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ABSTRACT 

 

 Diesel engines are the most efficient internal combustion engines. The exhaust from these 

engines, however, has been linked to occupational cancers in workers who spend significant 

amounts of time near diesel vehicles or diesel machinery. Methods developed so far to reduce 

exposures to the particulate matter (PM) found in diesel exhaust emissions have focused on the 

use of mechanical filters. Some of these systems have shown good performance in occupational 

applications, but even the most advanced mechanical filters have limitations. Many can create a 

backpressure which will cause increased fuel consumption. In addition, mechanical filters need 

to be regenerated periodically to reduce back pressure and prevent plugging, which can be a 

complex process.  

The primary objective of this study was to lower the incidence of occupational lung 

cancers through the development of a technique to reduce diesel particulate matter emissions into 

the workplace. This study focused on a novel electrostatic precipitation (ESP) technique to 

capture diesel particulate matter. Large-scale electrostatic precipitators have been widely used in 

heavy industry and utilities for more than a century, but they have not been successfully 

miniaturized for particulate removal from mobile sources or diesel powered machinery.  

Fundamental studies were performed in the laboratory to understand the important 

electrostatic properties of small-scale ESPs. A small-scale ESP was constructed and tested, and 

several modified versions were designed to optimize performance. Tests were performed using 

the exhaust generated by a stationary 5.5kW diesel-powered electric generator, using different 

fuel qualities and at different load conditions.  

The use of the small-scale ESP on the engine exhaust resulted in average reductions in 

particle mass emissions of approximately 80 percent at moderate levels of power consumption 

that never exceeded 65 watts.  

This project demonstrated the feasibility of using small-scale electrostatic precipitators to 

lower emissions of diesel PM. The commercial development of the prototype unit developed in 

this project will provide industrial hygienists and machinery vendors with another option to 

reduce the concentration of diesel PM in the workplace, thus lowering exposures and potentially 

reducing the incidence of occupational lung cancer. 
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SECTION 1 

 

HIGHLIGHTS AND SIGNIFICANT FINDINGS 

 

Design and Power Consumption – A small-scale electrostatic precipitator (ESP) was designed 

and constructed to capture the particles emitted in diesel exhaust from industrial and mining 

machinery, to reduce exposure by workers to this pollutant. High levels of performance (80-90% 

removal) were achieved with power consumption at levels less than typical consumption by 

lighting, radio, and other common electrical components of machinery and vehicles. 

 

Particle Collection Efficiency -- The small-scale ESP was tested under a variety of conditions to 

investigate particle collection efficiency and gradual improvements were made to increase 

performance. The ESP was able to remove approximately 80 percent of the particles in the 

exhaust measured on a mass basis, and 90 percent of the particles in the exhaust measured on a 

number basis. The mass removal efficiency of the ESP was obtained at different load conditions 

and the effect of fuel type on the removal efficiency was investigated. 

 

Investigation of Electrostatic Properties of Small-Scale Units – Large-scale electrostatic 

precipitators have been successfully used in heavy industry and utilities for many decades. One 

of the highlights of this project was the development of a library of carefully collected data on 

the physical and electrostatic properties of small ESPs. We believe that this is the most extensive 

empirical data ever collected on small ESP properties, and the data should help future 

researchers develop the technology for exhaust cleaning in additional occupational and 

environmental applications. Our data indicates that while the traditional electrostatic design 

equations work well for predicting some of the properties of small scale units, for other 

properties, methodology specific to small scales is required. 

 

TRANSLATION OF FINDINGS 

 

This project investigated the potential for small-scale electrostatic precipitators to reduce the 

concentrations of particulate matter being emitted in diesel exhaust. Up until now, very little was 

known about the practical use of small-scale ESPs in the industrial or occupational setting, 



 
 

xiii 
 

including the potential use on diesel exhaust. This project demonstrated, through the careful 

design, construction, and testing of a prototype, that electrostatic precipitators can achieve high 

levels of performance reducing emissions of diesel particulate. In those workplace environments 

where the latest improvements to fuel quality and engine combustion quality cannot sufficiently 

reduce particle emissions to safe levels, especially for tight or confined spaces such as garages 

and underground mines, the use of an ESP might be the ideal solution. Future work is planned 

for the technology to focus on the construction and job-site testing of prototype units, to gather 

additional information about practical durability and use, and to evaluate changes to personal 

exposure. There is outstanding potential for this work to translate into commercial technology 

that can be employed to protect workers within 3-5 years. 

 

OUTCOMES/RELEVANCE/IMPACT 

 

Potential outcomes: The high concentration of particulate matter in diesel exhaust has been a 

concern in the occupational setting for many decades. Unfortunately, reductions in particle 

emissions from exhausts to date have been insufficient to bring concentrations in many 

workplaces to recognized safe levels. This project demonstrates to engine and control system 

manufacturers that electrostatic precipitators can significantly reduce particle concentrations. The 

prototype unit developed during this project is ready for field testing and then commercialization. 

If deployed, these devices could provide up to 90% reductions in diesel particle concentrations in 

the workplace. 

 

In addition, there are other sources of occupational particulate matter where the use of an 

electrostatic precipitator could be used to reduce exposures. However, the lack of empirical data 

on the electrostatic properties of small-scale units hampered their design and implementation. 

The extensive data collected by this project on the fundamental electrostatic properties of small-

scale ESPs will be a significant asset to other engineering designers. The data gives them the 

necessary tools to predict the performance of small scale units and to design systems to meet 

specific applications.
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SECTION 2 

 

SCIENTIFIC REPORT 

 

CHAPTER 1 

INTRODUCTION AND MOTIVATION 

 

1.1 Significance and Background 

There has been a tremendous amount of research on adverse health effects of air pollution 

since the great smog of 1952 in London accelerated the modern environmental movement and 

resulted in Clean Air Acts in different countries. The problem was tackled by policy makers and 

scientists from many different angles and the epidemiological and then toxicological effects of 

airborne pollutants were investigated.  

Advances in the field of industrial hygiene occurred almost simultaneously with concern 

about ambient air pollution. The wide-publicity in the 1970's surrounding black lung disease in 

underground coal miners, and the diseases being linked to asbestos exposure in miners and other 

workers in the 1960's highlighted the problem of air contaminants in certain occupations, 

especially those where workers spent large amount of time in confined spaces. 

Of all the air pollutants in the environmental and occupational settings, particulate matter 

(PM) has received special attention because of its effect on visibility, strong evidence of adverse 

health effects, and association with cancer. A survey by the World Health Organization (WHO) 

showed that 12 out of 20 mega cities in the world had serious total suspended particle (TSP) 

problems and five of them had moderate to heavy 
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TSP problems (Mage et al, 1996). For perspective, the levels of particulate matter in Delhi, India 

and Shanghai, China, occasionally spike to an annual average of 400 µg/m3 and 250 µg/m3, 

many times the U.S. ambient air quality standard of 35 µg/m3 (Gurjar et al, 2007).  

Epidemiological studies of the effects of particulate matter on health began in the early 

20th century, but the era of robust epidemiological analysis began with studies in the 1980’s. 

These studies showed a statistically significant relationship between mortality rates and exposure 

to particles across a variety of locations (Evans et al, 1984; Ozkaynak et al, 1987; Lipfert et al, 

1988). The conclusions of studies were questioned because they did not control for confounding 

factors like smoking and diet, and several of them examined total mortality rates, instead of 

mortality linked to respiratory diseases (Vedal, 1997). 

Building on the work from the 1980's, additional epidemiological studies were performed 

in the 1990's, including a series of the first “prospective cohort studies.” The "Harvard Six Cities 

Study" examined  8000 people in six different metropolitan areas who were followed for 14 to 

16 years and their age, sex, diet, education, and all other individual factors were recorded 

(Dockery et al, 1993). The American Cancer Society study performed the same process for more 

than 500,000 people in 151 metropolitan areas (Pope et al, 1995). The results of both studies 

confirmed that cardiopulmonary mortality is strongly associated with airborne PM and sulfate 

concentration (Pope et al., 1995). Because of the controversies that these studies created, an 

independent team from the Health Effects Institute (HEI) re-evaluated the statistical analyses, 

and their work verified the studies' conclusions (Krewski et al., 2000a; Krewski et al, 2000b; 

Krewski et al, 2000c). More recent analyses of the cohorts in these studies have been performed, 

the associations between particulate air pollution and health outcomes have strengthened, and 

results are still being published (Pope et al, 2002; Pope et al, 2004; Laden et al, 2006).  
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After these two landmark U.S. studies, numerous other prospective studies examining air 

pollution air pollution with respiratory and cardiovascular diseases were performed in different 

parts of the world (Hoek et al, 2002; Finkelstein et al, 2004; Filluel et al, 2005). 

Particulate air pollution is a complex mixture of many different chemical compounds, 

and the composition at a location depends on the nature of the sources in the area, plus transport 

into the area from other locations. Chemical analysis, source apportionment, and receptor 

modeling studies indicated that internal combustion engines are a major source of particulate 

matter in most urban areas (Swietlicki et al, 1996; Artaxo et al, 1999; Querol et al, 2001). A few 

studies have shown higher rates of mortality and morbidity in people who live close to highways 

(Kim et al, 2004; Brugge et al, 2007). Harrison et al related a major portion of particulate matter 

in London to vehicles; of which the contribution of diesel vehicles was much more significant 

than gasoline vehicles (Harrison et al, 1996). Another study showed similar results for city of 

Houston (Fraser et al, 2003). Diesel engines emit high concentrations of particulate matter with 

diameters 1 micrometer (μm) or smaller (Kittelson, 1998). These particles are readily inhalable 

and evidence is accumulating that these small particles are particularly harmful to human health, 

compared to the larger airborne particles (Chuang et al, 2005; Maynard and Kuempel, 2005). In 

a comprehensive review article, EPA summarized most of the important studies on health effects 

of diesel exhaust and concluded that exposure to diesel exhaust may cause lung cancer and “the 

particulate phase [as opposed to toxic gases] appears to have the greatest contribution to the 

carcinogenic effect” (EPA, 2002). Therefore, in addition to the general concern about all types 

and sources of airborne particulate matter, the potential effects of diesel particulate matter (DPM) 

are the subject of much health and engineering research. 
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In addition to the people exposed to diesel particulate matter in urban areas and areas 

around highways, millions of workers who work in mines, shipyards, railroads, and construction 

sites are frequently exposed to DPM. Stayner et al (1998) reviewed a number of toxicological 

and epidemiological studies and concluded that miners have an increased risk of lung cancer 

when exposed to DPM for long periods of time (Stayner et al, 1998). In spite of the concern 

about health impacts, diesel engines are the power source for a large portion of the world's heavy 

trucks, trains, ships, and construction and mining machinery. Diesel engines are more fuel 

efficient than gasoline engines, by approximately 30%.  The good self-ignition properties of 

diesel fuel allow a different design in which the compression ratio can be much higher than 

gasoline engines (16 to 24 for diesel engines versus 7 to 9 for gasoline engines). These properties 

make it possible for diesel engines to function over a wide range of air to fuel ratios while 

gasoline can only be properly combusted over a narrow air to fuel ratio. Diesel engines also 

provide greater torque output at lower engine speeds than gasoline engines. The high-torque 

characteristics of diesel engines, the fuel economy benefits, and concerns about climate change 

from CO2 emissions suggests that diesel engines will continue to be the primary heavy duty 

internal combustion engines for many years to come.  

In spite of these great properties, the potential adverse health effects of diesel exhaust are 

so serious, especially in confined spaces, that states of Ohio, Pennsylvania, and West Virginia 

have banned or are considering banning using diesel engines in their underground mines (MSHA, 

2003). A clean diesel engine can save important benefits to visibility and the clarity of 

atmosphere, the public health of people that live in diesel-impacted areas, and workers in 

industries that use diesel-powered machinery or vehicles.  
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1.2 Diesel Particulate Matter Composition and Structure 

DPM has a very complex structure. Its formation starts in the cylinder; where precursor 

molecules, produced during the incomplete combustion of diesel fuel in fuel-rich zones, form 

very small particles of elemental carbon of the order of 2 to 3 nm diameter (Neeft et al, 1996). 

These particles gradually agglomerate and form bigger carbon particles which are around 10 to 

30 nm. These particles are abundant in diesel exhaust and the mode diameter of the number size 

distribution happens at this diameter (Kittelson, 1998). Further agglomeration in the exhaust line 

and in the atmosphere grows the particles to diameters above 100 nm. Chemical analyses 

indicate that in addition to the agglomerated carbon, adsorbed sulfate compounds, water, and 

hydrocarbon vapors can also significantly contribute to the chemical composition (Liang, 2006). 

 

Figure 1.1 Typical composition of diesel particulate matter (Kittelson, 1998) 

 

The hydrocarbons originate from unburned fuel and volatilized lubricating oil and are 

sometimes referred to as the Soluble Organic Fraction (SOF) of the diesel exhaust particles. On a 



 
 

6 
 

mass basis, the SOF can contribute from 10 to 90 percent of the total mass, depending on engine 

operating conditions. At light load conditions, the cylinder temperatures are relatively cool and 

insufficient to burn all the fuel vapor hydrocarbons, increasing the SOF fraction in the DPM. 

However, at higher loads the hydrocarbon fraction diminishes, and instead, a larger percentage of 

the DPM will consist of elemental carbon (Sharma et al, 2005). Polycyclic aromatic 

hydrocarbons (PAH), which are known human carcinogens, are frequently found in the SOF 

portion of the DPM. Therefore, the PAH content of the DPM is high at lighter loads (Tan et al, 

2004). Regarding the sulfur present in diesel fuel, much of it will be oxidized to gaseous SO2,  

but a portion of it also oxidizes to SO3 which further nucleates into sulfuric acid and sulfate 

particles. Another significant component of DPM are metal oxides (a.k.a. ash) which are 

produced from metal compounds in the fuel and lubricating oil. All these processes will result in 

the complex mixture of elemental carbon, organic carbon, sulfate, sulfuric acid, and ash that 

forms diesel particulate matter.  

On a number basis, the overwhelming number of individual DPM particles is smaller 

than 50 nm in diameter. On a mass basis, however, approximately 90 percent of the DPM mass 

at the exhaust pipe is contributed by particles in the 100-300 nm diameter range. Figure 2 shows 

typical size distributions of diesel particulate matter. 
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Figure 1.2 Typical diesel exhaust size distribution in terms of mass and number 
(Kittelson, 1998) 
 

1.3 Emission Standards 

Diesel engines were introduced to the roads of the United States in the 1940’s and 

quickly dominated the trucking industry. They accounted for 36 percent of the heavy duty truck 

sales in 1960 and virtually 100 percent of sales in 1997 (EPA, 2002). Based on the 

epidemiological and toxicological studies, EPA and other agencies like the Mine Safety and 

Health Administration (MSHA) have imposed emission standards on diesel vehicles and 

machinery. The first standard on diesel engines was set in 1970 which was a smoke test and was 

not specific about the components of the diesel exhaust (EPA, 2002). In 1988, EPA set a 

particulate emission standard of 0.6 grams of particulate per brake horsepower-hour was 

established and this standard has been periodically tightened since then (EPA, 2002). There are 

separate standards for different types of diesel engines. For instance, non-road diesel engines 
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used in construction have completely different standards from highway light-duty diesel trucks. 

