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Abstract—Electrostatic precipitators (ESPs) have become 

one of the most effective methods for removing harmful 

particles from various industries. Many investigations in 

this subject are constantly developing due to the inherent 

benefits of using an ESP, and there are many robust 

initiatives taking place today all over the world. Different 

configurations of collection and discharging electrodes must 

be investigated to improve the ESP performance of ESPs. 

Many studies are working to enhance existing models in 

different ways. The geometry of the electrodes and the 

collecting plates is one area that could be improved. This 

paper investigates the wavy designs of collecting electrodes 

with varied corona electrode radius (range of variable 

corona radius (0.07-0.6 mm)) and position in a single-stage 

ESP. Wavy plates (WPs) and Inverted wavy plates (InvWPs) 

are compared to flat plates (FPs) using a numerical 

simulation tool. The results of this work show the impact of 

changing the corona radius when wavy and inverted wavy 

collecting electrodes are used on the electric potential, 

electric field strength, current density, and space charge 

density distribution, and particle collection efficiency.  

When compared to InvWPs and FPs, WPs show the highest 

performance in this range of particles. Although InvWPs 

can be utilized to reduce current density or space charge 

density, they do not increase particle collection efficiency. 

Index Terms—ESP, space charge density, particle collection, 

particle charging, wavy collecting plates 

I. INTRODUCTION 

Removing suspended particles from gases is one of the 

most fundamental observable and methodological 

challenges of the industrial era. Limiting emissions [1] by 

appropriate gas-cleaning techniques is critical for dealing 

with severe hazardous air pollution and, in many 

circumstances, for obtaining valuable materials such as 

copper, lead, or gold that would otherwise be conveyed 

up the flue and lost by dispersing into the atmosphere. 

ESPs had a total particle removal performance of up to 99 

percent. The removal efficiency for fine particles, on the 

other hand, was relatively low [2]–[4].  

The fine particles have a large specific surface area and 
could quickly overburden a variety of toxic and 
dangerous substances, posing a risk to human health [5], 
[6]. Fluid dynamics, corona discharge, particle charging, 
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and particle dynamics were all included in the operation 
of ESPs [5], [7]. The removal efficiency of fine particles 
in ESPs was experimentally investigated by Y. Zhuang et 
al. [2]. They focused on how particle collection 
efficiency in the cylindrical ESP is affected by gas 
velocity and electrical potential. The arrangement of 
collecting plates and corona discharges has a considerable 
impact on the collecting performance of the ESPs. As a 
result, many studies have been conducted to understand 
better and overcome the drawbacks of ESPs and 
modifying the shapes of the collecting plates and the 
discharge electrodes. Some experiments used a large dust 
collector to maximize removal efficiency based on the 
design of the ESP's collecting plates [8]. The impacts of 
wire-to-wire electrode distance and the wire to collecting 
plate distance on dust collection efficiency were 
investigated [5], [9]. Many numerical simulations have 
been carried out in order to explore different models of 
ESP collecting plates. Flat collecting plate (FP) and 
specific designs that are comparable to FP's have been 
used to analyze electrohydrodynamic (EHD) in ESPs 
[10]–[12]. Shen et al. investigated (EHD) in a wire plate 
ESP numerically [12], the flow patterns and corona 
electric fields were modified by arranging five different 
forms of collecting plates. In addition, numerical studies 
of the C-type collecting type [12] and the corrugated form 
[11] were conducted. Furthermore, Zhou et al. [13] 
examined a triangular form, W-type, and crenelated type. 
Still though, the wavy shape has been performed to 
examine electrical properties without affecting the space 
charge [14]. Regarding the impact of corona discharge 
electrodes on the efficiency of ESP, several experimental 
and analytical studies conducted by Jedrusik et al. [9], 
Gao et al. [15] examined the geometric properties of 
corona wires and ESP collection efficiency. The 
influence of ionic wind on the airflow field and particle 
precipitation was studied by Wang et al. [16] using a 
spike-honeycomb configuration. Some researchers have 
focused on various corona discharge electrode designs, 
such as barbed wire, which generate higher velocity and 
current density [15], [17]. 

