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Abstract

This study presents a numerical investigation of the influence of channel geometry on
electrohydrodynamic (EHD) processes governing particle transport in electrostatic pre-
cipitators (ESPs). A conventional rectangular channel is compared with concave configu-
rations using a coupled multi-physics model that accounts for gas flow, electric field dis-
tribution, ion transport, and particle migration across a wide particle-size range. The re-
sults show that geometric modification significantly alters ion transport and charge dis-
tribution within the ESP channel. Compared with the rectangular configuration, the con-
cave profile enhances ion penetration and particle charging, leading to improved collec-
tion efficiency across the entire particle-size range. The improvement is particularly pro-
nounced near the minimum-efficiency region for submicron particles. Specifically, near
0.1 um, the collection efficiency increases from approximately 30% in the rectangular
channel to approximately 50% for the higher-contraction concave configuration, repre-
senting an improvement of nearly 20 percentage points. A comparison with a Venturi-like
contraction further shows that abrupt geometric contraction produces localized space-
charge accumulation and reduces the effective charging region. In contrast, smooth con-
cave shaping promotes a more distributed electrostatic interaction region, resulting in im-
proved particle collection performance.

Keywords: electrostatic precipitator; channel geometry; electrohydrodynamic flow;
particle charging; collection efficiency

1. Introduction

Atmospheric particulate matter (PM) pollution is widely recognized as one of the
most persistent environmental challenges worldwide and poses significant risks to public
health [1]. Fine particles are sufficiently small to bypass the natural defense mechanisms
of the human respiratory system, allowing them to reach deep regions of the lungs and,
in some cases, enter the systemic circulation, thereby contributing to long-term cardiovas-
cular and respiratory complications [2]. Numerous epidemiological studies have reported
strong statistical associations between chronic exposure to fine particulate matter and in-
creased incidence of cardiopulmonary diseases, hospital admissions, and premature mor-
tality [2]. With the continued expansion of industrial activity in both developed and
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developing regions, emissions from manufacturing and production processes remain a
major contributor to ambient particulate pollution [3]. Consequently, the development of
reliable and high-efficiency industrial particulate control technologies has become a criti-
cal engineering priority for environmental protection and occupational health.

Among industrial emission control technologies, electrostatic precipitators (ESPs) are
widely applied for large-scale particulate removal because they can handle high gas flow
rates while maintaining low pressure drop and high collection efficiency [4]. In many in-
dustrial applications, ESPs are used to remove fly ash and other particulate pollutants
from flue gases; however, the fractional collection efficiency of conventional ESPs can de-
crease in the submicron range, particularly for particles smaller than approximately 1 pm,
motivating continued efforts to improve fine-particle control [4]. The fundamental physi-
cal principles of electrostatic precipitation were comprehensively established by Parker
[5] and White [6], who showed that properly designed ESP systems can achieve collection
efficiencies exceeding 90% under suitable operating conditions.

In addition to electrical operating conditions, the performance of electrostatic precip-
itators is strongly influenced by the complex interactions between the flow field, electric
field, and particle transport processes. These coupled phenomena involve ion generation
through corona discharge, space charge transport, electrohydrodynamic flow effects, and
particle charging mechanisms within the ESP channel [7-10]. Because of this multi-phys-
ics behavior, experimental investigations alone are often insufficient to fully characterize
the internal processes governing particle migration and collection. Consequently, compu-
tational fluid dynamics (CFD)-based numerical modeling has become an important tool
for analyzing ESP performance and improving system design. Previous numerical studies
have demonstrated that coupled simulations that incorporate electrostatic fields, gas flow
dynamics, and particle transport can provide valuable insights into particle trajectories,
charging behavior, and collection efficiency in electrostatic precipitators [7-9]. For exam-
ple, Kilig et al. [11] developed a numerical model that simultaneously solved the gas flow,
electrostatic field, and particle motion equations to evaluate particle transport and collec-
tion efficiency in a wire—plate ESP.

Previous numerical and experimental studies have highlighted the importance of
coupled electrohydrodynamic flow and particle transport processes in determining the
performance of electrostatic precipitators. Numerical investigations have shown that par-
ticle charging mechanisms and particle transport behavior significantly influence the
overall collection efficiency of ESP systems, particularly for fine particles in the submicron
range [12]. Computational fluid dynamics (CFD) models that incorporate electric field dis-
tributions, space charge effects, and particle trajectory calculations have therefore been
widely employed to analyze particle migration and collection characteristics within ESP
channels [13,14]. These studies indicate that particle motion within electrostatic precipita-
tors is governed by the interplay among electrostatic forces, fluid flow structures, and
particle inertia. In addition, electrohydrodynamic flow generated by corona discharge can
modify local velocity fields and influence particle transport and deposition patterns
within the collection region [15]. More recent numerical simulations have further demon-
strated that the space charge carried by dust particles can distort the electric field distri-
bution and consequently affect corona discharge characteristics and particle collection ef-
ficiency [16]. Experimental investigation of electrostatic precipitators is often costly and
technically complex due to the strong coupling between electric field, gas flow, and parti-
cle dynamics; therefore, numerical simulation approaches are frequently preferred for an-
alyzing ESP performance and internal particle transport mechanisms. In this context,
Skodras et al. [17] developed a CFD-based model for a wire—plate electrostatic precipitator
that simultaneously solved the coupled gas flow, particle dynamics, and electrostatic field
equations to predict particle trajectories and collection performance within the ESP
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channel. These findings collectively emphasize that reliable ESP modeling requires a cou-
pled analysis of electric field behavior, flow dynamics, and particle charging mechanisms.

Geometric configuration is widely recognized as a key design parameter influencing the
performance of electrostatic precipitators (ESPs), as it directly affects the electric field distribu-
tion, internal flow structures, and particle transport behavior within the collection channel.

In recent years, various non-planar collecting plate geometries have been proposed
to enhance ESP performance, including corrugated, wavy, and W-shaped structures.
These configurations primarily aim to improve particle charging and collection efficiency
by modifying the electrostatic field distribution, electrohydrodynamic (EHD) flow, and
particle transport processes. For instance, corrugated plate geometries have been shown
to significantly influence the electric field distribution, space charge density, and EHD
flow structures, leading to improved particle capture performance [18,19]. Similarly,
wavy collecting plates introduce periodic variations in curvature, where parameters such
as amplitude and wavelength affect particle charging and transport behavior [20]. W-
shaped plate configurations have also been proposed as an effective approach to for en-
hance fine particle collection, particularly in two-stage ESP systems, by combining a fa-
vorable electric field distribution with flow redirection and inertial effects [21].

In addition to these designs, conical collector geometries have been investigated, in
which parameters such as cone inclination, flow velocity, and applied voltage are optimized
to improve particle trajectories and collection efficiency [22]. However, these approaches
primarily focus on performance-oriented parameter tuning and provide limited insight into
the mechanistic role of geometry in modulating ion transport and EHD coupling.

