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NOMENCLATURE 
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D
m

p3πµ
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Gr =  gravitation settling parameter (=
U
Vg
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CHAPTER Ι 

 

INTRODUCTION 

 

1.1 Aerosol particles 

 The microscopic particles that float in the air are of many kinds: resuspended 

oil particles, smoke from power generation, photochemical by formed particles, salt 

particles formed from ocean spray, and atmospheric clouds of water droplets or ice 

particles. They vary greatly in their ability to affect not only visibility and climate but 

also our health and quality of life. These airborne particles are all examples of 

aerosols. An aerosol is defined in its simplest form as a collection of solid or liquid 

particles and the gas in which they are suspended. They include a wide range of 

phenomena such as dust, fume, smoke, mist, fog, haze, clouds, and smog. 

 An understanding of the properties of aerosols is of great practical importance. 

Aerosol properties influence the production, transport, and ultimate fate of 

atmospheric particulate pollutants. Aerosols can be subdivided according to the 

physical form of the particles and their method of generation. There is no strict 

scientific classification of aerosols. The following definitions correspond roughly to 

common usage and are precise enough for most scientific description. 

Aerosol: A suspension of solid or liquid particles in gas phase. Aerosols are usually 

stable for at least a few seconds and in some cases may last a year or more. The term 

aerosol includes both the particles and the suspending gas, which is usually air. 

Particle size ranges from about 0.002 to more than 100 µm.  



 2

Cloud: A visible aerosol with defined boundaries. 

Dust: A solid-particle aerosol formed by mechanical disintegration of a parent 

material, such as by crushing or grinding. Particles range in size from sub micrometer 

to more than 100 µm and are usually irregular in shape. 

Fume: A solid-particle aerosol produced by the condensation of vapors or gaseous 

combustion products. These submicrometer particles are often clusters or chains of 

primary particles. The latter are usually less than 0.05 µm. Note that this definition 

differs from the popular use of the term to refer to any noxious contaminant in the 

atmosphere. 

Haze: An atmospheric aerosol that affects visibility. 

Smog: 1. A general term for visible atmospheric pollution in certain areas. The term 

was originally derived from the words smoke and fog. 2. Photochemical smog is a 

more precise term referring to an aerosol formed in the atmosphere by the action of 

sunlight on hydrocarbons and oxides of nitrogen. Particles are generally smaller than 

1 or 2 µm. 

 Particle size is the most important parameter for characterizing the behavior of 

aerosols. A major dividing line is 1 µm, which marks the upper limit of the 

submicrometer range ( less than 1.0 µm) and the lower limit of the  micrometer size 

range (1-10 µm). In general, dust, ground material, and pollen are in the micrometer 

range or larger, and fumes and smokes are submicrometer. The smallest aerosol 

particles approach the size of large gas molecules and have many of their properties. 

Ultrafine particles range from large gas molecules to about 100 nm (0.001 to 0.1 µm). 

Particles less than 50 nm are called nanometer particles or nanoparticles. Solid aerosol 

particles usually have complex shapes. In the development of the theory of aerosol 



 3

properties, it is usually necessary to assume that the particles are spherical. Correction 

factor and the use of equivalent diameters enable these theories to be applied to 

nonspherical particles. An equivalent diameter is the diameter of the sphere that has 

the same value of a particular physical property as that of an irregular particle.  

 The most commonly measured aerosol property, and the most important one 

for health and environmental effects, is the mass concentration, the mass of 

particulate matter in a unit volume of aerosol. Common units are g/m3, mg/m3.  

Another common measure of concentration is number concentration, the number of 

particles per unit volume of aerosol, commonly expressed as number/cm3 or 

number/m3.  Figure 1.1 shows the extremely wide range of aerosol concentration. 

 

Figure 1.1 Range of aerosol concentration (g/m3). 

Once aerosols are in the atmosphere, they can be removed by several processes. 

Aerosol filtration by a fibrous air filter is a widely adopted and highly efficient 

method for removing submicron particles from gas stream with the additional 

advantage of low energy consumption. Filtration is a simple, versatile, and 

economical means for collecting aerosol particles. At low dust concentrations, fibrous 

filter are the most economical means for achieving high-efficiency collection of sub 

micrometer particles. Aerosol filtration is used in various applications, such as 

respirator protection, air cleaning, and clean rooms. 

100 10 1 0.1 0.01 10-3 10-4 10-5 

Dust explosions Dust storm Rain Fog 

TLV for mineral dusts 

1000 
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1.2 Clean room 

 In the high technological industries such as electronics, optical and biological 

industries, the newly developed commodities are manufactured with precise 

fabrication as a basic process. Both production yield and product quality are affected 

by invisible airborne particles or fine dust. For example in the manufacturing of 

semiconductors, the design rule of ULSI is now minimized to the line width of sub 

micrometer. In this case, the size of particle to be eliminated in the clean room is 

smaller than 0.05 micrometer, namely, 1/5 — 1/10 of the design rule, which means 

that only a super clean environment can be accepted for its production process. Also, 

in food processing, medical or pharmaceuticals, how to control the micro-organism is 

a key point to maintain the quality, which can be achieved with the clean room.  

 The clean room is defined as a specially constructed room in which the air 

supply, air distribution, dust and airborne particles, room pressure, temperature and 

humidity are environmentally regulated to meet an appropriate cleanliness level. The 

particle referred here means a particle as small as 1/1000 of human hair in diameter, 

which is equivalent to 1/100 of the smallest visible limit. These small particles affect 

the production yield and product quality to a great extent. Also many factors other 

than air supply are to be carefully managed to achieve and mention clean environment 

condition. The clean room is what solves these issues. 

 The clean room is divided into two kinds by application; one is Industrial 

Clean Room and the other Biological Clean Room. The latter, together with clean 

room function, controls contamination density of micro-organism and plays an 

important role in clinical research and examination, development of medicines, 

research and improvement of cultivation cycle and plant breeding, etc. The clean air 
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technology development has taken further steps along with the progress of the APO 

LO Program by NASA. During this progress, a high efficient filter has been put into 

practical use, and its development has now advanced from 0.3 micrometer HEPA 

Filter (High Efficient Particulates Air Filter) to ULPA Filter (Ultra Low Penetration 

Air Filter) which can eliminate 0.1-0.2 micrometer particles in diameter at efficiency 

as high as 99.999% by number. 

 The dust and particles controlled in the clean room are very small and 

invisible as shown in Figure 1.2. A visible particle is generally larger than 10 

micrometer, which is removed out at the stage of Pre-Filter. In case of clean room, so 

called submicron particle, smaller than 1 micrometer, is the subject to control. 

According to the United States Federal Standards the cleanliness is defined on the 

basis of 0.5 micrometer particle in diameter. In Figure 1.2, around 0.5 micrometer 

particles are smog, oil mist, cigarette smoke, etc. These are visible only when they are 

condensed, but not directly. Like this, in the clean room, the subjects are such small 

particles that they can not be visible without using microscopy. 
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Figure 1.2 Comparison of particle size 

 HEPA Filter used in a clean room can remove particles 0.3 micrometer in 

diameter with more than 99.97% collection efficiency. ULPA Filter now being used 

in Super Clean Room for semiconductor industries has more than 99.999% for 0.1 

micrometer particle, and is able to make the supply air free from particles. An electret 

filter carries permanent positive and negative charges inside each fiber. The aerosol 

collection efficiency of the electret fiber can be significantly higher than the non-

electret one, even if the aerosol particles are uncharged. Unsurprisingly, electret fibers 

have been used to enhance the collection efficiency of HEPA and ULPA filters. 
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1.3 Introduction to electret filter 

Electrically charged filter material has a history of several decades. The 

advantage of materials of this type is that the charge on the fibers considerably 

augments the filtration efficiency without making any contribution to the air flow 

resistance. Several materials carrying permanent electric charge now exist, finding 

wide use in situations where a high efficiency is required along with a minimum flow 

resistance, such as in respirator filters. 

The electret filter can be classified according to how the filter material 

becomes electrically charged. There are three principal charging processes: 

triboelectric charging, corona charging and charging by induction. Although it is 

difficult to explain at the microscopic level, charged fibers can greatly enhance filter 

collection. This characteristic is used for filters that require both high collection 

efficiency and low pressure drop, such as respirator filters (Hinds, 1999). The oldest 

type of charged-fiber filter is the resin-wool or Hansen filter, made of wool fiber 

impregnated with insulating resin particles about 1 µm in diameter. The charging of a 

plastic comb on vigorous contact with human hair is a familiar example of this 

charging process. The mechanical action of carding the felt causes the resin particles 

to become highly charged, and they retain their charge for years under favorable 

conditions. The presence of this highly charged particles in the filter greatly enhances 

its collection efficiency without increasing its resistance. Unfortunately, charged fiber 

filters lose their charge and their effectiveness when exposed to ionizing radiation, 

high temperature, high humidity or organic liquid aerosols. Also accumulated dust 

can mask the charge and reduce its effectiveness. 
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          Another type of charged fiber is the electret fiber. Electric charge can be 

placed on a polymer by means of a corona discharge. A pointed electrode at a high 

potential emits ions of its own sign, and these will drift, under the influence of the 

field produced by the electrode, to any surface at a lower potential. If the surface is 

insulating, a charge will develop. If the insulator is a thin sheet of polymer, resting on 

a conductor, a compensating charge of the opposite sign will develop as the polymer 

is stripped away from its conductor backing to give charge in a sheet dipole 

configuration. Their similarity to a magnet, which has permanent magnetization, is 

reflected in the similarity between the words electret and magnet. Electret fiber filters 

have advantages and limitations similar to those of resin-wool filters. 

The collection performance of an electret fiber has been investigated 

theoretically and experimentally. As a result, the collection efficiency of a single 

electret fiber was well correlated by a function of coulombic force and induced force 

parameters, when electrostatic effects are prevailing. Electret filters can be used in 

particular for respirators, clean rooms and probably for the highly-efficient cleaning 

of waste laboratory air (e.g. in the case of toxic or radioactive pollution). The 

advantages of the electret filters are, in all cases, high initial collection efficiencies 

combined with a low flow resistance. 

An electret filter carries permanent positive and negative charges inside each 

fiber. The aerosol collection efficiency of the electret fiber can be significantly higher 

than a non-electret one, even if the aerosol particles are uncharged.  Thus electret 

fibers have been used to enhance the collection efficiency of HEPA and ULPA filters. 

In some instances the collection efficiency of an electret fiber may drop substantially 

as deposition of particles progresses.  Typically air filters are not equipped with any 
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dust-cleaning systems and are discarded when captured particles clog the air passage.  

Kanaoka (1998) showed how to double the service life by designing a filter with 

larger dust-holding capacity at the same final pressure drop.  This is achievable 

because filter performance depends not only on filtration conditions and particle 

properties but also on filter properties, such as fiber diameter, packing density and 

packing structure. 

The collection efficiency of the clean electret fiber in the initial stage is 

remarkably high because of its strong electrostatic effects. As dust loading proceeds, 

the collection efficiency of the electret filter might briefly fall as a function of dust 

load because the electrostatic effect exhibited by the fiber surface is screened or 

masked by the deposited particles. It is known that most on-coming particles are 

collected on already captured particles to form complicated agglomerates on an 

electret fiber. As a consequence, the mechanical effect on the overall efficiency 

gradually picks up and ultimately becomes the dominant collection mechanism. 

As more and more particles deposit on a fiber inside a filter and/or on 

previously captured particles, they form complicated accumulates. As the constituent 

fibers are covered with collected particles, the filter characteristics change with the 

dust load. Therefore, it is necessary for the rational design and operation of the 

electret filter to know the collection efficiency of an electret fiber under dust-loaded 

condition. 

          The process of filtration is complicated although the general principles are 

well known. There is a gap between theory and experiment. Nevertheless, filtration is 

an active area for theoretical and experimental research, and there is an extensive 

scientific literature on the subject. 
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1.4 Objectives of research 

        1. To predict the collection efficiency enhancement factors under dust loading 

condition for both charged and uncharged particles. 

 2. To lengthen the electret filter service life by changing the distributions of 

packing density along the filter thickness 

3. To develop and apply a stochastic model to predict the dendritic growth of 

aerosol particles and the corresponding aerosol collection efficiency on a dust-loaded 

electret fiber for the case of uncharged and charged particles. 

 

1.5 Scopes of research 

1. The model derived from studying the dendritic growing on a single electret 

fiber was applied to electrostatic deposition mechanism. 

2. Fortran programming language was chosen to code the model program. The 

resulting computer code will be tested on a personal computer. 

3. The stochastic model was simulated under various filtration conditions such 

as Peclet number or inertial parameter, electrical parameters and particle size to obtain 

additional stochastic simulation results for the collection efficiency raising factors. 

