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ABSTRACT 

This thesis presents the results of a three-dimensional simulation of the entire precipitation 

process inside a single-electrode one-stage electrostatic precipitator (ESP). The model was 

designed to predict the motion of ions, gas and solid particles. The precipitator consists of 

two parallel grounded collecting plates with a corona electrode mounted at the center, 

parallel to the plates and excited with a high dc voltage. The complex mutual interaction 

between the three coexisting phenomena of electrostatic field, fluid dynamics and the 

particulate transport, which affect the ESP process, were taken into account in all the 

simulations.  

The electrostatic field and ionic space charge density due to corona discharge were 

computed by numerically solving Poisson and current continuity equations, using a hybrid 

Finite Element (FEM) - Flux Corrected Transport (FCT) method. The detailed numerical 

approach and simulation procedure is discussed and applied throughout the thesis. 

Calculations of the gas flow were carried out by solving the Reynolds-averaged Navier-

Stokes equations using the commercial FLUENT 6.2 software, which is based on the Finite 

Volume Method (FVM). The turbulence effect was included by using the k-ε model included 

in FLUENT. An additional source term was added to the gas flow equation to include the 

effect of the electric field, obtained by solving a coupled system of the electric field and 

charge transport equations, using the User-Defined-Function (UDF) feature of FLUENT. The 

particle phase was simulated using a Lagrangian-type Discrete Random Walk (DRW) model, 

where a large number of particles charged by combined field and diffusion charging 

mechanisms was traced with their motion affected by electrostatic and aerodynamic forces in 

turbulent flow using the Discrete Phase Model (DPM) and programming UDFs in FLUENT.  

The airflow patterns under the influence of electrohydrodynamic (EHD) secondary flow 

and external flows, particle charging and deposition along the channel, and ESP performance 

in removal of submicron particulates were compared for smooth and spiked discharge 

electrode configurations in the parallel plate precipitator assuming various particle 

concentrations at the inlet. Finally, a laboratory scale wire-cylinder ESP to collect conductive 

submicron diesel particles was modeled. The influence of different inlet gas velocities and 

excitation voltages on the particle migration velocity and precipitation performance were 



iv 

investigated. In some cases, the simulation results were compared with the existing 

experimental data published in literature. 

Keywords: Electrostatic precipitator, corona discharge, electrohydrodynamics, numerical 

simulation, spiked corona electrode, submicron particle collection, particle charging, particle 

transport and deposition, particle charge-to-mass ratio, poly-dispersed particles, diesel 

exhaust particulates, wire-cylindrical ESP, precipitation performance, particle migration 

velocity. 
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1. INTRODUCTION AND OBJECTIVES 

 

1.1 Introduction 

Electrostatic precipitation (ESP) has been an important industrial technology since the 

early 1900s and can be regarded as the major air pollution control device in industrial 

applications such as purifying the flue gases from coal burning or cement production plants 

and diesel engine generators. In this device, the particles are charged by the ionic 

bombardment in the precipitator channel, transported towards the collecting plates by the 

electric forces and deposited on them. The electrostatic forces exerted on the ionic space 

charge by the electric field (Coulomb forces) induce the secondary electrohydrodynamic 

(EHD) flow, or the ionic wind, which increases the flow turbulence in the channel. The 

airflow drag forces and EHD flow also affect the particle trajectories, making them even 

more difficult to predict. Therefore, the complex coupled phenomena between the electric 

field, turbulent flow field, and particle charging and motion must be taken into account for 

the full analysis of ESPs [1,2].  

Although most of the basic phenomena related to particle collection in an ESP are well 

understood, extensive numerical and experimental investigations are still being carried out on 

many detailed aspects of ESP, such as electrostatics fields, fluid dynamics, charging mechanism 

and particle dynamics.  

1.2 Research objectives  

1.2.1 Developing a reliable numerical algorithm to evaluate the electrical 

characteristics inside an ESP  

Numerous studies have been devoted to the numerical modeling of the complex and 

coupled physical phenomena involved in the precipitation process but none of them could 

exactly model the entire process [3-6]. Numerical analysis has been widely preferred due to 

the high cost of experimental set up. Detailed, reliable and complex three-dimensional 

numerical modelling of the electric and flow field is still a challenge for the full scale ESP 

geometry; therefore, mostly simplified ESP channel geometries have been assumed in 

theoretical, numerical or experimental ESP studies. 
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For modeling the corona discharge in ESPs, many authors considered a quite simplistic 

model assuming uniform charge distribution along the smooth discharge electrode [7,8]. 

Although positive corona discharge creates a uniform sheath around the electrode, in the case 

of negative corona discharge discrete spots, called tufts, are generated along the electrode 

resulting in a non-uniform charge distribution [9,10].  

In this phase of the project, a hybrid Finite Element (FEM)-Flux Corrected Transport 

(FCT) method was proposed to obtain electrical characteristics, including the distributions of 

the electric field, the electric potential and the ionic space charge density inside a one-stage 

single electrode ESP, assuming positive or negative corona discharge along the corona 

electrode. The Navier-Stokes equations for airflow were solved using the commercial 

FLUENT software, based on Finite Volume Method (FVM), with the aid of User-Defined-

Functions (UDFs) to obtain the airflow patterns modified by EHD secondary flow produced 

by the corona discharge.  

1.2.2 Investigating 3-D EHD flow and its effect on ESP performance 

The secondary EHD flow is generated due to momentum transfer from moving charged 

species (ions and particles) to neutral gas molecules. The flow interaction between EHD 

secondary flow and primary flow is quite different for negative and positive corona leading 

to different patterns in flow structure [9-13]. In addition to the primary flow and electric 

field, the EHD flow pattern also depends on the particle properties such as particle size and 

concentration [7, 8, 14, 15]. Because of the complex stochastic nature of this flow, many 

contradictory conclusions on its influence on particle collection efficiency are reported in 

literature. Some researchers believe that the particle collection efficiency could be significantly 

improved if the EHD flows were eliminated [16]. In 2000, Soldati showed that the superposition 

of EHD flows onto the turbulent channel flow significantly modifies the turbulent structure in the 

wall region resulting in drag reduction, which changes the local behavior of particles to be 

collected by an ESP [17]. He also pointed out that EHD flow not only contributes to re-

entrainment of particles to the central region of the channel, but also to sweeping the particles to 

the collecting walls, thus having negligible influence on the overall collection efficiency.  

In this thesis, once the ionic charge distribution and electric field distributions were obtained 

from the numerical simulations, the 3-D corona induced EHD secondary flow patterns were 
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obtained for different corona discharge electrode configurations, assuming uniform corona 

discharge on smooth wire electrode or non-uniform corona discharge in spiked flat electrode. The 

effects of different electrode geometries, inlet velocities and excitation voltages on EHD flow 

patterns and consequently, particle trajectories and precipitation performance were also 

investigated.  

1.2.3 Investigating particle concentration effect on ESP performance 

Many authors used mathematical and experimental techniques to investigate the effect of 

various particle concentrations on EHD flow patterns, corona discharge current, particle 

trajectory and deposition in the ESP channel for different ESP configurations [18-20]. In 

2009, Adamiak and Atten examined this effect on a single wire-plate ESP and demonstrated 

that the flow pattern is modified by the secondary EHD flow which strongly depends on the 

particle concentration [21].  

In this phase of the project, the influence of various particle concentrations on 

precipitator performance was numerically evaluated for different corona electrode geometries 

in the ESP assuming mono-dispersed and poly-disperse particle distributions and the results 

were compared with the experimental data presented in [20]. It was shown that by increasing 

the particle concentration at the inlet, the corona discharge current is suppressed resulting in 

electrostatic force reduction on the particles, thus decreasing the precipitation performance. 

1.2.4 Investigating the effect of discharge electrode geometry on EHD flow 

patterns and ESP performance in removal of fine particles 

The particle mass collection efficiency of modern industrial wire-plate ESPs is of the 

order of 99%. However, due to changes in particle emission standards, improving the 

collection of sub-micron to micron diameter particles is still necessary and is a challenging 

problem.  

A good understanding of the complex mechanisms involved in the precipitation process 

and different parameters affecting particle deposition such as particle size, charge-to-mass 

ratio, migration velocity, electrical parameters and operating conditions, are crucial to obtain 

the best design for achieving the required collection efficiency [22,23]. Experimental 

determination of these characteristics is usually expensive in terms of both time and money, 
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and numerical simulations of this process begin to dominate. Among numerous papers on 

ESP, only some deal with using 3-D computational methods for modeling the electrostatic 

process with real geometry of discharge electrodes. 

Discharge electrode design has also been a prominent factor in submicron particle 

removal. The rigid type discharge electrodes with spikes parallel to the collecting electrodes 

have been investigated by few authors. In [24], D. Brocilo et al. estimated the electric field 

and ion density distribution in a spike electrode precipitator and investigated the effect of 

smooth and spiked electrode geometry on removal of submicron particles. J. Podlinski et al. 

[25,26] have shown that in a spiked electrode geometry, the negative corona discharge is 

more efficient than positive corona discharge for collecting submicron particles by injecting 

higher amount of ionic charges to the channel. 

In this phase of the project, ESPs with different corona discharge electrode geometries 

were simulated including smooth wire and spiked flat electrodes with spikes alternatively 

located on both sides of the electrode or located only on one side of the electrode either on 

upstream or downstream direction of the channel. The effect of discharge electrode geometry 

on EHD flow patterns and precipitation performance was evaluated and in some cases the 

results were compared with the existing experimental data. It was shown that the discharge 

electrode with spikes on two sides is more effective for collecting submicron particles in the 

range of 0.25-1.5 μm. 

1.2.5 Modeling a wire-cylinder ESP for collecting submicron diesel particulates 

For an equivalent mechanical power, diesel engines are energetically more efficient than 

gasoline engines. However, diesel exhaust particulates are considered one of the largest 

sources for particulate emissions in urban areas. These particles are composed of a 

carbonaceous solid core and toxic organic compounds on their surfaces adsorbed during the 

combustion process, which is hazardous for human health and the environment. With the aid 

of advanced technologies, the particle mass emission can be effectively reduced in modern 

diesel engines. However, the number of ultrafine particles (diameter below 100 nm) emitted, 

is increased. These can penetrate lung tissues more deeply and have greater toxicity than 

larger particles. In recent years, special environmental concerns are directed towards 

controlling the emission of ultrafine particles. 
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A search for an effective control of diesel particulate emissions has been a topic of 

interest for decades. Several techniques have been proposed for reducing diesel exhaust 

emissions, namely engine modification, fuel additives, alternative fuels, and after-treatment 

systems. Nevertheless, the first three techniques cannot effectively reduce diesel particulate 

emissions down to a level in compliance with standards being increasingly stringent. The 

after-treatment systems are of particular interest because they can achieve satisfactory 

removal efficiency of the diesel pollutants. Currently, the after-treatment technologies are 

restricted to diesel oxidation catalysts (DOCs), diesel particulate filters (DPFs), and 

nonthermal plasma reactors (NPRs), such as ESPs and dielectric discharge barriers (DBDs). 

In this phase of the project, a laboratory scale wire-tube ESP used in Fuji Heavy Industries 

Ltd. was simulated and the precipitation performance for the effective control of diesel 

emissions was evaluated. The ESP has been subjected to the following investigations: 

 Development of the particle collection model for a more effective prediction of the 

ESP collection efficiency as a function of particle size, 

 Effects of engine loads and gas residence time on collection efficiency of ESP,  

 Different channel length effect on precipitation performance,  

 Different excitation voltage and inlet velocity effect on particle migration velocity, 

 Comparison of the measured particle collection efficiency with the model predictions 

obtained from the developed model. 
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2. LITERATURE REVIEW 

 

2.1 Numerical modeling of electric corona discharge in ESP  

During the last several decades, many efforts have been made to achieve a better 

understanding of all important phenomena involved in the precipitation process, and many 

numerical techniques have been proposed in the literature for solving the governing 

equations. Some authors focused their studies on two-dimensional analysis of electrical 

conditions only, considering the electrical forces as a primary mechanism affecting the 

particle trajectories [14, 15]. Various numerical techniques have been used: FEM-Method of 

Characteristics (MoC) [3, 6], FEM-Boundary Element (BEM)-MoC [8], FEM-Charge 

Simulation (CSM) [4], FEM-Donor Cell (DCM) [27] and Finite Difference (FDM)-MoC 

[28]. These methodologies were applied to obtain the electric field and charge density 

distributions, and V-I characteristics of corona discharge in a 2-D ESP model. Only a few 

authors focused on 3-D analysis of corona discharge in ESPs [9,10,29,30]. In most cases the 

results were compared with the related experimental data from the literature. However, 

memory requirements, computation speed and accuracy of the results were quite different for 

each numerical technique. Moreover, the so-called single species corona model was 

commonly accepted, where the ionization reactions and ionization layer were neglected and 

steady flow of a single dominant ion was assumed. While this substantially simplified 

calculations, it required additional information about the amount of generated ions. The most 

common approaches relied either on the experimental value of the total corona current, or on 

the semi-empirical Peek’s law.  

2.2 EHD secondary flow and its effect on precipitation performance - Numerical 

modeling and experimental studies 

Various 2-D numerical techniques were used for predicting the EHD flow patterns 

assuming two air flow models: laminar and turbulent. In 2007, Chun et al. [7] obtained a 2-D 

EHD flow pattern for the Chen-Kim k-ε turbulent flow model in a wire-plate ESP using an 

algorithm they referred to as SIMPLEST, along with CFD software. In 2008, Zhao and 

Adamiak used a 2-D MoC-FEM-BEM hybrid numerical algorithm along with FLUENT 

software to generate a complete air flow regime map for different EHD and Reynolds (Re) 
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numbers in a wire-plate ESP considering the laminar air flow model [8]. They identified at 

least eight different flow patterns possible for different external flow and wire voltage levels. 

Similar studies were also performed to obtain EHD flow patterns in multi-wire ESPs. Kallio 

and Stock [14] implemented a 2-D FEM-FDM algorithm for modeling a multi-wire ESP to 

obtain EHD flow patterns assuming the k-ε turbulent flow model. The numerical results were 

verified experimentally using Laser Doppler Velocimetry (LDV). In 2002, a 2-D FEM-FVM 

numerical method along with a perturbation analysis of 2-D Euler equations was performed 

by Schmid et al. for modeling a multi corona wire ESP model [15]. The influence of different 

flow models: turbulent (k-ε and Reynolds stress-model) and non-turbulent (Euler and 

laminar) were investigated. A detailed review of important mechanisms leading to formation 

of the secondary flows was also demonstrated. 

Due to deficiencies of the 2-D approaches in the accurate modeling of a finite length 

corona wire and 3-D characteristics of the EHD flow patterns, some authors tried to develop 

3-D computational algorithms for modeling the ESP problems, considering different corona 

electrode configurations. In 1996 Davidson et al. [29] applied a 3-D FEM-MoC technique to 

obtain electrical conditions inside an ESP, including current density distribution and electric 

fields in point-to-plane and barbed plate-to–plane ESP. A reasonably exact model for 

computing the charge distribution on the corona electrode surface was assumed and it was 

based on Peek’s formula. Although these numerical results had a good accuracy, the authors 

never tried to investigate the EHD flow pattern generated in the same configuration. 

Different model complexities have been reported in the literature for investigating the 

EHD effects in an ESP. The geometry of the discharge electrodes plays a significant role on 

determining the electrical and aerodynamic characteristics of the system. The vast majority 

of the published studies considered the simplified case of a homogeneous discharge along 

smooth wire electrodes and only in a few publications were more complicated electrode 

configurations assumed, such as tuft or spiked-type corona electrode [9,18], barbed plate [29] 

and barbed wire-electrodes [31]. In these cases the corona discharge is localized at some 

points along the corona wire and the charge density distribution near the corona electrode is 

strongly non-uniform. In practical applications, in negative corona discharge isolated tufts 

with unstable intensity and location are generated along the corona electrode. Commercial 

electrodes, such as barbed wire electrodes, plane strip electrodes and studded tube electrodes, 
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are conventionally designed to predetermine the location of tufts and to achieve steady 

equally spaced corona tufts. The gas flow, electrical conditions and particle transport become 

essentially 3-D in these configurations.  

The numerical study of Yamamoto and his co-workers related to multiple-tuft wire 

discharges indicated that each tuft point creates a pair of donut shaped rings of airflow [9], 

which are more organized in a laminar flow than in a turbulent one [10]. They also pointed 

out that a transition from the well organized spiral motion to the complete mixing regime 

depends on the tuft and wire-to-plate spacing. The tuft-corona discharge also substantially 

increases the turbulence level. It was shown [9] that by increasing the applied voltage the 

number of tufts along the wire increases, they become more stable and more uniformly 

distributed. In [10], a 3-D FDM numerical technique (SIMPLEST algorithm) was used for 

modeling a multi-wire ESP. In this model, point corona electrodes were assumed to take into 

account the effect of negative corona discharge, which forms tufts. Using a simplistic corona 

model, 3-D EHD flow and electric patterns (distribution of airflow and electrostatic 

parameters) were obtained for both turbulent and laminar flow models. They also 

implemented finite difference approximation using the successive-over-relaxation (SOR) 

method for modeling spike electrodes in a multi-wire industrial ESP configuration to obtain 

3-D EHD flow patterns considering the turbulent flow model [30]. In their model the spikes 

were alternatively located along the corona wire and pointed towards the ground planes. 

They reported a zig-zag motion generated in the direction of the main flow, which changed to 

spiral rings for the higher applied voltages. According to these simulations, the secondary 

flow distribution without the external gas flow consists of a pair of long-elliptic and 

circulatory cells between spiked points along the wire, which changes to a pair of long-

elliptic spiral flows in the direction of the gas flow between ground planes after adding the 

primary flow into the model. An experimental set-up was previously employed by the same 

authors in [18] for demonstrating particle trajectories and investigating the effect of particle 

concentration on the V-I characteristic curve in a spiked electrode discharge electrode and 

convex-concave-type collecting electrode. 

Many visual observations and velocity measurements devices, including LDV, Particle 

Image Velocimetry (PIV) and hot wire anemometers were used by many authors to 

experimentally visualize the flow patterns and measure the velocities of the EHD flows [14, 
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32- 37]. In [38], Larsen and Christensen examined the EHD flow pattern in a small scale 

barbed-wire precipitator using LDV measurements. According to these results, each 

discharge point along the corona wire creates a pair of highly structured recirculation vortices 

and the barb spacing determines the EHD flow structure. Davidson and McKinney [39] used 

hot-film anemometry measurements to characterize the EHD flow in a barbed plate-to-plate 

precipitator. They proposed the barbed plate electrode as a useful design which effectively 

reduces the scale of corona induced EHD flow and thus decreases particle mixing. However, 

greater turbulence was generated in this precipitator than in a conventional wire-plate 

precipitator. More recently, 3-D PIV measurements were carried out by Mizeraczyk et al. to 

study the EHD flow patterns and particle trajectories in various ESP configurations assuming 

different channel widths [40], corona electrode orientations [41] and smooth plate or flocking 

plane collecting electrodes (two stainless-steel plane meshes covered with nylon flocks) with 

the corona wire electrode located along the gas flow, where the lower flow velocity near the 

flocking plane electrodes prevented the re-entrainment of the deposited particles and 

increased the collection efficiency of fine particles up to 94% [42]. In [25], they investigated 

the secondary EHD flow and particle collection efficiency for submicron dust particles (0.25-

1.5 μm) in a spike-plate ESP under negative and positive dc voltage using 3-D PIV 

measurements. Their experimental results demonstrated a complex turbulent flow with a 

structure depending on the applied voltage level and the position of measuring plane with 

respect to the spike tips. They concluded that the flow in the spike-plate ESP has a strong 3-

D variation. Velocity measurements showed that the turbulence intensity, generated when a 

negative voltage is applied to the corona wire, is higher than for the case of positive voltage. 

However, no comprehensive investigations for EHD secondary flow field in ESPs with spike 

discharge electrode could be found in literature. 

Some processes occurring in an ESP are not yet fully understood, particularly those 

concerning the turbulent EHD flow effect on particle transport and deposition and has been 

debated in the past. Many contradictory conclusions are reported due to the very complex 

nature of this flow. Some believe that the collection efficiency could be improved if the EHD 

flows were eliminated [16]. Contrary to that, Soldati concluded that the EHD flow have 

negligible influence on the overall collection efficiency [17].  
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2.3 Particle charging, motion and collection efficiency in ESPs - Numerical 

modeling and experimental studies 

One of the main concerns in numerical modeling is also how to model the particle 

charging process. A. Mizuno [43] confirmed that for particles greater than 2 μm field 

charging is dominant and for particles less than 0.2 μm diffusion charging becomes more 

important. In [44], H. Lei et al. proved that the movement of particles with sizes in the range 

of 0.5 to 5 m are very sensitive to the gas turbulence and both diffusion and field charging, 

which makes the particle trajectory and charging much more complicated. Recently, Z. Long 

and Q. Yao compared the accuracy and computational time for various particle charging 

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

[45]. They evaluated the accuracy of nine particle charging models based on the existing 

experimental results in the same condition and concluded that the Lawless field-diffusion 

combined model [46] is the best choice for numerical modeling of particle dynamics in ESPs. 

