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Abstract 

 
Filtration is the most efficient method of aerosol monitoring and control. A number of 

theories (Bradley, 1932); (Hamaker, 1937); (Johnson et al., 1971); (Wang and Kasper, 

1991); (Dahneke, 1995); (Wall et al., 1990) have been developed to describe the 

particle interaction with surface of a filter and to estimate the probability of the 

particle adhesion onto a surface. A range of the particle, filter and process parameters 

could contribute to the strength of the adhesion. Some of them are: hardness and 

cross-sectional shape of the fiber, smoothness of either the fiber or particle, air 

humidity, the effect of particle shape and many others. Obviously, the particle size 

(and correspondingly the surface area) also plays a crucial role in the bouncing 

processes. However, despite its importance in the research field the detailed 

mechanisms of the particle-fiber collision and possibility for the particle to bounce or 

to be re-entrained have not been fully explored. Therefore, there is a need for a 

theoretical and experimental knowledge concerning the influence of particle bouncing 

on filtration and separation processes. Although, some work on the effect of particle 

shape on filtration process has been done, there is still need for further research 

regarding the influence of motion of the particles of different shape along a fiber. 

 

In this work some of these areas were considered and they can be categorised in four 

groups: 

1. Influence of submicron particle shape and particle bounce on filtration and 

separation processes. Two types of particles, including spherical polystyrene latex 

(PSL) and iron oxide, and perfect cubes of magnesium oxide were examined. It was 

found that the removal efficiency of spherical particles on fibrous filters is very 
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similar for corresponding sizes, regardless of the fact that the densities of PSL and 

iron oxide differ by a factor of five. On the other hand, the removal efficiency of 

magnesium oxide cubic particles was measured, and found to be much lower than the 

removal efficiency for the aerodynamically similar spheres. Such disparity was 

ascribed to the different nature of the motion of the spherical and cubic particles along 

the fiber surface, following the initial collision.  

 

The extra probability of particle bounce by the cubes was derived from the 

experimental data. The particle kinetic energy was proposed to be responsible for the 

difference in removal efficiency of particles with alternative shapes, if all other 

process parameters remain the same. The increase in kinetic energy is shown to 

favour the increase of the bounce probability. 

 

2.  Filtration of submicron particles with different shape on oil coated fibers. In 

this project, the filter was coated with a thin layer of mineral oil that was used to 

absorb the energy and, respectively, to minimize particle motion along the fibre after 

collision. The filtration efficiency of the spherical, and cubic particles was measured 

and it was found that, regardless of shape, both particle types have very similar 

filtration efficiency. The theoretical predictions are in good agreement with the 

experimental results. The oil coating minimizes the amount of particle motion along 

the fibre after initial collision, making results for all particle shapes similar. 

 

3. Filter efficiency as a function of submicron particle velocity and shape. In this 

project, spherical PSL, cubic MgO, and particles of sodium chloride (NaCl) of 

intermediate shape (cubic particles with rounded edges) were tested in experiments at 
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a range of filtration velocities. It was found that particles of NaCl are removed with 

efficiencies lower then those for PSL particles but higher than the efficiencies for 

cubic particles of MgO, at the lowest filtration velocity when inertial effects are 

negligible. The rounded NaCl particles, depending on the geometry of the contact, 

could either land on the rounded corner and hence roll, or land on a sharp edge and 

hence tumble or slide. This range of options decreases the probability of detachment of 

the particle. The difference between the filter efficiencies for cubic MgO particles and 

intermediate shaped NaCl particles, is decreasing with the increase in velocity. With 

increasing velocity, the filtration efficiency of the cubic MgO particles, exceeds the 

filtration efficiency for the intermediate shaped NaCl particles, due to the dominating 

inertial effects of the denser, and hence heavier, MgO particles. 

 

4. Removal of elongated particles on fibrous filters. In this project the probability 

of re-entrainment of loose and agglomerated MgO particles with identical 

aerodynamic size but different shape have been compared at two different velocities. 

It has been found that agglomerated particles are removed with considerably higher 

efficiency compared to loose particles for all tested velocities. The above findings 

have been compared with the classical theory and according to the theoretical 

predictions the efficiency of agglomerated particles has been underestimated. In order 

to account for non-ideal shape, filtration efficiencies of an ideal spherical particle 

have been multiplied by coefficients k1 for diffusion and k2 for interception. The 

coefficients have been found by fitting that gives the best coincidence with the 

experimental data points. The fitting was chosen because the calculation looks 

impossible without knowledge of the agglomerate’s configuration and taking into 

account a possible variety of configurations.  
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1. Introduction 

 

Aerosols are particulates, which are carried by the air, and which may be inhaled by 

the lungs of living creatures. Some aerosols are generated naturally such as by 

volcanic eruptions, and by sea spray. Particulates are also generated by the activities 

of modern life, and result from combustion processes, mining operations and grinding 

and milling in manufacturing. It has been known for centuries, that there are health 

impacts due to inhaling particles and breathing cloths were worn by the Romans in 

their mining operations. More recently, the health effects of particulates such as 

asbestos have been well recognized. 

 

Modern societies have become more complex, and now require industrial processes 

which generate finer and finer aerosols. Fine, ultra fine or nanosized particulates can 

penetrate more deeply into the lungs and pose a greater health hazard to humans and 

other creatures. Fibrous filters have long been recognized as an efficient means of 

removing aerosol particles from the carrier gas, or air stream, particularly for fine and 

ultra-fine particle sizes. There are a variety of mechanisms by which the aerosol 

particles are captured on, or cloase up within the filter material, and these include 

interception, inertia, diffusion, electrostatic attraction, and gravity. The size of the 

aerosol particle, as well as the properties of the filter used, determine the precise 

mechanisms which are acting in a particular filtration application. 

 

Nanoparticles have attracted the attention of an increasing number of researchers from 

several disciplines in the last 10 years. The term “nanoparticle” came into frequent 
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use in the early 1990s together with the related concepts of “nanoscaled” or 

“nanosized” particles. Until then, the more general terms submicron and ultrafine 

particles were used. Nanoparticles, smaller then 100nm, have many properties which 

differ from the corresponding bulk material what makes them attractive for many new 

electronic, optical or magnetic applications. Nano-particles can be produced with a 

variety of geometric shapes in a controlled way (Altman et al., 2004a, Altman et al., 

2004b, Altman et al., 2005). Along with the scientific excitement over the prospects 

of nanoparticles and nanotechnology, there have been increasing concerns regarding 

the risks this science may pose. Nanoparticles administered to the lung produce more 

potent adverse effects in the form of inflammation and subsequent tumors compared 

with larger-sized particles of identical chemical composition (Stern and McNeil, 

2008). 

 

There is increasing evidence in the literature showing that submicron particless can, in 

principle, be removed using fibrous filters (Wang et al., 2007, Kim et al., 2007), but 

the experimental data and the collection prediction for these particles is still 

inadequate (Friedlander and Pui, 2004). The theory of filtration was developed and 

validated for micron size particles on the assumption that the particles are spherical, 

and on the assumption that contact between the particle and fiber, means capture. It is 

well known (Davies, 1973, Brown, 1993, Hinds, 1999) that the collection efficiency 

of a fibrous filter depends on the structure of the filter, (porosity, fiber diameter and 

filter thickness), on the operational conditions (filtration velocity, temperature and 

humidity) and, in particular, on the filtering aerosol characteristics (particle density 

size, and shape). The effect of particle shape, although very important has not been 

fully investigated. Existing theoretical and experimental investigation on non-
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spherical particles are mostly dedicated to fibers which represent the simplest non-

spherical particle shape (Brown, 1993). The classic filtration theory (Hinds, 1999) 

considers only particles of spherical shape. A reason for this is because fibrous 

filtration is a very complex process and it has to be analysed at its most elementary 

level. As well, according to this well accepted theory, a particle sticks if it contacts the 

fiber and is permanently removed from the aerosol stream. However, the possibility of 

impact without capture, i.e., particle bounce and re-entrainment, has been largely 

ignored, regardless of the fact that it can change the filter efficiency significantly. 

 

The aims of this thesis are to study the influence of submicron particle shape and 

particle bounce on filtration and separation processes. This requires the design of 

laboratory apparatus to generate suitable particles, with their subsequent separation to 

provide specific and precise size ranges. The experimental programs then will be 

designed to investigate the filtration efficiency of perfectly spherical and cubic 

particles to account for their shape and to study the influence of the particle bounce or 

re-entainment. Further experiments will be designed to minimise the bounce of the 

particles from the filter. The influence of different filtration velocities on the 

separation processes will also be studied. An additional experiment will be undertaken 

to measure the probability of re-entrainment of loose and agglomerated particles at a 

range of face velocities. 
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2. LITERATURE REVIEW 
 
 
2.1 Filtration 

 

The processes of separation and filtration of fine particles from exhaust gases are the 

most important fields of research in aerosol mechanics. These processes deal with the 

removal of fine particles from a gas stream, using macro and micro obstacles, whose 

geometry and structure are optimized in such a way that the particle collection 

efficiencies reach a desirable level. Current filtration technology is capable of the 

removal of particulates from gas streams with efficiencies close to 100%, but note that 

the efficiency depends on the particle size. However, current technologies still allow a 

significant number of particles in the inspirable size range to pass through the filter. 

 
 
2.2 The history of fibrous filters 

 

The history of dust and aerosol filtration is over 2000 years old. One of the most 

famous pioneers in the field of aerosol filtration science, Charles Norman Davies has 

described this historical development very extensively up to 1970 (Davies, 1949, 

Davies, 1973). The earliest records of air filtration date from Roman times. Refining 

of lead carbonate used as a cosmetic, and lead oxides used for pigments, and exposure 

to the dust is mentioned in Pliny’s National History. Dioscordies, a medical officer in 

the army of Nero (a.d.50), wrote of dust in mines as did Julius Pollux (a.d. 124-192), 

of Naucratis in Egypt, in his Greek dictionary Onomasticton. Leonardo da Vinci 

(1452-1518) mentions wet cloths as a protection against fumes used in warfare, and it 

is known that workmen have used cloth to cover the nose and mouth for centuries;  
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George Bauer, known as Agricola (1956), in his book De re metallica discusses the 

problems of dust in mining operations. He emphasised that protection against dust is 

necessary, and recommended ventilation to control the dust levels. The first 

observation about the health risk of dust is by Paracelsus (1560) (Theophrastus von 

Hohenheim), and he mentioned new “dust diseases” in his book Von der Bergsucht 

und anderen Bergkrankheiten  ((Davies, 1949). 

 

One hundred years later, Stockhausen published his Libellus de Lythargyrill Fumio 

Noxto Morbifico (Goslar, 1656) dealing with protection from rock dust. Bernardino 

Ramazzini (1633-1714) in his De morbis arificum discussed the necessity for better 

protection of the respiratory tract, and he mentioned numerous occupations which 

were dangerous on account of dust. The first recorded filtering respirator made by 

Brise Fradin (1814), was a box filled with cotton which had a breathing tube to go in 

the mouth. Charcoal, as an adsorbent of gases, was first used by John Stenhouse 

(1854); it has been used for centuries for purifying water. 

 

Filtering masks for firemen were invented during the nineteen century. The earliest, 

due to John Roberts, secured for him an award from the Royal Society of Arts, in 

1825 (Spurny, 1998). 

 

In 1930, N. L. Hansen tried the powdering of a wool filter pad with colophony resin, 

and he found a great increase in filtering efficiency (Spurny, 1998). By melting and 

solidifying the resin in a strong electric field, an electrically charged filter structure 

was produced. This type of filter was used by the Danish Army for some years after 
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1931. At that time it was among the best smoke filters in the world. Later, resin filters 

were used by the Dutch, French and Italian armies. 

 

During World War II, several types of fibrous materials were tried and it was found 

empirically that asbestos, mainly chrysolite and crocydolite, fibers were very effective 

filtering materials, because of the thinness of the single fiber. These types of filters 

had been used for a long time as high efficiency aerosol filters in respirators, gas 

masks, as technical air filters in ventilating systems, and also as very good liquid 

filters for cleaning of beverages. Their production and usage ceased in the 1970s 

when it became clear that fine asbestos fibers, which are highly carcinogenic, are 

released from these filters, contaminate the filtering gases or liquids, can be inhaled, 

and cause cancer. 

 

After this, asbestos was replaced by other fiber types, mainly by thin glass, carbon, 

ceramics as well as organic fibers. At present, a relatively large assortment of highly 

efficient glass as well as polymer fiber filters are commercially available. 

 

 

2.3 Types of filters 

 

There is a wide range of filters that can be used for the removal of particulate 

contaminants from air streams. These can be separated into two broad categories, 

surface filters and depth filters. Surface filters collect contaminants on the upstream 

face of the filter while depth filters collect particles throughout the entire filter. The 

principal types of filter are membrane filters, granular filters, foam filters and fibrous 
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filters. Membrane filters (Chan et al., 1997) are filters with relatively small pore sizes 

which operate by sieving the particles from the air. These types of filter are common 

in aerosol sampling equipment, but they are rarely used for industrial control of such 

aerosols as they readily clog and are difficult or impossible to regenerate. The 

processes involved in this type of filtration have been extensively studied (Gentry and 

Spurny, 1978). Granular filters (Tien, 1989) consist of packed beds of isometric 

particles which work on the principle of depth filtration. Foam filters (Brown, 1993) 

are most easily categorized as non-fibrous depth filters. They are constructed from 

porous foam, and appear as a matrix of bubbles within a constituent material (Brown, 

1993). Although commonly used for automotive and other similar aerosol cleaning 

applications, this type of filter is seldom used industrially, principally due to low 

tensile strength, cost and high maintenance requirements. 

 

Fibrous filters, the type to be discussed in most detail, are usually made from fine 

textile fibers (fiber diameter <100m). The fibers are usually manufactured from 

materials such as polyester, polypropylene, Teflon, glassfiber, polyethylene 

terepthallate (PET), and specially developed patented fabrics such as Nomex®.  

Asbestos was formerly used as a filter material in high temperature applications, 

however this has been discontinued for obvious health reasons. Fibrous filters are 

generally depth filters for the initial part of their operation. However, as filtration 

continues and the mass of captured particles increases, the filtration regime changes to 

surface filtration. Further influent particles are captured by the ‘cake’ of collected 

particles on the surface of the filter, rather than on the fibers themselves. This switch 

from depth to surface filtration is accompanied by an increase in filtration efficiency 

but at the cost of an increased pressure drop across the filter. Eventually, as the filter 
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begins to clog, the pressure drop will increase exponentially as does the energy 

requirement to force air through the filter. Eventually the filter needs to be cleaned, 

regenerated, or even discarded. 

 

Microscopically, most fibre filters are random arrangements of fibers that have no 

particular orientation, having varying lengths, and there is usually a distribution of 

fibre diameters. To increase their strength, most commercially available fibrous filters 

are either woven or are needled felts. Needle felting is a particular variation of the 

traditional felting process as the latter is ineffective with synthetic fibers (Igwe, 1987). 

Needling the fibers mats them together to form a random arrangement of fibers into a 

substance with sufficient tensile strength (caused by intertwined fibers) for its 

intended application. 

 

Relatively recent advances in filter technology include the development of ceramic 

filters (Ruiz et al., 2000), which are capable of extremely high filtration efficiencies 

(99.9995% and higher). Together with certain classes of fibrous filters, these are 

suitable for use as high efficiency particulate air (HEPA - 99.995%) and ultra low 

penetration air (ULPA - 99.9995%) filters. Another key advantage of ceramic filters is 

their ability to withstand extremely high temperature applications, and as such can be 

used for processes where asbestos fibers were previously utilized. Another option for 

such high temperature applications is the use of filters constructed of stainless steel 

wires or fibers (Li, 1997). 
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2.4 Description of aerosols and uniform motion of particles 

 
Aerosols or aerodisperse systems can be defined as a disperse system with a gas phase 

medium and a solid or liquid disperse phase. Dispersion aerosols are formed by 

grinding of solids or atomisation of liquids, and by the transfer of powders into a state 

of suspension through the action of air currents or vibration. Condensation aerosols 

are formed when supersaturated vapours condense. The main difference between 

dispersion and condensation aerosols, apart from their origin, is that disperse aerosols 

are, in most cases, considerably coarser than condensation aerosols. The former has a 

wider range of particle sizes and, when the disperse phase is solid, usually consist of 

individual or slightly aggregated particles. In condensation aerosols, solid particles are 

often loose aggregates of a very large number of primary particles. 

 

The main purpose of the theory of filtration is to calculate the number of particles of 

given dimensions deposited on a unit length of fiber. This capture efficiency depends 

on the flow rate, packing density, fiber diameter, temperature, pressure, the presence 

of condensing vapours, and any external electric field, and thickness. Another 

important problem is the determination of the pressure drop across a filter at different 

flow rates, applied pressure and gas temperature. In fibrous filters, both efficiency and 

pressure drop increase with dust loading, or the accumulation of collected particles in 

the filter. Initially, this is beneficial; that is, the filter quality improves. But, 

eventually, the pressure drop becomes excessive and the filter is said to be clogged. 

Filters with a small value of packing density can accommodate the greatest dust 

loading without clogging. 
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There are three types of forces acting on the particles: external forces (gravitational, 

electrical etc.), resistance of the medium, and interaction between the particles (Fuchs, 

1964). Interaction between the particles is considerably less significant than the other 

forces and can be neglected. 