Despite these advancements, existing designs are fundamentally based on oscillatory
or segmented geometries with multiple curvature extrema, where performance improve-
ments are predominantly associated with localized variations in flow and electric field
characteristics. While previous studies demonstrate that geometric modifications can alter
electrohydrodynamic (EHD) flow structures, space charge distribution, and particle dy-
namics, these effects are typically interpreted in terms of global performance metrics ra-
ther than through a detailed examination of the underlying transport mechanisms.

This gap in the literature is closely related to the inherent complexity of electrostatic
precipitation, where gas flow, electric field, ion transport, and particle dynamics are
strongly coupled [23]. Classical ESP formulations describe particle charging and migra-
tion primarily via ion attachment and Coulomb-driven motion in an electric field [24],
while modern numerical studies emphasize the importance of multi-physics coupling, in-
cluding EHD flow and space charge effects [25]. However, in most studies, ion transport
is predominantly modeled as drift-dominated, and the role of convective transport is often
considered secondary. In regions of a relatively weak electric field, ion drift velocity may
become comparable to the gas velocity [23], suggesting that convective transport can in-
fluence space charge distribution and particle charging behavior. These observations in-
dicate that the interaction between channel geometry and ion convective transport, and
its role in modulating EHD coupling, has not yet been systematically analyzed.

In this context, the present study introduces an elliptical concave channel geometry
characterized by a smooth, monotonic variation in curvature enabling a fundamentally
different design paradigm based on continuous flow control rather than oscillatory mod-
ulation. Unlike conventional corrugated, wavy, W-shaped, and conical geometries, the
proposed configuration enables a more stable and systematic regulation of EHD interac-
tions between the flow field and electric field. The contraction ratio is introduced as a key
design parameter, providing a quantitative framework for controlling flow—field cou-
pling. Furthermore, the coupled interaction between the flow field and electric field is an-
alyzed to demonstrate how EHD effects can enhance particle charging and transport be-
havior. From an engineering perspective, the proposed geometry offers a simple and
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continuous structural modification with low retrofit complexity, making it suitable for
practical industrial ESP applications.

2. Materials and Methods
2.1. Geometry Definition

The electrostatic precipitator (ESP) examined consists of two different configurations:
a rectangular reference channel with a constant cross-section and a concave channel de-
fined by elliptical arcs. The concave geometry is compared with the conventional rectan-
gular channel, widely studied in the literature, to quantitatively investigate the effects of
geometry on the electric field distribution and particle transport. The overall geometry of
the model is schematically shown in Figure 1. The model is defined in a two-dimensional
(2D) Cartesian coordinate system representing the longitudinal section of the channel; the
x-axis denotes the flow direction, and the y-axis represents the channel height. Since the
wire electrodes extend uniformly along the spanwise direction and the collecting plates
are planar, the flow and electric field variations in the out of plane direction are assumed
to be negligible. Therefore, a two-dimensional representation is sufficient to capture the
dominant electrodynamic and particle transport mechanisms.

All geometries were created in the COMSOL Multiphysics 6.2 environment and config-
ured for multi-physics solutions. The model is defined to solve the electrostatic fields, space-
charge transport, laminar flow, and particle tracking physics in a coupled manner. This ap-
proach allows consistent and comparable evaluation of geometry-dependent field variations.

< 0.7m > < 0.7m >
A
Air Inlet - . - Air Outlet § Air Inlet X . Air Outlet
4+ 7 7 1
Higllln;lZItage Collector plate Higllln\t;zftage
Electrodes (grounded) Electrodes

(a) (b)

Figure 1. Rectangular and concave channel geometries with electrode configurations used in the

electrostatic precipitator: (a) rectangular channel and (b) concave channel.

Both channel geometries have the same total channel length, which is defined as L =
0.70 m in the rectangular configuration; the channel height remains constant along the
flow direction, whereas in the concave configuration, the channel cross-section exhibits a
symmetric contraction-expansion profile with respect to the channel centerline. The ref-
erence rectangular geometry was chosen to represent a conventional wire—plate ESP con-
figuration widely employed in numerical and experimental studies [26]. In the reference
rectangular geometry, the channel half-height is defined as hy = 0.05 m (corresponding
to a total channel height of Hy = 0.10 m). The upper and lower walls of the concave chan-
nel are defined by elliptical arcs that are symmetric about the channel midpoint. The local
half-height of the channel is expressed by the following function:

2x—L

£ = ho = (ho = bynin) |1 — (25

)2, 0<x< 1)

where f(x) represents the local half-height of the channel along the flow direction and
bimin denotes the minimum half-height at the channel center. According to Equation (1),
the channel opening at the inlet and outlet sections remains equal to the reference value
ho, while the minimum opening occurs at x = L/2.

https://doi.org/10.3390/app16094356


https://doi.org/10.3390/app16094356

Appl. Sci. 2026, 16, 4356

5 of 25

The local total channel height is therefore given by

H(x) = 2f (). @)

The concavity level is defined by the dimensionless contraction ratio &, which is ex-
pressed as

ho=bimi
£ = 0 homl‘n. (3)
In the parametric analysis, ¢ = 0.25 and ¢ = 0.50 were considered, correspond-
ing to minimum half-height values of b,;;, = 0.0375 m and b,;;;, = 0.025 m, respec-
tively. Three wire electrodes with a radius of 0.5 mm are positioned along the channel
centerline and supplied with a constant voltage of 20 kV. The upper and lower collecting
plates are electrically grounded. All geometric and operating parameters used in the sim-
ulations are summarized in Table 1 to ensure model reproducibility.

Table 1. Geometric and operating parameters used in the simulations.

Parameter Symbol Value Description
Channel length L 0.70 m Total channel length
Reference total height H, 0.10 m Rectangular channel height
Reference half-height ho 0.05 m Half channel height
Contraction ratio € 0,0.25,0.50 Dimensionless concavity param-
eter
Minimum half-height b ho(1 — £) Minimum channel opening at
the concave center
Electrode radius T 5x 104 m Wire electrode radius
Electrode spacing s 0.15 m Wire—-wire distance
Applied voltage Vo 20 kV Applied high voltage
Inlet velocity Ug 1 m/s Uniform inlet flow velocity
Pressure p 101,325 Pa Ambient pressure
Temperature T 293.15 K Ambient temperature

2.2. Governing Equations

The multi-physics processes inside the electrostatic precipitator are investigated us-
ing a coupled numerical framework that simultaneously accounts for gas flow, electro-
static field, space-charge transport, and particle dynamics.

The flow field is solved to evaluate the influence of channel geometry on the electric-
field distribution, space-charge transport, and particle migration within the precipitator.
This approach enables the effect of geometric variation on the overall ESP performance to
be assessed while minimizing the influence of additional modeling parameters.

