side
electrodes are also approximately elliptical, but their long axes are perpendicular to the dust collection plate. Since
ultrafine particles mainly obtain charges through the diffusion charging method, a larger range of high current density
distribution areas are more conducive to promoting the charging process of particles.

From the Y-line current density curve, it can be further seen that the current density distribution of the Flat-type
electrostatic dust removal structure and the W-type electrostatic dust removal structure both show symmetrical
characteristics along the central electrode line, and the current density peaks all appear near the electrodes. The
particles in this area can obtain more charges and are driven by the Coulomb force to migrate towards the dust
collection plate. W1-type effectively optimizes the current density distribution state by adding auxiliary electrode
plates. Under the influence of the auxiliary electrode plates, the current density values near the second and third
electrodes are higher than that of the first electrode, and the current density peak can reach 0.613 mA/m*. Single-

type presents the most uniform and overall higher current distribution characteristics, and the current density peak



appears near the single electrode. In summary, W1-type enables particles to be uniformly charged in the channel, and
its electric field strength can cover the entire dust collection area. The dominant role of the Coulomb force on the
particles is more significant, thereby accelerating the migration rate towards the dust collection plate, and ultimately

achieving better dust removal effect.
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Figure 11. Distribution of current density in the vicinity of the collector plate

4.5 Particle Motion Trajectory and Dust Removal Efficiency

Selecting micro-particles with diameters of 0.2 um, 0.35 pm, 0.5 pm, 0.7 pm and 1 um, a comparative analysis
was conducted on the dust removal efficiency under two electrode potential conditions of 10 kV and 5 kV. Figure 12
shows the distribution of the trajectories of different particle sizes under the conditions of 10 kV electrode potential
and 0.5 m/s inlet velocity. From the figure, it can be seen that in the Flat-type structure, when the particle flow passes
through the first electrode area, it is significantly deflected towards the dust collection plate under the dominance of
the Coulomb force; however, as the particles migrate along the flow direction, they are affected by the dual influence
of the low potential area between the electrodes and the backwind area of the electrode, and the deflection effect
gradually weakens, and the deflection distance towards the dust collection plate significantly decreases. The
movement trajectory pattern of the particles in the W-type structure is similar to that of the Flat-type structure.
Additionally, the combined effect of the contraction-expansion effect of the channel cross-section in the flow
direction and the vortex effect at the peak is superimposed, resulting in a slight improvement in the dust removal
efficiency compared to the Flat-type structure. Figure 13 presents the comparison results of dust removal efficiency
under the low potential (5 kV) and high flow rate (1 m/s) conditions. The data shows that the W-type structure
improves the dust removal efficiency of particles with diameters of 0.2 ym to 0.5 um by approximately 10%, and for

larger particle diameters, the improvement can reach up to 20%.



In response to the inherent defect of the traditional structure, which is the flow field disturbance in the low
potential area and the backwind area of the electrode, the improved W1-type and Single-type structures exhibit more
excellent capture performance. Among them, the majority of particles of different diameters in the W1-type structure
show a directional migration towards the dust collection plate, while only a few particles move along the original
flow direction; the optimization effect of the Single-type structure is more significant. Under the same working
conditions, particles of all particle sizes can stably deviate towards the dust collection plate area. Under the 5 kV low
potential condition, for the 0.5 um particle diameter that is difficult to capture, the dust removal efficiency of both

the W1-type and Single-type structures can reach above 85%, demonstrating outstanding low potential adaptability.
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Figure 12. Particle trajectory velocity under a flow velocity of 0.5 m/s
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Figure 13. Collection efficiency of four ESP structures as a function of particle diameter

5.Conclusions

This paper presents the design and systematic analysis of four typical electrostatic precipitator configurations,
with an in-depth investigation into the coupled interactions among the airflow field, high-voltage electric field, and
particle capture dynamics throughout the dust removal process. The findings demonstrate that structural optimization
of the electrostatic precipitator can substantially enhance dust collection performance, particularly in improving the
capture efficiency of ultrafine particulate matter. The principal contributions and conclusions of this study are
summarized as follows:

(1) The installation of a pre-filter screen effectively enhances the overall dust removal efficiency by
approximately 10%, primarily through the interception of coarse particulate matter. However, this improvement is
accompanied by a notable increase in flow resistance, which raises the system pressure drop by 76.9625 kPa and
consequently leads to higher operational energy consumption. In contrast, in the absence of such a screen, particulate
matter across the entire size spectrum directly enters the electrostatic precipitation zone. This not only reduces the
collection efficiency but also adversely affects the long-term service life of the equipment.