However, all of the standards have something in common in the fact that they are getting more 

stringent, and the focus of regulatory attention. Figures 1 and 2 show the DPM emission 

regulations for on-road heavy duty trucks set by EPA and the European Union Department of 

Environment. The strictest U.S. standard of 0.01 g/bhp-hr took effect on engines manufactured 

beginning in 2007 (Federal Registry, 2001). 
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Figure 1.3 The gradual tightening of EPA DPM standards (EPA, 2002). 
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Figure 1.4 EU DPM Standards Trend (EU news, 2005) 

 

1.4 Diesel Particulate Matter Emission Reduction Technologies: 

1.4.1 Diesel Oxidation Catalysts (DOC) 

Diesel oxidation catalysts use precious metals to enhance the destruction of some of the 

organics that comprise the soluble organic fraction (SOF) of diesel particulate, as well as gases 

such as CO and hydrocarbons (HC). DOCs are most effective when an engine is running at idle 

or at low loads and the levels of SOF on the diesel particulate can be high. To maximize the 

interaction of the exhaust components with the catalyst surface, a flow-through device with a 

high-surface area honeycomb structure is usually used. In two studies, EPA and California Air 

Resources Board (CARB) observed that the emission reductions produced by installed DOC 
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units to be 24 to 60 percent for PM, 50 to 90 percent for HC, and 45 to 98 percent for CO (EPA, 

1999; CARB, 2000).  

The main problem associated with the DOC is the high temperature needed for 

hydrocarbon oxidation, and the narrow temperature window for proper operation. DOCs convert 

SO2 into SO3 at temperatures above 300 oC whereas they need a minimum temperature of 200C 

to oxidize hydrocarbons (Guibet, 1999). SO3 is a concern because it readily acts as a nucleation 

site for water and other vapors and causing a boost in the number of emitted particles. The use of 

Ultra Low Sulfur Diesel Fuel (ULSD) in the United States beginning in 2007 has significantly 

facilitated the employment of DOCs in diesel engines by reducing concerns about SO3 formation. 

The installation of a DOC has been estimated to cost around $2,000 for heavy duty trucks and 

buses (Washington State SRP, 2003; EPA, 2003). 

 

1.4.2 Particulate Traps  

Mechanical filtration is the most straightforward way to separate suspended particles 

from a two-phase suspension. Mechanical filtration has been used for decades for environmental 

sampling, air cleaning, and industrial processes. The most developed technology for mechanical 

filtration of PM from diesel exhaust is known in the diesel industry as the diesel particulate filter 

(DPF). In any filter, pressure drop is a factor which contributes to the cost of system operation. 

There is a direct relationship between pressure drop and collection efficiency. Since fuel 

consumption is one of the most important factors in long-term costs of engine operation, it is 

very important to maintain as low a pressure drop as possible in any exhaust treatment device. 

This fact makes it difficult to design suitable filters for diesel engines because the filter must also 

have a very high efficiency to comply with demanding standards. DPF units must be sturdy 
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enough to tolerate the vibrations of the machinery, temperatures up to 400 oC during normal 

engine operation, temperatures up to1400 oC if the carbonaceous soot ignites, and also tolerate 

the stresses imposed by rapid temperature changes (Mayer, 2003). 

None of the diesel filters remove the soot as a sieve removes large particles flowing in 

water. Instead, filtration mechanisms in diesel particulate filters rely on either shallow or deep 

bed filtration mechanisms. For instance, wall flow monolith filters, introduced by Corning, 

which are the most common type of mechanical filter on the market use surface filtration, in 

which a layer of soot deposits on the front edge of the filter and then that layer acts as a substrate 

to collect additional incoming particles. Commercialization of these filters began in the early 

1980’s. Figure 3 shows the structure of one of these filters, consisting of parallel channels of 

which half are closed at upstream end and the other half at the downstream end. This structure 

forces the exhaust to flow through the walls of the channels and the particles are collected on the 

walls. This layer of soot helps surface filters to have a very high efficiency but it also increases 

the pressure drop at the same time.  

 

Figure 1.5 A typical diesel particulate filter (MECA, 2007) 
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1.4.2.1 Filter Regeneration 

The particles that collect on mechanical filters must be removed periodically, otherwise 

the pressure drop through the filter will rapidly increase and eventually the filter will plug and 

fail. The process of removing particles from filters is sometimes known as filter regeneration. If 

a diesel particulate filter is not regenerated regularly, back-pressure can adversely affect the 

efficiency of the engine and create a substantial fuel penalty (Pattas et al, 1998). All of 

regeneration techniques for commercialized DPM filters are based on oxidizing the soot in situ, 

and converting it to CO2, H2O, and SO2 gases. Since the ignition temperature of the soot is 

approximately 600 oC, standard diesel exhaust temperatures are insufficient to promote rapid 

DPM oxidation most of the time. Although the temperature of the exhaust can occasionally reach 

750 oC, it is usually around Diesel exhaust temperatures are usually between 200 and 300 oC.  

Two techniques have been employed to deal with the problem of diesel exhaust being too 

cool to reliably and consistently promote soot oxidation and filter regeneration: initiating soot 

oxidation with an auxiliary heat source (active regeneration), and reducing the ignition 

temperature of the soot by using catalysts (Neeft et al, 1996). 

 

a) Non-catalytic Regeneration (Active Regeneration):  

DPF regeneration is difficult because the temperature of diesel exhaust under most 

conditions is not hot to promote soot combustion to CO2. Different methods have been attempted 

to increase the temperature of the exhaust or to heat components of the trap itself to initiate soot 

combustion. Burners which used a fine spray of diesel fuel to ignite the collected particles were 

successfully used in some experiments and an optimal firing time was proposed for them to 

minimize the fuel penalty (Higuchi et al, 1983; Wade et al, 1983). Nonetheless, burners were not 
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commercialized because of difficulties in controlling the flame properties and because incorrect 

regeneration timing could cause excess unburned fuel to accumulate on the filter structure and 

seriously damage the filter during the next regeneration sequence (Neeft et al, 1996).  

Electrical heaters have been used to regenerate DPF filters. The needed energy came 

from the vehicle electrical system and the resulting fuel penalty was up to 5 percent, which was 

higher than that of fuel burners (Simon et al, 1985). Studies indicated that electrical heaters were 

difficult to control because of soot ignition control and flame propagation problems (Simon et al, 

1985). A large amount of soot was needed to maintain high temperatures during a successful 

regeneration cycle and controlling the temperatures produced during regeneration was usually 

hard and often damaged the filter. In a study by Toyota, a complex electrical heating 

regeneration system was used and different methods to prevent filter cracking were investigated. 

The results indicated that the Toyota system was unlikely to prevent filter cracking. (Kobashi et 

al, 1993). 

Another method to supply supplementary heat to the exhaust is by using the engine itself, 

a method known as exhaust gas throttling. By changing the air-to-fuel ratio, exhaust temperature 

can increased by several hundred degrees, and researcher have attempted to use the technique to 

ignitesoot collected in DPF units. Most commercialized DPF systems use gas throttling and air-

to-fuel control for regeneration. However, regeneration using gas throttling can be difficult to 

control at very low speeds and it always results in a fuel penalty. Also, gas throttling reduces 

useful shaft output power (Garner et al, 1989).  

 

b) Catalytic Regeneration (Passive Regeneration):  



 
 

14 
 

The power used to regenerate DPF’s depends on the ignition temperature at which the 

soot starts to combust, and the heat requirement needed to maintain combustion. Lowering this 

temperature by using carbon oxidizing catalysts could result in easier combustion of the soot and 

easier regeneration of the filter. One commercial DPF system called the Continuously 

Regenerating Trap (CRT) was introduced by Johnson Matthey (Johnson Matthey Plc, London, 

UK). This system uses a specially formulated catalyst which converts nitrogen oxide gas (NO), 

which is present at moderately high levels in diesel exhaust, into nitrogen dioxide (NO2), which 

is an extremely oxidizing compound. In the CRT, a catalyst converts NO to NO2, and the NO2 is 

used to oxidize (combust) the collected soot. These catalysts, however, can also oxidize SO2 to 

SO3 and therefore these systems are limited to areas where ultra low sulfur fuels are present. This 

system also uses a conventional DOC as pre-oxidizer which is another reason for its need of ultra 

low sulfur diesel (ULSD). Since ULSD has already been introduced in most developed countries, 

CRT can be used on many diesel engines. However, its bigger problem is its reliance on high 

levels of NO for the creation of NO2 since future engines may not produce enough NO for soot 

combustion (Fino and Specchia, 2008). 

Use of fuel-borne catalysts (FBC) is a relatively new technique in diesel particulate 

control. In this process, metal catalysts, usually iron, platinum, cupper, or cerium, are combined 

with the fuel. These catalysts are integrated with the soot during the combustion process and 

lower the oxidation temperature of the soot in a DPF Although this technology has been 

commercialized on a limit scale in Europe, it causes secondary emissions of metal oxides to the 

atmosphere. This system also results in the buildup of metal and metal oxide ash on the filter 

(Walker, 2004; MECA, 2005). A very complex combination of gas-throttling system and FBCs 

was introduced by Peugeot-Citroen in 2000 (Salvat et al, 2000). The pressure drop of the filter is 
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being controlled by a few sensors and as soon as the pressure drop increases, more diesel is fired 

in the engine to increase exhaust temperatures. Adding fuel-borne catalysts to the system assures 

a reasonable fuel penalty for the diesel engine. However, because of the increased ash production, 

the DPF need replacement every 80,000 km (Walker, 2004).  

 

1.4.2.2 The Long-Term Potential of DPFs for Workplace Machinery and Industrial 

Vehicles 

After more than 25 years of research on DPF’s, some serious problems are still associated 

with their use in diesel engines. Even with the best regeneration methods, filters cause some 

back-pressure and increase the consumption of fuel. A study by Wade et al (1983), showed that 

DPFs operating with proper regeneration are still likely to experience some fuel penalty with an 

average penalty of approximately 3.3 percent. More recent studies show a backpressure range 

from 50-300 mbar and report increasing fuel penalty associated with increased backpressure up 

to 7 to 10 percent (Zelenka et al, 1996; Pattas et al, 1998; Salvat, 2000; Mayer et al, 2001).  

The Peugeot-Citroen system to control soot emissions from some European passenger 

vehicles was first sold in 2001 and it is the most commercialized DPF in the world. It utilizes a 

DPF with fuel borne catalysts and has been employed on more than a million cars. But even after 

all this time, the high initial DPF costs and the maintenance and fuel penalty costs are ongoing 

challenges (Fino and Specchia, 2008). 

The costs of installing a DPF system on a passenger vehicle have been estimated to range 

from 400 to more than a thousand dollars depending on the size of the engine (US Department of 

Energy, 2004). Because of the problems associated with wall-flow monolith filters, many 

companies pilot testing their use in the 1990’s, removed these filters from their vehicles in 1999 
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(Heck et al, 2002). The recent PM emission standards are forcing manufacturers to again 

consider installing the devices on their engines. The European Union diesel particulate standards 

are also very strict and the majority of car producers, including Mercedes-Benz, Audi, Volks 

Wagon, and Opel, have already planned or are planning to incorporate filters into their diesel 

engine vehicles (Green Car Congress, 2005). Ford of Europe had to install DPF’s on its products 

to comply with European Union environmental standards in 2005. Because of the pressure drop 

problems however, these filters have an average removal efficiency of only 30 to 40 percent 

(Green Car Congress, 2005). 

In the non-road and occupational setting, there are also regeneration challenges with 

using mechanical filtration. Many non-road and machinery engines spend long periods of time 

idling or at low load, and under these conditions large amounts of soot are produced at low 

exhaust temperatures. The low temperatures make filter regeneration very difficult. (Pattas et al, 

1995; MSHA, 2003b) 

The catalytically-active mechanical filters, like CRT’s, also face some very important 

challenges like the deactivation of catalytic active sites by certain compounds like sulfur and 

silicon, a process known as catalyst poisoning. The amount of sulfur in the fuel plays a 

significant role on the efficiency of all types of filters because production of SO2 inhibits the 

conversion of NO to NO2. A study sponsored by the U.S. Department of Energy, showed a 23 

percent efficiency drop by increasing the sulfur content of the fuel and a more difficult 

regeneration due to increased soot ignition temperature (Department of Energy, 2000). In 2001, 

EPA established a standard lower the amount of sulfur in diesel fuel from 500 ppm to 15 ppm by 

2007 (EPA, 2005). However, stationary diesel engines, e.g. emergency standby electric generator 

engines, and non-road machinery and vehicles can still use low sulfur diesel (EPA, 2004). Van 
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Setten et al (2001) referred to another problem known as catalytic loss. If catalysts can dissolve 

in the water introduced into engine by raining or washes, they might leave the exhaust pipe with 

water droplets.    

Another important flaw with the use of mechanical filters is gradual plugging with ash. 

Ash consists of inorganic materials and has three main sources: lubricant oil, corrosion of the 

engine, and fuel additives, including fuel-borne catalysts. Ash cannot be burned during the 

regeneration of the filter and will accumulate in the DPF eventually resulting in plugging. At 

present, in commercialized and prototype systems, the ash is mechanically removed periodically 

during vehicle service, although unplugging can damage the catalytic coatings of filter (MECA, 

2005). In recent field trials, continuously regenerating traps supposed to last for 700,000 

kilometers, required maintenance or replacement every 100,000 to 200,000 kilometers (Walker, 

2004). 

Diesel particulate filters are usually made of brittle materials like ceramic which can 

crack due to material fatigue resulting from temperature fluctuations and mechanical stresses. 

Filter crack can significantly reduce the filter efficiency (Van Setten et al, 2001). Researchers 

have tried to solve this problem by better canning of the filter. However, canning itself can exert 

a high pressure on the filter and might cause mechanical stress (Van Setten et al, 2001). Strong 

temperature gradients on the filter can be created during regeneration cycles, and the ceramic 

structure of the filter can melt during an uncontrolled soot burn (Ohno et al, 2000; Heck et al, 

2002). Van Setten et al, 2001 describe an example of mechanical filter failure and cracking, 

resulting in ceramic flakes from the filter going into the turbo charger and destroyed the radial 

turbine.  
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Because of the problems with filters and filter regeneration, some scientists believe that 

along-term solution to the problem of diesel particulate emissions has not been found and that 

improvements to diesel particulate capture technology are needed (Okubo et al, 2004; Zhang-

Steenwinkel et al, 2004, Zheng and Keith, 2007). The Mine Safety and Health Administration 

(MSHA)  stated that although particulate traps offer promising technology, “In-use deficiencies, 

secondary emissions, engine backpressure, DPF regeneration, DPF reliability and durability are 

major issues requiring additional research and engineering” (MSHA, 2003). 

 

1.4.3 Electrostatic Precipitators: 

In addition to filters and catalysts, electrostatic precipitators have been investigated by 

others as DPM removal devices. Electrostatic precipitators (ESPs) were invented in 1907 with 

the need to control air pollution from smelters. Now, ESPs are among the most widely used of all 

air pollution control devices. The combination of high efficiency and low pressure drop make 

them attractive particle collection devices. The large majority of ESP applications have been 

installed at large utilities and at heavy industry like steel mills and cement plants. A few efforts 

to miniaturize ESPs and use them on diesel engines have been attempted. 

The very first study of this kind was performed by Faulkner in 1981 (Faulkner et al, 

1981). As part of his work, Faulkner used thick needles as the charging electrodes. Deposition of 

soot close to the needles decreased the collection efficiency substantially and the ESP could not 

achieve high removal efficiencies (Faulkner et al, 1981). In another study, Masuda and Moon 

(1983) built a moving belt electrostatic precipitator and tested it on diesel exhaust. The moving 

belt was designed to remove the soot from the internal collection surface. Although they could 

capture 95 percent of the diesel soot, the complex design of the ESP appeared to prevent its 
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commercialization. Farzaneh et al (1994) built a wire-tube electrostatic precipitator using 

hexagonal tubes and tested it with diesel exhaust. The results showed 95% mass-based PM 

removal efficiency but a regeneration technique was never developed, and the research did not 

result in a commercial product (Farzaneh, 2005).  

