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ABSTRACT 

Electrostatic precipitator (ESP) is now widely used in different industrial systems, such as 

coal-fired power plants, metallurgical and chemical industries, etc. However, there are still 

some defects in conventional ESPs, which seriously restrict the performance of ESP. It is 

reported that the removal efficiency of the ESP is relatively low for fine particles with 

diameter less than 1.0 micrometer, but the removal of these particles is particularly important. 

Back corona discharge may be caused by high-resistivity particulates accumulated during 

charging in the dust cake on the collection electrode. On the contrary, low-resistivity 

particulates may cause dust re-entrainment. 

In the past few years, the optimization of ESP design and operation has been developed by 

both experimental and numerical methods. However, various detailed phenomena were still 

not clear, such as electric field, gas-particle flow, dust migration, dust layer effect, interaction 

in industrial ESP with complicated electrode configuration, ESP operation parameters, dust 

layer characteristic and flue gas condition. It is necessary to understand the underlying 

fundamentals of the interactions in this highly complicated system, so as to develop a 

comprehensive mathematical model to aid the optimum design and control of ESP systems. 

Therefore, a numerical approach, which considers different discharge electrode 

configurations and dust layer characteristic, is desired to be applied in ESP. This research 

aims to develop an integrated multiscale ESP model considering the multi-fields (gas flow, 

electric field, particle transport and gas flow condition, etc.) using CFD method. These sub-

models including gas flow, electric field, particle charging, particle tracking, particle 

collection and dust layer are considered and eventually integrated to form an ESP process 

model. Based on the model established by group SIMPAS, we will use both two-dimensional 

and three-dimensional geometry to investigate and obtain detailed information of the gas flow, 
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corona discharge, ion wind, particle charge, particle migration, particle deposition in ESP 

under composite electrode structures, dust layer characteristic and various flue gas conditions. 

Furthermore, the microscopic mechanism of particle capture will be obtained, and a pilot-

scale platform of ESP is established for experimental study to further investigate the effect of 

different operation conditions on the particle collection efficiency, such as some important 

parameters that often change during the actual operation of ESP like temperature and relative 

humidity. These experimental results will help to further optimize and verify the numerical 

model in the future. Overall, the optimization method for particle collection enhancement in a 

commercial ESP can be obtained based on the developed model and its results. These results 

will help to better understand the phenomena and guide the design and operation of ESP 

under different conditions. 
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Electrostatic precipitator (ESP) now is widely used in different industrial systems, such as 

coal-fired power plants, metallurgical and chemical industries, etc. A typical ESP system is 

shown in Figure 1-1. The basic principle of operation of the ESP is that particles are charged, 

then an electric field is imposed on the region through which the particle-laden gas is flowing, 

exerting an attractive force on the particles and causing them to migrate to the oppositely 

charged electrode at right angles to the direction of gas flow. ESP has many merits, such as 

low pressure drop, high particle removal efficiency and operational stability, etc. However, 

conventional ESP still contains some defects, which seriously restrict the performance of ESP. 

It was reported that the removal of the ESP for fine particles is relatively inefficient, and the 

removal of these particles is particularly important. High-resistivity particulates may cause 

back corona discharge when charge accumulates in the dust cake on the collection electrode. 

On the contrary, low-resistivity particulates may cause dust re-entrainment. 

 

Figure 1-1 The schematic of a typical electrostatic precipitator system (a) External (b) 

Internal (https://www.es.mhps.com/en/products/dustcollection/e-precipitator/dry_e-

precipitator /index.html) 

 

https://www.es.mhps.com/en/products/dustcollection/e-precipitator/dry_e-precipitator%20/index.html
https://www.es.mhps.com/en/products/dustcollection/e-precipitator/dry_e-precipitator%20/index.html
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The current ESP has complicated internal mechanical structures with a wide range of 

dimensions. The schematic of an integrated multiscale model for electrostatic precipitation is 

schematically shown in Figure 1-2. By means of multiscale numerical simulations, we can 

resolve various phenomena in a wide range of length/time scales, respectively. 

 

Figure 1-2 The schematic of an integrated multiscale model for electrostatic precipitation 

(Guo et al., 2013) 

Earlier studies were mainly analytical prediction of particle collection efficiency. In these 

studies, the gas flow distribution was not considered and the particle behaviours were over-

simplified. For example, particles were assumed to settle at a constant terminal velocity or 

with uniform diffusion coefficient. With increasing computational capability, numerical 

solutions of a set of governing equations have become a major trend. These simulations 

typically concern the overall behavior of the suspended particles under an electric field. 

However, in spite of a large number of papers published, significant research gaps have been 

identified:  
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¶ Most of the previous studies were focused on specific phenomena, or limited to the local 

region of the electrode based on simple geometric/boundary conditions (e.g., 2-D, 

uniform inlet velocity), considered only one or a few corona wire. Even at this level, 

practical electrode types, such as the barbed wires, were barely touched on (Sun et al., 

2018);  

¶ The fundamental mechanisms for particle deposition, cake formation and removal were 

not addressed, needless to say, the modelling of these phenomena were minimal as well 

(Blanchard et al., 2002);  

¶ There was no engineering tool available for the full ESP system design. To date, the 

empirical Deutsch formula, – ρ Ὡ , or its variations were still used as a rough 

estimation of the collection efficiency (Gu et al., 2012). These empirical equations 

cannot satisfy modern applications. Collection efficiency is related to gas-solid flow, 

cake formation and their interactions with electric field.  

Due to the complex geometry and coupled phenomena, experimental study alone was found 

to have difficulties in providing an effective solution to the problem. Therefore, it is urgent to 

develop an integrated multiscale model for ESP. 

To summarize, commercial ESPs do not function well for the collection of fine particles. 

There is a need to understand the underlying fundamentals of the interactions among the gas-

solid flow, particle deposition (cake formation) and electrical field in this highly complicated 

system, and on this basis, to develop a comprehensive mathematical model to aid the 

optimum design and control of ESP systems. Also, an experimental platform was established 

to observe the changing trend of ESP collection efficiency under different operating 

conditions. This thesis is structured into seven chapters and the outline of each chapter is 

given below: 
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Chapter 2 mainly reviews previous studies on several phenomena that will inevitably occur 

during ESP operation and have a significant impact on the particle collection efficiency, 

which is corona discharge, ionic wind, dust layer and particle migration process. Moreover, it 

also summarizes many models established by other research groups and the achievements of 

our research group in the past.  

Chapter 3 studies the simulation results of electrical characteristics, particle charge, migration 

velocity and collection efficiency in four electrode configurations, and two shaped collecting 

plates are presented. It is worth mentioning that the reason for the simulation in the 2D 

geometry is because of the uniform symmetry of the discharge electrode and the dust 

collector. Also, the particle migration velocity and relative collection efficiency are 

calculated within eight different electrode-plate combinations. The implication of the results 

in practice is discussed on this basis. The content of this topic has been published in a  journal 

(Gao et al., 2020a). 

Chapter 4 investigates a simulation method where computational fluid dynamics method was 

applied to investigate the particle collection performance of the ESP system with and without 

a dust layer. Also, the detailed electric parameters and particle capture performance in the 2D 

wire-plate electrode configuration were simulated. The results show that the voltage-current 

characteristics, detailed distribution of electric field and ion charge density are completely 

different under various dust resistivity conditions. Meanwhile, useful suggestions were 

provided to reduce the effects of dust layers by regulating particle properties and designing 

dust removal systems. The content of this topic has been published in a journal (Gao et al., 

2020b). 

Chapter 5 discusses the effect of electrodynamic flow (EHD) on particle motion behaviour, 

this is studied numerically on the basis of single needleïplate electrode configuration. Due to 
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the non-uniformity of the flow field, the interaction between the primary-secondary flow and 

the particle trajectory in the 3D environment was studied. In addition, the effects of the 

needle-shaped discharge electrode structure on the electric field and flow field distribution 

were explored. The revised version has been accepted. 

Chapter 6 presents the experimental study of the effect of temperature, flue gas velocity and 

humidity in the electrostatic precipitator, the electrostatic capture of particles in the flue gas is 

examined. The effect of two different electrode types on particle removal efficiency and 

particle migration velocity is studied. A method for improving the particle removal efficiency 

is obtained by adjusting the temperature and humidity for flue gas containing particles of 

different particle sizes, improving the specific resistance of the particles and the strength of 

the space electric field. Moreover, it provides valuable reference data for further optimization 

and verification of numerical models in the future. 

Chapter 7 summarises the completed work of the project, and put forward suggestions on the 

application of multi-scale numerical model in the simulation of ESP dust removal process. In 

addition, the limitations of the current research in this field and the future prospect of this 

model are highlighted 
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With the rapid development of urbanization and industrialization, many pollutants were 

generated during energy utilization, especially in the process of coal combustion (Sun et al., 

2018). Nowadays, air pollution has become one of the most severe global challenges that we 

face. Among all the air pollutants, particulate matter (PM) has attracted special attention 

because it is a well-recognized carcinogen for humans, and can cause undesirable effects on air 

quality (Delfino et al., 2005, Perera, 2017). 

Various technologies have been developed to control particulate emissions, among which 

electrostatic precipitator (ESP) is considered one of the most promising and widespread 

technology due to its high efficiency and energy-saving properties (Zheng et al., 2019b, 

Jaworek et al., 2018, Nouri et al., 2016). In indoor air purification systems, pollutants (e.g. PM2.5, 

volatile organic compounds (VOCs) and viruses, etc.) could be removed by the corona 

discharge (Zhang et al., 2011). Meanwhile, the ESPs were more widely applied to remove dust 

particles from flue gas in many industrial areas, such as coal-fired power plants, metallurgical 

industries and construction material factories, etc (Ji et al., 2020). Its overall collection efficiency 

could reach 99.9%, and most of the large particle can be removed from the flue gas. However, 

the fractional collection efficiency of particles in the range of 0.1-1.0 ɛm is relatively low 

because they exhibit lower electric charge (Parker, 2012, Mizuno, 2000). 

The new environmental regulations pay more and more attention to these fine particles, as they 

can be potentially hazardous for human health (Zheng et al., 2019b). Therefore, many different 

research teams are looking for new ways to improve upon this process. However, designing a 
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new kind of precipitator is not possible without detailed understanding of all phenomena 

affecting the process. It is well known that there are some basic phenomena taking place in any 

ESP: corona discharge, gas flow, particle charging, particle transport and deposition. All of 

them are mutually coupled, although some couplings are weaker than the others, they ultimately 

cannot be neglected. Therefore, in the following sections, a review of each sub-process in 

electrostatic field will be discussed to get a better understanding of the ESPôs performance.  
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2.1 Corona discharge and particle charge in the ESP 

2.1.1 Numerical simulations and experimental studies on corona discharge 

of ESP 

Corona discharge is responsible for creating the ionic space charge, which is essential 

for ESP operation, as it provides the mechanism for particle charging and transport 

(Parker, 2012). On the other hand, this is a very complicated phenomenon and 

challenging even for the simplest electrode configurations, without considering other 

effects (Adamiak, 2013). Experiments and numerical simulation methods were used 

to conduct research on the discharge characteristics of ESP. The experimental results 

show the corona discharge behaviors of the ESP under various working conditions 

and the removal efficiency can be obtained. Kaci et al., (2015) studied the corona 

discharge with wedge plate-plate configuration. Jňdrusik and świerczok, (2013a) and 

Wang et al., (2016) studied the effect of the electrode discharge geometry on the 

current density of the ESP. It was found that the good symmetry of the spike 

arrangement presented uniform current density and higher removal efficiency. In 

terms of the impact of atmosphere on the corona discharge in ESP, the characteristics 

of corona discharges were studied in a wireïplate discharge configuration under 

different discharge gaps and electrode geometries at temperatures ranging from 293 K 

to 1173 K. As shown in Figure 2-1, Yan et al., (2015) compared with the corona 

discharge at room temperature, the great increase in the number of electrons in the 
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drift region was observed at high temperature. They also investigated the effect of gas 

electronegativity on corona discharge. As shown in Figure 2-2, the electron carried 

current increases in importance in the total additional corona current with increasing 

applied voltage. The high electric field increases the electron number by accelerating 

electron detachment from the negative ions under the high-voltage electric field 

combined with high-temperature field. High-electronegativity gas had strong electron 

adsorption capacity and resulted in reduced corona current (Yan et al., 2016). Dubois 

et al., (2007) studied the corona discharge under different atmospheric conditions by 

mixing different concentrations of N2, O2 and CO2. The results showed that the 

current decreased with the increased concentration of high electronegativity gas CO2. 

Villot et al., (2013) investigated the influence of gas electronegativity on the electron 

concentration in the migration zone, which showed that the gas electronegativity was 

increased and the electron concentration in the migration zone was decreased with the 

increased water vapor. 
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Figure 2-1 Schematic diagrams of corona discharges at (a) room and (b) high 

temperatures (Yan et al., 2015). 

 

Figure 2-2 Effect of applied voltage on the ion current density and the electron current 

density at 973 K (Yan et al., 2016). 

However, detailed parameters in the ESP cannot be obtained by experimental methods. 

Therefore, in order to further study the ESP, some scholars simulated the corona 
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discharge and particle transport in the ESP based on the numerical model, and 

predicted the removal efficiency (Guo et al., 2017a, Kim et al., 2001, Lu et al., 2016, 

Luo et al., 2015, Ortiz et al., 2010). In the last century, the simulations were mostly 

based on empirical formulas with many hypotheses, such as Deutsch's calculation 

formula of removal efficiency and the simplified calculation model of Cooperman's 

electric potential and electric field (Hinds, 1998, Cooperman, 1963). An impressive 

progress in the speed and capacity of the computing equipment can be observed 

during the last 20 years or so. Some convenient and accurate calculation tools have 

been applied to numerical calculations. For example, Computational Fluid Dynamics 

(CFD) is more convinced in dealing with discharge and flow in ESP (Skodras et al., 

2006). Neimarlija et al., (2011) studied the impact of the ESP model on the flow field 

and the electric field distribution. The removal efficiency results showed good 

agreement with the experimental results. Guo et al., (2014b) (2014a) investigated the 

effect of electrostatic precipitator temperature and the geometry of electrode discharge 

on the electric field and dust collection efficiency (Figure 2-3 and Figure 2-4) by 

comparing the influence of different spike tip formations and configurations on the 

space electric field. These results provide useful suggestions for the optimal design of 

ESP. 
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Figure 2-3 Ion charge density at different temperatures (Guo et al., 2014a). 

 

Figure 2-4 Discharge characteristics of barbed electrode (Guo et al., 2014b). 

El Bahy et al., (2012) studied the influence of particles on the corona onset voltage, 

and obtained the influence of electric field uniformity, particle shape, size and 

position on corona onset voltage. Grosu et al., (2015) studied the impact of air 

pressure on corona discharge characteristics. Based on experiments, Rezinkina et al., 

(2017) studied the influence of electrode shape on corona discharge and electric field, 

and established a model to verify the experimental conclusions. Al -Hamouz et al., 

(2011b) used the finite element method to establish a single-stage ESP to investigate 

the corona discharge power and obtained the influences of different electrode 

configurations on discharge and energy power. As shown in Figure 2-5, Arif et al., 

(2016) established a model for the discharge characteristics of the zigzag electrode, 

and obtained the ion concentration distribution near the spike and the removal 
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efficiency of the ESP based on Open FOAM. The simulation results predicted that a 

spike discharge electrode would yield significantly higher particle collection 

efficiencies than a normal wire-type discharge electrode. Improving the corona-

discharge intensity and uniformity of the discharge electrode enhance the particle 

collection efficiency. However, it still requires further developments in order to be 

able to consider all the key phenomena and variables related to different geometries, 

operational conditions and material properties. 