(2) Four structural configurations were constructed and examined in this study: the traditional flat-plate type,
the W-type, the W1-type (employing a corrugated plate as the auxiliary electrode), and the single-electrode type. For
each configuration, the distribution of the internal flow field, the characteristics of the electric field and charge density,
as well as the correlation between particle trajectory and dust removal efficiency, were systematically analyzed.
Through structural optimization, the flow field within the collection zone was effectively regulated to suppress the
adverse effects of flow disturbances in the wake region of the electrode on particle motion. Meanwhile, the effective
range of the corona discharge region was extended, ensuring that the Coulomb force consistently dominated the force
balance acting on the particles. Consequently, the electrostatic precipitation performance was significantly improved.

(3) The dust collection efficiency of each precipitator configuration was evaluated for particles with diameters
of 0.2 um, 0.35 pm, 0.5 um, 0.7 pm, and 1 pm. For both the Single-type and W1-type structures, the removal
efficiency exhibited a trend of initial increase followed by a plateau as particle diameter increased. Notably, for
particles in the size range of 0.2 pm to 0.5 pm, both the W1-type and Single-type configurations achieved collection
efficiencies exceeding 90%, representing an improvement of approximately 40 percentage points over the

conventional flat-plate structure.

Author Contributions: Conceptualization, M.L. and W.H.; methodology, M.L.; software, M.F.; validation, S.N. and H.M.;

formal analysis, H.M.; investigation, M.F.; resources, L.C.; data curation, M.F.; writing—original draft preparation, M.L.;



writing—review and editing, W.H. and M.F.; visualization, S.N.; supervision, H.M.; project administration, M.F. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Beijing Municipal Natural Science Foundation (grant number 3254036).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data supporting the findings of this study are available within the paper.

Conlflicts of Interest: The authors declare no conflicts of interest.

References

1. Qi,N.M.; Sun, K.; Wang, Y.B.; et al. Micro-Low Gravity Simulation and Test Technology for Spacecraft. Journal
of Astronautics 2020, 41(06), 770—779. https://doi.org/10.3873/j.issn.1000-1328.2020.06.014

2. Liu, F. Application Research of 3D Printing Technology in Space Vehicle Manufacturing. Aerospace
Manufacturing Technology 2018 ,6, 58-62.
3. Arole, K.; Velhal, M.; Tajedini, M.; et al. Impacts of particles released from vehicles on environment and health.

Tribology International 2023, 184. https://doi.org/10.1016/j.Triboint.2023.108417

4. Dai, R.J.; Guo, Z.M.; Zhang, Y. Research Progress on Microbial Disinfection Methods in Confined Spaces.
Transactions of Beijing Institute of Technology 2025, 45(1).

5. De Oliveira, A.E.; Gomes, V.G. Electrostatic precipitation of nanoparticles and submicron particles: review of
technological strategies. Process Safety and Environmental Protection 2021, 153, 422-438.
https://doi.org/10.1016/j.Psep.2021.07.043

6. Feng, Z.; Yang, J.; Zhang, J. Numerical optimization on newly developed electrostatic enhanced pleated air filters
for efficient removal of airborne ultra-fine particles: Towards sustainable urban and built environment.

Sustainable Cities and Society 2020, 54, 102001. https://doi.org/10.1016/j.scs.2020.102001

7. Chung, J.H.; Kim, K.H.; Sohn, D.K.; et al. Numerical study on staggered needle-plate electrode configuration
for improved particulate matter collection in electrostatic precipitator. Powder Technology 2024, 443, 119865.
https://doi.org/10.1016/j.powtec.2024.119865

8. TIto, K.; Tamura, R.; Zukeran, A.; et al. Simulation and measurement of charged particle trajectory with ionic flow
in a wire-to-plate type electrostatic precipitator. Journal of Electrostatics 2020, 107. https://doi.org/
10.1016/].¢elstat.2020.103488