The effect of turbulence on particle motion in precipitators was investigated by many 

authors, who used various analysis techniques; the two main ones were the Eulerian approach 

and the Lagrangian, or particle-tracking, approach. Even though some investigators used the 

Eulerian approach to predict the ESP operation [47,48], others believed that this calculation 

method has some deficiencies when it is applied to a single-stage ESP, because the charge 

acquired on a particle in a non-uniform electric field is determined by the actual, not mean, path 

the particle traverses. In 2000, Soldati [17] used Direct Numerical Simulation (DNS) to 

analyze the effects of EHD flow and turbulence on 2-D pre-charged particle transport and 

collection efficiency in a multi-wire ESP. Using a Lagrangian approach, the particle 

collection efficiency for particles of different sizes was compared in two cases: with and 

without EHD flow. According to his investigations, EHD flow has negligible influence on 

the overall particle collection and on particle deposition at the walls. Schmid and Vogel 

developed a model in which a Lagrangian continuous random walk model was compared with 

the Eulerian approach for a number of test cases; the strong coupling between the fluid flow and 

the electric field was extensively examined [49]. Schmid pointed out that even though the 

Lagrangian particle tracking is still superior in terms of physical modeling of EHD particulate 

flows, the Eulerian approach may lead to reasonable results with substantially reduced numerical 

effort [50]. In [19], Skodras et al. made a similar comparison between the two approaches, 
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Eulerian and Lagrangian, showing that the Lagrangian approach is superior, and confirmed the 

significant turbulence effect on the electric field. In their study, particle trajectories and collection 

efficiency were computed in a multi–wire ESP using 2-D commercial fluid dynamics software 

considering a turbulent flow model. Effects of particle diameter, inlet velocity and applied 

voltage on particle collection efficiency were investigated. Goo and Lee applied the 

Lagrangian particle tracking method coupled with the 2-D Monte-Carlo method for simulating 

particle motion in turbulent flow fields [51]. Afterwards, Lei et al. used the same technique to 

simulate particle charging and motion in a 3-D multi-wire ESP model. Turbulent particle 

charging and tracing for a range of particle diameters were computed using a Lagrangian 

approach. As a result, 2-D EHD flow patterns were demonstrated for the turbulent flow 

model. The variation of different forces acting on particles of different sizes along their 

trajectories was investigated in detail as well, concluding that the electric field and drag forces 

are the key forces in ESP. The authors pointed out that the 3-D numerical simulation is 

necessary not only to investigate the EHD flow, but also to evaluate different types of forces 

on the particle’s movement. 

Some authors used different experimental techniques to demonstrate particle motion and 

deposition in ESPs. Mizeraczyk and his collaborators used 2-D PIV measurements to 

investigate the effect of various dust concentrations on EHD flow patterns for a laminar flow 

model in a multi–wire ESP [20]. The results of 3-D PIV measurements of EHD flow patterns 

in a narrow wire-duct ESP for two wire positions: longitudinal and transverse-to-flow were 

investigated. The particle collection efficiency for a range of particle diameters, and negative 

and positive applied voltages in ESP with spike-type electrode were also presented by the 

same authors in [25, 41]. According to their visualizations, the flow patterns in both ESPs 

(with longitudinal or transverse wire electrode) are very complicated and the particle 

trajectories in the narrow ESP exhibit a strongly 3-D character due to the narrow cross 

section of the ESP duct. These experimental results also confirmed the very well known fact 

that decreasing the particle diameter and applied voltage results in decreasing particle 

collection efficiency. 

In addition to the mono-dispersed particle analysis, some authors investigated trajectories 

and collection of poly-dispersed particles in ESP. In 1998, Lu and Haung proposed a sectional 

model approximating the continuous particle size distribution to study the performance of a wire-
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plate precipitator for collecting poly-dispersed particles. The continuous evolution of particle size 

distribution along the precipitator and its effect on the ESP performance were quantitatively 

determined. The model performance was validated by comparing its predictions with the existing 

experimental data in literature [52]. Kim and Lee designed and built a laboratory-scale eight wire 

single-stage ESP operating in a wind tunnel for simulating poly-dispersed aerosols [53]. They 

pointed out that the size distribution of most poly-dispersed aerosols is very close to the 

lognormal distribution. Later, the same authors developed a modified moment-lognormal model 

to predict the continuous change of particle size distribution for considering the flow convection, 

electrostatic force and particle diffusion process in a wire-plate ESP [54]. Their proposed model 

could predict both the overall mass and number efficiencies of poly-dispersed particles without 

computing the fractional efficiency of each size regime. The effects of lognormal particle size 

distribution parameters such as the geometric mean particle radius and standard deviation on the 

ESP performance were examined and quantitatively determined.  

Recently, poly-dispersed particle transport in ESP has also been studied experimentally. In 

[55], Nobregal et al. evaluated the performance of a wire-plate ESP in the removal of particles 

with a wide range of diameters and investigated the effect of channel width on precipitator 

performance. Improvement in particle removal for wider precipitators, but also larger energy 

consumption, has been shown. In [56], Ivancsy and Suda considered a special case of poly-

dispersed dust load particles, with the same diameter and different relative permittivities. 

Mizeraczyk and his collaborators carried out PIV measurements to obtain the dust-particle flow 

velocity patterns for various densities of submicron dust, in which the particle size distribution 

had a maximum at a particle diameter of 0.4 µm [20]. According to their results, increasing the 

dust density not only significantly modifies the mean flow pattern (which is the effect of EHD 

secondary flow), but also increases the flow turbulence in the downstream ESP region and 

decreases the average discharge current.  

Particle charge effect on precipitation performance is investigated by a few authors. In [57], 

Choi and Fletcher predicted the particle motion in a typical industrial precipitator by 

employing a novel particle charging process and Lagrangian approach. They pointed out that 

the collection efficiency of an ESP can be over-predicted when particle space charge effect is 

ignored. They also proved that small particles have more contribution to the particle space 

charge and electric field distortion since they provide larger value of the total surface area at 
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a specific mass flow rate and stay in the region closer to the discharge wires for a longer time 

than larger particles. A few articles were reported in the literature, in which the strong 

coupling between the motion of ions, gas, particles and particle space charge density effect 

on corona discharge were considered [19,21]. In 2009, Adamiak and Atten implemented a 2-D 

FEM-MoC numerical method along with FLUENT software to simulate the gas flow and particle 

trajectories of submicron particles in a single-wire ESP [21]. The effect of particle concentration 

on gas flow streamlines, particle distribution pattern and current-voltage characteristics was also 

investigated. A full coupling between electric field, space charge and flow fields was assumed in 

their study and both corona discharge and particles charge influence on generating the secondary 

EHD flow were taken into account. They concluded that the flow pattern is modified by the 

secondary EHD flow, which strongly depends on the particle concentration. 

2.4 Submicron particle collection using ESPs – Numerical modeling and 

experimental studies 

ESPs are widely employed as particulate control devices for collecting fly ash emissions in 

different industrial processes, in which the overall mass based collection efficiencies should 

exceed 99%. However, for very small particles the collection efficiency of conventional ESPs is 

as low as 70%-80% due to the decreasing charge carried by particles of smaller size.  

Increasing the collection efficiency of submicron particles in 0.1-1 μm range is a 

challenging problem due to the low charging rate and low migration velocity of these 

particles. Conventional ESPs cannot effectively collect the fine particles, but some methods 

are proposed by different authors to improve the collection efficiency of such particles. 

Applying ac corona discharge or dielectric barrier discharge (DBD) before a precipitator 

have been proposed by many authors to enhance particle agglomeration and improve the 

collection efficiency [58,59]. In 2009, B. Dramane et al. experimentally examined the ionic 

wind and high voltage power supply waveform effects on collection efficiency of submicron 

particles with mean size of about 0.3 μm inside a DC-ESP with positive or negative dc 

coronas and DBD-ESP with ac dielectric barrier discharge using a PIV method [60,61]. They 

concluded that the highest collection efficiency is obtained with the negative dc corona and at 

frequencies less than 30 Hz, and that the existence of DBD in the channel is as effective as 

the positive dc corona. They also demonstrated that the optimum distribution of ionic wind in 



14 

time and space improves the submicron collection efficiency. In 2010, J. Zhu et al. developed 

a bipolar pre-charger to the inlet duct of an ESP, which effectively induced particle 

agglomeration and improved the collection efficiency to 95%-98% for all particle sizes [62]. 

In [63], J.-H. Kim et al. used a water electrospray prior to the ESP to produce charged fine 

droplets for improving particle charging and agglomeration. Using bag filters [64], a cyclone 

[65] or scrubber technology [66] are other techniques used to improve the submicron 

collection efficiency. Some others suggested smooth or spiked electrode geometries in 

narrow ESP channel. A. Niewulis at al. in [41,67,68] analyzed the EHD flow pattern in a 

narrow wire-plate ESP with either longitudinal or transverse wire electrode and evaluated the 

collection efficiency of submicron particles in the range of 0.25-1.5 μm ,where 

approximately 99% of them were of diameter below 1 μm, using 3-D PIV measurements. 

They proved the complex and 3-D character of particle flow in both cases. Contrary to the 

case of ESP with transverse wire electrode, they showed that in ESP with longitudinal wire 

electrode the spiral vortices generated along and across the ESP duct spread out along the 

channel and don’t block the main flow resulting in lower pressure drop and smoother flow in 

the duct. In [68], authors proved that the ESP with longitudinal wire electrode energized with 

negative voltage has higher collection efficiency in removal of submicron particles due to 

higher discharge current and also proposed flocking plate electrodes to reduce re-entrainment 

of the fine particles deposited on the collecting plates. They also carried out some 

investigations to study the EHD flow field generated by different configurations of the 

electrode using PIV. In [25,26], they set up an experiment for the spike-plate type ESPs and 

investigated the secondary flow patterns effect on particle collection efficiency for submicron 

particles.  

2.5 Diesel particle collection using ESPs – Numerical modeling and experimental 

studies 

Removal of diesel exhaust particulates, with diameters typically less than 1 μm, has been 

a subject of interest and a big challenge during the past decades. These fine particles are very 

toxic and hazardous for the human respiratory system and are one of the main causes of air 

pollution in urban areas. Due to stricter regulations concerning air pollution control, more 

detailed investigations are needed to evaluate the collecting process and to propose improved 

designs for industrial applications. 
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Optimization of the engine combustion process using alternative fuels or special fuel 

additives and installing after-treatment systems, such as catalytic converters, wet scrubbers, 

cyclones, bag filters, DPFs and ESPs are among the conventional methods utilized during the 

past to reduce diesel particulate emissions. Although DPF has high removal efficiency, it still 

has many problems such as high pressure drop, high energy consumption and maintenance 

costs, durability and insufficient collection efficiency for nano-particles. On the other hand, 

ESPs are widely applied to control particulates in industrial applications proven to be more 

cost effective and capable of trapping nano-particles agglomerated to larger particles. Higher 

collection efficiency, lower pressure drop, low energy consumption and operating over a 

wide range of gas temperature have made ESPs reliable particulate control devices.  

ESPs have been used by many authors to control diesel exhaust emissions [69-71]. 

Several authors have also worked on the electrostatic agglomeration of aerosols emitted by 

diesel engines [72-74] by moving their size distribution towards larger diameters (several 

micrometres at least).  

Due to the low electrical resistivity of diesel particulates, they lose their charge as soon 

as they arrive at the collecting plates, and can easily re-enter the ESP channel resulting in a 

great decrease in particle removal efficiency. To overcome this problem, A. Mizuno and his 

co-workers proposed an electrostatic flocking technique, which increases the surface area on 

collecting electrodes and suppresses the re-entrainment of collected particles [75]. They also 

proposed that the gradient force produced at the tip of flocking fibers accelerates fine 

particles agglomeration and suppress the particle re-entrainment into the channel. In [76], the 

authors installed a dust pocket consisting of a metal mesh backed with a barrier discharge 

electrode downstream of the collecting electrode to suppress abnormal re-entrainment for 

conductive diesel particles. Their experimental results indicated that conductive particles 

touching the mesh of the dust pocket are pulled into the high electric field region, and are 

oxidized by the barrier discharge. However, a problem with this ESP was an abnormal 

amount of dust re-entrainment. The agglomerated particles repeated jump downstream and 

were emitted outside the ESP. In [77], the authors suggested an ESP-DPF combined system 

to obtain higher collection efficiency for diesel particulates, where the number density of 

particles measured in downstream of the combined system was 98 % less compared with that 
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of DPF only. In addition, they confirmed that the increase in the pressure drop of the DPF is 

smaller due to agglomeration. 

Wire-tube ESPs, where a thin wire is placed in the center of the tube and held at high 

voltage are proposed by some authors to capture ultra fine particles and diesel particulates 

[77-81]. Saiyasitpanich et al. [70,71] performed experiments to examine the performance of 

a tubular single-stage wet electrostatic precipitator (wESP) in the removal of diesel 

particulate matter. In wESP, the charged particles are collected on the wet collecting surfaces 

continuously irrigated with a water-film layer. This method is very advantageous in 

collecting ultrafine particles comparing with dry ESPs avoiding particle re-entrainment to the 

system and causes particle growth and agglomeration by cooling the system [82]. Moderate 

energy consumption, low maintenance requirements, simplicity in operation, no back 

pressure, and no interference with diesel engine operations are mentioned as some 

advantages offered by wESP. They evaluated the ESP performance for different operational 

control parameters including applied voltage, gas residence time, engine load, etc. Their 

results proved that the total diesel particulate number concentrations in the untreated diesel 

exhaust are in the order of ~ 10
8
/cm

3
 at all engine loads with mean particle sizes in the range 

of 20 and 40 nm. They showed that the precipitator performance degrades from 86% at 0 kW 

engine load to 67% at 75 kW engine load principally due to a decrease in gas residence time 

and an increase in particle concentration. The ESP performance at 75 kW engine load was 

increased up to 96% by creating a four times increase of the gas residence time in the 

channel. It was also proved that by increasing the corona power, the removal efficiency of 

particles was increased. In addition, they found that the ESP collection efficiency versus 

particle size have a minimum between 20-50 nm, but at optimal wESP operating conditions it 

is possible to remove 90% of the all particle sizes. The measured collection efficiencies were 

significantly higher than the predicted values based on the well-known Deutsch equation 

[83]. 

The secondary EHD flow generated in a circular tube by electric body forces has also 

been a subject of interest of many authors. R. B. Lakeh and M. Molki [84] pointed out that 

the eccentricity of the electrode is an important parameter and dramatically changes the flow 

field. They demonstrated that symmetric wire-tube geometry does not generate a secondary 

flow in circular cross sections and proved that the gas flow, responsible for thermal 
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enhancements in circular tubes often reported in the published literature, is induced only 

when there is a slight asymmetry in the position of the electrode.  
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3. THEORETICAL FUNDAMENTALS AND MATHEMATICAL 

MODEL OF AN ESPs  

 

3.1 Introduction 

In order to investigate the fundamental phenomena affecting the ESP process, a basic 

configuration of the single-stage ESP with two grounded, parallel and flat electrodes, used as 

collection plates, and a cylindrical high-voltage wire, suspended in the mid-plane of the duct, is 

often considered. In this model, the particles are electrically charged in the non-uniform ionized 

electric field, move in combined electro- and hydrodynamic fields and are separated from the gas 

under the influence of electrostatic forces. Accurate evaluation of fluid mechanics and particle 

transport parameters, including EHD flow interaction with the turbulent flow field and turbulent 

particle transport, is necessary to optimize precipitator operation. 

The detailed 3-D hybrid FEM-FCT numerical approach, implemented throughout the 

entire thesis, is explained for modeling the steady state corona discharge to obtain electrical 

characteristics inside a simple parallel plate channel containing a single corona wire. The 

whole simulation procedure and algorithm to accurately predict the electrostatic field, EHD 

flow, particle charging and turbulent motion, and their mutual interaction in a single wire-plate 

ESP model is discussed. The developed model is useful to gain insight into the particle 

collection phenomena that take place inside an ESP. 

3.2 Mathematical Model of a Single-Stage ESP 

A simple model of a typical wire-duct ESP is considered as shown in Figure 3.1. It 

consists of two mechanical components: two parallel plates creating the deposition channel 

(collecting plates) and a thin wire electrode placed at the center and parallel to the plates 

(corona wire). Two vertical side plates are electrically insulating and provide mechanical 

support for the other elements. A 3-D computation model is considered in Cartesian 

coordinates with –0.25<x<0.25 (m), –0.05<y<0.05 (m) and –0.05<z<0.05 (m) as the 

dimensions of the duct. The collecting plates are 0.1 m apart and the corona wire with a 

diameter of 1 mm is mounted along the z axis. The main gas flows in the positive x direction. 

This ESP configuration represents a single element of a typical multi-stage system. 
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Figure 3.1. 3-D computational model of a wire-plate ESP. 

The phenomena occurring during the precipitation process are extremely complex, 

mainly due to three fields being present at the same time: fluid flow, electrostatic and particle 

motion. The three existing fields and their mutual coupling are shown in Figure 3.2 [14]. The 

solid and dashed lines represent the strong and weak coupling between the two fields 

respectively. The computational model of the ESP should include the corona discharge, the 

gas flow and particle charging and transport. By applying a sufficiently high voltage to the 

corona wire, having a small radius of curvature, and keeping the collecting plates at a ground 

potential, a uniform corona takes place along the wire and the ions drift towards the 

collecting plates. These ions adhere to particles entrained with the airflow through the 

channel. As a result of electrostatic and air drag forces on the particles, they move towards 

the collecting plates and are deposited on them.  

 

Figure 3.2. Fields interactions inside ESPs. 
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3.3 Theoretical Fundamentals 

3.3.1 Corona discharge 

Once corona discharge takes place in the ESP channel, the electric charges generated 

from the thin ionization layer surrounding the corona wire form a space charge in the drift 

zone. The electric field is thus governed by Poisson’s equation: 





E
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0
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 (3-1) 

where   is the scalar electric potential, 
i

  -  the space charge density, E


 - the electric field 

intensity and 
0

  - the electric permittivity of the ambient gas.  

The ionic charges are accelerated by the Coulomb force and move towards the ground 

plates. The drifting charges create an electric current with a density defined as: 
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where J


 is the current density, D - the ions diffusion coefficient and u


 - the gas velocity, 

that may include both the EHD flow and the external airflow, T and P - the actual 

temperature and pressure of the air and T0 (300 K) and P0 (
5

101.013  Pa) - the atmospheric 

temperature and pressure, K and K0 - the mobility of ions at atmospheric and actual 

conditions, respectively.  

The three terms on the right hand side of Eq. (3-2) are drift, convection and diffusion 

currents, respectively. Since the drift velocity of ions is usually about two orders of 

magnitude faster than the typical velocity of the gas flow, the convective component in the 

ionic current density can be neglected and the electric field computation is independent of the 

flow field, so:  
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Under steady-state conditions, the current density must satisfy the charge conservation 

equation: 
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 (3-5) 

3.3.2 Eulerian approach for the continuous phase (airflow) 

The initial, and perhaps the most crucial step, in the study of aerosol deposition in the 

ESP is the flow field characterization. Proper representation of the primary flow is necessary 

for adequate prediction of particle deposition. 

The ambient gas is considered an incompressible Newtonian fluid due to the small 

pressure drop across the ESP channel; thus having constant density and viscosity. Also, the 

flow is steady and turbulent assuming the k-ε model [85]. Under these assumptions, the 

airflow has to satisfy the continuity and the Navier–Stokes equations. 

The Navier–Stokes equations are strictly a statement of the Newton’s second law of 

motion (momentum equation), which states that the rate of change of momentum equals the 

sum of forces on the fluid particle [86]. 
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where SMx, SMy and SMz are the source terms of x-momentum, y-momentum and z-momentum 

equations respectively, 
f

  - the gas density and μ – the gas viscosity. 

Taking into account the assumption of an incompressible flow of a Newtonian fluid with 

constant density and viscosity, and negligible heat transfer, the Navier–Stokes equations are 

simplified in this form: 

http://en.wikipedia.org/wiki/Newtonian_fluid
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where F


 represents the external body forces on the gas molecules (force per unit volume), in 

this case equal to the Coulomb force EF
i


 , which is responsible for the corona generated 

EHD secondary flow (ionic wind). 

If temperature effects are neglected, the only other equation (apart from initial boundary 

conditions) needed is the mass conservation or continuity equation, given in its most general 

form as: 
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Under the incompressible flow assumption, density is constant and the equation will 

simplify to: 

0 u


 (3-9) 

For laminar flow fields, these basic governing equations for the conservation of the mass 

and momentum are sufficient, while additional transport equations need to be solved when 

the flow is turbulent.  

3.3.2.1 Turbulent model 

The modeling procedure involves computing the flow Reynolds number (Re) to 

determine if turbulence modeling is necessary. If the Reynolds number based on the 

characteristic length of the channel and the existing external gas flow is above a critical value 

then the fluid flow is considered as turbulent. The presence of non-uniformly distributed 

Coulomb force increases the turbulence intensity of the flow and introduces further 

instability. The exact time dependent solutions of the Navier-Stokes equations in complex 

geometries for turbulent flows, which can represent the smallest scales of the motions, are 

unlikely to be achievable in the near future [87]. The Reynolds-averaging is one of the 

alternative methods that can be employed to render the Navier-Stokes equations tractable, so 

that the small scale turbulent fluctuations do not have to be directly simulated. In this case, 
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additional terms need to be introduced into the governing equations in order to obtain a 

solution. 

