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Abstract  In this paper, a numerical model is developed to describe the wire-plate 
electrostatic precipitator used in industrial application for air cleaning. The complex interactions 
between fluid dynamics, electric fields and particle dynamics are considered. Therefore, the 
combined Eulerian and Lagrangian approach is used in this study. In order to describe corona 
phenomena around high voltage electrode, electric field and ion current density field in
electrostatic precipitator are numerically calculated using the iterative method for corona 
discharge model suggested by Kim [1]. The charging model suggested by Lawless [2] is used 
for the charging phenomena of particles by corona discharge because it was designed to 
predict combination effect of diffusion charge and field charge. The numerical model in this 
study is implemented by UDF in commercial software FLUENT and validated with experimental
and numerical results from literatures. The effects of wire arrangement on electrostatic 
precipitator characteristics are investigated. Both inline and staggered arrangements of wire 
electrode have been considered for fixed value of gas velocity equal to 2 m/s. Applied voltage 
on wire electrode is varied in the range of 6 to 13 kV and particle diameter is 4 µm. For low 
voltage condition, staggered arrangement of wire electrode caused the turbulent effect so that
the collection efficiency increases more than inline arrangement. However, the collection 
efficiency decreases in high voltage condition because electric force applied on particles 
passing between the wire electrodes is canceled out by both side wire electrodes.  

 
1. Introduction   

Due to the rapid industrial and urban developments in many cities around the world, fine par-
ticle emissions are definitely among the most serious environment problems, which may cause 
great health hazards to people. 

Over the years, electrostatic precipitators are most widely used in industries for removing par-
ticles from gases, mainly due to its higher efficiency, lower resistance and wider adaptability to 
various kinds of dust particles. Recently, the electrostatic precipitation technology has been 
used in air purifier, and the use of air purifiers for air purification has increased rapidly in indoor 
environment such as offices, hospitals, and houses. However, with increasingly strict regula-
tions on fine suspended particles emission in all industries, the performance of electrostatic 
precipitators are must be improved, and the charging and collection mechanisms of particles in 
electrostatic precipitators also need to be further investigated. 

The electrostatic precipitation involves three highly related physical fields of gas flow, electro-
statics, and particle motions. Because of complexity of precipitation phenomenon, conventional 
analysis on removing particles process was mainly based on simplified theories and empirical 
correlations such as the Deutsch equation [3] and the theories of Cooperman [4] and Leonard 
et al. [5]. However, with the developments of numerical approaches to analyze physical phe-
nomenon, more comprehensive and advanced models have been proposed and developed to   
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evaluate performance of electrostatic precipitators. One of the 
first numerical method on solving the electric field with corona 
discharge in the electrostatic precipitators was suggested by 
McDonald [6]. And numerical model for coupling of gas flow 
and electric fields was developed by Kim [1]. Since then, Nikas 
[7] and Goo and Lee [8] developed the numerical models with 
consideration of particle charging dynamics using charging 
models proposed by Smith and McDonald [9] and White [10]. 
Recently, Adamiak and Atten [11] suggested a coupled nu-
merical model for the simulation of secondary EHD flows 
caused by corona discharge and charged particles. 

Multi-wire electrodes are designed to improve the collection 
efficiency in the electrostatic precipitator in industrial applica-
tions, and the majority of most previous studies were only fo-
cused on the design of the inline arrangement of wire elec-
trodes [12-18]. In this study, the effect of wire arrangement in 
electrostatic precipitator characteristics and particle charging 
are investigated. Both inline and staggered arrangements of 
wire electrode have been considered for fixed value of gas 
velocity equal to 2 m/s. Applied voltage on wire electrode is 
varied 6 to 13 kV and particle diameter is 4 µm based on 
Kihm’s experiment [16]. 