On the other hand, several factors influence the 
efficiency of ESP depending on the corona electrode, 
including the effect of the number of discharge wires, 
whereas increasing the number of wires increases the 
corona current for the same voltage level [18], [19]. 
Besides that, the influence of wire-to-wire separation on 
the I-V characteristics of the ESP [20], [21] was 
investigated. Furthermore, wire radius has a substantial 
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impact on the I-V characteristics of the ESP; for the same 
applied voltage, the total discharge current of lower-
radius corona wires is higher than of high-radius corona 
wires [22]. However, these investigations were limited to 
ESPs with a fixed corona wire size. None of them 
investigated the wavy collecting plate with different sizes 
of corona discharge electrode. The present study aimed to 
show how changing the corona radius affected the 
operation of a wavy collecting plate and an inverted wavy 
plate (which was built as a reversed version of the wavy 
plate to examine the position of corona wires compared to 
the wavy plate). The impact of changing the radius of the 
corona electrode on the electric potential distribution, 
fluid flow velocity, electric field strength, current density, 
space charge density, particle trajectory motion, and 
collection efficiency when wavy and inverted wavy 
collecting plates are used. 

II. N  

A. ESP Numerical Methods Modeling 

The numerical simulation was carried out using the 

properties listed in Table I;
 
the study's goal was to use a 

pair of wavy collecting electrodes and different sizes of 

corona electrodes. Each study case has its 2-dimensional 

model. 

TABLE I: SPECIFIC GEOMETRY FOR THE ESP ARRANGEMENT 

Parameters used for simulation  
Parameter Value  Parameter Value 

Length (mm) 700  Temperature (K) 293.15 
Distance between 
two corona wires 
(mm) 

150  Gas density kgm3 1.2 

Distance between the 
collecting plates 
(mm) 

100  Gas viscosity (Pas) 2.57107 

Wave relation A/s 0.3  Pressure (atm) 1 
Wavelength relation 

/(2c)  
1  

Particle diameter 

(m) 
0.01~5 

Number of corona 
electrodes 

3  
Particle density 

kgm3 
2200 

Corona electrode 
radius (mm) 

0.07~0.6  
Particle relative 
permittivity  

5 

Applied voltage (kV) 20  
Reduced Ionic 

mobility m1V1s1 
31021 

B. Corona and Collecting Electrodes Geometry 

Corona electrodes have varying radiuses ranging from 

0.07 to 0.6 mm. When wavy (WPs) and inverted-wavy 

(InvWPs) electrodes are being examined, flat collecting 

electrodes (FPs) are employed as a reference.   

The collecting electrodes are at the top and bottom of 

the geometries in Fig. 1 and Fig. 2 whereas the corona 

electrodes are in the middle of the ESP. The fluid flow's 

inlet and outlet are specified on the left and right sides, 

respectively. 

 
Fig. 1. Geometric configuration of flat collecting plates (FPs). 

 

 
Fig. 2. Geometric configuration of wavy collecting plates (WPs). 

The ESP length for the three types of collecting 

electrodes is 700 mm, the distance between the two 

corona electrodes is 150 mm, and the distance between 

the collecting electrodes is 100 mm; in the case of wavy 

electrodes the wave is defined by the relation of λ/2c=1 

and A/s=0.3, a prior research found that this geometric 

arrangement achieves the best efficiency with these 

connections [14]. 

The simulation is configured to perform at a 

temperature of 293.15 K and a pressure of 1 atm. The 

fluid flow is described as air and the characteristics of air, 

such as viscosity and density, are temperature and 

pressure dependent. With an average velocity of 1 m/s, an 

incompressible laminar flow is formed. The particle and 

air characteristics are specified in Table I. An electric 

potential of 20 kV is supplied to the corona electrodes for 

the simulation, while 0 V is provided to the collecting 

electrodes. The mesh is created using a normal triangle 

element size that has been optimized for fluid dynamics 

by the program. 