The gas phase is assumed to behave as an incompressible Newtonian fluid. The flow field
is governed by the steady-state Navier—Stokes and continuity equations, expressed as

p(U-V)U=—Vp+ uvV3i + pqﬁ, 4)

V.u=0, ®)

where U represents the velocity vector, p denotes the pressure, p is the fluid density,
and p isthe dynamic viscosity. The term p, E represents the electrohydrodynamic body
force generated by the interaction between the electric field and the space charge:

—

ﬁEHD = pqE, (6)

where E is the electric field vector and pq denotes the space-charge density (C/m3).
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Under electrostatic conditions, the electric field is governed by Gauss’s law together
with the electric potential formulation. The differential form of Gauss’s law and the rela-
tion between the electric field and the electric potential are written as

V.E="22 @)

€o

E=-vV. (8)

Substituting Equation (8) into Equation (7) yields the Poisson equation for the electric
potential, defined as

vzv=-2 9)

o
where g, represents the permittivity of free space (8.854 x 102 F/m), and V is the electric
potential. Since corona discharge generates a non-zero space-charge density within the
precipitator, the electrostatic field is described by the Poisson equation rather than the
Laplace equation [27,28].
The transport of space charge within the domain is described by the charge conser-
vation equation and the current density formulation:

v.j=0, (10)

indicating that no net charge accumulation occurs within the domain. Charge transport
takes place through drift under the electric field and convection with the flow. Accord-
ingly, the current density takes the form

J= zq,uipqﬁ + pql, (11)

where ] is the current density vector (A/m?), z, is the ion charge number, and y; de-
notes the ion mobility. The first term represents the drift of ions along the electric field,
whereas the second term corresponds to the convective transport of charge by the flow.
Note that diffusion effects were neglected in Equation (11) as ion drift under strong elec-
tric field dominates the charge transport mechanism. This formulation is based on the
classical space charge transport model widely used in corona discharge electrostatic pre-
cipitators [5,26].

Particle motion was simulated using a Lagrangian particle tracking approach. In this
framework, individual particles are tracked by solving Newton’s second law of motion
under the influence of the surrounding flow and electric fields [26]. The particle position
and velocity are governed by

dx. N
Y (12)
v, .
My = Fe 13

where X, and ¥, denote the particle position and velocity vectors, m,, is the particle
mass, and F, represents the total force acting on the particle.

In the present model, particle motion is governed primarily by the drag force and the
electrostatic force. The particle—fluid interaction is described using the Cunningham-Mil-
likan-Davis drag formulation, which accounts for rarefaction effects that become im-
portant for small particle diameters. The drag force acting on a particle is given by

Fo=28(@-7,), (14)

™S

where 1 is the local fluid velocity, S is the Cunningham slip correction factor, and 7,
denotes the particle velocity response time, defined as

https://doi.org/10.3390/app16094356


https://doi.org/10.3390/app16094356

Appl. Sci. 2026, 16, 4356

7 of 25

4ppd?
P 3ucqRep’

(15)

Here, p, and d, are the particle density and diameter, respectively, and C, is the
drag coefficient. The particle Reynolds number is expressed as
_ Pli-plap
Re, = 22 Tel%, (16)
where p and p denote the fluid density and dynamic viscosity, respectively.
The Cunningham slip correction factor used in the drag formulation is given by

S =1+ Kn(C; + CreC3/Kn), (17)
where the Knudsen number Kn is defined as
Kn =—, (18)

with 1 denoting the mean free path of the gasand d,, the particle diameter, while C;, C;,
and C; are empirical constants associated with the Cunningham correction. Rarefaction
effects were incorporated using the rarefaction correction option available in COMSOL
Multiphysics. Charged particles are subjected to an electrostatic force under the electric
field. The electrostatic force acting on the particle is given by

136 = qpﬁ = eZE, (19)

where g, is the particle charge, e is the elementary charge, and Z is the dimensionless
charge number of the particle [22,26].

The particle charging process was described using the classical Lawless charging
model, which accounts for ion—particle interactions and the time-dependent accumulation
of electric charge on particles in corona discharge environments [26]. Particles that reach
the collecting plate surfaces are assumed to be captured.

2.3. Numerical Model and Boundary Conditions

The computational domain was discretized using an unstructured triangular mesh.
A mesh independence study was performed to ensure that the numerical solution was not
affected by the mesh-discretization level. For this purpose, three different mesh configu-
rations, namely coarse, normal, and fine meshes, were systematically examined for all
channel geometries. To visualize, Figure 2 shows the unstructured mesh levels for three
different mesh configurations.

To quantitatively assess mesh convergence, the electric field magnitude distributions
obtained with different mesh levels were compared using the relative £,-norm error.
Since the solutions are defined on different mesh grids, all electric field data were first
interpolated onto a common uniform reference grid defined over the shared computa-
tional domain. The relative error was computed by taking the fine mesh solution as the
reference, according to

_ "Efine_Etestllz

- ] 2
€ = lermel, (20)

where E.s; denotes the electric field obtained using the normal or the coarse mesh, Ef,, is
the reference electric field obtained from the fine mesh solution and || - ||, denotes the ¢,-
norm. The norm is evaluated over the common reference grid obtained after interpolation
over the shared computational domain. The electric field magnitude was selected for the error
evaluation, as it directly governs the electrostatic force and particle charging processes.
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Figure 2. Unstructured triangular mesh levels used in the mesh independence analysis: (a) coarse,

(b) normal, and (c) fine meshes.

The resulting error values for all channel geometries are summarized in Table 2. It is
observed that the relative error of the normal mesh remains on the order of 10™* for all
cases, whereas the coarse mesh exhibits consistently larger deviations. Nevertheless, even
for the coarse mesh, the relative error remains on the order of 107*, indicating that the
solution is already reasonably well resolved. For improved reliability and consistency, the
normal mesh was adopted in all subsequent simulations.

Considering the substantially higher computational cost associated with the fine
mesh, the normal mesh configuration provides an appropriate balance between numerical
accuracy and computational efficiency.

Table 2. Mesh independence results based on the domain-averaged electric field for different chan-

nel geometries.

Geometry £ Mesh Nodes Elements e,

0 Coarse 15,095 27,418 8.72 x 107*

Rectangular channel 0 Normal 19,964 37,142 412 x 1074
0 Fine 25,239 47416 -

0.25 Coarse 15,331 27,474 8.11 x 107*

Concave channel 0.25 Normal 19,827 36,454 429 x 1074
0.25 Fine 24,649 45,774 -

0.50 Coarse 13,697 25,114 9.21 x 10*

Concave channel 0.50 Normal 18,713 34,274 569 x 107*
0.50 Fine 24,701 45,926 -

Particles were released from the inlet using a regular grid distribution at the start of
the transient simulation (¢t = 0). Their trajectories were computed individually using a
Lagrangian particle tracking approach [22], ensuring a uniform spatial distribution at the
inlet. The initial particle velocity was set equal to the local flow velocity at the inlet:

B,(t=0) = 1. 1)

Particle-boundary interactions were defined through surface-based criteria. Particles
reaching the collecting plates were treated as captured, whereas particles reaching the
outlet boundary were treated as escaped. The overall particle collection efficiency was
evaluated as

— Nin—Nout
T N (22)

In Equation (22), 7 is the collection efficiency (%), Nj, is the total number of injected
particles, and N,,; is the number of particles that reach the outlet [22,26]. It should be
noted that particle capture at the collecting plates is assumed to be ideal in the present

model. Effects such as particle rebound and re-entrainment are not explicitly considered,
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in order to focus on the primary electrohydrodynamic transport and charging mecha-
nisms. While these effects may influence the absolute collection efficiency, they are not
expected to alter the qualitative trends associated with geometric modifications.

