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ABSTRACT 

Recent interest in emission control of fine particulate matter has resulted from 

scientific studies on the effect of fine particulate matter on human health. Hence, many 

western countries introduced a new emission regulation known as PM2.5, that regulates 

particles less than 2.5 microns in diameter. The existing particle separation devices such 

as electrostatic precipitators (ESPs) are of particular interest since they can economically 

capture particles effectively with a low pressure drop. The present ESPs provide high 

collection efficiencies of around 99.99% for micron and larger particles. However, the 

collection efficiency of submicron particles in the range from 0.1 to 1 ~m and ultrafine 

particles, that is with particle diameters less than 0.1 Jlm, can be less than 50%. 

In this work, numerical and experimental studies were conducted to examine the 

effect of electrode geometries on the improvement of collection efficiency of submicron 

and ultrafine dust particles in electrostatic precipitators. The collection efficiency 

prediction was based on a modified Deutsche's equation after calculation of the three

dimensional electric potential and ion distribution. The particle charging models for 

diffusion and field charging methods were considered, based on the Knudsen number 

(Kn=2A/dp), where Ai is the mean free path of negative ions and dp is the dust particle 

diameter. The constitutive relationship developed from the optical emission experiments 

was implemented to simulate ion distribution of corona discharge for various discharge 
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electrodes. Experimental validations for total and partial collection efficiencies for 

particle size from 10-2 to 20 mm were conducted for bench and full scale ESPs. 

Results show that the collection efficiency of submicron and ultrafine particles 

can be predicted with good accuracy for various geometries of discharge and dust 

col1ection electrodes. The spike-type discharge electrode with the I-type col1ecting 

electrode improves collection efficiency of fine particles when compared to the wire or 

rod discharge electrode with I-type collecting electrode. In the case of U and C-type 

collecting electrodes, there is an optimum fin length for which the highest collection 

efficiency can be reached. Comparison of experimental and predicted results shows that 

the total collection efficiency predicted by the present model agrees well with 

experimental results for the bench-scale ESPs. For the large-scale wire-plate type ESP, 

the present simulation results conducted for various gas temperatures and dust 

resistivities agree quantitatively and qualitatively with the experimental results. 

The model proved to be useful for prototype design of collecting and discharge 

electrodes, modification and existing ESP's and scale-up of new ESP's in order to meet 

new emission regulations. 
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CHAPTER! 

INTRODUCTION 

1.1 BACKGROUND 

1.1.1 Particulate Matter Health Related Issues 

Several scientific studies [1-5] have linked particulate matter (PM) ennSSIon 

with a wide range of health-related disorders resulting in daily mortality, respiratory and 

cardiovascular hospitalizations, adverse impaired lung function, etc. Recent 

investigations by the Ontario Ministry of the Environment provided a list of pollutants 

and their effect on human health [4]. Table 1.1 shows the effect of some pollutants on the 

premature death and hospital admissions in the Hamilton-Wentworth area [6]. 

Particles larger than 10 JDfl in diameter are of little health concern since they are 

mostly caught by mucus in the nose and throat and can be cleared out of the body. 

Particles smaller than 10 JDfl (P MlO) fall into two categories, with the threshold diameter 

around 2.5 JDfl (PM2.5). The coarse fraction or inhalable particles, between 2.5 and 10 JDfl 

in diameter, settles in the bronchial tubes, and can cause various health impacts. 

Recently, it was observed that respiratory particles smaller than 2.5 JDfl in diameter, have 

the greatest impact on health since they can penetrate deeply into the lungs [5]. The 
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problem is complicated, since the PM may contain various toxic compositions and there 

is no known threshold concentration below which exposures represent no health risk. 

Table 1.1 
Human health effects of pollutants in Hamilton-Wentworth [6] 

Pollutants 
Premature Hospital 

Death Admissions 

PMlO 85 150 

Sulphates 50 190 

Ground Level Ozone 5 50 

Sulphur Dioxide 40 30 

Nitrogen Oxides 0 40 

Carbon Monoxide 0 20 

1.1.2 Canadian and Worldwide Particulate Matter Regulations and Strategies 

Current scientific understanding of the health effect of particulate matter has 

advanced PM emission regulations based on the particulate matter size. The existing 

Canadian government ambient air quality standard for the total suspended particulate 

(TSP) was revised, too. The national TSP acceptable level was 120 pg/m3 and 70 pg/m3 

based on 24-hour and annual averaging, respectively. In June 2000, the Government of 

Canada, the provinces and territories, except Quebec, proposed new Canada-Wide 

Standards (CWD) for PM. The CWD standard sets the ambient air quality concentration 

target of 30 pglm3 for fine particulate matter PM2.5 by the year 2010. PM IOIPM2.5 
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standards and objectives worldwide are shown in Table 1.2. These recent emission 

standards and objectives require development of advanced new, or modifications of 

existing electrostatic precipitators. 

Table 1.2 
PM IOIPM2.5 current standards, target levels and dates [1, 7, 8] 

Country PM 101 Limits 
PM2•S 

Ontario PMIO 50 J-lg/m3; 24-hour limit 

Canada PM2.5 
30 J-lg/m3; 24-hour limit 

(98th percentile measurement 3 years average) 

PM IO 
150 J-lg/m3 ; 24-hour limit 
50 J-lg/m3; annual limit 

USA 

PM2.5 
65 J-lg 1m3; 24-hour limit; by 2015 
15 J-lg 1m3; annual limit 

50 J-lg/m3; 24-hour limit; by 2005; (not to be exceeded 25 
PMIO timeslyear ) 

30 J-lg/m3; annual limit 
EU 

50 J-lg 1m3; 24-hour limit; by 2010; (not to be exceeded 7 
PM2.5 timeslyear ) 

20 J-lg 1m3; annual limit 

PM IO 50 J-lg 1m3 ; 24-hour limit 
Australia 

PM2.5 25 J-lg/m3 ; 24-hour limit 

Hong Kong PM IO 
180 J..I.g/m3 ; 24-hour limit 

55 J-lg/m3; annual limit 

Sweden TSP 100 J-lg/m3 ; 24-hour limit 

UK TSP 50 J-lg/m3 ; 24-hour limit 

South Africa TSP 50 J..I.g/m3 ; 24-hour limit 
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Table 1.2 (continued) 

Country PMuv Limits 
PM2•5 

Japan * TSP 50-150 J.1g/m3; (depending on size of coal fired boiler) 

Korea * TSP 50-150 J.1g/m3; (depending on size of coal fired boiler) 

China * TSP 200 J.1g/m3; (power industry standard) 

Mexico TSP 150 J.1g/m3 ; 24-hour limit 

PMIO and PM2.s ... particulate matter less then 10 and 2.5 f..lm in diameter; TSP ... total 
suspended particulate; * ... industry dependent limits available. 

1.1.3 Major Sources of Particulate Matter in Canada 

In addition to strengthening the PM emission standards, the governments in 

North America have also prompted industry to develop strategies for reduction of 

particulate matter emissions. One of the first steps was development of monitoring 

stations in order to identify the PM emission sources. The major sources of PM in Canada 

are natural sources, industry, transportation and transboundary states. Natural sources 

such as agricultural tilling, forest fires, and dust from paved and unpaved roads are major 

sources of PM in some provinces. US transboundary industry is one of the major sources 

of PM in southern Ontario. In order to reduce emissions from US transboundary states 

the Canada-United States Air Quality Agreement was achieved in 1991. The particulate 

emission sources of Canadian industries are shown in Figure 1.1. 

Roughly, they are divided into industrial processes, fuel combustion, 

transportation, and other processes. The industrial processes include coal mining, iron 
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mmmg, grain/rock mmmg, aluminum smelting, steel smelting, asphalt pavmg, 

cement/concrete production, chemical production, petrochemical processes, pulp/paper 

processing, wood production and other processes. The major PM2.5 industrial process 

source is the wood industry with 12 % of total emissions. Pulp and paper contributes 

9.3% to total emissions, while the steel industry contributes around 3.5 %. Fuel 

combustion sources which include electrical utilities, commercial and residential fuel 

combustion, residential sources, mainly from wood combustion, contribute 37 % to total 

emissions. Transportation sources such as air flights, heavy duty vehicles, light duty 

vehicles, marine, rail and off-road transportation, contribute only 20 % to the total 

emission with the highest contributions from heavy duty transportation of 7 %. 

Figure 1.1 

PM2.5 sources: 

Ellndustrial Processes 

E'J Fuel Combustion 

DB Transportation 

o Other Processes 

Canada particulate emissions, industry sources for PM2.5 for 1995 [9] 

The electrostatic precipitator (ESP) is one of the devices used for the removal of 

suspended particles from the gas. The ESPs separate dust particles from the main gas 

flow, based on the principle of electrostatic force acting on the charged dust particle. 
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Electrostatic precipitators (ESPs) have been used in various industries such as coal-fired 

power plants, steel, cement, and paper manufacturing, food processing, etc., and in 

commercial and home ventilation systems. Compared to other mechanical dust particle 

separation devices, ESPs are highly efficient for a wide range of particle sizes, can handle 

high gas flow rates with only a relatively low pressure drop, and have low operating 

costs. The characteristics of some typical dust collection devices are shown in Table 1.3. 

Table 1.3 
Comparison of dust particle separation devices [10, 11] 

Dust Effective for 
Gas Flow Operational Collection Dust Particle Pressure Drop 

System Size 
Velocity Cost 

Gravitational > 100 ~m low < 0.1 mls low 

> 1 ~m[l1] 
Cyclone medium 1-2 mls medium 

> lO~m [10] 

Impact > lO~m medium < 50 mls low 

Depending on 
depending on the filter 

Bag Filter material >0.01 operational < 0.05 mls high 
time 

~m 

Packed Bed > 0.1 ~m high -0.05 mls high 

0.2 ~m [11] 
Wet Scrubbers high <2m1s high 

> 0.02 ~m [10] 

Dry ESPs > 0.01 ~m low 0.5-2 mls low 

Wet ESPs > 0.01 ~m medium 0.5-2 mls high 
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1.2 TYPES OF ELECTROSTATIC PRECIPITATORS AND 
PRINCIPLE OF OPERATION 

1.2.1 Principle of Operation 

There are five fundamental steps in the operation of electrostatic precipitators, as 

shown in Figure 1.2. These are corona discharge, particle charging through combined 

diffusion and field charging, particle transport by electrical and gas flow forces, 

formation of the dust layer on the collecting electrode, and removal of collected dust by 

rapping techniques. In general, the discharge electrode is connected to the high voltage 

power supply, while the collecting electrode is grounded. The high electric field in the 

vicinity of a discharge electrode causes ionization of the gas molecules, known as a 

corona discharge. Ions are then moving along the electric field lines towards the 

collecting electrode. On their way to the collecting electrode they may attach to the 

surface of the suspended dust particles by diffusion or field charging mechanism. Field 

charging occurs due to the bombardment of the dust particle surface by ions that are 

moving under the influence of the electric field. Diffusion charging occurs due to the 

attachment of the ions to the surface of the dust particle diffusing in accordance with the 

laws of gas kinetic theory. After that, the charged particles will move towards the 

collecting electrode due to the introduced electrical force. Once the charged particles 

reach the collecting electrode, they will transfer their charge to collecting electrode and 

form a dust layer that will be further removed to the hopper by some of the dust removing 

techniques. 
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-
Schematic of top view of wire-plate ESP operation with a negative 
corona discharge. (e ... electron, -i.. .negative ions, g ... gas molecule, 
d ... dust particle) 
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1.2.2 Types of ESP 

The design of electrostatic precipitators (ESPs) depends on their application area 

and can be classified in several groups. According to the overall field geometry ESPs can 

be classified as wire-pipe (See Figure 1.3), wire-plate (See Figure 1.4), and wire-duct 

type of ESPs. Different geometries of discharge (See Figure 1.5) and collecting (See 

Figure 1.6) electrodes can be used. Most common discharge electrodes, are smooth wires 

and rigid-type. Most common collecting electrode is G-type. With respect to the electrode 

arrangement, ESP's can further be classified as single stage or two stage ESPs. In a single 

stage ESP charging and collection of particles occurs simultaneously, whereby in two 

stage ESPs those processes are separated. Accordingly a two-stage ESP consists of the 

precharger section and collection section. Common precharger geometries are wire-plate, 

wire-rod and quadrupole wire-rod geometries. Common collecting geometry is plate

plate geometry. Depending on the type of the applied discharge electrode voltage, ESPs 

can be electrically energised by negative or positive dc, short pulse, or an intermittent 

type of applied voltage. According to the direction of gravitational force with respect to 

the main gas flow, ESPs can be classified as vertical or horizontal. Sometimes gas 

conditioning with water may be used to enhance the dust collection efficiency of very 

fine or high resistivity dust particles. Accordingly, electrostatic precipitators can be 

classified as dry or wet ESPs. 
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Figure 1.3 Typical cylindrical-type ESPs with vertical gas flow (modified from 
[12]) 
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Typical wire-plate type ESPs with horizontal gas flow 
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a) b) c) d) e) 

o @ @ D 

h) i) j) 

1==0=1 

Figure 1.5. Typical discharge electrode (DE) geometries used in ESP: (a) smooth wires 
(SW) or rods (SR), (b) helical or spiralling wires (HW), ( c) threaded wires and rods (TR), 
(d) rectangular rods (RR)or twisted square (TS), (e) star shaped rods (SSR), (f) rod with 
needles arranged in staggered (RNS) or opposing way (RNP) (shown is staggered 
arrangement), (g) rod with cross arranged needles (XR), (h) rod with emitters (rigid-type) 
(RDE) , (i) plate with needles (PN), and (j) band-type with spikes (SS) (serrated strip). 
(Modified from [12]) 
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a) b) c) 

d) e) t) 

j} 

g) h) i) 

I ' 
I 

Figure 1.6. Typical collecting electrode (CE) geometries used in ESP: (a) smooth plate 
or I-type, (b) U-type, (c) C-type, (d) G-type or sometimes referred as Z-type, (e) sine
wave-type, (t) fence-type, (g) plate with L-pockets, (h) plate with tulip pockets, (i) rod 
curtain. 
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1.2.3 Historical Background of ESPs Development 

The electrostatic precipitation of dust particles was known back in the 19th 

century, after Sir Oliver Lodge installed the first industrial unit in 1883 [13, 14]. The 

discovery was almost forgotten until 1906, when Federick G. Cottrell demonstrated the 

collection of sulphuric acid mist with ESP powered by rotary switch rectifiers. Since that 

time, the objective has been to improve the collection efficiency by various techniques. 

The back corona discharge associated with high resistivity fly ashes represented major 

problem in ESP design for years. In 1970's the ESPs with wide plate spacing had been 

investigated experimentally by several authors [15-19], that reported improved collection 

efficiency, decreased steel consumption and pressure drop with installation of wide-plate 

spacing. Approaches such as gas temperature reduction, amines and S03 injection, were 

not very competitive with bag filter technology until the improved collection efficiency 

of high resistivity fly ashes with application of pulsed energization was reported by 

Masuda et al. [20, 21]. The results were confirmed on industrial scale ESPs by Dinelli et 

al. [22]. Several following years the research was oriented to investigation, development 

and control of various type of energization. After that, the research interest moved to the 

investigation of the gas and particle flow. Yamamoto and Velkoff [23] pointed out the 

influence of electrohydrodynamically-induced secondary flow (EHD) on fine-particle 

collection. These initial investigations attracted interest and other workers started to make 

contributions. Parker and Hughes [24], Adachi [25], and Kallio and Stock [26] studied 

the EHD flow by visualization techniques. Additionally, Atten et al [27], Adachi et al. 

[28,29], and Watanabe [30] studied the effects ofEHD flow on the motion of the fly-ash 



15 

particles with the aid of computer simulations for wire-plate ESPs. Whenever a low 

corona on-set voltage was preferred, discharge electrode geometries with needles and 

sharp-edge were utilized. Imposed by new particulate matter emission regulations, 

today's research focus is on the collection efficiency of submicron and ultrafine dust 

particles. 

1.3 METHODS FOR IMPROVEMENT OF COLLECTION 
EFFICIENCY OF SUB-MICRON AND ULTRAFINE DUST 
PARTICLES 
Most of the present ESPs are designed based on the past emission regulations 

with overall mass based collection over 99 %. However, the collection of dust particles 

from the submicron-size range was observed to be as low as 60-80 % [31, 32]. 

Additionally, the collection of particles below 30 nm is below 50 % [31, 32] due to a 

majority of particles being uncharged [32]. With the adoption of the new PM2.5 standard 

there is a new interest in the efficient capture of submicron and ultra-fine dust particles. 

Several approaches, briefly discussed in this section, are based on the principle of: (a) 

dust particles preconditioning by means of mechanical or chemical agglomeration of 

particles, (b) surface charge enhancement by new charging methods or improved corona 

charging with precharges, (c) new and hybrid devices such as a thermal precipitator, 

electret filters, wet-electrostatic precipitators and vortex scrubbers, and (d) new ESP 

designs including new geometries and optimization of existing designs. 

Preconditioning of dust particles include particle agglomeration by mechanical 

and chemical means. Agglomeration of particles when injecting chemical conditioning 
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agents such as amines and S03 was observed as a secondary effect, while trying to reduce 

the back-corona problem and particle resistivity. It is believed that by improving the 

stickiness of the particles the agglomeration of particles is enhanced. Mechanical 

agglomeration by injecting charged or uncharged dust particles or water droplets was 

investigated by several authors. Test systems employed the agglomeration agent of much 

larger diameter and opposite charge than treated particles. By imposing acoustic 

agglomeration, the average size of the particles can be increased to the point where the 

conventional ESP is efficient. From pilot-scale studies [33-35] it is still unclear what the 

optimum acoustic frequency range for particle agglomeration is. Some studies showed 

faster agglomeration at 44 Hz [34]. On the other side, Nakane et al. [33] showed 

experimentally that the collection efficiency in a wire-cylinder configuration at a main 

gas velocity of 0.75 mls and for a diluted particle size range of 0.3-0.5 pm can be 

improved from 99.14 to 99.98 % by means of a 22kHz ultrasonic vibrator. In addition to 

high equipment costs, one of the drawbacks of the acoustic agglomeration is the difficulty 

to penetrate into larger gas and particle volumes. For the electrostatic agglomeration of 

submicron particles, the charge and size of agglomeration agents has to be large 

compared to submicron particles [36]. Ohkubo et al. [37] studied agglomeration of two 

oppositely precharged particle plumes in an electric field of approximately 2.5 kVlcm. As 

a result, the concentration of submicron size range of dust particles has been lowered 

from 75 % to 18 %. They showed that the rate of agglomeration was dominated 

significantly by the precharging voltages with the best performance for a positive 

charging voltage of 7 kVand negative charging voltage of -5.8 kV. Agglomeration of 
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submicron particles under an ac external electric field has showed almost two times 

higher agglomeration compared to that under dc electric fields, as shown by Koizumi et 

al. [36]. 

The electron charging [38, 39], photo-charging including UV [40] and soft X

rays irradiation [42], and pulsed charging are proposed as a means of enhancement of 

particle surface charges. The photo-electric charging by using UV irradiation has limited 

successes [40]. It was experimentally observed that higher dust loadings lead to 

reduction of the mean particle charge from 9 to 5 elementary units due to the bipolar 

charge distribution [41]. Enhancement of collection efficiency of ultra-fine particles 

(0.02-0.6 JDrl) while irradiated with X-rays (energy level range 3.5-9.5 keVand wave 

length of A,=0.J3-0.41 nm) under positive corona showed better performance than for 

operating conditions including: (a) X-ray with negative corona, (b) X-rays only, and (c) 

negative/positive dc corona only, as reported by Kulkarni et al. [42]. Originally, a short 

pulsed type energization (voltage rise of microsecond order) was used to improve 

collection efficiency of high resistivity dust, as shown by Masuda et al [20, 21]. Based on 

the fractional collection efficiency of full-scale ESP, Dinelli et al. [22] observed better 

collection efficiency of fine particulate matter (dp < 5 JDrl) under pulsed energization than 

under conventional energization. This may be attributed to the fact that a pulsed 

discharge penetrates deeper into inter-electrode space with higher electron energy than dc 

discharge, thus leading to better particle charging. Zukeran et al. [43] examined 

fractional collection efficiency of two particle size groups (0.01-0.1 JDrl and 0.1-20 JDrl) 

under dc and short-pulse type energization. Results showed that at low dust loadings the 
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collection efficiency of both particle size groups is better with dc than with pulsed 

energization. At high dust loadings, the collection efficiency of 0.01-0.1 pm particles is 

much higher under short-pulsed energization than under dc energization. For 0.1 to 20 

pm dust particles, during either high or low dust loading conditions, the collection 

efficiency was better with dc then with short-pulse energization. The reason for this 

selective behaviour of short pulsed-type energization with respect to the different particle 

sizes at different dust loadings still stays unresolved. 

Electret filters [44], special type of bag filters with electrically charged fibres, 

provide high initial collection efficiency in the range from (80-95 %) for particle size 

range between 0.05 and 5 pm. However, the results for the long-term operations in case 

of charged dust particles showed a sharp decrease in collection efficiency, reaching 

values comparable to those for uncharged filters. Contrary to this, when collecting 

uncharged dust particles, the initial collection efficiency was lower, followed by a further 

drop in collection efficiency. A filtration time progressed however, the collection 

efficiency improved. The major drawbacks of that technology are increased pressure 

drop, small volume applications, and high operating/maintenance costs. Particles in the 

range from (0.001-0.lpm) are strongly influenced by thermophoresis force [45]. 

However, the major drawback is required high temperature gradients [45-47] that would 

require implementation of cold collecting electrodes. Risk of a water-pollution is still a 

major drawback for ionizing wet scrubbers or wet-type ESPs [48, 49]. 

The improvement of collection efficiency of submicron and ultra-fine particulate 

matter based on the ESP geometry modifications is still a very desirable solution because 
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of its influence on the size, capital, and running cost of the ESP unit. Therefore, the 

review of previous experimental and theoretical work will be emphasized on the 

collecting and discharge electrodes and their effect on the collection efficiency. The 

electrical aspects such as current-voltage curve and current density distribution on the 

collecting electrodes and main gas flow modification due to the EHD induced secondary 

flow has been investigated for various electrode geometries, and will be discussed briefly 

in Chapters 2, 3, and 5. 

1.3.1 Previous Experimental Work on Discharge and Collecting Electrode Effect 

Papers summarized in Table 1.4 were categorized based on: (a) size of ESP; (b) 

discharge electrode type, (c) collecting electrode type, (d) dust particle size, (e) flow 

velocity, (t) type of applied voltage, and (g) collection efficiency estimations. 

Table 1.4 
Categorization of experiments with emphasis on effect of discharge and 

collecting electrode geometries on collection efficiency in wire-plate ESPs 

CE Flow Applied 
Measured Variable and 

Width x CE 
DE Shape! Particle Regime: Voltage 

Applied Method for 
Author Length x Shape 

Number of DE Size Laminar! Type! Collection Efficiency 
Height in a field blm] Turbulent Range Calculation 

[m] [kV] 

Jedrusik et 
0.2x 

RDE; 
Estimated migration 

1.5x I 10-100 Turbulent de velocity from the particle 
aL [50] 

NA 
SS 

trajectories. 

Pajak [51J 
0.3-0.48 

G RDE (A-D) N.A. Turbulent de 
Inlet and outlet mass 

xNAxNA concentration 

Watanabe 
0.25x 0 -de 

Particle trajectories 

[30 ] 
Ix I 3mmSW 15 Turbulent 

[62.5] 
analysis obtained by 

0.5 stroboscope and camera 
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Table 1.4 (continued) 

CE Flow Applied 
Width x DE Shapel Particle Regime: Voltage Measured Variable and 

Author Length x 
CE 

Number of DE Size Laminarl Typel 
Applied Method for 

Height 
Shape 

in a field him] Turbulent Range 
Collection Efficiency 

[m] [kV] Calculation 

Miller et aL 
(0.2-0.4) Mean 

Fractional collection 
[52] 

x2x I BRl13 diameter NA -dc 
efficiency 

0.4 ~6 

Particle concentration by 

0.05x 00.1, 0.89 mm 
rationing the pulses of 

Selfet aL 
0.5x I SW 4 Laminar ±dc 

scattered light of 
[53] 

0.25 
particles illuminated by 
He-Ne beam during ON 

and OFF ESP modes. 

Howe and O.3x 06mmSW; 5~ 

Houlgreave 4.5x I 
6mm TS; (50%); 

Turbulent 
-dc Inlet and outlet mass 

[54] 0.35 
25x1.5mm SS 2.5~ [60-65] concentration 

115 (25%) 

Kim and Lee 
(0.1-0.4) 0{1,2,3,4} mm 

Inlet and outlet mass 
[31] 

xO.75x I SWI7 4 Turbulent -dc 
concentration 

0.3 

Davidson 0.15x 
and 

0.9x I 01.6mm SW/6; 0.5-10 Laminar dc 
Visualization of flow gas 

McKinney BP (A-C) by Ar-Laser 
[55J 

0.6 

0.3x 
Average transverse 

Parker and 
0.9x I SW, TS,SS,SP 0.1-5 Turbulent 

-dc particle velocity by semi-
Huges [24] [5-70] empirical model derived 

0.9 from image analysis 

Halldin et aL 
O.3x 

HW/lO; Particle velocity with 
2x G 0.18 Turbulent IE 

[56] 
1 

RDE/4 LDV by Ar-Ion Laser 

Yooet ale 0.45x 00.lmm SW +dc Number concentration at 

[571 0.62xNA 
I 0.03-0.2 Turbulent 

[12] 
the outlet with power 

on/offmodes 
0.05x 

0{0.25;1.5} 
Present (0.1- -dc Number concentration at 
Work 0.2)x 

I mmSW, 0.01-20 Laminar 
[5-30] the inlet and outlet. 

0.3 
SS/I,2 

DE ... Dlscharge Electrode; CE ... Collectmg Electrode; dc ... dlrect current; SW ... Smooth WIre; HW ... 
Helical Wire; SS ... Serrated strip; TS ... Twisted Square; RDE ... Rigid-type Discharge Electrode; 
BR. .. Barbed Rod; SP ... Smooth Plate; BP ... Barbed Plate; 1E ... Intermittent Energization, LDV ... Laser 
Doppler Velocity meter; NA ... Not Available 
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Parker and Hughes conducted comparisons among serrated strip (spike or saw 

band), twisted square-wire, and flat plate based on the transverse or drift velocity of 

particles. The transverse velocity was obtained from a semi-empirical model based on the 

photographic recordings of the smoke plume induced isokinetically into the air flow. 

Results showed that the serrated strip electrode oriented parallel to collecting electrodes 

instead of their usual perpendicular orientation, imposed higher transverse or drift 

velocities on dust particles than the twisted square-wire. 

Howe and Houlgreave [54] also obtained much higher collection efficiency 

within the first 1.6 metres of ESP length with serrated strip electrode compared to a 

smooth wire and twisted square as discharge electrodes. However, there is no discussion 

about the reduction of the effect in later sections of ESP after approximately 3 metres. 

Miller et al [52] conducted lab-scale experimental studies with respect to the 

fractional collection efficiency of barbed-rod type discharge and I-type collecting 

electrode. The results showed that at same applied voltage, an increase in the barb length 

improves collection efficiency of 0,5 J.Dfl dust particles from 86. 7 % to 94 %, mainly due 

to the higher current. However, the shorter barbs showed better performance when 

comparing the electrodes at the same power, for which the shorter electrode has a higher 

electric field. The higher field seems to compensate for the smaller particle surface 

charge caused by the lower operating current. For the same input power, a higher electric 

field results from the higher operating voltage of shorter barbs compared to longer barbs. 