 

Aerosol particles move in and with the carrier gas, and the interactions of the particle 

with the flow field are important. The resistance of the medium or the drag force, is 

exerted on a particle as it moves in a gas. The resisting force of the gas, depends on 

the relative velocity between the particle and the gas. Newton’s resistance equation 

for the force resisting the motion of a sphere passing through a gas , dF , is: 

 

22

8
VdCF pgDd 

 ,       (2.1) 

 

where 
Re

24
DC is a drag coefficient, Re is the Reynolds number, ρg is the density of 

the gas and V is the relative velocity between the particle and the fluid (Hinds, 1999). 

CD depends on the flow regime or Reynolds number. Newton’s resistance equation is 

valid for a wide range of particle motions but is useful primarily for Reynolds 

numbers greater than 1000, a range applicable to cannonballs, but not to aerosol 

particles, (where inertial forces dominate viscous forces). 

 

Due to the low velocities and small particle sizes involved, most aerosol motion 

occurs at low Reynolds numbers (Re<1) which is called the Stokes region. In 1851, 

Stokes derived an expression for drag, where inertial forces are negligible compared 

to viscous forces (Hinds, 1999). Stokes flow is a solution of the generally unsolvable 
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Navier-Stokes equations. Navier-Stokes equations are the general differential 

equations describing fluid motion which are hard to solve because they are non-linear 

partial differential equations. Stokes made some simplifying assumptions and they 

are: the inertial forces are negligibly small compared with viscous forces (this 

eliminates the higher order terms in the Navier-Stokes equations and gives a linear 

equation that can be solved), the fluid is incompressible, there are no walls or other 

particles nearby, the motion of the particle is constant, the particle is a rigid sphere, 

and the fluid velocity at the particle surface is zero. The drag force, DF , for Stokes’s 

law is: 

 

pgD dVF 3 ,        (2.2) 

 

where g  is gas viscosity. 

 

An important assumption of Stokes’s law is that the relative velocity of the gas right 

at the surface of the sphere, is zero. This assumption is not met for small particles 

whose size approaches the mean free path of the gas. Such particles settle faster than 

predicted by Stokes’s law, because there is “slip” at the surface of the particle. This 

error becomes significant for particles less than 1 m  in diameter. Cunningham 

derived a correction factor for Stokes’s law to account for the effect of slip. The 

Cunningham correction factor, cC , is always greater than one and reduces the Stokes 

drag force (Hinds, 1999), to the form 

 

c

pg
D C

dV
F

3
 ,        (2.3) 
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where 

 

p
c d

C
52.2

1 ,        (2.4) 

 

where   is the mean free path of a gas molecule, and can be determined from the 

average number of collisions that a particular molecule undergoes in one second and 

the average distance it has travelled in that second (Hinds, 1999).   can be expressed 

as: 

 

2
12

1

mdn 
  ,        (2.5) 

 

where n1 is the number of molecules per unit volume, and md  is the collision diameter 

of the molecule. The mean free path for air at 101 kPa and 293K is 0.066 m . 

 

One important application of Stokes’s law is the determination of the velocity of an 

aerosol particle undergoing gravitational settling in still air. A particle released in air 

quickly reaches its terminal settling velocity STV , a condition of constant velocity 

when the drag force of the air on the particle, FD, is exactly equal and opposite to the 

force of gravity FG; thus 

 

mgFF GD  ,        (2.6) 

and on substituting from (2.2) 
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 ,      (2.7) 

 

where g is the acceleration of gravity, m  is mass of the particle, and p is density of 

the particle. From equation (2.7) g can be neglected because p is much greater, and 

solving the above equation for the terminal settling velocity TSV  gives: 
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2 gd
V pp

TS   .        (2.8) 

 

From Stokes’s law it is evident that the resistance force is directly proportional to 

relative velocity. From this relationship, the particle mobility, B, can be defined as a 

measure of the relative ease of producing steady motion for an aerosol particle (Hinds, 

1999), 

 

pD dF

V
B

3
1

 .        (2.9) 

 

Mobility is the ratio of the relative velocity of a particle to the steady force producing 

that velocity. This mobility is often called mechanical mobility to distinguish it from 

electrical mobility. 

 

The equations for drag and settling velocity are based on spherical particles. In reality 

most particles are nonspherical. Some of them have a regular geometric shape such as 

cubic (salt particles), cylindrical (bacteria and fibers), single crystals, or clusters of 
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spheres. Others, for example agglomerated particles or crushed materials, have 

irregular shapes. The shape of a particle affects its drag force and settling velocity 

(Hinds, 1999). 

A correction factor called the dynamic shape factor is applied to Stokes’s law to 

account for the effect of shape on particle motion. The dynamic shape factor  is 

given by 

 

eg

D

dV

F




3
 ,        (2.10) 

 

where de is the equivalent volume diameter, and is defined as the diameter of a sphere 

having the same volume as that of the irregular particle. Stokes’s law for irregular 

particles is then, 

 

 egD VdF 3 .        (2.11) 

 

Dynamic shape factors for particles of various shapes are given in Table 1 (after 

Johnson at al., 1987). Values for the geometric shapes were determined by measuring 

the settling velocity of geometric models in liquids. The dynamic shape factor is 

greater than 1.0 for nonspherical particles, and these will settle more slowly than the 

equivalent volume sphere. 
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Table 2.1. Dynamic shape factors (after Johnson et al., 1987) 

 

     Dynamic Shape Factor,  

       Axial Ratio 

      2  5  10  

Geometric Shapes: 

1.) Sphere   1.00 

2.) Cube   1.08 

3.) Cylinder 

Vertical axis    1.01  1.06  1.20  

Horizontal axis   1.14  1.34  1.58  

4.) Straight chain    1.10  1.35  1.68  

5.) Compact cluster 

 Three spheres  1.15 

 Four spheres  1.17 

 

 

2.5 Early aerosol filtration theory 

 

The first discoveries dealing with fine particle movement occurred in the early 1800s 

when the botanist Robert Brown observed the continuous wriggling motion of pollen 

grains in water, an effect that is now known as Brownian motion (Hinds 1999). The 

motion of the pollen grain arises from the random collisions of the gas molecules with 

pollen. The motion is visible when the pollen, or other particles are small. 
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In the early 1900s, Einstein derived the relation characterizing Brownian motion and 

his expression for the mean square displacement of a particle, 2x , at time 1t  is 

 

1
2 2Dtx  ,         (2.12) 

 

where D is the diffusion coefficient (Hinds, 1999). The expression for D is: 

 

gp

c

d

kTC
D

3
 ,         (2.13) 

 

where k is Boltzmann’s constant, and T is absolute temperature, (Hinds, 1999). This 

equation is called the Stokes-Einstein equation and commonly is written in terms of 

particle mobility, multiplied by the slip correction factor, as 

 

kTBD  .         (2.14) 

 

Thermal diffusion is the primary transport and deposition mechanism for particles less 

than 0.1 m in diameter, i.e. applies for small particles. When aerosol particle size is 

comparable with the mean free path of the gas molecules, their Brownian motion is 

violent and collisions with neighbouring surfaces are frequent. Larger particles, e.g. 

greater than 0.3 m, show negligible Brownian motion and filtration of these can not 

be accounted for using thermal diffusion theory.  

A more general picture of the mechanism of aerosol filtration was developed by 

(Freundlich, 1921) and (Engelhard, 1925). It was shown that a maximum degree of 

penetration occurred for aerosol particles between 0.1 and 0.2 m in radius. Larger 
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and smaller particles were more efficiently filtered. A theory for the filtration of larger 

particles was not clearly understood at that time. The first clear idea of the processes 

was described by Albrecht, (1931), who considered the streamlines of air flowing past 

a cylindrical fiber. Larger particles do not travel along the streamlines. Owing to their 

mass or inertia, a larger particle tends to travel straight on when the air flow curves. 

These particles are than captured on the cylinder surface. This theory was essentially 

improved by Sell, (1931). 

 

The first attempt to combine the theories of filtration of small particles and of large 

particles was made by Kaufmann, (1936), who had already defined the mechanisms of 

direct interception. It was a purely geometric effect: if the centre of the particle passes 

the surface of the fiber at a distance less than the particle radius, then a collision 

results. Davies, (1940) pointed out that theories could not be exact because they were 

based on ideal instead of viscous, fluid flow. He developed his own mathematical 

theory showing the important role of the single fiber and its diameter. 

 

When the effect of neighbouring fibers and fiber packing density are disregarded, 

isolated fiber efficiency can be calculated. Lamb’s theoretical expression for the flow 

field around an isolated cylinder can be used for this purpose (Lamb, 1945). Davies, 

(1950) and Davies and Peetz, (1956) have improved and adopted Lamb’s theory to be 

able to calculate the inertial particle deposition upon isolated fibers in viscous flow. 

Further important steps in the development of single-fiber theory was made by 

Friedlander, (1958) and later by Yoshioka et al., (1967), Yoshioka et al., (1969 a), 

Yoshioka et al., (1969 b), Yasunami et al., (1972). These authors have included 



 18

inertial and diffusional particle deposition at larger Reynolds numbers, and later 

considered the effects of gravitational deposition and clogging. 

 

A schematic showing filter efficiency versus particle size showing the different 

deposition mechanisms is given in Figure 2.1 (Baron and Willeke, 2001). The 

diffusive deposition of particles is increased when the particle size is reduced. On the 

contrary the collection of particles by inertial impaction is increasing with increase of 

the particle size. The particles can be collected even in the absence of Brownian 

motion and inertial impaction by interception if the streamline brings the particle 

centre to within one particle radius from the fiber surface (Brown, 1993). The 

gravitational settling is important only for particles larger than at least a few 

micrometers in diameter and at low flow velocities. 

 

 

 

Figure 2.1 Schematic of filter efficiency versus particle size illustrating the different 

filtration regimes (after Baron and Willeke, 2001) 
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2.6 Classic Filtration Theory 

 

Fiberous filtration is a complex process, and the classic filtration theory of aerosol 

fiber separation in fibrous filters, is based on the “single fiber element” model 

(Davies, 1973), (Brown, 1993), (Spurny, 1998), and (Lee and Mukund, 2001). The 

collection efficiency of the total filter is obtained by combining the single fiber 

efficiencies with macroscopic parameters of the whole filter. 

 

There are five basic mechanisms by which an aerosol particle can be deposited on the 

surface of a cylindrical fiber; see Figure 2.2 (Spurny, 1998) and they are: 1. 

interception, 2. inertial impaction, 3. diffusion, 4. gravitational settling and 5. 

electrostatic attraction. The total collection efficiency is defined as a superposition of 

these collection mechanisms. Generally, the classic theory assumes that once a 

particle touches the fiber, it is captured, and does not bounce, and that the particles are 

spherical. 
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Figure 2.2. Gas filtration capture mechanisms (after Spurny, 1998). 

 

 

The collection by interception occurs when the particles following the gas stream 

lines, touch a fiber and are captured because its finite size. The expression for single-

fiber efficiency by interception, RE , is given by (Lee and Ramamurthi, 1993) 
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where R1 is a dimensionless parameter 
f

p

d

d
R 1 ; df  is fiber diameter; and Ku  is the 

Kuwabara hydrodynamic dimensionless factor, which compensates for the effect of 

distortion of the flow field around the fiber and depends on solidity or packing 

density, , defined as follows: 

 

porosity
volumetotal

volumefiber
 1 .      (2.16) 

 

uK is given by 

 

44

3

2

ln 2
uK .       (2.17) 

 

and Ku ranges from 1.9 for =0.005 to 0.25 for =0.2 (Lee and Mukund, 2001). 

Interception is the only mechanism that does not depend on flow velocity. The fact 

that particles with finite size can be collected in the absence of Brownian motion and 

inertial impaction indicates the importance of the interception effect. That is why this 

is an important collection mechanism in the particle size range of minimum 

efficiency. 

 

Inertial impaction of a particle on a fiber occurs when the particle is not able to adjust 

quickly to the sudden changes of the stream lines. The single-fiber efficiency for 

impaction, IE , is given by (Yeh and Liu, 1974), 
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where, Stk, is the Stokes number and J is the diffusion flux. The Stokes number is 

defined as the ratio of particle stopping distance,  ,to fiber diameter, and is given by 
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where: U0 is the velocity of the gas at the face of the filter. The single fiber efficiency 

for impaction increases with increasing values of the Stokes number, because of (1) a 

greater particle inertia (greater dp or p ), (2)a greater particle velocity or (3) a more 

abrupt curvature of streamlines, caused by a smaller fiber size. 

 

The single fiber efficiency due to diffusion, DE , (Kirsch and Fuchs, 1968) can be 

expressed as : 
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 PeED ,         (2.20) 

 

where Pe is the Peclet dimensionless number and is given by 

 

D

Ud
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f 0           (2.21) 

 

Single fiber efficiency for gravitational settling, EG, (Hinds, 1999) is given by 
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 11 REG  ,         (2.22)  

 

where G is a dimensionless number that controls deposition due to gravitational 

settling, and G is expressed as: 
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 ,       (2.23) 

 

The electrostatic mechanism is a very important deposition mechanism but is hard to 

determine because it requires knowing the charge on the particle and on the fibers. An 

expression for single fiber efficiency for electrostatic attraction, qE , for a neutral fiber 

and a particle with charge is: 
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,     (2.24) 

 

where f  is the relative permittivity (dielectric constant) of the fiber, q is the charge 

on the particle, and 1 is the permittivity of a vacuum (Brown, 1993). 

 

Emi and Yoshioka, (1972) have presented a diagram which demonstrates the domains 

over which the various mechanisms of filtration prevail (Figure 2.2).   
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Figure 2.3 Domains in which the various mechanisms of filtration are predominant 

(after Emi and Yoshioka, 1972) 

 

 

The overall efficiency of the filter can be determined from equation (2.25) (Hinds, 

1999) 
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where P is penetration, E is efficiency of the filter, is fraction captured per unit 

thickness of filter, t is thickness of a filter, and E is the sum of the single fiber 

efficiencies 
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qGDIR EEEEEE  .      (2.26) 

 

 

2.7 Deviations from the classical theory 

 

The capture of aerosol particles by surfaces within a filter is a process of fundamental 

importance in aerosol science. Despite this fundamental importance, a complete study 

of the capture of particles, including a detailed account of the particle-surface 

collision processes, has not been given. This lack of information is due to the fact that 

the theoretical treatments of the capture of aerosol particles by surfaces are based on 

two assumptions.  

 

The first is that a particle when captured, remains on the fibre of the filter. However, 

observation suggests that particles may bounce from the fibers of the filter, or may be 

re-entrained in the gas flow. This may significantly affect the filtration efficiency. The 

second assumption is that the particles are spherical, and the classical theory does not 

account for effects due to non-spherical shape. Non-spherical particles have more 

motion and orientation states which are not all equivalent. The motion of non-

spherical particles will affect the bounce properties of the particle, and hence the 

efficiency. 

 

The possibility of the particle bouncing depends on its composition, its shape, 

its velocity and the shape and type of impaction surface. When a solid particle 

contacts a surface at low velocity the particle loses its kinetic energy by deforming 

itself and the surface. At higher velocities, part of the kinetic energy is dissipated in 
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the deformation process (plastic deformation), and part is converted elastically to 

kinetic energy of rebound. If the rebound energy exceeds the adhesion energy – the 

energy required to overcome the adhesive forces – a particle will bounce away from 

the surface. The harder the materials comprising the particle and surface, the larger 

the particle, or the greater its velocity, the greater the likelihood of the particle 

bouncing from the surface (Hinds, 1999). 

 

The principles which govern the mechanism of particle bounce are quite complex. 

Many of the previous attempts to quantify and describe particle bounce have focused 

on aerosol particles contacting flat plates rather then cylindrical fibers. For example 

Gillespie and Rideal, (1955) examined the impact and bounce of liquid 

dioctylphthallate (DOP) particles on glass slides and attempted to quantify bounce by 

examining the traces left on the impact slide and droplets which fell onto another 

slide. Gallily and La Mer, (1958) tested deposition of glycerol aerosol on glass 

microscope slides and found that micrometer size droplets often bounce when 

colliding with a smooth surface with an approach velocity of the order of 10 m/s, 

indicating that the aerodynamic force was substantial, often preventing droplet-

surface contact. Dahneke, (1971) designed apparatus for the study of the particle 

surface collision mechanism, and with this apparatus it was possible to measure: the 

incident velocity of each individual beam particle, whether the particle is capture or 

reflected. The model designed by Dahneke, (1971) was compared with the model 

developed by Wall et al., (1990) but neither one has provided a full rationalization of 

measured bounce or capture data, even more the models sometimes predict different 

results (Dahneke, 1995). The work of Dahneke, (1995) shows that there is still work 

to accomplish in describing simple aerosol/plate collision processes inside air filters. 
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Wang and Walter, (1987) developed techniques involving impaction of aerosols on a 

flat plates to compare bounce properties and they found that the fraction of bounce is 

a strong function of particle size. 

 

Although this work is very important for understanding the general principles 

involved with flat surfaces, it is not realy useful in the field of fiber filters which 

usually have cylindrical fibers which are usually at random orientations. Since the 

impaction surface plays a significant role on particle bounce, the impact on a fiber 

will be different from that of solid surface, since the fiber will be able to deform more 

readily. The fibers are not rigid, but are held loosely in a random filter structure. 