 

Figure 2-5 Simulated distribution of the space charge density with different electrode 

geometry (Arif et al., 2016). 

In an ESP, when the flue gas containing an excessively high concentration of particle 

matter passes through, the space charge formed by the charged particles will distort 

and deform the electric field. When the concentration reaches a certain level, the 

particles can hardly get charge in the electric field and the corona phenomenon 

disappears because the corona current will be reduced to zero, consequently the ESP 

cannot remove particles, which is called Corona quenching (Sproull, 1963). In earlier, 
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Pauthenier, (1934) considered the effect of this phenomenon and proposed a 

theoretical model in which the particle charging is attributed to the collision between 

the ions and particles in the corona charge. Marquard et al., (2004) used an aerosol 

generator to produce silica particles with sizes less than 0.1 ɛm and the number 

concentration up to 108 cmī3. Besides, V-I characteristics and removal efficiency were 

measured in a wire-tube ESP. By measuring the concentration of particles at the inlet 

and outlet of ESP, the amount of particle charge at the outlet, the V-I characteristic 

curve and the comparison curve between the actual removal efficiency and the 

theoretical values calculated by the Deutsch model were obtained. Awad and Castle, 

(1975) studied the relationship between particle charge and specific surface area 

through some experiments, which showed that the corona current density was low, 

and the particle charge decreased as the specific surface area increased. Moreover, the 

initial corona current density in the dust collection area under the same voltage was 

relatively low, and the corona current was suppressed in a high degree. Talaie et al., 

(2001) established a wire-plate electrostatic field discharge model. It considered that 

the radius of the corona area would increase with the increase of voltage, and can 

predict the occurrence voltage of spark discharge. Talaie, (2005) added the effect 

made by flow field and particle charging to the original model. The results showed 

that high particle concentration reduced the radius of the corona area. As shown in 

Figure 2-6, an ESP model was modified by considering particle space charge. The 

effects of particle space charge on the electric field, ion density, particle charging and 
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motion considering various particle concentrations were investigated by (Yang et al., 

2018a) and (Zheng et al., 2018b). Adamiak and Atten, (2009) considered the effect of 

electrohydrodynamics (EHD) to establish an ESP model based on the fluent software. 

The simulation results showed the increased particle concentration tended to decrease 

the current, and the flow field gradually became unstable. At the same time, a vortex 

occurred on the wire, which had a certain influence on the trapping and charging of 

particles. Farnoosh et al., (2011a) established a 3D model for simulation, and obtained 

similar results. 

 

Figure 2-6 Distributions of ion density under different particle concentrations (Yang et 

al., 2018a). 

 

2.1.2 The theory of particle charge 

When particles passed through the wet ESP, they were charged by the electric field 

and ion charge field. The particle charge is a key factor in particle transport due to the 

dynamics of Coulombic force in wet ESP. As shown in Figure 2-7, a particle charge 
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measurement system, which can adjust the flue gas temperature, was designed by 

Zheng et al. to study the effects of the flue gas parameters (e.g., temperature and 

humidity), particle composition and discharge electrodes on particle charging. The 

particle charging characteristics of different main components are shown in Figure 

2-8. Particle charge can be significantly enhanced by optimizing the particle 

composition and corona-discharge intensity (Zheng et al., 2019a). The effect of the 

dielectric constant of materials on the unipolar diffusion charging of nanoparticles 

was also investigated by Shin et al., (2009). Xu et al., (2009) investigated the effect of 

power supply with different frequencies and different particle flow rates on particle 

charging. Park et al., (2011) used multichannel chargers to demonstrate that 

increasing ion concentration is an important factor in increasing the average charge of 

the particles. A new charger was also designed to enhance the nanoparticle charge 

(Alonso and Huang, 2015). 

 

Figure 2-7 The particle charge measurement system (Zheng et al., 2019a). 
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Figure 2-8 Effect of main particle component on particle charge at different applied 

electric field strengths: (a) ï4.2 kV cmï1; (b) ï5.0 kV cmï1 (Zheng et al., 2019a). 

 

Numerical technologies were also developed by many researchers to investigate the 

charging process. Alisoy et al., (2012) established a numerical approach that can be 

used to investigate the charging kinetics of poly-disperse particles in a coaxial 

electrode system. In this method, a previous charging model taking ions concentration 

and particles mobility into account was adopted (Alisoy et al., 2010). The impacts of 

four different initial mixing states on the charging process were investigated and 

compared by Alonso et al., (2009). In addition to the particle and ion losses caused by 

wall diffusion, the particle and ion losses caused by electrostatic dispersion were also 

considered in the calculation (Alonso and Alguacil, 2003, Alonso and Alguacil, 2007). 

The results showed that the initial mixing state made a significant difference to the 

extrinsic charging efficiency of the charger. Marlow and Brock, (1975) developed a 

charging model to simulate the efficiency of particle charging. The model can well 

predict the charging efficiencies. The calculation also showed that using sheath air 
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could minimize the charged particle loss. In addition, Huang and Alonso (2011, 2012) 

investigated the trajectories and charging dynamics of particles and electrostatic loss 

within a corona needle charger. Numerical results showed that the particle diameter, 

radial position from the symmetry axis, axial distance along the charger, applied 

voltage and Reynolds number were significantly different from the particle charge. 

Kim et al., (2001) also developed a similar 2D numerical model on a corona needle 

charger. Nevertheless, some researchers applied the charging models for particles 

with a diameter above 0.1 ɛm, which would introduce some error during the 

simulation of nanoparticle charging. 

Existing models for particle charging are primarily classified into three regimes 

according to their application range (Figure 2-9), which is indicated by the Knudsen 

number (Kn=2ɚ/dp, the ratio of mean free path of gaseous charging ions to the 

diameter of charged particles). The three regimes are continuum regime (Kn<<1), 

transition regime (Kn ~ 1) and free-molecular regime (Kn>>1). The progress on 

theoretical charging model research and compared the theories, hypothesis and 

application regimes was reviewed of different models (Zheng et al., 2016), which are 

concluded in Table 2-1. 
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Figure 2-9 The scale comparison of charging models (Zheng et al., 2016). 

Table 2-1 A comparison of theoretical models on unipolar particle charging (Zheng et 

al., 2016). 

Model Authors Interacting 

forces 

Ion velocity 

distribution 

Application 

regime 

Field 

charging 

Pauthenier and 

Moreau-Hanot, (1932) 

Coulomb 

force 

n/a Continuum 

Diffusion 

charging 

Fuchs, (1947) and 

Bricard, (1949) 

Coulomb 

force 

Mean 

thermal 

speed 

Continuum 

Combined 

charging 

Murphy et al., (1959), 

Liu and Yeh, (1968), 

Marlow and Brock, 

(1975) and Lawless, 

(1996) 

Coulomb 

force 

Mean 

thermal 

speed 

Continuum 

Limiting 

sphere 

Natanson, (1960), 

Fuchs, (1963) and 

Marquard, (2007) 

Coulomb and 

image force 

Mean 

thermal 

speed 

Transition 

BGK model Gentry and Brock, 

(1967), Gentry, (1972), 

Marlow and Brock, 

(1975), Huang et al., 

(1990) and Lushnikov 

Coulomb, 

image and 

Van der Waals 

force 

(extended 

Maxwellian Transition 

and free 

molecular 
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and Kulmala, (2005) later) 

Charge 

distribution 

Boisdron and Brock, 

(1970), Domat et al., 

(2014) 

Coulomb and 

image force 

Mean 

thermal 

speed 

Transition 

and free 

molecular 

Non-

spherical 

model  

Laframboise and 

Chang, (1977), Chang, 

(1981) 

Coulomb 

force 

Mean 

thermal 

speed 

All  

Non-

spherical 

model 2 

Gopalakrishnan et al., 

(2013) 

Coulomb 

and image 

force 

Maxwellian All  

Based on the particle charge, particle transport and particle collection efficiency, 

Long and Yao, (2010) used a numerical ESP model of and nine particle charging 

models including field charging, diffusion charging and combined field-diffusion to 

appraise charging models. The charging model established by Lawless was suggested, 

because it offers a better compromise between accuracy and simplicity (Zheng et al., 

2016). As shown in Figure 2-6(a)ï(c), charging processes of particles with different 

diameters were investigated using Lawlessôs model (Lu et al., 2016). Meanwhile, Guo 

et al., (2017b) simulated the electric field streamlines for the cases from uncharged to 

charged particle (Figure 2-11), and showed a 3D view of the electric streamlines 

outside a fully charged composite particle (Figure 2-12). 

 

Figure 2-10 Charging processes of particles with different diameters(Lu et al., 2016). 
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Figure 2-11 Field lines outside a particle (a) without charge, (b) with 50% saturated 

charge and (c) with fully saturated charge (Guo et al., 2017b). 

 

Figure 2-12 Electric field lines around a charged composite sphere (Guo et al., 2017b) 
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2.2 Study of ionic wind 

Ionic wind is the airflow induced by electrostatic forces linked to corona discharge, 

and is considered as an electrohydrodynamics (EHD) phenomenon (Castellanos, 

2014). Ions generated at the tips of some sharp conductors were accelerated by the 

Coulomb force under the influence of an applied electric field. These ions collided 

with neutral molecules and coupled the momentum of the accelerated ions with that of 

the bulk fluid (Ramadan and Soo, 1969, Robinson and Myron, 1962, Xu et al., 2018). 

The ionic wind was widely investigated around the world such as airplane with solid-

state propulsion (Xu et al., 2018), LED cooling (Wang et al., 2018a, Wang et al., 2017) 

and vaneless ion wind generator, etc. ESPs are the most widespread technology to 

eliminate particulate emissions in industries such as coal-fired utilities, glass 

production and metallurgical industries, etc. (Mizuno, 2000, Zheng et al., 2019b, 

Jaworek et al., 2018, Biswas and Wu, 2005). However, the ESPs design primarily 

depends on empirical methods and rarely considers the role of ionic wind in flow field 

and particle precipitation, owing to the fact that flow field and particle precipitation is 

affected by several coupled processes and thus the designing process represents much 

complexity (Parker, 2012, Yang et al., 2018a). 

2.2.1 Parameters that affect ionic wind in ESPs 

In terms of negative corona discharge, a number of ionized electrons in the cathode 

corona region were subjected to strong acceleration by an electric field and 
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subsequently collided with other atoms of the medium, and released more electrons, 

which is called an electron avalanche. The moving electrons and ions collide with 

neutral air molecules, dragging them towards the collection electrode. Therefore, 

ionic wind is created which is consisted of ionized and neutral molecules (Wang et al., 

2019). Ionic wind can be generated whether there is a primary flow in ESP or not, 

however, the electrode configurations and properties of flue gas are the key factors 

which influence the vortex and turbulence in the ESP. 

2.2.1.1 Electrode configurations 

As shown in Figure 2-13, the EHD flow characteristic can be accurately acquired by 

the method of particle image velocimetry (PIV) (Podlinski et al., 2009), and many 

researchers investigated the ionic wind distribution affected by changing the shape 

and position of electrodes using this method. 

 

Figure 2-13 Schematic for PIV flow velocity field measurements in the ESP 

(Podlinski et al., 2009). 
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Niewulis et al., (2012) used PIV method to observe the ionic wind patterns in two 

narrow ESPs with wire electrodes in the wire-plate and wire-cylinder type ESP. The 

result showed that the collection electrode geometry significantly changes the particle 

flow patterns. Comparing the results of both ESPs, the ionic wind formed by the EHD 

forces in the plane perpendicular to the main flow are very different. As shown in 

Figure 2-14, in the wire-plate type ESP vortex structures were formed, while in the 

wire-cylinder type ESP instead of forming vortices the flue gas was moved radially 

towards the collecting electrodes. 

 

Figure 2-14 Instantaneous image of the (a) wire-plate and (b) wire-cylinder type ESP 

(Niewulis et al., 2012). 

It was noted that the discharge electrode configuration also changed the particle flow 

patterns significantly. Many experimental studies indicated that the corona discharge 

characteristics were totally different between wire electrode and spike electrode, and 

spike electrode produces higher corona discharge intensity (Yan et al., 2015, Zheng et 

al., 2018a). As shown in Figure 2-15, the complicated flow patterns in the spike-plate 
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ESP with characteristic flow structures for the spike tips were investigated. The EHD 

secondary flow strongly depended on the applied voltage and measuring plane 

position with respect to the spike tip. 

 

Figure 2-15 Averaged flow velocity x-component measured in the spike-plate ESP 

(Podlinski et al., 2009). 

Some researchers attempted to study the effect of spike electrode corona discharge on 

the flow field by numerical methods (Farnoosh et al., 2011c, Farnoosh et al., 2011b). 

As shown in Figure 2-16, the EHD secondary flow pattern and its interaction with the 

main airflow in different planes along the precipitation channel were examined for 

different voltages applied to the corona spiked electrode. The strength and dimension 

of the gas vortices depended not only on the value of the excitation voltage but also 

on the mutual directions of the secondary EHD and the primary airflows. The ionic 

wind characteristics around the barbed electrodes were also investigated by Guo et al., 

(2013), as shown in Figure 2-17. The velocity at the barb tip could be as high as 10 

m/s while the mean velocity was only 1 m/s, and a couple of recirculation eddies were 
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induced in the central region between the neighboring plates. Note that the local 

velocity near the barb tip is too large to be neglected compared with the ion drift 

velocity. 

 

Figure 2-16 Airflow streamlines in different planes for negative applied voltage of 30 

kV and discharge current 350 mA (Farnoosh et al., 2011c). 

 

Figure 2-17 Planar gas flow showing the EHD secondary flow: (a) velocity vectors 

near a barb; (b) velocity streamlines; and (c) turbulence kinetic energy (Guo et al., 

2013). 
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2.2.1.2 Properties of flue gas 

Mizeraczyk et al., (2003) presented the flow visualization of flow fields in a wire-

plate ESP with negative or positive discharge electrodes, which showed that the 

primary flow disturbances were more evident for lower primary flow velocities or 

higher applied voltages. Chun et al., (2007) used a modified k-Ů turbulent model for 

the numerical simulation of a wire-plate ESP, and reported that the secondary flow 

was obviously visible in the downstream regions of the discharge electrode despite the 

low Reynolds number for the electrode (Re=12.4). The secondary flow increased with 

the increased discharge current or EHD number. Kallio and Stock, (1990) found that 

when the flow velocity in the ESP channel is low, the ion wind dominates the flow 

field distribution, and the flow field distribution shows extreme instability. It was also 

observed through photography that when the flow velocity was less than 0.7 m/s, the 

air flow direction was repeatedly switched between positive and negative electrodes. 