With respect to the barb spacing effect, only a small improvement of collection efficiency 

has been found, and the optimum distance was approximately 5 em. The fractional 
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efficiencies results showed that the shorter collecting and discharge electrode spacings 

are favourable for submicron dust particle collection. 

The full-scale plant installations of various barbed-rod type discharge electrodes 

placed between G-type collecting electrodes are examined by Pajak [51]. The barbs were 

oriented parallel to the collecting electrodes with staggered and non-staggered barb 

configuration, and of various barb length and barb spacing. Results showed that the 

barbed-rod with staggered barbs, barb length of 10 em, and barb spacing of 20 em in 

combination with G type collecting electrode (field length 0.5 m, plate spacing 0.4 m) 

has the highest collection efficiency. 

Jadrusik et al. [50] compared rigid (barbed distance is 3 em) and spiked band 

(spike distance is 6 em) type discharge electrodes placed between I-type collecting 

electrodes. The collection efficiency was calculated over the estimated migration or drift 

velocity obtained from the particle trajectories. The spiked band electrode generates 

higher migration velocity in spite of the smaller current at same applied voltage. 

Additionally, very unusual particle behaviour was reported, i.e. increase of particle 

migration velocity with increased main gas velocity. 

From the literature survey, two trends are noticed. One group evaluates ESPs 

based on the measured inlet and outlet dust concentration. The others, evaluates particle 

trajectories from the image analysis. Most experiments are conducted for the micron size 

particles. The exception is work by Yoo et al. [57] and Halldin et al. [56] that covers 

submicron and ultrafine particle range. 
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1.3.2 Previous Modelling Work on Discharge and Collecting Electrode Effect 

Models for the prediction of the dust particle collection efficiency of 

electrostatic precipitators (ESPs) exist in many variations. In general, they can be 

divided into three major groups: lumped parameter, hybrid, and complex numerical 

models. The first group of models, denoted as the lumped parameter models, express the 

collection efficiency based on the modified Deutsch expression, whereby the quantities 

appearing in the expression are implicitly obtained, either from an experimental data set 

or by simplified theoretical expressions [58, 59]. Hybrid models [60-63] also utilize the 

modified Deutsch equation. However, they require complex numerical calculations for 

electric field, ion density profile, and particle surface-charge, in order to arrive at 

appropriate values for some variables in the Deutsch equation. The third group expresses 

the dust collection efficiency based on the dust density profile at the inlet/outlet of the 

ESP (Eulerian approach) or by predicting the particle trajectories (Lagrangian approach). 

Usually, complex numerical simulations are applied to find the electric field, gas flow, 

and ion and dust density distributions, with included dust charging models. The third 

group of models can be further subdivided according to the considered geometry, applied 

numerical methods, and complexity of the sub-models for the gas flow, electric field, 

corona discharge, dust particle charging, and dust collection. Some models are 

summarized in Table l.5. 

Lawless and Sparks [58] examined several ESP lumped parameter models such 

as Deutsch-Anderson, Matts-Ohnfeld, Cooperman, Robinsons, Southern Research, 

ESPVI 4.0 [63], and sectional model by Research Triangle Institute, and compared their 
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predictions against the measured data. All those models have assumptions with respect to 

unmodelled effects, which appear as adjustable parameters whose values are determined 

implicitly or explicitly. 

Table 1.5 
Categorization of modelling papers 

with emphasis on collection efficiency prediction 

ESP Electric Particle Flow 

Geometry Field 
Ion Density 

Density Field 

DxLxH Domain Domain Particle Size. 
Domain 

Charging Type 
Author 

DE Type Type of Equation 

CEType Type of Applied Numerical Method 

NA 2D 

ESPVI4.0 
SW Laplace Field Saturation Average 

NA 
[63] ChargeQ<x> Velocity 

Smooth CE 
Cooperman 

Equation 

N.A. ID NA NA 

Lawless 
SW NA NA Field Charging Average 

[64] Velocity 

SmoothCE 
Analytic Analytic 

Not Considered 
Approx. Approx. 

NA 2D 2D 

Ohyama SW Laplace Mobility Field and 
Average 

et ale Diffusion 
[62] Charging 

Velocity 
Cooperman Finite 

Smooth CE 
Equation Differences 

NA 2D Saturation Charge 

Yamamoto SW 
Approx. 

[65] 
Mobility function for 

SmoothCE 
Poisson Eulerian EHDflow 

Collection 
Efficiency 

Modified 
Deutsches 

Deutsches 

Deutsches 

Outlet/Inlet Dust 
Concentration 
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Table 1.5 (continued) 
ESP Electric Ion Density Particle Flow 

Geometry Field Density Field 

DxLxH Domain Domain Particle Size. Domain 
Charging Type Collection 

Author DE Type Type of Equation Efficiency 

CEType Type of Applied Numerical Method 

0.3xO.6 2D 2D 0.15-350 J.Ull 
3D turbulent Diffusion & Field 

Eulerian. + K-E model 

Lagrangian. without 
Gallimberti 

SW Poisson 
Mobility 

Convection EHD for Outlet/Inlet Dust 
[66] Diffusion 

Mobility and whole ESP Concentration 
and2D Diffusion 

simulation 

SmoothCE Fin. Diff. Fin. Diff NA for one field 

O.4xO.5 2D 2D 1-120 J.Ull 
Analytic Saturation Charge 

Cristina and Approx. for Deutsches. It is no 
Feliziani 02.5mmSW Poisson Mobility main gas clear how particle 

[67] Not specific flow and density is obtained 
C-typeCE Fin. Elm. Fin. Dift: EHD 

0.04xO.25 
2D 2D 4-32 J.Ull 

xO.125 Saturation Charge 3D Based on the 
Soldati SW P Mobility Lagrangian NS particle trajectory 

[68 ] with simulation of 4000 

Smooth CE Fin. Diff. Fin. Diff. 
Num. Integration EHD particles. 
Explicit Method 

0.4x(4x5)xl 2D 0.13-80 J.Ull 
Canadaset 4.5 Diffusion & Field 

al. 
[59] 02.7mmSW N.A NA N.C. NA Deutsches 

(pRELEC 
Mirror. code) Smooth CE 
Image 

N.C. 

0.22xO.076 2D 2D 15 J.Ull 

Levin 
Saturation Charge 

[69] Levin 30 Poisson Mobility Eulerian, with Analytic Outlet/Inlet Dust 
and Hoburg 2mmSW Convection Approx. Concentration 

[70] Mobility and 
SmoothCE NA Don. Cell Diffusion Neglected 
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Table 1.5 (continued) 
ESP Electric 

Ion Density Particle Flow 
Geometry Field Density Field 

DxLxH Domain Domain 
Particle Size. 

Domain 
Charging Type Collection 

Author DE Type Type of Equation Efficiency 

CEType Type of Applied Numerical Method 

NA 10 20 1-10 IJlIl 
Saturation Charge 

Stock Average 
Oeutsches 

[71] SW Analytic Mobility Velocity 

Approx. 
Eulerian 

Smooth CE Fin.Oiff. 

NA 20 41JlIl 
Saturation Charge 

Selfet al. 
NC NA 

Outlet/Inlet Oust 
[53] SW Analytic Concentration 

Approx. 
Eulerian 

SmoothCE 

0.2xO.45 20 20 21JlIl Two-layer Solves for particle 
Field Charging model for trajectories. Then 

Choi and Convection Lagrangian; viscosity computes particle Fletcher 02mmSW Poisson Mobility Convection affected and mass concentration 
[72] Diffusion Mobility and turbulent and charge 

Smooth CE NA Fin.Vol. Diffusion region density. 

NA 20 0.1-101JlIl 

Riehle and Saturation Charge 
Outlet/Inlet Oust 

Lomer SW Poisson NA NA 
Concentration 

[73] Eulerian. 
SmoothCE NA 

0.23xO.15 20 NA 0.005- 1OIJlIl 

Luand 
Saturation Charge 

!Dust concentration 
Huang SW Poisson Mobility Average 

of polydisperse 
[74] 10, Not specific 

Velocity 
dust particles 

SmoothCE FO(SOR) Finite Diff. 

0.16x 10 Poly-disperse 
2.53xO.38 Saturation Charge 

KoandIhm 
Electric 

10 Convection 
Average 

pust concentration 
[17] SW 

field 
NA Mobility and 

Velocity 
of polydisperse 

Diffusion dust particles 

SmoothCE 
Analytic 

Method of lines 
Approx. 



27 

Table 1.5 (continued) 
ESP Electric 

Ion Density 
Particle Flow 

Geometry Field Density Field 

DxLxH Domain Domain 
Particle Size. 

Domain 
Author 

Charging Type Collection 
DE Type Type of Equation Efficiency 

CEType Type of Applied Numerical Method 

3D 3D O.05-5Jl1ll 

Kogel-schatz 
Diffusion & Field 3D 

HW Poisson Mobility 3D Lagrangian N.S. 
et al. 

Convection with 
Particle Trajectory 

[75J 
G-type NA NA Mobility and EHD 

Diffusion 
O.25xlxO.5 2D 2D Diffusion & Field 

2D Particle trajectory 
Watanabe 03mmSW Poisson Mobility Vorticity- considering tuft 

[30J SmoothN.A 
NA Finite Elem 

Lagrangian Stream with density in particle 
CE EHD charging 

O.45xO.62 2D NA Diffusion & Field 

Yoo et al. 
SW Poisson Mobility Particle 

[57J Lagrangian 
NC 

trajectories 
SmoothCE NA NA 

0.2x 2D 2D Diffusion & Field 2D 
(NA) 

Eulerian with 
Liang and 

01.27mm Poisson Mobility 
Convection Turbulent lBased on the dus 

M.F. Cheng Mobility and K-Emodel !concentration 
[76J SW Diffusion 

Control 
SmoothCE Finite Ditr. Finite Ditr. Finite Diff. volume 

approach 
0.05x 

0.01-20Jl1ll (0.1-0.2) 3D 3D 
xO.3 

Diffusion & Field 

00.25 and Convection 
Eulerian with 

Convection 2D Analytic 
Present 01.5mm Poisson Mobility Approx. for 

Cumulative 
Work SW,SS Diffusion 

Mobility and 
laminar flow 

Deutsche's 
Diffusion 

Smooth, U-
and C-type Finite Ditr. Finite Diff. Finite Diff. 

CE 

N.S ... Navler Stokes; EHD ... electrohydrodynamlc; NA ... Not AvaIlable; DE ... Dlscharge Electrode; 
CE ... Collecting Electrode; DxLxH ... ESP Width by Length by Height; SW ... Smooth Wire, HW ... Helical 
Wire; RDE ... Rigid Type Discharge Electrode; SS ... Serrated Strip; TS ... Twisted Square; SP ... Smooth 
Plate; BP ... Barbed Plate 
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A model by Ohyama et al. [62] predicts the collection efficiency of a wire-plate 

ESP for various dust particle sizes. The electric field is obtained from the Cooperman 

equation [77]. The ion density distribution is obtained from the current continuity 

equation, taking into account only drift motion of ions. The boundary conditions at the 

discharge electrode and collecting electrodes are specified according to experimentally 

obtained results by Ohkubo et al. [61]. The particle surface charge incorporates diffusion 

and field charging models depending on the particle size regime. 

Kogelschatz et al. [75] investigated a complex ESP geometry with a helical 

corona electrode and specially shaped, so-called G-collecting electrodes. The model 

predicts the dust particle collection efficiency by following particle trajectories through 

the precipitator. Accordingly, 3D models for electric field, ion density, and flow field 

with induced 'corona wind' were developed. Then, the differential equation describing 

the particle charging and the particle trajectories were simultaneously solved. They used 

a modular concept that required the interlinking of different program packages and the 

transfer of data among several parallel processing computers. 

Gallimberti [66] developed a comprehensive mathematical model for the 

simulation of the operating conditions of wire-plate ESPs. The fluid dynamic simulation 

was divided into a 3D model of the entire system and a 2D model of each field. Once the 

2D ion density equation, together with the Poisson equation was solved, the charging rate 

was calculated. The values are classified into two characteristics assigned by the particle 

radius and initial charge class. The last part solves the charged particle transport equation 

for all particle classes, whereby the local dependent drift velocity was obtained from the 
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Langrangian dynamic equation. The collection efficiency is calculated based on the outlet 

mass flux. 

Soldati [68] studied the influence of electro hydrodynamic (EHD) induced 

secondary flow on ESP collection efficiency of by means of particle tracking in the flow 

field. The Lagrangian simulation was implemented by dispersing swarms of precharged 

particles in the flow field with and without EHD flow. Numerical results indicated that 

there is no significant effect of EHD flow on the collection efficiency of particles ranging 

from 4 to 32 JlTn. Since the behaviour of already precharged dust particles was evaluated, 

the numerical results does not capture the effect of EHD flow on particle charging in 

entrance section of ESP. Additionally, the approach is computationally time costly, 

especially for higher numbers of particle trajectories. 

Yoo et al. [57] particle charging rate equation is solved simultaneously with the 

particle transport equation of motion under the varying electric field and ion density. 

Yamamoto [65] carried out a 2D numerical simulation for the wire-plate and plate-plate 

ESP, based on the analytic expression of2D-laminar EHD flow and transport equation of 

mono dispersed already precharged dust particles. 

Liang and Cheng [76] modelled collection efficiency in turbulent flow for high 

Reynolds number. Numerical analyses reveal that the collection efficiency prediction 

based on the turbulent model is 23 % higher and 15 % lower than the collection 

efficiency prediction from the conventional Deutsch equation and laminar flow model, 

respectively. 
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From the literature survey, two simulation trends are noticed. One group predicts 

the charged dust collection efficiency by solving the charged particle trajectory equation 

(Lagrangian approach). The other group predicts the charged dust collection efficiency by 

solving the charged particle transport equation (Eulerian approach). Most ESP 

simulations are confined to two dimensions, but Kogelschatz et al. used 3D simulation. 

Except for Gallimberti and Kogelschatz et aI., most researchers considered only the mono 

particle size distribution. Related to the dust particles charging models, most simulations 

are either done with precharged dust particles or by implementing simplified particle 

charging models. Only Gallimberti and Ohyama et ai. consider various field and diffusion 

particle charging models, depending on the Knudsen number. Most simulations consider 

smooth corona wire and smooth collection electrode plates, in spite of the new design 

trends to enhance the particle collection efficiency by various discharge electrode 

geometries. Notable exceptions to this were performed by Kogelschatz et al. and 

Davidson et al. 

1.4 RESEARCH OUTLINE 

1.4.1 Objectives of this Research 

Several experimental studies [24, 54, 78] have showed that the serrated strip or 

spike type discharge electrodes, when oriented parallel to collecting electrodes, provide 

much better collection efficiency in first few metres of ESP compared to the smooth wire 

or rod type discharge electrodes. The experimental and numerical studies on similar 
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electrode geometries indicated different distribution of current, electric field, and main 

gas flow. However, there is a lack of comprehensive study about their effect on charging 

of dust particles and collection efficiency. Thus, in this research the smooth wire, rod, 

and spike types of discharge electrodes placed between the I, U, and C type of collection 

electrodes were evaluated experimentally and numerically, with emphasise on the 

collection efficiency of ultra-fine and submicron dust particles. The experimental tests in 

this research, were conducted for bench-scale single-field and multi-field ESP for wire

plate, rod-plate, and spike-plate electrode arrangements by measuring the outlet and inlet 

dust concentration of various dust particle sizes at various negative dc applied voltages 

and operating flow rates. Additionally, several other experiments were performed for 

electrical characterisation of corona discharge. These include: (a) current-voltage 

characteristic, (b) optical emission of negative corona at various discharge electrodes, and 

(c) current density at collecting electrode. Some of the above experiments are used later 

to justify the model assumptions and to set the model boundary conditions on the 

discharge/collecting electrodes. Then, the prediction model was developed based on 

coupling among multidimensional models of electric field, gas flow field, ion density, 

neutral and charged dust density of various dust particle sizes. For ultrafine and 

submicron particles, the particle charge due to diffusion and field charging were 

considered based on the Knudsen number (Kn=A;rp), where Ai is the mean free path of 

negative ions and rp is the dust particle radius. The total collection efficiencies were 

predicted based on the (a) knowledge of main gas flow, electric field, and ion density 

distribution, denoted as Mode 1, and (b) neutral and charged dust density distribution, 
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denoted as Mode 2. After the validation of the model by comparing predicted and 

measured collection efficiency, numerical studies were conducted and used to: (a) 

compare the electric field distribution for various geometries and to provide evidence that 

the spike type discharge electrode creates higher electric fields in the inter-electrode 

space, (b) compare the ion density distribution for various geometries and to provide 

evidence that the spike type discharge electrode creates higher ionic space charge when 

compared to the rod-type discharge electrode, (c) provide information about the 

magnitude of EHD secondary flow, (d) analyse the development of the surface charge on 

the various dust particles, (e) determine the conditions for which an increase in electric 

field can compensate for the smaller particle surface charge due to the smaller ion density 

since the particle charge increases logarithmically with the charge concentration and the 

electrical forces increase linearly with the electric field, and (t) determine the limits of 

the model with respect to the collection efficiency of ultrafine and submicron dust 

particles. Finally, in order to use a model as a design and scale-up tool, the large-scale 

wire-plate type ESP validations were conducted for various gas temperatures and dust 

resistivities as well as the prototype design of spike-type discharge electrode in 

combination with U and C type collection electrodes. 

1.4.2 Organization of Thesis 

General information about the new emission regulations and their impact on the 

electrostatic precipitator technology, as well as the analysis of the previous work with 

emphasis on the discharge and collection geometries are given in Chapter 1. 
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Chapter 2 begins with an investigation of corona discharge. After that, it 

summarizes dust particle charging models used in ESP modelling and provides brief 

introduction into the dust collection processes. 

Chapter 3 outlines the basic equations and numerical procedures used for the 

calculation of gas flow velocity, electric field, ions, neutral and charged dust densities, as 

well as the dust collection efficiency. The present numerical model is outlined and 

reflected to other approaches and methods. 

Chapter 4 contains the parametric study for geometry effects, applied voltage, 

gas flow velocity. 

The validation of numerical code by comparing predicted versus experimental 

results is presented in Chapter 5. 

The research for this thesis IS concluded m Chapter 6 together with some 

recommendations addressed in Chapter 7. 

Appendix A provides the set of experiments performed for corona discharge and 

particulate matter characterization that are used in Chapter 3 for establishment of 

boundary conditions in numerical model. 



CHAPTER 2 

ELECTROSTATIC PRECIPITATION 

This chapter: (a) summarizes corona discharge characteristics, (b) compares 

various particle charging models, and (c) categorises various dust particle transfer and 

deposition mechanisms. 

2.1 CORONA DISCHARGE 

Corona discharges have been studied for many years. Loeb [79] was one of the 

first researchers to give a clarification of the physical mechanism involved. Detailed 

classifications, application areas, and physical mechanism explanations are summarized 

by Chang et al. [80]. Corona discharges exist in several forms, depending on the polarity 

of the applied voltage, gas mixture characteristic and electrode geometry [80, 81]. Most 

industrial ESPs operate at negative voltage due to the higher permissible operating 

current and voltage, and higher sparking potential compared to the positive voltage 

operation. The corona discharge starts when the electric field in the vicinity of the 

discharge electrode reaches the threshold value for ionisation of the gas molecules by 

electron collision. The initiating electron could be produced by photo emission, positive 

ion impact, metastable action, or field emission from the surface of the discharge 

electrode. After that, an electron avalanche starts to develop away from the discharged 

34 
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electrode in the direction of the electric field lines. The electron avalanche is produced by 

electron impact ionisation of metastable or excited gas molecules, as shown in Figure 2.1. 

With the growth of the avalanche, more electrons and photons are produced at the 

avalanche head and more positive ions are left in the avalanche wake. The avalanche will 

continue to grow until it reaches the ionisation-zone boundary, where the photon 

production and absorption are same. The ionisation or corona zone extends only a few 

millimetres from the discharge electrode. Due to the high mobility of electrons, the 

electrons will be further transported by the electric field outside the ionisation zone. 

Outside the corona zone negative ions are formed by electron attachment [82] and further 

transported by the electric field. The electron attachment reactions to gas atoms or 

molecules are classified as: (a) radiative attachment with a small reaction rate of 

approximately 10-14 em3 Is, (b) dissociative attachment depending on the gas temperature 

and humidity with the reaction rate range from 10-14 to 10-9 em3ls, and a (c) three-body 

attachment depending on the gas and electron temperature with the reaction rate range 

from 10-32 to 10-29 em6ls. 

A typical current waveform of negative corona is shown in Figure 2.2, which 

indicates that the negative corona current is composed of small pulses. However, the time 

average current is steady. The current-voltage curve reflects discharge electrode shape, 

collection electrode dimensions, polarity of applied voltage, and all possible operational 

conditions in ESP [83]. Figure 2.3 shows, time average current as a function of negative 

and positive applied voltage. Wire-plate geometry has been studied experimentally at 

various operating conditions by various authors [31, 84-98]. In general the following 
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behaviour can be summarized. An increase in wire size leads to a higher starting (corona 

onset) voltage and lower current for the same applied voltage. An increase in the plate-to

plate spacing slightly increases corona onset voltage and causes a large drop in the 

current for the same applied voltage. An increase in wire-to-wire spacing slightly 

decreases corona onset voltage and the slope of the curve. An increase in the gas 

temperature results in a stronger current at same applied voltage due to the electrical 

resistance and gas density reduction. Mechanical misalignment of the electrodes causes 

an increase in the electric field locally and further reflects in the reduction of the corona 

onset as well as the spark-over voltage. The dust build-up on the discharge electrode will 

cause an increase in the onset voltage and a general shift of I-V curve to the right. If a 

thick or high resistivity layer develops on the collecting electrode, the corona starts at a 

lower voltage and has higher currents throughout the range of voltages. High dust loading 

and electrical space charge requires a high applied voltage to yield the same current as in 

the dust free conditions. With respect to the visual characteristic, the corona generated at 

a negative applied voltage may form "tufts", corona discharges concentrated in small 

spots, or negative rapidly moving corona glow accompanied with acoustic noise. The I-V 

curve of discharge electrode with needles has been characterized in several studies [52, 

99-105]. Study by Miller et al. [52] showed that: (a) an increase in the needle length 

slightly effects corona onset voltage but causes a large increase in the current for the 

same applied voltage, (b) an increase in a number of barbs causes a slight decrease in the 

onset voltage, an increase in the total discharge current, but an decrease of current per 

barb [52, 101]. 
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at -33 kV (Channel Cl is connected to the current probe of 1 V=O.lA 
ratio) 
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Typical time averaged current-voltage (I-V) characteristic for the 
negative and positive polarity of applied voltage. On-set voltages for 
the negative and positive corona are -8 kV and 8.3 kV, respectively. 
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2.2 UNIPOLAR DUST PARTICLE CHARGING 

In general, the particles acquire charge by two mechanisms: field charging and 

diffusion charging. Field charging occurs due to the bombardment of the dust particle 

surface by ions that are moving under the influence of the electric field. Diffusion 

charging occurs due to the attachment of the ions to the surface of the dust particle 

diffusing in accordance with the laws of gas kinetic theory. Additionally, the particle 

charging can be further classified according to the size regime: in free molecule 

(Kn> > 10), transition (0.I<Kn<10), and continuum (Kn«O.l). The size regimes were 

determined based on the Knudsen number (Kn=).; Irp), ratio of ion mean free path (Ai) 

and particle radius (rp). For air or combustion flue gases at atmospheric pressure, the 

ultrafine and submicron particles (rp<l) are in a free-molecule and transition conditions. 

Dust particle charging was studied experimentally and theoretically by many 

investigators. The principal models are summarized in Table 2.1. In 1923, Rohmann 

[106] performed an experimental study of field charging for 1 <rp{JmlJ<2. 5. In 1925, 

Arendt and Kallmann studied experimentally and theoretically [107] the diffusion 

charging mechanism of mist particles (0. 5< rp{JmlJ< 2. 2) for the case where the particles 

already have considerable charge. In 1932, Pauthenier and Moreau-Hanot performed a 

comprehensive theoretical and experimental study of field charging [108] for conducting 

and insulating spherical particles for diameter sizes ranging from 10 to 100 Jml. In 1947, 

Fuchs [109] developed the theory of ultra-fine dust particles for diffusion charging. In 

1951, White [110] provided solution for the diffusion charging equation of initially 
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Table 2.1. Unipolar charging models spherical dust particles 

Free Transition Continuum 
Author Type of Analysis molecule 

(O.lSKn SlO) (KnSO.l) (Kn»lO) 

Rohmann [106] Experiment (1-2.5/-lm) Field 

Pauthenier and Experiment (10-
Field Moreau-Hanot [108] 100/-lm) & Theory 

Brock [111] and 
Theory Field Parker [112] 

Chang et at. [113] Theory Field 

Arendt and Experiment (0.5-
Diffusion 

Kallmann [107] 2.2/-lm) & Theory 

White [110] Theory Diffusion 

Fuchs [109] Theory Diffusion 

Laframboise [114] 
Theory Diffusion 

and Chang [114, 115] 

Cochet [116] Theory (0.05-0.5/-lm) 
Diffusion and 

Field 

Fjeld and McFarland 
Theory 

Diffusion and 
[117] Field 

uncharged particles. For dust particles in the submicron range, the differences between 

theoretical values by White and experimental values of dust particle surface charge have 

led to further modifications of the models. In 1956, Cochet [116] proposed semi-

empirical law which takes into account both charging processes for particles ranging 

from 0.05 to 0.5Jiffl. In 1970, Brock [111] derived an equation describing a free molecule 

field charging for negligible dust particle polarisation and dust particle velocity. The 
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effect of the reduced ion velocity due to the movement of the dust particles under electric 

field is not negligible in the free molecule regime for higher ion speed ratios (defined as a 

ratio between the dust particle velocity and the most probable velocity of thermal ions) as 

shown by Chang [113]. Chang and Laframboise performed a comprehensive study of 

diffusion charging of arbitrary shaped dust particles [114, 115]. Parker [112] and Chang 

et. al. [115, 118] approximated the number of charges on the surface of the dust particles 

in free molecular and transition regime due to the field charging by a product of ion speed 

ratio and the number of charges on the surface of the dust particle due to the diffusion 

charging. In 1983, Fjeld and McFarland proposed combination of field and diffusion 

charging mechanisms together with polynomial curves describing particle charge 

acquisition in continuum region for various particle charges and electric field values. 

Davison and Gentry [119] investigated the slow down of the diffusion charging process 

due to the increase of ion mass in the case of mono-polar charging. 

2.2.1 Some Diffusion Charging Models 

Based on the gas kinetic theory, the thermal motions of ions and image forces 

can be considered as a basis of the ion deposition on the surface of the dust particle in 

diffusion charging mechanism. This charging mechanism depends mainly on the thermal 

energy of ions, particle and ion size, and exposure time. Therefore, the higher the thermal 

energy of ions, the particle radius and the ion density, the faster and the higher the 

particle becomes charged. 