4. The results will be compared to both the experimental results and the 

previously simulated results of other researchers. 

 

 



CHAPTER ΙΙ 

 

LITERATURE REVIEW 

 

 The review of literature consists of two parts. The first part is a review of 

modeling study. Two different approaches can be discerned: first is the deterministic 

approach, and second is the stochastic approach. The second part is a review of 

experimental study of aerosol filtration using the electret filter. 

Investigations, both experimental and theoretical, on aerosol filtration have 

been carried out extensively, and are too numerous to cite individually. Generally, the 

performance characteristics of clean air filters are well known and have widely been 

reported. However, only a few studies are concerned about the performance 

characteristics changing with dust loading. It is necessary for the rational design and 

operation of the electret filter to know the collection efficiency and pressure drop of 

an electret fiber under dust-loaded condition. The present study will focus mostly on 

the collection efficiency aspect. 

 

2.1 Modeling study 

 In formulating a theoretical model of the phenomenon, two different 

approaches can be discerned: one is deterministic, and the other stochastic. The 

deterministic approach formulates a mathematical model in which there is no 

uncertainty in the values of the variables and parameters. The stochastic approach 

employs variables and parameters to describe the input-output relationship, which are 
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not known precisely but governed by certain probability laws. The latter approach is, 

in general, more difficult to employ than the former but in many cases the stochastic 

approach provides more insight into the characteristics and behavior of a real process. 

The deterministic approach has been pursued mostly by Payatakes (1976a, 1976b, 

1076c, 1977, 1980a, 1980b) for interception, and/or convective diffusional, and/or 

inertial impaction, whereas the corresponding stochastic approach for the same case 

have been carried out by Tien et al. (1977); Wang et al. (1977); Kanaoka et al. (1980, 

1981, 1983). 

 

2.2.1 Deterministic approach 

 Radushkevich (1964) was the first to model the growth of particle clusters on 

collectors. He assumed that a given dendrite can be completely characterized by just 

the number of member particles. This implied that no distinction existed between 

member particles at different positions in a dendrite, so no prediction regarding the 

dendrite configuration is possible, even though its configuration was a factor of 

primary importance in the determination of the effect of the dendrites on both the 

filtration efficiency and resistance to flow. Furthermore, the facts that a new dendrite 

is generally of a slimmer structure protruding from the collector surface into the bulk 

flow and that the probability of new particle additions depends on the site of 

deposition along the dendrite suggest that the configuration of the dendrite should 

significantly affect its rate of growth. 

 Payatakes and Tien (1976) proposed a preliminary math model for the 

formation of chain-like agglomerates on a fiber during the filtration of aerosols in 

fibrous media. Their work was intended for the description of filtration performance, 
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both filtration efficiency and pressure drop, over the entire dust loading period.  The 

model was limited by two assumptions; first, the dendrite layer adjacent to the 

collector could contain only one particle at most; second, the particles colliding with 

the upper half of a dendrite particle became members of the immediately higher layer. 

Then, they showed that the idealized dendrite configurations predicted theoretically 

were in agreement with those observed experimentally form a photograph of particle 

dendrites on a single fiber (Billing 1966). 

 Payatakes (1977) extended their previous work, which consider only 

contribution of particle deposition from the tangential flow component by pure 

interception. He developed a revised and generalized version of the model. The 

following major revisions were made: allowance is made for collisions with a particle 

in a given dendrite layer that lead to retention in the same layer, radial as well as 

angular contribution to depositions are considered, and the dendrite layer adjacent to 

the collector is allowed to contain more than one particle. These revisions led to a 

substantially more realistic theoretical model. The behavior of this model was 

demonstrated in the simple case of deposition by pure interception. The proposed 

treatment of deposition by pure interception is more rigorous than and superseded that 

adopted in previous work. 

 Payatakes and Gradon (1980) extended the model to include the case of 

deposition by inertial impaction and interception mechanism. Also the shadow effect 

was incorporated in the analysis. Furthermore, the model can be extended to deal with 

the case of deposition by convective Brownian diffusion. They showed the calculated 

profiles of the expected dendrite configuration as a function of age and angular 
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position and the transient behavior of a fibrous filter of different thickness. These 

observations were in agreement with experimental data. 

 Payatakes and Gradon (1980a) extended the model to include the case of 

submicron particles, where the main transport mechanism of the model is convective 

Brownian diffusion. They presented solutions for the cases of non-slip flow around 

the fiber; and nonslip, slip and free molecular flow around particles. They found that 

dendrites form over the entire fiber surface. Moreover, the profiles of the expected 

dendrite configuration depend strongly on the angular position. In addition, a larger 

interception parameter value leads to more pronounced dendrite deposition. 

Tanthapanichakoon et al. (1993) developed a simple population balance model 

for predicting dendritic growth of aerosol particles and the accompanying increase in 

the collection efficiency on a single fiber via convective diffusional deposition by 

using only a personal computer without requiring much computational time. The 

simulation results of the new simplified model agreed fairly well with those obtained 

previously by Monte-Carlo simulation of the stochastic model.  

 Areephant (1996) studied the growth of dendrites on a fiber in an air filter by 

using the deterministic dendritic growth model which Tanthapanichakoon et al.(1993) 

developed on the basis of population balance. This model was modified for particle 

deposition via convective diffusion and via inertial impaction. The optimal parameter 

values of the model could be estimated by comparison with the stochastic simulation 

results. 
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2.2.2 Stochastic approach for non-electret fiber 

 Tien et al. (1977) were the first to use the stochastic approach to represent the 

random locations of incoming particles in their simulation. They proposed a model for 

the formation and growth of dendrites on a two dimensional collector placed in an 

aerosol stream. Their simulations were carried out on a cross section of the collector 

by taking into account the randomness of individual particles together with the 

corresponding trajectories determined from the equation of motion. The formation 

and growth of particle dendrites were simulated and found to resemble those obtained 

from experiments. 

 Kanaoka et al. (1980, 1980a) simulated the growing process of particles 

dendrites on a dust-loaded fiber via Monte-Carlo simulation of a stochastic model for 

inertial interception collection mechanism. They found that the shapes of dendrites 

thus obtained agreed fairly well with experimental investigations and the ratio of 

single fiber collection efficiency with dust load to that of a clean fiber was expressed 

as a linear function of the mass of deposited particles in a unit filter volume. In 

addition, the values of a collection efficiency raising factor λ were in qualitative 

agreement with previous experimental study. 

           Kanaoka et al. (1983) proposed a three-dimensional stochastic model for the 

case of deposition of aerosol particles by convective Brownian diffusion. This model 

was developed starting from Langevin’s equation and used to simulate the collection 

and agglomeration processes of particles on a cylindrical fiber. The equation of 

motion of particles including the Brownian effect was considered. The effect of Peclet 

number, interception parameter and the accumulated mass of particles on a fiber on 

the distribution of captured particles on the fiber and the evolution of the collection 
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efficiency of the dust-loaded fiber were also discussed through the simulation. 

Furthermore, they found that the ratio of the collection efficiency of single dust-

loaded fiber to that of the clean fiber was expressed as a linear function of the mass of 

particles in a unit filter volume. In addition, the coefficient in the linear function and 

collection efficiency raising factor depended on the Peclet number and interception 

parameter. 

           Wongsri et al. (1991) proposed a three-dimensional method for the stochastic 

simulation of dendritic growth of polydisperse particles for the case of convective 

Brownian diffusion. They found that this study were almost the same as those 

obtained for monodispersed aerosols and the range of standard deviation of 

polydispersity of the aerosol particles did not affect the average performances of the 

dust-loaded fiber. 

            

         2.2.3 Stochastic approach for electret fiber 

          Emi et al. (1984) studied collection efficiency of an electret filter, both 

theoretically and experimentally by means of monodisperse particles in different 

charging states, namely, uncharged, singly or doubly charged, and charged in 

Boltzmann equilibrium. Moreover, the theoretical collection efficiencies of a clean 

single electret fiber were calculated by considering the effects of both induced and 

coulombic forces, and approximate expressions of the efficiencies were obtained for 

the induced force effect, coulombic force effect and the combined effect of both. 

Experimentally, the collection efficiency of the filter is markedly influenced by the 

change in the charging state of particles, and both coulombic and induced forces 
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affect the collection of particles simultaneously. Finally, a semi-empirical expression 

for the collection efficiency of a clean single electret fiber was obtained. 

Emi et al. (1987) experimentally studied the collection performance of an 

electret filter by means of very fine particles in different charging states, that is, 

uncharged, singly or multiply charged and charged in equilibrium at filtration velocity 

ranging from 5 to 200 cm/sec. They found that a general expression of a clean single 

electret fiber efficiency for fine particles was obtained by considering Brownian 

diffusion together with coulombic and induced forces. The expression successfully 

explained the complex behavior of penetration curve of particles charging in 

equilibrium. 

Hiragi (1995) studied experimentally and employed a practical three-

dimensional simulation method for predicting the agglomerative deposition process of 

submicron aerosol particles on an electret fiber. The simulated results were shown to 

agree quite well with the experimental observations for both uncharged and charged 

particles dealing with gradient force and coulombic force respectively. This study led 

to prediction of how the morphology of particle accumulates on a constituent fiber 

changed and affected the collection efficiency and pressure drop of the filter under the 

dust-loaded condition. Furthermore, he applied fractal geometry to describe the 

characteristic of dendrite. 

          Kanaoka (1998) reviewed the performance of a dust-loaded air filter in which 

particles deposit and form complicated accumulates, thus increasing its collection 

efficiency and pressure drop. The following topics were reviewed: 1) The collection 

process of particles and morphology of particle accumulates on a single fiber plus 

experimental observation and computer simulation by various collection mechanism, 
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2) collection efficiency and pressure drop of a dust-loaded filter, 3) prediction of filter 

performance with dust load and 4) improvement of filter service life. 

          Kanaoka et al. (2001) proposed a practical three-dimensional simulation 

method for predicting the agglomerative deposition process of submicron aerosol 

particles on an eletret fiber.  The simulated results are shown to agree quite well with 

the experimental observations for both uncharged and charged particles.  For the 

former only the gradient force and for the latter only the coulombic force needs to be 

considered as long as an oncoming particle has not come in close proximity to any 

previously deposited particles.  In contrast, once the oncoming particle enters a region 

of close proximity to a deposited particle at the tip of a dendrite or chain-like 

agglomerate, it suffices to consider only the high-gradient or particle-string formative 

force in the employed stochastic model. 

Tanthapanichakoon et al. (2003) modified a three dimensional stochastic 

model to simulate the deposition process on an electret fiber by considering the effect 

of Brownian diffusion in the model. The model was shown to predict the 

agglomerative deposition process reasonably well, and in the case of weak electrical 

effects, they also approximated the collection efficiency enhancement factor as linear 

function of dust load. 

 

2.2. Air filtration using electret filter 

           As mentioned earlier, Emi et al.(1984) studied the collection efficiency of a 

single electret fiber using monodisperse sodium chloride particles ranging from 0.01-

0.4 µm in diameter for filtration velocity from 5 to 200cm/s, under different charging 

state of particles, i.e., uncharged, singly or doubly charged, and charged in Boltzmann 
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equilibrium. It was found that the experimental clean fiber efficiency was markedly 

influenced by the small change in the charging state of particles. 

  Baumgartner et al. (1986) studied the determination of single fiber charge and 

collection efficiency. They presented fractional separation functions for different 

types of electret filters and for the particle size range from 10 nm to 10 µm at the 

filtration velocity of 10 cm/s. The initial efficiencies were compared to that of a 

conventional (glass fiber) filter and also to those of electret filters in discharged state. 

The results of long-term filtration experiments showed that a complex time-dependent 

behavior existed for different filter materials. Furthermore, two experimental methods 

were presented and discussed for determining the charge characteristics of single 

electret fibers. 

 Brown et al. (1988) studied the natural process of deterioration performance of 

electrically charged filter material by exposing respirator filter materials, on site, to 

industrial aerosols, comprising aerosols produced during foundry fettling operations, 

foundry burning, lead component manufacture, lead smelting, silica sand quarrying, 

refractory brick production, coking, and asbestos textile manufacture. Equal masses of 

different aerosols were found to cause widely different changes in performance. They 

found that loading filters with homogeneous aerosols caused the penetration to 

increase exponentially, with a constant of proportionality that quantifies the ability of 

the aerosol to degrade the filter. Their experimental results were shown to be 

consistent with a charge-screening process.  

