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Abstract 
 
For past some decades, the flue gas emitted from various power plant and 
industries are found to be a permanent problem for people as well as 

environment. There have been many filtration devices emerging out over the 

years, although the Electrostatic Precipitator is found to be an appropriate 

device owing to high collection efficiency, low pressure drop, and low 
consumption of energy. The objective of this paper is evaluating the dust 

collection performance of needle plate type electrostatic precipitators from 

the outlet gas of medical waste incinerator. This article presents 
computational fluid-dynamic structure for turbulent flow and particle 

trajectory simulation using discrete phase model (DPM), and the simulation 

of particles collecting on the ESP is created in ANSYS Fluent using 

additional UDS (User Defined Scalars) for Poisson Equation and 
Conservation of Charge. The results of filtration efficiency, Electrical 

characteristics, and particle trajectories for needle plate ESP have been 

attained for different operating conditions such as various applied voltages 
and particle diameters.   
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1 Introduction 
 

Electrostatic precipitators are widely used in  Industrial-Emission 

Control Unit to purify the flue gases produced in foundries paper mills, 

cement industries, thermal power plants workshops, and hospitals [1]. The 

application of high voltage between emitting electrodes and collecting 
system in ESP, introduces corona discharge, thereby space charges are 

produced with the help of air ions. The space charges assist to charge the 

particle in the flowing gas and also it is deposited on the collecting plates by 
Coulomb force. Numerical analysis is preferred in the electrostatic 

precipitator due to the experimental investigation of ESP is expensive and 

also involves various complex physical processes such as turbulent flow, 

distribution of space charge, electric field, charging of dust particle and its 
motion towards collecting plates, and the flow of gas is turbulent even corona 

discharge is not present [2]-[3]. Many researchers have applied the k-ε 

turbulence model to study the flow of gas in ESP [4]-[6]. The electric 
potential is governed by Poisson equation and it has the capability to solve 

with high accuracy even for complicated practical geometries. Further, Finite 

Element Method (FEM) was applied to attain the dissemination of charge 
density and electric field [7]-[8]. The analysis of dust particle charging in 

ESP and its motion is mostly done with the help of Lagrangian approach and 

the researchers found that this approach is more efficient than Eulerian 

approach [9]-[12]. Since last few decades, the modeling of ESP has been 
reported in many literatures. However, a small number of research works 

could model all phenomena. Skodras had analyzed an ESP model with three 

co-existing fields such as gas flow, electrostatics and particle trajectories, and 
it has created with the help of CFD code using the software ability 

[13].Noloofar Farnoosh et al. was found that ESP has achieved high 

collection efficiency for large diameter dust particle and the impact of 
Electro-Hydro Dynamic(EHD) flow is insignificant in the performance of 

ESP [14]. The researchers have investigated the important parameters which 

affect the performance of ESP, which includes the shape of the discharge 

electrode, distance between two discharge electrodes, and discharge wire to 
collecting plate spacing, gas flow rate, and applied voltage at the discharge 

electrode [15]. The ESP collection efficiency depends on the gas flow rate, 

size of the precipitator, and particle migration velocity which is given by 
Deutsch-Anderson equations [16]. Peyman Dordizadeh et al.[17] investigated 

the needle-plate electrostatic precipitator by changing design parameters such 

as radius of tip of needle, distance between needle and plate, applied voltage 

to the needle and temporal characteristics of trichel pulses.  
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The distance of  Needle-plate varies from 6 mm to 3 cm, radius of the 

needle varies from 19mm to 55mm and applied voltage varied from -4kV to -

10kV. The DC corona current and frequency of trichel pulse rises by rise in 
applied voltage and shrinkage by increasing needle-plate distance. Octavian 

Blejan et al. [18] sought the two ways of improving the collector efficiency 

of ESP are (i) increase the dust particle migration velocity by maximizing the 

electric field strength around the discharge electrode (ii) by decreasing the 
gas flow rate. In this paper, a detailed analysis with respect to charging of 

particles and its collection performance in Needle-Plate ESP has been 

performed for different applied voltage and particle diameter by using 
ANSYS FLUENT software. The electric field distribution and charging of 

dust particle have been described using appropriate code. 

 

2 Materials and Methodologies 
 

The Needle Plate ESP has been designed using eight discharge electrodes 
and two collecting plates. Distance between two collecting plates(S) are 

228.6 mm, radius of the needle is 1.4 mm, and distance between discharge 

electrode and collecting plate(D) is 114.3 mm. ANSYS FLUENT R15.0 has 

been applied to solve gas flow by using standard k- ε turbulent model. 
Lagrangian model was utilized through Discrete Phase Model (DPM) to 

simulate particle trajectory, as this model is more suitable for such particles 

mixed in the flow. The simulation of particles collecting on the ESP was 
recreated in ANSYS Fluent using additional UDS (User Defined Scalars) for 

Poisson Equation and Conservation of Charge, and UDF (User Defined 

Functions) for simulating the force acting on the particle due to electric field. 
UDM (User Defined Memory) was used to store the gradient of UDS 

corresponding to electric potential, which is electric field. In an electrostatic 

precipitator, Discharge electrodes are placed in between collecting plates. 