Chang and Laframboise [114, 115] expressed diffusion charging rate in all three 

dust particle size regions by a single expression (2.1a) . 
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(2.1a) 

The proposed solution of (2.1 a) is shown in (2.1 b) 

(2.1b) 

(2.1c) 

where ct>p is the dimensionless surface potential of the charged dust particle (2.1c), ms-dc is 

the number of elementary charges on the surface of the dust particle, Td is the charging 

characteristic time, t is the exposure time, K is the effective Knudsen number (tc=Kn), rp 

is the radius of the dust particle, N; is the ion density, D; is the ion diffusion, A; is the 

mean free path of ions, Tg is the gas temperature, Cp =47r&orp is the capacitance of 

spherical particles, e is the elementary charge, and k is the Boltzmann constant. Figure 

2.4 shows the solution of (2.1 b) in dimensionless coordinates ct>p and Td for various dust 

particle sizes. The same solution in form of the number of surface charges versus 

residence time is shown in Figure 2.5. 

For the free-molecule regime, as Kn approaches infinity (2.1b) reduces to (2.2b) 

which agrees with solution of well known White's [110] diffusion charging rate 

equation (2.2a), essentially derived as a simplification of diffusion charging equation 

proposed by Arendt and Kalmann [107], 



dct> p = erp V; e -<I>p 

dr 4J..l;kT 
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(2.2a) 

e2r v.N. 
ct> = 1n(1 + P I I t) (2.2b) 

p 4&okT 

mean thermal velocity of ions at temperature Tg and ion mass mi. 

For the continuum regime, as Kn approaches zero, (2.1a) and (2.1b) reduce to 

(2.3a) and (2.3b), respectively. 

(2.3a) 

(2.3b) 

The solutions of (2.2b) and (2.3b) compared to the corresponding numerical solutions of 

(2.1b) are shown in Figure 2.6. 

2.2.2 Some Field Charging Models 

If a spherical uncharged particle is placed in an external electric field, the 

electric field lines will be modified due to the relative dielectric constant of the dust 

particle, as shown in Figure 2.7a. An ion will follow the electric field lines and therefore 

attach to the surface of the dust particle. As the particle charging proceeds, the particle 

surface charge will modify the surrounding electric field as shown in Figure 2.7b and 
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Figure 2.5 Typical number of elementary charges IIls-dc on the particle surface due 
to the diffusion charging mechanism. 
(Results are obtained from Equation 2.1 b for the following conditions: 
gas temperature Tg=20 rCj, ion density N; =1 x1015 [m-3j, mean 
free path of ions -1.;=3. 72x1(J8 [mj. 
Considering above conditions in addition to the mean gas flow velocity 
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thus reduce the rate of charging. The particle charging will continue until the dust particle 

reaches the saturation charge. Based on the field charging theory, the higher the ion 

concentration and the higher the ion mobility, the faster the particle becomes charged. 

The higher the electric field and the particle size, the higher the saturation or limiting 

charge on the dust particles. 

a) b) 

~------ . ~ ..... ~~ .... --
------~ ~, 

". ' ....... ..,," ... _-=-----~';'-,~ . ~ . ---.. _----_. :;:-----.:;:---- --

Figure 2.7 Sketch of the electric field near (a) an uncharged and (b) a charged 
spherical dust particle (modified from [110]) 

Considering the free molecular and transition size regime [111, 113], constant 

ion density and electric field, the rate of field charging can be expressed as 

(2.4a) 

where <I> p is the dimensionless potential of the dust particle at temperature T, T f = vl / rp 

is the dimensionless time, Vi = ~8kT/mni is the mean thermal velocity of ions, t is the 

charging/exposure time, rp is the radius of the dust particle, Ni is the ion density, 
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ADi = Eo ky'2N; =68.99~~; is the Debye length, and ; is the charging enhancement 

factor defined by Brock [111] and Parker [112] as follows: 

2 r= 2 

. = -"'i {e- S1o [(<I> S) 2Sto"'p -(<I> _ S. ) -2Sto"'p] "lCe"'P (! S 2 _'" 2)[ .'("f'" S. ) _ .'("f'" _ S )] I e P + 10 e P 10 e + + 10 'lI' P erJ \ 'lI' P + 10 elj \ 'lI' P 10 

4Sw 4Sw 2 

(2.4 b) 

where S" = J U. is the ion speed ratio taking into account charged dust particle 
2kTjm; 

motion as revised by Chang et al. [113], U;k=(p;-f.lcd)E is the relative drift velocity of 

ions, E is the electric field, p; is the mobility of ions, f.lcd is the mobility of charged 

particles defined as 

Ao = 1.25 + O.42e -Q.87rp jA., (2.4c) 

where e is the elementary charge , ms-fc is the number of surface charges due to the field 

charging method, rp is the radius of dust particle, J.lg is the viscosity of the gas, Ao is the 

slip correction factor, and A; is the mean free path of ions. Dimensionless dust particle 

surface potential versus dimensionless charging time at various ion speed ratios is shown 

in Figure 2.8. 

In the continuum region where dust particle is very large compared to the mean 

free path of ions, the field charging can be described by Pauthenier and Moreau-Hanot 

equation [108] as follows. 

(2.5a) 
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An elementary integration for initially uncharged (f/J(t=O)=O) and charged particle (f/J(t=O)= 

f/JJ gives (2.5b) and (2.5c), respectively. 

(2.5b) 

(2.5c) 

f/Js is the saturation level of the dimensionless surface potential as shown in (2.5d), i is 

the characteristic field charging time (2.5e), msaturation is the number of saturation charges, 

and ko = (1- minitial ) is correction constant in case of initially charged particles (minitial). 

m saturation 

<I> = msaturatione2 _ erpEo 3s p 

s 4lrsorpkT kT s p + 2 
(2.5d) 

(2.5e) 

where So is the electric permittivity of free space, sp the relative dielectric constant of dust 

particle, rp is the radius of dust particle, Eo is the external electric field, Ni is the ion 

density, and jJi is the mobility of ions. 

Another approach for continuum region is that proposed by Fjeld and McFarland 

er E 2 
based on dimensionless electric field OJ p = -p - and particle potential fjJ p = m se . 

U 4~~U 

They proposed to use only (2.3a) for O~OJp ~O.1 condition, (2.5a) for OJ p ~ 10 condition, 

and a sum of (2.3a) and (2.5a) for O.l~OJp ~lOand <l>p ~20 conditions. For 
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0.1 ~ lOp ~ 10 and 0 ~ <I> p ~ 20 conditions, they proposed polynomial curve fit (2.6) with 

coefficients akl, as shown in Table 2.2. 

dI> 
In-P = lfikIA k (looJ Y 

dT kI P P 
(2.6) 

Table 2.2 

Polynomial curve fit coefficients akl 

K 0 1 2 3 

0 0.448 -0.3236 -0.01571 0 

1 0.4457 0.1453 0.0077 -0.00021 

2 0.1085 0.0067 0 0.000064 

3 0 -0.00961 0 0 

Cochet proposed simplified solution, taking into account both field and diffusion 

charging in the transition region, based on the modification of Pauthenier and Moreau-

Hanot model by coefficient a expressed in terms of A/rp ratio 

(2.7) 

The number of surface charges due to field charging for various particle sizes and 

charging models is shown in Figure 2.9. 
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Corrections of the ion speed ratio due to the mobility of the particles 
have an noticeable effect on the dimensionless potential <Pp for the 
smaller particle sizes and ion speed ratio greater than S;0=4. For the 
present ESPs corifigurations ion speed ratio is less than S;o = 1. ) 
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Figure 2.9 

Charging time t [s] 

Number of elementary charges (ms-/c) on the surface of dust particles 
due to the field charging. 
(Results are obtained from Equations 2.4 and 2.5 for the following 
conditions: gas temperature Tg=20 rej, ion density N; =1x1015[# of 
ions/m3j, electric field strength E=2 [kV/cmj, ion speed ratio of 
8;0=0.11, mean free path of ions A;=3. 72x10-8 [mj.) 
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2.2.3 Charging Models Used in ESP Modeling 

Dust particle charging in ESP is a very complex process. The particles of various 

size regimes ranging from free-molecule to continuum are exposed simultaneously to 

field and diffusion charging mechanisms. Additionally, the particle charging in ESP is 

highly location dependant. The module of electric field may vary from a few kVlm to 

several MVlm, depending on the applied voltage and ESP geometry. The ion density is 

also highly dependant on the discharge and collecting electrode geometries, applied 

voltage, and gas velocity. As shown by Atten et al. [120] in numerical analysis of 

charging of submicron particles for a complex barbed-type discharge electrode, particles 

of the same size do not have the same charge due to the complex electric field, ion 

density, and gas velocity distribution. 

Since the standard charging theories assume quasi-static conditions and 

independent charging mechanism, several approaches, summarized in Table 2.3, have 

been adopted in calculation of surface charges on particles within an ESP. Most authors 

neglect diffusion charging and assume that the particles reach field saturation charge 

according to (2.5d). For standard ESP geometries it is very likely that the particle may 

reach field saturation charge within the first few centimetres of the field. After that, the 

particle will be subjected only to diffusion charging [54], and therefore it should be taken 

into account even for the larger dust particles. For example, a 10 f.Drl dust particle has 

approximately four times higher surface charge due to field charging, compared to that 

due to the diffusion charging. For sub-micron (0. 1 <dp[pm]< 1) dust particles, the number 

of elementary charges due to the diffusion charging is larger than the number of surface 
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charges due to field charging. However, they are of the same order of magnitude. 

Therefore the field charging of sub-micron dust particles should be considered, especially 

in the vicinity of discharge electrodes, where high electric fields can enhance the surface 

charge. 

Table 2.3 
Charging models in ESP modelling 

Particle Charging Methods; 
Author Size Equations; 

blm] Comments 

lLevin [69] 15 

Riehle and Loftler [73] 0.1-10 

Self et al. [53] 4 

Stock [71] 1-10 
• Field charging. 

Cristina and Feliziani [67] 1-120 
• Pauthenier-Moreau-Hanot equation 2.5d 

for continuum regime. 
• It was assumed that all particles entering 

Kim et al. [121] the modelled section are precharged up 
to the saturation level. Diffusion 

ESPVI4.0 [63] charging was neglected. 

Levin and Hoburg [70] 7.5 

Soldati [68] 4-32 

~atanabe [30] • Diffusion and Field charging. 
Sum of diffusion and field • White's diffusion model with reduction 

NTt of charging time due to the tuft density 
pharges R =-- TD'=TDIR; 

I NT 15 
~T is the total number of • Pauthenier-Moreau-Hanot field 
ufts; charging model with reduction of 
~Tt is the number of tufts in charging time due to the tuft density 
particle trajectory 7:/=7:F / R; 



Author 

LU and Huang [74] 

Particle 
Size 
blm] 

13.7 

Table 2.3 (continued) 

Charging Methods; 
Equations; 
Comments 

• Field charging. 
• Cochet's equation for transition regime. 
• This approach applies equation 

developed for the transition regime in 
continuum regime. 

• Diffusion and Field charging. 
PRELEC,Canadas et al. [59] 0.13-80 • The type of the equation is not available. 

Lawles [64] 
0.1- 32 

~ogel-schatz et al. [75] 0.05-5 

Gallimberti [66] 0.15-350 

Yamamoto et al. [122] 0.5-5 

• Diffusion and Field charging. 
• Fuchs (2.3a) equation for Diffusion 

charging and Pauthenie-M.Hanot (2.5a) 
equation for field charging. 

• Sum ofField and Diffusion charging 
rates. 

• Diffusion and Field charging. 
• The type of the equation is not available. 

• Sum of diffusion and field charging 
rates. 

• For diffusion charging: 

;+. ~8kT71 q_---"L ~=eNr 2 --(1+-)e 48&a'kT. q=em 
~ 'P 's 
VI mi qs 

• For charging Pauthenie-M. -Hanot 
equation (2.5a) 

• Diffusion and Field charging. 
• For Diffusion charging: 

r 
<P d = -Bln(O.1 + r); B = 1.059 + 0.238m 

• l+r 
and for Field charging: 

r 
<P f =-A; A=4.642+1.77m 

l+r 
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Table 2.3 (continued) 

Particle Charging Methods; 
Author Size Equations; 

[J.1m] Comments 
• Diffusion and Field charging models. 
• Equations 2.1,2.4,2.5. 

phyama et al. [62] 0.01-10 • Applies various charging models 
depending on the Knudsen number and 
polynomial curve fit approximations for 
field charging in transition region. 

• Diffusion and Field charging 
• Applies various Diffusion and Field 

~oo et al. [57] 0.03-2 charging models for continuum regime 
based on Fjeld & McFarland model. 

• However, the particle size range 
indicates some non-continuum regime 

~dachi 0.02-0.05 • Used probability approach with different 
classes of charge 

• Diffusion and Field charging 
Present Model 10.3_102 • Equations 2.1,2.4 and 2.5 based on 

Knudsen number. 

For ultrafine dust particles (dp[JDflJ<O.l), the charging theory predicts that the residence 

time of the order of one second can give only a fraction of one elementary charge. Since, 

the particles can only acquire an integral number of elementary charges, the discrete 

distnbution should be used to describe the number of particle charges [32]. The sum of 

the charges due to diffusion and field charging acting independently, is usually used as a 

combination of White's, and Pauthenier and Moreau-Hanot expressions. Notable 

exceptions to this were shown by Ohyama et al. [62], Yamamoto et al. [122], Watanabe 

[30], and Yoo et al. [57], who consider various field and diffusion charging models 

depending on the Knudsen number. 
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In the present work, the charging model implements diffusion and field charging 

in free molecule, transition, and continuum size regimes, assuming a constant ion density 

and electric field within the small charging time sections between grid points. The 

assumption that the particles acquire charge by diffusion and field charging process 

simultaneously seems to be reasonable. For diffusion charging, Equations 2.1 are used 

rather than the commonly used Equation 2.2, since it covers all size regimes. In the case 

of the initial surface potential (f/JJ on the particle, the solution of equation 2.1 b for 

(f/Jp=f/JJ determines the initial position (idi) on the curve shown in Figure 2.4. Depending 

on the residence time of particle from one grid to another grid location, the characteristic 

charging time (ide) was calculated. After that, Equation 2.1 b was numerically solved for a 

given total charging time (id=id;+ide) , where the result (f/Jd=f/Jp) represents the 

dimensionless potential of charged particle as a result of the initial charge and charge 

contribution due to the diffusion charging. After that, the field charging theory was 

applied. For particles in the continuum regime, Equation 2.5b or 2.Sc was solved, 

depending on the initial surface charge. For particles in a free molecule and transition 

size regime the field charging Equation 2.4a was used. The solution of 2.4a was obtained 

by numerical integration within (f/J; to f/Jf) limits. The obtained f/Jf represents the total 

surface charge on the particles as a result of the initial surface charge and contributions 

due to the field charging. The total number of elementary charges due to the field and 

diffusion charging mechanisms on the surface of dust particles of three models is shown 

in Figure 2.10. The particles are exposed for t=1 s to the average ion density of 1x1015 

[#ionslm3] and average electric field of 2 kV/cm. Total surface charges, by the present 
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model, are very similar to those obtained as the sum of White and Pauthenier-Moreau

Hanot models. Cochet's model seams to produce almost one order of magnitude smaller 

surface charge in free-molecule and transition regime compared to the other two models. 

The total surface charge of various dust particle sizes at different ion densities 

and external electric fields are given in Figures 2.11 to 2.14. These calculations are for 

negative ions and a mean free path of 3. 72x10-8 m. Several important aspects of particle 

surface charge behaviour are illustrated in these figures. The electric field has significant 

impact on the surface charge of particles in continuum size regime as shown in Figure 

2.11. Submicron and ultrafine particles exhibit significant improvement of surface charge 

at electric fields higher than 10 kV/cm. Some small improvements are observed by raising 

the electric field from 1 to 10 kV/em. The electric field affects only the field charging 

process, shown in Figure 2.12. Submicron and ultrafine particles are more sensitive to the 

ion density change, especially when they have short exposure or charging time as shown 

in Figures 2.13 and 2.14. The field charging rate of 1 pm and larger reduces to zero for 

ion densities larger than 1 x1015 ionlm3, indicating that particles reached saturation 

charge, and that there is no further surface charge improvement by an ion density 

increase. Conversely, the diffusion-charging rate for ion densities greater than 1 xl 015 

ionlm3 reached a constant value, indicating same rate of surface charge improvement with 

ion density increase. 

In general, from the point of view of particle charging it is desired to have a high 

electric field and ion density. However, the request can be contradictory from the point 

of view of dust particle collection, since impaired collection efficiencies were observed in 
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some experiments performed at high ion density and high electric field conditions. 

Therefore, the optimum should be found with respect to the surface charge of dust 

particles, their mobility towards the collecting plate, attachment to the dust layer, and re-

entrainment from dust layer due to mechanical or electrical reasons. 
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Figure 2.11 Number of elementary charges on the surface of various dust particle 
exposed one second to various ion densities and electric fields. 
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Figure 2.13 Number of elementary charges due to the diffusion charging 
mechanism on the surface of various dust particle sizes at electric field 
of 1 kV/cm and various ion densities. 
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2.3 DUST PARTICLE TRANSPORT AND DEPOSITION 

Dust particle collection is determined by: (a) the net deposition (or mass 

transfer) of neutral and charged dust particles in a direction normal to the surface of the 

collecting electrode, (b) the adhesion of dust particles to the surface of the collecting 

electrode, and (c) the removal of the dust particle layer from the collecting electrode into 

the hoppers, known as rapping. 

2.3.1 Dust Particle Transport 

The major three types of dust particle transport mechanisms considered are as 

follows: (a) convection, (b) electrical migration, and (c) diffusion. Convective mass 

transport usually coincides with the direction of the gas flow streamlines and depends on 

the gas flow regime and the particle size. The larger dust particles have a tendency to 

continue to move tangentially to the gas flow streamlines due to the inertia phenomena. 

Additionally, the larger particles are subject to the larger drag forces. Smaller dust 

particles follow the gas flow streamlines more closely than the larger particles due to 

the smaller inertial forces. However, the smaller the dust particles, the larger reduction of 

the drag force due to the increased particle slip. The mass transport due to the electrical 

migration coincides with the direction of the electric field lines. This type of mass 

transport is predominantly perpendicular to the gas flow direction, therefore leading to 

the deflection of the charged dust particles towards the collecting electrode. It is 

proportional to the surface charge of dust particles and electric field strength. The mass 

transport due to the diffusion of dust particles results in a net flow in a direction of matter 
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from a region of high concentration to a region of low concentration. In some sections of 

ESP diffusion transport coincides with convection transport and may oppose to electrical 

migration transport. 

2.3.2 Role of the Gas Turbulence 

Very extensive experimental and theoretical investigations of the effect of a gas 

turbulence on collection efficiency in plate-to-plate, and wire-plate with and without 

corona discharge were conducted by Self et al. [53]. They showed that the collection 

efficiency in wire-plate configuration with corona discharge, and initially uncharged dust 

particles, depends very little on the inlet turbulence level of gas. The results were quite 

surprising, since the findings obtained under similar conditions but with precharged dust 

particles showed that collection efficiency degrades with increasing turbulence level. The 

effect was attributed to the particle charging in non homogeneous field, where the 

turbulence, on the average, enhances particle charging by deflecting particles towards the 

area of higher electric field and ion density. Moreover, they stated that the beneficial 

effect of the high turbulence on the particle charging is mainly near the entrance section, 

in few first fields, whereas the beneficial effect of low turbulence on particle transport is 

operative throughout ESP. Kim and Lee [31], also experimentally investigated, the effect 

of turbulent gas flow on particle transport and collection efficiency in wire-pate ESP 

geometry by inserting the mesh of various grid sizes in front of the ESP. They showed 

that at high applied voltages, and consequently high electric fields, the collection 

efficiency was not affected significantly by gas flow turbulence. 
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2.3.3 Dust Particle Collection Efficiency 

Dust particle collection efficiency is usually based on the Deutsche model [123] 

that assumes complete turbulent mixing of dust particles. The model considers an 

invariant particle profile transverse to the gas flow and a thin boundary layer near the 

collecting electrode walls, where the dust particle migration velocity is assumed to be 

invariant along the ESP length. By equating the dust particle flux across the laminar flow 

boundary and the dust particle flux onto the collecting plate, an exponential function 

describing the change of the dust concentration along the ESP length can be obtained. 

Accordingly, the particle collection efficiency Tf can be obtained from the ratio of the 

outlet (COUI ) versus the inlet (Cin) particle concentration as described in (2.8). 

Tf = 100(1- cout ) = 100(1-e- (De)' )[%] (2.8a) 
cin 

(2.8b) 

(2.8c) 

Where, De is Deutsche's number, aJth [mls] is the local theoretical migration velocity of 

the charged particles of radius rd [m], W [m] is the length of the ESP, L [m] is the wire-to 

plate spacing, A [m2] is the dust collection surface area, Uo [mls] is the mean gas 

velocity, Qg [m3 Is] is the gas flow rate, fled [m2 IVs] is the mobility of the charged 

particles, Qp [e) is the dust particle surface charge, E [Vim] is the volume averaged 
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electric field, J.Lg [Pa sJ is the gas viscosity, A; [mJ is the mean free path of ions, em is the 

Cunningham slip factor, and k is the dust property correction coefficient (D.5s k slY. 

On the other hand, for laminar flow the collection efficiency is given by (2.9) 

1]=De (2.9) 

Those two equations, (2.8) and (2.9), represent limiting cases. Equation (2.8) corresponds 

to an infinite particle diffusion and (2.9) corresponds to zero particle diffusion. In the 

case of a finite turbulent level in ESP, it was observed that the measured collection 

efficiency is higher than that predicted by Deutche's model. Cooperman [124] proposed a 

model that takes into account a diffusion, and re-entrainment (R) of particles (2.10). He 

expressed the collection efficiency as a function of Peclet number (Pe=OJrhLIDp) and re-

entrainment factor (R= lIPe). Here, OJrh is the particle migration velocity, L is the 

characteristic length (wire-to-plate spacing) and Dp is the particle diffusion. 

1] =1-e Co 
(2. lOa) 

(2.10b) 

Many other researches tried to develop analytic models based on the convection-diffusion 

equations subject to certain approximations. Leonard et al. [124] proposed the model 

based on the finite eddy diffusivity according to (2.11). 

<X) w.(}Pe -n-F SID -
1] =1- Lee L --e 2 

m:i () 
(2.11a) 

(2. 11 b) 
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Pe 

e- 2 U Pe2 Pe 
A = pO {-Pecos8+(8--)sin8+-----p;-} 

82 +(~)2 48 e-T 
2 

(2.11c) 

1 Pe Pe 2 1 Pe 2 • Pe 
B=-+-+-+-(1--)sm28--cos28 

2 482 882 48 482 482 (2. 11 d) 

(2. 11 e) 

(2.11f) 

Xiangrong et al. [92] used the method of separation of variables to solve the particle 

transport equation with two diffusion coefficients. 

T/ =l-e F·De (2.12a) 

(2.12b) 

(2.12c) 

2.3.4 Dust Particle AdhesionlRe-entrainment to/from the Dust Layer 

Once the particle approaches the collecting electrode, its deposition is 

determined by the combination of the mechanical and electrical forces. Dust particle re-
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entrainment occurs in two forms: (a) rapping and (b) non-rapping. Rapping of collecting 

electrodes results in the re-entrainment of dislodged particulate matter in a gas stream. 

The further capture of re-entrained particulate matter depends on the rapping location. 

The ESP emission can increase significantly when re-entrainment occurs in the last 

electrical section. Non-rapping forces include: (a) gravity force, (b) electrostatically 

induced force on the dust layer due to the charge acquired by induction, (c) erosion due to 

the gas flow and corona wind, and (d) back corona discharge. Blanchard et al. [58] 

conducted experiments for dust particle sizes smaller than 5 pm in diameter, indicating 

two major modes of dust layer growth and dust particle packing, and correlated different 

dust particle packing with the current density across the dust layer. The reported re

entrainment occurred from the dust layer zone with dendric structure, where the current 

density is much smaller than 0.01 mAlm2• 

Krinke et al. [125] and Mochizuki et al. [126] identified the forces and 

classified them according to their effect on the adhesion and re-entrainment of particles 

already deposited on the collecting electrode. Van der Waals force, an intermolecular 

force depending on the dust particle diameters, increases with decreasing dust particle 

diameter. Van der Waals force is higher for the dust-to-CE contact than for the dust-to

particle contact. A capillary force is generated by the condensation of the moisture 

between the particles with a noticeable effect when the relative humidity exceeds 

approximately 60 %. The Coulomb force generated by the charge-up between the dust 

particles in contact is usually negligible for dust particle sizes smaller than 100 pm. The 

Johnsen-Rahbek force generated by the contact-surface capacitance is proportional to the 



68 

dust particle resistivity, contact surface area, and current density. In general the Vander 

Waals force is approximately two orders of magnitude higher than the electrostaticly 

induced force for the particle size diameters less than 10 f.1Tn. Johnsen-Rahbek force is 

higher than Vander Waals force for dust particle resistivities larger than 107 .am at 

current density of 0.1 mAlm2• The cut-off current density for the dust particle resistivity 

of 1010 .am, at which the Johnsen-Rahbek force is higher than Van der Waals force, is 1 

pA/m2• Table 2.4 and Figure 2.15 summarize the forces acting on the particles near and 

at collecting plate. 

Table 2.4 
Forces acting on the dust particles 

Force Equation Comment 

Gravitational 
- 1 3-

Usually, neglected for 
force Fa = -1l"(2rp) ppg particle smaller than 

(2.13a) 6 100 f.1Tn. 

Therm- - 2 A-
FT = 121f!Ltmrp {1.42- - O.06}VT; 

ophoretic rp Requires high 
force 

C =l~2R temperature gradients 
(2.13b) tm 4 1fT 

Van der 
_2AH 

3 Acting between 

Waals forceps Fvdw-PS 

rp _ 
particle and substrate. - r 

(2.13c) 3 X2(X+ 2rp)2 

Van der 6 
Acting between two 

Waals forcepp 
F 32AH rp -=-- r particles. vdW-PP 3 2( 4 )2( 2)3 (2.13d) X x+ rp x+ rp 

Hamaker constant AH=4xl0-19 
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Table 2.4 (continued) 

Force Equation Comment 

1 2 2S 
FJR = 2 sePe Je e Se .. contact surface 

_ Sc . R = 1.. 3 EYoung.a = (FJR )2/3 
Je .. contact current 
density 

Johnsen- P p - Re 'e 2 P p ~ F r ' n 
pe ... electrical a JR e z 

Rah bek force 
resistivity of contact 

(2.13e) ( 16 rp1rp2 ) 
surface nz =, 97r 2 (kl + k2)2 (rpl + rp2 ) Re ... contact 

1-0.142 resistance 
kl =k2 

1iEYoung a ... displacement 

Electric force 
FE=QE 

Due to the external 
(2.130 electric field (E) 

Coulomb 
QIQ2 Ii 

Acting between two 
Fc= particles of charge QI force 47rSoX2 

and Q2 spaced by x. (2.13g) 

Induced charge on the 
Electrostatic 

27r3 2 2)- collecting electrode 
induced force FEJ =0.832(--sospdp2 E n due to the charge on 

(2.13h) 12 
the discharge electrode 

Image force 
Force between between 
charged particles at particles and Q2 s.-l_ 
distance x from the F = n substrate J-PS 47rso(2x)2 S. + 1 neutral dust layer (2. 13i) 
surface. 