 Otani et al. (1993) proposed equations of clean electret fiber collection 

efficiency for small electrostatic effect between particles and electret fibers 

accounting for the interception effect, and comparing with the experimental data. 
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They also studied the stability of electret charge when the electret filters was exposed 

to liquid and humid air. They found that the electret charge is fairly stable in humid 

air, but the collection efficiency for liquid droplets gradually decreases because 

captured droplets covered the fiber and thus weakened the electrical field around the 

fibers. 

As mentioned earlier, Hiragi (1995) studied how the agglomerates of 

uncharged and charged particles, respectively, change with filtration time and location 

on an electret fiber.  When uncharged particles were collected, they attached all 

around the fiber and formed chainlike agglomerates, which subsequently became 

irregular and complicated as the electrostatic effect gradually weakened.  In the case 

of charged particles, the shape is similar to the former but agglomerates tended to 

concentrate in a limited area of opposite polarity to the particles. 

Walsh and Stenhouse (1997) studied the characteristics of an electrically 

active fibrous filter material loaded with particles. They showed that small particles 

accelerated filter clogging and rapidly reduced the initial filtration efficiency. They 

suggested that electrically active materials had greater dust holding capacity than the 

conventional ones did. These studies indicate that the charge of a test particle is a key 

parameter affecting the initial and long-term performance characteristics of electret 

filters. 

Lee et al. (2002) predicted the collection performance of high-performance 

electret filters (HPEF).They carried out experiments on HPEF using the particles 

whose diameter ranged from 0.01 to 0.3 micrometer, whereas the face velocity was 

varied from 0.5 to 50 cm/s. They found that the HPEF had electrical charge density 

twenty times as high as previous research of them (Otani et al.,1993), and that the 
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HPEF was fairly stable against organic solvent, retaining one-third of initial charge 

after soaking it with ethanol. 

Ji et al. (2004) tested electret filter media used in manufacturing cabin air 

filters by applying two different charging states to the test particles. These charging 

states were achieved by spray electrification through the atomization process and by 

bipolar ionization with an aerosol neutralizer, respectively. They found that the 

amount of charge, the mean particle size, and the particle material significantly 

affected the collection performance of the electret filter for submicron particles. The 

collection efficiency of electret filter degraded as more particles were loaded, and 

showed minimum efficiency at a pseudo steady state. The filter media loaded with 

liquid DOS particles showed collection efficiencies much lower than those loaded 

with solid NaCl particles. 

 



CHAPTER ΙΙΙ 

 

THEORY 

 

This chapter presents a brief review of the basic theory of aerosol filtration. 

3.1 Filtration phenomena in the filter 

 The process of filtration is complicated, and although the general principles 

are well known, there is still a gap between theory and experiment. Fibrous filters 

consist of a mat of fine fibers arranged so that most are perpendicular to the direction 

of airflow.  As particles deposit on a fiber inside the filter and/or on previously 

captured particles, they form complicated accumulates, which lead to a marked 

increase in collection efficiency and pressure drop. Since air filter is operated under 

dust load, prediction of filter performance is indispensable to the improvement of 

filter service life. Depending on the aerosol particle size and operating conditions, 

various filtration mechanisms such as interception, inertial impaction, and Brownian 

motion, simultaneously influence deposition process on a fiber. The process is 

enhanced by electrostatic effects with the application of an external electric field or 

the use of an electret filter. 

 To understand the behavior of fibrous air filters, and the way in which they 

collect aerosol particles, it is important to consider the structure of the fibrous mats. 

Fibrous filters have very open structure, and traditionally they have been modeled by 

considering the behavior of aerosol particles with respect to a single cylindrical fiber 

within the depth of the media. Kanaoka (1998) observed the deposition pattern of 
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aerosol particles on a tungsten wire as shown in Figure 3.1. When the fiber is still 

clean, particles are collected directly on it, but once a few particles are collected, the 

flow pattern around them changes, and the existence of captured particles enhance the 

collection of additional particles. This can clearly be seen from Figure 3.1, which 

shows the time evolution of accumulates of lead particles ( dp = 1 µm) on a tungsten 

wire (df = 10 µm) at a velocity of v = 50 cm/s (Stk = 3.5). At 1.5 min, few particles 

are collected on the fiber surface but the number of particles increases enormously 

from 1.5 to 10 min. Furthermore, the average spatial distribution of captured particles 

does not change much with time; i.e., the maximum deposition appears around the 

front stagnation and then decreases gradually to the side edge of the fiber. 

 

Figure 3.1 Time dependency of particle agglomerates on a tungsten wire df = 10 µm, 

dp = 1 µm, v = 50 cm/s, ρp = 11.34 g/cm3, Stk =3.5, R=0.1 (Kanaoka, 1998) 
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 When particles and/or the fiber are electrically charged, the deposition pattern 

is different from mechanical collection because of electrostatic effects. Figure 3.2 

shows the particles on an electret fiber. When uncharged particles are collected, they 

attach all around the fiber and form chainlike agglomerates and then they become 

irregular and complicated because of the weak electrostatic effect. For charged 

particles, the shape is similar to the former but agglomerates concentrate in a limited 

area of opposite polarity to the particles. 

 

 

Figure 3.2 Particle agglomerates formed by electrostatic effect; df = 30 µm, dp = 0.39 

µm, v = 15 m/s,ρp = 2.33 g/cm3 , Stk =0.015, Pe=5×104, R=0.013. (a) Uncharged 

particles KIn = 0.004, V = 4.8×10-4 ;  (b) Uncharged particles KIn =0.004, V= 1.5×10-3; 

(c) Charged particles Kc= 0.016, V= 4.9×10-4 



 25

3.2. Trajectory and deposition mechanism of aerosol on a single fiber 

 3.2.1.  Kuwabara flow field 

 Kuwabara (1959) solved the Navier-Stokes equations for viscous flow.     

Figure 3.3 shows the flow cells in a fibrous filter consisting of parallel fibers, spaced 

randomly and transverse to the flow. The mean flow is directed from left to right with 

a velocity equal to U. The vorticity would be negative on the upper side of a cylinder 

and positive on the lower side of a cylinder. An ideal cell for the mathematical model 

is shown in Figure 3.4. Kuwabara considered that each cylinder of radius Rf is 

enclosed by an imaginary cylindrical cell of radius Rc. If there are n parallel fibers per 

unit volume of filter, the volume fraction or packing density α is 

     α=n π Rf
2                         (3.1) 

and Rc is adjusted so that 

     n π Rc
2=1                         (3.2) 

Thus                                        Rc=
α
fR

                                (3.3) 

 The boundary conditions used by Kuwabara were that air velocity is zero on 

the surface of the fiber. The stream function, ψ, and the velocity component, Ux, Uy 

and Uz, obtained by Kuwabara and expressed in dimensionless form are 
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Figure 3.3a Vorticity around cylinders (the broken lines represent zero vorticity) 

 

 

 

                            Figure 3.3b Mean flow velocity around cylinders 
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Figure 3.4  Cross section of Kuwabara’s cell 

 

 The filtration by a fibrous air filter depends on several mechanisms. The 

important mechanisms causing particle deposition are interception, diffusion, inertial 

impaction, gravitational settling and electrostatic attraction. The single fiber 

efficiency η can be estimated as the sum of the individual efficiencies caused by 

diffusion, ηD, interception, ηR, inertial impaction, ηI, gravitational settling, ηG and 

electrostatic attraction, ηE, mechanisms. Based on numerous experimental 

observations, the general features of the deposition patterns may be summarized as 

shown in Figure 3.5  

 These five deposition mechanisms form the basis set of mechanisms for all 

types of aerosol particle deposition, including deposition in a lung, in a sampling tube, 

or in an air cleaner. The method of analysis and prediction may be different for each 

situation, but the deposition mechanisms are the same. The first four mechanisms are 

called mechanical collection mechanisms. Each of the five deposition mechanisms is 

described below, along with equations that predict the single fiber efficiency due to 
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that mechanism. The theoretical analysis is complex, and only simplified equations 

are presented. Still, these equations are accurate enough to show the trend of 

collection efficiency with filter parameters. Wherever possible, the equations are 

based on experimentally verified theory and except where noted, are valid for 

standard conditions and 0.005 < α < 0.2, 0.001 < U0 < 2 m/s (0.1-200 cm/s) and 0.01 

< df < 50 µm. 

 

 

 

Figure 3.5 Shape of particle accumulates by the change of collection mechanism. 

 

3.2.2 Interception 

 Even if a particle does not deviate from its streamline, if the distance between 

the particle to a capturing surface is less than one particle radius, the particle may be 

Pe = 0 Stk = 0 

Stk Pe 

R 

∞=Stk

Inertia-interception Diffusion-interception
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collected on the surface by the interception mechanism. The particle would adhere to 

it due to Van der Waal’s force. This mechanism is directly related to the relative size 

of the particle. The dimensionless parameter describing the interception effect is the 

interception parameter R defined as the ratio of the particle diameter to the fiber 

diameter. 

                                                     R
d
d

p

f
=                        (3.6) 

where dp is the particle diameter and df is the fiber diameter. 

If the Kuwabara flow field is used, the single fiber efficiency caused by interception 

can be expressed by  
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3.2.3 Diffusion 

 When a particle is very small, in the submicrometer order, the main deposition 

mechanism is Brownian diffusion. Generally, the particle does not follow its 

streamline but continuously diffuse away from it. Thus the particle may be captured 

even on the rear surface. The diffusion effect of particles increase when the particle 

size and air velocity decrease. From the convective diffusion equation describing this 

process, a dimensionless parameter called the Peclet number, Pe, can be defined as 

                                              Pe
d U
D

f

BM
= ∞                (3.8) 

where U∞ is the average air velocity. 

 DBM is the diffusion coefficient of the particle. 
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The physical meaning of Peclet number is that Peclet number describes the 

relationship between diffusion and convection in a manner similar to the role played 

by the Reynolds number in fluid flow. When the Peclet number is small, molecular 

diffusion predominates. When it is large, convective transport predominates and 

diffusion can be neglected (Reist, 1993). Moreover, the single fiber efficiency, based 

on Kuwabara flow field, can be expressed by (Stechkina and Fuchs, 1966) 

                                      ηD K Pe Pe= +
− − −2 9 0 624
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3.2.4 Inertial impaction 

  Particles with a finite mass may not follow the streamlines exactly due to their 

inertia. If the streamlines are highly curved and the particle mass is high, the particle 

will deviate from the streamlines to collide with the capturing surface. Unlike the 

diffusion mechanism, the inertial impaction mechanism increases with an increase in 

particle size and/or air velocity. The effect of inertia on particle deposition can be 

described by the dimensionless number Stokes number, Stk, defined as 

                                      
f

p
2
pm

d9
UdC

Stk
µ

ρ
= ∞             (3.11) 

 The single fiber efficiency is calculated by Stechkina et al. (1969), using the 

Kuwabara flow field. Their expression gave 

                                         ηI K
I St=

1
2 2( )

. k              (3.12) 

  where  I R R= − −[( . ) . ]. .29 6 28 27 50 62 2 2 8α  

 



 31

 3.2.5 Gravitational settling 

 When a particle is in a gravitational force field, they will settle with a finite 

velocity. If the settling velocity is large, the particle may deviate from the streamlines 

and deposit on the capturing surface. The gravitational settling mechanism is 

important only for large particles and at low flow velocity. The dimensionless 

parameter governing the gravitational settling mechanism is 

                                                    Gr
U
Vg

= ∞             (3.13) 

where Vg is the terminal settling velocity of the particle.  

The single fiber efficiency due to gravity,ηG, can be approximated (Davies 1973) as 

                                                 ηG
Gr

Gr
=

+1
                            (3.14) 

 

 3.2.6 Electrostatic deposition  

 Electrostatic deposition can be extremely important, but is difficult to quantify 

because it requires knowledge of the charge on the particles and on the fibers. 

Electrostatic collection is often neglected, unless the particles or fibers have been 

charged in some quantifiable way. Increasing the charge on either the particles or the 

fibers and reducing the velocity, increases the collection efficiency. The theory of 

particle collection by charged fibers, charged particles or both is reviewed by Brown 

(1993). Charged particles are attracted to oppositely charged fibers by coulombic 

attraction. A neutral particle can also be attracted to a charged fiber: The electric field 

created by the charged fiber induces a dipole, or charge separation, in the particles. In 

the non-uniform field around the fiber, the near side of the particle experiences an 

attractive force that is greater than the repulsive force on the far side; hence, a net 



 32

force exists in the direction of the fiber, and the particle migrates in that direction. 

Finally, a charged particle can be attracted to a neutral fiber at close range by image 

forces. The charged particle induces an equal but opposite charge in the fiber surface 

and thus creates its own field for attraction. Image forces are weaker than coulombic 

forces. 

