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Abstract

Electrostatic precipitators (ESPs) play a crucial role in removing harmful particles in various industries. Ongoing studies continuously
strive to improve their performance and efficiency, leveraging the inherent advantages of ESPs. Researchers are exploring various
types of collecting and discharge electrodes to achieve this. This study specifically focuses on comparing two types of collecting
electrodes, Semicircular Corrugated Plates (SCPs) and inverted Semicircular Corrugated Plates (InvSCPs), against Flat Plates (FPs)
as a reference case. Three distinct forms of ESPs were simulated, and the SCP and InvSCP designs were evaluated against the FPs,
specifically assessing the impact of modifying the collecting electrode design on key electrostatic precipitator characteristics, such as
electrical field distribution, space charge density distribution, particle trajectories, and particle collection efficiency. Notably, the study
found that using SCP resulted in the highest particle collection efficiency compared to InvSCP and FP for the same range of particles.
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1 Introduction
Particulate emissions are one of the most urgent problems
with air pollution, which has become a serious concern for
everyone. In a variety of industrial fields, electrostatic pre-
cipitators (ESPs) are frequently employed to filter out air-
borne contaminants. ESPs are generally utilized in a variety
of industrial applications to collect particles that shouldn't
be released into the atmosphere. Although while the par-
ticle removal efficiency for small particles (approximately
0.2 pum) has been very low, ESPs can achieve above 99%
efficiency and need relatively little energy to operate [1-6].
A number of crucial parts work together in electro-
static precipitators to clean up factory fumes. Electrodes
for discharging, plates for collecting, a high-voltage power
source, and a means of cleaning are all part of the sys-
tem. Particles are charged by the discharge electrodes
and are then attracted to and collected by the collecting
plates, which have the opposite charge [7]. Ionization is
achieved with the use of a high-voltage power source,
and the cleaning mechanism gets rid of the particles that
have accumulated on the plates [1-6]. Electrostatic pre-
cipitators (ESPs) can be categorized into two types based

on the number of stages and the geometric configuration
of their collection plates. ESPs can be classified as sin-
gle-stage or two-stage based on the number of the stages
for charging section and collecting section. On the other
hand, ESPs can be classified as plate-type, tubular, and
wire-type based on the geometric configuration of their
collection plates. Plate-type ESPs employ flat or cor-
rugated plates for particle collection, tubular ESPs use
cylindrical tubes, and wire-type ESPs use wires to cre-
ate an ionizing corona for charging the particles which are
then collected on grounded plates [8]. Particle charging,
particle motion, particle collecting, and particle elimina-
tion make up the five main elements of electrostatic pre-
cipitation [9—-11]. The design of collecting electrodes and
corona wires, as essential components of the electrostatic
precipitator, has a significant impact on ESP performance.
As a result, many investigations are being conducted in
order to improve understanding, counteract the inade-
quacies of ESPs, and adjust the designs of the collecting
electrodes and corona wires [1]. The arrangement of dis-
charge electrodes, wire-to-wire spacing, and wire-to-plate
spacing are all being studied. Zhiyuan Ning investigated
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the influence of the arrangement on the airflow mode and
the efficiency of ESP collection [12]. On high-temperature
electrostatic precipitators, Xi Xu compared the impacts
of three distinct structures [13]. Using experiments and
numerical computations, Park and Kim investigated the
flow properties of a simple geometric model ESP [14—17].
Numerous investigations (numerical and experimental)
have examined the configurations of ESP's collecting
plates. The performance of the electrostatic precipitator
was enhanced by utilizing a large dust collector and mod-
ifying its geometry [18]. However, the flat collecting plate
ground electrode shape is assumed in many investigations.
Nonetheless, a few experiments have been motivated to
assess electrohydrodynamic (EHD) flow in ESPs utilizing
non-flat collection plates [15, 19-24]. Different shapes of
collecting plates were numerically studied such as C-type,
wavy, triangular, and W-type, and crenelated plates [1-6,
19, 25-27]. Electric field parameters, airflow distribution
uniformity, and collection efficiency were examined for
seven dust-collecting plates [17].