A similar conclusion was given by Podlinski et al., (2006) using a positive polarity 

wire electrode. Numerical model was also established to investigate the role of gas 

velocity in EHD performance, as shown in Figure 2-18. The ionic wind is dominant at 

a low flow velocity of 0.1 m/s as illustrated by the vortices formation around each 

electrode, although its influence on fluid flow gradually decreases with the increase of 

flow velocity (Arif et al., 2016). 
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Figure 2-18 Air flow streamlines indicating the effects of ionic wind with different 

inlet velocity: (a) 0.1 m/s, (b) 1 m/s (Arif et al., 2016). 

The ionic wind in ESPs is not only dependent on the electric field and primary flow, 

but also the particles density. Since the mass of particles greatly exceed that of 

radicals and molecules, the motion of charged particles can obviously affect the flow 

field. Podlinski et al., (2008) used cigarette as particle generator to study the EHD 

flow field for various particle densities. The obtained results showed that the dust 

density caused a significant change in the mean flow pattern and caused an increase in 

the flow turbulence in the downstream ESP region, as shown in Figure 2-19. 
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Figure 2-19 Particle flow in the ESP (primary flow velocity: 0.4 m/s, applied voltage: 

+30kV): (a) Very low dust density, (b) medium dust density, and (c) very high dust 

density (Podlinski et al., 2008). 

 

2.2.2 Effect of ionic wind on collection efficiency 

Furthermore, not only can ionic wind affect the flow distribution in the collecting area 

in ESPs, but it can also affect the removal efficiency sequentially. As reported by 

Liang and Lin, (1994), when the flow velocity was under 0.6m/s, the ionic wind 

became pronounced and the removal efficiency was substantially decreased, while the 

turbulent intensity was increased. Yamamoto and Velkoff, (1981) studied the 

secondary flow interaction in the ESPs by experiment and theory, and discovered that 

the secondary flow interaction became significant when the EHD number was above 

0.6. When the EHD number was above 1.2, the influence of the secondary flow was 

extensive since the circulatory cell was formed, but the effect could not be simulated 

at that time. According to calculations by Kogelschatz et al., (1999)., a deep 
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understanding of the role of ion wind in the ESP flow field can significantly improve 

the effect of particle collection. Nevertheless, as the study of the stochastic nature, 

effect of the ionic wind on the collection efficiency is hard to be decided. To decide 

the influence of ionic wind on ESP performance, Leonard et al., (1980) calculated the 

flow fi eld in a wire-cylinder ESP using the convective diffusion equation, which 

announced that the efficiency of precipitator was significantly increased when the 

turbulence was minimized. Rickard et al., (2005) used PIV and hot wire anemometry 

to acquire the velocity distribution at the exit plane of an discharge electrode, showing 

that there was a velocity deficit at the centerline since radial ion motion enhanced the 

axial flow along the tube walls and ion winds could be overcame only with very low-

pressure restrictions. As shown in Figure 2-20, the ionic wind will more strongly 

influence the particle collection efficiency when the dust layer existed. The EHD flow 

of the gas stream starting from the crater in fly ash layer can cause the deflection of 

the particle trajectories, and prevent their deposition on this electrode. This 

phenomenon has been called the ódynamicô mechanism of the collection efficiency 

reduction (Krupa et al., 2019). 



Chapter 2 Literature review 

-34- 

 

 

Figure 2-20 Velocity field of EHD flow during back corona discharge in electrostatic 

precipitator (Krupa et al., 2019). 

To simulate the particle transport and collection procedure in wire-plate ESPs, Soldati, 

(2000) and Schmid, (2003) used and compared the direct numerical simulation results 

of particle transport and collection efficiency when electrostatic field acted on 

particles with and without the influence of ionic wind. They found that the ionic wind 

had a strong effect on the behavior of particles by sweeping the particles into different 

regions of the channel, but the overall collection efficiency of the precipitator was not 

influenced. As shown in Figure 2-21, a spike-honeycomb ESP model was developed 

by Wang et al., (2019) to investigate the role of ionic wind in the flow field and 

particles precipitation. In the upstream, the number of deposited particles near the 

vortices increased with particle diameter. In the downstream, deposited particles 

significantly reduced behind the needles and the affected region increased with 

particle diameter. Furthermore, in the experimental research as shown in Figure 2-22, 

the flow field was changed significantly compared with without discharge. The PIV 
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result showed a strong interaction between the primary flow and the ionic wind. Near 

the wire electrode, the strong electric forces dragged the particles from the central part 

of the channel to the plate electrodes. Within the drift region, the particle velocity 

magnitude depended on the balance between the electric and viscous forces (Zouzou 

et al., 2011). However, it is generally approved that the turbulence of the flow should 

be reduced to enhance the collection efficiency. Concerning the grade collection 

efficiency, Podlinski et al., (2006) used the McMaster Electrostatic Precipitator 

(MESP) code to simulate the collection efficiency and found that particles with 

diameters from 0.1 ɛm to 1 ɛm were most significantly influenced by the ionic wind. 

 

Figure 2-21 The correlation between ionic wind and deposited particles under 

different applied voltages (Wang et al., 2019). 
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Figure 2-22 Time-averaged velocity fields in the ESP: (a) without discharge. (b) 

Negative corona. (c) Positive corona (Zouzou et al., 2011). 

Meanwhile, the effect of ionic wind on the overall flow characteristics of a full-scale 

ESP was investigated. A higher turbulence kinetic energy downstream of the 

perforated plate under the electric field is shown in Figure 2-23. And after combining 

with the EHD stream, the ESP collation flow field distribution is changed. For the 1st 

stage electric field, the large eddy was suppressed, while for the 2nd stage electric field, 

a large eddy in the lower part was decreased, resulting in more uniform flow which 

was beneficial for particles collection (Guo et al., 2013). 
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Figure 2-23 Gas flow in the ESP: (a) turbulence kinetic energy; (b) streamlines 

without ionic wind; and (c) streamlines with ionic wind (Guo et al., 2013) 

.  
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2.3 Particles transport behaviours and collection 

2.3.1 Infl uence of flue gas conditions on the particle collection 

Over the years, researches have been carried out for removing particulate matters 

from flue gases more efficiently and the flue gas characteristics (gas temperature, 

component, velocity, etc.) strongly affect the corona discharge and particle motion, 

thereby influencing the particle removal efficiency. The corona discharge was 

affected by temperature (Yan et al., 2016), and Xu et al., (2015) found that both onset 

and spark voltages decreased with the increased temperature and caused a decrease in 

particle removal efficiencies and particle migration velocities as shown in Figure 2-24. 

Zheng et al., (2017) found that the increased temperature might tend to increase the 

removal efficiency of fly ash and it could be kept at a high efficiency at each peak 

voltage from 363 K to 723 K, as shown in Figure 2-25. Besides, Hu et al., (2017) 

found that when the temperature was lower than acid dew point, the particle collection 

efficiency might increase, meanwhile under the flue gas with SO3 component, 

particles with the sizes of 0.1ï1 ɛm obviously increased, and the collection efficiency 

of SO3 increased from 20% to above 80%.  An integrated method was put forward by 

Yang et al., (2018b) to enhance SO3 collection efficiency in wet ESP, with SO3 

collection efficiencies higher than 90% when lower velocity and proper electrode 

configurations were used under a pilot plant condition. In addition, Xu et al., (2015) 

studied the particle removal efficiencies with various flue gas velocities and found 



Chapter 2 Literature review 

-39- 

 

that the increased flue gas velocity might reduce the particle removal efficiencies, 

however, had less effect on the particle migration velocity.  

  

Figure 2-24 The migration velocity under different conditions (Xu et al., 2015) 

 

Figure 2-25 Collection effciency for the ash with high resistivity low-carbon content 

at different temperatures (Zheng et al., 2017). 

2.3.2 Influence of discharge electrode type on the particle collection 

To enhance the performance of ESP, some researches were conducted to modify the 

discharge electrode configuration, aiming to improve the particle removal efficiency. 

To achieve a comprehensive understanding of the influence of discharge electrode, 
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many experimental and numerical studies have been carried out to achieve a better 

understanding of corona discharge, electric field and particle behavior under variable 

ESP structure. A novel two-stage electrostatic precipitator for information technology 

manufacturing industries was developed by Kim et al., (2017), and it was found that 

hybrid structure can significantly affect the collection mechanism and performance of 

a hybrid particulate collector (Tu et al., 2018). In addition, numerous studies on the 

discharge characteristics of wire-plate ESPs with different discharge electrodes 

configuration have been explored by experiments, which include investigations of 

emitter geometry, diameters and intervals on the electrode corona discharge to 

optimize the discharge electrode (Jňdrusik et al., 2001, Wang et al., 2016, Zheng et al., 

2018a, Xu et al., 2015, Yan et al., 2016). Electrodes with different shapes, diameters 

and intervals were tested in an experimental-scale ESP at high temperatures (Yan et 

al., 2015, Xu et al., 2016). As shown in Figure 2-26, Xu et al., (2016) investigated the 

effect of electrode configuration on particle removal, the result showed there were 

variable removal characteristic under different type of electrode. To achieve a more 

comprehensive understanding of the role of electrode configuration, the numerical 

simulation is preferred because of its flexibility, low cost and relatively high accuracy 

(Shen et al., 2018, Adamiak, 2013).  
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Figure 2-26 Effect of electrode configuration on particle removal(Xu et al., 2016) 

Therefore, several numerical models have been established to study different aspects 

of corona discharge and particle removal process in an ESP (He and Dass, 2018a, 

Long and Yao, 2010). For example, Anagnostopoulos and Bergeles, (2002) proposed 

a modified numerical model for calculating the electric field induced by corona 

discharge in a wire-duct electrostatic precipitator. The potential equation is resolved 

using the finite difference method (FDM) in orthogonal curvilinear coordinates. There 

are various efforts dedicated to develop comprehensive and precise models to 

describe the corona discharge and electric field in an ESP (Atten et al., 2004, Bouazza 

et al., 2018, Dong et al., 2018, Farnoosh et al., 2010, Li et al., 2015, Luo et al., 2015). 

A simplified physical model was proposed by Liu and Becerra, (2017) to promote 

computation efficiency and overcome the limitations of previous models in estimating 

electric field of wire surfaces. However, there are several inevitable deficiencies such 

as the assignment of ion density at wire surfaces, the disability of handling special 

electrode geometric constructions and unaffordable computational costs (Adamiak, 
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2013). To resolve these drawbacks, Guo et al., (2014b) proposed a novel corona 

discharge law of ion density for electric field simulation in the dry wire-plate type 

ESP. The influences of barbed wire electrode constructions, such as the tip curvature 

and the direction of needles relative to the plate, were studied by characterizing the 

detailed electric field distribution. A numerical method was adopted by Zhu et al., 

(2019) to study the capture process of fine particles in two electrostatic ESPs with 

corrugated and parallel plates (Figure 2-27). 

 

Figure 2-27 The particle trajectory of different diameter particles in (a) PP ESP and (b) 

CP ESP (Zhu et al., 2019). 

One of the most widely applied discharge electrode structures, mainly the barbed wire 

or needle wire, was believed to generate a higher ionic wind velocity and current 

density (Fujishima et al., 2006, Guo et al., 2014b, Podlinski et al., 2009, Wang et al., 

2018a). It was found that a sharp needle wire produced a lower onset electric field 



Chapter 2 Literature review 

-43- 

 

intensity and larger current density than a blunt needle wire. The shape of the 

collection plate also impacted the particle transport behaviors and collection 

efficiency. Lami et al., (1995) investigated the electric field characteristics of C-type 

collection electrodes by means of FDM. Fujishima et al., (2004), (2006) brought some 

insights into electrohydrodynamics (EHD) flow and electrical characteristics under 

the construction of the spike-type discharge electrode combined with a convex-

concave-type collection plate, the results showed when the relative distance between 

the spike point spacing and the wire-to-plate spacing (or the ratio of S(z)/d) is greater 

than 0.17, the organized long-elliptic spiral flow is formed. When S(z)/d is less than 

0.1, the organized spiral flow is diminished, resulting in turbulence as shown in 

Figure 2-28. Moreover, Shen et al., (2018) further investigated the impacts of 

different shaped collecting electrodes on EHD flow patterns and electrical 

characteristics as shown in Figure 2-29, the results showed that the EHD flow patterns 

were different in the five configurations. Bending of the collecting plate could easily 

lead to the peak of the electric field intensity near the collecting surface. The space 

charge density near the W-type collecting surface was more uniform than those of the 

other four types. The flow induced by ionic wind in the C-type plate was the strongest. 
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Figure 2-28 Flow interaction distribution for the four-wire spikedelectrode 

configuration (Fujishima et al., 2006, Fujishima et al., 2004). 

 

Figure 2-29 Comparison of ionic wind induced flows between the five collecting 

plate systems (Shen et al., 2018).  

2.3.3 Influence of particles properties on the particle collection 

In ESPs, the particle properties (size, resistivity, appearance, component and so on) 

had a significant impact on removal. Lu et al., (2016) made a numerical simulation on 

the particles with various diameters, which were released at the inlet of the model 

precipitator and the trajectories of particles with diameters of 0.1ï5 ɛm. It was found 

that the largest particle with diameter of 5ɛm displayed the largest transverse velocity, 

while particles with diameters ranging from 0.2 to 1ɛm showed the least displacement 

on y direction. As shown in Figure 2-30, Guo et al., (2014a) simulated fine particles 
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characteristic with sizes of 0.05-25 ɛm in a circular wire-plate configuration and the 

trajectories of particles with different sizes, where color was scaled up to the charge 

density on the surface. The trajectories showed various attack angles, which were 

equal to different removal efficiencies. A minimum efficiency was predicted for 

particle with diameter of around 0.5 ɛm, and to increase when moving away from this 

critical diameter. The surface charge densities of large particles were relatively 

smaller because they are driven towards the plates quickly by electric force, instead of 

being charged to their limitation. On the other hand, fine particles might stay 

suspended for longer periods. The surface charge density decreases with an increase 

in particle size because the diffusion charging becomes increasingly important with 

increased particle size, which permits particles to be charged to their saturation. 

Besides, Mizuno, (2000) gave a qualitative conclusion on the relationship between 

resistivity and particle removal. Zheng et al., (2019c) found that the removal 

characteristic varied under different particle types. In simulated gas, the overall 

collection efficiency of ash A was obviously lower than that of ash B, especially at 

high temperature. From 300 K to 700 K, the collection efficiencies of both ash 

samples were as high as 93%, but the collection efficiency of ash A in simulated gas 

decreased to 78.7% at 900 K as shown in Figure 2-31. 
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Figure 2-30 Particle transport behavior with color scaled to surface charge density (Guo 

et al., 2014a). 

  

Figure 2-31 Fractional collection efficiencies of different fly ash(Zheng et al., 2019c) 
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2.4 Particle deposition and dust cake in the ESP 

2.4.1 Physical and chemical characterization of Particle 

The properties of particles including particle size, chemical composition and 

resistivity have significant impacts on particle deposition and removal. The physical 

and chemical characteristics of particles differ for each industry such as coal-fired 

power plants, biomass power plants, waste plants, cement kilns, steel factories, glass 

kilns and coal gasification structures. Some studies show that the particle size 

distribution of typical fly ash samples from different industries vary, as shown in 

Figure 2-32 (Zheng et al., 2018d), and the median diameter could be increased by 

chemical and electric agglomeration (Chang et al., 2017, Hu et al., 2018). In addition, 

the main chemical components of the particles are Si, Al, Fe, Ca, Mg, K and Na. 