 

There are two approaches to describe particle bounce. The first defines a critical 

velocity, Vc , above which bounce will occur (Cheng and Yeh, 1979, Hiller and 

Loeffler, 1980), 
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where β is a constant for a particular impaction surface, epl is the coefficient of 

restitution (for plastic deformation only), A is the Hamaker constant, ppl is the 

microscopic yield pressure, and x is the separation distance of the particle and surface. 

Values of the Hamaker constant in the literature are given only for a limited number 

of elements and compounds. 
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The second method involves the kinetic energy (KEb) required for bounce to occur 

when a particle collides with a surface (Dahneke, 1971), 
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 ,        (2.28) 

 

where e is the coefficient of restitution (plastic and elastic deformation), which is 

equal to the ratio of the rebound velocity, V0 , to the approach velocity, Vi, e=V0/Vi, 

(Brown, 1993). Wall et al., (1990) reported values of e in the range from 0.73-0.81, 

although these values are derived using hard impaction surfaces such as glass and 

metal.  The parameters A and e depends only on the material of the particle and the 

surface. Unfortunately, there are no corresponding theoretical results for the minimum 

kinetic energy, or minimum velocity at impact, available for non-spherical particles. 

 

The effect of particle motion along the fibre has not received enough attention 

in the literature. However, Boskovic et al., (2005), and Boskovic et al., (2007)showed 

that that this effect should not be ignored because the filter efficiency can be altered 

dramatically. 

 

The nature of the contact surface is also important in the bouncing processes. 

There has been some research into the effect of coating filter fibers with a liquid, and 

its influence on particle bounce. Walkenhorst, (1974) examined the effect of coating 

model wire filters with vegetable oils, mineral oils and Vaseline. He reported that the 

former two substances increased filtration efficiency while the latter did not. Although 

oil coated filters are suitable for laboratory processes, using such liquids in industry 
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would not be advantageous. Agranovski and Braddock, (1998) stated that liquid films 

coating the fibre could reduce the likelihood of particle bounce, although this has yet 

to be proven experimentally. Agranovski et al., (1999), developed a process in which 

the filter is coated with a thin layer of water, allowing collection of aerosols onto the 

water film rather than directly by the solid fibre surface. These technologies are 

industrially applicable, as quantities of water for filter irrigation are more readily 

available and recyclable in industry, than oils and greases.  

 

Mullins et al., (2003a) investigated the difference in bouncing of solid and liquid 

aerosol particles from a fiber. In that paper, the efficiency of dry and water coated 

fibers on the removal of relatively large liquid diethylhexyl sebacate (DEHS) particles 

and solid polystyrene latex (PSL) particles with substantial inertia was investigated. It 

was found that solid particles have much higher capability of bouncing compared to 

the liquid ones when being removed on dry fibres. However, this difference has 

disappeared when the fibres were coated with water films making the filter 

performance characteristics for both types of particle identical. The water film acts to 

inhibit bounce either by aiding energy dissipation or by preventing the particle from 

being repelled from the fibre.  

 

They concluded that the filtration efficiency in dry fibrous filters is significantly 

altered by the ability of the particle to absorb the impact forces when contacting a 

fiber. Although PSL is reported to be a “soft” particle and thus able to deform more 

than other solid particles, the DEHS is able to deform to a greater degree to limit the 

bounce/re-entrainment effect. The liquid DEHS particles are better able to dissipate 

the energy involved in the impaction process then solid PSL particles, and 
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accordingly have a better filter efficiency compared PSL particles in the dry filtration 

regime (Mullins et al., 2003). 

 

As mentioned above, particle collection in fibrous filters is a complex process, and the 

classic filtration theory considers mainly spherical particles. However, real particles 

often have a much more complicated structure. Aerosols consisting of irregular 

agglomerates can be found in many systems including submicron fly-ash from 

pulverized coal combustion (Flagan and Friedlander, 1978), soot (Medalia and 

Heckman, 1969), and welding fumes (Kalliomaki et al., 1987). 

 

Existing theoretical and experimental investigations on filtration of non-spherical 

particles are mostly dedicated to elongated or fibrous particles, which represent the 

simplest non-spherical particle shape (Brown, 1993). Transport and deposition of 

fibrous particles depend on the Stokes number, fibrous particle aspect ratio, and the 

ratio of the fibrous particle diameter to the diameter of the fibrous filter (Asgharian 

and Cheng, 2002). An important effect encountered with elongated particles is particle 

orientation in the flow. Fu et al., (1990) investigated the average orientation angle of 

well defined chain aggregate aerosols and they found that with increasing face 

velocity, both the filtration efficiency and average orientation angle decrease. With 

increasing face velocity, the particle tends to align in the flow direction, therefore 

reducing its deposition probability. Goldenberg and Shapiro, (1991) investigated the 

applicability of the equivalent diameter model to the description of the deposition of 

fibers from turbulent air in a pipe using a correlation developed for spherical particles. 

They found that particle deposition was systematically underestimated, because 

interception was not correctly taken into account. Lange et al., (1999) compared the 
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measured penetration of the agglomerates with data for spheres and they found that 

differences in particle structure cause significant differences in their deposition 

behavior. This difference in the deposition of agglomerates and spheres is governed 

by the relationship between the diffusion and interception equivalent diameter. 

 

 

2.8 Nanoparticles and filtration 

 

Nanotechnology is often described as having “revolutionary” potential in terms of its 

possible industrial applications. Nanomaterials and, in particular, nanoparticles are at 

the forefront of this nanotechnology wave(Fu et al., 2004, Pui and Chen, 1997). 

Nanoparticles, smaller than 100nm, have many properties which differ from the 

corresponding bulk material. The small size of nanoparticles, which is responsible for 

the different properties (electronic, optical, electrical, magnetic, chemical and 

mechanical) of nanoparticles with respect to the bulk material, makes them suitable 

for new industrial and biomedical applications. Some examples of these properties are 

lower melting temperature (Goldstein et al., 1992), increased solid-solid phase 

transition pressure (Tolbert and Alivisatos, 1995), lower effective Debye temperature 

(Fujita et al., 1976), decreased ferroelectric phase transition temperature (Ishikawa et 

al., 1988), higher self-diffusion coefficient (Horvath et al., 1987), changed 

thermophysical properties (Qin et al., 1996) and catalytic activity (Sarkas et al., 1993). 

 

The properties that make submicron particless unique and drive the current interest in 

their industrial and biomedical applications are the same properties that raise safety 

concerns. Historically, particle research has been closely connected to industrial 
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activities or materials, such as coal, asbestos, man-made mineral fibers, and more 

recently ambient particulate matter. Differences between historical and current 

research include the exposure concentrations, particle size, target populations, depth 

of penetration in the lungs, and length of exposure. Inhaled particle effects are no 

longer confined to the lung, since it has been suggested that particles can translocate 

to the blood while lung inflammation invokes systemic responses. There is a further 

occupational link to nanotechnology, which continuously produces new materials in 

the nanosize range.  

 

The fibrous filtration, a traditional and cost effective gas cleaning operation, is a 

natural choice for product recuperation or for the prevention of submicron particles 

emissions to the atmosphere or to the workplace. However, the extension of its 

excellent performance in the micron size range, to the nano-size range is still under 

scrutiny (Friedlander and Pui, 2004).  

 

It is well known (Davies, 1973, Hinds, 1999) that the collection efficiency depends on 

the structure of the filters (porosity, fiber diameter and filter thickness), of the 

operational conditions (filtration velocity, temperature and humidity) and, in 

particular, of the aerosol characteristics (particle density and size).  

 

The classic theory assumes that separation of particulate matter from the gas flow by 

fiber filters happens by the combination of a number of collection mechanisms, and 

the effect of Brownian diffusion is predominant at the sub-micrometer size range 

(Hinds, 1999, Brown, 1993). However, this theory was developed and validated for 

micron size particles, and their extension to the nano-size range needs attention, both 
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experimental and theoretical. There is increasing evidence in the literature showing 

that these particles can, in principle, be removed utilizing fibrous filters (Wang et al., 

2007, Kim et al., 2007), but the experimental data and the collection prediction of 

these particles is still insufficient. Also, the theoretical understanding of the 

phenomena, with the peculiarities of the particle-gas interaction in this size range is 

still in progress. In this sense, it is apparent that there is an urgent need for further 

investigation in the collection of particles in the nano size range. 

 

 

2.9 Measurement of submicron particles size distribution by mobility 

techniques 

 

The classification of particles according to their electrical mobility has been widely 

used for the determination of particle size distribution as well as for the generation of 

monodisperse aerosols. The electrical mobility techniques have been used since the 

work of Rohmann, (1923). A widely used, commercially available instrument in 

aerosol research for both particle sizing and for generation of monodisperse aerosols 

is the differential mobility analyzer (DMA). DMA was developed and used initially 

for electrical mobility measurements of submicron particles (Hewitt, 1957). After that 

Liu and Pui, (1974) used the DMA with a bipolar charger to produce monodisperse 

aerosols of known size in the submicron range. Knutson and Whitby, (1975) 

developed a data inversion technique for obtaining the initial aerosol size distribution 

based on the measured particle mobility distribution. 

To measure the particle size distribution by mobility techniques the distribution of 

charges on particles with respect to size and among the particles of a given size, needs 
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to be known. Because of the increasing probability of a particle acquiring multiple 

charges with increasing size, the migration velocities of large particles can vary from 

particle to particle. Hence, particle size analysis is limited to particles smaller than 

about 1 m in diameter. 

 

The principal mechanisms by which aerosol particles acquire charge are flame 

charging, static electrification, diffusion charging and field charging ((Hinds, 1999). 

The last two are used for production of highly charged aerosols. Flame charging 

occurs when particles are formed in or pass through a flame. At the high temperature 

of the flame, direct ionisation of gas molecules creates high concentrations of positive 

and negative ions and thermionic emissions of electrons or ions from particles.  

 

Static electrification causes particles to become charged by mechanical action as they 

are separated from the bulk material or other surfaces. This charging mechanism can 

produce highly charged particles, but is not reliable for aerosol charging. The three 

basic mechanisms of static electrification that can be used for aerosol charging are: 

electrolytic charging, spray electrification and contact charging. Electrolytic charging 

occurs when liquids with a high-dielectric constant are separated from solid surfaces. 

Pure water is a high dielectric liquid that can become charged during atomization. 

 

Spray electrification results from disruption of charged liquid surfaces. Some liquids 

have a charged surface layer, and when the surface is disrupted during the formation 

of droplets by atomization or bubbling, charged particles can be produced. 
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Contact charging occurs during separation of dry, nonmetallic particles from solid 

surfaces. Because it requires dry surfaces, contact charging becomes ineffective at 

relative humilities greater than about 65%. 

 

 

2.9.1 Diffusion charging 

 

Diffusion charging requires the production of unipolar charges, usually by corona 

discharge. When an ion collides with a particle, it sticks, and the particle acquires the 

charge. Particles mixed with unipolar ions become charged by random collision 

between ions and the particles. This process is called diffusion charging because the 

collision results from the Brownian motion of the ions and the particles. This 

mechanism of charging does not require an external electrical field. As the charge 

accumulates, it produces a field that tends to repel additional ions, reducing the 

charging rate. As the charge on the particle increases, fewer and fewer ions have 

sufficient velocity to overcome the repulsive force, and the charging rate slowly drops 

to zero. 

 

An approximate expression for the number of charges )( 1tnD  acquired by a particle of 

diameter pd  by diffusion charging during a time 1t , is given by (Hinds, 1999) 
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where: EK -is electrostatic constant, ic -is the mean thermal speed of the ions ( ic =240 

m/s at standard conditions), e1 is charge of an electron, and iN  is the concentration of 

ions. 

 

Diffusion charging is the predominant mechanism for charging particles of less than 

0.2 m in diameter. 

 

 

2.9.2 Field charging 

 

Field charging is charging by unipolar ions in the presence of a strong electric field. 

The rapid motion of the ions in an electric field results in frequent collisions between 

the ions and the particle. When an uncharged spherical particle is placed in a uniform 

electric field, it distorts the field. The field lines represent the trajectories of the ions. 

The extent of the distortion of the field lines depends on the relative permittivity 

(dielectric constant)   of the particle material and the charge on the particle. For an 

uncharged particle, the greater the value of  , the greater the number of field lines 

that converge on the particle. 

 

Ions in the electric field travel along the field lines and collide with the particles 

where field lines intersect with the particle. All ions on the intersecting lines will 

collide with the particle and transfer their charge to it. As the particle becomes 

charged, it will try to repel the like-charged incoming ions. The presence of the charge 

on the particle reduces the field strength and the number of lines converging on the 
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particle. Because of this the number of ions reaching the particle decrease as the 

particle becomes charged. 

 

The charge builds up to the point where no incoming field lines converge on the 

particle and no more ions can reach the particle. At this maximum charge condition, 

the particle is said to be at saturation charge. 

 

The number of charges,  tnF , acquired by a particle during a time t, in an electric 

field EF, with ion number concentration iN is given by (Hinds, 1999) 
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where: iZ -is the mobility of the ions. The first two factors in equation (2.30) represent 

the saturation charge, )(sn , reached after sufficient time, and 
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.       (2.31) 

 

The first factor 







 2

3




 depends only on the material of the particles and ranges from 

1 for  = 1, to 3 for  . The relative permittivity or dielectric constant  reflects 

the strength of the electric field produced in different materials.   is unity for a 

vacuum, 1.00059 for air and infinite for conducting particles. 
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The second factor in Equation (2.30) indicates that the saturation charge is 

proportional to the surface area of the particles and to the electrostatic field strength. 

The final factor in Equation (2.30) is time dependent, and reaches a value of 1 when 

1tNeZK iiE >>1. When particles are charged by field charging, the ion concentration 

is usually 313 /10 m  or greater, so charging will be essentially complete in 3s or less. 

 

 

2.10. Shape Effects 

 

Particle collection in fibrous filters is a very complex process in filtration theory and 

because of that, the shape of the particles has usually being ignored. Mainly spherical 

particles have been considered in existing theoretical and experimental investigations.  

 

Particle shape can influence mobility analysis in two ways: (1) the drag on the particle 

will differ from that of a sphere of equal volume; and (2) the charging probability may 

also differ (Baron and Willeke, 2001). In the absence of detailed knowledge about the 

shape and structure of particles, mobility analyzer data has been reported as electrical 

mobility equivalent diameter , zd , that is, the spherical particle that has the same 

electrical mobility as the particle being measured. 

 

Studies of particle shape effects have appeared in the literature for doublets and 

triplets of spheres (Kousaka et al., 1996), aggregate particles (Schmidt-Ott, 1988, 

Rogak and Flagan, 1992 and Rogak et al., 1993) and for fibers (Han et al., 1994 and 

Baron et al., 1994). Kousaka et al., (1996) found that the shape factor is dependent on 

the intensity of the electric field created in the DMA. Thus, for doublets it was found 
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that at low field strengths, the point charge on the doublets causes them to be inclined 

at 45º with respect to the electric field, whereas at a higher field intensity, they 

become parallel to the field due to induced polarization. Rogak and Flagan, (1992) in 

their investigation of the effect of particle shape on the diffusion charging of aerosols, 

found that aggregates and spherical particles having the same mobility diameter show 

similar bipolar diffusion charging characteristics in the transition region (size range 

from 0.1-1 m). Schmidt-Ott, (1988) and Rogak et al., (1993) found that the 

mobilities of agglomerate particles scale with their projected areas. 

 

Mobility analysis of fiber particles has been the subject of a numerous investigations. 

Laframboise and Chang, (1977) developed a diffusion charging model for particles of 

arbitrary geometry. Han and Gentry, (1993a), and Han and Gentry, (1993b) developed 

a model for unipolar charging of fibers and their results showed that the fibers can 

carry more charges than equal surface area spheres. 

 

However, there are few literature studies dealing with more regular shapes of particles 

(for example cubic shape). Unger et al., (2004) have reported that no study has been 

made on the effect of particle shape on field charging. They show that cubic NaCl 

particles in the same charging conditions (i.e. ion density and transit time) as DEHS, 

have an experimental charge level greater than predicted by classic field charging 

theory. The only difference between DEHS and NaCl was particle shape. Biskos et 

al., (2003) presented a 3D Monte-Carlo model that stimulates diffusion charging of 

aerosol particles in positive unipolar environments. Simulation for nonspherical 

rectangular shaped particles is strongly dependent on their aspect ratio, and charging 
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behavior of such particles showed significant differences when compared with 

theoretical prediction. 

 

 

2.11. Summary 

 

It is evident, that the literature relating to the behaviour submicron particles during 

filtration and separation is relatively incomplete when compared to other areas of 

filtration. The influence of particle shape on filtration processes, and motion of the 

particles along a fiber surface have received relatively little attention. However, these 

factors are vitally important, because of the significant differences in filter efficiency 

between the particles of different shape. 

 

The efficiency of wet filters for the removal of a wide range of particles has been 

studied previously (Walkenhorst, 1974, Agranovski and Braddock, 1998, Agranovski 

et al., 1999), but all of these studies have been on a macroscopic scale, evaluating the 

performance of the entire filter, without examining the actual processes occurring 

inside the filter. As well, particles of different shape have not been considered. 

Further investigations of spherical and non-spherical particles in wet and dry filtering 

regimes would be beneficial for a better understanding of the causes of the substantial 

differences in filtration of particles with different shape in case of dry filters. 