 A single fiber collection efficiency is expressed by a function of dimensionless 

induced force and coulombic force parameter (KIn, KC), neglecting mechanical 

collection mechanisms. The single collection efficiency is obtained as (Lee et al., 

2002): 

 for charged particles,   

   93.0
InIn K48.1=η  ; 10-4 < KIn < 10-2        (3.15) 

   73.0
In

35.0
kIn Kh51.0 −=η  ; 10-2 < KIn < 1                     (3.16) 

   40.0
In

60.0
kIn Kh54.0 −=η  ; 1< KIn < 100         (3.17) 

for uncharged particles, 

   CC K78.0=η   ; 10-3 < KIn < 10-1                               (3.19) 

   83.0
C

17.0
kC Kh59.0 −=η  ; 10-1 < KIn < 10        (3.20) 

 

where 75.025.0ln5.0h 2
k −α−α+α−=  

 

3.3 Relationship between E of a filter and η of a single fiber 

 A fibrous filter consists of a mass of fibers which are placed perpendicular to 

the direction of flow and oriented randomly. The single fiber may be used to explain 

the performance of a fibrous filter. When an air filter is composed of uniformly 
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packed fibers with the same diameter, its efficiency is estimated by equation (3.21) , 

but cannot be used under dust-loaded condition. Let the total length of every fiber in 

unit thickness of unit cross flow area be L. The packing density (α) or volume 

fraction of the fibers is the ratio of the total volume of all the fibers to the volume of 

the filter. 

    ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
η⋅⋅

α−
α

⋅
π
−

−=
fd

L
1

4exp1E           (3.21) 

   

The definition of the dust collection efficiency of a single fibers, η,  is the ratio of the 

distance between two the limiting streamline of the flow approaching the fiber to the 

fiber radius (cf. Figure 3.6). 

                                                            η=
Y
R f

                                 (3.22) 

 

 

Figure 3.6 Streamlines near a cylindrical fiber lying transverse to flow, and the 

definition of single fiber efficiency 
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 Under dust-loaded condition, the local aerosol concentration C and 

dust load m in the filter can be obtained by integrating equations (3.23)-(3.24) 

together with equation (4.2) and the applicable initial and boundary conditions. 

        C
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∂                                                  (3.23) 
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∂
∂                                                         (3.24) 

Initial condition   t = 0 : m=0  for 0 < x < L 

Boundary condition   x = 0 : C = Ci   for  t > 0 

The filter collection efficiency is calculated from Ce at x = L as follows.                 
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3.4 The stochastic dendritic growth model for a single fiber 

 Stochastic or random processes abound in nature such as the path of a particle 

in Brownian diffusional motion, the growth of population of bacteria, and the mixing 
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of pigment in plastics. If investigators would like to study these phenomena, they can 

easily make use of the theory of stochastic process. 

 This study applies the previous stochastic model (Maneeintr, 2001) which was 

used to simulate the induced-force and coulombic-force deposition of the aerosol 

particles via Monte Carlo method.  

 To calculate the collection performance of a single fiber, the motion of the air 

flow around the fiber can be described by Kuwabara stream function, which was 

expressed by equation (3.4). Figure 4.3 is a schematic diagram of a representative 

fiber surrounded by Kuwabara’s cell. Due to its stochastic nature, a set of uniform 

random numbers is used to represent the random location of each oncoming particle at 

the generation plane of Kuwabara’s cell. Furthermore, the standard normal random 

vector, ni-1, in Equation (3.29) and (3.30) plays the role of a directional vector of 

Brownian motion of each particle in the direction of x, y and z. Assuming no 

interparticle interaction, the motion of each particle is governed by the Langevin’s 

equation plus the effect of electrical forces on the particle, as follows: 

                  t
FB)t(A)uv(

dt
dv

∆
++−β−=        (3.28) 

where v is the velocity of the particle 

 u is the velocity of fluid stream 

 A(t) is a fluctuation force 

            F is the external force 

            B is the mobility of the particle  
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 3.4.1 Deposition via convective Brownian diffusion  

 In the case of convective diffusional deposition, the position vector p of a 

particle at time ti = ti-1 + ∆t can be approximated by equation (3.29) and (3.30), 

respectively, which were derived by  Kanaoka et al. (1983) 

 

                         tFBntupp 1i1i1ii ∆+σ+∆+= −−−           (3.29) 

where                                           tD2 bm ∆=σ  

            σ is the standard deviation  

              n = (nx, ny, nz) is a standard normal random vector with zero mean and unit 

variance 

Transform these variables to dimensionless form then equation (3.29) become  

 

                  τ∆′′+
τ∆

+τ∆+= −−− BFn
P

2UPP 1i
e

1i1ii       (3.30) 

Here, the fluid velocity U of viscous flow across a random array of parallel 

fibers having packing density α is given by equation (3.5), and Pe is Peclet number. 

On the right of the equation, the second term represents the convective movement of 

the particle, the third term represents the diffusion movement of particle and the last 

term represents the electrical force. 

F’B’ in electrical dimensionless term is meant for either an uncharged or 

charge particle and is defined as  

for uncharged particle:                              F’B’ = KInFg                                     (3.31a) 

for charged particle:                                  F’B’ = KCFc                                      (3.31b) 
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In addition, the equations to find these electrical parameters are shown below. 

Dimensionless electrical parameters                        

                                    
ud)1(6

enC
K
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C µε+ε
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In the case of the non-electret fiber, the electrical term is omitted and equation 

(3.30) becomes 

                   1i
e

1i1ii n
P

2UPP −−−
τ∆

+τ∆+=                (3.33) 

3.4.2 Deposition via inertial impaction  

In the case of the inertial impactional deposition, the position of a particle at 

time ti = ti-1 + ∆t can be approximated by the following equations  

    xx2

2

BFU
dt
dX

dt
XdSt =−+          (3.34) 

    yy2

2

BFU
dt
dY

dt
YdSt =−+          (3.35) 

 For the case of non-electret fiber, these equations are reduced to equations 

(3.36) and (3.37) 

                                                0U
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 In short, Equations (3.30), (3.34) and (3.35) can be used to simulate the 

movement of a particle in Kuwabara’s cell for the electret fiber. To complete the 

stochastic simulation of the dendritic growth on the electret fiber, the following 

assumptions have been made. 

1) Existence of dendrites on the fiber has little effect on the flow field around the 

fiber. 

2) Spatial and time distribution of the oncoming particles are random microscopically. 

3) The next particle will not enter the Kuwabara’s cell until the present one in it either 

deposits or passes through the cell. 

4) A particle is always retained once it is captured on a dendrite or fiber surface. 

5) There is no re-entrainment or detachment of captured particles or dendrites from 

the fiber. 

6) The particle size is monodisperse. 

7) Both positive and negative charges on the fiber surface are permanent. 

8) The charge on each particle is equal to –1. 

 

 

 

 

 



CHAPTER IV 

 

SIMULATION PROCEDURE 

 

 Simulation is a powerful technique for solving a wide variety of problems and 

imitates the behavior of a system or phenomena under study. The basic idea behind 

simulation is simple, namely, to model the given system by means of mathematical 

equations, and then determine its time-dependent behavior. The simplicity of the 

approach, when combined with the computational power of a high speed personal 

computer, makes simulation a powerful and efficient apparatus. Fundamentally, 

simulation is used when either an exact analytical expression for the behavior of the 

system under investigation is not available, or the analytical solution takes too much 

time or cost. 

 In modeling natural phenomena, two different approaches are available: 

deterministic and stochastic. Deterministic models are those in which each variable 

and parameter can be assigned a definite number, or a series of definite numbers, for 

any given set of conditions. In contrast, for stochastic or random models, uncertainty 

is introduced. The variables or parameters used to describe the structure of the 

elements (and the constraints) may not be precisely known. The former approach is 

less demanding computationally than the latter and could frequently be solved 

analytically. 

 To represent random variables, a source of randomness is required. A random 

number generator and its appropriate use play significant roles of any simulation 
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experiments involving a stochastic system. Methods of generating random numbers 

are obtained by Tanthapanichakoon (1978). This chapter presents the simulation 

procedure of the deterministic and stochastic model to simulate correlation for the 

efficiency enhancement factor of a single electret fiber, and flow chart of simulation 

procedure. 

 

4.1 Calculation procedure to determine correlation for the efficiency 

enhancement factor of a single electret fiber  

It is postulated that the collection efficiency of an electret fiber under dust 

loading can be approximated as the sum of two mechanisms: the electrical and the 

mechanical collection efficiency. Kanaoka et al. (1983) approximated the mechanical 

collection efficiency of the dust-loaded fiber as a linear function of the accumulated 

mass of particles in a unit filter volume. They also looked at the effect of Peclet 

number and interception parameter on the collection efficiency enhancement factor. 

Tanthapanichakoon et al. (2003) simulated a three dimensional stochastic model and 

found that the collection efficiency of the electret fiber with dust load can be 

approximated as a linear function in the case of weak electrical effects. 

In the present study, the correlation for the collection efficiency of the electret 

fiber (η) is found by summing a logarithmic function for the electrical collection 

efficiency (ηE) and the previously obtained linear function of mechanical collection 

efficiency (ηM).  

              ]m1[]m)mln(1[ MM0E0ME λ+η+γ+β+η=η+η=η                                  (4.1) 

or                                     ]m1[]m1[ MM0EE0 λ+η+λ+η=η                         (4.2) 
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where λE =  β ln m +γ                       

Figure 4.1 illustrates the concept. The mechanical collection efficiency of the clean 

fiber (η0M) was estimated as the sum of efficiencies attributed to the inertia, diffusion 

and interception mechanism (William C. H., 1998). The mechanical collection 

efficiency enhancement factor, λM, can be estimated from an existing correlation 

(Kanaoka et al., 1983; Kanaoka, 1998). Here the electrical collection efficiency 

enhancement factor, λE, will be estimated from published experimental data (Walsh 

and Stenhouse, 1997). 
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Figure 4.1 Collection efficiency, electrical collection efficiency and mechanical 

collection efficiency of 1.03 micron stearic acid charged particles at face velocity 0.1 

m/s  

Under dust-loaded condition, the local aerosol concentration C and dust load 

m in the filter can be obtained by numerically integrating equations (3.23) and (3.24) 

together with equation (4.2) and the applicable initial and boundary conditions. To 
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estimate the collection efficiency of the electret filter under dust-loaded condition, the 

following assumptions are made: 

(1) The local collection performance (between x and x+∆x) can be regarded as 

constant for a sufficiently short time interval (t and t+∆t). 

(2) When the local dust load on a single fiber is the same, the local electrical 

enhancement factor is the same regardless of the fiber location in the filter and 

filtration time. 

As shown in Table 4.1, the simulation conditions are a) Based on Walsh’s 

experimental conditions and b) Based on Lee’s experiments (2002). The simulation is 

carried out until the filter becomes clogged. The % penetration P is defined as P = 

100(1-Em).  The values of β and γ are estimated by a straight-forward iterative method 

to obtain the layer by layer collection efficiency. The iteration is repeated until a good 

fit with the experimental results is found. A simplified flow chart of the simulation 

procedure is shown in Figure 4.2. 
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Table 4.1 Simulation conditions used (a) Based on Walsh’s experiments on stearic 

acid particles (1997) (b) Based on Lee’s experiments (2002) 

 

                                                                              (a)                              (b) 

Influent dust concentration ,Ci [kg/m3]             0.2                          1×10-8 

Electret fiber diameter, df  [µm ]                         20    2.64 

Electret fiber charge [coulomb/m2]                      5×10-10      1.2×10-4 

Packing density of filter,α [-]                          0.04    0.04 

Filter thickness, L [m]                                  0.003             0.003  

Particle diameter, dp [µm]   0.46, 0.61, 1.03, 1.26  0.3 

Face velocity of filtration [m/s]                           0.1   0.1 

Differential filter thickness, ∆x [m]            0.00002   0.00002 

Time step, ∆t  [s]                                              0.03    0.03 

 

 

 



 44

 

Figure 4.2 Simplified flow chart of the iteration procedure 

 

4.2 Stochastic simulation procedure to predict the collection efficiency of a single 

electret fiber via Monte-Carlo Technique 

 The random position at the aerosol generation plane of Kuwabara's cell is 

represented by a uniform random number. Furthermore, the dimensionless radius of 

the Kuwabara’s cell (Rc) is related to the packing density α by           

Read the filtration condition 
df , dp , α, Mclog  and experimental results 

t=0 
m=0

Estimate the initial guess of λE = λ0E  from eq (b) and 
temporarily assume λ0E  is applicable to the whole filter 

Estimate η0 from experimental  
value of E using eq (a) 

 

Yes 

No

t= t+dt 
m= m+dm

 

|Pn,exp-Pn,cal|<ε 

 m ≥ Mclog

Yes 

No 

End

Start

Calculate the aerosol penetration Pn,cal 
by integrating eq (3) and (4) 

Set m = mC  

Guess new λE  for m 
higher than mC   
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α

=
1R c                         (4.3) 

 The total length of the fiber is subdivided into 5 sections with length Z1, Z2, 

Z3, Z4, Z5, respectively (Figure 4.3). However, the effective length of the fiber was 

Z3, which was expected to resemble those obtained from using a very long fiber. Here 

the length of the generation plane Zgen=Z1 + Z2 + Z3 + Z4 + Z5 with Z1=Z5, and 

Z2=Z4.  