Traditional research results show that particles resistivity is a vital factor affecting the 

efficient operation of ESP (Navarrete et al., 1997), and the joint influence of 

temperature and particles chemical composition on the resistivity were investigated by 

Zheng et al., (2018d).  
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Figure 2-32 Particle size distribution and appearance of typical fly ash samples from 

different industries (Zheng et al., 2018d). 

Fly ash resistivity can also be affected by temperature and humidity of gases, 

chemical composition of ashes, and the sulfur content of burning coal (Mohanty et al., 

2011). Xu et al., (2014) studied fly ash samples in the range of 673ï1273 K and found 

that resistivity decreased at high temperatures. Resistivity also decreased with the 

increase of Na, K and C contents (Barranco et al., 2007, Bickelhaupt, 1974, 

Bickelhaupt, 1975). In addition, fly ash resistivity rised with an increase in Al. When 

Al 2O3 is above 50%, resistivity exceeded 1012 ɋ·cm (Qi and Yuan, 2011), Maximum 

resistivity was studied mostly with Li2O, Na2O, Fe2O3 and water vapor (Li et al., 

2012). The prediction model of fly ash resistivity  at wide temperature range (303-

1073 K) is expressed as Eqs. (1-3) and the results are shown in Figure 2-33: 

2 2

l

2 2 2

lg 2023.96 [ 1.22lg 0.81(lg ) ] [0.31lg 0.11(lg )]

1
[0.75lg 0.14(lg ) ] [ 0.82lg 0.61(lg ) ] 45801 1203lg 182(lg )

K Na Li K Na Li Si Al Si A

Ca Mg Ca Mg Fe Fe

N N N N
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T

r + + + + + +
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The dust particles cannot be effectively trapped by the dust collecting electrode under 

low resistivity, thereby causing re-entrainment (Abdel-Salam et al., 2015, Ferge et al., 

2004). If resistivity is extremely high, the migration velocity of particles decreases 

remarkably, and back corona easily occurs under high resistivity. It is worth noting 

that the phenomenon of back corona refers to the partial reverse discharge 

phenomenon generated in the high specific resistance dust layer deposited on the 

surface of the dust collecting electrode, which not only consumes power, but also 

seriously affects the performance of the electrostatic precipitator. These conditions 

cause a considerable drop in dust removal efficiency.  
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Figure 2-33 Variations in resistivity with temperature in ascending and descending 

modes at different K + Na + Li and Fe atomic percentages (Zheng et al., 2018d) 

2.4.2 Particle deposition on the collection plates 

Charged particles are deposited on collection plates to form a dust layer in 

electrostatic precipitator (ESP). Several studies on dust layer formation and structure 

were conducted, and one of the results is showed in Figure 2-34 (Zhu et al., 2008, Yan, 

2012, Minkang and Sijing, 2004). Particle deposition varies under different operating 

conditions, which are affected by discharge current distribution (Yang et al., 2013, 

Blanchard et al., 2002). In addition, back corona discharge and dust re-entrainment 

seriously restrict the performance of ESP, because of the dust cake on the grounded 

electrode (Xiang et al., 2015, Mclean, 1977). Ferge (Ferge et al., 2004) studied the 

depositing particle size under dust layer re-entrainment as shown in Figure 2-35. 
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Jedrusik et al., (2003) and Podlinski et al., (2013) studied the influence of discharge 

electrode geometry on collection efficiency, showing that the discharge electrode 

geometry had a great influence on the collection efficiency, and the difference was 

about 8%. Chen et al., (2006) studied the relationship between dust layers and back 

corona. They designed the back corona breakdown test of the dust layer with high 

resistivity. The results showed that the V-I characteristic curve can be applied to 

determine the back-corona breakdown thickness of the dust layer, and optimize the 

frequency of the ESP strike plate. In recent years, the results have suggested that the 

particle deposition can be used in the study of particle deposition, and it can achieve 

good results in the filter-based field. Oh et al., (2002) developed a computational 

model to study the initial dust accumulation efficiency of unipolar charged fibers and 

the morphology of the particles deposited on the electret filter composed of unipolar 

charged fibers, taking into account the Brownian motion and electrostatic forces. A 

simulated layer in a non-uniform electrical field, similar to the electrical field in the 

ESP, was described in Figure 2-36 (Guo et al., 2013). The height of surface particles 

were clearly higher at the edge than those in the center. This pattern is a typical non-

uniform porosity distribution, which provides a possible explanation for the 

experimental cake. 
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Figure 2-34 Microscope view of the layer(Blanchard et al., 2002). 

  

Figure 2-35 Comparison of size distributions of particles in the flue gas when re-

entrainment(Ferge et al., 2004). 
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Figure 2-36 Simulated cake pattern under nonuniform electric field (Guo et al., 2013). 

2.4.3 Dust layer effect on the particle collection 

The dust layer can strongly affect the performance of ESP. Mizuno, (2000) 

qualitatively gave the relationship between the resistivity of the dust layer and the 

removal efficiency. It was believed that there will be re-entrainment when the 

resistivity is less than 104 ɋ·cm, and when it exceeds 1010 ɋ·cm, back corona is likely 

to occur. The charge emitted by the discharge electrode accumulated on the surface of 

the dielectric layer and produced high electric strength within it. The increased 

electric strength led to a breakdown between the gaps of the dust layer, thereby 

causing a sudden increase in discharge current. Studies by Patel et al., (1985) and 

Krupa et al., (2008) showed that the particle removal efficiency will be significantly 

reduced under the back corona in Figure 2-37. The first photo in Figure 2-37 shows 

the electrode system prior to the discharge. On the second photo, the breakdown 

streamers are presented. The back corona with intense eruption of powder is visible 

on the third photo. The next photo presents how the eruption of powder continues. 
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The process of eruption ceases on the last two photos because whole the dust closed 

the pinhole had erupted in the first tens of milliseconds. After the breakdown of fly-

ash layer and breakdown streamer or back discharge ignition, the fly ash particles 

were emitted from crater formed in the layer. The fly-ash particles emitted from the 

crater have the charge of polarity opposite to discharge electrode. By this way, the 

back-discharge decreases the collection efficiency. The reason is that a large amount 

of positive ions were generated in the dust layer and moved to the negative electrode 

during the counter corona discharge, entering the discharge space between the 

electrode and thus reducing the charge capacity of the particles, so the removal 

efficiency of the particles decreases. Besides, the space electric strength will drop 

significantly with high resistivity of dust layer, contributing to the reduction in 

efficiency. 
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Figure 2-37 Back corona and collection efficiency for a multi-needle to plane 

electrode system (Krupa et al., 2008). 

At low resistivity, Zheng et al., (2018c) studied the re-entrainment mechanism of 

carbon-containing low resistivity particles, and explored the influence mechanism of 

dust layer on particle motion under different temperatures and voltages as shown in 

Figure 2-38. The particles will slide away from the plate surface when the force of the 

particles parallel to the plate surface is larger than the friction force. It is found that 

under various temperature and voltage, the different of ultimate removal efficiency 

between particles with different sizes is mainly caused by the characteristics of 

electrostatic force, which would increase significantly when particle size was larger 

than 1 ɛm. Therefore, particles smaller than 1 ɛm are more likely to leave the plate 

than large particles. Particles, which are tight or easily stick together, are likely to be 

trapped on the collecting plates and difficult to escape from the plate. Abdel-Salam et 

al., (2015) gave a theoretical condition for the occurrence of re-entrainment through 

theoretical analysis. Blanchard et al., (2002) used experimental methods to find that 

there were four different accumulation areas of dust layer, and there may be dust 

accumulation areas with low current density in dust. Kim and Lee, (1999) found that 

with the thickness of dust layer increasing, the collection efficiency reduced, as shown 

in Figure 2-39. Huang and Chen, (2003) measured the changes in discharge 

characteristics and removal efficiency after long-term operation of the dust collector, 
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and found that both the corona discharge current and removal efficiency decreased as 

the thickness of the particles on the electrode plate increased. Under ash conditions, 

the corona current decreased by 33%, and the dust removal efficiency decreased by 

about 4%. He and Dass, (2018b) analyzed the re-entrainment phenomenon of low-low 

temperature electrostatic precipitator, and gave a solution to optimize rapping to 

weaken dusting. Miyashita et al., (2017) developed a new electrostatic precipitator 

that introduced particles into the tunnel through Coulomb force and ion wind to 

reduce the occurrence of re-entrainment, improving the efficiency of particle removal 

as shown in Figure 2-40. 

 

 
Figure 2-38 The re-entrainment mechanism of carbon-containing low resistivity 

particles (Zheng et al., 2018c). 
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Figure 2-39 Collection efficiency and thickness of deposited dust layer as a function 

of elapsed time(Kim and Lee, 1999) 

 

Figure 2-40 Hole type electrostatic precipitator reduces the negative influence of 

dust layer on removal (Miyashita et al., 2017). 
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2.5 Development of integrated ESP model 

2.5.1 Summary of integrated model development all over the world 

At present, numerical simulation has become one of the important methods for many 

industrial process research. By dividing the research area into grids of different sizes, 

multiple equations are used to describe the numerical relationship between different 

variables in each grid, and it solved required physical quantity through continuous 

iterative calculations. There are two main advantages by using numerical simulation 

methods. One is that accurate numerical simulation can reduce a lot of experimental 

and time costs, and the other is that it can obtain physical quantities that are difficult 

to measure directly in some experiments (such as electric field strength, ion 

concentration and potential distribution, etc.), so that each process can be analyzed in 

more detail. Based on the above two points, researchers have begun to use numerical 

simulation methods to study the flow field and electric field distribution in the 

electrostatic precipitator, as well as the specific characteristics of charge and 

movement of particles in recent years. 

The early numerical simulation of ESP mainly used the methods of finite difference 

(Lami et al., 1995, Buccella, 1996, Lami et al., 1997, Anagnostopoulos and Bergeles, 

2002) and finite element (Davis and Hoburg, 1983, Al-Hamouz, 2002). These two 

methods can obtain the distribution characteristics of electric field parameters in ESP, 

but they cannot simulate the charge, motion and capture process of particles. However, 
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for the actual electrostatic precipitator, the operation process is the coupling of 

multiple physical processes such as fluid flow, corona discharge, particle charging 

and motion. To obtain the results including the particle flow process, a further 

development is used to adopt Lagrange's method. Table 2-2 summarizes numerical 

simulation researches on ESP carried out by the international teams in recent years.
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Table 2-2  Summary of numerical simulation research on the process of ESP removal. 

Research Team Geometry  Flow field Electric field Particle Research content 

Farnoosh et al  

Single electrode (round rod),  

wire-plate ESP 

 (Farnoosh et al., 2010) 

 

3D, EHD 

 

No particle 

space charge 
1ï50 ɛm 

The effect of EHD flow under the coupling of 

electric field and flow field on the removal of 

particles with different particle sizes was 

studied. 

Single electrode (round rod),  

wire-plate ESP  

 (Farnoosh et al., 2011a) 

3D, EHD 
Particle space 

charge 
0.3ï90 ɛm 

Based on the previous work, the effect of 

particle space charge on the coupling process 

of flow field and corona discharge was further 

studied. 

Single electrode (sawtooth),  

wire-plate ESP  

(Farnoosh et al., 2011c) 

3D, EHD 
No particle 

space charge 
No particle 

The perturbation effect of the secondary flow 

formed by local high-density free ions on the 

shaped electrode (sawtooth) on the flow field 

was studied. 

Single electrode, 

 wire-plate ESP   

(Adamiak and Atten, 2009) 

2D, EHD 
Particle space 

charge 

0.3 ɛm, 

single particle 

The coupling process of the electric field, ion 

density, and flow field under the action of the 

secondary flow was studied, and the 

mechanism of the effect of the particle 

concentration field on the flow field and 
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current-voltage characteristics was found. 

Long et al  

Electrostatic fabric precipitator 

(Long et al., 2009a, Long et 

al., 2009b) 

3D, -- 
No particle 

space charge 
-- 

The non-structured finite volume method was 

used to study the influence of the special-

shaped orifice plate on the distribution of 

electric field, electric potential and ion 

concentration, etc. 

Li et al 

 

High temperature,   

wire-plate ESP 

 (Li et al., 2015) 

2D, EHD 
No particle 

space charge 

2, 5, 10 ɛm, 

single particle 

The interaction mechanism of electric field, 

flow field and particle movement at high 

temperature was studied, and the effect of 

temperature on EHD flow and particle 

removal efficiency was analyzed. 

Luo et al 

 

High temperature,   

wire-plate ESP  

(Luo et al., 2015) 

3D, EHD 
No particle 

space charge 

0.05ï10 ɛm, 

single particle 

The effect of temperature on discharge 

parameters, particle charge and particle stress, 

etc. was studied. 

Al -Hamouz et al  

Triple electrodes,   

wire-plate ESP 

 (Al -Hamouz and El-Hamouz, 

2011a) 

3D, EHD 
Particle space 

charge 
-- 

The loss effect and influence mechanism of 

space particles on corona current, current 

density and corona power were studied 

Triple electrodes,   3D, EHD No particle 0.1ï13 ɛm At the same time, the effects of structural 
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wire-plate ESP 

 (Al -Hamouz, 2014) 

space charge >13 ɛm parameters, discharge parameters, and 

operating parameters on particle removal 

efficiency were studied by combining 

experimental and simulation methods. 

Parihar et al  

Wire-plate ESP  

(Parihar et al., 2015a) 

3D, -- 
No particle 

space charge 
0.05ï5 ɛm 

The effects of tar particles removal such as 

electrode diameter and discharge 

characteristics were studied. The numerical 

simulation results provided guidance for the 

design and optimization of vertical and 

horizontal wet electrostatic precipitators. 

Tube ESP 

(Parihar et al., 2015b) 

Arif et al  

Four electrodes (sawtooth)  

wire-plate ESP  

(Arif et al., 2016) 

3D, EHD 
No particle 

space charge 

4 ɛm,  

single particle 

OpenFOAM was used to study the ion 

diffusion and migration process in the dust 

collector, as well as the effects of particle 

characteristics and operating parameters on 

particle removal. 

Dastoori et al  
Wire-tube ESP 

(Dastoori et al., 2013) 
3D, -- 

No particle 

space charge 

2ï50 ɛm, 

single particle 

Aiming at the characteristics of biomass-fired 

flue gas particles, the trajectories and removal 

efficiencies of particles with different particle 

sizes were studied. 
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Haqu et al  

Full-scale,  

wire-plate ESP 

(Haque et al., 2009a, Haque et 

al., 2009b) 

3D, -- 
No particle 

space charge 
-- 

For practical applications, the effects of inlet 

flow velocity, dust collector internal 

components and structural optimization on 

the airflow distribution were studied. 

Gao and Zheng 

et al. 

Triple electrodes,  

wire-plate ESP  

(Yang et al., 2018a) 

2D, EHD 
Particle space 

charge 
0.07-1 ɛm 

The effects of charged particle on the electric 

field, ion density, particle charging and 

migration regarding various particle 

concentrations in a modified ESP model was 

developed investigate. 

Wire-plate ESP 

(Zheng et al., 2018b) 
2D, EHD 

Particle space 

charge 
0.1-5 ɛm 

The electrical characteristics of a wire-plate 

electrostatic precipitator and the particle 

transport behavior were studied and the effect 

of particle space charge through numerical 

simulation. 