2 2 2 2 
Between incoming Image force d p2 QI 2dp2 XQI )_ 

FJ_pp =( 8 3 2 2 n- particle of diameter between two 7rSoX 7rSo(4X2 -dp2 ) 
dp\, surface charge QI particles 

2 2 2 2 (2.13j) (dp1 Q2 2dpl XQ2 )_ and deposited particle 
2 2 2 n (dp2, Q2) at distance x. 87rSoX3 7rso(4x -dpl ) 
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In this work, the re-entrainment of dust particles was neglected since the sum of 

the attractive forces (Van der Wals and Johnsen-Rahbek force) is greater than the sum of 

repulsive forces (induced and particle-particle image force) for dust particles in 0.01 to 1 

/lm SIZe range. 
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Figure 2.15 

Dust Particle Radius [/lm] 

Forces acting on dust particles 
(F_JR_Jrnax is evaluated at current density of 0.1 mAlm2 and dust 
resistivity of 1x1010 .am; F_JR_Jrnin is evaluated at current density of 
1 pAlm2 and dust resistivity of 1 x1010 Qrn. Electrical forces depending 
on the particle surface charge are evaluated based on the values of 
particle surface charge from Figure 2.10. In the area of zero current 
density dust particles larger than 1 pm may be re-entrained from the 
collecting electrode.) 



71 

2.3.5 Back Corona Discharge 

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 

impairing dramatically dust collection. Masuda and Mizuno [127] observed three modes 

of back-corona discharge in needle-plate geometry: (a) space streamers, (b) surface 

streamers, and (c) a combination of space and surface streamers occurring together. 

Masuda et al. [128] proposed a bias-controlled pulse charging system for reducing back

discharge purely by an electrical approach. The Hofer and Schwab [129] experiments, 

with a barbed-type discharge electrode, show a correlation between location of the back 

corona discharge, porosity of dust layer, and dust resistivity. In the case of a low 

resistivity dust, back corona discharge was initiated outside the highly-packed dust-layer 

regions of ellipsoid shape. The back-corona discharge within ellipsoid regions was 

observed in the case of high resistivity dust. Masuda and Mizuno [127] and Chang and 

Bai [130] conducted experimental investigations on laboratory wire-plate type ESP for 

submicron dust particles. These measurements showed that in the presence of back 

corona discharge, the collection efficiency of submicron dust particles can be reduced 

significantly due to the reduction in both, particle surface charge and migration velocity. 

2.3.6 Role of the EHD Flow 

Electrohydrodynamically (EHD) introduced secondary flow results from the 

corona generated ionic flow that in collision with neutral gas molecules may transfer 
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momentum on to the main gas flow resulting in the modification of the main gas flow 

streamlines. It is very unlikely that the body force of charged particles will impact the 

main gas flow as it has been confirmed in experimental study by Peterson and Davidson 

[131]. Therefore, the coupling between the body force due to the charged dust particles 

and main gas flow is negligible. At present, there is a strong disagreement among 

researchers whether the presence of EHD induced secondary flow enhances or degrades 

precipitator efficiency due to the interconnections between EHD flow and: (a) the main 

gas flow streamlines and gas turbulence level, (b) the particle transport, particle 

turbulence, and particle charging, and (c) the re-entraiment of already collected dust 

particles. 

The effect of EHD flow on the main gas flow streamlines is studied 

experimentally and numerically by various authors for various geometries [22, 23, 55, 

132-134]. For wire-plate geometries, experimental studies indicate strong dependence on 

the polarity of the applied voltage [25]. Positive corona in wire-plate geometry tends to 

produce a recirculation vortex near the collecting plates, more or less opposite to 

discharge electrodes. For negative corona, irregular location of discharge tufts on the time 

scale of a few seconds introduces quasi-steady EHD flows that contributes to 

redistribution of pre-existing turbulence, and opposes formation of large scale secondary 

flows [124, 53]. Yamamoto and Velkoff [22], and Adachi et al. [27] conducted 

experimental and numerical studies of flow modifications near the collecting electrode in 

a wire-plate configuration. Based on their numerical 2D vorticity-stream and 

experimental studies of main gas flow, the modification of the main gas flow streamlines 
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by the EHD induced secondary flow at positive corona were first observed when the 

NElID~2, which in the standard notification means that the Ehd is 22 times greater than the 

Reynolds number squared (Ri) . The EHD number (EhtJ) and Reynolds number (Ri) are 

defined as follows: 

UL Re=-o-. , 
Vg 

(2. 14a) 

(2. 14b) 

where Uo [mls] is the mean gas velocity, L [m] is the characteristic length, Vg [m2Is] is the 

gas kinematic viscosity, Ir [A] is the total discharge current, A [m2 lis the surface area of 

the collecting electrode, pg [kg/m3] is the gas density, and Pi [m2IVs] is the ion mobility. 

Recent numerical studies by Yamamoto et al. [134] for negative tuft corona showed 

complex Goertler-vorticity-type structure of the gas flow resembling spiral ring structure. 

In the case of rods with pins or spikes where the negative tuft location can be 

controlled, the ion flow patterns, shown in Figure 2.16, may induce transverse 

recirculation vortices between electrodes and discharge barbs, that together may form the 

doughnut-shape vorticity associated with each discharge point. The overall effect on the 

orientation and intensity of vortices depends on the main gas velocity, current density, 

and discharge electrode geometries. 

The effect ofEHD flow on the transverse (normal to collecting plate) component 

of the particle velocity for helical- and rigid-type discharge electrodes has been 

conducted by Halldin et al. [56]. The results showed that the ion flow at the corona 

locations enhanced locally the transverse particle velocity for mean particle diameters of 
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O.18J.DYl, especially in the case of rigid-type discharge electrodes. The experimental 

study by Atten et al. [26] indicated also that good control of EHD induced vorticieties 

may improve the collection efficiency of sub-micron particles. Namely, small particles 

may be caught in vortex regions, thus increasing the residence time, particle surface 

charge, and collection efficiency. Mitchner et al. [135], Self et al. [53] and Leonard et al. 

[124] concentrated on the investigation of the particle turbulence caused by the positive 

and negative corona. They conducted extensive studies for plate-to-plate, wire-plate 

geometry with low and high gas turbulence, precharged and not-precharged dust particles 

at low ionic space charge conditions. The results for precharged particles showed that the 

turbulence is detrimental to collection efficiency that agrees with some other 

experimental and theoretical work indicating that by lowering the turbulence, the 

collection efficiency will increase. The results for not precharged particles are completely 

reversed showing higher collection efficiency for high turbulence case. It seams that the 

mixing properties of high turbulence can be beneficial to the particle charging process 

within the inlet section of ESP, whereas the beneficial effect of the low turbulence on 

particle transport is active throughout the whole ESP. 

With respect to the correlation between EHD flow and particle reentrainment, 

the study of the packing of the dust layer [136, 137] indicates that the EHD induced 

secondary flow may be the reason for re-entrainment of already collected dust particles 

from the dust layer with a dendric packing structure, thus detrimental for the particle 

collection efficiency. 



a) 

Figure 2.16. 

75 

b) c) 

EHD flow patterns for a rod with spikes discharge electrode with spikes 
oriented normal to the collecting plate. Shown is EHD flow: 
(a) between two electrodes, (b) between two needles, (c) associated 

with each needle point. 



CHAPTER 3 

GOVERNING EQUATIONS AND NUMERICAL PROCEDURES 

3.1 GENERAL GOVERNING EQUATIONS 

The corona discharge, particle charging, and particle collection, extremely 

complex and interdependent processes, are described by a set of general governing 

equations that require knowledge of several engineering disciplines. For example, 

governing equations for gas flow are derived from the mass and momentum conservation 

equations. Ion, neutral dust and charged dust density profiles are obtained from the 

transport equations, and the electric field is obtained from Poisson's equation. 

3.1.1 Gas-phase Governing Equations 

The mass and momentum conservation equations of a gas-particulate mixture 

can be separated into gas and particle phase equations for non-reactive disperse flows 

[47, 138] when particle density is at diluted conditions. In general, the two-phase flow 

may be classified as a disperse flow when void fraction is greater than 95 %. In general, 

dust loading in electrostatic precipitators is in the range from 1 to 50 g/m3• With 

assumption of mean dust particle size of 0.5 J.I111 and particle density of 1 glcm3 [139], the 

void-fraction (ag =l-ap) would be approximately 99.99 % and density-fraction ratio 

(app/agpg) would be approximately 0.038. In this work the particle density is well below 
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76.4xl013 thus the particle phase can be separated from the gas phase. The mass 

conservation equation ofa gas phase [138] can be described by Equation (3.1a): 

(3.1a) 

where a g is the gas molecule fraction or (void fraction), Pg is the gas density and U g is 

the gas velocity vector. For the steady-state (a(agfpg) =0), incompressible (VPg=O), at 

and disperse flow (agf":::,l) case, the Equation 3.1a reduces to Equation 3.1b. 

(3.1b) 

The momentum equation for gas phase [69] is as follows: 

a(agpgUg) _ - _ _ _ --
at + V . (agUgPgUg) = -V(agPg)+ V(agJ.Lg VUg)+ ppfAUp -Ug)-agPgg+ fEM 

(3.2a) 

where Pg is the pressure, J.Lg is the dynamic viscosity, fd is the interfacial drag between 

particle and gas phase given by Stokes asfd =3rcJ1gdp, dp is the particle diameter, g is the 

gravitational force vector, Up is the particle velocity vector, and IEM is the momentum 

change due to the electromagnetic field known as a body force. The driving forces of 

electromagnetic body forces [140] are as follows: 

(3.2b) 

where the first term is the momentum change due to the space charge of ions and charged 

particles, the second term is the momentum change due to the dielectric property change, 

and the third term is the momentum change due to the electromagnetostriction. Under 
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assumptions of a steady state, incompressible, disperse flow, with neglected gravitational 

effect, particle and gas velocity equilibrium, and ionic space charge body force, 

Equations 3.2a and 3.2b combined give: 

(3.2c) 

3.1.2 Governing Equations of Ions and Particles 

Basically, the transport of ions, particles, or any other chemical species must 

satisfy the general conservation principle, described by Equation 3.3a. 

(3.3a) 

Here, ON/a represents the rate of change or accumulation of species within the control 

volume, V·(J) represents the divergence of net species flux across the control volume, 

subscript k={e; ni; pi; nd; ped; ned} refers to the type of species e.g. electrons (e), 

negative ions (ni), positive ions (Pi), neutral dust particles (nd), negatively (ned) and 

positively (ped) charged dust particles, and S and R represent the source and the sink of 

species by chemical, mechanical or electrical reactions. Some experimental and 

theoretical analysis of the behaviour of dust particles in the dust layer indicates that some 

mechanical source terms due to back-corona discharge and re-entrainment of the dust 

layer should be considered [129, 130, 141]. In this work they are neglected due to the: (a) 

frequent cleaning of collecting electrodes, (b) sticky nature of the dust layer created by 

combustion of an incense stick, and (c) the relatively low resistivity (p-5.3 xlOJO [DmJ) 
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of dust particles. Only the electrical reaction such as attachment of ions to the particle 

surface is considered. 

The flux of the species is governed by convection, diffusion or mobility as 

shown in Eq. 3.3b. 

(3.3b) 

The convection transport, first term, represents the transport due to the general gas flow 

( U). The drift transport, second term, represents the transport due to the mobility of 

species (fik) in the electric field (E). The sign of the mobility term is positive for positive 

ions and positively charged particles. Accordingly electrons, negative ions, and 

negatively charged dust particles have negative mobility term. The diffusion transport, 

the third term, is the transport of the species with diffusion coefficient (Dk) due to the 

gradient of species concentration Nk. Minus sign indicates that the species are diffusing 

from the region of high towards the region of low species concentration. For steady state, 

and substituting Eq. 3.3b in Eq. 3.3a yields 

(3.3c) 

Further expansion ofthe first and second terms for incompressible flow ( V . U =0) yields, 

fj. VN k ±NkF,· V fik ±fikN k V·F, ±fikE.VNk -Dk V2 Nk - VN k· VDk = Sk -Rk 

(3.3d) 

The first term is the divergence of flux due to convection by the main gas flow. 

The magnitude of the term depends on the species considered. It is usually neglected for 

ions, however, in evaluation of any new ESP geometries should be taken into account as 
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it will be shown in Chapter 4. The second, the third, and the fourth terms combine the 

divergence of flux due to species migration. The second term contributes to 

compressibility of species and can be neglected in case of the negative/positive ions due 

to the constant mobility term (VPk=O). The mobility of electrons is the function of the 

electric field, thus location dependent, and therefore should be taken into account. For 

particles charged through a non uniform electric field and ion density, the mobility is a 

function of both space and time. In some cases for which the particles are fully charged, 

the second term can be neglected due to the small mobility gradient (Vp~O). However, 

for submicron dust particles, that encounter high surface change in the region close to 

discharge electrode, the second term should be considered at least in first few fields of 

ESP. In later sections of ESP, where the acquired charge is not changing significantly, the 

second term can be neglected. The third term that contains the (V· E) is usually 

substituted by Poisson's equation. The last two terms depend on the diffusion constant of 

the species, whereby (YO Dk ) can be neglected assuming uniform diffusivity such as in the 

case of ions and neutral dust particles. The equation 3.3d belongs to a general convection

diffusion type equations. The well-known upwind scheme is usual procedure used for the 

treatment of convection part. 

In this work, it was assumed that processes occurring in that zone are ion 

production processes, and that from the border of ionization region only ionic current 

consisting of negative ions is injected in an inter-electrode space [95]. The assumption is 

supported by the fact that the ionization region is normally very thin. Thus, positive ions 

and electrons, found in a corona-glow zone near a discharge electrode, are not 
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considered. Accordingly, negatively charged dust particles and neutral dust particles are 

considered. 

3.1.3 Governing Equations of Electric Field 

Since magnetic effects are neglected, the electrostatic equations are: 

VxE=O (3.4a) 

and therefore: 

E=-VV (3.4b) 

Gauss's law relates the electric field vector E to volume charge density q". 

(3.4c) 

In the case of constant permittivity E, equations (3.4b) and (3.4c) combined give 

Poisson's equation as follows: 

(3.5a) 

Assuming that only negative ions (Ni) and negatively charged particles (Ned) exist in drift 

space, equation (3.5a) becomes: 

(3.5b) 

where ms is the number of elementary charges on the surface of the charged dust. With 

respect to the dust particle charging, the total number of elementary charges on the 

surface of the particle (ms= ms-de+ms-!e+minitial is assumed to be the sum of the diffusion 

(ms-de), field (ms-!e) and initial surface charge (minitial). 
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3.1.4 Dimensionless Form of Governing Equations 

The momentum, electric field, ion and charge transport equations are 

transformed into dimensionless form in equations (3.6)-(3.10) to establish the 

significance of each term. 

(3.6) 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

The dimensionless variables are defined as follows: 

'\1=L'\1; (3.lla) 

(3. 11 b) 

(3.11c) 

]:=EIE' '=' 0' 
(3. 11 d) 

(3. 11 e) 

(3.11t) 

(3.llg) 

(3.11h) 

(3. 11 i) 
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(3.11j) 

(3.11k) 

(3.111) 

where L is the characteristic length, ug is the dimensionless gas velocity vector, p is the 

dimensionless pressure, Re is the Reynolds number, c[J* is the dimensionless electric 

potential ratio, FE is the electric field number, Ehd is the Electrohydrodynamic (EHD) 

number, D*b; and D*bd are Debye versus electric field number of ions and dust, ADi and 

ADd are Debye length of ions and charged dust, n; , nnd and ned are dimensionless numbers 

densities of negative ions, neutral and negative charged dust respectively, N;o is the initial 

number of ions, Ndo is the initial number of dust, R; * is the dimensionless sink of negative 

ions, Rnd * is the dimensionless sink of neutral dust, Sed * is the dimensionless source of 

negatively charged particles, an; a is the rate of the charging of dust particles. 

The importance of certain effects is evaluated based on dimensionless number 

analysis. For example, the Diffusion Reynolds number (RaJ versus Electric field number 

(FE) ratio is used as a measure of general and diffusion ion transfer, versus ion transfer 

due to the electric field. 

VoL 

Ra; = Re·Sc; =~ 
FE FE eVo 

kT 

(3.12) 

Where, Vo [ms·1] is the mean gas velocity, L [m] is the characteristic length, D; [m2s·1] is 

the ion diffusion, e= 1.602 xl 0 ·19 [e] is the charge of one electron, Vo [V] is the applied 
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voltage, k=1.381xlO -23 [JK1] IS the Boltzmann constant, and T[K] IS the gas 

temperature. 

The EHD number ( Ehd) versus Reynolds number squared (Ri) is used as a 

indicator of Electro hydrodynamically (EHD) induced secondary flow. 

(3.13) 

Where, Ir [A] is the total current, L [m] is the characteristic length, A [m2] is the collector 

plate area, pg [kgm-3] is the gas density, Uo [mls] is the mean gas velocity, PI [m2y1 S-l] is 

the ion mobility, Vg [m2s-1] is the kinematic viscosity. The modification of the main gas 

flow due to the EHD induced secondary flow may be observed for Ehd> Ri. 

The (D/ IF EJ ratio is used as a measure of space charge effect due to ions or 

charged particles. Ion and charged dust Debye numbers (Dbi=LIADi; Dbd=VADd) are a 

ratio between characteristic length (L) and Debye length (AD). 

(~)2 ( L )2 
D 2 AD ~&okT / N oe2 

b = = (3.14) 
FE eV eV 

- -

kT kT 

Where, L [m] is the characteristic length, Pi [m2y1 S-l] is the ion mobility, No IS 

the initial number of ions or dust in the case of evaluation of ion or dust charge effect, 

Go =8. 854 xl 0 -12 [Fm-1] is the electrical permittivity, e=1.602xlO -19 [e] is the charge of 

one electron, Vo [V] is the applied voltage, k=1.381 xlO -23 [JK1] is the Boltzmann 
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constant, and Tg [KJ is the gas temperature. The ion or charged-dust space charge effect 

can be observed for D/IFE >0.001. 

3.2 DUST PARTICLE COLLECTION EFFICIENCY MODELS 

Figure 3.1a shows the simplified block diagram of the Multi-dimension ESP 

code (MESP) [143] used in this study. The MESP code consists ofthree main sections. 

The first section, the ESP geometry and operating parameters, involves the 

selection of (a) I, U, and C type of collecting electrode; (b) wire, threaded-rod, 

rectangular, and spike type of discharge electrodes; (c) dc, pulsed, and intermittent type 

of applied voltages; (d) operating flow rate of a main gas, gas composition, and 

temperature; (e) dust particle loading, dust size, and shape. For a known ESP system, the 

average current is required as an input parameter, otherwise the subroutine I-V curve is 

called for prediction of the operating current, that will be used in the calculation of initial 

ion density. After that, the program proceeds with initial calculations, that include 

analytic approximations for the main gas flow, Laplace's electric field, and initial number 

of ions on the surface of discharge electrode based on electric field on the surface of 

discharge electrode, and initial averaged current. 

The second section starts with establishment of coupling paths based on 

dimensionless numbers. At first the ions' density is obtained based on the Laplacian 

electric field and the initial number of ions (N;o) , estimated from the total current and 

electric field on the surface of the discharge electrode. After that, the search algorithm is 

called that searches for the Nio for which the critical electric field (approx. 2 MVlm) on 
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discharge electrode surface is satisfied by coupling ion transport and Poisson's electric 

field equation. The example of the search algorithm is shown in figure 3.1 b. The space 

charge effect, due to ions and charged dust, was evaluated based on the ion and dust 

Debye number. Corresponding ions/charged dust and Poisson's electric sub-routines 

were coupled in iterative way until the volume average value of electric field and 

corresponding ions/charged dust density between iteration steps did not become less than 

0.001. The last coupling subroutine corresponds to the estimation of the EHD flow. In the 

case of the EHD flow, the ion density and electric field are passed to the gas velocity 

calculation. This was in general, a one-way coupling in case of negligible space charge 

effect due to the dust particles. Otherwise, the neutral and charged dust transport 

equations together with Poisson's equation and gas flow, are coupled until the iteration 

stop criteria was reached. 

The last section of MESP code calculates the total collection efficiency of dust 

particles based either on the modified Deutsche's equation (Mode 1), or neutral and 

charged dust density at an inlet and outlet section of ESP (Mode 2). 

In the case of a multi-field ESP, there is one additional loop for the numerical 

analysis of each field, and for the adjustment of boundary conditions between two 

adjacent fields in which the ion-density/initial-surface-charge at the front plane of the ;th 

field equals the value at the back plane of preceding the (i_1/h field. 



C:fflPUTSUBROUTfflE:> .. 
SET ESP GEOMETRY AND OPERATfflG PARAMETERS: 

ESP type, DE and CE Dimensions, Main gas properties; Dust particles 
properties, Operating current and voltage I-V 

'Y 
fflITIAL CALCULATION 

Gas flow velocity profile (Ug) 
Laplace's electric field (E) 
Electric field on the surface of DE (Es ) 
Initial number of ions (Nio) based on I and Es 

'Y 

ESTABLISH COUPLfflG PATHS BASED ON DIMENSIONLESS NUMBERS 

T 1-----------------------1 
ReScJ FE < 0.001 ------;.' Evaluate ion convection :-------:: .... 

1 ______________________ _ I .--__ ......L ___ --, 

D*bi <0.001& D*bd <0.001 ,------------------------------, D*bi >0.001& D*bd >0.001 
.----------: Evaluate Space Charge Effect :----------. , , 

DO, >0.001& D;~ -- -- -r»-,;.-;;o.-OO1& ~'" >0.001 

Couple Ni and Poisson's E 

.---J 
r-----------------------~ , ' , Evaluate EHD Flow : 
1 _____ - ________________ _ 

Calculate Ug with 
EHDinduced 
secondary flow 

(Mode 1) 
Calculate dust surface charge and 
collection efficiency from modified 
Deutsche's equation 

Couple Ni ,Nd , Ned, and 
Poisson's E 

r - - - - - - - - - - t ---------, 
: Evaluate EHD Flow : , 

,1' 

Rtl ~ E,u Re" »E," ~--T---;--' 

Calculate Ug with EHD 
induced secondary flow, 
and couple with Nj ,Nd , 
Ned, and Poisson's E 

• ~, 

(Mode 2) 
Calculate collection efficiency from 
neutral Nd and charged dust density at inlet 
and outlet of ESP. 

Figure 3.la Simplified block diagram ofMESP code 
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Figure 3.1b 

A 

Electric field on DE 
Discharge current D _0_0 -- . .-. --. ",.,- . ! 

./ B I 

~-:?!!7.!----------=--~--t--=--~-~~-~--;;--~--.---:,:--:::--::--:,-._ 
B2 • 

Number of ions on the surface of discharge electrode Nio 
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Example of determination of the initial number of ions on the surface of 
the discharge electrode based on the electric field at the surface of the 
discharge electrode. (A ... solution of the Laplace equation for given 
applied voltage, B ... solution of Poisson's equation with ion density 
Nio for various iteration steps; c ... solution after convergence for which 
the electric field on the wire equals critical electric field; D ... 
corresponding discharge current. 

3.2.1 Three-dimensional Hybrid Model (Mode 1) 

Main gas velocity, electric field, and ion density profiles are passed to the cross-

sectional averaging model for i=M sections, based on which the cross-sectional surface 

charge on particles and cross-sectional collection efficiency 17; were obtained. Finally, the 

total collection efficiency was predicted based on the cumulative expression of 

Deutsche's equation, 
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i=M 

1][%]=100(1- LP;); 
liJ,h ,A k 

-(~. ) 

Pi =e Q. (3.15) 
i=1 

where, Pi is the cross-sectional dust particles penetration, roth,i [mls] is the local theoretical 

migration velocity of the charged particles, Ai [m2] is the local dust collection surface 

area, Qg [m3/s] is the gas flow rate, and k is the dust property correction coefficient (O.5~ 

k ~1). The present study was based on k= 1. 

In order to capture the effect of high resistivity dust on the collection efficiency, 

the following constitutive relationship between migration velocity (cop) and dust 

resistivity (.!2t) is proposed based on the experiment [67]: 

(3.16) 

(3.17) 

where OJo is the migration velocity predicted by MESP code for the reference low dust 

resistivity value ilo~10]O Om, .!2t is the dust resistivity, and a, p, Co, C], C2 are variables 

dependent on the pulse frequency (Pi) and width (Pw). Here, a=O.72, p=O.73, co=250, 

C]=O.0J36 and c2=33.5 for DC ESPs are obtained from the experiments [144]. 

3.2.2 Three-dimensional Multi-field Model (Mode 2) 

Mode 2 requires a neutral and charged dust density distribution. Hence, the total 

collection efficiency was obtained from equation (3.18), 

(3.18) 
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where N in represents the sum of neutral and charged dust particles at the inlet plane of 

ESP, and Nout represent the sum of neutral and charged dust particles at the exit plane of 

ESP. 

3.3. CURRENT-VOLTAGE MODELS 

A current-voltage (I-V) model was developed for prediction of the operating 

current and initial value for the number of ions on the surface of the discharge electrode. 

In general, the current-voltage curve is affected by discharge and collecting electrode 

shape, polarity of applied voltage, and all possible operational conditions in ESP. Many 

other conditions, such as back-corona, the surface condition of the discharge electrode, 

non-uniform dust loading, etc. can affect the I-V characteristic. Therefore, it is very 

difficult to determine the I-V curve theoretically. 

3.3.1 The Numerical Approach for Current-Voltage Characteristic 

One of the approaches to obtain the I-V characteristic is to solve simultaneously 

the Poisson's (3.7) and current continuity equations (3.8). However, their exact solutions 

can only be obtained for parallel plates, coaxial cylinders, and concentric spheres. Most 

numerical studies of wire-plate I-V characteristic are obtained for dust-free conditions 

[84, 86, 87, 91, 93, 94, 97] except [88 and 67]. The standard solution process involves an 

initial estimate of ion density at discharge electrode and coupling of Poison's and current 

continuity equations until the solutions are self-consistent. After that a new initial number 

of ions was calculated until the critical electric field on the surface of the discharge 

electrode was reached. The inner iteration loop that couples Poison's and current 
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continuity equations until the solutions are self-consistent usually reqUIres 3 to 4 

iterations. The outer loop for initial ion calculation requires 5 to 7 iterations before 

conversion. This, however, can be time consuming, especially for three dimensional 

studies. Therefore, in order to reduce the number of outer iteration loop the constitutive 

relationships for I-V characteristics were developed and used for the first estimate of the 

initial ion density. Experimental validations of I-V model were conducted for various 

scale-up sizes in dust free conditions, too. 

3.3.2 The Constitutive Relationship for Current-Voltage Equations for Various 

Collecting and Discharge Electrode Geometries 

Therefore, for the electrode geometry used in the experiment we used an 

simplified analytic expression (3.19) that gives a reasonable model for various discharge 

electrodes [96, 102, 145], 

(3.19) 

where IL is the time-averaged current per unit length, K (K=KG·l(j-Kg) is constant 

depending on the collecting and discharge electrode geometry (KG), dust loading (J<J), 

and gas parameters (Kg), V is the applied voltage, and V; is the corona onset voltage. 