 
2. Numerical methodology 

The numerical modeling of an electrostatic precipitator in-
volves physical phenomena which are interacted electric field, 
turbulent flow field, particle charging and motion of particles 
simultaneously. So, the influence of gas flow characteristics, 
namely the velocity distributions, turbulent factors, as well as 
the ionic wind from electric field can be considered in the elec-
trostatic precipitator simulation as shown in Fig. 1. The com-
mercial CFD software ANSYS FLUENT is used for this simula-
tion. The interaction between electric field, flow field and parti-
cle motion is implemented by user define functions, ANSYS 
FLUENT capability. The electrostatic precipitator with simple 
geometry, which called wire-plate type and commonly used in 
industries, is used in this simulation. The computational domain 
was simplified to 2 dimensions. 

 
2.1 Gas flow field 

The advantages of an electrostatic precipitator are small 

pressure loss and temperature gradient. Therefore the gas flow 
inside electrostatic precipitator can be treated as incompressi-
ble flow and can be described as the conservation of mass and 
momentum equations as follows: 
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where ρ=e ion kF E  is the term of electric body force. Due to 
momentum transport by the ion current density and electric 
potential fields, the term of electric body force is caused the 
secondary flow in gas flow field and is effected to particle mo-
tion. The turbulence kinetic viscosity in Eq. (2) was calculated 
with the k-ɛ turbulence model as follows: 
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2.2 Electric field 

The electric field in electrostatic precipitator is governed by 
Poisson’s equation and is expressed in the terms of electric 
potential and ion current density as follows: 
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The ion current density is governed by the convection-

diffusion equation as: 

 
 
Fig. 1. Interaction of physical system in electrostatic precipitator. 

Table 1. Boundary conditions of electrostatic precipitator. 
 

 Gas velocity Electric  
potential 

Ion current  
density 

Particle 
motion 

Inlet U = 2 m/s 0
n
ϕ∂ =

∂
 0ion

n
ρ∂ =
∂

 up = 2 m/s

Outlet Pressure 
outlet 

0
n
ϕ∂ =

∂
 0ion

n
ρ∂ =
∂

 Escape 

Collection plate No slip 0ϕ =  0ion

n
ρ∂ =
∂

 Trap 

Wire electrode No slip wϕ ϕ=  ,ion ion wρ ρ=  Reflect 
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where ionk  is the ion mobility of negative [13], eD  is the ion 
diffusivity [13], kE  is the electric field strength, respectively. 

kE  is main factor of momentum transport from ionic field to 
gas flow. 

These equations are subjected to certain boundary condi-
tions. The value of boundary condition for governing equations 
is given in Table 1. 

In addition, the Peek’s law is satisfied to determine the co-
rona onset on the wire electrode, thus the corona onset electric 
strength can be determined following as: 

 
6 0.033.1 10 1 .⎛ ⎞= × +⎜ ⎟
⎝ ⎠

sE r
δ

δ
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2.3 Particle dynamics and charging 

Since the particulate two-phase flow in electrostatic precipita-
tor is evenly floated, the Lagrangian approach is used for parti-
cle trajectories. The Lagrangian approach could present a 
more accurate description of the particle motion and charging 
process, as well as the collection efficiency of electrostatic 
precipitators compared with the Eulerian approach. In this 
study, the discrete phase model (DPM) that can predict the 
trajectory of the particle by integrating the force balance on the 
particle in the Lagrangian reference frame is employed to solve 
the particle tracking in the ESP. As a result of comparing the 
magnitudes of the forces acting on the particles, particles are 
dominantly subjected to aerodynamics drag and electric forces, 
and the governing equation of the particle dynamics is de-
scribed as: 
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where coulF  is coulomb force on the particles caused by elec-
tric field, and is main factor of collecting behavior. 

A charging of particles is usually described two distinct 
mechanisms: diffusion charging and field charging. Diffusion 
charging is considered for small particle or low electric fields. 
Field charging is considered for large particles and high electric 
fields. In intermediate region where is affected by both diffusion 
and field charging, charging model which considered only dif-
fusion charging or field charging is not adequate and should be 
replaced by combined model of two mechanisms. In this study, 
the combined charging model developed by Lawless [2] is 
used for accurate charging phenomena of particles. Lawless’s 

charging model is expressed in a dimensionless formula as: 
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where 2πε= p o p bv q e d k T  is the dimensionless particle 
charge, ( 2)( 2 )= +p p p bw K K Ed e k T  is the dimensionless 
electric field strength, and 0ρ ε=q s iont k t  is the dimensionless 
charging time. ( )f w  is the area fraction of particle surface 
covered by diffusion band. 