Wire-plate ESP 

(Lu et al., 2016) 
2D, EHD 

No particle 

space charge 
0.1-5 ɛm 

The particle charging and transport behaviors 

in ESP was investigated, and calculations of 

gas flow, electrostatics field and particle 

motions are coupled in the model. 

Honeycomb ESP 3D, EHD No particle 0.05-2.5 ɛm A Computational Fluid Dynamics model was 
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(Wang et al., 2019) space charge presented to investigate the effects of ionic 

wind on flow field and particle precipitation 

in terms of the coupled processes among 

corona discharge, gas flow, particle charging 

and transport. 

Zhang et al.  

Honeycomb ESP 

(Tong et al., 2020a) 
2D, EHD 

No particle 

space charge 
0.3-10 ɛm 

Different arista configurations were compared 

and influences of supply voltage, particle 

diameter and gas flow velocity upon electric 

field and separation efficiency were 

investigated in detail. 

Honeycomb ESP  

(Tong et al., 2020b) 
3D, EHD 

No particle 

space charge 
0.3-10 ɛm 

The separation performance of two kinds of 

electrodes was compared and influences of 

EHD flow, supply voltage, gas velocity and 

particle diameter upon separation efficiency 

are investigated. 

Shangguan et al. 
Wire-plate two stage ESP 

 (Zhu et al., 2020) 
2D, EHD 

No particle 

space charge 
0.3-1 ɛm 

Numerical models and available calculation 

procedure of solving coupling electrostatic 

field, fluid field, and the distribution of 

electrostatic field, the evolution of EHD flow 
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and fluid field, and particle dynamics were 

established. 

Wire-plate ESP  

(Zhu et al., 2019) 
2D, EHD 

No particle 

space charge 
0.1, 0.5, 1 ɛm 

The electrohydrodynamic (EHD) flow with 

different applied voltage at various gas 

velocities was presented on the basis of two 

kinds of models, and the detailed influence on 

particle dynamic. 

Yao et al. 
Wire-plate ESP  

(Long and Yao, 2010) 
3D, EHD 

No particle 

space charge 
0.1-1.3 ɛm 

A numerical model of the electrostatic 

precipitator was constructed and nine particle 

charging models were evaluated based on the 

existing experimental results. 

He et al. 

Plate-type ESP  

(He and Dass, 2018b, He and 

Dass, 2018a) 

3D, EHD 
No particle 

space charge 
-- 

A three-dimensional model that describes 

corona discharge, turbulent flow, particle 

charging and tracking in electrostatic 

precipitators was developed. 
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2.5.2 Highlights of previous achievements developed by our research 

group 

To date, the empirical Deutsch formula or its variations were still used as a rough 

estimation of the collection efficiency. These empirical equations cannot satisfy the 

modern applications.  

Thus, to overcome this problem, our research group have made a significant 

research effort in this area in recent years. Firstly, the gas-solid flow was simulated 

in a complicated ESP system with and without electric field. DEM based model was 

developed to simulate cake formation and the packing structures under electric field. 

Then, a so-called integrated ESP model framework was formulated in an attempt to 

include all the major multi-scale phenomena together. Particularly, in the electric 

field region, the coupling methods among electric field, gas-particle flow and cake 

formation were proposed. Under this framework, a number of sub-models have been 

developed for the perforated plate, electric field, ionic wind, cake formation and so 

on (Figure 2-41). Some typical achievements by the model are listed in Table 2-3. 
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Figure 2-41 Multscale phenomena in integrated ESP model (Guo et al., 2013). 
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Table 2-3 Highlights of previous achievements developed by our research groups 

Author  Object Variables Major efforts  

Design optimization of ESP 

Guo et al 
 

wire-plate ESP  

(Guo et al., 2013) 
ESP model 

Developing an integrated multiscale mathematical model to describe the 

wire-plate type electrostatic precipitator (ESP) 

Guo et al 
 

wire-plate ESP  

(Guo et al., 2014b) 

Electrode 

configuration 

A rotation of the corona wire may improve its electric condition if a uniform 

electric field is pursued. 

Guo et al 
 

wire-plate ESP  

(Guo et al., 2015) 

Configuration of 

ESP 

By tracking particle motions, fine particles may escape due to by-pass flow 

and insufficient particle charging. The numerical experiments provide useful 

guidance for the ESP unit optimization. 

Ye et al 
 

wire-plate ESP  

(Ye et al., 2016) 

Inlet velocities, 

different scales 

Placing flow baffles in the pipe-work, the flow rate can be equally split 

among branches with the relative deviation below 5%. 

Operation conditions 

Guo et al 
 

Low temperature ESP 

(Guo et al., 2014a) 

Gas temperature, 

particles size 

A minimum efficiency is predicted for particle size around 0.5 ɛm. The same 

change from 120  to 90  is more effective than from 150  to 120 , 

as far as the collection efficiency is concerned. 
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Guo et al 
 

Wet ESP  

(Guo et al., 2017a) 

Droplet diameter, 

liquid flow rate, 

electric field 

The electric field has a strong influence on the trajectory of the droplet. 

Hollow spray has lower droplet emission than solid spray. The uniformity of 

liquid film is sensitive to the wettability of plate.  

Guo et al 
 

Low temperature ESP 

(Guo et al., 2017b) 

Gas temperature, 

particles size, solid 

particle loading, dry 

or wet particle 

The combination of cooling and acid condensation is likely to improve the 

overall collection efficiency. Presence of SO3 in flue gas changes the ESP 

electrical characteristics and particle collection behavior with respect to 

particle size. 

Yang et al 

 

Wet ESP 

(Yang et al., 2019) 

Particle size, particle 

loading 

The secondary electric field produced by the space charge on the suspended 

particles can cause obvious distortion of the electric field, which mainly 

reduces the collection efficiency of the particles, except under very low load. 

A maximum collection efficiency exists at a particle loading that depends on 

particle size. 
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2.6 Research gap and research aim 

Electrostatic precipitation as a technology is used in many ultra-low emission technology 

routes, and its performance directly affects whether if the emission of flue gas can meet the 

standard. However, ESP in actual operation have some problems such as back corona and re-

entrainment, which seriously affect the reliability and high removal efficiency of ESP. 

Meanwhile, particle charging and transport behaviors under complex electrode configuration, 

especially the electrostatic and flow characteristics around the spike and the influence of dust 

layer are not yet clear. 

The optimization of electrode and collecting plate is important for higher efficiency in 

electrostatic precipitator. In this study, in view of the lack of ESP numerical simulation with 

different electrode configurations, a modified ESP model was established to study the space 

discharge characteristics and particle transport behaviors considering the influences of 

applied voltage, particle size, flow velocity, etc. This simulation data provides a fundamental 

understanding in optimizing the ESP design and application. 

When the suspended particles in flue gases enter the ionized space, they are electrically 

charged and deposited on collection plates to form a layer of particle packing. The negative 

effect of precipitated dust layer on the collection plate causes the collection efficiency of ESP 

to deteriorate seriously due to some critical factors, such as dust resistivity and thickness of 

accumulated dust. Therefore, the particle collection performances of the ESP system with and 

without a dust layer were also investigated. The detailed electric parameters and particle 

capture performance in the 2D wire-plate electrode configuration were simulated. Meanwhile, 

useful suggestions were provided to reduce the effects of dust layers by regulating particle 

properties and designing dust removal systems. 
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Previous numerical simulation mainly analyzed the complicated processes with smooth wire 

electrode or under two-dimensional coordinates. However, the discharge electrode geometry 

is more complicated in order to meet the required removal efficiency in practical applications. 

Therefore, the effect of electrodynamic flow on particle motion behavior was studied 

numerically on the basis of a 3D single needleïplate electrode configuration. These results 

can help improve and optimize an electrode structure that reasonably uses high-speed ion 

wind to capture particles and prevent fine particles from escaping. 

For the electrostatic precipitator, factors such as temperature, humidity and inlet flow rate 

affect the characteristics of fly ash particles such as adhesion, particle size distribution, 

morphological structure, specific resistance and dielectric constant, which affect the charge 

migration of fly ash particles. However, the influence of these factors is not clear, and the 

researchers have hardly studied it systematically. On the other hand, in practical industrial 

applications, the influence of the collector plate structure on the removal efficiency cannot be 

ignored, and it will significantly affect the dust removal efficiency. The influences of particle 

charging characteristics and trapping characteristics under different electrodes configuration 

needs to be studied further.  However, at present, there are few experimental studies on the 

characteristics of particulate matter removal under different plate structures. 

This work is aimed at providing a theoretical basis for optimizing the parameters of the 

electric field and the flow field of ESP, suppressing the impact of the dust layer. Furthermore, 

developing and applying this multi-scale model to simulate ESP work process and give 

optimization suggestions for ESP design and practical application. 
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3.1 Introduction  

With the rapid development of urbanization and industrialization, air pollution has become 

one of the most severe global challenges facing us nowadays. Among all the air pollution 

sources, particulate pollutants have especially adverse impacts on human health, necessitating 

the developing of efficient technologies for eliminating particulate matter emissions in the 

last few decades (Gallimberti, 1998, Loomis et al., 2013, Carey et al., 2013). Electrostatic 

precipitator (ESP) has been the most widespread particulate control apparatus presently 

applied in various industrial fields, due to its high efficiency and energy-saving properties 

(Mizuno, 2000, Zheng et al., 2019b, Jaworek et al., 2018, Hu et al., 2017). Nevertheless, 

given the several highly coupling processes (e.g., corona discharge, particle charging and 

particle migration) in an ESP (Bottner, 2003, Adamiak, 2013, Parker, 2012), it is still very 

challenging but meaningful to investigate corona discharge and particle migration with 

various electrode configurations. 

To achieve a comprehensive understanding of electric field and particle behavior in an ESP, 

tremendous experimental and numerical studies have been carried out in recent years. Many 

experimental and numerical studies had been carried out to achieve a better understanding of 

structure of ESPs. Zhu et al., (2019) studied the Electrohydrodynamic (EHD) flow with 

different applied voltage at various gas velocities in two electrostatic precipitators with 

corrugated and parallel plates. Numerous experimental studies have been carried out to 

investigate the discharge characteristics of various electrodes with different shapes, diameters, 

and intervals (Xu et al., 2015, Zheng et al., 2018a, Yan et al., 2016). Compared with 

experimental methods, the numerical simulation is preferred because of its flexibility, low 

cost and relatively high accuracy (Shen et al., 2018, Adamiak, 2013). Meanwhile, an 

integrated multiscale model based on finite volume method (FVM) and discrete element 
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method (DEM) were presented, which is capable of resolving the electric field including back 

corona discharge, gas-solid flow and cake formation within wide ranges of length or time 

scales (Guo et al., 2013). Besides, various basic phenomena and operation parameters 

affecting the ESP performance have been researched extensively (Adamiak and Atten, 2009, 

Anagnostopoulos and Bergeles, 2002, Farnoosh et al., 2010, Feng et al., 2018b, Guo et al., 

2014a, Guo et al., 2017b). In addition, some abnormal situations related to the particle space 

charge effects and back corona discharge were increasingly investigated as they may weaken 

the electric field and consequently jeopardize the particle collection (Guo et al., 2013, Yang 

et al., 2018a, Zheng et al., 2018b). 

The afore-mentioned studies have led us to a better understanding of the EHD flow, electrical 

characteristics and particle migrations within an ESP. However, few of them take into 

consideration the effects of combination of different shaped discharge electrodes and 

collection bending plates. Most of the studies merely concentrate on the plate type or the wire 

construction. With the continuous development of novel ESP types and electrode 

configurations, different challenges arise from the increasing needs for promoting the 

collection capacity of ultrafine particles (e.g., PM2.5). As a result, the electrode configurations 

become more and more complicated. Therefore, it is meaningful to systematically investigate 

the influence of complicated electrode configurations on the corona discharge, particle 

charging and subsequently particle migrations. 

In this thesis, we first establish an integrated model to simulate the coupled processes with 

corona discharge in an ESP. The model is then used to evaluate the electric field and ion 

charge in the discharge space. In addition, the particles transport and removal behaviors are 

investigated under various wire-plate combinations. The results are compared to optimize the 

electrode-plate configurations 
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3.2 Governing Equations and Numerical Methods 

In the current thesis, a comprehensive numerical model is presented to describe the particle 

migration within an ESP. This model consists of several sub-models embodying the 

electrohydrodynamic field, corona discharge, particle charging and particle trajectories. The 

flow field is resolved based on the incompressible Reynolds-averaged NavierïStokes 

equations, and the generalized convection diffusion equation is employed to describe the 

electric potential distribution as well as the ion migration induced by corona discharge. 

Especially, the injected suspended dust particles, being charged in accordance with the 

charging law proposed by Lawless and Sparks, (1988), are tracked with the framework of the 

Discrete Phase Model (DPM ) method. For convenience, the major parts of the mathematical 

model used for the present study are described below. 

3.2.1 Continuous phase dynamics 

Among industrial electrostatic precipitators, due to the disturbance caused by the ionic wind 

effect, most of the ESPs are operated in the turbulent state, and only a few double-zone 

electrostatic precipitators can achieve the state of nearly laminar flow. Therefore, the 

Reynolds time-averaged turbulent model (RANS) is applied to simulate the flow field in an 

ESP. For steady-state turbulent flow, the governing equations are as follows: 

Conservation of mass: 

 ( ) 0gurÐÖ = (6) 

Conservation of momentum: 

                                  ”όϽ​ό ​ὖ ‘​ό ” Ὁ Ὢ                                     (7) 
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where gu  is the gas velocity, r is the mass density of the gas, P is the absolute pressure, m 

is the turbulent viscosity of the gas in the RNG k-Ů model, rion  is the ion density and the 

term rion iE  represents the ionic wind effect on the main flow, fD is the body force caused by 

the particle (drag force here). 

3.2.2 Discrete phase dynamics 

The suspended particles entrained in the gas phase are tracked by the so-called DPM method 

in the Lagrange frame. Under typical mass loading rates in an ESP, the gas-solid flow is so 

dilute that the interactions of particle-particle, particle-wall and aggregation can be 

reasonably neglected (Li et al., 2015). Luo et al., (2015) pointed out that the fluid drag force, 

Saffman lift force, gravitational force and Coulombic force are dominant body forces for 

classical ESPs. Both the Saffman lift force and gravitational force are proved to be negligible 

compared with the fluid drag force and Coulombic force in the present analysis. Therefore, 

the equation of particle motion can be described as: 

                              ά “ὅ”Ὠ ό ό ό ό ήὉ                                    (8) 

Where 

                               ὅ άὥὼ ρ πȢρυ2ÅȢ ȟπȢττ                                       (9) 

Where 

                                              ὅ ρ ρȢςυχπȢτὩ Ȣ Ⱦ                                             (10) 

where pm  is the particle mass, pu  is the particle velocity, dC  is the drag coefficient, Rep  is 

the particle Reynolds number, cC  is the Cunningham correction factor, l is the mean free 
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path of the gas. The terms on the right-hand-side of Eq. (3) denote, respectively, the fluid 

drag force, and Coulombic force.  