C. Electrostatics - Corona Discharge 

Poison's equation and the charge conservation equation 

have been used to characterize the corona discharge [23], 

0q t J                              (1) 

q qJ z E u                              (2) 

2

0 qV                                      (3) 

E V                                         (4) 

where q (Cm
3

) is the space charge number density, 

J(Am
2

) is the current density, zq is the charge number, 

(m
2
V

1
s
1

) is the ion mobility, E(Vm
1

) is the electric 

field, u(ms
1

) is the fluid velocity, (kgm
3

) is the fluid 

density, 0(Fm
1

) is the free-space permittivity, and V(V) 

is the electric potential [24].  

Solving these equations provides the electric potential 

and the space charge density. Boundary conditions are 

required to achieve these solutions, one of them is 

defined by Peek's equation, which defines the electric 

field as a constant value on the corona electrodes 

(nE=E0). The other boundary conditions for Poisson’s 

equation are (V=0) at the collection plates and zero 

charge at the inlet and outlet [24], [25]: 

 6

0 3 10 1 0.03 wE r                     (5) 
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where E0 (Vm
1

) is the electric field on the corona 

electrode, rw(m) is the corona electrode radius,  is a 

relation between T0 (293.15K) the absolute temperature 
and P0 (760 mmHg) the normal atmospheric pressure and 
P and T are the operating values.  

 
(a) 

 
(b) 

 
(c) 

Fig. 3. Electric potential distribution using: (a) FPs, (b) WPs, and (c) 

InvWPs. 

 
(a1)                           (b1)                             (c1) 

 
(a2)                           (b2)                             (c2) 

 
(a3)                           (b3)                             (c3) 

 
(a4)                           (b4)                             (c4) 

Fig. 4. Space charge density distribution with FPs(a), WPs(b), and 
InvWPs(c), and corona wire radius (a1) (b1) (c1) 0.07 mm, (a2) (b2) (c2) 

0.24 mm, (a3) (b3) (c3) 0.42 mm, and (a4) (b4) (c4) 0.6 mm, 
respectively. 

The electric potential distribution is shown in Fig. 3, 

for each case FPs, WPs, and InvWPs respectively. An 

electric potential of 20 kV is applied to the corona wires, 

and both collecting plates are set to ground. For this 

example, the corona wire radius is set to 0.5 mm.  

The space charge density distribution for the different 

radius of corona wires with FPs, WPs, and InvWPs is 

shown in Fig. 4, where it was noticed that the space 

charge density distribution is symmetrical towards the 

collecting plates and increasing the radius of corona wire 

decreases the space charge density. 

D. Fluid Flow 

Navier-Stokes' equation (8), which is based on the 

conservation of mass and moment, defines and solves 

laminar fluid flow: 

0u                                                  (7) 

EHD

( )

[ ( ( ) )]T

u
u u

t

pI u u F

    

   


 



    

           (8) 

where  (kgm
-3

) is the fluid density, p (Pa) is the 

pressure,  (kgm
1
s
1

) is the dynamic viscosity, and 

EHD qF E is the electrohydrodynamic force [24]. 

E. Particle Charging  

In many circumstances, the particles exhibit an 

electronegative affinity; for example, when they enter an 

ionized field, they begin to trap ions until they reach a 

charge saturation threshold. Particle charging was 

classified into two mechanisms: field charging and 

diffusion charging, which were dominant for large and 

tiny particles, respectively. The Lawless model, which 

incorporated the two mechanisms, was used in this work 

[5], [24], [25]: 
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where c is the charging time, Z is the charge number, kB 

is the Boltzmann’s constant, and Ti is the ion temperature, 

and 
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where ve is the self-potential of the particle, we is the 

electric field, r,p is the relative permittivity of the 

particles, and fa is an analytic fitting function:  
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F. Particle Kinetics 

The trajectories that the particles travel until the 

collecting electrodes collect them may be described by 

Newton's second law while they are being charged by the 

ionized space and carried by the gas flow. There are two 

forces to consider: the drag force and the electric force 

caused by the flow and the electric field respectively: 

( )dx m

dt
  ,  ( )p t

d
m v F

dt
                      (15) 

where x(m) is the particle position,  (ms
1

) is the 

particle velocity, mp(kg) is the particle mass, and Ft (N) is 

the total force on the particle. 