The electric field distribution inside the electrostatic precipitator was obtained by
solving the Poisson equation under appropriate electrical boundary conditions. The
boundary conditions were defined according to the classical approach commonly used in
electrostatic precipitator modeling [4,5].

The onset of corona discharge at the corona electrode is modeled by specifying the
normal component of the electric field at the electrode surface:

i.E = E,, (23)

where 71 is the unit normal vector directed perpendicular to the electrode surface, Eo is
the corona onset electric field. This condition defines the critical electric field required to
initiate ionization around the electrode and serves as the criterion for space charge injec-
tion into the computational domain [22].

The collecting plates were assumed to be electrically grounded, and the electric po-
tential was set to V = 0. A zero normal flux condition was applied for space charge
transport at the inlet and outlet boundaries to prevent artificial charge accumulation. To
represent the applied high voltage at the corona electrode, the electrode potential was
fixed at V = V,. While the fixed potential defines the operating voltage of the electrode,
the boundary condition applied to the normal component of the electric field determines
the onset of corona discharge and the associated space charge generation. It should be
noted that this condition is not imposed as an independent boundary condition for the
electric potential; rather serves as a physical onset criterion governing space charge injec-
tion. When the local electric field exceeds the onset threshold, charge injection is initiated
at the electrode surface.

For the flow field, a constant velocity profile was specified at the inlet and a pressure
outlet boundary condition was applied at the outlet. A no-slip wall condition was applied
to all solid surfaces. Based on the inlet velocity and the characteristic channel height, the
Reynolds number of the flow is approximately R, = 6.7 x 103. Although this value lies
within the transitional regime, the flow was modeled using a laminar formulation due to
the relatively low inlet velocity and the smooth channel geometry considered in the pre-
sent configuration.

To evaluate the influence of turbulence modeling, additional simulations were per-
formed using the k — w SST turbulence model for the concave channel geometry (¢ =
0.25). The velocity fields obtained from the laminar and turbulent solutions are compared
in Figure 3. The predicted velocity magnitude distribution exhibited only minor differ-
ences compared with the laminar solution, while the overall flow structure remained es-
sentially unchanged. These observations indicate that the laminar formulation provides
an adequate representation of the flow behavior for the present ESP configuration.

The corona onset electric field Eo was calculated using Peek’s empirical corona onset
relation, which is widely used in the literature to represent realistic physical conditions:

E, =3 % 1068 <1 + 3;) (24)

where § is the gas density correction factor, and r; is the radius of the corona electrode
[5,22].
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Figure 3. Comparison of velocity magnitude distributions for the concave channel geometry (e =
0.25): (a) laminar flow solution and (b) k — w SST turbulence model.

Particle transport within the electrostatic precipitator is a multi-physics process re-
sulting from the simultaneous interaction of the electric field, space charge transport, gas
flow, and particle dynamics. Therefore, the modeling was performed within a coupled
numerical framework based on classical electromagnetic field theory and electrohydro-
dynamic flow principles [8,29]. All physical fields were solved simultaneously within the
same solution environment.

The flow field, electrostatic field, and space-charge transport were described by the
Navier-Stokes, Poisson, and continuity equations, respectively, and solved in a coupled
framework to capture the interaction among the physical fields. All simulations were per-
formed using COMSOL Multiphysics. The electrostatic potential was obtained by solving
the Poisson equation with prescribed electrode potentials. The onset of corona discharge
at the electrode surface was described using Peek’s empirical relation for the corona onset
electric field, which determines the ion injection at the electrode surface and provides the
source of space charge within the domain. The resulting space-charge distribution was
then coupled to the electrostatic field through the Poisson equation, and the governing
equations for the electric field and charge transport were solved iteratively until conver-
gence was achieved. This coupled solution framework enables consistent representation
of the interactions among the electric field, space-charge transport, and electrohydrody-
namic flow within the ESP channel.

The finite element method (FEM) was employed because of its capability to accu-
rately represent complex geometries and various boundary conditions. Specifically, the
governing equations were discretized using FEM and solved using a stationary nonlinear
solver based on Newton’s method within the COMSOL Multiphysics environment. The
FEM provides a robust numerical approach for solving nonlinear and multi-physics prob-
lems [30,31]. During the solution process, a fully coupled nonlinear solver was adopted to
enhance numerical stability and facilitate convergence of the governing equations.

3. Results and Discussion

This section presents the numerical results and discusses the influence of channel
geometry on the coupled electrohydrodynamic processes inside the electrostatic precipi-
tator. First, the reliability of the numerical model is assessed through comparison with
literature data. Subsequently, the flow field characteristics are analyzed to examine how
the concave geometry modifies the velocity distribution within the channel. The pressure
drop behavior is then evaluated to assess the hydraulic implications of the proposed ge-
ometry. The electric field structure and space charge distribution are further investigated
to clarify the underlying electrostatic mechanisms. Finally, particle charging behavior,
particle trajectories, and overall collection efficiency are analyzed to evaluate the impact
of the concave channel design on ESP performance. For comparison, an additional Ven-
turi-like contraction geometry is also examined to highlight the differences in ion
transport, charging region development, and overall particle collection behavior.
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3.1. Model Validation

To assess the reliability of the numerical model, the simulation results were qualita-
tively compared with previously published studies. As shown in Figure 4, the model suc-
cessfully captures the variation in collection efficiency with inlet flow velocity reported in
the literature [26].

10
—e— Simulation 0.2 pm

®- Experimental 0.2 um (Hu et. al. (2022))
—e~ Simulation 2.0 pm
~m- Experimental 2.0 um (Hu et. al. (2022))

08

Collection efficiency n

0.2 ym =
Corr=0.99, RMSE=0.045, MAE=0.040, R*=0.93

02 2.0pum:
Corr=1.00, RMSE=0.026, MAE=0.020, R*=0.98

04 06 o8 10 12 14 16 18
Flow velocity (m/s)

Figure 4. Comparison of collection efficiency as a function of inlet flow velocity between the present

simulation results and literature data [26].

Specifically, the collection efficiency decreases with increasing flow velocity as parti-
cle residence time in the electrostatic field is reduced. This trend is consistent for both 0.2
um and 2.0 um particles and agrees well with the literature. Minor differences arise from
modeling assumptions, boundary conditions, and the two-dimensional approximation.
Overall, the results demonstrate that the proposed model reliably predicts particle collec-
tion behavior in electrostatic precipitators.

3.2. Flow Field Analysis

To evaluate the flow behavior inside the electrostatic precipitator channel, the veloc-
ity magnitude distributions obtained for different channel geometries were examined.
Figure 5 illustrates how the velocity field is redistributed depending on the channel ge-
ometry under different applied voltage levels.