Understanding the electrical characteristics and particle
movement in electrostatic precipitators (ESPs) has been made
casier with the development of increasingly sophisticated and
comprehensive numerical approaches due to advancements
in numerical technology [3, 26]. Due to their adaptability,
affordability, and increased dependability, numerical simula-
tions are preferred over practical methods [3, 26]. Numerical
validation techniques for electrostatic precipitators (ESPs)
such as computational methods like Computational Fluid
Dynamics (CFD) [28, 29]. These techniques simulate gas
flow patterns, particle behavior, electric field distribution,
and particle charging, and include mesh sensitivity analysis
to enhance the accuracy of simulations [6, 30].

Some studies were investigated the corrugated collect-
ing plates to improve the particle collection efficiency,
for instance Zhou examined the corrugated type and it was
compared to different types of collecting plates for a range
of particles (1-10 um), On the other hand, a recent study
presented a new electrostatic precipitator (ESP) to cap-
ture dangerous biomass combustion submicron particles.
The research found that the new ESP with semi-circular
corrugated plates controls vortices and has higher collection
efficiency than the flat plate ESP [31]. However, by adopting
the semi-circular corrugated plates (SCPs) and their privi-
leges and increasing the number of semi-circular corrugated
parts and using 7 circular corona discharge wires, the par-
ticle collection efficiency will be improved, and compar-
ing this model with another type of inverted Semi-circular
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corrugated collecting plates (InvSCPs). In this paper, three
types of ESPs were simulated, and the SCP and InvSCP
designs were compared to the FPs to investigate how the
collecting electrode design affects electrostatic precipitator
properties. The study found that using SCP resulted in the
highest particle collection efficiency compared to InvSCP
and FP for the same range of particles.

2 Numerical study

2.1 Corona discharge

In ESP, the electric field is non-uniform. It can be
solved quantitatively using the Poisson equation and the
charge-conservation equation, which are written in terms
of electric potential and space-charge density [1-6]:
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In order to solve these equations, boundary conditions
must be constructed; Peek's equation Eq. (5) is used to
define the first boundary condition, which specifies that
the onset electric field is dependent on the radius of the
corona wire and the operating environment parameters.
Since n x E = E, we can easily determine £ using Eq. (5).
On the other hand, the corona wires voltage and grounded
collection plate voltage establish the other boundary con-
ditions, where V' =V, for the discharge electrode and V=0
for the grounded electrode.
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2.2 Fluid flow model

Since laminar flows are hypothetically ideal, a turbu-
lent flow was used in this research. The RNG technique
and the k-epsilon turbulence model are then employed to
establish an incompressible, stable, and turbulent flow as
Egs. (7)-(9) [1-6]. High Reynolds numbers (Re) charac-
terize turbulent flows, which can be solved by applying
the Reynolds-averaged Navier-Stokes (RANS) equations.
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2.3 Particle charging and movement

Another essential topic is particle charging, which occurs
when particles cross and enter the ionized field and may
be explained by numerous mathematical equations.
These models were used to estimate particle charges and
charging rates. Particle charging methods operate in two
ways. These particles can be charged by diffusion or field
charging. Thermal movement and ion collisions charge
dust particles [32, 33]. In this research, the Lawless model,
which considers large and tiny particles, is used to predict
particle charging process [1-3, 5, 6, 34].
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According to the particle movement, each charged
particle will be affected primarily by electric force and
mechanical force arising from fluid movement; in addi-
tion, gravity is ignored as particles move through the ESP.
In Eq. (18) and Eq. (20), we find the definitions of these
two classes of forces . Because of the attractive forces
between charges of different poles, charged particles

will rush to the collecting plates when electrical forces
are present [1-6]. Until they were charged, the particles
would naturally go in the direction of the gas flow. Particle
motion can be described by Newton's second law, which
can be written as Eq. (16).
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The drag force F,(N) is specified by Eq. (18), which
incorporates corrections defined by the Cunningham-
Millikan-Davis model [17], whereas the electric force
F(N) is given by Eq. (20).
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2.4 Particle collection