9. Li, L.; Qin, X.; Guo, P.; et al. Advances in active dust mitigation technologies for spacesuits. Journal of Space
Safety Engineering 2025, 12(4), 631-640. https://doi.org/10.1016/j.jsse.2025.11.002
10. Yang, D.J.; Zhang, Z.A.; Guo, H.; et al. Effect of barbed tubular electrode corona discharge EHD flow on

submicron particle collection in a wide-type ESP. Journal of Electrostatics 2021, 109.
https://doi.org/10.1016/j.elstat.2020.103545



https://doi.org/10.1016/j.Triboint.2023.108417342
https://doi.org/10.1016/j.Triboint.2023.108417342
https://doi.org/10.1016/j.Triboint.2023.108417342
https://doi.org/10.1016/j.Psep.2021.07.043/
https://link.wtturl.cn/?target=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.scs.2020.102001&scene=im&aid=497858&lang=zh
https://link.wtturl.cn/?target=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.powtec.2024.119865&scene=im&aid=497858&lang=zh
https://link.wtturl.cn/?target=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.elstat.2020.103427&scene=im&aid=497858&lang=zh
https://doi.org/10.1016/j.elstat.2020.103488
https://doi.org/10.1016/j.jsse.2025.11.002
https://doi.org/10.1016/j.elstat.2020.103545

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Li, J.; Duan, L.; Chen, J.; et al. Research of the effect of different corrugated dust collection plates on particle
removal in electrostatic precipitators. Chemical Engineering Research and Design 2023, 197, 323-333.
https://doi.org/10.1016/j.cherd.2023.07.006

Neimarlija, N.; Demirdzi¢, 1.; Muzaferija, S. Finite volume method for calculation of electrostatic fields in
electrostatic precipitators. Journal of Electrostatics 2008, 67(1), 37-47.
https://doi.org/10.1016/j.elstat.2008.10.007

Adamiak, K. Numerical models in simulating wire-plate electrostatic precipitators: A review. Journal of

Electrostatics 2013, 71(4), 673—680. https://doi.org/10.1016/j.elstat.2013.03.001

Kim, J.H.; Kweon, S.C.; Keon, K.H.; et al. Numerical Study of Particle Collection and Entrainment in
Electrostatic ~ Precipitator. The KSFM  Journal of Fluid Machinery 2012, 15(1), 27-35.
https://doi.org/10.5293/kfma..2012.15.1.027

Dastoori, K.; Makin, B.; Kolhe, M.; et al. CFD modelling of flue gas particulates in a biomass fired stove with
electrostatic precipitation. Journal of Electrostatics 2013, 71(3), 351-356.
https://doi.org/10.1016/j.elstat.2012.12.039

Kumar, A.; Nawale, P.; Sahu, M. Design, development and performance evaluation of a miniature electrostatic
precipitator in an indoor environment. Journal of  Electrostatics 2025, 134.

https://doi.org/10.1016/j.elstat.2025.104038

Zhang, J.P;; Du, Y.Y.; Wu, H.; et al. A numerical simulation of diffusion charging effect on collection efficiency
in wire-plate electrostatic precipitators. /[EEE Transactions on Plasma Science 2011, 39(9), 1823-1828.
https://doi.org/10.1109/TPS.2011.2160999

Sun, Y.D.; Zhao, Y.N.; Li, Y.L.; et al. Numerical simulation of the collection efficiency of welding fume particles
in electrostatic precipitator. Powder Technology 2023, 415. https://doi.org/10.1016/j.powtec.2022.118127

Gao, M.; Zhu, Y.; Yao, X.; et al. Dust removal performance of two-stage electrostatic precipitators and its

influencing factors. Powder Technology 2019, 348, 13-23. https://doi.org/10.1016/j.powtec.2019.03.016

Shen, H.; Yu, W.; Jia, H.; et al. Electrohydrodynamic flows in electrostatic precipitator of five shaped collecting

electrodes. Journal of Electrostatics 2018, 95, 61-70. https://doi.org/10.1016/j.elstat.2018.08.002

Zhu, Y.; Gao, M.; Chen, M.; et al. Numerical simulation of capture process of fine particles in electrostatic
precipitators under consideration of electrohydrodynamics flow. Powder Technology 2019, 354, 653-675.
https://doi.org/10.1016/j.powtec.2019.06.038

Al-Sahib, M.; Nouri, M.; Moule, A. Electric fields and corona currents in needle-to-meshed plate gaps. Journal

of Physics D: Applied Physics 2007, 40(11), 3363—-3370. https://doi.org/10.1088/0022-3727/40/11/017