Rectangular channel (e = 0) m/s

— — ||

Concave channel (e = 0.25)

=

Channel height, y(m)

Concave channel (g = 0.50) 1.5

= —=|

(@) . it (b)
Axial position, x(m)
Figure 5. Velocity magnitude distributions for different channel geometries in the electrostatic pre-
cipitator channel: (a) 20 kV and (b) 25 kV.

Channel geometry directly controls the internal flow structure within the filter by
reshaping the velocity distribution through local contractions and expansions along the
https://doi.org/10.3390/app16094356
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flow cross-section. As shown in Figure 3, the flow in the rectangular channel configuration
exhibits a relatively uniform structure along the channel, whereas in concave geometries,
distinct acceleration regions appear in the central zone due to the local contraction of the
cross-section. The local contraction of channel cross-section leads to flow acceleration due
to mass conservation, resulting in higher velocity gradients near the channel center. Under
steady incompressible flow conditions, mass conservation requires that the product of the
cross-sectional area and the mean velocity remain approximately constant along the chan-
nel. Therefore, the local contraction of the channel geometry leads to an increase in the
flow velocity in the narrowed region. This acceleration produces stronger velocity gradi-
ents within the contraction region and alters the flow structure inside the channel. Such
changes in the velocity field can influence the aerodynamic drag acting on particles and,
consequently, affect particle transport and migration toward the collecting surfaces. The
limited increase in the voltage on velocity field indicates that electrohydrodynamic (EHD)
forces remain relatively weak compared to inertia of the main gas flow under the present
operating conditions.

3.3. Pressure Drop Characteristics

The influence of channel geometry on flow resistance was evaluated using the aver-
age static pressure difference between the inlet and outlet sections. The pressure drop was
defined as Ap = Dinier — Poutier Pased on the line-averaged static pressure values. Un-
der the 20 kV operating condition, the pressure drop was calculated as 1.94 x 107! Pa
for the rectangular channel, 3.71 x 10! Pa for the concave channel with ¢ = 0.25, and
6.75 X 107" Pa for the concave channel with ¢ = 0.50. These values are relatively small
compared with those reported for full-scale ESP systems, primarily due to the limited
channel length and the simplified two-dimensional geometry adopted in the present nu-
merical model. A similar trend was observed at the 25 kV voltage level, where the pres-
sure drop increased moderately with increasing channel concavity. The results indicate
that modifications of the channel geometry influence electrostatic performance without
introducing a substantial increase in hydrodynamic energy consumption. Although the
concave geometry introduces local contractions in the flow passage, the overall pressure
drop remains limited because the contraction occurs only over a restricted portion of the
channel and does not significantly reduce the average cross-sectional area. This character-
istic is desirable in electrostatic precipitator design, where maintaining low pressure
losses is essential for minimizing fan power consumption. The results, therefore, suggest
that concave channel geometries can improve particle collection efficiency while preserv-
ing the inherently low energy consumption of ESP systems.

3.4. Electric Field Distribution

The electric field distribution is a key factor governing particle motion inside an elec-
trostatic precipitator. To evaluate the influence of channel geometry on the electric field
structure, the electric field magnitude distributions for different channel configurations
were compared while keeping the electrode configuration identical in all cases. The elec-
tric field distributions calculated at operating voltages of 20 kV and 25 kV are presented
in Figure 6.
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Figure 6. Electric field magnitude distributions for different channel geometries in the electrostatic

precipitator channel under operating voltages of (a) 20 kV and (b) 25 kV.

As expected, the highest electric field intensity occurs in the vicinity of the corona
electrodes, which is consistent with the classical behavior of wire—plate electrostatic pre-
cipitators. The peak field magnitude remains nearly unchanged for all channel geometries
because it is primarily determined by the electrode configuration rather than the channel
shape. However, the spatial distribution of the field within the channel is noticeably in-
fluenced by the concave geometry. The local contraction of the channel modifies the elec-
trode—plate distance and alters the arrangement of the equipotential lines, leading to a
redistribution of the electric field within the channel volume. To quantify the spatial var-
iation in the electric field distribution, the coefficient of variation (CV) was used as a meas-
ure of field uniformity [32]. The CV is defined as

cv=-21E (25)

7
Eqvg

where o denotes the standard deviation of the electric field magnitude and Eg,, repre-
sents the average electric field over the computational domain. Lower CV values indicate
a more uniform electric field distribution.

The quantitative results presented in Table 3 show that, although the maximum elec-
tric field magnitude remains almost constant, the average electric field intensity increases
in the concave channel configurations. This behavior indicates that the electric field ex-
tends more effectively into the channel core in comparison with the rectangular configu-
ration. The coefficient of variation values further confirm that the electric field remains
strongly nonuniform due to the localized high-intensity region near the corona electrodes.
Nevertheless, the concave geometry improves the effective utilization of the electric field
by increasing its average magnitude within the channel volume. This redistribution of the
electric field plays an important role in particle transport because an increase in the aver-
age electric field intensity enhances particle charging and strengthens the electrostatic
force acting on the particles. In addition, the stronger electric field within the channel core
promotes deeper ion transport and a broader space-charge distribution, which further en-
hances the ion—particle interaction within the flow domain. Consequently, the modified
field structure promotes particle migration toward the collecting plates and contributes to
the improved collection efficiency observed in the concave channel configurations.
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Table 3. Statistical comparison of the electric field magnitude for different channel geometries.

Geomet Voltage (kV) Max. Electric Field Average Electric Field Standard Deviation cv
y & (V/m) (V/m) o5(V/m) (05/Eapy)
Rectangular 20 7.03 x 106 9.87 x 10* 118 x 105 1.19
channel (¢ = 0)
Rectangular 25 7.03 x 106 1.55 x 105 1.44 x 105 0.93
channel (¢ = 0)
Concave channel
20 7.03 x 106 1.15 x 10° 1.49 x 10° 1.30
(g = 0.25)
Concave channel
25 7.03 x 106 1.73 x 10° 1.94 x 105 1.12
(e = 0.25)
Concave channel
20 7.03 x 10¢ 1.24 x 10° 1.85 x 10° 1.49
(¢ = 0.50)
Concave channel
25 7.03 x 10¢ 1.81 x 10° 2.42 x 105 1.34
(¢ = 0.50)

3.5. Space Charge Density Distribution

The space charge density distribution reveals the transport behavior of ions gener-
ated by corona discharge inside the channel. To examine the influence of channel geome-
try on ion transport, space charge density distributions obtained at operating voltages of

20 kV and 25 kV are compared for rectangular (¢ = 0), 25% concave (¢ = 0.25), and
50% concave (¢ = 0.50) channel geometries, as shown in Figure 7.
Rectangular channel (e = 0) C/m® x 10~
3

E

>

= Concave channel (g = 0.25) 2

of

E . . .

< 1

£ Concave channel (¢ = 0.50)

o] k

<

‘e el e e e ) -

(b)
@)
Axial position, x (m)
Figure 7. Space charge density distributions for rectangular and concave channel geometries in the

electrostatic precipitator under operating voltages of (a) 20 kV and (b) 25 kV.