In actuality, the performance of the ESP is determined by
the ratio of captured to uncaptured particles. This can be
evaluated via probability theory. For example, Eq. (21) can
be used to compute particle collection efficiency for a duct-
type ESP [32, 35]. However, in this study the particle col-
lection efficency was detected by using the counter detector
at the outlet of this model in the COMSOL software [1-6].
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2.5 Geometrical arrangements and parameters
definition

In this study, the finite element approach was utilized to
simulate a model of electrostatic precipitators in 2D geom-
etries using the COMSOL Multiphysics software (FEM).
Table 1 displays the measured values for the study's vari-
ables. Where, 2 cases of corrugated collecting plates were
modeled and compared with the flat plate collecting type
as shown in Fig. 1. The simulation was categorized into
three phases: a static electrostatics simulation, a static
airflow simulation, and a time-dependent particle motion
simulation utilizing a particle tracing module.



Table 1 Specific geometry for the ESP arrangement

Description Value
Length (mm) 750
Distance between the collecting plates (mm) 150
Distance between two corona wires (mm) 75
Number of corona electrodes 7
Corona electrode radius (mm) 0.75
Applied voltage (kV) 45
Air turbulent fluid flow, avg velocity (m/s) 1
Temperature (K) 293.15
Gas density (kg m™) 1.2
Gas viscosity (Pa s) 1.85x10°°
Pressure (atm) 1
Particle radii (um) 0.017
Particle density (kg m™) 2100
Particle relative permittivity 5
Reduced ionic mobility (m™ V' s™) 3 x10%
Space charge density, initial value (C m™) 1x10°°
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Fig. 1 Geometrical arrangements of FP, SCP, and InvSCP

2.6 Mesh settings

This study compares the effects of using Semicircular
Corrugated Plates (SCPs) and inverted Semicircular
Corrugated Plates (InvSCPs), against Flat Plates (FPs)
as a reference case, based on where they are located in
relation to the corona wires. The idea is to analyze how
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SCP

InvSCP

Fig. 2 Mesh construction of FP, SCP, and InvSCP

various collecting electrode designs influence an electro-
static precipitator's efficiency.

Since corona electrodes are rather large, a greater
number of elements are specified in their immediate
vicinity. The gradient calculations in that region bene-
fit greatly from the denser mesh that was constructed for
that purpose. For the SCP the total number of triangu-
lar elements is 29542 for a mesh area of 0.1048 m? and
2460 quads and the mesh size is 31948. In addition, in the
InvSCPs, there are a total of 28712 triangular elements,
2436 quads, and the size of mesh is 31148, covering mesh
areas of 0.1202 m2. While the total mesh size for FP is
24269, the number of triangular elements is 22296, and the
number of quads is 1810. Fig. 2 shows the mesh construc-
tion for SCP, InvSCP, and FP. To ensure the simulation,
the mesh independent was performed for the SCP, InvSCP,
and FP coarse, normal, and fine, where the results for all
meshes were identical.

3 Results and discussion
3.1 Validation with Penney and Kihm
To ensure the accuracy of our findings, we compared the
results of Penney's research experiments with the distribution
of electric potential derived from a numerical model [36].
The simulation was defined by the following geometric
parameters: 0.15 mm corona wire radius, 150 mm distance
between corona wires, 228.6 mm width, and 609.6 mm
length. Experiment results for 25.5-34.5 kV are in agree-
ment with the numerical solution as shown in Fig. 3.
Moreover, experimental data from Kihm are used to ver-
ify the accuracy of the current model as seen in Fig. 4. Kihm's
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Fig. 3 Validation of the electrical potential with experimental data
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Fig. 5 Particle collection efficiency — particle radius for 4 SCP parts
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Fig. 4 Validation of the ESP efficiency (kV) with experimental data

setup included eight corona discharge wires. The operational
voltages are between 6 kV and 13 kV. Plates are 400 mm
in length and 50 mm in height, while the diameter of each
corona wire is 0.05 mm, the space between the wire and the
plate is 25 mm, the space between wires is 50 mm [37].