The corona onset voltage V; can be obtained from Peek's empirical expression 

[146] for coaxial wire-pipe electrode geometries with the discharge onset electric field 

(EJ on the surface ofthe corona wire (3.20b), 

(3.20a) 
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(3.20b) 

= 0.386 p[Torr] 
Pgf 273+ Tg[°C] (3.20c) 

where rin is the wire diameter, rout is the equivalent pipe diameter, Pgf is the gas condition 

factor, p is the pressure, Tg is the gas temperature, and mG (mG 51) is the discharge 

electrode factor that takes into account the geometry and the surface condition of the 

electrode. 

The 1-V model for a wire-plate ESP geometry is based on the model for the 

cylindrical ESP, assuming that the outer radius rout equals the wire-plate spacing 

(DI2=L). However, the I-V characteristic does not only depend on the wire-plate spacing, 

but also on the wire-to-wire spacing (2W). Various ESP width-over-Iength ratios 

(DI2W=LIW) were contained in a variable n, whose values are tabulated in the Table 3.1 

according to Moore [145]. 

(3.21) 

Table 3.1. 

Modification of variable n according to LIW ratio 

LIW n 

LIW ~ 0.6 4~ 
1r 

0.6 <LIW <2 (1.5003!-) 
0.5· W .0.3457e W 

IlL 

LIW~2 
W (2W) -e 
1r 
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The present work examines a plate-type collecting electrode in combination with round, 

rectangular, threaded, and rigid discharge electrode geometries, as shown in Figure 3.2. 

Discharge electrode geometries not only affect the slope of the I-V characteristic, but also 

the corona onset voltage (V;). Therefore, the discharge geometry effect is incorporated 

into the KG and mG coefficients. The discharge electrode geometries are modelled by an 

equivalent radius rin of the round discharge electrode. The equivalent diameter of the 

threaded wire was approximated by the mean diameter of the inside and outside thread. 

The equivalent diameter of the rectangular wire was approximated by the length of each 

side. The rigid discharge electrode requires special consideration. The value of rin from 

equation (3.20b) was set arbitrarily to 0.15 mm. The value Ofrin from equation (3.21) was 

set to half of the electrode width (B/2). Furthermore, values of mG for round, threaded, 

rectangular, and rigid type discharge electrode were obtained empirically from measured 

corona onset voltages. In the case of a large discrepancy between the measured and 

calculated I-V characteristic, the geometry correction coefficient lea was introduced, as 

shown in the Table 3.2. 

Figure 3.2. 

A A 

F 

Sketch of discharge electrodes: a) round A={O.25,1.5, 3} mm (b) 
threaded {Do; Di}={2.5, 2} mm, (c) rectangular A=2.7 mm, (d) spike 
A=lO mm, B=2 mm, C=D=9 mm, E=80 mm, F=28 mm. 
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Table 3.2 
Values ofri' IllG and ko' according to DEs from Figure 3.2 

DE ICE types riD [mm] mDE ~' 

0.23 
Round 0.9 4 

3 

Threaded 1.125 0.55 1.5 

Rectangular #90 7 
1.5 0.9 

Rectangular #45 9 

Rigid &short CE 1.3 
1 0.9 

Rigid &long CE 1.5 

Rectangular #90 ... Discharge and collecting electrode sides are aligned. 
Rectangular #45 ... Discharge electrode sides are rotated 45° relative to the 
collecting electrode orientation. 

3.3.3 The Gas Composition and Temperature Effect 

Gas composition and temperature effects are incorporated in the mobility of the 

ions [31, 85, 90] and the relative gas density. The mobility of the ions is a function of the 

mixture of gases, the gas temperature, the gas pressure, and the polarity of the applied 

voltage. A fairly substantial amount of data is available on the dependence of the ionic 

mobility in pure gases with gas temperature, and electric field versus pressure ratio [147-

150]. However there is not enough experimental data for various gas mixtures. Therefore, 

the corona chemistry simulation of Chang and Kwan [151] is used to determine the 

dominant ion species, depending on the voltage polarity. For negative corona the 

dominant ion in air is N 202 - , and for positive corona the dominant ion in air is N 30+. 
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The mobility of ions can be estimated from the reference mobility of O2 - and 0+ IOns 

[147-150], and the molar mass ratio [151] as follows: 

(3.22) 

The effect ofthe gas temperature Tg and pressure p on the mobility of the ions [147] can 

be approximated by: 

i i Tg[K] 760 
IJ T = IJ To 

293 p[Torr] 
(3.23) 

3.4 GAS FLOW VELOCITY MODEL 

The gas flow velocity profile is required by density distribution models of ions, 

neutral dust, and charged dust and by the charging rate model. Ions, neutral dust, and 

charged dust density distribution is governed by the convection term which depends on 

the gas flow velocity distribution. In order to determine the charging rate coefficient at a 

specific location, the charging time, which is inversely proportional to the velocity, is 

required. 

The flow field is assumed to be fully developed laminar with constant properties 

(Reynolds number Re ~ 2500, Mach number M<0.2) in a bench-scale ESP, as in the most 

ESPs in normal operating conditions. At present the analytic solution of the flow field 

between two plates is implemented as follows: 
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(3.24) 

Since the velocity at the surface of the discharge electrode is zero, a correction for the 

presence of the discharge electrode in the center of the field was implemented. 

Furthermore, modifications are conducted in the regions of the flow recirculation which 

occurs in the case of U and C-type collection electrodes. In that area the velocity was 

arbitrary set to zero, thus the charging time becomes the infinity value. The charging time 

in the flow recirculation area was set to be at least equal to the residence time of the 

particles. 

3.5 ELECTRIC FIELD MODEL 

The electric field model is required by: (a) transport models of ions, neutral dust, 

and charged dust, (b) particle charging model, and (c) particle collection efficiency 

model. The ions and charged dust transport is governed by the drift term, which is 

directly proportional to the electric field. The sink and source terms in the transport 

equation of ions, neutral dust, and charged dust are indirectly dependant on the electric 

field. 

3.5.1 Electric Field Equations 

The electric potential is obtained from the dimensionless Poisson's equation 

(3.25) that reduces to the Laplace equation V 2 <t> * = 0 for ion and dust Debye numbers 

• • D bi «1 and D bd «1, 

(3.25) 
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where the ([>*=([>/([>0 is the dimensionless electric potential ratio, ([>o=FE=e V oIkT is the 

electric field number, L is the characteristic length, D\;=Db/IFE and D*bd=DbiIFE are 

Debye (Db) versus electric field number (FE) of ions and dust, n;=NIN;o is the 

dimensionless number of negative ions, ncd=NcclNdo is the dimensionless number of 

negatively charged dust particles, m is the number of elementary charges on the surface 

of the charged dust, N;o is the initial number of ions, Ndo is the initial number of dust. In 

general, Equation 3.25 can be classified as a quasilinear second-order partial differential 

equation of elliptic type, whose solution for wire-plate geometry even in the case of the 

zero space charge requires numerical methods such as finite difference, finite element, 

donor cell methods, etc. From the analytic approximation methods, the best known is 

Cooperman's method based on a method of image superposition of a component without 

space charge, expressed in terms of series in equation (3.26a) and a component due to the 

space charge alone as shown in equation (3.26b), 

(3.26a) 

(3.26b) 

where Sx is the wire-plate and Sy is the wire-wire spacing. In this work, the finite 

difference method was used to solve equation (3.25) and the Cooperman equation was 

used for the initial values, before iteration for faster convergence of numerical results. 
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3.5.2 Boundary Conditions for Electric Potential 

Since the boundary conditions for the electric potential are V=O at the collecting 

electrodes and V=- Va at the corona electrode, the dimensionless electric potential 

becomes q/ =0 at the collecting electrode and q/ = 1 at the discharge electrode. The 

voltage gradient was set to zero in the direction normal to the boundary at the inlet, 

outlet, bottom, and top plane of the ESP. 

3.6 ION DENSITY MODEL 

The ion density profile is required by: (a) the sink term in the neutral dust 

transport equation, (b) the source term in the charged dust transport equation, (c) the 

particle charging model, and (d) the particle collection efficiency model. 

3.6.1 Ion Transport Equation 

The general species conservation equation (3.3d) written for the case of negative 

ions, constant ion mobility (N k E . V f-tk = 0) and ion diffusion (V N k • V Dk = 0) simplifies 

to (3.27). 

(3.27a) 

The production of negative ions due to the electron attachment is considered zero (Sn;=O) 

as a consequence of bypassing the corona discharge chemistry, and using experimental 

data to set the boundary conditions. The ion sink (Rn;) due to the electron detachment or 

ion inter-conversion process is not considered. The ion sink due to the attachment of ions 

to the surface of dust particles was obtained from the particle charging rate (k). 
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For wire-plate ESP geometry, the standard approach for the calculation of ion 

density is to use the steady-state current continuity equation with mobility term only 

applied to two dimensional domain with constant boundary conditions on discharge 

electrode. For more accuracy, the convection term was considered in [66, 72] and the tuft 

discharge induced 3D model EHD in [134, 152]. In this work we considered the 

diffusion, convection and mobility terms in the 3D domain. 

At first the equation was transferred into dimensionless form. 

(3.27b) 

where Rai = UoLI Dni is the dimensionless diffusion Reynolds number, ii* g = Ug I Uo is 

the dimensionless gas velocity, nj=NnIN/o is the ion number density ratio, N;o and Ndo are 

the initial number density of ions and dust particles, FE = e Vo I kT is the dimensionless 

electric field number, L is the characteristic length, a * is the dimensionless ion 

attachment coefficient. The ion mobility is considered to be invariant to the electric field 

and is correlated with ion diffusion Dnj over Einstein's relation Di = Pi kT . 
e 

The equation 3.27b is of the steady convection-diffusion type. The nature of the 

solution of the equation 3.27b can be understood from the Figure 3.3 that shows the 

solution for one-dimensional domain O<x*<1 subjected to the following arbitrary 

boundary conditions: (a) n*(O)=O , and (b) n*(I)=1. When Raj and FE numbers are zero, 

the problem is pure diffusion controlled. When the flow is in the positive x-direction 

(Raj>O) and FE negligible, the value ofn* is influenced by the upstream value n*(O). For 

very large Raj values, the value of n* remains very close to the upstream value over much 
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of the domain. For very large I-FE I» Raj values the picture is reversed, and the value of 

n* remains very close to the other boundary condition (n*(l)=l). 

The upwind differencing method is the well-known approach used for the 

formulation of the convection term for which the value at the interface is equal to the 

value at the grid point on the upwind side of the face. 

n* 

o 

Figure 3.3 

x* 

Solution for one-dimensional convection diffusion problem depending 
on Raj and FE values 

3.6.2 Boundary Conditions on the Discharge Electrode Surface 

For smooth wires, most models assume constant ion density along the discharge 

electrode surface. Lawless et al. [85] conducted comprehensive experimental studies of 

individual tuft-corona discharges on wires of various diameters: 3.18, 6.35 and 9.53 mm. 

Since the characteristic of individual tuft discharges was very difficult to measure, 
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Lawless et al. [85] studied tufts from micro-points. The total current from each tuft was 

restricted to approximately 30 pA and typical minimum value of about 2 pA at corona 

onset for which very unstable tufts were observed. Tufts locations were random both 

along the wire and around its circumference. Some tufts moved continuously along the 

wire, and some appeared to be switched off, as other appeared elsewhere. As the voltage 

was raised, tufts become uniformly distributed along the full length of the wire. They 

showed that in the case of tuft location pointing normal to the collecting plate, the current 

distribution on the collecting plate has a larger component in the transverse direction than 

in the longitudinal direction. The current density in the transverse direction obeys 

Warburg's law. As the tuft location on the circumference of the wire was moved away 

from the location pointing normal to the collecting plate, the deviation from Warburg's 

current distribution was more noticeable. 

For discharge electrodes with spikes or needles, the standard approach is to set 

zero ion density at the non emitting portion of the discharge electrode, and a fixed 

constant value at the emitting portion. More detailed work with respect to constant 

boundary conditions on the emitting portion of discharge electrode was done by 

Houlgreave et al. [103] and Corbin [78]. Houlgreave et al. [103] provided the 

approximate expressions for the curvature dependent space charge density at a complex 

discharge electrode surface by introducing a new parameter called the characteristic mean 

radius of curvature at which the corona field is twice the breakdown strength of air and a 

new empirical law for the electric field at the corona discharge surface. They claim good 

fit to data for standard electrode designs, however, the evidence was not provided. Corbin 



102 

[78] showed that the solution of ion transport is very sensitive to the boundary condition 

at serrated strip-type discharge electrode. Since the standard current measuring methods 

at discharge electrode could not be used to determine the boundary conditions, Corbin 

adjusted boundary conditions empirically, until the calculated current density near the 

collecting electrode matched measured values to a given degree of accuracy. The best fit 

for the serrated strip oriented parallel to collecting electrode has come from quadratic ion 

distribution. For a serrated strip oriented normal to the collecting electrode, the best fit 

was for the uniform distribution of current density at discharge electrode. 

In this work, the optical emission of the 2nd positive band ofN2 molecules that is 

directly proportional to the electron density and indirectly proportional to the negative ion 

distribution [97], was used to set the boundary condition on the discharge electrode 

surface in a radial direction. A detailed description of performed experiments can be 

found in appendix A5. 

The boundary conditions on the surface of the spike type discharge electrode are 

determined according to equation (3.28) and shown in dimensionless form as follows, 

n.,. .L_ 
, SP't«: 

Jith spike 

= _n_i"~Sp_ike_ = efli E i,hspike = E all spikes Aj(x') 

N,·o J total E h 
i'spike 

e fl i E all spikes 

Aj(x') = -0.4366(x')2 + 1; x'=xl ds 

(3.28a) 

(3.28b) 

where Aj is the correction function obtained from the experiment, x' is the normalized 

horizontal position (x'=X/da ,. -O.5Sx'SO.5) with respect to the length of the spike tip (da), 
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Nio is the ion initial value in equation (3.28c), obtained from the current density at 

discharge electrode, ion mobility and electric field on the surface of the electrode, usually 

set to the critical value. 

N = Jwire 
/0 E e f.l i critical 

(3.28c) 

The location of discharges in the axial direction is determined by the spike position. 

The boundary condition on the surface of the rod type discharge electrode in 

dimensionless form is as follows: 

(3.29) 

Here, Bf is the correction function obtained from the experiment, x' is the normalized 

horizontal position (x '=x/d; -O.5Sx '50.5), and d is the diameter of the rod-type discharge 

electrode. Correction functions Af and Bf are approximation functions of the emission 

profile of the 340 nm wavelength as shown in Figures 3.4 and 3.5. 

In the case of a thin wire, the uniform current density profile was set as a 

boundary condition in a radial direction. 

Digital image analysis was used to determine the boundary conditions in the 

axial direction. For a rod type discharge electrode, a non-linear relationship between the 

number of tuft discharges and the applied voltage was observed. It appears as if there is 

some interaction between tuft points [85, 98]. At first, by increasing the voltage, the light 

intensity increases, up to the point where new spots are formed. After that, the relocation 

of discharge spots occurs, whereby the light intensity of each spot is smaller than for the 
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lower voltage. At voltages closer to the spark-over value, a fusion of discharge spots 

occurs. Results are also compared to the experimental work of McLean et al. [98] and 

Salasoo and Nelson [153] as shown in Figure 3.6. Salasoo and Nelson [153] performed 

experiments for a wire-cylinder configuration, where the wire diameter was 0.635 mm, 

the wire length was 1.83 m, and the cylinder diameter was 0.102 m. The other curve 

shows result obtained by McLean et al. [98] for a wire-plate geometry. McLean et al. [98] 

used wire of 3.18 mm in diameter, contaminated with smoke dust, and placed between 

two plates with the plate spacing of 230 mm. Data collected in [98] and [153] are 

obtained visually by counting the number of tuft locations. However, present results, 

based on the threshold of light intensity, are more than one order of magnitude higher. 

Results based on the threshold of pixel-intensity derivative are approximately five times 

greater. The difference might be due to the different geometries, the wire diameter and 

the method used for the selection of tuft locations. 

The ion density gradient in the direction normal to the inlet/outlet plane of the 

ESP is set to zero for one-field ESPs. In the case of multi-field, the ion-density/initial

surface-charge at the front plane of the lh-field equals the values at the back plane of 

preceding the (i-1/h-field. 



0.9 
o ~ .Ei N .... NO.8 

8. -: _ 0 0.7 
II oo:::t 
N G "0 0 0.6 

.€] 0.5 
t:l Z 
~ ..... 0.4 

105 

.5 ~ 
'"0 ra 
.~ ,D 

0.3 e.-' -------+-----11------+-----

1 .§ 0.2 e.-' ------+------11--------'\------

~ ·1 0.1 
o 

Figure 3.4 

Figure 3.5 

-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 

Relative horizontal position x'=x/d 

Emission profiles ofthe 2nd positive band of N2 molecules (340 nm 
wavelength) and approximation function AI for a spike- type discharge 
electrode. 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1~---------~-----=~--~ 

0.0 
-2.50 -2.00 -1.50 -1.00 -0.50 0.00 0.50 1.00 1.50 2.00 2.50 

Relative Horizontal Position x'=xld 

Emission profiles of the 2nd positive band of N2 molecules (340 nm 
wavelength) and approximation function Bf for a rod type discharge 
electrode. 



..... 10000 ----
o 

1·! 
~ Jooo 
Q., 

~B 
~ otd 100 +----:,-;:----'='-:--------1 
-a~ 
.l!l 0 
o !l 
~ .g 
IS a! 

.c > 10 +---------;::--=---------1 

~ 

o Ref [76] wire-plate; 
dw=3.l8mm; plate 
spacing=23Omm 

<> Ref [77] wire
cylinder; 
dw=O.635mm; 
dcylnd. =1 02mm 

o Thin wire 
dw=O.25mm 

l::,. rod [present]; 
dw=1.5mm 

1 +-----.---~-----~L-______ ~ 

o 

106 

Figure 3.6 Number of discharge spots for various ESP geometries and discharge 
electrode types 

3.6.3 Boundary Conditions on the Collecting Electrode Surface 

Corbin [78] has already showed that the current density at the collecting 

electrode is a consequence of the boundary condition at discharge electrode, and that the 

boundary condition at collecting electrode does not affect significantly the solution of ion 

density transport in case where back-corona can be neglected. Most models that neglect 

the ion diffusion term do not specify the boundary condition at the collecting electrode. 

An exception, shown by Ohyama et al. [62] determines the boundary condition near 

collecting electrode, based on the analytic expression based in Warburg's current 

distribution law, and the electric field calculations at collecting electrode. 
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(3.30) 

Usually, the measured current density at collecting electrode is used to verify the 

boundary conditions at discharge electrode [78]. Another, problem with boundary 

conditions based on the measured current density near collecting electrode is that any 

new geometry or operating condition evaluations would not be possible without 

experiments. 

In this work both boundary conditions are evaluated: (a) for zero ion density, 

and (b) for the case when the current density is based on experiments close to the surface 

of the collecting electrode. The second approach for boundary conditions produced some 

problems for small electric fields at conditions different than the conditions at which the 

current density was measured. Therefore, in this work we set the boundary condition to 

zero at C and U- type collecting electrodes, and for I-type collecting electrodes use the 

current density experiments to justifY the boundary conditions at the discharge electrode. 

In the case of spike type discharge electrode, the calculated ion density was compared to 

that based on the measured current density (nim*) as shown in (3.30) 

Jprobe 

(3.30a) 

J probe = I probe / A probe (3.30b) 

(3.30c) 

(3.30d) 
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A detailed description of performed current density experiments can be found in 

appendix A.4 

3.7 NEUTRAL DUST DENSITY MODEL 

The neutral dust density distribution is required by: (a) the sink term in the IOns 

transport model, (b) the source term in the charged dust transport model, and (c) the 

particle collection efficiency based on the dust density profile at inlet and outlet section 

of ESP. 

3.7.1 Neutral Dust Density Equation 

The neutral dust density distribution was obtained from the transport equation as 

follows: 

- 2 U g . VN nd - Dnd V N nd = -kNiN nd 
(3.31) 

where the first term is the convection flux, flux carried by the gas flow; the second term 

is the neutral dust diffusion flux due to the gradient of the neutral dust density; and the 

right hand side is the charged particles formation by ion attachment to the surface of the 

neutral dust particles, known as a sink term. The diffusion of neutral dust particles is set 

to [31] of Brownian diffusion (DB) 

(3.32) 

The dimensionless form of the neutral dust transport equation becomes: 

(3.33) 
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where Rand= UgVDnd is the dimensionless diffusion Reynolds number of neutral dust, 

Ug *=Ug'Uo is the dimensionless gas velocity, L is the characteristic length, Dnd is the 

neutral dust diffusion, nnd=NndlNdo is the dust number ratio, Ndo is the initial number of 

dust particles, and and· is the dimensionless dust attachment coefficient. 

3.7.2 Boundary Conditions for Neutral Dust Density 

The boundary conditions for neutral dust are: (a) nnd=O at the collecting and 

discharge electrodes, (b) nnd=i in the direction normal to the inlet boundary plane, and 

(c) the neutral dust gradient in the direction normal to the boundary at the outlet, bottom, 

and top plane of the ESP is zero. In the case of a multi-field, the neutral dust at the front 

plane of the ,-rh-field equals to the values at the back plane of preceding the (i-J)th-field. 

3.8 CHARGED DUST DENSITY MODEL 

The charged dust density profile is required by a particle collection efficiency 

model based on the dust density profile at inlet and outlet section of ESP. 

3.8.1 Charged Dust Density Equations 

The charged dust density distribution (ned) was obtained by solving the charged 

dust transport equation as follows: 

(3.33a) 

Further expansion of the second and third terms yields, 

- - - - 2 
Ug·VNed - NedE·V(lled)-llcdNedV·E-lledE·VNed -DedV Ned -VDed ·VNed =kN;Nnd 

(3.33b) 
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The first term, charged dust convection, represents the transport due to the general gas 

flow. The second term (VJ.lcd) contributes to compressibility of charged dust particles and 

can be neglected in case of already precharged dust particles. However, for submicron 

dust particles, that encounter high surface charge in the region close to discharge 

electrode, the second term should be considered at least in first few fields of ESP. In later 

sections of ESP, where the acquired charge is not changing significantly, the second term 

can be neglected. The third term that contains the (V· E) is usually substituted by 

Poisson's equation. The fourth term represents the drift due to the electric field. The fifth 

and sixth terms depend on the diffusion constant of the charged species which defer from 

the neutral dust particle diffusion. The charged particle diffusion is commonly obtained 

from the mobility of charged species using the Einstein relation. The right hand side, 

known as a source term, is the rate of the ion attachment to the surface of the neutral dust 

particle. 

The main difficulty in solving equation 3.33b is a mobility term, that for 

particles charged through a non uniform electric field and ion density is a function of 

both space and time. Additionally, each particle size may have a different number of 

charges. Therefore, it would require to couple several equations for each surface charge. 

Many investigators lumped all charged dust particle in one group. Additionally, most 

models considered constant mobility term [16, 53, 65, 67-71, 73, 74, 76] by assuming 

that all charged dust particles have a surface charge equal to the saturation value of field 

charging. Exceptions are done by Gallimberti [66], who used a mixed Eulerian

Lagrangian method for ten particulate classes which are divided based on the particle 
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diameter and percent of the saturation charge class. The Lagrangian approach calculates 

the particle velocity for each class and then uses an Eulerian approach that solves the 

conservation equation for each size class by using the average mobility of all charge 

classes from Lagrangian approach. 

In this work, we simplified the equation (3.33b) assuming all dust particles are 

charged up to the saturation value by field charging thus neglecting second and sixth 

term. For non-uniform charged dust particle case, the mobility term was obtained semi-

empirically by determining the particle surface charge based on the particle charging 

equation, which was solved for the average value of electric field and ion density 

between two grid points taking into account the surface charge in proceeding grid 

location and setting the charging time equal to the particle residence time between the 

two grid points. A dimensionless form of the charged dust transport equation is as 

follows: 

(3.34) 

where Racd=UgLIDcd is the dimensionless diffusion Reynolds number of charged dust, 

ug *=UIUo is the dimensionless gas velocity, FE is the dimensionless electric field 

number, ~ is the dimensionless electric field, L is the characteristic length, Dcd is the 

charged dust diffusion, ncd=NcclNdo is the charged dust number ratio, Ndo is the initial 

number of dust particles, and acd * is the dimensionless charged dust attachment 

coefficient. 
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3.8.2 Boundary Conditions for Charged Dust Density 

For fully adhesive wall without particle re-entrainment the usual boundary 

condition is taken as ncd=O. However in the presence of migration normal to the 

collecting electrode, the zero-gradient condition can be used [16, 53,71, 92, 124]. For the 

non-collecting surfaces, the zero-flux condition was used [92]. In the direction normal to 

the inlet boundary plane ncd=O, assuming no initially precharged dust particles. Only in 

the case of multi-field, the charged dust at the front plane of the lh -field equals to the 

values at the back plane of the preceding (i_1/h - field. The charged dust gradient in the 

direction normal to the boundary at the outlet, bottom, and top plane of the ESP is set to 

zero-slope condition. 

3.9 GRID SIZE AND NUMERICAL PROCEDURES 

The solution domain covers one section of the ESP with one discharge electrode 

placed in the center of the field. The normalization of the domain space was conducted 

with regard to the half of the field width, leading to the dimensionless domain geometry 

of 2x8x12, for the domain of 0.05xO.2xO.3 metres used in the experiments. Before 

applying the numerical calculation, a test calculation was conducted in order to examine 

the validity size of a grid. The numerical solution of the Laplace electric potential by 

finite differences was compared to the Cooperman's solution and finite element solution. 

Accordingly, a grid size of 41 x159x159 (in x x y x z directions) was adopted for spike

plate ESP. Poisson's equation was solved by standard Gauss-Seidel method, and the 

transport equations are solved by a first order upwind differencing method [154]. 



CHAPTER 4 

NUMERICAL STUDIES OF ELECTRODE GEOMETRY EFFECTS 
ON DUST PARTICLE COLLECTION EFFICIENCY 

In this chapter the numerical simulations were conducted for wire and spike type 

discharge electrodes in combination with the I, U and C-type collecting electrodes of 

various lengths and spacings. The main gas flow rate was changed in the range from 0.5 

to 2 mls. The collection efficiency of dust particles with diameters of O.Olpm, O.lpm, 

0.5 pm, 2 pm and 10 pm were evaluated using the Mode 1. The coupling between charged 

dust transport equation and Poisson's equation was not required since dust Debye number 

was less than 0.001, due to the small dust loading. The EHD number was below the value 

at which significant main gas flow modifications were observed therefore, the coupling 

between ion density and gas flow was disconnected. 

4.1. DISCHARGE ELECTRODE GEOMETRY EFFECTS 

Several aspects of discharge electrode geometry were analysed. First the wire 

and spike type discharge electrode were compared at various operating voltages and 

mean gas velocities. Then the dimensions of spike type electrode such as the number of 

spikes and spike length were evaluated at applied voltage of -25kV and mean gas velocity 

oflm1s. 
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Figure 4.1 Sketch of: (a) spike-type DE and I-type CE in a single field ESP, and (b) 
front and side view of spike-type DE. 
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4.1.1. Spike Versus Wire Discharge Electrode 

Electric field and ion density distributions, as well as the collection efficiency of 

spike-type discharge electrode (DE) with 17 spikes arranged in alternating directions 

(See Figure 4.1b for ESP and spike-electrode dimensions) were compared to those of the 

wire-type discharge electrode of01 mm in diameter. 