As shown in Figure 7, the space charge density in the rectangular channel geometry
is primarily concentrated around the corona electrodes and rapidly decreases throughout
the channel volume. This behavior indicates limited ion penetration, resulting in an elec-
trostatic interaction region confined to localized areas. When concavity is introduced into
the channel geometry, the space charge distribution expands across the flow cross-section.
For ¢ = 0.25 and € =
trohydrodynamic interaction volume within the channel. The enhanced space charge dis-

0.50, the enhanced ion transport leads to an increase in the elec-

persion observed in concave channel geometries can also be associated with the modifi-
cation of the internal flow field. As shown in the flow analysis, the local contraction of the
channel accelerates the gas velocity due to mass conservation. This increased velocity en-
hances the convective transport of ions represented by the p,# term in the charge
transport equation (see Equation (11)). Consequently, ions penetrate further into the chan-
nel volume, expanding the electrohydrodynamic interaction region. This extended ion
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distribution promotes earlier particle charging and contributes to the improved particle
migration and collection efficiency observed for concave geometries. Increasing the ap-
plied voltage from 20 kV to 25 kV leads to an increase in the magnitude of the space
charge density, while the overall distribution pattern remains largely unchanged.

This behavior suggests that the channel geometry, rather than the applied voltage,
primarily governs the topology of the space-charge field. A quantitative comparison of
the obtained distributions is presented in Table 4. To further evaluate the degree of space
charge dispersion within the channel volume, the uniformity index (UI) was employed,
defined as Ul = pgy,5/Pmax [32]. The results indicate that channel geometry plays a deci-
sive role in determining the spatial distribution of space charge and the associated ion
transport within the channel. These findings suggest that geometric modifications influ-
ence not only the flow and electric field structures but also regulate ion transport, thereby
directly affecting the electrohydrodynamic interaction volume.

Table 4. Statistical comparison of space charge density and uniformity index for different channel

geometries at operating voltages of 20 kV and 25 kV.

Uniformity Index

Voltage (kV) Geometry Pavg (C/m3) Pmax(C/m3) (UL= pavy/Prae)
20 g = 0.00 1.1239 x 10> 3.9340 x 105 0.286
20 g =0.25 2.2049 x 105 1.2479 < 10+ 0.177
20 g = 0.50 3.5625 x 105 3.4035 x 10+ 0.105
25 g =0.00 2.6641 x 10> 1.3531 x 10+ 0.197
25 g =0.25 4.3171 x 105 3.4434 x 10+ 0.125
25 g = 0.50 6.2738 x 105 8.1616 x 10 0.077

Table 4 further shows a substantial increase in the maximum space-charge density
with increasing channel concavity, indicating enhanced ion accumulation within the
channel. As indicated by the electrohydrodynamic body-force term in Equation (6), an
increase in space-charge density strengthens the coupling between the electric and flow
fields. Increased ion concentration also accelerates particle charging, which promotes par-
ticle migration toward the collecting plates and leads to improved collection efficiency in
concave channel configurations. Although elevated space-charge levels may potentially
cause electric-field shielding in ESP systems, such shielding requires localized charge ac-
cumulation near the discharge electrode; in the present results, however, enhanced ion
transport redistributes the space charge, leading to an expansion of the electrostatic inter-
action region rather than its suppression.

3.6. Particle Trajectories and Charging Behavior

Particle tracking analysis was performed to evaluate the influence of channel geom-
etry on particle transport and collection behavior. Particle motion inside the ESP channel
is governed by the combined effects of aerodynamic drag and electrostatic forces acting
on charged particles. As particles travel along the channel, they progressively accumulate
electric charge through ion—particle interactions, which increases the electrostatic force
acting on them. Consequently, particle trajectories gradually deviate toward the collecting
plates under the influence of the electric field. The trajectories corresponding to different
particle sizes are presented in Figures 8-11.

As shown in Figures 8-11, particles initially enter the channel with relatively low
charge levels and therefore follow the streamlines of the carrier flow in the upstream re-
gion. As the particles move downstream, continuous ion—particle interactions lead to an
increase in the accumulated particle charge, which strengthens the electrostatic migration
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toward the collecting surfaces. As a result, the deviation of the particle trajectories be-
comes more pronounced along the axial direction as the charging process progresses.

14
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> 1.0
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o0 0.8
[F]
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=
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@) 0.2
0

Axial position, x (m)

Figure 8. Particle trajectories for € = 0,0.25,0.50 at r, = 0.01 pm: (a) 20 kV, (b) 25 kV.
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Figure 9. Particle trajectories for € = 0,0.25,0.50 at r, = 0.02 pm: (a) 20 kV, (b) 25 kV.
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Figure 10. Particle trajectories for € = 0,0.25,0.50 at r, = 2 pm: (a) 20 kV, (b) 25 kV.
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Figure 11. Particle trajectories for € = 0,0.25,0.50 at r, = 5 pm: (a) 20 kV, (b) 25 kV.

The applied voltage has a direct influence on the particle charging rate. Increasing
the operating voltage enhances the electric field intensity and ion concentration within the
channel, which accelerates particle charging and increases the electrostatic force acting on
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the particles. Consequently, particles deviate toward the collecting plates earlier along the
channel length under higher voltage conditions.

Channel geometry also plays an important role in determining particle transport be-
havior. In concave channel configurations, the modified flow structure and enhanced ion
penetration into the channel core led to stronger ion—particle interactions compared with
the rectangular channel configuration. This enhanced ion transport promotes faster parti-
cle charging and results in stronger trajectory deviation toward the collecting surfaces.
The earlier trajectory deviation observed in concave geometries is consistent with the in-
creased ion penetration and space charge levels discussed in Section 3.4.

Particle size further affects the balance between aerodynamic drag and electrostatic
force. Smaller particles accumulate lower charge levels and therefore tend to follow the
flow streamlines for a longer distance before deviating toward the collecting plates. In
contrast, larger particles acquire higher charge levels and experience stronger electrostatic
forces, which leads to earlier deviation and faster migration toward the collecting surfaces.
The stronger trajectory deviation observed for larger particles is consistent with the field
charging mechanism typically dominant in electrostatic precipitators, where particle
charge increases with particle size under strong electric fields.

The trajectory patterns shown in Figures 7-10 also indicate that particle deviation
toward the collecting plates occurs earlier along the channel in concave geometries. This
behavior can be interpreted in terms of the electrostatic migration length of particles. As
particles accumulate charge through ion—particle interactions, the electrostatic migration
velocity increases and the characteristic migration length required for particles to reach
the collecting plates decreases. The enhanced ion penetration and higher space charge
levels observed in concave channel configurations therefore reduce the migration length,
causing particles to deviate toward the collecting plates earlier compared with the rectan-
gular channel configuration.

3.7. Accumulated Charge Number

To quantitatively evaluate the transport behavior observed in the particle trajectory anal-
ysis, the accumulated charge number acquired by particles along the channel was analyzed.
The accumulated charge number was calculated at the final simulation time step and com-
pared for different channel geometries and operating voltages as a function of particle radius.
The resulting accumulated charge distributions are presented in Figure 12.