High voltage DC negative terminal is connected to the discharge electrode 
and positive terminal is connected to the collecting plates and it is grounded.  

Discharge electrodes ionize the air and other gases passing inside the ESP 

and it transfer the electric charges to the particles which are driven into the 
collecting plate using electrostatic force and it is removed by rapping 

mechanism. Length of the collecting plate is represented as L which is 

1.8288 m. The Fig 1 represents the general structure of ESP with eight 
discharge electrodes and two collecting plates. 

 
Fig 1: Schematic Diagram of Electrostatic Precipitator 
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3 Mathematical Modeling of Needle-Plate ESP 
 

In atmospheric air, the ionization field around the discharge electrode is 
given by following set of equations 

i. Poisson’s Equation 

0. /E   
                                                    (1) 

ii.  Conservation of current equation 

. 0J                                                    (2)  
iii. Current Density Equation 

J E D   
                                      (3) 

iv. Relation between Electric potential and Electric Field Intensity 

E  
                                                  (4) 

Where E - Electric Field Intensity,  - Electric Potential,


-Mobility of 

ions, and D-diffusion coefficient, 


-Space Charge Density. 

 

3.1 Corona Current Calculation 
 

The electric field strength is high near  needle tip compared with field 
near the collecting plate  The field distribution along the axis of needle-to-

collecting electrode owing to supply voltage is given by equation (5). 
22 / ln(4* / )*(2 ( / ))E V a r x r x a  

                                              (5)  
Where V-Applied voltage (V), a-distance between needle and plate (m), 

r-radius of the wire, x-distance from the needle-tip. Corona current flows 
from needle tip to collecting plate when supply voltage reaches the corona 

onset voltage and is given in the equation (6).  

0 0* *ln( / )cV E r d r
                                                 (6) 

D-Equivalent Cylindrical Radius which is calculated by using Parker’s 
Formula is given in the equation (7). 

2 *0.18*exp(2.96*( / 2 ))d c s c                                     (7) 
c- Half of the distance between discharge wires, s-Half of the gap 

between collection electrodes is given in the equation (8) and (9) 

( )c cI AV V V 
                                                (8) 

Where Ic- Corona Current (A), V- Supply Voltage (V), Vc-Corona onset 
voltage (V) 

2

0 0( ) ( ) / ( ln( / )c i cI Z hl V V V cs d r 
                                                 (9) 
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Where Ic- Corona Current (A), V- Supply Voltage (V), Vc-Corona onset 

voltage (V), Zi-Ion electrical mobility (m
2
/Vs), h-Height of the Collection 

electrode (m), l-Length of the Collection electrode (m). 

3.2 Dust Particle Migration Velocity ( e ) 
 

The migration of charged dust particles from discharge electrode to 

collection plates mainly depends on the particle diameter, magnitude of 
charge of dust particle, and Electric field strength [18].  

/ 3e m pqEC d 
                        (10) 

Where, 

q- Charge of a particle (C),  

E-Field Strength (V/m),  

Cm-Cunningham Correction Factor 
 µ-Viscosity of the Gas (Pa s),  

dp-Particle Diameter (μm) 

The Charging of dust particle is an important process in an Electrostatic 
Precipitator. These Particles are charged by ions produced during corona 

phenemenon. The ions are moving using electrostatic field.   The charging of 

ions is more dominant in larger particles (>= 2 μm) than smaller particles 
[19]. 

( / ) / (1 ( / ))q q t t                          (11) 
2

0 *3* * * / ( 2)s p sq d E    
                    (12) 

04 /E J 
                                   (13) 

Where, 

 t- Charging time, 

q -Saturation Charge(C), 
 -time constant of the field charging (s),  

J-current density (A/m
2
), 

s -relative Permittivity of the gas, 

0 -Permittivity of free space. 
Cm - Cunningham Correction Factor 

This factor determines the drag force of dust particle in electric field. 

1 2.54( / ) 0.8( / )exp( 0.55 / )m p p pC d d d     
 (14) 

Where,  

 -Mean free path of the gas molecule (m) 
 

3.3 Efficiency of Collector 
 

The Efficiency of the collector is determined based on the equation (15).  
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Collection Efficiency (%) = 1- (Number of particles escaped/Number of 

particles entered) *100%                                  (15) 

 

4 Results and Discussion 
 

Since experimental investigation of ESP is incredibly complicated, a 

CFD Modeling has been done to analyse the dust particle charging and its 

collection process in Electrostatic Precipitator. Effective calculations were 

conducted in numerical form for different applied voltages in the range of 
45-90 kV with different particle diameters in the range of 2µm-5 µm. with 

pressure and temperature maintained at 1 atm and 293 K, respectively. With 

respect to each particle diameter, the spatial distributions of electric field and 
voltage between discharging plate and collecting systems were attained by 

solving the Poisson equation.  

The spatial distribution of Electric Potential is modelled through 
boundary conditions as applied voltage (-90kV in this case) at needle and 

zero at collecting plates. The distribution of potential is then simulated by 

ANSYS Fluent and it is clear from the Fig 2 distribution of electric field is 

high around the needle and it gradually decreases as we move away from the 
needle and reaches zero value at the side plates.  