Saiyasitpanich et al used a cylindrical wet electrostatic precipitator (wESP), which used a 

film of water to remove the collected soot from the collecting tube of the ESP (Saiyasitpanich et 

al, 2006). The wESP was tested with a 75kW diesel engine under different loads, flow rates, and 

gas residence times. The wESP could achieve removal efficiencies above 95 percent, but the 

high removal efficiencies required a power consumption of 4100 watts (Saiyasitpanich, 2006). 

For comparison, the entire electrical system of long-haul tractor trailers typically produces 

approximately 5000 watts of electrical power for all their on-board systems. 

In addition to the studies mentioned above, studies have been performed using 

electrostatic coronas (a.k.a. non-thermal plasmas) in diesel exhaust (Thimsen et al, 1990; 

Wadenpohl and Loffler, 1994; Ciach and Sonowski, 1996; Yao et al, 2004). The coronas were 

used to agglomerate the particles upstream of a standard mechanical filter improve the collection 

efficiency of the filter. These non-thermal plasmas were not used to charge the particles and then 

collect them with an electrical field as in standard ESP operation. 
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1.5 Objectives 

Large-scale electrostatic precipitators are common at coal-fired power plants and on large 

industrial furnaces, and they show outstanding PM removal performance. They demonstrate very 

low pressure drop and high particle collection efficiency. However, ESPs have not been 

successfully miniaturized for diesel-powered sources, like trucks, construction machinery, or 

mining machinery.  None of the experimental diesel exhaust ESPs investigated over the last 20 

years has been successfully commercialized. The objectives of this research were to design, 

construct, and test a small-scale ESP and evaluate its performance to reduce emissions of diesel 

exhaust particulate. The target is to achieve a control efficiency of 90 percent. 

 

The specific research objectives of this work were: 

 

1- Determine the fundamental electrostatic properties of small-scale ESPs over a range of 

operating parameters. Investigate the onset voltage, voltage-current relationship, and 

sparkover voltage properties of the small-scale ESP, as a function of wire diameter and 

plate-to-plate distance. Compare the empirical data to the standard equations developed 

from large scale industrial ESPs. 

 

2- Measure the mass concentration removal efficiency of the small-scale ESP as a function 

of wire diameter, plate-to-plate distance, and fuel type. 
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3- Measure the number concentration removal efficiency of the small-scale ESP as a 

function of wire diameter, plate-to-plate distance, and fuel type. 

 

4- Investigate the mass and number concentration removal efficiencies of the small-scale 

ESP under different engine load conditions. 
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CHAPTER 2 

FUNDAMENTALS OF ELECTROSTATIC PRECIPITATION 

 

2.1 Introduction 

The role of corona discharge and electrostatics in separating gases and airborne particles 

has been known since 1824 when Hohlfeld used corona discharge to clear smoke contained in a 

bottle (Hohlfeld, 1824). Successful industrial use of electrostatic precipitators (ESPs) started in 

1906 with Cottrell's use of the technology to collect sulfuric acid, lead, and zinc oxide fumes 

from large industrial gas streams (Cottrell, 1908). ESPs are now among the most common 

particulate emissions control devices at coal-fired power plants and at industrial facilities such as 

cement plants and metal smelters.  

Most particle control devices either redirect or somehow obstruct the flow to separate the 

particles. For instance, cyclones cause the whole flow to turn and separate particles with higher 

inertia. In mechanical filtration, the entire flow goes through a porous media, often constructed 

of fibers or porous foams, and the bending of the gas streamlines is the basis for separation. The 

process of redirecting the flow and the drag of the gas flow on the filter surfaces will cause a 

pressure drop, which can be substantial in many filtration devices.  

In contrast, ESPs only exert electrostatic force on the particles. The gases are not 

redirected or turned in an ESP and therefore, they will have a comparatively lower pressure drop. 

As a result, the cost of operation for an ESP can be much lower than the cost of cyclonic or 

mechanical filtration systems. In addition, with proper engineering the removal efficiency of an 

ESP can be more than 99 percent for certain types of particulate which is remarkable considering 

the low pressure drop. 
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Figure 2.1 shows a diagram of a single stage electrostatic precipitator. The discharging 

electrode can be a needle or a wire and the collecting electrode can be a plate or a tube. During 

electrostatic precipitation, dirty air flows into the ESP and enters a high-voltage electric field 

generated by a series of wires and plates. Gas molecules are ionized in the intense electric field 

strength near the discharge electrode. The ionized gas molecules consist of both negative and 

positive components and the negative ions will migrate in the electric field toward the collecting 

electrode, effectively creating an electric current between the electrodes. On the way to the 

collecting electrodes, some of the ions will impact or diffuse to the surfaces of the incoming 

suspended particles and charge them. This process transfers charge from the ionized gas to the 

previously-uncharged suspended particles. The now charged particles will now move under an 

electrostatic force to the collecting plates. The particles will deposit on the collecting electrodes 

and at this point the gas has been cleaned of suspended particulate. The last step in practical ESP 

operation is the removal of the suspended particulate from the collecting electrodes (Parker, 

1996). In this chapter, these steps will be discussed in details and the design process of an ESP 

will be explained. 
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Figure 2.1 Schematic diagram of an electrostatic corona producing current (redrawn 

from Mizuno, 2000)  

 

2.2 The Chemistry of Electrostatic Corona Formation 

Formation of an electrostatic corona has two main prerequisites: an ionizable gas near the 

electrodes and a strong electric field for energizing the molecules. Many of the compounds found 

in air, either polluted or clean, are easily ionized in strong electric fields. For normal air in an 

electrostatic corona, the corona is the location of numerous chemical reactions, which produce a 

steady current of positive and negative ions (Hoeben, 2000): 
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[Chemical Reaction List for Corona Formation] 
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The chemical reactions are for a negative corona happening in humid air. Using diesel 

exhaust as dielectric can result in more reactions due to additional chemicals in the exhaust like 

sulfur dioxide and sulfur trioxide. The chemical reactions formed during negative and positive 

corona are completely different. Due to these different formation mechanisms, negative coronas 

typically produce twice as much current as positive corona.  

The polarity of the discharging electrodes specifies the type of the corona and the charge 

that will be imparted to the particles suspended in the gas being cleaned. If the discharge 

electrode is negative, then the corona will produce negative ionic current to travel from the 

discharge electrode through the air gap to the collecting electrode. Likewise, if the discharge 
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excitation 
excitation 
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electrode is positive, then the corona will produce positive ionic current to travel from the 

discharge electrode to the collecting electrode. From the very first days of using electrostatic 

precipitation as a particle control means, negative corona showed superiority in terms of particle 

collection efficiency (Cottrell, 1908).  

 

2.2.1 Positive Corona 

Positive corona is usually used in small air purifiers that are common in American homes 

and offices. Low concentration of produced ozone makes this type of corona desirable for 

residential use. In positive corona, applying the strong electric field will move the electrons and 

ions which are already in the dielectric. Electrons have a very high mobility and will move very 

fast in an electric field. Consequent collisions of the electrons with the molecules will detach 

more electrons from neutral molecules and will form a primary electron avalanche. Also, 

photoionization removes more electrons from the molecules and forms a secondary avalanche. 

While the electrons are absorbed to the wire which is positive, the positive ions will move 

towards the collecting electrodes. Positive coronas in air have a smooth purple appearance 

evenly distributed along the discharge electrode. 

 

2.2.2 Negative Corona 

Negative corona is the type of corona which is usually used for particle collection in 

industry. The main differences between negative and positive coronas are in the ion types that 

travel the air gap. In positive corona, electrons move towards the discharging electrodes and 

positive ions move towards the plates; whereas in negative corona, the negative discharging 

electrode will repel the electrons and absorb positive ions. Due to high mobility of the electrons, 
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there is higher likelihood of complete air breakdown into plasma compared to positive corona. 

This breakdown will create continuous sparking which will hinder the operation of an ESP. 

Therefore, negative corona can only happen in gases with high electron affinities. In gases like 

O2, after the electron leaves the highly-energized region close to the discharging electrodes, it 

collides and attaches to a molecule and forms a negative ion. These negative ions have much 

lower mobilities compared to electrons and these ions will conduct the electricity across the air 

gap. 

Unlike positive corona, the appearance of negative corona is in form of non-uniform blue 

tufts and brushes all along the wires. Another difference between positive and negative corona is 

the audible pulse and the shake of the discharging electrode. All these phenomena are attributed 

to higher mass of positive ions which collide with discharging electrode. These collisions also 

detach more electrons from the wires which are believed responsible for high current seen in 

negative corona.  

 

2.3 Fundamental Electrical Properties of an ESP 

The ability of an ESP to remove suspended particles depends substantially on the 

quantity of charge imparted to the particles. Particle charging on the other hand is a function of 

the level of ionic current that the electrodes produce, which itself is dependent upon the voltage 

at which the ESP is operated. 

There are two voltage endpoints that determine an ESP operating range. Onset voltage is 

the lowest voltage difference applied across the electrodes that produces an electric field 

sufficient to start the ionization of air molecules and produce a measurable ionic current. 

Sparkover voltage is the highest voltage that produces steady current output in an ESP, without 
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producing sparking at a rate that prevents operation. An ESP can only be operated at a voltage 

between these two endpoints. In between these voltages, there is a gradual increase in current 

production with increasing voltage, a trend known as the voltage-current relationship. Onset 

voltage, sparkover voltage, and the voltage-current relationship are collectively the fundamental 

electrostatic properties of the ESP and estimating them is an important component of ESP design.  

 

2.3.1 Onset Voltage 

The first comprehensive study on electrostatic coronas started in 1907 by F.W. Peek 

(Peek, 1911). This research was funded by General Electric and the results of were published in 

three manuscripts entitled “The Law of Corona” which described corona formation in detail and 

modeled it physically for the first time. The work included an extensive investigation of the 

strengths of electric fields required to start coronas, the onset electric field strengths Equation 2.2 

shows the general form of Peek’s onset electric field strength equation. 

                    

a
BAE δδ +=0  (2.2) 

 

Peek suggested values of 3*106 V/m and 9*104 V/m1/2 for the empirical coefficients A 

and B. Although more recent researchers have suggested different coefficient values for onset 

voltage equation, their values were very close to the original ones proposed by Peek values and 

the general form of the equation remains unchanged (Robinson, 1978; Lowke et al, 2003). For 

the geometry of plate and wire ESPs, Equation (2.3) can be used to convert onset electric field to 

onset voltage: 
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2.3.2 Sparkover Voltage 

Sparkover voltage of the ESP (or in some references flashover voltage) is the voltage that 

the ESP cannot operate anymore due to extensive sparking. Peek’s equation for sparkover 

voltage only holds for room temperature and does not take the effects of temperature and 

pressure into account. Empirical data has demonstrated that sparkover voltage is in fact a 

function of temperature and pressure, and modifications to Peeks sparkover relationship have 

been developed (Turner, 2000). 
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2.3.3 Voltage-Current Relationship 

Additional early work on electrostatic coronas was performed by J.S. Townsend, who 

described the voltage-current relationship in electrostatic systems (Townsend, 1915). Townsend's 

equation states that the relationship between applied voltage and consequent current depends on 

the diameter of the wire and the distance between the electrodes. 
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Townsend equation's predicts a parabolic relationship between voltage and current, a 

trend that is observed in empirical experiments. Other researchers have offered alternative 

parabolic equations of the form shown in Equation 2.7 (Seaver, 1995; Mizuno, 2000). 

 

i=MV(V-V0)    (2.7) 

 

where M is an empirical constant. This equation is simpler than equation (2.6). However, the 

concepts rolled into the empirical constant A are representing quite a few parameters from the 

full Townsend equation, and it varies as a function of plate-to-plate distance, wire diameter, and 

dielectric constant.  

Cooperman developed an approximation for the Townsend equation calculated the 

constant for low currents (Cooperman, 1952).  
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This equation is true if plate-to-plate distance is less than the distance between the rows 

of wires. This assumption is virtually always true in practice. 

Another approximation was suggested by White for large currents (White, 1963). 
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There are numerous alternative methods to calculate the voltage-current relationship 

(Fazel and Parsons, 1923; McDonald et al, 1977; McLean et al, 1986; Talaie et al, 2001). 

However, in this study, Townsend’s classic equation, equation (2.6) was used to compare the 

experimental data with theory. Also, equations (2.2) to (2.4) were used to calculate the other two 

fundamental electrical properties of the ESP. 

 

2.4 Particle Charging 

After corona discharge is established by strong electric fields near the discharge 

electrodes, there will be a flow of ionic current between the discharge and collecting electrodes. 

When the air gap between the electrodes is filled with suspended particles, the ions may collide 

with the particles and impart their charge to them. The ability of particles to accumulate charge is 

a function of many factors, including particle size, dielectric constant, and their residence time 

within the ESP. The physical mechanism of particle charging can be absolutely different 

depending on the size of the particle. The main charging mechanisms in a corona discharge are 

diffusion charging and field charging.  

 

2.4.1 Diffusion Charging 

Diffusion charging is the main mechanism for particles with a diameter less than 200nm 

(Hinds, 1999). These small particles are charged due to Brownian motion and random collisions 
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with air ions. An analytical equation for calculating charges on a particle after diffusion charging 

has been derived by White (White, 1963). 
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In this equation, τ  is a dimensionless parameter representing time that is defined by the 

following equation: 
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An alternative and more complex description of diffusion charging was proposed by 

Lawless, which requires numerical techniques to solve. (Lawless, 1996). Since diffusion 

charging is a stochastic phenomenon; particles will receive a distribution of charges, and there is 

always a probability for particles to receive significantly more or less charge than predicted by 

either Equations 2.10 or 2.11. However, in practice, after about three dimensionless time units, 

the charging process via diffusion becomes very slow (Turner, 2000). 

 

2.4.2 Field Charging 

Whereas diffusion charging is the dominant charging mechanism for very fine particles, 

the external electric field plays a direct role in charging particles bigger than 1µm. Particles of 

this size have sufficient size and surface area to be impacted by the rapidly moving ions that 

comprise the current in the air gap of the precipitator. Particles obtain charge when their path 
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intercepts lines of force in the electric field, since the ionic current follows these lines of force 

from the discharge to the collecting electrodes. 

At a time t, the number of charges on the particle due to field charging can be calculated 

by the following equation: 
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2.4.3 Maximum Particle Charge – A Limit to Electrostatic Particle Collection 

As particles collect charges in an ESP, they will acquire their own local electric fields 

causing nearby distortions in the external electric field being maintained by the electrodes 

(Figure 2.2). The magnitude of the local electric fields and distortions depends on the 

conductivity of the particles and the amount of charges they carry. The localized electric fields 

can negate the driving force for additional field particle charging, since the electric fields 

produced by the first several ions to impact on a particle surface will tend to repel ions of the 

same polarity. This reduces the rate of charging and finally at a specific charge, no additional 

charging occurs on the particles. This charge is known as saturation charge and can be calculated 

using the following equation (Hinds, 1999): 
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Figure 2.2 A conducting particle in a uniform field a) Uncharged particle b) partially 
charged particle c) Particle at saturation charge (Hinds, 1999) 
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2.4.4 Combined Charging 

When the particle diameter is between 0.2µm and 1.0µm, both charging mechanisms are 

effective at putting charges on particles. A reasonable method to predict the charge on the 

particles in such situation is to simply add the charge by diffusion mechanism to the charge 

obtained by field charging mechanism. This method has been shown experimentally to provide a 

good approximation of the charges actually collected by particles (Turner, 2000; Unger, 2004). 

An older analytical method, developed by Cochet, can also be used to calculate the 

quantity of charge collected by the particles as a result of the two methods (Cochet, 1961). 

Cochet assumes that if the charging time is infinite, particles of the same size will eventually 

collect the same charge.  
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Other than these two analytical models, numerical models have been suggested to 

calculate the number of charges on the particles (Lawless, 1996). However, Sato suggested that 

adding up equations (2.9) and (2.12) agreed best with his experimental data (Sato, 1987). 