—o— Rectangular channel (¢ = 0) A —o— Rectangular channel (£ = 0)
4= Concave channel (¢ = 0.25)
~#- Concave channel (¢ = 0.50) s

,q" 4~ Concave channel (£ = 0.25)
104 ~#— Concave channel (£ = 0.50)

10°

10!

Accumulated charge number, Z, (-)

107! 10° 10! 1072 10! 10° 10!

Particle radius, r» (pm) Particle radius, r (pm)

() (b)

Figure 12. Average accumulated charge number as a function of particle radius for different channel
geometries: (a) 20 kV, (b) 25 kV.
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The parameter Z denotes the dimensionless accumulated charge number defined as
the ratio of the particle charge (g,) to the elementary charge e, ie., Z = q,/e.

The increase in the accumulated charge number observed for concave channel geom-
etries is consistent with the expanded space charge distribution presented in Figure 7. As
ions are transported further into the channel volume due to enhanced convective
transport, particles experience higher ion exposure along their trajectories. This increased
ion—particle interaction leads to higher accumulated particle charge levels, which
strengthens the electrostatic force acting on the particles and promotes their migration
toward the collecting plates. This trend is further quantified in Table 5.

To further clarify the mechanism underlying the improved collection of 0.1 um par-
ticles, Table 5 provides a quantitative comparison of particle dynamics for the rectangular
and concave channel geometries. Although the residence time decreases from the rectan-
gular to the concave channel geometries, both the accumulated charge number and the
charging rate increase significantly with the contraction ratio. This behavior indicates that
the enhanced ion transport in the concave channels accelerates particle charging despite
the shorter residence time. Consequently, the EHD force acting on the particles increases
substantially, promoting stronger migration toward the collecting plates and improving
collection efficiency. These results demonstrate that the improvement in submicron parti-
cle collection is governed primarily by enhanced charging kinetics and stronger EHD in-
teraction, rather than by residence time alone.

Table 5. Quantitative comparison of EHD-driven particle dynamics for 0.1 um particles under dif-

ferent channel geometries.

Residence Charge Charging Rate EHD Force  Particle Force ..
Geometry Time (5) NumberZ ) 252/3 (N/m3) N) Efficiency (%)
Rectangular 0.75 13.25 17.67 1.87 1.11 x 1013 32
Concave (e = 0.25) 0.51 14.95 29.31 5.48 2.29 x 10713 42
Concave (e =0.50) 0.41 16.85 41.10 12.80 438 x 10713 52

3.8. Fractional Collection Efficiency

To evaluate the effect of variations observed in particle loading on electrostatic pre-
cipitator performance, the collection efficiency as a function of particle radius was exam-
ined for different channel geometries. In this context, collection efficiency is analyzed in a
fractional (size-resolved) manner.

The collection efficiency results obtained under operating voltages of 20 kV and 25
kV are presented in Figure 13.

The collection efficiency curves exhibit the characteristic U-shaped behavior com-
monly observed in electrostatic precipitators. A minimum efficiency region occurs for in-
termediate particle sizes around 7, 0.1 um, where both electrostatic charging and dif-
fusion mechanisms become relatively ineffective. For smaller particles, Brownian diffu-
sion enhances particle deposition onto the collecting plates, whereas for larger particles
the increasing electrostatic force significantly promotes particle migration toward the col-
lecting surfaces.

The concave channel geometries consistently show higher collection efficiency across
the entire particle size range compared with the rectangular channel. This improvement
becomes particularly significant in the minimum-efficiency region, where the concave ge-
ometry increases the efficiency by more than 20 percentage points. The enhanced perfor-
mance is attributed to improved ion penetration and stronger particle charging resulting
from the modified flow and electric field distribution inside the channel. These results
suggest that ESP channel geometries that promote ion penetration into the channel core
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can significantly enhance particle charging and mitigate the minimum-efficiency region
characteristic of conventional ESP configurations.
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Figure 13. Fractional collection efficiency as a function of particle radius for different channel geom-
etries at applied voltages of (a) 20 kV and (b) 25 kV.
3.9. Quantitative Assessment of Convective and Drift Transport Contributions
To provide a quantitative assessment of the relative importance of convective and
drift transport, an additional indicator was introduced based on the local ratio between
flow velocity and ion drift velocity, defined as
]
R=—, 26
wilE| (26)
where |u| denotes the local gas velocity magnitude, p; is the ion mobility, and |§ | is the
electric field magnitude. This parameter provides a relative measure of the local contribu-
tion of convection compared to ion drift. Figure 14 presents the spatial distribution of R
for different channel geometries.
Rectangular channel (e = 0)
4
_ 3.5
k! 3
= Concave channel (¢ = 0.25) ‘
£ 25 Geometry u/(WE) (-)
B
° Concave (& = 0.25) 0.82
£ Concave channel (e = 0.50)
£
o

. 3 Concave (e = 0.50) 3.37

Axial position, x(m)

Figure 14. Spatial distribution of the convection-to-drift transport ratio (|l/ (ui|§ |)) for different

channel geometries, together with the corresponding averaged values.

The results show that ion transport in the rectangular configuration remains predom-
inantly drift-driven, as indicated by relatively low R values. In contrast, the concave chan-
nel geometries exhibit substantially higher values of this parameter, particularly in the
channel core, indicating an increased relative contribution of convective transport.
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To further quantify this behavior, the average R values are presented here. The re-
sults indicate that this parameter increases from 0.29 for the rectangular channel to 0.82
and 3.37 for the concave geometries as the with contraction ratio increases. This systematic
increase demonstrates that geometry-induced flow modification enhances the relative
contribution of convective transport compared to ion drift.

These findings provide a quantitative visualization of the convection-to-drift balance
and further support the observed geometry-dependent electrohydrodynamic behavior.

3.10. Comparison with a Venturi-like Contraction

To further understand the influence of channel geometry on the electrohydrody-
namic behavior inside the electrostatic precipitator, an additional comparative analysis
was performed using a Venturi-like channel configuration as illustrated in Figure 14. Un-
like the smooth concave geometry examined in the previous sections, the Venturi-like ge-
ometry introduces a piecewise contraction and expansion along the flow direction, result-
ing in an abrupt reduction in the channel cross-section followed by a rapid expansion.
This configuration allows the influence of smooth geometric variation to be distinguished
from that of a simple cross-sectional contraction.

Figure 15 presents the velocity magnitude distribution obtained for the Venturi-like
geometry. Due to the abrupt reduction in the channel cross-section, the flow undergoes
strong local acceleration in the throat region, producing a high-velocity flow region near
the channel centerline. This behavior is consistent with the mass conservation principle
for incompressible flow, where a reduction in cross-sectional area leads to an increase in
local velocity. Compared with the concave channel geometry, the acceleration in the Ven-
turi-like configuration is more localized and produces stronger velocity gradients near the
contraction region.

The corresponding electric field magnitude distribution is shown in Figure 16. In this
configuration, the contraction modifies the local electrode—plate spacing and leads to a
concentration of the electric field near the throat region. As a result, the electric field be-
comes more localized around the contraction zone rather than being distributed more
broadly across the channel volume.