On the other side, by improving the SCPs that were
modeled using 3 semi-circular corrugated parts with
4 corona wires [31] to a new design using 4 semi-circu-
lar corrugated parts with 4 corona wires, the new design
will enhance the particle collection efficiency at the same
voltage level as shown in Fig. 5. The reference [31] used
4 corona wires arrangements with 3 semicircular corru-
gated parts; where the 1 and 4" corona wires are under
the semi corrugated part, while the 2% and the 3" corona
wires are not below the corrugated parts. While, if 4 SCP
parts with 4 corona wires are used, the particle collection
efficiency will be improved as shown in Fig. 5. It is very
important to notice that the location of the corona wires
under these semi corrugated parts which increases the
collection efficiency. As result, using 7 corona wires with
7 SCP parts will be a superior if it will be compared at the
same voltage level to [31].

3.2 Fluid flow

The fluid flow in the ESP has the great influence in the
particle collection efficiency of the ESP. Fig. 6 shows the
fluid flow of 3 types of collecting plates, where the aver-
age air flow was 1 m/s, it can be noticed that the highest

InvSCP

-_— _

0.2 0.4 0.6 0.8 1 12 1.4 1.6

Fig. 6 Fluid flow of the FP, SCP, and InvSCP

air flow is when using SCP, because the shape of the semi
corrugated parts, which produces a narrow path for the air
flow compared to FP and InvSCP.

3.3 Electrical Potential and electrical field

Simulation measurements were performed within the ESP
at 45 kV applied voltage for corona wires and 0 V for col-
lecting electrodes to investigate the electric potential and
electric field at the same range of voltage. The distribution
of the electric potential for SCP, InvSCP, and FP refer-
ence is shown in Fig. 7. Where the highest value around
the corona wires, and the values decrease toward the col-
lecting electrode. Figs. 8 to 10 illustrate the electrical
potential distributions for each individual case by using
3 y cutlines: y = 0.01, y = 0.03, y = 0.045 m. It is clear
that the distributions of electrical potential for FP and
InvSCP are very close to each other, while, for the same
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Fig. 10 Electrical potential distributions of the InvSCP

cutline y = 0.045 m, SCP's electrical potential distribution
is the smallest value. However, Fig. 11 shows the electri-
cal distributions of y = 0.045 m for all the cases together.
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The lowest distribution values are located at the midpoint
between the corona wires, while the highest values on the
locations of corona wires. For the electrical field distri-
butions, Fig. 12 shows the distributions for 3 types when
using x-cutline; x = 0.6 m, the x-cutline starts from the
position of 7" corona wire to 0.045 m. It is noticed that the
highest values is SCP.

3.4 Space charge density and current density

Fig. 13 depicts the distributions of the space charge density
for 3 types of collecting plates, where the charge density
drastically dropped as moving closer to the plates. In addi-
tion, it is obvious that the SCP values are greater than FP
and InvSCP cases. If it is taken a vertical cutline; x = 0.6 m,
Fig. 14 shows the distribution of the SCP, InvSCP, and FP.
Where the space charge density around the 7" corona wire
position is 32 x 107 C/m?, on the other hand, at the same
position, the values for FP and InvSCP are 18 x 1075 C/m?
and 16 x 107 C/m?, respectively. On the other hands, com-
paring the current-voltage (I-V) curves for each case
allows for evaluating the ESP's performance. Fig. 15 shows
the I-V curve for 3 types. The figure shows that increas-
ing the wire-to-plate distance at a voltage level substantially
raises the current density. The highest curve was SCP, while
the lowest was InvSCP. Fig. 16 shows the current density
for 3 types by using a horizontal cutline y = 0.045 m.
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3.5 Particle trajectories

The electric field, space charge density, and flow proper-
ties affect particle behavior. Semi-corrugated and inverted
semi-corrugated grounding electrodes' effects on particle
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Fig. 16 Current density of the FP, SCP, InvSCP

trajectories are also examined. When particles reach the
first corona wire, their paths shift. Particles enter the ESP
through the inlet, move parallel to the grounding plates,
and alter again. The second corona electrode traps more
particles. Fig. 17 shows particle trajectories in ESPs for
3 collecting electrode types for 0.2 um and 2 pm at 45 kV.