Fig. 2 shows the flow chart of electrostatic precipitator simula-
tion processes. The algorithm has been arranged into two itera-
tive loops. For a given ion current density on the wire electrode, 
whole governing equations are solved for the physical variables 
in the whole computational domain until convergence is 
reached. In the outer iterative loop the ion current density on 
wire electrode is updated. This step is needed in order to satisfy 
corona onset determined from the Peek’s law. The ion current 
density on the wire electrode is iterated until the electric strength 
is sufficiently close to corona onset value. 

 
3. Results and discussion 
3.1 Validation with previous experimental data 

To verify and validate the numerical simulation using present 
model, calculation of corona electric field was first conducted 
and compared with the experimental data of Penney and 
Matick [14]. Fig. 3 shows the schematic of electrostatic precipi-
tator used in Penney and Matick’s experiment. The electric 
potential and ion current density field were calculated  

 
Fig. 2. Flow chart of electrostatic precipitator simulation. 
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for electrostatic precipitator with four wire electrode of 300 µm 
diameter and applied voltage of 43.5 kV on wire electrode. The 
electric potential distributions from collecting plate to the center-
line in y-direction at x = 0, x = 0.0381 m and x = 0.0762 m are 
compared with the experimental results of Penney and Matick 
[14]. As shown in Fig. 4, the calculated distributions of electric 
potential are in good agreement with experimental results when 
corona discharge is occurred. Numerical simulation of electric 
field has been validated with Penney and Matick’s experiment. 

Second validation was carried out to compare the results of 
present model with experimental data measured by Parasram 
[15] for current density distribution on the collection plate and 
transverse particle velocity near the collection plate. Fig. 5 
shows the schematic of electrostatic precipitator used in Paras-
ram’s experiments. The electrostatic precipitator has three wire 
electrode with diameter of 50 µm and applied voltage for corona 
discharge is 15 kV. Inlet velocity of gas flow is 1 m/s.  

In Fig. 6(a), the current density on the collection plate found 
to be in good agreement with experimental data. That means 
electric fields is very well predicted in numerical simulation. Fig. 
6(b) shows the transverse particle velocities along the flow 
direction at y = 5 mm from collection plate. The transverse 
particle velocities increase near the wire electrodes due to the 
strong electric strength. Then, the transverse particle velocities 
decrease near the halfway between the wire electrodes. The 
simulation results show good agreement with experimental  

data of Parasram as well as previous CFD results. 
Finally, collection efficiency and corona current at wire ac-

cording to applied voltage were compared with Kihm’s [16] 
experimental data. Fig. 7 shows the schematic of the model of 
electrostatic precipitator used in Kihm’s experiments. The elec-
trostatic precipitator had eight wire electrode with diameter of 
100 µm. Applied voltage on wire electrode is varied in the 
range of 6 to 13 kV. Inlet velocity of gas flow is 2 m/s. Fig. 8 
shows the comparison of electric potential, ion current density, 
pressure, turbulent kinematic energy and particle trajectories 
between present CFD results and previous CFD results of Goo  

 
 
Fig. 3. Schematic of the electrostatic precipitator used by Penny and Matick
[14]. 

 

 
 
Fig. 4. Comparison of electric potential distributions between present CFD 
and experiment of Penney and Matick [14]. 

 

 
 
Fig. 5. Schematic of the electrostatic precipitator used by Parasram [15]. 