 

Particle collection in fibrous filters is a very complex process, and the current 

filtration theory considers mainly spherical particles. However, real particles often 

have a much more complicated structure which influences their depositional behavior 
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(Rogak et al., 1993). Existing theoretical and experimental investigations on filtration 

of non-spherical particles are mostly focused on fibers which represent the simplest 

non-spherical particle shape (Brown, 1993). However, further investigation of filter 

efficiency of loose and agglomerated particles and the theoretical predictions would 

be beneficial in reducing the gap in the knowledge on filtration of non-spherical 

particles. 

 

The aims of this thesis are to study the influence of the shape of submicron particles, 

on the filtration and separation of these particles. This will include a study of the 

properties of the bouncing of these particles in filtration. In particular, a detailed 

investigation will be made on the different types of motion of  submicron particles 

with different shape, along the fibers, at a range of filtration velocities, and the 

relationship to filter efficiency. The particles to be considered range from spherical 

through intermediate shapes to cubic particles. The effect of bounce and re-

entrainment will be studied through the use of dry and oil coated fibers. An 

investigation will be undertaken to determine the probability of re-entrainment of 

loose and agglomerated particles with identical aerodynamic size but different shape 

at two different velocities and the findings will be compared with the theoretical 

prediction.  

 

 

2.12. Structure of thesis 

 
Chapter 3 describes the experimental equipment and basic experimental set-up, used 
in this study. 
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Chapter 4 considers the influence of submicron particle shape and particle bounce on 

filtration and separation processes. The research examines removal efficiency of three 

various types of particles which may be classified in two groups: spherical particles 

with different densities, and cubic particles. As well, the extra probability of particle 

bounce will be derived from the experimental data. 

 

Chapter 5 describes filtration of nanosized particles with different shapes on oil 

coated fibers at two filtration velocities. In this project, the filter will be coated with a 

thin layer of mineral oil to absorb the energy of the particle, and to minimize particle 

motion along the fiber after collision. The theoretical predictions will be compared 

with experimental results, and ANOVA single factor analysis will be applied to the 

experimental results. 

 

Chapter 6 describes the study of the filter efficiency as a function of submicron 

particle velocity and shape. In this chapter, spherical and cubic particles are tested 

along with particles of intermediate shape (cubic particles with rounded edges) at a 

range of filtration velocities. The re-entrainment comparation coefficient for 

intermediate shape particles will be determined for all three filtration velocities. 

 

Chapter 7, examines the probability of re-entrainment of loose and agglomerated 

particles at a range of filtration velocities. The results were compared to well known 

theoretical predictions based on the classic collection mechanisms. The comparison of 

the calculated collector efficiency with experimental results shows that the predictions 

underestimate the results. In order to account for non-ideal particle shape, a correction 

factor for diffusion and interception will be proposed. 
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3. Experimental equipment and basic set-up 
 

 

The experiments conducted in this research needed a common piece of apparatus 

designed and constructed as a part of the thesis. The experimental procedures were 

varied from time to time to suit the particular hypothesis being tested. These detailed 

procedures are described in the appropriate sections of the thesis. The main apparatus 

and common experimental set-up is described below. 

 

 

3.1 Differential Mobility Analyzer (DMA) 

 

DMA was introduced by Knutson and Whitby, (1975) for the purpose of extracting a 

known size fraction of submicrometer particles from the incoming polydisperse 

aerosol. Several authors (Knutson and Whitby, 1975, Hoppel, 1978, and Plomp, 1982) 

have suggested the use of such an instrument together with some particle counting 

device, to measure particle size distributions. An instrument of this type generally 

consists of three parts: a charging device, a mobility analyzer or classifier and a 

concentration detector (Figure 3.1). 

 

A Kr-85 Bipolar Charger or neutralizer exposes the aerosol particles to a high 

concentration of bipolar ions. The particles and ions undergo frequent collisions due 

to the random thermal motion of the ions. Aerosol particles that are initially neutral 

will acquire charge by collision with ions due to their random thermal motion. 

Aerosol particles that are initially charged will loose their charge slowly as the 

charged particles attract oppositely charged ions. These processes eventually lead to 
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an equilibrium charge state called the Boltzmann equilibrium charge distribution or 

bipolar equilibrium charge distribution. The Boltzmann equilibrium charge 

distribution represents the charge distribution of an aerosol in charge equilibrium with 

bipolar ions (Hinds, 1999). 

 

 

 

 

Figure 3.1. Schematic diagram of differential mobility analyser (after Hinds, 1999) 
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The charged aerosol passes from the neutralizer into the main portion of the DMA as 

shown in Figure 3.1. The polydisperse aerosol and air are introduced at the top of the 

Classifier and flow down the annular space between two cylinders with no mixing of 

the two laminar streams. The inner cylinder, the collector rod, is maintained at a 

controlled negative voltage, while the outer cylinder is electrically grounded. This 

creates an electric field between the two cylinders. 

 

The electric field between the cylinders, causes positively charged particles to be 

attracted through the air toward the negatively charged collector rod. The location of 

the precipitating particles on the collector rod depends on the particle electrical 

mobility ,Zp, the Classifier flow rate and the Classifier geometry. The electrical 

mobility of a particle with a charge, q, in an electrical field , FE ,is given by: 
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where TEV  is the terminal electrical velocity. It is common to express q as the number 

of elementary charges, n, multiplied by the smallest unit of charge, the charge of an 

electron e1, 
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Electrical and mechanical mobility are related by 

 

BenqBZ p 1 .        (3.3) 



 46

Particles with high electrical mobility are precipitated along the upper portion of the 

rod; particles with low electrical mobility are collected on the lower portion of the 

rod. Particles with a narrow range of electrical mobility exit with the monodisperse air 

flow through a small slit located at the bottom of the collector rod. These particles are 

transferred to a particle counter to determine particle concentration. The remaining 

particles are removed from the classifier via the excess air flow. 

 

 

3.2 Condensation particle counter (CPC) 

 

The ability of a particle to grow to a micrometer-sized droplet in a supersaturated 

environment, can be used to measure their number concentration. The instrument to 

do this is a CPC (Figure 3.2). As an aerosol first enters the CPC, it is saturated with 

alcohol vapour as it passes over a heated pool of alcohol. The vapour-saturated 

aerosol then flows into a cold condenser, where it is cooled by thermal diffusion. The 

alcohol condenses onto the particles and the particles grow into droplets large enough 

to be counted optically. 
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Figure 3.2 CPC flow schematic (after Agarwal and Sem, 1980). 

 

 

The mechanism used to grow particles in the CPC is heterogeneous condensation, 

whereby particle growth is prompted by the presence of condensation nuclei. The 

CPC uses this mechanism to measure the number concentration of submicrometer 

aerosol particles. 

 

The saturation ratio of the condensing vapour determines the smallest particle size 

detected by the CPC. The saturation ratio is defined as the actual vapour partial 

pressure, vp , divided by the saturation vapour pressure, sp , at a given temperature 

(Keady et al., 1986). The relationship between the saturation ratio and the minimal 

particle size is controlled by the Kelvin equation (Hinds, 1999): 
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where:  is the surface tension, M is the molecular weight, l  is the density of the 

liquid, kd  is the Kelvin diameter, and R is the universal gas constant. The variable kd  

is the equilibrium droplet diameter that will neither grow nor evaporate at the 

saturation ratio 
s

v

p

p
. For every droplet size, there is a saturation ratio that will exactly 

maintain the particle size. If the saturation ratio is too small, the particle evaporates, if 

it is to big, the particle grows. 

 

Once the particles have grown to an optically detectable size (usually 2 to 3 m), they 

pass through a light beam and scatter light onto a photo detector. The pulse of light 

scattered by each particle is counted separately and the concentration is determined 

from the frequency of pulses. 

 

 

3.3 Collison nebulizer 

 
The Collison Nebulizer was first described in the scientific literature by Collison in 

1935, (May, 1973). Over the intervening years, it has become the recognized 

technique for atomizing liquids and suspensions. Nebulization is taken to mean a 

refinement of two fluid atomization. In an atomizer, a gas is used to aspirate the liquid 

into a (usually) sonic velocity gas jet, wherein it is sheared into droplets. In a 

Nebulizer, this liquid/gas jet is impacted against a barrier (the inside of the jar) to 

remove the larger fraction of the droplets. Only a small percentage of the liquid 



 49

escapes the impact, and are carried up and out of the Nebulizer by the spent 

compressed air. The schematic of the nebulizer, according to May (1973), is given in 

Figure 3.3. In this study a single and a three-jet Collison nebulizer were used. 

 

 

 
 
 
Figure 3.3 Design of single jet nebulizer (after May, 1973). 
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3.4- Basic experimental set-up 

 

Figure 3.4 shows the schematics of the experimental setup. Before reaching the 

nebulizer, the air was passed through HEPA filters located in series to remove all 

extraneous aerosols entering the system and thus to ensure clean incoming air. The 

particle suspension was placed into the nebulizer (Model 8035, API, USA) and 

aerosolized to provide the test aerosol. After passing through the generator, the air 

was mixed in the mixing tube (diameter 15mm and length 30 cm) with another 

portion of the dry HEPA filtered air to create conditions for effective drying of 

moisture from the particle surface.  
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Figure 3.4-Experimental set-up (after Boskovic et al., 2005) 
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The aerosol was then collected isokinetically through the intake pipe located at a 

distance of 20 cm from the mixing tube inlet (the distance has been chosen to provide 

complete mixing of air and particle streams). The aerosol was then passed through an 

electrostatic charge neutralizer (10-mCi 85Kr, model 3012, TSI Inc., St.Paul, MN) 

used to neutralize particles before their entry to the DMA column. Alternatively, to 

flush the system before each experiment, the aerosol intake line was shut down and 

the HEPA filtered air pipeline to the neutralizer was opened by two valves installed 

on the corresponding lines, as shown in the Figure 3.4.  

 

The DMA column (Model 3080, TSI Inc., St.Paul, MN) was used to prepare 

monodisperse particles of the required size for subsequent passage through the filter. 

The CPC (Model 3010, TSI Inc., St.Paul, MN) was used to measure particle 

concentration. Instead of the standard piping, commonly used for the connection of 

DMA and CPC, a special filter holder has been made (see insert in Figure 3.4) to 

substitute for such piping. The holder consists of two identical parallel lines equipped 

with the hermetically sealed filter supports; one held a filter whilst the other was 

empty and served as the bypass line. The air stream could be directed to either one of 

them by valves located on both lines. Such an arrangement was convenient for 

obtaining the results for calculation of the filter efficiency without the necessity of 

frequent assembling/disassembling of the filter supports. The number of particles after 

passing through the filter represented the downstream concentration, whilst counting 

of particles after the bypass line corresponded to the initial (upstream) concentration 

of aerosols. The filter efficiency , TE , was calculated according to the classic 

equation, (Brown, 1993). 
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where CA and CB are concentrations of the particles after passing through the filter line 

and the bypass line, respectively. All flow rates were monitored and controlled by the 

flow meters equipped with the adjusting valves.  
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4. Influence of Particle Shape on Filtration 

Processes 

 

 

4.1. Introduction 

 

Filtration is the most common method of aerosol monitoring and control. The 

classical filtration theory (see Hinds, 1999, for example) does not pay much attention 

to the particle bounce during its capture by the filter wire. However, recent 

experiments (Mullins et al., 2003a) show that the particle bounce may significantly 

change the filter efficiency. A number of theories (Bradley, 1932, Hamaker, 1937, 

Johnson et al., 1971, and Wang and Kasper, 1991) have been developed to describe 

the particle interaction with the filtering surface and estimate the probability of the 

particle adhesion onto a surface. 

 

A careful inspection of the known results indicates a gap in the approach to 

describe the particle bounce related to the possible particle motion along the fibre 

after the first contact between the particle and fibre. This motion leads to either 

particle adhesion (the particle is captured) or to the particle bounce (the particle is not 

captured). On this basis, the nature of the particle motion along the fibre surface 

appears to be important. Simple analysis makes it clear that the trajectory of particle 

depends on the particle shape; for the perfectly spherical particles, the type of motion 

is either sliding or rolling. However, for both cases, the area of the particle contact 

with the fibre does not change during the motion. Also, it should be noted that, even 
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for large spheres, it is difficult to visually distinguish sliding and rolling objects. A 

totally different picture would occur in the case of the shaped particles (cubes, for 

example), which either slide or tumble. During tumbling, the area of the contact 

changes significantly, and may affect the bounce probability, and therefore, the 

filtration efficiency. If this is the case, some parameter responsible for the 

contribution of the particle tumbling to the filtration efficiency ought to be introduced.  

 

The present work is a first step to investigate the dependence of the filter efficiency 

upon the particle shape from this point of view. In the experiment the filtration 

efficiency of the polystyrene latex (PSL) and iron oxide particles that are of spherical 

shape with be compared with the filtration efficiency of cubic magnesium oxide 

particles (MgO) of the same equivalent size.  

 

 

4.2 Experimental set-up and measurement procedure 

 
 
4.2.1 Test aerosol production 

 
The spherical polystyrene latex particles (density 1.05 g/cm3) with five aerodynamic 

diameters of 50, 70, 100, 150 and 300 nm were supplied by Bangs Laboratories 

(Fishers, IN, USA). Spherical iron oxide submicron particles (density 5.2 g/cm3) were 

synthesized by direct metal combustion of pure iron powder in an oxygen containing 

environment. The particles from the fumes were collected on a suitable substrate. 

After collection, these particles were gently brushed from the surface and placed in a 

dry environment. A typical transmission electron microscope (TEM) image of the iron 

oxide particles collected near the generation zone is shown in Figure 4.1a. Dry  
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particles were added into the nanopure deionized water (resistivity  > 18.0 M) and 

sonicated by the ultrasonic bath for 20 minutes to prepare the solution for subsequent 

aerosolization by a nebulizer. To ensure the looseness of the particles after sonication, 

the TEM grid was submerged into the suspension to take a sample for subsequent 

observation through the microscope. The TEM photograph of the sample (see Figure 

4.1b) clearly demonstrates that agglomerates which are formed, most likely due to 

magnetic attraction of particles (see Figure 4.1a), were effectively broken and the vast 

majority of particles present in the nebulizer are single. 

 

 

 

 

Figure 4.1 –Typical TEM image of iron oxide particles collected; a) 10mm above the 

generation zone, b) from the nebulizer suspension (after Boskovic et al., 2005). 
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Magnesium oxide submicron particles (density 3.6 g/cm3), represent the second group 

of particles used in the experiment. These particles have a perfect cubic shape and 

their production (Altman et al., 2004a) is very similar to that described above for the 

iron oxide submicron particless. TEM images of cubic magnesium oxide particles 

shown in Figure 4.2, clearly demonstrate that MgO cubes are non-agglomerated in the 

wide range of sizes up to 400 nm (see particle of corresponding size in Figure 4.2b). 

Particles collected at a low height above the generation zone, are not agglomerated, 

whilst collection at a higher altitude could be associated with sintered clumps (Altman 

et al., 2005). For comparison, sintered clumps collected at a height of 8 cm above the 

generation zone are shown in the insert in Figure 4.2a. During combustion of the Mg 

particle, the MgO  particles were collected on the substrate from the stream 10 mm 

above the flame, then brushed into the nanopure deionized water and the suspension 

was sonicated for at least 20 minutes before aerosolizing by the nebulizer. 
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Figure 4.2- TEM images of MgO particles collected at 10mm above the flame. Non-

agglomerated cubes are clearly distinguished in the wide range of sizes. For 

comparison, the insert in (a) shows agglomerated particles collected above the 

generation zone (after Boskovic at al., 2005). 
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4.2.2-Experimental apparatus 

 

The experimental set-up and apparatus used in this project has been described in 

Chapter 3. 

 

 

4.2.2-Experimental procedure 

 

A fresh, 2mm thick, polypropylene filter with a packing density of 9% and fiber size 

of 19μm, was used in the experiments.To ensure the same average fiber orientations 

filters cut from the same materials were used. The filter was secured in the holder and 

the valves were positioned to close the air access through the filter line and open it 

through the bypass line (Figure 3.4). The valves on the particle intake assembly were 

positioned to allow access through the HEPA filter and the device was operated until 

no particles remained in the system. After that, the valves were repositioned to open 

the particle intake line (keeping the HEPA filter line shut down) and the PSL particles 

of the selected size (out of 5 sizes mentioned above) were aerosolized by the 

generator, fed to the DMA column and their size distribution was obtained by the 

CPC. The magnitude of voltage representing the maximum number concentration 

(this voltage usually closely coincided with the corresponding particle size as given 

by the instrument) was recorded, and the DMA column was turned to the 

monodisperse particle production regime when only one voltage was used during the 

entire procedure. The initial particle concentration in the bypass line was obtained and 

the valves were then switched to allow aerosol to pass through the filter whilst the 

bypass line was securely closed. The system was then flushed through the HEPA 
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filters located at the entrance to the neutralizer until no particles remained in the 

system. Then, the experimental aerosols were fed back to the DMA and the particle 

count representing a number of particles penetrating through the filter was recorded. 

The filter efficiency was then calculated according to the classic Equation (3.5), 

(Brown 1993). 

 

The face velocity of 0.02m/s was used for all experimental runs. This velocity was 

chosen to exclude any influence of the inertial mechanism of filtration for the whole 

range of particle sizes of interest. Note that for 300nm particles, and considering the 

substantial difference in their densities, the inertial mechanism could start to be 

influential at higher filtration velocities. This would not permit any direct comparison 

of the results, and was avoided by a careful choice of flow rate. 