In Reynolds averaging, the solution variables in the instantaneous (exact) Navier-Stokes 

equations are decomposed into the mean (ensemble–averaged or time–averaged) and 

fluctuating components. For the velocity components: 

iii
uuu   (3-10) 

where 
i

u  and 
i

u   are the mean and fluctuating velocity components, respectively. The 

subscript “i” represents each dimensional component of the velocity, for example, it indicates 

x, y, z for 3-D Cartesian system. 

Likewise for other scalar quantities: 

   (3-11) 

where   denotes a scalar, such as pressure, energy, or species concentration. 

Substituting Eq. (3-10) into the instantaneous continuity and momentum equations, and 

taking a time (or ensemble) average (and dropping the overbar on the mean velocity, u ) 

yields the ensemble-averaged equations. They can be written in Cartesian tensor form using 

the Einstein summation convention as: 
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which are called Reynolds-averaged Navier-Stokes (RANS) equations. Additional terms, 

Reynolds stresses, 
jif

uu   , now appear as a result of the averaging, representing the 

effects of turbulence and must be modeled to close Eq. (3-12). A common method employs 

the Boussinesq hypothesis [87] to relate the Reynold stresses to the mean velocity gradients: 
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3.3.2.2 Standard k-ε turbulent model 

In this model, two additional transport equations (for the turbulence kinetic energy, k, 

and the turbulence dissipation rate, ε) 
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are solved, and the turbulent (or eddy) viscosity μt is computed as a function of k and ε using 

the following expression: 
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where model constants C1ε, C2ε, Cμ, σk, and σε have the following default values [87]: 

C1ε = 1.44, C2ε = 1.92, Cμ = 0.09, σk = 1.0, and σε = 1.3. 

3.3.2.3 Turbulence intensity 

The Turbulence intensity, I, often referred to as turbulence level, is defined as the ratio 

of the root mean square (RMS) of the turbulent velocity fluctuations, u  , to the mean flow 

velocity, U, as:  
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Two-thirds the turbulence kinetic energy (k) assumes isotropic turbulence and 

corresponds to averaging the three fluctuating components 

( kuuuu
zyx

3

2
)(

3

1 222
 ).  

The conservation equations and assumptions presented in this section can be found in 

any standard gas dynamics, compressible fluid flow, or viscous flow textbooks [88]. 

3.3.3 Lagrangian approach for the dispersed phase (particle) 

In the aerosol-laden gas flow (two-phase) problem in an ESP, the Eulerian model 

describes gas (continuous phase) behavior while the particle phase (dispersed phase) is 

simulated based on the Lagrangian approach, where the trajectories of a large number of 

individual particles are traced with their motion affected by the gas flow and electrostatic 

forces.  

3.3.3.1 Particle motion equations 

In general, particles are subjected to the combined effects of gravitational and the 

electrostatic body forces, as well as the aerodynamic forces due to interaction between the 

gas and particles along their trajectory. This force balance equates the particle inertia with the 

forces acting on the particle and can be written as: 
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where  

zyxiu
dt

dx

i

i
,,;   (3-19) 

where 
P

  and 
iP

u
,


 denote the density and velocity of particles, respectively and 

i
g


 - 

gravitational acceleration acting in vertical direction, which causes the particle to descend in 

the gas. 
x

F


 corresponds to the external acceleration (force/unit particle mass) exerted on the 

particles that, in this study, is the electrostatic force: 
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where 
P

Q  and 
P

m  denote the electric charge and mass of the particle respectively. 

)(
, ipiD

uuF


  is the drag force per unit particle mass due to the relative velocity of the 

particle and the fluid, defined as: 
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where 
p

d  is the particle diameter and Re is the relative Reynolds number: 
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The drag coefficient, CD, can be taken from either: 
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where a1, a2 and a3 are constants that apply for smooth spherical particles over several ranges 

of Re given by Morsi and Alexander [89] or  
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which is taken from Haider and Levenspiel [90]. 

The shape factor,  , is defined as 
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S

s
  (3-25) 

where s is the surface area of a sphere having the same volume as the particle, and S is the 

actual surface area of the particle. The Reynolds number, Re, is computed with the diameter 

of a sphere having the same volume. 

For sub-micron particles, a different form of Stokes’ drag law is needed [91]. In this 

case, 
D

F  is defined as: 
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For dry air at atmospheric conditions, Cc is the Cunningham slip correction factor to 

Stokes’ drag law and is computed from: 
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where Kn - the Knudsen number,   is the molecular mean free path, the average distance 

traveled by a gas molecule between collisions with other molecules, at actual conditions [92]. 

The molecular mean free path is defined in terms of Boltzmann’s coefficient 

(
23

1038066.1



B

k J/K) and σ - gas accommodation coefficient [93] as:  

P

Tk
B

2
2

  ][
0

000

m
P

P

T

T









 (3-28) 

where 
0

 ( m
8

10609.6


 ) is the molecular mean free path at atmospheric conditions (T0, P0). 

In this thesis, the gravitational forces and Brownian forces are neglected, but electrical 

and air drag forces are considered as the two main forces acting on the particles [44]. 

Turbulent particle dispersion is also considered for stochastic tracking of particles in 

turbulent flow by activating DRW model in FLUENT. It has been shown [94] that particle 

diffusion is generally dominated by turbulence dispersion in an isotropic flow field and the 

Brownian diffusion has no significant effects on the particle response statistics. However, the 
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effect of Brownian diffusion could become important near the wall. The Brownian forces in 

FLUENT is intended only for non-turbulent models. As a result, the particle trajectories 

deflect towards the ground plate; a smaller particle size usually leads to a smaller deflection 

level. In this study, the particles which touch the collecting plates are assumed to be removed 

from the computational model. 

3.3.3.2 Particle charging equations 

In this analysis, inert particles are injected into the continuous phase (airflow) from a 

pre-defined surface (Inlet) of the ESP channel. The injected particles are assumed to be 

spherical and electrically neutral, moving with a uniform initial velocity equal to the gas 

velocity. The particles acquire some charges as they pass through the ESP channel due to 

exposure to the ion flux in the electrostatic field. These particles are simultaneously charged 

by two mechanisms: field charging (ionic bombardment) and diffusion charging [46], then 

move towards the collection plates under the Coulomb force and are eventually deposited on 

them. The field charging occurs when the actual particle charge 
p

Q is smaller than the 

saturation charge
s

Q , given by the formula: 
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where 
r

  is the dielectric constant of the particle. 

Diffusion charging can occur if 
p

Q  is above the saturation level. The overall charging 

rate is given by the following formulae [21]: 
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where 
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q
  is the charging time constant and e – the electronic charge ( 19

106.1


 C).  

Therefore, the charging level is dependent on the size and shape of a particle, the 

unipolar ion density, the particle residence time and the electric field intensity. The particle 

charge at any instant of time can be calculated by integrating the charging rate with time along 

the real particle trajectory.  

The particle charging process and the particle motion are mutually coupled. The particle 

charge increases when the particle moves into an area of higher electric field. However, large 

particle charge affects the particle trajectory due to an increased electrostatic force.  

In the case of dilute particle concentration at the inlet, the particle space charge density 

effect on corona discharge can be ignored. However, a large concentration of particles 

increases the particle charge density, which subsequently changes the electrical potential and 

the ion charge density distribution. Therefore, for high particle concentrations at the inlet the 

effect of particulate space charge has been included in the calculation of the electric field and 

the current density distribution, by considering two space charge components in the Poisson 

equation, Eq. (3-1); gaseous ions (
i

 ), and the charged particles (
DPM

 ), which do not have the 

same spatial distribution [21]. Therefore, the Poisson equation should be modified as: 
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Furthermore, the presence of a high concentration of charged particles in the ESP 

channel contributes to the generation of EHD flow in Eq. (3-7), where EF
DPMi


)(   , 

modifying the airflow pattern as well. These flow patterns are not symmetric with respect to 

the vertical plane crossing the corona wire: upstream of the corona wire the particles are not 

fully charged yet, so in this region the electrical body force is much smaller than in the 

downstream region, where the particles are fully charged and much stronger EHD flow can 
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be expected. The mathematical model presented in this thesis takes into account the strong 

coupling between all these phenomena to accurately predict the particle motion in the 

precipitators.  

3.3.3.3 Particle migration velocity 

For practical work, it seems to be more reasonable to use an analytical solution that 

describes charging processes continuously from small to larger particle sizes. The particle 

charging model introduced by Cochet [95] for predicting charge on each particle is shown in 

Eq. (3-33). The model assumes that each particle size attain an equivalent maximum amount 

of charge, Qp, for a charging time equal to infinity.  
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where 
ps

E


 is the pseudo-homogeneous electric field strength calculated from the formula:  
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where 
0

  - the applied voltage to corona electrode and RNE - the distance between corona 

electrode and collecting surface. However, the 
ps

E


 represents only a rough estimate of the 

real value, because it characterizes the electric field only for parallel plate electrodes, while 

in practice, the electric field is usually generated between wire and plate, or wire and tube. 

The first theoretical performance model for particle collection inside the precipitator has 

been suggested by Deutsch [96]. Eq. (3-35) shows the grade or fractional efficiency, ηf, 

normally referred to as the original Deutsch equation. 
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where De is the Deutsch number, SCA – the specific collection area, Ac - the effective 

collecting area, Q - the exhaust gas flow rate, ϖth – the theoretical migration velocity and 
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Min(dp) and Mout(dp) are the total mass of each particle size at the inlet and outlet of the ESP 

channel.  

As it can be seen from Eq. (3-35), the collection efficiency improves with increasing the 

specific collection area (SCA). An increase in SCA can be achieved either by increasing the 

residence time of the particles in the electric field (increasing the length of the channel or 

reducing the gas velocity) or by reducing the channel width, which results in a shorter 

distance a particle has to travel to reach the collecting electrode. The theoretical migration 

velocity is obtained by balancing the drag force with the electrostatic force (Coulomb force) 

acting on the particle and can be expressed as: 
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where 
p

K  is the particle mean mobility, 
CE

E


 - the electric field strength near the collecting 

wall and 
s

F


 - viscosity force. 

The original Deutsch Eq. (3-35) is widely used in ESP design because of its simplicity. 

However, in practice the non-idealized phenomena such as corona current suppression due to 

very high inlet dust loading, intermittent sparkover, turbulent diffusion, and gas channelling 

usually occur and tend to reduce the predicted particle collection efficiency. Therefore, in 

most cases, the original Deutsch model does not give good agreement between theory and 

experiment. To account for those non-idealized phenomena, the theoretical migration 

velocity is replaced by the global drift velocity the so-called the effective migration velocity 

(ϖe) to include all the particle transport-related aspects not explicitly recognized in the 

original Deutsch model [97,98]. The effective migration velocity is a critical parameter 

which depends on numerous factors such as: the magnitude and wave form of the applied 
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voltage, the mean gas velocity, the size distribution of particles [23], the geometry of the 

ionization electrode [22], the gas temperature and relative humidity, the characteristic scales 

of ESP, etc. [99-101]. This parameter can normally only be obtained from pilot studies or 

from previous experience with similar ESP application.  

Therefore, the total mass collection efficiency, ηt, can be obtained from the following 

formula: 

the

in

out

t

ce

t

M

M

Q

A



  ,1),exp(1  (3-39) 

where Min and Mout are the total masses of all particle sizes at the inlet and outlet of the ESP 

channel, ϖe – the effective migration velocity and β is an empirical coefficient required for 

the actual ESP design. This equation can be used to estimate the total mass removal of mono-

disperse and also polydisperse particles inside the ESP when ϖe is known. 

For the wire – cylindrical tube geometry ηt can be obtained from the following formula: 
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(3-40) 

where L is the tube length, r1 – the tube radius, u0 – initial velocity of exhaust gas at inlet. 

However, many authors [70,71,102-104], have reported a considerably higher measured 

fractional efficiency of fine particles than the calculated ones from Deutsch equation. Peukert 

and Wadenpohl [102] concluded that the Deutsch model in combination with Cochet ’s law 

are not able to describe the particle collection efficiency correctly. Some factors, including 

particle motion calculations in inhomogeneous distribution of the electric field in the ESP 

channel and higher amount of charge carried by particles than those assumed by Cochet’s 

model, were mentioned as possible reasons leading to higher collection efficiency. Since 

axial symmetric cylindrical ESP geometry was considered, the electrical wind effect was not 

mentioned as a possible factor in predicting higher collection efficiency in these cases. 
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3.3.4 Boundary conditions 

The boundary conditions for the potential are straightforward: a given dc potential of 

0
 at the corona electrode and zero at the ground planes (Dirichlet boundary conditions). 

However, formulation of proper boundary conditions for the space charge density is not so 

easy and some form of the injection law has to be assumed. The Katpzov hypothesis is 

adopted throughout Chapters 4 and 6, where a smooth corona wire electrode with uniform 

charge on its surface is assumed. This suggests that the electric field increases proportionally 

to the voltage below the corona onset, but will preserve its value after the corona is initiated. 

Peek’s formula is used to determine the threshold strength of electric field for the corona 

onset at the corona electrode [105,106]. For cylindrical geometry, Peek’s formula has the 

following form [107]: 

0

0

0

6
,)

0308.0
1(101.3

P

P

T

T

r

E
p







  (3-41) 

where 
0

r  is the radius of corona wire.  

This approach provides an indirect boundary condition for the space charge density. The 

value of space charge density on the corona electrode surface is iterated until the corona 

electrode electric field is sufficiently close to Peek’s value. However, for tufts or spiked 

corona electrodes where the ionic charge density on the electrode surface is non uniform and 

corona is initiated only from the tips of the spikes (Chapter 5), this formula is not valid. In 

this case, the experimental measured corona discharge current reported in literature has been 

used as a reference value in evaluating charge density on the corona electrode surface. The 

iterations are stopped when the calculated corona current is approximately equal to the 

experimental value.  

The boundary conditions for the airflow are also straightforward: the two collecting 

plates, two insulating plates and wire surface act as stationary walls, where all components of 

the velocity vector vanish. The outside boundary of the domain is defined as velocity inlet 

and outflow. Since the computational domain is open in this area, the air is free to flow in 

both directions.  
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The boundary conditions for particle phase simulation are as follows. The trap boundary 

condition was set for the collecting plates, which terminates the trajectory calculation when 

the particle strikes the wall. Reflect boundary condition on the wire and insulating plates’ 

surfaces rebounds particle off the boundary upon contact depending of the coefficient of 

restitution. A normal or tangential coefficient of restitution equal to unity implies that the 

particle retains all of its normal or tangential momentum after the rebound (an elastic 

collision). The converse holds for a setting of zero for the coefficient of restitution, inelastic 

collision. An elastic collision has been considered throughout the entire thesis. Escape 

boundary condition is assumed at the inlet and outlet boundaries, where the particle 

trajectories are terminated and particles exit from the computational domain. Table 3.1 

summarizes the boundary conditions for the proposed model in Figure 3.1. 

3.4 Iterative loops and calculation procedure 

The first step in using FLUENT is to create the solid geometry of the system under 

investigation and to generate the mesh for the computational domain. Here, the pre-processor 

GAMBIT 2.2, part of the FLUENT family of software, has been used for this purpose. Then, 

the generated mesh is imported into the FLUENT solver. 

The Poisson and current continuity equations, Eq. (3-1) and Eq. (3-5), with two 

unknown distributions: potential   and space charge density ρi, are the two governing 

equations describing the corona discharge model. These equations are solved using the 

proposed 3-D hybrid FEM-FCT numerical technique. In [108,109] the FEM-FCT method 

was used to simulate a 2-D streamer corona. A complete description of the FEM-FCT 

method can be found in [110]. 

The entire algorithm to obtain the electrical characteristics inside the ESP channel 

consists of two iterative loops, the inner loop for calculating the electric field and the space 

charge density in the precipitation channel, and the outer loop for calculating the charge 

density on the corona electrode surface. In summary, the iterative procedure includes the 

following steps: 

1. Set an initial guess for the space charge density ( 0
i

 ) everywhere within the 

domain. 
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2. Make an initial guess for the space charge density on the corona wire surface (
0

 ). 

3. Solve Eq. (3-1) for   using FLUENT. 

4. Solve the conservation of current, Eq. (3-5), for the space charge density using FEM-

FCT.  

5. Return to step 3 until the solution becomes self-consistent.  

6. Update the charge density on the surface of the wire by comparing the actual electric 

field intensity with Peek’s value in case of smooth corona electrode, or by comparing 

the calculated corona discharge current with the experimental value in the case of tuft 

or spiked electrode. 

7. Rescale the space charge density within the domain considering the new charge 

density on the corona wire surface. 

8. Return to step 3 and repeat the procedures until the average electric field magnitude on 

the wire surface is sufficiently close to Peek’s value, or the calculated discharge 

current is approximately equal to the experimental values.  

The next step is solving the continuous phase (airflow) governed by time-averaged Navier-

Stokes equation. In the whole thesis, the airflow is assumed to be incompressible and turbulent, 

and the momentum and mass conservation equations, Eq. (3-7) and Eq. (3-9), are solved in the 

CFD FLUENT 6.2 software using FVM method. This program is based on the pressure-

correction method and uses the SIMPLE (Semi-Implicit Method for Pressure Linked 

Equations) algorithm [111]. The second order upwind differencing scheme is implemented 

for solving conservation of mass and momentum equations. The k-ε turbulent model with 

turbulence intensity between 5-10% is usually assumed (A turbulence intensity of 1% or less 

is generally considered low and turbulence intensities greater than 10% are considered high). 

The k-ε turbulence models in FLUENT yielded results of the continuous phase turbulence 

phenomena. The k-ε model used in this project adopts this hypothesis. The obtained electric 

field and space charge density distributions are used for calculating the electric body force, 

EF
i


  in Eq. (3-7), responsible for generating EHD secondary flow in the ESP channel, 

are entered into every single volume cell of the discretized FLUENT model using the 

corresponding UDFs. The solution of the airflow equations provides the hydrodynamic 
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conditions for the calculation of particle motion. Silky and Hound clusters in Sharcnet 

computing network were chosen to do the simulations for this part which are suitable for 

very large memory applications. The total computational time was approximately 2-3 days in 

Hound and almost 4-6 days in Silky depending on the total number of nodes and elements in 

the computational models with different discharge electrode geometries. Silky operating 

system is SUSE Enterprise 10 with 128 cores, processor: Itanium2 @ 1.6 GHz, memory 

(RAM): 256 GB and local storage: 2000.0 GB. Number of cores and memory devoted for 

each job are determined by server once jobs are submitted in this cluster. Hound cluster 

operation system is CentOS 5.4 with 496 cores, processor: Xeon @ 2.66 GHz and local 

storage: 6500.0 GB. In this cluster, user can determine the amount of memory required for 

each job in submission time. Maximum 8 GB memory (RAM) was devoted for simulations 

in this thesis.  

Once the continuous phase (airflow) is calculated, particles are introduced in the system 

through the inlet boundary by including the DPM in the calculations to get the particle 

trajectories and deposition. The Lagrangian DPM in FLUENT solves the dispersed phase by 

tracking a large number of particles. Although this method needs a larger memory and 

computing time in comparison with the Eulerian method, it accurately models the particle 

transport and calculates the particle charging history along the trajectory. The Lagrangian 

model employs the solved Eulerian equations for the fluid phase and then integrates the force 

balance on the particle through Lagrangian equation of motion for the dispersed phase, Eq. 

(3-18), tracking individual particles through the flow field. The stochastic tracking, Discrete 

Random Walk (DRW) model, includes the effect of instantaneous turbulent velocity 

fluctuations on the particle trajectories via stochastic methods. Particle charging equations, Eq. 

(3-30) and Eq. (3-31), are numerically solved inside the corresponding UDF in FLUENT. 

This part of simulations was carried out using a computer with 32-bit operating system, 

processor: Intel (R) Core (TM) 2 Duo CPU, E6850 @ 3.0 GHz and memory (RAM): 4 GB. The 

discrete phase formulation contains the assumption that the second phase is sufficiently dilute 

that particle-particle interactions and the effects of the particle volume fraction on the gas 

phase are negligible. These issues imply that the discrete phase must be present at a low 

volume fraction, usually less than 10-12%. Thus, a one-way coupled model assumes that 

particle motion is influenced by the continuous gas phase, but the gas phase is unaffected by 
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the presence of the particles. However, in the case of high particle concentration at inlet, the 

particulate space charge effect has also been considered in the calculation of electric field and 

charge density distribution, Eq. (3-32), and thus electrostatic body forces on air molecules 

generating EHD secondary flow in the channel. Therefore, a two-way coupling between 

particle and airflow phases should be considered. The procedure for analysis of the whole 

precipitation process can be summarized as follows: 

1. Evaluate the electric potential and ionic space charge distribution in the whole channel 

by solving the Poisson and current continuity equations using the hybrid FEM-FCT 

technique.  