3.2.3 Corona discharge  

In an ESP, the electric field generated by coronas is expressed by the Poisson equation and 

current continuity equation as shown in Eqs. (11) and (12), both of which can be transferred 

to the uniform diffusion-convection transport equation as given by Eq. (14). The diffusion 

term, convection term and source term are listed in Table 3-1. 

 
2

0

ionrj
e

Ð =-   ̂11̃  

 ( ) )( 0ion g e ionionk E u Dr r =+ - ÐÐ   ̂12̃  

 =E jÐ-   ̂13̃ 

 ( )iF SF FÐ F-G ÐF =  ̂14̃ 

where j is the electric potential, 0e is the permittivity of free space, ionk  is the mobility of 

ions, and eD  is the ion diffusion coefficient. The table below lists the equations used to 

calculate the transport terms, where   is the scalar electric potential and ionic charge 

density , Ὂ  is the term of convection, and ῲ is the diffusion coefficient while Ὓ  is the 

source term. Note that the electric potential and ionic charge density are obtained through an 

iterative process. The corona current was calculated as follows: 

 ( )ion ion g e ionJ k E u Dr r= + - Ð (15) 

where J  is the current density, ionr  is the ion charge density, ionk  is the ion mobility, E  is 

the electric field strength, 
gu  is the gas velocity and eD  is the ion diffusion coefficient. 
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Table 3-1 Terms of the scalar transport equations 

Equation   Ὂ ῲ Ὓ  

Electric potential • 0 ‐ ”  

Charge density ”  ό Ὀ Ὧ Ὁɳ” ” Ⱦ‐  

 

In addition, the corona onset electric strength Ὁ is calculated according to Peekôs law in Eq. 

(16) on the electrode surfaces: 

Ὁ Ὁά‏ πȢπσπψ              (16) 

where Ὁ was breakdown electric filed strength, and 3.1×106 V/m was used in this simulation, 

where m is the dimensionless surface parameter, d  is the relative density compared with the 

standard condition, and r is the wire radius. After analysing the charge density and electric 

strength of the strongly coupled ions, calculate the available surface electric strength (within 

a certain residual error range) according to Pick's law, continue iterating until convergence, 

and consider the final ion charge density as the corona wire boundary value. The peekôs 

formula is a very important function for analog discharge electrodes. In this case, the 

boundary conditions has been set several peek laws as boundary conditions for different 

discharge electrode boundaries. For example, two boundary conditions has been set up two 

different peek laws for square discharge wire, the one was r=0.1mm (the radius of the 

chamfer) and the other was r=h (the radius of the slab). In addition, our previous research 

has shown good accuracy of this numerical method (Guo et al., 2014b, Zheng et al., 2018b). 

3.2.4 Particle charging 

Particle charging is an integral process which determines the particle behavior. There are 

actually two mechanisms by which particles become charged in an electrostatic precipitator: 
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field charging and diffusion charging. The combined charging model proposed by Lawless 

and Sparks, (1988) is proved to be able to achieve satisfactory accuracy dealing with micron 

particles. Accordingly, the combined charging rate is described as: 
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where qs is the saturation charge, 0e  is the permittivity of free space, er  is the relative 

permittivity of the particles, t is the time constant of particle charging (the time taken to 

reach half of the saturation charge), Bk  is the Boltzmann constant and e  is the unit electronic 

charge. 

  



Chapter 3 Numerical study on electrode configuration 

-80- 

 

3.3 Model Conditions 

This simulated ESP consists of two grounded collecting plates and four wire electrodes 

situated between the two plates and applied with a high negative potential. As shown in 

Figure 3-1, the air flowed into a duct with width w = 400 mm and length L = 960 mm. There 

were four electrodes located in the ESP channel, of which the wire interval was 240 mm. The 

distance between the first wire and duct inlet was 120 mm. The cross-sectional shapes of the 

discharge electrodes and collecting plates are also sketched in Figure 3-1, including an 

industrial-scale plate design of complex shape (so-called BE collecting plate by its trading 

name). The BE plate is widely used in electrostatic precipitators because of its stable 

structure and its re-entrainment suppression ability.  

 

Figure 3-1 Schematic of an ESP with two shaped collecting plates and four types of 

electrodes. 
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The RANS turbulence model was solved with FLUENT, which obtained the gas velocity 

distribution in the whole ESP channel. The electric field, ion density distributions, electrical 

force, and particle charge must be determined using the user-defined functions (UDF). All 

particle trajectories are tracked until the particles are trapped or they escape the ESP channel. 

Particle injection from the inlet of the ESP used the discrete phase model (DPM) when the 

residuals stabilized. 

The numerical results were compared among four different shapes of electrode and two types 

of collecting plate to optimize the particle migration under various electrode configuration. In 

this study, the whole geometry was discretized by structured mesh and refined grids were 

applied around the needles in order to improve the computational accuracy as shown in 

Figure 3-2. The grid method was also applied in our previous work and have been proved 

high reliability to the model. The wire-plate ESP and 3D spike-honeycomb ESP has been 

investigated by our group in previous work and the simulation results agreed well with the 

experimental data (Guo et al., 2014b, Wang et al., 2019). The model has been validated in the 

previous studies (Zheng et al., 2018b, Yang et al., 2018a, Guo et al., 2014a, Guo et al., 

2017b). However, it should be noted that this simulation process is only a quarter length of 

the actual precipitator duct, so the simulated efficiency of particle with larger diameter will 

not reach to 100%, the relative efficiency could be obtained to show how the electrode and 

collecting plate configuration will affect the particle collecting ability. 



Chapter 3 Numerical study on electrode configuration 

-82- 

 

 

Figure 3-2 Computational mesh of circular electrode wire and needle electrode. 

The corresponding boundary conditions are shown in Table 3-2 Boundary conditions of the 

model. The electric potential on the electrode surface and collecting plate was equal to the set 

value and zero, respectively. Moreover, the ionic charge density on the electrode surface 

satisfied Peekôs law and the steady state diffusion was assumed on the collecting plates and 

other boundaries. 

Table 3-2 Boundary conditions of the model 

 Gas Particle 
Electric 

potential 

Ionic charge 

density 

Inlet 
Vx=ug m/s 

Vy=0 m/s 

Vx= ug 

m/s 

Vy=0 

m/s 

0
x

jµ
=

µ  
0i

x

rµ
=

µ  

Outlet Pressure outlet Escape 0
x

jµ
=

µ  
0i

x

rµ
=

µ  

Collecting 

plate 
No slip Trap =0j  0i

y

rµ
=

µ  

Wire electrode No slip Reflect 0=j j
 Peekôs law 
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3.4 Results and Discussion 

The wire-plate ESP and honeycomb ESP have been investigated in our previous studies 

where the model was tested by comparing the simulated results with the experimental data 

under different conditions (Zheng et al., 2018b, Yang et al., 2018a, Wang et al., 2019, Guo et 

al., 2017b, Guo et al., 2014b, Guo et al., 2014a). It is known that the ESP performance is 

affected by factors, such as the temperature, velocity, humidity and dust properties and so on. 

Moreover, the electrode configuration is a crucial factor that has a significant influence on 

ESP performance. Therefore, this study is mainly devoted to simulating the ESP parameter 

with various electrode configurations. 

In the following sub-sections, the electrical characteristics are compared between different 

types of electrodes and collecting plates, and then the effect on the particle charge is 

considered. Finally, the migration velocity and particle removal efficiency are simulated 

under eight electrode configurations. 

3.4.1 Electric field and ion density distribution  

In order to investigate the electrical characteristics by different configurations in the ESP, the 

current density- voltage characteristics for two collecting plates are presented in Figure 3-3. 

The variation trend of the current density with the applied voltage varying from 40 to 120 kV 

with a flat plate (FP) and industrial BE plate are shown in Figure 3-3(a). It is apparent from 

the results of Figure 3-3 that the current density increases with increasing applied voltage. 

This figure also shows the comparison between different plates. The current density Ὅ has 

little difference for both plates at the time when the voltage is decreased. Meanwhile, the 

current density in the FP plate is increasingly lower than the BE plate, as applied voltage ὠ 

increases.  
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Figure 3-4 shows that the electric field strength (a) and 2d electric filed distribution (b) under 

different 2D corona electrode shapes. The simulated results at area 1 are presented as a case 

in  

 

Figure 3-3 Typical ὠ-Ὅ characteristics-current density as the function of applied voltage at 

different collecting plate shapes. 

Figure 3-4(a). The four different color lines represent the four types of 2D electrode shape. 

The different shape of electrode influences the electric field strength (Es) near the electrode 

as shown in Figure 3-4(a). Also, the result of electric field intensity is taken from the data on 

the red dotted line in 3-3(b). The electric field strength on the electrode surface decreases 

exponentially from τ ρπ to χȢρ ρπ V/m when electrode shape changes from needle 

wire to square wire, and as expected, the worst case happened on SW due to flat discharge 

surface. On the contrary, the highest electric field strength is produced by needle wire due to 

the sharpest discharge surface, which leads to the lowest onset voltage of these four cases. 

This onset point is a critical boundary when the flue gas is ionized by a determinate Es, and 

the necessary voltage is named as an onset voltage. Furthermore, the flat collecting plate is 

used under all electrode conditions, thus the electric field near the collection plate is nearly 

the same for all electrode wires. The 2D electric field distribution in Figure 3-4(b) represents 
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the region in shadow surrounding area 1. It can be seen that the electric field is not uniform in 

the ESP duct, where the Es distribution is closely related to the shape of discharge electrode. 

 

 

Figure 3-4 Distributions of electric field under different corona electrode: (a), line 

distribution; and (b), 2D distribution. 

The effect of various electrode configuration combination on the electric characteristic is here 

investigated for inlet flow velocity 1 m/s and the applied voltage 60 kV. The electric potential 

is shown in Figure 3-5(a). It shows that an elliptical shape is produced by a relatively high 

electric potential in the surrounding of the discharge electrode wire. This is because the 

electric potential close to the discharge wire is stronger than the other area of the simulation 

domain, thus the high electric potential distribution is formed near the electrode wire. 

Nevertheless, due to the uniform polarity of each electrode, lower-potential regions are 

created between the two discharge wires. Furthermore, the electric potential sharply declines 

from the wire electrode to the collecting plates for both FP and BE plates.  

However, the electric field strength is different from the electric potential distribution, as 

shown in Figure 3-5(a). As the electric field strength increases near the discharge electrode, it 

forms a few high Es areas around the four electrodes, reaching the similar peak value to 

ρȢσ ρπ ὠȾά for both collecting plate configurations. It shows that the different types of 



Chapter 3 Numerical study on electrode configuration 

-86- 

 

collecting plate have nearly no effect on electric field strength around the electrodes. Also, 

unlike the intense decrease in the electric potential distribution, the region of extremely high 

electric field strength gradually extends to the collecting plate for both cases. Therefore, the 

lowest-electric field is not found near the collecting plate. On the contrary it is formed in 

several regions between each electrode wire. It is worth mentioning that the value of the 

electric field strength near the BE plate is obviously different from an FP plate. In particular, 

the electric field strength has a high value near the end side of BE plate, since the discharge is 

formed by irregular shape of BE plate as illustrated in Figure 3-5(a). Interestingly, the electric 

field strength is conductively-closed in the groove on the side of the BE plate. 

The distribution in current density near the collecting plate along the x-direction is illustrated 

in Figure 3-5(b). The collecting electrode plate faces the four discharge electrode wires. The 

distance between the imaginary red line and the center of the duct is 0.174 m. Five different 

combinations of electrodes and plates are included in the figure. Although the overall trend is 

similar, the different shape of electrodes has a clear influence on the current density 

distribution near the surface of the collecting plate. As expected, for the FP collecting plate 

cases, the current density is changed from even to periodic on four FP cases. Also, the FPNW 

type has the highest current density among the five configurations, followed by the FPτυЈSW 

and FPSW configuration and then the FPCW. It is attributed to different electric potential 

distributions for different types of electrodes as shown in Figure 3-4. Moreover, it is observed 

that the complex configurations of collecting electrode have enormous effects on the current 

density distribution near the side of BE collecting plate, and the concave-convex structure of 

the collecting plate shape can simply generate a peak of current density due to the sharpest 

discharge surface of BE plate. A similar trend is observed in the current density distributions 

for BECW type shown in Figure 3-5(b) where it is enlarged on the right side. 
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(a)  

(b)  

Figure 3-5 (a), electric potential (V, left) and electric field (V/m, right) distribution for FP 

and BE collecting plates; (b), current density distribution near the collecting surface for the 

five electrode configurations. 

3.4.2 Particle charging and trajectory  

The particle trajectories with color scaled to particle charge for three different electrode 

configurations are shown in Figure 3-6. The different discharge electrodes and plates cause 

more significant effects on the particle trajectories by two possible mechanisms. First, the 

particle trajectories are influenced by different shape of discharge electrodes as compared 

between CW and NW in Figure 3-6. Therefore, a larger interval is formed between the first 

and second discharge electrodes for NW configuration. Secondly, Figure 3-6 shows the 

collecting plate has a great influence on particle trajectories near the surface of the plate, and 

as expected, some particles are captured by irregular surface of BE collecting plate in the 

concave-convex corner. In fact, the structure of BE plate can lead to the escape of some 

particles from the gap of the concave-convex corner in industry.  
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Figure 3-6. Particle trajectories with color scaled to particle charge (e) in different electrode-

plate configurations with inlet velocity 1 m/s and particle size 5 ʈÍ at 60 kV. 

The effect of electrode combinations on particle trajectories is investigated when the inlet 

velocity is set to 1 m/s, applied voltage 60 kV and particle size 5 ʈÍ. The results are shown 

in Figure 3-7(a). To ensure that the result can be clearly shown in the figure, we have chosen 

five electrode configurations that have distinct differences from each other. Figure 3-7(a) 

shows that the particle can hardly be captured by collecting plate before the first discharge 

electrode due to extra low electric field strength and electric charge there. After the particle 

reaching to the first electrode wire, the electric field intensity is larger and the migration 

velocity becomes faster than before. Between two corona wires the particle is decelerated due 

to corona suppression. Again, the particle is accelerated when it moves near to next discharge 

electrode wire. Apparently, the influence of particle migration velocity is best on FPNW 

configuration. Also, the BE collecting plate is slightly better than FP plate for the rest of four 

cases. Therefore, the different shapes of corona wire and collecting plate can readily affect 

particle capture, and the NW corona wire has the greatest effect on particle trajectories in this 

present work. 
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Figure 3-7 (a), particle trajectories for five electrode configurations with a particle size of 

5ʈÍ at applied voltage 60kV (a); and (b), charging history for a particle with a diameter of 

5ʈÍ released at various electrode configurations. 

Figure 3-7(b) shows how the particle charges vary with position x for five configurations 

corresponding to Figure 3-7(a). A particle is injected into the flow near the center of the ESP 

duct. Evidently, the particle is quickly charged when it reaches the vicinity of the first 

discharge corona wire (x=0.12m). Later, the charging speed of particle becomes slow after it 

passes the 1st corona wire, and the charged particle remains stable until it approaches the ESP 

outlet. However, this trend still depends on the geometry of electrode and collecting plate, as 

shown in Figure 3-7(b). The particle charge is still obviously improved after it passes each 

electrode in the FPNW case, but it has a weak effect in the FPSW and BEτυЈSW cases. 