Figures 4.2a and 4.2b show contour lines of electric potential without ionic space 

charge effect for spike-type and wire-type discharge electrodes placed between I-type 

collecting electrodes (CEs). Based on the analysis of Laplace electric field, the spike

type discharge electrode has approximately 24.8 % higher electric field component in x

direction (~ and 17.8 % higher electric field component in y-direction (;y), compared to 

values of the wire-type DE. However, this ratio is significantly changed when the ionic 

space charge is considered. The contour lines of Poisson's electric potential are shown 

in Figures 4.3-4.5a,b for spike type DE, and -20, -25 and -30 kV, respectively. The 

corresponding contour lines of electric field at -20 and -30 kVare shown in Figure 4.6. 

For wire-type discharge electrodes, corresponding figures are: Figure 4.7a-b, for electric 

potential, Figure 4.7c-d, for ion density, and Figure 4.8a-d for electric field. In general, 

the average value of I~I and I;yl increases with increased absolute value of applied 

voltage. However, the electric field near the discharge electrode surface slightly 

decreases. I~I component of electric field for wire-type DE increases significantly at -30 

kV when compared to values at -20 and -25 kV. At -20, -25 and -30 kV, the spike-type 
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discharge electrode has 103, 120, and 35 % higher I~I component of electric field and 

36.3,41, and 4 % higher I~YI component of electric field when compared to values of the 

wire-type DE .. 

The ion density distribution is highly affected by the discharge electrode type, 

corona discharge location, and applied voltage. Contour lines of ion densities at various 

applied voltages at x-y and y-z plane are shown in Figures 4.3-4.5b,c for spike-type and 

in Figures 4.7c-d for wire-type DEs, respectively. When the absolute value of applied 

voltage is increased, it has been observed that the contour lines of ion density close to DE 

surface are enclosing smaller area. This may be attributed to reduced ion mobility term 

due to decreased I ~YI component of electric field near the DE surface, as shown in Figures 

4.9 and 4.10. For the wire-type DEs of larger diameters, and voltages close to the corona 

on-set voltage, discharge tufts are located at different positions around the electrode 

circumference. Since the ion density distribution greatly depends on the boundary 

conditions on DE surface, the different ion density distributions are expected as shown in 

Figures 4.11a-d. At the same applied voltage, the volume averaged ion density of spike 

DE is one order of magnitude larger than that of the rod type, due to the higher discharge 

current. 

Predicted particle collection efficiencies are plotted in Figures 4.12a and 4.12b as 

a function of particle diameter for the spike and wire type DEs in combination with I-type 

CE, at various main gas velocities and applied voltages. In general, the particle collection 

efficiency curves have a similar shape, with minimum efficiency for particles ranging 

from 0.1 to 0.5 JDfl. By comparing the predicted collection efficiencies, the spike DE 
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improved collection efficiency of 0.5 JDfl dust size particles from 2.17 % to 6.47 %, 

because of the higher electric field and ion density. Figure 4.13a shows cross-sectional 

averaged values of ion density <Ni> and electric field <E> along the ESP length. The 

total surface charge Ns of 0.5 and 2 p.m dust particles along the ESP length are shown in 

Figure 4.13b. For spike and wire DEs, the field charging of 2 p.m particles reaches 

saturation after y*=0.35 and y*=0.49, respectively. After that location the surface charge 

is increasing mainly due to the diffusion charging, however at very small rate. 

4.1.2 Effect of Number of Spikes 

Originally, the spike-type DE with nine spikes was designed and manufactured. 

The dimensions were based on the scaled down version of industrial SEIIELEX rigid 

type discharge electrodes by Southern Environmental Inc. Later, the new electrode was 

obtained with reduced spacing between spikes based on the measured current density at 

CE (Appendix A4) and numerical simulations shown in Figure 4.14. Based on numerical 

results, the spike electrode with 9 spikes has 167 % higher discharge current per spike. 

However, the volume averaged value of ion density is approximately 11 % smaller 

compared to the value of DE with 17 spikes. The volume averaged value of the modulus 

of the electric field is approximately 3 % smaller than the value of 17 -spike electrode. All 

particle sizes experienced around 3 % reduction of collection efficiency. The cross 

sectional averaged values of ion density, electric field, particle surface charge and 

collection efficiency are shown in Figure 4.15. 
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Figure 4.9 Dimensionless electric field Sy component at various applied voltages 
along the line determined by the crossing of planes x*=o and z*=-2.56 
for (a) spike-type DE, and (b) wire-type DE. 
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Figure 4.10 Dimensionless electric field ~x component at various applied voltages 
along the line determined by the crossing of planes y*=O and z*=-2.56 
for (a) spike-type DE, and (b) wire-type DE. 



130 

2~-r--~-'--~ 

: .... 

1.5 lirl'--+---+--+--,;y 1.5 I---+-~+-'f--I---t 

·fl7 

·1 
!. 

i 
I 
!, 

·1.5 

It 
·2 

a) ·1 ·0.5 

2 

i 
.1 

1.5 

I~ f-

" 

1 " 

0.5 t , 
! 
I 

* 0 
I 

>. 

i 
·0.5 

·1 
I 

i '-r-
L 

·1.5 
I. 
~.25 
~ 

·2 
c) ·1 ·0.5 

Figure 4.11 

0.9 
/"\ 
\ I 

o 0.5 
v* 

~.75 J 
I 

o 0.5 
x* 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

b) 

d) 

* >. 

* >. 

0.5 

0 

·0.5 

·1 

·1.5 

·2 
·1 ·0.5 

.1 

O 5 i 07' 
. : T 

0 0.5 
v* 

--. "' ~~"'.' ,., -.-- ''-~" 

oJ~~~~i 
~\_ --' - ______ -.J; 

·0.5 ir--+---t---t--.;tI 

·1 

; 
·1.5 <~h_. 

0.25 

·2 
·1 ·0.5 0 0.5 

x* 

Contour of dimensionless ion density for the wire DE and the I CE at -
20 kVand 0.5 mls with discharge positions: (a) at surface facing inlet 
and outlet of ESP; (b) at surface facing collecting electrodes; (c) 
uniformly distributed at DE surface, and (d) according to optical 
spectrometry analysis. 



1;1 

~ 
~ ~~ o I 

I-t ...... 

~..s ~ 5 .... 0 ..... ~ ~ 
!:a W ·13 
I:aQ..9SF 
~ ~~ ~ § 
• .:: E-< ~ o ~ 

~~ta ..... 0.. 
o CZl ~ o"tj:::E 

ta 
~ 

. !:I 
~ 

a) 

b) 

Figure 4.12 

131 

100 
I-- A 30kV; spike I-- -I-- o 25kV; spike 
I-- <> 20kV; spike v 

I--

[~ 
.. 30kV; wire A 

.25 kV; wire 
W • ~ +20kV; wire 

10 
<> • A 

- .. -<> 

• • • 
• • 

1 

0.01 0.1 1 10 
Particle Diameter dp [J.LIll ] 

100 

A " 
n • 

10 
~ <> <> t 

t::. 

• :i -
<> 0.5m1s; spike 
o Imls; spike 

1 

t::. 2m1s; spike 
• O.5m1s; wire 
.1m1s; wire 

0.1 
.. 2m1s; wire 

0.01 0.1 1 10 
Particle Diameter dp [J.LIll ] 

Particle collection efficiencies for spike-type and wire-type DEs placed 
between I-type CEs at: (a) various applied voltages and mean gas flow 
velocity of Imls, and (b) various mean gas velocities and applied voltage 
of25 kV. 



a) 

b) 

1.E+06 l.E+15 

~--------I 0 <E>; wire 

i----------y-l .. <Ni>; spike 

• <Ni>; wire 
1.E+04 +-----.-----,----=====~==~_i_ l.E+12 

-2 -1 o 1 2 

Dimensionless y" position 

1000 -. --_ .. ------------- --- -~.----
_.- ... __ ._--.- - --.-

.JMlII!I""" 
~ 

100 ~ / 
• .-
~ 

~~ 
,f:J.f:J.f:J.t::.. 

t::. 0.5 wn; spike 10 
00.5 tun; wire 

~. ... 2 wn; spike 
0 

.2 wn; wire 

1 • 
-2 -1 o 1 

Dimensionless Y" position 

132 

I 
I 
i 

: 

I 
t 
I 
I 
f--
I--
f--

2 
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Figure 4.15 (a) Cross sectional averaged electric field <E> and ion density <Ni>, and 
(b) Number of elementary charges (Ns) and collection efficiency (Eft) of 
0.1 J.l1rl particles for I-type CE and spike-type DE with 17 and 9 spikes. 
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4.2 COLLECTING ELECTRODE GEOMETRY EFFECTS 

Several aspects of collecting electrode dimensions and geometry were analysed. 

These include: (a) the collecting electrode length and spacing were evaluated for I-type 

CE and spike-type DE arrangement, (b) the U and C geometries of collecting electrodes 

(see Figure 4.16) were compared to the I-type, and (c) the various fin lengths in the case 

of C-type collecting electrode. The analysis was based on the evaluation of electric field, 

ion density distribution, and their impact on the particle surface charge and collection 

efficiency of submicron and ultrafine dust particles. All numerical simulations were 

conducted with spike type discharge electrode connected to a dc supply voltage of -25 

kV. The main gas velocity and temperature were set to 1 mls and 2ife, respectively. 

4.2.1 Effect of Collecting Electrode Length and Spacing 

A decrease in collecting electrode length and collecting electrode spacing affects 

the particle surface charge and collection efficiency of submicron and ultrafine dust 

particles differently, as shown in Figure 4.17. A decrease in collecting electrode length 

(Y) from 20 to 10 em decreases the particle surface charge in the range from -24 % to -7 

% and the collection efficiency in the range from -45 % to -23 % for particles ranging 

from 0.01 to 10 f..lTn. The major reason for reduced collection efficiency is smaller 

charging time due to the shorter section. A decrease in plate-to-plate spacing (D) fromlb 

to 5 em increases the particle surface charge in the range from 28 % to 113 % and the 
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collection efficiency in the range from 141 % to 42 %. Some of the reasons for improved 

collection efficiency are a 239 % higher volume averaged ion density, and 138 % larger 

volume averaged electric field. 

Y=O.1-0.2m 
~5-0.1", 

H=O.3m 

Figure 4.16 Sketch of a C-type collecting electrode. The V-type collecting 
electrode has only:fin denoted as LF/. The I-type collecting electrode 
does not have any:fins (LF/=LF2=O). 
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Figure 4.17 (a) Collection efficiency, and (b) number of elementary charges as a 
function of particle diameter for various Y and D dimensions ofl CE with 
spike DE. (Operating voltage is -25 kVand mean gas velocity is 1 mls.) 
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4.2.2 Effect of Collecting Electrode Geometry 

The effect of the collecting electrode geometry is studied on YxD=10x10 em 

field at an applied voltage of -25 kVand mean gas velocity of 1 mls. The contour lines of 

electric potential, I~I and I~YI components of electric field, and ion density for I, V and C

type collecting electrodes are shown in Figures 4.18-4.20. The V-type collecting 

electrode, with dimensionless fin length of LF} * =LFJIL=0.36, affects more 19'1 than 19"1 

component of the electric field. The volume-averaged value of 19"1 increased by 10 %, 

and 19'1 by 163 %, compared to the value with I-type collecting electrode. With L

shaped fins, LF/ = 0.36 and LFl * = 0.4, as in the case of the C-type collecting electrode, 

the I~I component ofthe electric field decreased by -35%, and I~YI components increased 

by 145 %, compared to the I-type CEo In spite of the smaller <N>INio ratio with V and 

C-type CEs, the volume averaged value of ion densities are 69.3 % and 76 % higher, 

compared to the I-type CE due to the higher initial number of ions Nio. The initial 

number of ions are 2.6 and 3 times higher for V and C-type CEs than for the I-type CE. 

Whereas, the <N>INioratios are 8.6 % and 7.8 % for V and C-type CEs, and 13.4 %for 

I-type CEo The V and C-type CEs increase particle collection efficiency in the range from 

7 to 27 % depending on the particle size. The V type CE provide better collection 

efficiency than C-type due to the larger ~ component of electric field. Smaller dust 

particles experienced higher improvement in the collection efficiency than larger particles 

due to the higher increase of the ion density compared to the increase of the modulus of 

electric field I~. 
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4.2.3 Effect of Fin Length in C-type CE 

In the previous section it has been shown that the fins may increase the I~YI 

component of electric field, decrease the I~I component, and increase the initial number 

of ions or discharge current. In order to see the effect of LFJ • and LFl· lengths, the IO em 

long C-type CE was evaluated with four different fin lengths combinations denoted as 

lxI, 2x2, 3x2, and 3x3. The corresponding (LF/X LFl·) lengths are 0.I6xO.2, 0.36xO.4, 

0.57xO.4, and 0.57xO.6. The applied voltage and gas flow velocities were -25 kVand I 

m/s. The contour lines of electric potential and ion density are shown in Figures 4.21 and 

4.22. The results show considerable effect of fin lengths. The longer the LF}· and LFl· 

lengths, the higher the discharge current or initial number of ions (Nio), and average ion 

density (See Figure 4.23). Fins have adverse effect on the electric field. They reduce ~ 

component of electric field near collecting electrode in the middle section of the ESP 

field, and increase both components close to the LFl tip. When cross sectional averaged 

moduli of electric field were compared to I type CE (denoted as fin OXO), the modulus of 

electric field of any four combinations was higher in the -0.84<y*<0.84 section than with 

I-type CEo When the particles' surface charges were compared, the highest value was 

achieved for 3x3 combination. However, the best collection efficiencies were achieved 

with 3x2 combination, for which the collection efficiency of 10 J.lfrl particles was 

increased by 12 %, and of O. 01 J.lfrl particles by 42 %. 
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em, V=-25kV) 
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Development of a) particle surface charge, and (b) cumulative 
collection efficiency of 10 pm dust particles along the ESP length for 
C-type CEs of various fin lengths and spike-type DE. (Y=10 em, L=10 
em, V=-25kV) 
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Development of a) particle surface charge, and (b) cumulative 
collection efficiency of 0.1 f.IJrl dust particles along the ESP length for 
C-type CEs of various fin lengths and spike-type DE. (Y=10 em, L=10 
em, V=-25kV) 



148 

4.3 DISCUSSION ON NEW ELECRODE DESIGN 

Based on the literature review with respect to the spike and barbed type DEs, it 

was observed that the DEs with spikes or barbs provide better collection efficiency in the 

first few fields of multi-field ESPs. On the other side in sections where complex dust 

layers were formed, the re-entrainment effects associated with the barbs oriented towards 

the collecting electrode may cause collection efficiency reduction. Additionally, in order 

to enhance submicron and ultrafine dust particles, the ion densities of 1016 order of 

magnitude, or higher and electric fields higher than 10k VI em are required. Therefore, the 

following set of rules was established as guideline in selection of discharge and collecting 

electrode dimensions: (a) spike structure provides better control of discharge location 

then smooth wire, (b) spikes oriented parallel to the collecting electrode may be better 

than those oriented towards the collecting electrode due to the larger ion penetration, (c) 

it is desirable to have few narrow parallel channels then one wide, (d) spike length can be 

used as one of the parameters to improve collection efficiency by increasing the ion 

density and electric field in addition to the fin lengths. The numerical simulations with 

respect to the fin length have showed the best collection efficiency for the (LF)· x LF2 '1) 

combination of 0.57xO.4. However, it was observed that further increase of the LF2· 

length from 0.4 to 0.6 reduces collection efficiency due to the reduction of volume 

averaged electric field, in spite of some local improvements. Therefore, the length of the 

spike was increased from 0.9 em to 1.8 em. The results presented in Figure 4.26 show 

further improvement of collection efficiency. 
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(a) Cross-sectional averaged ion density and modulus of electric field 
along the ESP length for C-type CEs of various fin lengths and spike
type DEs with C=0.9 and 1.8em, and (b) total collection efficiency of 
various dust particles. (Y=10 em, L=10 em, V=-25kV) 
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The new design resembles two-stage ESP design. However, the usually 

separated precharger and collector sections are here combined in one design. Fins and 

long spikes have a role of precharger, and provide high ion density and electric field. The 

body of the spike, together with CEs, has a collector role and provides high electric field. 

Since the collection efficiency is predicted mainly based on the evaluation of electric 

field and ion density, further analyses based on Mode2 would be required. It would 

enable the study of particle transport in details, especially the effect of fins on the flow 

separation and EHD flow. At present, the EHD flow was decoupled based on the 

evaluation of EHD number. However, C-type CE structure would require numerical 

confirmations and probably redefinition of EHD number based on the current density at 

fin structure. Additionally, studies of the dust layer behaviour at main CE section are 

required due to the reduced Johnsen-Rahbek force, since the most of the current is 

deflected to the fin section. 



CHAPTER 5 

EXPERIMENTAL AND NUMERICAL RESULTS FOR DUST 
PARTICLE COLLECTION EFFICIENCY 

5.1 PROCEDURE FOR MEASUREMENT OF DUST PARTICLE 
CONCENTRATION 

Figure 5.1 shows a schematic diagram of the experimental set-up used in this 

study, showing the arrangement of discharge and collecting electrodes within the ESP 

housing and equipment used for the measurement of dust particle concentration. The 

particulate matter was created by burning incense sticks upstream of ESP. The dust 

particle concentration, in terms of the number of particles per volume, was measured by 

the condensation nucleation particle counter (TSI-CNPC). TSI-CNPC was connected to 

two sampling probes over a directional valve and a particle size separation chamber 

(PSSC). The total collection efficiency of particulate matter, was obtained from measured 

data without PSSC. After that, the semi-partial and partial collection efficiencies were 

obtained by inserting particle size separation filters (PSSFs) in the particle separation 

chamber. Desired particle size cut was achieved by inserting a various number ofPSSFs 

as shown in Table 5.1. 

Based on some preliminary tests the following sampling limits were established: 

(a) delay time due to the directional valve operation was approximately four seconds, (b) 

minimum time of outlet sampling was half a minute, and (c) burning velocity of fragrant 

sticks was approximately 0.46 em/min. Figure 5.2 shows time dependant inlet and outlet 
151 
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particle concentrations of spike-plate ESP at mean gas flow rate of 21 m31h and various 

applied voltages. 

Table 5.1 Number ofPSSF for the desired particle size cut 

Number of Screens Particle Size Cut 
(50%) b.Lm] 

1 0.017 

3 0.041 

5 0.062 

8 0.092 

10 0.112 

11 0.122 

15 0.162 

21 0.225 

At first, incense sticks were lit and inserted in a combustion chamber. After the 

stabilization of the inlet particle concentration, high voltage was applied to a discharge 

electrode and the directional valve was switched to an outlet sampling port. After 

approximately two minutes of outlet sampling, the directional valve was again set to 

sample from the inlet measuring port. The high voltage was turned off and the inlet 

sampling was continued for a minimum of one minute. The procedure was repeated for 

other voltage levels. As shown in the Figure 5.12, the inlet concentration of particulate 

matter is not constant during the experiment. Therefore, the outlet concentration at 

corresponding voltage level was corrected by the ratio between the base and the inlet 

concentration. The base concentration of dust particles was obtained from the averaged 

data points when sampled from the inlet port at the beginning of the experiment. The inlet 
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concentration of dust particles was obtained from the averaged data points when sampled 

from the inlet port shortly before and after the outlet sampling at a specified voltage. 

5.1.1 Total and Semi-Partial Collection Efficiency 

The total and semi-partial collection efficiencies of dust particles was obtained from 

(5.1), 

N -N 
Tit = in,k out,k [%] 

N ink 

(5.1) 

where .,., is the dust collection efficiency, Mn is the base inlet concentration of dust 

particles, N out is the corrected outlet concentration of dust particles, subscript k refers to a 

number of particle size separation filters in a particle size separation chamber. 

5.1.2 Partial Collection Efficiency 

The partial collection efficiency of dust particles can be obtained from (5.2), 

(5.2) 

where subscript d refers to a dust particle size range, AMn = Nin,la - Nin,kJ is the difference 

between base inlet concentrations of dust particles, /!J. Nout, = Nout,k2 - Nout,kl is the 

difference between corrected outlet concentration of dust particles when sampled with kJ 

and k2 number of particle separation filters. 
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Schematic diagram of the dust particle monitoring system and 
electrode arrangement within the bench-scale ESP. 
(TSI-CPC is the Condensation Particle Counter, PSSC is the Particle 
Size Separation Chamber, DV is the Directional Valve, VI is the On
Off Valve, P is the Pump, DE is the Discharge Electrode, CE is the 
Collecting Electrode, Y is the length of the collecting electrode) 
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35 40 

Time-dependent inlet/outlet dust particle concentration at various 
applied voltages and a gas flow rate of 21 m3lh. (Usually, one set of 
data required replacement of incense sticks. In this particulate case, the 
time slot of replacement was cut out.) 



5.2 EXPERIMENTAL VALIDATION OF BENCH-SCALE WIRE-PLATE 
TYPE ESP 

5.2.1 Single-field ESP with 0.25 mm Corona Wire 

156 

The single-field ESP, consisting of 20 em long collecting electrodes and 0.25 mm corona 

wire, is placed in the existing bench-scale ESP housing as shown in Figure 5.3. The main 

gas flow rate was 16.92 m3 Ih, the gas temperature was 20 'C, and the dust loading was 

Qg=16.92m3fh • 

Figure 5.1 

ESP HOUSING (top-view) 

§ 1 """"""". 
I/") • 

~ DE: 0 O.25mm 

""""""". 

07.62 em 

CE: Y=20.35 em 

47 em 

Schematic diagram of the wire-plat ESP. 

approximately 3x1010 #/m3• Measured collection efficiency and current are shown in 

Figure 5.5 as functions of negatively applied voltage. The collection efficiency, obtained 

by averaging among five data sets, has a local maximum between -12 and -14 kV. The 

shape of the measured current-voltage curve indicates that there may be some problems 

with non uniform corona discharge in the axial direction. The digital image of the dust 

layer from the collecting plate indicates a strong discharge at the bottom of the ESP, as 

shown in Figure 5.4. After that, the collection efficiency increases with increasing 

voltage. The comparison between experimental and numerical results is shown in Figure 
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5.6. There is a very good agreement between predicted measured collection efficiency for 

voltages higher than -20 kV. However, for voltages less than -20 kV, there is a high 

difference between experimental and numerical results. The difference is believed to be 

due to the non-uniform corona discharge in axial direction, caused by the corona wire 

misalignment. By simulating the corona discharge at -10 and 12 kV only at the bottom 

section of the corona wire, the predicted value falls between experimental results as 

marked with a triangle legend in Figure 5.6. 

Figure 5.4 Digital image of collecting plate of ESP with 0.25 mm corona wire. 
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5.2.2 Single-Field ESP with 1.5 mm Corona Wire 

In this section experimental results on single-field wire-plate ESP will be 

compared to numerical results. The collecting electrodes, 20 em in length, are placed in 

the bench-scale ESP housing as shown in Figure 5.3. The diameter of the discharge 

electrode was 1.5 mm. The main gas flow rate was set to 3.5, 7.8, and 16.9 m31h, the gas 

temperature was 20ce, and the dust loading was approximately 3x10JO # ojpartic/es/m3• 

The measured collection efficiency and current-voltage curves are shown in Figure 5.7. 

The collection efficiency has a local maximum around -22 kV, followed by a local 

minimum around -25 kV. The shape of the measured current-voltage curve, fairly smooth, 

indicates uniform corona discharge in the axial direction. However, from digital image 

analysis, it was observed that at -22 kV, approximately 85 % of discharge spots are 

facing the inlet and outlet of the ESP and approximately 15 % are facing collecting 

electrodes. At -24 kVapproximately 35 % of discharge spots are from the corona wire 

surface facing the inlet and outlet of the ESP. As the applied voltage is increasing, the 

contribution of discharge spots facing the inlet and outlet of the ESP is increasing 

approximately up to 65 % at -30 kV. Consequently, the non-uniformity of corona 

discharge in radial direction may be one of the reasons for the very unusual shape of the 

collection efficiency versus applied voltage curve. At higher voltages the predicted and 

experimental results agree within 6 % of error, as shown in Figure 5.8. However, at 

voltages close to the corona on-set voltage, the numerical model overestimates collection 

efficiency. Additionally, the dimensionless number shown in Figure 5.9 indicates 

strong EHD induced secondary flow or corona wind ((EhriRi /5> 1) and a presence 
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of the ion space charge effect (Db;*> 1). Yamamoto and Velkoff [23] showed various 

modifications of main gas flow in dependence with the (EHIyRi /5 number for wire

plate ESP with uniform corona discharge. They observed no circulatory cell at (EHIyRi 

l·5 ::::2. however the fluid was slightly deflected and accelerated towards the central line of 

the channel. A small circulatory cell shifted towards collecting electrode appears at 

(EHIyRi /5::::9. One large counterclockwise circulatory cell near the discharge electrode 

was observed at (EHIJRi /5::::35 and the pair of downstream shifted circulatory cells at 

(EHIJRi /5::::140. Based on (EHdRi /5 number. different modes of main gas flow 

modifications exist at -22 kVand -25 kV. Their effect on 0.5 J.l111 and 2 JDfl dust particles 

which are affected by gas convection (Rae/FE> 1) may be one of the additional reasons 

for non-uniform behaviour at -22 kVand -25 kV. 
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5.2.3 Multi-field ESP with 1.5 mm Corona Wire 

An extensive study on collection efficiency of ultra-fine particles under dc and 

pulse operating mode for a wire-type discharge electrode, has been conducted by Zukeran 

et. al. [43]. In this section his experimental results on multi-field wire-plate ESP will be 

compared to numerical results. He used the same bench-scale ESP containing two wire

plate sections of 10 and 20 em in length. The shorter section containing one-corona wire 

was placed at the entrance of the ESP housing as indicated in Figure 5.10. The longer 

section, containing two discharge electrodes, was placed close to the exit of the ESP 

housing. The short and long field were approximately 10 em apart. The diameter of the 

discharge electrode was 1.5 mm. The main gas flow rate was 11.9 Nm3 Ih, the gas 

temperature was 20 'C, and the dust loading was approximately 5 xl 010 # of particles 1m3• 

Comparison between Zukeran et al. experimental results, performed 

simultaneously on short and long field electrode arrangements, and numerical results of 

three-field electrode arrangements are shown in Figure 5.11. The numerical model 

considers a three-field electrode arrangement with total plate length of 30 em, the main 

gas flow rate of 11.9 m3lh, the gas temperature of 20 'C, mean dust particle diameter of 

0.5 J.Un, and uniform corona discharge distribution along the wire length for all voltage 

levels. In spite of the difference in the input geometry, there is less than 1% difference 

between predicted and experimental results at higher voltage levels. At voltages close to 

the corona on-set voltage, the numerical model overestimates the collection efficiency 
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approximately 15%. One of the reasons may be the non-uniform corona discharge in the 

axial and radial directions. 
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Pulse energizations and moving electrodes have been used as a means of 

improving dust particle collection of high resistivity in wire-plate electrostatic 

precipitators. However, the optimization of pulse energized or hybrid ESP with moving 

electrodes are not well established for various resistivity dusts, since no comprehensive 

modelling code and well characterized experiments for wire-plate ESP exist at this 

moment [144]. A constitutive relationship developed for the effective migration velocity 

for the wide range of dust resistivity of wire-pipe pilot scale ESP for the flue gas 

temperature from 80 to 130 'C, the flue gas flow rate from 0 to 2000 Nm3/h, the 

resistivity of ashes from 5x1010 to 1014 Q em and the inlet dust loading from 2 to 15 g/m3, 

energized by a short pulse and dc, was integrated to the MESP design and analyses codes 

based on Misaka et al's experiments [144]. 