2. Solve the gas-phase flow with the effect of electrostatic body forces, calculated using 

UDFs, in FLUENT. 

3. Determine the coupled motion and space charge equations of particulate phase using 

DPM in FLUENT. 

4. Return to Step 1, adding the particulate charge density to Poisson and current 

continuity equations to calculate the new ionic charge density and electric potential 

distributions in the channel, and adding particle space charge effect to calculate new 

electrostatic body forces in Step 2, i. e. EF
DPMi


)(   . 

5. Stop the iterations when the average electric field magnitude on the wire surface is 

sufficiently close to Peek’s value or the calculated corona discharge current agrees 

with the experimental measurements. 

The flowchart of the simulation procedure is also demonstrated in Figure 3.3. 
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Table 3.1. Boundary conditions for 3-D analysis of processes in ESP. 
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Figure 3.3. Flow chart of simulation procedure 
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4. A SINGLE-STAGE WIRE-PLATE ESP MODELING 

 

4.1 Introduction 

In this chapter, the results of the numerical simulation of a simple one-stage single wire-

plate ESP are discussed. The simulation procedure described in Chapter 3 has been 

implemented to solve the governing equations describing the motion of ions, gas, solid 

particles and the effect of particle space charge. Uniform corona current distribution along 

the wire, i.e. positive corona discharge, has been assumed and the calculations involved the 

evaluation of the electrostatic fields, space charge density in the inter-electrode space, the 

build-up of charge on the particles and resulting electrical forces. A number of subroutines 

were written, compiled and linked with the commercial FLUENT software. The airflow 

equations were solved inside FLUENT using FVM and the turbulence effect was included by 

using the k-ε model. The Lagrangian random walk approach was used to determine particle 

motion, as affected by EHD flows and turbulence effects. This part was performed with the 

aid of DPM module in FLUENT. The model took into account the particle space charge 

density effect on the ionic charge density distribution and the complete mutual interaction 

mechanisms between the three coexisting fields of gas flow, particle trajectories and 

electrostatic field. 

The performance of the discussed ESP in the removal of particulates and the effect of 

different particle concentration on the gas flow pattern and corona discharge current have 

been evaluated for both mono-dispersed and poly-dispersed particles with lognormal particle 

size distribution. Selected results of the simulation are presented showing the particle 

trajectories inside the ESP under the influence of both aerodynamic and electrostatic forces. 

4.2 Model description 

The 3-D computation model of a simple wire-duct ESP used in this chapter is shown in 

Figure 3.1. The computational domain was discretized using the commercial software 

GAMBIT. Since fine discretization is essential for good accuracy and smoothness of the 

solution, the whole domain was discretized into 148615 tetrahedral elements and 28520 

nodes with a very non-uniform density; the elements in the vicinity of the thin corona wire 
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are much smaller than in other places especially very close to the collecting plates. A +30 kV 

dc voltage was applied to the corona wire assuming uniform discharge along the electrode. 

The operating gas is ambient air (density 
f

  = 1.255 [kg/m
3
] and viscosity µ = 1.7894e-5 

[kg/m.s]), while the particles are assumed to be spherical with relative permittivity, 
r

 , equal 

to 3.0 and mass density, 
p

 , equal to 998.2 [kg/m
3
] with shape remaining unchanged during 

their motion. Neutral particles were injected in the x direction between the collecting plates at 

the precipitator entrance with the same initial velocity as the gas stream (1 m/s) and they are 

charged as they move through the channel and cross the ionic space charge zone. Collision 

and coagulation between particles were also neglected.  

4.3 Simulation results and discussions 

4.3.1 Electrical characteristics 

Although there is a small coupling between the space charge density and air flow 

velocity due to charge convection term in Eq. (3-2), this effect is ignored here as it is 

essentially negligible. Thus, for any airflow velocity, the potential and the corresponding 

space charge density distributions in the symmetry plane (z = 0) for the +30 kV applied 

voltage are shown in Figure 4.1 and Figure 4.2. It can be seen that the potential contours in 

the vicinity of the corona wire are dense with circular shape, producing very high and 

practically constant electric field around the wire, and sparser with elliptical shape when 

moving towards the ends of the ESP channel (Figure 4.1). 

 

 

Figure 4.1. Distribution of equipotential lines in the symmetry plane of ESP (corona wire 

voltage is +30 kV, voltage increment 1.2 kV). 

Collecting plates 

Wire electrode 

x z 

y 
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Similarly, the space charge density contours are shown in Figure 4.2. The maximum 

value of 187 μC/m
3
 is located close to the surface of the corona wire and then the charge 

density rapidly decreases moving away from the wire electrode surface. Since the highest 

space charge density is concentrated in the area close to the corona wire, it is here where the 

dust particles very quickly attain most of their charge and experience the strongest Coulomb 

force, acting towards the grounded collecting plates. When the particle charge is neglected, 

the total discharge current of I0 ≈ 108 μA, corresponding to the charge density of 187.0 

μC/m
3
 on the corona electrode surface, is obtained, which is in a good agreement with the 

experimental data [21]. 

 

Figure 4.2. Lines of equal space charge density in the symmetry plane of ESP (corona wire 

voltage equal to +30 kV, maximum space charge density 187.0 μC/m
3
, increment 7.65 

μC/m
3
). 

4.3.2 3-D EHD flow patterns under different inlet air velocities  

The effect of EHD flow, generated by the corona discharge, on the main air flow in the 

symmetry plane z = 0 is shown in Figure 4.3a - Figure 4.3f for both front and side views. The 

inlet velocity varies from 0 to 1.0 m/s, and the results show that the EHD flow modifies the 

main gas flow and makes the whole flow pattern rather complex. 

Without any main gas flow (Figure 4.3a), four fully developed symmetrical large 

vortices can be seen around the wire. When the inlet velocity is increased to 0.1 m/s (Figure 

4.3b) the two vortices in the upstream area of channel become smaller and the two other 

vortices in the downstream area of the channel are stretched in the main gas flow direction. 

Increasing the inlet velocity to 0.2 m/s (Figure 4.3c), two of the four vortices in the 

downstream area of the channel are stretched even more in the main flow direction and  

Wire electrode 

Collecting plates 
x z 

y 
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u = 0 
m/s 

 

Figure 4.3. Airflow streamlines originated in symmetry plane z = 0 for different inlet 

velocities. 

 

become much weaker. By increasing the inlet velocity to 0.4 m/s (Figure 4.3d) two small 

vortices appear close to the collecting plates and with further increase of inlet velocity to 0.5 

m/s (Figure 4.3e), these two vertices near the collecting plates get even smaller. When the 

u = 0 m/s 

u = 0.1 m/s 

u = 0.2 m/s 

u = 0.4 m/s 

u = 0.5 m/s 

u = 1.0 m/s 
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inlet velocity is increased to 1.0 m/s (Figure 4.3f), the effect of EHD flow becomes negligible 

and the main airflow pattern, which the central part of the channel is practically uniform, 

dominates. 

4.3.3 Particle charging, trajectories and deposition 

In this analysis the particle trajectories and particle collection efficiency for various 

particle sizes (1, 5, 10 and 50 μm diameter) were computed, assuming the turbulent air flow 

model with turbulent intensity of 5% at the inlet. A total of 400 stochastic neutral particles 

streams corresponding to 1.4e11, 1.1e9, 1.4e8 and 1.1e6 number of particles per second for 

each particle size were released respectively from the inlet surface with their initial velocity 

equal to main airflow velocity (1.0 m/s). The particles are charged by corona bombardment 

as they move through the channel and are exposed to electrostatic and mechanical forces, 

resulting in different trajectories. Particle trajectories were calculated with the aid of DPM 

option in FLUENT along with the corresponding UDFs to compute the electrostatic and 

mechanical forces acting on the particles. Consequently, some particles are deposited on the 

collecting plates and some escape from the outlet. The operating parameters are summarized 

in Table 4.1. 

Table 4.1. Operating parameters of the ESP model and particle characteristics 

Gas and particles velocity at inlet 1.0 [m/s] 

Electric potential at wire +30 [kV] 

Particle diameter  1,5,10,50 [µm] 

Total particles mass flow rate  0.0006 [kg/s](= 6 [gr/m
3
] concentration) 

Due to the very small particle concentration the particle space charge was assumed to be 

negligible. Therefore, the particle interaction with the airflow and electrostatic fields was not 

considered. Figure 4.4a shows trajectories of the 50 μm diameter particles. Each particle 

trajectory in a steady flow calculation represents a “stream” of many particles that flow along 
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the same path. The particles obtain electric charge as they move through the channel and 

most of them are seen to be trapped in the vicinity of corona wire on the collecting plates. 

Particle accumulation rates on the collecting plates were computed in the corresponding UDF 

as the particle stream strikes the surface of collecting plates using the following formula: 






particles
N

p face

p

A

m
R

1

onAccumulati
 


 (4-1) 

where 
p

m  is the particle stream mass flow rate, 
face

A  is the area of cell face at the collecting 

plates. The rate of increase in the depth of particle accumulation on the collecting plates was 

obtained by simply dividing the accumulation rate by the particle mass density in Eq. (4-2) 

and the result is shown in Figure 4.4b.  

p

onAccumulati

onAccumulati

R
D


  (4-2) 

The brightest points in Figure 4.4b indicate that the largest particle accumulation is 

located on the collection plate slightly upstream from the wire electrode. The deposited 

particles on the collecting plates have different charge to mass ratios as shown in the 

histogram in Figure 4.4c. In this case, about 35% of the deposited particles have charge to 

mass ratio between 0.6-0.8 [mC/kg] and less than 5% of the deposited particles have either 

very large or very small values. Therefore, very few particles with small charge to mass 

ratios are deposited on the collecting plates at the beginning of the channel and very few with 

large value of charge to mass ratios are deposited in the vicinity of corona wire on the 

collecting plates. On the other hand, Figure 4.4d clarifies the relation between the average 

charge to mass ratio and the ultimate position of deposited particles in the x direction on the 

collecting plates. Due to the symmetry of the problem since the effect of the gravitational 

forces on the particles is negligible, only the upper surface of the collecting planes is 

considered in this Figure. Figure 4.4d shows percentage of captured particles at different 

locations on the upper plane in the x direction, where x = 0 is the position of wire electrode. 

Each column in this Figure indicates the number of accumulated trapped particles in a 
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particular space interval on the upper plane and the number above each column shows the 

average charge to mass ratio [C/kg] of the deposited particles in that area. According to this 

Figure, particles receive more charge as they enter the high electric field intensity zone in 

vicinity of the corona wire and more particles are collected in this area rather than at the very 

beginning of the channel, where particles have negligible charge. The areas with high 

concentration of deposited particles in Figure 4.4d also verify the depth of particle 

accumulation pattern obtained in Figure 4.4b. The model predicts a collection efficiency of 

100% for 50 μm particles and the total deposited mass on the upper and lower surfaces of 

collecting planes are statistically about the same due to the symmetry of the problem. The 

numerical results are summarized in Table 4.2. 
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Figure 4.4. Results of numerical simulation for precipitation of 50 μm particles assuming the 

inlet velocity of 1.0 m/s (a) particle trajectories, (b) particle accumulation on collecting 

plates, (c) charge to mass ratio distribution of collected particles, (d) accumulative percentage 

of particles captured on the upper plane along with average charge to mass ratio. 
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Similar simulations were done for 10 μm diameter particles and the numerical results are 

shown in Figure 4.5a - Figure 4.5d. There is a significant difference between Figure 4.5a and 

Figure 4.4a as some particle trajectories are extended further through the channel before 

terminating on the wall downstream of the wire electrode. According to Table 4.2, in this 

case only 3 of 400 particles escape from the outlet and the collection efficiency is 99.2%. The 

largest depth of particle accumulation on the collecting plates are in the areas adjacent to the 

corona wire (Figure 4.5b) and about 50% of the deposited particles have charge to mass ratio 

between 4 and 5 [mC/kg] (Figure 4.5c). Figure 4.5d shows a high concentration of deposited 

particles in the vicinity of corona wire on the upper surface of the collecting planes, which 

confirms the results shown in Figure 4.5b and Figure 4.5c.  
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Figure 4.5. Results of numerical simulation for precipitation of 10 μm particles assuming the 

inlet velocity of 1.0 m/s (a) particle trajectories, (b) particle accumulation on collecting 

plates, (c) charge to mass ratio distribution of collected particles, (d) accumulative percentage 

of particles captured on the upper plane along with average charge to mass ratio. 
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Decreasing the particle size to 5 μm and 1 μm (Figure 4.6a and Figure 4.7a) show that 

more particles escape from the outlet and the collection efficiency is decreased to 58% and 

14.5%, respectively. According to Figure 4.6b and Figure 4.7b, the largest depth of particle 

accumulation is still in the areas on the collecting plates adjacent to the corona wire. About 

60% of the deposited particles have a charge to mass ratio between 8 and 10 [mC/kg] for 5 

μm particles (Figure 4.6c) and almost 45% of the deposited particles have a charge to mass 

ratio of 40-50 [mC/kg] for 1 μm particles (Figure 4.7c). As was expected from the existing 

experimental results presented in the literature, for the same inlet velocity and voltage 

applied to the corona wire, smaller particles will go further through the channel before being 

trapped on the collecting plates. In comparison with large particles, small particles collect 

less charge as they pass through the ESP channel and particle trajectories are primarily 

influenced by the air drag forces - the electrostatic forces have much weaker effect in this 

case. Therefore, the drift velocity of such particles is small and they practically follow the 

gas streamlines. Figure 4.6d and Figure 4.7d verify that most of the particles are still 

deposited on the deposited planes in the high electric field zone close to the wire. The 

numerical results for the last two cases are also summarized in Table 4.2. 
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Figure 4.6. Results of numerical simulation for precipitation of 5 μm particles assuming the 

inlet velocity of 1.0 m/s (a) particle trajectories, (b) particle accumulation on collecting 

plates, (c) charge to mass ratio distribution of collected particles, (d) accumulative percentage 

of particles captured on the upper plane along with average charge to mass ratio. 

 

 

 

 

 

9
.0

5
e-

05
  

6
.0

4
e-

04
  

4
.2

e-
0

3 
 

1
.0

7
e-

02
  

9
.3

e-
0

3 
 

1
.1

9
e-

02
  

(a) (b) 

(c) (d) 

8
.3

e-
0
3

  

1
.0

2
e-

02
  

9
.0

5
e-

0
5

  

9
.3

e-
0
3

  

1
.1

9
e-

0
2

  

6
.0

4
e-

0
4

  

4
.2

e-
0
3

  

9
.6

e-
0
3

  

1
.0

7
e-

0
2

  

1
.0

2
e-

0
2

  



50 

 

 

0 1 2 3 4 5 6 7
0

5

10

15

20

25

30

35

40

45

(x 1e-2) Charge over mass ratio [C/kg]

P
er

ce
nt

ag
e

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

5

10

15

20

25

30

35

40

X (m)

A
cc

um
ul

at
iv

e 
[%

] 
of

 t
ra

pp
ed

 p
ar

tic
le

s

 

Figure 4.7. Results of numerical simulation for precipitation of 1 μm particles assuming the 

inlet velocity of 1.0 m/s (a) particle trajectories, (b) particle accumulation on collecting 

plates, (c) charge to mass ratio distribution of collected particles, (d) accumulative percentage 

of particles captured on the upper plane along with average charge to mass ratio. 

 

In order to investigate the effect of the inlet velocity on the collection efficiency for 1 

μm particles, the inlet velocity is decreased to 0.5 m/s and the results are shown in Figure 

4.8a - Figure 4.8d. By decreasing the inlet velocity (which increases the particle residence 

time in the channel) the collection efficiency is increased from 14.5% up to 30.5%. 
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Figure 4.8. Results of numerical simulation for precipitation of 1 μm particles assuming the 

inlet velocity of 0.5 m/s (a) particle trajectories, (b) particle accumulation on collecting 

plates, (c) charge to mass ratio distribution of collected particles, (d) accumulative percentage 

of particles captured on the upper plane along with average charge to mass ratio. 
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Table 4.2. Results summary 

Inlet 

velocity 
Diameter Trapped Escaped Efficiency 

Upper-plane 

(kg/s) 

Lower-plane 

(kg/s) 

1.0 m/s 50µm 400 0 100% 2.94e-4 3.06e-4 

1.0 m/s 10µm 397 3 99.25% 3.0e-4 3.0e-4 

1.0 m/s 5µm 232 168 58% 1.74e-4 1.74e-4 

1.0 m/s 1µm 58 342 14.5% 4.5e-5 3.75e-5 

0.5 m/s 1 µm 122 278 30.5% 8.7e-5 8.4e-5 

 

4.3.4 EHD flow effect on ESP performance 

Secondary EHD flow effect on particle collection efficiency has been a subject of many 

discussions, sometimes leading to contradictory conclusions. Figure 4.9a and Figure 4.9b 

show the particle trajectories for 1 μm particles for two cases: with and without EHD flow, 

assuming 0.5 m/s as the inlet velocity. Simulation results show a 2% improvement in 

collection efficiency by considering the secondary EHD flow. 

  

 

Figure 4.9. Particle trajectory for 1μm particles, inlet velocity 0.5 m/s (a) without EHD flow 

(b) with EHD flow. 

(a) (b) 
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The same analysis was repeated for 5, 10 and 50 μm particles, where the collection 

efficiency was calculated and compared for the two cases. According to Table 4.3, the 

particle collection efficiency increase in case 2 for 5 μm particles is even smaller than for 1 

μm particles and the EHD flow has no effect for larger particles. Therefore, the EHD flow 

shows a slight increase on the particle collection efficiency for very small particles only and, 

in general, has a negligible influence on the overall particle collection efficiency which is in 

good agreement with the results obtained in [17].  

Table 4.3. Comparison of particle collection efficiency for inlet velocity of 0.5 m/s 

Particle diameters 1μm 5μm 10μm 50μm 

Case1: without EHD 28.5% 98.75% 100% 100% 

Case2: With EHD 30.5% 99.5% 100% 100% 

 

4.3.5 Particle concentration effect on ESP performance 

A wide range of particle sizes (0.3 - 90 μm) at the inlet was considered, which gives a 

good representation of poly-dispersed particle movement in an ESP. Particle size distribution 

was assumed to be lognormal, as given by Herdan [112]: 

  ]
ln2

)ln(ln
exp[

)2(ln

1
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2
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


  (4-3) 

where 





0

1d)( ddf , the geometric mean diameter dg=5.03 μm and the geometric standard 

deviation σg=1.73 (Figure 4.10), which results from the measured data [53]. The lognormal 

size distribution function was divided into 18 fractions and integrated to obtain the mass flow 

rate percentage of each discrete particle size distribution as shown in Figure 4.11. 
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Figure 4.10. Lognormal particle size distribution. 
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Figure 4.11. Distribution of mass flow rate versus particle size at inlet. 

In the investigated model, the initial particle velocity of 1 m/s was assumed for all 

particles. The mean diameter and mass flow rate values of each fraction were determined 

separately in the DPM model of FLUENT. The governing equations of particle charging and 

(a) 

(b) 

(c) 
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motion for each particle fraction were solved simultaneously. The total particle space charge 

density was obtained by superposition of the charge densities of different fractions. The total 

particle mass flow rate is expressed in terms of the reference value of c0 = 1.0e-5 kg/s. The 

simulations were carried out for a range of particle mass flow rates: 0.5c0, 2c0, 10c0 and 20c0 

kg/s at the constant primary flow velocity (1 m/s) and the corona wire voltage (+30 kV). All 

the coupled processes occurring inside a typical ESP: gas flow, particle dynamics and 

electrostatics, were considered. 

4.3.5.1 Air flow patterns and particle characteristics for c = 0.5c0 

At the lowest particle mass flow rate (c = 0.5c0), the flow velocity contours and the 

corresponding flow streamlines in a plane placed perpendicularly to the wire electrode at its 

half length (Figure 4.12a and Figure 4.12b) show the laminar pattern, which could be 

expected from the values of Reynolds and EHD numbers (Re(wire) = 63.7, EHD(wire) = 4202.8 

[8]). The average streamlines in Figure 4.12b are nearly parallel to the walls with tiny von 

Karman vortices behind the corona wire which are too small to be visible. It is clearly visible 

that the particle space charge hardly modifies the airflow pattern in this case and the effect of 

particle presence on velocity fluctuation could be ignored. 

 

Figure 4.12. Air velocity patterns in z = 0 symmetry plane of ESP (a) contours of velocity 

magnitude, maximum velocity is 1.39 m/s close to the electrode and number of contours is 

50 (b) flow streamlines (particle mass flow rate c = 0.5c0, corona wire voltage +30 kV). 

Figure 4.13a - Figure 4.13c show a selected number of particle trajectories released from 

the same starting points for three different particle sizes: 1.4 µm, 5 µm, and 10 µm, assuming 
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c = 0.5c0 as the total mass flow rate of particles. Note that the shown paths are mean tracks, 

while in the calculations a stochastic calculator was activated to take into consideration the 

turbulence oscillations of individual paths around an average route. For very small particles 

(1.4 µm – Figure 4.13a), air drag forces have a stronger effect than electrostatic forces, so 

they mostly follow the flow paths moving first towards the corona wire and then are slightly 

pushed back to the collecting plates. However, the bigger particles (5 µm and 10 µm - Figure 

4.13b and Figure 4.13c) obtain more charge and are driven to the deposition planes with 

stronger electrostatic forces especially in the areas close to the corona wire. In this case the 

particle trajectories are much shorter, most particles are trapped and only a few of them 

escape from the outlet. 