 For the case of electret fiber, there are so many kinds of forces acting on both 

particles and fiber. Coulombic forces FC (between the particle and fiber), FCP 

(between the particle and another nearby particle) and image force FI come into play 

only when a particle has electric charge.  For both charged and uncharged dielectric 

particles, the long-range non-uniform electric field around the electret fiber and the 

agglomerates lead respectively to the long-range gradient force FG and particle-string 

formative or high-gradient force FR.  Under typical filtration conditions, Hiragi (1995)  

has calculated that FR becomes dominant when an oncoming particle comes in  close 

proximity to a deposited particle and that, until this proximity region is reached, only 

either FC in the case of charged particles or FG in the case of uncharged particles need 

to be considered.  His conclusions agree with Zebel (1963) and are adopted here. 

 The flow of fluid around the fiber is Kuwabara flow. For uncharged particles, 

the trajectory of an oncoming uncharged particle is essentially determined by the 

gradient force FG except in a region of close proximity to a deposited particle.  Since 

FG depends only on the radial coordinate r and not on the polarization direction γ . For 

charged particles, the coulombic force FC essentially determines the trajectory, except 

in the region of close proximity to some deposited particle.  Since FC depends on the 
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polarization direction γ  as well as the coordinates r and θ, the resulting trajectory 

changes drastically with γ. 

 

 

 

               Figure  4.3   Schematic diagram of Kuwabara’s cell 

 

 

The simulation is carried out according to the following procedure. 

 1.  The starting point P0 of an incoming particle was chosen randomly on the 

generation plane, which overlaps the cell surface and has height 2H and width Z. Two 

mutually independent uniform random number, Y0 and Z0, (-H ≤ y0 ≤ H, 0≤ z0 ≤ Z), 
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were generated by using subroutine RANDOM (Tanthapanichakoon, 1978) to give 

K0= (− −R yc
2

0
2 , y0 , z0).  

 2.  For convective Brownian diffusional deposition, the movement of the 

particle at each successive time interval, ∆t, is simulated by using the equation (3.30), 

and the next position vector Pi was calculated. The random component in equation 

(3.30) uses three mutually uncorrelated standard normal random numbers, nx, ny, and 

nz, which are generated by using subroutine RND (Tanthapanichakoon, 1978). In 

contrast, in the case of inertial impaction deposition, the next position vector Pi of the 

particle at each time step, was calculated by using the equation (3.34) and (3.35). 

 3.  The new position vector Pi at the end of the each time step is checked to see 

whether the particle has come in close proximity to the end of deposited particle or 

dendrite tip. If it does so, its movement is controlled by the high-gradient force FR 

which is prominent only at the tip of the particle string (dendrite).  Thus only the 

electrostatic field around the dendrite tip needs to be considered. Once an oncoming 

particle enters this projected hemisphere of influence of the high-gradient field at the 

dendrite tip, it is assumed to deposit at the center of the hemisphere. And the location 

of captured particle is stored as you see in Figure 4.4.  

 

 

 

 

 

 

Figure 4.4  Region of high gradient electrostatic field 
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4. However, if an oncoming particle is not in radius of hemisphere of 

influence, then the model of diffusion mechanism is used to check that particle has 

collided on the fiber surface or with any of the previously captured particles. If 

collision has occurred the coordinates of the location of capture is stored, and step 5 is 

executed next. If no collision has occurred, step 2, 3 and 4 are repeated until the 

particle either is captured or moves out of the boundary of  Kuwabara’s cell. 

 5.  Steps 1, 2, 3 and 4 are repeated until one of the dendrites on the fiber 

surface grows up to a predetermined height of given-particle layer. 

 6.  Steps 1, 2, 3, 4 and 5 are repeated for a number of samples to yield enough 

information for stochastic analysis. 

 

 A flow chart of the computational procedure is given in Figure 4.5. Monte 

Carlo simulations are carried out under various filtration conditions. Time step  ∆t and 

fiber length Z are the two most important parameters which control the accuracy and 

computational time of the simulation. A short time step and a longer fiber length 

would enhance accuracy but consume very large computer memory and much 

computational time. Their suitable values in previous study (Kanaoka et al., 2001 and 

Hiragi, 1995) are adopted in this study. A compromise of 50 samples is selected in 

this study.  

 

 

 

 

 



 49

 

Figure 4.5  Flow chart of the stochastic simulation procedure 
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4.3 Evaluation/Estimation of filter service life 

 As fine particles deposit on the fibers, the single-fiber and overall filter 

collection efficiencies increase while the filters gradually become clogged. Since the 

expensive electret filter can not practically be cleaned and re-used, it is crucial to 

devise some means to lengthen its service life without compromising its collection 

efficiency.  Filter collection efficiency depends not only on filtration condition and 

particle properties, but also on the filter properties, such as fiber diameter, packing 

density, packing structure. In the case of ordinary air filters it has been shown that 

suitable improvement in the fiber packing structure can lead to a significant increase 

in their service life (Kanaoka, 1998). 

The objective here is to show the some approach can lead to several fold 

increase in service life in the case of the electret fiber. The simulation conditions for 

improvement in the filter service life are listed in Table 4.1(b). Table 4.2 shows the 

equation of the filter packing density of four identical filters with the same average 

packing density, α = 0.04, but different spatial distributions of packing density along 

the filter thickness. Figure 4.6 shows the filter packing density distribution along 

thickness of 4 filters. Fibers are packed uniformly in filter A. For filters B, C and D, 

the packing density changes along the filter thickness, with a minimum packing 

density at the inlet side and a maximum packing density at the outlet side of filter. 

The simulation of the filter service life estimation can be applied from the simulation 

in section 4.1 and the procedure of simulation is shown in Figure 4.2. 
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Table 4.2 Packing density of the electret filter 

 

Filter Packing density (α) 

A 

B 

C 

D 

0.04 

0.02(x/L)+0.03 

0.04(x/L)+0.02 

0.06(x/L)+0.01 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6  The filter packing density distribution along thickness of 4 filters. 
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CHAPTER V 

 

EXPERIMENTAL EVIDENCE 

 

5.1 Experimental set-up of electret filter filtration 

Experimental results were obtained by Walsh and Stenhouse (1997) for 

uncharged and charged particles under dust-loaded condition. In their work, they used 

stearic acid over a size range of 0.46 - 1.40 micrometers, as measured with an API 

Aerosizer (Aerosizer Mach 2, Amherest Process Instruments Inc., United States). 

Monodisperse particles were produced in the MAGE (Monodisperse Aerosol 

Generator, Lavoro E Ambiente, Bologna, Italy) by first atomizing a very dilute saline 

solution to produce very fine seed particles, and then passing this aerosol through 

heated stearic acid, where the gas became saturated with stearic acid vapour. As this 

mixture was allowed to cool under controlled conditions, the stearic acid condensed 

on the seed to form monodisperse spheres. Aerosol from MAGE was exposed to a 

radiation source (Krypton-85), which brings the particles’ charge distribution to 

Boltzmann equilibrium. The smallest particles used (0.46 micron) had a mean charge 

at Boltzmann equilibrium of 1.6 unit charge. The aerosol was diluted by the addition 

of clean filtered air. The particle concentration of this diluted aerosol was measured 

using a light scattering photometer (LSP), before it challenged a filter sample. The 

particle concentration was measured again downstream of the filter using a second 

LSP. A diagram of the filtration test rig is shown in Figure 5.1. The filter properties 

are shown in Table 5.1. 
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Figure 5.1 Sketch of the aerosol filtration test rig (Walsh and Stenhouse,1995) 

 

 

 

Table 5.1 Characteristics of electrically active material 

 

Parameter    Value 

Fiber diameter    20 µm 

Packing density   0.04 

Filter depth    0.003 m 

Filter fiber charge   5×10-10 c/m 

Weight per unit area   92 g/m2 
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5.2 Penetration of aerosol particles under dust loading 

 Figure 5.2 shows that the penetration of charged aerosol particles begins 

from a low initial value because the filter is initially clean and the electrostatic effect 

is still strong. The penetration initially increases with the dust load because of the 

gradually degradation of the electrostatic effect. Slowly but surely, the mechanical 

effect gradually picks up and becomes dominant as the deposited particles form 

chainlike agglomerates. At the maximum penetration point, the monotonically 

increasing mechanical collection efficiency equals the reduction in electrostatic 

collection efficiency. Subsequently the penetration monotonically decreases as the 

filter gradually clogs up. The significance of Walsh’s experimental results is that they 

covered the whole history of the changes on an electret fiber under different 

situations. However, the experimental data are somewhat scattered perhaps because of 

imperfectly controlled condition. Nevertheless, they clearly reveal the trend of the 

collection efficiency of an electret filter in the initial stage.  

These data show that smaller particles cause a more rapid degradation in the 

electrical efficiency. The maximum penetration is also attained more quickly when 

filter samples are loaded with smaller particles, and falls to zero more quickly.  Filter 

clog more quickly when loaded with smaller aerosol particles (Baumgarter and 

Loffer,1986; Walsh and Stenhouse, 1995). As dendrites grow more quickly when 

filter samples are loaded with smaller particles, they become clogged at lower mass 

deposits, and the mechanical contribution to the filtration efficiency becomes 

significant more than the initial stage; so penetration reaches a maximum more 

quickly. Moreover, a cake forms at the surface more quickly and thus the penetration 

falls to zero more quickly with smaller particles. 
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Figure 5.2 Penetration through filter samples loaded with stearic acid particles of 

Boltzmann equilibrium charge distribution, over a size range 0.46 – 1.40 µm at face 

velocity 0.1 m/s 

 

Figure 5.3 Penetration through filter samples loaded with uncharged and charged 

stearic acid particles of 0.61 and 1.26 µm at face velocity 0.1 m/s  
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In Figure 5.3 we see that the initial penetration of uncharged aerosol particles 

is higher than that of charged particles. The corresponding maximum penetration of 

the former happens earlier and its value is also higher. Then the penetration drops 

quickly below that of the charged particles. Concerning the cake structure, it will be 

affected simultaneously by electrostatic and mechanical forces. The cake consists of 

pearl chain structure protruding from the surface for both charged and uncharged 

particles but the spatial distribution of dendrites and the dendrite length are not the 

same. For uncharged particles, the dendrites are distributed randomly but uniformly 

on the whole fiber surface and grow almost perpendicular to the fiber surface. 

However, for charged particles, the dendrites also form pearl chain structure along the 

electric force lines but are scattered only in the region with opposite charge to the 

particles’ polarity. When particles are collected beyond the effective reach of the 

electrostatic effect, they start to form random structured deposit (Kanaoka et al., 

2001). 

 

5.3 Pressure drop of electret filter under dust loading 

In the early stages of filter loading the increase in pressure drop per unit 

aerosol particle deposit is initially very low, as aerosol particles are initially deposited 

on the surface of individual filter fibers deep within the filter bed. As loading 

continues, dendrites begin to form and the pressure drop accelerates. These dendrites 

ultimately join together and a filter cake is formed on the front edge of the filter. At 

the point of complete cake formation the pressure drop has reached its maximum rate 

of increase, and there-after the pressure drop is a linear function of aerosol particle 

deposited. The point at which it clogs is a strong function of aerosol particle size, as 
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has been found with the conventional filter, with smaller aerosol particles being most 

clogging. The slope of the linear part of the pressure drop curve, after clogging is 

different for the various sizes of aerosol particles, the sharpest slope being for smallest 

aerosol particles as shown in Figure 5.4. For charged and uncharged aerosol particles, 

it is found that at the clogging point the pressure drop curve of uncharged particles are 

steeper than that of charged particles, so uncharged aerosol particles cause the filter to 

become clogged more quickly as shown in Figure 5.5 (Walsh, 1995).  

 

 
 
Figure 5.4 Pressure drop across filter samples loaded with stearic acid particles of 

Boltzmann equilibrium charge distribution at a face velocity of 0.1 m/s 
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Figure 5.5 Pressure drop across filter samples loaded with uncharged and charged 

particles of 1.26, 0.61 particle size at 0.1 m/s face velocity. 