Then, the pilot and :full scale ESP operations in actual plants were simulated and 

compared. The tested ESP by Misaka et al. [144] consists of two fields, as shown in 

Figure 5.12. At the first field, a pulse power supply was added to an existing dc power 

supply. The first field was a fixed electrode section, and can be operated by applying the 

pulse, intermittent or continuous energization. The second field was a moving electrode 

section, applying continuous energization only. The boiler used several kinds of 

pulverized coals mixed together of various resistivity, as shown in Table 5.2 [144]. 

Measurements were performed with and without charging on the first and the second 

fields. Thus, the migration velocity and collection efficiency were obtained for each of 
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the first and the second field by measuring the dust concentration at inlet and outlet ducts 

of the ESP. Figure 5.13 shows that the simulation results agree well, both quantitatively 

and qualitatively, with the experimental results. The collection efficiency is increased by 

reducing gas temperature from 130 to 80 'C. High collection efficiency was maintained 

even with gas temperatures of 130 or 90 'C for lower resistivity ashes from coal A and B. 

However, with coal C, at a conventional operating temperature of 130 'C, the dust 

concentration at the outlet of ESP was increased due to high resistivity dust problem. 

The collection efficiency was increased sharply by reducing gas temperature to 80 'C. 
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Figure 5.12 Schematics of hybrid experimental test loop of Mis aka et al. [144] 



Dust 

Fly ash A 
Fly ash B 
Fly ash C 

99.99 

~ 
99.92 

l?... 99.91 

~ 
99.9 c 

Q) 
'0 
IE w 99.2 
c 99.1 
0 
~ 

99 Q) 

0 
0 

92 
91 

Table 5.2 
Fly ash particle characteristics. 

Density 
Mean Geometric Electric Resistivity 

[g/ml] Diameter standard 
[Ocm] 

blm] deviation 
2.12 16.0 2.09 3.8xlOIO-1.2xlOlI 

2.33 16.0 2.32 9.5xlOlI -7.0xlO13 

2.25 12.3 2.60 9.8x 1012_1.1 x 1 014 

y '-" l 
~ 

I 

\,../ 

~~ 
I 

L->. 

I 

. I 

, 
i 
I 

i 
I 

j , 
80 90 100 110 120 130 140 

Gas Temperature [0C] 
o Coal A measured 

o Coal B measured 
t:.. Coal C measured 

~ Coal A predicted for 7 .ge1 0 Ohm-m 

-+-- Coal B predicted for 9.5e11 OhlTHTl 
....... Coal C predicted for 9.8e12 Ohm-m 

169 

Figure 5.13 Experimental [144] and numerical predicted dc MEESP collection 
efficiency as a :function ()f flue gas temperature for various coals. 
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In this section experimental results of collection efficiency of single and two-

field ESP with a spike electrode as a discharge electrode will be compared to numerical 

results. At first the total collection efficiency at main gas flow rates of 3. 5 and 16.9 m3/h 

was obtained without any particle size separation filters. After that, the partial collection 

efficiency at 16.9 m31h was obtained by inserting various numbers of particle size 

separation filters. The total length of collecting electrodes in single field as well as in the 

two-field ESP was 20 em. Dimensions of the spike discharge electrode are shown in 

Figure 5.14. 

Figure 5.14 Dimensions of spike type discharge electrode. 
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5.4.1 Single Field ESP with Spike Type DE 

Figure 5.15 shows experimental results of total collection efficiency as a 

function of applied voltage and current-voltage curve for various main gas flow rates. 

The total collection efficiency at main gas flow of 3.4 m31h increases with increased 

applied voltage up to 20 kVand then decreases with further increasing applied voltage. At 

16.9 m3/h the maximum collection efficiency is reached at 22 kV. One of the reasons for 

reduced collection efficiency after 22 kV may be the EHD induced secondary flow. At a 

flow rate of 25.6 m3/h the reduction of collection efficiency at high voltages was not 

observed. 

In order to obtain partial collection efficiency for specific dust size range, 

different numbers of PSSFs were introduced. It was observed that at certain voltages the 

outlet dust concentration increases instead of decreases with increasing number ofPSSFs. 

This may be attributed to either higher back pressure or the charge accumulation on the 

PSSFs screens that could lead to release of already captured particles from screens. 

Therefore, the partial collection efficiency was restricted to analysis of three groups of 

particle size ranges. The first group contains dust particles ranging from 0.017 JDYI to 

0.041 JDYI in diameter. The second group takes into account dust particles with diameters 

greater than 0.041 JDYI and smaller than 0.062 JDYI. The last group consists of dust 

particles with diameter greater than 0.062 JDYI and less than 20 J11Yl. Partial collection 

efficiency is shown on Figure 5.16. The outlet dust particle concentrations of the first 

particle size group is higher then the inlet concentrations, indicating re-entrainment from 
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collecting plates. The second particle size group is re-entrained from collecting plates at 

voltages equal to or smaller than 12 kV. At 15 kVand higher, the outlet dust concentration 

is smaller than the inlet dust concentration, indicating that particles acquired certain 

electrical charge and are collected by ESP. Dust particles belonging to the third dust size 

group, are collected by ESP even at voltages as low as 10 kV. The collection efficiency of 

the third group is increasing with applied voltages up to 15 kVand than decreasing with 

increasing voltage. At higher applied voltages dust particles collection may be reduced 

due to the EHD induced flow. 

Numerical simulation of total collection efficiency conducted for 16.9 m31h and 

varIOUS applied voltages is shown in Figure 5.17. At lower voltages, the model 

underestimates collection efficiency at -18 kVby 14 %. For a voltage range from 20 kV 

to 22 kV, the model agrees from 4 % to 1.5 %, respectively. At 26 kV the model 

overestimates collection efficiency by 60 %. The shape of the measured current-voltage 

curve indicates that there are no significant problems with corona discharge therefore it is 

believed that one of the reasons for impaired collection efficiency at higher voltages may 

be the EHD induced secondary flow since (EhclRi> > 1). Additionally, there is present 

ionic space charge effect (Db;*> 1) and convection of dust particle (RaclFE > 1). 
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5.4.2 Two-Field ESP with Spike Type DE 

Figure 5.19 shows total collection efficiency of dust particles as a function of 

applied voltage and current-voltage curve at various main gas flow rates. At very low gas 

flow rate of 3.5 m3lh, the total collection efficiency is held above 80 % for applied 

voltages in the range from 8 kV to 27 kV. At 28 kV the collection efficiency dropped 

below 12 % probably due to the EHD induced secondary flow. At 16.9 m3lh, the 

collection efficiency tends to increase up to a certain value and then to decrease with 

increasing applied voltage. At high flow rate of 25.8 m31h, high collection efficiency is 

observed at voltages close to corona on-set. After that the total collection efficiency 

decreases with increased voltage up to 12 kV, where it reaches the local minimum. By 

further increase of applied voltage, the total collection efficiency increases again. 

The partial collection efficiency is restricted to analysis of three groups of 

particle size ranges as shown in Figure 5.20. The first group contains dust particles 

ranging from 0.01 to 0.062 JDrl in diameter. The second group takes into account dust 

particles with diameter greater than 0.062 JDrl and smaller than 0.122 JDrl. The last group 

consists of dust particles with diameter greater than 0.122 JDrl and less than 20 JDrl. Partial 

collection efficiency of these three groups at a voltage range from 18 to 24 kVare shown 

in Figure 5.20. From 18 to 20 kV, the collection efficiency of the first group is increasing. 

However, at 22 and 24 kV the collection efficiency of the first group is negative and tends 

to decrease with increasing applied voltage, probably due to re-entrainment from 

collecting plates. At 18 to 20 kV the results do not have a physical meaning since they are 
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a product of mathematical interpretation of measuring error. At voltages higher than 22 

kV, the second particle size group is again present, and collection efficiency is increasing 

with increasing applied voltage. The collection efficiency of the third group is increasing 

with increasing voltage. 

A numerical simulation of total collection efficiency conducted for 16.9 m31h 

and various applied voltages is shown in Figure 5.21. At 16 kV, the model underestimates 

collection efficiency by 10 %. For a voltage range from 20 to 22kV, the model agrees in 

the range from 10 to 5 %, respectively. After 22 kV the model overestimates collection 

efficiency by 39 %. Further, dimensionless numbers shown in Figure 5.22 show that there 

is a space charge effect (Db/> 1), EHD induced secondary flow (EHIJRi> 1), and 

convection of dust particles (RaIFE >1). One of the reasons of impaired collection 

efficiency may be the EHD induced secondary flow since (EHlyRi> 100). 
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CHAPTER 6 

CONCLUSIONS 

Numerical simulations were conducted for wire, rod and spike type discharge 

electrodes placed between I, U and C type collecting electrodes for mean gas flow 

velocities from 0.5 to 1 mis, operating voltages from -20 to -30 kV, and dust particle sizes 

from 0.01 to 10 f.D1l. Numerical results are discussed with regard to their effect on the 

collection efficiency evaluation and also presented in the form of dimensionless numbers. 

I) These results show that submicron and ultrafine collection efficiency can be 

predicted with good accuracy for various geometries of discharge and dust 

collection electrodes. 

2) At the same applied voltage of -30 kV, the spike-type discharge electrode (DE) 

with the I-type collecting electrode (CE) improves collection efficiency when 

compared to the wire or rod discharge electrode with I-type collecting electrode 

from 22 to 50 % depending on the particle size. 

3) The spike DE better improves the collection efficiency of ultrafine and submicron 

than micron size particles. By comparing the predicted collection efficiencies at -

25 kV for 0.01, 0.5 and 10 f.D1l dust particles, the spike DE improved collection 

efficiency by 4.75, 3 and 2.9 times, respectively. 
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4) The collection efficiency improvement increases up to several times when 

efficiencies are compared at lower voltages. 

5) The volume averaged value of the electric field is higher for the spike-type 

compared to that of the wire-type discharge electrode. At -25 kV, the volume 

averaged value of the electric field is approx 84 % higher. 

6) The volume averaged ion density for the spike-type discharge electrode is one 

order of magnitude higher than for the rod electrode geometry due to the higher 

initial number of ions or discharge current. 

7) A decrease in collecting electrode length and collecting electrode spacing affects 

differently particle charging and collection efficiency of submicron and ultrafine 

dust particles. 

8) A decrease in collecting electrode length (Y) from 20 to 10 em decreases the 

particle surface charge in the range from -24 % to -7 % and the collection 

efficiency in the range from -45 % to -23 % for particles ranging from 0.01 to 10 

J1Rl. 

9) The major reason for reduced collection efficiency is shorter charging time due to 

the shorter section. 

10) Decrease in plate-to-plate spacing increases the particle charging and the 

collection efficiency due to the higher volume averaged ion density, and volume 

averaged electric field. 

11) A decrease in plate-to-plate spacing (D) from 10 to 5 em increases the particle 

surface charge in the range from 28 % to 113 % and the collection efficiency in 
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the range from 141 % to 42 %. Some of the reasons for improved collection 

efficiency are 239 % higher volume averaged ion density, and 138 % larger 

volume averaged electric field. 

12) In spite of the smaller <N>/Nio ratio with U and C-type CEs, the volume 

averaged value of ion densities are 69.3 % and 76 % higher, compared to the 1-

type CE due to the higher initial number of ions Nio. 

13) The longer the fins in U and C type CEs, the higher the discharge current or initial 

number of ions (Nio). The initial number of ions are 2.6 and 3 times higher for U 

and C-type CEs than for the I-type CEo Whereas, the <N>INio ratios are 8.6 % 

and 7.8 % for U and C-type CEs, and 13.4 %for I-type CEo 

14) The U and C-type CEs increase particle collection efficiency in the range from 7 

to 27 % depending on the particle size. Smaller dust particles experienced higher 

improvement in the collection efficiency than larger particles due to the higher 

increase of the ion density compared to the increase of the modulus of electric 

field I~. 

15) The U type CE provides better collection efficiency than C-type due to the larger 

~ component of electric field. 

16) The numerical results show that the longer the fin lengths LFf· and LF2·, the 

higher the discharge current or initial number of ions (Nio). 

17) Fins have an adverse effect on the electric field. They reduce the ~ component of 

electric field near the collecting electrode in the middle section of the ESP field, 

and increase both components close to the LF2 tip. 
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18) There is an optimum fin length for which the highest collection efficiency can be 

reached. When cross sectional averaged moduli of the electric field were 

compared to I type CE, the modulus of electric field of any four combinations 

was higher in the -0.84<y*<0.84 section than with I-type CEo When particles' 

surface charges were compared, the highest value was achieved for a 

LFf*xLF2*=O.57xO.6 combination. However, the best collection efficiencies were 

achieved with a LFf· xLn * =0.57 xO. 4 combination, for which the collection 

efficiency of 10 J.Dfl particles was increased by 12 %, and of 0.01 J.Dfl particles by 

42 %. 

19) The number of spikes does not affect significantly the collection efficiency when 

spikes spacing is less than 3.2 em. When the number of spikes was reduced from 

17 to 9 all particle sizes experienced around a 3 % reduction of collection 

efficiency. 

20) From the point of view of submicron particles, more favourable are discharge and 

collecting electrode geometries that impose high ion density regions such as C

type CE and spike-type DE with longer spikes since they promote diffusion 

charging. 

Comparison of experimental and predicted results for bench and full scale ESPs 

shows that: 

21) 0.25 mm smooth wire had the lowest corona on-set and spark-over voltage, than 

the spike discharge electrode and 1.5 mm wire. 
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22) Current distribution near the collecting electrode for spike-plate electrode 

arrangement shows good qualitative agreement with Ohkubo et al. 's [30] 

experimental results performed with a rod-needle-type discharge electrode. 

23) The total collection efficiency predicted by the present model agrees well with 

experimental results for the applied voltage range for which the discharge spots 

are relatively uniform along the discharge wire length. 

24) The total collection efficiency of 0.25 mm wire in the voltage range from -8 to -

20 kV is impaired due to the problems with non uniform corona discharge in the 

axial direction. 

25) Optical emission analysis suggested that the non-uniformity of corona discharge 

in the radial direction may be one of the reasons for the very unusual shape of the 

collection efficiency versus applied voltage curve of 1.5 mm rod as a discharge 

electrode. 

26) The spike-type discharge electrode does not exhibit any significant problems 

with corona discharge for a voltage range from -14 to -22 kV, for which the 

model and experimental results agree within 10 %. 

27) One of the reasons for the discrepancy between experimental and predicted results 

for the spike-type electrode at higher applied voltages is believed to be the EHD 

induced secondary flow. 

28) The predicted partial collection efficiency agrees well with measured for 

submicron and larger ultrafine particles. 
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29) The multi-field ESP exhibits high collection efficiency over a much larger voltage 

range than the single-field ESP. 

30) Dimensionless numbers indicate that EHD induced secondary flow is stronger in 

the case of a spike type discharge electrode for the same input power. As the input 

power increases the difference decreases. 

31) The ion space charge effect of a spike type electrode is almost one order of 

magnitude higher than with a wire-type discharge electrode. 

32) The ion convection based on Ra;lFE« I, may be neglected. However, numerical 

studies have shown that even for Ra;lFE =2.43x10·3 in the case ofa wire discharge 

electrode, convection of ions can be observed in the first centimetre of the ESP. 

33) The RaciFE ratio of 0.5 pm and 2 pm dust particles is approximately 50 % higher 

for spike than for the wire discharge electrode at EHlYRi=30. 

34) Based on the large-scale wire-plate type ESP experiments, conducted for various 

gas temperatures and dust resistivities, the present simulation results agree 

quantitatively and qualitatively with the experimental results. The collection 

efficiency is increased by reducing the gas temperature from 130 to 80 'C. High 

collection efficiency was maintained even with gas temperatures of 130 or 90 'C 

for lower resistivity ashes from coal A and B. However, with coal C, at a 

conventional operating temperature of 130 'C, the dust concentration at the outlet 

of ESP was increased due to the high resistivity dust problem. The collection 

efficiency was increased sharply by reducing the gas temperature to 8a 'C. 
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35) The model proved to be useful for prototype design of spike-type discharge 

electrodes, as well as for prediction of the dust collection efficiency in scaled-up 

ESPs. 

The constitutive relationship developed from the optical spectrometry analysis 

can be used to simulate ion distribution of corona discharge for various discharge 

electrodes. 

36) The emission of the 2nd positive band of the N2 molecule that is directly 

proportional to the electron density and indirectly proportional to the negative ion 

distribution can be used to set the boundary condition for ion density around the 

discharge electrode circumference. 

37) The emission profile on the surface of very thin wire, 0.25 mm in diameter, has a 

symmetrical distribution with respect to the centre of wire. 

38) The emission profile on the surface of the 1.5 mm wire has a dual distribution, 

indicating discharge locations from the surface closer to the collecting electrode 

at applied voltage of - 22 kV. 

39) The emission profile on the spike surface has a symmetrical distribution at -22 

kV. At -15 kV the profile was also symmetrical however, the maximum of 

emission intensity is approximately 0.5 mm shifted to the left with respect to the 

centre of the electrode, indicating that corona discharge may start from the edge 

of the spike surface at lower voltages. 
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40)The optical emission profile of the visual spectra at -15 kV and -22 kV have 

similar profiles as the pixel intensity profile from digital image analysis. 



CHAPTER 7 

RECOMMENDATIONS FOR FURTHER WORK 

Some potential research directions are given based on the improvement of the 

model after experimental validation of the nwnerical results. 

The first group of improvements should address and expand the asswnptions 

regarding the boundary conditions for ions and neutral dust particles. At present, the ion 

boundary conditions on the wire surface asswne uniform distribution in the axial 

direction, which in the case of wire type discharge electrodes of large diameters, wire 

surface contamination, and low applied voltages, is not valid. At present, the non 

uniformity of corona discharge in the axial direction can be captured by adjusting the 

nwnber of tuft spots, which are at present knowledge, based on experimental 

observations. Modifications would have to be made to introduce the empirical equation 

expressing the nwnber of tufts as a function of wire diameter and applied voltage. The 

non-uniformity of corona discharge in the radial direction was based on experimental 

results of optical emission of corona discharge at two voltage levels, 15 and 22 kV. 

Modifications would have to be made to adjust the radial boundary conditions with 

change of applied voltage, which would require some additional experiments. With 

respect to the boundary conditions of neutral dust at the collecting electrode, the 

modifications would require introduction of the re-entrainment dependent source factor in 
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the dust transport equation. Some preliminary experiments showed that re-entrainment of 

dust particles from the dust layer is not negligible at high applied voltages. In the present 

form the prediction of collection efficiency when back-corona discharge is based on 

semi-empirical approach. In order to implement the back-corona discharge further 

modification should address the hi-polar composition of discharge current as well as the 

hi-polar charging mechanism of dust particles. 

A second group of modifications should address the limitations with respect to 

the modifications of the main gas flow due to the EHD induced secondary flow or 

aerodynamically generated by the fin structures in the case of U and C-type discharge 

electrodes. 

In future work, the already existing Mode 2, hased on the neutral and charged 

dust profile at the inlet and outlet section of the ESP, should be validated especially for 

spike-type discharge electrode with U and C-type CEs. Further application of the present 

model could involve the prediction of threaded and rectangular discharge electrodes as 

well as the full-scale ESPs performance with spike type discharge electrodes. 
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APPENDICES 

EXPERIMENTAL RESULTS FOR CORONA DICHARGE, DUST 
PARTICLE AND FLUE GAS CHARACTERIZATION 

Al EXPERIMENTAL SET-UP 

Figure A.I shows a schematic diagram of the bench-scale experimental set-up 

used in this study. It is composed ofthe electrostatic precipitator, power supply, gas flow 

control system, dust particle injection and dust particle measurement equipments. Several 

experiments were performed in order to determine the boundary conditions on the 

discharge/collecting electrodes, as well as the particulate matter characteristics. These 

are: a) current-voltage characteristic measurements, b) measurement of the current 

density profile on the collecting plate, c) measurement of light emission from discharge 

electrodes by optical spectrometry and digital imaging, d) Neutron Activation Analysis 

(NAA) of particulate matter, e) Fourier Transform Infrared spectroscopy (FTIR) ofa gas 

phase , and f) the shape and the size distribution of particulate matter entering the ESP, 

found by: Scanning Electron Microscopy (SEM), Environmental Scanning Electron 

Microscopy ESEM, Transmission Electron Microscopy (TEM), and a Condensation 

Nucleation Particle Counter (CNPC). 

Al.l Bench-scale electrostatic precipitator 

The bench-scale ESP was of wire-plate type. The ESP homing was made from stainless 
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steel. The housing length by width by height dimensions are 0.9, 0.1, and 0.4 m, 

respectively. Two stainless steel plates were attached parallel to the walls of the housing 

and were used as a collecting electrode. The ESP was tested with two collecting 

electrodes of 0.1015 and 0.2035 m in length and various type of discharge electrodes. The 

collecting electrodes were grounded through the analogue multi-meter. The plate-to-plate 

spacing was 0.0515 m. Discharge electrodes were installed on the insulation frame half 

between the plates, and connected to the power supply. Typical operating voltages ranged 

from -8 to -30 kV. The main gas was obtained from the compressed air intake. The air 

intake was placed approximately three meters upstream from the ESP. The composition 

of the main gas flow could be changed from pure air to natural gas combustion 

composition. The air flow rate was changed from 3 to 21 m3/h. The air temperature from 

20 to 150°C is regulated by an electrical heater and the air humidity from 20 to 80 % is 

regulated by a humidifier. The dust particles are introduced to the main gas flow by 

burning the various numbers of incense sticks for the inlet dust loading range from 20 to 

100 mg/m3• 

A1.2 Measuring Equipment 

The airflow rate was measured upstream of the ESP by the air rota-meter. The gas flow 

temperature and composition were obtained by the flue gas analyser (Eurotron Greenline 

Mkl). The time averaged applied voltage and current were measured by analogue meters 

on the power supply side (Universal Voltronics LABTROL). The instantaneous voltage 

and current applied to the discharge electrode was displayed on a digital oscilloscope 

(Textronix TDS 420A, 200 MHz) by using a voltage probe (Textronix P6015A, 20 kV dc, 
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100 MQ) or a current probe (IPC CM-10MG, 0.1 VIA), accordingly. The discharge 

current on the side of the collecting electrodes was measured by an analogue electrometer 

(Keithley Instruments Model 600B). The dust particle number and concentration were 

obtained by the condensation particle counter (TSI 3010) and (HUZDUST II). 
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Dimensions of discharge electrodes: (a) round A={O.25;1.5, 3} mm (b) 
threaded {Do; Di}={2.5; 2} mm, (c) rectangular A=2.7 mm, (d) 
romboid A=2.7 mm, (d) spike Sl={ A=IO mm, B=2 mm, C=D=9 mm, 
E=80 mm F=28 mm} and S2={ A=lO mm B=l 5 mm C=D=9 mm , , ., , 
E=32 mm, F=28 mm}. 
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A2 CHARACTERISTICS OF PARTICULATE MATTER GENERATED BY 
BURNING INCENSE 

Inhalable particulate matter (PM) includes both fine and coarse particles. These 

particles can accumulate in the respiratory system and are associated with numerous 

health effects. Exposure to coarse particles is primarily associated with the aggravation of 

respiratory conditions, such as asthma. Fine particles are closely associated with 

increased hospital admissions and emergency room visits for increased respiratory 

symptoms and diseases, decreased lung function, and even premature death of the 

sensitive groq>s that include the elderly, individuals with asthma, and children. 

Combustion of incense sticks generates particulate matter of different chemical 

compositions, sizes and shapes. There are several paths by which the toxic elements can 

reach the environmeIt. Volatile trace elements are usually emitted with the flue gas. Non-

volatile components reach the environment via disposal of the bottom ash or via 

emission of particulate matter. 

The trace element composition of incense and bottom ash was analysed by 

Neutron Activation Analysis (NAA). The gas phase was analysed by Fourier Transform 

Infrared spectroscopy (FTIR). The shape and the size distribution of the incense stick, 

bottom ash, and particulate matter entering ESP were analysed by: Scanning Electron 

Microscopy (SEM), Environmental Scanning Electron Microscopy ESEM, Transmission 

Electron Microscopy (TEM), and a Condensation Nucleation Particle Counter (CNPC). 

These techniques are used due to the different properties of a particulate matter at 

differeIt locations in the ESP loop. The incense stick and bottom ash, composed from 
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solid particles, are analysed by SEM. Since, particulate matter, sampled from collecting 

electrodes, contains both solid and liquid components ESEM is used to obtain 

information about the solid component. The CNPC was used to measure dust size 

distribution of liquid as well as solid components of particulate matter less than 20 J.Un 

from the entrance and exit of the bench-scale ESP. 

The composition of particulate matter usually re flects the source of the burning 

material and particle formation process. Besides a wooden core and additive substances, 

the most important components of incense stick are its resins. In particulate, myrrh and 

frankincense are the most commonly used ingredients. The gas and particulate matter 

phase of burning incense contains various compounds, which include organic 

compounds, polycyclic aromatic hydrocarbons (P AHs), elemental carbon, carbon 

monoxide, sulphates, nitrates, reactive oxygen compounds ROC [155], and metals. PAHs 

and ROCs are produced whenever wood, paper, coal, candle, cigarette, incense, gasoline, 

or diesel is burned. P AHs are a group of toxic chemicals, some of which are known to be 

either mutagenic or even carcinogenic. ROCs can cause respiratory inflammation, lung 

cancer, and other adverse health effects. Regarding formation processes of particulate 

matter, condensation of vapour phase elements and agglomeration of droplets lead to a 

different composition of trace elements. Table A.l classifies some trace elements based 

on their volatility. 

A2.1 Composition of Flue Gas by FTIR 

Detection of the basic structure of compounds by Fourier Transform Infrared 

spectroscopy (FTIR ) is based on the spectral locations of their infrared absorptions. The 
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Table A.1. Trace element classification [156] 

Elements 
Volatility Characteristic; Formation Source of Trace 

Process Elements 
N, S Volatile; N forms nitrates; S forms sulfates Flue gas and/or 

B, Br, CI, F, Hg, I, Se Volatile; CI forms salts burning material 
As, Cd, Pb, Sb, Ti, 

Zn 
Volatile; Vaporize during combustion and 

Be, Co, Cu, Ge, Mo, 
Ni, P, U, V, W 

than condense on the fine particulates 

Ba, Mn, Rb, Sr Burning material 
Non Volatile; Contained as nuclei in liquid 

AI, Ca, Ce, Cr, Cs, 
droplets that are formed during the 

Eu, Fe, K, La, Mg, 
combustion. Later, they form particulates 

Na, Rb, Sc, Sm, Sr, 
by agglomeration of droplets and 

Si, Tn, Ti 
evaporation of liquid phase. 

FTIR instrument consists of a source, interferometer, sample and a detector. The source 

energy is send through an interferometer onto the sample. In the interferometer the light 

passes through a beam-splitter, which sends the light in two directions at right angles. 

One beam goes to a stationary mirror then back to the beam-splitter. The other goes to a 

moving mirror. The motion of the mirror makes the total path length variable versus that 

taken by the stationary-mirror beam. When the two meet up again at the beam-splitter, 

they recombine. The recombined beam passes through the sample. The sample absorbs 

all the wavelengths characteristic of its spectrum, and this subtracts specific wavelengths 

from the interferogram. The detector now reports the variation in energy versus time for 

all wavelengths simultaneously. A Fourier transform was used to convert an intensity as 

a function of a time into an intensity as a function of a frequency spectrum. 