 

 

Figure 4.13. Particle trajectories for three particle sizes: (a) 1.4 μm, (b) 5 μm, (c) 10 μm 

(particle mass flow rate c = 0.5c0, corona wire voltage +30 kV). 

The particle concentration pattern in z = 0 symmetry plane is shown in Figure 4.14a, 

where the dark color indicates areas with low particle concentration and the bright color 

shows areas with a relatively high particle concentration. Behind the wire in the downstream 

direction, the particles are driven towards the collecting plates by the electric forces and a 

narrow dark trail with bright borders is produced in this region, which confirms the 

(a) 

(b) 

(c) 
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experimental results obtained by Mizeraczyk and his co-workers [20]. Due to stronger 

electrostatic forces acting on particles in the areas close to the corona wire, more particles are 

collected in this region as it is shown in the deposition pattern (Figure 4.14b). The brighter 

color in this Figure shows the higher particle accumulation on the deposition planes. Figure 

4.14c shows the percentage of trapped particles of three different sizes (1.4, 5 and 10 μm) on 

the collecting plates in 10 intervals along the length of the channel in x direction. As 

expected, regardless of particle size, more particles are trapped in vicinity of the corona 

electrode (-0.05 m<x<0.05 m) and less are trapped at the beginning and end of the channel. 

Increasing the particle size from 1.4 to 10 μm, the percentage of particles trapped in the areas 

close to the wire is increased as well. Due to a non-uniform distribution of electric field and 

space charge density, particles have different trajectories and charging rates, especially when 

they are in vicinity of the corona wire. The average values of charge to mass ratio at the 

deposition position of the three different particle sizes are compared in each interval as 

shown in Figure 4.14d. It is obvious that the particles collected closer to the inlet have a 

small value of charge and as they pass through the channel they obtain more charge. 
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Figure 4.14. Particle transport and deposition for the particle mass flow rate c = 0.5c0 and 

corona wire voltage +30 kV (a) particle concentration (b) deposition pattern on the collection 

plates (c) collection performance and (d) charge to mass ratio along the channel, for three 

particle sizes: 1.4, 5 and 10 μm. 
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4.3.5.2 Air flow patterns and particle characteristics for c = 2c0 

After a four times increase in the particle mass flow rate (c = 2c0), no dramatic changes 

can be observed in the velocity contours and the generated velocity fluctuations are weak 

(Figure 4.15). 

 

 

Figure 4.15. Velocity contours in z = 0 symmetry plane (maximum velocity is 1.4 m/s close 

to the electrode, number of contours is 50, particle mass flow rate c = 2c0 and corona wire 

voltage +30 kV). 

Comparing the particle concentration pattern in Figure 4.16a with Figure 4.14a, the dark 

trail is getting slightly wider, pushing more particles towards the deposition planes in the 

downstream direction. Figure 4.16b also shows a higher particle collection in the intervals 

close to the corona wire. The higher percentage of deposited particles of 1.4 μm at the 

beginning and end of the channel verify the random movement of small particles, which have 

smaller inertia, in the turbulent flow in the channel. The average values of charge to mass 

ratio for the three different sizes of particles are also shown in Figure 4.16c which follows 

the same trend as that shown in Figure 4.14c. 
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Figure 4.16. Particle transport and deposition for the particle mass flow rate c = 2c0, corona 

wire voltage +30 kV and three particle sizes: 1.4, 5 and 10 μm (a) particle concentration (b) 

collection performance and (c) charge to mass ratio along the channel. 

 

4.3.5.3 Air flow patterns and particle characteristics for c = 10c0 

After the particle mass flow rate has been increased 20 times comparing to the original 

value (c = 10c0), some velocity fluctuations start to appear in the downstream direction. In 

order to show this effect better the velocity contours are shown not only in the z = 0 

symmetry plane (Figure 4.17a), but in several planes parallel to the corona wire along the 
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length of the channel as well (Figure 4.17b). This pattern is not constant and fluctuates with 

time. Figure 4.18 shows that the flow streamlines in z = 0 symmetry plane are mostly parallel 

to the walls in upstream direction, but a very narrow oscillating wake is generated behind the 

wire in downstream direction, which expands slightly towards the channel outflow end. 

 

 

 

 

Figure 4.17. Velocity contours for the particle mass flow rate c = 10c0 and corona wire 

voltage +30 kV (a) z = 0 symmetry plane (maximum velocity 1.4 m/s is close to the 

electrode, number of contours is 50) and (b) planes parallel to the corona wire along the 

channel. 

 

 

Figure 4.18. Flow streamlines beginning in z = 0 symmetry plane (particle mass flow rate 

c=10c0, corona wire voltage +30 kV). 
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The particle trajectories for the three different particle sizes in Figure 4.19 are very 

similar to the results obtained in Figure 4.13 assuming a very low particle concentration.  

 

 

 

 

Figure 4.19. Particle trajectories for three particle sizes: (a) 1.4 μm, (b) 5 μm, (c) 10 μm 

(particle mass flow rate c = 10c0, corona wire voltage +30 kV). 

As it is demonstrated in the particle concentration pattern in Figure 4.20a, the black trail 

in downstream of the channel is getting even wider. The deposition pattern on the collecting 

plates in Figure 4.20b, the collection performance along the length of channel in Figure 4.20c 

and the values of average charge to mass ratio in different intervals along the channel in 

Figure 4.20d also follow a pattern as expected, showing that regardless of various particle 

concentration these results are very similar in all cases. Comparing Figure 4.20c with Figure 

4.14c and Figure 4.16b, an increase in percentage of deposited particles of 1.4 μm in vicinity 

of the corona wire can be observed, showing increased sensitivity of smaller particles to the 

generated turbulence in the flow pattern. 
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Figure 4.20. Particle transport and deposition for the particle mass flow rate c = 10c0 and 

corona wire voltage +30 kV (a) particle concentration (b) deposition pattern on the collection 

plates (c) collection performance and (d) charge to mass ratio along the channel for three 

particle sizes: 1.4, 5 and 10 μm. 

4.3.5.4 Air flow patterns and particle characteristics for c = 20c0 

Increase of the particle concentration increases the particle charge density in the channel, 

which results in significant changes in the electric field distribution and, as a consequence, in 

the gas flow patterns. At the highest analyzed particle mass flow rate (c = 20c0) the flow 

disturbance is strongest and high velocity variation is generated in the downstream part of the 

channel close to the wire, changing the flow aerodynamic conditions as shown in Figure 

4.21a - Figure 4.21c, in which the velocity contours are shown in three different stages of the 

iteration process for better comparison. The velocity contours change dramatically in time 

and less velocity fluctuation is observed in Figure 4.21c than Figure 4.21a. Figure 4.22a - 

Figure 4.22c show the corresponding flow streamlines for the three different stages of the 

iteration process as well. 

The flow streamlines in Figure 4.22a demonstrate a very unsteady turbulent flow with 

violent oscillations along the channel. The flow streamlines are modified in time, as shown in 

Figure 4.22b and Figure 4.22c, and represent less turbulent behavior. 
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Figure 4.21. Velocity contours in z = 0 symmetry plane for three different stages of the 

iteration process. The maximum velocity close to the electrode is (a) 1.8 m/s (b) 1.5 m/s and 

(c) 1.3 m/s and number of contours is 50 (particle mass flow rate c = 20c0, corona wire 

voltage +30 kV). 

 

 

  
 

 

 

Figure 4.22. Airflow streamlines in z = 0 symmetry plane for three different stages of the 

iteration process. (particle mass flow rate c = 20c0, corona wire voltage +30 kV). 
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By increasing the particle concentration, the dark area behind the corona wire (particle 

free region) in the particle flow pattern spreads out more widely due to flow turbulence and 

covers almost the whole height of the ESP, as was also experimentally reported in [20], 

strongly driving the particles towards the deposited planes (Figure 4.23). For the three 

different stages of the iteration process, significant changes in the particle concentration 

patterns are also observed as shown in Figure 4.23a - Figure 4.23c, which correspond to 

changes in time of the flow pattern. 

 

 
 

 
 

 
 

Figure 4.23. Particle concentrations in z = 0 symmetry plane for three different stages of the 

iteration process. 

4.3.5.5 Comparing precipitation performance for different concentrations 

The results of total mass transfer efficiency and collection efficiency for the individual 

particle sizes of: 0.3, 1.4, 5, 10 and 15 μm, and for different particle mass flow rates are 

shown in Table 4.4. For the smallest particle size (0.3 μm) the collection efficiency is very 

low; increasing the particle size to 10 μm, the collection efficiency also increases and for 

particles of 15 μm and larger, all of the particles are theoretically trapped on the deposited 

planes. The effect of different particle concentration on collection efficiency of small particle 

sizes is also shown in Table 4.4. Increasing the particle mass flow rate from c = 0.5c0 to c = 

20c0, the collection efficiency for small particles of: 0.3, 1.4 and 5 μm rise by 47.1%, 26.5% 

(a) 

(b) 

(c) 

Flow 

1 m/s 

Flow 

1 m/s 

Flow 

1 m/s 

(a) 

(b) 

(c) 



65 

and 8.8%, respectively. With regard to the particle concentration patterns for different mass 

flow rates at inlet (Figure 4.14a, Figure 4.16a, Figure 4.20a and Figure 4.23), it is clear that, 

due to turbulence, the air drag forces, which push the particles towards the deposition planes, 

are getting stronger with increasing particle concentration. This is why the particle free 

region downstream of the channel significantly spreads out towards the collecting plates. 

Since the drift velocity of very small particles is negligible, they are easily entrained by the 

airflow and directed towards the deposition planes, which increases their chances of being 

trapped there. The slight decrease in collection efficiency of 10 μm particles for higher 

particle concentrations, shown in Table 4.4, is due to corona discharge suppression. 

According to Figure 4.11, 54.7% of the total mass flow at the precipitator inlet is in the form 

of large particles (15-90 μm) and these particles are fully trapped. On the other hand, 10 μm 

particles contribute almost 38% of the total mass flow at the inlet, having high collection 

efficiency as well. Therefore, the small particles (0.3-5 μm) with low collection efficiency 

occupy only a small portion of the total mass at the inlet (approximately 7.3%), having 

negligible effect on the total mass transfer efficiency. The above reasons justify the high and 

almost the same value of total mass collection efficiency obtained for different particle mass 

flow rates. 

Table 4.4. ESP performance for different particle mass flow rates. 

Total mass flow 

rate (kg/s) 

Collection efficiency Total mass 

transfer 

efficiency 
0.3 μm 1.4 μm 5 μm 10 μm 15 μm 

c=0.5c0 8.5% 20.7% 59.5% 98.5% 100% 96.7% 

c=2c0 10.0% 19.5% 58.5% 98.5% 100% 96.6% 

c=10c0 10.7% 22.5% 60.0% 97.7% 100% 96.5% 

c=20c0 12.5% 26.2% 64.7% 96.7% 100% 96.4% 
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4.3.5.6  Particle distribution at inlet and outlet for different concentrations 

The two curves in Figure 4.24a show the mass flow rate distribution of different particles 

fractions at the inlet and outlet, as the percentage of total mass flow rate in ESP entrance, 

assuming c = 10c0. The areas under these curves are equal to the total mass flow rates of inlet 

and outlet particles. The inlet curve is based on a lognormal function distribution as shown in 

Figure 4.10. From these curves, one can estimate the mass collection efficiency of the 

precipitator. Integrating the area under the outlet curve in Figure 4.24a, the ratio of escaped 

particle mass and the total mass injected to the inlet could be obtained, which is 3.5% for this 

case and hence yielding 96.5% particle removal efficiency. Similar curves can be obtained 

for different inlet particle concentrations. Figure 4.24b shows the escaped mass flow rate of 

different particle sizes as percentage of the total mass flow rate at the outlet for different inlet 

particle concentrations. For all particle concentrations the maximum portion of mass at the 

outlet is due to 5 μm particles and no particles greater than 15 μm can be observed in this 

region. For high particle mass flow rates (c = 10c0 and c = 20c0) the mass percentage of 10 

μm particles at the outlet is increased, where the corona discharge is suppressed by the 

existence of charged particles in the channel, leading to decrease in the charge carried by 

larger particles; thus, the slight decrease in collection efficiency of larger particles is mainly 

due to the weak contribution of electrostatic drag forces.  
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Figure 4.24. Distribution of mass flow rate versus particle diameter (a) at inlet and outlet for 

the inlet particle mass flow rate of c=10c0 (b) at outlet for different inlet particle mass flow 

rates (inlet velocity 1 m/s, corona wire voltage +30 kV). 
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4.3.6 Particle concentration effect on corona discharge current 

The effect of the particle mass flow rate on the total corona current is shown in Figure 

4.25. The increase of particle concentration causes a decrease in the average discharge 

current from I0 = 108 μA for very low particle concentration to I0 = 63 μA for very high 

particle concentration. Increasing the particle concentration increases the total charge density 

in the Poisson equation leading to the decrease of electric field intensity on the corona wire 

surface [21]. Therefore, the total discharge current, which depends on ionic charge density 

and electric field intensity on the corona surface, decreases. 
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Figure 4.25. Relative corona current versus relative particle concentration. 

4.4 Summary 

A 3-D computational model was developed to study all essential phenomena in a simple 

one stage single wire-plate ESP, taking into account the mutual interactions between 

electrostatic field, flow field, particle charging and their turbulent motion. It includes a 

determination of the electrical conditions (electric field and space charge), the flow pattern 

induced by the interaction of the ionic wind with the main gas flow, and the particle 

trajectories and deposition under different particle concentrations at inlet. The model was 

created in commercially available FLUENT 6.2 software through the addition of UDFs. 

Particle charging and the electrostatic forces on them were computed in the corresponding 

UDFs. Particle motion was determined using the FLUENT DPM as discussed in Chapter 3.  
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The 3-D numerical simulations for a range of mono-disperse particle diameters (1 µm-50 

µm), a dilute particle concentration and negligible particle space charge was demonstrated 

and discussed. The influence of the EHD flow on particle collection was also investigated. 

The presented results confirmed that higher particle collection efficiencies are obtained for 

the larger particles. It was shown that the EHD flow has a negligible effect on the collection 

efficiency of very small particles and no practical effect on large particles. The influence of 

increasing particle concentration on the airflow and particle flow pattern was investigated as 

well. A poly-dispersed lognormal particle size distribution was assumed at the inlet and 

particle transport of different sizes, particle concentration patterns and the average charge to 

mass ratio for each particle sizes on the collecting planes were simulated. The results confirm 

that regardless of the particle size, a high percentage of the deposited particles are trapped in 

the areas close to the corona wire on the collecting planes and the larger particles always 

have the highest collection efficiency due to stronger electrostatic forces acting on them. It 

was shown that the increase of particle concentration significantly changes the airflow 

structure behind the wire and makes it more turbulent, leading to slightly higher collection 

efficiency for very small particles. The particle flow patterns obtained for different inlet mass 

flow rate verified that the particle free region in the downstream direction behind the corona 

wire spreads out as the concentration increases. A similar value of mass collection efficiency 

was obtained for different mass flow rates due to the dominant portion of large particles 

injected at the inlet. No particle size of 15 μm and greater was observed at the outlet and 5μm 

particles had the highest mass percentage at the outlet for various particle concentrations. 

About 42% decrease in the total average discharge current was observed by increasing the 

mass flow rate from c = 0.5c0 to c = 20c0 which agrees fairly well with measurements 

presented in [20].  

The content of this chapter has been published in two journal papers [113], [114].  
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5. MODELING OF A SINGLE-STAGE SPIKE-PLATE ESP 

5.1 Introduction 

The numerical algorithm proposed in Chapter 3 has been utilized to evaluate the 

electrical and EHD flow characteristics of a laboratory scale single-stage spike-plate ESP, 

experimentally investigated in [25,26], and to predict the collection of submicron particles 

with diameters in the range of 0.25-1.5 μm. The precipitator consists of two parallel 

collecting plates with a spiked electrode mounted at the center, parallel to the planes and 

excited with a high negative dc voltage. A non-uniform corona discharge is produced along 

the electrode in the form of a flat tape with some number of spikes, assuming that ions are 

generated only near the spike tips, where the electric field magnitude is the strongest. The 

complex interaction between the electric field, fluid dynamics and the particulate flow in this 

precipitator was taken into account in the simulation. The fully 3-D turbulent airflow 

distribution was calculated using the commercial FLUENT software assuming a standard k-ε 

turbulence model. Particles were assumed to be charged by combined field and diffusion 

charging mechanisms. Motion of submicron particles under electrostatic and aerodynamic 

forces in turbulent airflow was calculated using a Lagrangian-type DRW model and UDFs 

feature of the commercial FLUENT 6.2 software.  

The EHD secondary flow patterns, particle migration velocity patterns and particle 

collection efficiencies were examined for three different corona discharge electrode 

configurations: a two-sided spiked electrode and a one-sided spiked electrode with the spikes 

located either in the upstream or downstream direction of the airflow. The EHD secondary 

flow and its interaction with the main airflow in different planes along the precipitation 

channel were examined for different voltages applied to the corona wire. For a given dust 

mass flow rate at inlet, the EHD flow effect on particle deposition rate and the average 

charge-to-mass ratios along the channel were evaluated for different particle sizes and 

applied voltages. Finally, the influence of dust mass flow rate on collection efficiency for the 

ESP with spikes on two sides was investigated for -30 kV applied voltage. In selected cases, 

the numerical results were compared with experimental data published in the literature 

[25,26]. 
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5.2 Model description 

The ESP model consists of two grounded parallel plates, which are electrically 

conducting and grounded, and a spiked electrode located midway between the plates and 

supplied with a high negative potential as shown in Figure 5.1. The ESP channel is 600 mm 

long, 200 mm wide and 100 mm high. The discharge electrode consists of a flat metal strip 

having a series of spikes alternatively oriented upstream and downstream and parallel to the 

airflow. The electrode was 200 mm long, 1 mm thick and 30 mm tip to tip wide (Figure 5.2 

[25]). Three spiked electrode configurations were considered: spikes located alternatively on 

both sides of the electrode and spikes located on one side of the electrode, either in the 

upstream or downstream direction (Figure 5.3 [26]).  

A negative high voltage supply was connected to the spiked electrode, which created gas 

ionization (corona discharge) at the spike tips, injecting ionic space charge into the channel. 

The airflow was assumed to be incompressible, steady and turbulent. A flat velocity profile 

of 0.6 m/s at the channel inlet, zero gauge pressure at the outlet and zero velocity components 

at all electrodes and walls were considered as the fluid boundary conditions. The air viscosity 

μ = 1.57e-5 [kg/m.s], air density 
f

 = 1.205 [kg/m
3
] and ion mobility K = 2.4e-4 [m

2
/V.s] 

were chosen in calculations.  

 

 

 

Figure 5.1. 3-D configuration of a single spike wire-plate model of ESP. 
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Figure 5.2. Schematic drawing of the discharge electrode with spikes on two sides (top 

view). 

 

 

 

 

Figure 5.3. Schematic drawing of the discharge electrode with spikes in the upstream 

direction (top view). 
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5.3 Numerical Algorithm 

The whole computational domain was discretized into a number of tetrahedral elements 

with a very non-uniform density, using the commercial software GAMBIT (Table 5.1); the 

elements in the vicinity of the spikes’ tips were much smaller than in other places, especially 

very close to the collecting plates. The hybrid FEM-FCT technique was implemented for 

solving the Poisson and current continuity equations to estimate the electric potential and ion 

charge density distributions in the precipitation channel for different applied voltages. The 

full description of this method can be found in Chapter 3. Due to a non-uniform distribution 

of the ion charge density along the corona electrode surface, the Kaptzov assumption was not 

practical in this simulation. Instead, the total corona discharge current obtained from 

numerical simulations was compared with the experimental value obtained by Mizeraczyk et 

al. [25,26]. In the iterative process the electric ion charge density on the corona wire surface 

was modified until the discharge current obtained from simulation was in a close agreement 

with the experimental data. According to our investigations, the ionic charge density 

distribution pattern is only very slightly perturbed by the airflow; therefore, the convection of 

ions was ignored and only the strong effect of electrostatic forces due to the presence of ionic 

space charge in electric fields on the airflow patterns was considered in this simulation. 

Table 5.1. Number of nodes and elements in discretization for three spiked electrode 

geometries. 