 

The PSL spheres were monodisperse, while all other particles were initially 

polydisperse. The polydisperse aerosol provided by the nebulizer/generator, was 

passed through the DMA column at the voltage corresponding to the particular size of 

PSL spheres used in the experiments to separate nanooxide particles of the equivalent 

size out of the sizes available in the mixture. Knowing the exact size of PSL particles, 

the precise control voltage corresponding to the particle of the same mobility as the 

PSL particles, was applied to the DMA. Then the monodisperse aerosol was passed 

through the filter/bypass lines to obtain CA and CB for the subsequent efficiency 

calculations, as outlined above. The same procedure was used to obtain the results for 

five sizes for all three types of submicron particless. 
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It is important to highlight that, to avoid the influence of the previously captured 

particles on the filtration efficiency, a fresh filter was used for each experimental 

measurement. Also, at least five experimental replicates were undertaken for each 

particle size to obtain reliable results. 

 

 

4.3 Results and Discussion 

 

Figure 4.3 shows the overall original particle size distribution of iron and magnesium 

oxide particles used in the experiment, as measured by the DMA: where N is the 

number of particles in each interval and N is the total number of particles in the 

sample. Both substances demonstrate reasonably similar trends with the peak at 

around 35 nm.  
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Figure 4.3 Size distribution of magnesium and iron oxide particles measured with 

DMA (after Boskovic at al., 2005). 
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For the experimental runs, particles of a selected size were separated by the DMA 

from the polydisperse aerosol and passed to the fibrous filter stage. To obtain a 

representative number of particles of each size used in  the experiments, the amount of 

dry nanooxide powder added to the water in the nebulizer was adjusted. In general, 

for particles within the range of 50-150 nm, the number of particles was of the order 

of 5104 cm-3 for both nanooxides. For the largest particle size of 300 nm, considering 

their weak contribution to the general size distribution, the maximum number of 

particles which was achieved, was around 3000 cm-3. However, considering a very 

high consistency of the results (discrepancy between similar experimental runs did not 

exceed 4% of measured quantity), these numbers of particles were deemed to be 

satisfactory. 

 

Figure 4.4 shows the filter efficiency for all particles investigated. The error bars 

represent the standard deviation of at least 5 experimental runs. The efficiency is 

plotted vs. the particle mobility diameter for all experiments which were performed at 

the velocity of 0.02 m/s at the filter face. 
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Figure 4.4 Measured filter efficiency of cubes and spheres (after Boskovic at al., 

2005). 

 

 

Two main conclusions can be drawn, namely (Boskovic et al.,2005); 

 

1) the filtration efficiency of particles within the studied size region and for the 

chosen face velocity does not depend on the particle density. This conclusion is 

fully supported by the efficiency curves for spherical PSL and iron oxide fully 

coinciding along the whole range of sizes investigated. 

 

2) The filtration efficiency of cubic particles is lower than that of spherical 

particles. It is clearly observed that the efficiency difference for bigger 
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particles is much larger compared to that for the small ones within the 

investigated range of diameters. 

 

Further consideration could be undertaken to analyze the process of filtration  of 

submicron particles. As is well known, different mechanisms contribute to the particle 

filtration efficiency. They are (Hinds, 1999) interception, inertial impaction, diffusion, 

gravitational settling and electrostatic attraction. Substituting the above process 

parameters into the equations derived for each of the filtration mechanisms shows that: 

 

1.  interception does not play a crucial role due to the fact that the average ratio of 

a particle size to a fiber diameter is 1:200 which corresponds to a very low 

contribution of interception to the total single fiber efficiency. 

 

2. The very small particle size and low filtration velocity used in the experiments, 

indicates that the inertial impaction also does not contribute much towards the 

enhancement of filtration efficiency.  

 

3. Electrostatic attraction could also be excluded from consideration as most of 

particles coming from the DMA column have a unit charge and would behave 

similarly regardless of their shapes. Also, the influence of some possible fiber 

charging could be neglected, as experimental conditions were the same for all 

particle types. 

 

4. Some possible double charging of 300 nm particles may occur; (Hinds, 1999) 

notes that ~9% of particles of that size could be double charged. This could 
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make a corresponding contribution towards the counting of 150 nm particles. 

This effect may be eliminated from consideration, as it could occur with all 

types of particles with similar equivalent diameter. There is the related 

possibility of the existence of double charged 600 nm particles with their 

corresponding contribution to the 300 nm particle count. Careful observation 

of more than 100 TEM photographs of each of the nanooxides, shows that the 

largest particle found across all of them was 493 nm. Of course, such a finding 

does not mean that larger particles do not exist at all. However, their number is 

negligibly small and can not contribute significantly towards the current 

results. Also, an excellent agreement between the results obtained for 

monodisperse PSL particles and iron oxide spheres, strongly supports the 

exclusion of double charging from consideration. 

 

5. Obviously due to the very small particle size, gravitational settlement is also 

excluded from consideration 

 

Finally, according to the classic theory of filtration, diffusion is a dominant process for 

small particle filtration. The filtration efficiency of diffusion is proportional to the 

Peclet number (Hinds, 1999), i.e. to the particle mobility. As the same particle 

mobility mechanism is responsible for aerosol separation in the DMA column, the 

filtration efficiency of spherical particles of the same size (the same mobility), even of 

different densities, is not surprising. Applying a similar approach would imply that the 

filtration efficiency due to diffusion of magnesium oxide cubes should be the same as 

that for spheres. Indeed, the cubes having the same mobility do not differ from spheres 

if diffusion is considered. However, the significant difference between filtration 
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efficiency of spheres and cubes is evidence that some effect (besides diffusion) 

becomes significant in the case of cubic particles. It is obvious that this effect does not 

exist whilst the particle remains airborne and appears only after the particle-fiber 

collision event, and results from the different nature of the possible motion of spheres 

and cubes along the fiber surface. The only difference between spherical and cubic 

particles is the nature of their motion along the fiber surface, following the initial 

collision. The spheres may slide and/or roll, whilst cubes would slide or tumble until 

being fully adhered (captured by a fiber) or rebounded (not captured). During the 

sphere sliding (or rolling) along the fiber, the contact area is not changed. Then, it may 

be assumed that this motion could not affect the bounce probability, and 

correspondingly, no difference between the spherical particles of different densities 

was observed in the experiments.  

 

A totally different process occurs in the case of the motion of the cube, when due to 

the tumbling, the face alignment of a cube may not be achieved before the particle is 

pulled off the surface. This may prevent the cube from adhering to the fiber, causing 

its rebounding; the particle could be easily detached at the moment when it contacts 

the fiber via the edge, or corner. 

 

The measured filter efficiencies for spheres and cubes can be used to evaluate the 

probability of additional rebound of cubes over that of spheres. The overall filter 

efficiency measured in the experiment, exp , can be expressed as (Brown, 1993): 

 

  Ek fexp1exp ,       (4.2) 
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where the coefficient, kf , represents the physical parameters of the filter (fiber size, 

packing density and thickness) and does not depend on the properties of the filtered 

particles, and 

 

f
f d

t
k


4

 .         (4.3) 

 

Simple analysis of Equation (4.2) shows that the filter efficiency for the cubes could 

be lower than that for the spheres due to some additional possibility of bouncing. Note 

that all other process parameters and, correspondingly, magnitudes of filtration 

mechanisms are theoretically identical for both cases. This additional rebound 

probability, p, contributes to the single fiber efficiency and can, respectively, be 

written as 

 

  spherescubes p 00 1   ,        (4.4) 

 

where cubes
0  and spheres

0  are the single fiber efficiencies for cubes and spheres. 

Combining Equations. (4.3) and (4.4) yields 
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 ,     (4.4) 

 

where cubes
exp  and spheres

exp  are the overall filter efficiencies measured for cubes and 

spheres in the experiments described above. 
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Obviously, the particle tumbling is a kinetic process, which may be associated 

with the particle kinetic energy 







2

2
0mU

 characterizing the particle motion in the flow. 

On this basis, the kinetic energy could be suggested as a parameter describing an 

efficiency of the particle re-entrainment during its tumbling. Table 4.1 shows the 

magnitude of the kinetic energy calculated for all sizes of magnesium oxide particles 

involved in this investigation. 

 

 

Table 4.1. Kinetic energy of different size magnesium oxide particles at face velocity 

of 0U = 0.02 m/s. 

 

Particle size (nm) Kinetic Energy (meV) 

50 0.3 

70 0.8 

100 2.4 

150 8 

300 64 

 

 

Clearly, the kinetic energy is rising with the increase of the particle size. 

Correspondingly, in the experiment, the increase of this parameter is accompanied by 

the increase of the deviation between the filtration efficiency of spherical and cubic 

particles. On this basis, the energy could realistically characterize the efficiency of the 

shaped particle re-entrainment during filtration and, therefore, it may be used to 



 70

describe the additional bounce probability appearing in the case of the filtration of 

cubic particles. 

 

Figure 4.5 shows the results for p as derived from the experimental data 

according to the procedure described above. The probability of additional bouncing, 

p, is plotted vs. the particle kinetic energy. The dashed line is a guide for the eye. It is 

obtained by fitting the following functional form 
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KE
BAKEp ,     (4.5) 

 

to the data. Fitting parameters corresponding to the dashed line in Fig. 6 are as 

follows: A2 = 0.453, B1 = 0.437, C1 = 7.19 meV. 
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Figure 4.5 Additional rebound probability of cubic particles (after Boskovic et al., 

2005) 

 

 

An ANOVA single factor test has been used to determine whether the results for MgO 

and PSL particle sizes are significantly different in a statistical sense. According to 

this analysis, with a confidence level 95 %, statistically there is a significant 

difference between the filtration efficiency of PSL and MgO particles for all particle 

sizes investigated in this work. The same analysis has been used to determine if the 

efficiencies of PSL and iron oxide are statistically different. According to the analysis 

with confidence level of 95% there is no statistically significant difference between 

them for all sizes investigated. 
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4.4 Summary 

 

It has been shown that the variation in particle density does not affect the removal 

efficiency of the spherical particless even if their densities vary by a factor of five. 

 

It is evident from this work that the filtration efficiency is significantly different for 

cubic and spherical particles and that this deviation in efficiency is increasing with 

increase of the particle size in the range 50nm to 300nm. After excluding the diffusion 

mechanism as a possible factor responsible for such a difference, it was concluded 

that its main cause is likely to be the nature of the motion of cubes and spheres along 

the fiber surface; the spherical particles could either slide or roll whilst the cubic ones 

can slide or tumble. Following this consideration, the parameter (kinetic energy) 

describing the contribution of the particle tumbling towards the filtration efficiency 

was proposed and quantified. It is clearly shown that tumbling plays a significant role 

in the process of filtration of non-spherical submicron particles on fibrous filters. 

 

This work represents the first step to describe a very complicated process. Further 

research will be undertaken to provide deeper understanding of the various 

mechanisms of interaction between complex-shape submicron particles and fiber and 

to determine and quantify in detail the exact cause of this behaviour. 
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5. Filtration of submicron particles with different 

shape on oil coated fibres 

 

 

5.1 Introduction 

 
Chapter 4 of this thesis has considered the role of particle shape and its effect 

on filtration efficiency. The experimental results showed that polystyrene latex (PSL) 

particles of spherical shape in the size range of 50-300 nm are removed from the gas 

carrier with significantly higher efficiencies compared to cubic MgO particles in the 

same size range, even if their densities vary by a factor of 3.6. After excluding the 

inertial mechanism as a possible factor responsible for such a difference, it was 

concluded that its main cause is likely to be the nature of the motion of cubes and 

spheres along the fiber surface; the spherical particles could either slide or roll whilst 

the cubic ones slide or tumble. 

 

These rolling, sliding and tumbling motions may be significantly reduced by 

coating the filter fibers with a thin layer of mineral oil. Coating surfaces with oil or 

grease increases the adhesion energy, the deformation, and the dissipative energy. 

This greatly reduces the processes of particle motion along the fibre after initial 

collision and bounce (Hinds, 1999) decreasing the effects of shape on the bouncing 

process. The results of such an investigation are important for better understanding of 

the causes of the substantial differences in filtration of particles with cubic and 

spherical shape, as reported in Chapter 4.  
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The aims of this section of the research are to investigate the filtration 

properties of particles of different shapes, at different filtration velocities, by the 

filters coated with a thin layer of mineral oil. The mineral oil was selected as it gives a 

uniform layer on the fibre surface and does not readily run down the fibre, as water 

will do, over the period of the experiment. Oil coating of the fibers could give a clear 

answer to the question: does this difference relate to the primarily filtration 

mechanisms or secondary effects of bouncing and re-entrainment.  

 

In this study, for the particle size range of interest, the inertial effect is not 

substantial enough to cause clearly identified inertial bouncing corresponding to the 

larger aerosol sizes used by Mullins et al., (2003b). However, it could contribute to 

some particle motion of a different nature along the fibre, after the initial collision. 

This could cause an alteration in filter performance for the removal of submicron 

particles of different shapes.  

 

 

5.2 Experimental set-up and measurement procedure 

 
 
5.2.1 Test aerosol production 

 
Two types of particles were used in this research: spherical polystyrene latex (PSL) 

(density 1050 kg/m3) and cubic magnesium oxide (MgO) (density 3600 kg/m3). The 

PSL particles were obtained in five monodisperse sizes. The sizes were 50, 70, 100, 

150 and 300 nanometers in diameter as supplied by Bangs Laboratories (Fisher, IN, 

USA). The latex suspension was diluted with nanopure deionized water with a 

resistivity >18.0M and sonicated by an ultra sonic bath for 20 minutes to prepare 
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the suspension for subsequent aerosolization by a Collison nebulizer (BGI Inc., 

Waltham, MA). 

 

The production of magnesium oxide by direct metal combustion in an oxygen 

rich environment was undertaken according to Altman et al., (2004a). The MgO 

particles were collected on a substrate, which was located at a distance of 10 mm 

above the flame, then brushed into nanopure deionized water and sonicated for 20 

minutes before being aerosolized by the Collison nebulizer. 

 

The size distribution of the PSL and MgO particles was measured using a 

differential mobility analyzer (DMA). The total particle number concentration was 

approximately 104 particles/cm3. 

 

 

5.2.2- Experimental apparatus 

 

A schematic of the experimental set up that was used in this study has been 

explained in 3.4. The only addition for these experiments, are the orifices of 

predetermined diameters which were fitted in the filter holder to achieve the required 

velocities of air at the face of the filter (10 and 20 cm/s). Taking into account that the 

flow rate through the CPC is fixed, use of the orifices was the only way to vary the air 

flow through the filter and bypass lines (to minimize any alterations in aerodynamics 

of the air streams, identical orifices were installed in both lines). A diameter of the 

critical orifice was determined from the formula for the velocity of the air at the face 

of a filter (Hinds, 1999), 
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1
0 A

Q
U  ,          (5.1) 

 

where Q  is the gas flow rate through the filter and 1A  is the cross-sectional area of 

the filter exposed to the entering air stream. All flow rates were monitored and 

controlled by flow meters equipped with adjusting valves. 

 

 

5.2.3 Experimental procedure 

 

A polypropylene filter with a thickness of 3 mm, 16% packing density, and fiber 

diameter of 12 m was used in these experiments (see Agranovski et al., 2001 Filter 

#2). An oil coating was applied by submerging the filter in mineral oil until a uniform 

color of the filter was achieved. After that, the media was squeezed to remove all 

excess oil from the filter. The coating and distribution of oil was then checked by a 

Zeiss (Germany) Standard 25 polarizing microscope with 10 objective lens and a 

graduated eyepiece. The emission of oil from the coated filter was tested to ensure 

that no extraneous particles would influence the experimental results. It was found 

that the oil particle production does not exist, as was verified by “zero” emission from 

the coated filter in the absence of the test air supply. 

 

A FEI Quanta 200F Environmental SEM (ESEM) was used to obtain a precise 

measurement of the fiber diameter of the oil coated fibers. The main advantage of 

using the ESEM is that it retains all of the performance advantages of a conventional 
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SEM, but removes the high vacuum constraint on the sample environment. Wet, oily, 

dirty, non-conductive samples may be examined in their natural state without 

modification or preparation. A single pressure limiting apparatus is used in a 

conventional SEM, while an ESEM uses multiple pressure limiting apertures to 

separate the sample chamber from the column. The column is still operating at high 

vacuum, but the chamber may sustain high pressures. 

 

At the beginning of each experiment, a fresh filter was coated with oil and 

hermetically sealed in the filter holder. The experimental procedure, fully described in 

Chapter 4, was then followed to obtain the filter efficiency for the range of particle 

sizes used. In brief, the whole system was flushed with HEPA filtered air until no 

particles remained in the system. After that, the airline was closed and the aerosol 

intake line was opened to allow aerosolized spherical PSL particles of the selected 

size (only one particular size was used in each experimental run) to pass firstly 

through the DMA column, and subsequently through the CPC. The magnitude of the 

voltage, which corresponds to the maximum number concentration, was recorded and 

the DMA was tuned to produce monodisperse particles of the required size 

corresponding to the selected voltage. After measuring the particle concentration in 

the bypass line, the same experimental procedure was repeated for the flow of the 

selected particle size, through the filter line at one of the two different face velocities 

of 10 and 20 cm/s.  