CHAPTER VI 

 

RESULTS AND DISCUSSION 

 

6.1 Correlation for the electrical collection efficiency enhancement factor 

Based on the simulation procedure described in section 4.1, the obtained 

simulation results are shown and discussed in this section. The correlation for the 

collection efficiency of the electret fiber (η) is obtained by summing a logarithmic 

function of dust load for the electrical collection efficiency (ηE) and the conventional 

linear function of dust load for the mechanical collection efficiency (ηM). The adopted 

simulation conditions are listed in Table 4.1 (a) which correspond to Walsh’s 

experiments using stearic acid particles. 

 

 6.1.1 Comparison between experimental and simulated results 

 First of all, simulation results are compared with the experimental results 

previously reported by Walsh and Stenhouse (1997). Figures 6.1(a) and 6.1(b) 

compare the experimental and simulated results for the cases of charged and 

uncharged particles, respectively. Good agreement is observed for both charged and 

uncharged monodisperse particles of various sizes. In the proposed empirical 

correlations, only a single dominant type of electrical forces – coulombic force for the 

case of charged and induced force for uncharged particles – is considered. In reality, 

however, both induced and coulombic forces are present simultaneously. Walsh and 

Stenhouse (1997) did not actually neutralize the charges on their generated aerosol 
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particles but assumed that the aerosol from the MAGE is uncharged because vapour 

condensing on a nucleus neither imparts nor removes electrostatic charge, and that the 

seed particles are so small that even at breakdown charge distribution its charge 

should be negligible; for example, 0.025 µm seed particles have only 0.3 unit charges 

at breakdown (see Brown, 1993). Both assumptions could be the reasons why our 

empirical correlations show a similar effect of the particle size on the electrical 

enhancement factor in Table 6.1 for both charged and uncharged particles. As for the 

effect of particle charge, penetration of 0.46 micrometer uncharged particles appear 

slightly higher than the corresponding case of charged particles, but the difference is 

not significant. In the case of 0.61 micrometer charged and uncharged particles, the 

former shows less penetration than the latter as expected. There are two possible 

reasons for the unexpected penetration result in the case of 0.46 micron particles. 

First, as mentioned above, Walsh and Stenhouse (1997) did not actually neutralize the 

charges on their aerosol particles but assumed that the aerosol from the MAGE was 

uncharged. Second, there was significant scattering of experimental data because of 

imperfectly controlled condition. 
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Figure 6.1 Comparison between experimental and simulation results for stearic acid 

particles over size range 0.46 – 1.26 micrometer at face velocity 0.1 m/s : (a) charged 

particles (b) uncharged particles 
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 6.1.2 Electrical enhancement factor, λE =  β ln m +γ 

It is well known that the collection efficiency of an ordinary fiber always 

increases as dust particles are loaded on the fiber (Kanaoka et al., 1983). However, for 

an electret filter, the collection efficiency of aerosol particles reportedly decreases 

exponentially with the operation time in its early stage of collection until it loses 

electrical forces (Brown et al., 1988). Then the electrical collection efficiency 

becomes negligible but the overall efficiency increase with time because of the 

mechanical collection mechanism (Ji et al., 2003). The quantity of effective charge on 

the electret fiber and amount of particles deposited on the fiber surface as well as the 

particle size and shape do affect the aerosol collection efficiency (Brown et al., 1988; 

Walsh and Stenhouse, 1997). 

As can be seen from Table 6.1, the electrical enhancement factor can be 

expressed as a logarithmic function of m: λE =  β ln m +γ. In the table, the values of 

both β and γ decrease as the size of aerosol particles increases. This may be attributed 

to the fact that the smaller the particle size, the closer they lie in contact with the fiber 

surface, thereby enhancing the charge-screening and neutralizing effect. In addition, 

the charged particles have smaller β and γ values than the uncharged particles. As 

expected, the differences in  β and γ between charged and uncharged particles 

increase as the particle size increases. For 0.46 micrometer particles, the values of β 

and γ for charged and uncharged particles are nearly the same because, as mentioned 

above in relation to Figure 6.1, the aerosol particles were not actually neutralized but 

Walsh and Stenhouse (1997) assumed that the aerosol from the MAGE was 

uncharged and there was also significant scattering of the experimental data. 
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Table 6.1 Electrical enhancement factor (λE = βln m + γ) of an electret fiber from 

clean state up to clogging point  

 

 

 

 

 

 

As for the effect of the gas flow velocity, Walsh (1995) experimentally investigated 

the penetration at 0.1, 0.3 and 0.8 m/s filtration velocity for 1.03 micrometer particles.  

It is found that the higher the flow velocity, the smaller the electrical enhancement 

factor becomes. The empirical correlation for 1.03 µm particles reveals that β = 0.10, 

0.25, 0.26 and γ = 0.33, 0.56, 0.47 for v = 0.1, 0.3 and 0.8 m/s, respectively. 

Generally, several collection mechanisms occur simultaneously in a complicated 

manner. They are: diffusion/Brownian motion, inertial impaction, interception, 

gravitational settling and electrostatic forces. The particle size of interest here ranges 

from 0.46 – 1.26 µm, the filter diameter is 20 µm and the face velocity of filtration of 

interest is 0.1 m/s. In this case, the Peclet number of the particles (Pe) ranges from 

28,724 to 94,570; Stokes number (stk), from 0.0041- 0.0257; and the interception 

parameter, from 0.023 to 0.063. Therefore, the dominant mechanical collection 

mechanism is diffusional/Brownian motion, followed by interception. As evident 

Particle size 

(micrometer) 
Charged particles Uncharged particles 

0.46 

0.61 

1.03 

1.26 

0.13 ln m – 0.40 

0.11 ln m – 0.35 

0.10 ln m – 0.33 

0.086ln m – 0.30 

0.133 ln m – 0.40 

0.12 ln m – 0.37 

0.11 ln m -0.355 

0.098ln m – 0.335 
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from Figure 4.1, the electrostatic effect is dominant only in the initial stage up to a 

dust load of around 2 kg/m3. Beyond the dust load of 6 kg/m3, the mechanical 

collection mechanism takes over. 

 During the initial stage of particle deposition on the electret fiber, particles are 

either captured directly on the fiber surface as single particles and short dendrites 

(Kanaoka and Hiragi, 1990). During this period, the negative charge–screening effect 

of the particles, neutralization effect of the charges on the fiber by deposited particles 

lying in direct contact with the electret fiber and possible chemical interactions 

between the aerosol particles and fiber material might take place (Ji. et al., 2003). 

Nevertheless, during this initial period, the electrical enhancement factor λE could 

briefly be approximated as a linear function of the dust load m [Brown et al., 1998]. 

As dust loading proceeds, the deposited particles form tall porous dendritic 

agglomerates with complicated shapes. The negative effects of additional particles on 

the fiber charge become less and less pronounced while the absolute effect of 

electrostaticity gradually dies out. Though Walsh’s experimental results can be 

explained quite well by λE = β ln m + γ , this empirical correlation is restricted to the 

following conditions: 0.46 µm< dp < 1.26 µm , v = 0.1 m/s, df = 20µm, and electret 

fiber charge =  5× 10-10 coulomb/m2. 

 Figure 6.2(a) compares the calculated values of the electrical enhancement 

factor (λE) of charged particles over a size range of 0.46 – 1.26 micrometer at the face 

velocity of 0.1 m/s. We see that λE remains negative throughout the filtration time of 

interest because of the degradation of electrical effect. In the early stage, λE value of 

small particles is smaller than that of large particles. Above certain dust load, λE 
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increases more gradually and finally becomes nearly equal. Though not shown here, a 

similar trend is also observed in the case uncharged particles. As an example, Figure 

6.2(b) compares the electrical enhancement factor (λE) of uncharged and charged 

particles. As pointed out in Table 6.1, λE value of uncharged particles is slightly more 

negative than that of charged particles at low dust load. Then the difference in λE 

gradually decreases as the electrical effect is degraded by dust load. Since the 

electrical collection of uncharged particles relies on induced forces which are 

generally smaller than the corresponding columbic forces of charged particles, the 

electrical enhancement factor and collection efficiency in the case of charged particles 

is higher than that of uncharged particles. Though not shown in Figure 6.2(b), the 

estimated electrical enhancement factor of 0.46, 0.61 and 1.26 micrometer particles of 

charged particles are also found to be higher than the corresponding case of 

uncharged particles.  
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Figure 6.2 Electrical collection efficiency enhancement factor (λE) of charged 

particles: (a) over size range 0.61- 1.26 micrometer at face velocity 0.1 m/s (b) 

uncharged and charged 1.03 micrometer stearic acid particles at face velocity 0.1 m/s 
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 6.1.3 Normalized single-fiber collection efficiency 

 The normalized collection efficiency (η/η0) is the ratio of the dust-loaded 

collection efficiency,η, to that of the clean-fiber, η0.  In the case of an ordinary fiber 

or a weak electret fiber, the normalized collection efficiency has been shown to 

increase monotonically as a linear function of dust load (Kanaoka et al, 1983; 

Tanthapanichakoon et al., 2003). This phenomena, however, does not hold in the case 

of a strong electret fiber. 

 As an example, Figure 6.3 shows the normalized single-fiber efficiency of 

charged particles over a size range of 0.46-1.26 micrometers. Instead of increasing 

linearly, η/η0 initially decreases from unity down to a minimum point as the number 

of deposited particles increases. Beyond the minimum, the monotonically increasing 

mechanical effect more than compensates the degradation of electrical forces and 

becomes dominant. The smaller particles show more rapid degradation in electrostatic 

efficiency. In addition, the clogging point of a filter is attained more easily when it is 

loaded with smaller particles, which is consistent with published experimental results 

(Baumgartner&Loffler, 1986; Walsh & Stenhouse, 1997).  
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Figure 6.3 Normalized collection efficiency of charged stearic acid particles, over a 

size range 0.46 – 1.26 micrometer at face velocity 0.1 m/s  

 

6.2 Collection efficiency of an electret fiber via Monte-Carlo technique 

Based on the simulation procedure described in section 4.2, the obtained 

simulation results are shown and discussed in this section. The adopted simulation 

conditions are listed in Table 6.2. Monte Carlo simulations are carried out under 

various filtration conditions. However, the packing density of the filter and the 

particle density are fixed at 0.04 and 1g/cm3, respectively.  As the electrostatic field 

strength is degraded while dust load increases, the collection efficiency of the electret 

filter might briefly fall as a function of dust load because of screening of the filter 

charges, neutralization of charges on the fibers, and possible chemical interaction 

between the aerosol particles and filter material (Ji et al. 2003). Therefore, the 

electrical force parameters must be assumed to degrade as a function of dust load.  

 In this study, the electrical force parameters are assumed to degrade as an 

exponential function of dust load as the follows. 
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For charge particle:       KC = KC0 e (-φNcap)             (6.1) 

For uncharged particle:   KIn = KIn0 e (-φNcap)                 (6.2) 

where   KC0 = Initial coulombic force parameter of the electret fiber 

  KIn0 = Initial induce force parameter of the electret fiber 

 Ncap = Number of captured particles on the fiber 

φ = electrical degradation factor (φ>0) 

 

In the present study, the normalized collection efficiency against 

dimensionless dust load will be shown discussed under various dust loading 

conditions.  

The dimensionless dust load is defined by the following equation: 

                             M_ = M dep / M (η/η0 = 1)              (6.3) 

where  M_ = dimensionless dust load 

 Mdep = dust loaded at the filtration time t 

 M(η/η0=1) = non-zero dust load at which η/η0 reaches unity  
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Table 6.2 Stochastic simulation conditions for aerosol agglomerative depostion on an 

electret fiber 

 

 

 Packing density of filter  α (-)  0.04 

 Dimensionless initial electrical parameter   

  Induced force  KIn0 (-)   0.05 , 0.1 and 0.2 

  Coulombic force  KC0 (-)  0.05 , 0.1 and 0.2 

 Dimensionless length of fiber section 

  I Z1 (-)    3 dp 

  II Z2 (-)    5 dp 

  III Z3 (-)    20 dp 

  IV Z4 (-)    5 dp 

  V Z5 (-)    3 dp 

 Dimensionless radius of fiber  Rf (-)    1 

 Dimensionless half height of generation plane  H (-)  2 

Dimensionless step size  ∆t (-)    0.05 

Dimensionless number of simulation  Nsim2 (-)  50 

Dimensionless radius of hemisphere of influence  Re (-) 1.5 dp 
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6.2.1 Validation of model 

6.2.1.1 Cases in which Brownian diffusion mechanism is assumed to 

be dominant 

 In this section, the morphology of deposited particles and normalized 

collection efficiency of a single electret fiber are discussed. Figures 6.4 and 6.5 show 

typical examples of the morphology of the dendrites for the cases of charged and 

uncharged particles, respectively. The condition used in this section are Kc = 0.20, KIn 

= 0.20, Ri = 0.0515, Pe = 75372, Gamma = 90 and φ = 0.01. Generally particle 

dendrites tend to grow perpendicular to the fiber surface and straight for both charged 

and uncharged particles, but for charged particles the agglomerates concentrate in a 

limited area of opposite polarity to the particles. Figures 6.6 and 6.7 show the 

normalized collection efficiency against dimensionless dust load for charged and 

uncharged particles, respectively. 