The drag force FD (N) is defined by equation (16), 

which includes rarefaction corrections defined by the 

Cunningham-Millikan-Davis model [24], and the electric 

force Fe (N) is described by equation (17): 

1
( )D p
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F m u v
S

  ,  

24

3 Re
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d

C





            (16) 

eF eZE                               (17) 

where p (s) is the particle velocity-time response; S is the 

drag correction coefficient, p (kgm
-3

) is the density of 

the particles; dp (m) is the particle diameter; CD is the 

Cunningham correction factor; and Rer is the Reynolds 

number [2], [13], e (C) is an elementary charge and Z is 

the accumulated charge number on the particle [24].  

G. Particle Collection 

There are models that may be used to compute the 

collection efficiency in a duct-type ESP based on its 

geometric design as well as the flow and particle 

velocities, including such Deutsch's equation, [26]: 

1 exp
Lv

su


 
   

 
                      (18) 

Moreover, in this study, the collection efficiency is 

determined by counting the particles at the ESP output for 

a duct-type ESP and is defined by the length of the 

collecting plate L (m) and the distance between the 

corona wire and one of the collecting plates s (m), as well 

as the fluid and particle velocities. 

III. RESULTS AND DISCUSSION 

The way to validate this model was to compare the 
distribution of the electric potential with the experimental 
results obtained by Penney [13]. For the validation, a 
simulation is considered under the following geometric 
parameters, a 0.15 mm corona wire radius, a distance 
between two corona wires is 150 mm, a width of 
228.6 mm, and a length of 609.6 mm under conditions 
described in Table I. The numerical solution obtained 
corresponds with the experimental data shown in Fig. 5. 

 
Fig. 5. Numerical simulation in comparison with Penney’s experimental 

results, electrical potential distribution between the corona wire and 

collecting electrode. 

 
Fig. 6. Electric potential distribution using FPs, WPs, and InvWPs. 

A. Electrical Potential under Different Corona Wires 

An electric potential of 20 kV is applied to the three 

corona wires, and the collecting plates are set to ground. 

In Fig. 6, the electric potential distribution is observed 

starting from one of the collecting plates into the border 

of the corona wire. The curves plotted correspond to the 

second corona wire for each case of FPs, WPs, and 

InvWPs.  

Nevertheless, the higher distance between a collecting 

plate and the corona wire will be when InvWPs, and the 

shortest distance when WPs, because of their geometric 

arrangements. In a specific case, a more linear electric 

potential distribution is observed using FP and InvWPs 

with a corona wire radius of 0.07 mm than with the other 

corona wires. With a higher radius of corona wires, the 

potential is distributed at lower levels than with a smaller 

radius. The electric potential, in this case, increases faster 

as it approaches the corona wire. In fact, with this data a 

smaller corona wire radius can denote a more linear 

behavior. 

B. Electric Field Distribution under Different Corona 

Wires Radius 

Taking as a principle that the electric field is inversely 

proportional to the distance between an electric potential 

difference, larger magnitudes of an electric field will be 

present in the case of WPs, and smaller magnitudes in the 

case of InvWPs. Due to the geometric shape of the 

collector plates, a horizontal cut is defined at y = 30 mm; 

in Fig. 7, this distribution in magnitude is observed for 

FPs, WPs, and InvWPs using different corona wire sizes. 

The distribution of the electric field in WPs and FPs are 

similar with a faster growth and decrease in the proximity 

International Journal of Electrical and Electronic Engineering & Telecommunications Vol. 11, No. 4, July 2022

©2022 Int. J. Elec. & Elecn. Eng. & Telcomm. 265



of the corona wires. However, a particular case is 

observed in InvWPs with a corona wire radius of 

0.007 mm, 0.24 mm, and 0.42 mm; the electric field is 

distributed in a much smaller vertical range (green lines). 

In addition, lower values in magnitude occur when 

using InvWPs compared with FPs or WPs, FPs is the 

reference for the results obtained. 

 
Fig. 7. Electric field distribution using FPs, WPs, and InvWPs. 