 
2.5 Particle Migration 

After suspended particles are charged in an electrostatic precipitator, the force exerted by 

the external electric field will move the particles towards the collecting electrode. This force can 

be much greater than other forces acting on particles, such as drag gravitational forces.  

 

F=qE                                                                                 (2.15) 
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Where q is the sum of charge put on the particle during the charging process . 
 

q=(nF+nE)e                                                                       (2.16) 

 
The force moves the particles towards the electrode of the opposite polarity. i.e. in a 

negative corona precipitator, the particles obtain a net negative charge and the electrostatic force 

pushes them toward the positively charged collecting electrodes.  Motion towards the 

collecting electrode is typically perpendicular to the main flow through the precipitator, so the 

motion towards the collecting electrode starts from zero and then accelerates until the 

electrostatic force is in equilibrium with the drag force on the particles. The drag force will 

depend on the turbulence regime of the particle motion. For particles with low net charge, or in 

weak electric fields, particle velocity might be in the Stokes regime, and terminal electrostatic 

velocity can be calculated using the following equation (Hinds, 1999): 
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For most practical electrostatic applications, particle motion is likely to be well outside 

Stokes regime, so terminal electrostatic velocity cannot be calculated analytically and numerical 

methods are necessary. 
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In practice, the equation can be easily solved using tables or graphical procedures (Hinds, 

1999). At this point, the particle will travel at a terminal velocity until impaction on the 

collecting surface.  

In addition to Hinds’ equation for terminal electrical velocity, a new analytical method 

was developed based on equations suggested by Reist (Reist, 1993).  
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2.6 Particle Collection 

Particle collection is the last step in removing suspended particles from a gas flow. The 

removal mechanism behind electrostatic precipitation is the collision of particles with a solid 

collecting electrode, causing the particles to deposit and thus removing them from the gas. 

Particles are held on to the collecting electrodes by a combination of van der Waals, electrostatic 

attraction, and surface tension forces. Although particle collection seems like a straight forward 

process, it can actually be very complicated. After particle deposition, there is always a 

possibility of detachment from the collecting plates. The process of particle detachment followed 

by resuspension in the gas stream is known as reentrainment. A very intense electric field 

coupled with particles with very low conductivity can cause a high-intensity localized electric 

field that can cause back corona and return the particles to the flow. Also, particles with very 

high conductivity can lose their electrostatic charge very quickly, reducing the force keeping 

them adhered to the collecting surface, and increasing the likelihood of detachment. Also, other 

factors like an increase in turbulence in the gas flow or the heat and vibration created during 

sparking events can lead to reentrainment.  
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2.6.1 Particle Collection in Laminar Flow 

The turbulence regime of electrostatic precipitators can impact their performance. In 

large-scale industrial and utility ESPs, laminar flow in the precipitators is highly unlikely under 

normal operation, given the flow rates and channel sizes involved. However, for small-scale ESP 

units, where the plates-to-plate distances can be on the order of a centimeter, laminar flow is 

possible. In an ESP with laminar flow, the initially uncharged particles are moving in a straight 

line and turbulence of the flow does not disturb particle motion. Consequently, particle collection 

only becomes a function of motion in x and y directions. i.e. if migration velocity is large enough 

so that the particle moves fast enough in y-direction to hit the plates before leaving the ESP, it 

will be captured (Figure 2.2).  

 

Figure 2.3 Particle motion in ESP with laminar flow (redrawn from White, 1963).  
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Therefore, the collection efficiency of the ESP will be defined by the following equation: 
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Theoretically, achieving an efficiency of 100 percent is feasible when the flow inside the 

ESP is laminar and the residence time is sufficient. Even for a precipitator operating under 

laminar conditions, Equation 2.21 will not completely describe performance, because it does not 

account for particle bounce and reentrainment. 

  

2.6.2 Particle Collection in Turbulent Flow 

When gas flow is turbulent, turbulent eddies make particle collection a more complicated 

process than the laminar case. Since the turbulent flow is dictating the 3D trajectories of 

uncharged particles, their paths before charging can be complex. The turbulent trajectory and the 

perpendicular velocity component created by the electrostatic migration will result in a 

probabilistic distribution of particle trajectories and particle positions in the precipitator.  

A simple relationship was developed to describe the collection efficiency of an ESP 

under turbulent flow conditions, as a function of electrostatic, flow, and geometric parameters 

(Deutsch, 1922). In the relationship, it is assumed that at a short distance from the collecting 

plates, the collecting electric field is so strong that any particle which enters the region will be 

captured. Now, the problem of collection efficiency is reduced to calculating the probability of 

the particle entering the capturing zone.  

 Deutsch employed this approach to solve the problem and came up with his famous 

particle collection equation (Deutsch, 1922): 
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In addition to the assumption mentioned above, Deutsch assumed that precipitation 

electric field strength and migration velocity are constant near the collecting plates. White (1963) 

indicated that a few of the assumptions in obtaining equation (2.21) are reasonable assumptions. 

For example, because of the flow turbulence the particle concentration is probably uniform at 

any cross section. Also, gas velocity is uniform except near the walls. White suggested that if 

disturbing effects like reentrainment are reduced, the agreement between Deutsch and 

experimental data is very good (White, 1963). However, the Deutsch equation has been criticized 

by a few other scientists and alternative equations have been suggested (Matts and Ohnfeldt, 

1964; Cooperman, 1970; Riehle and Lottler, 1994; Lowke et al, 1998). 

 
k

k QAweEff )/(1−=  (2.23) 

 

In this equation, wk is average migration velocity and k is a constant between 0.4 and 0.6. 

k depends on the size distribution of the particles and other factors affecting collection efficiency.  

 White suggested using an approach close to Matts-Ohnfeldt equation for Deutsch 

equation (White, 1982). Instead of calculated migration velocity (w), effective migration velocity 

(we) will be used in Deutsch equation. 

 

)/(1 QAweeEff −−=  (2.24) 

 

Effective migration velocity is in fact an empirical value which accounts for a lot of 

effects specific to a particular aerosol, size distribution being the most important one of them. 
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Therefore, using an empirical factor in the in Deutsch equation tends to improve its agreement 

with observational data.  

 



 
 

42 
 

CHAPTER 3 

EXPERIMENTAL METHODOLOGY AND LABORATORY SET-UP 

 

3.1 The Fundamental Electrical Properties of Small-Scale ESPs 

The majority of the experimental studies on electrostatic precipitation have been 

performed with geometric scales appropriate for large industrial and utility precipitators, with 

plate to plate distances larger than 20 cm and wire diameters larger than 1 mm. Recently, some 

small-scale ESPs have been investigated or developed for applications like occupational particle 

sampling, household air purification, and diesel exhaust particle filtration (Farzaneh et al, 1994; 

Schaughnessy et al, 1994; Armendariz et al, 2003; Armendariz and Leith, 2003; Volkens and 

Leith, 2003). However, experimental data and empirically-based design guidelines for small-

scale ESPs with thin wires and small electrode spacings are still comparatively few in number. It 

is difficult to ascertain the validity of the large-scale design models for designing small-scale 

units. The objectives of this portion of the research were to determine the fundamental 

electrostatic properties specific to small-scale ESPs over a range of operating parameters. Onset 

voltage, voltage-current relationship, and sparkover voltage properties of the small-scale ESP 

were measured as a function of wire diameter and plate-to-plate distance. The results were 

compared with the classical equations of electrostatic precipitation. 
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3.1.1 Design and Construction of the Prototype Small Scale ESP 

With the lack of design guidance and performance data specific to small-scale 

precipitators, the traditional ESP guidelines developed for large industrial units were used as the 

starting point for the design of a small-scale ESP prototype. The ESP was sized to collect 

particulate from a flow of 0.6 actual m3/min of exhaust at a temperature of 120 oC from a diesel-

powered electric generator. Based on published characterizations of diesel exhaust particulate, 

the mass median diameter was estimated to be 300 nm with a geometric standard deviation of 2.0 

(Kittelson, 1998). The target mass collection efficiency for the diesel exhaust particulate was 

90%. 

The prototype was a single-stage unit with exterior dimensions of 21 x 21 x 33 cm, and it 

could be fitted with up to seven internal 150 x 250 mm collecting plates. The ESP shell and 

plates were constructed from 1 mm (18 gauge) 304 stainless steel. The plates were supported on 

two plate rails: 5 mm diameter steel rods that ran the width of the unit. Two shaft collars, 5 mm 

ID x 12 mm OD x 6 mm width, were welded to each plate and the shaft collar set screws were 

used to fasten the plates into position on the plate rails. With the shaft collar and plate rail 

system, the number and position of the plates, and the total collecting plate area could easily be 

adjusted. Figure 3.1 shows a diagram of the small-scale ESP. 
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Figure 3.1 Dimensions of the prototype 

 

 
Figure 3.2 Rail system used to energize electrodes in ESP. 
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The charging electrodes for this ESP were straight wires constructed from 0.13 mm 

(0.005 inch), 0.20 mm (0.0080 inch), or 0.50mm (0.02 inch) diameter stainless steel wire. The 

wire diameters were verified by microscopic filar analysis. Each wires was cut to a length of 

approximately 20 cm and loops were made and secured on each end of the wire with pin contacts. 

The loops were attached to hooks on the shaft collars. The ESP was designed for up to five rows 

of wires, but a single row was used for this experiment. Two 5 mm diameter steel rods, 2 cm 

above and below the collecting plates, were used to hold the wires taut in the ESP. Shaft collars 

held the ends of each wire and allowed the user to easily change the wire positions. The same 

type of shaft collars used to secure the plates to the plate rails were used as the terminal ends of 

the corona wires. Two wire rails were used, one each on the top and bottom of the ESP. With this 

arrangement, wire and plate positions were easily changed between experiments, and the number 

of wires in the ESP could be changed with minor adjustments. Figure 3.2 shows the details of the 

plate rail and wire rail system of the ESP. 

Teflon tubes were used to sheath the wire and plate rails to prevent contact between the 

rails and the outer shell of the ESP. Mylar sheets were used to insulate the internal surfaces of 

the ESP. Very high electrical resistance of mylar insured that random sparking from the 

electrodes did not energize the ESP shell.  

 

3.1.2 Power Supply and Electrical Testing 

 The high voltage power equipment used for the investigation of the electrical properties 

of the small-scale ESP are shown in Figure 3.3. Two high voltage power supplies (HVPS) 

(Acopian, models P020HA3 and P010HA6, Easton, PA) were used to generate voltage 

difference between the wire and plate electrodes of up to 20,000 volts, with a maximum power 
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output of 60 Watts. The voltage output from the HVPS was externally controlled with a variable 

12-volt DC power supply connected to the control terminals of the HVPS. Use of the variable 

12-volt power supply allowed for control of the output from the HVPS at 50 volt increments. 

The output from the HVPS was monitored with two digital voltmeters connected to the HVPS 

monitoring terminals, one for current monitoring and one for voltage monitoring (Laurel 

Electronics, Model DPM, Costa Mesa, CA). Tests were performed with positive corona, i.e. with 

the positive HVPS lead connected to a wire rail, and also with negative corona, i.e. with the 

positive HVPS lead connect to a plate rail. Current outputs from the HVPS as small as 0.0001 

mA (0.1 microamp) were detectable with the digital voltmeters. With approximately 20 to 100 

cm of charging wire in the ESP during a test, the minimum detectible currents for each test 

ranged from 0.001 to 0.005 microamps/cm. 

The electrical properties were investigated with a single wire diameter of 0.13 mm, and at 

plate-to-plate distances of 1.5, 2.0, and 2.5 cm, corresponding to plate-to-wire distances of 0.75, 

1.0, and 1.25 cm. Then, a single plate-to-plate distance of 2.0 cm was used to investigate 

electrostatic properties at wire diameters of 0.13mm, 0.21mm and 0.50mm. The positions of the 

plates and wires were measured with high-precision calipers (Swiss Precision Instruments, 

Model 12-529-4, Garden Grove, CA). Experiments were performed with 3-plate/2-wire and 6-

plate/5-wire configurations. 
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Figure 3.3 Setup of the high-voltage system 

 

 After setting the positions of the plates and wires and connecting them to the HVPS, the 

voltage supplied by the HVPS to the ESP was gradually increased from zero at approximately 

250 volt increments. The lowest voltage setting with measurable current production (at least 

0.0001 mA) was recorded as the onset voltage. Once the onset voltage was determined, the 

voltage was again increased at 50 volt increments. Sparks between the electrodes occasionally 

would occur at voltages beyond the onset voltage, and the frequency of sparking would increase 

with voltage. During sparking, the voltage was held constant until consistent current output 

resumed. The voltage which caused one or more sparks every two seconds was considered the 

sparkover voltage, and this was the upper end of the voltage-current experiment. The voltage and 

current data collected between the onset voltage and the sparkover voltage comprised a single 

voltage-current experiment. Five replicate voltage-current experiments were performed for each 

plate-to-plate distance and corona polarity.  
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3.2 Diesel Particulate Sampling and Analysis 

With the worldwide recognition in the problem of diesel particulate emissions, and the 

geographic diversity of companies that manufacture diesel vehicles and diesel machinery, there 

have been many designs and configurations of diesel particulate sampling and analysis apparatus. 

A few studies have compared different methods of DPM sampling across numerous laboratories 

and found out that there were wide differences in methods in different laboratories which 

consequently affected the obtained results (Kittleson et al, 1999; Lyyranen et al, 2004). Although 

there is still not a unified method for DPM sampling used by all laboratories, the major goal of a 

sampling system is to obtain DPM that is representative of the environment of interest, be that 

DPM in the combustion cylinder, exhaust system, or DPM in the ambient or occupational 

atmosphere. 

This objective of this portion of the research was to design and build a system for the 

generation, sampling, and analysis of diesel particulate matter. Because of the constraints 

imposed by working in an academic laboratory, there were considerations of both space and cost 

when designing the system, while at the same time not sacrificing the goal of building a system 

that would produce accurate results. One of the goals of the sampling system was to allow for the 

examination of mass concentration, number concentration, and size distribution with the same 

apparatus and only minor adjustments. 

 

 

3.2.1 Diesel Particle Generation and Capture 

The setup for the DPM generation, sampling, and analysis system is shown in Figures 3.4 

and 3.5. The footprint of the entire system in the laboratory was only approximately 7m2. Two 
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engines were used to produce the diesel exhaust. The main engine was a 5.5 kW diesel generator 

produced the diesel exhaust (Eastern Tools, model 178F) and the backup engine was a 6.5 kW 

generator (DUROPOWER, model 6500DES). Although the backup engine was slightly more 

powerful and produced a little more flow, the engines were actually very similar. Characteristics 

of the engines are listed in table 3.1. 

 

Table 3.1   Characteristics of Diesel Generators 
  

Model 178F 6500DES   

Manufacturer Eastern Tools Duropower   

Cylinder 1 1   

Displacement (L) 0.296 0.418   

Max. Power Output (kW) 5500 6500   

Injection DI DI   
 

Two lines of one inch galvanized steel pipe were used to transport the exhaust from the 

engine to the sampling lines and ventilation hoods. One line was the main line for sampling and 

analysis, and the second was a bypass line used for occasional maintenance or flow control. Two 

ball valves were used to adjust the flow that went through each line. The flow rate of the main 

line was measured using an orifice plate and a manometer, and temperature measurements were 

made at several locations using thermocouples. The sampling line was made from quarter inch 

stainless steel tubing which was introduced into the main line at an elbow, as shown in Figure 

3.4. The sampling line was inserted 15 centimeters into the main line and parallel to the pipe 

walls. The sampling line flow was metered by a calibrated and laboratory made venturi meter.  
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Figure 3.4 Exhaust transfer from the diesel generator to the hood 

 

 

 
 
Figure 3.5 Sampling System for measuring mass concentration, number concentration, 
and size distribution  
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3.2.2 Dilution system 

The sampling system was used for measuring three different DPM parameters: number 

concentration, mass concentration, and size distribution. Analysis of number concentration 

required a dilution ratio of at approximately 600:1 (clean air to diesel exhaust) to bring the 

number concentration and gas temperature into the operating range of the particle counting 

instrument being used. Mass concentration was determined by sampling exhaust directly onto 

pre-weighed filters without dilution. Size distribution was examined by sampling exhaust 

through a cascade impactor, which worked best with a dilution ratio of two to prevent rapid 

plugging of the final filter. This wide range of dilution ratio requirement meant that both dilution 

air flows and diesel exhaust flows had to be adjustable.  