3.6 Accumulated charge number and particle collection
efficiency

As can be seen in Fig. 18, there is a direct relationship
between particle size and the total amount of particles
accumulated. The best example is SCP, because it is evi-
dent that a SCP shape will result in a greater accumulation
of particles as compared to FP and InvSCP at 45 kV. If it is
taken the same size of the particles as 4 um, the accumu-
lated charge number are 13000, 11000, and 10500 for SCP,
FP, and InvSCP, respectively.

Fig. 19 displays the SCP and InvSCP model results for
particle collecting efficiency. To get a specific U-form of
particle collecting efficiency versus particle radius, the FPs
findings were utilized as a benchmark, and the particle
range was set at 0.01-0.5 pm. In this study the particle col-
lection efficency was detected by using the counter detec-
tor at the outlet of this model in the COMSOL software.
It can be noticed that using SCP has the highest particle
collection efficency compared to FP and InvSCP when they
are compared at 45 kV. In addition, the lowest range of par-
ticles is 0.1-0.15 pm for SCP with 68%, while this range is
wider for FP , 0.1-0.2 um with 64%, however, for InvSCP
the range is 0.1-0.2 um with 56%. According to the size
of the particle which the ESP efficency begins to reach
100%, for SCP the size of particle is 0.5 um, while they
are 0.63 um and 0.79 pm for FP and InvSCP, respectively.

4 Conclusion

In this paper, three types of ESPs were simulated, and
the SCPs and InvSCP designs were compared to the FPs
to investigate how the collecting electrode design affects
electrostatic precipitator properties. The study found that
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Fig. 17 Particle trajectories of the (a) FP, (b) SCP, and (c) InvSCP for radii 0.2, 2, 5 pm

using the same number of SCP parts with the number of
corona wires resulted in the highest particle collection
efficiency compared to InvSCP and FP for the same range
of particles. Also, it is very important to notice that the

location of the corona wires under these semi-corrugated
parts which increases the collection efficiency. In addition,
a SCP model results in a greater accumulation of particles
as compared to FP and InvSCP. In this study the particle
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Fig. 19 Particle collection efficiency of the FP, SCP, and InvSCP

collection efficency was detected by using the counter
detector at the outlet of this model in the COMSOL soft-
ware. It can be noticed that using SCP has the highest
particle collection efficency compared to FP and InvSCP.
According to the size of the particle which the ESP effi-
cency begins to reach 100%, for SCP the size of particle
is 0.5 pum, while they are 0.63 um and 0.79 um for FP and
InvSCP, respectively.

However, this study will lead to investigate further
studies of corrugated types, to get the best design of ESP
collecting electrodes.
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Nomenclature

A, Space charge density (C/m?)
z, Charge number

I Ton mobility (m?/V s)

E Electric field intensity (V/m)
u Fluid velocity (m/s)

E, Onset electric field (V/m)
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o‘k‘=

™
=)

57

~

-
=

S~ T T Y NS

= quﬂ\‘;

<

Y

>

= 0
=

-~

=

®

=

‘% DQ \3&‘ OJ"!N Dﬁ Nﬁ .qs = = ﬁm

mdjm

T
=

NN NS

=
=

Normal unit vector

Current density (A/m?)
Applied electric potential (V)
Free-space permittivity (F/m)
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Operating temperature (K)
Operating pressure (mmHg)
Standard pressure (mmHg)
Fluid density (Kg/m?)

Pressure (Pa)
Electrohydrodynamic force (N)
Identity matrix

Dynamic viscosity (Kg/m s)
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Self-potential of the particle
Analytic fitting function
Elementary charge
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Ion temperature (eV)
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Particle relative permittivity
Particle position (m)
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Particle mass (kg)

Total particle force (N)

Drag force (N)

Particle velocity—time response ()
Drag correction coefficient
Particle diameter (m)
Cunningham correction factor
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Electric force (N)
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