 

The same procedure was followed for the initially polydisperse cubic MgO 

particles. After aerosolization, they were desiccated by dry diluting air (20C and 

~10%RH) and then passed through the DMA column at the voltage corresponding to 
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a PSL particle of the same mobility. After that, monodisperse MgO particles with the 

aerodynamic size identical to a particular PSL size, were passed through either the 

bypass or coated filter line before reaching the CPC to obtain AC  and BC  for 

subsequent filter efficiency calculations according to Equation 3.5. Five experimental 

runs were performed for each particle size, and for each face velocity. 

 

 

5.3 Results and discussion 

 

Figure 5.1 shows the measured efficiency of the oil coated fibrous filter, for all 

particles investigated, at the filtration face velocity of 10 cm/s. Note that the curves 

are all close together and the standard deviations overlap, showing an insignificant 

discrepancy in the results compared to the previous findings in Chapter 4. 
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Figure 5.1- Efficiency of the filter coated with light mineral oil at velocity 10cm/s 
(after Boskovic et al., 2007). 

 

 

In Chapter 4, the filtration efficiency of a dry filter used for the removal of the 

spherical particles was significantly higher compared to the filtration efficiency of 

cubic particles. Current results obtained for oil coated fibers show no significant 

difference in filter performance for the removal of particles with different shape. 

Noting that the results in Chapter 4 were obtained for a different filter media, the 

results of the experiments using the current filter with no fibre coating, are also shown 

in Figure 5.1 for MgO. The results for PSL particles for the dry filter are very close to 

the results obtained for the coated filter and are not shown in the figure.  
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These experimental results can also be compared with the theoretical filter 

efficiency E  estimated using the classic approach (see for example: Lee and Mukund, 

2001) 
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In calculations for the theoretical filter efficiency, the parameters of the filter 

were adjusted to take into account the alterations to the fiber diameter, due to the oil 

coating the fibre. The increase in filtration velocity, due to shrinkage of air passages 

through the filter was calculated according to Hinds, (1999) 
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It was found that the velocity increase was not significant (less than 3%) but it 

was taken into account. The results for these theoretical calculations are also shown in 

Figure 5.1. As is seen, they are in good agreement with the experimental results with 

the maximum discrepancy of less than 12% for the smallest particle size. This 

discrepancy is decreasing for the larger particle sizes and almost disappears when the 

particle exceeds 100 nm diameter. 

 

Figure 5.2 shows similar data for a filtration face velocity of 20 cm/s. All 

tested particles, regardless of shape, have similar filtration efficiencies when the fibers 

are oil coated, showing that motion of the particles along such fibers is limited. The 
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experimental results for uncoated fibers show a big discrepancy for the removal of 

cubic and spherical particles. 

 

 

 

Figure 5.2- Efficiency of the filter coated with light mineral oil at velocity 

20cm/s (after Boskovic et al., 2007). 

 

The theoretical predictions were also made for this velocity, and the 

corresponding results are shown in Figure 5.2 along with the experimental curves. 

The theoretical results are relatively close to the experimental values with the largest 

variation observed within the range of 75 - 200 nm. However, with an increase in 

particle size the theoretical and experimental curves are getting close to each other, 

which is also observed for the smallest particle size region. 



 82

An ANOVA single factor test was used to determine whether the results for 

these particle sizes are significantly different in a statistical sense. According to this 

analysis, with a confidence level of 95 %, there is no statistically significant 

difference between the filtration efficiency of PSL and MgO particles for all particle 

sizes investigated in this work for the oil coated fibers. However, the same analysis to 

compare efficiencies of PSL and MgO particles was applied in a case when the filter 

was not coated with the oil, and the results indicated that there is statistically 

significant difference in filtration efficiencies between MgO and PSL. 

 

Obviously, the completeness and uniformness of the fibre oil coating is a 

crucial factor which could affect the results. The ESEM was used for precise 

monitoring of this oil coating procedure. Figure 5.3 shows an ESEM image of 

uncoated fibers. It should be noted that the surface of the fibers are not smooth, and 

the surface contains striations possibly from the manufacturing process. These 

strations would serve to affect the bounce properties of the different shaped particles. 

Any investigation of this effect was outside of the scope of this research. The average 

size of more than 50 measured fibers was found to be 12 m, with a standard 

deviation of 1.2. 
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Figure 5.3- ESEM image of uncoated fiber (after Boskovic et al., 2007) 

 

 

Figure 5.4 shows an ESEM image of oil-coated fibers. Notice that the surface 

of the fibers looks much smoother, presumably due to surface tension effects in the oil 

film. The presence of oil is the most obvious at the intersection of the fibers where oil 

is forming bridges between the fibers, as indicated by arrows in Figure 5.4. However, 

the striations are not longer visible. The diameters of the oil coated single fibers i.e. 

away from the bridges, were measured from the ESEM images. More than 50 

measurements were made and it was found that the coated fibre diameter was 

12.9 m with the standard deviation of 1.4. The packing density of the coated filter 

was correspondingly increased to 18.4%. These new results for the fiber diameter and 

20 m 
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packing density were used in the estimation of the theoretical efficiency of oil coated 

fibers in Figures 5.1 and 5.2 using Equations (5.4) and (5.5). 

 

 

 

 

 

Figure 5.4- ESEM image of coated fiber (after Boskovic et al., 2007) 

 

 

 

 

 

20 m 
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There are two classical approaches to describe particle bounce (see Chapter 2 

for more detail explanation). In brief, the first one defines a critical velocity above 

which bounce will occur (Cheng and Yeh, 1979, Hiller and Loeffler, 1980), 
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and the second one involves the kinetic energy required for bounce to occur when a 

particle collides with a surface (Dahneke, 1971), 
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Now, consider the kinetic energy of the spherical PSL particle required for 

bounce to occur on impact with a dry surface. The minimum particle kinetic energy 

for bounce, according to Dahneke (1971), was estimated from Equation (5.5) for the 

spherical PSL particles for the experimental conditions. The values for the coefficient 

of restitution, the Hamaker constant and an average distance x , used in these 

calculations, were respectively: 73.0e  (Hinds, 1999); 2010*37.6 A J ((Tsai et al., 

1991); and x  = 0.4 nm (Hinds, 1999). 

 

Alternatively, the minimum velocity at contact for particle bounce to occur 

was obtained by Equation (5.4) and used to estimate the corresponding minimal 
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kinetic energy required for spherical PSL particles to bounce using 
s

m2
610*2   

(Cheng and Yeh, 1979). 

 

The above theoretical values have been compared with the kinetic energy of PSL 

particles just before collision with the fibre for both experimental filter face velocities 

(10 cm/s and 20 cm/s). The results of theoretical calculations according to both 

strategies, along with the values of the PSL particle kinetic energy are shown in 

Figure 5.5. 

 

 

 

Figure 5.5- Kinetic energy of particle required for bounce according to Cheng and 

Yeh (1979) and Dahneke (1971) and particle kinetic energy before collision. 
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The calculated kinetic energy of PSL particles is much smaller than the 

theoretical values required for bounce to occur for both models used. Unfortunately, 

there are no corresponding theoretical results for the minimum kinetic energy, or 

minimum velocity at impact, available for non-spherical particles. However, the 

densities of PSL and MgO particles differ only by a factor of 3.6 and the minimal 

kinetic energy required for bouncing is 3.5 orders of magnitude higher then the 

calculated results related to the particles used, which suggests that the kinetic energies 

of all particles are well below the thresholds of bounce. This means that particle 

bouncing was not an issue, however the possibility that the particles tumble or roll 

was present. 

 

 

5.4 Summary 

 

The influence of particle shape and filtration velocity on the filtration efficiency of oil 

coated fibre filters at two filtration velocities (10 and 20cm/s) has been investigated. It 

was found that in both cases the filtration efficiencies of the particles of different 

shape are very similar, indicating that the bounce and motion of the particles along an 

oil coated filter fibre is limited by the oil coating. 

 

The experimental results have been compared with the theoretical filter 

efficiency predictions according to the classic approach (Hinds, 1999). To perform 

these calculations, all parameters of the filter were altered to take into account the 

layer of oil on the fibers of the filter. Based on these findings the experimental results 

are in good agreement with theoretical predictions and there is no significant 
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difference in filtration efficiency for all tested particles at both filtration velocities 

used. 

 

The findings were confirmed by ANOVA single factor analysis, which 

showed that there is no statistically significant difference between the filtration 

efficiencies of PSL and MgO particles in the case where the filter was coated with the 

oil.  

 

On this basis, it is clear that the oil coating minimizes the amount of particle 

motion along the fibre after the initial collision, making the filter performance 

characteristics similar for all particle shapes. 
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6. Filter efficiency as a function of submicron particles 
velocity and shape 
 

 

6.1 Introduction 

 

The removal efficiency of fibrous filters may decrease dramatically due to particle 

bounce from the fibers (Ellenbecker et al., 1980; Mullins et al., 2003a; Boskovic et 

al., 2005). The lack of particle adhesion to the fiber is attributed to the air drag of the 

carrier gas. It acts throughout the contact process and is aided by a tendency for the 

particles to bounce off of the fiber. At low velocities of the carrier gas, the air drag is 

not large enough to detach aerosol particles on impact or to re-entrain the particles. 

However, with an increase in velocity the possibility of particle detachment increases 

making it a contributor to various processes in filtration. 

 

Apart from the face velocity, other properties of both the particles and the fiber may 

contribute to the strength of the adhesion between the particles and fibers. Some of 

these properties are hardness (Loeffler, 1974), the cross-sectional shape of the fiber 

(Loeffler, 1971), surface smoothness of either the fiber or the particles (Deryaguin et 

al., 1987), and relative humidity (Larsen, 1958).  

 

The effect of particle shape has been investigated by Mullins et al., (1992). In the 

experiments they used ultrasonic vibration to detach particles of similar chemical 

composition but with a variety of shapes. The observed adhesion forces correlated 

well with the expected area of contact, being the largest for flakes, second for fibers, 
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third for spheres and smallest for irregular particles with relatively few points of 

contact. 

 

Chapter 4 of this thesis showed that filtration efficiency is significantly different for 

cubic and spherical particles and this difference in efficiency is increasing with 

increasing particle size from 50nm to 300nm. Further, it was shown that the nature of 

the motion of the particle along the fiber surface is very important and could be 

responsible for particle re-entrainment. The velocity of the carrier gas used for all 

experimental runs was 2 cm/s, and at this velocity, diffusion is the main deposition 

mechanism. 

 

The assumption related to the different motion of nanosized particles along the fibre 

after initial collision was challenged in Chapter 5. To minimize any possible motion 

along the surface after collision, fibres were pre-coated with mineral oil. The results 

obtained for particles within the range of 50-300nm were identical for spherical and 

cubic shaped particles of the same aerodynamic diameter. This finding supports the 

assumption made in Chapter 4 that the difference in removal of particles of various 

shapes by fibrous filters from the carrier gas is related to the different types of particle 

motion along the collecting surfaces after initial collision. 

 

In this section, the aims are to investigate the dependence of the filter 

efficiency as a function of the particle shape and the velocity of the carrier gas. 

Spherical polystyrene latex (PSL), cubic magnesium oxide (MgO) and sodium 

chloride (NaCl) of an intermediate shape (cubic with rounded corners) were involved 

in the investigation. According to Mikhailov et al., (2004), twenty percent humidity is 
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within the optimal range to produce NaCl particles of near cubic shape (cubes with 

rounded corners) of all sizes investigated in this work. Mikhailov et al., (2004) 

showed that NaCl particles with a width of a = 200 nm (see Figure 6.1) exhibit near 

cubic shape at RH<35%. With an increase in humidity, the larger particles will still 

have a near cubic shape with rounded corners, but smaller particles will exhibit a 

near-spherical shape.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 92

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1-Microscopic photographs of particles used in investigation: a) MgO, b) 

NaCl  

1m
r 

a 

1 m 

200 nm

a 

100 nm 



 93

6.2 Experimental set-up and measurement procedure 

 

 

6.2.1 Test aerosol production 

 

Three different types of particles were used in the experimental investigation: 

spherical polystyrene latex (PSL) (density 1050 kg/m3), cubic magnesium oxide 

(MgO) (density 3600 kg/m3), and sodium chloride (NaCl) (density 2170 kg/m3). The 

NaCl particles have an intermediate shape between spherical and cubic. Figure 6.1(a) 

shows the cubic shape of magnesium oxide, (Altman et al., 2004a) while Figure 

6.1(b) shows the shape of the NaCl particles, which are cubic, but with rounded 

corners (Gonzalez et al., 2005). The idealized geometry and notation used in this work 

is also given in Figure 6.1(a) and Figure 6.1(b). 

 

The production of magnesium oxide and monodisperse PSL spheres has been 

described in 4.2.1. Sodium chloride aerosols were produced from NaCl solution by 

the Collison nebulizer. The NaCl suspension (15% concentration) was prepared and 

sonicated for 20 minutes before being aerosolized by the nebulizer. This particular 

concentration was found to be optimal to produce particles of NaCl with particular 

sizes of interest within the range of measurable concentrations. The number size 

distributions of NaCl particles were measured by a DMA.  
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6.2.2 Experimental Apparatus 

 

The principal components of the experimental apparatus have been described in 

chapter 3.4. Air drying was performed in a 1 meter long home made diffusion dryer 

filled with silica gel. The humidity of the mixtures was monitored by the VelociCalc 

Plus instrument (Model 8386, TSI, Inc., St. Paul, MN). All flow rates were monitored 

and controlled by the flow meters equipped with adjusting valves. The aerosolization 

was performed by a 3-jet Collison nebulizer (Model: MRE 24/25, BGI Inc., Waltham, 

MA). 

 

 

6.2.3 Experimental procedure 

 

The test particle suspensions, prepared as described above, were placed into the 

nebulizer and aerosolized by 6 L/min of dry compressed air to provide the test 

aerosol. The relative humidity of the air, RH, was RH  5%; at a temperature T = 

25C. After passing through the nebulizer, the air containing test particles was mixed 

in the mixing tube (diameter 15 mm and length 30 cm) with another portion (~60 

L/min) of the dry HEPA filtered air to ensure effective removal of moisture from the 

particle surface. The final humidity of the mixture was kept at approximately 20% 

(slight adjustment of the diluting air flow was used to control the humidity of the 

mixture). Keeping the suggested humidity at the constant level was especially 

important for the production of NaCl particles, which are very sensitive to air 

moisture content and could have entirely different shapes at different humidities 

(Mikhailov at al., 2004). 
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All process parameters were optimized at the beginning of the experimental procedure 

to ensure that NaCl particles have the required shape; confirmed by using electron 

microscopy. To produce the microscopic photographs, particles were collected 

directly on TEM grids placed on a cold plate of a home made thermophoretic 

precipitator. After collection, the grids were placed in a dry environment (container 

with silica gel) and transported to a microscope. 

 

A polypropylene filter with a thickness of 2 mm, packing density of 29% and a fiber 

diameter of 12 m, was used in these experiments. Fiber orientation could be 

important as well, so to ensure the same average fiber orientations, the filters were cut 

from the same sheet of material and mounted with the same orientation. A fresh filter 

was used for each experimental run to avoid the influence of the previously captured 

particles on the filtration efficiency. To minimize the influence of possible fibre 

charging on the filter performance, before each experiment the filter media was 

neutralized by washing in isopropyl alcohol with subsequent drying in an oven. Also, 

the filter holder was grounded during the experimental runs.  

 

Firstly, the whole system was flushed with the filtered air until no particles remained 

in the system. After that, the aerosol intake line was opened to allow aerosolized PSL 

particles of the selected size to pass firstly through the DMA column, and then 

through the CPC. The magnitude of the voltage, which corresponds to the particle size 

corresponding to the maximum number concentration, was recorded, and the DMA 

was tuned to produce monodisperse particles of the required size corresponding to the 

selected voltage (the DMA-inferred particle size always perfectly coincided with the 

manufacturer’s specifications). After measuring the particle concentration in the 



 96

bypass line, the same experimental procedure was repeated for the flow of the 

selected particle size through the filter line at one of the three different face velocities 

(5, 10 and 20 cm/s). The filter efficiency was then calculated using the ratio of particle 

concentrations in the filter and bypass lines according to Equation (3.5). 

 

The same procedure was followed for the initially polydisperse MgO and NaCl 

particles. They were passed through the DMA column at the same voltage 

corresponding to a particle of the same mobility as the PSL particles. After that, 

monodisperse particles were passed through the filter/bypass line at one of three 

velocities before reaching the CPC to obtain particle concentrations for subsequent 

filter efficiency calculations according to Equation (3.5). 

 

A shape parameter may be defined for the particle shapes used in these experiments. 

Figures 6.1(a), and 6.1(b), show side on views of the MgO and NaCl particles. Using 

the geometric length scales of width and the radius of the rounded corners from the 

figures, the shape parameter, S, may be defined as  

 

a

r
S

2
 ,        (6.1) 

 

and note that 1S  for a sphere, and 0S  for a square or cubic shape. The range of 

values between 0 and 1 correspond to a transition between these extremes. Careful 

examination of the circled NaCl particle in Figure 6.1(b), gives 33.0S , 

approximately.  
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6.3 Results and discussion  

 

The experimental filtration efficiency results for filtration face velocities of 5, 10 and 

20 cm/sec, respectively, are presented in Figures 6.2, 6.3 and 6.4. The error bars 

represent the standard deviation of at least 30 experimental runs. The corresponding 

theoretical filter efficiency curves derived from Equation (2.25) (Hinds, 1999) are also 

provided for comparison with the experimental results.  