Dilution air was supplied by an air compressor, but because of the very high 

concentration of water mist aerosol in the compressed air, it was filtered using a four stage air 

purification system - rough particle filtering, fine particle filtering, activated carbon adsorption 

(Master Pneumatic Detroit Inc., Model BFC70H-2E9, Sterling Heights, MI), Drierite adsorption 

(Hammond Dierite Company, Model 207, Xenia, Ohio). This reduced the number concentration 

from approximately 200,000 particles per cm3 to 0 to 1 per cm3, below clean room particle 

standards. The diesel exhaust and dilution air were mixed in a section of 50 cm long, half-inch 

diameter pipe which was incorporated into the sampling system to increase the flow Reynolds 

number and mix the dilution air into the exhaust. The rest of the sampling system after the 

mixing zone, like the main lines, was made from one inch galvanized steel pipes. The residence 

time of the gases from the muffler to the point of dilution and mixing was less than 0.25 seconds. 

Other researchers have recommended residence times less than 0.25 seconds between the point 
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of particle exhaust and particle dilution, to minimize errors from the condensation of vapors into 

the particle phase (Kittleson, 1999). 

 

3.2.3 Number concentration measurement 

Number concentration was measured with a condensation particle counter (CPC, 

Kanomax Model 3800, Andover, NJ). The CPC can detect particles larger than 15nm and it 

samples at 700cc/min. The particle concentration upper limit of the CPC is 105 per cc, and the 

maximum recommended temperature of sampled aerosol is 35 oC. The dilution air acts to reduce 

the incoming concentration to less than the upper limit and also to reduce the temperature of the 

diesel exhaust from almost 90 oC at the sampling probe inlet to 25 oC at the CPC. A particle 

nephalometer (Met One Model 228, Grants Pass, Oregon), sensitive to particles larger than 

500nm, was also used to sample the aerosol and provide information on coarse particle 

concentration. Pressure and temperature were both closely monitored upstream of the CPC and 

nephalometer to ensure conditions near 1 atm and below 35 oC during sampling. 

 

3.2.4 Mass concentration and size distribution measurements 

  Mass concentration measurements were performed by sampling diesel exhaust through 

pre-weighed 47 mm Teflon membrane filters held in a stainless steel cassette. The mass gain in 

the filter was divided by the volume of exhaust sampled to obtain mass concentration. Different 

filters were tested for this experiment and Teflon membrane filters (Pallflex Membrane T60A20, 

East Hills, New York) allowed for high efficiency collection and consistent flow rate during 

sampling. Size distribution analyses was performed using a cascade impactor (SKC Model 225-

370, Eighty Four, PA), which separated the particle mass into five size categories. All filters 
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used in the filter cassette and cascade impactor were weighed with a calibrated microbalance 

(Perkin Elmer, AD-6 Auto balance, Waltham, MA).  

 

3.2.5 Initial Testing of the Sampling System 

To test the initial configuration of the DPM generation, sampling, and analysis system, 

the exhaust from the diesel-powered generator was characterized several times over a period of 4 

weeks. The mean mass concentration of the particles coming from the diesel generator was 170 

+/ 30 mg/m3. The mean total number concentration was 3.4*1013 +/- 1.3*1012 particles/m3 (Low 

Sulfur Diesel used). Runs on different days produced similar results indicating that the sampling 

and analysis system had a high degree of precision. The size distribution of DPM from the 

generator showed that most of the mass concentration was contributed by particles with 250 nm 

or smaller diameters, in agreement to size distribution analyses obtained by other researchers. 

Experiments on dilution ratio ascertained that number concentration adjusted for dilution ratio 

did not vary when using dilution ratios from 600 to 800. This suggested that vapor condensation 

in the sampling lines was not biasing particle analyses. The total costs of the DPM generation, 

sampling, and analysis system, including electricity generator, CPC, microbalance, and piping, 

was approximately $24,500.  

 

3.2.6 Measuring the Collection Efficiency of the ESP 

The primary objective of this research is to reduce diesel particulate emissions through 

the development of electrostatic technology. Determining the effectiveness of any particle 

capture technology requires measuring its particle collection or removal efficiency.  Before 

measuring collection efficiency or conducting other experiments, the engine and piping system 
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were warmed up by operating the engine for at least 60 minutes. If there was load on the engine, 

the warm up period consisted of two 30 minute parts with and without load on the engine. 

The warm-up period was necessary for two main reasons. First, the composition of diesel 

exhaust during a cold start is different than the exhaust from a warm engine and this could affect 

particle removal efficiency. Secondly, after warm up, the temperature of the pipes and valves 

was generally constant and no longer changing. Tables 3.2 and 3.3 show how temperature and 

exhaust flow rate changed with time at different locations along the exhaust transport system. 

Both parameters were measured versus time with the engine running idle and at medium load. 

Point 1 was 1 meter away from the exhaust pipe. Points 2, 3, and 4 were 75 cm apart from each 

other and points 3 and 4 were monitoring the temperature before and after the ESP. Point 5 was 

the temperature at the point of sampling. The tables show that when the engine was running at 

idle, the ESP was collected the particles in exhaust temperatures ranging from 60 to 85 oC. 

However, with the medium load on the engine the temperature at the location of the ESP was 

usually greater than 100 oC. 

  
Table 3.2 Temperature variation with time at different locations of the sampling 
system (engine running at idle). All temperatures are in oC. 
 

  
Temperature 

after Point 1 Point 2 Point 3 Point 4 Point 5 Flow (L/s) 

  0 minutes 22.7 22.6 22.8 22.4 22.3 7.2 

  10 minutes 89 75.5 63 45.5 23.5 7.4 

  20 minutes 95 90 75 50.8 23.2 7.4 

  30 minutes 97 95 82 51.5 23.5 7.4 

  60 minutes 97 95 85 56 25.5 7.4 

  90 minutes 99 95 86 59 25.4 7.4 
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Table 3.3           Temperature variation with time at different locations of the 
sampling system (engine running at medium load). All temperatures are in oC.  
 

  
Temperature 

after Point 1 Point 2 Point 3 Point 4 Point 5 Flow (L/s) 

  0 minutes 22.7 22.6 22.8 22.4 22.3 8.6 

  10 minutes 125 104 84 48 23 8.6 

  20 minutes 138 117 104 65 26 8.6 

  30 minutes 137 125 106 70 27 8.6 

  60 minutes 142 127 115 70 26 8.6 

  90 minutes 149 127 124 71 27 8.6 
 

3.2.6.1 Measuring Collection Efficiency of the ESP – Number Concentration Basis 

Measuring the collection efficiency of the ESP on  a number concentration basis was 

performed by measuring the number concentration of particles just downstream of the ESP with 

the power supply to the ESP turned off (i.e. untreated number concentration), and measuring the 

concentration downstream with the power supply turned on (i.e. treated number concentration).  

In both cases, the CPC was used to measure number concentration. Particles in diluted untreated 

exhaust were analyzed for three minutes, followed by a one minute interval during which the 

ESP power supply was turned on, and then the CPC measured the treated number concentration 

for another three minutes. An alternating sequence of untreated and treated exhaust analyses was 

performed, and the overall number-based collection efficiency of the ESP was calculated using 

the following equation: 

 

100*
untreated

treateduntreated
number N

NN
E

−
=                                                                              (11) 
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where Enumber was the number-based removal efficiency of the small-scale ESP, Nuntreated was 

number concentration with the precipitator turned off, and Ntreated was number concentration with 

the precipitator on.  

 

3.2.6.2 Measuring Collection Efficiency of the ESP – Mass Concentration Basis 

Measuring the collection efficiency of the ESP on a mass concentration basis was 

performed with a procedure very similar to the one used to measure number concentration. Mass 

concentration was measured using pre-weighed Teflon sampling filters, with samples taken 

downstream of the ESP. Samples were taken, for ten minutes, with the power supply to the ESP 

turned off. Immediately after this untreated sample, the power supply was turned on and another 

ten minute sample was taken while the ESP was treating the exhaust. This procedure was 

repeated at least three times and three samples were taken with the power off, alternating with at 

least three samples taken with the power on. There was a five minute time interval, with the ESP 

off, between each pair of untreated/treated samples and the next pair. Based on these samples, 

the mass-based efficiency of the precipitator was determined for each sample with the following 

equation: 

 

100*
untreated

treateduntreated
mass M

MM
E

−
=                                                                               (12) 

 

where Emass was mass-based removal efficiency of the small-scale ESP, Muntreated was mass 

concentration with the precipitator turned off, and Mtreated was mass concentration with the 

precipitator on. Efficiency of the ESP at each voltage was determined by taking an average on all 

efficiency values associated with that voltage. 
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CHAPTER 4 

RESULTS: FUNDAMENTAL ELECTRICAL PROPERTIES OF SMALL-SCALE 

ELECTROSTATIC PRECIPITATORS 

 

4.1 Introduction to the Investigation of Small-Scale Electrostatic Properties 

The pioneering work of Peek and Townsend, discussed in chapter 2, became the 

foundation for decades of research on industrial electrostatic precipitation. In addition to the 

fundamental research on corona formation and its properties and behavior in different gases; the 

practical design, construction, and operation of ESPs have received much attention. Government 

manuals, journal articles, and technical guidance documents published since the 1950’s have 

properly focused on the issues necessary to successfully operate large industrial ESPs with 

capacities to treat tens to thousands of cubic meters per minute. Nonetheless, electrostatic 

precipitation has also been investigated or developed for small-scale applications like 

occupational particle sampling, household air purification, and diesel exhaust particle filtration 

(Faulkner et al, 1981; Masuda et al, 1983; Farzaneh et al, 1994; Shaughnessy et al, 1994; 

Volckens et al, 2002; Armendariz and Leith, 2003; Armendariz et al, 2003; Saiyasitpanich et al, 

2006). 

Although small-scale ESPs have many potential applications, the majority of the 

laboratory and industrial empirical data fundamental electrical properties is for large-scale 

industrial units. Table 4.1 shows a sample of some of the frequently-cited ESP 
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design literature and highlights some of its limitations in using the large-scale relationships for 

small-scale ESP design. 

 

Table 4.1. Limitations of the Traditional ESP Literature for Small-Scale Unit Design. 
 

Reference Comment 

White, 1955 Experimental data used pipes at least 10 cm in diameter 

White, 1963 The smallest plate-to-plate distance was 4 cm 

White, 1977 Wire-to-plate spacing values were between 20-30 cm 

Oglesby and Nichols, 1978 Smallest plate-to-plate distance was 10 cm 

Lloyd, 1988 Energization voltages were between 30kV-130kV 

Parker, 1997 
Typical plate-to-plate distances were 25-40 cm. Smallest 

unit described had 10 cm plate-to-plate 

USEPA, 1998 Typical wire-to-plate distance was between 20 to 30 cm 

Turner et al, 2000 Smallest flows evaluated were ~ 50 m3/sec (100,000 cfm) 

 

A prototype small-scale ESP was built to investigate the electrostatic properties of small-

scale ESPs. The goal of this portion of the work was to develop data to guide the design of an 

ESP for diesel particle collection, and to also provide empirical data to future researchers of 

other small-scale applications. The three fundamental electrostatic properties investigated were 

the onset voltage, the voltage-current relationship, and the sparkover voltage. The parameters 

varied during the experiments included corona polarity, plate-to-plate distance, and wire 

diameter. In addition, a comparison was made between measured electrostatic properties and 

those predicted by the standard equations. 
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4.2 Effect of Plate-to-Plate Distance on Fundamental Electrical Properties 

 

4.2.1 Empirical Results 

Figures 4.1 and 4.2 show current production as a function of voltage for the small-scale 

ESP, for negative and positive corona, respectively, for three plate-to-plate distances. The curves 

show the mean values of five replicates at each plate-to-plate distance, 1.5, 2.0, and 2.5 cm. The 

error bands are drawn at +/- 1 standard deviation from the mean current value. The curves span 

the range from onset voltage to sparking voltage. Current production is normalized per unit 

length of wire. 

The data indicated that current production decreased with increasing plate-to-plate 

distance at a constant voltage. For example, at 8000 volts with negative corona polarity, current 

outputs at 1.5, 2.0, and 2.5 cm plate-to-plate distances were 0.11, 0.03, and 0.01 mA/cm. This 

inverse relationship was in agreement with the trend predicted by equations (2.3) and (2.5) and 

by observations on large-scale units that show current inversely related to plate-to-plate distance. 

The data also indicate that the slopes of the voltage-current curves were inversely proportional to 

plate-to-plate distance, indicating that current production as a function of voltage increased more 

rapidly at smaller plate-to-plate distances than at larger ones.  

The data also indicated that sparkover voltage increased substantially with increasing 

plate-to-plate distance, a trend expected from the standard equations and the data from industrial-

scale units. In addition, positive corona sparkover voltages were always higher than negative 

corona values (P < 0.05). 
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The sparkover voltages were used with the onset voltage to determine the voltage 

operating ranges for each set of experimental parameters. The voltage operating range is 

essentially the maximum achievable voltage range over which steady current is produced and 

electrostatic precipitation is possible. The voltage operating range increased substantially with 

plate-to-plate distance across all tests. 
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Figure 4.1 Effect of Plate-to-Plate Distance on Voltage-Current - Negative Corona. 
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Figure 4.2 Effect of Plate-to-Plate Distance on Voltage-Current - Positive Corona 

 

There were no significant differences in onset voltage between positive and negative 

coronas for the three plate-to-plate distances tested (p ≥ 0.1). Current production began at 

approximately the same voltage regardless of whether negative or positive current was being 

produced. Since there were differences in the slopes of the voltage-current curves with corona 

polarity, with the negative corona experiments producing steeper curves, negative corona 

polarities consistently produced more current per applied voltage than the positive corona 

experiments (P < 0.01).  

Analysis of the plate-to-plate distance and corona polarity data together indicates that the 

combination of negative coronas and small plate-to-plate distances produced the highest currents 
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in the ESP. For example, the current at 80 percent of sparkover voltage for negative corona and a 

1.5 cm plate-to-plate distance (0.13 mA/cm) was 220% greater than the current for positive 

corona and a 2.5 cm plate-to-plate distance (0.06 mA/cm). Since negative coronas and small 

plate-to-plate distances produce the highest currents, these settings also would be expected to 

produce the highest ion densities, the maximum particle charging, and the highest particle 

collection efficiencies in small-scale ESPs.  

 

4.2.2 Comparison of Experimental and Theoretical Electrical Properties 

Table 4.2 summarizes the onset and sparkover voltages measured experimentally and the 

values predicted using traditional ESP relationships (i.e. using equations (2.2), (2.3), and (2.4), 

the empirically and theoretically determined equations for large-scale units). For both corona 

polarities, the measured onset voltages were not significantly different than the predicted values 

(p > 0.1). In this work, onset voltage was defined by the generation of at least 0.0001 mA of 

current. 
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Table 4.2 Experimental and Predicted Onset and Sparkover Voltages 

 

 
 

The measured sparkover voltage values were significantly lower than the theoretical 

values predicted with equation (2.4) (p < 0.01), with a mean difference of approximately 5000 

volts. The lower than predicted values might have been a result of the difficulties in maintaining 

perfect wire alignment in small-scale units. A misalignment in a large-scale unit of 1 mm (i.e. the 

wire being 1 mm closer to one plate than another) would be less important in a large scale unit 

with plate to plate distances of 20 cm (200 mm), than in the current precipitator with plate to 

plate distances on the order of 2 cm. Accurately predicted onset voltages and lower than 

predicted sparkover voltages, meant that our small-scale wire-plate ESP had a smaller voltage 

operating range than would be predicted by the equations, whether the unit was operated with 

negative or positive corona current. 