 

 
(a) Current density 

 

 
(b) Transverse velocity of particles 

 
Fig. 6. Comparison of (a) current density; (b) transverse particle velocity 
between present CFD and experimental data of Parasram [15]. 
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and Lee [8] on the applied voltage of 12.78 kV. The present 
CFD results of electrostatic precipitator, from electric fields to 
turbulent flow fields and particle trajectories, are very well 
matched with previous CFD results of Goo and Lee as shown 
in Fig. 8. Fig. 9 shows the comparison of corona current at wire 
and collection efficiency of electrostatic precipitator between 
present CFD and experimental data of Kihm. In Fig. 9(a), the 
increase in corona current per unit length with respect to 
change in applied voltage is very consistent with experimental 
data as well as CFD data of Long and Yao [13]. Also collection 
efficiency of electrostatic precipitator with respect to applied 
voltage is well predicted with experimental data of Kihm. 

 
3.2 Effect of staggered arrangement of wire 

electrode 

Based on electrostatic precipitator model used in Kihm’s ex-

periment, the staggered arrangement of wire electrode was 
considered in Fig. 10. The design variable for the staggered 
arrangements of wire electrodes is the distance (d) between 
wire to collecting plate in y axis and its center is same as the 
center of electrostatic precipitator. d considered in staggered 
arrangement is 0.01875 m, 0.01250 m, and 0.00625 m, and is 
named as staggered A, B, and C, respectively. 

Fig. 11 shows the comparison of contours of electric field in 
electrostatic precipitators for inline and staggered arrange-
ments when applied voltage is (a) 6 kV and (b) 12 kV. As the 
applied voltage on wires increases, the gradient of electric 
potential around wires also increases. As d decreases, the  

 
Fig. 7. Schematic of the electrostatic precipitator used by Kihm [16]. 

 

 
 

 
 
Fig. 8. Comparison of electric potential, ion current density, pressure, turbu-
lent kinematic energy and particle trajectories between present CFD and 
previous CFD of Goo and Lee [8] for the applied voltage of 12.78 kV. 

 

 
(a) Corona current per unit length of wire 

 

 
(b) Collection efficiency 

 
Fig. 9. Comparison of (a) corona current; (b) collection efficiency between 
present CFD and experimental data of Kihm [16]. 

 

 
Fig. 10. Schematic of the electrostatic precipitator with staggered arrange-
ments. 
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electric potential toward collecting plate is rapidly decreased. 
However the electric potential to the center line is slowly de-
creased. These results show that the strong electric strength is 
formed in electrostatic precipitator with increasing applied volt-
age on wires and decreasing d. The ion current density on 
wires is set to a value that satisfies the corona onset condition. 

As the applied voltage increases, ion current density around 
wires also increases. As d decreases, the ion current density 
on wires also increases. These results show that the ion cur-
rent density for corona onset increases due to increasing of 
electric strength on wires and decreasing d. The changes in 
the electric potential and ion current density affect the charging 
and coulomb force on the particles. 

Fig. 12 shows the contours of velocity and trajectories of par-
ticles when applied voltage is (a) 6 kV and (b) 12 kV. Red color 
dots in the particle trajectory indicate wire electrodes. When the 
applied voltage is 6 kV, change of flow field by ionic wind is 
insignificant. Therefore transverse velocity forward to collecting 
plate is low in inline arrangement. However, as d decreases, 
the velocity gradient increases due to increasing ionic wind and 
turbulence effect. Secondary flow by ionic wind is observed in 
staggered C. And transverse velocity of particles becomes high 
with decreasing d. When the applied voltage is 12 kV, the sec-

ondary flow by ionic wind is observed in all arrangements due 
to the increasing electric force in electrostatic precipitator. Most 
of the particles passing between wire and plate were collected 
whereas particles passing between two vertical wire arrays 
penetrate the electrostatic precipitator. As d decreases, num-
ber of particles passing between two vertical wires arrays also  

(a) φwire = 6 kV 
 

(b) φwire = 12 kV 
 
Fig. 11. Contours of electric filed in electrostatic precipitator with wire ar-
rangements when applied voltage is (a) 6 kV; (b) 12 kV. 