‘\
 —— — <
—

Channel
height, y(m)
O = N W

Axial position, x(m)
Figure 15. Velocity magnitude distribution along the Venturi-like channel.

Figure 16 illustrates the resulting space charge density distribution. In the Venturi-like
geometry, the ion cloud remains concentrated primarily in the vicinity of the electrodes and
the throat region, indicating limited ion penetration into the central flow region. In contrast,
the smooth concave channel geometry promotes a broader spatial distribution of ions within
the channel, allowing the electrostatic interaction region to extend further into the core flow.
The resulting space charge density distribution is presented in Figure 17.
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Figure 16. Electric field magnitude distribution along the Venturi-like channel.
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Figure 17. Space charge density distribution along the Venturi-like channel.

These observations suggest that the performance improvement observed in the con-
cave channel geometry is not simply caused by the reduction in the channel cross-section.
Instead, the key mechanism appears to be the smooth redistribution of the electric field
and ion transport within the channel volume, which increases the effective interaction re-
gion between ions and particles. The Venturi-like configuration, despite introducing a
stronger local contraction, does not provide the same spatial expansion of the electrohy-
drodynamic interaction region. Consequently, the results indicate that smooth geometric
variation can enhance field utilization and ion penetration without producing excessive
flow acceleration or localized electric field concentration, thereby offering a more effective
strategy for improving electrostatic precipitator performance.

3.11. Overall Performance Evaluation

The combined analyses of the flow field, electric field distribution, space charge
transport, and particle trajectories provide a consistent physical explanation for the im-
proved performance observed in concave channel geometries. The concave configuration
introduces a gradual geometric contraction that modifies the internal flow structure and
enhances the convective transport of ions generated at the corona electrodes. Conse-
quently, ions penetrate more effectively into the channel core, resulting in higher space
charge levels and stronger ion—particle interactions within the flow domain.

The increased ion availability promotes faster particle charging along the channel.
Particles, therefore, experience stronger electrostatic forces and migrate more rapidly to-
ward the collecting plates. Particle trajectory analysis shows that the enhanced charging
leads to earlier deviation of particle paths toward the plates and reduces the effective mi-
gration distance required for particle capture. These effects result in higher collection ef-
ficiency compared with the conventional rectangular channel configuration.

The improved electrostatic performance is achieved without a significant increase in
pressure drop. The concave channel geometry enhances particle collection while preserv-
ing the inherently low energy consumption characteristic of electrostatic precipitators. Ge-
ometric modification of ESP channels thus provides an effective passive design strategy
for improving particulate removal performance.

For comparison, a Venturi-like channel geometry was also examined. In this config-
uration, the local contraction increases the flow velocity and consequently enhances the
convective transport of ions generated at the corona electrodes. At first glance, this in-
creased convection may appear beneficial for ion transport within the channel. However,
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the strong, abrupt acceleration in the throat region rapidly carries the ions through a nar-
row zone, resulting in a highly concentrated space charge distribution. Therefore, the ion—
particle interaction volume remains limited. The high convection velocity also reduces the
effective residence time of particles within the ion-rich region, thereby limiting particle
charging. Consequently, despite locally enhanced ion convection, the overall charging
process becomes less effective, leading to reduced particle migration and lower ESP col-
lection efficiency.

In contrast, the smooth concave geometry introduces a gradual variation in the chan-
nel cross-section, producing a smoother redistribution of both the velocity and electric
fields. The gradual acceleration enhances ion convection without generating strong local-
ized high-velocity regions. As a result, ions penetrate more effectively into the channel
core, producing a broader spatial distribution of space charge. The enlarged ion—particle
interaction region increases the probability of particle charging and promotes stronger
electrostatic migration toward the collecting plates. Accordingly, the increase in ion con-
vection becomes advantageous in the concave configuration because it occurs together
with an expanded charging region within the channel.

4. Conclusions

This study demonstrates that the proposed elliptical smooth-gradient concave geom-
etry offers a distinct approach to improving ESP performance by controlled modification
of the flow—field interaction. The use of contraction ratio as a governing parameter enables
quantitative regulation of electrohydrodynamic (EHD) coupling, leading to enhanced
particle charging and transport behavior. In addition, the simplicity of the geometry rep-
resents an engineering advantage, offering practical implementation in existing ESP sys-
tems with low retrofit complexity.

The results demonstrate that channel geometry plays a critical role in governing EHD
coupling and particle collection. While the peak electric field magnitude remains primar-
ily determined by the electrode configuration, geometric modifications alter the spatial
distribution of the electric field and the transport of space charge within the channel. Spe-
cifically, the concave configuration enhances ion penetration into the channel core and
expands the ion—particle interaction region, leading to faster particle charging and earlier
particle migration toward the collecting plates. Accordingly, the proposed elliptical
smooth-gradient concave channel significantly improves submicron particle collection, in-
creasing the efficiency for 0.1 um particles from approximately 30% in the rectangular
configuration to about 50% at higher contraction ratios (e = 0.50), corresponding to an im-
provement of nearly 20 percentage points.

Active control strategies, such as pulsed power supply and electrode optimization,
can enhance ESP performance by modifying electrical and flow conditions [33,34], but
often at the expense of increased system complexity and operational cost. In contrast, pas-
sive design parameters, such as channel geometry, offer a complementary and cost-effec-
tive approach by influencing electrohydrodynamic interactions without additional energy
input. The proposed concave channel configuration thus provides a simple and easily im-
plementable solution for improving ESP performance.

A comparison with a Venturi-like contraction highlights the importance of geometric
smoothness. While the Venturi geometry induces strong local acceleration, the resulting
localized space-charge distribution and reduced particle residence time limit effective par-
ticle charging. In contrast, the smooth concave geometry promotes a more distributed
electrohydrodynamic (EHD) interaction region, leading to improved particle charging
and collection. The results further indicate that the contraction ratio serves as a practical
quantitative parameter for regulating flow—field interaction, while the simplicity of the
proposed geometry enables low-cost integration into existing ESP systems.
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Overall, the findings indicate that channel geometry constitutes an important passive
design parameter for electrostatic precipitators. The concave configuration enhances par-
ticle collection performance while maintaining the inherently low pressure drop charac-
teristic of ESP systems.

In addition, incorporating realistic particle properties and particle-surface interac-
tion models, along with experimental validation, would further strengthen the findings.
Integration with data-driven approaches, such as machine learning [35], may also enable
efficient multi-parameter optimization and reduced computational cost.

While three-dimensional effects, such as end effects and spanwise vortical structures,
may locally influence the flow field and particle trajectories, the main conclusions of this
study are governed primarily by cross-sectional electrohydrodynamic interactions. Future
work may extend the present framework to fully three-dimensional configurations to cap-
ture such effects more accurately. While alternative smooth geometries, such as sinusoidal
or polynomial profiles, may lead to different electrohydrodynamic behavior, a systematic
comparison of different smooth curve families is beyond the scope of the present study
and is identified as an important direction for future research.
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