 

Figure 6.4 Typical configuration of dendrites for the case of  Kc = 0.20, Ri = 0.0515, 

Pe = 75372, Gamma = 90, φ = 0.01, layers = 40 

Front View Side View 

Top View 
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Figure 6.5 Typical configuration of dendrites for the case of  KIn = 0.20, Ri = 0.0515, 

Pe = 75372, φ = 0.01, layer = 40 
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Figure 6.6 Normalized collection efficiency for the case of  KC = 0.2 , Ri = 0.0515, 

Pe = 75372,φ= 0.01  

Front View 
Side View 

Top View 
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Figure 6.7 Normalized collection efficiency for the case of  KIn = 0.2 ,Ri = 0.0515 

Pe = 75372, φ = 0.01 

 
  6.2.1.2 Cases in which inertial impaction mechanism is assumed to be 

dominant 

 In this section, the simulation results for the case of inertial impaction 

mechanism dominant are shown and discussed. Figures 6.8 and Figure 6.9 show 

typical examples of the morphology of the dendrites for the cases of charged and 

uncharged particles, respectively. It can be seen that none of the dendrites in Figure 

6.8 are found in the lower half of the fiber because the Stk value is very small (small 

effect of inertial impaction).   Figure 6.9 shows deposition of particles collected all 

around the fiber surface again because of small inertial effect and induction 

mechanism (for uncharged particles). Figures 6.10 and 6.11 show the predicted the 

normalized collection efficiency for charged and uncharged particles, respectively. It 

shows rapid degradation of the normalized collection efficiency with the increasing 
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dimensionless dust load in both cases. Compared with the experimental results of 

Walsh and Stenhouse (1997)(see Figure 6.3), the normalized collection efficiencies in 

Figures 6.10 and 6.11 degrade too fast and not realistic.  

 

Figure 6.8 Typical configuration of dendrites for the case of  Kc = 0.20, Ri = 0.0515, 

Stk = 0.017,Gamma = 90, φ = 0.01, layer = 40 

Front View 

Top View 

Side View 
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Figure 6.9 Typical configuration of dendrites for the case of  KIn = 0.20, Ri = 0.0515, 

Stk = 0.017,φ = 0.01 , layer = 40 
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Figure 6.10 Normalized collection efficiency for the case of  KC = 0.2 ,Ri = 0.0515, 

Stk = 0.017, Gamma = 90 , φ = 0.01 

Front View Side View 

Top View 
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Figure 6.11 Normalized collection efficiency for the case of  KIn = 0.2 , Ri = 0.0515, 

Stk = 0.017, φ = 0.01 

  6.2.1.3 Selection of suitable stochastic model 

 The experimental results of Kanaoka (1998) are shown in Figures 3.2, 6.12 

and 6.13. When induced forces dominate, i.e., uncharged particles are collected on 

the electret fiber, the particle are uniformly collected all around the fiber surface 

regardless of charge distribution on the fiber at the initial stage. Most of them form 

chainlike agglomerate and grow almost perpendicular to the surface until a certain 

height. Then the shapes of the agglomerates become random and complicated. 

Figures 6.12 and 6.13 are the experimental results for uncharged particles at low and 

high dust loads, respectively. It can be seen that there are more particles collected on 

the front side than the back side. Comparing Figure 6.12 and 6.13 with either Figure 

6.9 or Figure 6.5, we may conclude that the morphology of dendrites in Figure 6.5 is 

more realistic. 
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 Figures 6.14 and 6.15 show the experimental results for charged particles at 

low and high dust loads, respectively. When coulombic force prevails, i.e., charged 

particles are collected, the shapes of the agglomerates are quite similar to the case of 

induced forces except that the agglomerates concentrate on surface area of opposite 

polarity to the particles. Figure 6.4 shows that the straight dendrites growing 

perpendicular to the fiber surface is more realistic than that shown in Figure 6.8. By 

the way, the particle size of interest here ranges from 0.46 – 1.26 µm, the filter 

diameter is 20 µm and the face velocity of filtration of interest is 0.1 m/s. In this case, 

Pe ranges from 28,724 to 94,570; Stokes number, from 0.0041- 0.0257; and 

interception parameter, from 0.023 to 0.063. Therefore, the dominant mechanical 

collection mechanism is diffusional/Brownian motion, followed by interception.  

 In conclusion, Brownian diffusion is much more significant for the present 

simulation than inertial impaction. Therefore, the suitable stochastic model is the one 

in which diffusional mechanism is dominant. 

  

Figure 6.12 Experimental results of dendrite morphology on an electret fiber with 

low dust load for uncharged particles at conditions: df =30 µm, dp= 0.039 µm, Ri = 

0.013, u=15 cm/s, ρp=2.33 g/cm3, KIn=0.004, Pe= 50000 and Stk = 0.015 
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Figure 6.13 Experimental results of dendrite morphology on an electret fiber with 

high dust load for uncharged particles at conditions: df =30 µm, dp= 0.039 µm, Ri = 

0.013, u=15 cm/s, ρp=2.33 g/cm3, KIn=0.004, Pe= 50000 and Stk = 0.015 

 

Figure 6.14 Experimental results of dendrite morphology on an electret fiber with 

low dust load for charged particles at conditions : df =30 µm, dp= 0.039 µm, Ri = 

0.013, u=15 cm/s, ρp=2.33 g/cm3, KC=0.016, Pe= 50000 and Stk = 0.015 
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Figure 6.15 Experimental results of dendrite morphology on an electret fiber with 

high dust load for charged particles at conditions: df =30 µm, dp= 0.039 µm, Ri = 

0.013, u=15 cm/s, ρp=2.33 g/cm3, KC=0.016, Pe= 50000 and Stk = 0.015 
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6.2.2 Effect of electrical degradation factor 

 The concept of electrical degradation factor (φ) is introduced via equations 

(6.1) and (6.2). Here, the electrical degradation factor is assumed to be 0.005, 0.01 

and 0.03, respectively.  Figure 6.16 shows the normalized collection efficiency for 

various electrical degradation factors. It can be seen that for the case of a high 

electrical degradation factor, the normalized collection efficiency decreases more 

rapidly and the minimum point is lower and occurs earlier than that of a low electrical 

degradation factor. In the present study, the appropriate electrical degradation factor is 

considered to be 0.01 for all simulation conditions. 
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Figure 6.16 Normalized collection efficiency for the case of  KC = 0.2 , Ri = 0.0515, 

Pe = 75372 and φ = 0.005, 0.01 or0.03 
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6.2.3 Effect of interception parameter 

Ri (Interception parameter) is an important parameter which has considerable 

effect on the agglomerative deposition phenomena of aerosol particles on an electret 

fiber. The concept of interception was explained in section 3.2.2. Table 6.3 shows the 

interception parameter corresponding to various particle sizes. Figure 6.17 compares 

the typical configuration of dendrites obtained in the present simulation for the case of 

Kc = 0.20, Ri= 0.0515 or Ri = 0.063, respectively. For both charged and uncharged 

particles, when Ri is low, captured particles are more densely packed. But when Ri 

increases, the dendrite morphology reveals more vacant area and looks more porous. 

 

Table 6.3   Interception parameter as a function of  particle size (fiber diameter 20 

µm) 

 

 

 
 
 
 
 
 
 
 
 

 

Dp 
( micrometer) Ri 

0.46 0.023 
0.61 0.0305 
1.03 0.0515 
1.26 0.063 
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a) Kc = 0.20, Ri = 0.0515 
 

 
 

b) Kc = 0.20, Ri = 0.063 
 
Figure 6.17 Typical configuration of dendrites with Kc = 0.20, φ= 0.01  a) Ri = 

0.0515 ; b) Ri = 0.063 

Front View Side View 

Top View 

Front View Side View 

Top View 
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6.2.4 Effect of coulombic force parameter 

 Only KC (coulombic force parameter) is considered for the case of charged 

particles captured on an electret fiber. The concept of KC was explained in section 

3.2.6. The accompanying degradation factor (φ) is assumed to be 0.01. Figure 6.18 

shows a typical example of dendrite morphology for the case of KC = 0.1, Ri = 

0.0515. Figure 6.19 shows a typical configuration for the case of  KC =  0.05 , Ri = 

0.0515. Figure 6.17(a) shows a typical configuration of for the case of  KC = 0.2, Ri = 

0.0515. The effect of a high KC on the morphology makes the dendrites taller, 

straighter and more slender than those of a low KC. It can be seen that there are more 

scattered dendrites on the fiber surface for the case of a low KC. 

 

 

 
 

Figure 6.18 Typical configuration of dendrites for the case of  Kc = 0.10, Ri = 0.0515, 

Pe = 75372. 

Front View Side View 

Top View 



 84

 

Figure 6.19 Typical configuration of dendrites for the case of  Kc = 0.05, Ri = 0.0515 

Pe = 75372. 
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Figure 6.20 The normalized collection efficiency for the cases of KC = 0.05, 0.1 and 

0.2 , respectively ( Ri = 0.0515, Pe =75732,φ = 0.01) 

Front View Side View 

Top View 
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 As mentioned above, the normalized collection efficiency is the ratio of the 

dust-loaded collection efficiency,η, to that of the clean fiber, η0. Figure 6.20 shows 

the normalized collection efficiency for the case of KC = 0.2, 0.1 and 0.05, 

respectively, with Pe = 75,372 and Ri = 0.0515. The dimensionless dust load is 

calculated as the ratio of the actual dust loading under filtration to the non-zero dust 

load at which η/η0 = 1.  It can be seen that normalized collection efficiency for the 

case KC = 0.05 remains the highest follow by the case of  KC = 0.1 and KC = 0.2 

,respectively. For the case of high columbic force (high KC), the initial collection 

efficiency of the clean fiber (η0) is also very high; therefore the normalized collection 

efficiency for the case of highest KC can be reduced to the lowest value.   

 

6.2.5 Effect of induce force parameter 

Figures 6.21, 6.22 and 6.23 show the typical configuration of dendrites for 

the case of KIn = 0.20, 0.10 and 0.05, respectively. When the induced forces prevails, 

uncharged particles are collected all around the entire fiber surface and form chainlike 

agglomerates, which subsequently become irregular and complicated.  Furthermore, 

these agglomerates grow almost perpendicular to the surface up to a certain height. 

For a low KIn, the shapes of dendrites are fatter and shorter than those of a high KIn . 

In contrast, for the high KIn, the dendrites become taller and more slender and look 

somewhat straighter.  

There are remarkable differences in the spatial distributions of charged and 

uncharged particles captured around an electret fiber. For uncharged particles, the 

dendrites are distributed more randomly and somewhat more uniformly on the whole 

fiber surface, growing almost perpendicular to the fiber surface. In contrast, for 
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charged particles, the dendrites also form pearl chain structure along the electric force 

lines but are scattered mostly in the region with opposite charge to the particles’ 

polarity. When particles are collected high above the effective reach of the 

electrostatic effect, they start to form random structured deposits (Kanaoka et al., 

2001). 

Figure 6.24 shows the normalized collection efficiency for the case of KIn = 

0.2, 0.1 and 0.05 with Ri = 0.0515, φ = 0.01. As in the case of KC, it can be seen that 

the minimum point of the normalized collection efficiency becomes lower and occurs 

earlier when KIn is higher. In Figure 6.24, the normalized collection efficiency for the 

case KIn = 0.05 is highest and the case of KIn = 0.2 is lowest because the initial 

collection efficiency of clean fiber (η0) for the case of the strongest induced force is 

highest. 