 

 

 

 

Figure 6.2 Filter efficiency as a function of particle size at velocity 5 cm/s 

(after Boskovic et al., 2008). 
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Figure 6.3 Filter efficiency as a function of particle size at velocity 10 cm/s 

(after Boskovic et al., 2008). 
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Figure 6.4 Filter efficiency as a function of particle size at velocity 20 cm/s 

(after Boskovic et al., 2008). 
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The first conclusion that can be drawn from Figures 6.2 to 6.4 is that within the whole 

velocity range and particle sizes studied, the spherical PSL particles have a higher 

filter efficiency compared to those for the non-spherical particles. The difference in 

the efficiencies becomes larger with an increase in particle size. The reasons for this 

effect are discussed in detail in Chapter 4. 

 

The second interesting feature in Figures 6.2 to 6.4 is that the intermediate shaped 

NaCl particles and the cubic MgO particles have similar filtration efficiencies. The 

differences between them are relatively small and the standard deviations frequently 

over lap. At the smallest velocity of 5cm/s, the NaCl particles generally show larger 

filtration efficiency than that of the MgO particles. There is some suggestion of cross 

over for the small particles beneath about 70 nm. When the velocity increases to 

10cm/s, the difference in filtration efficiency is almost negligible. At the velocity of 

20cm/s, the main differences in the efficiency of filtration are more evident for the 

relatively large particles. In this size region, the MgO particles show higher filtration 

efficiency compared to the NaCl. In all three figures, there is evidence of a cross-over 

of the NaCl and MgO graphs.  

 

For the particle size range from 50nm to 150nm, the theoretical filter efficiency 

curves exhibit trends which are closest to the experimental PSL curves with the 

largest deviation observed at the velocity of 5cm/s. This difference is decreasing with 

increase of the face velocity, especially for the two smallest particle sizes of 50 and 70 

nm. For the two largest particle sizes involved in this investigation, the best 

agreement between theoretical and experimental results is also observed for PLS 

particles. However, compared to the smaller particles, the difference between the 
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results is not significantly changed with an increase of the filtration velocity for the 

entire experimental velocity range. The best agreement between theoretical and 

experimental results for PSL monospheres indicates that the classic filtration theory is 

the most suitable for predictions of spherical particle behaviour. In cases of non-

spherical particles, the disparity between the results would require some adjustments 

to the theory depending on particular features of the particles used.  

 

The different filtration mechanisms need to be analyzed in order to explain this 

behavior of the filtration efficiency curves. Theoretical filter efficiency predictions are 

generally based on a single fiber with filtering mechanisms of diffusion, interception, 

impaction, electrostatic deposition and gravitation. The gravitational effect for the 

aerosol particle range investigated in this study was negligibly small (Gutfinger and 

Tardos, 1978) and was not taken into consideration. Magnitudes of all other 

mechanisms for the smallest and largest particle sizes used in this project are shown in 

Tables 6.1(a) and 6.1(b) respectively.  
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Table 6.1(a). The magnitudes of different filtration mechanisms for minimum particle 

diameter (50 nm) 

 

 
 

Table 6.1(b). The magnitudes of different filtration mechanisms for maximum 

particle diameter (300 nm) 

 
 

 

 

Velocity 
Particle 

type 

Removal Mechanism 

Interception 
Diffusion 

Deposition 
Inertial Impaction 

Electrostatic 
Deposition 

0.05 m/s 
PSL 

510*90.8   210*54.4   

610*08.1   
310*027.1   MgO 610*70.3   

NaCl 610*23.2   

0.1 m/s 
PSL 

510*90.8   210*86.2   

610*16.2   
410*264.7   MgO 610*39.7   

NaCl 610*46.4   

0.2  m/s 
PSL 

510*90.8   210*8.1   

610*31.4   
410*136.5   MgO 510*48.1   

NaCl 610*91.8   

Velocity 
Particle 

type 

Removal Mechanism 

Interception 
Diffusion 

Deposition 
Inertial Impaction 

Electrostatic 
Deposition 

0.05 m/s 
PSL 

310*14.3   310*95.6   

410*68.4   
310*854.1   MgO 310*60.1   

NaCl 410*67.9   

0.1 m/s 
PSL 

310*14.3   310*38.4   

410*36.9   
310*31.1   MgO 310*21.3   

NaCl 310*93.1   

0.2  m/s 
PSL 

310*14.3   310*76.2   

310*87.1   
410*268.9   MgO 310*42.6   

NaCl 310*87.3   
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Note that for identical air velocities and particle sizes, each removal mechanism, 

except inertial impaction, has the same magnitudes. The DMA based procedure for 

production of identical in size monodisperse particles of different materials has been 

chosen to fully eliminate any difference in their interception and diffusion deposition.  

Some dissimilarity of inertial impaction values for particles used in this investigation 

is explained by their different density and, correspondingly, mass. It is well known 

that the efficiency due to inertial impaction is related to the particle Stokes number. 

The Stokes number encountered in this work for the largest particles was 0.026. 

Gutfinger and Tardos, (1978) have shown that the filtration of particles with a Stokes 

number larger than 0.1 is completely dominated by inertial impaction. They also 

showed that inertial impaction begins to contribute to particle collection when the 

particle Stokes number approaches 0.05. This value is almost twice as large compared 

to the number corresponding to the largest aerosol used in this experiment.  

 

Particle charging could in general contribute towards final filtration efficiency, which 

requires some additional discussion. The majority of particles leaving the DMA have 

unity charge, the electrostatic forces are weak and the corresponding contribution of 

the electrostatic mechanism towards the particle removal is minor (see Table 6.1). 

Secondly, particles which were “filtered” by the DMA at the same voltage, are 

aerodynamically similar in size and carry the same average charge regardless of their 

shape. As a result, the electrostatic removal mechanism for all particles used in this 

experiment, have the same magnitude and could be removed from a comparative 

analysis of the results. There is also some possibility of charge accumulation on the 

filter fibers due to a build up of collected charged particles. To minimize the influence 

of this effect on the filter performance, before each experiment, the filter media was 
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neutralized by washing in isopropyl alcohol with subsequent drying in an oven. Also, 

the filter holder was grounded during the experimental runs. Considering that the fibre 

charging is a time related effect, to check the level of its contribution, each 

experiment was repeated at least 30 times with no significant difference in collection 

efficiency observed throughout the entire procedure. On this basis, the effect of fibre 

charging was assessed to be negligible and was excluded from consideration. 

 

According to the classic filtration theory, diffusion is the main mechanism for 

collection of small particles at the lower face velocity of 5 cm/s, while inertial 

impaction is negligible at this velocity and particle sizes. With an increase in the 

velocity, the role of inertial impaction becomes more significant and can contribute to 

changes in filtration efficiency between the particles of different sizes. Its contribution 

to the total filtration efficiency depends on the particle density.  

 

All of the theoretical aspects for deposition of particles on the fiber assume 

that the particle is captured by the van der Waals forces, when the particle first 

encounters the fiber. In practice, the particles may bounce or re-entrain from the fibre 

back into the boundary layer of the air stream. The particle may also slide or tumble 

along the surface of the fibre. Spherical particles may slide or roll along the surface, 

with the mass centre of the sphere being at the same height above the surface. Non 

spherical particles may slide or tumble along the surface, and the height of the centre 

of mass may vary in the tumbling motion. The particle may rotate about a corner or 

edge, causing the mass centre to rise above the surface and the particle  may then 

move back into the air stream. The effect will manifest itself for cubic, 0S , and for 

intermediate shaped particles as shown in Figure 6.1(a) and 6.1(b). 
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Boskovic et al., (2005) showed that the character of the particle motion along the 

fiber, after the first contact, may significantly affect the probability of capture. In 

particular, spherical particles may slide and/or roll, while cubic particles may slide or 

tumble. During the sliding (or rolling) of the sphere along the fiber, the contact area is 

not changed, meaning that this type of motion will not significantly contribute to the 

re-entrainment probability. In the case of the motion of the cubes, the situation is 

different because the particle may be detached before face alignment between particle 

and fiber; a condition for capture. If the particle has an intermediate shape between a 

sphere and cube, its motion can be either tumbling or rolling. If an intermediate 

particle come into contact with a fiber by a rounded corner it will roll or slide. On the 

other hand if it comes into contact by an edge, it will tumble or slide. 

 

From Figure 6.2 the probability of capture of NaCl particles lies between MgO and 

PSL and it is clear that the character of the particle motion along a fiber plays a very 

important role as all other process parameters are identical. Following Hinds (1999) 

an expression for the single fiber efficiency, is given in the form 

 

 fEE  1ln ,        (6.2) 

 

where Ef  is the experimental collection efficiency data for NaCl, or MgO. By dividing 

this quantity, derived from experiments, by the theoretical single fiber efficiency due 

to inertia only, IE , which is calculated according to Hinds (1999) for specific 

particles, the additional probability, rtp , of MgO particles versus NaCl to roll or to 

tumble can be estimated as: 
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The results of calculations for all three velocities are given in Table 6.2 and the same 

results are graphically presented in the Figure 6.5.  

 

 

Table 6.2 Average values of additional re-entrainment probability of MgO versus 

NaCl calculated by Equation (6.3). 
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0.69 0.68 0.61 0.61 0.6 0.55 20 

0.64 0.62 0.56 0.56 0.5 0.55 10 

0.42 0.47 0.53 0.52 0.62 0.64 5 

300 200 150 100 70 50 

                          Particle Size, nm Velocity, 
cm/sec 
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Figure 6.5 Average re-entrainment coefficient for MgO versus NaCl (after Boskovic 

et al., 2008). 

 

 

The re-entrainment probability for MgO versus NaCl at velocities 10 and 20 cm/s 

follow a similar trend with increasing of aerodynamic particle size. The probability 

for MgO versus NaCl at 10 and 20 cm/s is 04.06.0   which shows that 

approximately 60% of the particles will roll and 40% of the particles will tumble. 

 



 108

On the other hand the re-entrainment probability at 5 cm/s is decreasing with an 

increase of particle size, because at this velocity the inertial mechanism is still less 

dominant compared to the diffusion mechanism. As a result, in this velocity region, 

the nature of the motion of the particles along a fiber plays a crucial role, as in Figure 

6.2. The re-entrainment probability for MgO versus NaCl at 5cm/s is 

0.080.53  which gives approximately fifty – fifty chances for rolling and tumbling of 

NaCl particles at this velocity.  

 

An ANOVA single factor analysis was used to determine whether the 

efficiency for MgO and NaCl are statistically significantly different. According to this 

analysis, with the confidence level %95 , there is no statistically significant 

difference between the efficiency of MgO and NaCl for all particle sizes investigated 

in this work. On the other hand, a similar comparison of the results obtained for PSL 

versus non-spherical particles show that the efficiency difference is statistically 

significant for 300nm particles for all velocities used. For 150 nm particles, the 

difference is significant for almost all combinations except PSL versus NaCl for the 

filtration velocity of 10 cm/sec. The removal efficiency for all smaller sizes is not 

statistically significant for all filtration velocities involved.   

 

 

6.4 Summary 

 

The influence of the face velocity on the filter efficiency for three types of particles of 

different shape (PSL, NaCl and MgO) has been investigated. It has been shown that 

the shape of the particles plays a significant role in the filter efficiency at the velocity 
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of 5 cm/s. With increase of the velocity to 10 and 20 cm/s, this effect is less obvious 

as  the inertial removal mechanism is becoming dominant. The re-entrainment 

probabilities for MgO versus NaCl for all three velocities were determined and 

according to them the probability of NaCl particles to roll or to tumble can be 

predicted.  
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7. Removal of elongated particles on fibrous filters 
 

 

7.1 Introduction 

 

Particle collection by fibrous media is important for gas cleaning, aerosol sampling 

and other applications in industry and research and the prediction of collection 

efficiency has been an important research topic for decades. Because particle 

collection in fibrous filters is a very complex problem, the particle shape is generally 

assumed to be spherical (Davies, 1973; Brown, 1993). However, real particles often 

have a much more complicated structure which influences their depositional behavior 

(Rogak et al., 1993). Aerosols consisting of irregular agglomerates can be found in 

many systems including submicron fly-ash from pulverized coal combustion (Flagan 

and Friedlander, 1978), soot (Medalia and Heckman, 1969), and welding fumes 

(Kalliomaki et al., 1987). 

 

Existing theoretical and experimental investigations on the filtration of non-spherical 

particles are mostly dedicated to fibers (Brown, 1993). The filtration efficiency of 

fibers theoretically has been investigated by approximating their shape by prolate 

ellipsoids of rotational symmetry. An important effect encountered with elongated 

particles is particle orientation in the flow. Fu et al., (1990) performed filtration 

measurements with well defined chain aggregate aerosols through a screen-type 

diffusion battery at various face velocities to investigate the average orientation angle 

of the particles with respect to the flow field. They found that with increasing face 

velocity, both the filtration efficiency and average orientation angle decrease, i.e. with 

increasing face velocity the particle tends to align in the flow direction, therefore 
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reducing its deposition probability. These results show that although the particles have 

a simple shape, they reveal a very complex deposition behaviour due to particle 

alignment in the flow. 

 

One way of modeling the motion and deposition of non-spherical particles is to 

replace it by an equivalent spherical particle, which has the same translation 

properties as the non-spherical particle. Goldenberg and Shapiro, (1991) tested the 

applicability of the equivalent diameter model to the description of the deposition of 

fibers from turbulent air flow in a pipe using a correlation technique developed for 

spherical particles. They found that particle deposition was underestimated, because 

interception was not correctly taken into account. 

 

The objective of this project is to compare filter efficiency of loose and agglomerated 

MgO particles with the theoretical predictions in the regime where diffusion and 

interception are dominant, and to suggest a way to consider how the actual probability 

of capture of the particles, differs from that of the spherical particle. 
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7.2 Experimental set-up and measurement procedure 

 

7.2.1- Test aerosol production 

 

Cubic magnesium oxide (MgO) particles (density 3600 kg/m3 ) were used in this 

research. The magnesium oxide particles were produced in loose and agglomerated 

form. The production of loose MgO particles was done according to Altman et al., 

(2004a). In brief, to prepare loose particles, the substrate was located 10 mm above 

the generation zone (the majority of particles were still non-agglomerated at that 

distance from the flame). Moreover, to ensure that the particles are non-agglomerated, 

after collection on the substrate, particles were brushed into nanopure deionised water, 

sonicated for 20 minutes to break possible agglomerates and only then were used in 

the experiment.  

 

The following procedure was employed to prepare shapeless agglomerates. A 

magnesium chunk was placed on a tungsten wire, located inside of a 50 l hermetically 

sealed chamber, and ignited to produce submicron particles of magnesium oxide. 

Altman et al., (2004a) found that particles generated in metal combustion processes, 

tend to agglomerate with increasing distance from the generation zone. It was also 

found that at distances of 80 mm and further from the flame, all particles were 

agglomerated. In this case, to ensure complete aggregation of particles, the distance 

between the generation zone and the collection point was 250 mm. 
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7.2.2- Experimental apparatus  

 

The experimental apparatus for the production of loose and agglomerated MgO 

particles is shown in Figure 7.1. 
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Figure 7.1 Experimental set-up 
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The experimental set-up consists of two modules: a module for agglomerated particle 

production and a module for loose particle production. In both cases, air drying was 

performed in a one meter long home made diffusion dryer filled with silica gel. The 

module for the production of loose particles has already been explained in Chapter 3.  

 

In the module for the production of agglomerated particles, the only addition 

compared to loose particles production, is a 50 liters hermetically sealed chamber 

where Mg particle combustion was performed. A 3mm Mg particle was supported on 

a tungsten wire and ignited. The air containing the test particles was sucked to the 

mixing tube and mixed with another portion (~60 L/min) of the dry HEPA filtered air 

to ensure effective removal of moisture from the particle surface. All flow rates were 

monitored and controlled by the flow meters equipped with adjusting valves. The 

final humidity in both cases was kept at approximately 20%, and was continuously 

monitored by the VelociCalc Plus instrument. The same procedure as described in 

Chapter 3, was  followed for transmission to the DMA culomn. 

 

 

7.2.3 Experimental procedure 

 

A polypropylene filter with a thickness of 2 mm, packing density of 29% and a fiber 

diameter of 12 m was used in the experiments (Agranovski et al., 2001). To ensure 

the same average fiber orientations, filters were cut from the same sheet of material, 

and located with the same orientation in the filter holder. To avoid the influence of the 

previously captured particles on the filtration efficiency, a fresh filter was used for 

each experimental run.  
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Firstly, the whole system was flushed with filtered air until no particles remained in 

the system. After that, the aerosol intake line was opened to allow aerosolized loose 

MgO particles to pass firstly through the DMA column, and then through the CPC. 

The DMA column was turned to the monodisperse particle production regime when 

only one voltage was used during the entire procedure for the production of 

monodisperse particles of one of five required particle sizes (50, 70, 100, 150 and 

200nm). After measuring the particle concentration in the bypass line, the same 

experimental procedure was repeated for the flow of the selected particle size, through 

the filter line at one of the two different face velocities (10 and 20 cm/s). The filter 

efficiency was then calculated as the ratio of particle concentration in filter and bypass 

lines according to Equation (3.5). 