Along with the examination of onset and sparkover voltages, the differences between 

measured and predicted current production were examined. Equation (2.5) was developed by 
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Townsend to predict ESP current production and it was examined in this study to determine how 

well it predicted small-scale current production.  

The experimental voltage-current data and the voltage-current data predicted with the 

Townsend equation (2.5) and Cooperman's low-current approximation (Equations (2.6) and (2.7)) 

are plotted in Figure 4.3. The error bars on the experimental data in Figure 4.3 are one standard 

deviation from the mean. 

  There were large differences in predicted voltage-current behavior depending on whether 

Townsend or Cooperman equations were used. For negative coronas, the slopes of the measured 

voltage-current curves were accurately predicted using the modified Townsend equation, but the 

low current approximation produced shallower curves, underpredicting current production as a 

function of voltage.  

The standard Townsend equation is more complicated to use than the low current 

approximation of Cooperman, but it consistently generated more accurate predictions of current-

voltage behavior. Cooperman's approximation consistently underpredicted current over the entire 

voltage operating range. The plate-to-plate distances and wire diameters of the ESP tested in this 

work were much smaller than the dimensions in typical industrial units. These small distances 

produce extremely high current densities. Typical current densities in industrial precipitators 

range from 0.05 to 1 mA/m2 of collection plate area (McLean et al, 1986). For our small-scale 

ESP, the currents midway between the onset and sparkover voltages produced current densities 

of approximately 25 mA/m2 plate area. The high currents produced by the small-scale ESP are a 

potential reason why Cooperman's approximation is inappropriate at these dimensions. 
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In addition, the data showed that the Townsend equation (equation 2.5) could accurately 

predict current production for the plate to plate distances on the upper end of those tested in the 

small-scale unit, but agreement was poorer for the smallest plate to plate distance.  

To investigate the reasons why the Townsend equation worked well at some plate to plate 

distances but not others, several additional voltage-current tests were performed at larger plate-

to-plate distances: 3.0, 4.0, and 5.0 cm. Then, sing the measured current production at each 

voltage and the known  
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Figure 4.3 Comparison of measured and predicted voltage-Current trends. Data points 
are given for experimentally measured data, filled symbols are negative corona data points, 
and open symbols are positive corona data points. (a), (b), and (c) are negative corona 
currents, (d), (e), and (f) are positive corona currents. 
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known plate-to-plate distances, the Townsend equation was solved to determine the ion mobility 

value that produced the best agreement between predicted and measured current. Ion mobility is 

a physical parameter which describes the velocity of ionic motion in air as a ratio to the electric 

field strength in the area around the ions. 
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Figure 4.4 shows the electrical mobility values required to achieve perfect agreement 

between our empirical data and the Townsend equation. The data show that mobility values 

reach a minimum value at plate to plate distances larger than 4 cm. At plate to plate distances 

smaller than this, there was a gradual and then sharp increase in ion mobility. 

Beyond plate to plate distances of 4 cm, the best agreement between predicted and 

measured current production was with mobility values of 1.2 cm2/v.sec for negative ions and 1.6 

cm2/v.sec for positive ions. These values are in good agreement with the work of other 

researchers, including Charry and Kavet, who reported positive ion mobilities to range from 0.7 

to 1.8 cm2/v.sec and negative ion mobilities to range from 1.0 to 2.4 cm2/v.sec (Charry and 

Kavet, 1987). In addition, Hinds (1998) recommended ion mobility values of 1.5 for both current 

polarities.  

At plate to plate distance smaller than 4 cm, the apparent ion mobilities determined with 

the small-scale ESP were substantially greater than the values in the standard references. At a 1.5 

cm plate-to-plate distance, the ion mobilities of the small-scale ESP were 4.7 cm2/v.sec for 



 
 

68 
 

negative and 2.2 cm2/v.sec for positive ions.  The high mobility values at very small plate-to-

plate distances is possibly due to a substantial proportion of the currents being carried either by 

free electrons, or small molecular weight primary ions. The number of free electrons and small 

ions in the ionizing region of an ESP is very high and at small plate-to-plate distance like 1.5 cm, 

the ionizing region is very close to collecting electrodes. This will cause a sharp increase in the 

value of mobility since free electrons and small ions have very high mobilities due to their 

extremely small masses (Hinds, 1998).  
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Figure 4.4 Calculated mobility versus plate-to-plate distance in small-scale ESPs  

 

An important benefit of the design of the prototype unit was the extremely high current 

densities. Typical current densities in industrial precipitators range from 0.05 to 1 mA/m2 of 
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collection plate area. For our small-scale ESP, the currents midway between the onset and 

sparkover voltages produced current densities of approximately 25 mA/m2 plate area. In spite of 

the much higher current obtained by the small-scale ESP, theoretical and empirical equations 

which are developed based on large industrial ESPs can be used for small-scale ESPs to predict 

onset voltages and the voltage-current relationship if the electrical mobilities are properly 

adjusted to account for the importance of free electron current at the smallest plate to plate 

distances. 

 

4.3 Effect of Wire Diameter on Fundamental Electrical Properties 

4.3.1 Corona Current Production 

Figures 4.5 and 4.6 show the voltage-current curves obtained for negative and positive 

corona, respectively, as a function of wire diameter. All of the curves are drawn from onset 

voltage to sparkover voltage, and current production is normalized per unit length of wire.  
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Figure 4.5 Voltage-current relationships for different wire diameters - negative corona 
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Figure 4.6 Voltage-current relationship for different wire diameters - positive corona 
 

Current production showed an inverse relationship with wire diameter in both negative 

and positive cases. For instance, at 10,000 volts, a 0.5 mm diameter wire produced 0.021 mA/cm 

of current whereas a 0.13 mm diameter wire produced 0.11mA/cm. The data also indicate that 

negative corona produces higher current at a specific voltage compared to positive corona. 

Average negative corona current is approximately twice as much as positive corona current for 

all wire diameters tested in this experiment. The effects of wire diameter and corona polarity on 

current production were consistent with the predictions and observations of large-scale units.  

In addition to the effects of wire diameter and corona polarity, current production in an 

ESP is also a function of wire roughness. White (1964) included a roughness factor f in the onset 
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voltage equation he developed, and recommended using a value of 0.5 for a scratched wire and 

1.0 for a perfect wire.  

 

)
2

(00 a
bLnafEV π

=                                                                                             (4.1) 

 

Figure 4.7 shows the SEM images of the 0.13mm, 0.2mm and 0.5mm wires tested. 

Multiple images were taken of each wire sample used. No substantial variation in roughness was 

observed for any of the wires. For comparison, Figure 4.8 shows images of manually sanded 0.2 

mm and 0.5 mm wires.  

 

4.3.2 Comparison of Onset and Sparkover Voltages 

Table 4.3 shows experimental onset and sparkover voltages as a function of wire 

diameter. A direct relationship was observed between wire diameter and onset voltage. This is 

consistent with the predictions of equation (2.2). Paired T-tests performed on the experimental 

data showed no statistically significant difference in onset voltages with corona polarity for any 

of the wire diameters (p > 0.1). This is not the case with sparkover voltage which varied 

substantially between negative and positive corona. An inverse relationship between positive 

sparkover voltage and wire diameter was observed whereas negative sparkover voltages show a 

direct relationship with wire diameter. 
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Figure 4.7 SEM images of different stainless steel wires. 

a) 0.13 mm b) 0.2 mm c) 0.5 mm 
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Figure 4.8 Manually scratched stainless steel wires 

a) 0.2 mm b) 0.5 mm 
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Table 4.3 Experimental onset and sparkover voltages for different wire diameters  

  Onset Voltage - volts Sparkover Voltage – 
volts 

Corona 
Polarity 

Wire Diameter 
(mm) Mean  SD Mean  SD 

- 0.13 4650 +/- 190 12670 +/- 500 

- 0.2 5800 +/- 260 13390 +/- 730 

- 0.5 8700 +/- 310 14290 +/- 510 

+ 0.13 4660 +/- 40 17700 +/- 430 

+ 0.2 5635 +/- 100 16800 +/- 1090 

+ 0.5 8410 +/- 250 15060 +/- 900 
 

Many studies and reviews of large-scale ESP performance have indicated higher negative 

than positive sparkover voltages (Cottrell, 1908; White, 1963; Turner et al, 2000). However, in 

this work, positive sparkover voltages were substantially higher in all cases. The difference 

between negative and positive sparkover voltages seem to significantly decrease as the wire 

diameter increases. For instance, at 0.005 in, the difference is more than 5000 volts whereas at 

0.02 in, it is only 800 volts. This suggests that there is a wire diameter above which, sparkover 

voltage will be higher for negative corona, and then the trends observed in large-scale units will 

be preserved. 

Table 4.4 compares experimental results of onset voltage and sparkover voltage with the 

predictions made by equations (2.2) and (2.4). The results show that equation (2.2) can be used 

to closely estimate the onset voltage in small-scale precipitators with reasonable accuracy. 

Across all tested wire diameters, the results predicted by equation (2.2) are within five percent of 

the experimental onset voltages. Although the predicted sparkover voltage was close to 

experimental sparkover for 0.2 mm wire with positive coronas, consistent agreement was not 

observed. 
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Table 4.4 Experimental and theoretical onset comparison for different wire diameters 
 

  Onset Voltage – volts Sparkover Voltage – volts 

Corona 
Polarity 

Wire 
Diameter 

(mm) 
Experiment Predicted Experiment Predicted 

- 0.13 4650 +/- 190 5000 12670 21800 

- 0.2 5800 +/- 260 6110 13390 16540 

- 0.5 8700 +/- 310 9060 14290 10910 

+ 0.13 4660 +/- 40 5000 17700 21800 

+ 0.2 5635 +/- 100 6110 16800 16540 

+ 0.5 8410 +/- 250 9060 15060 10910 

Predicted Onset-Onset voltage were calculated using equation (2.2) of Peek 

Predicted Sparkover-Onset voltage were calculated using equation (2.4) 
 

4.3.3 Comparison of Empirical and Theoretically Predicted Voltage-Current Trends 

Figure 4.9 shows a comparison of empirical and theoretically predicted voltage-current 

trends. Equation (2.5) was used to predict current production as a function of voltage. One of the 

parameters needed to predict current production with equation 2.5 is the onset voltage. The onset 

voltages predicted by equation (2.2) were used with equation (2.5) to determine the predicted 

current production. Also, two different values of ion mobility were used to predict current 

production. A mobility value of 2.2 cm2/v.sec, following the recommendation of White (1964), 

was used for predicting negative corona current, and for positive corona current, a value of 1.4 

cm2/v.sec was used (Charry and Kavet, 1987). As discussed earlier, the use of substantially 

higher ion mobility values for negative ions is appropriate in small-scale units since a significant 

fraction of the current might be carried from electrode to electrode by free electrons, which have 

substantially higher mobilities than typical negative air ions. With these parameters, good 
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agreement was obtained between empirical and predicted values, and predicted corona currents 

were typically within 20 percent of the experimental value for most tests. Even so, the empirical 

results consistently showed greater actual current production than would be predicted by the 

equations.  
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Figure 4.9 Comparison between experimental and theoretical current production 
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4.4 Onset Electric Fields and Voltages in Small-Scale Electrostatic Precipitators 

 

Table 4.5 shows the complete set onset voltage data collected in these experiments, as 

functions of plate-to-plate distances, wire diameters, and corona polarities. The voltages applied 

between the charging and collecting electrodes are what is controlled by the high-voltage power 

supply system, but it is the electric field that is generated by the voltage which causes the 

ionization of gas molecules and the production of current. In plate-wire electrostatic precipitators, 

the relationship between electric field strength and applied voltage is described by equation (2.3): 
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An important feature of equation 2.3 is that onset electric field strength is not predicted to 

be a direct function of plate-to-plate distance. 

Table 4.6 shows the onset electric field strengths calculated with equation (2.3), derived 

from the onset voltages in Table 4.5. 
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Table 4.5 Onset voltages (volts) at Positive and Negative Corona Polarities. Mean 
values are shown, +/- 1 standard deviation. 
 

 
 

Table 4.6 Onset Electric Field Strengths (kV/cm) at Positive and Negative Corona 
Polarities. Mean values are shown, +/- 1 standard deviation. 
 

 
 

The data across all experiments indicated that there were no significant differences in 

onset voltage between positive and negative corona polarities (P < 0.001). As expected based on 

predictions and data from large-scale units, onset voltage significantly increased as a function of 

wire diameter. For instance, at 4.0 cm plate-to-plate distance, the onset voltage for 0.13 mm wire 

was approximately 6000 volts, but it was close to 11000 volts for 0.5 mm wire. Onset voltage 
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also increased with plate-to-plate spacing. However, the effect of plate-to-plate spacing was not 

as significant as the effect of wire diameter. 

The onset electric field values from Table 4.6 were plotted and are shown in Figure 4.10. 

The figure shows the mean onset electric field strength values versus plate-to-plate distance. As 

expected, the data shows that onset electric field was a function of wire diameter, with lower 

onset electric field strength values for larger diameter wire. This trend is consistent with 

observations on large-scale units, for example, the results with 0.5 to 2.5 mm industrial-scale 

wires obtained by White (White, 1963).  

However, the data in Figure 4.10 also showed that onset electric field strength was an 

apparent function of plate-to plate distance for a fixed wire diameter. A least-square linear 

regression indicates that the slope of the trends in onset electric field strength versus plate to 

plate distance were 11.4 kV/cm2 for 0.13 mm wire, 8.5 kV/cm2 for 0.20 mm wire, and 5.5 

kV/cm2 for 0.50 mm wire. This decrease in the slope suggests that the trend in onset electric 

field strength for thicker wires will be a straight horizontal line, perhaps because of the improved 

ability to maintain precise alignment with larger diameter wires.  

A comparison was made between the experimental data and predictions made using 

equation (2.2), with values for the A and B coefficients suggested by Lowke et al (Lowke et al, 

2003). Because the slopes of the empirical data decrease with wire diameter, there is better 

overall agreement between the predictions and the experimental data for the largest tested wire 

diameter (0.5 mm).  

A possible explanation for the apparent dependence of onset electric field strength to 

plate to plate distance is that equation 2.3, which was used to covert the applied voltages to 

electric field strengths, may not be appropriate for the small wire diameters or plate-to-plate 



 
 

82 
 

distances used in these experiments. This explanation is supported by the fact that as the wire 

diameters increased and approached the diameters of wire electrodes in industrial units, the 

dependence of onset electric field to plate to plate spacing diminished.  

Another factor that might explain the dependence of onset electric field strength on plate 

to plate distance is experimental artifact. Maintaining consistent wire-to-plate distances when the 

plates were closer together was more difficult than when the plates were farther apart. Small 

misalignments or surface features on the wires could bring wires close enough to one or both 

plates to substantially alter the electric field strength around the wires and result in lower 

voltages required to produce observable current. At a plate-to-plate distance of 1.0 cm, a 

deviation of 1 mm in wire alignment results in a 10 percent error in wire-to-plate distance, as 

opposed to an error of barely 2 percent when plates are 6.0 cm apart. 
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Figure 4.10 Experimental onset electric field strength versus plate-to-plate spacing. 
Predictions using Peek's equation (Equation 1) are shown as dashed lines. 
 