GAMBIT discretization Two sided spiked 

electrode  

One sided spiked electrode 

(in upstream direction)  

One sided spiked 

electrode (in downstream 

direction) 

# Tetrahedral elements 178316 197457 195135 

# Nodes 35889 40115 39723 
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5.4 Simulation results and discussions 

5.4.1 Electrical characteristics 

Figure 5.4 shows the electric potential distribution in z = 0 plane of the precipitation 

channel, assuming that the corona electrode is excited with a negative voltage of 30 kV. 50 

contours are shown, which means that the potential difference between two adjacent lines is 

600 V. The contour density decreases from the area in vicinity of the corona electrode to the 

grounded plates. Determining the 3-D distribution of ionic space charge density in the ESP 

channel for the spike-type discharge electrode is crucial, because ions are only injected from 

areas close to the spikes tips and a noticeable volume fraction of the ESP is charge free. The 

ion charge density at the injection tips has been evaluated to have the total average discharge 

current obtained from calculations equal to experimental data presented in [25]. Figure 5.5a 

shows the ion charge density distribution contours in y = 0 symmetry plane. When a negative 

voltage of 30 kV is applied, the maximum ion charge density of -485 μC/m
3
 is obtained close 

to the spike tips. The ions injected from each spike migrate to the collecting plates creating 

ionic space charge density, which decreases in the field direction as shown in the z = 0 plane 

in Figure 5.5b. The corresponding ionic current densities on the ground plates are shown in 

Figure 5.6 as well. According to the time averaged current-voltage characteristics curves the 

total discharge current at this voltage is 350 µA [25].  

 

Figure 5.4. Electric potential contours in z = 0 plane of ESP (number of contours 50, applied 

voltage -30 kV). 
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Figure 5.5. Ion charge density distribution contours in (a) y = 0 and (b) z = 0 planes (number 

of contours is 25, the maximum ion charge density on each spike is -485 μC/m
3
and the 

applied voltage is -30 kV). 

 

Figure 5.6. Ion charge density distribution on the collecting plates (number of contours 25 

and maximum ion charge density -68.5 μC/m
3
). 
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Figure 5.7. Ion charge density distribution contours in the y = 0 plane for non-uniform 

discharge from spike surfaces (number of contours is 20, the maximum ion charge density on 

each spike tip is -565 μC/m
3
and the applied voltage is -30 kV). 

 

For the ESP configuration with spikes pointed in the upstream direction, Figure 5.8 

shows ionic charge density distribution for -30 kV applied voltage. Non-uniform ion charge 
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injection from the spike surfaces are assumed where the maximum ion charge density on the 

spike tips, calculated from the experimental V-I characteristics [26], is -532 μC/m
3
.  

 

Figure 5.8. Contours of ion charge density distribution in the y = 0 plane for ESP with spikes 

in the upstream direction (number of contours is 20, the maximum ion charge density on each 

spike tip is -532 μC/m
3
, applied voltage is -30 kV and inlet velocity is 0.6 m/s). 

 

5.4.2 3-D EHD flow patterns 

5.4.2.1 Two-sided spiked electrode 

In this study a uniform ion space charge density on the spike surfaces was assumed, as 

depicted in Figure 5.5a and Figure 5.5b. All numerical simulations were repeated considering 

non-uniform ion charge density distribution on the spikes in which the maximum charge was 

injected from a small area close to the tip of each spike (Figure 5.7) to model a more realistic 

situation. Due to this change in the boundary conditions a small difference in the ion space 

charge density close to the corona electrode can be noticed. However, no significant changes 

were observed in the distribution of the ion space charge density farther from the discharge 

electrode. As a result, all calculated airflow velocity patterns are practically identical for both 

cases. 
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The effect of the secondary EHD flow on the main airflow pattern for different applied 

voltages was examined by comparing the airflow streamlines in three different planes (A, B 

and C) located along the channel length and perpendicular to the spiked electrode as shown 

in Figure 5.2. Figure 5.9a - Figure 5.9c show the 3-D airflow streamlines in plane A, which 

passes through the tip of the upstream-directed central spike electrode for three negative 

applied voltages of -30 kV, -23.5 kV and -19.2 kV, respectively. These figures demonstrate a 

very complicated airflow structure around the spikes tips. 

As shown in Figure 5.9a for the highest excitation voltage (-30 kV), due to the strong 

interaction between the secondary EHD flow and the main airflow, a pair of vortices is 

generated in plane A, located in the vicinity of the upstream directed spike tip. The two 

vortices interfere with the main airflow in the upstream part of the channel and drive the 

airflow towards the collecting plates. However, these two vortices get smaller and move 

closer towards the spike electrode, when the excitation voltage is decreased to -19.2 kV 

(Figure 5.9c). The experimental results in [25] demonstrate another pair of vortices as well, 

which is formed in the downstream of the channel very close to the collecting planes 

preventing the main airflow from moving towards the plates. However, this is not clearly 

visible in the simulation results. The observed differences in the results could be due to the 

resolution of the numerical method: the domain discretization close to the collecting plates is 

not sufficiently fine to capture the vortices generated in these areas. On the other hand, the 

experimental flow velocity patterns in planes A, B and C in [25] are composed of three 

adjacent overlapping velocity fields and are obtained from averaging of 100 measurements 

using a 3-D PIV method, in which fine TiO2 particles of less than 1 μm in size were blown 

through the channel. Thus, in practice the velocity streamlines presented in their paper 

demonstrate the average trajectories of submicron particles, which mostly follow the airflow 

streamlines. The numerical results in Figure 5.9a - Figure 5.9c also show a slight deflection 

of airflow streamlines towards the center of the channel in the downstream direction after the 

airflow passes the spiked electrode.  
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Figure 5.9. Airflow streamlines in plane A for negative applied voltage of (a) -30 kV and 

discharge current 350 μA (b) -23.5 kV and discharge current 170 μA (c) -19.2 kV and 

discharge current 90 μA. 
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Figure 5.10a - Figure 5.10c show the airflow streamlines in plane B, which passes 

between upstream and downstream spikes. For the same voltages, the centers of the two 

vortices slightly move in the upstream direction and are smaller in size than the vortices 

generated in plane A. The pattern of airflow streamlines in plane C, which passes through the 

tip of the neighbouring downstream-directed spike, Figure 5.11a - Figure 5.11c, shows no 

generated vortices. Since the secondary EHD flow from the spike tip in the plane C and the 

primary airflow are in the same direction, their interaction is weaker and the vortices 

generated in this plane are not significant. Looking from a different angle to the airflow 

streamlines for -30 kV applied voltage (Figure 5.12) shows that some of the streamlines 

deflect towards the neighbouring spike tip located behind the plane C, which is in opposite 

direction with respect to the main airflow, and then turn back towards the downstream 

direction of the channel. Therefore, due to the strong interaction of the upstream-directed 

secondary EHD flow generated from the upstream spike tip in the plane A with the 

oppositely directed primary airflow, stronger vortices are generated in plane A rather than in 

plane C. Higher excitation voltages always induce stronger vortices. 
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Figure 5.10. Airflow streamlines in plane B for negative applied voltage of (a) -30 kV and 

discharge current 350 μA (b) -23.5 kV and discharge current 170 μA (c) -19.2 kV and 

discharge current 90 μA. 
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Figure 5.11. Airflow streamlines in plane C and negative applied voltage of (a) -30 kV and 

discharge current 350 μA (b) -23.5 kV and discharge current 170 μA (c) -19.2 kV and 

discharge current 90 μA. 
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Figure 5.12. Interaction of airflow streamlines in planes C and A for applied voltage of -30 

kV. 

 

Figure 5.14 - Figure 5.16 show the x component of the airflow velocity vector in planes 

D-H for different applied voltages. The planes are perpendicular to the ESP channel and 

spaced uniformly from 60 mm upstream the spike electrode (x = -60 mm) to 60 mm 

downstream the spike electrode (x = 60 mm), as shown in Figure 5.13. Perturbed airflow 

velocity patterns are generated in the channel due to the complex interaction between main 

airflow and EHD flow. The airflow velocity pattern in plane D is not much disturbed for the 

lowest applied voltage (-19.2 kV), whereas quite a regular airflow pattern originating from 

the spike tips is visible in planes E-H. By increasing the excitation voltage, some airflow 

irregularities arise in central part of the channel in plane D, as shown in Figure 5.16.  

These results are in a good agreement with the experimental results obtained by 

Mizeraczyk and his co-workers [25]. The side walls cause a dramatic airflow fluctuation 

around the spike tips nearest the walls. However, the airflow patterns around the central 

spikes tips are stable and very similar to each other as is also reported in [25]. The results 

confirm the complex 3-D airflow structures in spiked electrode configuration as well. 
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Figure 5.13. Equally spaced planes along the channel placed perpendicularly to airflow 

direction. 

 

 

Figure 5.14. Distribution of the longitudinal component of airflow velocity in planes D-H for 

the applied voltage of -19.2 kV. 

 

 

Figure 5.15. Distribution of the longitudinal component of airflow velocity in planes D-H for 

applied voltage of -23.5 kV. 
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Figure 5.16. Distribution of the longitudinal component of airflow velocity in planes D-H for 

applied voltage of -30 kV. 

Figure 5.17 and Figure 5.18  show turbulence intensity contours in the y = 0 plane for the 

lowest (-19.2 kV) and highest (-30 kV) applied voltages, respectively. The electric corona 

discharge is responsible for a strong increase of the turbulence level. Assuming 3% 

turbulence intensity at the inlet and increasing the applied voltage from -19.2 kV to -30 kV, 

the maximum turbulence intensity in the vicinity of the spiked electrode increases from 36% 

to 65%. The larger density of contours in the downstream direction of the channel in the case 

of -30 kV applied voltage also confirms larger turbulence intensity generated in this area for 

the larger excitation voltage. 

 

 

Figure 5.17. Turbulence intensity contours in y = 0 plane for applied voltage of -19.2 kV 

(number of contours is 20, the maximum and minimum turbulence intensities are 36% in 

vicinity of spiked electrode and 3% at the inlet) 
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Figure 5.18. Turbulence intensity contours in y = 0 plane for applied voltage of -30 kV 

(number of contours is 20, the maximum and minimum turbulence intensities are 65% in 

vicinity of spiked electrode and 3% at the inlet) 

The 3-D secondary EHD flow distributions in the channel in the case of -30 kV applied 

voltage without the main airflow are shown in Figure 5.20a and Figure 5.20b from both side 

and top view. The EHD flow streamlines in Figure 5.20a show two pairs of spiral vortices in 

the vicinity of the spiked electrode: one downstream and the other in the upstream direction 

of the channel. Figure 5.20b shows the EHD flow streamlines from the top view. The 

asymmetry in this figure is due to the non-symmetric position of the spikes on both sides of 

the strip electrode and the fact that the same value of ion space charge density was assumed 

on the spike surfaces along the discharge electrode (Figure 5.19a). The EHD flow has a 

swirling motion in the channel and consists of one very small circular vortex and a bigger 

spiral vortex in the -x direction and one long-elliptic spiral vortex in the x direction. After 

repeating the simulation for a non-uniform ion charge density distribution on the spikes 

surfaces along the electrode, i.e. the ion charge density on the spikes surfaces close to the 

walls is 75% of the ion charge density on spikes surfaces located in the middle (Figure 

5.19b), the EHD flow streamlines in Figure 5.21a and Figure 5.21b demonstrate more 

symmetric patterns, as it was expected. 
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Figure 5.19. (a) Uniform and (b) non uniform charge density distributions on the spikes 

surfaces 
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Figure 5.20. EHD Flow streamlines when inlet velocity is zero and applied voltage is -30 kV, 

assuming uniform ion charge density on spikes. 
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Figure 5.21. EHD Flow streamlines when inlet velocity is zero and applied voltage is -30 kV, 

assuming non-uniform ion charge density on spikes. 

 

5.4.2.2 One-sided spiked electrode 

Figure 5.22 and Figure 5.23 show the airflow streamlines in the plane A for the ESP with 

spikes in the upstream direction for -19.2 kV and -30 kV applied voltages, respectively. Two 

vortices are formed in the vicinity of the discharge electrode with the airflow circulating in 

opposite direction with respect to the main airflow. These vortices are much stronger for the 

higher applied voltage, partially blocking the main airflow in the channel, as shown in Figure 

5.23, thus the airflow streamlines are more widely deflected towards the deposition planes. 

Therefore, due to the robust interaction of EHD secondary flow and the main airflow, and 

strong electrostatic forces near the corona electrode, the particles are moved from the central 

part of the channel towards the collecting plates.  
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Figure 5.22. Airflow streamlines in plane A for ESP with spikes in upstream direction; 

applied voltage is -19.2 kV and inlet velocity is 0.6 m/s. 

 

 

Figure 5.23. Airflow streamlines in plane A for ESP with spikes in upstream direction; 

applied voltage is -30 kV and inlet velocity is 0.6 m/s. 

Figure 5.24 and Figure 5.25 show the airflow streamlines in plane A for -19.2 kV and -

30 kV applied voltages, assuming that spikes along the discharge electrode are oriented in the 

downstream direction of the channel. Two vortices are formed in the vicinity of the 

deposition planes pushing the airflow towards the center of the ESP channel. Although these 
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two vortices are very small and for -19.2 kV applied voltage (Figure 5.24) have negligible 

effect on collection efficiency, they get larger and stronger by increasing the applied voltage 

to -30 kV (Figure 5.25). In this case they have a more significant effect on fine particle 

removal.  

 

 

Figure 5.24. Airflow streamlines in the plane A for ESP with spikes in downstream direction 

(applied voltage is -19.2 kV and inlet velocity is 0.6 m/s). 

 

 

Figure 5.25. Airflow streamlines in the plane A for ESP with spikes in downstream direction 

(applied voltage is -30 kV and inlet velocity is 0.6 m/s). 
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5.4.3 EHD flow effect on ESP performance 

The dust injected to the precipitation chamber is poly-dispersed with particles in the 

range of 0.25-1.5 μm, relative permittivity of 4.0 and different concentrations at inlet as 

shown in Figure 5.26. For each particle size, 200 particle injection points, spatially 

distributed at the inlet, were assumed; thus 1200 trajectories were traced for all particle sizes. 

Initially neutral particles were released into the duct with initial inlet velocity of 0.6 m/s. 

Under the electrostatic and aerodynamic forces some particles are trapped on the collecting 

plates and some manage to escape. The deposited particles were assumed to be removed 

from the model, and particle collision and agglomeration were neglected. 
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Figure 5.26. Distribution of particle concentration versus particle diameter at inlet. 

5.4.3.1 Two-sided spiked electrode 

Figure 5.27 shows the predicted collection efficiency of submicron particles with 

diameters in the range of 0.25-1.5 μm (size distribution shown in Figure 5.26) for different 

applied voltages. As expected, the particle collection efficiency increases by increasing the 

applied voltage and decreases for smaller particle size. In Figure 5.28 and Figure 5.29, our 

numerical results are compared with the experimental data published in [25]. Since the 

collection efficiency for each particle size is obtained by making an average over the 

estimated collection efficiencies of ten independent particulate phase simulations, error bars 
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are utilized showing the variations over the average values in the graphs. It is clear that the 

numerical simulation predicts lower collection efficiency than measured experimentally. We 

speculate that the larger collection efficiency for particles larger than 0.25 μm reported in the 

experiments is the result of agglomeration of suspended particles after collisions, and the 

lower collection efficiency of 0.25 μm particles could be due to the particle re-entrainment to 

the channel, both of which were neglected in the numerical model. 
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Figure 5.27. Collection efficiency of ESP with spikes on two sides versus particle diameter 

for four negative applied voltages and inlet velocity of 0.6 m/s calculated from the numerical 

model. 
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Figure 5.28. Numerical and experimental values of collection efficiency of ESP with spikes 

on two sides versus particle diameter for -19.2 kV and -30 kV applied voltages and inlet 

velocity of 0.6 m/s. 
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Figure 5.29. Numerical and experimental values of collection efficiency of ESP with spike 

on two sides versus particle diameter for -23.5 kV and -27.5 kV applied voltages and inlet 

velocity of 0.6 m/s. 
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5.4.3.2 One-sided spiked electrode 

Figure 5.30 compares the numerical results of particle collection efficiency for all 

particle sizes and four negative excitation voltages of -19.2, -23.5, -27.5 and -30 kV. As it 

was expected, the collection efficiency increases with increasing particle size and excitation 

voltage. For the highest applied voltage (-30 kV), the collection efficiency for 0.25 μm 

particles is 32% and increases to 54% for 1.5 μm particles. It is also clear that the error bar 

values showing the standard deviation around the average value of collection efficiency are 

larger by decreasing the particle size mostly due to strong sensitivity of these particles to the 

airflow fluctuations in time.  

Since submicron particles have very low drift velocity, they mostly follow the airflow 

streamlines and their trajectories are more affected by the airflow fluctuations than electric 

forces. Therefore, particle migration velocity (y component of airflow velocity in this case) is 

a critical parameter for an accurate description of very fine particle transport and removal in 

turbulent airflow. Figure 5.31 shows the y component of the airflow velocity vector in plane 

A for the highest (-30 kV) excitation voltage. It is shown that the y component of airflow 

velocity in the upstream direction of the channel is directed from the center of the channel 

towards the deposition planes and reaches values up to 0.7 m/s. This velocity pattern is in 

good agreement with the experimental results presented in [26]. 
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Figure 5.30. Numerical values of collection efficiency of the ESP with spikes pointed in the 

upstream direction versus particle diameter for four negative applied voltages and inlet 

velocity of 0.6 m/s. 

 

 

 

Figure 5.31. y component of the airflow velocity in ESP with spikes on upstream direction in 

plane A (applied voltage is 30 kV and inlet velocity is 0.6 m/s). 

Particle collection efficiencies for the whole range of particle sizes estimated for the ESP 

with spikes in the downstream direction are shown in Figure 5.32. As expected, the 
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highest applied voltage (-30 kV) the collection efficiency for 0.25 μm particles is 26% and 

increases to 42% for 1.5 μm particles. The decrease in collection efficiency of submicron 

particles in comparison with the ESP with spikes on upstream direction may be explained by 

analyzing the airflow velocity pattern shown in Figure 5.33. The y component of airflow 

velocity in an area downstream of the discharge electrode is directed from the center of the 

channel towards the deposition planes, but reaches lower values of below 0.6 m/s. In the 

upstream area of the channel a considerable airflow is directed from the collecting plates 

towards the center of the channel, which means that particles in this part of the channel are 

repelled from the collecting plates, resulting in reduction of particle collection efficiency. 

This velocity pattern is in good agreement with the experimental results presented in [26]. 
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Figure 5.32. Numerical values of collection efficiency of the ESP with spikes in the 

downstream direction versus particle diameter for four negative applied voltages and inlet 

velocity of 0.6 m/s. 
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Figure 5.33. y component of the airflow velocity vector in ESP with spikes in downstream 

direction in the plane A (applied voltage is -30 kV and inlet velocity is 0.6 m/s). 

5.4.4 Collection efficiency comparison for three spiked electrode geometries  

In Figure 5.34, the collection efficiency of submicron particles for -19.2 kV and -30 kV 

applied voltages are compared for ESPs with spikes pointed either in the upstream or 

downstream direction. It is obvious that the estimated particle removal for the ESP with 

spikes in the upstream direction is always larger due to the significant differences in vortices 

formation in the channel. Therefore, an ESP with spikes directed upstream is more efficient 

for fine particle collection than an ESP with spikes directed downstream. 
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Figure 5.34. Collection efficiency versus particle diameter of ESP with spikes either in 

upstream or downstream direction for -19.2 kV and -30 kV applied voltages and inlet 

velocity of 0.6 m/s. 
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In Figure 5.35a - Figure 5.35d, the collection efficiency of four particle sizes of 0.25, 

0.5, 0.75 and 1.5 m for the three ESP configurations are compared for four negative applied 

voltages of -19.2, -23.5, -27.5 and -30 kV. It is shown that the ESP with spikes on both sides 

is the best design for collecting particles in the range of 0.25 -1.5 m and ESP with spikes on 

downstream direction has the lowest collection efficiency. 

19.2 23.5 27.5 30
10

15

20

25

30

35

Applied voltage [V]

C
o
lle

c
ti
o
n
 e

ff
ic

ie
n
c
y
 [

%
]

 

 

Upstream

Downstream

Two-sided

19.2 23.5 27.5 30
10

15

20

25

30

35

40

45

Applied voltage [V]
C

o
lle

c
ti
o
n
 e

ff
ic

ie
n
c
y
 [

%
]

 

 

Upstream

Downstream

Two-sided

19.2 23.5 27.5 30
10

15

20

25

30

35

40

45

50

Applied voltage [V]

C
o
lle

c
ti
o
n
 e

ff
ic

ie
n
c
y
 [

%
]

 

 

Upstream

Downstream

Two-sided

19.2 23.5 27.5 30
10

20

30

40

50

60

70

Applied voltage [V]

C
o
lle

c
ti
o
n
 e

ff
ic

ie
n
c
y
 [

%
]

 

 

Upstream

Downstream

Two-sided

 

Figure 5.35. Collection efficiency of ESP with spikes on two sides and one side directed 

either upstream or downstream for different negative applied voltages and particle sizes of 

(a) 0.25 μm, (b) 0.5 μm, (c) 0.75 μm and (d) 1.5 μm (inlet velocity is 0.6 m/s). 