Brocilo, D.; Podlinski, J.; Chang, J.S.; et al. Electrode geometry effects on the collection efficiency of submicron
and ultra-fine dust particles in spike-plate electrostatic precipitators. Journal of Physics: Conference Series 2008,

142(1), 012032. https://doi.org/10.1088/1742-6596/142/1/012032

Neimarlija, N.; Demirdzi¢, I.; Muzaferija, S. Numerical Method for Calculation of Two-Phase
Electrohydrodynamic Flows in Electrostatic Precipitators. Numerical Heat Transfer, Part A: Applications 2011,
59(5), 321-348. https://doi.org/10.1080/10407782.2011.549080



https://doi.org/10.1016/j.cherd.2023.07.006
https://doi.org/10.1016/j.elstat.2008.10.007
https://doi.org/10.1016/j.elstat.2013.03.001
https://doi.org/10.5293/kfma..2012.15.1.027
https://doi.org/10.1016/j.elstat.2012.12.039
https://doi.org/10.1016/j.elstat.2025.104038
https://doi.org/10.1109/TPS.2011.2160999
https://doi.org/10.1016/j.powtec.2022.118127
https://link.wtturl.cn/?target=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.powtec.2019.02.011&scene=im&aid=497858&lang=zh
https://link.wtturl.cn/?target=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.powtec.2019.02.011&scene=im&aid=497858&lang=zh
https://doi.org/10.1016/j.elstat.2018.08.002
https://doi.org/10.1016/j.powtec.2019.06.038
https://doi.org/10.1088/0022-3727/40/11/017
https://link.wtturl.cn/?target=https%3A%2F%2Fdoi.org%2F10.1088%2F1742-6596%2F142%2F1%2F012032&scene=im&aid=497858&lang=zh
https://doi.org/10.1080/10407782.2011.549080

25.

26.

27.

28.

29.

30.

31.

32.

Gao, W.; Wang, Y.; Zhang, H.; et al. Numerical simulation of particle migration in electrostatic precipitator with
different electrode configurations. Powder Technology 2020, 361, 238-247.
https://doi.org/10.1016/j.powtec.2019.08.046

Farnoosh, N.; Adamiak, K.; Castle, G.S.P. 3-D numerical analysis of EHD turbulent flow and mono-disperse
charged particle transport and collection in a wire-plate ESP. Journal of Electrostatics 2010, 68(6), 513-522.
https://doi.org/10.1016/j.elstat.2010.07.002

Yang, Z.; Zheng, C.; Liu, S.; et al. Insights into the role of particle space charge effects in particle precipitation
processes in electrostatic precipitator. Powder Technology 2018, 339, 606—614.
https://doi.org/10.1016/j.powtec.2018.08.056

Ma, Y.L. Spreading and Infiltration Characteristics of Inkjet Droplets Impacting Porous Medium Surfaces.
Master’s Thesis, Xi’an University of Technology: Xi’an, China, 2024.

Lawless, P.A. Particle charging bounds, symmetry relations, and an analytic charging rate model for the
continuum regime. Journal of Aerosol Science 1996, 27(2), 191-215. https://doi.org/10.1016/0021-
8502(95)00547-2

Zong, Q.L.; Yang, H.F.; Liu, Z.J. Blockage Cause Analysis and Pressure Drop Calculation of Screen Mesh Filter.
Transactions of the Chinese Society for Agricultural Machinery 2017, 48(9), 215-221.
Kallio, G.A.; Stock, D.E. Interaction of electrostatic and fluid dynamic fields in wire—plate electrostatic

precipitators. Journal of Fluid Mechanics 1992, 240, 133—166. https://doi.org/10.1017/S0022112092000053

Penney, G.W.; Matick, R.E. Potentials in D-C corona fields. Transactions of the American Institute of Electrical
Engineers 1960, 79(1), 91-99. https://doi.org/10.1109/TCE.1960.6368550



https://doi.org/10.1016/j.powtec.2019.08.046
https://doi.org/10.1016/j.elstat.2010.07.002
https://doi.org/10.1016/j.powtec.2018.08.056
https://doi.org/10.1016/0021-8502(95)00547-2
https://doi.org/10.1016/0021-8502(95)00547-2
https://doi.org/10.1017/S0022112092000053
https://doi.org/10.1017/S0022112092000053
https://doi.org/10.1017/S0022112092000053