 
 

84 
 

CHAPTER 5 

RESULTS: REMOVING DIESEL PARTICULATE MATTER WITH A SMALL-SCALE 

ELECTROSTATIC PRECIPITATOR 

 

5.1 Introduction 

Using electrostatic precipitation for diesel exhaust aftertreatment requires extensive 

design, experimental testing, and incremental improvements to achieve high performance. 

Although the idea of a device with virtually no pressure drop and high efficiency sounds 

appealing, there are several potential problems that need to be considered before applying the 

technology to diesel exhaust. Coarse particles are easily charged in a corona and strong electric 

field. However, almost all of the particles in diesel exhaust are under 100 nm in diameter. Most 

of the earlier studies on DPM collection with electrostatics mentioned in Chapter 1 do not 

provide data on fine particle collection, so it is unclear how well they worked on collecting these 

particles.  

Regulatory environmental and occupational PM standards worldwide are on a mass 

concentration basis. Bigger particles dominate consideration of mass concentrations and mass 

collection efficiency of aftertreatment devices. However, most of the individual particles in 

diesel exhaust are quite small and number concentration efficiency will be an important indicator 

of the true benefits of any aftertreatment device.  Recent studies on the health effects of 

nanoparticles further emphasize the importance of number 
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concentration measurements and number collection efficiency  as being as important as mass 

concentrations (Oberdorster and Utell, 2002; Maynard and Kuempel, 2005). The particle 

sampling system designed at SMU to investigate DPM controls can measure mass and number 

concentration nearly simultaneously.  

In addition to the importance of particle size in ESP performance and DPM health effects,  

the sulfur content of the particulate can play a significant role in the collection efficiency of the 

small-scale ESP. EPA mandated the use of ultra-low sulfur diesel (ULSD) fuel beginning in 

2007 to facilitate the use of diesel particulate filters (EPA, 2005). At present, these filters are 

principally wall-flow filters, and high levels of sulfur in the fuel could lead to nucleation of more 

small particles. Stationary (non-mobile) and marine sources are still allowed to use fuel with 

higher levels of sulfur, so-called low sulfur diesel (LSD). 

From electrostatic considerations, the electrical conductivity of diesel exhaust particulate 

depends on the sulfur concentration of the fuel to a large extent. Very high electron affinity of 

SO2 molecules creates a much more conductive and easily charged material (White, 1963). 

Previous researchers have found that the chemical composition of DPM changes with engine 

load (Liang, 2006). This includes the partitioning of particulate carbon between the elemental 

form (i.e. black carbon) and the hydrocarbon form (i.e. organic carbon). Higher engine loads are 

associated with higher temperatures which are enough to burn most of the soluble organic 

fraction (SOF). Therefore, DPM consists of more elemental carbon at high engine load. Due to 

the dependence of composition on engine load, aftertreatment devices should be tested under 

different load conditions.  

In this chapter, the results of tests of ESP performance with different load conditions, and 

the effects of fuel sulfur content on particle collection efficiency will be presented. After 
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addressing these two fundamental issues, a design improvement for the ESP will be discussed. 

The design improvement was developed by changing the geometry of the device. 

Preliminary tests on the ESP showed very low removal efficiency of 10 to 20 percent for 

positive corona. These tests also showed that at plate-to-plate distances less than 3.5 cm, there is 

a very high probability of sparking. As a result, negative corona was used in the experiments in 

this chapter. Also, plate-to-plate distance was set to 3.5cm which seemed to have a high 

collection rate with minimum sparking. 

 

5.2 Effect of Engine Load on ESP Performance 

Diesel engines that power construction vehicles or run mining or welding equipment will 

alternate between low load and high load conditions during routine operation. During changes in 

engine load the exhaust flow rate, exhaust temperature, and the concentration and chemical 

composition of the DPM can change significantly. A series of experiments was performed to 

evaluate the collection efficiency of the ESP, at both idle and medium load conditions.  

  Exhaust from the diesel-powered electric generators was conducted through the ESP and 

then sampled and analyzed to determine number and mass collection efficiency. Tests were 

performed over a range of voltage settings to study the effect of current production on collection 

efficiency. At each voltage setting, number collection efficiency was determined by at least five 

replicate tests, and mass collection efficiency was determined by at least three replicates. For 

medium load conditions, four 500-watt construction work lights, with a combined draw of 2000 

watts, were powered by the generator. These lights resulted in load conditions of 30 percent of 

engine’s rated power, and 90% of the rated current output by the attached generator. All of the 

load-effect tests were performed using Low Sulfur Diesel (LSD). 
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Figure 5.1 shows the number removal efficiency of the ESP as a function of voltages. 

Results are shown for both idle and medium load conditions. The results indicate that at high 

voltages number removal efficiency was greater than 80% for medium load tests, and greater 

than 50% for tests at idle conditions. Number removal efficiency was substantially higher at 

medium load conditions than at idle. Both curves appear to flatten and reach maximum values as 

the voltage was increased.  
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Figure 5.1 Number removal efficiency versus Voltage a) idle engine b) engine at 
medium load. 
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Figure 5.2 shows the mass removal efficiency of the ESP, at idle and medium load, as a 

function of voltage. The mean mass concentration of the particles in this experiment was 25 +/- 

4.3 mg/m3 when the engine was running idle. However, with the engine running at medium load, 

the average mass concentration decreased significantly and was around 3.6 +/- 0.8 mg/m3. The 

figure shows no strong dependence of collection efficiency on applied voltage. Since mass 

concentration measurements are dominated by the few small particles flowing through the unit, 

and the charging and collection of these particles is easier than the collection of the small 

particles, the data indicate the possibility that large particles were being charged and collected as 

effectively as possible at all tested voltages. 

Furthermore, above 10,000 volts sparking between the plates and wires was more 

frequent, interrupting the electric field and steady corona current output in the unit.  Although the 

intermittent sparks were seen while the number tests were being performed as well, there was no 

drop in number removal efficiency. As explained in chapter 2, small particles are mostly charged 

by diffusion charging process whereas bigger particles are charged by field charging. When 

intermittent sparking occurs, the corona dissipates and the electric field decreases significantly 

for a fraction of a second. In this short time, smaller particles can still impart charge in the highly 

charged space inside the ESP. However, bigger particles leave the ESP since field charging is no 

longer in effect. As a result, intermittent sparking affects mass removal efficiency more than it 

affects number removal efficiency, hence the drops in mass removal curve occurs while number 

removal curve does not change significantly. In addition, sampling time for number 

concentration was shorter compared to mass tests. As a result of this shorter sampling time, the 

effects of sparking were not equally detrimental on these samples.   
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Figure 5.2 Mass removal efficiency versus Voltage a) idle engine b) engine working at 
medium load. 
 

Previous researchers have documented that load changes on diesel engines can affect the 

particle size distribution and chemical composition of the DEP (Kittelson, 1998). Our own 

research suggested that this was happening, with the difference in collection efficiency between 

idle and medium load conditions. When the engine was running on LSD, medium load condition 

by itself reduced mass concentration by 85% compared to idle conditions and increased number 

concentration by more than 25 to 50%. This resulted in a shift in the size distribution curve 

towards smaller particles when the engine worked at medium load. The greater number removal 

efficiency of the ESP at medium load condition suggests that the ESP effectively captures the 
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nanoparticles prevalent at this condition, compared to the particles at idling conditions which 

have a more diverse size distribution.  

 

5.3 Effect of Fuel Type on ESP Performance 

Two types of diesel fuel were used in this experiment: Low Sulfur Diesel (LSD) and 

Ultra Low Sulfur Diesel (ULSD). Both fuels were purchased from commercial gas stations in 

Dallas area and were analyzed by an independent laboratory for their chemical and physical 

characteristics. The results of the analyses are shown in table 5.1. According to EPA regulations 

the concentration of sulfur in LSD fuel should have been less than 500 ppm, but the LSD was 

found to have an average concentration of 550 ppm. Also, table 5.1 shows that ULSD is slightly 

heavier and has a lower flash point compared to LSD. 
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Table 5.1 Chemical characteristics of the fuels used in the experiments 

           Distillation (ASTM D86), C  ULSD LSD  
IBP   179.4  193.3 
10%   206.7  217.8 
20%    - 240.0 
30%    - 253.3 
40%    - 265.6 
50%   270.0  276.7 
60%    - 287.8 
70%    - 301.1 
80%    - 315.6 
90%   315.0  337.2 
95%    - 350.0 
EP    362.2 364.4 

Recovery    - 98.5% 
Residue    - 1.5% 

Loss    - 0.0% 
        

Gravity, API@60F (ASTM D1298)    37.7 33.4 
Cloud Point (ASTM D2500)   -14.4  -10.5 

Pour Point (ASTM D97)   -24.4  -17.5 
Sulfur, ppm (ASTM D2622)   16  550 

Flash Point C (ASTM D93, PMCC)   56.1  71 

 

5.3.1 Effects of Fuel Type at Medium Load Conditions 

Tests were performed to investigate the effects of fuel type and sulfur content on the 

particle collection efficiency of the ESP. The effects of fuel type on ESP mass collection 

efficiency were investigated at both idling and medium load conditions. In these tests, the engine 

was operated and the exhaust analyzed as previously discussed in section 5.2. Tests at medium 

load conditions were performed with the diesel generator operating at 30 percent of its rated 

power. Figure 5.3 shows the effects of fuel type on mass collection efficiency as a function of 

applied voltage. 

When running on either fuel type, there was no significant trend in mass collection 

efficiency with voltage. The removal efficiency for ULSD tests varied between 50 to 60 percent.  
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The removal efficiency for the LSD tests was higher and varied between 70 and 80 percent. The 

differences in performance might be due to changes in the chemical structure of the exhaust and 

the DPM with changes in fuel type. The exhaust from the LSD tests likely had substantially more 

sulfur oxide content, decreasing the resistivity of the medium and making it easier for the 

negative ions to flow between the electrodes. Higher loads create higher exhaust temperatures, 

and other researchers have found that higher loads result in higher elemental carbon content in 

DPM, making the particle more conductive (Kittelson, 1998). SO2 molecules have a high 

electron affinity which creates a much more conductive medium for the current to pass through 

(White, 1963). As a result, there is always a higher current of electricity between the electrodes 

when there is more sulfur oxide molecules present in the air. In some industrial applications the 

deliberate addition of water or sulfur to particulate is a way to increase conductivity and improve 

electrostatic precipitator performance. Therefore, with the engine running on LSD, higher corona 

currents were observed. 

In addition, higher loads create higher exhaust temperatures which result in higher 

elemental carbon in the DPM. More conductive particles are another reason for the lead in 

efficiency with LSD. However, a combination of more conductive medium and more conductive 

particles caused more frequent sparking which prevented performing the tests at 13,000 volts.  
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Figure 5.3 Effect of fuel type on the mass removal efficiency of the ESP with medium 
load on the engine 
 
 
5.3.2 Effect of Fuel Type at Engine Idle Conditions  

Figure 5.4 shows the effect of fuel type on the mass removal efficiency of the ESP at 

engine idle conditions. When the engine was running on LSD, mass collection efficiency peaked 

at 85 percent at 10,000 volts. The collection efficiency decreased at voltages above 10,000 volts 

was possibly due to the intermittent sparking of the ESP which increased in frequency 

substantially above this point. At the high extreme, operating the ESP at voltages above 13,000 

volts was very difficult due to extensive sparking. When the engine was running on ULSD, 

collection efficiency was not a significant function of voltage, and collection efficiency was 

approximately 65 percent over a large span of voltages.  
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Other than the peak at 10,000 volts, the difference between the curves is not significant. 

However, average mass removal efficiency for LSD particles is slightly higher than that of 

ULSD particles. As explained in section 5.3.2, the reason for the difference between LSD and 

ULSD performance may have been due to the sulfur content of the exhaust. Exhaust generated 

during the combustion of LSD fuel may have had higher sulfur content than the exhaust 

generated during the combustion of ULSD fuel. It has been noted many times by others that the 

dielectric constant of the medium can affect particle charging (White, 1963; Parker, 1997). Since 

the tests in this section were performed on idle engine, elemental carbon content of DPM was not 

very high and particles were less conductive compared to medium load conditions. Therefore, 

the difference in efficiencies was not as substantial the one observed in figure 5.3. 
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Figure 5.4 Effect of fuel type on the mass removal efficiency of the ESP when the engine 
is running idle. 
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5.4 Removal Efficiency of the ESP with an Innovative Design 

The original design of the small-scale ESP showed moderate to high efficiency in removing 

particles from diesel exhaust both in terms of mass and number. However, wire breakage was an 

occasional problem during laboratory tests. As discussed in chapter 4, thinner wires produce 

more current than thicker wires. However, the very thin wires are more susceptible to breakage 

during operation. The combination of high temperatures, vibration, and the drag forces on the 

wires from the passing exhaust twice resulted in broken wires during tests.  

To improve durability, a different wire configuration was developed. Instead of setting the 

wires perpendicular to the flow of the exhaust (vertical wires), the wires were positioned parallel 

to the exhaust flow (horizontal wires). The goal was to reduce the drag forces pulling on the 

wires to reduce the probability of wire rupture. In addition, the new configuration also added a 

few inches of total wire length in the ESP, which could potentially increase the removal 

efficiency of the unit. The new design is shown in Figure 5.5. A few changes were made to the 

ESP to enable the setup of horizontal wires. The rails in the original design that were used to 

energize the plates were removed and instead a new charging rod was positioned at the top of the 

box for to charge the plates. The plates were energized from the top of the box, to prevent the 

opportunities for short-circuiting between the now horizontal wires and the plate rails. Also, the 

rods which supported the wires were moved to the front and the back of the ESP, with at least 

one-inch distance from the plates. The new design was tested for mass and number removal 

efficiency under idle and medium load conditions. The fuel used in these tests was Ultra Low 

Sulfur Diesel fuel. 
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Figure 5.5 The new design of the ESP after soot collection-Front view. 

 

5.4.1 Mass Removal Efficiency 

The results of mass efficiency testing are shown in Figure 5.6. At idling conditions, the 

new ESP design showed substantial improvement in removal efficiency compared to the 

conventional design. While the vertical-wire ESP only showed a removal efficiency of around 65 

percent at 10,000 volts, the horizontal-wire ESP removed more than 80 percent at this voltage. 

However, at medium load conditions the new ESP design was able to achieve removal 

efficiencies of 50 to 60%, approximately the same as the results with the original design. One of 

the main reasons for the improved performance was likely the greater length of wire between the 

plates in the new configuration compared to the original design. The greater wire length resulted 

in more current generation, and thus, power consumption was significantly higher. The 
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horizontal-wire ESP used 60 watts of power at 10,000 volts while the vertical-wire ESP 

consumed around 23 watts at the same voltage. 
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Figure 5.6 Mass removal efficiency of the ESP with a horizontal-wire design 

 

Unlike the results obtained with the original ESP design (figure 5.2) the mass removal 

efficiency of the horizontal-wire ESP dropped when load on the engine increased. A drop in 

collection efficiency is predicted by the Deutsch equation, especially if collection efficiency is 

limited by residence time, although this behavior was not observed in the original configuration. 

Another possibility is that some particles were being transported through the ESP in exhaust that 
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was flowing in the weakest spots in the electric fields between the wires and plates, a condition 

known as "sneakage" (see Figure 5.7). In the original vertical-wire design, the flow was 

perpendicular to the wires and all the incoming particles had to pass through the high electric 

field zone near the wires. With the wires in a horizontal and parallel configuration, at a point 

halfway between the wires the electric field is at its minimum value, and particle that flow 

through these regions might not experience adequate particle charging, or sufficiently strong 

electric fields for particle migration to the plates.  