5.4.5 Submicron particle charging, trajectories and deposition 

To better demonstrate the influence of spike orientation on the discharge electrode with 

different excitation voltages on submicron particle collection, the particle deposition rate and 

average charge to mass ratio in different space intervals along the channel were investigated 
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for -19.2 kV (Figure 5.36 and Figure 5.37) and -30 kV (Figure 5.38 and Figure 5.39) applied 

voltages and for particle sizes of 0.25, 0.5, 0.75 and 1.5 m.  

Figure 5.36a - Figure 5.36d and Figure 5.38a - Figure 5.38d show the particle deposition 

rate along the channel for -19.2 kV and -30 kV applied voltages, respectively. It is clear that 

for ESP with spikes directed upstream and for all particle sizes, the peak values of the 

particles deposition curves are located in an area upstream of the channel (x<0) in the 

vicinity of discharge electrode, where the two generated vortices in this area push the 

particles away from the center of the channel towards the deposition planes. For ESP with 

spikes directed downstream, the two vortices generated in upstream of the channel push the 

particles away from the collecting plates towards the center of the channel, thus a very small 

portion of the particles are deposited in this area and the majority of particles is trapped in an 

area downstream in the channel (x>0). For the ESP with spikes on two sides, the particle 

deposition curves have quite a symmetric pattern around the center of the channel (x = 0) and 

the majority of trapped particles are deposited in vicinity of the discharge electrode. 

Figure 5.37a - Figure 5.37d and Figure 5.39a - Figure 5.39d show the corresponding 

average charge to mass ratio of the deposited particles for -19.2 kV and -30 kV applied 

voltages. This ratio is increased for all particle sizes as the particles traverse the channel. The 

results are obtained by calculating an average over the values of charge to mass ratio of a 

number of particles deposited in a specific space interval along the channel.  
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Figure 5.36. Particle deposition rate along the channel for ESP with spikes on two sides and 

one side directed either upstream or downstream for particle sizes of (a) 0.25 μm, (b) 0.5 μm, 

(c) 0.75 μm, and (d) 1.5 μm (applied voltage is -19.2 kV and inlet velocity is 0.6 m/s). 
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Figure 5.37. Charge-to-mass ratio of deposited particles along channel for ESP with spikes 

on two sides and one side directed either upstream or downstream for particle sizes of (a) 

0.25 μm, (b) 0.5 μm, (c) 0.75 μm and (d) 1.5 μm (applied voltage -19.2 kV and inlet velocity 

0.6 m/s). 
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Figure 5.38. Particle deposition rate along the channel for ESP with spikes on two sides and 

one side directed either upstream or downstream for particle sizes of (a) 0.25 μm, (b) 0.5 μm, 

(c) 0.75 μm and (d) 1.5 μm (applied voltage -30 kV and inlet velocity 0.6 m/s). 
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Figure 5.39. Charge-to-mass ratio of deposited particles along the channel for ESP with 

spikes on two sides and one side directed either upstream or downstream for particle sizes of 

(a) 0.25 μm, (b) 0.5 μm, (c) 0.75 μm and (d) 1.5 μm (applied voltage -30 kV and inlet 

velocity 0.6 m/s). 

5.4.6 Particle mass flow rate effect on collection efficiency 

A larger mass flow rate of particles increases the particle charge density in the channel 

resulting in changes in the electric field and ionic charge density distributions, which also 

increases the airflow turbulence in the channel. In order to investigate this effect, the particle 

mass flow rate at the inlet was increased 20 times and the particle collection efficiencies for 

0.25 - 1.5 μm particles were calculated for the ESP with spikes on two sides under negative 

applied voltage of -30 kV. A 45% reduction in discharge current was assumed, as discussed 

in Chapter 4. Figure 5.40 compares the particle collection efficiency for all particle sizes 

assuming the lowest and the highest particle mass flow rate at inlet. It is clear that by 

(a) (b) 

(d) (c) 
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increasing the particle mass flow rate the collection efficiency of all particle sizes decreases, 

which is mainly due to corona current suppression and, thus, decreased particle charge and 

electrostatic forces acting on the particles.  

0.25 0.5 0.75 1 1.25 1.5
20

25

30

35

40

45

50

55

60

65

70

Particle diameter (m)

C
ol

le
ct

io
n 

ef
fic

ie
nc

y 
[%

]

 

 

c=c*

c=20c*

 

Figure 5.40. Particle collection efficiency versus particle diameter for ESP with spikes on 

two sides for the lowest (c=c*) and highest (c=20c*) particle mass flow rates at inlet (applied 

voltage -30 kV and inlet velocity 0.6 m/s). 

5.5 Summary 

In the first part of this chapter, the developed 3-D numerical technique in Chapter 3 was 

applied to simulate the electrical and EHD characteristics of a laboratory scale spiked-plate 

ESP for three geometries of discharge electrodes: two-sided spiked electrode and one-side 

spiked electrode with the tips directed upstream or downstream of the airflow. Due to the 

high mobility of the ions produced by the corona discharge, the effect of airflow velocity 

fluctuations on the ion distribution was neglected. The airflow velocity patterns generated in 

the channel due to the strong interactions between the main and EHD flows were 

demonstrated for different applied voltages. The 3-D secondary EHD flow streamlines in 

different planes of the spike-plate ESP model obtained for various applied voltages show that 
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the strength and dimension of the gas vortices depend not only on the value of the excitation 

voltage but also on the mutual directions of the secondary EHD and the primary flows. Most 

of the numerical results obtained in this simulation qualitatively agree with the experimental 

data presented in [25,26]. Comparing the airflow streamlines obtained for the spiked-type 

electrode geometry with our previous results presented in Chapter 4, where a smooth corona 

electrode in a single wire-ESP model was assumed, emphasizes the significant role played by 

the discharge electrode structure, or discharge pattern, for determining the magnitude and 

structure of electrically induced flow, and turbulence levels in the channel. Furthermore, this 

improved modeling and understanding of the secondary EHD flow characteristics in the 

spiked type precipitator design is crucial for an accurate collection analysis of submicron 

particles in practical applications. This numerical technique can also be applied for other 

types of electrode geometry and ESP arrangements. 

In the second part of this chapter, the collection efficiencies of submicron particles in a 

spike electrode-plate laboratory-scale ESP were predicted for three geometries of discharge 

electrodes. The airflow streamlines, y component of airflow velocity patterns and collection 

efficiency of particles in the range of 0.25 - 1.5 μm were evaluated and compared for all 

discharge electrode configurations. It was shown that the ESP with spikes on two sides is the 

best discharge electrode design for collecting particles in the range of 0.25 - 1.5 μm. The ESP 

with spikes in the upstream direction showed slightly better collection efficiency for 0.25 μm 

particles, especially for lower excitation voltages. The particle mass flow rate effect on fine 

particle collection efficiency for ESP with spikes on two sides at the highest applied voltage 

(-30 kV) was also investigated. It was shown that increasing the particle mass flow rate at the 

inlet decreases the particle collection efficiency. A 20 times increase in particle mass flow 

rate at the inlet resulted in 10% decrease in particle collection efficiency of 1.25 and 1.5 μm 

particles and about 5-7% decrease for particles in the range of 0.25 to 1 μm. The numerical 

results were in fairly good agreement with the experimental data published in [25,26]. 

The content of this chapter has been accepted for publication in two journal papers 

[115,116]. 
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6. COLLECTION OF ULTRAFINE DIESEL PARTICULATE MATTER 

IN A CYLINDRICAL SINGLE-STAGE ESP 

 

6.1 Introduction 

Long-term exposure to diesel particulate matter emissions are linked to increasing 

adverse human health effects due to the carcinogenic nature of these particulates. Current 

diesel vehicular particulate emission regulations are based solely upon total mass 

concentration, albeit it is the submicron particles that are highly respirable and the most 

detrimental to human health. The impact of diesel emissions on human health has drawn a 

great deal of attention from both researchers and governmental agencies seeking a promising 

and economical control technology. 

In this chapter, a wire-cylinder ESP was modeled to predict the collection efficiency of 

conductive diesel particulates under different conditions. It consists of a circular tube and a 

wire electrode mounted at the center of the tube, energized by a negative high dc applied 

voltage, while the tube wall is electrically grounded. The analytical solution of Poisson and 

current continuity equations was implemented to obtain the ionic space charge density, 

electric potential distributions and the corresponding electric body forces in the channel. 

FLUENT commercial software was used to solve the k-ε turbulent airflow equations with 

considering the electrical body forces. Particle charging and motion equations were solved 

using the DPM feature of FLUENT and programming the corresponding UDFs.  

The corona induced 3-D EHD flow pattern was investigated when the corona wire is 

slightly off-center (eccentric) in the z > 0 direction. The particle deposition rate and average 

charge-to-mass ratio along the channel, and the collection efficiency of the ESP were 

evaluated and compared for different particle sizes. The effects of different inlet exhaust gas 

velocities, excitation voltages and channel length on particle migration velocity and 

precipitation performance were also assessed.  

6.2 Model description 

Figure 6.1 shows the schematic illustration of the experimental wire-cylinder ESP used 

by H. Hayashi et al. [77] to collect exhaust gas released from a diesel engine generator (Fuji 
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Heavy Industries Ltd., SGD3000S-III and maximum power output: 3 kW). The discharge 

electrode is a stainless steel wire with the diameter of 2r0 = 0.2 mm energized with a negative 

high dc voltage to generate corona discharge. A stainless steel tube with the diameter of 2r1 = 

36 mm and different lengths of 50-300 mm is used as a collection electrode. The exhaust gas 

is passed through the precipitator with initial velocities in the range of 0.6 - 1.5 m/s and the 

mass concentration of 20 mg/m
3
. The diesel engine generator was tested in two modes: low 

load (0 W) and high load (2.6 kW). It was proven that the ratio of Soluble Organic Fraction 

(SOF) consisting of unburned fuel and lubricant decreases at the high load of the engine [77]. 

Typical size of diesel aerosols is in the range of 10-1000 nm and has a constant density with 

a value between 1000 and 1500 kg/m
3
. Figure 6.2a and Figure 6.2b show two number 

concentrations of diesel particulates assumed at the inlet, for engine at low load and high load 

conditions and 110
o
 C and 210

o
 C temperature of the exhaust gas, respectively. Groups of 

each particle size were injected from 248 points from the inlet resulting in total number of 

7440 and 6696 particle streams in the ESP channel for engine at zero and high loads, 

respectively. In this simulation, particle density of 1000 kg/m
3
 was considered. Since the 

diesel particulates are conductive, the saturation charge was obtained by assuming the 

particle relative permittivity equal to infinity. A constant velocity at the inlet and “outflow” 

boundary condition at the outlet were imposed. Depending on the diesel engine load, a 

constant temperature of 110
o 

C or 210
o
 C was assigned for the boundary conditions of the 

walls.  

 

 

 

 

 

 

 

Figure 6.1. Schematic diagram of wire-cylinder ESP channel (a) cross section (b) side view. 
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Figure 6.2. Number concentration versus exhaust particle diameter at inlet for (a) zero engine 

load and 110
o 
C temperature (b) high engine load and 210

o 
C temperature 

 

6.3 Simulation results and discussions 

The whole computational domain was discretized into a number of tetrahedral elements 

using the commercial software GAMBIT, Table 6.1, with very fine elements in the vicinity 

of the wire electrode and larger elements in the vicinity of the collecting tube.  

 

Table 6.1. Number of nodes and elements from discretization for different channel lengths 

Channel length (mm) # Tetrahedral elements # Nodes 

50 88363 17048 

70 117694 22392 

100 164155 30827 

300 466398 85757 

 

The exact analytical solution for solving the Poisson and current continuity equations for 

wire-cylinder geometry in [117] was utilized to obtain the electric potential,  , electric field, 

E


, and ion charge density distributions, 

i
  in the precipitation channel for different applied 

(a) (b) 
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voltages. Considering [r0, r1] the region of interest as shown in Figure 6.1a, the closed form 

of the solution is as follows: 
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(6-3)

 

where 
o

 is the applied voltage and Ep is the electric field strength at the surface of the 

corona wire, equal to the onset value in air (Peek’s formula Eq. (3-41)).  

It was assumed that the ionic charge distribution in the channel would not be disturbed 

by the airflow and only the strong effect of electrostatic forces, due to the presence of ionic 

space charge in electric fields, on the airflow patterns was considered. The airflow equations 

were solved inside FLUENT using FVM and the turbulence effect was included by using the 

k-ε model. The Lagrangian random walk approach was used to determine particle motion, as 

affected by EHD flows and turbulence effects. This part was performed with the aid of DPM 

module in FLUENT considering submicron particle charging equations. The detailed 

description of the methodology and procedures can be found in Chapter 3. 
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6.3.1 Electrical characteristics - analytical solution 

6.3.1.1 Zero engine load and T= 110
o
C 

Figure 6.3a and Figure 6.3b show the analytical solutions for electric potential and 

electric field strength distributions along the radial direction under different voltages applied 

to the corona wire, where the engine is at zero load condition and temperature is 110
o 

C. The 

coresponding ionic charge density distributions are also shown in Figure 6.4a and Figure 

6.4b. 
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Figure 6.3. (a) Electric potential and (b) electric field strength distribution along the radial 

direction (zero engine load at T = 110
o 
C) 
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Figure 6.4. Charge density distribution along the radial direction for applied voltages of (a) -8 

kV and -10 kV (b) -15 kV and -17 kV for the engine at zero load and T = 110
o 

C 

E
le

ct
ri

c 
P

o
te

n
ti

al
 (

V
) 

r/r0 (a) (b) 

(a) (b) 



111 

The electric field strength near the collecting tube, ECE in Eq. (3-36), pseudo-

homogeneous electric field strength, Eps in Eq. (3-34), electric field strength (Ep) and ionic 

charge density (ρ0) values on the corona wire surface, corona discharge current (I) and the 

electric power of the wire-cylinder ESP for different applied voltages are summarized in 

Table 6.2. 

 

Table 6.2. Electrical parameters of wire-cylinder ESP (engine load is zero and T = 110
o
 C) 

Applied 

Voltage 

ECE 

(kV/m) 

Eps 

(kV/m) 

Ep 

(kV/m) 

ρ0 

(μC/m
3
) 

I (μA) Power (W) 

-8 kV 260 440 11000 -475 110 0.9 

-10 kV 370 555 11000 -1150 271 2.7 

-15 kV 740 833 11000 -3850 910 13.6 

-17 kV 870 870 11000 -5300 1300 22.1 

 

6.3.1.2 High engine load and T = 210
o
C 

The ionic charge density distribution along the radial direction for the engine at high 

load condition and temperature of 210
o
 C are shown in Figure 6.5a and Figure 6.5b for 

different voltages applied to the corona wire. Other electrical parameters of interest are 

summarized in Table 6.3. It is clear that in this case higher values of ionic charge density are 

generated in the channel resulting in higher electric field strength near the collecting tube and 

higher electric power consumption.  
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Figure 6.5. Charge density distribution along the radial direction for applied voltages of (a) -8 

kV and -10 kV (b) -15 kV and -17 kV for the engine at high load and T = 210
o 
C 

 

Table 6.3. Electrical parameters of wire-cylinder ESP (engine load is high and T = 210
o
 C) 

Applied 

Voltage 

ECE 

(kV/m) 

Eps 

(kV/m) 

Ep 

(kV/m) 

ρi 

(μC/m
3
) 

I (μA) Power (W) 

-8 kV 302 440 9400 -730 190 1.5 

-10 kV 381 555 9400 -1580 410 4.1 

-15 kV 770 833 9400 -4800 1200 18.0 

-17 kV 900 870 9400 -6550 1700 28.9 

 

6.3.2 3-D EHD flow patterns 

The EHD secondary flow generated due to electrostatic body forces on the air molecules 

was investigated in this model. It was found that in a perfectly concentric configuration of the 

electrode, the secondary flow does not exist due to symmetry of the geometry, where the 

electric body force is balanced by the pressure force along the radial direction, which was 

proven in [84]. Therefore, a slightly eccentric configuration was considered by displacing the 

(a) (b) 
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corona wire a small radial distance. In this case the average electric body force on the sides 

of the electrode are imbalanced and the air molecules along the eccentricity direction 

experience stronger average body force and are driven away from the electrode to form a jet. 

Assuming 1% electrode eccentricity in the z > 0 direction, a corona-induced jet is developed 

along the eccentricity direction with two spiral vortices on either sides of the jet, where the 

vortex on the right rotates counter clockwise, and the vortex on the left rotates clockwise, as 

shown in Figure 6.6a and Figure 6.6b. Theses vortices occupy almost the whole area of the 

circular cross section.  

Y

Z

X X

Y

Z

 

 

Figure 6.6. EHD secondary flow streamlines for 1% offset of corona discharge electrode 

from the center of the ESP channel (a) cross section view (b) side view. 

6.3.3 Submicron particles charging, trajectories and deposition 

Once the continuous phase (airflow) was calculated taking into account the external 

electrostatic body forces in Eq. (3-7), inert submicron particles were introduced to the system 

and their trajectories, charging and deposition was tracked. Both field and diffusion charging 

mechanisms, Eq. (3-30), were considered for charging the injected particles. Since the 

concentration of the submicron particles was very small, the effect of particle charge in the 

Poisson equation, Eq. (3-32), was neglected. Particle motion equations, Eq. (3-18), were 

solved considering the Stokes’ drag law, Eq. (3-26), for calculating the drag forces. The 

y 

z 

x 

Cross section view Side view 

(a) 
(b) 
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Cunningham slip correction factor, Cc, was computed from Eq.(3-27) for the engine at zero 

load and high load conditions and under different operating temperatures, as shown in Figure 

6.7a and Figure 6.7b.  
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Figure 6.7. Cunningham slip correction factor versus exhaust particle diameter (a) zero 

engine load and T = 110
o 
C (b) high engine load and T = 210

o 
C 

6.3.3.1 Zero engine load and T = 110
o 

C 

Particle charge to mass ratio and deposition rate along the ESP channel length for the 

particle sizes of 30 nm, 100 nm, 200 nm and 500 nm are shown in Figure 6.8 - Figure 6.11 

respectively, assuming diferent inlet velocities of 0.6 m/s, 1.0 m/s and 1.5 m/s, zero engine 

load and -10 kV excitation voltage applied to the corona wire. For the 30 nm particles the 

Cunningham slip correction factor, shown in Figure 6.7a, has the highest value, thus the drag 

forces on these particles are minimal. Despite of the negligible effect of electrostatic forces 

acting on these particles, a high deposition rate in the upstream direction of the channel can 

be seen (Figure 6.8b). Figure 6.8a shows that after increasing the inlet velocity the particles 

travel faster in the ESP channel and the charge to mass ratio decreases. The same trend can 

be observed for larger particles of 100, 200 and 500 nm (Figure 6.9 -Figure 6.11). The charge 

to mass ratio of particles increases as the particles traverse the channel. However, due to a 

higher amount of charge accumulated by larger particles in the same time, they obtain the 

saturated charge quicker and the velocity effect on charge to mass ratio, Figure 6.11a, 

becomes negligible. The particle deposition rates in Figure 6.8b- Figure 6.11b demonstrate 

some fluctuations along the channel which is due to the stochastic movement of these 

(a) (b) 
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particles in the channel. In the simulations, the discrete random walk model (DRW) was 

activated in FLUENT taking care of particle dispersion in the turbulent flow. Therefore, 

particle trajectories are subjected to turbulence dispersion which is effective in all directions 

as well as drag forces in the flow direction and electrostatic forces in wall normal direction. 
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Figure 6.8. (a) Charge to mass ratio and (b) percentage of trapped particles along the ESP 

channel for 30 nm particles under three inlet velocities (applied voltage is -10 kV, channel 

length is 100 mm, and temperature is 110
o 
C) 
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Figure 6.9. (a) Charge to mass ratio and (b) percentage of trapped particles along the ESP 

channel for 100 nm particles under three inlet velocities (applied voltage is -10 kV, channel 

length is 100 mm, and temperature is 110
o
C) 
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Figure 6.10. (a) Charge to mass ratio and (b) percentage of trapped particles along the ESP 

channel for 200 nm particles under three inlet velocities (applied voltage is -10 kV, channel 

length is 100 mm, and temperature is 110
o
C) 
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Figure 6.11. (a) Charge to mass ratio and (b) percentage of trapped particles along the ESP 

channel for 500 nm particles under three inlet velocities (applied voltage is -10 kV, channel 

length is 100 mm, and temperature is 110
o 
C) 
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6.3.3.2 High engine load and T = 210
o
C 

Particle charge to mass ratio and deposition rate along the ESP channel length for the 

particle sizes of 40 nm, 100 nm, 300 nm and 500 nm are shown in Figure 6.12 - Figure 6.15, 

respectively, assuming different inlet velocities of 0.6 m/s, 1.0 m/s and 1.5 m/s, high engine 

load and -10 kV excitation voltage applied to the corona wire.  
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Figure 6.12. (a) Charge to mass ratio and (b) percentage of trapped particles along the ESP 

channel for 40 nm particles under three inlet velocities (applied voltage is -10 kV, channel 

length is 100 mm, and temperature is 210
o 
C) 
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Figure 6.13. (a) Charge to mass ratio and (b) percentage of trapped particles along the ESP 

channel for 100 nm particles three inlet velocities (applied voltage is -10 kV, channel length 

is 100 mm, and temperature is 210
o 
C) 
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Figure 6.14. (a) Charge to mass ratio and (b) percentage of trapped particles along the ESP 

channel for 300 nm particles under three inlet velocities (applied voltage is -10 kV, channel 

length is 100 mm, and temperature is 210
o 
C) 
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Figure 6.15. (a) Charge to mass ratio and (b) percentage of trapped particles along the ESP 

channel for 500 nm particles under three inlet velocities (applied voltage is -10 kV, channel 

length is 100 mm, and temperature is 210
o 
C) 

6.3.4 Migration velocity and particle residence time  

6.3.4.1 Zero engine load and T= 110
o 

C 

Figure 6.16a and Figure 6.16b compare the particle migration velocity obtained from the 

simulation with the theoretical migration velocity under different voltages applied to the 

corona wire, three different inlet velocities of 0.6, 1.0 and 1.5 m/s and engine at zero load 

(a) (b) 

(a) (b) 
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condition. The theoretical migration velocity was calculated using Eq. (3-36), where the 

saturation charge on each particle size was estimated using Cochet charging model [95], Eq. 