Apparently, the BECW configuration has the most stable and highest particle charge in all 

configurations. In the current work, Figure 3-7(a) and (b) show that the particle charge and 

trajectories are highly sensitive to various electrode configurations. In contrast, the sharp 

discharge electrode has a more obvious effect on particle collection than BE plate. 

3.4.3 Particle migration and collection 
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Figure 3-8 shows the particle collection efficiency for various particle sizes for different 

electrode wires. The overall trends of collection efficiency for every electrode configuration 

are showed as the U curves by three particle size regions. (1) Large particles ( ρ ‘ά) are 

captured well due to good charging capacity and relatively smaller drag force. (2) Middle size 

particles (πȢρ ʈÍḺὨ Ḻρ ʈÍ) are not collected well, with a minimum when particle size 

is around 0.3 ʈÍ. (3) Small particles (<0.1ʈÍ  are generally captured because for these 

submicron particle size. This phenomenon can be attributed to the fact that the collision in the 

air became a discontinuous state when the particle size was close to the molecular mean free 

path (Ounis et al., 1991). The drag force acts on the particle was lower and electric force 

promoted the movement of particles toward the collection electrode (Yang et al., 2018a, 

Wang et al., 2019). Therefore, the Cunningham correction factor ὅ was pivotal in calculating 

the drag force of submicron particles, and it makes the simulation more realistic and accurate. 

In addition, at the same particle size, the particle collection efficiency is affected by different 

shape of discharge wire as shown in Figure 3-8(a), where the NW corona wire is 4% higher 

than the lowest case CW wire, while the SW and τυЈSW remain at the second place, slightly 

more efficient (about 2%) than circular discharge wire in four cases. Particle migration 

velocity ʖ can be calculated according to Deuschôs formula: 

      ύ Ὅὲρ –                            (22) 

where w is the particle migration velocity, A is the area of the collection plate in ESP, and Q 

is the gas flow in ESP. 

The particle migration velocity exhibits the same behavior, showing a similar trend to the 

particle collection efficiency. Furthermore, for the NW electrode wire, when particle size is 

larger than 2ʈÍ, there is more significant increase in migration velocity of particles, whereas 

a maximum difference (10 cm/s) is obtained at Ὠ ρπ ʈÍ between the NW and other three 
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electrodes. In this result, it is demonstrated that the different discharge geometry plays an 

important role in the simulation of ESP removal capacity. Moreover, the FP collecting plate 

with NW electrode shows better performance than the other three discharge electrode 

configurations. 

The particle collection efficiencies and migration velocities at different collecting plates are 

shown in Figure 3-8(b). The trends of efficiency and velocity are similar to Figure 3-8(a). It is 

observed that the BE plate is more effective than FP collecting plate in particle capture, and 

the improved collection efficiency for smaller particles (Ὠ ρ ʈÍ) is slightly higher than 

large particles. This is because the current density in FP plate is increasingly lower than BE 

plate, as applied voltage ὠ increases as shown in Figure 3-3, which causes the particles 

charging more when using BE plate. Interestingly, relative to the collection efficiency, this 

increasing trend is opposite in the particle migration speed. When particle size is larger than 5 

ʈÍ, the BE plate can achieve the maximum effect in the migration velocity, as compared 

with the FP plate. 

 (a)   
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(b)  

Figure 3-8 (a), particle collection efficiencies (left top) and particle migration velocities (right 

top) for different sized particles for four discharge electrodes with FP collecting plate; (b), 

particle collection efficiencies (left bottom) and particle migration velocities (right bottom) 

for different sized particles for FP and BE collecting plate with CW corona wire. 

In order to better understand the effect of different electrode configuration, Figure 3-9 

Particle collection efficiencies (left) and particle migration velocities (right) for different inlet 

velocities showed for better explanation. It is observed that the collection efficiency 

decreases with increasing inlet velocity due to shorter residence time of the particles 

insufficient charge and smaller specific collection area for FP and BE plate at 1 and 5ʈÍ 

particle size. On the contrast, the effect of inlet velocity on particle migration velocity is 

relativity small. It can be seen from the figure that 1ʈÍ particle is almost unaffected. For 

5ʈÍ particle, the migration velocity has dropped slightly when the inlet speed increases from 

0.8 to 1m/s, because of large particles has good charge capacity. Besides, low inlet velocity 

means longer residence time which maybe bring about increased charge. According to the 

result, the BECW electrode confirmation shows better performance on collection efficiency 

and migration velocity for size 1 and 5ʈÍ particles with decreasing inlet velocity. Hereby, it 

is shown that the collection efficiency was affected by different electrode-plate combinations 

with various inlet velocities. 
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Figure 3-9. Particle collection efficiencies (left) and particle migration velocities (right) for 

different inlet velocities for FP and BE collecting plate with size 1 and 5 ʈÍ particles. 

Figure 3-10(a) shows the simulated migration velocity for the eight electrode-plate 

configurations for different particle sizes. The migration velocity increases with increasing 

particle size from 1 to 10 ʈÍ. For different collecting plates, the migration velocities of the 

BE plate are generally higher than the FP plate with four types of electrode wires, as shown 

by the dotted line and solid line. For different electrodes wires, the NW electrode wire is 

higher than other three corona wires for the particle size range considered, and the 

combination of NW electrode and BE collecting plate shows that the best growth trend in the 

whole configurations for large particles (2 to 10 ʈÍ). The τυЈSW and circular electrode wire 

takes the second place in the increasing trend of migration velocity with BE plate. However, 

for small particle ranging from 0.05 to 2ʈÍ, particle migration velocity is not very sensitive 

to the change in electrode-plate combinations. Therefore, optimizing the electrode-plate 

configurations is more effective for large particles. 
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(a)  (b)  

Figure 3-10 (a), particle migration velocity for different sized particles for the eight 

electrode-plate at configurations considered; (b), relative efficiency for different sized 

particles for seven electrode-plate at configurations. 

The relative efficiency for different particle sizes for various electrode-plate combinations is 

shown in Figure 3-10(b). A collection efficiency of standard electrode configuration (– ) 

is here used as the base reference. On one hand, it is shown that under the same corona wire, 

the relative efficiency of the BE plate is clearly higher than the FP plate (about 10-15% 

higher overall). On the other hand, the needle corona wire (NW) has the greatest 

improvement to dust collecting efficiency. Corresponding to the migration velocity, the 

BENW electrode-plate configuration has the highest particle collection efficiency in all the 

electrode combinations, about 15% higher than the base case, i.e., FPCW. Nevertheless, 

unlike the migration velocity, it is obvious that the BE collecting plate has a significant 

improvement in particle capture, not only for large particles, but also for fine particles (0.05 

to 1ʈÍ).  

Clearly, the results demonstrate the importance of different electrode-plate configurations in 

improving and/or optimizing the ESP performance. This consideration applies not only to 

two-dimensional environment but also to three-dimensional environment, and the latter is of 

more complex electrode configurations. Modelling and simulation can offer a convenient 
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method for better design and optimization of ESP processes of different types of 

configurations.  
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3.5 Conclusions 

In this work, the influence of various discharge electrodes and collecting plates on ESP 

performance, such as electric field strength, current density distribution, particle migration 

velocity and collection efficiency have been studied by means of an integrated mathematical 

model. The following conclusions can be drawn from the present study. 

1) The shapes of discharge wires and collecting plates significantly affect electrical 

characteristics. The sharp electrode wire (NW) presents a higher peak of electric field 

strength and current density near the electrode surface than circular and square wire. Also, the 

current density distributions are influenced by the structure of collecting plate.  

2) The electrode-plate configuration will affect particle trajectories and charging, particle 

migration velocity and relative efficiency. The results vary, depending on the conditions 

considered. For example, the FPNW may have high capability when focusing on particle 

trajectory and charging and the NW corona wire and BE collecting plate can provide good 

performance in particle collection. However, among all the configurations examined in this 

work, the BENW shows the highest particle collection efficiency.  

3) Optimizing discharge electrode and collecting plate configuration under different 

conditions is important to improving the ESP performance. This can be done by means of 

modelling and simulation. The proposed mathematical model provides an effective method 

for this purpose. But it still needs further developments in order to be able to consider all the 

key phenomena and variables related to different geometries, operational conditions and 

material properties.  
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4.1 Introduction  

An electrostatic precipitator (ESP) is the most commonly used device to remove dust 

particles from flue gas in many industrial areas, such as coal-fired power plants, steel mills, 

and construction material factories (Jaworek et al., 2018, Mizuno, 2000, Zheng et al., 2019b). 

An ESP is also one of the important methods to control PM2.5 emissions from coal-fired 

power plants. The working principle of the electrostatic precipitator is to use a high-voltage 

electric field to ionize the flue gas, and the dust charge in the gas stream is separated from the 

gas flow by the electric field (Parker, 2012). On the one hand, the ESP structure, operating 

parameters, temperature, and humidity affect the performance of ESPs. Many researchers 

have conducted experiments and simulation studies in this regard (Yawootti et al., 2015, 

Zheng et al., 2018a, Nouri et al., 2012, Krupa et al., 2019, Zheng et al., 2019a). A high 

electric field strength and ion charge density leads to effective particle charging, and the 

charged particles provide high migration velocity and collection efficiency (Gao et al., 2020a, 

Lin et al., 2012). Various numerical models of ESP with different electrode configurations 

have been developed to describe the electric field, gas flow, and particle transport (Wang et 

al., 2019, Bouazza et al., 2018, Dong et al., 2018). Other important parameters are the 

properties of dust particles, including particle size, chemical composition, and resistivity, 

which have been studied widely (Bhanarkar et al., 2008, Sui et al., 2016, Jedrusik and 

Swierczok, 2009). Numerous investigations have proved that resistivity affects the collection 

efficiency (Krupa et al., 2019, Wang et al., 2018b, Krupa et al., 2008). Therefore, some 

scholars have also conducted research on resistivity, including resistivity prediction model at 

different temperatures, SO3, and humidity condition resistivity change (Barranco et al., 2007, 

Zheng et al., 2017, Xu et al., 2014). In addition, several studies on dust layer formation and 

structure were conducted (Zhu et al., 2008, Yan, 2012, Minkang and Sijing, 2004). Particle 
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deposition forms could vary under different operating conditions, which are affected by 

discharge current distribution (Yang et al., 2013, Blanchard et al., 2002). Previous studies 

have established a meaningful foundation for the study of dust layers. However, most results 

are qualitative ranges. In the actual operation process, especially in the stable operation of 

power supply, a quantitative study on the effect of the dust layer has not been published and 

resistivity on the operating characteristics and performance of the precipitator have not been 

reported. 

In this thesis, the numerical simulation method is used to study the influence of the thickness, 

resistivity, voltage, and current characteristics of the dust layer on the operating 

characteristics of the electrostatic precipitator and particle collection efficiency. The criterion 

of performance deterioration is obtained, and the dust layer characteristics are explored in 

relation to the particle collection. Meanwhile, the methods to reduce the influence of the dust 

layer on the ESP performance are proposed. The findings can be useful in optimizing the ESP 

performance with reasonable operating conditions. 
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4.2 Simulation model 

The numerical study was based o n a simplified geometric model of a typical wire-plate ESP. 

The theoretical analysis includes corona discharge, particle charging, particle dynamics 

model, and gas flow model. As shown in Figure 4-1, each sub-process is separately described 

by relevant governing equations, and these models interact with one another.  

 

Figure 4-1 Schematic of multi-process coupling model.  

4.2.1 Corona discharge 

Corona discharge is one of the most essential processes in ESPs, and corona discharge results 

in a space charge being developed in the drift region, with the gas ions imparting their charge 

to the dust particles. Inside a wire-plate ESP, the governing equations that describe the corona 

discharge include Poissonôs equation and current continuity equation.  

The Poissonôs equation is expressed as  

2

0

irj
e

Ð =- , (23) 

where • is the electric potential [V], ” is the ion charge density [C/m3], and ‐ is the 

permittivity of free space [C2/N/m2]. 
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The current continuity equation is expressed as  

                                                             ​ϽὮᴆ πȟ                                   (24) 

where 

( )= i i i iJ b E u Dr r+ - Ð, (25) 

=E jÐ- , (26) 

where J is the current density [A/m2], bi is the mobility of ions [m2/(V·s )], u is the gas phase 

velocity [m/s], and Di is the ion diffusion coefficient [m2/s].  

In addition, the corona onset field intensity and voltage on the discharge electrode can be 

determined by Peekôs law to calculate the ion space charge. 
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where Ὁ is the corona onset field intensity on the wire surface [V/m] and ὶ is the radius of 

the corona wire [m]; ŭ is the relative density of gas with respect to normal condition of 

273.15 K; TS and T are 273.15 K and local temperature, respectively; PS and P are 101325 Pa 

and local pressure, respectively. 

4.2.2 Particle charging 

The particle charge is an important factor in determining the migration of the particles 

because the charged particles are affected by the electric field force in the ESP. The 

magnitude of the force was dependent on the extent to which the individual particles were 
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charged. 

The charging model by Lawless (Zheng et al., 2018b, Lawless, 1996) represents a 

combination of two charging processes (field and diffusion charging) and provides the overall 

charging rate in the following dimensionless form: 
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where ὺ is the dimensionless particle charge, ύ is the dimensionless electric field intensity, † 

is the dimensionless charging time, qp is the particle charge [C], Ὧ is the Boltzmann constant, 

e is the electronic charge, 1.610-19 C, dp is the particle diameter [m], and Ůr is the relative 

permittivity of the particle.  

4.2.3 Gas flow 

The dusty airflow in the ESP can be considered as an incompressible and steady-state 
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turbulent flow, and the RNG k-‐ model can be used to describe the steady-state turbulent 

flow. Continuity and momentum equations for the gas flow are shown as follows. 

Conservation of mass:  

( ) 0gurÐÖ =. (34) 

Conservation of momentum: 

                                   ”όϽ​ό ​ὖ ‘​ό ” Ὁ Ὢ                       συ 

where 
gr  is the mass density of the gas [kg/m3], ό is the gas velocity [m/s], P is the absolute 

pressure [Pa], ‘ is the turbulent viscosity of the gas [kg/m/s], and fD is the body force caused 

by the particle (drag force here). 

4.2.4 Particle dynamics 

In the gasïsolid two-phase flow, the particles and fluid continuously exchange momentum. 

The particle proportion is so small that the interactions of particle-particle, particle-wall and 

aggregation can be reasonably neglected. When the density of the fluid is much less than that 

of the particles, the buoyancy force, virtual mass force, and Saffman lift force are of a smaller 

order of magnitude than the particle inertia itself (Adamiak, 2013, Garrick and Bühlmann, 

2018). Brownian force is usually considered for the study of submicron particles, and high 

temperatures enhance the Brownian motion of the particles (Sardari et al., 2018). High 

temperatures may also extend the range of particles that can be affected. Therefore, the 

particles are mainly subjected to aerodynamic drag and electric forces under the effect of the 

gas flow and electric field because the gravitational, buoyancy, virtual mass, Saffman lift, and 

Brownian forces have a small order of magnitude. The 2D model is adopted, and the equation 

of motion can be described as follows: 
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where mp is the mass of the particle [kg], up is the particle velocity [m/s], Fd is the drag force 

[N], Fc is the Coulomb force [N], and CD is the drag coefficient. In addition, when the 

particle size is close to the molecular mean free path, the Cunningham correction factor must 

be considered for the non-continuum effects in the calculation of the drag forces on 

submicron particles. 
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where Cc is the Cunningham correction factor, and ɚ is the molecule mean free path [m]. 