In spite of the sneakage problem, when the engine is running idle, the newly designed 

ESP showed substantial improvement in removal efficiency compared to the conventional 

design. While the vertical-wire ESP only showed a removal efficiency of around 65 percent at 

10,000 volts, the horizontal-wire ESP removed more than 80 percent of the mass. When the 

engine was running at medium load, the horizontal-wire ESP still showed higher removal 

efficiency, surpassing that of the vertical-wire by 10 percent. 
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Figure 5.7 Sneakage zones in the new horizontal wire ESP design 

 

5.4.2 Number Removal Efficiency 

Figure 5.8 shows the number removal efficiency of the new ESP design under the two 

tested load conditions. Like the mass removal efficiency tests, the tests were run at voltages from 

7500 to 10,000v. With the new design, the number removal efficiency curves were not 

significantly different. The number removal efficiencies for the two load situations are almost the 

same at 7500v and only around 10 percent higher at higher voltages. However, while comparing 

the two curves, it is also important to remember that number concentration is higher when the 

engine is running at medium load. i.e. although the ESP showed only a slightly better efficiency 

at higher loads, it collected many more particles at a higher flow. This result is a good indication 

of the effect of load on changes in the chemical composition and electrical conductivity of the 

diesel exhaust particles. 
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Figure 5.8 Number removal efficiency of the ESP with a horizontal-wire design 
 

Due to higher conductivity of the particles, more current was produced while there was 

load on the engine. For instance, when the engine was running idle, the average produced 

currents were 3.0 mA for 8500v and 6.0 mA for 10,000 v. These currents were both increased by 

16 percent on average when there was load on the engine. As a result, power consumption was 

also higher as a result of current production increases. However, the power needed for the ESP to 

operate at 8500v was around 30 watts which was still around 0.5 percent of the rated power of 

the generator being controlled. 
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5.5 Long-term Mass Removal 
 
 As a reliable aftertreatment device, the ESP should be able to work for a long time, under 

high temperature, without the need for frequent maintenance. New filters by Toyota use Ozone 

and active oxygen to burn the soot at a temperature much lower than its ignition temperature 

(Fino and Specchia, 2008). Our ESP showed very good self-cleaning properties for the corona 

wires, probably due to very high concentrations of ozone and active oxygen in negative corona. 

However, since carbon is a conductive material, even small accumulations of soot between the 

wires and plates can result in short-circuiting and thick accumulations on the plates could result 

in current suppression. Long-term tests were designed and performed on the ESP to investigate 

particle collection efficiency with time and to investigate the accumulation of soot inside the 

precipitator. 

 

5.5.1 Experimental Methods for Long-term Tests 

 

Long term tests were performed with the new ESP design, with wires parallel to the flow. 

An operating voltage of 8500 v was selected since it showed high removal efficiency with low 

power consumption during short-term tests. Plate-to-plate spacing of the ESP was set at 3.5 cm 

and 0.2 mm wire diameters were used for this experiment. The tests were performed using Ultra 

Low Sulfur Diesel. 

 Previous tests on mass concentration of the exhaust showed that when ULSD is used in 

the engine, a much higher concentration should be anticipated with load on the engine. Average 

mass concentration of the particles in the exhaust was 44.4 mg/m3 +/- 12.1 mg/m3 when the 

engine was running idle, compared to an average of 82.5 +/- 28.5 when there was load on the 
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engine. As a result, long-term tests were performed with medium load on the engine to 

investigate the performance of the ESP while continuously treating the exhaust with fairly high 

mass concentration.  

Each long term test started with warming up the engine, idle for 30 minutes, and with 

medium load on the engine for 15 minutes. After the 45 minute warm up period, the load 

remained on the engine and the ESP was turned on. Mass samples were collected from the 

exhaust as soon as the ESP started operating and additional samples were taken each 60 minutes, 

for four hours. To create an extreme scenario, the ESP was not cleaned or moved for 

maintenance after each four hour test. i.e. tests were performed with plates and wires which were 

already covered with carbon particles. 

To minimize the change in exhaust composition, no significant maintenance was 

performed on the engine during the tests. Current production of the ESP was precisely recorded 

during the tests to examine current trend with time and also the potential for sparking. Finally, 

additional safety measures were applied to ensure that the ESP was electrically separated from 

the rest of the system.  

 

5.5.2 Continuous Mass Removal Efficiency of the ESP 

Figure 5.9 shows the trend of mass concentration versus time with the ESP on. The figure 

shows that although standard deviation is relatively high at the beginning, most data points fall 

between 10 to 20 mg/m3. The average mass concentration of all data points is 15.3 +/- 6.7 mg/m3. 

This concentration, compared to the average concentration of the untreated exhaust at medium 

load, suggested a mass removal efficiency of 80.1 percent for the ESP at 8500v. This result is 
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higher than short-term test results observed in figure 5.5. However, experimental methods were 

very different in the two tests which make it difficult to directly compare the results. 
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Figure 5.9 Mass concentration of the exhaust versus time. The ESP was on during the 
four hour tests. 
 
  

Figure 5.10 shows the trend of current production versus time in the long-term tests. The 

results showed that a downward trend started for each curve after an hour and the current 

consistently went down after 60 minutes of ESP operation. Also, the current was significantly 

lower during the third test. While current production during the first test was close to 3.0 mA, it 

did not exceed 2.5 mA during the second test and showed a maximum of 1.5 mA in the third test. 
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Although current dissipation with time was expected due to deposition of the soot on the wires 

and plates, comparing figures 5.7 and 5.8 shows that this dissipation did not affect the 

performance of the ESP, suggesting that collection was not current-limited but perhaps limited 

by other factors. 
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Figure 5.10 Current production of the ESP versus time. The ESP was on during the four 
hour tests. 

 

Figure 5.11 compares the collection plates after soot collection for the two designs. Flow 

inlet in both cases was on the right side of the plates. Due to the fluffy nature of soot particles, 

taking a perfect picture of the plates was difficult. However, the pictures show that soot 

collection in both cases was more pronounced along the wires. Figure 5.9 also shows that the 

new design made more effective use of the collection plate area. There are three obvious thick 
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layers of soot deposition on the right side of the plate in figure 5.9b. This probably shows that the 

bigger particles were charged and collected in the first half of the ESP where the rest of the wire 

and collection plate lengths contributed more to removing smaller particles.  
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Figure 5.11 ESP collection plates after soot collection a) Original design after 8 hours b) New 
design after 16 hours. Approximate locations of wires are shown by dashed lines.
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CHAPTER 6 

CONCLUSIONS 

 

A small-scale wire-plate electrostatic precipitator was designed, constructed, and tested to 

investigate the properties of small-scale precipitators, and develop an electrostatic control system 

for diesel exhaust particulate. To empirically investigate a gap in previous electrostatic 

experiments the ESP was built with wires thinner than 0.5 mm. In order to investigate small 

changes in ESP internal geometry, the ESP was designed so that plate-to-plate distances and 

corona polarities could easily be changed. This design enabled measuring fundamental electrical 

properties (FEP) of the ESP, including onset voltage, the voltage-current relationship, and 

sparkover voltage. The fundamental electrical properties experiments were performed in air and 

at room temperature and pressure. 

A diesel exhaust particle generation, sampling, and measurement system was constructed 

to investigate the efficiency of a small-scale ESP collecting particles produced by 5.5 kW and 

6.5kW diesel generators. Performance of the ESP was evaluated by measuring mass and number 

removal efficiency. Mass concentration sampling was conducted by sampling diesel exhaust 

through 47mm Teflon membrane filters in a metal filter cassette holder. Number concentration 

sampling utilized a condensation particle counter (CPC) that detected and optically counted 

particles above 15 nm. A dilution air 
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system was used to ensure the concentration of the particles and gas temperatures were within 

the operating limits of the CPC. The dilution air system used a four-stage filtration system, to 

produce ultra-purified dilution air. The findings of the study are as follows: 

 

6.1 Fundamental Electrical Properties of the Small-Scale ESP 

The fundamental electrical properties of the small-scale ESP were tested at different 

plate-to-plate distances with different wire diameters.  

 

6.1.1 Effects of Plate-to-Plate Distance on FEP 

Test results indicated that current production at a fixed voltage was inversely related to 

plate-to-plate distance. In addition, sparkover voltage and the voltage operating range increased 

with plate-to-plate distance. There were no significant differences in onset voltage between 

negative and positive corona tests, and negative coronas produced more current at a fixed voltage 

than positive ones. The combination of small plate-to-plate distances and negative coronas 

produced the highest currents within the ESP.  

Comparisons were made between experimentally-measured electrostatic properties and 

predictions using fundamental electrostatic equations. There were no significant differences 

between measured onset voltages and predicted onset voltages. However, measured sparkover 

voltages were significantly smaller than predicted values. Voltage-current relationships for very 

small plate-to-plate distances could not be predicted using classic V-I equations and assumptions. 

The use of high ion mobility values, to account for the likely existence of a substantial amount of 

free electron current, allowed for good agreement between measured and predicted current 

production at even small plate to plate distances.  
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6.1.2 Effects of Wire Diameter on FEP 

As expected from electrostatic theory, current production increased with smaller wire 

diameters. Also, onset voltages and onset electric field strengths decreased with smaller wire 

diameters. An unexpected result was that onset electric field strength was a function of plate-to-

plate distance, a relationship that strengthened as wire diameter decreased. Sparkover voltages 

had an inverse relationship with wire diameter for positive polarity, and thus decreased with 

increasing thickness. Negative corona, however, had increasing sparkover voltages with 

increasing wire diameters. Test results showed that negative and positive polarities at the same 

wire diameter had the same onset voltage. Negative coronas, however, produced more current 

than positive coronas at a fixed voltage. Therefore, negative coronas with the use of very fine 

wires may be the ideal characteristics to generate the highest efficiencies for small-scale ESPs. 

Theoretical predictions of electrostatic properties were compared with experimentally 

measured data using classical ESP equations. Measured onset voltages showed good agreement 

with those predicted by Peek’s equation. Sparkover voltages obtained from experimental data 

were very different from predicted values and the operating span of the ESP could not be 

predicted by the equations. However, there was fairly good agreement between experimental 

current values and the current predicted by the Townsend equation, if the standard equations 

were modified for high ion mobilities.  

Onset voltages of the ESP were measured with three very fine wires of 0.13 mm, 0.20 

mm, and 0.51 mm diameter and over a range of plate-to-plate distances. Results show that for 

small-scale ESPs with very fine wires, the onset electric field strength varied from 70 to 181 

kV/cm. As expected, the onset electric field strength was inversely related to wire diameter. In 
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addition, onset electric field strength showed an apparent positive dependence on plate-to-plate 

spacing, reflecting the precision of maintaining true wire-to-plate spacing in small-scale units or 

impropriety of the classical equations for ESPs with very fine wires. 

 

6.2 Particle Collection Efficiency of the Small-Scale ESP  

The small-scale ESP was tested under a variety of conditions to investigate and improve 

its ability to collect diesel exhaust particles. Preliminary experiments showed that at plate-to-

plate distances less than 3.0 cm, sparking was highly likely to occur. Preliminary tests also 

showed that positive corona collection efficiency was poor on a mass basis. As a result, the ESP 

collection efficiency tests were performed at 3.5cm plate-to-plate distance with negative corona 

polarity.  

 

6.2.1 Effects of Load Conditions on Collection Efficiency 

Different load conditions result in different temperatures, flows, and DPM compositions 

which affect the performance of the ESP. A diesel powered electric generator was operated at 

idling and medium load conditions to examine the effects of load on collection efficiency. Low 

sulfur fuel with fuel sulfur concentration of 550 ppm was used in these first set of tests. The 

precipitator was tested over a range of voltages from 7500v to 13000 volts. Medium load tests 

were performed with 2000 watts of power being were drawn from the generator, which 

accounted for 30 percent of its rated power. The particle removal efficiency was measured in 

terms of both particle mass and particle number. Results showed a 30 percent increase in number 

removal efficiency when there was load on the engine. The ESP could remove above 90 percent 

of the particles in terms of number when there was load on the engine. Number removal 
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efficiency did not change significantly when the load was being drawn and reached its maximum 

of 80 percent at 10,000 volts.  

 

6.2.2 Effects of Fuel Type on Collection Efficiency 

Low-Sulfur diesel with a sulfur concentration of 550 ppm and Ultra Low Sulfur Diesel 

with a sulfur concentration of 15 ppm were fired in the diesel generator to investigate the effects 

of fuel type and sulfur content on collection efficiency. The mass removal efficiency of the ESP 

was obtained at different load conditions and the effect of fuel type on the removal efficiency 

was investigated. The ESP removed up to 85 percent of the mass in LSD case and up to 65 

percent of the mass for ULSD. On average, mass removal efficiency of the ESP was 7 percent 

lower for idle and 18 percent lower for medium load when the engine was running on ULSD. 

However, the ESP was able to operate at higher voltage and higher current production with fewer 

sparks when ULSD was used. The efficiency reduction when using ULSD may have been due to 

lower conductivity of the particles when ULSD was used which made particle charging more 

difficult inside the ESP. 

 

6.2.3 A New Design for the ESP 

A new ESP configuration with horizontal wires was tested, with the goal to to reduce the 

possibility of wire breakage and improving precipitator performance. In the original ESP design, 

the wires were vertical, and the exhaust flow was perpendicular to the wires. However, the wires 

in the new design were parallel to the flow. Because of the horizontal orientation, additional wire 

length could be fitted within the precipitator, increasing the effective length of wires by 40 
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percent and resulting in increased current production. Mass and number collection efficiency of 

the new unit was tested, and the experiments were performed with ULSD.  

The results showed around 85 percent of mass removal efficiency when the engine was 

running at idle conditions. With the engine operating at medium load, mass removal efficiency 

decreased by 20 percent. The drop in the mass removal efficiency was probably due to particles 

sneaking out of the ESP with increasing flow which was caused by the load. Number removal 

efficiency was approximately 75-85% with the new ESP design. 

 

6.3 Suggested and Anticipated Future Work for Commercialization 

 

1 Whereas this research was mostly focused on PM removal, some researchers have 

found that electrostatic coronas might be able to reduce emissions of NOx, VOCs, 

and other gases. More research on the effect of this small-scale ESP unit on gas 

cleaning properties would be a good next step.  

2 The ESP showed very good performance in terms of both mass and number removal. 

In innovative design might involve coupling the ESP with a diesel particulate filter. A 

two-stage system like this might be very effective (99%+) and should be tested. 

3 Biodiesel and other alternative fuels are slowly finding their way into the U.S. market. 

It might soon be important to investigate the removal efficiency of the ESP on 

engines running with alternative fuels, since the DPM from these fuels is likely to 

have a different chemical composition. 
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4 The tests in this research were run on small generators. More tests are necessary on 

bigger engines and the plate area should be modified for higher flow and higher 

concentration to obtain optimum removal efficiency. 

5 The long-term commercial viability of the small-scale ESP or any other DPM 

collection device is dependent on an effective regeneration mechanism to remove the 

collected particles. Although the ESP showed potential self-cleaning wire properties, 

other options like covering the plates with a catalyst could be investigated. 
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CHAPTER 9 

INCLUSION AND MATERIALS STATEMENTS 

 

(1) This project has not involved the use of human test subject. Therefore, the gender and minority 

inclusion provisions of PHS-2590 are not applicable. 

(2) This project has not involved the use of adult or child test subjects. Therefore, the inclusion of 

children provisions of NIH and PHS398 are not applicable. 

(3) This project has resulted in the development of empirical data on the electrostatic properties of small-

scale electrostatic precipitators. The PI is actively working to publish the data in relevant peer-reviewed 

journals. Much of the data has already been presented at scientific conferences and is available in the 

proceedings for those conferences. In addition, the data is included as a core component of the 

dissertation of Ali Farnoud, the doctoral student who worked on this project. His dissertation is available 

from the Southern Methodist University Central Library. The PI and Dr. Farnoud are eager to share the 

data and the other results of their study with interested researchers. 

 