 

On completion of the above experimental program, the laboratory set-up was 

modified to check the efficiency of removal of irregularly shaped particle 

agglomerates of magnesium oxide. 

 

The nature, size and shape of the particles was checked using TEM images. TEM 

images of agglomerated and non-agglomerated particles are shown in Figure 7.2 (a). 

and 7.2(b), respectively. As it can be seen the particles collected at a height of 10mm 

above the generation zone, are not agglomerated, while collections at a higher altitude 

are associated with sintered clumps; see Figure 7.2 (a). 
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Figure 7.2 a) TEM image of agglomerated particles collected at a distance of 250mm 

from the flame. b) TEM image of loose particles collected at a height of 10mm above 

the flame. 
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7.3. Results and discussion 

 

The experimental results obtained for filtration of agglomerated and loose MgO 

particles at two different velocities (10 and 20 cm/s) are shown in Figures 7.3 and 7.4. 

The error bars represent the standard deviation of at least 20 experimental runs. 

 

 

 

 

 

Figure 7.3 Filtration efficiency of agglomerated and loose MgO particles at velocity 

10 cm/s along with the theoretical and fitted lines.  
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Figure 7.4 Filtration efficiency of agglomerated and loose MgO particles at velocity 

20 cm/s along with the theoretical and fitted lines.  

 

 

As is seen from Figures 7.3 and 7.4, the removal efficiency of agglomerates is much 

higher for the whole range of sizes used in this project and for all filtration velocities 

tested. These experimental results were also compared with the theoretical filter 

efficiency estimated using the classical approach (see Lee and Mukund, 2001) 
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The results of these theoretical calculations are also shown, as MgO theory, in Figures 

7.3 and 7.4. Generally, the theoretical curves are in better agreement with the 

experimental curves for loose MgO particles than for agglomerated MgO particles 

(see Figures 7.3 and 7.4).  

 

When the loose particles are considered, the biggest deviation (approximately 20%) is 

for particles in the size range from 50 to 100nm at a face velocity of 10cm/s, while 

this difference is almost negligible for the whole size range at a face velocity 20 cm/s. 

On the other hand, the biggest discrepancy (approximately 35%) for the agglomerated 

particles, is for size the range from 150 to 200nm at a face velocity of 10 cm/s. With 

an increase of velocity, this difference is becoming smaller but is still significant. 

 

From the above, it can be concluded that the theoretical predictions underestimate the 

influence of agglomeration on total filter efficiency, and the theory correlates much 

better with the experimental results for the loose particles.  

 

In order to explain the significant difference in filtration efficiency between 

the experimental results for agglomerated particles, and the predictions given by the 

classical theory, some facts need to be considered: 

 

1. The classical filtration theory deals with spherical particles and does not 

account for the chaotic rotation of a particle, because of an equivalency of 

particle states at different orientations. This rotation has the same nature as 

Brownian motion does. For non-spherical particles, different particle 
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orientations are non-equivalent. Therefore, particle rotation may affect 

filtration efficiency.  

 

2.  Airborne particulates that travel through a fibrous filter are captured due to a 

number of physical mechanisms, but the mechanisms of diffusion, and 

interception are of the most importance in these experimental condition (see 

Figure 2.3). The interception mechanism is most important for non-spherical 

particles, because they have a larger spatial extension due to orientation 

effects, compared with spherical particles of the same mass and composed of 

the same bulk material. The probability of capturing a rotating particle is 

proportional to the surface area of the particle. In the case of diffusion 

filtration, this is a total particle surface area, while in the case of interception, 

this is the particle projection on a plane perpendicular to a streamline.  

 

 

Now consider the probability of capturing a rotating particle, and note that this 

depends on the processes involved, either interception or diffusion, and on the shape 

of the particle. The capture of the particle by a diffusion process depends on the 

surface area of the particle (Equation 2.20). In the case of capture by interception, 

then the projected area of the particle on plane perpendicular to the direction of travel, 

will influence the probability of capture (Equation 2.15). In the case of spherical 

particles, and for the above experimental conditions, then  

 

RD EEE           (7.2) 
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and this has been used in Equation (7.1) to give the theoretical results in Figures 7.3 

and 7.4. 

 

However, the particles used in these experiments, were not spherical, but cubic in 

form. Thus Equation (7.2) needs to be modified in some way to account for the 

particle shape, and possible agglomeration. Deriving theoretical forms for cubic and 

agglomerated particles for DE  and RE , is beyond the scope of this thesis, and seems 

to be impossible with the current state of knowledge. However, some knowledge may 

be gleaned by fitting parameters to better match experimental results. Now consider 

 

RD
cube EkEkE 21          (7.3) 

 

where 1k  and 2k  are parameters to be obtained by fitting to the data. Then let 
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and this expression can be fitted to the experimental data.  

 

The results of these fitting are shown in Figures 7.3 and 7.4, and show excellent 

agreement, with the fitted curves falling inside the experimental error bars. The fitted 

values for the parameter values are given in Table 7.1. 
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Table 7.1 Fitted values for 1k  and 2k  

 

Face velocity    1k    2k   2R  

10 cm/s   2.3   1.1  0.99651 

20 cm/s   2.3   1.1  0.99756 

 

Note that the 1k  values are significantly larger that the 2k  values, indicating that the 

theoretical values of DE  need to be substantially increased for the cubic MgO 

particles. This increase may be needed to account for the cubic shape, or for 

agglomerated particles. 

 

A possible explanation for the parameters 1k  and 2k , may be developed from the area 

properties of the processes of diffusion and interception. Diffusion process depends 

on the surface area properties of the particle, and let 

 

particlesphericalequivalentofareasurface

particleofareasurfaceactual
k T 1 ,   (7.5) 

 

and hence this is the ratio of the diffusion process for cubic and spherical particles. 

The equivalent spherical particle is the sphere with the same volume as the cubic, or 

agglomerated, particle. Note that this definition is independent of the orientation of 

the particle. This definition can be applied to single cubic particles, or to 

agglomerates. Similarly the interception parameter is 
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particlesphericalequivalentofareaprojected

particleofareaprojected
k T 2 ,   (7.6) 

 

where the area is projected on a plane perpendicular to the path of travel. Note that 

Tk2  does depend on the orientation of the particle, and hence is some average of the 

orientations at the point of capture. This definition can be applied to the agglomerated 

particles, and is the ratio of the interception processes for cubic, or agglomerate and 

spherical particles. 

 

Some sample particles can be considered. For a single spherical particle, obviously 

TT kk 21 1  . For a single cube of a side length a, then the radius, er , of the equivalent 

sphere is 
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and  

 

24.1
6 3

1
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Tk .        (7.8) 

 

The value of Tk2  for a non rotating particle, depends on the orientation of the cubic 

particle. Assuming the minimum projected area, where the cube moves along a 

principal axis then  
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Tk .        (7.9) 

 

Where the cube rotates, the projected area can be estimated from the circumscribed 

sphere, where 

 

3
2

a
rc  ,         (7.10) 

 

where cr  is the radius of the circumscribed sphere. Then 
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 Tk .        (7.11) 

 

Note that the circumscribed sphere gives an upper estimate on the forward projected 

area of the rotating particle. 

 

Now consider a string of n cubic particles agglomerated to form a fibre like structure. 

The equivalent volume sphere has a diameter  
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and then 
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Where the string is oriented parallel to the flow then, 
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Where the string is orientated perpendicular to the flow, then 

 

3

2

3

1

3

1

2

6

4



n
k T  .         (7.15) 

 

For this particle structure and orientation, both Tk1  and Tk2  depend on the value of n , 

and Tk2  depends on the orientation of the string. 
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Note that other configurations can be considered and different values can be derived 

for the sample agglomeration. Note also, that the values or Tk2  may provide upper and 

lower bounds, where the agglomeration has preferred orientations in the flow field. 

Note that elongated particles tend to orient along the flow field, and hence the 

circumscribed sphere could provide a gross overestimate.  

 

The theoretical results also depend on the number of individual particles which form 

the agglomerate. The observational evidence in Figure 7.2a indicates that the 

agglomerates do not contain the same number of particles, and that the agglomerate 

structure also varies. The observed agglomerates can range from string like structures, 

to tree structures with various branching. The number of individual cubes, pn , in the 

agglomerates in the TEM images in Figure 7.2a, was counted and fell within the 

range 208  pn , with an aerodynamic diameter of approximately 200nm. 

 

Now the size distribution of the individual MgO particles is discussed in Chapter 4 

Figure 4.3. The maximum number concentration corresponds to a side length of 

nma 35 . The formula relating aerodynamic diameter to the diameter of the 

equivalent sphere (Hinds, 1999), is 
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where 0  is standard density (1000 kg/m3). When compared with the observed 

aerodynamic diameter, this yields 16pn , or a string of 16 particles in the ideal case. 

In this case, then calculated coefficient for diffusion , Ck1 ,is  

 

15.21 Ck . 

 

The calculated coefficient for interception, Ck2  can have different values depending of 

the particle orientation to the flow. In the case when the string if 16 particles is 

oriented along the flow 

 

13.01
2 Ck , 

 

and for orientation perpendicular to the flow  

 

05.22
2 Ck . 

 

For face velocities and particle sizes used in this project the Reynolds number , eR , is 

well below one, which means that laminar flow around the particle occurs. Thus the 

flow field is smooth and the projection of the rigorously rotated agglomerated particle 

has been excluded from consideration.  

 

The filter efficiencies which take into account the calculated coefficients for diffusion 

and interception have been shown in Figures 7.3 and 7.4. By comparing calculated 

coefficients for diffusion and interception with the fitted coefficients (see Table 7.1), 
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it can be noticed that the coefficients for diffusion are very similar i.e., 2.3 as 

compared to 2.15. The differences could arise from the experimental conditions, or 

the assumptions implicit in using the string approximation. Thus the agglomerates 

may join at edges or vertices of the cube, and this will increase the effective area for 

the operation of diffusion processes. However, the difference gives some range for the 

accuracy of the results, i.e., about 6% relative accuracy. 

 

On the other hand, the fitted coefficient for interception, 2k , is somewhere in between 

the values for calculated coefficients 1
2
ck  and 2

2
ck , which means that the particle is 

orientated at a certain angle,  , to the flow. Then the forward projected area is  

 

  cossin2 na ,        (7.17) 

 

where the cos2a  term relates to the face area of the front of the string. Thus 

cos2a  term is important for shorter strings, and when the string is orientated along 

the flow. In this case   can be estimated from 
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and this is a transcendental equation where a numerical solution technique is required. 

Neglecting the cos2a  term yields, 
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and hence 35 . At these angles, cos  and sin  are approximately the same 

magnitude, and the relative error is approximately 
n

1
, or 6%. 
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7.4 Summary 

 

It has been shown that particle agglomerates are removed much more efficiently 

compared to the regularly shaped particles at all filtration velocities tested.  

The experimental results have been compared with the classical theory and it has been 

shown that the theoretical prediction underestimates the filtration of agglomerates. In 

order to explain the significant difference between the experimental results for 

agglomerated particles, and the prediction given by the classical theory it has been 

noted that the classical theory does not account for the chaotic rotation of a particle, 

and as well, that for non-spherical particles different particle orientations are non-

equivalent. The probability of capturing a rotating particle for the case given in this 

project, depends on the mechanisms of diffusion and interception, and on the shape of 

the particle. To derive theoretical forms for cubic and agglomerated particles for the 

mechanisms of diffusion and interception seems impossible with current state of 

knowledge. However, some knowledge may be gained by fitting parameters to better 

match experimental results. This method was tested for case of series of MgO 

particles which are stuck together in line, and it was shown that calculated and fitted 

values for the coefficient of diffusion are very similar. On the other hand, the fitted 

coefficient for interception falls between the values for calculated coefficients for 

interceptions, which indicates that the particle is orientated at an angle to the flow. 

This angle has been determined and shown that the particles travel at an angle of 35 

to the flow. Note that the other agglomerate configurations could be examined using 

these methods. 
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8. Conclusion and Recommendations 

 

In Chapter 4 the influence of particle shape on filtration process was investigated. It 

was shown that the perfectly spherical particles are removed with considerably higher 

efficiency compared to perfectly cubic particles. After excluding collection 

mechanisms as a possible cause for such a disparity it was concluded that the different 

nature of the motion of the spherical and cubic particles along the fiber surface, is 

responsible for the difference in filter efficiency. After touching the fiber and before 

coming to rest, the spherical particles could either slide or roll compared to the cubic 

ones, which could either slide or tumble. During the tumbling, the area of contact 

between the particle and the fiber changes significantly, thus affecting the bounce 

probability, whilst for the spheres, the area of contact remains the same for any point 

of the particle trajectory. The extra probability of particle bounce by the cubes was 

determined from the experimental data and the kinetic energy was proposed to be 

responsible for the difference in removal efficiency of the particles of various shape. 

 

In Chapter 5 the filtration of submicron particles with different shape on oil, coated 

fibers was investigated. It was found that in the case when a filter is coated with a thin 

layer of mineral oil the difference in filter efficiency of cubic and spherical particles 

reported in Chapter 4, is almost negligible. The theoretical predictions according to 

Hinds, (1999) were determined as well and it was found that the theory is in good 

agreement with the experimental data. Therefore, the conclusion was made that the oil 

coating minimizes the amount of particle motion along the fiber after the initial 

collision, making the results for all particle shapes similar. 
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In Chapter 6 filter efficiency as a function of submicron particles velocity and shape 

was investigated. It has been shown that the shape of the particles plays a significant 

role in the filter efficiency at the velocity of 5 cm/s. With an increase of the velocity 

to 10 and 20 cm/s, this effect is less obvious as the inertial removal mechanism is 

becoming more important. The re-entrainment probability for MgO versus NaCl for 

all three velocities was determined and according to these values, it is possible to 

predict probability of NaCl particles to roll or to tumble.  

 

In Chapter 7 removal of elongated particles on fibrous filters was investigated. It has 

been shown that  particle agglomerates are removed much more efficiently compared 

to the regularly shaped single particles at all filtration velocities tested. The 

experimental results were compared with the classical theory (Hinds, 1999) and it has 

been shown that the theoretical prediction underestimates the filtration of the 

agglomerates. Then, in order to account for the non-ideal shape, filtration efficiencies 

of an ideal spherical particle were multiplied by fitting coefficients k1 for diffusion 

and k2 for interception. The coefficient k1, is the ratio of the actual particle surface 

area to the surface area of the spherical particle of the equivalent diameter, and the 

coefficient k2 is the ratio of the projection of a given particle on a plane perpendicular 

to a streamline, to that of the spherical particle of the equivalent diameter. The 

coefficients were determined from the experimental filtration dependence by fitting 

that gives the best coincidence with the experimental data points. This method was 

tested for the case of series of MgO particles which are stuck together in line where 

1k and 2k  can be estimated theoretically.It was shown that calculated and fitted values 

for the coefficient of diffusion are very similar. On the other hand, the fitted 

coefficient for interception falls between the bounding values for the calculated 
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coefficients for interception., This indicates that the particle is orientated with a 

certain angle to the flow. This angle has been determined and shows that the particle 

travels with angle of 35 compared to the direction of the flow. 

 

Aerosol filtration is used in diverse applications, such as respiratory protection, air 

cleaning of smelter effluent, processing of hazardous material, and clean rooms. The 

filtration of submicron particles is becoming an important issue as they are produced 

in large numbers from material synthesis and combustion emission. They may pose a 

health risk, because they can readily enter the human body through inhalation and 

their toxicity is relatively high due to the large specific surface area. The findings of 

this Thesis could help better understanding of some of these very important issues. 

Although this thesis considers some very important facts when it comes to influence 

of particles shape on filtration and separation processes, there are still more issues 

which should be considered. Some of the recommendations for future work are: 

 

1.) The cubes, after diffusional deposition, are more readily reentrained by 

aerodynamic forces due to reduced adhesion forces. The van der Waals forces will 

tend to rotate the particles to provide the face alignment, but for large enough 

particles, aerodynamic forces may pull the particles off the surfaces before the 

alignment can be achieved. A model should be developed to examine the size at 

which this effect would become important. 

 

2.) Experiments should be performed using additional filter types, preferably with the 

same composition of fibers with several different fiber diameters, to provide the 
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parametric variation needed to experimentally test correlation related to the proposed 

mechanism. 

 

3.) For some time thermal rebound was proposed as a possible mechanism for 

diffusional penetration enhancement (i.e. sticking probability upon impact less than 

unity) (Wang and Kasper, 1991). Presently it is excepted more or less that the thermal 

rebound is absent in the case of nanoparticles (Heim et al., 2005). The filtration of 

both charged and uncharged nanoparticles on different filtering media should be 

performed to allow electrostatic and other effects to be differentiated from true 

thermal rebound effects. 

 

4.) It is possible that the difference in filtration efficiency between the particles of 

different shape is due to particle charge and location of charge on the particle. I.e. 

spherical particles should have the charge located randomly, whereas cubic particles 

would have the charge located at one of the vertices of the cube. This could be 

expected to have a significant effect on the capture within filters. Additional 

experiments should be performed with a 2nd neutraliser after the DMA, or even with 

the DMA polarity reversed. 

 

5.) Various regular particle shapes should be further considered to obtain more 

comprehensive information on the filtration processes for submicron particles. For 

example, carbon nanotubes (1nm diameter and length 250-20000nm) should be 

examined, or zinc oxide (star shape), and other regularly shaped particles. 
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