 
Figure 6.21 Typical configuration of dendrites for the case of  KIn = 0.20, Ri = 

0.0515, Pe = 75372,φ = 0.01 

Front View 
Side View 

Top View 
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Figure 6.22 Typical configuration of dendrites for the case of  KIn = 0.10, Ri = 

0.0515, Pe = 75372, φ =0.01 

 
Figure 6.23 Typical configuration of dendrites for the case of  KIn = 0.05, Ri = 

0.0515, Pe = 75372, φ = 0.01 

Front View 

Front View 

Side View 

Side View 

Top View 

Top View 
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Figure 6.24 Normalized collection efficiency for the cases of KIn = 0.05, 0.1 and 0.2, 

respectively ( Ri = 0.0515, Pe = 75372,φ = 0.01) 

 

6.2.6 Effect of Peclet number 

When a particle is very fine, in the submicrometer order, the main deposition 

mechanism is Brownian diffusion. The meaning of Peclet number was explained in 

section 3.2.3. Figures 6.25 , 6.26 and 6.27 show the typical configurations of 

dendrites for charged and uncharged particles at Pe = 1000, 5000 and 50000, 

respectively. At a low Pe, the shapes of the dendrite look comparatively tall, slim and 

straight for both charged and uncharged particles. It can be seen that the electret fiber 

can capture more particles especially the rear side of the surface when Pe is small. At 

a high Pe, the dendrites look shorter and fatter than the case of a low Pe. 
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(a) 

 

(b) 

Figure 6.25 Typical configurations of dendrites a) Kc = 0.20; b) KIn = 0.20 with Ri = 

0.0515, Pe = 1000, φ = 0.01 

Front View 

Front View 

Side View 

Side View 

Top View 

Top View 
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(a) 

 

Figure 6.26 Typical configuration of dendrites a) Kc = 0.20; b) KIn = 0.20 with Ri = 

0.0515, Pe = 5000, φ = 0.01 

Front View 

Front View 

Side View 

Side View 

Top View 

Top View 
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(a) 

 

(b) 

Figure 6.27 Typical configurations of dendrites a) Kc = 0.20; b) KIn = 0.20 with Ri = 

0.0515, Pe = 50000, φ = 0.01 

Front View 

Front View 

Side View 

Side View 

Top View 

Top View 
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6.2.7 Correlation for the simulated collection efficiency enhancement factor 

Figure 6.28 shows the simulated single-fiber collection efficiency of charged 

particles over a size range 0.46 – 1.26 µm for KC = 0.2 and  φ = 0.01. The initial 

single-fiber collection efficiency with respect to charged aerosol particles begins from 

a high initial value because the filter is initially clean and the electrostatic effect is 

still strong. The collection efficiency initially decreases with the dust load because of 

the gradual degradation of the electrostatic effect. As expected, the initial single-fiber 

collection efficiency (η0) of small particles is lower than that of large particles, which 

agrees well with the experimental results. In addition, the minimum point of the 

single-fiber collection efficiency for small particles is lower and occurs earlier than 

that for large particles. 

  In the present study, the normalized collection efficiency against 

dimensionless dust load will be discussed under various conditions. The electrical 

degradation factor (φ) is assumed to be 0.01 for all simulation conditions.  Figures 

6.29 – 6.32 show the normalized collection efficiency with respect to charged 

particles. The normalized efficiency results obtained via the Monte-Carlo technique 

show good qualitative agreement but some quantitative differences from the 

correlated single-fiber experimental results (Figure 6.3). The discrepancy may be 

ascribed to 3 reasons: 

1. The present simulations consider the agglomerative deposition of aerosol 

particles on a single fiber. The fibers are assumed to be arranged in parallel 

at equal spacing but the real filter mat are composed of numerous layers of 

many fine fibers arranged in random orientations. 
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2. In the simulations the effect of deposited particles on the local flow stream 

is assumed to be negligible. 

3. No inter-bridging or crosslinking of agglomerates between adjacent fibers 

is considered. Nor is possible interactions between adjacent fibers. 

 Figures 6.33 – 6.36 show the normalized collection efficiency with respect to 

uncharged particles. The degradation electrical factor is again assumed to be 0.01. As 

in the case of charged particles, the minimum point of the efficiency for smaller 

particles is lower and occurs earlier than that for larger particles. Maneeintr (2000) 

suggested that in the case of dominant electrical forces, the normalized collection 

efficiency, η/η0, can be represented by two correlations: the initial stage and the 

subsequent stage, respectively. The present simulation results agree with Maneeintr’s 

suggestion. The single-fiber collection efficiency can be represented 

by ]m1[]m1[ MM0EE0 λ+η+λ+η=η . The electrical enhancement factor (λE) is shown 

to be smaller than the mechanical enhancement factor (λM) for all simulation results.  

As mentioned before, the electrical degradation factor is taken to be 0.01 for all 

simulation conditions. It was found that the electrical enhancement factor itself should 

be a logarithmic function of the dust load.  
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Figure 6.28 Single fiber collection efficiency for the case of KC = 0.2 and φ = 0.01 for 

charged particles over a size range 0.46 – 1.26 micrometer. 
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Figure 6.29 Normalized collection efficiency for the case of  KC = 0.2 ,Ri = 0.023 

and φ = 0.01 
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Figure 6.30 Normalized collection efficiency for the case of  KC = 0.2 , Ri = 0.0305 

and φ = 0.01 
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Figure 6.31 Normalized collection efficiency for the case of  KC = 0.2 ,Ri = 0.0515 

and φ= 0.01 
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Figure 6.32 Normalized collection efficiency for the case of  KC = 0.2 , Ri = 0.063 

and φ = 0.01 
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Figure 6.33 Normalized collection efficiency for the case of  KIn = 0.2 , Ri = 0.023 

and φ = 0.01 
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Figure 6.34 Normalized collection efficiency for the case of  KIn = 0.2 , Ri = 0.0305 

and φ = 0.01 
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Figure 6.35 Normalized collection efficiency for the case of  KIn = 0.2 , Ri = 0.0515 

and φ = 0.01 
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Figure 6.36 Normalized collection efficiency for the case of  KIn = 0.2 ,Ri = 0.063 

and φ = 0.01 

 

6.3 Structural improvement to lengthen service life of the electret filter 

The concept used to evaluate the filter service life was explained in section 

4.3. We consider four different filters which have the same average packing density 

but different spatial distributions of packing density along the filter thickness. Figure 

6.37 compares the calculated penetration through the four different filters as a 

function of dust load. The penetrations through all four filters initially increase with 

dust load with filter A’s rising the most rapidly. After a period of time, the penetration 

through each filter reaches a maximum, starts to gradually decrease and becomes zero 

upon complete clogging. As expected, the values of maximum penetrations and 

clogging dust loads for the four filters are significantly different. Nevertheless, all 
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filters have collection efficiencies higher than 99.99 % at all times. It should be noted 

that HEPA filters are required to have collection efficiencies higher than 99.97% with 

respect to 0.3 micrometer aerosol particles. In fact, the maximum penetrations of 

filters A, B, C and D are 0.004 %, 0.0045%, 0.006 % and 0.008 %, respectively. The 

maximum penetration of filter D is two times higher than filter A, but the dust load at 

clogging point of filter D, 12.8 kg/m3, is about 3.5 times higher than that of filter A. 

Obviously, we can lengthen the filter service life up to 3.5 times by designing the 

filter structure as that of D, while maintaining aerosol collection efficiency above 

99.99% at all times. 

 

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01

0 2 4 6 8 10 12 14

Overall dust Load (kg/m3)

Pe
ne

tr
at

io
n 

(%
)

A B C D

 

 

Figure 6.37 Penetration through 4 different by packed electret filters under dust 

loading condition 
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Since the collection efficiency of all four filters are essentially 100%, a linear 

correlation between the dust load and filtration time is given as: dust load (kg/m3) = 

0.0011×time (hr). Therefore, the clogging times of filters A, B, C and D are around 

3000 hrs, 4200 hrs, 6100 hrs and 13000 hrs, respectively.  

The spatial distributions of dust load inside the 4 filters are shown in Figure 

6.38 as a function of dimensionless depth. From Figure 6.38 (a)-(c), the maximum 

dust load of filters A- C always occurs at L = 0, the inlet side of the filter, and 

decreases steeply inside each filter. In Figure 6.38(d), the maximum dust load 

initially appears at L = 0. After about 1200 hrs, the maximum dust load of filter D 

slightly shifts toward the outlet side. At 9002 hours, the maximum dust load appear at 

a dimensionless filter depth of 0.1 , and then the maximum dust load starts to shift to 

the inlet side of filter. At the clogging point, the maximum dust load appears at the 

front end of the filter after 13010 hours. 

It should be pointed that normally air filters are not operated until they 

becomes completely clogged. As dust load increases, the accompanied pressure drop 

will increase, thereby reducing the actual air flow through the filter. Therefore, it is 

important to be able to predict the pressure drop of the filter as a function of dust load. 

The influence of dust load on the pressure drop of the electret filter has already been 

described in detail in section 5.3. In addition, the methodology available to predict the 

pressure drop for the case of non-electret filter has been given by Kanaoka (1998). It 

is reasonable to consider that the same approach is applicable to the electret filter. 

However, this is beyond the scope of the present study. 
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Figure 6.38 Distribution of dust inside electret filters; (a) Filter A; (b) Filter B; (c) 

Filter C; (d) Filter D 



CHAPTER VII 

 

CONCLUSION AND RECOMMENDATION 

 

 In this study, correlation of the collection efficiency enhancement factor is 

estimated from reported experimental results (Walsh and Stenhouse, 1997). The three-

dimensional stochastic model is utilized to simulate collection and agglomeration 

processes of particles on a cylindrical electret fiber. Conclusion and recommendation 

are summarized in this chapter. 

 

7.1 Conclusion 

Conclusion of this study are summarized as follows: 

 

1. The collection efficiency of the electret fiber under dust loading can be 

approximated as the sum of the electrical and the mechanical collection 

efficiencies: ]m1[]m)mln(1[ M0E0 λ+η+γ+β+η=η . 

 

2. The electrical enhancement factor (λE) can be approximated as (β ln m + γ). 

 

3.  The values of β and γ decrease as the size of aerosol particles increases. 

Charged particles have smaller β and α values than uncharged particles. In 

addition, the differences of these two values for charged and uncharged 

particles increase as the particle size increases. The correlation yields 
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simulation results that agree well with the experimental results obtained by 

Walsh and Stenhouse (1997) for both charged and uncharged particles.  

 

4. As shown the effect of interception, for both charged and uncharged particles, 

when Ri is low, captured particles are densely packed. But when Ri increases, 

morphology has more vacant area and looks more porous.  

 

5. The effect of high KC on morphology makes the dendrite taller, straighter and 

more slender than that of low KC. There are more scattered dendrites on the 

fiber surface for the case of low KC. The dendrites form pearl chain structure 

along the electric force lines but are scattered only in the region with opposite 

charge to the particles’ polarity. 

 

6. When induced force is prevailing, uncharged particles are collected all around 

the entire fiber surface and form chainlike agglomerates, which subsequently 

become irregular and complicated.  For the low KIn, the shape of dendrite is 

fatter and shorter than that of high KIn . In contrast, for high KIn, the dendrite 

becomes taller and more slender and looks straighter.  

 

7. The initial single-fiber collection efficiency of charged aerosol particles begins 

from a high initial value because the filter is initially clean and the 

electrostatic effect is still strong. The collection efficiency initially decreases 

with the dust load because of the gradually degradation of the electrostatic 

effect. The initial single-fiber collection efficiency (η0) of small particles is 
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lower than that of large particles which are shown agree well with the 

experimental results. In addition, the minimum point of the single-fiber 

collection efficiency of small particle is lower than that of large particles. 

 

8. Simulation results show that it is possible to significantly lengthen the filter 

service life by packing the filter loosely on the front side and progressively 

more densely towards the back side, while maintaining aerosol collection 

efficiency above 99.99% at all times.   

 

7.2 Recommendation 

 

1.  The three- dimensional stochastic simulation of the present study is simulated 

based on a single cylindrical fiber. In the real phenomena, the filter mats are 

composed of many fine fibers. The author recommends that future study 

should simulate by consider the effect of nearby fiber.  

 

2.  In the present study, only a single dominant electrical force – coulombic force 

for the case of charged and induced force for uncharged particles – is 

considered. In reality, however, both induced and coulombic forces are present 

simultaneously. If it is possible, the simulation process is should be combined 

effect of coulombic and induced forces.  
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APPENDIX A  

 

Derivation of collection efficiency of electret filer under dust loading 
 

 The objective of this appendix is to present a derivation of collection 

efficiency equation of filter under dust loading. These equations are developed and 

shown in Kanaoka (1998) 
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Solution 
 
  From eq (A.1)   
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Substituting eq(8) into eq(2)                                   
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Substititing eq(A.11) into eq(A.10) 
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Substituting eq(A.13) into eq(A.7) 
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(A.17) = (A.7) 
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I.C.   t = 0  , m =0 , g =1 (g = 1+λm) 
         X=0  , C = Ci  ,f = Ci 
 
from eq(A.18) ; f = Ci  , x = 0 
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Collection efficiency 
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