 
Figure 2: Electric Potential Distribution for -90kV 

The electric field distribution for -90kV is depicted in the Fig 3. Electric 
field is gradient of electric potential and it is directly proportional to it. 

Distribution of electric field is high at needle and it decreases as distance 

increase in Y-axis.  

 
Figure 3: Electric Field Distribution for -90kV 

Investigation of electric field for various supplied voltage is depicted in 

the Figure 4. Maximum electric field is achieved at needle for each supply 

voltage. The electric field at the needle (r=1.4 mm) rises from 4.42 MV m–1 
to 14 MV m–1 as the input supply voltage rised from -30 kV to -95 kV.  
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Figure 4: Variation of electric field for different voltage 

 
With reference to the applied voltage -45kV to -90kV, the distribution of 

charge density is depicted in the Fig 5(a-d). The distribution of charge 

density is modeled using peeks law at the needle and collecting plates. From 

the results, we can conclude that magnitude of space charge is high at needle 
and it decreases as we move away from the needle towards the collecting 

plate. Further, the magnitude of space charge is directly proportional to the 

applied voltage. 
 

 
(a) 

 

 
(b) 
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(c) 

 
(d) 

Figure 5: Distribution of Space Charge Density for (a) -90kV (b) -75 kV (c) -60kV 

(d) -45kV 

The transportation of the particles and separation behavior in the 
electrostatic precipitator is explained using distribution of gas velocity. The 

gas flow velocity is set as 1m/s which is represented in the figure 6.  The 

turbulent flow k-ε model is used for Nitrous Oxide (NO) flow which is based 
on the Navier-Stokes equation. The Magnitude of velocity is high towards 

the centre of flow and it decreases continuously as we near the walls. At the 

walls the velocity is zero due to no slip condition. There is also low velocity 

regions formed behind the needles as they obstruct the flow as shown in Fig 
6.  

 
Figure 6: Velocity Contour 

The particle trajectories in the Fig 7(a-d) clearly show the relation 
between the applied voltage and particle trapping. At -95kv applied voltage 

all the particles are trapped within half the span of the ESP and hence it is 

more than required. Whereas at -75 kV all the particles are trapped at ¾ of 
the span of ESP. -60kv and -45kv were not sufficient to trap all the particles 

and some of them escaped. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7: Particle Tracing for 3μm dust particle with (a) -90kV (b) -75 kV (c) -60kV 

(d) -45kV 
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The collection efficiency for different particle diameter with respect to 

applied voltage is depicted in the figure 8. With the results of this graph, we 

can found that large particle diameter has achieved 100% collection 
efficiency within -45kV meanwhile 35% and 15% collection efficiency has 

achieved in small particle diameters such as 3μm and 2μm as shown in Fig 8. 
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Figure 8: Collection efficiency of needle-plate ESP with respect to applied voltage 

for different particle diameters 

 

The collection efficiency for different applied voltage with respect to 

particle diameters is depicted in figure 9. From the results, we can observe 
that large diameter particles are collected easily with least applied voltage 

compared with small diameter particles. 

 

 
Figure 9: Collection efficiency of needle-plate ESP 
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The dust particles with different diameters are entered into the Needle-
Plate ESP inlet and then it is charged and deposited on the collecting plates 

by electrostatic field. In this case, 180 dust particles are entered and then 

performance of needle-plate ESP is analysed for different applied voltage 
and particle diameters. 

 
Table 1: Number of particles entered and escaped from needle-plate ESP for 

different applied voltages and particle diameters. 

 

Applied 

Voltage 

2µm dust particle 3µm dust particle 5µm dust particle 

Number 

of 

Particles 

Entered 

Number of 

Particles 

Escaped 

Number 

of 

Particles 

Entered 

Number of 

Particles 

Escaped 

Number 

of 

Particles 

Entered 

Number 

of 

Particles 

Escaped 

-30kV 180 172 180 163 180 94 

-45kV 180 153 180 118 180 0 

-60kV 180 128 180 20 180 0 

-75kV 180 87 180 0 180 0 

-90kV 180 21 180 0 180 0 

-95kV 180 6 180 0 180 0 

 

With the help of Table 1, we can conclude that performance of Needle-
Plate ESP is excellent for large particle diameter with high applied voltage. 

 

5 Conclusion 
 

A k-ε turbulence model is used for the simulation of gas flow, particle 

trajectories were simulated by lagrangian method through DPM in ANSYS 
Fluent. The electric field and particle charging were developed and 

implemented by adding Poisson equation and conservation of charge through 

UDS of ANSYS Fluent. The force acting on the particle due to electric field 

was defined through coding a UDF.  The results of collection efficiency, 
particle tracing and its charging were obtained for different voltages, and 

particle diameter. Two types of dust particles are considered in this paper 

such as nitrous oxide and Particulate Matter which possess different charge 
level, density and permittivity which has high impact on performance of 

ESP. The dust particle collection in Needle-Plate ESP was uncomplicated 

with large particle diameter and high applied voltage 
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