(3-33). It is clear that the migration velocity obtained from the numerical model is larger than 

the theoretical values for all particle sizes. Therefore, it is most likely that the saturation 

charge estimated by Cochet charging model is smaller than the actual values of the calculated 

charge on particles. In our simulation model, particles smaller than 20 nm obtain no charge 

or at most one electron charge as they traverse the whole length of the ESP channel and their 

trajectories are only affected by airflow drag forces, thus, practically these particle could not 

be trapped by the ESP. Therefore, the numerical results in this chapter are only valid for 

particles larger than 20 nm. According to these figures, the migration velocity increases by 

increasing the voltage applied to the corona wire electrode. For a specific voltage applied to 

the corona wire the migration velocity for each particle size is approximately the same for 

inlet velocities of 0.6, 1.0 and 1.5 m/s. It means that at this range of inlet velocities, particles 

still have enough time to obtain the saturated charge in the channel. However, it is expected 

that at a specific inlet velocity, the migration velocity starts to drop dramatically due to 

decrease in particle residence time in the channel.  

In addition, Figure 6.16a and Figure 6.16b, show that particle migration velocity has a 

minimum around 200-300 nm particle diameter. This can be theoretically explained as 

follows:  

For particles larger than 300 nm, when field charging is dominant, the particle saturation 

charge and the theoretical particle migration velocity is [43]: 
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In this case, the migration velocity is proportional to the particle diameter, and the square 

of the field strength. Therefore, particle migration velocity increases by increasing the 

particle diameter. For particles smaller than 200 nm, the correction factor 
c

C , necessary to 

account for viscosity and the diffusion charging, is dominant. The particle saturation charge 

from diffusion charging and the corresponding migration velocity is [43]:  
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In this case the migration velocity is proportional to the temperature, electric field 

strength and the Cunningham slip correction factor. To simplify the equations, for both cases 

the electric field strength near the collecting plates, 
CE

E


, can be roughly estimated by 

pseudo-homogeneous electric field strength ,
ps

E


. 

Figure 6.17a - Figure 6.17d compare the particle residence time of deposited particles for 

four applied voltages of -8 kV, -10 kV, -15 kV and -17 kV, for inlet velocities of 0.6 m/s, 1.0 

m/s and 1.5 m/s, respectively. In general, the particle residence time for each particle size 

decreases by increasing the excitation voltage i.e. these particles are trapped earlier in the 

channel due to higher amount of charge obtained by them in a specific period of time and 

stronger electrostatic forces. For larger applied voltages with higher ionic charge density in 

the channel, the residence time of each particle size is the same for the three inlet velocities, 

as shown in Figure 6.17c and Figure 6.17d. However, for lower excitation voltages the 

particle residence time decreases by increasing the inlet velocities, as shown in Figure 6.17a 

and Figure 6.17b. It is also clear that the graphs for particle residence time have a maximum 

around 200-300 nm particle diameter for all excitation voltages and inlet velocities. 
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Figure 6.16. (a) Theoretical migration velocity calculated from Cochet particle charging 

model (b) particle migration velocity obtained from simulation for different applied voltages, 

channel length of 100 mm and inlet velocities of 0.6 m/s, 1 m/s and 1.5 m/s 

Inlet velocity = 1.5 m/s Inlet velocity = 1.5 m/s 

Inlet velocity = 1.0 m/s Inlet velocity = 1.0 m/s 

Inlet velocity = 0.6 m/s Inlet velocity = 0.6 m/s 
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Figure 6.17. Particle residence time of deposited particles versus exhaust particle diameter 

for three inlet velocities, channel length of 100 mm and different applied voltages of (a) -8 

kV, (b) -10 kV, (c) -15 kV and (d) -17 kV. 

6.3.4.2 High engine load and T = 210
o 

C 

Figure 6.18a and Figure 6.18b compare the particle migration velocity obtained from the 

simulation with the theoretical migration velocity under different voltages applied to the 

corona wire, three different inlet velocities of 0.6, 1.0 and 1.5 m/s and engine at high load 

condition. Figure 6.19a - Figure 6.19d compare the particle residence time of deposited 

particles for four applied voltages of -8 kV, -10 kV, -15 kV and -17 kV for inlet velocities of 

0.6 m/s, 1.0 m/s and 1.5 m/s, respectively. 
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Figure 6.18. (a) Theoretical migration velocity calculated from Cochet particle charging 

model (b) particle migration velocity obtained from simulation for different applied voltages, 

channel length of 100 mm and inlet velocities of 0.6 m/s, 1 m/s and 1.5 m/s 

Inlet velocity = 1.5 m/s Inlet velocity = 1.5 m/s 

Inlet velocity = 0.6 m/s Inlet velocity = 0.6 m/s 

Inlet velocity = 1.0 m/s Inlet velocity = 1.0 m/s 
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Figure 6.19. Particle residence time of deposited particles versus exhaust particle diameter 

for three inlet velocities, channel length of 100 mm and different applied voltages of (a) -8 

kV, (b) -10 kV, (c) -15 kV and (d) -17 kV. 

 

6.3.5 ESP performance on removal of submicron particles 

6.3.5.1 Zero engine load and T = 110
o 

C 

Figure 6.20a - Figure 6.20d show the corresponding fractional efficiency of different 

particle sizes for the applied voltages of -8 kV, -10 kV, -15 kV and -17 kV and inlet 

velocities of 0.6, 1.0 and 1.5 m/s for engine at zero load condition. For excitation voltages of 

-8 kV and -10 kV the fractional efficiency has a minimum around 200-300 nm particle 

diameter and the fractional efficiency decreases by increasing the inlet velocity from 0.6 m/s 

(a) (b) 

(c) (d) 
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to 1.5 m/s, as shown in Figure 6.20a - Figure 6.20b. This can be explained by looking at the 

particle migration velocities graphs (Figure 6.16b) and the relation between the particle 

migration velocity and fractional collection efficiency in Deutsch equation Eq. (3-35)). 

However, for -15 kV and -17 kV excitation voltages the fractional efficiency for all particle 

sizes are more than 95%, as shown in Figure 6.20c - Figure 6.20d.  
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Figure 6.20. Fractional efficiency of ESP for three inlet velocities, channel length of 100 mm 

and different applied voltages of (a) -8 kV, (b) -10 kV, (c) -15 kV and (d) -17 kV. 

 

The total mass collection efficiencies versus particle residence time for the four applied 

voltages and engine at zero load condition are shown in Figure 6.21. The total mass 

collection efficiency increases by increasing the gas residence time (lower inlet velocity) and 

increasing the excitation voltages. These results are summarized in Table 6.4. 

(a) (b) 

(c) (d) 
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Figure 6.21. Total mass collection efficiency versus exhaust gas residence time for different 

applied voltages and 100 mm long ESP channel 

 

Table 6.4. Total mass collection efficiency of ESP (L = 100 mm and T = 110
o
 C) 

Applied 

voltage 

Total mass collection efficiency 

0.6 m/s 1 m/s 1.5 m/s 4 m/s 

-8 kV 72.0% 44.5% 26.4% - 

-10 kV 96.0% 74.9% 51.2% 16.3% 

-15 kV 99.2% 99.6% 97.3% - 

-17 kV 99.0% 99.6% 99.6% - 
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6.3.5.2 High engine load and T= 210
o 

C 

Figure 6.22a - Figure 6.22d show the corresponding fractional efficiency for the applied 

voltages of -8 kV, -10 kV, -15 kV and -17 kV and inlet velocities of 0.6, 1.0 and 1.5 m/s for 

engine at high load condition. 
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Figure 6.22. Fractional efficiency of ESP for three inlet velocities at inlet, channel length of 

100 mm and different applied voltages of (a) -8 kV, (b) -10 kV, (c) -15 kV and (d) -17 kV. 

 

The total mass collection efficiencies versus particle residence time for the four applied 

voltages and engine at high load condition are shown in Figure 6.23. These results are 

summarized in Table 6.5. 

(a) (b) 

(c) (d) 
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Figure 6.23. Total mass collection efficiency versus exhaust gas residence time for different 

applied voltages and 100 mm long ESP channel 

 

Table 6.5. Total mass collection efficiency (L = 100 mm and T= 210
o 
C) 

Applied 

voltage 

Total mass collection efficiency 

0.6 m/s 1 m/s 1.5 m/s 4 m/s 

-8 kV 95.5% 69.6% 45.2% - 

-10 kV 99.6% 95.0% 74.8% 22.4% 

-15 kV 99.1% 99.7% 99.7% - 

-17 kV 99.0% 99.7% 99.8% - 

 

6.3.5.3 Different channel lengths  

Figure 6.24a and Figure 6.24b show the particle residence time and fractional 

efficiencies versus exhaust particle diameter for channel lengths in the range of 50-300 mm, 
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with engine at low load condition and -10 kV voltage applied to the corona wire. It is clear 

that the residence time and fractional efficiency of particles increases by increasing the 

channel length and for 300 mm long channel almost all particles are trapped. Figure 6.25a 

and Figure 6.25b show the corresponding graphs for engine at high load condition. The total 

mass collection efficiency for different channel length and engine working at low load and 

high load conditions are summarized in Table 6.6. 
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Figure 6.24. (a) Particle residence time and (b) fractional efficiency versus exhaust particle 

diameter for four different length of the ESP channel (applied voltage is -10 kV, inlet 

velocity is 0.6 m/s and engine is at low load condition) 
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Figure 6.25. (a) Particle residence time and (b) fractional efficiency versus exhaust particle 

diameter for four different length of the ESP channel (applied voltage is -10 kV, inlet 

velocity is 0.6 m/s and engine is at high load condition) 
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Table 6.6. Total mass collection efficiency for different channel length (inlet velocity is 0.6 

m/s, applied voltage is -10 kV) 

Channel Length Zero-Load High-Load 

50 mm 60.0% 86.0% 

70 mm 81.2% 98.2% 

100 mm 96.0% 99.6% 

300 mm 99.8% 100% 

 

6.4 Summary 

A one-stage laboratory scale wire-cylinder ESP for collecting submicron diesel 

particulates was simulated. The analytical solution of Poisson and current continuity 

equations were coupled with the numerical solution of exhaust airflow Navier-Stokes 

equations using FLUENT software. It was shown that the EHD secondary flow is only 

generated in the channel when the corona wire is slightly off-center. Two particle size 

distributions were assumed considering zero and high engine load at the inlet. For different 

particle sizes, particle charge to mass ratio and deposition rate along the ESP channel were 

compared for different inlet velocities. It was shown that by increasing the particle residence 

time i.e. decreasing the inlet velocity, the particle charge to mass ratio increases and the 

particle removal efficiency increases. Particle migration velocities were obtained for different 

applied voltages and showed higher values comparing with the theoretical formula. Total 

mass collection efficiency for different channel lengths and the fractional efficiencies of all 

particle sizes were also obtained. It was shown that the collection efficiency graphs versus 

diesel particle diameter have a minimum around 200-300 nm for lower excitation voltages. 

However, for higher excitation voltage and lower gas velocities at inlet, the collection 

efficiency for all particle sizes is above 95%. 
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7. SUMMARY and RECOMMENDATIONS FOR FUTURE STUDY 

 

7.1 Summary 

In this thesis, a hybrid numerical technique was proposed for simulating the corona 

discharge phenomena, the generated EHD secondary flow, and particle charging and motion 

in a one-stage single-electrode ESP. The algorithm was based on three different numerical 

techniques: FEM, FCT and FVM. The first two were used to calculate the ionic charge 

density and electric potential distributions in the ESP channel by solving the Poisson and 

current continuity equations. Advantage was taken of both methods to achieve accurate 

simulation results in reasonable computing time. A non-uniform discretization of the domain 

was considered, where the elements in the vicinity of the discharge electrode were much 

finer than in the areas close to the collecting walls. Due to large memory allocation 

requirements the calculations were carried out using the SHARCNET supercomputing 

clusters. It is believed that, the proposed algorithm is the most advanced technique used so 

far for modeling the electrical characteristics inside an ESP. FVM was employed in the 

FLUENT commercial software for the airflow simulation. In many cases, the simulation 

results were compared with the existing experimental data to verify the reliability of the 

numerical model. 

The 3-D characteristics of the EHD flow patterns were studied in single-stage 

rectangular ESPs, assuming a smooth corona wire with uniform discharge current along the 

wire and also spiked corona discharge electrodes with non-uniform distribution of discharge 

current along the electrodes. The EHD flow body force was inserted into FLUENT by using 

the UDFs, which link the corona discharge and the airflow algorithms together. The detailed 

distributions of all essential parameters for the electric and flow field were predicted. The 

effect of corona discharge electrode geometry and applied voltage on the corona discharge 

characteristics and EHD flow pattern was discussed. Particle charging and motion were 

investigated in different ESP models using DPM in FLUENT. The Lagrangian approach 

employing the DRW model for particle dispersion permitted examination of deposition in the 

ESP channel. The mutual interaction between three fields: electrostatic, airflow and particle 

dynamic was taken into account throughout the whole thesis. The collection efficiency of 
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submicron and ultrafine particles was predicted with good accuracy for spiked electrode-

plate and wire-cylinder ESP geometries. It was shown that, for the same voltage applied to 

the corona electrode, the spike-type discharge electrode with spikes on two sides improves 

collection efficiency of submicron particles in the range of 0.25-1.5 μm, when compared to 

the wire electrode and spiked electrode with spikes on only one side of the electrode. 

However, it should be recognized that the electric power consumption in an ESP with spikes 

on both sides in this case is almost double that in the ESP with spikes on one side of the 

discharge electrode only. Therefore, assuming identical corona discharge current, the best 

discharge electrode configuration would have spikes on one side only and directed in the 

upstream direction. The influence of electrode geometry, EHD flow and particle 

concentration on precipitation performance was studied in detail. It was found that the 

collection efficiency deceases by increasing the particle concentration at the inlet due to 

corona discharge suppression. A 20 times increase in the particle mass flow rate at inlet, 

caused the corona discharge current to decrease by 45%. Finally, the wire-cylinder ESP with 

uniform corona discharge along the wire was simulated to predict the collection efficiency of 

submicron conductive diesel exhaust particulates. Particle migration velocities for different 

inlet velocities and applied voltages were evaluated and the fractional efficiencies were 

obtained for all particle sizes. It was found that by increasing the applied voltage, length of 

the ESP channel and gas residence time the collection efficiency increase up to 95% for all 

particle sizes. The proposed mathematical model for simulating the whole precipitation 

process in this thesis was also applicable for modeling practical pilot scale wet ESPs with 

complex corona discharge electrodes in industrial application. 

7.2 Recommendations for future study 

It is believed that the research reported in this thesis answers some fundamental 

questions about EHD flow and different parameters effect on particle collection efficiency in 

ESPs with complicated discharge electrode geometries. However, there are a number of 

issues which deserves further investigations: 

1. Modify the current computer program for numerical calculations of the electrical 

characteristics inside the ESP, to be applicable for efficient parallel processing. 

Some pure numerical simulations of precipitation performance are suggested in the 
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literature using Direct Numerical Simulation (DNS) [17,118-121], Monte-Carlo 

simulation [44], or SIMPLE algorithm [9-11]. However, these numerical methods are 

usually applicable at fairly low Reynolds numbers, and sufficient spatial and temporal 

resolution is essential to obtain accurate results, which demands supercomputers with 

massively parallel processing. The numerical approach carried out in this study also has 

some numerical restrictions on the number of nodes and elements obtained from 

discretization due to large matrices created in the 3-D numerical technique used for 

calculating the electrical parameters. This computer program needs to be modified to be 

applicable for parallel processing in SHARCNET supercomputing clusters. In this 

study, the flow field is computed using the k-ε model for turbulence in the commercial 

FLUENT 6.2 software considering the EHD flow effects. Despite some intrinsic 

deficiency of the models adopted in FLUENT, as mentioned by Soldati in [118], it is 

perfectly applicable to an industrial problem with complicated discharge electrode 

configuration, where it would be hard to perform DNS simulation. Besides, FLUENT 

software has the capability to operate in parallel mode for large geometries with some 

specific rules for implementing UDFs in this mode.  

2. Estimate the I-V characteristics for more complicated corona electrode geometries. 

To estimate the ionic charge density distribution on the corona electrode surface for 

smooth corona wire discharge electrode with uniform distribution, the Kaptzov 

hypothesis is applicable. However, for more complicated electrode geometries it is 

necessary to know the I-V curve. In this thesis, the corona discharge current obtained 

from experimental data was used to estimate the non uniform ionic charge density on 

the spiked electrode surface. The analytical solution of Poisson and current continuity 

equations are only available for wire-cylinder ESP configuration, discussed in Chapter 

6. Therefore, for more complicated discharge electrode geometries a new methodology 

should be utilized to evaluate the I-V characteristic applicable for single-stage ESPs. 

3. Investigate the effect of electrical resistivity of particles on the collection efficiency. 

Particles with a low electrical resistivity have lower collection efficiency due to re-

entrainment after deposition. In industrial applications wESPs are recommended to 

overcome this problem. However, calculating the effects of back corona phenomenon 
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on ESP performance in the case of particles with high electrical resistivity needs more 

investigation. Back-corona discharge is triggered by the electrical breakdown of the dust 

layer that occurs due to the high dust resistivity and high ionic current across the dust 

layer. Back-corona discharge creates positive ions that tend to neutralize incoming 

negatively polarized particles, and reduces the electric field near the collecting 

electrode, thus dramatically impairing dust collection. The prediction of collection 

efficiency assuming back-corona discharge is usually based on semi-empirical 

approaches. In order to implement the back-corona discharge further modification in the 

ESP model should address the bipolar composition of discharge current as well as the 

bipolar charging mechanism of dust particles. 

4. Optimize the ESP design or use hybrid devices to improve submicron and ultrafine 

particle removal. Although, the overall mass based collection efficiency of ESPs are 

over 99%, the collection efficiency of submicron particles can be in the range of 60-

80% or even lower. In fact, the collection of particles smaller than 30 nm is below 50% 

due to a majority of particles being uncharged. For increasing the submicron and 

ultrafine particles collection efficiency to meet new emission regulations some methods 

can be used such as: surface charge enhancement by new charging methods or improved 

corona charging with pre-chargers, mechanical or chemical agglomeration of particles 

and combinations of other technology (hybrid devices) such as a thermal precipitator, 

electret filters, wet-electrostatic precipitators and vortex, cyclone or scrubbers, and new 

ESP designs including new geometries and optimization of existing ones. 

5. Optimize the ESP design for practical cases such as diesel exhaust particulates 

removal with respect to capital and operating cost and also installation and 

maintenance expenses. The wire-cylinder ESP configuration studied in Chapter 6 

could be readily used for an effective control of diesel exhaust particulates from a 

stationary diesel emission source at the optimum gas residence time. The ESP could 

also be scaled up for treating higher volumetric exhaust flow rate emitted from larger 

diesel engines. However, from a practical point of view to really apply this type of 

technology to such stationary diesel equipment or to diesel vehicles, several practical 

aspects should be taken into account in order to optimize the performance of the ESP 
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with respect to its capital and operating cost, and also ease of maintenance and handling. 

It was shown that the ESP collection efficiency improves significantly at higher corona 

discharge power. However, a high applied voltage requires an increase of the ESP 

diameter in order to prevent the initiation of an arc between the electrodes. Therefore, 

the ESP becomes larger and takes up more space but shorter in length assuming that the 

specific collection area is fixed, hence resulting in a higher installation cost. The ESP 

operating cost also goes up due to higher corona power utilization. A large-diameter 

ESP may not be practical for a diesel vehicle application because of the size restriction, 

while it may be more appropriate for the stationary diesel emission sources. It was also 

shown that the ESP performance could be enhanced by increasing the length of the ESP 

without changing its diameter. Longer ESP results in higher collection surface area 

proportional to a longer gas residence time being available inside the ESP for higher 

DPM emission removal. For bigger diesel engines, higher exhaust volumetric flow rate 

is generated, thereby requiring a longer ESP, thus, the total length of the ESP which 

includes other design margins, such as water distribution system in wESP, insulator, etc, 

might be too long which may not be suitable for mobile diesel engines.  
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