4.2.5 Dust layer 

Particles are deflected from the main gas stream to precipitate onto the collection plates, 

where they form the dust layer. In ESPs, the thickness of the dust layer can be predicted by 

inlet concentration and efficiency. The equation is as follows: 

Ўά ὗЎὸὅ ὼ–, (41) 
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where Ўά  is the increased mass of the dust layer in the ESPs [kg], ὗ is the gas flow in ESP 

[m3/s], Ўt is the time step [s], ὅ  is the particle mass concentration at the ESP inlet [kg/m3], 

ὼ represents the different particle size ranges, and – is the efficiency rate [%]. 

The average thickness of the dust layer can be calculated as follows: 

Ὤ

В Ўά

ς” ὰὌ
  

                    (42) 

where Ὤ is the average thickness of the dust layer [m], ”  is the density of the dust layer 

[kg/m3], ὰ is the length of the collection electrode [m], and Ὄ  is the height of the collection 

electrode [m]. 

The voltage of the dust layer can be calculated as follows:  

Ὗ ὐ”ὬȾρππ, (43) 

where Ὗ  is the voltage of the dust layer [V], ” is the resistivity of the dust layer [ɱϽÃÍ], 

and division by 100 is due to unit conversion. 

The resistivity of the dust layer considering chemical composition and temperature can be 

directly measured by experiment or calculated as follows (Zheng et al., 2018d): 
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where NK+Na+Li is the percentage of K, Na, and Li atoms; NFe is the percentage of Fe atoms 

[%]; NCa+Mg is the percentage of Ca and Mg atoms [%]; NAl+Si is the percentage of Al and Si 

atoms [%]; and T denotes the temperature of the dust layer [K] . 
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4.3 Computational details 

This numerical study was based on a single-channel wire-plate type ESP, which has been 

simplified as a 2D geometry model of two flat collecting plates and four circular corona wires, 

as shown in Figure 4-2(a). The geometry was similar to the ESP we investigated in a previous 

work (Gao et al., 2020a). The geometry of this computation model was defined as a 0.96 m 

long x 0.4 m wide rectangle with four electrodes placed in the channel, of which the diameter 

was 3.5 mm. The distance between the first wire and duct inlet was 120 mm. The dimensions 

were 0.2 m for the wire-to-plate distance and 0.24 for the wire-to-wire distance.  

 

Figure 4-2 (a) Geometry of modeled wire-plate ESP and (b) schematic of formation of dust 

layer. 

The schematic of the dust layer formation is shown in Figure 4-2(b). The negatively charged 

high-resistivity dust particles are continuously deposited on the dust-collecting plate by the 

electric field force. However, due to the high resistivity of the dust, the release of the charged 

electric charge is extremely slow, and the negative surface charge of the dust layer increases 

with the increasing deposition thickness and time, thereby affecting the dust collection 

efficiency. Thus, the present study was designed to determine the effect of the dust layer on 

the particle removal ability and improve the ESP performance with a dust layer. 
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The basic parameters of the applied voltage, gas, and particle are listed in Table 4-1. The gas 

temperature was always 423.15 K in this study. The particles were injected into the 

computational domain at the inlet of the ESP channel and had a mass density of 2100 kg/m3. 

The range of the particle diameter is 0.1-10 ɛm, and the inlet velocity was 1 m/s. Two 

important factors for dust, of which the dust layer thickness varied from 0 to 5 mm, and the 

dust layer resistance, changed from 104 to 1012 ɋm. 

Table 4-1 Basic parameters of the model 

Voltage Inlet velocity Gas temperature Gas density 

40, 60, 80, 100, 120 kV 1 ÍϽί  423.15 K 1.093 ËÇϽά  

Particle diameter Particle density Particle permittivity  Ion mobility  

0.1ï10 ἵ 2100 ËÇϽά  10 ςȢρ ρπά ȾὠϽί 

Dust layer thickness Dust resistivity   

0ï5 mm ρπ ρπ Ȣὧά   

 

In the meshing process of the models, we used ANSYS meshing software to produce the 

mesh, which contained 180,847 nodes and 19,735 elements in this simulation domain. This 

computational domain was discretized into quadrilateral meshing, as shown in the structure in 

Figure 4-3. The figure illustrates the resolution of the grid according to the different locations; 

for example, the grid is dense near the discharge electrodes because the high-current density 

regions are generated around the four discharge wires. 
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Figure 4-3 Mesh picture of 2D single-channel wire-plate ESP and refined mesh structure 

around discharge electrode wire. 

The corresponding boundary conditions are shown in Table 4-2. The electric potential on the 

electrode surface and collecting plate was equal to the set value and zero, respectively. 

Moreover, the ionic charge density on the electrode surface satisfied Peekôs law and the 

steady state diffusion was assumed on the collecting plates and other boundaries. 

Table 4-2 Boundary conditions of the model 

 Gas Particle 
Electric 

potential 

Ionic charge 

density 

Inlet 
Vx=u m/s 

Vy=0 m/s 

Vx=u 

m/s 

Vy=0 

m/s 

0
x

jµ
=

µ  
0i

x

rµ
=

µ  

Outlet Pressure outlet Escape 0
x

jµ
=

µ  
0i

x

rµ
=

µ  

Collecting 

plate 
No slip Trap layerUj=  0i

y

rµ
=

µ  

Wire electrode No slip Reflect 0=j j
 Peekôs law 

In addition, some results of this study are calculated and simulated based on these formulas. 

Particle collection efficiency – was calculated with the following equation: 
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– ρ
ὅ ὼ

ὅ ὼ
 ,                        (45) 

where ὅ  is the particle mass concentration at the ESP inlet [kg/m3] and ὅ  is the 

corresponding particle mass concentration at the ESP outlet [kg/m3]. ὼ represents the 

different particle size ranges.  

Deutsch efficiency equation can be used to calculate particle average migration velocity, 

and particle collection efficiency – can be converted to the following equation:  

– ρ Ὡ ȟ (46) 

Particle average migration velocity ύ  can be calculated as follows: 

ύ ὰὲρ –, (47) 

where ὃ is the area of the collection plate in ESP [m2], and ὗ is the gas flow in ESP [m3/s].  
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4.4 Results and discussion 

In industrial applications, dust particles are collected in an ESP, and a dust layer is formed on 

the dust collecting plate. The study mainly simulates how the dust layer affects the particle 

collection in the wire-plate ESP. Furthermore, in our previous studies, this type of ESP was 

simulated under different conditions, such as electrode configurations, applied voltage, and 

particle size; the simulated results have been compared with experimental data and showed 

good agreement (Wang et al., 2019, Yang et al., 2018a, Zheng et al., 2018b, Guo et al., 2014a, 

Guo et al., 2014b).  

In the following subsections, the electrical characteristics were compared under different 

applied voltages, dust layer thickness, and dust resistivity. The effect on the particle trajectory 

and charge were also considered. Eventually, the results of particle collection efficiency, 

relative efficiency, and migration velocity were obtained under different thickness and 

resistivity rates.   

4.4.1 Effect of dust layer on corona discharge 

The voltage-current characteristics under the different dust layer thicknesses were plotted 

with 1012 ɋ.cm dust resistivity in Figure 4-4. From the three resulting curves, we found that 

the strongest V-I characteristic was produced without the dust layer, especially in regions 

with high applied voltage. The increased thickness of the dust layer would also produce a 

lower current density because the high resistivity dust accumulated over time, which resulted 

in sharp reduction of the current density along the collecting plate. In general, a good V-I 

characteristic led to improved ability in particle collection. Overall, with the increase of the 

applied voltage, the current density continuously increased at different thickness rates of the 

dust layer. 
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Figure 4-4.Typical ὠ-Ὅ characteristic-current density as function of applied voltage without 

dust layer and with two different thicknesses of the dust layer. 

This simulation was conducted under the conditions of dust resistivity (1012 ɋ.cm) with 

different dust layer thicknesses at an applied voltage of 60 kV to further investigate the 

electrical characteristics in the wire-plate ESP. The distribution of the electric potential is 

shown in Figure 4-5(a). The electric potential was much lower near the collecting plate than 

in other regions. However, when the thickness of the dust layer increased, the surface 

potential around the plate began to rise significantly due to the influence of the dust layer on 

the voltage drop. The ion charge density distributions under the different layer thicknesses of 

0, 1, 3, and 5 mm were compared in Figure 4-5(b). The ion charge density decreased sharply 

away from the discharge electrode. The ion charge density region also weakened gradually 

between the two adjacent wires due to corona suppression. The results showed that the ion 

charge density decreased dramatically around the corona wire with the increasing thickness 

of the dust layer as a result of the reduction of effective potential difference, and inhibition 

occurs. Thus, according to the results in Figure 4-5, the thicker dust layer has an adverse 

effect on the electrical characteristics.  
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Figure 4-5 Electric potential (V ρπ, a) and ion charge density (ὅ/ά ρπ, b) 

distribution without dust layer and with 1, 3, and 5 mm dust layer. 

To investigate the distribution of the electric field strength under different dust layer 

thickness (mm) with dust resistivity ρπɱȢὧά, the simulation was finished with applied 

voltage of 60 kV for this model, as shown in Figure 4-6(a). The distance between the 

imaginary red line and the center of the channel were 0.19 m in both conditions. The electric 

field strength near the dust-collecting plate decreased significantly with increasing dust layer 

thickness due to changed electric potential. However, according to the results, the electric 

field strength did not maintain a uniformly decreasing trend every time the thickness was 

increased by 1 mm. For example, the trend of the decrease in the electric field strength with 
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the increasing dust layer thickness from 0 mm to 1 mm is stronger than the downward trend 

of 4 mm to 5 mm. This finding could mean that the electric field strength near the collecting 

plate would no longer have a clear downward trend when the dust layer is extremely thick.  

The distribution of electric field strength under various dust resistivity rates with 5 mm dust 

layer thickness was plotted in Figure 4-6(b). The results show that the electric field strength 

was affected by different dust resistivity, which is the same as the thickness condition. The 

electric field strength also declines with rising dust resistivity, especially in high-resistivity 

conditions. In addition, the trends of decreased electric field strength could be divided into 

two regions. In the first stage (Rd<1010 ɋ.cm), the Es did not change apparently, and it 

dropped slightly only when dust resistivity reached 1010 ɋ.cm. In the second stage (Rd>1010 

ɋm), the electric field strength near the plate decreased sharply until Rd increased to 1012 

ɋ.cm.  

Overall, these results suggest an association between electrical characteristics, dust layer 

thickness, and dust resistivity. The electrical performance was affected by thickness and 

resistivity of the dust layer, but it was not linearly decreased as shown above. Interestingly, 

with the increasing thickness of the dust layer and dust resistivity, the place with field 

strength became the lowest and the lowest place became the highest. The peak value of the 

electric field strength decreased by 41.2%. In addition, the electric field strength distribution 

changed with the accumulation of the dust layer, and all the data used in the simulation are 

actual parameters within the acceptable range. Therefore, this work should be useful for the 

optimization of the dust layer under reasonable operational conditions, such as a good period 

of rapping process. 
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Figure 4-6 Distribution of electric field strength under (a) different dust layer thickness mm 

with dust resistivity ρπɱȢὧά and (b) different dust resistivity  Ȣὧά with 5 mm dust layer 

thickness at applied voltage of 60 kV. 

4.4.2 Effect of dust layer on particle removal 

The single-particle charging and trajectory under different thickness of the dust layer and 

different dust resistivity at 10 ʈÍ particle size are shown in Figure 4-7(a) and Figure 4-7(b). 

The applied voltage kept a constant value of 60 kV throughout the entire investigation unless 

specified. Furthermore, the contour background in the figure represents the ion charge density 

distribution under different conditions of the dust layer. The single particle was released from 

y=0.001 m to track the trajectory and calculate the particle space charge.  
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As shown in Figure 4-7(a) and Figure 4-7(b), the four contour background with the ionic 

charge density around the corona wire was seriously reduced with a thick layer and high dust 

resistance. Furthermore, the results show that the particle charging trend is not like the 

particle trajectory; apparently, the particle was quickly charged upon reaching the vicinity of 

the first discharge corona wire (x=0.12 m). Subsequently, the charging speed of the particle 

becomes slow after passing the first corona wire. Most importantly, these results indicate that 

the particle capture ability was severely affected by increased dust layer thickness and high 

dust resistivity. After comparing the results shown in Figure 4-7(a) and Figure 4-7(b), we find 

that the simulated results are the same as the electrical characteristics discussed earlier, but 

the effects of the increased thickness and dust resistance on the trajectory and charge of the 

single particle were not the same. The current study found that when the resistivity of the dust 

is constant, the effect of thickness on the particle collection performance becomes small as 

the thickness increases. Moreover, when the thickness of the dust layer does not change and 

when the resistivity exceeds a certain characteristic value, a severely negative impact occurs 

on the particle removal ability. For example, the resistivity shows a completely different 

degree of influence on the particle trajectory and charging compared with the dust resistance, 

increasing from 1010 to 1011ɋ.cm, 108 to 1010 ɋ.cm, and 1011 to 1012 ɋ.cm. Further discussion 

of the effects of dust resistivity on the ESP capabilities under various conditions is provided 

in the subsequent section. 
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Figure 4-7. Particle migration and charging under (a) different thicknesses of dust layer and 

(b) different dust resistivity at 10 ʈÍ particle size. 

Figure 4-8 shows the particle collection efficiency for various particle sizes with different 

dust layer conditions. The overall trends of collection efficiency without dust layer and with 

different dust layer conditions are shown as the U curves with particle size from 0.05 ʈÍ to 

10 ʈÍ. The investigation of collection efficiency has shown that the overall efficiency is 

highest when no dust layer exists for all particle sizes involved in this study. Furthermore, the 

collection efficiencies decreased differently under various dust layer conditions. Compared 

with the no dust layer, the collection efficiency decreased from 89% to 62.4% with the 5 mm 
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and 1012 ɋ.cm dust layer. For the same dust resistivity with the layer thickness increased 

from 3 mm to 5 mm, the dust collection efficiency was only slightly reduced. However, for 

the same dust layer thickness with increased resistivity from 1011 to 1012 ɋ.cm, the efficiency 

was sharply reduced, which could mean that after the resistivity reached a certain value, any 

further increase may have a strong impact on the dust collection efficiency, which would be 

much greater than the effect of thickness. Furthermore, the compared particle trajectories 

with color scaled to the particle charge for the no-dust layer and 5 mm dust layer at 10 ʈÍ 

particle size are shown in Figure 4-8. As expected, the particle trajectories are severely 

affected by the presence of the dust layer. Furthermore, the left side of Figure 4-8 shows that 

the curve variations of efficiency changes with different particle sizes are not significant. 

However, the trajectory of the particles exhibited different movement behavior on the right 

side of Figure 4-8 because the electric field, ion concentration, and particle charge decreased 

at different spatial positions with the increase of dust resistivity and thickness.  

 

Figure 4-8 Particle collection efficiencies (%, left) for different sized particles and particle 

trajectories with color scaled to particle charge (right, e) at 10 ʈÍ particle size without dust 

layer and with 5 mm dust layer.  

 






















































































































