C. Current Density and Space Charge Density 

Distribution under Different Corona Wires Radius 

Fig. 8 and Fig. 9 show the distribution of current 

density and charge space density respectively, both 

graphs show similar behavior. First, the current density is 

represented in a uniformly distributed way around each 

corona wire, the largest magnitudes are in the center of 

the corona wires, and the minimum values are in the 

midpoint between two corona wires. Using InvWPs the 

levels in the magnitude of current density are reduced a 

percentage over 50 percent if we compare with WPs. 

With smaller corona wire radius, the growth and decrease 

of these magnitudes in the vicinity of the corona wires are 

faster, and higher magnitude levels are also reached. The 

relationship between the current density and the corona 

wire radius is inverse, the same happens with the space 

charge density. 

The space charge density is the solution of the mobility 

equation. In Fig. 9, this distribution is shown for the three 

collecting plate types; values in smaller magnitude are 

found between the two corona wires and the maximum in 

the center of the corona wires. Peek’s law defines the 

space charge density at the corona wire surface values. 

However, in Fig. 9, these graphs are at y = 30 mm to 

compare among the different collecting plate shapes. 

 
Fig. 8. Current density distribution using FPs, WPs, and InvWPs. 

 
Fig. 9. Space charge density distribution using FPs, WPs, and InvWPs. 
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Fig. 10. Electric potential distribution using FPs, WPs, and InvWPs. 

The reference point of this study is the use of FPs, 

comparing the use of WPs higher values in the magnitude 

of current density and space charge density are obtained, 

however, in the case of InvWPs, lower values are 

obtained for these magnitudes. 

D. Collection Efficiency 

Fig. 10 shows the results obtained from particle 

collection efficiency when FPs, WPs, and InvWPs are 

used. FPs are the benchmark for evaluating WPs and 

InvWPs.  

In Fig. 10, for corona wires radius of 0.07 mm, 

0.24 mm, 0.42 mm, and 0.6 mm with WPs, higher 

particle collection efficiency levels are reached, and the 

lower levels with InvWPs. Nevertheless, a specific case is 

observed when InvWPs have a similar level of efficiency 

to FPs when particle radius is about 0.1 µm; however, 

overall, it will not justify the use of this geometric 

arrangement. 

Using InvWPs reduce the levels of particle collection 

efficiency in the range of particle size shown in this study, 

in ranges of particle radius of 6 µm lower levels of 

efficiency are observed compared when the other corona 

radius. Higher levels of efficiency are noted when using 

WPs and 0.07 mm corona wires. 

IV. CONCLUSION 

This work proposed to observe the effect of inverting 

the wavy collecting plates to evaluate the electrical 

parameters when the radius of the corona wires is varied. 

The geometry of the WPs are referred to a study that 

shows higher degrees of efficiency using this geometric 

arrangement type. Therefore, it was proposed for InvWPs 

to use the exact dimensions as the WPs shown in this 

study. The results obtained using FPs were the reference 
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to define the following conclusions: The electric field is 

distributed more evenly when using InvWPs; this 

happens in a specific case when corona wires radius is 

0.07 mm, 0.024 mm 0.42 mm. On the other hand, the 

behavior of the electric field shows a similar distribution 

for both FPs and WPs. Second, the relationship between 

space charge density and current density is inverse to the 

corona wires radius for all the types of collecting plates. 

Third: Using InvWPs, lower magnitudes of current 

density and space charge density are observed compared 

with FPs or WPs. Fourth: Using InvWPs does not 

improve the particle collection efficiency in a higher 

degree; there is a particular case (corona radius of 

0.24 mm, particles of 0.1 µm) where a similar level to the 

FPs efficiency is observed. Finally, using WPs 

demonstrate the better performance of this geometry in 

this range of particles compared with InvWPs and FPs. 

InvWPs can be used to reduce the levels of current 

density or the space charge density, but it does not 

improve the collection efficiency. This provides a good 

starting point for discussion and further research. In 

future work, investigating different shapes of collecting 

plates especially wavy and inverted using different 

designs of corona wires such as needle wire might prove 

important. 
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