 

(a) φwire = 6 kV 
 

(b) φwire = 12 kV 
 
Fig. 12. Contours of velocity and particle trajectory in electrostatic precipita-
tor with wire arrangements when applied voltage is (a) 6 kV; (b) 12 kV. 

 

 
 
Fig. 13. Variation of collection efficiency with various applied voltage and 
wire arrangements. 
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increases. These results affect the collection efficiency of elec-
trostatic precipitator. 

Fig. 13 shows the variation of collection efficiency with re-
spect to applied voltage on wires and wire arrangements. 
Staggered A improves the collection efficiency when the ap-
plied voltage is less than 11 kV compared with the inline ar-
rangement. If the applied voltage is higher than 11 kV, the 
increase of the collection efficiency is drastically reduced, and 
the collection efficiency is less than that of the inline arrange-
ment. In case of staggered B, the collection efficiency at 6 kV is 
increased by more than twice, but the point which the increase 
of the collection efficiency is reduced occurs at the applied 
voltage lower than staggered A. In case of staggered C, collec-
tion efficiency at 6 kV has the highest value among all cases, 
but the increase of collection efficiency has the smallest value 
in all range of applied voltage. Staggered arrangements im-
prove the collection efficiency in comparison to inline arrange-
ment in low voltage conditions. However, the collection effi-
ciency decreases in high voltage condition because the electric 
force applied on the particles passing between two vertical wire 
arrays is canceled out by both side wires. 

 
4. Conclusions 

In this simulation, the validity of numerical model was se-
cured through comparison with previous experimental data. 
And the effects of wire arrangement in electrostatic precipita-
tors are investigated in terms of electrohydrodynamic charac-
teristics and particle motions. As d decreases, ion production 
increases and the effect of secondary flow is strongly affected. 
Number of particles passing between two vertical wires arrays 
increase. As applied voltage on wires increases, corona cur-
rent increases by high electric strength and the effect of secon-
dary flow to gas flow field is strongly affected. For low voltage 
condition, the staggered arrangement of wire electrodes 
caused the turbulent effect near the collection plate so that the 
collection efficiency increases more than that in case of inline 
arrangement. However, collection efficiency decreases in high 
voltage condition because of flow characteristics caused by 
arrangements and electric force applied in the space between 
two vertical wire arrays. If low voltage condition is to be used in 
electrostatic precipitators due to the limited conditions, the 
design of the arrangement of wire electrodes could contribute 
to improve the collection efficiency of electrostatic precipitators. 
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Nomenclature----------------------------------------------------------------------------------- 

ρ  : Gas phase density (kg m-3) 

ku  : Velocity component in kx direction (m s-1) 
kx  : Coordinate in tensor notation (m) 
μ  : Dynamic viscosity (kg m-1s-1) 

tμ  : Turbulent viscosity (kg m-1s-1) 
P  : Pressure (Pa) 

eF  : Electric body force (N m-3) 
k  : Turbulent kinetic energy (m2 s-2) 
ε  : Turbulent dissipation rate (m2 s-3) 
C  C1  C2  : Constants of turbulent model 

kσ  εσ  : Constants of turbulent model 
φ  : Electric potential (V) 

ionρ  : Ion current density (C m-3) 
ε0  : Air permittivity (C2 N-1m-2) 

kE  : Electric strength (V m-1) 
ionk  : Ion mobility (1.8×10-4 m2 V-1s-1) 
eD  : Ion diffusivity (4.11×10-6 m2 s-1) 

δ  : Relative density of air 
r  : Radius of wire electrode (m) 

sE  : Electric strength at wire (V m-1) 
pu  : Particle velocity (m s-1) 
DC  : Drag force coefficient 
pρ  : Particle density (kg m-3) 
pq  : Particle charge (C) 
pm  : Particle mass (kg) 

pd  : Particle diameter (m) 
e  : Charge on an electron (1.6×10-19 C) 

bk  : Boltzmann’s constant (J K-1) 
pK  : Particle dielectric constant 

d  : Distance between wire to collecting plate (m) 
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