At first, the functional group regions, between 4000 and 1500 em-i , were 

examined followed by a matching in a fingerprint region, between 1500 and 400 em-i. 
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The infrared spectrum of incense smoke is shown in Figure A.3. This shows a strong 

absorption at just over 1710 em -1 and a medium absorption from 2500 to 3000 em -1• 

These bonds correspond to the c=o and O-H group found in carboxylic acid (CxHyO~. 

The peak in the functional group region may also indicate the presence of NxHy, which 

evidence is also found in the fingerprint region. The strong evidence of sulphuric and 

chlorine bonds in ESP gas phase has not been found. With respect to the sulphur 

contained, only a small percentage may be contained in the gas phase due to the low 

combustion heat around 350°C. The sulphur concentration ratio between the bottom ash 

and incense stick, around ten, indicates that the bottom ash will have a higher sulphur 

content than the particulate matter entering the ESP. In the case of chlorine, a very small 

enrichment factor, less than 0.2, indicates that the chlorine compound should be evident 

either in a gas phase or as particulate matter. Since there are some uncertainties related to 

a CxHyClz bond by FTIR, it is believed that the chlorine is mainly represented in a 

particulate matter in the form of various salts. 

A2.2 Trace Element Composition of Incense Stick, Bottom Ash and Collected 
Particulate Matter 

The trace element composition of incense stick, bottom ash and collected 

particulate matter was analysed by Neutron Activation Analysis (NAA). NAA is based 

upon the process of neutron activation and decay. During the activation-time, the 

irradiated target nucleus will capture a neutron, transfer in a highly excited state, and then 

convert to a radioactive nucleus by emitting a prompt gamma ray. During the decay-time 

the radioactive nucleus will transform into a stable nucleus by emitting the decay-
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gamma-rays and beta particles. The decay of gamma rays depends on the disintegration 

rate, 
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NaCI IR window after 30 minutes exposure to incense smoke 
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which is directly proportional to the total concentration of the target nuc leus or parent 

element. Figures A.4 and A.5 show major and trace elements of an incense stick and a 

bottom ash. The incense stick contains twelve major elements with concentrations greater 

than 100 ppm and sixteen trace elements with concentration less than 100 ppm. Besides 

C, H, o and N the major elements are Ca 2.1 %, CI 0.9 %, K 0.3%, and Fe 0.2%. The 

other major elements have a concentration less then 0.1 %. By burning the incense stick 

the concentration of most elements in the bottom ash increases. The concentration of AI, 

Ba, Ca, Dg, K, Mg, S, Sm, Rb, Th and V has increased more than ten times. The 

concentration of Cr, Fe, La, Mn, Na, Sr, and Ti has increased from three to seven times. 

The concentration of As, Br, Co, Mo, Nd, Sb, and Zn is approximately at the same level. 

Only CI has reduced concentration By analysing the trace elements of the PM collected 

by ESP, the Na, Mn, Al and CI concentrations were above the present NAA detection 

limits. The enrichment factor of Na and Mn is around seven, there:i>re the trace elements 

with enrichment factor less than seven could be also found in fly ashes. Elements such as 

Mn can cause lung irritations, Sr can be mistaken by a body instead of Ca, Cr compounds 

could be highly toxic, Sb can cause liver damaging, Nd can cause skin and eye 

irritations, Br may causes depression and weight loss, Zn may cause lung diseases, and CI 

has strong oxidizing nature. Those trace elements may also form various compounds such 

as oxides, sulfites and chlorides. Since there are some uncertainties related to chloride 

compounds in a flue gas phase, it is believed that the chlorine is mainly represented in a 

small fly ash particles consisting of inorganic chloride such as NaCl, KC1, AsC1J, MnCb, 

ZnCb, etc. 
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A2.3 Particle Shape and Size Distribution 

During the combustion of the incense stick, fme and coarse particulate matter 

are generated. The two populations have generally distinctly different physical 

characteristics and chemical composition. 

As shown on Figures A.6 and A.7, the incense stick and the bottom ash consist 

of a solid particles of various shapes and dimensions. Coarse particulate matter in the 

form of chain aggregates of solid spherical particles is usually formed by combustion of 

volatile substances. 

Fine particulate matter of spherical shape consists of a solid nucleus or liquid 

droplets that are the water solution of sulphuric or other acid. Zukeran et al. ~ 57] 

observed that the fine particulate matter entering an ESP consists of solid spherical 

particles of dual distribution with peaks around 0.5 and 1.5 J.Im, as shown in Figure A.8. 

Unfortunately, liquid particles smaller than 0.1 Jlm lose their identity when analysed by 

SEM, therefore CNPC and ESEM was used. The CNPC study of ultrafme particles 

agrees with Zukeran et al's study [157] showing a peak around 0.05-0.08 J.Im. The 

evidence of liquid particles can be found in the form of sticky residue on collecting 

plates, together with solid particles as shown in figures A9 and A12. Digital images of a 

dust layer at collecting electrodes show that the collected spherical particles form a chain 

like structure as long as 2 mm, as shown on figures All and Al2. The chain growth 

direction is normal to the surface of the electrode. 
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However, SEM pictures of particles collected from the bottom support rack 

indicates that coarse particles bigger than 2 Jlm of a non-spherical shape are created by 

surface reaction as shown on the Figure A. 13 . 

FigureA.6 SEM pictures of surface of an incense stick. 
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FigureA.7 SEM pictures of a bottom ash. 
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Characteristics of Aerosol particles entering ESP by SEM: (a) size 
Distributions, and (b) cumulative rate Zukeran et al. [157] 
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ESEM pictures of collected dust particles for a spike-plate electrode 
arrangement in the area of spike projection 
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Figure A.ll 
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Digital image of a collected plate after 6h of operation with spiked 
discharge electgrode. 



Figure A.12 
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Digital images of collected particulate matter. Shown are: (a) the 
bottom section of the collecting electrode in a wire-plate electrode 
arrangement, and (b) side view of above section, showing agglomerated 
chain structures. 



Figure A.13 
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SEM pictures of non-spherical particles from the bottom support rack. 
(a) bar indicates 100 micro metre, (b) ) bar indicates 2 micro metre. 
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A3 MEASUREMENTS OF CURRENT-VOLTAGE CHARACTERISTICS 

Corona discharge current and voltage were measured by analogue meters on the 

power supply side. Various discharge electrodes were tested, placed between collecting 

electrodes. Collecting electrodes were of 0.1015 m and 0.2035 m in length. The main gas 

flow was varied from still air conditions to the flow rate condition of 21 m3/h. 

A3.1 Current-Voltage Characteristics of Various Discharge Electrodes 

Experimentally obtained results for various discharge electrode geometries are 

plotted in Figure A.14. The surface condition and dimensions of discharge electrode 

determine the form of the corona discharge. The corona discharge on very thin wire starts 

in the form of "corona tufts" and then develops into an unsteady corona as the voltage 

level increases. Negative glow corona along the whole length of the wire was observed 

only on new wires with clean surface. When displaying in square root of current per unit 

length versus applied voltage, the current-voltage characteristic of very thin wires can be 

approximated by a straight line. The corona discharge on rod-type discharge electrodes 

started as a local tuft corona. As the voltage level was increased, the corona discharge 

developed into a rapidly moving corona along short sections interrupted by localised 

tufts caused by electrode surface imperfections. The current-voltage characteristic, 

displayed in a square root of current per unit length versus applied voltage, has 

discontinuity. Therefore, it can not be approximated by one straight line, but with a series 
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Figure A.14 Measured I-V curves for various discharge electrodes placed in the 
centre of 0.1015 m ESP field. 
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of two lines. The spike-type discharge electrode combined the electrical advantages of 

thin wire, low corona-onset voltage and high spark-over voltage, and the mechanical 

advantage of the rod type, rigid construction. Discharge spots were localized at the spike 

surface for a wide range of voltages. When spike-to-spike distance was high, rapidly 

moving corona was observed between the spike at higher voltages. The current-voltage 

characteristic of spike-type electrode has two discontinuities. The first discontinuity was 

around -16 kVand second one was around -24 kV. The first discontinuity occurred at a 

voltage level for which two visual discharge spots on the surface of the spike were 

registered. The second discontinuity occurred at a voltage level for which additional 

corona discharges between spikes were initiated. The effect of collecting electrode 

length on the current-voltage characteristic is shown in Figure A.15. Compared to the 

short collecting electrode characteristic, the current voltage characteristic of a spike 

electrode with long collecting electrode has a higher discharge current and sparking 

voltage. The experimental results show also different degrees of discharge current 

response to gas flow for spike-type electrodes, as shown in Figure A.16. Compared to the 

stationary conditions, discharge current and sparking voltage increase with the increasing 

gas flow velocity due to ion transport and effective electrode cooling by the gas flow. The 

sparking voltage may increase, due to the loss of charge from the current channel by 

convective charge transport [149-150,158-159]. 
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A.3.2 Discussion and Numerical Validation 

Figure A.I7 shows the comparison between experimental and predicted J. V 

curves for round and spike type discharge electrode geometries. From the experimental 

validation of current-voltage characteristics the following was concluded: The surface 

condition factor rru for thin and thick wires is 0.9. For larger wire diameters with rough 

surface condition, the factor may reduce to 0.85. The threaded wire geometry can be 

modelled by the mean thread diameter and a surface condition factor of 0.55. The 

rectangular discharge electrode and its orientation were successfully modelled by side 

length. The geometry correction coefficients kG' of aligned and rotated rectangular 

electrodes are kG '=7 and kG '=9, respectively. The surface condition of spikes and their 

spacing are very important. Namely, the slope change of current-voltage characteristics 

coincides with appearance of dual discharge points on the surface of the spike at 

approximately -17 kVand initiation of corona discharge between spikes at -24 kV for the 

spike SI electrode placed in a short (0.1045 m) ESP field. 
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A.4 MEASUREMENT OF CURRENT DISTRIBUTION ON THE 
COLLECTING PLATE FOR VARIOUS DISCHARGE ELECTRODES 

The goal of this experiment was to determine indirectly the boundary condition 

of negative ions on the collecting electrode by measuring the current density distribution 

near the collecting electrode surface. 

A.4.1 Experimental Set-up 

The experimental set-up is shown in Figure A.IS. It is composed of the 

laboratory-scale electrostatic precipitator, disk-type current probe, and electro-metre. 

Various discharge electrode types were placed between collecting electrodes. The 

experiment was performed in still air under negative corona. The current probe was 

placed on the movable rack parallel with the surface of the collecting electrode. The 

movable rack allowed for the fine position steps in horizontal and vertical direction. 

A.4.2 Current Distribution on the Collecting Electrode for Various Discharge 

Electrodes 

Figures A.19 and A.20 show current distributions near the collecting electrode 

surface for the spike-type discharge electrode. High current densities were observed near 

the projection of the spike tip. The current distribution is symmetrical with respect to the 

horizontal line passing through the spike tip, as shown in Figure A.19. Low current 

densities were observed in the regions between spikes and parallel with the 
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Figure A.1S Schematic diagram of: a) the experimental set-up, and b) disk-type 
current probe (A =6.86 mm; B=4.59 mm; C=3.33 mm; D=1 mm) 
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discharge electrode, as shown in Figure A.20. Due to the staggered arrangements of the 

spikes, the current distribution is not symmetrical with respect to the vertical line that is 

passing through the centre of the electrode. Current distributions near the collecting 

electrode surface for other discharge electrode geometries are shown in Figure A.21. Thin 

wire, rod and spike electrodes were tested at -20 kV. Rectangular electrodes and threaded 

wire could not be tested at higher voltages due to the sparking. 

A.4.3 Discussion and Numerical Validation 

Comparisons between current density experiments and approximated functions 

for thin-wire, rod and spike type discharge electrodes are shown on the Figure A.22. The 

current distribution curve of the spike electrode shows very good agreement with the 

experimental results from Ohkubo et al. for a rod-needle-type discharge electrode [61]. 

However, the results of the thin wire experiments deviate from Warburg's current 

distribution f)0, 160], probably due to the probe interference. The maximum of the 

current distribution of the rod type discharge electrode is shifted with respect to the 

projection of the centre of the electrode, due to the position of the local discharge that is 

not constant along the circumference of the electrode. Therefore, Warburg's and 

Ohkubo's current distribution law 1.90] are used for the thin-wire and rod-type discharge 

electrodes. 
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Figure A.22 Approximate current distribution near the collecting electrode surface 
for various discharge electrode types 
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The goal of this experiment was to link the optical emission at certain 

wavelengths to the concentration of ions and electrons, in order to determine boundary 

conditions on the discharge electrode surface. Namely, it was visually observed that the 

light emission pattern from the surface of the spike-type discharge electrode varies with 

applied voltage from one to two-discharge spots. Additionally, some preliminary 

numerical simulation of ion density distribution showed that the boundary conditions on 

the discharge electrode have a significant effect on the current density distribution on the 

collecting plate. Since a digital camera or an eye can register only visual spectra (ranging 

from 400 nm blue to 700 nm red), optical spectroscopy was used to determine the optical 

emission of lower wavelengths. Additionally, the digital image of the corona discharge 

was compared to visible wavelength spectra from the optical spectrometry system to 

indicate any possible errors due to the optical probe dimension. 

A.S.I Experimental Set-up 

Figure A.23 shows a schematic diagram of the experimental set-up. It is 

composed of the bench-scale electrostatic precipitator, optical spectrometry system and 

digital camera. The experiment was performed under negative corona, where the light 

emitted from the discharge electrode was sent via single strand optical fibre to the 
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spectrometer card that was connected to the personal computer. The sampling rate was 

set b 1 kHz with an integration time of approximately 4s. Optical fibre with SMA 

termination, 5 mm in diameter, was used as a probe. The probe was mounted on the 

movable rack with fine position steps of half a millimetre in horizontal and vertical 

direction. For each position, three data sets were recorded. Then, the light intensity of the 

averaged data set was analysed. The wavelength and corresponding state of gas 

molecules or gas ions were determined. After that, the normalized intensity profile was 

used to set the negative ion density profile on the surface of various type of discharge 

electrodes. Additionally, the digital image of the corona discharge was compared to 

visible wavelength spectra from the optical spectrometry system. A digital image was 

used to determine the number of corona discharge spots. The camera was placed 

approximately one and a half metres in front of the discharge electrode. 

During the corona discharge, the nitrogen molecules are transferred from the 

ground state into an excitation or ionic state in collision with the energetic electrons. 

After that the excited and ionized molecules transit into their ground state by emitting 

radiations of specific wave length. The emitted spectral line contains the information of 

the electron energy and density. Spectral emission lines in air mainly originate from 

nitrogen molecules. For example, the nitrogen molecule can be transferred from the 

ground state NdXl Ig. +) into NdC3 IIu) excited state by the impact of electrons with energy 

greater than 11 e V. In the process of radiative emission the NdC3 IIu) will transfer into 

(.W IIg) state by emitting a photon of the 337.1 nm wavelength. If electrons have an 

energy greater than 18. 7 eV, nitrogen ions will be produced N2 + (Ii Xu +), that will release a 
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photons of 391.4 nm wavelength by transferring into the N/ (X I/) state. Typical 

emission spectra measured near the discharge electrode with indicated emission spectral 

line of N2 second positive band and N2 + first negative band are shown in Figure A.24. 

Other emission spectra are sometimes ambiguous due to the overlapping with other 

bands. Some candidates for other emission bands are shown in Table A2. 

Table A2. Candidates for vibration transitions [161-168] 

Experiment Candidates 
Wave Intensity Wave Molecule Type System Appearance 

Length Length 
316.19 N2 Goldstein -K. Degraded to red 

315.93 N2 9(1,0) 2nd Positive 
Degraded to red; 

Close tripleheader 

321.08 O2+ 8(2,6i) 2nd Negative 
Degraded to red 

318.57 120.2 Double headed 
321.1 O2 

Herzberg I 
Degraded to red 

323.2 Schummann-R 

318.88 0 3 
Other peaks 320.6;320.1 ;319.48; 

318.15;317.16;316.26 
337.13 Nz 10(0,0) 2"d Positive Degraded to red 
339.78 8(0,6i) 
342.12 O2+ 8(0,6ii) 

2nd Negative Degraded to red 
340.37 379.4 341.62 2(2,7ii) 

339.31 4(2,7i) 
337 O2 10(3,5) Herzberg I 

340.26 0 3 Other peaks:343.22;342,14;337.77 

353.67 Nz 8(1,2) 2"d Positive 
358.21 9(1,0) 
356.39 N/ 9(2,1) ]'1 Negative 

356.45 82.8 354.89 7(3,2) 
354.2 O2 8(3,6) Herzberg I 

359.45 0/ 2nd Negative 
351.77 
357.69 Nz 10(0,1) 2"a Positive 
358.21 N/ 9(1,0) 1 st Negative 

360.87 271.4 
359.45 
362.98 0/ 8(0,7ii) 2nd Negative 
360.37 7(0,7i) 
363.3 O2 8(3,6) Herzberg I 
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Table A2. (continued) 

Experiment Candidates 
Wave 

Intensity 
Wave 

Molecule Type System Appearance 
Length Length 

375.54 
N2 

10(1,3) 2"d Positive 
380.49 10(0,2) 
378.28 8(18,15) 

378.46 73.2 376.16 Nt 10(20,16) 1st Negative 
375.61 5(22,17) 
379.2 

O2 
(6,3ii) 

Chamberlains Tripleheader 
377.1 (6,3 iii) 

380.49 N2 10(0,21 2"d Positive 
383.05 0/ 8(0,8i) 2na Negative Double headed 

383.38 114.8 382.9 
O2 

8(2.7) 
Herzberg I 

384 5(0,6) 
385.79 Nt 4(2,2) 1 st Negative 
391.44 N/ 10(0,0) 1"' Ne~ative 

394.3 14.2 394.3 N2 8(2.5) 2nd Positive 

398.5 O2 6.4ii Chamberlains Triple headed 

399.84 N2 9(1,4) 2"d Positive 
397 24 398.5 O2 6.4ii Chamberlains Triple headed 

393.8 O2 7(1,7) Herzberg I 

405.94 N2 8(0,3) 2"d Positive 
403.1 6.4i 

402.97 37.6 400.9 
O2 

6.4ii Chamberlains Triple headed 
398.5 6.4iii 
406.4 5(0,7) Herzberg I 

409.48 N2 8(0,3) r Positive 

408.93 39 406.4 O2 5(0,7) Herzberg I 
408.24 O2+ 8(0,9i) 

2nd Negative 
411.58 8(0,9i) 
427.81 N/ 9(0,1) lSI Negative 

430.45 6 
430.9 O2 7(0,8) Herzberg I 
432.6 (5,5ii) 
431.7 

O2 (3.4iii) 
Chamberlains Triple headed 

632 N2 1st Positive 
Degraded to violet 

634.65 9.2 Triple headed 

630 O2 Dimol emission 

677.35 17 670.48 N2 1"' Positive 
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A.S.2 Experimental Results for Spike-type Discharge Electrode 

At fIrst, the light intensity of various wavelengths at various voltages was 

detennined. For this test, the position of the optical spectrometry probe was fIxed with 

respect to the upper left edge of the second spike. There is almost a linear increase in 

light intensity with applied voltage up to -24 kV, after which the intensity is decreasing, 

as shown on the Figure A.2S. The optical emission of 340 nm wavelength (2nd positive 

band of nitrogen ~ molecule) was used to determine the boundary conditions on the 

surface of discharge electrode. After that, the area around the second spike was mapped 

approximately 3 mm in the horizontal and 1.5 mm in the vertical directions from the 

centre of the spike. 

Figures A.26 and A.27 show the horizontal profIle of the nonnalized wavelength 

intensities of 2nd positive band of nitrogen molecule at various vertical positions for -15 

and -22 kV. Both fIgures show a symmetrical profIle around the maximum value. 

However, the actual location of the maximum of emission intensity at -15 kV is 

approximately 0.5 mm shifted to the left of the centre of the electrode. The optical 

emission profIle of the visual spectra at -15 and -22 kVhas different distributions than the 

2nd positive band of N2 molecule, as shown on Figure A.27 and Figure A.29. The visual 

spectra by optical spectrometry anp digital image analysis show similar profIles as shown 

on the Figure A.30. 
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Figure A.26 Normalised intensities of the znd positive band of N2 molecule at 15 k V. 
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Pixel intensity profile during corona discharge from spike-type 
discharge electrode at various voltages 
(The above graph shows the change of the pixel intensity profile with 
applied voltage along the horizontal line passing through the centre of 
the spike.) 
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A.S.3 Experimental Results for Rod-type Discharge Electrode 

In this experiment the rod-type discharge wire of one and a half millimetres in 

diameter was placed in the centre between two grounded electrodes. Figure A.31 shows 

the profile of the normalized wavelength intensity at 22 kV with respect to the centre of 

electrode. For this particular vertical position discharge points are on the surface of the 

electrode that is closer to the collecting electrode. Therefore, the wavelength intensity of 

the second positive band of nitrogen molecule ms a dual distribution. 

The number of discharge spots in the axial direction is determined from the 

digital image analysis. Figure A.32 shows the pixel intensity values along three vertical 

lines at 30 kV. The central line is placed on the surface of the electrode. Pixel intensity 

values at various voltages along the right, central, and left lines, placed approximately 

one millimetre from the centre of the electrode, are shown in Figures A.33 to A.35. In 

general, the fraction of discharge positions from tre left and right side of electrode is 

much higher than from the centre of the electrode. 
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A.S.4 Discussion and Numerical Validation 

The emission of the 2nd positive band of N2 molecules that is directly 

proportional to the electron density and indirectly proportional to the negative ion 

distribution was used to set the boundary condition for ion density on the discharge 

electrode surface. In the case of a rod-type electrode, the 340 nm emission is higher on 

the left side of the electrode. The possible reason for that might be: (a) the micro

roughness on tre left side of the wire or (b) the wire was not aligned with the centre of 

ESP, having as a consequence stronger electric field on the left side. The approximation 

functions A/x,) and BJfx,) of the 340 nm wavelength emission profile at spike and rode 

DEs implemented in Chapter 3 are developed under the assumption of a good alignment 

between discharge and collecting electrodes. 

Digital image analysis used to determine the boundary conditions in the axial 

direction for a rod type discharge electrode indicates a non-linear relationship between 

number of discharges and applied voltage, as shown in Figure A36. It appears, as if there 

is some interaction between discharge points [85, 98]. At first, by increasing the voltage, 

the light intensity increases up to the point when new spots are formed, as shown in 

Figures A.33-35. After that, the relocation of discharge spots occurs, whereby the light 

intensity of discharge spots may decrease compared to the intensity of discharge spots at 

previous voltage. The avera~ intensity of discharge spots slightly increases with 

increasing voltage except at -22 kV. At voltages closer to spark-over value fusion of 

discharge spots may occur. 
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percentage), and average light intensity for wire type discharge electrode 
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A.6 APPROXIMATION FUNCTIONS FOR THE PARTICLE CHARGING 
MODE 2 

c:::= 
0 ..... 
00 

@ 
is 

"'C -CIJ ..... .... 

Table A.3a 
Dimensionless surface potential due to 

the field (F de) and diffusion charging (Ffc) 

Free Molecule Transition Continuum 
Kn=10 0.1=Kn=10 Kn=O.1 

Chang (1891) Chang (1891 ) 
Approximation functions Approximation functions 
for numerical solutio n of for numerical solution of 

White (1951) Equation 2.1b for Kn=1 Equation 2.1 b for Kn=O.O 1 
Equation 2.2b for rde ~20 for r de ~20 

<llde = 1.05ln rde +0.2495 <ll de = 1.2022ln r de + 0.3493 

for 1::;; r de < 20 for 1 ::;; r de < 20 e2r v.N. 
<ll =In(I+ P" t) 

<llde = 0.8935 In rde +0.6056 <llde = 1.0651 In r de +0.6198 de 4e kT 
0 

for 0.1 ::;; r de < 1 for O.I::;;rde <1 

<ll de = 0.7644rde 
0.8826 

<ll de = 0.8127r de 
0.907 

for rde <0.1 for rde <0.1 

<ll de =rde <ll de =rde 

Pauthenier & Moreau-

Ohyama et al. (2000) Ohyama et al. (2000) Hanot (1932) 

I+Kn 
Equations 2.5 

<ll Ie = Si<ll de <ll Ie = Si<ll de -- r 
Kn <ll = <ll _f._e_ 

Ie S r +4 
Ie 
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Table A.3b 
Dimensionless charging rate equations due to 

the field (? F de!?t) and diffusion charging (? Ffcl?t) 

Free Molecule 
Kn=10 

White (1951) 
Equation 2.2a 

Ohyama et a1. (2000) 

d«l Ie = s. del> de 

dr ' drde 

Transition 
0.1=Kn=10 

Chang (1891) 
Approximation functions 
for numerical solution of 
Equation 2.1 b for Kn= 1 
for r de ;::0: 20 

d«l de = 1.05-1-
dr de r de 

for 1 ~ r de < 20 

d«l de = 0.8935-1-
dr de r de 

for0.1~rde<1 

~de =0.67471:deO.8826-1 

u1: de 

for 1: de < 0.1 

d«l de = 1 
d1: de 

or for known F de 

dfl> de _ (1 + 1(')fl> de 

d1: de - (1 + Kfl> dJe <l>dc -1 

Ohyama et a1. (2000) 

()tI> Je _ S 1 + Kn d<l> de 

~- i~drde 

Continuum 
Kn=O.1 

Chang (1891) 
Approximation functions 
for numerical solution of 

Equation 2.1 b for Kn=O.O 1 
for r de ;::0: 20 

del> de = 1.2022-1 
d1: de 1: de 

for 1 ~ 1: de < 20 

del> de = 1.0651-1-
dr de r de 

for 0.1 ~ 1:de < 1 

del> de = 07371 0.907-1 
d . 1:de 

1: de 

fOr1:de <O.1 

del> de = 1 
d1: de 

or for known F de 

dfl> de _ fl> de 

d1:de" - e<l>dc -1' 

Pauthenier & 
Moreau-Hanot (1932) 

Equations 2.5 

del>Je = fl>s (1- fl>Je)2 

drJe 4 fl>s 
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A.7 CONTRIBUTIONS TO KNOWLEDGE 

This work has several contributions to knowledge including: 

1. Development of the model for the prediction of the dust particle collection efficiency 

for complex discharge and collecting electrode geometries. 

2. Determination of the parameters influencing submicron and ultrafine dust particle 

charging and collection efficiency. 

3. Development of constitutive relationship between the profile of the 2nd positive band 

of N2 molecule and boundary conditions on the surface of various discharge 

electrodes for simulation of ion distribution during negative corona discharge. 
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5. D. Brocilo, 1.S. Chang and R.D. Findlay, "Numerical ani Experimental Studies of the 

Spike Plate and Wire-Plate Electrostatic Precipitators for Collection of Sub-micron 

Particles," Accepted for poster presentation for the European Aerosol Conference, 

August, 2003, Madrid, Spain 

6. D. Brocilo, 1.S. Chang and R.D. Findlay, "Characteristics of Bottom Ash and Aerosol 

Particle Compositions Generated by Burning Incense," Accepted for poster 

presentationfor the European Aerosol Conference, August, 2003, Madrid, Spain 
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